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The main challenge in the standard model calculation of the mass and width difference in theD0-D̄0 system
is to estimate the size ofSU(3) breaking effects. We prove thatD meson mixing occurs in the standard model
only at second order inSU(3) violation. We consider the possibility that phase space effects may be the
dominant source ofSU(3) breaking. We find thaty5DG/2G of the order of one percent is natural in the
standard model, potentially reducing the sensitivity to new physics of measurements ofD meson mixing.
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I. INTRODUCTION

It is a common assertion that the standard model pre
tion for mixing in theD0-D̄0 system is very small, making
this process a sensitive probe of new physics. Two phys
parameters that characterizeD0-D̄0 mixing are

x[
DM

G
, y[

DG

2G
, ~1!

whereDM andDG are the mass and width differences of t
two neutralD meson mass eigenstates, andG is their average
width. TheD0-D̄0 system is unique among the neutral m
sons in that it is the only one whose mixing proceeds
intermediate states with down-type quarks. The mixing
very slow in the standard model, because the third genera
plays a negligible role due to the smallness ofuVubVcbu and
the relative smallness ofmb , and so the Glashow-Iliopoulos
Maiani ~GIM! cancellation is very effective@1–5#.

The current experimental upper bounds onx andy are on
the order of a few times 1022, and are expected to improv
significantly in the coming years. To regard a future disco
ery of nonzerox or y as a signal for new physics, we wou
need high confidence that the standard model prediction
significantly below the present limits. As we will show, in th
standard modelx andy are generated only at second order
SU(3) breaking, so schematically

x,y;sin2uC3@SU~3! breaking#2, ~2!

where uC is the Cabibbo angle. Therefore, predicting t
standard model values ofx andy depends crucially on esti
mating the size ofSU(3) breaking. Althoughy is expected to
be determined by standard model processes, its value n
theless affects significantly the sensitivity to new physics
experimental analyses ofD mixing @6#.

At present, there are three types of experiments wh
measurex andy. Each is actually sensitive to a combinatio
of x andy, rather than to either quantity directly. First, the
is the D0 lifetime difference toCP even andCP odd final
states@7–11#, which to leading order measures
0556-2821/2002/65~5!/054034~11!/$20.00 65 0540
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yCP5
t~D→p1K2!

t~D→K1K2!
215y cosf2x sinf

Am

2
, ~3!

whereAm5uq/pu221 @see Eq.~5! for the definition of the
neutralD mass eigenstates#, andf is a possibleCP violating
phase of the mixing amplitude. Second, one can measure
time dependence of doubly Cabibbo suppressed decays,
asD0→K1p2 @12#, which is sensitive to the three quantitie

~x cosd1y sind!cosf, ~y cosd2x sind!sinf,

x21y2, ~4!

where d is the strong phase between the Cabibbo allow
and doubly Cabibbo suppressed amplitudes. A similar st
for D0→K2p1p0 also would be valuable, with the stron
phase difference extracted simultaneously from the Da
plot analysis@13#. Third, one can search forD mixing in
semileptonic decays@14#, an analysis which is sensitive t
x21y2.

In a large class of models, the best hope to discover n
physics inD mixing is to observe theCP violating phase
f125arg@M12/G12# @see the definitions~7! and ~8! below#,
which is very small in the standard model. However,
y@x, then the sensitivity of any physical observable tof12
is suppressed, sinceAm is proportional tox/y and f to
(x/y)2, even if new physics makes a large contribution
DM @6#. It is also clear from Eq.~4! that if y is significantly
larger thanx, thend must be known very precisely for ex
periments to be sensitive to new physics in the terms lin
in x andy. It may be possible to measured with some accu-
racy at the plannedt-charm factory CLEO-c@15,16#.

There is a vast literature on estimatingx andy within and
beyond the standard model; for a compilation of results,
Ref. @17#. Roughly, there are two approaches, neither
which gives very reliable results becausemc is in some sense
intermediate between heavy and light. The ‘‘inclusive’’ a
proach is based on the operator product expansion~OPE!. In
the mc@L limit, where L is a scale characteristic of th
strong interactions,DM andDG can be expanded in terms o
matrix elements of local operators@1,2,18#. Such calcula-
tions yield x,y&1023. The use of the OPE relies on loca
©2002 The American Physical Society34-1
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quark-hadron duality, and onL/mc being small enough to
allow a truncation of the series after the first few terms. T
charm mass may not be large enough for these to be g
approximations, especially for nonleptonicD decays. An ob-
servation ofy of order 1022 could be ascribed to a break
down of the OPE or of duality@18#, but such a large value o
y is certainly not a generic prediction of OPE analyses. T
‘‘exclusive’’ approach sums over intermediate hadron
states, which may be modeled or fit to experimental d
@5,19,20#. Since there are cancellations between states wi
a givenSU(3) multiplet, one needs to know the contributio
of each state with high precision. However, theD is not light
enough that its decays are dominated by a few final state
the absence of sufficiently precise data on many decay r
and on strong phases, one is forced to use some assump
While most studies findx,y&1023, Refs.@21–23# obtain x
and y at the 1022 level by arguing thatSU(3) violation is
actually of order unity, but the source of the largeSU(3)
breaking is not made explicit.

In this paper, we compute the contribution toDG from
SU(3) breaking from final state phase space differenc
This is a calculable source ofSU(3) violation, which en-
hances the rates to final states containing fewer stra
quarks. In Sec. II we review the formalism ofD0-D̄0 mixing.
In Sec. III we give a general group theory proof thatDM and
DG are only generated at second order inSU(3) breaking if
SU(3) violation enters these quantities perturbatively.
Sec. IV we discuss the estimates ofSU(3) breaking using
the ‘‘inclusive’’ and ‘‘exclusive’’ analyses, and remind th
reader of the shortcomings of each. Our main results
found in Sec. V, namely the calculation ofSU(3) breaking in
DG from phase space effects in two-, three- and four-bo
final states. We find that such effects are very important,
can naturally account forDG/2G at the percent level. We
extend the analysis to intermediate resonances in Sec. V
Sec. VII we present our conclusions and ask whether in li
of our results it remains possible for the measurement oD
mixing to probe new physics.

II. FORMALISM

We begin by reviewing the formalism forD0-D̄0 mixing.
The mass eigenstatesDL and DS are superpositions of th
flavor eigenstatesD0 and D̄0,

uDL,S&5puD0&6quD̄0&, ~5!
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whereupu21uqu251. In the standard modelCP violation in
D mixing is negligible, as isCP violation in D decays both
in the standard model and in most scenarios of new phys
From here on we will assume thatCP is a good symmetry.
Thenp5q, anduDL,S& becomeCP eigenstates,

CPuD6&56uD6&, ~6!

with the mass and width differences defined asDM[mD1

2mD2
and DG[GD1

2GD2
. The off-diagonal element o

the D0-D̄0 mass matrix can be expressed as

M125^D̄0uH w
DC52uD0&

1P(
n

^D̄0uH w
DC51un&^nuH w

DC51uD0&

mD
2 2En

2
, ~7!

G125(
n

rn^D̄
0uH w

DC51un&^nuH w
DC51uD0&, ~8!

where the sum is over all intermediate states, P denotes
principal value, andrn is the density of the staten. The first
term in Eq.~7! comes from the localuDCu52 operators~box
and dipenguin!, which affect M12 only. The second term
comes from the insertion of twouDCu51 operators. There is
a contribution of this type to bothM12 andG12.

One can then expressy in two equivalent ways, either a
a sum over the states that are common toD0 and D̄0,

y5
1

2G (
n

rn@^D0uHwun&^nuH wuD̄0&

1^D̄0uHwun&^nuH wuD0&#, ~9!

or as the difference in the decay rates of the two mass eig
states

y5
1

2G (
n

rn@ u^D1uH wun&u22u^D2uH wun&u2#. ~10!

A similar pair of expressions can be written forx,
x5
1

G F ^D̄0uH wuD0&1P(
n

^D0uHwun&^nuH wuD̄0&1^D̄0uHwun&^nuH wuD0&

mD
2 2En

2 G
5

1

GF ^D̄0uH wuD0&1P(
n

u^D1uHwun&u22u^D2uHwun&u2

mD
2 2En

2 G . ~11!
4-2
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Note thatx and y are generated by off-shell and on-sh
intermediate states, respectively.

III. SU„3… ANALYSIS OF D0-D̄0 MIXING

We now prove thatD0-D̄0 mixing arises only at secon
order in SU(3) breaking effects. The proof is valid whe
SU(3) violation enters perturbatively. This would not be t
case, for example, ifD transitions were dominated by inte
mediate states or single resonances close to threshold. A
will see explicitly in Secs. V and VI, in such cases it
sometimes possible forSU(3) violation to be enhanced sub
stantially. Yet other than in these exceptional situations, tr
ing SU(3) violation perturbatively seems to us to be a m
assumption.

The quantitiesM12 andG12 which determinex andy de-
pend on matrix elements with the general structure

^D̄0uHwH wuD0&, ~12!

where in this section we letHw denote specifically theDC
521 part of the weak Hamiltonian. LetD be the field op-
erator that creates aD0 meson and annihilates aD̄0. Then the
matrix element may be written as

^0uDHwHwDu0&. ~13!

Let us focus on theSU(3) flavor group theory properties o
this expression.

Since the operatorD is of the formc̄u, it transforms in the
fundamental representation ofSU(3), which we will repre-
sent with a lower index,Di . We use a convention in which
the correspondence between matrix indices and quark fla
is (1,2,3)5(u,d,s). The only nonzero element ofDi is D1
51. The DC521 part of the weak Hamiltonian has th
flavor structure (q̄ic)(q̄ jqk), so its matrix representation i
written with a fundamental index and two antifundamenta
Hk

i j . This operator is a sum of irreducible representatio

contained in the product 333̄33̄5151613̄13̄. In the
limit in which the third generation is neglected,Hk

i j is trace-
less, so only the15 ~symmetric oni and j ) and 6~antisym-
metric on i and j ) representations appear. That is, theDC
521 part of Hw may be decomposed as12 (O151O6),
where

O155~ s̄c!~ ūd!1~ ūc!~ s̄d!1s1~ d̄c!~ ūd!1s1~ ūc!~ d̄d!

2s1~ s̄c!~ ūs!2s1~ ūc!~ s̄s!2s1
2~ d̄c!~ ūs!

2s1
2~ ūc!~ d̄s!,

O65~ s̄c!~ ūd!2~ ūc!~ s̄d!1s1~ d̄c!~ ūd!2s1~ ūc!~ d̄d!

2s1~ s̄c!~ ūs!1s1~ ūc!~ s̄s!2s1
2~ d̄c!~ ūs!

1s1
2~ ūc!~ d̄s!, ~14!

and s15sinuC'0.22. The matrix representationsH(15)k
i j

andH(6)k
i j have nonzero elements
05403
we
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H~15!k
i j : H2

135H2
3151, H2

125H2
215s1 ,

H3
135H3

3152s1 , H3
125H3

2152s1
2 ,

H~6!k
i j : H2

1352H2
3151, H2

1252H2
215s1 ,

H3
1352H3

3152s1 , H3
1252H3

2152s1
2 .

~15!

We introduceSU(3) breaking through the quark mass ope
tor M, whose matrix representation is M j

i

5diag(mu ,md ,ms). AlthoughM is a linear combination of
the adjoint and singlet representations, only the 8 indu
SU(3) violating effects. It is convenient to setmu5md50
and let msÞ0 be the onlySU(3) violating parameter. All
nonzero matrix elements built out ofDi , Hk

i j andM j
i must be

SU(3) singlets.
We now prove thatD0-D̄0 mixing arises only at second

order inSU(3) violation, by which we mean second order
ms . First, we note that the pair ofD operators is symmetric
and so the productDiD j transforms as a 6 underSU(3).
Second, the pair ofHw’s is also symmetric, and the produc
Hk

i j Hn
lm is in one of the representations which appears in

product

@~1516!3~1516!#S5~15315!S1~1536!1~636!S

5~60124115115816̄!

1~4212411516̄13!

1~15816̄!. ~16!

A straightforward computation shows that only three of the
representations actually appear in the decomposition
HwHw . They are the60, the 42, and the 158 ~twice, but with
the same nonzero elements both times!. So we have produc
operators of the form

DD5D6 ,

HwHw5O60̄1O421O158 , ~17!

where the subscript denotes the representation ofSU(3).
Since there is no 6¯ in the decomposition ofHwHw , there

is no SU(3) singlet which can be made withD6, and no
SU(3) invariant matrix element of the form~13! can be
formed. This is the well known result thatD0-D̄0 mixing is
prohibited bySU(3) symmetry.

Now consider a single insertion of theSU(3) violating
spurion M. The combinationD6M transforms as 638
5241151613̄. Note that there is still no invariant to b
made withHwHw . It follows that D0-D̄0 mixing is not in-
duced at first order inSU(3) breaking.

With two insertions ofM, it becomes possible to make a
SU(3) invariant. The decomposition ofDMM is
4-3
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63~838!S563~271811!

5~60142124115115816!

1~241151613̄!16. ~18!

There are three elements of the 6327 part which can give
invariants withHwHw . Each invariant yields a contributio
proportional tos1

2ms
2 . As promised,D0-D̄0 mixing arises

only at second order in theSU(3) violating parameterms .

IV. ESTIMATING THE SIZE OF SU„3… BREAKING

We now turn to review some general estimates of the s
of SU(3) breaking effects. These effects can be approac
from either an inclusive or an exclusive point of view. It
instructive to see howSU(3) violation appears in each cas

A. ‘‘Inclusive’’ approach

An elegant and concrete estimate of howSU(3) violation
entersx andy is the short distance analysis, first applied
D0-D̄0 mixing by Georgi @1# and later extended by othe
authors@2,18#. We review it briefly, both to establish th
contrast with our approach and to recall the results. LetL be
a scale characteristic of the strong interactions, such asmr or
4p f p . In the limit mc@L, the momentum flowing through
the light degrees of freedom in the intermediate state is la
and an operator production expansion can be performed.
example, one can write

G125
1

2mD
Im^D̄0u i E d4xT$H w

DC51~x!H w
DC51~0!%uD0&,

~19!

whereH w
DC51 is the uDCu51 effective Hamiltonian. In the

OPE, the time ordered product in Eq.~19! can be expanded
in local operators of increasing dimension; the higher dim
sion operators are suppressed by powers ofL/mc .

The leading contribution comes from the dimension
uDCu52 four-quark operators corresponding to the short d
tance box diagram,

O15ūagmPLcaūbgmPLcb , O185ūaPLcaūbPLcb ,

O25ūagmPLcbūbgmPLca , O285ūaPLcbūbPLca ,
~20!

wherePL5 1
2 (12g5). If one neglects QCD running betwee

MW andmc , in which caseO2 andO28 do not contribute, one
finds the simple expressions

DMbox5
2

3p2 XD

~ms
22md

2!2

mc
2 F12

5

4

BD8

BD

mD
2

~mc1mu!2G ,
~21!
05403
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DGbox5
4

3p
XD

~ms
22md

2!2

mc
2

ms
21md

2

mc
2 F12

5

2

BD8

BD

mD
2

~mc1mu!2G
~22!

whereXD5Vcs
2 Vcd

2 GF
2mDBDf D

2 , andBD
(8) are bag factors for

O1
(8) , normalized to one in vacuum saturation. Includi

leading logarithmic QCD effects enhances this estimate
DG by approximately a factor of two@24#. Equations~21!
and ~22! then lead to the estimates

xbox;few31025, ybox;few31027. ~23!

Neglectingmd /ms , Eq. ~22! is proportional toms
6 . This fac-

tor comes from three sources:~i! ms
2 from anSU(3) violat-

ing mass insertion on each quark line in the box graph;~ii !
ms

2 from an additional mass insertion on each line to co
pensate the chirality flip from the first insertion;~iii ! ms

2 to
lift the helicity suppression for the decay of a scalar mes
into a massless fermion pair. The last factor ofms

2 is absent
from Eq. ~21! for DM ; this is why at leading order in the
OPE ybox!xbox. Higher order terms in the OPE are impo
tant, because the chiral suppressions can be lifted by q
condensates instead of by mass insertions, allowingDM and
DG to be proportional toms

2 . This is the minimal suppres
sion required bySU(3) symmetry, as we proved in Sec. II

The order of magnitudes of the resulting contributions
summarized in Table I. In the first line, the contributions
DM are normalized toDMbox; in the second line, the con
tributions toDG are normalized toDM at each order. The
contribution of 6-quark operators toDM is enhanced com-
pared to the 4-quark operators byL2/mcms . This can be as
much as an order of magnitude, if we identify the hadro
scaleL as 4p f p @25#. The second chiral suppression ca
also be lifted, but only at the price of adding a hard gluon,
the contribution of 8-quark operators toDM compared to the
6-quark operators is (as/4p)(L2/mcms), which is of order
unity.1 In the case ofDG, higher dimension operators ar
even more important@18#. A 6-quark operator, including a
hard gluon to give an on-shell intermediate state, lifts bot
chiral suppression and the helicity suppression. The 8-qu

1We disagree with Ref.@18#, in which it was claimed thatx andy
can arise at first order inms . Such contributions were claimed t
come from pseudo-Goldstone loops which diverge in the infrar
However, there are no such divergences because thep, K andh are
coupled derivatively. Such a contribution would also be in confl
with our proof in Sec. III thatD mixing is second order inSU(3)
violating effects.

TABLE I. The enhancement ofDM andDG relative to the box
diagram at various orders in the OPE.L denotes a hadronic scal
around 4p f p;1 GeV.

Ratio 4-quark 6-quark 8-quark

DM /DMbox 1 L2/msmc (as/4p)(L2/msmc)
2

DG/DM ms
2/mc

2 as/4p b0as/4p
4-4
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operators require a second intermediate particle to contri
to DG, which can be obtained by splitting the gluon alrea
present forDM into a quark pair@18#, only costing a factor
of b0as /(4p);1, whereb05112 2

3 nf59. Thus, the domi-
nant contributions tox are from 6- and 8-quark operator
while the dominant contribution toy is from 8-quark opera-
tors. With some assumptions about the hadronic matrix
ments, the resulting estimates are

x;y&1023. ~24!

It is a general feature of OPE based analyses thatx*y. We
emphasize that at this time these methods are useful for
derstanding the order of magnitude ofx and y, but not for
obtaining reliable quantitative results. For example, to t
the estimates presented here into a systematic computati
x and y would require the calculation of almost two doze
nonperturbative matrix elements.

B. ‘‘Exclusive’’ approach

A long distance analysis ofD mixing is complementary to
the OPE. Instead of assuming that theD meson is heavy
enough for duality to hold between the partonic rate and
sum over hadronic final states, here one assumes thatD tran-
sitions are dominated by a small number of exclusive p
cesses, which are examined explicitly. This is particula
interesting for studyingDG, which depends on real fina
states inD decays.

For a long distance analysis, it is useful to express
width difference directly in terms of observable decay rat
From Eq.~9!, we find

y5(
n

hCKM~n!hCP~n!cosdnAB~D0→n!B~D̄0→n!,

~25!

wheredn is the strong phase difference between theD0→n

andD̄0→n amplitudes. In decays to many-body final stat
the strong phases may have different values in different
gions of the Dalitz plot, in which case the sum is supp
mented by an integral over the Dalitz plot for each final sta
The Cabibbo-Kobayashi-Maskawa~CKM! factor is hCKM

5(21)ns, wherens is the number ofs and s̄ quarks in the
final state. For example, hCKM(K1K2)511 and
hCKM(K1p2)521. The factorhCP561 is determined by
the CP transformation of the final state,CPu f &5hCPu f̄ &,
which is well-defined sinceu f & and u f̄ & are in the same
SU(3) multiplet. This factor is the same for the whole mu
tiplet. For example,hCP511 for the decays toK1K2, and
therefore to all decays into two pseudoscalars. For st
where different partial waves contribute with differentCP
parities,hCP is determined separately for each partial wa
For example,hCP(r1r2)511 for r1r2 in a relatives or d
wave, and21 in a p wave. Finally, it is convenient to as
semble the final states intoSU(3) multiplets and write
05403
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ya ,

ya5hCP~a! (
nPa

hCKM~n!cosdnAB~D0→n!B~D̄0→n!,

~26!

where a indexes completeSU(3) multiplets. By multiplet
we refer to theSU(3) representation of the entire final stat
not of the individual mesons and baryons.

In practice, we cannot use Eq.~26! to get a reliable esti-
mate ofy, since the doubly Cabibbo suppressed rates h
large errors, and there are very little data on strong ph
differences. To proceed further, we would be forc
to introduce model dependent assumptions ab
the amplitudes and/or their strong phases. For exam
in two-body D decays to charged pseudoscala
(p1p2,p1K2,K1p2,K1K2), the SU(3) violation can
enter through the decay rates or through the strong ph
difference. We know experimentally that in some of the
rates theSU(3) breaking is sizable; for exampleB(D0

→K1K2)/B(D0→p1p2).2.8 @26#. Such effects were the
basis for the claim in Ref.@21# that SU(3) is simply inap-
plicable toD decays. In contrast, we know very little abo
the strong phased which vanishes in theSU(3) limit; Ref.
@27# presented a model calculation resulting in cosd*0.8,
but it is also possible to obtain much larger values ford @22#.
Using Eq.~26!, the value ofya corresponding to theU-spin
doublet of chargedp andK is

ypK5B~D0→p1p2!1B~D0→K1K2!

22 cosdAB~D0→K2p1!B~D0→K1p2!.

~27!

The experimental central values, allowing forD mixing in
the doubly Cabibbo suppressed rates, yieldypK.(5.76
25.29 cosd)31023 @6#. For smalld there is an almost per
fect cancellation even though the ratios of the individu
rates significantly violateSU(3). In the ‘‘exclusive’’ ap-
proach,x is obtained fromy by use of a dispersion relation
and one generally findsx;y.

At this stage, one cannot use the exclusive approac
predict eitherx or y. Any estimate of their sizes depends o
computingSU(3) breaking effects. While this problem i
not tractable in general, one source ofSU(3) breaking iny,
from final state phase space, can be calculated with o
minimal and reasonable assumptions. We will estimate th
effects in the next section.

V. SU„3… BREAKING FROM PHASE SPACE

We now turn to the contributions toy from on-shell final
states. There is a contribution to theD0 width difference
from every common decay product ofD0 and D̄0. In the
SU(3) limit, these contributions cancel when one sums o
completeSU(3) multiplets in the final state. The cancella
4-5
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tions depend onSU(3) symmetry both in the decay matri
elements and in the final state phase space. While there
certainly SU(3) violating corrections to both of these, it
extremely difficult to compute theSU(3) violation in the
matrix elements in a model independent manner.2 However,
with some mild assumptions about the momentum dep
dence of the matrix elements, theSU(3) violation in the
phase space depends only on the final particle masses
can be computed. In this section we estimate the contr
tions to y solely from SU(3) violation in the phase space3

We will find that this source ofSU(3) violation can generate
y of the order of a percent.

The mixing parametery may be written in terms of the

matrix elements for common final states forD0 and D̄0 de-
cays,

y5
1

G (
n
E @P.S.#n^D̄

0uHwun&^nuH wuD0&, ~28!

where the sum is over distinct final statesn and the integral
is over the phase space for staten. Let us now perform the
phase space integrals and restrict the sum to final statF
which transform within a singleSU(3) multiplet R. The re-
sult is a contribution toy of the form

1

G
^D̄0uHwH hCP(FR) (

nPFR

un&rn^nuJ H wuD0&, ~29!

wherern is the phase space available to the staten. In the
SU(3) limit, all the rn are the same fornPFR , and the
quantity in braces above is anSU(3) singlet. Since thern

depend only on the known masses of the particles in the s
n, incorporating the true values ofrn in the sum is a calcu-
lable source ofSU(3) breaking.

This method does not lead directly to a calculable con
bution to y, because the matrix elements^nuH wuD0& and

^D̄0uHwun& are not known. However,CP symmetry, which
in the standard model and almost all scenarios of new ph
ics is to an excellent approximation conserved inD decays,
relateŝ D̄0uHwun& to ^D0uHwun̄&. Sinceun& and un̄& are in a
commonSU(3) multiplet, they are determined by a sing
effective Hamiltonian. Hence the ratio

2The SU(3) breaking in matrix elements may be modest even
cases such asD→K1K2 and D→p1p2, for which the ratio of
measured rates appears to be very far from theSU(3) limit @28#.

3The phase space difference alone can explain the largeSU(3)

breaking between the measuredD→K* l n̄ and D→r l n̄ rates, as-
suming noSU(3) breaking in the form factors@29#. Recently it was
shown that the lifetime ratio of theDs andD0 mesons may also be
explained this way@30#.
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yF,R5

(
nPFR

^D̄0uHwun&rn^nuH wuD0&

(
nPFR

^D0uHwun&rn^nuH wuD0&

5

(
nPFR

^D̄0uHwun&rn^nuH wuD0&

(
nPFR

G~D0→n!

~30!

is calculable, and represents the value whichy would take if
elements ofFR were the only channel open forD0 decay. To
get a true contribution toy, one must scaleyF,R to the total
branching ratio to all the states inFR . This is not trivial,
since a given physical final state typically decomposes in
sum over more than one multipletFR . The numerator of
yF,R is of orders1

2 while the denominator is of order 1, s
with largeSU(3) breaking in the phase space the natural s
of yF,R is 5%.

In this analysis, phase space is the only source ofSU(3)
violation which we will include. Of course, there are oth
SU(3) violating effects, such as in matrix elements and fin
state interaction phases. The purpose of our calculation
explore the rough size ofSU(3) violation in exclusive con-
tributions toy. We assume that there is no cancellation w
other sources ofSU(3) breaking, or between the variou
multiplets which occur inD decay, that would reduce ou
result for y by an order of magnitude. This is equivalent
assuming that theD meson is not heavy enough that duali
can be expected to enforce such cancellations.

We begin by computingyF,R for D decays to statesF
5PP consisting of a pair of pseudoscalar mesons such
p,K,h. We neglecth-h8 mixing throughout this analysis
and we have checked that this simplification has a neglig
effect on the numerical results. SincePP is symmetric in the
two mesons, it must transform as an element of (838)S
5271811. In principle, there are three possible amplitud
for D0→PP, one with the pair in a 27 andHw in a 15,

A27~PP27! i j
kmHk

i j Dm , ~31!

one with the pair in an 8 andHw in a 15,

A8
15~PP8! i

kHk
i j D j , ~32!

and one with the pair in an 8 andHw in a 6,

A8
6~PP8! i

kHk
i j D j . ~33!

However, the productHk
i j D j with ( i j ) symmetric~the15) is

proportional toHk
i j D j with ( i j ) antisymmetric~the 6!, and

the linear combinationA8[A8
152A8

6 is the only one which
appears. Thus there are effectively two invariant amplitud
There is noSU(3) invariant amplitude to produce the fina
state in a singlet. Note that since we are assumingSU(3)
symmetry in the matrix elements, such final states do
appear in our analysis.

n

4-6
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It is straightforward to use these invariants in Eq.~30! to
computeyF,R . As an example, foryPP,8 we obtain

yPP,85s1
2F1

2
F~h,h!1

1

2
F~p0,p0!1

1

3
F~h,p0!

1F~p1,p2!1F~K1,K2!2
1

6
F~h,K0!

2
1

6
F~h,K̄0!2F~K1,p2!2F~K2,p1!

2
1

2
F~K0,p0!2

1

2
F~K̄0,p0!G

3F1

6
F~h,K̄0!1F~K2,p1!1

1

2
F~K̄0,p0!

1O~s1
2!G21

, ~34!

whereF(P1 ,P2) is the phase space integral for the dec
into mesonsP1 and P2. In a two-body decay,F(P1 ,P2) is
proportional toupW u2l 11, wherepW andl are the spatial momen
tum and orbital angular momentum of the final state p
ticles. For D0→PP, the decay is into ans wave. It is
straightforward to compute the required ratios from t
known pseudoscalar masses,

yPP,8520.0038s1
2521.831024,

yPP,27520.00071s1
2523.431025. ~35!

These effects are no larger than one finds in the inclus
analysis. This is not surprising, since as in the parton pict
the final states are far from threshold.

Next we turn to final states of the formPV, consisting of
a pseudoscalar and a vector meson. Note that three-b
final states 3P can resonate throughPV, and so are partially
included here. In this case there is no symmetry between
mesons, so in principle all representations in the combina
83852711011018S18A11 can appear. For simplicity
we take the quark content of thef andv respectively to be
s̄s and (ūu1d̄d)/A2, and consider only the combinatio
which appears in theSU(3) octet. We have checked tha
reasonable variations of thef2v mixing angle have a neg
ligible effect on our numerical results. For each represen
tion, there is a single invariant, up to the same degene
for the 8 as in thePP case. Along with the analogues of Eq
~31!–~33! with coefficientsB27 and B8[B8

152B8
6, we have

the new invariants

B10~PV10! i jkHm
i j Dnekmn ~36!

for Hw in a 15, and

B10~PV10!
i jkHi

lmD jeklm ~37!
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for Hw in a 6. It turns out that these two invariants a
proportional to each other. As before, theSU(3) singlet final
state is not produced.

Both because one of the particles is more massive,
because the decay is now into ap wave, the phase spac
dependence is stronger than for thePP final state. We obtain
the ratios

yPV,8S
50.031s1

250.1531022,

yPV,8A
50.032s1

250.1531022,

yPV,1050.020s1
250.1031022,

yPV,1050.016s1
250.0831022,

yPV,2750.040s1
250.1931022. ~38!

For any representation of the final state, the effects are
than one percent.

For theVV final state, decays intos, p andd waves are all
possible. Bose symmetry and the restriction to zero total
gular momentum together imply that only the symmet
SU(3) combinations appear. Because someVV final states,
such asfK*, lie near theD threshold, the inclusion of vecto
meson widths is quite important. Our model for the res
nance line shape is a Lorentz invariant Breit-Wigner norm
ized on 0<m,`,

f ~m;mR ,GR!5N~mR ,GR!
m2GR

2

~m22mR
2 !21m2GR

2 , ~39!

wheremR andGR are the mass and width of the vector m
son, andm2 is the square of its four-momentum in the deca
For s wave decays, we find the ratios

yVV,8520.081s1
2520.3931022,

yVV,27520.061s1
2520.3031022, ~40!

while for p wave decays we find

yVV,8520.10s1
2520.4831022,

yVV,27520.14s1
2520.7031022, ~41!

and ford waves,

yVV,850.51s1
252.531022,

yVV,2750.57s1
252.831022. ~42!

With these heavier final states and with the higher par
waves, we see that effects at the level of a percent are q
generic. The vector meson widths turn out to be quite imp
tant; if they were neglected, the results in thep- andd-wave
channels would be larger by approximately a factor of thr
The finite widths soften theSU(3) breaking which otherwise
would be induced by a sharp phase space boundary. We
checked that our results are not very sensitive to variation
the line shape used to model the vector meson widths. Ag
4-7
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FALK, GROSSMAN, LIGETI, AND PETROV PHYSICAL REVIEW D65 054034
4P and PPV final states can resonate throughVV, so they
are partially included here. Our results for two-body fin
states are summarized in Table II.

As we go to final states with more particles, the combin
toric possibilities begin to proliferate. We will consider th
final states 3P and 4P, and for concreteness require that t
pseudoscalars be found in a totally symmetric 8 or 27 rep
sentation ofSU(3). This assumption is convenient, becau
the phase space integration is much simpler if it can be
formed symmetrically. These final states should be repre
tative; we have no reason to believe that this choice sel
final state multiplets for which phase space effects are
ticularly enhanced or suppressed. Note that 33(1516) con-
tains no representation larger than a 27.

In contrast with the two-body case, for three-body fin
states the momentum dependence of the matrix elemen
no longer fixed by the conservation of angular momentu
The simplest assumption is to take a momentum indepen
matrix element, with all three final state particles in ans
wave. In that case, we find

y3P,8520.48s1
2522.331022,

y3P,27520.11s1
2520.5431022. ~43!

Note that theSU(3) violation is smaller for the larger mul
tiplets, as more final states enter the sum. It may be that
8 is in some sense an unusually small representation for t
or more particles, and that this mode enhances theSU(3)
violation by providing fewer distinct final states amon
which cancellations can occur. The enhancement ofy3P,8
over y3P,27 is not a peculiarity ofs wave decays. We hav
also considered other matrix elements; for example, if one
the mesons has angular momentuml 51 in theD0 rest frame
~balanced by the combination of the other two mesons!, then
the ratios become

y3P,8521.13s1
2525.531022,

TABLE II. Values of yF,R for two-body final states. This repre
sents the value whichy would take if elements ofFR were the only
channel open forD0 decay.

Final state representation yF,R /s1
2 yF,R(%)

PP 8 20.0038 20.018
27 20.00071 20.0034

PV 8S 0.031 0.15
8A 0.032 0.15
10 0.020 0.10

10 0.016 0.08

27 0.040 0.19
(VV)s-wave 8 20.081 20.39

27 20.061 20.30
(VV)p-wave 8 20.10 20.48

27 20.14 20.70
(VV)d-wave 8 0.51 2.5

27 0.57 2.8
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y3P,27520.074s1
2520.3631022. ~44!

Alternatively, we could introduce a mild ‘‘form factor sup
pression,’’ with a weight such asP iÞ j (12mi j

2 /Q2)21, where
mi j

2 5(pi1pj )
2, andQ52 GeV is a typical resonance mas

The result then changes to

y3P,8520.44s1
2522.131022,

y3P,27520.13s1
2520.6431022. ~45!

Finally, we have studied the final state with four pseudos
lars, with the mesons in an overall symmetric 8 or a sy
metric 27. We take a momentum independent matrix e
ment. There are actually two symmetric 27 representatio
we call the 27 the representation of the formRkl

i j

5@Mm
i Mk

mMn
j M l

n1symmetric2traces# and the 278 the one
of the formRkl

i j 5@Mm
i Mn

mMk
nMl

j1symmetric2traces#. Then
we find

y4P,853.3s1
251631022,

y4P,2752.2s1
251131022.

y4P,27851.9s1
259.231022. ~46!

Here the partial contributions toy are very large, of the orde
of 10%. This is not surprising, since 4P final states contain-
ing more than one strange particle are close toD threshold,
and the ones containing no pions are kinematically inacc
sible. There is no reason to expectSU(3) cancellations to
persist effectively in this regime. Our results for 3P and 4P
final states are summarized in Table III.

Formally, one could constructy from the individualyF,R
by weighting them by theirD0 branching ratios,

y5
1

G (
F,R

yF,RF (
nPFR

G~D0→n!G . ~47!

However, the data onD decays are neither abundant n
precise enough to disentangle the decays to the var
SU(3) multiplets, especially for the three- and four-bod
final states. Nor have we computedyF,R for all or even most
of the available representations. Instead, we can only e
mate individual contributions toy by assuming that the rep
resentations for which we knowyF,R to be typical for final
states with a given multiplicity, and then to scale to the to

TABLE III. Values of yF,R for three- and four-body final states.

Final state representation yF,R /s1
2 yF,R(%)

(3P)s-wave 8 20.48 22.3
27 20.11 20.54

(3P)p-wave 8 21.13 25.5
27 20.07 20.36

(3P) form-factor 8 20.44 22.1
27 20.13 20.64

4P 8 3.3 16
27 2.2 9.2
278 1.9 11
4-8
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SU(3) BREAKING AND D0-D̄0 MIXING PHYSICAL REVIEW D 65 054034
branching ratio to those final states. The total branching
tios of D0 to two-, three- and four-body final states can
extracted from Ref.@26#. The results are presented in Tab
IV, where we round to the nearest 5% to emphasize
uncertainties in these numbers. Close to half of allD0 decays
are accounted for in this table; the rest are decays to o
modes such asPPV, decays to states withSU(3) singlet
mesons, decays to higher resonances, semileptonic de
and other suppressed processes. Based on data in the ch
K̄0* r0, theVV final state is dominantlyCP even, consisten
with an equal distribution betweens andd wave decays~al-
though favoring a smalls wave enhancement!.

We estimate the contribution toy from a given type of
final state by taking the product of the typicalyF,R found in
our calculation with the approximate branching ratios giv
in Table IV. Such estimates are necessarily crude, but t
are sufficient to give a sense of the order of magnitude oy
which is to be expected. While in most cases the contri
tions are small, of the order of 1023 or less, we observe tha
D0 decays to nonresonant 4P states naturally contribute toy
at the percent level. The reason for such unusually la
SU(3) violating effects iny is that approximately 10% o
D0 decays are to final states for which the completeSU(3)
multiplets are not kinematically accessible.

It should be noted that forD decays to final states so clos
to threshold, our argument thatD mixing is second order in
SU(3) violation is inapplicable, because its underlying a
sumption thatSU(3) violation enters perturbatively is no
met. In particular the proof fails nearD threshold, if the
decay is either to weakly decaying final states or to hadr
with widthsG which are smaller thanms . In either case, the
phase space available for the decay can vary rapidly on
scale ofms , spoiling the analytic expansion. For decays
hadronic resonances,G/ms is a small parameter which is no
analytic asms→0. For decays to long lived mesons, th
u-functions which fix the boundaries of phase space are
analytic functions of their arguments, which in turn depe
on ms through the masses of the final state hadrons. In
way, the genericms

2/mD
2 suppression is lifted and we fin

largerSU(3) violation in y just at the point that the condi
tions of the proof are not satisfied. We will see a simi
failure of SU(3) cancellations when we studyD mixing in-
duced by resonances in Sec. VI.

We have not considered all possible final states wh
might give large contributions toy. In particular, the branch
ing ratio for D0→K2a1

1 is (7.361.1)% @26#, even though

TABLE IV. Total D0 branching fractions to classes of fin
states, rounded to nearest 5%@26#.

Final state Fraction

PP 5%
PV 10%
(VV)s-wave 5%
(VV)d-wave 5%
3P 5%
4P 10%
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this final state is quite close toD threshold. Unfortunately,
the identities of theSU(3) partners of thea1(1260), which
hasJPC5111, are not well established. While it is natural
identify the K1(1400) as the corresponding strange ax
vector meson, and thef 1(1285) as the analogue of thev,
there is no natural candidate for thess̄ analogue of thef.
The size ofyPV* is quite sensitive to this choice, as well a
to the value taken for the poorly measured width of thea1. If
we take the ss̄ state to be thef 1(1420), and G(a1)
5400 MeV, we findyPV* ,8S

51.8%. If instead we take the

f 1(1510), we findyPV* ,8S
51.7%. With G(a1)5250 MeV,

these numbers become 2.5% and 2.4%, respectively.
though it is clear that percent level contributions toy are
possible fromSU(3) violation in this channel, the data ar
still too poor to draw firm conclusions.

On the basis of this analysis, in particular as applied to
4P final state, we would conclude thaty on the order of a
percent would be completely natural. Anything an order
magnitude smaller would require significant cancellatio
which do not appear naturally in this framework. Cancel
tions would be expected only if they were enforced by t
OPE, that is, if the charm quark were heavy enough that
‘‘inclusive’’ approach were applicable. The hypothesis und
lying the present analysis is that this is not the case.

VI. SU„3… BREAKING FROM NEARBY RESONANCES

One interesting feature of theD0 is that there are excited
mesons with masses close tomD . As a result, it would not be
unnatural forK resonances to play an important role inD
decays. This possibility has already been explored in the
erature@20,27,31,32#. Here we exploreSU(3) breaking in
the resonance contribution toD mixing.

We are interested in the processD0→R→D̄0, whereR is
a resonance with massmR and width GR . Only spin zero
resonances are relevant. The contribution of a single sta
the D mass and width differences is given by

yR
res5hR

uHRu2

G

GR

~mD
2 2mR

2 !21mD
2 GR

2 ,

xR
res5hR

2uHRu2

GmD

mD
2 2mR

2

~mD
2 2mR

2 !21mD
2 GR

2, ~48!

whereuHRu2[^D̄0uHWuR&^RuH WuD0& parametrizes the cou
plings of R to D0 and D̄0, andhR is theCP eigenvalue of
the SU(3) multiplet within which the resonance resides.
we assume the absence of directCP violation in D decays,
then ^D̄0uHWuR& may be related tôRuHWuD0& by SU(3).
The ratio

xR
res

yR
res

5
2~mD

2 2mR
2 !

mDGR
~49!

is independent ofHR . Significant contributions tox and y
from the resonanceR are possible only if mD

2 2mR
2

&mDGR .
4-9
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FALK, GROSSMAN, LIGETI, AND PETROV PHYSICAL REVIEW D65 054034
As a concrete example, consider theK*(1950), a positive
parity excited kaon which, because of its large width, m
play an important role in mediatingD0→K2p1. Fitting the
K*(1950) contribution to the observedD→Kp rates, one
finds that resonance mediation could be as large as the u
quark tree amplitude@27#. We can estimate an upper boun
on the contribution ofK*(1950) to y by assuming that the
resonance is completely responsible forD→Kp. The limit is
given by

uDGu
G

<
^D̄0uHWuKH&^KHuHWuD0&

^D0uHWuKH&^KHuH WuD0&
3

B~D0→Kp!

B~KH→Kp!
,

~50!

where we denote theK*(1950) by KH . With B(D0→Kp)
.6% and B(KH→Kp).52%, we find uyu<0.06s1

2

.0.003. If D mixing is mediated by a resonance, then w
expectx andy to be roughly of the same size.

This upper bound is too generous, because we have
included the suppression fromSU(3) cancellations. Note
that our proof of Sec. III, thatSU(3) violation appears only
at second order inms , applies only so long asms!GR .
While this must be true in the limitmR;mD→`, in which
caseGR scales asmc , the ratioms /GR may not be small for
resonances near the physicalD mass. Therefore,SU(3) can-
cellations may be less effective for resonances than for
final states.

The resonances in question fall into a positive parity 8
SU(3), consisting of states which we will denot
(pH ,KH ,hH). If these states were degenerate and had e
widths, their contributions toD mixing would cancel. A mea-
sure of the actual effectiveness of this cancellation is
contribution of the entire multiplet relative to that of theKH .
The SU(3) partners of theK*(1950) have not been conclu
sively identified. Instead of speculating, we will explore t
efficiency ofSU(3) cancellations qualitatively by taking th
simple mass relations

mpH
5mKH

2ms , mhH
5mKH

1
1

3
ms , ~51!

and assuming that the widths of thepH andhH are the same
asG(KH).200 MeV. Then

yres5yKH

res2
1

4
ypH

res2
3

4
yhH

res . ~52!

For ms5150 MeV, we findyres/yKH

res50.27. The cancella-

tions are somewhat less effective forxres, with xres/xKH

res

50.50. We see that even for theK*(1950), likely to be the
most favorable for inducing a large effect,SU(3) cancella-
tions reduce the contributions toxres and yres. We conclude
that it would be quite unlikely for resonances to make
contribution toy at the level of one percent.
05403
y

ual

ot

al

f

al

e

VII. CONCLUSIONS

The motivation most often cited in searches forD0-D̄0

mixing is the possibility of observing a signal from ne
physics which may dominate over the standard model c
tribution. But to look for new physics in this way, one mu
be confident that the standard model prediction does no
ready saturate the experimental bound. Previous anal
based on short distance expansions have consistently fo
x,y&1023, while naive estimates based on knownSU(3)
breaking in charm decays allow an effect an order of mag
tude larger. Since current experimental sensitivity is at
level of a few percent, the difference is quite important.

In this paper we have performed a generalSU(3) analysis
of the contributions toy. We proved that ifSU(3) violation

may be treated perturbatively, thenD0-D̄0 mixing in the
standard model is generated only at second order inSU(3)
breaking effects. Within the exclusive approach, we iden
fied anSU(3) breaking effect,SU(3) violation in final state
phase space, that can be calculated with minimal model
pendence. We found that phase space effects alone can
vide enoughSU(3) breaking to inducey;1022. Large ef-
fects in y appear for decays to final states close toD
threshold, where an analytic expansion inSU(3) violation is
no longer possible.

We believe that this is an important result. Despite t
large uncertainties, this is the first model independent ca
lation to give y close to the present experimental bound
While some degree of cancellation is possible between
ferent multiplets, as would be expected in themc→` limit,
or betweenSU(3) breaking in phase space and in mat
elements, it is not known how effective these cancellatio
are. The most reasonable assumption in light of our anal
is that they are not significant enough to result in an orde
magnitude suppression ofy. Therefore, any future discover
of a D meson width difference should not by itself be inte
preted as an indication of the breakdown of the stand
model.

However, our analysis does not amount to a stand
model calculation ofy. First, we have considered onl
SU(3) breaking from phase space, and have not inclu
any symmetry breaking in the matrix elements. Second,
have not calculated the contributions from all final stat
Had we done so, we would still need very precise expe
mental data in order to disentangle the variousSU(3) mul-
tiplets and combine the results into an overall value ofy.
Third, we have assumed that the charm quark is not he
enough for duality to enforce significant cancellations b
tween the various nonleptonicD decay channels, althoug
some degree of cancellation is to be expected.

The implication of our results for the standard model p
diction for x is less apparent. While analyses based on
‘‘inclusive’’ approach generally yieldx*y, it is not clear
what the ‘‘exclusive’’ approach predicts. The effect ofSU(3)
breaking in phase space inx is softer than iny, so one would
expectx,y from our analysis. Thus ifx.y is found experi-
mentally, it may still be an indication of a new physics co
tribution to x, even if y is also large. On the other hand,
4-10
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y.x then it will be hard to find signals of new physics, ev
if such contributions dominateDM . The linear sensitivity to
new physics in the analysis of the time dependence ofD0

→K1p2 is from x85x cosd1ysind and y85y cosd
2xsind instead ofx andy. If y.x, thend would have to be
known precisely for these terms to be sensitive to new ph
ics in x.

There remain large uncertainties in the standard mo
predictions ofx and y, and values near the current expe
mental bounds cannot be ruled out. Therefore, it will be d
ficult to find a clear indication of physics beyond the sta
dard model inD0-D̄0 mixing measurements. We believe th
at this stage the only robust potential signal of new phys
in D0-D̄0 mixing is CP violation, for which the standard
model prediction is very small. Unfortunately, ify is larger or
much larger thanx, then the observableCP violation in
D0-D̄0 mixing is necessarily small, even if new physi
dominatesx. Therefore, searching for new physics andCP

violation in D0-D̄0 mixing should aim at precise measur
ments of bothx and y, and at more complicated analys
involving the extraction of the strong phase in the time d
tic

v,

05403
s-

el

-
-

s
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pendence of doubly Cabibbo suppressed decays.
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