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ABSTRACT

Recent experimental results in high—pT physics at the
ISR are reviewed. Emphasis is laid on calorimeter-
triggered events and the dominance of jets at high
Ep. Jet fragmentation in pp interactions is compared
with e¥e™ annihilations, and charge compensation in
jet events is discussed.

1. Introduction

In the summer of 1982 a long-expected result in high-pp physics--the
emergence of jets in high-E. calorimeter-triggered events——was presented at
the 21st Int. Conf. on High~Energy Physics, Paris. The observation was
made by the UA2 experiment at the CERN pp Collider'®) and by the Axial Field
Spectrometer (AFS) at the Intersecting Storage Rings (ISR)'P). This was

" followed at the ISR by a measurement of the inclusive jet cross-section at
Vs = 63 GeV 2) and /s = 45 GeVS), and by the energy dependence of the jet
cross-section®). At the collider, UA2 presented the inclusive jet cross-—
section at vs = 540 GeV *) and UAL showed evidence for jet dominance .in
high-Ep events®’.

Here I will present new results from the ISR. I will concentrate on
the analysis of calorimeter~triggered events. The data reported come from
two spectrometers: that of the CERN-Oxford-Rockefeller (COR) experiment®
in intersection 1 (Fig. 1) and the neighbouring AFS 7) (Fig. 2) in inter-
section 8.

2. Transverse energy spectra and jet dominance

The COR experiment measures the transverse energy with a combination
of shower counters and lead-glass blocks. Since this equipment ideally
measures energy only from particles giving electromagnetic showers, mainly
m%'s COR make their analysis as a function of total neutral transverse
energy E%. Figure 3 shows their distribution of neutral transverse energy.
The data correspond to an integrated luminosity of 2.7 X 10%7 em™%. The
distribution is not corrected for effects from the apparatus. At the AFS
the energy measurement is made with a combined electromagnetic and had-
ronic calorimeter and hence the total transverse energy By is measured.

The AFS calorimeter is a sandwich of uranium, copper, and scintillator
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planes, and has a unique energy resolution of hadronic showers (see

Fig. 2). TFigure 4 shows the distributions of total transverse energy
measured by the AFS at three different centre-of-mass energies, 30, 45,
and 63 GeV, corresponding to the integrated luminosities of 9.9 X 10°%",
6.8 x 10°%, and 3 % 10°® cm™2?. These spectra are also uncorrected for
apparatus effects. It should be noted that the 63 GeV measurement spans
10 orders of magnitude in cross-section.

We will now examine the character of the events as a function of the
total transverse energy. To do this, the variable circularity C has been
used by the AFS. The circularity is the two-dimensional equivalent of
sphericity: C = 0 for a perfect "pencil-like" jet event and C = 1 for a
spherical event. The plane in which the circularity is calculated is, of
course, perpendicular to the beam direction. Figure 5 shows the mean
circularity versus Ep for the three different centre-of-mass energies.

It can be seen that (C) stays rather constant up to Ep v 25 GeV, above
which it falls quickly. An interesting feature is how independent of Vs
the points are; the variation of (C) seems, to a first order, to be a
function of Er only. This does not, of course, mean that the centre—of-
mass energy is unimportant, since the cross—section for measuring high Eg
is much greater at a larger Vs (Fig. 4). The circularity distributions
themselves are shown in Fig. 6. At high Ep a striking peak at low cir-
cularity emerges, and in the highest Ep bin the low-circularity events
dominate comgletely. The COR Collaboration observes the same phenomena.
In bins of Ep they calculate sphericity*) S using information from both
the calorimeters and the charged tracks in the drift chambers. The spheri-
city distributions in two EJ bins are shown in Fig. 7a and exhibits a
complete dominance by the low-sphericity events in the high E% bin. The
mean sphericity is also continuously falling from E% % 14 GeV (Fig. 7b).
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Fig. 5 Mean circularity versus Ep measured by the AFS.

*) The variable called circularity by the AFS is called sphericity by the
COR group.
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Fig. 6 Circularity distributions measured by the AFS.

In Fig. 3 it is seen that the E% spectrum deviates from an exponen-—
tizl in the same region as where the change in event structure occurs.
A corresponding effect is not observed in Fig. 4, the AFS measurement, but
it should be pointed out that both spectra are uncorrected for apparatus
effects, The COR Collaboration measures with electromagnetic calorimeters
only, so a correction to their E% is dominated by resolution of the shower
measurement, and by dE/dx and nuclear interactions from particles not giving
electromagnetic showers. All these effects cause the apparatus to over—
estimate E% In addltlon, the fraction of the total Etr carried by ET is
not constant with EX. The AFS Collaboration measures with an electro-
magnetic and hadronlc calorimeter, but here the apparatus effect is domi-
nated at high Ep by leakage of the hadronic showers., This effect causes
the apparatus to underestimate Ep. To summarize: Correcting the COR spec-
trum (Fig. 3) would tend to decrease the deviation from an exponential,
whilst the correction to the AFS spectrum would produce a deviation from
an exponential. The result is that no strong conclusion can be drawn from
the spectra, but it would be strange if the strong change in event shape
were not accompanied by an effect in the Ep distributions.

Figure 8a shows the fraction of E% in the two largest clusters and
in the largest cluster measured by the COR shower and lead-glass counters.

The clusterlng procedure described in Ref. 8 gives not a fixed cluster
size but the increase {(in cluster size) is rather modest with ET The
increasing fractions show just the behaviour expected from jet events.
The fraction of events with more than 60% of their Ep in two non-
overlapping regions of Ay = 1, A¢p = 60°, is shown in Fig. 8b, This is a
measurement of the AFS and clearly shows the jet dominance at high—ET.
Also, here the relative vs independence is observed.
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The back-to-back nature of the two jets is demonstrated by the COR
Collaboration. They find the jet direction using the following algorithm:

i) split the event into two hemispheres;
ii) galculate the vector sum of the momenta in each hemisphere, 31 and
Pys
iii) split the event into two new hemispheres by taking the normal to the
largest of 31 and 3 ;
iv) repeat (ii) and (iii) until the process has converged.

The azimuthal angle between 3 and 32 is shown in Fig. 9a and clearly de-
monstrates the back-to-back nature of the jets. The AFS Collaboration
have used a cluster algorithm described in the next section and in Ref. 9.
The azimuthal angle between the two jet axes found is plotted in Fig. 9b,
and here it is also shown that the jets are opposite each other.

As a final illustration of the nature of the events at high Eq,
Fig. 10 shows some events with Ep > 35 GeV measured by the AFS.
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Fig. 10 Four events with Ep > 35 GeV measured by the AFS.

The result from the COR Collaborationm presented in this section is
described in more detail in Ref. 8 and the AFS result in Ref. 10. The
rest of the talk will be devoted to results from the AFS only.

3. Jet fragmentation

It is clear from the data discussed in the previous section that in
the high-Ey region the events are completely dominated by collimated par-
ticle showers. The natural thing to do next is to measure the fragmenta-
tion of these jets, and to compare them with the jets produced in ete”
annihilation events. The data used for this analysis are at vs = 63 GeV,
Er > 33 GeV, and have a loose requirement on the event shape, C < 0.4.

The first thing we look for is the momentum distribution of the in-
dividual particles. At PETRA and PEP this is often measured as do/dx._.,
where = p/Ppeam- In general, p is measured by the central drift
chambers, i.e. for charged particles only. For pp collisions, x_ = 2p/w’,
where W! is the centre-of-mass emergy for the colliding partons.” At the
AFS, the individual charged-particle momenta p are measured by the central
drift chamber. In order to estimate W' we use the information from the
calorimeter. However, since mnot all the particles measured belong to the
high—pT jets, the invariant mass of ¢ll particles seen in the calorimeter
will in general be an overestimate of W'. We are therefore forced to use
a Monte Caxlo’!) plus full detector simulation to enable us to estimate W



In the Monte Carlo we calculate the invariant mass of all particles with

pp > 1 GeV/c, which we estimate to be predominantly jet particles, ob-
taining a conversion factor between this invariant mass and W/. This is

a correction v 20Z. In the data we now calculate the invariant mass of all
particles with pp > 1 GeV/c, and tranmslate this to W' using the relation
found by the Monte Carlo. We then plot the distribution of x._ measured for
all particles in the central drift chamber. The distribution is normalized
by the number of jets and compared with (1/20pa4) dc/dxp measured by

TASSO '2) and is shown in Fig. 11. The figure shows a Vvery nice agreement
between the jets in pp collisions and jets in ete™ annihilation events.

The next thing we study is the width of the jets.

In order to measure the width of the jets it is necessary to know
the direction of the scattered constituents., Unlike e*e™ jets, the con-
stituent jets in hadron interactions are not generally collinear in the
centre of mass of both beams; the colliding partons have different x-
values and a contribution from initial transverse momentum kp.  The jet
axis will be found by the calorimeter, and the individual particle momenta
will be measured by the central drift chamber.

To find the ;et axis we will use a cluster algorithm that was de-
veloped elsewhere?). The algorithm uses as a distance-measure the trans-—
verse momentum between the particles. The algorithm is provided with a
cut-off parameter qS%! defining the largest allowed distance between two
particles to be joiged together. The procedure of the algorithm is as
follows:

i) A pre-clustering is made by taking the highest momentum particle and
joining to it all particles with a qp < 250 MeV/c away from it. Of
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Fig. 11 The xp—distribution measured by the AFS.



the remaining particles, the largest momentum particle is found, and
all remaining particles with a qp < 250 MeV/c are joined to it. This
procedure is repeated until all clusters with qr relative to another
cluster of less than 250 MeV/c are merged.

ii) Using these pre-clusters, one finds the two closest clusters and, if
their internal distance is less than q%u » joins them. The procedure
is repeated until one is left with a number of clusters, all with dis-
tances between any two clusters greater than qCUt, After each mer-
ging, the cluster algorithm checks whether all the particles are
assigned to the closest cluster, and if not, it allows reassignment.

Figure 12 shows the result of using the cluster algorithm with dif-
ferent values on qSYt, on data, and on a high—pT Monte Carloll).with
detector simulation. From the result it can be seen that the fraction of
events with more than two jets is strongly dependent on the cut-off value.
In addition, it should be noted that for a given cut-off value the frac-
tion of events with more than two jets is quite larger in the data than
in the Monte Carlo. We will measure {qr) in the data which satisfy the
two-jet assumption when using the cluster algorithm on only particles with
Py > 1.0 GeV/c and with the cut—off parameter set to 4 GeV/c. 1In this
case, the algorithm finds two jets in the majority of events. From the
Monte Carle, the mean angle between the initial parton direction and measured
jet direction is found to be 4°. 1In Fig. 13 we plot {qr) against z, where
z is defined as the momentum component along the jet axis divided by Wj.
Superimposed on the figure are predictions from the Monte Carlo. The solid
line is obtained in the Monte Carlo with a jet width (QT} = 0.4, where Qp
i1s an internal parameter in the Monte Carlo setting the width of the jet
fragmentation, and the dashed line is when the jet width is measured to
(QT) = 0.65 GeV/c. Both lines include detector simulation. It is clear
from the figure that the data favour (QT) = 0.65 GeV/c.

It should be noted that also in e+e—, if all events are analysed
under a two—jet assumption, the {qr) versus z observed is very similar
to the one in Fig., 13. Our large value of (Qr) may well reflect a
broadening due to ug effects (e.g. gluon bremsstrahlung leading to three-
jet events). It should be noted that in hadron-hadron scattering, in-
clusion of the three-~jet process requires a calculation up to ag
(ef. ete” where the three-jet process is order as), and the Monte Carlo
only goes to order a;.

4, Charge distribution in the jets

Using global jet features such as the jet direction and W', measured
in the calorimeter, and the individual charged particle momenta measured
by the central drift chamber, we can study the distribution of charges in
the jets.,

Figure 14 shows the ratio between positive and negative particles as
a function of x_, and a clear effect from the valence quark composition in
the colliding protons is seen in the rising ratio. The next thing we
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Fig. 14 The ratio of positive to negative particles as a function of Xp-

examine is the charge compensation within a jet and the charge correlation
with the other jet! ). We use the function

3(y,y") = [(d%0/dydy’) opposite charge - (d%c/dydy’)same charge ]/ (do/dy'),

where y and y’ are the rapidity along the jet axis of the individual par-
ticles. In Fig. 15 we show the variation of & with y! fixed and various
y. From the figure it is seen that the behaviour is rather different for
a positive and a negative particle in a bin centred at y’. The difference
in the long-range correlation can be seen by comparing Figs. 15e and 15h,
where for negative y we get positive correlation with the negative trigger
and anticorrelation for the positive trigger. The difference is easily
understood as a consequence of having two valence u-quarks and only one
valence d-quark. Thus, no matter what the "trigger" at y' is, it is more
probable to have a positive recoil jet. TFigures 15c and 15g show that for
a negative "trigger" at vy’ near the central region the charge correlation
is positive throughout the y range, whilst for a positive "trigger" it is
positive only in the central region, and at high [y| it becomes negative,
again reflecting the higher probability of the leading charge to be posi-
tive. By comparing Fig. 15e with 15h and Fig, 15f with 15i, it is seen
that the short-range charge compensation is stronger for a negative par-
ticle in y’ than for a positive one. Charge compensation has been studied
in more detail for events with a single high-pp particle trigger!*), and
Fig. l6a shows the effect of a difference in short-range charge compensa-
tion when a negative particle is in y' compared with a positive one. As
can be seen in Fig. 16b, this effect seems to be dominated by associated
non-piocns.
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Conclusions

Calorimeter experiments at the ISR have considerably clarified the
topic of high-pyp jets. The jet events are strikingly evident, which
makes a direct comparison with e*e™ events rather straightforward. Future
measurements of charge compensation and flavours in these jets may give’
information about the relative contributions of qq, qg and gg scattering,
and details in the fragmentation process.
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