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A phenomenological study of diffractive wp production by neutrinos in the A4, region is performed. The
difference between resonant and nonresonant (Deck-type) production is worked out. Interference effects are
included. Numerical results for the mass and decay angular distributions are given.

I. INTRODUCTION

For many years much experimental effort has
been put into establishing the A, meson as a gen-
uine resonance as is demanded by our current
theoretical belief. No convincing evidence has
been found in purely hadronic reactions™? as, for
instance, ‘in 7N— (mp)N. Although experiments
have by now acquired sufficient statistics to allow
one to do partial-wave analyses, no strong phase
variation of the 1* partial wave has been observed
which would be an unambigous signal for a reso-
nance. Only recently the discovery of the heavy
lepton 7 and its decay into v,(mp) showing a strong
enhancement in the (mp) mass distribution near the
expected A, mass gives strong support for the
existence of the A, as a resonance.® The question
of the existence of the A, became even more inter-
esting since other axial-vector mesons, namely
K, (the 1* state in the so-called @ region).and ¥,
(the 3P1 state at 3.51 GeV), seem to be experi-
mentally confirmed, **

The difficulties in the diffractive hadronic reac-
tions have been due to the fact that the data can be
largely reproduced by nonresonant Deck-type
models.® Even if the A, is a resonance, its con-
tribution to the mp system in the final state cannot
be separated from the nonresonant Deck contribu-
tion in a clear way.

A clearer situation is presumably present in the
diffractive production of the A, system by neu-
trinos®":

v+N— pu+N+(mp). (1)

If the A, really exists and moreover dominates
the hadronic weak axial-vector current, then in
reaction (1) the lepton pair couples weakly to the
A, which in turn is elastically scattered off the
nucleon [see Fig. 1(b)]. The mechanism is sim-
ilar to photoproduction or electroproduction of p°
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mesons where the photon couples to the vector
mesons dominating the electromagnetic current.
Also in this case one has a resonant amplitude as
well as a Deck-type background (S6ding model?).
From the experimental data® on p° photoproduction
it has been found that the resonant contribution is
the dominant one. We can therefore expect that
also in the reaction (1) resonant A, production
should be the main contribution. The essential
point is that reaction (1) proceeds via elastic scat-
tering of the A, whereas in the reaction 7N

— (pm)N, the A, would have to be produced by dif -
fractive excitation which is an order of magnitude
smaller than elastic scattering.

Various authors have estimated the total A, -
resonance production rate by neutrinos.®’ For
instance, in Ref. 7 the diffractive A} production
rate for an incoming neutrino energy of E ~50 GeV
has been predicted to be 5-20 X 107*° ¢cm?®. Where-

M) r

o
(a)~
K(v)
v
P
'
: —————— T
N N’
(c)

FIG. 1. (a) Graph for the reaction VEN —u(v)+N
+p+m. (b) Graph for resonance production. (c) Deck
mechanism for pr production.
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as diffractive p* production has already been ob-
served experimentally, for A} production only
upper bounds of 11 X 10™*° ¢m?® or 9 x 10°*° cm?
havebeen obtained!®in experiments with the Fermi- -
lab 15-ft bubble chamber or with BEBC at CERN,
respectively. On the basis of these results, how-
ever, one cannot decide whether the A, is a reso-
nance and how the mp system is produced. Further
experimental information can be expected in the
future. .

In our previous analysis’ of neutrino production
of vector and axial-vector mesons, we have worked
out the kinematic details necessary for an experi-
mental investigation and were mainly interested
in general dynamical questions. In the present
paper we shall study mp production in the A, re-
gion in detail. We compare pure resonance pro-
duction with the nonresonant Deck model paying
particular attention to the differences in the mass
distributions and decay angular distributions in
the cross sections 0y, 0;, etc. In analogy to the
S6ding model for 7*m photoproduction we also
consider the interference of the resonant amplitude

" with the Deck background. This is most likely a
reasonably good representation of the actual situa-
tion.

An essential feature of the underlying picture is
the A, dominance of the hadronic weak axial-vector
current which is expected to be valid in the small-
@Q® region. Because of the uncertainty in the @°
behavior at large @* we restrict ourselves in the
actual calculations to a fixed low value of @°, i.e.,
Q?=0.4 GeV2. Of course the numerical results
also depend on the precise values of the mpA,
coupling constants. Needless to say, the neutral-
current reaction

v+N—=p+N+AS (2)
can be used to determine the coupling of the axial-
vector part of the weak neutral hadronic current.

J
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Section II gives a short compendium of the most
important kinematical formulas for a three-had-
ron final state in neutrino production. In Sec. III
we study pure resonance production. The Deck
mechanism is treated in Sec. IV. In Sec. V we
consider the interference between the resonant
amplitude and the Deck amplitude. Finally Sec.
VI contains a discussion of the numerical results.

II. KINEMATICS
In order to describe reactions (1) or (2) we use
the standard variables v, Qz, s, t, and ¢ as de-
fined in Ref. 7. The four-momenta of the external
particles are as denoted in Fig. 1(a). Since we
are treating here a three-hadron final state, we
need three further variables: M,*=¢q’?, where

‘q'=q,+4q,, and the polar and azimuthal angles

6*, ¢* of §, in the mp rest system §’=0. The
cross section can then be written in the following
form”:

‘do
dE'dQ,dtd pdcos O*dd*dM 42

-r do"”
- dtdd)dCOS@*dCb*dMAz ?

(3)

where E’ and , are the energy and the solid angle
of the outgoing lepton in the.laboratory system.

T is the flux factor of the intermediate vector
boson:

G2 E’ Qz (S _MZ)

T4 E 1-9 2M

E is the incoming neutrino energy, and € is given
by
2(Q2 + 1/2) -1
= + ——
€ (1 EE--0) *

The virtual- (intermediate-) boson cross section
is decomposed as

w
dtdqbdcoice* do*dM 2 2—1{; {oy + €0y, + ecos2poy + €sin2 g0 + [2€(1 + €)1 *(cos p)o; + [2€(1 + €)]'*sinpoy
A
+1((1 = )20+ [26(1 = €)]**(cosp)ogy + [26(1 - O] Asinp)oyy )}, (4)
i

where 0y is a shorthand notation for doy,/
dtdcos6* d¢*dM ;2 etc. The various cross-sec-
tion parts correspond to definite-helicity states
of the intermediate boson.”

It is useful to introduce helicity amplitudes

a,={, p,NJA* (0)|N)e, M) (=1)*, (5)

where X\ denotes the helicity of the incoming vec-

tor boson, the helicity states of the nucleons and
of the outgoing p meson not being indicated. A*
is the weak hadronic axial-vector current. As we
are interested only in a purely diffractive process
we shall not include the corresponding vector-
current matrix element.

In terms of the helicity amplitudes (5) the cross
sections are given by
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oy =3 (|a,[*+]a.|?),
0L=mlaolzy
op ==-JRela a¥),

1
0; =9—== Re[(a, —a)a¥],

V2
Ocr = _31\/% Im[(a, - a)a¥], (6)
ohr=-9tIm(a,a*),

o/ :91%2— Im[(a, +a.)a¥],

*-la|?1,

0'0231(—%) [ I a,

O, =N (—- \/—{2‘> Re[(a, +a.)a¥]
with

q
2m)*128g*/ s (s —M*M,’
where g is the momentum of the p meson in the
A, rest system and ¢* is the virtual-boson mo-
mentum in the hadronic c.m. system.

=1

III. RESONANCE CONTRIBUTION

In this section we assume that the A, exists. If
moreover it dominates the hadronic axial-vector
current, the simplest way to produce it diffrac-
tively in neutrino scattering is by elastic scatter-

1

— AX . ’ ’ aB+
a,=A; (4% —maZ+imal(g )] e,(x,q") (mA g:8

ing of A, on the nucleon as illustrated in Fig. 1(b).
The helicity amplitude for A, production by an in-
termediate vector boson W* is denoted by A}’
where X and )’ are the helicities of the W* and A,
respectively. In order to specify A} assumptions
about the reaction mechanisms are necessary. In
p° photoproduction and electroproduction it has
been shown® ! that s-channel helicity conservation
is fulfilled to a good approximation. It is reason-
able to assume it to be valid also in A, neutrino
production. This means that only the following
helicity amplitudes do not vanish:

2
1_ pA-1_ :o otot ,At/2,~ __Ma
A=Al |=is T4 n€ CAmA2+Q2 ’
(7
Ve
Ag:‘EA ma Ai:

with m,=1.1 GeV. C, measures the coupling
strength of the A, to the axial current [see Egs.
(57) and (58) in Ref. 7]. The values of 26 mb for
of°l, and 8 GeV "? for A are taken as suggested by
the quark model. Furthermore, €A2:0.4 is used
which corresponds to the value as measured in p°
electroproduction. The @® behavior in Eq. (7)
follows that of a simple A, pole which means that
we restrict ourselves to @° <1 GeV®. The helicity
amplitude taking into account the decay A,— p7 is
then given by

£ fat)sta), ®

where ‘e; is the polarization vector of the decaying A, and ¢ is that of the p. The couplings g, and g, are
the A,mp coupling constants. From Eq. (8) the cross sections follow as:

1
—m 2P+ m, T2

oy =93 |ai]? @”

1 - z, q,)° . (¢,°95)
x[mAzgsz (2 +mp2 qzsinzes)}( 84 ) qzsinzesk (—m,z +£‘ny_§))+&2g_d G* sin®6; (1 + 42 s

4mA

1
@7 —m) +maTe

UL:mlAg’z

2 JIRY .
X [mAzgsz (1 +m-12 7 coszes) +<4§;‘A) q” cos®6, (—m,z + (qlm_q;)) +‘%g—d g cos®d, (1 + M)} .

14

4 mﬂ

(9)

P mﬂ

(10)

6, is the polar angle of the p in the s-channel helicity system with the z axis in the direction of -p’.

I'(g’?) is the mass-dependent A, width:

=

24
zmA2(672+3mp2) +g¢ig +g§2gd

127 M *m} [gs
Note that oy and o, exhibit no dependence on the

azimuthal decay angle as a consequence of s-chan-
nel helicity conservation.

Wala +m,,2)”2]. , (11)

~ The heavy-lepton decay T— Ay, indicates® an
A, width of 200-250 MeV and a mass of 1.1 GeV.
In principle the coupling C, is determined by the



branching ratio T'(t—A v,)/T(7—~evv,).* Assum-
ing that the decay 7— (3m)v, is due to 7— A v, the
data® only give a value of C, between 0. 06 and
0.18 because of the large experimental -uncertain-
ties. Hence in order to get definite numbers for
the couplings g, gd,' and C, we have to rely on
models. Assuming throughout I' =250 MeV and
my=1.1 GeV we shall discuss here two cases for
charged-A, production:

(i) Pure S wave for the A, — pm decay leading to
gs=3.4and gs=-9.3. The A, -current coupling
is given by assuming the validity of the Weinberg
sum rules in the one-pole saturation’® as C,
=0.12, [Note that this value of C, corresponds to
Eq. (58) of Ref. 7, whereas the value following
from Eq. (57) seems to be already excluded by the
experimental data. ']

(ii) Hard-pion technique as used in Ref. 14 re-
lates the A, p7 to the pmm coupling. With T, =152
MeV and ¥,2/4r =2.6 but without relying on the
simplest form of the Weinberg sum rules in the
one-pole approximation (see Appendix A for de-
tails), one gets g =3.5, g,=6.2, and C,=0.16.

1IV. DECK MODEL

In this section we shall study the Deck mecha-
nism for process (1). This is important for two
reasons: Firstly, it would be the dominant mech-
anism for this process if the A, were not a reso-
nance. Secondly, even if A, is a resonance, the
Deck graph [Fig. 1(c)] may represent an appre-
ciable background to A, production.

The Deck model has been extensively studied®
in the phenomenological treatment of the process
nN— (pm)N. We apply the same mechanism to our
case [Fig. 1(c)]. Here the axial-vector current
couples to the mp system and the pion is subse-
quently scattered diffractively off the nucleon.
We neglect the analogous graph where a p is ex-

- changed instead of a m. For the reaction 7N
— (pm)N it has been explicitly shown in Ref. 15
that its contribution is much smaller. An analo-
gous estimate for our case which is straightfor -
ward but more lengthy gives a similar result.
Then the corresponding matrix element for Eq.
(5) is

(plg)), m(q,),N|A*(0)|N)

__A‘IYN(S 12 t)
- (ll - mrz)

x [G-I(Qz, t)g™ +Gy(Q%,1)(g —q)q leX(q,) ,
(12)

where s,=(g,+p")?, t,=(q —q)°. A,y is the elas-
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tic mN-scattering amplitude which we write as

Auyls i, )=iols e ?, (13)

where oY, is the total 7N cross section (taken to

be 24 mb) and A ~8 (GeV/c)™? is the slope of the
differential cross section.

As in previous applications of the Deck model
to strong-interaction processes the Reggeized
form of 7 exchange gives a better description of
the data, we shall use it here, too. This means
that the pion propagator in Eq. (12) is replaced by

~N

—_—

1 a’[—zl-(MAz—ul)] a”“l)e-iﬂa,(tl)/z’ (14)
[1 —mnz av(tl)
where u,=(q —¢,)% and o, (t,)= a'(t, -m?2), a’
=0.9 GeV®:. G, and G, of Eq. (12) are the cou-
plings of the mp system to the axial-vector cur-
rent. We can write

2

Gl(Qz,t,)chmAgs(Qz’“)@%m’
1 y (15)
2 _ L 2 A
GZ(Q ,tl)—CA 4mA gd(Q ,tl) (Q2+mA2) *

Here we have assumed the @2 behavior to be es-
sentially given by a polelike behavior with an ef-
fective mass of the mp system of m,=1.1 GeV.
The remaining @* and ¢, dependence of g, and g,

is expected to be smooth. In order to be able to
compare with the resonant case we shall deter-
mine the couplings g, g4, and C, in a way analo-
gous to Sec. III. The underlying idea is that those
results of current algebra we are concerned with
here may remain valid even if the A, does not exist
as a resonance (see Ref. 13).

For the two cases considered we then have

(i) g¢, g4, and C, as given for case (i) in Sec.
IIT,

(ii) g, and g, as in Eq. (A3) with ¢,°>= -Q* and
k*=¢, and C,=0.16,

The resulting formulas for the cross sections
can be worked out in a straightforward way. The
expressions for oy and o, are given in Appendix
B.

V. INTERFERENCE OF RESONANT
AND DECK AMPLITUDE

If the A, is a resonance then, as already men-
tioned, we have to take into account the interfer-
ence between the resonant amplitude and the Deck
amplitude. We proceed in a way analogous to the
Séding model® for 7' photoproduction by taking
the sum of the graphs Fig. 1(b) and Fig. 1(c).
For calculating the coupling of the axial current
to the mp system we again invoke our basic as-
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sumption of A, dominance [in Fig. 1(c) as well as
in Fig. 1(b)]. This means that the sum rules are
evaluated in the 7, p, and A, pole approximation.
The results are the same as in the preceding sec-
tions. The total helicity amplitude is then the
sum of the amplitudes of Eq. (8) and that following
from Egs. (12) and (5) with the numerical values
of the couplings corresponding to the two cases
considered in Secs. III and IV.

We are aware of the fact that this might lead to
some double counting because of resonance forma-
tion due to mp rescattering in the Deck mechanism.
Since the mp partial-wave amplitudes are unknown,
a clean treatment of this problem is practically
impossible at the present stage of investigation.
From a similar analysis of photoproduction'® one
can expect that our results will not be influenced
numerically very much.

The cross sections are then obtained from Eq.
(6). The formulas for oy and o, are again given in
Appendix' B.

VI. NUMERICAL RESULTS AND DISCUSSION
Important information on the production mech-
anism of the mp system is to be expected from the
Tp mass distribution. We have calculated doy/
dM,® and doy, /dM,* integrating over f and the decay
angles 6* and ¢*, taking as a typical example

deyy
mﬂ/ﬂ w?)

16 M,(GeV)

aoo1

FIG. 2. (a) and (b): The cross sections doy, /dM ,°
and do, /dM Az for the case (i) (pure S wave) for @2
=0.4 GeV? and s =50 GeV?, Dashed line: resonant con-
tribution. Dotted line: Deck contribution. Solid line:
total contribution.

s =50 GeV® and Q°=0.4 GeV® (v=26.4 GeV). For
experimental reasons it will certainly be necessary
to sum over some @° range. The chosen value
@*=0.4 GeV® would then roughly correspond to an
average value of 0.1< Q%<1 GeV?, where our
model assumptions should be fulfilled.

The results for the cases (i) and (ii) are shown
in Figs. 2 and 3, respectively. It turns out that
in oy and oy + €0, the resonant contribution is
larger than the Deck background. This is par-
ticularly true for case (i) where the Deck con-
tribution is very much suppressed. Note, how-
ever, that in our case (ii) in do,/dM,* the Deck
and resonant parts are of comparable magnitude.
In both cases the mass distribution due to the
Deck graph alone is much flatter than that of the
resonant graph. This is in contrast to the had-
ronic case mN— (pm)N, where the Deck contribu-
tion peaks already near My~ 1.1 GeV. The reason
lies in the different nature of the coupling involved
and in the different kinematical situation (@*
spacelike). If the couplings are like in case (ii),
the Deck background by interfering with the reso-
nant part contributes sizably to the cross section.
Quite generally the cross section following from
case (ii) is larger than that of case (i) by approxi-
mately a factor of 2. This is mainly due to the
different values of C,. The influence of the Deck

Qo4
a4
am2 A(mb/Geﬁ
003

Qo1

d dL
EWA{MI’W)

002

0.01 1

1.6 My(GeV)

FIG. 3. (a) and (b): The cross sections doy /dM
and doy, /d M Az for the case (ii) (hard-pion technique)
for @2=0.4 GeV and s.=50 GeV2, Dashed line: resonant
contribution. Dotted line: Deck contribution. Solid
line: total contribution.
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background can be seen even more clearly in the
6* distribution. This is shown in Figs. 4(a) and
4(b), where we have plotted d(oy + €0,)/dcos 6*
(e=0.8), again for the two cases integrating over
t, ¢*, and M, from 1.0 GeV? to 2.56 GeV>,
Whereas the pure resonance part is symmetric
in cosf* and rather flat, the Deck and the total
contributions show a pronounced asymmetry.

We also have looked at the other cross-section
parts of Eq. (4) o4, 07, etc., but shall rot ex-
plicitly present them here because they turn out
to be much smaller than oy and o,. They vanish

for the pure resonance case and s-channel helicity

conservation. Hence one expects only a rather
wealf.dependence on ¢ of the cross section in Eq.
(4).

Of course our numerical results depend on var-
ious assumptions as the A, pm coupling constants,
the A, -nucleon cross section, etc. The basic
hypothesis, however, concerns the way the A,
couples to the axial-vector current. If A, domi-
nance holds we would expect that a decision be-

dlery+€e,) (a)
dcose*
(mb)
0005

0.001

002

d(Gy *+€e)
d cos6*
(mb)

0.01

0.005 4

-10 0.0 +10

FIG. 4. (a) and (b): d(oy +€0y) /dcos6* for cases (i)
and (ii), respectively, for @2=0.4 GeV?, s =50 GeVZ,
€=0.8. Dashed line: resonant contribution. Dotted
line: Deck contribution. Solid line: total contribution.

tween resonant or nonresonant mp production
should be more clearly possible in neutrino scat-
tering than in pure hadronic reactions because the
resonance mechanism is more pronounced. On
the other hand, in case that the A, does not exist
as a resonance, the Deck contribution is the only
one. It may, however, happen that the A, is a
resonance but by some mechanism does not couple
to the axial current with the strength as expected.
Then the resonance contribution will also be sup-
pressed with respect to the Deck background.

It is obvious that our considerations apply also
to the neutral-current reaction (2). One has just
to take the appropriate value for C,, the coupling
of the AJ to the neutral axial-vector current. In
the Weinberg-Salam model, for instance, the A3
production cross section should be one half of the
A7 cross section.

If the ideas outlined above are right, they should
be valid also for neutrino production of K, (decay-
ing into 7K*) and D, (decaying into D*7), where
K, and D, denote the axial partners of K* and D*,
respectively.
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APPENDIX A

Following Ref. 14 one gets for the off-shell
A p7 couplings

g=-4,Vas, (A1)

with @=m,*/F 2y,%, v,2/47~2.6, and q,, q,, and
k the four momenta of the A,, p, and 7, respec-
tively. @ and 6 are unknown parameters. The p
width is then given by :

,)/2 m 4m2)3/2 (1—-6))2
— -2 _p _ L
Tlo~mm =16 15 (1 m,? (”“ 2 :

(A2)

The simplest form of the Weinberg sum rule in
the pole approximation would give @=1 and con-
sequently y, =2v,. Eq. (A2) with ['(p— 7m) = 152
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MeV would then demand 6= -1, This, however,
would lead to an A, width of ~70 MeV. In case

(ii) we prefer not to use this simple form of the
Weinberg sum rules, but rather to fix @ and o by
the widths of the p and A,. With T'(4,— pm) =250
MeV this leads to @=1.9 and 6= -0.2 which means
va=1.49 y,. Note that g, is a constant, whereas
g shows a dependence on the off-shell masses.
Putting p on’'shell one gets

_ ga° k* \
g3—8.4(1 -0.58 — +0.09 it )
(A3)

g4=06.2.

APPENDIX B

The contribution of the Deck graph Fig. 1(c)
to oy and o, is given by

oy =D |%n, +hy 3 @D + (@)%},

oy =9 D[ *{n, + 1,(1/Q*)a*a% - 4°¢%),

P

oy :mRem;m*){Gl(mAgs) (1 +coso+-y ) i
A

+ (mAgs)Gz[q’f[q’{ cos6 +(g* — g%)sind] + (¢%)° -
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with
al[zl(MAz _ulﬂa, @

a,(t,)

emiTap ) /2 ,

®:A1N

- q=g[(2m*28¢* Vs (s - MM, T,

hx_—”IGJZ’
1G,12 (Q+¢ +rﬁj)2
h2: miz + ’GZI2[—t1+ 4;%2
(@ +¢ +m2)}
+2G,G ‘:1——13—
T U2 2mpz ’

where the components of ¢, are expressed in the
hadronic center-of-mass system (c.m.s.) and
¢°=(g** - @*)'/®. Here we use a right-handed co-
ordinate system where the z axis is in the direction
of § and the y axis is parallel to (§xg’).

The interference between the Deck graph [Fig.
1(c)] and the resonant graph [Fig. 1(b)] leads to
the following expressions:

7 1
2?1 [t —tl —m,z —2m02 (MA2 —m‘,z —mtz)(Qz +t1+mp2)]
7 2
2m,? @ +t1+m02)]

. v /
[—q;‘(coseq’i —q3sinb) —g'gs + 2—mfz (My? —m,’ - WL,Z)] } )

v
cosf + 2

)

. .
[t —hi=m =gy (M* -, —m,,z)(Q2+t1+mf)]
4

Vs

-Gy (mag,) ,:(q*q{’— 7’9" *(q° - 49 — ¢"°(~¢" sinb + (¢* — ¢%) cosB)] + T E (Q*+¢,+ mf)}
P

&, ' , 0% s 4
*G : [-(q*qg "qoqg [q *qg—q 0((11 Sln9+qi COSG)] + 2m22 (MAZ _mpz —m”Z)]} )
P

+G, 45;,;
9 .
o= “ IO glRe(Ag(B‘D*){Gl(mAgs) (—q*q'* +4q°%"°
8 72
+__.. —t,
4my GZZ
14’WlA
with

7,=(cosbqi - qfsind)q} +(¢))?,
7,=[q"*q5 - q"°(¢} sin6 + ¢% cos6) [(g*¢S - ¢%?) ,

1

B=—Fp——FT—.
q"” —ma®+im,T

Here ¢'* is the momentum of ¢’ in the hadronic ¢.m.s., and ¢’°=[(¢'*)*+M,?]'/%. The components of ¢,
are also expressed in this system. The angle 6 is the hadronic-c.m.s. scattering angle for the production

of a (pm) system with the four momentum ¢’ and the mass M,.
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