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Abstract

Rates of combined muon/calorimeter triggers have been studied. The study was b&xedHox
simulation package and a collection of subroutines for approximate, but very fast estimation of trigger
response. Rates of independent muon and calorimeter triggers have been also calculated for a cross-

check with detailed simulation.

As aresult a set of trigger thresholds is proposed to maintain the 1st level trigger output rate at 30 kHz.
The thresholds are low enough to fulfil the CMS physics program presented in the CMS Technical
Proposal.



Introduction

The CMS 2nd Level Trigger is design to receive up to 100 kHz events [1]. The 1st Level is assumed to deliver
not more than 30 kHz in order to ensure a safety margin. This bandwidth should be divided between muon and
calorimeter triggers. Rates of calorimeter triggers, i.e. one or two electrons or photons; electron from a b-quark
decay; 1, 2, 3 or 4 jets; electron/photon + jet; missing transverse eflgr@yd total transverse enerdjf’;, have

been already calculated [2]-[12]. The muon trigger was also simulated and the rates of one and two muon trigger
are known [13]-[17]. The aim of the present study is to calculate combined muon/calorimeter trigger rates, namely
-e, u-jet, u-Fy, andu-X E;.

The study was done for the old ECAL geometry with towers wb&rystals. However, we decided to publish the
results because no dramatic changes in trigger rates are expected gokfgtoners. In any case, more detailed

study should be done with more sophisticated simulation tools and the results presented here should be considered
only as the first approximation.

Combined muon/calorimetric triggers have a great importance for many processes to be studied in the future pp
colliders. The presence of a high energetic muon gives a very good event signature mainly due to the significant
improvement in the signal/noise ratio. In case of the CMS detector in many processes it might be sufficient to
use muon trigger alone but there are processes where only combined muon/calorimetric signature makes the study
feasible. There are also several processes for which the combined signature is expected to improve the efficiency
significantly since the muon requirement should allow for important reduction in calorimetric cut values extending

in this way the physics potential. These processes are enlisted in Table 1.

Table 1: Physics channels involving combined muon/calorimeter triggers.
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1 Simulation

The main difficulty of this study comes from a huge statistics needed to calculate trigger rates. In order to accom-
plish the study in a limited amount of CPU time several ideas have been exploited. Among them are:
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events generation ify bins,

repeated fragmentation of the event skeleton,

early rejection of non relevant particles and events,

custom (NONSEANT) particle tracking and decays,

fast (nonGEANT) simulation of the calorimeter response with parametrised showers,
parametrisation of the muon trigger response.

Here we describe them only briefly and we refer the reader to the software description in Ref. [18].

The software consists of the following parts:

event generation,

particle tracking and decays in the detector,
simulation of the detector response,
simulation of the trigger algorithms,

final analysis.

1.1 Event generation

Events were generated usiRyTHIA 5.7. Default parameters were taken where possible. Since the trigger rates
are dominated by minimum bias evehtthe main effort was put on the simulation of this process. Hard jets were
simulated together with a soft background selecting optiSEL=1. In order to collect enough statistics for hard
collisions the events were generated in several bins of parton transverse monpesem Tab. 1.1). In the final
analysis each bin was weighted with a cross section givePMTHIA. Separate samples were generated for the
combined muon/calorimeter triggers and for the calorimeter triggers. The later one was used to cross-check the
results with previous studies.

Table 2: Generated samples. Notation “25 800" means that 25 000 event
skeletons were generated and each one was fragmented 10 times (see text).

e (GeV) o (mb) calo events| muon/calo events

5-10 GeV 39.6 2500 25000x 10
10-20 GeV 5.4 10 000 2500010
20-50 GeV 0.59 12 500 2500010
50-100 GeV 0.021 2500 25000x 10
> 100 GeV 0.0014 2500 25000x10

Simulation of the muon/calo sample is especially time consuming, because dHI§00 of minimum bias events

contains a muon which could be detected. The most time consuming part BYh#A event generation is

the generation of a quark-gluon skeleton. Therefore one can save a lot of CPU time repeating several times
fragmentation and decays for each quark-gluon skeleton. For the purpose of muon trigger study one can repeat

it 100 times without introducing a significant bias. Unfortunately in the case of combined triggers correlations
between the events obtained from the same skeleton are larger because the selection is based also on the calorimeter
response which is supposed not to be very dependent on the fragmentation stage. We found that in this case about
10 repetitions is an optimum.

1.2 Particle tracking and decays in the detector

In principlePYTHIA can perform all particle decays. However, long living particlestike K*, K9 can travel sev-

eral meters before they decay. Therefore one has to take into account possible bending in a magnetic field and inter-
actions with detector material. To perform this task we developed a dedicated software [J&okageAND_DECAY.

It was responsible for the tracking from the surface of a cylinder with 10 cm radius and 20 cm length to the inner
surface of the electromagnetic calorimeter. Decays in the small cylinder, where the influence of the magnetic field
can be neglected, were left RYTHIA.

U Except the 2 trigger abovep; = 25 GeV, where the dominant source of muons issZuy [17].



Due to the CPU time consumption it is very important to reject on the earliest possible stage events which are
very unprobable to give a trigger. Since calculation of the possible response of the calorimetric trigger is very time
consuming, first the simple geometrical acceptance for muons was checked. Only events with mupneweith

1 GeV andn| < 2.4 were selected for further processing, namely for simulating the calorimeter trigger response.
Obviously this condition was not required for the calorimeter trigger sample.

1.3 Calorimeter trigger simulation
1.3.1 Calorimeter response

Calorimeter trigger is based on three kind of detectors: electromagnetic calorimeter BgAL §.0), hadronic
calorimeter HCAL (5| < 3.0), and very forward calorimeter VFCAL2(6 < |n| < 5.0). The present study are
done for|n| < 2.6 and therefore the VFCAL is not used.

HCAL readout is arranged in towers &fp x A¢ = 0.087 x 0.087. This size definesalorimeter trigger cell

ECAL is made out of PbWQcrystals. Each crystal in the barrel has a siz&gfx A¢ = 0.0145 x 0.0145, thus
each trigger cell contairtsx 6 crystals (see Fig. 1). Each cell is divided intet@ipsof Ay x A¢ = 0.0145 x 0.087
i.e. 1 x 6 crystals. In the endcaps the number of crystals per cell depends on pseudorapidity.

The calorimeter response was obtained with modifiadTRIG package [19]. The energy of each particle entering
calorimeters was deposited in the ECAL and HCAL cells. For this purpose a realistic geometry of the cells and
parametrisations of electromagnetic and hadronic showers was used. A stochastic noise was added to each cell
and the digitisation was applied. It consists of cutting the signals which are below the threshatg (z.3and

rounding the energy values to multiples of 0.5 or 1.0 GeV (see Tab. 3).

Table 3: Parameters of the calorimeter simulation.

ECAL noise (raw energy) oF ... =0.025 GeV per crysta
HCAL noise (raw energy) ol . =0.25GeV per tower
ECAL threshold (raw energy) 3oF .
HCAL threshold (raw energy) 3cH. .
ECAL calibration 1.0
HCAL calibration 1.0
ECAL cell digitisation step (transverse energy) 0.5 GeV
HCAL cell digitisation step (transverse energy) 0.5 GeV
ECAL+HCAL cell digitisation step (transverse energy)l.0 GeV
0.0145n
< 3x3 Window Electron Algorithm:
Aoy L fiecsts
E Hit | Hit EM + Mx EM
f f Nghbr > Thresh
n—»_~ || l 1 Wit |Hit Had / Hit EM
Fine-(_Brain. o )/Iax / <0.05
Algorithm: B, AN 2 8 Had Nghbrs
Compare max of 5 . . =0087 ¢ <1.5 GeV
n-strip pair energy — I Option: ¥ 5 EM Nghbrs
and total energy in 0.087 n 1 of 4<1.0 GeV
trigger tower. Tower count = 72¢Qx 54n x 2 = 7776

Figure 1: Calorimeter trigger primitives and cuts

1.3.2 Calorimeter trigger algorithm

The calorimeter trigger software used in this study is based on the code usedCim3ie package [20]. Modi-
fications, which were mainly of technical nature, are described in [18]. Here we just briefly summarise simulated
trigger algorithms. Detailed description of the algorithms can be found in [22].
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Trigger primitives.  The followingtrigger primitivesare generated by the calorimeter front-end electronics:

transverse energl; inside an ECAL cell,

fine grain local isolation bit LI,

transverse energhl; inside an HCAL cell,

MIP bit — energy deposit compatible with minimum ionising particle.

The LI bit for each cell is computed in the following way. For each paif adjacent strips in thé x 6 ECAL cell

a sumL! of transverse energy deposits is calculated. The largesLpfié is found. The ratidR = L"**/E; is
compared to a programmable thresh&fd”e*. If R > Rt""** the LI bit is set. The trigger primitives are used as
a basic information for all the calorimeter triggers.

Electron/photon trigger. Let us introduce the following symbols for calorimeter cells and transverse energy
deposited in them (see Fig. 1):

e ElM* —the ECAL cell containing most of the energy

e E** — cell with maximalE; of four E}*** neighbours

HM* — the HCAL cell behind thez}*
e ©H — sum of H; of 8 cells around? /"
e ¥ —sum of E; of 5 cells (L-shaped "corner”) arounig)*

e E!"res — the electron/photon threshold

An electron/photon candidate has to fulfil requirements listed in Tab. 4. Different sets of thresholds were used for
low and high luminosity, as suggested in Ref. [6].

Table 4: Electron/photon trigger cuts.

observable symbol cutforL = 10%3cm=2s~! | cutfor£ = 10**cm=2s~!
lateral shower profile R = Loz |Ehit < 0.89 < 0.89

longitudinal shower profile| H}it/Eht < 0.04 < 0.07

hadronic isolation o < 0.5 GeV < 2.2GeV
electromagnetic isolation | Atleast one of four?” | < 1.2 GeV < 2.0 GeV

transverse energy thresholdE! + Emar > Elhres variable

The b-electron trigger. In order to reduce th&!" ¢ for electrons from b-quark decays an additional require-
ment should be imposed. One can make use of the fact that a b-electron is slightly separated from the remnants
of other decay products. This kind of isolation can be achieved by tightening the cut Srpds@ameter. Normal
hadronic and electromagnetic isolation should not be, however used. The full list of the b-electron cuts is given in
Tab. 1.3.2.

Table 5: The b-electron trigger cuts (used’at 10%3cm 25! only).

observable symbol cut
lateral shower profile R = Loz | phit <0.95
longitudinal shower profile| H}it/Ek? < 0.05
hadronic isolation not used
electromagnetic isolation not used
transverse energy thresho|dE}" + Ej** > E!"rs | variable




Jet triggers. For the purpose of jet triggers the jet transverse enEIf@ﬁlwas defined as a sum of the transverse
energieds; + H, computed in a certain calorimeter regianx 4 cells). It was used as a threshold for single- and

multijet triggers. In the case of multijet triggers a separation of minimum one cell between two jet candidates was
required.

Missing and total E¢ trigger. These triggers also use the sum of the transverse endigiesH; computed in
calorimeter regionsi(x 4 cells). The missing enerdy; is a vector and the total ener@df; is a scalar sum of the
values for all regionsZ; andX. E; were used as thresholds for the respective triggers.

1.3.3 Comparison with detailed simulation

The results of the analysis of the calo sample were compared to the results of the detailed simulation done with the
CMSIM package, based @GEANT. They are presented in Figures 2-6.

In the case of electron/photon and b-electron triggers the comparison is shown after each cut. The agreement
between the fast and detailed simulation after all cuts is satisfactory. ¥ hate/at lowF; is slightly overestimated
which means that our conclusions will be rather conservative.
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Figure 2: Electron/photon trigger rate. Curves —Figure 3: The b-electron trigger rate. Curves —
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Figure 4: Jet trigger rate. Histogram — fast simulation (this study), points — detailed simulation [23].

The agreement of jet trigger rate shown in Fig. 4 is impressive. The missing efigigypverestimated as much
as factor 2. Being a vector sum this quantity is the most sensitive to the geometrical details and one should not

expect that the simple simulation can reproduce it well. Our result we can consider, however, as an upper limit of
the expected; trigger rate.



In the case of th& E, trigger only one point from the detailed simulation was available. The agreement at this
point is very good.
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Figure 5: F; trigger rate. Histogram — fast simula-Figure 6:X E; trigger rate. Histogram — fast simula-
tion (this study), points — detailed simulation [12]. tion (this study), point — detailed simulation [23].

1.4 Muon trigger simulation

1.4.1 Simulation software

In order to save CPU time we did not simulated explicitly muon tracks, muon detector response and trigger algo-
rithms. Instead we used slightly modified version of the parametrisBB6MRPC described in [21]. It gives the
response of th@attern Comparator TriggefPACT) which compares each pattern of hit RPC strips to predefined
patterns corresponding to variogs The algorithm is described in details elsewhere [24].

1.4.2 Comparison with detailed simulation

One and two muon trigger rates obtained in this study are compared to the results of detailed simulation in Figures 7
and 8 respectively. The detailed simulation [17] was done witlci8IM package. The agreement is satisfactory.

g 105k g .
& F il ] s
[ [ Ll i) |
5 [ M g 10°
g | i 3
S 104 S 1
: - &
L 10
3 ol ]
10 [ 1 ]
Hor= 10" Bin=
102 d
e R R R R e B i i i B R B I e i B e et QOANWOMONMOOO0O0O00O00Q0C0000oQo0
— —
muon p , cut (GeV) muon p , cut (GeV)
Figure 7: Single muon trigger rate af = Figure 8: Two muon trigger rate atf =
10%3ecm 251, Histogram — fast simulation (this 103*cm—2s~!. Histogram — fast simulation (this
study), points — detailed simulation [17]. study), points — detailed simulation [17].



2 Results

Obtained trigger rates are presented in Tables 6-12. Each table cell contains the trigger rate (in 100 Hz units) for
objects withp; or E; above the given thresholds.

Table 6: Two muon trigger rate in 100 Hz unitséit= 10**cm~25~' as a function op; cuts on the two muons.
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Table 7: Cumulative single- and two-muon trigger rate in 100 Hz uniz at1033cm 25! as a function of the
p¢ cuts. The two-muomp, cut is the same for both muons.
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electron E  (GeV) cut

electron E  (GeV) cut
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Table 8: Muon-electron/photon trigger rate in 100 Hz unit€ at 10%3cm 25~ 1.
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Table 9: Muon-beauty electron trigger rate in 100 Hz unit§ at 10%3cm 25~ L.
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Table 10: Muon-jet trigger rate in 100 Hz units@t= 1033cm 251,
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Table 11: Muonk; trigger rate in 100 Hz units at = 10*3cm 25 L.
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Table 12: MuonX E; trigger rate in 100 Hz units a = 1033cm 251,
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In the case of two-object triggers at low luminosity we can afford the lowest possible ppgan It is determined

by the muon energy loss in the calorimeters and therefore it variegwiitithe barrel it ist4 GeV. In the endcaps
it decreases down te2 GeV at|n| = 2.4. More precisely one can define the threshold as:

p > 4.0GeV  for In| < 1.5
pe>25GeV for 1.5<|n <1.9
pe>20GeV for 19<|p <24

At high luminosity it is convenient to set the muon threshold for two-object triggers at 4 GeV in thesgrdimge.

Ones we fixed the muon thresholds we can plot the two-object trigger rates as a function of the threshold on the
second object. This is done in Figures 9-13.
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Figure 9: Muon-electron/photon trigger rate fofFigure 10: Muon-beauty electron trigger rate for
pfut(p) = 2-4 GeV atl = 1033cm =25~ 1. pfut(p) = 2-4 GeV atl = 1033cm =25~ 1.
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All the results are summarised in Tables 13. Here we have chosen the threshold to keep the total trigger rate at
30 kHz. The rates of calorimeter triggers are taken from [10]. The case of DAQ limited to 75 kHz, i.e. the total
trigger rate of 25 kHz, is presented in Table 14.

3 Conclusions

Presented muon/calorimeter trigger study accomplishes the task of calculating the 1st level trigger output rates.
A set of trigger thresholds is proposed to maintain the 1st level output rate at 30 kHz. The thresholds are low
enough to fulfil the CMS physics program presented in the CMS Technical Proposal [1].

The results indicate a possibility of important gain in several physics channels, especially in CP violation studies:

e CPviolation—angled: B — I K% Jh) — pporee; R,y — pore

p-etrigger — pi(u) >2-4GeV; pe) >4 GeV
e CPviolation—anglex: BY —7t7~; by, —>pore
p-jet trigger, where the* 7~ pair is treated as a “jet” — p;(u) >2-4GeV;, E;(nt7~) > 10 GeV

e CP violation — oscillations:  B— Ds7m — prr — KK 7m; by, — pore
u-jet trigger, where ther pair is treated as a “jet” — p:(u) > 2-4GeV, Ei(rm) > 10 GeV

Presented trigger thresholds should not be blindly used in physics simulation. They should rather be considered as
examples chosen to demonstrate trigger capabilities. One should also keep in mind that the results were obtained
with fast simulation program and they should be checked later by more detailedERANT/CMSIM) simulations.
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Table 13: Trigger rates for selected cuts. LV2 input rate = 100 kHz.

L =103cm™ 257! £ =10%cm 257!
trigger || thresholds rate (kHz) thresholds rate (kHz)
type (GeV) | individual | cumulative|| (GeV) | individual | cumulative
YE; 150 1.04 1.04 400 0.48 0.48
A 40 2.11 2.82 80 1.29 1.70
e 12 10.3 12.3 25 6.84 8.34
ee 7 1.54 13.1 12 1.45 9.52
j 50 1.98 13.5 100 2.06 10.7
ii 30 1.63 13.9 60 2.17 11.6
iii 20 1.02 14.1 30 3.16 13.3
iiii 15 0.68 14.2 20 2.96 14.3
ej 9 15 5.98 15.2 12 50 1.35 14.9
I 7 7.0 7.0 20 7.8 7.8
Lh 2-4 0.5 7.3 4 1.6 9.2
e 2-4 7 2.4 9.2 4 8 5.5 14.4
1€ 2-4 4 5.2 12.8
] 2-4 10 4.2 14.4 4 40 0.3 14.4
wke || 2-4 40 0.2 14.4 4 60 1.0 15.3
wXE; || 2-4 100 0.7 14.4 4 250 0.2 15.3

Table 14: Trigger rates for selected cuts. LV2 input rate = 75 kHz.

£ =10*3cm™ 257!
trigger || thresholds rate (kHz)
type (GeV) individual ‘ cumulative
I 7 7.0 7.0
i 2-4 0.5 7.3
ue 2-4 7 2.4 9.2
1€ 2-4 45 3.3 11.1
Wi 2-4 15 2.0 11.9
wB || 2-4 40 0.2 11.9
wXE; || 2-4 100 0.7 11.9

The importance of the presented results is two-fold. General consistency of the trigger strategy and CMS physics
program was demonstrated. Areas of possible improvement were identified which should be studied now with
more detailed, dedicated simulation.
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