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Possible Test of the aS = sQ Rule in E„,,' Decay in a
Regeneration Experiment*
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The time dependence of the transverse component of muon polarization in E» decay is calculated under
the assumption that the AS= DQ rule is violated. The initial beam is taken to be an arbitrary superposition
of El,' and Eg0 states. I'our form factors, f+ for the AS = AQ amplitude and g+ for the AS = —AQ amplitude,
enter into the description of the decay. It is shown that when f+ and g+ are not proportional, the transverse
po]arjzatjon js significantl different from zero for the first few lifetimes of ICz' even when there is no T
violation in the decay. The possibility of experimentally observing this transverse polarization with muon
decays from a regenerated EI, beam is examined. It is found that the present experimental limits on f~
and g+ allow a transverse polarization as large as 15% at the exit face of the regenerator. This transverse
polarization can, therefore, be used to test the AS= AQ rule in E„;,' decay.

IHTROD UCTION

HE experimental status of the AS=AQ rule in
E)3' decay is still unclear. ' Several experimental

groups' have attempted to test this selection rule by
measuring the time dependence of the decay rates in

E,3' and E„3' decays. The results from these experi-
ments range from no violation of the 2$= AQ rule to
a AS= —AQ amplitude that is almost 20/~ of the DS
= AQ amplitude. ' In view of this wide range in the ex-

perimental results based on the observation of the decay
rates, it is of interest to determine whether the AS= d,Q
rule in E&3 decay can be tested more accurately in some
other way. Moreover, since the values of the DS= AQ

form factors based on the muon polarization measure-
ments and on the branching ratio measurements are
discrepant, it would be desirable to have measurements
for the DS= —bQ form factors that do not depend
directly on the decay rate.

We present here another method for obtaining infor-
mation about the ES=- —rQ amplitude in the deca, y
E —+ 7l- p+u. The method is based on the time depend-
ence of the transverse component' of muon polariza-
tion resulting from an interference between the AS= AQ
and AS= —AQ amplitudes. The transverse polarization

*Research ( Yale Report No. 2726-569) supported by the
U. S. Atomic Energy Commission under Contract No. AT(30-1)
2726.
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' We define the transverse direction as T=qXk/~qXk ~, where

q and k are the muon and neutrino three-momenta, respectively.

3

of the muon corresponds to the expectation value of the
operator 0= tr (Ir&(tl), where o is the muon spin opera. —

tor, and q and k are the muon and neutrino three-
momenta, respectively. Since spins and momenta are
odd under time reversal, the operator 0 is also odd under
time reversal. Consequently, if Anal-state interaction is
neglected, ' the expectation value of Q would normally
be zero if there is no T violation in the decay. However,
for a state that is a superposition of EI, and E8 states,
the expectation value of 0 can, in general, be nonzero,
even when there is no T violation, provided there is
a violation of the AS=DQ rule. ' This nonvanishing
transverse polarization can, therefore, be used to test
the AS= DQ rule in E„ss decay.

'

A proposal similar to the present one was made some
years ago by Kenny and Sachs. ' Their proposal, how-
ever, envisaged an experimental situation where the
beam at t= 0 was a pure E beam. Since the transverse
polarization is appreciable only during the first few
lifetimes of Eq, this situation can be realized when the
X' is produced in a strong-interaction process, and the
experiment is performed close to the production site of
the E~. Such an experimental setup would encounter
serious background problems, and this type of experi-
ment has not been performed thus far.

We have examined the possibility of observing the
time dependence of the transverse polarization starting
with a regenerated El. beam. An experiment of this
type would have fewer background problems compared
to a pure E' beam experiment. Furthermore, because
of the nonzero value of the strong-interaction regenera-
tion phase, there emerges the interesting and experi-
mentally exploitable result that the transverse polari-
zation is, in general, maximum and nonvanishing at

' The contribution of the final-state electromagnetic interaction
to the transverse polarization is of the order of 0.2 jo. See N.
Byers, S. W. MacDowell, and C. N. Yang, in Proceedings of the
International Senzinar on High-Fnergy Physics and E&lementary
Particles, Trieste, 1965 (IAEA, Vienna, 1965), p. 953.' J. J. Sakurai, Phys, Rev. 109, 980 (1958).

'The present calculation is a demonstration that this is so. A
formal proof is also possible, and will be given elsewhere.

B. G. Kenny and R. G. Sachs, Phys. Rev. 138, B943 (1965).
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t=0, even when there is no T violation in the decay.
This is in contrast to the case studied by Kenny and
Sachs, where, without T violation, the transverse polari-
zation always vanished at t=- 0.

We find that, unless the 65= +BQ form factors are
proportional, the present experimental limits on the
65=&AQ form factors together with experimentally
realizable regeneration allow a transverse polarization
as large as 15'P~ at the exit face of the regenerator. Since
such a transverse polarization is well within the present
experimental capabilities, ' a search for this transverse
polarization offers a feasible way to test the AS=EQ
rule in E'„30 decay, and thus to improve the present ex-
perimental limits on the 65= —bQ form factors.

Time-reversal invariance requires that f~ and g~ be
relatively real, " and the AS=AQ rule requires that
a+=a-=0.

%e start with a general superposition of EI.O and E8~
states" at I=0 of the form

F-,'= (Ez'+/Es')/(1+
I
pl')"' (3)

where p=
~ p~

e'&~ is a, complex regeneration parameter.
Then from Eqs. (1)—(3), the time dependence of the
decay amplitude for E, —& x p+s is given by

m(E, ' ~ 7r //+/)
—
(t)

=GN, (k)(1+y')I y QA (/)+MA (/)jv„(q), (4)

where

A &(/)
—

p&F&s /~a& &—8&l&+—F2e, /mz & &-z&/2j—/(]+
~

//~ &) &/2

We define the gS= ~gQ decay amplitudes as" A~(/) = LpG~e /~~' —"~'/'+-G2e /~z' '~'/'1/(1+
~ p~

')'"
Or[(E'~ ~ w+/) (G/=v2)N, (I/)(1+7')C(v Q+v F)f+. F~= (f++&g+) F2= (f+ &a+)—

+b Q ~I)S j.(d, (1) Gr= (~/2~)L(f+ f )+r—(g+-g )j--
~g -=:.)=(G/~2)-, (~)(1+")t:(~Q+v &)g. G =(~/2~)L(f+ f )+r(—g+ -g)j, —

mz, & and Xs,& are the mass and decay rate for the E&,1.'
where G is the Fermi constant, f~ and g~ are dimension- meson; r is a complex parameter indicating the effect
less form factors for the AS=AQ and the 65= —AQ of CF violation; and M and /r/ are the kaon and muon
transitions, respectively, and Q, F, q, and k are the masses, respectively.
kaon, pion, muon, and neutrino four-momenta, respec- The time dependence of the transverse component of
tively. In general, f+ and g+ are functions of the square muon polarization at a given point on the Dalitz plot
of the momentum transferred between the hadrons. ca»owbe calculated from Eq. (4). The result, referred
However, we shall assume that f~ and g+ are constants. ' to the kaon rest system, is"

2~kXq ~ImLA, (/)A, (/)*g
6'.(/) = (3)

) A, (/) ) 2(E„E„+q k)+ [ A, (/) I '(E„E,—q k) —2///F„ReLA, (/)A, (/)*]

For the special case when T invariance holds, "Eq. (5)
reduces to

/P (&) =(2 /~)(f+r- —J-g+) I I

Xsin(hmt+Pp) ~kXq~/5(/), (6)
where

a(t)= ~p('e-"&'L(E E„+q k)Fr'
+(E„E„—q k)GP —2mE, FrGrj
+/, "z'[(E E.+q k)F2'+(E E„—q k)G22

2nsE F2G2j+2
~ p ~

—e—&'&+"&&'/' cos(Aeit+y )
XL(E„E,+q k)F F +(E„E,—q k)GG

—mE.(FgG2+FgGr) j.
'0 I thank Professor Willis for information on the current experi-

mental capabilities.
"Our notation and conventions are identical to those in J. D.

3jorken and S.D. Drell, Eclatistic Quantum Mechun~cs (McGraw-
Hill, New York, 1964), Appendix A."We neglect 6nal-state electromagnetic interactions."We de6ne E8 = (E +rEO)/N, and EI,O —(go re) f~
where r indicates the eRect of CI' violation, and equals unity when
CI' is conserved.

"N. Cabibbo and A. Maksymowicz, Phys. Letters 9, 352
(1964); 11, 360(E) (1964); 14, V2(E) (j.965)."We also set r = I. and define 5m= (mJ.—g~q).

We note from Eq. (6) the interesting phenomenon,
fjrst noted by Kenny and Sachs, that even when there
there is no T violation, the transverse polarization does
not generally vanish, provided that there is a violation
of the DS=AQ rule. However, if T invariance holds
and the 65=-&AQ form factors satisfy the relation

(f+g f g+) =- 0, the—transverse polarization will vanish
even though there may be a violation of the 55=-AQ
rule. The condition (f~g f g+)40 for—nonvanishing
transverse polarization can be understood simply if one
notes that it is equivalent to the requirement that for
two amplitudes to interfere it is necessary that they be
lInearly independent. Two special cases of interest when
the relation (f+g f g+)=- 0 holds —are (a) g+

——g = 0, -

in which case there is no violation of the 65= DQ rule,
and (b) f = g= 0, which-'1s the exact SU(3) lin11t. In
all cases when the relation (f+g f g+.)= 0 holds, th—e
method suggested here will not provide a test for the
65= AQ rule.

RESULTS AND DISCUSSION

It is convenient for the parametrization of our results
to define combinations of f+ and g+ in the form P= f /
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f+, 8=@/f~., and t =g /f~. The measurement of
m

' ' ' '
s values of ~ aroundmuon pola, rization in E» decay gives

—1.0, and measurement of the branching ratio in E'~30

decay gives values of $ around zero. ' Time dependence
ofth d y E. d ygi ~b~

~ 0 ~ &0.2 and time
de endence of the decay rate in E„3 decay gives a
functional relation between $, 8, and |."These experi-

Eede'ca restrict the range of values of f' toecay re
has been mea-&1.5.' The regeneration parameter p -as een

suI'e Rs R uncd function of kaon momentum for a copper
regenerator" We have taken I»I =0 1 an
which approximate the value of p for a "thin" copper
1egeIle1 RtoI' Rn Rot d kaon momentum of around 2 GeV c."

en E =200For numerica, l computation rve have chosen
MeV and E = 1|j0MeV. This is a point in the region o
the Dalitz plot vrhere the transverse polarization is
kinematically enhanced. Then from Eq. (6) we have

= —1.0
—0.5, 0, 0.5, 1.0.'0 The results are shown in Figs. 1 and
2, vvhere vie have plotted percentage transverse polari-
zRt1on Rgainst T'= X8$.

maximum for y between 3 and 4. Also, except for small
oscillat' the transverse polanz ation reaches its
VRIl1shlng asymp 0 1

' h' t t'c value (as expected for real form
factors aroun 7 =d = 8 .The magnitude of the transverse
polarization is largest for $= —1.0, 8=0.1, and f =

h h c se it reaches a value of aroun & at 7.=
and 3'Pz at the secondary maximum. We also no e a
for —1(f(0, and ~f() (b(, the sign of the transverse
polarization is opposite to the srgn of t

The magnitude of the transverse polarization at g==0
depends crucially on the magnitude and phase of the
regeneration parameter. From q. ~ ~ h tE . ~6~ @re see that or

R. Nebber e$ al. , Ref. 2.
'V Explicitly, if x is the ratio o t e

d -0 1210(c+b~t('+c Re&), where a=0.6265, b=0.0181, and c= .
In obtaining the limits on g, we have assumed that (, 8, and |are
real.

~SH. Faissner, H. Foeth, A. Staude, K.d K Tittel P. Darriulat,

Kl
' k ht C Rubbia, J. Sandweiss, H. Foeth, A. Staude,

K T' t l M I. Ferrero, and C. Grosso, iMd. 30B, 209 {1969).
'9%e assume here that the correction due to incoherent re-

h b t ken into account. The two sources of
nt,h ill be inelastic and diffractive scat tenng. The amoun

of incoherent regeneration will depend on experim pental aram-
h b entum thickness of the regenerator, and

r resolution. The correction due to incoherent regenera-

Re ort No, PURC-2137'-23, 1970 {unpublished). He 6nds

of 25 mrad, and a copper regenerator 9.125 in. thick, the correct~on
h g t hase due to diGractive and inelastic

re eneration is —10.8'~4.6'. It is interesting to note that the
d t incoherent regeneration increases the absolute

the transversevalue of p», and consequently the magnitude of the t
polarization at ~=0 will increase."We have used the values ra =0.862)&10 "sec, wr, = .

d = { —sg ) =0.469 v8 sec ' from the compilation
41 109 f'1969}by the Particle Data Group, Rev. Mod. Phys.

d'T'lo

-[5
0

I l

&= X~t

F . 1.T' d endence of the transverse component of muon
polarization for E„=200MeV, E = 160 MeV, and )=—. ;
{a) 8=0.1, {b) 8=-0.1.The regeneration parameter is taken as
[p( =0.1, y, = —45'.
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hmits on f' set by a 2 and 3 j& time averTA&LE I. Approximate limits on se e-aver-
aged transverse polariga

'
xpation e eriment or v

the si n of the transverse p—1(g(0 and [P[)[8[.opposite to the sign of g for-

&=0.18= —0.1 B=O

-0.4&t-&0.4 -0.4&g&0.3 —0.4&g&0,2
3 jo —0,5&k&0.5 —0

—0.7 &&&0.5 —0.6 &g &0.4 —0.5 &g&0.30 2/
3% —1.2 &|&0.?

l . I

T =X,t,

of the transverse componentnent of muonplo. 2. Time dependence o t e r
pol.arizatlon for
b=0.1, (b) 5= —O.i. T e regener
)p) =0.1, y, =—45'.

see that the transverse polarizationFrom Eq. (6), we see t a e z~atlon
to —b. Consequently, 1 o

ll hsverse olarization vriare zero, the transv pg=o
a be difrerent from zero. n e o

—5 ~ )=l.O
Q= 0. I though bmay e

'
n eo

Rnd 5 RI'c 1 cI'cn
'

hing. However,nzation mill be nonvanis
in this latter case, g

'
the magnitude o e

t 7=—0 is of the order o orpolarization a

currently possi . h
'

le. In the R sence o
' h'n transverse po ariza ion

l I I l I l I

the nonvanis ingIG

tobeusefulony' ' '
i

(b)
a vanishing transverse po ariza i

0

foI' V+8 Rn R VR RllZR 1

tltutc RIi unmls R &a= —0.5

rule, "t is yi
~+ 8 would cons 1 u e
a vlolatlon of the 65= Q

C=o
Q

measurement, one mmust knovr t e va
ohere p

ental oint o view,
$ =o.s

From p p
of thc time depen ence is eteresting feature o e(=o

o].arlzRtion at T=large transverse pP = -O. I

oth 8 and f tend towar~g = I.O

y t experiments (8= 0.2,orred by prescn cxp
maximuIIi Inay R

d 'tlallsvelsc polal'1-that a time-average ran
er 1 e ime

. 1 l. l . l I . l . l

is detectable, a, scarc «1 such a po arl» lon

mit more stringin ent limits on t e

than is presen y ptl ossible in expcrimen
f thc decay rate ln c3 Rn psdependence 0

We illustrate this in Table I, sv ere rve

mate limits a an
iment vrould set ontransvcl sc po al lzRtion lsransverse po a l.roportional to

olarization experimpdence oil
I p I

ls complicated by the de

t
b about 5'Po as pCV 6 t) varies y

of these componThe time variationto 0.2. Consequen y,

e ex erimenta y signt large enough to pt uIldcl consldcrRtloIi RIl

nsverse polaI'iza tloion VRI ics RppI'ox

e de en ence oentail, therefore, it is a vIpi. Expel'llllell a
f r regeneration suc R

& The converse is not tr«.
to arrange or
InaxlmuIQ.
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polarization. In particular, we have considered the possi-
bility that the entire tkS = —b,Q amplitude is T violating
(i.e., 8 and f are purely imaginary) as proposed by
Sachs." If we require that the asymptotic transverse
polarization be less than 2%, as suggested by present
experiments, " then we find that the general features of
the time dependence of the transverse polarization re-
main. unchanged, although significant modifications
occur. To detect these modifications, however, would
require a greater experimental precision than is cur-

"R. G. Sachs, Phys. Rev. Letters 13, 288 (1964).
» K. K. Young, M. J. Longo, and J. A. Helland, Phys. Rev.

Letters 18, 806 (1967).

rently possible. Further details concerning this will be
presented sepal ately.
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Double-Regge Analysis of Single-Pion Production in
~-p Interactions at 8 Gev/c*
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A double-Regge model (DRM) has been applied to nx+m. and px xo Anal states produced in x p inter-
actions at 8 GeV/c incident beam momentum. Application of the model has been limited to the energy region
where all two-body 6nal-state masses are large. Some di%culty exists in trying to understand the qualitative
features of all the data in terms of the model. Parameters of the model have been determined for those events
which display features consistent with the DRM. These parameters are used to predict distributions in
various kinematic variables.

I. INTRODUCTION

~
'HERE has been much interest recently in de-

scribing strong interactions involving three or
more final-state particles in terms of various multi-
particle-exchange mechanisms. There have been several
detailed formulations of these models. Among these are
the un-Reggeized double-particle-exchange model of
Joseph and Pilkuhn' and the double-Regge-pole-ex-
change models (DRM) of Chan et at. ,

s Bali et al. ,
s and

Zachariasen and Zweig. ' Experimental consistency with
the BRM has been reported in describing wwA and.
ESCA 6nal states' as well as other quasi-three-body Anal

states. ' ' Reggeized multiperipheral models have also

*Work supported in part by the National Science Foundation.
t Present address: Lauritsen Laboratory of High Energy

Physics, California Institute of Technology, Pasadena, Calif.
91109.' J. Joseph and H. Pilkuhn, Nuovo Cimento 33, 1407 (1964).
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(1967); Phys. Rev. Letters 19, 614 (1967).

4F. Zachariasen and G. Zweig, Phys. Rev. 160, 1322 (1967};
160, 1326 (1967).' R. Lipes, G. Zweig, and %.Robertson, Phys. Rev. Letters 22,

been used to give qualitative agreement wi.th experi-
ment for higher-multiplicity 6nal states. ' The attractive
feature of the BRM is that one can use information
from two-body processes to describe" interactions vrith
three bodies in the Anal state.

We have employed the BRM to study the reactions

cr p —+pwm'

at 8 GeV/ Tche formulation of the DRM and the form
used for the amplitude are discussed in Sec. II. In Sec.

433 (1969);see also G. Zweig, ANL Report No. ANL/HEP 6909,
1968 (unpublished).
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