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Neutrino production of vector and axial-vector mesons at high energies

A. Bartl*
Institut fiir Theoretische Physik, Universita't Wien, Vienna, Austria

H. Fraas
Physikalisches Institut, Universita't Wii rzburg, Wiirzburg, Germany

%'. Majcrotto
Institut fiir Hochenergiephysik der Osterreichischen Akademie der Wissenschaften, Vienna, Austria

(Received 14 February 1977; revised manuscript received 23 May 1977)

A phenomenological study is made of the reactions vN ~pV+(, A +)N and vN ~v V (A )N (and similar
reactions induced by antineutrinos) at high energies. Particular attention is paid to a detailed kinematical

analysis. The differential cross section contains nine independently measurable terms, each sho~ing a
different dependence on 4 and e; four of these terms are vector-axial-vector interferences. An analogous
separation holds for the spin density matrix elements of the decaying vector or axial-vector meson.

Consequences resulting from s-channel helicity conservation and other properties of a diA'raction mechanism

have been worked out for the cross sections and the density matrix elements. Once the diffraction
mechanism is known vector- and axial-vector-meson production can provide useful information about the
structure of the weak neutral current. Problems of model calculations are discussed.

I. INTRODUCTION

During the last few years inclusive hadron pro-
duction by neutrinos (antineutrinos) has been
studied extensively. Presently there will also be
increased interest in exclusive channels. Here
the diffractive production of vector and axial-vec-
tor mesons will presumably play the most impor-
tant role at high energies:

v(v)+N- lt (it')+ V'(V )+N, (A)

v(p)+N- it (tt')+A'(A )+N,

v(v)+N- v(v}+ V'+N,

v(v)+ N- v(P)+ A'+ N, (D)

where V denotes a vector meson (p, to, P,E*,K*,
D*, t/, . . . ) and A denotes an axial-vector meson
(A„tc„,P„,E„,IC„,D„,P„, . . .). Reactions (A) and

(8) are induced by charged weak currents, whereas
reactions (C) and (D) imply neutral ones. Some
very preliminary data on p', A.'„p', and Q pro-
duction already exist. '

Usually exclusive reactions can give more speci-
fic information on the dynamics involved than in-
clusive ones. In particular, this mas the case in
photoproduction and electroproduction of vector
mesons. There much insight into the diffraction
mechanism [e.gs t s-channel helicity conservation
(SCHC), magnitude of the diffractive slope, . . . ]
as well as the nature of the photon (e.g. , veetor-
meson dominance, shrinkage} and the structure
of the vector mesons has been gained. In princi-
ple the weak reactions (A)-(D) could give even
more information than electropxoduction as the

weak current contains both a vector and an axial-
vector part and appears in both charged and neu-
tral form. More specifically one can learn about
the following problems:

(a) structure of the weak current (isospin and
space-time properties of the neutral current),

(b) vector and axial-vector dominance of the
weak current (generalized vector dominance, A,
dominance? ),

(c) properties of the produced vector and axial-
vector mesons (Is the A, a resonances Does the
g„exist P etc.),

(d) Diffractive mechanism (SCHC for the axial-
vector current'P Behavior of slope, shrinkage

~ ~

The importance of some of these points has al-
ready been stressed in Ref. 2. There the cross
sections for v production of p and A, mesons
were estimated by-applying A, dominance of the
weak axial-vector current and p dominance of the
weak vector current. Gaillard et al. ' extended
these ideas to the reactions (C) and (D) induced
by neutral currents including production of new

particles. The useful role of exclusive diffractive
processes for studying the I orentz structure and
the internal symmetry of the neutral current was
further emphasized by Hung and Hakurai4 and
studied in more detail by Cho. ' A further pheno-
menological study of diffractive vector-meson
production in lepton-nucleon reactions has been
given by Chen et al. ,

' using information from elec-
troproduction. The contribution to charmed-meson
pxoduction due to E*dominance was also calcu-
lated in Ref. 7, and its implications for the high-
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y anomaly and dimuon production in vN scattering
were discussed in Ref. 8.

In the present paper we first give a detailed
kinematical analysis of reactions (A) to (D) (in
Sec. II). Generally the cross section for processes
(A) to (D) depends on five kinematic variables:
E, the incident neutrino energy, v, the difference
between the incoming and outcoming lepton energy
in the lab system, Q', the momentum transfer
squared between the incoming and outgoing lepton,
t, the momentum transfer squared between the
incoming and outgoing nucleon, and 4, the angle
between the lepton and hadron plane. In our kine-
matical analysis we shall follow closely the for-
malism already applied to electroproduction of
vector mesons' where the dependence on the angle
C allows a separation of the cross section into
several distinct parts, each of which yields new
dynamical information.

In the analysis of vector-meson production the
observation of the vector-meson decay gives ad-
ditional information. In particular, this will be
useful for the neutral-current-induced reactions
(C) and (D) where the decay products, but not the
outgoing neutrino, can be detected directly. Ques-
tions such as SCHWA and other properties of the
reaction mechanism can be answered by studying
the decay density matrix of the vector meson as
has been the case in electroproduction. " We shall
discuss the analogous consequences in neutrino
production.

Since the structure of the charged weak currents
is better known, the diffraction mechanism is
best studied in the reactions (A) and (B). We elab-
orate more on this point in Sec. III. Once the
features of diffractive scattering in neutrino pro-
duction are known, the properties of the hadronic

N

P

FIG. 1. Graph for the reaction v+N p(v)+N+V.

II. KINEMATICS

Considering reactions (A) to (D) we denote the
four-momenta of the incoming neutrino, outgoing
lepton, incoming and outgoing nucleons, and the
vector (axial-vector) meson by f,l', p, p'I q', re-
spectively (Fig. 1).

We define

(f 'q)
M

q=l —l',
Q'= -q'=4EE'sin'(e 8),

(1)

(2)

(3)

where M is the nucleon mass, E,E' are the ener-
gies of the ingoing and outgoing leptons, and 8 is
the lepton scattering angle in the laboratory sys-

part of the weak neutral current can be determined
with the help of processes (C) and (D). This is
discussed in Sec. IV. In Sec. V we shall relate
neutrino production to electroproduction and dis-
cuss the problems which arise in making numeri-
cal predictions. We finish with some concluding
remarks in Sec. VI.

vN ~pN')+

&eotonic Scattering Plane

Tf

I

I ~/ ~I /~s
Zg

FIG. 2. Kinematics for ~N-p Np'.

y' Rest Frame

Hadronic I Scattering Plane
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tern, respectively. %'e shall neglect the lepton
mass throughout this paper and assume that Q2

» m2 and I is the charged lepton mass. Further-
more, we introduce

&=(p -p')', (4)

(5)s = W'=(P+q)'=M'+q ~+ 2Mv.

The angle 4 between the lepton and the hadron
plane is defined in Fig. 2. The normals to the
hadron and the lepton planes are given by

il x il' 7'x f '
yg — and yg

I 1x 1 '~ '

respectively. 41 is then the angle (y„-y1,) and is
positive for clockwise rotation around the direc-
tion of q. Instead of Q2 and v it is convenient to
use the scaling variables x and y:

(7

The matrix element for processes (A) to (D) is
given by

T=, (f Ii.(o&I f&«,p'I J"(o&Ip),

where the leptonic current is

j„=py, (l -y, )v+ H.c. for reactions (A} and (8}
and (9)
j„=vy„(1 —y~)v+H. c. for reactions (C) and (D).

Here the particle symbol is used to denote the
corresponding fieM operator.

The hadronic current J" contains quite generally
a vector and an axial-vector part:

The cross section involves the quantity

g ITI'=L„„T~",'G2-, (11)
spi as

with

ui' „S-y, & ui' „1-y,
(12)

« '*p'I&"(')Ip)« ' p'IJ (0)Ip&* (»)
81 as

L„„has the form

L„„=N[f„f„'+f„'f„—(f 1'}g„„r/ie„„-~.Pf"],
4/I for reactions (A) and (8),
8 for reactions (C) and (D).

(14)

q=+ 1 (-1) for incoming neutrinos (antineutrinos).
Notice that L„„contains a symmetric as well as

an antisymmetric part: the latter is derived from
the complete polarization of neutrinos. An analo-
gous expression is also present in electroproduc-
tion with polarized electrons. ' It is helpful, though
not necessary, for us to imagine that processes
(A) to (D) proceed via an intermediate vector
boson (W', Z'). Then L„„is related to the spin
density matrix of the intermediate vector boson

piv, = e" *(1')e"(k)L „„
2(i-e} 1

= «a+ ~~a~ 'y & =+
y 0~— (15)

[t'„(i) is the polarization vector of the intermediate
vector boson), where p', , and pi~~ come from the
symmetric and the antisymmetri, c part of I„„,
respectively:

p', ,= [e(1+&)]'"e"
[e(1+c)]' 'e io

-[e(l+ e)]'/'e"

-&e '

[&(1+&)]1/ae-i o

(1 «2)1/2 [e(1 e)]1/2e it

0

[e(1 e)]1/2eie

0

-[e(1- e)]1/2

0 ~)'" )
Here the polarization parameter c is introduced
in the same way as for electroproduction:

2(Q'+ v')
4E(E —v) —Q'

Note that for vanishing lepton mass p, , is a (3 x 3)
matrix characterizing the polarization of a spin-I
particle since for m-0 the weak leptonic current
j~ is conserved. Again the presence of p, „is due
to the polarization of the incident neutrino.

ccording to known techniquesax'e the cross sec
tion for reactions (A) to (D) reads

da' do
dE dgd+I dip

2 gl q2
411' E (1 —e)
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The cross section expressed in the convenient
variables x and y is

do' - do'

dXAda dh

amplitudes defined in Eqs. (21) and (22) correspond
to s-channel helicity amplitudes of the virtual
process: (z)+N- V(A)+N T. hey obey the parity
relations

262
1"=

~ M'E~xy(1 -x) (19')
l)t

- i- I

I 1 b&&2-&1)-(&™&)g-&2-&'
-)tl-)t

(23a)

with

[1-y+&y'[1+ (M/E}(x/y))
[1+(2M/E)(x/y )]

1 —y xyM/-2E
1 —y+xyM/2E+ ~y' '

for production of a vector particle, and

V~2K ( ]$(X2 ~1~ ~ ~ V ~2
"1"

g)t2)t' ( y )()t2-Xl )-()t X)g )t2 )t'
hl)t

—i- I

(23b)

I' and similarly ~' can be interpreted as the flux
factor of the intermediate vector boson. Here we
have used the convention usually adopted in elec-
troproduction" where the flux of equivalent real
photons is taken. do /dQ„ is then the differential
cross section for scattering of a virtual (inter-
mediate) vector boson on a nucleon:
do'

d =o„+to~+ e cos24'cr~+ & sin2$ o~
h

+ [2e(1+c)]' 'cos4 o~+ [2c(1+a)J' ' sing o~

+ g(1 —e')' ~'cc+ [2c(1 —e)]' ~' cosQ vc~

+ [2a(1 —c)]' ' sing oc~], (20)

where os is a shorthand notation for do~/dA~ etc.
This particular structure of the cross section has
also been derived by Cho, ' who, furthermore, has
shown that this characteristic 4 dependence of the
cross section remains valid if one includes S, P,
and T terms for the weak hadronic current in ad-
dition to V and A terms.

In electroproduction with unpolarized electrons
only the cross sections c~, a~, or, cr~ appear. (oc,
o~, o~, and crl are the transverse unpolarized, the
transverse linearly polarized, the longitudinal
and the transverse-longitudinal interference part,
respectively, of the cross section. ) The terms
o'~, or, o~, and o~z are due to interference be-
tween the vector and axial-vector current.

o~ is the contribution from the circular polariza-
tion of the intermediate vector boson; o~~ and

@~1 are circular-longitudinal interference terms.
This can be seen more explicitly by expressing
the various cross sections in terms of the center-
of-mass-system (c.m.s.) helicity amplitudes. For
this purpose we define the helicity amplitudes

V',~'„'=(&„&'IV"(0) I&,&e„(&)(-1)", (21)

A"" =(x»x'IA"(0)
I x,)~.(&)(-1)", (22)

where X„X„X,X' denote the helicities of the in-
corning and outgoing nucleon, the intermediate
vector boson, and the produced vector (axial-vec-
tor) meson, respectively. V" and A"are the vector
and axial-vector current given in Eq. (10). The

for production of an axial vector meson.
The various cross sections now have the follow-

ing form (with q'* as the c.m.s. three-momentum
of the outgoing hadrons):

( I

vx~x
I

a +
I
vx z'

I

a

Xl ~ )t2e )t'

I2+ IAxpx I2) (24)

o, ='M„' —,
' g (Iv,",'I +IA„",'I ),

q'*Ms

(25)

x g Re(V~2 V~2 ++A 2~ A~2" +) (25))tl+ )tl+

)tie )t2~ X'

tg~vs Re(Vx~x' V+v g Ax&PAX~K' e}
MK )t1+ )F10 + )tl+ )llo

2 Ill f IL2$ X

(27)

J g

)tlt )t2P )t'

q'*v s
MK

fm(Vkz Ajax' w+ A &1' Vx&L' w)
)t1+ )tl O )tl+ )tl O

Xly X2~ )t'

(29)

(30)

)tip )t2, X'
(31}

MK ~2

Re(Vkgx'Akpl'g~AxgL' Vingt' e) (32)

Comparing with Eq. (20) one observes that by
varying the angle 4 the following five combinations

MK

fm(Vx~x' Vx&t' w+ Ax~K'Ax&x' +) (29)
Xly )t2v X'

These five cross sections do not contain vector-
axial-vector interferences. The remaining parts
contain only the following interference terms:
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of cross sections can be measured separately:

(TIT+ «(TI + 'g(1 —«) CFca

[2«(1+«) j'"oT+ v[2«(I —«)j'"o,1,
QO'P

y

[2«(1+ «)]'"c,'+ It[2«(I —«)j'"oci,
and o~.

afv doIT 'doI,
( 2)l Tn doc

No'tice that besides 'the comblnatlon doUldh'
+ «d a1 /dt already present in elec troproduct ion we
have in addition the vector-axial-vector interfer-
ence term TI(I —«'}'T'dao/df

Finally we want to mention that o~, o~, and 0~
can be related to the structure functions O'„W„
and S' ~

ME
g~dQ g,

MK Q'
W, = » (ITTT + a~)dQ„,

Q +v

(33)

2M2E
w, —, )„.f.,an, .

In principle all nine cross sections can be deter-
mined by varying «as well. Since dO„= (I/2q'4' n)

xdCdt the 4-integrated cross section is al-
ready very informative for studying diffraction
scattering as it contains the t dependence. Inte-
grating E«I. (20) over 4 gives

Vfe gain of course mor'e information on the dyna-
mics involved by studying in addition the angular
distribution of the decay products of the outgoing
vector (axial-vector} meson. In the case of V
-m'~ the normalized distribution has the form"

W(8*, 4 *)=—f-,'(p"+ p ) sin'8*+ p"cos'8*

—sin'8*(cos2$ *Rep'

—sin24 n Imp' )
sin28~

~2
[cos&*Re{p"—p' )

—sin)t) *Im(p" —p' )Jj.

The direction of one of the outgoing pions is de-
scribed by the polar and azimuthal angles 8* and
4* in the vector-meson rest system with the z
axis opposite to the direction of the outgoing nu-
cleon (see Fig. 2}.

The formula (34a) for W(8*, 4*) may also be
used for the 3TT decay" of a vector meson (e.g. ~).
In this case 8 aIld «I}' have to be interpreted as
the angles of the normal to the decay plane in the
rest system of the vector meson. The quantities

p "are the spin density matrix elements of the
outgoing vectox meson in the s-channel cms.

The decay angular distribution of an axial-vector
particle (e.g. A, ) into three pions is given by"

W(8*, 4*)= —{&(p"+ p )(1+cos'8*)+ p" sin'8*+ sin'8*(Rep' cos24)*-Imp' sin2at)*)
8m

+ sin28*[Re(p" —p' ) cosQ* —Im(p" —p' ) sin@*]1

M2

+ X/cos 8*(p —p )+ csin 8*[Re(p"+ p' ) cos4 *-Im(p" + p' ) sin@ *j]).

X is a parameter related to the ratio of the two

possible couplings describing the A- 3n decay.
The meaning of 8*,4 * is the same as given above
for the 3m decay of a vector particle.

The vector (axial-vector} density matrix p "is
obtained in terms of the helicity amplitudes [EIIs.
(21) and (22)j and. the density matrix p~ of the
intermediate vector boson [Etl. (15)]:

pmn p)v (ITknmyknnn+ ~lnm~knnm1

+ ITl m+Xnnn+ ~lnmITX2nn)

(35)
2AM do

dg

In the same way as for the differential cross
section in EII. (20), the density matrix elements
contain nine terms having different 4 and & de-

pendence:

p = po+ 6pr + & cos24 pz+ 6 sxn24 pz

+ [2«(1+ «)]'™cos4pI+ [2«(I+ «)]'"sing p,
'

+ T)[(1 —«')IT'pc+ [2«(1 —«) j'T'cos4 pc~

+ [2«(1 —«}j sin4) pcl].

Owing to the I)arity relations (23a) and (23b),
some of the density matrix elements contain only
V-A interference terms whereas the lest are
free of interferences. The detailed expressions,
which are the same for vector and axial-vector
meson production, are given in Tables I{a)and
I(b). For axial-vector mesons two further com-
binations of density matrix elements appear in
the decay angular distribution, EII. (34b). . These
are given in Table I(c). Integrating over 4 only
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&~2)t'+ )). 2)t
XgX XgX XgA, &

g)t2X'
XyX

where

(3V)

kali = i [p'XRX + (-I)%2-Xi@-ll2rj
(33)

Ajk

and analogously for a",2,
"' and np,"'.

The amplitudes e„"2~'and a~2~' correspond asymp-
totically (s-~) to natural-parity exchange in the
t channel, whereas asymptotically v~2~ and a~2~'

receive contributions only from unnatural-parity
exchange. " Since me are not interested in the
polarizations of the nucleons, also the density
matrix can be written as a sum of natura, l- and
unnatural-parity exchange contributions:

the combination Pv+ ep~+ g(1 —e')' 'Pc rem»ns
[compare Eq. (33)j.

At high energies (s -~) scattering processes
@re conveniently analyzed in terms of t-channel
exchange of natural or unnatural parity. For this
purpose it is useful to split the helicity amplitudes
into two parts:

This, however, shows that in both expressions on
the right-hand side a sum of a natural- and an un-
natural-parity t-channel exchange appears which
cannot be further separated on a purely kinemati-
cal grounds. (In principle a separation would be
possible by using a polarized target and deter-
mining the helicity state of the outgoing nucleon. )
The same statement applies to all other possible
combinations of measurable density matrix ele-
ments. One always gets either a combination of
a natural-parity contribution of the vector current
and an unnatural-parity contribution of the axial-
vector current or vice versa. In order to proceed
further dynamical assumptions about the produc-
tion mechanism are necessary.

So far our considerat, ions have been completely
general apart from neglecting the lepton ma, ss and
assuming that Q'» m'. In the following me shall
treat the diffraction region in more detail. The
formalism given above is, however, not restricted
to this kinematic domain. It may also be applied
to lom energies or to the deep-inelastic region.

p phkt + pllimRt (39)
III. DISCUSSION OF THE DIFFRACTION MECHANISM

In the Appendix we give a list of the most impor-
tant density matrix elements pU and p~ showing
explicitly the separation into exchange of definite
naturality in the t channel.

It is well known that in vector-meson photopro-
duction with polarized photons it is possible to
separate the contributions from natural- and un-
natural-parity exchange by forming adequate corn-
binations of density matrix elements. " The same
holds for vector-meson electroproduction. ' In
weak production of vector and axial-vector mesons
the isolation of contributions from an exchange
of definite naturality is not so simple because of
the presence both of a vector and an axial-vector
current,

As an example let us discuss the noninterference
part of the vector-meson density matrix (the same
holds for production of an axial-vector meson).
By measuring the angular decay distribution of
p- 2v (A, - 3w) one can determine the density ma-
trix elements [see Eg. (36)j and then, for instance,
form the following combinations:

a(prr + pv ) —Hepr

The study of reactions (A) to (D) allows us to
learn much about the structure of weak interactions
as well as strong interactions. In the folloming
we shall discuss only the diffraction region. This
case is comparable to the electroproduction of
vector mesons which gave us much insight into the
nature both of the photon and of the diffraction
mechanism.

The kinematical region for diffractive production

s, depends, of course, on the mass of the produced
meson; its value is, for instance, s, =5 GeV' for
p production. From Eq. (5) and g~s, we then
have

0~@2~2Mv -s,+M2

and consequently

(s, -m')
2MEy

Since the point x = 0 is in the physically allowed
region (neglecting the lepton mass) this gives a
lower bound for y:

g (p~p+ pU )+ Repr

(40)

Moreover, the physical region is limited by the
condition 0~ sin'(~ 8)» 1 which together with Eq.
(3) leads to

2E
Mx+ 2E (44)
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Thus for y- 1, x must go to zero. Equations (42b)
and (44) give a maximal value for x:

2E(2ME —so+ M')
ma* M(4E2+s -M') (45)

~v'+ mmxy
2Ey(1-x) (46}

Consequently we restrict Q' to the region 0~Q'
~QO'. This further restricts the allowed y range
to

The diffractive region (2Mv»Q') further implies
x«1. In order tokeep ~t~ small enough, Q'must
not be too large since

M2

erally by considering the V -A interference terms
in the cross section, i.e. ar vl ~c and os
measured by variation of 4' and E. It might happen
that o'~, o'z, and 0'~~ vanish due to s-channel heli-
city conservation (see below). In this case it is
perhaps experimentally easier to study both v and
v production of vector or axial-vector mesons
and to measure the 4'-integrated cross section
[see Eq. (33)]. Since dov/df+ edo'/dt at finite s
need not be equal in v and v scattering, the sepa-
ration of doc/dt is more complicated. In principle
the simplest way to isolate 0'~ is v and P scatter-
ing with an isoscalar target. Any difference of
the C'-integrated cross sections come then from
oc. An equivalent way would be to measure the
difference

Qo'
2MEx (47)

da', do'—(vP- pp'p) —, (P—n- 0'p n)
dt dt

The kinematic domain in the x-y plane for E= 10
GeV $'p 5 GeV Qp 2 GeV is shown in Fig. 3.

I et us first discuss the questions related to the
diffraction mechanism. Only if these are under-
stood to some extent can we learn more about the
nature of weak interactions.

One expects that the vector current can diffrac-
tively produce vector particles and, quite ana-
logously, the axial-vector current can produce
axial-vector particles. An interesting question
is whether a vector particle can be produced also
by the axial-vector current and, vice versa, an
axial-vector particle also by the vector current.
For the production of nonstrange mesons diffrac-
tive V-A transitions are already excluded by G

parity. This question can be answered more gen-

y Ii

1.0

0.5-

0.5 y0 x

FIG. 3. Illustration of the kinematically allowed region
in the x-y plane for production of p by neutrinos at E
~10 GeV. The shaded area is the diffractive region for
s~5 GeV and@ ~2 GgV . Lings a, b, and c correspond
to Eqs. (44), (42b), and (47), respectively. Line d shows
the limit at the threshold s =(M+ mp)

=2(1 —e')' ' (vp- p, p'p}.2 x/2 do'c

Of course only the energy-independent component
is due to diffraction. At low s appreciable V-A
transitions are expected to be present due to non-
di ffractive mechanisms, for instance, t-channel
~ exchange. A quite analogous situation is known
to occur in v photoproduction and electroproduc-
tion.

It is clear that the t dependence of do /dQ' of
Eqs. (19) and (19') as well as the behavior of the
slope as a function of s and Q' can provide impor-
tant information about the diffraction mechanism.
These are well-known questions which have been
extensively studied in various strong and electro-
magnetic processes. One expects the typical dif-
fraction pattern do /dt =Ce"~ with C being rather
independent of s and the slope A possibly showing
shrinkage ins (-lns). Any Q'dependence ofA
would be of particular interest. This property
has been discussed in electroproduction in con-
nection with a possible shrinkage of the photon,
and it would be interesting to also look for such
a behavior of the intermediate vector boson.

In photoproduction and electroproduction" one
further observed that s -channel heli city conser-
vation (SCHC) holds rather well for the vector cur-
rent. One should therefore investigate this prop-
erty also in the weak production case. For the
axial-vector current the corresponding situation
is unknown. Diffractive production of axial-vector
mesons by neutrinos offers a tool to study this
question.

If helicity is conserved at the nucleon vertex as
well as at the current-vector particle (axial-vec-
tor-particle) vertex, i.e. , X, =', and X=X', we
have only the following independent amplitudes:
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Tr(l /2)1 v (1/2)1 v(l/2)0 g(l/2)l g -(1/2)1 n (1/2)0" (1/2)l y
" (1/2)l &

" (1/2)0& (1/2)1 0 (1/2)1 s (1/2)0'

As a consequence all cross-section parts of (24)-
(32) are zero except oc, CL, and oc. This implies
that the cross section [Eq. (20)] exhibits no 4 de-
pendence.

More detailed information about the helicity
structure and the (f-channel) exchange mechanism
can be obtained from the density matrix [Eqs.
(35), (36), and (39)]by studying the angular dis-
tribution of the decay of the outgoing meson.

For instance, strict SCHWA would imply that only
the following measurable density matrix elements
do not vanish:

(i) noninterference terms

(PII+PII)» PL» PT» PT» (Pt —Pt )»

(PI PI )» (PCI, —PCI)» (PC,L —PCI, )»

(ii) interference terms

(PC+PC)» PT» PT» (Pl PI

(PI PI )» (PCL PCI»)» (PCI PCL)'

In the case of A, production we have in addition
the following nonvanishing matrix elements:

(iii) noninterference terms

(PC —Pc)» (PI +PI )» (PI +PI ),

(PCL PCI )» (PCL+ PCL)

(iv) interference terms

(PC —PII)»(PI +PI )»(PI +PI )»

(PCI+P,CL)» (PCI + PCI )'

If, moreover, the V-A interference terms can be
neglected, the density matrix is further simpli-
fied.

More explicitly in the case of SCHWA the angular
distribution for the decay V-wtI, Eq. (34a), re-
duces to the following simple form after integrat-
ing over 4» (i.e. , the angle between the lepton and
the hadron plane):

IV(e*, 4'*)=—(~ [P'II'+ PII + Ti(1 —e')'~ (pc + pc )] sin'8*+ epL cos'8*). (48a)

Analogously we have for A, - 3II [Eq. (34b)j

IV(e*, @*)= (k[PII +Pv +—II(I —& ) (Pc+Pc)](1+cos 9 )
1

+ epL sin'8*+ X cos 8*[pc' —pc + Il(1 —e')'~'(pc —pc )]]. (48b)

Note that also in this case no 4*dependence ap-
pears.

The V-A transitions are also contained in Eqs.
(48a) and (48b). If they can be neglected, the
terms II(1-e')' (pc+ pc) and (pc —pc) disappear;
thus v and v production are predicted to be the
same for the case V-vtI [Eq. (48a)j, whereas
there is a difference in the case of A, - 3m, Eq.
(48b), due to the additional coupling X. The re
maining density matrix elements can then be
written in the simple form

I

This was already done in electroproduction. " Ob-
viously, if, in addition to the 4-integrated cross
section

dov
df

(49a)

dg derv dg
dt dt dt

the density matrix elements p~ and pv'+ pv can
be measured, doc/dt and doL/dt are then given by

pv+pv =
1+zR

=-(Pc —Pc)»
d(Tg 1 dO'

dt 2w dt
(49b)

00 Rp'= i+~
with R = CL/oc. A measurement of R based on the
g dependence might be rather difficult; however,
within the approximations made R can be deter-
mined by measuring the decay angular distribu-
tion, using Eqs. (48a) and (48b):

00

pv+ pv

IV. WHAT CAN WE LEARN ABOUT WEAK INTERACTIONS?

Let us distinguish between the better-known
charged weak currents and the neutral ones, i.e. ,
between the production of charged mesons [reac-
tions (A) and (B)]and of neutral mesons [reactions
(C) and (D)].

In analogy to electroproduction one of the most
interesting questions concerns vector- and axial-
vector-meson dominance of the weak current. One
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would expect that the charged vector current is
dominated by p', K~,E~,D~ and the neutral vec-
tor current by p, co, P, P and possibly related
higher-mass states (p', P', . . . etc.). Furthermore,
one would expect that the axial-vector current
shows dominance of the corresponding axial part-
ners of these particles, that is, A„m, K„*,K, +~,

This, however, is less clear as there exist
models, for instance, the naive nonrelativistic
quark model, where the A, does not couple to the
axial-vector current. In the charged-current
reactions (A) and (B) 'the search fol Ai production
is therefore undoubtedly most interesting.

If the weak current is dominated by vector and
axial-vector mesons, these particles must be
produced diffractively and show the characteristics
of the diffraction mechanism (see Sec. III) as has
been the case for electroproduction of p and ~).

Owingto the absence (or strong suppression) of
strangeness-changing neutral currents, the K
(g~) will play no role in the dominance of the
neutral current. Furthermore, in a quark model
with u, d, c,s, states neutral currents are in gen-
eral diagonal in these fields; thus they cannot be
dominated by a nT state (D ~) either.

Obviously, in order to learn more about the iso-
spin and the space-time properties of the neutral
current it is necessary to assume some proper-
ties of the diffraction mechanism. We shall as-
sume that diffractive scattering with neutrinos
proceeds in a way completely analogous to photo-
production and electroproduction. Furthermore,
the assumption is made that elastic scattering on
nucleons of an axial-vector particle is the same
as of the corresponding vector particle.

The form of the weak neutral current using the
quark-model notation is given in Ref. 4 as

+ y„g(y, 5+,y, )s+ cy„(y,+ 5,y, )c+ ~ ~ ~ .
(50)

Ot, P, y, 5, etc. are parameters given by specific
models.

In principle the inclusive processes [v(v)+N- v(v)+ hadrons] on protons and neutrons separate-
ly, together with elastic vN scattering'7 or single-
m production, "allow a complete determination of
the eouplings n, P, y, 5. Inclusive hadron production
by neutrinos supplemented by information on dif-
fractive production of vector and axial-vector
mesons provides a further possibility to measure
them. 4 Indeed diffractive neutrino production of
vector and axial-vector mesons by itself [see Eqs.
(C) and (D}]can give an independent determination
of all the coefficients appearing in Eq. (50), pro-
vided that the features of the diffraction mecha-

nism are known from the charged-current reac-
tions (A) and (B). As long as this is not the case,
one has to resort to measuring appropriate ratios
as illustrated in Refs. 4 and 5, for instance

av(v+N- v+ p'+N)
aa(v+N V, + p'+N)

a„(v+N- v+Ao+N)
a„(v+N- V. +A;+N)

a„(v+N- v+ &u'+N) y '
aa(v+N- v+ p'+N) a

(51)

where the diffractive part of the cross section o~
at a fixed value of Q' is understood. If OU is not
known from a measurement of the g dependence a
possible way to determine it can be obtained by
using Eqs. (49a) and (49b). Instead of av one can
take oa+ eo~ in Eqs. (51}-(53),but this is less
certain due to the more complicated Q' behavior
of a~. The relation (53) further implies equal Q'
behavior for u and po production.

V. PROBLEMS IN MODEL CALCULATIONS

Previous analyses'"' have shomn that numerical
predictions for cross sections for the reactions
considered are highly model dependent. This is
the case for the absolute values as well as for the
dependences onx and y or Q' and E. All these
analyses are based on our knowledge of electxo-
production of vector mesons. At present only
neutrino production cross sections integrated
over 4 have been considered; hence only the be-
havior of o, + &o, enters.

Besides the more general questions raised in
Secs. III and IV, the further problem arises that
even electroproduction of vector mesons has been
measured experimentally only in a restricted kine-
matic domain (Q'~ 1.5 GeV', W& 5 GeV); see
Refs. 10, 19, and 20 for the most recent data. As
claimed in Ref. 10 the p' electroproduetion data
are well described by vector-meson dominance
(VMD} in this region with ft = a~ /av= $, Q /m, ',
E,'= 0.4. Since neutrino experiments involve lar-
ger incoming energies the range covered by the
variables Q', s, and t will also be much larger
than for eleetroproduetion. The authors of Refs. 3
and 6 thexefore had to make definite assumptions
in particular about how the cross sections Oz and

o~ behave at large Q'. To some extent all these
assumptions are rather speculative. While in Ref.
3 VMD was used also for higher Q', various Q'
dependences for oo and o'L, disagreeing with simple
VMD were studied in Ref. 6 leading to quite dif-
ferent numerical results. Moreover, a purely
diffractive mechanism has been assumed for the
whole kinematic range.
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m ' Q2
(W N VN)=C—»'. .. I+ $»'e

dt

"—'(VN- VN)
MK dt

(55)

with

(56)

and y, '/4w = 2.6. The parameter g» is the ratio
of the amplitudes for elastic scattering of longi-
tudinal and transverse polarized vector mesons
on nucleons. A form completely analogous to Eq.
(55) can be used for describing neutrino production
of axial-vector mesons (charged and neutral).
We want to stress again that the Q' dependence as
given in Eq. (55) agrees with p'-electroproduction
data" in the kinematic region considered, although

In order to extract useful information from the
data about the weak coupling constants, the dif-
fraction mechanism, and the nature of the parti-
cles produced, it is therefore necessary to re-
strict oneself to an appropriate kinematic region
where the uncertainties mentioned above are mini-
mized, i.e. , a region where a diffractive mecha-
nism really dominates and where the correspon-
dence between electroproduction and neutrino
production is expected to have the greatest validity.
The p-electroproduction data suggest taking Q'
==Q,'=2 GeV' Itl ~l GeV', s~s, =5 GeV' (for
production of mesons with higher masses a lar-
ger value for s„ is necessary). At higher Q' one
is already in a region where one expects nondif-
fractive mechanisms to become more important.
In a parton picture, for instance, dif fractive scat-
tering is correlated with the sea quarks and for
larger x the sea contribution becomes negligible.
In particular, v~/vv will no longer follow the
simple form $~'Q'/m, ' but will rather go to zero.

In the kinematic domain defined above the neu-
trino production cross section can be related to
electroproduction by

do W' 2d ' I' doN-V"N = ' ~—(y N-V"N)
dt ~ - e2 I'vdt v

(54)

where we have assumed that V-A transitions are
unimportant. Here I'~ is the width of the leptonic
decay V'- e'e; d~ measures the strength of the

coupling of the intermediate boson to the vector
meson and must be specified by some model.
Equation (54) can in principle be used for a deter-
mination of d~. The d~'s are of course related
to the coefficients o. , P, y, etc. of Eq. (50). For
K*,F ~, D*, invoking vector-meson dominance,
we can write

TABLE II. The coefficient dz and d& according to Eqs.
(56) and (57) as given in the Weinberg-Salam model.

cosg& Ag —cosgg

K* singe Kz -slngc

cosg& —Cosgc

K*

—sing&

1 —2 sin~8&

v2

D

Ag

sin gc

D40

W2 sin gz
3

l 2 . 2—2+ 3 Sin ger

l
2

4 2
2 —

&
sin 8&,

the total inclusive hadronic electroproduction
cross section 0„,disagrees with simple VMD.
Also, the ratio vz/vv is experimentally larger for
p' production than for the total inclusive cross
section.

In a picture where the weak current couples di-
rectly to a vector or axial-vector meson the most
essential parameter is the corresponding coupling
constant C» or C„, respectively. In Eq. (56) the
mass factors enter because we have. assumed that
the decay widths for V'- p,'v and V'- vv obey the
relation I'»/I', = (d„/d, )' as is suggested by the
corresponding electromagnetic decay widths. The
couplings d~ in the Salam-Weinberg model are
given in Table II, where 6)~ is the Cabibbo angle
and @ is the Weinberg angle. Other models are
discussed in Ref. 21.

For the axial-vector couplings C„ two possibili-
ties have been proposed. "The first' is based on
the assumption that the decay width of A- p.v is
the same as that of the corresponding vector par-
ticle decay V- p.v. This leads to

(57)

C„=2 (58)

A possible way to distinguish between these and

where d„ is given in Table II. The second propo-
sal' is to take y„'= 4y, ' as suggested by the Wein-
berg sum rules leading to I'„=(M2/4)I' or equiva-
lently
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further possibilities would be to determine I'(A,
p, v) by measuring the ratio

ov(vp & AP4ieir
o„(vp- p p'p)gggf,

(do/dt)(Ap -A;p)I'(A, - p v)mg, 3(m, 2+ Q')'
(do/dt)(p'p - p'p)I (p- pv)m, '(m„,'+ Q')'

In order to give estimates for the rates to be
expected in the restricted kinematic domain Q'
=2 «V' Itl = I (oeV/c)', s —s„we have cal-
culated the cross sections for production of sev-
eral vector and axial-vector mesons [reactions
(A) to (D)]. The parameters have been specified
in the following way: s, = 20 GeV2 for P„produc-
tion, so 10 Ge& for D*,E*,E„,D„production,
and s, = 5 GeV2 for the other particles, )~2= $„2
= $,2= 0.4. For all other quantities such as mass-
es, hadronic cross sections, slopes, etc. we have
taken the values used in Ref. 3. The results are
shown in Figs. 4(a) and 4(b) with C„as given in
(57). The other possibility [Eq. (58)] would lead
to cross sections for axial-vector mesons which
are smaller by a factor I/(2v 2). Note that in the
Salam-Weinberg model (see Table II) no diffrac-
tively produced m„should be seen and for sin28~
= 8 also no P production should occur. The Q' de-
pendence of do/dQ' for vp- V, p'p at E = 10 GeV,
shown in Fig. 5, is a test of oux assumption about
the Q' behavior as given in Eq. (55) which, more-
over, contains implicitly the damping factor
e"~m~~ which suppresses the cross section for large
Q2 22

Preliminary data on neutrino interactions in
hydrogen at a mean neutrino energy of 38 GeV have
been presented in. Ref. 1. For p' production our
predictions are consistent with the data. Regard-
ing A', production the prediction, based on the
coupling constant given in Eq. (5V), is larger by
a factor of approximately 3 than the experimental
observation, which is, however, based only on
three events. If this result should be confirmed
by future data it would mean that a coupling to the
axial-vector current according to Eq. (58) is
favored. A clear experimental signal of A, -neu-
trino production would, furthermore, be very
helpful for a decision as to whether the A, is a
genuine resonance or not. It might be possible
that also here a Deck mechanism is present as was
suggested for pure hadronic reactions. Most
likely one will not be able to solve this question
by looking only at the production cross section be-
cause a nonresonant mp system might behave like
an A, and also couple to the axial-vector current
with a comparable strength. It will therefore be
necessary to investigate in addition angular dis-
tributions as discussed in Secs. II and GI as well

~»or
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FIG. 4. Cross sections for diffractive neutrino pro-
duction of vector and axial-vector mesons as a function
of E for Q —2 Gev ta) for charged-current reactions,
( b) for neutral-current reactions.
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as the three-pion mass distxibution.
In the case of p production our prediction lies

beneath the present data. In this case, however,
one has to be aware that the diffxactive compo-
nent is rather small, approximately a factor —,'0

smaller than fox p' production if the Salam-Wein-
berg model is right. Consequently the nondiffrac-
tive amplitudes, in particular V-A. transitions,
play a more important role, since the coupling
of the A,' to the weak neutral current is much
larger than that of the p' (see Table II). The non-
diffractive component might even be of the same
order of magnitude as the diffractive one, simi-
1ax'ly, for lnstaxlce, as fox' R photoproduetlon and
electroproduction.

It is known that (t) photoproduction is a pure dif-
fractive process if Q contains only strange quarks,
In the same way neutrino production of ft) a.nd Q~
proceeds purely diff ractively. This makes these
processes very interesting for measuring these
particular couplings of the weak neutral current
as weQ as for proving the existence of axial. -vector
particles. If the'ft)~ exists, a prominent decay
mode is expected to be Q„-EEm.

VI. CONCLUDING REMARKS

In the present paper we have carried out a de-
tailed kinematical analysis of vector-meson and

axial-vector-meson production by neutrinos. By
measuring the 4 and & dependence in principle
nine independent cross sections ean be evaluated,
four of which are vector-axial-vector interfer-
ences. The decay distributions for V- nm, V- 3m,
and A- 3m have also been discussed. The decay
density matrices exhibit the same dependence on
E and 4 as the cross section. The cross-section
contributions as well as the density matrix ele-
ments have been expressed in texms of s-channel
helieity amplitudes. The density matrix can be
written asymptotically as a sum of a natural- and
unnatural-parity t-channel exchange contribution.
In contrast to electroproduction these two parts
cannot be separated purely by kinematics in the
present ease. If s-channel helicity conservation
holds, and if V-A transitions are negligible, the
expressions for the cross sections and the decay
distributions become particularly simple. This
will provide easy experimental tests of these as-
sumptions for axial-vector as well as vector-me-
son production. At low s, howevex, appreciable
nondiffractive contributions might be present
which in turn could give rise to substantial V-A
transitions.

If certain details of the reaction mechanism are
understood, diffractive production of vector and
axial-vector mesons can be used to determine the
couplings of the charged axial-vector current as
well as those of the weak neutral current.

In order to minimize the uncertainties which
enter we have proposed that the analysis should
be restricted to a kinematic domain (Q'~ 2 GeV',

I
f

I
~ I GeV', s ~ 8 GeV'), where a diffractive

mechani. sm is expected to be dominant and where
information from eleetroproduction of vector me-
sons is available.
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In the following we show the separation of the most important density matrix elements p and p~ into
natural- and unnatural-parity t-channel exchange eontx"ibutions expressing them in terms of the amplitudes
defined in E[ls. (37) and (38).

(i) Prod'uction of a vector meson. We have

'(p:+ p )= c-2 Il~:;.I'+ l~:;-I'+ l~ „I'+ l~:,-I'+( - )&

@00 ~+0 2+ P 0 2+2

2p'= —I Re[ .„'-e...e,, '-(e-e)) —'I ) [ ... , "—e,,',e;;"—(e-e))I,
Xl
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+0 0(p'„'- pv }=~ Re[(v„,, -v,, }v',,',*+ (v„',,+ v„}v~',*+(a, ,+a, }a'„',*+(a„', —a„' }a„'.*]

+i+ ( [(v...+,, )a,":+(u,',.-u, , )a, ',."+(s~.—s, )v'„". +(a,'.+,')s„".]I,

-'(p."+p. }=~ r. I:I"",.I'+ Iv...l'+(v-a}]
l

p = ~Z (I ';.I'+ I&;.I'}00

Xl

p' =
~ 2 (-lv"...I'+ Iv...l'+ I a:;.I*- Ill",.I'}+2 2 ™(v:;.a"...*+~.v...*}
2

Xg

0- 4

}t)

(ii}Production of an axial vecto-r meson. This is as in the vector meso-n case (i}hut with (v a}. In
addition, one has the following density matrix elements:

Po + Po = 2 i™I(vV,++ v~, -}v~, + ("x,+ - "7,-}v),+*+ (aV+ -ai, -}ax,+*+ (It),++ +),-}ai,+ ]yo Om 2

+ P Re[(, , — )a,",.'+ (F;.~,' )Pr„',.'+ (+.+,, )v,",,'+ {a,',.—,',.),',:]I,

(pP+ pz, }=
&

i ™(Qo&)„',*+ v~, ,t ),,', }+g Re(vi~, a,'~,*+
~~ave~,*} .
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