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Abstra
tThe 
hannel H ! 

 is the most promising in whi
h to dis
over a light Higgs bosonwith ATLAS at LHC. The ATLAS dete
tor is one of the four experiments at the LargeHadron Collider at CERN and will, a

ording to 
urrent planning, be
ome operationalin 2007. This thesis des
ribes an analysis of the 
hannel done with fast simulation ofthe signal and ba
kground pro
esses in the mass range 120 - 150 GeV. The signi�
an
eof the signal is 
al
ulated with the standard 
ounting experiment te
hnique and alsowith a more advan
ed statisti
al pro
edure. The 
on
ept of splitting the events intotwo 
hannels where the signal resolution is di�erent is also introdu
ed.
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Chapter 1
Introdu
tion
The existen
e of the Higgs parti
le was �rst brought up by a S
ottish physi
ist in the1960s [1℄. The motivation was an open question in parti
le physi
s; how the parti
lesget their masses. There is a 
lever solution to this problem, a solution �rst proposedby Peter Higgs. He proposed that the whole of spa
e is permeated by a �eld, the Higgs�eld. As parti
les move through spa
e they travel through this �eld, and if they intera
twith it, they a
quire what appears to be mass. The larger the intera
tion of the parti
leswith the �eld, the more massive they are. We know from quantum theory that �eldshave parti
les asso
iated with them, like for instan
e the photon and the ele
tromagneti
�eld. So we would assume that there is a parti
le asso
iated with the Higgs �eld, andthat is the Higgs boson. Finding the Higgs boson is thus the key of dis
overing whetherthe Higgs �eld does exist, and whether our best hypothesis for the origin of mass isindeed 
orre
t. Unfortunately, the ele
troweak theory does not predi
t the mass of theHiggs boson itself.The �rst step toward �nding the Higgs boson was the designing of LEP, an ele
tron-positron 
ollider at CERN. It was operational from 1989 to November 2000, but did notgive eviden
e for the existen
e of the Higgs boson. During the last month of running,s
ientists at LEP announ
ed that they had observed several unusual events whi
h 
ouldhave been the signature of the Higgs boson. CERN de
ided they would have anothermonth of running. After that period, with 
on
lusive eviden
e still la
king, dismantlingstarted and the building of the next CERN 
ollider, the LHC, pro
eeded. Before theLarge Hadron Collider will be operational, Fermilab just outside Chi
ago will have a
han
e to observe the Higgs boson.My proje
t for this master thesis is to investigate a promising 
hannel for observing alight Higgs boson, H ! 

. It is based on the analysis done for the ATLAS Te
hni
alDesign Report (TDR) [2℄. The �rst phase of the proje
t is trying to reprodu
e thesignal and ba
kground, however, to be able to �nish in the pres
ribed time of a masterproje
t, I will only use fast simulation. That means I am not able to simulate theQCD ba
kground and not deal with generated 
onverted photons, sin
e that requiresfull simulation. In the other part of my thesis, I will 
al
ulate signi�
an
es both by
ounting and by a more re�ned statisti
al method involving histogram 
hi-squares. Iwill also investigate a new te
hnique; splitting the data into two 
hannels. The idea is3



CHAPTER 1. INTRODUCTION
that this would in
rease the signi�
an
e when the two signal resolutions are di�erent.The thesis is divided into eight 
hapters. Chapters 2 and 3 are the theoreti
al foundation,where the highlights are the ATLAS dete
tor and the Higgs me
hanism. The tools andmethods are des
ribed in the next two 
hapters, while 
hapter 6 presents the importantaspe
ts in the analysis. Then there is a 
hapter presenting the results and at theend, 
on
lusion and outlook. There are two appendixes, the �rst one des
ribes someparameters used for the simulation and the se
ond lists the signi�
an
es for three setsof data.

4



Chapter 2
The ATLAS dete
tor
2.1 CERN

CERN [3℄ is the European Organisation for Nu
lear Resear
h and is situ-ated on the border between Fran
e and Switzerland, just outside Geneva.(Originally an abbreviation for Conseil Europèen pour la Re
her
he Nu
-lèaire.) It is one of the world's largest parti
le physi
s 
entres and hasbe
ome a shining example of international 
ollaboration. It was foundedin 1954, and from the original 12 signatories of the CERN 
onvention, membership hasgrown to the present 20 Member States. CERN employs almost 3000 people and inaddition, some 6500 s
ientists 
ome to CERN for their resear
h, representing 500 uni-versities and over 80 nationalities. Besides being a resear
h laboratory, CERN also playsan important role in advan
ed te
hni
al edu
ation.The biggest and most expensive proje
t at CERN these days is the preparation of theLarge Hadron Collider, the LHC.
2.2 The Large Hadron Collider
The Large Hadron Collider is presently under 
onstru
tion and will hopefully start the�rst run in 2007. The previous large a

elerator at CERN, LEP, was shut down inNovember 2000, and dismantling started. LHC will use the old LEP tunnel whi
h has adiameter of 8.6 km, measures 27 km in 
ir
umferen
e and is 
ontained in a tunnel 100metres underground. In �gure 2.1 you 
an see the whereabouts of the tunnel situatedat the border between Fran
e and Switzerland. The smaller ring on the pi
ture is theproton inje
tor (SPS) while the triangular area in front of the small ring is the mainCERN area. While LEP was an ele
tron-positron 
ollider, LHC will be 
olliding protons,and the energy available will rea
h the TeV range (ps = 14 TeV), about ten times higherthan at LEP.The luminosity in the LHC will rea
h L = 1034 
m�2s�1 after three years of running(this is the high luminosity phase, while the �rst three years will have low luminosity,5
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Figure 2.1: The lo
ation of the LHC tunnel.
1033 
m�2s�1). This will be a
hieved by �lling ea
h of the two rings1 with 2835 bun
hesof 1011 parti
les ea
h. The resulting large beam 
urrent is a parti
ular 
hallenge in ama
hine made of super-
ondu
ting magnets operating at 
ryogeni
 temperatures. Thebeams will be stored at high energy for about ten hours. During this time the parti
lesmake four hundred million revolutions. More details about the ma
hine 
an be foundin [5℄.When designing the ma
hine, it is very important to make it as �exible as possible whileminimising the 
ost (money is always an issue). It may 
ome in handy to be able toadapt to other situations, who knows what the next generation of 
olliders will need. Asan example, the CERN SPS a

elerator was �rst upgraded from a �xed target protonma
hine into a proton-antiproton 
ollider, then a heavy ion a

elerator, later into alepton inje
tor for LEP and now a high density proton inje
tor for LHC.The most important 
hallenge for LHC is to dis
over, or ex
lude in a 
ertain mass range,the Higgs parti
le and to sear
h for supersymmetri
 parti
les. LHC may also dis
overnew parti
les to manifest theories beyond the Standard Model.There are four LHC experiments; CMS and ATLAS suited for general purpose exper-iments, LHCb devoted espe
ially for b-physi
s and ALICE for heavy ion experiments.Their abbreviations are:ATLAS A Toroidal Lh
 ApparatuS [6℄.CMS the Compa
t Muon Solenoid [7℄.ALICE A Large Ion Collider Experiment [8℄.LHCb (Study of CP violation in B-meson de
ays at LHC) [9℄.1LHC has two separate rings; bun
hes are a

elerated in both dire
tions and they 
ollide at thelo
ations of the four dete
tors.6
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2.3 The ATLAS dete
tor
The ATLAS dete
tor, shown in �gure 2.2, is the largest of the four LHC dete
tors. The
ylindri
 shape measures 40 metres in length, has a radius of 10 metres and weighs 7000tons. It is a general purpose experiment meant to look for many di�erent signatures. Amajor role is to observe (or ex
lude) the Higgs boson and to look for supersymmetry.The basi
 design 
riteria of the dete
tor in
lude the following [10℄:

� Very good ele
tromagneti
 
alorimetry for ele
tron and photon identi�
ation andmeasurements, 
omplemented by full-
overage hadroni
 
alorimetry for a

uratejet and missing transverse energy (EmissT ) measurements;� High-pre
ision muon momentum measurements, with the 
apability to guaranteea

urate measurements at the highest luminosity using the external muon spe
-trometer alone;� E�
ient tra
king at high luminosity for high-pT measurements, ele
tron and photonidenti�
ation, � -lepton and heavy-�avor identi�
ation, and full event re
onstru
-tion 
apability at lower luminosity;� Large a

eptan
e in pseudorapidity (�) with almost full azimuthal angle (�) 
over-age everywhere. The azimuthal angle is measured around the beam axis, whereaspseudorapidity relates to the polar angle (�) where � is the angle from the z dir-e
tion;� Triggering and measurements of parti
les at low-pT thresholds providing high ef-�
ien
ies for most physi
s pro
esses of interest at LHC.
The ATLAS dete
tor 
onsists of four major 
omponents, the 
olours mat
hing those in�gure 2.2:
Inner Dete
tor (yellow) - measures the momentum of ea
h 
harged parti
le.Calorimeters (ele
tromagneti
; green, hadroni
; orange) - measures the energies 
ar-ried by the parti
les.Muon spe
trometer (blue) - identi�es and measures muons.Magnet system (grey) - bends 
harged parti
les for momentum measurement.
The following four se
tions des
ribing the various parts of the ATLAS dete
tor is basedon the des
riptions in the ATLAS Te
hni
al Design Report [10℄. As for the di�erenttypes of dete
tor te
hnologies (drift 
hambers, multi-wire proportional 
hambers et
.),
onsult [11℄ for further explanations and des
riptions. 7
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Figure 2.2: The ATLAS dete
tor.
8



2.3. THE ATLAS DETECTOR
2.3.1 Inner Dete
torThe Inner Dete
tor is the �rst part outside the beam-pipe and is 
ontained withina 
ylinder of length 7 metres and a radius of 1.15 metres. We �nd high resolutionsemi
ondu
tor pixel and strip dete
tors in the inner part, and 
ontinuous straw-tubetra
king dete
tors in its outer part as seen in �gure 2.3. In the barrel region the dete
torlayers are arranged on 
on
entri
 
ylinders around the beam axis, while the end-
apdete
tors are mounted on disks perpendi
ular to the beam axis.

Forward SCT

Barrel SCT

TRT

Pixel Detectors

Figure 2.3: The ATLAS inner dete
tor.The pixel dete
tor is designed to provide a high-granularity, high-pre
ision set of meas-urements as 
lose to the intera
tion point as possible. The total number of pre
isionlayers must be limited be
ause of the material they introdu
e, and be
ause of their high
ost. In ATLAS, there are three pixel layers in the barrel region and �ve layers onthe end-
aps. The innermost pixel layer (the B-layer) is very important to maintainthe highest possible performan
e during the experiment's lifetime, and the me
hani
aldesign allows for this to be repla
ed. The pixel system 
ontains a total of 140 milliondete
tor elements 
ontained in about 1500 barrel modules and 700 disk modules. Ea
helement has individual 
ir
uits for ea
h pixel element and the readout 
hips need to beradiation hardened to withstand over 300 kGy of ionising radiation and over 5 � 1014neutrons per 
m2.The semi
ondu
tor tra
king system (SCT) is designed to provide eight pre
ision meas-urements per tra
k in the intermediate range, 
ontributing to the measurement of mo-mentum, impa
t parameter and vertex position, as well as providing good pattern re-
ognition by the use of high granularity. The barrel SCT uses four layers of sili
onmi
rostrip dete
tors while the end-
aps have nine on ea
h side. Ea
h sili
on dete
tor is40.7 
m2 and has 768 readout strips. Altogether, the dete
tor 
ontains 61 m2 of sili
ondete
tors with a total of 6.2 million readout 
hannels. Tra
ks 
an be distinguished ifseparated by more than about 200 �m.The transition radiation dete
tor (TRT) provides 
ontinuous tra
k-following with mu
hless material per point and a lower 
ost. This high density of tra
k hits at the outer9



CHAPTER 2. THE ATLAS DETECTOR
radius 
ontribute signi�
antly to the momentum measurement, and is also valuable forthe dete
tion of photon 
onversions. The TRT is based on the use of straw dete
torswhi
h 
an operate at the very high rate expe
ted at the LHC. Ea
h straw is 4 mmin diameter. The barrel 
ontains about 50000 straws and the end-
aps 
ontain 320000straws giving a total number of ele
troni
 
hannels of 420000. Ea
h 
hannel provides adrift-time measurement, giving a spatial resolution of 170 �m per straw. The TRT isoperated with a non-�ammable gas mixture of 70% Xe, 20% CO2 and 10% CF4, witha total volume of 3 m3. The large amount of straws per tra
k guarantees a 
ombinedmeasurement a

ura
y of better than 50 �m at the LHC design luminosity.
2.3.2 CalorimetersThe 
alorimeter system in �gure 2.4 
onsists of an ele
tromagneti
 (EM) 
alorimeteroutside the Inner Dete
tor and out to a radius of 2:25metres, and a hadroni
 
alorimeter
overing the area to a radius of 4:25 metres. The EM 
alorimeter is based on a highly-granular lead/liquid-argon (LAr) te
hnology while the hadron 
alorimeter is based on asampling te
hnique with plasti
 s
intillator plates (tiles) embedded in an iron absorber.The total weight of the 
alorimeter system is about 4000 tons.

Calorimeters

Calorimeters

Calorimeters

Calorimeters

Hadronic Tile

EM Accordion

Forward LAr

Hadronic LAr End Cap

Figure 2.4: The ATLAS 
alorimeters.The EM 
alorimeter is divided into a barrel part and two end-
aps. The total thi
knessis >24 radiation lengths2 (X0) in the barrel and >26 X0 in the end-
aps. The lead LArdete
tor has a

ordion-shaped Kapton ele
trodes and lead absorber plates, the a

ordiongeometry [12℄ provides 
omplete � symmetry. The region devoted to pre
ision physi
s2Radiation length is de�ned as the distan
e over whi
h the ele
tron energy is redu
ed by a fa
tor1/e due to radiation loss only.10
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(j�j < 2:5) is segmented into three longitudinal se
tions. The inner one, the strip se
tion,a
ts as a 'preshower' dete
tor, enhan
ing parti
le identi�
ation (
/�0, e/� separation,et
.) and providing a pre
ise position measurement in �. For j�j > 2:5, the end-
apinner wheel, the 
alorimeter is segmented into two longitudinal se
tions and has a 
oarserlateral granularity. This is su�
ient to satisfy the physi
s requirements (re
onstru
tionof jets and measurement of EmissT ). The region 1:37 < j�j < 1:52 (the transition regionbetween barrel and end-
ap) is not used for pre
ision physi
s measurements involvingphotons be
ause of the large amount of material situated in front of the EM 
alorimeter.The hadroni
 
alorimeters 
over the range j�j < 4:9 using di�erent te
hniques bestsuited for the widely varying requirements and radiation environment over the large�-range. Over the range j�j < 1:7, the iron s
intillation-tile te
hnique is used. Thes
intillating tiles are 3 mm thi
k where two of the sides are read out into two separ-ate photomultipliers. The total number of 
hannels is about 10000. Over the range1:5 < j�j < 4:9, LAr 
alorimeters were 
hosen: the hadroni
 end-
ap 
alorimeter (HEC)extends to j�j < 3:2, while the range 3:1 < j�j < 4:9 is 
overed by the high-density for-ward 
alorimeter (FCAL). The HEC 
onsists of two independent wheels built of 25 mmand 50 mm 
opper plates, ea
h split into four drift spa
es using three parallel ele
trodes.The FCAL is a parti
ularly 
hallenging dete
tor owing to the high level of radiation ithas to 
ope with. It 
onsists of three se
tions, one made of 
opper and two of tungstenand LAr in the gaps in-between.An important parameter in the design of the hadroni
 
alorimeter is its thi
kness; it hasto provide good 
ontainment for hadroni
 showers, and redu
e pun
h-through into themuon system to a minimum. The total thi
kness is 11 intera
tion lengths3 (�). This isadequate to provide good resolution for high energy jets and good EmissT measurement.
2.3.3 Muon spe
trometerThe 
alorimeter is surrounded by the muon spe
trometer. Ex
ellent muon momentumresolution is a
hieved with three stations of high-pre
ision tra
king 
hambers, and mul-tiple s
attering is redu
ed due to a light and open stru
ture. In the barrel region, tra
ksare measured in 
hambers arranged in three 
ylindri
al layers (stations); in the end-
apregion, the 
hambers are installed verti
ally, also in three stations. Over most of the�-range, a pre
ision measurement of the tra
k 
oordinates in the prin
ipal bending dir-e
tion of the magneti
 �eld is provided by Monitored Drift Tubes (MDTs). At large �sand 
lose to the intera
tion point, Cathode Strip Chambers (CSCs) with higher granu-larity are used. The trigger system 
overs the pseudorapidity range j�j � 2:4; ResistivePlate Chambers (RPCs) are used in the barrel and Thin Gap Chambers (TGCs) in theend-
ap regions. The overall layout of the muon 
hambers is shown in �gure 2.5, whi
hindi
ates the regions of the four di�erent 
hamber te
hnologies.The basi
 dete
tion elements of the MDT 
hambers are aluminium tubes with a 
ent-ral W-Re wire. On
e a 
hamber is installed in its �nal lo
ation in the spe
trometer,me
hani
al deformations are monitored by an in-plane opti
al system.3Intera
tion length, also known as the 'mean free path', the mean distan
e travelled by the parti
lewithout su�ering a 
ollision. 11
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chambers

chambers

chambers

chambers

Cathode strip
Resistive plate

Thin gap

Monitored drift tube

Figure 2.5: The ATLAS muon spe
trometer.
The CSCs are multi-wire proportional 
hambers with 
athode strip readout. The pre
i-sion 
oordinate is obtained by measuring the 
harge indu
ed on the segmented 
athodeby the avalan
he formed on the anode wire. Good spatial resolution is a
hieved bysegmentation of the readout 
athode and by 
harge interpolation between neighbouringstrips.The basi
 RPS unit is a narrow gas gap formed by two parallel resistive Bakelite plates,separated by insulating spa
ers. Ea
h 
hamber is made from two dete
tor layers andfour readout strips. The primary ionisation ele
trons are multiplied into avalan
hes bya high, uniform ele
tri
 �eld.The TGCs are similar in design to multi-wire proportional 
hambers. Signals fromthe anode wires provide the trigger information together with readout strips arrangedorthogonal to the wires. These readout strips are also used to measure the se
ond
oordinate.
2.3.4 Magnet system
The ATLAS super
ondu
ting magnet system is an arrangement of a 
entral solenoid(CS) providing the Inner Dete
tor with magneti
 �eld of 2 T, surrounded by a systemof three large air-
ore toroids generating the magneti
 �eld for the muon spe
trometer.Ea
h of the three toroids 
onsists of eight 
oils assembled radially and symmetri
allyaround the beam axis. Servi
es are brought to the 
oils through a 
ryogeni
 ring linkingthe eight 
ryostats to a separate servi
e 
ryostat, whi
h provides 
onne
tions to thepower supply, the helium refrigerator, the va
uum systems and the 
ontrol system.12
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2.3.5 Trigger and data-a
quisition systemThe intera
tions in the ATLAS dete
tor will 
reate an enormous data-�ow. To digestthis data we need:
The trigger system - sele
ting 100 interesting events per se
ond out of 1000 millionothers. [13℄The data a
quisition system - 
hanneling the data from the dete
tors to the stor-age. [13℄The 
omputing system - analysing 1000 million events re
orded per year. [14℄

13
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Chapter 3
Theory
3.1 The Standard Model
The history of Parti
le Physi
s started with Demo
ritus, a Greek philosopher (460-370 BC). He assumed that matter 
onsisted of a few elementary parti
les; the atoms.This 
on
ept was developed further by Mendeleev, who in 1869 systematised the knownelements into a Periodi
 Table. Today we believe in the Standard Model [15℄ wherethe fermions1 are the building blo
ks of matter and the intera
tions are due to fourfundamental for
es; the ele
tromagneti
, the strong, the weak and the gravitationalfor
e, mediated by the ex
hange of bosons.The fundamental parti
les are the quarks, leptons and the gauge bosons. The quarksand the leptons (both fermions with spin 1=2) are divided into three families due to their
hara
teristi
s. We 
all them the three generations of matter. The quarks are 
alled:down, up, strange, 
harm, bottom and top,� ud � ;� 
s � ;� tb � ;where the u, 
 and t have a 
harge of 2/3 e and the others -1/3 e. They exists in threedi�erent 
olours2: Red, Green and Blue. Bound systems 
onsisting of three quarks(or three antiquarks), like the proton, the neutron or the lambda parti
le, are 
alledbaryons; p(uud); n(udd); �(uds);while quark-antiquark systems, for instan
e pions or kaons, are 
alled mesons;�+(u �d); ��(d�u); K+(u�s); K0(d�s):The leptons 
an be split into three doublets:� �ee � ;� ��� � ;� ��� �1Fermions are parti
les with half integer spin, bosons have integer spin.2Colour having no analogy with true 
olours, they are simply another set of quantum numbersrepresenting the 
harges of the strong for
e. 15
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Here, the ele
tron, muon and tau are very similar parti
les, however their masses aredi�erent. Their partners are the neutrinos whi
h 
ome in three di�erent �avors: ele
tron-neutrino, muon-neutrino and tau-neutrino. The neutrinos were for a long time believedto be massless. Only quite re
ent experiments [16℄ seem to show that they have a verysmall, but non-zero, mass. Both the three doublets of quarks and leptons have theiranti-parti
les with the same properties but with opposite 
harge3.The for
e 
arriers for three of the fundamental for
es (all ex
ept gravitation) are gaugebosons with spin one. The ele
tromagneti
 for
e 
arrier is the photon, a massless bosonwith no 
harge. The strong for
e, or QCD for
e, is mediated by gluons whi
h 
ome ineight di�erent 
olour-anti
olour 
ombinations. The three heavy ve
tor bosons W+, W�and Z0 are the for
e 
arriers of the weak for
e. One has managed to unify the weakand the ele
tromagneti
 for
e into the ele
tro-weak theory. An e�ort is also being putinto uniting the weak, ele
tromagneti
 and the strong for
e into a theory 
alled GUT,Grand Uni�ed Theory. As for the gravitational for
e, the least understood for
e, a for
e
arrier is still not observed but assumed to be the Graviton.An important aspe
t of the Standard Model is symmetries and the breaking of symmet-ries. It is a quantum �eld theory based on gauge, Lorentz and CPT4 -invarian
e. Thebreaking of symmetries o

ur in 
onne
tion with the Higgs boson, a still open questionin the Standard Model of parti
le physi
s. In the Minimal Standard Model (MSM) thereis only one Higgs boson while in other models there 
an be several. The next se
tion isdevoted to the theoreti
al foundation of the (MSM) Higgs boson.Today there are some new theories whi
h are beyond the Standard Model, for examplesupersymmetry5, string theory and extra dimensions. The most 
ommon sypersymmet-ri
 model is the minimal supersymmetri
 model, MSSM, with �ve Higgs bosons, H+,H�, A, H0 and h.
3.2 The Higgs me
hanism
This se
tion is based on a book of Halzen and Martin [17℄.The Higgs me
hanism [18℄ is best des
ribed in the framework of Lagrangian �eld theory.In 
lassi
al me
hani
s, the equations of motion 
an be obtained from Lagrange's equa-tions where the Lagrangian is L � T � V where T and V are the kineti
 and potentialenergies of the system. This formalism 
an be extended from this dis
rete system to a
ontinuous system: L(qi; _qi; t)! L��; ���x� ; x�� ; (3.1)where L is the Lagrangian density

L = Z Ld3x; (3.2)3Ele
tri
al 
harge as well as Lepton number, isospin, et
.4Charge 
onjugation, parity and time inversion.5All bosons have a identi
al fermion-twin and visa versa.16
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from now on simply referred to as the Lagrangian. The Euler-Lagrange equation repla
esthe Lagrange's equation from 
lassi
al me
hani
s:��x� � �L�(��=�x�)�� �L�� = 0: (3.3)
An example of a Lagrangian des
ribing a free parti
le is:

L = 12(���)(���)� 12m2�2: (3.4)We would now pro
eed to des
ribe quantum �eld theory, and in order to do this the Lag-rangian is quantised. Fields su
h as  and A� be
ome operators des
ribing the 
reationand annihilation of parti
les, and the terms in the Lagrangian 
an be asso
iated withpropagators and vertex fa
tors. It is then easy to translate the equations to Feynmandiagrams.Let us now turn our interest to U(1) phase transformations6 of the Lagrangian. ALagrangian should be invariant under translations and transformations and espe
iallyunder this internal symmetry transformation; (x)! ei� (x); (3.5)we 
all phase transformation where � is a real 
onstant. Indeed the Lagrangian isinvariant under this transformation, we speak of global gauge invarian
e. Global be
ause� does not di�er from spa
e-time point to point. A more general invarian
e wouldthen be a lo
al gauge invarian
e, hen
e when � = �(x). Equation (3.5) will then begeneralised to  (x)! ei�(x) (x) (3.6)where �(x) now depends on spa
e and time in a 
ompletely arbitrary way. However theLagrangian is not (yet) invariant and we will have to modify the derivative to what we
all the 
ovariant derivative �� ! D� � �� � ieA�; (3.7)where A� transforms as A� ! A� + 1e���: (3.8)By demanding lo
al gauge invarian
e we are for
ed to introdu
e this gauge �eld A�. We
an regard this as the physi
al photon �eld, but in that 
ase we have to add a kineti
energy term to the Lagrangian. This term involves the gauge invariant �eld strengthtensor F�� = ��A� � ��A�: (3.9)The Lagrangian of QED will then be
L = � (i
��� �m) + e � 
�A� � 14F��F �� : (3.10)6The family of phase transformations forms a unitary Abelian group known as the U(1) group. 17
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In this equation there is no photon mass term 12m2A�A� and the gauge parti
le mustbe massless. In QED and for the photon this is as it should be, but when we turn toweak intera
tions we get a similar result whi
h gives us problems. Sin
e the presen
eof mass terms for gauge �elds destroy the gauge invarian
e of the Lagrangian; the Wand Z bosons also have to be massless! But this is not the 
ase. Experimentally thesebosons have masses of the order of 100 GeV. Is it possible to introdu
e mass withoutbreaking gauge invarian
e?The answer is yes, and it leads us to the Higgs me
hanism and the spontaneously brokensymmetry. Let us �rst approa
h this by a populisti
 explanation by Tom Kibble [19℄:(...) The fundamental theory exhibits a beautiful symmetry between W, Zand photon. But this is a spontaneously broken symmetry. Spontaneoussymmetry breaking is a ubiquitous phenomenon. For example, a pen
il bal-an
ed on its tip shows 
omplete rotational symmetry - it looks the same fromevery side. - but when it falls it must do in some parti
ular dire
tion, break-ing the symmetry. We think the masses of the W and Z (and of the ele
tron)arise through a similar me
hanism. It is thought there are "pen
ils" through-out spa
e, even in va
uum. (of 
ourse, these are not real physi
al pen
ils -they represent the "Higgs �eld" - nor is their dire
tion a dire
tion in realphysi
al spa
e, but the analogy is fairly 
lose.) The pen
ils are all 
oupledtogether, so that they all tend to fall in the same dire
tion. Their presen
e inthe va
uum in�uen
es waves travelling through it. The waves have of 
oursea dire
tion in spa
e, but they also have a "dire
tion" in this 
on
eptual spa
e.In some "dire
tions", waves have to move the pen
ils too, so they are moresluggish; those waves are the W and Z quanta. The theory 
an be tested,be
ause it suggests that there should be another kind of wave, a wave in thepen
ils alone, where they are boun
ing up and down. That wave is the Higgsparti
le.For a more formalisti
 approa
h we will here take the simplest example of the Higgsme
hanism; regarding only U(1) gauge symmetry. First we must make our Lagrangianinvariant as we did in the previous example:�(x)! ei�(x)�(x) (3.11)requiring D� = �� � ieA� (3.12)and A� ! A� + 1e���: (3.13)Now A� represents a ve
tor boson in general. The gauge invariant Lagrangian is thusL = (�� + ieA�)��(�� � ieA�)�� �2���� �(���)2 � 14F��F �� ; (3.14)where � is a 
omplex s
alar �eld � = 1p2(�1 + i�2). If �2 > 0 we will get the QEDLagrangian for a 
harged s
alar parti
le of mass �. Sin
e we want to generate masses18
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by spontaneous symmetry breaking we take �2 < 0 and � > 0. We are now interestedto �nd the minimum of the potential. To do this we must take the derivate with respe
tto �: �V�� = ��(�2���+ �(���)2)�� = 0 (3.15)whi
h satis�es �21 + �22 = ��2� � v2; (3.16)i.e. the potential has a 
ir
le of minima with radius v in the �1-�2 plane. Now we 
hoosethe point �1 = v , �2 = 0 as the ground state and we are spontaneously breaking thesymmetry (in the same way the pen
il balan
ed on its tip have to fall in one dire
tion).We write � = 1p2(v + �(x) + i�(x)) (3.17)where �(x) and �(x) represent the quantum �u
tuations in the �1 and �2 plane respe
t-ively. Substituting (3.17) into the Lagrangian (3.14) we obtain

L0 = 12(���)2 + 12(���)2 � v2��2 + 12e2v2A�A� � evA���� � 14F��F �� + ::: (3.18)
The parti
les in L0 seems to be a Goldstone boson �, a s
alar �, and a ve
tor A�, withmasses m� = 0;m� = p2�v2;mA = ev:We have a
hieved generating a mass to A� (remember, this is now a general ve
tor boson)but are left with a massless Goldstone boson and a massive s
alar (�) in addition. Thesolution for removing the Goldstone boson is to note that (3.17) 
an be redu
ed to

� ' 1p2(v + �)ei�=v (3.19)
in lowest order in �.Let us now substitute a di�erent set of real �elds h, �, A� where

�! 1p2(v + h(x))ei�(x)=v; (3.20)
and A� ! A� + 1ev���: (3.21)In this 
hoi
e of gauge, �(x) is 
hosen so that h is real and we would expe
t that thetheory will be independent of �. We obtain this Lagrangian:
L00 = 12(��h)2�v2�h2+12e2v2A2��v�h3� 14�h4+ 12e2A2�h2+ve2A2�h� 14F��F �� : (3.22)Now the Goldstone boson is gone, we still have a massive A� and we have a Higgs bosonin our theory. 19
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If we repeat this pro
edure for a SU(2) gauge symmetry, A� will be the ve
tor �eldW� whi
h represents the three ve
tor bosons W+, W� and Z. These bosons be
omemassive, and that is the a
hievement we wanted. Here, � is a doublet of 
omplex s
alar�elds and after 
hoosing the minimum and spontaneously breaking the symmetry we
an substitute � =r12 � 0v + h(x) � (3.23)where h(x) is the Higgs �eld.With the Higgs me
hanism we have a
hieved to avoid massless parti
les. We have givenmass to the heavy ve
tor bosons and the fermions while still maintaining a masslessphoton. But why 
ould we not have brutally broken the gauge invarian
e by insertingmass terms in the Lagrangian? Well, in that 
ase we would not have had a renormalisabletheory as we do with this spontaneously broken gauge theory.
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Chapter 4
Software
4.1 Simulation software; PYTHIA and ATLFAST
PYTHIA [20℄ is a program whi
h is frequently used for event generation in high-energyphysi
s. The program is intended to generate 
omplete events, in as mu
h detail asexperimentally observable ones, within the bounds of our 
urrent understanding of theunderlaying physi
s.In the analysis, ATLFAST [21℄ is invoked after PYTHIA and it is a program for fastdete
tor simulation and physi
s analysis. It 
an be used for fast event-simulation in-
luding the most 
ru
ial dete
tor aspe
ts: jet re
onstru
tion in the 
alorimeters, mo-mentum/energy smearing for leptons and photons, magneti
 �eld e�e
ts and missingtransverse energy. Fast simulation is only an approximation of the real dete
tor per-forman
e, for more a

urate results one should run the full simulation. However, forthis thesis I will only run the fast simulation, and it has the advantage of being less timeand CPU 
onsuming than the full simulation.Both PYTHIA and ATLFAST are written in Fortran77. Within the ATLAS proje
tthere is a pro
ess going on of rewriting all the software into the obje
t oriented languageC++. This new software is still a little unpredi
table, so for this analysis I have 
hosento use the old and reliable software. But soon (hopefully) this transition phase will beover and the new software will be put to use.Have a look at appendix A for detailed information of the parameters used in PYTHIAand ATLFAST for this analysis.
4.2 Parallel 
omputing
Event simulation 
an be a time 
onsuming and tiresome work, espe
ially if one needs alarge number of events. To 
ope with this situation I learnt to use MPI (Message PassingInterfa
e) [22℄ and parallel 
omputing. With this te
hnique I 
ould do jobs whi
h usuallytook several days, over one night, using 15 
omputers in parallel. In order to use MPI21
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one must have software installed (MPI 
ompiler); the 
omputers themselves are easilyadapted for this use.The simulation software, in my 
ase PYTHIA, required only a few extra lines with 
odeto adjust for the use of parallel 
omputing. With this kind of event generation, the easiestis to let every 
omputer take 
are of a fra
tion of the events. If one wants ten millionevents to run on ten ma
hines, simply let ea
h ma
hine 
arry out one million events.The output will now be put into ten ntuple-�les. An important thing to remember is to
hange the seed for the random generator, otherwise one will get ten identi
al ntuples.
4.3 Data analysis with PAW
CERN laun
hed in 1986 the Physi
s Analysis Workstation proje
t, PAW [23℄, an analysissoftware developed mainly for high energy physi
s appli
ations. It is based on Fortran77
ode, and in addition there exists a C++ version, PAW++.The output from the simulations is a ntuple �le. This �le 
an be read by PAW and usedfurther to plot and 
al
ulate various quantities (su
h as energy, transverse momentum,invariant two-photon mass, et
.). This 
an be done intera
tively by typing 
ommandline 
ommands, by using a kuma
-�le (a �le whi
h 
ontains PAW 
ommands) or byFortran or C programs. The plots are shown in an own window and 
an be stored aseps �gures.

22



Chapter 5
Statisti
al methods
This 
hapter des
ribes the statisti
al methods whi
h I will use in the thesis. The mainpart is about 
al
ulating the signi�
an
e in several ways, but also some aspe
ts of massre
onstru
tion will be explained. At the end, an alternative approa
h with the ALRMCprogram is mentioned.
5.1 The signi�
an
e
The signi�
an
e of the signal is an important quantity. It tells whether there is a signalpresent in the histogram, or if it is only ba
kground. We typi
ally say we have 
on
lusiveeviden
e for a signal if it is �ve sigmas or more.The starting point of the signi�
an
e 
al
ulation is to have a histogram whi
h 
ontainsboth signal and ba
kground in 
orre
t absolute and relative s
aling. This histogram
an be obtained from simulation or from data in a real experiment. In this thesis I willuse two di�erent methods to 
al
ulate the signi�
an
e, the 
ounting method and the
hi-square method.
5.1.1 The 
ounting methodThe easiest and most straight forward approa
h of �nding the signi�
an
e of the signalis with a 
ounting experiment. First, �t the S+B histogram with a Gaussian plus a poly-nomial, where the polynomial 
an be extra
ted as an approximation of the ba
kground.The signi�
an
e is S=pB, and 
al
ulated using this formula:

s = NS+B �BpB (5.1)
where NS+B is the total number of events in the histogram and B the ba
kground eventsunder the �tted ba
kground fun
tion, both in a given mass interval. The mass intervalshould be 
hosen in su
h a way that the signi�
an
e is maximised. 23



CHAPTER 5. STATISTICAL METHODS
The un
ertainty in the 
al
ulation of the 
ounting signi�
an
e 
an be evaluated bytaking the di�erential of s = S=pB. It is given by this formula:

(�s)2 = � �s�S�S�2 +� �s�B�B�2 (5.2)
After some 
al
ulations and formula manipulations one ends up with

�s =s��SpB�2 + S2(�B)24B3 � �SpB : (5.3)
The approximation is valid in 
ases where S � B, as for this 
hannel. The error �S
an be 
al
ulated with respe
t of the errors �NS+B and �B. However for the analysisit is very 
onvenient to use the output from PAW, where the �tted number of signalevents with un
ertainties 
omes dire
tly from the �tting pro
edure.
5.1.2 The 
hi-square methodThe 
hi-square method for 
al
ulating the signi�
an
e gives a better approximation tothe real signal. The 
ontribution from the signal is not 
ut using sharp borders like inthe 
ounting method, but 
orresponds to the �t of the whole signal range.Begin with applying the best �t to the signal plus ba
kground histogram, using a 
om-bination of a Gaussian and a polynomial (or exponential). This is easily done withPAW or other analysing software. The output from the �tting is a �2S+B, a quantitydependent on the di�eren
e of the histogram and the fun
tion in ea
h bin (see equation(5.4)). Now, take the �tted fun
tion and extra
t the ba
kground part, that is only thepolynomial (without the Gaussian). Cal
ulate a �2B using the histogram and the ba
k-ground fun
tion. Note that you are not trying to minimise the �2 this time, but simplyto 
al
ulate it by the standard formula:

�2 = nbinsXi=1 (yihist � yifit)2�2i ; (5.4)
where �i is the standard error in ea
h bin (poisson distribution), qyifit.Another useful quantity is the number of degrees of freedom, d:o:f:, whi
h is de�ned asd:o:f: = #bins�#parameters� 1 (5.5)where #parameters is the number of parameters in the �tted fun
tion.One should now make a test of whether to a

ept the S+B hypothesis (the hypothesissaying there is a
tually a signal present and not only ba
kground) or not. The require-ment is that �2S+B=d:o:f: (5.6)should be roughly one, and �2B=d:o:f: (5.7)24
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should be somewhat larger. How mu
h larger depends on the amount of events in thehistogram. What you a
tually do in this test is to ask: Whi
h of the fun
tions 
an best�t my histogram? Is it the one with a signal, or the one without?Finally, 
al
ulate a ��2 by subtra
ting the two �2's:��2 = �2B � �2S+B: (5.8)This variable is the basis of the signi�
an
e 
al
ulation, and one 
an look at statisti
altables or use programs whi
h transforms the ��2 to probability and to number ofsigmas. The number of degrees of freedom is in this 
ase one, whi
h is the Higgs mass(the Standard Model 
ross-se
tion is again dependent on the mass). However, in this
ase with only one d:o:f: one 
an get the signi�
an
e by simply taking the square rootof ��2. This is be
ause the p.d.f. of the �2 distribution for d:o:f: = 1 is the normaldistribution.
5.2 The signi�
an
e with two 
hannels
The idea is that splitting the events into two independent 
hannels will in
rease thesigni�
an
e of the signal. This 
on
ept 
an be used if the resolutions of the two 
hannelsare di�erent, otherwise one would not gain from it. Assuming the same number of signalevents, a narrow and high top (good resolution) will have a greater 
ontribution for thesigni�
an
e than a wide and low top (bad resolution). This is be
ause the relativeun
ertainty is less the more events in a bin. The signal resolution for one 
hannel isne
essarily worse than the best of the two with two 
hannels. So by using two 
hannels,the information obtained from the simulation is better utilised, and the method is moreoptimal.A possibility is to split the data into events with un
onverted photons (1) and eventswith one or more 
onverted photon(s) (2). As shall be investigated later, the resolutionsfor 
onverted photons and un
onverted are di�erent, so the method is valid. To usethis approa
h, one has to make two histograms with signal plus ba
kground, and do thesigni�
an
e 
al
ulation on both.One 
ould also think of splitting it into three 
hannels; un
onverted photons, one 
on-verted photon and two 
onverted photons. These three 
hannels will also have di�erentresolutions, but the problem is that there would be too few events in the histogram
ontaining two 
onverted photons (the probability of two 
onverted photons is about15%). However this is a good idea when the statisti
s are high enough.
5.2.1 The 
ounting methodThe signi�
an
e from the two 
hannels in a 
ounting experiment is 
ombined using:

s12 = S1 + S2pB1 +B2 ; (5.9)
25
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where Si = NS+Bi �Bi for i = 1; 2, and the un
ertainty with:(�s12)2 = (�s1)2 + (�s2)2: (5.10)
5.2.2 The 
hi-square methodAfter following the pro
edure of �nding the 
hi-squares on the two histograms (as de-s
ribed earlier), one will end up with four quantities; two values for �2S+B and two for�2B. Sin
e having two 
hannels would be equivalent to in
reasing the number of bins totwi
e as many, the �2's for 
ase 1 and 2 should be added. This gives:��212 = (�2B;1 + �2B;2)� (�2S+B;1 + �2S+B;2): (5.11)Again, take the square root of this number to get the signi�
an
e of the signal.
5.3 The Higgs mass and its un
ertainty with two 
han-nels
From the two histograms (1 and 2) with signal and ba
kground, one 
an make a 
ombined
al
ulation of the Higgs mass: M = m1�21 + m2�221�21 + 1�22 (5.12)
with an un
ertainty given by 1�2M = 1�21 + 1�22 : (5.13)Here, 1 and 2 denotes the histograms of the two 
hannels, m1 and m2 the mean valueof the �tted signal (the Gaussian), and �2 the un
ertainty in the mean.
5.4 ALRMC
ALRMC1 is a statisti
al program whi
h is used for Higgs sear
h on LEP [24℄ data. Likethe 
hi-square method, ALRMC is using a te
hnique whi
h takes into a

ount all theevents under the signal p.d.f. and in addition, the bins are weighted after the amount ofsignal events. That means, the weight from the bin in the middle of the signal is largerthan from the tail, and the weight from where there is no signal, is zero.When I started on this thesis I thought I 
ould use the program for statisti
al treatmentof my data. However, it turned out that the program was not well suited for analysis ofdata with statisti
s as high as in this 
hannel2. So the 
on
lusion was that I would make1Abbreviation for A Likelihood Ratio Monte Carlo.2ALRMC 
al
ulates ea
h 
andidate for signal and ba
kground separately, and this would not bee�
ient sin
e there are over 1000 signal events and ten thousands of ba
kground events.26
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another algorithm for �nding the signi�
an
e, as explained in the previous se
tions.These days, there is an ongoing pro
ess of translating ALRMC from Fortran77 intoC++, and of improving it. After this transition phase, it is expe
ted to perform betterwith the high statisti
s 
ases. So when the new version is up and running it would(probably) be possible to use in this type of experiment.Sin
e I am not using the program for this analysis, I will not try to explain the methodsused in the program. The readers that are interested will �nd information in refer-en
e [25, (available after August 2002)℄. In addition, a master thesis [26℄ has beendevoted to the pro
ess of translating the program, and this thesis is perhaps a morepedagogi
ally approa
h to understand the program. It 
ontains both the theoreti
alfoundation, and explanation of how this is used numeri
ally.
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Chapter 6
The analysis
This 
hapter is devoted to some essential ba
kground information about the analysis. Iwill present some of the knowledge LHC inherited from the LEP experiments, some gen-eral LHC Higgs sear
h fa
ts and detailed information about the signal and ba
kgroundpro
esses in this parti
ular 
hannel. Finally I will make a few 
omments about photon
onversions and radions.
6.1 The heritage from LEP
LEP 
ompleted data-taking in November 2000 after 11 years of running. In 2000 the
entre-of-mass energy was pushed to 209 GeV and in the last three years a luminosityof about 687 pb�1 was delivered to ea
h of the four experiments. One of the goals ofthe proje
t was to sear
h for a Standard Model Higgs boson. Their a
hievement was toex
lude a Higgs boson below a mass of 114.1 GeV1 at 95 % Con�den
e Level [27℄ (theshaded area in �gure 6.1). Even if the SM Higgs 
ross-se
tion is redu
ed by a fa
torthree, a Higgs boson mass up to 110 GeV is ex
luded. In addition to the importantex
lusion limit, the four LEP experiments also gave a signi�
an
e of 2.1 sigmas for aHiggs boson with a mass of 115 GeV. This is not enough for dis
overy, but 
an beinterpreted as a hint of a Higgs boson in that mass region.Figure 6.1 shows the best �t of the Standard Model to the LEP data. Minimum �2 isfound for mH = 88+35�45 GeV, and mH < 196 GeV at 95% C.L.
6.2 Higgs sear
h at LHC
The produ
tion of the Standard Model Higgs boson at LHC is expe
ted to pro
eedmainly through the diagrams shown in �gure 6.2. The 
ross-se
tions for these pro
essesare shown in the same �gure (left) as a fun
tion of the Higgs mass. The gluon-gluonfusion pro
ess is the dominant produ
tion 
hannel for all masses, but for mH � 1 TeV1Natural units, i.e. the 
onvention ~=1, 
=1 is used throughout this do
ument. 29
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Figure 6.1: The LEP Higgs boson mass ex
lusion limit.

Figure 6.2: Feynman diagrams of the Higgs produ
tion pro
esses.
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it is similar in magnitude to the ve
tor boson (WW, ZZ) fusion. The asso
iated Higgsprodu
tion with a t�t pair or a W=Z boson has a signi�
antly smaller 
ross-se
tion, how-ever, it gives rise to �nal states whi
h are relatively easy to extra
t from the ba
kground,thanks to the additional signature (for instan
e leptons) produ
ed in the de
ay of thea

ompanying parti
les.All the de
ay bran
hing ratios of the Higgs boson are in �gure 6.3 (right), where threemain regions 
an be identi�ed:� mH < 130GeV: H ! b�b dominates, however, be
ause of its huge QCD ba
k-ground (NS=NB < 10�5), H ! 

 is the most promising 
hannel.� 130GeV <mH < 2mZ: H !WW � ! l� l� and H ! ZZ� ! ll ll, where one ofthe ve
tor bosons 
an be virtual, are the only two 
hannels whi
h 
an be extra
tedfrom the ba
kground in this region.� mH > 2mZ: H ! ZZ;WW ! 
ombinations of l; � and jets. The pro
ess H !ZZ ! ll ll is 
alled the gold plated 
hannel, with almost no ba
kground.The Standard Model does not predi
t the mass of the Higgs boson, so we have to look inall the mass ranges. The only predi
tion it gives us is that we have a theoreti
al upperbound of � 1 TeV (be
ause of 
onsisten
y arguments within SM [28℄).The LHC expe
ts to operate at a 
entre-of-mass energy of ps = 14 TeV. Referen
es onHiggs sear
hes at LHC are [2℄ and [29℄. Referen
e [30℄ is an analysis of the impa
t ofthe sensitivity for di�erent values of the 
entre-of-mass energy.
6.3 H ! 


The 
hannel of the Higgs parti
le de
aying into a pair of photons will be an importantone at the LHC. It is the most promising 
hannel to observe a light Higgs boson with amass of the order 80 � 150 GeV. The 
hannel has a small bran
hing ratio, only about0:2%, whi
h means that the Higgs rarely de
ays into two photons. However, when itdoes, it is a 
lean 
hannel with a signal to ba
kground ratio of NS=NB � 10�2.

�W=tH






Figure 6.4: H ! 

 Feynman diagram.
The Feynman diagram of the signal is shown in �gure 6.4. The Higgs boson de
ays intotwo W 's or a t �t pair, whi
h intera
ts and 
reates two photons in the �nal state. In my31
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analysis I will look for a Higgs mass between 120 and 150 GeV (the lower limit be
auseof the LEP ex
lusion).For my analysis I have 
hosen to only look at the dire
t H ! 

 
hannel. This meansI will omit the asso
iated Higgs produ
tion pro
esses (C1 and C2 in �gure 6.2). Thesepro
esses have a 
ross-se
tion whi
h is almost a fa
tor 50 lower than for the dire
tprodu
tion, but is easier to extra
t be
ause of the additional parti
le in the �nal state.Severe requirements on the performan
e of the EM Calorimeter are pla
ed by this 
han-nel. Ex
ellent energy and angular resolution are needed to observe the narrow masspeak and powerful parti
le identi�
ation 
apability is also required to reje
t the largeQCD jet ba
kground.
6.4 Ba
kground
The ba
kground of H ! 

 is events produ
ed within the Standard Model whi
h
onsists of two photons in the �nal state. We have events whi
h we are able to suppress(the redu
ible) and some we are not (the irredu
ible).
6.4.1 Irredu
ible; Born and box rea
tions
The irredu
ible ba
kground 
onsists of rea
tions with fermions or gluons whi
h intera
tand produ
e two photons as the �nal state. The dominating pro
esses are the Born andthe box pro
esses, their rea
tions are:

Born : f �f �! 


Box : gg �! 

The Feynman diagrams are shown in �gure 6.5.

�f

�f







�g

g







Figure 6.5: Born and box Feynman diagrams, irredu
ible ba
kground.
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6.4. BACKGROUND
6.4.2 Irredu
ible; Bremsstrahlung rea
tionsIn addition we have some events with only one photon plus one fermion/gluon in the�nal state. The fermion/gluon 
an then emit another photon through bremsstrahlung,giving a softer photon. The rea
tions 
an be as follows;f �f �! g
  g

fg �! f
  f

gg �! g
  g

The se
ond of these pro
esses is drawn in �gure 6.6.

�g

f

f






Figure 6.6: One of the bremsstrahlung Feynman diagrams, irredu
ible ba
kground.
In the analysis done for the ATLAS TDR [2℄, this ba
kground was not simulated but
al
ulated with some matrix element 
al
ulation in the early 90s [31℄. The result fromthis 
al
ulation is that the Bremsstrahlung ba
kground amounts to about 50% of the
ombined Born plus box 
ontribution. In the ATLAS analysis, this 
ontribution isin
luded in the simulations by 
orrespondingly s
aling the Born and box ba
kground.
6.4.3 Redu
ibleIn addition to the irredu
ible 

 ba
kground, the QCD jet-
 and jet-jet ba
kground haveto be 
onsidered. This is events where one or both jets are misidenti�ed as photons.Sin
e the produ
tion 
ross-se
tions for these pro
esses are many orders of magnitudelarger than the signal 
ross-se
tion, it is possible to suppress this ba
kground by obtain-ing ex
ellent photon/jet and photon/ele
tron dis
rimination in the dete
tor. The ratiosof the 
ross-se
tions for jet-
 and jet-jet to the irredu
ible 

 are 2 � 106 and 8 � 102respe
tively [2℄. After reje
tion of most of these events in the 
alorimeter they ea
hamounts of about 20% of the total irredu
ible ba
kground.For Higgs masses 
lose to the Z mass (mZ = 91 GeV) the resonant ba
kground fromZ ! ee de
ays have to be taken into a

ount. However, in this thesis I am looking fora Higgs mass between 120 and 150 GeV so I 
an safely ignore this 
ontribution (anywayit would be negligible even when looking at a Higgs mass of 90 GeV [2℄). 33
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6.5 EMCalorimeter performan
e - Photon 
onversions
This subje
t is thoroughly des
ribed in the TDR [10℄. Here I will only state some fa
tsthat are important for my analysis.Be
ause of the signi�
ant amount of material in front of the 
alorimeters, many of thephotons are 
onverted. Sin
e the H ! 

 signal is small, it is essential to ensure highe�
ien
y, and 
onsequently to re
over the 
onversions. Around 30 % of all photons
onvert in the material of the ID 
avity. In �gure 6.7 the fra
tion of 
onverted photonsas a fun
tion of pseudorapidity is shown. Around 75 % of the 
onversions o

ur insidethe volume2 R
 <80 
m, jz
j <280 
m.
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Figure 6.7: Fra
tion of 
onverted photonsas a fun
tion of pseudorapidity.
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Figure 6.8: Energy resolution for 
onver-ted and un
onverted photons at � = 1:1,as a fun
tion of the photon energy.
The resolution of the ele
tromagneti
 
alorimeter at � = 1:1 is given in �gure 6.8 as afun
tion of the photon energy. For a photon in the range up to 200 GeV, the energyresolution for 
onverted is signi�
antly worse (higher) than for the un
onverted photons.For the higher energies, the di�eren
e is smaller.Photon 
onversions are found by 
ombining pairs of oppositely 
harged ele
tron/positrontra
ks, and the smallest possible 
luster3 is needed to redu
e the 
ontribution of the pile-up4 and ele
troni
 noise to the energy resolution. On the other hand, a relatively large
luster is needed to fully 
ontain the shower in order to limit the impa
t of lateral �u
-tuations on the energy resolution. The 
luster size depends on the parti
le type, energy2R is a 
oordinat in the pseudorapidity-azimuthal angle spa
e (R =p�2 + �2), while z is along thebeam axis.3Energy depositions in neighbouring elements are grouped into energy 
lusters. Ea
h 
luster isasso
iated an energy, a radial and azimuthal 
oordinate and a 
luster size.4Pile-up happens if an event arrives the dete
tor while the dete
tor is still pro
essing the previousevent. The result is a distortion of the signal.34
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and pseudorapidity. Ele
tron re
onstru
tion needs larger 
lusters than photons be
auseof their larger intera
tion probability in the upstream material and in the presen
e of amagneti
 �eld, and as a result, this gives a worse energy resolution.The overall photon identi�
ation e�
ien
y with the ATLAS dete
tor is found to beabout 80 %.
6.6 Radions
This se
tion is based on talks given by Per Osland [32℄. I will not give a thoroughpresentation, but simply state some fa
ts and show a few plots.Radions are parti
les asso
iated with the � �eld within string theory. They appear inthe Randall-Sundrum s
enario [33℄ where the universe is (4+1) dimensional. The radionand the Higgs are parti
les whi
h look very mu
h alike, having similar 
hara
teristi
sand intera
tions. This is important to have in mind during Higgs sear
h, and if extradimensional parti
les do exist, we should learn to di�erentiate between the two of them.

Figure 6.9: Produ
tion 
ross-se
tion for the (SM) Higgs and the radion at LHC andTevatron (left) and bran
hing ratio for the radion (right), both as a fun
tion of theradion (�) mass.
The radions are produ
ed mainly by the gluon-gluon fusion pro
ess, and the 
ross-se
tionis about 100 times larger than for the Higgs boson (�gure 6.9 (left)). They have nearlythe same de
ay 
hannels, arranged by bran
hing ratio in �gure 6.9 (right). Note that inaddition to the Higgs 
hannels, the radions 
an also de
ay into two Higgs bosons. Thatis if the radion appears to be a good deal heavier than the Higgs boson.The 

 de
ay rate for the radion is almost twi
e the rate of the Higgs as shown in �gure6.10. This means that in this 
hannel, the frequen
y of a
tually observing a radion willbe larger than observing a Higgs (if they exist).
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Figure 6.10: Ratios of the 

 de
ay rates (��!

=�H!

) as a fun
tion of the ra-dion/Higgs mass.

36



Chapter 7
Results
This 
hapter presents the results from the analysis. First, the signal (the pro
ess H !

) and ba
kground (all other pro
esses with 

 in the �nal state) are re
onstru
ted,then they are applied on the same histogram to illustrate data from a real experiment.On this S+B histogram, the signi�
an
e of the signal is 
al
ulated. This is a measureof whether a parti
le 
an be observed or not. Finally, the out
ome from my analysis isdis
ussed and put in a larger 
ontext.
7.1 Cuts
The 
uts applied to both signal and ba
kground throughout this analysis are:
� j�j < 2:4, and no photons in the barrel/end-
ap transition region1:37 < j�j < 1:52: This is the region suited for pre
ision physi
s due to the 
on-stru
tion of the ele
tromagneti
 
alorimeter.� PT(1) > 40GeV and PT(2) > 25GeV: This is the lower limits of the transversemomenta of the two photons.
In addition, another 
ut has been introdu
ed in se
tion 7.3.2.
7.2 Signal re
onstru
tion
The produ
tion 
ross-se
tion times bran
hing ratio for H ! 

 is slightly below 50 fb(46 fb at 120 GeV). It varies with the Higgs mass and peaks around 120 GeV as in�gure 7.1. The plot is made using 15 runs with ATLFAST, one for every 5 GeV at highluminosity and 1000 events. The shape of the 
urve is di
tated by the bran
hing ratio
urve in �gure 6.3, having the same shape and a maximum at a Higgs mass about 120GeV. 37
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The Higgs produ
tion pro
esses are des
ribed in se
tion 6.2. The four pro
esses in table7.1 are the most important (the ISUB number are used in PYTHIA). They 
orrespondsto the pro
esses A and B in �gure 6.2. Pro
ess 3 
ontains 
ontributions from all �avours,but is 
ompletely dominated by the subpro
ess t�t! H. The pro
ess-ratios in table 7.1are for a Higgs mass of 120 GeV, and they are stable within the mass range to 150 GeV.ISUB Pro
ess Ratio (%)3 f �f ! H 6.1102 gg ! H 72.0123 ff ! ffH (ZZ fusion) 5.9124 ff ! ffH (W+W� fusion) 16.0
Table 7.1: The ratios of the di�erent Higgs produ
tion pro
esses at a Higgs mass of 120GeV.The fast simulation, ATLFAST, does not handle 
onverted photons, only full simulationdoes. So for my analysis, I have studied the behaviour of the 
onverted photons asdes
ribed in the TDR [10℄, and tried to fake them. The algorithm for doing this hasits origin in �gure 6.7, I simply used this probability of 
onverted photons at a givenpseudorapidity. In addition, the energy deposited by the 
onverted photons gives a largetail on the low energy side, meaning the 
onverted photons will peak at a slightly smallertwo-photon mass than the un
onverted ones. After redu
ing the two-photon invariantmass with 0.3 GeV on the events 
ontaining at least one 
onverted photon, the faked
onverted photon events looks very mu
h like the fully simulated ones des
ribed in theTDR.Figure 7.2 shows the re
onstru
ted signal for a Higgs mass of 120 GeV, 
onsisting ofthe un
onverted photon events dire
tly from ATLFAST and the faked 
onverted ones(shaded). The shape of the signal from the re
onstru
tion in ATLFAST is a Gaussianwith a width that re�e
ts the resolution of the ele
tromagneti
 
alorimeter. For theHiggs at 120 GeV the resolutions for the 
onverted and un
onverted 
hannels are �
onv =1:37GeV and �un
onv = 1:32GeV, both with an un
ertainty of 0:03GeV (from the outputof paw). The fa
t that the two resolutions are observed di�erent, and that the 
onverted38
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Figure 7.2: Re
onstru
ted two-photon invariant mass with mH = 120 GeV for highluminosity. The shaded area represents events 
ontaining at least one 
onverted photon.The �tted width of the total signal is � = 1:34 GeV.

ase is the worse is in agreement with �gure 6.8. However, this di�eren
e is not large,and the un
ertainties are overlapping ea
h other. The total signal (both un
onvertedand 
onverted events) has a �tted width and a resolution of � = 1:34 GeV.
The number of events in the histogram is given by the standard formula

N = �L�; (7.1)
where � is the 
ross-se
tion and L the integrated luminosity. � is the e�
ien
y � =�photon�
uts where �photon = 0:64 (0.8 for ea
h photon) and �
uts is the e�
ien
y of the
uts in the analysis listed in table 7.2. The e�
ien
ies in the table are the valuesobtained through the event generation.

Higgs mass (GeV) 120 130 140 150�
uts 0.59 0.61 0.62 0.63Mass resolution (GeV) 1.34 1.42 1.49 1.53
Table 7.2: E�
ien
y of 
uts and the mass resolution of the signal at four Higgs masses.
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CHAPTER 7. RESULTS
7.3 Ba
kground re
onstru
tion
7.3.1 Born and boxThe produ
tion 
ross-se
tion for the Born and box pro
esses are �bb = 0:65 pb for aninvariant two photon mass at 120 GeV, and are distributed for other masses in �gure7.31. The total (integrated) 
ross-se
tion for the range 100-150 GeV is 29 pb and forthe range 120-170 GeV, 16 pb. These are the two ranges used in my analysis.
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Higgs mass (GeV)Figure 7.3: Cross-se
tion for the 
ombined Born and box ba
kground pro
esses as afun
tion of invariant two-photon mass.
The Born plus box ba
kground distribution is shown in �gure 7.4, the 
ontribution fromBorn slightly larger than box. The total distribution 
an be �tted well with a polynomialof order 3. Again, the number of events in the histogram is given with equation 7.1 withan e�
ien
y of 
uts �
uts � 0:18 in both ranges (100-150 GeV and 120-170 GeV). If weapply the (faked) 
onverted photons to the ba
kground as well, using the same algorithmas for the signal, the distributions are as shown in �gure 7.5. The 
onverted photonsamounts to about 30� 40% of the un
onverted ones.
7.3.2 BremsstrahlungIn spite of that the quark bremsstrahlung pro
esses was not simulated for the TDR, Iwanted to see if ATLFAST 
ould reprodu
e this 50% of the Born plus box ba
kgroundresult.The produ
tion 
ross-se
tion for the bremsstrahlung ba
kground (from the output ofATLFAST) for the range of two-photon mass between 100 and 150 GeV is of the order10�8 b. That means, while I at low luminosity needed to produ
e some hundred thousandevents of the Born plus box ba
kground I will need some hundred million events of thebremsstrahlung. After produ
tion of the events, less than a thousandth passes throughthe sele
tion 
riteria.1The plot is done the same way as for the signal, 1000 simulated events for every 5 GeV.40
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Figure 7.4: The un
onverted photon 
on-tribution from the Born (dotted) and box(dashed) ba
kgrounds and the sum ofthese (line) as a fun
tion of invariant two-photon mass at high luminosity.
Figure 7.5: The total Born plus box ba
k-ground as a fun
tion of invariant two-photon mass at high luminosity. Theareas represent events with at least one
onverted photon (shaded) and eventswithout 
onversions (the white area).

With only the 
uts des
ribed in se
tion 7.1, the amount of bremsstrahlung events is 5-6times larger than that of the Born and box (see �gure 7.7). So, I had to introdu
e other
ut parameters in order to redu
e the bremsstrahlung. I ended up using a PT balan
e
ut: P balan
eT = PT;1PT;1 + PT;2 (7.2)
where 1 and 2 are the two photons in the �nal state, arranged by de
reasing PT . Thisparameter is plotted in �gure 7.6 for the bremsstrahlung, Born plus box and signal.From the �gure it is quite obvious that the bremsstrahlung 
an be redu
ed drasti
allywhen 
utting on high P balan
eT values. In �gure 7.7 the impa
t on the bremsstrahlungba
kground for the 
uts P balan
eT � 0.95, 0.90, 0.85, 0.80, 0.75 and 0.70 is shown. TheBorn plus box ba
kground is not redu
ed noti
eably when introdu
ing these 
uts. Usingthe strongest 
ut, the bremsstrahlung/Born plus box ratio is around two. Unfortunatelythe signal is loosing events be
ause of the 
ut, and this is important to avoid sin
e thesignal is quite small for this 
hannel.The number of bremsstrahlung, Born plus box and signal events is redu
ed due to theP balan
eT 
ut in a manner des
ribed in table 7.3. Note that I have been using di�erentluminosities for the ba
kground pro
esses (7 fb�1) and the signal (100 fb�1). With theseresults we would expe
t the signi�
an
e (S=pB) to de
rease with a stronger 
ut. 41
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Bremsstrahlung Born, box SignalFigure 7.6: The P balan
eT 
ut parameter for the bremsstrahlung, Born plus box and thesignal. The luminosities are 7 fb�1 for the ba
kgrounds, while 100 fb�1 for the signal.

Figure 7.7: Re
onstru
ted bremsstrahlung ba
kground for di�erent values of the PTbalan
e 
ut and the Born plus box ba
kground (shaded) at 7 fb�1.
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P balan
eT Bremsstrahlung Born, box Signal% (events) % (events) % (events)No 
ut (113219) (21804) (2854)0.95 95.3 (107925) 100.0 (21801) 99.9 (2850)0.90 77.2 (87357) 99.9 (21788) 99.0 (2826)0.85 59.7 (67610) 99.9 (21777) 97.2 (2774)0.80 49.9 (56515) 99.8 (21769) 94.0 (2684)0.75 42.3 (47940) 99.8 (21755) 89.2 (2545)0.70 34.5 (39063) 99.4 (21681) 83.7 (2388)

Table 7.3: The impa
t of the bremsstrahlung ba
kground, Born and box and the signalfrom the P balan
eT 
ut. The luminosities are 7 fb�1 for the ba
kgrounds, while 100 fb�1for the signal.
7.3.3 Redu
ibleThe redu
ible QCD ba
kground requires full simulation to re
onstru
t. In order todelimit my thesis and to be able to �nish in pres
ribed time I have not looked into thisat all. I have only assumed what the TDR states; that this ba
kground amounts toabout 40% of the irredu
ible ba
kground (Born, box and bremsstrahlung). I will usethis in my later results.
7.3.4 Dis
ussionApparently, it seems that the fast simulation software is not able to do a propersimulation of the bremsstrahlung pro
ess. With the hardest 
ut introdu
ed to thebremsstrahlung, I managed to redu
e it to roughly twi
e the size of Born plus box. Butthe a
hievement is useless, be
ause of the large amount of signal events 
ut away aswell.Some ideas of why the fast simulation 
an not handle this is:

� The QED bremsstrahlung is only modelled with parton shower in PYTHIA andits rates are very un
ertain;� The photon isolation in PYTHIA/ATLFAST is based on very 
rude and loose
riteria.
Two traditional approa
hes exist to model �nal-state radiation; the matrix elementmethod and the parton shower method. In prin
iple the matrix element method is the
orre
t approa
h, whi
h takes into a

ount exa
t kinemati
s. It is in this way Feynmandiagrams are 
al
ulated, order by order. The disadvantage is that the method 
anbe di�
ult at higher order, and espe
ially in loop diagrams. The se
ond approa
h,with parton showers, is more an approximation. By simplifying the kinemati
s and43
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using partons to yield a des
ription of multi-jet events, the method is more �exible andusually the �rst 
hoi
e. However, the shower approa
h has limited predi
tive power forthe rate of well-separated jets. So for the bremsstrahlung pro
ess, the matrix element
al
ulation should be used in order to obtain a

urate results.Due to the last point, I tried to introdu
e a photon isolation 
riterion in the analysis,but ended up no better than with the PT balan
e 
ut. With fast simulation, su
h studieswould be very analysis dependent.Sin
e both the QCD and the bremsstrahlung ba
kgrounds should be generated by othermeans (full simulation), it is hard for me to do a 
omplete study of this 
hannel. In orderto evaluate the impa
t of a 
ut, one should have all the important pro
esses to performthe 
ut on. That is why I sti
ked to the 
uts used for the TDR, so I 
ould be able toassume the two limits on the bremsstrahlung and QCD pro
esses (the bremsstrahlung;� 50% of Born plus box, and the QCD; � 40% of the total irredu
ible ba
kground).
7.4 Statisti
al treatment of the data
Figure 7.8 shows signal and ba
kground for a Higgs mass of 120 GeV at four di�erentluminosities. The ba
kground 
onsists of the 
ontribution from Born and box s
aled up2.1 times. With this s
aling, the bremsstrahlung and QCD ba
kground are in
luded;Nbrems = 0:5 �NBorn;box ; Nredu
ible = 0:4 �Nirredu
ible;giving a total ba
kground ofNtotal = 1:4 � 1:5 �NBorn;box = 2:1 �NBorn;box:The histograms are �tted with a 
ombination of a Gaussian and a polynomial of thirdorder. In the 
ase of one year at high luminosity (100 fb�1) (a), the signal is 
learlyvisible above the ba
kground. The situation is worse for the lower luminosities. At30 fb�1 (b) one might be able to see the signal, while for 10 fb�1 (d) the ba
kground�u
tuation is so large it is hard (or even impossible) to extra
t the signal. Some ofthe peaks from the ba
kground �u
tuation looks as mu
h as a signal peak as the �true�signal.The number of events generated for the signal and ba
kground for the di�erent lumin-osities are listed in table 7.4. The numbers re�e
ts the 
ourse of the 
ross-se
tions asshown in �gure 7.1 and 7.3. The numbers are the ones used in PYTHIA for eventgeneration, whi
h means they only represents the un
onverted photon events. For theanalysis, the ba
kground is split into two ranges, 100-150 GeV and 120-170 GeV, wheretwo signals are analysed in ea
h range.After splitting the events into two 
hannels; (1) events with no photon 
onversions and(2) events with one or both photons 
onverted, the signal and ba
kground histogramfor 100 fb�1 looks like in �gure 7.9 (1) and (2). There are mu
h fewer events in the 
asewith 
onverted photons, and at low luminosity this is a problem, be
ause it is gettingeven harder to �nd the signal.44
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(a) 100 fb�1 (b) 30 fb�1

(
) 20 fb�1 (d) 10 fb�1Figure 7.8: Signal and ba
kground for H ! 

 with a Higgs mass of 120 GeV at fourdi�erent luminosities. The histograms are �tted with a 
ombination of a Gaussian (forthe signal) and a polynomial of third order.
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10 fb�1 20 fb�1 30 fb�1 100 fb�1Ba
kground 100-150 GeV 3.95�105 7.90�105 1.18�106 3.95�106Signal at 120 GeV 301 602 902 3008Signal at 130 GeV 275 550 826 2752Ba
kground 120-170 GeV 2.17�105 4.35�105 6.53�105 2.17�105Signal at 140 GeV 224 447 671 2236Signal at 150 GeV 150 300 450 1496
Table 7.4: The number of events generated for the analysis at di�erent luminosities.

(1) Un
onverted photons (2) Converted photonsFigure 7.9: Signal and ba
kground for H ! 

 with a Higgs mass of 120 GeV at highluminosity. Histogram (1) is events without photon 
onversions and (2) is events withone or both photons 
onverted. The histograms are �tted with a 
ombination of aGaussian (for the signal) and a polynomial of third order.
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7.4. STATISTICAL TREATMENT OF THE DATA
7.4.1 Signi�
an
e found by using 
ounting experiments
With the 
ounting method, the signi�
an
e is 
al
ulated as S=pB in a given masswindow. The mass window is a symmetri
al interval around the mean value of the�tted Gaussian: �� �� (7.3)where � is the standard deviation of the �tted Gaussian (the signal). The only parameterthat varies freely here is the window parameter �, and it has to be 
hosen in su
h a waythat the signi�
an
e is maximised. Figure 7.10 shows the variation of signi�
an
e fordi�erent values of �. (The plot will surely look somewhat di�erent for other massesand at other luminosities, but this is only to 
hoose a value.) Based on this �gure, theparameter is set to be � = 2:0 throughout the analysis.
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Mass window parameterFigure 7.10: The signi�
an
e for di�erent mass window parameters for a Higgs mass of120 GeV and at high luminosity. The dotted line is for events with one or more 
onvertedphoton, the dashed for un
onverted photon events and the line for all 

 events.
In �gure 7.11, the 
ounting signi�
an
e is plotted for various luminosities and Higgsmasses using both one and two 
hannels. These results are a
hieved by the 
ountingexperiment explained in se
tions 5.1.1 and 5.2.1 and ea
h point is the mean value ofthree independent experiments (runs). The plotted values are also in table 7.5. Inappendix B, all the values from the three runs are listed.The un
ertainty in the signi�
an
e, given with equation (5.3) is 
al
ulated for one meas-urement (120 GeV, high luminosity). The number of signal events as a result from the�tting is S��S = 2614�372 (B � 92000). This gives a un
ertainty of the signi�
an
eof �s = 1:2�. For other masses and luminosities this un
ertainty is more or less thesame. I tested the pro
edure on several other 
ases, and the un
ertainty always endedup being one, or a little larger. This is logi
al, be
ause when S and �S de
reases,the ba
kground de
reases as well. With two 
hannels, the un
ertainties will have to be
ombined, and this gives an un
ertainty whi
h is a bit larger than with one 
hannel,roughly around 1.5. 47
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7.4.2 Signi�
an
e found by using the �2 methodA 
ounting experiment is not always the optimum. A more advan
ed way to 
al
ulatethe signi�
an
e is by the �2 method explained in se
tions 5.1.2 and 5.2.2. It takes intoa

ount a wider range of the histogram and not only the small mass window aroundthe signal. In �gure 7.12 the signi�
an
e is plotted for four Higgs masses and fourluminosities. Again, the mean value of three experiments is used. The plotted values
an also be seen in table 7.6, and the values from the three runs in appendix B. Thegoodness of �t and the values for a

epting the S+B hypothesis as explained in se
tion5.1.2 are added in super- and subs
ript in the table of run one in appendix B.
7.4.3 Dis
ussionThe signi�
an
e 
al
ulations in the two previous se
tions are based on exa
tly the samesets of data. That way, the obtained values re�e
ts only the di�eren
e in the methods,and not the randomness in the histograms. Moreover, the histograms used are totallyindependent of ea
h other.From the �gures 7.11 and 7.12 it is obvious that the signi�
an
e from the 
hi-squaremethod is higher than with the 
ounting method. At high luminosity the di�eren
e isroughly one sigma, while at the lower luminosities the gain is more �u
tuating, but less.In addition, using the 
hi-squares is a more optimal method than the 
ounting be
auseit treats the whole S+B histogram range, and not only where the signal is.It is also obvious that the gain in signi�
an
e by splitting the data into two data setsis signi�
ant. The gain for the high luminosity 
ases are in the range 0.1-0.8 sigma,typi
ally 0.3 or 0.4. However, this is not 
lear for the lower luminosities. At one yearwith low luminosity the signi�
an
e using one 
hannel is often larger than with two(
onsult the tables 7.5 and 7.6). This is be
ause the histograms with one or more
onverted photons have fewer events, and the analysis often failed to �nd the signalfor the lowest luminosity. When this o

urred, there were only 
ontributions from one
hannel, and hen
e the signi�
an
e is smaller.The un
ertainty in the 
al
ulation of the signi�
an
e should only be taken as an indi
-ation of how mu
h the signi�
an
e 
an �u
tuate. I will not go into a detailed study ofthe un
ertainties of the signi�
an
es, but with the 
al
ulation in the 
ounting exper-iment simply express the magnitude whi
h is somewhere between 1.0 and 1.5�. Theun
ertainty in the mean of three runs 
an be expe
ted to be less than one sigma.The signi�
an
es in the two tables and �gures are the mean of three runs, but still theydo �u
tuate. This is due to the ba
kground �u
tuation, and the relative ba
kground�u
tuation is inverse proportional to the amount of events in the histogram. Thatmeans this relative �u
tuation is largest for low luminosity and also for the highestHiggs masses. In table 7.4, where the amount of generated events are listed, this 
an beseen 
learly. Some entries that di�er are the small dip at the values for 140 GeV at 30fb�1 for both methods and some other entries. These deviations 
an be understood byhaving the un
ertainty of the signi�
an
e in mind.48
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Figure 7.11: The signi�
an
e from a 
ounting experiment for di�erent Higgs masses andat four luminosities. The plotted values are the mean from three independent runs.
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Figure 7.12: The signi�
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e from a statisti
al �2 method for di�erent Higgs massesand at four luminosities. The plotted values are the mean from three independent runs.
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mH 120 GeV 10 fb�1 20 fb�1 30 fb�1 100 fb�1signf:two 
h: 1.9 3.3 4.5 8.4signf:one 
h: 2.0 3.9 4.2 8.0mH 130 GeVsignf:two 
h: 2.4 4.9 4.6 7.3signf:one 
h: 2.3 4.1 4.1 7.2mH 140 GeVsignf:two 
h: 1.8 3.3 2.5 7.9signf:one 
h: 3.0 3.1 3.1 6.4mH 150 GeVsignf:two 
h: 2.0 2.8 4.3 5.2signf:one 
h: 2.3 3.0 3.2 5.1
Table 7.5: Signi�
an
e for the 
ounting experiment, with both one and two 
hannels atvarious luminosities. The values are the mean of three runs.

mH 120 GeV 10 fb�1 20 fb�1 30 fb�1 100 fb�1signf:two 
h: 3.2 4.4 5.3 9.3signf:one 
h: 2.9 4.4 4.8 8.9mH 130 GeVsignf:two 
h: 3.5 5.5 5.3 8.8signf:one 
h: 3.0 4.7 4.6 8.3mH 140 GeVsignf:two 
h: 2.7 4.2 4.0 9.0signf:one 
h: 3.3 3.4 3.7 8.5mH 150 GeVsignf:two 
h: 2.5 3.7 5.1 6.5signf:one 
h: 2.6 3.7 3.7 5.8
Table 7.6: Signi�
an
e for the 
hi-square method experiment, with both one and two
hannels at various luminosities. The values are the mean of three runs.
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7.4. STATISTICAL TREATMENT OF THE DATA
To 
laim dis
overy of a parti
le, the signi�
an
e should be larger than �ve sigmas (thefamous �ve sigma rule). The entries that has a signi�
an
e larger than �ve are: all at100 fb�1 and some at 30 fb�1. The entries for the masses 120, 130 and 150 GeV at 30fb�1 are barely above the limit, but due to un
ertainties they may be just under thelimit when running the LHC (or higher, who knows).The size of the ba
kground in this 
hannel is very un
ertain. It should be in this orderof magnitude, but 
an be expe
ted to di�er. Espe
ially the rates of the bremsstrahlungand the QCD ba
kground are un
ertain, and they should be looked further up on, usingfull simulation. Both the methods have a signi�
an
e whi
h goes as 1=pB. In the
ounting method, this is expli
it while in the 
hi-square method the �2 goes as 1=�2where �2 � NB (Poisson statisti
s) and the signi�
an
e is the square-root of the ��2.This means that a doubling in the ba
kground results in a � 70% lower signi�
an
e(1=p2). Still the Higgs 
an be observed (the signi�
an
e is higher than �ve) for themasses 120, 130 and 140 GeV at high luminosity.Let's try to put a fb�1-tag on the performan
e using two 
hannels and the 
hi-squaremethod. Generalising the results, the gain in using two 
hannels and the 
hi-squaremethod instead of one 
hannel and 
ounting is roughly 1.5� at 100 fb�1 and 1.0� at30 fb�1. If one manipulates these numbers, and in addition looks at the progress ofthe signi�
an
e in the tables, the gain in fb�1 after three years would be something like10 fb�1 and after four years, 30 fb�1. Of 
ourse, this is only an estimate, and only ofH ! 

 at ATLAS. There is a well known fa
t that time is money [34℄, and this meansthat the gain in fb�1 would 
orrespond to a lot of money (but the analogy to moneyis really a bit doubtful, be
ause at the LHC, there are many other proje
ts, not onlyregarded Higgs sear
h).In the analysis done for the TDR [2℄, the 
ounting method is used to 
al
ulate thesigni�
an
e of the signal. It ended up with a signi�
an
e of 6.5� at 100 fb�1 (4.0�at 30 fb�1) for the Higgs masses 120 and 130 GeV. In this analysis, the asso
iatedHiggs produ
tion (<100 signal 
andidates) is in
luded, and a mass window of �1:4�around the nominal Higgs mass is 
hosen. My results, using one 
hannel and 
ounting,is 1:5� higher than these results. Some of the di�eren
e may lie in the 
hoi
e of masswindow. When I tried to use the same mass interval as the TDR, the signi�
an
e wasredu
ed some (but not as mu
h as 1:5�). Another thing to noti
e is that I have donethe 
al
ulation for three sets of data, whi
h makes the results more stable than justdoing it on
e. In addition to this, the algorithms used in the methods may be somewhatdi�erent, and 
ertainly un
ertainties in the signi�
an
e must be 
onsidered.For future study of this 
hannel, it might be possible to use the program ALRMC (C++)(introdu
ed in se
tion 5.4). With this method, the dis
overy potential will be thoroughlyexamined. Some of my data was fed into a very preliminary version of the new program,and an output in the form of a 
ounting signi�
an
e, was in a

ordan
e with my results.It was tested for 120 GeV, high luminosity, one 
hannel, and the signi�
an
e was about� 9� with the worst and best estimate of 7 and 14 � (the signi�
an
e may lay in thisinterval). But again, this is only a test of the program, and should not be taken as anabsolute result.
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7.5 Re
onstru
ted Higgs mass
In the simulations, the signal is generated at a 
ertain mass. The signal is then pla
edonto the ba
kground, and afterwards �tted with a Gaussian. The question is whetherone ends up with a Higgs mass 
orresponding to the value inserted in the simulationsat the beginning.Table 7.7 shows all the re
onstru
ted Higgs masses at the four luminosities, with un-
ertainties. The un
ertainties are output from PAW regarding the �tting pro
edure.There are some small deviations from the nominal Higgs mass, and espe
ially at thelow luminosities. Mainly one value is very o�, and that is the re
onstru
ted mass of133.89�0.20 GeV for the 130 GeV Higgs. This is when using two 
hannels at 30 fb�1.What happened here is that the 
hannel with 
onverted photons found a signal (well,a
tually it is ba
kground �u
tuation) at 134.50�0.22 GeV with a signi�
an
e of only1� (
ounting). The 
hannel with un
onverted photons �tted the signal at 130.83�0.49GeV, so this is ok.The re
onstru
ted standard deviations of the �tted Gaussians does also vary from thevalues they should have had after the event generation. This is be
ause a �t is performed,and �u
tuation in the ba
kground is very interfering sin
e the amount of signal events issmall 
ompared to the ba
kground events. A few bins with extra events (or less) on thewing of the signal in the S+B histogram will mean a larger (smaller) standard deviationfor the �tted Gaussian.mH 120 GeV 10 fb�1 20 fb�1 30 fb�1 100 fb�1mHtwo 
h: 120.32 �0.16 120.18 �0.55 119.25 �0.26 120.18 �0.15mHone 
h: 120.37 �0.44 120.06 �0.65 119.46 �0.33 120.18 �0.15mH 130 GeVmHtwo 
h: 130.05 �0.17 129.18 �0.46 133.89 �0.20 129.66 �0.10mHone 
h: 129.88 �0.25 129.01 �0.61 131.16 �0.39 129.78 �0.19mH 140 GeVmHtwo 
h: 140.81 �0.71 139.02 �0.41 138.16 �0.23 139.78 �0.21mHone 
h: 140.24 �2.29 139.18 �0.47 138.67 �1.19 139.93 �0.17mH 150 GeVmHtwo 
h: 148.95 �0.90 149.59 �0.13 149.83 �0.33 149.77 �0.22mHone 
h: 149.12 �1.42 149.69 �0.18 149.66 �0.41 149.74 �0.26

Table 7.7: Re
onstru
ted Higgs mass for run one.
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Chapter 8
Con
lusion and Outlook
An analysis of the 
hannel H ! 

 has been performed using fast simulation tools.The signal and ba
kground are presented, and the ba
kground seems to be under full
ontrol. However, the rates of the bremsstrahlung pro
ess and the QCD ba
kground
ould need an update. This is out of the s
ope for this master thesis, sin
e it requiresfull simulation.The out
ome of the signi�
an
e 
al
ulation is very promising, and gives a better resultthan the analysis done for the ATLAS Te
hni
al Design Report [2℄. There is a gain inthe signi�
an
e both by using the 
hi-square statisti
al method instead of the ordinary
ounting method, and by splitting the events into two 
hannels (with di�erent signalresolution).So, if there exists a Higgs boson in the mass region 120 - 150 GeV, it 
an (most probable)be dis
overed after four years at the LHC using only the H ! 

 
hannel. Using mymethods, it may even be dis
overed after three years.For future studies of this and other 
hannels the program ALRMC may be an importanttool in the sear
h for the Higgs boson, and in addition, one should be aware of the radion,whi
h has similar 
hara
teristi
s.With the runs of the Tevatron (at Fermilab) and LHC, we should be able to dis
over orex
lude the Standard Model Higgs boson at any mass. Whether the Higgs boson is thesolution to the mass mystery originating from Peter Higgs in the 60s, only the future
an tell.
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Appendix A
Simulation parameters
This appendix 
ontains 
omments about some of the most important parameters usedfor my analysis with PYTHIA and ATLFAST. To be able to read this information thereader should be a
quainted with the simulation software and its te
hni
alities. Forfurther information 
onsult the manuals [20℄ and [21℄.
PYTHIA and ATLFAST

� I have been using PYTHIA 6.152 and ATLFAST 2.51 and the standard setup withthe �le demo.f.� In demo.f:� Sele
t the signal pro
esses by 
hoosing MSEL=16 whi
h gives the pro
essesISUB=3,102,1031,123,124, and the ba
kground pro
esses with ISUB=18 (Born),ISUB=114 (box), ISUB=14,29,115 (bremsstrahlung).� CKIN(1), CKIN(2) de�nes a lower and upper limit on the 
entre of massenergy. This is very useful when generating the signal and the Born andbox ba
kgrounds, be
ause the events will only be in this two-photon massrange. However, for the bremsstrahlung pro
ess, the CKINs is not a limit onthe two-photon invariant mass alone. This is be
ause the �nal state 
onsistsof not only two photons, but an extra parti
le. So for the bremsstrahlungpro
ess, only CKIN(1) should be used to redu
e some of the events belowthe two-photon mass limit.� In atlfast.dat:� � 
overage for photons, YPAR(31),TPAR( 9,1)=2.400� PT triggering for photons, TPAR( 2,1),TPAR( 2,2)=40.0and TPAR( 3,1),TPAR( 3,2)=25.01This pro
ess (

 ! H) had a vanishing 
ross-se
tion in PYTHIA and was swit
hed o�. 55



APPENDIX A. SIMULATION PARAMETERS
� In addition, I made some of my 
uts dire
tly in the �le atlfastntup.F, but it isa matter of taste of doing them here or dire
tly in PAW. In general it is best todo as few 
uts as possible when generating the events, but it 
an be important inorder to redu
e the size of the ntuple.� The output 
omes as a ntuple and a text �le demo.out. This latter �le 
ontainsthe 
ross-se
tions for the pro
esses in addition to other information.

Parallel ComputingThese are the 
hanges I had to do in order to run with MPI. In addition, the programhave to be 
ompiled with a MPI 
ompiler and also run with a MPI program.
� Add these lines after the de
larations in demo.f:CALL MPI_INIT(IERR)CALL MPI_COMM_SIZE(MPI_COMM_WORLD,size,IERR)CALL MPI_COMM_RANK(MPI_COMM_WORLD,my_rank,IERR)CALL MPI_GET_PROCESSOR_NAME(pro
essor_name,namelen,IERR)print *,"Pro
ess ",my_rank, pro
essor_name}� To split the events between the ma
hines, typeDO II= 1, NPAR(10)/SIZEinstead ofDO II= 1,NPAR(10)(in the loop over events whi
h 
alls PYTHIA and ATLFAST).� AddCALL MPI_FINALIZE(IERR)before END in the main program.� Also, 
hange the 
ode to write a ntuple- and an out�le for ea
h ma
hine, andmake sure ea
h ma
hine gets an unique seed to the random generator.I solved this problem by adding the rank of the ma
hine to the seed:NPAR(12)=NPAR(12)+MY_RANKAll the ma
hines have a di�erent rank and with this method the ma
hines willget di�erent random numbers.
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Appendix B
Signi�
an
es for the three runs
In this appendix all the values from the three runs used to �nd the signi�
an
es for the
ounting and 
hi-square methods are listed in tables. The experiments are des
ribed inse
tion 7.4 where only the mean values of the three runs are presented.
Notation and 
omments about the following tables

� The histograms used for the two methods in ea
h run are the same, but the threeruns are independent.� ��2un
o and ��2
o are the delta 
hi-squares for the two separate 
hannels, eventswith un
onverted photons and events with at least one 
onverted photon.� The super- and subs
ript in the 
hi-square table in (only) run one, are thequantities �2S+B=d:o:f: and �2B=d:o:f: whi
h represents the goodness of �t andthe S+B hypothesis testing (
onsult se
tion 5.1.2).� The �elds 
ontaining a � are 
ases where the method has failed to �nd the signal.This is mostly due to too little statisti
s, and/or ba
kground �u
tuation, thus, ithappens most often in the 
onverted 
hannels and in the low luminosity/highmass 
orner of the tables.
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APPENDIX B. SIGNIFICANCES FOR THE THREE RUNS
RUN 1COUNTINGmH 120 GeV 10 fb�1 20 fb�1 30 fb�1 100 fb�1signf:two 
h: 1.2 2.8 4.9 8.8signf:one 
h: 2.0 3.5 4.7 8.6mH 130 GeVsignf:two 
h: 1.6 4.9 3.1 8.0signf:one 
h: 1.4 4.8 2.7 7.8mH 140 GeVsignf:two 
h: 1.8 2.8 2.9 7.8signf:one 
h: 2.4 2.8 3.1 6.6mH 150 GeVsignf:two 
h: 2.5 1.0 4.4 6.1signf:one 
h: 1.7 0.6 4.3 5.6

CHISQUARE METHODmH 120 GeV 10 fb�1 20 fb�1 30 fb�1 100 fb�1��2un
o 4:81:11:2 3:61:01:1 23:41:01:3 65:51:01:9��2
o 4:31:31:4 7:90:91:0 15:21:11:3 32:91:21:7signf:two 
h: 3.0 3.4 6.2 9.9signf:one 
h: 2:51:21:3 3:51:01:2 5:41:11:5 9:71:02:2mH 130 GeV��2un
o 7:01:01:1 16:61:01:2 10:21:01:1 75:71:02:0��2
o 2:41:31:3 8:50:81:0 6:51:11:2 22:41:11:4signf:two 
h: 3.1 5.0 4.1 9.9signf:one 
h: 2:41:21:2 5:01:01:3 3:01:01:1 8:71:02:0mH 140 GeV��2un
o 6:50:80:9 12:61:41:6 11:21:41:5 54:00:81:6��2
o * 1:71:11:2 2:61:01:0 19:00:91:2signf:two 
h: 2.6 3.8 3.7 8.5signf:one 
h: 3:10:60:8 3:01:31:4 3:41:41:5 8:00:91:8mH 150 GeV��2un
o 9:70:81:0 10:81:41:5 14:31:41:6 50:90:81:5��2
o * * 14:21:01:2 2:00:90:9signf:two 
h: 3.1 3.3 5.3 7.3signf:one 
h: 1:80:70:7 2:01:31:3 4:51:41:7 6:40:81:4
Table B.1: The signi�
an
es from run one, using the 
ounting experiment (top table)and the 
hi-square method (bottom table) for four Higgs masses and four luminosities.The notation is explained on page 57.
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RUN 2COUNTINGmH 120 GeV 10 fb�1 20 fb�1 30 fb�1 100 fb�1signf:two 
h: 2.2 3.2 3.3 9.0signf:one 
h: 2.6 3.8 2.6 8.1mH 130 GeVsignf:two 
h: 3.2 5.7 5.1 6.0signf:one 
h: 3.5 4.7 4.4 5.8mH 140 GeVsignf:two 
h: 2.3 3.4 1.9 6.9signf:one 
h: 3.3 3.2 2.4 5.2mH 150 GeVsignf:two 
h: 2.2 5.2 4.5 4.4signf:one 
h: 2.3 4.7 3.2 4.5
CHISQUARE METHODmH 120 GeV 10 fb�1 20 fb�1 30 fb�1 100 fb�1��2un
o 14.6 12.5 7.4 72.9��2
o * 9.2 6.1 20.7signf:two 
h: 3.8 4.7 3.7 9.7signf:one 
h: 3.4 4.6 3.0 9.1mH 130 GeV��2un
o 11.3 14.2 17.4 29.3��2
o * 25.7 11.1 19.5signf:two 
h: 3.4 6.3 5.3 7.0signf:one 
h: 3.6 5.3 5.1 7.0mH 140 GeV��2un
o 8.1 5.1 8.6 42.6��2
o * 16.4 1.5 28.7signf:two 
h: 2.8 4.6 3.2 8.4signf:one 
h: 3.9 4.0 3.0 7.9mH 150 GeV��2un
o * 30.4 12.8 28.2��2
o 7.7 * 17.6 6.5signf:two 
h: 2.8 5.5 5.5 5.9signf:one 
h: 2.5 5.0 3.6 5.6

Table B.2: The signi�
an
es from run two, using the 
ounting experiment (top table)and the 
hi-square method (bottom table) for four Higgs masses and four luminosities.The notation is explained on page 57.
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APPENDIX B. SIGNIFICANCES FOR THE THREE RUNS
RUN 3COUNTINGmH 120 GeV 10 fb�1 20 fb�1 30 fb�1 100 fb�1signf:two 
h: 2.2 4.0 5.4 7.3signf:one 
h: 1.5 4.7 5.2 7.3mH 130 GeVsignf:two 
h: 2.5 4.1 5.6 8.0signf:one 
h: 2.1 2.9 5.2 8.1mH 140 GeVsignf:two 
h: 1.2 3.8 2.6 9.1signf:one 
h: 3.2 3.3 3.8 7.3mH 150 GeVsignf:two 
h: 1.3 2.3 3.9 5.0signf:one 
h: 2.7 3.6 2.0 5.3

CHISQUARE METHODmH 120 GeV 10 fb�1 20 fb�1 30 fb�1 100 fb�1��2un
o 7.2 14.0 24.1 44.1��2
o * 11.4 12.4 24.2signf:two 
h: 2.7 5.0 6.0 8.3signf:one 
h: 2.8 5.2 5.9 8.0mH 130 GeV��2un
o 12.6 17.1 27.8 43.0��2
o 4.7 8.8 15.2 46.6signf:two 
h: 4.1 5.1 6.5 9.5signf:one 
h: 3.2 3.9 5.8 9.2mH 140 GeV��2un
o 6.5 16.8 12.4 71.0��2
o * * 12.4 29.4signf:two 
h: 2.6 4.1 5.0 10.0signf:one 
h: 3.7 3.3 4.6 10.5mH 150 GeV��2un
o 2.9 5.5 13.7 27.2��2
o * * 7.2 12.3signf:two 
h: 1.7 2.4 4.6 6.3signf:one 
h: 3.2 4.2 3.0 5.5
Table B.3: The signi�
an
es from run three, using the 
ounting experiment (top table)and the 
hi-square method (bottom table) for four Higgs masses and four luminosities.The notation is explained on page 57.
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