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Inelastic rescattering andCP asymmetries inD˜p1p2, p0p0
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We study directCP violation induced by inelastic final state interaction rescattering inD→pp modes, and
find that the resultantCP asymmetry is about 1024 which is larger thane8 in theK system. Our estimation is
based on well-established theories and experimentally measured data, so there are almost no free parameters
except the weak phased13 in the CKM matrix.
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I. INTRODUCTION

The study ofCP violation phenomena is so important fo
understanding the mechanisms in particle physics that
subject has attracted great attention from both experimen
ists and theoreticians of high energy physics for several
cades already. The first and so far only observation ofCP
violation is the measurement ofe in the neutralK system, as
e;2.331023 @1#. The nonzeroe is due to mixing of
K02K̄0 through box diagrams, which is theoretically eval
ated at the quark level, and the result predicts an approxim
mass of the charmed quark@2#. However, the parametere8
which is related to processes such as directCP violation has
not been reliably measured yet; it is believed thate8/e is
nonzero and is expected to be between 1024 and 331023

@1#.
In the well-known theory, the mechanism resulting in

nonzeroe8 is due to the interference of two pions in neutr
K decays@3#, and all the details are given in Ref.@4#. Since
2p can be in bothI 50 and 2 isospin eigenstates, if the tw
isospin channels have different weak and strong phases,
interference would result in aCP asymmetry proportional to
sin(d02d2)sin(u02u2) where d I is the weak phase andu I
corresponds to the phase shifts emerging in the strong in
action rescattering processes ofI 50 and 2 channels, respec
tively.

Generally, directCP violation must be realized throug
interferences between at least two amplitudes having dif
ent weak and strong phases, no matter at quark or ha
levels. The weak phase is determined by an underly
theory, for example, the Cabibbo-Kobayashi-Maska
~CKM! theory @5#, two-Higgs-doublet model@6#, etc., while
the strong phase can be either produced in the strong sca
ing at the hadron level as in theK system@4# or may occur at
the quark level. If an absorptive part of loops exists,
strong phase is nonzero. For instance, in high energy
cesses,B physics@7#, top quark physics@8#, and high energy
collisions@9#, the main part of the strong phases comes fr
the absorptive part of loops, even though in the hadron
tion process, the hadron rescattering can also cause a s
phase.
570556-2821/98/57~3!/1518~6!/$15.00
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As the observation concerns hadron products, the str
final state interaction is not negligible@10# andCP asymme-
try may occur due to phase shifts in the rescattering.
cently, by studying the single pion exchange inelastic fi
state interaction~FSI! for D→VP processes, we pointed ou
that the inelastic strong FSI due tot-channel particle ex-
change may play important roles for producingCP violation
in D and B hadronic decays@11#. A very recent estimation
by Blok, Gronau, and Rosner@12# shows that the inelastic
FSI for B→pp, KK̄ may produceCP asymmetry as large
as 10–20 %, disregarding time-dependentB-B̄ mixing ef-
fects. Because of the Glashow-Iliopoulos-Maiani~GIM!

mechanism, theD0-D̄0 mixing is small compared toB0-B̄0

@13,14#, even though models beyond the three-genera
standard model may result in a larger mixing effect@15#.
Recently, Browder and Pakvasa@16# restudied experimenta
implications of largeCP violation and final state interaction
~FSI’s! in a search forD0-D̄0 mixing and they concluded
that the FSI is important. Close and Lipkin@17# studied a
possible strong FSI due to exotic resonances inD exclusive
decays. They constrain their analysis at the most Cabi
favored channels where the rescattering is elastic only.
viously, it would be interesting to studyCP asymmetry in
the D system due to the inelastic strong FSI.

In D→pp decays, there are both elastic and inelas
rescatterings, in general, and amplitudes ofD→pp should
be

T~D→ f !5Ttree~D→ f !1TFSI~D→ f ! ~1!

and

TFSI5 i(
n

^ f uTun&rn^nuHe f fuD&, ~2!

where un& is a complete set of the strong interaction sta
satisfying four-momentum conservation, andrn is the den-
sity of statesun&. At the As5MD energy region, the mos
important intermediate states arepp,KK̄,rr,K* K̄* ,
a1p,a2p,K1K. These intermediate mesons can be on th
1518 © 1998 The American Physical Society
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57 1519INELASTIC RESCATTERING ANDCP ASYMMETRIES . . .
mass shell, thus real particles. The off-shell contribution
be attributed to the quark level because the intermediate
ticles are virtual.

In our present paper we only consider the elas
pp→pp and the inelasticKK̄→pp rescattering processe
which have experimental measurements@18# at the energy of
theD meson mass and therefore are well constrained. Th
different from theB meson case, where the inelastic scatt
ing pp
KK̄ amplitudes can be only estimated by theore
cal models@12#. Contributions from other intermediate stat
may modify the results by adding a factor of around uni
but are unlikely to change the whole scenario and orde
magnitude of theCP asymmetry.

Considering the direct tree level transition amplitud
pp→pp andKK̄→pp FSI, we have

T~D→pp![Ttree~D→pp!1TFSI~D→pp→pp!

1TFSI~D→KK̄→pp!. ~3!

Here only the inelastic rescattering fromKK̄ intermediate
states can induce a directCP violation, but not the elastic
ones. Since the tree amplitude ofD0→pp and KK̄ have
different weak phasesArg(Vcd* Vud) and Arg(Vcs* Vus), re-
spectively, and the phase shifts in the inelastic rescatte
KK̄
pp are nonzero, the interference between the t
partsTtree(D→pp) andTFSI(D→KK̄→pp) would result
in a nonzeroCP violation. The contribution of elastic sca
tering does not change the weak phase ofTtree(D→pp),
but they can cause a strong phase shift toTtree. Namely,

T̃tree~D→pp!5Ttree~D→pp!1TFSI~D→pp→pp!

5Ttree3 f eiu,

where f is a scattering probability amplitude.
Moreover, bothD→KK̄ and D→pp are Cabibbo sup-

pressed modes, and so their tree amplitudes have the
order of magnitude. Even though one expects that the F
may change their relative ratios somehow@19#, the order
remains the same. Their interference may be large, since
parts suffer the same Cabibbo suppression.

Our numerical results show that theCP asymmetry can
be about 1024.

In the next section, we present the formulation for eva
ating theCP asymmetries, in Sec. III we give the numeric
results, and Sec. IV is devoted to our conclusion and disc
sion.

II. FORMULATION

A. Tree level amplitudes

The effective Hamiltonians for c→d1u1 d̄ and
c→s1u1 s̄ are @20#

He f f
~1!5

GF

A2
Vcd* Vud@a1 d̄gm~12g5!c ūgm~12g5!d

1a2 d̄gm~12g5!d ūgm~12g5!c#1H.c. ~4!
n
ar-

c

is
-
-

,
f

,

g
o

me
Is

o

-

s-

and

He f f
~2!5

GF

A2
Vcs* Vus@a1 s̄gm~12g5!c ūgm~12g5!s

1a2 s̄gm~12g5!s ūgm~12g5!c#1H.c., ~5!

where the color indices are omitted anda1 ,a2 are param-
eters,

a15c11j1c2 , a25c21j2c1 ~6!

and

j1[
1

Nc
1

r 1

2
, j2[

1

Nc
1

r 2

2
, ~7!

wherer 1 andr 2 correspond to a nonfactorizable contributio
of the hadronic matrix elements^lala& @21#,

c15
c11c2

2
, c25

c12c2

2
, ~8!

where c6 can be derived with the renormalization grou
equation, numerically at the energy scale of the charm qu

c1.1.26, c2.20.51.

By fitting data, Cheng obtainedr 1.r 2;20.67 for D→PP
decay @21#. Then, in our later calculations, we usea1
51.26 anda2520.51.

As many authors suggested, we can ignore the contr
tions from theW exchange and annihilation quark diagram
@22#, and so the amplitude at the tree level can be obtai
with the vacuum saturation approximation and nonfactori
tion effects are absorbed into the parametersr 1 and r 2. We
have

^p1p2uHe f f
~1! uD0&5

GF

A2
Vcd* Vuda1f ppp

m

3^p2u d̄gm~12g5!cuD0&

5
GF

A2
Vcd* Vuda1f p@ f 1

Dp~MD
2 2mp

2 !

1 f 2
Dpmp

2 #, ~9!

wheref 6
Dp are the form factors in theD to p transition. With

the multipole approximation@23#

f 1~q2!5F1~q2!5F1~qm
2 !S ~MD*

2
2qm

2 !

~MD*
2

2q2!
D n

, ~10!

f 2~q2!52S MD
2 2q2

MD
2 DF1~q2!, ~11!

where MD* 52.010 GeV is the nearest pole,qm
2 [5(MD

2mp)2. In the following, we take the single pole approx
mation asn51 in Eq. ~10!.

For D0→p0p0 andD0→K1K2 we have similar expres
sions. Ignoring theW exchange and annihilation, the tre
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1520 57XUE-QIAN LI AND BING-SONG ZOU
amplitude forD0→K0K̄0 is zero and the transition can on
be realized through elastic and inelastic FSI rescattering

The calculatedf 6
DK values have been checked by usi

the method given in Ref.@24# and found they coincide with
each other very well. But Roberts’ parameters@24# are ob-
tained by fitting the data of theD→K transition only, and so
the results off 6

Dp obtained in the multipole approximatio
deviate from that calculated in terms of the parameters
Ref. @24# assuming an SU~3! symmetry. Therefore we late
take only the valuesf 6

Dp obtained in the multipole approxi
mation.

B. Elastic and inelastic FSI’s

The S matrix for the strong interaction is

smn5dmn12iArmTmnArn, ~12!

where theT matrix is the nontrivial part determined by th
strong interaction Lagrangian.

It is noted that thedmn term corresponds to a no
interaction scattering transition~or the trivial part of theS
matrix!, and so is exactly the ‘‘tree’’ part of Eq.~1!. For the
elastic and the inelastic rescattering contributions, the am
tudes read

TFSI~D0→p1p2→p1p2!5 i ^p1p2uTup1p2&

3rp^p1p2uHe f f
~2! uD0&,

~13!
d

f

li-

TFSI~D0→p0p0→p1p2!5 i ^p1p2uTup0p0&

3rp^p0p0uHe f f
~2! uD0&, ~14!

TFSI~D0→K1K2→p1p2!5 i ^p1p2uTuK1K2&

3rK^K1K2uHe f f
~2! uD0&.

~15!

With help of the isospin analysis, for the elastic scatt
ing,

rp^p1p2uTup1p2&5
2

3
T0eiu01

1

3
T2eiu2, ~16!

rp^p1p2uTup0p0&5A2

3
~2T0eiu01T2eiu2!, ~17!

whereT0 ,u0 and T2 ,u2 are the measured scattering amp
tudes and phase shifts ofI 50 and I 52 channels@18#, re-
spectively. The transitions to thep0p0 final state have simi-
lar expressions.

The contributions from the elastic FSI ofpp→pp can
be absorbed into the tree amplitudes; in our case they do
provide a different weak phase from the tree amplitudes,
result in a strong phase shift. Including the elastic scatter
the amplitudes forD0→p1p2 andp0p0 can be written as
T̃tree~D0→p1p2![Ttree~D0→p1p2!1TFSI~D0→p1p2→p1p2!1TFSI~D0→p0p0→p1p2!

5
GF

A2
Vcd* Vudf p@ f 1

Dp~MD
2 2mp

2 !1 f 2
Dpmp

2 #Fa11S 2

3
a12A2

3
a2D iT0eiu01S 1

3
a11A2

3
a2D iT2eiu2G ,

~18!

T̃tree~D0→p0p0![Ttree~D0→p0p0!1TFSI~D0→p1p2→p0p0!1TFSI~D0→p0p0→p0p0!

5
GF

A2
Vcd* Vudf p@ f 1

Dp~MD
2 2mp

2 !1 f 2
Dpmp

2 #Fa21S 1

3
a22A2

3
a1D iT0eiu01S 2

3
a21A2

3
a1D iT2eiu2G ,

~19!
where the notationT̃tree refers to the tree amplitude modifie
by the elastic scattering andTi , u i are measured values.

For the inelastic scattering,KK̄→pp, there are experi-
mental measurements@18# We can decomposeK1K2 and
p1p2 in terms of the basis of isospin as

uK1K2&5
1

A2
@ u1,0&1u0,0&] K , ~20!

up1p2&5FA2

3
u0,0&1A1

3
u2,0&G

p

. ~21!
Thus

Tinelastic~D0→p1p2![TFSI~D0→K1K2→p1p2!

5
GF

A2
Vcs* Vusf Ka1@ f 1

DK~MD
2 2mK

2 !

1 f 2
DKmK

2 # iA1

3
TKeiuKArK /rp,

~22!

whererK /rp5A124mK
2 /MD

2 /A124mp
2 /MD

2 .
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Similar expressions can be easily derived
TFSI(D0→K1K2→p0p0).

C. CP violation

As long as there are more than two channels with diff
ent weak and strong phases, their interferences can resu
direct CP violation. If the total transition amplitudeT is a
superposition of two independent amplitudesA1 andA2,

T5A1eid1eif11A2eid2eif2, ~23!

while its CP conjugate amplitude is

T̄5A1e2 id1eif11A2e2 id2eif2. ~24!

Thus a directCP asymmetry is defined as

R5
uTu22u T̄u2

uTu21u T̄u2

5
2A1A2sin~d12d2!sin~f12f2!

A1
21A2

212A1A2cos~d12d2!cos~f12f2!
. ~25!

In our case ofD→p1p2(p0p0), the two interfering ampli-
tudes are the modified ‘‘tree’’ partT̃tree(D→pp), Eq. ~18!,
and the pure ‘‘inelastic FSI’’ partTinelastic given in Eq.~22!,
which have different weak phasesd i and strong phasesf i .
For D0→p0p0 the expressions are similar.

Let us work within the framework of the CKM matrix@1#,

VudVcd* 5~c12c13!~2s12c232c12s23s13e
id13!* , ~26!

VusVcs* 5~s12c13!~c12c232s12s23s13e
id13!* . ~27!

Thus

dD→p5arctan
2c12s23s13sind13

s12c231c12s23s13cosd13
, ~28!

dD→K5arctan
s12s23s13sind13

c12c232s12s23s13cosd13
. ~29!

In T̃tree(D0→p1p2)[Ttree(D0→p1p2)1TFSI(D0

→pp→p1p2), the weak phase is that of the tree amp
tude asdD→p, while that ofTFSI(D0→K1K2→p1p2) is
dD→K; therefore, they are different. One can also notice t
udD→Ku!udD→pu in this convention, even though the fin
result is independent of the convention adopted in the ca
lations.

Later we will evaluate

R1[
G~D0→p1p2!2G~D̄0→p1p2!

G~D0→p1p2!1G~D̄0→p1p2!
, ~30!

R2[
G~D0→p0p0!2G~D̄0→p0p0!

G~D0→p0p0!1G~D̄0→p0p0!
. ~31!
r

-
in

t

u-

In the next section, we will present our numerical results
R1 andR2.

III. NUMERICAL RESULTS

~i! All the CKM entries involved in our calculations hav
been measured, even though there are some uncertaintie@1#.
Thus with the optimistic sind1351, we have

dD→p.3.23102421.131023, dD→K.5.331025.

Later we will use the most favorable values for theCP vio-
lation calculations.

~ii ! We obtain, in terms of the dipole approximation,

f 1
Dp~q25mp

2 !'0.8, f 2
Dp~q25mp

2 !'20.8,

f 1
D ~q25mK

2 !'0.7, f 2
DK~q25mK

2 !'20.65.

~iii ! For the elastic and inelastic scatteringpp
pp,
KK̄
pp, the transition probability amplitudeT and the
phase shiftu are experimentally measured@18# as

T0~pp
pp!'20.48, u0'308°,

T2~pp
pp!'20.45, u2'250°,

Tinelastic5TK~KK̄
pp!'0.1, uK~KK̄→pp!'310°,

for the energy range ofMD . So by the notation of Eq.~25!
sin(d12d2);21.131023, while f2'310°, but f1 of Eq.
~25! must be evaluated by Eqs.~18! and ~19!, in our case.

~iv! The CP asymmetries. With the information give
above, we obtain

R1521.131024, ~32!

R252.231024. ~33!

In these calculations we almost do not have any free par
eters, except the CKM phased13. We have taken sind1351
and neglected the contribution from other intermedi
states. They may modify the results, but are unlikely
change the whole scenario and order of magnitude of theCP
asymmetry. It is noted thatR1 andR2 have opposite signs; a
a matter of fact, due to the uncertainty ofd13 in the CKM
matrix, the absolute sign ofRi is not important, but only the
relative sign is meaningful.

IV. CONCLUSION AND DISCUSSION

In this work, we discuss theCP violation effects caused
by the inelastic FSI rescattering inD→p1p2, p0p0 modes
and obtain theCP asymmetry ratios of order 1024.

~i! The observed indirectCP violation in theK system
which is characterized bye is of order 1023. Even though
the directCP violation e8/e has not been reliably measure
yet, present data incline to confirm it to be (1.560.8)
31023. Anyhow, one has many reasons to believe it is no
zero and of order 1024–331023 @1#; namely, the superweak
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1522 57XUE-QIAN LI AND BING-SONG ZOU
mechanism is almost ruled out by experiments. Our esti
tion of D→pp,KK̄ shows that the directCP asymmetries
here are about 2 orders of magnitude larger thane8.

~ii ! In our expression, one can see that directCP violation
is caused by the interference between the tree ampli
modified by the elastic rescattering~denoted asT̃tree in this
paper! and that induced by the inelastic FSI rescatter
while the two parts have different weak and strong phas
The interference is proportional to a product of the two a
plitudesu T̃treeuuTFSIu and the differences of weak and stron
angles usin(dDp2dDK)sin(f12f2)u. There are two factors
which suppress theCP asymmetry values.

The first one is that in the framework of the CKM matri
the weak phase is about order 1023 which is independent o
convention.

The second suppression factor comes from the meas
strong phase differenceusin(f12f2)u50.3 and amplitude
TK(KK̄→pp);0.1.

As discussed in Refs.@11,19#, the final state interaction
effects can be described in a hadronic triangle diagram
the absorptive part of the loop gives rise to a strong phase
our previous work, we only estimated the absorptive part
stressed that the inelastic FSI is important in many proces
so that it cannot be ignored. The real part is hard to evalu
properly because of the ultraviolet divergence and the
tained results would depend on the renormalization sche
In this work, as suggested in the literature@25#, we only deal
with the FSI; namely, the intermediate hadrons are real p
ticles, i.e., on their mass shell. The dispersive part of the l
is small compared to the tree amplitude, and in fact, its c
tribution is effectively absorbed into the phenomenologi
parametersa1 ,a2 which may slightly deviate from the value
derived in terms of the renormalization group equation,
our case~note that it is not always true!. Thus, we use only
the data directly obtained from corresponding experime
and so can avoid any ambiguity caused by theoretical un
tainties.

~iii ! Since the proposed channels to be observed
s.
a-

de

g
s.
-

ed

nd
In
d

es,
te
-
e.

r-
p
-
l

n

s,
r-

re

Cabibbo suppressed, the decay rates could be smaller
the Cabibbo favored channels by sin2uC roughly.

~iv! The branching ratio ofD→KK̄,pp is about 2
31023. The production cross sections of D0D̄0 is mea-
sured at BEPC@26#,

s~D0D̄0!511.6361.1 nb at BEPC energy.

Taking the most optimistic values evaluated in the fram
work of CKM theory, the number of events for observing t
Cabibbo suppressed decay channelsD→KK̄,pp would be

N5L32310233s3t3 f , ~34!

whereL is the luminosity,t is the measuring time period
and f is the observation efficiency.

For the proposed charm-tau factory,L can reach 1034

cm22 sec21, and so

N'7.331063 f 3n,

where n is the number of necessary years. Since theCP
asymmetry is in the range of about 1024, and so to the rea-
sonable statistical level for observation ofCP violation,N at
least must be 107–108; it would need a charm-tau factor
with a luminosity of 1034 cm22 sec21 to run for 15 years.
Even though this number is not very encouraging, as s
gested by Browder and Pakvasa@16#, if there is new physics
which can provide us with a larger weak phase, the obse
tion becomes very possible. Even with this smallCP asym-
metry, there is still the possibility to make the measureme

Therefore, for measuring directCP violation which is one
of the main interests in the field of high energy physics
high luminosityt-charm factory would be extremely helpfu
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