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Production in hadronic collisions of ordinary and possible new heavy charged or neutral vector bo-
sons decaying to final states containing an e+ or e is studied in supersymmetric QCD. Parton dis-

tributions are computed for a number of assumptions about scalar-quark and gluino masses. For
foreseeable energies, the scalar-quark —anti-scalar-quark annihilation contribution is at most a few

percent of the quark-antiquark annihilation contribution. However, increased vector-boson decay
widths and faster evolution of quark distributions in the supersymmetric case decrease cross sections

by a factor of as much as 2—3 relative to the ordinary case. Other, more detailed observables are
only marginally affected.

I. INTRODUCTION

The supersymmetric extension of the standard
SU(3) X SU(2) XU(1) model of the strong and electroweak
interactions has received much attention as a proposal for
new physics. ' Its popularity is motivated by theoretical
arguments and biases, since as of yet it has no direct ex-
perimental confirmation. Experiment has provided only
lower bounds on the masses of the expected new particles.

Spin-0 scalar quarks and spin- —,
' gluinos are predicted to

exist as strongly interacting supersymmetric partners for
the standard quarks and gluons, respectively. Excluding
the analysis of recent data from the CERN pp collider,
model-dependent lower bounds of =20 GeV for scalar-
quark masses M and —few GeV for the gluino mass M&
can be set. ' ' An analysis of the UA1 data on missing-
transverse-energy events concludes that M & 65 —75 GeV
and M& ~ 60—70 GeV if the photino is the lightest super-

symmetric particle (LSP), or M ~ 45 —60 GeV and either

M& 5 5 GeV or ~40 GeV in the event that the Higgs fer-
mion is the LSP. However, uncertainty is introduced
into these pp bound& by the complex and necessarily im-
precise modeling of experimental conditions. The pp
bounds may also be weakened considerably if one relaxes
the assumptions of left-right and five-Aavor scalar-quark
degeneracy, allows for R-parity violation, or admits the
possibility that the gluino is stable or nearly so, e.g. , if it is
the LSP, in which case there would be little or no missing
energy in the relevant supersymmetric decay chains.

In the standard Drell-Yan model supplemented with
QCD corrections in the usual way, ' production of weak-
ly interacting vector bosons in pp or pp collisions proceeds
at lowest order by the quark-antiquark annihilation dia-
gram of Fig. 1(a)." In the diagram, it is assumed that the
vector boson subsequently decays into an Il lepton pair.
The quark, antiquark, and gluon distributions in the pro-
ton or antiproton at the Q of interest are determined in
the leading-logarithm approximation by the Altarelli-
Parisi integro-differential evolution equations, ' once in-
put distributions have been specified at some Qo &Q .
The evolution proceeds via typical splittings such as
q~qg, g~qq, and g~gg shown in Fig. 2.
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FIG. 1. Parton-model diagrams for p +p (p )~vector
boson~ I + I: (a) quark-antiquark annihilation; (b) scalar-
quark —anti-scalar-quark annihilation.

FIG. 2. Typical splitting diagrams for evolution of parton dis-
tributions in QCD: (a) q~qg; (b) g~qq; (c) g~gg.
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However, in the supersym metric theory considered
here, the strongly interacting scalar quarks and/or gluinos
participate in the evolution as well provided
Q & const && M and/or const XM (Refs. 13—16). Typical

supersymmetric splittings q ~q g, g ~q q, q ~qg, and
g~gg are shown in Fig. 3. Thus, even if we start out
with zero scalar-quark and gluino distributions at the ini-
tial Qo, these distributions will be generated and become
nonzero once the scalar-quark and/or gluino mass thresh-
olds have been passed. This implies that scalar-
quark —anti-scalar-quark annihilation, shown in Fig. 1(b),
must be included for vector-boson production in addition
to the usual quark-antiquark annihilation mechanism,
since both are at zeroth order in a, in the standard QCD
hard-scattering expansion.

A q-q annihilation contribution can affect the angular
distribution of the final-state leptons and reduce the mag-
nitude of the associated forward-backward asymmetry.
This is a consequence of angular momentum conservation
as illustrated in Fig. 4. Since scalar quarks have spin 0, a
left- or right-handed vector boson WL or W~ must be
produced with zero spin projection onto the q-q axis of
motion. Wz (W~ ) then decays into a left- (right-) hand-
ed electron and a right- (left-) handed antineutrino, so, if 0
is defined as the angle between the e and q directions of
motion in the W rest frame, 0=0 or ~ will violate angular
momentum conservation. When 0=~/2, the spin-0 pro-
jection component of the e-v system is maximized. Also,
there is an obvious forward-backward 0~~—0 symmetry.
Not surprisingly, then, the angular distribution turns out
to be proportional to sin 0. On the other hand, q-q an-
nihilations with V+ 3 interactions can produce vector bo-
sons with only +1 spin projections, which decay into lep-
tons with asymmetric (1+cosO) distributions only; this is
easily understood using similar angular momentum con-
servation arguments. ' Also, because of the tendency of
the scalar-quark-produced vector bosons to emit leptons
at right angles to the beam direction in their rest frames,
the shape of the lepton transverse-momentum distribution
could be affected by the presence of initial scalar quarks.

As we shall see, however, the direct effect of q-q annihi-
lation will turn out to be small and unimportant com-
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FIG. 3. Typical additional splitting diagrams occurring in su-
persymmetric QCD for evolution of parton distributions: (a)

~- (b) g-ee (c) e-~g (d) r-ag.

FIG. 4. Diagrams illustrating the effect of angular momen-
tum conservation on the electron angular distribution in scalar-
quark —anti-scalar-quark annihilation. The arrows denote spin
direction. (a) 8'L production; (b) 8 q production.

pared to two other "indirect" effects of supersymmetry.
First, the availability of supersymmetric decay final states
for the vector bosons results in an increase in their total
decay widths. This reduces the cross section for produc-
ing the leptonic final states studied in this paper by reduc-
ing the vector-boson branching ratios to these states.
Second, the ordinary q-q annihilation contribution is al-
tered since quark distributions lose momentum and evolve
more rapidly when scalar quarks and gluinos are present.
A greater depletion of quarks at relatively large x values
can be expected to reduce cross sections for the produc-
tion of heavy vector bosons.

As Q for the supersymmetric-QCD (SQCD) parton evo-
lution is normally set equal to the mass of the produced
vector boson, it is necessary to determine which vector bo-
sons we want to consider here. The intermediate vector
bosons W and Z of the standard model have been
discovered at the CERN pp collider' and have masses of
—100 GeV. With the lower bounds on scalar-quark and
gluino masses given above, large supersymmetric effects
on vector-boson production should not be expected at this
energy scale. However, it has been widely conjectured
that new vector bosons with masses somewhat larger or
much larger than 100 GeV may exist. These include
right-handed 8 s and new Z's occurring in left-right
gauge models, ' new Z's associated with extra U(1) fac-
tors appearing in breakings of SO(10) and E6 grand
unified theories, and extra vector bosons appearing in
extended technicolor, ' horizontal, and composite
models. In particular, extra Z's in E6 have recently been
the subject of intensive phenomenological study ' due
to their appearance in the Iow-energy limit of the current-
ly popular superstrings. Lower mass bounds on new
W s and Z's are generally surprisingly weak and
—100—300 GeV; a notable exception is a controversial
and model-dependent lower bound on the W~ mass of 1.6
TeV from the KL -A ~ mass difference. ' On the other
hand, a future high-energy hadronic collider such as the
proposed Superconducting Super Collider (SSC) may be
capable of discovering new vector bosons with masses

10 T V 4 27

Therefore, in this work we investigate the potentially
sizable effects of supersymmetry on the hadronic produc-
tion cross sections of new 8 s and Z's with masses be-
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tween 300 GeV and 10 TeV, as well as check for any pos-
sible effects on the production of the ordinary 8' and Z.
Consideration is given to any effects on the lepton pT dis-
tributions which are important for identifying new 8 s
and Z's (Ref. 28) as well as old, and on the forward-
backward asymmetries which are thought to be useful for
determining the new vector bosons' couplings. ' ' This
study will enable us to gauge how seriously the con-
clusions of earlier works would be affected by the plausi-
ble inclusion of supersymmetry into hadronic vector-
boson production, which previously was neglected even in
the superstring case where supersymmetry is manifest.
For example, if a significant scalar-quark distribution
were generated, it could be more difficult to determine
vector-boson couplings by measuring forward-backward
asym metrics.

The rest of this paper is organized as follows. In Sec.
II the evolution of supersymmetric parton distributions is
described. The Drell-Yan cross section formulas modified
to include scalar-quark —anti-scalar-quark annihilation are
given in Sec. III. The values chosen for various parame-
ters are described in Sec. IV. We present our results in
Sec. V for parton distributions, cross sections, angular dis-
tributions, asymmetries, and transverse-momentum distri-
butions. Conclusions are in Sec. VI. The details of the
integration of evolution equations are in Appendix A,
while Appendix B contains a suggestion for analyzing lep-
ton angular distributions.

II. SUPERSYMMETRIC PARTON EVOLUTION

A computer program was developed that starts with or-
dinary parton distributions fit to experiment at some QD,
evolves these upward in energy through various quark,
scalar-quark, and/or gluino mass thresholds, and outputs
the resulting parton distributions evaluated at some Q.
As our main interest is to study sensitivity with respect to
assumptions for scalar-quark and gluino masses, we fix
the starting distributions to be the Duke and Owens set 1

"soft-gluon" fit at Q0=2 GeV; this has A=0.2 GeV and
an SU(3)-symmetric sea. ' Conclusions are not expected
to be sensitive to the choice of starting distributions, al-
though it is worth pointing out that such a small value for
A is also favored by Eichten, Hinchliffe, Lane, and Quigg
(EHLQ) (0.20 GeV and 0.29 GeV for their set 1 and set 2
parton distributions, respectively).

For evolution through mass thresholds, the standard
"e-function" approximation' ' of the effective-field-
theory approach is used. That is, heavy-particle distri-
bution functions are assumed to be decoupled and zero
for Q &nMq but are coupled into the evolution and be-
come nonzero for Q & nMq, where Ml, is the heavy-
particle mass and n is a number —1. Effectively, the as-
sumption is that Mz = oo for Q &nMh, but Mq =0 for
Q &nMq. We choose n=2. The parton distributions are
evaluated at the scale of the vector-boson mass M~, which
is the standard choice (e.g. , see Ref. 4). It should be
recognized that this leading-logarithm approximation is
fairly crude for the large size of colored-particle masses
that we will be considering, and may somewhat overesti-

+P (ql;+qg;)], (2.1)

dg (x,s)
=af(PgqX+Pggg +P g+P g X),-

d$
(2.2)

dg(x, s) =af(P, gX+P, gg+Pg gg+P, ,gX), (2.3)
d$

dqL;(x, s)
=af(P,,a q;+P,,eg+P, ,a g+P, ,eqL, ),

ds

(2.4)

and an equation identical to Eq. (2.4) except that I.~R.
Here, q, g, g, and q are the quark, gluon, gluino, and
scalar-quark distribution functions, respectively; i labels
one of the Xf flavors and particle/antiparticle; the
singlet-quark distribution is

'
2Nf

X(x,s) = g q;(x, s) (2.5)

and the singlet-scalar-quark distribution is

mate the scalar-quark —anti-scalar-quark annihilation con-
tribution.

In order to reduce the set of possible evolutions to a
representative sample of manageable size, some assump-
tions for colored-particle masses are required. Following
Duke and Owens, Q0= 2 GeV is taken to be the charm
threshold; we fix the bottom-quark mass Mb ——5 GeV
and the top-quark mass M, =50 GeV, where the latter is
at the upper end of the range suggested by UA1 data.
There are left-handed and right-handed sca1ar quarks cor-
responding to the two helicity components of each of the
6 quark flavors, for a total of 12 scalar quarks in all. For
simplicity, we assume the maximum scalar-quark mass
degeneracy compatible with all scalar quark flavors being
at least as heavy as their quark partners. The latter re-
quirement avoids a needless complication in the Altarelli-
Parisi equations. In practice, this means that we assume
12-fold scalar-quark degeneracy, except that 10-fold de-
generacy and M; =M; =M, is assumed whenever the 10

scalar-quark masses are taken &M, . These scalar-quark
mass assumptions can be considered to approximate a less
degenerate case. The gluino mass M is allowed to vary
subject to M )Mb.

With these constraints in mind, a parton evolution sub-
routine was developed for each of the following nine pos-
sible cases, denoted for each case by the particles that are
considered massless and thus participate in the evolution:
(i) 4 quarks + gluon; (ii) 5 quarks + gluon; (iii) 6
quarks + gluon; (iv) 5 quarks + gluon + gluino; (v) 6
quarks+ gluon + gluino; (vi) 5 quarks + gluon + 10 sca-
lar quarks; (vii) 6 quarks + gluon + 12 scalar quarks; (viii)
5 quarks + gluon + gluino + 10 scalar quarks; (ix) 6
quarks + gluon + gluino + 12 scalar quarks.

The most general set of evolution equations, which is
appropriate for cases (viii) and (ix), can be written as

dq;(x, s)
d$

=af [Pqqqr +Pqg Ising +'P -g
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2Nf

X(x,s)= g [qz Ix,s)+qR;(x, s)];

P,~ are the Altarelli-Parisi splitting kernels, and
r

AB= 3 yB —,s
y y

(2.6)

(2.7)

U=& —& r (2.16)

assumed symmetries, any other particle or antiparticle
distribution can then be written as a function of these five.
In the 6 quarks + gluon + gluino + 12 scalar quarks case
(ix), however, 14 independent distributions are required.
Ten of these are valence or nonsinglet (the arguments x,s
are omitted here):

The variable controlling the evolution is

s =In[in(g /Af )/In(gp /Af )], (2.8)
&, =&L+&g —&l. —&g (2.17)

(2.18)

a, (g')
2~

af
ln(g /Af )

(2.9)

For evolution cases (i) —(vii) above, the obviously irrelevant
equations among Eqs. (2. 1)—(2.4) are omitted, as are the
irrelevant terms in the remaining equations.

Af in any evolution region is determined from A; in the
previous region by requiring a, to be continuous across
the mass threshold, a common requirement in the litera-
ture. ' ' ' This matching condition implies that

where here Qp defines the lower boundary of the evolu-
tion region of interest and Af is the (S)QCD scale param-
eter appropriate to this evolution region, with the strong
coupling constant given by

d, =dL, +dR —di. —dg,
X, =X—12c,

X, =X —12(cz +cR ),
Xb ——X —12b,

Xi, =X—12(bz +bR ),
1

X, =X—12(rz +rR ),
which evolve via five 2 X 2 matrix equations,

(2.19)

(2.20)

(2.21)

(2.22)

(2.23)

(2.24)

(2.25)

Af =A;(A;/Qp) (2.10)
qq qq

.g.
ds Q(x s) 2Pqq Pqq g

(2.26)

u, (x,s) = u (x,s) —u(x, s),

d, (x,s) =d (x,s) —d (x,s),

X, (x,s)=X(x,s) —8c(x,s) .

(2.1 1)

(2.12)

(2.13)

These evolve diagonally by

dg (x,s)
ds

=afPqq Q, (2.14)

where Q is either u, , d„, or X, . X and g evolve by a 2X2
matrix coupled singlet equation:

r

y( )
Pqq 8pqs

(x s) Psq Pqq
=af (2.15)

In this and similar equations, includes matrix multipli-
cation as well as the convolution of Eq. (2.7). Using the

The splitting functions P~ can be found in the litera-
ture. ' ' ' ' It should be noted that the diagonal P; s
have coefficients of their 5(1 —x) terms that vary accord-
ing to what set of particles are coupled to the evolution,
but which are easily determined by requiring the baryon-
number and momentum conservation sum rules to be
satisfied. '

In each region, the evolution is "diagonalized" to as
great an extent as possible by evolving a minimal set of
nonsinglet and singlet distributions. Rather than tabulat-
ing all nine cases, we illustrate this strategy by consider-
ing the two extreme examples, cases (i) and (ix). In the 4
quarks + gluon case (i), valence up- and down-quark and
nonsinglet charm-quark distributions are defined by

where Q can be u„„d„X„Xi,, or X, . The remaining
singlet distributions X, g, g, and X evolve in a 4&(4 cou-
pled matrix equation:

Pqq

X(x,s) p
g (x,s)

ds g(x, &) Pgq
=af

X(x,s) 2P
qq

12Pqg

Pe
24P

12P P

Pea

24P

Pw-

Paq

(2.27)

Again, using the assumed degeneracies, any other particle
or antiparticle distribution can be written in terms of these
14 "independent" ones. The other cases (ii) —(viii) interpo-
late in complexity between (i) and (ix) above. The match-
ing conditions for the nonsinglet and singlet distributions
at the boundaries between evolution regions are deter-
mined by the requirement that all individual particle and
antiparticle distributions be continuous.

In practice, in order to avoid singular behavior near
x=O, all integro-differential evolution equations are writ-
ten in terms of x times the parton distributions, rather
than the parton distributions themselves. Then, beginning
with the parton distributions at Qp, the computer program
numerically integrates the evolution equations in the first
region, performs matching at the boundary with the
second region, numerically integrates in the second re-
gion, etc. , until Q is reached, at which point the parton
distributions evaluated at Q are output. The numerical
integration procedure used, accuracy, and checks are dis-
cussed in Appendix A.
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III. MODIFIED DRELL- YAN MODEL

+e (c,y"+d, y"y s)e (3.1)

or the charged-current Lagrangian

Lcc=g&„gq/(a, /, y" +b,ky'y5)qk +i g a „(q * 8 "q„)
jk mn

+v(c, y" +d, y"yq)e +H. c. , (3.2)

We wish to study the process p +(p orP )~B~e—+l,
where B is some intermediate vector boson and l is a lep-
ton. To this end, we consider the neutral-current La-
grangian

I Nc =gB„Qq/(a/y" +b/y"yq)q/ +i g a~ (q I 8 "qm )

where q represents quarks and q scalar quarks; a, b, a, c,
and d are real couplings; j,k label allowed quark flavors;
and m, n label allowed scalar-quark flavors and L,R. v is
considered in this section to be a Dirac neutrino, but since
neutrino masses are neglected and later the charged B will
be taken to be W~ or W~, results will be the same for
Majorana as for Dirac (Weyl) neutrinos. The rest of the
formulas in this section are valid for either I.Nc or Lc~
and the subscripts on the couplings will be dropped as the
relevant ones are obvious in each case.

For (quark from hadron ht )+(antiquark from hadron
h2) annihilation producing a measured e, the double-
differential cross section in y, the rapidity of 8 in the h i-
h2 center-of-mass frame, and cosO, the cosine of the angle
between the electron and h I directions of motion in the B
rest frame, is

0
dy d cosO

4

384I M gx~x2f/, (x~)fh (x2)[[(c+d) (a +b) +(c d) (a ——b) ](1+cosO)
B B jg

1 2

+[(c +d)'(a b)'+(c——d)'(a +b)'](1 —cos8)'], (3.3)

where

Mp
xi —— —e~,

&s

Mgx2= —evs

(3.4)

(3.5)

Mz and I z are the vector-boson mass and total decay width, respectively, s is the hadron-hadron center-of-mass invari-
ant, and f/, (f/, ) is the distribution function for parton j(k) in hadron h&(h2). All particles besides 8 are treated as

1

massless, and the pole approximation to the vector-boson propagator has been used. With the convention that O is al-
ways measured relative to h ~

s direction of motion, Eq. (3.3) is unchanged if the antiquark comes from h
~

and a pro-
duced e is measured; however, for a quark from h ] and e + measured, or for an antiquark from h

&
and e measured,

it is necessary to replace cosO~ —cosO.
With the same assumptions and conventions, the scalar-quark —anti-scalar-quark annihilation formula analogous to

Eq. (3.3) is

d 0
dy d cosO

4

y x]xp f/, ,
(x] )f/", , (xp)[(c +d)'+(c —d)']a '»n'(),

96
(3.6)

where Eqs. (3.4) and (3.5) still hold. Equation (3.6) is the same regardless of whether the scalar quark or the anti-scalar-
quark is from h~ or whether an e or an e is measured. The factor of 4 dilference between the coefficients in Eqs. (3.3)
and (3.6) can be understood as due to initial quark and antiquark spin averaging whereas initial scalar quarks and anti-
scalar-quarks are fixed to be I, or R.

By convention, h] will always be taken to be a proton, whereby h2 will be a proton or antiproton as the case may be.
After summing over all initial quark and scalar-quark contributions, integrations of d o. /dy d cosO over cosO and/or y
give do. /dy, der/d cosO, and o. The rapidity is bounded by

—1n[(&s )/M//] &y & ln[(&s )/M//], (3.7)

and the y integrations are easily done numerically. The forward-backward asymmetry at fixed rapidity y is defined as

~Fa(v ) = f ' —f' d cos6/
dO (3.8)

The total forward-backward asymmetry is defined similarly as
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f ' —j' d cosa (3.9)

Now consider the double-differential cross section in the measured e —transverse momentum p~ and rapidity y, in the
h&-h2 center-of-mass frame. Restricting attention to rapidity y, =0, one finds for quark-antiquark annihilation that

d20-

dPTd/e y =o

4 3

)k +

X [(c+d) (a+b) +(c —d) (a —b) ]u,

+[(c +d) (a b) +—(c —d) (a +b) ]

2

(3.10)

where

S
X) =

u+ +s (3.1 1)

B+
X2=

&s
(3.12)

u+= [1+(1—4pr /s)'i ],
2PT

and the integral over the quark-antiquark center-of-mass invariant s is bounded by

(3.13)

SPT
4pi (s (

S —Pz.
(3.14)

Similarly to Eq. (3.3), Eq. (3.10) is strictly speaking valid only for a quark from h, and e produced and measured, or
an antiquark from h ] and e measured. For the other two combinations, it is necessary to interchange u+ ~s /B+ in

the expression inside the large square brackets.
Note that the smeared square-root singularity giving rise to the well-known Jacobian peak ' at pT ——(s)' '/2=M&/2 is

manifest in this way of writing the PT distribution. The full vector-boson propagator has been kept since, as is evident
from the formula, the pole approximation is poor for PT M~/2. u+ correspond to the possibilities x] &x2 or x] ~ x2.

The scalar-quark —anti-scalar-quark annihilation contribution analogous to Eq. (3.10) is

d 2'
dP T'dge y —0

g PT 1
ds xlxzfP~ (x] )fF, (x2)

I 1x, „,„.. . , [( +d)'+(c —d)']u',
(& —4p, ')'" (s M, ')'+ r, 'M—, ' (3.15)

where Eqs. (3.11)—(3.14) still hold. As with Eq. (3.6), Eq.
(3.15) is the same regardless of which initial particle is
from h ~ or whether e or e + is measured. The Jacobian
peak is still apparent, but the functional dependence on
pr is different than in Eq. (3.10). Again, note the factor
of 4 difference due to the spin averaging.

It should be emphasized that, aside from using Q—
dependent parton distributions, Eqs. (3.3), (3.6), (3.10),
and (3.15) use the simple massless parton model. In par-
ticular, effects of parton intrinsic transverse momentum
and (S)QCD corrections such as gluon bremsstrahlung
and K factors have been neglected. ' ' ' The QCD K
factor is = 1.3 for ordinary 8 or Z production and is

presumably closer to 1 for more massive vector bosons; it
has also been argued that QCD effects on the lepton pr

distribution may become smaller for more massive vector
bosons. In any case, it is reasonable to expect that these
neglected effects would change the quark and scalar-quark
contributions, as well as change the quark contribution in
the supersymmetric versus nonsupersymmetric cases, in
roughly equal or sufficiently small manners so as not to
affect conclusions about differences between the results in
the supersymmetric and nonsupersymmetric cases.

IV. COUPLINGS AND PARAMETERS

The scalar-quark and gluino masses are subject to the
experimental constraints discussed in the Introduction
and to the simplicity requirements imposed in Sec. II, but
up to this point are otherwise unrestricted. To check for
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Mw ——82.4 GeV,

Mz ——92.8 GeV,

(4.1)

(4.2)

sensitivity of the results on mass assumptions, we consider
six possible scenarios: (A) light gluino, heavy scalar
quark: M&

——5 GeV, M- =100 GeV; (B) heavy gluino,
light scalar quark: M~

——100 GeV, M =20 GeV; (C)
light gluino, light scalar quark: M&

——5 GeV, M =20
GeV; (D) heavy gluino, heavy scalar quark: M&

——100
GeV, M~ ——100 GeV; (E) intermediate gluino and scalar
quark: M&

——50 GeV, M~ ——50 GeV; (F) ordinary nonsu-
persymmetric: M&

——M- = oc .
As described in Sec. II, if M- &M, =50 GeV, we set

M;=50 GeV. Scenarios (B) and (C), and also (A) and (E)
if the photino is the LSP, are disfavored by the analysis of
the UA1 data. However, as discussed in the Introduc-
tion, it is believed that there is sufhcient uncertainty in
that analysis to warrant consideration of all these
scenarios to establish what effects could be expected from
supersymmetric particles with such masses.

For the ordinary W and Z masses, we take the average
of the UAI (Ref. 43) and UA2 (Ref. 44) results:

group-evolved g (Mw), using the formulas of Ref. 45 with
3 (super)generations the change from Eq. (4.6) would have
been only —4% for the non supersym metric case or
+ 1% for the supersymmetric case, which is negligible.

For the decay widths of ordinary W and Z in the non-
supersymmetric case, for three generations and taking into
account phase-space suppression for decays involving top
quarks, we obtain

I w ——2.63 GeV,

I z=2.70 GeV .

(4.8)

(4.9)

In the light-scalar-quark scenarios (B) and (C), channels
are open for ordinary W and Z to decay into scalar
quarks. Indeed, in a supersymmetric theory, every parti-
cle has a supersymmetric partner. For simplicity and to
minimize the increase in the widths, it is assumed that
scalar-lepton, gaugino, and Higgs-fermion decay channels
are either kinematically forbidden or negligible; this is of
course consistent with the experimental constraints. ' '

Including the scalar-quark channels and taking phase-
space suppressions into account, the supersymmetric de-
cay widths of ordinary W and Z become

which by the usual tree-level relation (or all orders
definition)

I w =3 20 GeV, (4.10)

sin2ew =1—Mw2yMz2 (4.3)
I z=3 40 GeV . (4.11)

gives

sin 6ww ——0.212, (4 4)

Assuming three massless generations, the decay widths
for superheavy W and Z in the nonsupersymmetric case
are

which is also the average of the UA1 and UA2 values ob-
tained using this formula. ' By running the elec-
tromagnetic coupling constant up to Mw, the SU(2)t. cou-
pling in the absence of supersymmetric particles is found
to be

g'Mw
rw 4~

2
g Mz 4rz (3—6sin Ow+8 sin Ow) .

12' cos Ow

(4.12)

(4.13)

' 1/2
4~~EM(M w )

g (Mw) = =0.6807 .
sin Ow

(4.5)

g (Mw) =0.6823, (4.6)

where any possible contribution of supersymmetric parti-
cles other than scalar quarks to the P function has been
neglected. Cabibbo-Kobayashi-Maskawa mixing is
neglected throughout this paper.

It is likely that new superheavy vector bosons will be
associated with some new gauge group. For simplicity,
we ignore theoretical bias and consider only superheavy
copies of the W and Z of the standard SU(2)i. XU(1)
model, with couplings fixed by Eqs. (4.4) and (4.6) and
mixing between light and heavy vector bosons neglected.
All results of this paper for left-handed 8 s will be the
same for right-handed W s. The superheavy masses are
chosen to be

Mw Mz=03 1, 2, 5, or 10TeV. (4.7)

Even if it had been assumed that g(10 TeV) of the su-
perheavy gauge group was equal to the renormalization-

In light-scalar-quark scenarios (B) and (C), this is changed
to

For the supersymmetric cases, assuming three complete
massless supergenerations and neglecting gaugino, Higgs-
fermion, and any other channels, the superheavy W and Z
decay widths become

3g Mwtw=
8~
2

I z=
z

(3—6sin Ow+8sin Hw),
g Mz ~ 4

877 cos Ow

(4.14)

(4.15)

50%%uo larger than in the nonsupersymmetric case. Branch-
ing ratios into electron final states can be computed for
any case using

g'Mw
I (8'~ev)=

48m
(4.16)

It is always implicitly assumed that a relatively pure
sample of direct e —'s from W, Z~e —+I can be isolated
experimentally and studied. However, electrons can also
be produced in other ways, e.g., as secondary products in

2

1 (Z e+e )= (1—4sin Hw+8 sin Ow) .g Mz 4

96&cos 6w

(4.17)
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decay chains such as 8 ~e v~ey v or Z~e epee@ y,
or from decays of produced gauginos that may not differ
greatly in mass from their associated gauge boson s.
Also, electrons from ordinary 8' and Z decays will
present a background to those from superheavy-vector-
boson decays. Therefore, it is assumed that some com-
bination of experimental cuts on electron momentum,
missing momentum, or invariant mass can largely elimi-
nate these extra electrons from the sample.

1.0
Z&

Pv

0.5

I t ' I I I I

V. RESULTS

Results for parton distributions, cross sections, angular
distributions and asymmetries, and transverse momentum
distributions are now discussed. The main focus will be
on comparisons between the supersymmetric and nonsu-
persymmetric cases, since as noted earlier the nonsuper-
symmetric case has been adequately studied elsewhere.

0.0
0.0001 0.001 0.01 0. 1

FIG. 6. xu(x) for several combinations of cases and Q values:
case (C), Q =1 TeV (solid line); case (C), Q =10 TeV (short
dashes); case (D), Q = 10 TeV (dotted line); and case (C), Q =0.3

TeV (long dashes).

A. Parton distributions

With the introduction of scalar quarks and gluinos into
the Altarelli-Parisi evolution equations, two main effects
relevant to the subject of this paper are observed. First,
scalar-quark distributions are generated, but very slowly.
Second, the quark distributions evolve somewhat faster to
smaller x.

As described in Appendix A, parton distributions are
computed at fixed Q for a mesh in x, and interpolation in
x is done using the method of cubic splines. Therefore,
we do not have a parametrization of our distributions in a
form suitable for publication. Instead, some illustrative
results are shown in Figs. S —9. It is emphasized that we
have computed our own set of parton distributions in all
cases, both supersymmetric and nonsupersymmetric.

In Fig. S we plot up-flavored distributions in the maxi-
mal scalar-quark-generating scenario considered in this
paper: light-gluino, light-scalar-quark case (C) evaluated
at Q =10 TeV. The up-scalar-quark distribution plotted

is defined as

xu (x) ==xul +xug . (S.1)

It is seen that the up-quark distribution is larger than the
up-scalar-quark distribution throughout the entire x
range, the difference ranging from a factor of =2 at small
x to a factor of = 10 or more for x & 0. 1. The up-
antiquark distribution is larger than the up-scalar-quark
distribution for x 50. 1, but the reverse is true for x ~ 0. 1.
The latter is due to the harder u, valence distribution
which is "fed" at larger values of x by the hard valence u„
distribution.

Some eff'ects of varying assumptions are shown in Fig.
6, where the xu distribution has been plotted for case (C)
with Q =0.3, 1, and 10 TeV, and for heavy-gluino,
heavy-scalar-quark case (D) with Q =10 TeV. As expect-
ed, smaller scalar-quark distributions are produced for
lower Q values but, due to the slow evolution, the
differences are factors of 2 rather than orders of magni-
tude. Changing from case (C) to case (D) at fixed Q =10

io'
5.0

100

10

Q

10

1.0

0.5

10

10
—4
0.000 1 0.001 0.01

I I I III I i I I I

0. I 1 I I t I I I I I I

0.0001 0.001 0.01 0. 1

FICx. 5. Parton distributions evaluated at Q =10 TeV for case
(C): xu(x) (solid line), xu(x) (dashed line), and xu(x) (dotted
line) ~

FICJ. 7. xu (x) evaluated at Q =10 TeV for cases (C) (dashed
line), (D) (dotted line), and (F) (solid line).
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~ X
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0. 1
0.0001 0.00 1 0. 1 10

0.0001 0.001 0.01 0. 1 0.5

FIG. 8. xu(x) evaluated at Q =10 TeV for cases (C) (dashed
line), (D) (dotted line), and (F) (solid line).

TeV has roughly the same effect on the scalar-quark dis-
tribution as reducing Q = 10 TeV to 1 TeV while remain-
ing in case (C).

Two main reasons can be identified for the slowness of
growth of the scalar-quark distributions. First, as is well-
known, the parton evolution in (S)QCD is only logarith-
mic. Second, the requirement that a, be continuous at
the evolution boundaries results, through Eq. (2.10), in a
greatly reduced value of Af in regions where the super-
symmetric particles are coupled in. This, in turn, reduces
the values of s [see Eq. (2.8)] which control the amount of
parton evolution through Eq. (A2) or (A6). Thus, the
parton evolution is less than it would have been had Af
been fixed. The small A;/Qo factor in Eq. (2.10) is very
effective at reducing Af when matching at large Qo. For
example, in the final, fully supersymmetric evolution re-
gion of case (C), where all the mass thresholds have been
passed, Af is reduced from its starting value of 0.2 GeV
at Q =2 GeV to Af =4X10 GeV; the corresponding
value for case (D) is Af =2X10 GeV. For Qs„,i=10
TeV, these changes have the effect of reducing s by about
a factor of 2, relative to s (Af =0.2 GeV), in the last evo-
lution region for these cases.

As another measure of the slowness of the evolution,
we list in Table I some sample values of the parton
momentum fractions, computed by numerical integration
of the parton distributions, together with their expected
asymptotic values. ' ' One sees that the scalar-quark
momentum fraction grows to at most half of its asymptot-
ic value.

The faster evolution of quark distributions when super-

FIG. 9. Gluon (g) distributions and gluino (g) distributions
evaluated at Q =1 TeV for various cases: g, (F) (solid line); g,
(D) (dotted line); g, (C) (short dashes); g, (C) (long dashes); and g,
(D) (dot-dashed line).

symmetric particles are coupled in can be seen in Fig. 7,
which compares the up-quark distribution evaluated at
Q =10 TeV for cases (C), (D), and nonsupersymmetric
case (F). For the light-scalar-quark, light-gluino case (C),
xu (x) is somewhat smaller than the others for x )0.001
but is somewhat larger for x (0.001; this sort of behavior
is typical of increased scaling violations in QCD. The
heavy-scalar-quark, heavy-gluino case (D) interpolates be-
tween the other two cases at large x, but is much closer to
case (F) at small x [it exceeds case (F) by a tiny amount at
x = 10 ]. Physically, when scalar-quarks and gluinos
are coupled into the evolution, there are more ways that a
quark can split in two and then perhaps be regenerated
with a degraded momentum.

In Fig. 8, up-antiquark distributions are plotted under
the same assumptions as for Fig. 7. Similar comments to
those made about Fig. 7 apply here as well.

Finally, because of the importance of the gluon distri-
bution to Superconducting Super Collider (SSC) phys-
ics, we show in Fig. 9 gluon and gluino distributions
evaluated at Q =1 TeV for cases (C), (D) and (F). As ex-
pected, when the scalar quarks and gluinos are coupled
into the evolution, the gluon distribution is depleted
somewhat and a gluino distribution is generated. These
effects are more pronounced in the light-scalar-quark,
light-gluino case (C) than in the heavy-scalar-quark,
heavy-gluino case (D). The gluino distributions are
roughly an order of magnitude smaller than the gluon
distributions.

TABLE I. Computed momentum fractions and expected asymptotic (Q~ oo ) values for supersymmetric and ordinary cases. The
columns do not all add up to 1 due to small computational and rounding errors.

Distribution (C), 0.3
Case and Q value (TeV)

(C), 1 (D), 1 (C), 10 (D), 10 (F), 10
SUSY

asymptotic
Ordinary

asymptotic

Quark
Gluon
Scalar quark
Cxluino

0.46
0.42
0.06
0.06

0.45
0.39
0.08
0.06

0.48
0.45
0.04
0.03

0.44
0.36
0.12
0.07

0.46
0.40
0.08
0.05

0.50
0.49
0.0
0.0

0.36
0.32
0.24
0.08

0.53
0.47
0.0
0.0
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Vector boson,
case

Initial state, &s (TeV)

pp o.54 pp 2 pp 40 pP 40

W++ W —,(F)
W++ W-, (C)

Z', (F)
Z , (C)

0.37
0.28
0.037
0.027

1.6
1 ' 3
0.18
0.14

20'
17'
2.4
2.0

20
17
2.5
2.0

'W+ production is 54% of the total.

TABLE II. Cross sections to produce ordinary W and Z in

nb. As always, results are only for the decay final state contain-

ing an e —.
Vector boson,

case pp

Initial state, &s (TeV)

pp, 40 pP 40

W++ W-, (F)
W++ W-, (E)
W++ W-, (C)

Z , (F)
Z', (E)
Z', (C)

21.5
13.5
12.1

3.5
2.2
2.0

634'
405'
408'
104
66.3
66.8

647
414
417
106
67.9
68.3

'W+ production is 55% of the total.

TABLE III. Cross sections to produce a 300-GeV vector bo-
son in pb.

B. Cross sections: o. and da. /dy

Cross sections are computed by summing over all
"valence" and "sea" quark and scalar-quark contribu-
tions. By convention, all results for cross sections in this
paper are for the final state containing an electron (and/or
positron). Thus, they implicitly include a factor of the
branching ratio I ( W ev)/I ii or I (Z e+e )/I z, ex-
cept that for d 0./dp~dy, no simple overall factor of the
branching ratio appears since the pole approximation is
not used there. These branching ratios are between
5 —10% for W's and 2 —4%%uo for Z's.

Table II shows production cross sections for ordinary
W and Z at CERN SPS, Fermilab Tevatron, and SSC en-
ergies for cases (C) and (F). By "W+ + W " we mean
cr(hih2~W )+cr(h~h2~W ). The &s =0.54 TeV re-
sults are in reasonable agreement with the CERN
data, ' especially considering that 0 (a, ) QCD effects
have been neglected. However, the supersymmetric re-
sults in particular are a bit low and might be ruled out by
more precise experimental data, even allowing for O(a, )

corrections.
Results for production of a 300-GeV vector boson at

Tevatron or SSC energies are shown in Table III for
cases (C), (E) and (F). Table IV gives cross sections for
producing superheavy 1 —10-TeV vector bosons at a
&s =40 TeV collider for nonsupersymmetric case (F).
The ratios of the &s =40 TeV results for some sample
supersymmetric (SUSY) cases and Mz values to those
for case (F) are plotted in Figs. 10—13.

The cross sections of Tables II—IV and Figs. 10—13 for
the SUSY cases are uniformly lower than those for the
nonsupersymmetric case (F). One reason for this is the
increased total decay width of the vector bosons when su-
persymmetric decay channels are open, which leads to a

decreased branching ratio into the final state containing
an electron (or positron). If scalar quarks are light
enough to produce vector bosons by scalar-quark —anti-
scalar-quark annihilation, then they are a1so light enough
to be decay products of the produced vector bosons.
These increased decay widths alone reduce the cross sec-
tion by factors of 0.82, 0.79, 0.67, or 0.67 in the ordinary
W, ordinary Z, heavy 8' or heavy Z cases, respectively.

As is clear from Figs. 10—13, however, this decay
width increase does not account for the entire reduction in
o for the supersymmetry (SUSY) cases. The other impor-
tant effect is the faster evolution of quark distributions
when scalar quarks and gluinos are present, examples of
which were shown in Figs. 7 and 8. Reduction of the dis-
tributions in the "large" x region reduces the cross sec-
tions that probe this region. The effect is magnified since
the formula for the cross section contains two parton dis-
tribution factors, one for each incoming hadron. For
fixed M~, this faster evolution can occur over a larger in-
terval in Q, and thus have a greater effect on o, for
smaller M, M&. This is why, in Figs. 10—13 for
Mz ——1 —10 TeV, the light-scalar-quark, light-gluino case
(C) determines the bottom and the heavy-scalar-quark,
heavy-gluino case (D) determines the top of an "envelope"
that encloses the results for cases (A), (B), and (E). For a
fixed case in Figs. 10—13, o.(SUSY)/o (no SUSY) de-
creases with increasing M~, again because the evolution
interval becomes larger. After removing the effect of the
increased SUSY decay width, the largest percentage
reduction observed for o (SUSY) relative to cr(no SUSY) is
45%.

The major source of uncertainty in the amount that o.

is reduced due to altered quark distributions is probably

TABLE IV. Cross sections to produce superheavy vector bosons at &s =40 TeV for nonsupersyrn-
metric case (F) in pb.

Vector boson,
initial state

Vector-boson mass (TeV)
2 5 10

W++ W, pp'
W++ W, pp

Z, pp
Z, pp

16.5
18~ 5

2.66
3.00

1.51
2.03
0.240
0.327

0.033
0.083
0.0051
0.013

5.1 X 10-'
3.6X 10
7.7 X 10-'
6.5 &&

10-'

'W+ production is 57%, 59%, 65%, or 72% of the total for Mz ——1, 2, 5, or 10 TeV, respectively.
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FIG. 10. Ratios of cross sections for various supersymmetric
cases to cross sections for nonsupersymmetric case (F), for
pp~ W++ W at &s =40 TeV and for various vector-boson
masses. Individual data points are plotted; the solid and dashed
lines are only to guide the eye. W+ production is the same per-
centage of the total for all cases as it is in Tables III and IV. As
always, results are for the decay final state containing an e—+.

in the choice of k, which determines the values of
Q =kM-, kM- at which the scalar quarks and gluinos are
coupled to the evolution. In this paper we use k =2; the
uncertainty due to varying k between 1 and 4 can be es-
timated by comparing the case (D) and case (E) results in
Figs. 10—13, since case (E) [(D)] with k =2 can be
thought of as case (D) [(E)] with k =1 [4]. The uncer-
tainty in the amount that 0. is reduced due to altered
quark distributions is thus estimated to be =35% for
Mz ——1 TeV, and =25%%uo for Mz ——5 TeV. Greater sensi-
tivity to the choice of k is to be expected for smaller Mz
and/or larger SUSY-particle masses.

An apparent exception to our analysis is seen in Table
III and Figs. 10—13, which show o [case (C)] ~ cr [case (E)]
for Ms=300 GeV at &s =40 TeV. However, the kine-

0.65

0.60

0

b

b

0.55

0.50

0.45

0.40

+(A) o(D)
+(D) '(E)

(c)

0.35
0 4 6 8

mass (TeV)

10

matics of this particular process probes very small x
values, where the faster evolving quark distributions in the
SUSY cases are relatively equal to or even somewhat
larger than those in the non-SUSY case. For example,
from Eqs. (3.4) and (3.5) at y =0, x, =x2
=Ms/&s =7.5X10, and for y&0 either x& or xz is
always less than this. The greater SUSY decay width ac-
counts here for most of the decrease in o(SUSY) relative
to o (no SUSY). One sees in Table III that o [case
(E)]& o [case (C)] for &s = 2 TeV since the x values
probed there are no longer so small.

The scalar-quark —anti-scalar-quark annihilation contri-
bution, which increases o.(SUSY) relative to o (no SUSY),
is quite small (to be quantified in the next subsection) rela-
tive to quark-antiquark annihilation and has little notice-
able effect on o (much less than the previous two effects).
The smallness of the generated scalar-quark distributions
has already been shown in Figs. 5 and 6 and Table I; the
effect on cr is smaller yet since factors of both the scalar-
quark distribution and the anti-scalar-quark distribution
appear there. The main noticeable effect of the scalar-

FIG. 12. Same as in Fig. 10 except that cross-section ratios
are plotted for pp ~Z .

0.65 0.65

0.60
V3

0.55

0.60

0.55
0

M

M
'b

0.50

0.45

0.40

H
+(A) &(D)
+(B) &(E)

(c)

0.50

0.40

+(A) o(D)
+(B) ~:(E)

(c)
0.35

4 6 8

mass (TeV)

10

FIG. 11. Same as in Fig. 10 except that cross-section ratios
are plotted for pp~ W++ W

0.35
0 6 8 10

mass (TeV)

FIG. 13. Same as in Fig. 10 except that cross-section ratios
are plotted for pp ~Z .



776 ALAN AXELROD 36

10 2.5 I 1 I I 1 I I I t

2.0

1.5

4
U (c)

U

1.0
(c)

0.5

I I i I I

—1 0
0.0 —2

FIG. 14. Rapidity distributions do. /dy vs vector-boson rapi-
dity y for pp~8'+ with &s =40 TeV and Mz ——5 TeV. Cases
(C) (dashed line), (D) (dotted line), and (F) (solid line) are plot-
ted.

quark contribution in Figs. 10—13 and Table III is that it
causes a[case (C)] to be slightly larger than o.[case (E)] for
Ms =300 GeV and &s =40 TeV; and in Table II that,
for &s =40 TeV, it causes o [case (C)] to be slightly larger
than the expectation based on the increased supersym-
metric decay width.

It could be asked why the reduction in o., from the
terms with two factors of reduced quark distributions, is
much larger in magnitude than the increase in o. from the
terms with two factors of increased scalar-quark distribu-
tions, if the distribution changes are of the same order of
magnitude. One simple reason is that, for small 6,
(1—5) =1—O(6) while (5 )=O(6 ), and 5»6 .
Another reason is that the reduction in quark distribu-
tions occurs at moderately large values of x which are
probed for reasonably large values of M~/&s, whereas,
like any distributions generated by evolution, the scalar-
quark distributions are skewed toward smaller x.

Figures 14—18 show some sample rapidity distribu-

FIG. 16. Same as in Fig. 14 except that the distributions are
for pp~Z .

tions: supersymmetric and nonsupersymmetric cases are
compared for 8'+ and Z production at &s =40 TeV for
M~ ——5 and 0.3 TeV. It is seen in all these figures that al-
though the overall normalizations are smaller in the
SUSY cases, the shapes of the SUSY distributions are not
noticeably different from those of the non-SUSY ones. It
was checked that when the curves of SUSY case (C) are
rescaled by an overall constant so that they enclose the
same areas as the case (F) curves enclose, the two sets of
curves become essentially identical, differing only in that
the case (C) curves are very slightly ( —1%) more peaked
at central values of the rapidity.

C. Angular distributions and asymmetries

The rapidity-integrated e (or e + for W+ production)
angular distribution in the vector-boson rest frame can be
written as

=a~(1+cos6) +aq(1 —cosO) +aq(2sin 0),
d cosO

(5.2)

25 I I I I

(

I 50—

10—
~ ~

(c)
be

10

0—2
I I I I I I

0
0 2

FICx. 15. Same as in Fig. 14 except that the distributions are
for pp ~ W+.

FIG. 17. Same as in Fig. 14 except that the distributions are
for pp~ 8'+ with M~ =0.3 TeV and that here the dotted line is
for case (E).
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FIG. 18. Same as in Fig. 14 except that the distributions are
for pp~Z with Mg =0.3 TeV and that here the dotted line is
for case (E).

FIG. 19. Total forward-backward asymmetries 3TF z vs

vector-boson mass for pp ~ W or Z and case (C). The plotted
points and curves are labeled by &s (in TeV) and vector-boson
type.

where the a; are normalized such that the angular func-
tions they multiply have equal integrals over d cosO. a3
receives contributions from scalar-quark —anti-scalar-
quark annihilation only and so is a measure of it. The
following relations are found to hold:

a~ ——aq for pp O' —,Z (5.3)

a~(aq) for pp~W =a2(a~) for pp~W, (5.4)

a3 for pp~8' =a3 for pp~8' (5.5)

For pp ~W, a ~ & a& (and generally a ~ &&aq ) due to the
valence-quark contribution.

Directing our attention to the two extreme cases (C)
and (F), in Table V we show a3/a ~

for pp~ W+ and for

(pp or pp )~W, Z for case (C) and several values of &s
and M~, while Table VI shows a2/a~ for pp~W, Z
and cases (C) and (F) [for pp initial states see Eq. (5.3)].
The a3 values are uniformly very small and at most a few
percent of a&, and therefore will be extremely difficult to
detect experimentally. This difficulty is made worse by
the comparison between Tables V and VI, which shows
that aq &~a3 in most cases so that the a2 contribution is
normally a much larger perturbation of the dominant
term in the angular distribution than is the a3 contribu-
tion. Table VI as well shows little difference between the

results for the SUSY and non-SUSY cases. It is interest-
ing to note from Table VI that the (1 + cosO)' distribu-
tion, characteristic of valence-quark —antiquark annihila-
tion for pp~ordinary 8' and seen at CERN SPS ener-
gies, will be significantly altered at SSC energies by the
large a 2 contribution due to the sea quarks relevant at the
very small x values probed there. A strategy for experi-
mentally determining the coefticients of the different terms
in the angular distributions is suggested in Appendix 8,
but should be of limited usefulness in finding a scalar-
quark contribution due to its expected tiny size.

From Eq. (5.2), the total forward-backward asymmetry,
defined in Eq. (3.9), is

3(a, —a, )
~ TFB—

4(a ~ +a2+a3)
(5.6)

From Eqs. (5.3)—(5.5), ATFB( W —,Z ) =0 for pp initial
states, and ArFa( W+ ) = —3TFB( W ). For pp initial
states,

j ATFB j
decreases with increasing a3 since the

scalar-quark contribution is symmetric between the for-
ward and backward hemispheres. However, the pure
valence-quark expectation of

j
A TFa =—', for pp ~W+ is

reduced anyway by the sea-quark contribution.
Sample values of ATFg can be computed from Tables V

TABLE V. Values of 100(a3/al ) for light-scalar-quark, light-gluino case (C), where the a; are defined

by Eq. (5.2).

&s
(TeV)

40
40
40
40
40

2
2
0.54

Mg
(TeV)

Ordinary W, Z
0.3
1

5

10
Ordinary W, Z

0.3
Ordinary W, Z

pp~ W+

1.1

3.5
3.5
1.6
0.8
0.2
0.4
0.06

pp~ W

1.2
3.9
4.0
1.7
0.8
0.2
0.4
0.06

pp~ W

0.9
2.6
2. 1

0.6
0.3
0.1

0.1

0.02

pp Z

1.6
3.7
3.7
1.6
0.8
0.3
0.4
0.07

pp ~Z
1.5
3.3
3.0
0.9
0.5
0.2
0.2
0.03
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TABLE VI. Values of 100(a2/a 1 ), where a; are defined by Eq. (5.2).

&~s

(TeV)

40
40
40
40
40

2
2
0.54

Mp
{TeV)

Ordinary W, Z
0.3
1

5

10
Ordinary W, Z

0.3
Ordinary W, Z

pp~ W

55
43
25
2.7
0.3

15
1.8
1.8

Case (C)

pp ~Z
88
83
75
63
63
70
63
63

pp~ W

55
43
26

2.9
0.3

15
1.9
1.8

Case (F)
pp Z

88
83
76
63
63
70
63
63

and VI. 3TFq is plotted versus M~ in Fig. 19 for
pp~&, Z and various values of &s. It is clear from
the tables that 2 TFp for the SUSY cases differs from
ATFq for the non-SUSY cases by at most a couple of per-
cent, so only case (C) has been plotted in Fig. 19. In gen-
eral, larger values of the asyrnrnetry occur for larger
values of M~/&s, i.e., for larger probed values of x.
When M~ /&s is sufticiently large, valence-
quark —antiquark annihilation completely dominates and
an "asymptotic" value of the asymmetry is approached.

As could be expected from the preceding discussion,
the rapidity-dependent asymmetry AF~(y) of Eq. (3.8) is
very similar for the SUSY cases as for the non-SUSY
cases. The at most —few percent reductions observed in

~
AF~(y) for the SUSY cases relative to the non-SUSY

cases, consistent with Table V, do not warrant plotting
any of these AF~(y) vs y curves here.

D. Lepton transverse-momentum distributions

Electron or positron transverse-mornenturn distribu-
tions at y, =-0 from 8' production, calculated using Eqs.
(3.10) and (3.15), are plotted in Figs. 20 —23 for pp or pp
and for various M~, & s, and SUSY and non-SUSY

cases. 8'++ 8' means that the e+ and e distributions
have been added together. The deviations of the case (C)
curves from the case (F) curves are, as usual, a measure of
the maximum effects expected due to supersymmetry. In
all the plots, the SUSY curves have shapes similar to
those of the non-SUSY curves but are lower by factors
-2. The Jacobian peak at pT =M~/2 is clearly visible in
all the curves. The heavier-scalar-quark and -gluino case
curves are closer to the non-SUSY curves but are still
somewhat lower, particularly for pT & M~ /2.

In Fig. 24 the Jacobian peak region has been plotted for
pp~W, &s =40 TeV, and M~=5 TeV for all the
SUSY cases (A) —(E), and for non-SUSY case (F) rescaled
by an overall factor of —,'. lt is apparent that the case (F)
curve is in fact somewhat more strongly peaked than the
SUSY curves, an effect which could be expected from
I ~(non-SUSY) & I ~(SUSY). Also, the SUSY curves
have a common peak pT-value which is slightly lower
than that for the non-SUSY curve. These are found to be
2445+2. 5 GeV and 2467. 5+2.5 GeV for the SUSY and
non-SUSY curves, respectively. This difference is prob-
ably due as well to the difference in I ~. Similar small
differences in the curve shapes are found for pp~8' at
the same &s and M~ (not shown).

10- '

10
10

10

10-4

10

10
—6

0 7

10-8

E

10

10-4
Q

10

I
Q 10—6

b 10

10—8

10-9
0 2 4 6 8

10 9
0 2

pT (Tev)

FIG. 20. e+ transverse-momentum distributions evaluated at
e + rapidity y, =0 for pp ~ W+ with &s =40 TeV and M ~ = 5

TeV. Cases (C) (dashed line), (D) (dotted line), and (F) (solid
line) are plotted.

pT (T&V)

FIG. 21. e — transverse-momentum distributions evaluated
at e — rapidity y, =0. The upper three curves are for
pp~ W++ W, and the lower three curves are for pp~ W
all curves are for &s =40 TeV and M~ ——5 TeV. Cases (C)
(dashed lines), (D) (dotted lines), and (F) (solid lines) are plot-
ted.
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FIG. 22. e — transverse-momentum distributions at y, =0.
The two sets of curves are labeled by M~, all curves are for
&s =40 TeV. The following reactions and cases are plotted: (i)

M =0.3 TeV set: pp~ W+, (F) (solid line) and pp~ W+, (C)
(dotted line); (ii) M =1 TeV set: pp~W+, (F) (solid line);

pp ~W+, (C) (short dashes); pp ~W, (F) (long dashes); and
pp~ W, (C) (dotted line).

pz (Tev)
FIG. 24. e+ transverse-momentum distribution at y, =0 for

pp~ W+ with &s =40 TeV and M~ ——5 TeV, in the vicinity of
the Jacobian peak. The following cases are plotted: case (F) re-
scaled by a factor of —' (solid line), (D) (short dashes), (B) (dot-

dashed line), (E) (long dashes), (A) (dotted line), and (C) (alter-
nating long and short dashes).

VI. CONCLUSION

10

1O'

E

1Oo

10
U
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0 0. 1

p~ (Tev)

0.3

FIG. 23. e —transverse-momentum distributions at y, =0 for
pp~W++ W with &s =2 TeV and M~=0. 3 TeV. Cases (C)
(dashed line), (E) (dotted line), and (F) (solid line) are plotted.

The differences in the magnitudes of the case (A) —(E)
curves in Fig. 24 are reasonable considering the different
scalar-quark and gluino mass assumptions they represent,
and agree with the pattern observed in Fig. 10 for the to-
tal cross sections, i.e., smaller scalar quark and gluino
masses result in smaller cross sections. As I ~ is the
same for each of these curves (A) —(E), these differences
must be attributed to the differences in the evolution of
the quark distributions. However, the curve shapes are
essentially the same for each case. In all of Figs. 20—24,
the scalar-quark —anti-scalar-quark annihilation contribu-
tion is small compared to the quark-antiquark annihila-
tion contribution for all values of p~, so that no direct sig-
nature for the scalar-quark —anti-scalar-quark contribution
can be identified.

Production in pp and pp collisions of ordinary and pos-
sible new heavy vector bosons decaying to final states con-
taining e — has been studied in supersymmetric QCD in
the leading-logarithm approximation. Parton distribu-
tions were computed for both the nonsupersymmetric case
and for various supersymmetric scalar-quark and gluino
mass scenarios, and detailed comparisons were made be-
tween SUSY and non-SUSY cases for various cross sec-
tions. Because of the slowness of the evolution of the
scalar-quark distributions, the potential direct effects of
scalar-quark —anti-scalar-quark annihilation on the total
cross sections, angular distributions, asymmetries, and e+
transverse-momentum distributions were found to be
small for a range of values of &s, M~, M, and M- ex-
pected to be accessible in the near future, so no reasonable
signature for this contribution could be found. The
scalar-quark —anti-scalar-quark annihilation contribution
was quantified to be at most a few percent of the quark-
antiquark annihilation contribution.

However, the introduction of supersymmetry produced
"indirect" effects on the results for two reasons. First, the
availability of supersymmetric decay channels increased
the vector-boson total decay widths, which in turn re-
duced the branching ratio into final states containing e+.
Second, the coupling of scalar-quark and gluino degrees of
freedom to the Altarelli-Parisi parton evolution caused the
quark distributions to evolve faster with increasing Q
than if these supersymmetric channels were closed.
These two effects combined to produce cross sections
smaller by factors of at most 2—3 in the SUSY cases as
compared to the non-SUSY case. The shapes of distribu-
tions were generally the same in the two cases, except that
the e — transverse-momentum distributions were some-
what less sharply peaked and were peaked at slightly
lower pz- values for the SUSY cases. The only su-
perheavy vector bosons considered were copies of the
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APPENDIX A: INTEGRATION OF EVOLUTION
EQUATIONS

Any of the Altarelli-Parisi equations used for the evolu-
tion of nonsinglet or singlet distributions may be written
in the form

dg(x, s)
ds

=a PfgCI(x, s), (A 1)

where g is an m-component column vector of x times
parton distributions (with arguments made explicit in this
Appendix) and P is an m &m matrix of integral kernels.
In this paper, m can be 1, 2, 3, or 4. Given g(x, O) as a
boundary condition, Eq. (Al) is solved numerically for
g{x,s) by using an extension of a method that to our
knowledge was first suggested in Ref. 34. After integrat-
ing Eq. (Al) over ds, a sequence of approximants gk(x, s)
to the solution g(x, s) can be defined by iteration to be

standard W and Z, and the initial low-energy quark and
gluon distributions were fixed, but our conclusions about
differences between the SUSY and non-SUSY cases are
expected to be valid for more general assumptions as well.

Experimentally, the lowered cross sections in the SUSY
cases would make it somewhat more difficult to discover
and study new vector bosons at higher-energy hadronic
colliders, but not substantially so. For exam~le, assuming
an integrated luminosity of 10 pb

' at a v's =40 TeV pp
(
—)

collider, for an M~ ——5 TeV W —decaying into e —v, our
calculations indicate 330 events without SUSY but only
145 events in SUSY case (C); for Mii = 10 TeV, the corre-
sponding numbers are 5 events and 2 events, respectively.
However, attempts to study couplings by measuring
forward-backward asyrnrnetries are as reasonable with
SUSY as without SUSY, due to the smallness of the
scalar-quark —anti-scalar-quark annihilation contribution.
Also, the Jacobian peak in the e —

pT distribution, which
is so useful for identifying vector bosons, is clearly visible
in either case.

On the other hand, once a new vector boson has been
discovered and its couplings determined, one could con-
template discovering supersymmetry or putting lower
bounds on SUSY-particle masses using the results of this
paper, i.e. , if SUSY exists, the production cross sections
would be somewhat lower than expected, decay widths
would be larger, etc. Such effects could be discernible for
supersymmetric masses sufficiently small that decays into
SUSY-particles make a reasonable contribution to I z, say
for M ~M&/3. One would need to fix the magnitude of
the couplings by some other method first since, e.g. , I
and cr both depend on g. It is perhaps worthwhile even to
consider ordinary W and Z production in this context.
Of course, one would ordinarily expect to discover super-
symmetry much more easily (and earlier) by looking for
direct production of superpartners.

k {afs)j
gk(x, s)= g, P'g(X, O),

gl
(A2)

=exp(afsP)g g(x, O) . (A4)

For a given s, a mesh of x points is set up for
10 &x &1 and the g~'s are computed for each x. The
convolution integrals are done using cubic spline quadra-
ture. The computation is concluded when k is reached
such that

max
x &mesh;i

gk(X, S)—gk 1(X,S)

gk (X,S)
&10 (A5)

where i labels the ith component of the vector g. The
finite number of interpolation points ("knots") in the
spline integrations presents an additional source of inaccu-
racy. This error was reduced to an estimated maximum
of =20%%uo for x =10, =10'Po for x =10, and a negli-
gible amount for x ~ 5 & 10 . Errors can compound
when evolution occurs over several consecutive regions,
however. It should also be noted that non-valence-quark
and -scalar-quark distributions are functions of differences
between singlet and nonsinglet distributions which can be
equal to several decimals for x close to 1, resulting oc-
casionally in negative parton distributions. In practice
this is only a problem for x ~0.95 where these distribu-
tions are negligibly small anyway, so to avoid tiny nega-
tive cross sections as much as possible these signs were
flipped to positive, producing parton distributions that are
equivalent within the numerical errors.

The evolution algorithm was checked in several ways.
In the 4 quarks + gluon case (i), satisfactory agreement
was found with the Duke and Owens parametrization '

and direct numerical results which used a predictor-
corrector method, as well as with distributions derived
using nonsinglet ' and singlet integral kernels in the
method of Gross. Also, good agreement was found in
case (i) between the moments of our evolved distributions
and the evolved moments of the starting distributions us-
ing the usual nonsinglet and diagonalized singlet moments
evolution equations.

However, the most useful check for all nine evolution
subroutines originates with the observation that Eq. (A4)
is merely the x-space version of the standard evolution
formula for moments. ' That is, by taking the moment of
Eq. (A2) and using the standard convolution theorem for
Mellin transforms (Ref. 38) j times for the jth term in the
sum, one obtains

(a sP "')'
gI,"'(s) = g .

,
g'"'(0),

gf
(A6)

where

P'g g(X, O) =P (P I [Pg g(X, O)] I ) . (A3)

Equation (A2) defines a perturbation series in afs which is
easily summed:

g(x,s)= lim gk(x, s)
k oo
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f'"'—= f 'dx x" -'f(x) .
0

(A7)
APPENDIX B: ANALYSIS OF ANGULAR

DISTRIBUTIONS

Now, letting k~ oo, or equivalently taking the moment of
Eq. (A4), gives

g'"'(s)= lim gI,"'(s)
k~ oo

=exp(a/sP'"')g "'(0)

ln(g /AI )
g(n)(0)

1n(go/AI )
(A8)

which is precisely the standard formula. ' After comput-
ing the moments of the starting distributions, Eq. (A8) for
1 X 1 evolution or Eq. (A6) for 2 X 2, 3 X 3, or 4 X 4 evolu-
tion is used to evolve the moments up to g . In particu-
lar, it is never necessary to diagonalize the P'"'s. One
merely chooses k large enough in Eq. (A6) for sufficient
convergence to have occurred. The resulting moments are
then compared to the moment integrals of the distribu-
tions evolved using Eq. (A2). Since only simple matrix
multiplications are involved in Eqs. (A6) or (A8), this en-
tire check takes a negligible fraction of the total comput-
ing time. Agreement in all subroutines was typically
better than 10 relative error for the first 50 moments,
except that the agreement of n =1 moments was some-
what worse due to poorer convergence and singular be-
havior of distributions near x =0.

It should be noted that one disadvantage of the numeri-
cal integration method described here compared to, say,
the predictor-corrector method, is that here distributions
can be computed for only one value of s, i.e., g, at a time.
This is not a particular disadvantage for purposes of this
paper since Q is fixed to be a particular vector-boson mass
of interest. However, computational runs at a number of
different s values would be required in order to obtain a
simple parton parametrization valid for a range of x and s.
In this paper, cross sections are computed directly from
the numerical results for parton distributions using cubic
splines to interpolate in x; no other parametrizations of
the parton distributions are made.

(B1)

Choosing a complete set of Legendre polynomials P; (x),
i )0, taken to be orthonormal on —1(x (1, where '

Po( )=(—,
')' ',

Pi(x)=[(—', )' ]x,
P2(x)=[(—,')'t ](3x —1),

(B2)

(B4)

the experimentally observed cross section may be written
as

o.,„~,(cosH) = g P,'P;(cosH),
i=0

where

P,' = J d cosHP;(cosH)cr, „~,(cosH);—1

(B5)

(B6)

these integrals can be done numerically.
If Eq. (Bl) is approximately correct, then P,'=0 for

i ) 3 and we can write a truncated cross section

2

o,"„„,(cosH) = g P,'P;(cosH)
i=0

= ao(l+cosH) +a~(l —cosH)

+ay(1 —cos 8), (B7)

where the a,' are related to the p,' by a simple computa-
tion, and the assumption that 0.,„&,=sr,"„~t can be checked.
The a,' thus derived can be compared with or used to put
bounds on theoretically predicted a;.

In this appendix, a method is suggested to experimen-
tally resolve different contributions to the lepton angular
distribution in the produced vector-boson rest frame. Let
cr(cosH) represent either dtr/d cosH or d o. /d cos8dy.
According to Sec. III, in the supersymmetric parton mod-
el there is a theoretical prediction

cr,h(cosH)=ac(1+cosH) +a~(1 —cosH) +a2(1 —cos 8) .
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