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Abstract

In the Standard M odel, the H iggs boson is responsible fo r mass-generation and stabi­

liz in g  the electroweak in teraction at high energies. The boson has not been observed 

and the Standard M odel does not predict its mass. D irect searches have excluded the 

existence o f a Higgs boson w ith  a mass less than 113 GeV. Searches to date have 

focussed on b-quark decays o f  the H iggs, but the model predicts an increased branch­

ing fraction to massive vector boson pairs fo r a heavier H iggs. In some extensions 

o f  the Standard M odel which pred ict m u ltip le  Higgs bosons, the lightest Higgs boson 

couples p rim arily  to bosons, not ferm ions. Results exc lud ing  these “ ferm iophobic”  

m odels have used the tw o-pho ton decay to date, but fo r H iggs masses above 100 GeV, 

the decay to massive vector boson pairs dominates. In th is dissertation, I present the 

firs t search for a H iggs boson decaying to massive vector boson pairs. The search is 

based on data collected by the L3  experim ent at CERN during  the 1999-2000 period.

The search uses the H iggsstrahlung production mode where the Higgs is radiated 

from  an off-shell Z  boson, so the analysis must include the decay o f  the Z  boson as well 

as the decay o f the tw o  W  o r Z  bosons from  the H iggs decay. The events w ill contain 

s ix final state ferm ions, and the decays o f  the W  and Z  define nine d iffe rent channels 

fo r the h —>■ W W  search. I present the details and results o f analyses fo r six o f  the 

channels. The com bined analyses exclude a ferm iophobic H iggs decaying to massive 

vector boson pairs fo r 83.8 G eV  <  mu <  104.2 GeV at a 95%  confidence level w ith  an 

unexcluded region between 88.8 G eV  <  mh <  89.6 G eV. M onte  Carlo predictions o f 

the analyses’ performance pred ict an exclusion range o f  86.8 G eV  <  mu <  107.5 GeV. 

I also present model-independent branching ratio lim its  fo r  the massive vector boson
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search, as w e ll as a scan o f  the ferm iophobic plane com bin ing w ith  the results o f  the 

LEP h —> yy search.
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Chapter 1 

LEP and the L3 Experiment

The machine does not isolate man from the great problems o f  nature 

but plunges him more deeply into them.

Anto ine de Saint-Exupery

1.1 LEP

LEP is the “ Large E lectron-Positron" storage ring b u ilt 40 meters under the coun try­

side outside Geneva, Sw itzerland. The epithet "la rge " was well chosen, since LEP is 

the largest accelerator in the w o rld  at 27 km  in circumference. Construction o f the 

accelerator began in  1982 and the first co llis ions in the detectors were recorded on A u ­

gust 13,1989[1], There are four large general-purpose detectors equally spaced around 

the ring: L3, A leph, D e lph i, and Opal. The locations o f  the four detectors are indicated 

in Figure 1.1.

LEP sits at the end o f a long chain o f accelerators which work together to accelerate

1
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Figure 1.1: Overhead sketch o f  LEP and the rest o f  the CERN accelerator complex.
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electrons and positrons up to k ine tic  energies o f 100 G eV and above. The electron 

and positron bunches are produced in the L inear In jec to r fo r LEP (L IL )  com plex and 

stored at 600 M eV  in the E lectron-Positron A ccum ula to r (EPA). From the EPA. the 

bunches are transfered to the C ER N  Proton Synchrotron (PS), where the magnets are 

ramped down to accept the low-energy bunches. The PS accelerates the bunches to 2.5 

G eV and transfers them on to the Super Proton Synchrotron (SPS) which provides the 

last pre-acceleration k ick  up to 22 GeV fo r transfer in to  LEP. The LEP machine then 

accelerates the bunches up to fu ll energy, brings the beams in to  co llis ion , and keeps 

them in co llis ion  fo r several hours un til the stored current drops to the point where the 

operators decide to dum p the beam.

Up un til 1996, LEP ran at o r near the Z  pole (yjs =  91.2 G eV). In 1996, CERN 

began adding superconducting cavities to LEP, w h ich a llow ed the beam energy to in ­

crease each year. A t the beg inn ing and end o f each year, a few pb_ l o f data was taken 

at the Z  pole fo r ca lib ra tion . M ost o f  the data was taken at energies near the upper lim it 

o f  the machine. Th is l im it  increased as additional accelerating cavities were added and 

the physicists and engineers o f  the machine group tuned the machine fo r ever higher 

gradients and beam energies. Between 1998 and 1999. CER N  upgraded the cryogenic 

systems as part o f  preparations fo r the LH C . The upgrade a llow ed the machine group 

to push the accelerating gradient o f  the superconducting cavities from  the ir design o f 

6M V /m  to more than 7 .5 M V /m . D uring the 1999 run. the beam energy was lim ited  

fo r several weeks by statute: the orig ina l perm it granted by the French nuclear au­

thorities had specified beam energies up to, but not exceeding 100 GeV, which lim ited  

y/s to 200 GeV. Once the authorities amended the perm it, the experiments collected a 

m onth's worth o f data at 202 GeV, and LEP even reached 204 G eV fo r one 15 m inute

3

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



v ^ ( ± l  G eV) Lum in os ity  (pb ')

1999 191.6 29.8
195.5 83.7
199.5 82.8
201.8 37.0

2000 203.1 9.6
205.0 68.9
206.5 130.3
208.0 8.5

Table 1.1: Lum inosity  collected by the L3 experiment over 1999-2000.

run. The breakdown o f lum inosity versus \ f s  over the 1999-2000 runn ing period is 

given in Table 1.1.

In 2000, the machine operation was op tim ized  fo r discoveries in the H iggs and 

supersym m etric sectors, which required the m axim um  possible beam energies. The 

machine group developed several im provem ents to LEP operations which s ig n ifica n tly  

im proved the energy reach and integrated lu m inos ity  collected in 2000 [2 ].

•  The upgraded cryogenics system increased the s tab ility  o f the RF system, w hich 

a llow ed the operations group to reduce the margin from  two klystrons to one. A t 

fu ll beam energy, the LEP RF system suffered a klystron trip  due to overheating 

about once an hour. W ith a one-klystron m argin, the RF system cou ld  absorb one 

trip , but a second occurring before the firs t klystron could be restarted caused 

beam loss. The reduced margin a llow ed an increase in / s  o f 1.5 GeV.

•  The machine group reduced the 350 M H z  RF frequency d riv ing  the cavities 

by 100 Hz to expand the o rb it o f  the beams. The larger orbit reduced the syn­

chrotron radiation and allowed the d ip o la r component o f  the quadrupole magnets 

to contro l the new orbit. The reduced frequency also increased the RF margin

4
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s ligh tly  by reshaping the bunches. These adjustments allowed an increase in y/s 

o f 1.4 GeV.

•  The machine group also enabled unused corrector magnets as additional dipoles 

to further increase the effective LEP radius, which added another 400 MeV.

•  E ight o ld  LEP I copper cavities were reinstalled, adding an additional 3 0 M V  in 

total accelerating gradient. Th is  gradient increase translated to an increase in 

y/s o f  ~  400 M eV . The increase in energy is larger than the gradient increase 

because LEP does not have to accelerate the beams from rest each tum . but rather 

ju s t replace the energy lost to synchrotron radiation.

•  The m achine’s mode o f  operation was m odified to add "m iniram ps.”  In previous 

years, once the machine reached its target energy and the beams entered c o ll i­

sion, the energy d id  not change. In 2000, the operators would raise the energy 

several times during  the physics coast as the RF stabilized and current fe ll. Thus, 

a given f i l l  w ou ld  generate data at several y/s values.

The beam loss rate sharply increased w ith  LEP operating at its lim it. O f the roughly 

4000 fills  made in the tw elve years o f LEP running. 1400 were made in the last year. 

To reduce the im pact to physics beam tim e, the machine group made special e ffo rts  to 

reduce the turnaround tim e. The group was able to reduce the average turnaround tim e 

from  beam dum p to stable co llis ions to less than an hour from the previous average o f 

about 2 hours. In the search fo r m axim um  energy, some o f the accelerating cavities 

were stressed beyond the ir lim its  and the machine group had to reduce the m axim um  

gradient o f  several during  the year. Some o f these cavities recovered, but others d id 

not. The continual changes to the machine operating conditions meant that the 2000

5
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Figure 1.2: D is tribu tion  o f  lum inos ity  as a function  o f  y/s in 2000.
The fou r energy bins used fo r the h —>■ W W /Z Z  search are indicated by the dashed 
lines.

dataset contained data from  many d iffe ren t y/s energies, as shown in F igure  1.2. For 

analysis purposes, we grouped the data in to  the fou r energy bins indicated in the plot.

1.2 The L3 Experiment

The L3 experim ent, located at po in t 2 on the LE P  ring , is shown in perspective view 

in  Figure 1.3[3]. The entire L3 experim ent, the largest o f  the four LE P  detectors, 

is surrounded by a 7800 ton octagonal conventional solenoid electromagnet which 

produces a 0.5 T  fie ld. W ith in  the electrom agnet are the muon detection chambers, 

the calorim eters, and, closest to the beam pipe, the inner tracking subdetectors. A ll 

o f  the detector elements are mounted on a 281-ton steel support tube suspended along 

the central axis o f  the detector. The muon chambers are mounted on the outside o f

6
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Outer Cooling Circuit

Inner Cooling Circuit

Muon Detector

Figure 1.3: Perspective v iew  o f  the L3 experiment.

the support tube and the rest o f  the subdetectors are inside. W h ile  the LEP machine 

experienced many changes in beam elements and operating procedures du ring  1998- 

2000, the L3 experim ent was extrem ely stable. No m ajor subdetectors were added 

during  this tim e, and the calibration procedures fo r the detector were perfected.

1.2.1 The Inner Tracking Subdetectors

The L3 experim ent contains two m ajor tracking subdetectors. The role o f  these detec­

tors is to measure the paths o f charged particles through the magnetic fie ld  w ith  a m in ­

im um  o f  disturbance to  the particles' paths and energies. The curvature o f  these tracks 

reveals the charge and momentum o f  the particles. Very close to the beampipe there 

are tw o  layers o f  s ilicon  strip detectors w h ich are called the S ilicon  M icrovertex Detec­

to r (S M D ). A round the SM D is a gas-filled d r if t  chamber called the T im e-Expansion

7
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Figure 1.4: The d r if t  and am p lifica tion  fields o f the TEC.
Charged particles ionize the gas, which d rifts  in a re la tive ly low  field toward the grid  
w ires. A fte r passing the grid, the ions are accelerated in a higher fie ld and produce 
secondary ions w h ich are also collected at the anode.

Chamber (TEC ).

The TE C  consists o f  a long cy lind rica l tube fille d  w ith  a m ixture o f  809F CO2 

and 20% isobutane OC4H 10). Charged particles passing through the tube ionize the 

gas molecules. The TE C  collects and tim es the arrival o f  the gas ions to determine 

the path o f the charged particles. The chamber is d iv ided in to  two rings -  an inner 

ring o f  12 sectors and an outer ring  o f 24 sectors. These sectors are defined by the 

arrangement o f  w ires strung parallel to the beam pipe. M ost o f the wires carry high 

voltages w hich supply the d rift and am plifica tion  electric fields, while  the rest carry 

the collected charge out to high speed ana log-to-d ig ita l converters. The fields set up in 

a T E C  sector are shown in schematic view in  Figure 1.4. Each track is measured by 

up to 51 sense wires to determine r — <j) accurately. A dd itiona l charge-division wires 

provide some in fo rm ation  about the c position o f  the track. There are also tw o cathode 

strip chambers mounted on the outside o f the TE C  which measure the c position o f

8
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the track w ith  average 300 resolution. The analyses in this thesis use the TEC. 

along w ith  the S M D . fo r measuring tracks in je ts  and iden tify ing  the isolated groups 

o f  odd-numbered tracks associated w ith  taus.

In 1991. the radius o f the LEP beampipe was reduced from  8 cm to 5.5 cm. which 

opened enough space to add a new s ilicon  tracking  detector, the SM D  [4). The S M D  is 

a s ilicon  strip detector, composed o f  s ilicon  wafers w ith  metalized strips on both sides 

o f  the wafer. The wafers are made o f  n-type s ilicon  and have p-type strips im planted on 

one side w ith  a 25 fxm pitch to measure r  — <J). O n the opposite side are n~ -type  strips 

w ith  a w ider readout p itch o f 150 jam to 200 [xm that measure r — z. Charged particles 

passing through the s ilicon  wafer produce electron-ho le pairs that d r if t  to  a co llection 

strip and the co llected charge is read out. The S M D  im proved the track ing  resolution 

o f  the detector s ign ificantly . The S M D  is pa rticu la rly  im portant for reconstructing the 

prim ary vertex (where the in itia l electron and position  interaction occurred w ith in  the 

beampipe) as w e ll as fo r determ ining the location o f  secondary vertices such as those 

from  decays o f  B mesons. A  schematic r — 0 v iew  o f  the SM D  along w ith  some tracks 

w h ich m ight be expected from Z  boson pa ir production  are shown in F igure 1.5.

1.2.2 Calorimetry

In contrast to tracking, where the goal is to measure position and m om entum  w ith  

very litt le  disturbance o f  the particle, the goal in  ca lo rim etry  is to absorb the pa rti­

c le ’s energy com ple te ly and measure it. Because o f the d iffe ring  in teraction lengths o f 

electrons/photons versus pion/other hadrons, tw o  types o f high energy calorim eters are 

required: electrom agnetic calorimeters fo r  electrons and photons and hadron ca lo rim e­

ters fo r pions, kaons. and other hadrons. L3 has very good calorimeters fo r  both elec-

9
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Figure 1.5: r — 0 view o f the S ilicon  M icrovertex Detector.
The figure shows hits in the SM D and the tracks w h ich m ight be expected from  
Z Z  —> e+ e“ bb event. One o f the B mesons has traveled 2mm in r  — ((> before decayin 
at a displaced vertex.

10
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trom agnetic and hadronic showers. The electrom agnetic calorim eter(BG O) is a crystal 

ca lo rim ete r b u ilt out o f  Bismuth Germanate. B i^G e O .;)? , and the hadron ca lorim eter 

(H C A L ) is b u ilt out o f  uranium plates w ith  interspersed proportional chambers.

The BG O  electromagnetic ca lorim eter is a very important feature o f the L3 detec­

tor. The ca lo rim ete r is formed from  11.000 in d iv idua l 2 cm x 2 cm x  24 cm  crystals 

w h ich po in t at the interaction region. The heavy, high-charge nuclei in BG O  cause a 

strong electrom agnetic cascade and eventua lly convert a fraction o f the e lectrons' and 

photons’ energy in to  sc in tilla tion ligh t, w h ich  is measured using a photodiode. Crystal 

calorim eters d id  not originate w ith  the L3 detector, but L3 was the first large-scale de­

tector to use BG O  as the crystal m ate ria l1. The BG O  has an average energy resolution 

o f  ^  =  1 4-0.34%  for electrons. The shower pro file  in the crystals surrounding

the peak crysta l is also useful fo r separating hadrons, includ ing 7to s, from  electrons 

and photons. The very high resolution o f the ca lorim eter is im portant fo r measuring 

the electrons from  Z  decays and accurately determ in ing  recoil masses.

As L3 was o r ig in a lly  constructed, there was a sm all gap between the barrel section 

o f  the BG O  and the endcap. D uring the 1995-1996 shutdown, a new subdetector was 

insta lled to f i l l  the gap -  the so-called EG A P  detector[5 ]. The detector is constructed o f 

lead blocks w ith  sc in tilla ting  fibers embedded longitud inally. E lectrom agnetic show­

ers in the lead generate ligh t in the fibers. The lig h t from  the fibers is coupled in to  plas­

tic  ligh tgu ides w h ich are read out by phototriodes. There are 24 blocks on each end o f 

the BG O  barrel to  provide coverage o f the region 38° <  0 <  42° and 138° <  0 <  142". 

The EG AP detector has poorer resolution than the BGO, at 12% /n /E , but the d iffe r­

ence is re la tive ly  unimportant fo r searches: the increased herm eticity o f the detector is 

'Since the development done for L3. BGO has found widespread use in medical PET scanners.

11
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Figure 1.6: Schematic view o f the H C A L  show ing shower development.

o f  greater importance.

The L3 H C A L , like most hadron calorim eters, is a sampling calorimeter. The L3 

H C A L  consists o f a series o f depleted uranium  plates interspersed w ith  gas propor­

tiona l chambers. M ost o f the nuclear in teractions occur in the uranium and the gas 

chambers sample the developing shower. A  schematic view o f a shower developing 

in a portion  o f  the H C A L  is shown in Figure 1.6. In the central barrel region, there 

are 58 uranium  layers in each module, w h ile  modules in the more forward region have 

51 layers. The H C A L  is used in the analyses described in this thesis to measure the 

energies o f  hadronic jets from  Z  and W  decays.

The L3 calorimeters work together to measure leptons and jets which may be p ro ­

duced in any d irection w ith in  the detector. The performance o f the ca lorim etry systems 

can be seen particu la rly  w ell in Figure 1.7. T h is  figure shows the je t energy measured 

by the ca lo rim ete r fo r Z-peak je ts  as a function  o f the angle o f the je t. The two je ts 

produced from  Z  decay on the peak should sum to =  9 1 GeV. as seen in the figure. 

The sum and resolution are nearly constant fo r  all je t production angles, despite the 

d iffe ren t barrel, endcap, and EG AP calorim eters w hich are used to compute the je t

12
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F igure 1.7: D istribution o f jet-energy as a function  o f  the cosine o f  the thrust angle. 
Th is p lo t shows the sum o f je t energies from  Z-po le  data. The resolution is quite 
un ifo rm  across the entire detector, inc lud ing  the EG A P  (0.74 <  cosO <  0 .8 1)[6].

energies.

1.2.3 Muon Chambers

Besides the BGO electromagnetic calorim eter, the L3 muon chambers are the most 

unique feature o f the detector. They are unique not in their construction o r design but 

rather in  the ir location. They are located inside the magnet and flux-re tum  yoke in ­

stead o f  outside as is more common. Th is location provides the m ost un ifo rm  bending 

fie ld  and reduces the m ultip le  scattering o f  the muons on their way out o f  the detector. 

M uons are the on ly  particle, besides o f  course the neutrinos, w h ich  emerge from  the 

inner layers o f  BGO and uranium w ith  most o f  the ir energy intact. Thus they are the 

on ly  particles left to  be measured by these tracking chambers. The muon system con­

sists o f  three layers o f d rift chambers spaced 145 cm  apart, w ith  each layer fo rm ing  an

13
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octagon centered on the interaction point. The chambers are actively aligned using an 

LED-lens-quadrant photodiode system and the a lignm ent can be verified by u ltrav io le t 

laser shots that sim ulate in fin ite-m om entum  muons produced at the interaction po int. 

Each cham ber measures the position o f passage o f  a muon w ith  an average accuracy 

o f  168 nm. w h ich is sufficient to provide a 2% erro r measurement o f muon m om entum  

fo r 50 G eV  muons.

The main muon chambers provide detector coverage in the barrel region between 

44° and 136°. In 1995, an additional set o f  chambers was added on the flux-re tum  

doors o f the main solenoid to provide measurements down to w ith in  24° o f  the beam 

line [7 ], These forward-backward muon chambers use a 1.24T toroidal fie ld  in the iron 

door to bend fo rw ard  muons in the region between the chambers. The coils to generate 

the toro ida l fie ld  were added as part o f the detector upgrade, as well as resistive plate 

chambers fo r triggering  on forw ard muons.

Despite the depth o f the experiment underground, cosm ic ray muons do penetrate 

down to L 3 2. W ith  very precise arriva l-tim e in fo rm ation  about these muons, it is pos­

sib le to reject those which do not occur in tim e w ith  a beam crossing. Since the muon 

chambers cannot provide this in fo rm ation , there is a layer o f  sc in tilla to r panels located 

between the BG O  and the H C A L. These sc in tilla tion  panels are read out by high speed 

pho tom ultip lie rs  and tim e-to -d ig ita l converters. The sc in tilla to r system has a tim in g  

resolution o f about I ns, which allows the separation o f  cosm ic ray muons from  muon 

pairs produced at the interaction point. A  cosm ic ray muon would require 5.8 ns to 

travel across from  top sc in tilla to r panel to bo ttom  sc in tilla to r panel, w h ile  a d i-m uon 

pa ir w ou ld  arrive on the two sides sim ultaneously.

2In fact, another experiment called L3 Cosmics used the L3 muon chambers to study these very high 
energy muons from cosmic rays.

14
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1.2.4 Monte Carlo

There are very few background-free event signatures fo r a Higgs produced at LEP. so 

it  is im portant to understand the behavior o f  the detector for various Standard Model 

processes known to be present as w e ll as fo r the predicted process. For processes 

which are well-understood theoretically, example events can be generated by sam pling 

the theoretical d istribu tions in a random manner. Th is technique is called M onte Carlo 

(M C ) and is w ide ly  used in high energy physics and in many other fields.

A  prim ary process such as e+ e -  —» W W  —> csfiv is specified by the user, and M C  

generator creates events o f this process using a level o f  accuracy defined by the num­

ber o f  Feynman diagrams included in the generator. The generator carries out the pro­

cesses o f hadronization and quark decay. The generator produces a list o f four-vectors 

representing the “ stable”  mesons, baryons, photons, and leptons produced in the event. 

L3 uses several d iffe ren t M C  generator programs depending on the processes which 

are under study. Table 1.2 lists several o f the im portant generators and what processes 

are generated using them fo r the w o rk  presented in this thesis.

O f course, the detector does not produce a lis t o f  four-vectors; it reports energies 

in calorim eter cells and hits in trackers. In order to match the M onte Carlo w ith  the 

data, the lis t o f  four-vectors must be converted to the same form  as data from  the de­

tector. This d iff ic u lt task is carried out by a sim ulation program based on G E A N T  

3.15[8 ]. Th is program simulates the response o f the entire detector to this event. The 

sim ulation includes the fu ll com plex geometry o f the detector, w ith  m aterial-specific 

properties fo r both the active regions and fo r structural elements that may cause scat­

tering o r shower in itia tio n . The interaction o f hadrons inside the detector is handled 

by a package called G E IS H A [9 ], The result o f  the sim ulation is stored in the same for-

15
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Generator Processes

PYTHIA[10]
er e  ̂ —» ZZ 

e 'e " —>Ze*e“ 
e"e " —> ZH

KK2F[ 11 ]
e+e“ —>■ qq(y) 
ê  e  ̂ m> ~ ( y)
e"e~ -> T~T~(y)

KORALW[12] eTe“ -> WW

EXCALIBUR[13]
e^e- —> qq'ev
e~e~ —> f|fjU fi

PHOJET[l4] e~e_ —> e~e“qq

Table 1.2: Partial lis t o f  M onte C arlo  Generators used by L3.

mat as that used fo r the data, and from  this po in t the same reconstruction and analysis 

techniques can be applied identica lly to data and M onte Carlo.

Generation, production, and reconstruction o f M onte Carlo is a com plicated and 

CPU-intensive process which is managed from  C ER N . but carried out at m u ltip le  in ­

stitutes around the w orld . Farms o f  PCs are used as w e ll as id le  workstations around 

the experim ent during evenings and weekends.

16
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Chapter 2

Theory of the Higgs Boson

[In a system o f physics] we adopt, at least insofar as we are reasonable, 

the simplest conceptual scheme into which the disordered fragments o f  

raw experience can be fitted  and arranged.

W illa rd  Van Orman Quine

2.1 Review of the Standard Model

The Standard M ode l (SM ) o f  particle physics, developed by Weinberg. Glashow, and 

Salam [15, 16, 17], has proven to be an extrem ely effective theory fo r pred icting the 

results o f  high-energy physics experiments over the last 25 years. The model was 

developed in the 1960s and 1970s to b ring  together the results o f many d iffe rent ex­

periments and ad hoc theories. The theory describes the behavior o f  three forces: the 

e lectrom agnetic force w h ich acts between charges, the weak force which is responsi­

ble fo r beta decay, and the strong force fe lt on ly  by quarks and which binds the nucle i

17
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o f  atoms. The theory is silent about gravity, w h ich  is too weak at these scales to  be felt. 

The forces are carried by gauge bosons: the W^~, W - . and Z  o f  the weak interaction, 

the photon (y) o f  the electromagnetic in teraction, and the gluons o f the strong interac­

tion . The matter constituents o f the theory are tw e lve  particles that are organized into 

three generations o f  quarks and three generations o f  leptons and neutrino partners. The 

tw o  lightest quarks, the up and down quarks, com bine to form  protons and neutrons 

in  norm al matter, w h ile  the lightest charged lepton is the fam ilia r electron. A l l  the 

particles o f  the Standard Model are listed in Table 2.1. The discoveries o f the gluon 

in  1979[18] and the W  and Z  particles in 1983[ 19. 20] were m ajor triumphs fo r the 

Standard M odel.

The Standard M odel is a quantum fie ld  theory, where all particles appear as fields 

and the ir behavior and interaction can be described by a Lagrangian. For example, 

a massless ferm ion fie ld  V|/ freely propagating through space has a Lagrangian o f  the 

fo rm

L  — ific \j> yM if/

w h ile  a massless vector (spin-1) boson fie ld  has a free Lagrangian o f the fo rm  

L = W - d W U d ^ - d v A n )  =

Interactions between bosons and ferm ions are w ritten  as terms like

£ jn t =  -(<7VY,XM ') 'V  

in vo lv in g  three fields. There are also terms w h ich describe the interaction o f fo u r boson

18
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/ u

f Ve
ev

Fermions

+ 2 /3 \
1 - 5
- 1 / 3
3 - 9 /

0
1 -  5
- I

0.51 )

(  q  + 2 /3  \2 /3
- 1:
1/3

7 5 -  170 }

1150 -  1350

s - l/3 V

t +2/3
174300

b - I/3
^  4000 -  4400 J

Bosons

V  0 
' 0

W ±  ± i  
80419

< 0.2 ^
fX 106 /

Z 0
91118

/

V

VT
T

0 \
<  18
- 1  

1777 /

Table 2.1: Constituent particles o f  the Standard M odel.
Each partic le is listed w ith its charge and the partic le 's mass in M eV  as listed in the 
Particle Data Book [21]. For reference, recall that the mass o f the proton is 938 MeV. 
The d,s, and b quarks and the charged leptons are co llective ly  referred to as “ dow n- 
type”  particles, w h ile  u.c.t, and the neutrinos are “ up-type” .
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fields. The fu ll Standard M odel Lagrangian is quite  large, but all o f the terms have one 

o f  these basic forms. In the case o f  the photon and Z . the tw o ferm ions involved are 

the same flavor, w h ile  the W  couples to a weak isospin doub le t1 such as fi and o r 

charm  and strange quarks.

2.2 Motivation for a Higgs

In the above discussion o f fields, the bosons were e x p lic itly  massless, but the physical 

W  and Z  are indeed quite massive. The sim plest way to add a boson mass term  to the 

Lagrangian is to append

n r B ^ .

However, this term  is not invariant under transform ations which take — d^X-

Therefore, some other gauge-invariant technique is needed to provide masses. Gauge- 

invariance is a very im portant p rinc ip le  in  quantum  field theories because it guarantees 

a theory to be renormalizable [22]. R enorm alization is a process o f cance ling the many 

in fin itie s  w hich can appear in the fie ld  theory a llow ing  reasonable ca lcu la tions to be 

performed.

The gauge-invariant solution used in the Standard M odel is the H iggs mechanism. 

To understand the S M ’s H iggs mechanism, consider first the s im p le r situation o f  a 

theory which contains only a massless gauge boson A11 to which we add a massless

’To be accurate, the W  can couple across quark generations with reduced probabilities given by the 
squares o f the off-diagonal terms o f the C K M  matrix V',;.
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com plex scalar field 0 [23]. For this situation, the Lagrangian has the form

L  =
•4

w ith  the covariant derivative +  igA* to achieve invariance under a local gauge

transform ation. We see that the scalar fie ld  has its m in im um  at 0 =  \J \ir /  2A. =  v /s /2 . 

I f  we expand the field near the m in im um  as 0 =  (v +  h (x ) ) /v /2  we obtain

£  = \  [ ( 3 m - |Sa m)(v +  /0 ( ^  +  ,£a '‘ K ', +  * ) ]

+  ̂ H 2 (v +  h ) 2 -  jA- ( v  +  h ) * - j F ^ F p * .

This Lagrangian contains the term  w h ich is a mass term  fo r  the (p reviously

massless) gauge boson, obtained in a gauge-invariant manner. The term Xv2h2 is a 

mass term fo r the quantum excita tion o f the scalar fie ld  -  a new massive scalar boson. 

In add ition, there are /iAA , /z3, and /z4 in teraction terms. The mass o f the A boson fixes 

i ’2 but A. is not predicted by the model, and the mass o f the scalar is a free parameter.

In review, the algebra above converted an apparently massless com plex scalar fie ld  

w ith  two degrees o f freedom in to  a real massive fie ld  and the long itud ina l po larization 

state o f the gauge boson, again tw o  total degrees o f  freedom. The SM , w ith  W ~ . W _ . 

and Z  to provide mass for, must have at least an SU(2) doublet o f  com plex scalar fields,

. Sym m etry-breaking is in itia ted  by g iv ing  a vacuum expectation on ly  to0 =

the real part o f  the neutral fie ld  (0 ° )  =  v / \ f2 .  Three o f the degrees o f freedom  become 

the long itud ina l polarizations o f  the massive weak bosons, and the fourth remains as a 

real observable scalar boson, the H iggs boson.
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W ith the H iggs mechanism it is also possible to add masses for the ferm ions in the 

theory using Yukawa-type terms. Since the left-handed ferm ions in the SM  are SU(2) 

doublets and the right-handed ferm ions are SU(2) singlets, a mass term such as

m f f  =  m { f Lf R 4- JKf L)

is not SU(2) invariant. W ith  the H iggs SU(2) doublet, we may w rite  an interaction 

Lasransian

-̂int — ,?/ { M ) / r +  (0 ’ / r )Jl

where g f  is d iffe ren t fo r each ferm ion. This interaction Lagrangian transforms satis­

fac to rily  under SU(2). although it is an unusual Lagrangian since it e x p lic itly  contains 

the conjugate o f  the H iggs field. When the H iggs acquires a vacuum expectation.

/
<i>

0

V-rlt
V v'2

the ferm ion interaction becomes

The first part o f  the interaction Lagrangian is a mass term fo r the ferm ion. where 

in / =  The values g f  are free parameters, so the model does not predict the masses 

o f the ferm ions. Instead, one measures the mass o f the ferm ion experim enta lly and 

uses n if equation as a de fin ition  o f g f,  so g f  = V~--' . W ith this substitution, the second

~n
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Figure 2.1: H iggs-fe rm ion  vertex, 

part o f  the in teraction Lagrangian becomes

 f f h .
V

This  is an in teraction term between the fe rm ion  and the H iggs particle, describ ing the 

vertex in Figure 2.1 which has a coup ling proportiona l to the mass o f the ferm ion.

2.3 Production of a Higgs Boson

In order to search fo r the Higgs at an accelerator, the experimental production and de­

cay o f  the H iggs must be considered. The production mechanism fo r the Higgs is very 

dependent on the co llid e r used to produce it. In the case o f LEP. on ly the diagrams 

beginn ing w ith  an e+e~ pa ir are relevant. The direct coup ling o f the Higgs to e "e ~  is 

very sm all since the coup ling  is proportional to the ferm ion mass, which is extrem ely 

sm all fo r  the electron. Therefore, the d irect e+e~ —> H production rate is very sm all, 

and ind irec t processes dominate. There are tw o classes o f  indirect production w h ich 

are im portan t at LEP: Higgsstrahlung and vector boson fusion. In these ind irect pro-
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(a) H iggsstrahlung (b) W  fusion (c) Z  fusion

F igure 2.2: Production diagrams fo r the H iggs at LEP.

cesses, additional particles are produced along w ith  the H iggs, so their presence and 

possible decays m ust be taken in to  account when describ ing the physical signature o f 

a H iggs-conta in ing event.

The first type o f  ind irect production is the so-called H iggsstrahlung process, where 

the electron and positron annihilate to produce an o ff-she ll Z  (Z * ). The Z *  decays to 

its mass-shell by e m ittin g  a H iggs in a manner quite s im ila r to Bremsstrahlung. The 

Feynman diagram fo r this process is shown in Figure 2.2a. The physical signature o f 

the event includes the decay products o f a Z  boson as w e ll as the Higgs. This associated 

Z  can be used to tag the H iggs events. A lso, since the Z  and H iggs are produced in a 

tw o-body decay o f  the Z *  produced at rest, the m om entum  o f  the Z  should be equal to 

that o f  the H iggs: thus the event should be balanced in the detector. For a high rate, 

the final Z  should be near its mass shell, which im p lies a production mass lim it o f 

mH< \/s  ~  mz. Thus, i f  the H iggs's mass is less than 116 GeV, LEP should be able to 

produce it  by H iggsstrahlung w ith  a center-of-mass energy o f  207 GeV.

The second class o f  diagrams is the vector boson fusion diagrams, both W  fusion 

and Z  fusion. In W  fusion, the incom ing electron and positron em it W  bosons which
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Figure 2.3: Cross-sections fo r d iffe r­
ent production diagrams fo r the process 
e~ e “  —>■ Hv<,vt..
The p lo t is shown fo r >/s =  206 G eV. 
For //iH <  115 G eV, the Higgsstrahlung 
process dominates the cross-section. For 
h igher H iggs masses, the W  fusion pro­
cess becomes dom inant, but the total 
cross-section becomes small. There is 
also an interference term which is im por­
tant when the two diagrams have s im ila r

95 100 105 110 115 120 125 strength near 115 GeV.
mH (GeV)

com bine to fo rm  a H iggs. The emission o f the W  boson converts the electron and 

positron in to  a neutrino and antineutrino respectively, as shown in Figure 2.2b. Z  fu ­

sion is s im ila r except the scattered electron and positrons remain in the final state (F ig ­

ure 2.2c). Since fusion diagrams are three-body processes which involve a t-channel 

diagram , the H iggs produced in the fusion process w i l l  have an arbitrary boost relative 

to the experiment. A lso , the m issing mass ( fo r W  fus ion ) o r e~e“  invariant mass (fo r Z  

fusion) w il l  not have any particu lar value since ne ither corresponds to any resonance.

The greater cross-section and kinematic advantages o f Higgsstrahlung over the fu ­

sion diagrams mean that the searches are tuned fo r the H Z  process, despite the resulting 

search lim it  at m H =  ^/s — mz- Above that lim it, the fus ion diagrams dominate, but the 

absolute rate is too sm all fo r an effective search at LEP. As a result, we w ill consider 

on ly  H Z  production fo r this thesis, which means we must take in to account the decay 

products o f  the Z  in  our analysis.

e^e —>H veve (total)

•2

■3

f l Z  threshold

E  =  206 G e V
-4
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2.4 Decays of the Higgs

The decay o f  the Higgs is independent o f  how it is produced, so the same decay chan­

nels w ill occur in the same ratio at any collider. However, the relative usefulness o f 

d iffe ren t decay modes o f the H iggs (and associated particles) w il l  vary depending on 

the background processes at d iffe ren t kinds o f colliders. For exam ple, at hadron ma­

chines there are many je ts  arising from  soft QCD interactions, so the decays o f the 

H iggs and associated particles in to  je ts w ou ld  be less useful than those w ith  leptons or 

photons in the final state. A t LEP, the je t- lik e  backgrounds are easier to control through 

m om entum  and mass constraints, so the importance o f a channel depends more on its 

branching ratio.

The decay o f the H iggs is very dependent on the detailed physics o f the Higgs, 

w h ich im plies strong model-dependence. The structure o f the electroweak symmetry- 

breaking puts strong lim its  on the Z -H -Z  vertex, which means that fo r most models 

the production rate is s im ilar. The models are prim arily  distinguished by the ir decays. 

In the Standard M odel, the expected decays o f the Higgs depend on the mass o f the 

H iggs. The general rule is that the H iggs w ill p rim arily  decay to the heaviest particles 

k inem atica lly  available, since the H iggs coupling is proportional to mass. Thus, for 

a H iggs w ith  mass between 12 G eV  and -1 5 0  GeV. the SM  predicts the Higgs w ill 

decay p rim a rily  to bb, w ith  sm all branching fractions in to  x ^ x -  and cc at lower mass 

and a ris ing  branching fraction to gauge boson pairs at h igher mass. A lthough the 

gluon is massless. there is also a substantial Higgs branching fraction to two gluons 

through top-quark loops. For H iggsstrahlung searches at LEP, bb is the most important 

channel, as seen in Figure 2.4.
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Figure 2.4: Predicted branch ing fractions fo r a m in im a l Standard Model Higgs. 
The branching fractions are from  the standard L H W G  database and were calculated 
using the H Z H A  program  [24 ].

2.5 Two Higgs Doublet Models

In the m in im al SM , a fte r p rov id ing  long itud ina l po larizations to the massive weak 

bosons there is one degree o f  freedom le ft w h ich  becomes the Higgs boson. A  more 

general assumption is that there are two doublets o f  com plex scalar fields, 0 [ and 02. 

M any theorists find advantages in  this more extensive H iggs sector. As a group, these 

models are called “ Tw o-H iggs-D oub le t M odels”  o r 2H D M s. The most general 2H D M  

potentia l[23] is quite extensive:

V  =  A i (0 J 0 i  - V ’j ) 2 +  >.2(02({)2

+ A . 3  ( 0 J 0 1  -  VJ) +  ( 0 2 0 2  - ' ’ 5 )  

+ A 4 ( 0 | 0 l ) ( 0 2 0 2 )  -  ( 0 i 0 : ) ( 0 2 0 l )
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+ X 5 j^Re(<|)j({)2) — v i\ '2COs£,

+ A 6 [^Im(0 j 02) -  v-|i’2 s in ^  .

I f  sin£, ^  0. then the theory w ill break CP exp lic itly , so we w i l l  set ^  =  0 which makes 

the potentia l m in im um

<0i> =

(
(02) =

0

A fte r s ign ificant algebra to remove the Goldstone bosons, we are le ft w ith  two charged 

H iggs bosons: H ^ . one CP-odd scalar: A 0, and tw o CP-even physical scalars: H and 

h. These last tw o  physical scalars are constructed from  a linear com bination o f the cj)i 

and 02 fields as

H =  \ f l  [(9 \(0®) -  v j)  cosa -l- (9v(02) -  vi)  s in a ] 

h =  \Zl [ -  ('9\(<J)(j)) — r i )  s in a -F  ( ^ ( 02) — ' ’2) c o sa ] .

where a  is the m ix ing  angle between the doublets and the tw o CP-even scalars. By 

convention, the h is the less-massive o f  the two CP-even bosons. The sum i j  -I- 15 is 

set by the mass o f  the W  boson, so there are six free parameters: fou r Higgs boson 

masses, a , and tan (3 =  1’2/ v i .

W hen one wishes to couple the H iggs fields o f the 2 H D M  model to the particles 

o f  the Standard M odel, there are several d ifferent strategies. In one type o f model, 

one doublet couples to the up-type quarks and leptons and the other to the down-type 

ferm ions. T h is  type o f model is referred to as a “ Type II 2 H D M ." The most w ell-know n
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(a) Loop diagrams fo r h —> yy. (b) Higgs decay to a pa ir o f Z  o r W bosons.

Figure 2.5: Leading decay diagrams fo r a ferm iophobic Higgs.

Type II model is the M in im a l Supersymmetric Standard M odel (M S S M ) [25. 26. 27]. 

A lte rna tive ly, one can construct a model where one doublet couples to bosons and the 

other to ferm ions. w h ich  is a Type I model. In this type o f model, the coupling o f 

the lightest H iggs to ferm ions is proportional to cosa . Thus, fo r values o f a  —> ?. 

the couplings o f  the lig h t H iggs to ferm ions tend toward zero. The model is generally 

referred to as a “ fe rm io phob ic " model, since the ligh t H iggs does not couple to the 

ferm ions [28],

Since the fe rm iophob ic  H iggs does not couple d irec tly  to bb o r t * t ~ as in the 

Standard M odel, w hat decay channels does this leave? Somewhat surprisingly, a low- 

mass ferm iophobic H iggs decays p rim arily  to tw o photons. The H iggs does not couple 

d irectly  to the photon, but it can decay through a W  loop or a charged Higgs loop, as 

shown in the 2.5a. For a low  mass ferm iophobic H iggs boson, the tw o photon decay 

is expected to be dom inant, and all the LEP experiments have carried out searches for 

it. These analyses are reviewed in Chapter 4 before the ir results are combined w ith the 

h —* W W /Z Z  channels to fu lly  cover the ferm iophobic search.

The fe rm iophob ic H iggs can also decay to a pair o f  weak gauge bosons. A t the 

masses which LE P  can reach, the Higgs cannot decay to tw o real W 's  or Z's. so the
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decay is h —> V* V*, where the star indicates that the vector boson is o f f  its mass shell. 

How far o f f  mass shell? C onsider the differentia l w id th  fo r h —> W (* 'W ‘ —» fiF jfo ts:

where ///(„, is the mass o f the W  boson closer to its mass shell, and w * that o f the

Exam in ing the denom inator o f  the d ifferentia l w id th , it is clear that the w id th  is max­

im ized fo r ///(*) % /«w and w * ~  y/s — mz — niw • This effect can be seen clearly by 

p lo tting  the invariant masses fo r  the W 's produced by the Pythia M C  generator in Fig­

ure 2.6. Thus, at LEP fe rm iophob ic  Higgs decays should have one vector boson near 

its mass-shell and the other fa r o f f  it. This feature strongly in fluenced the design o f 

analyses intended to search out the Higgs in this channel.

[29]

16(47l)8/;j/,

^ ' ( 0 t V 0T)

ligh ter W. The angles and 0 -̂ are measured in the rest frame o f  the appropriate W

boson. The functions are defined as

!fi =  )///,(1 — cosG ^cosG j- ) + (mjt — — rti~) sin 0^*’ sin 0^

I 1 . f o r  leptons

fj )  =
3 Vj. ^  . fo r quarks
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>  0.3 Figure 2.6: Generated mass o f  W
bosons in h —> W W .
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Vs = 206 GeV W J| This p lo t shows the masses o f  the 

W bosons produced by the P Y T H IA  
Monte C a rlo  generator w ith  =  
105 G eV  and y/s =  206 GeV. The 
solid curve represents the more mas­
sive W  produced while the dashed 
curve w h ich  represents the ligh ter W. 
The heavier W  has an average mass o f 
71.7 G eV  w ith  a pronounced peak at 
80 GeV. w h ile  the lighter W has an av­
erage mass o f  22.6 GeV.
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The relative rates o f  the h —> yy channel and the h —> W W /Z Z  channels w ith in  a 

H iggs model depend on the details o f  the model. The partia l w id ths o f h —» W W  and 

h —> Z Z  are dominated by d irect coup ling terms which are s trong ly  constrained by the 

H iggs ’s role in generating the masses o f  the W  and Z  bosons. We may thus assume 

the rates o f h —> Z Z  and h —>■ W W  to be in  constant p roportion . Conversely, the h ->  yy 

decay is en tire ly  dependent on loops, w h ich  makes it m ore sensitive to the details o f 

the theory and thus more model-dependent. As a baseline o f  comparison, the LEP 

H iggs W orking  Group settled on a benchmark model w h ich  produces the branching 

ratios p lotted in Figure 2.7. A l l results use these branch ing ratios unless otherwise 

stated.

2.6 Indirect Measurements of the Higgs Mass

A lthough  the Higgs has not been observed, its presence can po ten tia lly  be deduced by a 

carefu l study o f  standard electroweak processes. The Standard M odel predicts higher-
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Figure 2.7: Branching fractions o f the benchm ark ferm iophobic model.

o rde r corrections to many processes which are sensitive to the masses o f the bosons 

and the heavier quarks. For example, the m a jo r process studied at LEP for the firs t five 

years was e ^ e -  —> / /  v ia the Z  resonance, inc lud ing  e+ e “  —» Z  —» bb. This process 

has s ign ifican t corrections from  top quarks, in c lud ing  the diagram in Figure 2.8a. The 

presence o f  the top quark in these loop diagrams a llow ed the LEP Electroweak W ork ­

ing  G roup to predict m, =  1 7 3 I [ ^ iq  GeV in  1994 [30 ]. The C D F and DO co llabora­

tions published the first d irect observation o f  the top quark in 1995 w ith  the mass values 

o f  m, =  176 ±  8(stat.) ±  10(syst.) GeV [31] and /», =  1 9 9 i^ (s ta t .)  ±  22(syst.) G eV 

[32 ] respectively. The agreement between the ind irect prediction and the observation 

is qu ite  remarkable.

The electroweak observables are sensitive to m, to order w 2 . but they are also sen­

s itive  to log/7/h- w h ich a llow s ind irect lim its  on to be set w ith  sufficient data. Th is  

dependency arises from  diagrams such as 2.8b, w h ich is essentially the v irtua l fo rm
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(a) Z  —> bb corrected by a top-conta in ing (b) Z  —> f  f  corrected by a Higgs loop, 
triangle.

Figure 2.8: Example corrections to basic LEP I electroweak diagrams from  top and 
H iggs loops.

o f  the H iggsstrahlung diagram. The success o f  the LEP electroweak fits encouraged 

the com bination o f  the orig ina l LE P  I results w ith  data from  Stanford Linear Detector 

(S LD ), W  mass measurements from  the Tevatron and LEP II, and even results from  

neutrino-nucleon scattering and atom ic parity  v io la tion  in  Cesium atoms. When the 

data from  a ll these sources are com bined, the electroweak fit establishes a favored re­

g ion fo r the Standard Model H iggs. W ith  enough independent data, the electroweak fit 

becomes a strong test o f  the in ternal consistency o f  the Standard Model.

The most recent results o f the electroweak fit fo r the H iggs mass are given in Figure 

2.9 [33]. F igure 2.9a shows the result o f  the Standard M odel fit fo r the Higgs com bin­

ing  all the observations. The fit favors a low  mass fo r the H iggs, around 85 or 95 GeV 

depending on the value o f A a j^ j chosen. The presence o f  the H iggs has been excluded 

by the d irect Standard Model search up to ~  113 GeV. The results o f the fit suggest 

that the H iggs m ight be w ith in  the reach o f the LEP experimental data.

Figure 2.9b gives the favored H iggs mass region fo r particu lar sets o f the input data
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Figure 2.9: Results o f  the most recent e lectroweak fit fo r the H iggs mass. 
Several o f  the results used in th is fit are p re lim ina ry  and the fit its e lf should also be 
considered p re lim ina ry  at th is tim e [33].
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to the fit. M any o f the inpu t parameters do not have su ffic ien t sensitiv ity to the H iggs 

mass to set useful lim its , and several o f  the sensitive parameters are not in agreement. 

The le ft-righ t asym metry measured at the SLD  and the W  mass measurement favor a 

low  Higgs mass (around 40 G eV ) while the forw ard-backw ard asymmetry measured 

at LEP and other measurements favor a much heavier H iggs mass above 200 GeV. 

The overall y 2 o f  the e lectroweak fit fa ir ly  poor at 29 fo r 15 degrees o f freedom. The 

electroweak fit indicates that a ll is not w e ll w ith  the Standard M odel and suggests 

that the problem  may be in  the Higgs sector. U nfortunate ly, the electroweak fit is 

su ffic ien tly  com plicated that no work has been done to determ ine i f  a Type I 2 H D M  

m igh t better fit the e lectroweak data. A  direct search is ce rta in ly  w orthw h ile  given the 

ind ications o f the electroweak data.
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Chapter 3

The Search Process for h —»■ V^V*

Algebra is a jo lly  game; we go searching fo r  x, only we don 7 know what it is... 

Hermann Einstein

P rio r to 1999, ne ither the Standard M odel nor the benchmark ferm iophobic model pre­

dicted any success in  a search fo r a Higgs decaying to massive boson pairs. The m axi­

m um energy achieved by the LEP accelerator was 189 GeV, im p ly ing  a Higgsstrahlung 

reach to 99 GeV, a mass too low  fo r a significant rate in most models. However, the sig­

n ifican t beam energy increases o f late 1999 and 2000 extended the search range above 

110 G eV : the po in t in the Standard M odel where B R (H  —> W *W ’ ) becomes larger 

than B R (H  —> ). and thus becomes the second-largest decay. A t such masses, the

decay to massive boson pairs also dominates the benchmark ferm iophobic model.

A ny Higgs decay to massive boson pairs w ith in  the reach o f the Higgsstrahlung 

process at LEP necessarily involved a v irtua l boson, w hich incurs a penalty in the rate. 

The W  is ligh te r than the Z. so it naturally dominates the branching fraction fo r the
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W W  ->

qqqq (47% ) qq lv (43% ) Iv lv (10% )

qq (70% ) qqqqqq (32.8% ) qqqqlv (30.2% ) q q lv lv (7.0% )
z  -»> vv (20% ) w q q q q (9.4% ) v v q q lv (8.7% ) v v lv lv (2.0%')

11 (10% ) iiqqqq (4.7% ) Uqqlv (4.4% ) ll lv lv (1.0% )

Table 3.1: Channels o f  the h —> W W  search and theoretical branching fractions. 
Branching fractions are calculated using the most recent results from the Particle Data 
Group [21],

LEP mass range. In fact, there is an additional exchange term  arising from  the d istin- 

gu ishablity o f W + and W -  versus Z  and Z , so the h —> W W  is expected to dom inate for 

all H iggs masses. A cco rd ing ly , we focused on h —>• W W , but supplemented the search 

w ith  h —» ZZ  where possible.

In the e+e -  —> Zh —> f fW ( * ,W ’' search, there are nine d iffe rent channels, defined 

by the decays o f the Z  and the tw o W  bosons. These nine channels are lis ted in Table 

3.1, along w ith  the ir theoretical branching fractions. We constructed channel names by 

first lis ting  the decay products o f the Z  boson and then lis ting  the four decay products 

from  the two W  bosons. For example, in the qqqq lv  channel, the Z  decays to qq. one 

W  decays to qq' and the other W  decays to lv.

The potential search significance o f a channel depends on both the expected back­

ground level after selection and the in trins ic  physical branching fraction o f the channel. 

To estimate the num ber o f  expected signal events, assume that all 217 p b ' 1 o f 2000 

data was taken at y/s — 206 G eV, where the e ^ e -  —> Zh cross-section fo r /«h= 110 GeV 

is 0.15 pb and the benchm ark branching ratio h —>• W W  is 86%. The total num ber o f 

events expected w ou ld  be 28 events in all channels, assuming 100% efficiency. A p p ly ­

ing the branching ratios yie lds an expectation o f less than one event in the v v lv lv  and 

l l lv lv  channels; these channels are like ly  to be un im portant fo r the search. On the other
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hand, a qqqqqq analysis w ou ld  provide - 9  events, w h ich  cou ld  be a significant num ber 

depending on the signal-background separation w h ich is possible in the analysis.

O f  the nine channels, we have analyzed six o f  them : qqqqqq. qqqqlv, vvqqqq. 

v v q q lv . llqqqq and q q lv lv .  The analyses o f  each channel fo llo w  the same pattern:

1. A  set o f preselection cuts removed the "o b v io u s " background events. These 

preselection cuts remove classes o f  events w h ich  appear in the data, but are not 

w e ll covered by M onte  Carlo. These include cosm ic muon events, beam-gas 

events, and some types o f tw o-photon events.

2. M ore d iff ic u lt backgrounds were removed at the fina l selection step using one or 

more neural ne tw orks. A ll the analyses used a com m on class o f neural network 

techniques described in Appendix A .2. These netw orks were trained to produce 

an output o f  zero fo r background events and one fo r  signal events.

3. Final d is tribu tions o f the selected signal, background, and data were produced, 

generally using a d iscrim inant com bination o f the neural networks and a recon­

structed H iggs mass as described in  Appendix A .3.

H ow  much background needed to be removed? F igure 3.1 is a plot o f cross-section 

measurements made at L3 o f d iffe rent Standard M ode l processes as a function o f 

center-of-mass energy. Near ^  =  91 G eV , the Z  pole is c le a rly  visible in the e ^ e -  —> 

qq(y) cross-section. A t 160 GeV, W  pa ir production crosses threshold, and Z  pair 

production turns on around 183 GeV. D ow n in the lo w e r r ig h t comer is the predicted 

cross-section fo r a niu = 1 1 0  GeV H iggs. Thus, we attem pted to detect a process w h ich  

is predicted to occur at a rate five orders o f  magnitude sm a lle r than the many Standard
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M odel background processes, so significant data analysis e ffo rts  were required to re­

move background and isolate any candidate signal events.

The rest o f  th is  chapter discusses the analyses o f  the various channels in detail. The 

results o f  the search are given in  Chapter 4.
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Figure 3 .1: Cross-sections fo r H iggs production and background processes. 
The data points are background cross-section measurements from  L3.
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3.1 The qqqqqq Channel

The most spectacular events in  the h —> W W  search are the qqqqqq events. In this 

channel, the Z and both W 's decay hadronically. so the physical signature is six jets 

w ith  many charged tracks and the fu ll co llis ion  energy spread around the detector. One 

pa ir o f  je ts should have the Z mass, and another should have an invariant mass near 

m w- The last tw o je ts  should be fa ir ly  low  mass and low  energy.

The m ajor backgrounds to this search are e+e “  —► W W  —» qqqq, e~e-  —> ZZ —» 

qqqq, and e ^ e "  —> qq(y) processes. These processes are backgrounds even though at 

firs t glance there should be on ly  tw o o r four je ts  in  the event. A ny o f the quarks in 

these events may radiate one o r more hard gluons, w h ich  w il l  hadronize in to  another 

je t. Th is  je t w il l  typ ica lly  have less energy and few er charged tracks than a prim ary 

quark je t. G luon je ts  may easily m im ic  the two weak je ts  expected from  the W * decay. 

The inner tracking volum e o f  the L3  detector is qu ite  sm all, so fluctuations in a single 

je t  can be hard to d istinguish from  tw o separate je ts . The goal o f  the analysis is to 

remove the events w ith  poo rly  reconstructed je ts  o r radiated gluons.

A t preselection.we required 0.85 <  <  1 .15 to e lim ina te  tw o  photon processes

and other low  energy background processes. We selected hadronic events by requiring 

at least 30 ca lo rim etric  clusters and 30 tracks, as w e ll as E b g o  >  70 G eV and E h c a l  >  

25 G eV. We reduced the contam ination from  e+e~ —> qq(y) by requ iring the event
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thrust to  be less than 0.9. The thrust variable measures the extent to w h ich  a ll the 

particles po in t along a single d irection, as w ou ld  be the case for qq(Y)- F ina lly , we 

forced the event to six je ts  using the Durham a lgorithm [34 ] and required each o f  the 

six resu lting  je ts  to contain at least one charged track. The Durham a lgo rithm  is a 

je t-b u ild in g  a lgorithm  which ite ra tive ly com bines the tw o calorim eter clusters w ith  

the sm allest Y( i . j )  =  2 E ,E j1 L“ s0|/ to produce proto-jets. As the num ber o f  pro to­

jets decreases, the Y value fo r com bin ing the rem ain ing proto-jets rises. We required 

events to have a m in im um  Y value fo r com bin ing  the six je ts to produce five using the 

requirem ent lo g I0y56 >  —4.1.

A fte r  preselection, we applied a constrained fit to the six jets requiring m om entum  

and energy balance. The details o f  the constrained fit a lgorithm  are available in  A p ­

pendix C  o f  [35]. Next, we chose the pa ir o f  je ts  w ith  invariant mass closest to /»z 

after the fit. Th is  pa ir was the H iggsstrahlung Z  candidate, and the four rem a in ing  jets 

became the H iggs candidate. O f the rem aining fo u r je ts, we made the pair w ith  in va ri­

ant mass closest to m \\ the W ( * ’ candidate. Fo r selection, we prepared three neural 

networks w ith  the structure o f  eleven inputs, tw en ty-five  hidden nodes, and one output 

node. The  eleven inputs are listed in Table 3.2, along w ith  descriptions o f the general 

event features w h ich each variable used. We trained the three networks using the same 

set o f  H iggs signal events but using a d iffe rent type o f  background: e ither W W . ZZ. 

o rq q . We cut independently on a ll three networks, requiring C\[ww > 0.3. :A/y y  >  0.3. 

and fYqq >  0.7. Table 3.3 gives the numbers o f signal and background events expected 

and data observed after preselection and selection. The final variable was a d is c rim i­

nant com b in ing  the three network outputs and the reconstructed Higgs mass from  the 

4C fit, as described in Appendix A .3.
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Variable Description Trend
F max

jet6 Energy o f  the most energetic je t 
from  the 6 je t fit.

S ignal events should have six rea­
sonably equal jets, wh ile  many back­
grounds have several high energy jets 
and several very low energy gluon 
jets.

pm in
jet6 Energy o f  the least energetic je t 

from  the 6 je t fit.

,m in
jeto M in im u m  number o f charge 

tracks in any o f the je ts from  the 
6 je t fit.

G luon je ts and other “ reconstruction'4 
je ts  w il l  have fewer charge tracks than 
signal jets.

om in
jet6 M in im u m  angle between any 

tw o  o f the six jets.
G luon-radiation jets w ill tend to have 
a re la tive ly small angle w ith  respect 
to other jets.

log  ̂ 45 Durham  Y  value where the fit 
changes from  four je ts to five 
je ts. True six je t events should have Iarser 

values o f the Durham cut values.logT56 Durham  Y  value where the fit 
changes from  five je ts to six 
je ts.

"teq Mass determined by a 5C fit as­
sum ing fou r jets and tw o  equal 
mass dijets.

W W  and ZZ background processes 
should have weq =  mw and meq =  
respectively.

X\vw X1 o f a 5C fit to e ^ e -  —> 
W W  —» qqqq

W W  background events should have 
a good x 2 for this fit, w h ile  signal 
events should not fit as well.

'”1 Mass o f the Z  candidate from  
the 4C fit.

For signal, this should be close to niz.

”'w Mass o f  the W  candidate from  
the 4C fit.

For signal, this should be close to mw-

a W '" W A ng le  between the decay planes 
o f  the W  candidate and W * can­
didate.

T h is  angle is like ly  to be sm aller fo r 
g luon je ts which fake the W ’ .

Table 3.2: Neural network variables fo r the qqqqqq selection networks.
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1999
Preselection Selection

2000
Preselection Selection

W W  background 451.1 119.3 823.3 228.4
Z Z  background 34.9 14.7 69.8 29.4

qq(y) background 184.4 18.9 304.5 35.1
Total M C  Background" 671.0 153.0 1199.1 293.0

Data 652 155 1234 288
Signal fo r wp, =  110 G eV 1.02 0.94 8.0 7.1

a Includes very sma I contributions from  Zee and evqq processes.

Table 3.3: Preselection and selection totals fo r the qqqqqq channel.

Besides production from  h —> W W . the six-je t signature can also be produced by 

the e+e “  —> Zh —> Z Z (* ’Z* —> qqqqqq process. In fact, the same analysis e ffic ien tly  

selects both channels, since the mass reconstruction is su ffic ien tly  broad to  accept 

e ither W  o r Z  d i-je t pairs. Therefore we included the h —> Z Z  signal in the analysis, 

wh ich e ffec tive ly  added 15% to the expected rate re la tive to using on ly  h —>• W W  for 

the s ix-je t channel.
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3.2 The qqqqlv Channel

In th is channel, the Z  decays hadronica lly. w h ile  one W decays hadron ica lly  and 

the other decays leptonicaily. The d iffe ren t lepton flavors naturally define three d if ­

ferent subchannels: qqqqev, q q q q lv , and qqqq rv . Further, the difference between 

leptons com ing from  the W (*> and from  the W * doubles the number o f subchannels. 

In one set o f  signatures, the W (i,) decays hadron ica lly  and the W * decays lep ton ica ily , 

w h ich  means the lepton energy is small and the neutrino energy is also sm all, so the 

m issing energy in the event should be sm all. In the other set. the W (*' decays to  Iv and 

the W * decays hadronically, leading to a high-energy lepton and a good deal o f  m iss­

ing  energy. Since the kinem atics o f the tw o  cases are quite d ifferent, we considered 

the qqqq lv  channel to have six subchannels. For brevity, we w ill refer to events where 

the lepton is produced from  the decay o f  the W 1* 1 as ( Iv )  events and events where the 

lepton comes from  the W * as ( lv )*  events.

The m ajor backgrounds to this channel d iffe r somewhat depending on subchan­

nel. The ( lv )  events have s ign ificant am ount o f  m issing energy, so eTe~ —» q q lv  is a 

m a jo r background, where gluon radiation generates the additional tw o jets. The qq/tv 

and qqxv background events are p rim a rily  produced from  W pairs, but qqev can be 

produced either from W  pairs o r from  a non-resonant exchange process producing an 

electron, a neutrino, and a real W  boson w h ich  may then decay to qq'. T h is  second
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M C  Type (ev) (ev)* (/*v) (MV)* (TV) (TV )* Total

qqqq(ev) 45.9 4.5 0.9 1.3 8.6 4.0 65.2
qqqq(ev)* 2.9 42.5 1.1 1.8 1.1 4.8 54.2

qqqq(Mv) 0.2 0.8 40.7 5.7 12.7 2 2 62.3
qqqq (/xv)* 0.2 1.0 6.1 42.8 2.9 6.5 59.5
qq q q (rv ) 3.7 7.9 4.5 7.6 29.6 5.4 58.7
qqqq(xv)* 0.6 5.8 3.5 6.9 7.9 18.5 43.2

Table 3.4: Identifica tion m atrix  fo r qqqqlv.
Each row shows the percentages o f  signal events generated in a specific subchannel 
w h ich  are identified  in each subchannel. Since there is a fin ite effic iency fo r lepton 
iden tifica tion , not a ll events can be identified since some have no identified lepton.

process is known as “ s ing le-W ” . We used a fou r-fe rm ion  generator named E X C A L- 

IB U R  [13] that includes both the resonant and non-resonant diagrams to produce qqev 

events and used the K O R A LW  [12] generator fo r a ll o ther W W  decays.

In the ( lv )*  case, the lepton and neutrino energies are small, so the m ajor back­

grounds are actually the same four-je t and qq(y) backgrounds as in the s ix -je t case. 

The leptons arise from  the sem ileptonic decay o f quarks in je ts and from  the misiden- 

tifica tion  o f  low  m u ltip lic ity  je ts as taus.

We classified each event in to  a subchannel using the most energetic iden tified  lep­

ton in  the event. For the qqqqev and qqqq/tv channels, we separated the tw o  subchan­

nels using the variable as in Figures 3.2a and 3.2b. In the qqqqrv channels, thet-MS W

in it ia l lepton energy was d iff ic u lt to reconstruct, so the subchannels were separated 

using the v is ib le  energy, although somewhat less e ffic ie n tly  as seen in F igure 3.2c. An 

event was on ly  considered fo r identifica tion  as a q q q q rv  event i f  it was not identified 

as qqqqev o r qqqq/tv. We used M onte Carlo to determ ine the identifica tion efficiency 

m atrix  given in Table 3.4. To pass preselection, an event must have been iden tified  into 

one and on ly  one subchannel.
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Fisure 3.2: Variables used to define subchannels in the qqqqlv channel.

The tw o qqqqev and qqqq/xv subchannels are sp lit at =  0.16. w h ile  the tau sub­
channel separation point is Evis =  0.8.
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The candidate lepton also had to pass certa in  "q u a lity " requirements. The purpose 

o f these qua lity  requirements was to remove leptons produced by sem ilep ton ic decay 

o f  quarks in jets. To im prove the smoothness o f  the systematic erro r ca lcu la tion , we d id 

not app ly hard cuts on the lepton qua lity  variables. Instead, we fit a s ig m o id  function 

by hand fo r each variable, as shown in F igure 3.3. The parameters were chosen so 

that fi(x :c i.b .c ) is near one fo r good signal leptons and drops to zero fo r  more poorly  

reconstructed leptons. We m u ltip lie d  the results fo r the d iffe rent variables and placed 

a cut at 0.1 on the product.

Besides the subchannel iden tifica tion  and qua lity  requirements, we app lied add i­

tiona l preselection cuts to remove other obv ious backgrounds. To preselect hadronic 

events, we required 30 ca lo rim etric  clusters, 20 charged tracks, 40 G eV  o f  energy in 

the BG O , and 10 G eV o f energy in the H C A L . To select against s ing le -W  and qq(y) 

backgrounds, we required the event thrust to  be less than 0.9. the frac tion  o f  v is ib le  

energy in a 30° cone around the beampipe to  be less than 60%, and fcosOmissing! <  0.92. 

We also required the event to contain no photons o f greater than 20 GeV. A no the r ma­

jo r  source o f  background fo r this channel is e+ e~ —> W W  —> qq lv , so w e fit the event 

to tw o  je ts  after excluding the lepton id en tified  above and required that the d ije t mass 

be greater than 90 GeV.

A fte r  preselection, the m a jo r rem aining background was e+e~ —> W W , particu­

la rly  W W  —> qqqq events where one o f the quarks decays sem ilepton ica lly . For each 

subchannel, we prepared one network w ith  the ten input variables lis ted in  Table 3.5. 

tw en ty hidden nodes, and one output node to remove the W W  and evqq backgrounds. 

For the electron and muon subchannels, we cut on the network output at 0.5. w h ile  

we cut the tau subchannels at 0.3. The numbers o f events expected and observed in
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Figure 3.3: S igm oid  function used fo r qu a lity  calculations and an example qua lity  
variable.
The s igm oid  is parameterized as f{x :c i.b .c ) =  ----- 1777̂ 7 - The parameter a sets the

I +  c
po in t at w h ich  /  =  5 , b sets the w id th  o f  the transition from  0 to 1. and c =  ±1  
determines whether the /  —> 0 o r j ' 1 as .v —> °°.
(a) S igm oid function  fo r several choices o f  ci. b, and c.
(b) Exam ple qu a lity  variable from  the qqqqev subchannels. Good isolated electrons 
should have sm all numbers o f  ca lorim eter clusters around them, w h ile  electrons from  
sem ileptonic decays w ill be close to je ts  and the ir ca lorim eter clusters.
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Variable Description Trend
1

% W X2 o f  a 5C fit to e~e“  —► 
W W  —> qqqq

W W  background events should have 
a good x 2 this fit, w h ile  signal 
events should not fit as w e ll.

p max
^ j - i l

Energy o f  the most energetic je t 
from  a f it  to four je ts, having re­
m oved the candidate lepton.

( lv ) '  signal events should have four 
reasonably equal je ts, w h ile  many 
backgrounds have several h igh energy 
jets and several very low  energy gluon 
jets. ( Iv )1’ 1 signal events w il l  look 
more like  background events.

gm in^ Energy o f the least energetic je t 
from  a f it  to fou r je ts, having re­
m oved the candidate lepton.

85 ™ i
M in im u m  angle between any 
tw o  o f  the fou r jets.

G luon jets tend to be em itted at small 
angles relative to the em itting  quark
jet-

mz Mass o f  the d ije t pair after the 
4C  fit w ith  mass closest to mz-

For signal events, this should be close 
to mz-

J/* Mass o f  the lepton-neutrino 
system after the 4C fit.

For ( lv ) * ,  this should be sm all, w h ile  
fo r ( lv ) ' * 1 it should be close to mw-

mQ Mass o f  the other two je ts after 
the 4C fit.

For ( lv ) * ,  this should be close to m\v. 
w h ile  fo r ( lv ) ( * * it should be small.

p £ M om entum  o f the lepton- 
neutrino system after the 4C 
fit.

For signal events, the m omentum  o f 
the decay pairs should be sm all and 
equal.PQ

M om entum  o f the two je t sys­
tem a fte r the 4C fit.

log >34 Durham  Y  value where the fit 
changes from  three je ts to four.

Events w ith gluon je ts w i l l  tend to 
have smaller Y  values.

Table 3.5: Neural network variables fo r the qqqqlv selection networks.
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this channel are listed in Table 3.6, broken down by subchannel. We produced final 

d iscrim inant d is tribu tions using the output o f  the neural network and the reconstructed 

mass separately fo r each subchannel.
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Table 3.6: Preselection and selection fo r the qqqqlv analysis.
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3.3 The vvqqqq Channel

In this channel, the Z  decays to neutrinos and the W ’s decay hadronically. so all 

the v is ib le  energy in the event comes from  the H iggs. The signature is two m edium - 

energy je ts w ith  the invariant mass o f the W. tw o low -energy je ts w ith  a much sm aller 

invariant mass, and a m issing mass o f the Z. The to ta l energy in the event should be 

tw ice the beam energy and the vector sum o f  a ll m om enta in the event should be zero. 

Thus the m issing mass is

^ m i s s i n g  =  \J (  \/s  j s  )  P \ i <  ■

In this case, the tw o  neutrinos produced by the Z  shou ld  have an invariant mass o f  mz- 

The most im portan t background to this channel was the e+e “  -» W W  process, 

pa rticu la rly  the case where W W  —> qq 'xv. A  tau decays hadron ica lly  65% o f the tim e, 

leaving an event w ith  tw o  high energy je ts from  the qq ' and one low  energy je t from  

the tau. The tau decay also involves a neutrino w h ich  contribu ted to the missing mass. 

G luon radiation o r je t reconstruction can easily account fo r a fourth low energy je t.

A nother very im portant background was the e+e~ —>• qq(YY) process, where the 

both the electron and positron em it a photon before ann ih ila ting , o r one emits tw o  

photons. A fte r  e m itting  the photons, the electron and positron interact at sm aller ef-
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fective center-of-mass energy (y/s'). This “ doub le -rad ia tive" process has a sharp peak 

fo r y/s — m z • where the emission o f the photons e ffec tive ly  returns the process to the 

huge Z  resonance at 91 G eV visible in Figure 3.1. We reduced this background by 

requ iring  the event thrust to be less than 0.9, the fraction o f  vis ib le energy in a 30 ' 

cone around the beampipe to be less than 609K and |cos0missing| <  0.96.
C

We preselected events w ith  substantial m issing energy by requiring 0.4 <  - ^  <  0.7 

and chose hadronic events by requiring 20 ca lo rim ete r clusters and 10 charged tracks 

in the event. We also required at least 30 G eV o f  energy in the BGO and 10 GeV in 

the H C A L . To select against radiative events, we required no identified photon w ith  

more than 10 G eV  o f  energy, less than 10 G eV o f  energy deposited in either the A L R  

o r lum inos ity  m o n ito r1, and that the m issing m om entum  vector not be pointing toward 

the E G A R  We forced the event to four je ts  using the Durham  algorithm  and required 

at least one charged track in each je t and a m in im um  je t energy o f 6 GeV to select 

against low  energy je ts  from  gluons or poor je t reconstruction.

A fte r preselection, we prepared three networks w ith  the eight inputs described in 

Table 3.7, twenty hidden nodes, and one output node. One network was trained to 

reject W W  and evqq backgrounds, a second to reject Z Z , and a th ird  to remove qq(y). 

We used on ly  the h —>■ W W  signal for tra in ing, not the h —> ZZ . A t the selection stage, 

we required JA£ww >  0.4, iA/77 >  0.4, and 9 ^ ^  >  0.6. The numbers o f predicted and 

observed events after preselection and selection are g iven in Table 3.8.

As in the qqqqqq channel, we can add hZ —> Z (**Z *Z  —> vvqqqq events to our base 

h —> W W  signal. O f course, any o f the three Z  bosons can be the one which decays

'These detectors are very close to the beampipe and can intercept low-angle photons from the radia­
tive processes. ALR stands for Active Lead Ring, which is a low-resolution. small angle detector in the 
forward region o f L3.
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Variable Description Trend
F max "

■*j
Energy o f  the m ost energetic je t 
from  a fit to fo u r je ts.

Signal events tend to have tw o 
m edium -energy and two low-energy 
je ts, w h ile  backgrounds w il l  tend to 
have h ig h e r E max values and low er 
gm in  va|ues

Em in Energy o f  the least energetic je t 
from  a fit to fo u r je ts.

om in
■*j

M in im u m  angle between any 
tw o o f  the fou r je ts.

G luon je ts  tend to be em itted at sm all 
angles re la tive  to the em itting quark
je t.

a w Mw Angle  between the decay planes 
o f  the W  candidate and W ’  can­
didate.

This angle is lik e ly  to be sm aller fo r 
gluon je ts  w h ich  fake the W *.

'”w Mass o f  the d ije t w ith  invarient 
mass closest to m wafter the 5C 
fit.

For signal events, this mass should be 
close to  /»w-

mrecoi 1 Recoil mass o f  the event. For s ignal events, the recoil mass 
should be niz- Background events 
w ill tend to  have sm aller recoil mass.

log K23 Durham  Y  value where the fit 
changes from  tw o  je ts  to three. Events w ith  g luon je ts w ill tend to 

have sm a lle r Y  values.log T34 Durham  Y  value where the fit 
changes from  three jets to four.

Table 3.7: Neural ne tw o rk  variables fo r the vvq q q q  selection networks.

199
Preselection

9
Selection

200
Preselection

0
Selection

W W  background 94.1 10.2 169.1 21.3
Z Z  background 8.0 1.9 17.3 3.0
qq background 32.3 2.6 43.6 4.3

evqq background 26.1 1.3 47.5 3.1
Total M C 161.1 16.0 278.6 31.9

Data 147 13 304 28
Signal fo r =  105 G eV 1.04 0.84 2.93 2.52

Table 3.8: Preselection and selection totals fo r  the vvqqqq channel.
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to the neutrino pair, not on ly  the H iggsstrahlung Z . Fortunately, the kinematics o f  the 

event m in im ize  the erro r on the Higgs mass generated by taking Z 1* 1 —> v v  instead o f  

the H iggsstrahlung Z  —> v v . The selection accepted events where either the radiated 

H iggsstrahlung Z  o r the Z (,) from the Higgs decayed to neutrinos, but the m issing 

energy in the Z ” —> v v  case was too small. The accepted signatures made up 20% 

o f  the to ta l hZ —> Z Z Z  branching fraction, and in c lud ing  them increased the expected 

channel signal rate by 15%.
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3.4 The vvqqlv Channel

In the vvq q lv  channel, the Z  decays to neutrinos, w h ile  one W  decays leptonica ily 

and the other in to  quarks. In this channel, there are not enough constraints to recon­

struct the H iggs mass directly, so the channel is m ostly a counting experiment. As in 

the qqqq lv  channel, the signal divides in to s ix  subchannels as a function o f the lepton 

flavor and source ( W ( or W *). We used the same variables to separate the tw o  chan­

nels and s im ila r lepton quality requirements as in the qqqq lv  analysis. We required a 

m in im um  qua lity  value as the basic level o f  preselection.

The v is ib le  energy in this channel is qu ite  small compared to the other channels, 

since there are at least three energetic neutrinos in the event. The low visible energy 

means that two-photon processes become im portant sources o f  background and several 

cuts are applied to elim inate them. A  particu la rly  useful variable fo r reducing the two- 

photon andqq(y) backgrounds was s in T  =  | ( j \  x  jz )  - j .  where j \  and jz  are the unit 

vectors along the directions o f the je ts determ ined from  fittin g  the event in to a two- 

je t topology. Th is variable preferentia lly selects events in which the jets are at right 

angles to each other and to the beampipe. M any background events have back-to-back 

je ts  o r je ts w ith  small angles relative to the beampipe. We required events to have 

s in T  >  0.07.
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Q uantity vvqq(ev) vvqq (/tv ) v v q q (rv )

BGO Energy/y/s 0.14 < x < 0 .4 0.02 <  x < 0.22 0.02 < x  < 0 .3
C alorim eter clusters 10 < x < 80 10 < x < 75 10 <  x < 80
Charge tracks 4 < x < 23 3 < x < 25 5 < x < 25
Recoil mass > 95 GeV > 80 G eV > 115 GeV

vv q q (e v ) ‘ w q q (p v ) ' v v q q (rv )*

BGO Energy/y /s 0.1 <  x < 0.42 0.05 < x < 0.35 0.05 <  x < 0.4
Calorim eter clusters 15 < x < 8 0 10 < x < 80 15 <  x < 85
Charge tracks 6 <  x < 33 5 < x <  35 5 < x < 33
Recoil mass > 80 GeV > 80 G eV >  75 GeV

Table 3.9: Subchannel-specific preselection cuts fo r vvqq lv .

For preselection, we also required |cos©missinsz I <  0-9, the fraction o f  vis ib le  energy 

in a 30° cone around the beampipe to be less than 40% , and that there be less than 

7 G eV  o f energy in the A L R . We also set cuts on the BG O  energy, recoil mass, and 

numbers o f clusters and tracks on a subchannel-basis as given in Table 3.9.

The most im portant background was e+ e~ —» W W  —»qq lv . particu la rly  the W W  —> 

qqxv channel. We reconstructed an average W  pa ir mass to help reject this background. 

F irst, we scaled the energies and masses o f the two je ts  by a com mon factor un til the 

sum o f  the ir energies was as would be the case in a real W W  event. Then, we 

constructed a “ neutrino”  to balance the event. We calculated mr̂ an as the average 

o f  the invariant mass o f  the “ neutrino”  - lepton system and the scaled d i-je t invariant 

mass. We used this variable along w ith  several others listed in Table 3.10 to prepare 

one 8 x  20 x  I neural netw ork fo r each subchannel.

For final selection, we placed cuts on around 0.35, depending on the subchannel. 

The numbers o f events predicted and observed after selection and preselection are 

listed in Table 3.11. There were insufficient constraints to fu lly  reconstruct the Higgs
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Variable Description Trend

v's Energy o f  the candidate 
lepton norm alized to y/s.

Lepton energy fo r the (lv)*channe l w i l l  be 
sm all, w h ile  in the ( lv )1* 1 channel it  w ill 
be larger.

v-v Jet energy sum scaled by 
the center-of-mass energy.

The je t energy is complementary to the 
lepton energy - larger for (lv )*a n d  sm aller 
fo r ( lv ) 1* 1.

a A ngle  between the plane 
conta in ing  the two je ts and 
the lepton.

Leptons from  quark decay backgrounds 
w i l l  tend to lie  in the plane o f the je ts.

pm in
ej i M in im u m  angle between 

either je t  and the candidate 
lepton.

Leptons from  quark decay w ill tend to be 
close in angle to a je t.

0 lm Angle  between the lep­
ton and m issing momen­
tum  vector.

For sem i-Ieptonic W W  events, the d irec­
tion angle between the lepton and m issing 
mom entum  should coorespond to  the W  
mass. For other backgrounds, th is angle 
should have no particular value. For sig­
nal, we expect some coorelation between 
the lepton and m issing energy.

„,rccon
" ‘w Average mass for the 

W W  —> qq lv  reconstruc­
tion.

Th is mass should be close to m w fo r 
sem ileptonic W W  background events.

^missing Recoil mass against the 
v is ib le  part o f  the event.

For signal events, the recoil mass should 
be niZy but energy losses from  the th ird  
neutrino and in the jets mean that the ob­
served m issing mass w ill be >  niz- Back­
ground events w ill tend to have a sm aller 
recoil mass.

/,.jj D ije t mass. For ( lv ) ' * 1 signal events, this w i l l  peak 
around 25 GeV. depending on tn^. Th is 
variable is not used fo r ( Iv ) ‘ networks.

Table 3.10: Neural network variables fo r the v v q q lv  selection networks.
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199
vvqq

Preselection

9
(ev) +  vvqc 
Selection

200
( g v ) + v v q q ( r  
Preselection

0

v)
Selection

W W  background 1.9 0.3 3.8 0.7
Z Z  background 0.5 <0.1 0.7 0.0
qq background 0.1 <0.1 0.3 0.0
evqq background 1.2 0.2 2.7 0.5
Total M C 3.7 0.5 7.6 1.2
Data 6 0 15 2

Signal for/M}, =  105 GeV 0.29 0.24 0.67 0.60

v v q q (e v ) ’ + v v q q (g v ) ‘
W W  background 11.2 1.2 23.2 2.7
Z Z  background 1.4 0.1 2.2 0.4
qq background 0.4 <0.1 0.5 <0.1
evqq background 1.6 0.2 3.8 0.7
Tota l M C 14.6 1.5 29.8 3.8
Data 15 1 24 6

Signal forni^ = 105 GeV 0.19 0.17 0.43 0.40

Table 3.11: Preselection and selection tota ls fo r the vvqq lv  channel.

mass, so we used the vis ib le  mass as the final variable, as it was quite  correlated w ith  

the H iggs mass.
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3.5 The llqqqq Channel

In th is channel, the Z decays to a pa ir o f  electrons o r muons, w h ile  the W 's decay 

hadronically. The decay o f the Z  to taus was not considered in the analysis. The BG O  

and muon chambers g ive very good resolution on the leptons from  the Z decay, so the Z  

was very w e ll reconstructed and the H iggs mass cou ld  be determined from the recoil. 

The on ly  d iff ic u lty  w ith  th is channel was its sm all branching ratio, which im p lied  a 

sm all num ber o f expected signal events. The event signature is tw o energetic leptons 

w ith  the invariant mass o f the Z. two energetic je ts  w ith  about mw, and tw o sm aller 

jets.

The requirement that the two leptons have an invariant mass close to niz removed 

almost a ll background events which d id not conta in legitim ate Z  bosons. A t least one 

o f  the leptons in the rejected events generally came from  sem ileptonic quark decay in a 

je t. The most im portant remaining background was Z  pa ir production, but good reco il 

mass resolution allowed the suppression o f th is  background except fo r /»h ~  /»z-

The first phase o f the analysis was iden tifica tion  o f the tw o leptons considered to 

be the decay products o f the Z. The analysis calculated qua lity  values for each pa ir o f 

identified  leptons, considering both the single lepton factors, such as m in im um  angle 

to a je t, as w e ll as d i-lepton factors such as \niz — n>nI- Pairs such as ijlc which w ou ld  

not arise from  Z  decay were not considered. The pa ir w ith  the best qua lity factor was
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chosen as the candidate pair. Th is  assignment put each event in to  e ithe r the eeqqqq or 

fifiqqqq subchannel o r rejected it.

A fte r the identifica tion , several preselection cuts were applied to  select events 

consistent w ith  s lig h tly  more than tw o  je ts, w h ile  rem oving as much o f  the four-je t 

background as possible. We required at least 30 calorim eter clusters and between 

10 and 40 charged tracks in the event. We required 5 GeV <  E h c a l  <  65 G eV, and 

0.4 <  ^ p  <  0.9 fo r eeqqqq events and 0.1 <  ^ p  <  0.5 fo r fifiqqqq2. Since there
p

were no neutrinos in o u r event signature, we required 0.8 <  <  1.2 fo r eeqqqq

events and 0.7 <  ^  <  1.2 fo r fifiqqqq events.

A fte r  preselection, we applied a 4C fit requ iring energy and m om entum  conserva­

tion  and then applied a few  selection cuts. We required the y 2 o f  the 4C  fit to be less 

than 3 fo r eeqqqq and less than 4.5 fo r fifiqqqq and that the reconstructed Z  mass was 

between 60 GeV and 110 GeV. We also forced the event to a fou r-je t +  tw o  lepton 

topo logy and required the l o g l ^  determ ined from  the fit be larger than -7.5. These 

cuts removed the rem ain ing "obv ious”  backgrounds, and then we tra ined three neural 

networks to remove the rem ain ing background: one fo r the eeqqqq subchannel and 

tw o fo r fifiqqqq. The eeqqqq neural netw ork and one o f the ji/aqqqq networks were 

trained against the Z Z  and Zee backgrounds. The second fifiqqqq ne tw ork was trained 

against W W  and evqq backgrounds. The six variables used in these 6 x  25 x  1 neural 

networks are listed in Table 3.12. We required that selected events have W 77 >  0.25 

and !^ w w  >  0 .2 (fo r fifiqqqq). The num ber o f  background and signal events expected
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Variable Description Trend
ptnax

—1
Energy o f  the most energetic je t 
from  a fit to fo u r jets.

Signal events tend to have two 
m edium -energy and two low-energy 
je ts, w h ile  backgrounds w il l  tend to 
have h igher E max values and lower 
Em in values.

c m in
4 j-2 l Energy o f  the least energetic je t 

from  a f it  to fo u r jets.

gm in
j j

M in im u m  angle between any 
tw o o f  the fo u r je ts.

G luon je ts  tend to be em itted at small 
angles re la tive  to the em itting  quark 
je t.

om in
ej i M in im u m  angle between any 

je t and any lepton.
Backgrounds where the lepton is pro­
duced from  quark decay w il l  tend to 
have sm aller values o f B jj1111 than sig­

nal events.

"Ml D i-lep ton  invarient mass o f the 
event.

For signal events, the d ilep ton mass 
should be m z ■ Background events 
where the leptons are not from  a Z  
w il l  tend to have a sm aller d ilep ton  
mass.

io g r 34 Durham  Y value where the fit 
changes from  three jets to four.

Events w ith  g luon jets w ill tend to 
have sm aller Y  values.

Table 3.12: Neural network variables for the Ilqqqq selection networks.
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1999
Preselection | Selection

2000
Preselection | Selection

eeqqqq

Z Z  background 2.2 0.7 4.6 1.6
Zee background 0.6 0.1 1.1 0.5

evqq background 0 0 0.1 0
Total M C 2.8 l . l 5.8 2.1

Data 1 0 3 2
Signal fo r/H ^ =  105 G eV 0.11 0.10 0.31 0.29

fj-m qqq
Z Z  background 2.4 0.9 4.5 1.9

W W  background 3.4 0.8 6.1 l . l
qq background 0.5 0 0.7 0.1

Total M C 6.3 1.7 11.3 3.1
Data 5 2 12 4

Signal fo r - 105 G eV 0.12 0.10 0.29 0.27

Table 3.13: Preselection and selection totals fo r the Ilqqqq channel.

and data events observed after preselection and selection are given in Table 3.13.

The Ilqqqq channel was also able to  benefit from  a matching signature in h —» ZZ . 

However, signal M onte Carlo was not available fo r this process. Since the efficiency 

and shape fo r the h —> Z Z  in both the vvqqqq and qqqqqq channels matched the h ->• 

W W . we s im ply increased the cross-section fo r this channel by the appropriate factor 

to account fo r the case where H iggsstrahlung Z  decayed Ieptonically. W ithout signal 

M onte Carlo, we cannot properly adjust fo r the case where one o f the Higgs decay Z  

bosons decays Ieptonically.

■The cut is set much higher for eeqqqq events since the whole energy of the electron pair should go 
into the BGO. while only a small fraction o f the muon pair's energy will be deposited there.
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3.6 The qqlvlv Channel

In the q q lv lv  channel, the Z  decays hadronica lly w h ile  both W  bosons decay to 

lepton-neutrino pairs. The analysis was lepton-flavor b lind , except fo r lepton qua lity  

cuts w hich were flavor-specific. We required tw o iden tified  leptons. one w ith  more 

than 12 G eV  o f  energy and the second w ith  energy greater than 10 GeV. We accepted 

electrons, muons, o r taus, but did not accept m in im u m -io n iz in g  particle (M IP ) cand i­

dates as muons o r taus.

A t the preselection level, we required 0.5 <  <  0.85, since the neutrinos should

not carry away more than approxim ately 40% o f the center-of-mass energy. To select 

events w ith  hadronic content, we required 25 ca lo rim etric  clusters. 8 tracks, at least 30 

G eV o f  energy in the BGO. and at least 8 G eV in the H C A L . To remove two-photon 

and qq(y) backgrounds, we required |c o s 0 mj.SSmg| <  0.92, an event thrust o f  less than 

0.93. less than 40%  o f the total visible energy w ith in  30° o f the beampipe. and there 

be no photon in  the event w ith  more than 20 GeV o f  energy. To remove unmodeled or 

poorly  modeled backgrounds, we required less than 10 G eV  in the A L R  or lum inos ity  

m onitor.

A fte r preselection, the dominant backgrounds were W  pa ir production and e ~ e _ —> 

evqq processes. To remove these backgrounds, we constructed an 8 x 16 x 1 neural
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Variable Description Trend

*T*2j — 2l Invarien t mass o f the two jets 
a fte r the fit rem oving the iden­
t if ie d  leptons.

F o r signal events, this should be close 
to  mz- w h ile  fo r W W  background it  
w i l l  less than mvv-

gmin^ M in im u m  angle between the 
m ore energetic lepton and e i­
ther o f  the tw o jets. Leptons from  quark decay in je ts tend 

to  be em itted at small angles relative 
to  the em itting  je t.

0 ™ "
JJ-1

M in im u m  angle between the 
less energetic lepton and either 
o f  the tw o  je ts.

m?.ca,e
JJ

D ije t mass from  the fit to two 
je ts  and one lepton after scal­
ing  the energies and masses o f 
the je ts  by a common factor un­
t i l  £ E j  =

F o r W W  background events, the d i­
je t  mass should be m \\. w h ile  it 
shou ld  be considerably larger fo r s ig ­
nal events.

,„scale
Iv Invarien t mass o f the lepton- 

m issing momentum system af­
ter scaling the jets.

F o r W W  background events, this 
mass should also be m\\j.

6 II Lepton-lepton angle. F o r signal events, both leptons should 
be in  the same hemisphere, w h ile  
background leptons tend to be at 
h ighe r angles.

I02— R atio o f the Durham Y  value 
where the fit changes from  two 
je ts  to three to the Y  value fo r 
three to four.

A  signal event w ill appear e ither 
th ree -je t-like  or four-je t-like depend­
in g  on the direction and energy o f  
the second lepton, while many back­
g round events w ill be two-jet o r four- 
je t.

Table 3.14: Neural network variables fo r  the q q lv lv  selection networks.
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1999
Preselection | Selection

2000
Preselection | Selection

q q lv lv  w ith o u t taus

W W  background 4.26 0.22 6.40 0.32
evqq background 3.11 0.12 4.53 0.09
Z Z  background 0.56 0.19 1.06 0.36
qq background 0.58 0 0.55 0.02

Total M C 8.62 0.55 12.74 0.86
Data 7 0 16 2

Signal fo r =  105 G eV 0.15 0.09 0.58 0.36

q q lv lv  w ith  taus
W W  background 23.6 5.6 33.7 7.5
evqq background 8.6 2.3 12.2 2.3

qq background 2.7 0.6 4.0 0.9
Z Z  background 2.5 1.3 3.9 2.2

Total M C 37.6 10.0 54.1 13.1
Data 34 9 62 19

Signal fo r  =  105 G eV 0.22 0.15 0.41 0.28

Table 3.15: Preselection and selection totals fo r the q q lv lv  channel.

netw ork using the variables listed in Table 3.14. We required 9s(_ >  0.5 fo r selection. 

The numbers o f  expected background and signal and observed data after preselection 

and selection are given in Table 3.15.

A fte r  selection, we separated the events in to  tw o  groups: events where neither lep­

ton was iden tified  as a tau and events where at least o f  one o f  the leptons was iden tified  

as a tau. The am ount o f  background in the second group was much larger than in  the 

first. We created d iscrim inan t final variables fo r these tw o  subchannels separately, us­

ing the reconstructed H iggs mass and the netw ork output. We reconstructed the H iggs 

mass by scaling the je t masses and energies by a com m on factor until nijj =  ;«z, and 

then ca lcu la ting  the recoil mass o f f  the d i-je t.

67

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Chapter 4

Results of the Search

Attempt the end, and never stand to doubt;

Nothing's so hard blit search will find  it out.

Robert H e rrick

4.1 Search in the Two Photon Channel

A ll four LEP collaborations have perform ed searches fo r a Higgs decaying to two 

photons using the H iggsstrahlung production mode. The details o f  each experiment's 

analysis are given in jo u rn a l articles[36, 37, 38, 39, 40 ], but the general strategies w ill 

be outlined here.

The decays o f the Z  define three search channels: hZ —> YYqq* hZ —> Y Y ^ . ar,d 

hZ —»■ y y l+ r .  F ° r all the channels, the m ajor background is double-radiative Z  pro­

duction as described in  Section 3.3. The process tends to produce on-shell, boosted Z  

bosons and one o r more high energy photons that m im ic  the signal. For the signal, the
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Experim ent
Energy
Range Candidates

Expected
Bkgd

Benchmark 
L im it  (GeV)

Expected 
L im it  (G eV )

A LE P H 192-209 10 10.8 104.4 104.6
D E LP H I 189-209 47 42.2 103.6 105.1

L3 189-209 64 69.5 104.1 104.9
O PAL 88-209 184 185.7 104.8 105.2

LEP 305 308.5 106.5 109.6

Table 4.1: Results o f  the h —> yy search.

d i-photon spectrum peaks at the H iggs mass, w h ile  the background spectrum  is fa ir ly  

flat over a w ide range o f  invariant masses.

In general, photons are experim entally id en tified  as isolated clusters in the elec­

trom agnetic calorim eters w ith  no m atching track to indicate an electron. A dd itiona l 

selection crite ria  are also used to reject merged 7to ’s and other possible sources o f 

fakes.

D E LP H I. L3 , and O P A L have developed analyses fo r each o f the three search chan­

nels separately, using s im ila r cut-based approaches to reduce the background. In con­

trast. the A L E P H  experim ent performs a “ g loba l”  analysis, focusing on the d i-photon 

system and com bin ing  all the Z decay channels together. The results fro m  these selec­

tions are presented in Table 4.1. Each experim ental group provides data, background, 

and predicted signal d istributions o f  the reconstructed H iggs mass to the LEP Higgs 

W ork ing  Group (L H W G ). These d istribu tions, added together, are p lo tted in Figure 4.1 

fo r a mass hypothesis o f  =  100 G eV. The results can also be s ta tis tica lly  com bined 

to produce lim its  o r indicate the presence o f signal.

69

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Photonic Higgs Search 
Preliminary 

305 obs /  308.2 expected •  A D LO  data 

SM  Background 

3  m=lOO (JcV signal

10
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I10
20 80 100

\ l  (GeV)
1206040

Figure 4.1: Mass d istribu tion  o f  selected events in the LEP combined h —> yy search.

4.2 Hypothesis Testing and Limit Setting

In January o f  2000. ju s t before the last year o f  LEP, CERN hosted a workshop to 

discuss the best way to derive confidence level lim its  and combine the results from  

d iffe ren t experiments and search channels [41 ]. In the Standard M odel search, there 

are fou r physical channels and at least nine center o f  mass energies. Thus, there are 

36 independent channels to com bine from  each o f the four experiments. To obtain the 

m axim um  search power from  the analyses, the goal is to consider the shape o f  the final 

variables, rather than ju s t execute a g lobal coun ting  experiment. The so lu tion is to 

consider each bin o f each final variable as a separate counting experiment in the form
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o f  a Iog -iike lihood  ratio:

where i; ,  b,. and n,- are the number o f expected signal events, expected background 

events, and observed events in the ith bin, respectively. The ratio compares the data 

to the hypotheses o f background only and signal+background. We can combine bins, 

center-of-mass energies, and channels s im p ly  by adding the log -like lihood  ratio values 

fo r each bin. The specific form  o f  the statistical estimator chosen by the LH W G  is

-21n(2 =  2 ^ , - 2 S « / * n ( l  + ^ )  -

A  positive value o f  —2 In Q indicates the observed data agrees better w ith  the background- 

on ly  hypothesis, w h ile  a negative value favors the signal plus background hypothesis. 

The expected values o f —2 In Q in the presence and absence o f signal can be obtained 

by replacing /j, w ith  .v, + bi and bt respectively. The prefactor was chosen so that in 

the large num ber lim it, — 2 In Q  —» y}. Both signal and background are calculated in 

terms o f  efficiencies £• and e f and the num ber o f  expected events is extracted by m ul­

t ip ly in g  by the signal and background cross-sections and the lum inosity. This means 

that —2 In Q scales linearly  w ith  lum inosity, so the performance gain expected from  

additional lum inos ity  is easily calculated. A lso , the significance o f a bin is entire ly 

captured by its signal-to-background ratio, so we can collect bins o f s im ila r signal-to- 

background ra tio  together to speed the com putation.

A  single round o f com putations generates the observed and expected estim ator val­

ues, but to gauge the importance o f any excess o r deficit, we determ ined the range o f
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Figure 4.2: Example o f the Background-on ly and S ignal+Background —2 In Q d is tr i­
butions.

estim ator values consistent w ith  the observation. To determine this range, we create 

tw o new distributions from  the signal and background distributions by replacing the 

value in each bin w ith a value drawn from  the Poisson distribution w ith  the expected 

value o f  the orig ina l bin value. These new d istribu tions simulate what m igh t be ob­

served in a real experiment, as a M onte  Carlo tria l. We recorded the — 2ln£? values 

from  these distributions and repeat the process 50,000 or more times. The result o f 

these tria ls  is new statistical d is tribu tions o f  — 2\r\Q.

In Figure 4.2 are the —2 In Q tria l d is tribu tions from  the h —> yy search fo r =  

106 G eV. The solid black and gray curves are the —2 In Q d is tribu tions fo r  the sig- 

nal+background and background on ly  hypotheses, respectively. The dashed line ind i-
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cates the observed value calculated from  the data. Two im portant confidence levels can 

be im m edia te ly  obtained from  this p lo t. The fractional area o f the signal+background 

curve above the observed line indicates the observed confidence level fo r signal. In the 

presence o f  s ignal, one w ould  expect C L s+b ~  Very small values o f  C L s+b statisti­

ca lly  exclude the presence o f signal. U nderfluctuations in data may cause anomolously

sm all values o f  C L s_h. so the L H W G  exclusion crition  is based on a m odified confi- 

CLdence level C L S =  . The second confidence level in the p lo t is the fractional area

o f  the background-only p lo t below the observed line, which gives I — CLb. For data 

that contains no signal events. CLb should be near L  However, in the presence o f a 

signal I — CLb W*H become very sm all. A n  extrem ely small 1 — CLb (<  5 x 10- 7 ) is 

the crite rion  fo r the discovery o f the H iggs boson.

4.3 Results of the Two-Photon Search

In the benchm ark model, we can calculate the —2 In Q d istributions using inputs pro­

v ided by a ll fo u r experiments. To visualize the results as a function o f  mass, we plot 

the central value o f  the —2 In Q d is tribu tions fo r the signal+background hypothesis and 

the background-on ly hypothesis as a functions o f  mass using dashed lines. Then we 

indicate the ± lc t  and ±2<r edges from  the M onte Carlo tria ls by shaded regions. F i­

na lly , we ind ica te the observed —2 In Q values using a so lid  line. The results o f the 

h —> yy search are shown in this form  in  F igure 4.3a. Where the line is in the upper 

h a lf o f  the p lo t, the observation favors the background-only hypothesis and where it 

is in the low er it  favors the signal+background. The shaded regions indicate the level 

o f  c o m p a tib ility  between the observed and e ither hypothesis. A t each mass, a “ cross-
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section" ve rtica lly  through the p lo t w o u ld  reveal distributions s im ila r to Figure 4.2.

To determ ine the exclusion levels as a function  o f mass, we can perform  the C L s+b 

in tegration on each —2\nQ s±b d is tribu tion . Using the - 2 In Q b d is tribu tion , we can 

also determ ine the median expected exclusion and the ±  l a  and ± 2 g  bands. The results 

o f  th is  ca lcu la tion  are shown in Figure 4.3b. T h is  p lo t shows an observed 95%  C L  

lim it  on the benchmark ferm iophobic H iggs at =  106.5 GeV w ith  a expected lim it  

o f  =  109.6 G eV. These numbers are not identica l to those presented by the L H W G  

because o f  the use o f a d iffe rent statistical m ethod than that usually em ployed in the 

fe rm iophob ic  resu lts ’ . There is an excess in  signal events observed above background 

in the high-mass region, but this excess is w e ll w ith in  the ± 2a  band.

We can derive model-independent results by scaling up and down the predicted 

signal cross-section until C L S = 95%. T h is  provides a lim it  on the rate o f the production 

o f any H iggs w h ich  decays to YY> regardless o f  m odel. We show the results o f  this 

ca lcu la tion in  F igure 4.3c along w ith  the pred ictions o f  two models. The upper dotted 

line shows the prediction o f  the benchm ark m odel, w h ile  the lower dotted line shows 

the p red ic tion  o f  the Standard M odel. The LEP com bined h —>• yy results can exclude 

the benchm ark model over a large mass range, but cannot exclude the Standard M odel 

at any mass.

'These results, like the LH W G  Standard Model results, use the frequentist CL, method while the 
fermiophobic combination has been traditionally performed using a Bayesian technique [421.
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4.4 Results of the h —► W W /ZZ Search

A fte r  a ll analysis cuts were applied in  Chapter 3, the final output o f  each analysis 

was a set o f  final variable d is tribu tions fo r data, predicted background, and signal 

as a function o f Higgs mass hypothesis. These final variable d is tribu tions were the 

" in p u ts ”  to the hypothesis-testing and lim it-se ttin g  algorithms. These d is tribu tions  are 

qu ite  com plicated, so they can be v isua lized in several d ifferent ways.

The final variable d is tribu tions fo r  a given mass are most conveniently  p lo tted by 

group ing together bins o f the final variab le w h ich  have the same s ignal-to-background 

ratio , since the log -like lihood  ra tio  uses on ly  the signal-to-background ratio. To give 

a sense o f  the mass-dependence o f  the analyses, the final variable d is tribu tions  fo r 

each analysis are given fo r tw o d iffe ren t mass hypotheses: Mh=lOO G eV  and m h= l 10 

GeV. M ost analyses show better s ignal-to-background ratio fo r the h igher mass hy­

pothesis even though the H iggsstrahlung cross-section is larger fo r the low er masses. 

Th is  behavior arises because background events tend to have low  reconstructed “ H iggs 

masses,”  usually close to /«w  o r mz-

The final results o f the analysis can also be viewed using a p lot o f  reconstructed 

H iggs mass d irectly. In such a p lo t, any add itiona l in form ation about the “ signal-ness”  

o f  an event is lost, so the search sens itiv ity  o f  the p lo t is lim ited . Each channel w ith  a 

reconstructed mass variable (all the channels except vvqq lv) has a p lo t o f  the recon­

structed mass fo r all data and background events along w ith  the signal d is tr ibu tion  fo r 

a single mass.

The p lo tting  technique w ith  the highest in form ation density is the —21nQ plot. 

These plots show the expected and observed results as a continuous function  o f  H iggs
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mass hypothesis. Each channel has a — 2 In <2 plot, but the scale used is channel- 

dependent. Each o f —2 In Q p lots also has a dark band surrounding the observed 

line  which indicates the magnitude o f the systematic erro r estimated fo r the channel. 

We determ ine the systematic errors by sh iftin g  variables in the the signal and back­

ground events w h ile  keeping the d iscrim inan t p robab ility  density functions constant. 

The change in —2 In Q from  the norm al results indicates the magnitude o f  the system­

atic error. M ore details o f  the calcu la tion as w e ll as tables o f the m ajor systematic 

errors channel are given in Append ix B.

We can compare the relative search pow er o f  the channels in various ways. In 

the log -like lihood  plot, the A (—21nQ) distance between the background-only and sig- 

nal+background hypotheses is larger fo r channels and mass hypotheses w h ich  have 

greater search power. Another is a table o f  the signal-to-background ra tio  fo r  given 

num ber o f  expected signal events, as in Table 4.2. For each channel, we integrate the f i­

nal variable d is tribu tion from  the largest signal-to-background ratio un til we reach 0 . 1. 

0.5, and 1.0 expected events. For each expectation we report the s ignal-to-background 

ratio. Some channels never expect as many as 0.5 o r 1.0 events at /»h= l 10 G eV  fo r 

any signal-to-background ratio.

4.4.1 Results by Channel

The largest total number o f  signal events is expected in the qqqqqq channel (F igure 

4.4). However, the analysis has no bin w ith  a signal-to-background ratio greater than 

j ,  wh ich is quite low  compared to the other channels. The six broad je ts o f  the fu lly  

hadronic events are d ifficu lt to reconstruct in  the L3 detector, wh ich leads to a very 

poor resolution on the reconstructed H iggs mass. As seen in Figure 4.4d. the channel
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Channel
s/b ra tio

1.0 signal events | 0.5 signal events 0.1 signal events
Total expected 
signal events

qqqqqq 0.14 0.22 0.24 8.05
qqqq lv 0.75 1.8 3.7 2.71
vvqqqq 0.14 0.43 1.1 1.47
vv q q lv - 0.12 1.1 0.79
Ilqqqq - - 4.7 0.38
q q lv lv - - 5.1 0.47

Table 4.2: Comparison o f the channels by signal to background ratio fo r Wh=l 10 GeV. 
Cases where a channel expects less than 1.0 or 0.5 events total are indicated by a dash.

exh ib its  a small constant de fic it in data relative to the Standard M odel background 

expectation, which fo llows d irectly  from  the sm all observed counting defic it (443 w ith  

446 expected) and the w ide resolution.

The qqqqlv channel has the highest tota l separation power o f any o f the channels. 

Its branching fraction is nearly as large as the qqqqqq branching fraction. The lepton 

and neutrino in the event im prove the event identification and mass resolution. The 

observed —2 In Q curve lies w ith in  the ±  lcr region fo r most o f the mass range, but the 

channel indicates an excess over the background-only prediction at masses above 110 

GeV.

As shown in Figure 4.6d, the vvqqqq  channel is sign ificantly defic it in data at 

masses below Wh=90 GeV, where the W  pair-production background dominates. At 

higher masses, the results c losely fo llow ' the background-only expectation except for 

a candidate event near 100 GeV. The analysis is on ly effective fo r masses above mz- 

The separation between the signal+background and background-only hypotheses for 

low er masses is quite small.

The vvq q lv  analysis has rem arkably flat performance for lower masses, as shown 

in Figure 4.7c. Most channels suffer from  low-mass backgrounds and the W * and W ( r 1
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Figure 4.4: Results fo r the hZ qqqqqq search.
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Figure 4.5: Results fo r the hZ  —> qqqqlv search.
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Figure 4.6: Results fo r  the hZ —> vvqqqq search.
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becom ing quite low-mass for/Wh — mz- The visible energy in v v q q lv  is always small 

and the analysis is less sensitive to the masses o f the Higgs decay bosons since they 

are hard to reconstruct at a ll. The observed results have a sm all constant excess for 

low er masses, increasing to a s ligh tly  larger excess fo r masses above 110 GeV. There 

is no mass p lot fo r this channel, since the Higgs mass cannot be reconstructed.

In the Ilqqqq channel, the effect o f  the ZZ background can be very c learly  seen 

in 4.8d. The separation between background-only and signal+background has a pro­

nounced narrow ing near m z■ The channel selects a very small num ber o f data events 

which makes the upper side o f  the 2a  band extremely narrow. The w id th  is derived 

from  a series o f Poisson tria ls , and there are very few integer values available fo r a 

dow n-fluctuation from  an observation o f five events. The Ilqqqq channel is m ild ly  

de fic it fo r small mass and high mass and matches the background-only expectation 

near and s ligh tly  above niz-

The q q lv lv  channel has the smallest total search power o f the analyzed channels, 

but it has some very high signal-to-background regions in the analysis. F igure 4.9d 

shows an excess at low er H iggs mass hypotheses, w ith  a particu la r spike at 104 GeV. 

The analysis shows a sm all de fic it fo r higher mass hypotheses.
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Figure 4.7: Results fo r the hZ —> v v q q lv  search.
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Figure 4.8: Results fo r the hZ —> Ilqqqq search.

84

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



10

« 1 c 0 >Ui

10

10

■ Data (200-209 GeV) 
L_ Background 
ED qqlvlv Signal

1 1

■ Data (200-209 GeV) 
i Background 
03 qqlvlv Signal

-2 -1.5 -1 -0.5
log10(s/b)

0.5 1 -2 -1.5 -1 -0.5 0
log10(s/b)

0.5 1

(a) Final variable rebinned in s/b fo r  (b) Final variable rebinned in s/b for 
=  100 GeV =  110 G eV

Data (gOO-209 GeV) 
Backc-■ Backg n 

EM Signal

2 -

1

mh=1(l

ound 

5 GeV

50 60 70 80 90 100 110 120

Signal+Backgrouria

nZ-̂ qqlvlv
benchmark model

95  100 105
m,, (GeV)

(c) Mass d istribu tion o f selected 
events

(d) —2 In Q curves

Figure 4.9: Results fo r the hZ —» q q lv lv  search.
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4.4.2 Combined h —> W W /ZZ Results

The fu ll search power o f  the analyses is obtained when all the analyses are combined 

together in to  a single analysis, as shown in Figure 4.10.

W ith  a ll the channels com bined, the h —> W W /Z Z  results can set lim its  on the 

production o f a fe rm iophob ic  H iggs boson as a function o f mass. F igure 4 .11 shows 

the exclusion confidence levels under the benchmark ferm iophobic m odel. The dashed 

line indicates the expected exclusion confidence level and the dark and ligh t areas 

around the dashed line indicate the ± 1 g  and ± 2 o  expected regions respectively. The 

so lid  line indicates the observed exclusion confidence level, which exh ib its  the same 

de fic it at low  mass and s ligh t excess at higher masses which is c lear in the —2 In Q 

plot. Ignoring systematic errors, the observed exclusion region w ou ld  be 83.7 G eV < 

nih < 104.6 G eV w ith  an unexcluded region between 88.9 GeV <  /«h <  89.4 GeV. 

The dotted lines around the so lid  curve indicate the effect o f  tak ing  the systematic 

errors in to  account. The effect o f  the systematic errors is small : in c lud ing  errors, the 

exclusion region is 83.8 G eV  <  /?ih <  104.2 GeV w ith an unexcluded region between 

88.8 G eV <  nih <  89.6 G eV. Since the systematic errors are sm all, we neglect them 

fo r the more com puta tiona lly  d iff ic u lt branching ratio lim its .

As in the h —> yy search, we obtain branching ratio lim its  by scaling the branching 

ratio to the value where the observed and expected confidence levels are 95%. This 

process produces the more model-independent result o f  Figure 4.12. The predicted 

branching ratios o f  both the benchmark model and the Standard M ode l are given on 

the p lo t as dotted lines. The Standard M odel H —»■ W W  branching ra tio  is too low by 

a factor o f  ~  30 at 110 G eV  fo r these analyses to exclude it, com pared to a factor o f 

~  50 fo r the LEP com bined H —> yy at the same mass.
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Figure 4.10: —2 In Q p lo t fo r the com bined h —> W W /Z Z  search.
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Figure 4 .1 1: Confidence level lim its  in the benchmark ferm iophob ic model.
The dotted lines indicate the shifts fro m  the observed confidence levels when system­
atic errors are taken in to account.
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Figure 4.12: Branching ra tio  lim its  fo r the h —> W W /Z Z  search.
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4.5 Combined Fermiophobic Results

The results o f  the massive boson search can be com bined w ith  the LEP h —> yy search 

results to give w ide r lim its on fe rm iophob ic  models. For a single H iggs decay type, 

m odel-independent results can be derived by scaling the branching ra tio  o f  the H iggs

to the given decay type as a function o f  mass to obtain a 95% C L  lim it.  A  general

ferm iophob ic search w ith  both h —> yy and h —> V V  must consider both branching ratios 

separately as functions o f the mass o f the H iggs. A  useful choice o f param eterization 

is

B rphob,c =  B R (h ->  yy) +  B R ( h ->• W W ) +  BR(h —► Z Z )

B r =  BR (h ->  yy)

BTphobic

Thus Bryy represents the fraction o f fe rm iophob ic  decays which are to yy and can range 

from  zero to one, w h ile  Brphohic represents the tota l H iggs branching fraction to pairs o f  

gauge bosons. The search a lgorithm  scans values o f both and Br-^ and determine 

the values o f  Brphobic for 95% C L  expected and observed exclusion. The resulting 

plane is the most general result o f  the LE P  fe rm iophob ic  search. The process is com ­

pu ta tiona lly  intensive, since it involves m illio n s  o f M onte Carlo tria ls fo r each scan 

po in t in the 40 x 40 plane.

The results o f  the scan are plotted in F igure 4.13. The shades o f  gray indicate 

the value o f  B rphobic corresponding to an observed 95%  confidence level. The dashed 

lines give the expected boundary locations fo r the co lo r transitions. There is a an 

excess observed ju s t above the Z  mass independent o f  Br-ry which can be seen by the 

darker shades o f co lo r extending above the line w h ich should be the co lo r boundary.
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There are observed deficits fo r Br-^ >  0 .1 in the low-mass region as well as the 97 G eV  

mass region. The line crossing the p lo t from  upper le ft to  low er righ t is the benchm ark 

value o f Bryy. The point where th is line crosses the B rphohic =  1-0 gives the m odel- 

dependent lim it. Using a fine-grained search, we obtain a lim it  o f m^> 108.1 G eV  

w ith  the expected lim it  o f /«h> 111.5 GeV. compared to >  106.5 GeV observed 

and /»h >  109.6 G eV  expected from  the h —» yy alone.

4.6 Conclusions

The first search fo r a Higgs boson decaying to massive vector bosons pairs has been 

rem arkab le ly successful, though it  d id  not discover the H iggs. The search established 

the first 95%  confidence level lim its  fo r a Higgs decaying to massive vector boson 

pairs. O ver the next decade, searches at the Tevatron, LH C , and a linear e4"e~ c o llid e r 

w i l l  focus on the W W  and Z Z  channels fo r d iscovering and studying the H iggs [43 ], 

and this w ork should be a resource fo r these future studies.
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F igure 4.13: Results o f the ferm iophobic scan.
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Appendix A 

Final Variable Construction 

Techniques

Man is a tool-using animal. Without tools, he is nothing, 

with tools he is all.

Thomas Carlyle

A .l KEYS

The final Higgs search results are perform ed by com paring signal and background 

d istribu tions. Choppiness w ill result in numerical d ifficu lties  fo r the lim it-se tting  al­

go rithm  so these d istributions need to be fa ir ly  smooth. However, the high perfor­

mance o f the Higgs search analyses means that very few Monte Carlo background 

events remain after selection to estimate the background. The solution adopted by the 

LE P  Higgs W orking Group is use the KEYS algorithm  developed by K yle  Cranm er to
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Figure A . l :  The K E Y S  kem el-estim ation sm oothing process.
The actual value o f  each event in the d istribu tion is given by the vertical lines. We 
replace each po in t by a Gaussian whose w idth depends on the density o f  points in 
the im m ediate neighborhood. A dd ing  many Gaussians w ou ld  make the d istribu tion  
approach the dashed-line curve.

smooth the fina l d istribu tions.

The entire K E Y S  a lgorithm  is fa ir ly  com plicated and is fu lly  described in [44]. but 

the basic concept is stra ightforw ard. Each event is added to the d istribu tion  not as a 

spike at a given value, but as a Gaussian centered on that value. Th is technique, known 

as “ kernel estim ation,”  is w ide ly  used. The key question is the w id th  o f the Gaussian 

used. K E Y S  calculates this w id th  in  tw o steps. F irst, it  constructs an intermediate 

d istribu tion  using fixed w idths dependent on the variance o f the source data. Then, this 

intermediate d is tribu tion  is used to determine the w id ths fo r the final smoothed result. 

Where the interm ediate d is tribu tion  is large, the Gaussians in the final d is tribu tion  w ill 

be narrow. W here the interm ediate d is tribu tion is sm all, the Gaussians w il l  be wide. 

Th is process is shown in cartoon fo rm  in Figure A . I .  Th is  technique is very effective 

at sm oothing many d istribu tions, in c lud ing  neural netw ork d istributions. In the case o f 

neural netw ork d is tribu tions where the d istribu tion peaks at the edge and values above

94

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



1.0 and below 0.0 are not possible, we fo ld  the Gaussians back across the y-axes.

In these analyses, we use our own im plem entation o f the a lgorithm  which uses a 

m any-bin histogram rather than an event list fo r calculations. Th is  m odification greatly 

speeds the algorithm .

A.2 Neural Networks

In many analyses, there are m u ltip le  d iscrim ina ting  variables but usually on ly  one 

variable can be used in the fina l f it o r search. T rad itiona lly , one applies hard cuts on all 

but one variables and uses the last as the “ final variable” . In some circumstances, this 

technique lim its  the perform ance o f  the analysis since a s im ple  cut does not extract all 

the d is tingu ish ing  power availab le in a com bination o f the variables. One technique 

fo r com bin ing  variables is the neural network. The term “ neural network”  conjures 

up many images, but the netw orks used fo r analysis purposes are sim ply non-linear 

functions constructed in a certa in  manner w ith  many parameters, where the parameters 

are determ ined in an iterative process from  examples. There are many possible neural 

netw ork structures and choices fo r com bination and activation functions, but we w ill 

discuss on ly  those used here and leave the general discussion to other texts [45].

Consider a neural ne tw ork as set o f nodes, each w ith  many inputs and one output. 

The output o f  the node can be connected to other nodes to  construct a network, as 

in Figure A .2. The output o f  each node is a nonlinear function  o f  its inputs. For the 

analysis networks, we form  a weighted sum o f  a ll the inputs to the node and use the
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Output Node

Input Layer

Figure A .2: D iagram  o f a neural network.
Th is netw ork has fou r inpu t nodes, five hidden nodes, and one output node.

result as the argument o f  a sigm oid function to calculate the node output O;

O j  — -  ^ ta n h (^ Wijl-,j 4-Py) 4- 1^

where the /,y are the inputs to the y'-th node and the uyy are the weights. Thus, fo r a 

ne tw ork w ith  n inputs, a single hidden layer o f m nodes and a single output we can 

w rite  the output as

tanh £  w‘°  9 tarth( Wj i l j  4- (3,) +-1
J= '

The on ly  question is the determ ination o f  uyy and Py ; once these are set, a neural 

netw ork is a stra ightfo rw ard function.

The weights used in the network are determined through a learning process. The
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network is firs t in itia lize d  w ith  random weights. Then the tra iner gives a pattern to the 

network and the netw ork produces some output. The tra ine r then compares the desired 

output w ith  the actual output and adjusts the w eights by a sm all increm ent to make the 

output c loser to the desired output, propogating the changes back through the network. 

The trainer repeats this process many times w ith  d iffe ren t patterns u n til the network 

converges to a set o f  weights. There are several m athem atical propogation techniques 

which have been developed fo r networks. We use the RPROP technique, w h ich is 

somewhat faster than the classic backpropogation technique but otherw ise s im ila r [46J. 

A ll o f  our networks were trained using the S tuttgart Neural N e tw ork  S im u la to r (SNNS) 

package [47 ]. SNNS features a batch tra in ing  program  and a conversion too l to make 

a trained ne tw ork in to  s im ple and fast C code.

For h igh-energy physics use, we compose o u r patterns out o f  phys ica lly  relevant 

variables using M onte C arlo  signal and background to p rovide sim ulated patterns. Typ­

ica lly, the patterns specify that the network should output zero fo r background events 

and one fo r signal events. A  fa ir ly  large num ber o f patterns is required fo r  tra in ing. 

The exact num ber required is dependent on the num ber o f  inputs, hidden nodes, and 

the level o f  core lla tion  between inputs, but ce rta in ly  more than 1000 events each o f 

signal and background should be used i f  possible. D u rin g  the tra in ing  process, the 

tra in ing software presents each pattern in the set in random  order and then the process 

repeats.

The tra in in g  a lgo rithm  seeks to m in im ize  the average erro r over a ll the patterns 

in the set, w h ile  the physics goal is generally to m in im ize  the num ber o f background 

events in the best signal region. In addition, a given pattern set w i l l  contain non­

physical coorelations from  sam pling errors, so it  is useful to check the performance o f
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the network against a separate set w h ich  is not used for tra in ing . Between every second 

tra in ing  cycle, we determ ine the ne tw ork outputs fo r a test pattern set. From  these, we 

determ ine the cut position w h ich  w ou ld  leave 70% or 80%  o f the signal events. Then 

we count the num ber o f background events which pass this cut. I f  th is number has 

decreased from the last cycle, we save the network. Thus, the final netw ork selected 

from  the training is the ne tw o rk  w h ich  has the lowest num ber o f  background events 

in the signal-pure region from  the testing, rather than tra in ing  set. T h is  technique is 

somewhat complicated, but provides s ign ifican tly  better results than s im p ly  accepting 

the last network from  the tra in ing .

A.3 Discriminant Final Variable

The neural network as described in  Section A .2 is one way to com bine m u ltip le  vari­

ables. However, tra in ing  a ne tw ork requires large numbers o f  signal events, which can 

obtained by com bin ing  m any generated mass values together. Th is means that the mass 

its e lf cannot be used as a variab le and some other technique is needed to include this 

im portant variable. The technique used in our analyses to com bine such variables is 

to produce probab ility  d is tribu tions  o f  each o f the final variables fo r each background 

type and signal mass hypothesis separately and combine them in a d iscrim inant final 

variables for each event.

Let us take .v, to be the p ro b a b ility  d is tribu tion fo r variable / fo r a given signal 

mass hypothesis, and bj to be the p robab ility  d istribu tion fo r variable / fo r background 

j .  We smooth these d is tribu tions  using the m odified version o f the K E Y S  algorithm  

discussed above. I f  we consider the values o f each variable fo r a g iven event as a
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vector a* w ith  components .vi.a'2 then we form  the quantity  /?,• which represents

p roba b ility  that event w ith  this value is signal as:

-s7
P i  =

fo r each variable i. S im ila rly , we can construct*// which represents the probab ility  that 

an event w ith  this value a , is o f  background type j:

j  h \  (-v») 
en  =

S i ( x , - )  +  l k b ? ( . \ j )

We com bine the values from  each variable by m u ltip ly ing , y ie ld ing  the d iscrim inant

I! i P i
/ m  =

n . P i + i j U i ^

The d iscrim inant calcula tion may be more clear in the example in Figure A.3. O f 

course, in the actual calcula tion we use hundreds o f bins to im prove the smoothness o f 

the d istribu tions rather than the tw enty o f  the example, but the princ ip le  is the same.
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Figure A .3: Example o f  a two-variab le d iscrim inan t calculation.
In this example, there are tw o variables. The background d is tribu tion  is given by the 
em pty curve and the signal d is tribu tion  is given by the hatched curve. Consider an 
event w ith  neural network ouput 0.82 and reconstructed mass o f 108 GeV.

0.016 1.6 0.036 3.6
PX ~  0.016 +  0.097 “  713 P2 ~  0.036 +  0.047 -  8 3

0.097 9.7 0.047 4.7
ClX ~  0.016 +  0.097 ~  TT3 qi ~  0.036 +  0.047 ~  8 3

1.6 3.6 <- n,f _  11.3 ' 8.3 _  3 / 0  ~  0  I I
J ~~ _ la  M  3 1  43 ~  Si 3S ~

11.3 ' 8.3 11.3 ' 8.3

For a more signal-like event, /  w o u ld  be closer to 1.0, w h ile  fo r a very background-like
event, /  -+  0 .0 .
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Appendix B

Systematic Errors

The goal o f  systematic errors is quantify how much we don't know 

about our data.

B .l Strategy for Systematic Error Estimation

In the ca lcu la tion  o f  systematic errors, we want to determ ine what experimental or 

other processes m igh t contribute to an erro r in  our result. G iven a reasonable estimate 

o f  the scale o f  these effects from  inspection o f  large data and M onte Carlo samples, we 

determ ine how our results m ight be affected. The most im portant source o f systematic 

errors is disagreements between the background M onte  Carlo and data. A  great deal 

o f  experim enta l e ffo rt each year was put in to  ca lib ra ting  the detector and app ly ing  

measured detector e ffic iencies to M onte Carlo. A fte r app ly ing  these calibrations and 

measured e ffic iencies, the ensemble o f  events in the M onte Carlo match the actual 

cond itions under w h ich  the data was taken as closely as possible. A t the end o f  the
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process, disagreements between M onte C arlo  and data m ay s till occur, particu larly in 

selected subsamples o f  the data.

We estimate the effect o f  possible shifts in the data using M onte Carlo. Such shifts 

are like ly  to be coorlated across variables. For example, one o f  the most im portant 

sources o f systematic e rro r is m iscalibrations in the energy scale o f the calorimeters. A  

sh ift in the energy scale w o u ld  affect je t energies, v is ib le  energy, reconstructed masses, 

reco il masses, and many o ther quantities. To estimate the e ffect o f  an energy scale shift, 

we sh ift all the relavent variables at once in the approproriate d irections for each event. 

We produce a set o f  final inpu t files using the shifted events but keeping the p robab ility  

density functions constant. We determ ine the sh ift in L L R ^  values compared to the 

unshifted inputs as a function  o f  mass hypothesis. Th is  process propogates the effect 

o f  uncertainities in physical quantities from  the detector in to  the final results.

There are several o ther im portant sources o f potentia l erro r besides the energy 

scale. Several analyses have s ign ificant dependency on the num ber o f  charged tracks 

overall and in je ts. These analyses are sensitive to changes in the tracking efficiency. 

The lepton-contain ing analyses are sensitive to shifts in the variables used fo r Iepton 

identifica tion, but the use o f  smooth Iepton qua lity  variables makes the error reason­

ab ly well-behaved. Several analyses use event shape variables w h ich depend m ostly 

on cluster counting and can be a s ign ificant source o f e rro r since the largest known dis­

agreement between L3 M onte  Carlo  and data is the num ber o f clusters. F inally, there 

are errors due to the fin ite  numbers o f  M onte  Carlo events available for the analyses, 

particu la rly  in the channels w h ich are d iv ided  into six subchannels. We estimate this 

e rro r by using the standard fo rm u la  We consider a ll errors o f a given type to

be correlated between the channels and the center-of-mass energies except fo r M onte
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C arlo  statistics.

B.2 Systematic Errors by Channel

A lthough  we use the mass-hypothesis-dependent errors fo r the actual lim it calcula­

tions, we give mass-averaged values o f  the systematic erro r com ing from various 

sources in  the tables below as a general guide to the relative importance o f the d if ­

ferent e rro r sources in each channel.

qqqqqq qqqqlv

System atic E rror Source Error Systematic E rror Source Error

T rack ing  E ffic iency 2. 1% Lepton Identification 3.8%

Event Shape 1.2% M onte Carlo Statistics 3%

Energy Scale 1.3% Energy Scale 2.9%

M onte  Carlo Statistics 2% Tracking E ffic iency 1.7%

Total 3.4% Total 5.9%

vvqqqq vvqqlv

System atic E rro r Source Error Systematic E rror Source Error

Energy Scale 6 .0 % M onte Carlo Statistics 4%

Event Shape 2.6% Lepton Identification 2 .8%

M onte  Carlo Statistics 2% Energy Scale 2 .0%

T rack ing  E ffic iency 0 .2% Tracking E ffic iency 0.4%

Total 6 .8% Total 5.3%
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Uqqqq q q lv lv

Systematic E rror Source E rro r Systematic E rro r Source E rro r

Energy Scale 2.2% Energy Scale 5.3%

Track ing  E ffic iency 2. 1% Lepton Identifica tion 4.4%

M onte C arlo  Statistics 2%’ Tracking E ffic iency 1.8%

Lepton Identifica tion 1.8% M onte Carlo  Statistics 2 %

Total 4.1% Total 7.4%-
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