SOVIET PHYSICS JETP

HYPERON BETA DECAY

V. M. SHEKHTER
Leningrad Physico-Technical Institute
Submitted to JETP editor March 26, 1958

VOLUME 35(8), NUMBER 2

FEBRUARY, 1959

J. Exptl. Theoret. Phys. (U.S.S.R.) 35, 458-466 (August, 1958)

The probability for hyperon decay into nucleons (hyperons) and leptons is computed. The
energy distribution, correlations, polarization, and asymmetry of emission of the particles
are determined. Numerical calculations are given for the case of a universal V-A inter-
action.! The probabilities for the leptonic decay modes of =~ and A are found to exceed
considerably the corresponding experimental upper limits.

1. INTRODUCTION

RECENTLY Feynman and Gell-Mann,! as well as
Marshak and Sudershan,? proposed the V-A co-
variants as a universal four-fermion interaction
and listed a number of points in favor of this pro-
posal. As was shown in reference 1 the general
character of the interaction was such that the fol-
lowing B decays of hyperons, thus far not ob-
served, should be possible
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The probabilities of the electron decay modes
of A and £~ were computed in reference 1. In
this work we compute, in addition to total probabil-
ities, the energy distribution, correlation, polariza-
tion, and asymmetry of emission of particles
formed in the decay of a polarized hyperon. Since
the coupling constant of the axial-vector interac-
tion may be renormalized by strong interactions
in a manner different from the vector constant,
one must take in general Cp # —Cy. In the com-
putation of polarization and asymmetry it was found
convenient to calculate traces and integrate over
unobserved variables in a coordinate system in
which the momentum of the particle under study
was equal to the momentum of the decaying hy-
peron, and only afterwards to transform to the
rest system of the hyperon.> The assumption of
nonzero rest mass for all four fermions partici-
pating in the decay process does not complicate
the calculations and permits application to proc-
esses involving neutral currents such as A’ —

n+ e~ + uT, if it should turn out that these exist.
The total decay probability is given in terms of
an integral which is given explicitly when the
mass of one of the decay products equals zero.
Numerical values for the probability of hyperon
B decay and emission asymmetry are obtained for
the V-A universal interaction without renormali-
zation effects (Cp = —Cy). In Appendix B we
discuss possible types of universal parity-noncon-
serving interactions, and outline simple methods
for deriving the S+ P — T interaction results
from the V-A (and vice versa) for processes
involving free particles as well as for the usual
B -decay process.

2. ENERGY CORRELATIONS

The various processes given by Eq. (1) can be
written in a unified form as

ree ) 47

where Y stands for a hyperon and N for a nu-
cleon. The universal four-fermion interaction
responsible for these processes can be written as
follows (we consider the V and A covariants
only):

(2)

Hip= @NYu (Cv— Cays) $r) @;Yu (I —v5)dy). (3)

( From now on we shall write all formulas for the
decay of a hyperon into a nucleon and electron only.
The corresponding expressions for the hyperonic
or p-mesonic modes of decay are obtained by re-
placing the index N by Y’ or e by u.)

The transition probability [calculated using the
Hamiltonian (3)] for the decay of a hyperon Y at
rest with polarization ¢y accompanied by the
emission of an electron of energy Eg into the
solid angle element dQe and a nucleon into the
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solid angle element determined by its energy EN (Ej, mj, pj, ¢ stand for the energy, mass, mo-
and the azimuth angle @) about the axis pg mentum, and polarization respectively of the i-th
(measured from the {yp, plane) is given by particle in its rest frame):
AW s Enr Eny Qo o8) = s 2 SN g g (o E ExE
(€1 Ees Eny Qo 98) = 55 7 - ~ {n?*[(my — Ex — E.) — Gy(py + Pe)] [ENEe — sne] (4)
4+ 8 [E;— Qvepe)l [En (My — Eo) — mi = svel + #Emu [E. (my — EN) — mi + snve — (my — En) Gy pe) + Ee Gyepa)l).
Here
N=Cy—Cs Et=Cyv+Cy (5)
SNe = (pN'pe) = 1/2 [m%’ + m?v + ’"3 - m% - 2m3' (El\/ -+ Ee) =+ QENEeL (6)

so that the direction of the vector py in §y°pyN -is free to vary only in the angle ¢yN. Integration over
this angle yields

§yPy) = - ,) Sy, / (B2 — m2). (7

The electron-antineutrino correlation is given by a more symmetric expression (we continue to write
simply v instead of v):

dQ, de,
aw (ch Eer E\H Qev CPV) 2.":3 i om dEEdE {71 [E -+ (gl Pv)] [E (my—-Ev)—ﬂ‘l, {‘ Sev] (8)
+ & [Ec— Gy pe)] LE, (my — Ee) - mv + Sev] + e [Ee (QY'pv) —E, (QY'pe)]}:
where, as in Eq. (6)
Sov = (Per Pv) = Yo [y — mly + m2 4+ m2 — 2my (E, + E\) + 2E.E,)]. (9)

The nucleon-antineutrino correlation can be obtained from Eqgs. (4) to (7) by interchanging the indices
e and v and by using the substitution

e (le., Ca->—Ca) r—>—Fr (10)

3. ENERGY DISTRIBUTION, POLARIZATION, AND EMISSION ASYMMETRY OF PARTICLES PRODUCED
IN THE DECAY OF A POLARIZED HYPERON

In order to obtain the probability for the emission of a nucleon in the direction ny = pN/ | pN| and with
the polarization gy, we must integrate the expression for the decay probability over the electron and neu-
trino variables, subject to conservation laws. Some of the details of the calculation are given in Appendix
A. The result is

dW (Gy; Ev, ny, Gv) _ VE\ —m}, dE y dQy VRN —(m, + m P [[Ry — (m,— m,)* J (11)
2 (2m)3 I R, :
where
Ry = my + miy — 2myEw, (12)
T = T + TY Gronw) + T3 Gv-ny) + T4 Grenw) Gunn) + T5 ((Gr-En) — Gr0w) G - 1)) (13)

In (13) T{\I describes the nucleon-energy distribution, Ty the emlssmn asymmetry, T:I;I and Ty

the longitudinal polarization, and T%\I the transverse polarization. The T] are given by

TY = (& 4 1) {(my — En) (myEn — my) Iy — s my (Ex — m3) TY } — tqmaRy [Tf + T2
™ = (22— ) 1/E/2\( — my {(myEny —m¥) Ty — s my (my — EN) TS };
T8 = & — ) V EY — mh {my (my — En) T — s (myEy — m) I3); (14)

TY = (& + 7) {my (Ex — mk) IY — /s (my — En) (myEy — m¥) Ty} + bnmyRy [T —T7');

TY = — Y3 (& + 1%) myRaT? + §9(En (my + mi) — 2mymy] [T} —T%');
Iy =Ry + mi— m3] [Ry — mi + m]; T =[Ry — (m. + m)?] [Ry — (m, + m,)?].
If we set mg =my =0 in Egs. (11) to (14), we obtain the formulas of the V-A theory for the polari-

zation and emission asymmetry of the electrons in the decay of a u meson (the index Y would refer
to the yu meson and N to the electron), Such formulas have been given before .34
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In analogy with Eq. (11), we have for the electron

V EE—m?dQ, VR, —(my +mPIIR, = (my —m)]

dW (CY;Eeyner [;e) = P (zﬂ)a e RS Te, (15)

where
R. = my + m; — 2myE,; (16)
T = T] + T3 Cpne) + T35 (5on.) + T (Grn) (G 1)+ T35 [(Crele) — (G- 1) (o)1 (17)

Ti =7 {(myE, — m}) (my — E2) 7 — /s my (E; — m) T3} + FE.R. [T + T3] — 2inmy (myE. — m}) R, [R. — miy + mi];
T;= —VE—m {n? ((myE e — mz) T{— /s my (my — E.)T%5] + R, [T + T3] + 2tnmymyR. [R. — miy + m3]};
To=—VE—m {p® [my (my — E¢)T{ — /3 (myE, — m) T5)+ &R, [T¢ + T'5) — 2enmymyR, [R, — my + m3]); (18)

Te = {my (EX — m}) I — Y3 (my — E.) (myE. — m}) T} + €m,R, [T + T3]+ 2eqmymy (my — E.) R, [R. — mk + m’];
T§ = — 3 1?mR.T + EE.R, [T] + T3] + 2tnmy (myE. — mg) Re [R. — mi + mi];
Ii=[R, + my — mi] [R, — my + mi]; Ti=[R. — (mn + m,)?] [R, — (my — m,)?].

The formulas for polarization, emission asymmetry, and energy distribution of the antineutrino can
be obtained from Egs. (15) to (18) by interchanging the e and v indices and applying the substitution
(10).

4. DISCUSSION OF RESULTS

The total decay probability and integrated emission asymmetry are obtained from Eq. (15) by sum-
ming over the directions of {¢ and integrating over Eg between the limits mg and [m%( + mé -
(my +m, )2 1/2my.

An analogous procedure should be applied to Eq. (11). The results may be written as

dW Gy, n;) = W, [1 — o5 (G- n,)]dQ; /4%, i=N,e. (19)

The energy integral entering into the expression for W; must be evaluated numerically if none of the
masses vanish. For m, =0 the integral can be performed analytically and we find

m$ ;
Wo= 5 (62 + 1) AL+ Endal, (20)
where

o= () i o (5 T (2 o (2 2 0 (2
) G ) TR
o B T e o (2 [ (2 i (2 22 02

=5 () =5 () (7)1

} (21)

The coefficients a% of Eq. (19) can also be only the order of magnitude of these quantities is
given in analytic form, but the resultant expres- of interest, we make use of the simplifying as-
sions are unwieldy. It is simpler to calculate sumptions £ =0, n=V2G=2x10"4 erg-cm
them for each specific case by a numerical inte- (i.e., Cy=—Cp = G/V2, where G is the con-
gration of T%‘I and T§ over the energy. We stant of Feynman and Gell-Mann'!). This means
give above a table of values of W, and «; for that no renormalization is taken into account for

the decays enumerated in (1). Since at this time either the vector or axial-vector coupling con-
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Probabilities for Leptonic Decays of Hyperons and Emission
Asymmetries of the Produced Particles

Decay mode W, (sec™) ?:ei(;xo W T (%) 0(1‘;J or a}" oy or ocol"'
Al pte v 7.4.107 2.8 2.1 0.6 0.05
A= ptu 45 1.2.10° 2.8 0,33 0.4 0.06
S n+4 eV 5.4.108 1.8 9.6 0.55 0.175
T b pm v 2.4-108 1.8 4.3 0.5 0.09
S A ey 2.1.108 1.8 0.037 0.65
St A0 ety 1.4.106 0.9 0.013 0.5
I A4y 1.6-108 1 1.6 0.6
o A% pty 4.3.107 1 0.4 0.5

stants. The table also lists values of 7, the ex-~
perimental hyperon lifetime, and of Wyt which
is the ratio of hyperon B decays to total number
of decays.

It follows from the above that approximately
1/-, of the total number of decays of the £~ hy-
peron and 1/20 of the decays of the A’ hyperon
should proceed through the leptonic modes.*
Therefore a contradiction with the universal
V-A interaction would arise should the absence
of these decay modes be confirmed. On the other
hand, taking into account renormalization and the

energy form factor of the interaction may decrease

the value of W,.

As can also be seen from the table the inte-
grated emission asymmetry of the electrons and
¢ mesons is small. This smallness is a conse-
quence of the assumption Cp = —Cy. It follows
that a measurement of lepton-emission asymme-

_4W (106 sect Mev™
aE, ( v 2

+

J6
Epx'®, (Mev)
FIG. 1. Dependence of the hyperon decay probability
on the energy of the produced nucleon.

*The values for the decay probabilities for A > p+e + ¥
and 2" > n+e + 7 quoted by Feynman and Gell-Mann are
somewhat smaller than those given in the table. This discrep-
ancy disappears if it is assumed that the quantity C(x) in-
troduced in reference 1 has been set approximately equal to
unity by the authots in their calculations.

try would provide a sensitive test of this assump-
tion.
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FIG. 2. Dependence of the hyperon decay probability on
the electron or on the pu-meson energy.

~
1
-

oo

Vi 0 20 0
EnKin (Mev)

FIG. 3. Energy devendence of the nucleon emission
asymmetry.

Figure 1 gives the dependence of the hyperon
decay probability on the kinetic energy of the nu-
cleon Ellﬁlin = Ey—my. Figure 2 gives the de-
pendence on the energy of the electron, Elém, or
of the u meson E}jin. The energy dependences
of the asymmetry coefficients of the nucleon
[aN( EN)= - TN/TN] and of the electron and u
meson [a®(Eg)=-T§/Tf and oM (E,) =
—~T/TH] are shown in Figs. 3 and 4 respectively.
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FIG. 4. Energy dependence of the electron or (,L-méson
emission asymmetry.

In all figures the curves labelled 1 refers to the
decay A\—p + e~ + ¥, those labelled 2 to T~ —
n+e” + 7V, and those labelled 3to =~ —n +pu” +
V. The remaining decays in (1) are character-
ized by analogous curves.

APPENDIX A
Calculation of Decay Probability
If the interaction Hamiltonian is of the form

(3), the decay probability of type (2) is given by

, dpy &p,
AW = 2% s s @PB (P — Py — P, — P) I MI%, (A1)
where

| M = 4Sp (P RYvuRI s + £ R TuRs Yo

+ 0t [RYvuRY v + RYvuR3 v 1)Sp {RivuRIYs}- (A.2)
Here
Ri=a'a, Ri=as'e, |, _y n o, (A.3)
R; = apia, R: = EP'E
a=(147v)/2 a=(1—v,/2, (A.4)

and pi is the usual density matrix for the i-th
pa.rticle.5
It is easy to show that (A = 'y“A“ ):

Ri= —ial;[4E; Ri—=—ial,/4E, (A.5)
Ry=a(m; +8ip)) /4E;, Ri=a(m:—Cip))/AE,,
where

bh=pi—ml;, ti=p;+mi;, (A.6)

where
, , (A.7)
So= %+ Gep)pi/mi(Ei +mi),  Tio= Coreps) [ my.

t{ differs from ¢; by having the component along
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the p; direction increased E;j/m; times, and
&io is defined by the equation

{
(s pi) = Ciwpin = 0. (A.8)

When Eq. (A.5) is introduced into Eq. (A.2) the re-
sult is

| M2 = (1/4 EyENE.E,) {7 (ty1,) (tate) + & (tte) (Ent.)
+ 1 [mymy (tety) — my {(ate) (pats) — (Caty) (pate))
+ my {(Gr2.) (prts) — (i) (prie)} (A.9)
1 At oA PN
— 5P (W Py ly priv)
X ('— (te)u (tV)V - (te)v (tv)u. + (te)a (t:z)ﬁ €a ap.v)]}

(e aBuy is the totally antisymmetric tensor with
components 0, £1).

The last trace in Eq. (A.9) is easy to calculate;
subsequent substitution into Eq. (A.1) yields all
possible distributions and correlations in the de-
cay of a hyperon. However, for our purposes, it
is not necessary to write out the general expres-
sion since £ =0 and the last trace vanishes in
all cases, except Egs. (11) to (14). In the case
when ¢ =0 the calculation is carried out in the
coordinate system in which py =py, i.e., Pe =
—p,. In that case the last term of Eq. (A.9) after
integration over the directions of p, reduces to

Yo 2 Sp Cn oy Prvi) (Ped (P)a- (A.10)
®

It is easy to see that (no summation over u)
(Pe)u (P) = — Vs PE — 3 (E.Ey— /s Pg)

Introducing Eqgs. (A.11) and (A.8) into Eq. (A.10)
gives

(E.Ev— /5 2) [(tN%7) (papy) — (G pr) (Patr)l, (A.12)

where * indicates that the purely imaginary fourth
component of the given vector should be taken with
the opposite sign.

The averaging over the directions of pe in the
remaining terms of Eq. (A.9), as well as the analo-
gous integration over the directions of py in the
case when electron polarization is studied, is ele-
mentary; after this Eq. (A.9) is expressed in terms
of pj, Eij and the unchanged vectors ¢j. The re-
sultant expression is substituted into Eq. (A.1) and
the expressions (11) to (18) are obtained after a
Lorentz transformation to the frame py =0 is
performed.

We note that rule (10) for the interchange of
electron and neutrino follows directly from Egs.
(A.9) and (A.6). In the most general case, when
¢N # 0, rule (10) should be amplified to include
the condition & — - tN-

(A.11)
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Universal Four-Fermion Interactions with
Parity Nonconservation

As is well known,® five types of parity con-
serving interactions exist, universal in a nar-
rower sense than that used in reference 1. The
universality is defined by the condition that in
going from the ordering

Hint= ;g/ ($201$1) (:01) (A.13)
to the ordering
Hine= 2 f1 (9:0190) ($:0,91) (A.14)
J

one should have fj = Pg;j for all j (with the same
p==1). The indices 1, 2, 3, 4 refer to the par-
ticles participating in the reaction, which need not
be the decay of the particle labeled 1. One has
p =+1 for the covariants V-A, S+ P — T and
2(S-P)~-(A+V), whereas p=-1 for
2(S=-P)+(A+V) and 3(S+P)+ T. Itis
easy to show, by the method of reference 7, that
these interactions are also universal for the co-
variants with the primed constants, however then
2(S—P)—-(A+V) has p=-1 and 2(S - P)
+(A+V) has p=+1. Consequently, when both
Cy and 03 are nonzero, the last two combinations
of covariants are no longer universal. Of the re-
maining three, 3(S+ P)+ T corresponds to
p = —1 and, apparently, contradicts experimental
data. For example, the Michel parameter deter-
mining the energy spectrum in p-decay comes
out equal to 0.25 whereas the experiment gives
0.68 + 0.02.

The V-A and S+ P — T covariants both have
p = 1. They give similar results in the calcula-
tion of various processes and one may give a
simple rule for going over from one to the other.

It is shown in reference 1 that the interaction
corresponding in the notation of Lee and Yang® to

Cv=Cy=—Ca=—Ca=G/V2,

CS=C:§~=CP=C;J=CT=C'T=O’ (A.15)

may be brought into the form

Hine=4V'8G [(2:91) (930s) — (9201) (#5990)], (A.16)

where
(4
o= (vi +wi), = ( ) . (A.17)
w; /
In turn, the interaction
Cs=—Cs=Cp=—Cp=—Cp= C'TEG/VQ,(A'].B)

Cy=Cyr=Ca=Cs=0
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(the relative sign of C and C’ is here different
than in the V-A covariant to give electron polar-
ization correctly in normal B decay) leads to

Hing= 4V "8G [(9391) (9301) — (939%) (93994)], (A.19)

where

oy = Yy (v — wy). (A.20)

Consequently the transition from V — A to
S+ P -~ T requires the replacement of ¢; and
@4 by ¢} and ¢} i.e. a change in sign of wy
and wy. Since wj =0-pijvi/(Ej+ mj) this im-
plies changing of the sign of p; and p, in the
matrix element. On the other hand, the sign of
the momentum does not change in the conserva-
tion laws for free particles or in the exp {i (Pe +
py)-r} in forbidden transitions for the B decay.
However, as can be seen from Eq. (A.9) for free
particles, when £ =0 and 7n = V2 G, the square
of the matrix element contains the variables of
the first and fourth particle only in the combina-
tion (tity), for which the sign change of p; and
p; is equivalent to a sign change of §; and £,
with unchanged p; and p,;. Consequently, for
free particles, the transition from Eq. (A.15) to
(A.18) is accomplished by

G——0, ;4'—’—‘§4- (A.21)

Precisely such a sign change for ¢; was noted
in reference 4 in the discussion of u-meson decay.
In the case of B decay, particles 1 and 4 are
the neutron (n) and antineutrino (v). The change
in sign of p; is equivalent to the introduction of
the additional matrix B =1y, into the nuclear ma-

trix element. For the neutrino we have w, =
o-n,v, (n,=p,/lp,|), and strictly speaking it
is ny, and not p, that changes sign. The quan-
tity that enters into exp {i(pe + Py)*r} is p, =
|py|ny,. Inorder that p, remain unchanged we
must require that |p,| change sign along with n,,.
Consequently the transition from Eq. (A.15) to
(A.18) is accomplished, in the case of B8 decay,

by

SO»SO@, n——n, |p|—>—|p). (A.22)

This leads to a different sign in the S-v corre-
lation in allowed transitions and to a change in the
energy spectrum in forbidden transitions. Both
these phenomena are well known (see, e.g., ref-
erence 9).
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A method is proposed for finding the degeneracy caused by magnetic symmetry. The method
is used to examine the nature of the splitting of atomic terms in a magnetic crystal for all
cases of magnetic symmetry, under the assumption that the total angular momentum of the
atom is integral. The results are compared with the splitting of atomic terms in a nonmag-
netic crystal. It is found that the magnetic interaction in the crystal does not always remove
the degeneracy of the atomic energy levels completely. It is shown that the results obtained
are applicable to finding the splitting of terms of an atom in a nonmagnetic crystal which is

placed in a magnetic field.

].. The field due to the other atoms of the crystal
acts on an atom located in a crystal. This field
has a definite symmetry which depends on both
the crystal symmetry and on the position of the
atom under consideration. The symmetry of the
crystal field is a subgroup of the symmetry class
of the crystal. The crystalline field can be treated
as a perturbation which splits the energy levels of
‘the unperturbed atom. This splitting is completely
dependent on the symmetry of the crystal field at
the point where the atom is located.

The question of splitting of atomic terms under
the action of the crystalline field was treated by
Bethe.! If we assume that the perturbation due to
the crystal field is so small that the spin-orbit
coupling in the atom is not broken down, we can
start from a state of the free atom which is given
by its total angular momentum J and its parity.
Under the influence of the crystal field, the sym-
metry of the atom is reduced, which leads to par-
~ tial or complete lifting of the degeneracy of the

atomic state. To find this splitting we must ex-
pand the irreducible representation of the sym-
metry group of the free atom in irreducible rep-
resentations of the symmetry group of the crystal
field. The irreducible representation of the sym-
metry group of the free atom (spherical symme-
try) gives the term of the unperturbed atom, while
the irreducible representations of the symmetry
group of the crystal field which are found in the
expansion give the components in the splitting of
the term.

We must however make one important reserva-
tion. The free atom is symmetric under time in-
version. If the crystal field is purely electric, it
is also symmetric under the time inversion R.
Then the perturbed atom must also possess this
symmetry. One might think that the symmetry
with respect to R could be taken into account in
the usual scheme of expansion in irreducible rep-
resentations by assuming that the symmetry group
of the crystal field also includes the time inver-



