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1. Introduction

The collider luminosity £ measures the rate R of events per second for a
given process with the cross section o in em? and is defined by the relation:

R=Lxo. (1)

The standard unit of £ is cm™2s~'. The value of the luminosity depends on

beam and collider parameters and can be either calculated provided there
is a good knowledge of these parameters or can be determined by using
well known process and applying Eq. (1). From the experimental point
of view luminosity and beam energies are the most important parameters
characterizing the collider performance.

In HERA (Hadron Elektron Ring Anlage) electrons are colliding head-on
with protons, see Fig. 1. The particles in the HERA beams are grouped in
bunches and these bunches cross the Interaction Point (IP) in 96 ns time
intervals. Maximally 220 bunches can be stored in each of the HERA rings.
To enable the direct determination of beam related backgrounds the electron
and proton bunches are grouped into “trains” having slightly different struc-
ture resulting in a number of non-colliding (i.e. without counter-rotating
partners) pilot bunches, as shown in Fig. 2.

Hall
North

Hall
West

Hall

HERA B HERA HERMES Hall

820 GeV
protons

30 GeV
electrons

Hall
South

Fig. 1. The general layout of the HERA collider.
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Fig.2. The distributions of the electron (a) and proton (b) bunch currents (in
#A) in HERA. One histogram bin corresponds to a single Bunch Crossing Number
(BCN) and shaded bins represent pilot bunches.

In November 1991 HERA delivered 12 GeV electron and 480 GeV proton
beams and the first ep collisions were observed by the luminosity monitors
of the H1 and ZEUS [1] experiments. The experiments started taking data
in late Spring 1992 with beams of 26.7 GeV electrons and 820 GeV protons.
The peak instantaneous luminosity was 1.7 x 10??cm™2s~! and integrated
luminosity during 1992 was 30.6 nb~—!. Since then the collider performance
has been steadily improved and in 1996 the delivered integrated luminosity
was 17.2 pb™! with the peak instantaneous luminosity of 1.4 x 10?1 cm 251,
very close to the design value. Between middle of 1994 and end of 1997
due to problems with the electron beam lifetime at high beam currents,
the electrons have been replaced by positrons'. To optimize the natural
build up of the electron beam transverse polarization via the Sokolov—Ternov
process [2], the energy of the electron beam has been set to about 27.5 GeV

since 1995. The luminosity measurement in the ZEUS experiment in its

! Through the article both positrons and electrons will be generically called electrons.
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early phase has been described in our previous publications [1,3,4]. In the
present article we describe the precision luminosity measurement as it was
done in 1996.

In order to measure the luminosity using Eq. (1) one chooses a process for
which the cross section is very well known from theory and is large enough
to allow for a statistically precise measurement. To ensure good control of
systematic uncertainties the process should have a clear experimental signa-
ture. Electron—proton bremsstrahlung, ep — €'yp, fulfils these requirements
and therefore was chosen for the luminosity determination at HERA [3]. In
this process the incoming electron radiates a high energy photon in the elec-
tromagnetic field of the proton charge. To a very good approximation the
recoil of the proton can be neglected and therefore the following relation is
satisfied:

E,+E,=E,, (2)

where FE, is the electron beam energy, F, and E, are energies of the radiated
photon and scattered electron, respectively. The photon and electron spectra
are described well by the Bethe-Heitler formula [5] derived in the Born
approximation neglecting spin and the finite size of the proton:

d Eo E Es 2 AE,E.Ey 1
OBH — 40.”/‘3 e e + e 4 IDM ~ 2, (3)
dE, E,E. \Es E. 3 M,M.E, 2

where « is the fine structure constant, F), is the proton energy, M, and M,
are the proton and electron masses, and r, is the classical electron radius.

The bremsstrahlung photon and electron emerge from the IP at very
small angles ©,, with respect to the incident electron direction. The angular
distribution of the photons is described to a good approximation by the
formula [6]:

do N O, . ()

e, 2 2
M.
((E ) + @%>
The typical value of ©, is of the order of M,/FE, which corresponds at
HERA to about 20 prad. Since the horizontal (vertical) angular divergence
of the electron beam at the IP is about 230 (70) prad, the photon angular

distribution in the laboratory frame? is determined mainly by the angular
spread of beam electrons.

2 The ZEUS coordinate system is defined as right-handed with the Z axis pointing in
the proton beam direction, and the X axis in the horizontal plane, pointing towards
the center of HERA.
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The photon spectrum for low FE, is suppressed due to the small lateral
dimensions of the colliding beams [7]. This so called beam size effect occurs
because of the extremely small momenta transfers involved (even less than
0.01 eV) in the high energy bremsstrahlung process [8].

Initially, the luminosity was measured [1] by detecting in coincidence a
high energy photon and a scattered electron which satisfied within experi-
mental uncertainties Eq. (2). However, already in 1992, because of excellent
background conditions as well as a large and well controlled photon accep-
tance, it was decided to use only photons for a precise luminosity determi-
nation. Hence, the luminosity measurement is based on counting the rate
of high energy bremsstrahlung photons. The measurement of the scattered
electrons is used for systematic checks.

The luminosity monitor also detects photons radiated by an electron
prior to (Initial State Radiation — ISR) or after (final state radiation) the
interaction with a proton. ISR effectively lowers the center-of-mass energy
of the ep collision and allows for extension of the kinematical range of the
proton structure studies at HERA. This feature of the luminosity monitor
has been used in the measurement of the F» structure function [9], and will
possibly be used for the extraction of the longitudinal structure function
F, [10].

The electron measured in the luminosity monitor (in the absence of a
photon) has been used to ‘tag’ photoproduction events [11-13]. It has also
been used for important systematic checks of the energy scale in the recon-
struction of photoproduction events and in the estimation of the photopro-
duction background corrections in the Deep Inelastic Scattering (DIS).

2. Luminosity monitor

Since the emission angles of bremsstrahlung photons and electrons are
small (of the order of M,/E, for photons and M,/E, for electrons [6]) both
the electron and the photon travel initially inside the beam pipes. Two
technical aspects of the HERA construction turned out to be essential in
the design and construction of the luminosity monitor:

e at about 80 m from the IP the proton beam is bent upwards and only
beyond this area the photons can leave the proton beam pipe;

e the bremsstrahlung electrons have energy lower than the beam energy.
The electron beam-line magnets, adjacent to the straight section which
surrounds the IP, act as a spectrometer bending off-beam energy elec-
trons towards the center of the ring. These electrons at some distance
from the IP can leave the electron beam pipe and be detected.
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The exit windows at the beam pipes could be conveniently installed at
Z = —17.8,—27.3 and —43.6 m for electrons and at Z = —92.5 m for photons.
At these distances the detectors have been placed inside the HERA tunnel,
close to the electron beam pipe (the electron detectors) and to the proton
beam pipe (the photon detector). The optimal positions which match the
configuration of the HERA beam-line elements were found at Z = —8, —35
and —44 m for the electron detectors and Z = —107 m for the photon
detector. Fig. 3 shows the general layout of the luminosity monitor detectors
with respect to the HERA beam-lines.
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Fig.3. General layout of the ZEUS luminosity monitor. Note the very different
scales used for the Z and X dimensions.

2.1. Detector setup
The photon detector consists of:

e a copper-beryllium window 0.095 X, (X = radiation length) thick at
Z = —92.5 m;

e followed by a 12.7 m long vacuum pipe;

e followed by an absorber (filter) which shields against a large flux of
direct synchrotron radiation, made of a 2 X thick graphite block;
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e followed by the lead-scintillator sampling calorimeter with a detector
measuring shower position, inserted at the depth of 3 Xy3. The sam-
pling is done in 1 X steps but the nominal thickness of the scintillator
layers of 2.6 mm is changed in the front part of the calorimeter (before
the position detector) in order to compensate for energy losses in the
absorber, see Fig. 4. The scintillator plates made of SCSN-38 are op-
tically coupled through a thin air gap to top and bottom Wave-Length
Shifter (WLS) plates. To one edge of the WLS plate a plastic bar is
glued which guides the light to a Photomultiplier Tube (PMT). The
calorimeter has transversal dimensions of 18 ¢cm x 18 ¢cm and a depth of
22 Xy. The sides are shielded against the stray synchrotron radiation
by 1 cm thick lead plates. The calorimeter is installed on a movable
table, and during beam injection and acceleration is remotely parked
away behind shielding made of the lead bricks.

Photon Calorimeter

CARBON FILTER LEAD SCINTILLATOR
/ (2X0) (179x200x5.7 mm) (180x180x2.8 mm)
X =
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Fig. 4. Schematic side view of the photon detector in the 1996 configuration.

The position detector consists of two layers of 1 ¢m wide scintillator
strips which are read from one end by P-I-N photodiodes; one set of strips is
oriented horizontally and is used for measurement of the vertical position, the
other set is oriented vertically and is used for measurement of the horizontal
position [14].

The detector measures efficiently photons with energies larger than a
fraction of a GeV emerging from the IP at angles with respect to the —Z axis
smaller than approximately 0.5 mrad. The relative energy resolution is about
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20 %/+/E(GeV), and the spatial resolution of the position detector is of the
order of 3 mm [14] corresponding to an uncertainty of the reconstructed
photon angle of about 30 prad.

The electron detector located at Z = —35 m, behind a 0.085 X thick
steel exit window, has a construction very similar to that of photon detector.
It is a 22 X deep lead-scintillator sampling calorimeter with the electron
position detector inserted at a depth of 7 Xy. The sampling step is 1 X
and is uniform throughout the calorimeter. The transversal dimensions of
the calorimeter are 25 cmx25 cm. The electrons reaching the detector have
energies between 5 and 21 GeV.

The electron detectors located at Z = —8 and —44 m [13] are small
tungsten-scintillator sampling calorimeters with the scintillator strips or
fibers used for reconstruction of the horizontal position of the electromag-
netic showers. The average energies of the electrons reaching these detectors
are about 2 and 24 GeV, respectively.

In the following, only the photon detector and the electron detector
located at Z = —35 m are discussed.

2.2. Readout electronics

The block diagram of the front-end electronics for two energy channels of
the photon detector is presented in Fig. 5. The 12-dynode photomultiplier
tubes, Hamamatsu R580, are powered by resistor voltage-dividers. To min-
imize PMT gain drifts due to large event rates, resulting in large currents
flowing between the last dynodes, the voltage-dividers are very progressive.
A division ratio of 27 is used and the last two dynodes are powered sep-
arately. This solution ensured good gain stability at the 1-2 % level for
average anode currents below 10 pA, and at the 34 % level at 20 pA. The
photomultiplier anodes are terminated with 100 €2 resistors and are directly
coupled to the voltage amplifiers with a 10-fold gain (VV100B LeCroy). The
output signal is fed via 20 meters coaxial cable to the analog readout elec-
tronics which is placed in the electronics rack under the floor of the HERA
tunnel. Auxiliary output signals of the amplifiers were provided via 200 m
long lines for remote testing and monitoring purposes.

The analog readout electronics consists of input amplifiers followed by
fast custom-made integrators. The integrators are based on fast voltage-to-
current converters coupled to integrating capacitors, and work with a 65 ns
gate and require about 30 ns for full discharge. The integrators are directly
coupled to 8-bit Flash Analog-to-Digital Converters (FADC’s).

The precision light pulsers are installed in each calorimeter for monitor-
ing of the overall gain of the analog electronics. Capacitors with low temper-
ature drifts are charged using 12-bit Digital-to-Analog Converters (DAC’s).
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Fig.5. Block diagram of the readout electronics (energy channels).

For good stability the circuits are installed in thermostatic chambers. The
capacitors are discharged by Light-Emitting Diodes (LED’s) producing sta-
ble and fast (with about 12 ns decay-time) light pulses. LED’s are optically
coupled to the PMT plastic bars described above.

There are two independent methods used to measure the average PMT
anode currents. The first method is based on RC integrators with 2 ms
time constants. In the second method, the currents floating into the last
and last-but-one dynodes of a PMT are measured at the HV power supply
unit. Using the dynode multiplication factors the anode currents can be
derived.

The precision charge injectors with 12-bit resolution are also used for
testing linearity and stability of the electronics chain excluding PMT’s. This
allows in particular, for an in situ measurement of FADC differential non-
linearities.

The temperature inside the calorimeter housing is monitored continu-
ously. The typical temperatures are in the 30-40°C range, varying with the
day—night cycle and with the actual status of the HERA system.

The position detector front—end electronics is described in [14]. The
position detector analog signals are digitized in a similar manner as for the
calorimeter channels.

2.3. Data acquisition system

The luminosity monitor Data Acquisition (DAQ) system is based on
custom-made electronics boards using a VME-bus and the standard ZEUS
transputer boards [15].
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The digital data stored in the electronic racks in the HERA tunnel are
transferred at the 10.4 MHz frequency of the HERA bunch-crossings to the
electronic racks situated in the ZEUS experimental hall in a hut called ruck-
sack. The digital signals are sent differentially, for over about 130 and 200 m
long twisted-pair cables for the electron and photon branches, respectively.
The parity-bit is checked for each 16-bit block of the transmitted data.

The received data are stored in the following hardware buffers (see Fig. 6):

e the raw data buffer stores raw ADC counts from four (two photon
and two electron) photomultipliers. This circular buffer is continously
being filled at a frequency of 10.4 MHz and has the capacity of storing
the data from one revolution of HERA beams (220 events);

e the calibrated data buffer stores 8-bit average ADC counts, obtained
for each calorimeter by a hard-wired calibrator which works as a look-
up-table, and a 8-bit event type flag set by the lumi-processor. This
circular buffer has also the capacity of storing 220 events;

e the position data buffer stores the data transferred on request from
the electron and photon position detectors. This data corresponds to
events with a particular flag in the calibrated data buffer. It has the
capacity of storing 256 events.

The lumi-processor board sets flags for various types of events such as
bremsstrahlung, photoproduction or radiative photon event candidates. It
contains also scalers counting dead-time free bremsstrahlung events sepa-
rately for bunch crossings with colliding bunches and with electron pilot
bunches.

On-line calculation of the luminosity and reconstruction of the hit posi-
tion in both position detectors is made on a dedicated workstation. For data
presentation and data monitoring the following two X-windows applications
were developed:

e the histogram presenter which allows quick and easy validation of the
data collected by the luminosity detectors;

e the display of on-line event rates, the short-term (one entry per second)
and long-term (one entry per several minutes) history of the HERA
luminosity, the measured electron beam angular distribution and its
history, and other on-line information relevant for monitoring the de-
tector performance.

The results of the luminosity calculation are provided to the ZEUS exper-
iment via server which uses a special ZEUS network protocol. The perfor-
mance of the luminosity monitor is controlled by the ZEUS shift crew with
a run-control process, which can also be activated independently.



Luminosity Measurement in the ZEUS Ezxperiment 2035

LUMI standalone data flow

calibrator 1sec.rates 24-bit counters

raw data buffer lumiprocessor 1 .- - 7T T

lookup-table ™ bremss.total

|

. 2x8bit ADC's
Ph.cal |
2xPMT’s !
I
I
I
I
30 x PIN's |
I

™ brems.e.gas
1x8bits i ‘
(~ph1+~ph2)/2 :

/4

[ brems.tot.active

——* preshower rate

32x8bit ADC’s

2x8bit ADC’s
El.cal
2xPMT’s

32x8bit ADC’s

! |

! |

! [

! I

! I

|

! |

: El.pos.det L N N

: 26 xPMT’s | | pos.det.trigger
I

! |

! |

! |

! [

! I

|

|

|

calibrated\data buffer

1x8bits
lumiproc.flags
(~el1+~el2)/2
77777777 I
readout
«

every 1 sec.

I
I
I
I
|
|
|
\J
44m tagger clock
4xPMT's position data buffer

dead-time info

twisted-pair cables
full_e, full_p
Bunch Crossing Number \
First Level Trigger

First Level Trigger interface board

10 Mhz HERA clock VME-interfaces
full_e, full_p, BCN 32x8bit ADC’s - ph.shower profile

32x8bit ADC’s - el.shower profile
HERA tunnel

i

rucksack

Fig.6. Diagram of the stand-alone data flow of the luminosity detector DAQ sys-
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The diagram shown in Fig. 6 describes the data flow of the luminosity
monitor system which also delivers data to the three level trigger system of
the ZEUS experiment [15]. At the First Level Trigger (FLT) stage the raw
data from the photon and electron calorimeters are used. In addition, a large
set of the FLT scalers is used to count the various types of bremsstrahlung
events, e.g for selected HERA bunch crossings. The communications with
the higher trigger levels and the ZEUS event builder [15] is done using the
transputer boards. Additionally, every ~14 seconds a part of the data from
the internal buffers is stored in the ZEUS so-called enwvironmental records.
This data is used for the off-line luminosity calculation and serves also for
monitoring and calibration purposes. The luminosity DAQ system has been
working reliably and is capable to run dead-time free with the design 1 kHz
output rate to the FLT, and with a maximum latency of delivering the data
to the FLT of 2 us.
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A slow control system is used to set running conditions of the luminosity
monitor such as the HV settings, modes of the data taking and the detector
configuration. It also monitors certain parameters as the detector tempera-
tures and the PMT anode currents, and communicates the general status of
the luminosity monitor to the central ZEUS slow control system.

2.4. Performance of the luminosity monitor system

The light from the scintillator layers is collected on the top (up) and
bottom (down) side of the photon calorimeter and is transported through
the light guides and WLS and read out by two PMT’s. From the two ADC
values ADC,, and ADCgown the arithmetical average ADC,, corrected for
pedestals is calculated:

ADC,, + ADCypen  ADCPEd 4 ADCP
AD07 — C p +2 Cdow _ p 5 down : (5)

where ADC values are rounded to the integer values. ADCﬁgd and ADCSE?VH
are the ADC pedestal values for the two PMT’s.
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Fig. 7. Distributions of the photon calorimeter ADC counts in the upper (a) and
the lower (c) phototubes for random triggers; (b), (d) time dependence of the
measured ADC pedestals in upper and lower PMT’s for a single long run.
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For monitoring two ADC pedestals which correspond to the top and
bottom WLS readouts of the photon calorimeter (right and left ones for
the electron calorimeter), the distributions of the ADC counts are measured
continuously using the random trigger data, as shown in Fig. 7(a), (c¢). The
width of the distributions is due to the noise in the electronics and corre-
sponds to a photon energy of about 50 MeV. The pedestals ADCEgd and

ADCP® are defined as the averages of these distributions. Fig. 7(b), (d)

down
shows typical pedestal variations during one long run.
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Fig.8. The measured pedestals (averaged from the two phototubes of the photon
calorimeter) are plotted as function of the bunch crossing number. The data cor-
responding to filled electron bunches is marked as full circles, whereas the data for
empty electron bunches are marked as open circles.

In Fig. 8 the measured pedestals are plotted as a function of the bunch
crossing number. The observed structure in this figure can be attributed to
the following three interplaying effects:

e for full electron bunches the synchrotron radiation shifts the pedestals
up;

e for empty electron bunches there is no contribution from synchrotron
radiation;

e there is a kind of pile-up effects between neighbouring electron bunches.
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Fig.9. Distributions of the ADC counts for the LED pulser data in upper (a)
and lower (c) PMT’s; the time dependence of the average signal normalized to the
initial values for a single long run in upper and lower PMT’s (b), (d).

The shift due to synchrotron radiation does not fluctuate significantly
for a given electron bunch. It slowly decreases as a consequence of the
decreasing electron beam current. Only rarely it does change quickly due
to re-steering of the electron beam which may result in a significant change
of the electron orbit inside the quadrupoles, hence affecting the intensity of
synchrotron radiation.

The variation of the overall gain of the analog electronics is monitored
continously with a 0.1 % statistical precision every few minutes using the
LED pulser data, see Fig. 9. The gain decreases during the first hours of
running typically by 1 % due to the relatively fast decrease of the event rate,
resulting in a significant decrease of the PMT anode current. To monitor the
overall energy scale as well as the background conditions distributions of the
average ADC counts ADC, for photon energy above ~ 0.5 GeV are stored
at the rate of about 10° entries/minute for the colliding bunches (Fig. 10(a)
and at the rate of about 10* entries/minute for the electron pilot bunches
(Fig. 10(b). The spike visible at the end of distribution in Fig. 10(a) is due
to overflows.
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The distributions of the sum of the photon and electron signals are also
stored to control the electron detector energy scale and the energy resolution
of the two calorimeters, see Fig. 11.

The spatial distributions of the incoming particles in the photon and
electron detectors are also continuously monitored using the data from the
position detectors. The average lateral photon position is determined every
few seconds with a statistical precision better than 0.5 mm corresponding
to a 5 prad angular uncertainty.

The major irradiation of the detectors is caused by the energy depositions
from bremsstrahlung events. In the photon detector the annual dosage in the
area close to the maximum development of the electromagnetic showers is
about 1000 Gray. The expected loss of the light yield in SCSN-38 scintillator
for this dosage is about 2 % [16].
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3. Background processes

Background processes can fake an ep bremsstrahlung signal and may
deteriorate the performance of the luminosity monitor. The most significant
background is due to the process of electron bremsstrahlung on residual gas
molecules inside the straight section of the beam pipe close to the IP. The
background from synchrotron radiation produced by the electron beam leads
to shifts of the ADC pedestals. The proton beam related backgrounds are
not significant, except for precision studies based on low energy deposits in
the photon detector.

3.1. Electron-gas bremsstrahlung

The electron-gas (egas) bremsstrahlung, eZ — ¢'yZ, has practically
the same signature as ep bremsstrahlung, and its contribution can only be
estimated statistically. This is done using the electron pilot bunches as
described in Sec. 4.2. The egas events observed in the photon detector
originate from interactions of beam electrons with the residual gas in the
region —6 m < Z < 6 m. The rate of egas bremsstrahlung is proportional
to the electron beam current and is also proportional to the measured gas
pressures as can be seen in Fig. 12.

The residual gas pressure is measured by gauges located at about Z =
+5.5 m and is typically of the order of 10~'% mbar. During one beam store
it typically varies by a factor of 3-4, see Fig. 12.
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Z = —5.5 m in a single ZEUS run; (b) the correlation between the measured pres-
sure and the bremsstrahlung rate for electron pilot bunches, Rateegas, normalized
by the corresponding current of the pilot bunches, I7;,.

3.2. Synchrotron radiation

The main source of synchrotron radiation is the electron beam bent in
the horizontal plane inside the quadrupole magnets closest to the IP at about
Z = 46 m. Only the photon detector is exposed to the direct synchrotron
radiation. For the nominal electron orbit the bending radius should be
1360 m. However, dedicated studies indicated a somewhat smaller value
for the typical running conditions [17]. The power radiated inside the cone
corresponding to the photon detector geometrical acceptance is of the order
of 100 W. This requires water cooling of the copper—beryllium photon exit
window which absorbs a significant fraction of the radiated power.

The direct radiation is attenuated by the absorber in front of the photon
calorimeter. Additionally, the detectors are shielded from all sides against
scattered synchrotron radiation which fills the whole volume of the HERA
tunnel. The absorber in front of the photon calorimeter deteriorates the
photon energy measurement and therefore its thickness and composition
have to be optimized. The low energy part of the synchrotron radiation
is very efficiently absorbed by copper in the photon exit window and lead
in the calorimeter plates. The high energy part is very penetrating and
requires the use of light materials. Hence, a block of 52 cm thick carbon
has been placed in front of the photon calorimeter. The remaining radiation
after attenuation in the carbon absorber leads to shifts of the ADC pedestals
by < 0.4 ADC counts corresponding to < 50 MeV energy deposition (see
Section 2.4).
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3.8. Proton beam halo and other background processes

Particles travelling with the proton bunches (proton beam halo) as well as
the secondaries produced by their interactions with the HERA proton beam
elements can hit the luminosity monitor detectors and lead to additional
energy depositions. To minimize this effect the photon detector is installed
at a position where at the moment when a bremsstrahlung photon reaches
it, the two closest proton bunches are 14 m before and 14 m after the photon
detector [18]. However, the background signal can still be observed due to
a finite detector response time. This background was initially significant [1]
but after improving the proton beam lifetime it became negligible.

The back-scattering of thermal photons on the beam electrons in the
Compton process [8], leads to an enhancement in the measured photon
spectra below 2-3 GeV as can be seen in Fig. 17. Other processes like
the two-photon production of ete™ pairs in ep interactions have negligible
rates [17].

4. Luminosity determination

To calculate the luminosity, Eq. (1) is used:

R
L= ﬁ ) (6)
BH

where R®P is the measured rate of ep bremsstrahlung events and a%"ﬁ is

the bremsstrahlung cross section calculated for the given selection cuts and
corrected for the detector effects and the geometrical acceptance of brems-
strahlung photons.

The bremsstrahlung events are selected in several ways, i.e. by requiring
signals in the photon calorimeter to be above certain threshold values of
about 2, 5 and 10 GeV or, within 10-16 GeV energy range. These different
types of event selection (also called triggers) were chosen to maximize the
control of systematic uncertainties resulting from the selection procedure.

High event rates, typically in the 100 kHz to 1 MHz range for E, >2 GeV,
correspond to up to 10 % probability of detecting an event in a given bunch
crossing. It results in a significant event pile-up, 4.e. in the occurrence of
two or more bremsstrahlung photons in the same bunch crossing. Since such
multiple events are not resolved the counting of events is affected and re-
quires a correction for this effect. The subtraction of the egas bremsstrahlung
contribution is done using the directly measured egas event rates from the
electron pilot bunches.
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The photon acceptance is purely geometrical, i.e. does not depend on

the photon energy. Therefore, a]%b}f can be factorized :

o = AR (7)

The acceptance A, is calculated using a Monte Carlo program which simu-
lates the relevant beam line apertures and is tuned to describe the measured
photon angular distributions. Finally, the cross section ofjy’ is calculated
using the Monte Carlo event generator BREMGE [19] which simulates the
ep and egas bremsstrahlung processes in Bethe-Heitler approximation, as
well as the beam size effect according to the theoretical estimates [8]. The
detector effects are parametrized in a simple form [7] and the event selection
is then done exactly as in the real experiment.

The various steps in the luminosity determination are discussed in more
detail in the following sections.

4.1. Correction for event pile-up

The event pile-up may increase or decrease the event counting rates. In
the first case the additional events are counted because two or more con-
current bremsstrahlung photons which individually would fail the selection
cuts, together satisfy the cuts. In the second case, less events are counted
for example when two ‘good’ bremsstrahlung photons are counted as a single
event. The Monte Carlo simulation [7] shows that counting of events with
energy deposition above ~ 5 GeV (5 GeV trigger) is least sensitive to the
event pile-up 4.e. for this trigger the event losses balance the gains. Experi-
mentally, the counting rates for the colliding bunches are corrected for event
pile-up using the formula:

Rcoll — Rcoll 1 +aRC0H (8)

Ncoll ’
where R is the corrected rate, R is the corresponding uncorrected rate,
Neon is the total number of the colliding electron bunches and a is the coef-
ficient obtained from the Monte Carlo simulation. This procedure assumes
that the event rates are not too high and mainly double events contribute
to the event pile-up. Eq. (8) is applied for each trigger separately assuming
the typical relative contributions of the ep and egas bremsstrahlungs (see
the next subsection). The pile-up effects for the electron pilot bunches are
neglected since their rates are about 30 times smaller than for the colliding
bunches. The correction procedure also assumes that bunch-to-bunch rate
variations are not large.
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The occurrence of pile-up may lead to a deviation of the measured rate
for a given trigger from the true value. The size of this effect depends on the
rate itself and on the trigger and varies between 1 and 3 % of the measured
luminosity but it can be corrected for with formula (8) with an accuracy of
+0.02 % (see Section 5.1 ).

4.2. Electron-gas background subtraction

The electron—proton bremsstrahlung rate R®P is calculated from the for-
mula:

R — RCOH _ kRpilOt ’ (9)

where RPI! is the egas event rate measured using the electron pilot bunches
and the factor k& = I/ 1% ot i3 the ratio of the total electron current for
the colliding bunches to that in the pilot bunches. The procedure assumes
that the contribution from egas events scales with the electron current. In
particular, it assumes the same bunch-to-bunch pressure of the residual gas
and the same geometrical properties of the electron beam such as the tilt or
angular divergence. Typically, egas contribution is at 3 % level.

4.8. Correction for geometrical acceptance

According to a detailed simulation of the HERA beam line using the
GEANT program [20] the electromagnetic showers induced by high energy
photons hitting some obstacle upstream of the photon detector do not de-
posit significant energy in the photon calorimeter. Therefore, the efficiency
of the photon detection can be factorized into a geometrical acceptance
(= probability of reaching the photon calorimeter) which does not depend
on the photon energy and the response function of the photon calorimeter.

The geometrical acceptance depends on:

e the inner apertures of the HERA beam line which define an ‘obstacle-
free’ path of bremsstrahlung photons;

e the geometrical properties of the electron beam at the IP, in particular
the electron beam tilt and its angular divergence.

The contour of the most limiting apertures is experimentally determined us-
ing the photon position data from dedicated runs with extreme electron
beam tilts where the apertures significantly obscure the path of brems-
strahlung photons. A simple Monte Carlo model is used to simulate in
three steps the photon position measurement:
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Fig. 13. Distributions of the measured (points) and simulated (hatched histograms)
bremsstrahlung photon positions for runs with large electron beam tilts. The Monte
Carlo distributions assuming no absorption of photons in the HERA beam line, are
overlaid (open histogram).

1. Generation of the photon angular distribution according to the electron
beam angular divergence and the bremsstrahlung emission angles.

2. Rejection photons with angles outside the cone defined by the accep-
tance contour.

3. Smearing of the photon position at Z = —107 m according to the
spatial resolution of the position detector.

The shape of the acceptance contour is changed in the Monte Carlo
simulation until the best description of the position data is achieved, see
Fig. 13. The acceptance contour found in this way and the distribution
of bremsstrahlung photons projected on the face of the photon detector
are shown in Fig. 14. The acceptance A, is then equal to the fraction of
photons in the Monte Carlo simulation which reached the photon detector
(= fraction of events inside the contour), see Fig. 14. The acceptance is
calculated for different horizontal tilts of the electron beam and for different
horizontal angular divergences, see Fig. 15. Because of the small vertical
angular spread, the variation of the photon acceptance due to the relatively
small vertical tilts of the electron beam could be neglected.

The acceptance A, is tabulated as a function of the average position
and the width of the bremsstrahlung photons beam measured by the posi-
tion detector and is continuously updated for the luminosity determination.
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Fig. 14. Projection of the acceptance contour (solid lines) and ‘true’ spatial distri-
bution (points) of the bremsstrahlung photons on the face of the photon detector.

For the nominal horizontal tilt of the electron beam of —150 prad (no ver-
tical tilt) and for the horizontal and vertical angular beam divergences of
230 and 70 prad, respectively, the geometrical acceptance is almost 98 %.
For the off-line luminosity calculation the average and the dispersion of the
photon position is determined with high statistical precision every three
minutes during data run. The appropiate correction is then applied. The
determination of the photon acceptance in only one way (described above)
may be considered as not rigorous enough for a precise determination of the
luminosity. Therefore, an independent way, based on the electron detection,
was investigated. As the photon acceptance is independent of the photon
energy for the process of bremsstrahlung (the angle of the bremsstrahlung
photon emission is practically 0° independently of the photon energy) it
should be possible to choose such an energy interval for electrons for which
their acceptance in the electron calorimeter is high and energy independent.

Then, provided that such an interval can be found, the photon acceptance
can be determined by measuring ratio of the number of electrons associated
with the detected photon to all detected electrons in this energy interval.
The photon acceptance calculated this way may then be expressed as:
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A = ff[F(x’Yay’y) Ael(AEel) Ay(xy,yy)]d:cvdyy
! [ JTF (24, yy) Aa(AE)ldzydy,

where Aq(AFEq) is the electron acceptance in the energy interval AFEj,
A (z~,yy) is the photon acceptance for a given photon position (z.,y,) and
F(7+,yy) is the density of photons at (z,y,). The A% is a good approxi-
mation of the true photon acceptance,

(10)

ff (27, Yy) Ay (T4, yy)ldz dyy
4= ffF Tryy Yy ) AT Ay ’

only if it is possible to choose such energy interval AF, in which Ae(AFE)
is independent on z, and y,.

4.4. Energy scale correction

The selection and counting of bremsstrahlung candidates is done using
the hardwired algorithm and raw (averaged) ADC counts, ADC,. Therefore,
the registered counting rates have to be corrected for the overall gain and
changing ADC pedestals as well as for the non-linearities and fluctuations
in the photon detector response.
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Fig.16. Acceptance of electrons A as a function of . for three different electron
energy intervals.The vertical solid lines mark the absolute limits of the geometrical
acceptance of photons in z-coordinate.

From the simulations of the photon detector using the EGS4 program [21]
it was found that the average response of the photon detector can be well
described above a photon energy of 1 GeV by a linear function with a small
quadratic non-linear term. Additionally, it was found using the test measure-
ments with the LED pulser that the readout electronics introduces a relative
deviation from a linear behavior of about 7 x 10~% per GeV. Therefore, the
average detector response, ADC,, has been parametrized as a function of
the ‘true’ photon energy E.:

ADC, = ¢;[1 + fu(Be — E))|(By — Efier) + ADCE (11)

where ¢, is a conversion constant from GeV to ADC counts (sensitive to
the overall gain), fy; is the global non-linearity parameter, and FEger is
the parameter accounting for energy loss in the carbon filter. The fluc-
tuation of the response function is modelled by a Gaussian smearing of
the energy deposition in the calorimeter due to the sampling fluctuations,

AE/E = 04/ /E-(GeV).
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The parameters c,, fu1, Eaiter and og are obtained from the fits to the
data. For that purpose dedicated egas data were taken when the proton
beam was not circulating and the electron beam was stored at two energies of
12 and 27.5 GeV. This ensured low event rates hence no pile-up effects, con-
tribution of only one type of bremsstrahlung and a large lever arm in study-
ing the energy dependencies. Finally, the function, Fegas(ADC,), fitted to
the experimental ADC,, distribution is a convolution of egas bremsstrahlung
cross section opyy and a function describing Gaussian smearing due to the
finite calorimeter energy resolution:

Ee—M. .
E, — E,(ADC,)]? do&s® dE
Fegas — P / eXp(_[ Y ’Yg 'Y)] UBH Y , (12)
0.1 GeV 200" By By oo/ By

(Fegas is the function of ADC,), where P is the normalization factor, E.y is
the reconstructed photon energy for given ADC,, (inverse of Eq. (11)). In
the calculation of oy an average charge of the gas molecule of Z4 = 4.2 is
assumed, but uncertainty due to the not exactly known composition of the
residual gas is negligible.

In Fig. 17 a simultaneous fit to the data at two beam energies is shown.
The distributions of m?” are corrected for unequal ADC bins (typically,
a bin width differed by 10 % from the average). A gain change between two
runs of 0.5 % is estimated using results of the LED pulse measurements. Six
parameters are fitted in the energy range above ~ 2 GeV: two normalization
factors, one conversion factor ¢, providing the overall gain calibration, and
three more parameters describing the response of the photon detector, og =
0.23, Egier = 200 MeV and f = 0.0011 GeV~'. Excellent agreement
between the fits and the data is observed. The values of the fitted parameters
are in a good agreement with the expectations based on the EGS4 detector
simulation. In the low energy part (especially for the 27.5 GeV data) of
the measured spectrum, which is not included into the fit, a significant
contribution from Compton scattering on thermal photons can be seen.

In the next step, the Monte Carlo program [7] generates ep brems-
strahlung events using BREMGE [19] and simulates the detector response
assuming the nominal values the parameters oo, Egiter, fn1 and cy. The sim-
ulated ADC, is used to calculate the observed cross section for each trigger
type:

corr __ JBHNsel

BH = " all (13)

where N*¢! is the number of selected events for each trigger type, oy is the
total ep bremsstrahlung cross section for the photon energies above 0.1 GeV
and N is the number of all generated events in this energy range.
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Fig.17. Fit to the ADCzorr distributions from the 12 (a) and 27.5 (b) GeV egas high
statistics runs. The fitted parameters are the normalization factors, one conversion
factor ¢, (gain calibration), energy resolution og, Efiger and far.

Once per ZEUS run the calibration constant c, is obtained from fits of
Fogas to the egas data taken concurrently using the electron pilot bunches.
The other parameters, og, Fgiter and fi) are kept constant. The egas data are
corrected for the gain variation measured with the help of a LED pulser and
for changes of pedestals estimated on the basis of the random trigger data.
This procedure allows the determination of the actual value of the calibration
constant and pedestals in the time intervals (less than 3 minutes). ofjf" is

then corrected for each trigger type by multiplying it by a factor:

O,actual
f = ol (14)
nominal ’
BH
where J%“}tlual and aﬁ%mmal are the integrated theoretical cross sections cor-

responding to a given trigger type, for actual and nominal values of the
calibration constant and pedestals, respectively. It was checked that for not
too large variation of the calibration constant (< +10 %) and the pedestals
(< £2 ADC) from their nominal values the factor f obtained in this way is
very well reproduced by the full MC simulation.
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5. Calculation of the systematic errors

5.1. Event pile-up

2051

The error due to event pile-up (see Section 4.1) is of the order of 0.1 %.
It is estimated by comparing the ratios of the luminosities measured using
different triggers as a function of the event rate, see Fig. 18.
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Fig. 18. The relative difference between luminosities measured using 2, 10 and (10—
16) GeV triggers and the 5 GeV trigger luminosity, as a function of the ep rate,

before (open circles) and after (full points) correction for the event pile-up.

For the uncorrected luminosities a clear rate dependence is observed
which almost disappears once the correction for the event pile-up is applied.
The residual rate dependence of these ratios is taken as a measure of the
systematic uncertainty of this correction.
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5.2. egas background subtraction

The assumption in the egas statistical subtraction (see Section 4.2) is
that the background scales with the electron beam current, and that the
factor k is well measured.

To test these assumptions, several test runs were taken when only the
electron beam was stored. For these runs the observed rate of bremsstrahlung
photons for a given bunch should be proportional to its current, and there-
fore the rate divided by the bunch current, RBN/IBCN should be BCN
independent. Small deviations are, however, observed. In particular, the
normalized rates are systematically lower for the leading bunches in a bunch
train. Similar studies are done using the electron pilot bunch data taken in
regular running conditions, see Fig. 19.

In both cases, the deviations do not exceed 3 % which is taken as a
measure of the uncertainty in the estimate of factor k, see Eq. (9). This
results in about 0.1 % error due to the egas subtraction uncertainty.
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Fig.19. The normalized egas rates, RPN /TBCN measured in three typical runs
using the electron pilot bunches. Solid lines correspond to a 3 % deviation from
unity.
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5.3. Acceptance error

The error in the geometrical acceptance determination (see Section 4.3)
is estimated by:

e varying the shape of the acceptance contour by moving each edge
within £1 mm as allowed by the calibration data;

e varying the beam divergence by £0.01 mrad according to observed
typical variations within a single run.

The total A, uncertainty is 0.8 %.

5.4. Theoretical cross section uncertainty

Calculations at the Born level but taking into account the proton spin,
its structure, and the effects of proton recoil [22| or, Z boson exchange [23],
agree within 0.3 % with Eq. (3). Higher order corrections have been also
considered [24], and result in a correction of about —0.2 %. The cross-section
for inelastic ep — e’y X bremsstrahlung has been found to be negligible [25].

The beam size effect for the nominal selection cuts requires —1.92 %,
—0.83 %, —0.29 % and —0.53 % cross section corrections for E, >2, 5,10 GeV
and 10 < B, < 16 GeV triggers, respectively. The uncertainties of these cor-
rections according to Ref. [8] are 0.9 %, 0.3 %, 0.1 % and 0.2 %, respectively.

Finally, the total theoretical uncertainty for the four trigger types is
estimated to be 1.2 %, 0.6 %, 0.4 % and 0.5 %, respectively.

5.5. Energy scale errors

The calibration constant uncertainty, uncorrelated with the other pa-
rameters describing the detector response, was estimated by comparing the
short time (of the order of few hours) changes of the fitted calibration con-
stant with the variation of the overall gain as measured by the LED pulser
(0.3 %) and from the MC simulations as difference between the fitted and
true calibration constant (0.1 %). These two uncertainties were added in
quadrature. The contribution to the energy scale error due to the cali-
bration constant uncertainty correlated with the other fit parameters are
included in the detector response uncertainty described later.

The uncertainty in the pedestal determination is evaluated from the
spread of the pedestal values of 0.03 ADC counts, for the colliding bunches,
and from the uncertainty in knowledge of the actual position of the ADC
bin (FADC non-linearity). This uncertainty affects also the event selection
which is estimated by varying in the Monte Carlo simulation the ADC bin
widths within allowed ranges.
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The systematic error due to the uncertainty in the simulation of the
detector response was estimated by repeating the whole procedure described
in Sec. 4.4 for different fit ranges, for o9 between 0.21 and 0.25 and for a
changed intercalibration between the 12 and 27.5 GeV runs. For each set
of the fitted parameters new observed cross sections are calculated. The
maximum deviation of ofjy" from the nominal value, for each trigger type,

is then used as a measure of the systematic error.
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Fig.20. The relative difference between luminosities measured using 2, 10 and

(10-16) GeV triggers and the 5 GeV trigger luminosity. The systematic errors
calculated for the ratios are represented by vertical lines.

Table I summarizes the contributions to the energy scale error for dif-
ferent triggers. The total error is obtained by adding all contributions in
quadrature. As a final check of the energy scale understanding the relative
difference of the luminosities from different triggers, AL/L = (Ls — L;)/Ls
is studied. In Fig. 20 AL/L is shown as a function of the run number. No
significant or systematic deviations are observed. All observed differences
are well contained within the systematic errors calculated for these ratios,
providing a valuable error cross-check.
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TABLE 1

Systematic errors of the luminosity measurement due to the energy scale uncer-
tainty.

Contribution Trigger

2GeV  5GeV 10 GeV (10-16) GeV

calibration constant 013% 020% 0.32% 0.08 %
pedestal 0.16 % 0.10% 0.07 % 0.07 %
ADC bins 0.5 % 0.3 % 0.2 % 0.2 %
detector response 0.7% 05% 0.5 % 0.5 %
Total energy scale error | 0.75 %  0.55 % 0.6 % 0.5 %

A similar study has been performed for the egas bremsstrahlung where
uncertainties due the beam size effect and the events pile-up are not present.
Here also the results confirmed the estimate of the systematic uncertainties
due to the energy scale error.

5.6. Total error

To a good approximation all the discussed uncertainties can be treated
as independent and in calculation of the total systematic error can be added
in quadrature. In Tabale II the summary of the contributing uncertainties
to the four types of luminosity measurement are shown. Except for the
first method the total error of about 1 % is dominated by the acceptance
uncertainty. The next significant contributions are due to the energy scale
errors and uncertainties in the cross section calculation.

TABLE II
Systematic errors of the luminosity measurement.

Contribution Trigger

2GeV  5GeV 10 GeV  (10-16) GeV

acceptance error 08% 08% 0.8 % 0.8 %
cross section calculation 1.2% 0.6 % 0.4 % 0.5 %
egas background subtraction | 0.1% 0.1 % 0.1% 0.1 %
multiple events correction 0.11% 0.01% 0.11 % 0.03 %
energy scale error 0.75 % 0.55 % 0.6 % 0.5 %

Total error 1.4 % 1.1% 1.06 % 1.05 %
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6. Summary and outlook

The HERA luminosity measurement based on the ep bremsstrahlung
process proved to be a successful concept. The ZEUS luminosity monitor
measuring very forward high energy photons and electrons has been working
reliably and allow to achieve a 1 % luminosity determination, much below
the initial goal of 5 % precision [4]. Nevertheless there is still room for further
improvements, provided there is better understanding of the photon accep-
tance and improved understanding of the beam size effect, a sub-percent
precision could, in principle, be achieved. The planned HERA upgrade will
result in an about 5-fold increase in luminosity. Due to much stronger bend-
ing of the electron beam close to the IP, the level of synchrotron radiation
will also significantly increase. These two factors will require extra effort
to maintain the precision of the measurement. Especially, ensuring a good
understanding of the detector performance in these difficult conditions will
be very challenging.

Along with the luminosity measurement, the ZEUS luminosity monitor
has other important applications:

e fast online monitoring the HERA performance during the beam steer-
ing and the luminosity optimization including measurement of the elec-
tron beam angular profile, hence the beam focusing and its trajectory
at the IP (beam tilt);

e measurement of the Initial State Radiation (ISR) in ep interactions at
HERA,;

e tagging of quasi-photoproduction events at HERA.
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