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1 Introduction

Thewiderange of particle energies produced at the LHC requiresthat the CMSHCAL detectors mes-
surevaluesmuch larger than have been attempted before at colliders. At the same time, the detectors must maintain
equivalent capabilities at the lower, more typical energies of current colliders. The electronicsfor the HCAL detec-
tors must be able to measure signals as small as a minimum-ionizing muon, and as large as the showers produced
by very energetic hadrons. In order to design the e ectronicsfor theHB & HE detectors, it isnecessary to determine
the maximum energy that a single channel in each detector should be expected to observe.

The physics process that produces the largest-energy particles at the LHC is not obvious. Two lead-
ing candidates are jetsfrom the QCD production of quarks, and taus from the decay of new gauge bosons. In both
cases, the amount of energy manifested in charged hadrons is always smaller than the original particle energy, so
the amount deposited in asingletower of an HCAL detector isvery often much less. To get amore accurate deter-
mination of the maximum energy per tower, therefore, it isnecessary to use aMonte Carlo simulation of the physics
process and detector.

Inthisnote, we describe astudy of the maximum tower energies expected inthe CMSHCAL detectors
from the QCD production of 2 jets at the LHC. We have chosen this process over the others since the physics can
be simulated with some confidence, and the expected number of eventsislargest [1]. Also, one of thepriority goals
of CMSisto search for quark sub-structure at the highest jet energies available. Most probably, the two-jet process
will produce the highest energy hadronsif no new physics beyond the Standard Mode appears, and thus could be
the basis for specifying the dynamic range of the HB & HE electronics.

2 Segmentation of the HB & HE Detectors

The barrel hadron calorimeter (HB) covers the pseudo-rapidity range (|n| < 1.5), while the endcap
calorimeter (HE) coversthe range (1.5 < |n| < 3.0). The barrel and endcap detectors are divided into towersin
pseudo-rapidity and azimuth (An x A¢ = 0.087 x 0.087).

The longitudina segmentation of the HB & HE detectorsis summarized in Table 1.

HB HE

EM 11 11
HAC1 011 05
HAC2 58 9.5
HO 35 0.0
Total 1051 111

Table 1: Depth in interaction lengths of the HB & HE detectors

Each HCAL tower in the HB calorimeter is divided longitudinaly into three compartments: HAC1,
HAC2, and HO. The first compartment radially isHAC1, and consists of only afew layers of scintillator and ab-
sorber. Our study assumed the depth of HAC1 was 0.11 interaction lengths (the EM cal orimeter wasassumed to 1.1
interaction lengths). The main compartment of HB isHAC2, consisting of about 20 layers. Our study assumed the
depth of HAC2 was 5.1 interaction lengths. The last compartment in HB isthe outer detector (HO), located outside
the CM S solenoid’ s coil. Our study assumed the depth of HO was 3.5 interaction.



The HE calorimeter is divided longitudinally into only two compartments: HAC1 and HAC2. Our
study assumed the depth for the EM compartment was the same as for the HB cal orimeter, but was 0.5 interaction
lengthsfor HACL1 in the endcap, and 9.5 interaction lengths, for HAC2.

3 TheMontecarlo Smulation

The study was conducted using the Montecarlo program ISAJET 7.16 to generate two-jet eventswith
Pr > 2.5 TeV, for theHB and HE detectors, at the center-of-mass energy of 14 TeV. The production cross sec-
tionfor thishigh Py processprovided by ISAJET was 11 fb. For aninstantaneousluminosity of 103% cm=%sec™1,
collected for one LHC year (107 seconds), theintegrated luminosity is 10% pb~1. Thus, for arun of oneyear, CMS
should expect about 1100 two-jet eventswith Pr > 2.5 TeV.

A parameterized simulation of the CM S detector was used to estimate the amount of energy deposited
in each tower of the calorimeters. This fast simulation has been used before to study other aspects of the CMS
hadron calorimetry [2]. It tracks stable particlesin the CMS magnetic field (which isassumed to be uniform) up to
the calorimeter. The energy resolutionis simulated by Gaussian smearing and is summarized in Table 2.

In| < 1.5 1h<n <26 26<|n<3.0 3.0<]n <5.0
EM a 0.02 0.02 0.36 155
b 0.005 0.005 0.03 0.01
HCAL a 117 117 117 2.84
b 0.066 0.066 0.066 0.08

Table 2: Energy Resolution of the calorimeters (in GeV)
AE

T =750
The longitudina parameterization of the hadron shower is given by [3]:

dE = 5[ fol (a, bt) d(bt) + (1 — fo)I'(a, ¥’ D) d(b'D)]

= 2o fol(b)*~tea(bt)] + {25 (1~ fo)[(¥' D)*~1e¥ Pd(b' D)]

where fo is the fraction of the shower’s energy that goes into electromagnetic energy, t is the depth in units of
radiation lengths, and D is the depth in units of nuclear interaction lengths. The constants are:

a=10.6240.321nE, b=0.22 b =0.91—-10.0241n Eq

Although the electromagnetic fraction (from #°’s) goes up as a function of the energy of the shower, we use the
fixed value fo = 0.46 from ref. 3.

Since thisfast program does not includeafull simulation of the shower devel opment, we must use an
approximation to cal cul ate the energy deposited in each longitudinal compartment. We first consider the depth at
whichtheinitia interaction of the hadron shower occurred. If thehadronfirst interactedinthe HO, thentheenergy in
the other compartmentsisobvioudly zero. If thehadronfirstinteracted in HAC2, then to obtaintheenergy inthe HO,
wefirst calculate the energy deposited in HAC2. Next, we assume anew depth for HAC2 that includesthe depth of
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HO, and finaly assign the difference of these two determinationsto be the energy deposited inthe HO compartment.
Similarly, we use the same subtraction scheme for initia interactionsin HAC1 and the EM calorimeter. The ratio
of electron to pion response was assumed to be:

e _ A
T 1+B-lmE-(A—1)

[¢]

where A = 1.49and B = 0.15.

The transverse shower shape is modeled assuming an RM S width of 3.4 cm for the hadronic compo-
nent of the shower, and 1.2 cm for the electro-magnetic. Thelateral parameterization of the hadron shower isgiven
by the function [3]:

14] 14]

fd =07Te = +03e =

where d isthe distance from the point of incidence in centimeters.

4 Reaults

For the study, we generated 20,000 two-jet events with P% > 2.5 TeV, which represents about 20
years of LHC running at an instantaneous luminosity of 103* em~2sec™. The results of the study are summa-
rized in Figures 1-6. Figure 1 is a histogram of the energy deposited in each tower of HACL for the barrel hadron
calorimeter.
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Only if the energy in the tower exceed 100 MeV isthetower included in any of these histograms. We
note that even for this extremely long running period, there is never more than 2 TeV of energy deposited in any
tower of HACL for the barrel hadron cal orimeter.
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A similar plot can be found in Figure 2 for HAC2 of the barrel calorimeter. We again see that the
energy never exceeds 3.5 TeV in any singletower of HAC2. The resultsfor HAC1 and HAC2 are similar despite
the disparity in the number of layersin the two compartments. This can be explained by the large shower fluctua-
tionsthat can occur in hadron cal orimeters. (Sometimes most of the energy isdeposited in only afew layers of the
calorimeter.) However, the average energy in HAC2 of the barrel calorimeter isconsiderably larger that HAC1, as
we would expect from the larger number of layers and larger number of interaction lengths.

Figure 3 shows the sensitivity to the parameterization of the transverse development of the hadron
shower. The solid histogram is the same as Figure 2, while the dashed curve is the same but with the modeling of
the transverse shower shape turned off. There are more events at larger tower energies, but they still do not exceed
about 3.5 TeV.
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Figure 4 shows the same plot for the HO of the barrel hadron calorimeter. As expected from the
smaller number of interactionlengthsand location of thislongitudinal compartment, the energy depositedin atower
isoftenlessthanfor HAC1 and HAC2. Neverthel ess, sometimes hadronswill not interactin theEM or HAC1 com-
partments, and interact deeply into HAC2, or even penetrate all the way to the HO of the barrel calorimeter before
they interact, depositing a large amount of energy. From this study, we can see that even for along CMSrun, the
energy in the HO of the barrel cal orimeter hardly exceeds 1 TeV
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For the endcap hadron cal orimeter, thetwo-jet process used in this study produces fewer events. This
isevidentin Figures5 & 6, histogramsof thetower energiesfor HAC1 and HAC2 of theendcap hadron cal orimeter.
It isnot obviousthat thisisthe determining process to set the maximum energy for this cal orimeter. However, until
abetter candidate is established, thisstudy should provide the current basisfor specifying the dynamic rangeinthe
endcap hadron calorimeter.
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To complete thispart of the study, Figures 7 & 8 are histograms of the energy deposited in each tower
of theEM calorimeter for the barrel and endcap detectors. The segmentation of the barrel and endcap EM cal orime-
ters was assumed to be 6x6 EM towers per HCAL tower.
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5 Conclusions

This study shows that the maximum tower energy from the QCD production of two jets for the ex-
pected lifetimeof CM Sat the LHC should never exceed 3.5 TeV in any compartment of the barrel or endcap hadron
calorimeter. These results can form the basis for specifying the dynamic range of the HB & HE electronics.

The current proposal for the front-end electronics for the barrel and endcap hadron cal orimeter in-
cludes an auto-ranging QIE device[4]. This device could provided as many as 7 energy ranges or more (see Table
3). Sinceit would be easier to use asingletype of electronics for each longitudinal compartment of both the barrel
and endcap calorimeter, it isimportant to know whether thisisfeasibleintermsof therequired dynamicrange. This
study shows that a single device with a maximum energy range up to 3.5 TeV would accommodate both the barrel
and endcap hadron cal orimeters.

Wewouldliketothank the CM S Simulation Group at Fermilab for useful discussionson theseresults,
and in the preparation of this note.

Range Current MIinE MaxE #bins binsize
1 I 0.0 2.8 28 0.1
2 1/3 2.8 11.2 28 0.3
3 119 11.2 36.4 28 0.9
4 1127 36.4 112.0 28 2.7
5 1/81 112.0  338.8 28 8.1
6 /162  338.8 7924 28 16.2
7 /324 7924 1699.6 28 32.4
8 /648 1699.6 3514.0 28 64.8

Table 3: An example of the QIE ranges (in GeV)
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