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We study the standard model prediction for the mass difference between the two entedon mass
eigenstatesAm. We derive a dispersion relation based on heavy quark effective theory that tetates an
integral of the width difference of heavy mesond;, over varying values of the heavy meson mass. Modeling
the mp dependence of certald decay partial widths, we investigate the effects off §Ureaking from phase
space on the mass difference. We find that may be comparable in magnitudeAd™ in the standard model.
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[. INTRODUCTION whereAm andAT" are the mass and width differences of the
two neutralD meson mass eigenstates dhds their average
The mixing and decay oK, B, andD mesons are sensi- width. Because of the GIM mechanism the mixing amplitude
tive probes of physics beyond the standard model. Amongs proportional to differences of terms suppressed by
the many processes that one might study, flavor-changing3 ,/ma , and soD%-D © mixing is very slow in the SM

neutral currenD decays andD°-D ° mixing provide unique [2]: The contribution of thé quark is further suppressed by

information, because in the standard mo@W\) they occur  the small CKM elementgV,,V*,|%/|V V%= O(10°9),

via loop diagrams involving intermediate down-type quarks.and can be neglected.

In particular, because of severe Cabibbo-Kobayashi- Thus, theD system essentially involves only the first two

Maskawa (CKM) and Glashow-lliopoulos-Maian(GIM)  generations, and therefo@P violation is absent both in the

suppressions, the mixing & mesons is expected to be quite mixing amplitude and in the dominant tree-level decay am-

slow, and thus thé system is one of the most intriguing plitudes and will be neglected hereafter. Once the contribu-

probes of new physics in low energy experimejits tion of b quarks is neglected, the mixing vanishes in the
We begin by recalling the formalism for heavy mesonflavor SU3) limit, and it only arises at second order in @Y

mixing. Using standard notation, the expansion of the off-preaking if SU3) breaking can be treated analytical:
diagonal terms in the neutr@l mass matrix to second order

in perturbation theory is given by

X,y~ sir? e X[ SU(3)breaking?, ®)
i — 1 0 AC=210 1
(M ZF) 12_2mD<D MW D+ 2mp whered. is the Cabibbo angle. Precise calculations aihd
o y in the SM are not possible at present, because the charm
(DO H &~ n)(n|H5EHD ) mass is neither heavy enough to justify inclusive calcula-
X 2 Me—E. +ie . tions, nor is it light enough to allow a few exclusive channels
" poon to give a reliable estimate.
(1) According to Eq.(3), computingx andy in the SM re-

quires a calculation of S@3) violation in the decay rates.
The first term represents thkC=2 contributions that are There are many sources of &) violation, most of them

local at the scalg.~mp . It contributes only tdVl;,, and is  involving nonperturbative physics in an essential way. In
expected to be very small unless it receives a large enhancgef. [3], SU(3) breaking arising from phase space differ-
ment from new physics. The second term in Eb.comes  ences was studied; computing them in two-, three-, and four-
from the double insertion oAC=1 operators in the SM bodyD decays, it was found thatcould naturally be at the
Lagrangian and it contributes to bot,, and I';,. It is  level of one percent. This result can be traced to the fact that
dominated by the SM contributions even in the presence ofhe SU3) cancellation between the contributions of members
new physics. Two physical parameters that characterize thef the same multiplet can be badly broken when decays to
mixing are the heaviest members of a multiplet have small or vanishing
phase space. This effect is manifestly not included in the
Am AT operator product expansionfOPE- based calculations of

=T Y o @ popo mixing, which cannot address threshold effects.
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The purpose of the present paper is to address the followA/e find that despite the fact that 8) breaking in phase
ing question: if the dominant SB) breaking mechanism is space affectx in a different way than it affectg, the final
indeed the one studied in R¢8], and it gives rise ty at the  estimates ok andy are comparable. We present our conclu-
percent level, then caxnaturally be comparably large? This sions in Sec. V and discuss the implications of our findings
iS particu|al’|y relevant because the present eXperimental Uﬁor experimenta| searches for new phys|c@|?].50 m|X|ng
per bounds ox andy are at a few times 17 level[4,5] and
are expected to significantly improvéor a review of the
experimental situation, see R¢6]). To interpret the results
from future measurements gfandy, and possibly establish L . .y
the presence of new physics, weyneed Ft)o knov)\// the allowed _We start by reviewing the relevant formalism 0f-D ©

range in the SM. In particular, since new physics can Onlym|xmg. Equation(1) implies that the mass eigenstates are

contribute tox, an experimental observation gy would linear combinations of the weak interaction eigenstates,
imply a large new physics contribution ©°-D° mixing. |D12) :_D|D°>iq|D°). Since we neglect the effects of in-
Although y is determined by SM processes, its value stillte.rrnedlate states CETalnlngthugrk, D12 are alsoQP
affects the sensitivity to new physifg]. eigenstatesC P|D . )= =|D . ). Their mass and width differ-

In this paper we study the SM predictions foty due to ences are
SU(3) breaking from final state phase space differences. In
Sec. Il we derive a dispersion relation using heavy quark AM=Mp —Mp =2Myp, AI'=Ip —I'p =20,

II. DERIVATION OF THE DISPERSION RELATION

effective theory(HQET) that relatesAm to AT". To compute (4)
Am, we need a calculation &fI" for varying heavy meson
mass, so we review its calculation from RE3] in Sec. lll.  Neglecting the small contribution from the localC=2 op-

In Sec. IV, we calculatéAm and present numerical results. erators, Eq(1) gives

ameLps (DO Hu|n)(N|H 4| D ®) +(D | Hy|n)(n| H,|DO)
m= 2mp 5 mp—Ej ’
1 _ _
AT= 5= 2 [(DCIHun)(n[H|D )+ (D | Huln)nl M, D)](2m) o(mp ~ Ey), (5)

where P denotes the principal value prescription, the sum igon of % except atq=pp, whereEpD(pD) is related to

over3a|3| intermediate states), and it implicitly includes  physical properties ob mesons. Inserting a complete set of
(27)°6°(Pp—Pn)- states in Eq(6) and comparing with Eq(5), we find

To derive a dispersion relation betwedm andAT', con-
sider the following correlator:

1 i
_EEPD(pD): Am— EAF). (7)

S oo (0) =i J d*z(D(pp)| T[ Hu(2) Hu(0) 1D (Pp)) , , _
The correlatoEpD(q) is an analytic function ofj (but not of

x e (a=Pp)-Z, (6) pp) with a cut in the complexq® plane for q°
>\/|q[>+4m?Z for a fixedq.
Herepyp is a label given by the momentum of the on-shz!l| To write the dispersion relation in terms of physical quan-

meson statésatisfyingp3=m3) andq—pp is an auxiliary tities, i.e., to giveX, (q) for g#pp a physical interpreta-
four-vector that inserts external momentum to the weak intjon, we need to eliminate the heavy quark mass dependence
teraction(see Fig. 1. There is no simple physical interpreta- from Eq. (6).! The momentum of a heavy mesbhcontain-
ing a heavy quarlQ can be written ap/=myv*, with v?
q— pp§ iq — pp =1. We can decompos® as

— 7)=e """ h(V(z)+e" M K () +..., ()
D(pp) i) q (i D(pp) “ ( |

FIG. 1. The correlator in Eq(6). The black boxes denote the  The method of using HQET to derive a dispersion relation in the
weak Hamiltonian, the wavy lines show external momenta insertedheavy quark mass was developed first in R&f,. where it was used
and the gray area represents hadronic intermediate states. to study the inclusive nonleptonic heavy meson decay rate.
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where the HQET field$(? andh(?, respectively, annihi- By contrast, the term proportional to ¢i{g—pp+mw)
late a heavyQ quark and create a hea® antiquark with 2l becomes independent afi; as m.—e. Recalling that
four-velocity v. Here and in the rest of this section the el- Po=mMpv, we have

lipses denote terms suppressed by a relative factor of

Agcp/me. The AC=1 weak Hamiltonian contributing to S, (Q):imof d"'z(ﬁ(v)|T[ﬂwﬁ§°)(z),ﬂwh§‘3)(0)]
neutralD meson mixing is b

M= o Vi, S, GO x @A () + - (4
W cq - i~ A
\/5 LUt 4 where A =mp—m.+ O(Aéco/mc)- It is convenient to de-
:ﬂw[e—imcu.zhic)_}_eimcu.z’ﬁf}c)]_;_ e 9 fine

whereq, ,=d ors, and the four-quark operators, suppressing iv(q):if d*z(H(v)|T[H,h'?(2), H,,h(?(0)]

their Dirac structures, are of the form B
_ ‘ _ , . i(q-Av) -z

O~ aaqpuc=e""Me g gouh® + e 2q gouh{d + - - e H@)), 19

(10 which is manifestly independent of the heavy quark mass. It

In Eq. (9) ﬂw contains the light quark fields, the Wilson follows that

coefficients, and summation over operators. We also replace

the QCD state$D) by HQET statesH (v)), 3o (@) =mp3,(q)+ -, (16)
ID(p=mpv))=+mp|H(v))+---. (1) and Eq.(7) becomes to leading order ifigcp/m.
The new states have a normalization that is independent of — .
the heavy quark mag®]. Then Eq.(6) yields 2,(q)=—2Am(E)+iAT(E), (17)
s (q):imDJ d*z(H(v)|T{[e" M 27, () (2) whereE=/g?. The correlato,(q) is the two-point func-
Po ! tion for a static neutral heavy meson of m&svith Am(E)

and AT'(E) the corresponding mass and width differences.
Thus, unlikeX, (q), 3,(q) has a physical interpretation for
+T,h(9(0)]}€ @ P) I H(p))+-... (12)  any value ofg. Equation(17) shows thak.,(q) only depends
on g2. Choosing a frame in whiclq=0, we can use the
analyticity of % ,(q) to write a dispersion relation,

+eme 7F,h{9(2) ] {7 (0)

The only nonzero contributions to this correlator involve a
singleh andh field each,

_ _ . _ . 1(= _Im3,(E,O0)
— 4 —imev-z I v
S (@) =imo [ (o) fe Sumo0)=1 [, dEge=Tl a8
X T[Huh!(2), F,h D (0)] Using Eq.(17), we obtain
ime- 21147 R©) WN(S) 1 » AT(E A
+eme 2T, h(9(2), F,,h (P (0) ]} Am:_z_Pf & E_(m)+0 ECD) 19
Xei(q_pD)'Z|H(v)>+ - (13 m™ Jom, D

Eqg. (19) is the main result of this section. It expresses
I ) . . ) Amp in terms of a weighted integral of the width difference
limit Mg— o= with q fixed. The term proportional to efiq of Eeavy mesons AFg(E) ove? varying heavy meson

—pp—Mw)-z| oscillates infinitely rapidly and is integrated L ST g
ouF;Dat r:;ce)hgavy scale. It shoulg beprer)r/mved from tf?e eﬁecmassesE. The heavy quark limit was essential in deriving

tive theory and replaced by a local5©=2 contribution that ;rlls_trrgatlon, S;]r.llzéfvo(ﬂ) ias a pzhysmal anc')tzrprﬁtoa;tlo_rllhfgr
can be included as a matrix element ®C=2 operators. trary g, wh _ q Po. F{D(q) S '

Such contributions are estimated to give risecandy at or ~ O(Aqco/E) error in the integrand is a consequence of our
below the 102 level[10—12,? and since we are interested in reliance on this limit, and the resulting correction§1) in

the question whethex could be near the percent level, we the smallE region. Dispersion relations fakm, were con-
can neglect them. sidered previously in Ref13], where Im(s) (with a dif-

ferent definition of2) was modeled, but it does not have a
physical interpretation fos+ m%.

Zn the OPE-based calculations, becawsg/Aocp is not very To calculatex/y using the dispersion relation, we need to
large and subleading terms in thg,cp/m. expansion are enhanced know AI' as a function of the heavy meson mass. Examining
by A ,se/ms [10], such terms dominate the short distance contribu-Eq. (19), we expect that values dE close tomg give the
tion [10-12. largest contribution tox. In the next section we recall the

The two terms in Eq(13) behave differently in the HQET

114021-3



FALK et al. PHYSICAL REVIEW D 69, 114021 (2004

calculation of AT'(E) performed in Ref[3]. If AT'(E) isa  ensures thayg_ is proportional tomZsin’6c when the sum

decreasing function oF at least as a positive power,Eff over all members of any given multiplety is performed, as
with a>0, then the dispersion relation does not require sub- Y9 P P '

il -~ “required by Eq(3).
traction in order to converge. In the model we consider, As an example, the contribution of the multiplet contain-
AT(E) actually falls off as~1/E2, and we will argue that p'e, P

some kind of decreasing behavior is likely to hold model"? two pseudoscalar mesons in an(Sbctet is given by

independently. ' 1 1 o o )
Y(pp)y=SIPOc| 5 (7, 7) + 5 (7, 70) + (7" ,77)

I1l. CALCULATION OF THE LIFETIME DIFFERENCE

1 1
+®(KT K+ = ®(n,7%)— - (5,K°
The computation ok using Eq.(19) requires us to know ( ) 3 (7.7 3 (7,K%)

AT for a heavy meson of varying mass. The calculation of

AT cannot at present be done from first principles. In Ref. _Z(I)(K-%—',n_—)_(I)(KO,WO)HE(D(%KO)
[3] A" was computed using a simple model in which(SU 6
breaking was taken into account in calculable phase space 1
differences, but neglected in the incalculable hadronic matrix +®(K ™, 7))+ = DK, 70)
elements. This approach was motivated by the fact that phase 2

space differences alone can explain the experimental data in (21)
several cases; for example, the ratigD% —D)/T' (D3

—D*aq) [14], the large SWB) breaking in I'(D where® (n) is the phase space factor fDr—n decay. Then
—K*€v)IT(D— p€v) [15], and the lifetime ratiorp_/mp0 Y can be computed as the sum of the’'s weighted with the

[16]. It certainly cannot explain all S@) violation, for ex-  D° decay rate to each representation,
ample,I'(D— ##)/T'(D—KK). The generic conclusion of
Ref. [3] was that if multibody final states close to tiie
threshold have significant branching ratios, then they can
give rise to sizable contributions tbl" that are absent in the
OPE-based calculations. Our purpose in the next section willThe Yk, Were computed for alPP, PV, andVV representa-
be to see whether the same mechanism can also give rise figns and for the fully symmetric B and 4P final stateg3].
x at or near the percent level. Here we review the analysis ofhe contribution of poles corresponding to neatyeso-
Ref. [3]. nances was shown to be sméB,17]. Assuming that the
We denote a set of final stat€sbelonging to a certain yglues ofy(4P)Rfor R=8, 27, 27 are typical for allR, it was

representatioR of .SU(?’) by Fr. For exa_mple, for two pseu- ffound that the # final states give a contribution tbl" at the
doscalar mesons in the octet, the possmle representations Bércent level. The result is large because many of the decays
F=PPareR=8 and 27. In Ref[3] it was shown thayr, i question are close to or above threshold, so thé35U
the value thay would take if elements of s were the only  cancellation in these multiplets is largely ineffective, yield-
channels open fob° decay, can be expressed as ing y(4p),= ©(0.1) [3]. Moreover, theD® branching ratio to

four pseudoscalars is approximately 10%. We shall now use

this model of SW3) breaking, together with some assump-
E <5°|HW|n><n|HW|D°> tions about the energy dependences of the relevant decay
neFg rates, to computa/y.

-1

+0O(sint6e),

> I'(D%-n)

neFg

. (22

1
V=1 2 Ve,

YrR™
0 0
nEEFR (D°|Huln)(n[ 7. D%) IV. CALCULATION OF THE MASS DIFFERENCE

_ The crucial difference between the calculationxaindy
> (DO Hyn){n|H D is that once we assume that the only source of33Ureak-
_N<fr . (20) ing is from the final state phase space differences, the had-
E (D% n) ronic matrix elements cancel yn but not inx. As determined
nEFg by Eq.(19), x depends olAI'(E), and so theE dependence
of the hadronic matrix elements does affectUsing Eg.
(19), we find forx/y,

The derivation of this relation assumes the absenc€mf
violation, so thatD °|H,|n) is related to(D°|’H,[n), and XFr_ 1 (= dE Yep(E) Te (E)
uses the fact that bofim) and|n) belong to the same SB) Fr

Yep, ™ Jom E—Mp Y (Mp) T'e (Mp)
multiplet. When the S(B) breaking in the matrix elements is (23
neglected, Eq(20) gives a calculable contribution L
without any hadronic parameters. The numerator contains ¥We Will quote our results in terms of . To proceed further
combination of Clebsch-Gordan and CKM coefficients thatwe need to understand or make some assumptions about the
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E dependence of the decay rate to the final skat€-(E).
We define the dimensionless function

I'e(E)
Fe(mp)’

gr(E)« (24)

and we will study theE dependence of this quantity. Note
that the constant of proportionality in E4) cancels in the
ratio r'r,. Moreover,ge is expected to depend only on the
final stateF, and not on the S(3) representatiomiR.

One can reconstrugtfrom XFq using a relation analogous
to Eq. (22). Below we calculate Fr for several final states
and then estimate the total First we will studyF=PP,
because it is a simple case that is interesting to understand

detail. Then we will turn toF=4P, because it is the final
state that can givg~1%.

A. Two-body D—PP decays

PHYSICAL REVIEW B9, 114021 (2004

20
151 e
101 ,"'
pp s
5t P ]
/
0————== = ]
0.2 0.4 0.6 0.8 1
ml (GCV)

in
FIG. 2. Predictions for pp), (solid curve andr pp), . (dashed
curve as functions oin;.

lowed to vary in the range 0.2—1.0 GeV, amd in the range
1.5-10 GeV. As we emphasized above, our derivation relies

For decays to two pseudoscalar mesons, it is possible ton HQET, so any strong dependence on scales below

develop a reasonable model @p(E). Whenmy> A gcp,
we may approximate thel— 77 amplitude with its factor-
ized form. HereA(HHww)~GFVCKMmﬁfﬂFHﬂv, where
f, is the pion decay constant aifd,_, , is theH— 7 form
factor at g?= mi. It has been shown that, a®y—o°,
Fu_,*(A/my)¥2*X [18], where X arises from summing
Sudakov logarithms of the form epPagmy)in?(my/A)]
~(A/my)* with X=—27C/B,. Sincel'«|A|?/my, we con-
clude that

Jpp(E>Aqep) <E~ 2 (25
The existing calculations suggest thx¥t<1 [19], so we set
X=0 hereatfter.

In theE— O limit our calculation is necessarily unreliable,
as the derivation of Eq.19) relied on HQET. Nevertheless,
as a model we will take the behavior of thke— 77 ampli-
tude in chiral perturbation theory. At leading order, this tran-
sition is mediated by an operator of the form
Tr(9,2705"3), whereS =ex2iM/f] and M is the me-

son octet. Since this term has two derivatives, it implies that

the decay amplitude is proportional mﬁ Since this is the
only dependence omy in the amplitude, thé dependence
of the rate is

gpp(E—0)=E>. (26)

~1 GeV would signal an irreducible lack of reliability.
In Fig. 2 we plotr pp), (solid) andr pp),, (dashed as a

function of m,, for m,=2 GeV. In this case all members of
the final state representations are kinematically allowed and
have large phase space, so we find that the result is domi-
nated by cancellations below the scalg . Thereforer pp is
sensitive to the shape @fpp(E) at low energies, i.e., the
value ofm,, but changingm, to 3 or 4 GeV has little effect
onrpp. Because of the strong dependencemgn we should

not trust this result. However, singefor these representa-
tions is very small, YPr)s= —0.018% and G

=—0.0034%][3], these final states do not give sizable con-
tributions tox in any case.

When we consider decays to the lightest pseudoscalar oc-
tet, the dependence of these pseudo-Goldstone boson masses
on mg is given by (for m, 4=0)

2

m2=0, mi=pum;, ;=2 ums, (28)

whereu is a hadronic scale. We can then expaid(E) for
largeE as

(29

C2
..

C1
AFPP(E):[FPP(E”mSHO]( Cot PR

Based on these considerations, we employ the following

simple model forgpp(E):

ES/(mim,) for E<my,
E/m,
1

form;<E<m,,

gpp(E)= 27

for E>m,,

wherem, , are free parameters. The overall normalization
cancels in the results. This model allows for a “chiral” re-
gion, E<mgy, an “intermediate” regionm;<E<m,, and a
“high energy” region,E>m,. In our calculationsm; is al-

Because S(B) breaking in our approach comes from phase
space differences, the coefficieisdepend quadratically on
the masses of the final state particles. Since in(Eg). mg is
always accompanied by and AT' must be suppressed by
mi, we conclude that,=c,=0. The coefficient, can be
proportional to,u2m§ and is the leading nonvanishing term,
implying a 1E* suppression ofAl'rp(E) compared to
I'op(E). However, the actuatr, K, and » masses do not
exactly satisfy Eq(28) in the m, 4=0 limit, or the Gell-
Mann—Okubo(GMO) relation, 3n2=4mg—m? . Violating
the GMO relation is equivalent to adding a small termip

114021-5



FALK et al. PHYSICAL REVIEW D 69, 114021 (2004

2.5 B. Four-body D—4P decays

Now we turn to the # final state in the fully symmetric
8, 27, and 27 representations of S8). We know even less
aboutg,p(E) than abougpp(E), so we use two models to
attempt to bracket roughly the uncertainties,

E/m; forE<m,
1 form;<E<m,

94p(E)=0pp(E) and gyp(E)=
m,/E for E>m,.

(30

0.2 04 0.6 0.8 1

FIG. 3. Predictions for (pp) (solid curve andr pp)  (dashed The choice ofg,p(E) allows for the possibility that'(H
curve as functions ofn,, imposing the GMO relation on the, K, ~ —#4P) may start to fall for largeny, instead of remain con-
and » masses. stant. This alternative is motivated by the argument that be-
5 ) . _cause the quasi-two-body picture holds only in a small part
or to m,, of the form emg. This changes the asymptotic of phase space, in most of the phase space the opening of
behavior of AI'(E), because now we can havg~ems.  many decay channels will reduce the rate.

Since th(_aD—_>PP_ decay is f_ar from thre_s_hold, the $B) The left plot in Fig. 4 Shows 4p,_ (solid curve, rp,
cancellation in this channel is very sensitive to the pseudo- 8 27

scalar meson masses. This can be verified analytically b{/ond dashed curye andrp),, (short dashed curyeas
expanding Eq.(21). As shown in Fig. 3(again form,  functions ofm,, usingg,p(E) with m;=0.8 GeV. Form,
=2 GeV), imposing the GMO relation on the, K, and » <1 GeV there is no dependence on. The dependence of
masses decreasegp significantly, in such a manner that the curves omm, is negligible form,=3 GeV. If we use
ypp increases by roughly the same factor, whilep| is  g;,(E) instead, shown in the right plot in Fig. 4, thepp),,

. _4 .
approximately stable at the (5—8)L0“ level. As discussed  changes roughly by a factor of two. We have explored other
in Ref. [3], our resullts. have little sensitivity to including or ¢;.ms of g4p(E) as well, and we find that these two cases
neglectingm-7-," mixing. cover a reasonable range of predictions.

By_ contrast, for final states |n<_:lud|ng vector mesons or In contrast toD — P P decays, for the B final state there
heavier pseudoscalar representations, the masses of the me-
. . IS'no strong dependence on theK, and» masses. Because

sons depend linearly omg. Thus, for these final states,

AT +(E)/T'<(E) is simply proportional t(m§/E2 for largeE, the decay is close to threshold, the dispersion integral is

and there is no strong dependence on the precise values %?m"?ated b.BE nearmp , where some of theIZ,ﬂr'lgI.states

the hadron masses. This is the minimal suppression e kinematically forbidden, 5!”0' so the sensitivity to the
AT(E)/T+(E) consistent with group theory, i.e., ECB), pseu_doscalar meson masses is reduc.ed. Imposing the GMO
and our phase space model for Slviolation indeed gives relation makes on'ly a small difference; for exa”.‘p'e' fqr the
such an effect. These results imply that the dispersion rela(4p)8 representation the Val'“r@‘lp)s: —0.98 obtained with

tion in Eq. (19) converges for any final state, for which ~ the dsp(E) model, m;=0.8 GeV, m;=3 GeV, and the
I'c(E) does not increase & or faster. This is very likely to  Physical meson massesorresponding to the solid curve in

be true for all final statefrecall thatl' pp(E) ~ constant for ~ the left plot in Fig. 4, would change t 4p),= —0.87 if the

largeE]. GMO relation were imposed.

0 0.1
-0.2 0
-04 -0.1
4P _0.6 4P _02
-0.8 -03
-1 -04

1.5 2 2.5 3 3.5 4 45 5 1.5 2 2.5 3 35 4 4.5 5

n, (GeV) m, (GeV)

FIG. 4. Predictions fonr(4p)8 (solid curve, r (4P, (long dashed curye and T (4P),p (short dashed curyeas functions ofm, for the
modelsg,p(E) (left figure) andg,e(E) (right figure in Eq. (30).
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V. DISCUSSION AND CONCLUSIONS whether their actual observation at or just below this level

. . I could be interpreted as a clear signal of physics beyond the

widltr:S d';;g%;titstrnetﬁ%ms'n:gﬂ:ﬂ:{/'g‘g'ﬁ) r:]s tgigt]:n?:z?i airr]]dstandard model. We would argue that our analysis has taught
Y 9 9N s that, without further refinement, the answer is no. We have

in the SM. Therefore, naively one would exp&andy to be . . . :
of the same order of magnitude. We have derived a neV{,dentlfled a real effect that could plausibly gixendy at the

dispersion relation(19) and used it to study this question. percent level, albeit with very large uncertamtle_s. L
. . . ) In general, an observation &y would be an indication
Our dispersion relation has the useful property that it relate ! . ) ;
. . r new physics, but this could only be establishey Virere
the mass difference in the heavy neutral meson system a

' : . . ery small, at the 10° level. Such a situation could arise if
fixed heavy meson mass to the physical width difference o ; .

X ; new physics enhancexl but noty. Yet since one cannot
heavy mesons with varying mass.

; . . , exclude the possibility of cancellation between different SM
The advantage of using a dispersion relation that refates contributions toy, even this outcome would not admit an
to y is that we can use existing models fpto calculatex. . oy, .
; X o . unambiguous interpretation.
Our dispersion relation is likely to converge without any sub- . ; .
) ; : . However, ifx were indeed enhanced by new physics, such
traction, because the $8) breaking required to yield non- . X ; AT
zero mixing introduces amZ/E? suppression iry(E). We new physics may also introduce a sizable neR violating
9 ; s PP on iyLe,). phase which may be observable. Thus, we would argue that
have used a model in which $8 breaking arises from

090 miyi :
phase space differences, which may give a reasonable ag- D '_D mixing, the only single measurement that could
proximation toy(E) only whenE is not very large. Since the stablish by itself the presence of new physics would be the

derivation of the dispersion relation employed the heawpbservanon ofCP violation, which is very small in the stan-

quark limit, it is essential not to interpret our analysis as gdard model independent of hadronic effects.

precise calculation fox. Instead, we used this model only to
get a rough and qualitative prediction about the likely rela-
tion of xto y.

To make numerical predictions we needed the heavy mass |t is a pleasure to thank Mark Wise, as usual, for helpful
dependence of heavy meson partial widths to certain finatonversations. We are grateful to the Aspen Center for Phys-
states, which introduces some additional model dependendges for its hospitality while portions of this work were com-
in our results.(For decays to two pseudoscalars, there argleted. A.F. was supported in part by the U.S. National Sci-
limits in which one can draw firmer conclusions about theence Foundation under Grant PHY-9970781. Y.G. was
mass dependence, which we have incorporated into thsupported in part by the Department of Energy, contract DE-
model) We calculated the ratia/y for PP and 4P final ~ AC03-76SF00515 and by the Department of Energy under
states. Our conclusion is that it is indeed likely that in thegrant no. DE-FG03-92ER40689. Z.L. was supported in part
standard modelx is not much smaller thag in the D sys- by the Director, Office of Science, Office of High Energy and
tem. In our numerical study, we found that for th® 4inal  Nuclear Physics, Division of High Energy Physics, of the
state,x/y varies roughly betweer-0.1 and—1. We con- U.S. Department of Energy under Contract DE-ACO03-
clude that ify is in the ballpark of+ 1% as expected if the 76SF00098 and by a DOE Outstanding Junior Investigator
4P final states dominatg [3], then we should expedk| program. The work of Y.G. and Z.L. was also supported in
between 10° and 102, and thatx andy are of opposite part by the United States—Israel Binational Science Founda-
sign. This estimate has a large uncertainty, and we can trusttion (BSF through Grant No. 2000133. Y.N. is supported by
only at the order of magnitude level. We have explored thehe Israel Science Foundation founded by the Israel Acad-
sensitivity of this qualitative result to a number of the as-emy of Sciences and Humanities, by EEC RTN contract
sumptions we have made, and have found that changing tHéPRN-CT-00292-2002, by a Grant from the G.L.F., the
details of the model does not significantly alter our conclu-German-Israeli Foundation for Scientific Research and De-
sions. Furthermore, including some @Y breaking in the velopment, by the Minerva Foundatigkllinchen, and by a
matrix elements cancels to some extenkiy and does not grant from the United States—Israel Binational Science Foun-
induce dramatic changes. dation (BSF), Jerusalem, Israel. A.P. was supported in part

The significance of our result is clear only in the contextby the U.S. National Science Foundation under Grant PHY-
of the experimental situation. The current boundx@andy 0244853, and by the U.S. Department of Energy under Con-
are at the level of a few percent, and the central question igact DE-FG02-96ER41005.
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