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Abstract

Localized energy clusters (jets) with transverse energy between 5 and 13 GeV are observed
semi-inclusively in proton-antiproton interactions with ,/s=630 GeV which also contain a final state
proton with more than 90% of the beam proton’s momentum. The system which recoils against the
proton is studied for invariant masses in the range 105 to 190 GeV. The production rate, angular and
energy distributions and profiles of the clusters are in good agreement with predictions of a QCD
model of diffractive scattering, in which the clusters result from the hard scattering of giuons in an
exchanged Pomeron with the partons in an incident proton. A soft gluon structure function of the
Pomeron, such as (1 —X), is preferred.
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The observation of transverse energy clusters (jets) in high energy $pf1,2] or pp[3,4] interactions
provides clear evidence for the occurence of point-like scattering between constituents and is in quan-
titative agreement with calculations of quark and gluon scattering in QCID{3].

In this Letter, we report the first observation of localized transverse energy depositions (clusters)
produced in the special class of events which contain a final state proton which possesses more than
90% of the beam proton momentum. The experiment was performed at the CERN SPS-Collider with
/s = 630 GeV. The final state proton in the reaction:

pP -~ pX 1

is detected in the Roman pot spectrometer{ 6] of experiment UAS in the same interaction region in
which expennment UA2[1,7] is installed. This recoil proton spectrometer uses the quadrupole magnets
of the SPS for momentum analysis of the high momentum protons in Reaction 1. The particle trajec-
tory is measured by wire chambers installed in Roman pots which can be positioned near the SPS
beams. The UA2 central calorimeter{7], shown in Fig. 1, covers the range of pseudo-rapidity [nj<1
and is used to study the structure of the remaining event in the central region.

Events with elastic-like final state protons, called inelastic (single) diffraction|8], are believed to
result from the dominant exchange of a color-singlet Pomeron. Inclusive measurements of Reaction 1
have previously been made at the SPS-Collider by Bozzo et al[9]. In the kinematic range of the data
in Ref. [9] and the data discussed in this Letter, the contribution of f-meson exchange should be less
than a few percent|10].

In spite of the large cross section for diffractive processes, the nature of the exchanged Pomeron is
far from being understood. It has been argued{11] that the observation of hard scattering effects in Re-
action 1 would signal the occurance of perturbative QCD processes between the partons in one beam
particle with partons in the Pomeron emitted from the other beam particle. The largest cross sections
for such signals would be provided by the leading order QCD 2+ 2 scattering processes which result in
the emussion of clusters of particles (jets) which possess large transverse energy, E;. With sufficient
data, the study of such events should lead o a detailed understanding of the internal structure of the
Pomeron[11]. A background to diffractive jet production given by normal high-p; scattering, where a
spectator parton fragments into a leading proton that mimics the diffractive signature, has been esti-

mated[12] to have at least two orders-of-magnitude smaller cross section and can therefore be neglect-
ed.

To search for jet structure in the diffractive system, X, of Reaction 1, we constructed a trigger
which required a coincidence between scintillation counters mounted with each of three wire chambers
in the Roman pot spectrometer and a total transverse energy, ZE; > 9 GeV, measured’ in the UA2
central calorimeter system[7]. The calorimeter is segmented into 240 cells, each covering 15° in ¢ and
10° in 8, and built in a tower structure pointing to the center of the interaction region. The polar angle
range is: 40° <8 < 140°. The trigger initiated a readout of both the UA2 detector and the recoil proton
spectrometer for logging by the UA2 data acquisition system concurrently with normal UA2 events.
Data were also recorded with an inclusive proton trigger, which was identical to the trigger described
above except that no demands were made on ZE;. The results presented here were obtained in a short
run with an integrated luminosity of 11 nb™! in December 1985.

Each chamber in the Roman pot spectrometer contains 6 planes with 2 mm wire spacing. There
are two planes with horizontal wires, y and y* shifted half a cell, and two sets of +7° stereo views,
u—u’ and v—v’. With a 4-bit time-to-digital converter on each wire, a chamber provides about 55 um
position resolution in the vertical (bending) plane. The final state proton momentum is calculated us-
ing the vertex position of the event given by the UA2 central chamber system and points reconstructed
from hits in chambers 1 and 2; chamber 3 was used to check consistency.

! Despite the fact that a § GeV threshold was used in the online trigger for the data discussed here, the offline calibrated B,
distribution showed no inefficiency at this value. Therefore, a cut of ZE; > 9 GeV was made in the offline analysis.
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Fig. 2 shows the proton momentum measured with and without requiring an elevated ZE, in the
trigger, When ZE, is included in the trigger requirements, the peak shifts to lower momentum, corre-
sponding to larger values of diffractive mass My in Reaction 1, and a striking lower momentum en-
hancement develops which extends down to a proton Feynman-x, =~ 0.9 (Mx ~ 200 GeV). The
cutoff of this inclusive proton momentum distribution on the low side is an artifact of the apparatus
acceptance.? For the high mass diffractive events discussed in this Letter the momentum transfer, t, to
the recoil proton is approximately in the range{13], 1 -2 GeV2.

For the data discussed here, the angular acceptance of the UA2 central detector, shown in Fig. 1,
limits the jet acceptance to most of one hemisphere in the Pomeron-proton center-of-mass. A conse-
quence of this acceptance limitation is that less than 10% of the events with one jet in the central ca-
lorimeter also have a second jet accepted. However, since the observable hemisphere is in the direction
of the Pomeron, the observed single jet distributions are sensitive to the hardness of the Pomeron
structure, as was pointed out in Ref. [11].

In the analysis which follows, we compare the experimental results with the model described in
Ref. [11] in which the Pomeron is assumed to be a purely gluonic object with possible gluon structure
functions, xG(x) = 6(1 —x)* or 6x(1—x). In each case, x is the fraction of the Pomerons’s momentum
carried by the gluon. The jet production in the Pomeron-proton interaction is calculated from standard
QCD 2--2 parton scattering matrix elements using a Monte Carlo event generator based on this model
and with the hadronization described by the Lund model[14]) and its Monte Carlo programs[15, 16].
Initial and final state parton radiation is taken into account as in Ref. [15], but produces no large ef-
fects at these relatively small momentum transfers. The generated Monte Carlo events are passed
through a UA2 detector simulation program and data analysis software in order to subject the Monte
Carlo events to the same biases as the real data.

We employ a cluster finding algorithm in which the calorimeter cell with largest transverse energy
(required to be > 1.5 GeV) serves as an “initiator” cell. The transverse energies of all cells within a
cone of radius R = ,/(An?+A¢?) = 1 around the direction of the initiator cell are summed and, if
larger than 5 GeV, accepted as a cluster.® Fig. 3 shows the distribution of the transverse energies of
such clusters found in 114 events. Although the process was iterated to find all clusters in each event,
only 7 of the events were found to possess a second cluster, in agreement with the expected number of
two jet events in the sample. The solid curve in Fig. 3, normalized to the data, shows the predictions
from the QCD model{11] discussed above and illustrates that the dependence on jet energy is as ex-
pected from hard scattering at the parton level. Within the quoted experimental errors, the shape of the
Monte Carlo curve does not depend significantly on the exponent of the assumed structure function.
The more difficult comparison of the absolute production rates of the clusters in the data and model is
discussed below after comparing their other properties. ‘

The energy profiles in polar (8) and azimuthal (¢) angle, shown in Fig. 4(a-d), display the average
shape of the clusters. Due to the limited calorimeter acceptance in 8, only events with ejet > 110° are
plotted on the @ plots, so that the energy flow on one side of the cluster axis can be observed in an
unbiased way over a @ range larger than the cluster wadth. The widths, in both 8 and ¢, are seen to be
in good agreement with the Monte Carlo events which embody the Lund model] 14] prescription for
fragmentation of high-E, jets, known to be in agreement with the results of other jet production ex-
peniments{ 20,17}, We therefore conclude that our reconstructed energy clusters show typical jet prop-
erties.

2 In future running of experiment UAS, this cutoff point occurs at much smaller momentum values, due to a reinstallation of
some of the Roman pots cioser to the interaction region. The acceptance of the UA2 calorimeter system has also been ex-
tended down to about 6° from the beamn axis on both arms.

? Similar algorithms have been used by both the UAI1{17] and UA2[18] ccllaborations. See also the discussion in Ref. [19].
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It is interesting to note that the laboratory angular distribution of the 5-13 GeV jets found in the
Lund Monte Carlo events used in our analysis is observed to be well correlated with the scattered par-
ton directions on an event by event basis. Thus, at the Monte Carlo level, fluctuations can be ruled
out as a source for the low energy jets considered here.

An additional argument that our 5-13 GeV transverse energy clusters are QCD jets and not due to
fluctuations mn low-p; interactions comes from a comparison between the rates of cluster formation in
our data and in Lund minimum bias Monte Carlo events, which satisfactorily describe minimum bias
interactions up to Collider energies[21]. In our data , 26% of the events with £E; > 9 GeV are found
to possess a cluster with E; > 5 GeV, whereas the comresponding number is only 2.8% for Monte
Carlo events with the same mass (after removing events with scattered parton transverse momenta
larger than 2.5 GeV, which are seen to correlate directly with the production of jets). In making this
comparison, we assume that the Pomeron-proton interaction is similar to pp and pp interactions at the
same ./s. This secems reasonable in view of the similarity of the rapidity shapes of diffractive states and
minimum bias events, as shown by the UA4 Collaboration[22]. We also note that clusters in the same
range of E; as ours have been observed in minimum bias events by the UA] collaboration{23] and
found to be in good agreement with jet production in QCD, whereas clusters which are statistical fluc-

tuations in Monte Carlo events generated with non-QCD based models are too low in rate to agree
with the data.

If our transverse energy clusters do indeed arise from hard parton scatterings, their longitudinal
momenta in the Pomeron-proton cms should reflect the parton momenta in the Pomeron and, there-
fore, the hardness of its effective structure functionf11]. Figs. 5[a-d] show the distributions in xg (the
cluster’s longitudinal momentum normalized to 1/2 the diffractive mass, My) for three regions of My

As explained above, there 1s non-zero acceptance in only one hemisphere, which is in the direction of
the incident Pomeron.

The curves in Figs. 5(a-d), normalized to the data, are the predictions of the model in Ref. [11] in
which the exchanged Pomeron has beam momentum fractions of 0.034, 0.050 and 0.080, respectively
(corresponding to the diffractive masses of 115, 140 and 170 GeV). The Pomeron is assumed to be a
purely gluonic object with possible gluon structure functions,* xG(x) = 6(1 —x)® or 6x(1 —x). In each
case in Figs. 5, the softer structure function, (1—x)°, is preferred. This is summarized in Fig. 5(d),
which shows the combined data for = 0.91—0.972. The curves in Fig. 5(d) have a x?/Degree of
Freedom of 13.4/12 and 40.6/12, for the soft and hard structure functions, respectively.

Another characteristic feature of hard scattering processes which is sensitive to the Pomeron’s
structure is the laboratory angular distribution, 0, of the produced jets. Figs. 5(e-h) shows these distri-
butions for the same x, ranges as in Figs. 5(a-d). With the quasi-elastic protons observed at 0°, the jet
directions peak closer to 140°, or larger opposite rapidity{8], at smaller diffractive masses. The falloff of
the distributions near 140° in each plot is due to the loss in jet acceptance near the edge of the calo-
rimeter. In each case, the solid and dashed curves, normalized to the data as before, are the predictions
for the two Pomeron structure functions. The conclusions here are essentially the same as in the pre-
vious paragraph, namely that the (1 —x)® structure function is preferred. We also note that the large
asymmetry seen in Fig. 5(¢) is a clear demonstration that our data sample does not contain any signif-
icant background from “pileup” events (i.e. accidental coincidences in the same machine bunch cross-
ing between diffractive events and minimum bias events).

Concerning the rate of jet production, we use Equation 2 from Ref. [11]:

* The alternative hard structure function, xG(x} = 2{1 —x), gives results essentially indistinguishable from those of 6x{1 —x) in
Fig. 5 and is therefore not explicitly shown. This is a consequence of the fact that the jets under study mainiy arise from the
larger x part of the structure functions.
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Ao(sd. —» jets) o(Pp - jets)
—_— s — @
Ao(sd. - all) o(Pp - all)

rewritten so that the lefi-hand side is the observed fraction of diffractive events in a given bin of mass,
My, and momentum transfer, t, which have clusters with E; > 5 GeV. Assuming the validity of fac-
torization in diffractive processes as in Ref. [11], this ratio is given by the fraction of Pomeron-proton
interactions which yield jets, as shown on the right-hand side of Equation 2. The numerator, ¢(Pp -
jets), is obtained from the QCD calculation discussed above, multiplied by the fraction of correspond-
ing Monte Carlo events whose jets are detected by the calorimeter. In the denominator the Pomer-
on-proten total cross section, o(Pp — all), is taken to be 2.3 mbarn, as obtained from a triple-Regge
analysis{24] of single diffractive data. It should be noted, however, that this value was determined for
much smaller diffractive masses (< 10 GeV) than considered here and the assumption of a
mass-independent value may not be correct.

In using Eq. 2 to compare data with predictions, we note that the proton acceptance efficiencies
are identical in both numerator and denominator on the left hand side and therefore cancel. Further-
more, as mentioned, the same jet acceptance biases are imposed on both data and Monte Carlo events
(the numerators on left and right hand sides, respectively). Thus, their comparison is meaningful, even
though their absolute magnitudes are affected. We also note that because our Monte Carlo events
model the data reasonably well, the conclusions of this paper are essentially independent of the pa-
rameters used in the jet finding algorithm.

Fig. 6 shows the three experimental values of the left hand side of Eq. 2 at the same x, values
used in Fig. 5, as well as the predictions corresponding to the right hand side of Eq. 2. The results are
in agreement with our earlier conclusions. In particular, the rate comparison for the hard structure °
function is very poor whereas the soft structure function calculation is in reasonable agreement with
the data, especially if one takes into account the limitation in our knowledge of ¢{(Pp - all). In partic-
ular, we note that a o(Pp -~ all) which rises with increasing diffractive mass would tend to lower the
curves as one goes from larger to smaller x, in Fig. 6. However, a more precise determination of the
shapes of the curves in Fig. 6 must await knowledge of the mass dependence of the Pomeron-proton
total cross section from more detailed measurements and analysis of high mass diffractive data.

The curves in Fig. 6 assume that the Pomeron has a purely gluonic structure. A quark compo-
nent with similar structure functions would yield lower rates due to smaller QCD parton level cross—
sections. Donnachie and Landshoff{25] have recently proposed a model in which the hard scattering of
a Pomeron is quark dominated with a structure function of the form x(1 —x) and with a normalisation
of the momentum sum rule integral of 10— 15%. Although the data in Figs. 5,6 can accomodate such
a quark component, it is not sufficient in itself to account for the observed rate of jet production.

Conceming the absolute vertical scale in Fig. 6, we estimate that a multiplicitive factor of about 7
would correct for jet acceptance losses due to geometrical and detector resolution effects. This gives a
jet production rate of about 10— 15% in our highest mass region. It is interesting to note that this is
comparable to the rate inferred from the UA1 Collaboration study{23] of Pp minimum bias interac-
tions with /s = 200 GeV using the same jet definition parameters.

In summary, clusters with transverse energy in the range 5-13 GeV are observed in high mass dif-
fractive final states. These show typical jet properties in agreement with other experiments and with
theoretical expectations based on jet models. We have found no explanation of the effects in terms of
fluctuations in low-p, interactions. However, good agreement in all variables is obtained with a hard
scattering model which is based on a gluon-dominated Pomeron with an effective gluon structure
function of a rather soft nature, e.g. of the type xG(x) = 6(1 —x)>. Future analyses of higher statistics
data from experiment UAB will furnish more reliable absolute cross sections. In addition, we will be
able to determine the dependence of the Pomeron’s effective structure function on mass and momen-

tum transfer.
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Table I: Event Sample

Mean Number of Events
X of proton  Diffractive All with jets single Ao(s.d. = jets)
Mass >5GeV  diffractive Ao(all s.d.)
091—-0.94 170 GeV 143(a) 37(a) 37(b) 0.0180+0.0041
(0.94—0.96 140 GeV 169 38 47 (0.0141£0.0031
0.96—-0.972 115 GeV 156 39 66 0.0106+0.0036

(a) trigger required ZE;>9 GeV. [&#dt = 11.2 nbarn™ 1.
(b) no 2E,; requirement in the trigger. {%dt = 0.202 nbam "',

Figure Captions

1.

UAZ2 Central Calorimeter. The recoil protons are measured in a Roman pot spectrometer as de-
scribed in Ref. 6. The vectors show that the antiproton interacts with a (1 —x..) component of the
incident proton. Thus interacting systems with lower mass move to the left with larger momen-
tum.

Measured proton momentum distribution with and without the transverse energy requirement in
the UAZ central calorimeter. The ordinate refers to the solid histogram. The dashed histogram is
normalized to the other at its peak.

Raw jet energy distribution from events with 0.91 <x, <0.972, for which ZE; > 9 GeV is required.
The sclid curve is the prediction from the model of Ref. {11] and is nommalized to the data.

Jet energy profiles in 8 and ¢ for events with 0.94 <Ep< 0.96. (2) & Distribution. Only jets whose
axes have 8 > 110° are plotted in order to display the profile over a large range of 8. For each ¢
bin, the energies in all ¢ cells with that 8 are summed. The ordinate is the average energy per
event in a A8=10° cell. The dots show the data and the histograms show the same quantity for
the Monte Carlo events generattu according to the model described in the text. (b) shows the
same quantity, but only adding those calorimeter cells which are within |A¢}<30° from the jet
axis. This is seen to greatly suppress the background from the undetlying event. (c) ¢ Distribu-
tion. The ordinate is the average energy per event in a A¢ = 15° cell. (d) same as (c), but only for
those cells with |A8] < 20°.

(a-c)Distributions of Jet longitudinal momentum (normalized to My/2) in the center-of-mass of
the diffractive systern, X, for the 3 indicated ranges of x,. In each case, the ordinate is (1/Number
of Events)dN/dxp. The solid and dashed curves, with the same normalization, show the distribu-
tions of the Monte Carlo events generated according to the structure functions xG{x) = 6(1—x)*
and 6x(1 —x), respectively, and passed through the UA?2 detector simulation program, as discussed
in the text. (d} The sum of (a-c) with the same normalization; (e-h} Distributions of laboratory
angle, 8, of the jet axis for the same % selections as in (a-d).

Normalization comparison. The data points, given in Table I, correspond to the left-hand side of
Eq. 2. The curves comrespond to the right-hand side of Eq. 2, with the numerator generated for
both structure functions. As discussed in the text, for the purpose of this figure, o(Pp - all) is
taken to be constant at 2.3 mbarn over the entire range of *p-
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