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ision luminosity measurement in the ZEUS experiment at the

HERA ele
tron�proton 
ollider is des
ribed, based on the data 
olle
ted by

the ZEUS luminosity monitor in 1996. The method of the measurement

relies on the dete
tion of high-energy photons from the ep bremsstrahlung

pro
ess. The large 
ross se
tion of this pro
ess allows for the 
ontinuous

and fast monitoring of the HERA luminosity as well as for the 
ontrol of

the ele
tron beam steering and fo
using. A 1 % pre
ision of the lumi-

nosity determination has been a
hieved. The luminosity monitor has been

also extensively used for studying quasi-real photoprodu
tion, and radiative
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esses in deep inelasti
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attering.
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1. Introdu
tion

The 
ollider luminosity L measures the rate R of events per se
ond for a

given pro
ess with the 
ross se
tion � in 
m

2

and is de�ned by the relation:

R = L� � : (1)

The standard unit of L is 
m

�2

s

�1

. The value of the luminosity depends on

beam and 
ollider parameters and 
an be either 
al
ulated provided there

is a good knowledge of these parameters or 
an be determined by using

well known pro
ess and applying Eq. (1). From the experimental point

of view luminosity and beam energies are the most important parameters


hara
terizing the 
ollider performan
e.

In HERA (Hadron Elektron Ring Anlage) ele
trons are 
olliding head-on

with protons, see Fig. 1. The parti
les in the HERA beams are grouped in

bun
hes and these bun
hes 
ross the Intera
tion Point (IP) in 96 ns time

intervals. Maximally 220 bun
hes 
an be stored in ea
h of the HERA rings.

To enable the dire
t determination of beam related ba
kgrounds the ele
tron

and proton bun
hes are grouped into �trains� having slightly di�erent stru
-

ture resulting in a number of non-
olliding (i.e. without 
ounter-rotating

partners) pilot bun
hes, as shown in Fig. 2.
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Fig. 1. The general layout of the HERA 
ollider.
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Fig. 2. The distributions of the ele
tron (a) and proton (b) bun
h 
urrents (in

�A) in HERA. One histogram bin 
orresponds to a single Bun
h Crossing Number

(BCN) and shaded bins represent pilot bun
hes.

In November 1991 HERA delivered 12 GeV ele
tron and 480 GeV proton

beams and the �rst ep 
ollisions 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 ele
trons and 820 GeV protons.

The peak instantaneous luminosity was 1:7 � 10

29


m

�2

s

�1

and integrated

luminosity during 1992 was 30:6 nb

�1

. Sin
e then the 
ollider performan
e

has been steadily improved and in 1996 the delivered integrated luminosity

was 17:2 pb

�1

with the peak instantaneous luminosity of 1:4�10

31


m

�2

s

�1

,

very 
lose to the design value. Between middle of 1994 and end of 1997

due to problems with the ele
tron beam lifetime at high beam 
urrents,

the ele
trons have been repla
ed by positrons

1

. To optimize the natural

build up of the ele
tron beam transverse polarization via the Sokolov�Ternov

pro
ess [2℄, the energy of the ele
tron beam has been set to about 27:5 GeV

sin
e 1995. The luminosity measurement in the ZEUS experiment in its

1

Through the arti
le both positrons and ele
trons will be generi
ally 
alled ele
trons.
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early phase has been des
ribed in our previous publi
ations [1, 3, 4℄. In the

present arti
le we des
ribe the pre
ision luminosity measurement as it was

done in 1996.

In order to measure the luminosity using Eq. (1) one 
hooses a pro
ess for

whi
h the 
ross se
tion is very well known from theory and is large enough

to allow for a statisti
ally pre
ise measurement. To ensure good 
ontrol of

systemati
 un
ertainties the pro
ess should have a 
lear experimental signa-

ture. Ele
tron�proton bremsstrahlung, ep! e

0


p, ful�ls these requirements

and therefore was 
hosen for the luminosity determination at HERA [3℄. In

this pro
ess the in
oming ele
tron radiates a high energy photon in the ele
-

tromagneti
 �eld of the proton 
harge. To a very good approximation the

re
oil of the proton 
an be negle
ted and therefore the following relation is

satis�ed:

E




+E

e

0

= E

e

; (2)

where E

e

is the ele
tron beam energy, E




and E

e

0

are energies of the radiated

photon and s
attered ele
tron, respe
tively. The photon and ele
tron spe
tra

are des
ribed well by the Bethe�Heitler formula [5℄ derived in the Born

approximation negle
ting spin and the �nite size of the proton:
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= 4�r
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e
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�

1

2

�

; (3)

where � is the �ne stru
ture 
onstant, E

p

is the proton energy, M

p

and M

e

are the proton and ele
tron masses, and r

e

is the 
lassi
al ele
tron radius.

The bremsstrahlung photon and ele
tron emerge from the IP at very

small angles �




, with respe
t to the in
ident ele
tron dire
tion. The angular

distribution of the photons is des
ribed to a good approximation by the

formula [6℄:

d�

d�




�

�




�

�

M

e

E

e

�

2

+�

2




�

2

: (4)

The typi
al value of �




is of the order of M

e

=E

e

whi
h 
orresponds at

HERA to about 20 �rad. Sin
e the horizontal (verti
al) angular divergen
e

of the ele
tron beam at the IP is about 230 (70) �rad, the photon angular

distribution in the laboratory frame

2

is determined mainly by the angular

spread of beam ele
trons.

2

The ZEUS 
oordinate system is de�ned as right-handed with the Z axis pointing in

the proton beam dire
tion, and the X axis in the horizontal plane, pointing towards

the 
enter of HERA.
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The photon spe
trum for low E




is suppressed due to the small lateral

dimensions of the 
olliding beams [7℄. This so 
alled beam size e�e
t o

urs

be
ause of the extremely small momenta transfers involved (even less than

0.01 eV) in the high energy bremsstrahlung pro
ess [8℄.

Initially, the luminosity was measured [1℄ by dete
ting in 
oin
iden
e a

high energy photon and a s
attered ele
tron whi
h satis�ed within experi-

mental un
ertainties Eq. (2). However, already in 1992, be
ause of ex
ellent

ba
kground 
onditions as well as a large and well 
ontrolled photon a

ep-

tan
e, it was de
ided to use only photons for a pre
ise luminosity determi-

nation. Hen
e, the luminosity measurement is based on 
ounting the rate

of high energy bremsstrahlung photons. The measurement of the s
attered

ele
trons is used for systemati
 
he
ks.

The luminosity monitor also dete
ts photons radiated by an ele
tron

prior to (Initial State Radiation � ISR) or after (�nal state radiation) the

intera
tion with a proton. ISR e�e
tively lowers the 
enter-of-mass energy

of the ep 
ollision and allows for extension of the kinemati
al range of the

proton stru
ture studies at HERA. This feature of the luminosity monitor

has been used in the measurement of the F

2

stru
ture fun
tion [9℄, and will

possibly be used for the extra
tion of the longitudinal stru
ture fun
tion

F

L

[10℄.

The ele
tron measured in the luminosity monitor (in the absen
e of a

photon) has been used to `tag' photoprodu
tion events [11�13℄. It has also

been used for important systemati
 
he
ks of the energy s
ale in the re
on-

stru
tion of photoprodu
tion events and in the estimation of the photopro-

du
tion ba
kground 
orre
tions in the Deep Inelasti
 S
attering (DIS).

2. Luminosity monitor

Sin
e the emission angles of bremsstrahlung photons and ele
trons are

small (of the order of M

e

=E

e

for photons and M

e

=E

e

0

for ele
trons [6℄) both

the ele
tron and the photon travel initially inside the beam pipes. Two

te
hni
al aspe
ts of the HERA 
onstru
tion turned out to be essential in

the design and 
onstru
tion of the luminosity monitor:

� at about 80 m from the IP the proton beam is bent upwards and only

beyond this area the photons 
an leave the proton beam pipe;

� the bremsstrahlung ele
trons have energy lower than the beam energy.

The ele
tron beam-line magnets, adja
ent to the straight se
tion whi
h

surrounds the IP, a
t as a spe
trometer bending o�-beam energy ele
-

trons towards the 
enter of the ring. These ele
trons at some distan
e

from the IP 
an leave the ele
tron beam pipe and be dete
ted.
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The exit windows at the beam pipes 
ould be 
onveniently installed at

Z = �7:8;�27:3 and �43:6 m for ele
trons and at Z = �92:5 m for photons.

At these distan
es the dete
tors have been pla
ed inside the HERA tunnel,


lose to the ele
tron beam pipe (the ele
tron dete
tors) and to the proton

beam pipe (the photon dete
tor). The optimal positions whi
h mat
h the


on�guration of the HERA beam-line elements were found at Z = �8;�35

and �44 m for the ele
tron dete
tors and Z = �107 m for the photon

dete
tor. Fig. 3 shows the general layout of the luminosity monitor dete
tors

with respe
t to the HERA beam-lines.

�Z

X Top View

Fig. 3. General layout of the ZEUS luminosity monitor. Note the very di�erent

s
ales used for the Z and X dimensions.

2.1. Dete
tor setup

The photon dete
tor 
onsists of:

� a 
opper-beryllium window 0.095 X

0

(X

0

� radiation length) thi
k at

Z = �92:5 m;

� followed by a 12.7 m long va
uum pipe;

� followed by an absorber (filter) whi
h shields against a large �ux of

dire
t syn
hrotron radiation, made of a 2 X

0

thi
k graphite blo
k;
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� followed by the lead-s
intillator sampling 
alorimeter with a dete
tor

measuring shower position, inserted at the depth of 3X

0

. The sam-

pling is done in 1X

0

steps but the nominal thi
kness of the s
intillator

layers of 2.6 mm is 
hanged in the front part of the 
alorimeter (before

the position dete
tor) in order to 
ompensate for energy losses in the

absorber, see Fig. 4. The s
intillator plates made of SCSN-38 are op-

ti
ally 
oupled through a thin air gap to top and bottom Wave-Length

Shifter (WLS) plates. To one edge of the WLS plate a plasti
 bar is

glued whi
h guides the light to a Photomultiplier Tube (PMT). The


alorimeter has transversal dimensions of 18 
m�18 
m and a depth of

22X

0

. The sides are shielded against the stray syn
hrotron radiation

by 1 
m thi
k lead plates. The 
alorimeter is installed on a movable

table, and during beam inje
tion and a

eleration is remotely parked

away behind shielding made of the lead bri
ks.
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PHOTONS

Fig. 4. S
hemati
 side view of the photon dete
tor in the 1996 
on�guration.

The position dete
tor 
onsists of two layers of 1 
m wide s
intillator

strips whi
h are read from one end by P-I-N photodiodes; one set of strips is

oriented horizontally and is used for measurement of the verti
al position, the

other set is oriented verti
ally and is used for measurement of the horizontal

position [14℄.

The dete
tor measures e�
iently photons with energies larger than a

fra
tion of a GeV emerging from the IP at angles with respe
t to the �Z axis

smaller than approximately 0.5 mrad. The relative energy resolution is about
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20 %=

p

E(GeV), and the spatial resolution of the position dete
tor is of the

order of 3 mm [14℄ 
orresponding to an un
ertainty of the re
onstru
ted

photon angle of about 30 �rad.

The ele
tron dete
tor lo
ated at Z = �35 m, behind a 0:085X

0

thi
k

steel exit window, has a 
onstru
tion very similar to that of photon dete
tor.

It is a 22X

0

deep lead-s
intillator sampling 
alorimeter with the ele
tron

position dete
tor inserted at a depth of 7X

0

. The sampling step is 1X

0

and is uniform throughout the 
alorimeter. The transversal dimensions of

the 
alorimeter are 25 
m�25 
m. The ele
trons rea
hing the dete
tor have

energies between 5 and 21 GeV.

The ele
tron dete
tors lo
ated at Z = �8 and �44 m [13℄ are small

tungsten-s
intillator sampling 
alorimeters with the s
intillator strips or

�bers used for re
onstru
tion of the horizontal position of the ele
tromag-

neti
 showers. The average energies of the ele
trons rea
hing these dete
tors

are about 2 and 24 GeV, respe
tively.

In the following, only the photon dete
tor and the ele
tron dete
tor

lo
ated at Z = �35 m are dis
ussed.

2.2. Readout ele
troni
s

The blo
k diagram of the front-end ele
troni
s for two energy 
hannels of

the photon dete
tor 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 
urrents

�owing 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 
urrents below 10 �A, and at the 3�4 % level at 20 �A. The

photomultiplier anodes are terminated with 100 
 resistors and are dire
tly


oupled to the voltage ampli�ers with a 10-fold gain (VV100B LeCroy). The

output signal is fed via 20 meters 
oaxial 
able to the analog readout ele
-

troni
s whi
h is pla
ed in the ele
troni
s ra
k under the �oor of the HERA

tunnel. Auxiliary output signals of the ampli�ers were provided via 200 m

long lines for remote testing and monitoring purposes.

The analog readout ele
troni
s 
onsists of input ampli�ers followed by

fast 
ustom-made integrators. The integrators are based on fast voltage-to-


urrent 
onverters 
oupled to integrating 
apa
itors, and work with a 65 ns

gate and require about 30 ns for full dis
harge. The integrators are dire
tly


oupled to 8-bit Flash Analog-to-Digital Converters (FADC's).

The pre
ision light pulsers are installed in ea
h 
alorimeter for monitor-

ing of the overall gain of the analog ele
troni
s. Capa
itors with low temper-

ature drifts are 
harged using 12-bit Digital-to-Analog Converters (DAC's).
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Fig. 5. Blo
k diagram of the readout ele
troni
s (energy 
hannels).

For good stability the 
ir
uits are installed in thermostati
 
hambers. The


apa
itors are dis
harged by Light-Emitting Diodes (LED's) produ
ing sta-

ble and fast (with about 12 ns de
ay-time) light pulses. LED's are opti
ally


oupled to the PMT plasti
 bars des
ribed above.

There are two independent methods used to measure the average PMT

anode 
urrents. The �rst method is based on RC integrators with 2 ms

time 
onstants. In the se
ond method, the 
urrents �oating into the last

and last-but-one dynodes of a PMT are measured at the HV power supply

unit. Using the dynode multipli
ation fa
tors the anode 
urrents 
an be

derived.

The pre
ision 
harge inje
tors with 12-bit resolution are also used for

testing linearity and stability of the ele
troni
s 
hain ex
luding PMT's. This

allows in parti
ular, for an in situ measurement of FADC di�erential non-

linearities.

The temperature inside the 
alorimeter housing is monitored 
ontinu-

ously. The typi
al temperatures are in the 30�40

Æ

C range, varying with the

day�night 
y
le and with the a
tual status of the HERA system.

The position dete
tor front�end ele
troni
s is des
ribed in [14℄. The

position dete
tor analog signals are digitized in a similar manner as for the


alorimeter 
hannels.

2.3. Data a
quisition system

The luminosity monitor Data A
quisition (DAQ) system is based on


ustom-made ele
troni
s boards using a VME-bus and the standard ZEUS

transputer boards [15℄.
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The digital data stored in the ele
troni
 ra
ks in the HERA tunnel are

transferred at the 10.4 MHz frequen
y of the HERA bun
h-
rossings to the

ele
troni
 ra
ks situated in the ZEUS experimental hall in a hut 
alled ru
k-

sa
k. The digital signals are sent di�erentially, for over about 130 and 200 m

long twisted-pair 
ables for the ele
tron and photon bran
hes, respe
tively.

The parity-bit is 
he
ked for ea
h 16-bit blo
k of the transmitted data.

The re
eived data are stored in the following hardware bu�ers (see Fig. 6):

� the raw data bu�er stores raw ADC 
ounts from four (two photon

and two ele
tron) photomultipliers. This 
ir
ular bu�er is 
ontinously

being �lled at a frequen
y of 10.4 MHz and has the 
apa
ity of storing

the data from one revolution of HERA beams (220 events);

� the 
alibrated data bu�er stores 8-bit average ADC 
ounts, obtained

for ea
h 
alorimeter by a hard-wired 
alibrator whi
h works as a look-

up-table, and a 8-bit event type �ag set by the lumi-pro
essor. This


ir
ular bu�er has also the 
apa
ity of storing 220 events;

� the position data bu�er stores the data transferred on request from

the ele
tron and photon position dete
tors. This data 
orresponds to

events with a parti
ular �ag in the 
alibrated data bu�er. It has the


apa
ity of storing 256 events.

The lumi-pro
essor board sets �ags for various types of events su
h as

bremsstrahlung, photoprodu
tion or radiative photon event 
andidates. It


ontains also s
alers 
ounting dead-time free bremsstrahlung events sepa-

rately for bun
h 
rossings with 
olliding bun
hes and with ele
tron pilot

bun
hes.

On-line 
al
ulation of the luminosity and re
onstru
tion of the hit posi-

tion in both position dete
tors is made on a dedi
ated workstation. For data

presentation and data monitoring the following two X-windows appli
ations

were developed:

� the histogram presenter whi
h allows qui
k and easy validation of the

data 
olle
ted by the luminosity dete
tors;

� the display of on-line event rates, the short-term (one entry per se
ond)

and long-term (one entry per several minutes) history of the HERA

luminosity, the measured ele
tron beam angular distribution and its

history, and other on-line information relevant for monitoring the de-

te
tor performan
e.

The results of the luminosity 
al
ulation are provided to the ZEUS exper-

iment via server whi
h uses a spe
ial ZEUS network proto
ol. The perfor-

man
e of the luminosity monitor is 
ontrolled by the ZEUS shift 
rew with

a run-
ontrol pro
ess, whi
h 
an also be a
tivated independently.
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Fig. 6. Diagram of the stand-alone data �ow of the luminosity dete
tor DAQ sys-

tem. Darker shaded 
omponents are pla
ed in the ru
ksa
k, the rest is in the

tunnel

The diagram shown in Fig. 6 des
ribes the data �ow of the luminosity

monitor system whi
h 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 ele
tron 
alorimeters are used. In addition, a large

set of the FLT s
alers is used to 
ount the various types of bremsstrahlung

events, e.g for sele
ted HERA bun
h 
rossings. The 
ommuni
ations with

the higher trigger levels and the ZEUS event builder [15℄ is done using the

transputer boards. Additionally, every �14 se
onds a part of the data from

the internal bu�ers is stored in the ZEUS so-
alled environmental re
ords.

This data is used for the o�-line luminosity 
al
ulation and serves also for

monitoring and 
alibration purposes. The luminosity DAQ system has been

working reliably and is 
apable to run dead-time free with the design 1 kHz

output rate to the FLT, and with a maximum laten
y of delivering the data

to the FLT of 2 �s.
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A slow 
ontrol system is used to set running 
onditions of the luminosity

monitor su
h as the HV settings, modes of the data taking and the dete
tor


on�guration. It also monitors 
ertain parameters as the dete
tor tempera-

tures and the PMT anode 
urrents, and 
ommuni
ates the general status of

the luminosity monitor to the 
entral ZEUS slow 
ontrol system.

2.4. Performan
e of the luminosity monitor system

The light from the s
intillator layers is 
olle
ted on the top (up) and

bottom (down) side of the photon 
alorimeter and is transported through

the light guides and WLS and read out by two PMT's. From the two ADC

values ADC

up

and ADC

down

the arithmeti
al average ADC





orre
ted for

pedestals is 
al
ulated:

ADC




=

ADC

up

+ADC

down

2

�

ADC

ped

up

+ADC

ped

down

2

; (5)

where ADC values are rounded to the integer values. ADC

ped

up

and ADC

ped

down

are the ADC pedestal values for the two PMT's.

Fig. 7. Distributions of the photon 
alorimeter ADC 
ounts in the upper (a) and

the lower (
) phototubes for random triggers; (b), (d) time dependen
e 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 whi
h 
orrespond to the top and

bottom WLS readouts of the photon 
alorimeter (right and left ones for

the ele
tron 
alorimeter), the distributions of the ADC 
ounts are measured


ontinuously using the random trigger data, as shown in Fig. 7(a), (
). The

width of the distributions is due to the noise in the ele
troni
s and 
orre-

sponds to a photon energy of about 50 MeV. The pedestals ADC

ped

up

and

ADC

ped

down

are de�ned as the averages of these distributions. Fig. 7(b), (d)

shows typi
al pedestal variations during one long run.

Fig. 8. The measured pedestals (averaged from the two phototubes of the photon


alorimeter) are plotted as fun
tion of the bun
h 
rossing number. The data 
or-

responding to �lled ele
tron bun
hes is marked as full 
ir
les, whereas the data for

empty ele
tron bun
hes are marked as open 
ir
les.

In Fig. 8 the measured pedestals are plotted as a fun
tion of the bun
h


rossing number. The observed stru
ture in this �gure 
an be attributed to

the following three interplaying e�e
ts:

� for full ele
tron bun
hes the syn
hrotron radiation shifts the pedestals

up;

� for empty ele
tron bun
hes there is no 
ontribution from syn
hrotron

radiation;

� there is a kind of pile-up e�e
ts between neighbouring ele
tron bun
hes.
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Fig. 9. Distributions of the ADC 
ounts for the LED pulser data in upper (a)

and lower (
) PMT's; the time dependen
e 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 syn
hrotron radiation does not �u
tuate signi�
antly

for a given ele
tron bun
h. It slowly de
reases as a 
onsequen
e of the

de
reasing ele
tron beam 
urrent. Only rarely it does 
hange qui
kly due

to re-steering of the ele
tron beam whi
h may result in a signi�
ant 
hange

of the ele
tron orbit inside the quadrupoles, hen
e a�e
ting the intensity of

syn
hrotron radiation.

The variation of the overall gain of the analog ele
troni
s is monitored


ontinously with a 0.1 % statisti
al pre
ision every few minutes using the

LED pulser data, see Fig. 9. The gain de
reases during the �rst hours of

running typi
ally by 1 % due to the relatively fast de
rease of the event rate,

resulting in a signi�
ant de
rease of the PMT anode 
urrent. To monitor the

overall energy s
ale as well as the ba
kground 
onditions distributions of the

average ADC 
ounts ADC




for photon energy above � 0:5 GeV are stored

at the rate of about 10

6

entries/minute for the 
olliding bun
hes (Fig. 10(a)

and at the rate of about 10

4

entries/minute for the ele
tron pilot bun
hes

(Fig. 10(b). The spike visible at the end of distribution in Fig. 10(a) is due

to over�ows.
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The distributions of the sum of the photon and ele
tron signals are also

stored to 
ontrol the ele
tron dete
tor energy s
ale and the energy resolution

of the two 
alorimeters, see Fig. 11.

The spatial distributions of the in
oming parti
les in the photon and

ele
tron dete
tors are also 
ontinuously monitored using the data from the

position dete
tors. The average lateral photon position is determined every

few se
onds with a statisti
al pre
ision better than 0:5 mm 
orresponding

to a 5 �rad angular un
ertainty.

The major irradiation of the dete
tors is 
aused by the energy depositions

from bremsstrahlung events. In the photon dete
tor the annual dosage in the

area 
lose to the maximum development of the ele
tromagneti
 showers is

about 1000 Gray. The expe
ted loss of the light yield in SCSN-38 s
intillator

for this dosage is about 2 % [16℄.

Fig. 10. Distributions of ADC




for the 
olliding bun
hes (a) and for ele
tron pilot

bun
hes (b).



2040 J. Andruszków et al.

0
25
50
75

100
125
150
175
200
225
250

0 50 100 150 200 250
0

1000

2000

3000

4000

5000

6000

7000

100 200 300

Fig. 11. Correlation plot of the ele
tron ADC

e

0

and photon ADC




(a) and the

distribution of the sum (ADC

e

0

+ADC




) (b).

3. Ba
kground pro
esses

Ba
kground pro
esses 
an fake an ep bremsstrahlung signal and may

deteriorate the performan
e of the luminosity monitor. The most signi�
ant

ba
kground is due to the pro
ess of ele
tron bremsstrahlung on residual gas

mole
ules inside the straight se
tion of the beam pipe 
lose to the IP. The

ba
kground from syn
hrotron radiation produ
ed by the ele
tron beam leads

to shifts of the ADC pedestals. The proton beam related ba
kgrounds are

not signi�
ant, ex
ept for pre
ision studies based on low energy deposits in

the photon dete
tor.

3.1. Ele
tron-gas bremsstrahlung

The ele
tron�gas (egas) bremsstrahlung, eZ ! e

0


Z, has pra
ti
ally

the same signature as ep bremsstrahlung, and its 
ontribution 
an only be

estimated statisti
ally. This is done using the ele
tron pilot bun
hes as

des
ribed in Se
. 4.2. The egas events observed in the photon dete
tor

originate from intera
tions of beam ele
trons with the residual gas in the

region �6 m < Z < 6 m. The rate of egas bremsstrahlung is proportional

to the ele
tron beam 
urrent and is also proportional to the measured gas

pressures as 
an be seen in Fig. 12.

The residual gas pressure is measured by gauges lo
ated at about Z =

�5:5 m and is typi
ally of the order of 10

�10

mbar. During one beam store

it typi
ally varies by a fa
tor of 3�4, see Fig. 12.
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Fig. 12. (a) Time dependen
e of the residual gas pressure measured by a gauge at

Z = �5:5 m in a single ZEUS run; (b) the 
orrelation between the measured pres-

sure and the bremsstrahlung rate for ele
tron pilot bun
hes, Rate

egas

, normalized

by the 
orresponding 
urrent of the pilot bun
hes, I

e

pilot

.

3.2. Syn
hrotron radiation

The main sour
e of syn
hrotron radiation is the ele
tron beam bent in

the horizontal plane inside the quadrupole magnets 
losest to the IP at about

Z = �6 m. Only the photon dete
tor is exposed to the dire
t syn
hrotron

radiation. For the nominal ele
tron orbit the bending radius should be

1360 m. However, dedi
ated studies indi
ated a somewhat smaller value

for the typi
al running 
onditions [17℄. The power radiated inside the 
one


orresponding to the photon dete
tor geometri
al a

eptan
e is of the order

of 100 W. This requires water 
ooling of the 
opper�beryllium photon exit

window whi
h absorbs a signi�
ant fra
tion of the radiated power.

The dire
t radiation is attenuated by the absorber in front of the photon


alorimeter. Additionally, the dete
tors are shielded from all sides against

s
attered syn
hrotron radiation whi
h �lls the whole volume of the HERA

tunnel. The absorber in front of the photon 
alorimeter deteriorates the

photon energy measurement and therefore its thi
kness and 
omposition

have to be optimized. The low energy part of the syn
hrotron radiation

is very e�
iently absorbed by 
opper in the photon exit window and lead

in the 
alorimeter plates. The high energy part is very penetrating and

requires the use of light materials. Hen
e, a blo
k of 52 
m thi
k 
arbon

has been pla
ed in front of the photon 
alorimeter. The remaining radiation

after attenuation in the 
arbon absorber leads to shifts of the ADC pedestals

by � 0:4 ADC 
ounts 
orresponding to � 50 MeV energy deposition (see

Se
tion 2.4).
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3.3. Proton beam halo and other ba
kground pro
esses

Parti
les travelling with the proton bun
hes (proton beam halo) as well as

the se
ondaries produ
ed by their intera
tions with the HERA proton beam

elements 
an hit the luminosity monitor dete
tors and lead to additional

energy depositions. To minimize this e�e
t the photon dete
tor is installed

at a position where at the moment when a bremsstrahlung photon rea
hes

it, the two 
losest proton bun
hes are 14 m before and 14 m after the photon

dete
tor [18℄. However, the ba
kground signal 
an still be observed due to

a �nite dete
tor response time. This ba
kground was initially signi�
ant [1℄

but after improving the proton beam lifetime it be
ame negligible.

The ba
k-s
attering of thermal photons on the beam ele
trons in the

Compton pro
ess [8℄, leads to an enhan
ement in the measured photon

spe
tra below 2�3 GeV as 
an be seen in Fig. 17. Other pro
esses like

the two-photon produ
tion of e

+

e

�

pairs in ep intera
tions have negligible

rates [17℄.

4. Luminosity determination

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

L =

R

ep

�

obs

BH

; (6)

where R

ep

is the measured rate of ep bremsstrahlung events and �

obs

BH

is

the bremsstrahlung 
ross se
tion 
al
ulated for the given sele
tion 
uts and


orre
ted for the dete
tor e�e
ts and the geometri
al a

eptan
e of brems-

strahlung photons.

The bremsstrahlung events are sele
ted in several ways, i.e. by requiring

signals in the photon 
alorimeter to be above 
ertain threshold values of

about 2, 5 and 10 GeV or, within 10�16 GeV energy range. These di�erent

types of event sele
tion (also 
alled triggers) were 
hosen to maximize the


ontrol of systemati
 un
ertainties resulting from the sele
tion pro
edure.

High event rates, typi
ally in the 100 kHz to 1MHz range for E




>2GeV,


orrespond to up to 10 % probability of dete
ting an event in a given bun
h


rossing. It results in a signi�
ant event pile-up, i.e. in the o

urren
e of

two or more bremsstrahlung photons in the same bun
h 
rossing. Sin
e su
h

multiple events are not resolved the 
ounting of events is a�e
ted and re-

quires a 
orre
tion for this e�e
t. The subtra
tion of the egas bremsstrahlung


ontribution is done using the dire
tly measured egas event rates from the

ele
tron pilot bun
hes.
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The photon a

eptan
e is purely geometri
al, i.e. does not depend on

the photon energy. Therefore, �

obs

BH


an be fa
torized :

�

obs

BH

= A




�


orr

BH

: (7)

The a

eptan
e A




is 
al
ulated using a Monte Carlo program whi
h simu-

lates the relevant beam line apertures and is tuned to des
ribe the measured

photon angular distributions. Finally, the 
ross se
tion �


orr

BH

is 
al
ulated

using the Monte Carlo event generator BREMGE [19℄ whi
h simulates the

ep and egas bremsstrahlung pro
esses in Bethe�Heitler approximation, as

well as the beam size e�e
t a

ording to the theoreti
al estimates [8℄. The

dete
tor e�e
ts are parametrized in a simple form [7℄ and the event sele
tion

is then done exa
tly as in the real experiment.

The various steps in the luminosity determination are dis
ussed in more

detail in the following se
tions.

4.1. Corre
tion for event pile-up

The event pile-up may in
rease or de
rease the event 
ounting rates. In

the �rst 
ase the additional events are 
ounted be
ause two or more 
on-


urrent bremsstrahlung photons whi
h individually would fail the sele
tion


uts, together satisfy the 
uts. In the se
ond 
ase, less events are 
ounted

for example when two `good' bremsstrahlung photons are 
ounted as a single

event. The Monte Carlo simulation [7℄ shows that 
ounting of events with

energy deposition above � 5 GeV (5 GeV trigger) is least sensitive to the

event pile-up i.e. for this trigger the event losses balan
e the gains. Experi-

mentally, the 
ounting rates for the 
olliding bun
hes are 
orre
ted for event

pile-up using the formula:

R


oll

=

~

R


oll

 

1 + a

~

R


oll

N


oll

!

; (8)

where R


oll

is the 
orre
ted rate,

~

R


oll

is the 
orresponding un
orre
ted rate,

N


oll

is the total number of the 
olliding ele
tron bun
hes and a is the 
oef-

�
ient obtained from the Monte Carlo simulation. This pro
edure assumes

that the event rates are not too high and mainly double events 
ontribute

to the event pile-up. Eq. (8) is applied for ea
h trigger separately assuming

the typi
al relative 
ontributions of the ep and egas bremsstrahlungs (see

the next subse
tion). The pile-up e�e
ts for the ele
tron pilot bun
hes are

negle
ted sin
e their rates are about 30 times smaller than for the 
olliding

bun
hes. The 
orre
tion pro
edure also assumes that bun
h-to-bun
h rate

variations are not large.
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The o

urren
e of pile-up may lead to a deviation of the measured rate

for a given trigger from the true value. The size of this e�e
t depends on the

rate itself and on the trigger and varies between 1 and 3 % of the measured

luminosity but it 
an be 
orre
ted for with formula (8) with an a

ura
y of

�0:02 % (see Se
tion 5.1 ).

4.2. Ele
tron-gas ba
kground subtra
tion

The ele
tron�proton bremsstrahlung rate R

ep

is 
al
ulated from the for-

mula:

R

ep

= R


oll

� kR

pilot

; (9)

where R

pilot

is the egas event rate measured using the ele
tron pilot bun
hes

and the fa
tor k = I


oll

e

=I

pilot

e

is the ratio of the total ele
tron 
urrent for

the 
olliding bun
hes to that in the pilot bun
hes. The pro
edure assumes

that the 
ontribution from egas events s
ales with the ele
tron 
urrent. In

parti
ular, it assumes the same bun
h-to-bun
h pressure of the residual gas

and the same geometri
al properties of the ele
tron beam su
h as the tilt or

angular divergen
e. Typi
ally, egas 
ontribution is at 3 % level.

4.3. Corre
tion for geometri
al a

eptan
e

A

ording to a detailed simulation of the HERA beam line using the

GEANT program [20℄ the ele
tromagneti
 showers indu
ed by high energy

photons hitting some obsta
le upstream of the photon dete
tor do not de-

posit signi�
ant energy in the photon 
alorimeter. Therefore, the e�
ien
y

of the photon dete
tion 
an be fa
torized into a geometri
al a

eptan
e

(� probability of rea
hing the photon 
alorimeter) whi
h does not depend

on the photon energy and the response fun
tion of the photon 
alorimeter.

The geometri
al a

eptan
e depends on:

� the inner apertures of the HERA beam line whi
h de�ne an `obsta
le-

free' path of bremsstrahlung photons;

� the geometri
al properties of the ele
tron beam at the IP, in parti
ular

the ele
tron beam tilt and its angular divergen
e.

The 
ontour of the most limiting apertures is experimentally determined us-

ing the photon position data from dedi
ated runs with extreme ele
tron

beam tilts where the apertures signi�
antly obs
ure 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 (hat
hed histograms)

bremsstrahlung photon positions for runs with large ele
tron 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 a

ording to the ele
tron

beam angular divergen
e and the bremsstrahlung emission angles.

2. Reje
tion photons with angles outside the 
one de�ned by the a

ep-

tan
e 
ontour.

3. Smearing of the photon position at Z = �107 m a

ording to the

spatial resolution of the position dete
tor.

The shape of the a

eptan
e 
ontour is 
hanged in the Monte Carlo

simulation until the best des
ription of the position data is a
hieved, see

Fig. 13. The a

eptan
e 
ontour found in this way and the distribution

of bremsstrahlung photons proje
ted on the fa
e of the photon dete
tor

are shown in Fig. 14. The a

eptan
e A




is then equal to the fra
tion of

photons in the Monte Carlo simulation whi
h rea
hed the photon dete
tor

(= fra
tion of events inside the 
ontour), see Fig. 14. The a

eptan
e is


al
ulated for di�erent horizontal tilts of the ele
tron beam and for di�erent

horizontal angular divergen
es, see Fig. 15. Be
ause of the small verti
al

angular spread, the variation of the photon a

eptan
e due to the relatively

small verti
al tilts of the ele
tron beam 
ould be negle
ted.

The a

eptan
e A




is tabulated as a fun
tion of the average position

and the width of the bremsstrahlung photons beam measured by the posi-

tion dete
tor and is 
ontinuously updated for the luminosity determination.
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Fig. 14. Proje
tion of the a

eptan
e 
ontour (solid lines) and `true' spatial distri-

bution (points) of the bremsstrahlung photons on the fa
e of the photon dete
tor.

For the nominal horizontal tilt of the ele
tron beam of �150 �rad (no ver-

ti
al tilt) and for the horizontal and verti
al angular beam divergen
es of

230 and 70 �rad, respe
tively, the geometri
al a

eptan
e is almost 98 %.

For the o�-line luminosity 
al
ulation the average and the dispersion of the

photon position is determined with high statisti
al pre
ision every three

minutes during data run. The appropiate 
orre
tion is then applied. The

determination of the photon a

eptan
e in only one way (des
ribed above)

may be 
onsidered as not rigorous enough for a pre
ise determination of the

luminosity. Therefore, an independent way, based on the ele
tron dete
tion,

was investigated. As the photon a

eptan
e is independent of the photon

energy for the pro
ess of bremsstrahlung (the angle of the bremsstrahlung

photon emission is pra
ti
ally 0

Æ

independently of the photon energy) it

should be possible to 
hoose su
h an energy interval for ele
trons for whi
h

their a

eptan
e in the ele
tron 
alorimeter is high and energy independent.

Then, provided that su
h an interval 
an be found, the photon a

eptan
e


an be determined by measuring ratio of the number of ele
trons asso
iated

with the dete
ted photon to all dete
ted ele
trons in this energy interval.

The photon a

eptan
e 
al
ulated this way may then be expressed as:
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Fig. 15. Geometri
al a

eptan
e of the photon dete
tor A




for several values of the

ele
tron beam horizontal divergen
e as a fun
tion of the horizontal ele
tron beam

tilt.
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=
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R R

[F (x




; y




)A

el

(�E

el
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; (10)

where A

el

(�E

el

) is the ele
tron a

eptan
e in the energy interval �E

el

,

A




(x




; y




) is the photon a

eptan
e for a given photon position (x




; y




) and

F (x




; y




) is the density of photons at (x




; y




). The A

�




is a good approxi-

mation of the true photon a

eptan
e,

A




�

R R

[F (x




; y




)A




(x




; y




)℄dx




dy




R R

F (x




; y




)dx




dy




;

only if it is possible to 
hoose su
h energy interval �E

el

in whi
h A

el

(�E

el

)

is independent on x




and y




.

4.4. Energy s
ale 
orre
tion

The sele
tion and 
ounting of bremsstrahlung 
andidates is done using

the hardwired algorithm and raw (averaged) ADC 
ounts, ADC




. Therefore,

the registered 
ounting rates have to be 
orre
ted for the overall gain and


hanging ADC pedestals as well as for the non-linearities and �u
tuations

in the photon dete
tor response.
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Fig. 16. A

eptan
e of ele
trons A

el

as a fun
tion of x




for three di�erent ele
tron

energy intervals.The verti
al solid lines mark the absolute limits of the geometri
al

a

eptan
e of photons in x-
oordinate.

From the simulations of the photon dete
tor using the EGS4 program [21℄

it was found that the average response of the photon dete
tor 
an be well

des
ribed above a photon energy of 1 GeV by a linear fun
tion with a small

quadrati
 non-linear term. Additionally, it was found using the test measure-

ments with the LED pulser that the readout ele
troni
s introdu
es a relative

deviation from a linear behavior of about 7� 10

�4

per GeV. Therefore, the

average dete
tor response, ADC




, has been parametrized as a fun
tion of

the `true' photon energy E




:

ADC




= 





[1 + f

nl

(E

e

�E




)℄(E




�E

�lter

) + ADC

ped




(11)

where 





is a 
onversion 
onstant from GeV to ADC 
ounts (sensitive to

the overall gain), f

nl

is the global non-linearity parameter, and E

�lter

is

the parameter a

ounting for energy loss in the 
arbon �lter. The �u
-

tuation of the response fun
tion is modelled by a Gaussian smearing of

the energy deposition in the 
alorimeter due to the sampling �u
tuations,

�E=E = �

0

=

p

E




(GeV).
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The parameters 





; f

nl

; E

�lter

and �

0

are obtained from the �ts to the

data. For that purpose dedi
ated egas data were taken when the proton

beam was not 
ir
ulating and the ele
tron beam was stored at two energies of

12 and 27.5 GeV. This ensured low event rates hen
e no pile-up e�e
ts, 
on-

tribution of only one type of bremsstrahlung and a large lever arm in study-

ing the energy dependen
ies. Finally, the fun
tion, F

egas

(ADC




), �tted to

the experimental ADC




distribution is a 
onvolution of egas bremsstrahlung


ross se
tion �

egas

BH

and a fun
tion des
ribing Gaussian smearing due to the

�nite 
alorimeter energy resolution:

F

egas

= P

E

e

�M

e

Z

0:1 GeV

exp(�

[E




�

^

E




(ADC




)℄

2

2�

0

2

E




)

d�

egas

BH

dE




dE




�

0

p

E




; (12)

(F

egas

is the fun
tion of ADC




), where P is the normalization fa
tor,

^

E




is

the re
onstru
ted photon energy for given ADC




(inverse of Eq. (11)). In

the 
al
ulation of �

egas

BH

an average 
harge of the gas mole
ule of Z

A

= 4:2 is

assumed, but un
ertainty due to the not exa
tly known 
omposition of the

residual gas is negligible.

In Fig. 17 a simultaneous �t to the data at two beam energies is shown.

The distributions of ADC


orr




are 
orre
ted for unequal ADC bins (typi
ally,

a bin width di�ered by 10 % from the average). A gain 
hange between two

runs of 0.5 % is estimated using results of the LED pulse measurements. Six

parameters are �tted in the energy range above � 2 GeV: two normalization

fa
tors, one 
onversion fa
tor 





providing the overall gain 
alibration, and

three more parameters des
ribing the response of the photon dete
tor, �

0

=

0:23, E

�lter

= 200 MeV and f

nl

= 0:0011 GeV

�1

. Ex
ellent agreement

between the �ts and the data is observed. The values of the �tted parameters

are in a good agreement with the expe
tations based on the EGS4 dete
tor

simulation. In the low energy part (espe
ially for the 27.5 GeV data) of

the measured spe
trum, whi
h is not in
luded into the �t, a signi�
ant


ontribution from Compton s
attering on thermal photons 
an be seen.

In the next step, the Monte Carlo program [7℄ generates ep brems-

strahlung events using BREMGE [19℄ and simulates the dete
tor response

assuming the nominal values the parameters �

0

; E

�lter

; f

nl

and 





. The sim-

ulated ADC




is used to 
al
ulate the observed 
ross se
tion for ea
h trigger

type:

�


orr

BH

=

�

BH

N

sel

N

all

; (13)

where N

sel

is the number of sele
ted events for ea
h trigger type, �

BH

is the

total ep bremsstrahlung 
ross se
tion for the photon energies above 0.1 GeV

and N

all

is the number of all generated events in this energy range.
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Fig. 17. Fit to the ADC


orr




distributions from the 12 (a) and 27.5 (b) GeV egas high

statisti
s runs. The �tted parameters are the normalization fa
tors, one 
onversion

fa
tor 





(gain 
alibration), energy resolution �

0

, E

�lter

and f

nl

.

On
e per ZEUS run the 
alibration 
onstant 





is obtained from �ts of

F

egas

to the egas data taken 
on
urrently using the ele
tron pilot bun
hes.

The other parameters, �

0

, E

�lter

and f

nl

are kept 
onstant. The egas data are


orre
ted for the gain variation measured with the help of a LED pulser and

for 
hanges of pedestals estimated on the basis of the random trigger data.

This pro
edure allows the determination of the a
tual value of the 
alibration


onstant and pedestals in the time intervals (less than 3 minutes). �


orr

BH

is

then 
orre
ted for ea
h trigger type by multiplying it by a fa
tor:

f =

�

a
tual

BH

�

nominal

BH

; (14)

where �

a
tual

BH

and �

nominal

BH

are the integrated theoreti
al 
ross se
tions 
or-

responding to a given trigger type, for a
tual and nominal values of the


alibration 
onstant and pedestals, respe
tively. It was 
he
ked that for not

too large variation of the 
alibration 
onstant (< �10 %) and the pedestals

(< �2 ADC) from their nominal values the fa
tor f obtained in this way is

very well reprodu
ed by the full MC simulation.
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5. Cal
ulation of the systemati
 errors

5.1. Event pile-up

The error due to event pile-up (see Se
tion 4.1) is of the order of 0:1 %.

It is estimated by 
omparing the ratios of the luminosities measured using

di�erent triggers as a fun
tion of the event rate, see Fig. 18.
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Fig. 18. The relative di�eren
e between luminosities measured using 2, 10 and (10�

16) GeV triggers and the 5 GeV trigger luminosity, as a fun
tion of the ep rate,

before (open 
ir
les) and after (full points) 
orre
tion for the event pile-up.

For the un
orre
ted luminosities a 
lear rate dependen
e is observed

whi
h almost disappears on
e the 
orre
tion for the event pile-up is applied.

The residual rate dependen
e of these ratios is taken as a measure of the

systemati
 un
ertainty of this 
orre
tion.
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5.2. egas ba
kground subtra
tion

The assumption in the egas statisti
al subtra
tion (see Se
tion 4.2) is

that the ba
kground s
ales with the ele
tron beam 
urrent, and that the

fa
tor k is well measured.

To test these assumptions, several test runs were taken when only the

ele
tron beam was stored. For these runs the observed rate of bremsstrahlung

photons for a given bun
h should be proportional to its 
urrent, and there-

fore the rate divided by the bun
h 
urrent, R

BCN

=I

BCN

, should be BCN

independent. Small deviations are, however, observed. In parti
ular, the

normalized rates are systemati
ally lower for the leading bun
hes in a bun
h

train. Similar studies are done using the ele
tron pilot bun
h data taken in

regular running 
onditions, see Fig. 19.

In both 
ases, the deviations do not ex
eed 3 % whi
h is taken as a

measure of the un
ertainty in the estimate of fa
tor k, see Eq. (9). This

results in about 0.1 % error due to the egas subtra
tion un
ertainty.
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Fig. 19. The normalized egas rates, R

BCN

=I

BCN

, measured in three typi
al runs

using the ele
tron pilot bun
hes. Solid lines 
orrespond to a 3 % deviation from

unity.
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5.3. A

eptan
e error

The error in the geometri
al a

eptan
e determination (see Se
tion 4.3)

is estimated by:

� varying the shape of the a

eptan
e 
ontour by moving ea
h edge

within �1 mm as allowed by the 
alibration data;

� varying the beam divergen
e by �0:01 mrad a

ording to observed

typi
al variations within a single run.

The total A




un
ertainty is 0.8 %.

5.4. Theoreti
al 
ross se
tion un
ertainty

Cal
ulations at the Born level but taking into a

ount the proton spin,

its stru
ture, and the e�e
ts of proton re
oil [22℄ or, Z boson ex
hange [23℄,

agree within 0.3 % with Eq. (3). Higher order 
orre
tions have been also


onsidered [24℄, and result in a 
orre
tion of about �0:2 %. The 
ross-se
tion

for inelasti
 ep! e

0


X bremsstrahlung has been found to be negligible [25℄.

The beam size e�e
t for the nominal sele
tion 
uts requires �1:92%,

�0:83%, �0:29% and �0:53% 
ross se
tion 
orre
tions for E




>2; 5; 10 GeV

and 10 < E




< 16 GeV triggers, respe
tively. The un
ertainties of these 
or-

re
tions a

ording to Ref. [8℄ are 0.9 %, 0.3 %, 0.1 % and 0.2 %, respe
tively.

Finally, the total theoreti
al un
ertainty for the four trigger types is

estimated to be 1.2 %, 0.6 %, 0.4 % and 0.5 %, respe
tively.

5.5. Energy s
ale errors

The 
alibration 
onstant un
ertainty, un
orrelated with the other pa-

rameters des
ribing the dete
tor response, was estimated by 
omparing the

short time (of the order of few hours) 
hanges of the �tted 
alibration 
on-

stant with the variation of the overall gain as measured by the LED pulser

(0.3 %) and from the MC simulations as di�eren
e between the �tted and

true 
alibration 
onstant (0.1 %). These two un
ertainties were added in

quadrature. The 
ontribution to the energy s
ale error due to the 
ali-

bration 
onstant un
ertainty 
orrelated with the other �t parameters are

in
luded in the dete
tor response un
ertainty des
ribed later.

The un
ertainty in the pedestal determination is evaluated from the

spread of the pedestal values of 0:03 ADC 
ounts, for the 
olliding bun
hes,

and from the un
ertainty in knowledge of the a
tual position of the ADC

bin (FADC non-linearity). This un
ertainty a�e
ts also the event sele
tion

whi
h is estimated by varying in the Monte Carlo simulation the ADC bin

widths within allowed ranges.
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The systemati
 error due to the un
ertainty in the simulation of the

dete
tor response was estimated by repeating the whole pro
edure des
ribed

in Se
. 4.4 for di�erent �t ranges, for �

0

between 0.21 and 0.25 and for a


hanged inter
alibration between the 12 and 27:5 GeV runs. For ea
h set

of the �tted parameters new observed 
ross se
tions are 
al
ulated. The

maximum deviation of �


orr

BH

from the nominal value, for ea
h trigger type,

is then used as a measure of the systemati
 error.
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Fig. 20. The relative di�eren
e between luminosities measured using 2, 10 and

(10�16) GeV triggers and the 5 GeV trigger luminosity. The systemati
 errors


al
ulated for the ratios are represented by verti
al lines.

Table I summarizes the 
ontributions to the energy s
ale error for dif-

ferent triggers. The total error is obtained by adding all 
ontributions in

quadrature. As a �nal 
he
k of the energy s
ale understanding the relative

di�eren
e of the luminosities from di�erent triggers, �L=L = (L

5

� L

i

)=L

5

is studied. In Fig. 20 �L=L is shown as a fun
tion of the run number. No

signi�
ant or systemati
 deviations are observed. All observed di�eren
es

are well 
ontained within the systemati
 errors 
al
ulated for these ratios,

providing a valuable error 
ross-
he
k.
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TABLE I

Systemati
 errors of the luminosity measurement due to the energy s
ale un
er-

tainty.

Contribution Trigger

2 GeV 5 GeV 10 GeV (10�16) GeV


alibration 
onstant 0.13 % 0.20 % 0.32 % 0.08 %

pedestal 0.16 % 0.10 % 0.07 % 0.07 %

ADC bins 0.5 % 0.3 % 0.2 % 0.2 %

dete
tor response 0.7 % 0.5 % 0.5 % 0.5 %

Total energy s
ale error 0.75 % 0.55 % 0.6 % 0.5 %

A similar study has been performed for the egas bremsstrahlung where

un
ertainties due the beam size e�e
t and the events pile-up are not present.

Here also the results 
on�rmed the estimate of the systemati
 un
ertainties

due to the energy s
ale error.

5.6. Total error

To a good approximation all the dis
ussed un
ertainties 
an be treated

as independent and in 
al
ulation of the total systemati
 error 
an be added

in quadrature. In Tabale II the summary of the 
ontributing un
ertainties

to the four types of luminosity measurement are shown. Ex
ept for the

�rst method the total error of about 1 % is dominated by the a

eptan
e

un
ertainty. The next signi�
ant 
ontributions are due to the energy s
ale

errors and un
ertainties in the 
ross se
tion 
al
ulation.

TABLE II

Systemati
 errors of the luminosity measurement.

Contribution Trigger

2 GeV 5 GeV 10 GeV (10�16) GeV

a

eptan
e error 0.8 % 0.8 % 0.8 % 0.8 %


ross se
tion 
al
ulation 1.2 % 0.6 % 0.4 % 0.5 %

egas ba
kground subtra
tion 0.1 % 0.1 % 0.1 % 0.1 %

multiple events 
orre
tion 0.11 % 0.01 % 0.11 % 0.03 %

energy s
ale 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

pro
ess proved to be a su

essful 
on
ept. The ZEUS luminosity monitor

measuring very forward high energy photons and ele
trons has been working

reliably and allow to a
hieve a 1 % luminosity determination, mu
h below

the initial goal of 5 % pre
ision [4℄. Nevertheless there is still room for further

improvements, provided there is better understanding of the photon a

ep-

tan
e and improved understanding of the beam size e�e
t, a sub-per
ent

pre
ision 
ould, in prin
iple, be a
hieved. The planned HERA upgrade will

result in an about 5-fold in
rease in luminosity. Due to mu
h stronger bend-

ing of the ele
tron beam 
lose to the IP, the level of syn
hrotron radiation

will also signi�
antly in
rease. These two fa
tors will require extra e�ort

to maintain the pre
ision of the measurement. Espe
ially, ensuring a good

understanding of the dete
tor performan
e in these di�
ult 
onditions will

be very 
hallenging.

Along with the luminosity measurement, the ZEUS luminosity monitor

has other important appli
ations:

� fast online monitoring the HERA performan
e during the beam steer-

ing and the luminosity optimization in
luding measurement of the ele
-

tron beam angular pro�le, hen
e the beam fo
using and its traje
tory

at the IP (beam tilt);

� measurement of the Initial State Radiation (ISR) in ep intera
tions at

HERA;

� tagging of quasi-photoprodu
tion events at HERA.
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