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A bat rad 

This report l1UlllD8riaea a study on signal and background for intermedi
ate mau Higgs searches at SSC by using precision electromapetic calorimeters 
proposed by GEM col1abor&tion. Searches by using B- 77, leptan aaociate pro
duction chazm.el H(ti/W}- (11/e}nX ... d H-e+e-e+e- ...., d11C1U1ed. Variom 
physics a well a detector desip luues were investigated The backgroands from 
real photons ... d electrolll and misidentified photons and electrvna originated 
from jets &re elabor&ted. 



1 Introduction 

As a precision lepton photon detector, the discovery potential of the GEM (Gamma

Electron-Muon) detector is shown in its ability of detecting Higgs particles in inter

mediate mass range between 80 and 180 GeV through its 'Y'Y and 4l (ZZ*) modes [l), 
where l refers to electrom or muon (e/µ). While the 4l decay mode will allow GEM 

to detect a Higgs with a mass heavier than 140 GeV, the 'Y'Y decay mode will cover a 

gap between the upper limit for Higgs detection at LEP Phase II (80 GeV) [2) and 140 

GeV. 

H--> 'Y'Y detection places strigent requirements to the overall detector design, 

especially to the design of the electromagnetic calorimeter (EMC). Because of the 
small production cross-section (60 to 200 fb) and the narrow decay width (5 to 10 

MeV) of the Higgs boson in this mass range, and because of the huge irreducible direct 

"f'Y background (276 pb) and the QCD jet background, precision EMCs, capable of 

measuring 'Y'Y invariant mass to a high precision, are pursued by GEM. Two subsystems 
were proposed: a barium fluoride (BaF2 ) crystal calorimeter and a liquid argon (LAr) 
accordion calorimeter with liquid krypton (LKr) option. 

The main course of this note reports a study on signal and background of Higgs 

searches by using H-+ "f"'I channel. Large fraction of this work, including Htt -+ l"'f"'(, 

was carried out for GEM Loi study, and has been reported in a GEM note [3]. The 

analysis, since then, has been suplemented by additional studies to address a broder 

range of physics issues. 

The background from real photons and electrons, as well as misidentified photons 

and electronsfrom jets are investigated. For jet background rejection, the consequence 

of thermal as well as pile-up noise in an isolation cone is discussed. Intermediate mass 

Higgs detection by using lepton associate production channel H(tt/W)-+ (µ/eh"'I and 
H-+e+e-e+e- are also discussed. 

The Monte Carlo program used in this study is PYTIDA 5.6 [4), and the top 
quark mass is assumed to be 140 GeV. An SSC year (SSCY) is defined as 1040 cm-2 

integrated luminosity. 
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2 1/e Response of GEM EM Calorimeters 

The responses of GEM detector to isolated photons or electrons were simulated accord

ing parametrized energy, position and vertex z resolutions. The parametrization was 

obtained by using rigorous GEANT simulations for each proposed subsystems [5,6]. 

Key parameters of detector performance were varied to investigate their influences on 

physics performance. 

In this section we discuss the parametrization of energy resolution and detector 

coverage. A global parametrization of GEM detector response used in event acceptance 

and jet background study is also described in this section. The detailed procedure of 

GEANT simulation and justification of all parameters used in analysis can be obtained 

in corresponding GEM notes: reference [5] for BaF 2 simulation and reference [6] for 

LAr simulation. In a short summary, the parametrization of detector performance is 

as follows: 

• Energy Resolution: 

(2.0/v'E E9 0.5)3 for homogeneous BaF2 calorimeter; and 

(7.5/v'E E9 0.5)3 for LAr accordion and (5.5/./E E9 0.5)3 for LKr accor
dion. 

• Position Resolution: 5x = 5y = 1 mm at front surface of EMC are used for 

both calorimeters; 

• Vertex z Resolution: 5z = 1 mm are used for both calorimeters. Photon mo

mentum vector is assumed to be reconstructed by using primary vertex position 

and its impact point at front surface of the EMC, while the primary event vertex 

is assumed to be determined by using central tracker at standard SSC luminosity 
r. = 1033 cm-1 s-1 (see section 3.6 for the details). 

2.1 Parametrization of 1/e Energy Resolution 

The energy resolution of an electromagnetic calorimeter can be parametrized as: 

('6.E )2 = ( ao )2 + ( a1 )2 + b2 
E E v'E (1) 

The contributions of each term to the resolution are: 
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• ao is the contribution from electrical noise, summed over a few Moliere radii 

around the maximum of the lateral shower distribution; 

• a1 is the contribution from the photoelectron statistics; 

• the systematic term b has three contributions: 

(2) 

- hG represents the geometry effect, including shower leakage at the front, 

side and back of the detector and inactive material between cells; 

- bn represents physics noise, including fluctuations of the shower and unifor
mity of cell response etc.; 

- he represents intercalibration error. 

At low energy, the dominant contribution to the energy resolution is the noise 
term (a0 ), which decreases quickly with increasing energy. The sampling term (ai) 

dominates in the range of medium to high energies until a high energy limit is reached, 

where the systematic term (b) dominant. While most numbers can be calculated 

analytically, the effect of bG and bn must be studied with realistic GEANT simulation. 

Assuming bn is under control, a simple GEANT simulation can provide a bottom line 
resolution the EMA can achieve. 

In this report, we parametrize the energy resolution of an EMC as a function of 

parameters a and b: 
!:J..E a 
E = (v'E e b)3 (3) 

where E9 denotes an addition in quadrature. 

2.1.1 BaF2 Simulation 

A detailed GEANT simulation was carried out to estimate the effect of shower leakage 
and non-active material for the BaF2 design [5]. The BaF2 matrix used in this simula
tion, which consists of 121 (11 x 11) BaF 2 crystals with the proposed size: 3 x 3 cm2 

at the front, 5 x 5 cm2 at the back and 50 cm long. Effects included in the simulation 
are: 

• 250 µm carbon fiber wall between crystals; 
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• shower leakage because of summing a limited number (3 x 3 or 5 x 5) of crystals; 

and 

• 0.30 radiation lengths of aluminum, representing the beam pipe, tracker, and 
carbon fiber mechanical support, at the front of the BaF2 array. 

Particles were shoot uniformly at the front surface of the center crystals of the 

array. The energies deposited in each crystal, in the carbon fiber walls between crystals, 

in the aluminum and leaking out sideways were recorded. The result of this simulation 

for electrons with different energies (5, 10, 100 ad 500 GeV), in terms of u of the peak, 
full width at half maximum (FWHM) divided by 2.35, is listed in Table 1. 

Table 1: Energy Resolution (%) of BaF2 Calorimeter 

E (GeV) 5 10 20 50 100 200 500 

Electrical Noise 0.4 0.2 0.1 0.04 0.02 0.01 0.004 

Photoelectrons 0.2 0.14 0.1 0.063 0.045 0.03 0.02 

GEANT 0.60 0.43 0.32 0.30 0.30 0.30 0.36 

Intercalibration 0.40 0.40 0.40 0.40 0.40 0.40 0.40 

Total 0.85 0.63 0.53 0.51 0.50 0.50 0.54 

A further study was carried to look the systematic effect of carbon fiber wall. By 

varying the thickness of carbon fiber walls from 0 to 250 µm, the resolution obtained 

showed no observable difference [5]. This indicates that the systematic effect of support 

structure is negligible. 

Table 1 summarizes the BaF 2 resolution, including the contributions from elec
trical noise, photoelectron statistics, intrinsic resolution from GEANT simulation and 
the intercalibration. Based upon the discussion in reference [5), a precision of intercal
ibration of 0.4% is assumed. Note, in this simulation the light response uniformity was 
assumed to be under control. The real effect of light response uniformity is discussed 
in reference (5]. The result of the energy resolution is shown in Fig. lb. It can be 
parametrized as 2%/ ,/E E9 0.5%, which is also shown in Fig. lb as a solid line. 

As a comparison, Fig. la shows the energy resolution measured with 4000 BGO 

crystals (half barrel) in a CERN test beam [7]. In the energy range beyond 20 GeV, 
the dominant contribution to the energy resolution is the systematic intercalibration 
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uncertainties. The resolution of the 13 BGO calorimeter may also be parametrized as 

2%/./E E9 0.5%, which is also shown in the Fig. la as a solid line. 

2.1.2 LAr Simulation 

As detailed in reference [6], an accordion geometry was used in GEANT simulation 

to evaluate the intrinsic resolution of LAr calorimeter. The result shows that at 90° 

incident the energy resolution of LAr accordion calorimeter with 1 mm Pb plate can 

be parametrized as a = 7 in Equation 3. 

A study on incident angle dependence shows that the energy resolution of LAr 

calorimeter is about the same at 1111 = 1 but rises to a = 8.5 at 1111 = 1.3 for a constant 
plate thickness. However, we plan to change the thickness of the absorber plate at a 

convenient angle to keep the resolution at 111 I = 1.3 to be about the same value as at 

1/ = 0. 

Taking into account of various systematics in Equation 1, we thus use a = 7 .5 and 

b = 0.5 for parametrization of LAr energy resolution. This resolution can be further 
improved by replacing liquid argon with liquid krypton. In this case, the study shows 

that a = 5.5 and b = 0.5 are the design goal. 

2.2 / /e Acceptance 

The detailed design of GEM calorimeters is evolving in time. A realistic estimation 

of -r/e acceptance may only be provided after the completion of detailed design of the 
calorimeter. Here we discuss general principle of our treatment of acceptance problem. 

Both geometry accptance and e/ "1 identification efficiency are discussed in this section. 

Although both calorimeter options are designed to cover up to 1111 < 3.0, the 

effective geometry acceptance is 1111 < 2.5 because of the rapidity coverage of GEM 
central tracker. In both BaF2 and LAr calorimeters, there are dead spaces and regions 
where the energy resolution is extremely bad. In the following rapidity regions, the 

energy resolution is expected to be very bad, or EM energy may not be measured at 
all: 

• BaF2 

• LAr 

111 I = o - o .o 125 and 111 I = 1.348 - 1.388; 

1111 = 1.22 - 1.39. 
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When an electron or -r hits the calorimeter close to these dead regions, some of the 

showers leak into the dead region, and large corrections might be necessary. The exact 

effect on energy resolution in these region can only be investigated by using detailed 

GEANT simulation. A most pessimistic estimation of this effect, however, may be 

obtained by excluding the boundary and its vicinity of t!i.71 = ± 0.04 if the boundary 

has dead material in its neighbour. We thus have the following dead regions: 

• LAr 

1111 = 0 - 0.0525 and 1111 = 1.308 - 1.428; 

1111 = 1.18 - 1.39. 

The effect of these dead regions was studied to investigate the overall physics 

acceptance for H-+ -y-y, Htt--+ -y-yl and H-+ e+e-e+e-. Assuming the muon acceptance 

is 90%, Table 2 shows the result of geometry acceptance (GA) by using our standard 

event selection cuts (see below for the details) for these physics processes. For each 

calorimeter option both optimistic (0) and pessimistic (P) dead region assumptions 

were investigated, and the event is accepted if none of the -y /e hits the dead region. 

Table 2: Geometry Acceptance (GA) of GEM EM Calorimeters 

Process BaF2 (0) BaF2 (P) LAr (0) LAr (P) Abs. Efficiency 

H --+ 'Y'Y 0.95 0.86 0.87 0.83 0.49 

Htt-+ -y-yµX 0.86 0.77 0.77 0.74 0.16 

Htt-+ neX 0.93 0.81 0.79 0.74 0.16 

H-+ZZ* -+4e 0.91 0.75 0.73 0.67 0.45 

H-+ZZ-+4e 0.90 0.74 0.74 0.68 0.50 

The geometry acceptance listed in Table 2 does not depend on the Higgs mass, 

and is entirely determined by the number of electrons or ga=as being detected. The 

last column of Table 2 is the average absolute event selection efficiency, assuming no 

dead region in 1111 < 2.5. This efficiency, however, is Higgs mass dependent. The 
numbers given here are for a quick reference purpose. 

It is clear from above table, that the effect on acceptance caused by dead region 
in calorimeter can be understood as 

( 5. - ti:.( dead))# •" end ..,., to delect 
(4) 
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The average geometry acceptance of most optimistic and pessimistic cases is listed 

in Table 3. Assuming 903 identification efficiency for ea.ch µ, e and 'Y, Table 3 also 

lists the final relative acceptance (RA) for ea.ch physics process. Since this relative 

acceptance is applied to both signal and background, its real consequence in discovery 
potential is a. loss of significance of VRA (see Equation 5 for the details), or an increase 

of discovery time of 1/RA. 

Table 3: Average GA and Fina.I Relative Acceptance (RA) 

Average GA RA 

Process Ba.F2 LAr Ba.F2 LAr 

H -+ 'Y'Y 0.90 0.85 0.73 0.69 

H tt -+ 'Y'Y µX 0.82 0.76 0.60 0.55 

H tt -+ ,.,.ex 0.87 0.77 0.63 0.56 

H-+ZZ* -+4e 0.83 0.70 0.54 0.46 

H-+ZZ-+4e 0.82 0.71 0.54 0.47 

To facilitate compa.riosn, this relative acceptance has not been applied to the 

tables and figures in this report. Its consequence on signal significance, however, is 

discussed for ea.ch physics process. 

2.3 Parametrized Response of Calorimeters 

For event acceptance and jet background rejection calculation, a parametrized response 

of idea.I ca.lorimeter systems was used. The idea.I ca.lorimeters were defined in 1111 < 2.5, 
and were segmented to t::i.17 x l:i.t/> = 0.04 x 0.04 in both EMC and hadron calorimeter 

(HCAL) sections. No longitudinal segmentation in EMC or HCAL was assumed. 

The longitudinal energy division between EMC and HCAL was assigned based 

upon a GEANT study for Ba.F2 calorimeter [8]. All ')'/electrons have 1003 of their 

energies deposited in EMC. All muons a.re minimum ionizing, i.e. deposit minimum 

ionizing energy (MIE) in EMC. For charged hadrons, if its energy is less than 2 MIE 

then a.11 its energy were deposited in EMC, otherwise it has 253 probability of de
positing MIE in EMC, and 753 probability of depositing a. fraction of its energy in 

EMC with the rest in HCAL. This fraction was determined according to a uniform 
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distribution between MIE a.nd a.bout 80% of the energy of the ha.dron. 

The energies deposited in EMC a.nd HCAL were further divided to 50 pieces 

a.nd deposited to cells a.ccording to la.teral shower profile. This process provides a. first 

order a.pproxima.tion of la.tera.l energy distribution in EMC/HCAL cells, a.nd is used in 

calcula.tions of our detector a.ccepta.nce a.nd jet ba.ckground rejection. It wa.s also used 

in a. trigger ra.te study [8]. 
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3 Signal and Irreducible Background 

3.1 Signal Cross Section 

Figure 2 shows the production cross-sections of standard model Higgs in three inter

esting decay modes: (a) ii• (b) (tt/W)H-+ iil X, and (c) ZZ*/ZZ-+ e+e-e+e-, 
before event selection cuts. These cross sections were calculated by using PYTHIA 5.6 

program. 

For the Higgs mass range between 80 to 150 GeV, the ii decay mode provides 

1200 to 2100 events per SSC year, while ttH -+ iil.X together with WH -+ iil.X 

provide 80 to 240 events without lepton tagging, or 20 to 80 events with electron or 
muon tagging. The 4 electron decay channel (ZZ* /ZZ -+ e+e-e+e-) provides 20 to 

30 events per SSC year. Combining electron and muon, 80 to 120 would be produced 
before cuts. Table 4 lists production cross-section and number of events accepted after 

passing event selection cuts described in this report. Note, the event numbers listed 

in this table are for a perfect calorimeter, covering 1'71 < 2.5. The acceptance loss 
discussed in section 2.2 is not included in the table. 

Taking into account a recent calculation of high order QCD corrections to the 

Higgs production [9], the production cross sections of H-+ ii and H-+ ZZ* /ZZ -+ 
e+e-e+e- should be increased by a K factor of around 1.5 for Higgs mass below tt 

threshould. However, since we do not have a consistent picture of high order QCD 
corrections to the background processes, we choose not to change the signal cross 

section in this report. The consequence of this increase of signal cross section to the 

significance of the physics signal will also be discussed individually for each .relevant 
physics process. 

3.2 Irreducible 'Y'Y Background 

The main background in H-+ ii searches is direct photon production (10]. The cross
section of this background was calculated to be 276 pb for PT> 20 GeV: 

• qq -+ii= 78 pb; and 

• gg -+ ii via a box diagram: 198 pb. 

10 
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Table 4: Production Cross-Section and Events/SSCY 

MH(GeV) O'H(-rr)(fb) N.,., O'(tf/W)H(-rr) (fb) Ni.,., O'H(4e)(/b) N,. 

80 124 510 24 18 

90 144 610 23 20 

100 169 730 23 21 

120 211 990 20 18 

140 180 880 12.5 14 5.6 24 

150 128 630 7.6 8 7.4 33 

160 52.6 270 2.6 3 3.2 13 

170 2.2 9 

180 5.6 28 

200 21.2 99 

400 14.0 85 

600 3.9 26 

800 1.5 10 

The event topology of H-+ ii and this background are similar. Figure 3 shows 

transverse energy distributions in EMC for two typical events of (a) H-+ ii signal 

and (b) ii background. This so-called "iTTeducible background" therefore has to be 
reduced by event selection cuts. Figure 4 shows the distributions of photon rapidity 

( 11.., ), photon transverse energy (Ej. ), rapidity of the 2 photon system (.,,..,..,) and cos/I•, 

where 11• is the polar angle of photons in the ii rest frame, for H-+ ;;, qq-+ ii and 

gg-+ ii· 

Event selection cuts used to reduce this background are: 

• 1 11.., I< 2.5; 

•Er> 20 GeV; 

• I cos/I; I< 0.9 '* reduce gg -+iii 

• I 'In I< 3 =? reduce qq -+ii· 
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After event selection cuts, the cross-section of irreducible background is reduced 

to 42 pb for M.,.., > 75 GeV, while the acceptance of H--+ ii events is about 50%. 

3.3 Significance of Higgs Peaks 

Because of large numbers of irreducible background events, the significance (S) of Higgs 
peaks can be calculated by dividing the number of signal events counted within a mass 

interval of Ma ± uM.,., by the square root of the corresponding background events in 

the same mass interval, where uM.,., is the TY invariant mass resolution. We thus have 

S _ Ns _ J £.dt As RA 0.7uH--n ex RAJ £.dt 

- ./NB - J J £.dt AB RA 2uM.,., RB UM.,., 
(5) 

where As and AB are the absolute accceptance of signal and background respectively, 

RA is the relative acceptance discussed in section 2.2, and RB is the background rate 
at Higgs mass. It is clear from Equation 5 that a better mass resolution or a large 

relative acceptance is equivalent to a shorter discovery time. 

3.3.1 ii Mass Resolution 

Analytically, the mass resolution reconstructed by using two photon energy vectors can 

be expressed as: 

UM.,., 1 ( .6.E1 )2 ( .6.E2 )2 ( (J AfJ)2 -- = - -- + -- + cot-.u. 
M.,.., 2 Ei Ez 2 

(6) 

where E1 and Ez are energies of two photons and (J is the opening angle between them. 

In this analysis, mass resolution was calculated by using Higgs events passing 

event selection cuts. Events were generated by using PYTHIA 5.6 program. The 
primary event vertex position and photon impact point at front surface of the EMC 
were used to reconstruct the photon momentum vectors, taking into account the effects 
of energy resolution assumed, 1 mm position resolution at the front surface of EMC 

and 1 = vertex z resolution. It was assumed that the primary event vertex can be 
determined by using central tracker at standard SSC luminosity 1033 cm-2 s-1 (see 

section 3.6 for the details). 
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3.3.2 Significance 

Figure 5 shows TY invariant mass spectra collected in one SSCY with Higgs signals (80, 

100, 120, 140 and 160 GeV) superimposed over the irreducible background for three 

energy resolutions: (a) (2/./E e 0.5)%; (b) (7.5/../E e 0.5)%; and (c) (15/../E e 1)%. 
Corresponding background subtracted spectra are shown in (d), (e) and (f). 

Table 5 summarizes production cross-section and number of signal events (N 5 ) 

in MH ± <TM..,., for different Higgs masses. Also listed in Table 5 are mass resolutions 

(crM..,.,) and significances (S) for three nominal energy resolutions. 

Table 5: Significance of H-. ii Searches in one SSCY 

t:J.E/E (%) 2/./E e o.5 7.5/../E e o.5 15/../E e i.o 

MH er.,.., Ns <TM..,.., s UM.,.., s <TM..,.., s 
(GeV) (fb) (GeV) (GeV) (GeV) 

80 124 360 0.34 4.6 0.66 3.2 1.3 2.3 

90 144 430 0.37 6.1 0.70 4.5 1.4 3.2 

100 169 510 0.40 8.6 0.73 6.3 1.45 4.5 

120 211 690 0.45 14 0.77 11 1.5 7.7 

140 180 620 0.53 16 0.89 12 1.7 8.9 

150 128 450 0.58 13 0.95 10 1.9 7.3 

160 52.6 190 0.65 5.9 1.1 4.7 2.0 3.4 

Note, the event numbers listed in this table and in Figure 5 are for a perfect EMC 
without including the acceptance loss discussed in section 2.2. Taking into account the 
relative acceptance listed in Table 3, the numbers of both signal and background events 

should be reduced to 73% and 69% respectively for BaF 2 calorimeter and LAr calorime
ters. The corresponding significance should be reduced to 85% and 83% respectively. 

On the other hand, taking into account high order QCD corrections to the Higgs 

production [9], i.e. the K factor of 1.5, the corresponding numbers of signal events and 
significance should both be increased by a factor of 1.5. This might really be the case, 

since the dominant irreducible background process of gg-. ii is an O(a~) process. 

Table 5 shows clearly the importance of excellent energy resolution in pursuing 
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this physics. In summary, there is a factor of vT.8 difference in significances of H-+ ii 
detection, or a factor of 1.8 difference in time needed to achieve certain significance, 

between two neighboring energy resolutions in above table. 

According to Equation 5, an easy way to evaluate detector performance in terms 

of physics discovery potential is to look its ii mass resolution. In the rest of this 

section, we discuss the consequences of probable deviations from designed resolutions. 

3.4 Effect of Energy Resolution 

To study systematically the effect of energy resolution, we parametrize the energy 

resolution of an EMC as a function of parameters a and b, as defined in Equations 3. 

The result of this analysis, listed in Table 6, shows the ratio of H-+ ii peak width 
as a function of energy resolution (a and b), normalized to the case of a= 2 and b 

= 0.5, for Higgs mass of 80 GeV and 150 GeV. Because of the high statistics of the 

background, this ratio corresponds to the time factor needed to discover a narrow ii 
resonance, as indicated in Equation 5. 

Table 6: Ratio of H-+ ii Peak Width as Function of a and b. 

a 2.0 3.0 5.5 7.5 10 15 

Ma= 80 GeV 

b=0.5 1.0 1.1 1.5 1.9 2.4 3.4 

b=.75 1.4 1.5 1.7 2.1 2.6 3.6 

b=l.0 1.8 1.8 2.1 2.4 2.8 3.8 

b=l.5 2.6 2.6 2.8 3.1 3.4 4.2 

b=2.0 3.4 3.5 3.6 3.8 4.1 4.8 

Ma= 150 GeV 

b=0.5 1.0 1.1 1.3 1.6 2.0 2.8 

b=.75 1.4 1.5 1.7 1.9 2.3 3.0 

b=l.0 1.8 1.9 2.0 2.2 2.5 3.2 

b=l.5 2.6 2.7 2.8 3.0 3.2 3.7 

b=2.0 3.6 3.6 3.7 3.8 4.0 4.4 
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3.5 Effect of Position Resolution 

It is also interesting to see the effect of shower position resolution. Table 7 shows the 

ratio of H--> ii peak width as a function of the shower position resolution (5x) and 
energy resolution (a and b), for Higgs mass of 80 GeV. The numbers in the table are 

normalized to the case of a = 2, b = 0.5 and 5x = Sy = 1 mm. It is clear that the 

shower position resolution of the order of few mm will not compromise the discovery 

potential of a precison EM calorimeter. 

Table 7: Ratio of H--> ii Peak Width as Function of 5x, a and b. 

5x (mm) 0.5 1.0 1.5 2.0 2.5 3.0 

a=2 b=0.5 0.97 1.0 1.0 1.1 1.1 1.2 

a=5.5 b=0.5 1.5 1.5 1.5 1.6 1.6 1.6 

a=7.5 b=0.5 1.9 1.9 1.9 1.9 2.0 2.0 

a=15 b=3.7 3.8 3.8 3.8 3.8 3.8 3.8 

3.6 Effect of Vertex z Resolution 

As discussed above, a precise event vertex z position determination is very important 

for the discovery of Higgs in its ii decay mode. The GEM central tracking system 

is designed to locate the event vertex with an accuracy of 1 = in the z direction. 

However, with the standard luminosity of£. = 1033 cm-2 s-1 and a bunch crossing 

frequency of 62.5 MHz, there are 1.6 minimum bias events (MBE) per bunch crossing, 

and the correct primary Higgs event vertex should be selected to achieve good mass 
resolution. 

The selection of primary Higgs vertex with overlapping MBE's was studied by 
Yamamoto [12]. The algorithm follows an early study by L* [13], i.e. using the charged 

particle multiplicity coming out of each vertex in the event. The Monte Carlo programs 
used in simulation are PYTHIA 5.6 for Higgs signal and ISAJET 6.4.6 for the MBE's. 

The vertex selection is done in two steps. In the first selection, all those vertices 

with good vertex position measurements are selected as the candidates. This cut is 

fairly arbitrary so long as the vertex location is well measured; and the loss of the 
Higgs signal is small. In this study it was required that a vertex should have at least 



12 charged tracks with p, ~ 200 MeV in 1711 S 2.5. This selection keeps more than 98% 

of the Higgs signal, and the average number of MBE's is 1.43 per bunch crossing after 
this cut. 

In the second selection, the vertex with the largest charged multiplicity is selected 

as the primary Higgs vertex. The cut used in selecting charged tracks is p1 ~ 1 Ge V in 

1111 S 2.5. The study also shows that the result of the second selection is not sensitive 

to the cuts used in the first selection. 

By using above two cuts, the probability of selecting the correct primary Higgs 

vertex is around 96%, which is not sensitive to the Higgs mass between 80 to 160 GeV. 

This probability is also not sensitive to the track reconstruction efficiency, provided 

that it is better than 80%. 

Note, the production of MBE's has theoretical uncertainty. In this simulation 
ISAJET was used, since its phenomenalogical parametrization for the MBE's agrees 
well with the available hadron collider data. However, it is not sure that the center of 

mass energy dependence is correctly implemented in ISAJET. To evaluate the model 

ambiguity, MBE's were also generated by using PYTHIA program. The probability of 

selecting correct primary Higgs vertex is found to be around 85%, which is independent 

of Higgs mass between 80 to 160 GeV. 

Figure 6 shows a distribution of charge multiplicity of Higgs events after PT > 1 

GeV and 1111 < 2.5 cuts. Also shown in the figure are corresponding distributions of 
MBE's generated with PYTffiA and ISAJET programs. 

Taking into account theoretical uncertainties, we conclude that the correct pri
mary Higgs vertex can be determined with a better than 90% confidence. This indicates 

that 90% of the Higgs event will have a vertex z position resolution of 1 mm, while the 

other 10% of Higgs events will have vertex z resolution of 5 cm. 

To be complete, Table 8 shows the ratio of H-+ "t'Y peak width as function of 

the vertex z coordinate resolution (oz), energy resolution (a and b), assuming shower 
position resolution ox= 1 mm, for Higgs mass of 80 GeV. The numbers in this table are 

normalized to the case of a= 2 and b = 0.5. It is clear one must determine vertex z to 
a level of better than 5 mm so that the discovery potential of a high energy resolution 
EM Calorimeter is not compromised. 
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Table 8: Ratio of H-> ii Peak Width as Function of 5z, a and b 

5z (mm) LO 2.0 3.0 5.0 10. 50. 

a=2 b=0.5 1.0 LO 1.1 Ll 1.5 5.4 

a=5.5 b=0.5 1.5 L5 L6 1.6 L9 5.5 

a=7.5 b=0.5 1.9 1.9 L9 2.0 2.2 5.6 

a=15 b=l.0 3.8 3.8 3.8 3.8 3.9 6.5 

4 Isolated Photon Background from QCD Jets 

If there were no other background, the analysis for H-> ii searches would have been 
finished in section 3. However, there are copious 11"0 's, and thus photons, produced 
in QCD jets. There are two major background from QCD jets: 1-jet and 2 jets final 

states. The production cross-section of 1-jet is 237 nb for PT> 20 GeV, including the 

following processes: 

• qg-> 1q: 226 nb; and 

• qq-+ 1g: 11 nb. 

The production cross section of QCD 2jets is 2 mb for PT > 20 GeV, including the 

following final states: 

• gg: 1.54 mb; 

• gq: 0.44 mb; and 

• qq: 0.043 mb. 

A narrow neutral jet consisting of multiple photons would fake an isolated photon. 
Single photons may also be produced in parton shower process. Figure 7 shows trans
verse energy distributions in EMC for two typical events from background processes: 

(a) /-jet and (b) 2jets. To identify real photon and to reject QCD jet background, 

isolation cuts, shower shape analysis and preradiator may be used. The huge cross

section of these background processes make an accurate GEANT simulation not feasible 

in near future with foreseen computer power. It is thus crucial to use GEANT based 
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parametrization to obtain a realistic estimation of the background cross-section. In this 

section, the result of jet rejection cuts is presented in terms of QCD jet background 

cross-section in a mass range between 75 to 165 GeV. 

It is interesting to note that at "parton" level1 distributions of the invariant 

mass of''('"(, "'(-jet and 2jets are similar at high mass end, as shown in Figure 8. After 

implementing the isolation cut described below, the energy vector of a fake isolated 

photon, in general, follows that of its pa.rent parton. It is thus reasonable to assume 

that the 1'1' spectra from all three background processes have similar shape. Therefore, 

we need only to calculate"'( /jet rejection ratio for a given rejection cut, and to deduce 

corresponding background cross-section for a given background process. 

We further use relevant integrated cross-section, e.g. in a mass range between 75 

and 165 GeV, to calculate total background cross-sections, and :find significances for a 

given Higgs signal by scaling. Note, the shower shape and prera.dia.tor cuts described 

in this report do not change cross-sections of the Higgs signal and the irreducible "'(/' 

background very much, since the efficiency for single isolated photon passing these cuts 

are required to be larger than 90%. 

4.1 Isolation Cut 

The isolation cut uses the following procedure:. 

• Generate "'(-jet or 2jets, use only jets within detector acceptance and with ET > 
20 GeV. Deposit energies of complete events in calorimeter cells, as described in 

section 2. Mark cells which were hit by charged track in 8 kG :field. 

• Search through all cells to identify those cells hit by photons only, :find Eijl'". 

• Charge Veto: 

Search through neighboring 8 cells, if any cell is hitted by a. charged track or its 

ET" is larger than that of the central cell ~ Reject; 

• Define the sum of ET11 's of these 9 cells (:L;9.,.11,ET11 ) as the Er"1on; 

• Isolation Veto: 

1 We denote photon as one of the partons together with quarks and gluons. 
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if the sum of the transverse energies in a cone of radius R (R=J3'772 + 3'¢'2), 
excluding the E~ho•on, is larger than 103 of the E~hoton plus an isolation energy 

cut (ET'): 
LET - Ef"''°" > (ET''+ O.lE~holon)~ Reject. (7) 
r<R 

Table 9 shows the result of 7 /jet isolation rejection ratios as function of the size 

of isolation cone (R) and the ET', for two QCD processes. 

Table 9: Rejection Ratio (10-4 ) 

Process 2jets 7-jet 

E°"' T R=0.45 R=0.60 R=0.75 R=0.45 R=0.60 R=0.75 

5 GeV 5.3 4.1 3.1 16 13 9.6 

lOGeV 8.8 6.8 6.2 30 26 22 

15 GeV 13 10 8.6 40 34 32 

20 GeV 16 14 13 54 47 43 

It is interesting to note that the rejection ratios from 7-jet and 2jets processes 
are different. This can be explained by different jet composition of these two processes. 

~Q®~s~m~j•~883~~,~~~~3~ 
jets and 53 gluon jets, we deduce that the isolation rejection ratio is about 10-3 for 

the quark jet and 2 x 10-4 for the gluon jet when the tightest isolation cut is used, i.e. 

5 Ge V ET' in a 0. 75 cone. We further attribute this factor of 5 difference in isolation 

rejection to: 

• gluon jet is more broader than the quark jet in fragmentation; and 

• gluon jet has lower probability of emitting a hard photon than a quark jet. 

4.2 Further Rejection of Isolated Photon Candidate 

The isolation cut along can not reduce the QCD jets background to below irreducible 77 

background level. Looking at the isolated photon candidate (IPC) in details, however, 

one finds that many IPCs consist of more than one photons, and thus can be rejected 
by using shower shape analysis or preradiator. Figure 9 shows distributions of number 
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of photons in isolated photon candidates after an isolation cut of R = 0. 75 and ET'' = 

10 GeV for lOOk events each of a) ")'-jet and b) 2jets events. 

A calculation was carried out to select IPCs passing a rough isolation cut: R = 
0.45 and ET''= 20 GeV. Events samples with one IPC from 2jets process and two !PCs 
from ")'-jet process were recorded in data files on physics detector simulation facility 

(PDSF) disk at SSCL for further analysis. 

To identify how close the IPCs are to a real photon, an energy weighted mean 

opening angle, U, is calculated for each IPC: 

where 

U = 2:,-E;O; 
I;;E; 

and E; is the energy vector of the ith photon in the isolated photon candidate. 

(8) 

(9) 

Figure 10 shows U distributions of isolated photon candidates after an isolation 

cut of R = 0.75 and ET't = 10 GeV obtained from lOOk events each of a) ;-jet and b) 

2jets events. It is clear that those ICPs with a large U may be rejected by using shower 

shape analysis. 

A detailed GEANT study by Yamamoto shows that in average, ICPs with U > 5 

mrad may be rejected by using a shower shape cut [14]. His analysis is based upon a fit 

on lateral shower profile in BaF 2 to an oval Gaussian distribution, and reject those ICPs 

with large minor. The simulation includes a rotation of all particles in IPCs, making n 
aiming at random at the full area of the central crystal. The vertex z position, where 

ICPs originated from, were smeared by 5 cm as a Gaussian. All particles in IPCs were 

shoot to an array consisting of 11 x 11 BaF 2 crystals. He then used a full GEANT 

simulation to deposit energies in BaF 2 crystals. An effective cut on minor of fitted oval, 

keeping more than 90% of real photons; was found to be consistent to U > 5 mrad. 
Although the calculation was done for BaF 2 simulation, the same strategy can also be 

used for any fine segmented EMC, such as LAr accordion calorimeter. 

Assuming that IPCs with U > 1 mrad would be rejected by a preradiator, we can 

also estimate the corresponding background cross-sections after a preradiator cut. Sev

eral preradiator designs were proposed for GEM. See [14] for the details of a preradiator 

design for BaF2 • 

As seen from Figure 9, there are single photons in IPCs which are originated 
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Table 10: QCD Background Cross-Sections (pb) 

After Isolation 

Process 2jets ")'-jet 

ET'' R=0.45 R=0.60 R=0.75 R=0.45 R=0.60 R=0.75 

5 GeV 140 81 46 55 45 33 

10 GeV 370 220 180 100 90 76 

15 GeV 780 510 360 140 120 110 

20 GeV 1200 940 800 190 160 150 

After Shower Shape Analysis 

Process 2jets ")'-jet 

E ... ' T R=0.45 R=0.60 R=0.75 R=0.45 R=0.60 R=0.75 

5 GeV 73 34 20 31 26 21 

10GeV 160 120 89 54 50 42 

15 GeV 250 210 140 68 59 57 

20 GeV 310 260 230 83 73 66 

After Preradiator 

Process 2jets ")'-jet 

ET'' R=0.45 R=0.60 R=0.75 R=0.45 R=0.60 R=0.75 

5 GeV 20 16 13 19 17 17 

10 GeV 25 20 13 24 24 19 

15 GeV 34 29 20 24 24 24 

20 GeV 34 34 29 26 26 26 

Bottom Line QCD Background 

Process 2jets ")'-jet 

ET'' R=0.45 R=0.60 R=0.75 R=0.45 R=0.60 R=0.75 

5 GeV 10 10 7.3 17 14 14 
10 GeV 13 10 7.3 19 14 14 

15 GeV 16 16 13 21 17 17 

20 GeV 16 16 16 21 19 17 

from QED process in parton shower. These single photons would provide a bottom 

line QCD jets background for H-+ "Y"Y· 

Table 10 summarises the result of the QCD background cross-sections as a func
tion of the size of the isolation cone (R) and the ET''. The cross-sections are calculated 
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in a ii mass range between 75 and 165 GeV. 

It is clear that a tightter isolation cut (large isolation cone and lower threshold) 

would provide more effective rejection, However, if R is too large or the threshold is too 

low, the signal acceptance would be hurt. The values applicable in analysis depends on 

detector performance, especially the sum of thermal and pile-up noise in a large cone. 

It should also be noticed that the study carried out in this report is a straightforward 

one. One may try more sophisticated isolation algorithms, e.g. using central tracker or 

part of calorimeter etc., to relax the requirements to the calorimeter noise. We discuss 

briefly two algorithms of this sort which use full calorimeter information. 

An algorithm summing only cells in isolation cone with energy deposition larger 

than 3o- of noise was tested by author. Although less sensitive to the noise, this 

technique was found to provide a similar result to what presented in this report with 

some improvement. It is understood that when raising the energy threshold in each 

cell, the sensitivity to the associate jet energies in the isolation cone is also degraded. 

Another algorithm proposed by H. Ma. (15] sums transverse energies in two cones with 

different size, both centred a.t IPC, and uses different ET'' threshold in these two cones. 

The result of this algorithm also improves rejection efficiency. 

Assuming these improved algorithms are used, the corresponding ET' threshold 

in a. large cone can be lowered to 2.5 times the total noise without affect the acceptance 

of signals. 
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5 Misidentified Electron Background 

In the last two sections we discussed backgrounds of real photon and fake isolated 

photons from QCD jets. Because of limited efficiency of central tracker, however, in a 

real detector an electron may also fake a photon if there is no charged track stub found 

at the front of the EM shower. A jet may fake an isolated electron and thus may also 

be recognised as an isolated photon. 

The background against H-> ii thus may be summarised as to have the following 

misidentification related contributions: 

U•n" = u •• R2(i/e) + u.,_;., [R(i/jet) + R(e/jet)R(i/e)] + 
u2; ... [R2(i/jet) + 2R(e/jet)R(i/e)R(i/jet) + R2 (e/jet)R2(i/e)] (10) 

where the first term is from a pair of isolated e+ e-, such as Drell-Yan, the second 

term is from i-jet final state, and the third term is from 2jets final state. R(e/jet) and 

R(i/jet) are the probability of ajet faking an isolated electron and photon respectively, 

and R(i/e) is the probability of misidentification of an isolated electron as an isolated 

photon. 

5.1 Background from Isolated Electrons 

The largest isolated e+e- background is Drell-Yan e+e- production, which has a pro

duction cross section of 2 nb. The event topology of Drell-Yan e+e- pair is very similar 

to H-> i'Y· H the overall detector design has no ability to distinguish i versus electron, 

this background would seriously compromise H-> ii measurement. 

Figure 11 shows the invariant mass distribution of Drell-Yan e+e- after event 

selection cuts (dashed line). 413 of Drell-Yan e+e- events were accepted by the event 
selection cuts. The e+e- mass has a peak at zo mass with a cross section of around 

160 pb/GeV. As a comparison, the irreducible ii background is also plotted in the 

figure, as a solid line. The ii cross section at zo mass is about 650 fb /Ge V. 

At the zo peak, the Drell-Yan cross section is about 250 times larger than the 

irreducible ii background. They are at the same level at the off resource tail when 
M(e+e-) is larger than 120 GeV. A detector, which has an R(i/e) ofless than 3%, would 

provide a 10-3 reduction to the Drell-Yan background. The Drell-Yan e+e- background 

after this reduction is also plotted in Figure 11 as a dotted histogram. It is clear that 

such an ability would not compromise the H-> ii physics. 
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Note, a conventional tracker, such as 13 Time Expansion Chamber (TEC) at the 

front of BGO crystal calorimeter, may provide 2 x 10-4 rejection for TY to Bhabha, 

which corresponds to 1.4% single track misidentification [11]. It is expected that 

GEM central tracker will provide an R("y/e) of much less than -3%. The Drell-Yan 
e+e- background thus is not a problem for ff_.;; detection. 

The second largest isolated e+e- background is the e+e- pair production in the tt 
production. The electron pair in the tt is of the same size as the Drell-Yan background 

when M(e+e-) is larger than 110 GeV. A 3% rejection is more than enough to reduce 

it to a negligible level. 

5.2 Jet Faking an Electrons 

The probability of a QCD jet faking an isolated electron, R(e/jet), was studied by 
using the isolation strategy described in section 4.1 with an additional requirement of 

a charged track hitting the center cell. 

Most of the isolated electron candidates (IEC) passing isolation cuts have a topol

ogy of overlapping energetic ;'s with a low momentum charged track. To reduce these 

candidates, a very rough E-p matching is used: 

(11) 

where 
1Tco1 10 IT1radc E = ( v'E e 2)%, and T = 0.25% (12) 

These energy resolution and momentum resolution are very conservative. More 
conservative cut 

works equally well. 

p .. .,,,, < 0.5 
Ec..i -

(13) 

All the candidates which pass these two cuts contain real electrons accompanying 

no; or a few low momentum ;'s. The total electron candidate which passes these cuts 

were 6 among 300k 2jets events, and 2 among 300k ;-jet events. In these samples, all 

IECs are from heavy quark decays (c, band t), and when tightter cuts are applied, 
only decays from b and t quarks remained. 

Table 11 lists the result of the calculation by using ET'' = 5 GeV and three 
cone size R = 0.3, 0.45 and 0.6. 300k events each for 2jets and 7-jet final states were 
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generated in this calculation. Also shown in the table is R( e/ jet) after E-p matching 

and final cross sections of ";-e" and "e-e" configurations. 

Table 11: Probability of a Jet Faking an Isolated Electron 

2jets ;-jet 

R 0.30 0.45 0.60 0.30 0.45 0.60 

R(e/jet) by isolation (10-5
) 21 12 8.1 22 12 9.8 

R(e/jet) by E-p match (10-5 ) 5.6 4.0 0.7 3.7 3.7 3.7 

R(; /jet) by isolation ( 10-4
) 7.4 5.3 4.1 21 16 13 

";-e" (pb) 22 11 1.5 1.3 1.3 1.3 

"e-e" (pb) 0.8 0.4 0.01 

The probability of a jet faking an isolated electron, R(e/jet), can be compared to 
the probability of a jet faking an isolated photon, R(;/jet) as listed in Table 9. It is 
interesting to note that 

• contrary to the case of faking a photon, both gluon jet and quark jet have a 

similar probability of faking an isolated electron; and 

• R(e/jet) is more than 10 times smaller than R(; /jet). 

The consequence of fake isolated electrons to H~ ;; detection can be observed 
from the last two lines of Table 11, where background cross sections of ";-e" and 
"e-e" are listed. These cross sections are negligible, compared to the irreducible ;; 
background cross section of 43 pb for M..,-, > 75 GeV, taking into account the R(;/e) 
of 3%. 
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6 H---* II for two GEM Calorimeter Systems 

As discussed in previous two sections, the sum of thermal and pile-up noise in an 

isolation cone would affect the implementation of a tight isolation cut. The application 

of the isolation cut for two calorimeter systems proposed by GEM collaboration is 

described below. 

• BaF 2 followed by a scintillation calorimeter: 

Since both BaF 2 and scintillation calorimeter have low thermal noise. The dom

inant contribution to the noise in a large area is the pile-up noise, which depends 

on integration time and luminosity. Assuming running at a standard luminosity, 

this system would provide around 2 GeV noise in a 0.75 isolation cone, i.e. R = 

0.75 and ET"= 5 GeV can be used. 

• Liquid Argon calorimeter: 

The design of LAr system was optimised so that the thermal and pile-up noise 

contributions are roughly equal in a trigger tower [16]. This system has 4 GeV 

noise in a 0.6 isolation cone, i.e. R = 0.6 and ET'1 = 10 GeV can be used. 

Following the above assumption, we calculate the total background cross-section 

from 77, 7-jet and 2jets processes by using the isolation cut, shower shape analysis and 

preradiator, as discussed in section 4. The bottom line QCD background cross-section 

is also calculated. Table 12 lists the total background cross-sections. Also listed in 

the table are the background scaling factor (B.F.) which is the total background cross

section normalized to the irreducible 77 background of 31 pb for the BaF 2 calorimeter. 

Note, the BaF2 and LAr have different background cross-section because of different 
isolation cut used. The same difference also shows up in accepted signal cross-section. 

Assuming that the shape of 77 invariant mass spectra from all background sources 

is the same, total background spectrum may be obtained by scaling the irreducible 77 
background with a factor of B.F. Figure 12 shows spectra of Higgs signals of 80, 100, 

120, 140 and 160 GeV superimposed on total background after (a) shower shape anal

ysis and ( c) preradiator rejection for BaF 2 calorimeter. The corresponding background 

subtracted spectra are shown in Figure 12b) and d). The significance of these signals 

in one SSCY is 3.0, 5.7, 9.2, 10 and 3.9 after shower shape analysis and 3.3, 6.1, 9.9, 
11 and 4.9 after preradiatdr rejection. 
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Table 12: Total Background Cross-Section (pb) 

BaF2 System LAr System 

Process "'("'( "'(-jet 2jets Total B.F. "'("'( "'(-jet 2jets Total B.F. 

Isol. 31 33 46 110 3.5 34 90 220 344 11 

S.S. 31 21 20 72 2.3 34 50 120 204 6.6 

P.R. 31 17 13 61 2.0 34 24 20 78 2.5 

Irr. 31 14 7.3 52 1.7 34 14 10 58 1.9 

The same spectra are shown in Figure 13 for the LAr option. The significance in 

one SSCY is 1.3, 2.8, 4. 7, 5.1 and 2.0 after shower shape analysis, and 2.3, 4.4, 7 .6, 8.2 

and 3.3 after preradiator rejection. 

Note, the event numbers listed in Figures 12 and 13 are for a perfect EMC without 
including the acceptance loss discussed in section 2.2. Taking into account the relative 

acceptance listed in Table 3, the numbers of both signal and background events should 
be reduced to 733 and 693 respectively for BaF2 calorimeter and LAr calorimeters. 
The corresponding significance should be reduced to 853 and 833 respectively. 

Taking into account high order QCD corrections to the Higgs production [9], i.e. 

the K factor of 1.5, the corresponding numbers of signal events and significance should 

both be increased by a factor ofl.5. Note, the dominant irreducible background process 

of gg-+ "Y"Y is an 0( a!) process. 
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7 H(tt/W)-t 11£X Searches 

Both Htt--> iilX and HW-> iilX are complementary channels can be used to cover 
the Higgs mass range below 140 GeV [17]. As shown in Figure 2, the signal cross

section of sum of these two channels is in an order of few fb. However, with a lepton 

(l) tagging the irreducible background for H-> ii can be eliminated. The ii invariant 

mass spectrum of these two processes thus has much less background. 

In this section we discuss searches for intermediate mass Higgs boson by using 

these two channels. Since we are looking for ii invariant mass to locate Higgs signal, 
most elaboration on effect of detector resolutions to the Higgs peak width discussed in 

section 3 is also applicable to this search. The main differences are: 

• with an associate charged lepton in final state and the fine resolution of its impact 

parameter, the Higgs vertex determination would be more accurate; 

• the statistics of both signal and background is low, so that the effect of high 

resolution is not directly correlated to the discovery time, as shown in Equation 5. 

The consequence of ii mass resolution to the significance will be discussed in 

section 7.2. 

7.1 Signal and Background 

The main backgrounds against H(tt/W)-> iilX searches are: 

• ttii= 80 fb; 

• bbii= 2 pb; 

• Wii: 23 fb; 

• tt: 16 nb. 

A combination of Monte Carlo programs is used to simulate the first three back

grounds. The hard scattering processes are generated by using PAPAGENO 3.6 [18]. 
The initial and final state parton radiation, hadronization and decays are generated by 

using PYTHIA 5.6 [4]. 

The tt background was generated with PYTfilA 5.5 program. The study was 
done with 2.6M events. It is interesting to note that the isolation cut along can not 
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reduce tt background to a negligible level. With a lepton tagging, the tt final state has 

4 quark jets. According to Table 9, an effective isolation cut can achieve 1.3 x 10-3 

rejection for E¥" = 5 GeV and R = 0.6. Together with a combinatory factor of 6, the 

isolation would provide a rejection of 10-5 , which leads to a background cross-section 

of tt -+ lX of 90 fb, or 50 to 80 times higher than the Htt -+ iilX signal. 

Since the ii invariant mass distribution obtained from !PCs from tt process was 

spread out, a cut on interesting mass interval between 75 and 165 GeV would reduce 

the background by a factor of 3. It was also found that the two photon system from 

signal has a large PT than that from background. A cut on joint PT of ii system in an 

order of 40 Ge V would effectively reduce background by another factor of 3. It is also 

interesting to note that while a larger cone helps in rejecting quark jet background, the 

best cone size for lepton isolation is 0.3, which helps to maintain high signal acceptance. 

Table 13: Numbers of Signal and Background Events in One SSCY 

pf't = 20 GeV pf't = 40 GeV 

R 0.30 0.45 0.60 0.30 0.45 0.60 

Higgs (80GeV) 28 23 18 21 18 14 

Higgs (90GeV) 30 25 20 24 20 17 

Higgs {lOOGeV) 30 25 21 25 21 17 

Higgs (120GeV) 24 20 16 22 18 15 

Higgs (140GeV) 17 15 13 15 14 11 

Higgs (150GeV) 10 8 7 9 8 6.5 

Higgs {160GeV) 4 3.4 2.7 3.6 3 2.5 

ttii (75-165 GeV) 55 46 32 51 42 30 

Wii (75-165 GeV) 32 31 30 21 21 20 

tt (75-165 GeV) 308 246 185 123 61 61 

The following cuts are therefore used in our Htt -+ iilX searches: 

• i'ltl < 2.5, P} > 20 GeV, R = 0.3; 

• i'hi < 2.5, Pj. > 20 GeV, R = 0.3, 0.45 or 0.6; 
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• isolation cut =? reject tt: 

L ET - E!j.hoton < 5Ge V + O.lE!j.hoton 
•<R 

• PT of di-photon > PT'' =? reject tt; 

• Shower Shape Analysis: iJ < 5 mrad, as dicussed in section 4. 

Signal and background events after these cuts are listed in Table 13. 

The biii; background is rejected by the isolation cut to a negligible levd. It 

is clear from this table, that the largest background is the fake i - i pairs from tt 

production, and PT'' applied to joint momentum of i - i pair is an effective cut to 

eliminate this background. 

Figure 14 shows ii invariant mass spectra collected in one SSCY with Higgs 
signals of 80, 100, 120, 140 and 160 GeV superimposed over a sum of all backgrounds for 

three energy resolutions: (a) (2/./E e 0.5)3; (b) (7/./E e 0.5)3; and (c) (15/./E e 
1)3. The cuts used are R = 0.45 and PT'' = 40 GeV. 

Note, the event numbers shown in Table 13 and Figure 14 are for a perfect EMC 

without including the acceptance loss discussed in section 2.2. Taking into account of 

the rdative acceptance listed in Table 3, the numbers of both signal and background 

events should be reduced to 623 and 563 respectively for BaF 2 calorimeter and LAr 

calorimeters. 

7.2 Significance 

Since the statistics of both signal and background is low, Equation 5 can not be used to 

estimete the significance. We thus estimate the significance by using two methods: one 

is pure mathematical calculation based upon a convolution of two Poisson probability 

distributions, and the other is a Monte Carlo method by trying the experiment many 
times. The result of these two methods are consistent. In this section, we describe 

these two methods and their result on significance. 

7.3 Mathematical Method 

We assume a signal peak with defined width is observed over some background, and 
both process have low statistics. The expected number of signal events in mass interval 
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of MH ± u.,.., is N., and the corresponding number of background events is NB. The 

probability of observing certain number of events (n) follows a Poisson statistics: 

P,.(A) = A"e-~ 
n! 

where A is the expected value, i.e. Ns for the signal and NB for the background. 

(14) 

If one observe n events, the probability of these events caused by background 

fluctruation is: 
00 

Prob= I: Pm(NB) (15) 
m:n 

Taking into account the fluctruation of observed events which has an expecta

tion value of NB + Ns, the final probability of observing a signal which is caused by 
background fluctuation is: 

00 00 

Prob= I:[P,.(NB + Ns] x I: Pm( NB)] (16) 

This probability can be converted to the significance in terms of standard de

viation (u) defined from a Gaussian distribution, e.g. a Prob = 0.0027 is mapped 
to 3u, and 0.000057 is Su etc. It is interesting to note, when the expected number 

of background events is high, Equation 16 corresponds to the significance defind in 
Equation 5. 

Table 14: Siginicance of H(tt/W)--+ "'("'(lX Search for Three Energy Resolutions 

tl.E/E (%) 2/../E E9 0.5 7.5/../E E9 0.5 15/../E E9 1.0 

Mg lTln Ns lTM'" s tr14..,.., s <TM.,.. s 
(GeV) (fb) (GeV) (GeV) (GeV) 

80 8.4 12 0.34 3.5/3.2 0.66 3.2/2.8 1.3 2.9/2.3 

90 8.0 14 0.37 3.9/3.5 0.70 3.5/3.1 1.4 3.1/2.6 

100 7.8 14 0.40 3.9/3.5 0.73 3.5/3.1 1.45 3.1/2.6 

120 6.9 13 0.45 3.7 /3.3 0.77 3.4/3.0 1.5 3.0/2.5 

140 4.2 9 0.53 3.0/2.7 0.89 2.7 /2.4 1.7 2.4/2.0 

150 2.6 5.4 0.58 2.0/1.8 0.95 1.8/1.5 1.9 1.5/1.2 
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Table 7.3 lists significance calculated according to Equation 16 for H(tt/W)-+ 

;;lX searches with three energy resolutions in one SSCY. In the table, the two numbers 
for the significance are the ones using the expected and double of the expected number 

of backgrounds. 

Figure 15 shows the significance of this search as a function of SSCY calculated 
for three energy resolutions and 6 different Higgs masses. The up bound of the band 

corresponds to the calculated background, while the low bound of the band corresponds 

to the background scaled by a factor of two. It is clear that high resolution also 

corresponds to a short discovery 

7.4 Monte Carlo Method 

In the second method, signals and backgrounds are generated bin-by-bin using Pois

sion statistics to simulate one experiment, and the distribution is fit using Likelyhood 

method by Minuit with a smooth background and a Gaussian to find the area (A) and 

the error of the area (5A) of the signal. The significance of the signal in this experiment 

is then defined as A/ 5A. 

When the event and background rate is low, this significance varies from one 

experiment to another, and this value itself is not so meaningful. A more meaningful 
significance, 52131 is defined as the significance that 2 out of 3 experiments, one will 

observe at least this significance. E.g., 5213 = 5 means the probability that one will 
observe Su effect is over 673, or if one does the same experiment 3 times, one will 

observe Su effect in 2 experiments. Monte Carlo events are used to generate many sets 

of experiments to find S2/3• 

The estimation of rare backgrounds are very difficult, because of the incom
pleteness of the theory, Monte Carlo implementation and the detector simulation. To 

estimate these uncertainties and the robustness of the experiment, the significance was 

also calculated using the background with twice as much as the current estimation. 
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As shown in Table 4 and Figure 2, for Higgs mass above 130 GeV considerable Higgs 

would decay to 4 electrons through ZZ/ZZ* decay, where z• denotes a virtual Z. The 
signal in this search has a distinguished feature of four isolated electrons, and has a 

cross section of few fb. 

It is known that requiring four isolated leptons would reduce all QCD jet back
ground to a negligible level. There are, however, irreducible ZZ/ZZ* background and 

Zqq (q is a heavy quark b or t) background. Both may provide four isolated electrons. 
The cross section of these two backgrounds are: 

The following cuts were used in this serach: 

• l11t I < 2.5; 

• ~. > 5 GeV; 

• Isolation: ER=o.3ET - ElT. < 5GeV + O.lET. => 
reduce Decay from Heavy Quarks. 

• JMt+t- - M,J < 2 GeV => suppress")'•; 

• In the case of z•, require one pair mass: 

10 GeV < Mt+t- < M, + 2 GeV 

add table and figures. 

Similar to Table 6, Table 15 shows the ratio of of H-+e+e-e+e- peak width as 

function of a and b, normalized to the BaF2 crystal calorimeter resolution: 2%/.../E EB 

0.5%, for Higgs mass of 140 GeV and 170 GeV. 
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Table 15: Ratio of H-+e+e-e+e- Peak Width as Function of a and b 

a 2.0 3.0 5.5 7.5 10 15 

MH = 140 GeV 

h=0.5 1.0 1.1 1.6 2.0 2.5 3.7 

b=l.0 1.8 1.9 2.1 2.5 3.0 4.0 

b=l.5 2.6 2.7 2.9 3.1 3.5 4.3 

b=2.0 3.4 3.5 3.7 3.9 4.4 5.0 

MH = 170 GeV 

b=0.5 1.0 1.0 1.2 1.6 2.0 3.0 

h=l.0 1.5 1.6 1.8 2.0 2.3 3.2 

b=l.5 2.1 2.2 2.3 2.6 2.7 3.3 

b=2.0 2.7 2.8 3.0 3.1 3.4 4.1 
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Figure 1: Energy Resolutions of (a) L3 BGO calorimeter, measured at CERN test 
beams with 4000 crystals, and (b) BaF2 calorimeter, calculated with GEANT simula
tion. The solid curves represent a simple parametrization of 2%/ .,/E E9 0.5%. 
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process of H-+ "Y"Y (a) and irreducible background process rt (b). 
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Figure 4: Compariosn of distributions between H-+ 'Y'Y and irreducible background: 
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Figure 5: 'Yi invariant mass spectra obtained within 1 SSCY with H-+ i"Y signals of 
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(b) 2jets. 

43 
67 



6 

5 
4 
3 
2 
1 

E Weighted Angle in IPC 

Entries 
Mean 
RMS 

28 
0.6571 E-02 
0.5351 E-02 

a) Gamma-jet 

0 
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 

5 

4 

3 

2 

1 

E weighted angle in iso photon (dr=0.75) 
Entries 25 
Mean 0.6500E-02 
RMS 0.6615E-02 

b) 2Jets 

0 
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 

E weighted angle in iso photon (dr=0.75) 

Figure 10: Distributions of U ofisolated photon candidates, passing an isolation cut of 
R = 0.75 and ET''= 10 GeV from lOOk events each of (a) ;-jet and (b) 2jets. 

44 
68 



10- 1 

I 

I 
( 

.I 

.. 
~· 
~ 

:: ... . . . · 
·~ . . ·. . .. ~ · .. ... . .. . . . . · ... . ·· .. . 

r 
) \ 

I I 

• .. 
. . . 

\ Drell-Yan + -e e 
'\ 
\ 

\ 
'\ 

... 
' '-.. ... 

Irreducible !'!' 
" . 

Background ··. . .. . . . 

.• . ·: . . . · .. ·. . . . ·. . ..... 
Drell-Yan e+e.L, ~ .. . :".":··. · ··.· 

After CT ( 1 o-3
) Rejection: 

.. 

60 80 100 120 140 160 

Figure 11: 77 and e+e- invariant mass distribution ofDrell-Ya.n e+e- after event selec
tion cut with no 7 / e separation (dashed) is compared with irreducible 77 distributions 
(solid). Also shown in the figure is the Drell-Yan distribution, if 3% of electrons would 
misidentified as a photon. 

45 

69 



10000 

5000 

0 

200 

0 

a) H --+77 : BaF 2 

After Shower Shape 

b) Back. Subtracted 

100 150 

c) H--+77: BaF2 

After Preradiator 

d) Back. Subtracted 

100 150 

Mn (GeV) 

Figure 12: H--+ "'f"'f signals of 80, 100, 120, 140 and 160 GeV, superimposed on all 
backgrounds are shown for BaF2 calorimeter: (a) after shower shape analysis and (c) 
after preradiator rejection. Corresponding background subtracted spectra are shown 
in (b) and (d). 
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backgrounds are shown for LAr calorimeter: (a) after shower shape analysis and (c) 
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CHAPTER XX: GEM PHYSICS SIMULATIONS 

XX.AA: The FASTl Model of the GEM Detector 

While complete GEANT simulations are important for determining detector parame

ters, they are far too slow to analyse the large samples of events needed to study signatures 

and backgrounds, at least at this stage in the evolution of GEM. A much faster simulation, 

known as FASTl, has therefore been created using established techniques for parameter

ized simulations. Its purpose is to provide a fast simulation of the gross features of the 

GEM Baseline 1 detector. This provides an interface to physics event generators and single 

particle generators. The generated particles are then tracked through each of the major 

subsystems: the central tracker, the calorimeter, and the muon system, and the response 

of each is stored in a data structure. Calorimeter and muon triggers are also simulated. 

Finally, hooks are provided for user analysis code. 

An overall framework has been written which calls an event generator and then tracks 

the particles through the detector, calling in turn each of the subsystem simulation routines. 

Various support routines are included in the package, including, for example, one for finding 

jets. 

The resulting package is adequately fast, about 3 sec/event on an HP 9000/720, and 

most of the physics studies reported here are based at least in part on it. 

XX.AA.1: Event Generation 

Events for FASTl can be generated with ISAJET [F. Paige and S. Protopopescu), 

PYTHIA [T. Sjostrand, et al.), or a single particle generator, or events can be read from 

files in various formats. In all cases, the event information is stored in the STDHEP 

format [Lynn Garren, FNAL report PM0050), and the STDHEP codes are used for particle 

types. This allows the same analysis to be used for different generators and should make 

it simple to incorporate additonal generators in the future. 

XX.AA.2: Central Tracker Parameterization 

The central tracker is perhaps the most difficult system to parameterize, since its 

performance depends so much on occupancy. Nevertheless, the occupancy is quite low in 

the GEM Baseline 1 design, so a parameterization should be sufficient to describe the most 

important aspects. The FASTl parameterization includes: 

(1) Resolution on momentum, both with and without a vertex constraint, including 

the expected chamber resolution, bending in the magnetic field, and the effect of 

multiple scattering; 
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(2) Resolutions on the impact parameter and the z position of the vertex, based on 

Gaussian parameterizations of full GEANT simulations of the Baseline 1 design; 

(3) Photon conversions and resolution effects from the tracker material as a function 

of T/ and ¢, again based on a full GEANT simulation of the tracker. 

The major limitations of the existing FASTl simulation of the central tracker are that 

it treats a single particle at a time, so that inefficiencies correlated with the whole event are 

not properly reproduced, and that inefficiency or additional occupancy from backsplash 

from the calorimeter is not included. Work on these topics is continuing. 

XX.AA.3: Liquid Argon Calorimeter Parameterization 

The FASTl parameterization of the Baseline 1 liquid argon central calorimeter incor

porates approximate parameterizations of the energy and position resolution, transverse 

and longitudinal shower shapes, and pileup and electronic noise. 

The calorimeter is taken to be uniformly segmented in Tf and ¢, with t:.T/ = t:.¢ = 0.032 

for the electromagnetic (EM) part and t:.T/ = t:.¢ = 0.08 for the hadronic (HAD) part. This 

is not exactly correct but is adequate for the central region. Five EM cells are matched to 

two HAD ones. The energy resolution is taken to be of the form 

t:.E ~ 
E=yE+b2. 

For electromagnetic particles a varies with T/ from 0.07 to 0.08 depending on the angle of 

incidence on the accordion structure, and b = 0.005. For hadronic particles a = 0.6 and 

b = 0.05. Jet resolutions are obtained by summing over the individual particles. 

The energy of both electromagnetic and hadronic particles is shared between the EM 

and HAD sections of the calorimeter, although the subdivisions of each are not taken 

into account. The sharing is based on the Bock parameterization [R.K. Bock et al. NIM 

186(1981)533]: 
1 dE w b" • -ba (1 - w) d< c -dt 

Edx = Xor(a) 8 e + ,\ r(c)t e 

where Xo and ,\ are the radiation and interaction lengths of the material, s = x/X0 , 

t = x/..\, and a, b, c, and dare linear functions of logE. The interaction point is picked 

according to an exponential distribution, and the above formula is integrated to determine 

the sharing. Energy is also shared transversely using a parameterization as a sum of 

exponentials fit to the full GEANT simulation. No fl.uctuations in shower shape other than 

the shower starting point are taken into account, so the fl.uctuations are underestimated. 

The position resolution for an EM shower is assumed to be 4.4 mm/ ../E, based on the 

full GEANT simulation. The angular resolution has not been simulated, but 100 mrad/ ../E 
is a reasonable estimate. 
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Finally, thermal noise and pileup are ta.ken into account, treating the latter as an 

additional noise term. [CLELAND REF??] The distributions are ta.ken to be Gaussians 

with the following mean values: 

EM: thermal E = 35MeV/cell 

pileup ET= 35MeV /cell 

HAD: thermal E = 250 Me V /cell 

pileup ET = 200 Me V /cell 

(summed over the longitudinal sections of each part.) Note that thermal noise gives a 

constant E per cell, whereas pileup gives a constant ET. 

XX.AA.4: BaF2/Scintillator Parameterization 

The BaF2 calorimeter parameterization in FASTl is based on a detailed GEANT 

simulation of its performance. The segmentation is Llri = flt/> = 0.04 in the EM calorimeter 

and twice that in the HAD calorimeter. The energy resolution is 

with a = 0.02, b = 0.005. Transverse and longitudinal shower sharing is handled using a 

Bock type parameterization with parameters fit to the GEANT results. The thermal and 

pileup noise are smaller than for liquid argon and so have been neglected. 

The hadronic calorimeter simulation uses the same code as the liquid argon simulation 

with appropriate changes in the parameters. 

Most of the physics processes have been studied using the liquid argon parameteriza

tion, but a few for which resolution is crucial have been done for both. 

XX.AA.5: Forward Calorimeter Parameterization 

The principle goal of the forward calorimeter is to measure JJT, so only the PT res

olution has been parameterized. The PT resolution is determined mainly by the limited 

angular resolution caused by transverse shower spreading. To determine this resolution, 

full GEANT 3.14 showers using the standard cuts were generated for single charged pions 

with p = 10, 200, 500, and 2000 GeV distributed randomly over the 3 < T/ < 7. Each 

section of the calorimeter was described as a single block of homogeneous material filled 

with a GEANT mixture of tungsten alloy and liquid argon. The deposited energy was then 

binned into cells, ta.king into account the slightly nonprojective geometry of the baseline 

design, hadronic smearing, e/h suppression, and electronic noise. This energy deposition 

was then used to calculate the observed PT,in and PT,out in and out of the plane of the 

primary particle. The resolution for PT.in is shown in Fig. XX.AA-1. 
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Based on the limited available statistics, a few hundred events per point, the resolution 

appears to be Gaussian. Therefore, particles in the forward calorimeter were smeared with 

a Gaussian whose width is determined by interpolation from the calculated points in PT 

and T/· This has been used only to calculate f:T· Understanding the reconstruction of jets 

in the forward calorimeter would require a more detailed parameterization of the shower 

spreading, which is not yet available. 

XX.AA.6: Calorimeter Trigger Parameterization 

Calorimeter triggers dominate the trigger rate and so have received the most attention. 

The FAST! simulation calculates a number of trigger "primitives" from which it can be 

determined if the Level 1 or Level 2 trigger is satisfied. The electromagnetic cells are 

combined in 5 x 5 trigger towers, matched to 2 x 2 hadronic trigger towers. These trigger 

towers are also combined 3 x 3 groups to give 'jet' trigger towers. For these towers, the 

number of electromagnetic towers above several thresholds, the number of these satisfying 

an isolation cut, the number of 'jet' towers above threshold, and the number of EM cells 

above thresholds subject to a hadronic energy test are all calculated and compared with 

specified thresholds. 

An example of such a trigger is the number of EM towers above a threshold of ET = 8, 

16, 50, and 80 GeV subject to the requirements that the hadronic energy ET, had < 0.1 *ET 

and that the ET in the eight neighboring EM towers is less than 7 .5 Ge V. This is the basic 

trigger for photons and for isolated electrons. 

Little work has yet been done on the Level 3 trigger, which presumably uses a less 

sophisticated version of the final analysis cuts. 

:XX.AA.7: Muon System and Trigger Parameterization 

The muon resolution was calculated using a GEANT simulation taking into account 

the detailed Baseline 1 magnetic field, the geometry and expected resolution of the cham

bers, and multiple scattering in these chambers. No central tracker information was used. 

This resolution was then parameterized as a function of PT and T/· In FAST! the resolu

tion is simulated as a Gaussian in 1/p with this width. This substantially agrees with the 

resolution shown in Chap. ??? . 
Energy loss in the calorimeter was calculated using GEANT with a GEANT mixture 

of lead and liquid argon including both dE / dx and hard bremsstrahlung. The energy loss 

distribution was parameterized as a function of PT and T/, and this is used in FAST! to 

generate both the muon's energy deposition in the calorimeter and its energy entering the 

muon system. 
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The muon acceptance and trigger efficiency was calculated based on a detailed GEANT 

simulation and parameterized. The simulation took into account the cracks in </> and 11 in 

the Baseline 1 design, radiation from the muon producing extra hits in the chambers, and 

the probability that a muon would bend enough to satisfy the trigger criteria for a given 

threshold. The probability of reconstructing the muon track was also taken into account 

based on a preliminary reconstruction algorithm. 

Finally, distributions of the number and momenta of tracks and their distances and 

angles from the primary muon were generated using GEANT. These were parameterized 

and can be used to estimate the efficiency for reconstructing both isolated muons and 

muons in hadronic jets. 

XX.AA.8: Future Developments 

The fast parameterization has achieved the goal of allowing for the accumulation of 

high statistics in a short period of time. However, improvements are needed, especially 

for studies for the Technical Design Report. The FASTl simulation will also evolve as 

the detector evolves. (The version for Baseline 2 will be FAST2) The general techniques 

being used will be followed. As experimental data and a full overall GEANT simulation 

become available, the parameterizations will be based on more detailed knowledge. Specific 

features that should be added are noted: 

( 1) Central Tracker: Simulation of track reconstruction efficiency, effects of high 

luminosity, efficiency of finding the cor:ect vertex and probability of of finding a . 

track stub are among features that are needed. 

(2) Calorimeter: Integration of the central region endcap with the forward calorime

ter is needed to better study fr questions. There a.re two possible "seamless 

approaches": (1) treating the whole calorimeter as a tabulated response function, 

as is done now for the forward calorimeter, or (2) treating it with cells and jet 

finding, but with the 11 = 3 transition and the 11 = 5.5 edge region given special 

smearing functions. Each of two approaches has its uses in dmaifferent contexts. 

Transverse fluctuations should be added in a way that is separate from position 

resolution. 
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Fig. XX.AA-1: Single pion resolution for various p a.nd T) as calculated 
from GEANT for the GEM baseline forward calorimeter. 
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XX.BB: Missing Energy Signals 

For a variety of possible SSC physics signatures it is important to measure the missing 

transverse energy Jf:T in the range Jf:T ;<:: 100 Ge V. The forward calorimeter is crucial for 

this, since without it the Jf:r cross section would be dominated by missing jets. 

The calorimeter parts of the FASTl simulation were used for this analysis. For the 

forward calorimeter, FASTl calculates a smeared transverse momentum for each particle 

based on a parameterization of results from a full GEANT simulation. For the central 

calorimeter it includes the energy resolution, the average transverse shower shape, energy 

sharing between the electromagnetic and hadronic sections, and electronic noise and pileup. 

The transverse spreading could cause energy to leak beyond the edge of the calorimeter 

at T/ = 3. This has not yet been included in FASTl, but an earlier GEANT simulation 

showed that this leakage is well enough measured by the forward calorimeter that it does 

not significantly degrade the Jf:T resolution. (Forden REF] Therefore, leakage beyond 

T/ = 3 was assumed to be correctly measured with the usual energy resolution. 

XX.BB.I: Search for a 300GeV Gluino Using Jets and Jf:T 

For the gluino analysis the minimal supersymmetric extension of the standard model 

(MSSM) was assumed with two Higgs doublets and superpartners of all the standard 

particles, including four neutralinos X? and two charginos xr. If the gluino is lighter than 

the squarks, then it will decay into qqX\1 or qq'Xf'; the x's will in tum decay via a cascade 

until the lightest supersymmetric particle ~ is-reached. This is stable and escapes from · 

the detector, giving a Jf:r signature. Other signals such as like-sign dileptons are also 

possible. 

As in the GEM LOI analysis, all of the decay modes were calculated assuming a gluino 

mass M-g = 300 Ge V, a supersymmetric Higgs mass µ = -300 Ge V, and a ratio of vacuum 

expectation values tanfJ = v2fv1 = 2.0. The squark masses were taken to be 600GeV. 

Gluino pair production and decay were simulated using ISAJET 6.43. Since the gluinos 

will typically be produced with PT - M-, one expects a signal with multiple jets plus large 
g 

:fJr. The dominant physics background for this signal comes from missing neutrinos from 

heavy quarks. It was shown in the LOI that the other physics backgrounds, e.g., Z -+ vii 

at high PT, are negligible in this mass range, although they do contribute for higher gluino 

masses. In addition there are detector-induced backgrounds from mismeasured jets. 

ISAJET 6.43 was used to generate lOK gluino signal events, including all the decays of 

the MSSM, and I.SM QCD jet events distributed in ten bins covering 50 <PT< 1600 GeV. 

Other than the minimum PT of the hard scattering, no preselection of the events to contain 

real missing energy was made. This is necessary to obtain the correct cross section for 
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mismeasured jets. All events were run through the FASTl simulation, lf,r was calculated 

as described above, and jets were found using a fixed-cone algorithm with R = 0.7. 

In the inclusive lf,r cross section the background is large compared to the signal. To 

reduce the background, at least four jets with PT > 75 Ge V were required in the central 

calorimeter. Jets in the forward calorimeter are not used, so its ability to recognize them 

is not an issue. In addition the sphericity in the transverse plane Sr was calculated from 

the central calorimeter cells with Er, cell > 0.5 Ge V, and a cut Sr > 0.2 was made. After 

these cuts the signal to background ratio S / B is about 2 for lf,r - 250 Ge V. 

Semileptonic decays of gluinos would of course be important to study; for example, 

isolated like-sign dileptons e±e± provide a signal for the Majorana nature of the gluino. 

However, making a lepton veto further improves the S / B for the lf,r distribution. Events 

were vetoed if they contained a muon or an isolated electron with PT > 20 GeV and T/ < 2.5. 

Isolated electrons were defined by requiring that the total energy in the electromagnetic 

and hadronic calorimeter in a cone R = 0.1 match the momentum, IE/p - ll < 0.1. 

This effectively combines a HAD/EM cut and an EM/p cut. It is intended to select 

those electrons which could plausible be identified, mainly those from direct t decay. The 

efficiency of the lepton identification has not been simulated in detail in this study, but 

it cannot be very crucial, since even if it were perfect there still would be remaining 

background from TX decays of b's and t's. The signal and background remaining after 

these cuts are shown in Fig. XX.BB-1. The ratio (S + B)/ B is shown in Fig. XX.BB-2 

and reaches about 5 for the GEM baseline calorimeter. 

Fig. XX.BB-2 also shows the (S + B)/ B ratio obtained using lf,r calculated from the 

the missing 11 and ~ momenta. While the GEM calorimeter increases the background at 

low lf,r, it provides reasonable agreement with the perfect detector result in the region for 

which the ratio is large. 

The statistical significance of the signal is not an issue. The t, W and Z backgrounds 

can be checked using isolated lepton samples; the b and c backgrounds can be checked 

using muons in jets. The lf,r resolution of the detector can be checked using inclusive 

data on QCD jets and 7 +jets events. Given all these constraints, the background should 

be reliably known, so observation of a lf,r cross section 5 times that expected from the 

standard model should be very convincing. 

XX.BB.2: Search for a 300 GeV Gluino Using Jets and e±e± 
In addition to the !Jr signature described above, there are many other signatures 

for supersymmetry. In particular, since the gluino is a self-conjugate Majorana fermion, 

gluino pairs can give isolated e±e± pairs. Observing these likesign pairs is essential for 
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understanding the nature of any J/JT signal. 1 The dominant standard model background 
(-) 

is expected to be from tt events in which either a b --> f.X lepton appears isolated or an 

isolated lepton sign is wrongly determined. Since the cross section for a 300 Ge V gluino is 

large, one can rely just onµ±µ± events, for which the signs are well determined in GEM. 

Nevertheless it seems useful to see whether e±e± can also be observed in GEM. 

ISAJET 6.43 was used to generate lOK events each of the gg signal and t[ background 

using the same minimal supersymmetric model parameters as in the previous section. The 

gluino pairs were forced to decay into w-w-X and thence into e-e-X. The t[ pairs 

were forced to decay by t--> b, b--> e-X, and t--> e- X. The additional background from 

t[ events in which the lepton sign was wrongly deterimined was found to be small, since 

the electrons from the gluinos typically have PT ~ 200 Ge V whereas the tracker provides 

good sign selection up to PT ~ 400 Ge V. 

The events were then simulated using FASTl. Pileup and noise at C = 1033 cm-2sec-1 

were included using the calorimeter simulation CALOED. Jets were found using CJETS 

with R = 0.7, and at least four jets with PT> 40GeV in the central calorimeter (71 < 3) 

were required. Electrons were called isolated if after detector simulation they had an 

additional hadronic energy Ehad < 5 GeV in a cone R = 0.3, and at least two isolated 

electrons with PT > 10 GeV and 7J < 2.5 were also required. Since this cut was made on 

total rather than transverse energy, it is quite severe in the forward direction. Isolated 

electrons were assumed to be identified with perfect efficiency; this is believed to be a 

reasonable approximation and in any case shoiild affect signal and background equally. 

Such electrons were removed from the jets found by CJETS by vetoing any jet with R < 0.5 

from an electron. No cut was made on J/JT· 
After these cuts, 2212/10000 like-sign pairs from the gluino events and 61/10000 like

sign pairs from the t[ events survived. When the production cross sections and branching 

ratios are taken into account and different charges are summed, this corresponds to 6.6x104 

signal events and 2.1 x 104 tf background events accepted per year, giving S / B = 3.1 after 

only minimal optimization of the cuts. Work to refine the cuts is continuing, but it is 

already clear that GEM can observe a 300 GeV gluino in the e±e± channel. 

XX.BB.3: Search for H-+ ZZ ..... £+£-vii 

For a standard model Higgs with MH :<:: 600 GeV the rate for H-+ f_+R_-f_+f_- becomes 

small, and other modes need to be considered. The mode H ..... £+£-vii has six times the 

branching ratio. The most serious background to detection of this mode is from the QCD 

1 H. Baer, et al., Phys. Rev. D45, 142 (1992). 
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production of zo +jets, and discrimination is based on the J/JT of the event. This makes 

the measurement very sensitive to the calorimeter coverage at high eta. ISAJET 6.46 was 

used to generate 10000 Higgs events with MH = 800 GeV and 50000 zo +jets events in 

the range 50 < PT, z < 1600 Ge V generated as five samples. 

The signal and background events were first analyzed for perfect detector coverage 

up to T/ = 5.5. In this analysis, neutrinos were excluded, and muons were considered to 

deposit 3 GeV equivalent in the calorimeter. The events were also analysed using the GEM 

FASTl simulation routines, which parameterize the response of each detector subsystem as 

a single particle smearing and acceptance function. Specifically, for this study FCSMEAR 

was used to give the response in the forward calorimeter, and MUFAST was used to give the 

muon detector response. The forward calorimeter studied here was the tungsten and liquid 

argon option associated with the current GEM baseline detector. The full machinery of the 

central and endcap parameterization, CALO, was not needed because this measurement is 

insensitive to central calorimeter segmentation, but the CALO energy response functions 

were used for T/ < 3.0. In the current study, only the mode zo--+ e+e- was analyzed. 

The analysis began by reconstructing the zo and making a loose requirement that 

the mass be within 20 GeV of Mz. The reconstructed z0 •s were required to have a PT> 
350 GeV and be centrally produced with T/ < 1.5. In Higgs events, then, this sample has a 

large !Jr, whereas zo +jets events exhibit jet activity on the side opposite the zo. The 

separation is not perfect because the Higgs events have spectator jets which balance the 

Higgs PT, and because in zo +jets events the jets- occasionally fluctuate to produce high-pr 

neutrinos. 

To characterize the jet activity, the scalar PT of all particles in the semi-cylinder 

opposite the zo is summed. Using this broad angular range allows for the PT of the Higgs, 

which is typically of order 100 Ge V. This summed scaler PT is shown for a perfect detector 

in Fig. XX.BB-3. The signal events lie at low PT and are uncontaminated by background 

up to 360GeV. There are 38 events for one SSC year at .C = 1033 cm-2sec-1 up to this 

cut. The same sample of events is shown after processing with the GEM FAST simulation 

in Fig. XX.BB-4. The more realistic coverage at high eta has degraded the measurement 

at low PT, but it is possible to apply a cut at 120 GeV and have an uncontaminated sample 

of 22 signal events in one SSC year. 

Future work in this area includes study of the liquid-scintillator forward calorimeter 

option, further optimization of the liquid argon design, study of the zo --+ µ+ µ- modes, 

and finally, using the full GEM GEANT detector simulation to incorporate effects such as 

PT crossover in the T/::::: 3 transition region. Backgrounds due to 9g--+ ZZ and qq--+ ZZ 
will also be considered. The emphasis of the current study was to determine the effect of 
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the PT response of the GEM baseline design on detection of a massive Higgs in this mode. 

The baseline design seems adequate to detect the signal with an acceptable tightening of 

the cuts compared to an idealized detector. 
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Fig. XX.BB-1: Gluino signal and QCD background vs. JJT after the 
jet and sphericity cuts and the lepton veto described in the text. 

Fig. XX.BB-2: Solid: Ratioof(S+B)/BfromFig.XX.BB-2. Dotted: 
Same ratio using JJT calculated from the v and X1l momenta. 

Fig. XX.BB-3: ET opposite Z -+ e+ e- after cuts for 800 GeV Higgs 
and zo +jets background with perfect calorimeter covering T/ < 5.5. 

Fig. XX.BB-4: Same as Fig. XX.BB-4 for the GEM baseline calorime
ter. 
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