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Introdu
tionThe LHC is a parti
le a

elerator whi
h 
ollides protons on protons at high energy, andwhi
h will within short time open up a whole new range of potential physi
s dis
overies.The ATLAS dete
tor is a multi-purpose dete
tor whi
h will be used, and is 
urrentlyused, to dete
t the �nal state parti
les emerging from the LHC 
ollisions.In this thesis, the possibility for the dis
overy of a 
ertain kind of new physi
s, namelya new 
harged gauge boson, with the ATLAS dete
tor is evaluated. This is done usingsimulated data, but as the ATLAS dete
tor has already taken both 
osmi
 data and LHC
ollision data, the opportunity has been taken to in
lude also analyses of these data inthe thesis.This thesis 
ontains one 
hapter on parti
le physi
s theory, one 
hapter on the ATLASdete
tor, one 
hapter on 
osmi
 ATLAS data, one 
hapter on the potential for dis
overyof a new 
harged gauge boson with ATLAS, and one 
hapter on the �rst LHC 
ollisiondata taken by ATLAS. We begin with a review of the 
urrent state of parti
le physi
stheory.
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Chapter 1The Standard Model and BeyondThe Standard Model (SM) is a theory whi
h su

essfully des
ribes the intera
tions ofelementary parti
les through the weak, ele
tromagneti
, and strong for
es. Its mainingredients are relativity, quantum me
hani
s, and gauge invarian
e. The predi
tions ofthe SM have been exhaustively tested, and no experimental data to date shows signi�
antdeviation from the SM predi
tions.1.1 Parti
le 
ontentThe fermions (matter parti
les) of the SM appear in three generations. In ea
h generationthere is a negatively 
harged lepton and a 
orresponding neutral neutrino, as well as twoquarks. The fermions are all spin-1/2 parti
les. The SM parti
les intera
t through for
esmediated by gauge bosons; the gluons (strong for
e), the photon (ele
tromagneti
 for
e),and the W± and Z0 massive gauge bosons (weak for
e). The gauge bosons are all spin-1parti
les. In addition, the SM 
ontains one spin-0 parti
le, namely the Higgs parti
le Hresponsible for giving mass to all the elementary parti
les.All the SM parti
les have their respe
tive antiparti
les of opposite quantum numbers(e.g. opposite ele
tri
 
harge). The antiparti
le of the ele
tron e− is the positron e+. Anele
tri
ally neutral parti
le may be its own antiparti
le, as is the 
ase for the Z0 and thephoton γ.The leptons are parti
les whi
h do not feel the strong for
e, but only the ele
troweakfor
es, and are situated in the top left 
orner of table 1.1. The quarks, situated in thebottom left 
orner of table 1.1, feel the strong and ele
troweak for
es and are 
on�nedinside hadrons. The hadrons are grouped in baryons, 
onsisting of three (valen
e) quarks,and mesons, 
onsisting of two (valen
e) quarks. The quarks have fra
tional ele
tri
 
hargesof +2e/3 for u, c, and t, and −e/3 for d, s, and b (where e is the elementary 
harge).1st generation 2nd generation 3rd generation Bosons
e− µ− τ− H
νe νµ ντ W±, Z0

u c t γ
d s b gTable 1.1: The parti
les of the Standard Model.8



The e−, µ− and τ− all have 
harge −e. The neutrinos are ele
tri
ally neutral, and feele�e
tively only the weak for
e.The masses of the leptons and quarks are smallest for the 1st generation, and heaviestfor the 3rd generation. This means for example that the τ lepton 
an de
ay to the muon,and that the muon 
an de
ay to the ele
tron,
τ− → ντ µ

− νµ and µ− → νµ e
− νe. (1.1)An ex
eption to this rule may be the neutrinos, for whi
h the mass hierar
hy is notreally known. This is bea
use neutrino os
illations experiments are only sensitive to

|∆m2| =
∣

∣m2
i −m2

j

∣

∣, so that one 
annot know whether mi > mj or vi
e versa.1.2 FormalismThis se
tion is based mainly on referen
e [1℄.1.2.1 Lagrangian �eld theoryThe formalism of parti
le physi
s is Lagrangian �eld theory. In 
lassi
al me
hani
s, theLagrangian is a fun
tion of the generalized 
oordinates of a system and their time deriva-tives, from whi
h the equations of motion of the system may be derived. Ea
h generalized
oordinate 
orresponds to a degree of freedom of the system. In �eld theory, the degrees offreedom are the �elds φi = φi(x). The Lagrangian is repla
ed by the Lagrangian density
L = L(φi, ∂µφi) whi
h depends on the �elds and their derivatives. The Euler-Lagrangeequations,

∂L
∂φi

− ∂µ

(

∂L
∂(∂µφi)

)

= 0 for all i, (1.2)lead to the equations of motion for the system.In the 
lassi
al 
ase, the Lagrangian is L = T−V where T (V ) is the kineti
 (potential)energy of the system. The resulting Euler-Lagrange-equations are equivalent to Newton'slaws. For example, the Euler-Lagrange-equations for a parti
le of mass m moving in apotential V is simply Newton's se
ond law:
m
d2r

dt2
= −∇V. (1.3)Consider the Dira
 equation:

(iγµ∂µ −m)ψ = 0 (1.4)where ψ = ψ(x) is a four-
omponent spinor and γµ are the γ-matri
es. This equation isthe equation of motion of a free, relativisti
 spin-1/2 parti
le of mass m. The Dira
 equa-tion may be obtained through the Euler-Lagrange-equations from the Dira
 Lagrangiandensity,
LDirac = ψ (iγµ∂µ −m)ψ (1.5)where ψ = ψ†γ0. Thus, LDirac is a Lagrangian density des
ribing a free spin-1/2 parti
le.

9



1.2.2 Se
ond QuantizationIn relativisti
 quantum �eld theory, the theoreti
al framework of parti
le physi
s, the�elds (su
h as φi and ψ in se
tion 1.2.1) are in fa
t operators. They 
ontain 
reation andannihilation operators, whi
h 
reate and annihilate parti
les when a
ting on quantumme
hani
al states. A quantum me
hani
al state is in parti
le physi
s 
hara
terized by theparti
les present. An example is the va

uum state |0〉, in whi
h no parti
les are present.1.2.3 Time evolutionThe time evolution of the quantum me
hani
al states is 
al
ulated in the intera
tionpi
ture. The Lagrangian density is separated in the part des
ribing the free �elds L0and an intera
tion part Lint, L = L0 + Lint. The Hamiltonian density is derived fromthe Lagrangian density, and is thus separated in the same way, H = H0 + Hint. In theintera
tion pi
ture, the operators evolve a

ording to L0 (free �eld time evolution), whilethe states evolve a

ording to the equation
i
d

dt
|Φ(t)〉 = Hint(t) |Φ(t)〉 (1.6)where
Hint =

∫

Hint d
3x. (1.7)Eq. (1.6) 
an only be solved perturbatively. One then inserts1 |Φ(−∞)〉 as a zerothorder approximation to |Φ(t)〉 on the right hand side of eq. (1.6) and integrates. Thisgives a �rst order approximation to |Φ(t)〉 whi
h 
an then be inserted into eq. (1.6) andintegrated to obtain a se
ond order approximation et
. The result is that the S-matrix,de�ned by |Φ(+∞)〉 = S |Φ(−∞)〉, 
an be written as [1℄

S =

∞
∑

n=0

(−i)n
n!

∫

· · ·
∫

d4x1 d
4x2 · · ·d4xn T{Hint(x1)Hint(x2) · · ·Hint(xn)} (1.8)where T denotes a time ordered produ
t (note that the intera
tion Hamiltonian densitiesat di�erent spa
e-time points do not 
ommute as they 
ontain �elds whi
h are operatorsafter se
ond quantization). The sum (1.8) will turn out to be a power series in the 
oupling
onstant of the for
e under study. This implies that su
h a perturbative solution is onlyappli
able when the 
oupling 
onstant is small, su
h that one 
an trun
ate the series aftera �nite number of terms and still obtain a good approximation.1.2.4 Feynman rulesWith the time evolution known, one 
an in prin
iple obtain measurable quantities su
has 
ross se
tions and lifetimes. The basi
 idea is to start with an initial state (often givenby an experimental setup), apply the time evolution, and then proje
t the resulting stateonto an eigenstate of some measurable quantity to obtain a probability amplitude. Theprobability amplitude is 〈f |S |i〉 where |i〉 is the initial state and |f〉 is the eigenstate ofthe measurable quantity.1Note that the time evolution problem in quantum �eld theory is solved from the initial time t = −∞to the �nal time t = +∞. 10



ψ

Aµ

Figure 1.1: The basi
 vertex of QED in whi
h a fermion 
ouples to a photon. The vertex
an be oriented as to represent a fermion emitting a photon (shown), an anti-fermionemitting a photon, a fermion and an anti-fermion 
ombining to a photon, or a photonsplitting into a fermion and an anti-fermion.Going from the Lagrangian density to a 
ross se
tion or a lifetime is a te
hni
allyvery 
ompli
ated pro
ess. Feynman dis
overed that the result of this 
ompli
ated 
al
u-lation 
an be anti
ipated from the Lagrangian density. To ea
h term in the intera
tionLagrangian density one 
an asso
iate a graphi
al vertex, and to ea
h free �eld Lagrangiandensity one 
an asso
iate a propagator. These verti
es and propagators 
an be 
ombinedinto Feynman diagrams. The Feynman diagrams of a given pro
ess 
an be translated intothe Feynman amplitude M by following the so-
alled Feynman rules. This amplitude isthen 
ombined with known fa
tors to obtain a 
ross se
tion or a de
ay width.1.3 Gauge theoriesWith the aid of Feynman rules, one 
an obtain measurable quantities from a given La-grangian2. The problem now is to obtain the Lagrangian whi
h 
orre
tly des
ribes theintera
tions between elementary parti
les. This is done by requiring that the Lagrangianmust be invariant under 
ertain lo
al (meaning spa
e-time dependent) transformations.These are 
alled gauge transformations. This se
tion is based mainly on referen
es [1℄,[2℄, and [3℄.1.3.1 The QED exampleConsider the Lagrangian for a free ele
tron or other 
harged fermion:
L0 = ψ (iγµ∂µ −m)ψ. (1.9)This Lagrangian is trivially invariant under the transformation

ψ → eiQαψ (1.10)where α is a real 
onstant, sin
e then ψ → ψe−iQα and e−iQαeiQα = 1. If α is spa
e-timedependent, α = α(x), then
L0 → L0 −Qψγµψ∂µα (1.11)under the transformation (1.10). The Lagrangian L0 is not invariant under su
h a lo
altransformation, 
alled a gauge transformation.2A
tually Lagrangian density, but from here on the Lagrangian density will be referred to simply asthe Lagrangian. 11



The Lagrangian 
an be made invariant under lo
al phase transformations by addinga term involving a new ve
tor �eld Aµ = Aµ(x):
L = L0 −QψγµψAµ = L0 + Lint (1.12)where Lint = −QψγµψAµ and where the �eld Aµ transforms as

Aµ → Aµ − ∂µα. (1.13)The parameter Q is the ele
tri
 
harge of the fermion, and the ve
tor �eld Aµ is nothingbut the ele
tromagneti
 4-potential. The intera
tion Lagrangian in eq. (1.12) gives riseto the basi
 vertex of quantum ele
trodynami
s (QED) in whi
h a fermion 
ouples to aphoton (see �gure 1.1). The strength of the 
oupling is given by the ele
tri
 
harge Q ofthe fermion.The Lagrangian (1.12) 
an alternatively be written
L = ψ (iγµDµ −m)ψ (1.14)where the 
ovariant derivative Dµ = ∂µ + iQAµ has been de�ned. The �minimal substitu-tion� ∂µ → Dµ is the re
ipe for introdu
ing ele
tromagneti
 intera
tions in non-relativisti
quantum me
hani
s.The transformation rule (1.13) is known from 
lassi
al ele
trodynami
s as a gaugetransformation of the ele
tromagneti
 4-potential. This means that if Aµ 
hanges a
-
ording to eq. (1.13), then the ele
tri
 and magneti
 �elds E and B do not 
hange. It
orresponds to an unphysi
al degree of freedom of the ele
tromagneti
 4-potential.The quantity
Fµν = ∂νAµ − ∂µAν (1.15)is also invariant under the gauge transformation (1.13). Thus, adding some term involving

Fµν to the Lagrangian does not destroy its gauge invarian
e, and indeed su
h a term mustbe added. The 
omplete QED Lagrangian 
an be written
L = L0 + Lint = ψ (iγµ∂µ −m)ψ − 1

4
FµνF

µν −QψγµψAµ (1.16)where
L0 = ψ (iγµ∂µ −m)ψ − 1

4
FµνF

µν (1.17)des
ribes the free fermion and the free ele
tromagneti
 �eld and
Lint = −QψγµψAµ (1.18)des
ribes the intera
tion between the fermion and the ele
tromagneti
 �eld. The Euler-Lagrange equations for the �eld Aµ derived from the Lagrangian (1.16) are Maxwell'sequations.1.4 Quantum 
hromodynami
sHistori
ally, it was a problem that the baryon ∆++, 
onsisting of three up-quarks, all withthe same spin proje
tion, seemed to violate the Pauli ex
lusion prin
iple. The solutionto this problem was to postulate a new quantum number, 
olor, 
arried by the quarks.12



With three 
olors, the three up-quarks of the ∆++ 
an 
arry di�erent 
olors, and thusnot violate the ex
lusion prin
iple. Color is also the basis of quantum 
hromodynami
s(QCD), whi
h is the gauge theory of the strong intera
tion.In QCD, the Lagrangian for a free quark of one spe
i�
 �avor is
L0 =

3
∑

i=1

ψi (iγ
µ∂µ −m)ψi = ψ (iγµ∂µ −m)ψ (1.19)where

ψ =





ψ1

ψ2

ψ3



 and ψ =
(

ψ1 ψ2 ψ3

) (1.20)and where ψi is a regular Dira
 spinor for a quark of 
olor i. This Lagrangian is invariantunder SU(3) transformations of the kind
ψ → Uψ where U = e

1

2
igsαkλk , (1.21)where λk (k = 1, 2, . . . , 8) are the Gell-Mann matri
es and gs is the strong 
oupling
onstant, as long as the real numbers αk are 
onstants. This invarian
e follows from

ψ → ψU † and U †U = 1 (the SU(3) matri
es are unitary).If we 
onsider a lo
al SU(3) transformation, i.e. eq. (1.21) with αk = αk(x), then theLagrangian L0 is no longer invariant, but transforms as
L0 → L0 + ψiγµU †(∂µU)ψ. (1.22)Invarian
e of the Lagrangian 
an be restored by the introdu
tion of eight gluon �elds

Akµ = Akµ(x) through the intera
tion Lagrangian
Lint = −gs

2
ψγµλkψA

k
µ. (1.23)The �elds Akµ transform under in�nitesimal SU(3) transformations as [2℄

Akµ → Akµ − ∂µαk − gsfklmαlA
m
µ (1.24)where fklm are the SU(3) stru
ture 
onstants. The last term in eq. (1.24) arises be
ausethe SU(3) matri
es do not 
ommute, SU(3) is a non-Abelian group. Eq. (1.23) gives riseto the basi
 quark-gluon vertex.We need also the Lagrangian des
ribing the free gluon �eld. The straight forwardgeneralization of Fµν from eq. (1.15) is not gauge invariant be
ause of the non-Abeliannature of SU(3). The free gluon Lagrangian takes the form [2℄

Lgluons = −1

4
F k
µνF

µν
k (1.25)where

F k
µν = ∂µA

k
ν − ∂νA

k
µ − gsfklmA

l
µA

m
ν . (1.26)When written out expli
itely in terms of the gluon �elds Akµ, the Lagrangian (1.25) 
on-tains terms involving

gsfklm(∂µA
k
ν − ∂νA

k
µ)A

µ
l A

ν
m and g2

s fklmfkijA
l
µA

m
ν A

µ
i A

ν
j , (1.27)13
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gFigure 1.2: The basi
 verti
es of QCD.giving rise to three- and four gluon verti
es. Su
h verti
es, whi
h are not present in QED,give a di�erent evolution of the e�e
tive 
oupling 
onstant in QCD 
ompared to QED.In QED, the strength of the intera
tion in
reases with energy. In QCD, we have theopposite 
ase; the 
oupling is weaker at high energy (asymptoti
 freedom) and strongerat low energy (
on�nement). Perturbation theory (see se
tion 1.2.3) is only appli
able toQCD in the high energy regime.To sum up QCD, the full Lagrangian for a quark of one spe
i�
 �avor is
L = ψ (iγµ∂µ −m)ψ − 1

4
F k
µνF

µν
k − gs

2
ψγµλkψA

k
µ. (1.28)The basi
 verti
es of QCD are shown in �gure 1.2. Note that while quark masses are nota problem in QCD alone (meaning that the Dira
 mass term is SU(3) gauge invariant),they must be omitted when �tting QCD into the SM, and they are reinserted into theLagrangian through the Higgs me
hanism (see se
tion 1.5.1). The Dira
 mass term is alsoinvariant under the gauge transformation of QED.1.5 The Standard Ele
troweak TheoryIn the Standard Ele
troweak Theory, the 
on
ept of 
hirality or handedness is 
entral.It is 
losely related to the 
on
ept of heli
ity, de�ned by the proje
tion of the spin of aparti
le on its dire
tion of motion:

σp =
σ · p
|p| . (1.29)A left-handed massless parti
le has heli
ity σp = −1/2, while a right-handed one hasheli
ity σp = +1/2. The heli
ity and the 
hirality 
oin
ide in this way for masslessparti
les, and to good approximation for all parti
les moving at ultrarelativisti
 speeds.If the operation of spa
e inversion, parity, was a symmetry of nature, no distin
tionwould be made between left-handed and right-handed parti
les. Sin
e this symmetry isviolated in weak intera
tions, we will see that left-handed and right-handed parti
les aretreated di�erently in the ele
troweak theory.In the ele
troweak theory, left-handed quarks and leptons are grouped into doublets.One su
h doublet is the ele
tron and its neutrino, whi
h will be used as the example inintrodu
ing the theory. The theory is identi
al for the other lepton generations, and alsomore or less identi
al for the three quark generations.We de�ne ψL = Lψ and ψR = Rψ, where L andR are the left-handed and right-handed
hirality proje
tion matri
es:

L =
1

2
(1 − γ5) and R =

1

2
(1 + γ5) . (1.30)14



Be
ause {γµ, γ5} = 0, we have γµL = Rγµ and Lγµ = γµR. Furthermore, L2 = L, R2 = Rand R + L = 1. Using these relations, we may de
ompose the Dira
 Lagrangian as
L = ψLiγ

µ∂µψL + ψRiγ
µ∂µψR −mψRψL −mψLψR. (1.31)The mass term is troublesome be
ause it mixes the left-handed and right-handed parts ofthe �eld. Negle
ting the masses, we may write the Lagrangian des
ribing the free ele
tronand ele
tron-neutrino as

L0 = ψeLiγ
µ∂µψ

e
L + ψeRiγ

µ∂µψ
e
R + ψνLiγ

µ∂µψ
ν
L + ψνRiγ

µ∂µψ
ν
R. (1.32)In 
onstru
ting the ele
troweak Lagrangian, one next makes a distin
tion betweenleft-handed and right-handed �elds, and writes the Lagrangian as

L0 = χLiγ
µ∂µχL + ψeRiγ

µ∂µψ
e
R + ψνRiγ

µ∂µψ
ν
R (1.33)where

χL =

(

ψνL
ψeL

) and χL =
(

ψνL ψeL
)

. (1.34)We have now grouped the left-handed �elds in a weak isospin doublet, where ψνL has
I3 = +1/2 and ψeL has I3 = −1/2, while the right-handed �elds are isospin singlets(I3 = 0). Furthermore, we assign a weak hyper
harge Y to ea
h �eld (individually forright-handed and left-handed �elds) su
h that the ele
tri
 
harge is Q = (I3 + Y/2)e.Hen
e, the left-handed �elds have Y = −1, the right-handed ele
tron has Y = −2 andthe right-handed neutrino has Y = 0.The ele
troweak Lagrangian is invariant under SU(2)-transformations of the kind

χL → UχL, U = e
1

2
igωkτk (1.35)where τk are the Pauli matri
es (see appendix B) and ωk are real 
onstants. Furthermore,it is invariant under U(1)-transformations of the kind

ψ → e
Y
2
ig′βψ (1.36)where Y is the weak hyper
harge as long as the real number β is 
onstant.To make the Lagrangian invariant under lo
al U(1)-transformations, eq. (1.36) with

β = β(x), we must add a term (for ea
h spinor)
LBint = −Y

2
g′ψγµψBµ (1.37)where the �eld Bµ = Bµ(x) transforms as

Bµ → Bµ − ∂µβ. (1.38)Furthermore, to make the Lagrangian invariant under lo
al SU(2)-transformations, eq.(1.35) with ωk = ωk(x), we must add a term
LWint = −1

2
gχLγ

µτkχLW
k
µ , (1.39)where the three �elds W k

µ = W k
µ (x), k = 1, 2, 3, transform under in�nitesimal SU(2)-transformations as [1℄

W i
µ →W i

µ − ∂µωi − gεijkωjW
k
µ . (1.40)15
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Figure 1.3: The basi
 
harged 
urrent verti
es for the ele
tron and ele
tron-neutrino.The full intera
tion Lagrangian for the ele
tron and ele
tron-neutrino 
an now bewritten out, inserting the 
orre
t hyper
harge values:
Lint = LWint + LBint = −1

2
gχLγ

µτkχLW
k
µ +

1

2
g′χLγ

µχLBµ + g′ψeRγ
µψeRBµ (1.41)We �rst 
onsider the terms involving W 1

µ and W 2
µ . De�ning the physi
al W±-bosons

W (±)
µ =

1√
2

(

W 1
µ ± iW 2

µ

) (1.42)and using expli
it expressions for τ1 and τ2, we �nd
LW 1,2

int = − g√
2

[

ψνLγ
µψeLW

(−)
µ + ψeLγ

µψνLW
(+)
µ

]

, (1.43)giving rise to the basi
 
harged 
urrent verti
es shown in �gure 1.3. We see that the W±bosons 
ouple only to left-handed parti
les (right-handed anti-parti
les); the symmetryof spa
e inversion is violated 100% in 
harged 
urrent weak intera
tions.When writing out the terms involving W 3
µ and Bµ, we de�ne the physi
al photon Aµand Z0 boson Zµ:

Aµ = cos θWBµ + sin θWW
3
µ ,

Zµ = − sin θWBµ + cos θWW
3
µwhere θW is the weak mixing angle. Demanding that Aµ 
ouples to the ele
tromagneti

urrent, one obtains the restri
tions g sin θW = g′ cos θW = e. The resulting neutral
urrent terms are

LW 3B
int = eψeγµψeAµ −

g

cos θW

(

1

2
χLγ

µτ3χL + sin2 θWψeγ
µψe

)

Zµ. (1.44)These terms give the neutral 
urrent verti
es shown in �gure 1.4. The Z0 
ouples not onlyto the left-handed ele
tron, but also to the right-handed one. However, the left-handedand right-handed 
ouplings are not equal.The vertex fa
tor for a fermion 
oupling to the Z0 is 
ustomarily written as
−igγµ

2 cos θW
(gV − gAγ5) (1.45)where gV (gA) is the ve
tor (axial ve
tor) 
oupling. By 
omparison with equation (1.44),we �nd gV = 2 sin2 θW − 1/2 and gA = −1/2 for the ele
tron, and gV = gA = 1/2 for the16



Fermion e−, µ−, τ− νe, νµ, ντ u, c, t d, s, b
gV 2 sin2 θW − 1

2
1
2

1
2
− 4

3
sin2 θW

2
3
sin2 θW − 1

2

gA −1
2

1
2

1
2

−1
2Table 1.2: The ve
tor and axial ve
tor Z0 
ouplings to quarks and leptons. (From [2℄.)

e−

e−

γ Z0

e−

e−

Z0

νe

νeFigure 1.4: The basi
 neutral 
urrent verti
es for the ele
tron and ele
tron-neutrino.ele
tron-neutrino. Values of gV and gA for quarks and leptons are given in table 1.2. Thevertex fa
tor for W± 
oupling to ele
tron and ele
tron-neutrino is from equation (1.43)
−igγµ
2
√

2
(1 − γ5) . (1.46)This fa
tor is the same for W± 
oupling to the other lepton generations and the quarkgenerations. It should be noted that in the 
oupling to quarks, the down-type quark
oupling to the W is a linear 
ombination of the three mass eigenstate down-type quarks.This means that the W+ 
an 
ouple for example to us, but su
h generation mixing issuppressed by the smallness of the o�-diagonal elements of a matrix known as the CKMmatrix.We see that be
ause it has hyper
harge Y = 0, the right-handed neutrino has droppedout of the intera
tion Lagrangian. Hen
e, the right-handed neutrino does not take part inany SM intera
tion, and it is a te
hni
ality that we in
luded it in the �rst pla
e. As longas neutrinos are massless, there is no need for a right-handed neutrino in the SM. Re
entexperiments have, however, shown that neutrinos have mass, but it is an open questionwhether the neutrino is of Dira
 or Majorana nature.The 
omplete ele
troweak Lagrangian 
ontains also a free gauge �eld part, giving riseto gauge boson self-intera
tions as in the 
ase of QCD, sin
e SU(2) is a non-Abelian group.This part has the form [1℄

Lbosons = −1

4
BµνB

µν − 1

4
F i
µνF

µν
i (1.47)where

Bµν = ∂νBµ − ∂µBν (1.48)and
F i
µν = ∂νW

i
µ − ∂µW

i
ν + gεijkW

j
µW

k
ν . (1.49)Some gauge boson self intera
tion verti
es in the ele
troweak theory are shown in �g-ure 1.5.1.5.1 The Higgs me
hanismWe had to negle
t the fermion mass terms in 
onstru
ting the ele
troweak Lagrangianbe
ause they are not gauge invariant on a

ount of the left-right mixing [1℄. Furthermore,17
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W−Figure 1.5: Some gauge boson self intera
tion verti
es in the ele
troweak theory.mass terms for the W± and Z0 bosons,
m2
WW

(+)
µ W (−)µ +

1

2
m2
ZZµZ

µ, (1.50)are not gauge invariant either. The way gauge boson and fermion masses are in
orporatedinto the standard ele
troweak theory is the Higgs me
hanism.An additional isospin doublet Φ = Φ(x) with hyper
harge Y = 1 is introdu
ed in theLagrangian through the terms
LΦ = (iDµΦ)†(iDµΦ) −

[

µ2Φ†Φ + λ(Φ†Φ)2
] (1.51)where the 
ovariant derivative

Dµ = ∂µ +
1

2
igτkW

µ
k +

1

2
ig′Bµ (1.52)ensures gauge invarian
e. The term in square bra
kets is the Higgs potential, whi
h for

µ2 < 0 has a minimum at Φ†Φ = v2/2 where v =
√

−µ2/λ. The Higgs �eld will therefore
hoose a ground state on the 
ir
le Φ†Φ = v2/2. In the ele
troweak theory, this groundstate is written as
Φ0 =

1√
2

(

0
v

)

. (1.53)Allowing for small os
illations around the ground state value Φ0, one writes
Φ =

1√
2

(

η1(x) + iη2(x)
v +H(x) + iη3(x)

)

. (1.54)It is possible to �nd an SU(2)×U(1) gauge transformation whi
h brings us to the unitarygauge, in whi
h the Higgs doublet has the form
Φ =

1√
2

(

0
v +H(x)

) (1.55)where H(x) is the Higgs �eld. When writing out the kineti
 term of LΦ with this expres-sion for the Higgs doublet, mass terms for the W± and Z0 bosons arise, and one �nds
mW = vg/2 andmZ = vg/(2 cos θW). This lead originally to a dire
t predi
tion of theW±and Z0 masses, whi
h was a great su

ess for the theory when 
on�rmed by experiment.Note that with our 
hoi
e for the Higgs ground state, no mass term is generated for thephoton.The parameter v is related to the Fermi 
oupling 
onstant GF. Written in terms ofthis 
onstant and the �ne stru
ture 
onstant α, the W± and Z0 masses are

mW =
1

sin θW

√

απ

GF

√
2

and mZ =
2

sin 2θW

√

απ

GF

√
2

(1.56)18



Figure 1.6: The ∆χ2 of a global �t to pre
ision ele
troweak data as fun
tion of the Higgsmass. The grey regions are ex
luded by dire
t sear
hes. (From [5℄.)giving mW = 76.9 GeV and mZ = 87.9 GeV with sin2 θW = 0.235 obtained from neutrinos
attering [1℄. The experimental masses for theW± and Z0 aremW = 80.4 GeV andmZ =
91.2 GeV [4℄. The ele
troweak predi
tion agrees with these values within un
ertainty whenradiative 
orre
tions are in
luded [1℄.Mass terms for the fermions are also introdu
ed by the Higgs me
hanism throughadditional terms of the form (taking the ele
tron as an example)

LeΦ = −Ge

[

χLΦψ
e
R + ψeRΦ†χL

]

. (1.57)This gives rise to the ele
tron mass term and the intera
tion of the ele
tron with the Higgsboson. Note that this way of generating fermion masses does not predi
t the masses, sin
ethe parameter Ge is a free parameter whi
h must be tuned to give the 
orre
t ele
tronmass. Note also that the term above may only be used to give mass to I3 = −1/2 parti
les.To give masses to I3 = +1/2 quarks (u,c,t), similar terms involving Φ̃ = −i(Φ†τ2)
T areadded.The Higgs me
hanism has been experimentally veri�ed in the sense that the predi
tionsfor the W± and Z0 masses turned out to be 
orre
t. The Higgs parti
le H has, however,not been observed in experiment, and it is regarded as the last missing pie
e of the SM.Figure 1.6 shows the ∆χ2 of a global ele
troweak �t as fun
tion of the Higgs mass, from[5℄. The grey regions are ex
luded by LEP and Tevatron by dire
t sear
hes. As seen fromthe plot, a light Higgs boson just beyond the LEP ex
lusion limit is favored by the �t.1.6 SummaryThe SM des
ribes the elementary parti
les and their intera
tions. The intera
tions areintrodu
ed through requirements of gauge invarian
e, and the resulting parti
les mediatingthe for
es are known as gauge bosons. The SM is often s
hemati
ally depi
ted as

SU(3)C × SU(2)L × U(1)Y , (1.58)referring to the gauge symmetries related to 
olor, weak isospin, and weak hyper
hargerespe
tively. 19



1.7 Beyond the Standard Model and New Gauge BosonsEven though the SM satisfa
tory des
ribes all experimental data within its domain todate (ex
ept neutrino masses and mixings), there are reasons to believe that it is a lowenergy approximation to some greater theory. The SM does not 
ontain an explanationfor dark matter, whi
h is required to explain the motion of the galaxies. Neither doesit explain dark energy, responsible for the a

elerating expansion of the universe. CPviolation within the SM is not great enough to explain the abundan
e of matter overantimatter in the universe. Furthermore, loop diagram 
orre
tions to the Higgs massgive a quadrati
ally divergent mass unless there is some extremely pre
ise �a

idental�
an
ellation, a problem known as the hierar
hy problem.Exploration of beyond the Standard Model (BSM) theories are also driven by the wishfor uni�
ation of the for
es. The standard ele
troweak theory unites the ele
tromagneti
and weak for
es (although with two 
oupling 
onstants, related by a parameter θW to beextra
ted from experiment). Uni�
ation of the ele
troweak for
e with the strong for
e,and �nally also with gravity, is the goal of grand uni�
ation theories (GUTs). Today,gravity is not des
ribed within the quantum �eld theory formalism, as are the otherfor
es.BSM thories often involve new parti
les, whi
h must be heavy and/or weakly inter-a
ting sin
e they are not already observed. Sear
hes for these parti
les are a way ofexperimentally exploring the BSM theories. If predi
ted parti
les are not observed, thenthe theory may be ruled out, and if they are observed, this is experimental support forthe theory. New gauge bosons are bosons originating from new gauge symmetries in BSMtheories. New 
harged gauge bosons are referred to as W ′, and neutral ones as Z ′. Wenow 
onsider a parti
ular 
lass of BSM models where new gauge bosons arise.1.7.1 Left-Right Symmetri
 ModelsIn 
onstru
ting the ele
troweak Lagrangian, one makes an a priori distin
tion betweenleft- and right-handed �elds when one groups the left-handed part a

ording to SU(2),but not the right-handed part. This results in the parity violating nature of the weakintera
tions, whi
h is an experimental fa
t. In left-right symmetri
 models, one groupsalso the right-handed �elds a

ording to SU(2), and arrives at a stru
ture su
h as
SU(2)R × SU(2)L × U(1). (1.59)The Lagrangian is required to be invariant under the dis
rete symmetry operation L ↔

R (inter
hanging left-handed and right-handed �elds). As parity is violated in weakintera
tions, the left-right symmetry must be broken.As the gauge group SU(2)L in the SM is asso
iated with gauge bosons W± and Z0,the gauge group SU(2)R of the left-right symmetri
 theory is also asso
iated with gaugebosons W±
R and Z ′. The new gauge bosons WR 
ouple only to right-handed 
urrents, in
onstrast to the regular W -bosons, whi
h 
ouple only to left-handed 
urrents.The left-right symmery is broken spontaneously [6℄ analogously to the Higgs me
h-anism in the standard ele
troweak theory. The Higgs 
ontent in left-right symmetri
models is more 
omplex than in the SM, and 
ontains 
harged Higgs bosons. First, thesymmetry is broken down to the symmetry of the SM:

SU(2)R × SU(2)L × U(1) → SU(2)L × U(1)Y . (1.60)20



In this pro
ess, the gauge bosons WR and Z ′ obtain masses. Then the SM symmetryis broken down to only the U(1) symmetry of ele
tromagnetism, and the regular gaugebosons W and Z obtain masses. At this point, also the fermions aquire masses as in theSM.The U(1)-symmetry in left-right symmetri
 models is, at least in some models, relatedto baryon- and lepton number (B and L). The 
harge formula of the SM,
Q = I3 +

Y

2
, (1.61)where the weak hyper
harge Y is rather arbitrary, 
hosen to give the 
orre
t 
harges toall parti
les, is then repla
ed by

Q = IL3 + IR3 +
B − L

2
. (1.62)Here, the hyper
harge is repla
ed by the familiar baryon- and lepton numbers.Initially, no parity violation is present in left-right symmetri
 models. Parity violationmay only o

ur after the breaking of the initial left-right symmetry. The requirementthat parity is violated 100% in weak intera
tions at the energies so far probed, translatesto the right-handed gauge bosons W±

R being mu
h heavier than the left-handed W±. Inthis 
ase, WR does not play an important role at low energies, and parity is violated inthis regime. The parity symmetry would in this 
ase be restored at energies of the sameorder of magnitude as the mass of the WR. Instead of parity violation being put in �byhand�, as in the SM, the parity symmetry is spontaneously broken by the Higgs �elds inleft-right symmetri
 models.A further interesting feature of left-right symmetri
 models is the seesaw me
hanism[7℄. In the SM, there is no explanation for the non-vanishing but extremely small neutrinomass. In left-right symmetri
 models, the breaking of the left-right symmetry gives alarge Majorana mass to the right-handed neutrino. The breaking of the SU(2)L × U(1)Ysymmetry relates the masses of the left-handed and right-handed neutrinos in su
h a waythat a heavy right-handed neutrino gives a light left-handed one. The mass of the right-handed neutrino is further related to the mass of the WR, sin
e these masses are bothgiven by the breaking of the left-right symmetry.The result of this is that the left-handed neutrino a
quires a mass
mνl

∼ m2
l

mWR

. (1.63)Comparing to the 
oupling for weak V + A 
urrents, GV+A ∼ g2/m2
WR

, we see that themaximal parity violation observed in weak intera
tions at low energies is 
losely relatedto the very small neutrino mass. As the mass of the WR tends to in�nity, parity violationbe
omes maximal and the neutrino mass tends to zero.As the left-handed neutrino mass is related to the WR mass, one 
an make estimatesof mWR
knowing that the left-handed neutrino mass is of order eV. The mass of the WRis, however, not determined 
ompletely by the left-handed neutrino mass, but depends onan unknown parameter. Di�erent assumptions for this parameter, the Dira
 mass term,gives masses ranging from the GUT s
ale 1014 GeV down to the TeV s
ale. If mWR

is oforder TeV, the WR may be dis
overed at the LHC.21



Boson Dire
t sear
h limit(pp 
ollisions) Ele
troweak �tlimit Comment
W ′ with SM 
ouplings m > 1.000 TeV De
ay to eν
WR - right handed W m > 715 GeV
Z ′ with SM 
ouplings m > 923 GeV m > 1500 GeV
ZLR of SU(2)L × SU(2)R × U(1) m > 630 GeV m > 860 GeV gL = gR
Zχ of SO(10) → SU(5) × U(1)χ m > 822 GeV m > 781 GeV gχ = e/ cos θW
Zψ of E6 → SO(1) × U(1)ψ m > 822 GeV m > 475 GeV gψ = e/ cos θW
Zη of E6 → SU(3) × SU(2) × U(1) × U(1)η m > 891 GeV m > 619 GeV gη = e/ cos θWTable 1.3: Current limits on new gauge bosons from dire
t sear
hes and ele
troweak �ts.(From [4℄.)1.7.2 Current limits on new gauge bosonsTable 1.3 summarizes the 
urrent limits on new gauge bosons from dire
t sear
hes andele
troweak pre
ision data. The dire
t sear
h limits are obtained from pp data.1.8 SummaryIn this 
hapter we have reviewed the SM, whi
h is the 
urrent theory of parti
le physi
s.We have also seen that this theory, despite its enormous su

ess, has some importantshort
omings, and that there are many theories whi
h go beyond the SM. The testing ofsu
h theories is one of the obje
tives of the LHC. We now pro
eed to a des
ription of theATLAS dete
tor and the LHC.
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Chapter 2The ATLAS dete
tor
2.1 The LHC and ATLASThe Large Hadron Collider (LHC) is a proton-proton and heavy ion 
ollider at CERN.Its design 
enter of mass energy is ECM = 14 TeV and its design luminosity is L =
1034 cm−2 s−1 (for proton-proton 
ollisions). The luminosity essentially measures the 
ol-lision rate in su
h a way that given a pro
ess with 
ross se
tion σ, the expe
ted numberof events in a period of time is

N = σ

∫

Ldt. (2.1)The luminosity integrated over time is a measure of the amount of data 
olle
ted. Lumi-nosity and 
enter of mass energy are the key variables for a 
ollider.Around the LHC, there are four dete
tors (experiments) situated at four intera
tionpoints, where the protons or heavy ions are made to 
ollide head on. The ATLAS (AToroidal LHC ApparatuS) dete
tor is one of these. It is a multi-purpose dete
tor, meaningthat it is not tailored spe
i�
ally to only one area of physi
s studies, but rather 
onstru
tedto be able to give good results in many di�erent kinds of studies.2.2 Dete
tors in parti
le physi
sIn parti
le physi
s, most experiments aim to study the pro
esses taking pla
e when par-ti
les 
ollide (when protons or heavy ions 
ollide, in the 
ase of ATLAS/LHC). The onlyparti
les (known to date) living long enough to a
tually rea
h the dete
tor after su
h a
ollision are photons, ele
trons, muons, and neutrinos, as well as a handful of di�erentbaryons and mesons. The neutrinos, feeling only the weak intera
tion, have tiny 
rossse
tions for intera
ting with anything, and will es
ape out of any dete
tor undete
ted.This leaves the photons, ele
trons, muons, and hadrons to be measured in the dete
torof a 
ollider experiment. Our dete
tor must be 
onstru
ted in su
h a way that it 
an asa

urately as possible measure the momenta and energies of these parti
les, sin
e all thedynami
s of the initial 
ollision must be inferred from these measurements. In addition,it should be able to identify these parti
les, e.g. distinguish an ele
tron from a muon.2.2.1 The di�erent parts of a dete
torA dete
tor in a 
ollider experiment is built up around the intera
tion point (see �gure 2.2).Innermost, 
losest to the beam pipe, we have a tra
king system. This is 
omposed of many23
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Figure 2.1: Sket
h of the development of an ele
tromagneti
 shower initiated by an ele
-tron (left) and a pi
ture of an ele
tromagneti
 shower in a bubble 
hamber with leadabsorbers (right).small units, e.g. pixels or strips, whi
h ea
h give a signal when a 
harged parti
le passesthrough. Su
h a signal is known as a hit, and gives a point or region in spa
e wherethe parti
le has passed through. A given 
harged parti
le should make many hits whenpassing through the tra
king system, and these hits are then 
ombined to identify thetraje
tory of the parti
le. This traje
tory, or tra
k, allows us to identify
• the dire
tion of the initial momentum of the parti
le,
• the 
harge and the magnitude of the momentum of the parti
le, based on the 
ur-vature of the tra
k in a magneti
 �eld,
• the primary vertex (intera
tion point) and se
ondary verti
es, based on the 
onver-gen
e of several tra
ks to a 
ommon spa
e point.The tra
king material should as little as possible 
hange the traje
tory of a parti
le,meaning that it should not be too dense.If we keep moving radially outwards from the beam pipe, after the tra
king system
omes the ele
tromagneti
 
alorimeter (ECal). The purpose of the ECal is to measure theenergy of ele
trons and photons. Ele
trons and photons will 
reate showers in the ECal,and deposit all their energy. This happens in the following way. When a high energyele
tron enters the ECal, the material will 
ause it to 
reate a bremsstrahlung photon,

e± → e± γ (a pro
ess whi
h 
an only happen in the presen
e of additional parti
les due to
onservation of energy and momentum). This photon will (again, possible be
ause of thematerial) produ
e an e+e− pair, γ → e+ e−, and the initial ele
tron will do bremsstrahlungagain. In this way, the shower develops until the energies of the ele
trons and photonsare too small for bremsstrahlung and pair produ
tion. The 
ase is equivalent if the initialparti
le is a photon, but then the �rst pro
ess will be pair produ
tion. A sket
h of anele
tromagneti
 shower development is shown in �gure 2.1.After the ECal 
omes the hadroni
 
alorimeter (HCal). The purpose of the HCal isto measure the energy of all hadrons. When a hadron enters the material of the HCal, itwill intera
t strongly with the nu
lei of the HCal material and 
reate a hadroni
 shower,whi
h is the strong intera
tion analogue of an ele
tromagneti
 shower. This shower ismade up mainly of pions, kaons, and the lightest baryons. The material of the HCal mustbe dense and �deep� to be able to stop the high energy hadrons originating from a highenergy 
ollision. 24



Figure 2.2: Figure showing a 
ross se
tion of part of the ATLAS dete
tor and how thedi�erent parti
les intera
t in the di�erent parts of the dete
tor.The only parti
le (ex
ept the neutrino) whi
h passes through both the ECal and HCalwithout being stopped is the muon. The muon will not do bremsstrahlung in the ECalbe
ause of its large mass (the 
ross se
tion for bremsstrahlung goes as 1/m2 where m isthe mass). In addition, it does not feel the strong intera
tion, so it is not stopped in theHCal. The outermost part of a dete
tor is therefore the muon spe
trometer, dedi
atedto dete
ting and measuring muons. This is an additional layer of tra
king, whi
h givesan additional measurement of the muon momentum and whi
h gives muon identi�
ation,sin
e only muons 
an rea
h this part of the dete
tor.Figure 2.2 shows how di�erent parti
les are seen in the di�erent parts of the ATLASdete
tor. The neutrinos are not measured. They 
an however to some extent be indire
tlymeasured, sin
e their momentum will show up as missing, in the sense that any apparentviolation of the 
onservation of momentum may be attributed to the neutrinos (or toother, yet unknown, weakly intera
ting parti
les).2.3 The ATLAS dete
torMost of the te
hni
al details (su
h as resolutions of di�erent subdete
tors) and �gures inthis se
tion are taken from referen
e [8℄.2.3.1 The ATLAS 
oordinate systemThe ATLAS 
oordinate system is oriented with the z-axis along the beam pipe, thepositive x-dire
tion towards the 
enter of the LHC ring, and the positive y-dire
tionupwards (opposite of the a

eleration of gravity). The origin is lo
ated at the nominalintera
tion point.The spheri
al 
oordinates φ and θ are de�ned in the standard way, with φ as the anglebetween the x-axis and the xy-proje
tion of the position ve
tor and θ as the angle between25
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xto 
enter of LHC ring
to surfa
e

φ θ
η = 2.5

η = 0

η = −2.5

beam axiszFigure 2.3: Illustration of the ATLAS 
oordinate system showing two proje
tions. Thede�nitions of the azimuthal and polar angles φ and θ are shown, as well as sample valuesof the pseudorapidity η.the position ve
tor and the positive z-axis. The angle φ in
reases 
lo
k-wise when lookingin the positive z dire
tion and is zero on the positive x-axis. The range of θ is θ ∈ [0, π],while the range of φ is 
hosen as φ ∈ [−π, π]. We also de�ne the pseudorapidity
η = − ln

(

tan
θ

2

)

, (2.2)whi
h is usually quoted instead of the polar angle θ. The pseudorapidity is zero when
θ = π/2, i.e. in the dire
tion perpendi
ular to the beam axis. See �gure 2.3 for anillustration of the ATLAS 
oordinate system.The transverse 
omponent of any ve
tor, e.g. pT, is de�ned as its proje
tion in the xy-plane (transverse to the beam axis). To quantify the separation between two dire
tions,the distan
e ∆R in the ηφ-plane is used:

∆R =
√

(∆η)2 + (∆φ)2 . (2.3)2.3.2 The magnetsThe 
harge and momentum of a 
harged parti
le is measured by determining the 
urvatureof the parti
le's traje
tory in a magneti
 �eld. The stronger the magneti
 �eld, the morethe traje
tory is bent (smaller radius of 
urvature), and the better momentum resolutionone 
an obtain. The ATLAS dete
tor therefore uses super
ondu
ting ele
tromagnets toprodu
e strong magneti
 �elds.The magneti
 �eld 
on�guration of ATLAS 
onsists of the solenoidal magneti
 �eldin the inner dete
tor and the toroidal magneti
 �eld in the muon spe
trometer. Thegeometry of solenoidal and toroidal magneti
 �elds is illustrated in �gure 2.4.The 
entral solenoid provides a magneti
 �ux density of 2 T dire
ted along the beamaxis in the inner dete
tor. The barrel and end-
ap toroids provide the magneti
 �eld forthe muon spe
trometer. The �eld is here tangential to a 
ir
le parallel to the xy-planearound the beam axis.2.3.3 The inner dete
torThe ATLAS inner dete
tor tra
king system 
onsists of three separate dete
tors. From thebeam pipe and outwards, these are the pixel dete
tor, the semi
ondu
tor tra
ker (SCT),and the transition radiation tra
ker (TRT) (see �gure 2.5).26



Figure 2.4: Illustration of solenoidal (left) and toroidal (right) magneti
 �elds. The 
urrentloops (red) and the magneti
 �elds (blue) are shown.

Figure 2.5: Layout of the ATLAS inner dete
tor.
27



The pixel and SCT dete
tors are both sili
on based semi
ondu
tor dete
tors. In su
hdete
tors, p-doped sili
on is brought in 
onta
t with n-doped sili
on, and this results ina p-n jun
tion. The depletion zone, whi
h is almost free of holes and free ele
trons, isextended by the appli
ation of a bias voltage. When a 
harged parti
le passes throughsu
h a p-n jun
tion, it 
reates ele
tron-hole pairs, and the ele
trons and holes drift inopposite dire
tions be
ause of the bias voltage. This 
reates a measurable pulse on theele
trodes.The basi
 sensor of the pixel dete
tor is a pixel of size 50 × 400µm2 in Rφ× z where
R is the distan
e from the beam axis. Ea
h hit in a pixel de�nes a spa
e point. Theintrinsi
 a

ura
y of the pixel dete
tor barrel is 10µm in Rφ and 115µm in z. Typi
allythree pixel layers are 
rossed by ea
h tra
k.In the SCT, sili
on strips are used. The strips are oriented so that they measure either
φ or z, and two hits are required for one spa
e point. Eight strip layers are 
rossed byea
h tra
k (providing four spa
e points). The intrinsi
 a

ura
y per module for the SCTin the barrel is 17µm in Rφ and 580µm in z.In the TRT, straw tubes of diameter 4 mm are used to provide many measurements of
Rφ with an a

ura
y of 130µm per straw. The straw tubes' length dire
tion is parallel tothe beam axis in the barrel and radial in the end 
aps, and the TRT therefore does notprovide any measurement of η. The TRT typi
ally provides 36 measurements per tra
k.A straw tube 
onsists of a 
entral anode wire surrounded by a 
ylindri
al tube. When a
harged parti
le ionizes the gas in the TRT tube, the ele
trons start to drift towards the
entral wire, where they produ
e a signal. The drift time, i.e. the time the ele
trons useto rea
h the 
entral wire, is measured, and gives a measurement of the radius (distan
efrom 
entral wire) at whi
h the 
harged parti
le passed. See the left part of �gure 2.8for an illustration of a 
harged parti
le passing through a drift tube (in that 
ase, in theATLAS muon spe
trometer).Transition radiation is the emission of a photon when a 
harged parti
le passes betweentwo media of di�erent diele
tri
 
onstants. The phenomenon o

urs only for parti
leswith very high relativisti
 fa
tors, i.e. βγ & 1000 [9℄. In the TRT, there are layers ofmaterials with di�erent diele
tri
 
onstants, whi
h will 
ause ele
trons to emit transitionradiation photons. These photons are measured in the TRT tubes, and provide ele
tronidenti�
ation, sin
e heavier parti
les will not produ
e transition radiation be
ause of theirsmaller relativisti
 fa
tors. A transition radiation hit in the TRT is identi�ed as a hitwhere the signal ex
eeds a higher threshold than for ordinary hits.2.3.4 The 
alorimetersThe ATLAS dete
tor uses sampling 
alorimeters. Su
h 
alorimeters 
onsist of layers ofa
tive dete
tor material and dead material. The energy measurement is obtained fromthe samples in the a
tive dete
tor layers, while the dead material (the absorbers) is thereonly to stop the parti
les. The ATLAS 
alorimeter layout is shown in �gure 2.6. The
alorimeters 
over the region |η| < 4.9.The ECal of ATLAS uses liquid argon (LAr) as its a
tive dete
tor material, and leadplates as absorbers. The ionization in the LAr is measured dire
tly by ele
trodes. Overthe η range 
orresponding to that of the inner dete
tor, the ECal has �ner granularity,so that pre
ision measurements of photons and ele
trons 
an be made. Over the rest ofthe η range, the granularity is 
oarser, but still �ne enough for jet re
onstru
tion and /ETmeasurements (see 
hapter 4 for explanations of jets and /ET).28



Figure 2.6: Layout of the ATLAS 
alorimeter system.The HCal of ATLAS 
onsists of the tile 
alorimeter in the barrel and extended bar-rel regions, and the LAr end-
ap 
alorimeters and LAr forward 
alorimeters. The tile
alorimeter uses steel as absorber and s
intillators as a
tive dete
tor material. Here, theparti
les of a hadroni
 shower produ
e photons in tiles of s
intillating material, and thesephotons are read out through wavelength shifters and photomultiplier tubes.The hadroni
 end-
ap 
alorimeter 
onsists of two wheels for ea
h end-
ap, using 
opperplates as absorbers and LAr as a
tive dete
tor medium. Inside the 
enter of the hadroni
end-
ap 
alorimeters, we �nd the forward 
alorimeters, 
overing the region 
losest to thebeam pipe, assuring an as hermeti
 as possible dete
tor. The dete
tor needs to be ashermeti
 as possible to do good /ET measurements. The forward 
alorimeters use 
opperand tungsten as absorbers and LAr as a
tive dete
tor material.2.3.5 The muon spe
trometerThe layout of the ATLAS muon spe
trometer is shown in �gure 2.7. It 
onsists, as theinner dete
tors and 
alorimeters, of a barrel part and end-
aps. There are di�erent kindsof sensors used in the muon spe
trometer, serving di�erent purposes. These are themonitored drift tubes (MDTs), the 
athode strip 
hambers (CSCs), the resistive plate
hambers (RPCs), and the thin gap 
hambers (TGCs).The main pre
ision tra
king sensors in the ATLAS muon spe
trometer are the MDTs.These are gaseous ionisation dete
tors with drift time measurement as in the 
ase of theTRT. An illustration of an MDT is shown in �gure 2.8. The tubes are oriented with theirlength dire
tion tangential to a 
ir
le parallel to the xy-plane around the beam axis. Theythus provide good pre
ision in η, but not in φ. They are oriented in this way be
ause thismakes the tube length dire
tion parallel to the toroidal magneti
 �eld, so that the MDTsprovide as good as possible momentum resolution.In the �rst end-
ap layer for |η| > 2, the parti
le �ux is expe
ted to be too large forthe MDTs to 
ope with. The MDTs are therefore repla
ed by the CSCs in this region.29



Figure 2.7: Layout of the ATLAS muon spe
trometer.

Figure 2.8: Illustration of a monitored drift tube from the ATLAS muon spe
trometer.The CSCs are multiwire proportional 
hambers, whi
h are gaseous ionization dete
tors,and they serve the same purpose as the MDTs.The trigger is the system that, for ea
h 
ollision event, de
ides whether the datafrom this parti
ular event should be stored. It is needed be
ause keeping all events isnot feasible in terms of bandwidth and data storage. The muon 
hambers must provideinformation to the trigger very fast, and the MDTs are not feasible for this. For thetrigger, faster dete
tors are needed, and these are the RPCs in the barrel and the TGCsin the end-
aps. The RPCs and TGCs are both gaseous ionization dete
tors. In additionto trigger information, they provide measurements in φ, whi
h is not a

urately measuredby the MDTs.Muon re
onstru
tion 
an in ATLAS be done stand-alone by the muon spe
trometeronly, or by mat
hing a muon spe
trometer tra
k to an inner dete
tor tra
k, giving a
ombined muon. 30



2.4 SCT shift trainingIn O
tober 2009, I went to CERN to take SCT shift training, sin
e this is an a
tivitythe Oslo group is involved in. ATLAS was taking 
osmi
 data at the time. I got thequali�
ations needed to take SCT shifts, both data quality monitoring shifts and dete
toroperations shifts, whi
h in
luded taking three shadow shifts together with an experien
edshifter. In Febraury 2010, I went ba
k to CERN and took one blo
k of dete
tor operationsshifts (four shifts).Dete
tor operations shifts 
onsist of monitoring the dete
tor 
ontrol system (DCS)through a program 
alled FSM (Finite State Ma
hine) and an alarm panel. In the FSM,all 
ooling loops and dete
tor modules are arranged in a tree stru
ture, and one 
annavigate down the tree to look at the status or issue 
ommands to spe
i�
 modules.During my shadow shifts we used the FSM to manually set the bias voltage to lowervalues than the nominal 150 V for all modules in a spe
i�
 barrel layer, whi
h was done toallow for 
ertain dete
tor studies. Also, one 
an restart the bias voltage on modules thathave been turned o� be
ause the 
urrent got too high (known as a module trip). Whenbeam manipulations or beam inje
tion is done, one must assure that the bias voltage isturned down, so that all modules are in standby, and the �safe for beam� �ag is a
tive.When the beam is stable, one 
an ramp up the bias voltage.Alarms regarding temperatures, dew points, pressures et
. may appear during a shift.Unless the alarm is known and harmless, one should in general notify the expert on 
all.In addition, one monitors the data a
quisition (DAQ) during a dete
tor operations shift.During data quality monitoring shifts, one looks at histograms produ
ed �online�,meaning that they are produ
ed in real time as the data is streamed o� the dete
tor.The histograms are used to verify that the dete
tor is performing properly, or dete
tingproblems. A 
olle
tion of online noise plots for the SCT barrel is shown in �gure 2.9.2.5 SummaryIn this 
hapter, we have des
ribed the ATLAS dete
tor at the LHC. We have des
ribed thelayout of the dete
tor, and how di�erent parti
les are dete
ted through their intera
tionswith the dete
tor. In the next 
hapter, an analysis of real data taken by the ATLASdete
tor is presented.
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Figure 2.9: Online noise plots for the SCT barrel. The di�erent plots 
orrespond todi�erent layers. Noisy modules will appear as yellow or red. Bla
k modules are out of the
on�guration.
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Chapter 3Cosmi
 data analysis
3.1 Cosmi
 raysCosmi
 rays have played an important role in the history of parti
le physi
s. Severalparti
les, su
h as the pions, the muon, and the positron were �rst dis
overed in 
osmi
ray showers, and 
osmi
 rays were the primary sour
e of experimental parti
le physi
sdata before a

elerators made it possible to study high energy parti
le intera
tions undermore 
ontrolled 
ir
umstan
es.Cosmi
 rays are parti
les of extraterrestrial origin arriving in the earth's atmosphere.The sour
es of these parti
les may be within our galaxy or beyond. The parti
les arrivingto the atmosphere are 
alled primary 
osmi
 rays. The primary 
osmi
 rays are typi
allyprotons, nu
lei, or ele
trons. Protons dominate, and 
ontribute approximately 85% of theprimary 
osmi
 rays [10℄.When primary 
osmi
 rays enter the earth's atmosphere, they 
reate showers ofse
ondary parti
les. A photon will 
reate an ele
tromagneti
 shower (as des
ribed inse
tion 2.2.1), and protons and nu
lei will 
reate hadroni
 showers when they intera
tstrongly with the nu
lei of the air. In the hadroni
 showers, the se
ondary parti
les pro-du
ed are mostly pions, and to some extent kaons. These mesons will either produ
e morese
ondary parti
les through strong intera
tions with nu
lei, or de
ay.A neutral pion will de
ay to two photons, π0 → γ γ, 
ontributing to the ele
tro-magneti
 
omponent of the shower. Charged pions de
ay to muons, π+ → µ+ νµ and
π− → µ− νµ. The de
ays of 
harged pions to ele
trons, π+ → e+ νe and π− → e− νe, areheli
ity suppressed be
ause of the maximal parity violation in 
harged 
urrent weak inter-a
tions. The de
ays do not happen be
ause the weakly produ
ed parti
les (anti-parti
les)are purely left-handed (right-handed). If the de
ay produ
ts were highly relativisti
, thiswould violate the 
onservation of angular momentum, sin
e the pion is spin-0. The de
aysto muons are no problem sin
e the muons are not highly relativisti
 (the muon mass is
omparable to the pion mass).The muons produ
ed in the de
ays of pions and kaons may de
ay to ele
trons, µ+ →
e+ νe νµ and µ− → e− νe νµ, but they will mostly arrive to the earth surfa
e be
ause oftheir relatively long lifetime. We have cτµ = 659 m [4℄ and the relativisti
 fa
tor willfurther extend the range. A 
osmi
 ray shower is illustrated in �gure 3.1.The energy spe
trum, i.e. the �ux as fun
tion of the energy, of primary 
osmi
 raysis shown in �gure 3.1. The highest energy 
osmi
 rays have the lowest �ux. The mostenergeti
 
osmi
 rays measured have energies ex
eeding 1020 eV. We have 1020 eV = 16 J,whi
h would be the kineti
 energy of a mass of 2 kg traveling at the speed 4 m/s (Ekin =33



Figure 3.1: Illustration of a 
osmi
 ray shower (left) and the energy spe
trum (�ux asfun
tion of energy) of primary 
osmi
 rays (right).
mv2/2). Really a ma
ros
opi
 energy!We 
an 
al
ulate the 
enter of mass energy when a 
osmi
 ray of energy E ∼ 1020 eV
ollides with a stationary atmospheri
 nu
leus of mass m ∼ 10 GeV. We have then forthe 
enter of mass energy ECM:

E2
CM = (E +m)2 − p2 = E2 + 2Em+m2 − p2 ≈ 2Em (3.1)where p is the momentum of the 
osmi
 ray (|p| ≈ E). This gives ECM =

√
2Em ∼

1015 eV, whi
h 
an be 
ompared to the LHC design energy for proton-proton 
ollisions of
ECM ∼ 1013 eV. However, from the �ux distribution in �gure 3.1, we see that su
h 
osmi
rays are very rare, while the LHC will produ
e 
ollisions at a MHz rate, and in the very
enter of our dete
tor instead of in the upper atmosphere.3.2 Cosmi
 data taking with ATLASSin
e the 
onstru
tion of the ATLAS dete
tor was �nished before the LHC a
tually startedwith 
ollisions, ATLAS has been taking 
osmi
 data. This means that the dete
tor hasbeen measuring parti
les from 
osmi
 ray showers. There are several reasons for doingthis. It allows one

• to 
alibrate the di�erent parts of the dete
tor,
• to do alignment studies and improve the alignment,
• and to get a �rst impression of how the dete
tor is performing, in
luding the 
om-plete software 
hain from data taking to plots and results.34



Alignment means the following. All of the di�erent 
omponents of the ATLAS dete
torare me
hani
ally mounted with extremely high pre
ision. We are talking about largeobje
ts mounted with pre
isions of mi
rometers. This is ne
essary be
ause to do tra
king,hits in di�erent sensors must be translated into points or regions in spa
e, whi
h requirepre
ise knowledge of the position of the sensor (relative to the other sensors).When one does alignment, one improves the knowledge of the position of ea
h dete
torpart. This is done by �tting tra
ks without 
onsidering the hits of the part under study,and 
omparing the �tted tra
k to the positions of the hits one has taken out. By doing thisfor many tra
ks, a residual distribution 
an be built, whi
h will have a mean di�erent fromzero if the 
onsidered dete
tor part is not aligned (its position is not pre
isely known).One 
an then 
hange alignment 
onstants in the re
onstru
tion software to a

ount forthis.3.3 ATLAS 
osmi
 data simulationIn order to be able to start simulation vs. real data 
omparisons already before the LHCstarts, 
osmi
 data has been simulated for ATLAS. The simulation has been done in thefollowing way. Variations exist between di�erent datasets. Main sour
e is [14℄.Single muons are generated at the earth surfa
e within the square
−300 m < x < +300 m and − 300 m < z < +300 m (3.2)with energies in the range 10 GeV < E < 5 TeV and with an angle θ < 70◦ relative to theverti
ally downward dire
tion. The energy, 
harge, and dire
tion of the muon is generateda

ording to �ts to measured distributions at the earth surfa
e. An extrapolation is thenmade down to y = 0, through the earth above the ATLAS 
avern, either using GEANT1or simply by a straight line approximation.At this point, a sele
tion is made, requiring that the muon at y = 0 falls withinsome region in the xy-plane, or that it enters some �lter volume, e.g. the TRT. Onlymuons passing this sele
tion are stored, and for these muons, the full dete
tor response issimulated. If the passage through the earth above ATLAS has not already been simulatedwith GEANT, this is now done. The dete
tor response simulation results in simulatedraw data, whi
h is then passed to the ATLAS re
onstru
tion software in the same way asreal data.The re
onstru
tion software produ
es tra
ks, 
alorimeter 
lusters, and higher levelanalysis obje
ts from the raw data. The re
onstru
tion software is �ha
ked� when used on
osmi
 data, to be able to 
ope with tra
ks not originating from 
lose to the intera
tionpoint, and possibly other things that distinguishes 
osmi
 data from 
ollision data interms of re
onstru
tion. In 
ollision events, all the �nal state parti
les originate from
lose to the intera
tion point.The result of the re
onstru
tion is ESD (Event Summary Data) �les, where the physi-
ist doing the �nal analysis 
an a

ess obje
ts su
h as tra
ks, 
alorimeter 
lusters, muonset
. Smaller �les 
ontaining less information 
an be made from the ESD. Examples areAOD (Analysis Obje
t Data) and DPD (Derived Physi
s Data) �les.1GEANT [11℄ is a dete
tor simulation framework.
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3.4 An analysis of 2008 
osmi
 ATLAS dataThe parti
les in a 
osmi
 ray shower rea
hing the ground are mostly muons. In addition,the parti
les rea
hing the ATLAS dete
tor have to pass through some material, but notne
essarily mu
h material be
ause of the shafts down to the ATLAS 
avern. This furtherredu
es the amount of other parti
les than muons, sin
e muons are mu
h more penetratingthan other parti
les, as des
ribed in se
tion 2.2.1. For this reason, 
osmi
 data analysis isto a large extent analysis of muons only. Other parti
les may be observed in 
osmi
 events,but these are then mostly se
ondary parti
les originating from the muon's intera
tionswith the dete
tor material. Se
ondary ele
trons and even jets have been observed inATLAS 
osmi
 data.3.4.1 The perigee and impa
t parametersThe perigee of a tra
k is de�ned as the point on the tra
k 
losest to the beam axis. Theparameters of 
osmi
 muons, su
h as η, φ and pT, are taken at perigee. The so-
alledimpa
t parameters de�ned for a tra
k are:
• d0: the distan
e from the perigee to the beam axis,
• z0: the z 
oordinate of the perigee,
• φ0: the azimuthal angle of the dire
tion of the momentum ve
tor at perigee,
• θ0: the polar angle of the dire
tion of the momentum ve
tor at perigee.The sign 
onvention for d0 is as follows. Let φ′ be the azimuthal angle of the perigeeposition. We then de�ne d0 as positive if

φ′ − φ0 =
π

2
+ 2nπ (3.3)where n is an integer. Note that the xy-proje
tion of the momentum ve
tor is alwaysperpendi
ular to the xy-proje
tion of the position ve
tor at perigee, sin
e the perigee isthe point of 
losest approa
h to the beam axis. This means that we have either φ′−φ0 =

π/2 + 2nπ or φ′ − φ0 = 3π/2 + 2nπ, giving positive or negative d0 respe
tively. Notealso that the de�nition implies that the d0 is positive if the z-proje
tion of the tra
k'sangular momentum L = r × p is negative at perigee. See �gure 3.2 for an illustration ofthe impa
t parameters.3.4.2 Data samples used in this analysisThe real data samples used in this analysis are:1. Run number 91890, year 2008, ESD.2. Run number 91900, year 2008, ESD.These are real 
osmi
 data from 2008 with both magneti
 �elds turned on, so that themuon momentum 
an be measured in both the inner dete
tor and the muon spe
trometer.The data used was repro
essed in spring 2009, with the at that time newest alignment
onstants and re
onstru
tion software.2The MC (Monte Carlo) data samples used are:2The 2008 
osmi
 data has later been through additional repro
essings whi
h show improved perfor-man
e of the muon re
onstru
tion. 36



x

y

d0φ0
φ′ z

y

z0 θ0

Figure 3.2: Illustration of the impa
t parameters d0, φ0, θ0, and z0. Two proje
tions ofthe ATLAS 
oordinate system are shown. In the yz-proje
tion, the perigee of the tra
k isassumed to be at y = 0. The angle φ′ whi
h is used to determine the sign of d0 is shownin the transverse proje
tion. In this illustration, we have φ0 < 0, d0 > 0, and z0 > 0. Thedashed tra
k in the transverse proje
tion would have d0 < 0.
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Figure 3.3: The φ (left) and η (right) distributions for muons in real data sample 1 withno muon sele
tion 
riteria.1. Monte Carlo with toroid and solenoid magnets on, ESD.2. Monte Carlo with toroid and solenoid magnets o�, ESD.All re
onstru
ted muon obje
ts are a

essed through the MuidMuonColle
tion 
on-tainer. Detailed information about the datasets 
an be found in appendix A.3.4.3 Basi
 distributions: η and φFigure 3.3 shows the η and φ distributions obtained by running over all muons (re
on-stru
ted muon analysis obje
ts) in data sample 1 with no muon sele
tion 
riteria.Pra
ti
ally all the muons have φ ∈ [−π, 0], whi
h means that they are moving down-wards. A
tually, the dire
tion of any re
onstru
ted tra
k is ambiguous, sin
e there is notiming information on the separate hits. In 
ollision data, this is not an issue, sin
e the37
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Figure 3.4: The φ (left) and η (right) distributions for muons in real data sample 1 withthe requirement that the muons must have at least one hit in either the SCT or the pixeldete
tor.tra
king software 
an take into a

ount that all tra
ks should originate from the intera
-tion point. Sin
e Athena3 release 15.0.0, the 
osmi
 analysis tra
k re
onstru
tion softwareassumes downward dire
tion on all tra
ks. The data used here was re
onstru
ted withAthena release 14, but almost all tra
ks have been given the downward dire
tion in thesedata, as seen in �gure 3.3.The φ distribution peaks at φ = −π/2, 
orresponding to the straight downward di-re
tion. Note that φ in this 
ase is measured at perigee, so that it is the same as the φ0impa
t parameter. This means that the φ distribution shown is not the distribution thatwould be obtained if the muons were measured above the dete
tor, sin
e the muons arebent in the solenoidal magneti
 �eld.For the η distribution, we see a large peak at η = 0 (
orresponding to the dire
tionperpendi
ular to the beam axis). This peak seems unphysi
al, sin
e it in
ludes only onebin. The η and φ distributions obtained with the requirement of at least one hit in eitherthe SCT or the pixel dete
tor are shown in �gure 3.4. Now, the unphysi
al peak at η = 0is gone. This is explained as follows. The η assigned to the muon analysis obje
t is theone from the inner dete
tor tra
k. If the inner dete
tor tra
k has only TRT hits, then no
η value is assigned to the tra
k, and the default value is zero. This is be
ause the barrelTRT tubes are oriented parallel to the beam axis, and the TRT therefore provides only φinformation (see se
tion 2.3.3). The requirement of at least one SCT or pixel hit redu
edthe number of entries in the histograms from 296 · 103 to 50 · 103.In the η distribution, we see peaks on either side of η = 0. These 
orrespond to thebig and small shafts leading down to the ATLAS 
avern (see �gure 3.5). We see thatthere are more muons on the η < 0 side. This 
orresponds to the fa
t that the biggershaft is lo
ated at z > 0. For a muon moving downwards into the inner dete
tor from thebig shaft, we will have θ > π/2 and therefore η < 0.There seems also to be peaks on either side of the large, 
entral peak in the φ dis-tribution. These probably 
orrespond to the elevator shafts leading down to the ATLAS
avern, whi
h are situated at x ≈ ±30 m.3Athena is the 
entral 
omponent of the ATLAS software.
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Figure 3.5: Illustration of the ATLAS 
avern geometry. The traje
tories of positive andnegative muons from the two shafts in the toroidal magneti
 �eld are shown.Cut type Pixelhits SCThits Sili
onhits TRThits d0[mm℄ pT[GeV℄ TRT phase[ns℄Loose ≥ 8 ≥ 30 ≤ 500 ≥ 1 ∈ [−10, 40]Medium ≥ 10 ≥ 20 ≤ 250 ≥ 1 ∈ [5, 30]Tight ≥ 4 ≥ 12 ≥ 50 ≤ 40 ≥ 1 ∈ [5, 30]Table 3.1: Re
ommended inner dete
tor 
uts on muons. The loose requirement is 8 sili
onhits or 30 TRT hits. TRT phase of zero is ex
luded from the loose TRT phase range.This is bea
use it is a default value.3.4.4 Inner dete
tor 
utsAs seen in the previous se
tion, the sele
tion 
riteria (
uts) used 
an signi�
antly 
hangethe observed distributions. One should require 
ertain numbers of hits in various subde-te
tors et
. There exists a set of re
ommended 
uts for inner dete
tor tra
ks [13℄. Theseare divided into loose, medium, and tight 
uts, and they are shown in table 3.1.The numbers of hits in these 
uts refer only to barrel hits, but in this analysis, all hitshave been in
luded, i.e. also end-
ap hits. Shown in table 3.2 are the numbers of muonsafter the di�erent inner dete
tor 
uts (in
luding the 
uts on d0, pT, and TRT phase). Wewant to ensure good quality of the muon tra
ks used in our analysis. On the other hand,we also need to keep enough muons to ensure su�
ient statisti
s. The tight 
ut seems
learly too restri
tive, and does not provide enough statisti
s. It seems that the medium
ut is a good 
ompromise between tra
k quality and statisti
s. This 
ut should provideenough statisti
s to get well de�ned distributions.The TRT event phase measures the time of arrival of the 
osmi
 muon relative to thetime window when the TRT measures whether or not the signal ex
eeds the thresholdvalue. The TRT event phase distributions for real data sample 1 and MC data sample39



Cut type Number of muonsLoose 63 · 103Medium 13 · 103Tight 0.82 · 103Table 3.2: Numbers of muons surviving the di�erent inner dete
tor 
uts when applied onreal data sample 1.
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Figure 3.6: TRT event phase distributions for real data sample 1 (left) and MC datasample 1 (right).1 are shown in �gure 3.6. The distributions are very di�erent. It seems that the eventphase is not 
onstru
ted in the MC in su
h a way that it 
an be 
ompared to real data.Therefore, the event phase 
ut is only applied to the real data, not to the MC. This seemsto be standard pro
edure when analysing ATLAS 
osmi
 data. We also see that manyevents have a default value of zero for the event phase, whi
h explains why this value isex
luded from the loose 
ut region.3.4.5 Muon spe
trometer/inner dete
tor 
orrelationsA muon will typi
ally make three tra
ks when traversing the ATLAS dete
tor. One tra
kin the muon spe
trometer on the muon's way into the dete
tor, one tra
k in the innerdete
tor, and one tra
k in the muon spe
trometer on the muon's way out of the dete
tor.One 
an easily a

ess two tra
ks, one muon spe
trometer tra
k and the inner dete
tortra
k, from the muon analysis obje
t. The muon analysis obje
t is of 
ourse tailored for
ollision data analyses, and holds therefore only one muon spe
trometer tra
k. (A muonoriginating from the intera
tion point traverses the muon spe
trometer only on
e.)If one extrapolates the muon spe
trometer tra
k into the inner dete
tor, then one 
anobtain the expe
ted impa
t parameters based only on the muon spe
trometer tra
k. Ifthese impa
t parameters are 
ompared with the ones obtained from the inner dete
tortra
k, one should �nd a 
lear 
orrelation. We de�ne the quantity
∆d0 = d0(inner dete
tor) − d0(muon spe
trometer). (3.4)The similar quantities ∆φ0, ∆θ0, and ∆z0 are de�ned analogously. These quantitiesare residuals, and we expe
t them to be distributed approximately normally (Gaussian)around zero. The extrapolation of the muon spe
trometer tra
k is done in re
onstru
tion,and the extrapolated tra
k is a

essible through the muon analysis obje
t.40
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Figure 3.7: Approved ATLAS 
osmi
 analysis plots showing muon spe
trometer/innerdete
tor impa
t parameter residual distributions for 2008 
osmi
 data and MC.Figure 3.7 shows approved preliminary ATLAS 
osmi
 analysis plots showing the muonspe
trometer/inner dete
tor 
orrelation. These plots are made from 2008 
osmi
 data,whi
h is also what is used here. We see that the distributions seem more or less Gaussian,and that data and MC seem to agree satisfa
tory.The residual distributions were now produ
ed from real data sample 1 and MC datasample 1. These are shown in �gure 3.8. Note that the de�nition of the residuals usedhere (eq. (3.4)) is opposite of the one used in the approved plots, whi
h has only the e�e
tof re�e
ting the distributions through zero.To be able to 
ompare the distributions obtained from di�erent data samples, in our
ase the real data and the MC data, one must s
ale the histograms. This is be
ause thehistograms from the di�erent data samples in general will 
ontain di�erent number ofentries. In all the plots where MC and real data are 
ompared, the histograms are s
aleddown with the number of entries in the histograms. I.e. a bin in the s
aled histogram has
ontent equal to the bin 
ontent in the original histogram divided by the total number ofentries in the original histogram.In the plots in �gure 3.8, error bars are shown for data. The errors have been ob-tained from standard ROOT4 fun
tionality, i.e. TH1::Sumw2() has been 
alled for thehistograms. ROOT then automati
ally s
ales the errors when the histogram is s
aled.The error on a bin when the bin has been �lled with n entries, all with unit weight, is √n.4ROOT [12℄ is a data analysis framework. 41
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Figure 3.8: Residual distributions obtained from real data sample 1 and MC data sample1 with medium inner dete
tor 
uts.This 
orresponds to the fa
t that a Poisson distribution with mean µ = λ has standarddeviation σ =
√
λ.The ∆θ0 and ∆z0 plots in �gure 3.8 seem to agree with the approved 
osmi
 plots. Inthese plots, the agreement between MC and data is also good. However, in �gure 3.8, the

∆d0 and ∆φ0 distributions do not agree with the approved plots, and here data and MCdo not agree satisfa
tory. The ∆d0 distribution shows severe non-Gaussian tails on bothsides, not reprodu
ed by MC. Furthermore, the ∆φ0 distribution is 
learly asymmetri
,also not reprodu
ed by MC.Muon spe
trometer 
utsThe 
uts used so far ensure a good inner dete
tor tra
k, but does not ensure good qualityof the muon spe
trometer tra
k. We should also use some 
uts on numbers of hits in themuon spe
trometer. The total number of muon spe
trometer hits for the muons in realdata sample 1 with medium inner dete
tor 
uts, is shown in �gure 3.9.We see here that most muons have a substantial number of hits in their muon spe
-trometer tra
k. Therefore, 
utting on total number of muon spe
trometer hits is probablynot ne
essary. To remove just the worst muon spe
trometer tra
ks, we now require atleast 15 muon spe
trometer hits in addition to the inner dete
tor 
uts. The resulting ∆d0and ∆φ0 distributions are shown in �gure 3.10. The distributions are still bad, with thesame non-Gaussian tails and asymmetry.The number of RPC φ hits for muons in real data sample 1 with medium inner dete
tor
uts and at least 15 muon spe
trometer hits is shown in �gure 3.11. (Note that a bin in42
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Figure 3.9: Total number of muon spe
trometer hits for muons in real data sample 1 withmedium inner dete
tor 
uts.
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Figure 3.10: Residual distributions obtained from real data sample 1 with medium innerdete
tor 
uts and the requirement of at least 15 muon spe
trometer hits.
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Figure 3.11: Number RPC φ hits for muons in real data sample 1 with medium innerdete
tor 
uts and requirement of at least 15 muon spe
trometer hits in total.
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Figure 3.12: Residual distributions obtained from real data sample 1 with medium innerdete
tor 
uts and requirement of at least 15 muon spe
trometer hits, with and withoutthe requirement of 3 RPC φ hits.this and similar histograms is �lled with the number of hits 
orresponding to the bin'slow edge, so that the �rst bin in �gure 3.11 is �lled with the muons with zero RPC φhits.) We see that there are many muons with no RPC φ hits.We now add the requirement of at least 3 RPC φ hits to the analysis. Figure 3.12shows the ∆d0 and ∆φ0 distributions with and without the RPC φ 
ut. We see that theRPC φ 
ut seems to remove the tails and asymmetry of these distributions.We 
an now produ
e again the residual distributions with our �nal 
uts, whi
h are
• medium inner dete
tor 
uts (table 3.1),
• at least 15 muon spe
trometer hits in total,
• at least 3 muon spe
trometer RPC φ hits.These 
uts are used throughout the rest of this analysis, unless stated otherwise. Thenumbers of muons passing the 
uts are 3.1 · 103 for real data sample 1 and 16 · 103 for MCdata sample 1. The distributions are shown in �gure 3.13. Now these agree well with theapproved plots, and MC and real data agree satisfa
tory.The reason for the importan
e of the RPC φ hits, is that the MDTs do not measure φwell enough (see se
tion 2.3.5). Indeed, one of the purposes of the RPCs is to provide φ44
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Figure 3.13: Residual distributions obtained from real data sample 1 and MC data sample1 with �nal 
uts.measurement. This explains why the ∆z0 and ∆θ0 distributions looked �ne also withoutthe RPC 
ut. These impa
t parameters do not depend on the tra
k's proje
tion in the
xy-plane. Hen
e, a

urate φ measurement is not required to get these distributions right,and MDT hits su�
e.Figure 3.14 shows 
orrelation plots (two-dimensional histograms) of θ0 and φ0 for muonspe
trometer vs. inner dete
tor. These plots show straight lines with statisti
al smearing,whi
h is what is expe
ted.Energy loss in the 
alorimetersIn the same way as for the impa
t parameters, we 
an 
ompare the momentum measure-ments in the muon spe
trometer and in the inner dete
tor by de�ning the di�eren
e:

∆p = p(inner dete
tor) − p(muon spe
trometer). (3.5)Here, the momenta are really the momenta of the tra
ks in the di�erent parts of thedete
tor, i.e. no extrapolation is made. On the muon's way from the muon spe
trometerto the inner dete
tor (or vi
e versa), it traverses the 
alorimeters. These 
onsist of densematerial, and we therefore expe
t the muon to lose a 
ertain amount of energy. Thisenergy loss should show up as a shift in the ∆p distibution, so that it should not be
entered around zero. Our 
osmi
 muons all have pT > 1 GeV, whi
h makes them highlyrelativisti
. This means that E =
√

p2 +m2 ≈ p, so that the energy loss and themomentum loss in the 
alorimeters are the same.The ∆p distribution obtained from real data sample 1 is shown in �gure 3.15. We seea large peak 
entered at approximately −3 GeV, and a smaller peak at +3 GeV. This is45
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Figure 3.14: S
atterplots of φ0 and θ0 showing muon spe
trometer value vs. inner dete
torvalue from real data sample 1.
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Figure 3.15: Distribution of ∆p obtained from real data sample 1 using the de�nition(3.5).interpreted in the following way. As mentioned, the muon obje
t holds only one muonspe
trometer tra
k. Sometimes this will be the tra
k the muon made on its way into thedete
tor, and sometimes the one it made on its way out.Sin
e a 
osmi
 muon traverses the dete
tor from top to bottom, we 
an refer to thedi�erent muon spe
trometer tra
ks as �upper� and �lower�. The upper muon spe
trometertra
k has y-
oordinate ytrack > 0, while the lower one has ytrack < 0. Figure 3.16 shows the
∆p distribution segmented in the 
ases ytrack > 0 and ytrack < 0 as well as the distributionof ytrack itself.We see that the peak at −3 GeV 
orresponds to the ytrack > 0 (upper muon spe
trom-eter tra
ks) entries, and that the peak at +3 GeV 
orresponds to ytrack < 0 (lower muonspe
trometer tra
ks) entries. From the de�nition (3.5), we see that this means that themuons have more energy in the upper muon spe
trometer than in the inner dete
tor, andmore energy in the inner dete
tor than in the lower muon spe
trometer, as expe
ted. Wesee also that far more muons have ytrack > 0, meaning that most of the muon spe
trometertra
ks asso
iated to the muon obje
ts are upper tra
ks, whi
h again 
orresponds to thefa
t that the peak at −3 GeV is far bigger than the one at +3 GeV.We 
an now rede�ne ∆p in su
h a way that the expe
ted momentum di�eren
e will46
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Figure 3.16: The ∆p distribution as de�ned in eq. (3.5) for real data sample 1 segmentedinto ytrack > 0 and ytrack < 0 as well as the distribution of ytrack.
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Figure 3.17: Distribution of ∆p obtained from real data sample 1 and MC data sample 1using the de�nition (3.6).be the same for upper and lower muon spe
trometer tra
ks, namely:
∆p =

{

p(muon spe
trometer) − p(inner dete
tor) for ytrack > 0,

p(inner dete
tor) − p(muon spe
trometer) for ytrack < 0.
(3.6)The 
orre
ted ∆p distribution is shown for real data sample 1 and MC data sample 1in �gure 3.17. Real data and MC are seen to agree reasonably well, although the dataapparently has more events out in the tails of the distribution, as seen from the dis
repan
yat the peak.The distribution for real data seems to have a small peak at −3 GeV, even though wehave segmented the muon spe
trometer tra
ks a

ording to y-
oordinate. This may beexplained by the fa
t that some muon spe
trometer tra
ks apparently extend throughoutthe dete
tor, and have both �upper� and �lower� hits. It is then possible that the y-
oordinate and the momentum are taken at di�erent positions along the tra
k, and thatthis gives the small peak at −3 GeV.We have seen that the 
osmi
 muons lose on average approximately 3 GeV whiletraversing the 
alorimeters, and that the momentum di�eren
e distribution shows sat-isfa
tory agreement between real data and MC.47
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Figure 3.18: Means of residual distributions obtained from real data sample 1 and MCdata sample 1 as fun
tion of transverse momentum.Biases of the residual distributionsThe inner dete
tor-muon spe
trometer residual distributions should be 
entered aroundzero. A non-zero mean for a residual distribution means that some systemati
 e�e
t isseen.Figure 3.18 shows the means of the residual distributions (
orresponding to �gure 3.13)as fun
tion of transverse momentum. The distributions are built spearately for muonswith pT falling in the di�erent bins, and the means are extra
ted. The pT axis extends onlyto 60 GeV to ensure enough statisti
s in ea
h bin. The means seem generally 
onsistentwith zero for both real data and MC.The ∆φ0 distribution seems to have a bias at small momenta whi
h is reprodu
ed byMC. If we distinguish between positive and negative muons, the bias is seen to be 
learly
harge dependent (see �gure 3.19). This is also reprodu
ed by MC.Sin
e the bias at small momenta is 
harge dependent, is seems that it is related tosome systemati
 e�e
t in the extrapolation of the muon traje
tory through the solenoidalmagneti
 �eld. For higher momenta, the bias then vanishes be
ause the muon traje
tory
urves less in the magneti
 �eld. To 
on�rm this hypothesis, we 
an 
ompare with theresults obtained for MC without magneti
 �eld. This is, however, a bit tri
ky. In theanalysis, both the transverse momentum and the 
harge of the muons is used, neither ofwhi
h 
an be measured with magneti
 �eld o�. To make the 
omparison with the MC datasample with magneti
 �eld o�, the truth parti
le 
harge was used to distinguish betweenpositive and negative muons. Furthermore, no segmentation of the muons a

ording to
pT was made, sin
e the truth parti
le pT is given where the parti
le is generated, namely48
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Figure 3.19: Mean of the ∆φ0 distribution for positive and negative muons as fun
tion of
pT for real data sample 1 (left) and MC sample 1 (right).
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Figure 3.20: Mean of the ∆φ0 distribution for positive and negative muons for MC withmagneti
 �eld on (MC data sample 1) and for MC with magneti
 �eld o� (MC datasample 2).on the earth surfa
e. Truth parti
les were a

essed through the INav4MomTruthEvent
ontainer.The 
omparison between MC with magneti
 �eld on and o� is shown in �gure 3.20.Here the means of the ∆φ0 for the di�erent 
harges are obtained in exa
tly the same wayfor both MC with magneti
 �eld on and o�. This means that the truth parti
le 
harge isused for both data samples, so that the di�eren
e between them is solely related to thedi�eren
e in magneti
 �eld 
on�gurations.We see that the 
harge dependent bias of the ∆φ0 distribution vanishes for the MCwith magneti
 �eld o�. This 
on�rms that the 
harge dependent bias is due to somesystemati
 e�e
t in extrapolating the muon traje
tory through the magneti
 �eld. This
ould be just that the extrapolation tool uses a somewhat large step length to be able todo the extrapolation relatively fast.It may seem surprising that the 
harge dependent bias 
reates a bias for the totaldistribution when the biases for positive and negative muons are approximately oppositelyequal. It would seem that the biases would 
an
el. The reason for this is the fa
t thatthe number of positive muons is larger than the number of negative ones, as we will 
omeba
k to in se
tion 3.4.6. 49
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Figure 3.21: Mean of the ∆d0, ∆θ0 and ∆z0 distributions for positive and negative muonsas fun
tion of pT for real data sample 1.Sin
e the 
harge dependen
e of the mean of ∆φ0 is related to extrapolation throughthe solenoidal magneti
 �eld, we would also expe
t it to be visible in the ∆d0 distribution,sin
e this impa
t parameter also depends on the transverse proje
tion of the tra
k. We donot expe
t to see it in the ∆θ0 and ∆z0 distributions. The means of ∆d0, ∆θ0, and ∆z0with 
harge distin
tion, are shown in �gure 3.21. As expe
ted, the 
harge dependen
e isvisible in the ∆d0 distribution, but not in the ∆θ0 or ∆z0 distributions.The standard deviations of the residual distributions as fun
tion of pT were also plot-ted. These are shown in �gure 3.22. The standard deviation in
reases at small momenta,and this is reprodu
ed by MC, although there seems to be some dis
repan
y between MCand real data in terms of the absolute numbers. The in
reased standard deviation atsmall momenta is probably due to more bending in the magneti
 �elds and larger e�e
tof multiple s
attering.The error bars on the means and standard deviations in this se
tion were obtainedthrough TH1::GetMeanError() and TH1::GetRMSError() in ROOT.Charge mismeasurement rateWe 
an also study the ele
tri
 
harge as measured in the muon spe
trometer and in theinner dete
tor. A 
omparison was done by looking at the ratio
κ =

Qinner dete
tor
Qmuon spe
trometer = ±1. (3.7)50
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Figure 3.22: Standard deviations of residual distributions obtained from real data sample1 and MC data sample 1 as fun
tion of transverse momentum.If this ratio is −1, then one of the 
harge measurements is wrong. If the ratio is +1, thenthe 
harge measurements are both right or both wrong, but 
onsistent. We de�ne the
harge mismeasurement rate as
harge mismeasurement rate =
N(κ = −1)

N(κ = −1) +N(κ = +1)
(3.8)where N(κ = ±1) denotes number of muons with κ = ±1. If we assume that the 
aseswhere both 
harge measurements are wrong, are very rare, then the expression (3.8) givesreally the pre
entage of all muons whi
h get a wrong 
harge measurement. In any 
ase,it gives an idea of how often the 
harge of a muon is misidenti�ed.The 
harge mismeasurement rate as de�ned in eq. (3.8) is plotted as fun
tion of pTfor real data sample 1 and MC data sample 1 in �gure 3.23. We see here that the 
hargemismeasurement rate tends to in
rease as fun
tion of the pT (at least for the real data).This is be
ause the tra
ks 
urve less for high momentum parti
les, so that it be
omes moredi�
ult to measure the bending, the dire
tion of whi
h gives the 
harge of the parti
le.For the real data, the 
harge mismeasurement rate ranges from less than one per
entat low momenta to a few per
ent at high momenta.3.4.6 The muon 
harge ratioCosmi
 ray showers do not 
ontain equal numbers of positive and negative muons. Be
ausethe primary 
osmi
 rays are mostly protons, positive muons dominate in the showers.51
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Figure 3.23: The 
harge mismeasurement rate as de�ned in eq. (3.8) as fun
tion of pT forreal data sample 1 and MC data sample 1.
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Figure 3.24: The muon 
harge ratio obtained from real data samples 1 and 2 as fun
tionof pT.Experimentally, the muon 
harge ratio in 
osmi
 ray showers is
R =

N(µ+)

N(µ−)
≈ 1.27 (3.9)independent of the muon momentum [10℄. Here, N(µ+) and N(µ−) are the numbers ofpositive and negative muons respe
tively.Figure 3.24 shows the muon 
harge ratio obtained from real data samples 1 and 2as fun
tion of pT. Note that the RPC φ 
ut has been dropped in produ
ing this plotto in
rease the statisti
s, sin
e a

urate φ measurement is not important here. Here, amomentum dependen
e is seen. This is related to the geometry of the ATLAS 
avern.Figure 3.5 shows the geometry of the ATLAS 
avern. The traje
tories of positive andnegative muons originating from the big and small shafts in the toroidal magneti
 �eldare shown. We see that:

• of the muons originating from the big shaft, the positive ones are bent into thedete
tor, while the negative ones are bent away,
• of the muons originating from the small shaft, the negative ones are bent into thedete
tor, while the positive ones are bent away.52
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Figure 3.25: The transverse momentum distribution obtained from real data sample 1and MC data sample 1 (left) and the relative deviation (data − MC)/MC (right).One 
an say that the big shaft �favors� positive muons while the small shaft �favors�negative muons. If the shafts were of equal size, this would not a�e
t the 
harge ratiomeasured in the dete
tor, but sin
e more muons enter the 
avern through the big shaft,positive muons are on average more �favored� than negative ones. This means that the
harge ratio R as de�ned in eq. (3.9) will be larger in the ATLAS dete
tor than on thesurfa
e of the earth.We know, however, that high momentum muons are bent less in the magneti
 �eld.This means that the e�e
t of the toroid �eld as a �
harge sele
tor� will be smaller for highermomenta. This is exa
tly the pT dependen
e of the 
harge ratio seen in �gure 3.24. Wesee that positive muons are favored for small momenta, as expe
ted, and that the 
hargeratio 
omes 
loser to the value at the earth surfa
e for higher momenta.It should be noted that we have here just a raw distribution of 
harge measurementsin ATLAS. To obtain a measurement of the muon 
harge ratio R at the earth surfa
e,one would have to 
orre
t for the e�e
t of the toroidal magneti
 �eld as �
harge sele
tor�.Also, e�e
ts like 
harge mismeasurement (se
tion 3.4.5) should be taken into a

ount.3.4.7 Transverse momentum distributionFigure 3.25 shows the transverse momentum distribution of muons passing our sele
tion
riteria (in
luding the 
ut on RPC φ hits) from real data sample 1 and MC data sample1, as well as the relative deviation (data − MC)/MC. To be more pre
ise, the 
ontent ǫiof bin number i in the (data − MC)/MC histogram is 
al
ulated as
ǫi =

xdata
i − xMC

i

xMC
i

(3.10)where xMC
i and xdata

i denote the 
ontents of bin number i in the MC and data histogramsrespe
tively.Real data and MC are seen to agree reasonably well, but the MC distribution showsa shift towards lower momenta 
ompared to the data.3.4.8 Con
lusionsThe ATLAS 
osmi
 data is the �rst real data taken by the ATLAS dete
tor. The per-forman
e of the ATLAS dete
tor in sear
hes for various kinds of new physi
s and mea-53



surements of various quantities has been investigated through simulations for a 
ouple ofde
ades. Sin
e also 
osmi
 data taking has been simulated, the 
osmi
 data provide a�rst possibility to test the a
tual performan
e of the ATLAS dete
tor against simulations.The agreement between simulation and real data means in general that the simulationstudies of new physi
s sear
hes et
. with ATLAS 
an be trusted.The residual distributions of se
tion 3.4.5 are essentially measures of the tra
k param-eter resolution for muons in the ATLAS dete
tor, and the pre
ision of the extrapolationof muons through the dete
tor. That these distributions show 
lose agreement betweensimulation and real data, shows that the tra
k parameter resolution of the dete
tor is asgood as expe
ted from simulation. This is very important for all kinds of studies that willbe 
ondu
ted when the LHC starts. In addition, the 
lose agreement between simulationand data shows that the material of the dete
tor is well known, sin
e this material a�e
tsthe extrapolation of the muons through the dete
tor.Although simulation and real data seem to agree well, we have also seen that 
ertaine�e
ts are not 
orre
tly reprodu
ed by simulation. The ∆φ0 and ∆d0 distributions ofse
tion 3.4.5 looked �ne for the simulated data even without the 
ut on RPC φ hits. Thereason for this, is that most of the muons in the simulated data already had at least threeRPC φ hits, i.e. the distribution of RPC φ hits for the 
osmi
 muons was not 
orre
tlyreprodu
ed by simulation. In this 
ontext it should be noted that the 
on�guration ofthe RPC was not nominal in run 91890 (whi
h was used in the analysis). One se
tor wasnot read out at all, and two se
tors were read out with non-nominal settings. This 
ouldexplain the dis
repan
y in the number of RPC hits between data and simulation.3.5 SummaryIn this se
tion, an analysis of 
osmi
 data taken by ATLAS in 2008 has been presented.The real data has been 
ompared to simulated 
osmi
 data, and it seems that the de-te
tor is performing as expe
ted, in parti
ular in terms of muon re
onstru
tion. Thepre
ise measurement of muons in the ATLAS dete
tor 
an 
ontribute to a 
hange in ourunderstanding of the intera
tions between elementary parti
les. In the next 
hapter, theprospe
ts for the dis
overy of a new 
harged gauge boson de
aying to ele
trons and muonsare evaluated using simulated data.

54



Chapter 4Sear
h for W ′ in lepton and /ET �nalstate
4.1 Sear
h 
hannel and experimental signatureIn this 
hapter, a sear
h for a heavy, 
harged gauge boson W ′ with the ATLAS dete
torat the LHC using simulated data for √

s = 10 TeV is presented. The parti
ular W ′
onsidered is the SM-like W ′, whi
h is a 
arbon 
opy of the SM W with a larger mass.This means in parti
ular that all the 
ouplings to fermions (vertex fa
tors) are the sameas for the SMW (see eq. (1.46)). Furthermore, the de
ayW ′ →W Z is forbidden. This isno real BSM model, but rather a ben
hmark model used to evaluate dis
overy potentialswithout 
onsidering a parti
ular BSM model.The de
ay 
hannels for the SM-like W ′ are the same as for the SM W . The ex
eptionis that an on-shell SM W 
annot de
ay to tb (e.g. W+ → t b) sin
e the mass of the top is
171 GeV [4℄ while the mass of the SM W is 80 GeV. For W ′ masses above approximately
180 GeV, the additional de
ay 
hannels W ′+ → t b and W ′− → t b open up.In 
al
ulating 
ross se
tions, the di�eren
e between the SM W and the W ′ will enterthrough the propagator, whi
h depends on the boson mass. The W boson propagator is[1℄

DFαβ =
−gαβ + kαkβ/m

2
W

k2 −m2
W + iǫ

(4.1)where k is the 4-momentum transferred by the W boson. The propagator is largest when
k2 ≈ m2

W , and the W boson is then said to be on the mass shell. The same is valid forthe W ′ when mW is repla
ed by mW ′ .The sear
h 
hannel 
onsidered in this study is W ′ → l νl where the lepton l is eitheran ele
tron or a muon. More pre
isely, the de
ay 
hannels 
onsidered are
W ′− → e− νe, W ′+ → e+ νe, W ′− → µ− νµ, W ′+ → µ+ νµ. (4.2)The experimental signature to look for is thus one high pT lepton and missing transverseenergy 
orresponding to the neutrino (see se
tion 4.1.1). Note that the word lepton willin the following generally be used to refer to the 
harged lepton, even though the neutrinois of 
ourse also a lepton.A W ′ may also de
ay into the τ lepton, but we do not 
onsider this de
ay 
hannelbe
ause the τ de
ays before rea
hing the dete
tor, whi
h makes a W ′ → τ ντ study moredi�
ult. The de
ay of W ′ into jets, i.e. W ′ → q′ q where q and q′ are quarks, is another55



possible 
hannel. An example of su
h a de
ay is W ′+ → u d. However, leptons provide a
leaner signature at a hadron 
ollider sin
e there will be a lot of jet a
tivity from variousQCD pro
esses. Both the 2 jet 
hannel and the τ 
hannel 
an be studied, but in thisthesis we look only at the ele
tron and muon 
hannels.4.1.1 The missing transverse energyAt the LHC, the 
olliding parti
les are not elementary. A proton 
onsists of three valen
equarks, and in high energy 
ollisions, additional quark-anti-quark pairs (�sea quarks�) andgluons may be 
reated from the va
uum. The intera
tion between two 
olliding protons isreally an intera
tion between the 
onstituent partons (quarks and gluons). In parti
ular,any hard s
attering leading to high pT �nal state parti
les is an intera
tion between oneparton from one of the protons, and one parton from the other one. This may e.g. be area
tion su
h as q q → Z → l+ l− where ea
h initial state quark emerge from one of the
olliding protons.The momenta of the intera
ting partons are not the full momenta of the 
ollidingprotons, but ea
h intera
ting parton rather takes a momentum fra
tion x ∈ (0, 1) of thetotal momentum of its proton, i.e. it has momentum xp where p is the momentum ofthe proton. In ea
h 
ollision, for ea
h proton, the momentum fra
tion x of the 
ollidingparton is a sto
hasti
 variable following a probability distribution given by the partondistribution fun
tion (PDF) f(x, q2). Note that the PDF depends on the momentumtransfer q of the hard s
attering. The di�erent partons have di�erent PDFs, i.e. thefun
tion f(x, q2) looks di�erent for the up quark, the 
harm quark, and the gluon. ThePDFs will also look di�erent if a di�erent hadron than the proton is 
onsidered.When two partons s
atter and produ
e �nal state parti
les, the inital state partons,and thus also the �nal state parti
les, will have a total momentum
pz = (x1 − x2)p (4.3)along the beam axis, where x1 and x2 are the momentum fra
tions of the partons fromthe two protons. (We have here de�ned proton 1 to be moving in positive z-dire
tion.)In general x1 6= x2, so there is a non-zero total momentum along the beam axis. One
an therefore not assume that the total momentum along the beam axis of the �nal stateparti
les in a proton-proton 
ollision should be zero.It is, however, a good assumption that the transverse momenta of the intera
tingpartons are small 
ompared to the energy s
ale of the 
ollision. One 
an e.g. use theun
ertainty prin
iple to get an order of magnitude estimate of the transverse momentumof the partons, using that the proton size is of order 1 fm. One has

∆x∆px ∼ ~ ⇒ ∆px ∼
~

∆x
≈ 0.2 GeV fm

1 fm
= 0.2 GeV (4.4)whi
h is negligible 
ompared to the TeV s
ale of the 
ollision. Therefore, one 
an assumethat the total momentum in the transverse plane of the �nal state parti
les in a proton-proton 
ollision should be zero. This 
an be used to observe parti
les whi
h do not intera
twith the dete
tor, sin
e their existen
e 
an be inferred when the total measured �nal statemomentum in the transverse plane is di�erent from zero. One has

∑

invisible

pT +
∑

visible

pT = 0 ⇒
∑

invisible

pT = −
∑

visible

pT, (4.5)56



therefore the missing transverse momentum, whi
h is supposed to equal the total trans-verse momentum of invisible parti
les, is 
al
ulated by taking the ve
tor sum of all visibletransverse momentum and reversing the sign.At the LHC, all �nal state parti
les will be highly relativisti
, sin
e their rest massesare small 
ompared to the energy s
ale of the 
ollisions. The energy and the magnitudeof the momentum for these parti
les are therefore equal,
E =

√

p2 +m2 ≈ |p| , |p| ≫ m. (4.6)Most of the measurements of the momenta of �nal state parti
les in ATLAS whi
h go intothe 
al
ulation of the missing transverse momentum, are a
tually energy measurementsfrom the 
alorimeters, and therefore the term missing transverse energy is used insteadof missing transverse momentum, even though there is physi
ally no su
h thing as �trans-verse energy�. The missing transverse energy is not 
onstru
ted only from 
alorimetermeasurements. The momenta of any muons must be measured through tra
king, sin
emuons are not stopped in the 
alorimeters.Missing transverse energy /ET 
onstitute the only possibility for measuring neutrinos.Within the SM, the neutrinos are the only sour
e of /ET, but in some BSM theories, othersour
es of /ET are also present. An example is the lightest supersymmetri
 parti
le ofsupersymmetri
 models (see se
tion 4.12).4.1.2 The transverse massWhen sear
hing for a parti
le de
aying to two (or more) visible parti
les, the invariantmass
m =

√

(

∑

E
)2

−
(

∑

p

)2 (4.7)(where the sums run over the de
ay produ
ts) is used. The invariant mass distributionexhibits a peak at the de
aying parti
le's mass (eq. (4.1) leads to resonan
e for k2 ≈ m2
W ).Sin
e the neutrino of theW ′ de
ay is only partially re
onstru
ted ( /ET), the invariant mass
an not be re
onstru
ted.A mu
h used variable in sear
hes for W ′ de
aying to lepton and neutrino is the trans-verse mass. We 
onsider an on-shell W ′ produ
ed at rest and de
aying to an ele
tron anda neutrino. The ele
tron and the neutrino 
an be treated as massless (mν ≪ me ≪ mW ′).Sin
e the ele
tron and neutrino are both massless we have pν = Eν and pe = Ee where Ee(pe) and Eν (pν) are the energies (momenta) of the ele
tron and the neutrino respe
tively.Conservation of momentum requires that the ele
tron and the neutrino go in oppositedire
tions with pe = pν , and we therefore also have Ee = Eν . Together with 
onservationof energy,

Ee + Eν = mW ′, (4.8)this gives Ee = Eν = pe = pν = mW ′/2.The maximum transverse momentum for the ele
tron is thus peT,max = mW ′/2. A �rstde�nition of the transverse mass 
ould be mT = 2peT, whi
h should exhibit an end pointat the W ′ mass, i.e. the 
ross se
tion should de
rease rapidly for transverse masses above
mT = mW ′ sin
e this is the largest transverse mass value allowed by an on-shell W ′.With θ as the polar angle of the ele
tron dire
tion of motion, we have

mT = 2peT = 2pe sin θ = mW ′ sin θ. (4.9)57



Using sin2 θ+cos2 θ = 1, we �nd the following expression for the di�erential 
ross se
tion:
dσ

dmT
=

dσ

d cos θ

d cos θ

dmT
∝ dσ

d cos θ

mT
√

m2
W ′ −m2

T

. (4.10)The di�erential 
ross se
tion should therefore in
rease towards the end point at mT =
mW ′ , and is said to have a Ja
obian peak there.Sin
e the momenta of the neutrino and the ele
tron are equal (but opposite), wemay write the transverse mass as mT =

√

4pe 2
T =

√

4peTp
ν
T. The transverse momentumof the ele
tron is experimentally measured as its energy deposit in the ele
tromagneti

alorimeter multiplied by sin θ, and therefore denoted ET. The transverse momentum ofthe neutrino is meausured as the missing transverse energy /ET. Of 
ourse, the missingtransverse energy may stem also from other sour
es than the neutrino, other neutrinos,or mismeasurements. If we want to attribute the /ET to our neutrino, we should thereforerequire that it is more or less in the opposite dire
tion of the ele
tron. We thus arrive atan experimentally e�
ient transverse mass,

mT =
√

2Ee
T
/ET(1 − cos ∆φe, /ET

) , (4.11)where ∆φe, /ET
is the azimuthal angle between the dire
tion of the ele
tron and the dire
tionof the /ET. Note that the fa
tor (1− cos ∆φe, /ET

) ∈ [0, 2] takes the maximum value 2 whenthe ele
tron and the /ET are oppositely dire
ted.The above 
onsiderations apply equally well for W ′ de
aying to muon and neutrino.The transverse mass for muon events is de�ned analogously,
mT =

√

2pµT /ET(1 − cos ∆φµ, /ET
) , (4.12)where pµT is the transverse momentum of the muon. (Here we write pT instead of ET sin
ethe momentum of the muon is measured through tra
king.)4.1.3 Relation to the invariant massIn se
tion 4.1.2, we made plausible the de�nition

mT =
√

2plTp
ν
T(1 − cos ∆φl,ν) (4.13)for the transverse mass, a

entuating the relation to the lepton pT for a W or W ′ bosonprodu
ed at rest, at least in the transverse plane. A SM W boson 
an be produ
ed withsigni�
ant transverse momentum at the LHC. For the simple de�nition mT = 2pT, this
ould lead to a transverse mass greater than the W invariant mass (invariant mass of thelepton-neutrino pair). We will now show that the de�nition (4.13) implies mT ≤ m where

m is the invariant mass of the de
aying parti
le, so that we are �safe� from overestimatingthe mass in the 
ase of a boosted W or W ′.The mass of the de
aying parti
le satis�es (for massless de
ay produ
ts)
m2 =

(∣

∣pl
∣

∣ + |pν |
)2 −

(

pl + pν
)2
. (4.14)Analogously, the transverse mass 
an be written as

m2
T =

(∣

∣plT
∣

∣ + |pνT|
)2 −

(

plT + pνT
)2
. (4.15)58



The equivalen
e of equations (4.13) and (4.15) is easily derived using
plT · pνT =

∣

∣plT

∣

∣ |pνT| cos ∆φl,ν . (4.16)From equations (4.14) and (4.15), some ve
tor algebra leads to the relation
m2 = m2

T + 2
(∣

∣pl
∣

∣ |pν | −
∣

∣plT

∣

∣ |pνT| − plzp
ν
z

)

. (4.17)We must show that the quantity in bra
kets is always greater than or equal to zero. Wewrite it in terms of the polar angles and use a trigonometri
 identity:
∣

∣pl
∣

∣ |pν | −
∣

∣plT
∣

∣ |pνT| − plzp
ν
z =

∣

∣pl
∣

∣ |pν | (1 − sin θl sin θν − cos θl cos θν)

=
∣

∣pl
∣

∣ |pν | [1 − cos(θl − θν)] ≥ 0.
(4.18)We have thus mT ≤ m, so the end point of the transverse mass distribution stays atthe parti
le mass, regardless of any boost of the parti
le. We see that mT = m whenthe lepton and neutrino are emitted with the same polar angle, θl = θν . We identify onespe
ial 
ase, θl = θν = π/2 (only transverse motion). In this 
ase m = mT obviouslyholds sin
e pT = p.4.2 W ′ produ
tion in pp-
ollisionsThe produ
tion of a SM-like W ′ in proton-proton 
ollisions happens through the q′ qW ′vertex where q and q′ are quarks. If q′ is an up-type quark, then q is a down-type quark.The non-generation-mixing produ
tion rea
tions for the W ′ are

u d→W ′+, c s→W ′+, t b→W ′+,

u d →W ′−, c s→W ′−, t b →W ′−.
(4.19)In addition, generation mixing verti
es exist. A few examples are

u s→ W ′+, u b→W ′+, c b→W ′−. (4.20)These verti
es arise from the fa
t that the �avor- and mass quantum me
hani
al eigen-states for the quarks are not the same. As mentioned in se
tion 1.5, these verti
es aresuppressed by the smallness of the o�-diagonal elements of a 3 × 3 matrix known as theCKM matrix. (Note that this is true for the SM W boson, and therefore also for theSM-like W ′.)Two Feynman diagrams showing the produ
tion and de
ay of the W ′ are shown in�gure 4.1. The total W ′ produ
tion 
ross se
tion in pp 
ollisions is dominated by thefusion of light (u and d) quarks.CompHEP [15℄ is a program for 
al
ulating 
ross se
tions and de
ay widths at treelevel. One 
an edit the Lagrangian used by CompHEP, and thereby add e.g. a SM-like
W ′. Here, models with a SM-like W ′ with di�erent masses are used, and with the W ′width as the SM W width s
aled to the mass of the W ′, i.e.

ΓW ′ =
mW ′

mW
ΓW . (4.21)The di�erential 
ross se
tion dσ/dmT for d u → W ′− → e− νe in pp 
ollisions at√

s = 10 TeV 
al
ulated by CompHEP for a 2 TeV W ′ is shown in �gure 4.2. Here, the59
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νµFigure 4.1: Feynman diagrams showing the produ
tion of a W ′ and its subsequent de
ayto the lepton and neutrino �nal state.
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Figure 4.2: The di�erential 
ross se
tion dσ/dmT for d u→ W ′− → e− νe in pp 
ollisionsat √s = 10 TeV as 
al
ulated by CompHEP.simple de�nition mT = 2pT is used, where pT is the transverse momentum of the ele
tron.The Ja
obian peak at mT = 2 TeV is 
learly seen. For mT > mW ′ , the 
ross se
tionde
reases rapidly, sin
e the W ′ then goes o� the mass shell.Figure 4.3 shows the total 
ross se
tion for d u → W ′− → e− νe in pp 
ollisions at√
s = 10 TeV 
al
ulated by CompHEP as fun
tion of the W ′ mass. We see that the 
rossse
tion de
reases rapidly (exponentially) as fun
tion of the W ′ mass.The total 
ross se
tion for any pro
ess in pp 
ollisions is given by an integral over theparton distribution fun
tions. We have [17℄

σ =

∫ 1

0

dx1

∫ 1

0

dx2 f1(x1, q
2)f2(x2, q

2)σ̂(x1, x2) (4.22)where f1 and f2 are the PDFs of the intera
ting partons and σ̂ is the hard s
attering
ross se
tion (i.e. the 
ross se
tion at parton level). If one wants the 
ross se
tion for agiven �nal state, then one must in addition sum over all possible parton level pro
essesgiving this �nal state. Note that the fun
tion fi(x, q2) is normalized in su
h a way that itin
ludes the probability of getting the parton type i from the proton (the total probabilityof getting a u quark will be di�erent from that of getting a gluon, et
.). The partondistribution fun
tions for sea quarks, gluons and valen
e quarks are shown for low energyand extrapolated to LHC energies in �gure 4.4 (taken from ref. [16℄). We see for examplethat the gluon be
omes very important at low momentum fra
tions when going to LHCenergies.If we 
onsider the pro
ess d u→ W ′− → e− νe as above, then the partons 1 and 2 arethe d and u quarks. The hard s
attering 
ross se
tion for this pro
ess is largest when the60
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Figure 4.3: The total 
ross se
tion for d u→W ′− → e− νe in pp 
ollisions at √s = 10 TeV,
al
ulated by CompHEP, as fun
tion of the W ′ mass.

Figure 4.4: Parton distribution fun
tions for the proton for low energy s
ale (left) andextrapolated to LHC energies (right). (From ref. [16℄.)
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Figure 4.5: The di�erential 
ross se
tion dσ/dpT for the pro
ess d u → e+ νe in 10 TeV
pp 
ollisions as 
al
ulated by CompHEP within the SM-like W ′ model (mW ′ = 1.0 TeV)with and without the interferen
e terms.invariant mass of the system of the two intera
ting partons is 
lose to the W ′ mass (seeeq. 4.1). The invariant mass of the two parton system is

m(x1, x2) =
√

(E1 + E2)2 − (p1 + p2)2

=
√

[(x1 + x2)p]2 − [(x1 − x2)p]2

=
√
x1x2s

(4.23)where p =
√
s/2 is the momentum of the ea
h of the 
olliding protons and s is theproton-proton 
enter of mass energy squared. The higher the invariant mass of the twoparton intera
tion, the higher the values of x1 and x2, the smaller the probability densities

f1(x1, q
2) and f2(x2, q

2).4.2.1 Interferen
e termsWhen 
al
ulating the 
ross se
tion at parton level for a pro
ess su
h as u d → e+ νe in amodel with a SM-like W ′, the Feynman diagram of �gure 4.1 
ontributes as well as the
orresponding diagram with the W ′ repla
ed by a SM W . The absolute square of theFeynman amplitude, whi
h enters the 
ross se
tion 
al
ulation, takes the form
|MW + MW ′|2 = |MW |2 + |MW ′|2 + MWM∗

W ′ + M∗
WMW ′ (4.24)where MW (MW ′) is the Feynman amplitude 
orresponding to W (W ′) ex
hange. Thelast two terms are 
alled interferen
e terms. Be
ause of these terms, the 
ross se
tion 
annot be seen simply as a sum of W and W ′ 
ontributions.The last three terms of equation (4.24) all 
orrespond to 
hanges from the SM 
rossse
tion, and thus 
onstitute signal in a statisti
al sense. The signalW ′ samples to be usedin this study, whi
h are generated with the event generator Pythia [20℄, do not in
ludeany interferen
e with the SM W for the simpli
ity of the event generation.Figure 4.5 shows the di�erential 
ross se
tion dσ/dpeT for the pro
ess d u → e+ νein 10 TeV pp 
ollisions as 
al
ulated by CompHEP within the SM-like W ′ model withand without the interferen
e terms for a 1.0 TeV W ′. We see that the interferen
e termsgive a negative 
ontribution de
reasing the 
ross se
tion below the W ′ peak, while the
ontribution is positive above the peak. This agrees with the results presented in [18℄,where the e�e
t of W/W ′ interferen
e in single top produ
tion is investigated.62



Figure 4.6: Transverse mass and ele
tron transverse energy distributions from the DØstudy of the ele
tron plus missing transverse energy �nal state together with MC predi
-tions.4.3 Tevatron results on W ′A sear
h for a new 
harged gauge boson W ′ de
aying to ele
tron and neutrino has beenperformed by the DØ 
ollaboration using pp data with √
s = 1.96 TeV 
orresponding toan integrated luminosity of 1 fb−1 [19℄. The distributions obtained for the transverse mass(de�ned as in this thesis) and the ele
tron transverse energy after 
uts are shown togetherwith MC predi
tions in �gure 4.6.The QCD ba
kground has been estimated from the data. The spe
trum has beens
aled to �t the MC predi
tion in the W peak region 60 GeV < mT < 140 GeV.No signi�
ant ex
ess of events at high transverse mass or high Ee

T is observed. TheDØ 
ollaboration puts a lower limit with 95% 
on�den
e level on the SM-like W ′ mass,
mW ′ > 1.00 TeV.4.4 SM ba
kgroundsWe want to perform a sear
h for the SM-like W ′ de
aying to lepton and neutrino. Ourexperimental signature is one high pT lepton and missing transverse energy. We now needto �nd out whi
h other pro
esses 
an produ
e this �nal state, and thus possibly mimi
 a
W ′ signal.4.4.1 SM W bosonThe Feynman diagrams of �gure 4.1 
an of 
ourse also be drawn with the SM W in pla
eof the W ′. The W 
an therefore produ
e exa
tly the same �nal state as the W ′. We willbe looking for W ′ at high values of the transverse mass. For the W to produ
e events inthe signal region, it must be far o� the mass shell. The W mass is mW = 80.4 GeV [4℄,while we will be looking for signals above 1 TeV (the Tevatron limit).
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Figure 4.7: Some Feynman diagrams for strong dijet produ
tion in pp 
ollisions.4.4.2 QCD dijetsAs mentioned in se
tion 1.4, the strong for
e be
omes stronger at lower energy or largerdistan
es, a phenomenon known as 
on�nement. A 
olored obje
t, a quark or a gluon, 
antherefore not exist as a single parti
le, but is always bound inside a 
olor neutral hadron.In high energy 
ollisions, a quark or a gluon may be produ
ed with high momentum. Thestrong for
e will not allow it to es
ape by itself, so the result is a 
olle
tion of hadrons allmoving in approximately the same dire
tion as the initial quark or gluon. This is knownas a jet.In hadron 
ollisions, the 
ross se
tion for dijet produ
tion is large, be
ause it maypro
eed through the strong intera
tion. Some Feynman diagrams for strong intera
tiondijet produ
tion are shown in �gure 4.7.Hadrons in a jet may de
ay leptoni
ally, for example pions and kaons de
ay to muons(see se
tion 3.1), or a lepton may be wrongly re
onstru
ted from a jet. Ele
trons may ap-pear in re
onstru
tion be
ause 
harged hadrons intera
t in the ele
tromagneti
 
alorimeterand also provide inner dete
tor tra
ks. Muons may appear if a high momentum jet has�pun
hed through� the 
alorimeters and made tra
ks in the muon spe
trometer. In addi-tion, /ET may arise from mismeasurements or neutrinos from leptoni
 de
ays. Dijets maythus 
ontribute to the lepton and /ET �nal state, and be
ause of the large 
ross se
tion,this 
ontribution should be examined.4.4.3 Top quark pairsThe top quark is the heaviest dis
overed parti
le of the SM with a mass mt = 171 GeV[4℄. Top quark pair produ
tion will have a relatively high 
ross se
tion at the LHC. Thetop quark de
ays mainly through t → W b. The bottom quark gives a b-jet. The Wmay de
ay hadroni
ally, giving jets, or leptoni
ally. If the W boson from one of the topquarks de
ays into an ele
tron or a muon W → l νl, and the W from the other top de
ayshadroni
ally, we get our one lepton and /ET (neutrino) �nal state.Feynman diagrams for the strong produ
tion of tt pairs in pp 
ollisions are shown in64
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gFigure 4.8: Feynman diagrams for the strong produ
tion of tt pairs in pp 
ollisions. Thequark fusion diagram is shown in �gure 4.9.
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Figure 4.9: The strong produ
tion of a tt pair and the subsequent de
ays giving the onelepton and /ET �nal state.�gure 4.8. Figure 4.9 shows the strong produ
tion of a tt pair and the subsequent de
aysinto the one lepton and /ET �nal state.4.4.4 DibosonsDiboson produ
tion is the produ
tion of two SM gauge bosons, su
h as WZ, Wγ, Zγ,
WW or ZZ. Various de
ays of these gauge boson pairs may give the one lepton and /ET�nal state, su
h as e.g. Wγ → l νl γ, WZ → l νl ν ν, and WW → l νl q

′ q.Some Feynman diagrams for diboson produ
tion in pp 
ollisions are shown in �g-ure 4.10.
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Figure 4.11: Feynman diagram for Z produ
tion and leptoni
 de
ay in pp 
ollisions.4.4.5 SM Z bosonSM Z0 bosons may produ
e high pT leptons through the Feynman diagram of �gure 4.11.We get two leptons, but if one of these leptons does not meet our lepton sele
tion 
riteria,or if it is not re
onstru
ted at all, then the Z may lead to a measured one lepton and /ET�nal state, sin
e missing transverse energy may arise from mismeasurements.The muon 
ase 
an be espe
ially dangerous if one of the muons is not re
onstru
tedat all. The lost muon will then show up as /ET pointing in the opposite dire
tion of themeasured muon, balan
ing its momentum, whi
h is exa
tly the W ′ signature (see se
-tion 4.12). The same goes for ele
trons if one of the ele
trons hits a gap in the 
alorimeter
overage, but a misidenti�ed ele
tron is not so problemati
, sin
e its momentum will stillbe taken into a

ount when 
al
ulating /ET as long as the ele
tron has hit the 
alorimeters.The Z0 boson must be o�-shell or produ
ed with signi�
ant transverse momentumto produ
e leptons with pT 
orresponding to our sear
h region, sin
e its mass is mZ =
91.19 GeV [4℄.4.5 Monte Carlo simulationMC simulation for ATLAS is done in two steps: event generation and dete
tor simulation.First, events are generated using an event generator su
h as Pythia or MC�NLO [21℄.Here, the simulation of the dynami
s of the 
ollision is made, and the result is a set of�nal state parti
les. These parti
les are then propagated through the ATLAS dete
torusing GEANT. The parti
les' intera
tions with the dete
tor are then translated intosimulated raw data in the digitization step. The simulated raw data are �nally passed tore
onstru
tion in the same way as real data.One 
ould in prin
iple imagine implementing a given physi
s model, and then simplygenerating without 
onstraints events 
orresponding to a given integrated luminosity.This would result in a data sample resembling a real data sample of the same integratedluminosity, 
ontaining all kinds of events. This is not pra
ti
ally possible be
ause of thehuge number of events this would 
orrespond to.What is instead done, is that 
ertain kinds of events of interest are generated. Onedataset then 
ontains one spe
i�
 kind of events, e.g. tt events or dijet events, often alsowith spe
i�
 kinemati
al 
onstraints. For a simulation study of a given �nal state, onethen uses only datasets that are expe
ted to 
ontribute to this �nal state. To obtain adistribution as it is expe
ted to appear in real data with a given integrated luminosity, allrelevant datasets must be s
aled a

ording to their 
ross se
tion and their 
ontributionsadded.Consider a pro
ess with 
ross se
tion σ. Assume that we have a data sample with Ngengenerated events, and that we want to obtain the expe
ted distribution of any variable x66



for the pro
ess given an integrated luminosity ∫

Ldt. We must then make a histogram of
x from the generated events and s
ale it with a fa
tor k satisfying

kNgen = Nexp = σ

∫

Ldt (4.25)where Nexp is the number of expe
ted events. The s
ale fa
tor is thus
k =

σ

Ngen

∫

Ldt. (4.26)The 
ross se
tion of the pro
ess is 
al
ulated by the event generator.4.6 Datasets and 
ross se
tionsSin
e the 
ross se
tion for SM W produ
tion de
reases exponentially after the Ja
obianpeak at mT ≈ 80 GeV, generating W events without kinemati
al 
onstraints requiresgenerating an enormous amount of events to obtain good statisti
s in the high mT signalregion. Therefore, W events have been generated with two di�erent 
uts on the Winvariant mass (invariant mass of the lepton-neutrino system), 200 GeV < mlν < 500 GeVand mlν > 500 GeV. The 
ross se
tion used for su
h a dataset is of 
ourse
σ =

∫ mmax

lν

mmin

lν

dσ

dmlν

dmlν (4.27)whi
h in both 
ases is orders of magnitude smaller than the total W 
ross se
tion. SM Zsamples used have a 
ut mll > 200 GeV where mll is the dilepton invariant mass.Similar 
onsiderations apply to dijet produ
tion. To obtain good statisti
s for hardjets without generating billions of softer jets, events must be generated with di�erentkinemati
al 
onstraints. In the dijet 
ase, the 
ut is made on the transverse momentum
p̂T of ea
h parton in the two parton 
enter of mass frame. The datasets J0 to J8 have
p̂T 
uts ranging from 8 GeV to 2.24 TeV. The datasets do not overlap, in the sense that
p̂T has upper limits in ea
h dataset J0 to J7 
orresponding to the lower limit in the nextdataset.We do not expe
t the W to 
ontribute signi�
antly to the signal region when mlν <
200 GeV. It 
ould, however, 
ontribute be
ause of the large 
ross se
tion for on-shell Wprodu
tion and the possibility of mismeasurements. For 
ompleteness, it would thereforebe good to in
lude also a W sample with mlν < 200 GeV. For this purpose, a bulk Wsample (with no 
ut on mlν) was used, and the 
ut mlν < 200 GeV was made in theanalysis 
ode. The invariant mass of the W is re
onstru
ted from the truth informationabout the lepton and the neutrino with theW as �mother�. To verify the 
orre
tness of theimplementation, histograms of the invariant mass mlν for the two W samples des
ribedabove were made, and mlν fell exa
tly in the regions 
orresponding to the 
ut in the eventgeneration (see �gure 4.12).For the s
ale fa
tor of the low mass data sample, the total 
ross se
tion and the totalnumber of generated events was used (see eq. 4.26), whi
h is equivalent to using the 
rossse
tion

σ =

∫ 200GeV

0

dσ

dmlν
dmlν (4.28)and the number of events passing the mlν < 200 GeV 
ut.67
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Figure 4.12: Invariant mass distributions obtained for theW boson for the twoW sampleswith di�erent generator level mass 
uts. The plot veri�es the 
orre
tness of the 
al
ulationof the true lepton-neutrino invariant mass.The signal samples 
ontain W ′ of di�erent masses de
aying to lepton and neutrino,where lepton also in
ludes τ . The tt sample 
ontains only events in whi
h at least oneof the W s from the top quarks de
ays leptoni
ally. The diboson samples used are also�ltered to in
lude at least one lepton. All datasets and 
ross se
tions used are shownin tables 4.1 and 4.2. The 
ross se
tions have been obtained from AMI1. To the extentpossible the r808_r8382 re
onstru
tion tags are used for all datasets, but if a dataset isnot available with this tag, an older tag is used. The 
uts referred to in table 4.2 are1. 200 GeV < mlν < 500 GeV,2. mlν > 500 GeV,3. mll > 200 GeV.Note also that the tt events are generated with the event generator MC�NLO, and 
ometherefore with weights ±1. This is be
ause the distributions are 
al
ulated as sums ofdi�erent separately �nite 
ontributions where some 
ontributions may be negative [21℄.With the ex
eption of tt, all 
ross se
tions are 
al
ulated to leading order.4.7 TriggerThe 
on
ept of the trigger was brie�y introdu
ed in se
tion 2.3.5. The trigger is thesystem that determines, for ea
h event, whether to keep the data from this event, sin
ere
ording all events is not feasible in terms of bandwidth and data storage. The triggertherefore needs to qui
kly identify obje
ts whi
h 
ould identify an event as �interesting�.The trigger 
onsists of three levels, level 1, level 2, and the event �lter, with in
reasingly
omplex algorithms and de
reasing rates. The trigger menu is the 
olle
tion of all triggersused.The ATLAS simulation in
ludes simulation of the trigger system. This means that,for ea
h event, the trigger de
ision is stored in the output data. When analysing the1AMI [22℄ is the ATLAS Metadata Interfa
e, whi
h gives the user a

ess to information about ATLASdatasets.2This tag 
orresponds to datasets re
onstru
ted with Athena release 15.3.1.6.68



Pro
ess Run no. Re
on. tag MC events Cross se
tion [fb℄
W ′ → l νl, 1.0 TeV 105610 r808_r838 60 · 103 4678
W ′ → l νl, 1.5 TeV 105626 r808_r838 35 · 103 720.6
W ′ → l νl, 2.0 TeV 105611 r808_r838 20 · 103 155.4
W ′ → l νl, 2.5 TeV 105662 r808_r838 20 · 103 39.8
W ′ → l νl, 3.0 TeV 105663 r808_r838 20 · 103 11.7
W ′ → l νl, 3.5 TeV 105664 r808_r838 20 · 103 4.02Table 4.1: Signal samples used in the W ′ sear
h analysis. For the 
ases where a generatorlevel event sele
tion is made, the 
ross se
tion quoted is σ × ǫ where ǫ is the generatorlevel sele
tion e�
ien
y.

Pro
ess Run no. Re
on. tag MC events Cross se
tion [fb℄
t t→ l +X 105200 r808_r838 1.7 · 106 205.5 · 103Dijets J0 105009 r808_r838 1.0 · 106 1.17 · 1013Dijets J1 105010 r808_r838 0.99 · 106 8.67 · 1011Dijets J2 105011 r808_r838 0.94 · 106 5.60 · 1010Dijets J3 105012 r808_r838 1.4 · 106 3.28 · 109Dijets J4 105013 r808_r838 1.0 · 106 1.52 · 108Dijets J5 105014 r808_r838 1.2 · 106 5.12 · 106Dijets J6 105015 r808_r838 0.39 · 106 1.12 · 105Dijets J7 105016 r808_r838 0.37 · 106 1.08 · 103Dijets J8 105017 r586 0.37 · 106 1.11
W → e νe 106020 r809_r838 5.1 · 106 10.35 · 106

W → µ νµ 106021 r808_r838 5.0 · 106 10.35 · 106

W → l νl, 
ut 1 106604 r808_r838 50 · 103 12705.8
W → l νl, 
ut 2 106605 r808_r838 50 · 103 405.1
Z → e+ e−, 
ut 3 105121 r808_r838 15 · 103 1622
Z → µ+ µ−, 
ut 3 105122 r808_r838 15 · 103 1621
WW → l +X 105985 r808_r838 50 · 103 15.61 · 103

WZ → l +X 105987 r808_r838 1.0 · 105 4.87 · 103

ZZ → l +X 105986 r808_r838 50 · 103 1.36 · 103

Zγ → l l γ 105120 r808_r838 24 · 103 11.09 · 103

Wγ → l νl γ 006540 r474 80 · 103 52.32 · 103Table 4.2: Ba
kground samples used in the W ′ sear
h analysis. Note that number of MCevents quoted for the tt sample is n+ − n− where n+ (n−) is the number of events withpositive (negative) weights. The total number of events for this sample is n+ + n− =
2.3 · 106. For the 
ases where a generator level event sele
tion is made, the 
ross se
tionquoted is σ × ǫ where ǫ is the generator level sele
tion e�
ien
y.69



data, one 
an then a

ess the trigger de
ision using the Trigger De
ision Tool, and �ndout for example whether the trigger system has identi�ed a high pT ele
tron or muon,large missing transverse energy et
.The sum of the rates of all triggers 
an not ex
eed the total bandwidth of the datataking infrastru
ture. If the rate of a 
ertain trigger, for example an ele
tron trigger witha 
ertain pT threshold, is expe
ted to ex
eed the bandwidth whi
h 
an be allo
ated to thistrigger, a pres
aling is imposed on the trigger. This means that only a 
ertain fra
tion ofthe events ful�lling the requirements of this trigger is stored.If one wants to obtain a distribution from MC data whi
h as 
losely as possible repro-du
es the 
orresponding distribution from real data, one should apply the trigger de
isionin the analysis 
ode for the MC data, so that only events whi
h �red the trigger appearin the �nal distributions. Events whi
h did not �re the trigger should not be in
luded inthe distributions, sin
e these would be lost from the real data. A signal with a low triggere�
ien
y (low probability to �re the trigger) will give many signal events whi
h are notstored. If a trigger de
ision 
ut is not imposed in an MC study, the expe
ted number ofre
onstru
ted signal events will be overestimated, and MC data and real data will notagree.For this W ′ study, an ele
tron or muon trigger with a pT threshold of 10 GeV isrequired to pass through all trigger levels. The triggers used are 
alled e10_medium andmu10 respe
tively. A

ording to the ATLAS TWiki [23℄, these triggers are expe
ted torun without pres
ale at a luminosity L = 1031 cm−2 s−1. It is important to use a triggerwithout pres
ale, sin
e we do not want to throw away anyW ′ events. When the luminosityis in
reased, the 10 GeV ele
tron and muon triggers may be pres
aled. In this 
ase, itwill be ne
essary to use triggers with higher pT thresholds to avoid a pres
ale. For the
Wγ diboson dataset, the e10i trigger is used as ele
tron trigger, sin
e this dataset has adi�erent �trigger menu� (the e10_medium trigger information is not a

essible).4.8 Event sele
tionWe must now �nd out how to sele
t the events interesting for a W ′ study from all theevents 
oming o� the ATLAS dete
tor.4.8.1 Lepton sele
tionA re
onstru
ted ele
tron or muon is an obje
t 
reated by the ATLAS software from hitsand energy deposits. It may or may not 
orrespond to an a
tual ele
tron or muon. Whendoing analysis, one may sele
t leptons ful�lling 
ertain quality 
riteria, whi
h typi
allydepend on the analysis. In sele
ting ele
trons, 
uts on the shape of the shower in theele
tromagneti
 
alorimeter are 
entral. Furthermore, 
uts on transition radiation hits inthe TRT and on the asso
iation of the ele
tromagneti
 
alorimeter shower to a tra
k inthe inner dete
tor may improve the ele
tron quality. For muons an important quality 
utis to require a tra
k in the inner dete
tor to be mat
hed to the muon spe
trometer tra
k.The muon is then 
alled a 
ombined muon.An ele
tron 
andidate is built from a 
luster in the ele
tromagneti
 
alorimeter if aninner dete
tor tra
k 
an be extrapolated to mat
h the 
luster within a ∆η × ∆φ windowof 0.05 × 0.10 and if the ratio of 
luster energy to tra
k momentum satis�es E/p < 10.The ATLAS software divides ele
trons into loose, medium, and tight 
ategories based onvarious 
uts. Detailed information about the 
uts 
an be found in [25℄. For loose ele
trons,70




uts are made on the shape of the ele
tromagneti
 
luster and on the leakage of energyinto the hadroni
 
alorimeter. For medium ele
trons, further 
uts are made on showershapes, and 
uts are made on number of hits of the inner dete
tor tra
k and the tra
k
d0. Fake ele
trons from π0 → γ γ are redu
ed by 
utting on the se
ondary maximum ofthe 
luster. For tight ele
trons, tighter 
uts are imposed on the tra
k/
luster mat
hing(∆η,∆φ,E/p), and a 
ut is made on the ratio of high threshold (transition radiation) hitsto total number of TRT hits. Note that the loose, medium, and tight ele
tron de�nitionsare not related to and should not be 
onfused with the loose, medium, and tight innerdete
tor 
uts used for 
osmi
 muons in se
tion 3.4.For the analysis, the following requirements are made on ele
trons:

• Medium ele
tron
• |η| < 2.5

• pT > 50 GeVFor muons, the following 
riteria are imposed:
• Combined muon
• χ2

match < 100 (inner dete
tor-muon spe
trometer)
• |z0| < 200 mm

• |η| < 2.5

• pT > 50 GeVThe variable χ2
match is the χ2 of the mat
hing between the muon spe
trometer and innerdete
tor tra
ks. The lepton sele
tion used is based on the one found in [24℄. A similarsele
tion is also used for W ′ sear
h in [26℄.The ele
trons used are taken from the Ele
tronAODColle
tion while muons are takenfrom the Sta
oMuonColle
tion.4.8.2 Event presele
tionAs an initial event sele
tion, we now require:

• exa
tly one high-pT lepton (as de�ned in se
tion 4.8.1),
• missing transverse energy /ET > 50 GeV,
• trigger mu10 or e10_medium.For the /ET, the MET_RefFinal 
ontainer is used.We require exa
tly one high pT lepton sin
e we do not expe
t the W ′ de
ay produ
tsto be a

ompanied by high pT a
tivity from other pro
esses. Note that we a

ept otherre
onstru
ted ele
trons or muons in the event as long as their pT is below 50 GeV.Figure 4.13 shows the re
onstru
ted transverse mass spe
tra in the ele
tron and muon
hannels for 1 TeV and 2 TeV W ′s after event presele
tion. We see 
learly in both ele
tronand muon 
hannels the de
rease of the di�erential 
ross se
tion above the W ′ mass. The71



Transverse mass [GeV]

0 200 400 600 800 1000 1200 1400 1600 1800 2000

−
1

E
v
e

n
ts

 /
 6

0
 G

e
V

 /
 1

 f
b

0

20

40

60

80

100

120

140

160

180

200

220
W’ 1.0 TeV

Transverse mass [GeV]

0 200 400 600 800 1000 1200 1400 1600 1800 2000

−
1

E
v
e

n
ts

 /
 6

0
 G

e
V

 /
 1

 f
b

0

20

40

60

80

100

120

140

W’ 1.0 TeV

Transverse mass [GeV]

0 500 1000 1500 2000 2500 3000 3500 4000

−
1

E
v
e

n
ts

 /
 1

2
0

 G
e

V
 /

 1
 f

b

0

1

2

3

4

5

6 W’ 2.0 TeV

Transverse mass [GeV]

0 500 1000 1500 2000 2500 3000 3500 4000

−
1

E
v
e

n
ts

 /
 1

2
0

 G
e

V
 /

 1
 f

b

0

0.5

1

1.5

2

2.5

3

3.5
W’ 2.0 TeV

Figure 4.13: Re
onstru
ted transverse mass spe
tra after event presele
tion in ele
tron(left) and muon (right) 
hannels for 1 TeV and 2 TeV W ′ bosons.
W ′ mass Ele
tron 
hannel Muon 
hannel
1 TeV (86.3 ± 0.2)% (85.2 ± 0.3)%
2 TeV (85.0 ± 0.4)% (84.3 ± 0.4)%
3 TeV (82.5 ± 0.5)% (80.2 ± 0.5)%Table 4.3: Re
onstru
tion e�
ien
ies for W ′ events at three di�erent masses.Ja
obian peak looks espe
ially ni
e in the ele
tron 
hannel, sin
e 
alorimeter measure-ments are more pre
ise than tra
king at su
h high pT. The Ja
obian peak seems also tobe more washed out in the muon 
hannel for the 2 TeV W ′ than for the 1 TeV W ′. Thisis probably be
ause the tra
king momentum a

ura
y de
reases with momentum.Table 4.3 shows the W ′ event re
onstru
tion e�
ien
y in ele
tron and muon 
hannelsfor three di�erent W ′ masses. The numbers quoted in this table are npresel

l /nl where nlis the number of W ′ → l νl events (from truth), and npresel
l is the number of these eventswhi
h pass the one lepton and /ET requirements (trigger not required at this point). Notethat these e�
ien
ies are not pure ele
tron and muon re
onstru
tion e�
ien
ies, butin
lude dete
tor a

eptan
e, /ET re
onstru
tion, and all quality 
riteria imposed on theleptons. The e�
ien
ies are all above 80%, and somewhat higher in the ele
tron 
hannelthan in the muon 
hannel. Note that the geometri
al a

eptan
e (|η| < 2.5) is about 96%in both 
hannels.Around 10% to 15% of re
onstru
ted events whi
h pass the one lepton and /ET re-quirements in both ele
tron and muon 
hannels are a
tually W ′ → τ ντ events where the72
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Figure 4.14: Feynman diagram for W ′ de
ay to τ lepton whi
h in turn de
ays to ele
tronor muon.
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Figure 4.15: Re
onstru
ted transverse mass distributions in ele
tron (left) and muon(right) 
hannels after one lepton and /ET requirements for events where the W ′ de
ays to
τντ . In these events, the τ lepton has de
ayed a

ording to eq. (4.29), or it has de
ayedhadroni
ally and produ
ed a fake lepton.
τ de
ays to ele
tron or muon, for example

W ′− → ντ τ
− → ντ ντ l

− νl (4.29)where l = e, µ as shown in �gure 4.14, or where a hadroni
 τ de
ay produ
es a fakeele
tron or muon. The re
onstru
ted transverse mass spe
tra for su
h events after onelepton and /ET requirements are shown in �gure 4.15 for the 1 TeV W ′. The distributiontends to low values of the transverse mass, sin
e the τ momentum taken by the neutrinosis not measured, but 
ontributes to the /ET predominantly in the opposite dire
tion ofthe τ neutrino from the W ′ de
ay. Note that the events where the W ′ de
ays to τ leptonhave not been 
ounted when the e�
ien
ies of table 4.3 have been 
al
ulated. I.e., the τevents 
ontribute neither to nl or to npresel
l in this 
al
ulation.Table 4.4 shows the trigger e�
ien
y for three di�erent W ′ masses. The trigger ef-�
ien
y is de�ned here as ntrig/noffline where noffline is the number of events passing theone lepton and /ET requirements, and ntrig is the number of these events whi
h have beentriggered. The trigger e�
ien
y is around 99% for ele
tron events and 85% for muonevents, more or less independently of the W ′ mass. We see that some few events arepi
ked up only by the �wrong� trigger (i.e. some muon events are pi
ked up only by theele
tron trigger and vi
e versa).Figure 4.16 shows the re
onstru
ted pT, /ET, and mT spe
tra for two W ′ masses andba
kgrounds. The most important ba
kgrounds are seen to be dijets, tt and the SM Wboson. The bins with large statisti
al errors in the SM W distributions 
orrespond to73



W ′ mass O�ine lepton Ele
tron trigger Muon trigger Total e�
ien
y
1 TeV Ele
tron (98.8 ± 0.08)% (0.3 ± 0.04)% (98.8 ± 0.08)%
1 TeV Muon (1.5 ± 0.09)% (85.7 ± 0.3)% (85.9 ± 0.2)%
2 TeV Ele
tron (98.8 ± 0.1)% (0.4 ± 0.08)% (98.9 ± 0.1)%
2 TeV Muon (1.7 ± 0.2)% (85.8 ± 0.4)% (86.1 ± 0.4)%
3 TeV Ele
tron (98.8 ± 0.1)% (0.5 ± 0.09)% (98.8 ± 0.1)%
3 TeV Muon (1.7 ± 0.2)% (84.4 ± 0.5)% (84.7 ± 0.5)%Table 4.4: Trigger e�
ien
ies for W ′ events at three di�erent masses.
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Figure 4.16: Re
onstru
ted pT, /ET, and mT spe
tra after event presele
tion in ele
tron(left) and muon (right) 
hannels for 1 TeV and 2 TeV W ′ bosons and ba
kgrounds.74



events from the low mass (mlν < 200 GeV) sample, whi
h has a larger s
ale fa
tor thanthe high mass samples.If the ele
tron pT distribution in �gure 4.16 is 
ompared to the one in referen
e [24℄,the present dijet 
ontribution is seen to be mu
h smaller. In [24℄, the dijet 
ontributionis far above the SM W . This is be
ause older re
onstru
tions were used in [24℄. Whenthe present analysis was run with the r635 re
onstru
tion tags, the dijet 
ontribution tothe ele
tron pT spe
trum was mu
h larger. This is probably be
ause of an improvementin the ele
tron identi�
ation algorithms.In terms of the transverse mass, some ba
kgrounds are already redu
ed at high trans-verse mass 
ompared to the pT distribution, and the high mass tail of the SM W is seento be the dominant ba
kground. Note that the total SM ba
kground a
tually goes belowthe SM W for the transverse mass histogram in the ele
tron 
hannel just below 1500 GeV(the same e�e
t is seen more 
learly in �gure 4.22). This is be
ause the 
orresponding binin the tt histogram has negative 
ontent, whi
h 
an happen in the tail of a distributionwhen the only event in a bin has negative weight.We now want to look at some variables to redu
e the tt and dijet ba
kgrounds. Notethat the high mass tail of the SM W represents irredu
ible ba
kground, sin
e it has theexa
t same event topology as the W ′.4.8.3 Lepton isolationIf a jet leads to the re
onstru
tion of a fake lepton, or if a real lepton exists within a jet,the re
onstru
ted lepton is likely to be surrounded by a lot of a
tivity in the dete
tor(tra
ks and energy deposits). For leptons from W ′ de
ay, there is no reason to expe
tsigni�
ant a
tivity in their vi
inity. They are expe
ted to be isolated.We de�ne the isolation variable given by the sum of all transverse energy (
alorimetermeasurements) in the vi
inity of our re
onstru
ted lepton:
E∆R<x

T =
∑

∆R<x

ET (4.30)where ∆R is relative to the re
onstru
ted lepton's dire
tion of motion. The region givenby ∆R < x is a 
ir
le in the η, φ-plane. In three dimensions x, y, z, it 
orresponds toa 
one-like volume, and the isolation variables are therefore referred to as �ET-
one�variables.Figure 4.17 shows the distributions of E∆R<0.3
T for signals and ba
kgrounds in theele
tron and muon 
hannels. The jet ba
kground is represented by the J5-J7 samples, sin
ethese samples give enough events passing the event presele
tion to de�ne relatively smoothdistributions. (The J8 sample is ex
luded be
ause this sample has an older re
onstru
tiontag.) We see that the dijet samples tend to higher values of E∆R<0.3

T than the signalsamples, so the variable 
an be used for jet ba
kground redu
tion. Note that the signalsamples tend to higher values of the variable (less isolation) in the ele
tron 
hannel than inthe muon 
hannel. This is probably be
ause the ele
trons have a relatively high probabilityto do bremsstrahlung in the material pre
eding the 
alorimeters at su
h high momentum.The e�e
t is less important in the muon 
hannel be
ause of the mass. Ele
trons from W ′appear to be less isolated than both ele
trons from the SM W and ele
trons from tt.To a

ount for bremsstrahlung, we 
an make the isolation 
ut pT dependent, sin
ethe bremsstrahlung probability in
reases with momentum. We therefore 
onsider alsothe normalized isolation E∆R<0.3
T /pT. The signal and ba
kground distributions for this75
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Figure 4.17: The distributions of the isolation variable E∆R<0.3
T for signals (top) andba
kgrounds (bottom) in the ele
tron (left) and muon (right) 
hannels.variable are shown in �gure 4.18. The ele
trons from W ′ appear as more isolated thanthose from tt in terms of the normalized isolation.Just by looking at the isolation distributions, one 
an get an idea of where to makethe 
ut to reje
t the jets. Sin
e jets are not our dominant ba
kground in terms of thetransverse mass, it is not possible to optimize the 
ut value for signi�
an
e. However,to make an argument for the 
hoi
e of 
ut value, we 
an try to maximize the produ
t ofsignal e�
ien
y and ba
kground reje
tion, ǫsgnrbkg. The signal e�
ien
y is de�ned as thefra
tion of signal events passing the 
ut, ǫsgn = nsgn

after/n
sgn
before and the ba
kground reje
tionis de�ned as rbkg = 1 − nbkg

after/n
bkg
before. This approa
h also allows the 
omparison of 
utvariables, sin
e the best variable 
an be de�ned as the one giving the largest ǫsgnrbkg.Figure 4.19 shows the value of ǫsgnrbkg as fun
tion of the 
ut value for E∆R<0.3

T and
E∆R<0.3

T /pT as 
ut variables in the ele
tron and muon 
hannels. The ba
kground is herethe jet samples J5-J7 merged a

ording to 
ross se
tion, and the signal is the 1 TeV
W ′. We see that the maximum value is higher in the muon 
hannel than in the ele
tron
hannel, as expe
ted be
ause of bremsstrahlung. The maximum value is slightly higherin the normalized isolation than in standard ET-
one.For this analysis, we pro
eed with a 
ut E∆R<0.3

T /pT < 0.05, whi
h gives a 
lose tomaximum value of ǫsgnrbkg in both 
hannels. In the ele
tron 
hannel we obtain ǫsgn =
92.3% and rbkg = 96.1% (for J5-J7). In the muon 
hannel, the 
orresponding numbersare ǫsgn = 97.3% and rbkg = 99.9%.Be
ause of bremsstrahlung, it 
ould be an improvement to 
onsider tra
k based iso-lation �pT-
one� (photons do not make tra
ks), or to 
onsider 
alorimeter measurementswith a wider inner 
one subtra
ted (the deposits assumed to be from the lepton are al-76
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Figure 4.18: The distributions of the normalized isolation E∆R<0.3
T /pT for signals (top)and ba
kgrounds (bottom) in the ele
tron (left) and muon (right) 
hannels.
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Figure 4.20: Lepton fra
tion distributions for signals and ba
kgrounds in the ele
tron(left) and muon (right) 
hannels.ways subtra
ted when 
al
ulating an ET-
one). Isolation requirements using 
alorimetermeasurements in a region 0.1 < ∆R < 0.3 (a so-
alled �ET-ring�) or tra
ks in a region
∆R < 0.3 were explored, but neither option seemed to give better signal/ba
kgroundseparation.4.8.4 The Lepton Fra
tionAs seen in �gure 4.18, the tt ba
kground is not signi�
antly redu
ed by the 
ut on nor-malized isolation. We therefore look at a di�erent variable for tt reje
tion.For a W ′ signal, we expe
t the event to be dominated by the lepton and neutrinofrom the W ′ de
ay. There is no reason to expe
t signi�
ant jet a
tivity. For the typi
al
tt event depi
ted in �gure 4.9, the �nal state lepton and neutrino will be a

ompanied byfour jets, in
luding two b-jets.We de�ne the lepton fra
tion by

flep =
Ee

T + /ET
∑

ET + /ET

(4.31)for ele
tron events and
flep =

pµT + /ET
∑

ET + pµT + /ET

(4.32)for muon events. (Note that the sums are s
alar sums.) It measures the fra
tion oftransverse momentum in the event whi
h 
an be attributed to the 
harged lepton andthe neutrino. The ∑

ET is the s
alar sum of ET from 
alorimeter measurements. Thedenominator in the lepton fra
tion de�nition looks di�erent for ele
tron and muon events,sin
e the muon pT is not 
ounted in ∑

ET, while the ele
tron pT (or ET) is.The lepton fra
tion distributions for signal and ba
kground in the muon and ele
tron
hannels are shown in �gure 4.20. Note that the isolation 
ut is already imposed whenprodu
ing these plots. We see that tt events tend to low values of the lepton fra
tion andthat the signal tends to high values, as expe
ted.We now look at the produ
t ǫsgnrbkg as fun
tion of the lepton fra
tion 
ut value, whi
his shown in �gure 4.21. Here, the ba
kground is tt, while the signal is again the 1 TeV
W ′. For the analysis, a 
ut flep > 0.5 is made in both ele
tron and muon 
hannels. Inthe ele
tron 
hannel, this 
ut a
hieves ǫsgn = 97.3% and rbkg = 97.0%, while the numbersin the muon 
hannel are ǫsgn = 96.4% and rbkg = 97.4%.78



Lepton fraction cut value

0 0.2 0.4 0.6 0.8 1
b

k
g

 r
s
g

n
∈

0

0.2

0.4

0.6

0.8

1

Electron channel

Muon channel
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Figure 4.22: Transverse mass distributions for signals and ba
kgrounds in the ele
tron(left) and muon (right) 
hannels after 
uts on normalized isolation and lepton fra
tion.Note that the SM W lepton fra
tion distribution is made by 
ombining the di�erentmass ranges a

ording to 
ross se
tion. While it may seem that the SM W is redu
ed bythe lepton fra
tion 
ut, the redu
tion is mainly in the low mass end of the spe
trum. Thehigh mass SM W tail is irredu
ible.4.8.5 The momentum ratio pT/ /ETWe have now reje
ted most of the tt and jet ba
kground. Figure 4.22 shows the transversemass distributions obtained with 
uts on normalized isolation and the lepton fra
tion. Wesee some �stray� tt, diboson, and SM Z events at very high transverse mass. We see alsoa 
ouple of spikes in the SM W distribution in the muon 
hannel, 
orresponding to eventsfrom the low mass (mlν < 200 GeV) sample whi
h have been wrongly re
onstru
ted withlarge transverse mass.To further 
lean our transverse mass distributions, we 
onsider one additional 
utvariable. In a W ′ event, the transverse momentum of the W ′ is expe
ted to be small.This means that the 
harged lepton pT must be balan
ed by the neutrino pT due to
onservation of momentum. Experimentally, this means that the lepton pT should bebalan
ed by the /ET for a W ′ event.Figure 4.23 shows the distribution of the momentum ratio pT/ /ET, where pT is the79
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Figure 4.23: Momentum ratio pT/ /ET distributions for signals and ba
kgrounds in theele
tron (left) and muon (right) 
hannels.transverse momentum of the lepton, for signals and ba
kgrounds in the ele
tron andmuon 
hannels. Note that the isolation 
ut has been applied, but not the lepton fra
tion
ut, in produ
ing these distributions. We see that the signal distributions are peakedaround 1 as expe
ted. The tt distribution is wider, probably partly due to the fa
t thatthe W bosons from top de
ays 
an have signi�
ant transverse momentum.We pro
eed with a loose 
ut 0.5 < pT/ /ET < 1.5. A 
ut on the momentum ratio pT/ /ETis not used in any of the ATLAS W ′ studies (referen
es [24℄ and [26℄), but su
h a 
ut isused in the Tevatron study [19℄.4.8.6 Lepton fra
tion vs. pT/ /ET 
orrelationFigure 4.24 shows two-dimensional histograms of the lepton fra
tion vs. the momentumratio pT/ /ET for the 1 TeV W ′ signal and for tt and dijet ba
kgrounds. For the dijets, theJ5 to J7 samples are merged a

ording to 
ross se
tion. No 
uts have been applied otherthan event presele
tion (se
tion 4.8.2).No obvious 
orrelation is seen between the variables for signal or for these ba
kgrounds.We do see, however, that the lepton fra
tion 
ut alone redu
es these ba
kgrounds e�e
-tively, and that the pT/ /ET 
ut quantitatively does not add mu
h in terms of redu
tion.The pT/ /ET 
ut is more of a 
leaning 
ut. Events where the /ET and the lepton pT di�ersigni�
antly are not good W ′ 
andidates, and we have seen that a very small fra
tion oflow mass W events 
an 
ontribute at high transverse mass be
ause of /ET mismeasure-ments. These events, and similar misre
onstru
tions from other kinds of events, shouldnot be in
luded in the transverse mass spe
trum. For the analysis, we pro
eed with 
utson both the lepton fra
tion and the momentum ratio pT/ /ET.4.8.7 Distributions after 
uts and the 
ut �owThe pT, /ET, andmT distributions after all 
uts have been applied are shown in �gure 4.25.As a reminder, these 
uts are now:
• presele
tion,
• normalized isolation E∆R<0.3

T /pT < 0.05,
• lepton fra
tion flep > 0.5, 80
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Figure 4.24: Correlation plots of lepton fra
tion vs. pT/ /ET for 1 TeV W ′ signal (top), ttba
kground (middle) and dijet ba
kground (bottom) in ele
tron (left) and muon (right)
hannels.
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Figure 4.25: Distributions of pT, /ET, and mT in ele
tron (left) and muon (right) 
hannelsafter isolation, lepton fra
tion, and pT/ /ET 
uts.
• 0.5 < pT/ /ET < 1.5.We see that the high mass tail of the SM W is the 
learly dominant ba
kground, and thatthis ba
kground is statisti
ally well de�ned up to transverse masses above 1.5 TeV. Thetransverse mass distributions shown in �gure 4.25 will be used for the evaluation of the

W ′ dis
overy potential.The mismeasured SM W events giving the spikes in the mT distribution in the muon
hannel have been removed by the pT/ /ET 
ut. These events all have /ET > 2pµT due to /ETmismeasurements. A single dijet event has survived all 
uts in the muon 
hannel. Thisevent has a lepton fra
tion flep = 0.53, so we 
ould remove it by in
reasing the leptonfra
tion 
ut value slightly. Tuning a 
ut to remove a single MC event would, however, notbe very well motivated. 82



Presele
tion Isolation Lepton fra
tion pT/ /ET mT > 700 GeV
W ′ 1 TeV 1540 ± 11 1422 ± 11 1384 ± 10 1344 ± 10 823 ± 8.0
W ′ 1.5 TeV 245 ± 2.2 228 ± 2.2 223 ± 2.1 218 ± 2.1 172 ± 1.9
W ′ 2 TeV 50.7 ± 0.63 47.9 ± 0.61 47.1 ± 0.60 46.2 ± 0.60 39.0 ± 0.55
W ′ 2.5 TeV 13.2 ± 0.16 12.4 ± 0.16 12.2 ± 0.16 12.0 ± 0.15 10.1 ± 0.14
W ′ 3 TeV 3.74 ± 0.047 3.50 ± 0.045 3.43 ± 0.045 3.36 ± 0.044 2.75 ± 0.040
W ′ 3.5 TeV 1.23 ± 0.016 1.15 ± 0.015 1.11 ± 0.015 1.09 ± 0.015 0.811 ± 0.013SM W 55202 ± 327 36760 ± 265 10303 ± 132 10055 ± 130 16.9 ± 2.1Dijets 5317 ± 2428 26.2 ± 9.6 0.00590± 0.0042 0 0Dibosons 1159 ± 21 944.0 ± 20 294.4 ± 11 262.3 ± 10 0.898 ± 0.66

tt 12324 ± 45 8447 ± 37 254 ± 6.4 206 ± 5.7 0.246 ± 0.246SM Z 3.68 ± 0.63 2.27 ± 0.50 0.433 ± 0.22 0.216 ± 0.15 0Table 4.5: Signal and ba
kground 
ut �ow in the ele
tron 
hannel. The numbers shownare expe
ted events per 1 fb−1 with statisti
al errors.Presele
tion Isolation Lepton fra
tion pT/ /ET mT > 700 GeV
W ′ 1 TeV 1303 ± 10 1268 ± 9.9 1222 ± 9.8 1161 ± 9.5 655 ± 7.1
W ′ 1.5 TeV 200 ± 2.0 194 ± 2.0 189 ± 2.0 179 ± 1.9 136 ± 1.7
W ′ 2 TeV 44.2 ± 0.59 42.8 ± 0.58 41.9 ± 0.57 39.6 ± 0.55 32.0 ± 0.50
W ′ 2.5 TeV 10.8 ± 0.15 10.5 ± 0.14 10.2 ± 0.14 9.62 ± 0.14 7.89 ± 0.13
W ′ 3 TeV 3.06 ± 0.042 2.97 ± 0.042 2.88 ± 0.041 2.70 ± 0.040 2.11 ± 0.035
W ′ 3.5 TeV 1.01 ± 0.014 0.977 ± 0.014 0.935 ± 0.014 0.876 ± 0.013 0.618 ± 0.011SM W 52342 ± 322 51446 ± 319 13537 ± 156 13213 ± 154 12.2 ± 0.31Dijets 29956 ± 3714 2359 ± 2354 0.293 ± 0.290 0.00295 ± 0.00295 0.00295 ± 0.00295Dibosons 1058 ± 20 1003 ± 19 302.7 ± 10 276.1 ± 9.7 0.0760 ± 0.056

tt 12108 ± 44 10925 ± 42 288 ± 6.6 227 ± 5.9 0.860 ± 0.33SM Z 100 ± 3.3 95.7 ± 3.2 69.9 ± 2.7 60.1 ± 2.5 0.432 ± 0.22Table 4.6: Signal and ba
kground 
ut �ow in the muon 
hannel. The numbers shown areexpe
ted events per 1 fb−1 with statisti
al errors.The signal and ba
kground 
ut �ow in the ele
tron 
hannel is shown in table 4.5,and the 
ut �ow in the muon 
hannel is shown in table 4.6. The numbers in the tablesare expe
ted events per 1 fb−1 with statisti
al errors. For the number of expe
ted eventsbefore any event sele
tion (i.e. the 
ross se
tion) 
onsult tables 4.1 and 4.2. The last 
ut,
mT > 700 GeV, is the transverse mass 
ut that will be used for 
al
ulating the signi�
an
efor a 1 TeV W ′.The event numbers quoted here 
an not be 
ompared to the 
orresponding ones inreferen
e [24℄, sin
e [24℄ is a 14 TeV study. The numbers for the muon 
hannel showreasonable agreement with the talk [27℄ on W ′ sear
h in the muon 
hannel at 10 TeV,although one must note that the trigger requirement is applied after the other 
uts in thistalk.
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4.9 The statisti
s of dis
overy and ex
lusion4.9.1 The signi�
an
eWe will sear
h for the W ′ by looking for an ex
ess of events at high transverse mass. Ifthe number of observed events is signi�
antly greater than the expe
ted ba
kground b, we
laim to have dis
overed something. The observed ex
ess is said to be signi�
ant whenthe probability of observing it given only ba
kground is su�
iently small.Consider the number of events n in a given data sample satisfying some 
riteria, forexample that the transverse mass falls within some range. Sin
e ea
h bun
h 
rossing in ourdete
tor has a 
ertain (very small) probability of produ
ing su
h an event, independentof all other bun
h 
rossings, we 
on
lude that n follows a binomial distribution. For anyintereseting data sample, the number of bun
h 
rossings will be huge. In this limit, wherenumber of trials is large and the su

ess probability is small, the binomial distributionapproa
hes the Poisson distribution. The probability for n = k is thus
P (k|λ) =

λke−λ

k!
(4.33)where λ is the expe
tation (average) value of n, whi
h 
an be written as λ = ǫσ
∫

Ldtwhere σ is the 
ross se
tion for the parti
ular kind of event 
onsidered and ǫ is there
onstru
tion e�
ien
y.Let now n be the number of signal-type events (number of events above some 
ut valueof the transverse mass) observed, and b be the expe
ted number of ba
kground events inthis transverse mass region. The probability of observing an ex
ess as great as or greaterthan what we are seeing given only ba
kground, known as the p value, is
p =

∞
∑

k=n

P (k|b) =

∞
∑

k=n

bke−b

k!
. (4.34)The p value is 
onverted to a signi�
an
e Z by requiring

p =

∫ ∞

Z

ex
2/2

√
2π

dx = 1 − Φ(Z) (4.35)where the integrand is the probability density fun
tion (PDF) of the standard normaldistribution (with zero mean and unit varian
e) and Φ is its 
umulative distributionfun
tion. I.e. Z is the number of standard deviations a Gaussian has to �u
tuate to givethe p value in its tail. In parti
le physi
s, a signi�
an
e Z = 5 (�5σ�), 
orresponding to a
p value p = 2.87 · 10−7 is required to 
laim dis
overy. This means that the probability for
laiming dis
overy if there is only ba
kground is as small as 2.87 · 10−7.4.9.2 Likelihood ratio based signi�
an
eInstead of using n as test statisti
, we 
ould make a di�erent 
hoi
e. Let s be the expe
tednumber of signal events for some dis
overy. We write the expe
tation for the observation
n as

E[n] = µs+ b (4.36)where the parameter µ measures whether or not the signal is present. We estimate theexpe
ted ba
kground b by a MC experiment where m signal-type events are observed.84



The expe
tation for m is E[m] = τb where τ is the ratio of integrated luminosity for theMC sample to that of the data:
τ =

(
∫

Ldt)MC

(
∫

Ldt)data

. (4.37)We de�ne the joint likelihood fun
tion for the observations n and m:
L(µ, b) =

(µs+ b)ne−(µs+b)

n!
× (τb)me−τb

m!
. (4.38)Note that b is taken as a free parameter, so this approa
h takes into a

ount statisti
alun
ertainty in the ba
kground estimate, instead of assuming b = m/τ without un
ertainty.Our test statisti
 is now taken to be qµ = −2 lnλ(µ) where

λ(µ) =
L(µ, b̃)

L(µ̂, b̂)
. (4.39)Here L(µ, b̃) is the maximum of L with µ �xed and L(µ̂, b̂) is the global maximum of L.If we 
al
ulate this test statisti
 for a value µ whi
h is realized in the data, we expe
t

µ̂ ≈ µ and therefore qµ ≈ 0. For any observation qobs
µ > 0 (an ex
ess in the data), the pvalue 
an be 
al
ulated as

p =

∫ ∞

qobs
µ

f(qµ|µ) dqµ (4.40)where f(qµ|µ) is the PDF of qµ. Note that the integral (4.40) is in prin
iple a sum overdis
rete possible values of qµ, sin
e the out
omes n and m of the experiment are dis
rete.When we test the ba
kground hypothesis, we 
al
ulate q0. The ba
kground only PDFfor q0, f(q0|0), 
an be 
al
ulated by MC sampling. However, for a large enough dataset,and if 
ertain 
onditions are ful�lled, f(q0|0) approximates a χ2 PDF with one degree offreedom (DOF) [28℄. Sin
e a χ2 distributed variable with 1 DOF is just the square of astandard normal distributed variable, the signi�
an
e be
omes in this 
ase
Z =

√
q0 =

√

−2 lnλ(0). (4.41)(Here the observation is assumed to �u
tuate above and below its expe
tation with equalprobability, details in [28℄.)One 
an analyti
ally �nd that µ̂ = (n−m/τ)/s for n ≥ m/τ . In the limit of large τ ,then b̃ = b̂ = m/τ = b. The log-likelihood ratio is then
lnλ(0) = −n ln

n

b
+ n− b. (4.42)Combined with equation (4.41), this gives a signi�
an
e

Z =

√

2
[

n ln
n

b
− n + b

]

. (4.43)The expe
ted signi�
an
e in the presen
e of signal is obtained by inserting the expe
tedobservation n = s+ b:
Z =

√

2
[

(s+ b) ln
(

1 +
s

b

)

− s
]

. (4.44)Note that we have assumed large τ , so we do not take the statisti
al un
ertainty in theba
kground estimate into a

ount now. The large τ limit should however be appropriate85
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Figure 4.26: The signi�
an
e as fun
tion of the number of observed events n for anexpe
ted ba
kground b = 0.1 
al
ulated using di�erent formulae. �Poisson p value� refersto equations (4.34) and (4.35).in our 
ase, sin
e the highest mass SM W sample has been generated equivalent to morethan 100 fb−1. Equation (4.44) is used to 
al
ulate signi�
an
es in [24℄.Figure 4.26 shows the signi�
an
e as fun
tion of the observation n 
al
ulated a

ordingto equation (4.43) and equations (4.34) and (4.35) for an expe
ted ba
kground b = 0.1.This is a typi
al value of b for a 5σ dis
overy of a W ′. For 
omparison, the widely usedformula Z = s/
√
b = (n − b)/

√
b is also plotted. We see that the approximation (4.43)agrees reasonably well with the straight forward p value 
al
ulation, although equation(4.43) has a 
onstant o�set towards higher signi�
an
e. The formula Z = s/

√
b is seen tomake no sense in this low statisti
s regime. This formula should be used when b is large.4.9.3 Ex
lusionIf no ex
ess of events at high transverse mass is observed, we would like to put a limit onthe W ′ mass with some 
on�den
e level. We 
ould then 
al
ulate a p value, not as the tailof the ba
kground distribution above the observation (as in the 
ase of signi�
an
e), butrather as the tail of a signal plus ba
kground distribution below the observation. Morepre
isely,

p =

n
∑

k=0

P (k|s+ b) =

n
∑

k=0

(s+ b)ke−(s+b)

k!
. (4.45)This p value is the probability of observing as few as or fewer events than we did, givenan expe
ted signal s and expe
ted ba
kground b. The signal plus ba
kground (s + b)hypothesis is then ex
luded at 
on�den
e level (CL) 1− p. Usually, one requires p = 5%,
orresponding to a 95% CL ex
lusion. This means that the probability of ex
luding the

s + b hypothesis if it is true is 5%.It should be noted that this ex
lusion is a statement about the s + b hypothesis,not the signal hypothesis itself. Su
h an approa
h 
an give some strange results. Inparti
ular, one 
an obtain very strong limits if the observation falls signi�
antly below theba
kground expe
tation. In this 
ase, the ba
kground hypothesis may itself be ex
ludedat rather high 
on�den
e level, and one 
ould question whether the ba
kground is reallyunderstood. Intuitively, a limit from an experiment where the observation agrees wellwith the expe
ted ba
kground should 
arry more weight than one from an experiment86



where the observation falls signi�
antly below the expe
ted ba
kground, but the latterexperiment 
an put a stronger limit on s if the above des
ribed pro
edure is followed.The CLs method [29℄ is an approa
h in whi
h one 
an try to make a statement aboutthe signal hypothesis itself rather than only about the signal plus ba
kground hypothesis.We de�ne
CLs+b =

n
∑

k=0

P (k|s+ b) =
n

∑

k=0

(s+ b)ke−(s+b)

k!
(4.46)(the same as the previously de�ned p value), and

CLb =
n

∑

k=0

P (k|b) =
n

∑

k=0

bke−b

k!
. (4.47)Finally, we de�ne CLs as

CLs =
CLs+b
CLb

. (4.48)The quantity CLs is thus the p value for the s+ b hypothesis in
reased by a fa
tor 1/CLbwhi
h depends on the level of agreement between the observation and the ba
kgroundpredi
tion. It 
an be thought of as the p value for the signal hypothesis itself, and thesignal s is within the CLs approa
h ex
luded at 
on�den
e level 1 − CLs.For the 
ase of no observed events, n = 0, we �nd
CLs = e−s ⇒ s = − ln CLs ≈ 3 (4.49)for CLs = 5%, i.e. 95% CL ex
lusion. If no events are observed, any model predi
ting 3signal events is ex
luded at 95% CL.4.10 Expe
tations for dis
overy and ex
lusion poten-tials with early 10 TeV dataWe now want to evaluate the potential for dis
overy and ex
lusion of a SM-like W ′ withearly ATLAS data at √s = 10 TeV. The �
ut and 
ount� approa
h is used, in whi
h wemake a 
ut at some value of the transverse mass, and 
ount the number of expe
ted signaland ba
kground events above the 
ut value. The expe
ted signal s and ba
kground b arethen inserted into equation (4.44) for the signi�
an
e.4.10.1 Optimizing the transverse mass 
utWhere to make the transverse mass 
ut for signi�
an
e 
al
ulations should be determinedby optimizing the signi�
an
e. A low 
ut gives more signal, but also more ba
kground,while a high 
ut gives less ba
kground, but also less signal. Figure 4.27 shows the signi�-
an
e as fun
tion of the transverse mass 
ut value for three W ′ masses with an integratedluminosity of 10 pb−1. The signi�
an
e is shown independently for ele
tron and muon
hannels.We see that the optimal 
ut value is independent of the 
hannel 
onsidered. In ref-eren
e [24℄ it is 
laimed that a 
ut value mT = 0.7mW ′ optimizes the signi�
an
e, andthis 
ut value is there used for signi�
an
e 
al
ulations. From �gure 4.27, it is 
lear that

mT = 0.7mW ′ is a very good approximation to the optimal 
ut value also in this study,and this 
ut will therefore be used in the following signi�
an
e 
al
ulations.87
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Figure 4.27: Signi�
an
e as fun
tion of the transverse mass 
ut value for three W ′ massesin ele
tron and muon 
hannels for 10 pb−1 of integrated luminosity.Note that the optimal 
ut value is 
learly independent of the integrated luminosity
onsidered, sin
e an in
rease of the integrated luminosity by a fa
tor α 
orresponds toin
reases of both s and b by this fa
tor, and therefore an in
rease of the signi�
an
e by afa
tor √α, as seen from equation (4.44).4.10.2 Dis
overy limits with early dataTo estimate the highest possible mass of a W ′ whi
h 
an be dis
overed with a givenintegrated luminosity, we make a plot of the number of expe
ted events from a W ′ andthe number of signal events whi
h is needed for dis
overy as fun
tions of the W ′ mass.The interse
tion of these fun
tions gives approximately the heaviest W ′ whi
h 
an bedis
overed with this integrated luminosity. (The reason for the dependen
e of the requirednumber of signal events for dis
overy on the W ′ mass is that the expe
ted ba
kgrounddepends on the transverse mass 
ut.) By dis
overy, we mean Z = 5 (5σ).The dis
overy limit plot is shown for 10 pb−1 in the ele
tron and muon 
hannels in�gure 4.28. The dis
overy limit is mW ′ = 1.15 TeV in the ele
tron 
hannel and mW ′ =
1.1 TeV in the muon 
hannel. In both single 
hannels, a W ′ barely beyond the Tevatron
95% CL ex
lusion limit (mW ′ > 1.0 TeV) 
an be dis
overed.For the signi�
an
e of the 
ombined sear
h, we use simply s = se + sµ and b = be + bµwhere se (be) and sµ (bµ) are the expe
ted signals (ba
kgrounds) in the ele
tron andmuon 
hannels respe
tively. Note that the sum of two Poisson distributed variables isitself Poisson distributed. Simply summing the events of the two 
hannels is not theoptimal way of doing a 
ombined sear
h, but the gain of a more sophisti
ated approa
his expe
ted to be small when the 
hannels are as similar as in this 
ase.The dis
overy limit plots for the 
ombined sear
h with 10 pb−1 and 100 pb−1 of in-tegrated luminosity are shown in �gure 4.29. We see that a W ′ of mass 1.3 TeV 
an bedis
overed with 10 pb−1 and that the limit with 100 pb−1 is mW ′ = 2 TeV. With 1 fb−1of integrated luminosity (�gure 4.30), a W ′ of mass 2.8 TeV 
an be dis
overed in the
ombined sear
h.We see from the various dis
overy limit plots that a 5σ ex
ess typi
ally 
orresponds to4 or 5 signal events. It is 
ommon 
onvention within ATLAS to require 10 signal eventsfor any dis
overy. The 
orresponding dis
overy limits 
an be read o� from the dis
overy88
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ted number of W ′ events and number of signal events needed fordis
overy as fun
tions of the W ′ mass for 10 pb−1 in the ele
tron (left) and muon (right)
hannels.
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ted number of W ′ events and number of signal events needed fordis
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tions of the W ′ mass for the 
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Figure 4.32: Expe
ted number of W ′ events and number of signal events ex
luded at 95%CL as fun
tions of the W ′ mass for the 
ombined sear
h with 100 pb−1 (left) and 1 fb−1(right).limit plots. For 10 pb−1, 100 pb−1, and 1 fb−1 in the 
ombined sear
h, the 10 event limitsare respe
tively 1.1 TeV, 1.75 TeV, and 2.5 TeV.Figure 4.31 shows the integrated luminosity required for 10 signal events as fun
tionof the W ′ mass for ele
tron and muon 
hannels and the 
ombined sear
h for all thesimulated W ′ masses. For the heaviest simulated mass, mW ′ = 3.5 TeV, the requiredintegrated luminosity for 10 signal events in the 
ombined sear
h is just below 20 fb−1.4.10.3 Ex
lusion potentialTo �nd whi
h limit 
an be put on theW ′ mass at 95% CL for a given integrated luminosity,we make a plot of expe
ted number of events from the W ′ and the ex
luded value of
s as fun
tions of the W ′ mass. The ex
luded value of s is 
al
ulated as des
ribed inse
tion 4.9.3. For this 
al
ulation, the observation n is required. It is here set equal tothe most probable value of the ba
kground distribution, sin
e ex
lusion is relevant whenno hint of signal is seen.Figure 4.32 shows the ex
lusion limit plots for the 
ombined sear
h with 100 pb−1 and
1 fb−1 of integrated luminosity. We obtain the 
onstraints mW ′ > 2.1 TeV and mW ′ >
2.9 TeV at 95% CL for these integrated luminosities respe
tively.90



We note that sin
e theW ′ sear
h 
orresponds to a 
ase where s≫ b, the ex
lusion limitis exa
tly where the expe
ted signal is three events. Note that the integrated luminosityrequired to ex
lude any of the W ′ masses 
an thus be read from �gure 4.31 by s
aling theintegrated luminosity for 10 events by a fa
tor 3/10.4.11 Expe
tations for dis
overy and ex
lusion poten-tials with early 7 TeV dataAt the time of this writing, it has be
ome 
lear that the �rst high energy running ofthe LHC will take pla
e with a proton-proton 
enter of mass energy √
s = 7 TeV. Itwas earlier believed that this energy would be 10 TeV, and that is why all existing MCprodu
tion 
onsists of events generated at √s = 10 TeV, in
luding the samples used inthisW ′ study. The fa
t that the LHC will run �rst at √s = 7 TeV leaves the early 10 TeVdata study (se
tion 4.10) as a rather a
ademi
 exer
ise. The 
orresponding mass limitsat √s = 7 TeV are more interesting.While generating events is a rather qui
k pro
ess, simulating the parti
les' intera
tionswith the ATLAS dete
tor takes a lot of CPU time. No fully simulated W ′ signal samplesand high mass W ba
kground samples exist for √s = 7 TeV at the time of this writing.There are (at least) three ways of estimating the dis
overy/ex
lusion potential at 7 TeVwithout running full dete
tor simulation:

• generating events at 7 TeV and running fast dete
tor simulation (AtlFast [30℄),
• using the simulated events at 10 TeV and 
hanging the 
ross se
tion of ea
h datasample to the 7 TeV 
ross se
tion,
• using the simulated events at 10 TeV and reweighting from 10 TeV to 7 TeV on anevent by event basis.The event by event res
aling te
hnique is used in this study.The idea of event by event reweighting (PDF reweighting) is that any hard s
atteringpro
ess (where both partons have momentum p < 3.5 GeV) o

uring in 10 TeV proton-proton 
ollisions with di�erential 
ross se
tion

dσ

dp1 dp2

(10 TeV) = f1(x1, q
2)f2(x2, q

2) dσ̂(p1, p2)
dx1

dp1

dx2

dp2

(4.50)
ould also o

ur in 7 TeV proton-proton 
ollisions with di�erential 
ross se
tion
dσ

dp1 dp2

(7 TeV) = f1(x
′
1, q

2)f2(x
′
2, q

2) dσ̂(p1, p2)
dx′1
dp1

dx′2
dp2

. (4.51)Here pi are the parton momenta, fi are the proton PDFs for the intera
ting partons
1 and 2, q is the momentum transfer of the intera
tion, and dσ̂ is the hard s
attering
ross se
tion element within some in�nitesimal variation of the �nal state. The hards
attering 
ross se
tion element is independent of the proton-proton 
enter of mass energy.The momentum fra
tions of the partons in 10 TeV pp 
ollisions are x1 and x2, and the
orresponding momentum fra
tions at 7 TeV are x′i = 10xi/7. For the event s
ale fa
tor
w, we have thus

w =
dσ/(dp1 dp2)(7 TeV)

dσ/(dp1 dp2)(10 TeV)
=

(

10

7

)2
f1(x

′
1, q

2)f2(x
′
2, q

2)

f1(x1, q2)f2(x2, q2)
, (4.52)91
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Figure 4.33: Transverse mass distributions at √
s = 7 TeV in ele
tron (left) and muon(right) 
hannels.
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Figure 4.34: Transverse mass distributions at √s = 7 TeV and √
s = 10 TeV in ele
tron(left) and muon (right) 
hannels for signals and high mass W ba
kground.where we have used that dxi/dpi = 2/(10 TeV) and dx′i/dpi = 2/(7 TeV) (xi = 2pi/

√
s).For this study, PDF reweighting is done using the PDFTool [31℄.4.11.1 Transverse mass distributions at 7 TeVFigure 4.33 shows the transverse mass distributions of signals and ba
kgrounds after 
utsreweighted to √

s = 7 TeV. The shapes of the distributions are very similar to the 10 TeV
ase, but the 
ross se
tions are de
reased. The mlν < 200 GeV SM W sample has notbeen rerun with reweighting, sin
e this sample did not 
ontribute any events in the signalregion after 
uts. Note that this will ne
essarily also be the 
ase at 7 TeV when we areusing reweighting, sin
e we are then using exa
tly the same events as in the 10 TeV study.Also, the dijet ba
kground has not been rerun sin
e only one event 
ontributed in thesignal region after 
uts.Figure 4.34 shows the 7 TeV and 10 TeV transverse mass distributions after 
uts to-gether for signals and the dominant SM W ba
kground. We see that the relative de
reasein 
ross se
tion is larger for the higher mass intera
tions. This is seen both from thedi�eren
e between the de
reases of the 1 TeV and 2 TeV W ′ distributions, and from the
ontinously in
reasing di�eren
e between the SMW distributions as fun
tion of the trans-verse mass.The ratio of 10 TeV to 7 TeV number of expe
ted events for signal and ba
kground at92



W ′ mass 1.0 TeV 1.5 TeV 2.0 TeV 2.5 TeVSignal N(10 TeV)/N(7 TeV) 2.41 3.47 5.43 9.34Ba
kground N(10 TeV)/N(7 TeV) 2.43 3.08 4.26 6.47Table 4.7: Ratios between number of expe
ted events N at 10 TeV and 7 TeV for signaland ba
kground at di�erent W ′ masses.
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Figure 4.35: Signi�
an
e as fun
tion of the transverse mass 
ut value for three W ′ massesin ele
tron and muon 
hannels for 10 pb−1 of integrated luminosity at √s = 7 TeV.the di�erent W ′ masses after 
uts are shown in table 4.7. The ba
kground is the sum ofall ba
kground, but it is of 
ourse dominated by the SM W . The numbers of events are
al
ulated with the 
ut mT > 0.7mW ′. Again we see that the higher mass intera
tionsare redu
ed by a greater fa
tor, and that this is the 
ase both for signal and ba
kground.The di�erent redu
tions of the ba
kground for di�erent transverse mass 
uts 
ould not bereprodu
ed by a global dataset reweighting (i.e. using the 7 TeV 
ross se
tion). In this
ase, the high mass W sample would get one global fa
tor, and this fa
tor would be theredu
tion of the ba
kground regardless of the transverse mass region 
onsidered.4.11.2 Dis
overy and ex
lusion limitsThe signi�
an
e as fun
tion of the transverse mass 
ut value at √
s = 7 TeV is shownin �gure 4.35. We see that the 
ut mT > 0.7mW ′ is still a good approximation to theoptimal 
ut value at this energy.Figure 4.36 shows the dis
overy limit plots (as des
ribed in se
tion 4.10.2) for 10 pb−1,

100 pb−1, and 1 fb−1 at√s = 7 TeV. The 
orresponding largest dis
overableW ′ masses are
1.1 TeV, 1.6 TeV, and 2.15 TeV respe
tively. We 
an still go barely beyond the Tevatronlimit with 10 pb−1. The 10 event limits for 100 pb−1 and 1 fb−1 are 1.4 TeV and 1.95 TeVrespe
tively. Figure 4.37 shows the integrated luminosity for 10 signal events as fun
tionof the W ′ mass.The ex
lusion limit plots (as des
ribed in se
tion 4.10.3) for 100 pb−1 and 1 fb−1 areshown in �gure 4.38. The limits on the W ′ mass at 95% CL are 1.65 TeV and 2.25 TeVrespe
tively. The latter limit is parti
ularly interesting, sin
e 1 fb−1 is the integratedluminosity whi
h is expe
ted to be a

umulated before the LHC is shut down and preparedfor higher energies. 93
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Figure 4.36: Expe
ted number of W ′ events and number of signal events needed fordis
overy as fun
tions of the W ′ mass for the 
ombined sear
h with 10 pb−1 (top left),
100 pb−1 (top right), and 1 fb−1 (bottom) of integrated luminosity.
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Figure 4.38: Expe
ted number of W ′ events and number of signal events ex
luded at 95%CL as fun
tions of the W ′ mass for the 
ombined sear
h with 100 pb−1 (left) and 1 fb−1(right).4.12 Supersymmetry and Z ′ 
ontributions to the trans-verse mass spe
trumIt is interesting to examine how pro
esses beyond the Standard Model (BSM) other thana W ′ may 
ontribute to the transverse mass spe
trum. In parti
ular, to see whetherother BSM pro
esses may produ
e an ex
ess of events at high transverse mass, and thuspossibly mimi
 aW ′ signal. We 
onsider here possible 
ontributions from supersymmetry(SUSY) and Z ′. These 
ontributions are examined at √s = 10 TeV.SUSY models postulate supersymmetri
 partners of all SM parti
les. A SM fermionhas a bosoni
 partner, while a SM boson has a fermioni
 partner. A theoreti
ally pleasing
onsequen
e of SUSY is that loop diagram 
ontributions to the Higgs mass from a SMparti
le is partially 
an
elled (exa
tly 
an
elled if SUSY were not broken) by its super-partner. This solves the hierar
hy problem (se
tion 1.7). An overview of the parti
le
ontent of SUSY models is shown in �gure 4.39. One should note that the Higgs se
toris extended 
ompared to the SM. Furthermore, the SUSY partners of the Higgs se
torand the SUSY partners of the ele
troweak gauge bosons mix to form the mass eigenstates(physi
al parti
les) 
alled 
harginos and neutralinos, as depi
ted in �gure 4.39.Within the SM, the running of the 
oupling 
onstants with energy does not 
ause them

Figure 4.39: Overview of the parti
le 
ontent in SUSY models.95



Figure 4.40: Gluino de
ay 
hain leading to one lepton and /ET. Here the LSP is theneutralino χ̃0
1.to meet (be
ome equal) at some high energy. Within SUSY models, the 
oupling 
onstantsdo meet at high energy, so that grand uni�
ation3 be
omes possible. Furthermore, SUSYmay provide an explanation for the shape of the Higgs potential.If so-
alled R-parity is 
onserved, then sparti
les (SUSY partners of SM parti
les)must 
ouple to SM parti
les in pairs. This means that sparti
les are produ
ed in pairs,and that the lightest sparti
le must be stable. The lightest sparti
le (LSP) is thus a
andidate to explain dark matter. In an experimental 
ontext, the LSP is a sour
e ofmissing transverse momentum. Various de
ay 
hains of sparti
les may give a one lepton�nal state. With the addition of /ET from the LSP, SUSY events may give a W ′-likesignature. Figure 4.40 shows an illustration of a gluino de
ay 
hain leading to one leptonand /ET (both LSP and neutrino).The Z ′ is a generi
 name of neutral gauge bosons appearing in BSM theories. As inthe 
ase of the W ′, the Z ′ properties are also model dependent. Considered here is theSM-like Z ′, whi
h is a heavier 
opy of the SM Z0 boson. The Z ′ may, as the SM Z boson,de
ay into two leptons, Z ′ → l+ l−. The Z ′ may thus 
ontribute to the one lepton �nalstate if one of the leptons is not re
onstru
ted.It is interesting to examine the Z ′ be
ause a Z ′ may appear together with a W ′ insome models. Their masses 
ould be related, su
h as the masses of the SM Z and Wbosons.SUSY and Z ′ datasets and 
ross se
tions are shown in table 4.8. The SUSY modelsused are minimal supergravity (mSUGRA) models, and the di�erent models SUX 
orre-spond to di�erent points in mSUGRA parameter spa
e. The parti
ular SUX models usedare arbitrarily 
hosen.4.12.1 Distributions before 
utsFigures 4.41 and 4.42 show the pT, /ET, and mT distributions after event presele
tion withnon-SM 
ontributions. Note that we now plot the 1.5 TeV W ′ instead of the 2.0 TeV one,sin
e we 
onsider Z ′ bosons of 1.0 TeV and 1.5 TeV. However, this is somewhat arbitrary,sin
e in a model with both a W ′ and a Z ′, their masses are not ne
essarily equal.We see that the SUSY models have many events with large /ET, as expe
ted be
auseof the LSP. The lepton pT in SUSY events is generally not so large, and therefore neitheris the transverse mass.For the Z ′ distributions, we note the very di�erent 
ontributions in the ele
tron andmuon 
hannels. The 
ontribution from Z ′ is mu
h greater in the muon 
hannel. This is3Grand uni�
ation is the idea that the ele
troweak and strong for
es are uni�ed with a single 
oupling
onstant at some high energy s
ale. 96



Pro
ess Run no. Re
on. tag MC events Cross se
tion [fb℄
Z ′ → e+ e−, 1.0 TeV 105603 r808_r838 42 · 103 251
Z ′ → µ+ µ−, 1.0 TeV 105601 r808_r838 30 · 103 254
Z ′ → e+ e−, 1.5 TeV 105624 r808_r838 15 · 103 76.1
Z ′ → µ+ µ−, 1.5 TeV 105625 r808_r838 15 · 103 77.8SU1 105401 r808_r838 10 · 103 2414SU3 105403 r808_r838 15 · 103 5477SU6 105404 r808_r838 9.0 · 103 1246SU8 105406 r808_r838 9.0 · 103 1806Table 4.8: Non-SM ba
kground samples used in the analysis.
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Figure 4.41: Distributions of pT, /ET, and mT in ele
tron (left) and muon (right) 
hannelsafter event presele
tion. 97
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Figure 4.42: Distributions of pT, /ET, and mT in ele
tron (left) and muon (right) 
hannelsafter event presele
tion.
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explained as follows. In the event presele
tion, we 
ut not only on the leading lepton pT,but also on the missing transverse energy. If a muon is not re
onstru
ted, this means thatits momentum will not be taken into a

ount when the /ET is 
al
ulated. The result isthat the non-re
onstru
ted muon shows up as /ET. (More pre
isely, if no other sour
es of
/ET are present, the /ET will equal the transverse 
omponent of the muon's momentum.)A Z ′ → µ+ µ− event where one muon is lost, is thus re
onstru
ted as a one muon eventwith /ET balan
ing the muon pT, i.e. it looks exa
tly like a W ′ event.The same will happen in the ele
tron 
hannel in the rare 
ase where one ele
tron hitsa 
ra
k in the 
alorimeter 
overage. In the more usual 
ase, when both ele
trons hit the
alorimeters, but only one of them are identi�ed as an ele
tron, the non-re
onstru
tedele
tron will still enter in the /ET 
al
ulation, and thus the event will have negligible /ETunless another sour
e of /ET is present.The result of this is that Z ′ → e+ e− events rarely pass the /ET requirement in the
ases when one ele
tron is not re
onstru
ted, but the Z ′ → µ+ µ− events do pass the /ETrequirement in the 
ases when one muon is not re
onstru
ted. This gives rise to the larger
ontribution from Z ′ in the muon 
hannel.4.12.2 Cut variable distributionsWe now examine how the lepton fra
tion and pT/ /ET 
uts a�e
t the SUSY and Z ′ 
on-tributions. The lepton fra
tion distributions for Z ′, W ′, and SUSY models are shown in�gure 4.43.For SUSY events, the lepton fra
tion tends to low values, as for the tt events. The rea-son is that SUSY de
ay 
hains typi
ally involve several hard jets. In fa
t, the denominatorin the lepton fra
tion is very similar to the so-
alled e�e
tive mass,

Meff = /ET +
∑

jets

pT, (4.53)whi
h is used as sear
h variable in SUSY sear
hes, sin
e SUSY events tend to high valuesof this variable.For Z ′ in the ele
tron 
hannel, the lepton fra
tion distribution is peaked just below
1/2. This is easy to understand. In Z ′ → e+ e− events, the ele
trons go ba
k to ba
k withequal momenta. The two ele
trons are expe
ted to dominate the event, and we thus have
∑

ET ≈ 2Ee
T (the unidenti�ed ele
tron also 
ontributes to ∑

ET). Furthermore, the /ETfor these events is expe
ted to be small. We thus have
flep =

Ee
T + /ET

∑

ET + /ET

≈ 1

2
. (4.54)The reason why the peak is just below 1/2 is be
ause some other softer a
tivity in theevent also 
ontributes to ∑

ET. For Z ′ in the muon 
hannel, the lepton fra
tion distri-bution looks very mu
h like the one from W ′ events, as expe
ted from the dis
ussion inse
tion 4.12.1.The pT/ /ET distributions for Z ′, W ′, and SUSY models are shown in �gure 4.44. Alsohere, SUSY events tend to lower values than signal events. Again, the Z ′ looks di�erentin the ele
tron and muon 
hannels. The momentum ratio pT/ /ET tends to high values for
Z ′ → e+ e− events, sin
e these events have low /ET. The Z ′ events in the muon 
hannellook very mu
h like W ′ events also in terms of pT/ /ET.99
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Figure 4.43: Lepton fra
tion distributions in the ele
tron (left) and muon (right) 
hannels.
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Figure 4.45: Transverse mass distributions in the ele
tron (left) and muon (right) 
hannelsafter 
uts.4.12.3 Transverse mass distributions after 
utsThe transverse mass distributions after 
uts are shown in �gure 4.45. There are someSUSY events at high transverse mass in both ele
tron and muon 
hannels. The magnitudeof this 
ontribution is really not determined by the available statisti
s, but it seems to beless than the SM W 
ontribution. In any 
ase, an ex
ess of high transverse mass eventsdue to SUSY 
an be distinguished from one due to a W ′ by looking at the lepton fra
tionand pT/ /ET distributions of the signal events.In the muon 
hannel, the Z ′ transverse mass distributions look similar to the W ′distributions in shape. With the SM-like Z ′ 
ross se
tion, the distributions go just barelyabove the SM ba
kground for some transverse mass ranges. The Z ′ 
ross se
tion is of
ourse model dependent, and if the Z ′ 
ross se
tion is higher than that of the SM-like Z ′,a Z ′ 
ould really produ
e a W ′-like ex
ess of events at high transverse mass.One 
ould imagine a s
enario with a Z ′ with high enough 
ross se
tion and no W ′. Inthis 
ase, one would start to see an ex
ess of events at high transverse mass in the muon
hannel, whi
h 
ould be interpreted as a W ′ signal. The Z ′ would of 
ourse already atthis point be dis
overed in the dilepton 
hannels. The 
on
lusion is that an ex
ess of hightransverse mass events in the muon 
hannel 
ould be from a Z ′ if su
h a neutral bosonexists. So if a Z ′ has been dis
overed and one starts to see an ex
ess of high transversemass events in the muon 
hannel, one should be aware that this ex
ess may be from the
Z ′.
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4.13 Con
lusionsThe potential for dis
overy of a new 
harged gauge boson W ′ de
aying to lepton andneutrino, where lepton means muon or ele
tron, has been investigated using simulateddata at √
s = 10 TeV. As referen
e model, the SM-like W ′ has been used. It has beenshown that su
h a boson is dete
table by ATLAS as an ex
ess of events at high transversemass. QCD dijet and tt ba
kgrounds have been shown to be redu
ible, and the dominatingba
kground has been identi�ed as the SM W high mass tail.We have used PDF reweighting to �nd that the signal 
ross se
tion is redu
ed by afa
tor 2.4 for the 1 TeV W ′ when the 
enter of mass energy is redu
ed from 10 TeV to

7 TeV, and higher fa
tors for the larger W ′ masses. The high mass SM W ba
kground isredu
ed by 
omparable fa
tors when 
onsidering the relevant transverse mass ranges.For the SM-likeW ′, we have seen that ATLAS be
omes sensitive beyond the Tevatron
95% CL ex
lusion limit even with 10 pb−1 of integrated luminosity at 7 TeV proton-proton
enter of mass energy. With the 1 fb−1 whi
h is expe
ted to be a

umulated at 7 TeV,ATLAS 
an put a limit on the SM-like W ′ mass mW ′ > 2.25 TeV at 95% CL. It shouldbe noted that these limits will depend on how well the data is understood. In parti
ular,the /ET 
an be a 
hallenge to understand in early data.Finally, the 
ontributions to the transverse mass spe
trum from Z ′ and SUSY modelshas been examined. It has been shown that a Z ′ de
aying to two muons may give a
W ′-like signature when one of the muons is not re
onstru
ted.4.14 SummaryIn this 
hapter, the prospe
ts for the dis
overy of a new 
harged gauge boson de
ayingto ele
trons and muons with ATLAS have been investigated using simulated data. In thenext 
hapter, we return to the analysis of real ATLAS data, and look at the very �rstLHC 
ollision data taken by ATLAS.
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Chapter 5The �rst LHC 
ollisions in ATLAS
5.1 The 900 GeV minimum bias dataIn De
ember 2009, ATLAS saw the �rst LHC proton-proton 
ollision events. The 
ollisionswere made with the inje
tion energy from the SPS, i.e. √

s = 900 GeV. Some 
ollisionswere also made with the energy ramped to √
s = 2.36 TeV, thus proving the LHC to bethe most powerful parti
le a

elerator ever built. In this se
tion, we look at the 900 GeV
ollisions, sin
e these 
onstitute a mu
h larger data sample than the √

s = 2.36 TeV
ollisions.The data samples used are all the 900 GeV minimum bias data samples with re
on-stru
tion tag r988. For MC the 900 GeV minimum bias MC with re
onstru
tion tagr1023 is used. (A 
omplete list of datasets 
an be found in appendix A.)5.1.1 Event sele
tionWhen looking at real data, the 
on�guration of the dete
tor in the run 
onsidered is ofimportan
e. The 
on�guration means in this 
ontext the 
urrents in the magnets and thestatus of the various subdete
tors. For example, parts of the 900 GeV minimum bias datawas taken with the pixel and SCT dete
tors at low bias voltage be
ause the LHC hadnot de
lared stable beam. For a study of muons, the toroid magnet is 
ru
ial, while for astudy of ele
trons, this is not the 
ase. Therefore, the requirements made on the dete
tor
on�guration depends on the analysis. In ATLAS, one 
an sele
t �good� luminosity blo
ksbased on any dete
tor 
on�guration requirements using a good runs list (GRL).When looking at minimum bias data, 
uts should also be made to ensure that theevent is really a 
ollision event. In this analysis, the �les of type DESD_COLLCAND are used.These in
lude only events that have been sele
ted as 
ollision 
andidates based on thetiming of the liquid argon end 
ap 
alorimeters and the minimum bias trigger s
intillators(MBTS). For this analysis, the following additional sele
tion is made to ensure 
ollisionevents:
• trigger MBTS_1_1 at level 1,
• |∆t| < 7.5 ns (de�ned below),
• re
onstru
ted primary vertex.The MBTS_1_1 trigger means that the MBTS has given a signal at both end 
aps. Inaddition, we would like these signals to appear at approximately the same time at both103



end 
aps. Therefore the 
ut on ∆t, de�ned as the di�eren
e between the average signaltimes in end 
aps A and C, ∆t = tA − tC, is made.5.1.2 V 0 verti
es in the inner dete
torMasses and lifetimes quoted in this se
tion are from referen
e [4℄.A V 0 parti
le is a neutral parti
le de
aying to two 
harged parti
les, thus drawing aV in a bubble 
hamber or an event display. Identifying V 0 verti
es in the ATLAS innerdete
tor, one 
an look for known signals as a test of the tra
king performan
e.The K0
S meson is a mixture of the strangeness eigenstates K0 = ds and K0 = ds. Itde
ays mainly to two pions, K0

S → π+ π−. With a lifetime of τ = 0.896 · 10−10 s giving
cτ = 2.68 cm, the K0

S is likely to give a se
ondary vertex in the inner dete
tor. The K0
Smass is mK0

S
= 497.6 MeV.Another 
andidate to provide se
ondary verti
es in the inner dete
tor is the Λ = udsstrange baryon. The de
ays Λ → p π− and Λ → p π+ provide the V 0 signature. Thelifetime of the Λ is τ = 2.63·10−10 s giving cτ = 7.89 cm, and its mass ismΛ = 1115.7 MeV.For this study, a standard GRL is used requiring the solenoid magnet and the innerdete
tor to be on (see appendix A). For vertex �tting, the TrkVKalVrtFitter tool isused. This tool requires the tra
k masses to be set, and they are here set to the pionmass, mπ = 139.57 MeV, for both tra
ks. The e�e
t of the tra
k masses on the vertexingpro
edure should be minimal in any 
ase, so we expe
t this approa
h to give good resultsalso for Λ de
aying to proton and pion. As input to the vertexing, tra
k pairs are formedfrom tra
ks from the Tra
kParti
leCandidate 
ontainer satisfying:

• at least 6 sili
on (SCT and pixel) hits,
• at least one pixel hit,
• pT > 100 MeV.If the vertex �t is su

essful, the vertex �tter returns a χ2 and a number of degrees offreedom Ndof of the �t. A 
ut p > 0.1 is made on the p value of the �t (�t probability)

p =

∫ ∞

χ2

fit

fχ2(x;Ndof) dx (5.1)where fχ2(x;Ndof) is the PDF of the χ2 distribution with Ndof degrees of freedom. Thismeans that there is in prin
iple a 10% probability to reje
t a vertex �t of two tra
ks
oming from an a
tual vertex.To 
al
ulate the invariant mass of the de
aying parti
le,
m =

√

(E1 + E2)2 − (p1 + p2)2, (5.2)we must assume some values for the masses m1 and m2 of the de
ay produ
ts sin
e
Ei =

√

p2
i +m2

i (5.3)(the parti
les 
an not be assumed to be highly relativisti
). The momenta p1 and p2 mustbe taken at the re
onstru
ted vertex position.Figure 5.1 (left) shows the invariant mass distribution of verti
es under the assumptionthat both de
ay produ
ts are pions. The distributions are shown both for opposite sign104
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Figure 5.1: Invariant mass of tra
ks from re
onstru
ted verti
es under the assumptionthat both tra
ks are pions (left) and the distan
e of the verti
es from the re
onstru
tedprimary vertex (right).
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Figure 5.2: Invariant mass of tra
ks from re
onstru
ted verti
es under the assumptionthat both tra
ks are pions with the 
ut |xsec − xprim| > 5 mm (left) and the distributionof cos θ for signal dominated and ba
kground dominated mass regions for opposite signtra
ks (right).tra
ks and same sign tra
ks. The K0
S peak is 
learly seen around 500 MeV for the oppositesign tra
ks, but not for the same sign tra
ks, as expe
ted. The same sign distributionhas been normalized to the opposite sign distribution to give the same integral in theregion mππ 6∈ [400 MeV, 600 MeV]. The numbers on the y axis thus 
orrespond only tothe number of entries in the opposite sign histogram.Shown in �gure 5.1 (right) is the distribution of the distan
e from the re
onstru
tedprimary vertex to the se
ondary vertex. The 
ombinatorial ba
kground from fake verti
esis expe
ted to be larger 
loser to the primary vertex. We make a 
ut that the distan
e tothe primary vertex, |xsec − xprim| where xsec(prim) is the position of the se
ondary (primary)vertex, be greater than 5 mm.Figure 5.2 (left) shows the invariant mass distribution of tra
k pairs after the 
ut

|xsec − xprim| > 5 mm, as well as the distribution of cos θ for opposite sign tra
ks forsignal- and ba
kground dominated mass regions (right). The angle θ is de�ned as theangle between the sum of the momenta of the de
ay produ
ts and the ve
tor pointing
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from the primary to the se
ondary vertex, i.e.
cos θ =

(p1 + p2) · (xsec − xprim)

|p1 + p2| |xsec − xprim|
. (5.4)Sin
e p1 + p2 = pV 0 for real V 0 verti
es, we will have cos θ ≈ 1 for these. This is be
ausethe V 0 is 
oming from the primary vertex and is not bent by the magneti
 �eld. This is
learly seen in �gure 5.2 (right), where the signal dominated sample has about ten timesmore entries in the last bin than in the �rst bin, while the ba
kground dominated samplehas approximately equal number of entries in the �rst and last bins.Figure 5.3 shows invariant mass distributions under π+π−, pπ−, and pπ+ assumptionsfor tra
k pairs with �nal 
uts:

• �t p value p > 0.1,
• |xsec − xprim| > 5 mm,
• cos θ > 0.98.The plots on the right hand side show �ts to a se
ond degree polynomial plus a Gaussianin the region around the mass peak. Fit parameters with only the statisti
al un
ertaintiesof the �ts are shown in the plot frames. The means are 
lose to the K0

S and Λ masses.For the pπ− and pπ+ hypotheses, the assigment of masses to the tra
ks is done using themeasured 
harges of the tra
ks. This means that the positive tra
k is given the protonmass for the pπ− hypothesis, while it is given the pion mass for the pπ+ hypothesis.Figure 5.4 shows the Armenteros-Podolanski plot, p⊥ vs. longitudinal asymmetry
(p+

L − p−L )/(p+
L + p−L ). Here, p⊥ is the momentum of the de
ay produ
ts in the dire
tionorthogonal to the V 0 dire
tion of motion, and p

+(−)
L is the momentum of the positive(negative) tra
k along the V 0 dire
tion of motion, i.e.

p±L = p± · nV 0 and p⊥ =
∣

∣p± −
(

p± · nV 0

)

nV 0

∣

∣ (5.5)where nV 0 = pV 0/ |pV 0 | is the unit ve
tor along the V 0 dire
tion of motion. (Note that
p+
⊥ = p−⊥ ≡ p⊥ sin
e pV 0 = p+ + p−).The visible ar
 in the Armenteros-Podolanski plot is due to K0

S de
ays. Smaller ar
sdue to Λ and Λ de
ays are not visible over the ba
kground.5.1.3 Ele
tron 
andidatesThe study of V 0 verti
es in the inner dete
tor provides �standard 
andles� for testing thetra
king performan
e, sin
e the masses of the V 0 parti
les are already known. For thestudy of ele
trons, �standard 
andles� are for example the de
ays J/ψ → e+ e− and Z0 →
e+ e−. However, the 900 GeV minimum bias data does not 
onstitute a large enough datasample to see these de
ays. For example, the 
ross se
tion for p p→ Z0 +X → e+e− +Xat √

s = 900 GeV is of order 10 pb, while the integrated luminosity of the De
ember2009 minimum bias 900 GeV data is estimated to be of order 10µb−1. In fa
t, almost noreal ele
trons, ex
ept for some se
ondaries and 
onversion ele
trons, exist in these data.What is done in this se
tion is therefore a data/MC 
omparison for ele
tron 
andidates,whi
h are mainly hadroni
 fakes, to see whether the ATLAS ele
tron re
onstru
tion isperforming as expe
ted from MC. 106
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Figure 5.9: Isolation E∆R<0.3
T (left) and normalized isolation E∆R<0.3

T /pT (right) for looseele
tron 
andidates within |η| < 2.5.
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Figure 5.10: Transverse momentum distribution for all muon 
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h are standalone and 
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andidates within |η| < 2.5.in �gure 5.11. All the plots show good agreement between data and MC, although thestatisti
s is limited.Figure 5.12 shows the impa
t parameters d0 and z0 with respe
t to the re
onstru
tedprimary vertex, while �gure 5.13 shows E∆R<0.3
T and E∆R<0.3

T /pT. Both the impa
t pa-rameters and isolation variables plots show reasonable agreement between data and MC,ex
ept possibly for the E∆R<0.3
T /pT distribution. However, the statisti
s in the real datais very limited.5.1.5 Jets and /ETAs we have seen, the missing transverse energy is 
entral in any study of the W or a W ′boson. It is therefore interesting to 
he
k the performan
e of the /ET re
onstru
tion in theminimum bias data by 
omparing to MC. When studying /ET, it is often a good idea tolook also at jet re
onstru
tion, sin
e jet energies must be properly re
onstru
ted in orderto get a good /ET re
onstru
tion.For the study of the /ET a �jet/ /ET with inner dete
tor� GRL is used. This leaves

329 · 103 events in the real data after 
uts. The 
orresponding number of MC events after
uts are 6.1 · 106.Figure 5.14 shows the jet pT (left) and jet multipli
ity (right) distributions. The jetsare taken from the AntiKt4H1TowerJets 
ontainer (jets re
onstru
ted with the anti-kTalgorithm from 
alorimeter towers). The agreement in the pT spe
trum between data111
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Figure 5.12: Distributions of d0 (left) and z0 (right) for all muon 
andidates within |η| <
2.5.
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Figure 5.14: Distributions of jet pT (left) and number of jets (right).
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Figure 5.15: Distribution of the jet EM fra
tion (left) and the jet pT distribution afterthe 
ut fEM > 0.1 (right).and MC seems fairly good at low pT, but the real data has stray events at high pT notreprodu
ed by MC. It should be noted that there are even 5 jets with pT > 100 GeV inthe real data. For the jet multipli
ity, a slight tenden
y towards higher jet multipli
ity isseen in the MC 
ompared to data.The jets with very high pT are likely to be fake jets due to 
alorimeter noise. Todistinguish su
h jets from real jets, one 
an look at the ele
tromagneti
 fra
tion (EMfra
tion) fEM of the jet. The EM fra
tion is de�ned as the ratio of the energy deposit ofthe jet in the ele
tromagneti
 
alorimeter to the total jet energy. Any real jet will deposita signi�
ant part of its energy in the ele
tromagneti
 
alorimeter.The distribution of the jet EM fra
tion is shown in �gure 5.15 (left). A quite 
leardis
repan
y between data and MC is seen. Of the 10 jets with pT > 50 GeV in the realdata, 9 fall in the �rst bin of the EM fra
tion histogram, and the remaining jet falls in theunder�ow bin. Figure 5.15 (right) shows the jet pT distribution with the 
ut fEM > 0.1.This 
ut removes the high pT noise jets, so that there are no jets with pT > 45 GeV inthe real data.When high pT noise jets exist in an event, the /ET of the event will be large. To 
leanthe /ET distribution, we 
an therefore make the 
leaning 
ut that we veto any events withat least one jet with fEM < 0.1. Figure 5.16 shows the /ET distributions obtained with(left) and without (right) this 
leaning 
ut. The distribution without the 
ut has severalevents with very high /ET, in
luding 4 events with /ET > 100 GeV. The distribution with113
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Figure 5.16: Distributions of /ET (left) and the same distribution with the requirementthat no jets with fEM < 0.1 exist in the event (right).Pro
ess Run no. Re
on. tag MC events Cross se
tion [pb℄
W → e νe 106020 r1205_r1210 997 · 103 7.78 · 103

W → µ νµ 106021 r1085_r1113 990 · 103 7.78 · 103Dijets J0 105009 r1085_r1113 390 · 103 9.75 · 109Dijets J1 105010 r1085_r1113 400 · 103 6.73 · 108Dijets J2 105011 r1085_r1113 400 · 103 4.12 · 107Dijets J3 105012 r1206_r1210 370 · 103 2.19 · 106Dijets J4 105013 r1206_r1210 399 · 103 8.79 · 104Dijets J5 105014 r1085_r1113 399 · 103 2.33 · 103Dijets J6 105015 r1085_r1113 366 · 106 33.8
t t→ l +X 105200 r1085_r1113 200 · 103 80.4Table 5.1: MC datasets used in the analysis. For the 
ases where a generator level eventsele
tion is made, the 
ross se
tion quoted is σ× ǫ where ǫ is the generator level sele
tione�
ien
y.the 
leaning 
ut has no events with /ET > 15 GeV. The /ET used in these plots is theMET_Topo, whi
h is /ET 
al
ulated from so-
alled topo 
lusters. This /ET re
onstru
tionhas been shown to perform better than �nal and re�ned /ET in these early data.5.2 Lepton and /ET event sele
tion in the �rst 7 TeVdataOn the 30th of Mar
h 2010, ATLAS saw the �rst proton-proton 
ollisions at √s = 7 TeV.Sin
e then, around 1 nb−1 of data has been a

umulated at this energy (at the time ofthis writing). In this se
tion, we perform a loosened W ′ event sele
tion in these data, and
ompare to MC.Table 5.1 shows the MC datasets and 
ross se
tions used for this analysis. The pro-
esses 
onsidered are SM W produ
tion, QCD dijet produ
tion, and tt pair produ
tion.Names of the datasets used for both real and simulated data 
an be found in appendix A.
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5.2.1 Lepton sele
tionThe lepton sele
tion used for this analysis is the same as in the W ′ MC analysis with onlysmall alterations, in parti
ular with a lowered pT threshold, in order to in
rease the realdata statisti
s. For ele
trons, we require:
• Medium ele
tron (see se
tion 4.8.1)
• |η| < 2.5

• pT > 10 GeVFor muons, we require:
• Combined muon
• χ2

match < 100 (inner dete
tor-muon spe
trometer)
• |η| < 2.5

• |d0| < 0.2 mm

• |z0| < 1.0 mm

• pT > 10 GeVNote that the transverse and longitudinal impa
t parameters d0 and z0 are taken relativeto the re
onstru
ted primary vertex, and that we 
an for this reason apply tight 
uts onthem to reje
t se
ondary muons and 
osmi
s. Reje
tion of 
osmi
 muons using the timinginformation of the TRT is also possible, but has not been implemented yet.5.2.2 Event sele
tionWe now sele
t events satisfying the following 
riteria:
• re
onstru
ted primary vertex,
• fEM > 0.1 and n90 > 5 for all jets (see below),
• exa
tly one high-pT lepton (as de�ned in se
tion 5.2.1),
• /ET > 10 GeV.To reje
t events with noisy jets, we use now not only the fEM variable dis
ussed in se
-tion 5.1.5, but also the variable n90, whi
h is de�ned as the smallest number of 
alorimeter
ells 
ontaining at least 90% of the jet's energy. If n90 is small, so that most of the jet'senergy is measured in only a few 
ells, the jet is likely to be noise-indu
ed.For the missing transverse energy, the 
ontainer MET_Topo is used for ele
tron events,sin
e this is performing well in the early data. In events with high-pT muons, using apurely 
luster based /ET does not make sense, sin
e the muons will then not be taken intoa

ount. For the muon events, the MET_Final 
ontainer is used for /ET.Good luminosity blo
ks are sele
ted using GRLs from the e/γ and Muon CombinedPerforman
e groups. 115



5.2.3 TriggerTo treat the data and the MC equally, we should make some requirement on the triggerde
ision. In the 7 TeV data used for this analysis, the high level trigger (level 2 and theevent �lter) has not been used to reje
t events, sin
e the rate has been relatively low. Weshould therefore require a trigger de
ision at level 1.In se
tion 5.1, we required a minimum bias trigger at level 1. This was appropriate,sin
e we were running on the minimum bias stream. In fa
t, most of the data used forthe present analysis is also the minimum bias stream, but for the runs where this is the
ase, the minimum bias triggers were not pres
aled, so that this stream 
ontains more orless all the events re
orded. However, for the last two runs used in this analysis, 153565and 153599, the instantaneous luminosity was so high that the minimum bias triggerswere pres
aled. This means that, when looking for high-pT muons or ele
trons in thisrun, the minimum bias stream should not be used. For these runs, the MuonswBeam andL1CaloEM streams are used for the muon analysis and the ele
tron analysis respe
tively.The events in these streams have passed level 1 muon or ele
tron triggers respe
tively,and a 
orresponding requirement should be made for the MC.For the ele
tron analysis, the level 1 ele
tromagneti
 
alorimeter trigger L1_EM3 isrequired to pass for both MC and real data. This trigger has not been pres
aled in anyof the runs used. Similarily, one 
ould imagine using the level 1 muon trigger L1_MU0for the muon analysis. This does, however, provide a problem. In some early 7 TeVruns, there was a problem with the RPC trigger timing. As a result, some of the level 1muon triggers from these runs are asso
iated to the wrong bun
h 
rossing, and imposinga trigger requirement reje
ts perfe
tly good events. Therefore, for the muon analysis, notrigger requirement is made. Note that this means that the MC and the real data arenot treated 
ompletely equally, as the level 1 muon trigger requirement has already beenimposed on the real data in the runs 153565 and 153599 at the time of data taking. Thee�e
t should not be large, as the level 1 muon triggers should have high e�
ien
y.5.2.4 Transverse mass distributionsFigure 5.17 shows the transverse mass distributions obtained in the ele
tron and muon
hannels with the event sele
tion des
ribed in se
tion 5.2.2. The MC has been s
aled tothe �ATLAS Re
.� integrated luminosity from the ATLAS data summary web page [32℄,whi
h is for these data 892µb−1. The �ATLAS Re
.� integrated luminosity 
orrespondsto luminosity blo
ks in whi
h the whole dete
tor is at nominal voltages et
. A moredetailed integrated luminosity determination based on the sele
ted luminosity blo
ks inthe applied GRLs has not been done. An un
ertainty of about 20% should be assumedfor the online luminosity measurement.Good agreement is seen between data and MC in both 
hannels. In parti
ular, therate of the jet 
ontribution in the low transverse mass region is as expe
ted from MC.Note that sin
e we are s
aling to the measured integrated luminosity, the agreement is interms of absolute rate, not just in terms of the shape of the distribution. One should notethat the statisti
al un
ertainty on the jet 
ontribution is non-negligible, and that for themost statisti
ally well de�ned bins in the data in the ele
tron 
hannel, the un
ertainty islarger on the MC than on the data.We now make similar 
uts as for the W ′ analysis, but with 
ut values tuned to observethe SM W boson rather than some heavy W ′ boson. These 
uts are:116
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Figure 5.17: Transverse mass distributions in the ele
tron (left) and muon (right) 
hannelsin the 7 TeV data after the event sele
tion des
ribed in se
tion 5.2.2. The MC has beens
aled to the measured integrated luminosity.
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Figure 5.18: Transverse mass distributions in the ele
tron (left) and muon (right) 
hannelsin the 7 TeV data after the event sele
tion des
ribed in se
tion 5.2.2 and loosenedW ′ 
uts.The MC has been s
aled to the measured integrated luminosity.
• normalized isolation E∆R<0.3

T /pT < 0.1,
• lepton fra
tion flep > 0.3,
• 0.5 < pT/ /ET < 1.5.The transverse mass distributions obtained after these 
uts are shown in �gure 5.18.With these 
uts, the dominating MC 
ontribution is seen to be the SM W , and theevents that are left in the data with high transverse mass are good W 
andidates. Typi-
ally, the number of W 
andidates is 
ounted with a transverse mass 
ut mT > 40 GeV.Using this 
ut to 
ount W 
andidates, we are observing 7 W 
andidates in ea
h of the
hannels in these data. In the range 40 GeV < mT < 100 GeV, 2.8 W events in the ele
-tron 
hannel and 3.4 W events in the muon 
hannel are expe
ted from MC. The observed7 events in ea
h 
hannel 
orrespond to approximately 1.6σ and 2.1σ deviations. These arenot statisti
ally signi�
ant deviations, and in any 
ase this is a very preliminary study.Next-to-leading order 
orre
tions to the 
ross se
tion have for example not been takeninto a

ount.Among the 14 good W 
andidates that are left in the data, we �nd the �rst o�
ialATLASW 
andidate events. In the ele
tron 
hannel, the �rst o�
ial ATLASW 
andidate117



Figure 5.19: Event display of the �rst o�
ial ATLASW 
andidate in the ele
tron 
hannel.was found in run 152409. An event display of this event is shown in �gure 5.19. In thetransverse proje
tion, the ele
tron is highlighted with yellow, and the dire
tion of the /ETis shown as a dashed red line. The �rst 
andidate in the muon 
hannel was found in run152221. An event display of this 
andidate is shown in �gure 5.20.5.3 Con
lusionsIn this 
hapter, we have looked at real LHC 
ollision data taken by ATLAS. The study of
V 0 verti
es in the 900 GeV minimum bias data provides standard 
andles for testing thetra
king performan
e. We have seen that we 
an obtain mass peaks for the K0

S, Λ, and
Λ parti
les, and that �ts to these peaks give masses 
lose to the established values. Thisshows that the ATLAS tra
king system is performing well, and that the magneti
 �eld
on�guration in the inner dete
tor is known to good pre
ision.The re
onstru
tion of ele
trons and muons has been tested against simulation for the�rst 900 GeV minimum bias data. Reasonable agreement between simulation and realdata is seen in most distributions.Finally, we have performed a loosened W ′ event sele
tion in the �rst 7 TeV data,in parti
ular with a lowered pT threshold. Good agreement has been shown betweensimulation and real data in the low mass jet dominated part of the spe
trum, not only interms of shape, but in terms of absolute rate.With the appli
ation of loosened 
uts on normalized isolation, lepton fra
tion, and
pT/ /ET, the jet 
ontribution has been redu
ed. These 
uts leave 7 good W 
andidatesabove mT = 40 GeV in ea
h 
hannel, 14 good W 
andidates in total.
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Figure 5.20: Event display of the �rst o�
ial ATLAS W 
andidate in the muon 
hannel.
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Con
lusions and outlookIn this thesis, we have investigated the possibility for dis
overy of a new 
harged gaugeboson W ′ de
aying to 
harged lepton and neutrino with the ATLAS dete
tor at the LHC.We have seen that su
h a boson with a mass beyond the Tevatron ex
lusion limit may bedis
overed with only of order 10 pb−1 of data at √s = 7 TeV.Other possible new physi
s 
ontributions to the one lepton and missing transverseenergy �nal state have also been 
onsidered, in parti
ular supersymmetry and Z ′. Wehave seen that the 
ontributions to the transverse mass spe
trum from su
h pro
esses isat most 
omparable to the SM ba
kground for the models 
onsidered.As this thesis has been written in parallel with the startup of the LHC, a large parthas been devoted to the analysis of real ATLAS data, both 
osmi
 data and the �rst LHC
ollision data. These data show in general promising results in terms of dete
tor perfor-man
e and understanding. In parti
ular, a loosened W ′ event sele
tion was performedin the �rst 7 TeV data, and good agreement was seen between MC and real data in thelow mass part of the spe
trum. The �rst good W 
andidates have been observed in bothele
tron and muon 
hannels.The LHC is now running at √s = 7 TeV, whi
h is the energy that will be used for the
olle
tion of the �rst 1 fb−1 of data. This �rst data sample will open up a vast range ofpossible physi
s dis
overy. In our W ′ analysis, we saw that 1 fb−1 of 7 TeV data is enoughto dis
over or ex
lude a SM-like W ′ boson with a mass above 2 TeV.The luminosity of the LHC is in
reasing week by week, and a very ex
iting time liesahead of the parti
le physi
s 
ommunity!
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Appendix ADetailed information about data setsused
A.1 Cosmi
 dataThe names of the data sets (
ontainers) used in the 
osmi
 analysis are, following thesame ordering as in se
tion 3.4.2, for real data:1. data08_
osmag.00091890.physi
s_IDCosmi
.re
on.ESD.o4_r653/2. data08_
osmag.00091900.physi
s_IDCosmi
.re
on.ESD.o4_r653/and for simulated data:1. valid2.108867.CosSimIDVolSolOnTorOn.re
on.ESD.s533_d167_r676/2. valid2.108866.CosSimIDVolSolOffTorOff.re
on.ESD.s534_d168_r677/A.2 10 TeV MC dataThe names of the data sets (
ontainers) used for the W ′ MC study are:

• m
08.106020.PythiaWenu_1Lepton.merge.AOD.e352_s462_s520_r809_r838
• m
08.106021.PythiaWmunu_1Lepton.merge.AOD.e352_s462_s520_r808_r838
• m
08.106604.PythiaWemutau_200M500.merge.AOD.e384_s462_s520_r808_r838
• m
08.106605.PythiaWemutau_Mg500.merge.AOD.e384_s462_s520_r808_r838
• m
08.105610.Pythia_Wprime_emutau_1000.merge.AOD.e352_s462_s520_r808_r838
• m
08.105626.Pythia_Wprime_emutau_1500.merge.AOD.e357_s462_s520_r808_r838
• m
08.105611.Pythia_Wprime_emutau_2000.merge.AOD.e363_s462_s520_r808_r838
• m
08.105662.Pythia_Wprime_emutau_2500.merge.AOD.e363_s462_s520_r808_r838
• m
08.105663.Pythia_Wprime_emutau_3000.merge.AOD.e363_s462_s520_r808_r838
• m
08.105664.Pythia_Wprime_emutau_3500.merge.AOD.e363_s462_s520_r808_r838121



• m
08.105985.WW_Herwig.merge.AOD.e379_s462_s520_r808_r838
• m
08.105987.WZ_Herwig.merge.AOD.e368_s462_s520_r808_r838
• m
08.105986.ZZ_Herwig.merge.AOD.e379_s462_s520_r808_r838
• m
08.105120.PythiaZgam_allLep.merge.AOD.e347_s462_s520_r808_r838
• m
08.006540.PythiaWgam_allLep.re
on.AOD.e327_s400_d99_r474
• m
08.105121.PythiaDYee_200M.merge.AOD.e355_s462_s520_r808_r838
• m
08.105122.PythiaDYmumu_200M.merge.AOD.e355_s462_s520_r808_r838
• m
08.105200.T1_M
AtNlo_Jimmy.merge.AOD.e357_s462_s520_r809_r838
• m
08.105009.J0_pythia_jetjet.merge.AOD.e344_s479_s520_r809_r838
• m
08.105010.J1_pythia_jetjet.merge.AOD.e344_s479_s520_r809_r838
• m
08.105011.J2_pythia_jetjet.merge.AOD.e344_s479_s520_r809_r838
• m
08.105012.J3_pythia_jetjet.merge.AOD.e344_s479_s520_r809_r838
• m
08.105013.J4_pythia_jetjet.merge.AOD.e344_s479_s520_r809_r838
• m
08.105014.J5_pythia_jetjet.merge.AOD.e344_s479_s520_r809_r838
• m
08.105015.J6_pythia_jetjet.merge.AOD.e344_s479_s520_r809_r838
• m
08.105016.J7_pythia_jetjet.merge.AOD.e344_s479_s520_r809_r838
• m
08.105017.J8_pythia_jetjet.re
on.AOD.e344_s475_r586
• m
08.105624.Pythia_Zprime_ee_SSM1500.merge.AOD.e357_s462_s520_r808_r838
• m
08.105625.Pythia_Zprime_mumu_SSM1500.merge.AOD.e357_s462_s520_r808_r838
• m
08.105603.Pythia_Zprime_ee_SSM1000.merge.AOD.e352_s462_s520_r808_r838
• m
08.105601.Pythia_Zprime_mumu_SSM1000.merge.AOD.e352_s462_s520_r808_r838
• m
08.105401.SU1_jimmy_susy.merge.AOD.e352_s462_s520_r808_r838
• m
08.105403.SU3_jimmy_susy.merge.AOD.e352_s462_s520_r808_r838
• m
08.105404.SU6_jimmy_susy.merge.AOD.e352_s462_s520_r808_r838
• m
08.105406.SU8_jimmy_susy.merge.AOD.e357_s462_s520_r808_r838
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A.3 900 GeV minimum bias dataDatasets used for the 900 GeV real 
ollision data:
• data09_900GeV.00142392.physi
s_MinBias.merge.DESD_COLLCAND.r988_p62/
• data09_900GeV.00141398.physi
s_MinBias.merge.DESD_COLLCAND.r988_p62/
• data09_900GeV.00141746.physi
s_MinBias.merge.DESD_COLLCAND.r988_p62/
• data09_900GeV.00141565.physi
s_MinBias.merge.DESD_COLLCAND.r988_p62/
• data09_900GeV.00141270.physi
s_MinBias.merge.DESD_COLLCAND.r988_p62/
• data09_900GeV.00142171.physi
s_MinBias.merge.DESD_COLLCAND.r988_p62/
• data09_900GeV.00142042.physi
s_MinBias.merge.DESD_COLLCAND.r988_p62/
• data09_900GeV.00141691.physi
s_MinBias.merge.DESD_COLLCAND.r988_p62/
• data09_900GeV.00142397.physi
s_MinBias.merge.DESD_COLLCAND.r988_p62/
• data09_900GeV.00140541.physi
s_MinBias.merge.DESD_COLLCAND.r988_p62/
• data09_900GeV.00141234.physi
s_MinBias.merge.DESD_COLLCAND.r988_p62/
• data09_900GeV.00142159.physi
s_MinBias.merge.DESD_COLLCAND.r988_p62/
• data09_900GeV.00140955.physi
s_MinBias.merge.DESD_COLLCAND.r988_p62/
• data09_900GeV.00141707.physi
s_MinBias.merge.DESD_COLLCAND.r988_p62/
• data09_900GeV.00141403.physi
s_MinBias.merge.DESD_COLLCAND.r988_p62/
• data09_900GeV.00141534.physi
s_MinBias.merge.DESD_COLLCAND.r988_p62/
• data09_900GeV.00142383.physi
s_MinBias.merge.DESD_COLLCAND.r988_p62/
• data09_900GeV.00140822.physi
s_MinBias.merge.DESD_COLLCAND.r988_p62/
• data09_900GeV.00141562.physi
s_MinBias.merge.DESD_COLLCAND.r988_p62/
• data09_900GeV.00141994.physi
s_MinBias.merge.DESD_COLLCAND.r988_p62/
• data09_900GeV.00142161.physi
s_MinBias.merge.DESD_COLLCAND.r988_p62/
• data09_900GeV.00142189.physi
s_MinBias.merge.DESD_COLLCAND.r988_p62/
• data09_900GeV.00141266.physi
s_MinBias.merge.DESD_COLLCAND.r988_p62/
• data09_900GeV.00141999.physi
s_MinBias.merge.DESD_COLLCAND.r988_p62/
• data09_900GeV.00141702.physi
s_MinBias.merge.DESD_COLLCAND.r988_p62/
• data09_900GeV.00141721.physi
s_MinBias.merge.DESD_COLLCAND.r988_p62/
• data09_900GeV.00141704.physi
s_MinBias.merge.DESD_COLLCAND.r988_p62/123



• data09_900GeV.00142395.physi
s_MinBias.merge.DESD_COLLCAND.r988_p62/
• data09_900GeV.00142394.physi
s_MinBias.merge.DESD_COLLCAND.r988_p62/
• data09_900GeV.00141226.physi
s_MinBias.merge.DESD_COLLCAND.r988_p62/
• data09_900GeV.00142065.physi
s_MinBias.merge.DESD_COLLCAND.r988_p62/
• data09_900GeV.00141748.physi
s_MinBias.merge.DESD_COLLCAND.r988_p62/
• data09_900GeV.00141209.physi
s_MinBias.merge.DESD_COLLCAND.r988_p62/
• data09_900GeV.00142149.physi
s_MinBias.merge.DESD_COLLCAND.r988_p62/
• data09_900GeV.00141561.physi
s_MinBias.merge.DESD_COLLCAND.r988_p62/
• data09_900GeV.00142165.physi
s_MinBias.merge.DESD_COLLCAND.r988_p62/
• data09_900GeV.00142190.physi
s_MinBias.merge.DESD_COLLCAND.r988_p62/
• data09_900GeV.00141755.physi
s_MinBias.merge.DESD_COLLCAND.r988_p62/
• data09_900GeV.00142192.physi
s_MinBias.merge.DESD_COLLCAND.r988_p62/
• data09_900GeV.00142155.physi
s_MinBias.merge.DESD_COLLCAND.r988_p62/
• data09_900GeV.00141203.physi
s_MinBias.merge.DESD_COLLCAND.r988_p62/
• data09_900GeV.00140571.physi
s_MinBias.merge.DESD_COLLCAND.r988_p62/
• data09_900GeV.00142174.physi
s_MinBias.merge.DESD_COLLCAND.r988_p62/
• data09_900GeV.00142191.physi
s_MinBias.merge.DESD_COLLCAND.r988_p62/
• data09_900GeV.00141387.physi
s_MinBias.merge.DESD_COLLCAND.r988_p62/
• data09_900GeV.00141718.physi
s_MinBias.merge.DESD_COLLCAND.r988_p62/
• data09_900GeV.00141998.physi
s_MinBias.merge.DESD_COLLCAND.r988_p62/
• data09_900GeV.00142193.physi
s_MinBias.merge.DESD_COLLCAND.r988_p62/
• data09_900GeV.00141401.physi
s_MinBias.merge.DESD_COLLCAND.r988_p62/
• data09_900GeV.00142154.physi
s_MinBias.merge.DESD_COLLCAND.r988_p62/
• data09_900GeV.00142144.physi
s_MinBias.merge.DESD_COLLCAND.r988_p62/
• data09_900GeV.00142390.physi
s_MinBias.merge.DESD_COLLCAND.r988_p62/
• data09_900GeV.00140974.physi
s_MinBias.merge.DESD_COLLCAND.r988_p62/
• data09_900GeV.00141563.physi
s_MinBias.merge.DESD_COLLCAND.r988_p62/
• data09_900GeV.00142400.physi
s_MinBias.merge.DESD_COLLCAND.r988_p62/
• data09_900GeV.00141238.physi
s_MinBias.merge.DESD_COLLCAND.r988_p62/124



• data09_900GeV.00141749.physi
s_MinBias.merge.DESD_COLLCAND.r988_p62/
• data09_900GeV.00142406.physi
s_MinBias.merge.DESD_COLLCAND.r988_p62/
• data09_900GeV.00142166.physi
s_MinBias.merge.DESD_COLLCAND.r988_p62/
• data09_900GeV.00142391.physi
s_MinBias.merge.DESD_COLLCAND.r988_p62/
• data09_900GeV.00142194.physi
s_MinBias.merge.DESD_COLLCAND.r988_p62/
• data09_900GeV.00142195.physi
s_MinBias.merge.DESD_COLLCAND.r988_p62/
• data09_900GeV.00141811.physi
s_MinBias.merge.DESD_COLLCAND.r988_p62/
• data09_900GeV.00142157.physi
s_MinBias.merge.DESD_COLLCAND.r988_p62/
• data09_900GeV.00141695.physi
s_MinBias.merge.DESD_COLLCAND.r988_p62/For 900 GeV minimum bias MC
• m
09_900GeV.105001.pythia_minbias.re
on.ESD.e500_s655_s657_d257_r1023/is used.A.3.1 GRLsQueries to generate the GRLs used for the various 900 GeV 
ollision data studies are givenhere.
• V 0 study:find run 140541+ and partition ATLAS and db DATA and lh
 stablebeamsT and st physi
s_MinBias and ptag data09_900GeV and dq ATLGL greenLBSUMM#DetStatusLBSUMM-De
ember09-01 and dq L1CTP greenLBSUMM#DetStatusLBSUMM-De
ember09-01 and dq atlsol greenLBSUMM#DetStatusLBSUMM-De
ember09-01 and dq pix greenLBSUMM#DetStatusLBSUMM-De
ember09-01 and dq s
t greenLBSUMM#DetStatusLBSUMM-De
ember09-01 and dq trtb,trte greenLBSUMM#DetStatusLBSUMM-De
ember09-01
• Ele
tron study:f r 141000+ and events 100000+ and dqLBSUMM#DetStatusLBSUMM-De
ember09-00 pix,s
t,lar,trtb,trte,til g and dqLBSUMM#DetStatusLBSUMM-De
ember09-00 atlsol,atlgl,l1
tp g andlh
 beamenergy 449-451 and lh
 stablebeams true
• Muon study:f r 141749+ and dq atlgl LBSUMM#DetStatusLBSUMM-De
ember09-01 g and dq pixLBSUMM#DetStatusLBSUMM-De
ember09-01 g and dq s
tLBSUMM#DetStatusLBSUMM-De
ember09-01 g and dq mdtLBSUMM#DetStatusLBSUMM-De
ember09-01 g and dq tg
LBSUMM#DetStatusLBSUMM-De
ember09-01 g and dq rp
LBSUMM#DetStatusLBSUMM-De
ember09-01 g and lh
 stablebeams trueand mag t >20000 and mag s
• /ET study:find run 140541+ and partition ATLAS and db DATA and lh
 stablebeamsT and st physi
s_MinBias and ptag data09_900GeV and dq ATLGL greenLBSUMM#DetStatusLBSUMM-De
ember09-01 and dq L1CTP greenLBSUMM#DetStatusLBSUMM-De
ember09-01 and dq atlsol greenLBSUMM#DetStatusLBSUMM-De
ember09-01 and dq lar greenLBSUMM#DetStatusLBSUMM-De
ember09-01 and dq tile greenLBSUMM#DetStatusLBSUMM-De
ember09-01 and dq pix greenLBSUMM#DetStatusLBSUMM-De
ember09-01 and dq s
t greenLBSUMM#DetStatusLBSUMM-De
ember09-01 and dq trtb,trte greenLBSUMM#DetStatusLBSUMM-De
ember09-01 125



A.4 7 TeV MC dataThe MC datasets used for the 7 TeV analysis are:
• m
09_7TeV.106020.PythiaWenu_1Lepton.merge.AOD.e468_s765_s767_r1205_r1210/
• m
09_7TeV.106021.PythiaWmunu_1Lepton.merge.AOD.e468_s624_s633_r1085_r1113/
• m
09_7TeV.105009.J0_pythia_jetjet.merge.AOD.e468_s624_s633_r1085_r1113/
• m
09_7TeV.105010.J1_pythia_jetjet.merge.AOD.e468_s624_s633_r1085_r1113/
• m
09_7TeV.105011.J2_pythia_jetjet.merge.AOD.e468_s624_s633_r1085_r1113/
• m
09_7TeV.105012.J3_pythia_jetjet.merge.AOD.e468_s766_s767_r1206_r1210/
• m
09_7TeV.105013.J4_pythia_jetjet.merge.AOD.e468_s766_s767_r1206_r1210/
• m
09_7TeV.105014.J5_pythia_jetjet.merge.AOD.e468_s624_s633_r1085_r1113/
• m
09_7TeV.105015.J6_pythia_jetjet.merge.AOD.e468_s624_s633_r1085_r1113/
• m
09_7TeV.105200.T1_M
AtNlo_Jimmy.merge.AOD.e510_s624_s633_r1085_r1113/A.5 7 TeV real dataThe datasets used for real 7 TeV 
ollision data are:
• data10_7TeV.00152221.physi
s_MinBias.merge.AOD.f238_m427
• data10_7TeV.00152273.physi
s_MinBias.merge.AOD.f238_m427
• data10_7TeV.00152346.physi
s_MinBias.merge.AOD.f238_m427
• data10_7TeV.00152272.physi
s_MinBias.merge.AOD.f238_m427
• data10_7TeV.00152270.physi
s_MinBias.merge.AOD.f238_m427
• data10_7TeV.00152222.physi
s_MinBias.merge.AOD.f238_m427
• data10_7TeV.00152174.physi
s_MinBias.merge.AOD.f238_m427
• data10_7TeV.00152399.physi
s_MinBias.merge.AOD.f238_m427
• data10_7TeV.00152371.physi
s_MinBias.merge.AOD.f238_m427
• data10_7TeV.00152372.physi
s_MinBias.merge.AOD.f238_m427
• data10_7TeV.00152409.physi
s_MinBias.merge.AOD.f238_m427
• data10_7TeV.00152214.physi
s_MinBias.merge.AOD.f238_m427
• data10_7TeV.00152223.physi
s_MinBias.merge.AOD.f238_m427
• data10_7TeV.00152175.physi
s_MinBias.merge.AOD.f238_m427126



• data10_7TeV.00152373.physi
s_MinBias.merge.AOD.f238_m427
• data10_7TeV.00152343.physi
s_MinBias.merge.AOD.f238_m427
• data10_7TeV.00152182.physi
s_MinBias.merge.AOD.f238_m427
• data10_7TeV.00152374.physi
s_MinBias.merge.AOD.f238_m427
• data10_7TeV.00152168.physi
s_MinBias.merge.AOD.f238_m427
• data10_7TeV.00152345.physi
s_MinBias.merge.AOD.f238_m427
• data10_7TeV.00152220.physi
s_MinBias.merge.AOD.f238_m427
• data10_7TeV.00152844.physi
s_MinBias.merge.AOD.f243_m435
• data10_7TeV.00152777.physi
s_MinBias.merge.AOD.f243_m435
• data10_7TeV.00152774.physi
s_MinBias.merge.AOD.f243_m435
• data10_7TeV.00152778.physi
s_MinBias.merge.AOD.f243_m435
• data10_7TeV.00152779.physi
s_MinBias.merge.AOD.f243_m435
• data10_7TeV.00152776.physi
s_MinBias.merge.AOD.f243_m435
• data10_7TeV.00152809.physi
s_MinBias.merge.AOD.f243_m435
• data10_7TeV.00152490.physi
s_MinBias.merge.AOD.f241_m433
• data10_7TeV.00152489.physi
s_MinBias.merge.AOD.f241_m433
• data10_7TeV.00152508.physi
s_MinBias.merge.AOD.f241_m433
• data10_7TeV.00152441.physi
s_MinBias.merge.AOD.f238_m433
• data10_7TeV.00152166.physi
s_MinBias.merge.AOD.f239_m427
• data10_7TeV.00152549.physi
s_MinBias.merge.AOD.f242_m435
• data10_7TeV.00152160.physi
s_MinBias.merge.AOD.f236_m427
• data10_7TeV.00152845.physi
s_MinBias.merge.AOD.f243_m435
• data10_7TeV.00152772.physi
s_MinBias.merge.AOD.f242_m435
• data10_7TeV.00152163.physi
s_MinBias.merge.AOD.f236_m427
• data10_7TeV.00152159.physi
s_MinBias.merge.AOD.f236_m427
• data10_7TeV.00152877.physi
s_MinBias.merge.AOD.f243_m435
• data10_7TeV.00152545.physi
s_MinBias.merge.AOD.f242_m435
• data10_7TeV.00152766.physi
s_MinBias.merge.AOD.f242_m435
• data10_7TeV.00152767.physi
s_MinBias.merge.AOD.f242_m435127



• data10_7TeV.00152539.physi
s_MinBias.merge.AOD.f241_m435
• data10_7TeV.00152768.physi
s_MinBias.merge.AOD.f242_m435
• data10_7TeV.00152164.physi
s_MinBias.merge.AOD.f236_m427
• data10_7TeV.00152716.physi
s_MinBias.merge.AOD.f242_m435
• data10_7TeV.00152165.physi
s_MinBias.merge.AOD.f236_m427
• data10_7TeV.00152878.physi
s_MinBias.merge.AOD.f243_m440
• data10_7TeV.00152933.physi
s_MinBias.merge.AOD.f244_m440
• data10_7TeV.00152935.physi
s_MinBias.merge.AOD.f244_m440
• data10_7TeV.00153028.physi
s_MinBias.merge.AOD.f246_m445
• data10_7TeV.00153030.physi
s_MinBias.merge.AOD.f247_m450
• data10_7TeV.00152994.physi
s_MinBias.merge.AOD.f244_m450
• data10_7TeV.00153029.physi
s_MinBias.merge.AOD.f247_m445
• data10_7TeV.00153159.physi
s_MinBias.merge.AOD.f249_m455
• data10_7TeV.00153200.physi
s_MinBias.merge.AOD.f249_m455
• data10_7TeV.00153135.physi
s_MinBias.merge.AOD.f249_m455
• data10_7TeV.00153191.physi
s_MinBias.merge.AOD.f249_m455
• data10_7TeV.00153136.physi
s_MinBias.merge.AOD.f249_m455
• data10_7TeV.00153134.physi
s_MinBias.merge.AOD.f249_m455
• data10_7TeV.00153226.physi
s_MinBias.merge.AOD.f249_m455
• data10_7TeV.00153410.physi
s_MinBias.merge.AOD.f250_m462
• data10_7TeV.00153350.physi
s_MinBias.merge.AOD.f250_m460
• data10_7TeV.00153291.physi
s_MinBias.merge.AOD.f250_m460
• data10_7TeV.00153405.physi
s_MinBias.merge.AOD.f250_m462
• data10_7TeV.00153474.physi
s_MinBias.merge.AOD.f250_m462
• data10_7TeV.00153351.physi
s_MinBias.merge.AOD.f250_m462
• data10_7TeV.00153406.physi
s_MinBias.merge.AOD.f250_m462
• data10_7TeV.00153288.physi
s_MinBias.merge.AOD.f250_m460
• data10_7TeV.00153407.physi
s_MinBias.merge.AOD.f250_m462
• data10_7TeV.00153376.physi
s_MinBias.merge.AOD.f250_m462128



• data10_7TeV.00153459.physi
s_MinBias.merge.AOD.f250_m462
• data10_7TeV.00153292.physi
s_MinBias.merge.AOD.f250_m460
• data10_7TeV.00153295.physi
s_MinBias.merge.AOD.f250_m460
• data10_7TeV.00153408.physi
s_MinBias.merge.AOD.f250_m462
• data10_7TeV.00153476.physi
s_MinBias.merge.AOD.f250_m462
• data10_7TeV.00153477.physi
s_MinBias.merge.AOD.f250_m462
• data10_7TeV.00153294.physi
s_MinBias.merge.AOD.f250_m460
• data10_7TeV.00153473.physi
s_MinBias.merge.AOD.f250_m462
• data10_7TeV.00153290.physi
s_MinBias.merge.AOD.f250_m460
• data10_7TeV.00153349.physi
s_MinBias.merge.AOD.f250_m460
• data10_7TeV.00153565.physi
s_L1CaloEM.merge.AOD.f251_m466
• data10_7TeV.00153599.physi
s_L1CaloEM.merge.AOD.f251_m466
• data10_7TeV.00153565.physi
s_MuonswBeam.merge.AOD.f251_m466
• data10_7TeV.00153599.physi
s_MuonswBeam.merge.AOD.f251_m466A.5.1 GRLsThe queries used to generate the GRLs were for the
• ele
tron 
hannel:find run 152166+ and ready and dq atlgl g and dq 
p_eg_ele
tron_barrel y+and dq 
p_eg_ele
tron_end
ap y+ and dq tigb g
• muon 
hannel:find r 152166+ and lh
 stablebeams true and dq atlgl g and dq mdt g anddq 
s
 g and dq tg
 g and dq rp
 g and dq pix g and dq s
t g and mag sand mag t > 20000

129



Appendix BPauli matri
esThe Pauli matri
es used in the development of the standard ele
troweak theory are
τ1 =

(

0 1
1 0

)

, τ2 =

(

0 −i
i 0

)

, τ3 =

(

1 0
0 −1

)

. (B.1)They are Hermitian, τ †i = τi, and satisfy the 
ommutation relation
[σk, σl] = 2iεklmσm (B.2)where εklm is the fully antisymmetri
 Levi-Civita tensor, whi
h enters in the transforma-tion rule for the W �elds, eq. (1.40).Sin
e τ3 is diagonal, it gives neutral 
urrent terms:

χLγ
µτ3χL = ψνLγ

µψνL − ψeLγ
µψeL. (B.3)Charged 
urrents are obtained through linear 
ombinations of the τ1 and τ2 matri
es.

130



Bibliography[1℄ F. Mandl and G. Shaw, Quantum �eld theory, Revised Edition, WILEY[2℄ D. Gri�ths, Introdu
tion to Elementary Parti
les, Se
ond Edition, WILEY-VCH[3℄ Quang Ho-Kim, Xuam-Yem Pham, Elementary Parti
les and Their Intera
tions:Con
epts and Phenomena, Springer[4℄ C. Amsler et al., Review of Parti
le Physi
s, Physi
s Letters B 667, 1 (2008)[5℄ Andreas Hoe
ker, Status of the global ele
troweak �t of the Standard Model,arXiv:0909.0961v2[6℄ G. Senjanovi
, R.N. Mohapatra, Phys. Rev. D12, 1502 (1975)[7℄ R.N. Mohapatra, G. Senjanovi
, Phys. Rev. Lett. 44, 912 (1980)[8℄ ATLAS 
ollaboration, The ATLAS Experiment at the CERN Large Hadron Collider,2008 JINST 3 S08003[9℄ ATLAS 
ollaboration, ATLAS dete
tor and physi
s performan
e, Te
hni
al DesignReport, Volume I, ATLAS TDR 14, CERN/LHCC 99-14[10℄ C. Grupen, Astroparti
le Physi
s, Springer[11℄ S. Agostinelli et al., GEANT4 Collaboration, GEANT4: A simulation toolkit, Nu
l.Instr. Meth. A506 (2003) 250-303[12℄ R. Brun and F. Rademakers, Nu
l. Instrum. Meth. A 389, 81 (1997)[13℄ https://twiki.
ern.
h/twiki/bin/view/Atlas/InDetCosmi
08Analyses(ATLAS TWiki)[14℄ M. Boonekamp et al., Cosmi
 Ray, Beam-Halo and Beam-Gas Rate Studies for AT-LAS Commissioning, ATL-GEN-2004-001[15℄ A.Pukhov et al., CompHEP - a pa
kage for evaluation of Feynman diagrams andintegration over multi-parti
le phase spa
e. User's manual for version 3.3, INP MSUreport 98-41/542, Website: http://
omphep.sinp.msu.ru[16℄ S. Mo
h, Expe
tations at LHC from hard QCD, J. Phys. G: Nu
l. Part. Phys. 35(2008) 073001[17℄ D. Green, High PT Physi
s at Hadron Colliders, Cambridge131



[18℄ E. Boos et al., Interferen
e between W ′ and W in single-top quark produ
tion pro-
esses, Physi
s Letters B 655 (2007) 245-250[19℄ V.M. Abazov et al., Phys. Rev. Lett. 100, 031804 (2008)[20℄ T. Sjostrand, S. Mrenna, P. Skands, PYTHIA 6.4 physi
s and manual, JHEP 05(2006) 026[21℄ S. Frixione and B.R. Webber, Mat
hing NLO QCD 
omputations and parton showersimulations, JHEP 0206 (2002) 029[22℄ http://ami.in2p3.fr/open
ms/open
ms/AMI/www(ATLAS Metadata Interfa
e)[23℄ https://twiki.
ern.
h/twiki/bin/view/Atlas/L31TriggerMenu(ATLAS TWiki)[24℄ ATLAS 
ollaboration, Expe
ted Performan
e of the ATLAS Experiment, Dete
tor,Trigger and Physi
s, CERN-OPEN-2008-020, pp. 1726-1749: Lepton Plus MissingTransverse Energy Signals at High Mass[25℄ ATLAS 
ollaboration, Expe
ted Performan
e of the ATLAS Experiment, Dete
tor,Trigger and Physi
s, CERN-OPEN-2008-020, pp. 72-93: Re
onstru
tion and Identi�-
ation of Ele
trons[26℄ N. Vranjes, Sear
h for W ′ in Lepton+Missing ET Final State With Early Data atATLAS, ATL-PHYS-PROC-2008-085[27℄ N. Vranjes et al., W ′ → µν event sele
tion � 10 TeV, talk given at theATLAS Lepton+X Exoti
s meeting on Mar
h 23rd 2009, slides available fromhttp://indi
o.
ern.
h/
onferen
eDisplay.py?
onfId=54989[28℄ G. Cowan, E. Gross, Dis
overy signi�
an
e with statisti
al un
ertainty in the ba
k-ground estimate, Available from:https://twiki.
ern.
h/twiki/pub/AtlasProte
ted/ATLASStatisti
sFAQ/SigCal
Note.pdf[29℄ A. L. Read, Presentation of sear
h results: the CLs te
hnique, J. Phys. G: Nu
l. Part.Phys. 28 (2002) 2693-2704[30℄ E. Ri
hter-Was, D. Froidevaux and L. Poggioli, ATLAS Internal Note, PHYS-No-079(1996)[31℄ https://twiki.
ern.
h/twiki/bin/view/AtlasProte
ted/PDFReweight(ATLAS TWiki)[32℄ https://atlas.web.
ern.
h/Atlas/GROUPS/DATAPREPARATION/DataSummary/run-summary.html(ATLAS Data Summary web page)
132


