LEPTONIC HADRON DECAYS

E. I. Mal'tsev and I. V. Chuvilo

The main properties of leptonic hadron decays are reviewed from the point of view of the
modern theory of weak interactions. The first chapter is devoted to a description of the
decay properties of II and K mesons and the experimental data obtained prior to the middle
of 1969 are analyzed, The second chapter is devoted to discussion of leptonic baryon decays
in the framework of SU(3) symmetry.

1. Introduction

Leptonic and semileptonic hadron decays form a large class of reactions in elementary particle and
nuclear physics; in such reaction a pair of leptons participates in the transition of a hadron A into another
hadron B or to the vacuum. The most typical decays are

A—B417 (M) 4-v,(v); (1a)
A1 (1Y) +v ). (1b)

The reactions of this class include the B decay of atomic nuclei (in this case A is a nucleon bound in a nu-
cleus) and the 8 (or ) decays of baryons and mesons. The lifetimes of such processes are characterized
by a gigantic spread: from 10~1? gec (hyperon decay) to 102! years (double B decay of nuclei). These reac-
tions also include the processes of i and K capture:

I-+A— B+, @)

and reactions with a neutrino:

vi (V) +A—>B41 ().
(3)
All these reactions as well as a large class of hadron decay processes in which leptons do not participate
and a whole series of other known or conjectured reactions are united in the framework of the present the-
ory of the so-called weak interactions of elementary particles.

Turning to the theoretical aspects of the descriptions of these reactions in terms of modern field-
theoretical notions [1], the weak-interaction Lagrangian must satisfy the following requirements: Lorentz
invariance, Hermiticity, locality.

In the theory it is also assumed that there is linearity in the four-component Dirac spinor fields (with-
out derivatives) and that the following quantum numbers satisfy conservation laws: the electric charge, the
baryon number, the lepton number. Within the framework of these requirements, the weak-interaction
Lagrangian can be expressed as a sum of two terms with opposite spatial parities:

Tiges g enln B, 4,1, v) + DeaLn (B, 4, 1, v), 4
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TABLE 1

Type of interaction Invariant Limit
Scalar § 1 1
Pseudoscalar P s 0

1
Axial vector A VsVg YsVi="7 OiYa = i
Vector V T Vs¥a =0
1] Ve =
p=0
Tensor T Oug Oip = Bipl0]
Giq =0

where for processes in which leptons participate
L (B, ALv)=[u,0,u,][u,0,u,]
L, (B, A, 1, "z) = [EB 0, uA] [E, 0,7 uv[]; (5)

in this case, (4) is replaced by the more compact Lagrangian
Ly=2[u50, us [4,0,(c, +¢, orm (6)

and in the theory with a two-component neutrino (my =0, which means 1009 violation of spatial parity) this
Lagrangian takes the form

L,= }:, en [0, u,] [4,0, (1+ev5) ay)], i
where & may have the values £ = +1. It follows from the data for Iy correlations in nuclear g decays that
e=+1,

In the above equations, u; are the Dirac spinor functions of the corresponding particles and Op are
operators characterized by definite transformation properties under spatial rotations and reflections. Using
the invariant quantities at our disposal, viz, the four-dimensional momenta Pj and the Dirac matrices yq,
we can construct five relativistic invariants. These are given in Table 1 together with their nonrelativistic
limits.

Assuming in the nonrelativistic limit that the baryons are at rest before and after the decay and ig-
noring the energy liberated in the decay, we obtain an approximation that describes the so-called allowed
transitions, when the Lagrangian can be represented in the form

Ln = EB Uy [E; (CS—[—CV "?4) (1 + 5'\’5) u"[]
+augou, [4,(cpte,v,) o(1+eyy) uy]. (8)
Here, the first term describes nuclear B transitions of the Fermi type with AJ =0; the second, transitions
of the Gamow-Teller type with AJ =0, +1.

It follows from the relations (4) or (6) that the total Lagrangian in the general case contains ten com-
plex constants cp and cj, or 19 real constants, since one can choose one common phase arbitrarily, If the
process is invariant under time reversal, cn and c}, are real. If conservation of spatial parity is assumed,
either all the ¢y or all the ¢}, vanish.

The formulation of the modern theory of weak interactions has been based in the first place on the ex-
perimental data on nuclear § decay and the decay of the u+ meson:

u+~'+e++v‘—{—;u. (9)
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It is not our task to make a detailed analysis of these processes; such an analysis has led to our present
understanding of these processes and, to a considerable extent, understanding of the general problem of
weak interactions. We shall only mention some of the main results that follow from the currently available
experimental data on this subject. It should be noted first that, in accordance with Eq. (8), pseudoscalar
couplings do not participate in allowed 8 transitions. No traces of the existence of couplings of this kind
have been found in the forbidden 8 transitions either. Secondly, an analysis of the data on the various cor-
relations in nuclear 8 decays indicates that they do not contain tengor or scalar couplings, i.e.,

Cp=Cp=Cr=Cr=cg=cy=0. (10)

It follows that the nuclear B decay is due entirely to a mixture of the vector and axial-vector variants of the
weak interaction. It turns out that

Ca=Cp Cp=Cy; (11)

these conditions mean that there is 100% violation of spatial parity in these processes. Finally, the known
correlation properties of the 8 decay of polarized nuclei shows that the relative sign of the constants cy
and c4 is negative: a=cp/cy <0.

Thus, nuclear § decay is described by the V-A variant of the weak interaction [2].

All the available information on processes governed by the weak interaction indicate that this is a
universal interaction. In its most general formulation, universality of the weak interactions must mean the
equality of the coupling constants for all weak processes and identical fundamental space-time properties
of the interaction. It follows that all weak interactions can be described by a single Lagrangian with one
and the same constant G and that this Lagrangian contains only vector and axial-vector interactions if one
ignores effects due to the presence of strongly interacting particles. The constant G is taken equal to the
constant of u+ decay:

Gy =(1.4350 4 0.0011)- 10— 49 erg-.cm3 (12)

It follows that the weak-interaction Lagrangian can be constructed by analogy with electrodynamics,
This means that in the case in which we are interested it can be expressed as a product of the leptonic Jc(ul) (x)
and hadronic J,(x) currents:

0

Ly (x) =~

JP Jo+h. c, (13)

in which G is the p-decay constant G‘,JI (12). At the same time each of the currents that occurs in (13) must
contain only vector and axial-vector parts, i.e., they must have the form

I (%) = 1, (£) 1, (1+ 75) ,, () + 11, (1) v, (14 ;) hy, (9 (14)

Jo () = ug (1) v, (cy+cp v5) 4, () =02 (1) + 7P (x). (15)

In the weak hadronic current Ju (%) there remain the constants of the vector and axial-vector couplings;
in contrast to the leptonic current, for which one assumes &= +1 in accordance with (7), it is a priori clear
that cp/cy =1 because of the renormalization effects due to the strong interactions. These effects are de-
termined by the structure of the hadrons. At present they cannot be studied theoretically with sufficient
accuracy and our only information about them is obtained experimentally.

If we now turn to the experimental facts and compare, for example, two pairs of hadron decays:

n—lv, n—>pev,

and
K-y, A—pevw, (16)
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and take into account the phase-space for these decays, we find that in each of the pairs the matrix elements
of the first decays, in which the strangeness quantum number S does not change (AS=0), are much greater
than the matrix elements of the second decays, in which the strangeness changes. The same situation is
encountered for the pair of £ -hyperon decays:

= Ae—v; |
S——ne—wv, | (17)

and this condition is satisfied quite generally for all processes that proceed through weak interactions.
Thus, if we represent the hadronic current (15) as a sum of two currents, of which one, J&o) (%), is due to
transitions with AS=0 and the other, J{) (x), to transitions with |AS|=1, Le.,

J (%)= Jff” () + 78 (), (18)

the constants for these two types of transition must be different. It follows that the V-A theory in its orig-
inal form is not universal; even for the different processes of the same nature one must introduce separate
appropriate interaction constants. Cabibbo [3] made the decisive step in restoring the universality. This
is done as follows. We write down two Lagrangians: for the strangeness-conserving decay

L O (19)
Ve
and for the strangeness-violating decay
P =—9_sh.sh, (20)
Ve

The gist of Cabibbo's assumption is that both the hadronic currents J%) (x) and Jg) (x) belong to the same octet
representationof SU(g) symmetry and thatthe total hadronic currentis turned through anangle 6 with respect
to the spin axis u, in the corresponding eight-dimensional unitary spin space. The upshot is that the hadron-
ic current, which we previously wrote as the sum (18), now takes the form

Jo(x)=cos8-J5 (x)+sin 0 JL (x), (21)

while the leptonic current Jél) (x) and the total Lagrangian of the weak interaction retain their structure.

We see that the introduction of the angle @ extends the original concept of universality in a distinctive
manner: the leptonic current remains unchanged, whereas the hadronic currents acquire the additional
factors sin @ and cos 6, which maybe included among the weak-interaction constants, and the universality
concept acquires a wider meaning. Now that the universality of the weak interactions has been restored by
the introduction of the Cabibbo angle, these interactions are described by two parameters: the common
coupling constant G and the angle 6. One could, of course, attempt to go further and make the theory more
precise by introducing, for example, different angles for the vector and axial-vector parts of the current
and for the components of the current that conserve and change strangeness. It is natural that an appropri-
ate choice of such angles would lead to better agreement between the experiments and theory but the intro-
duction of many new constants detracts from the elegance of the theory of weak interactions.

Finally, it should be emphasized that Cabibbo's assumption does not in fact violate the conception of
a universal V-A interaction in its original form but merely extends and makes it more precise. Although
the physical significance of the angle 6 is not yet completely clear, Cabibbo's conjecture is undoubtedly a
step forward in the theory of weak interactions.

We shall now proceed to a systematic exposition of the various aspects of leptonic meson and baryon
decays, which, as we have seen, have a common nature and are characterized by the same constants of the
theory.
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1. Leptonic Meson Decays

In the meson decay processes the leptonic current in the Lagrangian (7) corresponds to the creation
of two leptons from the vacuum:

v 5" 0>,
The hadronic current J, must either annihilate the original meson A:
0] Ja| 43,
or transform it info a different hadron state B:
(B|Jq|A>.

Both these currents must be constructed from the wave functions ¥j of the particles participating in the
process. The leptonic covariants which must be used to construct J (é) are well known:

St= "I_’v"h;
Vi=1%y o ;;
Ti=y, Tap Vs
Al =Py y, vaPy;
Pl=y, 75 Yo

To obtain a coupling with the neutrino in the form z}JV"(l —7¥s) one must construct from the existing covariants
the definite linear combinations

S’—Pl=$v(1*75)‘pr;
Vi— Al =4 (1—7;) Ve Y =P Yo (14 5) Ps;
TH—PT! =y (1—7;) 0apP;.
On the basis of the Lagrangian (7) we obtain the general form of the Hamiltonian:

Hy,=8(S!—P)+V (VI—A)+TT: + A(Vi—A)+ P (S'—PY),

where S, V, T, A, and P refer to the hadronic current.

Whereas the leptonic covariants are the same for meson decays of the type A— 0 and transitions of
the type A— B, the hadronic part of the Hamiltonian must take into account the specific form of the decay.
In this connection let us consider the different transitions of v and K mesons in which leptons participate,
i.e., the decays of pseudoscalar mesons.

1.1. Meson Decays that Proceed through the Channel A—I+p 1

The leptonic decays of the charged m and K mesons
A* > e* (p*) +v (%) (1.1)

are distinguished from all the other hadron decays by the absence of strongly interacting particles in the
final state.

In principle, processes that are free from the effects associated with the strong interaction between
particles in the final state enable one to obtain information about the decaying particle in the most unadul-
terated form. The properties of the decaying hadron, i.e., the 7 or K meson in the present case, must de-
termine the behavior of certain functions of the kinematic variables corresponding to the given decay. Un-
fortunately, there are no kinematic variables in two-particle decays with fixed momenta of the secondary
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particles. The only parameters that characterize the hadrons in the reaction (1.1) are the coupling con-
stants fr and fK, which can be compared with each other.

Let us consider this hadron decay mode for the reaction
K*—»I’h+v1 (%,)
The leptonic part of the Hamiltonian Hyy is known; let us analyze separately each term of the hadronic part

of Hyy.

With a negative parity of the K meson (0 |S| K)=0, whereas the matrix element (0 |P| K) may be
nonvanishing. The only invariant kinematic variable related to the hadronic part of the process is the square
of the four-momentum of the K meson, p%= m'i( = const; thus,

{0|P|K}=f,=-const.

Arguing in the same way for the vector and axial-vector parts, we obtain
O|V|K>=0,
<0EA|K>=fA'P%.

where £ does not, of course, depend on pg. For the tensor part we must write
OIT|K>=fr-p%k-pk.
The total matrix element of the decay obtained from the relation for the total Hamiltonian Hyy is

vy | Hy | K = Fo <bvi | Py (1—75) 9, 0
‘*‘fﬂ% P?( (v, |\_Pv(1 —¥5) Pa ¥, 10> + fT.V:l ;P% P?( <L, I‘Fv
% (1—75) bap P | O3, (1.2)

The last term, which describes the tensor contribution to the matrix element, must vanish, since ¢
is antisymmetric with respect to its subscripts and the product p‘I”{ p% is symmetric with respect to the
o and B functions. It follows that this kaon decay mode cannot give any information about tensor couplings.
Going over to spinors and using the Dirac equation, we obtain the final form of the decay matrix element:

v |H, | Ky= (fp_'mth) [Ev (pv) (1 =75 & (Pe)]' (1.3)

For decays that proceed through the modes K— evg and K —puyy, there must be an important difference
due to the large mass difference me—my and the neutrino helicity. This situation arises because the heli-
city is determined by the ratio of the particle velocity to the velocity of light (v/c) and is therefore always
equal to unity for the neutrino. Conservation of the total angular momentum necessitates an induced helicity
of the charged lepton and the phase volume of the interaction is therefore proportional to 1-v/c. Since the
electron has a small mass, its velocity is nearly equal to ¢ and the decay K— ey, is suppressed compared
with the transition K—uy, since we obviously have v /e «< vg/c. After summation over the lepton polariza-
tions, we immediately obtain the branching ratio of the electron and muon modes:

Ro— L(K=ev) [ 1=(melmg® 12 [ fr—mela 7
04 - ] [ ' (1.4)

I (K= pv,) 1— (my, fm )2 fo—myfa
where the first factor is the ratio of the phase volumes.

Let us consider the limiting cases in which one of the two possible couplings predominates. If f5 =0,
we have pure S—P coupling and R (the ratio of the phase volumes in this case) is ~ 1.1. The other limiting
case fp =0 leads to V—A coupling and in this case Ry~ 1.1 X mf,/m’, ~ 2.6 X 10™. The values of R, for these
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o two possibilities differ from each other by a factor of al-
., / most 10%; it follows that the branching ratio of these decays
is extremely sensitive to the nature of the pseudoscalar
coupling.

In deriving the decay matrix element we ignored the
graphs that describe the radiation corrections that arise
because of the emission of a virtual photon and internal
bremsstrahlung. When these corrections are taken into
account, we obtain Ry =0.815 xRy~ 2.1 1075 for the case of
pure axial-vector coupling.

oy ——

Experimental difficulties entailed in investigations of
decays in which an electron participates have rendered it
impossible until very recently to make any sort of accurate
estimate of Ry. These difficulties are due to the low value
of the relative rate (less than for the muon), the low accura-
cy in the determination of the energy of the emitting electron,
and the appreciable background from the semileptonic decay
K—-7eyg. All these factors have meant that it has been
virtually impossible to investigate the K—evq decay by
means of emulsions and bubble chambers. Prior to 1967 all one knew was an upper limit, Ry=2.6+1073,
and it was only with the use of complicated spectrometers (with spark chambers, Cherenkov and scintilla-
tion counters) with a good momentum resolution that it proved possible [4] to measure R;.

Fig. 1. Spectrometer for the investigation
of the decay K¥—e*ve: 1) range spark
chambers; 2) aluminum plates; 3) magnet;
4) Cerenkov counter;| 5) beryllium cham-
ber; 6) lead glass; 7) conerete shield; 8)
copper moderator.

At the present time the mean experimental value of the K¥— e*y, to K*—pu* ¥, branching ratiois(R,) =
(2.15 £0.35) - 107°, in fairly good agreement with the estimate for pure axial-vector coupling [for the pro-
cesses T ey and m—puy, we have R{= (1.24 +0.03) - 1074, The upper limit for the pseudoscalar form fac-
tor fo obtained from (1.4) is prfé 1.5-107% One may therefore conclude that axial-vector coupling pre-
dominates in the leptonic decays of K mesons, there being no appreciable admixture of pseudoscalar cou-
pling; however, the experimental accuracy is not yet sufficient to make a rigorous quantitative estimate of
| fpi . (The arrangement of the Oxford group's spectrometer and the position momentum spectrum obtained
in an investigation of the K¢, decay are shown in Figs. 1 and 2.) Considering the parameter R; we have as-
sumed that p —e universality holds, i.e., that fﬁ = f"i and fﬁ = f# A few words on y—e universality are ap-
propriate. In the form adopted the weak-interaction Lagrangian u—e universality is assumed, i.e., it is
assumed that the interactions are invariant under a simultaneous substitution of the form

nee,
vu::ve-} (1.5)

The differences in the masses m and mg despite the otherwise complete identity of the properties of
these leptons and their quantum numbers is one of the currently most important problems of high-energy
physics [5]. The point is that it is quite natural to explain the differences in the masses of other particles,
for example, the electron and the pion, by the fact that these particles participate in different interactions.
However, this explanation breaks down for the electron and the muon, since both leptons take part in the
same hitherto known interactions, i.e., the weak and the electromagnetic interactions, and, what is more,
participate universally in the same manner. The experimental data on the different processes in which the
electron and muon participate have hitherto confirmed this assumption.

Anticipating our later discussion, let us compare the probability of processes in which the substitu-
tion (1.5) holds. Such decays have the same absolute matrix elements and the difference in the probabilities
is due solely to the difference in the phase factors, which can usually be calculated easily. For example,

2 2 7

Mg — M,

2—_;2—-] 0.965 =~ 1.23-10—4, In Table 2 we give the data for various de-
m

My

[t — etv )Tt - ptvy) = (%E)‘ [

cays that are symmetric under (1.5).

Thus, to within the experimental errors, the measured values agree with those predicted by p—euni-
versality. Unless specially stipulated, we shall henceforth assume that 4 —e universality is valid. Let us
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TABLE 2. Comparison of Decays with Electrons and Muons

Decays Theory Experiment
r(at—ety)/F(at—pty,) 1,23.10~—* (1,24+0,03)-10~*
I(Kt—etv,)/r(KT—uty,) 2,1.107% | (2,1540,35)-107°
I(Kt—sn'ety,)/T(Kt—aopty,) 0,69 0,7030,056
r(A—pe5 ) r(A—>pp,) 5,88 5,874-0,75
F(Fsnip )/ T (572 %) 0,45 0,40:£0,06
-350_ now turn to the decay K*—~e*y,. It is interesting to compare the relative strength of
%’ the interactions K—~ Iy and 7— lyj. If, as now seems reasonable, f,~ 0, if follows from
) the experiments that f5 (K"'pvl_;)/fA(ar——pm)m 0.52. There are numerous indications
8 [6] that leptonic decays in which the strangeness changes must be at least three times
E less in amplitude than decays of nonstrange particles. With allowance for the mass
= factors in the dimensionless amplitudes, we have £/ =GmE™ #5™ and ||/ |ef |~

20 250 0.14, which indeed yields the desired suppression.

, MeV) g
Momentiin, Hedle We now ask what infor mation these decays yield about the value of the Cabibbo

Fig. 2. Momen- angle 6. If (21) is true, the ratio of the amplitudes of the decays K—'lv; and 71— 1I,1

tum spectrum of which is proportional to the ratio of the matrix elements of the currents Jg) and Jg?), is

positrons from

the Kg, decay. AK—>v) OI80| &> " o it k>
A (= Iv)) <0 I8 > - 0| 10| = )

(1.6)

For the decays K¥—u +v“ and 'n'“‘—*u‘*vp this means that 5 =0.257 rad. From a comparison of the decays
K(r) — mlyy one obtains fy = 0.26 rad. We see that there is very good agreement between the two values of

8 for the decays K(r)—Iy; due to the axial-vector part of the interaction and the decay K—nly; and 77y,

in which, as we shall see below, the vector part predominates. Of course, universality of the weak interac-
tions is not restricted to universality of the pion and kaon decays; one must also make a full analysis of all
the transitions that proceed through weak interactions. We shall do this later. Here, we shall only point
out that the values obtained for the angle 8 from the other decays do not contradict the quantities given in
the present paper. The experiments yield the following values:

sin®,=0.2655:0.0005 from a comparison of K}, and “Ii—z;

sin0, =0.220 £0.003 = * = « Kand m:
sin@,=0.207 +0.004 »~ =~ = " KZ%and mf;,

1.2. Selection Rules in Pion and Kaon Decays

Before we consider the other decay modes of pseudoscalar mesons in which leptons participate, we
must obtain some general rules for all transitions, i.e., selection rules for a number of quantum numbers.
It has been established that V—A coupling is present in leptonic decays in which such a mesonis annihilated.
However, besides a matrix element of, for example, the form (0 |J,§P [K), there exist many other matrix ele-
ments with the current J&‘) for which one must establish the type of the coupling and the other characteristics,

As we have seen in the previous section, the leptonic current operator Jg) can lead, for example, to
the creation of a neutrino and a positive lepton from the vacuum or the disappearance of a ne;%ative lepton
and the appearance of a neutrino., All such transitions under the influence of the operator J & have a com-~
mon feature: the electric charge of the final state is always greater by unity than the charge of the initial
state, i.e., there is a change of the charge under the influence of the current JC(c ), AQ=+1, Since the charge
is conserved in all known interactions, this must lead to the existence of only those matrix elements with
the currents Jé“)"‘ and Jg)“' which yield a change of the charge AQ =—1. Thus, a necessary condition for the
matrix element (BIJ,Q)I A) to be nonvanishing is AQ = (%B_QA =—1, However, since (BlJél T|A)= (AIJ&OI By,

this rule means that transitions under the action of Ja lead to AQ= *+1, It now remains to assume that this

112



rule is valid for all transitions under the influence of Jéo) and Jéi). Let us consider how the other hadron
quantum numbers behave in different processes. In all interactions known at present the baryon number

is strictly conserved. It follows that there is a further selection rule that we can introduce for the current
J&‘), namely AN =0,

Let us consider a specific matrix element with AQ =1 which is certainly nonvanishing, (OIJé}) [K™).
Since the strangeness of the K~ meson is S=—1 and S =0 for the vacuum, AS =1 for this transition. Let us
therefore assume that AS=1 for all transitions under the influence of J&l’); we immediately obtain the rule
AQ = AS for all such processes. In transitions with AS = 0, we have the obvious consequence that AQ = 1.

Let us now turn to the isotopic structure of our matrix elements. The K meson has isospin 1/2; the
final state for a transition to the vacuum does not contain hadrons and the isospin of the vacuum is, of course,
zero. If we now assume that J&l) is a Al vector in the isotopic space, then, from the known nonvanishing
matrix elements (OIJé})[ K) one can assert that at least some of the matrix elements are such that they sat-
isfy |Al=1/2. As in the case of the strangeness, we shall again make the simplest assumption that only
transitions in which the isospin changes by 1/2 are realized under the influence of the current Jc(!ﬂ . A sim-
ilar treatment for transitions with AS= 0 leads to |laT|=1.

1.3. Semileptonic Decays

The leptonic decay experiments discussed above made it possible to obtain information about the axial-
vector and pseudoscalar coupling and the value of the Cabibbo angle 65. However, they do not yield any
information about the scalar, vector, and tensor couplings and the corresponding angle fy. Such couplings
can be studied by investigating the decays

K—ndetv, (Ka) }
K—sat+ptv, (Kua). (1.7

Apart from the type of the interaction, semileptonic transitions make it possible to verify effects as-
sociated with the violation of T and CP invariance, to investigate the structures of the form factors that
describe the contribution from the strong interactions, and also such consequences of the theory as, for
example, the assumption of the local creation of a lepton pair.

Comparison of the form factors and the decay rates of neutral and charged kaons makes it possible
to verify the selection rule |AI|=1/2, whereas equality of the corresponding form factors in the K3 and
Ku3 decays would be confirmation of u— e universality. The nature of the time dependence of the decays of
neutral kaons depends on the extent to which the rule AQ= AS is satisifed; in an investigation of this depen-
dence one can estimate the value of x, the ratio of the amplitudes of decays with AQ =—AS to the decay am-
plitudes in which this rule is not violated. The Hamiltonian for the semileptonic decays has the same gener-
al form as for the transitions K(r) —1y; but, in contrast to the urely leptonic decays, the current Jal) does
not annihilate a pion or kaon but transforms it into a pion: M® = ¢ [Jc(ul | Kr)). Arguing as previously and
noting that the p parity of the initial and final hadrons is the same in this case, we find that three possibil-
ities cah be realized for the decays K —nly;:

scalar interaction M ~ fg;
vector interaction M~1/2 7, (pg *+pr)y +1/2 J- PP
tensor interaction M ~ pr‘II{p-?r.

(Here, we have at our disposal two kinematic variables, namely, the four-momenta of the kaon PK and the
pion p;.)

The functions fi are dimensionless form factors that depend only on the square of the four-momentum
transferred to the lepton pair; this follows from the assumption of a local creation of leptons, The form
factors are relatively real if the interaction is invariant under time reversal. For the pure vector variant
of the coupling, the majority of theoretical estimates indicate that r; must be slowly varying functions of
a* = (pg—p7)?, i.e., one is naturally led to expand them in powers of g?:

Fal@)=1.O) [1+1, gym2)]
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On the other hand, the form factors £, can be represented in the form

Fo@®=F.0) [X(X—q¥m3)],

where m = m;XY2 is the mass of the intermediate K* state (P=1",1=1/2). For [»,|>0.1 both represen-
tations of £, are equivalent for A = 1/X.

Nature of the Coupling Responsible for the Decays K—-7+[ +y;. Correct interpretation of the exper-
imental data on the K— iy processes due to some particular form of interaction are possible only if one
allows correctly for the distortions due to the strong interactions and if the assumption of local creation of
leptons is correct. Of course, the form of any energy or angular distribution of secondary particles depends
on the nature of the coupling responsible for the decay but the different spectra have different sensitivities
to the assumptions of the theory and the effect of the strong interactions. As we already know, all the ef-
fects from the strong interactions are included in the form factors fj. In the simplest case of constant form
factors,all the distributions are equally suited to an analysis of the nature of the interaction. However, in
the general case,when the form factors depend on the energy of the strongly interacting particles, one must
always investigate the parameters that are least sensitive in the given case to a change in the pion energy
(or rather, to g, = mk + m&—2mg Eq).

Which distributions are most suited to an investigation of the nature of the interaction? The electron
momentum spectrum is relatively insensitive to a change in the pion energy, being obtained by integration
over the energy E -, and it follows that the infor mation about the nature of the interaction is not too strongly
affected by an inaccuracy in the knowledge of the value and structure of the form factors. The distribution
over the angle @ between the momenta of the neutrino and the pion in the rest system of the dilepton (lepton
plus neutrino) is independent of the change of the form factors; this is also true, of course, for all other
spectra obtained for a fixed energy of the pion. (All these arguments hold if there exists pure coupling of
a particular kind.) As regards the assumption of local creation of the lepton pair, this also can be most
conveniently verified by analyzing the angular correlation in @. A difference in the behavior of the electron
(for mg = 0) and the neutrino would indicate either violation of the locality principle or the presence of a
large contribution from the scalar-tensor term (or both). It should be noted that the asymmetry which arises
if there is nonlocal creation of the leptons is manifested only in the structure of the form factor £, in the
decay K—mevg, whose expansion in powers of ¢* contains a term that depends on the momentum transferred
to the lepton:

Fo @ =1, ) [1 + Apgym2+h,q2/m2),

where ¢ = m} +m}—2my Ee.

Attempts to distinguish a term proportional to Ag in the structure of f+(q2) clearly smack of sophistry
but, approaching the Milan group's result [7] purely formally, we may remark that it does not contradict the
principle of local (Ao = 0) lepton creation Ag =0.11%{:01}. For more than a decade unceasing investigations
of semileptonic decays have been made. The accuracy of the measurements and the estimate of the back-
ground have been improved and an ever greater body of statistical material has been accumulated. The re-
cent experiments [8, 9] of the groups at Saclay (KE,3) and Princeton (Kgs), which were carried out by means
of spark chambers and counters (Fig. 3), were based on more events than all the foregoing experiments
together. As in the earlier investigations, it was again found that the vector coupling is predominant and
that the contribution to the amplitude from the scalar and tensor interactions satisfies the following inequal-
ities: for K&;:Ag/AY, =0.11, AT/Ay =0.06 with a 68% confidence limit and for K;s:AS/AVSO.IB, Ap/Ay =
0.04 with a 90% confidence limit.

The Form Factors £, and £ in Kaon Decays. If vector coupling is predominant in semileptonic decays,
the total matrix element must have the form

=% D[+ @) Px + oot F- @) (Px—Pa)d] Uy Vo X (14 75) (1.8)

where, as we have indicated above, the form factors f, (a®) can be represented by expansions in q?. These
form factors are directly related to virtual strong interaction in which kaons and pions participate. To
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analyze their energy structure one can apply disper-
sion relations under the most varied hypotheses, for
example, under the assumption [10] that the virtual
strong interactions dominate with an intermediate K*
state present. In addition, numerous predictions based
on current algebra [11] have recently been made con-
cerning the structure of the form factors and their
mutual relationships for different decay modes, Of
particular interest from the point of view of compar-
ison with the predictions is the form factor £(g?), the
ratio of the form factors y_ and fa

2

Fig. 3. Apparatus of the groups at Princeton (a) E@®) =TI/, (g

and Saclay (b) for the investigation of the Kg; and

K@y decays: 1) spark chambers; 2) scintillation The solution of several problems depends on the
counters; 3) Cerenkov counters; 4) photographic investigation of £, The violation of T invariance in

system; 5) detector of 7’ mesons; 6) kaon detector; semileptonic decays leads to the appearance of a phase
7) magnet; 8) range spark chambers; 9) momentum  of £ that is not equal to 0 or 180°. The selection rule
spark chambers. AI=1/2 gives a quantitative relationship between the

form factors £ in decays of neutral and charged kaons.
If only the amplitude with AI=1/2 makes a contribution to the Kjg decays, we must have £;=£,. On the other
hand, if £ is known, a comparison of the form factors fﬁ and fﬂ from the Kgz and Kus decays (by analogy
with the leptonic Ky, decays) can be used to verify u—e universality, which predicts f‘j_= f‘_‘l_

Some methods of determining £ are based on measurements that can only be interpreted correctly when
the answers to the questions listed above are known. For example, in many experiments £ has been deter-
mined by measuring the ratio of the partial rates of K-meson decay through the K3 and Kg3 modes:

r (K-> Ty )
n= F—U(—_;?_::J%O.Gs -|-0.13 §+0.02§2.

The branching ratio 7 has this form because the terms of the matrix element with £ are proportional to the
mass of the leptons and the denominator of the fraction does not contain ¢ for mg = 0. In this method of
estimating { one must assume, first, that s +and f_ are constants and secondly, that 4 —e universality holds.
For example, if the first assumption is false, 1 takes the form

1 =0.649+0.127Re £+ 0.019 [E 2+ 1.34A +0.008% Re
-+ 0.459% Re§+0.1637._|§|2-0.ossx+|g|e, el

and to estimate §{ correctly one must know the energy structure of the form factors Fu (qz), i.e., the param-
eters A and A_. A further possibility of estimating £ arises in an investigation of the energy spectra of
pions and muons and also from a measurement of the muon polarization in the decay K—mup,,. The inter-
pretation of such experiments does not depend on the extent to which u—e universality holds %ut additional
assumptions must be used. The only method that does not depend on any of these assumptions, i.e., u—e
universality, invariance under time reversal, and the nature of the energy structure of 7, is to make mea-
surements for fixed energy of the muons and pions, for then necessarily ¢ = const. This can be done by mea-
suring the polarization direction of the muon at each point of the Dalitz plot Eqs E‘_‘). The polarization di-
rection of the muon at a given point (100% polarization) depends in this case only on the corresponding val-
ue of £: p= f €. The angular distribution over the directions of the momenta of the electrons & from the
muon decay relative to the direction of the magnetic field B employed is a simple function of &:

dN /d (1 B) ~ [1+ ap, (8)-B] (1 B),

where a is the asymmetry parameter of the muon decay.

Many experiments have now been performed in which £ has been deter mined by different methods [12].
The weighted mean of the branching ratio for the K, 3 and K3 modes are n*=0.73 +0.03 for K* mesons and
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1, =0.78 + 0,05 for K" mesons. If we assume that f, are constant, i.e., A, =0, and that there is invariance
under time reversal, Im £=0, then for §)=0.75 we obtain £ =0.6 +0.2. On the other hand, measurements

of the muon polarization in decays of charged and neutral kaons yield Re§ =—1.0 £0.2. Thus, {p.pat™

Epolar‘“ 1.6 + 0.3, which differs from zero by more than five standard deviations.

It is true that results have recently been obtained which indicate that n = 0.596 +0.025 and £ =—0,72 =
0.21. The last result agrees with the data found from the polarization experiments. However, if such a dif-
ference is present, how could one to attempt to explain it? First of all, it would be natural to try an energy
dependence of the form factors, i.e., to introduce nonvanishing values of the parameters A, into the expre-
sion for the branching ratio. We must now explain why we take A and not both A, and A_, which would
enable one to allow for an energy structure of both £, and f_. The point is that many theoretical estimates
show that |r_| < | +I [13] or £~ 0, and in the limit of strict SU(y) symmetry we would exact vanishing of £.
One could introduce a nonvanishing A, into (1.9) without regard to the experimental polarization data since
the latter are much less sensitive to A than the K3 and Key branching ratio. However, to change the value
of £ from the experimental value £ = +0.6 to £ =—1.0 without changing the branching ratio 5 = 0.75 one would
have to take A~ 0.15. Such a value of A contradicts not only many theoretical predictions (Ih | =0.02) but
also the majority of experimental data obtamed from the study of K3 decays. At the present t1me nothing
is known definitely about the values of A in the K&; and Kes decays. It follow from the previous experimental
data that (A g+ =0.024 +0.009 and (A Jgo= 0.018 +0.009. However, there have been recent indications
that the values of A, may lie in the interval 0.06-0.09. If £ =—1 and we assume A_= 0, then for A =0.02
the branching ratio n must be equal to 0.6, which differs from the previously found mean value (0.75 + 0.03)
by rnore than five standard deviations but corresponds to the value of 11 obtained in recent experiments
with K¥ mesons. On the other hand, if A= 0.09, then 1~ 0.75; this agrees with the conclusions drawn from
an analysis of the results of the earlier experiments but contradicts the more recent data.

There remains the possibility of reconciling the data by taking A_ = 0. Although theoretical estimates
indicate If | < | f+] the majority of them do, on the other hand, predict [14] a stronger energy dependence of
F- than that of £, i.e., A_|> i?t |. Let us consider what values of A could reconcile the experimental data.
For £ =—1.0, Ay =0.02, and n= 0 75 one must take [?x |=0.6. Some “theoretical models indicate I)L |=0.2
if [A4]=0.02, bl:.t if we have such a large value, A_ =—0.6, the very expansion of f in powers of ¢? in the

form 1 4+ a_ may be incorrect. We still have #—e universality at our disposal; suppose we suddenly

JI:
flndf_,_ :ef“ then, for example, for A, =0 and Im£ =0 we have n = (f4/f3)? % (0.065 4- 0,13§ + 0.02 &%) and
for [ | _ff_ |>1 we then have &pyp pat > Epglaps To reconcile the existing experimental values of £po1ay and

Epr.rat it is necessary to assume that If“" /fe |~ 1.16 for £ =—1.0 and 1 = 0.73. However, the violation of
i —e universality goes against the grain more than for example, the introduction of a large A to reconcile
the results for £ obtained by different methods.

The Selection Rules |AI|= 1/2 and AQ = AS for Semileptonic Kaon Decays, In Sec. 1.3 we have ad-
duced simple arguments to derive the selection rules |AI|=1/2 and AQ= AS. These arguments were based
on the assumption that the strangeness-changing part of the weak-interaction Lagrangian transforms as a
isospinor,

A more fundamental basis for the introduction of these selection rules was proposed by Cabibbo and
others; it reduces to the assumption that the strangeness-changing current J, ) is composed of the compo-
nents of an SU(3)~symmetry octet. Within the framework of such an assumptlon the selection rules |AI|=
1/2 and AQ = AS are obtained for all processes with AS= +1, For semileptonic decays the rule |al|=1/2
predicts the branching ratio:

R =T (K*—alv,/T (KT — nlv;) =2.024,
where the differences of the pair arises because of the mass difference of the particles. The experimental

value isRgxp = 1.9 4 0.08 and therefore Rexp/Rtheor =0.94 + 0.04, which does not differ from unity by more
than one standard deviation [15].

One can investigate a possible violation of AQ = AS by considering the four decay amplitudes of the
neutral kaons:

f=AR ™+ v) g=AK >at+1743); [F=AR >+ L) ¢ = ARo—>n™ - 1F ),
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where CPT invariance is assumed. Here, f(r*) is the amplitude of the process that satisfies AQ = AS and
g (%) is the amplitude that violates this rule (AQ=—AS). The ratio of these two amplitudes, x = g/f, must
vanish if the weak interaction satisfies AQ = AS exactly. Violation of this rule must affect the nature of the
time distribution of decays with positively and negatively charged leptons and also, if there is a CP-invari-
ance violating amplitude in semileptonic decays, the charge asymmetry

A= (T, —T_)/ (T, —T.),

where I'y, = TK'—7 + vp) are the partial rates of the processes.

Let us consider what possibilities there are for obtaining information about the value of x from an ex-
perimental study of the time dependence for the decays KE,“‘ mlyp. If at the initial instant there is, for ex-
ample, a pure K? state, then after a certain 7g (1g is the lifetime of the short-lived K{ state) there will be a
mixture of the K° and K® states. For small t, negatively charged leptons will arise because of the amplitude
f* that satisfies AQ = AS and positively charged leptons will arise from the amplitude which satisfies AQ =

—AS. If both £ and g have approximately the same energy dependence in the kinematically allowed region,
the time distribution of the electronic Kes from the initial K° state is

I -
NE(ty ~ | 14 x |27 |1 —x|2e MLt _gez (PsTh [2Imx sin 6 + (1 —| x| 2) cos 8], (1.10)
where the sign + refers to the electron charge; Ag and Ay, are the total rates of the short-lived K{ and the
long-lived K%J states and § is the mass difference m(Kg)—m(Ky). The necessary condition for CP invariance
of the semileptonic decays is Imx =0, whereas the simultaneous fulfillment of the conditions Imx=Rex=0
is equivalent to AQ = AS. Violation of CP invariance in this case necessarily entails nonfulfilment of AQ=
AS but the condition AQ = AS and hence Imx = 0 is not sufficient to deduce CP invariance since the latter
may be violated in the allowed channel with AQ = AS. If CP invariance holds, the sum N+(t) +N7(t) is inde-
pendent of 6. However, this obvious advantage is in reality lost because of the indeter minacy of x due to
the quadratic dependence and the large indeterminacy in x resulting from the loss of information about the
sign of the lepton charge. If one assumes that the form factor f- (g_) does not dominate in the hadron cur-
rents, the time distribution of the K gdecays can also be expressed by Eq. (1.10) with the same value of
x, We recall that violation of AQ= AS leads to a transition with |AI|=3/2 (the amplitudes g and g, i.e.,
in this case the selection rule | AI|=1/2 must necessarily be violated for semileptonic decays.

The time dependence for the K3 decays has been investigated [16] for both the K, 3 and Kgg modes and
for the initial states K® and K’. The combined data from all the experiments yield

Rex=0.021 + 0.036;
Imx= —0.10 & 0.005,

We see that whereas Im x vanishes to within the experimental errors, Rex >0 by more than four stan-
dard deviations. However, the value of the error ARex should not be taken too seriously. The combined
data of the various experiments do not take into account the almost unavoidable systematic errors that could
greatly change the result. In addition, the experiments discussed above do not yet indicate a violation of
| AT|=1/2, which would be necessary if there is a contribution to the amplitude with AQ =—AS,

Summing up, our very tentative interpretation of the measurements of the time dependence of semi-
leptonic decays is that the selection rule AQ = AS may be violated with CP invariance nevertheless holding.

Let us consider the possible effects that could arise if the selection rule AQ = AS is violated in the
charge asymmetry of the decays K‘L——arl +yy. It is difficult to determine the contribution to the K3 decays
from the AQ = AS violating amplitude by measuring the charge asymmetry A= (T —1)/ (I'y + I'_) because x
in this case is a function of many experimental variables:

REX:f(! 1]+—I' I "]oo| ’ 9+_, GOO: A)

Here, 7, _ and 7y are the ratios of the amplitudes of two-pion decays: Ny_=(m+a| Jg)[KE) >| (rtr-| Jc(ui)l

K“S) and gy = (n'x°| JC(Hi) | KOL)/ {m? rr“[Jél) |K%) with corresponding phases 6 +- and 6y,. A phenomenological
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analysis of the majority of the experimental data leads to the value fpo= (51 + 30)°, In accordance with many
experiments* we have 6, _= (42.5 +3)°. For |n,_| and | 140 the weighted mean values are

<Imy_[y=(1.92 £ 0.03) 10-3;
Mool p =(2.06 0.17)-107%

however, different values were found for [70] in the different experiments. The recent measurements [17]
of the charge asymmetry A in the Kf;., decays gave

A, =(2.24 4 0.36)-107%;
Ay = (4.00 &= 1.40)-1072,
Using all these values and the relationship 2Rex=3A /(2| _|xcos 6, _+ |190] cos 84g), we obtain Rex =

+0.11 £ 0.09 for K"M3 and Rex=—0.20 +0.26 for K"L#. Within the limits of the errors these values agree
and their weighted mean is

Re xs = -+ 0.080 - 0.100.

In addition, data on the Kgs decay yield

Imx=—0.12 4+ 0.15;

1—121'_ 106 0.06.
|14+x|?

For the relative probability of the transitions with AQ =—AS we therefore obtain a value less than 2 X 1072,

The Problem of T Invariance Violation. The need to verify T invariance arose with the discovery of
CP-noninvariant transitions in decays of K’ mesons. If CP invariance is violated, it immediately follows
from the fundamental CPT theorem that T invariance must necessarily be violated.

Experiments with weak decays enable one to verify directly the extent to which invariance under time
reversal holds since they are sensitive to terms of the form o - (p; X py), where o is the spin of one of the
particles and p; and p, are the momenta of the two secondary particles that participate in the decay. Under
time reversal the signs of both the momentum and the angular momentum are changed; it follows that in-
variance under time reversal requires the vanishing of o (p; X py) if one can neglect the CP-violating inter-
action in the final state.

Such an effect can be sought in the decays of neutral and charged kaons through the K3 mode. The
parity violating decay of the muon depends on its polarization; with allowance for this fact one can measure
the normal component of the polarization vector, which is proportional to oy " O X ﬁ“).

At the present time the most complete data have been obtained in the investigation of neutral kaons
[12]. The coefficient of the term T By % Pp) is proportional to Im £, the value of the form-factor ratio
taking into account the possible presence of the AQ = AS violating amplitude g: £ = (f_—g_)/ (f,—24). The
experimental value is Im& =—0,014 + 0,066, (Similar investigations with charged kaons lead to Imé~0.)
Since both Im £ and Re ¢ have hitherto been determined with a very poor accuracy, the individual measure-
ments are characterized by large fluctuations. Assuming the value Re£ =—1.0 +0.2, which is the weighted
mean of the polarization measurements, we obtain ¢ = 0.8 + 3.0° for the phase ¢ (¢ = |£]e!?). The electro-
magnetic interaction in the final state may give rise to a phase ¢ = 0.3°%; it follows that the result obtained
for Im£ is in complete agreement with the assumption of T invariance.

Verification of CP Invariance. There has recently been an experimental discovery of charge asym-
metry in the semileptonic decays of neutral kaons [17]. The magnitude of this asymmetry is an important
parameter in the phenomenological study of the violation of CP invariance. The Californian group, who
studied the decay K} —muv, obtained

*The individual measurements are characterized by a very large spread of the 6, _ values.
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K =T pw 13

Fig. 4. Experimental arrangement for the investigation of the
charge asymmetry in the decays K}, —muv (a) and K}, —mev (b):
1) anticoincidence counters; 2) helium bag; 3) scintillation coun-
ters; 4) thin-plate spark chambers; 5) magnet; 6) thick-plate
spark chambers; 7) pion stopper; 8) photographic system; 9) col-
limator; 10) hodoscope A; 11) hodoscope B; 12) hodoscope C;13)
Cerenkov counter.

R=R /R _=1.0081 +0.0027, (1.11)
pt

and the group at Columbia University found

A= (I‘,_,.-—F,_)/(Fe_;_-i-l‘e_) =(2.24 + 0.36).10—3 (1.12)
for the K[’L—-vrev decay.

Both these results gave the first indications that CP invariance may be violated in not only the K'— 2r
transitions but also in other processes that take place because of the weak interaction; this is because one
must have R =1 and A=0 if CP invariance is satisfied (the arrangements of the experiments are shown in
Fig. 4). The charge asymmetry data can also be attributed to other properties of the neutral kaon decays.
If we denote by « the transition @ = |(L|S)|, where L and S are the long- and short-lived states, then

L N T
R (1+x?

Here, the parameter x is again the ratio of the amplitudes g/f-, on the other hand, the parameter A can be
expressed in terms of parameters known from phenomenological analysis of the decays K‘}_‘—' 27 and K‘i—*
wtr~, that proceed with CP violation, namely, 7 +-» Moo €, and &', which are related to one another by the
equations n4+_ =g+ &' and 7y = £—2¢'. From the definition of & and & (with allowance for the fact that they
are small) we obtain Ree~a/2. Hence, x =0 implies A=2Ret or R~ 1+ 4Ret and it follows from (1.11) and
(1.12) that Rea“ =0.0020 +0.0007 and Reeg =0.0011 = 0.0002.

As can be seen,the results obtained from measurements of the charge asymmetry in the decays K“L
muy and K‘i—-wev agree well. We must emphasize once more that the observed charge asymmetry is as-
sociated with the CP-violating amplitudes of the 27 decays of the K® mesons and not with the CP-noninvariant
amplitudes of the semileptonic decays, which we have neglected in the analysis. It should be noted that val-
ues found for the charge asymmetry in the semileptonic decays agree with the predictions [18] obtained for
violation of CP invariance in the two-pion decays, A<4.1073,

1.4. The Decays K—g +q+[ + vy

Among all the kaon decay processes in which leptons are included among the secondary particles, the
Kj4 decays are distinguished from all decays for which one can expect the accumulation of extensive exper-
imental data by the saturation of their kinematic structure. In these decays one can investigate almost all
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the consequences of the theory of weak interactions, for example, the validity of the selection rules | AIl=
1/2 and AQ = AS, and T invariance; one can also verify the conclusions obtained from current algebra, etc.
Let us consider the reactions:

Kt—ata~etv,; (1.13a)

Kt—atatew, (1.13b)

Let us compare the possibility of investigating the degree of violation of the selection rule AQ = AS
from a study of the reactions (1.13) and in the Kg3 decay. The latter is due to the vector current, whereas
the reaction (1.13b), which violates AQ = AS, is evidently described by an axial-vector current. The decay
(1.132) can contain an admixture of axial-vector and vector currents although it is expected that the axial-
vector current predominates. Thus, the decays Kg4 and Kgg, which violate AQ = AS, if this violation exists
at all, are due to different currents and a comparison can test the notion of the universality of the currents.
However, the most important aspect of the K— iy transitions is the possibility of obtaining direct infor-
mation about the 77 interaction in the final state. The fact that two strongly interacting particles appear
together with two leptons that participate in weak interactions enables one to study the interaction in the
final state of these two pions in a pure form without the influence of other strong interactions. The 77 inter-
action in the final state must affect the following characteristics of the Ky, decay: 1) the decay rate; 2) the
form of the dipion mass distribution; 3) the decay symmetry with respect to 7+ and 7~ in the dipion rest
system, which, in turn, must lead to differences in the 7+ and 7~ spectra in the laboratory system; 4) the
angular correlation between the dipion and dilepton planes.

The following feature of the decays (1.13) should also be noted. These processes differ from one
another not only with regard to the rule AQ = AS but also in the isospin states of the two pions [19, 20].
Whereas a final state with I=2 is realized in (1.13b), states with I=0, 1, or 2 may be present in the reaction
(1.13a) providing appropriate angular momenta are present. If both states with I=0 and I=1 are present,
the s and p angular momentum states may interfere if they have amplitudes of comparable magnitude. This
interference could lead to a forward-backward asymmetry in the emission of one of the pions relative to
the dipion direction.

The intensity and form of the K, decay spectra are functions of five variables. If these variables
are chosen appropriately and only the single assumption of an effective local coupling of the lepton pair to
the hadron currents is made, the structure of the decay can be expressed in terms of two of the five vari-
ables and will be independent of the hadron interactions. All the dynamic effects will be contained in the
form factors, which, in the general case, are functions of the three remaining variables. This 2 + 3 sepa-
ration appreciably simplifies the kinematic situation and can be used to decompose the general structure of
the decays into parts that can be internally even more interesting. One such set of variables is: the angles
65 and 7, which describe the "decay" of the dipion and dilepton in their rest systems; the angle ¢ between
the normals to the planes containing the dilepton and dipion; and the invariant masses my; and my of the
dipion and dilepton. The angles 6; and ¢ are "simple" variables and the dependence on them can be express-
ed exactly. In general, all the form factors depend only on the remaining variables 6, myy, and my;.

We shall consider the decay

Ktoatta +et+v., (1.14)

since it is only for only this process that more or less sufficient experimental material has so far been ac-
cumulated [21-23]. We already know how to construct the matrix elements, so we shall not go into this ques-
tion in detail. For the decay (1.14)

M~

qu Ty (Py) Yo (L4 ¥ty () ot o™ [ T+ JE | KF, (1.15)

where JX and Jg are the weak vector and axial hadron currents, whose matrix elements can be written in
the form [20]

¢ata | JE | Ky =L eauyy ok (P P_)Y (P1—P)Y; (1.16)
mg
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(wha~|4E | Kt =;;f; (PrHP)ot 7 (Pa—P ), (1.17)
where we have omitted the term in (1.17) that makes a contribution to the matrix element proportional to
the square of the lepton mass. The matrix element (1.15) includes the three form factors h, g, and f, which,
in the general case, are functions of (pg + Pr+)?, (b tpr-)? and @, +pr-)%. If we make the assumption
that the dependence on (oK + pr4)? and (pg +p; -)? can be neglected, the calculation of the decay amplitudes
can be greatly simplified. In the case when the form factors depend only on (pr++p;-), one can readily see
that the £ term in Eq. (1.17) is symmetric under transposition of 7+ and 7 -, whereas g in (1.17) and h in
(1.16) are antisymmetric under this transposition. This fact, together with the selection rule |AI| =1/2,
indicates that f corresponds to the amplitude for the emission of two pions in a state with I=0 and that the
g and h terms are the amplitudes for the emission of pions in a state with I=1.

If invariance under time reversal is assumed, f, g, and h can be represented in the form
f=lel%, g=g,eids, h—p, eld:,
where &, is the s-wave phase shift of 7 scattering for I=0 and 8, is the p-wave phase shift of 7r Scattering
for I=1, and gy, fo» and h; are real quantities.

At the present time international statistics provides about 300 decays for which a sufficiently detailed
analysis has been made and individual cases of decay through the mode K+— r+7—u *vu. The data obtained
from K+ —m+r-e+y, have been considered under various assumptions about the behavior of the s-wave of
mm Scattering [24]. In the analysis all the form factors were assumed constant with the exception of the pos-
sible presence of a factor leading to a monotonic increase of the form factors. The s-wave phase shift dp
can be expressed in terms of definite parameters by two methods:

1) By Chew-Mandelstam parametrization with variable scattering length a,:
1 2 My
ctg b=+ 2 In [E %l +ﬁ)] , (1.18)

where = (1—4m2 /x> m§)¥2 and x* = O+ T pr-)2/mk.
2) By Breit-Wigner resonance with variable width v and energy ER:

ctg 8, (x*) =2 (xzm?(_‘Eg)/(VmK xﬁ) (1.19)
In the analysis the p-wave scattering phase d; was ignored, an assumption that is perfectly justified in the
energy range of the dipion in the given decay. The analysis was made for three cases, which are as follows.
A, All form factors constant: this is the simplest model.

B. The s-wave form factor f depends on the energy through a possible strong mr and s-wave interac-
tion at low energies. This can be taken into account by introducing, for example, a relativistic increasing
Watson factor 7= £ sin 6y(x?)/a,8.

C. All the form factors depend on the energy. In this case one introduces a so-called increasing p
factor for gy and hy:
go=8, (mf)&tlmi)/(mg—x’ mﬁ(),
hy= ho (mp—4m3){(m2 — x*m¥).
The best agreement with the experimental data is obtained in all three cases if the Chew-Mandelstam
mm scattering phase is used in the calculations; this is especially true for the first case. Parametrization

in the form of a Breit-Wigner resonance does not greatly affect the values of the form factors. The val-
ues of the form factors and the scattering length a, for the above cases are
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ap=1.04 2 0.50; a,=0.89 + 0.44; a,=0.84 £ 0.43;

fo=1.1940.13; fo=1.45£0.16; fo=1.42+0.15;

go—1.34 £ 0.30; g,=1.36 £ 0.30; go=1.25 +0.28;
ho=—4.84 & 1.77; hy= —4.89 £ 1.73; ho= —4.57 + 1.63.

Note that the main contribution to the error of the form factors arises because of the large error in
the determination of the decay rate, which was found for the minority of the cases [19]:

F(Kt—>nata et v) =(2.9 £ 0.6)-10% sec™,

The values found for f; and gy are in good agreement with the result lfol= |gol=0.97 + 0.03 obtained
with the help of current algebra under the assumption that the form factors in the Kj3 and Kj, decays are
constant. The value @, =0.2, which is also found in [19], does not appear too seriously different from the
experimentally determined value, firstly, because of the large error and, secondly, because of the possible
effects of unitarity restrictions on the 77 scattering amplitude (which may increase the value of @, deduced
from current algebra requirements).

The most interesting result of the investigation is the large value of the vector form factor h, which
differs from zero by almost three standard deviations. Unfortunately, the statistical reliability is so low
and the errors in the values of the form factors are so large that one cannot draw any definite conclusions
on this subject. We shall only mention that the form factor h, obtained in the framework of SU(3) symmetry
(with the assumption of vector dominance) by using the relationship between the Ky, decay and the transition
n—mmry is much less (by approximately a factor of four) than the value obtained experimentally.

The accumulation of data on the Ky, decay is very desirable. If the conclusions given here are con-
firmed, it will mean that the Kj, decay is even more interesting than is at present assumed.

The Decays K—mrly; and the Selection Rules AQ = AS and |AI| =1/2. The selection rule AQ=AS
allows the decays K+—m +7-1%y; and forbids the transitions K* —a*n* [Ty, with similarly charged pions.
Up to now approximately 300 allowed decays K*—g+r-1+y; and some cases of K+—1 trTutyy, have been
found but not a single transition that is forbbiden by AQ=AS. Thus, the upper limit for Kj, decays with
AQ=—AS is at present I'(K+—r+r+~p)/(I'(K+—all))=0.5-1075

Of course, to be able to say anything about the ratio of the currents corresponding to AQ = AS and
AQ =—AS one must take into account fully the interaction effects in final states possessing different isospins.
If these effects are negligibly small, the existing experimental data indicate that

A (Kif, AQ=—As) _ -

= A(Kf;, AQ—AS ) =

As we have seen in the foregoing section, the experimental results on the verification of AQ = AS for
vector currents in neutral kaon decays are compatible with the above value of R. Thus, as far as this question
is concerned there has not yet been observed any difference in the behavior of transitions under the influence
of the vector and axial-vector currents. Unfortunately, there is still no experimental data on the decay K+—
7°21+y; and on the Kj, decays of neutral kaons; this means that we cannot ver ify the consequence of the
selection rule |AI|=1/2 which relates the relative decay rates of charged and neutral kaons.

1.5. Weakly Electromagnetic Leptonic Meson Decays

The description "weakly electromagnetic" has now been accepted for the meson decays through the
modes

K—n+mnty;

Ko>ntatnty;
K=elf-v19%
n—-l+v+y.

In this review we shall consider only the last two decays.
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The emission of a photon in any hadron decay
A—a+ b+ ... +7v

can occur in the general case in two ways: by means of internal bremsstrahlung which necessarily accom-
panies all nonradiative processes and the possible mechanism of direct emission of a photon on the transi-
tion from the initial A state to the final state @+b +. . .).

The process of internal bremsstrahlung is well known; its amplitude is proportional to the product
eG of the constants of the electromagnetic and weak interactions and the bremsstrahlung y ray is always
emitted in a C- and P-invariant manner. The so-called direct (or structural) emission of a photon has not
yet been detected experimentally but it happens that a number of interesting problems are related to this
mechanism y-ray creation. Indeed, as follows from the very name of the mechanism, the simple confirma-
tion of the existence of direct processes would enable one to draw certain conclusions about the structure
of the decaying meson. For this purpose it is clearly most expedient to investigate the weakly electromag-
netic leptonic decays of kaons, for which there is no interfering influence of strongly interacting particles
in the final state and the possible intermediate states (see below) have a mass that is closer to the kaon
mass than to my in the decay 7—lypy. If the direct emission of a photon exists and its amplitude is atleast
comparable in magnitude with the amplitude of the internal bremsstrahlung, interest in the weakly electro-
magnetic decay of kaons would greatly increase. In contrast to the CP-invariant amplitude of the internal
bremsstrahlung process (for which the parent decay without y ray, A~a +b+ ..., is CP invariant) the
amplitude of the direct processes can, in general, be complex, i.e., noninvariant under time reversal. In
such a case, violation of T orCP invariance could lead to experimentally observable effects.

The possibility of detecting T-noninvariant effects in weakly electromagnetic kaon decays appears in
an investigation of the leptonic reaction

K= = p= 4 vy () + v,

in which, in contrast to transitions of the type K= nmy, there is a new variable, the nonvanishing spin of the
muon. This enables one to investigate a correlation of the form 0y * PK X By), which changes its sign under
time reversal. In the absence of strong interactions in the final state the appearance of a nonvanishing
normal component of the muon polarization p, ~Oyt (PK x Py) would be a direct indication of noninvariance
under time reversal in the given process. As we have seen in Sec. 1.3, a similar effect must obtain in the
decay K*—y* "'UVLL' which is due to the weak interaction. Careful searches for a normal component of the
muon polarization have yielded a negative result, whereas this component of the polarization must attain
values of ~20% if CP invariance were violated in the weak interactions.

The decay K—pvy differs quantitatively from the K, 3 process in that it takes place because of both
the weak and electromagnetic interactions. I CP invariance is violated in the electromagnetic interactions,
the expected effect must, of course, be much larger in the K,,p decay than in the K,y decay, in which the
electromagnetic interaction appears as a correction to the weak interaction. As in the case of the decay
K—mmy, such violation can occur only for the amplitude for the direct emission of a y ray.

If one assumes maximal violation, i.e., Im fi= Refj for the form factors corresponding to the direct
transitions, the maximal value of the normal component of the muon polarization may attain values of ~ 50%
of the total polarization for certain points of the Dalitz plot [25, 26]. However, the integral effect leads to
an experimentally observable asymmetry in the muon decay electron distribution of only 1-2% so the search
for T-invariance violation for this decay is neither a simple nor a reliable undertaking.

However, as we have already mentioned, these effects can be appreciable only if the direct emission
amplitude is at least comparable in magnitude with the internal bremsstrahlung amplitude. Hitherto the
weakly electromagnetic Keyy leptonic decays have not been investigated experimentally and the search for
the direct emission of a photon in the nonleptonic processes K—mry has shown that the relative rate of
transitions with direct emission, if the latter occur, does not exceed ~ 1074,

In this connection it would seem worthwhile to investigate in detail the decay K—1Iyyy since, as we
have already mentioned in Sec. 1.1, the leptonic transition K= evg is suppressed because of the neutrino
and the small mass of the charged lepton. Thus, in the decay K— evgy the mode that competes with internal
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bremsstrahlung must be suppressed. For the putative direct-emission decay mode the exclusion rule is
lifted by the presence of a third particle and we can reasonably expect that the rate of the process K~ evgy
may be even greater than that of the decay without y ray provided, of course, there is no special suppression
of direct transitions generally.

We may also mention another characteristic feature of the decay K—evey that distinguishes it from
the other weakly electromagnetic processes: strongly interacting particles are not present in the final state
and the energy and angular correlations between the decay products depend on the properties of a single
hadron — the kaon; in principle, this enables one to obtain information about the latter in the purest form.

In the decay K—py,y there are also no strongly interacting particles in the final state but this is offset by
the internal bremsstrahlung which cannot be suppressed in any manner and is an undesirable background
that interferes with the search for direct processes.

Despite the undoubted advantages of the decay K— eyy for an investigation of the direct emission of
a photon, experiments of this kind are beyond our possibilities at the present time. The trouble is that one
must simultaneously and with sufficient accuracy measure the electron and photon energies in order to be
able to distinguish the background process K— eve'xro when one of the y rays from the decay of the 7’ meson
is not detected by the instrument. These factors and the low probability of the process K—~e * v, have
meant that hitherto experiments with the decay K—uvy have seemed more realistic. In this connection it
is natural to ask whether one can separate direct processes if their amplitude is less than or only compar-
able in magnitude with the bremsstrahlung amplitude. Such a possibility was investigated in [27], which was
devoted to an analysis of the angular and energy correlations between the decay products in this process
K—puvy, and in [28], in which an investigation was made of the possibility of polarization measurements in
the decay K—upy—uvete~. These investigations indicate that the direct-transition effects could (for a
certain choice ofthe kinematic regions of variation of the variables) be appreciable even if the direct-emis-
sion amplitude is only ~0.5 of the bremsstrahlung amplitude.

Now a few words about the possible structure of the decay K—Ivy, which proceeds through the mode
with the direct emission of a photon. Since two leptons can only arise in the final state as a result of a
strangeness-changing weak interaction, the intermediate state required for the emission of the photon must
have the same strangeness as the kaon. In the general case the direct transitions may have vector and (or)
axial-vector nature. The main contribution to the vector transitions, which are characterized by the form
factor fy, must arise from two-meson Kr states with threshold mg * mg and the resonance K*. For axial-
vector direct transitions with the corresponding form factor f the intermediate states Krm, Kp, Kw, and
K*r are allowed. They are all more distant in the mass than in the case of the vector transition. Therefore,
in general, [fal< [fy|. Inaddition, the possible intermediate states have a mass that is greater than the
kaon mass in both cases; one must therefore expect that the dependence of the form factors on the momentum
transferred to the leptons must be smooth in the physical region and that it can be completely ignored in a
first approximation. The total matrix element of the decay K =Iuyy in this case has the form

s @Yl sap _pp
(v [T K>=ie 2-(2“).'21@;5;6 (Px—P,—Py—Py)

Px & pl € é‘ﬁ\, 1 o B _p
u m —_—— e —————— + —_ 'Y p r B
A J{fK ! [PK Py PPy 2PpPy "11(2 &

5 TF i Bpv— B P} Uy s“““"]} (1+75) tty.

This expression shows that the internal bremsstrahlung contribution (the term proportional to the lepton
mass) depends on the kaon structure only to the extent that the two-particle decay K—1y; depends on this
structure; this is because the same factor fg, which depends on the kaon properties, is present in both
channels. Finally, we must emphasize once more that at the present time only this range of leptonic tran-
sitions remains uninvestigated among the ensemble of weakly electromagnetic decays K—~a +b+ ... +y.

The nonleptonic decays have hitherto failed to reveal any appreciable direct transition effects [29] and
although one can hardly hope for any unexpected properties of the K—Iv;y processes, their analysis would
nevertheless enable one to complete the initial stage of the search for direct transitions.
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1.6. Rare Leptonic Kaon Decays

One of the groups of rare leptonic kaon decays consists of the processes which can exist if the so-

called neutral currents are present. Before we discuss this problem we should like to make a small digres-
sion.

We should first like to emphasize how important it is to make systematic investigations in weak inter-
actions of effects of higher orders in small quantities. Such investigations are very important since they
indicate whether the existing weak-interaction Lagrangian plays a purely phenomological role, i.e., is an
effective Lagrangian,or whether it canbe interpreted as the primary Lagrangian needed to construct a field
theory of weak interactions. All the hitherto observed weak processes for the range of momentum tranfers
%2 GeV can be well described by an effective local Lagrangian Lgff which can be represented as a sum of
three terms [30]:

Legs =Ly+Ly+1Lys, (1.20)
where 1g; describes processes in which only leptons participate; Ly,;, the semileptonic decays; and Ly,
the processes in which leptons do not participate. The matrix elements of lowest order in the interaction
described by this Lagrangian at once determine the amplitudes of the observable processes. In the general
case the matrix elements of the higher orders are divergent and are rejected. In this sense the Lagrangian
(1) is a purely effective Lagrangian.*

If the effects of higher orders are investigated comprehensively, one of the first problems that must
be faced is undoubtedly the striking absence of neutral leptonic currents in the first-order of the weak in-
teractions. Indeed, as we have already pointed out in the introduction, the interaction responsible for the
majority of reactions can be expressed phenomenologically in the form of the coupling of two currents; now

such a formalism of the theory of weak interactions allows the presence of both charged and neutral currents
and the absence of the latter is rather mysterious.

In the current-current representation one can rewrite (1.20) in the form

Lt =7 UalotLala+ Lo L+ ..), (1.21)

where [ is the current that includes only leptons and Ly is the corresponding current containing hadrons.
The interaction lal;-—‘— Lj; describes, for example, a purely leptonic process, the decay of the muon. In the
framework of the V-A interaction, we must choose the leptonic current for this decay in the form

la =17, (147 u,, (1.22)
which leads to the existence of at least two components of this current:

la(eve)+1q (f:\’u)-

We know only a single purely leptonic decay and we therefore know nothing about the other possible
components of the current l, or, conversely, about other leptonic processes which could be described by
such a current. Our knowledge of the form of the hadron currents is even more meager. All the processes
in which hadrons participate can be split into three groups: 1) semileptonic; 2) nonleptonic, containing only
bosons in the initial and final states; 3) nonleptonic, with fermions in the initial and final states.

The existing experimental data indicate that the semileptonic processes are indeed described
by an interaction of the current-current form. As regards the nonleptonic processes, the question remains

*It should be noted that at high energies the Lagrangian (1) ceases to be correct even as an effective Lagran-
gian. It must be modified at high momentum transfers, i.e., at short distances, by the introduction of a
certain "effective" nonlocality to eliminate the divergences that appear, for example, in the cross sections
for the scattering v, +e~—~wvg+u-.
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open since conclusions of this nature are prevented in these processes by the interfering influence of the
strong interactions in the final state.

Thus, we have at our disposal at least one group of reactions for which the proposed form of the cor-
responding interaction is of the current-current nature; in principle, this enables one to use the reactions
to establish the nature of the currents and, in particular, to look for the neutral currents allowed by such
a structure.

Form of the Leptonic and Hadronic Neutral Currents. The most general form of the leptonic current
that satisfies lepton conservation (see below) is

lo=lq (eve) 4+ la (Bvy) + la () 4 Ia (ve ve) + L a (v v) + 1o (ee) +- ...

(1.23)

The general form is the hadronic currents that contains fermions or bosons is
Ly =La (pn)+ Lo (pA) +La (pp) + La (nn) - La (RA) +-..; (1.24)
LE =L, (K*x") + Lo (KT07) + Lo (K°K") + Lo (aTn"Y+ Lo (KT, ata7) + ... (1.25)

If the all the components of I, and Ll(I existed, a very large number of decays and scattering processes would
be allowed. In Table 3 we give all such possible kaon decay processes with the exception of those that could
be due to currents with AQ=—AS. We mention here that in the framework of the V—A theory of weak inter-
actions the components of the current (1.24) must have vector and axial-vector parts.

At present we have no experimental proof of the presence of neutral currents in the purely leptonic
interactions. However, their absence cannot be regarded as established either. Whereas earlier the ab-
sence of decays of the type

p—>e+7y;
p—>e--e-te

could be adduced to prove the absence of neutral leptonic currents, this absence can now be attributed to the
separate conservation of the electron Lg and muon Ly, numbers (Lg = *1 for e~ and vg; —1 for e* and 7e; 0
for all other particles; L, = +1 for 4~ and vy’ —1 for ut and F_u; 0 for all other particles).

The most complete experimental data have been obtained in the study of semileptonic processes in
which kaons participate. As regards the processes with AS=0, there are no experimental proofs applicable
to neutral currents since the predominant electromagnetic interaction competes with such transitions if
AS=0, (We shall discuss the question of the electromagnetic "competition” in more detail below.) Since
the interfering (from this point of view) electromagnetic interaction conserves strangeness, processes with
AS = 0 should be more sensitive in a search for neutral currents than the processes with AS =0 provided,
of course, the corresponding coupling constant is not infinitesimally small. If both the leptonic and the
hadronic current contain vector and axial-vector parts, we have at our disposal ten coupling constants that
completely characterize these currents:

gh v (up), g4 v(ee), g4V (w), ghV(nvy), g*V(ev,).

These constants are related to the processes

gv (wv,)—K—mpv,; g% (W, )—K—uv,;
g’ (ev)—K—mev,; g(ev)—K—ev,;
g¥(ee)—K—mee; g (mp)—K5—
g¥ () —K —mpp; g4 (ee)—K5—ee;

g’ W) —K > nvv;  gA(w)—K,—wv,

Apart from the above processes, conservation of the lepton number allows the decays [31]

0 —_ —
K{—ptp~, K{>nete
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These two decays violate CP invariance if the weak interaction is strictly local. The transition Kg'-’vl_,y',_c

is absolutely forbidden because of helicity conservation for m,,= 0 (provided, of course, v and 7" are not
identical particles). Similarly, the decay Kg—'- ete~ is also suppressed because of the small electron mass
even if the corresponding constant g™ (ee) is very large. In addition, the transitions K= mverg and K= mvuiy,
cannot be identified separately; we therefore have eight possible semileptonic transitions in which kaons
participate.

Hitherto only the processes

K—»:‘[-I—[—}—Wandl(—»l—}«w

have been observed experimentally., Numerous searches have been made for the other decays but no single
sufficiently reliable case has yet been reported. All experiments with decays of K+ mesons have been made
in bubble chambers and a search for neutral currents in the decays of K’ mesons has been made as an ad-
ditional task in the investigation of the decays K‘}_‘-' 27. The most complete data on the K'—1I decays have
been obtained recently at CERN [32]:

KL—php™5 KD ptc™;

Ki—ete; Kd—>ptp~

and at Princeton [33]:
KL —ptp;

0
K;_—+-].tieq:.

In both cases the experimental set-up was designed to investigate interference effects in the decays
K"—2m. This naturally meant that the experimental conditions were not optimal for the detection of the
decays K—II although some necessary additions to the apparatus (for example, pion stoppers that allow the
passage of muons etc.) were made. For the upper limit of the branching ratio the Princeton group obtained

I (KL—ptp )1 (K2 — a1l ) < 3.5.10-
with a 90% confidence level.

An estimate of the upper limit of the relative rate of the decay K"L—"n *e¥ (with identification of the

a™ track) gave
I (KL —p=e™) I (K- an ) < 6.10-5,

The group at CERN found

T (KL~ prp ) (KD — an) << 1.6-10-5;
I (KL—~eTe)[ (K!— atr) < 1.8-10-5;
I (KL—p*e™)r (K — an) <9105,

(We emphasize once more that the transition K'i—'p *e¥ is forbidden by the law of separate conservation of
the lepton numbers.) In the CERN investigation the exact number of decays of the short-lived K° mesons
was known; this made it possible to estimate the upper limit of the branching ratio of the CP-violating decay
KO —,“ +”--:

L

r(Ks—ptp™)/r (K8 — an) < 7.3.10-5.

As yet no experimental data are available for the decays

Ki— n’w U and KD — nlete,
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TABLE 3. Allowed Kaon Decays

AQ AS=0 AS=l1

N Ktosno 4-etyv,
1 KoKt e 4v, Kooa® T v,
Ktsnt+antet 4w,

Ktoat 4147
K}—pt4p—
Kj—n® 4 pt 4 p
Ktoat 4+ 04 et g
Kosat fa— et 4o

and for the transitions of charged kaons to mil we have the following data:
r(Kt—aete™)/r (KT — an) < 8.8-10-7 [34, 35];
I(Kt—atptp”)/r (KT — an) < 3-10-° [35];
I (KT —atw) /M (KT a11 )< 1.1-10— [36] %;
(KT —>atwhre™) /I (KT — a11) < 8-10—3 [37].

The last process violates the conservation of the lepton numbers.

One can relate the rates of the decays due to the neutral and charged currents and the corresponding
coupling constants.

For the charged K-meson decays [37]

r(K+—atptpm) =55 [g" (W) fg” (W] 107 see™
r(Kt—atete) =1.2[g" (ete7)g" (€7v,)]*-10° sec-t,

and for the K"-meson decays [38]

r (K- ptip) mi (mg—4m3)['/*
?(Kir—a.pﬁrvﬁ =4 [g4 (Wp)fg? (whv,)])? - ((m']é(_mg"))z]

If the above estimates for the upper limit of the branchin%' ratios are used, the following limits for
the ratios of the corresponding coupling constants are obtained!:

g¥(ete)fg¥ (etv,) =T7-10—%

g¥ (wHp-)gY (wtv,) = 1.5-107%
g (vg)[gv (e"v,) ~6.10-%

g* (wtum)fg (who,) = 7-107%

Since the processes due to neutral currents have been sought in different reactions including vector
and axial-vector strongly interacting currents and for all lepton combinations, the absence of such processes
(or, at least, the small values of the corresponding coupling constants) is one of the fundamental properties

*In the most recent experiments the limit was lowered to 1.4 - 1078 for this ratio.

{In a recent experiment at Berkeley new data have been obtained on the decays K‘L—'l'*l", from which it
follows that T’ (K"L—'u*u-)/ (r (KOL"'a11)< 8-10~° and there are similar estimates for the other transitions of
this type; this considerably changes the estimates given here for the ratios of the coupling constants.
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of the weak interactions. The existing data indicate that if the primary neutral currents do exist, the strength
of their coupling is at least three-orders of magnitude less than that of the charged currents. Reaction with
four particles in the final state such as

K*— mta—ete— and Ko — nordete—

differ slightly from the decays already considered. Whereas decays into two or three particles are due to
vector or axial-vector transitions, processes with four particles are characterized by an interference term
between the vector and axial-vector transitions. In addition, such processes cannot proceed through electro-
magnetic transitions with a Dalitz pair for the 0% state of the mr system (the 0-0 transitions), i.e., the mree
final state must be a good subject for the search for primary neutral currents.

Electromagnetic Competition (Induced Neutral Currents), Even if primary neutral leptonic currents
are absent in the first-order in the weak interaction, the presence of certain strangeness-conserving neutral
hadron currents in the primary Lagrangian is sufficient to generate neutral leptonic currents (the so-called
induced neutral leptonic currents). This process may proceed through the intermediate electromagnetic
field; for example, a current of the form PYup will generate the current 7y ul through the process p+p—
y—Ii.

of the particles always leads toAQ =0 for the hadrons for such processes, one may conjecture that the
existence of neutral hadron currents is due to the presence of such processes. The converse assertion is
not always valid because of the possible contribution from strong interactions, whose effects require a
detailed theoretical analysis. Such induced neutral leptonic currents are quite capable of competing with
the primary currents and are an interfering background in this sense.

Numerical estimates of the branching ratios of the different induced processes obtained by different
methods are given in Table 4. Comparing the experimental and theoretical estimates for the upper limits
of the branching ratios, we see that they do not contradict one another, at least not in their order of magni-
tude. It should be noted that the smallest calculated branching ratio (~ 1078 corresponds to the process
K‘L—'p"'u‘, whereas the experimental limit is also ~107% Thus, for all the remaining processes the esti-
mates of the limits of the branching ratios lie in practice at the level of the theoretical estimates for the
induced processes.

Possible Violation of CP Invariance in Processes with Neutral Currents. Suppose that the observed
violation of CP invariance can be attributed to the existence of neutral leptonic currents and that the small-
ness of CP-violating effects is due-to the weakness of the coupling of the neutral currents. Such an assump-
tion can be immediately verified by investigating the decay K*—n+u*u-, since it must reveal T-noninvariant
correlations of the form

UU-J-'(EM XE’::) Gu‘(gu*‘ X p=).

In addition, one could observe a number of CP-noninvariant decay modes such as K§—~utu-.

It is shown in [31] that in the case of strict locality of the weak interaction this decay, if it oceurs in
the first-order in the weak interaction and proceeds without interference from the electromagnetic field
(i.e., the u Hi- system is formed in the 130 state) is CP violating; for the system of two fermions Il we have
CP=(-1)5*+!, A similar situation obtains for the decay modes

vy
K3 —noptp—
moete,

which are vector transitions, i.e., the 1l state must be in the ground 331 state and the system must have CP =
—1; it follows that such modes also violate CP invariance.

129



TABLE 4. Predictions for Induced Neutral Currents

Branching |Liter- Branching |Liter
Decay ratio ature Decay ratio ature
Ktont 4ot 4 10~7 [39] — (1,8—4)10~7| [43]
te” K9 —n0 o™ 4 o™ 10-8 [40]
i 10~ 8 140] L
s — 4.10 [41]
— 10 [41] PRSP oy o
B 10—5 142] Kj—=n"+u 107° — 10 [44]

2. Leptonic Baryon Decays

Virtually all the known baryons that are stable against strong interactions (apart from the &~ hyperon)
are unified in accordance with the SUs)-symmetry classification into a baryon octet with the quantum num-
bers of the spin J and the parity P satisfying JP =1/9%, Therefore, in the semileptonic decay of a baryon
A into a baryon B in accordance with the scheme

A—>B4-I+Y, @.1)

both baryons are regarded as having the set of quantum numbers I = 1/2%.

In the introduction we formulated the general form of the Lagrangian in the universal four-fermion
V—A theory for the process (2.1) [the expressions (13)-(15)]1.

It should be noted that one can, in principle, extend the analogy with electrodynamics and introduce
a vector particle (the intermediate boson W, the analog of the photon in electrodynamics) and go over from
the formalism of a contact interaction to a nonlocal formulation of the theory of the weak interactions. The
nonlocality effects depend on the mass of the intermediate W boson and decrease with increasing mass of
this particle. The present-day experimental data indicate that if an intermediate vector W meson exists,
its mass is at least greater than 3.5 GeV. If this is its mass, its influence on the phenomena considered
below is very small. In what follows we shall therefore content ourselves with a Lagrange formalism of
the form (13).

2.1. Structure of Matrix Elements

The semileptonic hadron decays can be described by a matrix element of the form

M=1"Xq, (2.2)

where I and Xy are the parts of the matrix element due to the leptonic and hadronic currents, respectively.
In the presence of strong interactions the form of the hadronic currents [15] changes., In a general form,
we therefore have

Xa=<[Ja(x) D> @.3)

Thus, the expression of the matrix element in the form (2.2) and (2.3) presupposes that the weak inter-
action is taken into account in the first order of perturbation theory but that the strong interaction has been
taken into account fully.

The part Xo can be represented as the sum of a vector Vy and an axial-vector A, part:
o =Vorrde 2.4)

if the baryons A and B have positive relative parity (PAB= +1), each of these parts can be expressed in the
most complete form as follows:

= s fa (4*)
Vo=u(pg)|f (4" va + %jﬂr%; Oap s+ 75‘4?7; qu]u(PA);
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—_ 2 2
A (pn) [ @)V + D~ 0y + £ g Ly o). @.5)
Here, pA and pp are the four-momenta of the baryons A and B and q = PA~PB is the momentum transferred
to the leptons. In the case of a negative relative AB parity (P AB = 1) these expressions swap their posi-
tions. In the general case we therefore have six interactions; because of the renormalization effects from
the strong interactions the two original V and A interactions with the form factors f1(a®) and g;(q?) are aug-
mented by induced interactions which have received the following names: weak magnetism [the form factor
fz(qa)], weak electricity [the form factor gy(g?)]; the scalar interaction [the form factor f;(q?],and the pseudo-
scalarinteraction [the form factor gs(qz)]. The hadronic part Xy of the matrix element (2.2) is determined
by six form factors, which are functions of the square of the four-momentum q? transferred to the leptons.
One can replace (2.4) and (2.5) by the compact expression

6 -
Xy = u(Ps) Lgl F(9®) Of)] “(Pa)s

where summation is extended over k for all possible variants of the interaction. Here, we have the same
five invariants as are listed in Table 1 and these augmented by a pseudotensor (weak electricity) of the

form g, BYBY5-

In semileptonic baryon decays a small amount of energy is usually liberated. It follows that

the range of variation of q2 is small and one can assume that the form factors change little., As a rule,
their g* dependence is represented by the approximation

Fi (@) =F:(0) [1+4; g*/mz], .

2.2. Expressions for Observables

Thus, the semileptonic baryon decays are described by expressions that depend on 12 real constants
in the complex form factors f;(0) and g;j(0) and also on the six parameters Aj in the o dependence of the
form factors _fi(qz) and gi(qz). If T invariance holds, there remain only six form-factor constants. Estim-
ates show that, generally speaking, the dominant form factors are still the form factors of the vector and
axial-vector interactions. The remainder lead to corrections to the main terms. These corrections are

~(mp—mp)/mp or 1% and less. For example, if one neglects the recoil terms and the lepton mass, the
differential probability of the decay A— Bl 1] with the emission of a lepton with energy in the interval from

1 =E; /E]*** to 1 +dn and acccordingly a baryon with kinetic energy in the interval from t=— T (Wmax—T7
T Mmax—T (M) min

to § tdf takes the form
darw 2 2
= 1—nPILF(I—8+]g (1 +E). 2.8)
dn-dg

This expression in the same approximation also determines the Iy correlations since &~ 1/2 (1—cos 61y),
which yields

aw I—|&/h 2
d (cos B,,) i~ 143 (g /f 2~ ©O8 Oy 2.9)

It can be seen from (2.9) that the electron energy spectrum in such an approximation is quite inde-
pendent of the form factors and that the spectrum of the secondary baryons or the Iy correlations are de-
termined solely by the modulus of the form-factor ratio g;/f;. The electron spectrum depends on the form
factors in the order (m A—mB)/ mA. This term is determined by the interference effect of the form factors
/1 and g; in the presence of also the interference term of the form factors r; and f,. It has the form

(i +2f) g A" - E@n—1) 2.10)

and is due to the influence of three form factors at once or two of their ratios, for example, fo/fy and g1 /f.
Thus, the ensemble of decays A— B +I +y; can be represented on a Dalitz plot in the variables of the kinetic
energies of the charged lepton and the secondary baryon TB. One can then analyze such diagrams in the
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Fig. 5. Investigation of the properties of the decay A— pe~
Vet a) Dalitz plot; b) spectrum of the electron kinetic ener-
gies; c) spectrum of the proton kinetic energies in the rest
system of the A hyperon; d) contours of the relative proba-
bility in the decay for the purely vector (dashed curves) and
purely axial-vector (dotted curves) interaction variants and
different values of the ratio g/f.

Fig. 6. Function of maximal likelihood for the form-factor
ratios f,/f; and q;/f; in the decay A—pev represented by the
contours for one (1o) and two (20) standard deviations. The
horizontal dashed line is the ratio fz/fi predicted by hypoth-
esis of a conserved vector current (CVC), and the vertical
dashed line is the ratio q;/; predicted by the Cabibbo theory
(see Table 6).

variables g1/f1 and f, /fi- An example of the distribution of decay events A— pevg on the Dalitz plot is shown
in Fig. 5a. An analysis by the method of the function of maximal likelihood in the variables 31/]'1 and £,/
for this decay is shown in Fig. 6. This figure shows that the accuracy of the present-day data on the decay
A—peve is not yet sufficient to draw an unambiguous conclusion about the parameters of such a description

of the semileptonic decay [45]. A similar conclusion is reached in an analysis of the corresponding data
for the decay =~ —ne~pp [46] (Fig. 7).

Let us now consider in more detail the expressions for the observable quantities. In deriving expres-
sions for observable quantities (spectra, correlations etc.) onedoes not usually use the expressions (2.5) for
the hadronic part of the matrix element but more convenient expressions. To obtain these we replace the
dimensionless form factors fi(q%) and gj(a®) by the linear combinations [47]

B Mma\,

F1-—f1+(1+ mB)fza

Fa=—2f,;

Fy=F+/s 2.11)

m
G1=g1_( = ;i)gz.
B/
G, = —2g,;
Gy=gst+ g,
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Fig. 7. Function of maximal likelihood for the form-
factor ratios f;/f; and g;/f; in the decay Z~—ney rep-
resented by the contours for one, two, and three stan-
dard deviations. The figure also includes lines corre-
sponding to the values of these ratios for the hypothesis
of a conserved vector current (CVC) (the vertical dash-
dot-dash line) and the Cabibbo theory (the horizontal
dash-dot-dash line) with the parameters from Table 6.

Then Eqs. (2.5) are replaced by the following expressions for the calculation of the matrix elements:

Gy F 2 Fs (g% .

Vo= (02) [F1 @) Va0 (o)t iy 9] % (P (2.12)
7l G (2 Gy (g2

A,=u(pp) [G[ (@%) ¥, ¥5 + Tt mg $ ')na (Pg)e Vs -+ T ﬁ ,LB q,,] u(p,). 2.13)

Let us determine the g* dependence of the new form factors Fi(qz) -and Gi(qz), again using expressions
of the form (2.7). For the products of the form factors we use the approximations

Fi(?) Fi(g%) =F;(0) F;(0) [14 (A, +Ay) q¥/m3); (2.14)

G; (9% G1(4®) = G; (0) G} (0) [1+ (w + py) q2/mz]. (2.15)

We now determine the different quadratic expressions in F;(q?) and Gj(q?) as follows:

a;;=Re [F;(0) F; (0)];
¢;; =Re [G,(0) G} (0)];
bi,-==Re[F (0) F;(0) ’“‘“’

I'I:

], 2.16)

l'[

d;=Re [G ©0)G; (0) Leths
e;;=Re [F,(0)G; (0)];

hi,-=Re[ FL(0)G; (0) 1 |

J'I:
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In this terminology the expressions for the energy spectra of the baryons (Wg), leptons (Wg}, andalso
for the angular correlation of the charged lepton and the neutrino (Wy,) have the same form [48]:

3

aw l i i ij if 1
VR o= [ . | (a,,AY +,,BY t-¢, Cll+d, DY 1, EY +h,.,H,;)] @, (x), 2.17)

L j=

where the functions @ (x) in the formulas for the energy spectra of the baryons and leptons have the simple
form

D, (x) = |/x2+bx+a(x—tc)2xk _a 2(2)2;
X (4m)3 my

(2.18)

2
my—mp my
tppg=——"—7—+2—FEsm»
mp Mg

where k=1, 2, 3, ..., 6; and a, b, and ¢ are constants.

For the Iy correlations, #(x) has a more complicated form. However, one can use an approximation
in which one ignores the terms from the recoil baryon proportional to (mp —mp)/mp and the lepton mass,
For the Iv correlations we then obtain the simple formula

/ ¢ -
W (cos efv)-—m—é(l—g—%cosﬂw). 2.19)

where now

z=f/q,. (2.20)

1t is also helpful to give the expression for the angular distribution of the polarization of the baryon
B from the decay A— Bly;. In the frame of reference defined by the vectors

4 tay a—4d, 94y

- - P . 2.21)
[ 9+ ay] l9,+ay| |9+ 9y]
this distribution becomes
8 Rez 1 3n Imz
Wss)=1+2s [ 5 . ;
Sg) =1+ Sa zpes ot [zPL3 B-+T% lzP+3 "] #:22)

If we now consider the following decay of the baryon B in accordance with a scheme of the nonleptonic type

B— Nm,

(2.23)
then the angular distribution for the decay nucleon in the same frame of reference is
- 8 Rez .
W(N-ay=1-+4a, s Tepas N-o; (2.24)
- 8 1 B
WN-B) =140, - o N-B; (2.25)
W (N-vy) = & _Imz. N
(N-y)=1+4a, 2 " T P43 N-y 2.26)

Here, N is a unit vector in the direction of the nucleon momentum and ap is the asymmetry coefficient in
the corresponding decay of the baryon B in accordance with (2.23). Note that since the total lepton momen-
tum is equal to the momentum of the baryon B, (2.24) is obviously the angular distribution of the decay
nucleons in formula (2.23) with respect to the direction of the momentum of the baryon B.

Let us now consider the decay of a polarized baryon A at rest with polarization vector pp. The prob-
abibility of its decay into the state dE;dQ2;dsz, is

134



W(E,Q,Q, P,) dE, dQdQ, = [c]+c2p,pA-I—capva—Iﬂsqpﬁl (P, < py)]
| Pe|| Py [dE; dQ, dQ,
my—E;+|p;|cos b,

2.27)

where the coefficients c; depend on the form factors Fi(q®) and G;(g®) and the kinematic characteristics of
the decay (for example, E; and cos 6,). For the angular distributions of the recoil baryons W(cos 6p) and
the charged leptons W(cos 6;) with respect to the polarization vector of the original baryon py we hence
obtain the expressions [48]:

wB W

W(cosﬂsm)=7&:“§T=%‘L[l+[pﬂ| ‘;u cos Op (1)]- (2.28)
) L

Here, wj again has the form (2.17) with &(x) = const and Wg? is given by

44 =_2‘:_3 e, 4 +n,,0],

ij%e
i.e., the sum contains terms that depend only on the interference of the form factors of the vector and axial-
vector parts of the interaction.
In the formulas, W, is the total probability of the given type of semileptonic decay of the baryon A:
3

Wo=—20 N (0,07 40,07 +¢,, 00+ d, JY). 2.29)

~ @y i

i =1

The structure of the coefficients aij bij, Cijs and dj; [see (2.16)] shows that in this expression the summa-
tion is extended only over terms that contain form factors of one parity type, i.e., the VV, AA, A, and PT
types but not the types VA, TA, etc.

In all these expressions the coefficients Al and J5 are determined by the dynamic characteristics
of the decay and, ultimately, are functions of only the masses of the particles that participate in the process.
The values of these coefficients have been calculated by different authors and they can be found in the cor-
responding tables.

The expression (2.28) for the angular distribution of the leptons relative to the polarization vector of
the original baryon in the above approximation takes the form

W (cos 0,) ~ 14, cos 6,

(2.30)
The asymmetry coefficient @7 in this expression is given by
o =—2 &ulfy - (gulf)? ,
. B s 2.81)

where §; is the lepton velocity.

The expression (2.29) for the total probability can be written down by separating the principal part
that depends on the kinematics:

G AS
0w tgE e (2.32)

Wo=
where A =mp —mp; § = (mA—mB)/(mA +mp); and Hy is a bilinear function of the form factors:

HEZMENfoNSMN- (2.33)
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In this representation we obtain the following relationships for decays with the emission of an electron [49]:

S‘."V: 1;

SAAZB'
SA.PT=SPT,A=_B; @.34)
SVT:STV:E2;

SVA_gAV _ gTA _ gAT _ 1 el
2

Here, £=W/mp; W= (m} —mg + mzc)/ZmA.

Thus, if the form factors f; and g; have similar orders of magnitude

flmf22f3=g1:-‘>gztga- (2.35)

then the total probablity of an electronic decay of a baryon (and also of a decay with the emission of a muon)
is determined primarily, as one would expect, by the form factors of the vector f1 and axial-vector g; inter-
actions. The contribution of the induced interactions is determined by the interference terms with the form
factors gy and g, and also f; and f,, whose numerical coefficients have the values £~ 10-2 and £2=10-¢, One
can write down the relationship

H, =f}+3g}—eg g,+e2f, f, (2.36)

In the order &° one would obtain interference terms from the form factors with different parities, namely,
terms of the form fig; and f,g;.

In the case of a decay with the emission of a muon, calculations show [5] that one may have terms
with different form factors as well as terms that arise from the g dependence of the form factors. If one
writes down the ratio of the probabilities of 4 decay and B decay of a baryon in the form

f A 2.37)
e Ay, J
7 o1+ 5)

where

A=(Hy—o, H))/oy; (2.38)

o4 is a constant, and H; is already defined by (2.36), a comparison of the decays 2‘.'—'m'§}1 and X~ —"ne"”
178 yields

Iyile=0.45(141.33y), 2.39)
where, if one does not assume the V—A variant of the theory, the quantity v is given by

_ Refyfi+6Reg f;+68Refyf;—8Reg, g}

U2 P43 gy P12 fa P fo I ’ 2.40)
in which
my_+m,
e @.41)

It follows from the presently available experimental data on the semileptonic X~ decays [51] that

I'y/T'e=0.42 4 0.06. (2.42)
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In the framework of u—e universality this corresponds to the following interval for i
—0.18 <<y < 0.02. (2.43)

In a comparison of the corresponding A-hyperon decays it is found that (I / Te)theor =0.17 and (I‘p/ re)exp =
0.17+0.02.. This again suggests that a vanishing value of v would be compatible.

The influence of the induced-electricity form factor g, can be observed from the interference effect
In a comparison of the decays 2™ — Ae™§, and 27— Aety,. Here, Eq. (2.32) of [50] gives

= b 3
L _(fe=7™ ('H*) H;=1.64(1+-‘f‘_). (2.44)
ry Mo —my I+8 ) Hy Hy
where
A=H —H,="=""% 5 o 00152, g, (2.45)
dmg
At the same time, since f1=0 (see below) in these decays,
H, =3g2+052g, g, (2.46)
The experimental value of branching ratio (2.44) is at present
I
—=1.60 £ 0.27, (2.47)
ry
which corresponds to the following interval of A/H
—0.19 <% <0.05. (2.48)
Hy
Using Eq. (2.45) and (2.46), we obtain
A 0005g/g (2.49)

Hy 14 0.17 ga/g,

which amounts to ~0.5% for g,/q;~ 1. Thus, to resolve the question of the possible contribution of the form
factor g, to the decays 2*— Ae® 4 it will also be necessary to increase the accuracy of the experimental
data considerably.

The experimental situation can be illustrated most clearly for the problem of semileptonic baryon
decays by the example of the now relatively well studied 8 decay of the neutron:
n— pe=v,. (2.50)

The most recent experiments have given the following result for its half-decay period:

Tnspev; = (10.80 £ 0.16) min, (2.51)

i.e., the value of 7 for the neutron is known with an accuracy of ~1.5%. Since e~1072 in this decay, the
present-day accuracy in the determination of T is clearly insufficient to reveal the influence of the induced
form factors on the value of 1. The accuracy would have to be increased by at least a further order of
magnitude. Recalling that the conservation of the G parity of the nucleon current implies

g,=0, (2.52)
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we see from (2.36) that the detection of a contribution from the weak magnetism form factor £, necessitates
an experimental value of T for the neutron with an accuracy not worse than 10-5,

Thus, using the information about the neutron lifetime, one can obtain only the modulus of the ratio
of the axial-vector to the vector form factors |gi/f4|. It is found to be

| g1/f11=1.23 40,01 ( from n— pev). (2.53)

Measurements of the asymmetry in the emission of electrons in the 8 decay of polarized neutrons in
accordance with Egs. (2.30) and (2.31) enables one to determine both the value and the sign of the ratio g/
f1. Recent experiments gave the following result [52]*:

g1/fi=—1.25 & 0.05 (from n— pev). (2.54)

Here, the corrections from the induced weak magnetism form factor again have the order of magnitude

Mp—mp ) (2.55)

3my

i.e., they are ~1073,

Finally, measurements of the electron-neutrino correlation in the 8 decay of the neutron [67] yield
[from (2.9)]

o, = =120 _0:001 -£:0.089,
Yo 143|a?

from which

lot|=|gi/f1|=1.33 = 0.15. (2.56)

Thus, these three experiments give the same results (to within the errors of the measurements) for
the ratio gif_’fi for B decay. The ratio is negative and is at present assumed to be 1.23 + 0.01. At the pre-

sent stage there is no point in considering a possible contribution of the induced form factors to the exper-
imentally observed characteristics of neutron g decay.

The formalism expounded above for the description of the weak interactions is in excellent agreement
with the vast experimental material on the B decay of nuclei. However, the B () decay probabilities cal-
culated for hyperons by this theory are in serious contradiction with the experimentally found values. This
was a serious problem of the universal theory of weak interactions. Its solution was found in the frame-
work of the idea of SU(3) symmetry in the world of elementary particles.

2.3. Relevant Aspects of SU(3) Symmetry

There are now available a number of excellent reviews of SU(3) symmetry and its development. We
shall therefore only discuss the aspects that have a bearing on our problem. The concept of SU(;) symmetry
developed out of isospin symmetry, the nucleon spinor

N=("): F=(p, n)

n

being replaced by the three-component spinor

p
b=| n |; b=(p, n A),
A

by means of which the isospin I is augmented by the hypercharge Y as a group characteristic.

*The most recent results give —1.26 + 0.02 for this ratio.
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The states p, n, and A are the states of a single particle with the same mass, spin, and parity. They
are distinguished by the quantum numbers of the isospin and hypercharge. Then any interaction in which
they participate must be invariant under rotations in a certain formal space. This is equivalent tothe asser-
tion that under such rotations under the influence of a transformation & a bilinear form remains invariant:

BT Qb = Db,

It follows that & is represented by a 3 X 3 matrix such that &= 71, i.e., the Her mitian-conjugate
matrix & is equal to the inverse matrix §:~! and the transformation §: is therefore unitary. There are nine
linearly independent 3 X 3 matrices which can be taken as the basis matrices in an investigation of a unitary
transformation Uy in three dimensions. One of them is the identity matrix I and the remaining eight matri-
ces Ay, Ay, ..., Ag are Hermitian with vanishing traces. A general transformation &z can be expressed as a
product @ = elle. eiJLB_ This correspondstoa representationof the unitary transformation U(a) as a product of
a unitary transformation U(;) of dimension 1 and a unitary unimodular SU(g) transformation of rank 2 and
dimension 3 since there are three basis vectors p, n, and A in the latter case and two of the eight genera-
tors can be reduced to diagonal form. This last fact corresponds to the presence in the group of two con-
served quantities, namely, the isospin I and the hypercharge Y. Thus, instead of a three-dimensional
isotopic space we now deal with an eight-dimensional unitary space. Invariance under U(y) corresponds to
conservation of a baryon current of the form n, =ibygbh. Invariance under SU(3) corresponds to conserva-
tion of the eight component current of the so-called unitary spin:

Fo=ibya % b. 2.57)

Like the isospin current, the unitary spin current is conserved in the approximation of strict SU(B)
symmetry. The baryon number n and the eight components of the unitary spin are given by the expressions

n=—i Sn,d”x;

Fy=—i\Fp .

The Aj can be taken as the following eight matrices [63]:

010 0 —i 0 1 00
M={1 0 0 |; A= i 0 0); A=[{0 —1 0]
000 0 00 L0 0 0
0 0 1 00~ 00 0
=0 0 0 ); A=[0 0 0); ls=(001);
1 00 i 0 0 010
(00 0) 1 0 o0
L=(0 0 —i ;xs=—'ﬂ(01 0.
0i 0 V300_2

These matrices satisfy the relations
Sp J\'R A-g = 26&[;

[Ar Rl =2if i A
[?"Jv 7"1'] = 2dh|'m lnfu

where fkim 18 a completely antisymmetric tensor and di;, is a completely symmetric tensor (under per-
mutations of the subsecripts). We have the following nonvanishing values of these tensors:
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fra=1

1
Frr=T2s =Fes1="F306= — f1s6 = —fae'r':?;
V3,

fus:fs?s:T:

1
i1y =dpog = yzg = — gy = ﬁ;

1
Aygy = dyge = dgge= oy = —2_1/—3;

1
dun = d].’:? = dsaa =dyyy = d355= —dyyy= _dsasi 2 daﬂ = o

It follows from the structure of the A; matrices that the first three matrices A4, A, and A3 deter mine
the isospin subgroup SU(;) . The operators of its projections are the matrices I =l T =‘/2A2, I 21/2 As.

The diagonality of A3 corresponds to conservation of the third component of the isospin. As we have already
mentioned, thereis a furtherdiagonal matrix Ag. It is associated with the hypercharge, whose operator can
be expressed in the form

l(1 0 0
1

Y=—t2=7(0 1 0
V3 0 0—2

It commutes with the matrices of the projection operators of the isospin. Using the Gell-Mann—Nishijima
formula, we obtain the following expression for the electric charge operator Q:

Q=e(I; —|—%Y)=%e(?\.3+ 7‘_513)

2 0 0
Q=~el0 —1 o)
0 0 —1

In the same normalization we have an expression for A;, the matrix of the baryon number operator (it cor-

responds to U(a) and not to SU(3)):
1 00
o= _3_(0 1 0]
0 01

This yields an expression for the baryon number operator in the form

1 1(100)
B=-L s.=1[0 1 o)
¥E *o 0 1

or

The group SU3) is characterized by a set of irreducible representation, which are taken as the basis
for the classification of particles, sets of particles being associated with irreducible representations of
the group. The tensors of such representations q:;”fﬁl:j: with q superscripts and p subscripts that take the
values from one to three are characterized by definite sets of quantum numbers of the hypercharge and
isospin. The number of dimensions of the representation is given by

1
N(p, )= (p+D @+ (p+9+2.
The hypercharge of the tensor component is given by

Y=p@—q@—"2L 2.58)
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and Iy, the isospin component, by

li=— 1P@—g@—p()+q(1).

In these expressions q(i) and p(i) are the superscripts and subscripts, i taking the values 1, 2, and 3.
If real particles are characterized by only integral values of Y, it follows from (2.58) that the families of
particles can only be associated with representations for which the numbers of the superscripts and sub-
scripts are such that (p—q)/3 is an integer.

The lowest of these irreducible representations of SU(3) have the following dimensions: singlet
D(0,0), octet D(1,1), decuplet D(3,0), 27-plet D(2,2) etc. In what follows, we shall be interested in the octet
representation D(1,1). We write the tensor of this representation in the form of a 3 X 3 matrix q)ﬂ(] 3 Y),
indicating the quantum numbers I3, the isospin projection, and the hypercharge Y. This matrix has theform

71 (0, 0) ?i(1,0) o (% -|-1)
sh=| #1000 e(—1) 2.59)
rpé(-—-%. —1) q:%’(%, ~1)  ¢3(0,0

All the presently known baryons that are stable against strong interactions and have spin-parity

quantum numbers JP =1/2+ are united in the unitary octet. We write the matrix for these baryons in the
form

I/A_; +2 ot p
B= sy o (2.60)
g g0 _% A®
Similarly, one can write the matrix for the pseudoscalar mesons with J° =0~:
Vﬂ% + VI% nt KT
P= a %_% K° (2.61)
K- Ro — ]/2_6 0

and the other particles that are united in SU (3)-symmetry octets.

Finally, forming the scalar products of the eight-dimensional vectors F and A, we obtain a represen-

tation of the unitary spin in the form of a mixed tensor of second rank, which againcanbewrittenasa3 x 3
matrix with vanishing trace:

1

Feit e Fy+iF, F,iF,
¥ 1 g
U= FI_LFZ '—Fs+ﬁ ‘FB FH+IF7
; : 2
Fq*"'IF‘-, Fﬂ—1F7 —ﬁ- FB

We have already discussed the main properties of the unitary spin components Fy, F,, and F3. They are
always conserved. Here, we should like to mention that, in accordance with (2.59), the components F, and
Fy and also Fg and Fy are characterized by a strangeness equal to unity and isospin equal to 1/2.
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2.4, Semileptonic Baryon Decays in the Framework of SU(3) Symmetry

In the framework of this formalism the vector hadronic current in the weak-interaction Lagrangian
(18) has the form

J§" =Fia+iF2+ FiatiFse. (2.62)

Here, the first two terms correspond to transitions with AS=0 and the third and fourth terms to transitions
with |AS|=1. A comparison of the matrices (2.59) and (2.61) indicates that these two pairs of terms cor-
respond to the 7+ and K+ components in the matrix for the pseudoscalar mesons. The vector hadronic cur-
rent is therefore frequently written as the sum of the two corresponding terms:

1 =Vt vet. 2.63)

By analogy with (2.57), we shall now define an eight-component axial-vector quantity:
T A
A¢=lb? Y, Vs b
Then the axial-vector part of the hadronic current in the Lagrangian (18) has the form

I = Ayt iAo+ Agatidlss (2.64)

the terms of this expression having the same properties as those of Eq. (2.62) with respect to the strange-
ness and isospin quantum numbers. By analogy with (2.63), one can also write

1 = AT AR,

The total hadronic current is the sum of the currents (2.62) and (2.64). It contains terms corresponding to
transitions with AS=0 and |AS|=1:

Jo=JO 440, (2.65)

where

JO = vEt 4 AT
I8 = VET 4 AT,
We now make the decisive step proposed by Cabibbo [3], namely, the hypothesis that the hadronic
weak current J is characterized like the vector current (2.65) by a unit length but is obtained from the

latter by means of a certain rotation in the unitary space through an angle . Then the weak hadronic cur-
rent J, is not represented by (2.65) but by

Fooe (0) : ()
e=c0s0Jg 4 sinBJy (2.66)

In principle the parameter 8 may be different for the vector and axial-vector parts in the currents
Jg’) and Jg). We introduce the angles 8y and 8 for the vector and axial-vector parts, respectively. We
then obtain

Jo=cos 8y VI 1 cos 04 A% + sin 8, VAT + sin 0, 45T

Later we shall return to this question but, as a rule, we shall generally use the variant of the theory with a
single Cabibbo angle 6 in which the hadronic current is described by the expression (2.66).

Thus, we have a set of baryons with J° = 1/2¥ whose wave functions transform in accordance with an
octet representation of SU(5) and make up the matrix (2.60). We also have two sets of currents J Q.? and
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J (g) defined by (2.62) and (2.64), respectively. The components of these currents also transform in accor-
dance with octet representations of SU(s). For the weak-interaction Lagrangian we obtain

. _
L= 5 (e ¥a U+ Wo) s, + v (1 + v5) v}

X ‘cosﬂy V§+ + cos 9,;Ag++ sin @y V§+—5— sin OAA§+}-

For the hadronic part of the matrix element due to the action of the n-th component of the current
FmotAmn, we have an expression of the form

(Elpmu‘f“ AmulA\=ifABm(Du+dABm Aa, (2.67)

This is a generalization of the well-known Wigner-Echart theorem in the theory of spatial rotations. The
quantities &y and Ay play the role of reduced matrix elements and the tensors fARm and da gy the role of
the Clebsch-Gordan coefficients in the SU(g) formalism. The presence of two reduced matrix elements cor-
responds to the existence of f and d type couplings in the interactions of the baryon octet with F=1/+
and the octet of pseudoscalar mesons.

On the other hand, one can write down matrix elements for the vector and axial-vector parts of the
hadronic current in the form

(B|Fmo| A> =g [if apm V® + d apm V2] va ua;

— _ (2.68)
(B|Ama| Ay=up [if aBm A® + dagm A*] vays ua,

where V‘I’, VA, A%, and A2 determine the contributions of the f and d type couplings to the vector and axial-
vector interactions. Comparing Egs. (2.67) and (2.68), we obtain the structure of the reduced matrix ele-
ments in the form

®y=ug (Vopa+ A° VaVs) tha;

o « ” (2.69)
Ag=up(V Yo+ A” Yo ¥5) ta.

In this terminology the hadronic part Xy of the matrix element for the semileptonic baryon decay
process has the form

(o = T(0, AS) s (Fn v+ g va 15) ua.
Here, the vector fYn and axial-vector gﬁl form factors are given by the expressions
V_ . @ : A.
fm= (ifaBm— [aBm+1) V" + (dapm+ idapm+1) V2;
gn= (if Apm— faBm41) A®+ (dagm+ idagmy1)A®

and

T (6,AS)= [ C.Os 0 for transitions with AS =0,
8in@ for transitions with |AS|=1,

and the subscript m is equal to unity in the case AS=0 and 4 in the case |AS|=1.

Allowance for the induced interactions naturally complicates the reduced matrix elements. Instead
of (2.69), we shall now have expressions for the reduced matrix elements obtained by the following substi-
tutions:

fg’ (3) (¢? &0 (A) ®

D (A) @ (A)
Vv Yo 11 (D) ot Ty Gap Gp+ T Ga; 2.70)
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D (A) 2) g? (4) (qﬂ)

gz M (g
2 Gop J8 Vs +W Ga Vs -

= 2.71)
my+ mp

A% yovs—> g7 W (@) Ve s +

In these expressions, as in (2.69), f?(A) and g? (&) genote the contributions from the forces of f and

d type to the corresponding form factors. Arguing as in the derivation of (2.7), we obtain an expression
for the q‘2 dependence of the form factors f?( )(qz):

P4 () =2 D (0) [1-428 © g2/m?]

and similar expressions for the form factors g?m) ().

2.5. Selection Rules in Leptonic Baryon Decays

In accordance with this formalism for the description of the weak interactions the following selection
rules must be satisfied.

For the strangeness |AS|= 1 and if | AS|=1 then AQ= AS. For the isospin |AI|=1 for transitions
with AS=0 and | AI| = 1/2 for transitions with |AS|=1.

The selection rule | AS| =1 can be verified by attempting to discover direct decays of E¢ hyperons
into nucleons:
E—Newv,
B — Nm.

As yet the upper limit for the branching ratios of these decays is small, the combined results giving [64]

Is(05=2) .03,
rg (am)y ~

The selection rule AQ = AS can be verified by searching for the forbidden 8 and 4 decays of the Bt
hyperon. The complete data indicate that

TSt~ netv) 0
r(zt —an) 1

and

r(st-nptv,)
— < 5.10-2,
r(zt—-an) = 0

These estimates take into account the following data. Altogether in experiments with bubble chambers
and photoemulsions a total of about 2.3+ 10® =¥ hyperons have been detected. Three events have been re-
garded as possible candidates for the decay L +t—ne*ye and one event as a candidate for the decay Z+—
netve. For I~ hyperons there have been detected 174 of the decays Z™—nu~ 17“ and 881 of the decays Z——
ne~ye.

Finally, these decays should not exhibit effects due to neutral leptonic currents. To verify this as-
sertion searches have been made for decays of the form

St > pete.

Three events corresponding to these decays have been found with small effective masses of the ete-
system. It follows that

r(zt—pete’) 05
r(st—al) ’
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However, it is known that there is a radiative Z* decay with branching ratio

It py) L
o ooy =(16:£0.3)10-2.

Then with allowance for the internal conversion coefficient, which is approximately equal to 1/130, and
eliminating the contribution from this effect, we have

I (3t = pete)
2 P e ) 05,
rt-an) -~ b

We can thus assume with reasonable accuracy that the above selection rules hold and are satisfied.

2.6. Conserved Vector Current Hypothesis and Semileptonic Baryon Decays

The expressions (2.70) and (2.71) show that in the most general case a semileptonic baryon decay is
now described by 24 real constants in the form factors r2(q?), rf(?), gg’(qz) and giA(qz) and also the 12 A
parameters in their q> dependence and the two values of the Cabibbo angle 6y and 0 for the vector the
axial-vector parts of the weak interaction. The universal constant of the weak interaction is taken from
the muon decay data. If the semileptonic hadron processes are T invariant, there remain 12 form-factor
constants. This is, of course, very many for a comparison with experimental data. It is therefore neces-
sary to invoke additional hypotheses to obtain equations between these constants and thus reduce the num-
ber of constants to be determined experimentally.

In the understanding of effects due to the weak interaction great importance also attaches to the con-
sequences of the hypothesis of a conserved vector current (CVC). This hypothesis was first formulated
by Zel'dovich and Gershtein [53] and also Marshak and Sudarshan [54] and was then reformulated by Feynman
and Gell-Mann [55]. Its original content reflects attempts to explain the rather good agreement between
the constant of the vector coupling gi measured in nuclear Fermi transitions with the Fermi coupling con-
stant G obtained from the muon lifetime. Since it is known that

& —(eg)

8G2 =

this coincidence canbe explained by assuming that: 1) the constant of the vector coupling gV in the weak
hadronic interactions is not renormalized by the strong interactions; 2) the value of this unrenormalized
constant gV is equal to the value of the muon decay constant GH.

The constant of the axial-vector coupling gA is renormalized by strong interactions and for the neu-
tron B decay the ratio of the two constants is gA/gV =-1,23+0.01.

The universality of the weak interactions follows from the second assertion. The f irst assertion
yields an important consequence for the properties of the vector part of the hadronic current JE(X) as an
operator acting in the world of strong interactions. Here, one can employ an analogy with electrodynamies,
in which, under the assumption that the unrenormalized electric charges of the electron and proton are
equal, the equality of the renormalized charges is a consequence of the conservation of the electric current,
By analogy with electrodynamics it also follows that gV is not renormalized because of the conservation
of the vector part of the weak hadronic current, 8y Va(x) =0. In the most general form we have the hypoth-

esis of the isovector nature of the hadronic current, according to which the three operators Vg, (ng_) =%

=1l
and Vg form three components of a single isotopic vector. These ideas enable one to relate a number of
electromagnetic effects and weak-interaction effects. Important conclusions are drawn about the form fac-
tors for g° = 0 and also about their g? dependence. We shall mention only the well-known consequences for
the neutron 8 decay, according to which the form factor of the effective scalar f3(0) must vanish and £(0) =1
f2(0) = pp ~Hn~3.7.

In addition

F1(g%) = F1(0) GG (g2);
fa (§%) = [, (0) G (g7),
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where G (@®) and Gy, (q ) are the 1sovector parts, respectively, of the charge and magnetic form factors of
the nucleons with the normalization GY(0) = GV (0)=1. We obtain an estimate of the g* dependence from the
known data on this dependence for the%achs nucleon form factors found from experiments on elastic ep
scattering. It is known [55] that

i | sy |

(E@> _ {0.563:1:0.000.
qt=0

2 2
dg my,

Hence, we find that the form factors of the vector and weak magnetism satisfy

M2 by 3. @.72)

The CVC hypothesis yields important information about other decays of baryons with AS=0. Consid-
er the decays

¥E > Aet v, (2.73)

For the matrix elements of the isovector part of the hadronic current we have the expressions

AlTFEy=—u, Vgh gt

‘ _ 2.74)
AT | 2= u, % g, 0 Uy,
These decays are due to two different isotopic components of one and the same weak baryon current and
one can therefore immediately conclude that their matrix elements are the same and that the branching
ratio of these decays is determined solely by the difference of the phase volumes due to difference of the
masses of the Z~ and =% hyperons. Consequently,

[‘.!.,"F_ :0-61. (2.75)
The experimentally found relative probabilities for the decays (2.73) Ry andR._ and the hyperon lifetime 7,
and 7- yield the following value for this ratio:

I’+ B.%

== =0.62 = 0.15, (2.76)

r_  R_ T

which does not contradict the calculated value (2.75) and confirms this general assertion of the hypothesis
of a conserved vector current.

The form factors g in (2.74) are again related to the form factors of the electromagnetic transition
20— Aly:

ALEME =, X Fi06" uye 2.77)

This relationship has the form

gv=V2Fy (@)= V2Fy—0;
gs(@)=V2Fs(g)= —V 2 (mi—m3) Fy; 2.78)
gr (gD =V 2F, (g

Here, F!, is the analog of Re?/G in the nucleon electromagnetic form factors when Ry is regarded as

the electromagnetic radius of the particle. The tensor form factor Fr(0) determines the magnetic moment
of the radiative transition Z°- A'- and can be found from the probability of this transition:
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Fig. 8. Energy spectrum of the A hyperons in the decay
Z— Aev. The predictions for the case of purely vector (g, =
0) and purely axial-vector (f1=0) interactions are indicated.

Fig. 9. The ey correlation in the decay £ — Aey. The pre-
dictions for the purely vector (q; =0) and purely axial-vec-
tor (7 =0) variants and their equal-probability mixture (q; =
f1) are also shown.
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It follows from the relations (2.78) that, within the framework of the CVC hypothesis, the following
limiting relation is satisfied in the decays £*—Ae®p

gy (0)=F1(0)=0. (2.80)

Thus, the form factor of the vector interaction here vanishes and the properties of this decay are
primarily determined by the axial-vector interaction. This consequence is confirmed by the experimentally
measured [57] energy spectra of the A hyperons (Figs. 8 and 9) and the ey correlation in this decay. From
the combined data obtained from the experiments one can conclude that in the decays (2.73) | fi /g11=0.26
0.20,

Above [see (2.44)-(2.49)] we have discussed the possible contribution to the £ decay from the form
factor g,. It follows from theoretical considerations that this form factor vanishes. It is therefore neces-
sary to consider what one can expect here from the weak magnetism effect [58]. In fact, the value of the
form factor f£,(0) can, in accordance with (2.79), be obtained from measurements of the lifetime of the =°
hyperon. However, such results are not yet available and one can therefore use the theoretical estimates
of Ty, which give values of ~7:107%0 sec, Then, using (2.79), we obtain fy| 5. 5 =2.98 cos 6y.

From a combined analysis of the data on the semileptonic baryon decays it follows that gl 35— A~ 0,618
cos 6. Setting 65 = 6y, we find |f,/g;|3 — A~ 4.83. This means there is a contribution of ~0.5F, to the
total probability of the decay Z— Aey from the weak magnetism effect. Another way to estimate the value
of this form factor is to attempt to detect a longitudinal polarization of the A° hyperons. If £,(0) =0, then,
taking into account the recoil terms, we find that (2.24) is replaced by the following expression for the an-
gular distribution of the protons from the decay A'—pe~ Ve:

2.68Rez-+4-0.08RRez’

W(p-a)=
(pra)=1+4ay 213

where z'= £, /g; and @y =0.62,
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Since we assume z =0, this distribution will be slightly anisotropic because of the term 0.08 Re z'.
It can be seen that the asymmetry coefficient in this distribution is very small: forRez'~1 we have

e, LBRET 63 107,
3

The distribution of the longitudinal polarization of the A hyperon in the decay Z— A ey is shown in
Fig. 10.

2.7. Parameters of the Cabibbo Theory from the Experimental Data on Semileptonic Baryon Decays

First a few words on the T invariance of B-decay processes. If this invariance holds, the form fac-
tor constants must be real. Restricting ourselves now to the form factors of the vector and axial-vector
interactions, we can assert that in this case too the constants cy and ¢y must be real, i.e., if one writes
@=cp/ey = |e|e'? in the V—A variant of the theory, the phase must be ¢ =180°. One can verify this con-
sequence experimentally in several ways. For example, there are T-odd correlations of the form og *

2Imo
TH3Tar?’
trons yielded the result [59]: ¢—r = (1.3 +1.3)°. It also follows from the data [60] of the § decay of Nel?
that ¢ —7 = (0.2 £ 1.6)".

(Pe X Py) with coefficient equal to Measurements of this coefficient in the decay of polarized neu-

One can also attempt to detect T-odd effects by making precise measurements of the energy depen-
dence of the electron polarization,in, for example, the 8 decay of the nucleus RaE (Bi?!%), This dependence
is sensitive to the value of Re o/, It follows from the measurements [61] that ¢ —m = (2.0 + 2.5)°. Thus if
an admixture of a T-odd weak interaction is present in 8 decay processes, it is small. In what follows
we shall, as a rule, assume that the semileptonic baryon decay processes are described by T-invariant

interactions.

In the situation that arises with contributions from induced interactions it is natural to see what the
SU(3) and SU(g) symmetries and the hypothesis of a conserved isovector current yield. In this case only
f type forces make a contribution to the form factor of the vector interaction. It follows that V& =1 and
VA =0 in the expressions (2.69). At the same time we find that the weak-magnetism form factor f“rﬁ is
independent of g* and satisfies the formula

, 2m
Fon=(0a—Wg) [if agm (1 —%m) + d 45y @] T":"’vé ’

Ba
Batis
cess A— Bly;. Their values are known for the A" and =% hyperons as well as for the proton and neutron.
They do not differ strongly form the values predicted by SU() symmetry. We can now therefore use their
theoretical expression [62] in terms of Hp and p,,. As a result we obtain the form factors £, f, and gy, which
are given in Table 5 for different semileptonic decays. They have a particularly simple form for the decays
(2.73). Using them in the expression (2.32) for the probability, we find that

3
where ¢ =5 - are the magnetic moments of the corresponding baryons that participate in the pro-

R™=1.82-10"*cos?0, % (4%)%
Rt =0.54.10"" cos? 0, % (4%
Using the tabulated data for R™ and R™, we obtain
cos 04 A* = 0.75.

1t follows form the neutron 8 decay that

cos 04 (A" + A%) =1.23,

and then

cos0,y-A% = 0.5,
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TABLE 5. Form Factors of the Vector £y, Weak Magnetism
fM> and Axial-Vector f A Interactions in SU(5) Symmetry*

Reaction “ fv fa m
<
n—>pev 0 1 A® - A2 % Epp (Rp—ftn)
Z—Aev 0 0 —V273 44 —
st Aey ol o V2B AN _ % g ilhn
2%y ol 12 Y2a® —
2By 0| —I1 A® a8 -
; - 1 1
A—pev 1 V32 |y 3/2(_4@ + —?’—AA] Tl/g &y pltp
I —nev 1 —1 AP _ g ._12_ by (tp + 2p)
e e 1 1
= U VB2 | VBBA® — a8) | g kayp -+ i)
ET—>XZ%v 1| Viz2 VTI/2(A% + A%) —
B0s3tey 1 1 A® . Ab -
* 1 for exact SU(5) symmetry,
kAB = 2my
ma+ms  for broken SU(s) symmetry,
and hence
2
= . AS
o~ z"/v o=——"1m=0.6l.
N AT 1A
1 N > '
~ - = . . H
__f_'_""_”_:_ ‘> P | _f_f/_ﬂ 14 This corresponds to the results of the analysis [63] of strong in-
. teractions: a@=0.67 +0.06 and also the predictions of SU(G) symmetry,

for which aa=2/3.

=
T

N\

/

Number of cases
&
1
N
\l
Y
P \
[
4 |

A comprehensive statistical analysis [64] of the data on the prob-
abilities of semileptonic baryon decays confirms these estimates, Fit-
i ) ting of data with two Cabibbo angles, the consequences of the CVC hy-
-0 06 -02 02 G6p-& pothesis, and the ideas of current algebra on the relationship between
Fig. 10. Distribution of the the axial-vector and pseudoscalar form factors yield the results

longitudinal polarization of the )

A hyperons in the decay Z— sin Oy =0.190 + 0.035;
Aey. The influence of the weak 5in 04 = 0.280 + 0.030;
magnetism form factor is shown a=0.66 -+ 0.03.
(the straight line f,/q; = 1.8).

Hence, we obtain the following estimates for the limiting values of the renormalized effects in the
axial-vector form factors (8 = gi/f):

Pra=p,,=1.23;
(1.38 = 0.13) << Pap << (1.64 == 0.16);
(1.1 £0.2) <Py, < (44=0.7);

23+ L1) <Py <(O.1 £ 4.2).
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We have already mentioned on several occasions that the present-day data on the quantities I'(A—
Blyp) are characterized by large experimental errors. Attempts are therefore made to estimate the param-
eters of the theory on the basis of the complete set of experimental data using the maximum of resonable
theoretical arguments. A typical approach of this kind has been developed by the group at Heidelberg Uni-
versity [65]. In this approach the strongly interacting part of the matrix element is used in the form (2.70)
and one assumes a q° dependence of the form factors:

Fi(g) =1 (0) [14+2, g¥im];

2.81
f1=8v [s=82 [s=28s ( )

where £i(0) is represented in accordance with (2.70) as a sum of reduced matrix elements P4 () with cor-
responding Clebsch-Gordan coefficients of the group SUg):

72 ) = [c# 17 )+ CB ™ )] T (:82)
Here, we again have
TS0 — { C.OS 0; for AS=0, (2.83)
sin®; for |AS|=1,

and the Cabibbo angle

{ Oy for
;=

2,3, 2.84)
04 for 5, 6.

i=1,
i=4,
The factor n{k) takes into account the corrections for the difference between the baryon masses of the SU
octet with JF = 1/2%:

1 for i=1,4
" = 2.85
gl ﬁ for i=2,3,5, 6. (2.85)
Exact SU(3) symmetry yields
3 (0)=f5 (0) =0, 2.86)

and the CVC hypothesis yields the following restrictions on the vector form factor and the weak-magnetism
form factor:

fTO)=1; [ 0)=0;

1 1o gk 3 .
f‘§(0}=?up+?um fa 0)=—— Bai (2.87)
2 2
M=2014, a,—=2,6_4,
mf, m?,

Use of the PCAC hypothesis relates the form factors fG(k) and f4(k):

5 (0)= %:"’B) . 0);
o (2.88)
7\‘8 = J\'d'_ 2p 3’

mys
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where

m iti i AS=0
— fortransitionswith ¢ AS =0, @.89)
my for transitionswith ¢ [AS|=1;

it is also assumed that A, =A;. Thus, only the following parameters are

free:
- Oy; 8,5 £ (0% FoO) f30) F5 (0). (2.90)
Fig. 11. Arrangement of an If we lift the restrictions (2.86), there are a Eu{ther two param-
experimental electronic appa- eters f:i& (0) and f{}(()), and one can assume that Ag —ghz.
ratus for studying the semi- The statistical analysis is based on the requirement of a minimum

leptonic decays of =~ hyperons.  of the function x%(h;) of the free parameters h; defined by the formula
The apparatus includes spark

chambers (1), a large Cerenkov [ gy () 2
counter (2), and a large system wh) = 24 [M:x:l)—exp] , (2.91)
of scintillation counters. & exp .

where x™ 1a either T® orf‘,(k)/ffk).

Establishment of these experimental quantities entails a very substantial amount of experimental
work. Because of the small branching ratio I'(A— Bly;) /T (A—all) of the semileptonic processes the exper-
imental groups must investigate ensembles of A" or £* decays with ~10°—10° events with bas ically non-
leptonic modes of the type Nr recorded in experiments with bubble chambers. About 1 X 102 events of the
requisite type with the creation of leptons are detected. The analysis of the selected events yields infor-
mation about the branching ratios and also about the spectra and correlations in these processes. A recent
innovation is the use of Cerenkov and scintillation counters in conjunction with spark chambers in exper-

iments on the semileptonic decays of the A and = hyperons. The arrangement of one such experiment is
shown in Fig. 11.

More detailed information is now available on the characteristics of the decays Ao—"peye and Z-—
neve. A typical electron spectrum obtained for the decay Z7—"neyg is shown in Fig. 12, An analysis of the
Dalitz plot for the decay A— Blyj in the variables of the electron and proton kinetic energies Te and Ty or
the spectra of these quantities does not at present enable one to estimate the contributions of the induced
form factors. It is therefore assumed that the weak-magnetism form factor can be taken from SU (3) Sym-~

metry and the CVC hypothesis, as is done in Table 5. From these data we then find [51] that in the decay
A—peve

0.19
fglfhf:O-T?io.m.

Measurements of the asymmetry in the emission of the electrons on the decay of polarized A’ hyperons
yield, in accordance with (2.30) and (2.31), not only the value but also the sign of the ratio gi/fi. The com-
bined data of different experiments yield the following result:

gy/fy=—0.63 1 0.08.
Finally, an analysis of the pl correlations yields [57]

Igp"f] |A-»pev= 0‘77+0‘25

—0.17.
Thus, in the decay A—peye these measurements indicate that the ratio g1/f1 is negative and has the
value
= = —0.61 4 0.065. (2.92)
fl A= pev
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Fig. 12. Electron energy spectrum in the decay 2™ — new.

Fig. 13. Electron-neutrino correlations in the decay Z~—nev. The sol-
id line gives the expected spectrum.

Now let us consider this ratio in the decay Z=—

%eT ne'?e. Here the experimental situation is much more com-
plicated since one of the three decay products is charged
15 19 -g5 ¥ l 05 ki, and the remaining two are neutral. It follows that the di-
/ . rection of emission of the neutron and its energy can be
=AY measured only by detecting the recoil proton from np scat-

tering. Approximately 11% of the neutrons from Z~ decays
VR generate recoil protons in a hydrogen bubble chamber with
a track length greater than 2 mm at distances of 20 cm
from the decay point. It is therefore very difficult to allow
40 L for the background, which account for up to 30% of the
orginally chosen candidates for the decay X~ —ne~ Veo

Fig. 14. Asymmetry coefficient for the emis-
sion of electrons in the decay of polarized Z~ The combined data at present available on the ev cor-

hyperons as a function of qi/ﬂ, The measured relation are given in Fig. 13, These data indicate that
value of pe i8 shown.

| gl =036 T018 2.93)

Results have been published of one attempt to measure the asymmetry parameter in the emission of
electrons in the decay of polarized Z~ hyperons. From a total of 49 events the value for this parameter
ae in (2.30) was found to be g =—0.13 +0.41. Since pg is a quadratic function of gi/ﬁ, two solutions are
obtained (this is well shown in Fig. 14):

e +-0.23
gl |- = —0.05 1023

or

0.9
gh |§:-‘=_'1'3 i 1.0.

Thus, for |g;/f|in the decay £~ —ne~ i, one should now take the value (2.93), but nothing can be said
about the sign of the ratio.

The examples we have given characterize the present state of the study of semileptonic baryon decays.
The experimental data at present known on this subject are given in Table 6.

It follows from [65] that at the present level of accuracy of the experimental data the contribution from
the form factors 73 and f; cannot be deter mined. It was therefore assumed that f3= f; =0 and the set of param-
eters was determined from Eq. (2,90). For 6y =0A=0 [57] the following results were obtained [64]: 6=
0.235 +0.06; £2(0) = 0.49 £ 0.02; 7> =0.74 0.02; o = 0.60 0.02. Fitting for 6V =64 gives the same result
for £,° (0) and £{* (0) and also 6y = 0.233 0,012 and A =0.238 = 0.018.
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TABLE 6. Comparison of Experimental Data on Leptonic
Baryon Decays and Predictions of the Cabibbo Theory

Branching ratio
[F{(A—B+ 1+ ve)/F(A—all)]x|  Form-factor ratio g,/ f;
Decay i
Experiment (t:’r? 2;?? * | Experiment | Cabibbotheory®

n—pevy — == —1,2340,01 —1,227

I Aev 0,604+0,06 0,62 |f/g,=1+0,354+] fi/g.=0
40,18

St Aev 0,202.-0,047 0,19 — f1/g1=0

A—rpey 8,60+0,45 8,74 —0,7715:13 0,72

A—ppy 1,35:0,60 1,44 - 0,72

ET—nev 10,92+0,43 10,6  |lgy/fa] =0,21+ —0,31
+0,21

IT—snpy 4,640,5 5,0 — —0,31

B Aev 15,013:0 5.4 — 0,20

B3y 6.2+3-9 0,09 - 1,23

*The constants of the Cabibbo theory are: 6= 0.242 +0.004;
g (0) =0.46 + 0.02; g (0) =0.77 +0.02.

The theoretical predictions that follow from this analysis are given in Table 6 and compared with the
experimentally measured parameters. The results of a graphical analysis are given in Fig. 15.

It can be seen that there is basically good agreement between the experimental data and the predictions
of the Cabibbo theory. However, a great improvement is required in the experimental data on semileptonic
baryon decays.

To analyze this question one can also invoke the more far reaching additional theoretical argument
based on the ideas of current algebra. An example of such an investigation can be found in [66].

We define in the following manner the constants

(Ga)pn =G pn (0) cos B4
(Gv)pn =T yn (0) cos By;
(Ga)par = gpa (0) sin O 4;
(Gv)pa = Fpa (0) sin By

and in an obvious manner all the remaining constants (GA(v))BA. Here, the form factors gpa (0) and FBA(0)
are taken from the observable constants, for example,

G
}/—‘%gM(O)sin 0,
G, .
W’f”“(o) sinf,.

3
Using the CVC hypothesis, we obtain fp.(0)=1, fpa(0)= —V;-etc. (see Table 5). Using current algebra
arguments one obtains the following sum rules for the axial-vector constants:

3 3
gAE:I/;gpn—'_gpA; gA_g:gAg‘*]/;ggoa-—;
[— 3 ] . .
8zog-= Egu‘!' 7 8t Eax—=V 6813 — 8o

Ert20=V08s;—8azi Grapo== (Vﬁgu-ﬁg#n);

where gAz=gs.+ A =83~ A.
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Fig. 15. Graphical representation of the data on the
probabilities of semileptonic baryon decays A— B+
I+y in the plane of the parameters q; (0) and in (0)
for the Cabibbo angle 6§ =0.235 (the arrows indicate
their most probable values, which were used to ob-
tain the predictions given in Table 6).

We shall now write down an expression for the partial probability of the process A— Bly; as follows:

G2 fA g 3 Loy 1 3 6
Faa=os-3(@ba[ (1= 5B+ 78] (4@ +5p, (133 +28) (. +2)],
where
ML i TR . |
B my s A=my—mg; J‘BA"(GA)BA
and

{ 0.47 for the decay n—- pev,
|1 for decayswith |AS|=1.

The factors a and b take into the account the finite mass of the charged lepton in m;.

we shall assume for the case of electronic decays that a=b=0. The sum rule

3
gpA=gE+A_ﬂgpn

yields

(GA)DA

(Ga)az+— l/‘% Ga)pn

tg0=

On the other hand,

tg ev s pr (GA)pA
PA
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In what follows



where

3

feh==ly =

Thus, knowledge of the values of I} and Xfi enables one to determine the angles 6y and 65. For ex-
1

ample, using the experimental data on the branching ratios of the decays A—peve and 2~ — Aevg, and also
the value of g;/f; for the decay A—pevg, we obtain 0y =0.225 +0.02,

From the neutron lifetime (2.51) we now have |xpy|™ =1.23 + 0.02, which also corresponds to the data

from the asymmetry measurement, from which it follows that ]xpn['1 =1.25 £ 0.04. We then obtain

o +0.055
sin04=0.225 2005

Thus, in this analysis the values of the angles 6y and 6 are equal and for the corresponding
constants we obtain the values gpn = 1.27, gpp = 0.945, and g3 =0.618. In addition, we find o = (A"'}‘)/AA +
A™ =0.58. There are also predictions for the other axial-vector constants:

8y+gr=1.27; g, =0.24¢4 8 ,5—=0.319; 8yt p0=TF 0.726;
8z05—=0.244,

Allowance for the electromagnetic corrections slightly changes the values of the above constants. For
example, if one takes-into account only 7%° and %°A° mixing, the above constants are replaced by modified
sum rules from which it then follows that

sin Oy = 0.229 + 0.02,

. +0.055

sin94=0.230 " 0.05,

_1__ [ either —0.38 4 0.2,
| %ns—| =|

oo —0.28 +0.2,
Similar but less reliable results can be obtained by using other sum rules and corresponding exper-

imental data whose accuracy is less than that of those used above. In this approach the values of the Cabib-
bo angles 6y and dA are also found to be almost equal.

Since a comparison of the data on mesonic decays with | AS|=1 and AS=0 indicate that the values of
6A and @y may differ, this question must continue to be investigated. Here we should only like to draw at-
tention to the fact that a comparison of mesonic decays yields information about the quantity

— i (g
")

and not tan® @; and that the value of the Cabibbo angle can be affected both by possible o dependences of the
different form factors and, in general, a departure from unity of ratios of the type k@) /rl@®. As yet this
question remains open.

As regards the Cabibbo angle 6 itself, it was introduced into the theory as a parameter needed to save
the hypothesis that the weak hadronic current has unit length. Its numerical value, found experimentally,
is very close to the ratio of the 7- and K-meson masses:
tgh~ 1% —0.98.
myg

It is therefore very attractive to try and explain this fact by the idea that the splitting of the particle masses
in the unitary multiplets and the orientation of the weak hadronic current in the unitary spin space have a
common origin, i.e., that they are due to the common SU (3-Symmetry breaking interaction.
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Thus, the further development of the universal four-fermion theory of weak interactions based on the
inclusion in the theory of the unitary symmetry of the strong interactions has made it possible to achieve
further progress in the problem of the weak interactions of elementary particles. No other theories leading
to equivalent consequence have as yet been proposed. The predictions obtained on the basis of SU(5)-sym-
metry agree well with the experimental facts. In addition, the numerical values of a number of general
parameters of the SU(g)-symmetry and its developments, which determine the properties of the strong, elec-
tromagnetic, and weak processes, are found to be similar when they are extracted from data on the various
processes. This confirms the generality of the effects in the world of elementary particles. More precise
experimental data and new developments of the theoretical ideas will enable us to judge the correctness of
these tendencies in our construction of a theory of the microscopic world.

2.8. Achievements of the Investigation of Leptonic Hadron Decays

At the present level of our knowledge of the properties of semileptonic hadron decays we have a char-
acteristic accuracy of ~10% for the values of the most important parameters. The main conclusions ob-
tained after almost a decade of investigations of these processes can be briefly summarized as follows.

1. The general properties of semileptonic hadron decays agree well with predictions of the universal
four-fermion theory of the weak interaction in the variant proposed by Cabibbo. Possible admixtures from
other couplings have hitherto remained undetected.

2. Effects indicating a violation of T invariance of the weak interactions have not been found; agree-
ment has been obtained with the predictions for the semileptonic decays of K' mesons induced by violation
of CP invariance in the two-pion decays of Kg mesons.

3. The principle of muon-electron universality is satisfied with an accuracy not worse than 15%.

4. There are no appreciable departures from the consequences of the isotopic and also SU(g)-symmetry
properties of the theory; the selection rule | AI|=1/2 is satisfied with an accuracy of ~5% and the selection
rule AQ = AS with an accuracy of ~10%.

5. In the range of momentum transfers from 0 to 0.3 GeV? the interaction is loeal; this excludes the
possibility of a mass of the hypothetical intermediate W meson less than 1 GeV.

6. The effects associated with the strong interactions do not depend very strongly on the energy.

7. The values of the Cabibbo angle obtained from an analysis of meson and baryon decays are almost
equal. The existing indications that the angles 6y and A may be different must be made more precise both
experimentally and theoretically.

8. The relative influence of £ and d type forces in the axial-vector form factor are found to be the
same as in the strong interactions of the octet of pseudoscalar mesons and baryons.

Of the most important problems that await solution we would mention the following.

1. Verification of the consequences of CPT and CP invariance for processes due to weak interactions.
In this connection, the most promising experiments are those in which the properties of the Kt and K- mesons
are compared.

2. Improvement in the accuracy of data that cast light on 4 —e universality in the weak interaction.
3. Advances in the question of neutral currents.

4, Searches for contributions from couplings distinct from the vector and axial-vector couplings.
This would test the consequences of the CVC hypothesis and some deductions of other models at present
popular.

5. Improvement in the accuracy of the determination of the parameters of the Cabibbo theory, the
angles 6y and 64, and also the mixing parameter of the f and d type forces and the discovery of ways to
explain the nature of this phenomenon.
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