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We discuss here the possible production of the hypothetical spin-zero W boson (Wp) recent-
ly proposed by T. D. Lee, either through the decay of a directly produced spin-one W (W;)
or by direct production in the reactions v + Fe—~Fe+Wy+u and p + Fe—~ Fe+W;+v. Theo-
retical cross sections and differential distributions are presented here for W; masses be-
tween 2 and 40 GeV/c? and W, masses between 2 and 8 GeV/c? for beam energies from 80 to
300 GeV. We show that assuming nonzero muon mass in the calculations for a neutrino
beam, rather than zero muon mass as suggested by Lee, can increase the total theoretical
cross section by up to a factor of 1000 if M; is greater than 4M, or if the W;’s anomalous
magnetic moment is near 1. In general, the production cross sections with incident neutri-
nos for Wy’s are down from those for W;’s by a factor of 20-100, while the cross sections
with incident muons are nearly equal. The effects of the W;’s anomalous magnetic moment,
Wy and W) mass, and incident energy upon cross sections and distributions are discussed
for the coherent and incoherent cases. Possible signatures for detecting a W either in the
decay of a W, or in a ¢%-v plot in direct production are discussed.

I. INTRODUCTION

In one of a recent series of papers on the weak
and electromagnetic interactions (in order to make
the weak interaction renormalizable), Lee' has
hypothesized a spinless W boson of opposite met-
ric, in addition to the usual spin-one W boson.

Eventually, with only a spin-one W, cross sec-
tions would exceed the unitarity bound in first
order. The propagator for a massive particle of
spin one is?

2
-0 v+q q,,/M . (1)

¢ -M°
The ¢, 4, term, which is not present in the prop-
agator of a massless spin-one particle (i.e., a
photon), is what makes renormalization of the
weak interactions impossible. As |¢?| increases,
the term

49,9,/ M* @)
22 —M?
begins to go like a constant, instead of falling

with |¢?|. v
The effect of introducing an additional spinless

W is to change the W propagator and the W,—~ W,y
electromagnetic vertex function everywhere. The
propagator becomes*

=0, 9,49, 1 1
qz_uMlz*'—A‘j[l—z(qz_A,[lz‘qz_Moz), ®3)
where M, is the mass of the spin-one W (W,) and
M, is the mass of the spinless W (W,). The minus
sign between the W, and W, propagators is what is
meant by opposite metric and is crucial. The W,
couples to the divergence of the weak current, as
is necessary for relativistically invariant ampli-
tudes. Now, the former bothersome 4,49, term
goes as

9,9 (Mlz - Moz)
MHE - MO - M) @

and for large |¢?|’s vanishes as 1/|¢?|. The W,
fixes up weak-interaction theory so that it mimics
electromagnetic-interaction theory and is renor-
malizable.

In this paper we address ourselves to the pos-
sible detection of a W,, if it exists. Present ex-
periments at the National Accelerator Laboratory
(NAL) are expected to search for the W, and it is
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possible that it will be directly produced and de-
tected at the energies available there. If not, it
is still possible that the effect of the W propaga-
tor will be seen, for example, in high-energy
deep-inelastic neutrino scattering. A natural
question is whether it is possible to also observe
a W, in similar experiments.

The effect of the W, on inelastic neutrino scat-
tering is far less pronounced than that of the W,.
At the large |¢?|’s soon to be available at NAL, a
damping of cross section due to the propagator of
a massive W, could be observed. The additional
presence of a W, would cause only a very small
perturbation on the W, propagator, a perturbation
that is not easily seen except at extremely high
energies. The ¢,q, term, where the perturbation
occurs, is down by a factor of m, /M,? because,
when the weak current is coupled to the propaga-
tor, the ¢, brings out a factor of the lepton mass
as follows:

qy [ﬁl ')’p (1 - 75)1"1;] (5a)
is, upon substituting ¢,=p, -2, equal to
=T th (1 =ys)u, +% (L +7)¥, u,, (5b)

which reduces to
—m,%; (1 -‘)’5)“,,- (5¢)

The possibility of seeing the effect of a W, on
muon- or neutrino-induced W, production is like-
wise precluded. Searching for a W, through its
effects on the W propagator is at least a step be-
yond seeing the effects of a W,.

It appears then that the only real hope for a W,
search is through actually producing them. There
are many ways to produce a W, directly, such as
in nucleon-nucleon reactions, with colliding elec-
tron-positron beams, with muons or neutrinos,
and from the decay of a W, if the' W, is less mas-
sive than a W,. The case of W, decay will be dis-
cussed first, since it offers the most copious pro-
duction of W,’s for most values of M, and M.
Then, direct production with muon and neutrino
beams will be discussed in detail. Total cross
sections and differential distributions will be pre-
sented for iron for various W, and W, masses and
energies.

IL. THE DECAY W, ~>W,+y

In order to calculate the rate for W, - W,+y and
other processes, a vertex function is needed for
W, =W, +v. In Ref. 1 Lee proposed the following
nonunique function which satisfies current con-
servation and is in accordance with the principle
of minimal electromagnetic interaction:

V\(®', R)y, = e[éuv (B+R"),
+ (MZ/MQZ + K)(é)\u kv + 6)\1/ k[’] )
=(L+K)(6y, B + 65, k)], (6)

where £ is the initial four-momentum, %’ is the
final four-momentum, v is the initial Windex, p
is the final Windex, A is the photon index, the W}
couples by its polarization four-vector and the W,
through its four-momentum divided by M,, and «
is the anomalous magnetic moment of the W,. The
anomalous quadrupole moment is assumed to be
zero. Except for the term in (M,/M,), this ver-
tex function is identical to the usual one for

W, = W, +y. For M, > M, the amplitude for the de-
cay W, - Wy+v is

k!
Vil B), et =Ln (M
A (1§37 )\Ml v ‘

where 17, is the polarization of the initial W, and
ey is the polarization of the photon. The rate is
then

T(W, = Woy) =g a1 = kP(M® = MPP*/M°,  (8)

where o is the fine-structure constant ¥ .
The W, itself must then decay hadronically.

‘W, =~ lv is practically forbidden, since the W, is

spinless and hence both the lepton and neutrino
cannot be left-handed as is strongly favored (the
W, is like a heavy 7 trying to decay). If M,> M,
the W, can decay leptonically indirectly by
Wo=Wi+y—=1l+v+y. ,

If the W, — W,y decay rate is large compared to
W, =~ lv, the W, must be detected through nonlep-
tonic decay channels. The rate for W, - 1v (in the
limit of zero lepton mass) is easily calculated to
be

1
LW, ~ V)= 5= I ©)

for both lepton modes added together. G is the
weak-interaction coupling constant (=1075/M,?).
Contours of

Rate(W,~Iv) 4V2 1 GM?
Rate(W, - Wpy) wa (1-«)[1-(M,/M,)*]P

(10)

are shown in Fig. 1. For W, masses less than 20
GeV/c?, W, masses less than 7 GeV/c? and k=0,
the ratio is less than 1 and the decay mode

W, - Wy will dominate. If k=1, the W, -~ Wy
mode is forbidden. If « is negative, then W, -~ Wy
is more favorable, since the « dependence in the
branching ratio is

1/(1=k). (11)
If the W, decays frequently via this channel
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FIG. 1. Contours of the ratio-I'(W,—1v)/T(W, —W;y)
(in percent) as a function of M; and M;. For M, <20
GeV/c?, My<7 GeV/c?, and k=0, the decay mode W,
—Wyy dominates. The ratio varies as (1— k)~2 and the
numbers in parentheses are for k = -1 (for k =1, W]

— Wy is forbidden).

(W,y), could the uniqueness of this decay be used
to infer the existence of a W,? A comparison of
the production cross sections for the W, and W,
(Sec. III) makes it attractive to consider using the
W, decay channel to detect a W,. The signature

in this case is a wide-angle high-energy y ray.
Figure 2 shows a plot of the laboratory energy vs
laboratory angle and do/dQ (not normalized) vs
laboratory angle for y rays from the decay of a
10-GeV/c? W, with lab energy of 300 GeV polarized
left-handed. (Note: W,’s produced from neutri-
nos tend to be left-handed and carry away most of
the beam energy; the reason for this will be dis-
cussed later.) Therefore, if photon distributions
could be detected and both the W, and W, existed,
with the W, heavier, one would expect a cluster-
ing of photons along one of the lines in the energy-
vs-angle plot.

III. DIRECT PRODUCTION WITH
MUONS AND NEUTRINOS

Incident Neutrinos

W,’s can be produced directly in a process iden-
tical to W, production with either muons or neu-
trinos. The two first-order Feynman diagrams
for neutrino-induced W, production are illus-
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FIG. 2. E, and do/dQ (not normalized) as a function
of lab angle, for the decay of a 300-GeV, 10-GeV/c? mass,
and left-handed W; (W,—Wyy), and M,’s of 2, 4, and 8
GeV/c?. As M, varies, the Ey vs lab-angle curve moves
up or down (do/dQ vs lab angle is unaffected). Changing
the ratio of W; energy to mass moves the energy-angle
curve up or down and compresses or expands the angles
scale approximately linearly (expands as the ratio in-
creases) for both curves.

trated in Figs. 3(a) and 3(b). Figure 3(a) repre-
sents the process in which there is an off-mass-
shell muon propagating and Fig. 3(b) the process
in which a W propagates. In W,-production dia-
gram 3(a) dominates because of the denominator
in the muon propagator. Diagram 3(b) never be-
comes large since the denominator of the propa-
gator involved can never get smaller than the mass
squared of the W,. Therefore, diagram 3(b) is
unimportant for W, production (except at very high
energies).

In the case of W, production, diagram 3(a) is
suppressed for the reason that a W, cannot decay
into leptons. Algebraically this is easy to show.
Letv, u, W, p,, and p be, respectively, the four-
momenta of the neutrino, the muon, the W, the
incoming target, and the outgoing target. Also,
letg=p—p,, P=p+p, andv represent the elec-
tromagnetic current of the target. Then the am-
plitude for diagram 3(a) is

(f+ 1y +m,)W

~2E g4 (1 =7e, (12)
Mg P wraP-mg T

which is equal to

e’g _ (L +d+m)+4)
UL B P

(1 —75)uu (13)
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as W=v=pu —q, and expression (12) finally re-
duces to

eg _ m2em, (i +§)](1 =)
7 W s P =m,? e,

g _
+q2_]fl‘1 uuﬁ(l "75)”1; ’

(14)

where g is related to the Fermi constant by
g2=GM?/V2. The second term diverges as ¢>
goes to zero and is canceled by a similar term

of opposite sign from diagram 3(b). The effect of
the muon pole which had caused diagram 3(a) to
dominate in W, production is now suppressed by
a factor of the lepton mass. In his paper specu-
lating about the existence of a W' Lee suggests
neglecting the muon mass (i.e., ignoring the muon
pole). This assumption, as will be seen later, is
not always such a good one for W, production with
neutrinos. All terms have been kept for our cal-
culations. '

The amplitude for diagram 3(b) is easy to write;
it is

1 1

g _ 0w (g+ W) (g+ W),
i, Bl —75)%[(q+ WY = ME " Mz <

It is a straightforward but tedious job to show
that when diagrams 3(a) and 3(b) are taken to-
gether they conserve current.

Since the kinematics are identical and the ma-
trix element is similar to that for W, production,
the procedures chosen here parallel those of Wu
and Yang® and are detailed in the Appendix.

For a neutron or proton target the usual SLAC di-
pole-fit form factors are used.? In addition, in
order to calculate the cross sections for neutrons
and protons bound in a nucleus, a statistical fac-
tor has been included. This factor takes into ac-
count the fact that for small momentum transfers
(ones where [q] is less than twice the Fermi mo-
mentum) not all the nucleons in the target can
undergo such a change in momentum, since it
would not take some of them outside of the Fermi
sphere (as it must in accordance with the Pauli
exclusion principlé). The exclusion-principle car-
rection factor is then®

3 |4 1/ \® -
R(lqt2>=—2-2'—°g;-§<-%> for |q]<2¢, (16)

=1 for |§|>2Q,, (17

where @ is the Fermi momentum 0.284, and
|q| is evaluated in the lab frame. (For simplicity,
it is assumed that initially all the nucleons are at
rest.) Neglecting the initial Fermi motion of the
nucleons tends only to make the threshold depen-
dence of the neutron and proton cross sections
somewhat too steep.

In calculating the coherent cross section for W,
production, the aforementioned statistical factor
is not used, the form factor for an exponential
charge distribution® is used (the magnetic form
factor is set equal to zero), the target mass is
set equal to 10'° proton masses (to simulate a
stationary target, although the cross section var-

@+ WP -M2 " (g+ W)= Moz)] VoW, 4+ W)y, Wy 0.

(15)

—

ies only a few percent between using the mass of
the nucleus and 10'° proton masses), and finally
|¢|’s (¢=4¢®) greater than 0.25 GeV? are forbidden
to ensure coherence (i.e., the nucleus does not
break up).

To obtain cross sections, numerical integrations
were done over two variables, |a| [a=(v‘q¢)] and
|¢|. The |a| integration was done using a ten-
point Simpson’s algorithm. The |#] integration was
done using a modified Simpson algorithm with the
points being chosen in a geometric progression to
smooth out the |#| dependence, which is approxi-
mately exponential. The numerical accuracy for
the integrations is 5%. To calculate a set of three
cross sections (neutron, proton, and coherent),
approximately 20 sec of compute time on an IBM
370/155 was required. The total cross sections
have been checked against Monte Carlo integra-
tions of

__d
d|t|d|a|dtdg,

(see the Appendix for definitions of £ and ¢,). The
cross sections with m, set equal to zero agree to
within 3% of similar calculations by Linsker.” Our
calculations with the nonzero muon-mass matrix
element are in perfect agreement, when the muon
mass is externally set equal to zero, with the
calculations using a matrix element assuming zero
muon mass from the outset. Our results both with
nonzero muon mass and zero muon mass are in
serious disagreement with calculations done by
Reiff.® The differences in the calculations are not
apparent.

The total cross section per proton on an iron
(Fe%) target is

0T=Op+[(A‘Z)/Z] Opnt Ocoherent » (18)
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FIG. 3. Feynman first-order diagrams for W, pro-
duction with neutrinos [3(a) and 3(b)] and muons [3(c)
and 3(d)]. Diagram 3(a) is important only if M, > 4M,
or k =1 [otherwise diagram 3(b) dominates] and diagram
3(d) always dominates.

where o, and o, are the corrected cross sections
for neutron and proton, respectively, and 0, pcront
is the coherent cross section on iron per proton.

In order to compare W, and W, production, it is
necessary to adopt some conventions. When com-
paring quantities that are kinematical, such as
differential distributions, the important point in
comparison is to use the same mass for the pro-
duced particle (i.e., 34, in the W, case should be
equal to M, in the W, case). For comparing cross
sections, it is most useful to use the same M, in
W, production and in W, production and vary M,,
since if the W, exists, that fixes M,, but M, is still
an independent parameter. For a grand compari-
son, M, can be set equal to M, for W, production
and then the results can be compared to W, pro-
duction for that same 4. This way the kinematics
and the dynamics are as similar as possible.

In general, the W, total cross sections are down
by a factor of 20-100 for fixed W, mass (depending
upon the W, mass) from W, total cross sections,
as can be seen in Figs. 4-6.° However, for large
W, masses the cross sections for relatively light
W,y’s can be equal to or even greater than the W,
cross sections, as is apparent in Fig. 6, where M,
is 15 GeV/c?. In these cases W, production is sup-
pressed since the process is barely above thresh-
old. The total cross sections decrease with in-
creasing W, mass, roughly a factor of 2-3 for
each additional 2 GeV/c? of W, mass. Reiff found
that when well above threshold the nucleon cross
sections increased with increasing W, mass®; no
such behavior was observed in these calculations.

Just as in W, production, the neutron and pro-
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FIG. 4. W, (dashed line) and W, (solid lines) total pro-
duction cross sections (per proton) by neutrinos on
iron vs neutrino energy. Here M;=5 GeV/c?, k=0, and
My=2, 4, 6, and 8 GeV/c®. W, production is down from
W; production by a factor of 20-100.

ton cross sections rise sharply near threshold

and level off quickly. The correction for Fermi
statistics amounts at most to a 20% reduction in
incoherent cross section. Again, as in W, produc-
tion the coherent cross section takes much longer
to reach its plateau because the process must get
well above threshold in order that |¢| be small
enough so that the sharp nuclear form factor does
not completely eliminate the coherent process.

The Muon Mass

Figures 7 and 8 show the total cross section per
proton on iron for fixed W, mass and varying en-
ergy, both for zero and nonzero muon mass for
several values of W, mass and x=0. Significant
differences occur between the two cases for W,
mass greater than 4 times the W, mass. In these
cases neglecting the muon mass results in total
cross sections low by up to a factor of 1000. The
explanation is simple. If it were not for the fac-
tor of the muon mass suppressing the muon pole,
the diagram with the muon propagator [diagram
3(a)] would dominate as in the case of W, produc-
tion. Because of this damping, the diagram with
the W propagator [diagram 3(b)] usually dominates.
For large W, masses the propagator goes just like
1/M? (the factor of M, in the coupling constant g
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is canceled by the 1/M, in the coupling of the W,),
so the amplitude falls off sharply with increasing

M,. Eventually the muon pole, although down by k=0, and M;=2, 5, 12, and 37.29 GeV/c?. For M;>4M,,
a factor of m,, begins to dominate. In order for the assumption of 7, =0 is a poor one.
this to occur, M, must be large and M, must be '
small enough so that kinematically the process the dependence upon the W, mass when the W,
can get close to the muon pole [i.e., small mass is many times greater (~4 or more) than the
(1 +q)*’s]. The finite muon mass tends to ease W, mass by greatly enhancing the coherent pro-
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W, production exceeds W, production for small W, masses
since W, is still near threshold. FIG. 8. Same as Fig. 7, but with My=4 GeV/c?.
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5

TABLE I. Theoretical Wj-production cross sections by neutrinos and muons on iron for M; =5 GeV/c?, k=0, and M,

=2, 4, 6, and 8 GeV/c? in units of 10™% cm? per proton. g, denotes the cross section of a proton for W, production, o,

n

denotes (4 —Z)/Z times the cross section of a neutron for W, production, o, denotes the coherent cross section of an
iron nucleus per proton, and ¢, denotes the total W,-production cross section per proton [cf. Eq. (18)]. The cross sec-
tions not in parentheses are for incident neutrinos and m, #0; the cross sections in parentheses are for incident neu-
trinos and s, =0. To obtain the cross sections for incident muons it is only necessary to divide the numbers in par-
entheses by 2.

M;i=5 GeV/c?
M, o o, [ op on T, [ op
E, (E,)=80 GeV E, (E,) =100 GeV
2 0.116 0.418 0.595 1.13 0.157 0.589 0.975 1.72
(0.099) (0.396) (0.306) (0.801) (0.135) (0.566) (0.576) (1.28)
4 0.056 0.153 0.014 0.223 0.087 0.255 0.041 0.384
(0.049) (0.153) (0.013) (0.215) (0.076) (0.256) (0.040) (0.372)
6 10.016 0.035 2.55x 1074 0.051 0.034 0.080 1.35x1073 0.114
(0.014) (0.036) (2.63x107%) (0.050) (0.030) (0.080) (1.39x107%)  (0.111)
8 1.75x107%  3.41x1073 5.98x 107" 5.16x1073 7.05%1073 0.014 1.85x107° 0.022
(1.55x1073) (3.51x107%)  (6.53x10"7)  (5.06x1073) (6.22x1073)  (0.015) (1.95x107%  (0.021)
E, (E,)=200 GeV E, (E,) =300 GeV
2 0.362 1.52 3.90 5.78 0.549 2.45 8.09 1.1
(0.313) (1.49) (3.05) (4 .85) (0.472) (2.41) (6.90) (9.78)
4 0.262 0.927 0.604 1.79 0.432 1.69 2.02 4.14
(0.228) (0.929) (0.601) (1.76) (0.374) (1.69) (2.03) (4.09)
6 0.164 0.487 0.072 0.723 0.311 1.05 0.412 1.77
(0.143) (0.489) (0.074) (0.706) (0.270) (1.05) (0.420) (1.74)
8 0.086 0.217 6.67x 1073 0.310 0.203 0.588 0.066 0.857
(0.075) (0.218) (6.85%1073) (0.300) (0.176) (0.590) (0.067) (0.833)
TABLE II. Same as Table I but with M, =8 GeV/c?.
M; =8 GeV/c?
M, oy o, o, op ay [ o, op
E, (E,)=80 GeV E, (E,) =100 GeV
2 0.036 0.140 0.434 0.610 0.051 0.196 0.644 0.891
(0.028) (0.103) (0.060) (0.190) (0.040) (0.156) (0.116) (0.312)
4 0.016 0.043 5.22% 1073 0.065 0.027 0.076 0.014 0.116
(0.014) (0.041) (2.73%1073) 0.057) (0.023) 0.072) (8.47x1073) (0.104)
6 4.28%x1073 9.39x 1073 6.70x 107° 0.014 9.78 %1073 0.023 3.51x10™* 0.033
(3.73x107%)  (9.34x1073) (5.77x1079) ©0.013) (8.51x1073%)  (0.023) (3.09%107% (0.031)
8 4.24x107 8.27x 1074 1.41x1077 1.25%x1073 1.90x107% 3.86x107°  4.23x107® 5.76x1073
(3.80x107Y)  (8.54x107%H (1.22x1077)  (1.23x107%)  (1.69x107%) (3.94x107%) (4.10x107%)  (5.63x 1073)
E, (E,)=200 GeV E, (E,)=300 GeV
2 0.134 0.533 1.88 2.55 0.220 0.913 3.37 4,50
0.112) (0.482) (0.688) (1.28) (0.187) (0.856) (1.68) (2.72)
4 0.096 0.317 0.180 0.593 0.174 0.627 0.598 1.40
(0.083) (0.312) (0.144) (0.539) (0.151) (0.622) (0.525) (1.30)
6 0.060 0.168 0.020 0.247 0.126 0.397 0.117 0.640
(0.052) (0.168) 0.019) (0.239) (0.110) (0.397) (0.114) (0.621)
8 0.031 0.074 1.79%x 1073 0.107 0.082 0.225 0.019 0.326
0.027) (0.075) (1.81x1073) (0.104) 0.071) (0.227) (0.019) (0.318)
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TABLE III. Same as Table I but with M, =15 GeV/c? and in units of 1074 ¢cm? per proton.
My=15 GeV/c?
M, (o4 (23 O¢ o o 8% o, Op
E, (E,) =80 GeV E, (E,) =100 GeV
2 0.914 5.66 424 49.0 1.16 6.85 60.4 68.4
(0.401) (1.22) (0.560) (2.18) (0.624)  (1.95) (1.11) (3.69)
4 0.282 0.951 0.365 1.60 0.450 1.52 0.885 2.86
(0.192) (0.487) (0.027) (0.706) (0.348)  (0.921) (0.085) (1.35)
6 0.065 0.155 2.74x 1073 0.223 0.147 0.362 0.012 0.521
(0.051) (0.109) (5.53x107% (0.161) (0.126)  (0.284) (3.29x107%) (0.413)
8 5.62x 1073 0.011 6.98x107° 0.017 0.026 0.054 1.18x10~* 0.080
(4.85x107%)  (9.42x107%  (7.51x10"7) (0.014) (0.024)  (0.047) (5.15x1079) (0.071)
E, (E,) =200 GeV E, (E,)=300 GeV
2 2.79 13.7 144 160 487 22.0 216 243
(2.19) (7.39) (7.24) (16.8) (4.22)  (14.9) (19.0) (38.1)
4 1.75 5.91 7.16 14.8 3.58 12.3 18.2 34.1
(1.63) (4.91) (1.59) (8.12) (3.45) (11.1) (6.24) (20.8)
6 1.05 2.89 0.461 440 2.55 7.57 2.33 12.5
(1.01) (2.68) (0.215) (3.90) (2.51) (7.27) (1.42) (11.2)
8 0.517 1.23 0.031 1.78 1.63 4.26 0.310 6.20
(0.508) (1.19) (0.021) (1.72) (1.61) (4.19) (0.248) (6.05)
TABLE IV. Same as Table I but with M, =37.29 GeV/c? and in units of 10~% cm? per proton.
A M,y =37.29 GeV/c?
M, op [ [ op (o4 g, g, Op
E, (E,)=80 GeV E, (B,)=100 GeV
2 0.577 4.78 43.3 48.9 0.612 5.33 61.7 67.6
(0.011) (0.038) (0.015) (0.064) 0.018) (0.063) (0.031) (0.111)
4 0.118 0.560 0.372 1.05 0.141 0.739 0.887 1.77
(5.26x 1073) (0.015) (7.42x107% (0.021) (9.94x1073) (0.030) (2.39x1073) (0.042)
6 0.023 0.066 2.61x1073 0.091 0.036 0.118 0.011 0.165
(1.35x107%)  (3.33x1073) (1.54x107% (4.70x1073) (3.52x1073)  (9.04x1073) (9.10x 1079 0.013)
8 1.75x1073  3.74x107%  7.33x107¢ 5,5 x107° 5.66x 1073 0.013 1.03x107* 0.019
(1.24%x107%)  (2.717x107%)  (1.02x107%) (4.02x107% (6.33x107%)  (1.46x1073) (1.12x1076) (2.09x1073)
E, (E,)=200 GeV E, (E,)=300 GeV
2 0.768 7.16 144 152 0.929 8.45 208 217
(0.075) (0.275) (0.211) (0.561) (0.167) (0.622) (0.576) (1.37)
4 0.236 1.43 6.36 8.03 0.345 2.02 13.9 16.3
(0.056) (0.185) (0.047) (0.288) (0.137) (0.472) (0.194) (0.803)
6 0.102 0.424 0.316 0.842 0.189 0.784 1.24 2.21
(0.034) (0.101) (6.58x1073) (0.142) (0.099) (0.312) (0.045) (0 456)
8 0.043 0.131 0.014 0.188 0.105 0.339 0.105 0.549
0.017) (0.044) (6.74x107% (0.062) (0.063) (0.179) (8.11x1073) (0.250)
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FIG. 9. Ratio of coherent cross section to proton cross

section for neutrino-induced W, (dashed lines) and W
production (solid lines) off iron as a function of neutrino
energy. Here M;=2 and 5 GeV/c? for W, production,
M, =M,y=2 and 5 GeV/c? for W, production, and k =0.
Except where the muon pole dominates in W, production,
the coherent process is not dominant.

cess and making it dominant, at the same time
affecting nucleon cross sections much less criti-
cally. When the muon pole is not dominant (i.e.,
M, and M, are relatively the same size), the cross
sections computed with m, #0 can be slightly less
(at most 10%) than those computed with 2, =0 for
proton and coherence. Here, apparently diagram
3(a) interferes destructively, causing a slight de-
crease in cross section. Tables I-IV contain o,,
Ony Oconerents @nd o, for various W, and W, masses
and beam energies for zero and nonzero muon
mass.!°

In W, production, when the process gets well
above threshold it is the coherent cross section
that gets large and contributes the most to the to-
tal cross section. As the neutrino energy increas-
es, the coherent process can get larger as smaller
|#|’s are permitted and the process is then less
suppressed by the sharp nuclear form factor. In
W, production, except where the muon pole comes
into play, the coherent process never really dom-
inates as in W, production. Figure 9 shows this
clearly by comparing the ratio of coherent cross
section to proton cross section in W, production'!
with W, production in a region where the muon
pole is negligible.

For fixed M, and M,, as the beam energy in-

o
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FIG. 10. W, total production cross sections (per pro-
ton) by neutrinos on iron for M; =15 GeV/c?, My=2 and
8 GeV/c?, and k= -1, 0, and 1 vs neutrino energy. Ex-
cept where the muon pole dominates (M; >4M,y), the
k dependence is severe.

creases, the cross sections for zero and nonzero
muon mass become equal. The reason for this is
as follows: As the beam energy increases, the
ranges of (u +¢)* and (g + W)? increase. Eventu-
ally, the region where the muon propagator is
much larger than the W propagator [small (1 +¢)*’s
as compared to small (g + W)?’s| becomes insig-
nificant compared to the entire range of (u +q)?
and (g + W)? allowed. The larger (u +¢)? and

(g + W) regions are most important and here the
propagators go just as 1/(n +¢g) and 1/(q + W)
thus the diagrams would be of relatively equal
amplitude except for the factor of m, suppressing
the muon pole. Therefore the ratio of (r(m,1 =0) to
o(m, #0) approaches 1. By similar arguments,
one expects the ratio of W, cross sections to W,
cross sections to approach 4. For high energies
the dynamics are similar except for the factor of
m, in the W, case; thus W, production has two
equal diagrams or a relative cross section of 4,
and W, production has one diagram or a relative
cross section of 1,

k Dependence

In W, production, diagram 3(a) dominates for all
values of M,. Since this diagram has no « depen-
dence (the W, does not interact electromagneti-
cally in this diagram), the over-all x dependence
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FIG. 11. W, (solid lines) and W, (dashed line) total
production cross sections (per proton) by muons on iron
vs muon energy. Here M;=5 GeV/c?, M,=2, 4, 6, and
8 GeV/c?, and k =0. For My=M,, W, production is
approximately equal to W, production, and for My<M;,
W, production exceeds W, production.

is very weak; the total cross sections increase
with « and between « =0 and « =+1 the difference
is at most 20%. Since in W, production the dia-
gram with the W propagator (and electromagnetic
vertex) can dominate, one would expect more se-
vere k dependence. That is exactly the case as
is apparent in Table VIII; the muon mass is zero,
and the matrix element depends largely upon

7 (=1=k). For k=1 and zero muon mass the
cross sections fall drastically (by a factor of
~100) since the quantity 7 is zero. As k decreases
to -1, the cross sections increase up to a factor

of 10. The difference (i.e., decrease with increas-

ing « vs increase with increasing « in W, produc-
tion) between this and the W, case presumably is
a result of the different ways in which W,’s and
W,’s couple electromagnetically. When nonzero
muon mass is assumed, the drastic fall for k=1
is softened since the muon pole contributes, al-
though the k dependence is still strong unless it
is a region where the muon pole dominates (M,
greater than =4M,). In these regions the x depen-
dence is minimal. Figure 10 illustrates the differ-
ence in k dependence between M, =15 GeV/c? and
M,=2 GeV/c?, where the muon pole dominates,
and M, =15 GeV/c? and M,=8 GeV/c?, where the
muon pole is negligible. Interestingly, in the re-
gions where the muon-propagator diagram domi-
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FIG. 12. Same as Fig. 11, but with M, =10 GeV/c?
and My=2, 4, 6, 8, and 10 GeV/c?.

nates, the x dependence of the coherent process is
such that cross sections are bigger for x=+1 than
for k=0, but, because of the k dependence of the in-
coherent processes, the total x dependence still
decreases with increasing k. This same effect
occurs in muon-induced W, production (where the
two diagrams are equally important). The effect
apparently is interference between the two dia-
grams when their sizes are relatively the same.
In neutrino-induced W, production the effect of
nonzero muon mass is only important when M, is
greater than ~4M, or when « is near 1. In these
cases the muon-propagator diagram tends to be
extremely important, making differences in total
cross sections of factors of 10-1000. Elsewhere,
the effect of nonzero muon mass is not important.

Incident Muons

The controversy over the muon mass is not
crucial in the case of a muon beam. The first-
order Feynman diagrams are illustrated in Figs.
3(c) and 3(d). The muon pole is damped just as
in the neutrino case by a factor of m,, but in ad-
dition the denominator in the muon propagator
cannot get very small. That denominator is

(y+ W)z—mu2=M02—m“2+2(V°W). (19)

If (v+ W) is evaluated in the v- W, center-of-mass
frame, it is clear that (v *+ W) must be positive.
The denominator can get no smaller than M. - m,?
and the advantage that the muon-propagator dia-
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gram had is lost. So with a muon beam the as-
sumption of zero muon mass is a good one. Even-
tually, however, for M, much greater than 414,
the phenomenon that occurred in the case of in-
cident neutrinos should appear and the muon mass
will again not be negligible. For reasonable ratios
of M, to M, the assumption of zero muon mass is
a good one.

In W, production with muons, the difficulty with
the muon propagator reoccurs and W, -production
cross sections with muons are smaller than pro-
duction with neutrinos by a factor of 100,° and are
severely dependent upon «, since diagram 3(c)
does not dominate.

The only change that is necessary in order to
calculate cross sections with a muon beam is the
spin averaging. So to obtain muon-produced W,
cross sections, it is only necessary to divide by
2 the results of neutrino-produced W, cross sec~
tions with zero mass. This factor of 3 may be a
bit generous, since the most energetic muons
produced from 7 or K decay are right-handed for
1.~ s and left-handed for p*’s, which is the oppo-
site helicity which is required to interact weakly.
For consistency with other calculations, we pre-
sent these calculations simply with the factor of
for spin averaging.

Figures 11 and 12 show the W, total cross sec-
tions per proton on iron for several W, masses as
a function of muon beam energy, for W, masses of
5 and 10 GeV/c?, compared to the total cross sec-
tions for W, production.® The W,-production
cross sections and the W,-production cross sec-
tions with M, set equal to /M, are about equal for
all energies. As M, decreases, W, production
exceeds W, production. Both processes are ex-
tremely k-dependent, the difference being that
the W, cross sections are larger for x =+1 than
for k=0, whereas the W, cross sections again de-
crease with k. The « behavior in W, production is
presumably due to the interference of the two rel-
atively equal diagrams. The k behavior in the W,
case is presumably due to the way in which the W,
couples electromagnetically, since there is no
diagram of equal size to interfere with. When
divided by 2 the numbers in Tables I-IV for zero
muon mass give the corresponding W, -production
cross sections for a muon beam.

IV. DIFFERENTIAL DISTRIBUTIONS
Monte Carlo Technique

It is possible to find the differential cross sec-
tion as a function of any variables that can be ex-
pressed in terms of the variables |¢|, |a], & and
¢, (for the definition of £ and ¢,, see the Appen-

dix) by transforming the variables and multiply-
ing
do
dlt|d|a|dtds .

by the appropriate Jacobian. In order to obtain
differential cross sections of fewer variables, in-
tegrations can be performed. In general, the
Jacobians and integrations involved are rather
horrendous. Therefore, the problem of calculat-
ing differential distributions lends itself nicely to
Monte Carlo techniques.

The Monte Carlo technique as employed here is
stated simply as follows. First the variables |¢|,
|a|, & and ¢, are transformed to 7, |af, 6.,
and ¢,, where

T=exp[=b([¢| = [ )] (20)
and
cosf,=¢t/|a|T. (21)

This is done in order to smooth out the behavior
in |#| and £. The constant b is chosen so that 7
approximately follows do/d|t|; b is taken to be 4
GeV 2 in the incoherent case and 40 GeV ™2 in the
coherent case. The transformation is simply

70, laly 02, 6.)=F (1], lah & 9. Sl 2k 52 0]
(22)
and reduces to
I sin6,

75 laly 62, 9.)=7 (1t lal, &, ¢.,) 12T,

(23)

where f(|t], |a], &, ¢.) is given in the Appendix.
Events are then chosen uniformly and randomly

in the four-space of 7, [a|, 8., and ¢,. The events
are binned according to the variables of interest
and weighted by f'(7, |al, 6., ¢.). It is an easy
matter to calculate the statistical error for any
bin. It is simply

ou=(557)" 4)

where f] is the weight of the ¢th event in the bin.
If the weights are equal, then the error is just

O bin =‘/—'—lf'- (25)

In order to check the above procedure, all the
bins can be added together and the sum should
just be the cross section within the statistical
error. This serves both as a check on the numer-
ical integrations and on the Monte Carlo proce-
dure. For all the distributions presented here
such checks have been made and all agreed within
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FIG. 13. do/d|t| for W, production by neutrinos with
M;=M,=5 GeV/c? (solid lines) and do/d|¢| (not normal-
ized) for W production by muons with M; =5 Gev/c?
(dashed lines). Here E o, =50 GeV and « =0. In both
processes the W-propagator diagram is important.
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FIG. 14. do/d|t| for W, production by neutrinos with
M;=37.29 GeV/c? and My=5 GeV/c? (solid lines) and
do/dlt| (not normalized) for W, production by neutrinos
with M; =5 GeV/c? (dashed lines). Here E, =50 GeV and
k =0. In both processes the muon-propagator diagram is
dominant. do/d|t| falls faster here than when the W-prop-
agator diagram dominates.

FIG. 15. do/dE, for W, production on iron by neutrinos
with M; =37.29 GeV/c? and My=5 GeV/c? (solid line) and
do/dE, for W, production on iron with neutrinos for
M, =5 GeV/ ¢? vs muon energy (normalized to 100%). Here
E, =200 GeV and k =0. Both processes are dominated
by the muon pole and are characterized by a spike of
low-energy muons.
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FIG. 16. do/dE p for W production by neutrinos on
iron for M;=5 GeV/c?, E, =200 GeV, k=0, and M,=2
(dotted line), 4 (dashed line), and 8 GeV/c? (solid line)
vs muon energy (normalized to 100%). Here the Wpole
dominates and is characterized by an almost constant
distribution which approaches a linear decrease as M,
increases (or E, decreases).
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FIG. 17. Phase-space distribution of events as a
function of energy transfer v (=E, —E ) weighted by a
constant factor of 10, by 10 times the W propagator
squared, and by the muon propagator squared. Here a
300-GeV neutrino is incident upon a nucleon target pro-
ducing a 5-GeV/c? W. Pure phase space is characterized
by a linear rise, phase space weighted by the muon prop-
agator squared by a spike for large v’s, and phase space
weighted by the W propagator squared by an almost con-
stant distribution of events.

the statistical and numerical integration errors
involved. For each distribution 5000 events have
been generated. To generate a set of three dis-
tributions (neutron, proton, and coherent), ap-
proximately 90 sec of compute time was required
on an IBM 370/155.

Neutrinos: do/d|t|

The differential cross section as a function of
|t| has two sets of distinct shapes. For the in-
coherent process, when the W-propagator dia-
gram dominates, the shape is characterized by a
sharp rise and an exponential decay, as shown in
Fig. 13. The shape is almost identical to that for
muon-induced W, production, where the equivalent
of diagram 3(b) is also important; this similarity
is also illustrated in Fig. 13.° The shape of
do/d|t| goes as e~**! where b is between 2 and 5
GeV 2 and increases as the process is further
above threshold.” When diagram 3(b) dominates,
the coherent process is characterized by a fast
rise and fall. The spikelike shape is caused by

* the sharp nuclear form factor. Again, the shape
is nearly identical to the shape for muon-induced

jon

W, production, the difference being in the form
factor used (for the W, results, the Fermi charge
distribution was assumed in order to calculate the
form factor). )

When the muon pole is most important (i.e., for
M, greater than =4M, or k=1), the corresponding
curves are characterized by steeper falls and are
nearly identical to the corresponding curves for
neutrino-induced W, production. Here the »’s for
the incoherent case range between 4 and 7 GeV 2.
Figure 14 illustrates the similarity of the do/d|¢|
curves for W, and W, production with neutrinos
when the diagram with the muon propagator dom-
inates.® \

When the W pole is important (W, production by
muons or W, production when M, <4M, and k#1),
do/d|t| for W, production has a steeper fall than
for W, production. This is reasonable since in W,
production by muons the W-pole and muon-pole
diagrams are relatively equal, whereas in W, pro-
duction the muon pole (characterized by steeper
falls in do/d|t|) is severely suppressed.

The Energy Distribution of the u and W
By energy conservation,
E,=E ;+Ey +AE 4 (26)

where AE,,,. is just E, in the previous notation,
and can be calculated as follows:

Po*a=mE,, (27)
po=3P=q), P=p+p, (28)
pora=3q° (P-q)=-34, (29)
and finally ‘
E,=t|/2m. (30)

For all the processes involved, || is small (<10
GeV?, since do/d|t| falls rapidly). Therefore, for
all practical purposes AE . is zero and the beam
energy is shared exclusively between the muon and
the W,, so do/dE, can be obtained from do/dE, by
transforming the energy scale, E, ~E,-E, .

In the case of W, production, the W, takes away
almost all the beam energy. A plot of do/dEu for
W, production is shown in Fig. 15.* In W, pro-
duction there are two separate cases, as usual.
When the W-propagator diagram dominates (for
M, <4M, and k+#1), the distribution do/dE , is al-
most flat, as shown in Fig. 16. When muon-pro-
pagator diagram dominates (for M, >4M, or «
near 1), the distribution is strongly peaked for
low-energy muons. This case is almost identical
to W, production, as also shown in Fig. 15.

The explanation for all this is simple. Figure 17
shows a plot of only phase space (i.e., d*W d3ud%/
EyE, E,) for an incident neutrino energy of 300
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FIG. 18. do/dE u (normalized to 100%) for W, production by neutrinos on iron with M; = M;=5 GeV/ ¢? and E, =200
GeV for my #0 and k =1 (solid line), m, #0 and k =0 (dashed line), and m, =0 and k =1 (dotted line). For « =0 the Wpole
dominates and the distribution is nearly constant; when the W pole dominates and k =1 (my, =0, k=1), da/dEu rises with
E,. When k=1 and m,*0, do/dE u is characterized by a superposition of a low-energy spike (from the muon pole) and

a slight rise with E, (from the W pole).

GeV, a nucleon target, and a 5-GeV/c®* W. As a
function of energy transfer v (=E, -E, ), phase
space increases almost exactly linearly. Also
shown in Fig. 17 is phase space weighted by the
muon propagator squared and by the W propagator
squared. When weighted by the muon propagator
squared most of the events occur with large v’s
(i.e., small muon energy). When weighted by the
W propagator squared the events are spread al-
most equally for all the kinematically allowed »’s.
This is precisely how do/dE, behaves. When the
w~-propagator diagram dominates (W, production,
and W, production for M, >4M, and « near 1), the
W takes away most of the energy, and when the
W- propagator diagram dominates, the distribu-
tion do/dE, (or do/dE,) is constant.

In W, production, the muon-propagator diagram
dominates and the W, takes away practically all
the energy. In the neutrino-target center-of-
mass frame the W, is going forward (in the direc-
tion of the neutrino) and the muon and target are
going backwards. All the particles must be nearly
collinear for the maximum W, energy configura-
tion. In this configuration, spin along the neutrino
direction must be conserved, since no orbital an-
gular momentum is possible along this axis. The
neutrino and muon “want” to be left-handed and the
only way for this to be is if the W, spins left-
handedly (assuming the target does not flip spin,
which is reasonable since the process proceeds
mainly by coupling to the charge, not to the mag-

netic moment, and in the coherent case the target
spin is assumed to be zero). This explains the
strong tendency for the W, to be left-handed and
take away most of the beam energy in W, produc-
tion.'®

When M, is less than 4, and « #1, do/dE, is
almost flat, and as the process gets closer to
threshold (i.e., as M, increases or E, decreases),
the muon energy spectrum begins to fall off lin-
early, as shown in Fig. 16. Varying « does not
affect the muon spectrum except near x=1. Here
two things happen: If the muon mass is set equal

., to zero, the low-energy muons disappear com-
pletely and dxr/dEu rises with energy. For nonzero
muon mass, when « is nearly 1, the muon pole be-
comes important and the net result is a spike for
low-energy muons and a gentle rise in da/dE,, with
increasing muon energy. This is all shown in
Fig. 18.

When the muon pole dominates, there tends to be
a spike for low-energy muons. The sharpness of
this spike decreases slightly as the process gets
closer to threshold. The muon spectrum is al-
most independent of x when the muon pole domi-
nates.

For fixed M,, as M, increases, do/dE, changes
from a flat spectrum to an almost pure phase-
space spectrum (linearly decreasing), and then to
a low-energy spike. This corresponds to moving
from dominance by the W-propagator diagram to
dominance by the muon-propagator diagram.
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[19(a) and 19(b)] and of do/dcosf, in W; (dashed lines)
and W, (solid lines) production by neutrinos on iron.

In W, production, M;=5 GeV/c?, E, =200 GeV, and k =0.
In W, production when the muon pole dominates [19(b)
and 19(d)], the W, angles are very small (as are the W]
angles in W, production) and the muon angular distribu-
tions are similar to those for W production. When the
W pole dominates [19(@), 19(c), 19(e), and 19(f)], the W,
angles are larger (than the W, angles) and the muon
angles smaller than in W, production.

The W, Angle

In W, production with neutrinos the process was
characterized by small-angle muons and extremely
small-angle W,’s in the lab system. The situa-
tion in W, production is similar. The W, angles
(in the lab system) are very small. Figures 19(a)
and 19(b) compare the W, angular distribution as
a function of log(1 — cosewo) for two cases; Fig.
19(a) shows the distribution when the W-propaga-
tor diagram dominates, and Fig. 19(b) when the
muon-propagator diagram dominates. The W,
angles are much smaller when the muon pole
dominates, which is reasonable, because in this
case the W, comes out essentially forward in the
neutrino-target center-of-mass system. The W,

angles when the muon pole dominates are the same
as the W, angles in W, production, while the W,
angles when the W-propagator diagram dominates
tend to be larger than those in W, production.

The Muon Angle

The muon angle tends to be smaller for W, pro-
duction than for W, production if the W-propagator
diagram is most important. When the muon-pole
dominates, the angular distribution tends to be
identical to that for W, production. Figures 19(c)
and 19(d) illustrate this.’> That the muon angles
should be smaller when the Wépropagator diagram
dominates is expected, since in this case the
muons tend to be more energetic (than in W, pro-
duction) and hence more forward in the neutrino-
target center-of-mass frame.

When the process is further above threshold the
angles become smaller, as is evident by compar-
ing Fig. 19(c) with Fig. 19(e). For fixed M,, as
M, increases, the muon angle tends to increase
until the muon pole becomes important, and then
the distribution remains constant and almost iden-
tical to that for W, production with W, mass equal
to the W, mass (i.e., the same kinematics).

For « not near 1, the muon angular distribution
is essentially independent of k. When « is near 1
and M, is not greater than ~4M,, the fractions of
muons with small angles and large angles in-
crease with respect to the same distribution for
k=0, as can be seen by comparing Figs. 19(c)
and 19(f). The reason for this is simple. It was
mentioned previously that the muon energy distri-
bution under similar circumstances increased in
the number of low- and high-energy muons, the in-
crease in high-energy muons being due to the W-
pole propagator diagram and the increase in low-
energy muons being due to the muon pole. The low-
energy muons are characterized by large angles
and the high-energy muons by small angles, so the
changes in dcr/dEu and do/d cos 6, are a result of
the same thing.

Incident Muons

The distributions for incident muons have the
same characteristics as the distributions for inci-
dent neutrinos when the W-propagator diagram
dominates. That is, briefly, do/d|¢| falls roughly
as et with b’s of 2-5 GeV~2 (see Fig. 13). The
shape of do/dEy is nearly flat, with the low-energy
end tapering off as M, increases and approaching
a straight linear increase (pure phase space) as
M, goes to infinity. When k=1, do/dEy tends to
decrease linearly, as shown in Fig. 18 (the abscis-
sa should be transformed to Ey), with few high-
energy W,'s. The W, angular distributions are not
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of M; to M, increases, the muon pole dominates more
strongly and the events tend to cluster in a spike for
large v and small ¢2.

as sharply peaked in small angles as in W, produc-
tion. The neutrino angular distributions shift to-
ward larger neutrino angles with increasing W, or
W, mass or decreasing energy. When « is near 1,
the fraction of neutrinos at small (and large) an-
gles increases with respect to the distributions for
k=0or k=-1,

% vsv

In neutrino inelastic scattering a particularly
useful parametrization of events is in terms of
momentum transfer squared,

q%=|(v-w?|=1(g+w)?|, (31)
and energy transfer,
v=E, -E, . (32)

q? has a range of 0-2mv (g®=2mv is the quasi-
elastic limit), where m is the mass of the target,
and v ranges from zero to almost beam energy.
This is identical to the formalism used in inelastic
electron scattering.

In W, production with neutrinos, the distribution
of events in ¢?/(2m,E,) ™ and v is concentrated in
the lower right-hand corner [i.e., large v and
small ¢*/(2mE,)].*® The distribution in v is just a
restatement of the earlier result that the W, car-
ried away all the beam energy (large energy trans-
fer). On the ¢2-v plot, lines of constant muon an-

FIG. 21. g2-v distribution of 100 events of Wy pro-
duction by neutrinos on iron for M,=5 GeV/c%, E, =300
GeV, k=0, and M;=5 [21(a)] and 10 GeV/c? [21(b)]. Here
the W pole dominates and, as M, increases, the even
distribution of events in a thin rectangle moves toward
larger v’s and spreads upward in ¢°.

gle are straight lines extending from ¢%=0 and
Vmax, Z€ro angle being along the v axis and maxi-
mum angle parallel to the g2 axis. The concentra-
tion of events with small ¢ and large v yields no
information about angle, since in that corner all
possible muon angles are lumped together.

In W, production with neutrinos, there are two
signatures.' First, when the muon-propagator
diagram dominates, the signature is just like the
signature in W, production and this is illustrated
for W, production in Figs. 20(a) and 20(b). When
the W-propagator diagram dominates, the signa-
ture is a nearly constant distribution of events in
a thin rectangle (thin in the ¢2 dimension and ex-
tending along the full v axis), as shown in Figs.
21(a) and 21(b). The thin rectangle means that the
muon or W, energy spectrum is flat and that the
muon angle is characteristically small (all the
events lie below a line of constant small angle).
These results are consistent with the previous dis-
tributions in energy and angle.

In the regions where the muon pole dominates,
when the process is closer to threshold, the spike
becomes slightly less distinct, spreading out very
slowly in both directions. When the muon pole
dominates, the distribution is practically indepen-
dent of M, and k. When the W-propagator diagram
dominates, as M, increases, the distribution of
events spreads out rapidly in ¢® and approaches a
linear rise in v (pure phase space); this is easily
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predicted since the W propagator goes as
-1/(¢*+M %), (33)

and as M, increases, the propagator is more like
—-1/M 2 than -1/¢? and therefore does not suppress
large ¢¥s. Eventually, when M, is large enough,
the muon pole dominates and most of the events

lie in a narrow spike. Figures 21(a), 21(b), 20(a),
and 20(b) show such a progression from W-pole
dominance to muon-pole dominance.

When diagram 3(b) dominates, as the process
moves closer to threshold, the events spread up-
ward in the ¢? direction and move toward larger
V's. Unless k is near 1 here, « has little effect on
the distribution in ¢% and v. When « is near 1 and
M, is still less than 4, the distribution tends to
be a superposition of a spike on a thin rectangle.'®

The usefulness of the ¢2-v formalism is that it
J

d’c E,-vG?

dg®dv ~ E, 2n

where E, is the neutrino beam energy in the lab,

m is the target mass, and 6 is the muon lab angle.

This formalism is identical to that for electron in-

elastic scattering, except for the addition of W,

and the lack of a 1/¢* photon-propagator factor.
For a definite model for comparison, we will as-

sume that Eq. (35) needs only to be modified by a
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offers possible help in detecting the existence of a
W, or a W, without actually detecting the particle
itself. The W, signature is clear. It would appear
as an energy-dependent spike on top of a back-
ground of neutrino inelastic scattering off nucleons.
To assess the merit of a signature, it is necessary
to estimate what the neutrino inelastic background
might look like. At present neutrino beam ener-
gies, the neutrino inelastic cross section seems

to rise linearly with beam energy at the rate of"’

O inet(per nucleon) =0.6 X10™® X E,, cm?. (34)

The existence of a W boson would force this linear
rise to turn over.

The differential inelastic cross section can be
written as’®

2m

= 3cosz(§9) [Wz(qz, v) +2tan® (%9)<W1(q2, V) it W,(q?, V)):Ii ) (35)

W propagator squared, and that W, and W, exhibit
scale invariance (i.e., are a function only of x=¢?/
2mv), or, more precisely, that

vW,=F,(x), (36)

MW, =F\(x), (37
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and that W,=0. Further, we suppose that the
Callan-Gross relation®®

Fy(%)=2F,(x)x (38)
holds here. Then we set
Fy(x)=F3(x), (39)

where F$?(x) are the SLAC data for F, in electron-
proton inelastic scattering.?° The cross section is
normalized so that for M, =« the total inelastic
cross section increases as 0.6 XE, X10™% cm?.

Figure 22 shows the turnover of total inelastic
cross section for several values of M, and this
model. Figures 23(a) and 24(a) show the ¢2%-v dis-
tribution of 1000 events for M,=5 and 15 GeV/c*
with beam energy of 300 GeV using this model.
The events tend to be not as restricted in ¢? as
W, and W, production events and tend to be more
concentrated toward small values of v.

Figures 23(b) and 23(c) show, respectively, the
q®-v distributions of W, events for M,=5 GeV/c?
E, =300 GeV, and M ’s of 2 and 4 GeV/c? normal-
ized relative to the inelastic background shown in
Fig. 23(a). For M,=2 GeV/c” the signature is
barely intelligible for large v's. For M,=4 GeV/c*
the signature is almost indiscernible from the
background. The thin-rectangle signature is intel-
ligible for small values of Myand M, (M, M,<5
GeV/¢?) using this model.
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The spike signature, characteristic of the muon
pole, offers better hope for detection since all the
events tend to be concentrated in one corner of the
q%-v plot and in this corner the inelastic back-
ground is not large. Figure 24(b) illustrates the
distribution of events for M,=15 GeV/c? M,=2
GeV/c? and E, =300 GeV, normalized relative to
the inelastic background [Fig. 24(a)]. For relative-
ly large W, masses (>8 GeV/c?) and small W,
masses (s4 GeV/c?), the spike signature is intelli-
gible.

In the case of a spikelike signature there is an
additional problem —how to tell whether a W, or a
W, was produced. If the cross sections are simi-
lar, and both are being produced, the spike should
have a dual threshold behavior, since in this case
the W, mass and W, mass would be very different.
If the spike has only a single threshold behavior,
identification is more difficult. For a spike with
given size, a W, more massive than a W, is pro-
duced, so the severity of the energy dependence of
the threshold is one means of identification. If a
W, is produced, its effects upon neutrino inelastic
cross sections should be predictable and measur-
able. A search for u~u* pairs or high-energy y
rays (from W,- Wgy) also serves to identify a W,.
A detailed examination of the hadronic debris
might yield an estimate of the mass of the particle
that is produced and from this it could be inferred
whether a W, or W, was produced (for a spike with
given size, the possible W, masses are much bigger
than the possible W, masses). In any case, the
identification process is not an easy task.

Incident Muons

For a muon beam, the significance of the ¢g%-v
plot is almost academic, because it is extremely
difficult to measure either ¢? or v since the out-
going particle is a neutrino. The signature is al-
ways a thin rectangle that spreads upward (in the
q? direction) and approaches the phase-space dis-
tribution in the v direction as M, increases. As
the process gets closer to threshold, the distribu-
tion of events moves toward larger 's, but never
so much as to give a spike, as is characteristic of
the muon pole.

V. CONCLUDING REMARKS

Except for large W, masses and small W, masses,
W, production by neutrinos is a factor of 20-100
larger. When the ratio of W, mass to W, mass is
greater than about 4 or « is near 1, neglecting the
muon mass is a very poor assumption. In these
regions the finite muon mass greatly enhances the
coherent cross section (by factors of up to 10 000).
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With a muon beam, W, production is greater than
W, production for fixed M, and M, less than or
equal to M,. Here the assumption of zero muon
mass is a good one.

Each Feynman diagram has its characteristic
shape. The muon-propagator diagram is charac-
terized by low-energy outgoing muons, very small
W, lab angles, rapidly falling differential cross
section as a function of |£|, and a spike for large
v, with small ¢2 on the g®-v plot. The W-propa-
gator diagram is characterized by equal sharing
of beam energy between the W, and muon, very
small muon lab angles [smaller than for diagram
3(a)], small W, angles [but bigger than for diagram
3(a)], not as rapidly falling differential cross sec-
tion as diagram 3(a), and a thin rectangle (narrow
in ¢? and extending from v, to v, ) signature
on the ¢*-v plot.

Unless the W, is very massive and the W is
much less massive, W, production exceeds W,
production with neutrinos and the best way to pro-
duce a W, is through the decay of a W,. The sig-
nature here is wide-angle high-energy y rays
(from W,— Wgy), and it is possible that the distri-
bution of large-angle hadrons from the W, decay
might provide an additional signature, depending
upon what the hadronic distribution of the inelastic
neutrino scattering background turns out to look
like.

If there are two W’s, both of small mass (<5
GeV/c?), the thin-rectangle signature on the g*-v
plot in neutrino-induced production should serve
to identify the W,. If there are two W’s and the W,
is many times more massive than the W,, then the
W, will be easier to produce and its signature on
the g2-v plot would be a nice spike. In this case,
it is necessary to resolve whether a W,, a W,, or
both, was or were produced.

A muon beam has the advantage of well-defined
beam energy and the W, cross sections tend to be
equal to or larger (unless M > M,) than corre-
sponding W,-production cross sections. The cross
sections for a muon beam are smaller by a factor
of 3 (except in regions where the muon pole domi-
nates in neutrino production) than for a neutrino
beam and, because of the difficulty in measuring
the outgoing neutrino’s four-momentum, a gZ%-v
plot is impossible to make. With incident muons,
any W, search must concentrate strictly on decay

products.

As mentioned earlier, it is possible to produce
a W, in a variety of other ways. In these processes
(e~e™ colliding beams, nucleon-nucleon collisions,
etc.), the key to detection is an anomalous behavior
in the distribution of wide-angle hadrons. None of
the methods of production or detection offer an
immediate, sure, and simple way to search for the
possible existence of a W,. Careful examination of
data that are soon to be available from experi-
ments at NAL seems to offer the best and most
immediate hope of searching for a W,.

Note added. Our results now agree with those
done by Reiff.?! He discovered a mistaken over-
all factor of (M,/M,)? in his calculations. This
change affected some of his conclusions, but his
conclusion concerning the assumption of zero
muon mass remains unaffected.
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APPENDIX

The procedures used to calculate the differential
cross section d®0/d|t|d| a| for W, production with
neutrinos are detailed in this Appendix. It is use-
ful to define the following invariants:

y=1/[(n+q)’ -m,*], (A1)
z2=1/[(W+q)*-M 7], (A2)
a=v-q, (A3)
t=q*, (A4)
x=—a+3t, (A5)
ﬁ=[(M12_AZ§ng;fZE{’;q2—2/Z’ (46)
T7=1-K. (A7)

The matrix element can be expressed as
Woc Ooc Bv B> (A8)

where Oy is

{-2ypgla +1[(27 = V) a+ (2q% = DW o/ W]+ dag(y ~ 27)q = L = Y€ gonnd Ly = 2B(q+ W) - 805} €*/M ,q* (49)

and
lo=T,vo(1=vou, . (A10)

The square of the matrix element is just

—

WaW;’;,OaBO;’;,B,U ngl . (A].l)

The spin summations can be done simply by using
the following identities:
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Z lctl)E:B[lJ'aVB"'“'ﬁVu - GaB(IJ‘ ‘ V) +i€ eagnﬂ»gVn]

W,V spins

(A12)
and
é > UBU’E'/m2=‘I’2(t)PBPe'+‘I’3(t)(425 BB’ —quB')’
spin
(A13)

where P=p,+p and m is the target mass. ¥,(#) and
¥,(#) are related to the nucleon form factors as
follows:

G - (1/4m*) G2
‘I’z(t)‘w (A14)
and
¥,(0) =Gy /m? (A15)

for a proton or neutron target. G, and Gy are the
usual SLAC dipole-fit form factors*

Gy = (T}O'Tl)z s (A16)
&= Gh(1+x,), (A17)
Gr=0, (A18)
Gh=Ghk, . (A19)

k, and k, are the anomalous magnetic moments of

the proton and neutron, respectively. For the co-

herent process, ¥,(f/) is set equal to zero (i.e., the
spin of the nucleus is neglected) and ¥,(¢) is taken

to be the nuclear dipole form factor divided by the

mass of the nucleus squared,

_1F(@?)]?® _ 1
‘I”Z(t)“ mz "(1 - 11§_q2a2)41n2 s (AZO)
where
a®=2(1.3x1072AY%)?2 em?, (A21)

The differential cross section summed over spin
can now be written as

do =[¥,()P oP g +¥ (D105 — 4 54 5)][Sod ppr + S1W oW g + S5 (W git g + 1 gW 1) + S5t gid ]

melg? diud*pd*w@n)*6*(v-q-W-pu)
q°M? 2E,2E,2E,2m2E,(21)°

X

The coefficients S; contain all the terms in the ex-
pression
50650 g Wo Wi . (A23)

Table V contains the coefficients S; in terms of
dot products, and Tables VI and VII contain the S;
in terms of ¢ and constants; here

Sa= 3 ¥°2°S,0e +S4(B) - (A24)
b,c

The terms arising from the g term in Eq. (A9) are
segregated since they involve a third denominator,
g%+2q+W (in addition to vy and z). Here

1 d
_ bc
Sa(B)—bgyz (qz+2q,W>Sabcd- (A25)

(A22)

Following the procedures of Wu and Yang,® the
phase-space volume element

diud’pd’w .,

E,E,Ey o' (v-W-q-p) (A26)
is transformed to the u-W, center-of-mass frame;
Fig. 25 illustrates this coordinate system. The
vector ¥ is taken along the z axis, and in this
frame §=7. The direction of W is specified by its
polar angle 6, and azimuthal angle ¢,. The target
momenta P, and P are taken to lie in the xz plane.
The outgoing target polar and azimuthal angles in
the lab frame are 6, and ¢,, respectively.

The phase-space volume element

TABLE V. The coefficients S; in Eq. (A22) in terms of dot products.

Sj: y2[8v- W(ge W+p W) +2qZWZ +4W2(u g —pev—req)] +yz{4(2v- W—W2)[(1+K)q- W+ Ww? —-M12]}

+242[(L+k) g W+W?—-M4%

Syt V(@ +2u+q) (W2 =20 W)] +92[T(2ve W=W+q W)(g®+2p+q) +2@v- W =W (2g - W+W? —M,;%)]
+2{ [ +1) g WH+W2 =M [T @u-g+q?) +2q W+W2 =M +{2B[(z T —v)gs W+2q% — l]mu'2 -2yzBv- Wm,’}
Stz yz[27 @ my* g’ oq —2p-gP)) +2 2R q(q +2q - WHWE=ME+ 1o q +7¢%) = 7¢* (T v+2p 4 q)]

+{22B[(e 7=y)gs W+2q® = 1lm,* — 22B(z7—y)v-qm,* +2°6% - vm, %}

So: VAW (ueqveq —q ue v) =20+ W (2qs Wi oq —q°u+ W)] +y2{2(ve Wi oq +p - vg+ W—p+ Wreq)[(=1 = K)g- W~ W2 +M ]}

+zz{—u v[A+K)ge W+W?-MA%
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TABLE VI. The tensor S, defined in Eq. (A24). A=7(My> —M2+t) —2¢.
sabc
b ¢ a 0 1 2 3
-2 2 142
-1 1 -1 7?
-1 2 —Tt 3AT
0 -1 72
0 0 —mu%K —%TA—%TZ(muz—Miz) 37l
0 1 —3m, A +§AE +i A, — M) 3% —7(m,* -3t -TA
0 2 —-3Am, - -3 7% m,® — My +8) + 1t? -5t il
1 -1 —%mpzx
1 1 2 2 _ 2y — 2 2 2
0 +5m, [k(Mo* —My®) —A +1] my, ™,
1 1 +3m, A (¢t -MD) 27m,’t 2tm,’ —2am,?
2 0 +%m“2t (m,l2 -My) 2mur2(mu-2 ~Mg)

d3u d*wd3p
E,EyE,
transforms to

d|t|d| a|dtdp.de,
4mE,| a| ’

where & is defined by

o*(v—W=-gq-p)

(A27) £=|a|I'cosh, (A29)
and

P={lx+3(M2-m,®)]?-2M2x}?/x. A30
(A28) {[ 2 0 u ] 0 } / ( )

The differential cross section is now

]
do=[T,(t)P gP g +W ()10 550 = q 5 p)|[So0 g pr + SIW gW 7 +So(W ght g + 1 gW ) + St gt ]

s (A31)

L dltld|a|dedg.dp, H

t*|

(2m?

TABLE VII. The tensor S, defined in Eq. (A25). c=—«t (M —M?) /M2

S(B)abod

b c d a 1 2
-1 1 1 2m, b7
-1 2 1 myter
0 -1 2 -2m,,*

2 - 2
0 0 1 2mu Tm,
0 0 2 2m,*(m,* ~ M%) —2m,*c
0 11 +muzc+27m”2t—4m“2t —%cmuz'r—Zm“Zt+7'mu2(M02—M12+t)
0o 1 2 Zmuzc(muz—‘M12)—%cmu2 i
0 21 Tem, 't —2cm, -m,*ct +§ em, T (M* —My* + )
0 2 2 +3c*m,” ~Mm,*
1 -1 1 m,*
1 01 —2m“2t %muzc—muz(MoZ—M12+t)—2mu2(mu2—M02)
1 11 -my et —$om,?@my? —M¢* —M* +1t)
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z and
(u-P)/m =2g2§+(V1" Vz)
77 W +(1/| a|)gs"*(a’T? - £%) " cos ¢,
6+ (A34)
|
| where
|
| v=E, -|al/2m, (A35)
|
I y v=v (Mg -m,?)/2x, (A36)
|
N . | 2= -v,(t- a)/20?, (A37)
‘f’+ N and
- 2=2x(~tv2/ P+ t/dm? - 1), (A38)
X E=W

FIG. 25. pu-W, center-of-mass—system coordinates,
where 7= and fi =—W; P and P, lie in the xz plane; 6,
is the polar angle of the W, and ¢, the azimuthal angle
of the W.
and

__G , 1 6.61x107%°
B m Y™ &7
If the muon mass is neglected, the integrand in
Eq. (A31) can be expressed simply in terms of dot
products. The integrand for m, =0 is given in
Table VIII. The integrations proceed as follows:

(i) The integrand is independent of ¢,; therefore
this integration merely introduces a multiplicative
factor of 27.

(ii) The ¢, dependence is contained in the (u - P)
and (W + P) terms; the explicit dependence is

(W P)/m = =2, + (v, + ;)
-1/ ags*(aPT? - £%) 2 cos ¢,

GeViem?. (A32)

This integration is done easily.
(iii) The range for the ¢ integration is (-] a|T,
| @|T"), which follows from the relation

£=|a|Tcosb,. : (A39)

The £ integration is straightforward but tedious.
(iv) The limits of integration for | a| are given
by

i (D =3[ 2] +(My+m )2 (A40)
and

O ax (D) =3E, [ t/m +(t3/m? - 41)V/7] (A41)

the lower limit being determined by the threshold
of W, production and the upper limit by the con-
straint of |cos6,|<1. In principle, the |a| inte-
gration can be done in closed form, but since the
[t| integration cannot be done in closed form, both
have been performed numerically.

(A33) (v) The limits for the |¢| integration are
J
ZEU =1 1 2 2 ) 1/2) 2 1 \
b = (1452 Ey, =\ Ey —g - (Mo+m,)* ) —(Mo+m,,) — g (Mo+m,) (A42)
and
2E,\"! 1 2 12) 2
bmax = (1+ m”) (gE,, + [(E,, ‘-ZW(MO“”M)Z) _(M0+mu)2] 2 ‘Z:?(Mﬁmu)q)' (A43)

After the ¢,, ¢,, and £ integrations tie integrand can be expressed as

d3o H

H

3 2
d[t]d[al " [al? (1) (,Z?, RisnSie +§; R(B)ism S(B)i!kl) Tali® ¥s() (g FijrSiin +i§ F(B)ignr S(B)ijnr ) .

(A44)

TABLE VIII. The differential cross section f (|¢], lal, ¢, ¢,, ¢,) for m, =0 in terms of dot products.

2257’ [(q* W) @u+Pv -P —p+ vP?) =2« WW-P(i+qu+P +v+qu+P) +(W+ P)*@ueqv-q —p - vg?)]

+7q%[2q* W@ PveP —pevPY) —2W-P(y+qv+P +vequ+P)] +q*@u-Pv-P —p+ vPH}

+2%" T ~2q - W(peqv- W+veque W) +W2@u-qv-q —p+ vg?)]
+7q [~2q Wi+ v =2(peqvs W+vequ- W)l+q*(~g%u- v—2u -qv-q)}
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|on

The tensors R, R(B8), F, and F(B) result from the integration of the various terms like

(LW + Wit g)3 3 v vl y' 2"

spin

(A45)

over ¢, and £, and are given in Table IX. It is now straightforward to integrate numerically d%0/dl¢|d| al

to obtain cross sections.

TABLE IX. The tensors F;,, F i Rijps and R, defined in Eq. (A44) resulting from the £and ¢, integrations. The
limits of integration for the integrals are (—|a|T, |a|T).

FOjk:3tfyj2kd£

F 1= 7M0’t = 0" =M1y’ +t)21fyfz’* ag+ 501y =My +t)fyfzk“d§ - %rfyfzk‘zdg

sz,z=—%fyj_1zk"d£+;—(Moz—M12-t)fy"'izk d¢ —%tfyfzk_1d£+%[t2—t(MOZ—M12) —2t(]l/[12+mu2)]fyjzk dé

Faj=m, "t —%tz)-/‘y"z’e d§+;—tfy"’1z" dg—%fyf"zzk dt

F i =Mo"t = F M) = My* + 1)%] yfzkw’du-%—awoz—M,%t)f vzt wlde -+ f yiz® 2t 4t

szk,=—%—fyf_1zk'1w’d§+%0\402 —Mf—t)fyj_izkw’dg—%tfyjzk*w’dgwt%[tz—-t(M02~M12)— 2t W12+mu2)]fyjzkwld§

Rojk=P2fyizkd§

Ryjp= (=30 [yi2#e8 ds —Zalasfy’zkidé +(agt +5by) [ yitas

Ryjp= (b1 —2a’) | yiztetds +2a; (a3 ~ay) f Y2t EdE + Cayay —by) f izt

Rafk=(a12—%blz>fyjzkizd£+2a1azfy"z'*§ d§+<a22+%bz>fyfzkd§

lekz=(a12—éi‘biz)fyjzkw'izdé—2a1aafijkW'€d§+(a§+%bz)fyjz"w’d£

Rojp = (b4 —Zaiz)fijkW'gdi +2a, (ay "az)fyjzkwlﬁdi + (2aza3—bz)fyjzkw’d§

ay=(a +2mE,)(t —a)/(2a?)
as=[x— Loy —muz)] (—a —2mE,)/(2x)
ag=[x + 30t —-m, Y] (o —2mE,)/ (2x)

by [2x<—tE, (mE,+a) _ 1)]1/2 m

mao o
b2=b12a2I‘2

w=1/(q*+2¢-W)
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If an as yet unobserved vector meson exists, it can be seen most easily by diffractive
photoproduction on nuclei using a photon beam at the National Accelerator Laboratory (NAL).
We have considered the problem of coherent production of such a particle on nuclei, taking
into account the mixing between the p and the new vector meson to arbitrary order. The
method used here can be generalized to describe coherent scattering of hadrons and nuclei.
It will be shown that the interference effect reduces the production of the new vector meson
considerably and that the A dependence of the production cross section plays an important

role.

INTRODUCTION

In order to formulate the concept of vector-
meson dominance, it is crucial to know whether or
not there are other vector mesons besides the p,
w, and ¢ through which the photon interacts with

hadrons. Since p, w, and ¢ are produced diffrac-
tively when a high-energy photon beam strikes a
nucleus, we expect such mesons to also be photo-
produced diffractively. The diffractive production
has the advantage that the produced particle must
have quantum numbers similar to those of the pho-



