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Abstract 

The studies reported in this volume extend some of those made during the Workshop on 

Physics at Future Accelerators held at La Thuile and CERN in January 1987 (CERN 87-07, 

Vol. 1 and 2). They consider the feasibility of performing experiments with a 16 TeV proton-

proton collider, the Large Hadron Collider (LHC), at luminosities as high as 5.10 3 4 c m _ 2 s _ 1 . 

To illustrate the difficulties and the extent to which the potential for discovery at the LHC 

might be improved by such a step, three specific topics were chosen: searches for a) a massive 

Higgs boson, b) SUSY gluinos and squarks, and c) a new Z'. 

Following the Summary Report of the High Luminosity Study Group are papers discussing 

a possible detector system, radiation levels, and the analyses leading to estimated mass-limits 

for the searches. 
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1. Introduction 

The Long Range Planning Committee (LRPC), set up under the chairmanship of C. Rubbia 

by the CERN Council to advise on the long-term scientific future of the organisation, considered 

two possible particle-collider options for the period beyond LEP. One is a proton-proton collider 

of center of mass energy ~16 TeV placed in the LEP tunnel, the Large Hadron Collider (LHC); 

the other is an electron-positron linear-collider of beam energy 1 TeV, the CERN Linear Collider 

(CLIC). Both would bring constituent collisions of centre of mass energy ~1 TeV within range 

of experiments. However, as the LRPC pointed out in its report to Council [1], whereas the 

constituent collision centre of mass energy, v l , is denned by the beam energy for an e + e -

collider (with some broadening due to beamstrahlung) the effective energy reach of a proton-

proton collider is about an order of magnitude less than the sum of the proton beam energies 

and is determined both by the proton energy and the luminosity. Thus, in particular, the 

lower y/s ~16 TeV of the LHC compared to the 40 TeV Super-conducting Super Collider 

(SSC) awaiting Congressional approval in the USA for its construction, could in principle be 

compensated at least partially by operating the LHC at higher luminosity. 

The comparison is not, of course, quite as simple for two important reasons: 

(i) for particles or processes occuring near the limit of detectability, since signal cross 

sections generally increase faster with y/spp than those of background processes, there 

is an advantage to operation at higher energy; 
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(ii) the nominal design luminosity of 1 0 3 3 c m _ 2 s - 1 , for both LHC and SSC, is already an 

order of magnitude above the level at which experiments have—with some difficulty— 

been carried out at the CERN ISR and so the technical problems of operating at still 

higher luminosities may force compromises severely limiting the nature and quality 

of the information which can be obtained, reducing signal/background and, in the 

extreme, possibly limiting observation to multi-muon events only. 

Needless to say, although it appears easier to obtain luminosities above 1 0 3 3 c m _ 2 s _ 1 at the 

LHC than at the SSC (on the current design of the SSC) there is no reason why a luminosity 

~ 1 0 3 4 c m - 2 s - 1 should not be attainable at the SSC eventually. 

Following discussion of these topics at the LRPC, and at the CERN Scientific Policy Com

mittee, it was decided to extend some of the studies performed at the La Thuile Workshop [2] to 

examine the feasibility of hadron collider experiments at luminosities greater than 1 0 3 3 c m - 2 s _ 1 , 

and the possible gain in the effective physics reach at the LIIC's 16 TeV. 

The 'High Luminosity Group' met several times in the latter half of 1987 and a preliminary 

report was made to C. Rubbia in December 1987. The final report of the Group is accompanied 

in this volume by contributions from the members giving more complete information on the 

studies carried out. We do not of course wish to pretend that this is in any way a definitive 

investigation of the possibility of high luminosity experiments, indeed many crucial questions 

of experimental technique cannot yet be answered; a long and arduous programme of detec

tor R&D lies before those who would wish to exploit the full potential of future multi-TeV 

hadron colliders. One may ask whether a better balance of resources between the demands of 

construction and the needs to advance detector technology is desirable. 

2. Scope of the Studies. 

To illustrate the possibilities and the difficulties of experiments at high luminosity three 

physics topics were selected for study: detection of a massive Higgs; a search for evidence of the 

production of SUSY gluinos and squarks; and a search for a 'minimal superstring' Z' decaying 

to 2 leptons. 

The LHC parameters [1,3] allow a luminosity of 1.8.10 3 4 cm~ 2 s _ 1 to be reached at a bunch-

crossing frequency of 1 per 15 ns; however, for the purposes of this study, the more extreme 

limit of 5 . 1 0 3 4 c m - 2 s - 1 at 5 ns bunch spacing has been considered. One of the consequences of 
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operation at increasingly high luminosity is a rise in the mean number of interactions, < n >, 

occuring in each crossing of the bunches: 

< n > = La At 

where a is the cross section for interaction and Ai the time between crossings. If the cross 

section for inelastic interactions producing a trigger is taken to be ~60 mb (out of a total cross 

section of 100 mb at 16 TeV) then for the nominal LIIC operating parameters of 1 0 3 3 c m _ 2 s _ 1 

luminosity and 25 ns for At, < n > ~ 1.5. At LIIC At can be varied in steps of 5 ns down 

to 5ns, corresponding to a minimum of about 15 inelastic interactions* on average per bunch 

crossing {i.e. within 0.2 ns) at a luminosity of 5 .10 3 4 cm - 2 s~ 1 ; the overall event rate is then 

about 3.109 Hz. 

Under such conditions a 'general purpose' detector would appear to be totally unrealis

tic. On the other hand, to restrict consideration only to multi-muon detection would be too 

pessimistic, and so it was decided to base the studies on a detector using high-granularity 

calorimetry with electron as well as muon identification. Tracking and vertex detection have 

not been required, although during the studies some new ideas on tracking have been developed. 

The following sections summarize the investigations and the main conclusions reached. 

3 . D e t e c t o r s for H i g h Luminos i ty . 

The detector system considered in these studies is designed to measure jet energy-flow and 

to identify muons and isolated electrons. It is without a central magnetic field and tracking, 

and is a variation on the 'Non-magnetic detector' considered at the Workshop on Experiments 

at the SSC held at Berkeley [4]. The main features are illustrated in Figure 1. 

3.1. Calorimeter. 

In the region of pseudo-rapidity | ?; | ^ 3 energy-flow is measured with a high granularity, 

6T] x 6<j> = 0.05 X 0.05, calorimeter using materials such as Pb/TMS or U/Liq Ar for radiation 

hardness. A bipolar pulse-shaping [5] of the signals is required to minimize the effects of pile-up 

of events from many bunch crossings. To reduce the pulse-shaping time to ~100ns it will be 

necessary to place the pre-amplifier electronics inside the calorimeter in regions subject to high 

* In some of the studies reported later the more extreme figure of 25 interactions has been 

used, corresponding to the total cross section. 
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';u Trigger hodoscope 

Figure 1. Conceptual design of 'non-magnetic' detector system. Calorimeter coverage for 

3 < | TJ |< 5 is not essential for luminosity > 1 0 3 3 c m - 2 s - 1 . 

radiation levels generated by the interacting beams. Estimates [6] of the yearly integrated dose 

rate within a calorimeter similar in size and shape to the one considered, range to values as 

high as 35 Mrad/year near | r\ |~ 3 for luminosity ~ 5.10 3 4 c m - 2 s - 1 . The rates are very 

dependent on rapidity, distance from the interaction, and on depth within the calorimeter. 

The overall shape of the calorimeter, its composition, and especially the siting within it of the 

electronics will be critical factors in design to minimize the effects of radiation damage*. The 

requirements of radiation hardness for the read-out electronics is going to be one of the most 

difficult specifications to achieve, however the technology is developing fast under pressure from 

other potential users. 

In the physics studies outlined below, calorimeter coverage of the forward region, 3 <| rj | 

<; 5, is found to be crucial only for the tagging of quark-jets associated with Higgs production 

by WLWL fusion. However, the background arising from other events occuring in the same 

bunch-crossing limits the usefulness of this approach to luminosities ~ 1 0 3 3 c m _ 2 s _ 1 . At this 

luminosity the radiation level at | r\ |~ 5 is about lOMrad/year, of the same order as will be 

experienced at | r\ |~ 3 for luminosity 5 . 1 0 3 4 c m - 2 s - 1 . 

* Much greater damage may occur during beam-steering and so detectors should perhaps be 

designed to allow withdrawal of central and forward sectors during machine setting-up. 
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Bipolar shaping of the calorimeter signals means that the pile-up of events from many 

bunch-crossings—both before and after the trigger event—results in no average energy shift, 

only a broadening of the pedestal level. This broadening effect has been studied. It depends 

on the ratio of the shaping-time to the average time between events and with a shaping time 

of 100ns at luminosity 5 . 1 0 3 4 c m _ 2 s - 1 is typically 0.5 GeV for a calorimeter cell, and 5 to 10 

GeV for a calorimeter segment large enough to accept a jet. The electronic noise arising from 

the shaping is probably somewhat lower. The combined effect of pile-up and electronic noise is 

negligible compared with the width of the Iliggs, and the very large values of missing-ET and 

jet energy relevant to a search for massive SUSY particles. 

A more complete account of the calorimeter performance is to be found in following papers 

[7,8]. 

3.2. Electron Identification. 

For identification of isolated electrons it is proposed to rely on separation of purely electro

magnetic showers from hadronic jets in the fine-grained calorimeter together with information 

from an inner transition-radiation detector (TRD). The TRD follows the suggestion of Dolgo-

shein [9] in having a large number of closely packed radiator and proportional chamber (PC) 

modules, and using the cluster-counting technique to allow use of simple and fast read-out 

electronics. 

The starting point is an identified electromagnetic shower in the calorimeter. Using infor

mation on the longitudinal as well as lateral development of the shower a hadron rejection of 

100 to 1000 can be achieved with 95% electron efficiency. The calorimeter is also assumed able 

to define with adequate precision the direction of the shower and thus a 'road' through the TRD 

pointing back to the electron origin. This road is then searched for a transition-radiation signal. 

The principal task of the TRD is to reject hadrons, especially the relatively low energy charged 

pions which, in spatial coincidence with an energetic neutral pion, form the predominant source 

of background for electron identification. The optimisation of the TRD is therefore carried out 

with this purpose; in effect, it replaces one function of a central magnetic field. 

The TRD proposed consists of 30 (radiator + PC) modules, the radiator units being 1cm 

thick and the PCs about 3mm (Figure 2). The PCs are in the form of straw-chambers with 

30/im thick resistive walls and with cathode strips to provide a 2-dimensional read-out, with 

2mmx4mm resolution, necessary to minimize accidental coincidences when there are about 100 
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Figare 2, One of 30 modales composing the Transition Radiation Detector. 

overlapping events within the PC drift time at luminosity 5.10Mcm" 2s~ 1. The use of straw-

chambers provides robustness against IIV break-down and broken wires, and avoids heavy 

chamber-support frames within the calorimeter. The chamber-current and yearly accumulated 

charge on the wires are large but appear acceptable even at 5.1û 3 4e«ï~ 2s - î , although this 

and other" features of the performance—including the feasibility of the 2D read-out—require 

experimental demonstration, 

The TED, with the performance outlined here and as described in more detail in a follow

ing paper flu], woald contribute an additional hadron-rejection factor of <v 1Q3 or better to the 

electron identification power of the calorimeter even with ~100 overlapping events. The radia

tion problem for the TM> electronics is similar to that of the calorimeter, and it is envisaged 

only to cover the central region, | if | £ 3. " 



3.3. Muon identification. 

The design of the muon detector has been taken from the Berkeley SSC Detector Workshop 

[4], with no consideration given to any improvement in performance. It consists of a 3m thick

ness of toroidally magnetised iron with interleaved proportional-chamber layers giving lOO t̂m 

spatial resolution. The iron is followed by a large lever arm for precision angle measurement to 

give a momentum resolution varying from 8% at 0.2 TeV/c to 50% at 5 TeV/c. 

3.4. Triggering. 

Major problems have to be solved in almost all aspects of detector technique before a 

system such as the one outlined here could be successfully operated under the conditions of 

5 .10 3 4 cm _ 2 s~ 1 luminosity, and triggering is no exception. On the other hand, this is also an 

area in which other pressures exist to push rapid development. Indeed, considering only the 

shortness of the bunch-crossing interval, the designers of the HERA detectors are already having 

to introduce 'pipe-lining' of the data signals to cope with HERA's 96ns, 'only' four times greater 

than the 25ns which is the standard design figure for LHC at 1 0 3 3 c m _ 2 s - 1 . 

When designing a trigger system for LHC, it is important to match the performance of the 

system to the physics goals. High thresholds can always compensate for the increase in trigger 

rate, due to the increase in luminosity, and for the uncertainty in the trigger cuts. As long as 

the hardware trigger does not cut into the physics, rather crude triggers can be used even at 

high luminosity. 

The first level electron trigger rate at luminosity 1 0 3 3 c m - 2 s - 1 was estimated at La Thuile 

to be 104 s - 1 at a nominal threshold of 16 GeV transverse energy. One should not expect to gain 

significant reductions in the final trigger rate by applying more refined leakage and cluster-size 

cuts on electron triggers as very strong cuts were already used to reach this rate. Since "all" 

electron events come from jets fragmenting into one or a few highly energetic neutral pions, one 

may estimate the increase in nominal trigger threshold necessary to reduce the rate by a factor 

50. The inclusive jet cross section can be approximated by a pf6 distribution, suggesting that 

an increase of the e/7 threshold from 16 GeV to 35 GeV will bring the rate back to 1 0 4 s - 1 . 

All the physics discussed in this paper will emerge from events showing invariant masses 

in excess of 0.3 TeV/c 2 , for which the background rate is rather modest. If muons and isolated 

electrons are required to have Py > 50 GeV/c, and missing transverse energies are to be 

greater than ~ 200 GeV, precise event-timing would not be essential. A first level analogue 
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trigger capable of operating without dead-time at luminosity 5 . 1 0 3 4 c m - 2 s - 1 would then seem 

to be feasible. This trigger system could follow the main lines of that proposed at La Thuile 

[11], replacing the analog integration over 25ns which precedes the discriminators with direct 

AC signals from the calorimeter preamplifiers. 

If, on the other hand, combinatorial effects become a problem—which could be the case 

considering the low rate of signal events, or if low mass phenomena with low cross sections 

become important—a more complex trigger might be required. One approach to such a high 

performance trigger is outlined in an accompanying paper [12]. 

3.5. Detector performance assumed. 

In summary, the physics studies which follow assume the feasibility of a detector system 

capable of the performance summarized below at a luminosity ~ 5 . 1 0 3 4 c m - 2 s - 1 with inter-

bunch spacing of 5ns, at yfs ~ 16 TeV. There is no central tracking or vertex detector and no 

central magnetic field. The design is based on a high resolution, high granularity calorimeter for 

energy-flow measurement in jets and the identification, in conjunction with a TRD, of isolated 

electrons. This is surrounded by a conventional muon detector employing toroidally magnetised 

iron. 

Calorimeter - granularity 6i] X £</> = 0.05 X 0.05 for | 77 | £ 3 ; Srj X ë<j> = 1.0 X 0.05 

for 3 < | 77 I £ 5 (for luminosity <; 1 0 3 3 c m _ 2 s _ 1 ) . 

^ ~ 10%/VË + 1% for e/7. 

*§ ~ 50%/VË + 5% for hadrons. 

Muons -S ~ 8% at momentum 0.2 TeV/c rising to 50% for muons of 

momentum 5 TeV/c 

Electrons Isolated elections identified by calorimeter + TRD 

for pT £ 50 GeV/c and | 7? | £ 3. 

4. D e t e c t i o n of a mass ive Higgs . 

The detection of a massive Higgs, mu > 0.2 TeV/c 2 , at a hadron collider was a major topic 

of study at the La Thuile Workshop [13,14]. The processes which emerged from that analysis 

as being the most favourable for recognition of a Higgs signal were: 
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H _ zz -> i+ri+r (i) 

-» l+rifû (2) 

/ / -» WW —• lujj+ tagged qq. (3) 

For a massive Higgs the main problems are the broadening width 

r(J5T) ~ hî% (in TeV), 

and decreasing signal/background as the mass increases. For channels (1) and (2) the dominant 

background is the ZZ continuum. Several aspects of the Higgs search have been re-examined 

for the present study [15]. 

Of the channels considered here only case (1) can give rise to a peak in a mass distribution, 

however at La Thuile the upper limit of detectability for these 'gold plated' events was set at a 

mass of only 0.3 TeV/c 2 , mainly because of the low number of events expected in a 'standard 

year' of running at luminosity 1 0 3 3 c m - 2 s - 1 (10fb _ ). For a conservative assessment of the 

improvement in reach obtained by operation at luminosity 5 . 1 0 3 4 c m - 2 s - 1 we first consider 

[16] only the ( / t + / / _ / i + ^ _ ) channel, using a dedicated multi-muon 'beam-dump' detector. The 

penalty in rate, coupled with broadening of the Higgs, results in a limit at rajj ^ 0.7 TeV/c 2 . 

However, with the detector system outlined above, electron identification should allow all lepton 

channels to be identified, increasing the number of events by a factor of 4 (with the same 

signal/background) and permitting an increase in the detectable mass. However, the rapidly 

broadening Higgs width, coupled with uncertainties in the shape of the ZZ-background, make 

it very difficult to establish the existence of a Higgs of mass greater than ~0.8 TeV/c 2 (figure 

3). For masses rising beyond ~ 0.8 TeV/c 2 , the benefit obtained from higher numbers of events 

is an increasingly slow advance in detectable mass; the main advantage of electron detection is 

probably to enhance the detectability at less extreme values of luminosity. 

Channel (2), UvP, is useful because of the high branching ratio (18%) of Z —* vv. However 

the total Higgs mass cannot be reconstructed and in a distribution of the // transverse momen

tum the signal appears as a broad shoulder on a ZZ continuum background the exact shape 

of which is not easily measurable, in the presence of a wide Higgs. As shown at La Thuile [14], 

the upper limit is mj? ^ 0.6 TeV/c 2 for a year at luminosity 10 3 3 cm~ 2 s~, and in view of the 

above mentioned difficulties it is not thought that higher luminosity will substantially increase 

the Higgs reach in this channel. 
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Figure 3. Distribution of 4 / ± invariant mass. 

At La Thuile the most favourable limit on m H was found to be obtained via channel (3), 

WW —• lujj, provided the TVW-fusion process, dominant for high values of m # , can be 

identified by tagging the two TV-radiating quarks emerging with pr ~ Mw- Without quark 

tagging the H -* WW signal would be swamped by (W —*• lu) + jj background* about two 

orders of magnitude larger. In view of the attractiveness of this approach, further studies of 

its feasibility have been made. An analysis of the QCD background from (W + 4 jet) events, 

performed by R. Kleiss and W.J. Stirling [17] and further discussed by W.J. Stirling [18] leads 

to the selection procedure and results summarised in Table 1 for two values of the Higgs mass. 

Although the ratio of signal to background can be improved by about two orders of magnitude 

* If the top quark mass were to be greater than mw, tt production through gg fusion would 

generate another source of background of similar magnitude through the decay tt —• WbWb. 

Quark-tagging would reduce this background also, but no quantitative studies of the effect have 

been made in this case. 
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by tagging the radiating quarks, both signal and background are reduced by large factors— 

signal from 300 to 54, and background from ~ 104 to 190 at MH ~ 0.9 TeV/c 2 with the 

'loose cuts'—so that uncertainties in the background estimates could lead to a less favourable 

signal/background ratio. 

Furthermore, a possibly important source of background to the tagging is 'spill-in' from 

forward fragmentation-jets into the | rj |< 5 region. With about one interaction per bunch-

crossing, at luminosity 1 0 3 3 c m ~ 2 s _ 1 , this additional source of background is not expected to 

alter the conclusions to be drawn from Table 1. But the probability that two fake tag-jets will 

accompany a (W —• Iv) -f jj event becomes very rapidly larger as the luminosity, and hence 

the number of overlapping events per bunch-crossing, is increased. A better understanding of 

this background and its possible magnitude is obviously needed, however the present conclusion 

is that quark-tagging of the / / —»• WW —> lis + jj mode is probably confined to operation at 

luminosities ~ 1 0 3 3 c m - 2 s - 1 at y/s ~ 16 TeV, with a reach of about 0.8 TeV/c 2 in Higgs mass. 

The difficulties due to spill-in from forward-fragmentation jets, and high radiation levels, may 

well become worse for the application of this method at the more forward angles associated 

with substantially higher values of yfs. 

Table 1 

Higgs Signal and (W + 4 jet) Background 

Integrated Luminosity 10 f b _ 1 

Total Selection of tagged jets 

Mass 

T e V / c 2 

Events/year 

signal bkd 

Tight Cut* 

signal bkd 

Loose Cut* 

signal bkd 

0.5 

0.9 

10 3 ~ 105 

300 ~ 104 

31 18 

14 10 

119 287 

54 190 

* Tight cut: tagged jets 3 < | r? |< 5 and E3; > 1 TeV. 

Loose cut: tagged jets 2 < | 771< 5 and Ej > 0.5 TeV. 

A Higgs of mass approaching 1 TeV/c 2 will not be easily established, good signals will need 

to be seen in more than one channel. At the LUC the possibility of detecting the four (charged) 

lepton channel at luminosities up to 5.103'1 c m - 2 s _ 1 would be an important complement to 
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the quark-tagging method employed at ~ 10 3 3 cm" 2 s _ 1 in the search for a Higgs of mass up 

to ~ 0.8 TeV/c 2 . Above this mass the increasing width of the Higgs makes the task rapidly 

harder. 

5. SUSY gluinos and squarks. 

As at La Thuile [19], the production processes considered are pp —»• qq + X and gg + X, and 

the decay modes q —• #7, g —» qqï, leading to event topologies characterized by high energy jets 

and large missing transverse energy, E^ . These decay modes are chosen not because they are 

the most likely—indeed they may well not be [20]—but because they provide a simply defined 

benchmark of detectability. The main backgrounds are QCD production of heavy qq pairs, 

especially tt, and W —> lu and Z —• vv which dominate for Ejf > 500 GeV; the it component 

is independent of 2-quark mass for E% > 800 GeV. Procedures developed at La Thuile [21] 

enabled q and g signals to be recognised at the LHC in the presence of these backgrounds for 

masses up to ~1 TeV/c 2 at luminosity 1 0 3 3 c m - 2 s _ 1 . The approach adopted in the present 

studies [22] is to see if similar procedures would be effective in extending the reach in the more 

hostile environment of 5 . 1 0 3 4 c m _ 2 s - 1 . 

As the motive of high luminosity operation is to improve sensitivity to high masses the 

simulations have been performed for masses 1 TeV/c 2 and 2 TeV/c 2 , with the assumptions 

rriq » m.g in the case of the g search and vice versa for the q. The effect of many events per 

bunch crossing has been modelled by superposing on pp -+ gg + X events a Poisson distribution 

of overlapping events with < n >= 25, each containing a pair of 'mini jets' in the range 10 

GeV/c < PT < 100 GeV/c. The gluino case has been chosen to test the effect of background 

event superposition because the gluino signal is rather more difficult to recognise, and subject 

to a greater background level, than the squark signal. The La Thuile selection criteria were 

applied to ISAJET Monte Carlo generated data and the cuts 'tuned' to reproduce as closely as 

possible the topoligical characteristics of the unadulterated gluino-production events. Table 2 

and figure 4 show the results of applying the following selections: 

i) remove all events with a muon or isolated electron with PT > 50 GeV/c; 

ii) select missing transverse energy, E™ > 800 GeV; 

iii) select E1^ > 250 GeV, where Ej, is contained 

within AR = (A0 2 + A T / 2 ) 1 / 2 = 0.5 

iv) a) number of jets, Nj > 3 

circularity, C > 0.25 
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Table 2 

Event Rates for Squark and Gluino Search 

for Total Integrated Luminosity of 500 f b - 1 

and E$? > 800 GeV* 

(a) Ns > 3 

C > 0.25 

La Thuile New Cuts 

QCD (mt = 40 GeV/c 2) 

Backgrounds Z —>• vv 

W-*TV 

Total bkgr. 

500±250 

100±50 

100±50 

750±250 

655 

80 

70 

810 

m(g) 1.0 TeV/c 2 

Signals 2.0 

m(q) 1.0 

2.0 

8000±1450 

250±50 

6980±1050 

425±50 

6660 

335 

8300 

495 

(b) Nj = 2 

M i i » i 2 ) < 1 3 0 ° 

La Thuile New Cuts 

QCD (m, = 40 GeV/c 2) 

Backgrounds Z —* vv 

W -*lv 

Total bkgr. 

750±300 

3000±300 

1450±200 

5150±450 

1235 

• 2830 

1195 

5775 

m(g) 1.0 TeV/c 2 

Signals 2.0 

m(q) 1.0 

2.0 

11100±1800 

105±15 

28250±2200 

1750±100 

12150 

105 

25960 

1850 

* For other selection cuts see text, and R. Batley et al [22]. 
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Figure 4. Distribution of measured missing transverse energy for squark (dashed histogram) 

and gluino (solid histogram) production and for background (points with error bars) 

after final high luminosity selection cuts. A squark or gluino mass of 1 TeV/c 2 is 

assumed. The selection cuts are Eft1 > 250 GeV and (a) C > 0.25, Niet > 3; (b) 

A</>12 < 130°, iV j e t = 2. 

b) Nj = 2 

A0(jet l , je t 2)<130°. 

It is remarkable that these selections would allow the SUSY signals to be recognised even in 

the presence of the overlapping events. This encouraging result is due to the very characteristic 

signatures of a massive gluino or squark, in particular the large missing transverse energy, 

Erj?. However it is essential to have good coverage in | 77 | to reduce the effect of 'fake Elj?' 

caused by losses through the forward apertures of the detector. For the analysis presented 

here, calorimeter coverage was assumed up to | rj |~ 5, however (see figure 5) this instrumental 

contribution to E%? is negligible for Ef > 200 GeV at a y/s of 16 TeV for | TJ |> 3. Thus, with 

the final cut of Ej? > 800 GeV, as suggested here, coverage extending to | 77 |~ 3 should be 

adequate. This would not be the case at substantially higher values of y/s. 

Given this model for g and q production and decay, and with the yields shown in Table 2, 

a reach of 2 TeV/c 2 in mass at luminosity 5 . 1 0 3 4 c m _ 2 s _ 1 seems achievable at the LHC. The 
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500 

aper-

signal/background can be improved, for g or q masses of 2 TeV/c 2 , by increasing the cut on 

Eij? to 1.2 TeV when in case (a), for example, the estimated background becomes 25 for a g 

signal of about 100, and a q signal ~ 35 [22]. The ratio assumed for g and q masses is rather 

pessimistic for the production cross sections, and the gq channel has not been counted; on the 

other hand, the branching-ratios for the decays assumed may be substantially less than one. 

6. A 'superstring' Z'. 

The decay channels Z' —>• fi+n~ and e + e~ have been considered. Assuming a (/t/t)-

mass resolution of AM/M ~10% a Z' signal should be clearly identifiable with little or no 

background. The resolution would be much better in the e + e _ case, and measurement of the 

width may be possible. Using a cross section dependence on mass and y/s calculated on a 

'minimal superstring' model [23] the reach in Z' mass at LHC for 2 event/year, is about 4 TeV 

at L = 1 0 3 3 c m _ 2 s - 1 and rises to ~ 6 TeV at L = 5 . 10 3 4 cm- 2 s _ 1 . 

7. Summary and Conclusions. 

It is clearly not possible in this report to show proof of detector feasibility for operation at 

luminosities as high as 5.10 3 4 c m - 2 s - 1 . A major effort of R&D is required even to establish 
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beyond question the possibility of experiments at the nominal LHC luminosity of 1 0 3 3 c m - 2 s - 1 . 

If any one factor is to be identified as a major source of concern it is radiation damage. Even 

at luminosity 10 3 3 c m - 2 s _ 1 it must now be a dominant consideration in detector design, and 

much greater effort needs to be applied to the search for radiation hard materials and, especially, 

electronic devices. But it is also true to say that the studies have not revealed any 'in principle' 

barriers and, indeed, in many respects are an illustration that when the 'impossible' is faced 

it often appears not so far beyond reach. For example, although particle tracking information 

has been assumed not to be available at the ultra high luminosities considered here, ideas for 

coping with these extreme conditions have been put forward [24,25]. 

The non-magnetic detector system outlined in section 3 would provide the basic information 

necessary to obtain the data required for the Higgs, SUSY and Z' searches described. The 

results of these studies are remarkably encouraging for the possibility of realising a significant 

extension of the LHC's reach in some important areas of exploratory physics by operating at 

ultra-high luminosity, despite the presence of many overlapping events. 

Estimated 'discovery limits' for luminosity 1 0 3 3 c m ~ 2 s - 1 and 5 . 1 0 3 4 c m _ 2 s _ 1 are listed in 

Table 3. Including the higher luminosity case, they bear comparison with limits obtained under 

similar assumptions for yfs ~ 40 TeV and luminosity 1 0 3 3 c m _ 2 s _ 1 [26]. 

Table 3 

Discovery Limits ( T e V / c 2 ) 

Physics Luminosity (cm 2 s 1 ) 

10 3 3 5.10 3 4 

Higgs H ->ZZ -> p+fi-p+p- - 0.7 

-> l+l-l+l- 0.3 0.8 

- 1+l-uP 0.6 0.6 

ff _» WW -+ Ivjj + çgtag 0.8 X 

SUSY g —* ç<77 1 2 

9-+ 97 1 2 

Super-string Z' —• fi+fi~, e + e " 4 6 
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CALORIMETRIC SPECTROSCOPY AT ULTRA-HIGH LUMINOSITIES 

C.W. Fabjan, 
CERN, 
Geneva, Switzerland 

1. INTRODUCTION 
This note summarizes conceptually the relation between achievable energy resolution in 

calorimeters and the luminosity of a hadron collider. We consider in particular the 
consequences of 'pile-up' of many 'minimum-bias' interactions during the time a calorimeter is 
sensitive, i.e. while it is measuring an energetic event of interest. 

Previously, such a conceptual study was carried out for the SSC environment with 
luminosities of L = 10 3 3 c m - 2 s _ 1 [ 1 , 2], which corresponds to about 7.5 x 10 7 inelastic, 
non-diffractive collisions per second and to an effective separation between collisions of 
13.3 ns. At the highest LHC luminosities contemplated at present, L « 5 x 10 3 4 cm"" 2 s _ 1 , the 
machine would produce 1 5 inelastic collisions per bunch crossing every 5 ns. For detector 
systems with integration times tint • 5 ns, as considered here, we approximate this 
LHC-collision environment with an 'effective' collision rate of 3 x 10 9 inelastic collisions per 
second. The following discussion applies specifically to devices with 'ionization chamber' 
readout, independent of their precise layout around the colliding-beam interaction region. One 
of the examples studied in some detail is shown in Fig. 1 [3]. 

":\i Trigger hodoscope 

Fig. 1 Conceptual layout of the compact calorimeter detector studied during the La Thuile 
Workshop [3]. 

2. SIGNAL PROCESSING 
The key to high-rate operation is the choice of bipolar-pulse shaping [4, 5], such that the 

pile-up of several events within the sensitive time of the detector does not on average produce 
a net shift in the measurement of a large signal. 
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Assume that the high-rate background events occur at a rate of n per second and are 

characterized by an energy spectrum f(E) and average energy Et,. Assume further (for 

simplicity) a triangular, bipolar-pulse shaping with a weighting function w(E) and a total length 

X, resulting in an output response v o u t( t). Under these conditions, the average value for the 

signal of interest with energy Es remains unchanged, independent of the value of n, but will be 

broadened by the 'pile-up' variance 

00 +0O 

<XpiIe-up = J f (E) E 2 d E f [Vout ( t ) ] 2 d t 

and given approximately by: 

ffpile-up œ Eb JnX/3 . 

Thus the range of acceptable values of the product (nX) will obviously depend on the ratio 

of Es/Eb. Very rare events, characterized by a very large energy deposit, will be adequately 

measured, even in the cases of (nX) > 10 2 to ~ 10 3 , provided that Es is adequately large 

compared to the pile-up noise. 

For a more quantitative statement I use the results of two simulations [ 1 , 2], based on an 

ISAJET characterization of pp collisions at V¥ = 40 TeV. Events in these simulations included 

both a minimum bias and a minijet component, but no attempt was made to evaluate the 

consequences of calorimeter trigger thresholds on the measurement ('trigger bias'). 

The two independent simulations are consistent with each other and I extract the 

following results for the following set of parameters 

tower size A0 x Arj = 0.06 x 0.06 

shaping time X = 400 ns 

interaction rate n = 1 0 8 s _ l 

pile-up noise 130 MeV . 

The result is quoted for y = 0. The transverse-energy component of this noise oîpiie-up ' s 

approximately y-independent in the range |y| < 4. A closely comparable result has been 

obtained in a more recent study by Cox [6]. 

Note also that the particular value of X (400 ns) was chosen in order to be consistent with 

the HELIOS U/LAr calorimeter, the fastest ionization calorimeter constructed to date [5, 71. 

The signal processing for this calorimeter uses a weighting function with X = 300 ns; 

convolution with the signal current induced across the 2.5 mm LAr gap results in an output 

response of X = 500 ns. The response of the electrode-preamplifier combination alone is 

characterized by X « 200 ns. Figure 2 is drawn on the basis of these results and the scaling 

laws: 

ffpile-up ~ (nX) 

ffpiie-up « (active calorimeter area) 1 / 2 . 

As an example, we consider high-px jet spectroscopy, for which an acceptance of 

AÎÎ « 1 sr will be required. With present state-of-the-art calorimetry (X = 200 ns) and 

interaction rates of n = 10 8 s " ' , the pile-up noise is estimated to be as small as opiie-up = 
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Fig. 2 Estimates (solid lines) of pile-up noise (left ordinate) as a function of the product of 
shaping time X and the collision rate n (bottom abscissa), for two different sensitive areas. It is 
compared with the typical electronic noise (as realized in the HELIOS U/LAr calorimeter) 
(dashed lines) as a function of the signal shaping time X (right-hand ordinate and top abscissa). 

1.E) GeV. For jet physics at the multi-hundred GeV scale, this is surely an acceptable, 

additional noise source. These results indicate that, even at the highest luminosities 

contemplated at present for the LHC, and assuming that shaping times could be reduced to 

X == 100 ns, the event pile-up noise i n A Q » 1 sr is approximately 

ffpile u p ( n - 3 x 1 0 9 s _ I , X = 10~ 7s) « 7GeV, 

still sufficiently low not to have an appreciable impact on the very high-mass physics 

programme: there appears to be no fundamental limitation to adequate calorimeter 

spectroscopy, even at the highest luminosities considered. One must however insist on the 

many operational problems (triggering and trigger bias, very low physics rates compared to the 

collision rate) and technical problems (calorimeter construction, radiation damage to 

electronics), which require the most careful attention. 

3. IMPLICATIONS FOR CALORIMETER DESIGN 

We briefly summarize technical questions concerning calorimeters with ionization 

chamber readout. The authoritative analysis is provided in Ref. [5]. 

Crucial to the time response for ionization-charge calorimeters are the following 

parameters: 

i) the drift velocity of the ionization charge, which determines the induced current (Fig. 3); 

ii) the time to transfer the charge from the electrodes to the amplifier, which ultimately limits 

the response of the ionization chamber system. 
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3 0 0 ~ t [ n s e c ] 4 0 0 

Fig. 3 Induced current as a function of collection time for ionizing particles traversing an 
inter-electrode gap d s = 2 mm (uniform ionization and electron collection only). Liquid argon 
(LAr): Electric field E = 10 kV/cm, t d « 400 ns; liquid argon + 0.25% methane: 
E = 10 kV/cm, t d = 200 ns; tetramethylpentane (TMP): E = 25 kV/cm, t d « 400 ns; 
tetramethylsilane (TMS): E = 25 kV/cm, t d ~ 110 ns. The value for TMS, in particular, is 
strongly E-dependent and published data are not fully consistent. The graphs are normalized to 
the peak current for pure argon for minimum ionizing particles i m = Ne/td, where N « 9 x 10 3 

electrons per mm and td ~ 200 ns/mm (Ref. [5]). 

A great deal of attention has been paid to the evaluation of 'fast' drift liquids and the 
trade-off between shaping time of the signal and the signal-to-electronic-noise ratio of the 
detector-amplifier system. This is quantitatively shown in Fig. 4 and allows one to relate the 
signal-to-noise ratio to the effective integration time teff for different ionization media. An 
absolute scale can only be attached by making reference to a specific calorimeter design. 

As an example, the HELIOS calorimeter has the following parameters: 
i) bipolar shaping of X = 300 ns, resulting in an optimized equivalent noise charge 

ENC « 4.4 x 10 5electrons/(Cdet[/*F]) l / 2-
ii) uranium absorber d = 3.4 mm; 

liquid argon sampling gaps of 2 x 2.5 mm; 
electrode capacitance of « 14 nF/m 2 

or « 0.35 fif/m2 abs. length 
or « 1.5/tF/m 3. 

This translates into an electronic noise contribution 
aei « 1.8GeV/(/*F) l / 2 

ffei « 2.2GeV/(cal.vol. [m 3 ] ) 1 / 2 . 

22 



lOnsec lOOnsec l/isec 2ps«c 

Fig. 4 The ratio of the equivalent noise charge and the observed signal charge as a function 
of the effective integration time for induced current waveforms as those in Fig. 3. 
Inter-electrode gap d s = 2 mm. The curves are normalized to the value for pure liquid argon at 
teff = 2 fis. They are independent of the values and ratios of the chamber and amplifier 
capacitances. The curve for silicon is given for a thickness of the active region d s = 540 jtm 
and Csi/CLAr « 27, where it gives the same noise-to-signal ratio as liquid argon at teff > ta. For 
a more practical thickness d s ~ 300 ;tm, the curve for silicon should be raised by a factor of 
« 2.5, and the capacitance is Csi/CLAr ~ 50 (Ref .[5]). 

The comparison of the pile-up noise with the electronic noise is shown in Fig. 2. For 
calorimeters of the HELIOS design and calorimeter volumina of V c a i =» 1 m 3 (corresponding to 
an acceptance of Afi = 1 sr), the estimated electronic noise for X « 100 ns is 

<Tei ~ 5 GeV in pure LAr or 
ffei « 2.5 GeV in LAr + 0.25% CH 4 . 

These figures are comparable to the estimates of the particle pile-up noise. 
In addition to this principal electronic noise contribution there is another more mundane, 

but perhaps more severe technical limitation to be observed, the charge-transfer time t r . It is 
determined by the detector capacitance Cdet and the inductance of the cable connections L c, 
i.e. the length of the cables. Detailed analyses for fast calorimetry indicate that 

t r « 3.5 (L c-Cdet) 1 / 2 and X > 5t r ! 
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It is this last condition which invariably implies very short cables (< 1 m) to achieve the 
required value for t r and thus preamplifiers very close to the detector electrodes (in the HELIOS 
calorimeters the cables have a length of approximately 20 to 30 cm). 

In comparison to the relatively long shaping-time constants required for the energy 
measurement, the timing resolution on a high-energy event is much smaller. Timing accuracies 
of a « 3 to 4 ns have been measured for energy deposits of a few GeV, improving as E~ 1 / 2 . 
Timing resolutions of a « 1 ns on » 100 GeV energy deposits should be achievable with LHC 
calorimeters. 

4. CONCLUSIONS 
Ultra-high luminosities (L > 10 3 4 c m " 2 s" 1 ) do not present a fundamental limitation to 

calorimetric spectroscopy at the TeV scale. In particular, particle noise from pile-up of a few 
hundred inelastic collisions is estimated to be at the level of <jPiie-up ^ 1 0 GeV, comparable to 
the electronic noise in ionization chamber calorimeters. The technical necessity of very short 
cable connections implies, however, that electronic components are embedded inside the 
calorimeter, in a ferociously high radiation environment. Development of electronics that will 
be adequately radiation-hard represents the single most important engineering task to be 
solved before LHC calorimetry of the ionization-chamber type will become a reality. Given 
these considerable engineering uncertainties, it seems prudent to evaluate other calorimeter 
systems (e.g. scintillation devices) and their very different technical problems. With ultra-high-
luminosity operation aiming at physics at the TeV scale, absolute energy measurement errors 
may be tolerable at a higher level (e.g. « 10 GeV) compared to the energy precision needed at 
today's colliders. A fresh look at all alternatives seems indicated. 
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SIMULATION OF THE EFFECT OF EVENT PILE-UP IN THE CALORIMETER 

P.T. Cox 
The Rockefeller University, 
New York, NY, USA 

1 . INTRODUCTION 
As one of several test cases for the performance of the compact calorimeter developed at 

the La Thuile workshop [1] for running in the Large Hadron Collider (LHC) at 8 TeV on 8 TeV, 
the quality of reconstruction of the decay W -» 2 jets was studied, where the W was assumed 
to arise from the decay of a Higgs particle of mass in the range 600 to 1000 GeV. This 
calorimeter appeared to be well able to identify the jets in this situation, mainly because of the 
fine granularity of the detector. The study reported here attempted to extend this work to a 
high-luminosity environment, in which a large number of minimum-bias events would be 
superimposed on top of each such Higgs event. For example, at a luminosity of 5 x 10 3 4 and 
with a bunch spacing of 5 ns, we expect an average of 25 events per beam crossing, assuming 
fftot = 1 0 0 mb. In practice, only the inelastic cross-section will be relevant (about 60 mb), but 
for simplicity this reduction is ignored in the following discussion. Then with a reasonable 
integration time of 100 ns for signals from the calorimeter, the detector will be integrating over 
20 crossings, leading to a pile-up of — 100 minimum-bias events on top of any 'trigger' event. 

The starting point was the Monte Carlo simulation of the compact calorimeter described in 
Ref. [1], where further details can be found. The basic feature of this detector is a fine cell size 
or] x ô(f> = 0.05 x 0.05, even for the hadronic calorimetry. The geometry was modelled using 
the GEANT package. The Lund Monte Carlo was used to generate W -»• 2 jets events, and 
fragment them to hadrons. The W was boosted as though it came from a Higgs decay. The 
calorimeter response to the final hadrons was modelled using simple shower parametrizations, 
and hence the energy deposited in each calorimeter cell was obtained. Jet reconstruction was 
performed using, for convenience, the LUCLUS algorithm from the Lund Monte Carlo package. 

2. HIGH-LUMINOSITY CASE 
For the high-luminosity studies, the intent was to superimpose minimum-bias events, 

generated using the PYTHIA Monte Carlo, on top of the W -> 2 jets events, and then to study 
how the subsequent reconstruction was degraded from the Ref. [1] case. Here we assume a 
fixed Higgs mass of 600 GeV, and consider only 90° incidence of the daughter W. In this 
context, a 'minimum-bias' event is taken to be an event arising from a hard 2 -* 2 parton 
subprocess with a minimum momentum transfer of 10 GeV/c. The calorimeter response is 
simulated using the parametrizations of the hadronic and electromagnetic showers described 
in Ref. [1]. The energy accumulated in each cell of the calorimeter is then weighted with a 
bipolar-signal shaping, assuming a shaping time of 100 ns, following the discussion in the 
paper by Fabjan [2]. Unfortunately, the approach taken in Ref. [1] was unable to handle the 
increased complexity of the high luminosity situation: the simple jet reconstruction was 
confused by the presence of the beam jets in each overlaid PYTHIA event, and when 
overlaying hundreds of such events at once, with bipolar shaping applied, the GEANT 
framework proved too cumbersome to manage conveniently. However, as an example of how 
the bipolar-shaping procedure works. Fig. 1 shows the energy distribution in individual cells of 
the calorimeter for a luminosity of 10 3 3 c m - 2 s _ 1 . Here the bunch spacing is 25 ns, so the 
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average number of events overlapped per crossing is 5, the actual number being selected from 
a Poisson distribution with this mean, and the events from 4 crossings are overlapped with a 
given 'trigger' event according to the 100 ns shaping time. Figure 1a shows the distribution of 
cell energies from 100 minimum-bias trigger events, each accompanied on average by 20 
overlapping minimum-bias events; Fig. 1b shows the equivalent distribution for 100 W -» 
2 jets trigger events. The bipolar pulse shaping has the consequence that events occurring 
before and after the trigger event can give rise to cell energies below the plateau level which is 
due to minimum-bias events alone. The mean number of hit cells per trigger event 
(4 overlapped crossings) is about 3250 with (unshaped) energies above 10 MeV. The r.m.s. 
values of the distributions are 0.1 5 and 0.24 GeV respectively. The value 0.1 5 GeV for a cell 
ôrç x 5<t> = 0.05 x 0.05 is consistent with the ffPiie-uP value given in Ref. [2] in the discussion of 
bipolar shaping in high-luminosity environments. 

3. JET RECONSTRUCTION 
To replace the jet-reconstruction algorithm used in Ref. [1], we use the very simple 

procedure of constructing a four-momentum vector for each hit calorimeter cell, and sum 
those momenta which lie within cones about the generated jet directions. The typical angle 
between the two jets from a W decay, after a boost equivalent to a Higgs mass of 600 GeV, is 
about 35° . Thus we consider cones of half-angle 10° , 15° , and 20° . The results for the 
reconstructed invariant mass of the W -» 2 jets, for 250 W events with input mass 83 GeV 
and no overlapping minimum-bias events, are shown in Table 1. The results labelled 'Cells' just 
use all cells containing energy, and 'pTmiss' means the PT of undetected particles (muons and 
neutrinos). The results labelled 'LUCLUS' and 'Cells' directly reproduce the results in Ref. [1]. 
It is clear that the cone algorithm requires us to take the largest cone size compatible with 
being able to resolve the two jets; thus we use a cone half-angle of 2 0 ° . It would not be out of 
the question to use cell energies alone, if only those cells further than about 30° from the 
beams were used, and the bipolar signal shaping had been applied. 

4. EFFECT OF PILE-UP 
To study the effect of the minimum-bias event pile-up, the reconstructed cone energies 

are smeared with a aPiie-up contribution and the cone four-momenta recalculated. Hence the 
effect of the pile-up on the reconstructed W and Higgs masses can be found, as well as the 

Table 1 
Quality of reconstruction of the invariant mass 
of the W from W -»• 2 jets (input m w = 83 GeV) 

Reconstruction (Mass) r.m.s. 
(GeV) (GeV) 

LUCLUS jets 78.9 16 
10° cones 52.5 16 
15° cones 63.1 16 
20° cones 71.1 16 
Cells (Without PTmiss) 86.6 8 
Cells (with PTmiss) 88.9 5 
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Table 2 
Values of ffPiie-up used at various luminosities 

L b <e> (A) T / A Opile-up 

( c m - 2 s _ 1 ) (ns) (ns) (GeV) 

1 0 " 25 2.5 10 10 1.0 
5 x 1 0 " 10 5 2 50 2.25 
10 3 4 5 5 1 100 3.9 
5 x 10 3 4 5 25 0.2 500 7.8 

L = luminosity; 
b = bunch spacing; 
e = events per crossing (assuming a = 100 m b); 
A = time between events; 
r = shaping time = 100 ns; 
ffpiieup = contribution to energy resolution from pile -up. 

effect on the opening angles between the reconstructed jet pair, and between the generated 
and reconstructed W. The (7Piie-Up values for a 20° cone (0.38 sr) and a shaping time r = 
100 ns were read from the graph shown in Ref. [2]. Four luminosities ranging from 1 0 " to 
5 x 10 3 4 were used, with corresponding mean time between events, A, ranging from 10 ns to 
0.2 ns, and thus giving ffPiie-up values from 1 GeV per jet to about 8 GeV per jet. These values 
are shown in Table 2. Tables 3 to 5 show the corresponding effect of the energy smearing on 
the jet-cone reconstruction. It is evident that neither the reconstructed W or Higgs masses, nor 
the opening angles between jets or between generated and reconstructed W, are significantly 
affected by the pile-up of minimum-bias events. The ffPiie-Up contribution just broadens the 
width of the reconstructed mass distributions. Thus we may be optimistic that the bipolar 
signal-shaping technique will allow calorimetry to be used, even within a very-high-luminosity 
environment. 

Table 3 
Reconstructed W -» 2 jets mass (input mw = 83 GeV) 

Conditions m r e c (GeV) m rec /nirecO [ m r e c - nrirecol 
Mean r.m.s Mean r.m.s Mean r.m.s 

No pile-up 69.9 15.1 - - - -
L = 1 0 " 69.9 15.1 0.997 0.044 - 0 . 1 0 1.2 
L = 5 x 1 0 " 70.1 15.2 1.000 0.064 0.05 1.9 
L = 10 3 4 70.3 15.6 1.000 0.088 0.12 2.6 
L = 5 x 10 3 4 70.6 16.3 0.999 0.114 - 0 . 0 7 4.0 

nrireco = mass rec :onstructed with no pile-up 
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Table 4 
Reconstructed Higgs mass (input ITIH = 600 GeV) 

Conditions m r e c 
(GeV) m rec /m r e co [m r e c - m r e co] 

Mean r.m.s Mean r.m.s Mean r.m.s 

No pile-up 575 45 - - - -
L = 1 0 " 575 45 1.000 0.003 - 0 . 1 1 1.5 
L = 5 x 1 0 " 575 45 1.000 0.006 0.08 3.5 
L = 10 3 4 575 45 1.000 0.011 0.05 5.9 
L = 5 x 10 3 4 574 46 1.000 0.022 - 0 . 5 2 11.8 

rrireco = mass reconstructed with no pile-up 

Table 5 
Reconstructed opening angles 

Conditions On (degrees) 
Mean r.m.s 

a (degrees) 
Mean r.m.s 

Generated 
No pile-up 
L = 1 0 " 
L = 5 x 1 0 " 
L = 10 3 4 

L = 5 x 10 3 4 

37.0 13.1 
35.4 12.4 
35.3 12.3 
35.5 12.5 
35.4 12.5 
35.1 12.3 

1.7 2.6 
1.7 2.6 
1.7 2.6 
1.8 2.6 
1.9 2.6 

0i2 = angle between jets 1 and 2 
a = angle between generated and reconstructed W 
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ESTIMATE OF A TRANSITION RADIATION DETECTOR'S PERFORMANCE 
AS PART OF AN ELECTRON IDENTIFICATION SCHEME 

T. Àkesson, C.W. Fabjan, F. Sauli and J . Schukraft, 
CERN, Geneva, Switzerland 
V. Chernjatin and B. Dolgoshein, 
Institute of Moscow Engineering Physics, Moscow, USSR 

In this discussion of electron identification, it will be assumed that the starting point is an 
electron candidate, i.e. an electromagnetic (e.m.) shower seen in a calorimeter, and an 
interaction position; this could be known either through a vertex detector or by the 
calorimeter's capability of pointing the e.m. shower to the beam line. If the centroid of the e.m. 
shower is determined with a 1 mm precision in two layers separated by 100 mm, a sufficiently 
narrow road could be defined. The capacity of the calorimeter alone to identify electrons will 
not be discussed here. It has been demonstrated [1] that a hadron rejection of 10 2 to 10 3 can 
be achieved, with a 95% electron efficiency, by requirements on longitudinal and lateral 
shower development. In this note improvements are studied which can be achieved by 
equipping the region between the calorimeter and the interaction region. 

Ideally, this region should be equipped with a tracking detector having a spatial resolution 
equal to the width of the path defined by the shower and vertex position, which is about a 
millimetre. In addition, this tracking detector should be as efficient as possible for electrons 
and as inefficient as possible for hadrons, e.g. a transition radiation detector (TRD). Here it is 
important to bear in mind that the role of the TRD is to reject hadrons that are in another 
momentum range than that of the electrons, since the predominant background is an e.m. 
shower from an energetic ir° in spatial coincidence with low-energy charged hadrons. 
Consequently, the optimization of the TRD depends more on these low-energy hadrons than 
on the energy range of the electrons to be measured. The TRD can thus be made compact. 

Transition radiation detectors can be operated in two different modes [2]: i) total 
ionization measurement, and ii) cluster counting. In the first method the total combined signal 
of ionization and X-rays is measured in the X-ray absorption gap. The background here comes 
from the Landau-distributed fluctuations in dE/dx. In the second method the number of energy 
deposits above a given threshold, i.e. the number of TRD quanta, is counted. Here the 
background is the Poisson-distributed number of ô-rays. The second method provides 
somewhat better hadron rejection, and more importantly uses simpler electronics and lends 
itself to fast-trigger applications. 

In this discussion we will consider the cluster-counting method in a TRD of the type 
described in Ref. [2]. This detector, shown in Fig. 1, consists of a large number of 
radiator-proportional chamber (PC) sets. Each radiator is about 1 cm thick and consists of 
40 polypropylene foils, each foil being 18 ^m thick. The PC is 3 mm thick and has a wire 
spacing of 2 mm. The chamber gas is a mixture of xenon (60%) and helium (35%), with 
methane (5%) as the quencher. 

The single-particle response of such a TRD is shown in Figs. 2 and 3. Figure 2 shows the 
rejection, R = ejee, as a function of the detector length for 50 GeV particles and a requirement 
of 90% electron efficiency. The rejection varies strongly with the length of the TRD, and we 
have taken 40 cm (5% of a radiation length) as a figure for the further discussion. This choice 
is not completely ad hoc, since our background will be of a combinatorial nature, and we will 
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1 Schematic layout of a high-granularity cluster-counting TRD. 
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Fig. 2 Rejection at 50 GeV as a function of TRD length. 



not improve the performance by choosing a detector that is arbitrarily long. We can now study 
the variation of the rejection w i t h part icle energy. This variation is shown in Fig. 3 w i th the 
constraint of 9 0 % electron ef f ic iency at 50 GeV (the number of clusters demanded 
corresponds to this constraint) . The rejection has a min imum of about 2 x 1 0 " 3 at 3 GeV, and 
then a logarithmic degradation unti l about 200 GeV. This s low degradation is given by the 
increased ô-ray product ion for the pions. The rejection deteriorates quickly for energies above 
2 0 0 GeV, where the pions start to radiate. The smaller rejection below 3 GeV ref lects the drop 
in electron ef f ic iency, but of course pion rejection remains high. 

Our f irst consideration wi l l be a TRD having only one-dimensional readout w i t h 2 m axial 
w i res, w i t h the f irst set start ing at 2 0 cm f rom the beam axis. W e wi l l s tudy how the pion 
rejection varies w i th the angle f rom the jet axis in such a detector. We have taken the case of 
ISAJET [3] events w i t h 5 0 0 GeV je ts , and w e assume that there is only one event per bunch 
crossing. Figure 4 shows the number of charged particles, per azimuthal detector segment and 
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90% electron efficiency 
at 50 GeV 
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Fig. 3 Rejection for a 4 0 cm long TRD as a funct ion of particle energy. 
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Fig. 5 Probability, per jet and segment, that charged pions will fake an electron as a function 
of angle from jet axis; 90% electron efficiency. The full line shows the one-dimensional case 
and the dashed line the two-dimensional case. 

jet, as a function of the azimuthal angle from the jet axis. It is interesting to note that this level 
is never above 1.0, and that it just varies from 0.7 at the jet axis to 0.2 at a 45° angle. 
However, the nature of the particle varies strongly over this region. This is clearly 
demonstrated by the full line in Fig. 5, where we plot Pe, the probability per jet and azimuthal 
segment that the hadrons will fake an electron when requiring 90% electron efficiency. The 
distribution has a level at about 10 " 3 for angles larger than 5° with respect to the jet axis. At 
smaller angles the level increases quickly, reaching about 0.15 at the jet core. The reason for 
this increase is twofold: the pions are energetic and therefore start to radiate, and they have, 
of course, a strong angular correlation. Despite the difficulties at the jet core, the overall result 
is positive: a rejection factor of 10 2 as close as 5° to the jet axis. 

Background from Dalitz decays is included in this calculation but not 7's converting in the 
TRD radiator. A combination of tools are available to reject this background: i) The occurrence 
of the clusters has a rather pathological pattern: no clusters up to the conversion point and 
after that twice the average, ii) The chambers, after the conversion point, that are not fired by 
TRD quanta show a double dE/dx value, iii) The first radiator could be preceded by a chamber 
layer used for ionization measurement. 

We will now expand the discussion to the case of high luminosity, i.e. more than 
10 3 3 c m - 2 s _ 1 . We have studied the effect of many overlapping minimum-bias events, where 
the amount of such events is given by the number of events per bunch crossing times the 
number of bunch crossings, within the maximum drift-time (~ 40 ns) in the PC. We have 
studied the case of minimum-bias events only and have not included the high-pT jet events. 
The calculations show that Pe « 6 x 1 0 - 4 for 10 events and Pe « 3 x 10~ 2 for 100 events. 
The latter number is not satisfactory, and the obvious way to improve the performance of the 
TRD is to increase the granularity. This is done by implementing a two-dimensional readout by 
4 mm axial segmentation, thus giving a 2 x 4 mm 2 pad structure. We now get Pe ~ 10~ 6 for 
10 events and Pe « 4 x 10~ 6 for 100 overlapping events. The performance on single high-pT 
events, without pile-up minimum-bias events, is shown as the dashed line in Fig. 5. Here the 
improvement varies between a factor of 2 in the jet core and a factor of 10 at large angles. 

The problem has been solved in principle, but at the cost of a large number of channels. 
The amount of information from the pads is not that large, just one bit per channel; but from 
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the practical point of view it is far from clear whether such a segmentation can be produced 
without introducing an unacceptable amount of material. 

A solution might be to have strips perpendicular to the axial wires and to define a 
wire-strip overlap as a 'semi-pad'. To estimate how well such a solution would work, we 
assume that the TRD is made in modules, each covering two units of rapidity and 45° in 
azimuth. The rapidity density of charged particles dn/dy « 5, thus giving 2 x 5/8 charged 
particles per event in a module and 125 charged particles per 100 events. A particle has a 7% 
chance of firing a TRD set, and 100 events would therefore produce nine TRD hits per set. This 
gives 9 2 combinations out of 10 4 semi-pads, i.e. 9 2 /10 4 is a 1 % chance for a semi-pad to be hit 
by the charged particles. Seven hit semi-pads have to line up to fake an electron, and this has 
the probability of 0 . 0 1 7 . This negligible probability shows that the strip solution is more than 
adequate. 

How well can such a chamber support the radiation level from the interactions? Figure 6 
shows the integrated charge per centimetre of wire and year as a function of luminosity. Two 
cases are shown for different chamber gains: at a 'normal' chamber gain, and at a lower gain 
tuned to measure the X-rays. The curve is calculated for a vertex-to-wire distance of 20 cm. A 
chamber would probably start to show signs of ageing after an accumulated charge of 
between 0.1 and 1 C/cm. In addition to ageing, consideration has to be given to space-charge 
effects. The right-hand axis in Fig. 6 shows the sense-wire current as a function of luminosity. 
This can be compared with Fig. 7 (values taken from Ref. [4]), showing the variation of gain as 
a function of the corresponding sense-wire current. At a luminosity of 10 3 3 c m - 2 s _ 1 , one 
would expect a 5% gain change at a chamber gain of 2 x 10 4 and no change with the lower 
gain option. Accepting a 20% reduction of the gain, the chamber could be run at a luminosity 
as high as 5 x 10 3 4 c m - 2 s _ 1 at an amplification of 5 x 10 3 . The detector has to operate at a 
larger distance from the vertex if the luminosity is higher. The current decreases by a factor of 
4 if the detector starts at 40 cm. 

• E u 
O 

9 c 

- 2 - 1 
Luminosity [ cm s ] 

Fig. 6 Integrated charge per wire length and year as a function of luminosity. Current per wire 
length as a function of luminosity. 
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Fig. 7 Variation of chamber gain as a function of current per wire length. 

Because of the large detection surfaces required in the set-up proposed here, the 
construction and operation of thin-gap multiwire proportional chambers (MWPCs) raises some 
problems of reliability, especially in the rather harsh environment of a high-luminosity collider; 
a single wire broken or heavily discharging in a chamber spoils the whole plane of detection. 
An alternative solution would be to use stacks of individual thin proportional tubes, or straws, 
similar to those used currently for vertex detectors [5]. Large arrays of straws, with a diameter 
of approximately 3 mm and a length of 1 or 2 m, have been proposed for use in a vertex 
detector [6] and in a TRD [7] at the Superconducting Super Collider (SSC); detailed mechanical 
feasibility studies have been made for this purpose [8]. In the standard design, each straw 
consists of a thin (100 pm) Mylar tube, aluminized on the inner surface, through which the 
anode wire is pulled. An insulating plug at each end of the tube holds the anode wire in place. 
For the needs of the TRD, the wall thickness will have to be decreased to about 30-40 pm, 
which seems feasible, in order to reduce absorption (in effect, this will add one more radiator 
foil). The straws could then be assembled either in a single layer, or in two staggered layers to 
increase detection efficiency. 

In the standard design the straws are a one-dimensional device; the second coordinate 
could be obtained by charge division on a resistive wire. However, it would seem that a better 
solution for the cathodes, as illustrated in Fig. 8, is to use a material with high surface 
resistivity, and to read out the induced signals on pads or parallel strips on a pick-up electrode 
[9]; Mylar foils with a wide range of surface resistivity are commercially available (it is then 
convenient to keep the cathodes at ground potential). Readout through resistive cathodes has 
been used in streamer tubes (see, for example, Ref. [10]); for proper transparency to the 
signal, without charge-up problems at high rates, a surface resistivity of around 100 kfi per 
square is appropriate. The charge is then induced on the readout electrode with almost no 
losses and with a profile having a FWHM about equal to the diameter of the straw. The pick-up 
electrode can have any pattern, the simplest one being a set of parallel strips having the 
desired width; two-dimensional localization can be performed by placing readout foils on each 
side of the straws. These foils will again have to be very thin, say 10-20 /*m Mylar, covered 
with 1 nm of vacuum-evaporated gold strips. In fact, one can obtain three projections for each 
hit, reading out the wire information as well; however, this necessitates high-voltage 
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Fig. 8 Schematic layout of a high-granularity cluster-counting TRD, using straw chambers 
read out with cathode strips. 

capacitors, whose reliability might be a cause for concern. As Mylar has a rigidity of around 
30 kV/mm, it might be possible to keep the cathodes at high voltage (a 3 mm diameter straw 
should operate at around 3 kV) with both the pick-up electrode and the wires grounded. 

Various assembly methods could be conceived for the detector. Probably the simplest and 
most effective one would be to use an epoxy resin to glue a layer of straws in a sandwich 
between the two readout foils, thus making a rather stiff plane, similar in rigidity to a 
honeycomb structure. Note that individual anode wires can easily be disconnected and, if 
necessary, replaced in the assembled plane. This makes the device much superior, in terms of 
reliability, to a conventional MWPC detector. 

37 



REFERENCES 

[1] Y. Fukui et al., Proc. 1986 Summer Study on the Physics of the Superconducting 
Supercollider, Snowmass, 1986 (DPF American Physical Society, New York, 1986), 
p. 417. 

[2] B. Dolgoshein, Nucl. Instrum. Methods 252, 137 (1986). 
[3] F.E. Paige and S.D. Protopopescu, BNL-38034 (1986). 
[4] A.H. Walenta, Nucl. Instrum. Methods 217, 65 (1983). 
[5] W.W. Ash et al., SLAC-PUB-4047 (1986). 
[6] R. DeSalvo, Proc. 1986 Summer Study on the Physics of the Superconducting 

Supercollider, Snowmass, 1986 (DPF American Physical Society, New York, 1986), 
p. 3 9 1 . 

[7] T. Àkesson et al.. Report of the non-magnetic detector group, SLAC-PUB-4457, to 
appear in Proc. Workshop on Experiments, Detectors, and Experimental Areas for the 
Supercollider, Berkeley, 1987. 

[8] R. DeSalvo, Cornell report CLNS 87/52 (1987). 
[9] G. Battistoni et al., Nucl. Instrum. Methods 152, 423 (1978). 

[10] F. Kajinoetal., Nucl. Instrum. Methods A245, 507 (1986). 

38 



RADIATION DOSE TO A COLLIDER DETECTOR SIMILAR TO 
THAT CONSIDERED BY THE HIGH-LUMINOSITY STUDY GROUP 

G.R. Stevenson and H. Schônbacher 
CERN, Geneva, Switzerland 

The dose to be expected in different parts of an inner-detector structure similar in shape to 
the one considered for these studies [1] has been calculated using the DTUJEJ program of 
Ranft et al. [2] for the source of secondaries from the 8 TeV + 8 TeV p-p collisions, and the 
FLUKA program of Aarnio et al. [3] for the transport of these secondaries in the calorimeter. 
The results are shown in Fig. 1, on the assumption that the integrated luminosity is 10 4 0 cm ~ 2 . 
Because of uncertainties in the exact value of the inelastic cross-section, it is better to refer to 
the number of inelastic interactions rather than to the integrated luminosity: this number is 
10 1 5 per year. 

Figure 1 gives the estimated dose per year in the inner parts of the high-luminosity 
detector. The doses closest to the beam axis are those in the vacuum chamber (assumed to 
have a diameter of 40 mm); then come the doses averaged over radial distances of 10 to 
25 cm. Other doses marked for the inner detector are at radial distances of 30 and 50 cm 
respectively. Those marked inside the calorimeter are calculated for silicon detectors 
embedded in uranium. The arrows point to the centre of the bins in which the doses were 
calculated. Because of the limited statistical accuracy of the calculation, the doses have been 
rounded significantly; they are probably accurate to within a factor of two. 

, 40 -2 

, , i Radiation dose in Gy/year, J Ldt ~ 10 cm 

Fig. 1 Annual dose rates estimated at points within a TRD and calorimeter detector system 
similar in size and shape to the one considered for the 'high-luminosity' studies. (1 gray = 
100 rad.) 
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Most annual doses in the inner detector are in the range 10 3 -10 5 Gy. They will be similar 
for other detector materials. As can be seen in Fig. 2, which gives an appreciation of the 
radiation resistance of different materials, great care will have to be taken in the selection of 
components for the inner detector. Still greater care will have to be taken at small angles, close 
to the vacuum chamber, where even cable-insulating materials may start to suffer some 
degradation. 
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„ PMMA low-dose rate 

PVT 

Polystyrene + POPOP 

Polystyrene (SCSN 38) 

Glass GS1 Ce doped 

Csl (Tl) 

BGO 

BaF2 

PM tubes borosilicate 

PM tubes quartz 

TMP 

Silicon devices 

Electronics passive 

Electronics active 

Teflon 

Polyolefins (PE) 

EP rubber cables 

Selected epoxy resins 

Opt. fibre cables, rad. hard 

* * * * * * * * 

S5SSSSSSSSSSSSSSS 

ssssssssss^ 

$SSS$SSSS^SSSSSSS$S$^$$S$S$SS$SS^$$$$$^$$^5S$SSSSSS5SS^ 

Gy 1 10 10 2 10 3 10 4 ltf 10° 

Appreciation: 

Stable Slightly damaged 

m ^ | | * » * | 

Unusable No data 

Fig. 2 Appreciation of radiation resistance of a selection of detector materials. Note that this 
is only a very rough indication since radiation damage strongly depends on various parameters 
such as material composition, atmosphere, irradiation conditions (dose rate), etc., and in some 
cases is based on limited data. 
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TRIGGERING WITH HIGH LUMINOSITY IN THE LHC 

John Renner Hansen, 
Niels-Bohr Institute, Copenhagen, Denmark 

ABSTRACT 

I have tried in this paper to outline a high-performance trigger for an experiment operating 
at a high-luminosity version of the LHC. It describes a four-level system which, to my best 
conviction, could be operational even today in a small-scale version (a few channels). The 
problems connected with a full-scale system, with up to a million channels, are only briefly 
discussed in this paper. 

1. INTRODUCTION 
Many reports [1-4] have already been written about detailed studies of triggering and data 

acquisition systems at accelerators with ultra-high beam energies. This paper is not supposed 
to be the result of a new design study. It is more a collection of some general thoughts on the 
problems related to a trigger system for the LHC, with the luminosity increased to 
5 x 10 3 4 c m - 2 s " 1 . Asa general remark, much more R&D must be devoted to this branch of 
experimental high-energy physics before systems such as those outlined below have any 
chance to become operational. 

In the proceedings of the La Thuile Workshop [1], we described a triggering and data 
acquisition system, which, at least on paper, would be able to fulfil the requirements imposed 
on it by the proposed machine and detector design. It should be able to reduce the event rate 
from 10 8 s " 1 to less than 1 0 s " 1 , without significant dead-time. This would be achieved by an 
analog first-level trigger followed by two levels of digital triggering. An event to bunch 
crossing assignment was required to reduce the background from overlapping event fragments 
created in nearby bunch crossings, thereby simulating events of interest. To get the high 
reduction factor the last two trigger levels make use of precisely digitized calorimeter signals 
and the third level could eventually include tracking information in the final decision. 

As already mentioned in the general introduction to this collection of papers, it is 
necessary to adjust the trigger design to the physics goal, the expected state of the 
technology and the resources available, if the luminosity is increased beyond 10 3 3 cm ~ 2 s " ' as 
foreseen in the La Thuile proceedings. An increase of the luminosity up to 5 x 10 3 4 cm ~ 2 s ~ ' 
will result in 125 overlapping events every bunch crossing, or 25 events per bunch crossing, 
taking <TT ~ 100 mb, if the distance between bunches is reduced from 7.5 m to 1.5 m, 
equivalent to a bunch repetition rate of 200 MHz. Only sufficiently high trigger thresholds will 
prevent multicollisions in the same crossing of bunches (pile-up) to dominate the event 
sample, since no information can be provided to separate the events in time. With such a 
concentration of events, tracking information will not be very useful. More than 600 tracks 
will emerge from the 15 cm long interaction region every 5 ns. The pile-up background 
becomes even worse when considering the overlapping events from nearby bunch crossings, 
although some timing information could be provided to help separate event fragments created 
at different times. Also the idea of using bipolar amplifiers for the calorimeter signals will help 
to reduce the effective pile-up background [5]. 
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There are other ways to reduce trigger rates. One is simply to increase the thresholds, the 
other is to improve the trigger system so that more refined selection criteria can be applied. 
The first solution has the advantage of being fast and cheap. But it has the disadvantage of 
reducing the research potential for the experiment. The other solution makes the experiment 
more flexible, but will usually be more expensive. 

In the following sections I will try to sketch a high-performance trigger, which at least in a 
small-scale version could be made to work very soon. 

2. TRIGGERING AT 5 x 10 3 4 cm " 2 s _ ' 
The main characteristics of the proposed trigger system are summarized in Table 1. The 

idea is to have a system of four trigger levels. Only the first level uses analog signals and only 
the second-level trigger generates dead-time in the system. The two primary levels are 
described in more detail in the following. Level 3 and level 4 are proposed to follow the ideas 
outlined in the La Thuile proceedings [1 ]. 

Table 1 

Characteristics of the LHC four-level trigger system 

Level 1 2 3 4 

Basic clock 5 ns 25 ns Random Random 

Decision time 5 ns 600 ns 10 us < oo 

Dead-time 0 25 ns/evt. 0 0 

Output rate ( s _ 1 ) « 10 6 « 10 5 « 200 « 10 

Max. input rate (s~ l) 2 x 10 8 4 x 10 7 10 5 -

Trigger type Analog Digital Digital Digital 

Trigger cell size Fixed Fixed Variable Variable 

2.1 The first-level trigger 
The first-level trigger is required on the average to make a decision every 5 ns, which is 

the basic time interval at the high-luminosity version of the LHC. Otherwise a 50% loss of the 
luminosity is inevitable. A decision delay is allowed, but the time between two possible 
rejections must be less than 5 ns. A fast, but very crude first-level trigger could be made by 
summing the analog signals over cell matrices, big enough to contain a shower from an 
electron or a jet. To ensure full efficiency the trigger cell matrices must be constructed with 
overlap (Fig. 1). The resistor weighted signals, representing the transverse-energy deposition 
in the calorimeter cell matrices and the momentum imbalance in the calorimeter, i.e. the 
missing transverse momentum (p{" , ss), should be fed into fast discriminators to generate the 
first-level trigger signals. Only five basic triggers are created: 
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1. Electron trigger 
2. Jet trigger 
3. Missing transverse-momentum trigger 
4. Total transverse-energy trigger 
5. Muon trigger (this trigger is not discussed in the present paper). 

The logical 'or' of the trigger signals gates a fast digitization of the calorimeter signals, 
used as input to the second-level trigger (Fig. 2). We assume that the pulse height at this level 
is a good approximation to the energy deposition in a cell. Furthermore we approximate the 
missing transverse momentum by the sum over all cells of the transverse-energy signals 
weighted by cos0 + sin</>. The azimuthal angle <j> is taken at the centre of each cell. 

A more correct procedure would be to make independent sums over the coscj) and sin</> 
weighted transverse-energy signals. The results of the sums are then squared with analog 
multipliers and added. The final signal should be a better approximation to the missing 
transverse momentum and it should always be smaller than the signal created by simple 
resistor weighting. Fast analog adders and multipliers, with almost the required bandwidth, do 
already exist for this kind of operation (e.g. 'Analog Device' multiplier/divider AD539). 
However, the small, and I think at this level unnecessary, improvement is obtained at the cost 
of doubling the number of electronics and cables in the p™ lss trigger. 

Overlapping electron/photon and jet trigger cells matrices are built from the Et signals. For 
instance, an electromagnetic trigger matrix can consist of an 8 x 8 calorimeter cell matrix. 
First all signals from the cells in non-overlapping 4 x 4 submatrices are summed in analog 
adders. The final overlapping trigger cell matrices are created in another set of adders (Fig. 1 ). 

The aim is, at this level, to reduce the event rate from 2 x 10 8 s _ 1 (one bunch crossing 
equal to one event) to 10 6 s _ 1 . Higher output rates will increase the dead-time from the 
second-level trigger. The output rate can only be decreased by increasing the thresholds or by 
decreasing the trigger cell size. Combinations of triggers are possible, but not recommendable 
at this level, since the probability for combining events from different bunch crossings is very 
high. 

A very precise timing of all signals is necessary in order to synchronize the occurrence of a 
first-level trigger to the later stages of the triggering. 

2.2 The second-level trigger 
In parallel to the operation of the first-level trigger the signal from each calorimeter cell 

must be digitized by two Flash ADCs (FADC): a slow FADC used by the second-level trigger, 
with a basic frequency of 40 MHz, and one significantly faster. The fast FADC is reserved for 
the third- and fourth-level triggers and for the final analysis. The actual speed and dynamic 
range of the FADCs have to be fixed after careful design studies. This point is particularly 
important, because of the potential conflict between necessary performance, technology and 
price. 

The input to the slow FADC is clipped after 25 ns and delayed by the first-level trigger 
decision time. The digitization is only started if the first level accepts an event. 

Like the first-level trigger, the second level operates with five basic triggers. The pedestal 
corrected output from the slow FADC is sent to four lookup tables (Fig.2). The outputs from 
the tables are E t, cos<j> E t, sin<£ E t, and E. 

The second stage of the second-level trigger consists of a long chain of digital adders, 
forming precise numbers for trigger cell transverse energy and missing transverse momentum 
in the calorimeter. 
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The slowest process to be performed at this level is the calculation of the missing 
transverse momentum. For this calculation the output from the cos</> Et and sm<f> Et tables are 
used. With a calorimeter consisting of 500000 (= 2 1 9) individual cells, a 19 stages long 
pipeline of adders, 1 000000 adders in total, will sum the contributions from all cells. The final 
results from the two chains are squared by lookup tables and added. The second-level trigger 
then cuts on the square of the missing transverse momentum (Fig. 3). 

To match the pipeline timing to the input from the FADC, each stage must be finished in 
25 ns. The total transition time through the pipeline will be of the order of 600 ns. This also 
sets the length of the pipeline following the fast FADC. 

Overlapping electron/photon and jet trigger cells are built from the output of the Et tables. 
For instance, an electromagnetic trigger matrix is made out of the same 8 x 8 calorimeter cell 
matrix as in the first-level trigger. The total time used in the cell summation is less than 150 ns. 
The remaining time up to 500 ns could be used to make leakage cuts on the hadronic energy 
deposition behind the electron cells and to make combinations of different triggers. 

2.3 The higher-level triggers 
The basic ideas in the design of the third- and fourth-level triggers could remain as 

described in the La Thuile proceedings (see Fig. 4), although with substantial upgrades in order 
to handle the increased data rate. 

3. TRIGGER RATES 
With the luminosity increased by a factor of 50, the same increase or one greater will be 

observed in the event rate. Extra events, depending on the trigger type, are expected from the 
overlapping fragments of different events, simulating standard trigger signals. With a 
luminosity of 5 x 10 3 4 cm ~ 2 s _ ' and a total cross-section of 100 mb, the expected number of 
events per bunch crossing is 25, shared between inelastic and elastic or diffractive events in 
the ratio 3/2. Only the 1 5 inelastic events per crossing will contribute with high-E t particles in 
the trigger active region. Rates from triggers based on very localized energy deposition, such 
as the electron trigger, are not disturbed very much by the additional underlying events since 
the overlap probability is small. On the other hand a total transverse energy trigger will be 
dominated by pile-up events, if these multicollisions are not averaged out by bipolar signal 
shaping. 

At La Thuile, the first-level electron trigger rate was estimated to be 10 4 s " l at a nominal 
threshold at 16 GeV transverse energy. One should not expect to gain significant reductions in 
the final trigger rate by applying more refined leakage and cluster size cuts on electron triggers. 
Very strong cuts were already used to bring down the rate to 10 4 s " '. 

Since 'all ' electron events come from jets fragmenting into one or a few high energetic 
neutral pions, we can estimate the increase in nominal trigger threshold necessary to reduce 
the rate by a factor of 50. The inclusive jet cross-section is shown in Fig. 5 [6]. From this we 
estimate that an increase of the eAy threshold from 16 GeV to 35 GeV will bring back the rate 
t o 1 0 4 s - ' . 

4. CONCLUSION 
It is likely that a small-scale version of the system proposed in this paper has a good 

chance to become operational in a short time. For a few channels one can afford to use 
expensive components and to distribute them over relatively wide areas, in order to keep the 
power dissipation per unit area low. In a full-scale system the power dissipation will become 
one of the major problems. With only a few watts from each channel, which we are very likely 
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to get from this very fast electronics, megawatts have to be supplied and removed. Also the 
radiation hardness of the components has to be improved. Electronics components of today 
will only live for a very short time in the high radiation environment of the LHC. 

Another major problem will be the timing of all the millions of cables, essential for the 
event to be synchronized. 

In the last two stages of the trigger the software maintenance, the program control and 
the data flow checks will need major rethinking. 

It is clear that much more manpower and resources must be allocated to this field if such a 
system were to become a realistic possibility. Even though most of the reports written on the 
subject are optimistic, one should not forget that things always look easier on paper than in 
reality. Even smaller and much simpler systems, such as those built for the collider 
experiments UA1 and UA2, have needed more resources than was originally foreseen. 
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ig. 1 First-level, fixed cluster size, analog trigger. In the first stage the signal sums 4 x 4 
non-overlapping trigger cell matrices are formed. After the second stage, signals from 
8 x 8 overlapping trigger cell matrices are discriminated. The output signals from the 
discriminators are synchronized to the bunch crossings in order to make a more 
correct signal integration in the second-level trigger. 
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FAST TRACKING AND TRIGGERING 
WITH GAS DETECTORS AT HIGH LUMINOSITIES 

Fabio Sauli 
CERN, Geneva, Switzerland 

SUMMARY 

After a reminder of the two major limiting factors for Multiwire Proportional 
Chambers operation at high fluxes, space charge and electronics pulse resolution, I 
will describe a detector based on the Multidrift Modules that should be able to do 
charged particle tracking twenty cm from the beam pipe and above, up to luminosi
ties of 1 0 3 3 using a normal gas filling (30 nsec memory time), and up to 1 0 3 4 using 
an electronegative gas (memory 5 nsec or less). Measuring the drift time and the 
pulse ratio at two ends, the detector can perform tracking with high accuracy. With 
simple digital detection of the pulses on wires, it could be used to implement a very 
fast first level geometrical trigger. 

1. GASEOUS DETECTORS AT VERY HIGH RATES 

Multiwire proportional chambers of various designs are largely used in particle 
physics for tracking at high rates. Neglecting problems in data aquisition ( that 
could be severe!) two major limitations appear to their use at high fluxes. 

The first problem is due to the production of positive ions in the avalanches; 
because of their low mobility in the gas, ions accumulate in the gap and decrease the 
electric field on the anode surface, therefore reducing the gain (the so —called space 
charge effect). Mobility and collection time of ions depend on the gas composition 
and chamber geometry but, at least for operation at atmospheric pressures, the 
range of values is rather limited. Fig. 1 [1] is an example of gain reduction due to 
space charge measured in a drift chamber; the horizontal scale is given as the rate of 
electrons generated in the avalanche per mm of wire as well as the corresponding 
current in /xA/cm. One can see that the gain remains uniform up to a charge pro
duction rate of around l(P/mm.sec and is reduced to 90% of its original value (a 
still tolerable condition for use) at 101 0/mm.sec. To see what particle flux this cor
responds to, let's consider the case of a MWPC with one mm wire spacing, 5 mm 
total thickness operated at atmospheric pressure in an argon — methane mixture. 
Minimum ionizing particles would typically release 50 electrons in the gas; at a gain 
of 2xl0 4 (rather on the low side for detection of tracks with fast amplifiers), this 
implies a rate limitation to 105/cm.sec for 10% gain loss, or 106/cm2sec in a MWPC 
with one mm wire spacing. 

Fig. 2, (adapted from Ref. [2]) shows the estimated charged particles rate 
around a multi-TeV collider, as a function of the distance from the interaction 
point and for several values of luminosity. Rates per unit surface have been com
puted from the expression nccrL/27rr i , where n c is the number of charged particles 
per unit of rapidity (taken equal to 5), a the total cross section (100 mbarn) and rj_ 
the distance perpendicular to the beams. Intercepts with the horizontal lines, com
puted at several values of gain G indicate the minimum distance for operation of 
MWPC with the geometry previously described as a function of luminosity (accept
ing a gain reduction of 10%). 
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Figure J: Gain reduction in a MWPC as a function of charge rate. 

the ionization losses are about equal to those of the previous example. As we will 
see, the same applies to the multidrift tube detector to be described in the next sec
tion. 

10 100 n (cm) 

Figure 2: Particle flux as a function of distance at LHC. 
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Note that the data in Fig.2 can be used directly to estimate the performances as 
function of rate of the transition radiation detector considered by the working group 
for very high luminosities [3]. Indeed, in its present design the TRD makes use of 
MWPC with one mm wire spacing, 3 mm thick and with a xenon filling, in which 
The second limitation is simply due to the absolute counting rate on each wire (or 
pickup electrode): because of the nature of the gaseous multiplication process, even 
using amplifiers with very fast shaping constants one can hardly obtain occupation 
times (overall length of the signals) below 20 ns or so. Accepting an accidental rate 
of 10%, a rather optimistic assumption, this would restrict the maximum counting 
rate on a wire to 5xl0"/sec; for a meter long wire, this corresponds to 5xl04/cm.sec. 
Which of the two limits dominates depends on the geometry of the chamber. In the 
TRD detector, in which the signals directly produced in the chamber by charged 
particles are purpoosedly below threshold, only the space charge limitation is rele
vant. 

2. TRACKING WITH THE MULTIDRIFT VERTEX DETECTOR 

An obvious way of increasing the rate capability of a gas detector is to decrease 
its wire distances. We are developing a high density, compact vertex detector based 
on the multidrift tube, a device in which the reliability and pattern recognition 
problems encountered in standard gas detectors are solved by modularity and re
dundancy of the components [4,5]. As shown in Fig. 3, a multidrift module consists 
in an hexagonal thin carbon fibre tube sealed at the two ends enclosing a large 
number of individual hexagonal drift cells; signals from both sides of each anode 
wire are measured to provide the transverse and the longitudinal coordinates (from 
drift time and current division). With the present design (1.45 mm cell radius and 30 
mm tube diameter) the module has 70 signal wires; charged tracks are sampled in 
average ten times in each tube. 

• • • • 

Cafhode Wires 

Anode Wires 

Carbon Fibre Tube 

Figure 3: Cross section of the multidrift module. 

Each module has independent gas and high voltage supplies; in case of break
down, the defective element can be easily disabled. Depending on the expected fail
ure rate, one can buUd in sufficient redundancy in order to mantain full detection 
efficiency (although with a local reduction in sampling rate). 
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Very good and stable working conditions have been obtained operating the mul-
tidrift tube with dimethylether (DME) as gas filling. Thanks to its excellent photon 
quenching properties and high density (2.4x10 3 g/cm2 at one bar), DME allows 
efficient detection of minimum ionizing particles with a very long plateau. We have 
also found that very reliable operation can be obtained using rather thick anode 
wires (up to 50 /im) which makes modules very robust. The small diffusion coeffi
cient and high primary specific ionization in DME contribute to improve localiza
tion accuracy. Operating at one bar, we have achieved a single wire localization ac
curacy of 45 fim rms; Fig.4 shows a typical event as reconstructed from the drift 
time measurement. DME holds also one of the world records of tolerance to radia
tion: up to 4 C of charge per cm of wire have teen recorded without apparent dam
age [6J. In our geometry and at a gain of 105 this corresponds to a total flux of 
around 10 1 J minimum ionizing particles per cm 2 (~ 1 MRad). 

O Q © O O O 

Figure 4: Example of a measured minimum ionizing track. 

Taking into account the detector geometry and the average ionization losses in 
DME (150 ion pairs per cm), one can see that the curves of Fig. 2 apply as well to 
the multidrift module (the larger wire spacing is compensated by the smaller thick
ness). Accepting again the 10% gain loss limit at an average multiplication factor of 
2x10^, the figure suggests that a tracking vertex detector using an assembly of mulr 
tidrift modules can operate from a radius of 10 cm upwards, at luminosities of 10-" 
A possible setup is shown in Fig. 5; in consists of 90 modules, for a total of 6300 
wires; each track is sampled in average 30 times, providing an estimated angular 
resolution of about 0.1 mrad in the radial direction (reconstructed from the meas
urement of drift time), and 5 mrad in the azimuthal direction, deduced by the coar
ser measurement of the current ratio on the wires. 
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Figure 5: Cross section of the proposed tracking vertex detector. 

One can use the multidrift modules as coarser tracking device, or for geometrical 
triggering purpooses, giving away the time measurement and handling the informa
tion at the wire level with a simple discriminator and bit register. Because of the 
very good resolution time of the detector (30 nsec) this should allow a very fast level 
of triggering based on the tracks' topology. Note that even at this low level of use, 
the radial angular resolution remains rather interesting (30 samples per track each 
with 0.8 mm rms). 

3. TRACKING AT VERY HIGH LUMINOSITIES 

Given the parameters of the faster MWPC one can conceive today, and of the 
multidrift vertex detector in particular, it is clear from the previous considerations 
that one will not be able to do tracking at luminosities above 1 0 3 3 (see Fig. 2). 
While it does not seem possible in practice to reduce the wire spacing further, there 
is a rather interesting possibility of restricting the sensitive region using a high con
centration of an electronegative gas in the tubes; in this case only electrons released 
by ionizing particles very close to the anode wires are detected, thus largely increas
ing the rate capability of the device (at the expense of a reduced efficiency). We 
have verified that in a 50-50 mixture of freon (CF3Br) and DME the average effi
ciency per wire drops to 10%, with a time resolution having 5 ns FWHM (Fig. 6). 
Tracks would be measured only one or two times in each tube, but the device can in 
principle operate at rates an order of magnitude higher than with a normal gas, i.e. 
at luminosities up to 1 0 3 4 Moreover, since the sensitive region around each wire is 
reduced to hundred /im or so, there is not much use in measuring the drift time and 
a simple digital register of the hit wires will provide a localization accuracy of the 
same order for each wire. In the previously described vertex detector (Fig. 5) filled 
with an electronegative gas, each track will be sampled only four or five times, 
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which could be enougth for a decent pattern recognition, at least in absence of mag
netic field. Of course one can always increase the number of modules to compensate 
for the loss of efficiency; because of the use of much simpler electronics, as com
pared with the previous setup requiring a drift time measurement, the cost should be 
reasonable even for a large setup. 

Figure 6: Drift time spectrum in a normal and an electronegative gas. 
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AN UPDATE OF THE HIGGS SEARCH AT THE LHC 

G. Altarelli, 
CERN, Geneva, Switzerland 

1. INTRODUCTION 
The experimental investigation of the symmetry-breaking sector of the electroweak 

theory is one of the main tasks confronting present and future accelerators. The search for the 
standard Higgs particle appears to be a good guiding problem. In fact, there are physical 
arguments [1 ] in support of the statement that if an experimental set-up has the sensitivity to 
observe a Higgs particle of mass up to 1-2 TeV/c 2, then some interesting discovery will 
necessarily be made. Either the standard Higgs is found, or new physics will be observed (e.g. 
signals of compositeness [2] manifested by a spectrum of new states bound by new forces), 
or both (for example, some supersymmetric partners [3] of the usual particles are presumably 
to be found below the TeV energy domain if the standard Higgs is realized as a fundamental 
particle). At least, if the Higgs mass is above 1-2 TeV/c 2, it should be possible to observe the 
onset of a new regime where the weak interactions become strong [4] (deviations from the 
perturbative behaviour, V-V bound states, with V = W or Z, and so on [5]). 

At LEP I and LEP II, the Higgs particle can be observed [6] if ITIH < 40 GeV/c 2 or m H =€ m w , 
rriz, respectively. Only supercolliders can continue the Higgs search beyond this range: 
hadronic supercolliders such as the Superconducting Super Collider (SSC) (Vs = 40 TeV) or 
the Large Hadron Collider (LHC) (Vi = 16-17 TeV) or e +e~ future linear colliders such as the 
CERN Linear Collider (CLIC) (V¥ = 2 TeV). The problem of producing and detecting the Higgs 
particle at supercolliders has been much studied recently in connection with the SSC [7], the 
LHC, and CLIC. In particular, within the Long-Range Planning Committee, the problem of 
observing the Higgs at the LHC and CLIC was analysed in great detail at the La Thuile-CERN 
Workshop on Physics at Future Accelerators [8], and a comparison with the SSC was made. 
The luminosity for the SSC, the LHC, and CLIC was in most cases assumed to be L = 
10 3 3 cn rT 2 s - '. 

The results obtained at the La Thuile Workshop on the Higgs problem can be summarized 
as follows. The relevant range of Higgs masses must be separated into two intervals: the 
intermediate-mass Higgs: mw/z < m H < 200 GeV/c 2 and the heavy Higgs: m H > 200 GeV/c 2. 
The problem of observing the Higgs is completely different in the two cases. In fact, for an 
intermediate-mass Higgs, the main decay mode is into the heaviest pair of quarks allowed by 
phase space, whilst a heavy Higgs decays mainly into WW or ZZ pairs. 

The observation of an intermediate-mass Higgs is certainly possible at e +e~ linear colliders 
with L = 10 3 3 c m - 2 s " 1 and Vs = 1-2 TeV. On the contrary, at hadron-hadron colliders the 
observation of an intermediate-mass Higgs presents extremely difficult problems because of 
the QCD background. This is true for both the single-Higgs production (pp -» HX) and the 
associated Higgs-W production (pp -» HWX). Since the intermediate-Higgs production 
cross-section (mainly due to gluon fusion) is quite large (at Vs = 40 TeV, a ~ 10 2 pb for m H 

~ 1 50 GeV/c 2 and is 3-4 times smaller at Vs = 16 TeV), one can hope to make use of the rare 
decay modes of the Higgs, e.g. H° -» 77 and T+T~ . Since even for these decays the 
experimental problems are formidable (as will be discussed below), the conclusion reported by 
the La Thuile Working Group was that one cannot guarantee that the intermediate-mass Higgs 
can be observed at either the LHC or the SSC. 
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Concerning the heavy Higgs, the most reliable strategy appears to be the search for the 
channel H -» ZZ -» l+e~vv (with V = e~, \i~ ). This method has the advantage of avoiding all 
problems connected with QCD backgrounds, which are always present with quarks in the final 
states of WW or ZZ decays. Also, no additional problems are induced if m t > mw and the main 
decay mode of the t-quark is t -» Wb. In this case, for each t t pair produced, there would be a 
WW pair and the background to H -» WW would substantially increase. The disadvantage is 
that there is a reduced range of observable Higgs masses because of the small branching ratio 
B » 8 x 1 0 - 3 for H -» ZZ -* t+t~vl>. The conclusion at La Thuile was that the Higgs 
can be discovered through this channel at the LHC only for m H =€ 0.6 TeV/c 2 (with L = 
1 0 3 3 c m - 2 s - ' ) . 

The discovery range guaranteed by the leptonic modes would be extended if the hadronic 
modes could be disentangled from the background. Whilst H -» 4 jets is hopeless, it was 
pointed out at La Thuile that H -> WW -» Iv + 2 jets could be extracted from the background if 
an efficient system of quark tagging could be implemented. In fact, the dominant production 
mechanism for heavy Higgses is through WW fusion (Fig. 1). The two outgoing quarks which 
radiated the incoming W pair have a transverse momentum of order mw and large longitudinal 
momentum. If both these quarks could be detected at very small angles (typically 6 ~ 5° at 
the LHC), then the background processes could be sufficiently suppressed. Clearly, this poses 
formidable problems for the calorimetry, because of the enormous level of radiation near the 
beam pipe. However, a quantitative analysis of the background rejection factor that can be 
obtained by tagging the quarks was not done at La Thuile. This problem was recently attacked 
by Kleiss and Stirling [9]. Their results will be summarized in Section 2 and in the 
accompanying article by Stirling [10]. 

For completeness, we recall that at CLIC the heavy Higgs can be detected in the hadronic 
mode H -> 4 jets up to a mass which at La Thuile was estimated to be mH < 0.6-0.8 TeV/c 2 

wi thL = 1 0 3 3 c m - 2 s - l o r m H « 1-1.2TeV/c 2 with L = 1 0 3 4 c m - 2 s _ l . 
This completes the summary of the conclusions on the Higgs search reached at the 

La Thuile Workshop. Some significant progress with the Higgs problem has been made over 
the last year, especially with respect to hadron colliders. In the following, I shall summarize 
some interesting new results obtained since La Thuile. The summary will be divided into two 
parts: in the first part I shall consider the luminosity L = 10 3 3 c m - 2 s " \ usually taken for the 
SSC or the LHC studies, whilst the second part is devoted to the high-luminosity studies for 
the LHC, with L = (1-5) x 10 3 4 cm~ 2 s _ 1 . Much of the work reported here has been done in 
the continuation of the workshop at La Thuile promoted by the Long-Range Planning 
Committee at CERN. This part of the results is more completely described in the articles by 
Froidevaux and Van Eijk [11] and by Stirling [10]. 

q 

Fig. 1 The Feynman graph for WW or ZZ 
fusion into an on-shell Higgs boson. 
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2. RECENT DEVELOPMENTS ON HIGGS SEARCHES AT HADRON COLLIDERS 
Since La Thuile, important contributions have been produced on mainly two subjects, both 

of which are of crucial interest for the Higgs search at hadron colliders. The first subject is the 
detection of the intermediate-mass Higgs; the second one is the feasibility of quark tagging for 
the detection of a heavy Higgs in the mode H -> WW -*• iv + 2 jets. 

We have seen that the prospects of detecting the intermediate-mass Higgs at hadron 
colliders were considered nearly hopeless at La Thuile. However, it was already pointed out at 
that time that the situation becomes better if ITIH < 2m t so that the dominant Higgs decay 
mode is H -» bb. This is because, on the one hand, the possibilities of tagging a b-quark may be 
better than for the t-quark, and the resolution on the bb mass is certaintly better than for tt. On 
the other hand, the most important fact is that for ITIH < 2m t the branching ratios of rare decay 
modes (H -* 77, T+T~, l+t~i+t~, etc.) are increased because the total Higgs width is 
decreased. Over the last year the probability of having a rather heavy t-quark has increased 
because of the new UA1 limit [12] (m t > 44 GeV/c 2) and the ARGUS result on B°-B° mixing 
[13]. This prompted several new studies to be made on the possibility of detecting the 
intermediate-mass Higgs if ITIH < 2m t , by using different rare decay modes. 

The channel H -* 77 was considered in Refs. [14-17] . The branching ratio for ITIH « 
100 GeV/c 2 < 2m t is BR(H -» 77) * 5 x 10~ 4 . This increases slowly, approaching ~ 10~ 3 

near m» ~ 150 GeV/c 2 provided that always nriH =€ 2m t . This means a maximum of 300-500 
useful pp -»• (H -* 77>X events per year at the SSC and 100-150 at the LHC for m H = 
100-150GeV/c 2 (w i th$Ldt = 1 0 4 0 c m _ 2 a n d 100% efficiency). 

The intrinsic background is from direct 77 production through qq -» 77 and also through 
99 ~* 77- The latter process proceeds though a quark loop. The additional factor of a 2 is 
compensated by the larger gluon luminosity (for the 77 invariant mass values of interest here). 
The qq and gg sources of 77 background are comparable [16] at the SSC and LHC energies 
(see Figs. 2a and 2b, taken from Ref. [16]). The gg channel about doubles the cross-section at 
the SSC; in general, the corresponding effect is smaller at the LHC. The signal-to-background 

80 120 160 200 80 120 160 200 

m (GeV) m (GeV) 

Fig. 2 Invariant-mass distribution [16] of photon pairs produced at the SSC (a) or at the LHC 
(b) through quark-antiquark annihilation and gluon fusion, for a variety of t-quark masses. 
There is a cut on the scattering angle in the photon pair centre-of-mass system 0*, of cos0* < 
0.5. The distribution functions of Duke and Owens set 1 were used. 
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Fig. 4 77 signal (solid curve) and 

background (dashed curve) [15]. Both 

photons are required to have rapidity 

|y| < 1.5. In computing (da/dm) Am 

for the background a resolution of 3 

GeV in the 77 mass Am was assumed. 

ratio can be improved by rapidity and, especially, angular cuts (the background from qq and gg 

is peaked in the forward-backward directions in the 77 centre-of-mass frame, whilst the signal 

is isotropic). Assuming that there is a 2-3% resolution on the 77 mass, a typical 

signal-to-background ratio, after cuts, of 1/50 (1/10) is obtained (see Fig. 3, taken from 

Ref. [14] and Fig. 4, taken from Ref. [15]) for m H = 100 GeV/c 2 ( m H = 150 GeV/c 2). Note 

that this includes only the intrinsic 77 background. 

Recently, in Ref. [17], a study was made of an additional important source of 77 

background from two-body subprocesses involving photon bremsstrahlung (e.g. qg -» 7q 

followed by q -> 7 fragmentation or QCD two-jet production with two hard photons arising 

from bremsstrahlung). If no photon isolation cut is applied, the resulting background is found 

to be about a factor of 3 larger than the intrinsic background. It is clear, however, that this 

particular background can be suppressed by imposing that the two photons should be to some 

extent isolated. In fact, the bremsstrahlung photons are produced as part of a hadronic jet. A 
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rough estimate of the suppression factor was attempted in Ref. [17], but a more realistic 
simulation is clearly needed. 

In addition to a very good resolution in the 77 mass, also a rejection factor close to 1CT5 is 
required for photons against jets [14]. In fact, a jet could fake a photon in the detector. That is, 
not only the q -» 7 fragmentation is important but also, for example, the much more copious 
background arising from jets fragmenting dominantly into TT0'S. 

The signal-to-background ratio is comparable at the SSC and the LHC. However, the 
smaller number of signal events at the LHC is a drawback in view of the smallness of the total 
event sample (it could be compensated by a moderate increase in luminosity). 

Other channels that have been considered in detail are H -» T+T~ [15] and H -» ZZ* ->• 
l+t~t+l~ [14]. For T pairs, the proposal [15] is to consider the production of a Higgs boson at 
large PT followed by its decay into T+T~ . The presence of a recoiling hadron jet would allow a 
more precise reconstruction of the invariant mass of the T pair (because the 7 direction of flight 
is seen, but not all of its energy). The event rate and the signal-to-background ratio for mH = 
110-1 50 GeV/c 2 and mH < 2m t are comparable to those of the 77 case, if the TT invariant 
mass can be reconstructed with a resolution around 10 GeV (see Fig. 5, taken from Ref. [1 5]). 

The mode H -» ZZ* -• t+t~i+t~ studied in Ref. [14] (when Z* could be either a virtual Z or 
a virtual 7) could also be useful for mH ^ 130 GeV/c 2. 

In conclusion, the detection of the intermediate-mass Higgs at hadron colliders still 
appears impossible if mH > 2m t . On the other hand, if mH < 2m t there is some hope of 
achieving success by using rare decay modes of the Higgs. The most well-defined and 
interesting possibility is H -* 77, but H -» TT and H -» (+(~(+(~ should also be kept in mind. 
Extremely good detector performances are required in all cases (e.g. 2 -3% 77 mass resolution, 
~ 10~ 5 photon versus jet rejection, very high efficiency of photon detection, as well as the 
possibility of triggering on events in this low mass range from 100 to 200 GeV/c 2), and as high 
a luminosity as possible because of the small number of signal events. Given all the difficulties 
listed, it is not yet clear, in my opinion, whether the intermediate-mass Higgs can really be 
detected even if mH < 2m t , but at least the problem is open for discussion and further studies 
are indeed to be performed. 
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Fig. 5 Signal for H •-> TT (solid curves) and background (dashed curves) [1 5J. The background 
is obtained from the continuum r-pair rate at m H multiplied by Am. The resolution Am was 
taken to be Am = 10 GeV/c 2. 
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We now consider double tagging of quarks as a way to enhance the signal-to-background 
ratio for the detection of a heavy Higgs in the mode H -* WW -+ Iv + 2 jets (with t = e, n). The 
feasibility of this technique is especially important for the LHC. In fact, it would provide an 
advantage over the SSC configuration, because at Vs = 40 TeV the required tagging angles 
would be smaller than at Vs = 16 TeV. Actually, the transverse momentum of the jets to be 
tagged is the same, whilst the longitudinal momentum increases with Vs. Given that the 
calorimetry at such small angles is extremely difficult because of the prohibitive radiation level 
near the beam line, it is clear that this method would lead (at least in part) to compensating for 
the disadvantage of the LHC versus the SSC in terms of beam energy. Independently of the 
relative gain with respect to the SSC, it would in any case increase the discovery potential of 
the LHC. 

The double-tagging technique was studied by Kleiss and Stirling [9] also in the context of 
the present Study Group. Their analysis is described in detail in the accompanying article by 
Stirling [10], so that here I will simply summarize their conclusions. 

The detector is assumed to consist of a central detector, covering 15° to 165° in polar 
angle, to detect the central leptons and jets from Higgs decay plus two forward and backward 
detectors for tagging jets with energy of at least 0.5 or 1 TeV. The required angles turn out to 
be between 0 = 0.8° and 0 = 15° at the LHC. 

The signal (Fig. 1 ) consists of tv + 2 jets in the central detector, arising from H -» WW -» 
tv + 2 jets plus two forward-backward jets from the quarks that radiated the W's that 
produced the Higgs: WW -» H. The background is from pp -• W + 4 jets + X. Without the 
tagging detectors for ITIH = 0.5 TeV/c 2 and V? = 17 TeV there would be ~ 10 3 signal events 
in the central detector from H -> WW ->• tv + 2 jets and ~ 10 5 events from pp -* W(-> lv) + 
2 jets + X with J L dt = 10 4 0 c m - 2 . Here it must be assumed that the t-quark is not heavier 
than the W. Otherwise the large additional background from t t -> WWbb should also be 
considered. The heavy-top possibility is a general problem for the detection of the Higgs in the 
WW mode. Quark tagging would reduce this background as well. However, no quantitative 
studies have been made in this more difficult case. Since the exact matrix element for the 
production of W + 4 jets is not known, an approximate model was used. In this model the 
emission of the tagging jets is described by QCD splitting functions. This approach is to some 
extent justified because the two forward-backward jets come out with large energies and 
relatively small transverse momenta (of order mw). Two triggering procedures were studied: 
i) with tight cuts, one requires for the tagging jets Ej > 1 TeV and 3 < |ijj| < 5; ii) with loose 
cuts, one instead requires Ej > 0.5 TeV and 2 < |ijj| < 5, where Ej and tjj are the energy and 
rapidity of the jet, respectively. A cut on the asymmetry between the energies of the two jets 
was also applied. (The jets from the Higgs signal tend to have the same energy, whilst the 
QCD jets tend to be imbalanced.) With tight cuts for mn = 0.5 TeV/c 2 and Vs = 17 TeV, one 
obtains for the signal-to-background ratio, 10 3 /10 5 -» 31/18, whilst for loose cuts one gets 
10 3 /10 5 - 119/287. For m H = 0.9 TeV/c 2, it is 300/10 4 -» 14/10 with tight cuts and 300/10 4 

-» 54/190 with loose ones. Of course, the present analysis is only approximate in many 
respects, so the results should be taken as purely indicative. 

In addition, there is the 'spill in' effect from the beam fragments which must be taken into 
account. One must evaluate the probability that once a W + 2 jets has been seen in the central 
detector, the underlying event contributes an energy E > 0.5 or 1 TeV in each tagging 
calorimeter; in other words, evaluate how frequently the 'normal' activity near the beam 
direction can simulate the presence of the jets to be tagged. Monte Carlo studies were 
performed by Aurenche in a dual-parton model simulation of the underlying event, and 
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separately by Pauss, using ISAJET superimposed on a hard QCD component. The results 

indicate that the probability of observing 0.5 TeV (1 TeV) from the underlying event in both the 

forward and backward tagging counters is high: about 12% (3%). This background rate would 

be very large. Fortunately, most of the background is expected to be quite homogeneous in 

azimuth and smooth in 0, whilst the tagging jets are pencil-like jets: their virtuality is of order 

mw and they carry 0.5 to 1 TeV of energy. From the simulations made, it seems fairly realistic 

to obtain an additional global rejection factor of at least a few percent by imposing that the 

energy be released in a localized (as opposed to a diffuse) form. 

The overall conclusion is that the tagging method appears to be a plausible possibility at 

the LHC. The discovery range for ITIH would then be extended at the LHC to ITIH = 

0.8 TeV/c 2, with L = 10 3 3 c m ^ s - 1 . 

It is interesting to note that the cross-section for the production of a pair of Higgs bosons 

by gluon fusion has recently been computed [18]. At the SSC the cross-sections are in the 

range 1-10~ 3 pb for ITIH
 œ 50-250 GeV and m t > 40 GeV. At LHC energies the cross-sections 

are about a factor of 5 smaller. 

3. HIGGS SEARCH AT THE LHC WITH HIGH LUMINOSITY 

The most important part of the activity of our Working Group was concentrated on 

evaluating the possible improvement of the Higgs discovery range at the LHC, assuming that 

the experiments can be run at a luminosity as high as L = (1-5) x 10 3 4 c m - 2 s _ 1 . As is well 

known, this is not so much a problem for the accelerator engineering as a formidable challenge 

for detectors. In fact, even at L = 10 3 3 c m - 2 s " 1 , the corresponding problems are far from 

being solved. Thus presumably an increase in luminosity above 10 3 3 c m - 2 s _ 1 will be paid for 

by some severe limitations on the detector capabilities. 

As explained in the article by Froidevaux and Van Eijk [11], it turns out that for the Higgs 

search the most important improvement obtained by running the LHC at high luminosity would 

come from the Higgs decay mode into four charged leptons: H -» ZZ -» l+l~l+l~. In fact, 

whilst this channel is clearly ideal for Higgs identification and mass reconstruction, its small 

branching ratio (3.5 x 10~ 4 for muons or 1.4 x 1 0 - 3 for I = e, /*) makes it useful for Higgs 

detection only for m H « 0.3 TeV/c 2 if L = 10 3 3 c m - 2 s " 1 . On the other hand, with L = 5 x 

10 3 4 c m - 2 s " \ the discovery range in the four-charged-lepton mode was found to be mH *£ 

0.7 TeV/c 2, even with muons only. If electrons could also be detected, then one would obtain 

an increase in the signal and not in the ratio of signal-to-background (because the main 

background is the continuum production of ZZ). In this case, the Higgs can presumably be 

detected up to mH *£ 0.8 TeV/c 2. Above mH = 0.8 TeV/c 2 the large width of the Higgs and the 

uncertainty on the exact value of the ZZ background makes a further improvement of the 

discovery range very difficult even with larger luminosities. In particular, it was concluded that 

the channel H -» ZZ -»• llvv would not provide a better signal than the mode H -» ZZ -» Ml. 

It is also interesting to remark that already with L = 5 x 10 3 3 c m - 2 s - 1 , if both e and fi are 

detected, a discovery range ITIH « 0.6 TeV/c 2 is obtained from H -» ZZ -» Ml. 

4. SUMMARY AND CONCLUSION 
The detection of the intermediate-mass Higgs poses very difficult problems at both the 

SSC and the LHC. Some interesting possibilities are offered by rare decay modes of the Higgs 

(H —» 77, TT, Ml), provided mH < 2mt, and are being actively studied [14-17]. 

The discovery potential for the heavy Higgs at the LHC is estimated [8] to be mH < 

0.6 TeV/c 2 from H -* ZZ -» llvv, for L = 10 3 3 c m - 2 s~ ' and no quark tagging. 

63 



With tagging [9, 10], at least if m t < mw, the discovery range could be pushed up to ITIH « 
0.8 TeV/c 2 from H -> WW -»• lv\]. The tagging technique is probably limited to operation at 
luminosities L » 1 0 3 3 c m ~ 2 s _ l . 

With higher luminosity [11], from H -* ZZ -» till, one could reach, at the LHC: 

nriH « 0.7TeV/c 2 (L = 5 x 10 3 4 c m - 2 s " \ I = /i), 

m H « 0.8TeV/c 2 (L = 5 x l O ^ c m ^ s - 1 , t = elti), 

or 

m H « 0.6TeV/c 2 (L = 5 x 10 3 3 c m ~ 2 s _ I , I = e, /t). 

A recent reappraisal [19] of the discovery potential of the heavy Higgs at the SSC, with 
L = 10 3 3 c m - 2 s _ 1 and no quark tagging, reached the conclusions that a) the Higgs particle can 
be observed up to m H « 0.8 TeV/c 2 (at most) from H -» ZZ -*• till, I = e, jt; b) the possibility of 
reaching larger Higgs masses by using H -* ZZ -* 11 vv depends on detailed studies of the 
calorimeter hermeticity and response (owing to the large Higgs width and the small 
signal-to-background ratio for mH large). 

It is thus clear that the operation of the LHC at high luminosity, L « 1-5 x 10 3 4 c m - 2 s _ 1 , 
and/or the possibility of realizing the quark tagging technique, would push the LHC discovery 
potential for the heavy Higgs substantially closer to that of the SSC in the basic configuration. 

I am especially grateful to D. Froidevaux, J . Mulvey and W.J . Stirling for clarifying and 
stimulating discussions. 
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HIGGS TAGGING AT THE LHC 

W.J. Stirling 

Physics Department, University of Durham, UK 

1 . INTRODUCTION 

At a very high energy proton-proton collider, a heavy Higgs (ITIH > 300 GeV) is produced 

predominantly by WW and ZZ fusion and decays into WW and ZZ in a ratio of approximately 

2 :1 . The production mechanism is illustrated in Fig. 1. The production cross-section decreases 

rapidly with increasing Higgs mass and so it is important to find detectable final states which 

do not involve paying a large penalty in branching ratio. The decay chain H -> WW -* jjjj has 

the largest branching ratio but is swamped by the four-jet QCD background [1]. Much 

attention has therefore been focused on the decay chain H -+ WW -* £pjj, which has a 

branching ratio of about 20% for I = e,fi. Again, there is a sizeable QCD background from 

W + jj production, where the two jets 'fake' a W. It has recently been argued [2] that this 

background may in part be overcome by 'tagging' the forward quark jets which are naturally 

present in the signal, but can only be mimicked by the background by the emission of two 

extra partons (quarks or gluons) at an additional cost of two powers of a s . The quark jet 

tagging is to be considered as a direct analogue of forward electron tagging in 'two-photon 

physics', and would utilize purpose-built forward calorimeters. 

The basic ideas of quark jet tagging in Higgs production were formulated in Ref. [2]. In 

Ref. [3], a more detailed study was performed with LHC parameters used as an example. This 

note summarizes the results of Ref. [3], which should be consulted for more details and for a 

complete set of references on heavy Higgs production. 

q -r 
\ v 

/'v 
/ / 

Fig. 1 The Feynman graph for WW or ZZ fusion into an on-shell Higgs boson. 

2. RESULTS 
To get a feeling for the magnitude of the signal and background cross-sections, consider 

for definiteness the production of a 500 GeV Higgs in pp collisions at Vs = 17 TeV. The total 

Higgs production cross-section is 0.75 pb, which corresponds to 7500 events for a (canonical) 

integrated luminosity of 10 4 0 c m - 2 . This falls to 986 events when the branching ratio for the 

lv)\ final state and some realistic final-state particle cuts are included. There are, naïvely, four 

quark jets in the final state and their rapidity distributions are shown in Fig. 2. The two central 

jets from the W decay are easily distinguished from the two for ward jets, which result from the 

weak-boson emission by the incoming quarks (Fig. 1 ). 
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The background W + jj cross-section is of the order of 10 pb, more than two orders of 
magnitude larger than the Higgs signal! (The same cuts on the final-state particles are of 
course included.) Now suppose that one requires for the background two additional jets to 
mimic the forward jets of the signal. The leading-order subprocesses are then qq -+ Wgggg, 
qg -• Wqggg, etc., and there is evidently an 0(c*s) suppression. Unfortunately the exact matrix 
elements for these subprocesses are not yet known, but a reasonable approximation can be 
obtained by using a leading-logarithm splitting approximation for the forward jets. It can be 
estimated that this will lead to a theoretical error of probably no more than a factor of 2. Full 
details can be found in Ref. [3]. 

The detection scenario is therefore as follows. One triggers on events with (a) a charged 
lepton, a neutrino (in practice, missing transverse energy), and two jets with an invariant mass 
of order mw, all in a central detector, and (b) in the same event, a high-energy jet in both a 
forward and a backward detector located at small angles to the beam line. The idea is to try to 
optimize the cuts (energies and angles) on the final-state particles so as to decrease the QCD 
background substantially without appreciably affecting the signal. 

Figure 2 suggests that it is appropriate to consider a central detector covering a 
pseudorapidity range - 2 < t\ < 2 and forward detectors covering the range 3 < |JJ| < 5. A 
large fraction of the signal events will be accepted as a result. The other important parameter 
is the minimum energy of the ' tag' jets. The central jet energy asymmetry has been imposed to 
further enhance the signal-to-background ratio [3]. It can further be shown that the S/B ratio 
decreases if either the tag-jet energy threshold or the tag-jet pseudorapidity is decreased. The 
first of these occurs because the background tag jets, originating predominantly from 
bremsstrahlung off the incoming partons, have a softer energy spectrum. The second occurs 
because more non-bremsstrahlung diagrams contribute to the background for less collinear tag 
jets. 
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Table 1 

Number of tv]\ (I = e,n) events 
for 10 4 0 cm - 2 i n tegra ted luminosity, with all cuts. 

Also shown in brackets: number of 
H -> ZZ -» mi (£ = elti) events with |i?t| < 2. 

nriH 

(GeV) 

Vs = 17 TeV Vs = 40 TeV nriH 

(GeV) Higgs QCD Higgs QCD 

300 

500 

700 

900 

53 
(11) 

31 
(5) 

20 
(3) 

14 
(2) 

58 

18 

12 

10 

318 
(33) 

205 
(20) 

162 
(14) 

130 
(10) 

713 

214 

140 

151 

Table 1 summarizes the expected number of signal and background events as a function 
of the Higgs mass for LHC and SSC energies, with the same cuts as described above. Note 
that a S/B ratio of the order of 1 is achieved in all cases, with a slight improvement at the lower 
collider energy. It is important to remember that no attempt has been made to optimize the 
cuts for a particular mass or energy. Some additional improvement could therefore be 
expected from a more detailed analysis. Also shown (in brackets) in Table 1 is the expected 
number of 'gold-plated' H -+ ZZ -» till events with t = e,/i and | i / f | < 2. Even though jet 
tagging has significantly decreased the iv]\ signal, there are still an order of magnitude more 
events of this type than gold-plated events. 

The above set of cuts, designed to achieve a S/B ratio of order one, has had a rather 
drastic effect on the overall rates. It is of course possible to choose less restrictive cuts to 
increase the number of Higgs events at the expense of decreasing S/B. For example a set of 
'loose cuts', defined by 2 < |r/j| < 5 and Ej > 500 GeV, gives 119 and 287 signal and 
background events, respectively, compared to the 31 and 18 events obtained with the original 
'tight cuts' for a 500 GeV mass Higgs at Vs = 17 TeV (Table 2). Of course, only a full event 
and detector simulation will be able to show which set of cuts is most efficient at revealing the 
signal. Recall that for the background the mass of the central £j>jj system has a continuous, 
falling distribution. It may thus be possible to identify the Higgs signal by looking for a 
relatively small excess of events in a narrow mass window. 

The discussion so far has been formulated entirely at the parton level, in which the jets 
(partons) are infinitely narrow. In practice, jets have a finite width and this raises some 
questions about some of the assumptions which have led to the above results. The first of 
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Table 2 

Number of tv\\ [I = e,n) events at Vs = 17 TeV 
for 1 0 4 0 c m " 2 integrated luminosity, with 

'loose' and 't ight' cuts as described in the text 

Tight cuts Loose cuts 

m H (GeV) Signal Background Signal Background 

500 

900 

31 

14 

18 

10 

119 

54 

287 

190 

these concerns the angular size of the tag jets. We have been considering a forward detector 
whose size in polar angle is small. For example, rapidities of 3 and 5 correspond to polar angles 
with the beam of 5.7° and 0 .8° , respectively. How do the tag jets compare in angular size? 
We can obtain an approximate answer to this question by considering the perturbative QCD 
formula for 'Sterman-Weinberg' jets. Let f (e,5,Q) be the probability that a (gluon) jet at scale Q 
has at least (1 - e) of its energy inside a cone of half-angle ô. Then, for e and ô small, 

f = exp [a(e) b(S,Q)] , 

1 — € 

a = 1/2 | dxP g E(x) = 6ln(1/e) + ... , 
c 

Q 2 

b = 1/2T I dk2- [a.{kî)/kfr 
ô 2 Q 2 

In Fig. 3 the function f is plotted as a function of ô for Q = 500 GeV and e = 0 . 1 , 0.2. It is 
immediately clear that most jets of this scale deposit most of their energy in a cone measured 
in degrees. Therefore the tag jets will just saturate the forward detector in 0. The more 
important point, however, is that (assuming 2-K azimuthal coverage) the tag jets will be very 
localized in the azimuthal direction <f>. 

1.00 

f 

0.75 

0.50 
6 

Fig. 3 The probability function f (e,ô,Q) for describing the width of a gluon jet in leading-order 
QCD, as described in the text. 
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Fig. 4 The underlying event total transverse-energy distribution in the rapidity interval 
3 < |r/| < 5 at Vs = 17 TeV in the model of Aurenche et al. The inset shows the 
corresponding distribution for the Higgs signal tag jet. 

A second important question which needs to be addressed is how much 'spill-in' there will 
be into the forward detectors from the underlying event, i.e. how often will a fluctuation in the 
transverse-energy distribution of the underlying event fake a tag jet. We have attempted to 
address this question by using a model — the 'dual string' model of Aurenche et al. — to 
estimate the likelihood of contamination. Shown in Fig. 4 are the model predictions [4] for the 
transverse energy deposited in the pseudorapidity interval 3 < |rç| < 5 from the underlying 
event, for pp collisions at 17 TeV. Also shown is the Higgs tag jet ET profile, which has, as 
expected, a mean value of order nriw- It is immediately obvious that it is very unlikely that 
0 (50 GeV) of transverse energy will be deposited. The other point to remember is that it is 
presumably also unlikely that the transverse energy from the underlying event is deposited 
locally in <j>. At this point one should be concerned about how well current underlying-event 
models can properly describe such fluctuations. One can say at least that since the signal tag 
jets deposit energy locally in <t> on both sides, one should square the probability for the 
background to do the same on one side. Of course the large-Ex tail of the underlying event 
eventually becomes dominated by single-parton bremsstrahlung which does correspond to a 
single jet in the forward detector. But this is precisely the background contribution which has 
been treated perturbatively above, and has been shown to be reasonably under control. The 
conclusion which follows from these considerations is that the 'faking' of tag jets by the 
underlying event is probably unlikely. This appears to be true in the model of Aurenche et al. 
and, as an example, a simulation using the ISAJET model indicates [5] that the background 
estimates given in Table 2 would not be significantly altered. 
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3. CONCLUSIONS 
The study described above should be regarded as a 'first look' at the question of rescuing 

the W + jj Higgs decay mode from the QCD background by tagging the accompanying forward 
and backward quark jets from W bremsstrahlung in the initial state. By requiring similar jets 
with the QCD background, the signal-to-background ratio is increased from 0 ( 1 O - 2 ) to 0(1). 
The tagging cuts which achieve this improvement at the same time reduce the signal by a 
factor of 30. At the LHC, this leaves about the same number of events as arise from the 
H -» llvv decay mode, and considerably more than arise from the H -» till decay mode. 
However the cuts have not been optimized and it should be possible to maintain S/B = 1 while 
increasing the signal. It may also be that S/B need not be as large as 1 in practice, and a 
loosening of the tagging cuts would also give more signal events. As a rough guide, the event 
rates increase by an order of magnitude in going from LHC (17 TeV) to SSC (40 TeV) energies 
(Table 1). 

The above optimism should however be tempered by concerns about the validity of a 
simple parton-level analysis. The primary issue appears to be how often the underlying event 
fakes a tag jet. We have suggested, given the results of the Aurenche et al. model, that there is 
most likely a negligible probability for the coincidence between a central QCD hard scattering 
giving W + jj and a simultaneous 0(50 GeV) fluctuation of transverse energy, localized in 4> 
from the underlying event deposited in both the forward and backward detectors. A proper 
answer to this question requires, however, a complete study beyond the scope of the present 
work. Such a study would include not only a proper treatment of parton fragmentation and the 
underlying event, but also a realistic detector simulation. We believe that, in view of the 
optimistic nature of our conclusions, such a study is certainly warranted. 

This work was done largely in collaboration with Ronald Kleiss. Helpful discussions with 
Guido Altarelli, Patrick Aurenche, John Ellis, Daniel Froidevaux, Zoltan Kunszt, John Mulvey 
and Félicitas Pauss are also gratefully acknowledged. 
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DETECTION OF A MASSIVE HIGGS AT THE LHC (Vs = 16 TeV) 
IN THE CASE OF HIGH LUMINOSITY (L = 5 x 1 0 3 4 c m - 2 s ~ 1 ) 
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1 . INTRODUCTION 
The motivation for this study was based on a proposal to consider the added physics 

potential which might result from running the LHC at very high luminosity [11, L = 
5 x 1 0 3 4 cm ~ 2 s ~ \ despite the fact that it is not yet clear whether experiments can be carried 
out at the design luminosities of machines such as the LHC or the SSC. 

As a word of warning, let us recall that this luminosity of 5 x 10 3 4 c m - 2 s~ ' at the LHC 
corresponds to bunches of 10 1 1 protons separated by 5 ns, with a beta function of 0.5 m at 
the interaction point. As a consequence, there will be 15 inelastic interactions per bunch 
crossing, each yielding about 1 50 charged tracks, and 250 GeV transverse energy per unit of 
rapidity. These somewhat awesome numbers have led us to consider, as a first step, a 'beam 
dump' experiment, where only muons emerging from the beam dump would be detected [2]. 

Specific detector studies [3] have shown that calorimetry and electron identification might 
not be out of reach even at these high luminosities, at least in the central rapidity region. 
Wherever necessary, we have extrapolated the more detailed muon studies to an experiment 
where electrons, muons, and jets would be detected. 

2. SEARCH FOR H - ZZ ~+ till 
As discussed in the Proceedings of the La Thuile Workshop [4, 5], this mode provides the 

cleanest and most accurate reconstruction of the Higgs mass. A t L = 10 3 3 c m - 2 s _ 1 , the 
small branching ratio for this Higgs decay mode (3 x 1 0 ~ 4 for muons, 1.2 x 1 0 ~ 3 for 
electrons and/or muons) precludes its observation for Higgs masses larger than 300 GeV/c 2. 

We have repeated this analysis at L = 5 x 10 3 4 c m " 2 s~ l . We have taken Vs = 16 TeV, 
as opposed to the value Vŝ  = 20 TeV used for the La Thuile studies. The gain of a factor of 50 
in luminosity is thus offset by a loss of almost a factor of 2 in rate due to the lower 
centre-of-mass energy, and a loss of a factor of 4 in the decay branching ratio if we assume 
that only muons are detectable in the final state. The background is from pp -»• ZZ -» /*/*/*/*, 
amounting to 21 50 events per year, for an integrated luminosity of 5 x 10 4 1 c m - 2 . Of these 
events, 109 satisfy a cut requiring that the sum of the transverse momenta of the two 
reconstructed Z bosons be larger than 300 GeV/c. For Higgs masses larger than 600 GeV/c 2, 
this cut is satisfied by most of the signal events. 

The results are shown in Fig. 1 for different values of the Higgs mass ITIH . Because of the 
rapid increase of the Higgs width T H at large values of ITIH T H = 227 GeV for ITIH = 
800 GeV/c 2), the signal does not appear as a peak in the invariant mass distribution for nriH > 
800 GeV/c 2. 

In the more optimistic case of a detector which would also identify electrons, Fig. 2 shows 
that the signal at ITIH = 800 GeV/c 2 becomes quite clear, whereas at nriH = 1000 GeV/c 2 it still 
appears only as an increase in the tail of the background distribution. Additional cuts, using for 
example the different angular distributions expected for the Higgs signal compared with the 
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ZZ-continuum background, would improve the signal-to-background ratio by a factor of 2, but 
at the expense of losing ~ 20% of the signal. 

Given the present theoretical uncertainties on the exact shape of the ZZ-continuum 
background, due mainly to higher-order contributions, it will be difficult to establish the 
existence of the Higgs, using the H -»• ZZ -» Ml channel, for masses larger than 800 GeV/c 2, 
even with L = 5 x 1 0 3 4 c m ~ 2 s _ l . 

3. SEARCH FOR H - ZZ -* w + X 
We now come back to the case of the 'beam dump' experiment, which would detect only 

muons. One could hope to improve the Higgs rates for large values of ITIH by looking for an 
inclusive dimuon signal, reconstructed as the decay products of a high-pT Z boson. For p? 
> 140 GeV/c and m H = 800 GeV/c 2, the rate would be quite large: 1080 events for an 
integrated luminosity of 5 x 10 4 1 c m - 2 . 

However, we now have to consider all possible backgrounds which provide a dimuon 
signal at large dimuon transverse momenta. There are three dominant sources for such a 
background, assuming optimistically that the background from fake dimuons would be small at 
the large dimuon transverse momenta (p j 1 > 140 GeV/c) which we consider from now on: 
i) pp -• ZZ -» /i/i + X: a background of 8600 events per year is expected from this standard 

ZZ-continuum background; 
ii) pp -* Z + X -• mi + X: we have used the calculation of Altarelli et al. [6], which predicts 

that 1.1% of W and Z bosons are produced with PT > 140 GeV/c at Vs = 10 TeV. This 
leads to 30,000 dimuon background events from single-Z production. 
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iii) pp -» bb + ... -* nn + X: the background from known heavy flavours will be dominated by 
99 ~* 99 ~* gbb, through gluon splitting, at these large dimuon momenta. We therefore 
used the EUROJET Monte Carlo program [7] to estimate the total dimuon rate originating 
from 2 -• 2 and 2 -» 3 QCD processes producing bb pairs. For r r v = mz ± 5 GeV/c 2 

and PT* > 140 GeV/c, we expect 20,000 events for an integrated luminosity of 
5 x 10 4 1 c m - 2 . This result is insensitive to the arbitrary soft-gluon cut-off in the higher-
order terms used in the EUROJET calculation, since large-pT dimuon pairs originate 
dominantly from a large-pT gluon, through the sequence g -* bb -* mi + X. 
Figure 3 summarizes these results for the signal at nriH = 800 GeV/c 2 and for the three 

background processes which were considered above. The dimuon background from heavy 
flavours falls much more steeply as a function of PT* than does the dominant single-Z-boson 
background. The signal is clearly not sufficiently abundant or peaked in mass to be observed in 
this channel. 

In the case of a detector which would identify electrons and jets, most of the single 
Z-boson and heavy-flavour backgrounds would disappear, but we do not believe that, even in 
this case, the H -* ZZ -» Uw channel would provide a better signal than the H -»• ZZ -* till. 

As a conclusion to this section, we briefly discuss the additional background which 
would originate from tt background. Figure 4 shows the large-pT dimuon background from 
pp -» t t + ... -»• mi + X, for m t = 50 GeV/c 2, as compared to the bb background discussed 
above. 
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Given the kinematical constraints ( m w = m z ± 5 GeV/c 2 and PT" > 140 GeV/c), the t t 
contribution is not suppressed with respect to bb, as it would be for larger values of the top-
quark mass. In fact, it is even larger than the bb contribution, probably because of the cascade 
decays which provide a significant fraction of same-sign dimuons, passing the kinematical 
cuts defined above, whereas this fraction is negligible in the case of bB. Clearly the presence of 
a relatively light top quark would increase significantly the background to inclusive dimuon 
production through Higgs production, despite the large uncertainties which affect the QCD 
calculations of this type. 

4. CONCLUSIONS 
Here we would like to summarize the conclusions that can be derived from this 

contribution and the one by Stirling [8] on Higgs tagging. 
At nominal luminosity, i.e. L = 10 3 3 cm ~ 2 s ~ \ a Higgs with a mass less than 600 GeV/c 2 

can be discovered at the LHC through its purely leptonic decays (H -» ZZ -» Ml and principally 
H ->• ZZ -* Uvv). If Higgs tagging is experimentally feasible, i.e. if we can measure p? through 
the measurement of the small-angle beam jets, then we should be able to detect the H -» W -+ 
lv\\ decays above background for nriH < 800 GeV/c 2 at the LHC. 

At the highest possible luminosity, L = 5 x 10 3 4 c m " 2 s " ' , the LHC potential for Higgs 
discovery through its leptonic channels becomes comparable to that of the SSC at 
L = 10 3 3 c m - 2 s ~ \ i.e. H -> ZZ -»• Ml decays for m H < 800 GeV/c 2 should be visible above 
background. We recall that the Higgs production cross-section decreases by only one order of 
magnitude when mH increases from 300 to 800 GeV/c 2. However the very fast increase of the 
Higgs width as a function of mH explains why we would need the highest possible luminosity 
at the LHC to see H -* ZZ -* Ml decays for m H = 800 GeV/c 2. A more modest increase of the 
luminosity at the LHC, e.g. L = 5 x 10 3 3 cm ~ 2 s ~ ', would enable the observation of a peak in 
the four-lepton mass distribution for H -* ZZ -* Ml decays for m H < 600 GeV/c 2. 

As discussed in ref. [8], Higgs tagging looks quite promising at L = 10 3 3 c m - 2 s _ 1 to 
extract H -* WW -• lv\\ decays from the background, despite the large uncertainties affecting 
the approximate theoretical calculation and the estimates of background from spill-out of the 
beam fragments. From an experimental point of view, it is not at all clear whether calorimetry 
and electronics would survive the radiation damage, even at nominal LHC luminosity. At 
L = 5 x 10 3 4 c m - 2 s _ 1 , the problems arising from spill-out of the beam fragments and 
radiation damage probably exclude the possibility of measuring p? in such an environment. 
However, taken together, the two methods of quark tagging at L = 10 3 3 c m - 2 s~ ' and the 
H -» ZZ -• llll channel at luminosities up to 5 x 10 3 4 c m - 2 s~ ' would give the LHC a strong 
capability in the Higgs search for masses up to 800 GeV/c 2. 
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Abstract 
The detection of squaiks and gluinos at the LHC at high luminosity (L=5xl0 8 4 c m - 2 s - 1 ) is 

examined. The two processes considered are (1) pp—+qq+X, q—>qy and (2) pp—•gg+X, g—>qqy 
giving the signature of large missing transverse energy plus two or more large transverse energy 
jets. Event pile-up is taken into account by superimposing low px jet events (an average of 25 
events per beam crossing) on to gluino events generated with IS A J ET. The squark and gluino 
mass range which might be accessible at the high luminosity LHC is studied. 

1 Introduction 
Studies [1,2] of squark and gluino signals at the LHC made in connection with the La Thuile 

workshop were concerned with pp collisions at y^s=17 TeV and at the nominal LHC design 
luminosity of L=10 3 3 c m - 2 s - 1 . These studies, which considered the "classical" squark and gluino 
signature of large missing transverse energy produced in association with two or more large 
transverse energy jets, concluded that the LHC should be sensitive to squark and gluino masses 
of up to ~1 TeV/c 2 . The equivalent mass range for the higher energy SSC machine would clearly 
be somewhat higher than this, ~1.5-2 TeV/c 2 [2]. It is therefore of interest to see to what 
extent the discovery potential of the LHC can be extended by running the LHC at much higher 
luminosity, up to L=5x l0 3 4 c m - 2 s _ 1 . 

In this report, we consider the feasibility of carrying out squark and gluino searches at high 
luminosity. At a luminosity of 5x l0 3 4 c m - 2 s _ 1 , with 5ns bunch spacing and a total pp cross 
section of lOOmb, there will be an average of 25 pp interactions in each bunch crossing ("event 
pile-up"). The effects of event pile-up on the large missing E T signature for high mass (>1 TeV/c 2) 
squarks and gluinos will be studied in some detail. 

In the next section, we briefly summarise the results of the earlier study [1] of squark and 
gluino production at the LHC for the standard luminosity of 10 3 3 c m - 2 s - 1 . The main features 
of the Monte Carlo calculations of squark and gluino production, and the calculations of the 

'Now at Imperial College, London University 
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standard model background (heavy flavour and W,Z production) are described, and we review 
the event selections used in the study to extract a squark or gluino signal. In section 3, we 
discuss the additional problems associated with high luminosity running, and the techniques used 
to incorporate the effects of event pile-up into the analysis. We compare the topology of squark 
and gluino events at low and high luminosities, and study possible ways to extract a signal at 
high luminosity. The results of this analysis, and a discussion of the squark and gluino mass 
range which might be accessible at high luminosity, are presented in section 4. 

2 Summary of Low Luminosity Studies 

We summarise here the results of the "low luminosity'' (L=10 3 3 c m - 2 s _ 1 ) analysis[l] of squark 
and gluino production in pp collisions at ^ = 1 7 TeV. Most of the features of this analysis will 
remain unchanged for the high luminosity study to be described in the next section. In particular, 
the supersymmetric model used, the ISAJET Monte Carlo calculations of signal and background 
event rates, and the assumptions made for detector smearing are common to both studies. More 
details can be found in ref [1]. 

2.1 Monte Carlo Generation of SUSY and background events 

The lightest supersymmetric particle was assumed to be a massless photino. All squark 
flavours were assumed to have the same mass m~. The following squark and gluino production 
channels and decay modes were considered: 

(1) pp->qq+X (Tn~<m~) (2) pp-»gg+X ( m _ < m ~ ) 
q7 

»q7 

I—•aaT' qqT 
•qqr 

Thus, for squark production, the final state consists of two high p i jets plus large missing energy 
from the two photinos. For gluino production, the final state consists of four quark jets plus large 
missing energy, again from two photinos. For qq production, the gluino mass was taken to be 
5 TeV/c 2 . Similarly, for gg production the squark mass was taken to be 5 TeV/c 2 . All other 
supersymmetric particle masses are assumed to be large (5 TeV/c 2). 

A variety of standard model processes can also produce events with large missing E T in 
association with jets. Those considered in detail were: 

• heavy flavour (c,b,t) production followed by semi-leptonic decay e.g. t—»bex/; 

• W—>«/, W—>/zi/ and W-^ri/ decays; 

• Z°—*vv and Z°—>T+T~ decays; 

• pair production of W± and Z° bosons: p p - ^ W ± W ± + X , W ± Z ° + X and Z°Z°+X. 

Possible background contributions from W ± and Z° decays into heavy flavours (W±—•cs,tb and 
Z°—•cc,bb,tt) were not evaluated. 

Quantitative studies of both the signal (squark and gluino) and the standard model back
ground were made with version 5.25 of the ISAJET Monte Carlo program [3]. The ISAJET 
program generates a complete pp event, including the effect of beam fragmentation. For QCD 
jet production, the hard scatter in ISAJET is computed using only the leading order 2-»2 ma
trix element (e.g. gg—>gg). Similarly, W* and Z° production is computed to leading order in 
perturbative QCD (e.g. p p ^ q + W ± + X ) . However, gluon bremsstrablung from initial and final 
state partons (including bremsstrahlung from squarks and gluinos) is included in ISAJET, so 
2-»3 processes (e.g. pp—»qqg or pp—»W±+multijets) can occur. 
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Figure 1: (from ref [1]) inclusive true missing transverse energy distributions from standard 
model backgrounds, namely QCD heavy flavour production (solid curve), pp-*W,Z°+X (dot-dash 
curve), and W,Z pair production (dashed curve). The total standard model background is given 
by the points with error bars. Also shown (histogram) is the missing E T distribution for squark 
pair production for a squark mass of 1 TeV/c 2 . 

Supersymmetric events were generated for seven different squark and gluino masses between 
200 GeV/c 2 and 2 TeV/c 2 . Figure 1 shows the missing E T distribution for a squark mass of 
1 TeV/c 2 (histogram) and for the total standard model background (points with error bars). 
Shown separately are the contributions from QCD heavy flavour production (for a top quark mass 
of 40 GeV/c 2), from 2i°—*vv and W-*lv decays, and from W and Z° pair production. For values of 
missing E T below ~500 GeV, the dominant contribution is from QCD heavy quark production. 
For higher values of missing E T , the dominant background is W ± and Z° production (mainly 
1°-*vv decays). The QCD background was found to be dominated by top quark production, and 
in particular by indirect top production, i.e. the production of tt pairs in gluon fragmentation 
(g—>tt). The top quark background at large missing E T was found to be insensitive to the assumed 
top quark mass. 

Next, to take detector smearing into account, a calorimeter granularity of AT/=0 .05 and 
A<£=0.05 was assumed, extending out to rapidities of |y| <5. Each generated particle was as
sumed to deposit all its energy in a single cell. Calorimeter resolutions of <r(E)/E=10%/- v/E+l% 
were assumed for electrons and photons and er(E)/E=50%/>/E+5% for hadrons. The detector 
smearing in fact had only a small effect on the missing E T distributions of figure 1. 

Finally, jet finding was carried out on the calorimeter cells using a jet algorithm similar to 
that used by UA1. The highest remaining calorimeter cell with E T > 1 0 GeV was used to initiate 
a new jet, and all cells within AR<1 of this initiator cell were associated to the jet. Only cells 
with E T > 1 GeV were considered. 
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2.2 E v e n t S e l e c t i o n a t Low L u m i n o s i t y 

From figure 1, we see that the standard model background at large missing Ex is of the same 
order as the signal. The cuts used in ref[l] to reduce the background were based on those used 
in a recent analysis by UA1[4] of SPS Collider data: 

1. Reject events containing a muon or an isolated electron. This largely removes the back
ground from W—*eu and W—*\w decays, and also reduces somewhat the heavy flavour back
ground. It was assumed that all muons with transverse momentum greater than 15 GeV/c 
could be recognised as such, even if the muon was inside a jet. Similarly, events contain
ing an electron with J>J.>15 GeV/c were removed provided that the electron was isolated, 
namely that Ej>r/p r <0.1, where Epr is the total transverse momentum of all other parti
cles (excluding neutrinos and muons) in a cone of half angle AR<0.4 around the electron, 
where ( A R ) 2 = ( A T / ) 2 + ( A ^ ) 2 . Finally, electron and muon identification was assumed to 
extend out to rapidities |y|<5. 

2. jet multiplicity, select events containing two or more reconstructed calorimeter jets with 
Ej t >250 GeV. This significantly reduced the background from Z°—>vv decays for which 
low jet multiplicities dominate; 

3. event topology, select events in which the missing Ex is not aligned with one of the jets in 
the event, or in which the jet activity is not coplanar in azimuth. In background events due 
to heavy quark decay, we expect the missing transverse energy direction often to lie close 
to one of the jets in the event. Further, we would expect that in general the jet activity 
would be correlated back-to-back in the transverse plane. For squark production on the 
other hand, we expect two energetic jets which will not in general be back-to-back. For 
gluino production, we expect the jets to be produced rather isotropically. 

The following quantities were used to study the difference in event topology between the signal 
and the background: 

1. A(f>, the difference in azimuthal angle between the missing transverse energy direction and 
the direction of the highest transverse energy jet; 

2. A<f>i2, the azimuthal angle between the two highest transverse energy jets; 

3. Circularity C, computed from the transverse projection of the calorimeter cells: 

C = | min ( S E T . n ) 2 / ( S E T

2 ) 

where the minimisation is carried out over all choices of n, a unit vector in the transverse 
plane. Thus, C=0 for a pencil-like event and C = l for an isotropic event (in the transverse 
plane). The vector n for which C is minimised defines the circularity axis. With this 
definition, the value of C is independent of the algorithm used to reconstruct calorimeter 
jets; 

4. XoU t, the component of the missing transverse energy perpendicular to the circularity axis, 
normalised to the total scalar transverse energy measured in the calorimetry [5]: 

x„ut = ( E ^ . s i ^ A ^ J J / S E x 

where A(f>c is the difference in azimuthal angle between the missing Ex direction and the 
circularity axis. 

Figure 2 shows the measured missing Ex for two possible event selections: (a) C>0.25, 
Nj e t >3 and (b) A$i2 <130°, Nj e t =2. The first selection was aimed at gluino events (several 
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Figure 2: (from ref [1]) distribution of measured missing transverse energy for squark (solid 
histogram) and gluino (dashed histogram) production and for background (points with error 
bars) after removing events with identified electrons and muons and after final selection cuts. 
The selection cuts are (a) C>0.25, N j e t > 3 and (b) A<£i2 <130°, N j e t = 2 . A squark or gluino 
mass of 1 TeV/c 2 is assumed. 

jets, isotropic), while the second was aimed at squarks (two high px non-coplanar jets). Signal 
to background ratios are typically ~10:1 at large missing E T - For squark or gluino masses of 
~1 TeV/c 2, and for an integrated luminosity of 10 4 Ocm~ 2 (corresponding to 1-2 years running 
at a luminosity of 10 3 3 c m - 2 s - 1 ) , ~100 events pass these selection cuts. Similar results [1] were 
obtained with selections based on A<j> and Xout-

2.3 Summary 

We conclude that, with 1-2 years running at the LHC at a luminosity of 10 3 3 c m _ 2 s _ 1 , 
squark and gluino masses up to ~ 1 TeV/c 2 are potentially accessible. It should be emphasised 
though that there are many uncertainties involved in the above calculations, such as lack of 
knowledge of the top mass and uncertainties in heavy flavour production cross sections and in 
the event topology associated with Z° production at large transverse momentum. These and 
other uncertainties combine to give an overall uncertainty in the predicted background event rate 
of probably at least a factor 3-4. On the other hand, the selection cuts described above were 
not optimised, and there were indications [1] that the QCD background in particular could be 
substantially reduced by cutting harder on the missing transverse energy isolation. 

In the next section, we extend these studies to consider squark and gluino searches at high 
luminosity, i.e. L=5xl0 3 4 c m _ 2 s ~ 1 . Two consequences of high luminosity running which will be 
taken into account are: 

1. event pile-up; this will be simulated by superimposing low px ISAJET events onto super-
symmetric events; 
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2. reduced electron and muon identification, a consequence of the high multiplicity environ
ment engendered by pile-up. 

In addition, it will turn out that the jet algorithm parameters used in the "low luminosity" 
(L=10 3 3 c m ~ 2 s - 1 ) study described above must be re-tuned for the high luminosity study. In 
particular, a smaller jet cone will be needed to reduce the amount of energy drawn into the jet 
from the beam fragmentation and from the additional low px events. 

3 S quark and Gluino Events at High Luminosity 

3.1 Simulation of Event Pile-up 

Assuming a luminosity of 5x l0 3 4 c m ~ 2 s _ 1 with 5ns separation between bunch crossings, and 
assuming a total pp cross section of lOOmb, on average there will be a total of 25 pp interactions 
per bunch crossing. Each squark or gluino event will therefore have ~25 events superimposed. 
The detailed properties of these additional ("minimum bias") events cannot be reliably computed 
or extrapolated from existing data. Since, at LHC energies, the jet cross section computed in 
perturbative QCD saturates the total pp cross section for jet p i ' s of order 10 GeV, we choose 
to represent these additional events by low px QCD jet events (10< p ^ ' <100 GeV/c) generated 
with ISAJET. 

Pile-up was simulated by mixing together several of these ISAJET low px jet events with 
ISAJET gluino events. The number of low px events to be added was generated according to a 
Poisson distribution with a mean of 25. In practice, because of the enormous number of particles 
contained in these simulated pile-up events, the CPU time required to mW and analyse the events 
is large. The pile-up simulation was therefore carried out for only one sample of supersymmetric 
events, namely for gluino pair production with a gluino mass of 1 TeV/c 2 (1000 events); the 
gluino signature is less striking than that for squarks and is therefore more likely to be affected 
by pile-up. 

A comparison of the true missing Ex distribution for gg events with and without the event 
pile-up is shown in figure 3(a). A similar comparison for the number of reconstructed calorimeter 
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jets found per event is shown in figure 3(b), for jets with transverse energy Eif'MOO GeV. We see 
that the missing E j distribution is almost completely unaffected by the presence of the additional 
low P T events, but that the number of jets per event is approximately doubled. 

The change in the jet multiplicity arises mainly because the cone size AR<1 used in the jet 
finding algorithm is too large. This can be seen from figure 4 where the event profile around 
the direction of the highest transverse energy jet in the event is plotted, both with and without 
pile-up. This profile is simply the Ex-weighted (AR) 2 distribution of all calorimeter cells with 
respect to the jet direction. The jet profile is seen to be extremely narrow with almost all the 
jet energy contained within a cone AR<0.5, somewhat smaller than the cone AR<1 used so 
far. The presence of pile-up has no significant effect on the jet width but simply raises the (flat) 
background level. 

For the high luminosity analysis described below, the parameters used in the jet finding 
algorithm were modified as follows: (1) the jet cone size was reduced from AR<1 to AR<0.5; 
(2) the threshold for a calorimeter cell to initiate a new jet was increased from Ex>10 GeV 
to E-r>20 GeV; and (3) only cells with E T > 5 GeV were considered. With this re-tuned jet 
algorithm, the effect of pile-up on the calorimeter jet multiplicity is considerably reduced. This 
can be seen from figure 5(a) by comparing the full histogram (new jet algorithm, without pile-up) 
with the solid points (new jet algorithm, with pile-up). 

For the low luminosity analysis (i.e. with no pile-up) the choice of jet algorithm parameters 
is not critical, i.e. the results are essentially the same for the original and for the re-tuned jet 
algorithms. The dashed histogram in figure 5(a) for example shows the jet multiplicity distribution 
(without pile-up) obtained with the original jet algorithm parameters. There is little difference 
between this distribution and the solid histogram (no pile-up, new jet algorithm) of figure 5(a). 

1 1 1 

r 

i i i 

-
g g~ 

-
g g + JETS 

J"T_,_ 

1 1 i 

1 

^ — " — u -

1 1 1 

85 



240 

200 

160 
iS) 

> 120 -

80 -

40 

a) 

i 

-ii-

4 

20. 5. 10. 15. 

NUMBER OF JETS (ET>100GeV) 

Ul 

160 b) 

140 -

H H 

120 

100 P" 

80 aè 

60 - iT 
40 J 
20 J 

n « ^ * ^ " . . . . 
0 20 40 60 80 100 120 140 160 180 

Aip (E; , JET 1) 

00 

0 20 40 60 80 100 120 140 160 180 

Aip12 (JET 1JET 2) 

0.6 0.8 

CIRCULARITY 

Figure 5: Distribution of (a) Nj e t (b) A0 (c) A<f>i2 and (d) circularity C for gluino production, 
with (solid points) and without (solid histogram) pile-up, for a gluino mass of 1 TeV/c 2. Also 
shown in (a) is the jet multiplicity distribution using the original jet algorithm parameters (dashed 
histogram). 

86 



3.2 Event Selection at High Luminosity 

Limited charged track information combined with very high track densities mean that charged 
lepton identification will be more restricted at high luminosity. Nevertheless, it should still be 
possible to identify isolated high px electrons using TRD's[6]. We shall assume that isolated 
electrons with px>50 GeV/c can still be identified, where the isolation condition will still be 
that SEx/Ex e <0.1 in a cone of half angle AR<0.4 around the electron, and the sum is over the 
smeared calorimeter cell energies 2 . Similarly, we shall assume that all muons with transverse 
momentum greater than 50 GeV/c (instead of 15 GeV/c) can still be recognised. 

Distributions of A<f>, A<j>i2 and circularity are shown in figure 5(b)-(d), for gg events with 
measured missing Ex>300 GeV, after events containing identified electrons and muons have been 
removed. These distributions are shown both with and without pile-up. The circularity distri
bution shows clearly that the gluino events are more isotropic when pile-up is added. However, 
the A<j> and A<f>i2 distributions (which involve only the high Ex jets in the event) are essentially 
unchanged when pile-up is included. The sensitivity of the circularity distribution (figure 5(d)) to 
pile-up could presumably be reduced by imposing a minimum threshold on the Ex of calorimeter 
cells used in the circularity calculation; this was not investigated for lack of time. 

In summary, provided we use an appropriate jet definition, the topology of gluino events is 
not significantly affected by the presence of additional low pif* events. We therefore expect that 
the efficiency with which gluino candidates can be selected will not be much worse than that 
found in the earlier low luminosity study. A prohibitively large amount of computer time would 
be needed to verify explicitly that the same is also true for squark production and for background 
events. For squark production and for standard model background, we shall therefore assume 
that (as seen above for gluino production) results obtained with the new lepton cuts and with 
the re-tuned jet algorithm will not be significantly affected by pile-up. 

4 Results 
A comparison of the measured missing Ex distributions for super symmetry and for background 

is shown in figure 6 for the selections (a) C>0.25, N j e t >3; (b) A#i 2 <130°, Nj e t =2; (c) A0<13O°, 
Njet=2 and (d) A0<13O°, Njet >3. Events containing identified electrons or muons have been 
removed, and jets are required to have transverse energies E^'>250 GeV. For consistency, none 
of the distributions shown include the pile-up simulation. For pp-+gg production however, the 
distributions with pile-up (not shown) look very similar, and, as discussed above, we expect the 
same to be true also for squark production and for the background. 

The squark and gluino signals in figure 6 rise clearly above the background at large values of 
missing Ex- In Table 1, the number of signal and background events expected for an integrated 
luminosity of 500fb - 1 (1-2 years running at high luminosity) are shown after some representative 
event selections have been applied. The errors quoted are the statistical errors associated with the 
Monte Carlo generation. For each of the squark or gluino masses considered, signal to background 
ratios of ~5:1 or more are achieved. For the selection shown in the second column of Table 1, 
even for squark or gluino masses of 2 TeV/c 2 , £100 events survive the final selection cuts. 

Similar reservations to those made earlier in connection with the "low luminosity'' analysis, 
concerning the theoretical and practical uncertainties associated with these calculations, also 
apply here. In addition, it should be emphasized again that it was not possible to check explicitly 
the effects of pile-up on the standard model background. Nevertheless, it seems that squark and 
gluino masses approaching 2 TeV/c 2 might be accessible at the LHC at high luminosity. 

3 For consistency with the low luminosity study, we have assumed election identification to be possible over the 
rapidity range |y|<5, whereas the TRD study[6] used |y|<3. However, we do not expect any significant changes if 
the smaller rapidity coverage were used instead. 
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Table 1: Event rates at L=5x l0 3 4 cm 2 s 1 after selection cuts 

Expected event rates for signal and background after final selection cuts, for a total integrated 
luminosity of 5.10 4 1 c m - 2 (500 f b - 1 ) . The quoted errors are the statistical errors arising from 
the Monte Carlo generation. For each selection, the event rates are given for two different cuts on 
the measured missing transverse energy ( E ^ " >800 GeV and E ^ " >1200 GeV). Jet transverse 
energies are required to be greater than 250 GeV. 

Process 
0 0 . 2 5 
N j e t > 3 

A<j>12 <130° 
N j e t = 2 Process 

E3?"s>800 EÇ i">1200 E ^ ^ O O Eîp">1200 

QCD 

other 

Total bgd. 

pp->qq: 
1000 
2000 

PP->gg: 
1000 
2000 

655 ± 410 
80 ± 32 
70 ± 18 
5 ± 3 

810 ± 410 

8300 ± 1200 
495 ± 50 

6660 ± 710 
335 ± 35 

11 ± 6 
9 ± 2 
5 ± 2 
1 ± 1 

25 ± 8 

1580 ± 650 
355 ± 50 

270 ± 150 
110 ± 15 

1235 ± 550 
2830 ± 290 
1195 ± 210 
515 ± 260 

5775 ± 750 

25960 ± 1950 
1850 ± 92 

12150 ± 2060 
105 ± 11 

20 ± 12 
340 ± 30 
100 ± 13 
60 ± 35 

520 ± 52 

2600 ± 580 
1310 ± 85 

1350 ± 600 
50 ± 9 

5 Summary and Conclusions 
In summary, a previous study [1] of squark and gluino production at the LHC has been 

extended to consider the case of operation at very high luminosities, L=5xl0 3 4 c m ~ 2 s _ 1 . At 
these luminosities, we expect to find ~25 additional low px events superimposed on each squark 
or gluino event ("pile-up"). A detailed simulation of event pile-up was undertaken for the case of 
gluino pair production pp—•gg* for a gluino mass of 1 TeV/c 2 . It was found that pile-up had only 
a small effect on the selection efficiency for gluino events, and, in particular, that the missing 
transverse energy distribution and the jet topology (at high Eif ) remained essentially unchanged 
when pile-up was added. Representative event selections for squarks and gluinos produce signal 
to background ratios similar to those found at "low" luminosity (i.e. without event pile-up). We 
conclude that, provided the formidable experimental problems associated with running at high 
luminosity can be overcome, there seems to be no reason why higher luminosities should not 
extend the discovery limit for squarks and gluinos to masses approaching ~2 TeV/c 2 . 
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