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Standard Model contributions to D%~DY mixing are strongly
suppressed by CKM and GIM factors. Thus the observation
of D%-D° mixing might be evidence for physics beyond the
Standard Model. See Burdman and Shipsey [1] for a review
of D% DY mixing, Nelson [2] for a compilation of mixing

predictions, and Ref. [3] for subsequent predictions.

Formalism: The time evolution of the D% D° system is de-
scribed by the Schrodinger equation

d (DO(t) : DO(t)
(V) (v 11“) 2 1
"ot (Do(t) ( 2 DO(t) (1)
where the M and I' matrices are Hermitian, and C'PT in-
variance requires M1 = Moo = M and I'y; = I'yo = I'. The
off-diagonal elements of these matrices describe the dispersive

and absorptive parts of DYDY mixing.

The two eigenstates D1 and Dy of the effective Hamiltonian
i

matrix (M — ZT') are given by
[D12) = p|D") £ ¢[D"). (2)

The corresponding eigenvalues are
A2 =mio — %F1,2 = (M - % ) i% <M12 - %Fm) , (3)

where m and I'y are the mass and width of the D1, etc., and

’ q
p

We extend the formalism of this Review’s note on “B%-BY

2 * 7 Tk
M =T
Mg — 5T

(4)

Mixing” [4]. In addition to the “right-sign” instantaneous de-
cay amplitudes Ay = (f|H|D") and Ag = (flH|D®) for CP
conjugate final states f and f, we include the “wrong-sign”
amplitudes Z? = (f|H|D") and Ay = (f|H|D").

It is usual to normalize the wrong-sign decay distributions
to the integrated rate of right-sign decays and to express
time in units of the precisely measured D mean lifetime,
Tpo = 1/T = 2/(I'y +T'9). Starting from a pure |D") or |D?)
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state at ¢ = 0, the time-dependent rates of production of the
wrong-sign final states relative to the integrated right-sign states

are then
CFHIDO)W (g ) 2
e o'+ a0
and
7o 2
o) = [AHD N _ 'g g+ o0 ©
of
f
where -
Iy ™)
and . \
gj:(t) = 5 (e_izlt + e_iZQt) y 212 = % . (8)

Note that a change in the convention for the relative phase of
DY and D would cancel between q/p and As/A; and leave x ¢
invariant.

Since D°-D° mixing is a small effect, the identification
tag of the initial particle as a D? or a DY must be extremely
accurate. The usual tag is the charge of the distinctive slow
pion in the decay sequence D** — D7t or D*~ — D'r . In
current experiments, the mis-tag probability is about one per
thousand. Another tag of comparable accuracy is identification
of one of the D’s from ¢ (3770) — DYDY,

We expand r(t) and 7(t) to second order in time for modes
where the ratio of decay amplitudes Rp = [Af/A|? is very
small. We define reduced mixing amplitudes x and y by

2Mi2  my—mo  Am
r r 7T

X

(9)

and

e I't =Ty A
r 2r  2r’

In these equations, the middle relation holds in the limit of C'P

Y (10)

conservation, in which case the subscripts 1 and 2 indicate the
C'P-even and C P-odd eigenstates, respectively.
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Semileptonic decays: In semileptonic decays, Ay = Z? =0
in the Standard Model. Then in the limit of weak mixing, where
liz + y| < 1, r(t) is given by

—t
<ty ) (11)

For 7(t) one replaces q/p here by p/q; and in the limit of CP
conservation, r(t) = 7(t), and the time-integrated mixing rate
relative to the time-integrated right-sign decay rate is

}_\

Ry = [ )it~ 50+ 12). (12)

The results from semileptonic decays are summarized in
Table 1. The most sensitive mixing limit is from the FOCUS
experiment  [5]. Searching for the decay DY — Ktp~v,, it
found Ry < 1.31 x 1073 at the 95% C.L., assuming CP
conservation. Semileptonic decays are less sensitive to mixing
than are hadronic decays and thus have received less attention
recently.

Table 1: Results for Ry, in DY semileptonic
decays.

Year Exper. Final State(s) Ry

2002 FOCUS 5] K*tuv, <1.31x1073(95% C.L.)
2002 CLEO [6] K*te 7., <8.6x1073(95% C.L.)
1996 E791 [7] Kt 7, <50x1073(90% C.L.)

Wrong-sign decays to hadronic non-CP eigenstates:
Consider the final state f = K'm~, where Ay is doubly
Cabibbo-suppressed, and the ratio of decay amplitudes is

A JRpe

Ay

Ay

yy ~ O(tan?4,), (13)

where Rp is the doubly Cabibbo-suppressed decay rate relative
to the Cabibbo-favored rate, and § is a strong phase difference
between doubly Cabibbo-suppressed and Cabibbo-favored pro-
cesses. The minus sign originates from the sign of Vs relative
to ‘/cd'
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We characterize the violation of C'P in the mixing ampli-
tude, the decay amplitude, and the interference between mixing
and decay, by real-valued parameters Ay;, Ap, and ¢. We adopt
a parameterization similar to that of Nir [8] and CLEO [9] and
express these quantities in a way that is convenient to describe
the three types of C'P violation:

H:HAM, (14)
p
L= PA VB4 AD) i) (15)
I qAy (1+An) ’
== qA7 _ —\/RD(l‘i‘AM) e_i((s_(b). (16)

In general, X7 and X;l are independent complex numbers. To
leading order,

T’(t) —e ! x RD(l + AD)2

1+ Ap)*R
+\/RD(1+AM)(1+AD)y/_t+( i 34) M#} (17)
and
7(t)=e ' x
R VR R
2+ Dy QtQ], (18)
(1+A4p)? (1+Ap)(1+Ap) 2(14+Am)
where

vy = y' cosp 2’ sing = ycos(d F ¢) — xsin(d F ¢) (19)
y' = ycosd —xsind, =’ =xcosd +ysind, (20)

and Rj; is the mixing rate relative to the time-integrated
right-sign rate.

The differences between the three terms in Eq. (17) and
Eq. (18) probe the three fundamental types of C'P violation. In
the limit of C'P conservation, Ays, Ap, and ¢ are all zero, and
then r(t) = 7(t):

r(t) =7(t) = e’ (RD +VRpy't+ %RM t2) : (21)
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and the time-integrated wrong-sign rate relative to the inte-
grated right-sign rate is

(0. 9]
R= / r(t)dt =Rp++/Rpy + Ry . (22)
0

The ratio R of time-integrated wrong- and right-sign rates
is the most readily accessible experimental quantity. The obser-
vations of non-zero R in D? — K7~ decay are summarized in
Table 2. There has been improvement in precision since 1999,
and the average, R = (0.365 + 0.021) %, from recent experi-
ments is about two standard deviations from the average of
R = (0.81 £ 0.23) % of the pre-1999 results. We restrict the
subsequent discussion to the post-1999 experiments.

Table 2: Results for R in D’ — K+n—.

Year  Exper. Technique Rp(x1073) Ap (%)

2003 BABAR [10] eTe™—7(4S) 3.57+0.2240.27 9.5+ 6.1+ 8.3
2002 Belle [11] efe™—7(4S)  3.72+0.2570% -

2001 FOCUS [12] 7 BeO 4.04 +0.85 +0.25 -

2000 CLEO [9] efe—T(4S) 332708 +040 2135 +1
1998 E791 [13] 7Pt 6.8753+0.7 -

1998 Aleph [14] ete”—2Z0 184459434 -

1994 CLEO [15] ete —Y(4S) 7.7+£25+25 -

The contributions to R can be extracted by fitting the
DY — K*7~ decay rates. Comparison of results is complicated
because some experiments include C'P violating terms, some
do not. CLEO [9] and BABAR [10] allowed for C'P violation
in all three terms (i.e. measure r(t) and 7(¢)), and then quote
limits on the mixing amplitudes after averaging D° and D°. A
preliminary FOCUS result [12] assumes C'P conservation. The
results for 3 and x/2/2 are summarized in Table 3. Figure 1
shows the two-dimensional allowed regions.

Extraction of the amplitudes = and y from the results
in Table 3 requires knowledge of the relative strong phase ¢,
a subject of theoretical discussion [16, 17]. In most cases, it
appears difficult for theory to accommodate ¢ > 25°, although
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Table 3: Results from studies of the time de-
pendence r(t).

Year  Exper. y' (95% C.L.) 2"2/2 (95% C.L.)

2003 BABAR [10] —5.6 <y < 3.9 % <0.11 %
2001 FOCUS [12] —124 <y < =05 % < 0.076 %
2000 CLEO [9] -58<y <1.0%  <0.041%

the judicious placement of a K7 resonance could allow § to be
as large as 50°.

A quantum interference effect that provides useful sen-
sitivity to 0 arises in the decay chain 1 (3770) — DYD? —
(fop) (KT77), where f., denotes a CP eigenstate from D° de-
cay, such as KTK~[1, 18]. Here, the amplitude triangle relation

V2ADy — K7ty = AD® - K- n") £ AD’ — K~ n"),

(23)
where Dy denotes a C'P eigenstate, implies that
B(D+ — K~ nt)
1+2v/Rp COS&_2B(D0—>K—7T+)’ (24)
or N N
B(D K~ —B(D_- — K~
cosd = (D+ — ™) ( - ™) (25)

2y/Rp B(D? — K—7) ’
neglecting C'P violation and exploiting Rp < +/Rp. Projec-
tions for 3 fb~! of data at the ¢(3770) indicate that § could
be measured to 20° if |cosd| ~ 1, and to a few degrees if
cosd~0 [19].

The strong phase § might also be determined by construct-
ing amplitude quadrangles from a complete set of branching
fraction measurements of the other doubly Cabibbo-suppressed
D decays to two pseudoscalars [20]. This analysis would have
to assume that the amplitudes from both Al =1 and AI =0
that populate the total I = 1/2 K state have the same strong
phase relative to the amplitude that populates the total I = 3/2
K state.

The Dalitz-plot analyses of doubly Cabibbo-suppressed D
decays to a pseudoscalar and a vector allow the measurement
of the relative strong phase between some amplitudes, pro-
viding additional contraints to the amplitude quadrangle [21]
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and thus the determination of the strong phase difference
between the relevant doubly Cabibbo-suppressed and Cabibbo-
favored amplitudes. In D° — Kgnm, the doubly Cabibbo-
suppressed and Cabibbo-favored decay amplitudes occupy the
same Dalitz plot, which allows direct measurement of the rel-
ative strong phase. CLEO has measured the relative phase
between D° — K*(892)T7n~ and D? — K*(892)" 7" to be
(189 4+ 10 + 31%)° [22], consistent with the 180° expected from
Cabibbo factors and a small strong phase.

There are several results for R measured in multibody final
states with nonzero strangeness. Here R, defined in Eq. (22),
becomes an average over the Dalitz space, weighted by experi-

mental efficiencies and acceptance. The results are summarized
in Table 4.

Table 4: Results for R in D — K"+ 7~ (n7).

Year Exper. DY Final State R(%)

2002 CLEO [22] K*(892)*n~ 0.5+ 0.270¢
2001 CLEO [23] K*tr—7ta™ 0.417017 £0.04
2001 CLEO [24] K*n—n" 0437015 +0.07

1998 E791 [13] KTr ntn~ 0.687034 +0.07

For multibody final states, Eqgs. (13)-(22) apply to one
point in the Dalitz space. Although x and y do not vary
across the Dalitz space, knowledge of the resonant substructure
is needed to extrapolate the strong phase difference § from
point to point. Both the sign and magnitude of x and y
are experimentally accessible by studying the time-dependent
resonant substructure in decay modes such as D — Kgrtn—
[25].

Decays to CP FEigenstates: When the final state f is a
CP ecigenstate, there is no distinction between f and f, and
then Ay :A? and Z7:Zf. We denote final states with C'P
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eigenvalues +1 by fi. In analogy with Eqgs. (5)—(6), the decay
rates to C'P eigenstates are then

i(t) - ’Zi’2
1 Ar | q A
=1 h+(t) (Z—j: + 5) + hx(1) (Z—j: 2—3) :
o o a0y )] (20
and
(WD L e o
AL FE =~
where
ha(t) = g+ (t) £ g_(t) = e, (28)
and
_pALF A 1Fxs (29)

P AL qA. TExs
and the variable ni describes C'P violation; ni can receive
contributions from each of the three fundamental types of C'P
violation.

The quantity ¥ may be measured by comparing the rate for
decays to non-C'P eigenstates such as DY — K~ 71 with decays
to C'P eigenstates such as DY — K+ K~ [17]. A positive y would
make KTK~ decays appear to have a higher decay rate than
K~7t decays. The decay rate for a DY into a C'P eigenstate
is not described by a single exponential in the presence of C'P
violation.

In the limit of weak mixing, where |iz + y| < 1, and small
CP violation, where |Ay|, |Ap|, and [sin¢| < 1, the time
dependence of decays to C'P eigenstates is proportional to a

single exponential:

Ti(t) x ef[l:l:}g}(ycosqzﬁfxsinqzﬁ)}t, (30)
1 (t) o ef[l:l:}%}(ycosqzﬂrmsind))]t, (31)
re(t) + 71 (t) ox e~ Fver)t, (32)
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and

Aprod = —0 (34)

is defined as the production asymmetry of the DY and D’
Note that deviations from the decay rate measured in non-C'P
eigenstates does not require y # 0 but can be due to z sin ¢ # 0.
This possibility is distinguished by a relative sign difference in
the exponents of Egs. (30) and (31) describing the D° and DY
samples, respectively.

In the limit of CP conservation, Ay = +Ay, ny = 0,
y =ycp, and

re(t) |[ALl® = 7o (t) [Ap]? = e (Fver)t (35)

The possibility of C'P violation has not been considered
in general in any of the analyses of y, although specific cases
have been considered. Belle [26] and BABAR [27] have allowed
CP violation in interference and mixing. Neither result con-
sidered C'P violation in direct decay. All measurements are
relative to the D® — K ~nt decay rate. The current status of

measurements of y is summarized in Table 5 and in Fig. 1.

Table 5: Results for y from D? — K+K~ and

Tt
Year  Exper. DY Final State(s) y(%)
2003 Belle [26] KTK~ yop = 1.15 £ 0.69 + 0.38

2003 BABAR [27] KTK~,7t7~  ycos¢ =0.840.4757
2001 CLEO [28] K*K~,7t7~ wyep=—114+25+14

2001 Belle [29] KK~ yop = —0.5+ 1.070%
2000 FOCUS [30] KTK~ yop = 3.4+1.440.7
1999 E791 [31] KtK~ yop =0.8+£2.9+1.0
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Substantial work on the integrated C'P asymmetries in
decays to CP eigenstates indicates that Acop is consistent
with zero at the few percent level [32]. The expression for the
integrated C'P asymmetry that includes the possibility of C'P
violation in mixing is

(DY — fy) —T(D°— fy)

Acp = T(D°—= f1) + (D" — fy) (36)

gl = Ipl?

PR + 2Re(n) . (37)
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Figure 1: Current allowed regions in the plane
of y versus z/. The regions for CLEO and
BaBar allow CP violation in the decay am-
plitude, in the mixing amplitude, and in the
interference between these two processes. The
FOCUS result does not allow CP violation.
The allowed region for Al is the average of the
yop [26, 28-31] results and the BABAR mea-
surement of ycos¢ [27] and does not include
y = 0. We assume 6 = 0 to place the AI' re-
sults. A non-zero value for § would rotate this
confidence region clockwise about the origin by
an angle 0. See, full-color version on color pages
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