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We augment a previous discussion of the production of pairs of gauge bosons with a study of the reactions
pp and pp —WZ°X or WyX. As before, these depend upon trilinear boson couplings and the high-energy
behavior is controlled by gauge cancellations. In particular, the (hard) photon production is sensitive to the
magnetic-moment parameter k for the W. We also discuss the related neutrino reactions, ve —WZ° or Wy,
which may be of interest in very-high-energy cosmic-ray physics.

I. INTRODUCTION

The gauge-boson pair production in colliding-
proton collisions

p+p
p+p

has recently been analyzed.’ The original idea?
was that WW pairs might be copiously produced
before reaching the energies where gauge-theory
cancellations would take effect, but the detailed
analysis showed that such cancellations occur
close to threshold just as in®

et e Wt A W" . (1.2)

}-W* +W™+X (1.1)

The boson mass is the only important scale in
energy. '

The cancellations themselves remain interesting,
however, since they are dependent upon the inter-
related coupling scheme in the standard Weinberg-
Salam model including charmed quarks and tri-
linear boson couplings. (It must be remarked that
we use the Drell-Yan approximation in the hadron-
hadron collision,) We thus view reaction (1.1) as
a probe of the electromagnetic and the weak inter-
actions of the W and as an important instance in
which renormalizability controls the high-energy
behavior of the two body reactions (quark-anti-
quark annihilation in this case).

The parallel role of the quarks and of the elec-
trons in (1.1) and (1.2) is another example of the
similarity between colliding electrons and colliding
protons in investigating new physics. In spite of
this, there are some practical differences which
should be mentioned. The W decay does not have
to be dug out of the hadronic debris in (1.2) and
single W production rates are exactly reversed:

pp (PP) = WX, Z°X (1.3)

are about 3 orders of magnitude larger than (1.1),

20

but
ee~Wev, Z'ee (1.4)

are 3 orders of magnitude smaller than (1.52). A
mitigating circumstance is that colliding proton
beams with sufficient c.m. energy are only a few
years away and the threshold for pair production
(1.1) may be within reach in the not-too-distant
future.* If and when the W and Z° are found via
(1.3) and their decay signature better understood,
it may be possible to test whether they are gauge
bosons in reactions such as (1.1). The e* ™ probe
(1.2) is cleaner but perhaps farther into the future.

Since the boson mass is the energy scale beyond
which weak and electromagnetic amplitudes are
comparable, it follows! that

etve -~ 22+2° . (1.5)
and- '

p+p :

erp}—oZ"+Z" +X (1.6)

yield roughly the same rates as (1.2) and (1.1),

respectively. In the standard model, nothing very

complicated is involved in their calculation and no

non-Abelian gauge cancellation occurs. Nongauge

vertices (trilinear 2°) could be studied, however.5
The mixed pair production reaction

p+p

ﬁ+p}"Wi+Z°+X (.

does involve more interesting amplitudes (the
trilinear coupling comes back) and should be
comparable in cross-section size to (1.1) and (1.6),
in accord with our remarks on boson mass scales.
The subject of this paper is to augment the analy-
sis of I with a discussion of (1.7)—see Sec. IV—
and also of some other “pair probes.”

The basic fermion-antifermion annihilation
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rates appropriate for (1.7) in Drell-Yan approxi-
mation are laid out in Sec. II, together with other
calculational preliminaries. It is noticed that this
is basically the same calculation needed for the
neutrino reaction

T,he W +20, (1.8)

which is of possible interest in ultrahigh-energy
cosmic-ray physics.® The cross section is indeed
electromagnetic in size and the results are dis-
cussed in Sec. III,

An interesting alternative suggested by (1.7)

and (1.8) is the replacement of Z° by a kard photon:

V,te =W +y, (1.9)
p+p

+
$+p -Wi+y +X. ’ (1.10)

Reaction (1.10) is a rather simpler probe of the W
electromagnetic interactions (trilinear Wwy);

our analyses in Secs. II-IV include calculations
for (1.9) and (1.10). Conclusions and further ideas
are presented in Sec. V.

II. FERMION ANNIHILATION INTO W*Z% AND W*y

In this section we present the differential and
total cross sections for the following reactions:

fi+}_-j"w-+Zo, (2.1)
fitf~wr+2°, (2.2)
fitfi~-W +y, (2.3)

—
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FIG. 1. The lowest-order diagrams for W z° produc-
tion by fermion-antifermion annihilation.

f{ +.]T}"W+ ) (2.4)

where f; stands for one of the fermions v,, ¢, u,
d,..., etc., and f, for the correlated antifermion.
The amplitude and Feynman diagrams for reac-
tion (2.1) are shown in Fig. 1, where we also ex-
hibit our notation for the particles involved in that
reaction. We follow the same Feynman rules and
conventions about coupling constants, etc., as in
I. The only new coupling constants needed here
are the neutrino neutral-current couplings

a,=b,=%. (2.5)

We shall also use the following combination of
g} and g, (defined in I):

g =gl +gi=22M VG (a' +b'). (2.6)
We have (see Fig. 1)

e 7”’2')’11} , 2.7

u

s=(k,+R) = (P, +1,)°, t=172=(k, -py)?= (Po= ko), u=04"=(k,=p)*=(p, = k)",

s+t+u=My?+M,%.

(2.8)

After a rather lengthy calculation, we obtain the following expression for the unpolarized differential

cross section:

dt e s=M,?

2
(=) 2 ij 2
do - +5;,,e) 41;(;( (Q:-a){( sez/e > (s, t,u) +

2se,/e [ & g
LFZ/ e =28
S— M, [ = 1(s, tyu) + 2= 1(s,u, t)

+<gi _gJ)ZE(s, t,u) +(%)2(—1d;—w)

e u
2 (E£Y) oyt a1/t + (£ (ﬂ‘i‘fﬂz_)} , o9
where
A(s, t,u) =(M—;;7I-z—2 - 1) [% 1"1w22’;1‘/1z2 LMy +Mzz):2+8MW2M12]
* (%)[s/z —My? = Mj* + (My? - M *)/2s],
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1 M,? +M;® ,
I(Sr tyu) :Z (—]w_—,;]t—w'—z - ])[1 - (MWZ +MZZ)/S - 4MW2MZZ/St]+<2MW2MZZ ) [S_IWWZ_]VIZ2 +2MW2M22/t] ’
w zZ
(2.10)
1 ut 1 s(M,2+M,?)
== — 2w Z
E(Syt’u) 4 (M 2M 2 1> +2 M ZM 2 '

By setting M, =M,,, A(s, t,u) and I(s t,u) can be checked against corresponding terms for f; +f;, - W* +W~
given in L,
Integrating over ¢ we obtain the total cross section

0(_)=[m:ax d;; - a 2.11)
with the limits given by
bax,min = 2(My° +M 5 — 5) £ 358, (2.12)
where
=[(1+M,*/s =M 2/s)’ = aM 2 /s]'* . (2.13)

The integrals entering the total cross section are

3,3
fA(s, t,u)dt = ﬁ%ﬁ? [1+10(M 2 +M ;2) /s + (M* +10M ,2M ;2 + M ;%) /$?] ,

fz(s, t,u)dt=f1(s,u,t)dt

24;1%[1 +9(M 2 + M%)/ s = (OIMy* +10M ,°M 2 +9M ,*)/ s*
- 2 M 2 M 4 10 2 2 4 3 2 2 MEZMZZ
M 2 +M ;) w T10M M, +Mz)/3]—2(IWW +M ) |1 +——% > | InL,
s(My? +M ,?)
3
fE(s, t,u)dt=f E(s,u, t)dt =?uwi%47[l +10(M 2 +M ) /s + (M2 =M ,2)?/s%] , (2.14)

2 2
fwdt f@—M'LM-Z—dt——ZsB+Zs[1—(MW2 +M;?)/s]InL,

at _ 4InL
ut s—-MjZ-M;’

where

Lz =tmin = (1 +B)2 - (sz —]WLZ)Z/S2
Lmax (1 - 6)2 - (sz _MZZ)Z/SZ

The arrangement and notation has been chosen so as to facilitate comparison with formulas in I for M,
=M. .
This completes our discussion off,.fj —W~Z° and we turn tofffj -W™y. We are interested in the W*y
. production because it may be sensitive to the magnetic moment of the W boson. To expose this depen-
dence, we consider arbitrary values of the familiar “anomalous” moment parameter k and use the vertex
shown in Fig. 2, The Feynman diagrams are the same as in Fig. 1 with Z°~y.

We shall omit the calculational details. In fact, the differential cross section can be checked against
earlier work” where the crossed-channel process y +f,-—W* +f; was treated. We obtain

dot- o (14 k)’ut 2sM 2 14k ut(k = 1)
T =(1 +6,,,e) 5 (G- ) {Z(Swaz)z = sz)z <Q1 -Q;+ ) “4(s —M Y

ut(k = 1)(Q; - @;) " 1
2(s-MAHAM} (s=M,y

+Q%t/u +2Q,Q;SM}? /ut +QPu/t} . k (2.16)

(2.15)

[(1+K)s/M,?-2]

2y Qw1 +4) - ZSMWZ/t] - Q[t(1+x) - 250, /ul}
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The total cross section is found by integrating over ¢ with the limits given in Eq. (2.12) after setting M,

=0:

o =(1 +6,,,e)§- (G{,’_A)Z{(x +1)2(s = M%) /12 = 2sM % /(s = M?) + sls=My) <Q'. - L +K)2

2M,7 2

= (s =M1 +K)s/24M " - )k = 1) = (Q; — @)k = 1)(s = M*)?/12M,}

+ =9 11 k)(s - M,2)/2 - 25M, 2 InL]
s=My

H@+ @7 =MNE -1 +40, T i}, (2.17)
W

where

L' =(s=M,?)/ms,

(2.18)

in which m, =fermion mass. In contrast to I, we have had to keep certain fermion-mass dependence in the
total-cross-section integration, particularly in the exchange propagators. That is, fp.and #my—~0" as
s— o, We shall neglect the quark mass differences in the numerical estimates of Sec. IV.

As in Ref. 7, it is worth pointing out that the above expressions simplify considerably for the case k=1,
which is the gauge-theory value. In W™y, @, =@, +1 and the simplifications are

do(™)
dt

1

1+t/u

and

(k=1)=(1 +5,,,e)s% (G{,’.A)2<Q, +———>2 (@® +£2 +2sM ,2) /ut (2.19)

o Nk =1)=(1+35,,) 2 (G,',’_A)z{[ZQ‘(Q, +1) + 1][(1 ~M,2/s)(InL’ - 1) +—2M!’-2-2- lnL']
e s s=My

—2(1-M,2/s) _SiM_A.}LZ_Z.} . 2.20)
= W

We now turn to the two charge conjugate reac-
tions f; +f,~W*+2%y). These are obtained from
the expressions for W~2° and W™y production by
interchange of ¢ and j and by reversing the sign
of the amplitude where the Z° or y couples to the
W (the first Feynman diagram in Fig. 1). There-
fore

dot*) " 4ot
dt dt .,
Yo t

do(')

7 |‘=(k7 e’ (2.21)

or, in other words, the differential cross section

-ie Eza‘; (2k+a), -9y (ktatkalg -gg, (k—xq)c\:l

FIG. 2. The electromagnetic vertex for a charged
boson with arbitrary magnetic-moment parameter k.

-
for W* production is given by the same expres-
sion as for W~ production if we interpret ¢ to be
the square of the 4-momentum transferred from
the antifermion to the W*, Clearly, the total cross
sections are equal,

o) =gl (2.22)

III. WZ AND W~ PRODUCTION BY NEUTRINOS

We shall illustrate the size and the angular de-
pendence of the cross sections derived in the pre-
vious sections by considering the specific reac-
tions 7,e”~W~2° and V,e” -~ W™y. Again, every-
thing is electromagnetic in magnitude (comparable,
say, to e*e” - u*u”) when we get to weak-boson-
mass c.m. energies, and the features exhibited in
this section will be useful in understanding the sub-
sequent quark-antiquark annihilation study.

The actual possibility of detecting the reactions
Vv,e”~W~2° and Wy is remote, because truly
enormous neutrino energies are required: E,

2 10% eV for a 100-GeV/c? boson mass. This
takes us into the realm of cosmic rays where such
high-energy neutrinos are indeed expected to be
found, albeit in small numbers. Qur calculations
of the neutrino cross sections are in fact relevant
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TABLE 1. Values of x= sin29W and the related boson
masses considered in the numerical work., 6y= Wein-
berg angle, My=M ycosby= (37.8/sinby) GeV/c2,

MW MZ

x (GeV/c? (GeV/ch
0.15 97.6 106
0.20 84.5 94.5
0.25 75.6 87.3
0.30 69.0 82.5

for project DUMAND (deep underwater muon and
neutrino detector),® whose purpose is the study of
such very-high-energy neutrinos.
- We remind the reader that we will use the
standard Weinberg-Salam model for all of our
numerical calculations. In Table I we give a
range of values for sin?0y, = x embracing results
from neutrino physics and the recent polarized-
electron experiments,® and the values of M, and
M, associated with each value of x. We should
point out, however, that the reaction v,e” - W™y
involves no neutral-current couplings—we use x
here simply to fix M, which can be independently
varied in this reaction. The same is not true, of
course, in the case of U,e”~W™Z° where the re-
lationships between M, M, and the neutral-cur-
rent couplings a' and b* are crucial to control the
high-energy behavior of the total cross section.
We plot the c.m. angular distributions and the
total cross sections as a function of V's for each
reaction. (Define 6 to be the angle between the
electron and the W~.) In Fig. 3 we show (do/

dcosd)(V,e”~W™~2° at a c.m. energy Vs =250 GeV.

Two forward-backward peaks are clearly present.
The asymmetry between the forward and back-

100
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FIG. 3. Differential cross section for v,e — W 2"
Here 6 is the c.m. angle between ¢” and W~ (or v, and
Zy). The mass range is given in Table I and Vs =250
GeV.
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FIG. 4. Total cross sections for ¥ ,e~ —W=2z". The
mass range is given in Table 1.

ward hemispheres increases as we increase x
(and the difference between M, and M,,), while the
total cross section decreases (at this value of V's).
This last feature, a consequence of the coupling
x dependence, is also seen in Fig. 4, where we
plot the total cross section as a function of v's.

Numerical results for ve™ - W "y will be pre-
sented for the popular value of x=0.2 but for dif-
ferent ¥, remembering that « =1 correspondsto the
gauge-theory em vertex used in I,

In Fig. 5 we plot do/dcosf for D,e™ Wy,
again at vV's=250 GeV. While the curves for Kk =—1
and k =0 are similar, the & =1 curve is strikingly
different. This strong ¥ dependence may be use-
ful in measuring « in pp(P) - Wy X, as discussed
in the next section. The 1/u behavior seen in Fig.
5 for k=1 is evident also from Eq. (2.19) after
setting @, =-1.

—

5 )__ /5= 250 GeV

(ue e —~W7y)

da
dcosf

01 1 i 1 1 | | Il 1 1
1 -8 -6 -4 -2 0 2 4 6 8 1
cos (]

FIG. 5. Differential cross section for v ,e~ —W"y.
Here 6 is the c.m. angle between ¢~ and W~ (or 7, and
v), M, =84.5 GeV/c?, and Vs=250 GeV. k is the mag-
netic-moment parameter in the WWy vertex.
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FIG. 6. Total cross sections for v,e” —W"vy. My
=84.5 GeV/c?, and k is the magnetic-moment para-
meter in the WWy vertex.

In Fig. 6 we plot the total cross section for
v,e” W™y as a function of vs. The large peaking
seen near threshold is due to the soft-photon ap-
proach to resonance and requires more careful
treatment than we have given it (radiative correc-
tions, resonance width, etc.). But we need only
concern ourselves with hard photons. Later, in pp
and pp collisions where we integrate over the in-
variant mass of the W*y system, we truncate this
region (eliminating spuriously large contributions).
We also see from Fig. 6 that, in contrast to the
angular distribution, the total cross section is
not very sensitive to k.

IV. WZ AND Wy PRODUCTION IN pp AND pp COLLISIONS

We shall adopt the Drell-Yan model in order to
calculate W* Z° and W*y production in hadronic
collisions. A straightforward adaption of the
formulas derived in I gives us the following ex-
pression

do
z_i;'_d—xr (AB- CDX)
1
=§.;; ,z,: [PA(x4) P;B(xp) + P74(x4)P;2(x5)]
x 0 {q,9;~CD), (3.1)
where
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T=x,x5=Q*/S,

Q@ =(c+pp)*, (3.2)

S=(p+05)°,
and P;#(x,) is the probability of finding a quark g,
in particle A with momentum x,P,, etc., for
which we use the same parametrization as in I

The limits on T and x,, over which we later inte-
grate to find the total cross section, are

Mo +Mp»/S<t<landT<x,<1.

The quark-antiquark total cross sections
0 .(q;g;~ CD) have been prepared in Sec. II for CD
=W*2° and W*y. In integrating over 7, we are es-
sentially integrating these cross sections over
their c.m. energy Vs , since s =75, where Sis the c.m.
energy of the pp or pp colliding beams.

In this section we fix from the outset x=0.2.

To get a feeling for the x (and hence mass) depen-
dence, we refer to the earlier section and also to
I, and we point out that the rapid variation of
o(f.f;~ 2°Z°) with x, reported in I, does not occur
in the two reactions considered here.

In an effort to delineate the ¥ dependence in
W*y production, we will give some results for
k=-1, 0, and +1. In Fig. 7 we plot (do/d7)(pp
- W*yX) for two values of k at pp c.m.
energy Vs =540 GeV, a choice motivated by the
Pp project at CERN.*

Although the k dependence of do/dr is seen to be
rather weak, the P, distribution is a different
story. To discuss this, consider ud - W*y, which

o
T

Js =540 GeV

FIG. 7. Invariant-mass distributions for W *y or
W=~y inpp collisions.
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.005 —

do
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cosf

1
-8 1

FIG. 8. Angular distribution for ud —W *y atVs
=150 GeV. A common quark mass of 0.3 GeV/c? is
assumed and 6 is the c.m. angle between « and W * (or
d and v).

is the quark-antiquark reaction of central impor-
tance. The c.m. angular distribution (do/dcosb)

X (ud -~ W*y), where 0 is the angle between d and W*,
is plotted in Fig. 8 for v's =150 GeV (correspond-
ing to 7 =0.077 if Vs=540 GeV). We see that unless
Kk =1, the WWy vertex tends to dominate, flatten-
ing the angular distributions. As in the neutrino
reaction illustrated earlier in Fig. 5, isotropy
gives way to more and more forward-backward
peaking as the Weinberg-Salam cancellation is
approached. Therefore we expect more large-
angle or large-transverse-momenta production,
particularly for pp, where the valence quark c.m.
frame is closer to the overall c.m. frame the
farther we are away from k =1,

More mention should be made of the comparison
of Figs. 5 and 8. The highly asymmetric distribu-
tion (do/dcos6)(v,e” -~ W™y) is actually due to the
electron charge having @,=-1 [see Eq. (2.19)].
For ud~W*y, @; =-% and the symmetry is re-
stored. All of this is simply a reflection of the
fact that for 7,e” — W~y the f-channel diagram
(corresponding to the second Feynman diagram
in Fig. 1 with Z° replaced by y) is not present,
while for ud — W*y both t-channel and u#-channel
diagrams contribute. The presence of both for-
ward and backward peaking depends upon the fer-
mion charges; whether any peaking is prominant
depends upon the k value.

x=02
J3 =540 GeV

T B Wzt
\\ Non-Gauge

\
\

A)

Ve WX\
\ Non-gauge \
\ \

.05 —

o 1 ! I L | I

FIG. 9. Invariant-mass distributions for W *z? in PP
and pp collisions for ¥=0.2. The two continuous curves
correspond to the Weinberg-Salam model and the broken
lines correspond to a nongauge theory result with no
trilinear boson coupling.

The divergence of (do/d7)(pp—~ W*yX) for very
small 7 is the aforesaid reflection of the infrared
resonance region discussed in Sec. IIl. As we have
already indicated, we make a cut to leave out the
small 7 region (hard photons must be present) in
the final integrals needed to get the total cross
section. The cut corresponds to 7, =1.1M,2/S.
The shapes of (do/dt)(pp—~ W*yX) are similar and
have not been plotted.

In Fig. 9 we plot (do/d7)(pp—~W* Z°X) and
(do/dr)(pp~W*2°X) for x=0.2. As an illustration
of how the gauge-theory cancellations work, we
exhibit in the same figure the result of dropping
the trilinear coupling, i.e., dropping the first
Feynman diagram in Fig. 1. The shape of the
curve does not change much but the whole curve is
elevated by a large factor, especially at larger
7 values, and the resulting cross section is sub-
stantially increased. A similar example is dis-
cussed in I, where the effect is shown for a fer-
mion-antifermion cross section (e*e™~ W*W").

In Figs. 10 and 11 we plot total production cross
sections for all of the boson-pair combinations of
I and this paper: W*w~, W*2°, 2°2°, and W*y,
Though the actual nunmibers may vary if one uses
different quark distribution functions, the relative
magnitudes should remain the same to a very good
approximation. In the W™y channel, recall that
there is a 7 cut made (T, =1.1M,2/S), but the
rates are not too sensitive to this truncation. Of
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FIG. 10. Total cross sections for the production of
boson pairs W*w-, W*z’, and z°2° in pp experiments.
Here x=0.2.

course, no such cut is necessary for the W* Z
channel, where T, =(M, +M ;)?/S.

Finally, we turn to pp reactions. In Fig. 12 we
plot curves analogous to those in Fig. 10. The
difference here between W*2z° and W~2° is due
not to any difference in the basic gg - W* Z° cross

110735 ¢m?2)

.05

Total Cross Sections

ol ! 1 1 1 1 | )
200 400 600 800 1000 1200 1400 1600
IS (Gev| ) )

FIG. 11. Total cross sections for W*y production in
pp and pp collisions. Here x=0.2 and k=1.

1171

sections [see Eq. (2.22)] but rather to the different
quark and antiquark content in a proton. The
same applies to W*y, which is plotted in Fig. 11.
Clearly, W* emission is favored in pp collisions,
simply because there are more u quarks. How-
ever, everything is down compared to Pp colli-
sions, an effect due to the presence of valence
antiquarks in p.

V. DISCUSSION

The main thrust of this paper is to detail ways
in which proton experiments can show that the
weak bosons are actually gauge bosons. Presum-
ably they will be found, if they exist and fall in
the 100-GeV/c? mass range, via reaction (1.3).
What we learn there about their decay can then
be put to use in the pair-production search, where
the gauge cancellations and trilinear boson coup-
lings come into play. Before summarizing and
commenting upon some of our pp and pp results,
we digress with a discussion concerning the lepton
reactions.

Lepton-antilepton annihilation into boson pairs
can be unified in thought’ by looking at the square

in Fig. 13(a). The general analogous reactions
are

etve” -2, (5.1a)
V,+e” ~x", (5.1b)
5
1
5
1
-
£
8
g 051
e
c
2 01 {—
£
&
8
© .005.—~
E
3
2
001 1 1 1 L 1 1
"~ 200 400 600 800 1000 1200 1400 1600

VS |GeV]
FIG. 12, Total cross sections for the production of
boson pairs W*w=, W*2¢ w= 2% 22" inpp experi-
ments. Here x=0.2. '
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+ e~

(a)

FIG. 13. Adjacent corners of these figures are lab-
eled by fermion pairs which annihilate in two-body
reactions. Diagonals are forbidden—nonadjacent cor-
ners cannot annihilate in the limit m o0, =0.

v,tet—xt . (5.1c)

Vg V=~ &° (5.1d)
for general x. For example, the much analyzed

et+e - 2° (5.2)
has the analog'!

V,+e W™ (5.3)

[Notice that it is more appropriate to compare
(5.2) and (1.2) rather than (1.4) and (1.2) when
drawing parallels to (1.1) and (1.3).]

A method for observing (5.3) in a detector such
as DUMAND has recently been proposed.’* The
idea is that “direct neutrino” production (charm ?)
in the atmosphere by ultrahigh-energy primary
cosmic rays and subsequent annihilation with
atomic electrons in the water detector volume
could be seen. Unknown extragalactic sources of
7, would initiate (5.3) as well.

More generally, such plans may allow us to
continue the important business of learning new
physics with neutrinos, in spite of the fact that
fixed target machine experiments will not see a
substantial increase in energy in the near future.
Going back to the analogies (5.1), reaction (1.2)
suggests the array

et +e-WH+W", Z°+2°, (1.2) and (1.5)
V,+e -W™+2°, (1.8)
vo+et -W*r+2°, ‘ (5.4a)
V,+v,-W*r+W~, 2°+2°, . (5.4b)

which includes the V,e channels we have studied.
All of these are the same order in cross-section
size (1073¢~107%% ¢m? near threshold) and we raise
the possibility that W~Z° production may be another
weak-boson signal in ultrahigh-energy neutrino
collisions. The three orders of magnitude differ-
ence between the rates for (5.3) and (1.8) can be
overcome if the (unknown) fluxes have been under-
estimated (the pair channel is not confined to a
narrow bandwidth).

A similar array can be laid out and perhaps
stronger remarks can be made for the other
neutrino reaction under scrutiny,

T,+te =W +y. (1.9

This has a somewhat larger cross section and the
photon can remain “hard” well below the threshold
for (1.8). Comparison of the electron and neutrino
cross sections for (1.2), (1.5), (1.8), (i.9), and
the electromagnetic standard®®

ette ~y+y (5.5)
for which
270 s :
0=—s—<lnm92—1>, s>»>m,’ (5.6)

can be found in Fig. 14. For completeness, one
should mention that (5.4a) has the same rate as
(1.8) and that (5.4b) is a simple version of (1.2)
and (1.5).

The parallel nature of e*e” and 7,e” physics!*!
means that higher-energy neutrino investigations
could lead to the production of resonance states
analogous to those in e*e” but with different quan-
tum numbers (charge, strangeness, charm),

Ve -p T, K*, F*",.... (5.7)

For further discussion see Ref. 15, where the as-
sociated Higgs production v,e™ - W ™H is also dis-
cussed.

Let us return to more immediate proton physics.
The cube in Fig. 13(b) summarizes the quark
annihilations possible in weak-boson production.
Thus

ds4vy, Z° wrw=, z°2°, ~ (5.8)

and so forth. This tells us which contributions
are present in the Drell-Yan model with the
Glashow-Iliopoulos-Maiani (GIM) interactions,®
given the quark content of the hadron. (By the
way, the quark distributions used in our work
probably have led us to underestimate the sea con-
tributions, particularly relevant to pp collisions.)
The hope of this paper is that these underlying
quark interactions, which reflect much gauge
theory, can be studied.

Specifically, the size of do/dr reflects the
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FIG. 14. Total cross sections for lepton annihilation
processes for the production of pairs of gauge bosons.
Here k=1 and x=0.2. The related calculations are
described in I, Sec. III, and Ref. 13.

gauge cancellations in W* Z° production. To see
this, we removed the trilinear boson coupling in
an effort to consider an alternative. The 7 dis-
tributions increased by roughly an order of magni-
tude, but in contrast to the e*e™ Fig. 8 of I, they
do not change in shape. This would be true for
W*W - production as well, and is a result of the
limited quark phase space at a given S. If the
trilinear boson diagram dominated, we would have
in addition less peaking along the beam. The c.m.
angle isotropy for the k #1 Wy case would appear
here as well.

We should discuss the boson angular distributions
a little more. The small angle peaking in ud
~W*Z°, ud-~W~Z° carries rather directly over
to the pp frame. In both pp and pp, bosons will be
found in forward-backward cones around the beam.
The cones will be wider for pp than for pp in view
of the valence-sea x distributions, but some small
asymmetry (reversed for W* — W ") is present for
pp, since (x),#{x,) and since the quark angular
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distribution is not perfectly symmetric. Of
course, pp leads to exact symmetry. We note then
that pp collisions will produce bosons with larger
transverse momenta and at times in the same
hemisphere.

We have not, however, made a detailed study of
boson distributions, let alone the all-important
decay spectrum. Some idea of what to expect can
be found by coupling the above remarks to the care-
ful single-W analyses.’® In addition, work done on
eteT-Ww-, pai‘ticularly with reference to jets,'®
is useful for us as well.

Stress has been put on W*y production as a
probe of the moment parameter k. Varying k shows
up in interesting fashion in angular distribution
effects, especially in pp. Other non-Abelian gauge
features (WWw 2° vertex, GIM mechanism) do not
cloud the issue as they would in a k-dependence
study of W*W~. Of course, we never break the
fundamental U(1) symmetry. ‘

The other interesting aspect of W*y production
is its larger asymptotic cross section and lower
threshold. The threshold is not M,?, of course,
since we want to see the photon and we need to
justify the use of the Drell-Yan model. A hard
photon back-to-back with the W fills the bill.

The larger cross section arises from the differ-
ence in minimum momentum transfers (f,,, as it
were) and the resulting logarithm arguments.

The logarithmic enhancement brings up an inter-
esting point:” Why not replace the hard photon by
a hard gluon (jet)? It appears that the running
coupling constant in quantum chromodynamics
(QCD) will be accompanied by a large logarithm
and that the cross sections are significant. A
hard-gluon trigger may aid the initial W search.?®

Finally we mention that Z% production, while of
the same level as W*y, is like Z°Z° in that it is
perhaps uninteresting in its simplicity. This does
bring up the possibility that neutrino counting®:
in e*e” collisions,

e‘e” -y, (5.9)

can be transcribed to proton collisions as can
other tests of Yang-Mills couplings.??
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