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ABSTRACT

We present an analysis of minimum bias events from proton-proton
collisions at ¥s = 62 GeV in the CERN ISR. We remove the effects of both
the leading protons and compare the B = 0 mesonic residue of the events to
the hadronic events of similar energy produced in e+e- collisions. This
comparison is presented in terms of the standard jet—type analyses involv-
ing quantities such as sphericity and aplanarity. We find significant
differences between these data and the data from e*e” annihilations. The
data of this experiment are consistent with the predictions of a longitud-

inal phase space model.
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Since the discovery of jets in e+e annihilation into hadrons [1],
compelling evidence has been presented for the two—jet structure of e e
annihilation into hadrons [2]. More recently, evidence has been presented
for the presence of a three-jet signal in such events, [3] which has been
interpreted as evidence for the presence of gluons. By contrast there is
very little evidence for the presence of jets from parton scattering in
purely hadronic reactions: only one experiment clearly shows the presence
of such jets in an unbiased manner, independent of geometric biases due to
the limited acceptance of the detectors [4]. The essential difficulty in
purely hadronic interactions is the presence of the large flux of forward-
backward particles at low Ppe These diffractive and other low P effects
dominate the hadronic cross sections, and thus jet analyses aimed at study-
ing parton interactions must consider high Pp particles which are much ‘

rarer than those at low Pre

It is of interest to compare the jet structure observed in e+e_
annihilations into hadrons with possible jet structure in purely hadronic
interactions. Since the quark and gluon fragmentation functions are ex-—
pected to be identical in the two cases, any differences would probe de-
tails of the jet production mechanism. Such a comparison has been perform-
ed using pp collision data taken with a minimum bias trigger (as defined
below) in the CERN Intersecting Storage Rings (ISR) in which one final-
state leading proton has been selected [5]. In that work an attempt has
been made to account for the observed difference between pp and e e
interactions through the difference in baryon number. Specifically, a
leading proton was selected, and the analysis was performed on only those .
other hadrons in the same centre-of-mass hemisphere as the leading proton.
In the present work on pp interactions we insist on a selection of both

leading protons, and perform the jet analysis on the entire B = 0 mesonic

system remaining after the removal of the two leading protons.

The experiment was performed at the CERN ISR at /s = 62 GeV, using
the Split Field Magnet (SFM) detector, a device which allows one to measure
the momenta of charged particles in nearly the full solid angle of 4«
steradians. The detector is built around a magnet with a maximum field
strength of 1 Tesla surrounding interaction region I4 of the ISR. The

magnetic volume is filled with Multiwire Proportional Chambers (MWPC)
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divided into three telescopes: two forward telescopes, [6] each consisting
of 14 MWPC and a vertex detector, described in ref. [7]. Information about

the performance of the detector can be found in previous publications [8].

The MWPC's were used in a self-triggering mode [9]. Wires of the MWPC
were associated in groups of 256 to deliver fast signals which were combin-
ed to define the event trigger. This experiment used a "minimum bias"
trigger, which was defined by a fast majority coincidence of at least three
chambers in any of the three telescopes. This trigger essentially required
the presence of at least one reconstructible track. After the exclusion of
elastic events, the cross sectibn detectible by this trigger amounts to
v 95% of the inelastic cross section. In this analysis a sample of

390 000 such minimum-bias events were used.

The raw data were processed through the SFM off-line computer program
chain [10] for track finding, track reconstruction, and vertex fitting.
Events with probable protons were then selected, using the criteria that
the particle in either hemisphere with the largest longitudinal momentum
with respect to the beam direction should be positively charged, and should

%*
have a value of x = 2pL//§‘between 0.44 and 0.82 in magnitude. The quantity
*
PL,
the overall centre-of-mass frame. Since no direct particle identification

is the component of the particle's momentum along the beam direction in

was available over most of the kinematic region, the lower limit on x was
suggested by the inclusive particle distributions. At x = 0.4 the n+ pro-
duction rate is comparable to that of the protons. As x increases in
magnitude, the p/ﬂ+ ratio increases sharply, and so the assumption that the
leading positive particle is a proton becomes more accurate. The upper
limit on x was chosen to remove all diffractive events. In addition, a
momentum error cut Ap/p < 0.08 was required for this leading particle.

From the inclusive single particle distributions [11] we estimate that the
sample of "leading protons'" thus chosen is 85% pure. For this analysis we
select only those events in which we detect one leading proton in each of
the hemispheres with respect to the beam axis. These form a sample of 3283
events. These data were corrected for geometrical acceptance losses in the
detector, losses due to decay and secondary interactions, and inefficien-—

cies of the analysis chain. The average total correction factor applied to

the data is about 1.4.
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In order to compare properly the pp interaction data with data on
ete” annihilations, it is necessary not only to remove the two identified
protons so that we are comparing B = 0 systems, but also to transform all
momenta into the rest frame of the mesonic system. This can be done using
knowledge of the incident beam momenta and the momenta of the two leading
protons. Lack of knowledge of missing neutral particles plays no role as
yet. In the rest frame of the mesonic system the event appears as sketched
in fig. 1. The two beam particles, p, and p, transfer equal and opposite

momenta to the meson system. The dashed lines represent momentum trans—

ferred, and not specific particles.

The quantity which corresponds to /s in e+e— annihilations is the
invariant mass of the mesonic system, M,, and this too can be calculated .
entirely from the known beam and proton momenta without reference to
possible missing neutrals. Due to the finite range of allowed x over which
protons are selected, there is a distribution of values for the invariant
mass of the mesonic system, as shown in fig. 2. Fig. 3 shows the distrib-
utions in sphericity for the events in five regions of invariant meson
mass: (a) M, < 18 GeV, (b) 18 GeV < M, < 22 GeV, (c) 22 GeV < M, < 26 GeV,
(d) 26 GeV < M, < 30 GeV, and (e) M, > 30 GeV. Sphericity is defined as

i,
leTI
1

el
Ilptl?
1

_3 ..
S = 2 Mi

where p; refers to'the component of the ith particle's momentum transverse .
to the jet axis, p1 to the magnitude of the ith particle's momentum, the

sums over i are over all final state particles in the B = 0 mesonic system,
and the minimization refers to all possible orientations of the jet axis.

Fig. 4 shows the average sphericity as a function of M,, along with the

e'e” annihilation data from the TASSO Collaboration [12]. Although the

two cases are similar, the average sphericity in this experiment is consis-
tently somewhat below that in the e+e— case. Also shown in fig. 4 are

the predictions of a longitudinal phase space model, which agree well with

the data of this experiment. Details of the model are discussed below.

Fig. 5 shows the distributions in sphericity versus the quantity y for

all events. Let 3j be the momentum of the jth hadron in the B = 0 system
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in the overall rest frame of this system, and let p? be its rectangular
components, & = x, y, z. Then we may define the momentum tensor as TaB =

§ pqu, and obtain the three eigenvalues A,, X,, and A, of this tensor. We
define Q = XK/(ll + X, + A;), arranged such that 0 € Q, € Q, € Qs. The
sphericity, S, is S = 3(Q, + Q,)/2, the aplanarity A, is defined as A = 3Q ,
and the quantity y, which is the difference between the width and flatness2
of the momentum distribution is defined as y = /?(Qz - Q,)/2. The jet axis
is defined as being along that eigenvector of TaB which corresponds to the
largest eigenvalue. We see that the bulk of our events are at low spher-
icity which is the region of 2-jet events, but there are some events at
large sphericity but small aplanarity, which are planar events; and even a
small number of spherical events at large sphericity and large aplanarity.
In very general terms this distribution is similar to that observed in e+e—
annihilation into hadrons at PETRA, but there are significant differences
in detail, as mentioned earlier in regard to the sphericity distribution.

No significant changes in this distribution are observed as a function of M;.

In fig. 6 we show the distributions in p%, where p% is the square

of the individual hadron's momentum transverse to the jet axis. The five
distributions refer to the same five regions of M, as in fig. 3. We
observe no significant change in the shape of the p% distribution with M.
This is most clearly seen in fig. 7, which shows the distributions in
Pr in the lowest and highest regions of M,.

Fig. 8 shows the average value of p% as a function of M,. The data
of this experiment show no dependence on M,. In contrast, the data of the
TASSO Collaboration, [12] also shown in fig. 8 show a pronounced dependence
of <p%> on ¥s. This iﬁ*generally interpreted to be a sensitive test of
quark-quark-gluon jets . The predictions of the longitudinal phase space
model are shown as the smooth curve in fig. 8. They agree well with the
data of this experiment, in particulér in the absence of a strong

dependence on M.

(*¥) We note that a recent prediction of the energy dependence of <p%> in
pp collisions by L. Angelini et al. [13] shows much less energy de-
pendence than observed in e*e™ collisions by the TASSO Collabor-
ation, and is in good agreement with our data. This is shown as the

dashed curve in fig. 8.
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In fig. 9 we show the distributions in <p.>. and <p2> , Where

) T in T out
<p>. are the averages of the squares of the momenta transverse to the

T" in/out
jet axis and in/out of the event plane. The event plane is defined as the
plane formed by the two eigenvectors corresponding to the two largest eigen-—
values of the momentum tensor, TaB’ defined above. In each case the

. . . . 2 . . e .
distribution in <pT>in is significantly broader than that in <P out?

but this 1s expected from the definitions:

2 Ay
> = —
pT out N
and
2 Ay

<p.>., = —

Py 1in N “'
where A, is the smallest eigenvalue and A, is the middle eigenvalue of the
momentum tensor, TaB’ and N is the number of particles whose momenta are
included in the tensor. The data are well-reproduced by the predictions of
the longitudinal phase space model. We furthermore observe that there is

. e . . 2 2 . . .
ficant d f t <pZ>. <p>
no significant broadening of either the P in °T P04t distributions
with increasing My. This is most clearly seen in fig. 10, which shows the
distributions in <p%>in for the lowest and highest regions of My. This

result is in disagreement with that of ref. [5] which claims such an energy

dependence for <p%>in'

In fig. 11 we show the angular distributions of the sphericity or jet
axis with respect to the direction of the momentum transfers to the B = 0 .
mesonic system as shown in fig. 1. The data in fig. 11 do not show the
characteristic 1 + cos?6 angular distribution expected from a one-photon
intermediate state and seen in e+e- annihilations, but instead are sharply
peaked in the forward direction. This is just the behaviour expected if
the secondary particles are produced largely in the forward-backward direc-—
tion, as for example in a model of phase space with limited transverse
momenta. This distribution does not change significantly with My. The
dashed line corresponds to the predictions of the longitudinal phase space

model.

In fi 2 iti . <n >
n figs 12 and 13 we show the quantities Ev1s/Etot and n. > as

functions of M,. Evis is the visible (i.e., charged) energy in the overall



centre of mass assuming all particles are pions in the B = 0 system, while

Etot is the total energy in this system obtained from subtracting the

energies of the two identified protons from the total c.m. energy. Clearly,
is/Etot’ thus calculated, is an underestimate of its true

value. In any case, Evis/Etot appears to decrease with increasing M,,

while <nc>, the average charge multiplicity in the B = 0 system, increases

therefore E
v

sharply with M,. In both cases the predictions of the longitudinal phase

space model (smooth curves) agree well with the data.

The absence of any significant M, dependence of <p%> of the individu-
al hadrons with respect to the sphericity axis (fig. 8), and the sharp
angular dependence of the sphericity axis itself (fig. 11) suggest that a
model of cylindrical or longitudinal phase space with limited transverse
momenta might explain these data. The model chosen had the following in-

puts:

(a) Charge multiplicity distribution from the measured distribution of

minimum-bias events at vs = 62 GeV at the ISR;

(b) Neutral multiplicity distribution from 300 GeV/c pp Fermilab bubble

chamber data [14], scaled in energy;

(¢) Longitudinal momenta flat in x; and

(d) Transverse momenta distributed according to e - My for each particle,
with M. = ‘ﬁ2?+ M2, in which p; is the component of the particle's
momentum transverse to the incident direction, 1i.e. MT is the trans-
verse mass of the hadron. This distribution reproduces the observed

inclusive distribution in transverse momentum.

The model also imposed conservation of the electric charge and con-—
servation of energy and momentum in the generation of all Monte-Carlo
events, although neutral particles were then discarded in the physics

analysis in order to simulate the actual experiment conditions.

In conclusion, we have examined minimum bias proton-proton inter-

actions at the highest available energies at the ISR and have subtracted
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off the identified protons. The resultant B = 0 system has been analyzed
in terms of standard jet-type analyses and compared with data on e e
annihilations into hadrons. In contrast to previous results [5] we find
significant difference between the purely hadronic and e+e_ data, especial-
ly in the energy dependence of <p§> of the individual hadrons with respect
to the sphericity axis. We interpret this to mean that the impulse model
and the other approximations which are used to interpret the purely hadron-—
ic data are sufficiently important to cause the observed differences bet-
ween the hadronic data and the simpler case of e+e— annihilation into a
virtual photon which then produces a qq pair. Furthermore, the predictions

of the longitudinal phase space model are in good agreement with the data

of this experiment.
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FIGURE CAPTIONS

Fig. 1

Fig. 2

Fig. 3

Fig. 4

Fig. 5

Fig. 6

Fig. 7

Fig. 8

Fig. 9

Fig. 10

Diagram of the '"two-proton' events.

Invariant mass of the B = 0 mesonic system after the removal of

the two identified protons.

Distributions in sphericity for the events: (a) M, < 18 GeV,
(b) 18 GeV < M, < 22 GeV, (c) 22 GeV < M, < 26 GeV, (d)
26 GeV < M, < 30 GeV, and (e) M, > 30 GeV.

Average sphericity as a function of M. Also shown are data
from the TASSO Collaboration {12]. The smooth curve shows the

prediction of a longitudinal phase—-space model.

Distribution of events as a function of sphericity and

aplanarity, for all values of M,.

. . . . 2 s e .
Distribution in Py of the individual hadrons with respect to the
jet axis. The five regions of My, a through e, are the same as

in fig. 3.

. . . . 2 e e . .
Distributions in P of the individual hadrons with respect to

the jet axis for the lowest and highest regions of M,.

Average value of p% as a function of M, .Also shown are data
from the TASSO Collaboration [12]. The solid curve shows the
prediction of a longitudinal phase-space model, and the dashed

curve that of the model of L. Angelini et al., [13].

. . . . 2 .

D t <p>. : is 1
1stribution in P in/out with respect to the jet axis in/out
of the "event plane": (a) All My, and (b) M, > 30 GeV. In (b)
are also shown data from the TASSO Collaboration [12]. The

smooth curves show the predictions of the longitudinal

phase—space models.

. . . . 2 . . ..
Distribution in <pT>in wlith respect to the jet axis in the

"event plane'" for the lowest and highest regions of M,.
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FIGURE CAPTIONS (Cont'd)

Fig. 11

Fig. 12

Fig. 13

Angular distribution of the jet axis with respect to the
momentum-transfer line of flight of the two protons. The dashed

line shows the prediction of the longitudinal phase-space model.

E . /E as a function of My. The smooth curve shows
vis tot

the prediction of the longitudinal phase-space model.

<nc> as a function of My,. Also shown are data from the
TASSO Collaboration [12]. The smooth curve shows the prediction

of the longitudinal phase-space model.
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