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ABSTRACT

Results from an experiment studying pp -+ u+u X at the ISR with the high-
est possible energy of 5 = 62 GeV arec presented. With relatively high
statistics at these energies, the measurements extend to very high muon~-
pair masses. Associated hadron multiplicities are observed.

The continuum of the pair spectrz exhibits scaling., The data allow the
extraction of the explicit dependence on Xpgyp. the transverse momentum
pr, and the decay angle 9. The angular distribution is flat at the T,
and 1 + cos” 9 otherwise. J and T are seen and measured, as well as
very high mass events. Limits of resonance production are estimated.

Here we present data from experiment RZ0S 1) measuring
pp > uWX, o o8

which was carried out at the CERN Intersecting Storage Rings (ISR} from the beginning of
1978 to March 1979, with v5 = 62 GeV and an integrated luminosity of 1.06 x 10%% em™2.
Observing 11,00¢ muon pairs with invariant mass above Z.83 GeV, these data provide the best
statistical measurement in the range of high masses.

The experiment was designed to study heavy photons in pp » YVX, with Yy * u+u_, by mea-
suring the pair mass spectrum from 3-20 GeV and the angular distribution together with the
maltiplicities of the residual hadrons X.

The second aim was to search for new resonances Z, decaying intc muon pairs Z - u+u-.
For this the detector was designed to accept very high pair masses. It also required the
highest possible energy -- as available only on the CERN ISR.

THE DETECTOR

The detector is shown in Fig. la. Seven toroids of magnetized iron surround the inter-
action region. Muons are identified by penetration, requiring a minimum of 1.8 GeV/c momen-
tum. Hadrons are absorbed in 450 tons of material with 8-11 absorption lengths along the
path. '

Made from low-carbon steel of the Carnegie-Mellon cyclotron, the rectangular yokes
ia,b,c, 2a,b, and the round ones 3 and 4, are excited by toroidal coils to a rather uniform
magnetic field of 1.75 T. This was measured by Hall probes to < 3%, and also independently
confimmed by pick-up coils around the yokes.
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Large-size drift chambers between the magnets and around the detector determine the
muon mementa. These chambers have dimensions of up to 6.5 x 2.7 m®, and a total of 5000 wires
spaced by 101.6 mm. With four planes per chamberzj measuring x,y twice, the left-right ambi-
guity is resolved and the angle of incidence determined. All the chambers were tested exten-
sively and the resolution was found to be 430 um. After installation and survey, cosmic rays
were used to check their final position with small calibration chambers. Covering ~ 800 r,
they contain 60 m® of argon + iscbutane (75:25% vol. mixture), supplied from a 95% recycling
and purifying system.

Immediately around the intersection, an array of 136 precision drift chambers with
544 wires and 277 delay lines indicates all outgoing tracks by 3-5 points, accurate to 0.7 mm
along the beam and 3 mm transverse to it. The muon tracks are observed and, together with
the hadron tracks, a vertex is determined. The multiplicity and directicns of the associated
hadrons are measured. An additional system of 34 drift chambers, with 361 wires and 187 de-
lay lines, measure tracks at an angle of 30° down to 17 to the proton beams.

Hodoscopes A, B, C, D, and E form the pair trigger to read out the chambers; their times
are precisely recorded on 160 TDCs. Covering 200 m?, special precautions were necessary to
suppress environmental background. Hodoscope D, with elements of 0.83 x 4,0 m*, has fast
S5-inch tubes at both ends. The time difference determines the muon position to 25 om, which
can be checked against the chambers; this eliminates multitrack background and accidentals.
In addition, fast 'mean timers" give position-independent signals which enable the rejection
of cosmic rays, these signals being 15 ns out of time. The toroids have a roughly circular
field; bending affects the polar angle 8 but not the azimuthal angle ¢ (around the beam).
The B, C, D, (E) hodoscopes form 24 (48) equal ¢ sectors. Even the worst {30} miltiple scat-
tering is confined to one sector. Therefore matching combinations (BD, etc.) are formed,
allowing also the adjacent clements to define a coarse u track in the logic. Two tracks at
180° + 50° yield a trigger.

In summary, the detector has a large acceptance
15° < § < 130° , P, > 1.8 Gev .

The m and K decays are small, because the absorber already starts at 40 cm from the vertex.

Figure lc shows the resulting mass acceptance obtained from a Monte Carlo calculation
accounting for multiple scattering energy loss, chamber efficiency, and fiducial cuts as
applied to real events. The production mechanism used is consistent with our data.

The momentum resolution is limited by the multiple scattering in iron rather than by the
chamber accuracy. One expects Am/m = 11% almost independent of mass.

DATA AND CHECKS

The raw. events observed with this apparatus in a year, with /L dt = 1.06 x 103% cm™?,
are more than any other measurement in this energy range and are presented in Fig. 1. To
safeguard against systematic errors, half of the data were taken at each magnet polarity.
All time and pulse-height recording equipment was frequently recalibrated and compared to
pulser signals. The gas composition was tightly controlled by a chromatograph to aveid ef-

ficiency fluctuations.
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All events were required to originate from the interaction diamond, as “seen™ by the
Sl g ¥

inner detector.

Recording cosmic-ray data with magpetic field and comparing the independently fitted
momenta of the upper and lower half of the detector yielded Ap/p = 16% as expected, confirm-
ing the recognition program. From this the mass resolution is estimated to be &m/m = 16%/VZ,
almost independent of mass. A very direct check is given by ebserving the J with an apparent
width of 780 MeV as in Fig. Za, in good agreement with the expected 11% mass resolution.

J AND T RESONANCES

Kinematically, the mucns from J's produced at rest have 1.55 GeV/c momentum and cannot
penetrate the iron (1.8-2 GeV). Instead, we measure J's produced forward with xp = pL/meax2
= 0.2. In this case the decay mucns have p > 2.8 GeV/c. The acceptance is very small and
difficult to calculate, and is accounted for by the conservative errors of the cross-section

BB @ = 1)) et

Figure Zb shows the mass spectrum from 4 tc 26 GeV, cbtained from the events of Fig. 1b. and
the acceptance incorperating z (1 - x)? dependence in the Feynman variable Xpy €XP (-1.0 pT)
for transverse momentum, and (1 + cos® BEEJ for anguiar distribution. All dependences are
verified by our data and shown later. The sensitivity to the Pr and x dependence is small,
since the detector covers almost the full range. However, taking a flat angular distribution
instead of 1 + cos? & increases the acceptance by 20%. The ansatz

10 -
do Aiﬂ + BJlexp _a-sam?, 0.3 exp Q- 10/m-)21_
dn m*/vs yios J L iok

+0.15 exp {_ (1 - 10.4/m)2}}

202

with o = 10% was fitted to the data of Fig. 2b., With x2/DF = 17.2/21, we obtain
BUU-U{T) = 10 * 3.5 pb

using a flat angular distribution. The result for the continuum can be recast into the

¥)

familiar scaling form™?
m* P o 7.7 £ 0.) x 10777 (1 - DIUNR GeV? ot

with T = m*/s. In addition to the quoted errors, the over-all normalization has an uncer-
tainty of 40%.



HIGH-MASS- EVENTS

As seen in Fig. 2Zb, both the data and the scaling prediction decrease to less than
2 x:107%7 em® above 20 GeV mass. However, after a gap of several GeV there are two more

~events at o 25 GeV (and one not shown from older data at 28 GeV). The computer-reconstructed

picture.of one eventrat 24.9 GeV is shown in Fig. 2c. The front view gives the event in the

-non-bending plane.- Each. track has complete sets of coordinates. 1inking to the tracks of the

inner deteetor shown at the .right-hand side. The counters initiating the trigger are all
within 1.6 ns. The top view displays the excellent mementum f£it. The tracks form an angle,
seen also in the hadron detector, and with the time information this clearly excludes a cos-
mic ray. Together with 12 more charged hadrons they emerge from a point well within' the

interaction diamond. Also indicated is the position using the time difference of both photo-

itubes at- the D hodoscope. This matches nicely with the tracks observed with chambers. The

;event is clean, 1.e. does not contain spurious chamber coordinates. This feature is quite

common to all events, demonstrating the effectiveness of the irom shielding.

ASSOCTATED HADRONS

The hadron detector allows the multiplicity and directions of charged hadrens to be
determined. Momenta are not measured. Looking at the track distribution with respect to
one of the muons, no correlation was observed. As a function of the dimuon energy E, the
total multiplicity decreasés consistently with the multiplicity expected at the lower energy

of Vs -E . - :
. IR

The multiﬁlicity increases with Pr of the muen pair. Interestingly, this increase
happens exclusively in the hemisphere opposing the transverse momentum of the u pair (see
Fig. 3a).
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Fig. 3 a) Charged-track multiplicity in the hemisphere of the u pair. Notice the rise in
the opposite ome. b) pr dependence of the dimuons in the 6-8 GeV, the 8 GeV, and the
hitherto unexplored 11-20 GeV regions. ) Collins-Soper angular distribution of u*.



Xp AND P DEPENDENCE

" Above m = 6 GeV the acceptance is reasonably flat. Comparing the cross-secticn measured
in -0.1 < xg < 0.7 with the fom

A
(- =D
we find for
468 events in 6 < m < 8 GeV , A=73,0=+0.3
and
278 events in 8 < m < 11 GeV , A=3.2+10.3.

For the same intervals and, additionally, for 11 <m < 20 GeV the cross-sections (1/pT){dU/de)
are shown in Fig. 3b in relative units. Neglecting the first (low) bin, a good fit to exp (-pr]
can be obtained with the result:

b= 1.20 £ 0.11 1.18 + 0.10 0.97 = 0,17 Gev-?
for
m = 6-8 8-11 11-20 GeV .

No difference for the 8$-11 region containing the T is seen when this is compared with the
other regions. This observation and the measured shape are in good agreement with recent

)

. Y
calculations ‘.

AVERAGE TRANSVERSE MOMENTUM (pTl

Three different complementary methods were used to determine (pp:
a) from do/dpi v ¢ PPT there follows: (Pp) = 2/b;
b) directly (correcting for acceptance): (prd =(1/NJE§=1 p%;

¢) change ¢ PPT in the Monte Carlo generation until the best match to the observed event
distribution is obtained. This ensures best treatment of the resolution.

The Tesults are summarized in Table 1 for three ranges of dimuon mass.

Table 1

Average transverse momentum in GeV/c

Mass range 6-8 8-11 11-20
a) 1.60  0.15 | 1.70 + 0.17 | 2.0%3:3.
b) 1.68 £ 0.19 | 1.77 + 0,10 | 2.0 £ 0.20
) 1.8 + 0.2 1.7 +0.26 | 2.120.4

These values are definitely higher than those observed at FNAL3), at the same mass but with
/5 = 27.4 GeV, and suggest a substantial /s dependence.



8. DECAY ANGULAR DISTRIBUTION

Crucial to the Drell-Yan picture of parton antiparton annihilation are the predictions
of

2
1) SCALING: m® §2 = Flr - %;] , and

ii) angular distribution

g% A~ 1+ cos? g

u+
following from the spin ! constituents.

However, the original model ignores Pr-
Cheosing the reference axis z of Collins and
Soper5) which averages the proton directions ~— Ocsy —— Collins-Soper

. = ™ axis
P1, P2, as seen from the p-pair c.m.s., one - Te——

should see to leading order the 1 + cos® 8. P P,
distribution. Figure 3c supports this for

6<m=< & GeV with 1+ (1.6 £ 0.7) cos? Org -
However it is remarkably less pronounced and consistent with being flat in the T region:

8<m< 11 GeV  with 1+ (0.3 % 0.6) cos? Brg »

suggesting ancther production mechanism. With x2/DF = 8.2/12 and 1i/12 these are reasonable
fits. The data were integrated over all x < (.7.

9.  MULTIMUONS

In order to penetrate the iren of the detector, muons must have p > 1.8-2.2 GeV depending
on the geometry. The geametrical angular acceptance for each muon is 0.4. Trigger constraints
will reduce trimuons by 0.5. Six trimuon events were observed with an integrated luminosity
of 1.06 x 10°® cm™®. Two of these events clearly involved a vector-meson mass (J) in one
u+u_ combination and a third track of bad quality. The remaining four events can be used

to pose an upper 2o limit

B events x 1038
0.5 x 0.4% x 1,06

6(3) < =2.4pb ,

for pp » 3u + X with Pu > 2 GeV, which inciudes chamnels such as BR production with subse-
quent cascade decays®) into muons.

10, CONCLUSION

Measuring pp + wuX at s = 62 GeV we find:

do o + 1 —~32 2
B ay-fJ) [1 _ O.SJ = 10 o’ ,

Bo(T) = 10 = 3.5 pb .
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Three high-mass events with m > 24 GeV enable a 2o upper limit to be set on resonance produc-

tion above 20 GeV:

’

3+ 2/3_ ~38 2
Bo < vy 40 x 10 cm

where Acc = 0.15 is the acceptance and L = 1.06 x 10%8 en™? is the luminosity. The cen-

timum is measured to small values of T and is compatible with scaling3):

m? %% = (7.7 £ 0.4} x 107%% (1 ~ /)0 /T GeV? om?

The associated hadron multiplicity diminishes with EuU but increases with Pr in the opposite

hemisphere.

The (1 + cos® GCS] distribution is seen, but not at the T, and (pr) = 1.8 £ 0.2 GeV is

markedly higher than the values measured at lower vs.
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