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D0-D̄ 0 mass difference from a dispersion relation
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We study the standard model prediction for the mass difference between the two neutralD meson mass
eigenstates,Dm. We derive a dispersion relation based on heavy quark effective theory that relatesDm to an
integral of the width difference of heavy mesons,DG, over varying values of the heavy meson mass. Modeling
themD dependence of certainD decay partial widths, we investigate the effects of SU~3! breaking from phase
space on the mass difference. We find thatDm may be comparable in magnitude toDG in the standard model.
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I. INTRODUCTION

The mixing and decay ofK, B, andD mesons are sens
tive probes of physics beyond the standard model. Am
the many processes that one might study, flavor-chang
neutral currentD decays andD0-D̄ 0 mixing provide unique
information, because in the standard model~SM! they occur
via loop diagrams involving intermediate down-type quar
In particular, because of severe Cabibbo-Kobayas
Maskawa ~CKM! and Glashow-Iliopoulos-Maiani~GIM!
suppressions, the mixing ofD mesons is expected to be qui
slow, and thus theD system is one of the most intriguin
probes of new physics in low energy experiments@1#.

We begin by recalling the formalism for heavy mes
mixing. Using standard notation, the expansion of the o
diagonal terms in the neutralD mass matrix to second orde
in perturbation theory is given by

S M2
i

2
G D

12

5
1

2mD
^D0uH w

DC52uD̄ 0&1
1

2mD

3(
n

^D0uH w
DC51un&^nuH w

DC51uD̄ 0&
mD2En1 i e

.

~1!

The first term represents theDC52 contributions that are
local at the scalem;mD . It contributes only toM12, and is
expected to be very small unless it receives a large enha
ment from new physics. The second term in Eq.~1! comes
from the double insertion ofDC51 operators in the SM
Lagrangian and it contributes to bothM12 and G12. It is
dominated by the SM contributions even in the presence
new physics. Two physical parameters that characterize
mixing are

x5
Dm

G
, y5

DG

2G
, ~2!
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whereDm andDG are the mass and width differences of t
two neutralD meson mass eigenstates andG is their average
width. Because of the GIM mechanism the mixing amplitu
is proportional to differences of terms suppressed
md,s,b

2 /mW
2 , and soD0-D̄ 0 mixing is very slow in the SM

@2#. The contribution of theb quark is further suppressed b
the small CKM elementsuVubVcb* u2/uVusVcs* u25O(1026),
and can be neglected.

Thus, theD system essentially involves only the first tw
generations, and thereforeCP violation is absent both in the
mixing amplitude and in the dominant tree-level decay a
plitudes and will be neglected hereafter. Once the contri
tion of b quarks is neglected, the mixing vanishes in t
flavor SU~3! limit, and it only arises at second order in SU~3!
breaking if SU~3! breaking can be treated analytically@3#:

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

whereuC is the Cabibbo angle. Precise calculations ofx and
y in the SM are not possible at present, because the ch
mass is neither heavy enough to justify inclusive calcu
tions, nor is it light enough to allow a few exclusive channe
to give a reliable estimate.

According to Eq.~3!, computingx and y in the SM re-
quires a calculation of SU~3! violation in the decay rates
There are many sources of SU~3! violation, most of them
involving nonperturbative physics in an essential way.
Ref. @3#, SU~3! breaking arising from phase space diffe
ences was studied; computing them in two-, three-, and fo
body D decays, it was found thaty could naturally be at the
level of one percent. This result can be traced to the fact
the SU~3! cancellation between the contributions of memb
of the same multiplet can be badly broken when decays
the heaviest members of a multiplet have small or vanish
phase space. This effect is manifestly not included in
operator product expansion–~OPE-! based calculations o
D0-D̄ 0 mixing, which cannot address threshold effects.
©2004 The American Physical Society21-1
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The purpose of the present paper is to address the fol
ing question: if the dominant SU~3! breaking mechanism is
indeed the one studied in Ref.@3#, and it gives rise toy at the
percent level, then canx naturally be comparably large? Th
is particularly relevant because the present experimental
per bounds onx andy are at a few times 1022 level @4,5# and
are expected to significantly improve~for a review of the
experimental situation, see Ref.@6#!. To interpret the results
from future measurements ofx andy, and possibly establish
the presence of new physics, we need to know the allow
range in the SM. In particular, since new physics can o
contribute tox, an experimental observation ofx@y would
imply a large new physics contribution toD0-D̄ 0 mixing.
Although y is determined by SM processes, its value s
affects the sensitivity to new physics@7#.

In this paper we study the SM predictions forx/y due to
SU~3! breaking from final state phase space differences
Sec. II we derive a dispersion relation using heavy qu
effective theory~HQET! that relatesDm to DG. To compute
Dm, we need a calculation ofDG for varying heavy meson
mass, so we review its calculation from Ref.@3# in Sec. III.
In Sec. IV, we calculateDm and present numerical result
in
-
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We find that despite the fact that SU~3! breaking in phase
space affectsx in a different way than it affectsy, the final
estimates ofx andy are comparable. We present our conc
sions in Sec. V and discuss the implications of our findin
for experimental searches for new physics inD0-D̄ 0 mixing.

II. DERIVATION OF THE DISPERSION RELATION

We start by reviewing the relevant formalism forD0-D̄ 0

mixing. Equation~1! implies that the mass eigenstates a
linear combinations of the weak interaction eigenstat
uD1,2&5puD0&6quD̄ 0&. Since we neglect the effects of in
termediate states containing ab quark, uD1,2& are alsoCP
eigenstates,CPuD6&56uD6&. Their mass and width differ-
ences are

Dm[mD1
2mD2

52M12, DG[GD1
2GD2

52G12.
~4!

Neglecting the small contribution from the localDC52 op-
erators, Eq.~1! gives
Dm5
1

2mD
P(

n

^D0uHwun&^nuH wuD̄ 0&1^D̄ 0uHwun&^nuHwuD0&
mD2En

,

DG5
1

2mD
(

n
@^D0uHwun&^nuH wuD̄ 0&1^D̄ 0uHwun&^nuHwuD0&#~2p!d~mD2En!, ~5!
of

n-

nce

the
where P denotes the principal value prescription, the sum
over all intermediate states,n, and it implicitly includes
(2p)3d3(pW D2pW n).

To derive a dispersion relation betweenDm andDG, con-
sider the following correlator:

SpD
~q!5 i E d4z^D̄~pD!uT@Hw~z!Hw~0!#uD~pD!&

3ei (q2pD)•z. ~6!

HerepD is a label given by the momentum of the on-shellD
meson state~satisfyingpD

2 5mD
2 ) andq2pD is an auxiliary

four-vector that inserts external momentum to the weak
teraction~see Fig. 1!. There is no simple physical interpreta

FIG. 1. The correlator in Eq.~6!. The black boxes denote th
weak Hamiltonian, the wavy lines show external momenta inser
and the gray area represents hadronic intermediate states.
is

-

tion of S except atq5pD , where SpD
(pD) is related to

physical properties ofD mesons. Inserting a complete set
states in Eq.~6! and comparing with Eq.~5!, we find

2
1

2mD
SpD

~pD!5S Dm2
i

2
DG D . ~7!

The correlatorSpD
(q) is an analytic function ofq ~but not of

pD) with a cut in the complex q0 plane for q0

.AuqW u214mp
2 for a fixedqW .

To write the dispersion relation in terms of physical qua
tities, i.e., to giveSpD

(q) for qÞpD a physical interpreta-
tion, we need to eliminate the heavy quark mass depende
from Eq. ~6!.1 The momentum of a heavy mesonH contain-
ing a heavy quarkQ can be written aspH

m5mHvm, with v2

51. We can decomposeQ as

Q~z!5e2 imQv•zhv
(Q)~z!1e1 imQv•zh̃v

(Q)~z!1•••, ~8!

1The method of using HQET to derive a dispersion relation in
heavy quark mass was developed first in Ref.@8#, where it was used
to study the inclusive nonleptonic heavy meson decay rate.

d,
1-2
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where the HQET fieldshv
(Q) and h̃v

(Q) , respectively, annihi-
late a heavyQ quark and create a heavyQ̄ antiquark with
four-velocity v. Here and in the rest of this section the e
lipses denote terms suppressed by a relative factor
LQCD/mc . The DC51 weak Hamiltonian contributing to
neutralD meson mixing is

Hw5
4GF

A2
Vcq1

Vuq2
* (

i
CiOi

5Ĥw@e2 imcv•zhv
(c)1eimcv•zh̃v

(c)#1•••, ~9!

whereq1,25d or s, and the four-quark operators, suppress
their Dirac structures, are of the form

Oi;q̄1q2ūc5e2 imcv•zq̄1q2ūhv
(c)1eimcv•zq̄1q2ūh̃v

(c)1•••.
~10!

In Eq. ~9! Ĥw contains the light quark fields, the Wilso
coefficients, and summation over operators. We also rep
the QCD statesuD& by HQET statesuH(v)&,

uD~p5mDv !&5AmDuH~v !&1•••. ~11!

The new states have a normalization that is independen
the heavy quark mass@9#. Then Eq.~6! yields

SpD
~q!5 imDE d4z^H̄~v !uT$@e2 imcv•zĤwhv

(c)~z!

1eimcv•zĤwh̃v
(c)~z!#@Ĥwhv

(c)~0!

1Ĥwh̃v
(c)~0!#%ei (q2pD)•zuH~v !&1•••. ~12!

The only nonzero contributions to this correlator involve
singleh and h̃ field each,

SpD
~q!5 imDE d4z^H̄~v !u$e2 imcv•z

3T@Ĥwhv
(c)~z!,Ĥwh̃v

(c)~0!#

1eimcv•zT@Ĥwh̃v
(c)~z!,Ĥwhv

(c)~0!#%

3ei (q2pD)•zuH~v !&1•••. ~13!

The two terms in Eq.~13! behave differently in the HQET
limit mc→ ` with q fixed. The term proportional to exp@i(q
2pD2mcv)•z# oscillates infinitely rapidly and is integrate
out at the heavy scale. It should be removed from the ef
tive theory and replaced by a localH w

DC52 contribution that
can be included as a matrix element ofDC52 operators.
Such contributions are estimated to give rise tox andy at or
below the 1023 level @10–12#,2 and since we are interested
the question whetherx could be near the percent level, w
can neglect them.

2In the OPE-based calculations, becausemc /LQCD is not very
large and subleading terms in theLQCD/mc expansion are enhance
by LxSB/ms @10#, such terms dominate the short distance contri
tion @10–12#.
11402
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By contrast, the term proportional to exp@i(q2pD1mcv)
•z# becomes independent ofmc as mc→`. Recalling that
pD5mDv, we have

SpD
~q!5 imDE d4z^H̄~v !uT@Ĥwh̃v

(c)~z!,Ĥwhv
(c)~0!#

3ei (q2L̄v)•zuH~v !&1•••, ~14!

where L̄5mD2mc1O(LQCD
2 /mc). It is convenient to de-

fine

S
–

v~q!5 i E d4z^H̄~v !uT@Ĥwh̃v
(Q)~z!,Ĥwhv

(Q)~0!#

3ei (q2L̄v)•zuH~v !&, ~15!

which is manifestly independent of the heavy quark mass
follows that

SpD
~q!5mDS

–
v~q!1•••, ~16!

and Eq.~7! becomes to leading order inLQCD/mc

S
–

v~q!522Dm~E!1 iDG~E!, ~17!

whereE[Aq2. The correlatorS
–

v(q) is the two-point func-
tion for a static neutral heavy meson of massE, with Dm(E)
and DG(E) the corresponding mass and width differenc
Thus, unlikeSpD

(q), S
–

v(q) has a physical interpretation fo
any value ofq. Equation~17! shows thatS

–
v(q) only depends

on q2. Choosing a frame in whichqW 50W , we can use the
analyticity of S

–
v(q) to write a dispersion relation,

S
–

v~mD ,0W !5
1

pE2mp

`

dE
Im S

–
v~E,0W !

E2mD1 i e
. ~18!

Using Eq.~17!, we obtain

Dm52
1

2p
PE

2mp

`

dEFDG~E!

E2mD
1OS LQCD

E D G . ~19!

Eq. ~19! is the main result of this section. It express
DmD in terms of a weighted integral of the width differenc
of heavy mesons,DG(E), over varying heavy meson
masses,E. The heavy quark limit was essential in derivin
this relation, sinceS

–
v(q) has a physical interpretation fo

arbitrary q, while for qÞpD , SpD
(q) does not. The

O(LQCD/E) error in the integrand is a consequence of o
reliance on this limit, and the resulting correction isO(1) in
the smallE region. Dispersion relations forDmD were con-
sidered previously in Ref.@13#, where ImS(s) ~with a dif-
ferent definition ofS) was modeled, but it does not have
physical interpretation forsÞmD

2 .
To calculatex/y using the dispersion relation, we need

know DG as a function of the heavy meson mass. Examin
Eq. ~19!, we expect that values ofE close tomD give the
largest contribution tox. In the next section we recall th

-
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calculation ofDG(E) performed in Ref.@3#. If DG(E) is a
decreasing function ofE at least as a positive power, 1/Ea

with a.0, then the dispersion relation does not require s
traction in order to converge. In the model we consid
DG(E) actually falls off as;1/E2, and we will argue that
some kind of decreasing behavior is likely to hold mod
independently.

III. CALCULATION OF THE LIFETIME DIFFERENCE

The computation ofx using Eq.~19! requires us to know
DG for a heavy meson of varying mass. The calculation
DG cannot at present be done from first principles. In R
@3# DG was computed using a simple model in which SU~3!
breaking was taken into account in calculable phase sp
differences, but neglected in the incalculable hadronic ma
elements. This approach was motivated by the fact that ph
space differences alone can explain the experimental da
several cases; for example, the ratioG(D2* →Dp)/G(D2*
→D* p) @14#, the large SU~3! breaking in G(D
→K* , n̄)/G(D→r, n̄) @15#, and the lifetime ratiotDs

/tD0

@16#. It certainly cannot explain all SU~3! violation, for ex-
ample,G(D→pp)/G(D→KK). The generic conclusion o
Ref. @3# was that if multibody final states close to theD
threshold have significant branching ratios, then they
give rise to sizable contributions toDG that are absent in the
OPE-based calculations. Our purpose in the next section
be to see whether the same mechanism can also give ri
x at or near the percent level. Here we review the analysi
Ref. @3#.

We denote a set of final statesF belonging to a certain
representationR of SU~3! by FR . For example, for two pseu
doscalar mesons in the octet, the possible representation
F5PP areR58 and 27. In Ref.@3# it was shown thatyFR

,

the value thaty would take if elements ofFR were the only
channels open forD0 decay, can be expressed as

yFR
5

(
nPFR

^D̄ 0uHwun&^nuHwuD0&

(
nPFR

^D0uHwun&^nuH wuD0&

5

(
nPFR

^D̄ 0uHwun&^nuH wuD0&

(
nPFR

G~D0→n!

. ~20!

The derivation of this relation assumes the absence ofCP

violation, so that̂ D̄ 0uHwun& is related to^D0uHwun̄ &, and
uses the fact that bothun& andun̄& belong to the same SU~3!
multiplet. When the SU~3! breaking in the matrix elements i
neglected, Eq.~20! gives a calculable contribution toyFR

without any hadronic parameters. The numerator contain
combination of Clebsch-Gordan and CKM coefficients th
11402
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ensures thatyFR
is proportional toms

2sin2uC when the sum

over all members of any given multipletFR is performed, as
required by Eq.~3!.

As an example, the contribution of the multiplet contai
ing two pseudoscalar mesons in an SU~3! octet is given by

y(PP)8
5sin2uCF1

2
F~h,h!1

1

2
F~p0,p0!1F~p1,p2!

1F~K1,K2!1
1

3
F~h,p0!2

1

3
F~h,K0!

22F~K1,p2!2F~K0,p0!GF1

6
F~h,K̄ 0!

1F~K2,p1!1
1

2
F~K̄ 0,p0!G21

1O~sin4uC!,

~21!

whereF(n) is the phase space factor forD→n decay. Then
y can be computed as the sum of theyFR

’s weighted with the

D0 decay rate to each representation,

y5
1

G (
FR

yFRF (
nPFR

G~D0→n!G . ~22!

The yFR
were computed for allPP, PV, andVV representa-

tions and for the fully symmetric 3P and 4P final states@3#.
The contribution of poles corresponding to nearbyK reso-
nances was shown to be small@3,17#. Assuming that the
values ofy(4P)R

for R58, 27, 278 are typical for allR, it was

found that the 4P final states give a contribution toDG at the
percent level. The result is large because many of the de
in question are close to or above threshold, so the SU~3!
cancellation in these multiplets is largely ineffective, yiel
ing y(4P)R

5O(0.1) @3#. Moreover, theD0 branching ratio to
four pseudoscalars is approximately 10%. We shall now
this model of SU~3! breaking, together with some assum
tions about the energy dependences of the relevant d
rates, to computex/y.

IV. CALCULATION OF THE MASS DIFFERENCE

The crucial difference between the calculation ofx andy
is that once we assume that the only source of SU~3! break-
ing is from the final state phase space differences, the h
ronic matrix elements cancel iny, but not inx. As determined
by Eq. ~19!, x depends onDG(E), and so theE dependence
of the hadronic matrix elements does affectx. Using Eq.
~19!, we find forx/y,

r FR
[

xFR

yFR

52
1

p
PE

2mp

` dE

E2mD

yFR
~E!

yFR
~mD!

GFR
~E!

GFR
~mD!

.

~23!

We will quote our results in terms ofr FR
. To proceed further

we need to understand or make some assumptions abou
1-4
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E dependence of the decay rate to the final stateF, GF(E).
We define the dimensionless function

gF~E!}
GF~E!

GF~mD!
, ~24!

and we will study theE dependence of this quantity. Not
that the constant of proportionality in Eq.~24! cancels in the
ratio r FR

. Moreover,gF is expected to depend only on th
final stateF, and not on the SU~3! representationR.

One can reconstructx from xFR
using a relation analogou

to Eq. ~22!. Below we calculater FR
for several final states

and then estimate the totalx. First we will studyF5PP,
because it is a simple case that is interesting to understan
detail. Then we will turn toF54P, because it is the fina
state that can givey;1%.

A. Two-body D\PP decays

For decays to two pseudoscalar mesons, it is possibl
develop a reasonable model ofgPP(E). WhenmH@LQCD,
we may approximate theH→pp amplitude with its factor-
ized form. HereA(H→pp);GFVCKMmH

2 f pFH→p , where
f p is the pion decay constant andFH→p is theH→p form
factor at q25mp

2 . It has been shown that, asmH→`,
FH→p}(L/mH)3/21X @18#, where X arises from summing
Sudakov logarithms of the form exp@Cas(mH)ln2(mH /L)#
;(L/mH)X with X522pC/b0. SinceG}uAu2/mH , we con-
clude that

gPP~E@LQCD!}E22X. ~25!

The existing calculations suggest thatuXu!1 @19#, so we set
X50 hereafter.

In theE→0 limit our calculation is necessarily unreliabl
as the derivation of Eq.~19! relied on HQET. Nevertheless
as a model we will take the behavior of theK→pp ampli-
tude in chiral perturbation theory. At leading order, this tra
sition is mediated by an operator of the for
Tr(]mS†O]mS), whereS5exp@2iM/ f # andM is the me-
son octet. Since this term has two derivatives, it implies t
the decay amplitude is proportional tomK

2 . Since this is the
only dependence onmK in the amplitude, theE dependence
of the rate is

gPP~E→0!}E3. ~26!

Based on these considerations, we employ the follow
simple model forgPP(E):

gPP~E!5H E3/~m1
2m2! for E,m1,

E/m2 for m1,E,m2,

1 for E.m2,
~27!

where m1,2 are free parameters. The overall normalizati
cancels in the results. This model allows for a ‘‘chiral’’ re
gion, E,m1, an ‘‘intermediate’’ region,m1,E,m2, and a
‘‘high energy’’ region,E.m2. In our calculationsm1 is al-
11402
in

to

-

t

g

lowed to vary in the range 0.2–1.0 GeV, andm2 in the range
1.5–10 GeV. As we emphasized above, our derivation re
on HQET, so any strong dependence on scales be
;1 GeV would signal an irreducible lack of reliability.

In Fig. 2 we plotr (PP)8
~solid! and r (PP)27

~dashed! as a

function ofm1, for m252 GeV. In this case all members o
the final state representations are kinematically allowed
have large phase space, so we find that the result is do
nated by cancellations below the scalemD . Thereforer PP is
sensitive to the shape ofgPP(E) at low energies, i.e., the
value ofm1, but changingm2 to 3 or 4 GeV has little effect
on r PP . Because of the strong dependence onm1, we should
not trust this result. However, sincey for these representa
tions is very small, y(PP)8

520.018% and y(PP)27

520.0034%@3#, these final states do not give sizable co
tributions tox in any case.

When we consider decays to the lightest pseudoscalar
tet, the dependence of these pseudo-Goldstone boson m
on ms is given by~for mu,d50)

mp
2 50, mK

2 5mms , mh
25

4

3
mms , ~28!

wherem is a hadronic scale. We can then expandDG(E) for
largeE as

DGPP~E!5@GPP~E!ums→0#S c01
c1

E2
1

c2

E4
1••• D .

~29!

Because SU~3! breaking in our approach comes from pha
space differences, the coefficientsci depend quadratically on
the masses of the final state particles. Since in Eq.~28! ms is
always accompanied bym and DG must be suppressed b
ms

2 , we conclude thatc05c150. The coefficientc2 can be
proportional tom2ms

2 and is the leading nonvanishing term
implying a 1/E4 suppression ofDGPP(E) compared to
GPP(E). However, the actualp, K, and h masses do no
exactly satisfy Eq.~28! in the mu,d50 limit, or the Gell-
Mann–Okubo~GMO! relation, 3mh

254mK
2 2mp

2 . Violating
the GMO relation is equivalent to adding a small term tomK

2

FIG. 2. Predictions forr (PP)8
~solid curve! and r (PP)27

~dashed
curve! as functions ofm1.
1-5
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or to mh
2 of the form «ms

2 . This changes the asymptot
behavior ofDG(E), because now we can havec1;«ms

2 .
Since theD→PP decay is far from threshold, the SU~3!
cancellation in this channel is very sensitive to the pseu
scalar meson masses. This can be verified analytically
expanding Eq.~21!. As shown in Fig. 3~again for m2
52 GeV), imposing the GMO relation on thep, K, andh
masses decreasesr PP significantly, in such a manner tha
yPP increases by roughly the same factor, whileuxPPu is
approximately stable at the (5 –8)31024 level. As discussed
in Ref. @3#, our results have little sensitivity to including o
neglectingp-h-h8 mixing.

By contrast, for final states including vector mesons
heavier pseudoscalar representations, the masses of the
sons depend linearly onms . Thus, for these final states
DGF(E)/GF(E) is simply proportional toms

2/E2 for largeE,
and there is no strong dependence on the precise value
the hadron masses. This is the minimal suppression
DGF(E)/GF(E) consistent with group theory, i.e., Eq.~3!,
and our phase space model for SU~3! violation indeed gives
such an effect. These results imply that the dispersion r
tion in Eq. ~19! converges for any final stateF, for which
GF(E) does not increase asE2 or faster. This is very likely to
be true for all final states@recall thatGPP(E);constant for
largeE].

FIG. 3. Predictions forr (PP)8
~solid curve! and r (PP)27

~dashed
curve! as functions ofm1, imposing the GMO relation on thep, K,
andh masses.
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B. Four-body D\4P decays

Now we turn to the 4P final state in the fully symmetric
8, 27, and 278 representations of SU~3!. We know even less
aboutg4P(E) than aboutgPP(E), so we use two models to
attempt to bracket roughly the uncertainties,

g4P~E!5gPP~E! and g4P8 ~E!5H E/m1 for E,m1

1 for m1,E,m2

m2 /E for E.m2.

~30!

The choice ofg4P8 (E) allows for the possibility thatG(H
→4P) may start to fall for largemH instead of remain con-
stant. This alternative is motivated by the argument that
cause the quasi-two-body picture holds only in a small p
of phase space, in most of the phase space the openin
many decay channels will reduce the rate.

The left plot in Fig. 4 showsr (4P)8
~solid curve!, r (4P)27

~long dashed curve!, and r (4P)278
~short dashed curve!, as

functions ofm2, usingg4P(E) with m150.8 GeV. Form1

,1 GeV there is no dependence onm1. The dependence o
the curves onm2 is negligible for m2*3 GeV. If we use
g4P8 (E) instead, shown in the right plot in Fig. 4, thenr (4P)R

changes roughly by a factor of two. We have explored ot
forms of g4P(E) as well, and we find that these two cas
cover a reasonable range of predictions.

In contrast toD→PP decays, for the 4P final state there
is no strong dependence on thep, K, andh masses. Becaus
the decay is close to threshold, the dispersion integra
dominated byE nearmD , where some of the 4P final states
are kinematically forbidden, and so the sensitivity to t
pseudoscalar meson masses is reduced. Imposing the G
relation makes only a small difference; for example, for t
(4P)8 representation the valuer (4P)8

520.98 obtained with

the g4P(E) model, m150.8 GeV, m253 GeV, and the
physical meson masses~corresponding to the solid curve i
the left plot in Fig. 4!, would change tor (4P)8

520.87 if the
GMO relation were imposed.
FIG. 4. Predictions forr (4P)8
~solid curve!, r (4P)27

~long dashed curve!, and r (4P)278
~short dashed curve!, as functions ofm2 for the

modelsg4P(E) ~left figure! andg4P8 (E) ~right figure! in Eq. ~30!.
1-6
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V. DISCUSSION AND CONCLUSIONS

It is likely that the dominant contributions to the mass a
width differences in theD system have a long distance orig
in the SM. Therefore, naively one would expectx andy to be
of the same order of magnitude. We have derived a n
dispersion relation~19! and used it to study this question
Our dispersion relation has the useful property that it rela
the mass difference in the heavy neutral meson system
fixed heavy meson mass to the physical width difference
heavy mesons with varying mass.

The advantage of using a dispersion relation that relatx
to y is that we can use existing models fory to calculatex.
Our dispersion relation is likely to converge without any su
traction, because the SU~3! breaking required to yield non
zero mixing introduces anms

2/E2 suppression iny(E). We
have used a model in which SU~3! breaking arises from
phase space differences, which may give a reasonable
proximation toy(E) only whenE is not very large. Since the
derivation of the dispersion relation employed the hea
quark limit, it is essential not to interpret our analysis as
precise calculation forx. Instead, we used this model only
get a rough and qualitative prediction about the likely re
tion of x to y.

To make numerical predictions we needed the heavy m
dependence of heavy meson partial widths to certain fi
states, which introduces some additional model depende
in our results.~For decays to two pseudoscalars, there
limits in which one can draw firmer conclusions about t
mass dependence, which we have incorporated into
model.! We calculated the ratiox/y for PP and 4P final
states. Our conclusion is that it is indeed likely that in t
standard model,x is not much smaller thany in the D sys-
tem. In our numerical study, we found that for the 4P final
state,x/y varies roughly between20.1 and21. We con-
clude that ify is in the ballpark of11% as expected if the
4P final states dominatey @3#, then we should expectuxu
between 1023 and 1022, and thatx and y are of opposite
sign. This estimate has a large uncertainty, and we can tru
only at the order of magnitude level. We have explored
sensitivity of this qualitative result to a number of the a
sumptions we have made, and have found that changing
details of the model does not significantly alter our conc
sions. Furthermore, including some SU~3! breaking in the
matrix elements cancels to some extent inx/y and does not
induce dramatic changes.

The significance of our result is clear only in the conte
of the experimental situation. The current bounds onx andy
are at the level of a few percent, and the central questio
71
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whether their actual observation at or just below this le
could be interpreted as a clear signal of physics beyond
standard model. We would argue that our analysis has ta
us that, without further refinement, the answer is no. We h
identified a real effect that could plausibly givex andy at the
percent level, albeit with very large uncertainties.

In general, an observation ofx@y would be an indication
for new physics, but this could only be established ify were
very small, at the 1023 level. Such a situation could arise
new physics enhancedx but not y. Yet since one canno
exclude the possibility of cancellation between different S
contributions toy, even this outcome would not admit a
unambiguous interpretation.

However, ifx were indeed enhanced by new physics, su
new physics may also introduce a sizable newCP violating
phase which may be observable. Thus, we would argue
in D0-D̄ 0 mixing, the only single measurement that cou
establish by itself the presence of new physics would be
observation ofCP violation, which is very small in the stan
dard model independent of hadronic effects.
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