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HARD SCATTERING AND JET PHYSICS IN CONNECTION WITH REAL PHOTONS 
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Max Planck Institute for Physics and Astrophysics, Munich 

ABSTRACT 

This report contains a summary of the physics discussed in the 
working groups on (a) jet physics at the SPS in hadron-hadron 
collisions, (b) hard scattering with incident real photons and 
(c) large p^ prompt photons in hadron-hadron collisions. 

INTRODUCTION 
This report is an attempt to summarize the SPS-workshop discussions on the 

following topics: 

- jet physics at the SPS in hadron-hadron collisions 

- hard scattering with incident real photons 

large p^, prompt photons in hadron-hadron collisions. 

The physics topics were discussed in the light of QCD mainly because of the lack 
of other challenging alternatives, and because QCD provides enough motivation to test 
its predictions with many precise experiments. 

Jet physics in hadron-hadron collisions has been explored at the SPS and at 

Fermilab in previous years. Very new results were also presented from the ISR and th 

pp-collider at this workshop. However hard scattering processes with real photons is 

a rather new field of research at the SPS where it is just starting. 

This presentation is the result of the work done by the people listed in Ref. 1) 

JET PHYSICS AT THE SPS IN HADRON-HADRON COLLISIONS 

It is believed that particle jets with large transverse momenta p reflect the 
2) 

hard scattering of two constituents inside the hadrons . In the simplest 

approximation such process should give rise to final states characterized by 2 large 

p,j, jets and 2 spectator jets along the incident beam direction, arising from the 

hadronisation of the constituents (Fig. 1). The experimental search for jets in 

hadron-hadron collisions at SPS energies is complicated by at least two problems: 

(a) the large p^, jets are not well separated from the beam and target spectator 

jets, 

(b) the necessary selective jet triggers may introduce biases. 

The first observation of jet like event structures in hadron-hadron collisions 
3) 

were reported from ISR experiments , which employed high p^ single particle triggers 

The high p particle was interpreted as one of the fragmentation products of a high 
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1: Two constituent scattering process leading to two particle jets 
at large p^ and two forward backward spectator jets. 

2: Schematic layout of a large acceptance calorimeter experiment. 
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p,j, jet. It was suggested that single particles at large p T may be rare cases of 
jet fragmentation and further insight into hard scattering processes could be gained 

4) 
by triggering directly on particle jets using segmented calorimeters 

5 6 7 ) 
A series of experiments were carried out at Fermilab ' ' which employed 

calorimetric jet triggers with an acceptance of 1-2 sr corresponding to the expected 

jet size. As expected, the cross-sections measured using these so called "jet 

triggers" were found to be 2 orders of magnitude higher than those for single particle 

production at large p^. 

However it was difficult in principle to verify the existence of jets using the 

small acceptance calorimeter trigger since this could lead to a trigger bias selecting 

events which simulate jets due to statistical fluctuations in non-hard scattering 

processes. 

Large acceptance calorimeter triggers have been introduced recently in order to 
8 9 10) 

reduce a possible geometrical jet trigger bias * ' due to calorimeter 

acceptance. The NA-5 experiment started the investigation of hard hadron-hadron 

collisions using a large acceptance calorimeter trigger. 

As shown in Fig. 2, a typical calorimeter acceptance is 45° to 135° in cms 
* 

polar angle 8 and 2ir in azimuthal angle 4>. The calorimeter is segmented into 

many cells to study the event structure. Jets are expected to manifest themselves as 

energy clusters detected in the calorimeter. This trigger selects events with a large 

transverse energy E^. The large acceptance calorimeter trigger introduces no jet 

trigger bias, however it is sensitive to the spectator jets. This effect has been 

studied by several a u t h o r s ^ ' ^ ' u s i n g various models for jet-fragmentation. The 

amount of transverse energy leakage of spectator jets into the calorimeter depends 

strongly on the assumptions made in the jet-fragmentation models. 

The interpretation of the data at the parton level is therefore strongly model 

dependent and one should use extreme caution in drawing conclusions since the 

jet-fragmentation is not well understood. 

What have we learned from the NA-5 experiment at SPS energies? 

i) The large acceptance E^,-trigger selects events with high total charged multipli

city (< n ^ J J ) and a small average transverse momentum per particle (< p T > ) . 

At E T > 14 GeV, for example, < n > C H is 25 and < p T > is 0.65 GeV/c for particles 

in the calorimeter. 

ii) No dominant jet structure has been found. The non-planar event structure 

dominates up to the highest transverse energies ( E ™ a x ^ 0 . 8 * / s ) . 

iii) The cross-sections do not scale. 
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iv) The ratio of large E^, cross-sections measured with incident protons to those 

measured with incident pions decreases with increasing = E^/Vs". This 

may suggest that partons take part in the scattering process since the harder 

parton momentum spectrum in the pions leads one to expect that large E T events 

are more easily produced with incident pions than with incident protons. 

Several possible interpretations of the observed results were discussed at the 

workshop. It was suggested that gluon Bremsstrahlung is a possible mechanism which 

could account for these rather unexpected results. Fig. 3 shows the NA-5 results 
13) 

compared with the model predictions of Fox, Field and Kelly . The essential 

ingredient in their model is the inclusion of non-collinear gluon Bremsstrahlung, 

treated in the leading logarithm approximations, from the initial and final state 

partons participating in the scattering process. The model seems to be able to 

describe the data qualitatively rather well. 

Fig. 3: Comparison of the predictions of the QCD parton-shower Monte-Carlo model of 
ref. 13) with data from NA-5 for both small and large aperture calorimeter 
triggers. The solid and dashed curves are the predictions at the hadron 

and parton level respectively. 
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a) b) 

+ 

Fig. 4: Illustration of soft multigluon emission in hard hadron-hadron 
collisions leading to: a) large transverse energy events, 

b ) Drell-Yan lepton pairs. 

The effect of soft multigluon emission was discussed by M. Greco 14) at the 

workshop. He pointed out that the same mechanism may explain the large E T events 

(Fig. 4a) as well as the p^, behaviour of the Drell-Yan pairs (Fig. 4 b ) . A detailed 

investigation of the complete final states (multiplicities, average < p^, > per 

particle, etc.) in both reactions may help verify this assumption in the future. 

In conclusion, it is difficult to learn about jet physics at SPS energies using 
calorimetric jet triggers. If jets exist at these energies then they are buried under 
much more copiously produced event structures with high particle multiplicities. 
These high multiplicity events are interesting by themselves and still await a 
theoretical explanation. 

At higher energies (ISR, pp-collider), jet like event structures emerge very 

clearly when triggering with calorimeters on a large transverse energy. Latest 

results on jet physics at the ISR and the pp-collider were given at the worskhop by 

M. Albrow (AFS), R. Böck (UA-1) and A. Rothenberg (UA-2). Fig. 5a, from Ref. 1 5 ) , 

shows the cross sections da/dj^, measured by the UA-2 group at /s" = 540 GeV. For 

E T > 50 GeV, the cross section measured with the large acceptance calorimeter 

trigger (30° < • < 330") deviates from the exponential fit which describes the 

data well at smaller E T . In the region above E^ > 50 GeV, the event structure 

becomes predominantly jet like, while below it looks similar to the one observed in 

the NA-5 experiment. Fig. 5 b ) , from Ref. 16), and Fig. 5c), from Ref. 1 7 ) , show jet 

cross-sections measured by the UA-1 and AFS groups respectively. The jet cross-sections 

are in good agreement with QCD-model predictions and several orders of magnitudes 

larger than the single particle inclusive cross-sections at large p T as expected. 

The clear emergence of jets at high energies is probably a result of both the dynamics 

of the hard scattering process and the better collimation of the jets at larger p T« 

The jet size is expected to vary like 

n 

with p T the transverse momentum of the parton, A a constant parameter and n a 

parameter which depends on acceptancel8)_ 
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15) large transverse energy E^, cross-sections from the UA-2 experiment 

jet cross-sections from the UA-1 experiment'"^ and c) jet and single 

particle cross-sections at large p T from the AFS*"^ at the ISR. 

Also shown are QCD model predictions. 
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pp collider 

Fig. 6: The fraction of various parton-parton subprocesses predicted from a QCD model 
as a function of xj = 2j>-¡/Ss* The kinematic range covered by experiments 

studying jet physics at the SPS, ISR and pp-collider are shown. 

In Fig. 6 the fraction of various parton-parton subprocesses predicted by a QCD-
model are shown as a function of x>j = 2px/»/s\ The regions of X f covered by SPS, ISR 
and pp-collider are indicated. It is interesting to note that jets at the pp-collider 
are predominantly of gluonic origin, while jets at the ISR stem from gluons as well as 
valence quarks. The results of the ISR and the pp-collider experiments indicate that 
large acceptance calorimeters provide good jet triggers if jets are abundantly produced. 

Returning to SPS physics, no new experiment for jet search was proposed at this 
workshop. However experiments on jet physics will continue at Fermilab (E557, E609, 
E672) in 1983 and later at higher energies at the Tevatron. 

To learn more about hard hadron-hadron collisions at the SPS, W. Geist advertised 

at this workshop the use of a single particle trigger à la SFM instead of a calorimetric 

one. In this case, the trigger jet is clearly biased but the p^, balancing jet is not. 

QCD processes like qq • qq or gq •* gq are peripheral in nature. For this and kinema-

tical reasons a large p^, hadron at small (large) 8 would originate from a scattered beam 

(target) parton with large fractional momentum x. From the trigger particle ratios 

( T r 7 i r + , K 7 K + , K " / T " , etc.) as a function of p T and 8 measured with different incident 

beam particles one would possibly obtain information on the flavour flow in the beam and 

target parton fragmentation. Experiments of this kind performed with different incident 

beam particles (ir±, K ± , p, p) and trigger particles would give interesting information 
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on charge and flavour flow in hard scattering processes. They could be performed 

with existing set ups, like SI' , NA-3 and NA-14, which have high rate capabilities, 

particle identification and large acceptance spectrometers. 

19) 
Higher twist effects which would lead to events with no forward spectator 

jets were also discussed at this workshop. These processes are quite accessible at 
SPS energies and are certainly interesting and should be looked for. More about 
higher twist will be discussed later in this report. 

By showing Fig. 7, which may or may not represent jet physics in hadron-hadron 
collisions at the SPS, I would like to wish the audience a Merry. Christmas and a 
successful New Year 1983. 

Fig. 7 Merry Christmas 

2. HARD SCATTERING WITH INCIDENT REAL PHOTONS 

While hadrons behave like composite particles, photons are believed to behave in 
some cases like truely elementary particles probing directly the point-like nature of 
the constituents in the proton. We therefore tend to believe that hard scattering 
processes become more transparent when studying collisions involving real photons. 
The physics discussed in the following chapter will be studied by NA-14, WA-63 and 
future H 1 experiments. 
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Ás shown in Fig. 8 there are basically only three processes involved. It 

illustrates that the basic physics in terms of first order QCD and QED is the same for 
photoproduction (Fig. 8a) and prompt photon physics (Fig. 8 b ) . The background to all 
of these processes is of common origin due to Bremsstrahlung, the VDM (vector meson 
dominance) and the anomalous behaviour of the photon. 

Because of the elementary (partonic) nature of the photon, primordial kj, 

smearing effects seem to be smaller than in purely hadronic reactions leading to 

single high p^ particles. The ratios of the cross-sections with primordial k^, on 

and off are estimated in Table 1 for p T = 3 GeV/c. The primordial kj. effects 

decrease with increasing p T . 

Table 1 

Yp + hx pp + Yx pp •* n "x 

PT = 3 GeV/c on/off "* 1.4 3-4 •v. 10 

a) 

d E D - C o m p t o n Q E D - C o m p t o n 

( B e t h e - H e i H e r ) Annihilation 

O.CD-Compron Q C D - C o m p t o n 

Fig. 8: Basic Feynman diagrams for hard scattering processes involving real 
photons: a) with incident real photons, b) with incident hadrons. 
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In this respect photoproduction seem to have some advantage over prompt photon 

production since in the former there is only one initial state hadron involved in the 

scattering process. On the other hand primordial effects can be studied from the 

P T balance in the QED reaction hh •* y + y + x. 

It seems that the photon acts like an object with 3 components (Fig. 9 ) . 

(a) "point like" i.e., it acts like a truely elementary particle coupling directly to 
quarks as mentioned before (Fig. 9 a ) ; 

(b) "perturbative" i.e., it acts like a composite particle with an anomalous 

structure function, which is exactly calculable in QCD (Fig. 9 b ) ; 

(c) "hadronic" i.e. it acts like a vector meson (Fig. 9 c ) . 

Fig. 9: Three ways the photon can interact with hadrons: 
a) point like behaviour, b ) perturbative behaviour, 

c) hadronic behaviour. 

First indications for the point like behaviour of real photons come from open charm 
c 

production. The cross-section for photoproduction of charm a is anomalously 

large and 1% of the total hadronic cross-section a t 0 t 

tot 100 ub 
a 

when compared to the charm production in hadron-hadron collisions 

q c ^ 20 ub 
tot 25 mb 
o 

A possible explanation for this is the photon-gluon fusion process. Information on 

the hard component of the photon is also available from deep inelastic electron-photon 
20) 

scattering experiments at the PETRA e +e"-rings 



- 290 -

In hard scattering processes with incident real photons we expect event 

topologies with: 

(a) three jets in the final state if the photon coupled point like to the target 

parton, i.e. two large p T jets and one target spectator jet. 

(b) four jets in the final state if the photon acted perturbative or like a hadron, 
i.e. two large p T jets, and two beam/target spectator jets. 

As shown in Fig. 10, taken from Ref. 2 1 ) , the 3-jet cross-sections dominate over 
the 4-jet cross-sections at large p„. The hadronic component of the photon rapidly 

. 21) 
loses its importance with increasing p T« QCD calculations predict that at 

•'s = 19.4 and p^, **> 6-7 GeV the jet cross-section in photoproduction exceeds the 

one in hadron-hadron collisions (Fig. 11). Such an observation would manifest the 

true point like behaviour of the photon. The comparison of deep inelastic 

photon-hadron with hadron-hadron collision using incident photon and hadron beams 

belongs to the future research program of the experiments mentioned above. 

1 0 " 
v-30 

y p — jet + X 

4 5 6 
p T ( G e V / c ) 

8 

Fig. 10: Cross-sections predicted by a QCD-model calculation for the 

reaction Yp + jet + x at Ss = 19.4 GeV. Taken from Ref. 2 1 ) . 
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p T (GeV/c) 

Fig. 11: Cross-sections predicted by a QCD-model calculation for 

Yp * jet + x compared to pp -* jet + x. Taken from Ref. 2 1 ) . 

In the following discussion, the photoproduction reactions will be presented in 

two separate categories: 

(a) inclusive and semi-inclusive experiments to study QCD-Compton scattering and 

gluon fusion; 

(b) exclusive experiments to study QED-Compton scattering. 

2.1 QCD-Compton scattering and gluon fusion 

Some interesting preliminary results from the WA-57 experiment using the 

fl-spectrometer have been reported at the workshop by S. Donnachie. They looked at 

topologies of events in the reaction Yp * hadrons at incident y energies 

50 GeV < < 70 GeV. The events were selected with a multiplicity trigger in order 

to exclude diftractive production of vector mesons. The events were analysed 

following the steps: 

i) find a sphericity axis; 

ii) look at p,j, distributions with respect to this axis; 

iii) look at energy flow as a function of angle with respect to the beam axis. 
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In Fig. 12 the obtained energy flow versus angle with respect to the beam axis is 
2 

plotted for all events (Fig. 12a) and for events which passed a ¿ p T > 3 (GeV/c 2) 

requirement (Fig. 12b). At first inspection the energy flow distribution looks like 

what one would expect from 3-jet like topologies with a missing forward beam jet. 

Because of the preliminary nature of the data the authors did not draw any physics 

conclusions from the data at the workshop, but they pointed out that 3-jet event 

structures, if they exist, are well detectable in their apparatus. They also 

mentioned that a small fraction (few %) of the events shown in Fig. 12b) have a single 

particle jet, a topology one would expect from a higher twist effect (Fig. 13 a ) . 

Theoretical predictions of higher twist effects are given in Ref. 2 2 ) . The importance 

of these effects were pointed out by E. Berger at the workshop. It was estimated that 

about 10% of all 3-jet events could originate from higher twist. These events would 

have a very clean signature: a one particle jet (for example it") recoiling against a 

parton jet. Once the p,p and p^ for the i r " are determined, the kinematics of the 

recoil jet is fixed. Higher twist effects in prompt photon processes are quite 

similar to photoproduction as illustrated in Fig. 13b). In this case there will be 

no forward beam jet and a high photon recoils against a parton jet. 

-100° - 5 0 ° 0° 5 0 ° 

Îbeam 
100° 

Fig. 12: The energy flow of hadrons with respect to the incident beam axis 
is shown for the reaction yp * hadrons at incident y energies 50 GeV 
< E < 70 GeV, a) for all events b) for events which passed 

a 2 p£ > 3 (GeV/c) requirement. 
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In order to be able to disentangle the QCD-Compton and the gluon fusion processes 

from the 4-jet events the NA-14 experiment stressed the importance to look for 
23) 

exclusive channels as proposed by D. Shiff and collaborators at this workshop. 

Their approach is to look for a charge asymmetry of the leading particles in the two 

large p^, jets. As illustrated in Fig. 14 charge asymmetry is expected due to the 

fact that the photon couples preferentially to the charge q = 2/3 of the u-quark. 

Higher twist 

Fig. 13: Simplest higher twist diagrams for processes which can be studied 
a) in photoproduction and b) in prompt photon experiments. 

QID-Compton Gluon- Fusion 

Fig. 14: Diagram to illustrate the expected charge asymmetry of leading 
particles in the QCD-Compton and gluon-fusion processes. 
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Here it is assumed that the leading particle in a jet remembers somehow the flavour 
and the charge of the parton it originated from. It is easy to see that by forming 
the difference of the inclusive cross-sections 

it*-ii" = /do (vp * ir+x)\ _ /do (YP * n ' x ) \ 

v Vy ' x d
Pvy ' 

one can select the QCD-Compton process. As shown in Fig. 15 this method allows to 
suppress most of the 4-jet background events without cutting too much away from the 
3-jet signal. 

i 1 r 

-1 0 1 

y 

Fig. 15 QCD-model calculations of the inclusive n + cross-section and the 
difference of the inclusive cross-sections ir +-ir" for the reaction 
Yp * ir +x and Yp * *"x are shown. The contribution of the point-like 
behaviour of the photon (Born term) is shown in solid, the anomalous 
in dashed dotted, the hadronic or VDM in small dashed and higher twist 

in big dashed lines. See text for explanation. 
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Even more selective is the difference between the double inclusive cross-sections: 

where the hadron h of momentum p 2 is measured in the hemisphere away from the 

trigger particle n " or it* (with transverse momentum p,^ and rapidity y^)« 

By forming : 

i) A + + A", one isolates the QCD-Compton process leading to a gluon jet in the 

final state; 

ii) A* - A", one isolates the gluon fusion process, which allows one to study the 

gluon structure function for example. 

It is worthwhile to point out that the double differential inclusive 

cross-section is no more influenced by primordial k^,. smearing effects. Perhaps 

this method may lead to a meaningful test of QCD in photoproduction processes. 

2.2 QED-Compton scattering 

The cross-section for QED-Compton scattering (QED-C) is by a factor ag/o¡ 

smaller than for QCD-Compton scattering (QCD-C) because of the purely electromagnetic 

nature of the process. The detection of QED-C depends on the availability of intense 

photon beams (Table 2) and the ability to separate the scattered high p^, photon from 

abundantly produced background T T 0 , S , n's..etc. The NA-14 experiment, presently 

situated in the high intensity area NAHIF, is specially designed to look for QED-C 

processes. It consists of a large magnetic spectrometer with finely segmented 

calorimeters (Olga, U s a , Crown) covering a large phase space region (Fig. 16a). The 

Tf° recognition efficiency is 80%-90% for for n° momenta below 80 GeV. Compared to 
24 25) 

prompt photon experiments the y/ti" ratio is estimated ' to be more favourable 

(Fig. 16b). 

The expected cross-section for QED-C at Ey = 100 GeV is 2 nb. The total 

sensitivity of the NA-14 experiment is 1 event/pb (or 25 events/nb day). 

The expected event structure is similar to prompt photon events, only in QED-C 

the spectator beam jet is completely missing. One expects an isolated high p T 

photon recoiling against a jet, which allows one to put a powerful kinematical 

constraint on the event selection. 

+ dA" 
d p T i d y i d p 2 x d y 2 
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-1.0 -0.8 -0.6 - O A -0.2 0 0.2 OA 0.6 0.8 1.0 

x T ( x , x L ) for O.EO compton kinematics 

-1.0 0 1.0 

Fig. 16: a) The phase space acceptance of the NA-14 calorimeters Olga, U s a and 
Crown are shown; the heavy solid lines indicate equal momenta of the 
scattered photons, 

b) The heavy solid lines show equal y/f° ratios expected from model 
calculations^). 

Preliminary results have been presented by F. Richard at this workshop. Fig. 17 

shows the longitudinal momentum distribution of prompt photons with p^ > 2 GeV/c. 

Also shown in Fig. 17 is the estimated ir° and n contamination and the QED-C 

predictions (with a normalisation uncertainty of ± 3 0 % ) . Although the signal seems 

to be consistent with the theoretical predictions, more statistics are needed to 

establish the detection of QED-Compton scattering. Since this process is purely 

electromagnetic it should give information on the quark charge. The preliminary 

results are consistent with a fractional quark charge of 2/3. 

26 ) 
D.W. Duke and J. Owens have calculated QCD-corrections to deep inelastic 

Compton scattering including the graphs shown in Fig. 18. It turns out that the 

next-to-leading-order corrections are very small for p^ > 4 GeV/c and rapidity 

values away from the forward region. The Bremsstrahlung contributions, which are 

similar in prompt photon production, can effectively be reduced by rejecting events 

where the large p_ photon is accompanied by hadrons. 
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Fig. 18: Feynman graphs for the subprocesses yq * yqg and Yg * Yqq-
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Another QCD-correction to QED-C comes from the Box-diagram shown in Fig. 19. The 
Box. QED-C , , ,. cross-section ratio a /tr* * a* g is expected to be small, but it 

depends strongly on the gluon distribution inside the proton. M. Fontannaz and 
D . S h i f f 2 7 ) have calculated a B o x / o Q E D _ C -v. 10-30% at a rapidity y = 1 using 

known gluon distributions. The contributions decrease with decreasing rapidity. 

Experimentally they can possibly be recognized by looking at the charge of the leading 
particles in the away side jet. 

a) b) 

Fig. 19: The expected charges of the leading particles in the away side jet 

are illustrated for a) the Box-diagram and b) the QED-Compton process. 

In Table 2 the photon beams at the SPS are compared to those which become 

available at the Tevatron in late 1985. In this comparison 3 • 1 0 1 2 protons per 

spill and a radiator thickness of 0.1 radiation length have been assumed. The E-12 

wide band beam in the North area (NAHIF) is tagged with a resolution of *>» 3% and 

will be the most intense photon beam around until 1985. Also shown in Table 2 is the 

muon beam delivering virtual photons for open geometry experiments with thin targets. 

The intensity is Comparable to the real photon beam intensities at fl. 
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TABLE 2 

Photon-Beams at the SPS and the Tevatron (FERMILAB) 

SPS : assuming 3 * 1 0 1 2 primary protons of 450 GeV/c per spill 
and a radiator of 0.1 radiation length 

Exp. Ee tGeV] «e Ey [GeV] Comments 

NA-14 
(E-12 
beam) 

< 150 > * 10* > 100 

> 150 

10' 

10 6 

available since 1982 

a 
150 

200 

1 . 5 U 0 7 

5*10 6 

> 100 
> 150 
> 150 

5*10 s 

8*10* 
2'10 s 

available in 1983 
• change electron energy 

E M GeV] n u E y*[GeV] V * virtual photons 

EMC 
280 10" > 100 

> 200 

4'10 s 

sno* 
open geometry 1 

and thin target 

FERMILAB assuming 3 • 1 0 1 2 primary protons of 800 GeV/c per spill 
and a radiator of 0.1 radiation length 

Exp. [GeV] n e Ey [GeV] n Y Comments 

wide 
band 

E-687 
350 

6*10 9 > 100 

> 200 

2.3-10 7 

1 0 7 

available late 1985 

duty cycle 1/4 of SPS 

E e , Y , u are the energies of electrons, photons and muons respectively. 
n e,Y,V are the number of electrons, photons and muons per spill. 

HADRON-HADRON COLLISIONS WITH PROMPT PHOTONS IN THE FINAL STATE 

The following experiments will study large p^, prompt photons in hadron-rhadron 

collisions at the SPS: NA-3, NA-24, WA-70, UA-6 and in the future also NA-12. 

The observation of a growing y/n" ratio with increasing p T ( x T ) as compared to a 

constant y/ir° *»> a expected from a purely VDM behaviour of the photon makes us believe 

that prompt photons originate from a hard scattering process. Prompt photons are clea 

probes of point-like interactions. Because of the partonic nature of the photon no 

fragmentation is involved and therefore the kinematical quantities p T and p L of at 

least one parton in the scattering process can be well determined. 
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Large p T prompt photons have been detected at Fermilab ' and the 
•in *}1 } 

ISR ' . Fig. 20 and Fig. 21, taken from Ref. 28 and Ref. 29 respectively, show 
that the Y/n° ratio is growing from a few percent at low p T (S 3 GeV/c) to 
about 30% at large p^, ( * 5 GeV/c). Because of the rather small prompt photon 
signal compared to the large n°, n ...etc. background the new generation 
experiments at the SPS and Fermilab employ photon-calorimeters with high spatial 
resolution and u° detection efficiencies larger than 90%. 

Fig. 20: FNAL data on pp + yx. from Ref. 2 8 ) . 

3 4 5 3 4 5 
PT(GeV/c) 

Fig. 21: FNAL data on pC + Y + x and i r*C + Y + x at 200 GeV/c from Ref. 2 9 ) . 
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Fig. 22 shows the cross-sections for prompt photon production estimated from a 

QCD-model calculation. In this calculation a A = 0.4 GeV, an average primordial 

< k̂ , > = 0.85 GeV/c and a parametrization of the structure functions of Owens and 

R e y a 3 2 ) W e r e used. It is interesting to note that the ir"p •* y + x cross-section at 

large p-j turns out to be larger than the pp + y + x cross-section in this model. This 

is because the harder parton momentum distribution in the TT" wins over the additional 

annihilation channels available in pp-collisions. 

The estimated sensitivity of the experiments using incident p and ir beams 

is 800 events/nb day, and incident TT+ beams 80 events/nb day at 300 GeV. The 

physics with incident antiprotons will be the domain of the UA-6 experiment, as long 

as stored antiprotons cannot be extracted from the SPS. UA-6 quotes a sensitivity of 

40 events/nb day (with a Hydrogen jet target) assuming it is the main user at the SPS-

collider. In Table 3 the estimated integrated luminosities of the ISR, SPS and 

Fermilab experiments are listed for pp and pp-collisions. The pp luminosities for 

NA-3, NA-24 and WA-70 are quoted under the assumption that antiprotons could be 

extracted from the SPS-collider and equally shared among these three users. The 
33) 

extraction of stored antiprotons has been studied in the past . Presently it is 

not possible to extract them to the West area because the appropriate extraction point 

is occupied by UA-6. 
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Fig. 22: QCD-model predictions for prompt photon cross-sections 
in a) pp, pp- and b) ir"p, ir +p-collisions at 300 GeV. 
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Table 3 

Estimation of integrated luminosities per day 

PP /s" (GeV) PP /s (GeV) 

SPS Experiments 

UA-6 3 . 1 0 3 5 22.5 •v. 1 0 3 4 a) 22.5 

NA-3 y 
NA-24 I 8 . 1 0 3 5 24 * 1 0 3 5 b) 24 -

WA-70 1 

Fermilab Experiments 

E705 1 . 2 . 1 0 3 5 24 2 . 1 0 3 4 c) 24 

ISR 
2 . 1 0 3 6 63 2 . 1 0 3 3 63 

a) assuming: parasitic (bunched) run length of 12h/day, hydrogen jet density 

p(H 2) = 4.10 1* atoms/cm 3, which produces an estimated 

luminosity loss of 10% for UA-1; 

b ) assuming: extraction of stored p in the SPS, 3.10* p/spill per user, 

lOOsec/spill, 100 spills/day, a flat top energy of 300 GeV, 

and a i m liquid hydrogen target; 

c) assuming: 1 spill/60 sec, 20 sec flat top, 1 m deuterium target, 
2 . 1 0 1 2 protons on primary target give 4.10 s p/spill. 
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From the calculated cross-sections and the quoted sensitivities of the 

experiments it can be seen that at the SPS the xx range up to 0.7 can be well explored 

with incident n" beams and up to 0.5 with incident u*, p, and p beams. As compared 

to the ISR the unique feature of the SPS is the availability of high intense it "-beams 

which allow one to explore the valence quark - valence antiquark annihilation channels 

which dominate over other processes at large x^. 

The use of different incident beam particles allows one to separately study QCD-
annihilation and Compton processes (Fig. 2 3 ) . For example, the difference 
do(ir"p+t + x) - d o ( n + + p+Y + x ) isolates the annihilation graph. If isoscalar 
targets are used then the difference also removes most of the TT° background. At 
large p^, the annihilation channels dominate the cross-section and the ratio 

R _ dff(i" p • r * x) 
do(n* p * Y + x) 
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is expected to increase rapidly with p T (Fig. 2 4 ) . For isoscalar targets the ratio 

should grow to R = 4 (given by the u and d quark charge ratio «ij/lj = 4) similar to 

Drell-Yan processes. 

In pp and ir'p collisions a large p T prompt photon would therefore provide a 

good tag for a recoiling gluon jet. This opens the possibility to study gluon 

fragmentation in a rather clean way. 

3.1 Gluon Structure Function 

QCD-Compton scattering in pp and ir+p collisions give in principle access to the 
34) 

gluon structure function in the proton and the pion . Since the quark structure 

functions in the proton are already known from Drell-Yan and deep inelastic lepton 

scattering processes the gluon structure function in the proton is perhaps somewhat 

easier to extract from the data. ir+p collisions are more complicated due to the 

presence of annihilation channels. These would have to be well understood before the 

gluon structure function of the pion could be determined from the data. However, it 

should be tried. Fig. 25 demonstrates that the cross-sections predicted by QCD are 

quite sensitive to the assumed gluon distributions. 

However, the following complications have to be understood first: 

i) Bremsstrahlung 

ii) higher order QCD-terms 

iii) primordial k T~smearing 

iv) higher twist effects. 

36) 
BremsStrahlung contributions have been shown to be small for p 

37) 
< 10 GeV/c at the ISR . However, they may become important at SPS energies at 

large x.̂ ,. As discussed before background from Bremsstrahlung photons (Fig. 26) can 

be reduced by rejecting events where photons are accompanied by hadrons. Higher order 

QCD corrections have been calculated in Refs. 38,39. They are found to give a **> 20% 

contribution to the ratio of the inclusive cross-section y/v". By using the 

double differential inclusive cross-section as described in the previous chapter 

primordial k T-smearing effects can be largely reduced. 

As already pointed out the detection of higher twist effects is interesting by 

itself^^. Their contribution is small at 6* = 90° but increases at more forward 

angles and large p as shown in Fig. 27. 



- 305 -

x + 
t 

CL 
+ 

"5 
n 

on 

Pj ICeV/cl 
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as a function of the transverse momentum p^ of the prompt photon. 
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Fig. 25: The prompt photon cross-section measured at several energies is compared 
with QCD-model predictions assuming gluon distributions of G * ( l - x ) % 

(solid line) and G * (l-x)* (dashed line). Taken from Ref. 3 5 ) . 
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Fig. 27: Transverse momentum dependence of the predicted inclusive prompt photon 
yield Edó/d 3p for ir"p + ix at /s* = 20 GeV and at center-of-mass photon 
angles a) 8* = 45°, and b) 8* = 90°, measured with respect to the incident 
pion direction. Shown are the high twist yields for ir-p • yx, obtained from 
the subprocess i r q + Y q , and, for comparison, the leading twist yield in 
ir"p + YX, only, from the subprocesses ïï^Up •* yg» For i r + p + YX, the leading 
twist yield from d„dp + yg is 1/8 that shown for ir"p + yx. Taken from Ref. 4 0 ) . 
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3.2 TT and e+e' Final States 

Interesting physics can be learned from YY and e + e " final states in ir~p-
and pp-collisions. After the subtraction of the QCD-C terms the annihilation channels 
as shown in Fig. 28 can be studied. 

OLED-Compton Annihilation Drell-Yan 

Fig. 28: Basic Feynman diagrams of quark-antiquark annihilation 
processes leading to yy, yg and e + e " final states. 

For example, the cross-section ratio of the Drell-Yan and the QED-C gives 

directly information on the quark charge. Complementary to QED-C scattering in 

photoproduction this measurement would be of fundamental interest. From the 

cross-sections at the parton level 

QED-C 

Drell-Yan: 

d c Y Y 

+ -. e e 2 * 2 da = a 2 *q 2 

do 

l s i n 2 8 J 

with q the quark charge and Nc the number of colours, one can easily see that at 

6 = 90° the ratio 

q" 
+ - q' 

e e n 

o is proportional to the quark charges. This ratio is expected to be equal (non equal) 

to one if the quarks have charge one (fractional charge). A first result has been 
41) 

reported by the ISR experiment 806 yielding a ratio 

a y y = 1.7 ± 1 
+ -e e 

a 

f o r p„ > 3 GeV/c and 8 GeV < m < 11 GeV. r T YY 
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GLUEBALLS ; PRESENT AND FUTURE 

R. Zitoun 

CERN, European Organization for Nuclear Research, Geneva, Switzerland 

ABSTRACT 
This talk reviews the predicted properties of the 
glueballs.- The glueball candidates are presented 
and a review of experiments looking for glueballs 
is given. 

INTRODUCTION 
It was recognised in the early years of QCD that gluons similarly to 

quarks should give bound states \1] . The existence of such states, called 
glueballs, is due to the self coupling of gluons, a consequence of the non 
abelian structure of the SU(3) group. They have the vacuum quantum 

PC 
numbers except for J ( Q = 0 , 1 = 0 , S = 0 , B = 0 , . . . ) , but QCD makes no 
prediction on their properties, so that one has to use various QCD 
inspired models to get information on the classification (sect. 2 ) , the 
masses (sect. 3 ) , the width (sect. 4) and the decay modes (sect. 5 ) . 

One can wonder why glueballs have not been seen after about 20 years 
of spectroscopy. One of the reasons one can think of is that at low 
energy (priviledged place for spectroscopy), the hadronic dynamics is' 
dominated by the valence quarks while gluons play only a little rôle. 
Therefore, glueballs should be searched in specific reactions where gluons 
are at work (sect. 6 ) , but they still may be confused with normal qq 
mesons (sect. 7 ) . Experimental work on glueball is recent, but there are 
already some candidates which I discuss in sect. 8. Some of the points 
described in the present talk are discussed with more details in reviews 
to which I refer the reader [2-5] . 

GLUEBALL CLASSIFICATIONS 

Similarly to the non relativistic quark model, one can construct the 
glueballs with l " building blocks (gluons) [6]. Taking into account 
the Bose symmetry, the two-gluon bound states (all with positive C parity) 
are 

L 0 1 2 3 

0 2 0 1 2 2 + + ; 0 + + 1 + + 2 + + 3 + + 4 + + 2" + 3- + 4" + • • 
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It is interesting to note that there appear states which are forbidden as 
qq states: the l" +, 3~ +, series; such states are called oddballs. 

With three gluons, one can construct two types of glueballs 
corresponding to symmetric or antisymmetric colour coupling. In that 

PC 
sector, all J combinations can be achieved, the simplest states (with 
L = 0) being 0 - + , 1 , 3 _~. 

The addition of extra-gluons will obviously not enrich the possible 
PC 

J states, but this glueball construction method leads to the following 
question: as gluons are self coupling objects, how can one say that a 
glueball contains a given number of gluons? A gauge invariant treatment 
is to construct all the independent glueball creation operators out of n 
local fields ^, or equivalently out of n colour electric or magnetic 
fields [5, 7-9]. The resulting spectrum is richer than the previous one, 
since the colour magnetic field is equivalent to a 1 + gluon. In the 
two-gluon spectrum, the ground level (L = 0) contains 7 states 

0 , 2 ; 0 , 1 , 2 ; 0 , 2 

p 
and all J with C = + can be achieved. With higher L values. In the ±+ ±+ +++ + - ±- ± -three-gluon spectrum, the L = 0 states are 0 , 1 , 2 , 1 , 2 , 3 

PC 
and all J are possible using other L values. A similar classification 
is found within the bag model [10]. 

Finally, some authors [8, 11, 12] have argued that the gluonic field 
is transverse and that, from the Landau-Pomeranchuk-Yang theorem [13], 
2-gluon states such as 1 + , 3 + , 5 + , ... are forbidden. 

Although no general agreement is met on a glueball classification, 
the main results are: 

(a) The lowest lying glueballs should have spin 0 + + 0~ +, 2 + + and 
possibly 1 + . 

(b) There are oddballs i.e. glueballs with spin 0 + , 1~ +, 2 + ~ , ... and 
0 which are forbidden for normal qq mesons. The lowest lying 
oddball could be the l +~. 

3. MASSES 

There are several approaches to estimate the glueball masses. 
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3.3 Intrinsic charm in the proton 

44) 
F. Halsen and D.M. Scott have suggested to look for intrinsic charm in QCD-C 

processes by using the prompt photon as a signal for large quark charges (u-quark or 

c-quark). As illustrated in Fig. 31a) one can measure the e/ir ratio in the away 

side jet of a large p T prompt photon. This ratio may be enhanced due to the 

semi-leptonic decay of produced charmed particles. For 1% intrinsic charm in the 

proton they calculate e/ir M . 0 " 2 which can be compared to the e/n ratio in the 

jet recoiling against a large p T IT" (Fig. 3 1 b ) . For this measurement an apparatus 

with a good Tr/e rejection is needed. The WA-70 and the UA-6 experiment seem to be 

good candidates for exploring this physics. Constituent-Bremsstrahlung and gluon 

fragmentation into charm may be a background one has to watch out for. 

45) 
It is worth noting that recent results from the EMC experiment seem to 

indicate that intrinsic charm, if it exists, is smaller than 1%. 

a) b) 

Fig. 31 Schematic illustration of a) the QCD-C process leading 

to abundant charm production and b) a normal single 

particle high p process. 

In Table 4 the approved prompt photon experiments at the SPS and the Tevatron are 

listed and compared in their main physics goals, their photon and hadron detection 

systems and their sensitivities. Also shown in Table 4 is the starting year of data 

taking. 



TABLE 4 

List of approved prompt photon experiments at the SPS and at FERMILAB 

Experiment Start of Beam Energy Physics goals stated Photon calorimeter Photon Two Hadron Sensitivity 
data (GeV) in Proposal calorimeter shower measurement events/ 
taking resolution separation nb day 

o(E)/E AX 

SPS 
+ 

IT , p NA-3 82 
+ 

IT , p 200 hh+yX, hh+YYX scintillator/lead , 0.21 < 50 mm magnet 600 
q and g-fragmentation + shower chamber •E spectrometer, 
g-structure function Cerenkov 

NA-24 83 
+ 

ir~, p 200 n proportional tube/ . 0.24 15 mm segmented 800 
300 lead + scintillator/ •E hadron 

lead calorimeter 

WA-70 83 
+ 

ir~, p 200 n liquid scintillator/ 0.16 15 mm ft' spectro 800 
300 lead •E meter, RICH-

counter 

UA-6 84 P. P 270 
0 

hh+YX, Ti X proportional tube/ ? 2 15 mm magnet 40 pp 
Drell-Yan e + e pairs lead spectrometer, (main user) 
and A, A production dE/dx, 

transition 300 pp 
radiation 

FERMILAB 
E-705 84 P. P. 300 Charmonium hh+xx scintillating lead- 1 50 mm magnet * 120 

il hh+YX, hh+YYX glass spectrometer, 
Cerenkov 

E-706 85 
+ 

IT , p 400 hh+Yx, hh+YYx liquid Argon 0.14 magnet •y 10* 

530 Drell-Yan e + e pairs, •E spectrometer, 

800 hh-Mi r, n T, i 1 + x calorimeter, 
RICH-counter, 
silicon-
micro-strips 
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4. CONCLUSIONS 

It has been shown that calorimeter triggers at SPS energies select events with 

complicated topologies, which are interesting by themselves. Hard scattering 

processes involving jets are difficult to extract from the data. The p^, of the 

partons involved in the scattering process is unknown. It was suggested to go back to 

single high p^ particle triggers using an open spectrometer geometry. No new jet 

physics proposals were put forward at the workshop. This physics however continues to 

be investigated at Fermilab. 

It is believed that hard scattering processes become more transparent when using 
real photons. High intensity and high energy photon beams are unique to the SPS at 
present. The competition of Fermilab is expected to start late in 1985. 

In prompt photon production the availability of intense TT" beams and the stored 

antiprotons in the collider (UA-6) opens a wide and interesting field of study of 

quark-antiquark annihilations. Thanks to the closing of the ISR this domain of 

research will be in the hands of the SPS and Fermilab in the near future. The 

competition at Fermilab starts in 1984. 
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