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Can the Lp scattering phase shifts be large?
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Motivated by the presence of nearby thresholds in other baryon-meson channels withI 51 andS521, we
investigate whether theLp scattering phase shifts at a center-of-mass energy equal to theJ mass could be
larger than suggested by lowest-order chiral perturbation theory. Within a coupled-channelK-matrix approach,
we find that theS-wave phase shift could be as large as27°.
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I. INTRODUCTION

TheCP-violating observable,A, in weak nonleptonic hy-
peron decays of the formB→B8p depends on the strong
rescattering phases of the final state@1#. At leading order,
this asymmetry is given by

A52tan~dS2dP!sin~fS2fP!, ~1!

where dS and dP (fS and fP) are the strong-rescatterin
~weak! phases in theS- and P-wave components, respec
tively, of the decay amplitude. Currently the HyperC
~E871! experiment at Fermilab is in the process of measur
this CP-violating observable through the asymmetry su
A(L)1A(J) in the chain of decaysJ→Lp→ppp @2#.
Calculation of this observable, therefore, requires knowle
of both the phase shifts forNp scattering at theL mass and
those forLp scattering at theJ mass. The former phas
shifts have been extracted from experiment~albeit with large
errors! @3#, but there is no experimental data for the latter

An early calculation@4# of theLp scattering phase shift
at mJ indicated that theS-wave phase shift was large, th
result beingdS5218.7° anddP522.7°. If correct, this
would suggest thatCP violation in both decaysJ→Lp and
L→pp could yield similar contributions to the measureme
of E871, making a theoretical prediction harder. More
cently, this calculation has been repeated in the contex
heavy-baryon chiral perturbation theory, with very differe
results. At leading order, it was found in Ref.@5# that dS
50 anddP521.7°. The implication of this result is that th
CP-violating observable in E871 is probably dominated
CP violation in L→pp. The vanishing ofdS in this calcu-
lation results from the heavy-baryon limit. An estimate
relativistic corrections to the heavy-baryon result has b

*Email address: jtandean@pa.uky.edu
†Email address: athomas@physics.adelaide.edu.au
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performed in Ref.@6#, where it was found~within a leading-
order calculation in the relativistic theory! that1 dS51.2° and
dP521.7°. Leading-order~in heavy-baryon chiral perturba
tion theory! calculations of theNp @8# andJp @9# scattering
phase shifts have also been carried out. They suggest tha
smallness ofdS at lowest order in chiral perturbation theor
(xPT) is mostly a kinematic effect associated with the sm
pion-momentum available inJ→Lp.

Given the two very different results fordS in Lp scatter-
ing, it is important to estimate the effect of physics n
present in the leading-orderxPT calculation. A first attempt
to investigate this question was carried out in Ref.@10#.
Their approach was to look for possible resonant enhan
ments. To this effect, they considered the nearest reson
with the correct quantum numbers, theS(1750) with I
51,JP5 1

2
2. Although the parameters of this resonance

not well known, the authors of Ref.@10# allowed them to
vary in a reasonable range to conclude that the contribu
to dS from this source was not more than about 0.5°.

In this paper we explore the possibility of an enhancem
in dS due to the presence of nearby thresholds in ot
baryon-meson channels with the same quantum number
particular, we wish to check the role of theS-waveSp chan-
nel, which has a threshold only 10 MeV abovemJ . It is
known from the Weinberg-Tomozawa theorem that the sc
tering length in this channel is very attractive@11#. To inves-
tigate this issue, we present two separate estimates. Fo
first one, we will take the point of view that any such effec
can be parametrized by next-to-leading-order terms in ch
perturbation theory. The authors of Ref.@12# have recently
studied the coupled-channel problem for theS521,I 51
baryon-meson system, within a certain model, and have
rametrized their results in terms of specific values for
coupling constants in the heavy-baryon chiral Lagrangian

1We have redone this estimate and obtained the same result
with dS having the opposite sign@7#.
©2001 The American Physical Society05-1
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to the next-to-leading order@O(p2)#. We employ these val-
ues for the coupling constants in our first estimate. For
second estimate, we simply use leading-orderxPT to derive
all the amplitudes in theS521, I 51 baryon-meson system
and employ aK-matrix formalism to incorporate the effec
of unitarity in the coupled-channel problem.

II. O„P2
… HEAVY-BARYON CHIRAL LAGRANGIAN

We write the chiral Lagrangian for the strong interacti
of the lightest~octet! baryons up to orderp2 in heavy-baryon
xPT as the sum of two terms:
-

he

r
d

a-

01400
r
L5L (1)1L (2), ~2!

where the superscript refers to the chiral order. The first te
is given by@13#

L (1)5^B̄v iv•DBv&12D^B̄vSv
m$Am ,Bv%&

12F^B̄vSv
m@Am ,Bv#&, ~3!

with ^•••&[Tr(•••). The second term can be written in th
most general form as@12,14#
L (2)5Lrc
(2)1bD^B̄v$x1 ,Bv%&1bF^B̄v@x1 ,Bv#&1b0^x1&^B̄vBv&12dD^B̄v$~v•A!2,Bv%&12dF^B̄v@~v•A!2,Bv#&

12d0^B̄vBv&^~v•A!2&12d1^B̄vv•A&^v•ABv&12gD^B̄v$A•A,Bv%&12gF^B̄v@A•A,Bv#&12g0^B̄vBv&^A•A&

12g1^B̄vA&•^ABv&12hD^B̄vis•$A3A,Bv%&12hF^B̄vis•@A3A,Bv#&12h1^B̄vis3A&•^ABv&, ~4!

where

Lrc
(2)5

21

2m0
^B̄v@D 22~v•D!2#Bv2B̄v@Sv

m ,Sv
n#@@Am ,An#,Bv#&2

iD

m0
~^B̄vSv•D$v•A,Bv%&1^B̄vSv

m$v•A,DmBv%&!

2
iF

m0
~^B̄vSv•D@v•A,Bv#&1^B̄vSv

m@v•A,DmBv#&!2
DF

m0
^B̄v@~v•A!2,Bv#&2

D2

2m0
^B̄v$v•A,$v•A,Bv%%&

2
F2

2m0
^B̄v@v•A,@v•A,Bv##& ~5!
at
is the 1/m0 ~leading relativistic! correction to the leading
order Lagrangian at orderp2, with m0 being the octet-baryon
mass in the chiral limit. The constantsb, d, g and h are
free parameters~in addition to the familiarD and F) that
occur at this order, and we will obtain their values from t
model of Ref.@12#. In these formulas,Bv is the usual 333
matrix containing the~velocity dependent! octet-baryon
fields, v the baryon velocity,Sv the spin operator, and

Am5
i

2
~j]mj†2j†]mj!5

]mw

2 f
1O~w3!,

x15j†Mw
2j†1jMw

2j

52Mw
22

1

4 f 2 $w,$w,Mw
2%%1O~w4!, ~6!

where w is the 333 matrix for the octet of pseudo-scala
bosons,f 5 f p592.4 MeV is the pion-decay constant, an
Mw

25diag(mp
2 ,mp

2 ,2mK
2 2mp

2 ) the pseudo-scalar mass m
trix in the isospin limit.
The total amplitude forLp→Lp, up to orderp2, is de-
rived from the diagrams in Fig. 1.2 In the center-of-mass
~c.m.! frame, it is given by

MLp5
2mL

f 2 x f
†F D2

3m0
S mp

2 2k21
k4

3Ep
2 D 1S 4bD

3
14b0Dmp

2

2S 2dD

3
12d0DEp

2 1
D2

3

3~k8•k!22k4

3m0Ep
2

1k8•kS 2D2

3

mS2mL

Ep
2 2

2gD

3
22g0D

1
2D2

3

is•k83k

Ep
S 11

Ep

m0
2

k21k•k8

2m0Ep
D Gx i , ~7!

wherex i (x f) is the Pauli spinor of the initial~final! L, and
k (k8) is the three-momentum of the initial~final! pion. The

2At this order there are no loop contributions. The latter begin
O(p3).
5-2
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partial-wave amplitudes are then extracted using stand
techniques,3 and one finds, in theJ5 1

2 channel,

f Lp
(S) 5

2mL

4p f 2As
F D2

3m0
S Ep

2 22k21
k4

3Ep
2 D 1S 4bD

3
14b0Dmp

2

2S 2dD

3
12d0DEp

2 G , ~8!

f Lp
(P)5

2k2mL

4p f 2As
F4D2

9Ep
S 11

2Ep
2 2k2

2m0Ep
1

mS2mL

2Ep
D

2
2

9
~gD13g0!G . ~9!

For our numerical calculation, we will adopt the param
eter values provided by Ref.@12#. In that work, the chiral
LagrangianL in Eq. ~2! was used as a starting point fo
constructing a coupled-channel potential model to stu
NK̄→NK̄,Lp,Sp and other measured processes. We e
ploy in particular the parameter values extracted in Ref.@16#:

D50.782, m050.869 GeV,

b0520.320 GeV21, bD50.066 GeV21,
~10!

d0520.996 GeV21, dD50.512 GeV21,

g0521.492 GeV21, gD50.320 GeV21.

Thus, withAs5mJ anduku.0.137 GeV, we obtain, for the
J5 1

2 channel, the phase shifts

dS.22.5°, dP.23.3°. ~11!

Of course, the parameters in Eq.~10! are not known pre-
cisely. If we allow them to take the following ranges
values~in the same units as before!,

0.4,D,0.8, 0.7,m0,1.2,

20.6,b0,20.3, 0.02,bD,0.08,
~12!

21.0,d0,20.7, 0.3,dD,0.6,

21.5,g0,21.0, 0.3,gD,0.5,

3See, e.g., Ref.@15#.

FIG. 1. Diagrams forLp→Lp up to orderp2. A dashed~solid!
line denotes a pion~octet baryon! field. The baryon in the interme
diate states isS. Solid and open vertices are generated byL (1) in
Eq. ~3! andL (2) in Eq. ~4!, respectively.
01400
rd

-

y
-

which are suggested by various tree- and loop-levelxPT
calculations@13,17#, as well as the results of Ref.@12#, we
find the following ranges for the phase shifts:

23.0°,dS,10.4°, 23.5°,dP,21.2°. ~13!

The contributions of the lowest-order terms to these numb
are dS

(1)50 and21.7°,dP
(1),20.4°. The 1/m0 terms, es-

pecially in theS wave, give small corrections,20.06°,dS
rc

,20.01° and20.4°,dP
rc,20.1°. Therefore, the rest o

thep2 terms in theSwave generate the bulk ofdS , and those
in the P wave are comparable to the lowest-order term
their contribution todP .

It is useful to compare the result above with the leadin
order result of Ref.@5#. In that calculation, the spin-3

2

decuplet-baryon degrees of freedom are also included in
chiral Lagrangian, so that, at leading order@13#,

L (1)5^B̄viv•DBv&12D^B̄vSv
m$Am ,Bv%&

12F^B̄vSv
m@Am ,Bv#&2T̄v

miv•DTvm1DmT̄v
mTvm

1C~ T̄v
mAmBv1B̄vAmTv

m!12HT̄v
mSv•ATvm , ~14!

whereTv
m represents the baryon-decuplet fields,4 mT is the

decuplet-baryon mass in the chiral limit, andDm5mT2m0.
The resulting amplitude forLp→Lp in the J5 1

2 channel
receives nonzero contributions from the last three diagra
in Fig. 2 and is given by

MLp5
2mL

f 2 x f
†k•k8S 1

3 D2

As2mS

2

1
3 D2

Ep2EL1mS

2

1
6 C 2

Ep2EL1mS*
D x i1

2mL

f 2 x f
†is•k83kS 1

3 D2

As2mS

1

1
3 D2

Ep2EL1mS
2

1
12 C 2

Ep2EL1mS*
D x i , ~15!

theS andS* being the intermediate baryons. This result,
orderp1, actually contains some contributions from the ch
ral Lagrangian of orderp2 which are implicit in the denomi-
nators. The partial-wave amplitudes in theJ5 1

2 channel are
then

4For hadronic fields, we follow the notation of Ref.@18#.

FIG. 2. Diagrams forBf→B8f8 in theJ5
1
2 channel at leading

order in xPT, including decuplet-baryon contributions. A dash
line denotes a meson field, and a single~double! solid-line denotes
an octet-baryon~decuplet-baryon! field. Vertices are generated b
L (1) in Eq. ~14!.
5-3
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f Lp
(S) 50, f Lp

(P)5
2k2mL

4p f 2As
S 1

3 D2

As2mS

1

1
9 D2

Ep2EL1mS

2

1
9 C 2

Ep2EL1mS*
D . ~16!

Consequently, usingAs5mJ and the tree-level values5 D
50.8 andC51.7, we find for theJ5 1

2 channel the phase
shifts

dS50, dP.21.5°. ~17!

If chiral-symmetric massesmS5m0.1.15 GeV andmS*
5mT.1.38 GeV are used instead, we obtaindP.21.0°. In
each of thesedP values, roughly22° arises from the two
diagrams involving theS, and about10.8° comes from the
diagram containing theS* . One can see that the value of th
S contribution is compatible with thedP

(1) range quoted
above. However, theS* contribution is opposite in sign to
all the O(p2) contributions todP that we have estimate
using the Lagrangian in Eq.~4!. This suggests that there a
additional contributions beyond that of theS* which can be
expected to be significant.

In Ref. @6#, the baryons are not treated as heavy and
phase shifts are computed using the relativistic version of
lowest-order Lagrangian in Eq.~14!. We have repeated th
calculation ~with D50.8 and C51.7) and found dS
521.2° anddP521.7°, which agrees with the result o
Ref. @6#, except thatdS has the opposite sign.6 In dS here,
only 20.1° is generated by theS-mediated diagrams, with
the rest,21.1°, coming from theS* -mediated diagram. We
can see that theS contribution is comparable to thedS

rc val-
ues in theO(p2) heavy-baryon estimate. In contrast, t
dominant S* contribution is roughly only half of thedS
value in theO(p2) heavy-baryon result, although the tw
have the same sign. This again suggests that other cont
tions in addition to that of theS* may be important. In theP
wave, theS and S* contributions todP are 22.7° and
11.0°, respectively, and so these are similar to theirO(p1)
heavy-baryon counterparts.

III. K-MATRIX APPROACH

The SU~3! picture that we have implies that theLp state
is coupled to the statesSp, NK̄, Sh, and JK with S5
21 and I 51. Thus theLp scattering can be treated as
problem with five coupled channels. Although atAs5mJ all
the inelastic channels are below threshold, they may sig
cantly affect the elastic one through unitarity constraints. T
inclusion of such kinematically closed channels has been

5These are extracted from hyperon semileptonic decays~which
also giveF50.5) and the strong decaysT→Bf, respectively.

6We have checked that expanding the part of the amplitude ari
from theS diagrams up to orderp2 does lead to theD2 terms in the
heavy-baryonO(p2) amplitude in Eq.~7!.
01400
e
e

u-

fi-
e
e-

cently shown to be important in the case ofNK̄ interactions
@19#.

In order to estimate the impact on theLp channel of the
others coupled to it, we employ aK-matrix approach. This
method guarantees that the resulting partial-wave amplitu
satisfy unitarity exactly. We follow the formalism describe
in Ref. @15#. For theK-matrix elements, we will make the
simplest approximation and use only the partial-wave am
tudes at leading order inxPT, obtained fromL (1) in Eq.
~14!.

The relevant partial waves can be extracted by choos
the five isospin states

uLp,I 51&5uLp2&,

uSp,I 51&5
1

A2
~ uS0p2&2uS2p0&),

uNK̄,I 51&52unK2&,

uSh,I 51&5uS2h&,

uJK,I 51&52uJ2K0&. ~18!

The phase convention here is consistent with the structur
the w andBv matrices.

The lowest-orderS-wave amplitude forBf→B8f8 with
S521 andI 51 is derived from the first diagram in Fig.
and, in the c.m. frame, has the form

f Bf,B8f8
(S)

52CBf,B8f8AmBmB8

Ef1Ef8

16p f p
2As

, ~19!

whereCB8f8,Bf5CBf,B8f8 . Using the isospin states abov
one obtains

CLp,Lp5CLp,Sp50, CLp,NK̄5A3

2
, CLp,Sh50,

CLp,JK5A3

2
, CSp,Sp522, CSp,NK̄521,

CSp,Sh50, CSp,JK511, ~20!

CNK̄,NK̄521, CNK̄,Sh5A3

2
, CNK̄,JK50,

CSh,Sh50, CSh,JK5A3

2
, CJK,JK521.

The resultingK matrix is written as

K5S Koo Koc

Kco Kcc
D , ~21!

where, with f Bf,B8f8[ f Bf,B8f8
(S) ,

g

5-4
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Koo5 f Lp,Lp , Kco5Koc
T 5S f Lp,Sp

f Lp,NK̄

f Lp,Sh

f Lp,JK

D ,

Kcc5S f Sp,Sp f Sp,NK̄ f Sp,Sh f Sp,JK

f NK̄,NK̄ f NK̄,Sh f NK̄,JK

f Sh,Sh f Sh,JK

f JK,JK

D
5Kcc

T , ~22!

the subscripts ‘‘o’’ and ‘‘c’’ referring, respectively, to ope
and closed channels atAs5mJ . The unitarizedS-wave am-
plitude for Lp→Lp is then given by@15#

Too5
K r

12 iqoK r
5

e2idS21

2iukLpu
, ~23!

where

K r5Koo1 iKoc~12 iqcKcc!
21qcKco,

qo5qLp , qc5diag~qSp ,qNK̄ ,qSh ,qJK!, ~24!

with qBf5ukBfu, the magnitude of the particle three
momentum inBf→Bf scattering in the c.m. frame. W
note thatToo not only satisfies elastic unitarity exactly, b
also reproduces the lowest-orderxPT amplitude f Lp,Lp

~which happens to vanish in theS-wave case! as the chiral
limit is approached. We further note that the diagonal e
ments ofqc are purely imaginary atAs5mJ , their corre-
sponding channels being below threshold. It follows that
S-wave phase shift inLp→Lp scattering atAs5mJ is
calculated to be

dS5tan21~qLpK r!.27.3°. ~25!

If we drop the heavierSh andJK channels, the phase shi
is reduced in size todS.22.8°. If only theJK channel is
dropped, we find insteaddS.23.6°. These numbers ar
consistent with the fact that theLp state has nonzeroS-wave
couplings at leading order only to theNK̄ and JK states.
Interestingly, the last two numbers,dS;23°, are similar to
thedS in Eq. ~11!, calculated usingxPT at orderp2 with the
parameter values from Ref.@12#, in which the heavier chan
nels were not explicitly considered. In Fig. 3 we show t
real part of dS ~which becomes complex above theSp
threshold! as a function of the center-of-mass energy, w
all the four inelastic channels contributing.

We remark here that we have not included contributio
from the Bff8 states in ourK matrix as they are not ex
pected to be dominant, only entering at the two-loop leve
xPT. Similarly, with the lowest-order vertices that we hav
there are noS-wave couplings to states with a decup
baryon and a pseudo-scalar meson.
01400
-

e

s

n
,

The leading-orderP-wave amplitude forBf→B8f8 with
S521 andI 51 is derived from the last three diagrams
Fig. 2. In the c.m. frame, itsJ5 1

2 component can be written
in the form

f Bf,B8f8
(P)

52DBf,B8f8

ukfuukf8uAmBmB8

8p f 2As
, ~26!

where DB8f8,Bf5DBf,B8f8 , and kf (kf8) is the three-
momentum of the initial~final! meson. We have collected i
the Appendix the expressions forDBf,B8f8 corresponding to
the five coupled channels. TheP-wave J5 1

2 phase shift in
Lp→Lp scattering atAs5mJ is then calculated using th
same method as in theS-wave case. The result forD50.8,
F50.5, andC51.7 is

dP.0.2°, ~27!

where isospin-symmetric masses have been used for th
termediate baryons. If chiral-symmetric massesm0
.1.15 GeV andmT.1.38 GeV are used for the intermed
ate baryons, the result is instead

dP.0.5°. ~28!

We have found that dropping one or more of the inelas
channels would not change these numbers dramaticall
size, yielding a phase shift within the range21.5°,dP
,20.4°.

As in theS-wave case, we have not included contributio
from theBff8 states in ourP-waveK matrix. Neither have
we considered states with only one decuplet baryon and
meson in thes channel as they haveJ5 3

2 , but they were
included as intermediate states in theJ5 1

2 u channel. Be-
yond the simplest approximation that we have made,
could add contributions from heavier states, such as th
with one decuplet baryon and one pseudo-scalar meson

FIG. 3. S-wave phase shift inLp scattering as a function of the
center-of-mass energy. The dotted lines mark the thresholds o

Sp, NK̄, Sh, and JK channels, respectively.~Note that mJ

.1.32 GeV is just 10 MeV below theSp threshold.!
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well as those with heavier resonances. The neglect of hea
states is taken as part of the uncertainty of our estimate

IV. CONCLUSION

We have studied theLp scattering phase shifts atAs
5mJ beyond leading order in chiral perturbation theo
With next-to-leading-orderxPT, we find results that are con
sistent within factors of 2 with the lowest-order phase shi
Within a K-matrix approach, we find that unitarity effec
from coupled channels enhance theS-wave phase shift,
which could be as large as27°, but they do not change th
P-wave phase shift significantly. The largeS-wave value is
driven mostly by couplings to the heavier channels. Since
two approaches do not incorporate exactly the same phy
their results may be combined to indicate that27.3°,dS
,10.4° and 23.5°,dP,10.5°, leading to27.8°,dS
2dP,13.9°. Our results also indicate that more-refined
ture calculations withxPT as a starting point should includ
the effects of coupled channels, as has been done in theNK̄
case@12,19,20#. Finally, it is possible to extract these pha
shifts from experiment. We expect E871 to present result
the near future from their analysis of polarization inJ
→Lp decays.

Note added. After this paper was submitted for publica
tion, Ref.@21# appeared. Using dispersion relations in a re
tivistic chiral unitary approach based on coupled chann
its authors obtained 0<dS<1.1° and claimed that ou
K-matrix result should not be trusted.

All of the existing perturbative (xPT) calculations consis
tently predict a smalldS . The question of whether this phas
shift can be large is motivated by the implications that t
would have for experiments searching forCP violation. The
ultimate and definitive resolution of this question lies in e
periment, and we hope that E871 can shed some light on
issue in the near future. At present, speculation on a poss
large contribution todS involves models beyond chiral pe
turbation theory, so that it is very difficult to estimate a
uncertainty. We have presented aK-matrix result which sug-
gests thatdS could be as large as27°, but we cannot esti-
mate reliably the uncertainty in this number. The authors
Ref. @21# agree that our calculation is technically correct, a
so their conclusion that our large result should not be trus
is only a statement of their preference for their model ove
simpleK matrix. They justify this preference from fitting, i
Ref. @20#, to the data in theNK̄, Sp, and Lp channels.
However, a simple look at some of their results~Fig. 2 of
Ref. @20#! indicates that not all of the data are well repr
duced by their model, and this suggests to us that the re
ing dS could have a large uncertainty. Furthermore, in o
K-matrix calculation the largest contribution todS arises
from the JK channel, and we currently have no way
knowing whether the model of Ref.@21# reproduces the scat
tering amplitudes for this channel. Finally, in Ref.@21# two
values fordS are presented, corresponding to two differe
parameter sets in their model. It is amazing that whereas
two sets lead to minimal differences in the description of
scattering amplitudes of Ref.@20#, their predictions fordS
01400
ier

.

.

e
cs,

-

in

-
s,

s

-
is
le

f
d
d
a
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t
he
e

differ by a factor of almost 10. This further suggests th
there could be a rather large uncertainty in these predictio

We are led to conclude that until we have an experimen
result for dS as guidance, it is not really possible to pref
one model over another. What is interesting at this stag
that there is at least one model~the simpleK matrix! which
suggests that the phase shift can be larger than the pre
tions of chiral perturbation theory.
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APPENDIX

For the five coupled channels considered here, one
tains

DLp,Lp5

2
3 D2

As2mS

2

2
9 D2

EL2Ep2mS
1

2
9 C 2

EL2Ep2mS*
,

~A1!

DLp,Sp5

4

A6
DF

As2mS

1

4

3A6
DF

EL2Ep8 2mS

1

4

9A6
C 2

EL2Ep8 2mS*
,

DLp,NK̄5

2A2

3
D~D2F !

As2mS

2

1

3A6
~D214DF13F2!

EL2EK8 2mN
,

DLp,Sh5

2
3 D2

As2mS

1

2
9 D2

EL2Eh82mL

,

DLp,JK5

2A2

3
D~D1F !

As2mS

2

1

3A6
~D224DF13F2!

EL2EK8 2mJ

2

4

9A6
C 2

EL2EK8 2mJ*
,
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DSp,Sp5
4F2

As2mS

1

2
9 D2

ES2Ep8 2mL

2

2
3 F2

ES2Ep8 2mS

1

2
27 C 2

ES2Ep8 2mS*
,

DSp,NK̄5
22~D2F !F

As2mS

1

1
3 ~D22F2!

ES2EK8 2mN

2

8
27 C 2

ES2EK8 2mD
,

DSp,Sh5

4

A6
DF

As2mS

2

4

3A6
DF

ES2Eh82mS

1

4

9A6
C 2

ES2Eh82mS*
,

DSp,JK5
22~D1F !F

As2mS

2

1
3 ~D22F2!

ES2EK8 2mJ

2

4

27
C 2

ES2EK8 2mJ*
, ~A2!

DNK̄,NK̄5
~D2F !2

As2mS

, ~A3!
,

tt,

se

01400
DNK̄,Sh5

2
A6

3
D~D2F !

As2mS

2

A6

18
~D224DF13F2!

EN2Eh82mN

,

DNK̄,JK5
D22F2

As2mS

2

1
18 ~D229F2!

EN2EK8 2mL
1

1
6 ~D22F2!

EN2EK8 2mS

1

2
27 C 2

EN2EK8 2mS*
,

DSh,Sh5

2
3 D2

As2mS

2

2
9 D2

ES2Eh82mS

1

2
9 C 2

ES2Eh82mS*
,

DSh,JK5

2
A6

3
D~D1F !

As2mS

2

A6

18
~D214DF13F2!

ES2EK8 2mJ

2

2A6

27
C 2

ES2EK8 2mJ*
, ~A4!

DJK,JK5
D212DF1F2

As2mS

1

4
9 C 2

EJ2EK8 2mV
, ~A5!

whereAs5EB1Ef and Ef8 is the energy off in the final
state.
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