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Long-distance contributions to the D°-D® mixing parameters x and y are evaluated using latest data on
hadronic D° decays. In particular, we take on two-body D — PP and VP decays to evaluate the
contributions of two-body intermediate states because they account for ~50% of hadronic D° decays.
Use of the diagrammatic approach has been made to estimate yet-observed decay modes. We find that y is
of order a few X 1072 and x of order 10~ from hadronic PP and VP modes. These are in good agreement
with the latest direct measurement of D°-D° mixing parameters using the D® — K¢7* 7~ and K{KT K~
decays by BABAR. We estimate the contribution to y from the V'V modes using the factorization model
and comment on the single-particle resonance effects and contributions from other two-body modes

involving even-parity states.
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I. INTRODUCTION

It is well known that short-distance contributions to the
D°-D° mixing parameters x and y to be defined below are
very small, of order 1079, owing to the Glashow-
Iliopoulos-Maiani (GIM) suppression and the doubly
Cabibbo suppression [1,2]." Since the mixing effects and
CP violation in the neutral charmed meson system are
expected to be very small compared to kaon and B mesons,
it is difficult to observe them experimentally. Nevertheless,
BABAR [5], Belle [6], and CDF [7] have provided compel-
ling evidence for D°-D° mixing in the past few years. The
current world averages for the CP allowed case are [§]

x = (0.987034)%, y=(0.83*0.16)%. (1)

However, the analyses that have reported evidence for
mixing have not been able to provide direct measurements
of x and y. A most recent BABAR experiment using the
D — K7t 7~ and D — KKK~ decays measured the
mixing parameters x and y directly, with the results [9]
x=(1.6*23*+12+0.8)x1073,
_ 2
y=(57*20+13*0.7) X 1073,

where the last error comes from the amplitude models used
in the analysis. These results are consistent with the pre-
vious Belle measurements from the Kg77+ 7~ mode alone
[10]:
x=(8.0x29759%10) x 1073, )
y = (3.3 £2.4708%08) x 1073,

Therefore, the new BABAR measurement favors lower

"For a tabulation of predictions on the mixing parameters x
and y within and beyond the standard model, see [3,4].
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values for x than for y and lower x and y values than the
aforementioned world averages. At any rate, the observed
D°-D° mixing is several orders of magnitude larger than
what is expected from the short-distance contributions, and
is evidently dominated by long-distance processes.

Since the long-distance effects are nonperturbative in
nature, it is conceivable that it will be very difficult to have
a reliable estimate of the charm mixing parameters, espe-
cially in view of the fact that the charm quark is not heavy
enough for a sensible heavy quark expansion and not light
enough for the application of chiral perturbation theory. In
general, the long-distance contributions are estimated in
either of the two approaches: inclusive and exclusive. The
“inclusive” approach relies on the heavy quark expansion
dictated by the parameter 1/m, (for a recent study, see
[11]). In the so-called “‘exclusive’ approach, on the other
hand, one sums over contributions from intermediate had-
ronic states. Since there are cancellations among states
within a given flavor SU(3) multiplet, as first noticed in
[12,13], one needs to know the contribution of each state
with high precision in order to have a trustworthy estimate
[14]. It can be shown that the mixing parameters x and y
vanish in the SU(3) limit. In the exclusive scenario, this
means that the cancellation of the Cabibbo-favored (CF)
and doubly-Cabibbo-suppressed (DCS) decays with the
contributions from singly-Cabibbo-suppressed (SCS) tran-
sitions is perfect in the limit of SU(3) symmetry. In other
words, nonzero values of x and y comes from the break-
down of flavor SU(3) symmetry. In the absence of suffi-
ciently precise data on many decays rates and on strong
phases, the authors of [14] computed the long-distance
contributions to AI" by considering SU(3) breaking from
final-state phase space differences and neglecting SU(3)
violation in the decay amplitudes. They found that the
phase space effects alone could produce sufficient SU(3)
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breaking to induce y ~ 1072 and that large effects in y
appeared in decays to final states close to the D threshold.

In the past few years, rich data on hadronic D — PP, VP
decays have been accumulated from various experiments
with improved accuracy. (Throughout the paper, we use P,
V, S, A, and T to denote pseudoscalar, vector, scalar, axial-
vector, and tensor mesons, respectively.) In particular,
there are new CLEO measurements for the PP modes
with better precision, many of them having experimental
errors less than the present world averages [15]. These data
allow us to make a sensible determination of the mixing
parameters x and y from the PP and VP channels without
relying on model assumptions.” There are some channels
that have not been measured: six SCS VP modes and many
of DCS PP and VP decays. We will employ the diagram-
matic approach to give inputs for those unmeasured
channels.

Recently, we have studied the two-body hadronic
charmed meson decays, including all the PP, VP, SP,
AP, and TP modes, within the diagrammatic and factori-
zation approaches [19,20]. The best-fitted values extracted
from the CF decay modes in the diagrammatic approach
have been used to predict the branching fractions of the
SCS and DCS modes for the D — PP and D — VP de-
cays. This approach enables us to estimate the mixing
parameters x and y.

The layout of this work is as follows. In Sec. II, we first
review the method of computing y from hadronic decay
branching fractions, and then consider various two-body
intermediate-state contributions to y. In Sec. III, we review
the dispersion relation for x, and compute PP and VP
mode contributions to x, followed by a brief discussion
on single particle effects. We summarize our findings in
Sec. I'V. Our Appendix A compares different state normal-
ization conventions commonly seen in the literature.
Appendix B discusses the relative strong phase between
the D’ — K* 7~ and K™ 7~ modes.

II. DECAY WIDTH DIFFERENCE

The neutral D meson mass eigenstates are defined in
terms of flavor eigenstates as

|Dy,) = pID°) + ¢|D°). “4)

Using the mass and width matrices, the ratio ¢/ p reads

_ MTz_%FTz (5)
My, =51,

ASEEN

where the convention CP|D®) = |D°) has been made. The
parameters x and y are defined as

For early attempts to estimate the long-distance contributions
to x or y from two-body states, see [16—18].
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Since CP violation in both D mixing and decays is

expected to be small within the standard model and in

most new physics scenarios, we therefore define the CP
eigenstates

X

(6)

|Di>=i2<|D°>t|D0>>, with CP|D.)==[D.). (7)

5

Hence D, = D, and D, = D_. In perturbation theory, the
off-diagonal mass and width matrix elements are given by
(217
i 1 _ 1 1
M—--T) =—({D°NH,|D+—>» —
(4 =31),, = 55 @11 o S

o (D°IH, In)nlH,|D%)
mp — E, +ie

: ®)

where N is an appropriate normalization factor for the
intermediate state |n); for example, N = 2E, for a one-
particle intermediate state. Using the relation

1 1

=7 —imd(mp — E,), (9)
mp — En

mp — E, +ie

with P denoting the principal value prescription, we have
1 - 1 1
Am = —(D°|H,|D°) + — P» —

5§

D°|H, |n)n|H,|D° + (D°|H, |n)n|H,|D°)
mp — En '

1

_ s 1ppo 50
AT = 3 S KDV H, Il 1)

+(D°|H,,|n}n|H, |D)]2m)8(mp — E,).  (10)

Therefore, Am and AT are induced by off-shell and on-
shell intermediate states, respectively.
The parameter y has the expression

I, —T.
y= e = (B, — )~ BD_—n)

1
= fzpn(|<D+|HW|n>|2 — KD_|H, |n)|?), (11)

where p, is a phase-space factor. For example, p, =
p./(87m3) for the D — PP decays, with p. being the
center-of-mass momentum of either meson in the final
state. Defining CP|f) = m¢plf), ¥ can be recast to [14]

*The expressions of the D%-D° matrix element given in the
literature are often very confusing as they are not dimensionally
consistent. This issue is discussed in Appendix A. In practice, we
do not use Eq. (10) to compute the long-distance contributions to
Am and AT'. Rather, we employ Egs. (12) and (36) [or Eq. (37)]
to evaluate the parameters y and x, respectively. They are free of
any ambiguities.
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= 35 panep (DI, D)l 1D
+(DOVH, i )nl 1D
= S nckmmcp(n) cosd, BIDY — n)B(D® — ),

(12)

where 8, is the strong phase difference between the D —
n and D° — n amplitudes and ncgy = (—1)" with n
being the number of s and § quarks in the final state. The
factor pcp = *1is well defined because |f) and |f) are in
the same SU(3) multiplet. This factor is the same for the
entire multiplet.

A. PP

Since CP|7%) = —|#°) and likewise for 7, 1/, we will
choose the convention such that CP|K*) = —|K~) and
CP|K® = —|K"). Because under the CP transformation

CPIM M,) = nep(My)nep(May)(—1)E M M,)

= nCP(MlM2)|M1M2>r (13)
|

AP - K~ 7)) =ViV, (T + E),

_ 1 .
A(DO - KOnS) = = Vcsvud(c - E)’

NG

ADY — 7 7™) = ViV, (T + E'),

1 I,
AD® — 79ng) = ——= ViV E — —=ViV,C,

V3 V3
V2 V2

A(D? — mgmg) = s

A(D? — mgmg) = 3

A(D° = K°R) = Vi, V,iE} + ViV, El

c

32

1
AD® — KO7%) = —V*,v,(C" — E"),

V2

1
A(DO - KOT’O) == V:dvus(cll + 2E”);

3

where T, C, E are color-allowed, color-suppressed and
W-exchange amplitudes, respectively. We have followed
the conventional practice to denote the primed amplitudes
for the SCS modes and double-primed amplitudes for the
DCS decays. In the SU(3) limit, the primed and unprimed
amplitudes should be the same, the strong phase &, van-
ishes, and the D° — K°K? decay is prohibited. It is easily
seen that perfect cancellation occurs among the SU(3)
octet final states, as well as among the decay modes

AD® — K70) =

AD — 7970 =

2 1
2 VEV,a(Cl+ E) + —= ViV, (C + 4E)),
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it is clear that nop(PP) = 1 for decays into two pseudo-
scalar mesons. The parameter y arising from the PP states
is

ypp = B(wt 7)) + B(a°7°) + B(7°n) + B(7°7n')
+ B(nn) + B(nn') + B(K"K~) + B(K°K?)

~ 2c088+ -y BK 7" )B(K " 7)

— 2c088 g0,y B(RO7) B(K' )

— 2c088 0,4 B(K'n)B(K°7)

~ 2.c088 40,y BR ) B(K'n'). (14)

To see that ypp vanishes in the SU(3) limit, we should
work on the SU(3) singlet state 1, and octet states 7, K,
ng. The octet states have the same masses when SU(3)
symmetry is exact. We first write down the general quark-
graph amplitudes (see [19] for details):

1
= Vc*\vud(c - E)r

V2

_ | B
A(DO - KOT’O) == Vclsvud(c + 2E),

NG

1
= V:dvud(cl - EI)»

NGl

2 .
A(DO - 770 770) = T 7= V:qudEl + _V:SVMSC,’

1

V6 G

" Vua(C'+ E) + ?VE"SV,”(—ZC' + 4E"),

AD® — KYK™) = ViV, (T' + E),

AD® — K*ar™) = V2,V (T" + E"),

1
A(DO - KOT]S) = = V:dvus(cll - E//);

NG
(15)

[

790, 7310, K°9, and K°7n, involving the SU(3) singlet
1. Therefore, ypp indeed vanishes in the SU(3) limit.
Flavor SU(3) symmetry breaking occurs in both the
decay matrix elements and in the final-state phase space.
Phase space is the only source of SU(3) violation consid-
ered in the previous analysis of [14], given the paucity of
data at that time. Since all the data of D — PP are now
available except for three of the DCS modes, we can have a
much more accurate estimate of ypp directly from the data.
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For the yet to be measured DCS modes, we can rely on the
relations, for example, I'(D° — K°#%)/T'(D° — K°7%) =
tan*@. that has been tested in the measurement of the
quantity

r(p° — K¢w®) — I'(D° — K, 7°)

R(D) = .
(D% r'(p° — Kg7®) + I'(D° — K, 7°)

(16)

The prediction R(D°) = 2tan’6. = 0.107 agrees quite
well with the experimental value of 0.108 = 0.025 =
0.024 by CLEO [22].

From the model-independent analysis in the diagram-
matic approach, it has been observed that sizable violation
of flavor SU(3) symmetry occurs in some of SCS modes.
The most noticeable example is the ratio R = I'(D? —
K*K™)/T(D® — 7w 7~) = 2.8. If the SU(3) symmetry
breaking manifested only in the phase space, one would
obtain R = 0.86 and hence the K*K~ production rate
should be smaller than the 7" 7~ one. This is in sharp
disagreement with experiment. We have shown in [19] that
in addition to the SU(3) breaking effect in the spectator
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amplitudes, the long-distance resonant contribution
through the nearby resonance f,(1710) can naturally ex-
plain why D° decays more copiously to K* K~ than 7+ 7~
through the W-exchange topology. This has to do with the
dominance of the scalar glueball content of f,(1710) and
the chiral-suppression effect in the decay of a scalar glue-
ball into two pseudoscalar mesons. The same final-state
interaction (FSI) also explains the measured rate of D? —
K°K" even though its amplitude vanishes in the SU(3)
limit.

CLEO has measured the relative strong phase between
DY — K*7~ and D° — K~ 7™ to be cosd = 1.03%53) =
0.06 [23]. (See Appendix B for an estimate of this strong
phase.) It is thus plausible to assume cosd, = 1 foralln =
PP. From Eq. (14) and the data in Table I, we obtain

ypp = (1.128 = 0.038)% — (1.042 + 0.017)%
= (0.086 = 0.041)%. (17)

TABLE I. Experimental branching fractions for Cabibbo-favored, singly-Cabibbo-suppressed, and doubly-Cabibbo-suppressed
decays of D° — PP, VP. Data are taken from [15] for D — PP and from [24] for D — VP. The channels with the superscript *
have not been measured yet. For them, we use the fitted branching fractions obtained from the diagrammatic approach [19]. For
D — VP decays, the fitted branching fractions are those obtained from solution (A, A1) (upper row) and (S, S1) (lower row) in [19].

Mode Bexp Mode Bexp Mode Bexp
K 7t (3.91 = 0.08)% Kot (5.91 = 0.39)% ) (1.24 = 0.12) X 1073
KO (2.38 + 0.09)% K070 (2.82 £ 0.35)% nw (2.21 £ 0.23) X 1073
Ko (0.96 + 0.06)% K p* (10.8 = 0.7)% nw (0.07 = 0.02) X 1073
(0.15 = 0.01) X 1073
KOy (1.90 + 0.11)% Kp° (1.54 + 0.12)% nd (0.14 + 0.05) X 1073
at T (1.45 = 0.05) X 1073 Ky (0.96 + 0.30)% 1np° (1.11 = 0.86) X 10~
) (1.17 = 0.34) X 1073
7070 (0.81 = 0.05) X 1073 KOy (0.012 + 0.003)% 7' p° (0.14 + 0.02) X 1073
(0.26 = 0.02) X 103
7 (0.68 = 0.07) X 1072 Ko (2.26 £ 0.40)% K (3.547180) x 107*
'y’ (0.91 +0.13) X 1073 K¢ (0.868 *+ 0.060)% K070 (0.54 = 0.18) X 10~%
(0.74 = 0.17) X 10~*
nn (1.67 £ 0.18) X 1073 Ttp~ (4.97 £ 0.23) X 1073 p K" (1.45 £ 0.17) X 10~#*
(1.91 = 0.21) X 10~*
nn' (1.05 + 0.26) X 1073 T pt (9.8 £0.4) x 1073 p KO (0.91 = 0.51) X 10~%
(0.63 = 0.19) X 10~#*
K"K~ (4.07 £ 0.10) X 1073 700 (3.73 £ 0.22) X 1073 K (0.33 = 0.08) X 10~#
(0.28 + 0.05) X 10™%
K°K? (0.64 + 0.08) X 1073 KTK*~ (1.53 £ 0.15) X 1073 KOy (0.0040 = 0.0006) X 10~%*
(0.0061 = 0.0004) X 10™%
Kta@~ (1.48 = 0.07) x 10~* K~ K** (4.41 £0.21) X 1073 wK® (0.58 + 0.40) X 10~
(0.85 = 0.21) X 107%
K070 (0.67 + 0.02) X 107% KOK*0 (0.05 + 0.06) X 1073 oK (0.06 + 0.05) X 1074
(0.29 + 0.22) X 1073 (0.15 = 0.06) X 10+
0 + — 4k 0 1750 + —3x
K%y (0.28 = 0.02) X 10 KK (0.29 = 0.22) X 10
(0.05 = 0.06) X 1073
K%' (0.55 = 0.03) X 10~# " (0.10 = 0.18) X 10~

(1.01 £ 0.18) X 1073
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B.VP

The neutral vector mesons p”, w, ¢ are CP eigenstates
with CP = +. It is thus convenient to define CP|V) = |V)
for the vector mesons in the same SU(3) multiplet. It
follows from Eq. (13) that ncp(VP) = +1 for decays
into one vector meson and one pseudoscalar meson.
There are more decay modes available for the VP final
states, namely, VP, and P;V,. There are totally 30 VP
channels (8 for CF, 14 for SCS and 8 for DCS), to be
compared with 16 PP channels. Because the decay con-
stant of the vector meson f,, typically of order 210 MeV, is
much larger than fp, many VP modes have rates greater
than the PP ones. For example, B(K p*) ~ 11% >
BK 7)) ~4% and B(w p")~1%> B(w 7 ) ~
1.5 X 1073, It is thus anticipated that the VP mode con-
tributions to y will dominate over ypp.

Note that the decay amplitude of the DCS mode is not
simply related to the corresponding CF one by replacing
the CKM matrix elements V. V,, with V.,V . For ex-

|

_ {(2.847 +0.112)% — (2.578 = 0.227)% = (0.269 = 0.253)%
Yve (2.916 £ 0.073)% — (2.764 = 0.207)% = (0.152 = 0.220)%

where the error bars are of the same order as the central
values. As far as the central value is concerned, yyp is
indeed larger than ypp.

C.vv

Just as the PP modes, there are 16 VV channels: 4 for
CF: K* p*, K% K*w, K*%¢; 8 for SCS: K*"K*~,
KK ptp=, p°p° pw, p°p, ww, w¢ and 4 for DSC:
Kt p~, K" K*w», K**¢. Among them, K*°¢ and
K*0¢ are kinematically forbidden, but allowed through
the finite width effect of K*. Indeed, the decay D° —
K*%¢ has been observed by FOCUS in the Dalitz plot
analysis of D — KT K~ K~ 7" [25].

The measurements of K*~p™, K*9p°, K*%w were per-
formed in the early 1990s. During the period of 2003-
2007, FOCUS had measured K*¢, p°¢, K*°K*0 and p°p°
through the Dalitz plot analysis of various four-body decay
modes [25,26]. Some of the VV data are problematic.
Naively, it is expected from the factorization hypothesis
that longitudinal and transverse polarizations are compa-
rable in D — VV. However, the Mark-III measurement
[27] has indicated that the branching fraction of the D° —
K*0p° decay is already saturated by the transverse polar-
ization state (see, e.g., [28] for a detailed discussion). Since
the presently available data do not allow us to have a
sensible determination of yyy, we will rely on the factori-
zation model to estimate its magnitude.

Note that the polarized decay amplitudes can be ex-
pressed in several different but equivalent bases. For ex-
ample, the helicity amplitudes can be related to the spin
amplitudes in the transversity basis (A, Aj, A} ) defined in
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ample,

AD°— K 77) _ VeV Tp T Ey
ADY > K~ 7)) ViV Ty + Ep’

(18)

where the subscripts indicate which final-state meson con-
tains the spectator quark in the D meson. In the diagram-
matic approach, amplitudes of the same topology by
different subscripts are a priori independent of each other.
In the SU(3) symmetry limit, however, they are identical. It
is also instructive to see that in this case, the VP contribu-
tion to y in each SU(3) multiplet also vanishes.

In [19], we obtain two possible solutions, called (S, S1)
and (A, A1), for the Ty p, Cy p, and Ey p amplitudes, de-
pending on which formula is used to extract the invariant
amplitudes.4 The ones quoted in Table I are from the
(A, A1) solution (upper row) and the (S, S1) solution (lower
row). We find

(A, A1)

(S, S1) (19

|
terms of the linear polarization of the vector mesons, or to
the partial-wave amplitudes (S, P, D) via:

2
A():HO:_ §D,

1
=S+
V3

1 2 1

1
AJ_:_Z(H+_H—):P)

5

where we have followed the sign convention of [29]. The
decay rate reads

p,
P(D = ViVa) = 2o (HoP> + [H. P + |H )
T,
= (AP + 1ALP + 1Ay,
Ty,
= 8”—“2<|s|2 + 1P| + |DI?). 1)
My,

“The solution (S, S1) is obtained by using the equation

Pe - Zlﬂlz

I'b—vp) =
8mmy, ool

to extract the invariant amplitude, while the relation

3
Pe 712
> | Al%,

D

I'b—vVP) =
8mm

is used to get the solution (A, A1), where the polarization vector
is taken out of the amplitude so that A = (my/mp)A(e - pp).
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The factorizable matrix element for the D — VV, decay is

X;lDVI,Vz) = (Vo|J#|0X V17, |D)

- _ifvzmz[(ST “&3)(mp + my, )A?Vl (m%,z)

DV, 2
245 " (my,)
(mp + my,)
s szV1 (m%/z)il
Vmp +my) ]

- (ST : PD)((‘J; “Pp)

. *
+ zewaﬁszﬂa’f”pf‘)p (22)
where use of the conventional definition for form factors

[30] has been made. The longitudinal (A = 0) and trans-

verse (h = *) components of XZDV"VZ) are given by

ify
X(()DVsz) — 5 2 I:(mZD _ m%/l _ m\z/z)(mD + my, )A?Vl (612)
Vi
43, p?
_ 4mpp: Agvl (qz)],
mp + mvl
. my
X(tDVI'VZ) = _lfvszmvzl:(l + m—l)A?Vl (qz)
D

L 2p.

DV, (.2
VP )]. 23)

In the factorization framework, we find that |H,|> ~
|H,|?> > |H_|?* and |S|? > |P|?> > | D|?. Therefore, the lon-
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gitudinal polarization f; defined by
r,_ Ao
I A + 1A 12 + AL ]?

_ |H,|?
|Hol> + |HL|* + |H_|?

fi

(24)

is expected to be in the vicinity of 0.5. Indeed, f; =
0.475 + 0.271 was found in D° — K*~p* [31]. This is
not the case in tree-dominated charmful or charmless B —
VV decays where the longitudinal polarization dominates,
e, |Hol>>|H > >|H_* and f;, =1— O(m}/m3).
However, for the D°— K*°p° decay, it was found
by Mark IIT [31] that this mode proceeded through the
transverse polarization, with only a tiny room for the
longitudinal polarization. More precisely, B(D" —
K*00%) ansverse = (1.6 = 0.6)%, while the total rate is
B(D* — K*9p%),, = (1.59 * 0.35)%. Mark III also mea-
sured the partial wave branching fractions: (3.1 = 0.6)%,
<3 X 1072 and (2.1 * 0.6)%, respectively, for the S-, P-
and D-waves [24,31]. The sum of S- and D-wave branch-
ing fractions already exceeds the total. Hence, the data
associated with this mode are problematic.

The VV states with different partial waves contribute
with different CP parties. We have np(VV) = 1 for VV in
a relative S or D wave, and —1 in a P wave [14]. The
parameter y for VV modes has the expression

ywve = Blp*p=)e + B(p°p°) + B(p’w)¢ + B(p’d)¢ + Blww) + Blwd), + B(K**K*7), + B(K*K*),

— 2c0s5K*+pf\/fB(K* —p+)B(Kx+p—), — 2COS(SK*OPOJB(K*OPO)({B(K*Opo)(g

— 200880,y BR @) B(K0); — 200880 44 BR ) B(K ), (25)

for € = S, D, and an overall minus sign is needed for € =
P.

Using the effective Wilson coefficients a; = 1.22 and
a, = —0.66 [19], the form factors from the covariant light-
front quark model [32], and the decay constants [33]

f, =216 MeV,
fo =215 MeV,

fxe =220 MeV,
f., = 187 MeV,

(26)

the predicted branching fractions of D — V'V decays for
various partial waves within the factorization framework
are shown in Table II. Since the W-exchange contributions
are neglected in naive factorization, no estimate of the
branching fractions of K*°K*°, K*9¢, K*%¢ and pw is
made here. We obtain

yiwae = 0.06%,  ybpee = —0.03%,

. @7)
yDiwave = 0,007%.

A cancellation between even-parity and odd-parity final
states renders small yyy in comparison with ypp yp.

D. MP

Recently we have studied the hadronic D meson decays
into a pseudoscalar meson P and an even-parity meson M,
where M represents a scalar meson S, an axial-vector
meson A, or a tensor meson 7' [20]. The data are inferred
from detailed Dalitz plot analyses of three-body or four-
body decays. Normally one applies the narrow width ap-
proximation

I'(D — MP — P,P,P) = I'(D — MP)B(M — P, P,)
(28)

to extract the branching fractions of the D — M P decays.
There are two complications though: (i) Some decays
occur near or slightly above the threshold, for example,
D° — £,(980)7° followed by f, — K* K. Since the cen-
tral values of the f,(980) and a,(980) masses are below the

114020-6
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TABLE II. Branching fractions of D° — VV calculated in the factorization approach. Data are taken from [15]. Since the
W-exchange contributions are neglected in naive factorization, no estimate of the branching fractions of K*°K*0, K*0¢, K**¢, and

p w is made here.

Mode S wave P wave D wave Biotal Expt.

K~ p* 10.5% 6.5 X 1073 1.6 X 1073 11.3% 6.5 *2.5)%
K*0p0 1.64% 1.4 %1073 2.3x 107 1.8% (1.59 + 0.35)%
K% 1.5% 1.2x 1073 1.8 X 107* 1.6% (1.1 £0.5)%
K*tK* 6.8 X 1073 5.5%x107* 8.9 x 1078 7.3 X 1073

pp” 58X 1073 6.2 X 1074 23X 1074 6.6 X 1073

p0p° 0.85 X 1073 0.91 X 107* 3.4X107° 0.97 X 1073 (1.83 =0.13) X 103
P’ 6.3 x107* 25X 1073 1.0 X 107° 6.6 X 1074

) 5.9 %1074 6.5X 107 1.9 X 1073 6.8 X 1074

wd 6.3 X 1074 25X 1073 1.0 X 107° 6.6 X 107*

K p~ 3.2x 107 2.8X107° 45X 107° 3.5x 107

K*0p0 4.4 %X 1073 2.7 X 107° 6.7 X 1077 4.7 X 1073

K% 33X 1073 2.0 X 1076 43 x 1077 3.5X 107

threshold for decaying into a pair of charged kaons, one
cannot apply the narrow width approximation to extract
B(D° — £,(980)7°) from D° — £,(980)7° followed by
fo— K*tK~. (ii) Some states, e.g., o or k are very broad
in their widths. The use of the narrow width approximation
is not justified, and it becomes necessary to take into
account the finite width effect of broad resonances. For
example, we find that the branching fraction of D" —
om’ extracted from three-body decays is enhanced by a
factor of 2, whereas B(D? — £,(1270)K°) is reduced by a
factor of 4 by finite width effects [20]. The current experi-
mental data for the two-body decays of D° to SP, AP and
TP are collected in Tables III. Evidently, one cannot use
these data to predict y at this stage.

The flavor diagram approach and the factorization cal-
culation have been undertaken to analyze these decay
processes in [20]. While factorization works well for the
CF D" — SP, AP decays, predictions are typically about 1
order of magnitude smaller than experiment for the other
decay modes, conceivably due to the negligence of weak
annihilation contributions arising from FSIs. The D — TP
measurements poise the biggest problem for theory.
Predicted branching fractions based on factorization are
at least 2 orders of magnitude smaller than data, even when
the decays are free of weak annihilation contributions. We

cannot find possible sources of rate enhancement for D —
TP.

There are D — M P decays which are not kinematically
allowed but may proceed through the finite widths of even-
parity resonances. Examples are DY — a7 (1450)K* and
D® — K{(1400)K*. They are needed to ensure the can-
cellation for y in the SU(3) limit. Beyond the SU(3)
symmetry, these channels are slightly above the threshold
and proceed via finite widths. In this case, SU(3) cancella-
tion may be less effective.

E. Remarks

Thus far we have concentrated on physical two-body
intermediate states. In principle we should also consider
many body final states. However, we notice that many of 3-
body final states arise from SP, VP, TP decays, and 4-body
states from VV, AP decays. Empirically, we know that
nonresonant 3-body and 4-body decays are at most 10%
of the multibody decay rate.

Summing over the currently available data listed in
Tables I, II, and III, we have B(D°— PP)~ 10%,
B(D° — VP) ~28%, B(D’— VV)~10%, B(D°—
SP) ~4.2%, B(D°— AP)~ 10%, B(D"— TP)~
0.3%. Hence, the total branching fraction of two-body
hadronic decays is 63%. This is about 3/4 of the total

TABLE III. Experimental branching fractions for Cabibbo-favored (upper portion) and singly-Cabibbo-suppressed (lower portion)

decays of D® — SP, AP, TP (see [20] for details).

Mode Bexp Mode Bexp Mode Bexp

adK® (1.6 £ 0.5)% K; (1270)7* (1.14 + 0.32)% Kyt (2.1%12)yx 1073
fok® (8.0%23) x 1073 K~ aj (1260) (7.9 = 1.1)% £K° (5.0%33) x 107*
Ky~ mt (8.2*14)x1073

K00 (9.2781) x 1073

for® (1.0 0.3) X 1074 " ai (1260) (8.98 +0.62) X 1073 fom® (3.4+04)x107*
o (1.8 +0.3) X 107* Ki(1270)K* (8.1*18)x10*

114020-7
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hadronic rate, recalling that the semileptonic decays ac-
count for 16% of the total rate [24]. This means that, unlike
the case of B mesons, the hadronic charm decays are
dominated by exclusive two-body processes. Since PP
and VP final states account for nearly half of the hadronic
width of D° and ypp,yp = (0.36 = 0.26)% or (0.24 +
0.22)%, it is conceivable that when all hadronic states are
summed over, one could have y ~ (0.5-0.7)%.

II1. MASS DIFFERENCE
Since the short-distance contribution to x is very small
[1,2,34], it is natural to turn to the long-distance effects
given by Eq. (10):
1 1
Am=—P) —
" 2mD ; N
o SDOIH In)nlH,,|D%) + (D°|H,,In)n|H,,|D°)
mp — En ‘

(29)

In principle, one can have one-, two-, three-,... particle
intermediate states. Unlike the width difference, the inter-
mediate states here can be off-shell. The two-body had-
ronic intermediate state contributions to Am were first
considered in [12,13] by computing the self-energy dia-
gram depicted in Fig. 1. As stressed in [13], the self-energy
diagram has a universal imaginary part in the massless
limit. A dispersive relation between x and y has been
derived in [35] in the heavy quark limit

Am = —Zi? ” dE[ ALE) | @(A%CD)]. (30)

v 2m., — Mp

Neglecting CP violation in the decay amplitude, a model-
independent relation’

y _ 1—1q/pl
x tan¢ 3D

was obtained in [36-38].
It is convenient to introduce the self-energy correlator

np?) =i [ d*xe 0P (DO T[H, (0 H, (0)]| D).

(32)

An insertion of a complete set of intermediate states and
use of the representation for the step function
1 iwt

e
0(t) = —
® 27 ) o — i€

dw (33)

will relate the mass and width differences to the self-
energy correlator when p = pp:

5The exact expression of tan¢ was first obtained in [36]. The
approximate formula Eq. (31) is recovered in the limit of 1 —

lg/pl < 1.
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FIG. 1. Two-particle contribution to the neutral charmed me-
son mass difference.

_ Re[Il(mp)]

_ Im[II(mp)]
ZmD '

Am =
" ZmD

AT = (34)

The self-energy correlator respects a dispersion relation

00 I1(s)]ds

(35)

0

where s, = (m, + m,)?> with m; and m, being the masses
in the loop. Hence,

X

1 Tj‘oo Im[l_l(s)2]ds. 36)

- 2mpl'p so ST P
The absorptive part of I1(s) amounts to putting the inter-
mediate states in the self-energy diagram on shell. Hence,

it is proportional to the decay rate of D® — n. The result is
[39]

m
X = ﬁ ,ZIWCKM(n)nCP(n)

X cos8,yB(DY — myB(DO — ) M2 ),
pe(n)
(37)
with
A2 "1 — S0
I(ml’ my, A) = _? ZS dS, (38)
so S T mp

where a cutoff A has been introduced to render the loop
integral finite and use has been made of the formula for
two-body decay rates

B(D® — n) = —L¢

o GO (39)
D

A summation over the polarization states of the vector
meson is understood for VP final states. As shown in
[39], the cutoff scale A ~ (2.0-2.2) GeV is not far from
mp. Note that the result of [13] is recovered in the zero
mass limit of intermediate states.

From Eq. (37) and Table I, we obtain

(0.028 = 0.003)%
(0.032 = 0.005)%
(0.039 = 0.008)%,

(0.064 + 0.009)%
xyp = 1 (0.073 +0.021)%
(0.088 = 0.043)%

Xpp =

(40)
for A = 2.2 GeV,

for A = 2.1 GeV,
for A = 2.0 GeV.
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Since we have applied the first equation in footnote 4 to
derive xyp, only the solution (S, S1) is relevant for the
determination of this parameter. As a result, xpp,yp is of
order 1073 with the uncertainty depending on the cutoff
scale. As far as the PP and VP modes are concerned, we
find that xppyp is smaller than ypp, p. This can be seen
by comparing Eq. (37) with Eq. (12). We see that x is
suppressed by a factor of 4w, while the factor
mpl(my, my, A)/p, is maximal for D® — 7777 and of order
2.5.

Just as the K -K ¢ mass difference receives contributions
from the one-particle intermediate states such as 7, n and
7’.° it will be interesting to see the single particle effects on
charm mixing. A unique feature of the charm system is that
an abundant spectrum of resonances is known to exist at
energies close to the mass of the charmed meson. Indeed,
the sizable magnitude of the topological W-exchange dia-
gram and its large strong phase determined from experi-
ment are suggestive of nearby resonance effects.
Considering a nearby resonance state R with mass myp
and width I'g, its contribution to the mass and width
differences is

(D°|H,,|RXRIH,,|D") m3, — m%
AR = MR 9] 272 2127
mpl’ (mp — mp)* + mp';
_ (D°|H,,|RXRIH,,|D") I'g
kR r (m2 — m%)* + m3Is’
2 _ 2
and X_RZM, 41)
YR mpl'g

where 7 is the CP eigenvalue of the resonance R.” One
needs to know the weak couplings of the D meson to the
resonance in order to quantify the resonance contributions
to the mixing parameters. Some crude estimates had been
made in [43].

IV. CONCLUSIONS

Motivated by the possibility of observing new physics
effects in D°-D® mixing, a lot of efforts have been put on
experimental determination of the x and y parameters in
recent years by the BABAR, Belle, and CDF
Collaborations. Now that the experimental precision on
both quantities has reached the level of one per mille, it
is timely to scrutinize the SM predictions in order to make

°It is known that the contributions to the K;-Kg mass differ-
ence from the octet states 77 and ng cancel exactly as a con-
sequence of the Gell-Mann-Okubo mass relation, as first noticed
in the context of SU(3) chiral perturbation theory (ChPT) [40]. A
generalization to U(3) ChPT to include the ng — 1, mixing
effects was discussed in [41]. It turns out that the 7’ one-particle
intermediate state is one of the main contributions to the K; -Ky
mass difference, besides the short-distance contribution and the
long-distance contribution represented by the 7 loop [42].

"Note that our result of xg differs from that in [14] by a factor
of 2.

PHYSICAL REVIEW D 81, 114020 (2010)

meaningful inferences. The short-distance contributions to
x and y in the SM have been found to be several orders of
magnitude smaller than the observed values. In contrast,
long-distance effects from exchanges of multiple hadronic
particles play a more important role.

Since the sum of all two-body hadronic modes that are
available currently accounts for about 63% of the D° decay
branching fraction, it is arguable that these channels domi-
nate and provide a good estimate of the mixing parameters.
Other multibody hadronic decays are empirically less im-
portant, particularly when cancellations among them are
taken into account. With more and better-determined two-
body hadronic decay branching fractions over the past few
years, we are in a better position to take the exclusive
approach to evaluate the long-distance effects. We find
that the primary contributions to these parameters come
from the PP and VP modes.

To reduce model dependence, we directly take available
experimental data and employ the diagrammatic approach
to evaluate the yet-observed decay branching fractions.
From the exchanges of PP and VP intermediate states,
Eq. (17) for ypp, Eq. (19) for yyp, and Eq. (40) for xpp and
xyp are the main results of this paper. We obtain that y ~
a few X 1073 and x ~ 1073, with the latter having a mild
dependence on a cutoff scale that is assumed to be around
2 GeV. Here we have assumed that the relative strong phase
between each pair of Cabibbo-favored and doubly
Cabibbo-suppressed modes is identically zero, thus max-
imizing the cancellation. This is partly justified by the
determination of the relative phase between D° — K* 7~
and K~ 7" decays by CLEO and a theoretical estimate of
the phase. While inclusive analyses generally render x =
y, our exclusive calculations indicate that x is smaller than
y, in good agreement with the latest direct measurements
of D°-D° mixing parameters from the Dalitz plot analysis
of D — K¢m* 7~ and KgK* K~ decays by BABAR.
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APPENDIX A: NORMALIZATION OF STATES

In the literature, the D°-D° matrix element is usually
taken to be [13,35]

i 1 _
M~—~-T) =-—<(D|H,|D
( 2)12 o (DY, 1)

+

0 i

ZmD T mD—En-i-ie

or sometimes [14]
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(D°|H,,|n)¥n|H,,|D°)
2 —E2+ie

(rr=57),
(A2)

with different normalizations of the D meson state. It is
easily seen that these expressions are dimensionally incon-
sistent. The original formula given by Marshak, Riazuddin,
and Ryan (MRR) [21]

(v -37),

is dimensionally consistent for one-particle intermediate
states. In the MRR convention, the mass dimension of the
meson is [¢] = —3/2. In the usual normalization conven-
tion with [¢] = —1, it is tempting to put factors of 1/2m;,
on Eq. (A3) to arrive at Eq. (A1). However, an appropriate
normalization factor for the intermediate state |n) (e.g.,
1/2E, for one-particle intermediate states) is obviously
missing in Eq. (Al).

It is instructive to see the derivation of Eq. (A3). In the
MRR convention, the self-energy operator is defined by

= (D°|H,,|D% +
n

(D°|H,|n)n|H,,|D°)
—E, +ie
(A3)

= (D°|H,,|D% + >
n

(2 = i2my, f dxe =P S(DO| T [ H, (x)H,, (0)]1D°).
(A4)

It has a canonical mass dimension of 2. An insertion of a
complete set of one-particle intermediate states

d'q m,
> [ G el

and use of the representation (33) for the step function lead

to
[ Pq [am o)

H(PD)
y <D°|len><n|HW|D°>
E, —E, + i€
(D|H,,|n)n|H,,|D°)
Ep,—E, + i€

(A5)

Sy —d) ] (A6)

In the rest frame of the D meson, pp, = 0 and E;, = mp,.
Therefore,

PHYSICAL REVIEW D 81, 114020 (2010)

M(m3) _ <[(D°lH,|n)XnlH,|D°)
2m§ B Z[ —E, +ie

NCALALILNL A

A7
mp — Eﬂ + ie ( )

Equation (A3) then follows. Since the insertion of (AS5) is
dimensionless, this renders Eq. (A3) dimensionally con-
sistent. For other normalization conventions and for multi-
particle intermediate states, an appropriate normalization
factor should be included.

APPENDIX B: STRONG PHASE OF D' — K* 7
RELATIVE TO D° — K &=

In this appendix we give an estimate of the strong phase
Sg+,- of D° — K+ 7~ relative to D° — K~ 7" from the
experimental measurement of the former. From Eq. (15)
we learn that the strong phase J+ - vanishes in the SU(3)
limit as the double-primed amplitudes 7" and E” should be
the same as unprimed amplitudes 7" and E, respectively. In
the limit of SU(3) symmetry, the prediction B(D° —

ta7) = (1.12 £ 0.05) X 10™* is slightly smaller than
the experimental result of (1.48 = 0.07) X 10™% [24].
This can be understood as the SU(3) breaking effect in
the tree amplitude 7”. In the factorization approach, the
relevant tree amplitudes read

G

r= T;Chfw(m%) — mz)FPK (m3),

G B
T" = TgalfK(m%) — m7)FE™(mg).
Taking the form factors for D to 7 and K transitions from
the recent CLEO-c measurements of D meson semilep-
tonic decays to 7 and K mesons [44], we find T"/T =
1.23. From CF D — PP decays we obtain (in units of
1076 GeV) [19]

T=314%006  E=(1.53"}3])e122=2",

(B2)
Combining the above information, we find that the data of
B(D® — K*7~) can be better fitted by having E" =
Ee''% . This leads to 8+, = arg[(T" + E")/(T + E)] =
—7° and cosdg+,- = 0.99, consistent with the CLEO
measurement of cosd g+, = 1.03703) = 0.06 [23].
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