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ABSTRACT

The production and properties of high transverse momentum hadron
jets have been measured in the UA2 experiment at the CERN pp Collider
(Vs = 540 GeV) using a highly segmented total absorption calorimeter.
The characteristics of a sample of two~jet events with invariant mass
up to 200 GeV/c? are discussed, including measurements of their fragmen—
tation properties, angular and rapidity distributions, and the properties
of the additional energy clusters accompanying the two—jet system. Cross
sections for inclusive jet production in the jet transverse momentum
range between 30 and 100 GeV/c and for the two-jet invariant mass distri-

tion in the mass range from 60 to 200 GeV/c? are reported.






1 - INTRODUCTION

The suggestion that the hard scattering of hadron constituents should
result in the production of two jets having the same momenta as the scat-
tered partons [1] has motivated intense experimental efforts [2]. The
increasing importance of jet production in hadron collisions at high
energy was realized when large transverse momentum (pT) processes [3} in
early ISR experiments were interpreted in terms of jet production and
fragmentation [4]. However, unambiguous identification of jets in hadronic
collisions has been reported only recently by the UA2 [5] and the UAL [6]
experiments at the CERN pp Collider observing the emergence of two-jet
dominance in very large transverse energy Ep collisions, and by two ISR
experiments [7]. A comparison of hadron jets produced in hadron-hadronm,
lepton-hadron and electron-positron collisions is given in Ref. [8].

We report here results from the UA2 experiment. The very successful
operation of the CERN pp Collider [9] at vs = 540 GeV during the 1982
period has enabled us to accumulate a data sample about 200 times larger
than in the previous period of data collection in 1981. The present data
not only confirm the dominance of two—jet configurations in events bhaving
large transverse energy measured in the central region as found previously
in the UA2 experiment [5], but also allow a first study of their most
outstanding properties.

The article is organized as follows. After a short introduction to
the UA2 apparatus in Sect. 2, we describe the data collection and reduc-
tion procedure in Sect. 3. The dominant two—jet structure of the events
is demonstrated in Sect. 4., In Sect. 5, we discuss measurements related
to jet fragmentation : charged particle multiplicities, transverse momen-—
tum distribution of jet fragments, and radial and longitudinal energy flow
distributions. Production properties of two-jet systems are presented in
Sect. 6 where we study their transverse and longitudinal momenta and
their angular distribution. Section 7 is devoted to am analysis of the
underlying event structure in two-jet events and to a study of additional
correlated jets. Finally, inclusive jet and two~jet production cross

sections are given in Sect. 8, and conclusions are summarized in Sect. 9.



2 - DETECTOR AND DATA TAKING

2.1 - Apparatus.

The UA2 detector assembly is shown schematically in Fig. 1.

The vertex detector, a set of cylindrical wire chambers densely

packed around the beam in the collision region, provides measurements of
the position of the event vertex and of the directions of the charged
particles produced in the collision, It is made of four proportional cham—
bers with helicoidal cathode strips and of two drift chambers of 24 azimu-
thal cells each, with six drift wires per cell. A fifth similar proportiomal
chamber, preceded by 1.5 radiation lengths of tungsten, is used for shower
localization in front of the electromagnetic calorimeter.

The vertex detector is surrounded by a highly segmented electromag-
netic and hadronic calorimeter (the central calorimeter) that covers the
pseudo-rapidity interval -1<n<1 (polarang1e3400 < 8 < 140°) and an
azimuthal (¢) range of 300°. The present data were taken in a configura—
tion where the remaining azimuthal interval of +30° around the horizontal
plane, Fig. 1b, is covered by a single arm spectrometer (wedge detector)
which is used to measure charged and neutral particle production [10]
and jet fragmentation.

The forward and backward regions (20° < & < 37.5% and 142.5° < 9 <
1600, respectively), are each instrumented by twelve toroidal magnet
sectors followed by drift chambers, multitube propoxrtional chambers and
electromagnetic calorimeters,

The central calorimeter is segmented into 200 cells, each covering

15° in ¢ and 10° in 6 and built in a tower structure pointing to the
centre of the interaction region. The cells are segmented longitudinally
into a 17 radiation length thick electromagnetic compartment (lead-
scintillator) followed by two hadronic compartments (iron-scintillator)
of two absorption lengths each. The light from each compartment is collec~
ted by two BBQ~doped light guide plates on opposite sides of the cell,

All calorimeters, including the forward modules, have been calibra-
ted in a 10 GeV/c beam from the CERN PS using incident electrons and
muons. The calibration has since been tracked with a Xe light flasher

system and by measuring the average energy flow into each module for
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unbiased pp collisions, In addition, the response of the electromagnetic
compartments is checked regularly by accurately positioning a Co® source
in front of each cell and measuxring the direct current from each photo-
multiplier. The systematic uncertainty in the energy calibration for the
data discussed here is less than #2% for the electromagnetic calorimeter
and less than *47 for the hadronic one.

The response of the calorimeter to electrons, single hadrons and
multi-hadrons (produced in a target located in front of the calorimeter)
has been measured at the CERN PS and SPS machines using beams from 1 to
70 GeV/c. In particular we have studied the longitudinal and tramsverse
shower development and the effect:of particles impinging near the cell
boundaries. |

The energy resolution for electrons is measured to be UE/E==0.14/¢E
(E in GeV). In the case of hadrons, OE/E vaiies from 327 at 1 GeV to 117
at 70 GeV, approximately proportional to E *. The resolution for multi-
hadron systems of more than 20 GeV is similar to that of single hadroms.

Details of the construction and performance of the calorimeter are
reported elsewhere [11]

The wedge detector is a single—arm large- angle magnetic spectrometer

in the horizontal plane covering 28 in ¢ &nd 687 .in 8 (£ 0.7 units in -
rapidity) symmetrically around § = 90° with respect to the calllding
beams. The magnet occupies the. space of foun central calorlmeter modules
that have been removed for that purpose\ The calorlmeter is used*as 3
return yoke, The field Lntegral 1s about 1 Tm. The charged partlcle tra—
jectories are measured before the magnet wlth the vertex detector,,and
after in a set of 12 large drift chamber planes} The momentum resolution
is Op/p ~ 0,01 p (p in GeV/c). These chambers are followed by a
scintillator-iron~scintillator sandwich and by a 14 radiation lengths

thick lead-glass wall.
2.2 - Data taking.

The data discussed in this paper were recorded using a trigger sen-—
sitive to events with large transverse energy (ZET) in the central calo-
rimeter. The gains of the photomultipliers were adjusted so that theirx

signals were proportional to transverse energy. The signals were linearly
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added and their sum was required to exceed a given threshold set at 25 GeV
for an integrated luminosity (fofdt) of 1.8 nb™ ! and at 35 GeV for
f€dt = 13.3 nb™t,

In order to suppress background from sources other than pp colli-
sions we required a coincidence with two signals obtained from scintilla-
tor arrays covering an angular range 0.47° < 6 < 2.84° on both sides of
the collision region [12].

A sample of "minimum bias' data was recorded simultanecusly by using
only the coincidence of the signals from the two scintillator arrays. The
rate of such coincidences provided also ameasurement of the luminosity [12].

Furthermore, the electronics were enabled between Ep crossings and

the cosmic ray background was found to be negligible.
3 -~ DATA REDUCTION

3.1 - Event selection criteria.

The events collected with the large transverse energy trigger (ZET)
include a small background contamination from sources other than pp colli-
sions, This contamination varies from 5 to 15% depending on the running
conditions of the pp Collider. Beam halo particles can either satisfy the
triggering condition directly or appear as an accidental overlap with a
"minimum bias" pp interaction.

The background events exhibit a characteristic pattern in the detec—
tor different from that of large ZET PP events. They are rejected from
the data sample by two selection criteria :

1) if they are associated with an early signal in the small angle
scintillator arrays ;

i1) if they have an abnormally large total transverse energy fraction in
the hadronic compartments (more than 607 in the second one or more

than 957 in both together).

These requirements reduce the background contamination in the data
sample to < 57 independent of ZET. The loss of good events introduced by
the cuts is negligible. This fact has been established by studies using
minimum bias events for the time-of-flight requirement and test beam data

for the energy deposition criteria,
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3.2 - Transverse energy distribution.

The response of the electromagnetic calorimeter compartment to energy
deposited by photons (or electrons) differs from that of hadrons by typi-
cally 207, depending on energy. We have adopted a constant set of weigh-
ting factors (1.18, 1.00, 1.06) for the three compartment energies
(electromagnetic, first and second hadronic) that optimizes the resolution
and linearity of the calorimeter response to high energy hadrons as des-
cribed in detail in Ref. [11].

The total hadronic energy in a cell of the calorimeter is measured
as the weighted sum of the energies in the three compartments where each
compartment entering the sum must exceed 150 MeV, well above pedestal
fluctuations.

The distribution of events as a function of the total transverse
energy ZET (summed over all cells) in the pseudo-rapidity interval
=1 <n <1 and in the azimuthal acceptance 30° < ¢ < 330° is presented in
Fig. 2. The transverse energies have been calculated with respect to the
centre of the detector. The event vertex has been reconstructed for a
sample of the events used for the cross section measurements (Sect. 8).
Its distribution along the pp beam axis is well centered in the detector
an& has a rms spread of 10 cm. No acceptance correction has been applied
to the data shown in Fig. 2. We estimate that the uncertainty in the
energy scale of ZET due to systematic effects (150 MeV minimum compart-
ment energy requirement, calibration errors, neglecting event vertex
position) is less than *10Z%. '

The EET distribution of Fig. 2 shows a clear departure from exponen-
tial when EET exceeds v 60 GeV, an effect not seen in lower energy

experiments [7,15].
4 — TWO-JET DOMINANCE

4.1 — Energy clustering.

In order to investigate the pattern of energy distribution in the
events we adopt, as in our previous analysis [5], a straight-forward

- clustering algorithm taking advantage of the fine granularity of
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the calorimeter segmentation., We join into a cluster all cells which share
. min min
puiina! > .
a common side and have a cell energy Ecell Ecell Ecell is normally

chosen to be 400 MeV, though the results obtained are relatively insensi-
tive to its exact value. Clusters having two or more local maxima separa-
ted by a valley deeper than 5 GeV are then split. In each event we rank
the clusters in order of decreasing transverse energies and denote them
by EL > EZ > EX ... . The clusters contain typically 3 cells for

T T T

ET = 2 GeV and 10 cells for ET = 40 GeV.

4,2 - Two-jet Structure.

The mean values of the fractions h; = E%/EET and by, = (E% + E%)/ZET
are shown in Fig. 3a as a functiom of ZET. Their behaviour illustrates

the emergence of a dominant two-jet structure at large values of LE_. An

event containing only two jets of equal transverse energies would hzve
h; = 0.5 and hy = 1. The dependence on EET of the ratios rp = E%/E% and
rap= E%/Ez, (Fig. 3b) shows the same effect. As ZET increases, ro; appro-
aches about 0.8 whereas rj; decreases significantly. A large fraction of
the total transverse energy of large EET events is shared on average by
two clusters only,

The azimuthal separation A¢;, between the two clusters having the
largest transverse energies per event (E% and E%) is shown in Fig. 4 for
events with ZET > 60 GeV and E}, E; > 20 GeV. The distribution of A¢,z is
observed to peak near 180° showing that the two clusters are approximately
back-to-back in the transverse plane.

Direct evidence for two—jet dominance is also obtained from an
inspection of the transverse energy distribution in the ¢-0 plane. As an
example Fig. 5 shows the configuration of the event with the largest
value of ZET, 213 GeV. The transverse energy is concentrated within two
small regions (Fig. 5a) which are separated in azimuth by Adz= 180° and

towards which several collimated tracks are observed to point (Fig. 5b).



5 — JET FRAGMENTATION

The event configuration displayed in Fig, 5b, where a high particle
density is associated with each cluster of large transverse energy, is a
general feature of the present data. This suggests the presence of hadron
jets resulting from the fragmentation of scattered partons., In the present
Section we investigate some properties of the observed jets and compare

. . .+ - . .
them with those of quark jets produced in e e collisions.

5.1 - Charged particle multiplicity in jets.

The vertex detector measures the charged particle multiplicity in
jets. Its angular coverage is much larger than that of the central calo-
rimeter : it extends down to 6 = 20° and over the full azimuthal range.
As a result the charged particle multiplicity measurement is almost free
of acceptance corrections.

The main uncertainties in this measurement arise from two sources :

i) the efficiency of the vertex detector and of the associated pattern
recognition algorithm has to be evaluated, especially in regions of
high particle density,

ii) a procedure has to be defined to decide which of the observed tracks

are to be associated with the jet and which are not.

In oxder to address these problems, our analysis is restricted to
the transverse plane, where the track reconstruction efficiency is highest,
and where particles not associated with the jet are expected to contri- -
bute a uniform azimuthal distributiom.

Events are considered in which two clusters, each having a transverse
energy in excess of 15 GeV and APy > 150° (Sect., 4.2), are observed in
the central calorimeter, Distributions of the azimuthal separation A¢
between each track observed in the vertex detector and the centroid of
the highest transverse energy cluster are shown in Fig., 6 for two inter-
vals of ij, the invariant mass associated with the two highest energy
clusters. Clear peaks are seen at A¢ = 0 and AP = 7, as expected for two-
jet events. The distribution is more peaked for the larger ij slice,
showing that higher energy jets are morxe collimated. The distribution in

A¢ is not gymmetric about AP = 7/2. This is partly explained by the fact
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that the two jets are not exactly back-to-back in the transverse plane.
Secondly a broad high multiplicity jet will tend to have less energy
found in a leading calorimeter cluster than a more collimated lower multi-
plicity jet. Therefore in selecting the highest transverse energy cluster
there is a bias favouring the selection of the narrower, lower multipli-
city jet.

The transverse track finding efficiency of the vertex detector was
measured in the azimuthal range covered by the wedge spectrometer by
comparing the tracks reconstructed in each of these detectors for field
off data. The efficiency was found to be 96 * 2% and the fraction of
spurious tracks was 7 * 1Z. The loss of tracks from the finite two-track
resolution (v 5 mm) was estimated from the distribution of the azimuthal
separation between pairs of neighbour tracks, and evaluated to be ™~ 20Z.
The data were also corrected for Y conversions and m° Dalitz decays.

As a check on this procedure the mean charged particle multiplicity
was measured for minimum bias events and compared with results obtained
by the UAS collaboration [1&] in the same pseudo-rapidity range (|n} < 2).
The result, 15.3 # 0,7, is in reasonable agreement with the UA5 measure-
ment, 13.45 £ 0.15, considering that the present data are not corrected

for strange particle decays.

As illustrated in Fig. 6 the track density p(Ad) = d?§¢) is appro-—
ximately constant over a large Ad range around A¢ = m/2, where it takes a
value p,. On the average p, is measured to be™ 2 times as large as in
minimum bias events, Particles not associated with the jets are assumed
to contribute a uniform distribution to 0(A¢),* pp. This assumption was
checked by measuring the track density in the polar angle regions 20° <
5 < 37.5° and 142.5% 8 < 160° using the forward-backward drift chambers,
for events containing a jet near 0 = 90°. The distribution of Ad, the
azimuthal separation between the forward-backward tracks and the highest
transverse energy cluster is flat. A priori, A may take any value between
0 and 1. The contribution of jet fragﬁents near A = 1/2 to the p-distri-
bution, “%%%T = (i*k)po, is directly related to their demsity with respect
to the rapidity y measured along the common axis of the two jets in their
c.m,s. near y* = 0, If ), or equivalently the y* density, were known, we

would be able to measure the average jet charged particle multiplicity as

ng = 50 { p(89)Aeo T d(80) (L
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To avoid the bias caused by the asymmetric A¢ distribution discussed
above we define the jet multiplicity as the average multiplicity of the
two jets., Lacking knowledge of X, we use two different approaches to the
problem :
i) we evaluate a lower bound of o by setting A = 1 in Eq (1). The
values obtained are displayed inm Fig, 7a and include only the leading
jet fragments. They are compared with e'e data [15] which we have

modified according to Eq- (1) using the measured value of %g; in e'e

collisions to evaluate p, and using the fact that A= 0 in ete”
two-jet final states.

ii) we evaluate LI from Eq (1) for two different estimates of A, one
for quarks and one for gluons, using a reasonable fragmentation
model [16]. The results are shown in Fig, 7b and compared with
ete” [17] and pp [18] data, From a range of fragmentation models we
observe that there is a 107 variation in the value of n h- The diffe-
rence between the two evaluations reflects the higher y density for
gluon than for quark fragments near y* = 0. The e'e measurements
are also shown for comparison. The errors shown in Fig. 7 are purely
statistical., We estimate the systematic error in the correction pro-
cedure (two track resolution, spurious tracks, track efficiency) to
be v 10%. The uncertainty caused by the asymmetric A¢p distribution

is < 107%, for an overall systematic uncertainty of 157,

Both approaches indicate a larger charged particle multiplicity in
the present sample of jets than in jets cobserved in ete” collisions at
lower energies. Even if A were equal to one, which would imply that jet
fragments do not populate the central y* =~ 0 region at all, the charged
particle multiplicity of the jets observed in our data would be as large
as that of e'e jets. These results are consistent with expectations based
on QCD calculations which predict that at relatively low Xp = ZET/V%
gluon jets having higher multiplicities than quark jets [16,19] tend to

dominate [20] in pp collisions.

5.2 - Energy flow.

The difficulty of identifying large angle jet fragments without ambi~

guity is of lesser importance when evaluating the energy flow with respect
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to the jet axis : large angle fragments carry only a small fraction of
the jet energy. To illustrate this point two~jet events are selected with
each jet having a transverse energy in excess of 15 GeV, and such that at
least one of them {(called A) is well contained within the central calori-
meter acceptance, The distribution of the azimuthal transverse energy
density, %%%-, integrated over a rapidity interval of #0,7 units around
cluster A is shown in Fig. 8 for several intervals of the transverse
energy ET of cluster A. (Here Ad is measured with respect to cluster A
centroid and extends over the hemisphere opposite to the wedge detector
in order to ensure full acceptance). No corrections have been made for
acceptance or for granularity (shower and cell sizes), which are not
expected to introduce a significant dependence on Ep. The peak near A¢=0
increases with ET. The density around A¢d =-§ is about 2.5 times larger
than in minimum bias events and amounts to v 7 GeV per Ay+Ad = 27,

The strong concentration of energy in the neighbourhood of the jet
axis justifies the cluster algorithm described earlier as a way to obtain
a good approximation of the jet energy. Nevertheless the %%%
exhibits a significant tail and part of the jet energy may occasionally

distribution

be excluded from the leading cluster. In order to study the shape of this
tail in more detail a sample of events was selected in which a large
transverse energy cluster is observed in the central calorimeter in such
a position that any particle produced at angles { < 40° with respect to

the cluster centroid falls within the calorimeter acceptance. The distri-

de
E dp?7
two intervals of the cluster energy E. The data show a slight shrinking

bution of the normalised energy density, , 1s shown in Fig. 9 for
of the peak near P = 0 with increasing cluster energy. We stress however
that the effect is partly obscured by the finite calorimeter cell size
and shower radius which preclude a reliable measurement of the jet aper-—
ture in the angular range y < 10°.

To quantitatively describe the tails of the transverse energy demsi-
ty distributions, the observed angular aperture of the leading clusters
are compared with the prediction of a Monte Carlo calculation using a
simple description of the fragmentation mechanism and simulating the
details of the calorimeter response. We]define a cluster aperture

Q = (ZE; w,?/ZE;)" (2)

where the sum extends over the cells in the cluster, each cell containing
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A sample of 60 events is retained, with the jets having an average E. of

o
25 GeV. In order to remove tracks not associated to the two—jet systzm,
only those charged tracks are retained which carry at least 10Z of the
longitudinal jet momentum (z > 0,1).

The experimental distributions are compared to two Monte Carlo simu~
lations, The first one uses the simple fragmentation model of the previous
Section, eq. (3), and the second one is a QCD inspired model [21] for pp
interactions with the parameters of the fragmentation functions [22] set
to the standard values which best fit the e'e data at PETRA. Figure 11
shows that the observed transverse momentum distribution and the longitu-
dinal fragmentation distribution of the charged particles are well repro-
duced. The observed qé distribution, the square of the transverse momenta
of the fragments with respect to the jet axis, is shown in Fig. 12, The
limited acceptance of the wedge detector precludes a good measurement of
the tails of the q% distribution. The low q% region (q; < 0.5 GeV?) can
be reproduced by the fragmentation model of eq. (3) with a slope parameter
A corresponding to an average value of qqp of 420 *+ 40 MeV.

The fragmentation model of eq. (3) is not adequate to describe the
tails observed in Fig. 12 for q% > 0.5 GeV?. The experimental data are
consistent with the prediction of the model [21] which includes final

state gluon radiation.

3.4 - Longitudinal energy deposition.

Further evidence for jets is obtained from the measurement of the
longitudinal distribution of energy deposition within the calorimeter.
On the average jets are expected to deposit their emergy earlier in the
calorimeter than single charged hadrons of the same energy. This results
from the presence of 7°'s among the jet fragments and from the fact that
each charged fragment carries only a fraction of the total jet energy and
therefore generates a shorter hadronic shower within the calorimeter.

Defining E and EHl respectively as the cluster energies contained in

the electromagnetic and first hadronic compartments of the calorimeter,
the quantity

X = Ee.m./(EE.m. * EHI) )
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an energy Ei and separated by an angle w, from the cluster centroid. The
distribution of Q for two-jet events having E% + E;-> 40 GeV is shown in
Fig. 10. Simple fragmentation models assuming a distribution

‘ddT;N;Z « oM’ (3)
for the transverse momenta-qT of the fragments with respect to the jet
axis do not reproduce the tail observed at R 0.3. This tail implies
more energy at large g than provided by (3). One way to account for it
is to allow for a first split in two jets with a égl o« q}l law, and to
let both of these jets subsequently fragment according to (3). Such a
behaviour is expected from gluon bremsstrahlung which will receive some

support from the subsequent analysis of three-jet events (see Section 7).

5.3 - Transverse momentum of fragments.

The wedge detector, despite its relatively small angular coverage,
provides a measurement of the fragments emitted at a small angle.(é 30%)
to the jet axis, This measurement requires selecting events with a jet
reasonably well contained within the wedgé detector accéptance.

Since there was no total energy trigger in the wedge, events are
selected using a special trigger requiriﬁg a transverse energy deposition
in an azimuthal interval of the central calorimeter Qppbsite to the wedge
(120° < ¢ < 240%). The transverse energy in the wedge is @omputed by
adding the transverse momenta of the charged particle tracks reconstruc-
ted in the spectrometer and the transverse energy of neutral particles
found from the lead glass clusters not associated to charged particleé.
The jet axis is defined by the vector sum of the momenta of all the
charged and neutral particles detected in the wedge.

In order to select two—jet events with one of the jets well contained
in the wedge the following selection criteria are imposed :

- there is at least one cluster with ET > 18 GeV in the central calo-

rimeter in the restricted azimuthal interwval 150° < ¢ < 2100,

- the total transverse energy measured in the wedge exceeds 15 GeV,
- and the reconstructed jet axis is well contained inside the aperture

of the wedge (l¢]| < 10° and pseudo-rapidity |n| < 0.45).
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The components ng and ng of ;%j, measured along two axes, £ and n,
chosen as the bisectors of the two transverse jet momenta (Fig. l4a), are
studied separately because they are associated with different sources of
systematic uncertainties. Their distributions, for the selected sample of
454 two-jet events, are shown in Fig. 14. Also shown are the Monte Carlo
results using < P%j > =5 GeV/c.

The Monte Carlo simulation allows an evaluation of the ability of
our detector to measure P%J and PJJ by comparing generated and observed
distributions. The average broadenlng is indicated by horizontal arrows
on Fig. 14 and calls for two comments ;

1) large observed values of ij are mostly of instrumental origin, which
precludes a reliable measurement of the tail of the PJJ distribution,

ii) the measurement of P%J, related to the az%guthal angle between the
jet axes, is more accurate than that of P%J which is directly affec-

ted by energy measurement errors and acceptance losses.

The data are found consistent with the hypotheses that PJJ has a
uniform a21mutha1 dlstrlbutlon and that dN/d(PJJ)2 has a Gau551an depen~
dence uporn ij. Under such hypotheses, the mean value of PJJ is found
to be < PJJ > = 3 % 2 GeV/c, where the: uncertainty is mostly systematic
and of 1ustrumenta1 origln Splitting the ‘event sample according to the
_ measured value of the invariant mass MJJ of the two~jet system (326 events
have MJJ < 70 GeV/c » 128 have MJJ > 70 GeV/c?). shows no significant
dependence of < PJJ > upon MJJ

' 6.2 - Longitudinal momentum and angular distribution.

The measurement of a limited transverse momentum for two jet systems
supports the idea that jets result from the collision of two incident
partons, each having a small transverse motion within the colliding
hadrons. The longitudinal momentum P%J of two-jet systems is, on the
contrary, expected to take large values since the colliding partons,
depending on the structure functions, may carry very different longitudi-
nal momenta in the initial state.

The measured scattering angles 01,2 of the jet axes with respect to

the beam are related to the rapidity Y33 of the two jets and to their
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is a measure of the mean shower depth, Figure 13 shows the distribution
of X measured for clusters having B, > 20 GeV. This distribution is in
good agreement with hadron jets produced in a test beam resulting from
the collision of high energy ﬂ_'S\ﬂitP a 10 cm thick polyethylene target
but is very different from that measured for single w 's [11]. The multi-
hadron and single pion distributions of Fig. 13 are evaluated for the
energy distribution of the present data using measurements performed with
incident 7 and e beams of 1 to 70 GeV/c momenta and by means of simple

interpolation procedures,

6 ~ TWO-JET PRODUCTION PROPERTIES

6.1 - Transverse momentum,

It has been shown in Sect. &4 that events having ZET in excess of
~ 50 GeV are dominated by two—jet topologies, with the jets approximately
balancing each other's transverse momentum. The knowledge of the trans-
verse momentum distribution of the two-jet system, PJJ, provides informa-
tion about the production mechanism of the jets. The measurement of PJJ,
the sum of two large and approximately opposite vectors, is sensitive to
instrumental effects and requires a good understanding of systematic
uncertainties, To extract the initial P%J distribution from the observed
distribution, a Monte Carlo calculation is made simulating the details of
the detector response and generating two-jet events having different PjJ
distributions but having otherwise the same characteristics as observed in

the data. We assume that the azimuthal distribution of PJJ is uniform and

that its modulus has a distribution of the form dN/d(PJJ)z‘IEXP (-G(PJJ) )

where o 1is a free parameter related to the mean value of P%J via
, ™ i
the relation o = Z-< P%J >"2,
The P3) distribution is measured in a sample of two-jet events iden-

T
tified as having two clusters with transverse energies in excess of

20 GeV and well contained within the calorimeter acceptance. To avoid
favouring small P%j events in which both clusters have transverse energies
close to 20 GeV we require in addition that the sum of their transverse
energies exceed 50 GeV. The same selection criteria are applied to the

Monte Carlo sample.
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CMS scattering angle 8*. When P%j # 0, the fraction of P%j carried by
each of the incident partons is unknown. As a result, in the two jet
center of mass system the incident parton momenta are equal and opposite
but their angle 9 with respect to the jet momenta is in principle unknown.
We choose to approximate 6 by the angle between the jet momenta and the
external bisector of the p and p momenta in the two—jet CMS [23] The
resulting error is negligible when P%J << MJJ Thedlstrlbutun1oftanh(yJJ)
is shown in Fig, 15 for a sample of two-jet events having PJJ < 15 GeV/e,
MJJ > 56 GeV/c? and with ]cose | < 0.3. As a result of the 11m1ted cove-
rage of the central calorimeter (|cosf;»| £ 0.7) the smaller [cose |, the
larger the tanhzjj acceptance and, conversely, the smaller]tanh(yjj)L the
larger the cos® acceptance.

The measuredtanh(yjj) distribution of Fig. 15 is consistent with the
result of a Monte Carlo calculation assuming a uniform y.. distribution.

The measured cos@ distribution for events having |tanh(y )I< 0.28
is shown in Fig. 16. A clear deviation from isotropy (uniform cose* dis~
tribution) is evidenced [24]. The data are consistent with any of the QCD
subprocesses [25] which are expected to have similar cose* dependences
within the calorimeter acceptance. However the data do not allow disent-

angling their independent contributions.
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7 - ADDITIONAL CLUSTERS AND UNDERLYING EVENT STRUCTURE IN TWO-JET EVENTS

In the present Section we study some properties of the energy density
distribution in the angular region which is mot covered by the aperture
of the two leading jets. We expect this region to be populated partly by
the debris of the spectator partons (as predicted by parton models) or
initial state gluon bremsstrahlung and partly by particles directly corre-
lated with the leading jets (as suggested from the emergy flow analysis

presented in Section 5.2).

7.1 - Underlying event structure.

The transverse energy measured in addition to that of the two lea-
ding clusters, Z%T’ is generally larger than that measured in minimum
bias events despite the angular coverage lost to the two main jets. This
is illustrated in Fig. 17 where the distribution of E%T for two-jet
events having E% + E% > 60 GeV {well above trigger bias) is compared with
the ZE; distribution of minimum bias events. The mean values of EET and
of ZET are 13.1 and 5.5 GeV respectively. The latter decreases to 5.0 GeV
when an angular region equal to that covered by two average jet clusters
is excluded from the evaluatlonA)fZET. The underlying event has a net
transverse momentum (EpT) which partially balances the P%J

system as expected. Conversely, if we exclude from the calculation of EET

¢f the two- Jet

the third cluster having ETE*S GeV (if such a cluster is present in the
event), the mean value of Z%T becomes 10.5 GeV, still twice as large as

the mean valie of IE; measured in minimum bias events. In thii case the
underlying ZpT has only a very small componentvbalancing the P of the

three—cluster system.

Despite this important difference the transverse energy distributions
exhibit similar clustering properties in underlying events and in minimum
bias events, as long as they are compared at equal values of ZE& and ZET.
This is shown in Fig. 18 where the average number of clusters exceeding
a given threshold is displayed in both cases. The similarity between the
two event classes is striking.

The agreement is quantitatively better at high threshold and high
SE. for the sample in which third clusters exceeding Ep = 5 GeV have been

T
excluded.
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7.2 - Dalitz diagram of three-cluster events.

Approximately 307 of the events with two leading clusters having

T
exceeding 4 GeV. To search for a possible structure in the configuration

E% + E2 > 60 GeV contain an additional cluster with a transverse energy

of the three leading jets the corresponding Dalitz diagram for events

having E%Z > 15 GeV and El + EZ + B2 > 60 GeV is constructed. The energies

T T T
Ezm of each of the three leading clusters in their common center of mass
i
system are used to define three quantities g, = %%@31, with ijj being the

three-cluster invariant mass. With Q defined as (%ng + €, =1)/¥3 and the
ordering relation €; > €; > ¢; the events populate a triangular domain
of the Dalitz plot with corners located at

A : corresponding to two-jet configurations,

B

corresponding to symmetric three-jet configurations with the
three jet momenta forming an equilateral triangle,

C : corresponding to three collinear jets.

Figure 19 shows the observed event distribution and its projection
on the g; axis. A strong concentration in the vicinity of the two jet
region (A) is seen but no other significant structure is observed. On
the average 207 of the events contain a third cluster which carries more
than 157 of the available energy. Similar conclusions are reached when

the analysis is repeated in reduced intervals of ijj

7.3 - Additional clusters in two-jet events.

The occasional observation of a third large transverse energy cluster
in two-jet events suggests a possible interpretation in terms of gluon
bremsstrahlung. However, contrary to the situation in electron-positron
collisions, hard gluons may now be radiated also from the initial state
partons and/or at the parton scattering vertex. We expect such radiation
to be much less correlated with the main jet momenta than in the case of
gluons radiated by the final state partons. With this remark in mind we
attempt a measurement of the three-jet production rate for configurations
in which two of the jet momenta are observed to be correlated.

A sampleé of two-jet events is selected, each jet having E., > 20 GeV,

T
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in which a third cluster with transverse energy E; is observed. To avoid
an overwhelming contamination of low transverse energy clusters not direc-
tly associated with the two jet system, E; is selected to exceed 4 GeV.
While 297 of the initial two-jet sample satisfy this condition (290
events), only 4.57 of minimum bias events contain such a hard cluster.

The two main jets are labelled 1 and 2 according to the relation E% > E;
and the angle w;3 (w23) is calculated between the momentum assoclated
with the third cluster and that of jet 1 (2). Distributions in cos w1z

and cos wy; are shown in Fig. 20, They exhibit a clear correlation between
the third cluster and jet 2, in qualitative agreement with expectation.

3> threshold enhances this correlation at the price of

T
reducing the event sample., The drops near cos w = ]l result from the

Imposing a higher E

inability of the detector to resolve jets separated by less than about
30° on the average.

In order to evaluate the three-jet production rate the acceptance
must be determined and the contribution of uncorrelated third clusters
must be subtracted. A Monte Carlo simulation taking into account our de-
tector response is used to generate two-jet or three-jet events onto
which the observed emergy pattern of minimum bias events chosen at random
is superimposed. The observation (see Sectiom 7.1) that similar clustering
patterns occur in minimum bias events and in two-jet underlying events at
the same IE; justifies this approach for simulation of uncorrelated third
clusters. By giving each Monte Carlo event a weight depending upon the
ZET value of the minimum bias event used in its generation, we can gene-
rate an arbitrary distribution for Z%T. In pratice two extreme cases are
considered :

i)} underlying events have the same E%T distribution as minimum bias
events,

ii) underlying events have the observed E%T distribution shown in Fig. 17.

The two-jet and three—jet systems are generated with the same distri-
butions in invariant mass, angle, and longitudinal and transverse momen-—
tum, The configuration of the three-jet systems in their CMS is taken to
be that of qqg final states in e'e” collisions [26]. This distribution
does not strictly apply to pp collisions but should be a sufficient appro-
ximation in the kinematic region of interest, where the bremsstrahlung

probability is expected to factorize and reduce to the simple parton model
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8 - JET PRODUCTION CROSS-SECTION

The measurement of the inclusive production cross-sections
pp ~+ jet + anything (6)
pp + jet, + jet, + anything (7)

can be compared directly with QCD predictions. To the extent that the jets
are correctly identified, such comparisons do not require any assumption
about the fragmentation mechanism., The leading and next to leading order
QCD diagrams describing parton scatterings are expected to provide a good
approximation to the production ecross—section for large transverse
momentum jets.

In the present Section the cross-sections for the processes (6) and
(7) as a function of the jet transverse energy (6) and of the two-jet
invariant mass (7) are evaluated, The jet direction and energy are taken
from the centroid and energy of the cluster seen in the calorimeter as
defined using the algorithm discussed above, In forming two-jet invariant
masses, the individual clusters are taken to be massless [28].

Events are selected containing at least one cluster with ET > 30 GeV
(45 GeV) and events containing at least two clusters with E. > 15 Gev
(20 GeV) each from the data accumulated with the low (high) hardware
trigger threshold on ZET. In addition the clusters are required to have
pseudorapidities n in the interval -0.85 < n < 0.85 and to have 40° < d <
320°. The selected samples contain 1160 events (6) and 1680 events (7).
In order to partly account for final state gluon radiation effects discussed
in Sect, 7.3, the jet momenta are defined by adding to the measured momen-
tum vector of the selected cluster those of all clusters having ET2>3 GeV
and separated by an angle w from the selected cluster momentum such that
cos w > 0,2 , This increases the observed transverse energy (ET) distri-

bution for clusters by about 15Z roughly independent of ET'

8.1 - Inclusive jet production,

The evaluation of the inclusive jet production cross section and of
the two-jet invariant mass distribution from these events requires the
knowledge of the integrated luminosity and the determination of the

detector acceptance,
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expressions for q - qg and g * gg [27]

dR(q ~ qg) _ 8 dg 1 -2z +0(z%)

dz dlsinwy} 3n z S1TW (5a)
dR(g ~ gg) _ 9 8os 1 - z+0(z%) (5b)
dz d(sinw) 4 37 z sinw

where R is the bremsstrahlung probability of a gluon carrying a fraction
z of the parent parton momentum and emitted at an angle w to it. The
value of the strong coupling constant, Cg» is set to 0.20 in our calcu-
lation (which only considers the q -+ qg case according to [26]).

The Monte Carlo calculation is used to produce cos w distributions
£,(cos w) and fj3(cos w) corresponding to the two-jet and three-jet
hypotheses. In each case the two extreme configurations mentioned earlier
for the underlying event (identical to that of minimum bias events, f?E3,
or enhanced towards large values of Z%T, f%?? ) are considered. No signi-
ficant difference is observed between f£3; and f?nh, indicating that the
cos w distribution of three jet events is insensitive to the underlying
event configuration,

A good description of the observed cos w distribution (Fig. 20) is
obtained using a form A fgnh + (1-2) f?b + 4 fi. The data favour A = 1,

u = 0.8, but a good fit is also:obtained'with_k =0, u=1.2 : more data
are needed to disentangle with sufficient accuracy the underlying event .
contribution. Nevertheless, in both cases,.the Monte Carlo calculation
provides a fair description of the energy distribution of the third clus—
ter and can be used as a convenient model to evaluate the acceptance
correction to the bremsstrahlung probability measurement.

Defining as P the probability that the event contains a third jet
correlated to jet 2 in the region 0.2 < z < 0.5, 0.25 < cos w < 0.75,
we find & = 0.22 £ 0,06 ,

The region in (z, cos w) is chosen to ensure good acceptance. The
quoted error is mostly systematic and includes the uncertainty attached
to our knowledge of the contribution of uncorrelated clusters.

The number of events in the data sample is not sufficient to allow
a measurement of a possible dependence of & on the three—jet invariant

mass.
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The integrated luminosity is obtained by counting the total number
of minimum bias events that occured during data taking. It amounts to
J¥dt = 15.1 nb~!. We assign an uncertainty of *207 to this value from the
fluctuations observed during different running conditions and from the
overall uncertainty in the cross section accepted by our minimum bias
trigger [12]. The loss in the observed ET distribution resulting from the
requirement of a pair of small angle charged secondaries in coincidence
with the large ZET trigger was measured in special runs where this condi-
tion was disabled from the trigger. The loss is < 5% (90% confidence
level) for ZET > 40 GeV.

The acceptance is calculated using a Monte Carlo simulation of the
detector, The Monte Carlo events are processed through the same analysis
chain as the data, The simulation reproduces the details of the event
configuration and of the detector response, using the same weighting fac-
tors for the three calorimeter compartment energies as for the data
(Section 3.2). In particular, the distribution of cluster size (Fig. 10)
and both hadronic fragmentation and shower development are adequately
described. The comparison of the ET distribution of the Monte Carlo clus-
ters with that of the partons used as input provides the acceptance func-
tion E(ET) by which the observed cross-section must be divided to obtain
the jet inclusive cross-section, The function e(ET) varies from 0.6 to
0.8 over the range 30 < E. < 100 GeV. It accounts for both the limited
solid angle coverage of the detector (Fig. 1), and the jet energy measure-
ment errors. Varying relevant analysis parameters, such as the rapidity
range accepted, the parameters of the clustering algorithm, and the rela-
tive weights attributed to the energy depositions in the various calori-

meter compartments affects both the observed E_ distribution and s(ET)

but the corrected cross-sections do not changeTby more than 157,

Uncertainties in the details of the jet fragmentation contribute
further systematic errors to E(ET), the main effect being a change of
the energy scale. The effect is estimated to be less than 157 by comparing
Monte Carlo events obtained with different fragmentation models,

The cross~section for inclusive jet production dZU/dETdn atn =0 is
shown in Fig. 21 as a function of the jet transverse energy E, and listed
in Table 1. The quoted errors include the statistical errors and the
energy dependent systematic uncertainty of E(ET). A systematic normaliza-

tion uncertainty of *25% in the cross section scale (with contributions
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from the total integrated luminosity and from the acceptance calculation)
as well as a *#67 uncertainty in the E. scale (due to the calorimeter cali-
bration, the response to hadrons [11], the cluster algorithm, and varia-
tions in fragmentation models used in the Monte Carlo) have to be added.
As already mentioned the contribution of events from sources other than
Ep collisions is estimated from a visual scan to be < 5%, independent of
ET' The resulting overall systematic uncertainty in the inclusive jet
cross—section is about +40%,

The present result is obtained from a data sample about 200 times
larger than the one available at the time of our first observation [5] of
jet production at the pp collider. The present cross-section (Fig. 21) is
larger than that reported then, the main improvement being a refined
knowledge of the energy scale. The result is at a level comparable with
QCD calculations [20,29,30] as shown in Fig. 21. The cross—section joins
smoothly the measurements of UAl [6] and they agree in the region of
overlap.

The rms energy resolution in the region-around E, = 40 GeV is about
+5 CeV. No evidence for statistically significant structure is seen in
Fig. 21. From a fit to the datawith the form d’c/dE.dn = AE;n
A= (4.7  .3).10%nb GeV™',n = 7.2 £ 0.2 with a x* of 15 for 21 degrees

we obtain

of freedom.

8.2 - Isolated neutral particles.

Also shown in Fig. 21 (open circles) is the cross section for the
production of large tramsverse momentum single isolated neutral particles
(v, ™, N, ...), identified using the pre-shower counter (C5) in front of
the electromagnetic calorimeter. The events contributing to the cross
section shown are selected using a procedure quite similar to that used
to search for high transverse momentum electrons [31], but requiring that
no track face a highly electromagnetic cluster (the energy of the hadron
compartments must be less than 10% of the cluster energy). To ensure that
the cluster is from an isolated single particle, signals in C5 conmsistent
with no more than two photons converting in the tungsten converter are
required. The resulting sample of 51 events yields a cross section for

single isolated neutral particles that is expected to be a factor 2-3
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smaller [32| than the corresponding inclusive cross section. By studing
the distribution of the number of photons converted, the contribution of
single 7% and single y can be estimated : the data of Fig. 21 are consis-

° but the ratio y/7m° could be as large as 35%

tent with being all from T
(at 907 confidence level)., The error bars shown are statistical only,
systematic uncertainties contribute and additional *30%, independent of

the transverse emergy, to the uncertainty in the overall normalization.

8.3 - Two—jet mass distribution.

Figure 22 shows the distribution of the invariant two-jet mass (ij)

for events containing two jets each having E_ > 20 GeV and lying within

-.85 < n < .85 ., The errors shown are’statisgical ontly, There are addi-
tional systematic uncertainties arising from the same sources as discussed
in Section 8.1 for the inclusive jet cross section. The nmormalization
uncertéinty is #407% which includes the uncertainty on the mass scale of
+6%. The rms mass resolution in the region of 80 GeV/c? is v *8 GeV/c2.

On the basis of the observed W - ev events in the central calorimeter [31],
we expect in this mass region about 15 events originating from the produc-
tion of the intermediate vector bosons (Wi, z%) and their subsequent

decay into two—jet‘final states, However, no evidence for significant
structure is seen : with the present statistics, the signal is expected

to be hidden by the large background of continuum two-jet production. In
the mass range 60<1%j-<220GeV/c2,the data fit a form do/dmjj o« ae Mjj
with A = 586 + 85 nb GeV 'e?, b = (6.6 + 0.2 )+10"2 GeV c? and with a

x> of 17 for 17 degrees of freedom.
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9 - CONCLUSIONS

This paper has presented a summary of the production and properties
of jets at the CERN pp collider. The observation [5] that events in pp
collisions at ¥s = 540 GeV with large transverse energy in a rapidity
interval of two units around 90° have a dominant two-jet structure has
been confirmed with much higher statistics, Detailed studies of the frag-
mentation properties of these jets have begun. In particular, the charged
particle multiplicities have been measured as a function of the jet
energy. The production of isolated neutral particles has been observed
and found to be about 107 % of the jet yield. The production properties of
the two-jet system have been measured : its mean transverse momentum 1s
limited with a value of about 5 GeV/c and its rapidity distribution is
consistent with being uniform within our acceptance while the distribu-
tion of the center of mass scattering angle shows a clear peaking towards
small angles as expected for parton scattering. Production of additional
energy clusters in two-jet events has been observed and found to be con-
sistent with expectation for final state gluon bremsstrahlung processes,
but higher statistics are needed for more detailed studies. The inclusive
jet production cross section and the two-jet invariant mass distribution
are at a level comparable with QCD calculations. No significant structure

in the jet-jet mass plot is seen up to masses of 150 GeV/c?.
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TABLE 1

Inclusive cross section for pp - jet + X at vs = 540 GeV.

z ab
T dET dy y =0
(GeV) (nb Gev !)

31 53,5 % 13,0
33 35.1 8.2
35 28.5 6.5
37 19.7 4.5
39 12.0 2.9
41 9.0 2.3
43 9.4 2.3
45 4,46 0.81
47 3.16 0.58
49 1.96 0.38
51 1.70 0.33
53 1.41 0.28
55 1.12 0.24
57 0.77 0.17
59 0.82 0.19
62 0.63 0.12
66 0.198 0.057
70 0.235 0.062
74 0.122 0.043
78 0.080 0.034
86 0.021 0.010
98 0.012 0.007
110 0.008 0.005

The listed errors include the statistical and the ET—dependent syste-—

. . . . 2
matic uncertainties. The additional overall systematic error on dc/dETdy

(y = 0) is 2407 (see text),.
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FIGURE CAPTIONS

1 - Schematic detector assembly :
a) longitudinal cut parallel to the beam,

b) transverse cut through the beam,
2 - Observed total transverse energy ZET distribution.

3 - a) The fractions h; and h, of the total transverse energy ZET con-
tained in the cluster, and respectively the two clusters, having

the largest E_ are displayed versus ZET.

T
b) Dependence on IEj of the ratios ry = E;/E% and vz = E%/E% (see

text).

4 - Azimuthal separation Ad;; between the two largest clusters having
ET > 20 GeV for events with ZET > 60 GeV.
5 - Configuration of the event with the largest EET, 213 GeV,
a) cell transverse energy distribution as a function of polar angle
§ and azimuth ¢,

b) transverse display of the calorimeter and vertex detector,

6 - Azimuthal separation A¢ between the energy cluster centroid of jet

E% and all charged transverse vertex tracks.

7 - Mean charged particle multiplicities in jets niﬁt as a function of
+ - . . . -
VSe*e“ for e e and of the invariant two—jet mass ij for pp.

jet
ch * .

b) corrected values of ngﬁt

See text for details ; the data are compared to results from

Refs. (15, 17, 18).

a) lower bound on n

for Ep data.

8 -~ Distribution of the azimuthal transverse energy density dET/d ad,
where A¢ is measured with respect to the centroid of the highest ET

cluster. The results are shown separately for three ranges of ET'
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Distribution of the normalized energy density 1/E (dE/dy?) for two

intervals of the cluster energy E.

Jet aperture distribution for a sample of two jet events having

E% + E% > 40 GeV (black circles). ,
Monte Carlo predictions using fragmentation models with Héﬁzdre_AqT
(curve a) or allowing for a previous bremsstrahlung (curve b) are
shown for comparison (see text). In both cases the variations achie-
ved by allowing for reasonable changes of the relevant parameters

are indicated by cross-hatched bands.

a) Uncorrected Py distribution for charged particles in the jet for
data (dots) and Monte Carlo (curve).
b) Fraction of jet energy carried by charged particles for uncorrec-—

ted data (dots) and Monte Carlo (curve).

Distribution of the observed transverse momentum squared of jet
fragments relative to the jet axis (q;) for data (dots) and Monte

Carlo simulations with gluon bremsstrahlung (curve).

The distribution of the quantity X = Eem/(Eem + EHl)’ related to the
mean shower depth, for clusters having ET > 20 GeV
~ as measured in a sample of two jet events (black circles),
- as measured for incident 7 's in the same energy range (dotted
line),
- as measured for hadron jets produced in a test beam in the same

energy range (black curve).

a) Definition of the (£, n) ccordinate system in the transverse plane.

b,c) The distributions of péj and'pgj (black circles) for a sample of
two—jet events are compared with the result of a Monte Carlo
calculation using < p%j > = 5 GeV/c., Horizontal arrows indicate

measurement distortions of instrumental origin (see text).
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Uncorrected distribution of tanh(yjj). The curve shows the result of

a Monte Carlo calculation with a uniform y distribution.

Uncorrected CMS scattering angle distribution. The dashed curve is
*

the result of a Monte Carlo calculation for a uniform cosf distri-

bution whereas the solid curve shows the prediction for gg - gg

scattering (arbitrary normalization).

Uncorrected transverse energy distributions for a sample of minimum
bias events and underlying events in two - or three -~jet configura-

tions (see text).

Mean cluster multiplicities, shown for clusters above several diffe-
rent thresholds, inminimum bias events and in underlying events in

two ~ or three -jet configurations (see text).

Three-jet Dalitz diagram and its projection onto the €; axis

(observed data, no acceptance correction, see text).

Angular correlation in three-jet events, Here cosw is defined as

cos W = cos Wyz 1f cos waey > 0 and cos w = — cos wyzif cos wyg > 0,
Best fits to the data (black circles) are presented for two underly-
ing event configurations :

a) EET distribution as in Fig. 17,

b) ZET distribution as for minimum bias events.

Inclusive jet production cross section. The additional systematic
uncertainty is 407, Curves A and B are predictions from QCD calcu-
lations [29] using different parametrizations for the structure func-
tions. The open points correspond to single isolated neutral particles

(see text).

Two—jet production cross section in the pseudo-rapidity range
-0.85 < n < 0.85. The additional systematic uncertainty is *407.

(curves as for Fig. 21).
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