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General forms of cross sections for the neutrino and antineutrino reactions at high energy are discussed. 
Consequences of the point structure of lepton currents are investigated. Particular efforts are made to 
separate out the results that are implied by different assumptions concerning weak interactions such as time-
reversal in variance, conserved vector-current hypothesis, and |Al| = 1 rule. 

I. INTRODUCTION 

IN the present theory of weak interactions it is 
assumed that all weak reactions which contain 

leptons and other strongly interacting particles can be 
described by an effective Lagrangian of the form 

- £ e f f = Z [ / x W i x W + / x * ( x ) j \ * ( x ) ] , (1) 

where 
i x W = - C ^ i 1 7 4 7 x ( l + 7 5 ) ^ J , (2) 

j\*(x) = -ibPSywxil+y^d (3) 
/ stands for either e or ju, \f/v and \f/i are the field operators 
for v and /~, respectively. J\ and J\* are current 
operators that act only on the strongly interacting 
particles. Because of the Hermiticity of <£eff, we have 

J\* = V\J\f, (t = Hermitian conjugate), (4) 
where 

and 
77x=+l for X = l , 2, 3 

rj\= — 1 for A = 4. (5) 

The nature of J\ and J\* are known so far only in a 
few cases. In the relatively high-energy range (mo­
mentum transfer^ a few hundred Mev) some limited 
information of the matrix elements of these current 
operators has been obtained from w decay and the 
leptonic modes of K decay and hyperon decay. The 
most extensively studied case is /3 decay in which only 
momentum transfer of the order of a few Mev is 
involved. In such a low-energy limit, the matrix 
elements of J\ and J\* are given by 

and 
(p\Jx\n}= (i/v2)wp

+747x {Gv—GAyh)un (6) 

<»| /x*|*>= (i/ytt)uf?yM(Gv*-GA*ys)up, (7) 

where the symbol * on a c number means complex 
conjugation, un and up are the spinor solutions of the 
free Dirac equation with the same four momenta as 
the physical neutron and proton; Gy and GA are the 
Fermi and Gamow-Teller coupling constants. Because 
of the presence of strong interactions and the possi­
bility that the weak interactions may be transmitted 
through an intermediate Boson,1 it is expected that in 

1 If the weak interactions are transmitted through an inter­
mediate boson W, we choose the heavy particle current operators 
J\ and J\ to include the propagator of W. 

the high-energy range special forms like (6) and (7) 
do not hold and, in general, the behavior of the heavy-
particle currents would be quite complicated. 

On the other hand, one expects the lepton currents 
j\(x) and j\*(x), which interact only at a single space-
time point in (1), to have a wider range of applicability.2 

The recent possibility of doing high-energy neutrino 
experiments3 makes it, perhaps, feasible to establish 
the validity of this particular form of leptonic currents 
to the Bev range. I t has already been pointed out4 '5 

that the assumption of such a point structure of the 
lepton current introduces strong restrictions on the 
general forms of the cross sections for all neutrino and 
antineutrino reactions. In particular, the rates for 
reactions with different neutrino momentum k„ and 
different final lepton momentum kz are mutually 
related, provided that in these reactions the energy 
transfer E—m and the magnitude of momentum 
transfer P between the leptons and the strongly inter­
acting particles are the same. (The only complicated 
and unknown part of the Lagrangian is the current / . 
For two reactions with the same E—m and P, the 
matrix elements of / are related. Hence, the rates of 
these two reactions are related.) Some of these relation­
ships have been stated in references 4 and 5. The 
purpose of this paper is partly to supply the mathe­
matical details of these relationships and partly to 
give a more systematic discussion of the various theo­
retical implications of the high-energy neutrino ex­
periments. Efforts are made to separate and dissociate 
the consequences that are implied by different assump­
tions concerning weak interactions such as time 
reversal invariance, the possible existence of a | Al| = 1 
rule, the conserved vector current hypothesis, etc. For 
the sake of clarity, the results are stated in the forms 
of several theorems. 

In view of the present technological difficulties in 
performing the high-energy neutrino or antineutrino 

2 At the moderately high energy, the validity of the point 
structure hypothesis for the lepton currents can be tested by 
analyzing the leptonic decay modes of K decay. See A. Pais and 
S. B. Treiman, Phys. Rev. 105, 1616 (1957). 

3 M. Schwartz, Phys. Rev. Letters 4, 306 (1960); B. Pontecorvo, 
Soviet Phys.—JETP, 37, 1751 (1959). For further references see 
Proceedings of the 1960 Annual International Conference on High-
Energy Physics at Rochester (Interscience Publishers, Inc., New 
York, 1960). We are informed that such experiments are in 
progress at the Brookhaven National Laboratory and at CERN. 

4 T . D. Lee and C. N. Yang, Phys. Rev. Letters 4, 307 (1960). 
5 T. D. Lee and C. N. Yang, Phys. Rev. 119, 1410 (1960). 
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experiments, it seems also useful to assume (at least 
for the immediate future) the validity of the point 
structure of lepton currents, time-reversal invariance, 
and the conserved vector-current hypothesis, and to 
utilize the experimental results to measure the unknown 
matrix elements of J\ such as the axial-vector form 
factor. Specific discussions on this aspect are given in 
Sec. I l l 4. 

Throughout this paper we only consider the weak 
interaction to the lowest order. 

II. NOTATIONS 

In the subsequent sections, we will consider reactions 
of the general type 

v(or p)+nucleon (or nucleus) —-> V*-\ , 

but without the production of any intermediate bosons. 
The lT can be either eT or fxT depending on the nature 
of the incoming v (or v). The following basic notations 
will be used throughout the paper: (All momenta and 
energies are in the laboratory system.) 

fi=c=l; 

k„, k = momenta of v (or v) and F, respectively; 

P=(k,-k,); 
kp,ki,P=\kv\, |k*|, | P | , respectively; 

z and x axes are parallel to P and (k„XP), respectively; 

0=angle between k„ and k*; 

<j) = angle between k„ and P ; 

miy m=masses of I and target nucleon (or target nu­
cleus), respectively; 

E^ik^+m-Ei); 

vi—velocity of /=F== (ki/Ei); 

i k f= (£ 2 -P 2 )* ; 

g2= (4-momentum transfer)2= P2— (E—m)2; 

$ = spin of the target nucleus (which is always un-
polarized). 

I t is found useful to introduce the following three 
functions of kv, ki, and P: 

y= (h-h+Py^-h+h+P); 
and 

A = (4«-*^)-i*£- (kv-hy+ptxikv+hy-p^. 

III. NEUTRINO REACTIONS WITHOUT MESON 
PRODUCTION AND vz = l 

1. Cross Sections 

We consider first the simple reactions, 

v+n -> p+l- (8) 

and 
i>+p->n+l+, (9) 

in which the velocity vi of the lepton can be regarded 
approximately as 1. In this special case, we have 

E= (m2+P2)^ (10) 

(ky-ki) = (E-m)] (11) 

q2 = 2m{E-m), (12) 
or 

q2=2kvki(l — cos#). 

The differential cross sections for reactions (8) and 
(9) depend only on two independent variables which 
may be chosen to be kv and q2. The following theorem 
shows that if the Lagrangian has the "point structure'' 
property for the lepton current as given by (l)-(3), 
then independently of the detailed form of A , the 
differential cross sections for both reactions (8) and 
(9) (after summation over the spin directions of the 
initial and final nucleons) can be expressed in terms of 
three real functions which depend only on one variable 
q\ 

Theorem 1. If vi= 1, the differential cross sections for 
(8) and (9) can be expressed in the form: 

dav= {%Trk2)-1[(kv+kiY-P2~\ 

X [%a++x-la-+b~]d(q2) (13) 
and 

Ar,= {^Tk2)-1l{kv+kly-P2'] 

X txa-.+x-^+bldiq2), (14) 
where 

*= (kr+h+Py^kr+kt-P), (15) 

and #± , b are real positive functions (called structure 
functions) of q2 only. 

Proof. To prove (13) we note first that in the special 
case vi=l, there is only a single spin state for the lepton. 
Furthermore, the corresponding matrix elements (j\) 
satisfy 

(*,-*i)x<J*> = 0, (16) 
which means 

(j^iiE-myiPiJ,). (17) 

Using (2) and the coordinate system chosen in Sec. II, 
the other spatial components of (j) are found to be 

'(jxjyjz)=-2[i sin§0, sinfo+§0), cos(<£+|0)]. (18) 

Next, we analyze the initial and final nucleons in 
terms of definite spin states s along the P direction (in 
the laboratory system): 

s= t ( i . e . , i ) or |(i .e. , - J ) . 

For the no-spin-flip case n\—> pi or n\—-> pi, the 
matrix elements of Jx and Jy are zero. By using (17), 
we observe that only the matrix elements of \_(E—m)Jz 

-\-iPJ{] contributes to the cross section. For the spin-
flip cases m-^-pt and nt—>pi, the only matrix 
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elements that contribute are that of (Jx+iJy) and 
(Jz—iJy), respectively. Summing over all possible 
nucleon spin states, we obtain expression (13) for 
reaction (8). The functions a± and b are related to the 
matrix elements of J\ by 

a+=(E+m)-1(2E)\(ph?\Jx\mfi)\2, 

a^(E+m)~l(2E)\(ph?\Jx\ntfi)\\ 

and 

b=(tnP*)-iE £ \(pSy?\(E-m)Jz 

+iPJt\ns,0)\2, (19) 

where the states |^s,0) and |^S,P) refer to that of a 
nucleon with spin s and momenta 0 and P, respectively. 
These are all functions of q2 only since P and E depend 
only on q2. 

To prove (14), we notice that the matrix elements of 
j \ * are related to that of j \ by the operation of CRX 

(where C— charge conjugation and Rx=reflection with 
respect to the y-z plane), which changes v, l~ (left-
handed) to f>, 1+ (right-handed) but leaves their linear 
momenta unchanged. Therefore, 

and 
<A*>=-0'x> for \^x. (20) 

Applying our previous discussions to reaction (9), the 
following expression for the differential cross section 
da? can be readily derived: 

d<r-v= {^k2)-ll{kv+ki)2-P2^ 

XlxaJ+x-W+b'ldiq2), (21) 
where 

o+'= (E+m)~'(2E) \ (phV | / , * | ph0) \2, 

aJ = (E+tn)-i(2E) \ (nh¥ | / , * | ph0) |2, 

and 

b'={mP2)~lE L \(ns,F\(E-fn)J* 

+iPJ4*\p.,0)\*. (22) 

I t is important to observe that because of (20) the 
relative rates for the two spin-flip cases j —»t and f —> I 
are now given, respectively, by a r 1 ^ ' and xaJ; while 
for v reactions they are xa+ and #-1a_, respectively. 

We then use the Hermiticity condition, Eq. (4), 
which relates, e.g., 

< » t , P | / , * | ^ , 0 > = ^ , 0 | / , | n t , P > * (23) 

where the * on the right-hand side means simply the 
complex conjugation. A 180° rotation around the x axis 
changes the matrix element \(p\fi\Jx\n^yY)\2 into 
\(pt, 0\Jx\m, — P) |2 , which can, in turn, be shown to 
be identical with Kpt,P| A|?H,0) |2 by a subsequent 
simple Lorentz transformation that leaves x and y 
axes unchanged but transforms \n8y — P) and \p8fi) 

into \nsfi) and |#«,P), respectively. Therefore, we 
obtain 

a+=a+'. (24) 

In an identical way, it can be shown that 

#_=a_/, 
and 

b = b'. (25) 

Theorem 1 is, then, proved. 
Remarks. 
(i) By using (6), we obtain at q2 = 0, 

a+{q2^) = a-(q2 = 0) = ±\GA\\ 

(ii) The validity of theorem 1 depends only on the 
special form, Eqs. ( l )-(3) , of the effective Lagrangian 
and is independent of any assumptions about J\ such 
as time reversal invariance, | Al | = 1 rule, etc. 

(hi) I t is useful to express J\ as a sum of a vector 
part V\ and and axial-vector part A\, 

Jx=Vx+Ax. (27) 

Under a reflection with respect to the (y-z) plane, a+ 
[given in (19)] becomes 

a+= (E+m)-1(2E)\(ph P | V,-A9\nu 0)\2. 

Therefore, the difference between a+ and a_ (con­
sequently, also the difference between dav and da?) 
depends only on the interference term between V\ and 

2. An Alternative Form 

I t is also possible to derive theorem 1 by working 
directly with the general covariant forms of the matrix 
elements of J\ and / \ * • 

(PIA \n) = (i/v3) V Y C T A (gv+gAjz) 
+i(nx+px)(fv+fAyb) 

+i(n\—p\) (hv+hAy^Un (28) 

and 

(n I A * IP) = (i/^ujjilyx (gv*+gA*7S) 
+i(px+nx)(fv*-fA*ys) 

+i(p\-nx)(-hv*+hA*yz)~]up, (29) 

where n\ and p\ are, respectively, the four-momenta 
of the states n and p; gv, gA, • • -hA are complex func­
tions which depend only on q2. The Fermi and Gamow-
Teller constants are related to these functions at q2 = 0: 

gv (q2 = 0) - 2m fv (q2 = 0) = Gv^ l0-5m~2 

and 
gA(f=0)=-Gj&1.2Gv. (30) 

If vi=l, then because of (16), hy and hA do not 
contribute to either reaction (8) or reaction (9). The 



2242 T . D . L E E A N D C . N . Y A N G 

relevant matrix elements depend only on four (complex) 
functions gv, gA, fv, and / A . In terms of these four 
functions, the previously obtained three (real) structure 
functions a±, b become 

*±=4 (E+m)~21 gA (E+m)^gvP
! 

and 

b=(E+m)-K2m)Ugv-fv(E+m)\"+\fAP\2J (31) 

Remarks. 
(i) If time reversal invariance holds, then gv, gA, 

fv, /A are all real functions. 
(ii) I t has been proposed5 that for those weak re­

actions that conserve the strangeness quantum number 
S among the strongly interacting particles (i.e., AS=0), 
the corresponding change of isotopic spin obeys the 
| Al | = 1 rule6 which implies that the heavy-particle 
currents J\ and J\* are components of a single spin 
vector7: 

Jx*= - [exp(i7r/1/)]/x[exp(~i7r/2/)], (32) 

where exp(iwly) is the 180° rotation along the y axis 
in the isotopic spin space. 

If the | Al | = 1 rule holds, then gv, gA, fv are real 
but fA is pure imaginary. 

(hi) If both time reversal invariance and | Al | = 1 
rule hold, then 

/ A = 0, (33) 

and gv, gA, fv are real. In this case, measurements on 
cross sections dav and dap are sufficient to determine 
gv, gA, and fv: 

gA=(l /V2)C(0*+(«+)*] , (34) 

(E+t»)-lPgv= (1 /VZ)[>-)*- («+)*] (35) 

gv- (E+m)fv=Lim-'b(E+m)-]K (36) 

and 

(iv) If either time reversal invariance or | Al | = 1 
rule holds but not both, then (34) and (35) are still 
correct. Measurements on dav and dan determines only 
gv and gA. To obtain fv and / A , polarization measure­
ments become important. (See Sec. I l l 5.) 

6 The | Al | = 1 rule follows if the schizon scheme of reference 5 
is correct. However, the validity of | Al | = 1 rule has a much wider 
basis and should be discussed independently of the existence of 
intermediate bosons. For example, | Al | = 1 rule also follows if one 
assumes J\ = (iGv/y/2yf/piyty\(l-\-yb)&nf where \pn and xj/p are the 
(unrenormalized) operators for the nucleons. 

7 To be specific, the | Al | = 1 rule is defined as follows: For the 
case AS = 0, the heavy particle current operators J\ and —A* 
transform under an isotopic spin rotation like the \I=1, Iz=l) 
and 11=1, Iz= — 1) components of an 1=1 multiplet, where we 
use the notation of A. Edmond, Angular Momentum in Quantum 
Mechanics (Princeton University Press, Princeton, New Jersey, 
1957). Notice that in this definition not only must J\ and 7_x* 
each individually transform according to 1=1, but they must 
belong to the same multiplet. In this sense the | Al | = 1 rule is 
stronger than the | Al | = J rule. 

3. Simple Consequences of Theorem 1 

In this section, we list some simple consequences of 
theorem 1. 

(i) In the forward direction, 0 = 0 (consequently, 
q2=0). For arbitrary kv, 

dav = dap=(2T)-1l\Gv\2+\GA\2ld(q2). (37) 

(ii) At arbitrary angle 6 and arbitrary kv, 

\dav—dap\ 
<L(k,+kiy+P2Tii2P(kP+kl)~]. (38) 

dav-\-dvv 

(hi) In the low-energy limit kv—> 0, the maximum 
value of q2^4:kv

2 —> 0. The cross sections dav and dap 
become (to the lowest order in kv) 

dav = dap= (27r)-^,2[ |GF |2( l + cos6>) 

+ \GA\2(3-COS0)]A(COS0). (39) 

(iv) In the very high energy region, 

lim d<rv= lim daP= (2ir)-1(a++a-+b)dq2. (40) 
kv—»oo kv—»oo 

(v) If the integral Jl°°(a++a-+b)dq2 exists, then in 
the very high energy region, 

lim / dav= lim / dap= {2TT)~1 I (a++a^+b)dq2. (41) 
Av-*» J A„->CO J JQ 

4. Measurement of Form Factors 

To measure the form factors it seems desirable, at 
least for the present, to assume time reversal invariance 
and the | Al | = 1 rule so as not to have too many un­
known functions. Under these assumptions, / A = 0 as 
shown in I I I 2, and substitution of (31) into (13) and 
(14) gives 

davCv) = ( 4 T T ) - W ) { ( 2 ^ 2 ) - ^ G U 2 - ^ 2 ) + (gA±gv? 

+ ll-(2mkv)~YJ(gA^gv)2 

+ [ 2 - (2tnkJ
2)-1q2(fn+2kv)1 

XZ(4rn2+q2)fv2-4.tnfvgvl}, (42) 

where the upper and lower signs refer to ^-reaction (8) 
and i>-reaction (9), respectively. For sometime to come, 
because of lack of detailed experience data, these 
equations would undoubtedly be still insufficiently 
restrictive to determine the three form factors gv, fv, 
and gA- I t is therefore desirable to introduce further 
assumptions. 

I t has been proposed by Feynman and Gell-Mann8 

that the vector part of J\ satisfies a conservation law 
and that it is proportional to the corresponding 
isotopic vector part of the electromagnetic current. 
Let Fg(q2) and Fu(q2) be, respectively, the isotopic 

8 R. P. Feynman and M. Gell-Mann, Phys. Rev. 109, 193 
(1958). 
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vector part s of the charge and magnetic form factors 
for the nucleon. We have9 

gv = Gv[FQ+(nP—nn)FM] 
and 

fv = Gv (2m)-1 (jiP—tin)FM, (43) 

where FQ and FM are normalized to unity at <?2 = 0; 
Mp^l-79 and fxn=~ 1.90 are, respectively, the anoma­
lous part of the magnetic moments of proton and 
neutron in units of the nuclear Bohr magneton. The 
form factors FQ and FM have been measured10 ex­
tensively by the electron scattering experiments. 

Using the proportional current hypothesis the only 
unknown form factor in (42) is #A. I t can be measured 
by measuring either dav or dap. in particular, the 
difference, 

(dav-dap) = ( i r w * , ) - V [ l - ( 4 w ^ ) ~ V % ^ ( < Z 2 ) , (44) 

gives a sensitive determination of gA. [See (97) and 
(99) for the modification of above equations if vi9£\.~} 

Consider an experiment with a neutrino (or anti-
neutrino) beam whose spectrum is I(kv)dkv. Let 
N((f)d(f be the number of events with a (four-mo­
mentum transfer)2 between q2 and q2+d(q2). I t is 
useful to define the moments In of the incoming 
spectrum: 

In = In(q2)^ I\±T)-l(kV)~nItkv)dK 

where the integration extends from \jni+ (2m)~lq2~] to 
oo and n—0, 1, 2. The number of events for reactions 
(8) and (9) at a given q2 can be obtained from (42) by 
integrating over the incoming spectrum: 

LN(q2n^hhq2(gA2-gv2)+h(gA±gv)2 

+ Uo-Ii(q2/m)+ih(q'/m)2-](gA^gvy 
+ I2h-li(q2/m)-ihq2^ 

X[(±m2+q2)fv2-4tmfvgv~], (45) 

where the upper and lower signs are for v and v re­
actions, respectively. By using (43) and (45), gA can 
be directly deduced from the experimental results. 

5. Longitudinal Polarization 

In this section we discuss briefly the longitudinal 
polarization of the final nucleon for reactions (8) and 

9 If the weak interactions are transmitted through an inter­
mediate Boson W than (43) should be changed into 

gv = GVLFQ+ (p.P-Hn)FMTl +mw-2q2l 
and 

fv=Gv (*&ir) FM[1+*"rvi 
where mw is the mass of W. 

10 See, e.g., the review article by R. Hofstadter, S. Bumiller 
and M. R. Yearian, Rev. Mod. Phys. 30, 482 (1958). For some 
of the more recent measurements, see D. N. Olson, H. F. Schopper 
and R. R. Wilson, Phys. Rev. Letters 6, 286 (1961); R. Hofstadter, 
C. de Vries and R. Herman, Phys. Rev. Letters 6, 290 (1961); 
R. Hofstadter and R. Herman, Phys. Rev. Letters 6, 293 (1961). 

(9), assuming that the initial nucleon is unpolarized. 
By using exactly the same arguments as that in Sec. 
I l l 1 it can be shown readily that the average helicities 
(s) of the final p and the final n at a given four-mo­
mentum transfer q2 are given, respectively, by 

2{s)p= (xa+-\r%~la-Jcb)~1 (xa+— x~la--\-d) 

and 

2(s)n= {xa--\-x~lajr
Jrb)~l(x~1a+—xa^—d), (46) 

where (s) is defined to be the ^-component spin (z axis 
parallel to P) averaged over s = ^ and — \ ; a+, a_, b are 
given by (19) and d is given by 

d^{mP2)~lE[_\{ph P | (E-<m)Jz+iPJt\n^fy\2 

-\{ph P | (E-m)Jz+iPJ,\nh 0 ) | 2 ] . 

I t is clear that d is a function of q2 only. In terms of 
gv, fv, etc., d can be written as 

d^iE+my^mP^Z-gv+fviE+m^fA+cc.}. 

Remarks. 

(i) In the forward direction 0=0, 

(s)p = (s)n = 0. 

(ii) In the low-energy limit (q2 —> 0), 

(s)p=(s)n = 0. 

(hi) In the very high energy limit (kv—-> oo), 

(s)p= —(s)n= (a++a~+b)-1(a+—a-+d). 
(iv) If | Al | = 1 rule holds (independently of whether 

time reversal invariance is true or not), 

d=0. 

IV. NEUTRINO REACTIONS WITH MESON 
PRODUCTIONS AND i/, = l 

1. Cross Sections 

In Sec. IV, we consider general reactions of the type 

v+N-*T+l- (47) 

and 
i>+N'->T'+l+, (48) 

but retaining the approximation vi= 1, where N (or Nf) 
represents an unpolarized nucleus and T (or r ' ) is an 
arbitrary complex consisting of any number of strongly 
interacting particles. The strangeness quantum number 
of T (or r ; ) may be non-zero. For simplicity, we shall 
consider in this paper only those cases in which V (or 
r ' ) is a noncoherent mixture of states with different 
helicities, where the helicity of a particle or a complex 
of particles is defined to be the quantum number of its 
total angular momentum component along the direction 
of its total momentum. 

In this more general case the momentum P and the 
energy E of the complex V (or Yf) are independent 
variables. I t is convenient to call M, defined in Sec. I I , 
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the effective mass of T (or Tf). Apart from the intrinsic 
characteristics of T and r", such as the nature and the 
number of different particles involved, their isotopic 
spin, etc., there are three independent variables, say, 
kP, ki, and 0. (Or, we may choose kv, q2, and M as the 
three independent variables.) 

If the "point structure" of the lepton current holds, 
then for any arbitrary given r or r ' the cross sections 
dav(T), or da^T'), can be expressed as sums of three 
terms each of which has an unknown dependence only 
on two variables which may be chosen to be q2 and M. 

Theorem 2. Ifvi=l, the differential cross sections for 
(47) and (48) can be written as4 

dav(T)= {4nrkv)~
lkl[(kv+kl)

2--P2~] 

X ZxA++x-1A-+Bldkld(cosd) (49) 
and 

Ar,(r ' ) = {4nkv)-%i[(kv+kl)
2--P2~l 

X [xAJ+x-iA+'+E'ldkidicosS) (50) 

where x is denned in (15), A±, B (or A±, Br) are 
positive real functions that depend on only q2, M, and 
other intrinsic characteristics of the complex T (or I"). 

Proof. We follow the proof of theorem 1 and resolve 
T (or r ' ) and N (or N') into states with definite com­
ponents of angular momentum along P direction. These 
angular momentum components are denoted by ST and 
SN respectively. For any given sv, reactions (47) and 
(48) are then analyzed into noncoherent transitions in 
which SN=ST±1 and SN=ST. For these transitions only 
the matrix elements (sr|/*Ti/^|siv-=Jr=fc:l) and 
(sr | (E—m)Jz+iPJ4: | SN=ST) contribute. 

To obtain the density of final states one first con­
siders a single definite state of T (or r ' ) with an effective 
mass M. The Jacobian for the transformation from the 
variables M, q2 to ki and cos0 is easily computed from 

kv-ki=E-tn, q2= -M2-m2+2mE, 

and 
q2=2kvki(l-cos$). 

One obtains 

IkMmdkid cosd=Md(q2)dM. (51) 

One introduces the density of states p(M) so that 
p(M)dM= number of states V (or V) having an effective 
mass between M and M+dM. Theorem 2 can then be 
readily proved by summing over different spin con­
figurations and using the explicit form of j \ and j \ * 
given by (17), (18), and (20). The functions A±, B 
and A±9 Bf in (49) and (50) are given by 

A±=Z £MP2(23+l)l-i(2Eq2)P(M) 

X K * r | / * | ^ = * r = F l > | 2 , 

£ = E LMP2(2S+1)T1(2E)P(M) 

X\{sv\ (E-m)Jz+iPJ4t\sN=sv)\\ (52) 

A±' = Z ZMP2(23+l)T-1(2Eq2)p(M) 

X\(ST\J^\SN=ST^F1)\2, 

and 

5 ' = E \lMP2(2S+l)T1(2E)p(M) 

X\(sT\ (E-tn)J*+iPJt*\sN=sr)\
2, (53) 

where the sum X) extends over the appropriate mixture 
sr for the final state. For example, if T is polarized with 
a definite helicity then there is only one term in the 
sum. I t is important to note that these structure 
functions occur linearly in the cross sections. Thus, 
theorem 2 can be applied to any sum of final states T 
or V. 

Remarks. 
(i) I t is easy to see that if T (or T') consists of only a 

single nucleon, then p(M) = 5(M—m) and (52), (53) 
reduce to (19) and (22), respectively. 

(ii) I t has been discussed before4 that the validity 
of theorem 2 can be tested by performing a capture 
experiment with a neutrino (or antineutrino) beam of 
a known spectrum I(kv)dkv and measuring for each 
event the values of x, P and E. If N(x,P,E)dxdPdE is 
the number of events, then theorem 2 implies that 

\I-lk2NdPdE= (a1+a2x+azx
2)(l-x)-\ 

where the integration extends over all events with 
fixed x, and #i, a2y a% are numerical constants. 

2. | A I | = 1 Rule 

That the ^-reaction (47) is completely unrelated to 
the ^-reaction (48) in the case of AS9^0 is obvious. If 
A5=0 , the rate for a neutrino reaction with meson 
production can be related to that of antineutrino re­
action if the | Al | = 1 rule holds. This is to be contrasted 
with theorem 1 which relates reactions (8) and (9) 
through Hermiticity (independent of A l = l rule). 

Theorem 3. If |Al | = 1 rule holds, then in (49) and 
(50) 

A±=A±' and £ = £ ' , (54) 

provided that Nr and Yf are, respectively, the isotopic 
symmetrical states of N and V; i.e., 

|^ /> = exp(«r/If)|iV> 

and 

|r /> = exp(«r/ l r)|r>. (55) 

Theorem 3 follows directly by applying (32) to (52) 
and (53). The validity of theorems 2 and 3 is inde­
pendent of time reversal invariance. The following 
equalities and inequalities are some immediate con­
sequences of the | Al | = 1 rule and theorems 2 and 3 : 

(i) At 0=0, q 2 =0, hence, ^ ± = 0 . Therefore, 

dcrv(T) = d<rp(T'). (56) 
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(ii) At arbitrary 0, kh and kv we have 

\dcrv{Y)-d(7i>{Y,)\ 

ldo>(r)+<fo>(r')l 

<lp^+(h+kiyjrlL2P(k9+ki)2. (57) 

(iii) In the limit in which kv—* <*>, but q2, M (and 
also other characteristics of V and I") are kept fixed: 

lim dav(T)=\im d*9(T') 
ky—*0O ky—>00 

= (2Ttn)-1ZA++A-+B']MdMd(q*). (58) 

V. GENERAL CASE (vj^l) 

1. Cross Sections 

All the previous theorems can be easily generalized 
without the approximation vi=l. If vi^l, the helicity 
of / becomes no longer definite. Let dcry(r,lir) and 
dav(T,lR~) be the differential cross sections for reaction 
(47) in which the helicity of l~ is —| and + J , respec­
tively. Similarly, let dap(T,lR+) and dap(TjL+) be that 
for reaction (48) in which the helicity of /+ is + J and 
•—|, respectively. We now state the generalization of 
theorem 2: 

Theorem 4. 

d<xv(T,lL-) = dkid(cos6)i(l+vi)A 
XlxA++x-lA-+yB++y~iB-+C] (59) 

^ ( r ^ - ) = dM(cos0)J(l--z;z)A 
XlxB++x-lB_+yA++y-1A-~C] (60) 

dap(Tf,lR+) = dkid(cosdmi+vi)A 
XlxAJ+x-lA+'+yB+' 

+y-lBJ+C'l (61) 
and 

X IxB+'+ariBJ+yAJ+y-iA+'-C'l, (62) 

where x is defined in (15), 

y= ( f e - f c + P j - ^ - ^ + M - P ) (63) 
and 

A = (hcktfyikit- (kv-ki)2+P2~] 
x[(M-* i ) ' - i * ] , (64) 

where the functions A, B, C, A', Bf, C are functions 
only of q2 and M. 

Proof. If vi?*l> then instead of (17) and (18) the 
matrix elements of j \ for final lepton states IfT and 
IR~ are given by 

QL~\ jx\ v)= [2(l+»i)]*0-* sin*0, -s in(0+|0) , 
-cos(4>+j0), -icos§0] (65) 

and 

</«-|ix|i'>=E2(l-i»,)]*[cos^, - icos(*+j0) , 
i sin(<£+§0), -sin§0]. (66) 
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Similar to (20) the matrix element of j \ * is related to 
ixby 

{ln+\j**\i) = +{lir\j*\v\ 

(IL+\J**\V)=+(IR-\J*\V), 

(lR+\h*\t)=-(lir\jx\v) for \^x} (67) 
and 

(IL+\J\*\P)=-(IR-\J\\V) for \5*x. 

The validity of (59)-(62) can now be readily estab­
lished by using the proof of theorem 2. Similar to (52) 
and (53) the functions A±, B±, etc. are related to J\ 
and / \ * by 

A±=H lMP2(2$+l)J-i(2Eq2)p(M) 
X|(^r | / i C |^=5r : :Fl) |2 , 

B±=Z [MP2{2g+\)-]-\2Eq2)P{M) 

X|<Jr|i(J.=Fi/4)|^=^r>|8 , (68) 

C= - E [MP2{2$+\)-]-K2Eq2)P(M) 

X(^r|i(/0~^Jr4)Ui\r = ^r)+c.c.], 

and 

4 ± ' = E [MP2(2^+l)]-H2E3
2)p(M) 

X|<5r|/,*Uiv=^r : :Fl)|2, 

5±'=E [MP^+l)}-1 W ) P W 
X|(5r | i ( / ,*Ti /4*) |^=^r ) | 2 , (69) 

C'= - E [MP2(2<J+l)]-1(2£?
2)p(M) 

X[<*r|i(//4-*/4*)|s*=*r>* 
Xfcr | i ( ^ * - ^ 4 * ) 15iv = 5r)+c.c.], 

where the sum X! extends over the appropriate mixture 
of ST for the final states r or r". 

Remarks. 
(i) It is clear that 

A±^0, £±2:0, 

and 
B+B^{C\ (70) 

Identical expressions also hold for A±, B±, and C". 
(ii) If »,= 1, then d<r,(T,lR-) = d<r!!(T',lJ+) = 0. Fur­

thermore, by using 

f=ip*-{k,-k,yq, 

y±l=(g«)-l[PqF (£-») ]» , (71) 

§2= -M^-mL+2mE, 

Theorem 4 reduces to theorem 2, and 

(^++y-1
JB_+C) = 5 

and 
(yB+'+y-iBJ+C') = B'. (72) 
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2. | AI | = 1 Rule 

Similar to theorem 3, we have 
Theorem 5. If the I Al I = 1 rule holds then 

*±> 

and 
(73) 

provided that the states Nf and Tf are, respectively, 
the isotopic spin symmetric states of N and T. 

The following equalities and inequalities are some 
further immediate consequences of the | Al | = 1 rule: 

(i) At 0=0, y=0, A = 0, but AyVO. Therefore, 

d*i,(T,lL-) = dap(T'M). (74) 

However, the cross section dav(Y,lR~) may be quite 
different from d<rp(T',lL+). 

(ii) For all 6 and ki, 

dvv(YJL-)-d<Ti(Tf
ilR+) 

dav(T,lL-)+d<T!(T'M)\ 

^ZFi+(k9+klyir1Z2P(k9+ki)2 (75) 
and 

d*,(T,h~)+d<r,(r',lL+)\ 

SlP*+{kv-kl)^l2P{kv--kln (76) 

(hi) If we increase kv but keep q2, M and the other 
characteristics of T and V fixed, then we have 

lim d<rp(T,lR-)= lim d*9(T',lL
+) = 0, 

k„—*co kv—>°o 
(77) 

lim <fr,(iyx,-)= lim d<7f(T',lB+) = d<rK(Y), (78) 

where 

dcroo(r)= (27rw)-1{[^++^-+C]+(g2)-1 

X [ P - ( £ - w ) ] 2 £ + + (^^EPH- {E-m)jBJ\ 
XMdMd(q2). (79) 

3. r (or r ' ) = Single Spin J Particle 

Next, we consider the special case that in reaction 
(47) T is an arbitrary single spin \ particle (e.g., r may 
be 2+). Let d<rp(Ts,l>s) be the differential cross section 
for the reaction 

v+n -» r.++/,/ (80) 

where s [or s'~]~L or R depending on the helicity of 
T [or l~] being — | or +%. The corresponding structure 
functions for reaction (80) are denoted by A±(Ta), 
B±(TS) and C(T8). 

There are altogether four different reactions de­
pending on s, s'—L or R. In applying theorem 4 to 

these four cross sections several obvious simplifications 
occur: 

(i) The density of states p{M) is a 5 function 

p(M) = 8(M-tnT), (81) 

where mv is the mass of T. Therefore, among q2 and M 
there is only one single variable. By using the trans­
formation 

dkrf(cosd)= (ImkM^EiMdifidM, 

the integral over dM can be easily performed. 
(ii) For the reaction that produces TL

+ the function 
A+ [defined in (68)] satisfies 

A+(TL) = 0; 

for the reaction that produces TR
+, 

A-(TB) = 0. 

(82) 

(S3) 

Therefore, in general for any given spin J particle T 
these four cross sections dav(rs,ls>) depend on eight 
functions A+(TL), A-.(TR), B±(TL), B±(Tn), C(TL), 
and C(TR), each of which, apart from the trivial factor 
b(M—mv), depends only on one variable. 

(iii) If time-reversal invariance holds for the weak 
interactions, then we have 

s+(r.)5_(r.)=lCC(r.)]»> (84) 

where s—LorR. Therefore among these eight functions 
only six are independent. 

(iv) If vi= 1, then we have for the neutrino reactions 
(independent of time reversal invariance), 

dav(TSylR~) = 0, (s=L,R) 

da^TL.lL^^dkidico^AZx^A-iTLJ+BiTL^ 

and 

dav(TR,lL-) =dkvd(cosd)A£xA+(TR)+B(TR)J (85) 

The cross sections dcrv(Ts,ls>~) depend, in this case, only 
on four structure functions. 

In an almost identical way all the above discussions 
can be applied to reactions induced by v. 

4. r (or r") = Single Nucleon 

For completeness, we discuss again the special case 
that T (or T') is a single nucleon but without the 
approximation vi=l. Similar to theorem 1, the 
reactions, 

v+n -> ps+ls~ (86) 
and 

H-#->».+*.'+, (87) 

are related to each other through the hermiticity of 
<£eff. (86) and (87) represent altogether 8 processes 
depending on the helicities s, sf=L or R. Theorem 4 
can be directly applied to each of these reactions. 
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Eliminating the trivial factor of b{M—m) in (59)-(62), 
we obtain the following theorem for the differential 
cross sections for (86) and (87): 

Theorem 6. 

+yb+(s)+r1b-(s)+c(s)'}l(<?), 

dcrv(ps,lR~) = Ul-vdKZxb+^+x-ib-is) 

+ya+(s)+y-ia-(s)-c(s)Wq2), 

da!(nsM)-Ul+vi)KtxaJ(s)+x~W(s) 

+yh'(s)+r1b-(s)+c'(s)W) 

and 

dap(ns,lL^)^i^+vi)K\:xb+
f(s)+x-1bJ(s) 

+yaJ(s)+]TW(s)-c'(s)y(f), (88) 

where 

K= (swkMq2)-^2- (kv~kly]i(k,+kiy-P2j m 

a±(s), a±(s), etc., can be expressed explicitly in 
terms of the six (complex) functions gv, gA, • * •, HA 
introduced in (28) and (29): 

(i) Final nucleon state= pR. 

a+{R) = h{E+™)-2\gvP-gA{m+E)\\ 

a.(R) = 0, 

b±(R) = UE+m)~1(E±P)\gv-fr(m+E)±hYP 
=FgA-fAP±hA(E-m)\\ (90) 

c(R) = i(E+m)-1m\jv-fv(m+E)-hrP 
+gA- fAP-hA(E-m)Jigr-fv(m+E) 

+hrP-gA-fAP+kA(E-m)j*+c.c. 

(ii) Final nucleon state=pL-

a+(L) = 0 

a-(L) = | (E+m)-> \ gvP+gA (m+E) | \ 

b±(L) = UE+m)-1(E±P)\gv-fv(m+E)±kvP 

±gA+fAP^hA(E-m)\\ 

and 

c(L) = \{E-\-m)-lm[_gY- fv{m+E)-hTP 

-gA+fAP+hA(E-m)']lgr-fr(m+E)+hrP 

+gA+fAP-hA(E-m) j*+c.c. (91) 

(iii) Final nucleon s ta te=n s (s=L,R). In this case 
the structure functions a+'(s), a-'(s), •••c'(s) can be 
obtained from the corresponding functions a+(s), 
«_(.$), ••', c(s) by the substitution 

gv-^gv*, gA-^gA*, 

fv-+fv*, > - > - / A * . (92) 

hv —» — hv*, UA - ^ &A*. 

As a result, we have the following theorem: 
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Theorem 7. Independent of either time reversal in-
variance or the | Al | = 1 rule, 

a±'(s) = a±(s), (s=L,R) 

(E=FP)b±'(L)=(E±P)b*(R), 

(E^P)b±'(R)=(E±P)b*(L), 

c'(R) = c(L), 

and 
c'(L) = c(R). (93) 

Therefore, the eight processes (86) and (87) depend 
at most on eight independent real functions of q2. By 
using (73) and (84), it follows that 

(i) If time-reversal invariance holds, then among 
these eight only six are independent. We have 

M*)M*)=1DK')]», (94) 

where s=L or R. 
(ii) If the | Al| = 1 rule holds, then 

(E±P)b*(R)=(E^P)b±(L) 

and 

c(R) = c(L). (95) 

Thus, among the eight real functions only five are 
independent. 

(iii) If both time reversal invariance and | Al | = 1 
rule holds then by combining (94) and (95) there are 
only four independent real functions of q2 appearing 
in the cross sections for the eight processes (86) and 
(87). 

(iv) If time-reversal invariance holds then gv, gA, 
fv, JA, hv, hA must all be real. If | Al | = 1 rule holds, 
then gv, gA, fv, hA are real but /A and hv are both pure 
imaginary. Therefore, if both time-reversal invariance 
and | Al| = 1 rule holds, then gv, gA, fv, hA are real and 

fA = hv = 0. (96) 

The above properties (i)-(iii) can also be derived by 
directly working with the explicit forms (90)-(92). 

(v) If time reversal invariance and [ Al | = 1 rule are 
both valid, then the differential cross sections for (86) 
and (87), after summing over the helicities of the final 
nucleons, become 

dav (IL~) = i (l+vi)K{jca++x~1a-
+yb++y~^+c2d(q2), 

d<rv (IR-) = i (1 - vl)K&b++x~1b-

+ya++y~1a-—c']d(q2)1 

day(lR
+) = i(l+vi)K[xa-.+x~1a+ 

+yb++y-ib-+c2d(q2), 

and 

d<j-v{lL
+) = J (1 - vi)Klxb++*r1b-

+ya_+y-ia+-cld(q2)) (97) 



2248 T . D . L E E A N D C. N . Y A N G 

where K is given by (89) and (vi) If vi= 1, then 

a±=i(E+m)-^gvP^gA(m+E)Jy Jf='(8irft,8)-1C(*,+*«)»-Pal 

» ± = i ( £ + w ) - 1 ( £ ± P ) { [ g F - / F ( w + £ ) ] 2 3,= ( E + P ) ~ % , 
+ lgA-hA{E-m)J), (98) a n d 

^ ( £ + ^ ) - % { [ ^ - / F ( ^ ) ] 2 y i= (£ -P ) -^ . 

If we assume further that the conserved current T h e <*±, £> ^ functions of Sec. I l l are related to the 
hypothesis holds, then gv and fv are given explicitly present ones by 
by (43). The functions gA and HA can then be deter­
mined by using (97) and (98). In particular, the a+= 

difference, 
a-.= a-(L), 

8=L,R 

(do-v—dorp)z= ]T [_d<jv{ls-) — d<Ty(l8
+)~], 

s=L,R 

gives a sensitive determination of gA* We have, similar 
to (44) but without the z^= 1 approximation, and 

(d<rv-d<TP) = (4w*k*)~1fZ4mk,--f-tnt] d= Zyb+(R)+y~1b-(R)+c(R)'] 
XgvgAdtf). (99) -[yb+W+rV-W+ciL)!. (100) 
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Self-Consistent Model for Nonleptonic Decays of s and A Hyperons* 
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A self-consistent calculation of pionic 2 and A decays has been carried out in the pole approximation of 
an S matrix approach in order to get information on (a) the angular momentum in which the decay S + —» mr+ 

takes place, (b) the relative (2 A) parity, (c) the possible existence of other than global symmetric solutions. 
On the basis of existing experimental data, the model predicts that S + •—» mr+ decay must occur in the s 
wave, and, somewhat less definitely, that (SA) parity is even. 

INTRODUCTION have, therefore, considered a simple self-consistent 

RECENTLY, Beall et ah have established that the m o d e l i n w h i c n b o t h t h e s e decays are treated as equally 

helicities of the protons in the nonleptonic decays fundamental, with parameters to be determined by 
of 2+ and A0 are opposite.1 This result, while confirming requirements of consistency. We have, then, tried to 
an important prediction of the global-symmetry hy- seek answers to the following questions: (1) Are there 
pothesis, contradicts the predictions of several other solutions other than the global-symmetric one that fit 
models of hyperon decay. In particular, it disagrees the experimental data? (2) Does odd 2-A parity fit the 
with the bound-pion model of Barshay and Schwartz,2 data better, or vice versa? (3) Can one predict which 
in which the A decay is taken as the primary decay, of the two decays—2+ - » mr+ or 2~ -> mr'—goes into 
and thus invalidates one of the arguments used by s wave and which into p wave? With regard to the last 
Nambu and Sakurai in favor of odd S-A parity.3 We question, it has been well known for some time, from 

the experimental data on the S triangle of Gell-Mann 
E i ^ C o m ^ n d ° n e " ^ ^ aUSpiC6S 0f *** U ' S ' A t ° m i C a n d Rosenfeld,4-5 that one of these decays must go into 

t On leave from the Tata Institute of Fundamental Research, S-wave and the o ther in to p wave , b u t it has not been 
Boi13{)aty I n d i a- t A . ^ ^ ,,. , , possible so far to say which goes to which. 

| On leave from the Atomic Energy Establishment Trombay, 
Bombay, India. 
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