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We report on the investigation of the final state in interactions of quasi-real photons with protons. The data were
taken with the H1 detector at the HERA ep collider. Evidence for hard interactions is seen in both single particle spectra
and jet formation. The data can best be described by inclusion of resolved photon processes as predicted by QCD.

1. Introduction

The study of hard scattering reactions in photopro-
duction is an area of considerable theoretical and ex-
perimental interest. It allows the investigation of the
interaction of real photons with quarks and gluons in-
side the nucleons. Until now experiments were lim-
ited by the center of mass (CM) energy achievable
with existing photon beams.

The recently commissioned electron—proton stor-
age ring HERA at the DESY laboratory in Hamburg,
Germany, collides electrons of 26.7 GeV with protons
of 820 GeV beam energy. Utilizing the quasi-real pho-
tons exchanged between electrons and protons at very
small electron scattering angles opens a new energy
domain for the study of yp interactions.

The data analysed in this paper were collected dur-
ing the first data-taking period of the H1 detector at
the HERA collider in June-July 1992. Preliminary re-
sults have already been presented in ref. [1], a simi-
lar investigation is described in ref. [2]. The runs se-
lected for the present analysis correspond to an inte-
grated luminosity of 883 ub~'+ 10%.

2. Detector description and event selection

In this paper we describe in outline the main com-
ponents of the H1 collider detector and refer to ref.
[3] for details.

Charged particles from the interaction region are
measured in two cylindrical tracking detectors (cen-
tral and forward *!' ) which together are 4 m long and
1.7 m in diameter. The chambers are surrounded by

1 Visitor from Yerevan Physical Institute, 375036 Yere-

van, Armenia.

Deceased.

We call the direction of the unscattered proton “for-
ward”, coinciding with the polar angle & = 0° and the
positive z-coordinate. “Backward” refers to the electron
direction.

#1

a fine grained liquid argon calorimeter with a geome-
try optimized for the very different beam energies of
the two colliding particles. The calorimeter consists
of an electromagnetic section with a thickness varying
between 20 and 30 radiation lengths, and a hadronic
section with a thickness between 4 and 8 interaction
lengths. It covers polar angles between 4° and 155°.
The energy resolutions are for electrons o(EF)/E =
0.12/VE and for hadrons ¢ (E)/E = 0.5/vVE with
E in GeV. The backward region (154° < @ < 176°)
is covered by a proportional chamber followed by a
lead-scintillator calorimeter (BEMC) with approxi-
mately the same energy resolution for electrons as that
of the liquid argon calorimeter. All these detectors are
inside an octagonal iron yoke with a total length of
9.6 m and height of 8.7 m. This provides a thickness
of ~ 4 interaction lengths and is instrumented with
streamer tubes to detect muons and the tail of the
hadronic energy. A superconducting coil provides a
homogeneous axial field of 1.2 T in the tracking vol-
ume. Muon detection is supplemented by a forward
muon spectrometer with a toroidal magnet covering
the region 5° < @ « 20°.

A luminosity detector measuring the reaction ¢ +
p — e + y + pis placed in the backward direction
with components at z = —33 m to tag small angle
electrons and at z = —100 m to measure photons.
Each component consists of a crystal calorimeter with
an energy resolution of 6 (E)/E = 0.1/\/1?.

We consider two different data samples in this
analysis, tagged electron events and events with large
transverse energy Et.

2.1. Tagged electron events

Events with electrons in the small angle tagger, ¢ +
p — € + hadron + X, were recorded to study single
particle distributions. The hardware trigger for this
event sample was a coincidence between an electron
in the electron tagger system and at least one “ray”
signal from the central tracking detector. The electron
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trigger was derived from the crystal calorimeter which
accepts electrons with scattering angles below 5 mrad
with the energy threshold set to 4 GeV. The single ray
trigger for hadrons in the central tracker was based on
two double layers of cylindrical proportional cham-
bers with radii R ~ 16 cm and R ~ 52 cm. Their
cathode pads provide space points which are used to
form rays in sectors of the azimuthal angle ¢ and the
projection of the ray in the R—z plane. At least three
out of four pad layers in a sector were required to fire
the trigger.

Offline the single ray requirement was sharpened
by demanding at least one track in the central tracker
satisfying the following conditions: (a) more than 10
hits out of maximal 56, (b) first reconstructed point
on the track less than 30 ¢cm from the beam axis, (c)
distance of closest approach (DCA) to the beam axis
less-than 2 cm, (d) distance along the beam axis from
the nominal interaction point at DCA at most 50 cm,
(e) polar angle in the range 30° < @ < 150°, and (f)
a transverse momentum pr of more than 0.3 GeV.
This requirement on tracks suppressed background
from beam-wall interactions. The remaining back-
ground contribution is dominated by random coinci-
dences between electrons hitting the electron tagger
and proton-gas events in the H1 interaction region.

Candidates for ep scattering events were found by
a selection based on the scaled photon energy y =
p - 4q/p -k calculated using firstly the tagged electron
and secondly the final state hadrons. The four-vectors
describe the incoming proton p, the incoming elec-
tron k and the photon g. Using the tagged electron y
is well approximated by y, = 1 — E’ /E, where E, E '
denote the incoming and the scattered electron ener-
gies. For the final state hadrons y can be expressed
by the sum of energies and momenta along the z-axis
v = 3, (EY — p{")/2E [4]. The variable y, was
calculated using the cell energies of the liquid argon
and of the BEMC calorimeters.

For background studies a proton-gas sample was
recorded using a proton pilot bunch*?. In this sam-
ple most of the energy is found in the forward direc-
tion causing y, to be concentrated below 0.2. Back-
ground from accidental coincidences between tagged

#2 The name pilot bunch refers to proton (electron)
bunches without an electron (proton) bunch partner in
the interaction region.
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Fig. 1. (a) Energy spectrum of tagged electrons for ep data
(full line). The arrows mark the range of the selected events.
The dotted line indicates the spectrum of the background
events. (b) Vertex distribution along the beam axis for ep
data.

electrons and proton-gas scattering was therefore sup-
pressed by demanding y, > 0.2. Background from
electron-gas events was eliminated by requiring an
energy deposition Ep,g = 5 GeV within a 25° cone
around the forward direction.

A region of good acceptance in the electron tagger
system was selected by demanding 0.35 < y, < 0.7.
The lower cut in y. was optimized for a minimum
background contribution using the shape of the elec-
tron energy spectrum from electron pilot bunch data
(fig. 1a, dotted histogram). This background sample
was scaled to have the same number of events as the
ep sample above the maximum accepted electron en-
ergy. With the pessimistic assumption that all events
from the ep sample above this cut were background
events an upper limit of 9% was derived for the con-
tamination of the ep sample due to beam—gas events.
The final sample after these cuts consists of 330 tagged
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electron events.

Several methods were employed to confirm the pu-
rity of the tagged electron sample. In the event sample
from the proton pilot bunch the final state charge dis-
tribution measured with tracks from the central track
detector was found to have a positive charge excess.
Neither the tagged electron sample nor the yp Monte
Carlo show this effect. Further tests have been based
on (a) the number of protons identified using the ion-
1zation in the central jet chamber, (b) the position
of the event vertex along the beam axis (fig. 1b) and
(c) the shape of the rapidity distribution of charged
tracks. These studies confirm that the final sample
contains predominantly events from ep scattering.

2.2. Large Et events

A second event sample was used to study inclusive
jet production, ¢ + p — e + jet + X. The final state
electron is either measured in the electron tagger or
escapes unseen in the very backward direction.

The hardware trigger consisted of a z-vertex trigger
[S]: a one-dimensional histogram was filled online
with the intercepts of rays along the beam axis and
a peak search was performed. If the peak height was
significantly above the expectation from background
the event was accepted.

A candidate sample for high pr-jets was selected off-
line by requiring a transverse energy (Et) of at least
10 GeV in the H1 calorimeter (€ > 25°). In contrast
to the single particle spectra discussed above the lim-
ited statistics excludes the use of an electron tagging
criterion as a main signature for ep interactions. A
potential source of background is due to halo muons
and hadrons accompanying the proton beam. They
can be removed by comparing the energy measured
in the calorimeter and in the tracker and requiring
that Eyracker/ Ecalo > 0.2 in the range 25° < © < 150°.
A veto on muon candidates in the HI instrumented
iron suppresses the background from cosmic rays that
have survived the previous cuts. A cut on electron
candidates with £ > 10 GeV in the backward region
(140° < ® < 176°) eliminates events from deep in-
elastic scattering reactions. Finally electron beampipe
and proton beampipe events were removed from this
sample by requiring the tracks to originate from the
interaction region in the transverse plane. The data
sample treated in this way should contain only high Et
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events due to photoproduction from almost real pho-
tons along with events from beam-gas interactions.

In the next step we applied a jet classification cone
algorithm with a cone size of AR = /A2 4+ Ap? <
1.0, where the symbols 1 and ¢ denote the pseudora-
pidity and the azimuthal angle of the calorimeter clus-
ters. The cone algorithm follows the “Snowmass ac-
cord” [6] but with an increased cone radius because
of the much lower energy of the jet candidates. The
minimum transverse energy contained inside the cone
had to be 3 GeV.

Monte Carlo simulations of high E1 photoproduc-
tion*? predict a rather flat distribution of the open-
ing angle between the two highest Et cones. The data
show such a distribution, however, with an additional
peak at small opening angles which was found to be
dominated by proton-gas interactions. A 60° cut on
the opening angle drastically reduces this background.

The data sample with an opening angle < 60° be-
tween the two cones can be further used for a quantita-
tive estimate of the remaining beam-gas background.
This is done by utilizing the fact that the vertex dis-
tributions measured along the z-axis look very differ-
ent for both these samples. A z-vertex cut of |z] < 40
cm was applied. From the ratio of events outside to
those inside this cut in the sample with beam-gas can-
didates a contamination of 7% in our ep sample was
estimated.

A visual scan of the 51 events remaining after these
cuts, together with other quantitative checks (charge
distribution, number of protons) show that this sam-
ple is of similar quality to that discussed above for the
single particle spectra. In fact our sample contains 10
events with a tagged outgoing electron.

Besides the event sample just described we have 9
further events which are triggered by the electron tag-
ger system, but not by the z-vertex trigger, and sur-
vived all other cuts described. The global z-vertex trig-
ger efficiency of 53% derived from the tagged events
agrees well with Monte Carlo simulations of the trig-
ger.

#3 The parameters of the simulation are explained in sec-
tion 3.
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3. Rapidity and transverse momentum distributions
of charged particles

The pseudorapidity, #, distribution of charged
particles in hadronic reactions has been measured
in many previous experiments and found to have
a rectangular distribution with rounded edges. It is
centered around the rapidity of the center of mass
system and the width of the distribution depends on
the logarithm of the CM energy W.

In the tagged electron event sample the energy of
the yp system reaches values in the range 175 < W <
250 GeV. The rapidity of the yp system as measured
in the H1 laboratory frame is in the forward direction
at ny, ~ 2. The high CM energy should give rise to
a rapidity plateau of width +5 units extending well
beyond the region covered by the central tracking de-
tector. Fig. 2a shows the observed track distribution
for |n| < 1.3.

Fig. 2b shows the distribution of the squared trans-

.gz.e E ]
Swt” H
© ,E
> r
Zaw,s — _+_J
\ W—\_
— 2k
0.8 E -------------- T
0.4 [
O T TS or o T2
n
¢
10
> H1
O
&0
Q
Q 16"
=z
-D, 16°
=
T
0 112 '
p[GeV’]

Fig. 2. (a) Pseudorapidity and (b) squared transverse mo-
mentum of charged tracks from ep data compared with a
“soft” (dashed line) and “soft + QCD” Monte Carlo sim-
ulation (full line).
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verse momentum, p%, of these particles. For p? < 1
GeV the steeply falling distribution is consistent with
a gaussian distribution of particles with a width of
0p; ~ 0.35 GeV. Above p? > 1 GeV we observe a sec-
ond component: a tail of high transverse momentum
particles, indicating hard scattering processes.

For comparison with theory, the generator
RAYVDM [7] is used for the “soft” processes which
are simulated according to the vector dominance
model. For the “hard” processes the PYTHIA [8]
generator is used which includes direct (y gluon fu-
sion and QCD Compton scattering) and “resolved”
photon interactions with the partons of the incoming
protons. In the latter processes the partonic content
of the photon, as defined by the photon structure
function (“resolved” photon) participates in the hard
scattering reaction with partons inside the proton.
Note that the photon structure function contains a
hadronic piece which accounts for hard scattering
reactions already expected in the vector dominance
model. The PYTHIA simulation used the Drees—
Grassie [9] parametrization of the photon structure
function and the M-T Bl proton structure function
{10]. The cut on the minimum transverse momen-
tum prmin Of the hard process was varied, the other
parameters remaining at their default values. Initial
and final state parton showers are taken into account,
and the fragmentation of partons to hadrons follows
the Lund scheme [11]. The HI1 detector response
was simulated with a detailed program based on the
GEANT package [12], and the simulated events
were then reconstructed with the same reconstruction
program as used for the data.

Fig. 2 compares predictions of these Monte Carlo
simulations with the measured data. The dashed line
represents the result of the “soft” processes only.
The full line shows the “soft” plus QCD prediction
(PYTHIA, prmin = 2.5 GeV). The shape of the ra-
pidity distribution is well described by both models.
In the case of the squared transverse momentum the
shape at low p2 is also well described by both models;
however, the tail at high transverse momenta, which
is expected to result from hard scattering processes,
is only reproduced by the PYTHIA Monte Carlo.
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4. Jets in direct and resolved photon processes

It is well known [13] that in the pr range investi-
gated here, QCD predicts a dominance of the resolved
photon processes leading to a (3 + 1)-jet final state ** .
Although initially the spectator partons in the photon
have small pr this is not necessarily the case for the
resulting jet due to parton showering and fragmenta-
tion processes. We therefore do not expect the final
state to exhibit a distinct two jet structure reproduc-
ing the hard scattering of partons at the Born level.

With these caveats in mind the kinematical prop-
erties of the two highest E1 cones of our final sample
were compared to predictions from the PYTHIA gen-
erator (see section 3). In all quantities studied (Et

#4 We use a jet counting scheme, where the “+ 1” indicates
the additional jet from the proton remnant.
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balance, correlation in azimuthal angle, energy flow
in transverse plane, transverse sphericity) we found
agreement with the simulation. From this agreement
we identify the jets defined by our cones with the
hadrons produced by parton fragmentation. The av-
erage rapidity » of the jets is 0.52 and the average ob-
served center of mass energy Vs in the hard scattering
process is 12.5 GeV.

In tagged events the energy of the incoming photon
is known and thus the momentum vectors of the two
outgoing jets in direct processes are constrained. At
the parton level without initial state radiation this
constraint is given by
22 = @n(36)) + an(36y),
where &; and 6, are the polar angles of the outgoing
partons with equal transverse energy Et. The result of

monte carlo, direct only
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Fig. 3. Correlation of the two highest pt jets in polar angle
for events with an electron tag. (a) Monte Carlo prediction
for resolved and direct processes, (b) for direct processes
only, (c) correlation of the 19 e-tag events.
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Fig. 4. Inclusive pr distribution of jets with pt > 3 GeV.
The solid line is the prediction of the PYTHIA program for
PTmin = 1 GeV, the dotted line corresponds to PTmin = 3
GeV. The dashed dotted line is the prediction if resolved
photon contributions are excluded (Prmin = 1) GeV.

a Monte Carlo simulation of jet production processes
is shown in fig. 3a including resolved and direct pro-
cesses and in fig. 3b for direct processes only. It can
be seen that direct processes seldom lead to events
where both jets have an angle @ less than about 100°.
For our luminosity we expect 0.6 events from direct
processses in this region. This is in conflict with the
data (fig. 3c), where 9 of the 19 tagged events are in
the “suppressed” region, suggesting that a large pro-
portion of the observed events is not due to direct
processes.

Supporting evidence for the dominance of resolved
photons comes from inclusive jet rates. In fig. 4 the
differential jet-pr spectrum of jets in our 51 events
is plotted. No attempt has been made to convert the
measured transverse momentum of the cones to a true
pr. The absolute prediction of the PYTHIA genera-
tor is given by the solid line. Fig. 4 clearly demon-
strates that for pr > 10 GeV the shape of the data
is well reproduced and that the absolute number of
jets above this threshold agrees with the prediction
roughly within a factor of 2. In comparing data with
simulation it should be noted that besides the many
assumptions used in the Monte Carlo calculation (e.g.
choice of structure functions and scales) an error of
5% in the energy scale of the calorimeter at this stage
of the calibration changes the predicted rate in the
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Fig. 5. Histogram of energy flow per event versus polar
angle ©. The open points represent the data, the full line
is taken from the Monte Carlo simulation for resolved and
direct processes, whereas the dashed dotted line gives the
prediction for direct processes only.

high pr tail of the spectrum by a factor of 1.5.

We emphasize that the jet cross section in PYTHIA
is calculated in the Born approximation and is thus
highly divergent. A cut on the minimum transverse
momentum (Prmin) Of the generated partons has
therefore always to be included. This minimum trans-
verse momentum is 1 GeV for the solid line in fig. 4.
The dotted line is calculated for prmin = 5 GeV. As
would be expected both predictions agree for pr > 10
GeV. At smaller py the distribution is sensitive to
the uncertainties due to fragmentation and detector
resolution. The absolute number of events predicted
for both prmin cuts is 130 and 30 events respectively.

The dashed dotted line in fig. 4 is the Monte Carlo
prediction for the direct processes (Prmin = 1 GeV)
only giving 7.3 events in total. It follows that the model
which does not include the resolved photon contribu-
tions cannot explain the jet rate seen in our experi-
ment.

The photon remnant jet produces hadrons predomi-
nantly in the very backward region, where only a small
hadron flow from direct processes is expected. This
can be seen in fig. 5 where the energy flow per event
is plotted versus the polar angle . A cut on the polar
angle of the two highest Et cones (8, < 100°) was
applied. It separates the backward region, i.e., the do-
main of the photon remnant, by one unit in rapidity
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from these jets. The data (open points) are compared
to the full Monte Carlo simulation with a prmin cut
of 3 GeV (full line) and the simulation including di-
rect processes only (dashed dotted line). The energy
flow in the backward region seen in the data is fur-
ther evidence for the presence of the resolved photon
processes.

5. Conclusions

In summary, we have studied interactions of quasi-
real photons with protons in a new energy domain.
We have seen clear evidence for hard interactions in
single particle spectra and in jet production already
with the first data available shortly after the startup of
HERA. All quantities studied are in agreement with
the predictions of QCD. We conclude from absolute
jet rates, from angular correlations of the two high-
est pr jets and from a study of the energy flow that
resolved photon processes as required in QCD are
present in the data.
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