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pL scattering phase shifts andCP violation in J˜pL decay
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CP-violating signals in weakJ→pL decay require the knowledge ofpL S- andP-wave scattering phases
at mJ center-of-mass energy. We have calculated these phases in baryon chiral perturbation theory with the
ground-stateS in s andu channels and32

1 S~1385! in the u channel. We do not treat the baryons as heavy.
We find dS51.2° anddP521.7° with the central value of the strong coupling parameterD. We also
investigate the variation of the scattering phases as functions of the parameterD. We compare this result with
previous calculations, and discuss its relevance toCP-asymmetry parameters.@S0556-2821~98!07717-0#

PACS number~s!: 13.75.Gx, 13.30.Eg
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I. INTRODUCTION

The only evidence to date forCP violation in the six-

quark model is found in second orderK02K̄0 mixing. It is
anticipated that direct~first order! CP violation will be ob-
served inB decays. Though the potential for observing dire
CP violation also exists in hyperon weak decays, the fi
remains less well studied. The sign and the size
CP-violating signals in hyperon two-body hadronic deca
depend on the difference between the strong interac
phases of theS- and P-wave amplitudes inL→pN, S
→pN, and J→pL decays. For decays involving a pio
and a nucleon in the final state, extensive low-energy ph
shift analyses exist@2#. However, forJ→pL decay, one
has to rely on the theoretical estimates ofpL S- andP-wave
scattering phases until reliable measurements become a
able from the semileptonic decayJ→Lpen. Martin @3#,
using a dispersive approach, calculates theP-wave phase
shift dP to be '21.0°. Nath and Kumar@4#, using pertur-
bative tree graphs as the input in aN/D method, estimate
dS5218.7° anddP522.7°. Lu, Wise, and Savage@5#, us-
ing tree diagrams and chiral SU(2)L3SU(2)R in a heavy-
baryon formulation of Ref.@6#, calculatedS50° anddP5
21.7°. Subsequently, Datta and Pakvasa@7# extended the
calculation of Ref.@5# by including the contributions of12

2

and 3
2

2 intermediate states in a heavy-baryon formulation
chiral SU(2)L3SU(2)R , and found that theS-wave phase
shift remains small, bounded by 0.5°. The authors of Ref.@4#
obviously disagree with those of Refs.@5# and @7# on the
S-wave phase shift. The agreement among Refs.@3–5# on
theP-wave phase shift is deceptive since its numerical va
is so small. However, significantly, all three calculatio
agree on the sign of the phase shift.

Considering that the baryons in the decayJ→pL do not
involve heavy quarks, we have calculated theS andP wave
phase shifts in a chiral SU(3)L3SU(3)R approach involving
an octet of light spin-1/2 baryons@8#. The calculated phas
shifts dS and dP for pL scattering atJ mass are in agree
ment with those of Lu, Wise, and Savage@5# for the central
value of the strong coupling parameterD. Thus for dS we
disagree with Nath and Kumar@4#. This implies that the
CP-violating signals will be quite small as implied in Re
@5#.
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We describe the method and analysis in Sec. II. The
sults are discussed in Sec. III.

II. METHOD AND CALCULATIONS

The matrix element for a generic hyperon weak decay

the kindBi(
1
2

1)→Bf(
1
2

1)p is expressed in terms ofS- and
P-wave amplitudes as

A~Bi→Bfp!}S1PsW •qW . ~1!

The total rate, for normalization purposes, is given by

G5GF
2mp

4
uqW u~Ef1mf !

4pmi
~ uSu21uPu2!. ~2!

The angular distribution is proportional to@1#

dG

dV
}11gvW i•vW f1~12g!q̂•vW i q̂•vW f

1aq̂•~vW i1vW f !1bq̂•~vW f3vW i !, ~3!

wherevW i andvW f are unit vectors in the direction of the initia
and final spins, respectively. The parametersa, b, andg are
given by

a5
2 Re~S* P!

uSu21uPu2 ,

b5
2 Im~S* P!

uSu21uPu2 ,

g5
uSu22uPu2

uSu21uPu2
. ~4!

The parametera controls the decay asymmetry in the ang
lar distribution if the final-state polarization is not measure
© 1998 The American Physical Society01-1
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dG

dV
5GF

2mp
4

uqW u~Ef1mf !

16p2mi

3~ uSu21uPu2!~11aq̂•vW i !. ~5!

If CP symmetry were respected, then@1#

Ḡ5G, ā52a, b̄52b, ḡ5g. ~6!

Invoking CPT invariance, the decay amplitudes for th
decay and theirCP conjugates are parametrized as follow

S5uSuei ~dS1fS!, P5uPuei ~dP1fP!,

S̄52uSuei ~dS2fS!, P̄5uPuei ~dP2fP!, ~7!

wheredS,P are the strong phases andfS,P the weak phases
The CP-violating asymmetry parameterA is then given

by

A[
a1ā

a2ā
52tan~dS2dP!tan~fS2fP!. ~8!

Obviously, the size of the asymmetry parameterA depends
on the differencedS2dP . We calculate the two phasesdS
anddP in baryon chiral perturbation theory. We do not tre
the baryons as heavy as they do not involve heavy quar

The chiral Lagrangian involving the 02 Goldstone-boson
field f and the1

2
1 baryon fieldB is given by@8#

L15
f p

2

8
Tr~]mS]mS†!1 i Tr~B̄gm]mB!2m Tr~B̄B!

1
i

2
Tr B̄gm@j]mj†1j†]mj,B#

1 i
D

2
Tr B̄gmg5$j]mj†2j†]mj,B%

1 i
F

2
Tr B̄gmg5@j]mj†2j†]mj,B#, ~9!

with f p5131 MeV, D50.860.14, F50.560.12 @8#, and

S5expS 2i
M

f p
D , ~10!

where M , B, and B̄ are the standard 02 meson and1
2

1

baryon~antibaryon! octets@9#. Under SU(3)L3SU(3)R ,

S→LSR†,

j→LjU†5UjR†,

j†→Uj†L†5Rj†U†,

B→UBU†. ~11!
07750
:

t
.

Expandingj andj† in powers ofM one can work outpSL
couplings. We note two things about this part of the calc
lation: ~i! the linearpSL coupling is ofD type only and~ii !
there are no contact vertices of the kind~ppLL!. The latter
is due to the fact that the quadratic terms in the pion fi
arise from the combination (j]mj†1j†]mj) which results in
an antisymmetric quadratic term in the pion field of the fo
(p1]mp22p2]mp1). Because of Bose statistics, this an
symmetric Lorentz form has to go with an antisymmet
isospin structure, namely, isospin 1. However,I 51 ex-
change is not permitted inpL scattering.

The relevant interaction of the32
1 decoupletS~1385! ~de-

noted here byS* ) is introduced as follows:

L25gS̄m*
~a!]mp~a!L. ~12!

The coupling constantg is determined from the tota
width of S~1385! and its branching ratio toLp @10# to be

g2

4p
57.03 GeV22. ~13!

Let us now introduce the essentials of 02- 1
2

1 scattering
formalism. TheT matrix is defined in terms of the ampli
tudesA(s,t) andB(s,t) as follows@11,12#:

T~s,t !5A~s,t !1 1
2 g~k11k2!B~s,t !, ~14!

wheres and t are the Mandelstam variables;k1 and k2 are
the pion momenta.

The non-spin-flip and spin-flip amplitudesf 1(x) and
f 2(x), respectively,x5cosu, whereu is the center-of-mass
scattering angle, are defined in terms ofA(s,t) andB(s,t) as
follows @11,12#:

f 15
~E1m!

8pAs
@A~s,t !1~As2m!B~s,t !#,

f 25
~E2m!

8pAs
@2A~s,t !1~As1m!B~s,t !#, ~15!

whereE is the baryon center-of-mass energy.
The partial wavesf L6 are projected out as follows@12#,

f L65
1

2 E
21

1

@PL~x! f 1~x!1PL61f 2~x!#. ~16!

If we expandf 1 and f 2 in terms of partial waves

f 1,2~x!5( ~2L11! f 1,2
LPL~x!, ~17!

then the partial waves we need,f 01 and f 12 , are given by

f 01[ f S5 f 1
L501 f 2

L51 ,

f 12[ f P5 f 1
L511 f 2

L50 . ~18!

Finally, the phase shifts are related tof S and f P by
1-2
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f S,P5
1

k
eidS,Psin dS,P , ~19!

where k is the center-of-mass momentum. It follows fro
Eq. ~19! that

k cot dS,P5Re@ f S,P#21, k52Im@ f S,P#21. ~20!

The second of Eq.~20! is the statement of elastic unitarity
Consider now the processp(k1)1L(p1)→p(k2)

1L(p2) in the center-of-mass frame. See Fig. 1. With t

FIG. 1. pL scattering.~a! s-channel diagram.~b! u-channel
diagram.
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07750
definitions of the Mandelstam variables

S5~k11p1!2, t5~k22k1!2, u5~p22k1!2,

with s1t1u52mp
212mL

2 , ~21!

we find the following contributions toA(s,t) and B(s,t)
arising from the spin-12

1 S~1190! poles in thes andu chan-
nels:

AS~s,t !5S 2D

A6 f p
D 2

~mL1mS!

3F21~mS
22mL

2!H 1

s2mS
2 1

1

u2mS
2J G ,

~22!

BS~s,t !5S 2D

A6 f p
D 2

~mL1mS!2F 1

u2mS
2 2

1

s2mS
2G .

~23!

The contribution toA(s,t) and B(s,t) from the spin-32
1

S~1385! ~denoted here byS* ) in the u channel is
AS* ~s,t !52g2~mS* 1mL!H 1

3
1

t

2~u2mS*
2
!

1
~mS*

2
2mL

2!

3~u2mS*
2
!

1
mL~u1mS*

2
22mL

2!

6mS*
2
~mS* 1mL!

1
mL

6mS*
2

~mS*
2
2mL

2!~mS* 2mL!

u2mS*
2 J , ~24!

BS* ~s,t !522g2H mL

3

~mL1mS* !

~u2mS*
2
!

2
t

4~u2mS*
2
!

2
mL

6mS*
2

1

12mS*
2 ~u1mS*

2
22mL

2!2
1

12mS*
2

~mS*
2
2mL

2!2

u2mS*
2 2

mL

6mS*

~mS*
2
2mL

2!

~u2mS*
2
!

J . ~25!
n
in-

tri-
As all our amplitudes are real, the first of Eq.~20! implies
that

1

k
tan dS,P5 f S,P , ~26!

wherek is the center-of-mass momentum. Note that as a
plitudes calculated at the tree-level do not satisfy unitar
the second of Eq.~20! is not satisfied.

The projection of partial waves and the evaluation of
phase shifts is now straightforward. The following featur
of our calculation are worth noting. First and foremost, b
cause of an almost-complete cancellation between the
tributions fromAL50 and BL50 in Eq. ~15!, f 1

L50 is very
-
,

e
s
-
n-

small; in fact,f 1
L50 and f 1

L51 are comparable for any give
value ofD. The smallest partial-wave amplitude is the sp
flip amplitude f 2

L51. For the experimental range ofD,
f 2

L50 is the largest partial-wave amplitude. Next, the con
bution ofS* in theu channel toA(s,t)L50,1 andB(s,t)L50,1

TABLE I. Variation of the phase shifts with the parameterD.
Phase shifts are expressed in degrees.

Phases D50.6 D50.7 D50.8 D50.9

dS 0.86 1.03 1.23 1.72
dP 20.50 21.07 21.72 22.47
1-3
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is significant compared to that ofS. In Table I we have
tabulated the value ofdS and dP as functions ofD. As for
the P-wave phase shift, it remains negative and small in
allowed range ofD. For the central value ofD50.80, andg
from Eq. ~13!, we obtain atAs5mJ

dS51.2° and dP521.7° . ~27!

III. SUMMARY AND CONCLUSION

The S- and P-wave phase shifts calculated here are c
sistent with those calculated in Refs.@5,7# and disagree with
those of Ref.@4#. They depend on the parameterD. The
CP-asymmetry parameterA would, therefore, be small a
suggested in@5#.

The fact that we obtaindS;1° for the allowed range o
D, and Ref.@5# calculatesdS50° is not too significant. In
our calculation the smallness ofdS results from an almost
complete cancellation between two relatively large numb
~In contrast, the smallness ofdP is due to small individual
contributions.! The vanishing ofdS as calculated in Ref.@5#
can be understood as follows: In the heavy-baryon appr
mation adopted in@5,7#, the baryon propagators are simp
fied according to the following replacements:

s channel:
1

g~p11k1!2mS
→

1

mL1Ep2mS

u channel:
1

g~p12k2!2mS
→

1

mL2Ep2mS
. ~28!

As a consequence, the scattering-angle dependence a
from the u-channel propagators is lost. ThepL scattering
s

ld,

07750
e

-

s.

i-

ing

becomes, in effect, zero range. All scattering-angle dep
dence, now arising from the vertices only, becomes of fin
order-polynomial form in cosu. Because of the derivative
coupling of the pion field, the numerator of theT matrix
takes the following form for theS intermediate-state dia
grams:

S•k1S•k25 1
4 ~v•k1v•k22k1•k2!

5 1
4 ~k1

0k2
02k1•k2!5 1

4 kW1•kW2 , ~29!

whereS is the spin operator@6#. The structure in Eq.~29!
evidently gives rise toP-wave scattering only. TheS-wave
amplitude vanishes strictly. TheS* intermediate-state dia
gram also generates onlyP-wave amplitude because the n
merator of the spin-32 propagator in the heavy-baryon lim
reduces to the formd i j , wherei and j are spacelike indices
Thus, in the heavy-baryon limitS-wave scattering amplitude
vanishes, andP-wave is the only other partial wave gene
ated. We emphasize that the vanishing of theS-wave ampli-
tude is not simply due to the derivative coupling, but t
derivative coupling and the heavy-baryon approximatio
This vanishing of the amplitude occurs individually forS-
andS* -exchange amplitudes.
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