UNIVERSITA DEGLI STUDI DI NAPOLI “FEDERICO II”

Dottorato di Ricerca in Fisica Fondamentale ed Applicata
XIX Ciclo

Dr. Agostino Migliaccio

Neutralino Spin M easurement
with the ATLAS detector at LHC

Thesis for Doctor of Philosophy degree

Coordinatoredd Dottorato di Ricerca:
Prof. Gennaro Miele

NOVEMBRE 2006






Contents

Introduction S)
1 Theory 9
1.1 The Standard Model . . . . . . . . . . . .. ... 9
1.2 TheHiggsmechanism . ... ... ... . .. .. . .. . .. ... 11
1.3 Motivations for Supersymmetry . . . . . . ... 12
1.4 Supersymmetry . . . . . . . e e e e e 13
1.5 MSSM . .
1.6 MSUGRA . . . . e
1.7 Massspectrumanddecays . . ... ... ... .. ... 21
2 TheATLAS Experiment 25
2.1 Thelarge HadronCollider . . . . . . . .. .. .. .. .. . .. . ... 25
2.2 The ATLAS Detector . . . . . . . . . i e e 31
2.21 InnerDetector . ... ... ... ... 33
2.2.2 TheMagnetSystem . . . . . . . . . . . . . e
2.2.3 The CalorimetricSystem . . . . . . . . . . .. . ... ... e 36



2 CONTENTS

2.3 The Muon Spectrometer . . . . . . . . . . e 39
2.3.1 The Tracking Chambers: MDTandCSC . . .. .. ... .. ... .. 44
2.3.2 The Trigger Chambers: RPCand TGC . ... ... .......... 47

2.4 Trigger System . . . .. e 49

Experimental search for Supersymmetry 53

3.1 Constraintson Supersymmetry . . . . . . . . . e e 53
3.1.1 LEP and Tevatron SUSY constraints . . . . ... ....... ... . 54
3.1.2 Otherconstraints . . . . . . . . . ... 64

3.2 SUSYatLHC . . . . . . e 66
3.2.1 Inclusivesearches . . . ... ... ... . . ... ... 67
3.2.2 Exclusivesearches . . . . . ... . ... ... 73

3.3 Supersymmetry in ATLAS . . . . . . . e 76

Second lightest neutralino spin measurement 81

4.1 Spinmeasurementmethod . . . ... ... ... .. ... ... ... ... 82

4.2 SUSY productionand kinematics. . . . . . .. . ... ... . o 86
4.2.1 SU1 - Stau-coannihilationpoint . . . . ... ... ... . .. ..... 87
42,2 SU3-Bulkpoint . . . .. .. ... 89

4.3 Montecarlosimulation . . . . ... ... 90
4.3.1 MCsamplesandanalysistools . . . . ... ... ... ...... .. 90
4.3.2 Experimental signature of the signal events for batth &d SU3 . . . . . 91

4.3.3 Monte Carlo invariant mass distributions and chasyennetries for SU1



CONTENTS 3

4.4 Analysis . . . . .. e e Q9
441 Background . . . . ... 99
442 Eventselection . . .. ... ... ... 101
4.4.3 Resultsoncharge asymmetries . . . . .. . ... ... . ... 108

Conclusions 117



CONTENTS




| ntroduction

This thesis is dedicated to the study of second lightestrakub spin measurement with ATLAS
detector at thé& argeHadronCollider (LHC), the new high energy proton-proton collidenigh is
entering in the final construction and testing phase at tHeNCE Geneva: data taking is expected
to start in 2008, after a brief operation period9ab GeV in the center of mass on December
2007. Bunches of protons can collide at a center of mass gmérid TeV with an initial re-
duced luminosity (low luminosity- 1033 cm~2s71), during first three years and, subsequently,
with the project luminosity 003! cm=2s~* which will allow the study of low cross section pro-
cesses. ATLASA ToroidalLHC Apparatip) is one of the four detectors (general purpose detec-
tor) designed to cope with the very extreme operating candif in terms of luminosity, latency,
radiation, occupancy etc. expected at the new hadron ealli@ne of the goals of the ATLAS
experiment is to search for evidence of new physics: the mhiSupersymmetric extension of
the Standard Model (MSSM) is one of the most promising caatd&lto describe the physics be-
yond the Standard Model. It is characterized by a huge numibieee parameters which can be
significantly reduced by assuming a particular supersymn{8USY) breaking mechanism: the
minimal Supergravity (INSUGRA) model is the theory in whible spontaneous breaking mech-
anism is operated (communicated from the hidden sectoreteitible one) by means of gravity.
Within mSUGRA framework, masses, mixings and decays of di6'% and Higgs particles are
determined in terms of only four parameters and a sign: thenoon massn, of scalar particles,
the common fermion mass;» and the common trilinear couplind, at the grand unification
scale (GUT), the ratio of the Higgs vacuum expectation \&ataes and the sign of the supersym-
metric Higgs mass parameter Moreover, in the mSUGRA model, R-parity is conserved and
the lightest supersymmetric particlg’j represents a good candidate for the cold Dark Matter.
In particular two search strategies for supersymmetritiges have been studied in the ATLAS
experiment: namely inclusive and exclusive searchesusing analyses consist in searching for
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generic SUSY signals such as missing transverse energyhghdgransverse momentum multi-
jets plus, eventually, leptons. In this way it will be podsilb show any deviations with respect
to what expected from Standard Model predictions and, at#mee time, to measure the SUSY
mass scale. After this phase, if new physics emerge, it wilhbcessary to characterize it with
measurements of branching ratios, masses, spins, etc.isTthie subject of exclusive analyses
which consist in reconstructing particular decay chaiosifivhich it is possible to extract useful
information. In this context is set the work described irstiiesis: it represents a feasibility study
of second lightest neutralino spin measurement (the aiovstify if it is possible to perform such
a measurement and, eventually, which luminosity is neeftedyvo different benchmark points
(selected by ATLAS collaboration) in the mSUGRA parameferce allowed by cosmology (that
is in agreement with WMAP experiment data): namely a “tyPigmint in bulk region (SU3)
and, as a more complicated case, a point in stau-coanmnileggion (SU1). In particular, the
decay chainj;, — x5¢ — Zfﬂ IFq — 1717 q X} will be studied in order to verify the consis-
tency of the spint/2 neutralino hypothesis, by looking for charge (charge ofdapasymmetry in
lepton-jet invariant mass distributions. At this purpofiestudies will be performed by using the
fast simulation software, ATLFAST, which does not simulateeractions of generated particles
with the detector, but it only parametrizes momentum andgnassociated with each particle,
by means of detection efficiencies and detector resoluteimdated in the program. The thesis is
composed as it follows:

Chapterldescribes the theoretical framework of Supersymmetrgtiisgefrom the minimal super-
symmetric standard model (MSSM), illustrating its propstthe supersymmetry breaking mech-
anism which allows to introduce the minimal supergravityd@gqdmSUGRA), mass spectrum and
decays of supersymmetric particles.

Chapter2s dedicated to the description of the Large Hadron Collatet of the ATLAS detector.
In Chapter3he actual limits on Supersymmetry coming from searche<€ft &nd Tevatron col-
lider and those coming from indirect measurements and WM¥deement are presented. There,
it will be illustrate the phenomenology of Supersymmetry BIC and the search strategies for
SUSY at the ATLAS experiment.

In Chapterdthe strategy applied for spin measurement, starting frdtrstpiark decay chain, is
described. Experimental effects which can dilute chargenasetry measurements (from charge
asymmetry it is possible to extract spin information) ateaduced and discussed. Features of the
studied mSUGRA points, kinematic properties of left squégkay chain for these points, Monte
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Carlo data sets, MC truth level distributions of invariardsses and charge asymmetries are also
presented. Finally, analysis procedure, including eveleicsion, background study, reconstruction
of invariant masses, statistical methods used for estilgatiarge asymmetries is reported together
with results on the detectability of such a measurementddn points under consideration.
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Chapter 1
Theory

In this chapter I'm going to describe the motivations foraclucing Supersymmetry, the minimal
new particles content and something about the phenomeyiatagpresents the theoretical frame
on which is based the whole present thesis.

1.1 The Standard Moddl

The Standard Model (SM) is a theory that allow us to classify ¢lementary particles and to
describe their interactions. It is only recently, obsegvihe evidence of neutrino oscillations, that
the model is found to be in disagreement with the experimefite® SM is a re-normalizable
gauge field theory where the elementary particles (quaridegrtons having a semi-integer spin)
interact by means of particles, with an integer spin, whicdiate the interactions (representing
excited states of the quantum mechanical fields), calletbvbosons.

The Standard Model describes the three fundamental foyceehlns of the following combination

of algebraic groupstU (1) x SU(2) x SU(3) representing the electromagnetic, weak and strong
interactions. There are three gauge quantum numbersdadiBrges) associated with each of the
interactions: they are known as hypercharge, weak isospulrcalor respectively. The number of
the vector boson mediators is equal to the number of genisratdhe corresponding symmetry
group. So we have one hypercharge gauge boBdifiaf U(1), three weak-isospin gauge bosons

LIt means that the probability amplitudes of the physicatpsses are not divergent at high energies.

9
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(W, Wy, W3) for SU(2) and eight color gluonsyf) for SU(3). At this level we are talking about
massless particles even if we know that some of them are weagarticles as shown by experi-
ments (it can be shown that the massive vector bosons havesaahine order of- 100 GeV and
some leptons and quarks have masses Ufg4dseV). There is no way to include the mass terms

in the SM lagrangian without breaking gauge invariance andsequently, the renormalizability
of the theory.

Fermions| Isospin || I3 Hypercharge Y| Charge Q =’§ +Y Interactions

v, 1/2 +1/2 -1 0 weak

I 1/2 —1/2 -1 -1 EM, weak

Vi, 0 0 0 0 weak

lrp 0 0 -2 -1 EM, weak

ur, 1/2 +1/2 +1/3 +2/3 EM, weak, strongd
dy 1/2 —1/2 +1/3 +2/3 EM, weak, strong
Ur 0 0 +4/3 +2/3 EM, weak, strong
dg 0 0 -2/3 —1/3 EM, weak, strongd

Table 1.1:The fermions of the Standard Model organized in doubletsngjlets for the three generations.
[ stands for, p andr; u for u,c and t quarks; d for d,s and b quarks.

Bosons Mass Charge Interaction
~ (photon) 0 0 EM
g; (gluons) 0 0 strong
W=*,Z |80.4and91.2GeVY =+1,0 weak
h (higgs) ? (> 119 GeV) 0 gives masses to the SM particles

Table 1.2:The bosons of the Standard Model.

We need a mechanism to give the right mass to the elementdiglgmdescribed by SM as listed
intab. 1.1 and tab. 1.2. The generally accepted and sdtsfasolution to this problem has been
found by P.W.Higgs [1] and his method called Higgs mechanism
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1.2 TheHiggs mechanism

The Higgs mechanism assumes that all SM particles arelipitissless and acquire masses by
interacting with a new scalar field;, generated by a massive new particle called higgs boson.
This field is aSU(2) doublet (with hypercharg€ = +1) containing two complex scalars leading
to four degrees of freedom in total. When we introduce in thel&rangian the fieldd with its
kinetic and potential terms

L9 = (Do) (D)

kin

ctios — 2010 — ) (01)

pot

where D* is covariant derivative, the vacuum expectation value (YBYthe higgs field will
keep a non-zero value (namely= /—u?/)\). The scalar potential will therefore have its global
minimum away from zero (cfr. fig. 1.1) so that the symmetrypsrganeously broken. At this

Figure 1.1:Higgs potential

point the gauge bosons naturally acquire mass termsﬂ@iﬁ‘?s and they result to be proportional
to the vacuum expectation value; moreover, by putting thesmaatrix into diagonal form, we can
obtain the more familiar mass eigenstates of the massitemMeasondV *, Z and of the massless
photon. In this way 3 out of the 4 degrees of freedomeatento give the right masses to the
massive bosons and the remaining degree of freedom repseabenstill undiscovered physical
higgs bosorh.
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Finally, it is necessary to introduce some extra terms irflidagrangian to generate the fermion
masses:
Higgs 7L R 7L . R
LS pting = D UFCp VRt he+ Y fChpioa® ¥ + hec
Where¢f’L = % (1 £ 75) ¢ are the left,right-handed components of the fermion fietd&® ,,C/
are known as Yukawa couplings.

1.3 Motivationsfor Supersymmetry

The Standard Model is a good theory which has a lot of excedigreements with experiments but
it, however, does not include the gravity which plays a adntile in the universe. So SM can be
considered as an approximation at low energy scale of a madamental theory and it is possible
to constrain it to be valid up to the Planck scale< 10'9 GeV) where gravitational effects could
take place. Moreover, as previously mentioned, the Higgobdias not been discovered yet
and this is one of the goals of the new experiments partigutal argeHadronCollider (LHC).
Since the Higgs mass is a parameter of the theory it can, ncipie, take any value. But some
theoretical reasonings (such as the study of unitaritytéirfor WW scattering) suggest us that
the renormalized Higgs mass is constrained to be belowTeV. Furthermore, the global fits of
electroweak parameters on existing LEP data favour théssde of a light Higgs Boson as shown
in fig. 1.2.

Some problems rise when we consider the one-loop radiativeations to the Higgs mass: in fact
if the Higgs field couples to fermiong’( with a term in the lagrangian )\ ;A f f, then, using the
Feynman diagram in fig. 1.3 (a) we get the following exprassio
2

Amj, = %[—M?N +6m3 In(Ayy /my) + .. (1.1)
where Ay is the cutoff scale angt can be any quark or lepton. The corrections to the Higgs
mass are, therefore, quadratically divergenf\ags — oo. If we set the SM to be valid up to
the Planck scalel()!”) then the bare Higgs-mass-squared is forced, by means of &iiing of
some 30 order of magnitude, to the same scale, in order to tkeepenormalized Higgs mass
(mp ~ m) + Amy,) S 1 TeV. This is known as “naturalness problem” and the Supensgtry
(SUSY) provides an elegant solution to it as we will see inrtbet section.
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6 . .
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Figure 1.2: Global fit ofny using all electroweak data [4].

1.4 Supersymmetry

Figure 1.3: One loop diagram: (a) fermion-Higgs one loopsftalar-Higgs one loop.

If we consider the Feynman diagram as in fig. 1.3 (b) repr@sgiat one-loop correction to the
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Higgs mass with a h-S-S coupling, we get:

A
Amg, = 167ST2 ALy — 2mgIn(Agy /ms) + .. (1.2)

Again we have a quadratic divergence (as, — oo) but this time the scalar fields contributes
to the corrections (in thd, factor) with an opposite sign (the relative minus sign is tluthe
Fermi spin statistics) compared with the fermion loop in i (a). So we can imagine that each
of the quarks and leptons of the Standard Model are assdamth two scalar fields in such a
way to cancel the dangerous quadratic divergences, if #ssmed\s = |\¢|>. Nevertheless, in
order for this cancellation to persist to all orders in pdyation theory, it must be the result of a
symmetry relating fermions and bosons. Such a symmetryas/kras Supersymmetry and an its
transformation turns a boson state into a fermion state a®lvwersa; the operat@y generating
these transformations:

Q| fermion) = |boson)  Qlboson) = | fermion) (1.3)

is a fermion operator carrying spin'2 and verifying the following algebra relations:

{Q.Q"y ~ P (1.4)
{Q.Q}={Q".Q"} =0 (1.5)
[P, Q] =[P, Q=0 (1.6)

where P* is the momentum generator of space-time translations. possible to arrange the
single-particle states in irreducible representationtb@fSUSY algebra called supermutiplets and,
since SUSY generators commute with gauge generators ahd-#it, the members in a multiplet
have the same quantum numbers (charge, weak-isospin) eoldithe same masses. Moreover it
can be shown (see for instance [2]) that in each of the matsghe number of fermion degrees of
freedom must be equal to the number of boson degrees of freedo= n;). The simplest ways
to build a supermultiplet are just two:

e a single Weyl fermions(; = 2, due to the two helicity states) is assembled with two real
scalars (or better with a complex scalar), each with= 1. It is called chiral or matter
supermultiplet;
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e a massless spihboson (again two helicity states, ap = 2) can be assembled with a spin
1/2 Weyl fermion (with two helicity states). It is known as gaugrevector supermultiplet;

e any other combination of particles can always be reducetital®r gauge supermultipléts

In summary, in a supersymmetric extension of the StandardeVleach of the SM elementary
particles must therefore be assembled in either a chirahogg supermultiplet and has a super-
partner differing in the spin by a factdr/2 and with the same quantum numbers and masses.
These particles form their names from the ones of the SM eertmamely the spif partners of
guarks and leptons are called squarks and sleptons (préfstdisds for scalar) respectively; the
spin1/2 partners of gauge bosons are called gauginos (suffix “intfiéganame of corresponding
SM particle).

1.5 MSSM

The MSSM Minimal SupersymmetricStandardM odel) is the simplest model containing the
smallest possible number of new patrticles into the theory.imlthe Standard Model, the parti-

cle states can be either left-handed doublets or right-4suhglets and, as previously mentioned,
the elementary particles are organized, together witht thgierpartners whose spin differ by half
a unit, into supermultiplets. The SUSY lagrangian cannata&ao arbitrary terms since the allowed

interactions between SM particles and their supersymmp#itners are given. Nevertheless the
general SUSY lagrangian depends on a functiot®) (& is a chiral superfield) called superpo-

tential that is allowed to change. In the tables 1.3 and Jedisted the MSSM chiral and gauge

supermultiplets.

As already said, in each supermultiplet, the supersymmpiticles have the same masses than
the corresponding SM particles; it is clear, then, that ssyppametry must be a broken symmetry.
Indeed itis evident that it has not been observed yet angispatticles with the mass and quantum
numbers of the electron or muon. On the other hand, such assupmetry breaking must be a
“soft” breaking in order to still preserving the cancelatiof all quadratic divergences (that was
one of the reasons pushing us to introduce SUSY). The matgesuks and leptons are obtained

2this is true for non-extended supersymmetry, that is wNes 1, N referring to the number of supersimmetries
(the number of distinct copies 6§,Q' operators)
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Name (3 families) | spin0 | spin1/2| SU(3)c x SU(2), x U(1)y
squarks, quarks:
Q (@rde) | (ugdp) (3,2 3)
i i, ul, 3.1,-2)
d d, dt, (3,1, 1)
sleptons, leptons:
L ) | (wew) (1,2,-3)
e &, el (1,1,1)
Higgs, Higgsinos:
H. (H HY) | (Hf (Y (1,2,43)
Hq (HS H,) | (H9Hy) (1,2,-1)

Table 1.3:Chiral supermultiplets in the MSSM model.

Name spin1/2| spinl | SU3)c x SU(2), x U(1)y
gluinos,gluons g g (8,1,0)
winos, W | W+ WO | w+ wo (1,3,0)
bino, B B° B° (1,1,0)

Table 1.4:Gauge supermultiplets in the MSSM model.

by the following superpotential:
Warssy = yw,Q;H, — yi diQ;Hy — yVe;LiHy + pnH, Hy, (1.7)

whereH,, H,, Q, L, 4, d, ¢ are the chiral supermultiplets listed in tab. 1.3, #fe y7, v (3 x 3
matrices in the family space) are the Yukawa couplings ofStasdard Model and is the mass
parameter. It is interesting to note (see table 1.3) thaetare two complex scalar Higgs doublets
(with hypercharge equat1) in MSSM instead of just one as in the Standard Model: in fact i
MSSM, since the superpotential must be analytic (it is a tmaligphic function of®;, that is it
depends only o®;, not on®?), neither terms likexQ H; nor like dQ H; andeLH;2 are allowed

3In the Standard Model we have

Lsy =maQrHdgr +m,QrHup
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so that both the Higgs doublets are necessaxpw it still remains the problem to give masses to
supersymmetric partners of SM patrticles; actually theeet@o ways to do this: either by adding
explicitly the “soft” terms in the lagrangian or, as for Séand Model, by using a spontaneous
symmetry breaking approach. The latter one is not possidSSM without extending the model
itself so one can insert the following terms in the lagrandg#j:

1 L _ .
ﬁ%ﬁtSM =73 <M3§§ + MWW + MlBB) + c.c.

— <ﬁauQHu — jadQHd — éaef/Hd) + c.c.

—Q'mdQ — L'm} L — amZa' — jm?de — émZé!
—myy, HiH, —m3; HyHy — (bH, Hy + c.c.) (1.8)

wherelM,, M,, Ms are the bino, wino and gaugino masses respectively, my, the Higgs dou-
blets masses, the bold term &re& 3 matrices in the family spacéa parametér

Supersymmetry breaking and EW breaking are correlated iMoo the latter can take place
only after the former. In a very similar way as for Standardddip even if a little bit more compli-
cated because of the two complex Higgs doublets, it can berstiat after the symmetry breaking
three out of the eight degrees of freedom are eaten to givigihiemasses to gauge bosons; the re-
maining degrees of freedom represent five physical statesn¢utral Higgsed( H), two charged
Higgses {{..) and a pseudo scalaf) Higgs. Furthermore, neutral higgsinos and neutral gaagin
mix to generate four neutral particles called neutralimbsirged higgsinos and winos mix to give
two particles (each with two possible charges) called ahagy The table 1.5 shows the complete
list of MSSM particles after SUSY breaking.

Before going on it is useful to introduce the concept of RitgaiThe considered superpotential
W(®) in 1.7 is not the most general choice one can do but it is plestibinclude terms violating

whereH = ioyHT.
4Two doublets needed also for cancellation of triangle gaugenalies.
SIn order for all parameters to be “soft” it must be:

M15M27M3)alhad)ae ~ Msoft

and

2 2 2 2 2 2 2 2
va my,, mg, mav mévauvad’ b~ msoft’

With mo ~1 TeV.
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Names Mass eigenstatesGauge eigenstatesSpin
éL!ﬂeL!éR éL!DeL!éR
Sleptons BrVur. R L Dur iR 0
7~_1i%2il;TL %Li%R’DTL
i, driig,dg i,dp,iig,dr
Squarks S1,CL,SR/CR S1,CL,SR'CR 0
£1i£2’61’62 gLigRiEL’BR
Higgs bosons h,H,AH* HY, H),HI H; | O
Gluinos g g 1/2
Charginos XS W, 0FH; 1/2
Neutralinos x99, X0 B WO, H°,.H® | 1/2
Gravitino/Goldstino G G 3/2

Table 1.5:Particle states in MSSM including gravitino

the conservation of lepton and baryon number like
1. .. _ B
War-1 = 5)\”kLiLjék + NRLQ dy + ' LiH,

v
Wap=1 = X\ "*u,d;dy

where, unlike the Standard Model, there is not a gauge iawee protecting this conservation. In
order to prevent these terms in the lagrangian one can posthke conservation of a new symmetry
called R-parity defined as it follows:

Rp _ (_1)3(BfL)+25 (19)

whereB, L are respectively the baryon, lepton number atige spin. In this way all SM particles
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haveR, = +1, all supersymmetric particles havg = —1 and, since R-parity is a multiplicative
guantum number, there are interesting consequencess ifariserved:

¢ in collider experiments the supersymmetric particles aliVays be produced in even num-
ber,;

¢ theLighestSupersymmetridarticle (LSP) must be stable (if electrically neutral cateract
only weakly with the matter resulting a good candidate far-haryonic dark matter; exper-
imentally it behaves just like a neutrino escaping undetkeind resulting in a big amount
of missing energy thanks to its mass);

e each supersymmetric particle can decay in an odd numbegltteli supersymmetric parti-
cles.

In R-parity violating theories it is easier to confer madsaseutrinos (with lepton violating terms)
but the analysis will result much more complex since the symemetric particles can fully decay
into SM particles.

1.6 mSUGRA

The supersymmetry breaking has been introduced explistt breaking) in the MSSM la-
grangian but we do not know anything about where these teome érom. We need a spontaneous
supersymmetry breaking to explain that but, unfortunatblg does not work with the only MSSM
fields. We must hypothesize that the spontaneous SUSY Imigailkippens into an hidden sector
and then communicated, by flavour-blind interactions, éoMisible sector (the MSSM) generating
the previously discussed “soft” terms (see fig. 1.4).

Supersymmetry Flavor-blind MSSM
breaking origin M\ \/ VY (Visible sector)

(Hidden sector) Interactions

Figure 1.4: Supersymmetry spontaneous breaking scheme.
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There are essentially two possible ways to connect the hiddd visible sectors: supersymmetry
breaking mediated by either gravity or gauge bosons. An elauof the former model is the so-
calledminimal SUpeiGRAvity model (NSUGRA) where the hidden and visible sectorsrimtt
only gravitationally by means of graviton. Spontaneousssygnmetry breaking therefore leads to
a super Higgs mechanism which is able to give mass to the gapeer of the graviton known as
gravitino. At an energy scale much lower than the Planckestted two sectors decouple (since the
gravitational interactions get too low) and the spontasdmeaking becomes like a soft breaking
with non-renormalizable terms.

A very useful feature of mMSUGRA is that, if one assumes a mahfiorm at the Planck scale, then
the number of free parameters drastically decreases éafp@rsymmetry breaking in MSSM there
are105 free parameters) to just five parameters:

e the masses of scalar particles unify at some high energg §G4T or Planck scale) to the
common scalar mass,;

the masses of fermion particles unify at some high energhe $GUT or Planck scale) to

the common fermion mass
2

the trilinear couplings unify at some high energy scale (G@dPlanck scale) to the common

trilinear couplingAy;

the ratio of Higgs VEVgan ;

the sign ofu parametesgn ().

In order to obtain the right MSSM mass spectrum, for instatee EW scale, one must evolve the
parameters using the Renormalization Group Equations jR&the weak scale (cfr. for instance
fig. 1.5).

Furthermore considering how the coupling constants [2]vevas a function of the energy scale

(with one loop corrections)
S R e
a(Q) (M)  2m Q"

wherei = 1,2, 3, ay, ay, a3 are the electromagnetic, weak and strong coupling corsstaspec-
tively andb; a parameter, it is possible to verify (cfr. fig. 1.6) that thexa much better unification
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M,=300 GeV, M, =100 GeV, A,=0
4&'—1 1 T T | T T T | T

FIE D) | T T T i e
Z L

Figa _..\\_ — -
H o

-

Sparticle Mass (GeV)
g
I
|

1028 108 109 1012 1016

Q (GeV)

Figure 1.5: Evolution performed through renormalizatiooup equations: running of masses as a
function of the energy scale for, = 300 GeV,m;,» = 100 GeV, 4, = 0.

of the coupling constants in this case compared with thedat@hModel case: this is another
success of Supersymmetry.

As a last observation, nSUGRA isfa— parity conserving model so that the LSP must be stable:
LSP is assumed to be the first neutraligp which is a neutral, weak interacting, massive patrticle,
considered a good candidate for the non-barion dark matter.

1.7 Mass spectrum and decays

Here it will be described some features of MSSM physics,agsgithe conservation at —parity
and identifying the LSP ag!.

Neutralinos
After the supersymmetry breaking mechanism the neutrasié, 79 (higgsinos) and?° e B
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Standard Model

Warld Avarages
ag{M,)=0.12340.006
sin"Ba =0.2324+0.0005
1/a(M)=127.9£0.2

|
10"

ulGeVl
360 ' 3
e Minimal
3 Supersymmetric
40 Model
30 i
BT =T
20 Of3 M
- O f“s‘-“
0 | | |
4 A 3 10 154
™10 10 10 ulGeVl
10% 10°GeV 10"°CeV

Figure 1.6: Running of coupling constants, «., a respectively for electromagnetic, weak and
strong interactions as a function of the mass scale. Theltsipows the running in the Standard
Model, the bottom one shows the same for the Minimal Supemsgtmnc Standard Model.

(gauginos) are mixed by4x 4 non-diagonal matrix. The diagonalization of such a matiwesg
four new neutral physical stateg; i = 1,2, 3,4 with mg < mgg < mgg < my, called neutrali-
nos. They inherit their weak couplings to fermion-scalargp&om the gaugino component and
the both gaugino-higgsino-Higgs and gaugino-gauginderdmoson couplings from the higgsino
component. Some of possible decays are:

X0 — ZX0, WX, hoX, U, vi;
and, even if with a lower probability, decays with the foliog final states:
Aoxy, HXY, HX5 s eqq
If these decays are kinematically suppressed then threedswhys can be opened.

Charginos
From the mixing of *,H;") and (V' —,H ") pairs one gets two positive and two negative physical
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states called charginos and denoteg asvherei = 1,2. Also in this case, as for neutralinos, they
inherit their couplings from gaugino and higgsino compdagso some of possible decays are:

X — WX, ZYE, hoxt, W, i,

(2

the less probable ones
AoXt, HXT, HEXS, eqq

and three body decays when possible.

Gluinos
The eight gluinos are not mixed and the two body decays, ¢g, are dominant, if kinematically
allowed, otherwise they decay through off shell squarkgacgsses like

9= qq'xi, 44X
Generally the gluinos generate very long cascade decayaysilterminating with &', whose
branching ratios significantly depend on the parameterseofrtodel.

Squarksand L eptons

Both sleptons and squarks exist in either right-handedfehnded stafe(except for sneutrinos
having only the left-handed states) even if for the thirdifgiof squarks and sleptons these compo-
nents mix to form new physical states (cfr. tab. 1.5). Theaesfermions do not mix significantly.
Sleptons decay mainly to leptons and charginos/neutmalino

I — X0, vxE, o — X2, 1N

where the direct decays! is always kinematically allowed if! is the LSP and it is favoured
by right-handed sleptons (since they do not have coupliagdt(2); gauginos) if the latter is
bino-like. For what concerns the squarks the decayg tare preferred, if kinematically allowed,
otherwisej — ¢x3, ¢'Yi decays can be opened.

Infigure 1.7 itis possible to see an example of mass spectuandarticular pointin the parameter

space of mM\SUGRA model. In short, general considerationsassas are:

e the lightest supersymmetric particle is identified with §feunless it is the gravitino or in
the models violating the R-parity. Furthermoreuik< M, M, the first neutralino is mostly

6Being sleptons and squarks scalar particles they havedsBio-right-handed and left-handed states indicate only
which SM patrticles they are associated to.
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Figure 1.7: An example of supersymmetric particle masstsjpec It refers to SU3 which is one
of the benchmark points chosen by ATLAS collaboration talgtine Supersymmetry.

bino-like (mostlyB) and its mass is about half qf) andyi masses; in the contrary case it
is mostly higgsino-like (mostly7) and its mass is comparable with those masses;

¢ the gluino mass is much greater than neutralinos and cleagnasses;

e squarks belonging to the first two families are mass degémaral much heavier than slep-
tons; their masses are not lower than 0.8 times the gluinemiasrthermore left-handed
squarks are heavier than corresponding right-handed ones.

e #; andb, get small masses in comparison with all of the other squarks;
¢ the lightest charged sleptonis
e sleptons:;, andy;, are heavier than corresponding right-handed;

¢ the lightest Higgs bosom, must have a mass less thEit) GeV.



Chapter 2

The ATLAS Experiment

In this chapter we will, first the Large Hadron Collider (LH@)e most powerful particles accel-
erator of all times. A description of the whole experimerdpparatus and the details of specific
detecors will be given. At the end we will deal with the muoigger system and its different
levels.

2.1 ThelLargeHadron Collider

The LargeHadronCollider (LHC) [9, 10] is the highest energy and the higheshilnosity par-
ticles accelerator ever built. Its construction at CERNaonseil Europeen pour la Recherche
Nucleaire”), in the existing 26.7 Km tunnel previously used for the LERrgeElectronPositron)
collider, should be completed by 2007. LHC will provigdeton-protonas well as heavy ions col-
lisions. The LHC features, which make it the most powerfuederator in the world, are mainly
three :Luminosity EnergyandBunch Crossing rate

e Luminosity
After a first period of optimization dtow luminosity(10%* cm—2s71), the accelerator will
reach the value of(03* cm2s~! that will make possible to study even physics processes
with very low cross sections and to store up a large amountatitics. The LHC design

25
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luminosity £ is defined as
nine

L=f (2.1)

dro,0,
wheren; andn, are the number of protons per colliding bunchéis the collision frequency,
o, ando, characterize the Gaussian transverse profiles in the malzbend) and vertical
directions.

e Energy
LHC will reach the center-of-mass energy of 14 TeV that is edepof magnitude greater
than any previous collider and it will make possible to irtigeste new physics sectors. LHC
will use extensively the already existing infrastructu@groduce, store and accelerate the
protons; a layout of the LHC injection scheme is shown in fg2url.

Proton acceleration start in the 50 MeV proton linac, fokalby injection into the 1.4 GeV
Proton Synchrotron Booster (PSB). The Proton SynchrotiR$) ftself will accelerate the
protons to 26 GeV and deliver a beam of 135 bunches, contpiii protons, spaced by
25 ns. Then the Super Proton Synchrotron (SPS) will acdeléhe particles up to 450
GeV, and finally they will be injected into the LHC to be boakte to 7 TeV. The head-on
collision will provide, besides the proton-proton colligialso?’! Pbg, —201 Pbg, collision
with center-of-mass energy of 1262 TeV.

e Bunch Crossing
The proton beam will be bunched with a crossing frequencyOoHz corresponding to
25 ns of time spacing. Due to this high rate, a great techiyoddigrt has been necessary
to synchronize all sub detectors read-out in the time of 5-2Q@onsidering & (pp) ~ 70
mb, atHigh luminosity it will be possible to have an interaction rate of aba0t Hz,
corresponding te-23 interactions per crossing.

In the LHC design the proton-proton collisions have beerigored to proton-antiproton ones
because to reach similar luminosity with antiprotons ig/\afficult. A drawback of this choice,
with respect to the case of SPS and LEP where the same mageetsused to keep in orbit
particles and antiparticles, is that the two beams of eguadlhrged particles must circulate in
separate and opposite magnetic fields. A solution to thislpno was found using a twin-aperture
magnet with two coils and beam channels using the same mieahatructure and cryostat (fig.
2.2).
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Figure 2.1: Injection scheme for LHC.
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Figure 2.2: Schematic view of a twin-bore magnet for the LHC.

The two beam channels lie side by side, 194 mm apart, in tleeyakes of the main dipole and
guadrupole magnets. This twin-aperture arrangement tesdexha cost saving of 30% compared
to two separate magnets as well as solving the obvious spabm.

In order to bend the proton beams around the LEP tunnel thaetiadields need to be of about
9 T. This high magnetic field can only be produced with supsdoating magnets at very low
temperatures. Up to now superconducting magnets have beétdaown toonly 4.2 K to reach
fields of 5.5 T. To go beyond this field strength, LHC magnetbngied to be cooled with superfluid
Helium at 1.9 K. At this temperature superfluid Helium hasagge heat conductivity and lower
viscosity which will allow the magnets to achieve higherdgl

To keep the required temperature value there is a need fgrogenics plant with a total cooling
power of 144 kW equivalent capacity at 4.5 K. This will be po®d by eight cryoplants of 18 kW
each. Four of them were already used by LEP but their capaegys to be increased from 12 to
18 kW.

In the LHC, there will be a total of 3444 superconducting netgmits. These include 1232
main dipole magnets and 386 main quadrupole magnets ofap@nture design. Small correctors
(4928) will be added to the main dipoles bringing the totahbmut 8400 units of different sizes.
In addition to these superconducting magnets there wilals®, a number of room temperature
magnets. In the four octants of the LEP tunnel the machiniiegisuch as acceleration, beam
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Parameter Value
Luminosity 10** cm2s!
Beam energy 7.0 TeV
Dipole field 8.33T
Coil aperture 56 mm
Distance between aperture axes (199 K 194 mm
Injection energy 450 GeV
DC Beam 0.56 A
Bunch separation 25ns
Bunch spacing 7.48m
Particles per bunch 1.1 x 104
Stored beam energy 350 MJ
Normalized transverse emittance 3.75urad
R.M.S. bunch length 75 mm
Filling time x ring 4.3 min
Luminosity lifetime 10h
Energy loss per turn 7 keV
Critical photon energy 44.1 eV
Total radiated power per beam 3.8 kw

Table 2.1: Main parameters of the LHC

cleaning and beam dumping systems will be placed. The beanpidg system itself is a very

crucial point and for this reason it has been carefully desigand built. In fact, at the highest
luminosity of the LHC, the stored beam energy will be abowt BR. This energy must be absorbed
safely at the end of each run or in case of a malfunction or agrgemcy. Classical beam dumps,
made of a central graphite core surrounded by aluminum ancdiocks, and located at the end of
two fast vertical extraction channels, have been desigmettis purpose. A summary of the LHC
design parameters for p-p collisions is given in table 2.1.

The LHC will be installed in the eight fold symmetry LEP tuhbet, as can be seen from fig.2.3
only four octancts will be used for experiments. The beanisaness in four points where the
physics experiments will be situated. The previous comattes on LHC imposed very stringent
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Figure 2.3: Schematic layout of the LHC octants

requirements on the detector design, in particular abdwbehigh flux coming from the proton-
proton collisions. Therefore only devices with an high adidin hardness level can be used in the
construction of the LHC experiments. The experiments aggr@nd under construction are four:

e ATLAS, A Toroidal LHC ApparatuS [11]
e CMS, Compact Muon Solenoid [12]
e ALICE, A Large lon Collider Experiment [14]
e LHCD, Large Hadron Collider bPhysics [13]
the first two listed are general purpose experiments whlléCE and LHCb are dedicated to

heavy-ion physics and to b-physics respectively. Alié AS experiment will be widely described
in details in the next section.
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Figure 2.4: ATLAS coordinate system.

2.2 The ATLAS Detector

To fully exploit the LHC capabilities the ATLAS detector [f§] has been designed as a general
purpose detector with special attention to maximize thaimgoverage. It has cylindrical sym-
metry around the beam axis and is composed of concentrits sifedub-detectors. The cylinder
has atotal length of 42 m, and a radius of 11 m and its overag/vtés about 7000 tons. Figure 2.5
shows a three-dimensional view of the final design of the ABlapparatus which will be installed
at the interaction point 1 of LHC.

The ATLAS coordinate system (fig.2.4) is right-handed whkb t-axis along the beam line and
the z-axis pointing toward the center of LHC ring. Theaxis points from the interaction point
upward. Given the symmetry of the detector, a cylindricardinate systemz( ¢, 6) is used.
Instead of the polar angle in hadron colliders, it preferable to use the pseudorapidiriablen,
defined as :

n = —In(tan(6/2))
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Figure 2.5: Overview of the Atlas detector layout.

The pseudorapidity distinguish four different regions acle half part of the cylinder For-
ward(|n| > 2.7), Endcap(1.4 < |n| < 2.7), Transition(1 < |n| < 1.4) andBarrel (|n| < 1).

From inner to outer radius, the ATLAS subdetectors are: arritracker, a calorimetric system
(Electromagnetic and Hadronic) and a muon spectrometeredder, the inner tracker and the
muon spectrometer are in a magnetic field, in order to bendhheged particles trajectories. To
exploit the full physics potential of LHC the ATLAS detectbave to fulfill some basic design
requirements:

e microvertex tracking for b-quark tagging as wellraand heavy flavor vertexing and recon-
struction capability;

e an excellent electromagnetic calorimetry for electrongindton identification and measure-
ments, complemented by hermetic calorimetry;

e an accurate hadronic calorimeter for missing energy measemts;

e an efficient tracking for good momentum resolution and chagtermination, provided by
the inner tracker for low energetic tracks and by the largerl@arm muon spectrometer for
high energy muons;
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Figure 2.6: The layout of the Atlas inner tracker.

e stand-alone precision muon-momentum measurements ugttestiluminosity, and low-p
trigger capability at low luminosity;

e alarge acceptance and maximyrooverage.

In the following all the sub-systems of the ATLAS detectae ariefly described with a particular
emphasis on the Muon Spectrometer.

2.2.1 Inner Detector

The ATLAS Inner Detector (ID) [15] [16] is shown in fig.2.6.H&s a cylindrical geometry with a
diameter of 2.3 m and a length of 6.8 m and is is in a magnetit fimdvided by a central solenoid.

It combines two high-resolution semiconductor trackingedtors (pixel and SCT) at inner radii
with a continuous straw tube tracker (TRT) at outer radiie Th can be divided into three parts:
a barrel region extending ovet80 cm inz and two endcaps. The ID will reconstruct, with high
resolution, the charged particles tracks and will provigeggrimary and secondary decays vertexes
positions.
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2.2.1.1 Pixel Detector

The innermost layers consist of silicon-pixel vertex-gdates [17]: there are three barrel layers of
140 million pixels, with dimensions of 50m in R-p and 300um in z. On each side there are five
disks, between radii of 11 cm and 20 cm; they have a dimengi6@ om in R~ and 350um in R.
The design point resolution is of;, = 12 um ando, = 60 xm. The fine granularity ensures good
performances in the expected high track densities andgtsfeisolution allows to reconstruct the
secondary decay vertices’s of the particles.

2.2.1.2 Semiconductor Tracker

The silicon strip detectors - Semi Conductor Tracker (SCAarg-mounted in eight layers, arranged
in pairs and rotated with respect each other of a stereo afigl@ mrad. This design allows for a
z measurements in the barrel and for radius measurement entteap regions. The strips in the
barrel have a pitch of 80m and a length of 12.8 cm. In the endcap, in order to obtain &imapn
coverage, the lengths of the strips varies between 6 and 1therpitch in the endcaps varies too,
the average size being about 8. SCT provide precision measurements per track, contnigput
to the measurement of momentum, impact parameter and vaotetion. The spatial resolution
will be o, = 18 um ando . = 580 :m.

2.2.1.3 Transition Radiation Tracker

The Transition Radiation Tracker (TRT) is the outermostsydtem of the inner tracker and con-
sists of 420,000 proportional drift tubes with a diametedahm. In the barrel the straw tubes
are arranged in layers along while in the endcaps they are radially, mounted in wheelse T
detector works with a Xe/CFCO, gas mixture optimized for the detection of the X-rays crdate
as transition radiation in stacks of thin radiators betwibertubes. The single-wire resolution for
the tracking hits is about 170m and the efficiency will be greater than%@ven for the highest
rates. The TRT has two different discriminator threshotdsrder to distinguish between tracking
hits (only lower threshold) and transition-radiation t{lieth thresholds).
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Figure 2.7: Geometry of the magnetic windings and massese thre eight barrel toroid coils,
with the endcap coils interleaved. The solenoid winding ireside the calorimeter volume.

The overall vertex resolution is parameterizedip andz as:

60 .

o(Rp) = (11 + pr(GeV) sin(6)) (um)
100,

o(z) = (70 + pr(GeV) sin”(#))(pum)

2.2.2 TheMagnet System

The Atlas Magnet System [18] consists of an hybrid configanadf solenoidal and toroidal coils
with light and open structures (see figure 2.7).

Superconducting magnets produce the bending power for timeantum measurements of charged
particles. The inner tracker is placed in a 2 T solenoidalme#ig field generated by a solenoid
located within the electromagnetic calorimeter. The fislduite homogeneous in the barrel sec-
tion and decreases rapidly within the end-cap region (Figure 2.8(a)). The toroidal des@n f
the magnet is optimized for an high-resolution, a large pizcee and a robust stand-alone Muon
Spectrometer. It consists of three air-core super-comuyitbroids with an open structure to min-
imize the contribution of multiple scattering to the momentresolution. Another important ad-
vantage of the toroidal magnetic field is the fact that thedioemn power increases with higher
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Figure 2.8: The z component of the magnetic field in the inrsakier (a). The field integral versus
pseudorapidity for infinite momentum muons, each curveesponds to a fixed azimuthal range
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pseudo-rapidities, because the particles cross all thage almost perpendicular to the field lines.
The air-core toroid magnet configuration provides a peall ®€13.9 T in the barrel and of 4.1 T
in the endcap.

The barrel toroid is composed of eight coils and extends avength of 25 m, with an inner bore
of 9.4 m and an outer diameter of 20.1 m.

The two end-cap toroids are inserted in the barrel at eachkach endcap toroid consists of eight
flat coils assembled radially and symmetrically around #emnb axis. They are shifted by 22i5
 with respect to the barrel coils, and have a length of 5 m, aaribore of 1.64 m and an outer
diameter of 10.7 m. The disadvantage is the existence afmegvith a highly non-uniform field,
especially in the transition region as can be seen in Figia €.

2.2.3 TheCalorimetric System

The ATLAS calorimeter system [19] [20] is shown in Figure .219is composed by an electro-
magnetic (ECAL) and an hadronic (HCAL) calorimeter. A baomyostat around the inner cavity
contains the barrel electromagnetic Liquid Argon (LAr)araheter and the coil of the solenoid
magnet. Two end-cap cryostats enclose the electromagaedihadronic end-cap calorimeters
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Figure 2.9: Layout of the Atlas calorimetric system.

as well as the integrated forward calorimeter (FCAL). Therall system encapsulates the inner
tracker; it extends up to an outer radius of 4.25 m and hasgifesf 6.7 m inz. A presampler is
placed in front of the calorimeter, which covers the regibémd <1.8; it allows for a correction
of the energy lost in the material in front of the ECAL. In th®&
additionally, a scintillator slab which is used for the sgpuepose.

n| <1.6 region, there is,

2.2.3.1 TheElectromagnetic Calorimeter

The electromagnetic calorimeter is a lead-LAr detectohwaitcordion shaped electrodes and lead
absorber plates and covers the region up te3.2. The LAr sampling technique is radiation
resistant and provides long-term stability of the detecgsponse; it has excellent hermeticity,
good energy resolutions, and the detector calibrationlaggively easy. The total thickness of the
electromagnetic calorimeter is greater than 24irXthe barrel part and greater than 26 X the
forward region. The segmentation of the calorimeter willke x Ay = 0.025<0.025, an energy
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resolution of

AE  10%
E  VE

will be achieved. The resolution i of the shower angular direction will be about 50 mrad/
(Ein GeV).

+ 1% (E in GeV) (2.2)

2.2.3.2 TheHadronic Calorimeter

The hadronic calorimeter consists of different devicesnoged for the different requirements
and the radiation environment. The total thickness is ldradtion lengths atn = 0, including
1.5 X of the outer support. In the range gf < 1.6 a sampling calorimeter is used with iron as
absorber material and scintillating tiles (3 mm thick) asvacmaterial (TILE Calorimeter). The
signals produced on both sides of the scintillating tilesraad out by wavelength-shifting fibers
into two separate photo-multipliers. The resulting segwigon of the hadronic calorimeter will
be An x Ap =0.1x0.1.

In the range of 1.5< || < 4.9 an hadronic LAr calorimeter is used. The end-cap hadroni
calorimeter extends up tg| < 3.2, it is a copper-LAr detector with parallel plate geometr

The high-density forward calorimeter covers the region.2f3 |n| < 4.9 with the front face about
5 m from the interaction point and suffering of an high levietariation. It is based on rods filled
with LAr in a copper and tungsten matrix. The forward calater is moved further out by 1.2 m
with respect to the ECAL in order to reduce the number of beattered neutrons into the inner
tracker. The expected energy resolution for the hadronaricaeter is

AE 50
— = \/%) +3% (E in GeV) (2.3)
for |n| < 3, and
AE 100
- = ;% +10% (E in GeV) (2.4)

for 3 < |n| < 4.9.
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2.3 TheMuon Spectrometer

The Muon Spectrometer [21] is in the outermost part of the ASLand have a double task: to
trigger events, together with the electromagnetic caletén giving momentum measurements
and to provide the position measurements of the second icabedp).

The conceptual design of the Muon Spectrometer is illustkat fig.2.10 where it is possible to
see the four different chamber types :

e Trigger Chambers
Monitored Drift TubegMDT) and Cathode Strip Chambe(£SC)

e Tracking Chambers
Resistive Plate Chamb®(RPC) andrhin Gap ChamberéTGC)

The Muon Spectrometer is divided into three regions, as @sden from fig. 2.11(top): a
barrel extending in the pseudorapidity regipn < 1.2 and two endcaps covering the regions
1<n| <2.7.

In the ¢ projection (fig.2.11,bottom), in both barrel and endcapaeghe detector is divided into
16 towers with a sequence of large and small stations, defiséatge and small sectors.

In the barrel region|f)| < 1), muon tracks are measured in chambers arranged in thiredrayal
layers 6tationg at radii of about 5 m, 7.5 m and 10 m definedm@ser Medium and Outeplanes.
The endcap chambers will cover the pseudo-rapidity range/ < 2.7, and are arranged in four
disks at distances of 7 m, 10 m, 14 m and 21-23 m from the inierapoint. Barrel chambers
are rectangular while the endcap one have trapezoidal shbpine two lower barrel sectors, rails
carrying the calorimeter and their supports require dédicahaped chambers to maximize the
detector acceptance. Moreover, there is a crack in theatd®p plane, aty) = 0, for the passage
of the cables and services of the Inner Detector, the CeBtlehoid and the calorimeters.

The design of the ATLAS Muon Spectrometer [21] was orientebltild an high-resolution muon
spectrometer with stand-alone triggering and momentumsareanent capability over a wide
range of transverse momentum, pseudorapidity and azimarigée, fulfilling the following con-
ditions:
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Figure 2.10: Muon spectrometer layout.

¢ A transverse-momentum resolution of 1% in the lewregion pr <20 GeVE?). This limit
is set by the requirement to detect tHe— ZZ* decay in the muon channel with a high
suppression of the background.

e Atthe highespr the muon system should have sufficient momentum resolutigive good
charge identification fo¥! — p*u~ decay.

e A pseudorapidity coverage| < 3. This condition guarantees a good detection efficiency
for high-mass particles decaying into muons within the ptamce region.

e An hermetic system to prevent particles escaping throudgsho

¢ Measurement of both andy coordinates to provide good mass resolution.
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e A reduced rate of both punch-through hadrons and fake tracks

e A trigger capability for almost all physics channels. For B/pics a maximal coverage for
muons with transverse momentum down to 5 GeV/c is required.

The stand-alone momentum resolution of the Muon Spectremeetimited by different contribu-
tions depending on the momentum range. For momenta beloweldcGthe fluctuation on the
energy loss of muons in the calorimeters limits the resofuto about 6-8%. For momenta up to
250 GeV/c the resolution is affected mainly from the muéigptattering in the materials presentin
the spectrometer and is limited to about 2%, while for highementa the spatial accuracy of the
chambers and the knowledge of their calibration and aligrige the largest contribution to the
resolution.

As an example, a 1 TeV/c momentum muon is measured with a 168tuteon. To improve the
muon measurement resolution at low momenta (below 100 G&\épossible to use a combined
reconstruction of the muon trajectory using also the InmacKer. In this case the Muon Spectrom-
eter is used mainly for the identification of the muon. FigiE shows the stand-alone resolution
for the Inner Tracker and the Muon Spectrometer, togethdr the combined one obtained with
the MOORE and MUID reconstruction packages [22].

In the Barrel, the muon momentum measurement is obtaineduriag the sagitta of the muon
trajectory produced by the magnetic field. The trajectorgampled in three measuring stations
equipped with MDT and arranged in three cylindrical layasuad the beam axis. Each station
measures the muon positions with a precision of aboytrs0 It also provides angular informa-
tion on the measured track segments, which is then used tov@&phe pattern recognition for the
reconstruction of the full muon track. In the two outer stati of the Barrel spectrometer, spe-
cialized trigger detectors RPC are present. In the mid@lost two layers, each comprising two
RPC detectors, are used to form a lpw trigger (pr > 6 GeV/c). In the outer station only one
layer with two RPC detectors is used to form, together withlthw p station, the higtp trigger
(pr > 20 GeV/c). The RPCs measure both the bending and the non-lgeodardinate, and the
trigger formation requires fast(25 ns) coincidences pointing to the interaction region.

In the endcap regions the measurement of the muon momentronosplished using three mea-
suring stations of chambers mounted to form three big diaked wheels that are perpendicular
to the beam direction, and measuring the angular displaceai¢he muon track when passing
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in the magnetic field (the toroids are placed between thedmdtthe second tracking stations).
In this case the volume of the toroids is not instrumentedagata measurement is not possible
hence a point-angle measurement is performed. MDT chanalberssed for precise tracking in

the full angular acceptance, with the exception of the ist@tion where the regioh < |n| < 2.7

is equipped with CSC which exhibit a smaller detector ocaggavhich is crucial in the highy

zone. The CSCs have a spatial resolution in the range@h50

The trigger acceptance in the End-Cap is limitedio< 2.4 where TGC are used to provide the
trigger. The TGCs are arranged in two stations: one mademtitublets of two layers each, used
for the lowpr trigger, and one made of three layers used for the biglrigger in conjunction
with the lowpr stations. The higlpr station is placed in front of the middle precision tracking
wheel and the low station is behind it. The TGCs provide also the measurenfahesecond

coordinate and for this reason there is a TGC layer also ifirgtdracking wheel.
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A description of the different chambers used in the Muon 8peteter is given in the following

subsections.

2.3.1 TheTracking Chambers: MDT and CSC

Figure 2.10 shows the positioning of the MDT and CSC chambsesl as tracking chambers in
the Muon Spectrometer of ATLAS.

e The Monitored Drift Tubes: MDT.

The precision tracking in ATLAS is performed in almost akktbpectrometer by the Moni-
tored Drift Tubes chambers [23]. The basic element for ticbsenbers is a thin walled (400
pm) aluminum tube of a diameter of 3 cm with a length varyingrfr@.9 to 6.2 m, in which
a 5Q: W-Rn wire is strung with high mechanical precision. Thedgetiare assembled in
two multilayers which are kept separated by three croseplas shown in fig. 2.13

The multilayers are formed by 3 or 4 layers of tubes, fouetaghambers being used in the
inner stations. The mechanical accuracy in the constnuctiaghese chambers is extremely
tight: the precision in wire positions inside a chamber $thdae better than 2@m r.m.s.
This has been checked on the first chambers produced measioeinvire position inside
a chamber with an accuracy of less thaprd [24]. The resolution crucially depends also
on the single tube resolution, defined by the operating ptietaccurate knowledge of the
calibration (r-t relation) and on the alignment of the chansb

The chambers are filled with a gas mixture of Ar 93% &iad, 7%, at 3 bar absolute pres-
sure, and are operated at a gas gai ®f10* applying 3.1 kV on the wires. High pressure
ensures high spatial resolution up to large drift radii, e@rage resolution of about §dm
per wire is obtained.

The r-t relation of the tubes in ATLAS should be measuredgisimly information coming
from the MDTs. An autocalibration procedure [25] has beearettged to obtain the required
spatial resolution.

Moreover for achieving the desired resolution at high tvanse momentum an excellent
alignment system is needed enabling the monitoring of tiséipa of the different chambers
in the spectrometer with a precision better tham8Q The basic elements of this system are
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Figure 2.13: Schematic view of an MDT chamber.

RASNIK [26] optical straightness monitors, formed by thedements along a view line: a
laser which illuminates a coded target mask at one end, al¢ins middle and a CCD sensor
at the other end. This system provides a very accurate nezasut of the relative alignment
of three objects (lum r.m.s.) and is used both for checking the in-chamber dedtiams
(in-plane alignment), and the relative displacement dedgint chambers (axial-praxial and
projective alignment). Figure 2.14 shows the conceptusigteof the alignment system in
the barrel region.

The accuracy of the barrel and endcap alignment system lestbsted during the 2002
ATLAS Muon System Test at the H8 beam line at CERN, using mwd28 GeV/c demon-
strating the correctness of the alignment concept in ATLAS.

The Chatode Strip Chambers: CSC

The Cathode Strip Chambers [27] are multiwire proportiat@mbers with cathode strip
read-out. A schematic cutout view of the Cathode Strip Crexrrdashown in figure 2.15.
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The pitch of the anode wires is 2.54 mm and the cathode reguitmiit is 5.08 mm. The
cathode planes are equipped with orthogonal strips andréwespn coordinate is measured
determining the charge interpolation between neighbastrigs. The typical resolution ob-
tained with this read-out scheme is about:80 The reduced size of the basic cell implies
also small maximum drift time (about 30 ns) which is benefitbasufficiently reduce the
chamber occupancy. The gas mixture used is based on Ar (30&%),(50%) andCF,
(20%), the wires are supplied by 2.6 kV, resulting in a gas g&il0?. In ATLAS the CSCs
will be arranged in two layers, each containing 4 layers dEcenabling 8 high precision
measured points on a single track. The shape of the chansteapéezoidal and they will be
mounted on the inner tracking wheel o |n| < 2.7. In this region the counting rate due
to photons and neutrons is of the order dff1z/cm?, and this could cause a degradation of



2.3 The Muon Spectrometer 47

Nomex honeycomb

0.5 mm G10
laminates

Rohacell

Gas inlet/
outlet
Anode read-out
HV capacitor

Conductive epoxy

Wire fixation bar

Cathode read-out
Spacer bar

Sealing rubber Epoxy

Figure 2.15: Cutout view of the CSC layer.

efficiency and resolution measurements. Tests have besaccaut at CERN to study the
dependence of efficiency and resolution on the counting[28feshowing a degradation of
the single plane resolution with the rate down tq.it0fora rate of about RHz/cm?.

2.3.2 TheTrigger Chambers: RPC and TGC

The RPCs and TGCs trigger chambers are positioned in the Npeatrometer following the
schematic layout of fig. 2.16.

e TheResstive Plate Chambers: RPC.

The RPCs (see fig. 2.17) are gaseous detectors made of twWiep@sistive bakelite plates
(of bulk resistivity ~ 10''*! Qcm) separated by insulating spacers which form a 2 mm
gas gap. High voltage is applied on these plates throughgeaplectrodes, and electrons
produced by an ionizing particle in the gas gap are multjlo avalanches. The electrical
signals produced in the gas gap are induced on two read opecarip planes placed
on both sides of the gap, and then amplified and discriminayddst electronics. The gas
composition used iCsHoFy 94.7%,C,H; 0 5% andSF¢ 0.3%, resulting in a non-flammable
and environmentally safe on&Fg is used to limit the charge produced in each pulse and
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Figure 2.16: Trigger detectors of muon spectrometer.

to reduce the streamer probability. A typical value for thecgic field is 5.0 kV/mm and

typical space-time resolutions of 1 cml ns are achieved.

The Thin Gap Chambers: TGC.

The Thin Gap Chambers [29] have been chosen as trigger chamtiee endcap sectors
of the ATLAS Muon Spectrometer because of their very good capability and ageing
characteristics. They are multiwire proportional charsheith a smaller distance between

the cathode and the wire plane compared with the distaneesbatwires (fig. 2.18).

The main dimensional characteristics of the chambers a@hode distance of 2.8 mm,
a wire pitch of 1.8 mm and a wire diameter of;60The gas composition is 55%0, and
45% n-pentane, which results in a highly quenching gas maxtat permits the operation in
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Figure 2.17: Basic schema of a Resistive Plate Chamber

saturated avalanche mode. This mode of operation enabiealbsensitivity to mechanical
deformations, a small dependence of the pulse height orréissiog angle and a very small
streamer formation probability. The chambers are opertad high voltage of about 3 kV.
The operating condition and the electric field configuratwavide for a short drift time,
enabling a good time resolution of about 4 ns. The read-otiteo§ignals is done both from
the wires (which are grouped together in variable numbesd®n 4 and 40, according to
the desired trigger granularity as a function of the pseayldity) and from a pick-up strip
plane placed on the cathode. The wire planes and the stegzeapendicular to each other
enabling the measurement of two orthogonal coordinatdg,tba wire signals are used in
the trigger logic.

2.4 Trigger System

The role of the trigger system is to select bunch crossingsaaaing interesting interactions. The
data acquisition will be able to record events with a rateGif Bz (10-100 MB/s). Hence the task
of the trigger is to reduce the huge interaction rate of 40 NtiH¥00 Hz of interesting events. The
ATLAS trigger scheme is based on three levels: LVL1 [30], &/and EF (Event Filter), figure
2.19 shows the architecture.
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Figure 2.18: Cross section of a triplet (left) and a doubdigtht) of TGCs. The gas gap is not
drawn on the same scale as the other elements.

Each successive step takes into account more and more refiogdation and can work at a lower
rate. The LVL2 and the EF are commonly referred as the HigleL&ugger (HLT) system [31];
they share the overall trigger selection framework ancedifiostly in the amount of the data they
can access.

The LVL1 [30] trigger is hardware based and accepts dataeduthLHC bunch-crossing rate of 40
MHz (every 25 ns). The latency, which is the time to form arstribute the LVL1 trigger decision,
is 2 us and the maximum output rate is limited to 100 kHz by the caipab of the subdetector
readout systems and the LVL2 trigger. During the LVL1 preoeg, data from the Calorimeters
and the Muon Spectrometer are quickly analyzed to obtaircespa or reject decision.

The calorimeter selections are based on reduced-gratyutdarmations from all the calorimeters.
The algorithm searches for isolated electromagneticetastith transverse energy above 30 GeV,
or high energy hadronic jets and large missing transverseggn The muon trigger system (see
fig.2.20) has been designed in order to supply both low (6 Ga\) high (20 GeV) transverse
momentum trigger signal. The lower trigger threshold in ltlaerel uses the two innermost RPC
layers, in thenedium plane. Here there is an MDT station between two RPC statibims closer
RPC station to the interaction point is called ttev pr confirmation planavhile the second RPC
station is called théivot plane In both then and ¢ projections, a coincidence in three out of
four strip planes is required. In the endcaps, the pawtrigger is realized by a three out of four
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Figure 2.19: Trigger architecture of the ATLAS experiment.

coincidence in the two outermost layers. The higttrigger is obtained by requiring an additional
hit in each projection of théuter RPC layer (calledHigh pr confirmation plangor a two out
of three coincidence in the bending plane of the triplet efittmermost TGC chambers plus one
out of two coincidence in the azimuthal strip planes. A lowtpgger is generated analyzing data
coming only from the RPCs located in the Middle Station of$pectrometer: if an hitis generated
in the second pland{vot), hits are searched in the first plak@® pr confirmation plangwithin

a road Coincidence Windoywhose center is defined by the line of conjunction of the imts
the two RPC planes and the interaction point, corresponirag infinite momentum track, and
whose widths depend on the cut op. pThe high-g trigger algorithm operate in a very similar
way involving also the outer stationkligh pr confirmation plangand requiring in addition also
the low-pr coincidence.

The LVL1 system identifies the interesting bunch crossirdy@ovides the so calledegion of In-
terest(Rol) to the next trigger level. The Rols contain informatabout the position, the threshold
and the deposited energy of a small fraction of the detector.

Accepted events are passed to the software based LVL2 tiagggeaate of 75 kHz which must take
a decision within an average latency of 10 ms, reducing tfeefram about 100 kHz after LVL1 to

1 kHz; in this step data from different Rols are processedanaltel. It performs a more detailed
reconstruction to be able to validate and further refine thesigs objects. The Inner Detector is
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Figure 2.20: Level-1 muon trigger scheme.

also involved in the LVL2 trigger.

After an event is accepted, the full data are sent to the E€egrmrs, via the event builder, which
provide the final selection of physics events that will betten to mass storage for the full offline
analysis. At the EF stage, a complete event reconstructipossible with decision times up to
about 1 s, it will employ the offline algorithms and methods$agted to the online environment,
and will use the calibration and alignment information. Biesystem must achieve a data storage
of 10-100 MB/s by reducing the event rate and the event size.

For some triggers, such as Higgs boson candidates, thevietit esize of about 1 MB will be
recorded. Table 2.2 summarizes the input rate, the outpaiirad the latency for the three levels.

Trigger Level | Input Rate | Outpour Rate | Latency
LVL1 40 MHz 100 kHz 2 us
LVL2 100 kHz 1 kHz 10 ms

EF 1 kHz 200 Hz 1ls

Table 2.2: Input/output data rates and latency of the thitéesArigger levels



Chapter 3
Experimental search for Supersymmetry

In this chapter | will present the current status on expentalesearch for Supersymmetry at LEP
and Tevatron colliders, the constraints set by WMAP expenihon the study of Dark Matter,
strictly connected to the search for Supersymmetry, andadbelts from indirect measurements
such ash — sv decay and the anomalous magnetic moment of the muon. It wiketched,
furthermore, the strategy of the search for SupersymmetyH€, in particular with the ATLAS
detector.

3.1 Constraintson Supersymmetry

As already said, Supersymmetry is one of the best motivatateis for physics beyond the Stan-
dard Model because it does not contradict the precise measumts of electroweak parameters, it
predict a light Higgs boson, it gives rise to a better unif@abf the gauge 