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Direct CP violation in semi-inclusive flavor-changing neutral current decays in the MSSM
without R parity
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The semi-inclusive decaysqh→qlXj j are studied in the framework of the minimal supersymmetric standard
model withoutR parity, whereqh (ql) are second or third~first or second! generation quarks with the same

charge andXj j is a vector meson formed byqj q̄j . The study is focused on the contributions of sfermions with
mf̃,mtop. In this mass region,CP 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 theR-parity violation interactions.@S0556-2821~98!02719-2#

PACS number~s!: 14.65.Ha, 12.60.Jv, 14.65.Fy
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With the discovery of the top quark@1#, the entire quark
sector, as predicted by the standard model~SM!, has been
observed. The heavy top-quark and also other light qua
have been attractive to theorists and experimentalists to
the SM as well as open a window for physics beyond
SM. Some valuable information is expected from so
classes of its decays that should be observed in, nam
top-quark and meson factories. Theoretically, theBDK me-
son decays were studied thoroughly a few decades ago, w
most top-quark decays are still under study.

Comparing both of them, a study ofBDK decays is
mostly confronted with theoretical difficulties such as no
perturbative effects. On the other hand, in top-quark dec
the difficulties stem from the experimental side that is s
far from carrying out some precise measurements as wil
achieved forBDK decays in meson factories, although to
quark decays are free of theoretical uncertainties becaus
its large mass scale. It is also well known that most mod
beyond the SM contribute significantly to rareBDK decays,
and its presence should be examined in present or near-fu
meson factories. On the contrary, although rare top-qu
decays are also very sensitive to new physics, e.g.,@2–4#, the
rates are still at unreachable levels even in future top-qu
factories such as the upgraded Fermilab Tevatron or CE
Large Hadron Collider~LHC!. These facts encourage us
consider some modes with rates with order of magnitu
between those of the lowest charged current and the
decays. Then we consider the class of semi-inclusive de
qh→qlXj j . Hereqh (ql) are second or third~first or second!
generation quarks and have the same charge (Qh5Ql),
while Xj j is any vector meson formed byqj q̄j . Since dia-
grammatically both top- and light-quark processes are s
and the interactions working on them may be related to e
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other, we are going to consider both top- and light-qua
decays simultaneously. Specifically, we will discuss t
flavor-changing semi-inclusive decayst→u(c)Xj j , c
→uXj j , b→d(s)Xj j , ands→dXj j , whereXj j denotes the
respective vector mesons, for example,Xuj ūj

5r,v,J/c,...

andXdj d̄j
5f,Y,... .

Moreover, in the present paper, the interest is focused
direct CP asymmetry defined as

ACP[
G2Ḡ

G1Ḡ
[

D

S
, ~1!

where Ḡ denotes the partial width for theCP conjugate to
the partial decay width given byG. For the decays unde
consideration the right-hand side reads

D52(
xÞy

Im~ax* ay!Im~Mx*My!, ~2!

S5(
x

uaxu2uM xu21(
xÞy

Re~ax* ay!Re~Mx*My!,

~3!

if one describes the amplitude asM[(xaxMx . Hence, the
imaginary parts of (ax* ay) and (Mx*My) are required to be
nonzero coincidently in order to have nonzeroCP asymme-
try.

Indeed, in the framework of the SM, theCP violation in
these decays has been studied in some papers. The d
b→d(s)Xuj ūj

have been discussed in@5# for the typical one

b→dJ/c. It has been concluded that theCP asymmetry is
tiny, i.e.,;O(1023), generated due to strong or electroma
netic scattering in the final state. However, the size could
at the few percent level if one takes into account the lo
distance effects of the intermediate states with the sa
quark content as the final state@9#. On the other hand, re
© 1998 The American Physical Society08-1
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L. T. HANDOKO AND J. HASHIDA PHYSICAL REVIEW D 58 094008
cently the decayst→u(c)Xdj d̄j
have also been examined

@6#. Different from the bottom one, in the case of top-qua
decays,CP violation is induced only by scattering in th
final state. It gives a size of less thanO(1022). Therefore in
the SM,CP asymmetries in the present class of decays
almost at an unreachable level of experiment, but inverse
makes them good probes to detect new contributions bey
the SM.

Presently, one of the well-known candidates for mod
beyond the SM is the supersymmetric standard mo
~MSSM!. The model is attractive because of a solution of
naturalness problem and also a lot of interesting proper
Especially, one of them that is relevant to our interest isCP
violation due to brokenR parity (Rp). Rp conservation is
imposed to prevent terms which explicitly break the bary
(B) and lepton (L) numbers. In the SM, the gauge symme
leads to the conservation ofB andL, while in the supersym-
metric ~SUSY! model it does not prevent the terms@7#.
Without Rp , there will be additional terms in the superp
tential @8#; that is,

WR” p
5l i jkLiL jEk

c1l i jk8 LiQjDk
c1l i jk9 Ui

cD j
cDk

c1k iL iH2 .
~4!

Here,L andEc (Q andUc, Dc) are the lepton doublet an
antilepton singlet~quark doublet and antiquark singlet! left-
chiral superfields, whileH1,2 are the Higgs doublet chira
superfields. (i , j ,k) are generation indices, while (l,l8,l9)
are Yukawa coupling strengths. In fact, up to now there
still been no theoretical preference between conserved
violatedRp .

It is obvious that semi-inclusive decays,qh→qlXj j , can
be induced by eitherl8 or l9 terms at the tree level. Then
the Lagrangians that are relevant to the present processe
given by expanding the terms in Eq.~4!:

L l852l i jk8 @ ñL
i d̄R

k dL
j1d̃L

k d̄R
k nL

i1~ d̃R
j !* ~ n̄L

i !cdL
j

2ẽL
i d̄R

k uL
j2ũL

j d̄R
k eL

i2~ d̃R
k !* ~ ēL

i !cuL
j #1H.c., ~5!

L l952l i jk9 @ d̃R
k ~ ūL

i !cdL
j1d̃R

j ~ d̄L
k !cuL

i1ũR
i ~ d̄L

j !cdL
k#

1H.c. ~6!

Note that l9 is antisymmetric under the interchanges
@ j ,k#. These terms induce new contributions to the dec
with the same level as the standardW-boson-mediated dia
gram. From the point of view of the SM, there are two typ
of decays that may occur in the present model:~1! The
SM-favored modes induced byW-boson, slepton, and down
type squark exchange diagrams;~2! The SM forbidden
modes induced by sneutrinos and up-type squark excha
diagrams.

The second one above is known as the tree-level fla
changing neutral current~FCNC! modes that are also a
lowed in some models with additional isosinglet charg
(21/3) quarks. The most important difference is that in t
present model the unitarity of the Cabibbo-Kobayas
Maskawa~CKM! matrix is not altered at all. In this meaning
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the mode is very interesting, if experimentally the unitar
of the CKM matrix is known to be conserved while, fo
example, the decayb→sf is observed at the appropriat
level. Again, there are no tree-level FCNC modes in the
type quark sector in the present model.

After performing a Fierz transformation, the amplitude
the processes through multipleB-boson-mediated diagram
is governed by the following operator:

M5&GFf Xj j
mXj j

mW
2eXj j

m*

3(
B

@~Cl j B* Ch jB!F 2
lX j jB#@ q̄lgmLqh#, ~7!

by taking the factor of the SM-like contribution as the no
malization factor. HereL5(12g5)/2 andF 2

lX j jB is a B-
boson propagator that will be given later. The vector mes
is factorized as

^0uq̄ jg
mqj uXj j &5mXj j

f Xj j
eXj j

m, ~8!

wheref Xj j
is a constant with dimensions of mass andeXj j

m is

the polarization vector. The coupling constantsCl j B* Ch jB are
given in Table I, wherea[(2&GFmW

2)21 and V denotes
the CKM matrix, respectively. In the table, nonzero con
tions are derived from the antisymmetry of interchanging
indices ofl9, while the allowed modes are determined fro
the kinematics.

First, let us consider the branching ratio. In general, it
better to consider the charged-current decay normalized
that is,

B~qh→qlXj j !5
G~qh→qlXj j !

G~qh→ql 8X
6!
B~qh→ql 8X

6!, ~9!

to eliminate some uncertainties in the overall factors. H
ql 8 is any light quark that has a different charge fromqh ,
while X6 is anything with charge61. Definitely, we nor-
malize t→u(c)Xj j ~other light-quark modes! with t→bW
~its semileptonic decays! as usual. The decay width in th
numerator can be written as

G~qh→qlXj j !5
ĜF

2 f̂ Xj j

2 m̂W
4 mh

8p
AglX j jF 1

lX j j

3U(
B

~Cl j B* Ch jB!F 2
lX j jBU2

, ~10!

in the heavy-quark center-mass system under the assum
that EXj j

52Ej and mXj j
52mj , whereE denotes the time

component of the four-momentum. Here, a caret means
malization withmh . Keeping the light-quark masses,

gxy[11m̂x
41m̂y

422~m̂x
21m̂y

21m̂x
2m̂y

2!, ~11!

F 1
xy[~12m̂x

2!21~11m̂x
2!m̂y

222m̂y
4. ~12!

F 2
lX j jB is theB-boson propagator contribution,
8-2
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F 2
xyzH 5F S 11

1

4
m̂y

22
1

2
Agxy14m̂y

22m̂z
2D1 i Ĝzm̂zG21

for qh5t,

'2m̂z
22 for qhÞt,

~13!

TABLE I. The coupling strengthCl j B* Ch jB for each mode.

Type Decay mode B Cl j B* Ch jB

Nonzero
condition

Allowed
mode

1 t→uXdj d̄j HW

d̃k

l̃k

Vu j* Vt j

a(l1k j9 * l3k j9 )
a(lk1 j8 * lk3 j8 ) -

-
kÞj

-
J j 51,2,3

t→cXdj d̄j HW

d̃k

l̃k

Vc j* Vt j

a(l2k j9 * l3k j9 )
a(lk2 j8 * lk3 j8 )

-
kÞj

-
J j 51,2,3

c→uXdj d̄j HW

d̃k

l̃k

Vu j* Vt j

a(l1k j9 * l2k j9 )
a(lk1 j8 * lk2 j8 )

-
kÞj

-
J j 51,2

b→dXuj ūj HW

d̃k

l̃k

Vjd* Vjb

a(l j 1k9 * l j 3k9 )
a(lk j38 * lk j18 )

-
k52

-
J j 51,2

b→sXuj ūj HW

d̃k

l̃k

Vjs* Vjb

a(l j 2k9 * l j 3k9 )
a(lk j38 * lk j28 )

-
k51

-
J j 51,2

s→dXuj ūj HW

d̃k

l̃k

Vjd* Vjs

a(l j 1k9 * l j 2k9 )
a(lk j28 * lk j18 )

-
k53

-
J j 51

2 b→dXdj d̄j Hũk

ñk

a(l j 1k9 * l j 3k9 )
a(lk1 j8 * lk3 j8 )

k52
- J j 51,2

b→sXdj d̄j Hũk

ñk

a(l j 2k9 * l j 3k9 )
a(lk2 j8 * lk3 j8 )

k51
- J j 51,2

s→dXdj d̄j Hũk

ñk

a(l j 1k9 * l j 2k9 )
a(lk1 j8 * lk2 j8 )

k53
- J j 51
fo
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under the kinematical conditionmB,mh for qh5t. Note that
including the decay width in the propagator is essential
CP asymmetry. This point will be discussed later. Furth
the charged-current decays in the denominator are give
follows:

G~qh→ql 8X
6!

55
ĜFmh

8&p
uVhl8u

2Agl 8WF 1
l 8W for ~qh5t,X65W6!,

ĜF
2mh

192p3 uVhl8u
2F 3

l 8 for ~qhÞt,X65 l n̄ !,

~14!

whereF 3
l 8 accounts the phase space function in semil

tonic decays, i.e.,
09400
r
,
as

-

F 3
x5128m̂x

218m̂x
62m̂x

8224m̂x
4 ln m̂x . ~15!

We remark that the QCD corrections to the light-quark d
cays have been omitted for simplicity. For a more prec
estimation, the effects must be included; however, the s
should be reduced because of the cancellation in the r
defined in Eq.~1!. For qh5t, the QCD corrections are pre
dicted to be tiny because the top quark should decay at o
before hadronization.

Now we discuss the main interest of this paper. As sho
in Eqs.~1! and ~2!, nonzeroCP asymmetries arise from th
nonzero imaginary part of the interference terms between
amplitudes and its coupling strengths as well. For top-qu
decays in the present model, these requirements are sat
by taking into consideration the decay width in the bos
propagator and the complex couplings (V,l8,l9). This is
8-3
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the reason why one cannot neglect the decay width in
~13! as pointed out before. CalculatingD defined in Eq.~2!
gives

D52
ĜF

2 f̂ Xj j

2 m̂W
4 mh

4p
AglX j jF 1

lX j j

3 (
BxÞBy

Im@~Cl j Bx
* Ch jBx

!* ~Cl j By
* Ch jBy

!#

3Im@~F 2
lX j jBx!*F 2

lX j jBy#. ~16!

Using Eqs.~1! and ~10!, CP asymmetry in top quark deca
is found to be

ACP52 (
BxÞBy

Im@~Cl j Bx
* Ch jBx

!* ~Cl j By
* Ch jBy

!#

3Im@~F 2
lX j jBx!*F 2

lX j jBy#H(B uCl j B* Ch jBu2uF 2
lX j jBu2

1 (
BxÞBy

Re@~Cl j Bx
* Ch jBx

!* ~Cl j By
* Ch jBy

!#

3Re@~F 2
lX j jBx!*F 2

lX j jBy#J 21

. ~17!

On the other hand, in light-quark decaysCP asymmetries
are largely affected by hadrons in the initial, intermedia
and final states@9#. Especially, as mentioned first, it has be
pointed out thatCP asymmetries of the present class ofB
decays may be enhanced by long-distance effects of the
termediate states with same quark content as the final s
while other intermediate states with a different quark cont
are negligible@5#. In this case, a different amplitude is ge
erated by the penguin operator that has a phase diffe
from the tree one. In our notation, for general hadronic de
Xhm→X8→XlmXj j with X8 is an intermediate state that ha
the same quark content asXlmXj j , the amplitude is ex-
pressed as

M5(
B H ~Cl j B* Ch jB!TXlmXj j

1~C lh8B
* C hh8B!PXlmXj j

1
i

2 (
X8

@~Cl j B* Ch jB!TX81~C lh8B
* C hh8B!PX8#T X8J ,

~18!

under the assumption that the rescattering effects can
treated perturbatively.T (P) denotes the tree~penguin! op-
erator, whileT X8 denotes the scattering amplitude ofX8
→XlmXj j . Here, the penguin contribution is normalized
the heaviest virtual particle (qh8) contribution. Hence,D
reads

D5Im@~Cl j B* Ch jB!* ~C lh8B
* C hh8B!# (

X8
ImF T̃XlmXj j

* P̃XlmXj j
09400
q.

,

in-
te,
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be

1T̃X8
* P̃X81

i

2
~ T̃XlmXj j

* P̃X82T̃X8P̃XlmXj j
* !GT X8 , ~19!

andCP asymmetry in light-quark mode becomes

ACP'(
X8

ImH ~ T̃XlmXj j
* T̃X8

* !T X8

uT̃XlmXj j
u21u T̄̃XlmXj j

u2

3F P̃XlmXj j

T̃X8
*

1
P̃X8

T̃XlmXj j
*

1
i

2 S P̃X8

T̃X8
*

2
P̃XlmXj j

T̃XlmXj j
*

D G J
35 ImFVlh8* Vhh8

Vl j * Vh j
G for type 1,

ImFVlh8* Vhh8

C l j f̃ 8
* C h j f̃ 8

G for type 2,

~20!

if the total decay width is approximately dominated by t

tree operator. Heref̃ 8 denotes the lightest sfermion andT̄̃ is
the CP conjugate ofT̃. A tilde means

T̃[5 TWS 11(
f̃

Cl j f̃
* Ch j f̃

Vl j * Vh j

F 2
lX j j f̃

F 2
lX j j WD for type 1,

Tf̃ 8S 11 (
f̃ Þ f̃ 8

Cl j f̃
* Ch j f̃

C l j f̃ 8
* C h j f̃ 8

F 2
lX j j f̃

F 2
lX j j f̃ 8D for type 2,

~21!

while

P̃[PWS 11(
f̃

Cl j f̃
* Ch j f̃

Vlh8* Vhh8

Pf̃

PWD ~22!

for both types.TB (PB) denotes theB-boson-mediated tree
~penguin! operator. Since the matrix elements depend on
hadronic states,̂T̃XlmXj j

& (^P̃XlmXj j
&) is in general different

from ^T̃X8& (^P̃X8&).
We remark that the results in Eqs.~10!, ~16!, and~19!, at

least numerically, are not altered so much by the diagon
ization of squarks (q̃L ,q̃R), although, in fact, squarks ar
essentially mixed with each other due to a large Yuka
coupling of their partner quarks in the MSSM@11#. So for a
rough order estimation and also reducing the model dep
dence on the diagonalization, it is better to use the w
eigenstate as it is. Imagine the process is through a squ
mediated diagram; then, we can appreciate this point in
extreme cases. The first case is when the masses are a
decoupled; then, the branching ratio will be quadruple, wh
the CP asymmetry will be reduced by half by using Eq
~10! and ~16! or ~19!. On the contrary, when the mass di
ference is extremely large, one can neglect the large o
because the contribution will be suppressed by the invers
its mass square.
8-4
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DIRECT CP VIOLATION IN SEMI-INCLUSIV E . . . PHYSICAL REVIEW D 58 094008
Now we are ready to make a numerical analysis of
branching ratios andCP asymmetries. Many authors hav
extracted some direct and indirect bounds for the coup
strengths in Eqs.~5! and~6!, i.e.,l8 andl9. The bounds can
be seen in Table 1 of Ref.@12#. However, until now there ha
still been no rigid constraints forl9. Moreover, sinceB or L
parity is still a possible solution to maintain a stable prot
and allow forRp violation as well, we assume that only on
of these symmetries has been violated. Next, we cons
only the must-be lightest sfermion for each sector and t
the other sfermions to be sufficiently heavy that their con
butions may be neglected. Hence, the analysis is simplifi
i.e., it is sufficient to take into accountW- and one
f̃ -mediated diagrams for type 1 or only a singlef̃ -mediated
diagram for type 2. This approximation is still good, at lea
to the precision implied by not including QCD corrections

For the branching ratios of charged-current decays,
put B(b→cl n̄)50.103 andB(t→bW);1 by assuming the
mode to be dominant in top-quark decays. Also we use
experimental resultsmu56 ~MeV!, mc51.3 ~GeV!, mt
5180 ~GeV!, md510 ~MeV!, ms5200 ~MeV!, mb54.3
~GeV!, mW580.33 ~GeV!, and GW52.07 ~GeV! and the
Wolfenstein parameters of the CKM matrix, (A,l,r,h)
5(0.86,0.22,0.3,0.34)@10#. In the figure captions, the cou
plings are redefined asCW[Vl j* Vh j andCf̃[l i jk8 * l i 8 j 8k8

8 or
l i jk9 * l i 8 j 8k8

9 , respectively. The size ofCf̃ in some figures is
<0.015, which is the allowed limit for most couplin
strengths listed in@12#. In all figures, for the must-be lightes
sfermion mass we put12 mt,mf̃,mt , which satisfies the ki-
nematical requirement mentioned below Eq.~13!. This re-
gion is still above the lower bound from the LEP expe
ments. Further, we putG f̃;2GW for the whole region of
sfermion masses. For the narrow region of masses under
sideration, this approximation is good although in general
decay width must be dependent on the mass. The phas
complex couplingCf̃ is defined as

Cf̃[uCf̃ ueiu. ~23!

Since large branching ratios of light-quark decays in
SM are favored, it is better to describe the ratio of SM a
MSSM with Rp-violation cases. Then the unknown param
eter f̂ Xj j

will be eliminated as shown in Figs. 1 and 2~the

FIG. 1. Ratio of the branching ratio ofb→sJ/c ~left! and b
→dJ/c ~right!.
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right one!. However, in case of either type 1 modes or type
modes with tiny CW (Cf̃@CW;0), one must plot the
branching ratio itself as depicted in the left figure in Fig.
leaving f̂ Xj j

as unknown. Note that in Fig. 2 it seems th

there are no significant differences between eitherb
→d(s)f with b→d(s)r(v) or s→dr(v) with c→uf. On
the other hand, forCP asymmetries in light-quark decays,
rough prediction can be performed simply by using Eqs.~13!
and ~21!. In general CP asymmetry for type 1 will be
changed by a factor of

ACP'ACP
SMS 11

aCf̃

CW

mW
2

mf̃
2 D 21

, ~24!

since^P̃&'^PW& for Cf̃ around the present value@2,4#. For
example, let us considerCP asymmetry in the decayb
→dJ/c. In the present model it will be changed toACP

'(214;2)3ACP
SM for Cf̃50.015 and various sets o

(u,mf̃). On the other hand, in the framework of the S
including long-distance effects, e.g.,B2→D0D2→p2J/c,
the value has been predicted to beACP

SM;1% @5#. A predic-
tion for other light-quark modes can be accomplished by
same procedure, respectively. We remark that the proce
here does not require any kinematical condition like befo
i.e., mB,mh .

In top quark decays, the dependences onml andmXj j
are

drastically suppressed. It makes the discrepancies betw
different modes are almost coming from CKM matrix el
ments. So one can describe them generally as depicte
Figs. 3 and 4. From the figures, the sfermion contributio
will be maximum near the resonances. An interesting beh
ior appears in Fig. 4~b!; that is, in the small coupling region
light sfermions are favored to obtain largeCP asymmetry
and vice versa.

In conclusion, the class of decay modesqh→qlXj j has
been studied in the framework of the MSSM withoutRp .
The study has been done for top- and light-quark dec
simultaneously, and focused on theCP asymmetries for
1
2 mt,mf̃,mt . It is shown thatCP asymmetries in top
quark decays can be induced by taking into account the
cay widths of the exchanged bosons, while in light-qua
decays it can be generated due to long-distance effect

FIG. 2. The branching ratio ofb→d(s)f or b→d(s)r(v)
~left!, and ratio of the branching ratio ofs→dr(v) or c→uf
~right!.
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usual. The sfermion contributions due to the new interacti
in the Rp-violation superpotential change the branching
tios andCP asymmetries significantly. Both measureme
are very sensitive to the coupling strengths and sferm
masses as well, which makes the modes good probe
search forRp violation in the MSSM. Finally, although the
decays suffer from small Yukawa couplings compared

FIG. 3. The branching ratios oft→uf(Y) and t→cf(Y) for
various~a! (CW ,Cf̃), ~b! Cf̃ with CW5Al2, and ~c! mf̃ with CW

5Al2.
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.

,
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some supersymmetric productions, they have a double k
matic reach that makes them better for achieving prec
measurements. Therefore, combining the various produc
and decay modes will lead to a wide range of potential s
nals to search forRp violation in the MSSM.

L.T.H. would like to thank Ministry of Education and
Culture of Japan for the financial support.

FIG. 4. TheCP asymmetries int→uf(Y) and t→cf(Y) for
various~a! (CW ,Cf̃) with u5p/6, ~b! mf̃ with u5p/6, and~c! u
with (uCWu,uCf̃ u)5(Al2,0.015).
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