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The semi-inclusive decayy,—q,X;; are studied in the framework of the minimal supersymmetric standard
model withoutR parity, whereqy, (q;) are second or thirdfirst or secon@i generation quarks with the same
charge an;; is a vector meson formed iy q; . The study is focused on the contributions of sfermions with
My <M. I this mass regiorC P asymmetries in top-quark decays can be induced by taking into account the
decay widths of the exchanged bosons, while in light-quark decays it can be generated due to long-distance
effects. The contributions of sfermions also alter the branching ratios destructively or constructively depending
on the phase of the complex couplings of Reparity violation interactionsS0556-282(98)02719-7

PACS numbgs): 14.65.Ha, 12.60.Jv, 14.65.Fy

With the discovery of the top quaflk], the entire quark other, we are going to consider both top- and light-quark
sector, as predicted by the standard mo@M), has been decays simultaneously. Specifically, we will discuss the
observed. The heavy top-quark and also other light quarkBavor-changing semi-inclusive decays—u(c)X;;, ¢
have been attractive to theorists and experimentalists to test UX;;, b—d(s)X;;, ands—dX;;, whereX;; denotes the
the SM as well as open a window for physics beyond thgespective vector mesons, for examplg,, =p,@,J/¢, ..

SM. Some valuable information is expected from someandde P)Y,..

classes of its decays that should be observed in, namely, Moreover, in the present paper, the interest is focused on
top-quark and meson factories. Theoretically, BIBK me-  direct CP asymmetry defined as

son decays were studied thoroughly a few decades ago, while

most top-quark decays are still under study. r-r A
Comparing both of them, a study ®&DK decays is Acp=——=—, (1)
mostly confronted with theoretical difficulties such as non- r+r =

perturbative effects. On the other hand, in top-quark decays

the difficulties stem from the experimental side that is stillwhereT” denotes the partial width for thé P conjugate to

far from carrying out some precise measurements as will béhe partial decay width given by. For the decays under

achieved foBDK decays in meson factories, although top-consideration the right-hand side reads

quark decays are free of theoretical uncertainties because of

its large mass scale. It is also well known that most models A — _ E Im(a® a,)Im(M* M,) )

beyond the SM contribute significantly to raB®K decays, Zy X Xy

and its presence should be examined in present or near-future

meson factories. On the contrary, although rare top-quark . *

decays are also very sensitive to new physics, E2g4], the 2= EX: e M X|2+gfy Re(a ay)REM M),

rates are still at unreachable levels even in future top-quark (3)

factories such as the upgraded Fermilab Tevatron or CERN

Large Hadron CollideLHC). These facts encourage us to if one describes the amplitude ad=3,a,M, . Hence, the

consider some modes with rates with order of magnitudémaginary parts of &x «,) and (M M,) are required to be

between those of the lowest charged current and the ramgonzero coincidently in order to have nonz&® asymme-

decays. Then we consider the class of semi-inclusive decaysy.

an—a;X;; . Hereqy, (q;) are second or thirdirst or secong Indeed, in the framework of the SM, ti@P violation in

generation quarks and have the same cha@Qg=(Q)), these decays has been studied in some papers. The decays

while X;; is any vector meson formed hyq;. Since dia- b—d(s)X,y have been discussed [iB] for the typical one

grammatically both top- and light-quark processes are samig—dJ/¢. It has been concluded that tiP asymmetry is

and the interactions working on them may be related to eactiny, i.e.,~0O(10 %), generated due to strong or electromag-

netic scattering in the final state. However, the size could be
at the few percent level if one takes into account the long-

*Email address: Ithandoko@bigfoot.com distance effects of the intermediate states with the same
"E-mail address: jhashida@theo3.phys.sci.hiroshima-u.ac.jp  quark content as the final stafi@]. On the other hand, re-
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cently the decays—>u(c)xdjgj have also been examined in the mode is very interesting, if experimentally the unitarity

[6]. Different from the bottom one, in the case of top-quarkOf the. CKM matrix is known to be conserved while, for
decays,CP violation is induced only by scattering in the €xample, the decap—s¢ is observed at the appropriate
final state. It gives a size of less th@{10 2). Therefore in level. Again, there are no tree-level FCNC modes in the up-
the SM,CP asymmetries in the present class of decays aré/P€ quark sector in the present model. o
almost at an unreachable level of experiment, but inversely it After performing a Fierz transformation, the amplitude in
makes them good probes to detect new contributions beyoriie processes through multiple-boson-mediated diagrams

the SM. is governed by the following operator:
Presently, one of the well-known candidates for models 5 .
beyond the SM is the supersymmetric standard model M=V2Gefy, My, My ex, *
(MSSM). The model is attractive because of a solution of the
naturalness problem and also a lot of interesting properties. % CE Coi) F B v L @
Especially, one of them that is relevant to our interest B 25’: (€ sChis) 72707 IL A v LG,

violation due to brokerR parity (Ry). R, conservation is . , o

imposed to prevent terms which explicitly break the baryonPY taking the factor of the SM-like contnbut:)c(a_nggs the nor-
(B) and lepton ) numbers. In the SM, the gauge symmetry Malization factor. Herd =(1- y5)/2 and 7, "i” is a B-
leads to the conservation BfandL, while in the supersym- boson propagator that will be given later. The vector meson

metric (SUSY) model it does not prevent the termig]. IS factorized as

Without R,, there will be additional terms in the superpo- —

tential [8]; that is, <0|qj ’yﬂqj|xjj>:mxjjijjéxjjﬂ’ ®)
WRpZ?\ijkLiLjEE+ )\i'jkLinDﬁJf M;kUiCDjCDﬁjL KiLiH5. wherefij is a constant with dimensions of mass aagﬁll‘ is

(4)  the polarization vector. The coupling constadﬁ%chjg are
given in Table I, whera=(2v2Ggmy,?) ~* andV denotes
Here,L andE® (Q andU*®, D) are the lepton doublet and the CKM matrix, respectively. In the table, nonzero condi-
antilepton singletquark doublet and antiquark singléeft-  tions are derived from the antisymmetry of interchanging the
chiral superfields, whileH, , are the Higgs doublet chiral jndices of\”, while the allowed modes are determined from
superfields. i(,j,k) are generation indices, while.(\",\") the kinematics.
are Yukawa coupling strengths. In fact, up to now there has First, let us consider the branching ratio. In general, it is

still been no theoretical preference between conserved angktter to consider the charged-current decay normalized one;
violatedR,. that is,

It is obvious that semi-inclusive decays,— q;X;;, can
be induced by eithex’ or A" terms at the tree level. Then, '(an—a;X;;) .
the Lagrangians that are relevant to the present processes are B(ah—qXj;) = WB(%HQI’X_)' ©)
given by expanding the terms in E@):
. o o . to eliminate some uncertainties in the overall factors. Here
Ly = —)\i’jk[v'Lade,_J+dtar§v,_'+(d'R)*(v'L)°d,_J ;- is any light quark that has a different charge fram,
while X* is anything with charger 1. Definitely, we nor-

—epdru —uldie '~ (d9)* (eDulT+H.c., (5 malize t—u(c)X;; (other light-quark mod@swith t— bW
- - (its semileptonic decaysas usual. The decay width in the
Lyn= _)\i,}k[’aiée(ulL)chj+a{:{(aE)CuLi+’aiR(dJL)chk] numerator can be written as
+H.c. (6) G2t2 mym,
T(gy—q X )= i \/EVX_“}- IXij

Note that\” is antisymmetric under the interchanges of noH 8 !
[j,k]. These terms induce new contributions to the decays 2
with the same level as the standaittboson-mediated dia- X % (C gCnip) F2705) . (10)

gram. From the point of view of the SM, there are two types
of decays that may occur in the present moddlt) The . .
SM-favored modes induced by-boson, slepton, and down- in the heavy-quark center-mass system under the assumption
type squark exchange diagram) The SM forbidden thatEx;=2E; andmy =2m;, whereE denotes the time

modes induced by sneutrinos and up-type Squark exchang‘@mponent of the four-momentum. Here, a caret means nor-

diagrams. malization withm,,. Keeping the light-quark masses,
The second one above is known as the tree-level flavor- . . . . o

changing neutral currenFCNC) modes that are also al- gYY=1+mj+mj—2(mZ+mj+mimp), (11)

lowed in some models with additional isosinglet charge

(—1/3) quarks. The most important difference is that in the FY=(1-m)2+(1+mfm;—2m. (12)

present model the unitarity of the Cabibbo-Kobayashi-
Maskawa(CKM) matrix is not altered at all. In this meaning, F,ii? is the B-boson propagator contribution,
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TABLE |. The coupling strengtit’; ;C,s for each mode.

Nonzero Allowed
Type Decay mode B ﬁBCth condition mode
w V" Vy -
1 t—uXgg, d a(\ 7" Nay)) K#j j=1,2,3
I a(h g  Megj) - -
w Ve Vi -
t=CXqq [ a(N ok M) K+ j=1,2,3
I a(N ™ MNeaj) -
w V" Vy -
C—UXyq dy a(N Y Nog) K#] j=1,2
I a(N g Megy) -
w Via*Vip - _
b—dX,y, dy a(N 1 Max k=2 =12
[ a(Aggs" M) -
w Vis*Vib - _
b—sXyy, gy a()\j/’zk* j:3k) k=1 j=1,2
Iy a(Agjz* Nij2) -
w Via* Vis -
s—dXuu dy CICNETARNPY k=3 =1
Iy a(h 2" M) -
_ Uy a(N 1 M) k=2 C_
2 b—dXy g ~ ) ) =1,2
% {Vk a(N g M) - :
_ Uy a(A 2" N k=1 i
b—sXyg ~ ) ) =1,2
%o {Vk AN * Nigp) - :
_ Uy a(N 1 M) k=3
s—dX4 g ~ ) ) =1
%9, {Vk (M ™ Meoj) - :
1., 1 = . N
= (1+ —m— \/gxy+4m§—m§) +iFZmZ} for gn=t,
F 2 4 2 (13
~-m,? for qn#t,
|
under the kinematical conditiamg<<m;, for g,=t. Note that F¥=1—8m2+8m°—mé—24m* In m (15)
X X X X X"

including the decay width in the propagator is essential for
CP asymmetry. This point will be discussed later. Further,

the charged-current decays in the denominator are given ae remark that the QCD corrections to the light-quark de-

follows:
I'(gp—q;-X™)

é':mh ’ ’
\V; ,2 le I''w
8V [Vhir|Vg 1

G2my, ,
1073 Vi |23

for (gp=t,X*=W=*),

for (qn#t, X" =1v),

14

cays have been omitted for simplicity. For a more precise
estimation, the effects must be included; however, the size
should be reduced because of the cancellation in the ratio
defined in Eq(1). For g,=t, the QCD corrections are pre-
dicted to be tiny because the top quark should decay at once
before hadronization.

Now we discuss the main interest of this paper. As shown
in Egs.(1) and(2), nonzeroCP asymmetries arise from the
nonzero imaginary part of the interference terms between the
amplitudes and its coupling strengths as well. For top-quark
decays in the present model, these requirements are satisfied

where]—'3" accounts the phase space function in semilepby taking into consideration the decay width in the boson

tonic decays, i.e.,

propagator and the complex couplingg,{’,\"). This is
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the reason why one cannot neglect the decay width in Eq. = i _ .

(13) as pointed out before. Calculatidgdefined in Eq.(2) T Pxt3 ('r;‘(lmxjj Px'—Tx'Pilmx“) Txr s (19
gives

RS and CP asymmetry in light-quark mode becomes
G,Z:f)z(”m\‘}\,mh

— [~ Xii X5 ~ ~
A= 4 9T A (T Tx) T
cP~ m —
> o *(C* X Ty, x |2+ [T, x |?
XB o Im[(Cjj 5,Chis,) (CIjByCthy)] Im%jj Im%jj
x7 Py -
XML (F o™i * F i), (16) | P P 1 Px P
F* T* 2\ F* F*
Using Egs.(1) and(10), CP asymmetry in top quark decay L Txr XimXij Txr TXuan
is found to be .
Vin * Vi
Im w for type 1,
Acp== 2 IM[(C}5Crj)* (Clis,Cois)] MR 20
X y I Vlh/*vhh/ f 2
m ————| for type 2,
><lm[(fz'xj13x>*fz'xiij][; |Gl Cojisl 21 751512 L LGy Cnit
if the total decay width is approximately dominated by the
+BZ,B RE{(CﬁBXCthX)*(CﬁByChjgy)] tree operator. Heré' denotes the lightest sfermion afidis
oy . the CP conjugate ofT. A tilde means
XRG:(lex”BX)*lex”By]] : 17 CG?Chﬁ F Nl
TW 1—|—Z Vlj*th m for type 1,
f

On the other hand, in light-quark deca@® asymmetries T= . ~
are largely affected by hadrons in the initial, intermediate, ~ CitCnii - Foiif
T 1+ > —

A ~ X’
ff’ |j?rchjf' Fo i

and final statef9]. Especially, as mentioned first, it has been
pointed out thatCP asymmetries of the present classBf

decays may be enhanced by long-distance effects of the in-
termediate states with same quark content as the final statg;je
while other intermediate states with a different quark content

are negligiblg[5]. In this case, a different amplitude is gen-
erated by the penguin operator that has a phase different |~DEPW< 1+2
from the tree one. In our notation, for general hadronic decay T
Xnm— X' —XimX;; with X" is an intermediate state that has [ _
the same quark content a§.,X;;, the amplitude is ex- for both types.T” (P”) denotes the3-boson-mediated tree

) for type 2,
(21

CriCnji P
Ijf ~'nJ (22)

Vlh/*vhh/ P_VV

pressed as (penguin operatgr. Since tbe matrix elements depend on the
hadronic statesQTxlmx“) (<PXIijj>) is in general different
M= % (Cr}zscth)Txlmx” +(Cﬁ1rgchh'B)Px,mxjj from (Tx/) ((Px))-

We remark that the results in Eq4.0), (16), and(19), at
i least numerically, are not altered so much by the diagonal-
+'§E [(CE i) T+ (C o i )P 1 T ization of squarks . ,dg), although, in fact, squarks are
X' essentially mixed with each other due to a large Yukawa
coupling of their partner quarks in the MSSMI1]. So for a
rough order estimation and also reducing the model depen-
bqeence on the diagonalization, it is better to use the weak
eigenstate as it is. Imagine the process is through a squark-
mediated diagram; then, we can appreciate this point in two
extreme cases. The first case is when the masses are almost
decoupled; then, the branching ratio will be quadruple, while
the CP asymmetry will be reduced by half by using Egs.
(10) and (16) or (19). On the contrary, when the mass dif-
ference is extremely large, one can neglect the large ones
A= |m[(CﬁBCth)*(CrhIBChh’B)] 2 Im ﬁ-;lmxnbxlmx“ _because the contribution will be suppressed by the inverse of
X’ its mass square.

(18

under the assumption that the rescattering effects can
treated perturbativelyT (P) denotes the tre@enguin op-
erator, while 7y, denotes the scattering amplitude Xf
—XimXjj - Here, the penguin contribution is normalized by
the heaviest virtual particleqgf,) contribution. Hence A
reads
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FIG. 1. Ratio of the branching ratio df—sJ/ ¢ (left) and b
—dJ/ ¢ (right).

FIG. 2. The branching ratio ob—d(s)¢ or b—d(s)p(w)
(left), and ratio of the branching ratio cf—dp(w) or c—u¢
(right).

Now we are ready to make a numerical analysis of the
branching ratios an@ P asymmetries. Many authors have right ong. However, in case of either type 1 modes or type 2
extracted some direct and indirect bounds for the couplingnodes with tiny Cy, (Cij>Cy~0), one must plot the
strengths in Eqg5) and(6), i.e.,A’ and\”. The bounds can branching ratio itself as depicted in the left figure in Fig. 2,
be seen in Table 1 of Ref12]. However, until now there has |eaving fy as unknown. Note that in Fig. 2 it seems that
still been no rigid constraints foc”. Moreover, sinc orL o0 are“ no significant differences between either
parity is still a pogsib!e solution to maintain a stable proton_}d(s)d) with b—d(s) p(w) or s—dp(w) with c—ug. On
and allow forR, violation as well, we assume that only one o oiher hand, foE P asymmetries in light-quark decays, a

of these symmetries has been violated. Next, we consid% h prediction can be performed simolv b : 8
only the must-be lightest sfermion for each sector and tak%nlég(z%r |In IgeneraICPp arsy:nmetf;/ f?)ry tyyp:ST gWEﬁ? t))e
the other sfermions to be sufficiently heavy that their Contri('jphanged. by a factor of

butions may be neglected. Hence, the analysis is simplified;
i.e., it is sufficient to take into accountV- and one
T-mediated diagrams for type 1 or only a sindlenediated

diagram for type 2. This approximation is still good, at least,
to the precision implied by not including QCD corrections.

Acp~ AN 1+ (24)

Cw mfz

aCf mWZ) -1

H D\ W -
For the branching ratios of charged-current decays, w&ince(P)~(P™) for Ct around the present valy&,4]. For
example, let us conside€CP asymmetry in the decayp

put B(b—clv)=0.103 andB(t—bW)~1 by assuming the AR
mode to be dominant in top-quark decays. Also we use thg (d_‘Jll ‘/Lfl-w I2n) ;hjsp'\)ﬂre?oerntcr?gocl)eg 1|t5w:fjlllmije V(;r:iaonugsedsggp of
experimental resultam,=6 (MeV), m.=1.3 (GeV), m, cP =

0,m:). On the other hand, in the framework of the SM
=180 (GeV), my=10 (MeV), m,=200 (MeV), m,=4.3 ( U . ' _ Z _
(GeV), my— 80.%3 (GeV), and FTN=2.O7 (GeV) art;d the including long-distance effects, c.® —DD " — 7 Iy,
Wolfenstein parameters of the CKM matrixAQ\,p, 7) the value has been predicted to Hgh~ 1% [5]. A predic-
~(0.86,0.22,0.3,0.34)10]. In the figure captions, the cou- tion for other light-quark modes can be accomplished by the
pIinds a{re. re’dt.afi1néd o %V*V andCi=)/. *)\", o or same procedure, respectively. We remark that the procedure
Yy SEw T Rk tirjrke = here does not require any kinematical condition like before,
)\ijk*)\i,j,k, , respectively. The size @3 in some figures is

i.e., mg<m.
=<0.015, which is the allowed limit for most coupling |n tgp anrk decays, the dependencesmprandmy  are
strengths listed in12]. In all figures, for '_[he mu_st-_be Iighte_st drastically suppressed. It makes the discrepancie“s between
sferm|pn mass we puﬁmt<m;_<mt, which satisfies _the Ki- different modes are almost coming from CKM matrix ele-
n.ema.tlcal. requirement mentioned below Ef3). This re- . ments. So one can describe them generally as depicted in
gion is still above the lower bound from the LEP_ experi- Figs. 3 and 4. From the figures, the sfermion contributions
ments. Further, we pub;~2I'y, for the whole region of

. X will be maximum near the resonances. An interesting behav-
sfermpn masses. For Fhe narrow region of masses under cop; appears in Fig. @); that is, in the small coupling region
S|derat|on, this approximation is good although in general th(ﬁ ht sfermions are favored to obtain lar@® asymmetry
decay width must be dependent on the mass. The phase Md vice versa

complex couplingCs is defined as In conclusion, the class of decay modgs—q,X;; has

been studied in the framework of the MSSM withdwry.

The study has been done for top- and light-quark decays

simultaneously, and focused on tl@P asymmetries for
Since large branching ratios of light-quark decays in thelm <my<m,. It is shown thatCP asymmetries in top

SM are favored, it is better to describe the ratio of SM andquark decays can be induced by taking into account the de-

MSSM with R;-violation cases. Then the unknown param-cay widths of the exchanged bosons, while in light-quark

eterijj will be eliminated as shown in Figs. 1 and(the  decays it can be generated due to long-distance effects as

Ci=|Cqle"”. (23)

094008-5



L. T. HANDOKO AND J. HASHIDA PHYSICAL REVIEW D 58 094008
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3z /
= 04 [- + + / g
8 / 06 | 4 R
k| / -
= # /
0.3 - + » 4 ]
n:“ } s‘( / g =
s A / 0.4 i
2 o2 | + R + ks 4
E Y / W
= 7 ’ X
s L7 L0 1 fir 1) i Ry 0.2 AN g
) S ~
. = 7 \\\\ ,;i s St
° - S Az . e 1 . .
110 130 150 130 150 0.1 0.2 0.3 o 90 120 150 0.01 0.02 o.5 1.0
m, [GeV] m, [ GeV ] 1c1 m, [GeV] 1C, 0 o/
FIG. 3. The branching ratios df~u¢(Y) andt—c¢(Y) for FIG. 4. TheCP asymmetries int—u¢(Y) andt—c¢(Y) for

various(a) (Cy,C7), (b) C7 with Cyy=A\?, and(c) n; with Cyy various(a) (Cy,Cs) with =/6, (b) m; with 6= /6, and(c) 6
=AN2. with (|Cwl,|Ci]) = (AN2,0.015).

. N . . __some supersymmetric productions, they have a double kine-
usual. The sfermion contributions due to the new interactiong,atic reach that makes them better for achieving precise
in the R-violation superpotential change the branching ra-neagyrements. Therefore, combining the various production
tios andCP asymmetries significantly. Both measurements,, 4 decay modes will lead to a wide range of potential sig-
are very sensitive to the coupling strengths and sferm|0|?]a|S to search foR, violation in the MSSM.

masses as well, which makes the modes good probes to
search forR, violation in the MSSM. Finally, although the L.T.H. would like to thank Ministry of Education and

decays suffer from small Yukawa couplings compared toCulture of Japan for the financial support.
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