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Using the quark-parton model, with structure functions chosen to agree with electroproduction and lepton-
pair-production data, the cross sections are calculated for the production of charged and neutral W mesons
in high-energy pp collisions. The single- and double-particle distributions for the leptonic and hadronic
decays of the W are presented along with leptonic background from electromagnetic pair production. Using
the same model, the cross sections for production of single and double hadronic jets are also calculated using
both colored-vector-gluon exchange and the Field-Feynman models for the elementary quark-quark
scattering. It is concluded that the leptonic decay of the W should be a strong signal well above background,
and that the parity violation of the weak interaction leads to characteristically different distributions for
leptons and antileptons. The production in proton-antiproton collisions is also studied and found to be only
slightly above the proton-proton production. The cross section does not increase rapidly with energy for
s/my? 2 10. For hadronic jet production, the vector-gluon and Field-Feynman models lead to significantly
different distributions, and if the predictions of the former are true the hadronic jet decay of the W,
although plentiful, will be difficult to see above background. The effects of transverse motion of ihe W,

neglected in the quark model, are found to be unimportant.

I. INTRODUCTION

Ever since the original theory of Yukawa, the
mediating particles for weak interactions, the in-
termediate bosons W, have been expected to exist.!
So far they have escaped observation. It may well
be that intermediate bosons are too heavy for exist-
ing accelerators to produce. The similarities be-
tween the structure of weak interactions and elec-
tromagnetic interactions have led? to the sugges-
tion that the appropriate scale for the mass of the
W is (@/G)'/2=30 GeV/c,? where « is the fine-
structure constant and G is the Fermi coupling
constant. In particular, the unified gauge theory
of Weinberg and Salam,® whose successful pre-
dictions include the existence of the weak neutral
current,* leads to a charged W mass of about 60
GeV/c? and a neutral W mass of about 75 GeV/c23-5
Given these masses, the intermediate bosons are
energetically well within the reach of currently
proposed pp and pp colliding/beam machines.
Therefore it is important to give reliable esti-
mates of the W production cross sections and to
study the methods of observing them. There have
been many such studies.®” In view of the fact that
in the past year there have been many new mea-
surements of dilepton production in hadronic reac-
tions, an updating of previous studies?® is in order.
This is one of the continuing efforts to update and
refine the estimates of W production and the meth-
ods of observing them.

While this paper was in preparation we received
other manuscripts bearing on some of the topics
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discussed here. Where they overlap with this
work, we find, in general, qualitative agree-
ment.% 10

Cne method to estimate the W production cross
sections is to rely upon the principle of conserved
vector current (CVC)!! (i.e., the assumption that
the charged weak current and the isovector part of
the electromagnetic current form an isomultiplet)
and the scaling hypothesis (i.e., the hypothesis
that the dimensionless cross section m3do/dmn for
electromagnetic production of a lepton pair in pp
collisions is a function of s/m? alone, where i is
the dilepton invariant mass and s is the pp invar-
iant energy squared). Using CVC, and assuming
the isoscalar part of the dilepton production to be
small, the cross sectionfor producing a W with mass
mis approximately given by 0.1 GeV ™2 times the cor-
responding m3da/ dm for dilepton production with m
in GeV units.® If scaling in s/si* holds, the same
cross sections can be used to predict cross sec-
tions for producing a heavier W at a correspond-
ingly higher energy. Unfortunately such a pro-
cedure is still not possible. There are measure-
ments of dilepton production cross sections for a
wide range of energies and dilepton masses; how-
ever, they involve different experimental accep-
tances. Thus a direct comparison to check scaling
is not yet possible. It is hoped that such an im-
portant study can be carried out in the near future.

Another approach is to use a quark-parton model,
which specifically contains scaling and CVC.'2 In
the model, the dilepton and W production cross
sections are given in terms of the quark structure
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functions in the hadrons. These structure func-
tions are in principle determined from lepton-
hadron inelastic scatterings. The coupling strength
of the W to the quarks depends upon specific weak-
interaction theories. The main uncertainty in this
approach is that the antiquark distributions (in the
proton) are not well determined in lepton-hadron
inelastic scattering for x20.1; here x is the
fraction of the proton momentum carried by the
quark. However, the dilepton production in pp
reactions depends sensitively on the full distribu-
tion of the “sea” quarks, and therefore we have

to determine the behavior of the sea-quark dis-
tribution from the dilepton production data.

Calculating according to each experimental ac-
ceptance, we compare the model calculation with
the dilepton production data. To obtain fully in-
tegrated data for m3do/dm, we use the model to
interpolate. In this way of studying the pp data
a set of quark structure functions, which fit ep in-
elastic scattering as well as the pp —1l+X cross
section, is determined; then the pp ~1I+X data
measured in different parts of phase space are
interpolated to check scaling. We then use the
quark structure functions to calculate various W
production and decay product cross sections.

It is interesting to note that pp -1l +X reactions
are dominated by valence-quark interactions in
the region where the sea-quark distributions are
uncertain. Therefore pp —~1l+X reactions provide
a definite check on the Drell-Yan model. It would
be desirable to have such experiments in the
future.

In Sec. II we present the current status of dilep-
ton production experiments. Structure functions
are obtained which adequately fit the data, while
remaining consistent with the ep inelastic data.

In contrast to the previous results of Ref. 8, the
new data are consistent with the assumption of
colored quarks and favor a steeper sea-quark
distribution, such as (1- x).

In Sec. III, using the quark structure functions
of Sec. II, we calculate the W*, W° production
cross sections in pp and pp reactions and their
distribution in longitudinal momentum do/dx.,
where xp=p}/3Vs; p¥ is the c.m. longitudinal mo-
mentum of the W.

In Sec. IV the momentum distributions are given
for single and double leptons from W decays.
Their characteristics, such as the location of the
peaks and V- A interference effects, are pointed
out. Leptonic backgrounds from other sources
are also given.

In Sec. V the production of hadrons and hadron
jets via strong interactions is calculated in the
quark-parton model. Two different models for the
quark interactions are considered, one with p,™*

behavior for the invariant cross sections, the
other with p,~%. Hadronic-jet decays of the W and
the possibility for observing them are also dis-
cussed.

In Sec. VI the effects of W motion in the trans-
verse direction are considered and found to be
unimportant. Concluding remarks are contained in
Sec. VII. Appendix A contains a general discussion
of the formalism, while Appendix B gives the de-
tailed formulas used for various calculations in
this paper.

II. PRESENT STATUS OF LEPTON-PAIR PRODUCTION

Ideally, as stated in the Introduction, it would
be best to check purely from experiment whether
the dimensionless cross sections m3do/dm are a
function of s/m? alone. Since there are not enough
data to do so, we shall compare the Drell-Yan
model, which contains scaling, with the existing
data. In the past year, the main bulk of the new
data has been from Fermilab. These data are

(1) pp~pu*w +X at E,,, =400 GeV/c, p¥ =0,
5=m,; <9 GeV/c?, of Hom et al.,"3

(2) pp—e*e +X at E,,, =400 GeV/c, p*=0,
5=my =9 GeV/c?, of Hom et al.,**

(3) mp—u'u +X at E,,=300 GeV/c, 400 GeV/c,
p¥=0 and T=m,; =11 GeV/c? of Kluberg et al.,'s

(4) np—p*p +X at E;,,=300 GeV/c, p,=15
GeV/c and 1.1=m,; = 2.5 GeV/c?, of Binkley et
al.,'s

(4) pp—u'w +X at E,,, =225 GeV/c,
0.05<2p¥/Vs<0.8, and 1.5 <m,j <2.7 GeV/c?,
of Anderson et al.V?

These experiments measured dilepton production
over a wide range of dilepton mass. The energy
variations are relatively limited. Therefore they
cannot truly provide a check on scaling. The mass
variation of the cross sections, however, depends
crucially on the valence and the sea-quark distri-
butions, and thus gives a better determination of
the sea-quark distribution in the x>0.1 region.
Also, notice that these experiments have very dif-
ferent acceptances. A direct comparison of all of
them is not possible. We compare these data first
with the Drell-Yan model calculated according to
the experimental acceptance.

In the Appendixes we give a simple presentation
of the model and a list of formulas for virtual
photon, virtual and real, intermediate boson pro-
duction cross sections and their associated lepton
momentum distributions. We find a set of quark
structure functions that fit the ep inelastic scat-
tering as well as give reasonable agreement with
these dilepton production cross sections. We as-
sume SU(3) color symmetry for the quarks, each
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quark having with equal probability one of three
colors.

The only valence quarks in the proton are up and
down quarks. The “sea” contains in addition
strange quarks and all three antiquarks (we as-
sume a negligible amount of charmed quarks). All
distributions of quarks in the sea are assumed to
be identical. The distributions of the quarks thus
obtained'® are

s(x)=0.15(1-x)"/x,

u(x)=1.719(1-x)3(1 + 2.3x)/Vx + s(x), 2.1)
d(x)=1.07(1=x)**/Vx +s(x),

and
a(x)=d(x)=5(x)=s(x), (2.2)

where s, u, and d stand for strange, up, and down
quarks, respectively. For each particular color,
these structure functions must be divided by 3.

In the Drell-Yan model the electromagnetic pro-
duction cross section for lepton pairs from hadron
collision is

do _ 8ra® F(x,x')

" dmdx, 3 (xp2+41)’%’ (2.3)
where

T=3[(xz2+47) 24 x5],

% =3 (xp2 + 472 — x, ],

T=m?/s,

xp=pX/3Vs , 2.4)
and

F(x, %)= 3 xx" {2 [u()ia(x") +u(x)u(x")]
+ & [dx)d(x") + d(x)d(x")]

+ Ls()5(x") + s ()]},

where the factors £, I, and } are the squared
charges of the quarks in units of (4ra)'/2, and the
factor 5 comes from projecting color-singlet com-
binations.

To obtain the x.-integrated data of m3do/dm, so
that we can put all the data together, we assume
that the ratio of the data to the model calculation
stays the same in the unobserved x region. The
results are given in Fig. 1 with m3do/dm versus
s/m?. The main differences from the previous
analysis of Ref. 7, which was mainly based upon
the then-available BNL data,'® are that the data
are consistent with color SU(3) symmetry of the
quarks and favor a sea-quark distribution which
is steeper than (1-x)*%. In Fig. 2 we show an
m3do/dm plot with three different sea-quark struc-
ture functions to give a comparison. In all our

calculations we use the structure functions given
by Eq. (2.1). The form (1-x)" is consistent with
the quark-counting rules.?°

Recently Lederman and Pope?! carried out a new
analysis of the old BNL experiments!®

pU -~ p'u +X, at E,,=20.5, 25, 22 GeV/c,
p.=12GeV/c and 1.5 GeV/c=m,; =<5 GeV/c.

Rather than dividing by a factor of 235%¢ to ob-
tain pp - u*u”+X cross sections, they divided by
235%% in the small-mass region, gradually in-
creasing to 235 in the large-mass region. Using
the same procedure for these newly analyzed data
we present these points in sectioned open circles
in Fig. 1. We see that this new interpretation of
the BNL data brings their data into agreement
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FIG. 1. m®do/dm vs s/m? for pp —1'"+ X, where m is
the lepton-pair invariant mass. The solid line is the
Drell-Yan-model calculation using the quark structure
functions given in Eq. (2.2). The data points are from
experiments interpolated according to the model as de-
scribed in the text. ®: pp—p*p~+X at E ;=400 GeV/c,
Hom et al., Ref. 13. O: pp—e'e”+X at Eyu=400 GeV/c,
Hom et al., Ref. 14. m: np—p*p~+X at E;53,=400 GeV/
¢, Kluberg ef al., Ref. 15. A: np—p'p-+X at Ey
=300 GeV/c, Binklet et al., Ref. 16, V: pp—p'p~+X
at E, ;=225 GeV/c, Anderson ef al., Ref. 17. &, ©, &:
pp—u'p"+X at E =22, 25, 29.5 GeV, respectively,
Pope and Lederman, Ref. 21.
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FIG. 2. m®o/dm? vs s/m? for pp —1'I"X from the
Drell-Yan model for three different choices of the sea-
quark distribution xs (x).

with the Fermilab data. Lederman and Pope have
suggested that scaling is already observed. As
cautious observers, we anxiously wait for the
CERN ISR experiments, which are in progress,
to give a more decisive verdict on scaling.

As noted previously, there is an uncertainty in
the link between the dilepton production in pp re-
actions and the ep inelastic scattering via the
Drell-Yan model, because lepton inelastic scat-
tering is not sensitive to the sea-quark distribu-
tion for x>0.1. Such an uncertainty is not there
for the pp interaction, because there the valence
quarks are in control. Therefore to check the
Drell-Yan model more directly, it is important
to do pp —1l+X experiments.

IIIl. THE W PRODUCTION CROSS SECTIONS

As stated in the Introduction, once we obtain
the scaling function m3do/dm for electromagnetic
production of lepton pairs, using CVC and assum-
ing the isoscalar component of the virtual photon
to be small, the W production cross section is
estimated to be®

(r“':%% mS;—:l— (0.1 GeV "?) x m3§% . (3.1)
Thus, if future experiments also confirm scaling,
Fig. 1 already gives us a rough idea of the W pro-
duction cross sections.

To be specific, we calculate the W production
cross sections using the Drell-Yan model and the
structure functions obtained in Sec. II and the
formulas given in Appendix B. For the calcula-
tion of, 0, we use Egs. (B12), (B13), and (B24).

In Fig. 3 we give the production cross sections
for pp ~W*X, pp~W+*X and in Fig. 4 we give the
pp—~WOX and pp ~ WX cross sections calculated
according to the Weinberg-Salam model. Notice
the following:

(1) In our calculation, oy : are truly scaling
functions of s/m2. The 0,0 are calculated accord-
ing to the Salam-Weinberg model [details are dis-
cussed in Appendix B, item (d)]. Owing to the fact
that both the coupling strength and the mass of W°
depend on the Weinberg angle 6, the oy, are not
scaling functions of s/m2 The curve in Fig. 4,
for my0="T1.5 GeV/c corresponds to sin?6,~0.4
and varying s. We have also calculated o0 for
very different values of sin®6,. As we can see
from Egs. (B19) and (B20) of Appendix B, the main
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calculated in the Drell-Yan model.
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variations are in the W° mass and the vector cou-
pling. It turns out that the o0 plotted as a function
of s/myo® for various sin6, are parallel curves
differing by at most a factor of 3 or so. The val-
ue sin®6,~0.4, which is the currently favored val-
ue from neutrino experiments,’ gives almost the
smallest o0 due to the smallness of the vector
coupling to the up quark. We shall show later that
this value of sin%6, also gives negligible parity-
violation effects. sin%6, ~0.9 gives the highest
oyo, about a factor three times the ones shown in
Fig. 4.

(2) The cross sections oy, rise sharply in the
region s/m?<10. This reflects the sharp rise of
the quark and antiquark structure functions as x
decreases from one. They then increase slowly
as s/m? increases from 10. This reflects the fact
that the ep inelastic function vW,(x) flattens off** as
x decreases below 0.3. Once s/m,;? =210, not much
is gained by going to higher energies. For a W
mass up to 100 GeV/c an s value of = 10° (GeV)?
will be adequate.

(3) The W production is significantly more abun-
dant in the pp reaction than in pp for small s/m?
<10. This is due to the well-known property of
quark-antiquark annihilation processes. In the

small-s/m? region the valence-quark contribution
is much larger than the sea-quark contribution.
The W’s are produced by valence-quark-valence-
antiquark interactions in the pp reaction but by
sea-antiquark-valence-quark interactions in the
pp reaction. However, as s/m? increases the sea-
quark contributions take over and the difference
between the pp and pp reactions decreases. In
view of the fact that the intensity of p beams are
expected to be much lower than that of p beams,
for sufficiently large s/m? (210) a pp machine
does not have any advantage for initial observation
of the intermediate boson. However, there are in-
teresting detailed features, which we shall discuss
later, that make pp machines desirable for sec-
ond-generation experiments.

In Fig. 5 we present do,/dx,, where x.=p}/3Vs.
Notice that most W’s are produced in the small
xp region. As s/m? decreases, the x, distribu-
tion broadens. A dip* (not zero) at x,=0 begins
to show up for s/m2=3. The dip is very mild and
should have no effect on the search for W’s in the
small-x region.

IV. LEPTON DISTRIBUTIONS

As discussed in the preceding section, the pro-
duction cross sections for the W’s are rather

24
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FIG. 5. do/dxpvs xpfor W*, where xp=2p*/s for
s/m?=70, 35, and 10. The cross sections decrease
with decreasing s/m?.



1402 PEIERLS, TRUEMAN, AND WANG 16

large for s/m,?210. However, their detectability
depends very much on the abundance of their decay
products that are accessible to experimental detec-
tion. The W can either decay into a lepton pair or
pure hadrons. We shall discuss the properties of
hadronic decays in the next section. In this sec-
tion we discuss the leptonic distributions from the
W’s and their background from electromagnetic
production of leptons. Firstly we study the single-
lepton distribution, which is the only observable
particle from charged W’s. Then we discuss the
1"l distributions from W°.

A. Single-lepton distributions

The formulas for calculating various single-
lepton distributions from W*, W° in pp and pp
reactions are given in Appendix B. Obviously
there are very many distributions which could be
plotted and discussed. In the following we shall
discuss only the most distinctive features, using
some representative W masses and energy ranges.
Readers can extend these ideas to other particles
and to different W masses and energies, and ob-
tain some approximate estimates by looking at the
figures in Sec. III, and the formulas in the Ap-
pendixes.

Among the important quantities are the W widths
and branching ratios for leptonic decay. The lep-
tonic width of the W can be calculated to be

_ 1 G 3
Tir=1g7 73"

To estimate its hadronic decay width we use the
quark model of Glashow et al.,** in which the W*
(W~) couples with equal strength to the three
colored ud (#d) and the three colored c5S (Cs)
channels.?® Adding these six channels to the two
leptonic channels (ev,, uv,), we obtain the full
width of the charged W’s,

(4.1)

16
T,=8 575 my’. (4.2)

The leptonic branching ratio is § for ev,or uv,. So
we see that the full width increases as the
variety of quarks increases while the leptonic
branching ratio decreases. Considering the fact
that charmed particles® have already been found,
and that three colors are reasonably consistent
with existing experiment, Eq. (4.2) probably is an
underestimate of the W width, but in the absence
of any better guidance, we use it in our calcula-
tions. The estimates for the W° width are dif-
ferent, since the W° couples with different strength
to different quark-antiquark pairs. We give the W°
widths and its leptonic branching ratio in Appendix
B. Equations (B21) and (B22) are calculated in the

SU(2) ® U(1) model of Weinberg and Salam® and
Glashow et al.**

In Fig. 6 we show the [* distribution do/dpdQ|,,°
vs p, from W* for some representative masses at
Vs=400 GeV. Notice that the peak is always lo-
cated at p, = 5m,. The spread on the p, >3m,, side
reflects the W width, but the spread on the p,
< %mw side reflects the longitudinal motion of the
W. The parton-quark model does not give any
transverse motion to the W. Any such motion
certainly will bring about some smearing of the
peak. This will be discussed in Sec. VI.

The height of the peak decreases as the mass of
the W” increases for fixed s. There are two rea-
sons for the decrease: One is that as the value of
s/m,? decreases the W production cross section,
oy, decreases as shown in Figs. 3 and 4. The
other reason is associated with the increase of
the width of the W as m,, increases [see Eq. (4.2)
and Eq. (B9) in Appendix B] thus decreasing the
height of the peak.

In the same figure, we have also estimated the
I" coming from other sources. One source is vir-
tual-photon production, which we calculated ac-
cording to the Drell-Yan model using Eqs. (A15)
and (B3). Another is from our estimates of large
b, pion production discussed in the next section
multiplied by 10™, which is the currently observed
lepton-to-pion production ratio.?” We see that the
W signal is well above the background.

In Fig. 7 we show the [* distribution do/dpdS|,,
from W* for various angles 6, vs p, of the I* where
6, is the angle of [* away from the beam direction.
Notice that the peak still occurs at p, = zm,. The
reason for this is clear from Eq. (A15) of Appendix
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FIG. 6. do/dpdS|g° vs p, for an* from W* with mass
45, 70, 100 GeV/c? at Vs =400 GeV, pp reaction. The
smooth dashed curve is for I* from vy: the smooth solid
curve is obtained by multiplying the pion distribution
from vector gluons discussed in Sec. IV by 1074,
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=70 GeV/c? at Vs =400 GeV, pp reaction, for 6=90°,
30°, 20°.

A. The longitudinal motion of the lepton arises
from the compounding of the longitudinal motion
of the W with the longitudinal motion in the W rest
frame, i.e., its decay angular distribution. The
decrease of the cross sections as 6, decreases
reflects the decrease of W* production as its lon-
gitudinal momentum increases as shown in Fig. 5.

Further, owing to the vector-axial-vector mixed
coupling of the W, I and v have very different
longitudinal distributions in the W rest frame. The
V-A interaction projects out left-handed light
fermions (such as [, v, and quarks), and right-
handed light antifermions (such as I*, 7, and anti-
quarks). Owing to helicity conservation, I", v
(I*, ) are more likely to move in the direction of
the quark (antiquark).

In the proton, the antiquarks give a narrower
distribution in x than the quarks. Therefore we
expect v to have a wider distribution in longitudi-
nal momentum than [*. Since v cannot be observed,
we demonstrate this effect by comparing the lon-
gitudinal distributions of !* from W* and I" from
w-.

In Fig. 8 we show do/dpd§ vs 6 for various val-
ues of p, of I* (I") from W* (W~) with m,="70
GeV/c2. We see that the cosf distribution for 7*
is rather flat and for I is very much forward and
backward peaked. The former reflects the longi-
tudinal distribution of the sea quarks and the latter
reflects the longitudinal distribution of the valence
quarks. Electromagnetically produced leptons
would give identical distributions for I* and I".

The difference between the I* distributions shows
up as soon as the weak interaction dominates the
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FIG. 8. do/dpdQ vs 0 for I" (solid curve) from W*, and for I~ (dashed curve) from W~ with m . =70 GeV/c?, Vs =400

GeV, pp reaction, for p, =20, 30, 35 GeV/c.
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FIG. 9. Same as Fig. 8 for the pp reaction.

electromaguetic interaction, which happens at
approximately p, =15 GeV/c for m, =70 GeV/c2.
The effect is enhanced as p, increases. However,
as p, approaches 3m,, the effect disappears. The
reason is that at p, = 3m,, both i* and I” have to
move in the p, direction in the W rest frame. Thus
the longitudinal motion of the leptons at p, =35
GeV/c in Fig. 8 comes completely from the W*
longitudinal motion. The difference between the
W* and W~ distributions reflects the difference
between the distribution of up and down quarks.

The V- A effect will show up even more dramati-
cally in pp reactions. [” and v will tend to move in
the proton direction and /*, 7 will tend to move in
the antiproton direction. In Fig. 9 we show such
effects for m,,="70 GeV/c? and Vs =400 GeV. It is
interesting to note that the trend is reversed as
the lepton p, reaches 3m, =35 GeV/c?. The reason
is that at this value of p,, the I* (I") distribution
reflects completely the W* (W ") longitudinal mo-
tion. The W* (W~) tends to move in the proton
(antiproton) direction owing to the dominance of
the up quark (antiupquark) in the proton (anti-
proton). Thus we have this interesting switching
of the forward-backward peaking of the I*, [” as
p. approaches 5,

In Fig. 10 we show do/dpdQ|,. .0 VS p, for I
from weak interactions without W* (or an infinitely

heavy W*) compared to that from y at Vs =400 GeV.
We see that the weak interaction takes over from
the electromagnetic interaction at p, ~25 GeV/c.
This is due to the fact that the electromagnetic
interaction, though stronger in coupling strength,
has a Q™ propagator cutoff while the weak inter-
action in the region far below the intermediate-
boson mass has none.
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FIG. 10. do/dpd| g o> vs p, for anl’ from weak in-
teraction with an infinitely heavy W* (solid curve) and
I~ from W~ (dashed curve) compared with that from v,
(dot-dashed curve).
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FIG. 11. Angular distributions of I* from W* of » mass and from Yy, for various values of p, .

It is very hard to tell from Fig. 10 alone how to
detect the onset of the weak interaction. Parity-
nonconservation effects in the weak interaction
as discussed previously will help to detect this
crossover. In Fig. 11 we show the cosf distribu-
tion of I* and I” from W, vy, and W, respec-
tively, for three values of p,. The I*, I" from v,
of course, have the same distributions.
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§ 10°37
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—g interference \{V
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FIG. 12. do/dpdQ| g0 for 1" from both W° and v, (solid
curve) with 7,0~75 GeV/c? and sin%6,,=0.4 at Vs =400
GeV (pp reaction). The dashed curve is from vy, alone.
The dash-dotted curve is from the interference of W?°
and yy.

For I’, I" from W°, there is an additional term
due to the interference between W° and y, (see the
calculation at the end of Appendix B). In Fig. 12
we show do/dpdQ|.° vs p, for I* from a WO of
myo="15 GeV/c? at Vs =400 GeV for pp reaction.

As discussed previously and in detail at the end
of Appendix B, the W° coupling to quarks and lep-
tons is very model dependent. To illustrate this

»
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FIG. 13. The ratio of the I*, I~ distributions
do/dpdQ| 4= g° vs p, from WO and vy, with m,0=75
GeV/c? atVs=400 GeV (pp reaction, for various 6y).
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reaction.

we show what happens when we modify the relation
(B19) between mass and 6, in the Weinberg-Salam
model. In Fig. 13, we show the ratio of
(do/ dp.ag|, -goo)(do/dp dQ g=900) ' vs p, for
sin%,=0.4, 0 18, 0.58 for fixed m0="T5GeV/c? at
Vs=400 GeV We see that the experimentally pre-
ferred value sin®), = 0.4 gives a negligible difference
between I* and I, This is because at sin®fy, ~ 0.4,
the W coupling is predominantly axial [especially
for the up quark, see Eq. (B20)]. For sin’6, away
from 0.4, there are appreciable differences in the
I', " distributions. At sin®, =1, the interaction
is maximally parity-violating and gives maximal
difference in the I*, I” distributions. The ratio of
I' to I” distribution gets as high as 9 at p, =25
GeV/c. Note that in Fig. 13, the I* to I” ratio al-
waysbecomesumty atp, =3m,=37.5GeV/c. For p,
2m,,,.the longitudinal motions of * and /™ are com-

FIG. 16. do/dpdQ| e vs p, forI* from WP and vy, at
Vs =400 for m =100 GeV/c?, sin’f, =0.18 (solid curve)
and m 0= 200 GeV/c?, sin9;, =0.036 (dashed curve).

pletely due to that of the W° and are therefore the
same. In Fig. 14, we give do/dpdcosel, vs cosf
with p, =25 GeV/c for I* and I both from a W° with
myo="15GeV/c?, Vs =400 GeV. This demonstrates
the full difference in the I*, I” longitudinal distri-
butions. In Fig 15 we show the same plot as Fig.
14 but for pp.

Returning to the Weinberg-Salam relation be-
tween mass and 6y, in Fig. 16 we show
Ao/ dpdSd | g= o0 Of I* from v, and W ° for two values of
sin?6,,=0.18, 0.036 and the corresponding masses,
myo=100 and 200 GeV/c?, respectively. The peak
from the W° of 200 GeV/c? is barely above the yy,
background and would be difficult to observe. But
in Fig. 17 the ratio of I* to I" from my0=200 GeV/c?
is seen to be above 2 for a large range of p,. Thus
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FIG. 15. Same as Fig. 14 for the pp reaction.
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FIG. 17. The ratio of the I*,I” distributions
do/dpdQ| g- g° vs p, from WO and vy, at Vs =400. The
solid curve is for my0=100GeV/c?, sin%0,=10.18, the
dashed curve is for my,o=200GeV/c?, sin%0y,=0.036.



a substantial V, A mixture provides a very impor-
tant identification of the presence of weak-inter-
action effects. Of course, to ensure that both the
measured [* come from a neutral W, the opposite
charged lepton must also be detected in coinci-
dence, though in general not at 90°.

B. Double-lepton distribution

The signal for W° is most obvious, i.e., a peak
in the I*I” invariant mass. As mentioned earlier
in Sec. III and in Appendix B, estimates for m.o

and its coupling strength are very model dependent.

However, we believe the characteristics presented
in the following will be true whenever the W° ef-
fect manifests itself.

In Fig. 18 we show the invariant-mass distribu-
tion do/dm;+;- from W° and y, for an myo="175
GeV/c? from sin26,=0.4 at Vs =400 GeV. Again
we see that the W° signal is well above the back-
ground from y,,.

In Fig. 19 we show the dependence on p,, for the
distribution do/dp,df,dcosb_ |y, 00 for I* and I°
coming from a WO of mass myo="75 GeV/c? inter-
fering with v, at vs =400 GeV.

In Fig. 20 we show the dependence on cosé6, of
(do/dp,d ,dcos8. )y o0 With p,, =38.5 GeV/c and
30 GeV/c for 1*,1" from W° with m,0="T7 GeV/c?
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FIG. 18. do/dm - for 1*,1~ from W0 and vy with mye
~ 75 GeV/c? at Vs =400 GeV, pp reaction.
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FIG. 19. do/dp,dQ.dcosé_ at 6, =6.=90° vs p, forl",
1~ both from W9 and vy, with m,0~75 GeV/c?, atVs
=400 GeV, pp reaction.

and Vs =400 GeV. The general shape of the dis-
tribution consists of two peaks due to the W propaga-
tor, coming from W%s moving forward and back-
ward in the center-of-mass system. At p, =3my,
the W° must be at rest and the two peaks coalesce
into a single broader peak. (See the discussion of
double jets in Sec. V.)

V. HIGH-p HADRONS

In this section we estimate the cross section for
producing high-p, hadrons at very high energies,
with emphasis on the energy of the proposed
ISABELLE accelerator. There are several rea-
sons for doing this: (a) One is interested in the
expected range of p, that will be experimentally
detectable for pure hadronic studies; (b) estimates
of backgrounds for W search coming from hadronic
processes are needed; (c) estimates of hadronic
jets coming from the W decays are needed.

In order to make these estimates we use the
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FIG. 20. do/dp,dQ,dcos6_|,.. 42 Vs cosf, for various
p, values.
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quark-parton model with the structure functions
used in the earlier sections of this paper. The
basic process will be taken as quark-quark (or
antiquark) scattering, and solely for the purpose
of giving a range of estimates we will use as rep-
resentative the standard massless-gluon ex-
change,?® giving p,”* behavior, and the Field and
Feynman® parametrization, giving p,~%.

The cross sections we will present will be for
hadronic jets, i.e., quark partons. The cross
section for 7’s depends on the distribution func-
tion G(v)/x, x=p,/p;, which gives the differential
distribution of the number of 7’s of momentum p,
coming from a jet of momentum p,,?® especially on
its behavior near x=1. Since we are interested
only in estimates and since G(x) is not well known,
we will not attempt to do a refined job of calculat-
ing the ratio of the 7 cross section to the jet cross
section. Rather we will follow Bjorken’s rough
estimates®® based on G(x)=%(1-x); for a more
detailed consideration see Field and Feynman®
or Ellis, Jacob, and Landshoff.*’ For the Field-
Feynman model, o(r)/o(jet) =102 over the range
10 GeV/c <p,<50 GeV/c at Vs =400 GeV; for the
gluon model o(r)/o(jet) varies from X at p, =10
GeV/c to about L at p, =50 GeV/c at Vs =400 GeV.
We will come back to the question of 7’s
from W decays.

In the vector-gluon model, once the structure
functions are given, all that is needed is the ef-
fective gluon coupling «,,,. We assume a single
neutral -gluon coupling independent of flavor. In
order to determine its value, we require the cal-
culated cross section to be smaller than the cross
section measured at the ISR at the highest p,
measurement. In the curves shown in Fig. 21, we
use a,;=0.05. This gives Edo/d%p for 7’s to be
about 3 X107 cm?/GeV2sr at Vs =53 GeV and p,
=9 GeV/c. The experimental value from the CCR
experiment is also about 3 X107 cm?/GeVZ?sr. It
is of interest to compare this with the effective
gluon coupling one would obtain from quantum
chromodynamics. If we assume that it arises
from eight colored gluons A} coupling via
1gq A;v.q A%, the averaging on initial colors and
summing on final colors gives

Ugps? =(—§;> () ;—Zj [Tr(u)P

or (5.1)
V2 g?

ot =3 g7 -

Although it is not at all certain that asymptotic

freedom can be used here, let us see what it says
for the coupling constant. According to asymp-
totic freedom®? the coupling constant depends on
momentum according to

g%a®)_ g2(M?)/4n
41 1+ (25/127)[g%(M?) /4n]in(q®/M?)’

(5.2)

and g2(M?)/4n~3for M?=1. Apionof momentum

9 GeV/c comes on the average from.a jet of momen-
tum 12 GeV/c in this model with these structure
functions. If we identify ¢2=2p,,,% then g2/4r
evaluated at ¢®>=288 GeV? is, according to Eq.
(5.2),

g% _

G-=0-17,
or

0, =0.08.

This coupling gives a cross section a factor 2.6
higher than those we use.

In Fig. 21 we show the cross section do/dpdQ
for a jet produced at 90° and Vs =400 GeV as given
by the vector-gluon model and by the Field-Feyn-
man quark-quark cross section (but our structure
functions). Because the mother-daughter relation
differs for p,~* and p,~®, the cross sections for 7
production intersect at about p, =9 GeV/c, where
they both are about 10733 cm? (GeV/c) ! sr™! (for n’s).
The Field-Feynman curve for n’s agrees to within
about a factor of 2 with extrapolation of the CCR
fit to Vs =400 GeV. That fit to the inclusive cross
section for 7’s at 90° is®?

1.54 x10°28
E%z ?p—)—z—:.o4 e 12.% (em?/GeV? sr). (5.3)
ES

At p, =35 GeV/c, relevant for the background of
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FIG. 21. Predicted cross sections do/dpd: for had-
ronic jets at 90° as a function of p, for various models.
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a W of mass 70 GeV/c?, the cross section for 7’s
is about
de [ Ax107e cm?/GeV, for the gluon model,
dpdQ 1 3x107%® cm?/GeV, for the Field-Feynman
model .

For comparison, we also show the electromag-
netic and pure weak cross sections vs p, at 90°
and Vs =400 GeV. For pure weak we use a point
coupling with Fermi strength for charge-changing
coupling. If the gluon theory is a good estimate
we will not be able to expose these weak and elec-
tromagnetic contributions. The Field-Feynman
cross section for the #’s intersects the electro-
magnetic near 35 GeV/c. The cross section there
is quite small, do/dpdQ ~10738 cm?/GeV for =’s.

Figure 22 shows how the cross section in the
gluon model depends on energy. The curves shown
correspond to Vs =2000, 800, 400, and 100 GeV.
At p, =20 GeV/c, the gain from 400 GeV to highest
energy is about a factor of 3 while at p, =50 GeV/c
it is about a factor of 5. The Field-Feynman mod-
el gives similar results. Just as for the gluon, the
weak and electromagnetic cross sections have very
slow increase with energy and so the situation
does not change much at higher energies; the in-
tersection will move to slightly smaller p, and
the cross section at intersection will increase a
small amount. The conversion of jets into pions
has been calculated for the weak and electromag-
netic interactions by Craig.3*

We have also calculated the same cross sec-
tions for pp. The difference is very small for p,
<50 GeV/c, and is shown in Fig. 23. Thus pp
backgrounds will not be very different from pp. It
would be of fundamental interest to measure this
difference, but it will probably be very difficult.
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FIG. 22. Predicted cross sections for hadronic jets at
90° from the vector-gluon model at various center-of-
mass energies.
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FIG. 23. Comparison of pp and pp cross sections for
hadronic jets at 90° from the vector-gluon model. The
numbers for Vs are in units of GeV.

It is of some interest to see what the jet dis-
tributions look like at other angles. The change
is very slow with angle. Figure 24 shows the p,™*
distributions out to 50 GeV/c for 6=90°% 20° 6°.
The shape of the falloff is very sensitive to the
distribution functions near x=1 and would give a
good measure of them if the very small cross
sections could be measured.

Turning to the problem of backgrounds for lep-
tonic W decay, there seem to be three types to
consider: (a) too many particles jamming the
counters, (b) high-p, hadrons faking leptons, (c)
real leptons not associated with the W. We leave
it to the experimentalists to use our estimates to
deal with problems (a) and (b). For problem (c)
we use the empirical relation?” that e/7 or u/7 is
about 10™* over a wide range of conditions and as-
sume it will be true in this very high p, realm as
well. The hadronic background shown in Fig. 6 in
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FIG. 24. Predicted cross section for hadronic jets at
various angles and Vs =400 GeV from the vector-gluon
model.
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FIG. 25. Predicted cross sections for hadronic jets at
90°, Vs =400 GeV from W* and W" of various masses.
Vector-gluon and Feynman-Field model backgrounds
are shown.

Sec. IV was obtained by folding the distribution
function G(x) into the gluon jet cross section and
multiplying by 10™. (Thus, the 7 distribution can
be read off that figure by multiplying by 10%.) Evi-
dently, the Field-Feynman hadronic background
will be far below the gluon background and is not
shown.

It would be very interesting if hadronic decays
of W mesons could be studied. Figure 25 shows
the cross section for producing hadron jets at
90° V's=400 GeV, through a W*. All quantum
numbers are summed on because it will probably
prove very difficult to determine the quantum num-
bers of a jet. See Eq. (B15) in Appendix B. This
curve is essentially similar to that for W decay
leptons except that the background is now hadronic
jets. The p,~* and p,~® backgrounds are shown on
the same figure. From these curves we see that
it is not certain that the W can be detected through
its hadronic jets in spite of the fact that its branch-
ing ratio into hadrons is much larger than that into
leptons.

There is an additional point: Hadronic decays
of the W will probably have to be jet studies be-
cause the hadrons coming from the jet will not
show the characteristic peaking. The peaking of
the jet distribution is washed out in the hadron
distribution. This can be easily seen from the

relation3®
do 1 p do
o =—fd G(p—)E 5.4)
apl, p Ps il @by e (
Because Edo/d®p, is sharply peaked,
do 2p
235, o) - -9

and the characteristic peaking is lost.

We wish to look briefly at the question of double
jets. These are very directly related to the elem-
entary cross section for parton-parton interactions
and the structure functions, as pointed out by
Bjorken®°; there are no integrals and so these
measurements could give very valuable informa-
tion about these quantities. In Figs. 26(a) and
26(b) we show the distribution in angle of a recoiling
jet when one jet is detected at 90° for various p,,
according to the vector-gluon model or the Field-
Feynman model. (Again, we are using not only
the Field-Feynman cross section but our structure
functions as well. We also take no account of small
transverse momentum of the quarks. Field ef al.
have included this in a forthcoming study®® and
say it can have significant effects.) These are not
presented here as definitive tests of the models
but merely to give an estimate of the size of the
cross sections and rates of variation. The be-
havior near the ends where the cross section falls
rapidly measures the behavior of the structure
function near x=1. Otherwise the behavior is
rather smooth. It is probably worth commenting
that, although the Field-Feynman cross section is
more peripheral (~1/58f%) than the vector gluon
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FIG. 26. Double-jet cross sections
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the second jet for various values of p, (a) vector-gluon
model, (b) Feynman-Field model.
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(~1/f %), this does not show up clearly when plotted
in the usual way, as we have done in Fig. 26. One
might expect the Field-Feynman model to give
more peaking at small angles, rather than less
than the vector-gluon model. The reason it does
not is that as 6 gets small, for fixed p,, the energy
of the parton-parton collision (s)!/? grows and com-
pensates for { getting smaller [see Eq. (5.6)]. The
main reason the curves are so slowly varying over
most of the range is that § and 7 are slowly varying
with cos6 over a wide range of cosé [see Eq. A(12)].
The structure of double jets coming from the W
is much more interesting. From p, =m,/2, a
broad smooth bump at 90° is seen. As p, is re-
duced, however, the recoil peak moves off 90°
(symmetrically) and becomes much sharper. See
Fig. 27. The reason for this is that the energy
$=m? at which the parton-parton collisions takes
place is related to the angle 6 of the second jet by

1
§=2 2<1+—.——> 5.6
2 Isin6l/ ’ (5.6)
B LI L e e e e o
g T I -~7§
38 : p,=35Gev/c 7]
Y 2
5, 1035 LMW 70Gev/e VECTOR-GLUON_
S MODEL 5
3 C ]
' - .
N - -
E Io-36 '—J \- — _ ‘/ xi
o - FIELD-FEYNMAN& 3
g = MODEL 3
° | -
g
E |0-37 | I T T T T T T T | I
° -10 -05 00 05 1.0
cos 6,
= 034
% 10 _—_1(l)|‘r4\1‘rtl#| LI = G B R =
. E (b)) T “p, =30GeV/c I
S — VECTOR-GLUON L =
3 L MODEL _
N -
g3 0% & =
o = IELD- 3
5 E T~ QED\HEYNMI_\N MC_’?E—/ =
" L -y
<
& 10-36 = -
§_ = my =70 GeV/c2 =
3 - 3
’O_ — —
T o3l 1] L 11
~
8 -1.0 -05 00 05 10

cos 6,

FIG. 27. Double-jet cross section
do/dpdSd cosby| g,-4° as afunctionof cosd,. The peaked
curve shows jets from W decay, my =70 GeV/c?. The
vector-gluon and Feynman- Field backgrounds are also
shown. (a) p, =35 GeV/c, (b) p, =30 GeV/c.

or a fixed p,

[tané| sin%?g _,
dcosf = ————5——d$s
2p,

~ I |tang| sin.
Py

The W peak in § occurs at
1

S (TP TR 5.7

for p, smaller than m,, this angle becomes small
and the width in cosf becomes small. Of course,
at the same time the cross section becomes smal-
ler and the background becomes larger and whether
or not this sharper peak will stand out above the
background is not certain. The momentum resolu-
tion possible for jet measurements will have an
important bearing on this. We simply point this out
as an interesting possibility.

The double-jet cross section as a function of p,
for fixed angle will have a sharp peak, as does
the double-lepton distribution in Fig. 19. The
height of this peak relative to the background can
be read off Fig. 27(a).

V1. TRANSVERSE-MOMENTUM SMEARING

All calculations in the earlier parts of this paper
assume that the W is produced with no transverse
momentum. Obviously, this is not exactly true
and the peaking of the lepton spectrum will be
smeared to some extent by the W’s transverse mo-
tion. The question is: How much? In order to
answer this we need two things, an estimate of the
W’s transverse momentum and a way of incorporat-
ing the transverse motion into our calculations.

For the second point, since we are interested
in estimates we will not attempt to incorporate
transverse motion of the quarks into the parton
model, but will assume that the model gives the
longitudinal motion of the W correctly and will
put the transverse motion in by hand. This is not
completely consistent but should not cause any
trouble if K, of the W is not too large. This tech-
nique was previously used by Halzen,*” but we dis-
agree with some of his conclusions.

The main reason we coicern ourselves with this
point is that experiment indicates that as more
massive objects are produced, their average trans-
verse momentum increases as well. Thus we must
expect that the W can carry considerably more
than 300 MeV/c of transverse momentum. It has
been found that a reasonable fit to production of a
particle of mass M has the cross section®®

Edcr

FEe < exp| -b(K, %+ M?)'/2], (6.1)
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with b~6 (GeV/c¢)'. The root-mean-square mo-
mentum in a transverse direction for this distri-
bution is

<<K:>>‘/2=(f—‘:)”2. 6.2)

For b=6 (GeV/c), this gives
2.58 GeV/c for M =40 GeV/c?,
(K,2)/*=43.42 GeV/c for M="10 GeV/c?,
4.08 GeV/c for M=100 GeV/c?.

These are very large momenta, but much smaller
than the W mass, in fact very slightly larger than
the W width so, as we shall see, a dramatic ef-
fect is not expected. Given these numbers, we

can see no good reason to fear that the transverse-
momentum smearing will wash out the signal,

in contrast to Halzen’s conclusion.?” The param-
eter that he chooses to show the W peak com-
pletely washed out corresponds to a transverse
momentum of nearly 200 GeV/c for the W.

We assume that the W is produced with longitud-
inal momentum given by the formulas in the Ap-
pendix. We simply add to it a transverse momen-
tum K, with the distribution (6.1). The modifica-
tion of the kinematics due to K, is taken into ac-
count by noting that a lepton of momentum p coming
from the decay of an off-mass-shell W of mass
(8)/2 and momentum K satisfies

peK=38. (6.3)

The modification to the arguments of the structure
functions is insignificant, since it is of order
K,%/s. For simplicity, we neglect the alignment
of the W and assume that it decays isotropically.
We will also neglect K, with respect to § and work
to terms linear in X,. Then the only modification
of our formula is that the Jacobian in (A14) is
modified:

ij. - zpl —Kx
A -4p /9" (1-4p*/5+4p,K. /3"

(where p, is in the x direction) and the lower limit
in (A15) is changed from 4p,” to 4p,%> - 4p.K,.

The result of numerically integrating this ap-
proximate expression is shown in Fig. 28. We see
that the sharp peaking at m,/2 is lost, but that the
general shape of the W signal remains and is still
far above the estimated backgrounds.

It is easy to estimate the size of the smearing
effect analytically. First of all, it is clear that
on the lower side of the peak, as soon as

2

(6.4)

the effect of smearing will be unimportant. For
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FIG. 28. Effect of the W transverse-momentum dis-
tribution exp[ — 6(KJ_2 +mW2)1/2]; solid line from Fig. 6,
dotted line, after smearing.

M="10 GeV/c? and b =6 (GeV/c)"', this occurs for
p,~30 GeV/c. For p, at or above the peak at
mw/Z the events come primarily from W’s with
very small longitudinal momentum so the effect
of smearing can be obtained by evaluating the §
integral over the W peak, keeping only the rapidly
varying Jacobian square root. This integral is
readily evaluated:

N

°° 1 1
fq»{“-qpllr, S G om P+ Im T B -4p 7+ 4p k)

__T cosp/2
T omyT [(my® =4p 7+ 4p.K,)" + 4my /TP 2
(6.5)
where
2 2
cos@= my —4p,"+4p.K, (6.6)

[(my —4p° +4p, K, +4m, T2

Let R(K,) denote the ratio of this integral for K,
> T to the value when K,=0. Then

-2

(6.7)

For I'=0.5 GeV and K, =3.5 GeV this reduction is
about 0.4, which agrees roughly with the numerical
integrations. This formula shows that the reduc-
tion factor decreases slowly with K,; another fac-
tor of 2 reduction would require ((X,2))'/2~14
GeV/c.

The behavior above the peak can be readily seen
from Eq. (6.5): The effect of K, is to shift m?®
~m?+4p,K,. The upper edge of the sharp peak
in the unsmeared case comes at p, =m/2. Using
the shifted value of M, this corresponds to K,
=p, —m?/4p,. Thus, substituting in (6.1), we ex-
pect a behavior proportional to
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exp[—b<1>l+ th )] ’

which is a good representation of the numerical
calculations.

We conclude that it is unlikely, on the basis of
our present best estimates, that the transverse
momentum of the W will damage the beautiful lep-
ton spectrum very much.

VII. CONCLUDING REMARKS

(1) The lepton-pair -production data are consis-
tent with the Drell-Yan model, using quark and
antiquark structure functions with color, and a steep
x variation near x =1 for the sea quarks, (1 -x)".

(2) The total W production cross sections are
about 107*4-10"% cm? for s/m,>>10 and do not
increase very much as s/m,? increases. Though
the W production cross sections are more than one
order of magnitude higher in pp reactions than in
pp reactions in the s/m,? <10 region, the ratio
decreases rapidly as s/m?=> 10.

(3) The production of W’s is concentrated in the
small x, region. It spreads out as s/my? de-
creases.

(4) The distributions of single leptons from the
W decay have a characteristic peak at p, = 3m,,.
The height of the peak decreases as s/ my*? de-
creases, or as the W width increases, or as the
lepton direction moves away from 90°. It is well
above the lepton background from electromagnetic
production at vV's =400 GeV, for a wide range of
W masses =10 GeV/c2.

(5) The lepton cross section from weak interac-
tions with an infinitely heavy W* crosses that from
the electromagnetic interaction at p, ~25 GeV/c,
Vs =400 GeV.

(6) Once the weak production dominates the elec-
tromagnetic production, the parity violation of the
weak interaction gives characteristically different
distributions for leptons and antileptons. This is
a striking consequence of the quark-parton model.
Its observation would give direct support to this
model. This provides a handle for detecting the
presence of weak interactions and distinguishing
various weak-interaction models. This parity-
violation effect is even more striking in the pp
reactions.

(7) The cross sections for single-hadron and
hadron-jet production via strong interactions in the
quark-parton model are quite sensitive to the large
p, dependence of the elementary cross sections.
Behaviors of p,™ and p,”® give substantially dif-
ferent results at ISABELLE energies.

(8) Hadronic-jet decays of the W should be plenti-
ful. However, the direct hadronic background may
well be too high to allow this mode of detecting

the W. The best chance is in double-jet experi-
ments where a sharp peak in p, dependence is ex-
pected. For observations of single hadrons the
sharp peak is expected to be washed out.

(9) Transverse motions of the W, neglected in
the quark-parton model, will have the effect of re-
ducing the sharpness of the upper edge of the W
peak in the p, distributions of single leptons, but
should still leave the signal well above the back-
ground.

Thus all indications are that the long-awaited in-
termediate bosons are within the reach of the next
generation of colliding-beam machines.
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APPENDIX A: GENERAL FORMULATION

The calculations in the body of the paper are of
cross sections for the double inclusive process

h+h'=p+p'+X, (A1)

where i and #’ are hadrons and p, p’ are leptons
or “jets” of hadrons. This process, based upon
the original hypothesis of Ref. 12, is assumed to
proceed through the mechanism indicated in Fig.
29, in which h emits a massless quark q, »’ emits
a massless quark ¢’, and ¢ collides with ¢’ to
form p and p’ through the two-body reaction

q+q ~p+p’. (42)

The main kinematic assumption of the model is that
the quark ¢ carries a fraction x of the three-mo-
mentum of 2 (0=x=1). We choose the direction
of relative motion of /# and %’ as the z axis, or
longitudinal direction, with / defined as moving
in the +z direction, and work in the frame where
the motion of % and i’ is purely longitudinal.

We adopt the notational convention that a particle

e

p!

FIG. 29. Kinematics of quark-parton model.
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p has four-momentum p,, = (p,, ps, b, p,) and define
po=(p2 40,2,
p=(pP 0,
o= (o7 P2, a3)
6,=arccos (p,/p),
¢,=arccos(p,/p.),
y,=arccoshl p./(p,%+ u,?)''?].
The total squared invariant energy of the system
is
s=(hy+hy) . (A4)

We will be interested in large s and throughout this
appendix make the assumption that the masses of
h, k', p,p’ can be neglected in comparison with Vs.
We therefore set them equal to zero, throughout:

Mp= Mpe= Hp= Hp= phg= =0, (A5)

Thus we can write the explicit forms of the four-
momenta ¢, q’

q,=(xh,0,0,xh),
q,=x'n,0,0, =x'h’).

(A6)

Each observed particle has in principle three kine-
matic degrees of freedom. The fixed transverse
momenta in (A6) introduce two constraints so that
there remain four kinematic degrees of freedom
for the reaction (A1) in this model. One of these
four may be taken to represent a trivial azimuthal
rotation about the z axis, leaving three nontrivial
degrees of freedom. It is convenient to choose

the following three invariant quantities to specify
the reaction:

= Qﬂz ’
f: (pu. _qu,)2’
ﬁzyo‘yh', (A7)
where
Q,..:qu'*'q:u
H,=h,+h].

Other kinematical variables can be expressed
in terms of these three. In particular:
x=e%(8/s)2, x'=ed(3/s)/2. (A8)

Thus the differential cross section (d30/dsdid})
can be factorized as follows:

E do (s, ) ANy
dsdfdy’ &, Bd
do (3, 1) AN,

dl sdxdx : (49)

Here do“./df is the differential cross section for
the elementary process (A2); ¢ and ¢’ label the
different types of quark that can contribute and
(dN W,/dxdx’) represents the joint probability den-
sity to find a parton of type ¢ having momentum
fraction x in h, together with a parton of type q’
having momentum fraction x’ in #’. For any other
choice of three variables u,,u,,u, we can simply
transform variables and write

do do 49, dN :
au,du,du, J(uluzu.*)z dt sdxdx’ ’ (A10)
where
33, 1, 9)
J(u1u2u3)= ' a(uiu;ua)

is the Jacobian, and §, 7,7 (and thence x and x’)
are expressed in terms of «,,u,,u,. Double or
single differential cross sections or total cross
sections can be obtained by integrating (A10) over
appropriate regions.

The problem of calculating cross sections thus
separates into three parts:

(i) the choice of variables u,u,u, relevant to the
problem in question, and the calculation of the Ja-
cobian together with any necessary integration
limits,

(ii) the calculation of the relevent cross section
do,,/di,

(iii) the calculation of the “structure function”
AN,/ dxdx’.

We continue here with a discussion of the kine-
matic factors, and discuss the choice of variables
appropriate for two-particle, single-particle, and
total cross sections. We always choose to plot
those cross sections which most directly relate
momentum and angular acceptances to counting
rates.

Two-particle distvibutions. These are the sim-
plesttodiscuss, thoughnot tomeasure. Inthe model
we consider here there is no net transverse motion of
the pp’ system so only one independent transverse
momentum remains. The desired cross section
is

do _ 1 5 )
dpdQtdcos6’ =~ 27 sinf sin®¢’ Dis Yy ¥
do(3, i) dN.. (a11)
o df  sdxdx’ ’
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Working in the hadron-hadron center-of-mass sys-
tem, we have

§=4p,® cosh?j,,
Yo=5(¥, =) (A12)
f=—p,*[1+exp(~29,)],

§=2(y,+v,),

and x,x’ are given by Eq. (A8).

Single-particle distrvibutions. These involve a
single integration. The cross section of interest
is podo/dpldp,, which is the invariant cross section
integrated over the azimuth. The convenient vari-
ables to use in this case are (8, p,,y,), and the de-
sired cross sections are obtained by integrating
over §. These can be related to the standard vari-
ables by introducing j,, the rapidity of particle p
in the center-of-mass system of the elementary
process:

JI(py, Vps yp') =

37=3’p—§ps

5)1/2 .
( 5 =p, coshj,,

(A13)
t

-38(1- cosG)
-z8(1-tanhj,),

(where the last two relations make use of the as-
sumption of zero mass for p). The Jacobian is then

_0(9,) _ 2p,
J(§,p,.,y,) 3(#;,3),) (1- 41’;2/5)”2 (A14)

Using Eq. (A10) we obtain the cross section plotted
in the figures

do b do

apaq - siné Poa%p

1 do
" sind dp,dy,de
1 do
=5 J © Tap,a,
2p, do

(T=4p, 73V 7" dsdizs “ (A15)

Note that the second equation of (A13) has two so-
lutions, y,=+|y,| whose contributions must be
added. The integration limits are given by the
constraints
4p=35=s,
0=x=1, (A16)
0=x'=1.

Using (A8), (A12), and (A16) the latter two can

be rearranged to yield

exp(x2,)= [\;—Eexp(iyp) - 1] =A,,

which is equivalent to

-3In(4,)=19, | =31n(4,). (A17)
By definition |y,| is positive, so if we define
¥,=max[0, -31nA4,], (A18)

then the limits on § may be obtained, using (A13),
4p,2cosh’Y, < § = min [s, 4p,>cosh?(} InA,)].
(A19)

Distribution of the pp’-diparticle system. Here
the individual momenta of p or p’ are not mea-
sured but only their sum. In this case only the i
integrated cross section of Eq. (A9) is of interest:

d’;% -2 0w () gt (A20)
where
0.(8)= f di g%sl’@ (A21)
Equivalently Eq. (A20) can be written as

In most cases we are interested in the distribution
in § and x,, where x = (p*+p.*)/3Vs =x-x',

ig =y cw,(é)flfl ZNd G 5(sxx’ - §)dxdx’ (A23)
e’ °

and

1 dN .

do
dsdxp ‘g; Oor (8) (xp2+47)' 72 sdxdx’’ (A24)

with the constraints

x=3 [(xp® +48/5) %+ x5),

%' =3 [(xp+48/s)/% —xp].

In the text we use m? in place of § to be consistent
with the more usual notation.

The structure functions. As we mentioned ear-
lier dN, /dxdx’ is the probability of finding a par-
ton ¢ in hadron z with momentum x% and a parton
q’ in hadron »’ with x’k. So it is a product of two
probability functions:

ANge _ a(x) q'(x")

dxdx 3 T3 (425)
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FIG. 30. Vector-exchange mechanisms.

where q(x), q(x’) are the functions defined

in Eqs. (2.1) and (2.2). In the three-color
four-quark models, g¢,q’ can be u, %, d, d,

s, 5, and ¢, ¢. We assume that there are
negligible amounts of charmed quark in the proton
and equal amounts of all other quarks in the sea
as given in Eq. (2.2). These probability functions
are also measured in ep inelastic scattering. The
probability functions are related to the structure
function

vW,=x{ 2 [ulx)+2(x)]+ £[d(x) + d (x))]
+ L[s(x)+5(x)]} . (A26)

The factors in front of the probability functions
are squared quark charges. Notice that here
includes the two valence u« quarks of the proton
and the # quark from sea. The explicit forms of
the quark probability functions are given in Eq.
(2.1). The probability functions of partons in the
antiproton are

Up=uy, Ei-;,:dp, (A27)

and those in the antiproton sea are the same as in
the proton.

APPENDIX B: FORMULAS FOR VARIOUS PROCESSES

From Appendix A we see that to give the various
p, p’ distributions, basically we need two ingre-
dients. The elementary cross sections of gq’ —pp’
and the probability functions of ¢, g’ in the hadrons
h, h'. The interactions of qq’ —pp’ considered here

J
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FIG. 31. General structure of V,A couplings.

are point interactions via a spin-one field (except
in the Field-Feynman model). There are three
types of interactions annihilation (A), exchange
(E), and crossed exchange (C), as shown in Fig.
30, or, in other words, poles in the §, , and @
channels. In the following we shall list all the
formulas for the various processes we discussed
in the text. Cross sections are given in units of
GeV 2,

Electromagnetic processes

Here the mediating particle is the photon y,. It
is a pure vector interaction.

() ¢q annihilation to lepton pair !I. The dif-
ferential cross section is
do4 1 2(4ra N
&= ___E_«_(j_)(tz,LuZ), (B1)

where a = 13-‘-7, and e? is the charge of quark ¢ in

units of (47a)'/?, f=(g-p)?, @=(q-p')* [see Fig.
29]. The f integrated cross section is

oA@=rs- LTS (82)

Together with the structure functions, using Eq.
(B1), Eq. (A9), and Eq. (A25), we obtain

s 2 Hawal)+aWate)]

q=u,d,s
2ma? .
xel o ({2+0%). (B3)

Using Egs. (B2), (A23), and (A24) we obtain

%: _Z; 12”( 5 > ff dxdx'5(sxx’— 8)3 [q(x)g(x") + G(x)q(x’)] (B4)
and
4
Ty L 1 () o s T+ 7). B
q=u,d, s
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Notice that with § =m?, Eq. (B5) gives Eq. (2.3), which is written in the more conventional form.
(b) Electromagnetic jet production. The process involved here is qq’ —pp’ via y, exchanges in all three
§ f, @ channels.

el e (dma)?
7

£z 4+ 02
§® ( )

dO 2 —f — 7Y] 1
BT ;Zq:[q(x)q(x )+q(x)q(x’)] s

+5 DA+ TN Tha )+ 76N grgee, rar] S S (B6)

Here g, ¢’ are summed over u, d, s. The sum over p in addition includes the charmed quark. The ({2+a?)
term comes from the annihilation process; the ($%+#?) term comes from the f-channel exchange and the
(2 + 3?) term comes from the u#-channel exchange. Both quark and antiquark jets are summed on.

Weak-interaction processes

For these processes only the annihilation graph (A) of Fig. (30) is relevant, since W exchange is forbidden for
lepton production and negligible for jets.

(@) Production of W* (= p*v, or e'v,). Here the interaction via W* is V- A. The differential cross sec-
tions for qg - W* =TI are

dot* 1 4(G/N2Pmyn,
di 818 (8 — m2 )V +4dmy Iz

where G=10"%/m,?, T =8(1/121)(G/V2)m,?, the W* full width as given in Eq. (4.2) and explained in Sec.

IV A; ¢g stands for all quark-antiquark pairs with charge one and I7 stands for u*v, or e*v,. For qg=ud,
7. = cos®6, (where 6, is the Cabibbo angle), and for qg=uS, 71,=sin?f;. The “+” in Eq. (B7) corresponds to
the pure vector and pure axial-vector parts of the interaction. The “-” in Eq. (B7) corresponds to vector—
axial-vector interference. The { -integrated cross section is

s 4GNZPmy,

(GETOR (B7)

A+ (ay=_2
o (8)= 127 (8 — my,®)? + 4my, T2 (B8)
Notice that o4:-(5)=0.
Again using Egs. (B7) and (A9), we obtain
8 1 = ) — _ .
d_gd%f;bs'z {3lule)d(x’) + ed(xhu(x’))cos?6, + 3ulx)s(x")+ €5(x)u(x’)]sin®6,.}
2 4

L 4G/2)my > (72 + €a?). (B9)

8182 (3 = my?) + 4my,°T

(For distributions of pu*v, produced weakly without a W*, we can simply set m, -« and I'=0.) Using (B8),
(A23), and (A24) we obtain

do _ 3 4(G/V2)my*
ds 1271 (3 —=my?)?+4m,’T?

flfl dxdx’ 5(sxx’ — 8)3lu(x)d(x’)+ d(xu(x’)]. (B10)

We have combined the cos?6, and sin?6, term because the sea quarks are all the same in our calculation.
To obtain the total production cross section for W*, which then decays to u*v,, we use

dsf(s) o 2
f(§ - ~2mwrf(mw )' (Bll)

my?)? + 4my,°I?
Thus we get
L %21r(G/\/7)mW2’[0‘1/0‘1 dxdx’ 5(sxx’ —my2)3lu(x)d(x") + d(x)u(x")] . (B12)

As discussed in Sec. IV A, the branching ratio of W* - u*v, is 3, so
O+ = 80’W"—»u"'uu . (313)

Similarly to (B5), we can derive do/dédx for the W*. Integrating over § and multiplying by 8, we obtain
the x distribution for the w*,
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do’w4

=21(G/V2) Wa[u(x)d(x )+d(xu(x")], (B14)

where x and x’ are the same as specified for Eq. (A24).

(b) Production of W~ (=~ u'U, or e¢v,). Equations (B10)-(B14) for the W* all apply except for replacing
the quark structure functions ud by di, respectively, and the use of the approximation 6, =0.

(¢c) Production of jels from W* decay. For each specific quark-antiquark decay mode of the W there will
be an expression such as those in (a) and (b) above. Since, however, the nature of the individual quark is
not observed, we must combine all the terms. This leads to three changes:

(1) Adding outgoing quark and antiquark symmetrizes (B9) in 72 and 42.
(2) Adding W* and W~ symmetrizes in ud and du.
(3) There are six decay channels for each W* (ud and cS for each of three colors).

The result for zero Cabibbo angle is

do -
d§dtd‘

4(G/NZ )2myt
87 §2 (s = my?)?+4T%m

[u(x)d(x’)+ dyu(x’) +a(x)d(x’) + d(x)a(x’)] s (f2+02). (B15)
v

If we wish to consider the local limit, we canno longer neglect the exchange graphs (C) and (E) in Fig. (30) since
all three propagators approachunity in the infinite-mass limit. The angular distributions also become identi-
cal, but the color counting and association of the right structure functions require consideration of all
three. Since the interest in this case is as a lower limit we ignore the neutral-current contribution to
charm production and the s component of the proton. These approximations should not underestimate the
cross sections by more than about a factor of 2. The formula used is

r = e 1 Zewsaonl{ 3t awl - Zq(x)q(x')})t L (®16)

a=u,d q=u, d
,

(@) Production of W°(—e*e” or u*u”). Here the coupling is still vector and axial vector. However, their
strength is very model dependent. A further complication is that there are inference terms with y,. We
shall calculate the general (a+ by;)y, couplings for the Drell-Yan model as shown in Fig. 31.

The differential cross sections for qg -1l are

doft 1 g
af 8re® A

where

(f xa), (B17)

BAr=g2g'%(aal+ b bl a,a)+b,b}),

and

B4 =g2g2(aby+ ab)abi+aib,), (B18)
A= (8 =myo®)?+4my 0% (T0)2.

For a pure W° term, in the SU(2)® U(1) model of Weinberg and Salam,
gi=g"= (G/\/Z_)mwoz,
a'i=a;=V2(I,-2e;sin®6,), bj=b,=v2I,, (B19)
myo="16/sin26,, (GeV/c?),

where I, is the z component of the isospin of the particle i, e; is the charge of particle i in units of
(4m@)'’/?, and 6, is the Weinberg angle. For the quarks and leptons we consider here that the values of a’s
and b’s are

a,=a,=(1- £sin%,)/V2, b,=b.=1/V2,
as=a4=_(1_§5inzew)/‘/2_, be=b,=-1/V2Z,

(B20)
a,=a,=—-(1-4sin%60,)/V2, b,=b,=-1/N2Z,

a,=b,=1/v2, for both v, and v,.
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Given these couplings the W? full width can be calculated to be

=(2A,+2A,+3A,+3A,+3A,+3A ); 1; "l Mmyo®, (B21)

where A;=(a;2+b;%). The factor in front of A; is the number of channels with the same coupling strength.
Now the leptonic branching ratio, say the p i channel, is
A

e
2A,+2A,+3A,+3A,+3A,+3A; (B22)

B%=T9%/T°=

Using the formulas here and Egs. (A9) and (B5), we obtain

=L O HaWa)+ qt e g A,AGNZ Py ot

dsdidy s & K. My, 02 )2 + dmy, o*(T°)?

(f2+ en®). (B23)

Similar to Eq. (B10) do/d$ and 0,0 can also be calculated. We only list oy o0,

oyo=m(G/N2Z )mwozfyl dxdx’ 5(sxx’ — m yo°) Z g(x)gx’)+ Gx)q(x")]A, - (B24)
0v0 q=Uy dy S
For the W° and v, interference term,
=4rae?, g"?=(G/N2)myo®, (B25)
a;j=1, b;=0,
a;=v2(1,-2e;sin*6,), bi=V21,. (B26)

Thus the g’s in Eq. (B18) can be calculated according to Eqs. (B25) and (B26). The propagator factor in
Eq. (B17) becomes

1 1 1 1 § —myo0®
—_—= R W .
A (s § —myo0° —zZmWor°> 3 (B —myod+4m, o (T0) (B27)

Using these equations we can calculate all the formulas as before.

Gluon processes

The production of hadronic jets by vector-gluon interactions is closely analogous to the electromagnetic
jet production discussed earlier. The propagator is the same, and the coupling constant is o ¢ instead of
a (the value of ag is discussed in the text). Otherwise the main difference comes in the color analysis.
Unlike the photon which is a color singlet, there exists an octet of vector gluons with SU(3)-invariant cou-
plings to the quarks. Carrying out the appropriate SU(3) counting we are led to

& =2 (a7t + Gl )] gy ETg

2 2
BB g ()

2 2 a2 ~2
2472 $%°+a >, (B28)

1 1 ? (At 2
3 Dlat)+ T Tl (647 ()] g (P (S s S
where the sums over ¢, ¢’ run over u,d, s.

Field-Feynman quark-scattering model

According to Field and Feynman® the elementary cross section for quark-quark scattering, averaged
over all quark final states, is

do_ 2300

-4
af 0.3894 3(- t)s (Gev™?), (B29)

where § and f are in units of GeV2 Since the two resulting jets are indistinguishable we must symmetrize
between f and #, and obtain

do 1 1 7 2300
dzdids 7;["(")“’(")]2[" CRAL A )][(""55 (—"5?] o.38928 OV ) (B30)

where, as usual, g, g’ are summed over u,d, s.
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