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ABSTRACT

Forwgrd production of hadrons in yp interactions at about 11 GeV.
Centre of hass energy has been analysed in terms of single particle spec-
tra. Compartbons with K* p and K p data with deep inelastic scattering
data at similar Pnergles confirms the unxversallty of global properties.

_ As the mi nimum pT 19 increased the data show features which are consis-
tent W1th a two jet structure in the beam fragmenfatlon region. A small
subsample of these events is consistent w1th a special topology in which a

jet is replaced by a single h1gh Py pion.
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INTRODUCTION

A consistent qualitative picture of jets and parton fragmed%ggﬁpn has
been developed in e'e annihilation, deep inelastic scattering and‘hard ,
hadron-hardon scattering. Further, there is increasing evidence for stm¥;
larities between jets in soft hadronic interactions and those observed in

ete” annihilation when compared at the same total hadronic energy [1-41.

In most respects, one anticipates that high-energy photon interactions
will be very similar to high-energy hadron interactions through the con-
cepts of vector meson dominance. However, at some level significant
differences should appear due to the point-like interaction of the real
photon. Specifically, in high-energy photoproduction one expects to see
"three-jet” events, which consist of a target jet and two opposed high—pT
jets in the beam fragmentation region with no particles in the beam direc-
tion. These arise from the QCD Bethe-Heitler process of Fig. 1, in which
a quark and an antiquark are produced at large transverse momentum, and
the QCD Compton process of Fig. 2 with a quark {or antiquark) and a gluon
jet. These processes could account for a few percent of the totﬁl Cross-—

gection at high energies.

In principle, a similar signature can be obtained through vector dom-
inance, the vector meson coupling directly to two high—pT jets, Fig. 3,
analogously to the higher twist process wq 2 gg in which the pion couples
directly to two high—pT jets [5]. However, this higher twist process is pre—
dicted to have a smaller cross—section than the minimum twist QCD Bethe--
Heitler and Compton processes, and should not produce a significant contri-

bution to any "three--jet" signal.

Of more immediate interest is the higher twist process of Fig. 4 which
involves the point coupling of the real photon. A gquark and antiquark com-
bine into a single high—pT meson (w,p,...) with a balancing jet [6].
Although the cross-section is calculated to be appreciably smaller than the
QCD Bethe-Heitler and Compton cross-sections, each event from the higher-
twist process should have one particle carrying all the transverse momentum
on one side of a "three—-jet"” event. Unfortunately this signature is not
unique. For example, in a certain fraction of events the QCD Bethe;ﬂeitler
and Compton processes will produce a single high—pT hadron through a

high-z parton fragmentationm.
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In this paper we present a comparison of yp interactions at

«/s> = 10.6 GeV with K'p interactions at vs = 11.5 GeV [4], K p interac-
tions at vs = 14.3 GeV [3], and deep inelastic muon scattering at <vs> =

= 10.5 GeV {7], which confirms the general characteristics of hadron pro-
duction %n all the processes. As the minimum }:i(p;in)2 is increased

{where P;in is the component of the transverse momentum in the event plane),
the data show the emergence of a "three-jet"” structure. Further, a small
subset of the "three-jet" sample consists of events with a single high—pT

pion balanced by a multiparticle jet.

EXPERIMENT AND DATA SAMPLE

An 80 GeV electron beam from the CERN SPS was used to produced tagged
photons of energy 20-70 GeV (8], which were incident on a liquid hydrogen
target 600 mm long. The particles produced were detected in the Omega
spectrometer and in a large aperture photon detector. A description of the
experimental set-up can be found elsewhere [9]. The trigger for the events
discussed in this paper regquired a minimum incident photon energy of 50 GeV
and at least three charged particles in a forward MWPC. Electromagnetic
background was reduced by a system of veto counters in the median plane.
Pattern recognition and geometrical reconstruction of events were performed
by the program TRIDENT [10], and neutral pions were reconstructed from the

signals in the photon detector.

The initial data sample used consisted of 373 K events. Events con-
taining badly measured tracks were excluded from the analysis, and the
final sample was further reduced by demanding charge balance, i.e. requir-
ing a net charge of 1 or 0. We have checked that the physics results are
not changed by this latter cut. Finally events compatible with being due
to the diffractive dissociation of the photon to p, w were removed. To-

gether these cuts reduced the data sample to 131 K events.

Tn a large fraction of the events, the total energy measured in the
Omega spectrometer and the photon detector was 1éss than the initial beam
energy. The detection angle of neutral pions and photons was limited by
the geometry of the photon detector and the detection efficiency for slow
charged tracks was low, partly due to absorptiom in the hydrogen target and

partly due to restricted coverage at wide angles. These limitations meant



that a substantial fraction of the target fragments were not detected.

This is most clearly demonstrated in the overall yp centre of mass.

Figure 5 shows the missing longitudinal momentum (i.e. along the incident
beam direction) in the overall yp centre of mass. The substantial loss

in the target fragmentation region is obvious. It is worth noting that at
the mean photon energy of 59 GeV, the backward hemisphere in the yp centre
of mass corresponds to particles having less than 1 GeV longitudinal momen-
tum in the laboratory. The average value of the missing longitudinal

momentum is <P > = -2.47 GeV/c.

The missing transverse momentum (i.e. perpendicular to the incident
beam direction) is shown in Fig. 6. The average value of the missing
transverse momentum is <Pp> = 0.53 GeV/c. A two-dimensional plet of
missing Pp V- missing P (not shown) demonstrates a strong correlation
‘between large missing transverse momentum and large missing longitudinal
momentum in the backward hemisphere, i.e. they correspond to slow, wide-
angle tracks in the laboratory. This result.is not surprising, since the
Omega spectrometer has good acceptance for charged particles for xF >0
at the energies with which we are concerned, and the photon detector effi-

ciency is also high for photons with positive x_.

ANALYSIS PROCEDURE

Since our primary interest is in the beam fragmentation region, the
loss of some target fragments does not present too serious a problem,
although it does preclude a full thrust or sphericity analysis. The pro-
cedure adopted was to use a modified sphericity analysis. The data were
analysed on an event by event basis, in each case finding the event axis

{that direction with respect to which Ei(p;)z is a minimum] and the event
plane [that plane with respect to which Zi(p; t)2 is a minimum]. The
ou

axis obtained is equivalent to the sphericity axis and it is distributed

in a small cone about the heam direction, Fig. 7. Note that the K+p analy-—
sis [4] at ¥vs = 11.5 GeV was done in terms of sphericity, spherocity and
thrust, with no change in the conclusions, so our choice of sphericity

should not affec¢t our conclusions.

An alternative and simpler approach would have been to assume that the

correct axis is the beam axis. This is the approach which is adopted, for



example, in equivalent analyses of deep inelastic muon scattering data.
~17,11). A simialr procedure has been investigated here to the point of
demonstrating that the main qua11tat1ve features are unchanged, although.
distributions are mnaturally smeared in compar1son with the sphericity axis
analysis. -Unless specified otherwise, all distributions shown and dis-—

cussed relate to:the sphericity axis procedure.;

In performing the sums over momenta in the analysis it is necessary to
specify which momenta to include, i.e. whether to retain charged tracks
only or whether to incorporate measured neutrals as well. Both possibili-
ties have been explored, with no significant difference between the results
in the two cases. . All results presented relate to the case where measured

neutrals were included. in the determination of the event axis.

- The immediate results of this analysis procedure are shown as the
‘black circles in Figs. 8 and 9. Figure 8 is the inclusive single charged
particle pT distribution w1th respect to the spher1c1ty axis and Fig. 9
shows the :distributions I, (pT f) and E; (pTln) with respect to the
event plane for charged particles, "out" and "in" having their obvious.
meanings. In each case only charged tracks with‘xéi> 0 are included
because of the problems associated with target fragmentation, and the re-
striction to charged tracks only is to allow direct comparison with other

data.

RESULTS
4. 1 Slngle partlcle d1str1but10ns

As a first step,; we compare our inclusive single particle distributions
in Figs. 8 and 9 with the corresponding data from hadronic interactions at
gimilar energies, namely-K+p at 70 GeV/c [4] and K p at 110 GeV/c (3], and
with a subset of deep inelastic scattering data in the range 40 £ s £
£ 180 gev? (7). The K+p and K p data have been extensively compared [3,4]
with e'e” data in the range 13 £ vs £ 17 GeV [11] and with vN data in the
range 12 < vs < 14 GeV [12] and exhibit essentiaslly the same features.

Our inclusive single-particle p; distribution is compared with the

corresponding distributions from the K+p-{4]‘and.K_p [3] data in Fig. 8.



Clearly the distributions are similar. Unfortunately the hadronic data do
not go beyond pT = 2 (GeVIc) so a comparison at high pT is not practicable.
our distributions of I, (pT t)z and X, (pT1n)2 are compared with the
corresponding distributions from the K p data [3] and from the appropriate
subset of pyp data {7] in Fig. 9. Once again the distributions are similar.
The apparent difference between our "out—of-plane” data and the correspond-
ing wp data [7] is not significant, being within the uncertainties coming

from choosing the beam axis as the event axis in the latter case.

Tt is known [3] that in Kp interactions these distributions show a
strong energy dependence between centre of mass energies of 4.5 and
14.3 GeV. The tail of the single partlcle pT distribution rises rapidly
with increasing energy and the I, (pTln) distribution develops & notice-
able tail at high p These phenomena are well known in ete” (121, wp
[7,11] and vp [14] reactions, and are usually ascribed to the onset of
hard gluon effects. There is no universal agreement as to their origin in
the hadronic interactions, although it is certainly the case that they
cannot be described [3] by a simple fragmentation or longitudinal phase
space model. The data are more planar, i.e. the zi(P;in)z distribution

has a longer tail, than can be accommodated in these models without some

addition analogous to the hard gluon effects in the leptonic interactions.

wWhatever the source of these tails in the p; and the Ei(p,.;.m)z dis-
tributions in hadronic interactions, the important guestion from our imme-
diate point of view is whether the rise in these tails with increasing
energy continues beyond 14.3 GeV or whether saturation sets in. The fact
that the photon data at vs = 10.6 GeV are certainly as hard as the Kp data
at vs = 11.5 GeV and at vs = 14.3 GeV could mean that saturation has indeed
set in. On the other hand, it could mean that there is still some energy
dependence with the p; distribution in photon interactions lying on a
higher curve than that for hadron interactions. The only hadronic data
available at higher energies comes from ISR analyses of the mesonic .sub-
system from pp interactions with the leading protons removed [1,2].
Basile et al. [1] claim evidence for energy dependence of the high PT
tail, but the more detailed analysis of Breakstone et al. {2] appears to

show no variation between the two regions 11 < HO < 18 GeV and 30 < Mo <

< 35 GeV, where Ho is the invariant mass of the mesonic subsystem. However



the inclusive single particle distribution from the latter analysis of the
mesonic subsystem with Ho between 11 and 18 GeV is markedly different from
the corresponding distribution in K p interactions at 14.3 GeV centre of mass
eneréy. so the relevance of the ISR analyses to our present discussion is

not clear.

The most direct evidence for saturation ié probably that from the
separaté analysis of the forward and'backward'hemispheres in full aCEep;.
tance neutrino experiments [14jﬂ'.Thg mean single particle p; from that
analysis is shown as a function of vs in Fig. 10, together with the result
of the present'analysis (which is in the forward hemisphere). The backward
déta; which are présuﬁﬁbly nof‘deséribable by low-order QCD, do indeed
appear to saturate (at least in this particular variable) and the separa-
~tion between the forward and backward data occurs in the region of 10 GeV
centre of mass energy, i.e precisely at the energy of this photon experi-
ment, It is worth noting in this context that K+p interactions at vs =
= 11.5 GeV [4] gshow evidence of symmetry in <p;> as a function of Xp in
the forward and backward hemispheres, with the forward hemisphere possibly
showing some slight broadening. However, the préséncé, or absence, of a
baryon does not appear to have any significant effect on <p;> at this
energy. It is quite clear that as far as the distributions we have studied

are concerned, there is no real distinction between vN, Kp and yp reactions

at the energies which we are considering.

However, the X distribution of <p;> for this photon experiment does
appear to be somewhat different from that for the K+p reactions. The
comparison is made in Fig. 11. Although the distributions are qualitative-
ly the same, e.g. both show the\seagull effect, the photon data appear to
be distinctly harder in the region of X = 0. Whether this points to a
genuine difference in the underlying physics or whether it is merely a con-
sequence of the different quark 6ontent of the beams is unknown. The
apparent difference at high Xp is much less éignificant because of the

different charged particle multiplicities. Integrated over all x

2
<pT

apparent from Fig. 8.

F!
> (or <pT>) in the two cases is essentially the same, as was already



4.2 Energy flow distributions

It israpharent frem the above discussion that any differenees among
the different reactions are ones of detail. The particular one in which
we are interested is energy flow with respect to the event axis in the
event plane, since three- jet events (if present) should show a double
peaked structure It is worth recalling the EMC results at /s> = 10 and
16 GeV [7 11] At the h1gher energy, 1nc1ud1ng all events gave a symmetr1~
cal energy flow d1str1but10n peaked along the axis: cuttlng on PT in the
event plane [the actual cut was one particle with pT > 2 (GeV/c)?] gave a
clear double d1str1but10n which was 1nterpreted as two parton Jets (ma1n1y
quark plus hard gluon) The data from the present exper1ment are shown in

2

Fig. 12, where the cuts are on I, (pT ) » with pT . Successively O
- "Tmin

2
>
szin
{i.e. all events included), 1, 2, 3 (GeV/c) . The fraction of all events
contained in Figs. 12b, 12c¢c, and 12d are, respectively, 18%, 2.6%, and

0.5%.

It is quite ﬁnambiguous that as the total p; in the data is in-
creased, a double-peaked structure emerges and_hecomes more snd more evi-
dent. 1In eny one event there is always a 'harder' jet and a"softer'.jet,
and in some analyses the ‘harder’' jets have been overlaid on each other to
produce an asymmetrical distribution. This has not been done here, and so
the resultant distributions are symmetric about the event axis: the two

halves could be overlaid without loss of content.

Equivalent energy flow distributions have been given for the K+p data
at vs = 11.5 GeV [4], the cut in that case being on decreasing thrust
(which is equivalent to_increasing the total p;). These distributions
alsq develop a dip on the axis as thrust is decreased, and they are guali-
tatively similar to the ones obtained here. Although the use of different
variables precludes a quantitative comparison, the off-axis peak in the

K+p data appears to be less marked than in the yp case.

The curve in Fig. 12d shows the energy flow expected from the QCD
Compton and Bethe-Heitler processes, assuming that the 1nvar1ant mass of
the gqq or gg system is greater than 2.0 GeV, that the invariant momentum
transfer from the initial photon to the quark is greater than 1.0 (GeV/c)2
and that the quark and gluon fragmentation can be adequately described by
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simple longitudinal phase space. The calculated cross-section for the QCD
Compton and Bethe-Heitler processes for the events of Fig. 12d is 250 nb,
assuming «, = 0.25 and applying the above kinematical cuts. This is com-
parable to the observed rate. This calculation is illustrative only, since
the detailed results do depend on the choice of minimum invariant mass and
momentum transfer. Nonetheless the calculation is sufficient to show that
the yp results can be interpreted in terms of a contribution from the exX—
pected three-jet events (which we recall could amount to a few percent of
the total cross-section) in addition to a flatter distribution from normal
hadronp-like events. However this interpretation is clearly not unique and
only a direct comparison with equivalent hadron data can provide an ex—

plicit test.

4.3 High pp single particles

The dlstrlbutlon of the number of particles in the individual “Jets"
(i‘e the part1c1e clusters on either side of the event axis in the beam
fragmentat1on reg1on) is shown in Fig. 13 for the same cuts on I, (pT n)2
as in Fig. 12. A fraction of the jets consists of one charged partlcle,
this fraction increasing from less than 2% for all events to 7.6% for
events with I, (pT 2 > 3 (Gev/c)?. The 92 distribution of these
"s1n51ewpart1c1e Jets" is given in Fig. 14, summed over all xF, and their
X d1s;r1but1on ;s g{ven in Fig. 15, summed over all Pr > 1 GeV/c. A two-
dimensioga} plot (not given) shows that high Py is correlated with small
X

There éfe at least three possible sources of these single-particle
jets. One is higher twist (Fig. 4), a second is high~z parton fragmenta-
tion (Figs. 1 and 2) of the QCD Bethe-Heitler and Compton processes and a
third is a single particle from the tail of the normal hadron distribution.
The last is not calculable, but reasonable estimates can be made for the

first two.

The higher twist calculation is straightforward assuming that all
charged particles are pions. Using the standard dipble Q2 dependence for
the pion form factor gives the solid curve shown on Figs. 14 and 15. (The
normalization is arbitrary.) All possible proton valence and sea quark

contributions have been included. In the calculation of the minimum twist
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QCD Bethe-Heitler and Compton processes, it is necessary to make some
assumption about the amount of high-z fragmentation which should be in-
cluded. We have assumed that if, after fragmentation, the residual momen-
tum is less than the mean transverse momentum (i.e. 350 MeV/c) then the re-
maining particle(s) in the fragmentation could be erroneously ascribed to
the other jet and the high-z particle could appear by itself. On the other
hand, if the residual momentum after fragmentation is greater than this,
then we would expect to see two (or more) particles together. For simpli-
city we used the quark fragmentation functions of Field and Feynman [15],
assumed that gluon fragmentation is the same as quark fragmentation and for
the QCD Compton process included all possible proton valence and sea guark
contributions. With these assumptions, the contribution from high-z frag-
mentation is less than 25% of the higher-twist contribution. However this
result depends critically on the assumption of 350 MeV/c as the longitudinal
momentum cut-off. Because of the slope of the high-z fragmentation fune-
tion, small changes in the high-z cut-off have a major effect on the norma-
lizafion, although the effect on the shape is less marked. The result of
the minimum-twist calculation (using the 350 MeV/c cut-off) is shown as the
broken line in Fig. 15 normalized with respect to the higher-twist calcula-

tion.

It is clear th#t the higher-twist model provides an adequaté descrip-
tion of the data as regards the shape of both the xF and the pT distribu~
tions. Further the expected cross-section is the same order of magnitude
as that observed, which is in the region of 15-20 nb. This is perhaps
gsomewhat larger than the precise expectations of higher twist, which lie
in the 5-10 nb range, but it is clear from the above discussion that any

difference can be incorporated into high-z fragmentation,

CONCLUSIONS

We have demonstréted that the global features of yp reactions at
¥s = 10.6 GeV are compatible with those of K+p, K p, wp, and vp reactions
at similar centre of ﬁass energies. This is to be expected because we
know that the perturbative QCD modifications to the leptonic processes do
not become apparent until higher centre of mass energies and we expect any
point-like behaviour of the real photon to contribute at most a few percent

of the total yp cross-section.
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A more detailed comparison of the yp'data with K+p data at vs = 11.5 GeV
shows two possible.differences.. There is some . indication that_<p;> near
xF‘=~0 is larger for yp reactions than for Ktp and that the energy flow
distribution in yp is more peaked off-axis than in K+p. Neither result
is conclusive, but both are effects which would be expected from the point-
like interaction of the real photon superimposed on its dominant hadron-

like behaviour.

An interesting feature is the existence of "one-particle jets” in a
way which is reasonably consistent with QCD expectations. Hadron data have
unfortunately not been anaiysgd.in this way, solwhgther these events repre-
sent a genuinely unique feature of photon interactions or merely arise from

the tail of the normal hadron.distribution is unknown.
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Figure captions

Fig. 11,,: ;;.The QCD Bethe-Heitler. process in yp reactions.

Fig. 2 : The QCD Compton process in yp reactions.
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Fig. 4 Higherotwist contribution giving a single.particle at high p,
in yp reactions.

Fig. 5 Missing longitudinal momentum in yp centre of mass.

Fig. 6 : Missing transverse momentum in yp centre of mass.

Fig. 7 : Distribution of angle between the sphericity axis and beam axis.
Fig. 8 : Inclusive single charged particle p;-distribution in the beam

fragmentation region, with respect to the sphericity axis. The
present data (e) are compared with the corresponding data in
kK'p [4) (o) and K p (3] (O) reactions. |

Fig. 9 : Zi(p;)2 single charged particle distributions "in" and "out" of
the event plane, in the beam fragmentation region. The present
data {(e) are compared with the corresponding data in up {71 (o)

and K p [3] (0) reactions.

Fig. 10 : Comparison of <p;> from this experiment (e) for the forward
hemisphere (i.e. beam fragmentation) with that in vp reactions [13)]
for the forward (e) and backward (0) hemispheres in the overall

hadronic centre of mass.

Fig. 11 : Comparison of <p;> as a function of - for this experiment (e)

with the corresponding data in K+p reactions (0) [4).

Fig. 12 : Energy flow in the event plane with respect to the sphericity

. i 2
axis for zi(pTin)

where p2 . is successively 0, 1,
- Tmin :
2, 3 (GeV/c)™.

> p2
Tain
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Fig. 13 : Relative number of particles on oneée side of the sphericity axis

for the same cuts as in Fig. 12.

Fig. 14 : The p; distribution of single particle jets. The solid curve
* corresponds to the higher-twist contribution‘of Pig. 4, norma-
lized to the data. The broken curve corresponds to the high-z

fragmentation of the minimum-twist contributions of Figs. 1 and 2

normalized rfelative to the higher-twist contribution.

Fig. 15 : As Fig. 14.
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