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_ Abstract TR

“The main challenge in the Standard Model calculation of the mass and width difference in the
DO - D0 system is to estimate the size of SU(3) breaking effects. We prove-that D-meson mixing
occurs in the Standard Model only at second order in SU(3) v1olat10n We con51der the p0351b111ty
that phase space effects may be the dommant source of SU (3) breakmg We. ﬁnd that y = AT/20
of the order of one percent is natural in the Standard Model, potentlally reducmg the sens1t1v1ty
to new. phys1cs of measurements :0f D meson mixing. : :



I INTR'O'DUCTION

It is a common assertion that the Standard Model prediction for mixing in the D° — D°
system is very small, making this process a sensitive probe of new physics. Two physical
parameters that characterlze D° — D0 mlxmg are

yaE ow o n
AL 2

AM AT

x,

where AM and AT are the mass and width differences of the two neutral I) meson mass
ergenstates and T is thelr average wrdth The DO — e system is unique among the neutral
mesons in that it is the only one whose mixing proceeds via 1ntermed1ate states with down-
type quarks. The mixing is very’ slow in the Staridard Model} becatse the third generation
plays a negligible role due to the smiallness of |Vuchb| and the relative smallness of my, and
so the GIM cancellation is very effective [1, 2, 3, 4, 5].. -

The current experimental upper- bounds on z, .and y are. on. the order of a few times
1072, and are expected to 1mprove srgmﬁcantly in the commg years. To regard a future
discovery of nonzero z or y as a signal for new physrcs we would need high confidence that
the Standard Model predlctrons lie’ srgmﬁcantly below the present limits. As we will show,
in the Standard Model z and y are generated only at second order in SU(3) breaking, so
schematlcally

SR IS BT z,y ~ sin” 00 X [SU(S) breakmg] e (2)

where 0¢ is the Cabibbo’ angle: Therefore, predlctmg the' Standard Model values of and
y depends crucially on’ estimating the size of S U(3) breaking'. ‘Although y is-expected to
beé determiined by Standard ‘Model processes ‘its valué nevertheless affects s1gn1ﬁcantly the‘
sensifivity to iéw physics of experimental analyses'of ‘D mlxmg [6] : :

At present, there are three types of experimerits which méasure z'and y. Each is actually
sensitive to a combination of z and y, rather than to either quantity directly. First, there
is the D° lifetime difference to C'P even and C'P odd final states [7, 8, 9, 10, 11], whrch to

leading order measures

_7(D—=7tK"™)
YoP = 7(D S K*K-)

. Al
—1=ycos¢— zsingd —, (3)

where A,, = |¢/p|* —1 (see Eq. (5) for the definition of the neutral D mass eigenstates), and
¢ is a possible CP violating phase of the mixing amplitude. Second, one can measure the
time dependence of doubly Cabibbo suppressed decays, such as D°® — K*n~ [12], which is
sensitive to the three quantities

(zcosd+ysind)cos ¢, (ycosd — zsiné)sing, 2+ 4%, (4)

where ¢ is the strong phase between the Cabibbo allowed and doubly Cabibbo suppressed
amplitudes. A similar study for D® — K~n*#° also would be valuable, with the strong
phase difference extracted simultaneously from the Dalitz plot analysis [13]. Third, one can
search for D mixing in semileptonic decays [14], which is sensitive to z2? + y2.

In a large class of models, the best hope to discover new physics in D mixing is to observe
the C'P violating phase, ¢12 = arg [Mi2/T'12] (see the definitions (7) and (8) below), which
is very small in the Standard Model. However, if y > z, then the sensitivity of any physical
observable to ¢, is suppressed, since A, is proportional to z/y and ¢ is to (z/y)?, even
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if new physics makes a large contribution to AM [6]. It is also clear from Eq. (4) that if
y is significantly larger than z, then é must be known very precisely for experiments to be
sensitive to new physics in the terms linear in z and y. It may be possible to measure §
with some accuracy at the planned 7-charm factory CLEO-c [15,16].

There is a vast literature on estimating z and y within and beyond the Standard Model;
for a compilation of results, see Ref. [17] Roughly, there are two approaches, neither of
which give very reliable results because m, is in some sense intermediate between heavy and
light. The “inclusive” approach is ' based on the operator product expansion {(OPE). In the
m, > A limit, where A is a scale characteristic of the strong interactions, AM and AT can
be expanded in terms of matrix elements of local operators [1, 2, 18]. Such calculations yield

z,y S 1073, The use of the OPE relies on local quark-hadron duality, and on A/m, being
siall enough to ‘allow a truncation of the series after the first few terms. The charm mass
may not be large enough for these to be good approximations, especially for' nonleptonic D
decays. An observation of y of order 1072 could ' be-ascribed to a breakdown of the OPE
or of duahty [18] but such a large value of y is certalnly not a generic prediction of OPE
analyses. The “exclusive” approach sums over intermediate hadroni¢ states, which may be
modeled or fit to experimental data [5, 19, 20]. Since there are cancellations between states
within a given SU(3) multiplet, one needs to know the contribution of each state with high
precision. However, the D is not'light enough that its decays are dominated by a few final
states. In the absence of sufficiently precise data on many decay rates and on strong phases,
one is forced to use some assumptions. While most studies find z,y < 1073, Refs. (21, 22, 23]
obtain z and y at the 10~ level by arguing that S U (3) violation is actually ‘of order unity,
but the source of the large SU(3) breaking is not made explicit.

In this paper, we compute the contribution to AT from-SU(3) breaking from final state
phase space differences. This is a calculable source of SU(3) violation, which enhances the
rates to final states containing fewer strange quarks: In Sec. II we review the formalism of
D° — D° mixing. In Sec. Il we give a general group theory proof that AM and AT are
only generated at second order in SU(3) breaking if SU(3) violation enters these quantities
perturbatlvely In Sec. IV we discuss the estimates of SU (3) breaking using the “inclusive”
and “exclusive” analyses, and remind the reader of the shortcomings of each. Our main

“results are found in Sec.-V, namely the calculation. of SU (3) breakingin AT from phase
space effects in two-, three- and four-body final states. We find that such effects are very
important, and can naturally account for AI'/2T" at the percent level. We extend the analysis
to intermediate resonances in Sec. VI. In Sec. VII we present our conclusions and ask whether
in light of our results it remains possible for the measurement of D mixing to probe new
physics. : s A FTER B

II. FORMALISM

We begm by reviewing the formahsm for D° ~D°. mlxmg The mass elgenstates Dy, and
Ds are superpositions of the. ﬂavor elgenstates D0 and D0 )

t

Dis)=plD%£qD%, )

where |p|2 + |q|* = 1. In the Standard Model C P violation in D mixing is neghglble as is
C P violation in D decays both in the Standard Model and in most scenarios of new physics.
From here on we will assume that C'P is a good symmetry. Then p = ¢, and |Df s) become




CP'eigenstates, o a I
CPIDL) = £IDs), T ®

with the mass and w1dth dlfferences defined as AM = mD+ — mD and AF I'p, = T'p_.

The off- dlagonal element of the D° — D° mass matrix can be expressed as :

o AC_I AC=1]1)0 '
My = (DOIHAC 2,D0>+PZ< Lt ln><nl!;£ !D >’ )

F=ZP<DWI><!%|D> L <8>

oah

where the sum is over all mtermedlate states, P denotes the prmapal value and pn 18 the
density of the state n.. The first term in Eq. (7) comes from the:local |AC’ [ _.2 _operators
(box and dipenguin), whlch affect Mo, only. The second term.comes from the msertlon of
two |AC| = 1.operators. There is a contribution of this typeto both M, and iz, - .
- One can then express y in two equlvalent ways, either as a,sum over: the states that are
common to D% and D9, - L

V= o 3 [(DO I ([Pl TP) + (DOl DY)], - (9)
or as the difference i‘n‘ the"décéay:fa;t‘e“s"’of th'e two ‘mavss ei‘gehst'a,tes
HZ%[&WVM—W”HWN B )

A smular ;pair -of expressions. can- be wrltten for z,

!

r= [<D°m |D°> + PZ — 52

<mWMWAWHHW]1
E’2

DOIH ) (| ID°)+(D°IH In>(n|7i |D°>] v

o ;[(DOI’H |D°)+PZ| (11)

Note that'a; and'y are generated by off—'s_hell fand on-shell intermediate s’t'a;_te's, 'respe‘_otiyiélj;:.

III. SU(3) ANALYSIS OF D°— D° MIXING

We now prove that D° — D° mixing arises only at second order in SU (3) breaking effects.
The proof is valid when SU(3) violation enters perturbatively. This would niot be the case,
for example, if D. transitions were dominated by intermediate states or smgle resonangces
close to threshold. As we will see exphc1tly in Secs. V and VI, in such cases it is ‘sometimes
possible for SU(3) violation to be enhanced substantially. Yet other than in these exceptional
situations, treating SU(3) violation perturbatively seems to us to be a mild assumption.

The quantities My, and Ty, which determine z and y depend on matrix elements with
the general structure

DM DY), N (o)



" where in this section we let H,, denote specifically the AC = —1 part of the weak Hamilto-
nian. Let D be the field operator that creates a D° meson and annlhllates a D0 Then the
matrix element may be written as

(0|D’HH D0). - (13)

Let us focus on the SU (3) flavor group theory. propertles of this express1on v

" Since the operator D is of the form ¢u, it transforms-in the fundamental representatlon'
of SU(3), which we will represent with a lower index, D;. We use a conventxon in which the
correspondence between matrix indices and quark ﬂavors is (1,2,3) = (u,d,s). The only
nonzero element of D; is Dy = 1. The AC = —1 part of the weak Hamlltoman has the flavor
structure (g;c)(g;gk), so its matrix representation is written with a fundamental index and
two antifundamentals, H} I;’. This operator is a sum of irreducible representations contained
in’ the product 3 x3x3 =154+6+3 + 3. In the limit in which the third generation is
neglected ‘HY is traceless, so only the T5 (symmetric on i ‘and §) and 6 (antlsymmetrlc on
2’and j) representations appear. That is, the AC = ~1 part of ’H may be decomposed as
Oy + Os), where '

O = (5¢)(ad) + (ac)(sd) + 1(de)(ad) + s (ac)(dd)

— sa(5c)(as) — s (e) (55) — s3(de)(as) — s3(ue)(ds),
06 = (3¢)(ud) — (ac)(53d) + s1(dc)(ad) — si(ac)(dd)

— 51(3¢)(@s) + s1(tic)(3s) — sf(dc)(ﬂs) + sf(ﬁc)(ds) , - (14)
and s; = sinfc ~ 0.22. The matrix representations H(I5)7 and H(6)” have nonzero
elements .

HOB)Y:  HP=H'=1, HZ2—HN =5,
H31.3 — H31 = —5;, H§2 — H?I %,

. .. . 15
HOZ:  BP=-HP-l, = -HP =, (15)

H13 H31 = —s5 ' H12 H21 1 .
We mtroduce SU (3) breaklng through the quark mass operator M, whose matrix represen-
tation is M t = diag(mu, mq4, m,). Although M is a linear combination of the adjoint and
smglet representatlons, only the 8 induces SU(3) v1olat1ng effects. . It is convenient to set.

m, = mg = 0 and let m;, # 0 be the only SU(3) violating parameter. All nonzero matrix
elements built out of D;, Hy’ and M} must be SU(3) singlets.

- We now prove that D% — D-O mixing arises only at second:order in SU(3) violation, by
which we mean second order in m;. First, we note that the pair of D operators is symmetric,
and so the product D;D; transforms as a 6 under SU(3). Second, the pair of H,’s is also

symmetric, and the product H k’ H Im is in one of the representatxons Wthh appears 1 in the
product . L

[TB+6) x(B+6)], = BxB)s+TEx6)+(6Ex6s (16)
= (604+24+15+15 +6)+(42+24+ 15+ 6+ 3) + (15 +6).
A straightforward computation shows that only three of these representations actually ap-
pear in the decomposition of H,H,. They are the 60, the 42, and the 15’ (actually twice,
but with the same nonzero elements both times). So we have product operators of the form

) DD == Dﬁ 3 ‘
%wﬂw = O@ + 042 + 015' ’ (17)
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where the subscript denotes the representatlon of SU (3) '

Since there is no'6 in the decomposition of H,H,, there is no S U (3) smglet which can
be made with Ds, and no SU(3) invariant matrix element of the form’ (13) can be formed.
This is the well known result that D° — D° mixing is prohibited by SU(3) symmetry.

Now consider a single insertion of the SU(3) violating spurion M. The combination
DgM transforms as 6 X 8 =24 + 15 +6 + 3 Note'that there is still no mvarlant to be made
with H,H,. Tt follows that' D® — D°® mixing is not induced at first order in SU (3) breaking.

With two msertlons of M, it becomes poss1ble to make an S U@3) 1nvar1ant The decom—
p051t10n of DMM i is '

6% (8 x8)s :6><(27+8+1) _— o
= (60+42+24+15+15 +6) (24+15+6+3)+6 (18):

There are three elements of the 6 % 27 part Wthh can glve 1nvar1ants Wlth 'H ’H Each
invariant y1elds a contribution proportlonal to s3 m2 As promlsed D0 D0 m1x1ng arises
only at second order in the SU(3) violating parameter ms. -

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

We now turn to review some. general estimates-of the-size: of :SU(3) breaking effects.
These effects can.be approached from either an inclusive or an exclusive point of view. It is
instructive to see how SU(3 ) v1olat10n appears in each case. '

A. “Inclusive” approach

‘An elegant and concrete estimate of how -SU(3): violation enters z and y is the short
distance analysis, first applied to D° — D° mixing by Georgi [1] and later extended by other
authors [2, 18]. We review it br1eﬂy, both to establish the contrast with our approach and
to recall the results.” Let A be‘a scalé characteristic of ‘the strong 1nteract10ns, such as
m,, or 4r f7r In the limit m, > A ‘the momentum ﬂowmg through the hght degrees of
freedom in the intermediate state 1s large and an operator productlon expanswn (OPE) can
be performed. For example one can erte T

F12 — 2__Im D l /d4$T{HAC 1(:U)HAC 1(0)}1190) L v (19)

Where ’HAC Lis the IAC =1 effectlve Hamiltonian. In the OPE the time: ordered product
in Eq. (19) can be expanded-in local operators of increasing d1mens1on the higher dimension
operators are suppressed by powers of A/m.. ‘
The leading contribution comes from the dimension- 6 ]AC | 2 four-quark operators
correspondlng to the short distance box dlagram k T

0, = ua'yuPLca Uﬁ’)’uPLCB , O = o Prca ugPrep,
402 = Ua’)’uPLcﬁ ug’)’uPLca , ' 02 = uaPLCﬁ UﬁPLca , - ‘ (20)

where PL = (1 — 75) If one neglects QCD runmng between MW and mc, rn Wl’llCh case Oy
and 0} do not contribute, one finds the simple express1ons '
2_ (ms—md)2 o 5 BD mD

AMpox = Xp —F— e ——
b 3r2 P m2 " 4Bp (me +my)?

; (21)



l ~ratio l ,4—qnark 6-quark 8-quark ]
[ AM/AMLx | -1 A mem.  (a./4m)(A2/m,m,)?
AT/AM m2/m? casfAm Bo a /4w

TABLE I: The enhancement of AM and AT relative to the box diagram at various orders-in the
OPE. A denotes a hadronic scale around 47 f; ~ 1 GeV.

Ay = — xp ez ma)metmg [, 5Bp _mp |
, 3r m2. . m2 2 Bp (m;+ m,)?

[

(22)

where Xp Vcr‘;V;f,G mpBp va‘ and BY) are bag factors for O{’, normalized to one in
vacuum saturation. - Including leading logarithmic QCD effects enhances this estimate of

AT by approximately a factor of two [24]. Eqgs. (21) and (22) then lead to the estimates
| ' Zpox ~few X 107°,  ypoy ~few x 1077, (23)

Neglecting my/m;, Eq. (22) is proportional to m$. This factor comes from three sources:
(i) m? from an SU(3) violating mass insertion-on each quark line in the box graph; (ii)
m? from an additional mass insertion on each line to compensate the chirality flip from
the first insertion; (iii). m?2 to lift the helicity suppression for the decay of a scalar meson
into a massless fermion pair The last factor of m? is absent from Eq. (21) for AM; this
is why at leading order in the OPE ypox <K Zbox. Higher order terms in the OPE are
important, because the chiral suppressions can be lifted by quark condensates instead of
by mass insertions, allowing AM and. Al to be proportional to m2. This is the minimal
suppression required by SU(3) symmetry, as we proved in Sec. IIL

The order of magnitudes of the resulting contributions are: summamzed in: Table 1. In
the first line, the contributions to AM are normalized to: AMyo; in the second line, the_
contrlbutlons to AT are normalized to AM at each order. The contribution of 6—quark
operators to AM is, enhanced compared to the 4-quark operators by A2 /me.ms. This can
be as much as an order of magnitude, if we identify the hadronic scale A as 4w f, [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 to AM compared to the 6-quark operators is
(as/47)(A?/m.m,), which is of order unity.! In the case of AT, higher dimension operators
are even more important [18]. A 6-quark operator, including a hard gluon to give an on-shell
intermediate state, lifts both a chiral suppression and the helicity suppression.. The 8-quark
operators require a second intermediate particle to contribute to AI', which can be obtained
by splitting the gluon already present for AM into a quark pair {18], only costing a factor of
Boas/(4m) ~ 1, where o = 11 = 2n; = 9. Thus, the dominant contributions to z are from
6--and 8-quark operators, while the dominant contribution to y is from 8-quark operators.
With some assumptions about the hadronic: matrix elements, the resulting estimates are

r~yS10°8. (24)

1 We disagree with Ref. [18], in which it was claimed that = and y can arise at first order in m,. Such
contributions were claimed to corne from pseudogoldstone loops which diverge in the infrared. However,
there are no such divergences because the 7, K and 7 are coupled derivatively. Such a contribution would

also be in conflict with our proof in Sec. III that D mixing is second order in SU (3) violating effects.
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It is a general feature of OPE based analyses that z 2 y. We emphasize that at this time
these methods are useful for understanding the order of magnitude of z-and y, but not for
obtaining reliable quantitative results. For example, to turn the estimates presented here
into a systematic computation of z and y would require the calculation of almost two dozen
nonperturbative matrix elements. ~ ‘

B. “Exclusive” approach

A long distance analysis of D mixing is complementary to the OPE. Instead of assuming
that the D meson is heavy enough for duality to hold between the partonic rate and the sum
over hadronic final states, here one assumes that D transitions are dominated by a small’
number-of ‘exclusive processes, which are examined exp11c1tly This i 1s partlcularly 1nterest1ng’
for studying’ AT'; which depends on real final states in ‘D decays: »

For a long dlstance analysis, it is useful to express the width dlfference dlrectly in terms
of observable decay rates. From Eq. (9), we find ' '

S

y =3 nou(n) nop(n) cos 8 \/B(D° — MBI >n), - (25)

where 4, is the strong phase difference between the D° — n and ‘D° — n’'amplitudes. In’
decays to many-body final states, the strong phases may- have different values in-differént’
- regions' of the Dalitz plot, in Wthh case the sum is supplemented by an- mtegral over the
Dalitz plot for each final state. The CKM factor ispokm = (—1)"*, where n, is the number of
s'and 5 quarks in‘the final state. For example, nexm(K+K ™) = +1 and nogm (K +n~) = —1+
- The factor nep = £1 is determined by the C P transformation of the final state, CP|f) =
ncp| f ), which is well-defined since'|f) and |f) are in the same SU(3) iultiplet. ThlS factor
is'the ‘samé'for the whole multiplet. For example, ncp = +1 for the decays to K+K~,
and 'therefors to all-decays into two pseudosca,lars For states' where different partial waves‘
contribute with different C' P parities, ncp is determined separately for each partial wave.’
For example ncp(p p ) = 41 for p*p~ in a relative s or'd wave,’'and ~1in a p wave.’
Fmally, 1t 1s convement to assemble the ﬁnal states 1nto SU (3) multlplets and erte

' y:Z Ya Yo ——770}:' a)ZnCKM(n)COSJ \/B(D°—>n) (D°—>n), | ’(26)

g TLG(I

where a indexes complete SU(3) multlplets By rnultnplets we refer to the S U (3) represen— ;
tation of the entire final state, not of the individual mesons and baryons. ==

. In practice, we cannot use Eq. (26). to get a reliable estimate of y, since the doubly Cablbbo
suppressed rates have large errors, and there are very. little data on streng phase differences.
To proceed further, we.would be forced to introduce model dependent. assumptions-about-
the amplitudes and/ or their strong phases For example, in two-body D deca,ys to charged
pseudoscalars (rtr~, ntK~, Ktn~, K*K~), the SU(3) violation can enter through the
decay rates or the strong phase difference We know experimentally that in some of these
rates the SU(3) breaking is sizable; for example B(D° — Kt K~ )/B(DO —mtr) ~ 2.8 (26].
Such effects were the basis for the claim in Ref. [21] that SU(3) is s1rnply 1napphcable to
D decays In contrast, we know very little about the’ strong phase § which vanishes in the
SU(3) hrmt Ref [27] presented a model calculation, resultmg in cosd 2 > 0. 8 but it is also



possible to obtain much larger values for ¢ [22]. Usmg Eq. (26), the value of y, correspondmg
to the U-spin doublet of charged 7 and K is

Yox = B(D® = ntr7) + B(D° = KT K™) — 20055\/B(D0 — K-m+)B(D° — K+n-).
(27)

The expenmental central values, allowing for -D mixing in the doubly Cablbbo suppressed
rates, yield yzx ~ (5.76 — 5.29cosd) x 1072 [6]. For small § there is an almost perfect
cancellatlon even though the ratios of the individual rates significantly violate SU 3).. In
the “exclusive” approach z 1s obtained from y by use of a dispersion relatlon, and one
generally finds z ~ y.

At this stage, one cannot use the exclusive approach to predict either z or y. Any
estimate of their sizes depends on computing SU(3) breaking effects. While this problem
“is:not tractable in general, one source of SU(3) breaking in y, from final state phase space,
can be calculated with only minimal and reasonable assumptions. We will estimate these
effects in the next section. '

V. SU(3) BREAKING FROM PHASE SPACE

We now turn to the contributions to y from on-shell final states. There is a contribution
to the D° width difference from every common decay product of D° and D°. In the SU(3)
limit, these contributions cancel when one sums over complete SU(3) multiplets in the final
state. The cancellations depend on SU(3) symmetry both in the decay matrix elements and
in the final state phase space. While there are certainly SU(3) violating'correct'ions to both
of these, it is extremely difficult to compute the SU(3) violation in the matrix elements in a
model mdependent manner.? However, with some mild assumptions about the momentum ,
dependence of the matrix elements, the SU(3) violation in the phase space depends only on
the final particle masses and can be computed. In this section we estimate the contrlbutlons
to y solely from SU (3) violation in the phase space.® We will ﬁnd that this source of S U (3)
violation can generate y of the order of a percent. -

The mixing parameter y may be written in terms of the matrlx elements for common
final states for D° and D° decays,

:%Zn: JP-830 (D°|Ha In) (0] H 1 D), o (28)

where the sum is over distinct final states n and the integral is over the phase space for state
n. Let us now perform the phase space integrals and restrict the sum to final states F' which
transform within a single SU(3) multiplet R. The result is a contribution to y of the form

~ S @M ner(Fr) T m)putnlHa1D°), (29)

neFgp

2'The SU (3) breaking in matrix elements may be modest even in cases such as D - Kt K~ and D = ntn™,

for which the ratio of measured rates appears to be very far from the SU (3) limit [28].
3 The phase space-difference alone can explain the large SU(3) breaking between the measured D — K*£v

"and D — pli 1ates, assuming no SU(3) breaking in the form factors [29]. Recently it was shown that the -
lifetime ratio of the D, and D° mesons may also be explained this way [30].



where py, is the phase space available to the state n. In the SU(3) limit, all the p, are the
same for n € Fg, and the quantity in braces above is an SU(3) singlet. Slnce the pn depend
only on the known masses of the particles in the state 7, incorporating the true values of p,
in the sum is a calculable source of SU(3) breaking.

This method does not lead directly to a calculable contribution to y, because the matrix
elements (n|#,,|D°) and (D°|H,|n) are not known. However, C P symmetry, which in the
Standard Model and almost all scenarios of new physics is to an excellent approxnnatron
conserved in D decays, relates (D°|H,,|n).to (D°|H,|%). Since |n) and |&) are in a common
SU(3) multiplet, they are determined by a single effective Hamiltonian. Hence the ratio

Curn = Tnern (D Hulnyon(n[Hu |D°) * Tnery(D°| He ln)pn<nIHwID°)
T Enera{ DOl Huln)on(nlHy D) Snera T(D° = n).

is calculable; and represents the value which y would take if eléments of Fr were the only
channel open for D° decay. To get a true contribution to y, one must scale yr g to the total
branching ratio to all the states in Fr. This is not trivial, since a given physical final state
typically decomposes into a sum over more than one mult1plet Fgr. The numerator of yrr
is of order s? while the denominator is of order 1, so with large SU (3) breaking in the phase
space the natural size of yr g is 5%.

. In thls analy31s phase space is the only source - of S U (3) Vlolatlon Wthh we will 1nclude
Of course, there are other SU(3) violating effects, such as in matrix elements and ﬁnal state
interaction phases. The purpose of our calculatlon is to explore the rough size of SU(3 (3 )
violation in exclusive contributions to y. We assume that there is no cancellatlon with other
sources of SU (3) breaklng, or between the various multiplets whlch occur in D decay, that
would reduce our result for y by an order of magnitude. This is equlvalent to assuming t that
the D meson is not heavy enough that duality can be expected to enforce such cancellations,

- We begm by computing yrr for D decays to states F' = PP cons1st1ng of a pair ofv.
pseudoscalar mesons such as 7, K, 7. We neglect n—rn’ m1x1ng throughout this analys1s, and
we have checked that this s1mphﬁcat10n has a negligible effect on the numerical results Since
PP is symmetric in the two mesons, it must transform as an element of (8 8)5 = 27+8+1
In principle, there are three p0831ble amplitudes for D° — PP, one W1th the “pair in a 27
and H,, in a 15,

. (30)

Ay(PPy)HID,, - | (31)

one with the pair in an 8 and and H,, in a 15,
AB(PP)H ¢D;, - o o | - (32)
and one with the pair in an 8 and and H,, in a 6, |
AY(PP)H D; - (33)

However, the product H;’ D; with (ij) symmetric (the 15) is proportional to Hy' D; with
(17) antisymmetric (the 6), and the linear combination Ag = A}® — A§ is the only one which
appears. Thus there are effectively two invariant amplitudes.. There is no SU(3) invariant
amplitude to produce the final state in an singlet. Note that since we are assuming.SU(3)
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 Eq (30) to compute yrr. As an example,
for yppg we obtain :

1 1. C1 | 1
ypps = 5. [— o(n,n) + 5 O (n%,7%) + 3 <I>(n,vr°) + ®(xt,n7) + ®(K +,K ") = 5 %, K°)

— 5 80, K7) — B(K*,57) ~ B(K", 1) -  B(K° 0)——<I><K )
X[EQ(n,KH@(K—,W ):+§(I)( 0)+(’)(s2)] . 3

where ®( Py, P,) is the phase space integral for the decay into mesons P; and P,. In a two-
body decay, ®(P;, P,) is proportional:to |5 |2+!, where p and £ are the spatial momentum
and orbital angular momentum of the final state particles. For D° = PP, the decay is into
an s wave. It is straightforward to compute the required ratios from the known pseudoscalar
masses,

ypps = —0.003852 = —1.8 x10™*,  yppar = —0.00071s2 = —3.4 x 10°.  (35)

These effects are no larger than one finds i in the inclusive analysis. This is not surprlsmg,
since as in the parton picture, the final states are far from threshold.

Next we turn to final states of the form PV, consisting of a pseudoscalar and a vector
meson. Note that three-body final states. 3P can resonate through PV, and so are partially
included here. In this case there is no symmetry between the mesons, so in principle all
representations in the combination 8 x 8 = 27 + 10 + 10 + 85 + 84 + 1 can appear. For
simplicity, we take the quark content of the ¢ and w respectively to be 5s and (@u+dd)/v/2 V2,
and consider only the combination which appears in the SU(3) octet. We have checked that
reasonable variations of the ¢ — w mixing angle have a negligible effect on our numerical
results. For each representatlon, there is a single invariant, up to the same. degeneracy for
the 8 as in the PP case. Along w1th the analogues of Eqs. (31)- (33) with coefficients By

and Bs = BI® — B§, we have the new invariants

| BIO(P‘/IO)iij:ZDanmn | (36)
for M, in a 15, and, - _ |
| Bi5(PVg)*HI™ Djern - (37)

for H,, in a 6. It turns out that these two invariants are proportional to each other. As
before, the SU(3) singlet final state is not produced.

" Both because one of the particles is'more massive, and because the decay is now into a
p wave, the phase space- dependence is stronger than for the PP final state. We obtain the
ratlos

ypviss = 0.031s3 = 0_.1_5">< 1072, . ypvs, = 0.03257 = 0.15 x 1072,

ypv.10 = 0.020s7 = 0.10 x 1072, ypvm 0. 01651 = 0.08 x 10-

ypvar = 0.040 57 =0.19 x 1072 S (38)
For anyrfrep_resentation of the final stéﬁe, the effects are less than one percenf.

For the VV final state, decays into s, p and d waves are all possible.. Bose symmetry
and the restriction to zero total angular momentum together imply that only the symmetric
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ﬁ‘i‘nal state representation l yr,R/st l yrR (%) ]

PP 8 —0.0038 —0.018
o 27 —0.00071 | —0.0034
PV 8s 0.031 0.15 »
- 84 | .0.032 0.15 !
10 | 0020 0.10
S 10. - | o.016 ~.0.08
27 10.040 0.19
_(VV)S-Wave.. .8 . —0.081 -0.39
o 27 . | -—0.061. -0.30 |
T (VV)p.wave .8 e =010 =0.48: -
' 2T =014 —0.70°
(VV)d_Wave 8 0.51 2.5
‘ 27 | 057 2.8

TABLE II: Values of yr.r for two-body final states. This represents the value which y would take
if elements of F '» were the only channel open for D° decay :

SU(3) combinations appear:: Because some V'V, final states, such as ¢K *, lie near the D
threshold; :the .inclusion of vector meson widths is quite important. Our model -for the
resonance-line shape is a Loréntz :invariant Breit—Wigner normalized on 0 < m < oo,

P

: f(mme,FR) N(mR,[‘R) m Lp 39

; (m? 2 22+ m2I‘2 -
where mp and I'p are the mass and w1dth of the vector meson, and m? is the square ‘of its
four-momentum in’ the decay. For's wave decays we ﬁnd the ratxos '

yvvis = —0.081s] = —0.39 x 10~ -2,  yvvar=—0.061s7 = —0.30 x 1072, (40)

while for p wave decays we find

yvve = —0.10s7 = —0.48 x 107%, " - yyvar = —0.14 ] = ~0.70 x 1072 , (41)
and for d waves, -
e =051s3 =25 x 1072, yyyaer=0. 5752 = 2.8 x, 107 (42)

With these heavier final states and with the higher partial 'Wa’ves, we see that effects at’
the level of a percent are quite generic. The vector meson widths turn out to be quite
important; if they were neglected, the results in the p- and d-wave channels would be larger
by approximately a ‘factor of three. The finite widths soften the SU(3) breaking which
otherwise would be induced by & sharp phase spacé boundary. We have checked that our
results are not very sensitive to variations in the line shape used tomodel the vector meson
widths. Again, 4P and PPV final states can resonate through V'V, so they are partlally
lncluded here. ‘Our results for two—body firial states are summarized in Table II.

As'we go to final states with more particles, the combinatoric possibilities begm to pro—
hferate We will- consider ‘the final states 3P'and 4P; and for concreteness require that
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the pseudoscalars be found in a totally symmetric 8 or 27 representation of SU(3). This
assumption is convenient, because the phase space integration is-much simpler if it can be
performed symmetrically These final states should be representative; we have no reason to
believe that this choice selects final state multiplets for which phase space effects are par-
ticularly enhanced or suppressed. Note that 3 x (15 + 6) contains no representation larger
than a 27.

In contrast to the two—body case, for three—body final states the momentum dependence
of the matrix elements is no longer fixed by the conservation of angular momentum. The
simplest assumption is to take a momentum independent matrix element, with all three final
state particles in an-s wave. In that case, we find '

ysps = —0.48s7 = —2.3 x 1072, yzpyr = —0.11s) = —0.54 x 1072. (43)

Note that the SU(3) violation is smaller for the larger multiplets, as more final states enter
the sum. It may be that the 8 is in some sense an unusually small representation for three or
more particles, and that this mode enhances the SU(3) violation by providing fewer distinct
final states among which cancellations can occur. ‘The enhancement of y3pg over yspa7 is not
a peculiarity of s wave decays. We have also considered other matrix elements; for example,
if one of the mesons has angular momentum £ = 1 in the D° rest frame (balanced by the
combination of the other two mesons), then the ratios become

ysps = —1.13s7 = =5.5 x 1072, yapor = —0.074s% = —0.36 x 1072, (44)

Alternatively, we could imagine introducing a mild “form factor suppression,” with a weight
such as ILiz;(1 — m%;/Q?)~1, where m% = (pi + p;)?, and Q = 2GeV is a typical resonance
mass. The result then changes to I R

yspg = —0.44 53 = —2.1 x 1072, yspor = —0.13s7 = —0.64 x 107*. (45)

" Finally, we have studied the final state with four pseudoscalars, with the mesons'in an
overall symmetric 8 or a symmetric 27. We take a momentum independent matrix elément.
There are actually two' symmetric 27 repreSentatio'ns, we ‘call the 27 the representation of
the form RY = [Mi MMM} + symmetric — traces] and the 27' the one of the form

= [M:, M’"Mk M} + symmetric — traces|. Then we find =~

yaps = 3.357 = 16 x 1077, y4p27—2231_11><10— ‘
y4p27f=195§=92><10-2 N : .- .. (46)

Here the partial contributions to y are very large, of the order of 10% This is not surprising,
since 4P final states containing more than one strange particle are close to' D threshold, and
the ones containing noe pions are kinematically inaccessible... There: is no:reason to -expect
SU(3) cancellations to persist effectively in this regime Our results for 3P and 4P ﬁnal
states are summarized in Table III. '

Formally, one could construct y from the 1nd1v1dual YF.R by weightmg them by their DO
branching ratios, S
£ 3 v > 1w - n)] )

neFg o -

However, the data on D decays are neither abundant nor prec1se enough to disentangle the
decays to the various SU(3) multiplets, especially for the three- and four-body final states.
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A_.‘l—'-Final state representation l i} YrR /53 ' ‘ YFR (%)b‘ l

| (3P)s-wave 8 -0.48 -2.3

‘ o 27 ~0.11 —0.54
(B3P)p-wave 8 113 55 -

27 —0.07 ~0.36

" 3P)form-factor 8 1 .'40'44 -o—21

‘ 27 ~0.13 © —0.64
-7 , % T 35 [ 1

27 22 | 92

27 1.9 11

_ TABLE III: Values of yrr for three--and four-body final states.-

o

Final state | fraction ] Co
PP | 5%
PV 1 10% .

(VV)s-wave | 5%

: (VV)d-wave 5%
3P - 5%

4P . 10%

TABLE 1V: Total D° branching fractions to classes of final ste,tes, rounded to nearest 5% [26]..

Nor have we computed yr g for all or even most of the available representations. Instead,
we can only estimate individual contributions to y by assummg that_the representations
for Wthh we know YE,R to be typical for final states with a given. rnult1phc1ty, and. then to.
scale 1o the total branching ratio to those ﬁnal states. The fotal branching ratios of D°
to two-; three— and four-body final states can be extracted from: Ref. [26]. The results are
‘ presented in Table IV, where we round to the nearest 5% to emphas1ze the uncertainties in
these numbers. Close to half of all D° decays are accounted for in this table; the rest are
decays to other modes such as PPV, decays to states with. SU(3) singlet mesons, decays
to higher resonances semileptonic decays and other suppressed processes. Based on data
in the channel K%*p°, the V'V final state is dominantly C' P even, consistent with an equal
distribution between is and d.wave decays (although favoring-a small s wave enhancement). .
... Wé:estimate the contribution to y from a given type of final state by taking the product
of the typical yr g found in our calculation with the approximate branching ratios given in
Table IV." Such: estimates are necessarily crude, but -they are sufficient to give a sense of
the order of magnitude of y which is to be expected. While ini. most. cases the  contributions
are small, of the order of 1073 or less,.we observe that D° decays to nonresonant 4P states
naturally contribute to y at the percent level. The reason for such unusually large SU(3) -
violating effects in y is that approximately 10% of D° decays are to final states for which
the complete SU(3) multiplets are not kmematlcally accessible.

It should be noted that for D decays to final states so close to threshold, our argument
that D m1x1ng is second order in SU (3) v101at10n is lnapphcable, because 1ts underlylng
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assumption that SU(3) violation enters perturbatively is not met. In particular the proof
fails near D threshold, if the decay is either to weakly decaying final states or to hadrons
with widths [' which are smaller than mg. In either case, the phase space available for
the decay can vary rapidly on the scale of mg, spoiling the analytic expansion. For decays
to hadronic resonances, ['/m; is a small parameter which is not analytic as ms; — 0. For
decays ‘to long lived mesons, the O-functions which fix the boundaries of phase space are
not analytic functions of their arguments, which in turn depend on m, through the masses
of the final state hadrons. In this way, the generic m2/m2 suppression is lifted and we find
larger SU(3) violation in y just at the point that the conditions of the proof are not satisfied.
We will see a similar fallure of SU (3) cancellatlons When we study D mixing’ 1nduced by
resonances 'in Sec. V1.
- We havé not considered all possible final states which might giv‘e',large contributions to
y. In particular, the branching ratio for D° — K~a} is (7.3 £1.1)% [26], even though this
final state is quite close to D threshold. Unfortunately, the identities of the SU (3) partners
of the @;(1260), which has JPC = 1t+ ‘are not well established. While it is natural to
identify the K;(1400) as the correspondmg strange axial vector meson, and the f1(1285)
as the analogue of the w, there-is no natural candidate for the 3s analogue of the ¢. The
size of ypys is quite sensitive-to this choice, as well as to the value taken for the poorly
measured width of the a;. If we take the 3s state to be the f1(1420), and I'(a;) =400 MeV,
we find ypyes, = 1.8%. If instead we take the fi(1510), we find ypv+s, = 1.7%. With
['(a,) = 250 MeV, these numbérs become 2.5% and 2.4%, respectively. Although it is clear
that percent level contributionsto y are possible from SU(3) violation in' this channel, the
data are still too poor to draw firm conclusions.

On- the basis of this analysis, in particular as apphed to the 4P final state, we would
conclude that y on the order of a percent would be completely natural. Anything an. order
of magnitude smaller would require significant cancellations which do not appear naturally
in this framework. Cancellations would be-expected only if they were enforced by the OPE,
that is, if the chiarm quark were heavy enough that the “inclusive” approach were applicable.
The hypothesis underlying the present analysis is that this is not the case.

VL. SU(3) BREAKING FROM NEARBY RESONANCES

'One interesting feature of the D° is that there are excited mesons with masses close to
mp. As a result, it would not -be unnatural for K resonances to play an important role in
D decays. This poss1b111ty has already been explored in the literature [20, 27, 31 32] . Here
we explore SU(3) breaking in the resonance contribution to D mixing.

We are interested in the process D° —+ R — D°, where R is a resonance with mass mg
and width I'r. Only spin zero resonances are relevant The contribution of a. smgle state to
the D mass and W1dth differences is glven by o

res’ |HR|2 ) FR : res 2|HRI2 “"2D “zR
Yr =T1R 2312 3 =
r (m —mR) +mDF

xR = (48)

I'mp: (m} —m%)? -{—mZI‘2 ’

where IHRP = (D°|Hw|R)(R|Hw|D°) parameterizes the couplings of R to D° and D°, and
7R is the CP eigenvalue of the SU(3) multiplet within which the resonance resides. If wée
assume the absence of direct C P violation in D decays, then (D°|Hw|R) may be related to
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(R|Hw|D°) by SU(3). The ratio

o
Yr mplrp -

is independent.of Hp. Slgmﬁcant contrlbutlons to z and Y from the resonance R are poss1ble
‘only 1me—mR§mDFR . '

As a concrete .example, cons1der the K *(1950) a p081t1ve parlty exc1ted ka,on Wthh
because of its large width, may play an important role in medlatmg D° — K nt. Flttmg the
K *(1950) contribution to the observed D — K rates, one finds that resonance mediation
could be as large as the usual quark tree amphtude [27]. We can estimate an upper bound on
the contribution of K *(1950) to y by assuming that the resonance is completely respons1ble
for D —+ Kn. The hmlt is.given by :

|AF1 < (DOWWIKH)(KHlHWlDO) N B’(D'O'—+ "K7r)"'-
T~ (D°[Hw|Kn)(Kn|Hw|D®) = B(Kn = Kr)’

where we denote the K*(1950) by Kg. With B(D0 — Km).~ 6% and B(KH — IUT) ~ 52%,
we find |y] < 0.06 s2 ~ 3 x 1073, If D mixing is mediated by a resonance, then we expect
and’y to be roughly of the same size. R : I L

. This upper bound is too generous, because we have: not mcluded the suppression from_-
SU(3) cancellations. Note:that our proof.of Sec. III, that SU (3) violation appears only at:
second order in m;, applies only so long as-m, < I'r. While this must be true in the.limit
mp ~ mp — 00, in which case I'p scales as:m,, the ratio m;/I'r may not be small. for
resonances near. the physical D mass. Therefore, SU(3) cancellations may be less. effective
for resonances than for real final states. - _ o :

The resonances in .question fall-into a posmve parity 8.of SU (3) consisting: of states
which we will dencote (wg; &g, nm): If these states were degenerate and had equal widths,
their contributions.to D mixing would cancel. A:measure of the actual effectiveness of this
cancellation is the contribution.of the entire multiplet relative to that.of the Kg. . The SU(3)
partners of the K*(1950) have not been conclusively identified. Instead of speculating, we
will explore the efliciency of S U (3) cancellatlons qualltatlvely by takmg the s1mple mass
relations ' "

(50)

1
o Mgy = mKH ms’,. Mpy = MKy + 3 3 Mms, L (51)
and a,ssummg that the w1dths of the g and nm-are the same-as ['(K H) ~ 200 MeV Then
o . 7 re vl'es 1 re‘S 3 reS . -

For m, =" 150 MeV ‘we ﬁnd yres/ yres = 0. 27 The cancellatlons are somewhat less effective
for z™s, with :c‘es/:n'es = 0.50. We see that even for the K *(1950) likely to be the most‘
favorable for 1nducmg a large effect, SU(3) cancellations reduce the contributions to z™
and y™*. We conclude that it would be quite unlikely for resonances to makea contribution
to y at the level of one percent..

VIL.. CONCLUSIONS

The motivafion most often cited in searches for D°— D° mixing is the poséibilify of observ-
ing a signal from new physics which may dominate over the Standard Model contribution.
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But to look for new physics in this way, one must be confident that the Standard Model
prediction does not already saturate the experimental bound. Previous analyses based on
short distance expansions have cons1stently found z,y < 1073 , while najve estimates based
on known SU(3) breaking in charm decays allow an effect an order of magnitude larger.
Since current experimental sens1t1V1ty is at the level of a few percent, the difference is quite
important. .

In this paper we have performed a general SU(3) analysis of the contr1but1ons to y- We
proved that if SU(3) violation may be treated perturbatively, then D° — D° mixing in the
Standard Model is generated only at second order in SU(3) breaking effects. Within the
exclusive approach, we identified an' SU(3) breaking effect,. SU(3) violation in final state
phase space, which can be calculated with minimal model dependence. We found that phase
space effects alone can provide enough SU(3) breaking.to induce y ~ 1072, Large effects
in y appear for decays to final states close to D threshold, where:an analytlc expansion in
SU(3) violation is no longer possible. : :

We believe that this is an important result. Desplte the large uncertalntles this is the first
model independent calculation to give y close to the present experimental b_ounds While
some degree of .cancellation is possible between different. multiplets, as would be expected in
the m, — oo limit, or between SU(3) breaking in phase space and in matrix elements, it is
not known how effective these cancellations are. The most reasonable assumption in light
of our analysis is that they are not significant enough to. result in an order of magnitude
suppression of y. Therefore, any future discovery of a D meson width difference should not
by itself be interpreted as an indication of the breakdown of the Standard Model.

However, our analysis does not amount to a Standard Model calculation of y. First, we
have con31dered only SU(3) breaklng 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 stlll need very precise experlmental data in order to
dxsentangle the various SU(3) multlplets and combine the résults into an overall value of y.
Third, we have assumed that the charm quark is ‘not heavy enough for duality to enforce
51gn1ﬁcant cancellations between the various nonleptonlc D decay channels although some
degree of cancellation is to be expected.

The implication of our results for the Standard Model predlctlon for z is less apparent
While analyses based on the “inclusive” approach generally y1eld z 2y, it is not clear
what the “exclusive” approach predicts. The effect of SU(3) breakmg in phase space in T
is softer than in y, so one would expect # < y from our*analysis.” Thus if z > y is found
experimentally, it may still be an indication of a new physics contribition to z, even if y is
also.large. On the other hand, if y > z then it will be hard'to find signals of new physics, even
if such contributions dominate AM. The linear sensitivity to new physicsin the analysis of
the time dependence of D° — K* 7~ is from ¢’ = zcosé +ysind-and v = ycosé — £'siné
instead of z and y. If y > z, then § would have to be known prec1sely for these terms to be
sensitive to new physics in z. : ! . -

There remain large uncertainties in the Standard Model predlctlons of x and y, and
values near the currerit experimental bounds cannot be ruled-out. Therefore, it will not be
easy to find a clear indication of physics beyond the Standard Model in D° — D° mixing
measurements. We believe that at this stage the only robust potential signal of new physics
in D° — D° mixing is C P violation, for which the Standard Model prediction is very small.
Unfortunately, if y is larger or much larger than z, then the observable C'P violation in
D° — D° mixing is necessarily small, even if new physics dominates z. Therefore, searching
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for new physrcs and CP violation in D° — D° mixing should aim at precrse measurements
of both z and y, and at.more complicated analyses involving the extraction of the strong
phase in the time dependence of doubly Cablbbo suppressed decays._

Acknowledgments »

It is a pleasure to acknowledge: helpful discussions with Yossi Nir, Helen Quinn and
Martin Savage. We thank the Aspen Center for Physics for hospitality while portions of this
work were completed. A.F. was supported' in part by the U.S. National Science Foundation
under Grant PHY-9970781, and is a Cottrell Scholar of the Research’ Corporation. Y.G. was
supported in part by the Israel Science Foundation under Grant No.'237/01-1, and by the
Technion V.P.R Fund - Harry Werksman Research Fund:' Z.L.-'was supported in part by’
the Director, Office of Science, Office of High Energy and Nuclear Physics, Division of High
Energy Physics, of the-U.S. Department of Energy undér Contract DE-ACO03-76SF00098.
The work of Y.G. and Z.L. was also supported in'part by the United States-Israel Binational
Science Foundation (BSF) through Grant No: 2000133. AP thanks the Cornell Unrvers1ty
Theory Group, where part of thrs work was’ performed : »

Y

1
2
3] A.A. Petrov Phys. Rev. D56, 1685 (1997).

] H. eorgr, Phys. Lett. B297 353 (1992).

T.

]

] A. Datta and M. Khambakhar, Zeit. Phys. C27 515 (1985)
]

],

Ohl, G. Ricciardi and E.'H. Simmons, Nucl. Phys B403 605 (1993)

.;;

5

=)

] S Bergmann, Y Grossman Z. L1get1 Y. Nir and AA Petrov, Phys. Lett B486 418 (2000)
EM Aitala et al., ET91 Collaboration, Phys Rev. Lett. 83, 32 (1999)
J.M. Link et al., F OCUS Collaboration, Phys. Lett. B485, 62 (2000)

S|

]
1 J. Donoghue E. Golowich, B. Holstein and J. Trampetic, Phys. Rev D33 179 (1986)
8]

9] D..Cronin- Hennessy et al., CLEO Collaboration, hep—ex/0102006
[10] K. Abe et al., BELLE Collaboratlon BELLE-CONF-0131..
(11] B. Aubert et al BaBar Collaboration, hep—ex/0109008 ‘
[12]. R. Godang et al CLEO Collaboration, Phys. Rev. Lett. 84, 5038 (2000)
[13] G. Brandenburg et al., CLEO Collaboration, Phys. Rev.: Lett. 87, 071802 (2001)
[14] E.M. Aitala et al., E791 Collaboration, Phys. Rev. D57, 13 (1998).
[15]. J. P. Silva and-A. Soffer Phys. Rev. D61, 112001 (2000). , o
[16] M. Gronau, Y. Grossman and J. L. Rosner, Phys. Lett. B508,. 37" (2001)
[17] H.N. Nelson, hep-ex/9908021. . : oo
[18] I. Bigi and N. Uraltsev, Nucl. Phys. B592, 92 (2000) AR
[19] F. Buccella, M. Lusignoli-and A. Pugliese, Phys. Lett. B379; 249 (1996)
20] E. Golowich and A.A. Petrov, Phys. Lett. B427, 172 (1998).- '
21] L. Wolfenstein, Phys.-Lett. B164, 170 (1985). e

2] P. Colangelo, G. Nardulli and N. Paver, Phys. Lett. B242,71 (1990)

]

]

23] T.A. Kaeding, Phys. Lett. B357, 151 (1995). o : '
] A.A. Petrov, hep-ph/0009160: E. Golowich, “CP violation in the charm sector . Workshop _
~on CP Violation, Adelaide, Australia, July 3-8, 1998. :

[25] A. Manohar and H. Georgi, Nucl. Phys. B 234, 189 (1984).

ooy
[a]

[N
>

18



] DE Groom et al., Particle Data Group, Eur. Phys. J. C15, 1 (2000).
] A:F. Falk, Y. Nir andAA Petrov, JHEP 12, 019 (1999).
] M.J. Savage, Phys. Lett. B257, 414 (1991).

29] Z. Ligeti, I.LW. Stewart and M.B. Wise, Phys. Lett. B420 359 (1998).
] S. Nussinov and M.V. Purohit, hep-ph/0108272.

] E. Golowich, Phys. Rev. D24, 676 (1981).

] M. Gronau Phys. Rev. Lett. 83, 4005 (1999).

19




EETT ERANEE LAWEENEE BERREVEY MNATENAL LACERATERR?
ENE BYELETRED READ ¢ BERELEY. GALFERNY S473E

1 parca [ O DY DE PR en IO e T g MU GeGon At INORDEAGO % 65 FO0098]






