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2026 J. Andruszków et al.1. Introdu
tionThe 
ollider luminosity L measures the rate R of events per se
ond for agiven pro
ess with the 
ross se
tion � in 
m2 and is de�ned by the relation:R = L� � : (1)The standard unit of L is 
m�2s�1. The value of the luminosity depends onbeam and 
ollider parameters and 
an be either 
al
ulated provided thereis a good knowledge of these parameters or 
an be determined by usingwell known pro
ess and applying Eq. (1). From the experimental pointof 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-onwith protons, see Fig. 1. The parti
les in the HERA beams are grouped inbun
hes and these bun
hes 
ross the Intera
tion Point (IP) in 96 ns timeintervals. 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
tronand proton bun
hes are grouped into �trains� having slightly di�erent stru
-ture resulting in a number of non-
olliding (i.e. without 
ounter-rotatingpartners) pilot bun
hes, as shown in Fig. 2.
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820 GeVprotons 30 GeVele
tronsFig. 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 protonbeams and the �rst ep 
ollisions were observed by the luminosity monitorsof the H1 and ZEUS [1℄ experiments. The experiments started taking datain late Spring 1992 with beams of 26.7 GeV ele
trons and 820 GeV protons.The peak instantaneous luminosity was 1:7 � 1029
m�2s�1 and integratedluminosity during 1992 was 30:6 nb�1. Sin
e then the 
ollider performan
ehas been steadily improved and in 1996 the delivered integrated luminositywas 17:2 pb�1 with the peak instantaneous luminosity of 1:4�1031 
m�2s�1,very 
lose to the design value. Between middle of 1994 and end of 1997due to problems with the ele
tron beam lifetime at high beam 
urrents,the ele
trons have been repla
ed by positrons1. To optimize the naturalbuild up of the ele
tron beam transverse polarization via the Sokolov�Ternovpro
ess [2℄, the energy of the ele
tron beam has been set to about 27:5 GeVsin
e 1995. The luminosity measurement in the ZEUS experiment in its1 Through the arti
le both positrons and ele
trons will be generi
ally 
alled ele
trons.



2028 J. Andruszków et al.early phase has been des
ribed in our previous publi
ations [1, 3, 4℄. In thepresent arti
le we des
ribe the pre
ision luminosity measurement as it wasdone in 1996.In order to measure the luminosity using Eq. (1) one 
hooses a pro
ess forwhi
h the 
ross se
tion is very well known from theory and is large enoughto allow for a statisti
ally pre
ise measurement. To ensure good 
ontrol ofsystemati
 un
ertainties the pro
ess should have a 
lear experimental signa-ture. Ele
tron�proton bremsstrahlung, ep! e0
p, ful�ls these requirementsand therefore was 
hosen for the luminosity determination at HERA [3℄. Inthis 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 there
oil of the proton 
an be negle
ted and therefore the following relation issatis�ed: E
 +Ee0 = Ee ; (2)where Ee is the ele
tron beam energy, E
 and Ee0 are energies of the radiatedphoton and s
attered ele
tron, respe
tively. The photon and ele
tron spe
traare des
ribed well by the Bethe�Heitler formula [5℄ derived in the Bornapproximation negle
ting spin and the �nite size of the proton:d�BHdE
 = 4�r2e Ee0E
Ee � EeEe0 + Ee0Ee � 23��ln 4EpEeEe0MpMeE
 � 12� ; (3)where � is the �ne stru
ture 
onstant, Ep is the proton energy, Mp and Meare the proton and ele
tron masses, and re is the 
lassi
al ele
tron radius.The bremsstrahlung photon and ele
tron emerge from the IP at verysmall angles �
 , with respe
t to the in
ident ele
tron dire
tion. The angulardistribution of the photons is des
ribed to a good approximation by theformula [6℄: d�d�
 � �
��MeEe �2 +�2
�2 : (4)The typi
al value of �
 is of the order of Me=Ee whi
h 
orresponds atHERA to about 20 �rad. Sin
e the horizontal (verti
al) angular divergen
eof the ele
tron beam at the IP is about 230 (70) �rad, the photon angulardistribution in the laboratory frame2 is determined mainly by the angularspread of beam ele
trons.2 The ZEUS 
oordinate system is de�ned as right-handed with the Z axis pointing inthe proton beam dire
tion, and the X axis in the horizontal plane, pointing towardsthe 
enter of HERA.



Luminosity Measurement in the ZEUS Experiment 2029The photon spe
trum for low E
 is suppressed due to the small lateraldimensions of the 
olliding beams [7℄. This so 
alled beam size e�e
t o

ursbe
ause of the extremely small momenta transfers involved (even less than0.01 eV) in the high energy bremsstrahlung pro
ess [8℄.Initially, the luminosity was measured [1℄ by dete
ting in 
oin
iden
e ahigh 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
ellentba
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 rateof high energy bremsstrahlung photons. The measurement of the s
atteredele
trons is used for systemati
 
he
ks.The luminosity monitor also dete
ts photons radiated by an ele
tronprior to (Initial State Radiation � ISR) or after (�nal state radiation) theintera
tion with a proton. ISR e�e
tively lowers the 
enter-of-mass energyof the ep 
ollision and allows for extension of the kinemati
al range of theproton stru
ture studies at HERA. This feature of the luminosity monitorhas been used in the measurement of the F2 stru
ture fun
tion [9℄, and willpossibly be used for the extra
tion of the longitudinal stru
ture fun
tionFL [10℄.The ele
tron measured in the luminosity monitor (in the absen
e of aphoton) has been used to `tag' photoprodu
tion events [11�13℄. It has alsobeen 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 monitorSin
e the emission angles of bremsstrahlung photons and ele
trons aresmall (of the order of Me=Ee for photons and Me=Ee0 for ele
trons [6℄) boththe ele
tron and the photon travel initially inside the beam pipes. Twote
hni
al aspe
ts of the HERA 
onstru
tion turned out to be essential inthe design and 
onstru
tion of the luminosity monitor:� at about 80 m from the IP the proton beam is bent upwards and onlybeyond 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
hsurrounds 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
efrom the IP 
an leave the ele
tron beam pipe and be dete
ted.



2030 J. Andruszków et al.The exit windows at the beam pipes 
ould be 
onveniently installed atZ = �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 protonbeam 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;�35and �44 m for the ele
tron dete
tors and Z = �107 m for the photondete
tor. Fig. 3 shows the general layout of the luminosity monitor dete
torswith respe
t to the HERA beam-lines.

�Z

X Top View

Fig. 3. General layout of the ZEUS luminosity monitor. Note the very di�erents
ales used for the Z and X dimensions.2.1. Dete
tor setupThe photon dete
tor 
onsists of:� a 
opper-beryllium window 0.095 X0 (X0 � radiation length) thi
k atZ = �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 ofdire
t syn
hrotron radiation, made of a 2 X0 thi
k graphite blo
k;
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intillator sampling 
alorimeter with a dete
tormeasuring shower position, inserted at the depth of 3X0. The sam-pling is done in 1X0 steps but the nominal thi
kness of the s
intillatorlayers of 2.6 mm is 
hanged in the front part of the 
alorimeter (beforethe position dete
tor) in order to 
ompensate for energy losses in theabsorber, 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-LengthShifter (WLS) plates. To one edge of the WLS plate a plasti
 bar isglued whi
h guides the light to a Photomultiplier Tube (PMT). The
alorimeter has transversal dimensions of 18 
m�18 
m and a depth of22X0. The sides are shielded against the stray syn
hrotron radiationby 1 
m thi
k lead plates. The 
alorimeter is installed on a movabletable, and during beam inje
tion and a

eleration is remotely parkedaway behind shielding made of the lead bri
ks.

��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��

��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
����
����
����

����
����
����

����
����
����
����

����
����
����
����

���
���
���

���
���
���

4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 221 32

SCINTILLATORS  FINGERS

POSITION  DETECTOR

SCINTILLATORS  FINGERS
16  VERTICAL14  HORIZONTAL

(165x10x10 mm) (10x145x10 mm)

AL PLATE

AL FRAME

CARBON  FILTER

( 2 X0 ) (179x200x5.7 mm)

LEAD

(180x180x2.8 mm)

SCINTILLATOR

Photon  Calorimeter

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
intillatorstrips whi
h are read from one end by P-I-N photodiodes; one set of strips isoriented horizontally and is used for measurement of the verti
al position, theother set is oriented verti
ally and is used for measurement of the horizontalposition [14℄.The dete
tor measures e�
iently photons with energies larger than afra
tion of a GeV emerging from the IP at angles with respe
t to the �Z axissmaller than approximately 0.5 mrad. The relative energy resolution is about



2032 J. Andruszków et al.20 %=pE(GeV), and the spatial resolution of the position dete
tor is of theorder of 3 mm [14℄ 
orresponding to an un
ertainty of the re
onstru
tedphoton angle of about 30 �rad.The ele
tron dete
tor lo
ated at Z = �35 m, behind a 0:085X0 thi
ksteel exit window, has a 
onstru
tion very similar to that of photon dete
tor.It is a 22X0 deep lead-s
intillator sampling 
alorimeter with the ele
tronposition dete
tor inserted at a depth of 7X0. The sampling step is 1X0and is uniform throughout the 
alorimeter. The transversal dimensions ofthe 
alorimeter are 25 
m�25 
m. The ele
trons rea
hing the dete
tor haveenergies between 5 and 21 GeV.The ele
tron dete
tors lo
ated at Z = �8 and �44 m [13℄ are smalltungsten-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
torsare about 2 and 24 GeV, respe
tively.In the following, only the photon dete
tor and the ele
tron dete
torlo
ated at Z = �35 m are dis
ussed.2.2. Readout ele
troni
sThe blo
k diagram of the front-end ele
troni
s for two energy 
hannels ofthe photon dete
tor is presented in Fig. 5. The 12-dynode photomultipliertubes, 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 foraverage anode 
urrents below 10 �A, and at the 3�4 % level at 20 �A. Thephotomultiplier anodes are terminated with 100 
 resistors and are dire
tly
oupled to the voltage ampli�ers with a 10-fold gain (VV100B LeCroy). Theoutput 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 HERAtunnel. Auxiliary output signals of the ampli�ers were provided via 200 mlong lines for remote testing and monitoring purposes.The analog readout ele
troni
s 
onsists of input ampli�ers followed byfast 
ustom-made integrators. The integrators are based on fast voltage-to-
urrent 
onverters 
oupled to integrating 
apa
itors, and work with a 65 nsgate 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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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 PMTanode 
urrents. The �rst method is based on RC integrators with 2 mstime 
onstants. In the se
ond method, the 
urrents �oating into the lastand last-but-one dynodes of a PMT are measured at the HV power supplyunit. Using the dynode multipli
ation fa
tors the anode 
urrents 
an bederived.The pre
ision 
harge inje
tors with 12-bit resolution are also used fortesting linearity and stability of the ele
troni
s 
hain ex
luding PMT's. Thisallows 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�40ÆC range, varying with theday�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℄. Theposition dete
tor analog signals are digitized in a similar manner as for the
alorimeter 
hannels. 2.3. Data a
quisition systemThe luminosity monitor Data A
quisition (DAQ) system is based on
ustom-made ele
troni
s boards using a VME-bus and the standard ZEUStransputer boards [15℄.



2034 J. Andruszków et al.The digital data stored in the ele
troni
 ra
ks in the HERA tunnel aretransferred at the 10.4 MHz frequen
y of the HERA bun
h-
rossings to theele
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 mlong 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 photonand two ele
tron) photomultipliers. This 
ir
ular bu�er is 
ontinouslybeing �lled at a frequen
y of 10.4 MHz and has the 
apa
ity of storingthe data from one revolution of HERA beams (220 events);� the 
alibrated data bu�er stores 8-bit average ADC 
ounts, obtainedfor 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 fromthe ele
tron and photon position dete
tors. This data 
orresponds toevents 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 asbremsstrahlung, 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 pilotbun
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 datapresentation and data monitoring the following two X-windows appli
ationswere developed:� the histogram presenter whi
h allows qui
k and easy validation of thedata 
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 HERAluminosity, the measured ele
tron beam angular distribution and itshistory, 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 witha 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 thetunnelThe diagram shown in Fig. 6 des
ribes the data �ow of the luminositymonitor system whi
h also delivers data to the three level trigger system ofthe ZEUS experiment [15℄. At the First Level Trigger (FLT) stage the rawdata from the photon and ele
tron 
alorimeters are used. In addition, a largeset of the FLT s
alers is used to 
ount the various types of bremsstrahlungevents, e.g for sele
ted HERA bun
h 
rossings. The 
ommuni
ations withthe higher trigger levels and the ZEUS event builder [15℄ is done using thetransputer boards. Additionally, every �14 se
onds a part of the data fromthe 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 formonitoring and 
alibration purposes. The luminosity DAQ system has beenworking reliably and is 
apable to run dead-time free with the design 1 kHzoutput rate to the FLT, and with a maximum laten
y of delivering the datato the FLT of 2 �s.



2036 J. Andruszków et al.A slow 
ontrol system is used to set running 
onditions of the luminositymonitor 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 ofthe luminosity monitor to the 
entral ZEUS slow 
ontrol system.2.4. Performan
e of the luminosity monitor systemThe light from the s
intillator layers is 
olle
ted on the top (up) andbottom (down) side of the photon 
alorimeter and is transported throughthe light guides and WLS and read out by two PMT's. From the two ADCvalues ADCup and ADCdown the arithmeti
al average ADC
 
orre
ted forpedestals is 
al
ulated:ADC
 = ADCup +ADCdown2 � ADCpedup +ADCpeddown2 ; (5)where ADC values are rounded to the integer values. ADCpedup and ADCpeddownare the ADC pedestal values for the two PMT's.

Fig. 7. Distributions of the photon 
alorimeter ADC 
ounts in the upper (a) andthe lower (
) phototubes for random triggers; (b), (d) time dependen
e of themeasured ADC pedestals in upper and lower PMT's for a single long run.



Luminosity Measurement in the ZEUS Experiment 2037For monitoring two ADC pedestals whi
h 
orrespond to the top andbottom WLS readouts of the photon 
alorimeter (right and left ones forthe ele
tron 
alorimeter), the distributions of the ADC 
ounts are measured
ontinuously using the random trigger data, as shown in Fig. 7(a), (
). Thewidth 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 ADCpedup andADCpeddown 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 forempty 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 tothe following three interplaying e�e
ts:� for full ele
tron bun
hes the syn
hrotron radiation shifts the pedestalsup;� for empty ele
tron bun
hes there is no 
ontribution from syn
hrotronradiation;� there is a kind of pile-up e�e
ts between neighbouring ele
tron bun
hes.



2038 J. Andruszków et al.

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 theinitial 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�
antlyfor a given ele
tron bun
h. It slowly de
reases as a 
onsequen
e of thede
reasing ele
tron beam 
urrent. Only rarely it does 
hange qui
kly dueto re-steering of the ele
tron beam whi
h may result in a signi�
ant 
hangeof the ele
tron orbit inside the quadrupoles, hen
e a�e
ting the intensity ofsyn
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 theLED pulser data, see Fig. 9. The gain de
reases during the �rst hours ofrunning 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 theoverall energy s
ale as well as the ba
kground 
onditions distributions of theaverage ADC 
ounts ADC
 for photon energy above � 0:5 GeV are storedat the rate of about 106 entries/minute for the 
olliding bun
hes (Fig. 10(a)and at the rate of about 104 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 dueto over�ows.
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tron signals are alsostored to 
ontrol the ele
tron dete
tor energy s
ale and the energy resolutionof the two 
alorimeters, see Fig. 11.The spatial distributions of the in
oming parti
les in the photon andele
tron dete
tors are also 
ontinuously monitored using the data from theposition dete
tors. The average lateral photon position is determined everyfew se
onds with a statisti
al pre
ision better than 0:5 mm 
orrespondingto a 5 �rad angular un
ertainty.The major irradiation of the dete
tors is 
aused by the energy depositionsfrom bremsstrahlung events. In the photon dete
tor the annual dosage in thearea 
lose to the maximum development of the ele
tromagneti
 showers isabout 1000 Gray. The expe
ted loss of the light yield in SCSN-38 s
intillatorfor this dosage is about 2 % [16℄.

Fig. 10. Distributions of ADC
 for the 
olliding bun
hes (a) and for ele
tron pilotbun
hes (b).
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100 200 300Fig. 11. Correlation plot of the ele
tron ADCe0 and photon ADC
 (a) and thedistribution of the sum (ADCe0 +ADC
) (b).3. Ba
kground pro
essesBa
kground pro
esses 
an fake an ep bremsstrahlung signal and maydeteriorate the performan
e of the luminosity monitor. The most signi�
antba
kground is due to the pro
ess of ele
tron bremsstrahlung on residual gasmole
ules inside the straight se
tion of the beam pipe 
lose to the IP. Theba
kground from syn
hrotron radiation produ
ed by the ele
tron beam leadsto shifts of the ADC pedestals. The proton beam related ba
kgrounds arenot signi�
ant, ex
ept for pre
ision studies based on low energy deposits inthe photon dete
tor. 3.1. Ele
tron-gas bremsstrahlungThe ele
tron�gas (egas) bremsstrahlung, eZ ! e0
Z, has pra
ti
allythe same signature as ep bremsstrahlung, and its 
ontribution 
an only beestimated statisti
ally. This is done using the ele
tron pilot bun
hes asdes
ribed in Se
. 4.2. The egas events observed in the photon dete
tororiginate from intera
tions of beam ele
trons with the residual gas in theregion �6 m < Z < 6 m. The rate of egas bremsstrahlung is proportionalto the ele
tron beam 
urrent and is also proportional to the measured gaspressures 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 storeit typi
ally varies by a fa
tor of 3�4, see Fig. 12.
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-9Fig. 12. (a) Time dependen
e of the residual gas pressure measured by a gauge atZ = �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, Rateegas, normalizedby the 
orresponding 
urrent of the pilot bun
hes, Iepilot.3.2. Syn
hrotron radiationThe main sour
e of syn
hrotron radiation is the ele
tron beam bent inthe horizontal plane inside the quadrupole magnets 
losest to the IP at aboutZ = �6 m. Only the photon dete
tor is exposed to the dire
t syn
hrotronradiation. For the nominal ele
tron orbit the bending radius should be1360 m. However, dedi
ated studies indi
ated a somewhat smaller valuefor 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 orderof 100 W. This requires water 
ooling of the 
opper�beryllium photon exitwindow 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 againsts
attered syn
hrotron radiation whi
h �lls the whole volume of the HERAtunnel. The absorber in front of the photon 
alorimeter deteriorates thephoton energy measurement and therefore its thi
kness and 
ompositionhave to be optimized. The low energy part of the syn
hrotron radiationis very e�
iently absorbed by 
opper in the photon exit window and leadin the 
alorimeter plates. The high energy part is very penetrating andrequires the use of light materials. Hen
e, a blo
k of 52 
m thi
k 
arbonhas been pla
ed in front of the photon 
alorimeter. The remaining radiationafter attenuation in the 
arbon absorber leads to shifts of the ADC pedestalsby � 0:4 ADC 
ounts 
orresponding to � 50 MeV energy deposition (seeSe
tion 2.4).
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kground pro
essesParti
les travelling with the proton bun
hes (proton beam halo) as well asthe se
ondaries produ
ed by their intera
tions with the HERA proton beamelements 
an hit the luminosity monitor dete
tors and lead to additionalenergy depositions. To minimize this e�e
t the photon dete
tor is installedat a position where at the moment when a bremsstrahlung photon rea
hesit, the two 
losest proton bun
hes are 14 m before and 14 m after the photondete
tor [18℄. However, the ba
kground signal 
an still be observed due toa �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 theCompton pro
ess [8℄, leads to an enhan
ement in the measured photonspe
tra below 2�3 GeV as 
an be seen in Fig. 17. Other pro
esses likethe two-photon produ
tion of e+e� pairs in ep intera
tions have negligiblerates [17℄. 4. Luminosity determinationTo 
al
ulate the luminosity, Eq. (1) is used:L = Rep�obsBH ; (6)where Rep is the measured rate of ep bremsstrahlung events and �obsBH isthe 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 requiringsignals in the photon 
alorimeter to be above 
ertain threshold values ofabout 2, 5 and 10 GeV or, within 10�16 GeV energy range. These di�erenttypes 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 oftwo or more bremsstrahlung photons in the same bun
h 
rossing. Sin
e su
hmultiple 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 theele
tron pilot bun
hes.
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eptan
e is purely geometri
al, i.e. does not depend onthe photon energy. Therefore, �obsBH 
an be fa
torized :�obsBH = A
�
orrBH : (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 measuredphoton angular distributions. Finally, the 
ross se
tion �
orrBH is 
al
ulatedusing the Monte Carlo event generator BREMGE [19℄ whi
h simulates theep and egas bremsstrahlung pro
esses in Bethe�Heitler approximation, aswell as the beam size e�e
t a

ording to the theoreti
al estimates [8℄. Thedete
tor e�e
ts are parametrized in a simple form [7℄ and the event sele
tionis then done exa
tly as in the real experiment.The various steps in the luminosity determination are dis
ussed in moredetail in the following se
tions.4.1. Corre
tion for event pile-upThe event pile-up may in
rease or de
rease the event 
ounting rates. Inthe �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 
ountedfor example when two `good' bremsstrahlung photons are 
ounted as a singleevent. The Monte Carlo simulation [7℄ shows that 
ounting of events withenergy deposition above � 5 GeV (5 GeV trigger) is least sensitive to theevent 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 eventpile-up using the formula:R
oll = ~R
oll 1 + a ~R
ollN
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 assumesthat the event rates are not too high and mainly double events 
ontributeto the event pile-up. Eq. (8) is applied for ea
h trigger separately assumingthe typi
al relative 
ontributions of the ep and egas bremsstrahlungs (seethe next subse
tion). The pile-up e�e
ts for the ele
tron pilot bun
hes arenegle
ted sin
e their rates are about 30 times smaller than for the 
ollidingbun
hes. The 
orre
tion pro
edure also assumes that bun
h-to-bun
h ratevariations are not large.
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urren
e of pile-up may lead to a deviation of the measured ratefor a given trigger from the true value. The size of this e�e
t depends on therate itself and on the trigger and varies between 1 and 3 % of the measuredluminosity 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
tionThe ele
tron�proton bremsstrahlung rate Rep is 
al
ulated from the for-mula: Rep = R
oll � kRpilot ; (9)where Rpilot is the egas event rate measured using the ele
tron pilot bun
hesand the fa
tor k = I
olle =Ipilote is the ratio of the total ele
tron 
urrent forthe 
olliding bun
hes to that in the pilot bun
hes. The pro
edure assumesthat the 
ontribution from egas events s
ales with the ele
tron 
urrent. Inparti
ular, it assumes the same bun
h-to-bun
h pressure of the residual gasand the same geometri
al properties of the ele
tron beam su
h as the tilt orangular divergen
e. Typi
ally, egas 
ontribution is at 3 % level.4.3. Corre
tion for geometri
al a

eptan
eA

ording to a detailed simulation of the HERA beam line using theGEANT program [20℄ the ele
tromagneti
 showers indu
ed by high energyphotons 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
yof 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 dependon 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
ularthe 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
tronbeam tilts where the apertures signi�
antly obs
ure the path of brems-strahlung photons. A simple Monte Carlo model is used to simulate inthree 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 MonteCarlo distributions assuming no absorption of photons in the HERA beam line, areoverlaid (open histogram).1. Generation of the photon angular distribution a

ording to the ele
tronbeam 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 thespatial resolution of the position dete
tor.The shape of the a

eptan
e 
ontour is 
hanged in the Monte Carlosimulation until the best des
ription of the position data is a
hieved, seeFig. 13. The a

eptan
e 
ontour found in this way and the distributionof bremsstrahlung photons proje
ted on the fa
e of the photon dete
torare shown in Fig. 14. The a

eptan
e A
 is then equal to the fra
tion ofphotons 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�erenthorizontal angular divergen
es, see Fig. 15. Be
ause of the small verti
alangular spread, the variation of the photon a

eptan
e due to the relativelysmall 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 positionand 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 of230 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 thephoton position is determined with high statisti
al pre
ision every threeminutes during data run. The appropiate 
orre
tion is then applied. Thedetermination 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 theluminosity. Therefore, an independent way, based on the ele
tron dete
tion,was investigated. As the photon a

eptan
e is independent of the photonenergy for the pro
ess of bremsstrahlung (the angle of the bremsstrahlungphoton emission is pra
ti
ally 0Æ independently of the photon energy) itshould be possible to 
hoose su
h an energy interval for ele
trons for whi
htheir 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
iatedwith 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 theele
tron beam horizontal divergen
e as a fun
tion of the horizontal ele
tron beamtilt. A�
 = R R [F (x
 ; y
)Ael(�Eel)A
(x
 ; y
)℄dx
dy
R R [F (x
 ; y
)Ael(�Eel)℄dx
dy
 ; (10)where Ael(�Eel) is the ele
tron a

eptan
e in the energy interval �Eel,A
(x
 ; y
) is the photon a

eptan
e for a given photon position (x
 ; y
) andF (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 �Eel in whi
h Ael(�Eel)is independent on x
 and y
 .4.4. Energy s
ale 
orre
tionThe sele
tion and 
ounting of bremsstrahlung 
andidates is done usingthe 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
tuationsin the photon dete
tor response.
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Fig. 16. A

eptan
e of ele
trons Ael as a fun
tion of x
 for three di�erent ele
tronenergy intervals.The verti
al solid lines mark the absolute limits of the geometri
ala

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 welldes
ribed above a photon energy of 1 GeV by a linear fun
tion with a smallquadrati
 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 relativedeviation from a linear behavior of about 7� 10�4 per GeV. Therefore, theaverage dete
tor response, ADC
 , has been parametrized as a fun
tion ofthe `true' photon energy E
 :ADC
 = 

 [1 + fnl(Ee �E
)℄(E
 �E�lter) + ADCped
 (11)where 

 is a 
onversion 
onstant from GeV to ADC 
ounts (sensitive tothe overall gain), fnl is the global non-linearity parameter, and E�lter isthe parameter a

ounting for energy loss in the 
arbon �lter. The �u
-tuation of the response fun
tion is modelled by a Gaussian smearing ofthe energy deposition in the 
alorimeter due to the sampling �u
tuations,�E=E = �0=pE
(GeV).
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 ; fnl; E�lter and �0 are obtained from the �ts to thedata. For that purpose dedi
ated egas data were taken when the protonbeam was not 
ir
ulating and the ele
tron beam was stored at two energies of12 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, Fegas(ADC
), �tted tothe experimental ADC
 distribution is a 
onvolution of egas bremsstrahlung
ross se
tion �egasBH and a fun
tion des
ribing Gaussian smearing due to the�nite 
alorimeter energy resolution:Fegas = P Ee�MeZ0:1 GeV exp(� [E
 � Ê
(ADC
)℄22�02E
 )d�egasBHdE
 dE
�0pE
 ; (12)(Fegas is the fun
tion of ADC
), where P is the normalization fa
tor, Ê
 isthe re
onstru
ted photon energy for given ADC
 (inverse of Eq. (11)). Inthe 
al
ulation of �egasBH an average 
harge of the gas mole
ule of ZA = 4:2 isassumed, but un
ertainty due to the not exa
tly known 
omposition of theresidual 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 tworuns of 0.5 % is estimated using results of the LED pulse measurements. Sixparameters are �tted in the energy range above � 2 GeV: two normalizationfa
tors, one 
onversion fa
tor 

 providing the overall gain 
alibration, andthree more parameters des
ribing the response of the photon dete
tor, �0 =0:23, E�lter = 200 MeV and fnl = 0:0011 GeV�1. Ex
ellent agreementbetween the �ts and the data is observed. The values of the �tted parametersare in a good agreement with the expe
tations based on the EGS4 dete
torsimulation. In the low energy part (espe
ially for the 27.5 GeV data) ofthe 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 responseassuming the nominal values the parameters �0; E�lter; fnl and 

 . The sim-ulated ADC
 is used to 
al
ulate the observed 
ross se
tion for ea
h triggertype: �
orrBH = �BHN selNall ; (13)where N sel is the number of sele
ted events for ea
h trigger type, �BH is thetotal ep bremsstrahlung 
ross se
tion for the photon energies above 0.1 GeVand Nall 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 highstatisti
s runs. The �tted parameters are the normalization fa
tors, one 
onversionfa
tor 

 (gain 
alibration), energy resolution �0, E�lter and fnl.On
e per ZEUS run the 
alibration 
onstant 

 is obtained from �ts ofFegas to the egas data taken 
on
urrently using the ele
tron pilot bun
hes.The other parameters, �0, E�lter and fnl are kept 
onstant. The egas data are
orre
ted for the gain variation measured with the help of a LED pulser andfor 
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). �
orrBH isthen 
orre
ted for ea
h trigger type by multiplying it by a fa
tor:f = �a
tualBH�nominalBH ; (14)where �a
tualBH and �nominalBH 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 nottoo large variation of the 
alibration 
onstant (< �10 %) and the pedestals(< �2 ADC) from their nominal values the fa
tor f obtained in this way isvery well reprodu
ed by the full MC simulation.
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ulation of the systemati
 errors5.1. Event pile-upThe 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 usingdi�erent triggers as a fun
tion of the event rate, see Fig. 18.
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500 1000Fig. 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 observedwhi
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 thesystemati
 un
ertainty of this 
orre
tion.



2052 J. Andruszków et al.5.2. egas ba
kground subtra
tionThe assumption in the egas statisti
al subtra
tion (see Se
tion 4.2) isthat the ba
kground s
ales with the ele
tron beam 
urrent, and that thefa
tor k is well measured.To test these assumptions, several test runs were taken when only theele
tron beam was stored. For these runs the observed rate of bremsstrahlungphotons for a given bun
h should be proportional to its 
urrent, and there-fore the rate divided by the bun
h 
urrent, RBCN=IBCN, should be BCNindependent. Small deviations are, however, observed. In parti
ular, thenormalized rates are systemati
ally lower for the leading bun
hes in a bun
htrain. Similar studies are done using the ele
tron pilot bun
h data taken inregular running 
onditions, see Fig. 19.In both 
ases, the deviations do not ex
eed 3 % whi
h is taken as ameasure of the un
ertainty in the estimate of fa
tor k, see Eq. (9). Thisresults in about 0.1 % error due to the egas subtra
tion un
ertainty.
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hes. Solid lines 
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eptan
e errorThe 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 edgewithin �1 mm as allowed by the 
alibration data;� varying the beam divergen
e by �0:01 mrad a

ording to observedtypi
al variations within a single run.The total A
 un
ertainty is 0.8 %.5.4. Theoreti
al 
ross se
tion un
ertaintyCal
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
tionfor inelasti
 ep! e0
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 GeVand 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 isestimated to be 1.2 %, 0.6 %, 0.4 % and 0.5 %, respe
tively.5.5. Energy s
ale errorsThe 
alibration 
onstant un
ertainty, un
orrelated with the other pa-rameters des
ribing the dete
tor response, was estimated by 
omparing theshort 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 andtrue 
alibration 
onstant (0.1 %). These two un
ertainties were added inquadrature. The 
ontribution to the energy s
ale error due to the 
ali-bration 
onstant un
ertainty 
orrelated with the other �t parameters arein
luded in the dete
tor response un
ertainty des
ribed later.The un
ertainty in the pedestal determination is evaluated from thespread 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 ADCbin (FADC non-linearity). This un
ertainty a�e
ts also the event sele
tionwhi
h is estimated by varying in the Monte Carlo simulation the ADC binwidths within allowed ranges.



2054 J. Andruszków et al.The systemati
 error due to the un
ertainty in the simulation of thedete
tor response was estimated by repeating the whole pro
edure des
ribedin 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 setof the �tted parameters new observed 
ross se
tions are 
al
ulated. Themaximum deviation of �
orrBH from the nominal value, for ea
h trigger type,is then used as a measure of the systemati
 error.
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-0.02 -0.01 0 0.01 0.02Fig. 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 inquadrature. As a �nal 
he
k of the energy s
ale understanding the relativedi�eren
e of the luminosities from di�erent triggers, �L=L = (L5 � Li)=L5is studied. In Fig. 20 �L=L is shown as a fun
tion of the run number. Nosigni�
ant or systemati
 deviations are observed. All observed di�eren
esare well 
ontained within the systemati
 errors 
al
ulated for these ratios,providing a valuable error 
ross-
he
k.
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 errors of the luminosity measurement due to the energy s
ale un
er-tainty. Contribution Trigger2 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 whereun
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
ertaintiesdue to the energy s
ale error. 5.6. Total errorTo a good approximation all the dis
ussed un
ertainties 
an be treatedas independent and in 
al
ulation of the total systemati
 error 
an be addedin quadrature. In Tabale II the summary of the 
ontributing un
ertaintiesto 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
eun
ertainty. The next signi�
ant 
ontributions are due to the energy s
aleerrors and un
ertainties in the 
ross se
tion 
al
ulation. TABLE IISystemati
 errors of the luminosity measurement.Contribution Trigger2 GeV 5 GeV 10 GeV (10�16) GeVa

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 %



2056 J. Andruszków et al.6. Summary and outlookThe HERA luminosity measurement based on the ep bremsstrahlungpro
ess proved to be a su

essful 
on
ept. The ZEUS luminosity monitormeasuring very forward high energy photons and ele
trons has been workingreliably and allow to a
hieve a 1 % luminosity determination, mu
h belowthe initial goal of 5 % pre
ision [4℄. Nevertheless there is still room for furtherimprovements, 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
entpre
ision 
ould, in prin
iple, be a
hieved. The planned HERA upgrade willresult 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 radiationwill also signi�
antly in
rease. These two fa
tors will require extra e�ortto maintain the pre
ision of the measurement. Espe
ially, ensuring a goodunderstanding of the dete
tor performan
e in these di�
ult 
onditions willbe very 
hallenging.Along with the luminosity measurement, the ZEUS luminosity monitorhas 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
toryat the IP (beam tilt);� measurement of the Initial State Radiation (ISR) in ep intera
tions atHERA;� tagging of quasi-photoprodu
tion events at HERA.The ZEUS Luminosity Group is deeply grateful to the DESY Dire
torateand the ZEUS experiment management who for over past 10 years have en-
ouraged, fully supported and advised us in our work. We wish to thank allthose people who have not spared their time to advise and dis
uss with usall our problems. Here, in parti
ular our spe
ial thanks are due to R. Klan-ner, E. Lohrmann and G. Wolf. We wish to thank spe
ially K. Piotrzkowskiwhose 
ontribution to the analysis of the luminosity data was large. Manythanks are due to our 
olleagues who have 
ontributed mu
h work espe
iallyin the �rst stages of design and 
onstru
tion of the luminosity monitor and inparti
ular A. Dwura¹ny, K. Eskreys, J. Halik, Z. Jakubowski, B. Ma
howskiand Z. Duli«ski. We would like to express mu
h gratitude to the HERA ma-
hine 
rew for help, understanding and fruitful 
ollaboration. Without thehelp of all these people the a

omplishment of our work would be impossible.



Luminosity Measurement in the ZEUS Experiment 2057REFERENCES[1℄ J. Andruszków et al., DESY 92�066 (1992).[2℄ A.A. Sokolov, I.M. Ternov, Phys. Dokl. 8, 1203 (1994).[3℄ D. Kisielewska et al., DESY-HERA report 85�25 (1985).[4℄ ZEUS Collaboration, Status Report, September 1987, PRC 87�02; Status Re-port, Mar
h 1989.[5℄ H. Bethe, W. Heitler, Pro
. Roy. So
. A146, 83 (1934).[6℄ R.L. Glue
kstern, M.L. Hull, Phys. Rev. 90, 1026 (1953).[7℄ K. Piotrzkowski, Z. Phys. C67, 577 (1995).[8℄ G.L. Kotkin, V.G. Serbo, A. S
hiller, Int. J. Mod. Phys. A7, 4707 (1992); seealso referen
es 
ited there.[9℄ M. Derri
k et al. (ZEUS Collab.), Z. Phys. C69, 607 (1996).[10℄ M.W. Krasny, W. Pªa
zek, H. Spiesberger, Z. Phys. C53, 687 (1992).[11℄ M. Derri
k et al. (ZEUS Collab.), Z. Phys. C63, 391 (1994); Phys. Lett.B293,465 (1992).[12℄ J. Breitweg et al. (ZEUS Collab.), Z. Phys. C75, 421 (1997).[13℄ J. Breitweg et al. (ZEUS Collab.), Eur. Phys. J. C14, 213 (2000).[14℄ A. Kotarba, K. Piotrzkowski, Nu
l. Instrum. Methods Phys. Res. A387, 235(1997).[15℄ The ZEUS Dete
tor, Status Report, ZEUS Collaboration, Mar
h 1993.[16℄ T. Hasegawa et al., Nu
l. Instrum. Methods Phys. Res. A311, 498 (1992).[17℄ K. Piotrzkowski, DESY-F35D�93�06, O
tober 1993, Ph.D.Thesis.[18℄ L. Suszy
ki, Luminosity Monitor for the ZEUS Dete
tor at HERA � TheEye of ZEUS, S
ienti�
 Bulletin of Univ. of Mining and Metallurgy No 1531,Physi
s, Bull. 30, Cra
ow 1993.[19℄ K. Piotrzkowski, L. Suszy
ki, BREMGE, A Monte Carlo Generator of HighEnergy Ele
tron�Proton and Ele
tron�Nu
leus Bremsstrahlung Event Gen-erator, Pro
. of the Workshop, Physi
s at HERA, eds. W. Bu
hmüller andG. Ingelman, Hamburg 1991, p. 1463.[20℄ R. Brun, F. Carminati, CERN Program Library Long Writeup W5013, 1993(unpublished).[21℄ R.L. Ford, W.R. Nelson, SLAC (1978) 210; W.R. Nelson, H. Hiryama,D.W. Rogers, SLAC (1985) 265.[22℄ K.J.F. Gaemers, M. van der Horst, Nu
l. Phys. B316, 269 (1989); Erratum,Nu
l. Phys. B336, 184 (1990).[23℄ A.A. Akhundov, D.Yu. Bardin, L.V. Kalinovskaya, Z. Phys. C51, 557 (1991).[24℄ M. van der Horst, Nu
l. Phys. B347, 149 (1990).[25℄ M. van der Horst, Phys. Lett. B244, 107 (1990).


