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We study the possibility of obtaining large dire@P violation in the charmed hadron decais"
—p pw)=pTrtaT, DT a pNw) T mT, DO ¢p(w) =t DO pp¥(w) -yt AT,
D= 9/ pYw)— ' 7 7™, D= 7% %w)—w’7m 7, and A.—pp®(w)—pnmt 7w~ via p-w mixing. The
analysis is carried out in the factorization approach. Tt violation parameter depends on the effective
parameteN. which is relevant to the hadronization dynamics of each decay channel and should be determined
by experiment. It is found that for fixed, the CP violation parameter reaches its maximum value when the
invariant mass of ther* 7w~ pair is in the vicinity of thew resonance. For most of the parameter space
explored theCP violating asymmetry is of order 1¢. However, over a small range, 188l.<1.99 and
1.95<N.=<2.02, the asymmetries fdd°— 7°p%(w)— 77" 7~ and A—pp°(w)—p7 7~ (respectively
can exceed 1%, at the cost of a small branching ratio. We also estimate the decay branching raxfbs for
—a%p% and A .— pp° for these values o, which should be tested by future experimental data.

PACS numbse(s): 11.30.Er, 12.39-x, 13.20.Fc, 14.20.Lq

[. INTRODUCTION elements and the strong phase is usually very uncertain. In
Refs.[6,7], the authors studied dire@P violation in had-
Although CP violation has been known in the neutral ronic B decays through the interference of tree and penguin
kaon system for more than three decades its dynamical origifiagrams, wherep-w mixing was used to obtain a large
still remains an open problem. In addition to the kaon sysStrong phaseas required for largeCP violation). This

tem, the study ofCP violation in heavy quark systems has mechanism was also applied to the had_ronip decays of the
bee,n a subject of intense interest and is important in underheavy baryonA, where even largeCP violation may be
) P ossible[8]. In the present paper we will investigate direct

standing whether the standard model provides a correct d%P violation in the hadronic decays of charmed hadrons,
scription of this phenomenon through the Cabibbo-jngying the same mechanism, with the aim of finding chan-
Kobayashi-Maskawa(CKM) matrix. Actually there have nels which may exhibit larg€ P asymmetry.

been many theoretical studies in the are&&f violation in Since we are considering dire€tP violation, we have to
b-flavored and charm systems and some experimentajonsider hadronic matrix elements for both tree and penguin
projects have been proposgd. diagrams which are controlled by the effects of nonperturba-

Recent studies of dire@ P violation in theB meson sys- tive QCD and hence are uncertain. In our discussions we will
tem[2] have suggested that lar@P-violating asymmetries Use the factorization approximation so that one of the cur-

should be observed in forthcoming experiments. However, ients in the nonleptonic decay Hamiltonian is factorized out
the charm sectorCP violation is usually predicted to be and generates a meson. Thus the decay amplitude of the two

small. A rough estimate df P violation in charmed systems body nonleptonic decay becomes the product of two matrix
o 9 S ed sy elements, one related to the decay constant of the factorized
gives an asymmetry parameter which is typically smallen,aqon and the other to the weak transition matrix element

than 10 ° due to the suppression of the CKM matrix ele- petween two hadrons. There have been some discussions of
ments[3]. By introducing large final-state-interaction phasesthe plausibility of factorizatiofi9,10], and this approach may
provided by nearby resonances, Buccetiaal. predicted  be a good approximation in energetic decays. In some recent
larger CP violation, namely, a few times 16 [4]. On the  work corrections to the factorization approximation have
other hand, experimental measurements in some decay chaaiso been considered by introducing some phenomenological
nels are consistent with zero asymmetsy. nonfactorizable parameters which depend on the specific de-
Direct CP violation occurs through the interference of cay channels and should be determined by experimental data
two amplitudes with different weak and strong phases. Th¢11-14.
weak phase difference is determined by the CKM matrix The effective Hamiltonian for th& S=1, weak, nonlep-
tonic decays has been discussed in detail in Réfs,16,
where the Wilson coefficients for the tree and penguin op-
*Email address: xhguo@physics.adelaide.edu.au erators were obtained to the next-to-leading order QCD and
"Email address: athomas@physics.adelaide.edu.au QED corrections by calculating the %@0, two-loop,
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anomalous dimension matrix. The dependence of the Wilsognd as[as|n(m\2/v/M2)]" (next-to-leading ordér In Refs.
coefficients on renormalization scheme, gauge and infra-rel 5 16 it was shown that)(m;,m,) can be written as
cutoff was also discussed. The formalism can be extended to (o) (M)
i i 1 as(m o

w:yc.:harmed hadron nonleptonic decays in a stra|ghtforwardu(m1’m2):(1+ 84771 J) Uo(ml,m2)< 1- 34772 J)'

The remainder of this paper is organized as follows. In (4)
Sec. Il we calculate the six Wilson coefficients of tree and
QCD penguin operators to the next-to-leading order QCDVhereU%(m;,my) is the evolution matrix in the leading-log
corrections by applying the results of Reff$5,16. Then in ~ approximation and the matrid summarizes the next-to-
Sec. Ill we give the formalism for th€ P-violating asym-  leading order corrections to this evolution.
metry in charmed hadron nonleptonic decays and show nu- The evolution matricesl°(m;,m,) andJ can be obtained
merical results. Finally, Sec. IV is reserved for a summanyy calculating the appropriate one- and two-loop diagrams,

and some discussion. respectively. The initial conditionS(m,,) are determined by
matching the full theory and the effective theory at the scale
Il. THE EFFECTIVE HAMILTONIAN FOR NONLEPTONIC my . At the scalem the Wilson coefficients are given by
CHARMED HADRON DECAYS C(Me) =U4(Me,My) M (M) Us(My,my) C(My),  (5)

In order to calculate diredC P violation in nonleptonic, here U«(m. m») is the evolution matrix fromm, to m
charmed hadron decays we use the following effective weak’: \©'¢ #(my,m,) is the evolution ma omm; 1o my
with f active flavors andM(m,) is the quark-threshold

Hamiltonian, which is Cabibbo first-forbidden, based on the ichi trix atn. . Si the st Nt tion is ind
operator product expansion: matching matrix atn,,. Since the strong interaction is inde-

pendent of quark flavors, the matriced(m:,my),

G Us(m,,my), andM(my) are the same as thosebrdecays.
HACl:_F[ D VoV (€109+c,09) Hence, using the expressions fof(m;,m,), J andM(m,)
V2| a=ds given in Refs[15,16], we can obtairC(m,).
5 In general, the Wilson coefficients depend on the renor-
—VubV’SDZ ¢,0;|+H.c. (1) malizat_ion scheme. The scheme-independent Wilson coeffi-
=3 cientsC(u) are introduced by the following equation:
Herec;(i=1,...,6) are the Wson coefficients and the op- - as o
eratorsO; have the following expressions: Clu)={1+ R Clw), ©®)
OF=Uay,(1- 75)dgtpy* (1= ¥s)Cas whereR is the renormalization matrix associated with the
= — four-quark operator®;(i=1, ...,6) in Eq.(2), at the scale
Oz=uv.(1-75)qqy*(1—¥s)C, my . The scheme-independent Wilson coefficients have been
- - used in the literaturp4,17,18. However, sinc&k depends on
Oz=uy,(1- y5)c2 q’ y“(1-vs5)q’, the infrared regulatof15], C(u) also carries such a depen-
Q' dence. In the present paper we have chosen to use the
- - scheme-independent Wilson coefficients.
04=Uay, (1= ¥5)C2 apy“(1— y5)qL, From Egs.(5),(6) and the expressions for the matrices
q’ U¢(my,m,), M(my), andR in Refs.[15,16 we obtain the

following scheme-independent Wilson coefficients ¢ode-
Os=Uy,(1-y5)cX q' y“(1+y5)q’, cays at the scal,=1.35 GeV:

; c,=—0.6941, c,=1.3777, c3=0.0652,

Os=Uay,(1- 75)Cﬁ§4 9pr“(1+75)Ge, (2 c,=—0.0627, c5=0.0206, Cg=—0.1355.
wherea and g are color indices, and’ =u, d, s. In Eq.(2) [N obtainirgg) Eq.(7) we have tak(%us(mz)=0.118 which
0, and O, are the tree operators, whi@;—Og are QCD  léads t0Aqcp=0.226 GeV andA gcp=0.329 GeV. To be
penguin operators. In the Hamiltonian we have omitted theésonsistent, the matrix elements of the operatdysshould
operators associated with electroweak penguin diagrams. also be renormalized to the one-loop order since we are

The Wilson coefficients;(i=1, . . . ,6), arecalculable in working to the next-to-leading order for the Wilson coeffi-
perturbation theory by using the renormalization group. Thecients. This results in effective Wilson coefficients;, ,
solution has the following form: which satisfy the constraint

Clp)=U(p,my)C(my), () ci(me)(Oi(Me)) =c{(O;)""S, tS)

whereU (u,my) describes the QCD evolution which sums where(O;(m,)) are the matrix elements, renormalized to the
the logarithmg a¢In(m3/«?) " (leading-log approximation  one-loop order. The relations betwegnandc; read[17,18,
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Ci=Ci, C5=Cp, C3=Cs—Py3,
_ _ _ 9
C,=C4+Ps, ci=Cs— P43, cg=ce+Pq,
where
Ps=[as(m,)/8m][10/9+ G(m,m,,q?)]c,,
with

m?—x(1—x)g?
mZ '

1
G(m,mc,q2)=4f dxx(1—x)In
0

PHYSICAL REVIEW D 61 116009

c5=0.02466+0.01483, cg=—0.1477-0.04448.

(12

In calculating the matrix elements of the Hamiltonidn, we
can then simply use the effective Wilson coefficients in Egs.
(11)(12) to multiply the tree-level matrix elements of the
operatorO;(i=1, ... ,6).

Ill. CP VIOLATION IN CHARMED HADRON DECAYS

A. Formalism for CP violation
in charmed hadron decays

The formalism forCP violation in B and A, hadronic

Here g? is the momentum transfer of the gluon in the pen-decayg6-8| can be generalized to the case of charmed had-
guin diagram anan is the mass of the quark in the loop of rons in a straightforward manner. Lif; denote a charmed

the penguin diagrarh.G(m,m.,q%) has the following ex-
plicit expressior[19]:

2 m? 5 m? m?
ReG=—| In————4—+| 1+2—
3 3 2

m? |

1+ \/1-4—

m2 q2

X \/ 1—4—2In— ,
q m?
1-\/1-4—
q

2 m? m?
|mG:_§’7T l+2¥ 1—4¥. (10

Based on simple arguments at the quark level, the value

of g2 is chosen in the range 0<3:12/m§<0.5 [6,7]. From
Egs.(7), (9), and(10) we can obtain numerical values gf.
Wheng?/m?=0.3,

c;=-0.6941, c,=1.3777,

c4=0.07226+0.01472, c,=—0.08388-0.04417,

c4=0.02766+0.01472, cg=—0.1567-0.04417,
11

and wheng?/m?=0.5,
c|=—0.6941, c,=1.3777,
c5=0.06926+0.01483, c,=—0.07488-0.04448,

'm could bemy or mg. However, the numerical values af
change by at most 4% when we chamgdrom my to mg. There-
fore, we ignore this difference in our calculations, setting ms.

hadron which could b®=, D°, or A.. The amplitudeA for
the decayH.—f#* 7~ (f is a decay produgts

A=(m 7 f/HT|H)+ {7 7 f|HPH,), (13
where T and H " are the Hamiltonians for the tree and
penguin operators, respectively.

The relative magnitude and phases of these two diagrams
are defined as follows:

A=(mta f|HT|H)[1+re'% ?],
_ _ o (14)
A={(m 7 f|HT|H)[1+re'%e '?],

where § and ¢ are strong and weak phases, respectivély.
arises from theC P-violating phase in the CKM matrix, and
itis ard VypVey/ (VugVeq)] for the c—q transition @=d or
S). The parameter is defined as

(=t {1

= . (15
(' m f[HTH)|
The CP-violating asymmetrya, can be written as
|A|2—|A|? —2rsindsing
a= = (16)

|A|2+|A]2  1+2rcosscosg+r?’

It can be seen from Eql16) that both weak and strong
phases are needed to prodd&P violation. Since inr there
is strong suppression from the ratio of the CKM matrix ele-
ments,[V,pViy (VugVag) 1. which is of the order 10° [3]
[for bothgq=d andg=s this suppression is 0.6210 3, see
Egs.(32) and(493) in Sec. Il B], usually theCP violation in
charmed hadron decays is predicted to be small.

The weak phaseé for a specific physical process is fixed.
In order to obtain possible largeP violation, we need some
mechanism to produce either large 8iar larger. p-w mix-
ing has the dual advantages that the strong phase difference
is large (passing through 90° at the resonanceand well
known. In this scenario one h§s,8]

gp = gp
selatot ST (17

<77+77_f|HT|Hc>:

116009-3
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9

_pp’

s, (18)

g ~

- P __9r

<7T+7T le |HC>_SP_Sprwpw+
wherety (V=p or w) is the tree andpy is the penguin
amplitude for producing a vector mes®rby H.—fV; g, is
the coupling forp®— 7 * 7~ I1,,,, is the effectivep-w mix-
ing amplitude ands;l is from the propagator oY, sy=s
—mZ+imyl'y, with /s being the invariant mass of the
« 7~ pair. The numerical values for the w mixing pa-
rameter are[7,20,21 Rell,,(m2)=—3500:300 Me\?,
Im pr(mi)=—300t300 Me\2. The direct couplingw

— a7 is effectively absorbed intﬁpw [21].
Defining

t,
—=qae
t

Po

t,

&Eﬂei 6‘3,

w

=r/gl(%+9) i3,

(19

whered, , o5, andd, are strong phases, one has the follow-
ing expression for and &,

_ 11, + Be'%s,
re'ﬁzr’e'ﬁqL (20)

= ol
Sy +1I,,a€%

It will be shown that in the factorization approach, for all
the decay processés,—f7 ' 7~ we are consideringye' °«
is real (see Sec. IlI B for detai)s Therefore, we let

ae'da=g, (21
whereg is a real parameter. Letting
Be'’s=b+ci, r'e%=d+ei, (22)

and using Eq(20), we obtain the following result whexgfs
~m,:
C+Di

(s—m’+g Reﬁpw)2+(g Im ﬁpw+ m,T,)2
(23

rel=

where

C=(s—mZ+gRell,,){d[Rell,,+b(s—m2)—cm,T,]
—e[Im ﬁpw+ bm,I",+c(s—m?)]}
+(gIm ﬁpw+ mwl"w){e[Reﬁper b(s—m2)—cm,I",,]
+d[ImII,,+bm,l,+c(s—m?)]},

D=(s—m+g Reﬁpw){e[Reﬁper b(s—m2)—cm,I',,]
+d[Im I ,,+bm,l,+c(s—m?2)]}
—(gImIlL,,+m,I,){d[Rell,,+b(s—m?)

—cm, I, ]—e[ImIl,,+bm,l,+c(s—m2)]}. (24

PHYSICAL REVIEW D61 116009

The weak phase comes fropW ) Ve,/(V Ve 1. If the
operatorsO? ,Og contribute to the decay processes we have

7
VIp+ AN (p?+ 72) 12+ 7

sing|y=

(25
p+ AN (p*+ %)

VIp+ AN (o2 + 9?1+ 7P

CoSe|q=—

while if O] andO3 contribute, we have

n

T

(26)

Plo= —

COS|s= ——,

Vo247’

where we have used the Wolfenstein parametrizd@@hfor
the CKM matrix elements. In order to obtairsin &, r cosé,

andr we need to calculatee' %+, Be'%, andr’e'%. This will
be done in the next subsection.

B. CP violation in H.—fa ™

In the following we will calculate th€ P-violating asym-
metries inH.—fa* 7. In the factorization approximation
p°(w) is generated by one current which has the proper
quantum numbers in the Hamiltonian in E4). In the fol-
lowing we will consider the decay processe®™
—p pUw)—pTmtm, D =m pNw)—atwta, DO
—¢pl(0)—¢r ", D=yp(@w)—prta, DO
-7 pNw)—y' 7wt7", D’-a%%w)— 7’7 7", and
Ae—pp°(w)—pm ", individually.

(1) D*"—=p"V(V=p® or w). First we considerD*
—p*p°(w). After factorization, the contribution ttﬁ;+ (the
superscript denotes the decay prodéidh H,—fx*7")
from the tree level operatdd! is

(p*p°lOfID*)=(p°|(dd)[0)(p*|(uc)|D*)=Ty,
27

where @dd) and (uc) denote the V-A currents. If we ignore
isospin violating effects, then the matrix elemenﬁﬁis the
same as that oDY. After adding the contributions from
Fierz transformation 00 andO$ we have

t2 =(cj+cp(1+ LN Ty, (28)

where we have omitted the CKM matrix elements in the

expression ot‘p’+. Since in Eq.(28) we have neglected the

color-octet contribution, which is nonfactorizable and diffi-

cult to calculateN, should be treated as an effective param-

eter which depends on the hadronization dynamics of differ-
+

ent decay channels. In the same way we find tfat=

—tg+ , so that, from Eq(19), we have

116009-4
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6, p+: _ 1
(ae ) 1. (29) tf: C:'L-l— N—CCé)Tg, (39)

The penguin operator contrlbutloqs" andp , can be
evaluated in the same way with the aid of the Flerz identitiesand
From Eq.(19) we have

(ag'da)?=1, (40)
i6g\p" .

(Be ﬁ) 0 (30) (ﬁel5ﬁ)¢:1, (41)

and !+ 1 !+ !+ !

C3+ —Cyp+Ci+—cC

1 . TN 4TS NG 8| Vi
(ch+cy) 1+N—)+cg+N—cg VeV (r'ea)d=— : 1 c |2 ib‘ (42)
(r'eldayr =2 c c ub c/+—c) V”SVCS‘
1 VigVeyl PUNg
(crten)| 1+ ud¥cd
¢ 31) where

where Vubvgb‘ AN 43)

VyeVe 1-\%2

VipVep| AN \/ p’+n @2 Ve
- . 0 ' 0 0
ViV d‘ 1222 Y (1+ A2\ %p)2+ A\E 2 (4) +D ?77(77 )OV. FPrOthe dec?y+chzjnngB —np ()
—nm 7w andD"— ' p°(w)— ' 7w 7, things become a
(2) Ac—pV. Next we considen .— pp°(w). Defining little complicated. It is known thay and " have bothuu
o o +dd and ss components. The decay constarﬂ%c,,,) and
(p°PlOF[A¢)=(p°|(dd)[0)(p|(uc)[Ae)=T,, (33 £,y defined as
we have e , ;

(44)

1 —

After evaluatingt® and the penguin diagram contributions are different. After straightforward derivations we have

we obtain the following results:

| (ag'?e) 71 =1, (45
(a€'®«)P=—1, (39 . :
(Be' %)) =1, (46)
I+ 1 !
Ca™ N C3 o+ f
. N - ,
(Beids)P= : c - ’ (r'el%a)7(n") = — fun(v)_fsn(n)
el 1+ —|c+ '+ ¢! 7(n') " a(n')
(2 N, C3 (1 Nc)c4 2| cg NCC6>
(36) I+_/_ r_ At
TN TN vy
, bl e Lo 8 1 VooVE |
2+ —|C3+| 1+ —|Cs+2| C5+ —Cg c'+—c! us®cs
. N N N 1 2
(r’e"sq)p= c c c Nc
1
cit N—cg (47)
Cc
In the derivations of Eqs(45)—(47) we have made the ap-
y VipVep a7 proximation thatV pVi/V,qVeg= —VupViy/ VsV cs. It is
VgV, : noted that the minus signs associated vaifhand cg in Eq.

(47) arise because(n') are pseudoscalar mesons. Since the
(3) D°—¢V. For the decay channeD’— ¢p°(w) imaginary part ofc;(cy) is the same as that @f(cg), d is
— ¢ the operator© andO$ contribute to the decay Zzero. This leads to the strong phaggbeing zero, in com-
matrix elements. If we define bination with Eqs.(45), (46).
- o The decay constantfs‘:](n,) and f;(n,) were calculated
(p°#|03|D®)=(¢|(ss)|0)(p°|(uc)|D%)=T;, (38) phenomenologically in Ref.23], based on the assumption
that the decay constants in the quark flavor basis follow the
we have pattern of particle state mixing. It was found that

116009-5
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S

f'=78 Mev, f

n

—112 MeV, f) =63 MeV, i ey

(48) (X |J#|D>: €uvpo€ "PB Py V(K?)
f$,=137 MeV Mo+ My
7' '

(55 D—mV. For the decay proces®*— 7" p°(w)
— o a7, two kinds of matrix element products are in-
volved after factorization, i.e.,

+i GZ(mD‘f‘ mx*)Al(kz) -
Mp + My

K
(p°()](dd)[0)(x*|(uc)|D ) (PP Ax) = g2k, As()

and e-k
+i F2 My« K, Ag(k?), (50)

(77| (ud)|0)(p°(w)|(dc)[D ).
These two quantities cannot be related to each other by symvhereJ,, is the weak currentk=pp— pxxx) ande,, is the

metry. Therefore, we have to evaluate them in some phepolarization vector oiX*. The form factors satisfy the rela-
nomenological quark models and hence more uncertaintieions F;(0)=F(0), A3(0)=A,(0) and As(k?)=[(mp

are involved. Similarly forD°— 7% % w)— 7 7~ we
have to evaluate (p°(w)|(dd)|0)(7°(uc)|D% and
(79 (dd)|0)(p°()|(uc)|D°) separately.

The matrix elements fob—X andD—X* (X and X*
denote pseudoscalar and vector mesons, respegtiagiybe
decomposed g4]

+ My ) 12Myx JA; (K?) — [ (Mp — Myx ) 12Miys JA(K?).
Using the decomposition in Eq&49), (50), we have for
Dt— 7T+p0(w),

+ = ’ 1 ’
ty =— \/EmD|pp| (Cl+ N_CCZ) prl(mi)

2 _ 2 1
mp — My + c’+—c’)fﬁA m? } 51
<><|J,L|D>=(po+px— k) Fa(k?) 2t g, o foAelme) 5D
“
5 5 where f, and f . are the decay constants of theand ,
N mD—me kMFo(kz), (49) respectively, aanP is the t+hree m+omentum of the
k It can be shown thaty =—t7 . After calculating the
penguin operator contributions, we have
|
is T
(a€'%)™ =—1, (52)
m?)—f Ag(m2)]| ci+ —c5| — Cgt+ —Ck
i5 + el P 0 4 Nc 3 (mc+md)(mu+md) 6 Nc °
(Be%R)™ = v : (53)
. X V,pVa
(r/e|§q)77+: ub~ch y (54)
2, 1 N 2 2\ | [ VudVeq
f Fa(my) + N_fon(mw) Ci+ N_prl(mp)+f1TAO(m7T) C2
Cc Cc
wherex is defined as
B , R FmA)+f Agm2)] | [2f,Fi(md) ) 1,
X= 2pr1(mp)+ N, c;+ N, +pr1(mp)+f7,A0(m7,) (o
2 2 2 2 2
+92|f Fl(mz)_ mwfwAO(mﬂ') , prl(mp) _ m’)Tf’lTAO(m’IT) (55)
P P Nc(mc+md)(mu+md) > Nc (mc+md)(mu+md)
We can consider the proceB®— 7%%(w)— 77" 7~ in the same way. We find
. f Fi(m2)—f,Ag(m?)
(agitayr®= — PP Al (56)

f,Fo(m2)+f,Ag(m2)’

116009-6



DIRECT CP VIOLATION IN CHARMED HADRON . .. PHYSICAL REVIEW D 61 116009

2mAf_Ay(m2) 1
f Fo(m?)+f_Ay(m? c’+—c’)— T u (c’+—c’)
(5.0 [p 1( p) T 0( 'n')] 4 NC 3 (mc+md)(mu+md) 6 NC 5
(Be'%s)™ = : (57

X

*
X Vubvcb‘

: 0
(r/elﬁq)w — —.
Vudvcd‘

(58)

[f,Fi(m)+f, Agy(m?)]

! 1 !
c+ N_CCZ

In Egs. (52)—(58) the form factorsF (m ) and Ag(m?2) enough information about the operator dependendg ,oive
depend on the inner structure of the hadrons Under the neaassumes; is universal for each operatpt3] and hence for
est pole dominance assumption, #fedependence of these each operator we use the same effective] = (N.);].
form factors are In the numerical calculations, it is found that for a fixed

N, there is a maximum point,,, for the CP violating

hAo parameten, when the invariant mass of the" 77~ pair is in

m* 59 the vicinity of thew resonance. We have calculatagl,, in
0 the rangaN.>0 for different decay channels. In the calcula-

wherem; =2.01 GeV andm, =1.87 GeV[24] andh; and tions we use the following two sets of form factdest].

Fi(k?)= W Ao(k?) =

ha, are given by the overlap integrals of the hadronic wave Set1h;=0.69, h, =0.67, hy=1.23,
functions ofD and X(X*) [24,25.

Having obtained the expressions fae'’=, Be's, and ha,=0.78, ha,=0.92;
r'e'%a, for different decay processes, we may substitute them
into Eq.(23) to obtain { sind) and ( cosd) for each chan- Set2h;=0.78, ha =0.77, hy=1.55,
nel. Then, in combination with with Eq$25) and(26), the
CP-violating asymmetries. can be obtained from Eq16). ha,=0.98, hp =1.27.

C. Numerical results The above two sets of parameters correspond to taking the

In the numerical calculations, we have several parameter?‘verage transverse momentum of the constituents in the me-

H 2
g%, N, and the CKM matrix elements in the Wolfenstein Zon 0 b;40k02 or:OOkZMeV,dr\e/s%ectrve{B{ﬁ]. Thek deperlrz—
parametrization. As mentioned in Sec. Il, the valueybfis ence ofA;(k%), Ay(k), andV(k?) are the same as in Eq.

. . 59)
conventionally chosen to be in the range 9d/m3<0.5. ( . + 4.0
For the CKM matrix elements, which should be determined TDeJrnumerrcaI results show that fdb —p~p"(w)

7, in the whole rangeN.>0, we havea, =3
from experiment, we use\=0.221, »=0.34 and p= xfo 4 \which is small. ForD%e;po(w)anwﬂrnlaXand

—0.12 as in Ref[8]. 0 A A :
. . 7' p°(w)—n' w77, from Eqgs.(45—(47) it can be
The value of the effectivél; should also be determined seen that the strong phaseis zero. Therefore, we do not

by experiment. Since the hadronization information is in- S .
; . . have CP violation in these decays in our approach. How-
cluded inN., the value ofN. may be different for different
ever, for other processes there is a small rangeNofin

decay channels. Furthermore since the color-octet contribu-
which we may have Iargamax (=1%).
tion associated with each operator in the Hamiltor{iBrcan For D ¢hp%(e) — the ranae of\. for a
vary, the effectiveN in the Fierz transformation for each _ /0. = (ﬁlpgggN <¢177997T while f%r A ‘;ppo(za)x
= . c . y c
operator may be different. In general, nonfactorizable effects pw+w, the range is 1.95N.<2.02. For D

can be absorbed into the effective paramea?rf&after the ot p%w)— 7wt we find that for the first set of form

Fierz transformation factors wherlN.=56, a;,,,= 1%, while for the second set of
o , off , 1 , form factors whenN.=136, a,,,=1%, in the range 0.3
8o = Cait (N, G2 B2i1T Caia T gy <g¥m2<0.5. ForD%— 7%%w)— 77+ 7~ we find that
when 1.98N_.<1.99 we havea,;,=1% in the range 0.3
(i=1,2,3, (60 <q2/mc<0.5 for both sets of form factors.
The above ranges fdd. were obtained by the require-
ment that we have larg€P violation in this range. How-
1 1 _ ever, whethelN, can be in this range should be determined
(Ny); = §+§i (i=1,....6, (61) by the experimental data for the branching ratio of each de-
cay channel. Usually the decay rate D fp° is deter-
with & being the nonfactorizable effects, which may be dif-mined primarily by the tree operatoi®; andO,, which are
ferent for each operator. However, since we do not haveelated totf In fact, the reason why we can find large?

where
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0 —— T T TABLE II. Values of Br(D°—¢p® and an, for D°
: — ¢p°(w)— ¢, with g/m2=0.3(0.5).
’ First set of form factors
N¢ Br(DO_’CbPO) Amax
1.31 9.0x10 * 1.2(1.3)x10°4
1.36 7.2<1074 1.3(1.3x 1074
1.41 5.%10°4 1.4(1.4x10°4
1.46 4.4<10°4 1.5(1.5)x 104
1.53 3.0x10 * 1.6(1.6)x10 4
10 , , , , , . . . . Second set of form factors
1 1.2 14 16 18 2 22 24 26 28 3 N¢ Br(D%— ¢p°) Amax
N, 1.41 8.9< 104 1.4(1.4)x 104
o 1.46 6.9<10 4 1.5(1.5)x10™4
FIG. 1. The variation of lfa, over the range £N.<3. The 151 53104 1.6(1.6)< 10
solid line is for D%— 7% % w)— 707" 7, with the first set of _, 4
form factors andg?m2=0.3, while the dotted line is forA, 1.6 40(10_4 L.7(L.7) 10_4
—pp(w)—pmt -, with g?/m2=0.3. 1.60 3.0<10 1.8(1.8)<10

violation in some range o, is that in this rangetf, be-

comes small enough so that, qnq hence, becomes large ;0 there are no experimental data at pre@6i. There-
[see Eqgs(19), (20)]. However, ift, is too small the decay fqre, there is still a possibility thaX. could be in the range
rate it yields forD— f p° may be smaller than the experimen- required for large CP violation for D°— 7%%(w)
tal data. In such a case, the rangeNafin which we could 70+ 7= or A —pp°(w)—p7* 7. In Fig. 1 we plot
have largeC P violation will be excluded by the data. In|as,] over the range £N.<3 for these two processes,
The decay widths for nonleptonic decays of Deneson  \,ith q%m2=0.3 and the first set of form factors fd°
can be calculated straightforwardly in the quark model of N

s o om i i ( —mp%w)— 707" 7. In fact, the difference between the
efs.[24,29. Since we are considering the range My in o5 forg2/m2=0.3 and 0.5, and for the first and second
whicht, is small, we have to take into account the penguin

! ; , set of form factors foD%— 7% % w)— 707" 7™, are small.
contributionsp,, as well when we calculate the decay widths. This can be seen more clearly from Tables IV and V.

In the calculations of the decay width f&r°— ¢p°® we use The decay width foD%— 7%0° is calculated in the same
f4=237 MeV. We find that for the first set of form factors \yay and we find that for the first set of of form factors the

the branching ratio is smaller than X30"° and for the  pranching ratio is 1.4(1.210°8, while for the second set
second set the branching ratio is smaller than<@6 % in  he branching ratio is 1.8(2.910°8 for N.=1.98(1.99).

the range 1.98 N.<1.99. The dependence of the branchingtp;s prediction is almost independent qf/m? .

ratio onq?/m? is negligible. These branching ratios are much The branching ratio for .— pp° can be calculated with
smaller than the experimental data{8) < 10" [26] which  the same method as that in RES], where we worked in the
corresponds to 1.3IN;<1.53 (1.4kN.<1.60) for the  heavy quark limitm,—c and used the diquark model had-
first (second set of form factors._ Similarly, wheN. =56 the [ gnic wave functions for both the heavy barydy,, and the
branching ratio foD* —m*p® is smaller than 1LB10°°,  proton, p. As in the neutron case, in the diquark model the

responding to 2. &N <2.9 (2.5<N;<3.4) for the first(sec-

ond) set of form factors. Therefore, we cannot have lagge TABLE Ill. Values of Br(D*—mp% and ay. for D
violation in D%— ¢p®(w)—¢m" 7w~ and D' — 7" p°(w) ot pw)— e, with g2/m2=0.3(0.5) e

+ - ) : ).
— T T T .

However, for the decay process&— 7%p° and A,

First set of form factors

TABLE I. Values of BrD " —p*p°) with the first(second set N, Br(D™— 7" p% Amax
of form factors andan,y for D™ —p*p(w)—p* w7, with
q¥m2=0.3(0.5). 2.1 1.4x10°3 —3.0(-3.0)x10™ 4
2.5 9.8x10 4 —3.9(—4.0)x10°4
N, Br(D*—p*p9 Amax 2.9 7.3x10°4 —4.9(-4.9)x10"*
Second set of form factors
0.5 6.3(9.6)<10°? 2.0(1.8)x10°* N Br(D* 7" p%) a
1.0 2.5(3.8)< 1072 1.4(1.3)x10"* c P max
1.5 1.6(2.5x 102 1.1(0.96)< 104 25 1.3x10°3 —4.0(-4.0)x10°4
2.0 1.3(1.9x10 2 8.7(7.7)x 10 ® 3.0 9.2<10°4 —5.2(-5.1)x10"*
3.0 0.95(1.5x 10 2 6.1(5.3)x 10 ® 3.4 7.3x10°4 —6.1(—6.0)x10" 4

116009-8
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TABLE IV. Values of Br(D°— 7%p°) with the first(second set
of form factors andan,, for D°— 7% w)— w7 7, with
g?4/m?=0.3(0.5).

Nc BF(D0—> WOPO) amax (set ) amax (set 2

0.5 2.1(2.8x10°2 1.0(0.94)x 104 1.1(0.93)x 104
1.0 2.3(3.0x10° 9.5(8.2)x 10 ° 9.3(8.1)x 10 ®
1.5 2.5(3.3x10°4 9.7(8.7)x 10 ® 9.3(8.4)x 10 ®
1.9 4.8(6.2x10°° —7.1(—8.3)x10° % —7.4(—8.6)x10*
1.98 1.4(1.8x10°% —1.4(—1.6)x10 2 —1.5(-—1.7)x10 ?
1.99 1.7(2.1x10°8 1.4(1.6)x 102 1.4(1.7)< 1072
2.1 7.3(9.4x10°°® 7.2(8.1)x10™* 7.5(8.3)x10™*
25 1.0(1.3x10* 2.5(2.8)x 104 2.7(2.9x 104
3.0 2.8(3.6x10* 2.0(2.1)x 10" * 2.1(2.1)x 10 *
10.0 1.6(2.0x10°3 1.5(1.4)x10°4 1.5(1.4)x 104

is the scalar diquabkis also 142 for the proton[27]. We
find that for N;=1.95(2.02) the branching ratio fol
—ppQis 7.9(7.5x 10 ® for b=1.77 GeV %, corresponding
to (k?)¥2=400 MeV, and 6.9(7.0x10 ° for b=1.18
GeV 1, corresponding tdk?)*?=600 MeV, where(k?) is
the average transverse momentum of drguark in theA .
Again the branching ratio is very insensitiveqé/mﬁ.

In Tables |-V we list numerical results foa,,,, and

Br(H.— fp°) for various processes, with different values of

N, andg?/mZ. It should be noted that BH.— fp°) is al-
most same fog?/mZ=0.3 andg®mZ=0.5. Table | shows
explicitly that, for D™ —p ™ p%(w)—p 7w 77, anay is at
most~ 10~ % no matter whaN, is. From Tables Il and IIl we
can see that in the region b, allowed by the experimental
data,an,y is of the order 10* for D°— ¢p°(w)— p7* 7™

andD*— 7" p%w)— 7" 7 7. It can also be seen explic-

ity from Tables IV and V that there is a range fbl. in
which an., may be bigger than 1% foD°%— 7% % w)
— a7t andAy—ppP(w)—prt .

In Fig. 2 we plot the numerical values of tkEP-violating
asymmetries,a, for D%— 7%°%w)— 7 7~ with N
=1.99 andq2/m§=0.3, 0.5(for N.=1.98 we have similar
results as a function of the invariant mass of thé 7~ pair.

TABLE V. Values of Br(A.—pp°®) with (k?)? = 400 MeV
(600 MeV) and apmay for Ac—pp°(w)—pmtm~, with g?/m?
=0.3(0.5).

N¢ Br(A.— pPO) Amax
0.5 2.2(1.9x 104 2.0(1.8)x 10 *
1.0 2.4(2.1x10°° 3.3(3.0x 10 *
1.5 2.6(2.3x10°° 7.3(6.7)x 10 *
1.9 4.9(4.3x10°8 3.9(4.1)x10°3
1.95 7.9(6.9x10°° 1.0(1.1)x 10?2
2.02 7.5(7.0x10°° -1.1(-1.0)x10°?
2.1 7.5(6.5x1078 —3.4(-3.1)x1073
2.5 1.1(0.92x 108 —8.0(-7.4)x10™*
3.0 2.8(2.5Kx10°8 —4.3(—4.0)x10*
10.0 1.6(1.4x10°° -1.1(-1.1)x10*

PHYSICAL REVIEW D 61 116009

0.015 - 5 -
001 |

a 0.005 |-

-0.005

.0.01 1 1 1 1 1
720 740 760 780 800 820

840

Vs(MeV)

FIG. 2. The CP-violating asymmetry for D°— 7%°%w)
— a7 7~ (with N.=1.99) as a function of the invariant mass of
the =" 7~ pair. The solid(dotted line is for q2/m§=0.3 (0.5).

It should be noted that in Fig. 2 we used the first set of form
factors. The results for the second set change very little. In
Fig. 3 we plot the results foA .— pp°(w)—p=m* 7, with
N.=2.02 andqzlmgzo.S, 0.5(for N.=1.95 we have similar
results. In both of these plots we find that we can have
Ama=1%.

IV. SUMMARY AND DISCUSSIONS

The aim of the present work was to look for possibilities
of large CP violation in charmed meson or baryon nonlep-
tonic decaysH.— f#" . SinceCP violation in the charm
sector is usually estimated to be very snildbs than 10°),
it would be fascinating to find cases where P violation
is large (>1%). Following our previous work oiC P viola-
tion in the b-quark systenv,8], we have studied direct P
violation in D"—p*p%w)—p ata, DT 7" p(w)

—atataT, D% ¢p%w)—dmta, D% yp(w)
—qprtaT, D°—y'p%w)—n'7mtm, D°-7’p%(w)
—am T, aﬂdAchpo(w)HpW+7T_ via p-w mixing.
0 T T T T T
0.002 | . -
0.004
a  -0.006

-0.008

_0 '0 1 2 1 1 1 1 1
720 740 760 780 800 820

840

Vs(MeV)

FIG. 3. The CP-violating asymmetry for A.— pp°(w)
—pmtaw, with N;=2.02. The solid(dotted line is for q%/m?
=0.3(0.5).
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The advantage g5- w mixing is that the strong phase differ- discussing direc€ P violation, we have to evaluate hadronic

ence is larggpassing through 90° at the resonancg for  matrix elements where nonperturbative QCD effects are in-
some fixedN.. As a result, theC P-violating asymmetrya  Vvolved. We have worked in the factorization approximation,
has a maximuna,,,, when the invariant mass of the" 7~ which has not been justified completely up to now. It has
pair is in the vicinity of thew resonance. It was found that been pointed out that this approximation may be quite reli-

amax depends strongly on the effective parametgr. For ~ able in energetic weak deca}8,10]. There has also been
D —p p%w)—p m m, D'—pp°%(w)—npatm, and SOme discussion on nonfactorizable contributions. In Ref.

DO 5 p%(w)— 7' w7, ana iS small over the whole [12] the authors introduced two phenomenological param-

range N.=0. However, for other processes we found that in€ters,e; and eg, which are scale dependent to parametrize
order to havea,,=1%, N, should be in a particular range Nonfactorizable effects. The scale dependence,dind eg
in which the amplitude, becomes small enough so that we Cancels that of the Wilson coefficiertg andc, and it leads
can have largeCP violation. This is because whet} is [0 @1 andaz'. In Refs.[11,13, renormalization-scheme-
small r can become large, leading to lar@® violation. independent coefﬂuen'_ts are used and with _the definition in
However, whether or nd¥, can be in such a range is deter- _Eq. (60) an effectiveN, is introduced to descrlbe. nonchtor-
mined by the decay branching ratios fdg— f °. izable effects. On the other hand, Buras anq $|Ivesﬁmn]
The experimental data exclude the possibility of lagje ~ deémenstrated that in the approach of R&®], it is possible
violation in D* — 7" p%(w)— 7t 7t~ and DO ¢hp%(w) to find a renormalization scheme in which the nonfactoriz-
able parameters; and eg vanish at any chosen decay scale.
In principle, such a scheme can be determined by experimen-
tal data. However, the present data is not accurate enough.
We can see from these investigations that more work is
range ofN,. We estimated that in order to have larg® needed before we canjudg_e the factorization approach. Since
violation, the branching ratios fd°— 7% and A, —pp°® € decays faret Igssb:ane;fgettlc tlhletrrlljecays, V\t/e exkpect .evlgnf
e _ o  more nonfactorizable effects. In the present work, as in Refs.
should be around 10—-10°® (N,=1.98 ar 1.99 forD [11,13, we introduced an effective value &f. in Eq. (60)
and assumed that it is the same for eaﬁﬁ (i=1,...,6).
gihe value ofN. should be determined by experimental data
and it will, in general, depend on the decay channel, since
fadronization dynamics can be different for each channel.
Furthermore, its value depends on the Wilson coefficients to
be used. We avoid the scheme dependence in Wilson coef-
ficients by using the scheme independent ones. However,

asymmetry phenomena required for baryogenesis such coefficients do depend on infrared regulators and gauge.

Our analysis can be extended straightforwardly to say'n_ principle, this dependence should be cancel(_ed b_y the ma-
= Ap%w)Amtw, and  also De—K*po(w) trix elements of the operators. Furthermore, while discussing

+ + 0 + ot 0
—K*7* 7™, if we assume SUB) flavor symmetry. In the the , Pbrocesses D" —m p (@)—a m 7 and D
. A —amp-(w)—m w7 we have to evaluate the matrix ele-
calculations ofCP violating asymmetry parameters we need

the Wilson coefficients for the tree and penguin operators atrtnents In some phenomenological quark model. All these fac-

; . -~ 1tors may lead to some uncertainty in our numerical results.
the decay scalen,. We calculated the six Wilson coeffi- However, as pointed out earlier, since the la@fe violation
cients to the next-to-leading order by applying the formalism - asp '

developed in Refs[15,16 and the relevant anomalous di- we predict is m_alnly caused by Smel!_l'n SOme range of the
mension matrix elements. Since we only considered stron henomenological parameter associated with the breakdown

penguin operators, and since the strong interaction is ind f factorization, we expect that our predictions should still

pendent of flavor, the relevant formulas in Réfs5,16 can provide useful guidance for future investigations.

be applied toc decays directly. We worked with the

renormalization-scheme-independent Wilson coefficients.

Furthermore, to be consistent, we introduced the effective One of us(Guo) would like to thank A.J. Buras for stimu-

Wilson coefficients by taking into account the operatorlating communications. This work was supported in part by

renormalization to the one-loop order. the Australian Research Council and the National Science
There are some uncertainties in our calculations. While=oundation of China.

— ¢ 7w . However, since we do not have data fof
— 9% and A .—pp? at present, it is still possible that we
could havean,=1% for D°— 7% w)— w77~ and
A—pp(w)—pm 7~ via p-w mixing in some small

— %% andN,=1.95 or 2.02 forA .— pp?). It will be very
interesting to look for such larg€ P-violating asymmetries
in the experiments in order to get a deeper understanding
the mechanism fo€P violation. On the other hand, as ex-
plained in Sec. llIC, the larger asymmetries are associate
with smaller branching ratios and this will make the mea-
surements more difficult. Furthermore, the studyCd? vio-
lation in A, decays may provide insight into the baryon
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