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ABSTRACT

We present data on proton-proton collisions, obtained at the CERN Intersecting
Storage Rings, in which two roughly back-to-back m°'s of high transverse momentum
(pT) were produced. The angular distribution of the dipion axis relative to the
collision axis is found to be independent of both the effective mass m of the di-
pion system and the centre-of-mass energy Vs of the proton-proton collision. The
cross—sections do/dm at the two values of Vs satisfy a scaling law of the form
do/dm = G(x)/mn, where x = m(ﬂo,ﬂo)//g and n = 6.5 * 0.5. We show from our data
that the leading m° carries most of the momentum of the scattered parton. Given
this fact, the axis of the dipion system follows closely the direction of the
scattered constituents, and we exploit this to determine the angular dependence
of the hard-scattering subprocess. We also compare our data with the lowest order
QCD predictions using structure functions as determined in deep-inelastic scatter-

ing and fragmentation functions from electron-positron annihilation.

9.



The CCOR Collaboration has been performing a general study of high transverse
momentum phenomena in pp collisions at the CERN Intersecting Storage Rings (ISR)
[1-7]. In this paper we present data on events in which two roughly back-to-back
m%'s, each of high transverse momentum [2.5 < pT(ﬂ°) < 8 GeV/c], were detected.

It has been argued [8] that the cross-section for this type of symmetric process
is 'determined directly' by the hard-scattering subprocesses and, compared to the
single-particle high-pT cross-section, is relaﬁively insensitive to the so-called
Aprimordial or intrinsic transverse momentum of the incident partoﬁs. The 7%'s
were detected in two arrays of lead-glass éerenkov‘counters centred at 90° on
either side of the interaction region. Each array covers a polar angle 6 of +30°
around 90°, and an azimuthal angle ¢ of *20° around the median plane. They sit
outside an axial superconducting solenoid magnet which contains a set of drift

chambers used to determine the momenta of charged particles over the full azimuth

in a polar angle range of +37° around 90°.

The experiment usea two independent triggers. One, the 'pairs" trigger, re-
quired that at least 2.5 GeV of energy be deposited in any 3 X 3 matrix of coun-
ters in each lead-glass array; the other, the "inclusive" trigger required a
similarly localized energy deposition above 7 GeV in either array. Details of the
apparatus and method have been giyen previously [1—7]. The data come from an
integrated luminosity of 1.7 x 10%7 em™? at Vs = 44.8 GeV, and of 9.2 x 1037 cm™?
at Vs = 62.4 GeV. -

The data are presented using the following kinematic variables: m, the in-

0 system; cos 6*, the average of the cosines of the polar

variant mass of the m°rm
angles between the T°'s and the proton-proton axis in the frame where the dipion

system has no net longitudinal momentum*); Y, the rapidity of the dipion system

*) The reference frame used is found by transforming only along the original
collision axis. If the m°'s have different transverse momenta, the two polar
angles, 6**, are unequal; cos 6* is defined as the average of the cosines.
For small net Py, as required in this analysis, all definitions (Collins-
Soper, Gottfried-Jackson, etc.) become approximately the same. We have delib-
erately not transformed away the net Pp of the dipion system, since this is
affected by the jet fragmentation process. Our averaging procedure should be
less sensitive to biases from this effect.
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in the pp centre of mass; and P_, the net transverse momentum of the dipion sys-

T!
tem. These quantities are essentially those used in the analysis of hadronic di-

lepton production.

The analysis presented here is motivated by two experimental observations.
The first is that a high—pT 7% is usually produced as part of a collimated jet of
particles [9,10]. The second, to be shown below, is that such a m° typically
carries 70% or more of the total jet momentum and is very closely aligned with
the jet axis [10]. These observations are naturally interpreted in a hard-
scattering model where the jet is composed of the fragments of the scattered con-
stituent. The cross-section for high-pT constituent scattering is determined by
the structure functions of the incident protons and the fundamental scattering
process, which produce a steeply falling pf spectrum. When combined with the

® of transverse

fragmentation process, this makes it most probable that a single T
momentum P, arises from a collision in which a parton is pfoduced with transverse
momen tum pé just larger than Pp *) . In this picture, the mass of the dipion sys-
tem is a measure of the centre-of-mass energy of the two partons which undergo

the hard-scattering, and the angle of the dipion axis corresponds closely to the
direction of the scattered partons. As discussed later, a Monte Carlo calculation
gives explicit confirmation of the agreement in this model betﬁeen the angular

distribution of the basic hard-scattering subprocess and the angular distribution

of the axis of the final-state dipion system.

The fraction of the total jet momentum taken by the trigger particle, for
the "inclusive'" and for the '"pairs" trigger, has been extracted from the data as
follows. The jet direction is approximated by the direction of the trigger par=
ticle, in which case pT(jet) = pT(trig) + Z Py where p_ is the component of mo-
mentum along the direction of the trigger particle in the plane perpendicular to
the incoming protons, and the sum is taken over all charged particles with Pr >

> 0.3 GeV/c whose directions lie within

*) This feature of high-pp particle production was given the somewhat misleading
name of "trigger bias' (see Jacob and Landshoff [117).
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a) an azimuthal angle difference of #60° from the trigger particle;

b) -0.7 <y < 0.7.

The trigger particle rapidity is restricted to the range |y| < 0.4. In terms of
the standard variables, X, = px/pT(trig) and 2z = pT(trig)/pT(jet), (z) =

= 1/[1 + (Z(xe))]. The large acceptance for charged particles allows us to deger-
mine (Z(xe)(charged)), which is multiplied by 1.5 to give (Z(xe)(all)), assuming
that (Z(xe)(neutral)) is half (Z(xe)(charged)). We note that the approximation
4of the jet direction by that of the trigger particle is justified for large values

of z.

The data on (z) for single-particle inclusive triggers is shown in figs. 1
and 2 as a function of pT(trig) and xT(trig) [='2pT(trig)//§] for three values of
V/s. Note that as previously stated, the trigger m° carries a large fraction of
the total jet momentum. It is further seen that (z) is not a constant, as a simple
scaling model would imply, but depends onAboth Vs and pT(trig). At a given pT(trig),
(z) decreases with increasing vs, whilst at fixed Vs, (z) increases with pT(trig).
A scaling form of behaviour is recovered, however, when treating (z) as a function
of xT(trig) (fig. 2). Figure 3 shows (z) for all events satisfying the 'pairs"
trigger, with thg additional requirement that the two T°'s have an invariant mass
above 8 GeV/c?. For these events, z is caiculated for each trigger particle in-
dependently. Whilst (z) is significantly lower at low pT(trig) than it is for
inclusive triggers, it is still large enough to approximate the jet direction by

that of the trigger particle.

Analysis of the '"pairs" trigger data will be made using the variables m, PT
of the pair, and cos 9*, as previously defined. Figure 4 shows the mean value of
Py for pair masses abo§e 10 GeV/c?, as found from fits to the observed Py distri-
bution corrected for apparatus and trigger acceptance [10]. The (PT) may show a
tendency té increase slowly with mass and is larger thén for lepton pairs [4], as
would be expected. For the analysis of the mass and angular distributions, we

restrict the'PT range so that cos 6* will more closely approximate the scattering

angle of the two particles.

PR

P
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® + 7% + X at the

Figure 5 shows the mass dependence of the process p + p > 7
two values of vs; the Y interval is from -0.35 to 0.35, and the dipion system is
restricted to have P.<1.0 GeV/c and |cos e*l < 0.4; the data have been corrected
for the apparatus acceptance, which is flat over this region and has a value of

about 30%7 *), The quantity plotted is

+0.4 1

do _ * 4 *

= f d cos 6 f dP,(d"0/dm dY dP,, d cos 6%) . (1)
-0.4 0

The data extend from an effective mass of 8 GeV/c? up to 16 GeV/c? (see also

table 1).

In a scaling model, tlie croso=cection ran he expressed as the-product of
three terms: an angular term, a tcrm that depends on m/vs (S x), and a term that

depends on m.

The first test of scaling is made by simultaneously fitting the mass spectra
of fig. 5, obtained at the two values of Vs, to the form Am_nG(x). The results,
using two forms for G(x), are given in table 2. The mass spectra are well consis-
tent with scaling, and the value of n obtained is appruximarely 6.5 independent of
the choise for A(x). The quantity m®'% do/dm is shown in fig. 6, plotted as a
function of m/vVs. When plotted in this way, the data from the two vs are seen to

coincide.

The second test of scaling is made by dividing the data into several mass
ranges and examining their dependence on cos 6* (figs. 7a and 7b). Fits to the

form

dg

A' 1 1
dmdcos 6" gn 6(x)

— + - . (2)
(1-cos %)%  (L+cos 6™)2

in fixed mass bins give the values of a shown in table 3. Note that the PT

range used here is increased at higher masses to improve the statistics; at these

*) An advantage of our choice of kinematic parameters is that it allows the ac-
ceptance to be calculated in a model-independent way, event by event.
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masses, however, the uncertainty in the definition of cos 8* is still small and,
.as will be shown, the increased PT range has essentially no effect on the value
of a obtained. The X2 values of the fit are satisfactory and, within the sta-
tistical precision, the power a is independent of mass and vs. A global fit to
the da;a gives a = 2.97 % 0.05, with x? = 124 for 116 degrees of freedom. The
angular dependence of‘the data is thus consistent with the scaling and factoriza-
tion hypothesis. Any systematic variation in calibration across the lead-glass
arrays (i.e. with cos 6*) is estimated to be less than 3Zsand contributes an ad-

ditional systematic uncertainty of *0.2 to the value of a.

We note that our fitting form (2) may be rewritten in terms of Mandelstam
variables, treating the dipion effective mass as proportional to the centre-of-

mass energy of the original hard-scattering, in the form

do A6 |1, 1

b a a

n , (3
dmdcos 6 s t u

where b(= n/2-a) = 0.25 * 0.25 and a = 3.0 * 0.2.

The form (3) was chosen for its simplicity and symmetry, but cannot be im-
mediately compared to the suﬁ of terms required by constituent models, since many
subprocesses are expected to contribute Lo the reaction studied here. To see how
well hard-scattering models of high-pT production describe our data, we have used
a Monte Carlo program based on lowest order QCD. The cross-sections for the basic
subprocesses are taken from Combridge et al. [12], and the quark and gluon distri-
butions and fragmentation functions aré taken from Buras and Gaemers [13] and
Owens et al. [14]. Specifically, the distributions used were

for the sea quark:

xS(x,9%) = < (1.21 + 0.613 s + 0.0764 s2)(1-x)P ,

~ =

where
p= (10 + 1.652 s + 3.3 s?) 3
for the gluon:

xG(x,q2) = (2.4L + 3.592 s + 2.393 %) (1-x)F ,



where

p=(5+7.201 s+ 3.87 s?)
For the valence quarks, the u-quark distribution was

xU(x,q%) = 3v(a,b) - V(c,d) ,

and the d-quark was taken as

xD(x,q2) = V(c,d) ,

where
Vie,£) = (x%) (1-x) f[T(e+£+1)/T(e)T (£+1) ]

and

a=0.7 -0,176 s

be2.6 +0.8s

r=0.85 -0.24 s

d=3.35-0.85s,
and

s = 1n [1n (q%/A%)/1n (43/0%)],

willl

q§ = 1.8 (GeV/c)? and A = 0.3 GeV/c .

The initial-state partons were considered to have Gatussian momentum distributions
along two axes transverse to the beam with o = 700 MeV/c along each axis, .and the
final-state particles were assigned Gaussian momentum distributions along two axes
transverse to the scattered parton direction with 0 = 300 MeV/¢ along each axis.
Varying thege parameters by 30% has only a small (< 157) effect on the over-all
normalization and produces no change in the shape of the predicted cross-sections.
Rather than generating the entire cascade of the scattered constituent into final-
state hadrons -- a lengthy and time-consuming process -- the leading final-state
particle (from each parton) was selected from a distribution of the form (1-z)n
[z = pT(n°)/pT(parton)] with n = 2 and 3 for the quark and gluon fragmentation f
and fg’ respectively. To save further computing time, the program only generated

0

m''s with z above 0.35, since only particles above this value had sufficient Pr
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to be accepted in the analysis. The correction to the absolute normalization for
particles produced with z below 0.35 was obtained from the figures for leading

hadron distribution given by Field and Feynman [15].

Figure 8 shows the relative contributions of the three most important pro-
cesses: valence-quark valence-quark scattering (qq-qq); gluon valence-quark
scattering (gq-gq); and gluon-gluon scattering (gg-gg and gg-qq). Note that the
rapid fall.in the importance of the gluon terms, as illustrated in figs. 8a and
8b, is not due to the softer gluon fragmentation assumed but to the gluon distri-

bution functions themselves.

Figure 9 shows the cross-section do/dm [defined in eq. (1)] as measured and
as predicted by our Monte Carlo program. Given the simple structure of our model,
the level of agreement between our prediction and the data is quite encouraging
although the shapes of the two curves are somewhat different. At high mass the
agreement is good, whilst at low mass the measured cross-section is significantly
higher than predicted. An over-all normalization correction, due for example to
an error in the estimate of the fraction of partons which fragment with no par-
ticle above z = 0.35, will not affect this disagreement. A variety of effects
could, however, contribute to the disagreement at lower masses. Apart from the
question qf the validity of taking the lowest-order terms only*), and the choice

*% . . .
2 ), there is some uncertainty in our knowledge

of the QCD evolution parameter q
of the gluon distribution and fragmentation functions. As seen in fig. 8, the
gluon terms are wost imporrant at lower masses; thus a mistake in the assumed
gluon distribution would tend to have most effect in this region. In particular,
the correctness of the q2 evolution of this distribution is quite important; as
an example, our gluon distribution falls by a factor of almost 2 between a q? of

5 (Gev/c)? and 30 (Gev/c)? at x = 0.2. We should emphasize that our purpose in

comparing the data with the Monte Carlo has been simply to demonstrate that a

*) The equivalent calculation for the Drell-Yan process needs to be corrected by .
a factor of between 1.5 and 2.5. See J. Badier et al. [16].

**) The choice q2 = t was used,
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simple QCD approach predicts the observed cross—-section within a factor of 2 or
so. A variety of forms for the gluon structure functions have been proposed. In
particular, harder gluon distributions*), which increase the contribution of the

gluon terms, raise the predicted over-all cross-sections by a factor of about 2.

We have compared the ﬁngular distribution as measured and as predicted. As
mentioned, the agreement between the observed dipion angular distribution and the
angular dependence of the hard-scattering subprocess has been checked by Monte
Carlo. Figure 10 shows the value of the parameter a obtained from fitting to
form (1) the angular distribution of the hard-scattering subprocess as generated
by the Monte Carlo program, compared to the values of a obtained from fitting
the subsequent dipion distribution. The agreement is typically better than 3%.
Figure 11 shows the values predicted by our Monte Carlo program compared with the
measured values of a from fits to the observed angular distribution. The typical
measured value of a is 3.0 and the agreement is good at all masses. It was our
hope to be able to put strong constraints on the relative importance of gluon-
gluon scattering, since this has a characteristically flatter angular distribution
than the other subprocesses. It turns out, however, that at fixed dipion mass,
since q? changes willi cus 0*, the gluon distributinn itself evolves with cos 6%,
which has the effect of steepening the actual angular distribution of gluon-gluon
scattering from an effective a of 2.4 to a value of 2.7, Thus any alteration of
the gluon distribution or fragmentation functions which increases the gluon con-
tribution at dipion masses around 8 vev/e? by as mucli as a factor of 2, cannot bhe
excluded with the measured angular distributions. We note that the variation of
the strong-coupling parameter o with q2, contributes’ approximately 0.3 units to

a. Without this effect, the comparison would be considerably wurse.

*) As, for example, the gluon distribution given in R. Baier et al. [17].



SUMMARY

® 4+ X and compafed our

We have presented data on the process p + p * ™ + 7
measurements with a lowest-order QCD prediction. In this picture the reactioﬁ is
interpreted as a hard collision between proton constituents. The angular distri-
butions measured can be used to constrain the relative contributions of the various
hard-scattering subprocesses within a factor of 2. The cross—-section predicted
by our Monte Carlo is within a factor of 2 of the observed cross-section for ef-

fective masses from 8 to 16 GeV/c?. The measured angular distributions agree well

with the naive QCD predictions at all masses.

Our Monte Carlo calculation shows that the sort of analysis presented here
is insensitive to effects such as the "primordial" transverse momenta of the
initial-state partons and the transverse momenta involved in the fragmentation
process. Considering that here we are comparing an entirely hadronic process
with a lowest-order prediction based essentially on data from deep-inelastic lep-
ton scattering, the level of agreement is quite encouraging. We may hope that
experimentsiplanned, or in progress at the ISR and Fermilab, will make further
tests of this type of analysis, including extension to dependence on particle

type and charge where particular subprocesses can be preferentially selected.

We should like to acknowledge the excellent performance of the CERN ISR and
the facilities of the CERN Computing Centre which allowed us to accumulate and
process the data presented here. We should also like to thank the staff at our

respective institutions for their generous support.
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Table 1

Mass cross-section (fig:: d cos 9*,41 dp,, (d“O/dnldY'dPT d cos 6%)

Vs = 44.8 GeV

Mass (GeV/c?) | Cross-section (cm?)
8.08 3.46 + 0.28 x 10”3
8.33 3.09 * 0.25 x 1073%
8.58 2.1 * 0.20 X 10
8.83 1.68 + 0,20 x 10~ 3%
9.08 1.06 + 0.14 x 10~ 3%
9.33 9.37 + 1.40 x 10™°°
9.58 6.9 + 1,00 x 10733
9.83 3.69 £ 0.74 x 107°%5
10.2 4.03 = 0.60 x 10735
10.7 2.69 + 0.49 x 1075
11.35 1.79 £ 0,29 x 10735
12.35 8.63 + 1.80 x 107 °¢
13.35 2.19 + 1.00 x 10”36
14.35 1.07 * 0.60 x 107°°

Vs = 62.4 GeV

8.08 6.89 + 0.15 x 107 3*
8.33 5.37 + 0.30 x 1073
8.58 4.59 + 0.12 x 1073%*
8.83 3.41 + 0.10 x 1073%*
9.08 2.67 * 0.09 x 107"
9.33 2.11 + 0.08 x 10
9.58 1.74 * 0.07 x 10~ 3"
9.83 1.21 * 0.06 x 107 3%*
10.08 1.16 + 0.06 x 10~ 3%
10.33 9.19 + 0.54 x 10738
10.58 6.94 £ 0.45 x 10735
10.83 5.51 * 0,41 x 10735
11.08 4.72 + 0.38 x 1073%%
11.33 3.76 * 0.33 x 10733
11.58 3.46 * 0.33 x 107%°
11.83 2.52 + 0.27 x 10733
12.2 2.13 + 0.18 x 10735
12.7 1.62 + 0,15 x 10~35
13.2 1.07 £ 0.13 x 10735
13.7 8.32 + 1.10 x 1073%6
14.2 6.26 * 1,10 x 10738
14.7 3.4 % 0,66 x 10736
15.2 2.82 + 0.61 x 10736
15.8 1.14 + 0.27 x 10~ 3¢
16.8 6.5 * 2.10 x 10”37
17.8 7.7 * 2.50 x 10737
18.8 4.7 * 2,00 x 10737
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Table 2
G(x) = A ebX G(x) = A e b¥?
A=128.11%6.0x 10 2% cm? 11.6 + 2.8 x 10728 cm?
n==6.41%0.13 6.55 = 0.13
b =14.2 *+ 0.7 38.9 £ 1.8
x2 = 77/73 degrees of freedom | 83/73 degrees of freedom
Table 3
Vs = 44.8 GeV Vs = 62.4 Gev
Mass range (GeV/c?) a Mass range (GeV/c?) a
8.25- 9.25 3.35 £ 0.2 8~ 9 2.8 + 0.1
9.25-10.25 2.88 =+ 0.2 9-10 3.0 * 0.15
10.25-11.25 2.86 £+ 0.3 10-11 3.05 * 0.15
11.25-12.25 3.29 + 0.4 11-12 2.85 *+ 0.13
12-13 2.99 +* 0.2
13-14 3.15 + 0.2
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Figure captions

0

Fig. 1 : (z) versus pT(trig) for inclusive m° production at vs of 31, 44.8,

and 62.4 GeV. -
Fig. 2 :. The same data plotted versus xT(trig).

Fig. 3 : (z) versus p, for "pairs" events with m(n’n%) > 8 Gev/c2.

Fig. 4 : (PT) versus mass for 'pairs" events.

Fig. 5 : do/dm [as defined in eq. (1)] versus m for events with P_ < 1.0 GeV/c.

T

Fig. 6 : m®'® do/dm as a function of m/vs for vs = 44.8 and Vs = 62.4 GeV.

Fig. 7 : do/dmd cos 6% versus cos 8% for fixed mass bins, a) at Vs = 44.8 GeV

and b) at vs = 62.4 GeV.

Fig. 8 : Relative contributions of valence quark-valence quark (qq-qq),
gluon valence-quark (gq;gq), and gluon-gluon (gg-gg,gg-qq) scatter-
ing. Curves labelled (1) and (2) use gluon fragmentation functions
of (1-z)2 and (1-2)3, respectively. a) for Vs = 44.8 GeV, b) for

Vs = 62.4 GeV.

Fig. 9 : Comparison between measured and predicted cross-sections at Vs of

44.8 and 62.4 GeV.

Fig. 10 : A comparison, using Monte Carlo data, of the parameter a (defined
in the text) extracted from fits to the angular distribution of the
hard~scattering subprocess with a as extracted from the angular
distribution of the axis of the dipion system. The comparison is

made for events in which P, is less than 1 GeV/c and also for events

T

in which P,, is less than 2 GeV/c. The plotted points are displaced

T

within each mass bin for clarity only.

Fig. 11 : Values of parameter a from fits to the data and from the Monte

Carlo.
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