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The main challenge in the standard model calculation of the mass and width differenc@i?}ﬁfésystem
is to estimate the size &U(3) breaking effects. We prove thBtmeson mixing occurs in the standard model
only at second order iIB8U(3) violation. We consider the possibility that phase space effects may be the
dominant source o8U(3) breaking. We find thay=AT'/2I" of the order of one percent is natural in the
standard model, potentially reducing the sensitivity to new physics of measureménhtsaiegon mixing.
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I. INTRODUCTION HD—mtK") A,
Yep=——— —— —1l=ycos¢—xsing—-, (3
It is @ common assertion that the standard model predic- T(D—K"K™)

tiqn for mixing in tthO-EO system is very .small, making_ whereA,,=|q/p|?>—1 [see Eq.(5) for the definition of the
this process a sensitive probe of new physics. Two physicgletralD mass eigenstatbsand¢ is a possibleC P violating

parameters that characterie@-D° mixing are phase of the mixing amplitude. Second, one can measure the
time dependence of doubly Cabibbo suppressed decays, such
_AM AT asD°— K™ 7~ [12], which is sensitive to the three quantities
=T Yo W

(xcoss+ysind)cosg, (ycosd—xsind)sing,

whereAM andAT are the mass and width differences of the
two neutralD meson mass eigenstates, dhis their average
width. TheD%-D° system is unique among the neutral me-Where é is the strong phase between the Cabibbo allowed
sons in that it is the only one whose mixing proceeds vigdnd doubly Cabibbo suppressed amplitudes. A similar study
intermediate states with down-type quarks. The mixing ifor D°—K™ 7"« also would be valuable, with the strong
very slow in the standard model, because the third generatiophase difference extracted simultaneously from the Dalitz
plays a negligible role due to the smallnesg\éf,V,,| and ~ Plot analysis[13]. Third, one can search fdb mixing in

the relative smallness afi,, and so the Glashow-Iliopoulos- ng”gptonlc decaybl4], an analysis which is sensitive to
Maiani (GIM) cancellation is very effectivfl—5]. X“t+y“.

The current experimental upper boundsyoandy are on In a large class of models, the best hope to discover new
the order of a few times I, and are expected to improve Physics inD mixing is to observe th&P violating phase
significantly in the coming years. To regard a future discov-¢12=ard M1»/T"1,] [see the definition7) and (8) below,
ery of nonzera or y as a signal for new physics, we would which is very small in the standard model. However, if
need high confidence that the standard model predictions li¢=>X, then the sensitivity of any physical observabledtp,
significantly below the present limits. As we will show, in the is suppressed, sincA, is proportional tox/y and ¢ to
standard modet andy are generated only at second order in(X/y)®, even if new physics makes a large contribution to

x2+y?, (4

SU(3) breaking, so schematically AM [6]. It is also clear from Eq(4) that if y is significantly
larger thanx, then 6 must be known very precisely for ex-
X,y~sinf8:X[SU(3) breaking?, 2 periments to be sensitive to new physics in the terms linear

in x andy. It may be possible to measudewith some accu-

where 6. is the Cabibbo angle. Therefore, predicting theracy at the plannea-charm factory CLEO-¢15,16].
standard model values afandy depends crucially on esti- There is a vast literature on estimatimngndy within and
mating the size 08U(3) breaking. Althougly is expected to  beyond the standard model; for a compilation of results, see
be determined by standard model processes, its value neveref. [17]. Roughly, there are two approaches, neither of
theless affects significantly the sensitivity to new physics ofwhich gives very reliable results becausgis in some sense
experimental analyses &f mixing [6]. intermediate between heavy and light. The “inclusive” ap-

At present, there are three types of experiments whiclproach is based on the operator product expan&dE). In
measurex andy. Each is actually sensitive to a combination the m:> A limit, where A is a scale characteristic of the
of x andy, rather than to either quantity directly. First, there strong interactionsAM andAT" can be expanded in terms of
is the DY lifetime difference toCP even andCP odd final  matrix elements of local operatof4,2,18. Such calcula-
stateqd 7—11], which to leading order measures tions yieldx,y=<10 3. The use of the OPE relies on local
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quark-hadron duality, and on/m. being small enough to where|p|?+|g|?=1. In the standard mod& P violation in
allow a truncation of the series after the first few terms. TheD mixing is negligible, as i<CP violation in D decays both
charm mass may not be large enough for these to be goad the standard model and in most scenarios of new physics.
approximations, especially for nonleptoriicdecays. An ob-  From here on we will assume th@tP is a good symmetry.
servation ofy of order 102 could be ascribed to a break- Thenp=gq, and|D, s) becomeCP eigenstates,

down of the OPE or of dualitj18], but such a large value of

y is certainly not a generic prediction of OPE analyses. The

“exclusive” approach sums over intermediate hadronic CP|D.)==*=|D.), (6)
states, which may be modeled or fit to experimental data

[5,19,20. Since there are cancellations between states withimwith the mass and width differences defined/Hel =mp,

a givenSU(3) multiplet, one needs to know the contribution —m; and AT=T, —TI'p . The off-diagonal element of

of each state with high precision. However, hés not light 0 N -
enough that its decays are dominated by a few final states.
the absence of sufficiently precise data on many decay rates
and on strong phases, one is forced to use some assumptions.

the DO-D° mass matrix can be expressed as

While most studies fink,y=<10"3, Refs.[21-23 obtainx M 1,=(D°|H ;" 7?|DY)

andy at the 102 level by arguing thaS8U(3) violation is DojpAc=1 AC=1/0

actually of order unity, but the source of the lar§&J(3) PSS (DM In)(n[Hy~"|D%) @
breaking is not made explicit. n m3 — E2 ’

In this paper, we compute the contribution Ad” from
SU(3) breaking from final state phase space differences. _
This is a calculable source &U(3) violation, which en- 1= > pa(DOH L~ n)(n|H a1 DY), (8)
hances the rates to final states containing fewer strange "
quarks. In Sec. Il we review the formalism BP-D° mixing.
In Sec. lll we give a general group theory proof thd¥l and
AT are only generated at second ordefSid(3) breaking if
SU(3) violation enters these quantities perturbatively. In

Sec. IV we discuss the estimates 98)(3) breaking using  ;omes from the insertion of twid C|= 1 operators. There is
the “inclusive” and “exclusive” analyses, and remind the , .ontribution of this type to both 1, andT 4.

reader of the shortcomings of each. Our main results are .o can then expressin two equivalent ways, either as
found in Sec. V, namely the calculation $fJ(3) breaking in sum over the states that are commorli)f’oandS,O
AT from phase space effects in two-, three- and four-bod)fi ’

final states. We find that such effects are very important, and 1

can naturally account .foAF/21"_ at the percent !evel. We Y=o > pal (DO Hyln)(n|H DO

extend the analysis to intermediate resonances in Sec. VI. In n

Sec. VII we present our conclusions and ask whether in light — 0

of our results it remains possible for the measuremeri of +(D°|Hy|n)(n[H D], 9
mixing to probe new physics.

where the sum is over all intermediate states, P denotes the
principal value, ang,, is the density of the state The first

term in Eq.(7) comes from the locdlA C| =2 operatorgbox

and dipenguiiy which affect M1, only. The second term

or as the difference in the decay rates of the two mass eigen-
Il. FORMALISM states

We begin by reviewing the formalism f@°-D° mixing.
The mass eigenstaté¥, and Dg are superpositions of the

1
flavor eigenstate®° and D° y=aor ; poL D <[ HwlmI*= KD [ uImI]. (10

ID_ ¢)=p|D%*q|DY), (5) A similar pair of expressions can be written far
|
1 — DO Hy|n){(N|H |D°) + (DO Hy|n)(n|H,,|D°
e 1] 00y 5 I OIHID) (D[l o7,/
r D m3—EZ

- 2 @0y 3 2 (0

HWIM = (D _[Hy|n)|?
m3— E2 '
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Note tha.tx andy are gener_ated by off-shell and on-shell H(1_5)ikj : H§3=H§1= 1, H%2=H§1:sl,
intermediate states, respectively.

B HB_{3l- _g HRop2lo g2
Ill. SU(3) ANALYSIS OF D°-D° MIXING 3003 ! s !

We now prove thaD®-D° mixing arises only at second HO)Y: HP=-H3'=1, H’=-Hj'=s],
order in SU(3) breaking effects. The proof is valid when
SU(3) violation enters perturbatively. This would not be the H*=—H3¥=—5;, HI*=-H3'=-¢2
case, for example, iD transitions were dominated by inter- (15

mediate states or single resonances close to threshold. As we

will see explicitly in Secs. V and VI, in such cases it is We introduceSU(3) breaking through the quark mass opera-
sometimes possible f@U(3) violation to be enhanced sub- tor M, whose matrix representation is M}
stantially. Yet other than in these exceptional situations, treat= diag(m,, ,my,m). Although M is a linear combination of
ing SU(3) violation perturbatively seems to us to be a mildthe adjoint and singlet representations, only the 8 induces

assumption. SU(3) violating effects. It is convenient to set,=my=0
The quantitiesM ;, andI";, which determinex andy de-  and letm;#0 be the onlySU(3) violating parameter. All
pend on matrix elements with the general structure nonzero matrix elements built out B , H, andM; must be

SU(3) singlets.

We now prove thaD?-D° mixing arises only at second
order inSU(3) violation, by which we mean second order in
mg. First, we note that the pair @ operators is symmetric,
and so the producD;D; transforms as a 6 unde3U(3).
Second, the pair df,,'s is also symmetric, and the product
H'k'H'nm is in one of the representations which appears in the

(0|DH,,H,,D]|0). (13)  Pproduct

(DO HyH DY), (12)

where in this section we let,, denote specifically thaC
= —1 part of the weak Hamiltonian. L& be the field op-

erator that creates@® meson and annihilates’. Then the
matrix element may be written as

Let us focus on th&U(3) flavor group theory properties of  [(15+6)X (15+6)]s= (15X 15)g+ (15X 6) + (6 X 6)g
this expression.

Since the operatdD is of the formcu, it transforms in the =(60+ 24+ 15+ 15 +6)
fundamental representation 8fU(3), which we will repre-
sent with a lower indexD;. We use a convention in which + (424 24+ 15+ 6+ 3)
the correspondence between matrix indices and quark flavors _
is (1,2,3>=(u,d,s). The only nonzero element @, is D, +(15 +6). (16)

=1. The AC=-1 part of the weak Hamiltonian has the
flavor structure §;c)(q;qy), SO its matrix representation is Astralghtforward computation shovys that only three o_f_these
written with a fundamental index and two antifundamentals fepresentations actually appear in the decomposition of

HY . This operator is a sum of irreducible representationswH.y - They are thé0, the 42, and the 15twice, but with
contained in the product 83x3=15+6+3+3. In the the same nonzero elements both tiln&o we have product

limit in which the third generation is neglectddLj is trace- operators of the form

less, so only thel5 (symmetric oni andj) and 6(antisym-

metric oni and ) representations appear. That is, th€ DD =D,
=—1 part of H, may be decomposed as(O+ Og),
where ! HyHu= g+ Qi+ Orsr, (A7)
Oz=(sc)(ud) + (uc)(sd) +s,(dc)(ud) +s;(uc)(dd) where the subscript denotes the representatioB(f3).
- - - Since there is no &n the decomposition oH,,H,,, there
—sy(sc)(us) —s;(uc)(ss) —si(dc)(us) is no SU(3) singlet which can be made withg, and no

SU(3) invariant matrix element of the formil3) can be
formed. This is the well known result th&°-D° mixing is
R — N — S — S — prohibited bySU(3) symmetry.

Og=(sc)(ud) —(uc)(sd) +s,(dc)(ud) — s, (uc)(dd) Now consider a single insertion of tf&@U(3) violating
spurion M. The combinationDgM transforms as &8
=24+ 15+ 6+ 3. Note that there is still no invariant to be

—s2(uc)(ds),

—54(sc)(us) +s;(uc)(ss) - s3(dc) (us)

+s%(uc)(ds), (14  made withH,H,,. It follows that D°-D° mixing is not in-
. duced at first order 8 U(3) breaking.
and s;=sinfd:~0.22. The matrix representatiort$(15)} With two insertions ofM, it becomes possible to make an
andH(6), have nonzero elements SU(3) invariant. The decomposition @M M is
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6X(8X8)g=6X(27+8+1) TABLE I. The enhancement afM andAT relative to the box
o - diagram at various orders in the OPk.denotes a hadronic scale
=(60+42+24+15+ 15 +6) around 4rf _~1 GeV.
+(24+ 15+ 6+3)+6. (18 Ratio 4-quark 6-quark 8-quark
AM/AM poy 1 A2Imgm,  (agddm) (A% mgm.)?
There are three elements of the<@7 part which can give AT/AM m2/m? addm Boal4m

invariants with’H,,,,. Each invariant yields a contribution

proportional tosﬁmg. As promised,D%-D® mixing arises

only at second order in th8U(3) violating parametem . . 4 (mi-m?mi+mi 5By mp
o 3770 m2 m2 |7 2Bp (Me+my)?

IV. ESTIMATING THE SIZE OF SU(3) BREAKING (22)

We now turn to review some general estimates of the sizevhereX,=V2V2,GZmpByf3, andBY’ are bag factors for

of SU(3) breaking effects. These effects can be approached{”), normalized to one in vacuum saturation. Including

from either an inclusive or an exclusive point of view. It is |eading logarithmic QCD effects enhances this estimate of

instructive to see hoBU(3) violation appears in each case. A" by approximately a factor of tw§24]. Equations(21)
and(22) then lead to the estimates

A. “Inclusive” approach Xpoy~ fEWX 1075, ybox~few><10‘7. (23)

An elegant and concrete estimate of hBW(3) violation
entersx andy is the short distance analysis, first applied toNeglectingmy/ms, Eq.(22) is proportional tcmg. This fac-
DO-D® mixing by Georgi[1] and later extended by other tor comes from three source§) m? from anSU(3) violat-
authors[2,18]. We review it briefly, both to establish the ing mass insertion on each quark line in the box graph;
contrast with our approach and to recall the results. A& mZ from an additional mass insertion on each line to com-
a scale characteristic of the strong interactions, such,as  pensate the chirality flip from the first insertiofiij ) m§ to
4mf,. In the limit m:>A, the momentum flowing through jift the helicity suppression for the decay of a scalar meson
the light degrees of freedom in the intermediate state is larggyto a massless fermion pair. The last factomuff is absent
and an operator prodyction expansion can be performed. Fer, Eq. (21) for AM; this is why at leading order in the
example, one can write OPE y0x<Xpox- Higher order terms in the OPE are impor-
1 - tant, because the chiral suppressions can be lifted by quark
r12=_|m<D0|iJ’ dXT{H A= x)HAC=1(0)}|DY), condensates instead of by mass insertions, allowiktand
2mp AT to be proportional tcmg. This is the minimal suppres-
(19 sion required bySU(3) symmetry, as we proved in Sec. Ill.
The order of magnitudes of the resulting contributions are
whereH5¢1 is the|AC|=1 effective Hamiltonian. In the summarized in Table I. In the first line, the contributions to
OPE, the time ordered product in E49) can be expanded AM are normalized taAM,,; in the second line, the con-
in local operators of increasing dimension; the higher dimentributions toAI" are normalized taAM at each order. The
sion operators are suppressed by powera o, . contribution of 6-quark operators #®M is enhanced com-
The leading contribution comes from the dimension-6pared to the 4-quark operators &¥/m.m. This can be as
|AC| =2 four-quark operators corresponding to the short dismuch as an order of magnitude, if we identify the hadronic
tance box diagram, scale A as 4xf,_ [25]. The second chiral suppression can
also be lifted, but only at the price of adding a hard gluon, so
the contribution of 8-quark operators AdM compared to the
6-quark operators isds/4m)(A?/m.ms), which is of order
unity! In the case ofAT’, higher dimension operators are
even more importantl8]. A 6-quark operator, including a
(20) hard gluon to give an on-shell intermediate state, lifts both a
chiral suppression and the helicity suppression. The 8-quark

OlzuayMPLCauﬁyﬂPLCﬁ! O:,l:uaPLCauBPLCBI

OZZUQYMPLC,BU,E’Y,U,PLC&! Oé:uaPLCﬁuBPLcal

whereP_ =3 (1— vs). If one neglects QCD running between
My andm, in which caséd, andO; do not contribute, one e disagree with Ref8], in which it was claimed that andy
finds the simple expressions can arise at first order img. Such contributions were claimed to
come from pseudo-Goldstone loops which diverge in the infrared.
> (mz— m2)2 5 B! m2 However, th_ere _are no such diverg_enc_es becausa,tlr(eand_n are _
AMpo= = D—S > d _-_b__ D 51, coupled derivatively. Such a contribution would also be in conflict
3m me 4 Bp (Mc+my) with our proof in Sec. Ill thaD mixing is second order B U(3)
(21 violating effects.
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operators require a second intermediate particle to contribute

to AT", which can be obtained by splitting the gluon already y=2> Ya.

present forAM into a quark paif18], only costing a factor 2

of Boas/(4m)~1, whereBy=11—3n;=9. Thus, the domi-

nant contributions tox are from 6- and 8-quark operators, _ 0 no

while the dominant contribution tg is from cgs-quarkpopera- Ya= "Cp(a)gfa nciu(n)00s5, VB(DO— ) B(D°—n),
tors. With some assumptions about the hadronic matrix ele- (26)
ments, the resulting estimates are

where a indexes completé&sU(3) multiplets. By multiplet
we refer to theSU(3) representation of the entire final state,
not of the individual mesons and baryons.

In practice, we cannot use E(R6) to get a reliable esti-

It is a general feature of OPE based analysesxkay. We  Mate ofy, since the doubly Cabibbo suppressed rates have
emphasize that at this time these methods are useful for utarge errors, and there are very little data on strong phase
derstanding the order of magnitude xfandy, but not for ~ differences. To proceed further, we would be forced
obtaining reliable quantitative results. For example, to turrf0  introduce model dependent assumptions about
the estimates presented here into a systematic computation ¢ amplitudes and/or their strong phases. For example,
x andy would require the calculation of almost two dozenin two-body D decays to charged pseudoscalars
nonperturbative matrix elements. (mm,m K™K 7 ,KTK™), the SU(3) violation can
enter through the decay rates or through the strong phase
difference. We know experimentally that in some of these
B. “Exclusive” approach rates theSU(3) breaking is sizable; for exampl8(D°

— O -\

Along distance analysis @& mixing is complementary to  —K "K™)/B(D°— " m~)=2.8[26]. Such effects were the
the OPE. Instead of assuming that themeson is heavy basis for the claim in Ref.21] that SU(3) is simply inap-
enough for duality to hold between the partonic rate and thélicable toD decays. In contrast, we know very little about
sum over hadronic final states, here one assume®tiran-  the strong phasé which vanishes in th&U(3) limit; Ref.
sitions are dominated by a small number of exclusive prol27] presented a model calculation resulting in 6e<.8,
cesses, which are examined explicitly. This is particularlyPut itis also possible to obtain much larger valuesd¢e2].
interesting for studyingAT', which depends on real final USing Eq.(26), the value ofy, corresponding to th&J-spin
states inD decays. doublet of chargedr andK is

For a long distance analysis, it is useful to express the
width difference directly in terms of observable decay rates. Y.«=B(D°— 7 77 )+B(D°—-KTK")

From Eq.(9), we find

x~y=10"%. (24)

—2cossVB(D°—K 7" )B(D°—K 7).
y=2 nexm(M) nep(N)cosd,\ B(D—n) B(D°—n), (27)

(29 The experimental central values, allowing formixing in
the doubly Cabibbo suppressed rates, yiglgk=(5.76

_ -3 i .
where 8, is the strong phase difference between Bfe—n 5.29 coﬂx;o [6]. For small therg IS an almgst_p_er
fect cancellation even though the ratios of the individual

andD”—n amplitudes. In decays to many-body final states, o significantly violateSU(3). In the ‘exclusive” ap-
the strong phases may have different values in different ref)roach x is obtained fromy by use of a dispersion relation
gions of the Dalitz plot, in which case the sum is supple—and on’e generally finds~y. ’
mented by an integral over the Dalitz plot for each final state. At this stage, one cannot use the exclusive approach to
The Cabibbo-Kobayashi-Maskaw&KM) f_actor IS 7cKm predict eitherx or y. Any estimate of their sizes depends on
=(—1)", whereng is the number of ands quarks in the  computing SU(3) breaking effects. While this problem is
final state. For example, nexm(K'K™)=+1 and ot tractable in general, one sourceSif(3) breaking iny,
nekm(K ' 77)=—1. The factorycp= %1 is determined by  from final state phase space, can be calculated with only
the CP transformation of the final state;P|f)= ncp|f),  minimal and reasonable assumptions. We will estimate these

which is well-defined sincdf) and [f) are in the same effects in the next section.
SU(3) multiplet. This factor is the same for the whole mul-

tiplet. For exampleycp=+ 1 for the decays t& *K~, and V. SU(3) BREAKING FROM PHASE SPACE
therefore to all decays into two pseudoscalars. For states o ]
where different partial waves contribute with differe@P We now turn to the contributions tpfrom on-shell final

parities, cp is determined separately for each partial wave States. There is a contribution to ¥ width difference
For exampleycp(ptp )=+1forpTp~ inarelativesord  from every common decay product &° and D°. In the
wave, and—1 in ap wave. Finally, it is convenient to as- SU(3) limit, these contributions cancel when one sums over
semble the final states in®U(3) multiplets and write completeSU(3) multiplets in the final state. The cancella-
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tions depend or5U(3) symmetry both in the decay matrix

elements and in the final state phase space. While there are

certainly SU(3) violating corrections to both of these, it is
extremely difficult to compute th&U(3) violation in the
matrix elements in a model independent marfridowever,

PHYSICAL REVIEW D65 054034

nEF <50|len>Pn<n|Hw| DO>
eFR

YERT
nzl:: <D0|Hw|n>Pn<n|Hw|Do>
eFr

with some mild assumptions about the momentum depen-

dence of the matrix elements, ti®U(3) violation in the
phase space depends only on the final particle masses a

can be computed. In this section we estimate the contribu-

tions toy solely from SU(3) violation in the phase space.
We will find that this source 0§ U(3) violation can generate
y of the order of a percent.

The mixing parametey may be written in terms of the

matrix elements for common final states @f andD° de-
cays,

1 _
-+ 3 [ PSI@IHD(I.ID0). (28

where the sum is over distinct final stateand the integral
is over the phase space for stateLet us now perform the
phase space integrals and restrict the sum to final sktes
which transform within a singl&U(3) multipletR. The re-
sult is a contribution tg of the form

1
(D%t 7cp(FR) 2 [mpa(n]1#,|D%), (29

wherep, is the phase space available to the statén the
SU(3) limit, all the p,, are the same fone Fr, and the
quantity in braces above is &U(3) singlet. Since the,

g nZF <50|Hw|n>Pn<n|HW|DO>
n <Fr

(30
> I'(D%-=n)

neFg

is calculable, and represents the value whickiould take if
elements of  were the only channel open f&° decay. To

get a true contribution tg, one must scalgg  to the total
branching ratio to all the states fg. This is not trivial,
since a given physical final state typically decomposes into a
sum over more than one multipl€tz. The numerator of
Ve R is of ordersi while the denominator is of order 1, so
with largeSU(3) breaking in the phase space the natural size
of yg r is 5%.

In this analysis, phase space is the only sourc8df3)
violation which we will include. Of course, there are other
SU(3) violating effects, such as in matrix elements and final
state interaction phases. The purpose of our calculation is to
explore the rough size &U(3) violation in exclusive con-
tributions toy. We assume that there is no cancellation with
other sources o5U(3) breaking, or between the various
multiplets which occur inD decay, that would reduce our
result fory by an order of magnitude. This is equivalent to
assuming that th® meson is not heavy enough that duality
can be expected to enforce such cancellations.

We begin by computing/r g for D decays to statef
=PP consisting of a pair of pseudoscalar mesons such as
,K,n. We neglecty-»’ mixing throughout this analysis,
and we have checked that this simplification has a negligible
effect on the numerical results. SinBd° is symmetric in the
two mesons, it must transform as an element oK &g

depend only on the known masses of the particles in the state 27+ 8+ 1. In principle, there are three possible amplitudes

n, incorporating the true values @f, in the sum is a calcu-
lable source o5U(3) breaking.

This method does not lead directly to a calculable contri-

bution toy, because the matrix elements|* ,|D° and
(D°H,|n) are not known. HowevelC P symmetry, which

in the standard model and almost all scenarios of new phys-

ics is to an excellent approximation conservedirdecays,
relates(D°| H,|n) to (D°H,|n). Since|n) and|n) are in a
commonSU(3) multiplet, they are determined by a single
effective Hamiltonian. Hence the ratio

2The SU(3) breaking in matrix elements may be modest even in
cases such aB—K*K~™ andD— "7, for which the ratio of
measured rates appears to be very far fromSkg3) limit [28].

3The phase space difference alone can explain the I8tg)
breaking between the measurBd-K*|v and D—plv rates, as-
suming noSU(3) breaking in the form facto®9]. Recently it was
shown that the lifetime ratio of thB andD® mesons may also be
explained this way30].

for D°— PP, one with the pair in a 27 an#,, in a 15,

Ay PPy HI D, (31)
one with the pair in an 8 an#,, in a1_5,
AF(PPyHID;, (32)
and one with the pair in an 8 arfd,, in a 6,
AS(PPg)fH|ID;. (33

However, the produdt-I"D with (ij) symmetric(the 15) is
proportional toH”D with (|]) antlsymmetrlc (the 6, and

the linear combmanorAB A |s the only one which
appears. Thus there are effectlvely two invariant amplitudes.
There is noSU(3) invariant amplitude to produce the final
state in a singlet. Note that since we are assun3if3)
symmetry in the matrix elements, such final states do not
appear in our analysis.
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It is straightforward to use these invariants in E80) to  for H,, in a 6. It turns out that these two invariants are
computeyg r. As an example, foypp g We obtain proportional to each other. As before, 18&)(3) singlet final
state is not produced.

)1 1 o o 1 0 Both because one of the particles is more massive, and
Yepg=Si 5 P(n, )+ 5 O(m, 7m)+ 5O (,m) because the decay is now intopawave, the phase space
dependence is stronger than for e final state. We obtain
. v 1 0 the ratios
+O(7", 7 )+ DK, K )—Ed>(7;,K)
Ypv,g,=0.03157=0.15< 102,

1 _
o 0y __ + -\ __ - +

5 P K= @K™, m ) —O(K™,7") Ypv,=0.03%7=0.15x 102,
- SB(K, )~ S B(KO, ) Vev.10=0.0205=0.10x10°%,

. . Ypv,10=0.0165=0.08< 10 2,
6cp(77,E0)+<I>(K*,7T+)+ Ecb(io,wo)

X 2 —2
Ypv27=0.0437=0.19x 10 “. (39
_1 . -
n O(sﬁ) , (34) For any representation of the final state, the effects are less
than one percent.

For theVV final state, decays int§ p andd waves are all
where ®(P,,P,) is the phase space integral for the decaypossible. Bose symmetry and the restriction to zero total an-
into mesonsP; andP,. In a two-body decayp(P,,P,) is  gular momentum together imply that only the symmetric
proportional top|2 "%, wherep and! are the spatial momen- SU(3) combinations appear. Because sovhé f?nal states,
tum and orbital angular momentum of the final state parSuch aspK*, lie near theD threshold, the inclusion of vector
ticles. For D°— PP, the decay is into ars wave. It is MeSon widths is quite important. Our model for the reso-
straightforward to compute the required ratios from theh@nce line shape is a Lorentz invariant Breit-Wigner normal-
known pseudoscalar masses, ized on O=m<cs,

2 —4 mT'%
yPP,8:_0003&l:_18X10 ' f(mvaer):N(mR!FR)(mZ_mZR)Z_'_mZFé! (39)
Ypp27=—0.0007%= —3.4x10"°. (35  wheremg andT'k are the mass and width of the vector me-

son, andm? is the square of its four-momentum in the decay.
These effects are no larger than one finds in the inclusiv&or s wave decays, we find the ratios
analysis. This is not surprising, since as in the parton picture,
the final states are far from threshold.

Next we turn to final states of the forfV, consisting of

a pseudoscalar and a vector meson. Note that three-body
final states ® can resonate throu_ghv, and so are partially while for p wave decays we find
included here. In this case there is no symmetry between the

Yvv,g= —0.08157=—0.39x 102,

Yyvv,27= —0.0615= —0.30< 10 2, (40)

mesons, so in principle all representations in the combination Yvve=— o_10;§= —0.48< 1072,
8X8=27+10+10+85+8,+1 can appear. For simplicity,
we take the quark content of the and w respectively to be Yyv 7= — 0.14s§= —0.70x 10 2, (42

ss and (uu+dd)/\2, and consider only the combination

which appears in th&&U(3) octet. We have checked that and ford waves,

reasonable variations of thg— w mixing angle have a neg- yyvg=0.51s2=2.5x 1072,
ligible effect on our numerical results. For each representa- '
tion, there is a single invariant, up to the same degeneracy Yyv27=0.5%2=2.8x10 2, (42)

for the 8 as in thé® P case. Along with the analogues of Egs.
(31)—(33) with coefficientsB,; and Bg= Bé5_ Bg, we have With these heavier final states and with the higher partial

the new invariants waves, we see that effects at the level of a percent are quite
generic. The vector meson widths turn out to be quite impor-
BlO(Pvlo)”kHijD gkmn (36) tant; if they were neglected, the results in freand d-wave
ij m-n

channels would be larger by approximately a factor of three.
The finite widths soften th8 U(3) breaking which otherwise
would be induced by a sharp phase space boundary. We have
ijkpgIm checked that our results are not very sensitive to variations in
B1o(P V1) “H{"'Dj€xim (37 the line shape used to model the vector meson widths. Again,

for H,, in a 15, and
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TABLE Il. Values of yg r for two-body final states. This repre-  TABLE lIl. Values of yg  for three- and four-body final states.
sents the value whichwould take if elements df g were the only

channel open fob° decay. Final state representation yF,R/sf Y r(%)
Final state representation yF'R/si Ve r(%) (3P)swave 8 —0.48 —23
27 -0.11 —-0.54
PP 8 —0.0038 -0.018 (3P) pwave 8 ~1.13 -55
27 —0.00071 —0.0034 27 —0.07 —0.36
PV 8s 0.031 0.15 (3P)torm-factor 8 —0.44 -21
8a 0.032 0.15 27 —-0.13 —0.64
10 0.020 0.10 4P 8 3.3 16
10 0.016 0.08 27 2.2 9.2
27 0.040 0.19 27 1.9 11
(VV) swave 8 -0.081 -0.39
27 —0.061 —0.30 _ . 5
(VV) p-wave 8 _ 010 _ 048 y3p’27_ - 007@1— - 036>< lO . (44)
27 -0.14 —-0.70 Alternatively, we could introduce a mild “form factor sup-
(VV) d.wave 8 0.51 2.5 pression,” with a weight such dd;;(1—m?/Q?) ~*, where
27 0.57 2.8 mf=(pi+p;)% andQ=2 GeV is a typical resonance mass.
The result then changes to
4P and PPV final states can resonate througl, so they Yapg=— 0.44552 —2.1x107?,
are partially included here. Our results for two-body final ) .
states are summarized in Table 1. Yap27= —0.137=—0.64<10"“. (45)

As we go to final states with more particles, the combina-F

toric possibilities begin to proliferate. We will consider the lars, with the mesons in an overall symmetric 8 or a sym-
final states ® and 4P, and for concreteness require that themet’ric 27. We take a momentum independent matrix ele-

pseudpscalars be fOUF‘d na tota_IIy sfymmetnc_s Or 27 repPrezant. There are actually two symmetric 27 representations;
sentation ofSU(3). This assumption is convenient, because

: SO . s we call the 27 the representation of the foriR)
the phase space integration is much simpler if it can be per-_[Mi MMM+ symmetric- traced and the 27 the one
formed symmetrically. These final states should be represen-" "'m "k ™ n.¥l y

. . : . j — i mpanpg i P
tative; we have no reason to believe that this choice selecf the formRi=[MyMy M M{+symmetric-traceg. Then
final state multiplets for which phase space effects are pat¥® find

inally, we have studied the final state with four pseudosca-

ticularly enhanced or suppressed. Note that(35+6) con- Yap g=3.352=16X 102,
tains no representation larger than a 27. ’
In contrast with the two-body case, for three-body final Yapo7=2.287=11x 102,
states the momentum dependence of the matrix elements is
no longer fixed by the conservation of angular momentum. Yap o7 = 1.95§=9.2>< 102, (46)

The simplest assumption is to take a momentum independent ) o
matrix element, with all three final state particles in @n ere the partial contributions pare very large, of the order

wave. In that case. we find of 10%. This is not surprising, sinceP4final states contain-
' ing more than one strange particle are clos®tthreshold,
Yapg=—0.4&%=—2.3x102, and the ones containing no pions are kinematically inacces-
sible. There is no reason to expest)(3) cancellations to
Yap 27— —O.l]siz —0.54x 102, 43) persist effectively in this regime. Our results foP &nd 4P

final states are summarized in Table III.
Formally, one could construgtfrom the individualyg g

Note that th iolation i ller for the | I-
ote that theSU(3) violation is smaller for the larger mu Igy weighting them by theiD® branching ratios,

tiplets, as more final states enter the sum. It may be that th

8 is in some sense an unusually small representation for three 1
or more particles, and that this mode enhancesShi3) y= T ;{ YER EF ['(D%-=n)|. (47)
s neFg

violation by providing fewer distinct final states among

which cancellations can occur. The enhancemeny@fs  However, the data o decays are neither abundant nor
Overysp o7 is not a peculiarity ofs wave decays. We have precise enough to disentangle the decays to the various
also considered other matrix elements; for example, if one 0§y(3) multiplets, especially for the three- and four-body

. 0 X !
the mesons has angular momentusil in theD” rest frame  final states. Nor have we computgg s for all or even most
(balanced by the combination of the other two mesoih®n  of the available representations. Instead, we can only esti-

the ratios become mate individual contributions ty by assuming that the rep-
5 L resentations for which we know  to be typical for final
Yaps=—1.137=—-5.5x10"7, states with a given multiplicity, and then to scale to the total
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TABLE IV. Total D branching fractions to classes of final this final state is quite close t threshold. Unfortunately,

states, rounded to nearest $26]. the identities of theSU(3) partners of the,;(1260), which

: : hasJP€=1%", are not well established. While it is natural to
Final state Fraction identify the K,(1400) as the corresponding strange axial
PP 5% vector meson, and thg;(1285) as the analogue of the,
PV 10% there is no natural candidate for tks analogue of thep.
(VV) evave 5% The size ofypy« IS quite sensitive to this choice, as well as

to the value taken for the poorly measured width ofdhelf

(Vv)d-wave 5% o
3p 50 we take thess state to be thef,(1420), andI'(a,)
4p 10% =400 MeV, we findypy« 185=1.8%. If instead we take the

£1(1510), we findypys o.=1.7%. With['(a;) =250 MeV,
these numbers become 2.5% and 2.4%, respectively. Al-
branching ratio to those final states. The total branching rathough it is clear that percent level contributions ytare

tios of DY to two-, three- and four-body final states can bepossible fromSU(3) violation in this channel, the data are
extracted from Ref[26]. The results are presented in Table still too poor to draw firm conclusions.

IV, where we round to the nearest 5% to emphasize the On the basis of this analysis, in particular as applied to the
uncertainties in these numbers. Close to half obdlidecays 4P final state, we would conclude thgton the order of a
are accounted for in this table; the rest are decays to othdercent would be completely natural. Anything an order of
modes such a® PV, decays to states witBU(3) singlet magnitude smaller would require significant cancellations
mesons, decays to higher resonances, semileptonic decayd)ich do not appear naturally in this framework. Cancella-
and other suppressed processes. Based on data in the charf#¥)s would be expected only if they were enforced by the
KO* p°, theVV final state is dominantlf P even, consistent QPE’ t_hat is, if the charm quarlk were heavy enough that the
with an equal distribution betweenandd wave decaysal- “inclusive” approach were applicable. The hypothesis under-
though favoring a smak wave enhancement lying the present analysis is that this is not the case.

We estimate the contribution tp from a given type of
final state by taking the product of the typigg!  found in VI. SU(3) BREAKING FROM NEARBY RESONANCES
our calculation with the approximate branching ratios given
in Table IV. Such estimates are necessarily crude, but the
are sufficient to give a sense of the order of magnitudg of

which is to be expected. While in most cases the ContribuEjecays. This possibility has already been explored in the lit-

t[')%nj are small, of the ordg‘sf 16 or Iess,"we ob;irve that erature[20,27,31,32 Here we exploreSU(3) breaking in
ecays to nonresonanP4states naturally contribute 0 the resonance contribution  mixing.

at the percent level. The reason for such unusually large _ . —~ .
SU(3) violating effects iny is that approximately 10% of Ve are interested in the proceBS—R— D", whereRis
a resonance with massg and widthI'y. Only spin zero

DY decays are to final states for which the comp@té(3 LR )
y pBt(3) resonances are relevant. The contribution of a single state to

multiplets are not kinematically accessible. the D d width diff - b
It should be noted that fdd decays to final states so close €L mass and wi iferences Is given by

One interesting feature of tH° is that there are excited
thesons with masses closentp, . As a result, it would not be
unnatural forK resonances to play an important role bn

to threshold, our argument thBt mixing is second order in IHgl? r
SU(3) violation is inapplicable, because its underlying as- res_ R R

. it : A YR = TR T (m3—md)2+mara’
sumption thatSU(3) violation enters perturbatively is not p~ MR pl R

met. In particular the proof fails nedd threshold, if the 5 )
decay is either to weakly decaying final states or to hadrons res. 2|Hgl? mp— Mg

with widthsT" which are smaller tham. In either case, the R~ 7R I'mp (m%—m§)2+ m%l“ﬁ’
phase space available for the decay can vary rapidly on the

scale o_fms, spoiling the finalytic expansion. For -dec_ays towhere|HR|25<5°|HW| R)(R|H | D°) parametrizes the cou-
hadronic resonanceB/mg is a small parameter which is not plings of R to D® and D?, and 7 is the CP eigenvalue of

analytic asms—0. For decays to long lived mesons, the the SU(3) multiplet within which the resonance resides. If

0-functions which fix the boundaries of phase space are NQfe assume the absence of dir€® violation in D decays

analytic functions of their arguments, which in turn depend — o
on mg through the masses of the final state hadrons. In thi en(D°|Hy|R) may be related t¢R|#|D") by SU(3).

(48)

way, the genericmﬁ/sz suppression is lifted and we find he ratio

larger SU(3) violation iny just at the point that the condi- X 2(m —m2)

tions of the proof are not satisfied. We will see a similar R_Z2VD TR (49)
failure of SU(3) cancellations when we study mixing in- YR® mpl'r

duced by resonances in Sec. VI.

We have not considered all possible final states whichs independent oHg. Significant contributions tx andy
might give large contributions tg. In particular, the branch- from the resonanceR are possible only if sz—mﬁ
ing ratio for DK ~a; is (7.3t 1.1)% [26], even though =mplg.
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As a concrete example, consider #&(1950), a positive

parity excited kaon which, because of its large width, may

play an important role in mediating®— K~ . Fitting the
K*(1950) contribution to the observeld — K rates, one

PHYSICAL REVIEW D65 054034

VII. CONCLUSIONS

The motivation most often cited in searches f@?-D°
mixing is the possibility of observing a signal from new

finds that resonance mediation could be as large as the usuflysics which may dominate over the standard model con-
quark tree amplitudg27]. We can estimate an upper bound tribution. But to look for new physics in this way, one must

on the contribution oK*(1950) toy by assuming that the
resonance is completely responsibleor> K 7. The limit is
given by

|AT] _ (DIHulK)(Ku|Hw|D?) | B(D—Km)

r - (DO Hw| Ki)(Ku|Hw|D%  B(Ky—Km)’
(50)

where we denote thK*(1950) by K,,. With B(D°—K )
=6% and B(Ky—Km)=52%, we find |y|<0.06s?

be confident that the standard model prediction does not al-
ready saturate the experimental bound. Previous analyses
based on short distance expansions have consistently found
x,y=10"3, while naive estimates based on kno®t(3)
breaking in charm decays allow an effect an order of magni-
tude larger. Since current experimental sensitivity is at the
level of a few percent, the difference is quite important.

In this paper we have performed a gen&&l(3) analysis
of the contributions tg. We proved that ifSU(3) violation

may be treated perturbatively, thad®-D® mixing in the
standard model is generated only at second ord&UK3)

=0.003. If D mixing is mediated by a resonance, then webreaking effects. Within the exclusive approach, we identi-

expectx andy to be roughly of the same size.

fied anSU(3) breaking effectSU(3) violation in final state

This upper bound is too generous, because we have nphase space, that can be calculated with minimal model de-

included the suppression frol8U(3) cancellations. Note
that our proof of Sec. lll, thaBU(3) violation appears only
at second order inmg, applies only so long am<I'y.
While this must be true in the limiing~mp—o°, in which
casel i scales as, the ratiomg/I"g; may not be small for
resonances near the physi€amass. Therefores U(3) can-

pendence. We found that phase space effects alone can pro-
vide enoughSU(3) breaking to inducg/~10 2. Large ef-
fects iny appear for decays to final states close Do
threshold, where an analytic expansiorSitj(3) violation is
no longer possible.

We believe that this is an important result. Despite the

cellations may be less effective for resonances than for réghrge uncertainties, this is the first model independent calcu-

final states.

lation to givey close to the present experimental bounds.

The resonances in question fall into a positive parity 8 ofyyhjie some degree of cancellation is possible between dif-

SU(3), consisting of states which we will

denote ferent multiplets, as would be expected in the—c limit,

(74, Ky, 7). If these states were degenerate and had equy penweensU(3) breaking in phase space and in matrix

widths, their contributions t® mixing would cancel. A mea-

sure of the actual effectiveness of this cancellation is th

contribution of the entire multiplet relative to that of tKe, .

The SU(3) partners of th&*(1950) have not been conclu-

elements, it is not known how effective these cancellations

G@re. The most reasonable assumption in light of our analysis

is that they are not significant enough to result in an order of
magnitude suppression gf Therefore, any future discovery

sively identified. Instead of speculating, we will explore the o 5'p meson width difference should not by itself be inter-
efficiency ofSU(3) cancellations qualitatively by taking the hreted as an indication of the breakdown of the standard

simple mass relations

1
ms, m, =mg +omg, (51

m :mKH_ 3

™ ”,

and assuming that the widths of the, and » are the same
asI'(Ky)=200 MeV. Then

res__ 3 res

1
Y=y - 2V 7Y (52

For mg=150 MeV, we findy"™Yy;c°=0.27. The cancella-
H

tions are somewhat less effective faf*S with x*¥x°

=0.50. We see that even for tlier(1950), likely to be the
most favorable for inducing a large effeQU(3) cancella-
tions reduce the contributions t6°° and y"™* We conclude

model.

However, our analysis does not amount to a standard
model calculation ofy. First, we have considered only
SU(3) breaking from phase space, and have not included
any symmetry breaking in the matrix elements. Second, we
have not calculated the contributions from all final states.
Had we done so, we would still need very precise experi-
mental data in order to disentangle the vari®ld(3) mul-
tiplets and combine the results into an overall valueyof
Third, we have assumed that the charm quark is not heavy
enough for duality to enforce significant cancellations be-
tween the various nonleptoni@ decay channels, although
some degree of cancellation is to be expected.

The implication of our results for the standard model pre-
diction for x is less apparent. While analyses based on the
“inclusive” approach generally yieldk=y, it is not clear
what the “exclusive” approach predicts. The effectif)(3)
breaking in phase spaceiris softer than iry, so one would
expectx<<y from our analysis. Thus &>y is found experi-

that it would be quite unlikely for resonances to make amentally, it may still be an indication of a new physics con-

contribution toy at the level of one percent.

tribution to x, even ify is also large. On the other hand, if
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y>x then it will be hard to find signals of new physics, even pendence of doubly Cabibbo suppressed decays.
if such contributions dominatd M. The linear sensitivity to
new physics in the analysis of the time dependenc® %f
—K*7™ is from x’=xcoss+ysins and y’=ycosd
—xsindinstead ofx andy. If y>x, thens would have to be
known precisely for these terms to be sensitive to new phys- It is @ pleasure to acknowledge helpful discussions with
ics inX. Yossi Nir, Helen Quinn and Martin Savage. We thank the

There remain large uncertainties in the standard modehspen Center for Physics for hospitality while portions of
predictions ofx andy, and values near the current experi- this work were completed. A.F. was supported in part by the
mental bounds cannot be ruled out. Therefore, it will be dif-U.S. National Science Foundation under Grant PHY-
ficult to find a clear indication of physics beyond the stan-9970781, and by the Research Corporation under Grant no.
dard model irD°-D° mixing measurements. We believe that CS 0362.. Y.G. was supported in part by the Israel Suer_me
at this stage the only robust potential signal of new physic§oundation under Grant No.237/01-1, and by the Technion
- _— . V.P.R Fund—Harry Werksman Research Fund. Z.L. was sup-
in D°-D mIXing 1S CP violation, for which t.he standard ported in part by the Director, Office of Science, Office of
model prediction is very small. Unfortunately)ifs larger or

B High Energy and Nuclear Physics, Division of High Energy
much larger tharx, then the observabl€P violation in Physics, of the U.S. Department of Energy under Contract

D°-D° mixing is necessarily small, even if new physics pg-AC03-76SF00098. The work of Y.G. and Z.L. was also
dominatesx. Therefore, searching for new physics &@®  supported in part by the United States—Israel Binational Sci-
violation in D%-D°® mixing should aim at precise measure- ence FoundatioBSP) through Grant No. 2000133. A.P.
ments of bothx andy, and at more complicated analyses thanks the Cornell University Theory Group, where part of
involving the extraction of the strong phase in the time de-this work was performed.
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