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Abstract. We have performed a Monte Carlo study of 
photon-gluon interactions at the ep collider HERA. We 
show that it is possible to determine the fractional 
momentum carried by the gluon (xg) from hadronic 
informations alone. In particular, in the photoproduction 
region, where the x and Q2 are badly measured, this could 
be the only global physical variable of interest, together 
with the hadronic invariant mass. The study of these 
quantities would allow a direct measurement of the 
gluon density of the proton in the range x o = 2.5 x 
10-3--5 • 10 -1 

Introduction 

The collider HERA, presently in an advanced status of 
construction at DESY, will provide collisions of 30 GeV 
electrons against 820 GeV protons. One of the main issues 
of the HERA physics program will be the determination 
of the parton densities inside the proton, as a continuation 
at higher Q2 and lower x of the deep inelastic scattering 
(DIS) experiments. This information will be very precious 
both for comparison with theoretical predictions based 
on QCD calculations and to give an empirical description 
of the proton, essential to understand the patton beams 
in the supercolliders of the next generation, like LHC or 
SSC. In particular, we think that HERA will provide a 
unique opportunity to study the gluon density in a more 
direct way than that presently followed [1] through the 
Q2 evolution of the structure functions. By direct we refer 
to methods where one is able to identify the events in 
which the gluons play a primary role, while in indirect 
methods no detailed information of the scattered partons 
is used and one limits oneself to a study of the absorption 
probability of a virtual boson of a given energy and 
invariant mass. We find that the importance of using 
direct methods has become particularly important, since 
a recent study [2] has shown that, of all the various 
structure functions entering in the charged and neutral 
current cross section, only F~ m could be measured with 
the needed precision to make quantitative tests of QCD. 

Moreover, since at high x the Q2 dependence of F~ m is 
small, while at small x the QCD interpretation of the 
data is not straightforward, the determination of the 
gluon density at HERA from standard structure function 
analysis could be really challenging. An alternative in- 
direct method is the study of the longitudinal structure 
function F L [3], strongly related to the gluon density of 
the proton, but its measurement implies several experi- 
mental problems, like that of running HERA at different 
energies and so it will be of practical interest only after 
several years of running the experiments. 

The first direct method proposed to study the gluon 
density g(xo, 0 2) is based on the inclusive J~ 'P production 
from 79 fusion. Its cross section is directly related to 
g(x o, 0 2) at (~2= M2/~, and x o = 3.4M~/~,/s~g, where s~o 
is the yg invariant mass squared and can be measured 
by detecting the electron scattered at very small angles*. 
A detailed study of this process [4], including detector 
simulation, has shown that the effective cross section, 
taking into account the probability of the reconstruction 
of the J i g  ~ through the muon decay, is of the order of 
10 pb. The second method [5] is based on the isolation 
of the high PT events coming from the open Q(~ production 
in the photon gluon fusion process. Its advantages, with 
respect to the previous one, are the expected higher cross 
section, which could make this subject one of the most 
interesting physics items for the first years of HERA, and 
the wider range of xg and 0 2. It has been shown that, in 
a large kinematical region, selection criteria based on a 
detailed study of topological variables or on a more 
simple muon tagging are rather efficient against back- 
ground from DIS with QCD final state correction at the 
lowest order, and that it could be possible, even if with 
large errors, to reconstruct the gluon momentum fraction 
~o" A case study, based on the use of an unfolding 
technique, has also shown encouraging results for the 
determination of the gluon density. 

The relation proposed in [5] to infer the gluon 

* Hereafter we use Q2 for the DIS scattering variable and 02 for 
the scale entering in the structure functions and in the QCD 
coupling constant 
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momentum fraction x o from the measurable quantities is 

x g = x (  l +Mzqq'~Q2 ] (1) 

where x = QZ/2Pq is the Bjorken variable of the DIS and 
Mq# is the invariant mass of the quark pair produced in 
the reaction, estimated through the transverse mass of 
the hadronic system. In this paper we would like to extend 
the study of the measurability of x 9 in the very low Q2 
region, where the events of interest are supposed to 
dominate. 

x o determination at low O2 

Figure 1 shows the Feynman diagram leading to the high 
PT vg events. In this process a photon radiated from the 
incident electron interacts with a gluon to produce a q~ 
pair. All quark-ant iquark pairs can be produced in the 
interaction, with rates proportional to the square of the 
electric charge and threshold factors depending on the 
quark mass and the vg invariant mass. The simulation 
of this process has been performed with a preliminary 
version of the AROMA Monte Carlo program [6], in- 
cluding gluon radiation from the q~ pair and using the 
Lund program [7] for the fragmentation of the produced 
partons. In this study we have considered only 7g ~ c? 
production. In fact the charm pair events can be tagged 
easily by demanding one or more energetic muons in the 
final state, and this gives little background from light 
quark production, as for example shown in [5]. The bb 
contribution can be included easily in a more complete 
analysis due to the fact that, in the kinematical region 
taken into account in the present work, the threshold 
factor can be ignored (apart for very low xg) and the event 
topology looks very similar to that of the c~, the only 
apprecihble difference being the higher efficiency of muon 
tagging*. Following the suggestion of [5] also the light 
quark signal could be used if one could control the severe 
QCD background of the other processes which yield only 
light quarks and gluons in the final state, the main one 
being the so called QCD Compton scattering Yq--* qg. 
We have not taken into account detector effects, apart 
for the dominating one caused by the loss of two cones 
of 4 ~ around the beam pipe. We do not consider this 
simplification to be an important limitation of this work. 

In [5] it was proposed to measure the x and Q2 
variables entering in (1) from the electron measurement 
and form its combination with the hadron informations. 
This cannnot be done in the photoproduction region. In 
fact the electron is lost most of the times, and the x and 
QZ determination from the hadrons through the Jaequet-  
Blondel method [10] is rather poor [11], so that (1) 

* The process 7g -~  QOc(g) is presently estimated to be the dominant 
but not the unique source of c6 and bb events at HERA [8]. The 
other processes, in order of importance, at high Pr are: 3~q -~ QQq, 
qq ~ QQ and gg ~ Q_Q. The first background can be reduced (at 
expenses of 7g -~ QQg) by the demand of planar events, while for 
the other two we have studied a way to tag with high efficiency 
the high PT processes involving the anomalous structure function 
of the photon [9] 
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Fig. 1. Feynman diagram describing the photon gluon fusion 
yg ~ q~. The colour singlets are recombined by the Monte Carlo in 
the way shown in the figure 
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Fig. 2. Energy flow, with respect to the incoming proton direction, 
in the event plane for a typical high PrTg ~ cg process. Only particles 
with a polar angle respect to the beam axis greater than 4 ~ have 
been included in the analysis. The peak around zero comes from 
particles passing this cut, but having a small projected angle in the 
plane of the event 

become useless. However, analysing the Jacquet-Blondel 
relations to obtain the DIS variables and only depending 
on the hadronic energy (Eh), longitudinal momentum 
(PhL) and incoming electron energy (Ee), one observes 
that y = ~ ( E  h -  p~)/2Ee can be measured well in events 

h 
characterized by high Pr jets accompanied by the proton 
remnants in the very forward region. We can then rewrite, 
making use of xy=Q2/s ,  (1) as xg=(Q 2 +MZqo)/sy. 
Taking for y the Jacquet-Blondel relation and neglecting 
Q2 ~ 0, we obtain 

2E e Me% 
xg - (2) 

s Y'(Eh--p[) 
h 

that depends only on the hadronic final state. Also the 
energy of the photon interacting with the gluon can be 
measured from the hadronic information alone: 

2 s ~ (E h -- p[) 
M qc~ _ 

E7 - 4EpXg h8EpEe (3) 

Moreover, for the fraction of events where the scattered 
electron is well measured [4], Eq. (3) may be used to 
determine xg with only the uncertainty on the qc~ invariant 
mass: x 0 = MZJ4Ep(E~ -- E~,). 

The main difficulty in measuring the invariant mass 
of the outgoing quark pair produced in the photon-gluon 



interaction comes from the fact that it is not possible, not 
even in principle, to have a perfect separation of the 
hadronization products of these quarks from those of all 
other partons. In fact, since the photon gluon system is 
not a colour singlet, the fragmentation of the quark pair 
has also to involve the spectator quarks. In practice this 
is done, in the Lund scheme used in the present work, 
by connecting with colour strings the quarks of the pair 
with the rest of the proton, which is considered as a 
spectator diquark plus the quark which radiated the 
gluon, as shown in Fig. 1. The result of these colour strings 
is that the particles are not only produced within a narrow 
cone along the parton directions, as it would be in case 
of independent fragmentation, but also between the 
partons, as experimentally observed in the three jet 
analysis ofe+e - events 1-12]. However, the most energetic 
particles, and hence the hadron jets, will still go close to 
the patton directions. Then, for high Pr events, there is 
a substancial separation between the jets which follow 
the directions of the quark originated from the photon 
gluon fusion and those following the proton remnants, 
as shown in the example of Fig. 2, where the energy flow 
in the event plane is given for a ;;g -~ c~ event. 

Results of a Monte Carlo study 

We have tried several techniques to find a good estimation 
of the quark pair invariant mass Mq~ that enters in (2). 

�9 t /  . 

We present here the results obtained using the transverse 
energy Er = ~,phr as estimate of Mqc t (also other algo- 

h 
rithms have been tried, including some based on cluster 
reconstruction; the search of the best one is however 
outside the aims of the present work). Equation (2) is 
then replaced by the experimentally measurable quantity: 

Xg = 2Ep y'  (E h - ph) (4) 
h 

where Ep is the energy of the incoming proton. The 
variable E r reconstructs exactly Mq~ 1 only when the q~ 
are produced, in the ?g rest frame, orthogonally to the 
beam axis, and the influence of the spectator quarks and 
the loss of particles in the beam pipe are negligible. It 
has been found that the combined effect of the spectator 
quarks and the particle loss is minimized if one demands 
a large transverse energy in the central region of the 
detector. We have then required ET> 15GeV in the 
angular region 37 ~ < 0 < 129 ~ corresponding to the barrel 
calorimeter acceptance of the ZEUS detector [13]. This 
cut is also very efficient against DIS events if it is 
accompanied by the requirement that Q2, as calculated 
with the Jacquet-Blondel relations, is below a few GeV 2, 
and the cut still leaves a cross section for the charm pairs 
of ,-- 1.2 x 103 pb. Since the numerator and the denomi- 
nator of (4) depend in a similar way on the acceptance, 
we have observed a certain degree of compensation and 
the final uncertainty of X o is inferior that expected from 
the propagation of the errors of Mq~ and y. Figure 2 
shows the energy flow, with respect to the incoming 
proton direction, in the plane of the event as determined 
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Fig. 3. Distribution of the reconstructed y through the Jaquet 
Blondel method for the events having Er(37 ~ < 0 < 129 ~ > 15 GeV 
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Fig. 4. Relative difference between the reconstructed gluon frac- 
tional momentum (Xg) and the Monte Carlo one (xg) as function 
of xg. The error bars indicate the standard deviation of the single 
event distribution. 
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Fig. 5. Same as Fig. 4, but with Xg corrected for the average angle 
of the high Pr hadrons 

with a modified version of the sphericity analysis where 
the condition is imposed that the reconstructed plane 
must contain the beam axis. Although only particles 
outside the acceptance hole are considered, a residual 
peak around zero degrees remains, due to the proton 
fragments. The reconstruction quality of y for events 
passing the transverse energy cut described before is 
shown in Fig. 3. 

Figure 4 gives the average of(Xg - xo)/xg and an error 
bar, meant as standard deviation of the single event 
distribution, as a function of xg. Some of the residual 
systematic difference between the generated xg and the 
reconstructed Xg, which depends on the angle of produc- 
tion of the quark and the antiquark, has been empirically 
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corrected in a simple way by studying the dependence of 
the relative difference ( X g -  xg)/xg as a function of the 
average production angle of the high PT hadrons in the 
laboratory frame. The same quantities of Fig. 4 are shown 
in Fig. 5 for Xg(corr). The correction takes the form of 
X0(corr ) = Xo/( l  + o~ + fl@h), where ~ and fl are determined 
from Monte Carlo events and @, is the average, weighted 
with the momentum, of the modulus of the hadron angles 
calculated in the event plane with respect to the proton 
direction. To reduce the effect of the proton fragments 
in the forward region, 19h has been calculated in a 
recursive way, skipping_in the second evaluation all 
particles with 0 < 2 / 3 0 h l ,  where @h~ is the average 
obtained in the first iteration. The result of Fig. 5 is that, 
already with this simple correction, a resolution of 25% 
(on the single event distribution) can be achieved in the 
range 2.5 • 1 0 - 3 <  x o < 0.5 and with a systematic shift 
smaller than ___ 50%*. We did not try to perform a more 
sophisticated correction to reduce further the bias of the 
x o measurement, since this depends on the details of the 
apparatus. On the other hand, it is interesting to note 
that this systematic shift does not depend on the input 
function for the gluon density. In fact, for a given x o the 
topology of the final state hadrons, responsible for the 
measured Xg, depends on the calculable photon spectrum 
P~/e(k) and on the fragmentation. 

We would like to point out that the transverse energy 
ET could also represent a reasonable choice for the scale 
entering in the gluon structure function, as well as for 
the scale of the strong coupling constant of the gqc~ vertex. 
Then the study of f (Xg ,  E 2) could be the right tool to 
determine the parton gluon density g(xg, (~2) over a large 
range of x o and scale ~2. The range of E~ is limited firstly 
by the minimum transverse energy required by the 
selection criteria, put by us at 15 GeV but that perhaps 
could be lowered in a particular experiment, and secondly 
by twice the maximum Pz of the QQ pair for which there 
is still a significant event statistics**. 

One should note that, even if in the kinematical region 
considered in this analysis x is very small (since x < x o 
from (1)) and Q 2  0, there is no contradiction with the 
results of [11] about the kinematical region of measur- 
ability at HERA, since those results are only valid for 
deep inelastic scattering at the Born term (eventually 
with QCD corrections in the final state). For  example, 
one of the limiting cuts of [11] is set by the requirement 
of the experimental trigger that the hadron PT should 
be larger than 15GeV. In the DIS at the Born term 
the transverse hadron  energy is essentially due to the 
current jet PT related to the scaling variables through 

* The interval of measurability of the fractional momentum of the 
gluon is limited at large values by the statistics of events, and at 
low values by the kinematical limit given by 

xg = -- > (5) 
s y  Sym~ x S 

** For example, the cross section of e p  --* c~ 4- X with PT > 20 GeV 
is 70pb, falling to ~ 1 0 p b  for pT>30GeV and to ~ l . 5 p b  
for P r > 4 0 G e V  [6]. Then the upper E~ limit will range from 

2000 GeV 2 to ~ 6000 GeV 2 depending on the available lumino- 
sity 

PT = X/( 1 --y)Q2. In ~9 collisions with high PT jets it is 
however still possibleto have large transverse energy even 
at Q2=  0, and y and ET, used in this work, are better 
measured than x and Q2. Moreover, also the amount  of 
calorimetric energy required for the trigger can be safely 
lowered if one also demands a certain PT balancing, 
typical of the kind of events of interest. 

Conclusions 

We propose a parametrization of the final state hadron 
momenta of the electron-proton collisions at HERA, 
which allows the reconstruction of the fractional momen- 
tum of the gluon interacting with a quasi real photon. 
This method is particularly promising with charm and 
bottom production, where the high expected rate and the 
muon tagging possibility yields an almost background 
free sample of ;~g collision events. The result is that the 
proton gluon density g(xg, (~2) could be directly measured 
in the range of fractional momentum 2.5 x 10- 3 < xa < 0.5, 
and in the range of the (~2 scale, estimated via transverse 
energy of the high PT hadrons, 200 < (~2 < 6000 GeV 2. 
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