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ABSTRACT

We have measured at vs = 62 GeV, at the CERN Intersecting Storage Rings, the
associated charged hadrons with massive | pairs, employing a vertex detector of
n 47 coverage. The average associated charged multiplicity (nch) is found to in-
crease as the invariant hadronic mass Mh increases, similarly to the observed /s
dependence in ete” amnihilation at high energies. The multiplicity also increases
with the o of the dimuon, and this effect can be explained by the production of

a weakly collimated jet of low multiplicity.
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INTRODUCTION

Massive U pairs in high"eﬁergy hadron interactioms have been studied=exten—
sively since the J discovery [1] primarily as a search for bound states ;f new
quarks heavier than charm. After the success in the obéervatlon of T partlcle LZ]
the mext natural candidate is tt, the twin state to the T in the quark classifica-
tion models. An upper limit for G'Buu for this new state was previously.qptaiped
by us at the highest ISR energies [3]. On the other hand, nom-resonant massive
lepton pair production is of interest in itself. First the cross—-section anq its

s—dependence could be compared with the Drell-Yan model of quark and antiquark
. |

annihilation into a lepton pair [&] This model predlcts a scallng cross—section

in the variable T = m fs and gives an expllclt expre531on for the 1epton pair
|

momentum distributions in terms of quark and antiquark structure functions inside
. Iy . |

the primary hadrons. These structure functions measured in pp collisions can be
] v o B

compared with those measured in deep inelastic electron and neutrino scattering

on nucleons. At ISR energies, the measured proton structure functions are found

L

to be consistent with deep inelastic scattering resukts [ 5].

Although the Drell- Yan model is qualitatively successful in these aspects;

it is found that the p; distribution of the lepton pairs is too'broad to be ac-

counted for by the small intrinsic transverse momentum of the two anmihilating
: . . : Con R KR F IR

quarks, and the over—all cross—section 18 larger by a factor K = 2 than what 1s

i i . - - - 3 - : " 1 | . o il
predicted within the qq annihilation mechanism [5—8] These problems are bélng

studied theoretically, and it appears that QCD correctlons to the Drellean mecha—
pism could increase the cross-séction by nearly aIEACEof of i”[gj énd”ékﬁiéfﬁ'thé'
large Pr released to the lepton pairs [10] In pp 1£tér4£t16nsiéﬁch as at the

ISR, the so-called Compton diagram (gluon—quark scatterlng) is expected to dom1—:ﬁ
nate at large transverse momenta, and a quark jet shéﬁid‘fecbil agaiﬁst thehlep—"
ton pair. Since no dynamical correlations are expecté€1fﬂ tﬁe offginélsﬁgeiilYén“

. . o B o, e
model, any such effect would be indicative of other dynamical mechanisms. These

are precisely the problems probed by the present experiment.
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The recoiling jet in our kinematic range would have small multiplicity and
large opening angle, typically two to four charged particles with relative angles
of the order of 20°, as at SPEAR/DORIS. Although it is difficult to isolate such
a recoiling jet cleanly because of the physical background due to the fragments
of the projectiles, which extends to small c.m. rapidities, and because of the
limited P, range available within the statistics of our experiment (pT £ 5 GeV/ce),
there are qualitative features that can be checked, such as whether anomalous
clustering of particles exists in U-pair events. If these clusters are due to
the above-mentionedeCD effects, they should be emitted at opposite azimuth with
respect to the W pair, in stronger correlation than is enforced by momentum con-—
servation. If the production mechanism involves a valence quark hitting a gluon
(or a sea antiquark) which has a small longitudinal momentum, the cluster should
also be produced closely in rapidity to the pair (positive cluster/u-pair corre-

lation). As will be shown in the following, there are similar effects in the data.

1. THE EXPERIMENT

The p-pair detector is an assembly of trigger counters and planar drift cham-
bers interspaced with magnetized iron toroids surrounding the ISR beam pipe, as
shown in fig. 1. This detector covers angles 80° < 0 < 165° with respect to beam
1, and is described in detail in ref, 3. Immediately outside the pipe and within
a rectangular volume 80 % 80 cm? in section, several telescopes of small drift
chambers [11] determine three to five points for each charged particle emitted
within 9° € 8 < 171° over the whole azimuth. The chambers have miniaturized frames
and employ delay lines parallel teo the sense wires, thus directly measuring space
points for each charged track befpre entering the magnetized toroid spectrometers
that filter the hadrons out and measure the muon momenta. Downstream of beam 1
and outside the toroid enclosure, two telescopes of planar drift chambers, also
using delay lines [12], extend the coverage of the vertex detector to angles as
small as 1°, An artist's view of the central detector amd of the forward tele-

scope is shown in fig. 2.
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Muon trajectories were determined using the chambers between the toroids,
and were extrapolated backwards to give a rough event vertex. The vertex detector
was used to reconstruct an accurate event vertex using clear tracks in the vertex
detector. The M-pair momentum was finally obtained, making use of the reconstruc-

ted vertex as well as of the tracks in the cuter chambers.

In the study of hadron correlations, a minimum S Bdi of about 23 kG-'m was
requested for each muon of the pair. This cut played a role in reducing the back-
ground of hadron punch-through and decay, which was monitored by the rate of like-
sign "y pairs". The contamination was thus reduced to < 40% of the signal for
T < 4 GeV, to £ 15% for 4 < muu < 6 GeV, and to almost zerc for muu > 6 GeV.

The event sample was further reduced by requiring both muons leaving the detector
to have double space points. No correction was applied in the amalysis to account
for such a background in the 1868 opposite-sign u-pair events accepted by the cuts.
These events were analysed by a refined reconstruction program to find all tracks,
rescuing as far as possible all hits in the central chambers. Those tracks fitting

the outer muon trajectories were excluded, and the remaining tracks were examined

for correlations.

EFFICIENCY OF THE VERTEX DETECTOR

The efficiency of recomstructing a given particle track was determined to be
81%. This was done by Monte Carlo simulation of tracks with subsequent Teconstruc—
tion imposing the criteria used im the analysis program. From the production
mechanism we used, we estimate a systematic uncertainty of 5%7. For dimuons as
determined from the outside chambers, the measured and the calculated reconstruc-
tion efficiencies agreed well. As a consistent check of our detector we compare
our raw multiplieity distribution with a minimum bias trigger, with published
data at the same energy [13], as shown in fig. 3. We find (nch) = 10.2 with dis-
persion D = 5.8, with an acceptance calculated by the Mounte Carlo method to be 817Z.
With respect to ref. 13, both (nch) and D are smaller by " 20%Z. This is precisely
what would be predicted if there was a 20% probability of losing tracks in each

event. We also find, by an inspection of the inclusive pseudorapidity distribution
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of tracks, that there are zones of inefficiency which indegd amount to about 20%.
Therefore, we conclude that our loss is of the order of 207, with little depen-
dence on the type of event. This situation is fully adequate for the study of

correlations and of relative effects, which are the subject of this paper.
3. RESULTS

3.1 Associated multiplicities and angular distributions

We made an extensive seatrch for the best variables to bring d&namical corre-
lations into evidence. The dynamical variables available in the associated had-
ronic production with dimuons are the dimuon mass, the c.m. energy vs, and the
longitudinal and transverse components of the dimuon momentum. ' Varying ény'oﬁ
these variables can change the dynamics and the kinematics of the ﬁrbéess; with
corresponding variations in the hadron correlations. Since an appreciable frac-
tion of the énergy available for hadronization is usually carried away by the u
pair, and in order té minimize the kinematics effect due to the constraints of
energy-momentum conservation, in analysing our data we use the invariant mass of
the hadronic System ‘Mh = (s +m’ - 2/s E )% instead of using m . and Vgt§epa~

? e Mo 7 U
rately. This variable reduces to the available energy for hadronizationm,

Eh = /s - EMU’ when the dimuon energy EUU is much smaller than the c.m. energy vs.

We found that the main features of the associated hadron system no longer
depend separately om the mass of the dimuon and on 5, but only on Mh;' There may
be an exception to this rule when o < 4 GeV (J events), as will be discussed:in

the following.

Figure 4 shows the total raw multiplicity as a function of Mh.‘ For small
energy carried away by the | pair (Mﬁ " 60 GeV), the charged multi?ifcity is
(nch} 2 15, which is larger by about 5 units than in inclusive eVents‘((nch)'& 10.2
in our raw inclusive ﬁéta). This shows that j—pair events are alﬁé?s highly in-
elastic collisions. We see that the multiplicity increase with'inbfeasing Mhris
much stronger than the dependence of (nch) on vs for inclusive inelastic pp col-

lisions [13]; shown as a dash-dotted curve in the same figure. Without ﬁecessarily
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invoking specific hard-scattering mechanisms between proton constituents to produce
the Y pair, this effect can be gqualitatively attributed to a faster energy depen—
dence of (nch) on energy in highly inelastic events. The slope of the data -
approximately 0.3 particle per GeV -— extrapolates to (nch) ~ 0 for M ~ 0, which
indicates that there is no leading-particle effect in u-pair events. It is thus’
natural to compare particle production in the u-pair data with ete” amnmihilation
at Vs = Mh. To do this, we have increased our raw multiplicity by 20% to account
for the incomplete acceptance, as discussed in Section 2. The data are presented
in fig. 5, in comparison with ete™ data up to vs = 32 GeV [14]. We observe that
both the magnitude and the Mh dependence are in fair agreement with the trend :of
the ete™ data. Our data are also in good qualitative agreement with ?nclusive rr
data once the leading protons have been removed.[lS]. Detailed comparison of -
rapidity distributions and short-range correlations, which could be indiqative‘of
the nature of the mechanism of particle productiom in the plateau region as well

as in the fragmentation comes [16], will be the subject of our future work.

Figure 6 shows the same data split into Low-py, and,high—pT'events-for three
intervals of dimuon mass. We see no significant difference between events of the
same Mh and different o as anticipated earlier. On the other hand, the dataiat
P > 1.5 GeV/c show coneistently higher multiplicity than that at PT‘< 1.5 GeV.
Qualitatively it may be argued that for amy Mh’ hadronic systems recoiling against
the U pair with larger Pr = —p?u suffer a larger acceleration'and are thus likely
. to materialize into a larger number of hadrons. According to QcD, ‘if quark or:
gluon jets are present in large Py events superimposed to normal productiom, the
multiplicity is expected to be higher. Figure 6 indicates that (nth> depernds
basically only on Mh and Pr To see this better, in fig. 7 we show ithe data as a
function of Mh, for three bins of Pp up to pp = 5 GeV/c. ' The best—-fit straight
lines have slopes that might be changing with Py but cannot be distinguished within
the errors: .40 * 0,06 particle/GeV for Pr < 1.5 GeV/g; 0.31 * 0.06 particle/GeV
for 1.5 < pg < 3 GeV/c, and 0.17 * 0.14 particle/GeV for!3 < pg< 5 GeV/c.  The
average multiplicities are (nch) = 13.7, 14.1, and 14.3 for Pr <1l.5, 1.5:< Pr < 3,

and 3 < Pp < 5 GeV/c, respectively.
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The multiplicity in the two hemispheres towards and away from the transverse
momentum of the U pair behave very differently as a function of Pps 23S shown iﬁ
fig. 8. The away multiplicity grows with Py while the towards multiplicity de-
creases slightly, which can be easily understood as a reflection of a decreasing
Mh with increasing Pre As a rough approximation we can take the P and Mh depen-
dences to factorize and summarize our raw data by saying that = 0.3 particle is
produced per GeV of available hadronic energy, and in addition x 0.6 particle
is produced in the away hemisphere per GeV/c of transverse momentum. The P
dependence of the away multiplicity is similar at any Mh’ the main difference
being the absolute value of the associated multiplicity. This is seen in fig. 9,

where {n ) is plotted versus Py for three intervals of Mh' We note that the

ch, away

dependence of {n ) on p., is very similar to what was previously found for
T 2

ch, away
laxge Pq T events [17].

The azimuthal distribution of tracks from 0° to 180°, relative to the Ei of
the dimuon in the ¢.m.s. frame, is shown in fig. 10 for two intervals of hadronic
energy: Mh > 56 GeV ((Mh) " 58 GeV) and Mh < 56 GeV ((Mh} 52 Gev). In order
to minimize contamipation of tracks originated by the incident proton fragmenta-
tion, tracks at 6 < 39° relative to each beam (fragmentation cones) have been
excluded, For the two Mh ranges, the distributions are studied for four Pr bins.
For the Mh > 56 GeV, because of phase-space constraints one selects mostly J
events. The data are almost independent of Pys with the asymmetry € defined as
(away-towards)/towards fitted to be € = (=4 * 4)7 at 0 < Py <1 GeVie, € = (9 + 3)Z
at 1.0 < Py < 2.0 GeV/c, € = (L4 = 8)F at 2.0 < Pp < 4.0 GeV/e, and € = (27 * 43)%
at 4 < Py < 6 GeV/c. On the other hand, in the M < 56 GeV sample the backward
excess of particles increases quickly with Pr- We find € = (=4 * 6)% for 0 < Py <
< 1.0 GeV/e, € = (27 = 6)7 for 1.0 < Pr < 2.0 GeV/c, & = (30 = 7}% for 2.0 < P, <
< 4.0 GeV/c, and € = (54 * 16)Z for &4 < Pp < 6 GeV/c. The difference between the
correlations in the two Mh intervals may be dynamical in origin. For the Mh >
> 56 GeV events, since the away multiplicity in this Mh sample is iﬁcreasing with
Py and € is small, it can be concluded that a flat azimuthal distribution implies

an equivalent increase of the toward multiplicity. Although the statistical
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errors are large, this effect may be significant, and work is in progress for fur-

ther investigation.

The average pseudorapidity (nch) (n = ~1n tan 8/2) of charged hadrons at
8] > 39° was also studied as a function of the rapidity of the dimuon yuu. When
Vi varies from -0.25 teo +1.0, (nch) also grows, with a small slope A(nch}/AyUu =
% (6 * 2)%7. {(See later, fig. 14.) This is suggestive of a small bunch of parti-
cles having a short-range positive correlation with the dimuon, superimposed onto
normal uncorrelated production. We have studied such a possible effect in more

detail, as explained in the following sectiomn.
3.2 Jet search

The general features of the associated production presented so far show that
the hadronic correlations with the U pair are similar to those already observed
in large Pr n? production [17]. To interpret this data, it can be assumed that in
each event some subsample of the hadronmic system —-= say a small jet or cluster of
hadrons —— is more strictly correlated in rapidity (as well as in pT) to the u
pair. In order to study such a possible effect, we have defined a leading had-
ronic cluster in each event as being that subsample of two or three hadrons pos—
sessing the maximum "thrust". The method employed was similar to that adopted in
ref. 18. All the combinatioms of two or three tracks were considered in each
event, and the one having the maximum zz,a cos Si was retained. To define this
quantity, the axis relative to which the peolar angle B% is measured was varied,

2,3 s
and the thrust axis obtained was the one providing the maximum Zi cos 9;. The
event was labelled according to the average cos 8; (of the two or three tracks)

in the selected cluster:

. . 2,3 .
T = {cos 9;) in the cluster having maximum z: cos 9; .

1

This method generates values of T that grow smoothly, for statistical reasouns,
with the event multiplicity as seen in fig. 11 both for Y-pair events and for

inclusive events. Again in order to exclude clustering due to beam jets, tracks
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at 8 < 39° relative to each beam have been excluded. The search for the narrowest
cluster has been performed in two optioms, either including tracks at all azimuths
(fig. 1la) or for tracks in the away hemisphere only (fig. 11b). We observe a

very similar picture in these two cases and also an. impressive similarity of clus-

tering in U~pair events and in inclusive events,

The azimuthal distribution of the T-axis for two intervals of hadronic energy
is plotted in fig. 12. One sees an increasing backward peaking with inereasing
Pr in the Mh < 56 GeV data, but not in the Mh > 56 GeV data, representing the same
features already apparent in fig. 10 in a neater and more consistent way. The
effects are further emhanced if one selects only large T (T > 0.85) events as seen

in fig. 13.

In order to study lomgitudinal correlations the average pseudorapidity of
the T-axis (nT) was studied as a function of the dimuon rapidity Yo These data
are shown in fig. 14 (full points) for clusters at any Mh (no significant differ-
ence was found in longitudinal correlation for Mh > 56 GeV and Mh.<J56 GeV). One
observes a positive correlation A(nT>/Ayuu of about (11 % 5)% in the interval
-0.25 < yuu < 1, consistent with the observed positive correlation (6 % 2)7% for
single tracks (open points in fig. 12) within statistics. .Thgse.data_are:cqmpared
with the predictions of Monte Carlo generated events, in which three effects were.
superimposed: a) two fragmenting beam jets; b) a flat rapidity plateau. at large
angles; and c¢) a small jet of average multiplicity 3, emitted at 180° in azimuth
relative to the U pair with a Gaussian distribution with width im/4, and at the
same rapidity .as the p pair with a Gaussian distribution with width *1. The para-
meters of the program were adjusted in order to fit the inclusive pseudorapidity
distribution. The broken curve in fig. 14 represents the correlation of the thrust
axis predicted by the Monte Carlo calculation. It can be seen that the Monte Carlo
results agree qual}tatively with the data. At large Yo @ drop iq corrélaﬁion ;s

caused by the cut at 8 > 39° which was imposed on single tracks.
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The qualitative agreement between the data and the model shows that a mecha-
nism involving associated production of a M pair and of a small hadron jet, at
approximately the same rapidity and emitted back-to-back in azimuth, would be

consistent with our observatiomn.
CONCLUSIONS

Our results can be summarized as follows, The‘haernic productfdn assbdiatéd
with P pairs is much more abundant than in inclusive events, even at small muﬁ
and small p.. This indicates that the U-pair events are highly inelastic, without
much excess of energy released to the leading particles in the final state. ' The
dependence of the associated multiplicity on the available energy Mh fith well '
with the trend indicated by the hadronic production in high-energy e*e” amnihila-
tion and with the charged multiplicity measured in inclusive pp collisions after

correcting for the energy carried away by the leading particles.

The dependence of (nch) on P, is gsimilar to that observed in other large Pr
events, with the multiplicity in the away hemisphere increasing rapidly with Pr-
Small clusters appear to be produced at large angles in p-pair events as well as
in inclusive events. In u—-pair events the correlation, both in azimuth and in
rapidity, of the narrowest of these clusters with the M pair can be reproduced
with a simple Monte Carlo model in which a cluster of few particles produced lo-
cally in rapidity and backwards in azimuth with respect to the | palr, is super-—

imposed onto a normal event.
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Figure captions

Fig.

Fig.

Fig.

Fig.

Fig.

General layout of the experiment.

Layout of the vertex detector: forward telescope (top) and central

detector (bottom).

Raw multiplicity distxibution of charged tFacks in minimum bias
events at vs = 62 GeV, compared with the measurement repoxrted in
ref. 13. The data have been collected with an inclusive trigger in
between U-pair runs, i.e. at high luminosity and larée source di-
mension. Our data have (nch) = 10.2 with D = 5.8, while the data

of ref. 13 have (nch) = 12,7 with D = 6.9.

Raw associated multiplicity im u-pair events as a function of the
invariant mass of the final-state hadronic system. The data extra-
polate to ~ 5 particles more than in unbiased inelaétic events at
M o= Vs = 62 éeV, and to (nch) v 0 at Mh = 0 (the slope being

0.28 * 0.4 particle/GeV). The dash-dotted curve feﬁresents a fit

to the pp inclusive multiplicity [13].

Comparison between multiplicities measﬁfed in ete” annihilation and
mﬁltipliciti;s associated with p pairs at Mh = Vs, The broken curve
is a logarithmic fit to ete” low-energy data. ISR data with the:
energy of leading particles removed are also shown [15]. Tﬁg‘fgll
curve is a fit to the large (10 < /g < 32 GeV) energy efe” data [14].

The dash-dotted curve is a fit to the pp inclusive multiplicity [13].

bDependence of multiplicity on Mh'for 1dw“(pT < 1.5 GeV/c) and high

(py > 1.5 GeV/c) transverse momenta 'of 'the | pair.

(nch) versus Mh’ for three intervals of Pre All u—pair masses were
included. Relevant parameters are (from small to large pT):

.= (nch) = 13,7 £ 0.2, (pT) = (0.93 * 0.01) GeV/c, slope = 0.40%0.06
particle per GeV/c; ot (nch) = 14.1 + 0.3, (pT) = 2.05 * 0.02 GeV/c,
slope = 0.31 * 0,06 particles per GeV/icy *: (nch} = 14,3 % 0.6,

(PT) = 3.67 * 0.04 GeV/c, slope = 0.17 * 0,14 particle per GeV/c.
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Fig. 8

Fig., 9

Fig. 10

Fig. 11

Fig. 12

Fig. 13

Fig. 14

e

(X3

_14_

(nch) Versus p, in the hemispheres towards and away from the trams—
verse momentum of the |l pair. The fitted curve to the away data

(first 7 points) has a slope of 0.6 * 0.2 particle per GeV/c.

{nch) in the away hemisphere versus Pr All u-pair masses were in-
cluded. The slopes of the fitted straight lines to the data are:
o: 0.6 * 0.2 particle per GeV/c; o: 0.6 * 0.06 particle per GeV/c;

*¥: 0.7 £ 0.3 particle per GeV/c.

Azimuthal distribution of tracks at f8| > 39° relative to the M pair
transverse momentum, for two ranges of hadronic energy corresponding
to (Mh) z 52 GeV and (Mh) % 58 GeV. The distributions are given for
four intervals of Pp. € is the excess in the away hemisphere rela-

tive to the toward one.

Dependence of the average thrust of the associated narrowest hadron
clusters (see text for details) on event multiplicity over the full
solid angle (a) or in the away hemisphere only (b). The data are

presented for u-pair events and for minimum bias events.

Azimuthal distribution of the thrust axis for Mh > 56 GeV (mostly

J events) and Mh < 56 GeV, for three intervals of Pre
Same as fig. 12 but T > 0.85,

Average pseudorapidity of the T-axis (nT) as a function of the
rapidity of the p pair Yo (full points). The open circles show

the average charged pseudorapidity (nch) as a function of yu The

e
data are compared with correlation of the T-axis predicted by the

Monte Carlo calculation (broken curve, see text).
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