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We present perturbative QCD calculations of W, Z+n-jet production (n ~3) in pp collisions at
&s =0.63 and 1.8 TeV and also extrapolate the production cross sections to supercollider energies.
The dependence of the cross sections on experimental cuts and the theoretical ambiguities are dis-
cussed in detail. It is shown that 8'/Z ratios of transverse-momentum distributions are quite in-

sensitive to these uncertainties and can be predicted rather accurately. Neutrino counting and a
top-quark search at large pT are addressed as applications. Our results are based on complete tree-
level calculations of R,Z + (n +2)-parton amplitudes.

I. INTRODUCTION

The study of weak-boson production at hadron collid-
ers' has been of great interest in recent years for a
number of reasons. First, detailed studies on the proper-
ties of weak bosons provide precise tests of the standard
SU(2)L C8U(1)r electroweak gauge theory. Second, the
strong-interaction part of the standard model (SM) can be
further scrutinized in the production of weak bosons in
association with hard QCD jets. " Third, potential
new physics could manifest itself with 8' Z bosons as the
decay products of new particles. Examples of new phys-
ics include heavy quarks, ' heavy Higgs bosons, ' heavy
supersymmetric particles, ' an extra Z boson, and exotic
scalars and fermions in superstring-inspired models. ' In
neutrino counting' and a top-quark search, ' the direct
O', Z-boson production cross sections must be quantita-
tively known. Therefore, a complete understanding of
weak-boson production within the SM is essential to
identify any new physics in collider experiments.

Since the discovery of the 8' and Z bosons at the
CERN pp collider (SpPS) in 1983 (Ref. 1), there have been
further measurements of 8' Z production at c.m. energy
&s =0.63 TeV. An integrated luminosity of order 5

pb ' may be taken by both UA1 and UA2 by the end of
the current run. Recently, the Collider Detector at Fer-
milab (CDF) Collaboration working at the Tevatron has
reported on W-boson production at +s =1.8 TeV. By
the end of the current CDF run, an integrated luminosity
of about 5 pb ' is expected and of order 100 pb ' should
be accumulated in future runs. The inclusive cross sec-
tions of 8'- (Z-) boson production are about 6 (1.8) nb at
the CERN pP collider and 21 (6.3) nb at the Tevatron.
Thus large samples of O' Z bosons will be obtained at the
SppS and the Tevatron, and in the future enormous num-

bers of weak bosons could be produced at the CERN
Large Hadron Collider (LHC) and the Superconducting
Super Collider (SSC).

On the theoretical side, several authors have evaluated
the production of 8', Z+1,2 jets, both at the tree lev-
el and including radiative corrections, and found
good agreement with data from the CERN pp collider.
In a recent Letter we presented expectations for the pro-
duction of &Z+n jets (n =1,2, 3) at the Tevatron and
Berends et al. have since presented similar results in-
cluding the SppS energy.

The purpose of this paper is to provide additional in-
formation on the production of O', Z bosons in associa-
tion with n QCD jets (n ~ 3) at hadron colliders. We dis-
cuss in more detail the anticipated experimental problems
of comparing theory and experiment and we elaborate on
the theoretical ambiguities as well as the definite predic-
tions of our calculations. The remainder of this paper is
organized as follows. In Sec. II we discuss the calcula-
tional techniques used in our work and comment on our
checks with other analyses. In Sec. III we present our
major results. We evaluate the total cross sections versus
c.m. energy at hadron colliders and present relevant
dynamical distributions at +s =0.63 and 1.8 TeV. We
present Z-to-8' production ratios which are needed for
neutrino counting and for top-quark searches. These ra-
tios are essentially independent of the choice of the scale
Q in the strong coupling constant a, . In Sec. IV we dis-
cuss the uncertainties of the calculations resulting from
the kinematical cuts, from different choices of quark and
gluon distributions, and from the freedom of choosing
different scales Q in a, . The QCD predictions for
8' Z+3-jet events can differ by as much as a factor of 3
with various choices of the Q scale. Finally, in Sec. V
we summarize our results.
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II. CALCULATIONAL FRAMEWORK

The calculation of weak-boson production in associa-
tion with jets becomes increasingly difBcult as the number
of jets increases. The traditional trace method of evaluat-
ing the squared matrix element of the process is not very
practical for the case of two or Inore jets; instead it is
easier to derive analytic expressions for the amplitudes
which are first evaluated numerically and then squared to
give the differential cross sections. Several amplitude-
level techniques have been used for calculating O' Z pro-
duction at large transverse momentum (pT ) in the frame-
work of perturbative @CD (Refs. 5 —9). General tree-
level amplitudes of one electroweak vector boson V
( V = W*, Z, and y) plus up to five colored partons were
first presented by Hagiwara and Zeppenfeld, ' using the
amplitude technique developed in Ref. 18.

The analytic expressions of Ref. 10 include the decay
of the 8'or Z into a lepton pair and complete expressions
of all the cross-section formulas are given including the
handling of color factors. Our calculations are based on
these results and hence include the W and Z decays with
full spin correlations of the decay products. We allow the
weak bosons to be off shell in general. We also include
virtual-photon contributions along with the Z in the
e +e channel.

For the numerical work of the present paper a comput-
er program of all the amplitudes of Ref. 10 was
developed, ' which allows the evaluation of the
differential cross sections for all the underlying parton-
level subprocesses leading to W, Z+n jets (n «3) in pp
collisions. Si.nce the amplitudes have to be evaluated nu-
merically for fixed polarizations of the external particles
and for fixed quark fiavors (u, d, c,s, b), the final task is to
sum over the possible polarization states and all possible
contributing channels (205 for Z+3 jets and 158 for
W++3 jets). We include the contributions of the five
light-quark Aavors in the massless quark approximation.
For 8' production we neglect Cabibbo-Kobayashi-
Maskawa mixing. This introduces a very small error
through the different structure functions for d, u, s, and c
quarks. (We neglect b quarks as constituents of the pro-
ton. ) The effect is small already for W+0-jet production
(less than sin Oc=4%) and is further reduced for events
with jets in which initial-state gluons play an important
role.

The sum over polarization states of quarks and gluons
was performed both by direct and by Monte Carlo sum-
mation. In the latter method one particular polarization
state is randomly chosen as representative for each event.
Since for the worst case of Z ~ee with two fermion pairs
and three gluons in the initial and final states there are 32
different polarization combinations, up to a factor of 32
can be gained in speed by random polarization summa-
tion. In practice, however, the eSciency of the Monte
Carlo program will suffer somewhat, requiring a larger
number of events to be generated in order to produce dis-
tributions of the same statistical quality as for explicit
summation of polarization states. The bottom line is that
we find about an order-of-magnitude improvement in
speed due to Monte Carlo summation.

III. QUANTITATIVE RESULTS

Using the procedure described in the previous section,
we have calculated V+n-jet (n «3) production in had-

TABLE I. CPU times {in milliseconds) necessary on
a VAX 8700 to calculate pp —+ 8' ( ~e v)+ 3-jet, and

pp —+Z( —+e+e )+3-jet events. The "No. calls" column gives
the number of basic subprocess calculations needed to evaluate
the cross section at one phase-space point.

Subprocess No. calls

Time per Time per
call event

(msec) (m sec)

8'+3 jets qqggg
qqqqs

7
20

2.7
1.8 80

Z+3 jets qqggg
qqqqg

2.7
2.8

50

In Table I we summarize the CPU time needed on a
VAX 8700 for the calculation of 8' Z +3-jet production.
The numbers are for random polarization summation. In
the Z case, the number of calls for the cross sections of
the basic subprocesses, either involving two quarks and
three gluons or four quarks and one gluon, are consider-
ably smaller than in the 8 case, because our program
simultaneously calculates the two subprocesses related by
charge conjugation. For 8' production, on the other
hand, we on1y use CP invariance, which in pp collisions
implies equality of the 8'+ and 8' rates and hence
gives a trivial overall factor of 2. By comparing the time
needed per accepted event (the last column of Table I)
and the time needed for the subprocess calls, one finds
that a considerable fraction of the CPU time is spent in
setting up phase space, organizing the output, etc. ; the
basic subprocess calculations have to be considered as ex-
tremely fast.

We have checked our numerical calculations against
other sources. It is fairly easy to confirm the correctness
for the V+1-jet channel, since the calculation is simple
in this case. In order to check our V+2-jet programs we
have compared our calculations with those of Kleiss and
Stirling at &s =0.63 TeV and with evaluations of the
analytic formulas of Ellis and Gonsalves.

By now two additional independent calculations of
cross sections for one electroweak boson and five partons
exist: Berends, Giele, and Kuijf" have used a different
helicity amplitude technique and recursive methods ' to
evaluate the underlying amplitudes numerically, while
Falck, Graudenz, and Kramer recently presented nu-
merical results on e+e ~5 jets, which were based on a
REDUCE calculation of the partonic differential cross sec-
tions. A numerical comparison of subprocess differential
cross sections at individual phase-space points for all the
W+n-jet processes (n 3) and for e+e ~5 jets (includ-
ing s-channel photon and Z exchange) yielded complete
numerical agreement between our code and the one used
by the authors of Refs. 9 and 11. Furthermore, by ap-
propriate crossings, we have reproduced the recent calcu-
lation for e e ~5 jets in Ref. 22.
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ron collisions. The SM parameters we have used are
a(MII, ) =,z, , sin OII =0.23, Mz =91.9 GeV, and

m, & M~=Mzcos0~=80. 6 GeV.
In order to approximately simulate the detector envi-

ronment, we impose some typical acceptance and resolu-
tion requirements, as summarized in Table II. We first
take the pz and i) cuts on the electron(s) as given in Table
II, where pz is the transverse momentum and
il =In(cot8/2) is the pseudorapidity of the electron.
Electron energy mismeasurements are taken into account
by generating a Gaussian smearing of electron energies
and momenta with standard deviation cr = (0. 15
GeV' )&E. For W events, we also require a large miss-
ing transverse momentum (Pz. ) due to the escaping neu-
trino, gfr) 15 GeV. For W, Z identification, we impose
Mr(e, gr) or M„)50 GeV, where Mz-(e, g/z. ) is the W
transverse mass,

Charged
leptons

&s (TeV)

p&(e) (GeV)
g(e)

o/+E (GeV'~ )

0.63

15
3.0
0.15

1.8

15
2.5
0.15

Jets p~(j) (GeV)
g(j)

o./&E (GeV' )

10
3.0
0.8

15
2.5
0.8

Separations bR,j
LSLIRJJ

0.7
1.0

0.7
0.7

8' events Pr {CxeV}

Mr{e,gfr) (GeV)
15
50

15
50

TABLE II. Acceptance cuts and energy resolutions used in
the calculations for the detector simulation.

Mr(e, gr) =[[Ipse(e)I+ Ig&I]' —[p~(e)+fr]'] '", (1)
Z events M„(GeV) 50 50

az =[(s{t)'+(aq)']'" (2)

by the minimum values given in Table II.
Figure 1 shows the resulting total cross sections for

8'+n jets for n =1,2, 3 vs pp c.m. energy v's for three
values of the minimum pz. ( W) cut: 20, 50, and 100 GeV.
Results at multi-TeV pp colliders are essentially identical
to those presented here, since the dominant contributions
to the cross section involve gluons or sea quarks in the in-
itial state. As the c.m. energy increases, it is expected
that a higher jet threshold will be imposed for practical

and M„ is the invariant mass of the electron-positron
pair.

On our parton-level calculations we identify partons
with jets of the same direction in the i), ItI plane (p being
the azimuthal angle). The effects of hadronic energy
mismeasurements are included via Gaussian smearing of
parton energies and momenta with standard deviation
o =(0.8 GeV' )QE„„I„. A parton is defined as a jet if
its transverse momentum and pseudorapidity satisfy the
cuts listed in Table II. In addition, we require any
electron-jet pair or jet-jet pair to be separated in

reasons as well as to stay away from the divergence asso-
ciated with the infrared singularities. While for 8'+ 1-jet
events the effect of increasing the cut can be read oA' the
three curves of Fig. 1(a), some rise with energy of the
pr(j) cut has to be implemented for the multijet events.
For simplicity, we have chosen a pr( j) cut linearly depen-
dent on &s:

Pr( j)) 0.25
&s +15 GeV .

1 TeV (3)

This pr( j) cut corresponds to values of 19 GeV for the
LHC (16 TeV), 25 GeV for the SSC (40 TeV), and 40 GeV
for the Eloisatron (100-TeV European Long Intersecting
Storage Accelerator). The cross sections increase as the
c.m. energy grows, due to the fact that the sea-quark and
gluon luminosities become larger at higher energies. The
slower increases of the cross sections in Figs. 1(b) and 1(c)
as compared to Fig. 1(a) are due to the severity of the
p r( j) cut in Eq. (3). The total cross sections of
W( ~ev)+n jets at the SSC energy for pr(8') )20 GeV
are

10
4"

I I I I
( i I ~ I

[
~

] I I I I
f

I I I I

—b) pp-W+2jets
L-em

I I I I
)

I I I I

— —c) pp-W+ 5 jets
L-ev

10

b

10 V

100
I I I I I I I I I I I I I

10 100 10 10 100
~s (TeV) ~s (TeY) ~s (TeV)

FIG. 1. Total cross sections vs c.m. energy &s for pp ~8'+ n jets with (a) n = 1, (b) n =2, and (c) n =3. For events with 2 or 3 jets
a transverse-momentum cut was imposed on jets, which becomes more severe at higher-energy colliders.
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4.2 nb for n =1,
o[W(~ev)+n jets]= 0.9 nb for n =2,

0.3 nb for n =3 .

fo I )
I I

)
I

In the calculations of Fig. 1, we have used the parton dis-
tribution functions of Eichten, Hinchliffe, Lane, and
Quigg (ELHQ) set I, which were particularly developed
for calculations at supercolliders. For the later calcula-
tions at SppS and Tevatron energies, we take the distribu-
tion function set I of Duke and Owens. The QCD pre-
dictions are based on a Q =s scale choice; somewhat
larger cross sections are obtained with other Q scale
choices, as will be discussed in Sec. VI. In the case of 3-
jet events, these uncertainties in the absolute normaliza-
tion can be as large as a factor of 3. Also the matching of
the parton-level calculations of multijet production with
the experimental jet observations may introduce some
further uncertainties, which should be kept in mind in
the following.

Figures 2 and 3 show the calculated 8', Z +n-jet cross
sections at these two machines. Parts (a) and (b) give the

pT distributions of the weak boson; parts (c) and (d) show
the corresponding cross sections integrated above a
minimum pT cutoff. With 5 pb of integrated luminosi-

ty, we expect at the SppS,

I lo

10'

'100 200
p (w) (Gev)

I-

10
b

-6-
I

500 0
1

100 200 500
p (z) (Gev)

10 to2 1
'

I

d) pp-Z+ n j.ets =

L

b

D

b

10 10

100 200
p'"'(w) {eev)

T

300 100 200 ' 500
p

" (Z) (GeV)T

FIG. 3. Same as Fig. 2 but for &s = 1.8 TeV.

A measure of the relative importance of 8'or Z events
with different numbers of jets is provided by the expected
fraction f (n) of events with a fixed number n of jets
(n ~3),

1.5 W(~ev)+3-jet events,

0.2 Z(~ee)+3-jet events,

3f (n)—=o(V+n jets) g o(V+i jets),
i=0

and the fraction F (n) of events with ~ n jets,

(4)

and, at the Tevatron,

21 W(~ev)+3-jet events,

2 Z(~ee)+3-jet events .

t

C9

~~ to

CL
'CI -4
~b 10

10 0

10

60 120

p, (w) (eev)
180

C9 to
Xl
CL

CL
I- 10

CJ

b -6
10
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p,(z) (eev)
2

10 I I
1

I I

d) pj-Z+ n jets
L

180

1O 10

-4 -4
18060 120 I80 0 60 120

p'"'(W) (Gev) p'" (Z) (Gev)

FICi. 2. Transverse-momentum distribution of weak bosons
in association with 1, 2, or 3 jets at &s =0.63 TeV with cuts as
described in Table II, (a) 6'(~ev)+n-jet and (b) Z(~ee)+n-
jet events. The cross sections integrated above a minimum
value of (c) pT(8') and (d) pr(Z) are shown below the corre-
sponding difterential distributions.

3 3

F (n)= g o(V+i jets) g o(V+i jets) .
i =0

Tables III and IV give our estimates of f (n) and F (n)
for V = 8'and Z. The uncertainty in the entries is due to
different choices of the energy scale Q in a, (Q ), which
we will discuss in the next section.

Similarly, Table V presents the ratio of 8'~ev to
Z ~ee events:

8"~e v
I Z ~ee

o ( 8'~ev+ n jets)
o(Z~ee+n jets)

where the subscript I stands for an integrated cross-
section ratio. These values are essentially independent of
the choice of the Q scale. The ratios defined in Eqs.
(4)—(6) are important not only to test the SM, but also to
search for new physics. For instance, as shown in Ref.
25, a heavy top quark systematically changes the 8'+n-
jet distributions, enhancing the rates at higher n. Other
new heavy particles may similarly distort these predic-
tions for V+ multijet distributions.

Two other distributions which are useful in top-quark
searches are shown in Fig. 4, both for the SOS and the
Tevatron. Figures 4(a) and 4(c) give the pT(e) distribu-
tions and Figs. 4(b) and 4(d) show the MT(e, PT) distribu-
tions. Obviously the Jacobian peak in the pT(e) distribu-
tion has been smeared out by the 8'transverse motion for
n&0, whereas the corresponding peak in the MT(e, PT)
distribution still remains due to the approximate invari-
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TABLE III. Predicted fractions of 8'(~ev)+n-jet events, as defined in Eqs. (4) and (5), at SppS and Tevatron energies. The un-
certainty in the entries is due to the different Q choices. The lower values correspond to Q'=s and the upper values to Q'=p~G for
n )0 and vice versa for n =0.
&s (TeV)

n fw(n)

0.83—0.89
0.10-0.14

(0.84-2.6) X 10-'
(0.5-1.7) X 10-'

0.63
F (n)

1

0.11-0.17
(0.91-2.8) X 10-'
(0.5-1.7) X10-'

fw(n)

0.80—0.86
0.12-0.16

(1.7—3.9) X 10
(2.3-6.4) X 10-'

1.8
F (n)

1

0.14—0.20
(2.0—4.5) X 10
(2.3-6.4) X 10-'

ance of the transverse mass to transverse boosts. As
discussed in Ref. 25, a top quark with a mass I, (M~
would greatly distort the Jacobian peak of the MT(e, PT)
distribution of 8'~ev in association with 2 or 3 jets.
Therefore, a detailed comparison of experimental results
with these distributions may reveal a top-quark signal or
allow an improved lower limit to be placed on its mass.

In e+e +n-jet events the Z peak is the dominant
structure of the e+e invariant-mass distribution. The
inclusive Drell-Yan (DY) cross sections for Z, y*~ee
production are shown in Figs. 5(a) and 5(b) for the Spp&
and the Tevatron. The solid curves are the results with
an order-a, K factor from QCD corrections

K = 1+ ,'era, (M„)—

which gives K=1.4 for M„-Mz. The dashed curves
are for E = 1. Figures 5(c) and 5(d) are the corresponding
cross sections integrated over M„versus a minimum M„
cutoff. The DY cross sections for M„) 150 GeV at the
SppS and at the Tevatron are about 0.13 and 1.0 pb.
With an integrated luminosity of 5 pb ', there will thus
be about 0.7 and 5.0 such events at these colliders. If any
excess of DY events over the standard-model prediction
is observed, it presumably would indicate the presence of
new physics. A heavy Z boson predicted in many exten-
sions of the SM would be one such possibility.

Many new particles such as squarks and gluinos in su-
persymmetric extensions of the SM or leptoquarks pre-
dicted in E6 models and in composite models could
show up as monojet or dijet or multijet events with large

Thus SM gfT background calculations are needed in
the search for such new-physics signals beyond the SM.
Within the SM a dominant source of monojet, dijet, or
three-jet events balanced by a large pT is Z( ~vv)+n-jet
production. In comparison with the Z~ee cross section,
one might expect that the corresponding distributions
would have similar shapes, with a factor of 6 larger rate
for vv corresponding to the ratio of (Z~vv)/(Z~ee)

branching fractions. After detailed calculations includ-
ing the detector simulation described above, ratios of 7.7,
8.5, and 9.3 at the Tevatron are found for monojet, dijet,
and three-jet events, respectively. The change from the
naive value of six is due to the acceptance cuts on
charged leptons.

In Figs. 6 and 7 we present the ratios of different lep-
tonic decay channels of the 8' and Z versus the pz-
of the weak boson for production at the SppS and at the
Tevatron colliders. Parts (a) of these two figures give the
ratio

RD
Z —+ee

der( W~ev)/dpT

do(Z~ee)/dpT
(9)

while Figs. 6(c) and 7(c) give the ratio

Z ~vv
D W —+ev

dcr(Z~vv)/dpT
do( W~ e)v/ pdT (10)

Parts (d), (e), and (f) show corresponding ratios Ri [see
Eq. (6)] of the distributions integrated over pT( V) above a
minimum pT(V) cutoff. It was previously suggested'
that the ratios of cr(monojet)/o (ee+ 1 jet) and
o (monojet)/o (ev+ 1 jet) could provide an alternative
way of counting neutrinos in hadron collisions. By using
such ratios for higher jet multiplicity n as well, improved
neutrino-counting tests can be performed. The ratios of
Eqs. (8) and (9) may suffer from low statistics due to the
smallness of the branching fraction of Z ~ee, though the

Z~vv do (Z —+vv)/dpT
RD Z~ee dcr(Z —wee)/dpT

which is proportional to the ratio of the branching frac-
tions, modulo a correction factor due to the charged-
lepton acceptance cuts. The subscript D refers to the ra-
tio of differential cross sections. In Figs. 6(b) and 7(b) we
show the 8'-to-Z ratio

TABLE IV. Same as Table III but for Z(~ee)+n-jet events.

v's (Tev)
n

0
1

2
3

f (n)

0.85—0.9
0.09—0.13

(0.75—2.3) X 10
(0.42-1.4) X 10-'

0.63
F'(n)

1

0.10-0.15
(0.79—2.4) X 10
(0.42-1.4) X 10-'

f (n)

0.84—0.89
0.09—0.13

(1.4-3.1)X 10-'
(1.8—5.0) X 10

1.8
F (n)

1

0.11-0.16
(1.5-3.6) X 10-'
(1.8—5.0) X 10
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TABLE V. Predicted 8'(~ev)+n-jet to Z(~ee)+n-jet event ratios Rl as defined in Eq. (6) at
SppS and Tevatron energies.

+s (TeV)

0.63
1.8

7.8
7.0

n=1

8.6
9.1

8.9
9.3

n=3

9.5
9.4

7.9
7.3

8.7
9.2

n&2

8.9
9.3

n~3

9.5
9.4

IV. DISCUSSION OF UNCERTAINTIES

The results presented in the previous section depend
somewhat on the assumptions made in our calculations
and varying these assumptions will alter our numerical
results. These variations are of two kinds: theoretical er-
rors due to our imprecise knowledge of structure func-

10

0
I

-2
10

bD
10

(a)
n 0&

I

pP-W+ n jets
L-ev

10

cy I

-2
I 10

X
b

10

(b)

1500 50
p~(e)

(c)
1O—

/e - npl
C9

CL -2-
b 10

10 p

100
(GeV)

I I

pp-W+ n jets
&ev

(d)
10

49
C)

1

I
X

10
b

4
50 100 150 200 0

p (e) (GeV)

50 100

I I I

„-p ~~ ~s =1.8 TeYn-
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50 100 I50 200
M (e, ~ ) (GeV)

FIG. 4. Distributions of electron transverse momentum pT(e)
and W transverse mass Mr(e, gr ) for pp ~W+ n jets at
&s =0.63 TeV (a) and (b), and at &s = 1.8 TeV (c) and (d).

signal is clean. The small Z(~ee)+n-jet counting rate
can be avoided by normalizing with respect to the
W(~ev)+n jet ra-te as in Eq. (10). The two options cor-
respond to a tradeoff between statistical errors and sys-
tematic errors. However, as we shall see in the next sec-
tion, the systematic errors are relatively small due to a
cancellation of uncertainties in the ratio, and hence the
(Z~vv)/(8'~ev) ratio of Eq. (10) should be very use-
ful for neutrino counting. In the results presented in
Figs. 6 and 7 three generations of light neutrinos are as-
sumed. One additional light vv pair would increase the
ratios of parts (a) and (d) in Figs. 6 and 7 by 33%, parts
(b) and (e) by 6.7%, and parts (c) and (fl by 25% due to
the change in branching fractions. Therefore, precise
measurements of these ratios would provide further infor-
mation on the number of light neutrinos. Note, however,
that the ratios of Eqs. (9) and (10) could be also affected
by contributions from heavy-top-quark pair production
with one t decaying via t ~bev, especially for n 2 jets.

tions or the arbitrariness of the choice of scale in the
strong coupling constant and "experimental" errors
which arise from the need to match experimentally ob-
served quantities, such as the energy deposition inside
calorimeters, to parton-level four-momenta, which we
used in our simulation. We start by considering these
latter uncertainties which can be quantified by varying
the kinematical cuts.

As one might expect the results are not very sensitive
to the precise values of the pT and g cuts on the charged
leptons. The insensitivity to the pT(e) cut is due to the
clustering of lepton transverse momenta near the Jacobi-
an peak in the pT(e) distribution [see Figs. 4(a) and 4(c)].
We also find that small lepton rapidities dominate.
Even a very stringent cut such as Ig(e)~ ( I reduces the
Tevatron 8'+3-jet signal with ~t)(e) (2.5 by 40% only
and the Z+3-jet signal by 65%. In Figure 8, where we
plot the hR distributions for %+2,3-jet events at the
Tevatron, we can see that the leptons are usua11y well iso-
lated, with minimum electron-jet separations exceeding a
median value of AR = 1.5 even in the 8'+ 3-jet case.

While the matching of simulated and experimental cuts
on the charged leptons should not pose any problem, our
predictions depend much more critically on the jet
definition. From a theoretical point of view this is obvi-
ous, because our tree-level calculations exhibit collinear
and infrared singularities which lead to divergent results
at small jet-jet separations and at low jet transverse mo-
menta. The collinear singularity shows up in Fig. 8 as a
strong enhancement as ERjj~0 The effect of this singu-
larity at small bR" is somewhat mitigated by the peak
around AR "=m, which is of kinematical origin. As a re-
sult the cross sections are not very sensitive to the actual
value of the jet separation cut. Increasing the cut from
hR")0.7 to AR" &1.0 reduces the W+3-jet rate by
less than 25% at the Tevatron energy.

By contrast, the dependence on the pT(j) cutoff is
much more dramatic. Figures 9(a) and 9(b) show the
pT(j) distributions for the slowest jet and Figs. 9(c) and
9(d) show the cross sections integrated above a pT(j)
cutoff, for W+n-jet events at the Tevatron. Increasing
the pT( j) cut from 10 to 15 to 20 GeV reduces the in-
tegrated cross section from 11 to 3.9 to 1.7 pb for 8'+3-
jet events at the Tevatron. The correct matching of
parton-level transverse momenta with experimentally ob-
served jet values is mainly a problem of detector and
hadronization modeling which can be solved by gauging
against purely QCD-induced multijet events.

In addition to these experimental uncertainties there
are several theoretical ambiguities in the calculations.
We have first studied variations arising from the different
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choices of parton distribution functions and we found
that there was no appreciable difference in our results us-
ing the structure-function set I of EHLQ (Ref. 23) and set
I of Duke and Owens.

A much larger source of uncertainty is the choice of
energy scale Q in the strong coupling constant a, (Q ).
Since the 8' Z+n-jet cross sections are proportional to
(a, )" the QCD predictions at the tree level can be
changed substantially, especially for 8', Z+3-jet events.
Without one-loop calculations available to reduce this
scale uncertainty the proper choice of scale may be re-
garded as a fit parameter in the comparison of theory and
experiment.

In the calculations presented thus far, we have made
the choice Q =s, the subprocess c.m. energy squared, in
the evaluation of the QCD running coupling constant
a, (Q ). We have also studied four other choices for Q:
namely, (i) the W-boson mass squared Q =M~, (ii) the
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lower-pT( j) region.



2896 V. BARCxER, T. HAN, J. OHNEMUS, AND D. ZEPPENFELD

1.4—

1.3—
hl

lK
1.1—

1.0—

pp- W+1 jetL

2+5
( )

I
1

I
1

I

pp- W+ 2 jets
Lev

~s= 1.8 TeV2.0—
(cn

OJ

1.5—

2
E~

1.0— s

3e5
( )

1 (
I

J
I

pp-W+3 JetsI3.0—

2.5—
(cn

2.0—
C3

1.5—

1.0—

0.9
0

I I I I I

100 200 300

p,(W) (Gev)

1 ( I 0.50 100 200 300 0
p (W) (GeV)

I ( I

100 200 300
p (W) (GeV)

FICx. 10. pr(W) distributions for different choices of a, (Q ) for pp~ W+n jets for (a) n= 1, (b) n=2, and (c) n=3 at the
Tevatron. The choices of Q~ are described in the text. The curves are normalized with respect to the distribution with Q =s, defined
as R (Q /s) in Eq. (11).

for 8'+n-jet processes at the Tevatron are shown in Fig.
10 for n =1,2, 3. The choice of Q =s gives the smallest
production of monojet, dijet, or 3-jet events balanced by a
large Pr and an electron.

As is apparent from Fig. 10 the actual 3-jet rates may
be larger by up to a factor of 3 than the results with the
Q =s scale choice. This large theoretical uncertainty
which is introduced by the arbitrariness of the scale
choice at the tree level immediately poses the question to
what extent the ratios of cross sections presented in Sec.
III are uncertain as well. In the (Z —+vv)/(IV~ev) ra-
tios, for example, a factor of 3 error would render com-
pletely unobservable the effect of a fourth neutrino
species, which would enhance this ratio by 25%%uo. We
find, however, that varying the scale Q has practically
identical effects on the 8'+n-jet and Z+n-jet spectra.
The ratios of the pz(Z) distributions to the analogous
pz. ( W) distributions in Fig. 10 never differ by more than
3% for the various Q -scale choices. Hence the ratios of
8'/Z distributions and the (Z~vv)/(Zee ) ratios are
completely unaffected by changing the scale Q, and simi-
larly we expect other uncertainties to cancel in the same
manner. The ratios presented in Sec. III should thus be
reliable at the few percent level in the low-pr( V) region,
which corresponds to the numerical uncertainty of our
Monte Carlo simulations. Even in the high-pz- region
this numerical error does not exceed 10%.

V. CONCLUSIONS

In this paper we have systematically studied V+n-jet
production (n ~ 3) in high-energy pp collisions for
V = O' Z, or y . Our calculations are based on complete
tree-level evaluations of V+(n +2)-parton amplitudes in
the framework of perturbative QCD, using amplitude
techniques. We have checked our numerical tools against

other independent calculations and found excellent agree-
ment.

The resulting distributions of pr( V), pr(e), Mr(e, fr),
and M„ in V production in association with n jets
are important for studying the properties of V produc-
tion and for understanding backgrounds in new-physics
searches. We have presented predictions for the
(Z~vV)/(Z~ee) and (Z~vv)/(8'~ev) ratios which
may be used in neutrino counting. These ratios are essen-
tially independent of the choice of scale in the strong cou-
pling constant.

Our results are in general not very sensitive to the lep-
ton acceptance cuts; however, n-jet production rates are
very sensitive to the jet definition, in particular to the
pr(j) cutoff. The uncertainty from the parton distribu-
tion functions is not appreciable. The main theoretical
uncertainty rather arises from the arbitrariness, at the
tree level, of the QCD energy evolution scale Q, which
enters the running coupling constant a, (Q ). The scale
choice of Q =s gives the most conservative production
rates, while other possible choices lead to predictions of
the cross sections which are larger by as much as a factor
of 2 —3. The ratios of cross sections presented in Sec. III
are essentially free of these uncertainties, however, and
should provide for excellent tests of the standard model.
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