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Abst it

The E|L|:--=r.-:_l.'||.|||.||=Lr_l.' [BU'E"'!L'_] group at the UIntrersity al Chlorado, henaded
by Triel Mawenberg, & part of a mmsive elfort to test competing detec-
tor designa o be implemented gt the International Linsar Chllider [IL{;I.
scheduled to be bkt betvrsen 2020 and 2060, hly research B o eocten-
gsicm of an ongoing study that probes the sensitivity and resoluetion of a
propased alectromagne tic calorimeter [scal) design by wsing particke-How
algorithme to sinndate oF /e~ collisions in the detector. The Supemsym-
metty group studies the properties md trajectories of daughter particles
in this decay, and on the smallest level »e must ask howr weell owr socal
cum ditterentinte betorssn single photon events md events where too pho-
toms, resuliont froamn o pizero decay, hit the calorimeter wery close to anch
other. I am using extensive 7 malysis to determine if an event is likely a
single photan, ar two photons resultant from a pizers decay., If the event
i determminad to be o single phaoton, then it wall be pmsed to trajectony-
reconsiruction soltware written by 87 SUEY researcher lack Gill, If the
et is determined to be from a pizero decay, then it is to be analyzed
by an algarithm I heore written to determine the most likely energies md
pasitioms af the two photons mvobred in this decay, This program wries
the initial conditions for the two photons until these conditions reprodnoee
e energy d Biribution that best matches wwhat is observed by the detectar.
The chi-squared & cakulated by comparing the obsernced snergy distribu-
tiem with this recomstrncted energy distrbution, created from sinmlated
Bonte-Tlarlo data, The most likely energies and positions for the two
photons present in the event are retumed by the algorithm, and these
parameters can then be used to recmstruct the pizero moment wm.
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1 Introduction

Hisuain hEing.H Ay ever wisderstaid the VEry malure of the wniverse, but e
gardless, we ame driven by cowrageos ngquiry, For thosands of vears we have
soght to understand Aristotle’s “atom™ the smallest, indiviible stone that
oo prisss our beains, our bodies, and all the wniverss known o man,  And
though that universe continues to broaden with techuolsgy and thne, the atoim
aoirbimees to shrink. The hunt to viderstasd the natuee of particles and tkeic
iteras tons has escalated into an emotimos puzzle - with seemingly, st a fow
pigoss lngering ot of reach.

The Stamdarnd hlodel 1= the steongest link huneaos have foud to grasp the natuee
of the uwnmerse. It describes the sirength of luteraction between all kuwown
particles; however, it s far from complete. Mot only dees it fail to eorpocate
the effecisof graviiy, but it also predicis the existence of a 2w field - the Higes
- which has motivated o wew era of physics esanrch, The Higes field allegedly
gives mess tooall that it imteeactzwith, It is the prima ey target of physics today,
bt if it = found [(by the biggest and best linear colliders physicisis can degam
up], then there will be even more problems to confront.

The Higgs bossn has a mass that s described i the Stadard hlodel by oan
ifimite, diverging term. Clearly, an iifinite mass canet be dn agreement with
ezperinentation. Supersymmeire theory & a leading candicaie that eliminates
this complication, which I will elaborate o later i this thesis,

Toro massive particle aceslerators cureently i the works to search for the Higes
and oiber Juper=y mmetric particles are the Large Hadeopie Collider [LHT) and
the Internaticnal Lirear Collider [ILC). Both ecolliders have a unique approach
o seapching for these particles; the LHZ will fire protons at o another at an
energy of L4 TeV and will b completed in 2008, while the ILT is a propossd
high-energy Lnear collider that will ereate &t /e~ collisions at extmmely high
energies — (L% to L trillion electron-volts [T& ).

While there are advantages to both approaches, the TTuiversity of Colorads's
SUEY group is working to oplimize a propossd ekctromagnetic calorimeter for
the ILC, Chur primaey objective i optimizing this detector is to determne f our
cesign can provide the nesded spatial sl geroy resolution to fer the mass
of the Higes boson, Ohie key factor i this search is identifying amd measuring
ibe decay products that emerge in inieractions with the Higos,

The Higgs often decays into hadronic jets and emerges with #%nd W bosons,
which contain ks of charged hadronic particles and =%, The charged hadronie
particles can be removed by a tracking device, but the =%s decay further into
iwo photons, ad thHIg=e photons kit the detecior very close to ong anotler al
high eigrgies, When this happeis, i is difficwlt to tell f the “merged clister”
we see s die tooa single photon with a lacge energy, or two smaller photons, Ti
iscrucial that this distinetion be made accurately because the mass of the Higes
can ody be recoistrucied as accurately as the momentuim of these particles can
be measured.

LIy effort in this project has besn to study bow well CT's propessd calorimeter
cesign can measure photons, This paper will cutline key aspects of both ile



Srandard hodel axd Supersyimmeici theory motivating the constreetion of the
IL 2, describe our simlation, and detail the weessnry steps for o photon o be
isolated and measuesd. In addition, I will comment on our curent resolution
capabilities in making this measureinent.

2 Motivating Photon /Pizero Separation Studies

The cumeut kwer Limit for the mass of the Higes boson i= L. T3V ¢? This
was corfirmed in 202 experiments at LEP [Large Electron-Positron Collider) at
CEEM, where the 2N1GRe% ete—— TOE Prostess wWas sl uchied. This means that
e Higes mass may, i fact, be mech greater than LUOGEY, but experimeuially
it has been proven that it canoet be less,
To arrive at this mass estimate for the Higgs, decay products of the 2% were
oollected and its msss was recorstrected to 9110 TEEONZLGEY -::5[|]. This was
done by sumiming the energy and momeutun of daughter particles in the Z°
decay asd plugging their total moamenivin inte Einsen's melativistic equation
(Bep. 2U1).

MP=E' - F (2.1)

Ecuation 2.1 can be used 1o solve for the Higes mass for this interaction if it is
re-written it in terms of properties of % boson and the energy in the center of
meass frome (B 2.2). This can be expasded (Eq. 2.3) amd simpliffied [Eg. 2.4).
The mass of the 7% & now well-known from experimentation, bt each time the
7® emerges, we must deduce its energy by measuring and adding the energies
of decay particles to obtain the E. tenm o equation 2.4, The detecior st be
very sensitive for this meassumment to be made adecuatiely,

]

Mi=(E.,—-E))-F° (2.2
MEz=El -2E-E_ +E?-F° (2.4)
ML =E° -2EE_ +M (2.4)

Stmilarly, many Supersymmetric particles decay o the Z%and W bosois in
ibe imermedinte stage. To discover these particles or the Higes boson, it s
essentinl that a detecior be sensitive enough to recoistrect the mass of the 77
accucately by collecting the deeay producis [inchsling badrons, pizeros, and
otber partickes) in the way, Each particle adkds & momentum vector to the
ecjuation which makes iy research — the separation of pizemws and photons a
very sueall but pivotal task i the search for the Higes.

2.1 The Large Hadronic and International Linear Collid-
Brs
The LHC il ILC are two ma jor pacticle aceelerators that will be built in il

1=l two decades. Each offer diferent advantages in searching for the Higes
aned other new particles,



The LHC is thought 1o be a “means 1o discovery” Ii operates al greal energies
and it may be able to see new particks first, but the ILC s the ine preciion
mechine; it will be able o take more detailed measursments when these pariicles
are foud.

The LHC in Geneva, Switzerlawd, can rival ihe high energies ai which the ILZ
will cperate. It operates up to L0 TEV, but wudike the ILC, the LHT fires
protons at o ascther, Inoa proton-proton collision, =iz quarks are jolved
but oidy two collide. Tn this type of collision, it s ot possible to tell fun awy
e event which quarks collided [sinee quarks have differing charges of -1/'3 or
+2/3), and it & not possible to tell which passed through with the beam, =0 the
I-::-I;llEl.EI;,':.' of the collision eannot be determimed. It is Pl::ﬁ"\-itlh that the Hi;_';_';w
may be discovered at the THT, but even if it is it will be extremely difficult o
decipher any of its properiies becass of the com plemities in the resuliant decay.
T contrast, it is electrons and positrons that will be fired at o other ot ihe
IL G, and in every colliion the total ewergy and momentin is kwown. This
will make it possible for o betier estimate of the Higes mass asd mome it .
These lepiois will be fired at one apcther through o Fekiloaneter tumeel thai
accelernies particles tooan energy of 05TV o the first stage [(with o com pletion
date zet n the 23], Anupgrade of this project is planned for the 20:, which
will erense the collision energy to 1TEY. T is hoped that SUSY particles, or
ihe elusive Higes boson can be observed sl measured in this massive collider.

3 The Standard Model

The 5 tadard Mlodeldescribes the luieractions of all elementary particles through
ihe three fundumental forees - eleciromagietic, strong, ad weak meclear. While
it predicts el describes thess lnieractions with exiraopdinary precision [in
agreement with experimental data) there aw problems with the theory, For
istance, it fails to wcorporaie the effects of gravity, Tn this discwssion, we will
consider ondy the aspecis of the Standard hlodel that motivate ressameh in G
PersFILneLry. T d-::-iu;_x s, e will has hi,:hlighl the ,:t:-.'l]:w of the S5TUEY LEOp
i1 apl iul.i.Eiu,'_'h o p:c:pmed detector for the ILCL

The Gtandard hlodel describes horr different particles renct based on the prin-
cipl of Gauge wariaece. Theory groups elementary particles oo ivno closes:
fermions and bosons.

Bermions have hal-integer spin and make up all kuown matter, They obey
Fermi-Dieac statisties ad the Pauli-Ezclusion prisciple stating that e two
it kel ferimio s can occupy the soane quantum state smultanesusly, Fermions
can be furtker divided iuto Bptons and quarks, ad an identical partier of
opposite chargs exisis for eanch such that for every lepion there s an antkepton,
and for every quark there s an auti-quark. There are sz kuown lepions, thres
of which are meuirines; these are clissifisd inio doublket pairs, each containing
o neuirine (Fig. 1).

S far, experimentation s revealed six quarks with charge of -1 7% or 4204,
Chusarks bimd fogeiler to crenie composite particles known as hadreows neluding
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Figure 1: Farmbons and Rosons of the Standard Wodsl
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mesoe, wWhich eonsist of quark aaticuark paies, asd baryoos, which consist of

airipkt of quarks bowsd tooether, In addition to this triplet of “valenoss™ [high-
energy ) quarks, baryors and mesons can coutain “sea quarks", which are referred

o as virtual particles, beenuse they exis ooy for o lhmited period of thne aod
space. Bacause of this, the Hekeuberg unceriaimy prisciple masdates that ihe
epergy aud momentun of sea quarks cannoet be defived with widimited precision.
T contrast to fermions, bosons have luteger spin and participate in the propa-
cation of the wenk, electro-magietic, wxd strong meelear forees, Bosons are ex-
changed when auy of the thres fumdamenial interactions takes place. Thiugh
such emparinents a: the photo-elecine effect and Buiberford seatiering, ihe
pioneer of quantum physies diseorered that electronagietic forees beiweean
charged particles are wediated by a photon, o mmss-less particle. Tn econtrast,
strong muelar intemmctions are mediated by mass-less bosons known as glsons,
discorersd at the DESY J..u.hl::d.'ull::qr].-' 1 GEJ.'IJULIJ].-' i LT [1] The third foree pre
clicted and descnbead h].-' the Standard hlodel = the waal miwlkar foree, which
dictaies luterac ions such as beta decay, meditated by the exchange of charged
W W= and neuiral 77 bosons. Thess were discovered at CEEM i 1943 [l]
fee Figure | for a table of bosoies, awd Figure 2 for a disgram of the nteractions
betwean bosois ad fermions,

3.1 Postulation of the Higgs

Sinee the Standard Wlodel was first postulated, every perforimed laboratory ex-
periment has been in extraocdisary agresment with it. Tn 19§, Peter Higgs,
Erangois Englert and Boben Brout fiest recognized that a mass term could be
obtained from a massless potential if 1t was writien o the form l_f?p::a: +
1/ 4%,

The mass term i the equation for the Higes was added 1o the LaZrangian






