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Abstract

Measurements of the scattered clectron energy spectrum and the differential
cross sections do/dlog(z) and do/dQ? for inclusive neutral current deep ineclastic
electron proton scattering are presented. The data were obtained with the H1
detector at HERA during its first running period in which 26.7 GeV clectrons
collided with 820 GeV protons. The data correspond to an integrated luminosity
of 1.3 nb~! and allow the first studies of the structure of the proton at values of z

down to 10% for Q% > 5 GeV?Z.
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1 Introduction

Since the discovery of partons more than 20 years ago(l], deep inelastic lepton scat-
tering experiments [2,3] have provided important information on the structure of the
proton and on the nature of the interactions between leptons and quarks. The electron
proton collider HERA allows the extension of this line of research into as yet unexplored
kinematic regions.

This paper describes the analysis of data taken with the H1 detector [4,5] in July of
1992, HERA's first running period. Both the H1 and ZEUS experiments have presented
preliminary results from this period [4,6].

The kinematics of the inclusive deep inelastic scattering (DIS) process ep — eX
is determined by two independent variables, conventionally chosen to be two of z, y
and Q*. These variables may be measured using information from either the scattered
lepton or the hadronic system or both. The polar angle . of the scattered electron is
measured relative to the proton beam direction, termed the forward direction in the
following. The angle, 6., and the energy of the scattered lepton, E!, determine the
above variables through the relations

Q" =4EB.E cos’(6,/2), y=1-(E./B.)sin’(6,/2) and z = Q*/(sy), (1)

where the centre of mass energy squared s = 4E.E, = 87600 GeV?, and E, and E, are
the energies of the incoming electron and proton, respectively. Due to the large centre
of mass energy, « values down to ~ 1074 can be studied in the deep inelastic regime. A
salient feature of the kinematics is a peak in the scattered electron energy spectrum at
the beam energy E. for electrons scattered into the backward region 6, > 150°. This
peak, termed the kinematic peak in the following, is of particular interest for calibration
purposes. The out“g"eiz;g hadrons are used for a complementary determination of y using
the relation[7]

Eh—pz,h
w= 3 Feope) @)
hadrons e

where the Ej are the energies of the hadrons and the p, their momenta in the z or
proton beam direction.

At HERA the electroweak interaction rate is orders of magnitude smaller than the
background rate caused by strong interactions of beam protons with either the residual
gas in the beampipe or with the material of the beampipe itself. Moreover, at low
scattered electron energies, the background rate due to photoproduction events is much
larger than the rate of deep inelastic events. The identification of the deep inelastic
events is discussed in detail in the following. The data sample is used to derive a first
measurement of the neutral current cross section in the new kinematic range.

2 The H1 Detector

Fig. 1 shows a deep inelastic scattering event at z = 0.002 and Q* = 17 GeV? observed
in the H1 detector. Most of the detector components important for this analysis are
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visible. These are:
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Figure 1: A deep inelastic scattering event at z = 0.002 and Q? = 17 GeV?, observed
in the H1 detector. The detector components shown are: the electromagnetic (EMC),
hadronic (HAC) and backward electromagnetic (BEMC) calorimeters, forward (FT)
and central (CT) trackers, backward proportional chamber (BPC), and scintillator ho-
doscope (TOF). ' .




® The tracker: the central tracking detector consists of two large jet drift chamber
modules, two z drift chambers and two multiwire proportional chambers for trig-
gering. Its angular acceptance is 15°—170°. The forward tracking detector accepts
tracks between 7° and 25°. It consists of three modules of drift and multiwire pro-
portional chambers. The backward multiwire proportional chamber (BPC) has
4 wire planes and an angular acceptance of 155° — 1750, A superconducting coil
provides a uniform magnetic field of 1.2 T in the tracking region.

e The calorimeters: the backward electromagnetic calorimeter (BEMC) is made of
88 lead/scintillator sandwich stacks, each with a depth of 22 radiation lengths,
corresponding to about 0.7 interaction lengths, and transverse dimensions of 16
by 16 cm®. The liquid argon calorimeter consists of an electromagnetic section
with lead absorber (20 to 30 radiation lengths) and a hadronic section with steel
absorber. The total depth of the calorimeter varies between 4.5 and 8 interaction
lengths.

o The time of flight (TOF) system, located behind the backward calorimeter, con-
sists of two scintillator planes, each with a time resolution of about 3 ns, and
enables the separation of genuine ep events from proton beam-wall and beam-gas
interactions upstream of the detector at the trigger level.

"o The luminosity detector system described in [8], not visible in Fig. 1, is designed
to detect the e — v coincidence from the reaction e +p — e+ v+ p. The electron
tagger is located 33m from the interaction region in the backward or —z direction
and detects electrons scattered through angles less than 5 mrad with respect to
the electron beam direction. The photon tagger is located at z = —103m. Both
detectors are TICl/TIBr crystal calorimeters.

At low values of Q2 the scattered electron deposits its energy in the backward elec-
tromagnetic calorimeter. The scattering angle is determined using the backward propor-
tional chamber and the reconstructed event vertex and, at smaller 8., the drift chambers.
The angles and energies of hadronic final state particles are measured with the central
and forward tracking systems and with the liquid argon and backward calorimeters. The
analysis in this paper is restricted to electrons detected in the backward calorimeter.

3 Calibration and Resolution

The energy resolution of the BEMC due to sampling fluctuations is 10%/v/E, as has

been determined in test beam studies [9]. The average noise per stack was measured
to be 150 MeV which implies that the noise contribution to the measurement of a
typical scattered electron shower is about 450 MeV. The measured energy has to be
corrected for energy loss in the material in front of the BEMC (about 1 X,), losses
in the wavelength shifter regions between the stacks and for leakage. Monte Carlo
simulations showed that all these effects combined give a 2.7% energy correction on
average with a fluctuation of +£1.2% due to inhomogeneities, The energy resolution
is further affected by stack to stack intercalibration uncertainties which are estimated
to be 3.7%. From these considerations the following energy resolution was derived:
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U'E/E = O'noiae/E @ a'aampling/\/E D Ceonsty where Opoise = 0.45 GeV, Osampling = 0.1
GeVY2, g,onet = 0.04 and E is measured in GeV. This results in a width of the simulated
kinematic peak, due to the intrinsic width and detector effects, of about 2.2 GeV which

agrees with the observed width.

In the kinematic peak region (£ > 22 GeV) a x? comparison of the observed energy
spectrum with the Monte Carlo prediction was used to determine the overall BEMC
energy calibration. An additional check was performed by deriving the scattered electron
energy from the angles 6. of the electron and ), of the momentum vector of the hadronic
system. The energy calibration has an uncertainty of 2%. For the determination of y),
from the hadronic final state a combination of well measured tracks in the central region
with energy deposits in the calorimeter was used. The calibration of the liquid argon
calorimeter is presently known to 2% for the electromagnetic and to 7% for the hadronic
energies[10].

For angles between 174° and about 170°, the electron scattering angle 6, is deter-
mined by the vertex of the event and the reconstructed hit in the BPC. Events at low
y which contribute to the energy distribution in the kinematic peak may leave no track
in the detector. These are included in the electron energy spectrum but not in the Q?
and z distributions. For smaller angles (< 170°), 6. can be reconstructed from tracks
in the central chambers. The angular resolution §6, depends only weakly on 6. and is
about 6 mrad for interactions with a reconstructed vertex.

The four-momentum transfer squared is determined from the energy and angle of the
scattered electron. With the exception of extremely large polar angles, the resolution
§Q*/Q? is dominated by the electron energy resolution and is about 6%. An alternative
calculation of Q? using the two scattering angles 8, and 8, has a similar resolution, es-
sentially independent of Q?, and was used as a consistency check. For the determination
of z = Q?/(sy) it is advantageous to combine leptonic and hadronic measurements of
y. The resolution éy./y. varies like 1/y and is 5% at y = 0.6 but deteriorates to 30%
for y = 0.1. The yx resolution is better than about 30% for y, > 0.025. Hence, for
Ye < 0.1, yp was used in preference to y.. The resulting = resolution varies between 15%
at z = 107" and 35% at z = 1072, For z > 10~2 and small Q? hadrons are lost in the
forward beam pipe region and z measurements are subject to systematic shifts. This
will require detailed study in future high statistics analyses.

4 FEvent Selection and Background

The data presented here correspond to a total integrated luminosity of 1.3 nb~1, which
is known to a precision of 7%. The trigger pertinent to this analysis required that a
local energy deposit, or cluster, of more than 4 GeV be identified in the BEMC. Bvents
were rejected if signals in both TOF planes were compatible with, particles produced
in upstream proton background interactions. The acceptance of this trigger increased
from 90% to 99% for electron energies between 5 and 10 GeV and was larger than 99%
for electron energies above this. The total number of such triggers recorded was about
6104

Deep inelastic scattiering event candidates were identified using the following criterias
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e A cluster of more than 6 GeV was required in the backward calorimeter in asso-
ciation with at least one hit in the adjacent BPC. The radial separation of the
centre of gravity of the cluster and the BPC hit was required to be less than 15
cm. Furthermore, the cluster centre of gravity had to lie outside the range |z| or
|y| > 16 cm around the beam axis.

o For events with a BEMC cluster energy below the kinematic peak region (B, <22
GeV) it was required that at least one track in the central tracker originate from
the transverse beam position. The z coordinate of the vertex had to be within +50
cm of the nominal interaction point, compatible with the width of the z-vertex
distribution of 40 cm (FWHM). '

o Out of time proton beam background was further suppressed by restrictive cuts
on the signals from the individual TOF scintillator planes.

The resulting sample of 219 events was scanned for remaining beam background and
cosmic events, which were removed. The sample of DIS candidates surviving all selec-
tion criteria comprised 182 events. In this sample six events were observed with a clear
electron tagger signal in coincidence with an energy deposit in the BEMC of less than
10 GeV. These are events where the scattered electron disappears in the beampipe, but
hadrons and photons produced in the backward region simulate an electron signal in the
BEMC. This implies that the DIS sample contained about 20 to 40 photoproduction
events at this stage of the selection procedure. Further evidence for the presence of this
background was provided by a comparison of the hadron and the electron y measure-
ments, shown in Fig. 2a. A clear correlation between y, and vy is evident in the region

in which the y. resolution is good, y. > 0.1; yet, independent of yj, there is also an

accumulation of events at high y., i.e. low electron energies. Fig. 2b shows a Monte
Carlo calculation of y, and y., based on the Vector Dominance Model (VDM)[11] for
photoproduction. As in the data an accumulation of events at high y,. is seen. Detailed
Monte Carlo studies of the photoproduction background using various event generators
[11,12], and resolution considerations, led us to reject events if y, < y./2, for y. > 0.6.
The resulting event sample contained 148 events, none of which had a signal in the
electron tagger. The remaining photoproduction contamination could be as much as
50% for B, < 10 GeV but is estimated to be less than 20% for 10 GeV < E! < 14 GeV.
For B, > 14 GeV the photoproduction contamination is negligible. Note that y = 0.6
corresponds roughly to B, = 10 GeV. The lowest z event in this sample has z = 6.107°
at Q% = 4 GeV? while the largest' Q? event has a Q? = 82 GeV? at z = 4 - 1073,

The contamination of the DIS sample with proton and electron beam induced back-
ground was estimated to be less than 5% for E! > 10 GeV, based on studies of the
multiplicity of identified low momentum protons and of studies of e and p bunches
which have no partner to collide with. Another potential background comes from event
pile-ip. Due to the high HERA. bunch crossing rate of 10 MHz the detector information
for an interaction can be distorted by signals resulting from a collision in adjacent bunch
crossings. The number of events affected by pile-up was estimated to be less than 1%.

In the same data taking period 5 neutral currents events were detected in the liquid argon calorimeter
with Q% > 100 GeV?.
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The energy spectrum of the scattered electron for the accepted data sample is shown
in Fig. 3. The expected peak of the distribution at E! = E, is clearly visible. The mea-
sured spectrum is compared with a Monte Carlo calculation including a full simulation
of the H1 detector. The events have been generated using HERACLES. 3.1 [13] for
the electroweak interaction, which includes first order radiative corrections, followed by

LEPTO 5.2 [14] for the simulation of QCD processes. We chose to represent the parton
distributions using the MRSDO parametrization described in[185].

E 40 [ T T N T : T ]
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~ I ® Data ]
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Figure 3: Electron energy spectrum of the DIS events compared with a Monte Carlo
simulation [13,14] of the H1 detector using the parametrization MRSDO [15]. The
simulated spectrum is normalized to the measured integrated luminosity of 1.3 nb~1,

The simulated distribution in Fig. 3 was normalized to the measured luminosity.
Between 12 and 30 GeV the spectra agree well with a x? of 7.2 for 8 degrees of freedom.
The data contain more events in the low energy region than is predicted by the Monte
Carlo calculation. This may be due to remaining photoproduction contamination and
a low z behaviour of the proton structure functions which is different from that of the
MRSDO0 parametrization.
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5 Differential Cross Sections

In the Born approximation the deep inelastic scattering cross section at low Q? is de-
termined by the two structure functions F, and 2zFy = Fy /(1 + R):

d’c  2mo? y? . _

waq ~ Qi 17V F TR Q). e
In order to reduce sensitivity to the photoproduction background and to the effects of
radiative corrections [16,17] the cross section analysis was limited to y < 0.62% As
discussed above, a lower y limit was set at y = 0.025, ensuring that the y resolution was
always better than 30%. In addition it was demanded that Q? > 5GeV?, 6, < 174° and
that the ep interaction vertex be reconstructed, thus reducing'the sample to 72 events.
The rejected events are primarily at high E! where for kinematic reasons hadrons are
produced with small angles.

The observed distributions were normalized to the measured luminosity and con-
verted into differential cross sections by correcting for the acceptance and finite bin size
effects. The average total acceptance corrections varied between 30% and 50% includ-
ing smearing of the distributions due to finite detector resolution and reconstruction
inefficiencies determined from the data. The cross sections do/ dlog(z) and do/dQ? are
shown in Fig. 4. The log(z) representation was chosen in order to remove the trivial 1 Jz
dependence of the cross section (eq. (3)). The full error bars correspond to the statistical
error which is the dominating uncertainty. The systematic errors are shown separately.
All points are subject to a common additional uncertainty of 7% due to the luminosity
measurement error. In the accessed kinematic range the measured deep inelastic cross
section, not corrected for radiative effects, amounts to o = (92 + 11(stat) £ 12(syst))
nb.

The calculation of the systematic uncertainty included the following error sources:
possible shifts of the energy scale by 2% and of 4. by 3 mrad; uncertainties in the.
trigger (2%) and detector (4%) efficiency calculations; electron and proton beam induced
background (5%); photoproduction contamination in both the lowest z and Q? bin
(16%); the influence of different structure functions and hadronization uncertainties
on the acceptance calculation (12% at low z) and the bin size correction (5%); the
statistical error of the Monte Carlo calculation at the largest Q® (5% at most).

Fig.4 shows calculations of the cross section for the quark-distribution parametriza-
tions MTB1, MTB2[18] and MRSD0, MRSD—[15], using the program [13,14], where
R = 0is assumed for eq. 3. Note that the parametrizations[15] were obtained from data
including the recent NMC measurements [3] which extend to z = 0.008 at Q* = 4 GeV2.
The parametrizations differ in their assumptions on the extrapolation of the quark and
gluon densities at lower z. Neither data nor firm theoretical predictions [19] are avail-
able in this kinematic region. The MTB2 and MRSD— distributions assume a rapid
growth of the parton densitiés with decreasing z, while MTB1 and MRSDO assume
a more moderate growth. In the kinematic range of our measurements the radiative
cross sections calculated with the generated Monte Carlo events are 153 and 128 nb for

“Note that the yj - 9. cut was applied only for y. > 0.6. Thus it served only to remove background '
in the lower part of the energy distribution and has no effect on the z, Q? distributions.
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Figure 4: Differential cross sections a) do/ dlog,o(z) and b) do/dQ? in the range
0.6 >y > 0.025 and for Q* >35 GeV? and 6, < 174°. The full lines show the results of
the cross section calculations [13,14] for different parton density parametrizations. The
cross sections are not corrected for radiative effects. The full error bars correspond to
the statistical errors; the smaller systematic errors are also indicated.
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MTB2 and MRSD— and 69 and 88 nb for MTB1 and MRSDO respectively. The model
calculations agree within 2 standard deviations with our measurement, except for that
made with MTB2, which is more than 3 standard deviations larger.

Neither the Monte Carlo cross sections nor the data are corrected for radiative effects.
These have been calculated [17] and are expected to change the cross sections by about
40% at the lowest z and @Q? values. They are an order of magnitude smaller at the
largest = and Q? values. The derivation of the Born cross sections, and of F,, from the
measured cross sections requires an iterative procedure, which is left to future analyses
with higher statistics.

6 Conclusions

Deep inelastic scattering has been observed for the first time in a kinematic region that
extends down to z = 107* for Q? above 5 GeV?. The data presented here stem from
the first luminosity period at HERA, with collisions of 26.7 GeV electrons on 820 GeV
protons. The spectrum of the scattered electron energy has been measured down to
E, = 6 GeV. It exhibits the predicted peak around the electron beam energy and is
rather flat at smaller energies. The simultaneous measurement of the inclusive reaction
kinematics using the scattered lepton and the hadronic energy and angles has been
shown to be an effective means of reducing the large photoproduction background at
low scattered electron energies. This also extends the range of y which can be accurately
measured to lower y. A measurement of the = and the Q? dependent cross sections in the
range Q* > 5 GeV?,0.6 > y > 0.025 and 6, < 174° gives o = (92 + 11(stat) + 12(syst))
nb.
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