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ABSTRACT

Neutrino scattering processes are studied in the framework of
general local current-current interaction. The scatterihg amplitudes
- for such processes are expressed in a simple factorized form in terms
of he]?city.form factors for the current vertex functions. These ex-
pressions explicitly display the full kinehatic content of the local
current-current interaction and are used as the basis for a systematic
study of possible ways to test the V-A structure of the weak current
fn high energy neufrino scattering précesses. A direct test in an
"inclusive experiment" consists of measuring the outgoing lepton
polarization. Alternative tests from angular and sﬁin correlations
are possible only in"exclusive experiments' Several examples of
this latter type of experiménts are given: (i) pure lepton scatter-
ing processes, (ii) neutrino scattering off spin zero (nuclei)
| targets, (iii) quasi-elastic scatteriné off polarized neucleon,
(iv) quasi-elastic hyperon prbduction-(decay asyhmetry) and (v)

* S
single pion production in the N region. '



I. Introduction

A1l present experimental evidence in weak decay processes is
consistent with the V-A theory of weak interactions.] The weak vector
(V) and axial-vector (A) currents played an essential role in the
remarkable theoretical developments beginning with the Conserved-
Vector-Current hypothesis and culminating in the successes of "current
a]gebra”.]’2 . , }

The weak decay processes é]] involve rather limited ranges in
the energy and momentum-transfer variables. The neutrino scattering
processes, which are‘just becoming experimentally feasible (both in
existing Taboratories and with the projected new generation of accelera-
tors) promise to extend the range of these variables to entirely new
territories. This will open up vast domains of the weak interaction
hitherto unavailable for our'scrutiny.3 The first obvious questions
are: at these high energies and large momentum transfers, are these
processés still describable by an effective current-current local inter-
action Hamiltonian and, if so, is this interaction still a V and A
combination? These questions‘must, in principle, be answered by
experiments in the affirmative before further comparison with more
detailed theoretical predictions based on this basic structure togethér
with other dynamical assumptions can be made truly meaningful.

Consequences of the local V-A current-current interaction in
neutrino scaftering processes have been studied before.4’5 Pais
and Treiman, in pérticu]ar,'have exhibited the "full content" of the
Tocality assumption for such processes by giving the energy and angular

distributions for the outgoing 1epton.5 Assuming the most general form



of local (non-derivative) interaction, we study in this paper in
cbnsiderab]e detail the resu]ffng energy and ahg1e spectrums as well
as angular and spin correlations in an arbitrary neutrino-scattering
process with the specific aim of seeking particular cases in which
the presence of any local scalar (s), pseudo-scalar (P) and tensor (T)
admixture to the V-A interaction can be experimentally detected.

The systematic investigation of all possible processes of this
type for our particular purpose is facilitated by a helicity-like

forma]isms’7

which (a) suggests the most natural variables to use
invana1ysing such processes, (b) defines helicity form factors for
arbitrary current vertices which are natural generalizations of the
familiar G and G, form factors for nucleon electromagnetic current
vertex and (c) ‘allows us to write down‘a general expression for the
scattering amplitude which compactly displays all the kinematicail
contents of current-current interaction in a factorized form (in terms
of the helicity form factors) and leads to expressions for angular and
spin correlation functions in the form of simple matrix prodﬁcts.

In Section II we spell out our basic assumptions. In Section III
we introduce the he]iéity expansion ‘for the current vertices functions. .
In Section IV we give the general expressions for the transition |
amplitude and intensity distribution of an arbitrary neutrino scattering
process with general local interactions. It is pointed out, as is
undoubtedly known to others, fhat if the Tepton mass can be neglected,
the most unambiguous way to distinguish the V-A interaction from the
other types (S, T or P)is to look at the polarization.of the outgoing

lepton. For neutrino initiated reactions, this should be purely left-



handed if V-A is the only interaction involved and purely right-
handed if any combination of S, T and P interaction is responsible.
For anti-neutrino initiated reactions, the result is the converse.
Since the measurement of lepton (mainly muon) polarization at very
high energies is an extremely difficult task, we examine possibilities
for testing the V-A theory through angular and (target) spin correlation
experiments. The method used is expiained at the end of Section IV and
specific examples are given in Section V. These neutrino processes
inciude: (i) Pure leptonic scatterings; (ii) Quasi-elastic scattering
off spin zero (nuclear) targets; (iii) Quasi-elastic scattering off
polarized nucleon targets; (iv) Decay angular correlations in hypefon
production, and (V) Angular correlations in single pion-production
in the N* region. These tests involve the measurement of the outgoing
lepton angulak distribution (one variab]e'dn1y) in either the
differential cfoss-section [(i) and (ii)] or in certain asymmetry
+ functions [(iii), (iv) and (v)]. For maximum statistics, data obtained
at different incident energies can be combined ahd integrated over to
obtain the needed spectrum.

For'high energy scattering processes, the lepton mass can,
for all practical purposes, be neglected. In Appendix A we briefly
indicate the lepton mass correction effects. In Appendix B we describe
- some properties of the helicity form factors and give the explicit
relations to the conventional invariant form factors for the case of
spin 1/2 particles. In Appendix C we‘give some dét§i1ed formuTae on

the single-pion-production process discussed in the text.
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II. BASIC ASSUMPTIONS
We are interested in the neutrino scattering pfocesses, (Fig. 1):

M+ At 4B
s (1)

where § stands for either the electron or muon and A and B can:be leptons
(pure leptonic processes) or hadronic systems (semi-leptonic processes).
In the latter cése, A is usually a single particle state while B may be
a single particle or multi-particle hadronic system with or without
additional lepton pairs. For definiteness, we shall consider explicitly
the ﬁeutrino initiated processes (first Tine in (1)) and refer to the
A, B systems as hadrons, all considerations obviousTy remain valid for
the anti-neutrino initiated reactions and for the case where A, B are
leptons with Tittle change in the resulting formulas. We shall remark
~ on the necessary changes at the appropriate places. We denote by k,
k'y p, p' the 4-momenta and A ,\',0,0' the polarization indices of the
states v, &, A and B respectively. In general, charge 1ébe]s wiT] be
omitted for cohservation of indices.

We assuhe a general local current-current interaction. The

transition amplitude for the process (1) (first line) is of the form .

£ = (G/v3) <k'A"|37(0) |kas<p'o’ [3(0)]po> (2)
where j(x) and J(x) are the weak currents associated with the y—
(leptonic) and A-B ("hadronic") vertices respective]y. These currents.
_ can be an arbitrary combination of the five types of possible currents

S, V, T, A and P.




Since the incoming neutrinos usually come from pion (or K-
meson) decay in flight and are known to be purely left-handed, we can

assume they are described by the two component theory with
k2t [37(0) ka> = T, (k)T Ju, () (3)
where T stands for some combination of 1, v* and ¢"Vand » = -1/2

because of the factor (1+y5). Since Eq. (3) automatically implies

‘parity non-conservation in these processes, the distinction between

the scalar and pseudo-scalar currents as well as the vector and axial

vector currents at the hadronic vertex (Eq. (2)) becomes unnecessary.
From now on, J stands for some combination of S (scalar as well as
pseudo-scalar), V (vectbr as well as axial vector) and T (tensor)

currents and Eq. (2) becomes

] 1 + ] ' ]
forgt o = (6/v2) [<k'2'|s [k,=> <p'c'|S|po>
+<k'>\'|v:lk,—;—> <p'c'|V¥|po> (4)

] ] + ] ' 1

The first factor of each term is given by an expression of the form
(3).

We shall neglect the lepton mass for mast of our considerations
since we are main1y 1nterested in high energy regions where the
existing theory has not been tested before. The lepton mass can be

easily incorporated, however, in the ensuring considerations. Appendi x

A indicates how this can be done should it become necessary. We shall

not consider radiative corrections whichgmodify strict locality, nor

shall we consider second order weak interaction effects for which we

know of no reliable estimates.

To begin with, we study the kinematical structure of each of

the current vertex functions appearing in Eq. (4).



III. THE CURRENT VERTEX FUNCTIONS8

The current vertex function <p'A'| J(0)| pr> is related to the
decay current matrix element <p'A', px [J(0)|0> by crossing. It is

a familiar fact that in such decay processes, the kinematics of the -

. angular and spin correlations are much simplified if the transition

amplitudes are expressed in terms of the center of mass (CM) variables

of the (p', p) pair and if A", A are chosen to be the helicity indices.9
This suggests that for the matrix element <p'A'|J(0)|pr>, it is most
natural to chdose our varfab]es in the Brick-Wall (BW) framé in which
the space like 4-momentum transfer q =}p-p' is of the standard form
(0,0,0 /qz). Refering back to Egs. (2) or (4), because of the relation
q = p-p' = k'-k we see that both current vertices can be simplified

at the same time by this choice.v Furthermore, since the transiton
amplitude f is a Lorentz invariant (j and J are always contracted),
there is no loss of generality in choosing a particu]ér frame to

evaluate the vertex functions.

(i) Definition of States]O

In analogy to the well known Jacob and W1‘ck9 CM system helicity
states, we proceed to define the particle states Ipa> and |p'A'>in the
BW Frame as follows: the standard BW frame state for the "incoming" (or

first) particle is defined to be

lpgh> = By(u) |or> (5)
while that for the "outéoing" (or second) particle is

o> = Bylu) o> . | (6)




Here 83(u) denotes a boost along the positive 3-direction characterized

by -the hyperbolic angle u and|qX> are the usual rest frame angular

‘momentum states. The standard BW Frame vectors (ps, p;) are of the form

M(ch u, 0, 0, sh u)

, (7)
p; = W(ch u', 0, 0, -sh u')
with M2 =-p2, w2 = —p'2 and
M shus= (qz-M2+W2)/2 v@z
Wsh u' = (q2-WeM2)/2 /g8 (8)

so that q = p-p'lis of the standérd form (0,0,0, qu). A general
cénfiguration of the vectors (p,p') in the BW frame can be obtained.
from the étandard vectors, Eq. (7), by a common S0(2,1) transformation
wh{ch‘leaveS‘the vectof‘q invariant (i.e. Lorentz transfdrmations
involving the 0, 1, 2 axes only). Denoting»this tranformation by

O(w, ¢) we have:

|Pa> = 0(v,0) [Pr>
(9)
Ip'A'> = 0(¢,¢)|péx'>

where 0(v,¢) is chosen to be a boost along the 1-axis by the (hyperbolic)

angle yfollowed by a rotation around the 3-axis by the angle ¢, i.e.

0(vs¢) = Ry(6)By(v). (10)

the general BW frame momenta (p,p') are therefore parametrized as: 10

p = M(ch u ch ¥, ch u sh ycos ¢, ch u sh wéin 6, sh u)
| ” (1)
p' = W(ch u'chy , ch u'shycos ¢, ch u'shysin ¢,-sh u').
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With these definitions, let us turn to the various vertex

functions that enter Eqs. (2) and (4).

(ii) Scalar current
| Using the definition (9), the scalar vertex function in the
brick wall frame can be written

<p'A’ |s|px>=<p;x'|0'](w,¢)s 0(v,9)|pA>
(12)

N 2
<per' |Slpgr>= 8,0, (Q7)

1

where we used the fact that 0° 'SO = S (S is a scalar) and that Pe and

p; depend only on the invariant variable q2, Eq. (7). The second Tine
in Eq. (12) defines the "scalar form factor" or "reduced matrix element”

Sx.x(qz). This equation shows that the vertex function <p'A'|S|pr>

"~ is independent of the variables v and ¢ . It is shown in Appendix B.

that

NGO R NN S (13)

which expresses angular momentum conservation.

(iii) Vector currents

. . o U U u U _
| Let the unit vectors in the BW frame be {e(o),g(]),e(z),e(3)} .
We define _ :
TR TR .
eten)” (et e 2 ' SN

1
and use the set {e?a); a=+1,0,-1,3} as our basis vectors. They satisfy

~the orthonormality and completeness conditions:



(@dug VgV | (15)

wheré e(O) =-e(o) and e(i) = e(i), i =+ 1,3. The vector current can

be written as

Vu = E(a) v = e(3) uV(m) . (]6)

(a)

*€(m)

* .
where m = +1, 0, -1 and V'%/ = e(alu V, - In analogy with the scalar
case, we can now write down the general expression for the vector vertex

function in the BW frame, - , _
<p'A* [VH(0) |pr> = <p;A'10'1(w,¢)V“(0)0(w,¢)lpSA>

=e(a)uD(Ws¢)aBV§?i (q2) ‘ (17)
where | :
VA$§)(q2).= o v (0)|p s (18)
Dwuw33= 1, Mww)ﬂn=DWuMm3=0
0(s,6)™ = e”1™3(y)™ (19)
(1/2(1+ch v)  -shy/VZ (1/2)(1-ch y)
and d(y)™ = -shy/v2 ch v~ shy/vV2

(1/72)(1-cn v) sh y/V2 (1/2)(1+chy)

Eq. (17) is an expansion of the vertex functions in terms of the

i. which depend only on the invariant variable q2 (together

;
~ form factors V Bi
with po;sib]e “internal variables" if the final state is a complex
system). The (y,¢)-dependence of the vector vertex function is explicitly
exhibited in the D-functions. Angular momentum conservation conditions

again impose the constraints:



3),.2y _ (3),.2
Vi.i(q ) = oV (a7) (20)
W (6) = 5 ey VM (0D w410, |

The Tast equation indicates that the index m has the physical inter-

pretation of being the "helicity" of the current (with 4-momentum q).

(iv) Tensor current

We ‘define basis tensors (e, ewv' m=+1,0,-1}
0 (m)’ (m)3 sV H

S Wy, v u v

ey em emem V2 @)
~ VAV s HVAC
) E(m) . (]/2)16 e(m)AO.
- They satisfy the orthonormality and completeness conditions:

*alm ooy *aln) o n

(m) * = wm)* 1 ‘
Cmn® Ao T Emuv® ae T Z(Qquvo = 9uodur )

It is easy to see that under the SO0(2,1) transformations (10), the
two sets{ e(m)“v} and{e(m)“V} transform separately as vectors -in the

(0,1,2) subspace. Thus, for example,

0(v,0)*x 0(p29)"0e ()" = e()*"0(y,6)"m (24)
where D( y,¢) is given by Eq. (19).



The anti-symmetric tensor current operator may be written

™ =

where

Using (24), (25) we obtain:

' [T(0)[pr> = ey *UD (w00 TN ()

v

n N
+ &, \"VD(p,6)™n T

(m)

where the tensor form factors are defined by:

1M (@%) = <« 11M(0) p >

T, M)

(
Ay \a

Again we have the constraints,

O IR L
T (@) = e T (D)

=< o' 1T (0) oo

(25)

(29)



(v) Remarks

a)  The expansions (12), (17) and (27) separate out thexdependence
of the vertex functidn on the ( v,9) variables in the form of D-functions
(reflecting the Lorentz transformation properties of the specific
current involved) from the dependences on q2 and other internal variables
which are determined by dynamics.
b) ‘What we have called SA.A, Y§?£; ViTi, Tx'im) and ¥A'x(m) can
in a certain sense be regarded as the "helicity amp]itUdeS” for the
process? Fig. (2),

J+h-B o (30)
on account of the physical meaning given to the index (m). For

convenience, let ds call them helicity form factors. These form

- factors are the natural generalizations of the familiar GE and GM form
factors to general currents and arbitrary states A and B. They
diagonalize the (unpg]ariied) intensity distribution function for the
general process (1) (as will be shown ih'the next section) and, when

q2 is small and a non-relativistic reductﬁon procédure makes sense, are

simply related to the familiar multipole moments with the associated

physical 1‘nte|r*pretat1'ons.]2 Some further properties of these form
factors are briefly enumerated in Appendix B.

We should emphasize, however, the polarization indices A,\'
are he]icfties in the BW frame and should not be identified with the
Jacob and Wick heh‘cities9 défined for two particle states in the CM

frame for scattering processes.
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IV. TRANSITION AMPLITUDE AND INTENSITY DISTRUCTIONS

We can now use the results of the last section to evaluate
the transition amplitude, Eq. (4) for the general local interaction.
In the Brick Wall frame we ‘can choose the coofdinate axies such that the
momenta (p,p') associated with the A-B vertex are of the standard
form (ps,p;), Eq. (7). Then, using (12), (17) and (27) for the cﬁrrent
vertices and the orfhonorma]ity conditions for the basis vectors, we
obtain

2...)

f. (q o

A O

= (6//2) 0" (3,)"nLv,, ("

l’o(w,¢,q2,..) = (G//f)jx.(B)*(QZ)D*(¢a¢)aBJ(a)O.O

(n)* ~ (n)*e
m)o'o+tA' ") T(m)c'o+t>\' " T(m)o'o]

* ‘ (3)*
*s A'S +.VA' V(3)o'o'}

Note that Eq. (31) (first line) appears in a "factorized" form

o'o

consisting of two vertex functions each depending only on q2 (and its
own internal variables, if any) and they are connected by a D-function
depending on the variables ( ¢,¢) which specify the relative coordinates
of the two vértices (cff Fig. 1).

To make the choice of variables clearer, we recall thét our BW
frame is chosen such that |

G =popt =k k= (0,0,0, /D)

0
p = (p,0,0,p)

k = k(ch v, sh ycos ¢, sh ysin ¢,-1) (32)

where p = (q2-M2+w2)/2 /q2 , p° = (r)2+M2)1/2

k

(q%4m 2)/2 Vo2,

"M being the mass of the target particle A, m that of the lepton 1 and

W fhe effective mass of the system B (See Fig. 3). These variables are
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related to the Laboratory frame incoming neutrino energy e, the outgoing
lepton energy ¢' and scattering angle 6, and the magnitude of the 3-

momentum transfer |qL| by

ch ¢ = (e + e')/|9L|

L ' (33)

sh y = (/G2/]q,|) ctg 36

in the approximation of my = 0.
The Teptonic form factors are, of course, explicitly known

from (3). Straightforward calculations yield

“ 1
VD L0 EO) g - a2 (14 m2e2)2
2 2 7 2
- (34a)
and
vi?) = vi?) = - %—tfiﬂ) = -%-Efé]) =2m (1 + m2/q?)2

andlall other form factors vanish due to the conditions(13), (20) and
(29). We note also that the form factors given in Eq. (34b) are propor-
tional to the lepton mass. In the limit my = 0, which is a good
approximation for high energy processes, the only surviving (leptonic)
form factors are those in Eq. (34a) and they are all proportional tov
bvﬁ7. The transition amplitude (31) can, therefore, be written

" ] | (35&)

f m)o 'o

lo',o
2

= - 26Vq2[S ., + eim?a(w)mo T

- . o M=, M

1oy 26vg2 e " d(y) _]V(
2

where, for simplicity, we have written T(m) for the combination

m)c'o - (355)

T(m)'T(m) qnd absorbed a factor (-1/ v2) into the definition of So'gr




Eq. (35) exhibits very compactly the full kinematic content of

the general local current-current interaction for all neutrino scatter-

ing processes. The most obvious feature of this equation is the separa-

tion of the S-T and V interactions according to the helicity of the
outgoing lepton. THis is expected (as can be seen by a close examina-
tion of (3)) and holds true for all possible targets A and final

states B. This points to the most unambiguous way of testing the
structure of the local current-current interactibn at high energies
‘and large momentum transfers--to the extent that the 1epton»mass can be
neglected,a purely left-handed outgoing lepton indicates V interaction,

a purely right-handed one indicates S-T interaction and the coexistence

of both helicities indicates a mixture of the two. Although this sounds

very simple, the practical difficulties of measuring the polarization
of the very high energy outgoing lepton (muon in almost all planned
experiments) are quite formidable though perhaps not entirely insur-

mountable.

and to seek to distinguishing the two types of interaction through

angular or (target) spin correlation experiments. To this end, we

write down the transiton probability for the general reaction (1) when

the lepton helicity is not observed:

A B e *x_
p ! f_1 ] ot fl , f 1 ) . . .
otP &t [ -—0,0 ‘?"‘l’,’[ 70,0 ?r,r] (36)

Here pA and pB are the density matrices for .the states A and B respec-

tively. Substituting (35) into (36) and using the explicit expressions

for d( ¥), we obtain the following general distribution in the variables

(v,4),0

|

\
We are thus led to explore the more detailed structure of Eq. (35) R

|

|

|

|
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2 2
I = 2G2q2{sh2w I] + (1-ch y) I, + (1+chy) I3
+ shy(1-ch w)(cos¢14+sin¢15) + shy(1+ch w)(cos¢16+sin¢l7)
2
+sh y(cos 2¢18 + sin 2¢19) , (37)
. where the coefficients Ii’ are given by
I. = V(O)V(O)* + T(+)T(+)* + T(')T(')* + T(O)T(O)* - SS*
1 = T (0400 gy
VNG (1 (0 6y (10 g%y

—
n

Ij = -2 Re[v IO 4 (701 (D) ((0) 4 gy%y

I = /7‘Im[v(+)v(0)* + (T(+) + T('))(T(O) +5)"] , (38)
1o = /2 Re[v (O 4 (r(*) L 15Dy (1000 4 6y%y

I, =72 mpv OV (1) 700y (00 4 5%

Ig = -%-Re[v(+)v(‘)* + 21+ ()% |

Y

For simplicity, in Eq. (38) we have: (a) used (+) in place of (1) for the

superscript (m) and (b) omitted a common factor éonsisting of the density

matrices pApB. In other words, each term in Eq. (39) stands for:

ﬁ pg. .Jé?idi?i : | (39)
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We note a few features of Eqs. (37), (38)and (39): (a) The
form of the 9-term distribution function is the same for V and T-S

interactions in genera1.3’5

(b) When the state B consists'on]y of a
sing]e particle or includes all possible final states, the form factors
can be taken to be real provided time reversal invariance holds. In
that case, the sin ¢ terms (15, I7 and 19) vanish and we have a six
term distribution function. In all of these processes, time reversal
invariance can be tesfed by measuring the asymmetry in ¢ with a]{ other

13)

variables integrated over. (c) The first three terms in (37) (I],

I, and I.,) which are the only surviving terms in the unpolarized quasi-

2 3)
two-body cross-sections, are diagonal in the helicity form factors.
The other terms involve simple interference terms. The same distribution
fun;tions when written in terms of the Lab. or CM frame variables and
the conventional invariant form factors are invariéb]y'so complicated
"as to be almost untractable except in the simplest cases.

We remark at this point‘some_necessary sign changes in the
formulas presented so far if they are to be applied to anti-neutrino
scattering. The first change comes in Eqs. (34a, b) where all the signs
of the polarization indices ( A»' and m) should be reversed. In addition,
all form factors appearing in Eq. (34a) change sign. These changes imply
that the right hand sides of Eqs. (35a,b) change sign and a(w)T] is rep}aced
by a(w)T. These, in turn, imply that in Eq. (37) we should replace
shy by (Qsh v) and 1nterchangg (1-ch ¢) and (1+ch y).
Although the general distribufion function (37) is the same for

all types of local interactions, it is posgjb]e to test the structure of

the interaction in special cases when the contribution of a specific



interaction (S, V or T) to some Ii's (or combinations thereof) vanish

due to the‘angu]ar'momentum constraints (13), (20) and (29). A close
examination pf these constraints together with the general formulae (37),
(38) and (39) should convince oneself that no "inclusive exper'iments"]4
(in which the final state B is only partia]]y'detected) can lend
itself to such tests. In the next section we explicitly work out

14 in which the V-A interaction can

examples of "exclusive experiments"
T o be distinguished from the other types of interactions. These examples
| ' also serve to illustrate how the general formalism developed in the

preceding sections can be ‘applied to individual cases.
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V. EXAMPLES
(i) LEPTON-LEPTON "ELASTIC" SCATTERING

We first consider the reaction,

Ve + ' > 2+ 'vl.
' (40)

15

which is among the experiments being comtemplated at NAL. The

intensity distribution for this reaction can be easily obtained from

the general formulas of the previous section by setting V(')=v(']),

S = %-s and all other form factors zero (in particular, note T(m) -

¢(m)_gim)_g)

We get
1(q%,y) = 8 G2q*(1+ch y)2
(41)
if V-A interaction still holds at high ‘energies. The S-P interaction,
if present, would contributé |
I(q2,y) = 8 G'%" | |
(42) -
where we wrote G' in place of G to allow for a different coupling
constant. The tensor interaction does not contribute to this pr'ocess.]6
We also mention another lepton-lepton interaction which will
be investigated experimentally for its own right as well as in connec-

15

tion with the search for the intermediate boson. This is neutrino

lepton-pair creation in the Columb field of nuclei, e.g.

vttty v T (43)
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Here, because of the photon interaction, the strict 1oca]ity of the
4-fermion interaction is modified. HoWever, it has been shown]7
that the u~ and uwt energy'spectra are markedly different for V-A
and S-P interactions. (Aéain the tensor current, even if it is present,

does not contribute to this process.]6)

(ii) Quasi-elastic Scattering off Spinless Targets
The cases where both A and B in reaction (1) consist of spinless
particles (nuclei) offer the only possibilities for testing the V-A
interaction in semi-]eptonic procéSses fromvthe lepton intensity
distribution alone.
Consider the quasi-elastic process where both A and B are single
particles of spin 0. There is only one form factor for each type of

current and we get, from Eqs. (37) and (38),

I=26%2[(|V|2 + [T|% - |S]*)sh’

#(172)|T + $|2(1-ch y)2 + (1/2)[T-5|?(1+ch 4)*]

| (44)
We should therefore observe a pure sh2 ¥ distribution if the vector
(V-A in usual Tanguage) action is_the only one present. Deviation from
such a distfibution indicates the presence of tensor or scalar admix-
tures. This case is completely analogous to that of the Ke3 decay
where_the hyperbolic angle ¥ should be replaced by the decay angle el
in the CM system of the 1ep'cons.]8 |

The case where the final state B consists of two spinless
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particles is also, in principle, capable of distinguishing the V-A
interaction from the other possibilities. 'There are only three
indepeﬁdent vector-axial vector form factors, Vém), entering the 9-term
intensity distribution (37). We shall not,entef into the details here
because of the lack of practical applications. It is perhaps worth
noting, however, that this type of process is again very closely related

to the Ke4 deca,y]9 in its kinematics.

(ii1) Quasi-Elastic Scéttering off Polarized Target
We now consider the process
\)Q+N->2,+N' (45)

where the initial nucleon is polarized.” The finalvpartic1e N' can
be any’spin %-baryon. Our standard BW frame is related to thé laboratory
frame by a boost a]ong the recoil N' direction which can be chosen
ponvenient]y to be the negative 3-axis. Let us further choose the
polarization vector of thevtarget N to lie in the 1-3 plane and form an
angle 8 with the positive 3-axis in the laboratory system. The scattefing
ampTitudes depend on four variables which we choose to be q2,_w,¢
and 6,

The general formulas (37) - {39) can be applied to this case with

the fo116w1ng substitutitons for the initial and final density matrices:

1 1
A 1, 3,7
Por ~ '2‘(]+pg'[l)m =z dOK(e)pK d_m('-e) (46)
B
pc’.lfl- 6T'O'

where p is the pjarization of the target, p

I+
Nf—
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is the usual spin %-rotational matrix. Substituting into (39), one

obtains

0),(0)* _1 2 2 ] 2 2
a¢ )J( ) =‘§[lJ_+| 9,71+ pcose§{|J_+| N DR

AL 5(1zpcose)]3, ,|?

2yl < Josine g, 0]

20900 < Josine u_o”

RS (47)

where we have omitted the superscript (m) on the right since m = o'+o.

These results can be applied to each term in Eq. (38) yielding ,

Ii = ai + pcose bi ' i=1,2,3
= psin 6 a; for i=.4,5,6,7
= 0. - i=8,9 (48)

Eq. (48), when substituted into Eq. (37), gives rise to a ten-term combined
correlation function in the variables y,¢ and 8. The contribution of the

‘véctor form factors to the coefficient functions are:

1 :
1~ E[IV_.Q.IZ + |V+_|2]

a

|
by =_§{IV-+|2 B |V, 1]
a, =b, = +J,.|

2 7 P2 T glYe

- -1 2

.a3 - b3 _,4|J__|

' ‘ *
a, = - (1//2) Re V_V__

(1/V2) Im vV, _
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n

ag = -(1//2) Re V_V__

(49)

a; = (1//2) InV_, v

" The four vector form factors appearing above are essentially the usual

G, and their axial-vector counterparts. The exact relations between

E° "M
the two'sets arevgiven in Appendix B. It is clear from (49) that if

this process is mediated only by the usual vector current then there

exist four relations among the ten coefficieﬁt functions as bi‘ The

two more useful ones among these relations are already explicitly displayed

in the third and fourth equations in (49). From Egs. (37), (38), (39),

(47) and (48), it is straightforward to verify that the presence of any

scalar or tensor currents will spoil these relations. This suggests the
possibi]ity of testing the structure of the basic interactibn by measuring

the correlation functions and checking these relations among the coefficients.
In practice, it is Very unlikely that the complete correlation distributions
(37)>(38) and (48) can be obtained experimentally. It is therefore desireable
to see how much of the phase space volume can be integrated ovef without
distroying the relevent information to be extracted.

First of all, thé ¢-dependence is not of particular interest for our

purpose, thus can be integrated over. The resulting differential cross-

section (for fixed incident energy) is:
\d _ GZ 2
E(‘]IZ_ 32n’egM2
{sh2y a,(q?)+(1-ch y)2a,(q?)*(1+ch y)%a;(q?)

| +pcose[sh2wb](q2)+(1—ch W)sz(q2)+(1+0h w)2b3(q2)1} - (50)
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where ¢, the Lab. neutrino energy, is given in turns of the BW
frame variables by

| | ) 1
e = (1/4M){(q2-M24M'2)+[q2+(M' -M)2]2[q2+(M'-M)2]2Z ch yl.

The first three terms (ai) give the spectrum function for unpolarized

target
’ do do
2y = 89
AL (a%v) dq2|6=0 ¥ dqz|6=n

(51)
The last three terms (bi) can be isolated by forming the asxmmétrx

function

2 =d0 _dc
~ A_(q5v) 97060 " dq¥le=r

(52)
The q2- and ¥ -dependences can be sepafated only by measuring A , at

many different incident energies. (At fixed energy, the two variables

~are related.) With these available, one can divide A , by the common

2

factor (qu2/32 T € M2) and integrate over the experimentally available

range of the variable q2 at fixed ¥ . The resulting v-spectra for

the two cases are.

<a.l> <a2> . <a3>
sh2y {<b]>} + (1-chw)2{<b2>}+ (1+chw)2{<b3>}
(53)

where <a;> = Jﬂqz ai(qz) and <bi> ='th2 bi(qz).

From (49) we infer,
"that if the weak curﬁent remain to be a vector at high energies, we
| should expect

<a2> = <b2$

<a.> =-<b.>
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We also point out that if second class currents are absent, V__ = V.

(cf. Appendix B) and consequently (cf. Eq. (49)),
b, = <b,>=0, (55)

It is worth noting that although we integrate over q2 in order

to gain maximum statistics, the tests (54), (55) are free from any

assumption on the q2-dependence of the form factors.

For anti-neutrino scattering the coefficients of the (1% ch V)

terms are interchanged. Consequently, the relevent relations are,

<§2> =- <b2>
- (56)

<a3> = <b3>

and
<b1> f 0,
(iv) Quasi-Elastic Hyperon Production
Here we consider processes of the type
v+ N>+ Y
L»N'+'n
(57)

where N is a target nucleon (unpolarized) and Y a hyperon. We choose the
hyperon decay plane to be the 1-3 plane and denote by 6 the decay angle

of N' in the hyperon CM frame. The overall process (57) is specified




by the four independent variables q2,¢s ¢ and © .

The density matrixes for the initial and final states are

A _1

Por = 200t

B - 3 243 '
Pyt = & d o'K(e)laKI dK,‘T&e)

= a? %{]—Qg.njc'r'

(58)
where a El_are the Y-decay amp]itudes for* helicity outgoing N' (they are
simply the sum and difference of the conventional as, ap) respectively;
|a|2 = |a+|2 + |a_]2 = |aS[2-+ Iap|2;a is the asymmetry parameter
- 2 2 -2 _

[la,l® -la_["]]a]™® = 2(Re a
with components (sin e,'O, cos 9).

* - .
a, )la| 2 and n the polarization vector

The similarity between this process and the polarized,target

case is obvious (compare Eq. (58) with (46)). A1l considerations of the
last subsection can.be carried over with very little change. In particular,
the combined correlation distribution in the variables v, ¢ and 6 is

given by Egs. (37); (48). The coefficients {ai, bi} are expressed in

terms of the vector form factors by forhu]as simiTar to Egs. (49) with

the following changes: (a) an overall factor of %—a2=%{|a5|2+|ap[2) is
inserted, (b) the form factors V,_ and V_, are interchanged and (c)

b], b2, b3, 3 35 B and a, acquire an additiqna] minus sign. The

phase space for the present process involves one more integration in the

2

6-variable. The two spectrum-functions A +(q“, y) are obtained in this

case by integrating over the entire 6-range for A+ and taking the
o< T
' 2
for A- (asymmetryvof N' with respect to N in the Y CM frame),

difference of a two-fold division of events with 0 <g< and g<e<n
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Again the q2-variab1e may be integrated over in the manner described
before. The re]étions which serve as tests.of the V-A structure of the
weak current are now (56) for the neutrino initiated reactions and (54)
for the anti-neutrino initiated reactions.

It may be interesting to note that similar fests of the V-A
interaction can be carried out in polarized hyperon B-decay. ‘Essentially
~all the above analysis go through if the variables (v,¢) are replaced
by the decay angles df the Tepton in the (& v) CM frame. Data on these
processes are being accumulated at such a rate that it appears such an

analysis may be feasible in the very near future.zo

(v) Single Pion Production in the N* Region
Finally, we considerbthe single pion production process
v+t N >+ N +n1 -
(59)
with the final (N' m) invariant mass in the low energy region where N*
‘dominates. As.a first approximation, we assume that the final (N'm )
3+

system is in a pure JP = 5 state (N*) in its CM frame. Then the

initial and final density matrices can be written,

A 1

Pot —_2_601

B = laj2g, 4. (8) d__, (8) (60) -
Porr! k=xd o'k -g'k :

where |a| stands for the magnitude of the N* decay matrix element
<N*| N'm> . Substituting (60) into (39), one can obtain the expected

distribution in the variables y ,¢ and 6 from (37) and (38).
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~ As before, we integrate over the ¢ -variable obtaining a six-term

distribution expressed by

I

2 . o
ai + bi cos< 9 i 1,2,3

for '
= 0 'i = 4’5’6,7,8’9 (6])

The vector current contribution to 3y bi can be easily worked out and

n

they are 3 0 0) |
3a; = by = 3 [V 2 e (0 p2

2 = gV 1z e vt 2
b, = 3 L) gz - v 2
N AU ES NS "
by = 2 (v e ) e,

Here the form factors are labelled by the current helicity (m) and initial

N polarization. with o¢' = m-c omitted. The first equation in (62)

can be used as a test of the V-A interaction in the same manner as described

in the previous two sections.

In order to improve on the (rather drastic) approximation made
" above, we may include into our consideration correction terms brought

1+

about by other partial waves. In the N* region,‘the JP = 5 states

are expected to have some influence. An analysis may be carried out
retaining the three partial waves %—i andr%f. The procedure used is the
same as before, the a]gebré becomes slightly more involved. We give the
detailed results in Appendix C. The combined y, ¢ and e correlation

‘distribution consists of 19 independent terms. Since the number of form

factors proliferates with the inclusion of_more states, we found it
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convenient to assume time reversal invariance. This enab1es us to
invoke the Watson's theorem to fix the phases of‘the form factors in
terms of the measured ( 7N) phase shifts, thus reducing the number of
unknowns. This way, the 19 coefficients in the correlation function can
be expressed in terms of three known phase shifts and 14'(modu1us of)
vettor form factors if V-A interaction alone contributes. Thus, five
relations among the 19 coefficients exist and again serve as the basis
for a test of the V-A interaction at high energies. For the details

of this calculation we again refer the reader to Appendix C. Here we
only note that the procedure used is, in a sense, the reverse of that

19 There, the V-A

used by Pa1§ and Treiman in Ke4 and 5, 4 decays.
interaction is assumed and the phase shifts treated as unknowns to be.

solved from the coefficients of the correlation function.



(91) Conclusions -

We have.given a formula for the general intensity distribution
function for an arbitrary neutrino scattering process in the local
current-current picture in terms of helicity form factors. We have discussed
various ways to test whether the baéic V-A interaction structure of thé
weak interaction Hamiltonian deduced from 10W energy detéy experiments
still remains valid for high energy neutrino scattering processes. All
considerations are independent of dynamical assumptions.21 It is quite
evident that none of these proposed tests are easy to carry out in the
laboratory. However, given the importance of the 1ssu¢ involved, the
clear lack of other alternatives as revea]ed by this analysis and the
rapid advancement in experimental techniques we hope, in time, most of
these tests can be carried oUt;zz

Aside from the proposed tests, we hope the analyses in this paper
also succeed in demonstrating the usefulness of the BW frame variab]es6
( ¥,¢) and the helicity form factors, in describing all types of weak

scattering processes. The same halicity form factors, in fact, can be used

in other types of weak and electromagnetic processes to great advantage.6
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Appendix A

We briefly indicate the lepton mass corrections to the various

formulae in the text. This is rather easy to do in our formalism. Thus,
substituting Eqs. (34a) and (34b) into Eq. (31), the general scattering

amplitudes are, (compare with Eq. (35)),

foro = - 26(a2m2)2[s ,+ &™)l T L ]

+/Zam, (1m2/q2)% (V3] + ™A v L

oy oo =" 2G[(q2+m§)’}'v(m)d.O - /§h£(1+m§/q2)%jeim®a(w)m_] (A-1)

The intensity distribution can then be obtained from (A-1) and (36).
The diétributioh function is‘again‘of the form Eq. (37) but with I
containingvmore terms than those given in Eq. (38) due to contributions
from the second terms in Eqs. (A-1). THey can be easily worked out when
necessary, we do not give the compTete expressions here.

As a consequence of the 1épton mass terms, the outgoing lepton
polarization is not 100% for pure V-A or S-T interactions. The correction
is roughly of the order m%/q2 (see Eq. (A-1)). Similarly, the distribution
functions (41), (44), (49), (62) and the constraints (54), (56), (62) all
.are subject to additiona] corrections of this order. For glectron neutrino
interactions m%/q2 is for all practical purposes zero. For muon neutrino

interactions m%/q2 = 0.01 for q2 = 1(Gev/c)2.
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Appendix B
We briefly enumerate a few relevent properties of the he]icjty

form factors defined in the text. .We recall the definition of such form
factors, ‘ N

M = " 19 (0) [pa> = <0-a" [B4(-u" 3™ (0)B,(u) 02> )
Here, as in the text, J(m) denotes the m-component of some general current
operator. The m-index is defined such that

[J(m)(o),a3] -m™) (B-2)

where J3 denotes the angular momentum opefator along the 3-axis. (An

exception to this statement is V(3) which corresponds to m = 0 but, for

~obvious reasons, we cannot, and did not, label it V(O)). Sandwich Eq. (B-2) |

in between the states <p;A‘| and |P5K>, we get (1 + A')JiT; = me'x’

which implies

The hadrdnfc states Ipsx> and |péx'> have definite transformation
propertiés under the space-and time-inversion operators. It is therefore
meaningful to spearate the S, V, T currents in the text into the usual
S, P, V, Aand T currents which also have definite transformation properties
undeh these discrete transformations. One can then derive Eonsequences
due to covariance under these transformations. This is easy to do with the
bvexplicity definition (B-1), we sha]f not go into it explicitly here but |
rather confine ourselves to a few remarks.b Constrainéts on the.form
factors due to these symmetries arise only if all the momenta (both the
initial and final states may be composité systems with internal‘momenta)
lie in a plane. (So that the operators UpRé(") and UTRZ(W) will 1eave.£he |

momenta unchanged.) Otherwise one only relates form factors at different

MeA+A ' A ' (B-3)
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momentum values. As is well known parity relates waz to J(:T?_Aand
time reversal invariance yields information on the phase of the form
factors and, in the special case where the initial and final states are
identical, symmetry relations in the initial and final variables.

As shown in the text the helicity form factors diagonalize the
unpolarized cross:section formula and yield simple expréssions for spin-
and angular-correlation functions. The relation between these form factors
and the convehtiona] invariant form factors can be worked out easily for
any particular case from Eq. (B-1) according to the spécific way the latter
are defined. They can be also re]&ted to the non-relativistic multipole
moments familiar in atomic and nuclear physics. To do this, simply
observe that the operator B3(-u')J(m)(0)B3(u) in Eq. (B-1) can be decom-

posed into a sum of terms irreducible under the rotation group 0(3)

(with parity). When sandwiched between the rest frame states in (B-1), one -

obtains reduced matrix elements which are generalizations of the multi-

pole moments.8
Finally we give the explicit relations between the vector and axial

vector helicity form factors and the conventional invariant form factors
for spin 1/2 particles. From the definition

oo ()M Y W
Vi = Uy () [y fy + 107 7g f, + q7f5

+ YuYsg] + icuquysgz + un593]UA(pS)
Moo 'u -
9 T Pg "~ P ' ' (B-4)
straightforward calculations yield

(3
V-AZA

i
1+

N —

2 - -
= (aMf +g f3)(1+4M2/q2)§22A(2Mg]+ng3)(1+AM2/q2) A
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V(O = (aftr,-42F,) (1+0M2/2) -22(aMg, -2, ) (1+42/q2)
WD) < VZgRL-( 42ie,) (14aM2/q2)F + (g +abg, ) (144F2/q?)
JUpE IR AR 178M9; g

Yéfli.=A/Eaz[-(f1+zﬁf2)(1+AM2/q2)%'— (g +aMg,, ) (1+4M2/q2)

. (B-5)
where aM = M'-M and M = (1/2)(M#M').
1)

The vector parts of the helicity form factors V(O) and V(i can be
readily recognized-as multiples of the conventional GE and GM form factors

- respectively.
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Appendix C

We give some detailed results on single pion production in the N*
region. The process under considerations is |

v+ N->u+ N +1 . _ - (Cc-1)

In our convention, the toal momentum of the (N'ﬁ) system is p'. Let us
denote the relative momentum of this twb particle state by and the N'
polarization by «. This process is‘described by five independent véria—
bles (w,¢,qfeandb4)where“w is the invariant mass of the N'wn system.
In the region where Wis near or below the two pion production threshold,
~ we assume the matrix elements of the current operators between the states
(N'ﬁ) and N are dominated by the (N'w) system in the JP = %;, gf states.
The helicity form factors which enter into Egs. (31), (35) and (38) can

be written: ,
p1irc|0™ [p o> = <03re[By(-u')0™ B(u) |00

o M E) g ME) 1y g2, (o)) )
o =0 g o g C g -0 K g o (C-Z)
where the second superscript indicates the JP sfate of the (N'm) system.
In the“region of W-variable of interest to us, e1astjc unitarity in
- the (N'm) channel holds. If one assumes time reversal 1nvariénce, as 1is
consistent with preéent experimental evidences in high energy scattering,
then the phases of the form faétors in (C-2) are identical to the |
elastic scatteriﬁb_phase shifts in the appropriate (N'n) states. For

simplicity in notation, let us denote the phase shifts in the %f, %7 and

Y
%ﬁ states by a, 8, ¥ and the form factors chg)(d ) in these states by
d(g) m B(S) . Y(S) respectively. Then, substituting (C-2) into Eds. (37)

and (38) yields the combined correlation distribution in ¢, ¢, 6 with the

result



= ' 2 4 : i =
Ii a, + bi cos? 6 + Ci cos o i 1,2,3
=(ai + ¢, cos 8)sin o for i=4,5,6,7
- 7 2 } -
ai sin< 6. | i 8,9 . (C73)

We give the contribution of the vector current form factors to the

coefficients {ai"bi’-ci} :
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(0,002 + (a_0)2 + (8_0)% + 70(y,0)%+ (y_0)2]
-(8,%,9 - B_dY_O) cos (g-y)
3{%{(Y+°)2 + (y_0)2] + (8,00 - 8_%_0) cos (g-y)}

2(a,%8,% - o_%8_0) cos (a-8)

|\l)_LI_a

(a,1)2 + (8,521 + gL(x, N2 + (+_H)2]

{%{(Y++)2 - (v.521 - B++Y++ cos (8-v)}

~ofw

+ o+ + 4+
-0 8+ cos (a-B) + Yy G4 cos (y-a)

+

o

]

Al )2+ (8702 + gl + ()
| (C-4)

—

B_ y_ cos (B-y)

—-{%_{(y_')2 - (v, )21 + 8_"y_" cos (-v)}

N w

a_ B_ cos (a-B) + y_"a_ cos (y-a).
- /7[(a++8+° + B++a+°) cos (a-8)

" + + '
(v, 0 *+a, v 0+ By_"a_0) cos (y-a)]

| —

+

+ + + +
vy 0 + [V3(8, v, 0 v, 8.0 )-y_8_0] cos (8-y)}

o

/20 (a,"8,0 - 8,70,0) sin (a-8)

+ + g + ,
+ %(Y+ 0,0+ a v, 0+ By, o 0) sin (y-a)]




-84

3 + C+ + .
V5 [V3(8, v, 0 - v, 8,0 + v 78 % sin (8-v)

-7 [(a_OB_- + B_Oa;—) cos (a-g)

+ %(Y_Oa - o %_" - V3a,%,") cos (y-a)]

- 3ty Oy, + /38 0 + v %)
-8,%, 1 cos (g-v)
V2 [(a_ %8 " - 8_%_") sin (a-8)

+ %-(Y_° o +a O " - Ba,0y,7) sin (y-a)]

%% [/§(B_0Y_- _ Y;OB_') - B+0y+—] sin (B-v)

= (/574)[%(Y_+Y;_ ty, v, )+ (8, v, - v "8.7) cos (8-v)

(/3/4)[-8,"y,” - v_78_71 sin (8-v)




The 19 coefficients are given in terms of 3 known phase shifts and
14 unknown form factors. Thus, in principle there exist five relations
among the correlation coefficients which can provide as tests of the V—A.
interaction. It is not hard to see from Eqs. (C-4) however, that these
relations are rather complicated in general. In the text we considered
the zeroth order approximation of setting a(g) = B(mg = 0 and obtained
one simple constraint relation ay = 3b]. One can 1mprdve on these .
results by attemptong to solve the equations in (C-4) in the approximation
that (a(mg / y(mg '} and (B(m)o/ Y(m‘)o.) are small but non-zero. We
sha]] not do this here explicitly. It can be carried out in a straight-
- forward manner when the result is called for. get us simply state that

the afor-mentioned relation ay = 3b] still holds to the first order

‘approximation in the small parameters (a/y) and (B/y). .
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Figure Captions
Fig. 1T A general neutrino scattering process
Fig. 2 The effective current-hadron scattering process

Fig. 3 The Brick-Wall frame kinematics







