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Abstract. We develop in detail the phenomenological
implications of our previous analysis of Drell-Yan
processes and of vector boson production. Produc-
tion cross-sections and y,q, distributions of W and
Z° in the energy range up to }/S =(10-20)TeV are
discussed. The problem of W and Z° production at
super colliders is complicated by the very small val-
ues of ]/ er/]/ S involved, where Q=M ,. The
novel theoretical features of Drell-Yan processes at
very small }/7 are therefore analysed. The depen-
dence of cross-sections and distributions on the mass
(0 of the vector boson is also discussed at different
energies /S and the pattern of deviations from
naive dimensional scaling is investigated. Particular
attention is devoted to the tail of events at large gr
where a W/Z° is produced in association with ha-
dronic jets. The probability of W/Z° production at
gr>4q% is studied as a function of g% and }/S. The
behaviour of the average value of g;, which is also
determined by the large g tail, is evaluated at vari-
ous values of t and J/'S. Detailed predictions for W
and Z° production at }/S=630GeV, the energy of
the present run at the CERN collider are presented.
Finally, ordinary Drell-Yan lepton pair production
at the collider is also considered.

1. Introduction

In a recent paper [1] we have re-examined the pro-

1 Supported in part by the “Minstero della Pubblica Istruzione”,
Ttaly

colliders. We derived completely explicit expressions
for the transverse momentum (q7) and the rapidity
(y) distributions. These expressions, which are in a
suitable form to be used as the input for numerical
calculations, include the large amount of theoretical
understanding of this process which has been accu-
mulated over the last few years. A complete set of
results was presented both for total and differential
cross-sections including QCD radiative corrections.
The analytic results for the transverse momentum
(and rapidity) distributions have the following prop-
erties.

(a) At large gy the correct behaviour resulting
from the recoil against one parton [2,3] is auto-
matically reproduced.

(b) In the region ¢r<Q (Q=My, z) the soft
gluon exponentiation is performed at the leading
[4,5} and next to leading double logarithmic ac-
curacy [6-9].

(¢) After integrating over gy the known pertur-
bative results for the total cross-sections (and da/dy)
[10, 117 are obtained including terms of order (ay),
(which give rise to the “K factors™).

(d) All cross-sections are expressed in terms of
quark distributions which are precisely specified be-
yond the leading order. We choose the deep inelastic
structure function F, as our reference distribution
and evolve it to the appropriate scale Q.

In the present paper we explore the phenome-
nological implications of our previous treatment of
vector boson production in more detail. We make
numerical predictions which are (or will be) of con-
siderable practical importance. We first discuss the
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production of W’s and Z’s at future super colliders

with energies in the range /S =(10-40)TeV. The
extension of our formalism to this problem is com-
plicated by the very small values of the scaling vari-

able,/t=My, 1/ S. This leads to two possible sources
of problems. Firstly, the quark and gluon distri-
butions are required at values of x~}/7, much lower

than those measured in deep inelastic scattering (or
by W production at the CERN SppS collider). Se-
condly, in the treatment of the parton cross-section,

1 n
we found that there are terms of order (ocs In™ (;))

These terms, although not present order by order in
the perturbative results, can be introduced by the
resummation and exponentiation procedure if due
care is not taken. The logarithms of t become un-

acceptably large when /S increases at fixed Q. We
discuss both of these problems with special emphasis
on the second one which is more specific to Drell-
Yan type processes. Small values of 7 are also en-
countered in ordinary lepton-pair production at the
CERN collider where the mass of the lepton-pair is
in the range Q=(10-20) GeV. We therefore consider
also this case in some detail.

We then study the production cross-sections and
gr distributions of possible new heavy vector bo-
sons, by varying the mass of the produced boson,
but retaining the couplings of the ordinary charged
W. This analysis is interesting, not only for the infor-
mation it gives on the production of hypothetical
heavy bosons, but also as a study of the scaling
properties of the various distributions. In the scaling
limit dimensionless quantities should depend only
on scaling variables and not on ]/S. For example, in
the scaling limit one has,

Se(Q,VS)=/(x), (1)
do(y=0) [da(y=0)
T das dy/ o~ S 2)

with xT=2qT/]/S. We study the shape of f(r) and
2(t,xr) and the pattern of deviations from the scal-
ing limit in the range /S ~(0.5-20)TeV for reason-
able values of 7 and x;. The scaling approximation
is better for f(r) than for X(r,x7). The deviation
from scaling is especially noticeable in X, because

the scale-breaking dependence on § and gq./4
(where A=Aqcp) is magnified by the exponentiation
of the soft gluon emission.

We also calculated the number of events contain-
ing a W or a Z° produced at large q. It is impor-
tant to know the probability n(¢%) for W/Z° pro-
duction with gr>g% as a function of ¢% (and also as

a function of ]/S). The interest in this quantity stems
from the fact that signals of new physics beyond the
standard model are expected to show up at large g.
Precise knowledge of m(q%) provides an estimate of
the background at large qr due to the physics of the
standard model. This subject is especially topical
since Z° events at large qr can appear as monojets
[12] (ie. one jet plus missing Ez) if the decay
Z°—>vv occurs. Similarly a W event at large gr
would be observed as an electron plus a jet [13] in
an event with missing energy. Precisely these types
of events have been reported by the UA1 and UAZ
collaborations respectively. Our conclusion, in gquali-
tative agreement with other calculations, [14] is that
the predicted rate of W or Z° production at the
values of gr required by the CERN events is too
small to account for all the interesting events. Of
course the comparison of an event rate probability
with such a small number of events is rather prema-
ture. The conclusion will become definite if the same
pattern of events rernains even after statistics have
been collected.

We first consider n(q;) at ]/5"2(540—630) GeV.
Our determination of n(q,) at large ¢, and /S
~(.5 TeV proceeds in three steps. We first determine
at what value of g; the full transverse momentum
distribution approaches the perturbative limit given
by recoil against one parton. For ¢qr=30GeV the
perturbative formula can be substituted for the more
complicated expression which is valid at all values
of gr. This division of the range in gqr is approxi-
mately constant even as far up as 1/S =20TeV be-
cause the onset of the perturbative region occurs
when g7 is compatible with @ rather than with 1/S.
We then evaluate n(qy) above this point in g7 from
its perturbative expansion at order o« Particular
attention is given to the estimation of the theoreti-
cal error on m(qy) at CERN collider energies. Be-
cause 7m(gr) is proportional to «, the main source of
error is lack of precision in the value of &, coming
from uncertainties in the value of 4 and the choice
of scale (e.g. the choice beiween Q% and g%). We
therefore take advantage of the existing calculation
[15] of the gg annihilation component of the gp
distribution at order «?. At order a, the quark-gluon
component i8 found to give a smaller contribution
than the quark-antiquark annihilation term at
]/S ~0.5 TeV. It is therefore plausible that the quark-
antiquark annihilation term dominates over quark-
gluon term also at order «2. We have therefore re-
peated the calculation of n(gy) including the O(a?)
q-g contribution to the g, distribution. Including
these partial results from O(x?) we find that the
value of n(qr) is only slightly decreased, but that the
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theoretical error due to scale ambiguities is sub-
stantially reduced. We have also calculated n(gr) at
large values of § up to }/S=10TeV. The pertur-
bative calculations are still valid for g;=30GeV in
agreement. with the expectation that the relevant
parameter is the ratio of gy and Q. The gluon distri-
bution becomes more and more important with in-
creasing ]/S, so at higher energies the O(x2) results
for g g alone cannot be reliably used.

The perturbative tail is also sufficient for a calcu-
lation of the average values of gr and g% at high
energy in a Drell-Yan type process.

/(45 \"\ _ (02 2 )
({ ﬁ) >—06s(Q VH™ (x, a(Q%) + . 3)

where the dots indicate terms down by powers of
V'S. We computed hV and h® as a function of <
at energies in the range ]/S =(0.5-100) TeV. We also
computed {gry and ]/ {gr>? for the case of W pro-
duction. In this case the increase in 1/S is to a large
extent compensated by the corresponding decrease
in t so that {gy> only varies in the range (7-22)
GeV for 1/S =(0.5-20) TeV.

Finally we give extensive results on gy and y
distributions for W/Z° production at ]/S =030GeV,
the energy of present CERN collider run, and for
Drell-Yan lepton-pair production with Q= (10~
20)GeV.

Numerical calculations are performed as de-
scribed in detail in [1]. We ignore the smearing both
from the intrinsic gr of partons inside the nucleon
and from possible initial state interactions between
active and spectator quarks [16]. It is now known
that the leading terms. in the total production cross-
sections are unchanged by initial state interactions
[17]. However, a smearing effect could still possibly
be present in the gy distribution. The justification
for neglecting these effects is that the average smear-
ing momentum is much less than {g;> in the energy
range of interest here. As a consequence, the slight
flattening of the g, distribution from the smear-
ing falls within the present uncertainty from other
sources. This has been checked numerically for smear-
ing momenta below 1 GeV.

The values chosen for the boson masses are

My =830GeV, M;=938GeV, sin?0y=0217.

4)

The sensitivity of the numerical results to the choice
of quark and gluon distributions in the proton (anti-
proton) was tested using different sets of parametri-
rations. We have used several sets of parton distri-

butions. In various places in the paper we have used
the sets given by Duke and Owens [18] (DO, the set
proposed by Gliick, Hoffmann and Reya [19]
(GHR), and the sets given by Eichten, Hinchliffe,
Lane and Quigg [20] (EHLQ). All three sets of
distributions claim to be compatible with existing
data from fixed target energies although they differ
somewhat in the importance given to different ex-
periments. For a comparison of the different distri-
butions we refer the reader to [20]. The first set
(DO1) has a smaller A (4=0.2GeV) and a narrower
gluon distribution at the evolution starting point Q3
=4GeV2 The second set (DO2) has A=04GeV
and a broader gluon distribution. The third set
(GHR) has A=0.4 GeV. The distributions of Eichten
et al., which have the advantage that they are valid
down to very small values of x, come both in a
narrow glue version, EHLQLl (4=0.2GeV) and a
broad glue version EHLQ2 (A4=0.27 GeV). The full
set of distributions is only used when the theoretical
error is estimated. Otherwise we used as a reference
one or other of the above parametrizations. In all
cases the evolution is performed using only the low-
est order evolution equation. Note that the value of
A used for the Q% evolution of distributions is fixed
by the authors of the different parameterizations.
Thus, in a sense, they are only guaranteed to repro-
duce the existing data if used with the appropriate
value of A. There are two numerical calculations in
the present paper which require the running cou-
pling to be specified to two loop accuracy. The first
case is in the exponent of the soft gluon resum-
mation which is treated to next to leading accuracy
(for example, by including the Kodaira-Trentadue
correction [6]). The second case occurs when the
perturbative gr distribution is improved by includ-
ing the O(a?) g—g contributions. In these two cases
we have used the MS prescription and the two loop
form of o, with Axg=200MeV. However, we kept
the evolution of parton distributions fixed as speci-
fied in (DO1) with the same value of A as for a.

The paper is organized as follows. In Sect. 2 the
basic formulae and results are recalled. In Sect. 3 the
production of vector bosons at super colliders is
considered. In particular, an analysis of the prob-
lems related to the small values of ]/1: is presented.
Section 4 is devoted to total cross-sections and ra-
pidity distributions. In Sect. 5 the tail at large trans-
verse momenta is studied, and the average transverse
momentum <{qr> and 7(q%), the probability of W/Z°
production at gr>g%, are evaluated. In Sect. 6 de-
tailed results for W/Z° production at ]/S =630GeV
are presented. Finally, Sect. 7 contains a brief dis-
cussion of lepton-pair production at the CERN col-
lider with Q <My 5.
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2. Basic Formulae and Results

In this section we give a summary of the main
formulae and explain the derivation of the phenome-
nological results described in the following sections.

The total cross-section for vector boson produc-
tion ¢ and the rapidity differential cross-section
do/dy are predicted by the QCD improved parton
model [21] as an expansion in the strong coupling
constant a,. The corrections of order o, to these
cross-sections have been calculated and found to be
important [10, 11]. They increase the naive parton
model prediction by an energy and rapidity depen-
dent factor commonly referred to as the “K-factor”.
At fixed target energies the O(a) corrections are
dangerously big and resummation techniques must
be invoked [22] in an attempt to control the per-
turbation series. At collider energies and above their
size is reduced because the coupling constant is
smaller. For the production of weak intermediate
bosons at 1/S =0.5TeV, they lead to a correction of
about 309,. The total cross-section for W/Z pro-
duction at collider energies is therefore more reliably
predicted than the lepton pair production cross-sec-
tion at fixed energies.

The prediction of the entire boson transverse
momentum distribution is more subtle, since all or-
der effects always need to be taken into account.
Renormalization group improved perturbation
theory is valid when the transverse momentum ¢ is
of the same order as the vector boson mass Q. The
large gr tail of the transverse momentum distribu-
tion was one of the early predictions of the QCD
improved parton model [2,3]. As g becomes less
than @, such that A<g;<Q, a new scale is present
in the problem and large logarithms of the form
In(Q?/q%) occur, forcing the consideration of all or-
ders in o, (because oy (Q?)InQ?/g%~1). These terms
are characteristic of a theory with massless vector
gluons. Fortunately, these terms can be reliably re-
summed both in the leading double logarithmic ap-
proximation and beyond. This resummation was
first attempted by Dokshitzer-Dyakonov-Troyan
(DDT) [4] and subsequently modified and consoli-
dated [5]. A consistent framework for going beyond
the leading double logarithmic approximation has
been indicated by Collins and Soper [8, 9] (recently
discussed and improved in [23]). The first sublead-
ing terms were given in [6, 7].

The combination of these results on the g4 distri-
bution with the constraint on the area of the distri-
bution provided by integrated cross-section at O(x),
allows an essentially complete reconstruction of the
gr distribution to that accuracy. There is some un-
certainty due to the parton intrinsic transverse mo-

mentum but at collider energies ‘it is present only in
a restricted region at low gr.

Schematically, for the g annihilation term, the
perturbative gr distribution at order «, is of the
form,

QZ
do 2 lnzz; C 2y (&
——5moo(1+4)6(gh)+B\—— | +—5—+Y(@H (5
qr g7 /+ (97)+

where o, is the lowest order cross-section and A, B
and C are of order «, or higher, and independent of
gr in the limit of fixed coupling «,. Y(g%), which is
also of order ay, is a regular function of g4 at gr=0.
The definition of the “plus™ distribution is with re-
spect to the kinematic upper limit of the g% integra-
tion,

g)f(x)dx= | [g(x)—g(0)]f(x)dx (6)

O‘—’uf?,
o5

where A7 =(qr)max-
In particular the total cross-section is given by,

A%

o=ao(l+A)+ | Y(x)dx. )
0

Note that the integral of the B and C terms over the
whole range of g% vanishes because of (6). These
terms become large for gr<Q and have to be re-
summed to all orders. The g4 distribution in the
exponentiated form is written as,

do _ 2 d%b —iarb v
dTé)'r_ Y(qT)—I—fAHVe oo(1+ A)exp S(b) 8
where
A% )2 2
Swy=j4ErUdbm;J)0ﬂn%7+C). ©)
0

The Bessel function J, originates from the angular
integration in d’k and the subtraction resulting in
the (Jo—1) factor is from the “plus” prescription
defined in (6). The b transform is introduced in order
to ensure the conservation of transverse momentum
in multiple gluon emission [21]. Note that the in-
tegral over all values of g%, whixh leads to the total
cross-section, is given by,
e

o=[d*b&*(b)oo(1+ A)exp S(b) + JdxY(x)
0

=ao(l+A)+ | dx Y(x) (10)

At
4]
in agreement with (7). The last step follows because
5(0)=0. We see that resummation alters the shape
but not the normalisation of the cross-section since
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the whole tower of exponentiated terms gives no net
contribution to the total cross-section.

Actually B (and C) in (5.9) are known to a better
accuracy than order «,. The term of order o2 in B
was first derived in [6]. Recently it has been con-
firmed [7] using the results of [15] for the per-
turbative ¢ distribution from ¢§ annihilation at

order «Z. In the MS prescription for ¢, one obtains,

B= 3= [14 Do () +...], (11)
c=-22 1 par . (12)
where [6, 7]
_L[e7 s

The value of E is also known [7], but is less impor-
tant because the whole C term is suppressed by a
large logarithm with respect to the B term. After the
integration over k* in (9) is performed, the term D
multiplies a factor of order a2(Q%)In%Q?, which ap-
proaches a constant for Q- co. Thus the effect of D
although suppressed by a logarithm with respect to
the leading term, persists at all 02,

When the dependence on the rapidity y is also
taken into account the final result is given by,

do d*b
RS — ~lq1T b 2 ( 2 2 2
iid N{J o ¢ TR(%,0% ) exp S, 0% )

+Y(g#, Q”',y)} (14)
where S(b?, g2, y) is given by (9), (11-13), with
(S+Q2)2

2 _. N =S _ 2' (15

At =A30)= 45 cosh? Q (15)

We display here the explicit form of R which will be
needed later. This term is the generalisation to the y
dependent case of the factor oo(1+ 4) in (8).

R(b%,0%) o om
:_H'(xl')XZ’PZ)[l_{"Z_“g( 31 —;—1 ZQZ)-H
1
ot i[fi S H(x3/z, )
+ fo—z—j;l(z) H(Jcl,x,/z)]
zs 1rtd
in2 U? S O Kan

+]E e K] (16)

In this expression

He~q(xq)d(xy),  Ki~[g1(x)+g(x1)] g(x2)

and

Ky ~[q(x2)+q(x2)]1g(x1)

contain the appropriate bilinear combinations of
parton distributions, f, and f, are known kernels
((59) of [1]) and P* is a precisely defined scale of
order g% ((58) of [1]). As usual x¢ ,=1/7e*”. The
regular term Y(b%, Q2,y) in (14) is divided into the
parts due to the annihilation and Compton scatter-
ing graphs which can be found in (62)~(64) of [1].

The y distribution is obtained by integration
over g7 of (14) and reproduces the known pertur-
bative results correct up to and including order o,.
The y distribution is given by (80)—~(86) of [1]. Alter-
native, but identical, expressions for da/dy can be
found in [10] and [24]. Here we only report the
very simple perturbative formula for the total cross-
section.

dx,d
o=Nj= al xZ[H(xl,xz, [5(1
X2

X1 X2)

o, 4
+E gg(xl x2—1) 2f" ( (x1x2—1)

s
X1 X2 27

29
)] +0(3). (17)

(K q(x1,x2)+ Ky(x1,x3) ng(

The kernels f,7, are given in (88) of [1].

3. W and Z Production at Super Colliders

In this section we consider W/Z° production at cen-
tre of mass energies in the range 1/S =(10-20) TeV.
The results of this analysis are clearly relevant for
the experiments to be set up in the next decade.
However, as already mentioned, this problem is also
interesting in its own right because it provides an
example of the QCD improved parton model as
applied to Drell-Yan processes at very small values
of 7. In this context it is important to note that the
present collider offers an ideal configuration for the
application of QCD to vector boson production.
The relevant values of ]/ 7 for ]/S =(540-630) GeV
are in the range,

V1=013-+0.17. (18)

The quark and gluon distribution functions are well
known for the values of 7 in (18). By way of contrast

if we extrapolate to 1/§=20TeV we find that



622 G. Altarelli et al.: Vector Boson Production at Present and Future Colliders

V/T~5-1073. At these values of Q and }/7 the Drell-
Yan total cross-sections ¢ and do/dy are dominated
by sea-quark distributions. Although the gluon dis-
tribution is much larger than the quark distribution
at small x, the gluon contribution to ¢ and do/dy re-
mains relatively small even at super collider energies.
The contribution to ¢ or do/dy from gluon distribu-
tions enters through the Compton graph, and is sup-
pressed by a factor of order 3/8 a,(Q?)/n with respect
to the lowest order annihilation term. On the other
hand the gluon distribution is important for
do/dqrdy at large qr where the cross-section itself is
very small.

At such small values of x, neither the sea quark
nor the gluon distributions can be obtained directly
from existing experiments. They are normally esti-
mated at low x and large Q? from the quark and
gluon distribution functions at larger x and smaller
Q? using the QCD evolution equations. When
In(1/x) is large the one loop evolution equations are
dominated by the poles at x=0 which appear in the
splitting functions [25], (Cr=4/3, C4=3, ny=no. of
flavours):

a5 2C F
5027 x

OCS ZCA P(l)

x-—»OZ X ; &4 (X)

BY() x

(19)

The small x behaviour of the gluon distribution is
P

driven by F(x). In the basis ( ) the evolution of
g

the moments is controlled by the anomalous dimen-
sion matrix, which near n=1 has the form,

4
0 Zny
ol 3
A,= . (20)
2r\ 2Cp  2C4
n—1 m-1

This implies that the growth of the singlet quark
distribution X in the small x region is less rapid
than the growth of the gluons. Denoting by I'(x) the
momentum distribution of the gluons,

I'=xg (21)
we obtain that,

Ar6,0%) Q%) Ca tdz |

02 =M A (P ) 22)
Setting,
F die 2
E=b ] G o) In (in 2) 23)
ZCA 1
y="—Am= 24)

where [bay(Q*)]*~1nQ?/42, (22) can be cast in the
form [26, 27]

d*Ir(y,¢ 1 :
P A LA T . 25

i, =500 25)
The solution to this equation for large ¢y is given
by

Iy, &)=expy/2¢y (26)

which expressed in terms of the gluon distribution is
[26,27]
QZ

4 n ——ln~ (27)

1
g()«)N exp pvs

The small x behaviour of the timelike splitting
funictions is also given by (19). The above solution to
the one loop evolution equation in the small x re-
gion would appear to be valid both for parton dis-
tributions in the spacelike region and fragmentation
functions in the timelike region. If it were valid at x
&0 for fragmentation functions if would imply a
behaviour for the multiplicity which is known not to
be the correct QCD prediction. In the timelike re-
gion it is known that the behaviour of the anom-
alous dimension near n=1 is modified by higher
order terms which were not inlcuded in the above
analysis [28],

aCy 1 aCy 1
VA CIES An~1—2( n") EEEIERRS

8aCy .
=t —o-p+] -2+t e
In x space this is equivalent to the occurence of
terms of order ay/x[oIn*(1/x)]"~! in m™ order per-
turbation theory. These terms modify the behaviour
of y¥%(x) near n=1 into a non-singular one. The
true large Q? prediction for the multiplicity is given
by

(@) 56G(, C Qz"

. Y A
1) d xngexp |/ —=In==.
(0% ~ngy exp £ o ) noexp |/ —=n

The subleading corrections to this expression have
also been calculated in [29].

The question which we wish to address here is
whether or not the higher order terms in the space-
like anomalous dimensions modify the behaviour
given by (27). The full answer to this question is not
known but the properties of higher order corrections
to the spacelike amomalous dimensions which are
known, imply that (27) is the correct asymptotic
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behaviour in the range of x of current interest. The
form of the two loop anomalous dimension matrix
in the small x region is [30]

/ 40 CFTRnf

\ X 9 X 3x =7

P@ (—mi)z ’ x ?
x~0\27w CrCq 40 CpTgn, 4 Cy

(e-3)
In contrast to the timelike case we see that the terms
of order oy/x[In(1/x)]™ for m=1 and 2 are absent.
Indeed it is known [31] to all orders that the most
singular terms in the series for the anomalous di-
mension are of the form,

- . i g CA J
o= 3 a (———) 31
29— Y
where
= 1, a2=0, a3=0, a‘;=2£(3), (32)

and &¢(3) is Riemann zeta function. The second and
third order terms are less singular than might be
expected from the general series (31). We therefore
conclude that the asymptotic behaviour predicted by
the one loop evolution Eq. (27) should be valid down
to much smaller x in the spacelike region than in
the timelike region. For fragmentation functions it
breaks down when C,a/nln?(1/x)~1, whereas for
the gluon distribution function it only breaks down
when Cyoa/nin(l/x)~1. The ordinary evolution
equations are therefore suitable for a description of
the singlet distributions at least down to x~1073
for 9 <1TeV. The behaviour at still smaller values
of x has been studied in [26].

The only remaining problem with regard to the
parton distribution functions at low x is to convince
ourselves that the parameterisations which we use
provide an accurate description of the behaviour
predicted by the QCD evolution equation in the
region of x at which we use them. For the distri-
butions of Duke and Owens the discrepancies be-
tween the fitted values and the results of the evolu-
tion program are stated [18] to be nowhere more
than a few percent for x>5-10"2% and Q<1TeV. On
the other hand the GHR parameterisation [19] is
valid for x=10"2 and Q<2-10*°GeV. The EHLQ
distributions are valid for x>10"% and Q<10TeV.
In Fig. 1 the DO1, GHR and EHLQ1 sets of distri-
butions at Q2283 QeV are shown for x=1073. We
see that they are quite similar for x=5-1073, ie. in
the region of interest for most of this paper. In Fig. 2
we report, as a further check, the bilinear com-
binations of distributions H~qg and K~ (g+§)-¢

which are directly relevant for W production, com-
puted from DO1, GHR and EHLQ! as functions of
T.

40 (30)

T}(Vlf—-“g*‘; CA TRnf

Even if the parton distributions at small x are
given one is still faced with the problem of treating
the relevant parton subprocesses correctly in the re-
gion of small . The massive vector boson in Drell-
Yan processes enters in a totally inclusive final state.
The well known theorem [32] on mass singularities
ensures that all such singularities which might be
present in the Drell-Yan total cross-section can be
included in the initial state, i.e. factorised into the
parton distributions. We expect that all singularities
for 1—»0 are removed once the parton distributions
are taken from deep inelastic scattering and evalu-
ated at the scale Q2. This is what happens in explicit
calculations at order o, as we shall now illustrate.

To simplify the discussion we assume that the
parton distributions effectively behave like 1/x at
small values of x. The lowest order terms of ¢ and
do/dy then behave at small t as follows

td
x T 1.1
ao~§—H(x,—)~—1n-, (33)
T X X T T
100 - T T T T UTTT] T T T T Ty T T 177170
. 0o! ]
i ——— GHR ]
10— =
£ 3
C |
q; -
1 k= -
] || il L L
102 102 1

Fig. 1. The parton distribution functions f used in this paper as a
function of x at Q=83 GeV. g, i and u,=u—u refer to the gluon,
the anti-quark and the valence up quark distributions. The solid
lines are the distributions of {18] (DO1, A=0.2GeV), the dashed
lines are the distributions of [19] (GHR, A=0.4 GeV), and the
dotted lines are the distributions of [20] (EHLQ1, 4=0.2 GeV)
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Fig. 2. The combinations of products of parton distributions rele-
vant for W production in protor-antiproton collisions; HY as(ud
+cS)cos? O +uS+cd)sin? 0c, K¥ ~(u+c+d+35)g (see (66)-(68)
of [1]). Solid line: DO1, A=0.2 GeV, [18], Dashed line: GHR, 4
=04 GeV, [19]. Dotted line: EHLQI1, 4=0.2GeV, [20].

1
T~ HGx, X ~ (34)

Note that the total rapidity range increases like
In(1/z) at small t in agreement with (33), (34). The
double differential cross-section in g% and y reduces
to a d-function term in lowest order,

dO'O
dgzdy

~ H(<E, x8) (g}~ 3(gh). (35)

It is simple to check that the correction terms of
order o to ¢ and do/dy behave at small 7 in the
same way as the lowest order terms. This is im-
mediately seen from (17) for the total cross-section
corrected at order «,. The correction to the g g term
behaves at small 7 as,

1,1
do,~a=In= | dz £7(2). (36)
T ‘CVE

Since ‘f;7(z) is integrable at z~0, the lower limit of
integration can be replaced by zero. The correction
from the QCD Compton term also behaves in exact-
ly the same way and the stated result follows.

The corresponding result for do/dy and
do/dg%?dy is also true, although it may superficially
seem that terms proportional to o« ln?*(1/1) and
as1n(1/7) are present in (14)-(16) of this paper and in
(80)—(86) of [1]. A careful examination shows in fact
that the dangerous terms cancel exactly.

In order to extrapolate the resummed expression
for do/dq}dy to small t the exponentiation must be
performed in such a way that no spurious
[o;In™(1/7)]" terms, with m=1,2 appear at order
nz2. For this purpose, as already mentioned in [1],
the exponential in (9)~(14) must be transformed ac-
cording to,

Ar A% Q2
expS=exp | ~ (l—l— i )exp ] (37)
0 Q2 0

where A, is given by (15). For normal values of ©
this replacement is numerically insignificant because
the large transverse momenta between Q and A4r are
always in the perturbative region. But for very small
t the integral from Q? to A% produces large loga-
rithms and the difference between the two sides of
(37) becomes important. The proposed replacement
climinates these large logarithms by cancelling them
against the large logarithms appearing in the factor
R in (14), which is given in (16). Including also the
factor R one obtains,

4% 02
RexpSzR(l—F f)expj
Q2 0

~ 2 2 2
=-{H(x?,x3,P2)[1+~2'a;(: ) (-—3lng§—ln2§\)]+r}
/
2 Argp2 .. 0?

{1§éﬁwm%mpﬂdhm%w

Q2
-exp | . (38)

0

Here v contains all terms in R without large loga-
rithms and P? is a scale of order ¢%. It is im-
mediately seen that the large logarithms of order o,
cancel. By dropping terms of order o2 we finally
write,

Rexp S~[H(xY,x3, P*)+7]

2 Arar , !
- I:l‘i‘ﬁQj‘z 7-063(16 )Jo(bk)(—'g'{"Z,l]ﬂk—z)_

Q2
-exp . (39)
0

Note that for ba 1/gy the Bessel function suppresses
the integral by oscillating for g;=Q. Also observe
that the total cross-section at order « is not altered
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Fig. 3. The ratio R=(da/dqrdy)/(dc/dy) at y=0 as a function of

gr. The curves are plotted for ]/§:=0.63, 1.6, 10 and 20TeV.
Parton distributions: DO1, A=0.2

by the modification given in (37). Using (37) the g+
distribution of Drell-Yan processes can be safely
extrapolated down to small values of © provided that
the parton distributions are known at the relevant
values of xz(’[/r).

In conculsion, the perturbative expansion re-
mains valid for ¢ and do/dy even at very small
values of 7. The only limitation in predicting ¢ and
do/dy at small ]/r arises from our ignorance of
parton distributions at small x. The extrapolations
of sea and gluon distributions to small x and large
02, obtained from the data at larger x and smaller
0? by using the QCD evolution equations, can be
trusted until C,a/nln(1/x)<1. The crucial feature is
the absence in the spacelike case of terms in the
perturbation series of order C,ay/nIn?(1/x). This
permits sensible predictions to be made down to
x~1073 for Q~(0.1-1)TeV. The same conclusion
also applies to the transverse momentum distribu-
tion do/dg%dy if and only if the resummation of soft
gluon emission is implemented without introducing
spurious large logarithms in the small t region. The
resulting expression given in (39) satisfies this ad-
ditional important requirement together with the
properties listed in the introduction.

In Fig.3 we plot the resulting normalised gqr
distributions for W/Z production in the range of
energies between the present collider (see also
Fig. 13) and ]/S ==(10-20) TeV. The distribution be-
comes flatter as the energy increases, but much less
than would be expected from a simple rescaling of
the average gr. We shall in fact see in Sect. 5, where
{qry 1s computed and discussed in detail, that when
]/S is increased at fixed @ the rise of {gqr» is slowed
down by the effect of the decrease in t.

0.40 ]

0.35F VS=0.63TeV -

VS=1.6TeV]
0.20] 1

B=10TeV

1 1 1 1 1 1. L 1 1
0 0 20 30 &0 50
xg - 10°

Fig. 4. The dimensionless quantity =gy (do/dqrdy)/(da/dy) at y
=0 as a function of xT=2qT/]/§, for different values of 1/§ but

with I/; fixed at the value /T =0.13. Parton distributions: DO,
A=02, [18]

We conclude this section by briefly discussing the
scaling properties of the gy distribution. In the naive
parton model the dimensionless quantity,

da(y=0)

dr
d
s dardy (40)
o ,—0)
dy )

is only a function of v and xr, (¥=2(r,xr) with xr
=2qT/]/S). This is no longer true in the QCD im-
proved parton model. The results for ¥ which are
obtained from the complete QCD calculation in the
range of energies ]/S =(0.63-10) TeV with ]/r=0.13
are shown in Fig. 4. As is seen the scaling violations
are quite substantial, but the scaling approximation
can still be very useful for a qualitative understand-
ing of the dependence of the gr distribution on Q

and /8.

4. Total Cross-Section and Rapidity Distributions

In this section we shall present results on total
cross-sections and rapidity distributions for the pro-
duction of W and Z vector bosons. We also consider
the possibility of heavier W bosons. Our results are
presented for energies in the range ]/S =(0.63—
40.0 TeV). The total cross-section is computed from
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Table 1. Theoretical results for the W and Z total cross-sections
in p p interactions at various energies. Estimates of the theoretical
error are also given

l/§ ar oZ°
(TeV) (Mw=283GeV) (nb) (M 20=94 GeV) (nb)
+ 1.3 + 04
X R 1.3
0.54 4 2— 0.6 — 02
+ 1.6 + 0.5
E 5. 1.
063 3 - 09 6— 0.3
+ 40 + 1.2
1. 16.0 49
6 - 25 - 0.8
+ 60 + 1.9
2.0 20.0 6.2
— 40 - 1.2
+ 350 +12.0
10. 75.0 27.0
0 — 250 — 9.0
+70.0 +24.0
20.0 130.0 46.
—55.0 6 0—20.0
40.0 190.0 +-100.0 70.0+30.0
1000: T ||_|uu| T T T T ITTT T T T 1T17TT
F — PP
[ -——-— PP
100
2
© 10 e
1=
! /
ol e 1A it
0.1 1 10 100
S (Tev)

Fig. 5. Total-cross-sections for the production of W* + W~ (My
=83) and hypothetical W’s of heavier mass vs. centre of mass
energy. The solid line is for proton-antiproton collisions and the
dashed line for proton-proton collisions. (Distributions DO1, A
=0.2GeV)

(17) which includes the O(ag) corrections and the
rapidity distribution do/dy is obtained from a simi-
lar O(e;) expression given by (80)-(86) of [1].

In Table 1 we give the values of 67" *+% ™ and ¢7°,
together with an estimate of the associated theoreti-
cal error, at significant values of the centre of mass
energies. The error is obtained by varying the sets of
parton distributions, the value of A and also the
choice of ay(<{g%>) or a(Q?) in the first order terms.

Rt R RS -
[=]
104 .
c v ]
103 .
< r ° Isten) 7
£ r > ]
2 F 0.5ke 1
- 0.630 ]
2 - 0.70+
o 101 1.000
@ g “ 1.30% ]
. § 1.60e 1
r . 2.008
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i . ]
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0 B
10 -0 103
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Fig. 6. So™"+"" plotted against 1/}/7 for various values of the
centre of mass energy ranging between 0.54 and 20TeV. The
parton distributions of [19] were used (GHR, A=0.4GeV)

In Fig. 5 we plot the total cross-sections for W pro-
duction as a function of energy for both protom
antiproton and proton-proton colliders. Because of
the dominance of the sea quarks at small x the two
cross-sections are practically identical at high en-
ergy. Also shown in Fig. 5 are the cross sections for
production of possible heavier W’s, obtained by
varying My with fixed couplings. This is also impor-
tant as a study of the scaling violations in the total
cross-section shown in Fig. 6. In the scaling limit the
dimensionless quantity S¢ is independent of § at
fixed 7. The scaling violations, almost invisible in the
double logarithmic plot, are quite sizeable in reality.

The evolution of the y distribution for W/Z°
production as a function of energy is shown in
Fig. 7. We see that the W’s are more and more
produced in the forward (or backward) direction as
the energy increases. However, the central region is
where proportionally heavier W’s would be pro-
duced. In fact, we also see from Fig. 7 that the y
distribution is not much changed by going to high
energy with fixed 7. In other words, the scaling vio-
lations in these normalised y distributions at fixed t
are small. Figures 5, 6 and 7 were obtained using a
fixed set of parton distribution functions and are
subject to theoretical errors of the size indicated in
Table 1.
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Fig. 7. The distribution [(do/dy)/o] vs. rapidity y at various
values of ]/§ for My =83. The black squares near to the curve at

'|/S =0.63 TeV represent the results obtained at VS=10TeV for a
vector boson mass which gives the same value of © as the solid
curve. (ie. M=1320GeV). Parton distributions: DOI1, 4
=02 GeV, [18]

5, Large Transverse Momenta

In this section we study the large transverse momen-
tum tail of the gr distribution. As already mentioned
in the introduction this is especially important in the
search for new physics beyond the standard model.
In fact W and/or Z° production at large g could
cause events with “monojets” or “lepton(s) plus
jet(s)”, in addition to missing Er. These are typical
triggers in the search for new phenomena.

We shall focus our attention on the quantity
n(qr) defined as the probability of W/Z production
with transverse momentum larger then gr,

AT  5(y = 0) /AT(O’ da(y=0)
oy O doy=0) do(y=0) , 41
7{qr) qu dpedy “P7 J(; dprdy Pr (41)

where Ar(y) is given in {15). We shall also consider
the behaviour of the average transverse momentum

at zero rapidity <gr> (and 1/ <{g%>):

410 daly=0) | /M”waw=m

ap="1 a=2=) a
Te7=3 T dgrdy S Tdgrdy 7

(42)
as a function of energy and 7. Both {gr) and =n(gr)
(at large gr) are fixed by the perturbative tail of the
qr distribution. In the naive parton model {qr» is a
constant in energy at fixed . In the QCD improved
parton model {gr, increases with ]/S , according to
(3). At fixed © the increase is linear, up to logarith-
mic corrections, with a slope which is proportional
to o(Q?) in lowest order perturbation theory. The
slope can be computed in perturbation theory be-
cause the average qr value is determined by the
events in the small but long tail at large gr which

extends up to Ar~1/8/2 (15).

22y VS=063 TeV ]

-1
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32 36 40

Fig. 8. Comparison of the resummed expression for {(da/dqrdy)ly
=0 (solid line) with the first order perturbative expression
(dashed line) at ]/§=0.63 TeV using the parton distributions of
[197 (GHR, A=04GeV)
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Fig. 9. Same as Fig. 8 with /S =10TeV

By construction, the final expression for
do/dg%dy in (14) [with or without the modification
in (39)] approaches the correct perturbative value
when terms of order o are negligible. Thus, in prin-
ciple, one could use the exact expression for the
computation of n(qr) and {gr). However, the per-
turbative expressions are simpler to handle numeri-
cally. For sufficiently large ¢r and a fixed amount of
computer time one obtains a far better numerical
precision on n(qr) by working directly with the per-
turbative expression. Similarly the perturbative for-
mulae are also more efficient for computing the be-

haviour of {gry as a function of ]/S and 7. The
complete g distribution can then be used to check
at a few points that the soft radiative contribution
can indeed be neglected.

The value of g at which the gy d1str1but10n is
well described by the perturbative tail alone can be
read from Figs.8,9. The result is that the pertur-
bative tail is a quite adequate description of the
actual ¢ distribution for W/Z° production provided
that gr=30GeV, almost independent of ]/S in the

range ]/5'“~0.5—20TeV (in agreement with the fact
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Table 2. The percentage probability n(g3) as a function of ¢%, for
W and Z bosons at /'S =540, 630 GeV

Table 3. The percentage probability n"(g%) including the order
(#?) q7 correction at /s =540 GeV with Ayg=0.1-0.3 GeV

a7 gD % (g9 % g% (gD %
25 44420 51 £25 25 34 04
30 27+1.1 32 +£13 30 20 +0.2
35 1.7+0.7 20 +0.8 B 40 0.8 +0.1
40 1.1+04 14 +0.5 ]Ai =540 GeV 50 04 +0.05
45 0.7+0.3 09 +03 60 0.16+0.02
50 0.5+0.1 0.6 +0.2
55 0.34+0.07 04 0.1
60 0.240.05 0.254+0.08 ) _
Table 4. The percentage probability 7”(¢3) at 1/S=1.6 and
25 54423 6.1+28 10TeV as a function of g%
30 35+1.3 40416 . - _
35 23408 26+1 3 ar (gD % aty/S=16TeV n"(q3)%at)/S=10TeV
40 1.5+05 1.8+0.6 ]/S=630Gt:V
45 1.0+0.3 12404 30 8.9 26.0
50 0.7+0.2 09+0.2 40 53 16.9
55 0.5+0.15 0.6+0.15 50 33 11.7
60 0.34+0.09 0.4+0.12 60 2.1 8.3
70 14 6.0
80 0.9 4.5
) o 90 0.6 34
that the perturbative expression is expected to hold 100 - 2.6
at gr~Q). 110 - 21
In Table2 we report the values of =n(gy) for 38 B i;
gr=25GeV for W and Z° production at ]/S 7 (540- 140 - 11
630) GeV, as calculated from the perturbative ¢ dis- 150 - 0.9
tribution at order a,, normalised by the lowest order }68 - 0.7
cross-section (as is correct when terms of order o? 1;0 B 8'2

are neglected). We prefer relative probabilities rather
than absolute rates. From the probabilities one can
more easily obtain the fraction of W/Z expected at
large g7 from the total number of W/Z observed,
(assuming that the experimental acceptance is inde-
pendent of g7). The main source of the error quoted
in Table 2, apart from the uncertainties on the par-
ton distributions, is from the value of a,. Without
including terms of order «2 one cannot decide
whether to use o,(g7) or a,(Q?) or another compara-
ble scale. Taken together with the ambiguities on the
value of A, the overall uncertainty on o is respon-
sible for most of the quoted error, because 7n(gy) is
proportional to g at this order.

To proceed further in the theoretical accuracy
one should include all terms of order «? in the
perturbative gr distribution (and normalise by the
integrated cross-section with the O(x;) correction in-
cluded). A complete calculation of the gp distribu-
tion at order o has not yet been done. However, the
contribution at order o2 from the ¢g annihilation
diagrams has been evaluated [15]. Presumably this
is the most important term, because the QCD
Compton contribution at order «, is small at
]/§~0.5 TeV relative to the dominant gg term of
the same order. We have thus included the g g cor-
rections at order «? in the numerator and the com-

plete O(x,) cross-section in the denominator. The
results for 7" (gy) at 'ﬁzO.SéL TeV are given in Ta-
ble 3. The central value of n(gy) is slightly lowered
because the shift in the numerator is of equal sign
but smaller than the change in the denominator (the
latter being due to the “K-factor™). The main advan-
tage of including the terms of order «Z is that they
lead to a somewhat smaller error, because the scale
amiguity in o is displaced to the terms of O(a2). The
form of the O(«?) corrections varies according to the
choice made for the scale of the coupling in the
linear terms in such a way as to compensate for the
variations up to terms of O(a2). The quoted theoreti-
cal error in Table 3 does not include the neglect of
all the parton diagrams of O(«?) except the ¢§ con-
tribution.

From the values of n"°%(qy) at /S =0.54 TeV we
see, for example, that it is quite unlikely to find
more than 3% of W and Z° production with an
associated jet of gr=35GeV. In particular taking
into account a factor ~6 between I'(Z—ZX,;¥;v;) and
I'(Z—e™ e7), it follows that we expect 18 % as many
“monojets” with gr=35GeV as observed Z%—e* ¢~
events.



G. Altarelli et al.: Vector Boson Production at.Present and Future Colliders

1000 ————rrrp .Trq
Eox 10,009 P 3
L w1 =0022 ]
L+ V1 =029
— M =83GeV +
100 =
E + 3
> N - |
[3] ™ 1
LgJ : * ] x :

\
\
|

\

10

T
*
i

Il

4l Lt snal 1
1 10
VS (Tev)

Fig. 10. The average value of g in pp collisions as a function of
/S for three values of 7 (the couplings are fixed as for ordinary
W production but the mass Q is changed). The solid line indicates
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Distributions: DO1, 4=0.2, [18]
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Finally in Table 4 we report the values of n%(q7)
at ]/S =1.6TeV and 10TeV, at order o, for a given
set of parton distributions and a given choice of
scale for o [i.e. a,=0a,(0?)].

We now consider the average value of transverse
momentum for W production as a function of ]/S
and of 7 (i.e. we assume the existence of new W’s
with the same couplings but different masses than
the ordinary W). The t dependence obtained in this
way is essentially the same as that obtained for Z°
production and in the production of lepton pairs. In
Figs. 10, 11, 12 we plot {gr> and }V/<{¢2> for VS
=(0.54-20)TeV and ]/r ==(0.1~0.3. Figure 12 refers
to proton-proton collisions. Also plotted in

Figs. 10, 11 are the values of {gr>w and }/<{q%>w for
the ordinary W. One sees that the t dependence is
very pronounced but that the variation of the {g;»

slope with ]/§ is quite mild. This change of slope
with ]/S is definitely present but hard to discern on

a log-log plot. At ]/§=20 TeV the average value of
the W transverse momentum is about 22 GeV.

6. W and Z° Production at /'S =630 GeV

The forthcoming run at the CERN collider will be

at 1/S=0.63TeV. It is therefore useful to give de-
tailed predictions for this particular energy. We shall
give our results for W production. It is important to
emphasize that the predicted shape of the suitably
normalised transverse momentum distributions for

R (GeV)!

Fig. 13. The ratio R=(do/dqrdy)/(do/dy) at ]/§=63OGeV and
different values of the rapidity y. Distributions: DO1, A
=0.2GeV, [18]
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Table 5. The W production cross section x(,qr)=1/cdo/dqrdy-10°GeV~" in pp collisions at /'S =0.63 TeV

G. Alsarelli et al.: Vector Boson Production at Present and Future Colliders

gr GeV x(0,q7) x(0.5,97) x{0.75,q1) x(1.0,q97) x(1.25,q971) x(1.5,97) x(1.75,q7)
1 43.8 39.6 34.1 26.3 16.7 7.2 12
2 61.8 55.6 477 36.5 23.0 9.9 1.6
3 59.9 53.6 45.6 34.5 21.4 9.0 1.4
4 51.4 45.6 38.4 28.6 174 7.1 1.1
5 42.5 373 31.0 22.7 135 53 <1

6 34.6 30.0 24.7 17.7 10.3 3.9 -
7 28.1 24.2 19.6 13.8 7.8 2.8 -
8 232 19.9 16.0 11.1 6.2 2.1 -
9 19.6 16.7 13.4 9.3 5.1 1.7 -
10 16.7 14.2 113 7.8 4.3 1.5 -
11 14.1 12.0 9.6 6.6 3.6 1.2 -
12 11.9 10.1 8.0 5.5 3.0 1.0 -
13 10.5 8.8 70 4.8 2.5 <1.0 -
14 9.4 7.8 6.2 4.2 2.2 - -
15 8.2 6.8 53 3.6 1.8 - -
16 73 5.9 4.6 3.0 1.5 - -
17 6.4 5.1 4.0 2.5 12 - -
18 5.4 4.3 32 2.0 <1.0 - -
19 4.7 3.8 2.8 1.7 - - -
20 43 34 2.6 1.6 - - -
21 3.8 3.1 2.3 1.4 - - -
22 3.2 2.7 2.0 1.3 - - -
23 2.7 2.2 1.6 <10 - - -
24 2.6 2.1 1.5 - - - -
25 2.5 2.0 1.4 - - - -
26 2.3 1.7 1.3 - - - -
27 2.1 1.6 11 - - - -
28 2.0 14 1.0 - - - -
29 1.8 13 <1.0 - - - -
30 1.6 12 - - - - -

2k ' ‘ ' ] lised gr distributions at different fixed values of y.

Fig. 14. Normalised rapidity distribution for W production at ﬂ
=630 GeV. Distributions: DO1, A=0.2GeV, [18]

W and Z production are practically the same. The
difference between W and Z° in normalised distri-
butions is marginal and in most cases falls within
the limits of the theoretical uncertainty.

The main results are collected in Table 5, where
the quantity (1/0)/(de/dqrdy) is given for different
values of g and y, for our reference set of distri-
butions and «,=a(Q?). Figures 13, 14 also refer to
the same set of results. Figure 13 shows the norma-

The ¢y distribution obviously becomes softer for
increasing y. The differences in the g4 distributions
for different y which are visible in Fig. 13 provide a
measure of the limits of the often used approxima-
tion of a factorised form for the y and g, distri-
butions. As a first approximation the factorised form
is acceptable for y<1. On the other hand we see
from Fig. 14 that the rapidity distribution do/dy is
not sufficiently peaked near y=0 to make the tail of
events at y> 1 unimportant.

7. Lepton Pair Production below
the W and Z° Mass at the Collider

The experimental study of Drell-Yan lepton pairs at
collider energies is interesting because it tests the
QCD description of Drell-Yan processes for values
of }/t in the range }/t~10"2-10~'. The back-
ground of lepton pairs from heavy flavour produc-
tion can be estimated [33] and is especially impor-
tant at small values of Q. B

In Fig. 15 we plot the total cross-section for ]/ 5
=540 GeV as a function of Q. Only the virtual pho-
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Fig. 15. The lepton pair production cross-section as ]/S
=540GeV as a function of the pair mass Q. Only the virtual
photon contribution is included in this plot. Parton distributions:
DO1, 4=0.2GeV, [18]

— (=12 GeV
: 0.=20 GeV .
A 0.230 GeV 4
03 fFmr 0.=40 GeV

F iy}

2 3
0 1 y

Fig. 16. Normalised rapidity distribution F(y)=(do/dQ?dy)/

(da/dQ?) for lepton pair production at /S =540 GeV for different
values of the lepton pair mass, computed as described in Fig. 15

ton contribution is included. The following values of

the integrated cross-section were obtained:

a(Q>12GeV)=(230+70) pb, 43)
o(Q0>16 GeV)}=(110-35) pb, (44)
g(Q>20GeV)= (50-+20)pb (45)

0.20 Ty | 1 7 T T 1 [T T T
L - 0=12 GeV 4
L = 0220 QeV i
L . 0230 GeV g
L coveewe Qb0 GeV i
0.15

R (GeVy!

0

ar (GeV)

Fig. 17. Normalised gy distribution R=(do/dqrdy)/(dc/dy) at y

=0 for lepton pair production at 1/§=540 GeV for different
values of the lepton pair mass, computed as in Fig. 15

where the theoretical error, obtained by variation of
parameters and sets of parton distributions, is also
indicated.

The normalised y distributions for different val-
ues of Q are shown in Fig. 16. Finally the norma-
lised gr distributions are plotted in Fig. 17 for the
same values of Q. Figure 17 was obtained using
the formulae of [1], incorporating the modification
37).

Conclusions

In this paper we have investigated the production of
W’s, Z’s and virtual photons in hadron collisions
using the basic parton annihilation mechanism.
Using formulae, presented in [1], which are the re-
sult of many years of theoretical work, we have
made numerical predictions for present and future
collider energies. In doing so we have also attempted
to estimate the uncertainties due to our lack of
precise knowledge of the input parameters. The pre-
dictions test many aspects of the standard SU(3)
x SU(2) x U(1) model. We must now await the re-
sponse of experiment.
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