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Final-state phases in doubly Cabibbo-suppressed charmed meson nonleptonic decays
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Cabibbo-favored nonleptonic charmed particle decays exhibit large final-state phase differefeearnd
K* 7r but notKp channels. It is of interest to know the corresponding pattern of final-state phases in doubly
Cabibbo-suppressed decays, governed bycthaldus subprocess. An experimental program is outlined for
determining such phases via measurements of ratd3-foK* 7 andK (p, w, ¢) channels and for determining
the interference between bands in Dalitz plots. Such a program is feasible at planned high-intensity sources of
charmed particles.
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[. INTRODUCTION (3770) [8], and assuming relations among phase shifts in
different K* 7w channels with the same isosgi@.
The observation of diredC P violation in decays of par- It is easy to determine relative final-state phases in

ticles containing heavyd,b) quarks requires two or more Cabibbo-favored decays since there are three charge states
channels differing in both strong and weak phases. Whereagych asD® K~ 7", D°—-K°#°, and D*—K°z") and

the weak phases can be anticipated within the standarghly two independent amplitudes. The amplitudes for the
model based on the Cabibbo-Kobayashi-Maskawa matrixhree processes thus form a triangle in the complex plane as
the strong phase; must in ggneral be extracted from ex_peré— result of the definite isospin of the—sud subprocess:
ment. This is part|cularl_y so in the case of charmed patrticle | =Al,=1. We shall refer to such decays as ‘“right-sign”
decays, where phases in some channels have been shown to — ,
be large (For particles containing quarks, schemes for cal- decays. In contrast, the subprocess dus governing dou-
culating such phases have been proposed recghty) b_Iy Cabibbo-suppressed decays, which we shall call “wrong-
In Cabibbo-favored decays of charmed particles, govSign” decays, has\l;=0 and eithen\| =0 orAl=1. There

0 + __— 0 0_0 +
erned by the subprocess—sud, the pattern of final-state 2'® f+oug charge+state((s)se.%.,D —K -, D'—K"7", D
phases differs from channel to channel. In the deddys —K 7, andD"—K%r") and three isospin amplitudes
— K and D—K*, the final states with isospins=1/2 (two with 1=1/2 and one withl =3/2), so that the ampli-
and | =3/2 have reI;ative phases close to 90°, whileOn tudes form a quadrangle. Without additional assumptions or

— . . information, one cannot learn relative phases.
—Kp, thel =1/2 andl = 3/2 final states have relative phases P

; . ) The right-sign amplitude triangle for two final-state pseu-
close to zero. This behavior has been traced using a8)SU . e
flavor analysig 3] to a sign flip inihe contribution of one of doscalar mesons is related by a U-spin transformgtdy

. Lo i ~ (d«s) to a corresponding triangle involving the two wrong-
the amplitudes contributing to th€p processes in compari- sigh D° decays(to K* 7~ and K°7°) and the decayD,

son with its contribution to the other two. Oy + : . -0
o .. —K°K™ [7]. However, the final states involving® cannot
The corresponding final-state phases for doubly Cabibbog, distinguished from the much-more-copious right-sign fi-

suppressed charmed particle decays, governed by the subpro- . =
bp dus . F: ot y gl yF' ' th PRl states involving®. If one replaces &° by aK*°, one

CeSSCHd L:f* ire ot Interes .Or: setverz?\m reasons. t'FS » N%an learn its flavor by its decay " 7. However, in the

are needed whenever one wishes to s@@asymmetries in .50 45 gecays to a vector meson and a pseudoscalar me-

such decays. Such asymmetries are not expected in the Sta§b’n, the U-spin transformation turns out not to give a useful

dard m(ildel’ buF .the.IOV\r'] r?ztle; for such processes makeds tr:jepélation because of the lack of symmetry under interchange
especially sensitive In thelL P asymmetries to non-standard ¢ 16 g final particles. One can estimate final-state phases

contributions. Second, the question of whether final-statg, 4 wrong-sigrD— K r decays with the help of informa-

\ ar
phases are the same @iP-conjugate states such &' 7 yion ahout direct-channel resonances and form fadtks

andK ™~ 7" [4-7]is of current interest in interpreting®-D° Using the wrong-sign decay® —K* , for which one
mixing results. Proposals for shedding light on this questiortan determine the flavor of tH€* for all four charge states,
include using the correlations betwe®? and D° at the  Golowich and Pakvas@®] obtained a constraint sufficient to
specify relative phases of amplitudégven measurements
of all four rate$ by assuming that the final-state phases in the
*Email address: chengwei@hep.uchicago.edu two | = 1/2 K* - amplitudes are equal. Since this assumption
"Email address: rosner@hep.uchicago.edu is risky for a highly inelastic channel such &$ 7 at the
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mass of théD, we seek an alternative method which employs TABLE I. Amplitudes for WS decay modes of charmed mesons
only experimental data. We have found such a method whickp two pseudoscalar mesons.
relies upon interference ¢* bands in thek " 7~ #° Dalitz

plot. In the course of this study, we find that all the relativeMode Atopology Aisospin
phases of wrong-sigD decay amplitudes with one pseudo-
scalar mesof® and one vector mesoviin the final state can po_ g+ T+E

- T — §(A3/2_ Ai/z)_iAglz
be specified using jusK77 and KKK final states. These V3

predictions can then be checked in cases wheré & re- o 0.0 1 2 L1
placed by any or 7'. D =K E(C_E) 5 gzt 3\/_A1,2+ \/_Al,z

We begin in Sec. Il with a decomposition of amplitudes
for D—PP andD— PV final states. We point out relations DO—KO% ic
among these in Sec. lll, and discuss experimental prospects J3
for testing them in Sec. IV. Section V concludes. 1

O*> 0,/ _
D"—K"7n \/€(C+3E)
II. AMPLITUDE DECOMPOSITIONS 1

We can categorize decay amplitudes according to the 1P K CHA §(A3/2*Ai/2)+ﬁA2/2
pology of Feynman diagram{d1]: (1) a color-favored tree
amplitudeT, (2) a color-suppressed tree amplitude(3) an  p+_, k+ ;0 i(TfA) QA y— 1 Al 1
exchange amplitudg, and(4) an annihilation amplitudé. J2 3" 3 B2
E only contributes toD® decays, andA only to Cabibbo- 1
favoredD_ decays and Cabibbo-suppres§t decays. The D'—K'7% -—T
Cabibbo-favored non-leptonic two-body decays are governed V3
by the subprocessﬁsud involving the weak coupling D —K* g’ i(T+3A)
VEV,q, While the doubly Cabibbo-suppressed ones are gov- J6
erned by the subprocess—>dus involving the weak cou- Df K KO T+C

pling Vg4Vys. We use notation introduced in Rédfl2] for
PV decays in which a subscript denotes the megdwoi(V)
containing the spectator quark.

We can decompose the decay amplitudes both in terms
their topological characters and in terms of isospin structur
We use the following quark content and phase conventions

[11]: charmed meson®°= —cu, D*=cd, D+—cs pseu-

decays since the individudl, C, E, andA amplltudes can
g)e predicted independently of modes involvipcand 7'.

IIl. AMPLITUDE RELATIONS

doscalar mesonsz* = ud, 7%= (dd— UU)/\/— = —dU_. The RSD—K* 7 decays give the sum rule

K*=us, K°=ds, K°=sd, K =-su, #=(ss—uu - o
—dd)/\3, 7' =(uu+dd+2s9/\6; and vector mesons A(D°—K* 7")+\2A(D—K* 7% —A(D* —K*O7 )
pt=ud, p°=(dd—uu)/\2, p =-du, w=(uu —0 )
+dd)/\2, K**=us, K*°=ds, K*°=sd, K*¥ =—su, ¢

=ss which forms a triangle in the amplitude complex plane. This

The wrong-sign\WS) D decays are listed in Tables | and triangle, and corresponding ones r—Ka and D—Kp,
Il, where SU3) flavor symmetry is assumed. We distinguish have been used to obtain relative phases between the unique

the amplitudes obtained througk-1 andl=0 currents by |=1/2 andl =3/2 amplitudes contributing to each set of pro-
superscripts 1 and 0 on the amplitudes, andBq,. We list  cesse$3,13].

the isospin decompositions only f&rm andK* = modes. It The sum rules for WP — PP decayq14],

is the amplitudes},, andBY,, which were assumed to have

the same strong phases in Rgf]. As mentioned, we make 3\/§A(K+7T°)+4\/§A(K+ n)+ \/EA(K+77’)=O, (2

no such assumption. For some of the other decays we list

simplified expressions which arise from assuming relations 3J§A(K°w°)—4\/§A(K°n)—\/EA(K%’)=O,
between differenE or A amplitudes. As in Ref.3], we omit 3)
contributions of flavor topologies in whicly and 7’ ex-

change no quark lines with the rest of the diagram, andllow one to form triangles. In terms of amplitudes of differ-
couple through their S(3)-singlet components. This as- ent topologies, these are, respectively,

sumption, which goes beyond a purely @ibased analysis,

appeared to give a self-consistent description in the case of 3(T-A)—4T+(T+3A)=0, (4
most right-sign (RS decays with the exception ob;
—pTn'. We shall see that it can be tested in the case of WS 3(C—-E)—4C+(C+3E)=0. (5)
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TABLE Il. Amplitudes for WS decay modes of charmed mesons to one vector meson and one pseudo-
scalar meson.
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Mode Atopology Aisospin
DO—K** ™ To+E ! - Lo
pTEV 3 (Bs;z—B1p) — ﬁ Bin
1 V2 1
DO—K*? 70 ——(Cp—E % Bort =Byt =B
\/f( p—Ev) st 3 \/— w2t 5B
D —K*? Cpt+A ! 1 ! g0
PT Av 3(Ban= By + ﬁBl/z
1 V2 1 1
DY —K** 7° —(Tp—A 2Byt —BL,— —B?
\/f( p—Av) 3 Bt 5 5B B
Mode Atopology Asimplified
D%— ¢ KO —Ey
D—p KT Ty+Ep Ty—Ey
1 1
DOHPOKO —(Cy—E —=(Cy+E
\/z( \% P) \/E( \% V)
1 1
D%~ w K° ~—=(Cy+E ~ —=(Cy—E
\/E( \% P) \/E( \% V)
D—K*0y i(c —Ep+Ey) i(C +2Ey)
\/§ P P Vv \/§ P Vv
DO—K*0 5’ i(c +2Ep+Ey) —i(C —Ev)
\/g P P Vv \/6 P Vv
Dt—¢K™* Ay
D*—p* K Cy+Ap Cv—
1 1
D*—pK" —(Ty—-A +A
\/E( \% P) \/E( \% V)
1 1
D' —wK" —(Ty+Ap) —(Ty—Ay)
\/z( \% P \/z( \% \
D' —K*" 7 —i(T —Apt+Ay) ! (Tp+2Ay)
\/§ P P V \/§ P Vv
DYt—K** g i(T +2Ap+AY) i(T —Av)
\/E P P Vv \/g \
D —K*TK° Tp+Cy
DI —»K*OK™" Ty+Cp

The sum rules We also find from these W® — PP modes the following

relations:
AK* 77 )+ 2AKO70) = A(K27 ) + 2A(K * 70
I T|?=3|AK" n)|?, (8)
= VBIA(K®n) —A(K" 7)]=AKK*K%)  (§) , ,
|C[2=3|A(K )2, 9

give triangles all sharing one side. This can be seen from the
decomposed amplitudes 1

2 +,.0y|2 +..1\|2 + 2
[AP=SAKT )2+ [AKT 7)) 7] = |AKT 7) %,

(T+E)+(C—E)=(C+A)+(T—-A)=T+C. (7) (10
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1 V2 K*n° = Cp-E
[EP=STIAK TP+ [AK 7)1 - [AK D)2, (1D) —

1
cosdrc= S LIACKTKO)[2=3|A(K " 7)[?

2[T]IC|
—3|AK )7, (12)
COSSraA= 5t 2|AK* )2+ 1|A(K+ |2
3 VZ K = To-A
—§|A<K+w°>|2}, (13 o
FIG. 1. Quadrangle illustrating amplitude relations for
— K* 77 decays. The other diagon@lot shown corresponds to the
1 combinationE, + A, .
— 0 2, 0,.7\]2 Vv Y
COSdce 2|C||E|{2|A(K 77)| + 2|A(K Y )|
3 relative angles among the sides. In principle such informa-
——|A(K0770)|2} (14)  tion could be obtained from other sum rules involving any
2 two of the decay modes related to the sides of the quadrangle
in which we are interested. However, these were searched for
_ b N2 L o2 in Ref.[7], and no such triangle sum rule exists for these WS
COSOTE= 2|T||E| (|A(K u )| 3|A(K 77)| decays.
1 Fortunately, one can use interference between thektivo
; 0 +, -0 ;
— ZTAKO70) 24 |AKO ) 2]+ |A(KO7) |2} bands on the Dalitz plot foD"—K™ 7~ 7 , a final state
2[| (KT P+ [AK )]+ A7) recently reported by the CLEO Collaboratipt5], to mea-
(15) sure the relative phase between the amplitudes fdp°
—K** 7~ and D°—K*%7% This method is analogous to
1 the use of the decap®—Kgm" 7~ in which the interfer-
COSScp= [|A(K°w+)|2—3|A(K°7])|2 ence betweerkK* "7~ and K* “#" bands provides direct
2[C||A] information on the relative strong phase difference between

1 the two channel§16,17. Once the anglep in Fig. 1 is
— —[|AKT 702+ |AKT 5")|?] specified, the shape of the quadrangle is fixed up to a folding
2 about the diagonal. However, this is still not sufficient to

specify each individual amplitudé,, Cp, Ey, Or Ay.
+|A(K* 77)|2]- (16) One way to help resolve the above ambiguity is to com-
pare the WS quadrangle with the RS trianf. (1)]. De-

H 0 * =+ 0
Therefore, knowing the absolute value of the decay amplin©t€ (he relative phase betwedh’—K* = and D

tudes one could completely determine the above triangles”K* “7 by 6o, that betweenD’—K*°z" and D'
However, all decays involving K° will be overwhelmed by —K* @ by 6., and that betwee®®—K* 7" andD*
Cabibbo-favored decays involvingk, with no way to dis- —K* %" by #. g, can be obtained by analyzing the" *
tinguish between them since one detects onlysa Thus in ~ and K* ~ bands in the Dalitz plot of the final sta®®
practice one is able to determine orly|, |A[, and &;,, —Ks7 @ 6, can be similarly measured from the Dalitz
which is still a useful piece of information relevant to final- POt of D —Kgm* a°. With ¢ given by the RS triangle, the
state interactions. We shall discuss the prospects for this déelative phase betweeR®—K**7~ andD* —K**x° is

termination in Sec. IV. theny=|6y| =| 0., |. Therefore, except for singular cases, the
The WSD—K* 7 decays give the sum rule angle between the left and bottom sides of the quadrangle in
Fig. 1 can be determined.
ACK* * )+ V2A(K*07r%) = A(K* O ) + J2A(K* * 720 One also makes further progress by assurf8jghat (1)

Ap=—A, and/or (2) Ep=—Ey. These assumptions are

_ e B valid if these amplitudes involve an intermediate quark-

=(Tp+Ey) +(Cp—Ey)=(Cp+Ay) +(Tp—Ay) antiquark staté18].

=Tp+Cp, (17) If only Ap=—Ay is imposed, several of the expressions
for DT decays are simplified. We findA(K* " #°)

which forms a quadrangle in the complex plane, as shown irF JV3A(K* " ") and the following sum rules:

Fig. 1.
Knowing the lengths of the four sides in a quadrangle
does not fix the shape; one still needs information about AK*OK ™) = \2A(wKT)—AK*°7*)=0, (18
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FIG. 2. Amplitude triangles illustrating amplitude relations be-
tweenD* —K* 7 decays and otheD™ or D decays. The dot-

dashed lines represent the individual amplitudes.

V2A(p°K ™) = V2A(0KT) —2A(¢KT)=0, (19
V3A(K* * )+ V2A(K* * %) + 3A(pK ) =0.
(20)
In terms of amplitudes, these read, respectively,
(Ty+Cp) = (Ty—=Ay) = (Cp+Ay)=0, (21)
(Ty+AY) = (Ty—Ay) —2Ay=0, (22)
—(Tp+2A))+(Tp—Ay)+3A,=0. (23

PHYSICAL REVIEW D 65 054007

cosdy LA 2= 2l Ak 7

_ 1
PV 2 Tel[Av
—|A(gK)I?]. (28)

As in the WSD* — PP decays, we can learn both the mag-
nitudes and the relative phases of fheand A amplitudes
directly from decay rates involving observable final states.
If now Ep=—E, is assumed, some of the expressions in
D% decays are simplified. One findsA(K*%#0)
=—3A(K*%7’) and the following sum rules:

A(K* T 7)) — 2A(wK®) —A(K* *K®) =0, (29)
V2A(p°KO) + \2A(wK®) + 2A( K% =0, (30)
V3A(K*29) — V2A(K*°7%) + 3A( K% =0. (31)

These have the following form in terms of amplitudes:

(Tp+Ey)+(Cy—Ey)—(Tp+Cy)=0, (32
(Cy+Ey)—(Cy—Ey)—2Ey=0, (33

For these modes, we obtain the following relations:
[Ev?=]A(¢K")?, (35

|CvI?=1A(p°KO) |2+ | A(wK)[2=|A(#K) [,
(36)

The first two of these are illustrated in Fig. 2. Measurement
of the corresponding rates fobD—K*°K* and D
—(p% w,¢)K™ along with the fourD —K* 7 rates and the
relative phase ob°—K* * 77~ and D°—K* 7% mentioned
earlier can specify the individual amplitudes up to the dis- 08¢ g = =——[|A(p°K®)|2— | A(wK?)|?]

crete ambiguity associated with reflection about the dashed - CVEV" 2[C,J[Ey] ’
diagonal of the quadrangle. This ambiguity affects only the (39
phase and magnitude &, with respect to the other ampli-
tudes. Since we have not used E2Q) in this construction,

|Cpl?=4|A(K*O7")[2+|A(K*On)

we obtain a prediction for the amplitudK* * 7). The re-
sidual ambiguity can be removed if one assumes a certain

magnitude hierarchy amonpg, C, andE.

Under the assumptioAp=—A, we also find from the

WS D" —VP modes the following relations:
[AVIZ=]A(K )%, (24

[ TuI2=]A(pK )2+ [A(wK ) [2=|A(¢K )%,

(29

|TP|2:4|A(K*+77,)|2+|A(K*+77)|2_2|A(¢K+)|2(’26

|[|A(p°K+)|2—|A(wK+)|2],

1

(27)

1
COS5CF,E\,=m[|A(K*077)|2—2|A(K*O77')|2
—[A(¢K[?]. (39

These relations all suffer from the presence d¢¢%in at
least one of their amplitudes, and contamination by the cor-

responding mode witiK® makes them unusable. However,
the fact that withE,= — E,, we also have amplitudes for the
observable processeB®— (p K™ ,K*%7,K*%%’), all of
which involve E,, and amplitudes which have been previ-
ously specified, should allow the resolution of the last re-
maining discrete ambiguity except in singular cases.

An analysis of SWU3) breaking based on the method of
Ref.[7] may be able to provide direct information on relative
strong phases in Cabibbo-favored and doubly Cabibbo-
suppressedD— PV decays. One needs information on
direct-channel resonances wiff=0", which is the only
channel which can decay to tle=0 PV state. A candidate
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for such a state around 1830 Médie., not far from theD TABLE Ill. Summary of doubly Cabibbo-suppressed three-body
mas$ has been reported in tHe¢ channel[19] but needs modes required for extracting amplitudes n—PV decays. All
confirmation. modes with &K° haveK® backgroundsD* andDJ modes with a

K* are self-tagging.

IV. EXPERIMENTAL PROSPECTS

Final state Branching ratio
At present, the following WS modes are quoted by the o
Particle Data Groupp22]: Kia™
K" o (6.0£1.0)x 10°* [15]
D° Kfm g
B(D°—K* 7™ )=(1.46+0.30x 10 4, Kta '
KOmt 70
B(Dt—K*O7")=(3.6=1.6)x10 4, Ko7* g
K0’7T+ 7]/
Kt 7970
B(D"—p°KT)=(2.5+1.2xX10 4, D+ Km0
K+7TO7],
BD*—¢K ) <1.3x104  (CL=90%) Kta ot (6.8+1.5)x 10" [22]; see alsd20]
' KTKTK™ (1.41+0.27)x 1074 [21]
KOK Oz *
(where CL is the confidence leyelf one assumes that the ~+ KOK * 70
amplitudeT is dominant inP P modes, from the branching —° KK

ratio of D°—~K™* 7~ one would inferB(D*—K* 7% =1.8

x10 *andB(D"—K™" 5)=1.2x10 *. A substantial devia-
tion from these expected values would indicate the impor-
tance ofE and/orA contributions.

__ strong phase ca$,. It will be interesting to see whether in
Since the peak cross section fere” — #(3770)=DD  the case of WD decays one still observes and E with
is about 10 nb and the foreseen integrated luminosity fOE:omparabIe amplitudes andC as in the RS decay8]. It
a charm factory operating at this energy is about 3'fb vl also be useful to compare U-spin related RS and WS
one expects to collect 310" DD pairs, giving about triangles to see whether they are similar, from which
15 million D°(D° and 15 million D*(D~). With  one could learn final state interaction patterns and U-spin
branching ratios 0©D(10™ %) for the WS decays, we would breaking effects.
have ~3000 events for each type. TH2® decays must be We also observed that without further assumptions, one
flavor-tagged through the study of the flavor of the oppositecould only form quadrangle relations from the amplitudes for
side neutraD. D— PV decays. For example, the fobr— K* 7= amplitudes
Tagging via the chairD**—#"D° is possible if one form a quadrangle. The relative phase between the nebtral
operates at higher c.m. energy. Indeed, it is estimated that igmplitudes can be obtained by analyzing tHe°
CLEO ILV with 6 fb™* on the Y(4S) and 3 fb " in the K+ 7~ 70 Dalitz plot. This fixes the quadrangle up to a
continuum below theY (4S), 34 million charmed mesons yofold ambiguity corresponding to folding about the diag-
were produced16]. BaBar and Belle should be able to ac- yng). By further assumindp=—A,, we can obtain three

cumulate an even larger sample. . ; .
X triangle relations and determing&y|, |Tp|, |Ay|, COS ,
In the analysis oD — PV decays, one needs to analyze g &), [Tel. [AV] or,

the branching ratios and resonant channel fractions of the s8'd C0Sra,- The twofold quadrangle ambiguity can be re-
of three-body final states listed in Table Ill. Examples ofsolved by assumingr=—E, and measuring the rate for
recent progress in studying these states are noted in Re®°—K™p~. Many cross-checks of the method are possible
[15,17,20,2] by measuring further WS rates for three-body decays
involving » or »' and by analyses of interferences
V. CONCLUSIONS between right-sign and wrong-sigk* == contributions to

. Dalitz plots.
As we have seen, doubly Cabibbo-suppresseaong-

sign” or WS) decays with a final neutrdd meson in general
suffer from overwhelming backgrounds of Cabibbo-favored
(“right-sign” or RS) decays. It is thus preferable to extract
information from decay modes with charg&dmesons in We thank David Asner for stimulating discussions and
the final states. We have shown that the amplitudes foMichael Gronau, John Cumalat, and Harry Lipkin for helpful
the D* decay modeK "™ 7% K" 5K 7' form a triangle comments. This work was supported in part by the Depart-
in the complex plane. These chargBddecays provide a ment of Energy through Grants No. DE-FG02-90ER-40560
good place to study the amplitudgg|, |A| and the relative and W-31109-ENG-38.
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