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New physics andCP violation in hyperon nonleptonic decays
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Department of Physics, Southern Methodist University, Dallas, Texas 75275-0175, USA

~Received 14 November 2003; published 16 April 2004!

The sum of theCP-violating asymmetriesA(L2
0 ) andA(J2

2) in hyperon nonleptonic decays is presently
being measured by the E871 experiment. We evaluate contributions to the asymmetries induced by
chromomagnetic-penguin operators, whose coefficients can be enhanced in certain models of new physics.
Incorporating recent information on the strong phases inJ→Lp decay, we show that new-physics contribu-
tions to the two asymmetries can be comparable. We explore how the upcoming results of E871 may constrain
the coefficients of the operators. We find that its preliminary measurement is already better than thee param-

eter ofK-K̄ mixing in bounding the parity-conserving contributions.
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I. INTRODUCTION

The phenomenon ofCP violation remains one of the leas
understood aspects of particle physics. AlthoughCP viola-
tion has now been detected in several processes in the
andB-meson systems@1#, its origin is still far from clear. The
standard model~SM! can accommodate the experimental
sults, but they do not yet provide critical tests for it@2#. To
pin down the sources ofCP violation within or beyond the
SM, it is essential to observe it in many other processes

Nonleptonic hyperon decays provide an environm
where it is possible to obtain additional observations ofCP
violation. Although this has been recognized for a long tim
@3#, only recently has it been experimentally feasible
search forCP violation in some of these decays@4–6#. There
is currently such an effort being done at Fermilab, by
HyperCP~E871! Collaboration@5,6#.

The reactions studied by HyperCP are the decay sequ
J2→Lp2, L→pp2 and its antiparticle counterpart. Fo
each of these decays, the decay distribution in the rest fr
of the parent hyperon with known polarizationw has the
form

dG

dV
;11aw•p̂, ~1!

wherep̂ is the unit vector of the daughter-baryon momentu
anda is the parameter relevant to theCP violation of inter-
est. By evaluating the decay chainJ→Lp→ppp, the Hy-
perCP experiment is sensitive to thesumof CP violation in
the J decay andCP violation in theL decay. Thus it mea-
sures@5,6#

AJL5AL1AJ , ~2!

where

AJ[A~J2
2![

aJ1āJ

aJ2āJ

, AL[A~L2
0 ![

aL1āL

aL2āL

~3!
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are theCP-violating asymmetries inJ→Lp and L→pp,
respectively. The published measurements currently av
able @7# are AL50.01260.021 andAJL50.01260.014.
HyperCP will obtain more precise results, with an expec
sensitivity of ;1024, and has recently reported@6# a pre-
liminary measurement ofAJL5(2761266.2)31024.

The amplitudes for bothL→pp2 and J2→Lp2 con-
tain S- and P-wave components, each of which consists
contributions describinguDI u5 1

2 and 3
2 transitions, with the

former being known to dominate. AssuminguDI u5 1
2 domi-

nance, one can derive at leading order@8#

AL52tan~dP
L2dS

L!sin~fP
L2fS

L!,

AJ52tan~dP
J2dS

J!sin~fP
J2fS

J!. ~4!

HeredS
L (dP

L) is the strongS-wave (P-wave! Np scattering
phase shift atAs5ML , anddS

J (dP
J) is the strongS-wave

(P-wave! Lp scattering phase shift atAs5MJ . Moreover,
fS

L,J (fP
L,J) are theCP-violating weak phases induced b

the uDSu51, uDI u5 1
2 interaction in theS wave (P wave! of

the L→pp2 andJ2→Lp2 decays, respectively.
The strongNp scattering phases needed in Eq.~4! have

been measured@9# to be dS
L;6° anddP

L;21° with errors
of about 1°. In contrast, the strongLp phases are less we
determined. Using the current Particle Data Group~PDG!
numbers@7#, one can deduce@10# the phase differencedP

J

2dS
J5(27.767.7)°. Very recently, the E756 Collaboratio

@11# has published a new measurement ofdP
J2dS

J

5(13.1765.2860.73)°. HyperCP is presently also me
suring this quantity, with better precision, and has repor
@10# a preliminary result ofdP

J2dS
J5(7.661.322.8

12.4)°.
On the theoretical side, the most recent update@12# of the

standard-model prediction ofAJL yields a value that is
smaller than most of earlier estimates@8,13#, but with a siz-
able uncertainty, resulting in the rangeuAJLu&531025,
which is compatible with some of the earlier prediction
Thus, the upcoming data from HyperCP will likely be inse
sitive to SM effects. Beyond the SM, the asymmetry is p
tentially more detectable, as various estimates@14,15# indi-
cate thatAL could be as large as 1023 in models with
enhanced chromomagnetic-penguin operators~CMO!. In
©2004 The American Physical Society08-1
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these studies, the corresponding value ofAJ has been ne-
glected because most of recent calculations based on c
perturbation theory@16,17# suggest thatdP

J2dS
J is small

compared todP
L2dS

L . However, there are early indication
from a coupled-channelK-matrix estimate given in Ref.@17#
and from the preliminary result of HyperCP above@10#, that
the two phase-differences may actually be comparable
size. This is also compatible with the other two measu
ments ofdP

J2dS
J mentioned earlier. Since HyperCP is se

sitive only to the sumAL1AJ , it is therefore important to
have an up-to-date expectation ofAL,J from possible new
physics and of their sum.

In this paper, we estimate bothAL andAJ due to possible
physics beyond the SM, incorporating the new informat
on the strong phases and taking into account constraints
kaon data. Specifically, we consider contributions genera
by the CMO, which could be significantly larger that the
SM counterparts@14,15#. The relevant effective Hamiltonian
can be written as@18#

Hw5CgQg1C̃gQ̃g1H.c., ~5!

whereCg and C̃g are the Wilson coefficients and

Qg5
gs

16p2
d̄smnta~11g5!sGmn

a ,

Q̃g5
gs

16p2
d̄smnta~12g5!sGmn

a ~6!

are the CMO, withGa
mn being the gluon field-strength tenso

and Tr(tatb)5 1
2 dab. These operators also contribute to t

CP-violating parameterse in kaon mixing ande8 in kaon
decay, as well as to other hyperon and kaon observa
@18–20#. Although e, e8, and AL,J receive contributions
from the sameuDSu51 interaction, they probe different par
of it. Wherease ande8 are sensitive only to parity-even an
parity-odd contributions, respectively,AL,J are sensitive to
both. Thus, withe ande8 now being well measured, we wil
estimate the range ofAJL arising from the CMO that is
allowed bye ande8, and then compare it with the prelim
nary result of HyperCP mentioned above. Since various n
physics scenarios may contribute differently to the coe
cients of the operators, we will not focus on specific mode
but will instead adopt a model-independent approach, o
assuming that the contributions are potentially sizable.
cordingly, we will also explore how well the coefficients ca
be constrained in the event that HyperCP detects noCP vio-
lation.

In Sec. II, we employ heavy-baryon chiral perturbati
theory to derive the decay amplitudes at leading order
Sec. III, we calculate the weak phases using matrix elem
estimated in the MIT bag model. We then estimate theCP-
violating asymmetries, taking into account constraints fr
CP violation in the kaon system, and present a discussio
our results. We give our conclusions in Sec. IV.
07600
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II. CHIRAL LAGRANGIAN AND DECAY AMPLITUDES

The chiral Lagrangian that describes the interactions
the lowest-lying mesons and baryons is written down
terms of 333 matricesw and B which contain the lightest
meson-octet and baryon-octet fields, respectively@21,22#.
The mesons enter through the exponentialS5j2

5exp(iw/ f ), wheref is the pion-decay constant.
In the heavy-baryon formalism@22#, the baryons in the

chiral Lagrangian are described by velocity-dependent fie
Bv . For the strong interactions, the chiral Lagrangian to lo
est order in the derivative expansion is given by@22#

Ls
(1)5^B̄viv•DBv&12D^B̄vSv

m$Am ,Bv%&

12F^B̄vSv
m@Am ,Bv#&1 1

4 f 2^]mS†]mS&, ~7!

where^•••& denotes Tr(•••) in flavor-SU~3! space,Sv is the
spin operator,D mBv5]mBv1@V m,Bv#, with Vm5 1

2 (j]mj†

1j†]mj), andAm5 i
2 (j]mj†2j†]mj). In this Lagrangian,

D andF are free parameters which can be determined fr
hyperon semileptonic decays. We will adopt the parame
values obtained from fitting tree-level formulas@22#, namely,
D50.80 andF50.50. We will also need the chiral Lagrang
ian that explicitly break chiral symmetry@23#, containing one
power of the quark-mass matrixM5diag(mu ,md ,ms),

Ls
(2)5 1

4 f 2^x1&1
bD

2B0
^B̄v$x1 ,Bv%&

1
bF

2B0
^B̄v@x1 ,Bv#&1

b0

2B0
^x1&^B̄vBv&, ~8!

where we have used the notationx15j†xj†1jx†j to in-
troduce coupling to external~pseudo!scalar sourcesx5s
1 ip such that in the absence of the external sourcesx re-
duces to the mass matrixx52B0M . We will take the isospin
limit mu5md5m̂ and consequentlyx5diag(mp

2 ,mp
2 ,2mK

2

2mp
2 ). In Eq. ~8!, the constantsB0 , bD,F,0 are free param-

eters which can be fixed from data.
In the weak sector, the chiral Lagrangian induced by

chromomagnetic-penguin operators has to respect their s
metry properties. From Eq.~5!, we observe thatQg and Q̃g

transform as (3̄L ,3R) and (3L ,3̄R), respectively, under
SU(3)L3SU(3)R transformations. Accordingly, the desire
Lagrangian at leading order is

Lw5bD^B̄v$j
†hj†,Bv%&1bF^B̄v@j†hj†,Bv#&

1b0^hS†&^B̄vBv&1bw f 2B0^hS†&

1b̃D^B̄v$jhj,Bv%&1b̃F^B̄v@jhj,Bv#&

1b̃0^hS&^B̄vBv&1b̃w f 2B0^hS&1H.c., ~9!

where b i (b̃ i) are parameters containing the coefficie
Cg (C̃g), and the 333-matrixh selects outs→d transitions,
having elementshkl5dk2d3l . As shown in Appendix A, the
expression forLw can be inferred from the lowest-order ch
8-2



t

e

e
th

o
a

g

s
er-

d
pin-

ese
e
k

e

ui
s

NEW PHYSICS ANDCP VIOLATION IN HYPERON . . . PHYSICAL REVIEW D69, 076008 ~2004!
ral realization of the densitiesd̄(16g5)s. We remark that
this Lagrangian is ofO(1) in the derivative andms expan-
sions.

For the weak decay of a spin-1
2 baryon B into another

spin-12 baryonB8 and a pseudoscalar mesonf, the ampli-
tude in the heavy-baryon approach has the general form@24#

iMB→B8f52 i^B8fuLw1suB&

5ūB8~ABB8f
(S)

12Sv•pfABB8f
(P)

!uB , ~10!

where the superscripts refer to theS- and P-wave compo-
nents of the amplitude. These components are related to
decay widthG and parametera by

G5
upB8u

4pmB
~EB81mB8!~ usu21upu2!, a5

2 Re~s* p!

usu21upu2
,

~11!

wheres5A (S) andp5upB8uA (P). To express our results, w
also adopt the notation@24#

aBB8f
(S,P) [A2 fA BB8f

(S,P) . ~12!

From the Lagrangians given above, one can derive thS-
andP-wave amplitudes at leading order, represented by
diagrams in Figs. 1 and 2, respectively. For theS wave, the
first diagram is directly obtained from a weak vertex pr
vided by Eq. ~9!, whereas the other diagram involves
K̄-vacuum tadpole from Eq.~9! and a strongB→B8K̄p ver-
tex, which consists of contributions from bothLs

(1) andLs
(2) .

It is worth mentioning here that thebw and b̃w terms inLw

do not contribute toK̄→pp decay, as the correspondin
direct and tadpole diagrams cancel exactly@25#. For L
→pp2 andJ2→Lp2, the resulting amplitudes are then1

aLpp2
(S)

5
1

A6
~bD

213bF
2!1

3

A6
bw

2
mL2mN

ms2m̂
,

aJ2Lp2
(S)

5
1

A6
~bD

223bF
2!2

3

A6
bw

2
mJ2mL

ms2m̂
, ~13!

1The contribution fromLs
(1) to the tadpole amplitude contains th

factorv•pf5mB2mB85O(ms). As a result, theLs
(1) andLs

(2) con-
tributions to the amplitude both have the samems order,O(ms

0), as
the bw

2 terms indicate.

FIG. 1. Leading-order diagrams for chromomagnetic-peng
contributions toS-wave hyperon nonleptonic decays. In all figure
a solid~dashed! line denotes a baryon~meson! field, and a solid dot
~hollow square! represents a strong~weak! vertex.
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whereb i
2[b i2b̃ i and we have used the relations

mL2mN52 2
3 ~bD13bF!~ms2m̂!,

mJ2mL5 2
3 ~bD23bF!~ms2m̂!,

mK
2 5B0~ms1m̂!, ~14!

derived from Eq.~8!. For theP wave, the amplitude arise
from two baryon-pole diagrams, each involving a weak v
tex from Eq. ~9! and a strong vertex from Eq.~7!, and a
kaon-pole diagram involving a strong vertex from Eq.~7!

followed by aK̄-p vertex from Eq.~9!. Thus we find

aLpp2
(P)

5
~D1F !~bD

113bF
1!

A6~mL2mN!
1

2D~bD
12bF

1!

A6~mS2mN!

1
~D13F !bw

1

A6~ms2m̂!
,

aJ2Lp2
(P)

5
~2D1F !~bD

123bF
1!

A6~mJ2mL!
2

2D~bD
11bF

1!

A6~mJ2mS!

1
~D23F !bw

1

A6~ms2m̂!
, ~15!

where b i
1[b i1b̃ i and we have usedmK

2 2mp
2 5B0(ms

2m̂), also derived from Eq.~8!. We note that the baryon an
meson masses in all the amplitudes above are isos
averaged ones.

III. NUMERICAL RESULTS AND DISCUSSION

In order to estimate the weak phases inAL,J , we first
need to determine the parametersb i and b̃ i in terms of the
underlying coefficientsCg and C̃g , respectively. From the
effective Hamiltonian in Eq.~5! and the chiral Lagrangian in
Eq. ~9!, we can derive the one-particle matrix elements

^nuHwuL&5
bD13bF1b̃D13b̃F

A6
ūnuL ,

^LuHwuJ0&5
bD23bF1b̃D23b̃F

A6
ūLuJ ,

^p2uHwuK2&5~bw1b̃w!B0 . ~16!

Since there is presently no reliable way to calculate th
matrix elements from first principles, we will employ th
MIT bag model to estimate them, following earlier wor
@15#. Using the results given in Appendix B, and settingC̃g
50, we find

n
,

8-3
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FIG. 2. Leading-order diagrams for chromomagnetic-penguin contributions toP-wave hyperon nonleptonic decays.
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bD52 3
7 bF5

2I MN4

pR2
Cg , bw5

28A2 I MN4mK

pB0R2
Cg ,

~17!

where N, R, and I M are bag parameters whose values
given in Appendix B. By settingCg50 instead, one finds
similar relations betweenb̃ i andC̃g . It follows that numeri-
cally

bD

~;!

52
3

7
bF

~;!

51.1031023Cg

~;!

GeV2,

bw

~;!

523.4931023Cg

~;!

GeV2, ~18!

where we have usedB05mK
2 /(ms1m̂), with mK

5495.7 MeV and@2# ms1m̂5121 MeV. We note thatCg

and C̃g here are the Wilson coefficients at the low scalem
5O(1 GeV) and hence already contain the QCD runn
from the new-physics scales. We also note that the b
model numbers in Eq.~18! are comparable in magnitude t
the natural values of the parameters as obtained from n
dimensional analysis@26#, e.g.,

bD,F
NDA 5

Cggs

16p2

L2

4p
; 0.0024CgGeV2,

bw
NDA 5

Cggs

16p2

L3

4pB0
; 0.0014CgGeV2, ~19!

whereL54p f is the chiral-symmetry breaking scale, wi
f 5 f p.92.4 MeV, and we have chosengs5A4p. The dif-
ferences between the two sets of numbers provide an ind
tion of the level of uncertainty in estimating the matrix el
ments. This will be taken into account in our results belo

Next, we adopt the usual prescription for obtaining
weak phase@8,12,15#, namely, dividing the imaginary part o
the theoretical amplitude by the real part of the amplitu
extracted from experiment under the assumption of noCP
violation. For the real part of amplitudes, we employ t
experimental values obtained in Ref.@27#. They are, in units
of GFmp1

2 ,

sL→pp251.4260.01, sJ2→Lp2521.9860.01,

pL→pp250.5260.01, pJ2→Lp250.4860.02. ~20!

The imaginary part of the amplitudes are calculated fr
Eqs.~13! and ~15!, combined with Eq.~18!. The other had-
ron masses that we employ aremN5938.9, mL51115.7,
07600
e

g
g-

ve

a-

.

e

mS51193.2, mJ51318.1, andmp5137.3, all in units of
MeV. In Table I, we have collected the results, divided by t
central values of Eq.~20!, in terms ofCg and C̃g . We find
that in each of the amplitudes thebw

6 terms are numerically
larger than thebD,F

6 terms, by up to a factor of four, and bot
contribute with the same sign.

Since the ratios in Table I follow from the leading-ord
amplitudes inxPT, the uncertainty of our prediction wil
come partly from our lack of knowledge about the highe
order terms which are presently incalculable. Various stud
of other hyperon processes in the context ofxPT have shown
that the leading nonanalytic contributions to amplitudes c
be comparable to the lowest-order terms@21,22,24,27,28#.
We expect that a similar situation occurs here, and con
quently we also expect the uncertainty due to the high
order contributions to be comparable to our leading-or
estimate. To reflect this, as well as the uncertainty in estim
ing the matrix elements above, we assign an error of 200%
each of these ratios. In Table II, we have listed the ratios
the weak phases,2 along with their uncertainties, in terms o
Cg

6[Cg6C̃g . Accordingly, Cg
1 and Cg

2 correspond to
parity-even and parity-odd transitions, respectively.

In Table II, we have also included the strong-phase diff
ences. The number forL→pp2 results from the measure
phases quoted in Sec. I. ForJ2→Lp2, while awaiting a
definitive measurement by HyperCP, we have adopted
range27.8°,dS

J2dP
J,13.9° estimated in Ref.@17#. This

range is compatible with the experimental values known
date, including the preliminary measurement by Hyper
mentioned in Sec. I.

From the results in Table II, it follows that the contribu
tions of the CMO are

1024~AL!g5~3.567.0!Im Cg
21~24.268.3!Im Cg

1 ,

1024~AJ!g5~22.066.0!Im Cg
21~21.263.4!Im Cg

1 ,

~21!

where the numbers on the right-hand sides are all in unit
GeV. This indicates that (AJ)g is not negligible compared to

2We remark here that the central values of the numerical factor
front of Im Cg

6 for fS,P
L in Table II are larger, by roughly a factor o

two, than the corresponding numbers obtained in Ref.@15#, which
considers contributions from a generic supersymmetric model.
disagreement may be due mainly to a factor-of-two difference
tween the matrix elements in Eqs.~A1! and ~A2! and those em-
ployed in Ref.@15#.
8-4
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(AL)g and hence should be included in evaluatingAJL .
Summing the two asymmetries then yields

1024~AJL!g5~2613!Im Cg
21~25612!Im Cg

1 , ~22!

the right-hand side being again in GeV. The errors we qu
here are obviously not Gaussian, and simply indicate
ranges resulting from our calculation of the phases.

Since the CMO also contribute to the parameterse8 ande
in the kaon sector, it is possible to obtain a bound on th
contribution toAJL using the measured values ofe8 ande.
The contribution toe8 can be written as@15,18#

S e8

e D
g

5~5.23105 GeV!BGIm Cg
2 , ~23!

where BG parametrizes the hadronic uncertainty, andms

1m̂5121 MeV has been used@2#. The contribution toe
occurs through long-distance effects, and the simplest o
arise fromp0, h, andh8 poles@25#, yielding

~e!g52~2.33105 GeV!k Im Cg
1 , ~24!

wherek quantifies the contributions of the different pole
Hence Eq.~22! can be rewritten as

~AJL!g5
0.0460.25

BG
S e8

e D
g

1
0.22652

k
~e!g . ~25!

To estimate the range of (AJL)g allowed by the experimenta
values ueu5(22.8060.13)31024 and Re(e8/e)5(16.6
61.6)31024 @2,7#, we require

S e8

e D
g

,1931024, ueug,2331024. ~26!

Consequently, adopting 0.5,BG,2 and 0.2,uku,1, after
Ref. @15#, we find the bound

uAJLug,9731024. ~27!

TABLE I. Ratios of theoretical amplitude arising from chrom
magnetic operators to experimental amplitude, forS- and P-wave
transitions.

Decay mode Im s

sexpt
~GeV!

Im p

pexpt
~GeV!

L→pp2 22.23105Im(Cg2C̃g) 22.63105Im(Cg1C̃g)
J2→Lp2

21.93105Im(Cg2C̃g) 11.13105Im(Cg1C̃g)

TABLE II. Weak phases generated by chromomagnetic ope
tors and strong-phase differencesdS2dP .

Decay mode 1025fS ~GeV! 1025fP ~GeV! dS2dP

L→pp2 (22.264.4)ImCg
2 (22.665.2)ImCg

1 7°62°
J2→Lp2 (21.963.8)ImCg

2 (1.162.2)ImCg
1 22°66°
07600
te
e

ir

es

.

The upper limit of this range is allowed by the published d
@7#, but is disfavored by the preliminary result of HyperC
@6# quoted in Sec. I, exceeding it by several sigmas. Si
the number in Eq.~27! is dominated by the (e)g bound, we
can then conclude that the available preliminary measu
ment by HyperCP has already begun to probe the parity-e
contributions better thane does.

Now, it is possible that HyperCP will in the end obser
no CP violation in AJL . In that event, the data can be us
to estimate the bounds on both ImCg

6 . To explore this pos-
sibility, we assume that HyperCP will be able to reach t
expected sensitivity of 231024 @6#, and so we take this
number as the upper limit forAJL . Moreover, since our
result in Eq.~22! has large uncertainties, for illustrative pu
poses we use its central value in what follows. Barring s
nificant cancellations between the ImCg

6 terms, we can con-
sider three possible cases,~i! Im Cg

150 and ImCg
2Þ0, ~ii !

Im Cg
1Þ0 and ImCg

250, and ~iii ! Im Cg
1;2Im Cg

2Þ0.
Consequently, requiringuAJLug,231024, we obtain for
these cases

~ i! uIm Cg
2u&131028 GeV21,

~ ii ! uIm Cg
1u&431029 GeV21,

~ iii ! uIm Cg
1u;uIm Cg

2u&331029 GeV21. ~28!

For comparison, the requirements in Eq.~26! from e8 ande
measurements imply

uIm Cg
2u,7.431029 GeV21,

uIm Cg
1u,5.031028 GeV21. ~29!

Similar or stronger bounds on ImCg
1 may also be obtainable

from K→3p,p,1,2,pgg decays@20#. Therefore, even if it
turns out that HyperCP eventually does not discoverCP vio-
lation in hyperon decays, its data can nevertheless be
pected to provide stringent constraints on the coefficients
the CMO in new-physics models, at a level that is comp
rable to or better than the bounds coming from the ka
sector.

IV. CONCLUSION

We have evaluated theCP-violating asymmetriesAL and
AJ induced by the chromomagnetic-penguin operato
whose coefficients can be enhanced in some scenario
new physics. Including recent information on the stro
phases inJ→Lp and adopting a model-independent a
proach, we have shown that (AJ)g , which was neglected in
earlier studies, can be comparable to (AL)g . We have found
that the upper limit of the sum of these asymmetri
(AJL)g , as allowed bye and e8 data is already disfavored
by the preliminary measurement ofAJL by HyperCP. It fol-
lows that this preliminary data has already started to imp
a constraint on the parity-even contributions of the opera
that is stronger than the bound obtained frome in kaon mix-
ing. We have explored how well the upcoming results

-
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HyperCP may bound the coefficients of the operators in
event of null measurements. In that case, the data will lik
yield significant constraints that are comparable to or be
than those provided by kaon measurements.
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APPENDIX A: CHIRAL REALIZATION OF „3̄L,3R…

AND „3L ,3̄R… OPERATORS

The form of the weak Lagrangian in Eq.~9! can be in-
ferred from the lowest-order chiral realization of the ope
tors d̄(11g5)s andd̄(12g5)s. The reason is that these de
sities, similar to the operatorsQg and Q̃g in Eq. ~5!,
transform as (3̄L,3R) and (3L ,3̄R), respectively, under
SU(3)L3SU(3)R rotations. UsingL s

(2) in Eq. ~8!, one can
derive the correspondences@12#

2d̄LsR⇔ bD~j†BvB̄vj†1j†B̄vBvj†!32

1bF~j†BvB̄vj†2j†B̄vBvj†!32

1b0S32
† ^B̄vBv&1 1

2 f 2B0S32
† ,

~A1!

2d̄RsL ⇔ bD~jBvB̄vj1jB̄vBvj!32

1bF~jBvB̄vj2jB̄vBvj!32

1b0S32̂ B̄vBv&1 1
2 f 2B0S32, ~A2!

whereqL5 1
2 (12g5)q andqR5 1

2 (11g5)q. The form in Eq.
~9! then follows.

It is worth noting here that each of theS- and P-wave
amplitudes in Eqs.~13! and ~15! vanishes if we set

bD,F5cbD,F , bw5
c

2
, b̃D,F5 c̃bD,F , b̃w5

c̃

2
, ~A3!

with c andc̃ being constants, and also use the relations in
~14! as well as
07600
e
y
r

in-
-

-

q.

mS2mN52~bD2bF!~ms2m̂!,

mJ2mS522~bD1bF!~ms2m̂!, ~A4!

derived from Eq.~8!. This satisfies the requirement implie
by the Feinberg-Kabir-Weinberg theorem@29# that the opera-
tors d̄(16g5)s cannot contribute to physical amplitude
@30#, and thus serves as a check for the formulas in Eqs.~13!
and ~15!.

APPENDIX B: BAG-MODEL PARAMETERS

Here we provide the estimate in the MIT bag model of t
matrix elements of the chromomagnetic operators contai
in Eq. ~16!. The relevant calculations can be found in Re
@31,32#. We have

^nugsd̄smnla~16g5!sGmn
a uL&5

216A6gs
2N4I M

R2
ūnuL ,

^Lugsd̄smnla~16g5!sGmn
a uJ0&5

64A6gs
2N4I M

3R2
ūLuJ ,

~B1!

p2ugsd̄smnla~16g5!sGmn
a uK2&5

264gs
2N4I M

R2
A2mK

2 ,

~B2!

where la52ta, only the parity-conserving part of thes
→dg operators contributes, andR, N, andI M are bag-model
parameters@32#. Numerically, we choosegs

254p, corre-
sponding toas51, and adoptR55.0 GeV21 for the baryons
andR53.3 GeV21 for the mesons@32#. Since the weak pa-
rametersb i and b̃ i belong to a Lagrangian which respec
SU~3! symmetry@Lw in Eq. ~9!#, in writing Eqs. ~B1! and
~B2! we have employed SU~3!-symmetric kinematics. Ac-
cordingly, we takemu5md5ms50 and use the formulas
given in Ref. @32# to obtain N52.27 andI M51.6331023

for both the baryons and mesons. Finally, we no
that Eq. ~B2!, together with the relation̂ p2uQguK2&
52A2^p0uQguK̄0&, leads to the matrix element@25,33#
AK̄p[^p0ud̄smnla(11g5)sGmn

a uK̄0&5164gsN
4I MmK /R2

.0.4 GeV3.
ev.
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