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We study the momentum unbalance in two-jet events which we have obtained with a two-arm calorimeter
array at Fermilab. Although the unbalance is relatively sharply peaked near zero, the rms unbalance is
considerably greater than that due to instrumental effects alone. We interpret the unbalance as being
principally due to effects of parton transverse momentum K~. We give results for the resolution-corrected
rms unbalance (approximately equal to IC~) for a range of values of jet p~. pp collisions are studied at three
s values, and m+p collisions are compared with them at two of these s values. The results are compared
with information on K~ obtained from other experiments, principally experiments on dimuon production,
Implications of the similarities and of the differences are discussed.

I. INTRODUCTION

The transverse momentum g~ of partons in a
hadron has recently attracted considerable atten-
tion for two reasons. If K~ is sufficiently large,
it may partially explain the apparent failure of
the single-particle high-P~ spectrum to exhibit the
expected P~ ' dependence of simple hard scatter-
ing." In addition quantum chromodynamics (QCD)
should be able to calculate the details of that part
of the K~ spectrum due to the radiation of gluons
before and after the hard scatter. ' Because of this,
information on the E~ spectrum may serve as a
test of QCD.

Previous exper imental r es ults have come pr i-
marily from two types of measurements: (1)
Noncoplanarity of hadrons in single-hadron-trig-
gered high-Pr studies and (2) transverse-momen-
tum measurements of dimuons produced in hadron
collisions. In the high-P~ single-hadron-trigger
studies, carried out principally at CERN ISR, the
noncoplanarity of the triggering hadrons with
-respect to other single hadrons in the opposite-
azimuth hemisphere has been measured and des-
cribed with a variable P,„„the momentum com-
ponent of the away hadron which is orthogonal to
the scattering plane defined by the beam and trig-
ger particle. The first of these measurements,
by Darriulat et al. at the ISR, gave a mean mag-
nitude of about 500 MeV/c for P,„,. Similar re-
sults have been reported by Della Negra et al. at
the ISR.' P,„t values as measured for single

away-side hadrons have also been reported by
Bromberg ef aL, ' who found (P,„,) = 350 MeV/e.
These values, all roughly similar, have been
interpreted to imply 0.49 s (Kr') S0.58 (GeV/c)'
for a parton. "

More recently, the CERN-Columbia-Oxford-
Rockefeller (CCOR) group at the ISR has made
measurements for much higher values of P~ on
both the trigger-side and the away-side hadrons.
They have found that (P,„,) shows a continuing
increase with P~ of the away-side hadron, reach-
ing values above 1.2 GeV/c for Pr (away-side
hadron) of 5 GeV/c or more. ' From their results
it is evident that (P,„,) increases both with P„of
the triggering particle and with P~ of the away-
side hadron, at least for dihadron effective mas-
ses up to 10 GeV/c' or more. Their new larger
values of (p,„,) at higher pr indicate that (Kr') is
larger than previously indicated in high-P~ had-
ronic events.

Production of dimuon pairs in hadron collisions
also relates to the g~ spectrum of the partons
since the basic reaction is presumably a quark-
gluon or quark-antiquark collision. ' lf the trans-
verse momentum P~ of the dimuon' is thought of
as coming simply from the two colliding constit-
uents, then (K»') +(K~') =(pr'). For p-nucleus
collisions at 400 GeV experimental values" of
(Pr') increase with dimuon mass to a value of
(pr') = 1.9 (GeV/c)' which is approximately con-
stant for M„„above 5 GeV/c'. If one naively
assumes the colliding constituents contribute
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equally, then for the dimuon production one ob-
tains (Kr') =-,'(Pr') =0.95 GeV/c'. It is to be
noted that the mass dependence of (P„') for the
dimuon process shows a flattening above 5 GeV/c',
while for the dihadron events the CCOR data show
a continuing increase of (P,„,) with mass for
masses up to 10 GeV/c'.

We discuss in this paper a detailed study of K~
using the data obtained in a two-arm "jet-pair"
experiment. It was previously reported briefly" "
that in this experiment we have observed for the
first time approximate p~ balance in the two arms.
It appears that the p~~ygbalance gives information
on the magnitude of parton (Kr). We start in the
next section with a brief discussion of the nature
of hadron jets as -observed with a calorimeter
trigger.

II. HADRON JETS

If parton-parton collisions give rise to pairs of
hadron jets similar to those observed in e'e
collisions, "then one may hope to study K~ in par-
ton collisions by studying jet pairs. Although it
is not possible to define two jets in hadron colli-
sions with the same simplicity as in e e colli-
sions, two large calorimeters set to trigger
when the scalar sum of the collected p~ exceeds
a threshold appear to define a pair of high-p~ jets
in a useful. manner. """Jets thus defined tend
to balance p~, to yield expected mp and pp asym-
metries, "and to give a pion structure function"
that agrees both with data from the Drell- Yan pro-
cess" "and general theoretical expectations. ""
Results such as these coupled with our improved
understanding of the reasons why a calorimeter
is able to define a jet in a useful manner" "lead
us to believe that the information presented here
may be directly related to parton scattering.

In the discussion which follows we rely heavily
on one feature which we have found to be charac-
teristic of calorimeter triggered jets. Most of the

jets svhich trigger the calorimeter have a spatial
and momentum distribution such that a large frac-
tion of the jet momentum and jet energy is con
tained in the calorimetex. This fortunate result
is the simple consequence of the steep P~ spectrum
for jets at Fermilab energies [dN/dPr= exp(-3Pr)
to exP( —4Pr)]. Those jets which incorrectly re-
cord appreciably 1.ower jet momentum and jet
energy because of missed fragments tend to be
overwhelmed by lower-p~ jets which have less
momentum and energy missing. We have verified
this intuitive conclusion to our satisfaction both
exper imentally" and with extensive Monte Carlo
calculations. "

III. APPARATUS

All data presented here were collected from an
18-in. liquid hydrogen target viewed by two calori-
meter arms. " At each energy we have used only
data collected when the calorimeters were posi-
tioned such that each arm subtended -1.5 to -2 sr
centered around 90 in the center-of-mass system
(c.m. s.). Six drift chambers located between the
target and the calorimeters were used to identify
sources of background and to study whether events
originated in the target.

Target-empty rates were about 20% of target-
full rates at every P~ value. The drift chamber
information showed that the origin of these events
was in the target wall and superinsulation, in tar-
get-empty gas, and in the scintillator immediately
preceding the target. The apparent P~ for these
last events is only a few percent greater than their
true P~ so that no correction is made for their
vertex location. We found no signif icant diff erence
in the P~ depedence of target-full and target-
empty data and have made no subtraction for this
background in the distributions presented in this
paper.

For runs at 130 and 200 QeV the left and right
calorimeters subtended approximately the same
c.m. s. solid angle. At 400 GeV the right calori-
meter subtended a solid angle -20% larger than
the left calorimeter. At this energy some seg-
ments at the edge of the right calorimeter were
omitted in the software tr.igger to symmetrize the
two arms for subsequent K~ analysis. We have
checked that this software reduction in the size of
the right calorimeter does not affect the standard
deviations of the p~ unbalance reported below.

IV. TRIGGER

Data were recorded for an event when the scalar
sum of P ~ in the two arms exceeded a preset
threshold pu, :

I pr(left) I
+

I pr(right) I
& ps, . Three

such thresholds were used in order to keep the
copious lower-P~ events from dominating the
trigger.

The highest threshold required the P~ hardware
sum to be greater than about 6 GeV/c. A scatter
plot of data taken with this threshold is seen in
Fig. I for 400-GeV/c'PP events. The plotted
points are the magnitudes of the software sums
of the pr(left) and p„(right) vectors, calculated
by summing over all the individual calorimeter
modules.

A software cut has been made along the line

Ip, (left) I+ Ipr(right) I=6 GeV/c which corres-
ponds roughly to the hardware threshold. In addi-
tion a very small number of events has been ex-
cluded because of unphysically large signals in
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FIG. 1. Scatter plot of the uncorrected software
scalar sum of p z captured in the left calorimeter arm
vs that captured in the right calorimeter arm for a
trigger which requires p z(left)+p z(right) & 6 GeV/c.
Beam particles are 400-GeV/c protons.

one module. Most of these appear to come from
noise or large energy deposits from muon-pro-
duced 5 rays.

A prominent feature of this scatter plot is the
tendency for the P~ collected in the left arm to
balance that collected in the right arm. There is
no restriction in the trigger itself that would pre-
fer such a balance. In fact this balance does not
occur in a double-arm dihadron experiment which
collects only one hadron in each arm. " As will
be seen later, the balance we observe is much
sharper than one can perceive in a simple scatter
plot.

V. EVENT SELECTION

For the purpose of this study we have made a
fiducial cut which restricts analysis to events
which have the two jets directed in the laboratory
at the central areas (+10' in c.m. s. azimuth and

polar angles) of the respective calorimeter arms.
About 15 to 20 percent of the events survive this
central-region cut. We define a jet direction by
the vector sum of observed momenta in the calori-
meter modules of a particular arm. The original
intent of this selection was to limit our sample
of data to events in which almost all of the energet-
ic jet fragments were captured by the calorimeters.
We note that even without fiducial cuts the trigger-
ing events are heavily concentrated in these cen-
tral regions of the calorimeter arms. This is
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FIG. 2. x-components of the transverse-momentum
unbalance for two jets having an average transverse
momentum, p zz, of 3.0 GeV/c per jet. Transverse-
momentum unbalance is also the magnitude of the vector
sum qf the transverse momenta of the two jets. Dihad-
ron data for a dihadron mass of 6.6 GeV/c is propor-
tional to invariant cross section taken from Bef. 26.

because the steeply falling P~ spectrum for jet
production strongly favors a trigger for those
events in which almost all of the jet energy is
collected, as discussed in Sec. II.

If we define a coordinate system having an x
axis in a horizontal plane containing the beam and
the calorimeter arms and having a vertical y axis,
then this event selection constrains P» of the di-
jet system to small values while leaving P» un-
constrained. In terms of the transverse momentum
of parton constituents this event selection would
remove from our data sample those scatters
whose initial parton pair had a net component of
transverse momentum (greater than -600 MeV/c)
perpendicular to the plane containing the beam
and calorimeter arms.

We thus present only the unbalance P» in the x
component of the transverse momentum for the two

jets." If the two colliding partons, 1 and 2, are
assumed to have similar K~ distributions, then
(Kr')'I' of a single parton is the same as (Prz')'".
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(Prx & =&A rxi ) +&If:rxa &

= &Ifrxi ) + Arri &
= 8'ri &.

Therefore in what follows (Prx')'~' may also be
interpreted as the rms transverse momentum of
a single parton after applying some corrections
to be discussed in Secs. VII and VIII.

Figure 2 shows a sample logarithmic plot of the
distribution of this transverse-momentum un-
balance centered in a band 0.8 GeV/c wide in a
region of average transverse momentum P»
= t Pr&left) +Pr(right)]/2. 0 = 3.0 GeV/c. It is strong-
ly peaked at P» near zero and has a Gaussian
behavior. Unlike the dimuon"" experiments we
are unable to see a significant deviation from
Gaussian behavior, and our first and second mo-
ments are simply related by (Pr)' =m(Pr')/4,
where (P„')=2(P»'). As a result we will here-
after mainly confine our discussion to (Prx').

Resolution Corrected Data

400 GeV/c
(a)

1.4-

l.2-

using data from PP collisions with various values
of the scalar sum P» =[(pOeft) ~+ (pr(right) ~j/2. 0.
These values of p» correspond to bands of events
orthogonal to the diagonal in Fig. 1. A value of

p» is the average transverse momentum of the
two jets in an event. For values of P» below -1.5
GeV/c the range of P» in the selected bands be-
comes limited by their intersection with the coor-
dinate axes of Fig. 1. No attempt is made to de-

VI. DISTRIBUTION OF MOMENTUM UNBALANCE;
COMPARISON OF n+p AND pp COLLISIONS

The value of (P~') for the dijet is calculated
directly from events meeting previously discussed
selection criteria. It is in fact the square of the
standard deviation of P» about the mean value of

The experimental mean value is not neces-
sarily zero, but it is zero zvithin statistical lilt-
ations for all data points presented here.

Figure 3 shows values of (prx')'~' calculated
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FIG. 3. Measured rms value of the x component of
the transverse momentum of a jet pair as a function of
the average transverse momentum, p ~, of a jet in the
pair. Points are data, and curves are Monte Carlo
estimates of instrumental effects. Monte Carlo results
at 130 and 200 GeV/c are identical.
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FIG. 4. rms value of the x component of the dijet
transverse momentum after Monte Carlo correction for
instrumental contributions as a function of the average
transverse momentum p zz of the two jets in an event.
(a) 400-GeV/c pp data. (b) and (c) Comparison of pro-
ton and pion projectiles at 200 and 130 GeV/c. Pion data
is plotted 300 MeV too high in p ~ in order to improve
clarity.
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'fABLE I. The rms value of the x-component of the dijet transverse momentum corrected
for instrumental resolution is tabulated at three different beam momenta as a function of the
average transverse momentum transfer in an event pr~ ——Ipr(left)+pz, (right)l4. 0. Data for
pion and proton beams are listed separately except at 400 GeV//c where a pion beam was not
available.

Beam momentum
(GeV/c)

130

200

400

~TA
(GeV/c)

1.9
2.3
2.7
3.0
3.4
37
2.3
2.7
3.0
3.4
3.7
4.1

2.3
2.7
3.0
3.4
3.7
4.1

Prx(rms)
protons
(GeV/c)

0.81+0.04
0.72 + 0.03
0.82 + 0.02
0.82 + 0.04
0.93+0.09
1.02 + 0.23

0.90'+ 0.08
0.89+ 0.12
0.94+ 0.04
1.00+ 0.07
1.03+ 0.17
1.06+ 0.34

0.93+ 0.08
0.99+0.08
1.15+ 0.03
1.18+0.04
1.33+ 0.08
1.30 + 0.13
1.39+0.24

pz x(rms)
pions

(GeV/c)

0.78+ 0.07
0.75 + 0.06
0.87 + 0.04
0.85 + 0.06
1.07+ 0.16
1.01+0.29

0.81+0.09
0.73 + 0.16
0.93+0.08
1.07+ 0.14
1.12+ 0.30

termine (P»') for Pr„below 1.5 GeV/c.
One can see that uncorrected values of (P»') in

Fig. 3 exhibit a definite dependence on the incident
beam energy. A similar dependence is seen in
hadron production of dimuons. Figure 3 also indi-
cates that (P»') may increase somewhat with in-
creasing P», especially in the 400 GeV data.

Figures 4(a), 4(b), and 4(c) show data which have
been corrected for instrumental resolution as des-
cribed in the next section. Figures 4(b) and 4(c)
make comparisons of (P»') values obtained from

mP collisions with those obtained in PP collisions
for beam momenta of 200 and 130 GeV/c. Data
used in these plots are given in Table I. The mP

data points have been displaced to a higher P» to
make them distinguishable from the PP points. The
similarity of (P» ) for our vP and PP data is dis-
tinctly different from what is observed in dimuon

experiments where mÃ data give a transverse
momentum that is systematically higher by about
20% than that obtained from pN data. "'"

VII. MONTE CARLO CORRECTIONS

In order to obtain a more precise value for (Prr')
one must unfold various instrumental contributions
to the measured values presented thus far. A

major source of such instrumental contributions
to the observed momentum unbalance comes from

the energy resolution spread in the calorimeter,
the angular uncertainty resulting from the finite
size of calorimeter segments, and uncollected
jet fragments.

To estimate these effects we have constructed
a Monte Carlo program which generates jets of
a given P~ in the hadron-hadron center of mass.
The P~ spectra of the Monte Carlo jets generated
are taken to be exponential with the slopes ob-
served experimentally. Jets are th.en allowed to
fragment randomly into pions (—', neutral and —',

charged) with a flat distribution in rapidity y:
[1/o(do/dy) =2]." The transverse momentum of
the pions with respect to the jet axis is Gaussian
in each dimension with a width of 300 MeV/c.
The shape of the rapidity spectrum for jets gen-
erated in this way compares favorably with that
observed at SPEAR."

Monte Carlo-generated jet-pair events are
subjected to the same selection criteria applied
to real events. Experimentally measured energy
resolution is imposed. (See Ref. 31.) A crude
spread of hadron-shower energy into adjacent
calorimeter segments is assumed which is consis-
tent with our measurements of this effect in a
test beam.

The values of (P»') obtained by the Monte
Carlo program are approximated by the smooth
curves in Fig. 3. In applying these results to ob-
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tain a corrected value of (prx') (see below) we
have assumed a random combination of true P ~
and instrumental P~, giving

(i TX ) corrected (t TX ) raw data (PTX )inatrnmental

VIII. OTHER CORRECTIONS

When the Monte Carlo corrections described in
the previous section are subtracted from the
prx(rms) values shown in Fig. 3, the resulting
corrected values of prx(rms) continue to show an
increase with P» and with s. Before drawing con-
clusions as to the preciseness with which these
corrected P ~x values give the parton K~, we dis-
cuss several other corrections which in principle
should be made to the data. We can make rough
estimates of the magnitudes of almost all of these
effects. Our estimates, described below, indicate
that the growth of P~~ with P» and particularly
with s, probably represents a true increase of
K~ with these variables.

In the following, we are interested in two ques-
tions for each type of possible correction effect:
(1) Is p» cjtdtttgsd by that effect? (2) if it is
changed, can we estimate whether the change will
have a systematic dependence on pr„and/or on s'?

A. t variation with p~x

The dependence of the parton cross section
de/dt on the square of the four-momentum trans-
fer t will have an effect on the values of (p»')
that we measure. This occurs because a band of
fixed P» does not correspond exactly to a region
of fixed t. Larger unbalances in jet transverse
momenta will be fed on the average by collisions
with smaller t. Since in general the parton-par-
ton scattering cross section can be expected to
increase as t becomes smaller, larger values of
the transverse-momentum unbalance will be
weighted more heavily. '

Using the QCD forms of dg/dt given by Com-
bridge et al. ,

"we have made Monte Carlo calcula-
tions to estimate the percentage increase in our
measured (P»a)t~' from this effect for each
species of parton-parton collision without regard
to the relative weighting of the structure functions.
A Gaussian K~ distribution for the partons was
assumed with a fixed rms value of 0.7 GeV/c. For
all permutations of colliding parton species the
percentage increase in (P»')t" was about 4% at
P»=3.0 GeV/c and 290 at P»=4.0 GeV/c. At
pT„=2.0 GeV/c, however, the percentage in-
crease is about 12% for unlike quarks and 6%%uo or
less for other permutations of partons, so that a
good estimate would depend on the relative struc-
ture functions for the various parton species and
on our relative detection efficiency of them.

Thus in this model we conclude
(1) (p»')'~' is less than 4%%uo larger than g T(rms)

for values of p T„greater than 3.0 GeV/c, and

(2) this effect tends to make the measured (P»')' '
decxease with, increasing P».

B. Jet-capture efficiency and geometry effects

We discuss here three types of possible effects
fr om detector geometry. Cons ider first an event
inwhich a jet pair with given cvalues is produced,
with each jet aiming at the fiducial solid angle re-
gion of its arm. There is some detection effic-
iency, &, , which depends on the probability that
each jet will fragment "compactly, *' so that es-
sentially all of the jet's momentum and energy is
directed toward the detector. (see Sec. II and

Refs. 15 and 23.) The question then arises as to
how ef,~ might vary with P~~—i.e. , with trans-
verse motion of the parton-parton rest systems
with respect to the beam direction. This is an
important theoretical question but a very difficult
one. We know of no theoretical guidance as to the
answer. We can give some results bearing on this
question, however, based both on simple models
and on experimental information.

(1) en has no first-order dependence on P».aa

(2) There is experimental evidence which indi-
cates that sf~ is not varying significantly with

35~ 2'X'

A second type of possible geometry effect which
could introduce a "spurious" change of (Prxa) with

s occurs because the calorimeter arms were re-
positioned at each beam energy to compensate
roughly for the change in Lorentz contraction
effects with changing beam energy. It was not
possible to preserve exactly the same c.m. s.
geometry for every beam energy. Consequently
6 f gg the effective "detection efficiency" averaged
over the fragmentation modes of the jets, could
be expected to change from one beam energy to
another. To some extent our Monte Carlo sub-
tractions should compensate for this geometry
effect. The Monte Carlo corrections, and their
change with beam energy, are quite small. We
therefore believe that this geometry effect is not
likely to be producing a substantial spurious rise
in (prx ) with s—but it must be realized that this
conclusion rests on our belief that our Monte
Carlo jet model is not grossly in error in giving
an instrumental correction to (prx') which is
relatively small.

A third type of detection-efficiency effect occurs
because the left arm is not as thick as the right
arm. " As one goes to higher s and higher P»,
the laboratory energies of the jet fragments in-
crease, and nonelectromagnetic hadron fragments
may tend to give increasing leakage out the rear



STUDY DF PARTON TRANSVERSE MOMENTUM USING JETS.. .

of the calorimeter array. From our understanding
of the trigger-bias effect pointed out by Dris" we
do not believe this increasing leakage affects
P»(rms) for the events observed, but this thick-
ness effect might cause a different relative inten-
sity of gluon jets detected compared to quark jets
detected at 400 GeV and at high p» as compared to
the relative intensity detected at lower P» and

lower s. Conceivably this change could affect the
behavior of P»(rms) as a function of s and of Pr„.
%e are not able to calculate this effect quantitat-
ively.

D. Effects from final-state radiative Iluon jets

In a parton-parton scattering process "brems-
strahlung" gluons may be emitted by the scattered
partons as well as by the initial partons. Such
radiative gluons must be expected also to form
jets, and we have no way to determine how much

Resolution Corrected Data

0 I30 GeY/c

a 200 GeV/c

o 400 GeV/c

l.2-
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FIG. 5. rms value of the x component of the dijet
tr'ansverse momentum as a function of the average jet
transverse x, x &~= 2p ~/Ws, for pp collisions at three
different beam energies. Data points are corrected
by the Monte Carlo program for contribution from in-.

strumental fluctuations.

C. Multiplicity effects

As s and P~ increase, the multiplicity of frag-
ments in the beam jet and in the high-P~ jets in-
creases. Secondary interactions in the hydrogen
target can thus give an increasing rms unbalance
(P»')'~'. We have estimated the magnitude of
this effect and we find it to be small compared to
the observed increase in the resolution-corrected
(P»')'~'. In addition we have measured (P»') for
target lengths of 6 and 12 in. and find the value is
independent of target length. This tends to support
the same conclusion.

our measured jets, and (P»'), are affected by
partial capture of these soft radiative fragments.
It does seem probable, however, that in general
some but not all of these radiative fragments will
be captured along with fragments from the scatter-
ed parton. If we could correct to the case in
whichno radiative fragments were captured, we
could expect that (P»')'~' would be larger. Since
bremsstrahlung effects in QCD are expected to
increase with P~ and with s," it seems likely that
the increase in our (P»') values with Pr and with
s would become an even larger increase if we
could exclude radiative gluon fragments from the
detector.

We summarize the discussion of this section.
To the best of our ability to estimate the charac-
ter of the effects discussed here, these effects do
not seem likely to give any appreciable spurious
growth of (P»') with Pr and with s. Some of the
above effects, in fact, seem likely to produce a
decrease in the apparent value of (p»') with in-
creasing P~ and increasing s.

IX. DEPENDENCE OF &pzz) ONxzz AND ON
ENERGY

Figure 5 is a plot of (P»')'" for PP collisions
versus x»=2P»/Ws as corrected by the Monte
Carlo program for instrumental effects. The de-
pendence on incident beam energy is seen to per-
sist after correction for these instrumental ef-
fects.

The energy dependence of P» suggests that a
scaling law may apply. ' The simplest form would
be (p»') =&(x»)s, where s is the invariant
energy squared of the colliding hadrons, F is some
function of unitless variables, and xr„=2Pr„/Ws.
However, most attempts to describe E~ recognize
a primordial g~ in the hadrons which is not des-
cribed by the gluon radiation in QCD. This sug-
gests the addition of a constant term (P~') to the
scaling law.

&P,.') =F(,.)"&P ').
Figure 6(a) is an attempt to plot (p»') from pp

collisions as a function of center-of-mass energy
squared for several values of x» having the best
statistics. There is a definite increase in (p„„)
with energy and possibly some dependence on x».

, We have explored the usefulness of the above
scaling relation by trying a X2 fit to our entire
sample of data for two arbitrary forms for F,
F = constant and F = constant && x». The first func-
tion gives (p»') = (0.00125+ 0.000 10) x s +(0.353
+ 0.042) (GeV/c)' with a y' confidence level of 1.5%.
This confidence level might be considered adequate
for data with the systematic errors of our experi-
ment. The second function gives
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(p ') = (0.007 23+ 0.000 55)x „s+ (0.0750+0.059 8) (GeV/c)'

with a X' per degree of freedom of 0.94 and is thus
certainly sufficient to describe the present data.
This latter fit along with the data used is shown in

»g. 6(b).
The first fit implies a primordial transverse

momentum of 594+ 35 MeV/c and the second im-
plies a value of 270+ 111 MeV/c where the errors
are statistical only. It is apparent from these re-
sults that extrapolation to s =0 depends sensitively
on knowing the correct scaling law to use.

X COMPARISON OF &pT~2)1/2 V(1TH DIMUON
RESULTS AND V(1TH OTHER RESULTS

1.8-
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1.4-

OJ
~cL 1 0

f xTA=.a4s

X =.339

.6-

2-

A. Dependen e f pTL n pTA

In dimuon production (Pr)» at fixed s and at
rapidity y near zero typically rises with the mass

M„& at low M» and then clearly flattens at higher
M„„. This occurs both for pN collisions" and for
g& collisions. '

Since the transverse momenta in our dijet ex-
periment nearly balance and both jets are roughly
at 90 in the center of mass, P» is closely rela-
ted to the dijet mass M«by M«=2(P»'+M~')"'
The average mass of a jet varies with P», but
M~ = 2 GeV/c' in the range of this experiment.
Thus our dijet data with P» from about 2.5 to
4. 5 GeV/c have Mzz ranging from about 6 to 10
GeV/c'. In this interval we observe (Fig. 5) that
for beam energies of 130 and 200 GeV the correc-
ted p» is approximately independent of MJJ but
for 400 GeV it shows a definite increase with
mass.

Thus the dijet data indicate that at 400 GeV
(pr)~~ increases somewhat with M« in contrast to
the flatness of (Pr)» with M» for the same range
of mass —i.e. , for the same range of parton x
values or of v r =M/Ws. Lederman" suggests that
the flattening of (Pr)» may be due to the dominance
of quark-glgon collisions in the PN case. We note
that the dijet process differ's from the dimuon
process for PN collisions in three respects: (1)
quark-quark collisions can readily contribute,
(2) the QCD diagrams which contribute to (Pr) for
the two types of collisions can be very different,
and (3) the target is not a complex nucleus as it is
in the dimuon experiment.
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s (Gev)

800
B. The magnitude and s dependence of &pT)&& compared

to &PT&„„
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FIG. 6. The dependence of the x component squared
of the dijet transverse momentum as a function of (a)
center-of-mass energy squared for three different values
of average jet x z& and (b) the product of x z& and center-
of-mass energy squared. The line is a y

2 fit to p zz2
=ax ~s+b.

The dashed line in Fig. 7 shows the fitted energy
dependence of (pr')» presented by Yoh et af. ,

38 for
P~- dimuons with M„„&5GeV/e'. We compare this
to a fit of our values of (Pz,') =2(Prx') at M«= 7.0
GeV/c' (pr„=3.0 GeV/c) where we have the best
statistical accuracy. Two points are of interest
here. (a) The dijet system has a transverse mo-
mentum which appears to be systematically higher
than that of the dimuon system at a particular
mass. As was pointed out earlier in this section
the QCD diagrams contributing to these two pro-
cessses are quite different, so one might expect
a quantitative difference. (2) The qualitative in-
crease of (Pr') with incident energy which one ob-
serves is anticipated by QCD for both processes,
and the intercept at s =0 might be interpreted as a
primordial transverse momentum associated with
colliding hadrons. Although the closeness of the
two intercepts suggests that the QCD picture of
parton collisions for these two processes may be
correct, it does not necessarily imply the correct
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data points for dijets were not scaled up to 225
Gev because the t correction discussed in Sec.
VIII might be expected to lower them by a compar-
able amount.

It would appear from Fig. 8 that PP- dijets has

(pr) that is more readily compared with zZ- di-
muons than with PN- dimuons. "The process
PN- dimuons should rely heavily on quark-gluon
collisions whereas all the other processes can
proceed most easily by valence-quark collisions.

C. Comparison with dihadron results for ppgt
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FIG. 7. Comparison of the energy dependence of
(p &2) for dimuons and dijets produced inpN and pp

collisions, respectively. The dimuon fit was taken from
Ref. 38.
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FIG. 8. A comparison of (p z) for dimuons produced
in 7 N and pN collisions with that for dijets produced in

pp collisions. pN and pp data are "scaled" from 200 to
225 GeV/o beam energy. (p r) is displayed as a func-
tion of dimuon and dijet mass, respectively. pN data
are from Ref. 29 and 7rN data are from Ref. 30.

extrapolation has been used to obtain the primor-
dial K~ of the partons.

Figure 8 compares the magnitude of (Pr) for
dimuon pairs produced in pN and pN collisions
with (Pr) of dijet pairs produced in PP collisions.
The PN data" were collected at 200 GeV and scaled
to 225 GeV using the energy dependence" of Fig.
V for comparison with the mN data. "

Since PP and sP collisions give the same (P„)
[see Fig. 4(b) and 4(c)] for dijets, we have dis-
played PP data only. For our Gaussian-distributed
data we use (P„)=(s/2)'~'(Prx')'". The 200-GeV

The CCOR collaboration has reported (p,„,)
values for a range of values of Pr(trigger s') and
Pr(away-side charged fragments). ' They give
data for v s =62.4 GeV. We note that in the coor-
dinate system defined above in Sec. I (P,„,) is (P»),
which is presumably approximately equal in mag-
nitude to (P»). Examining the CCOR results for
the case Pr(away) =Pr(trigger), one finds that (1)
their (P,„,)~d„„values for a given Pr are quite

'

similar to our (P~)@;„values for jets of the
same Pr, e.g. , -1 GeV/c for P»-5 GeV/c, and
(2) their (p,„,)~a~,„values continue to increase
with P~ up to the highest P~ values they give, -8
GeV/c (or -16 GeV dihadron mass). This increase
of (P,„,)~s d„„with Pr at v s =62 GeV is similar to
the increase in (P„z)di;„with P» at Ms=27 GeV
and different from the flat behavior of (p„)» above
5 or 6 GeV/c' mass at v s =27 GeV.

There is some indication that a significant vari-
able in the flattening behavior of (pr)» is perhaps
v r =M»/v s, rather than M» alone. The dimuon
data" indicate that flattening occurs above Wr
=0.2. In this connection we note that both the di-
hadron data of CCOR' and the present dijet data
show evidence of (pr) continuing to increase as
Wr goes beyond 0.2. The dihadron data go to
M„,~h,~= 15 GeV at v s =62.4 GeV, with evidence
that (P,„,) is still increasing. If these dihadron
events come fromjet pairs, then vs for the jet
pairs would be &0.2'5. The present dijet data at
v s =27.4 GeV indicate that (Prz) is continuing to
increase substantially as v r passes 0.2 (Mzz
= 5.5 GeV/c', Pr„= 2.5 GeV) and is continuing to
increase as vs goes to its limit in the present
data of -0.35.

XI. CONCLUSIONS

We have argued that the observed transverse-
momentum unbalance in the two-jet events we
have studied is due mostly to the transverse mo-
mentum of the colliding constituents. Evidence
is presented for the following conclusions:

(1) The transverse momentum obtained is
equal for mP and PP collisions in contrast to the
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difference observed in dimuon production in g&
and pN collisions.

(2) (Pr) grows with s.
(2) (Pr) increases with dijet mass at 400 GeV,

up to the highest masses seen (-10 GeV/c'), in

contrast with the flattening observed in dimuon
production at masses above -5 GeV/c'.

(4) The close similarity in magnitude of trans-
verse momentum in dimuon and dijet production
and the general similarity in s dependence con-
stitute strong evidence that both processes in-
volve parton collisions, with similar types of

partons entering in the two processes.
(5) The fact that the magnitude of (Pr) is closely

the same for dimuon and dijet production seems
to imply that there is no substantial additional
fluctuation in P~ introduced in jet formation from
a parton that is not experienced in dimuon forma-
tion.
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