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Various relations are obtained between dilepton and intermediate-boson ( W) production cross sections. It is

pointed out that if the dilepton production obeys a scaling law, then its measurement at presently available

energies can provide a lower bound for the production of 8'bosons in future high-energy experiments. %'e

also calculate 8'production using a Drell-Yan model with and without color. %'e find that the model without

color is quite successful when compared with the dilepton production data. Estimates of the leptonic and

hadronic decay rates of the 8'boson are also given.

I. INTRODUCTION

The most direct test of the underlying theory
of weak interactions is the search for intermediate
vector bosons. ' In addition to the long-standing
px ediction of charged mediators of the weak force
(W" particles), gauge theories require the ex-
istence of neutral counterparts (W particles)
which mediate neutral currents. The observation
of neutral currents in numerous neutrino experi-
ments provides strong support' for the existence
of a triplet of intermediate vector bosons.

The most promising way of producing them is
with proton-proton col.liding beams, ' where they
can be identified by their leptonic decays. In
any unified theory of weak and electromagnetic
lnteractlons the expected masses Rx'e of 01del
(a/G)'~2, or roughly 30-100 GeV/c'. Such masses
are within the reach of the next generation of
colliding ring facil. ities. For this reason we con-
sider it timely to summarize the theoretical ex-
pectations for their production.

Our approach to the problem is at two levels.
In the first we derive rigorous bounds for the
pxoduction of W'8 in terms of electromagnetic
production of dileptons in the PP reaction,

whex'e I denotes a lepton and l denotes its anti-
particle. For charged mesons the relations fol-
low from the cons erved-v ector-cur rent hypothe-
sis. For neutral mesons the bounds depend, in
addition, on the particular gauge theory under
consideration. . The practical value of the bounds
rests on the fact that we can relate the production
of @"or N' to the electromagnetic production
of I / continuum Rt the same mass Rnd Rt the sRme
center-of-mass energy. In the absence of mea-
surements for reaction (l.1) at very high ener-
gies, we investigate data at presently available
energies searching for the scaling limit of the
reaction. A summary of existing results indicates

that the data fall on smooth curve, suggesting
that the dimensionless cross section M' do/dM
for dilepton production is a function of s/M',
where M is the dilepton mass. If this is indeed
the case, we can in turn calculate the lower bounds
for the production of W.bosons. .

In the second approach, we make use of a Drell-
Yan model. " Al. l previous results can be re-
produced in the model, since the general. prin-
ciples involved in deriving the bounds are nat-
urally incorporated within the model. . We choose
the quark distributions from the existing fits'
to electron and neutrino inelastic scattering, which
give, in addition, the best agreement for the
electromagnetic production of /3 in PP collisions.
We then cal.culate the 8" production in both PP
and pp reactions. The model predicts that in pp
reactions the production of @' is larger than the
production of 8' owing to the fact that there are
more positive quarks in protons. Model calcula-
tions and detailed curves are included in Sec. III.
Section IV sumxnarizes the expectations for the
S' decay widths.

II. GENERAL BOUNDS

In all the px'ocesses under consideration, we
assume that the dil. eptons couple directly to a
weak or electromagnetic current, which in turn
coupl. es to the hadronic system. The lepton vertex
is well determined by the theory of electromag-
netic and weak interactions, and the main interest
is in the couplings of the currents to the hadrons
as shown in Fig. 1(a). The conserved-vector-
current hypothesis tel. l.s us that the cross sections
for the production of S"s with different charges
are related to each other and also to the electro-
magnetic matrix elements.

We define the cross sections

o~'" =cr(pp-v'+X),

o„' "=g(pn-v''+X),
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cr,"=o(pp-cr'+X),

o„'' =cr(pn-a'+X),

(2.3)

(2.4)

2 y(2)
P

g+, t 1 y(a) + y (1) + 2 y(0)
P 3 1 1 3 1

3,gp 1 y(2) + 1 y(l)
P 2 1 P
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g'" =-' v(') +-'y(') —y(') + v(')
ff ~ 1 ~ 1 1gO 0

g3str 1 y(2) + 1 y(O) + 1 y(1)
6 1 ~ 0

(2.8)

(2.6)

(2.7)

(2 8)

(2 9)

(2.10)

One can read off directly several inequalities
relevant to PP collisions. For example

g '"+g '"-—g '"+0 '"«2g"" (2.11)

This means that in PP coll.isions the sum of 5"
and 8' production is greater than twice the W

production. Ne also have

+ tr«2~ Q
gP 3"P (2.12)

where v' (a') denotes the vector (axial-vector)
current produced and the superscript i indicates
its charged state. Here we only consider iso-
veetor currents. To make an isospin analysis
we define V5»AI as the contributions of the
isovector part of the vector and axial. -vector cur-
rents to the above cross sections, where
h = (0, 1, 2) is the isospin of X and j = 1, 0 distin-
guishes the amplitudes originating from an in-
itial state of total isospin 1 or O. For cross sec-
tions involving mixed isospin in the initial states,
we use V, ,'), A»&, ). See Fig. 1(a).

The isospin anal. ysis gives

Alternatively defining cross sections on isoscalar
targets by

cr»' +cr»' = 4(op ' +or» ' +cr„' +0'»» '
)»

&3,»»» (y, »» &s,v)

(2.14)

(2.15)

we obtain a relation which already appears in
the literature,

g ' +g ' «2g3'E 8 N (2.18)

There are other relations among cross sections
on neutron targets which can easily be obtained
from Eqs. (2.8)-(2.10). Similar relations can
be obtained for axial-vector cross sections.

The discussion so far has neglected the vector-
axial. -vector interferenee terms because such
terms do not occur in the total production rate
(a pseudoscalar cannot be formed out of three
four-vectors). Thus we can write the W-pro-
duction cross section as the sum of two positive
terms, one arising from the vector term alone
and the other from the axial-vector term:

sam'
3»

8(2)'~'cr' dM '

Equation (2.11) now becomes

(2.18)

+ 3 GM' dg ~ dg
—,'o +cr' ~-

( ),&» =0.09M~, at M=mv„

(2.17)

Using the conserved-vector-current hypothesis,
the production cross section g~'" is related to the
electromangetic production (isovector part) of
ll continuum, dtr ' jdM, by

g3tt « ~g t~1
n 6 p (2.13)

or in differential form
(2.19)

1 dg dg 3@M dg

3 d'q d'q 4(2)'»'o. ' d'q dM (2.20)

In the above inequality the axial. -vector coupling
of the 8' boson has been dropped together with
the isosealar part of the electromagnetic current.
Both of the terms neglected ean be determined
within the parton model, where (2.19) is replaced
by an equality to be discussed in the next section.

For the production of @'0 the results depend on
the form of the weak neutral current. In %einberg-
Salam-type models'

cro = (1 —2 sin26lv)'cr3'"+ cr3 ', (2.21)
J.

P

tb)
FIG. l. (a) Lepton-pair production in pp reaction. g)

Electromagnetic production of lepton paii in the Drell-
Yan Inoclel.

which implies the inequality

3 GM3 . 2 dg
o ~ —

( },&» (1 —2sin~8»)2» at M=rnv,

(2.22)
provided that isosealar terms of the eleetromag-
netie and the weak neutral current are neglected.
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If we knew the electromagnetic cross section
for the production of l'I pairs then Eqs. (2.19)
and (2.22) would provide lower bounds for the
production of W's. In the absence of such data
at high energies it is noted that the dimensionless
cross section M' da/dM should scale as a function
of s/M~ for large s and M2. Thus one can look
at the available data at lower energies in order
to deduce the scaling law and then apply it at
higher energies.

We use here three different experiments for
l l continuum production:

(1) the old BNL-Columbia experiment' at 2g. 5

GeV/c, with dilepton laboratory longitudinal-
momentum cutoff at P, «12.5 GeV/c [the mass
of fl varies from 1 GeV to 5 GeV (with the J and
g' subtracted)],

(2) the MIT-BNL experiment' at 30 GeV/c, with
dilepton c.m. longitudinal momentum P*, =0. [the
dilepton mass is at 3 GeV (below the J peak)],

(3) the Fermilab-Columbia-Illinois experiment"
at 320 GeV//c with dilepton laboratory longitudinal-
momentum cutoff at P, «60 GeV/c (the dilepton
mass varies from 1 GeV to 2.8 GeV).

We see that these three experiments do not

overlap in the variable y, :—P*, / —,'(s)'~' and in the
scaling variable M'/s. Thus we have to rely on

specific models to compare the data points. This
will be discussed in the next section.

III. PARTON-MODEL CALCULATIONS

= —cos'ec MH '(7),dg ' G~
(3 1)

where 0& is the Cabibbo angle and M is the l &

invariant mass.
l"1 1

H '(r) =— dx, dx, 5(x,x, —r)x,x,h '(x„x,),
0 0

where T=M'/s,

h+ (x„,x ) = u (x, )d (x, ) + u (x, )d (x, ),

h (x„x,) = d(x, ) u(x, ) + d(x, ) u(x, ).

(3.2)

In this section we calculate W-meson production
and lepton-pair-continuum production in the
quark-parton model; see Fig. 1(b). In terms of
the quark distributions of the proton, the l l -con-
tinuum-production cross section is given by
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FIG.2. (a) The plot of dimensionless cross section M~dcr/dMas a function of s/M, where M is the dil. epton mass. The
data points are from Ref. 8, EI„.b = 29.5 GeV/c, 1 GeV —M ~ 5 GeV, and dilepton laboratory p, & 12.5 GeV/&. Data points
for M & 1.5 GeV are made solid black. The solid curve is from the Drel. l-Yan-model calculations as discussed in Sec.
III. The dotted curve is the same model calculation using the parametrization of Ref. 12. (b) The same calculation and

data as in Fig. 3(a) replotted in da'/dNJ' vs. M.
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I I I I I III( I I I I l III[ I I I I I I III- lepton-pair and W production cross sections by
a factor of 3.

In prineipl. e, the quark distributions in the pro-
ton ean be determined from lepton-induced re-
actions. As a check we first compare the pres-
ently available l L-production data with the pre-
dictions of the model. The el.eetromagnetic 1 l-
continuum-production cross section in a pp re-
action is given by

der Ben'
dx, dx, 5(x,x, —T)x,x,f(x„x,),dM 3M

(3.5)

f(x„x,) =-,' [u(x, ) u(x, ) +u(x, ) u(x, )]

+ 9 [d(x, ) d(xz)+d(x2) d(x, )]

+ -', [x(x,)X(x,) + w(x, )i(x,)], (3.6)

I I I I I III( I I I I II II( I I I I IIII

[ [O lQ IO

s/M

FIG. 3. M~do'/dMd7 at F= 0 plotted as a function of
s/I, where F=P

& /&8 . The data point is from Ref,
9, E),b = 30 GeV/e, I= 3 GeV below the J peak), cen-
ter of mass p* 0 GeV/c, and the solid curve is the
model. calculation discussed in Sec. III.

Here u(x), d(x), and u(x), d(x) are the quark and

antiquark distributions in the proton if there is
no color. The variable x, is the fraction of the
proton's momentum carried by the quark. (As
usual the transverse momenta of the quarks have
been taken to be 0.) For W' production and its
subsequent decay into leptons we have

o~ = (2}'~'vGH'(T) cos'IIc. (3.4)

In order, however, to satisfy statistics and to
obtain agreement on the observed cross section
for &+& - hadrons, the model used above should
be modified by the introduction of color." The
effect of three such colors is to reduce all quark
and antiquark distributions by a factor of 3. Then.
to obtain cross sections we must sum over al. l
colors. The over-all effect is to decrease all.

where I' is the full width of the W. The integrated
cross section is

and A. , X are the strange quarks in the proton quark
sea. It is well known that the cross section for
the production of l.epton pairs at large 7 is a very
sensitive function of the quark and antiquark dis-
tributionsatlarge x (i.e. , x= 1}.Lepton-induced ex-
periments cannot determine the antiquark dis-
tributions accurately enough, especially at large
X.

We shall use those distributions obtained by
Pakvasa, Parashar, and Tuan. ' A distinctive fea-
ture of this parametrization is that the antiquark
distribution behaves like (1 —x)'~' at large x, as
proposed originally by Kuti and Weisskopf. ' Of
all proposed distributions' that we know, this
particular choice maximizes the lepton-pair cross
sections and gives best agreement with data in
the small-s/M' region. These distributions are

u(x) =u„(x)+c(x),

d(x) =d„(x)+c(x),
Ib. (x) =X(x) =u(x) =d(x)—:c(x),
u (x}=1 V9x '~'(1 -x)'(1+2 3x)

d (x) =1 107x 'i'(1 —x)"
c(x) =O. lx '(1 -x}'~'.

Figures 2, 3, and 4 show the comparison of the
model (without color) prediction with the BNL-
Columbia experiment, ' the MIT-BNI experiment, '
and the Fermilab-Columbia-Illinois experiment, '
respectively. Appropriate longitudinal cutoffs are
introduced corresponding to the specific values
of each experiment. In Fig. 2 we also plot a curve
(dotted) corresponding to a, model" where the sea-
quark distribution is proportional to (1 —x) . Fig
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FIG. 4. (a) The dimensionless cross section Msdo/d&l as a function of s/M2. The data points are from Hef. 10 at
h~.,b= 320 GeV/c, 1 GeV —~ —2.8 GeV, and laboratory dilepton P, ~ 60 GeV/c. Data points for &~ —1.5 GeV are made
solid black. The solid curve is the model calculation as discussed in Sec. III. (b) Same calculation and data as in I'ig.
4(a) replotted in ao/dill vs. iVI.

ure 5 summarizes the results of a calculation with

dilepton momenta integrated over the entire range;
it also shows the "experimental points" integrated
over the undetected momentum range according to
the model.

Experimental data points for lepton-pair masses
'ess than 1.5 GeV, where the contributions from
other sources may dominate, are marked in black.
If those black points are ignored, then the agree-
ment between experiment and theory appears re-
markable. However, it must be remembered that
if color is present then the theoretical curves are
lowered by a factor of 3 and a significant dis-
crepancy may exist. We note in any case that a
smooth curve can be drawn through the BNI. and
Ferrnilab points, which suggests that the data are
consistent with scaling.

Using the same quark distributions we can cal-
culate the production cross sections for 8" shown
in Fig. 6. It is noted that the cross section for
the production of TV' is larger than that of W, as
is evident from the fact that there are more u

quarks than d quarks in the proton. In the same
figure we also show the corresponding cross sec-
tions for PP collisions. The cross sections for
W' and W are now equal. The cross sections for

PP are about an order of magnitude larger than
those for PP interaction. This is a consequence of
the fact that there are more antiquarks in the
antiproton.

IV. DECAY MODES

I'(W-hadrons) =
( ~),~,

8'=', (4.l)

cr(ee- hadrons)'='
o(ee- p. P, )

(4.2)

The axial-vector contribution was set equal to the

An experimental signature for charged-W pro-
duction would be a peak" in the perpendicular
momentum of the produced muon (or electron),
assuming the P ~ cutoff of W production to be much
smaller than its mass. Figure 7 shows two typical
curves indicating the P~ distributions of the lepton
decaying from W's of 90 GeV and 126 GeV. The
smooth curve is the envelope of the peaks of such
curves for different masses of W and
s = (400)' GeV' calculated from the parton model.

The hadronic width" for 8" is given by
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FIG. 5. The dimensionless cross section 4I3do/dllI
with the dilepton momentum integrated. Data used are
from the same experiments as in Figs. 2, 3, and 4.
However, the data points are obtained by integrating over
the undetected-momentum range according to the model.
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FIG. 6. Production cross section for PP W'X and
Pp- 8"A, calculated from the model given in Sec. III.
The arrow points to the s/~2 value corresponding to the
production of a 100-GeV W meson by a 200-GeV/c-on-
200-GeV/c storage machine.

vector contribution. The branching ratio is

B= r(W- l1, v)+r(W- eV)
I'(W-hadrons) R~ ' ' (4.3)

Eq. (4.1), the width of such a peak would be of the
order of 100 MeV for m~=100 GeV. In contrast,
the electromagnetic decay of an ordinary vector
meson is expected to be of the order of o'm/3,
which is about a few MeV for a 100 GeV ordinary
meson.

To obtain the value of R ' and B we need specif-
ic models. Relying on the fact that the W mass is
heavy enough so the asymptotic arguments hold,
we estimate R ' in several quark models. In the
simple triplet-quark model, B=2; in the color-
triplet model, B=-„. in the color-quartet model,
B=—13 ~

Presently" R =5.5 is measured in e'e colli-
sion at c.m. energy Ps= V GeV. If the isosca-
lar component is small and heavy leptons are
not produced, then R'=' =R. This indicates a
sizeable ratio for the experimental observations.
But even a logarithmic rise in R, which is sug-
gested by some gauge theories" and is not incon-
sistent with the data, "gives B=0.08 for
M~ = 100 (GeV/c'). Thus the detection through the
leptonic modes seems possible.

The signature for W' production is a peak in the
effective mass of the electron or muon pair. From

V. CONCLUSIONS

The analysis of this article emphasizes the im-
portance of an experimental test of scaling in
dilepton production, i.e., the dependence of the
cross section M'do/dM on a single variable s/M',
where M is the dilepton mass. If scaling is con-
firmed, then we have a model-independent lower
bound for the W-meson production.

We have calculated cross sections for 8" and
lepton-pair production based on a particular Drell-
Yan model. Data from experiments at very dif-
ferent energies and over a wide range of s/M'
(neglecting data points with M&1.5 GeV) show
remarkable agreement with the model for the
case without color. For the case with color, the
model prediction is systematically lower than all.
experimental points. In any case, the fact that
the data lie on a smooth curve does suggest
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scaling. On this basis, W's would be copiously
produced in a 200 GeV on 200 GeV intersecting
storage ring. '

We have also calculated the leptonic-branching
ratios of W decay based upon various quark mod-
els. They are typically of order 10% and thus
the observation of 8"s through their 1.eptonic de-
cays should be possible.
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