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was equipped with radiation hard sintillator tiles and shielded against syn-hrotron radiation. In addition, a magneti spetrometer was installed tomeasure the luminosity independently using photons onverted in the beam-pipe exit window. The redundany provided a reliable and robust luminos-ity determination with a systemati unertainty of 1.7%. The experimentalsetup, the tehniques used for luminosity determination and the estimate ofthe systemati unertainty are reported.Keywords: luminosity measurement, ZEUS experiment1. IntrodutionAt the HERA storage rings eletrons1 and protons have been aeleratedto energies of 27.5 GeV and 920 GeV, respetively, and brought to ollisionsinside two experiments, ZEUS and H1. Data taken with these experimentsprovided us with preise measurements of quark and gluon distributions inthe proton and allowed preision tests of Quantum Chromodynamis as thetheory of the strong fore at small distanes. The luminosity is a key param-eter of the storage ring determining its physis potential in terms of eventstatistis in the proesses of interest haraterised by a ertain ross setion.The preise measurement of the luminosity in the experiments is of ruialimportane, sine the luminosity unertainty translates diretly to the un-ertainty of the ross setion and hene to the measurement of quark andgluon distributions.The luminosity is measured in eletron-proton sattering using the rateof high energy photons from the bremsstrahlung proess, ep! ep. This isa pure QED proess, whih has a high rate and a preisely alulable rosssetion. In the �rst phase of HERA a photon alorimeter [1℄ was used tomeasure the rate of bremsstrahlung photons. This alorimeter was positionedin the HERA tunnel about 100m downstream of the ZEUS experiment, wherethe eletron and proton beams were separated. Bremsstrahlung photonsmoved through a straight vauum hamber and an aluminum exit windowbefore entering the photon alorimeter.After the ompletion of an upgrade program the HERA aelerator restartedoperations in 2001. The luminosity was steadily inreased reahing a fatorof 5 times the one of the �rst HERA phase. The major hanges were stronger1In this paper, \eletron" is meant to speify both eletron or positron.2



beam fousing and slightly larger beam urrents. The physis program wasextended to proesses with lower ross setion e.g., to explore the heavyavour ontent of the proton or to probe weak interations using in additioneletron beam polarisation.However, the earlier beam separation and stronger fousing of the beamled to more synhrotron radiation and a larger rate of bremsstrahlung events,the latter resulting in a pile-up of more than one photon per bunh rossingin the photon alorimeter. To redue the impat of synhrotron radiation onthe photon alorimeter, the thikness of the arbon absorber bloks installedin front of the photon alorimeter was inreased from 2 to 4 radiation lengths.A seond luminometer, the spetrometer [2℄, was installed outside the syn-hrotron radiation one, to measure the luminosity using a di�erent detetortehnique. Bremsstrahlung photons were measured after they onverted toeletron pairs in the exit window of the photon beam pipe. The onvertedeletron pair was spatially split by the magneti �eld of a dipole, and bothpartiles were individually measured by two eletromagneti alorimeters.The alorimeters were plaed vertially at suÆiently large distane fromthe photon beam not to be a�eted by the diret synhrotron radiation andunonverted bremsstrahlung photons. The large ux of low energy eletronsfrom synhrotron photon interations in material upstream of the dipole mag-net was swept away from the alorimeters. The data rate in the spetrom-eter was, in omparison to photon alorimeter, onsiderably redued due tothe onversion probability of about 9% in the beam-pipe exit window and ahigher threshold on the photon energy. The fration of bunh rossings withmore than one photon reating depositions in the spetrometer approahedonly a few perent at the highest instantaneous luminosity.Utilising two independent luminosity measurements allowed a permanentomparison, whih was important for traing bak in real time detetor mal-funtions and to redue systemati unertainties.In this paper, we report on the operation of the photon alorimeter and spe-trometer in the data taking periods after the upgrade, desribe the steps toobtain the luminosity from the raw data, and evaluate systemati uner-tainties of the luminosity measurement. Sine the spetrometer was a newdevie, more detailed studies are reported.
3



2. Bremsstrahlung and Luminosity DeterminationThe energy spetrum of bremsstrahlung photons in the proessep! ep (1)is given by Bethe and Heitler [3℄ in Born approximation negleting the �nitesize of the proton as:d�dE = 4�r2e E 0eEEe �EeE 0e + E 0eEe � 23��ln 4EpEeE 0empmeE � 12� ; (2)where � is the �ne struture onstant, re the lassial eletron radius, Ethe energy of the radiated photon, Ep and Ee are the proton and eletronbeam energies, E 0e is the sattered eletron energy, and mp and me are theproton and eletron masses. For illustration the photon energy spetrum isshown in Figure 1 for an eletron beam energy of 27.5GeV. Reently one-loopQED radiative orretions have been alulated for the proess (1) [4℄. Theirimpat on the ross setion (2) and photon angular distribution is onsideredin setion 7.1.2.The integrated luminosity is alulated for a ertain data taking periodas: L = NA� ; (3)where N is the number of bremsstrahlung photons seleted in a ertainenergy range over the period, and � is the bremsstrahlung ross-setion inte-grated over the same energy range. The aeptane, A, is the probability fora bremsstrahlung photon reated in the ep interation region to be observedin the luminometer. To estimate the aeptane of the photon alorime-ter and the spetrometer detailed Monte Carlo simulations of both devieswere done as desribed in setion 5.3. Photon Calorimeter and SpetrometerThe performanes of the photon alorimeter and the spetrometer werestudied in test-beams. The results are desribed in detail in Refs. [1, 2℄.Both devies were installed about 100 m downstream from the nominalinteration point, IP, in the diretion of the eletron beam, as skethed inFigure 2. 4
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Figure 1: The energy spetrum of bremsstrahlung photons obtained from Eqn.(2).
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Figure 2: The layout of the luminometers in the ZEUS experiment. The IP is on theleft side in the ZEUS detetor. A dipole magnet just downstream of the beam-exit win-dow deeted eletrons originating from onverted photons to the two eletromagnetialorimeters of the spetrometer SPEC. PCAL denotes the photon alorimeter and �ltersthe arbon absorber bloks. AERO are Cerenkov ounters not used for the luminositymeasurement.
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Photons originating from bremsstrahlung at the IP moved through a va-uum hamber of 92 m length terminated by an exit window made of analuminum alloy of 9.9 mm thikness. Approximately 9% of the photonsonverted into eletron pairs in this window.Upstream of the window, inside the vauum hamber, the aperture wasrestrited due to beam-line omponents and magnets, whih absorbed pho-tons from the edges of the photon beam. The shape of the unobsured regionwas obtained from a foil sensitive to synhrotron radiation, whih was loatedin the beam-line near the front fae of the alorimeters [2℄.3.1. The Photon CalorimeterPhotons not onverted in the exit window hit the photon alorimeter, alead-sintillator sandwih alorimeter of 24 X0 depth positioned 107m down-stream of the interation region. Two arbon bloks of 2 X0 thikness eahwere plaed in front of the alorimeter to absorb low energy synhrotron ra-diation photons. The alorimeter was omposed of 48 lead absorber platesof 20�20 m2 size and 0.5 X0 thikness interspersed with 2 mm thik sintil-lator sheets. Two wavelength shifter bars were attahed at eah side to thesintillator sheets. They were equipped at the rear end by photomultipliers.Downstream of the 8-th absorber plate, where the shower maximum is ex-peted, two planes of rossed sintillator �ngers of 1m width and 3mm thik-ness were positioned. Eah �nger was read-out diretly by a photomultiplier.The energy resolution of the alorimeter was measured in an eletron beamas 14%/pE and 90%/pE without and with the 4 X0 arbon absorber bloksin front, respetively.3.2. The Luminosity SpetrometerThe eletron pairs reated in the exit window follow the original photondiretion, until they enountered a 60 m long dipole magnet with a �eldstrength of 0.5 T where they were deeted from the photon beam diretion.A few meters downstream they were registered by two alorimeters plaedabove (up) and below (down) the y-z plane, with the z axis pointing in thediretion of the proton beam, the x axis towards the entre of HERA and they axis ompleting a right-handed Cartesian system. The aperture restritionsupstream of the exit window prevent diret photon hits in the alorimeters.Both alorimeters were omposed in the -z diretion of 3.5mm thik tung-sten absorber plates interspersed with sintillator layers of 2.6 mm thikness.6



Eah layer was divided into strips of 7.9 mm width. The strips were al-ternately vertially and horizontally mounted, providing an x and y positionmeasurement of a shower. The sintillator strips of eah orientation were on-neted sequentially in the z diretion to one wavelength shifter bar equippedwith a photomultiplier, forming a readout hannel. Eah alorimeter had 16hannels in x diretion. In y diretion, the down alorimeter had 15 hannelsand the up alorimeter 11 hannels. The latter is due to the limited spaebetween the photon beam and the proton beam pipe. The alorimeters,both with a longitudinal depth of 24 X0, were alibrated in an eletron beamwith energies between 1 and 6 GeV. The energy resolution and alibrationunertainty were measured as 17%/pE and 0.5%, respetively.3.3. Data Aquisition and Data StorageThe data aquisition system, DAQ [5℄, ommon for the photon alorime-ter and the spetrometer, was independent from the ZEUS entral DAQ.This allowed proessing of large data samples, neessary for the luminositymeasurement, without a�eting the entral DAQ performane. Signals fromeah photomultiplier were digitised by 12{bit ash ADCs and transferred tofour memory boards, MB, after eah bunh rossing. To orret for pedestals,the ADC values stored from the previous bunh rossing were subtrated.3.3.1. The Photon Calorimeter Spei� PartThe digitised signals from the two photomultipliers were averaged andonverted into energy using alibration onstants obtained as desribed insetion 4.1. Rates of events were ounted on-line with energy thresholds of10 GeV and 17 GeV for pilot bunhes2 and olliding bunhes. In addition,total rates and rates for olliding bunhes were reorded for energy thresholdsof 7.5GeV, 12GeV and 16.5GeV, respetively. These rates were used to rosshek the orretions applied for pile-up of more than one bremsstrahlungphoton per bunh rossing in the luminosity measurement. For eah run aspeial reord is written ontaining pedestals, signals from light test-pulses,on-line event rates, eletron and proton urrents in HERA and the ativetime of the ZEUS experiment. The signals from the sintillator �ngers weredigitised and reorded to monitor the photon shower position.2Pilot eletron bunhes have no orresponding proton bunhes and hene an be usedto measure bakground rates. 7



3.3.2. The Spetrometer Spei� PartFrom the sum of photomultiplier signals of the up and down alorimetersthe energies Eup and Edown were alulated using alibration onstants fromspeial runs as desribed in setion 4.2.1. Only events with Eup and Edownabove 2 GeV generated a trigger signal for the readout.The MBs stored inoming data into a bu�er to await the trigger signal.If the MB bu�er was full, inoming data were disarded until bu�er spaewas available, leading to dead-time of the system. Counters reorded thetotal number of HERA bukets and the number in whih the MB bu�erwas ative, allowing a ontinuous dead-time orretion for the luminosityalulation. To minimise dead-time, a trigger presale fator 3 was applied.The typial trigger rate at the given presale settings was around 3kHz. Thephoton energy and the photon position were alulated and an event seletionas desribed in setion 4.2 was performed. The aepted events were storedevery 16.5 seonds in an environmental reord. For data quality monitoring,10000 triggered events were saved per run. To reate this sample, every100-th event was seleted, starting at the beginning of the run.4. Photon MeasurementsThe photon alorimeter measured the rate of unonverted photons aboveertain energy thresholds, and the spetrometer the rate of onverted photonswhen the onversion eletrons hit the alorimeters and trigger the readout.4.1. Measurement of the Photon Flux in the Photon CalorimeterPhotons were ounted above the energy thresholds given in setion 3.3.1.The relation between digitised and averaged photomultiplier signals in ADCounts and the energy of the photon, E, is parametrised asADC = Cal � E � (1 + fnl(Emax � E) � E +�; (4)where Emax is the maximum photon energy, equal to the eletron beamenergy, and � a pedestal o�set due to synhrotron radiation. The alibrationonstant Cal and the parameter fnl, aounting for deviations from a linearresponse, were obtained from a �t of the bremsstrahlung energy spetrumpredited from Monte Carlo to data taken in speial runs without protonbeam. Then only bremsstrahlung photons from interations of the eletron8



beam with the residual gas in the vauum hamber ontribute with relativelylow rate to the spetrum and pile-up of several photons per bunh rossing isnegligible. An example for a �t to the data distribution is shown in Figure 3.Also shown is the Monte Carlo distribution.
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Figure 3: The energy spetrum of photons in ADC ounts obtained from interations ofthe eletron beam with residual gas. Data (full blak dots with error bars) are overlaidwith the �tted Monte Carlo distribution (full red line on top of the yellow area).During data taking with ollisions, the photomultiplier gain was moni-tored with light pulses. Gain hanges were orreted by readjusting the highvoltage. In addition, using the rates of photons for di�erent energy thresh-olds, the alibration onstant was estimated to be stable within 1% withina run.The parameter fnl was determined to be -0.017 and found to be stablewithin all data taking periods. The parameter � was measured using randomtriggers as a funtion of the eletron beam urrent per bunh rossing.Taking the event rates reorded for eah of the energy thresholds and theeletron pilot bunhes, the rate of bremsstrahlung events, R , orreted forinterations of the beam with residual gas, was obtained asR = Rtot � Rpilot � I toteIpile ; (5)where Rtot and Rpilot were the total photon rate and the rate from the pilot9



bunhes, and I tote and Ipile the total and the pilot-bunh eletron urrents,respetively.At high photon rates more than one photon from a single bunh rossingmay have hit the alorimeter. The average number of photons per bunhrossing, �n , was estimated to be�n = R � �b�(E > Etres:) � fr �Nb ; (6)where �b and �(E > Etres:) are the total bremsstrahlung ross setion3and the bremsstrahlung ross setion above an energy threshold Etres:, fr isthe HERA orbit frequeny and Nb the number of olliding bunhes. Thebremsstrahlung rate orreted for multiple photons per bunh rossing wasthen R0 = R � (1 + P (Etres:; �n)); (7)where the orretion term P(Etres:; �n) was determined from Monte Carlosimulations.4.2. Measurement of the Photon Flux in the Spetrometer4.2.1. Position and Energy Measurement of Eletrons and Photons in theSpetrometerAt nominal magneti �eld, eletrons with energies above 3.5 GeV hit thealorimeters. Events with eletrons measured in both alorimeters were usedto reonstrut the energy and transverse oordinates of the onverted photon.To minimise the impat of noise, only 4 strips near the shower maximumwere used for the eletron energy measurement. The measurement was or-reted for transverse energy leakage, a small e�et exept at the edges of thealorimeter, and the light attenuation in sintillators. The photon energywas alulated as the sum of eletron energies.The shower position was alulated as the energy-weighted average inx and y. Only hannels with an energy above 60 MeV were used. Thephoton oordinates, X and Y, were obtained from the position and en-ergy measurements of the individual eletrons, taking into aount eletrondeetion by the dipole magnet.3�b was alulated for photons with energies above 0.1GeV, being the energy thresholdof the alorimeter 10



The alorimeters were routinely alibrated to take into aount gain vari-ations due to radiation damage and reovery mehanisms in the sintillatorsand wavelength shifter bars. Speial runs were taken with an adjustableslit ollimator inserted into the photon beam to selet a ertain y position.Using the bending power of the dipole magnet a diret relation betweenthe eletron energy and the y position of the shower in the alorimeter wasobtained. Data taken in this on�guration were used to determine the indi-vidual hannel gains iteratively. After eah step gains were varied to maththe predited energy and y position. The proedure onverged after a smallnumber of steps.4.2.2. Event seletionThe depositions in the spetrometer of a typial triggered event are shownin Figure 4. After the reonstrution of the energy and position of the showersin eah alorimeter the following seletion riteria were imposed:� The reonstruted energy for eah alorimeter must be larger than3.5 GeV to suppress noise.� The largest energy depositions must not be at the edge strips in eahof the four planes to minimise leakage, thus ensuring good energy andposition reonstrution.� The y position of a shower in the down detetor was restrited to makethe �duial regions of up and down alorimeters equal.� The rms width of the shower must be less than 1 m for eah of the fourprojetions (rms-ut) to rejet hadron showers from proton interationswith the residual gas.The last requirement was applied only in the data taking periods 2005 and2006 with eletron beam. It aused severe event loss due to depositions fromsynhrotron radiation at the inner edges of the y-plane. This loss of eventswas orreted for using the 10000 event sample reorded at the beginning ofeah run [6℄. In data taking periods with positron beams in 2006 and 2007the last requirement was omitted, sine the fration of hadron showers in thespetrometer was estimated to be negligible using runs with only protons inthe ollider.About half of the triggered events passed the requirements. The reon-struted photon oordinates, X and Y and the photon energy were stored11
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Figure 4: A spetrometer event with an eletron pair oinidene. The energy depositionper hannel in the x (left) and y (right) diretions for the up (top) and down (bottom)alorimeters. Negative energy in several hannels result from the subtration of the storedADC values of the previous bunh rossing.into histograms for eah environmental reord. The mean photon beam posi-tion and width were alulated at the exit window. From the moments of theX and Y distributions and the orrelation oeÆient <XY > the pho-ton beam ellipse and its tilt were determined. The number of photons wasounted and orreted for interations of the beam with the residual gas usingEqn.(5). The raw data of the environmental reord were then disarded.5. Monte Carlo Simulations to Determine the AeptanesThe aeptanes of the photon alorimeter and spetrometer were deter-mined by Monte Carlo simulations using the GEANT 3.21 pakage. Photons12



were generated aording to the bremsstrahlung spetrum as given in Eqn.(2)taking into aount the eletron beam angular divergene. They were thenrandomly distributed in a suÆiently large area of the (x,y) plane at thez-position of the exit window. Using beam pro�les measured by the spe-trometer as desribed in setion 4.2.2 and the aperture limits of the vauumhamber, a weight was applied to eah photon. Only photons generatedinside the measured aperture were traked to the luminometers.5.1. Photon Calorimeter SimulationPhotons with an energy larger than Emin = 0.1 GeV not onverted in thebeam exit window or air were transported to the photon alorimeter and ashower was simulated. The energy deposited in the sintillators and sintilla-tor �ngers was reorded for shower energy and position reonstrution. Thelight olletion and the impat of the readout eletronis was parametrisedusing test-beam data.A detetor response funtion F (Eal) was alulated as a funtion of thephoton energy E ,F (Eal) = 1=�b � Z Ee�meEmin d�dEP (E; Eal)dE; (8)with P (E; Eal) being the probability that for an inident photon withan energy E the energy Eal was measured in the alorimeter and �b thebremsstrahlung ross setion integrated from Emin to the upper kinematilimit. Using the detetor response funtion the ross setion, �thr, for photonswith a measured energy above a threshold, Ethr, is obtained,�thr(Ethr) = �b Z 1Ethr F (Eal)dEal: (9)The aeptane A is the number of events above a given energy threshold,Nthr, divided by the generated number of events, Ngen,A = NthrNgen = Z 1Ethr F (Eal)dEal: (10)5.2. Spetrometer SimulationThe generated photons were onverted in the exit window. The eletronswere transported to the alorimeters using a parametrised �eld map of the13



dipole and taking into aount interations in the exit window and in air.Showers were simulated in the alorimeters and the energy depositions in thesintillator tiles were transformed into signals of the photomultipliers. Thesimulated events were subjet to the reonstrution and seletion as desribedin setion 4.2 and aepted events were used to to alulate X and Y, andthe energy of the photon, E . This sample was then used to alulate theaeptane for every environmental reord. Assuming a Gaussian shapedphoton beam and taking into aount the orrelations between X and Ydetermined from data, the events were re-weighted to �t to the measuredX and Y distribution. An example of the result is shown in Figure 5.The aeptane was then alulated as the ratio of the sum of aeptedand generated Monte Carlo event weights. A typial value of the averageaeptane is 0.65% for E > 8 GeV with a maximum of 2% at 22 GeV.6. Luminosity Measurement6.1. Calorimeter ProedureThe ounter rates with the energy thresholds de�ned in setion 3.3.1 wereorreted for interation of the eletron beam with residual gas in the vauumand pile-up using Eqn. (5) and Eqn. (7) and summed up to N as de�ned inEqn. (3). For eah energy threshold a value for the luminosity was obtained.Finally a orretion for the ZEUS ative time was applied.6.2. Spetrometer ProedureThe number of photons was ounted in eah environmental reord ap-plying the riteria given in setion 4.2.2. The integrated luminosity wasalulated using Eqn. (3) and orreted for dead times of the ZEUS andthe spetrometer DAQ systems. The impat of pile-up due to onversionof more than one photon per bunh rossing was estimated as desribed inthe Appendix. The number of photons obtained after applying the sele-tion riteria is slightly larger than the true number. A orretion, as shownin Figure 6 as a funtion of a quantity r, is applied, where r is the fration ofolliding bunhes with a bremsstrahlung event passing the seletion riteria.The orretion, reahing 0.4% at r = 0.0015, orresponding to the maximalinstantaneous luminosity measured at HERA, was applied to the measuredluminosity of eah environmental reord.14
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Figure 5: The reonstruted x (left) and y-positions (right) of aepted photons in the spe-trometer olleted in one environmental reord. Dots with error bars are data and thehistogram is the Monte Carlo predition.
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7. Systemati E�ets in the Luminosity Measurement7.1. Systematis Common to the Photon Calorimeter and the Spetrometer7.1.1. AeptaneThe estimation of the unertainty in the aeptane holds for both the pho-ton alorimeter and the spetrometer. The shape of the aperture area andits alignment relative to the detetors were eah measured to an aurayof 1 mm. A variation of these quantities by 1 mm shifted the values of theaeptane within 1%.The variation of the aeptane as a funtion of the photon beam positionwas studied using neutral urrent events seleted in the ZEUS detetor. Forthe 2004/06 eletron beam and the 2006/07 positron beam independent anal-yses were done using samples of neutral urrent events with Q2 > 185 GeV2.This proess has a high rate and is not expeted to have any ommon sys-tematis with the luminosity measurement. Details of the event seletionriteria an be found in Ref.[7℄.The ratio between the rate of neutral urrent events and the luminositymeasured with the spetrometer is shown in Figure 7 (left) as a funtion ofthe x position of the photon beam, X , and in Figure 8 (left) as a funtion ofthe y position of the photon beam, Y for data taken with a positron beam.The ratio as a funtion of X exhibits a slope of (�5:9 � 4:2)� 10�2m�1whereas no dependene on Y is observed.Also shown in the right �gures is the distribution of photons used inthe luminosity measurement as a funtion of X and Y, normalised to theintegrated luminosity. A �t with a Gaussian to the distribution shown inFigure 7 (right) results in a mean value of -0.5 mm and a width of 1.9 mm.The systemati unertainty of the luminosity is estimated as the variationwithin the width as 1.1%.The same study using data taken with the eletron beam results in asystemati unertainty of 1.2%.The impat of the event rate on the luminosity measurement was inves-tigated using the ratio between neutral urrent events and the luminositymeasured by the spetrometer as a funtion of the produt of the eletronand proton urrents. These urrents are measured with other devies, andtheir produt is proportional to the luminosity. Using the same tehniqueas desribed above a systemati unertainty of 0.6% was estimated for datataken with positron beam. No impat was observed for data taken witheletron beam. 16



 [mm]γX

-6 -4 -2 0 2 4

 [
n

b
]

S
P

E
C

e
ve

n
ts

/L

1.5

2

2.5

 [mm]γX

-5 0 5
]

-1
 [

p
b

S
P

E
C

L
0

5

10

Figure 7: Left: The ratio of the neutral urrent event rate to the luminosity measured inthe spetrometer as a funtion of the x position of the photon beam. The distribution is�t with a polynomial of degree one. Right: The distribution of photons weighted with theluminosity as a funtion of the x position of the photon beam. The distribution is �t witha Gaussian.
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Figure 8: Left: The ratio of the neutral urrent event rate to the luminosity measured inthe spetrometer as a funtion of the y position of the photon beam. The distribution is�t with polynomial of degree one. Right: The distribution of photons weighted with theluminosity as a funtion of the y position of the photon beam. The distribution is �t witha Gaussian.These results obtained using the spetrometer were onsidered to be validalso for the photon alorimeter. 17



7.1.2. Theory UnertaintyThe formula given in Eqn.(2) for the bremsstrahlung ross setion as afuntion of the photon energy is obtained in the Born approximation neglet-ing the �nite size of the proton. Reently the proess has been alulatedinluding one-loop QED radiative orretions and proton form-fators [4℄.The inlusion of the one-loop QED orretions auses a small redution inthe photon energy spetrum at the high energy limit of the aeptane. Theangular spread of the photon momenta obtained from this alulation is byan order of magnitude smaller than the divergene of the eletron beam inZEUS. The impat of both e�ets on the luminosity measurement is negligi-ble.7.1.3. Summary of Common Systemati UnertaintiesA summary of the systemati unertainties ommon to the Photon Calorime-ter and the Spetrometer is given in Table 1.Table 1: The systematis unertainties of the luminosity measurement ommon to thephoton alorimeter and the spetrometer for eletron and positron beams. All values in%. Soure of systematis 2005/2006 e�p 2006/2007 e+paperture and 1 1detetor alignmentx-position of the 1.2 1.1photon beambeam urrents - 0.6sum 1.6 1.67.2. Photon CalorimeterThe systemati unertainties originating from the alibration of the pho-ton alorimeter and multiple photon hits were onsidered.7.2.1. Pedestal Shifts and Calibration ConstantsIn the alibration of the photon alorimeter an o�set � due to synhrotronradiation in the photomultiplier signal was taken into aount. The syn-hrotron radiation was measured with random triggers of bunh rossings18



and parametrised as a funtion of the eletron beam urrent. Values forpedestal shifts of 0.20 MeV/�A and 0.08 MeV/�A were obtained for ele-tron and positron beams, respetively. The impat of a remaining pedestalunertainty of 85 MeV and the unertainty on the alibration onstant wastranslated in an unertainty of the luminosity measurement. The ombina-tion of both e�ets lead to a systemati unertainty of 1.5%.7.2.2. Multiple Photon HitsThe luminosities obtained for several energy thresholds were orretedfor pile-up using Eqn.(7). The di�erenes of the values obtained for severalenergy thresholds were distributed as a funtion of the average number ofphotons per bunh rossing. From their variation a systemati unertaintyof 0.5% was estimated.7.3. SpetrometerAs additional soures of systemati unertainties spei� for the spe-trometer the proton beam interations with residual gas in the beam-pipe,potentially reating depositions in the alorimeters, and the onversion prob-ability in the beam exit window were onsidered.7.3.1. Impat of Proton Beam Interations with Residual Gas in the Beam-pipeData was olleted when only protons were irulating in HERA to esti-mate the ontribution of bakground from interations of the proton beamwith residual gas in the beam-pipe. The event seletion riteria, desribedin setion 4.2.2, were applied. The event rate without applying the rms-utwas 0.1 Hz. The typial event rate for bremsstrahlung events was 10-15 kHzat the beginning of a �ll. Hene the fration of events from proton{residualgas interations in the data is about 10�5.The e�et on the luminosity measurement due to pile-up of a protonshower in the up alorimeter and an eletron shower in the down alorime-ter was estimated from the data to be less than 10�6 at standard vauumonditions.7.3.2. Photon Conversion CoeÆient in the Beam Exit WindowThe beam exit window, where about 9% of the photons were expetedto onvert, onsists of an aluminum alloy. After the shutdown of HERA thewindow has been dismounted and its thikness and omposition measured.19



For the thikness 9.9 � 0.01 mm was obtained. The hemial omposition ofthe beam exit window was determined by two laboratories using mass spe-trosopy. The measurements are summarised in Table 2. Although there areTable 2: The hemial omposition of the beam exit window measured in two laboratoriesand the photon onversion oeÆient �pair for photons of 20GeV in the elements ontained.Element Z �pair m�1 fration, % (lab1) fration, % (lab2)Mg 12 0.0528 0.318 0.344Al 13 0.0858 81.790 86.200Si 14 0.0815 14.765 10.300Fe 26 0.4385 0.227 0.260Cu 29 0.5342 2.433 2.400Zn 30 0.4397 0.338 0.365average � 0.0984 0.0986di�erenes of up to several per ent in the hemial ompositions measuredin two laboratories, the average photon onversion oeÆients at 20 GeV areequal within 2.3 per mille. In the following the measurements of lab2 areused. The photon onversion oeÆient is a funtion of the energy. In Fig-
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Figure 9: The photon onversion oeÆient of aluminum as a funtion of the photonenergy. The full red dots are obtained from the parametrisation in GEANT4 and the opendots from tables published by NIST. 20



ure 9 its parametrisation used in GEANT4 is ompared with the values fromthe NIST [8℄ data base for aluminum being the largest element fration inthe exit window. In the relevant energy range around 20 GeV the di�erenein the onversion oeÆient approahes 1%.For the aeptane alulation the values from the NIST database areused. The unertainty of the luminosity resulting from the photon onversionoeÆient in the beam exit window is estimated to be 0.7%. The dominantontribution originates from the unertainty of the ross setion measuredat 1.5 GeV [9℄ used in the NIST database and its extrapolation to 20 GeV.The unertainty of the thikness ontributes with 0.1% and the unertaintyof the hemial omposition with 0.3%.7.4. Summary of the Systemati UnertaintiesThe systemati unertainties estimated for the photon alorimeter werethe same for eletron and positron beams. The unertainty not ommon withthe unertainties of the spetrometer results to 1.6%.The systemati unertainties obtained for the spetrometer are estimatedfor eletron and positron beams separately. The unertainty not ommonwith the photon alorimeter amounts to 0.9%. A summary is given in Table3. Averaging the systemati unertainties not ommon between photon alorime-ter and spetrometer and adding it in quadrature to the ommon systematiunertainty leads to a total systemati unertainty of the luminosity measure-ment of 1.7%.8. Comparison of the Luminosities Measured with the Calorimeterand SpetrometerThe distribution of the ratio between the luminosity values obtained foreah run from the spetrometer and the photon alorimeter is shown in Fig-ure 10 (left) for data taken with eletron beam and in Figure 11 (left) fordata taken with positron beam.Very good agreement between the two measurements is found. The distri-butions of the ratios have nearly Gaussian shape with a mean value of 1.01both for the eletron and positron data.4GEANT3 and GEANT4 use the same ross setion parametrisation.21



Table 3: The systematis unertainties estimated for the luminosity measurement in thephoton alorimeter and the spetrometer for eletron and positron beams. All values in%.Soure of systematis photon spetrometer spetrometeralorimeter 2005/2006 e�p 2006/2007 e+pommon systematis 1.6 1.6 1.6photon onversion 0.7 0.7in the beam exit windowrms-ut orretion 0.5 -beam urrents - 0.6pedestal shifts 1.5pile-up 0.5sum 2.2 1.8 1.8The distributions of the ratio versus run number is nearly at over theperiods as shown in Figure 10 and Figure 11 (right), indiating a very goodstability of the measurements. Most of the points lie within 1% of the en-tral values, with a slightly larger spread for runs around 54000 in whihorretions are applied for event losses due to the rms-ut used in the eventseletion for the spetrometer.During data taking the spetrometer had a larger fration of runs withmalfuntions in the hardware. However, the systemati unertainties of thespetrometer are smaller than the ones of the photon alorimeter. Therefore,the luminosity values of eah run are taken from the photon alorimeter andmultiplied with the ratio as shown in Figures 10 and 11 to obtain the lumi-nosity values used in the physis analyses.9. SummaryThe luminosity in the ZEUS experiment was measured by ounting pho-tons from eletron bremsstrahlung, ep ! ep. The ross setions of thisproess is alulated in next-to-leading order in QED. Two independent de-vies, the photon alorimeter and the spetrometer, were used to measure thephoton rate. The results of both agree within one per ent. The systematiunertainty of the luminosity measurement is estimated to be 1.7%.22
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Figure 11: Left: The ratio of the luminosities measured by the spetrometer and photonalorimeter for eah run, weighted with the luminosity measured using the spetrometer.Data from the 2006-2007 positron beam period are inluded. Right: The ratio of theluminosities measured by the spetrometer and photon alorimeter plotted against therun number. Runs are grouped to inlude approximately 1pb�1per point.Referenes[1℄ J. Andruszkow et al., "Luminosity measurement in the ZEUS Experi-ment", Ata Phys. Polon. B32 (2001) 2025-2058.23
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the previous bunh rossing. A1;1 aounts for losses due to previous bunhsubtration, whih may lead to event rejetion by the redution of the de-posited energy. P0;2 and A0;2 are the probability and aeptane of eventswith two eletron pairs whih are ounted as one event. A0;2 aounts forfake oinidenes made by e+ and e� from di�erent photonsThe number of eletron pairs per bunh rossing is desribed by a Poissondistribution with the mean �. Evaluating probabilities Pm;n to order �2 andsolving Eqn.(11) for �(r) we have� = rA0;1 + �1� A0;22A0;1 + f �1� A1;1A0;1��� rA0;1�2 ; (12)where f is the fration of olliding bunhes with a preeding olliding bunh.It aounts for the fat that the olliding bunhes ome in trains alternatingwith pilot and empty bunhes.The luminosity is Ltrue = Nb�(E > Ethres:)�(E > Ethres:) ; (13)where Nb is the number of olliding bunhes and Ethres: is the energy thresh-old.The measured luminosity isLmeasured = Nb r=A0;1(E > Ethres:)�(E > Ethres:) : (14)The relative luminosity shift is thenLtrue � LmeasuredLmeasured = �1� A0;22A0;1 + f �1� A1;1A0;1�� rA0;1 : (15)The quantities Am;n are determined using Monte Carlo simulations of thephoton beam with parameters obtained from data. Values of f are alulatedfor the bunh sequene of eah run.
25
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