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CHAPTERR 5 The pile-up detector as a 

luminosityluminosity monitor 

Ass a by product the pile-up detector and trigger algorithm can he 
usedd to monitor the luminosity of the LHC machine. In this chapter we 
investigatee this use of the pileup detector. The luminosity monitoring 
dependss on the feature that the pile-up algorithm is able to classify 
bunchh crossings according to the number of inelastic interactions that 
havee occurred. The mean number of interactions per bunch crossing 
dependss on the luminosity and hence the distribution over the 
categoriess zero - one - more interactions also varies with luminosity. 

Inn view of the large number of interactions per bunch crossing and 
thee fact that the bunch crossings always involve the same bunches '. it 
iss in principle possible to determine the luminosity at the single bunch 
crossingg level. The monitoring of the luminosity for individual bunch 
crossingss is necessary as the bunch to bunch fluctuation (up to 10%) 
leadss to a non-linear correction factor due to the Level-0 acceptance 
rate.. For a precision measurement of the absolute luminosity this 
factorr has to be known. Possible systematic effects and calibration 
proceduress are described. 

177 Introduction 

17.11 Method 

Thee measurement of the luminosity and its monitoring are 
necessary: : 

1.. for a better control of the stability of the trigger and DAQ 
systemss of the experiment: 

2.. for the measurement of absolute cross sections and 
branchingg ratios. 

Itt can be done by using the pileup detector and trigger algorithm 
describedd in the previous chapter. The detector is capable of 
classifyingg bunch crossings (BC) according to the number of 
interactions.. A Poisson distribution: 

a" a" 
P{n)P{n) = ^-e~V 

*)Duee to the equal length and the fixed radio-frequency of the two 
acceleratorr rings a bunch will always meet the same opposite 
bunch.. This creates 2652 individual hunch crossings. 
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describess the probability of n interactions to occur. The average number of interactions per BC. 
p.. is proportional to the luminosity. L: u = Gdc| L. where adL,t is the cross section seen by the 
detector.. Hereafter we wil l call (.1 the "relative luminosity". 

Thee pileup detector is able to classify BC's in three different classes: bunch crossings with 
zeroo interactions (Nu). with a single interaction (N,) and with multiple interactions (A\). 
Becausee of the high bunch crossing frequency at the LHC it is possible to collect large statistics 
forr each of these classes in a very short time. In particular, at the average luminosity of 2TOl 2 

cmm V 1 the rate for classes N„.  TV, and ZVV wil l be 18 MHz. 9.3 MHz and 3 MHz. respectively. 
Thiss would, in principle, give within one second a ().]</<  statistical accuracy in measuring the 
luminosity. . 

17.22 Analyti c approach 

Inn this analysis we consider four estimators of the relative luminosity ji : 

 /frm'o estimator: [i  = A^/A',, 

 Zero Events estimator: [I  = -log( A' ( )/A
/
/) 

 NonZeroEvents estimator, found as the minimum of the x1'-

-- ( e , - u VM ) 2 ( ev - [ l - < ' " M { 1 + n ) | f 
11 = ' , + — (39) 

Ae,, A E V 

 FullSample estimator, found as the minimum of the

-- < e( ) - ^ ' V ( £ , - | ^ ~M ) ~ ( ev - M -e~^(\ + u ) ] f 
X'X' = ; — + + — ; (40) 

Ae0~~ AE ," &£\ 

wheree 8; = N/N f. N, is the number of BC classified in class /, and Nf is the total number of 
BC'ss considered. The fractions e,-follow multinomial distributions, since A',, + N ] + N^, - N f

Therefore,, the errors are given by Ae' = N t(Nf - N:)/N"f . 
Thee errors on the last two luminosity estimators are given bv: 

V[u ]]  = 
,tl[l' ,tl[l' 

Directt error propagation yields the errors for the first two estimators. The uncertainties are all 
proportionall  to J] /Nt . The only difference is the proportionality constant which depends on 
thee information used. 

Thee precision with which the estimators determine the luminosity varies. The Ratio estimator 
hass the worst precision whereas the FullSample estimator has the best. Figure 65 shows as a 
functionn of the luminosity the time necessary to obtain a precision of 0.5r/r on the relative 
luminosityy for a single bunch crossing. For the luminosities used by LHCb this precision is 
reachedd for the Ratio estimator w ithin 20 seconds. The singularity at \l-0 for the Ratio estimator 
iss due to the fact that the relative error for this estimator behaves as JI / N ] ~ J\ /([it)  as JU—>(). 
Asymptoticallyy the FullSample and NonZeroEvent estimators are identical, as the zero event 
classs vanishes as fi —> °°. 
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Figuree 65: Calibration time necessary to determine the relative luminosity for one bunch 
crossingg with a statistical accuracy of 0.59c. The dashed line corresponds to the average 
luminosityy and the solid line to the maximum luminosity allowed at the LHCb. Lines 
representt (from top to bottom) four estimators: Ratio, ZeroEvents. NonZeroEvents and 
FullSample. FullSample. 

Itt should be mentioned, that Figure 65 only gives the statistical accuracy. Systematic effects 
mayy be important and indeed it wil l turn out that the ZeroEvent estimator taking into account 
bothh statistical and systematic contributions to the error has the best performance. 

188 Systematic effects 

Beforee embarking on the study of the systematics of the luminosity determination two 
commentss are in order: 

 The determination of the absolute luminosity requires the know ledge of the 
acceptancee of the pile-up detector for the 'known' inelastic cross section. This is 
discussedd at the end of the chapter. Since the acceptance is independent of the 
luminosityy the determination of the relative luminosity, however, (bunch-bunch or 
run-run)) is quite straightforward. The systematics of this relative measurement wil l 
bee discussed. 

 The determination of the luminosity from the number of interactions per bunch 
crossingg is strictly only possible if the 'real' number of interactions is known. 
Migrationn from one class to another due to detector effects form the major cause 
off  systematic uncertainty in the luminosity determination. 

18.11 Mont e Carl o model 

Too study the systematics of the luminosity determination, we performed a MC simulation of 
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thee response o\~ the pile-up detector and algorithm to multiple interaction beam crossings. The 
detectorr simulation was identical to that of Chapter 4 with the exception of multiple scattering 
whichh is not switched on. The working point for the algorithm was that of Chapter 4 and 
correspondss to a single event efficiency of 95(.4 and a double event retention of 1 2C'<. 

Thee latest version of Pythia 6.134 [36] is chosen for the event generation in this study. The 
differencee with version 5.7 which was used for the pile-up trigger performance is minimal. 

Sixx event samples w ith 1 through 6 interactions per crossing were generated using Pythia. A 
samplee w ith zero events was generated separately. In this case there are no interactions visible 
inn the detector except for e.g. beam-gas and elastic interactions and the activity of the detector 
iss the result of noise and other accidentals. In particular, we injected random noise into the 
systemm with a sigma of 3.9 keV (S/N=l 1 ) and requiring a 3G threshold on the amplitude. In 
addition,, we added on average 2 random hits in each detector to allow for background radiation 
tracks.. The Zero Events sample and the six samples with pp interactions, were mixed in 
proportionss corresponding to ten different Poisson probabilities with an average number of 
interactionss per BC varying from 0.1344 to 1.344 with a 0.1344 increment. 

18.22 ZeroEvents estimator 

Forr this analysis we use the distribution of the largest peak (57) of the pile-up algorithm shown 
inn Figure 66. Three separate components can be distinguished in this distribution: a peak at 
smalll  values of 5/, which corresponds to ZeroEvents. a distribution, which is due to accepted 
diffractivee events and a broad (up to SI-50-10) distribution, which is due to inelastic 
interactions.. The diffractive component is hardly distinguishable in Figure 66 but clearly 
presentt when comparing it to Figure 67 where diffraction is switched off. The difference is 
highlightedd by the dashed line in Figure 66. 

Too extract the ZeroEvents component we lit therefore the spectrum of Figure 66. with the 
followingg three contributions: 

1.. A gaussian distribution centered at 57=0 with a width of . 
correspondingg to the Zero Event category. G(). 

2.. A gaussian distribution describing the response to accepted diffractive events. Gn, 

3.. A broad distribution due to inelastic events. From our Monte Carlo study this 
distributionn is well described by a V (Gamma) distribution: 

T(yi.n.b)T(yi.n.b) = (s]y'-ei"'- ]-nh. 

Forr all values of the luminosity this gives a good description of the SI distribution 
off  the inelastic component (see Figures 66 and 67). 

Inn our simulation the shape of the ZeroEvents distribution is calibrated with the sample ot 
ZeroEventsZeroEvents only (200k events). In the LHCb experiment it wil l be possible to determine this 
distributionn from events recorded during unpaired bunch crossings, which occur in 25.6f/c of all 
bunchh crossings. This procedure we call Gircalibration. 

Byy fitting the SI distribution to the sum of these contributions, /f 57): 

./(.SI)) = A()- G'0((). ol] ) + Al)- G/:>(0, ol)) + Al r<|a. n.b) (41) 

wheree G0 is obtained from the G()-calibration. the ZeroEvent component can be obtained as the 
integrall  of A{)  G()(0. Gn). The relative luminosity. \A. is directly extracted from this number 
(A(|)) using ZeroEvents estimator (given in section I 7.2). 

Fromm the above analysis we obtain a value of u. ((^-measured) which can be compared with the 
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Figuree 66: Distribution of largest Figure 67: Distribution of largest 
peakk size. Diffractive events are peak size. Diffractive events are 
roughlyy indicated by dashed line. sw itched off. 
Thee inserted is a blown up part of 
thiss distribution for 0 < Sj < 10. 
Threee lines represent the 
luminositiess (from up to down) 5. 
2.5.. 0.5 x I032 cm"V'. 

inputt value of it (u-generated). The difference between these two values, Au. shows a systematic 
shiftt for these samples when the diffraction is switched on (Figure 68). This shift is due to the 
loww acceptance for diffractive events, see Table 14. which makes it difficult to properly account 
forr the diffractive contributions. This leads to an additional contribution to the ZeroEvents 
samplee (or A0). This additional contribution from diffractive events changes with luminosity. 
Indeed,, if we switch off the diffraction there is no shift at all (see Figure 67. lower curve). The 
relativee shift. A|i/u. decreases with increasing luminosity because the probability of a 
non-acceptedd diffractive event is decreasing faster than for a Zero Event. 

Thiss effect is described by the following formula: 

^oo = Pu + X < W M-) ( 4 2 ) 

""  = i 
wheree p is the estimate of the ZeroEvents probability. Pn are Poisson probabilities to have 
«-interactionss in one BC and a„  is the fraction of such BC's identified as ZeroEvent. 
Extrapolatingg from present data (see review in [42]) indicates that the total cross section can 
consistt of % of elastic and 10-20% of diffractive events (keeping the inelastic part at the 
50-60%% level) '. Pythia 6.134 with default settings gives an inelastic cross section of 55 mb and 

*)Thee large uncertainties in these numbers are mostly coming from the incompatibility of two 
directt measurements at Tevatron energies (\ s= 1.8 TeV) performed by E710 [431 and CDF [44]. 
Thee situation is expected to improve as CDF will repeat the measurements at higher energy 
afterr 2001. 
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Figuree 68: Au./u. the upper curve 
withh diffraction included, the lower 
curvee when the diffraction is off in 
thee event generator. 

Figuree 69: Au/u as a function of ,u 
includingg shift correction. 

elasticc single diffractive 

geometricall  acceptance 0.0% 46.7% 

doublee diffractive inelastic 

55.8%% 99.94% 

Tablee 14: The geometrical acceptance for different event categories is given. The 
geometricall  acceptance is defined as the fraction of events having at least one track in 
bothh wheels of the pileup detector. All digits are significant. Pythia 6.134 is used. 

aa diffractive cross section of 25 mb with a total cross section of 102 mb. The geometrical 
detectorr acceptance for diffractive events is <50r/r (Table 14). therefore, they wil l contribute at 
<127rr level. Indeed, fitting Ap/u with equation 42 we find that single diffractive events are the 
onlyy cause of the shift. The coefficient 2 agrees with our rough estimates. The 
coefficientss a„  for /?>1 are equal to zero within errors. This can be explained by the fact that a 
doublee 'diffractive+inelastic' event wil l be seen by the algorithm as a single inelastic event and 
wil ll  contribute to the inelastic pan of the 57-distribution. From this analysis it follows that we 
cann correct for the shift using equation 42 with only a,*0 (see Figure 69). Terms with ;?>1 may-
startt contributing to the shift at higher luminosities like those foreseen at ATLA S or CMS. 

Anotherr possible source of systematica is due to the G0-calibration. The change in the 
measuredd relative luminosity is shown in Figure 70. The upper/lower curves indicate the shifts 
inn the measured luminosity, induced by a change of the value of G0 up/down by \7r. As the 
calibrationn of o can be done much more precisely and its precision is limited by statistics only 
thiss systematic error wil l be kept well below 1%. It is important to notice that the GO-calibration 
cann be done very precisely for any function describing the first term in (41). 

Inn this analysis we presented only the results using the ZeroEvents estimator for the 
luminosity.. For the other estimators, which rely on the selection of events with a single 
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Figuree 70: The relative shift of the measured luminosity, Au/u. as u function of 
luminosity.. Three different cases illustrate the possible systematic effects due to a poor 
G0-calibration.. The statistical error of 0.1% can be achieved in less than 1 sec. An over-
andd underestimation of 1 % as shown in this plot therefore represents a very pessimistic 
situation.. Diffraction is switched off. 

interactionn (£,) we should use in addition the second peak (S2) distribution. The analysis of 52 
iss more difficult as the efficiency in finding the second peak depends on detector alignment, 
acceptancee and beam position. This makes the correction procedure which relies heavily upon 
thee Monte Carlo simulation much more complex. Because of the complexity of our simulation 
modell  no conclusions can be drawn for other than the ZeroEvents estimator about the level of 
possiblee systematic errors. 

Wee can conclude from this study that the pile-up detector and algorithm can provide a 
measurementt of the relative luminosity. In view of its simple control of systematic effects the 
bestt estimator is the ZeroEvents estimator. The precision of this method is limited mainly by the 
acceptancee of the detector for diffractive events. The shift in A|i/u introduced is -10% but the 
relativee luminosity varies only by -2% over the luminosity range expected for the LHCb 
experiment.. Even with a relatively poor knowledge of the diffractive cross section corrections 
cann be made such that the level of accuracy improves to <1%. 

18.33 Absolute normalization and total cross section measurement 

Inn this section methods are reviewed, which could be used by LHCb to determine the absolute 
normalization.. Interested readers are referred to respective references for details. 

Too determine the absolute luminosity a measurement of the detector constant. kD, is required. 
Itt is given by: 

u.D=L-G-ytD, , 
wheree L is the luminosity, o is the total cross section and (iD is the average event rate observed 
byy the detector. 
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VanVan der Meer method 

Thee van der Meer method [45] was invented and used at the ISR for total cross section 
measurements.. The cross section seen by the detector, o-kl\ is calibrated by separating the 
beamss vertically, and measuring the rate in the detector as a function of the separation. The ISR 
hadd continuous beams, therefore, a one-dimensional scan was sufficient. In contrast, the LHC 
beamm has a bunch structure. This requires at least a scan in two dimensions: perpendicular and 
longitudinal.. It was found [461 that also an additional scan in time is necessary. Due to this 
increasedd complexity' the measurement becomes less reliable. The ATLA S collaboration has 
estimatedd [47] the precision of this method to be at best 8r/r. 

NormalizationNormalization to TOTEM 

Thee TOTEM [42] experiment wil l measure the elastic, diffractive and inelastic cross sections 
eachh with 1-2 ck precision. Angular track distributions will be measured by TOTEM. Tuning 
Montee Carlo distributions (diffractive+inelastic part) to these measurements wil l allow a 
reasonablyy precise determination of k'\ Similar measurements done by CDF and DO suggest 
thatt the normalization precision can be as low as 5-bc/c. The largest systematic effect is due to 
thee uncertainty in the total cross section measurement (see footnote on page 90). The systematic 
errorr from the luminosity detector itself is at the level of <2'/(. 

NormalizationNormalization to known processes 

Inn LEP experiments the cross section for {electromagnetic) Bhaba interactions was measured 
forr luminosity calibration. A 0.1% precision was achieved. 

Inn pp interactions the QCD predictions for particular processes are less precise. There is a 
proposal,, however, of using the W production cross section for normalization. Theoretical 
uncertaintiess of pp-»WW-»ll are at the 1 ch level. Central detectors at the Tevatron and the LHC 
intendd to use this process for luminosity calibrations [471. 

Duee to the large mass of the W the acceptance of LHCb for this process is small thus reducing 
itss usefulness. Inclusive bb-production (pp—>bb^J|a) which also has a ~ I <7r theoretical 
uncertaintyy could provide an alternative for LHCb. The acceptance for this process is large 
whilee the experiment has an efficient double muon trigger to select these events. This makes this 
processs a very promising one for absolute cross section normalization at LHCb. 

AA potentially large source of systematica in absolute luminosity measurements is the data 
acquisition.. Because of the fixed bandwidth of the Level-0 trigger f 1 MHz), the non-linear 
dependencee of the trigger acceptance on the p,-cuts and fluctuations at the bunch-bunch level of 
upp to l()7f ** ' the event loss is also a non-linear function of both the average luminosity and the 
fluctuationsfluctuations with respect to its average value. It is estimated that neglecting the above mentioned 
fluctuationss may lead to a systematic shift in the measured absolute luminosity value which 
variess from 27c to 59c within the LHCb luminosity range (<5'I(F- cm :s '). The length of 
readoutt buffers and their readout speed are estimated to cause a \9< loss of events. These 
systematicc effects wil l be corrected for in the normalization procedure. 

:|:)Thee van der Meer method only uses a ID convolution integral, while the LHC will require a 
3D-con\olutionn integral. 

**)Thi ss \alue is observed at other hadron accelerators like the Tevatron and HHRA. The 
fluctuationsfluctuations are due to injectors. 

Systematicc effects 93 3 

file:///alue


Thee pile-up detector  as a luminosity monitor 

199 Summary 

Thee pileup detector can serve not only as a device for triggering on single interaction events, 
butt also as a luminosity monitor. We estimate that the precision in determining the relative 
luminosityy (event rate) is about 0.57c. This precision can be achieved at the single bunch 
crossingg level after 20 seconds of data collection assuming 2652 BC"s at IPS. 

Severall  estimators of the luminosity have been considered. The best estimator from a 
statisticall  point of view uses all classes of interaction multiplicities (FullSample). In real 
experimentall  conditions, however, the Zero Events estimator gives the most reliable 
measurement.. The analysis strategy for this sample was explained in detail. It was shown that 
thee variation of the measured luminosity value does not exceed 27c. while after correction this 
variationn can be kept at 0.57c. Various experimental effects can be accounted for by the 
GVcalibration. . 

Thee low acceptance of diffractive events causes the most important bias in the relative and 
absolutee luminosity measurements. We show that using simple assumptions it can be properly 
accountedd for and allows this systematic error to be kept below 0.57c Systematic effects due to 
thee trigger and data acquisition will cause shifts from 2-59r. These can be taken into account by 
thee normalization procedure. 

Thee possible determination of the absolute luminosity is discussed. Experience of CDF and 
DOO suggests that the measurement of the absolute luminosity can be done with 5-6% precision 
andd better. 
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