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Abstract i B =

This report is a update of the GEM TDR analysis on standard model Higgs
boson searches with the proposed GEM detector. Searches for intermediate
mass, heavy and very heavy Higgs boson in the decay channels of yv, £+£=£* L,
Lt¢~vb and L1L"jj are discussed. The detector response and the lepton/photon
identification algorithms used in this study are obtained from detailed GEANT
simulations. Through this study, we conclude that the proposed GEM detector

is able of covering the entire Higgs boson mass spectrum at the SSC with an
integrated luminosity of 10—20 fb~?.
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1 Introduction

One of the primary goals of the Superconducting SuperCollider (SSC) is to investi-
gate the origin of the electroweak symmetry breaking. The simplest model of elec-
troweak symmetry breaking involves a single doublet of elementary scalar fields — the
Higgs doublet — in the standard model. Two charged and one neutral combination
of these scalar fields are absorbed in the Higgs mechanism, manifesting themselves as
the longitudinal components of the massive W* and Z° bosons. The remaining neutral
combination — the Higgs boson H® — is a physical spinless boson yet to be discovered.

Theoretically, the mass of the Higgs boson cannot be predicted. Experimentally,
the LEP experiments have excluded the mass range below ~60 GeV [1], and are ex-
pected to extend this range to 80-90 GeV in LEP phase II [2]. On the other hand,
there are strong theoretical reasons to expect My to be less than 700 GeV, or some
new physics must show up in the energy region between 1 and 3 TeV [3]. We thus
consider standard model Higgs searches at the SSC in a mass range between 80 and
800 GeV. However, if a relatively light Higgs boson (less than 800 GeV) does not exist,
the scattering of longitudinally polarized vector bosons (W, and Z.) will be strong
when the vector boson pairs have a high invariant mass. This is the so called “strong
breaking” scenario, which is not covered by this report.

The main course of this report presents a study on standard model Higgs boson
searches with the proposed GEM (Gamma-Electron-Muon) detector [4]. Higgs bosons
of intermediate Mass (Mz < My < 2M3), heavy mass (2Mz < My < 600 GeV) and
very heavy mass (Mg = 800 GeV) have been studied in the following decay channels:

o Intermediate Mass Higgs (80 < My < 2M3):

— H — 47 (80 GeV < My < 160 GeV),
- (tt/W)H — 99£X (80 GeV < My < 140 GeV), and
— H — Z7* — L (140 GeV < My < 2M3z).

e Heavy Higgs (2Mz < My < 800 GeV):
-H—-72Z - e,
o Very Heavy Higgs (My =~ 800 GeV):

- H - ZZ - et L,
- H—> 22 - t*{vi,and




- H—> 727 - ;.

where £ denotes electron or muon (e/pu).

The rare decay H — ZZ/Z7Z* — £*{~{*{~ , with 4 isolated leptons in the final
state, provides the cleanest signal. At the low mass end of the Higgs spectrum (Mg <
130 GeV), however, the search has to be carried out using another rare decay mode: H
— 44 — the only decay channel which can provide an adequate signal to background
ratio, and adequate significance. Both H — <44 and lepton-associated production,
(tt/W)H — 49£X, can be used to provide a detectable signal. The key to this search is
a precision electromagnetic calorimeter (EMC) with good photon identification (ID).
At the high mass end (My = 800 GeV), H — ZZ — £*¢{~vv and H — ZZ — £*{7jj
provide useful additional signals to the H — ZZ — {*£-£*{~, since the latter suffers
from low statistics and a broad resonance. The key to the Higgs detection at the high
mass end of the range is to understand the systematic uncertainties.

Unless specified, the Monte Carlo event generator program used in this study
is PYTHIA 5.6 and JETSET 7.3 [5], the top quark mass is assumed to be 140 GeV,
and the bottom quark mass is assumed to be 5 GeV defined at a Q? scale of (10
GeV)? (default PYTHIA) which is considerably higher than the latest value of 4.23
GeV defined at Q? = (4.89 GeV)? [6]. The study was carried out for the standard SSC
luminosity £ = 103 cm~2 s~!. A unit of integrated luminosity, f £dt = 10*° cm~2 (10

fb~1), corresponds to 107 seconds of running during a standard SSC year.

Table 1 summarizes GEM’s sensitivities to Higgs searches through the discovery
channels discussed in this report, where the significance (o) is based on Poisson statis-
tics translated to Gaussian type confidence levels, as defined in Section 3.2. Figure 1
shows the integrated luminosity needed to establish a Higgs signal with 50 sensitivity.
All Higgs cross-sections and branching ratios were calculated with PYTHIA 5.6. The
dashed line at the low mass end is obtained using the latest running b quark mass [6].
In summary, the proposed GEM detector can cover 100 GeV < My < 800 GeV with
an integrated luminosity of 10 pb~! at the SSC, while 10—20 fb~?! is needed for 80
GeV < My < 100 GeV.

GEM’s discovery potential also extends to the Higgs sector of the Minimum
Supersymmetric Standard Model (MSSM), where two Higgs doublets are required,
resulting in five physical states, two charged (H*, H™) and three neutral, referred to
as h (light scalar with mass m;), H (heavy scalar with mass mg) and A (pseudoscalar
with mass m,). Figure 2 shows GEM’s 50 discovery contour curves for 30 (solid) and
100 (dash) fb~! in the (my4,tan B) plane, obtained by using vy and £*£~£*£~ decay
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Table 1: GEM’s Sensitivities to the Higgs Detection

My JLdt | vy | vyl | 0 | L vo | £1L07]j | Combined
80 GeV [ 301fb-1 | 3.90 | 4.50 6.30
90 GeV | 30 fb~! | 4.90 | 4.9¢ 7.20
100 GeV | 10 fb~! | 4.60 | 2.90 ' 5.80
120 GeV | 10 tb~? | 7.8¢0 | 2.7 8.50
140 GeV | 10 fb~? | 9.00 | 2.30 110 150
150 GeV | 10 fb~! | 7.30 130 150
160 GeV | 10 fb~! | 3.2¢ 8.1 8.90
170 GeV | 10 fb-! 5.70 5.70
180 GeV | 10 fb? 100 100
200 GeV | 10 fb! 380 380
400 GeV | 10 fb™? 280 280
600 GeV | 10 fb? 9.70 9.70
800 GeV | 10 fb! 4.30* 110* | 5.40° -
800 GeV | 10 fb™? 40" 6o** 20** 8o**

* Statistical only.

** Including systematic uncertainty.

channels. The o xB of SUSY Higgs in these decay modes was calculated according to
reference [7]. Also shown in the figure is discovery contour obtainable at LEPII with
an integrated luminosity of 500 pb~! and at a center of mass energy of 190 GeV [8]. It
is clear that the GEM can greatly extend the coverage of the SUSY parameter space.
A hole, between contous of LEPII and GEM’s h — v, however, should be covered by
other decay channels, such as 77, which is not covered by this report.

This report is an update of the GEM TDR analysis [4]. Its content is organized
as follows: Section 2 briefly describes the GEM detector and the photon, electron and
muon identification algorithms used in the analysis; the Higgs production cross-section
and significance are discussed in Section 3; and sections 4, 5, 6, 7 and 8 cover standard
model Higgs searches in the vv, ly7y, £H¢~ L1, £¥{~vD and £*L"jj decays.
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Figure 1: Integrated luminosity needed to establish a 50 Higgs signal with the GEM
detector. All cross-sections and branching ratios were calculated with PYTHIA 5.6.
The dashed line at the low mass end is obtained with the latest running b quark mass
of 4.23 GeV defined at 4.89 GeV. See Section 3.1.1. for details.
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2 GEM Detector and v/e/u Identification

The physics signatures of Higgs decays all involve the identification of isolated photons,
electrons and muons. As discussed in this section, the design of the GEM detector paid
particular attention to 4/e/u identification.

2.1 GEM Detector

Designed as a precision lepton and photon detector, the discovery potential of the
GEM detector is clearly shown in its ability to detect the standard model Higgs boson.
Figure 3 shows a 3-D cutway view of the GEM detector. The side view of the GEM
detector with dimensions is shown in Figure 4. The primary decision in the GEM
detector design has been to place the magnet coils outside of all the detector elements.
This allows construction of a calorimeter system limited only by its inherent resolution,
since almost all intervening materials have been removed. In addition, muon momen-
tum and direction are measured in air in a shielded area, following the calorimeter,
allowing both clean muon ID and a robust high precision system at high luminosities.

The GEM detector consists of the following main subsystems:

o A precise muon spectrometer in a large superconducting solenoidal magnet, al-
lowing measurement of the momenta of high energy muons with a minimum of
multiple scattering. The muon system operates in a quiet environment, shielded
by the thick calorimeter.

¢ A hermetic hadronic calorimeter (HC) for the measurement of jets and the re-
construction of missing energy.

® A precise electromagnetic calorimeter (EMC) without a magnet coil in front of
it. This will provide the best measurements of gamma and electron energies and
thus allow the reconstruction of the mass of narrow states with good resolution.

o A central tracker (CT) in a magnetic field with sufficiently low occupancy to
operate reliably at the highest luminosities that can be anticipated at the SSC.
The CT is compact, allowing for a compact calorimeter and a large muon tracking

volume.

The top-level specifications for the GEM detector are given in Table 2. GEM’s
detector approach is complementary to the SDC detector, going beyond its physics
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reach in specific areas, while maintaining an important degree of overlap in the two

detectors’ capabilities.

Table 2: Design Parameters of the GEM Detector

Magnet
Central field 08T
Inner diameter 18 m
length 3lm
Muon System

Coverage 01 <|n <25
Ap/p at =0, p, = 500 GeV 5%
Ap/p at n=2.5, p, = 500 GeV 12%
Charge separation (7=0) p<6.5 TeV at 95% CL

Hadron Calorimeter
Coverage 01<|yg <55
Jet Energy resolution 60%/VE ® 4%

Electromagnetic Calorimeter
Coverage 0.1 <y <30
Energy resolution 6-8%/VE @ 0.4%
Position resolution 4.4mm/VE
Pointing resolution (40-50/vE + 0.5) mrad
Tracker

Coverage 0.1 <|p/<25
Charge separation (7=0) p<600 GeV
at high p (measurement limited) Ap/p* = 1.2 x 1073(GeV) !

at low p (multiple scattering limited) Ap/p = 3.5

The detailed detector performance is parametrized in GEMFAST — a detector
simulation package implementing an accurate representation of the GEM detector [9],
including lateral segmentation of the calorimeters, realistic thermal and pile-up noise
[12] and the trigger strategies [10]. All parametrizations used in GEMFAST were
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obtained from GEANT simulations of each subsystem [11,13,14]. The parametrized
response of the central calorimeter, which covers |5| < 3, includes shower profile and
energy resolutions. Longitudinal and transverse electromagnetic and hadronic shower
profiles are generated using GFLASH 1.3, which was originally developed to describe
the H1 liquid argon calorimeter [17]. GFLASH incorporates correlated fluctuations of
shower profile parameters, hadronic shower fluctuations into early #°’s, transverse pro-
file variations with depth, and shower development along the true direction of incidence
as determined by tracking through the central tracker region.

For the analysis described in this report, the acceptance of the signal and back-
ground processes, including trigger efficiency and isolation cuts were studied using
GEMFAST, while the detailed efficiencies for particle identification, jet rejection and
~-¢ separation were carried out with GEANT simulation.

2.2 ~v/e Identification

To make a clean measurement of electrons and photons, it is important to eliminate
jet and instrumentation backgrounds. GEM’s subsystems are designed to reject these

backgrounds.

1. To reduce background from 7° decay and photon conversion (7® — v and v —
ete~) GEM has implemented:

(a) a narrow strip detector at the first segment of the EMC, as shown in Fig 5,

to provide detailed shower shape analysis; and

(b) a tracking detector in a magnetic field and a fine grained EMC to separate

out and thus reject v — e*e~ conversion pairs.

2. To reject (r*, e*) the misidentification background, which occurs when a hadron
enters the EMC and gives a signal similar to an electron, a combination of lateral
shower shape, HCAL veto and matching the momentum measured in CT and the
energy measured in the EMC are used [18].

Searches for isolated photons and electrons were carried out in two steps: iso-
lation and detailed identification. The isolation cut is a powerful means to reject jet
background. For selecting electron and photon candidates it requires

Y Er— EJ/* < EP*®™ + E3* GeV (1)
r<R



where the sum is over calorimeter towers in a cone of radius R. Generally, R = 0.45
was used for two-body final states and R = 0.30-0.35 for four-bodies. The transverse
energy E}l ® of the 4 or electron candidate was found using the sum of the energy
deposited in 5 x 5 cells in the EMC. The EF**® is the mean transverse energy sum of
the pileup and thermal noise. The ES* is the isolation threshold imposed.

The Ep=*" and E{* values were determined from the distributions of the sum of
thermal and pile-up noises in the isolation cones [12]. Figure 6a shows distributions of
the noises in a 0.45 cone and the corresponding Gaussian fit. The noise in the isolation
cone was reduced by summing only cells with |E,| larger than 0.5 GeV, as shown in
Figure 6b. This reduces the sigma of the noise from 3.4 GeV to 1.6 GeV, shifts the
mean from —0.22 to 1.5 GeV, and reduces the signal loss from 10, 13 and 19% to 5.4,
7.6 and 11% for an E$™ values of 5, 4 and 3 GeV, respectively.

We further require no or exactly one reconstructed charged track hitting the 5 x
5 cells to identify a v or electron candidate. Detailed photon and electron identification
requires an isolated electromagnetic cluster in 5x5 cells satisfying a photon or electron
ID algorithm, which includes a HCAL veto, analysis of the likelihood function for the
shower shape and E/p matching (for electrons only). These algorithms were imple-
mented in a GEANT simulation of the GEM detector [11]. Since the full geometry of
the GEM EM calorimeter is not yet implemented in the GEANT program, the photon
or electron candidates passing the isolation cut were rotated to the nearest of three

regions, and the full simulation was performed.

The likelihood function, defined by using the information in the § strips of the
first segment of the EMC, the shower size in 6 and ¢ (energy weighted second moment
of the shower) and ¢ pointing (from the 2nd and 3rd layers), is a powerful tool to reject
the multi-photon background or a charged track overlapping with multi-photons. The
6 strip information used is:

WSEM = (Eﬂ'ght + Eleft)/E3?

ASEM = |E,;jn: — Eiepe|/EL,

W2(W3) = distance between the center and the 2nd (3rd) highest energy strip,

in units of strip numbers, and
WR = width at 10% of (E1 + E2), and

H3(H4,H5) = energy in the 3rd (4th, 5th) highest energy strip normalized to (E1
+ E2),



http:0.30-0.35

where

E1(E2) = energy in the highest (2nd) energy strip,

E3 = energy sum in the 3 strips around the center,

E,ighe = energy sum in the 3 strips right of the center, and

Eicse = energy sum in the 3 strips left of the center.

Figure 7 shows the likelihood function for photons and jets, after the isolation cut.
While keeping the ID efficiency of 90% for real photons or electrons, the overall jet
rejection against jets is typically 10~* for photons (See Section 4.3 for details), or 105
for electrons.

Table 2.2 shows that the rate for jets faking an isolated electron after all electron
ID cuts is less than 10~°. Note that the rejection factors listed in this table are
correlated. In this analysis, the isolation cut used to reject 2025k quark jets (40 GeV)
is R = 0.45 and pf** = 5 GeV. A loose charge veto, that exactly one charged track
with ps > 1 GeV hits the 5 x 5 cells, was required in the isolation. A factor of 10
increase of isolation rejection may be achieved if the charged track is required to hit the
central cell (a rough position matching), as demonstrated in our previous study [19].
Figure 8 shows (a) the distribution of energy in the hadron calorimeter for jets after
the isolation cut, (b) the likelihood function distributions of electron and jets (shaded
area) after HCAL veto cut and (c) the distribution of p/E for jets. The corresponding
cuts applied are also shown in the figure.

Table 3: Electron ID and Jet Rejection

Cut # of Events Rejection
Isolation 6750 300
Egcar < 1 GeV Veto 2700 2.5
Shower Shape 108 25
p/E > 0.5 16 6.6
Total 123750

For the analyses requiring very good resolution, suchas H —» yy and H —» ZZ* —
ete~ete~, photons and electrons were required not to be in the region of degraded

10
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resolution between the barrel and the endcap, i.e. 1.01 < |p| < 1.16. The overall
photon or electron identification efficiency, including this geometrical loss and ID cuts,
is between 80% and 85%. For signals such as H — ZZ — e*e"e*e™ (Mg > 2M3), this

transition region has adequate resolution and was not excluded.

2.3 p Identification

Compared to electrons or photons, muons are relatively free of background, since
GEM’s calorimeter reduces hadron punch through to a rate much less than genuine
muons. An isolation cut similar to Equation 1 was used to identify isolated muon

candidates:

3" Er — AE < Epe™ 4+ E3* GeV (2)
r<R

where AE is the measured energy loss of the muon in the calorimeter. The isolation
cone radius R was taken to be 0.35 for intermediate mass Higgs searches and 0.3 for

heavier masses.

The muon ID algorithm includes matching the angle and momentum of the track
‘measured in the muon system to that in the central tracker. The typical muon identi-
fication efficiency is around 80% for muons within the fiducial volume, which includes
85% geometrical acceptance caused by holes and cracks in the muon system and 95%

muon track reconstruction efficiency.

The momentum of the muons was determined by adding the dE/dx loss back to
the momentum measured in muon system.

Pu = Pmeasured + AE (3)

where the muon energy loss AE is taken to be the calculated truncated average of dE/dx
loss when measured energy loss is less than 1.5 times of the most probable dE/dx, or
the measured energy loss otherwise. This simple algorithm provides a contribution of
700 MeV by dE/dx alone to the mass resolution for a 140 GeV Higgs decaying to a
ptp—ptp~. The H — ptpu~u*p~ mass resolution thus is dominated by the intrinsic

resolution of the GEM muon system.
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Figure 4: Side View of the GEM Detector Layout
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in Section 2&3 4o= 0.16

Strip towers in Section 1

Transverse and longitudinal segmentation
of the Barrel EM Calorimeter

Figure 5: Schematic view of the GEM EMC showing three longitudinal segments, and
six-times finer strips in the 7 direction in the first segment.
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Figure 6: Distributions of the sum of thermal and pile-up noises in a 0.45 cone, along
with a Gaussian fit. The open (a) and black dots (b) are noise obtained when summing
all cells, and the noise when only cells with |Ex| > 0.5 GeV are summed, respectively.
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Figure 7: Distributions of the likelihood function of photons and jets after the isolation
cut described in the text.
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Figure 8: Distributions of (a) jet energy in hadron calorimeter after isolation cut, (b)
likelihood function for electrons and jets (shaded area) after HCAL veto cut and (c)
p/E for jets after the likelihood function cut. The corresponding cuts are also shown.
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3 Higgs Production Cross-Section and Discovery
Significance

3.1 Higgs Production Cross-Section

Assuming a top quark mass of 140 GeV, in the entire Higgs mass range the dominant
production mechanism of the Higgs boson is gluon fusion [20]:

g+g—H (4)
The second most important production mechanism is weak-boson fusion [20,21,22]:
g+qd — gq+¢+H
q+q' — q”+ql"+Ho (5)
The smallest production mechanism is quark-antiquark annihilation [20]:
g+q— H (6)

Figure 9a shows the Higgs production cross-section as a function of Higgs mass cal-
culated using the EHLQ set 1 (EHLQ-1) parton distribution function (PDF) [20] for
these three production mechanisms.

Higgs boson may also be produced associated with a vector boson or a top quark
pair (tt ) and thus provide an isolated lepton tag:

g+g9g —-t+t+H —-(+H +X
g+q§ —»t+t+H —-{(+H +X (7)

q+§ —Z+H —-{+H°+ X
g+q¢ —-W+H —(¢(+H +X (8)

The associated production cross-section calculated using EHLQ-1 PDF is also plotted
in Figure 9a. In the standard model, the decay properties of Higgs boson are well
defined. Figure 9b shows the decay branching ratios of the standard model Higgs to
v¥v, ZZ*/ZZ, WW*/WW, bb, ct, 7t7~, gg and 7Z, where the first two decay modes
are used in this analysis.

In the standard model, Higgs bosons with mass My < 600 GeV appear as a
resonance, and the width grows following My®. Table 4 lists the Higgs width (I'g)
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Table 4: Higgs Production Cross-Section x Decay Branching Ratio (fb)

My (GeV) | Ta(GeV) | on(yy) | ota(rm) | TB01) | TBEL) | OB
80 0030 | 124 | 84
90 0034 | 144 | 8.0
100 0037 | 169 | 7.8
120 0049 | 211 | 6.9
140 0097 | 180 | 4.2 26
150 019 128 | 2.6 32
160 097 | 526 | 0.87 15
170 380 9.2
180 620 22
200 1.4 85
400 30 56
600 112 | 16
800 266 5.3 32 110

and the Higgs production cross-section multiplied by the specific decay branching ratio
(oxB) for each of the five modes studied in this report: H — v, (tt/W)H — vv£X, H
— ZZ[77* —» -, H > 22 — (8 vi,and H — ZZ — £t jj. All these oxB’s
were calculated using PYTHIA 5.6 and EHLQ-1 PDF, assuming a top quark mass of
140 GeV and a bottom quark mass of 5 GeV defined at Q? = (10 GeV)? (PYTHIA

default). Higher order QCD corrections are not included in these numbers.

3.1.1 m, Dependence

It is interesting to note that the width of a Higgs with mass below 150 GeV is sensitive
to the b quark mass used in calculation. The PYTHIA program has incorporated a
running b quark mass since version 5.5 (1990). The default running b quark mass
defined at 2m, is m(10 GeV) = 5 GeV in PYTHIA. A recent study [6], including the
running of all couplings, indicates my(4.89 GeV) = 4.32 GeV, while the Particle Data
Book [23] lists the b quark mass between 4.7 to 5.3 GeV, estimated from the masses

of bottomonium and B mesons.
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Figure 10 shows the Higgs width and oxB for the relevant channels (H — 77,
(tt/W)H — yy¢X and H — ZZ/2Z* — t*{~L*L") for two m; definitions: PYTHIA
and reference [6]. Table 5 lists the Higgs width and oxB for H — vy for different b
quark mass definitions. It is clear that up to a 50% increase of the cross-section for H
— 77 is expected if the recently-calculated m; is used. In this analysis, conservative
o xB values listed in Table 4 are used. The consequence of the b quark mass definition

is elaborated in the significance discussion.

Table 5: m; Dependence of the Higgs Width (GeV) and oxB of H — v (fb)

my(10 GeV) = 5 GeV | my(5 GeV) = 5 GeV | m(4.89GeV)=4.32GeV
Mu| T's TH () T'n T H(vy) Tn TH (1)
80 }.0030 124 0.0025 143 0.0020 180
90 |.0034 144 0.0028 165 0.0022 221
100 | .0037 169 0.0031 199 0.0025 267
110 | .0042 189 0.0036 221 0.0028 290
120 | .0049 211 0.0043 238 0.0035 302
130 ] .0065 | 208 0.0057 234 0.0049 286
140 | .0097 180 0.0091 197 0.0082 219
150 | .0194 128 0.0185 133 1 0.0176 147
160 | .0974 52 0.0965 52 0.0955 52

3.1.2 Higher Order QCD Corrections

Recent calculations show that higher order QCD corrections increase the Higgs pro-
duction cross-section via gluon fusion by a factor of around 1.5 [24]. Higher order
corrections to weak boson fusion, however, are small [25]. We thus have a so-called
“K” factor of approximately 1.5 for the Higgs production via gluon fusion. In this
study, except for the H — 4+ analysis, all analyses were performed using the lowest
order calculation.

The higher order QCD corrections are implemented in H — ++ study, since (1)
these corrections to both the signal and the direct photon background are available
and (2) while a pf > 100 GeV requirement eliminates almost all background calcu-
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lated using the lowest order calculations, the signal is completely overwhelmed by the
direct photon background, when calculated to next to leading order [26]. When higher
order corrections are implemented for the signal, they are also used in the background
calculations, to maintain a consistent picture. A “K” factor of 1.5 was thus used in all
jet and Drell-Yan background cross-sections.

3.1.3 Parton Distribution Function Dependence

Because of our poor knowledge of the parton distribution functions at small x values,
the Higgs production cross-section at the SSC, especially for low mass Higgs, suffers
from large uncertainties. A brief survey of all existing parton distribution functions
shows that a difference of up to a factor of 3 exists for low mass Higgs production. This
difference, in general, is much larger than the higher order QCD corrections discussed
in Section 3.1.2. The latest parton distribution functions, however, converge much
better. In our previous study [19], we used EHLQ set 1 PDF [20] which is the default
in the PYTHIA. To understand the uncertainties caused by the choice of PDF, we
studied two groups of recent PDF’s and compared them to the result obtained using
EHLQ-1. The PDF’s studied are:

o five sets of (H/K)MRS [27], among which HMRS(B) is the commonly used PDF
in Europe; and

o five sets of CTEQ [28] which is a recent product of the Coordinated Theoret-
ical/Experimental Project on QCD Phenomenology and Tests of the standard
model in the U.S.

The results of this study [29] indicate that the difference of Higgs production cross-
section caused by using these 11 PDF’s is at the level of +20%. The EHLQ-1 is in the
middle of the range, almost identical to the result using CTEQ LO.

Figure 11a shows o xB as a function of Higgs mass calculated using the PDF’s of
ELHQ-1, 5 sets of (H/K)MRS and 5 sets of CTEQ. It is clear that the EHLQ-1 agrees
with the CTEQ quite well, and is in the middle between CTEQ and (H/K)MRS.
Figure 11b shows the ratio of the Higgs production cross-section calculated using
CTEQ LO and HMRS(B) normalized to that using EHLQ-1. The significances, de-
fined as S/v/B for H — ++ searches for Higgs mass below 150 GeV and for H —
e~ t+L- searches for Higgs mass above 150 GeV, are consistent to within 10%.
HMRS(B) tends to give a lower significance than EHLQ-1 by an amount of approxi-
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mately 10%. In order to preserve backwards compatibility with our previous studies
[19], we used EHLQ-1 for the entire analysis decribed in this report.

3.2 Significance of Higgs Signal

“Significance” is used to represent how well a Higgs signal can be identified in the
presence of background. As in Gaussian statistics, a probability of 1 — 1.35 x 1073 is
expressed as a significance of 30, 1 — 2.85 x 107 is expressed as 50, and so on. We

take 5o significance as the minimum for discovery.

For high background statistics, the significance (S) of Higgs peaks can be calcu-
lated by dividing the number of signal events (Ng) by the square root of the corre-
sponding background events (Ng),i.e. S = Ns/+/Ng. For a resonance, N5 and Np can
be counted in a mass bin of My +2AMpg, where 95.5% of the Higgs signal is counted,
if the Higgs mass peak is Gaussian distributed with a mass resolution of AMy. Note
that the significance result by counting in My +AMpy is almost identical. We thus
have

S Ns  [Ldt A5 0.9550g . JLdt (9)
VNp  \/fLdt A 4AMg Rg ¥ AMx
where Ag and Ap are the acceptance of the signal and the background respectively,

and Rp is the background rate at the Higgs mass. It is clear from Equation 9 that a

better mass resolution is equivalent to a shorter discovery time.

For low statistics, Equation 9 is not adequate to represent the significance. We
thus define the probability (Py;g) for a signal to be caused by a background fluctuation
for fixed Ns and NB:

o0

Pugh= 3, Pu(Np) (10)
m=Ngs+Np

where P,(A) is the probability of observing n events according to Poisson statistics with
expectation value of A: P,(A) = A"e~*/n!. This equation gives the probability that the
background, with the expected number of Ng, fluctuates up to the observed number
of events and above. Since the expected number of events Ng + Np is not necessary
an integer, a linear interpolation is performed between the two closest integers. The
probability Py, can be converted to a significance Spign.

For low statistics, an additional probability that must be considered is that the
observed signal may be significantly lower than expected. Taking into account the
fluctuation of both the signal and the background, the probability that the signal is
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caused by a background fluctuation can be defined using a convolution of two Poisson
probability distributions [19]:

Piow = i[P,,(NB + Ns) X i: Pm(NB)] (11)

The first term in Equation 11 is the the normalized probability of observing n events
when the expected number is Ng + Ng. This probability can be converted to a signif-
icance Sjow. As demonstrated in reference [19], this probability can be mathematically
converted to the probability corresponding to Equation 9, for high statistics.

Although Py, correctly represents all possible fluctuations, it seems too stringent
to be used for the standard significance, since we do not require 50 to avoid missing
signal. The difference between these three definitions is substantial. For Ng = 5 and
Np =1, Ns/+/Np = 50, while Equation 10 gives 3.20, and Equation 11 gives 1.9¢.

In this analysis all significances are calculated using Equation 9 for high statistics
and Equation 10 for low statistics. In case statistically independent channels exist for a
certain Higgs mass, we use the product of the probabilities for the individual channels
to calculate the combined significance, as listed in Table 1.
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Figure 9: (a) Higgs production cross-section for three direct production mechanisms,
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4 H — ~vy Searches for 80 GeV < My < 160 GeV

H — 4+ detection places stringent requirements on the overall detector design, espe-
cially on the design of the EMC. Because of the small production cross-section (60 to
200 fb) and the narrow decay width (3 to 100 MeV) of the Higgs boson between 80 and
160 GeV, and because of the huge direct 44 background and the QCD jet background,
precision EMC, capable of measuring the 4+ invariant mass to a high precision and of
identifying genuine photons, is the most important subsystem for this physics.

4.1 Higgs Mass Resolution

As shown in Equation 9, the significance of a Higgs peak is directly related to the
Higgs mass resolution: AMy. Analytically, the mass resolution reconstructed using
two photon energy vectors can be expressed as:

éﬂ%‘l = %\/( AEI;JI )2+ (AEE; 2+ (cotglﬁxﬁ)2 (12)
where E; and E; are the energies of the two photons and 6 is the opening angle between
them. It is clear from this equation that the uncertainties in both the energy and
direction measurements affect the Higgs mass resolution. Since H — 47 is one feature
showing the complementarity of the GEM detector to the SDC experimental program,
in this section we discuss the consequences of energy, angular, position and vertex z
resolutions. We also examine cases where there is some degradation of performance,
relative to GEM’s baseline design parameters. Different approaches to the photon

direction measurement are also elaborated.

4.1.1 Effect of Energy Resolution

The Higgs mass resolution was calculated using Higgs events passing the selection cuts

discussed in Section 4.2, with a parametrized energy resolution:

AE a c
-E—-=(-7—_E ®bo E)% (13)

where a, b and c represent the sampling, constant and noise contributions respectively,

and @ denotes an addition in quadrature. GEM’s baseline design values of a, b and ¢

are listed in Section 2.1.
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Table 6 shows the Higgs mass resolution (AMpg) reconstructed using two photons
for a Higgs masses of 80 to 160 GeV, and compared to a degraded mass resolution [30]:
a=14/17 b=1.0. Note, the square root of the mass width is inversely proportional to
the time factor needed to discover the Higgs, as indicated in Equation 9.

Table 6: AMy (GeV) as Function of a and b for H — 77 Searches

My (GeV) | 80 | 90 | 100 | 110 | 120 | 130 | 140 | 150 | 160
a=6/8 b=0.4 |0.66 | 0.69 | 0.77 | 0.79 | 0.84 | 0.86 | 0.91 | 0.92 | 1.0
a=14/17b=1.0| 1.3 | 1.3 | 1.5 | 1.6 | 1.7 | 1.8 | 1.8 | 2.0 | 2.0

4.1.2 Effect of Angular Resolution Measured with Calorimeter Pointing

The GEM EMC is longitudinally segmented in three pieces of 3, 10 and 11 radiation
lengths respectively, as shown in Figure 5. The first segment is further divided in
6 strips in the 7 direction to provide a f-angle pointing and multi-photon rejection.
The photon angular resolution provided by this design has been determined, using a
detailed GEANT simulation, to be 40 and 50 mrad/vE for the barrel and endcaps
respectively [11]. This built in photon direction measurement can be used to determine
the Higgs vertex position after applying the beam constraint.

Assuming that the measured photon angular resolution (66) can be parametrized
as (d/VE + 0.5) mrad for the barrel and [(d + 10)/vE + 0.5] mrad for the end
caps, Table 7 lists the ratio of the reconstructed mass resolution of an 80 GeV Higgs

as a function of d, normalized to the case where the Higgs vertex is determined by the
central tracker to 1 mm accuracy.

Table 7: Ratio of the H — 54 Mass Resolution as Funcﬁon ofd

d (mrad) 40 50 60 80
a=6/8b=04 | 12 | 12 | 1.3 | 14
a=14/17b=1.0| 20 | 20 | 21 | 22
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4.1.3 Higgs Vertex Determination with Central Tracker

The most accurate measurement of the photon direction can be obtained using the
Higgs vertex position determined by the central tracker and the shower position mea-
sured by the calorimeter using the center of gravity method. For a precision EMC with
fine granularity, the center of gravity of a shower with energy larger than 20 GeV can
be determined to less than 1 mm. Table 8 shows the ratio of H — ~vv peak width as
a function of the shower position resolution (§x) and energy resolution (a and b), for
a Higgs mass of 80 GeV, normalized to the GEM base-line design: a = 6 and 8 for
the barrel and endcaps respectively, b = 0.4 and §x = 1 mm. It is clear that a shower
position resolution on the order of few mm will not compromise the discovery potential

of the GEM EMC.

Table 8: Ratio of H — v Mass Resolution as Function of §x, a and b

&x (mm) 1.0 1.5 2.0 2.5 3.0
a=6/8 b=04 | 1.0 1.0 1.0 1.0 1.0
a=14/17b=1.0| 1.9 1.9 1.9 2.0 2.0

On the other hand, one must determine the Higgs vertex to reconstruct a photon
vector. The GEM central tracker system could determine the Higgs vertex with an
accuracy of ~1 mm in the beam direction. Table 9 shows the ratio of the H — vy peak
width as function of the vertex z coordinate resolution (éz) and energy resolution (a
and b), normalized to the GEM base-line design, for Higgs mass of 80 GeV, assuming
shower position resolution of §x = 1 mm. It is clear one must determine the vertex z to
better than 5 mm so that the discovery potential of the GEM EMC is not compromised.

However, with the standard SSC luminosity of £ = 10 c¢cm~2 s~!and a bunch

Table 9: Ratio of H — 4y Mass Resolution as Function of §z, a and b

6z (mm) 1.0 2.0 3.0 5.0 10. 50.
a=6/8 b=0.4 1.0 1.0 1.0 1.0 1.2 2.3
a=14/17 b=1.0 1.9 2.0 2.0 2.0 2.0 3.0
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crossing frequency of 62.5 MHz at the SSC, there are 1.6 minimum bias events (MBE)
per bunch crossing, and the selecion of the correct primary Higgs vertex is a key issue
to maintain the high mass resolution. If the Higgs vertex is randomly selected, the
probability of finding the correct Higgs vertex (Porrect) can be expressed as:
© e~fn 1 1—e¢
Pmnd::‘___:o w nt+l ¢

where £ is the expected number of overlapping MBE events. This probability is listed
in Table 10 as a function of collider luminosity, together with ¢. It is clear that this
approach could be useful at the standard SSC luminosity, but it will not be usable at
higher luminosities.

(14)

Table 10: Probability of Finding the Correct Higgs Vertex with Random Selection

L(10¥cm2sY)|05] 1| 2| 5 | 10| 20
¢ 0.8 |1.63.2] 8.0 | 16 | 32
Peorrect (%) 69 | 50 | 30 | 12.5 | 6.3 | 3.1

There are two approaches, in addition to the naive random selection approach,
which can be used to distinguish the correct Higgs vertex from the MBE vertices: (1)
use the difference of underlying event topology, e.g. charge multiplicity associated with
the vertex, and (2) use the vertex closest to the reconstructed vertex from calorimeter
pointing.

The Higgs events, produced by gluon and vector boson fusion, have higher trans-
verse momentum than the MBE background [5,24,33]. This high p, must be balanced
by recoil jets, and thus provides a high charge multiplicity associated to the Higgs ver-
tex. A recent analysis [15] shows that selecting the vertex with the highest p,-weighted
charged multiplicity gives the correct Higgs vertex (within 5 mm of the real Higgs
vertex) with 95% probability at the standard SSC luminosity by using PYTHIA. This
analysis is an improvement of the 85% obtained by our previous study [19]. Note,
the charge multiplicity of MBE’s measured by UA1 and CDF have been compared to
PYTHIA predictions, and the agreement is quite good, except a few percent tail [31].
The W production data published by UA1l, UA2 and CDF are also known to agree
well with PYTHIA predictions [32].

An alternative approach is to choose the vertex closest to the vertex provided by
the calorimeter pointing without using multiplicity information. The correct selection is
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Table 11: Probability of Finding the Correct Higgs Vertex by Combining the Central
TRacker and the Calorimeter Pointing

L£(10® cm2s")| d(mrad) | 40 | 50 | 60 | 70 | 80
1 Peorrece (%) | 87 | 86 | 85 | 84 | 83
2 Poorreat (%) | 75 | 71 | 67 | 65 | 63
3 Peorrect (%) | 67 | 61 | 56 | 54 | 54

made if the vertex is within 5 mm to the real Higgs vertex. Table 11 lists the probability
of finding a correct Higgs vertex with this approach, as a function of luminosity (£)
and pointing angular resolution d. At the standard SSC luminosity, the correct Higgs
vertex can be determined with 87% probability for GEM’s pointing design. Finally, a
combination of pointing and event topology (multiplicity) improves the vertex-finding
efficiency to 97%, which provides the best determination of the H — v vertex. To be
conservative, a 95% vertex finding efficiency is used in the further analysis.

4.2 Signal and Direct Photon Background

The H — v signal and q§ — vv (Born) and gg— v (Box) backgrounds were gener-
ated with PYTHIA 5.6. The next-to-leading-log (NLL) corrections to the signal cross
section were implemented by scaling the gg — H — v signal cross-section (Table 4)
by a “K” factor of 1.5 [24]. It is known that the higher order corrections are a function
of the final-state kinematics [33]. An improved analysis can be made when a Monte
Carlo generator for NLL Higgs production is available.

The NLL corrections to direct photon pair background have also been calculated
[34], which include (1) Born (q§ — v<) and O(a,) corrections, (2) the box diagram
(gg— v7), (3) single and double bremsstrahlung, and (4) the exact 2 — 3 kinematics
for q§ — 478, qg— ~v7vq and g — <vvq. Figure 12 shows the NLL direct photon
cross-sections after kinematic cuts of p; > 20 GeV and |5| < 2.5 and a parton level
isolation cut of R = 0.45 and p3* = 5 GeV. The cross-sections of Born, box diagram,
Born + box (B+B) and LL are also shown, where both LL and NLL include single and

double bremsstrahlung.

This NLL calculation, however, does not include high order corrections to the
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gg— 77 background — the box diagram. It is understood that these corrections have
not been calculated and are complicated by the presence of 5-point functions (5 sided
box integrals). Since the amplitude of these corrections is unknown, we do not include
these corrections in our analysis. However, the contribution of the box diagram is
around 1/3 of the NLL cross-section, as shown in Figure 12. The “K” factor of 1.5
applied to the box diagram would increase the total NLL cross-section by 16%, and
thus decrease the final significance by 8%.

The vy background events generated using PYTHIA were scaled by the factor
NLL/(B + B) of reference [34] to take into account the high order corrections. Event

selection cuts are:

1. |97] < 2.5 and p{ > 20 GeV;
2. Photon isolation with R = 0.45 and E$* = 5 GeV, as described in Section 2;

3. Electron rejection, as described below in Section 4.4;

4. Photon identification with shower shape likelihood function, as described in Sec-
 tion 2;

5. |cos8*| < 0.7, where 6* is the polar angle of the photon in the center of mass
system of two photons.

Cut 1 simply ensures that the photons are in the detector volume and pass the
trigger. Cuts 2 and 3 reduce the large potential backgrounds from misidentified QCD
v-jet and jet-jet events to well below the 44 continuum. Cut 4, which is only im-
portant for My=~Mj, removes the background from misidentified electrons. Finally,
cut 5 reduces both the real and jet faked y4 backgrounds. Figure 13 shows the | cos 6*|
distribution for an 80 GeV Higgs, NLL direct photon background and jet background.
The improvement of the significances compared to without this cut is 6—12% for cuts
of 0.6, 0.7 and 0.8, with 0.7 being the optimum. 98.8% of events passing these selection
cuts passed GEM’s standard trigger algorithm.

The Higgs production cross-section (oy) and the cross-section after event selection
cuts 1-4 and 1-5 are listed in Table 12. Also listed is the rate of the NLL direct
photon background in units of (fb/GeV). Although the signal is small compared to the
background, it is still statistically significant.
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Table 12: Signal and Direct Photon Background for H — v

H — ~+ Signal (fb)

My (GeV) 80 90 100 | 120 | 140 | 150 160
ong 169 | 199 | 233 | 291 | 255 | 182 71.2

After cuts 1-4 | 47 45 74 | 96 | 88 | 64 25
After cuts 1-5 | 38 35 57 | 74 | 66 | 48 19
Direct Photon Background Rate (fb/GeV)

M,, (GeV) 80 90 100 | 120 | 140 | 150 160

After cuts 1-2* | 1840 | 1360 | 1020 | 600 | 370 | 300 240

After cuts 1-4 | 1010 | 560 | 560 | 330 | 210 | 160 130

After cuts 1-5 | 650 | 330 | 310 | 170 [ 100 | 77 63

* Cross-section scaled by (B+B) of [5] x [NLL/(B+B)] of [34].

4.3 Jet Background

There are copious 7°’s and 7’s, and thus photons, produced in QCD jets. Because
of the fluctuation of fragmentation, isolated #°’s or 7’s might pass all event selection
cuts, and be misidentified as isolated photons. In a real detector electrons may also
fake photons. Jets may also fake isolated electrons and further be classified as isolated
photons. Taking into account all these effects, the total background to H — 7 may
be summarized as a sum of all these contributions:

Ouyyr = Oy (direct — photon)
+ 0. R*(vy/e) (Drell —Yan)
+ oy_je [R(v/jet) + R(e/jet)R(v/e)] (v —jet)
+ s [R(v/jet) + Rle/jet) RO/ (et —jet)  (15)
where o, is the direct photon background, discussed above, R(e/jet) and R(7/jet) are

the probability of a jet faking an isolated electron and photon respectively, and R(v/e)
is the probability of an electron faking a photon.

As shown in Section 2.2, R(e/jet) is on the order of 107, so the total background

can be written as

0wy = 0O, (direct— photon)
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+ 0. R:(y/e) (Drell—Yan)
+ oy jaR(v/iet) (y—jet)
4+  Cje_jer RA(7/jet) (jet — jet) (16)

In this section, we discuss the fake “yy” rate from 7-jet and jet-jet background. The
fake “yy” rate from electron pair production is discussed in the next section.

~4-jet background events were generated with PYTHIA without turning on the
QED bremsstrahlung flag, since both single and double bremsstrahlung processes are
included in the NLL direct photon background. The production cross-sections of jet
background were scaled by a “K” factor of 1.5 to take into account high order correc-
tions. The events generated then were simulated with GEMFAST program to perform
the isolation cut. The surviving events were analyzed with a detailed GEANT simula-
tion of the accordion geometry.

Our previous study [19] indicated that the rejection power for quark and gluon
jets are different. We thus use the 4-q and v-g final state to study jet rejection for
quarks and gluons respectively. Figure 14 and Figure 15 show the invariant mass
distribution of the 4-q and 7-g final states. 10® events for each of these two processes
were generated. The histograms from top to bottom are: generated parton level, after
cut 1 on parton level, after cut 2 of isolation and after cut 3 of photon identification.
The straight lines are the result of fitting the histograms to an exponential shape.

Table 13: Probability of jet Faking a Photon, R(y/jet) (10~*)

M.y, (GeV) | 80 | 100 | 120 | 140 | 160
Quark Jet
After Isolation | 20 | 18 | 15 | 13 | 12

After4yID [4.1139 |37 36 | 34
Gluon Jet
After Isolation | 5.9 | 5.3 | 4.8 | 43 | 3.9

After v ID 1.2 1.1 1.0 {091 0.83

Table 13 shows the probability of a jet faking an isolated photon, R(+y/jet), for
quark and gluon jets as function of M«,n,. The typical rejection for a quark jet is 1.5
x 10~3 after isolation and 3.7x 10~* after photon ID. The corresponding number for
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a gluon jet is 5 x 10~* and 1 x 10-4.

The rejection functions were then used to calculate the “yv” background from
jet-jet events, treating gg, qg and qq components according to the parton species.
Because of the huge production cross-section of jet-jet events, this seems to be the only
approach that provides an accurate estimation of this background.

Table 14: Jet Background for H — vy

M., (GeV) 80 | 90 [100 | 120 | 140 | 150 [ 160
98— 74

After cut 1 (pb/GeV) 1170 | 880 | 660 | 370 | 210 | 160 | 120
After cuts 1-3 (fb/GeV) | 1590 | 830 | 780 | 380 | 190 | 130 | 91
After cuts 1-4 (fb/GeV) | 320 {180 | 170 | 92 | 50 | 36 | 27
After cuts 1-5 (fb/GeV) | 260 | 140 [ 130 | 65 | 32 | 23 | 16

qq — 7§

After cut 1 (pb/GeV) 53 | 41 | 32 |20 |12 |9.2| 7.2
After cuts 1-3 (fb/GeV) | 21 | 11 | 11 | 6.1 | 3.4 |25 | 1.8
After cuts 1-4 (fb/GeV) | 43 |24 |24 (1307|0504
After cuts 1-5 (fb/GeV) | 3.2 | 1.7 [ 1.6 | 0.8 | 0.4 | 0.3 | 0.2

jet-jet

After cut 1 (ub/GeV) 83 |68 |56 |38|25]|21]|17
After cuts 1-3 (pb/GeV) | 44 [ 24 (23|12 |06 |05 | 0.3
After cuts 1-4 (fb/GeV) | 190 [110 | 110 | 60 | 34 | 25 | 19
After cuts 1-5 (fb/GeV) | 95 | 46 | 39 | 16 | 6.8 | 4.4 | 2.9

Sum of All Jet Background
Total (fb/GeV) 360 {190 {170 | 82 | 40 | 28 | 19

Table 14 lists the rate of jet background after various event selection cuts de-
scribed in Section 4.2. The jet-jet background which is dominated by the gluon jets,
is reduced to 15% of the NLL direct photon background at 80 GeV. The y-quark
background, however, remains at 40% of the NLL direct photon background there.

GEM’s ability to identify photons is very important. Figure 16 shows the “yv”
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invariant mass distribution of the direct photon, v-jet and jet-jet background without
(a) and with (b) a shower shape identification cut. It is clear that the shower shape
cut brings the jet-jet and v-jet background to well below vy background level.

The main uncertainty of jet background estimation is due to fragmentation, since
the high order corrections and PDF dependence apply to both signal and background
and thus are expected to be small. Assuming a factor of two uncertainty in fragmen-
tation, the v-jet background might be increased by a factor of two, and the jet-jet
background might be increased by a factor of four. The corresponding significance
would decrease by 18%. Therefore, GEM’s searches in the H — v channel are not
very sensitive to the QCD jet background.

4.4 Misidentified Electron Background

The largest isolated e*e~ background is Drell-Yan e*e™ production, which has a pro-
duction cross-section of 3 nb, taking into account a “K” factor of 1.5. Since GEM’s
reconstructed Higgs mass resolution at Mz is 0.8% (see Section 4.1 for details) which
is about 60% of the reconstructed Z mass resolution, it is important to suppress the Z
peak to well below the level of the Higgs signal for Higgs searches with mass close to
Mz. Requiring that the fake Higgs signal from Drell-Yan process is less than 20% of
the Higgs signal, an R(-y/e) of around 9.5% is needed, as indicated in Equation 16.

A study [16] investigated GEM’s R(vy/e) capability using a hybrid Monte Carlo
program, which includes a full GEANT geometry of the GEM central tracker and uses
the GEMFAST for the calorimeter response. The H — v+ signal and the Drell-Yan
ete” background events were generated with PYTHIA and the isolated EM clusters
in calorimeter were identified. A straight line between the event vertex and an EM
cluster defines the tracking road. The fraction of planes with no hit and number of
hits along the road were counted. Figure 17 shows scatter plots of part of empty
planes (fraction of planes with no hit) versus the number of hits in the central tracker
for the Drell-Yan background and the H — <+ signal. The difference between the
electrons and photons is clear. Requiring that the fraction of empty planes is larger
than 20% and the number of hits is less than N, Table 15 lists the 4 acceptance and
the corresponding probability of an electron faking a photon R(y/e).

Figure 18 shows the invariant mass distribution of the Drell-Yan ete™ events
after event selection cuts with (dashed line) and without (solid line) v/e separation
cut and the NLL direct photon background after event selection cuts (dots). The
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Table 15: Probability of Electron Faking a Photon, R(y /e)

Neut 12 10 8 6 5 4
R(v/e) (%) 50 3.6 1.9 049 026 0.14
A, (%) 967 96.6 96.1 934 91.1 86.0

R(7/e) rejection is assumed to be 0.15% in the vicinity of My, and 2% elsewhere. The
corresponding photon acceptance is 86% and 96%, respectively. It is clear that GEM’s
central tracker has an ability to reduce the Drell-Yan e*e~ background to a negligible
level.

While the GEANT simulation takes care of all external bremsstrahlung, an addi-
tional consideration should be given to the internal bremsstrahlung, i.e. the radiative
decay of Z with one or more 7’s. Since the final state radiation does not diverge when
the photon energy is close to the Mz/2, there is no mass peak at Mz for both e - «...
and v7... from radiative Z decay, where “v...” denotes one or more v’s. This means
the radiative Z decay background should be compared to the 44 continuum.

Table 16: Radiative Z Decay Background

Mass 80 GeV Mz
e-19 0.39+0.02 pb/GeV 0.36+0.02 pb/GeV
e—7v...(1) 1.23+0.03 pb/GeV 0.911+0.02 pb/GeV
e 7. (2) 1.120.03 pb/GeV  0.70+£0.02 pb/GeV
e I < 5 b/GeV < 1{b/GeV
NLL Direct Photon 360 fb/GeV 190 fb/GeV

Assuming 07 = 3 nb (K = 1.5) and an acceptance of 33%, Table 16 lists the

differential cross-sections of e ~ 4, € - v... (1), € = v... (2), v — v and v~... at mass
of 80 GeV and Mgz, calculated by using 10® events with the YFS3 program [35]. This
program uses the exponentiated Yennie-Frautschi-Suura calculation plus the exact 2nd
order final and initial state radiative corrections. The initial state radiation was turned

off in these calculations.

37


http:O.70�0.02
http:1.12�0.03
http:0.91�0.02
http:1.23�0.03
http:0.36�0.02
http:0.39�0.02

The cross-section of e — 4 represents the exact 3 body final states, which underes-
timates the experimentally observed e — “y” cross-section, since the YFS3 implements
multi-photons, and some of them are collinear. The cross-section of e - 7... (1) was
calulated by summing all 4’s, assuming all are collinear, which thus overestimates the
background rate. A realistic conservative estimation of the experimentally observed e
- “4" rate is the cross-section e - ... (2), which was calculated by summing all 4’s
in a cone of R = 0.1 in 7 — ¢ space, surounding the most energetic 7. Also shown in
the table is the cross-sections of the NLL direct photon background for the H — vy
search. Assuming an R(v/e) of 1%, the e — “y” cross-sections of the the radiative
7 decay background are 10 and 7 fb/GeV at 80 and 90 GeV, which are only a few
percents of the direct photon background. The cross-sections of multi photons 7... are
less than 5 and 1 fb/GeV at 80 and 90 GeV. The internal bremsstrahlung thus would
not cause a problem for the H — 4+ search.

It is interesting to note that the YFS3 program is an accurate program to estimate
radiative Z decay cross-section involving multi-photons. Its estimation agrees well with
early calculation to the first order [37] and other calulations [36]. Table 17 shows the
fraction of Z decay as a function of a lower limit of v, defined as 1 - M2,/Mz?, for the
YFS3 program, and compared to the fraction of Z decay as a function of a lower limit
of k, defined as 2E., /Mg, for the reference [37]. Note, for two or three body final states,
the v and k are equivalent.

Table 17: Fraction (%) of Z Decay with V > V; or K > K,

lower limit of v or k 0.7 0.8 0.9
Reference [37] 1.8 1.1 0.5
YFS3 1.96 + 0.04 1.20 + 0.03 0.56 + 0.02

4.5 Significance

Figure 19a shows v+ invariant mass spectra collected in 30 fb~! for Higgs signals of 80,
100, 120, 140 and 160 GeV superimposed over the sum of all backgrounds discussed
above. The corresponding background subtracted spectra are shown in Figure 19b.
Table 18 summarizes the reconstructed Higgs mass width (AMy), accepted signal cross-
section (0gece), total background rate (Rp) and resulting significances, calculated in
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My + 2AMy mass bin for 10 and 30 fb~!. As a comparison, the significance of a
typical sampling calorimeter with a = 14/17 and b =1 [30] is also listed.

Figure 20 shows background subtracted H — ~v signals of 80, 100, 120, 140
and 160 GeV, obtained with 10 fb~? for (a) the GEM resolution: a = 6/8% in bar-
rel/endcaps and b = 0.4%, and (b) the degraded resolution: a = 14/17% in bar-
rel/endcaps and b = 1.0%.

Table 18: Significance for H — yv

My (GeV) 80 | 90 { 100 | 120 | 140 | 150 | 160
AMy (GeV) | 0.66 | 0.69 | 0.79 | 0.84 | 0.91 | 0.93 | 0.99

Tacee (fb) 38 | 35 | 57 | 74 | 66 | 48 | 19
Rgp (fb/GeV) | 1010 | 520 | 480 | 250 | 140 | 110 | 82
GEM Significance
10 fb-! 22 | 28 146 | 78 9.0 ) 73| 3.2
30 fb? 39 |49 |79 | 14 | 16 | 13 | 5.5
Significance for a=14/17 b=1.0
10 fb—? 16 | 20 | 3.2 | 5.5 | 6.3 | 5.1 | 2.2
30 fb-? 28 [ 3556 |95 | 11 | 88 | 3.8

Figure 21 shows GEM’s significance for Higgs search as a function of integrated
luminosity for various Higgs masses, compared to a calorimeter with degraded energy
resolution. The thick middle line of the bands corresponds to the significance listed in
Table 18, while the up edge of the band is the significance obtained using the b quark
mass of reference [6], and the lower edge of the band is the significance obtained if the
~-jet background is increased by a factor of two and the jet-jet background by a factor
of four.

With 10 fb~?, GEM could discover a Higgs boson, using this mode alone for 100
GeV < My < 150 GeV. With 30 fb~?!, using this mode alone, it could extend the
discovery reach down to about 80 GeV and up to 160 GeV. While the heavier masses
can also be found in the ZZ* mode, the 4y branching ratio is important to distinguish
the minimal standard model from nonminimal ones. The reach of SUSY Higgs searches

using 77 decay channel is discussed in Section 1.
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Figure 12: The NLL cross-section for the direct photon background is shown as function
of 4+ invariant mass after the cuts described in the text. Also shown in the figure are
the cross-sections of Born, box diagram, Born + box (B+B) and the LL calculation.
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Figure 20: Background subtracted H — <y signals (black area) of 80, 100, 120, 140
and 160 GeV, obtained with 10 fb™?, for (a) a = 6/8% in barrel/endcaps and b =
0.4%, and (b) a = 14/17% in barrel/endcaps and b = 1.0%.
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5 H(tt/W)— yv£X Searches for 80 GeV < Mg <
140 GeV

A Higgs of mass less than 140 GeV may also be discovered by searching for a pair of
isolated photons, which is the decay product of the Higgs, together with an isolated
lepton. These associated production channels, Htt — yv£X [38] and HW— y+£X, are
complementary to the H — v+ discussed in Section 4. As shown in Table 4, the signal
cross section of the sum of these two channels is on the order of few fb. However, with
a lepton (¢) tag the large direct photon background is eliminated. The v+ invariant
mass spectrum of this search thus has much less background.

Since we are using the 4y invariant mass to locate the Higgs signal, the discussion
of detector resolution in Section 4.1 is also applicable. The main differences are: (1)
with an associated charged lepton in the final state and the fine resolution of its impact
parameter measured by the GEM central tracker, the Higgs vertex determination is not
an issue, and (2) the statistics of the signal is very low, so that a good understanding
of the rate and the shape of all possible background processes is very important.

5.1 Signal and Background

The main backgrounds to H(tt/W)— y4£X searches are:

[y

. ttyy or bbyy — fy7;

2. q¢’ = Wy — fyy;

3. q¢’ — Wy — Ly

4. qq/gg — Zy — L7 yy;

5. q3/gg — Zy — €“v"; and

6. tt.

Since all the higher order QCD corrections to the signal and backgrounds have not

been computed, leading order cross sections are used for this entire analysis. Not all of

these background processes are included in PYTHIA, so a combination of Monte Carlo
generators was used to generate the background events of process 1 and 2. The hard

50



scattering processes are generated using PAPAGENO 3.6 [40], while the initial and
final state QCD radiation, hadronization and decays were generated using PYTHIA.

All final state QED radiation for process 3,4 and 5 was generated using PYTHIA
with the QED radiation option turned on. Process 3 becomes a background when
a photon is radiated from the lepton line (Wy — f*yv). It is different from the
background process 2, where both v’s are radiated from the quark lines. In process
3, only one v is from the quark line, while the other is from the lepton. The qq/gg
— Zy — £*{ v process becomes the background either by QED radiation from one
of the leptons (process 4), or by misidentification of one of the electrons as a photon
(process 5). Since the process gg — Zv was not available in PYTHIA, it was included
by increasing the background from qq — Z~ by 20% [39].

The tt background (process 6) was generated with PYTHIA with QED radiation
turned on. The Peterson fragmentation function was used for heavy quarks with the
parameters determined from LEP data. The study was carried out with 2.6 x 10°
events.

The following cuts were used to reject background:

1. |9 < 2.5 and p! > 20 GeV,
2. |n4| < 2.5 and p; > 20 GeV,

3. photon and lepton identification, including isolation with Ef** = 5 GeV and R
= 0.45 and 0.3 for photon and lepton respectively, as described in Section 2,

4. photon and lepton identification by shower shape and track matching, and

[

. p of di-photon > 40 GeV.

The first two cuts ensured that the lepton and photons could be detected. Cuts 3 and 4
identify the photons and lepton and reject jet backgrounds. Finally, cut 5 helps reject
the backgrounds, especially the t listed above. The 40 GeV cut applied to the p; of
the vy pair reduces the background by a factor of 2 to 3 while losing only 20% of the
signal. This can be explained by the fact that the two s in the background events are
generated almost independently, so the p; sum of the two vs tend to be small. The
off-line trigger efficiency for events passing these selection cuts is 98.8%.

After the joint p, (cut 4) cut, we did not find any effective cut to reduce the
background. The isolation cut already reduced the background with small M,,. After

51



the isolation cut, the M, distribution for an 80 GeV Higgs is similar to that of the QED
background. For higher mass Higgs, the M, cut also does not improve the significance.
We therefore decided not to use the My, cut.

Table 19: Signal and Background for H(tt/W)— 79X

H(tt/W)— 49£X Signal (fb)
Mg (GeV) | 80 | 90 | 100 | 120 | 140
Oprod 84 | 80 |78 |69 | 42
After cuts 1-4 | 0.95 | 1.0 | 1.0 | 0.82 | 0.61
After cuts 1-5 | 0.74 | 0.82 | 0.86 | 0.74 | 0.58
Background Rate after cuts 1-5, R (fb/GeV)
M,, (GeV) | 80 | 90 | 100 | 120 | 140
tiyy 019 | .018 | .018 | .017 | .016
Woy 010 | .010 | .009 | .008 | .008
Wy — &yy | .027 | .025 | .023 | .020 | .016
Zy — LY~y | .068 | .068 | .064 | .046 | .027
Zy —e“y”y | .031 | .024 | .019 | .012 | .008
tt .044 | .044 | .041 | .029 | .016
Total 20 (.19 | 17 | .13 | .09

The Higgs production cross-section (oprod), and the cross-sections after event
selection cuts 1-3 (&;_3) and cuts 1-4 (0;_4) are listed in Table 19. Also listed in the

table are the corresponding background rates at various masses.

Note, the bbyy background is rejected by the isolation cut to a negligible level.
For an electron faking a photon, a rejection R(y/e) of 3% was used, which corresponds
to a photon acceptance of 96%, as discussed in Section 4.4. It is clear from this
table, that the largest background is the fake 4 — « pairs from tt production and the
QED radiation Zy — {*{~yy. A Z-mass veto improves the rejection of the latter
background, but it does not improve the significance. Figure 22 shows the 4+ invariant
mass spectrum collected in 30 fb~! for Higgs signals of 80, 100, 120 and 140 GeV
superimposed over a sum of all backgrounds.

52



5.2 Significance

Table 20 lists the significance calculated according to Equation 10, assuming fixed
N, and N, counted in a mass interval of My + 2AMy with 10 and 30 fb~!. As a
comparison, the significance with degraded energy resolution: a = 14/17 and b =1
for the barrel/endcaps is also listed, assuming all other conditions are identical. Since
the statistics of the signal is very low, a thorough investigation of backgrounds is very
important.

Table 20: Significance for H(tt/W)— £y9X

Mg (GeV) | 80 | 90 | 100 | 120 | 140
AMg (GeV) | 0.66 | 0.69 | 0.77 | 0.84 | 0.91
Cacce (fb) 0.74 | 0.82 | 0.86 | 0.74 | 0.58
Rp (fb/GeV) | 0.20 | 0.19 | 0.17 | 0.13 | 0.09
GEM Significance
10 fb-? 25 |28 |29 | 27|23
30 ib!? 45 | 49 | 51 | 4.8 | 4.3
Significance for a=14/17 b=1.0

10 fb-!? 1.9 1 21 22 | 20 | 1.8
30 fb? 34 |38 |39 |36 |33

Figure 23 shows the significance of this search as a function of integrated lumi-
nosity for various Higgs masses. The GEM detector is compared to one with degraded
energy resolution but the same jet rejection. The thick middle line in the bands cor-
responds to the significance listed in Table 20, while the up edge of the band is the
significance obtained using the b quark mass of reference [6], and the lower edge of the
band is the significance obtained after doubling the background with no change in the
signal. No K factors are included in these results. The combination of this channel
and the inclusive H — yv provides a confirmation for the low mass Higgs.
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Figure 22: H — -+ signals of 80, 100, 120, 140 and 160 GeV (black area) superimposed
on the sum of all backgrounds (gray area), obtained with 30 fb~?, are shown as a
function of Higgs mass for (a) a = 6/8% in barrel/endcaps and b = 0.4%, and (b) a
= 14/17% in barrel/endcaps and b = 1.0%.
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Figure 23: Significance of H(tt/W)— £y7X searches is shown as function of integrated
luminosity for various Higgs masses. The middle line of the bands corresponds to the
obtained significance, while the upper and lower edge of the band correspond to the b
quark mass of reference [6] and twice the background.
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6 H — ZZ — ¢t¢¢*¢~ Searches for 140 GeV <
My < 800 GeV

The H — ZZ — £+{~{+{~ decay is the cleanest Higgs signal at the SSC. Because of the
4 isolated lepton final state, most QCD background can be rejected by the isolation
cut. For a Higgs mass larger than 2M3, both £¥£~ pairs have an invariant mass of
Mgz, so the Z mass constraint can be used to reject background. If the Higgs mass is
less than 2M3z, one or two Z bosons may be off mass-shell. However, the narrow Higgs
mass peaks reconstructed using 4 leptons in this mass region is a powerful tool to reject
background. In either case, GEM’s precision EM calorimeter and the muon system are

the key detector components to perform these searches.

6.1 Signal and Background

The signal of H — ZZ — £*¢~£*{~ is four isolated charged leptons: ete"ete~, utp~ptp~and
ete~putp~. The relevant backgrounds are genuine charged leptons from W, Z and heavy
quark decays and fake leptons from jets. The background processes considered in this

analysis are:

e pp — ZZ/77* — L
e pp — ZQQ — L t+¢-X, where Q = b or t;

e pp — tt — W+bW~b, when two W-bosons decay to leptons and the b-jets fake
isolated leptons.

The pp — ZZ/ZZ* — £*£~£* L~ background has the same final state as the signal,
so is irreducible. Since the cross-section of gg — ZZ/ZZ* is not yet available in either
PYTHIA or ISAJET, its contribution is accounted for by multiplying the contribution
of qq — ZZ/ZZ* by 1.65 [39], determined by the ratio of o(qg — v7v) to o(gg — 77).

The background from ZQQ is serious for the intermediate mass Higgs, since
both the signal and background have only one Z on or near mass-shell. The lepton
identification algorithm described in Section 2 is used to reject the real and fake leptons
from b jets. The genuine lepton from the W produced in top decay, however, is isolated
and cannot be rejected by lepton identification algorithms. Because of the huge cross
section, tf is a potential background: the semileptonic decay of tt — e*e~X has a
cross-section of =~ 190 pb.

56



6.2 Intermediate Mass Higgs: 140 GeV < My < 2M3;
The following cuts are used in rejecting background:

1. |7*] < 2.5 and p! > 10 GeV. For electrons, the region 1.01 < |7¢ < 1.16 is
excluded.

2. Lepton isolation with R = 0.35 and E§* = 5 GeV, as described in Section 2.
3. Lepton identification and track matching.

4. 10 GeV < M{) < 100 GeV and 70 GeV < MY < 100 GeV, where M) and M
are the low and high invariant masses of the two £*{~ pairs.

The off-line trigger efficiency for events passing these selection cuts is higher than 98%
for the four-electron mode and 99% for the other two lepton modes.

Table 21 shows the production cross section (0p..4) and the cross section af-
ter event selection cuts (0gece) for My = 140, 150, 160, 170 and 180 GeV for H —
e*e"ete~ searches. The individual background rates are also listed in the table. From
table 21, it is clear that the jet backgrounds are just as serious as the irreducible ZZ
background until near the threshold for real ZZ pair production.

Two samples of background events were génerated for tt and bbZ, one with the
forced decay b — cev and one without. The background rates after all cuts agreed only
for p! > 10 GeV or higher, showing that this cut reduced the non-isolated lepton from
the b-jet. Reducing this cut to 5 GeV increased the jet background in the first sample
by a factor of 3 to 4 with only a 33% increase in the signal. In addition, increasing the
isolation cone size from R = .30 to .35 reduced the jet background by over 50% while
degrading the signal by 7%. It is clear that a low p; lepton has more b-jet background.

Table 22 shows the cross-section after event selection cuts (0gece) and correspond-
ing background rate for H — ete~ete™, ptp~ptp~ and ete ptp~. The Higgs mass
resolution (AMy) and combined significance, obtained in 10 fb-!, calculated using
signal and background events in My + 2AMpy according to Equation 9 and 10, for
these searches are also listed in Table 22. This table illustrates that, the muon decay
channels are essential in increasing the significance of the signal.

Figure 24a, b and c show ete"ete™, ptp~ptp~ and £¥££*L" invariant mass
spectra collected with an integrated luminosity of 30 fb=! for Higgs signals of 140, 150,
160, 170 and 180 GeV superimposed over a sum of all backgrounds.
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Table 21: Signal and Background for H — ZZ* — e*e~ete”

Signal (fb)

Mg (GeV) | 140 | 150 | 160 | 170 | 180
Omos | 6.5 | 80 [ 38 | 23|55
Oacce 12 | 1.7 | .86 | .62 | 1.6

Background (fb/GeV)

YA/ .011 { .011 | .011 | .011 | .026

bbZ .002 | .002 | .002 | .002 | .002

tiZ .005 | .005 | .005 | .005 | .005

tt .008 | .008 | .008 | .008 | .008
Total 025 | .025 | .025 | .025 | .040

6.3 Heavy Higgs: 2Mz < My < 800 GeV
For a heavy Higgs, the following cuts are used in rejecting background:

1. |7'] < 2.5 and p! > 10 GeV. One electron is allowed to hit the crack region 1.01
< |7%] < 1.16.

2. Lepton isolation with R = 0.3 and Ef* = 5 GeV, as described in Section 2.

3. Lepton identification and track matching.

4. |My — Mz| < 10 GeV for both lepton pairs.

5. At least one Z with p% > /M3, — (2M3)?/4.

The off-line trigger efficiency for events passing these selection cuts is better than 99%.

Since the Higgs signal in this mass region has a broad peak, the mass resolution
is not an issue, and one electron thus is allowed to hit the crack of the detector. All
backgrounds, except irreducible ZZ, are rejected by the first four event selection cuts.
The final cut reduced the more peripheral q/gg — ZZ background. It is equivalent
to sinf* > 0.5, where 6* is the polar angle in the hard-scattering rest frame, if the
transverse momentum of the ZZ system is neglected.
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Table 22: Signal and Background for H — ZZ* — ete~ete , ptp~putp~ and eteptp-

My (GeV) | 140 | 150 | 160 | 170 | 180

H — eteete
AMy (GeV) | 1.05 | 1.06 | 1.13 | 1.23 | 1.33
Oacce (Ib) | 1.2 | 1.7 |0.86 | .62 | 1.6
Rp (fb/GeV) | .025 | .025 | .025 | .025 | .040
H— ptpptp-
AMjy (GeV) | 1.59 [ 1.62 | 1.73 | 1.84 | 2.22
Cacee (fb) | .81 | 1.1 | .56 | .36 | .92

Rp (fb/GeV) | .016 | .016 | .016 | .016 | .026

H—eteptu
AMy (GeV) | 1.36 | 1.46 | 1.56 | 1.71 | 1.77
Gacce (Ib) 19 | 26 | 1.4 | .89 | 24
Rp (fb/GeV) | .038 | .038 | .038 | .038 | .062
Combined Significance

10 fb? 11 | 13 | 81 | 5.7 | 10

Table 23 shows the production cross section (0ps0q) and the cross section after
event selection cuts (0,c) for My = 200, 400, 600 and 800 GeV. The rate of ZZ
background is also listed in the table. The combined significance, obtained with 10
and 30 fb~?, calculated using signal and background events in the mass range listed in
table according to Equation 9 and 10, are also listed in Table 23. With 10 fb™!, the
discovery of a heavy Higgs boson in the £*£~{*{~ mode will be possible for all masses
below about 700 GeV. For the very heavy 800 GeV Higgs boson, 30 fb~! is needed to
establish a convincing signal with £t£~£*£~ decay channel alone.

Figure 25 shows £*£~£*{~ invariant mass spectra collected with 10 fb—! for Higgs
signals of 200, 400, 600 and 800 GeV superimposed on the background. Figure 26
shows the spectra collected in 30 fb~! for My = 600 and 800 GeV.
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Table 23: Signal and Background for H — ZZ — £Y{-£Y¢-

My (GeV) 200 400 600 800
Signal (fb)

Cprod 85 | 56 16 5.3

Mass Bin (GeV) | £4.7 | 350-450 | 500-800 | 600-1200
Oacce 21 14 4.3 1.3
Background (fb)

YA 3.0 2.3 1.0 .6
Significance

10 fb™? 38 28 9.7 4.3

30 fb~! 65 51 24 7.5

6.4 Discussion

Since the 800 GeV Higgs signal is a broad peak, it is sensitive to systematic uncertainties
of the irreducible ZZ background. It is well known that the Mgz is less sensitive to
high order corrections than pZ [42]. Taking into account a 30% uncertainty of Mgzz
background, the significance of 800 GeV Higgs is reduced to 40.

An attempt was made to use the polarization of the Z bosons to distinguish the
signal from background. Theoretically, the signal Z’s are almost 100% longitudinally
polarized, while the background is almost purely transverse. With the kinematic cuts
used to select events, however, this effect is reduced, and no conclusion can be drawn
with limited statistics collected in 10 fb—!.

Forward jet tagging [43] was also tested. Since GEMFAST does not segmente the
forward calorimeter, the effect of the forward jet tagging was studied at the hadron level
using PYTHIA. The segmentation of the forward calorimeter was 0.2 x 0.2, assuming
an energy resolution of 200%/vE @ 6%. Requiring a single jet with E > 0.5 TeV and
2 < |g] < 5.2, 60% of signal and 27% of background were tagged. This resulted in 7.9
signal events and 1.5 background events with 10 fb~?, or a significance of 4.2 according
to Equation 10. The forward jet tagging thus provided a sample with higher purity,

but reduced the statistics.
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Figure 24: Mass peaks for electrons (a), muons (b) and all leptons (c) over the sum of
all backgrounds for H — ZZ* — {t{-{*{~ searches with My = 140, 150, 160 and 170
GeV, obtained with 30 fb~1.
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Figure 25: Mass peaks for H — ZZ — £*{~£*{~ searches with My = 200 (a), 400 (b),
600 (c) and 800 (d) GeV, obtained with 10 fb~1.
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Figure 26: Mass peaks for H — ZZ — {t{~{*{~ searches with My = 600 (a) and 800
(b) GeV, obtained with 30 fb~!.
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7T H — ZZ — (*{vi Searches for My = 800 GeV

Because the decay mode H — ZZ — £+{~£*{~ is limited by statistics for a very heavy
Higgs, we consider the decay mode H — ZZ — £*£~vD with a branching ratio six times
higher than H — ZZ — £*£-{*{~. The signal signature is a high-p, lepton pair from
the Z decay and high missing transverse energy caused when one Z decays to vi. The
most important experimental issue is the missing transverse energy resolution. Since
there is no narrow resonance for this search, it is also important to understand the

systematic uncertainties of the background fluctuation.

7.1 Signal and Background

The following backgrounds were considered:

® qd/gg — ZZ with cross section of 73 fb for p? > 150 GeV.

e qf — Zg and qg — Zq with Z — £*{~. The cross section is 66 pb for pZ > 150
GeV before the E; cut below.

e q4/gg — tt with both t — blw. The cross section is 380 pb before cuts.

The ZZ continuum has the same final state as the signal, so it is irreducible.
However, the ZZ production cross-section is much smaller than the other two. The
Zj becomes background when the jet accompanying Z is poorly measured. Because of
real missing energy in the jet and the limited missing energy resolution of the GEM
detector, events in the tail of the F; distribution from this process may also fake the
signal. The isolated high p, lepton pairs from top decay plus the missing E; caused by

neutrinos would also fake the signal. Because of the huge top production cross section,

good rejection is crucial.

Events with an e*e™ orptpu~ pair were selected as follows:

1. |n*] < 2.5 and pf > 20 GeV for each lepton;
2. Lepton isolation with R = 0.3 and pf** = 5 GeV, as described in Section 2;
3. Lepton identification and track matching;

4. My — M| < 10 GeV,
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5. EZ > 250 GeV, and

6. F: > 250 GeV.
Figure 27 shows (a) the transverse energy of the reconstructed Z and (b) the missing
transverse energy for the signal and background processes. The choice of the cuts are

clearly shown in these figures. The trigger efficiency for events passing these selection
cuts is better than 99% [10].

Table 24 lists the production cross sections (op,oq) cross sections after cuts 14,
1-5 and 1-6, for the signal and background in the ete~ v and u*pu~ v searches.

Table 24: Signal and Background (fb) for H — £*£-vp

H - ete vw
Signal | ZZ | Z + jet tt
Oprod 16.0 | 36.7 | 3.3x10* | 2.0x10°
After cuts 1-4 9.5 13.8 | 1.2x10* 53.5
Aftercuts 1-5 | 7.4 | 4.2 |{3.1x10®| 0.36
After cuts 1-6 6.2 3.2 2.2 0.0

H- uptp-vo
Signal | ZZ | Z + jet tt
Aftercuts 1-4 | 6.5 | 9.4 |8.1x10°| 36.2
After cuts 1-5 5.0 2.9 | 2.1x10° 0.24
After cuts 1-6 | 4.2 2.2 1.5 0.0

7.2 Significance

Using transverse energy of both Z’s, the Higgs signal can be expressed by plotting the
transverse mass (M) of the two Z bosons, which is defined as

M; = 2EZP.(1 — cos Ady.), (17)

where EZ is the transverse energy of the reconstructed Z and Az, is the difference of
the azimuthal angle of the energy vectors of two Z’s. Figure 28 shows the transverse
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mass distribution with the GEM [, design resolution for the signal and the sum of
all backgrounds. It is clear that the signal and background have a similar shape.
(Section 7.3 discusses the systematic uncertainties.) The number of events for the
signal and the sum of all backgrounds are 105 and 91 events respectively between 400
and 1200 GeV for 10 fb-!. By using Equation 9, we found this channel provides a
significance of 1lo.

The missing E, resolution, however, is the most important issue in this analysis.
Assuming that the GEM F; resolution has a tail with twice the designed value, Table 25
lists the significance as a function of the percentage of events in the tail. It is clear
that the statistical significance of this search is not very sensitive to the fraction of tail

events with bad missing transverse energy resolution.

Table 25: Significance as a Function of Fraction of Events in Tail

Percentage (%) | 1|10 | 25| 50 | 75| 100
Significance 1110 85(7.0]6.3 5.9

7.3 Systematic Uncertainties

Because of the kinematic cuts EZ > 250 GeV and E, > 250 GeV, the background
and the signal have similar shapes in the M, distribution. This means the statistical
excess in the M, spectrum (11l¢) may be caused by systematic uncertainties of the
background rate. It is known that the high end of the EZ distribution in ZZ and ZW
final states has higher uncertainties than Mzz or Mzw [42]. The use of M; thus reduces
the uncertainties caused by QCD high order corrections.

The overall systematic uncertainty can be estimated by studying the M, spectrum
obtained with a loose cuts. Reducing the EZ and F. cuts to 175 GeV, we increased the
event population at the low end of the M, distribution. Since we required the p, of the
final state parton or Z to be greater than 150 GeV at the generator level, the range
for M; < 400 GeV was not considered, although we could use them in the REAL data

analysis.

Figure 29 shows the M, distribution for the sum of signal and background (points
with error bars) in a region of interest: 400 GeV < M; < 1200 GeV. The distribution
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was fitted to a Gaussian peak with a fixed width of 140 GeV plus an power law
background (solid line). The significance of the Gaussian peak is defined as the area
of the Gaussian divided by the error of the area. This fit gave a significance of 7. The
width of 140 GeV is determined by fitting to the M, distribution of the signal only.
Changing this width to 130 or 150 GeV did not change the significance.

Figure 29 also shows the background distribution (histogram) and the power law
fit (dashed line). The different shape of the two curves clearly indicates the deviation
from the background continuum. To further investigate possible systematics, the index
of the power law fit was allowed to vary by 10%. In the worst case the significance is
reduced to 6. In conclusion, by using resonance hunting in the distribution of the sum
of signal and background, the £*{~ v search provides a significance of 6, taking into

account the systematic uncertainties.
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Figure 27: (a) Transverse energy of the reconstructed Z (EZ) for Signal (Solid) and
background of ZZ continuum (dotted), Zjet (dot-dash) and tt (dash). (b) Missing
transverse energy (F.) of the signal (points) and signal plus all background (histogram)
with the background from ZZ continuum shown as shaded area.
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Figure 28: Transverse mass M, of signal (dark area) superimposed on the background

(light area) ZZ.
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Figure 29: The transverse mass M, distribution of signal plus background (points with
error bars) is shown together with a fit to a Gaussian signal of fixed 140 GeV width
plus a power law background (solid line). Also shown is the background distribution
(histogram) and corresponding power law fit (dashed line).
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8 H — ZZ — (*{"jj Searches for My = 800 GeV

The motivation to study the mixed hadronic and leptonic decay modes for a very
heavy Higgs is clear. While the leptonic decay mode H — ZZ — £1£~{*{~ provides a
clean signal, the mode H — ZZ — £*£~jj has approximately 20 times the production
cross-section. The signal to background ratio of H — ZZ — £*£~jj, however, is less
favorable than for purely leptonic decays because of the large background from Z+jets
production. In addition, the signal is a broad excess of WW and ZZ pairs over the
background, since the mass width of an 800 GeV Higgs is 266 GeV, as shown in Table 4.
Understanding the uncertainties of the background cross section thus is a crucial issue
in this search.

8.1 Signal and Background

The production cross-section of the H — ZZ — £*£~jj mode for an 800 GeV Higgs is
listed in Table 4. The major backgrounds for a H — ZZ — £*£~jj search are:

e pp — tt witht — bW and W — ev or uy;

e pp — Z+jets with Z — ete™ or ptp~; and

e pp — ZW or ZZ with one Z — e*e™ or ptpu~.
Table 26 shows the cross-sections and event number obtained in 10 fb~! for the signal
and all background processes.

Although the contribution of the Higgs decay to ZZ is only half as large as that
of the WW channel, the di-lepton and di-jet mass constraints are crucial in reducing
the background. In addition, because of the high mass of the Higgs the p; distributions
of leptons, jets, and reconstructed Z bosons are rather different from the background
distributions.

8.1.1 Background from Top Quark Production

Despite the large production cross section, the tt background is not very important for
the process H — ZZ — £*{"}j. The main reasons are:
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Table 26: Signal and Background for H — ZZ — £+{~jj

o (pb) Nevene for 10 fb™?
H — ZZ with one Z— ee or pp and another Z — qq
My = 800 GeV | 0.11 1100
pp — tt witht —» bW and W — ev or pv
No p, cut 780 7.8 x 108
pp — Z+jets with Z — ee or pp
p? >50 GeV | 570 5.7 x 10°
p¢ > 200 GeV | 27 2.7 x 10°
pp — ZW/ZZ with one Z — ee or pp
p? >50GeV | 26 2.6 x 104
p? > 200 GeV | 0.13 1.3 x 10°

® The invariant mass of the two leptons (ee or ppu), originating from the signal
process has a narrow peak at the Z mass, while the invariant mass reconstructed
using the isolated lepton pairs from the top quarks has a flat distribution, as
shown in Figure 30a.

e The p; distribution of leptons from top quarks is much softer than the signal
process, as shown in Figure 30b.

3 x10° events were generated for the top quark production pp — tt witht — bW
and W — ev or pv, which corresponds to 40% of the statistics produced with 10 fb~!.
To reduce the number of events to be passed through the GEMFAST simulation, a
very loose cut on the invariant mass of two leptons was applied Mz — 15 GeV < My, <
Mz + 15 GeV. We also required leptons with p, greater than 50 GeV and within the
rapidity region of || < 2.5, corresponding to the fiducial volume of the muon detector
and the central tracker. After applying all selection cuts discussed in the next section,

only one event passed.
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8.1.2 Background from Z+jets, ZW and ZZ Production

The common signature of Z+jets, ZW and ZZ backgrounds is a real Z boson in the
final state, so the cut on invariant mass of lepton pairs does not help in reducing these
backgrounds. The ZZ background has a similar final state as the signal, so is irreducible.
The cross-section of ZZ and ZW background, however, is 100 times smaller than the
Z+jet. The Z+jets background thus is the most serious one. The number of Z+jets
background events corresponding to 10 fb~! were generated. To reduce the number of
events to be passed through the GEMFAST simulation, the Z+jets background was
generated requiring p? > 200 GeV and p! > 50 GeV for leptons in || < 2.5.

The analysis follows the following steps to separate the signal from Z+jets back-
ground :

1. For leptons, we require

I7°| < 2.5 and Pt > 70 GeV;

Lepton identification, include isolation with R = 0.3 and E$* = 5 GeV, as
described in Section 2;

Mg — Mz| < 10 GeV;
P > 230 GeV.

As mentioned above, this set of cuts almost completely eliminates the tt back-
ground. From 3 x 10°® generated events for the top quark production only about
500 events pass this set of cuts, which will be completely eliminated by further

cuts.
2. On the same token, we require
e |M;; — Mz| < 15 GeV;

where the invariant mass of the Z boson from two jets is reconstructed using the
following strategy:
e Find all jets using a large cone of R = 0.9;

e Find all jets with a small cone of R = 0.3 and match these narrow jets with
the larger jet cones;

o Require that the jet with cone size of R = 0.9 has p, > 250 GeV and |p| <
2.5, and two narrow jets with p, > 80 GeV within it;
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® Reconstruct the invariant mass of the 2 jets using all the cells inside the
large cone of R = 0.9, with each cell treated as a massless particle, as shown
in Figure 31. Using this algorithm, the resolution of the mass peak is about
9 GeV. Note that the background has been multiplied by 0.2.

3. Select the reconstructed ££jj invariant mass window between 600 and 1000 GeV,
as shown in Figure 32.
The off-line trigger efficiency for events passing these selection cuts is 99.85% [10].

The Z+jets background was generated with p? > 200 GeV as noted before.

Table 27 shows the cross sections for signal and backgrounds after the lepton and jet
cuts for 600 GeV < My;; < 1000 GeV.

Table 27: Signal and Background Cross Sections (fb) for H — £+£-jj

Cut Higgs | tt | Z+jets | ZW/ZZ
After lepton cuts 41 130 { 3240 20
After jet cuts 12 0.5 65 1.5
Within 600<M,;; <1000 | 11 | 0.3 42 0.8

8.2 Significance

The signal and background events, obtained with 10 fb~!, are 110 and 430 respectively.
The corresponding significance, according to Equation 9 is 5.3. However, as shown in
Figure 32, the signal and background have a similar shape, and there is no clear signal
peak in the mass spectrum. If the background cross-section can be estimated to the
5—10% level when SSC starts its physics program, this will be a useful complementary
channel to H — £~ (1L,

However, our understanding of the background rate at present is not at this
level. If the uncertainty of the background estimation using the physics model and
the detector simulation turns out to be worse, the background can be estimated more
reliably using the side bands of the M;; distribution. The assumption in this method
is that the shape of the distribution of M+,-;; changes smoothly when M;; is changed
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from the lower side to the upper side of the Mz. The Monte Carlo simulation verified

this assumption.

The side band analysis goes as follows:

o Plot My+,-;; with M;; between 101 and 121 GeV and fit the distribution by a
smooth curve: my,,(M+,-;;). Note, the fraction of signal in this side band is
negligible.

® Do the same for M;; between 61 and 81 GeV: mpipn(M;+-j;). The fraction of
signal in this side band is also negligible.

o Fit the signal distribution by a Breit-Wigner shape: sig(M;+,~;;). The fit value
of the mass My and width (I'y) were 717 GeV and 160 GeV. Note, the narrow
width obtained from the fit is due to the kinematic cuts used in event selection.

o Fit the signal plus background distribution of My+,-;; with M;; between 81 and
101 GeV with the following 3 different functions:

1. §x 3ig(M) + B x mh,-g;,(M),
2. § x 81g(M) + B X (Myoey( M) + mpipn(M)), and
3. S x sig(M) + B x mou(M).

where S and B are free parameters, and the other distributions were obtained
from the previous fits. For the signal shape, My was set to be a free parameter
and I'g was fixed to be 160 GeV. The significance of signal is defined as S divided

by the error of S.

The result of these fits is shown in Figure 33, where the points with error bars
are the sum of the signal and background. The dotted histogram is the distribution
of the background only. The three dashed lines (1-3) are the result of three fits using
the side bands of M;;. The solid line is the fit to the data with a B-W signal plus
a background with shape of my;,,, which (1) gave a very good estimation of the real
background (dotted histogram).

These three fits gave significances of 2.3, 4.4 and 7.8. Since the background shape
using the lower side band (line 3) is different from the real background, the fits using
functions of (2) and (3) over estimate the signal. This difference of background shape is
caused by the kinematics (event selection and jet finding) and the dynamics (the corre-
lation between the jet-jet mass and the invariant mass of the hard scattering process).
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In the real data analysis, however, it is still valid to assume that the real background
is somewhere between my,, and myg,, and the lower limit of the significance can be

estimated using this method.

A variation of I'g to 140 or 180 GeV did not change the result. These signifi-
cances are also not sensitive if the background is increased by 50%. In conclusion, the
significance of this channel can be conservatively estimated to be 2o for 10 fb~1.

8.3 Discussion

It has been suggested that the signal to background ratio of the H — £*£~jj searches
can be enhanced by employing a forward jet tagging [43] and/or a central jet veto [44],
since 40% of the signal is produced by WW/ZZ fusion. The central jet veto was not
useful in improving the significance after the high p, cut on the Z boson was applied.

Since GEMFAST does not provide segmentation for the forward calorimeter, the
effect of the forward jet tagging was studied at the hadron level using PYTHIA with
string fragmentation. The segmentation of the forward calorimeter was assumed to
be 0.3 x 0.3. Change the segmentation to 0.2 x 0.2 did not change the result. An
energy resolution of 100%/vE @ 5% was used to smear the energy of hadrons. By
implementing forward jet tagging, requiring only one tag jet with E > 2000 GeV and
pt > 50GeVin2.5 < |p| <4.5andleptons with p; > 50 GeV in || < 2.5, one expects
~170 signal and =~7500 background with 10 fb=!. After applying forward jet tagging
together with the kinematic cuts described in this section, the signal is reduced to 24
with a background of 32. The forward jet tagging thus reduced the Z+jets background
with an expense of the signal acceptance, compared to the result presented in this
section. Since we did not have a very accurate simulation of the forward calorimeter,
this direction was not pursued, and it is difficult to estimate the usefulness of forward

jet tagging.
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Figure 30: Invariant mass distribution of two electrons (a) and p, distribution of lep-
tons, with invariant mass closest to Mz (b) for H — ZZ — {+£jj (solid) signal, and
Z+jets, ZW and ZZ (dashed) and tt (dotted) backgrounds. The normalization of signal
and background events are arbitrary just to show the different shapes of the distribu-
tions for signal and background.
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Figure 31: 2 jet invariant mass for H — ZZ — {*{~jj signal (solid) and Z+jets, ZW
and ZZ background (dashed). The background is multiplied by a factor of 0.2.
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Figure 32: £*£~jj invariant mass distribution for H — ZZ — £*£~jj (solid) signal and
Z+jets, ZW and ZZ (dashed) background.
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Figure 33: £*{"jj invariant mass distributions. Points with error bars are the sum of
the signal and background. The dotted histogram is the distribution of the background
only. The three dashed lines (1-3) are the fit of the background using side bands of
M;;: (1) between 101 and 121, (2) average of 61 to 81 and 101 to 101, and (3) between
61 to 81 GeV, respectively. The solid line is the fit to the data with a B-W signal plus
a background with shape of (1).

80



9 Acknowledgement

We are grateful to many GEM collaborators who spent many hours on the computer
simulating detector performance. Without their dedicated work, it is impossible to
study Higgs physics with GEM detector to the depth presented in this report. A brief
list is as follows. T. Skwarnicki organized the fast simulation package (GEMFAST)
used in this analysis, H. Uijterwaal and K. McFarlane organized the level 1 trigger
simulation package, H. Ma simulated EMC performance and jet rejection, W. Cleland
and A. Vanyashin calculated calorimeter noise, T. Wenaus simulated performance of
the GEM muon system, S. Mckee simulated GEM central tracker performance, I. Sheer
simulated the Higgs vertex determination using the central tracker, and M.J. Wang
and A. Sumarokov simulated Drell- Yan background rejection by using GEM’s central

tracker system.

This work has also been benefited from several theoretical calculations. B. Bailey
calculated the NLL background for H — v+ search. A. Stange calculated the MSSM
Higgs discovery potential. B. Ward calculated the radiative Z decay cross-sections for
e-vyand7—1.

We also appreciate many interesting discussions with T. Han, G. Kane, K. Lane,
P. Ramond, F. Paige, T. Sjostrand, J. Womersley, C.P. Yuan, B. Zhou and others.
Last, but not the least, we would like to thank B. Barish and H. Newman for their

continuous advice, support and encouragement.

References

[1] See, for example, L3 Collaboration, Z. Phys. C57 (1993) 355.

[2] ECFA Aachen Workshop on LEP 200, CERN 87-08, June 1987; and LEP 200
Workshop, CERN, September 1992.

[3] See, for example, R. Dashen and H. Neuberger, Phys. Rev. Lett. 50 (1983) 1897;
J. Kuti, L. Lin and Y. Shen, Phys. Rev. Lett. 61 (1988) 678;
A. Hasenfratz et al., Phys. Lett. B199 (1987) 531; and
G. Bhanot and K. Bitar, Phys. Rev. Lett. 61 (1988) 798.

[4] GEM Collaboration, GEM Technical Design Report, GEM TN-93-262 and
SSCL-SR-1219, April 30, 1991.

[6] T. Sjostrand, “Pythia 5.6 and Jetset 7.8, Physics and Manual”, CERN TH
6488/92, May 1992.

81



[6] H. Arason et al., Phys. Rev. D46 (1992) 3945.

[7] V. Barger et al., Phys. Rev. D46 (1992) 4914.

(8] P. Janot, LAL Preprint LAL 92-27.

[9] T. Skwarnicki, GEMFAST, GEM technical note, in preparation.

[10] H. Uijterwaal and K. McFarlane, GEM Note GEM TN 93-332, April, 1993;
and K. McFarlane and H. Uijterwaal, GEM Note GEM-TN-93-294, February
26, 1993.

[11] H. Ma and M. Leltchouk, GEM TN 93-356, April 1993.

[12] W.E. Cleland and A.V. Vanyashin, GEM TN 93-376, April 1993.
[13] T. Wenaus, GEM TN 93-297, April 1993.

[14] S. Mckee, GEM Technical Note, in preparation.

[15] 1. Sheer, GEM Internal note GEM TN-93-370, April 1993.

[16]) M.J. Wang and A. Sumarokov, GEM Internal note, in preparation.

[17] G. Grindhammer et al., Proc. of the Workshop on Calorimetry for the Supercol-
lider, Tuscaloosa, AL (1989) 151; SLAC-PUB-5072 (1989) and Nucl. Inst. and
Meth. A290 (1990) 469.

(18] R. Zhu, Proc. Large Hadron Collider Workshop, Aachen, 1990, eds. G. Jalskog
and D. Rein, CERN 90-10, vol 3 (1990) 411.

[19] R.Y. Zhu and H. Yamamoto, GEM TN 92-126 July 1992.

[20] E. Eichten, I. Hinchliffe, K. Lane and C. Quigg, Rev. Mod. Phys. 56 (1984) 579;
58 (1985) 1065.

[21] M. Chanowitz, M.K. Gaillard, Nucl. Phys. B261 (1985) 379.

[22] R.N. Cahn, S. Dawson, Phys. Lett. 136B (1984) 196;
R.N. Cahn, Nucl. Phys. B255 (1985) 341; '
and G. Altarelli, B. Mele, F. Pitolli, Nucl. Phys. B287 (1987) 205.

[23] Particle Data Group, K. Hikasa et al., Phys. Rev. D45 (1992) S1.

[24] A. Graudenz, M. Spira and P. Zerwas, Phys Rev Lett 70 (1993) 1372 and the
references threin.

[25] Han, Valencia and Willenbrock, Phys. Rev. Lett 69 (1992) 3274.
[26] R.Y. Zhu, GEM Internal note GEM TN-93-300, February 1993.

[27] P.N. Harriman, A.D. Martin, R.G. Roberts and W.J. Stirling, Phys. Rev. D42
(1990) 798 and Phys. Lett. B243 (1990) 421.

82

oWt



[28] J. Botts, J. Morfin, J. Owens, J.W. Qiu, W.K. Tung and H. Weerts, MSUHEP-
92-27, Fermilab-Pub-92/371, FSU-HEP-92-1225 and ISU-NP-92-17 (1992).

[29] H. Yamamoto, GEM TN 03-374, April 1993.

[30] SDC Collaboration, Technical Design Report, April 1992.
[31] G. Eppley et al., SDC-92-217, March 1992.

[32] R.Y. Zhu and H. Yamamoto, GEM TN 93-414 July 1992.
[

33] R.Kauffman, Phys. Rev. D45 (1992) 1512;
C.P. Yuan, Phys. Lett. B283 (1992) 395 and MSUTH 92/06.

[34] B. Bailey, J. Owens and J. Ohnemus, Phys. Rev. D46 (1992) 2018.
[35] Jadach and B. Ward, Phys. Rev. Lett. B274 (1992) 470.

[36] L3 Collaboration, Phys. Lett. B295 (1992) 337.

[37] F.A. Berends et al., Z. Phys. C27 (1985) 155.

[38] W.J. Marciano and F. Paige, BNL Preprint, BNL-45805
J.F. Gunion et al.,, SDC report, SDC-91-00057
R. Kleiss et al., Phys. Let. B253 (1991) 269;
Z. Kunszt et al., Phys. Let. B271 (1991) 247.

[39] J.J. van der Bij and E.W.N. Glover, Phys. Lett. B206 (1988) 701;
E.W.N. Glover and J.J. van der Bij, Nucl. Phys. B321 (1989) 561.

[40] I. Hinchliffe, A Monte Carlo Parton Generator, unpublished.

[41] T. Sjostrand, private communication.

[42] J. Ohnemus and J. Owens, Phys. Rev. D43 (1991) 3626, and
J. Ohnemus, Phys. Rev. D44 (1991) 3477.

[43] U. Bauer and E.W.N. Glover, Phys. Lett. B252 (1990) 683;
V.Barger et al.,, Phys. Rev. D44 (1991) 1426;
and D.A. Dicus et al., Nucl. Phys. B377, (1992) 31.

[44] V. Barger et al., Phys. Rev. D44 (1991) 2701.

83






