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IntrodutionThe LHC is a partile aelerator whih ollides protons on protons at high energy, andwhih will within short time open up a whole new range of potential physis disoveries.The ATLAS detetor is a multi-purpose detetor whih will be used, and is urrentlyused, to detet the �nal state partiles emerging from the LHC ollisions.In this thesis, the possibility for the disovery of a ertain kind of new physis, namelya new harged gauge boson, with the ATLAS detetor is evaluated. This is done usingsimulated data, but as the ATLAS detetor has already taken both osmi data and LHCollision data, the opportunity has been taken to inlude also analyses of these data inthe thesis.This thesis ontains one hapter on partile physis theory, one hapter on the ATLASdetetor, one hapter on osmi ATLAS data, one hapter on the potential for disoveryof 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 partile physistheory.
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Chapter 1The Standard Model and BeyondThe Standard Model (SM) is a theory whih suessfully desribes the interations ofelementary partiles through the weak, eletromagneti, and strong fores. Its mainingredients are relativity, quantum mehanis, and gauge invariane. The preditions ofthe SM have been exhaustively tested, and no experimental data to date shows signi�antdeviation from the SM preditions.1.1 Partile ontentThe fermions (matter partiles) of the SM appear in three generations. In eah generationthere is a negatively harged lepton and a orresponding neutral neutrino, as well as twoquarks. The fermions are all spin-1/2 partiles. The SM partiles interat through foresmediated by gauge bosons; the gluons (strong fore), the photon (eletromagneti fore),and the W± and Z0 massive gauge bosons (weak fore). The gauge bosons are all spin-1partiles. In addition, the SM ontains one spin-0 partile, namely the Higgs partile Hresponsible for giving mass to all the elementary partiles.All the SM partiles have their respetive antipartiles of opposite quantum numbers(e.g. opposite eletri harge). The antipartile of the eletron e− is the positron e+. Aneletrially neutral partile may be its own antipartile, as is the ase for the Z0 and thephoton γ.The leptons are partiles whih do not feel the strong fore, but only the eletroweakfores, 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 eletroweak fores and are on�nedinside hadrons. The hadrons are grouped in baryons, onsisting of three (valene) quarks,and mesons, onsisting of two (valene) quarks. The quarks have frational eletri 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 partiles of the Standard Model.8



The e−, µ− and τ− all have harge −e. The neutrinos are eletrially neutral, and feele�etively only the weak fore.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 deay to the muon,and that the muon an deay to the eletron,
τ− → ντ µ

− νµ and µ− → νµ e
− νe. (1.1)An exeption to this rule may be the neutrinos, for whih the mass hierarhy is notreally known. This is beause neutrino osillations experiments are only sensitive to

|∆m2| =
∣

∣m2
i −m2

j

∣

∣, so that one annot know whether mi > mj or vie versa.1.2 FormalismThis setion is based mainly on referene [1℄.1.2.1 Lagrangian �eld theoryThe formalism of partile physis is Lagrangian �eld theory. In lassial mehanis, theLagrangian is a funtion of the generalized oordinates of a system and their time deriva-tives, from whih the equations of motion of the system may be derived. Eah generalizedoordinate orresponds to a degree of freedom of the system. In �eld theory, the degrees offreedom are the �elds φi = φi(x). The Lagrangian is replaed by the Lagrangian density
L = L(φi, ∂µφi) whih 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 lassial 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 partile of mass m moving in apotential V is simply Newton's seond 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-matries. This equation isthe equation of motion of a free, relativisti spin-1/2 partile 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 desribing a free spin-1/2 partile.
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1.2.2 Seond QuantizationIn relativisti quantum �eld theory, the theoretial framework of partile physis, the�elds (suh as φi and ψ in setion 1.2.1) are in fat operators. They ontain reation andannihilation operators, whih reate and annihilate partiles when ating on quantummehanial states. A quantum mehanial state is in partile physis haraterized by thepartiles present. An example is the vauum state |0〉, in whih no partiles are present.1.2.3 Time evolutionThe time evolution of the quantum mehanial states is alulated in the interationpiture. The Lagrangian density is separated in the part desribing the free �elds L0and an interation 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 theinteration piture, the operators evolve aording to L0 (free �eld time evolution), whilethe states evolve aording 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)〉 whih an then be inserted into eq. (1.6) andintegrated to obtain a seond 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 produt (note that the interation Hamiltonian densitiesat di�erent spae-time points do not ommute as they ontain �elds whih are operatorsafter seond quantization). The sum (1.8) will turn out to be a power series in the ouplingonstant of the fore under study. This implies that suh a perturbative solution is onlyappliable when the oupling onstant is small, suh that one an trunate 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 priniple obtain measurable quantities suhas ross setions and lifetimes. The basi idea is to start with an initial state (often givenby an experimental setup), apply the time evolution, and then projet 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 whih a fermion ouples to a photon. The vertexan 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 setion or a lifetime is a tehniallyvery ompliated proess. Feynman disovered that the result of this ompliated alu-lation an be antiipated from the Lagrangian density. To eah term in the interationLagrangian density one an assoiate a graphial vertex, and to eah free �eld Lagrangiandensity one an assoiate a propagator. These verties and propagators an be ombinedinto Feynman diagrams. The Feynman diagrams of a given proess an be translated intothe Feynman amplitude M by following the so-alled Feynman rules. This amplitude isthen ombined with known fators to obtain a ross setion or a deay 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 whih orretly desribes theinterations between elementary partiles. This is done by requiring that the Lagrangianmust be invariant under ertain loal (meaning spae-time dependent) transformations.These are alled gauge transformations. This setion is based mainly on referenes [1℄,[2℄, and [3℄.1.3.1 The QED exampleConsider the Lagrangian for a free eletron 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, sine then ψ → ψe−iQα and e−iQαeiQα = 1. If α is spae-timedependent, α = α(x), then
L0 → L0 −Qψγµψ∂µα (1.11)under the transformation (1.10). The Lagrangian L0 is not invariant under suh a loaltransformation, alled a gauge transformation.2Atually Lagrangian density, but from here on the Lagrangian density will be referred to simply asthe Lagrangian. 11



The Lagrangian an be made invariant under loal phase transformations by addinga term involving a new vetor �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 eletri harge of the fermion, and the vetor �eld Aµ is nothingbut the eletromagneti 4-potential. The interation Lagrangian in eq. (1.12) gives riseto the basi vertex of quantum eletrodynamis (QED) in whih a fermion ouples to aphoton (see �gure 1.1). The strength of the oupling is given by the eletri 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 reipe for introduing eletromagneti interations in non-relativistiquantum mehanis.The transformation rule (1.13) is known from lassial eletrodynamis as a gaugetransformation of the eletromagneti 4-potential. This means that if Aµ hanges a-ording to eq. (1.13), then the eletri and magneti �elds E and B do not hange. Itorresponds to an unphysial degree of freedom of the eletromagneti 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 invariane, and indeed suh 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)desribes the free fermion and the free eletromagneti �eld and
Lint = −QψγµψAµ (1.18)desribes the interation between the fermion and the eletromagneti �eld. The Euler-Lagrange equations for the �eld Aµ derived from the Lagrangian (1.16) are Maxwell'sequations.1.4 Quantum hromodynamisHistorially, it was a problem that the baryon ∆++, onsisting of three up-quarks, all withthe same spin projetion, seemed to violate the Pauli exlusion priniple. 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 exlusion priniple. Color is also the basis of quantum hromodynamis(QCD), whih is the gauge theory of the strong interation.In QCD, the Lagrangian for a free quark of one spei� �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 matries and gs is the strong ouplingonstant, as long as the real numbers αk are onstants. This invariane follows from

ψ → ψU † and U †U = 1 (the SU(3) matries are unitary).If we onsider a loal 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)Invariane of the Lagrangian an be restored by the introdution of eight gluon �elds

Akµ = Akµ(x) through the interation 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) struture onstants. The last term in eq. (1.24) arises beausethe SU(3) matries 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 desribing the free gluon �eld. The straight forwardgeneralization of Fµν from eq. (1.15) is not gauge invariant beause 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 expliitely 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 verties of QCD.giving rise to three- and four gluon verties. Suh verties, whih are not present in QED,give a di�erent evolution of the e�etive oupling onstant in QCD ompared to QED.In QED, the strength of the interation inreases 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 setion 1.2.3) is only appliable toQCD in the high energy regime.To sum up QCD, the full Lagrangian for a quark of one spei� �avor is
L = ψ (iγµ∂µ −m)ψ − 1

4
F k
µνF

µν
k − gs

2
ψγµλkψA

k
µ. (1.28)The basi verties 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 mehanism (see setion 1.5.1). The Dira mass term is alsoinvariant under the gauge transformation of QED.1.5 The Standard Eletroweak TheoryIn the Standard Eletroweak Theory, the onept of hirality or handedness is entral.It is losely related to the onept of heliity, de�ned by the projetion of the spin of apartile on its diretion of motion:

σp =
σ · p
|p| . (1.29)A left-handed massless partile has heliity σp = −1/2, while a right-handed one hasheliity σp = +1/2. The heliity and the hirality oinide in this way for masslesspartiles, and to good approximation for all partiles moving at ultrarelativisti speeds.If the operation of spae inversion, parity, was a symmetry of nature, no distintionwould be made between left-handed and right-handed partiles. Sine this symmetry isviolated in weak interations, we will see that left-handed and right-handed partiles aretreated di�erently in the eletroweak theory.In the eletroweak theory, left-handed quarks and leptons are grouped into doublets.One suh doublet is the eletron and its neutrino, whih will be used as the example inintroduing the theory. The theory is idential for the other lepton generations, and alsomore or less idential for the three quark generations.We de�ne ψL = Lψ and ψR = Rψ, where L andR are the left-handed and right-handedhirality projetion matries:

L =
1

2
(1 − γ5) and R =

1

2
(1 + γ5) . (1.30)14



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

µ∂µψL + ψRiγ
µ∂µψR −mψRψL −mψLψR. (1.31)The mass term is troublesome beause it mixes the left-handed and right-handed parts ofthe �eld. Negleting the masses, we may write the Lagrangian desribing the free eletronand eletron-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 onstruting the eletroweak Lagrangian, one next makes a distintion 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 hyperharge Y to eah �eld (individually forright-handed and left-handed �elds) suh that the eletri harge is Q = (I3 + Y/2)e.Hene, the left-handed �elds have Y = −1, the right-handed eletron has Y = −2 andthe right-handed neutrino has Y = 0.The eletroweak Lagrangian is invariant under SU(2)-transformations of the kind

χL → UχL, U = e
1

2
igωkτk (1.35)where τk are the Pauli matries (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 hyperharge as long as the real number β is onstant.To make the Lagrangian invariant under loal U(1)-transformations, eq. (1.36) with

β = β(x), we must add a term (for eah 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 loal 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 verties for the eletron and eletron-neutrino.The full interation Lagrangian for the eletron and eletron-neutrino an now bewritten out, inserting the orret hyperharge 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 physial W±-bosons

W (±)
µ =

1√
2

(

W 1
µ ± iW 2

µ

) (1.42)and using expliit 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 verties shown in �gure 1.3. We see that the W±bosons ouple only to left-handed partiles (right-handed anti-partiles); the symmetryof spae inversion is violated 100% in harged urrent weak interations.When writing out the terms involving W 3
µ and Bµ, we de�ne the physial 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 eletromagnetiurrent, one obtains the restritions g sin θW = g′ cos θW = e. The resulting neutralurrent 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 verties shown in �gure 1.4. The Z0 ouples not onlyto the left-handed eletron, but also to the right-handed one. However, the left-handedand right-handed ouplings are not equal.The vertex fator for a fermion oupling to the Z0 is ustomarily written as
−igγµ

2 cos θW
(gV − gAγ5) (1.45)where gV (gA) is the vetor (axial vetor) oupling. By omparison with equation (1.44),we �nd gV = 2 sin2 θW − 1/2 and gA = −1/2 for the eletron, 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 vetor and axial vetor Z0 ouplings to quarks and leptons. (From [2℄.)
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νeFigure 1.4: The basi neutral urrent verties for the eletron and eletron-neutrino.eletron-neutrino. Values of gV and gA for quarks and leptons are given in table 1.2. Thevertex fator for W± oupling to eletron and eletron-neutrino is from equation (1.43)
−igγµ
2
√

2
(1 − γ5) . (1.46)This fator 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 quarkoupling 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 suh generation mixing issuppressed by the smallness of the o�-diagonal elements of a matrix known as the CKMmatrix.We see that beause it has hyperharge Y = 0, the right-handed neutrino has droppedout of the interation Lagrangian. Hene, the right-handed neutrino does not take part inany SM interation, and it is a tehniality that we inluded it in the �rst plae. As longas neutrinos are massless, there is no need for a right-handed neutrino in the SM. Reentexperiments have, however, shown that neutrinos have mass, but it is an open questionwhether the neutrino is of Dira or Majorana nature.The omplete eletroweak Lagrangian ontains also a free gauge �eld part, giving riseto gauge boson self-interations as in the ase of QCD, sine 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 interation verties in the eletroweak theory are shown in �g-ure 1.5.1.5.1 The Higgs mehanismWe had to neglet the fermion mass terms in onstruting the eletroweak Lagrangianbeause they are not gauge invariant on aount of the left-right mixing [1℄. Furthermore,17
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W−Figure 1.5: Some gauge boson self interation verties in the eletroweak 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 inorporatedinto the standard eletroweak theory is the Higgs mehanism.An additional isospin doublet Φ = Φ(x) with hyperharge Y = 1 is introdued 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 invariane. The term in square brakets is the Higgs potential, whih for

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

−µ2/λ. The Higgs �eld will thereforehoose a ground state on the irle Φ†Φ = v2/2. In the eletroweak theory, this groundstate is written as
Φ0 =

1√
2

(

0
v

)

. (1.53)Allowing for small osillations 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 whih brings us to the unitarygauge, in whih 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 diret predition of theW±and Z0 masses, whih was a great suess for the theory when on�rmed by experiment.Note that with our hoie 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 struture 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 preision eletroweak data as funtion of the Higgsmass. The grey regions are exluded by diret searhes. (From [5℄.)giving mW = 76.9 GeV and mZ = 87.9 GeV with sin2 θW = 0.235 obtained from neutrinosattering [1℄. The experimental masses for theW± and Z0 aremW = 80.4 GeV andmZ =
91.2 GeV [4℄. The eletroweak predition agrees with these values within unertainty whenradiative orretions are inluded [1℄.Mass terms for the fermions are also introdued by the Higgs mehanism throughadditional terms of the form (taking the eletron as an example)

LeΦ = −Ge

[

χLΦψ
e
R + ψeRΦ†χL

]

. (1.57)This gives rise to the eletron mass term and the interation of the eletron with the Higgsboson. Note that this way of generating fermion masses does not predit the masses, sinethe parameter Ge is a free parameter whih must be tuned to give the orret eletronmass. Note also that the term above may only be used to give mass to I3 = −1/2 partiles.To give masses to I3 = +1/2 quarks (u,c,t), similar terms involving Φ̃ = −i(Φ†τ2)
T areadded.The Higgs mehanism has been experimentally veri�ed in the sense that the preditionsfor the W± and Z0 masses turned out to be orret. The Higgs partile H has, however,not been observed in experiment, and it is regarded as the last missing piee of the SM.Figure 1.6 shows the ∆χ2 of a global eletroweak �t as funtion of the Higgs mass, from[5℄. The grey regions are exluded by LEP and Tevatron by diret searhes. As seen fromthe plot, a light Higgs boson just beyond the LEP exlusion limit is favored by the �t.1.6 SummaryThe SM desribes the elementary partiles and their interations. The interations areintrodued through requirements of gauge invariane, and the resulting partiles mediatingthe fores are known as gauge bosons. The SM is often shematially depited as

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



1.7 Beyond the Standard Model and New Gauge BosonsEven though the SM satisfatory desribes all experimental data within its domain todate (exept 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, whih is required to explain the motion of the galaxies. Neither doesit explain dark energy, responsible for the aelerating expansion of the universe. CPviolation within the SM is not great enough to explain the abundane of matter overantimatter in the universe. Furthermore, loop diagram orretions to the Higgs massgive a quadratially divergent mass unless there is some extremely preise �aidental�anellation, a problem known as the hierarhy problem.Exploration of beyond the Standard Model (BSM) theories are also driven by the wishfor uni�ation of the fores. The standard eletroweak theory unites the eletromagnetiand weak fores (although with two oupling onstants, related by a parameter θW to beextrated from experiment). Uni�ation of the eletroweak fore with the strong fore,and �nally also with gravity, is the goal of grand uni�ation theories (GUTs). Today,gravity is not desribed within the quantum �eld theory formalism, as are the otherfores.BSM thories often involve new partiles, whih must be heavy and/or weakly inter-ating sine they are not already observed. Searhes for these partiles are a way ofexperimentally exploring the BSM theories. If predited partiles 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 partiular lass of BSM models where new gauge bosons arise.1.7.1 Left-Right Symmetri ModelsIn onstruting the eletroweak Lagrangian, one makes an a priori distintion betweenleft- and right-handed �elds when one groups the left-handed part aording to SU(2),but not the right-handed part. This results in the parity violating nature of the weakinterations, whih is an experimental fat. In left-right symmetri models, one groupsalso the right-handed �elds aording to SU(2), and arrives at a struture suh as
SU(2)R × SU(2)L × U(1). (1.59)The Lagrangian is required to be invariant under the disrete symmetry operation L ↔

R (interhanging left-handed and right-handed �elds). As parity is violated in weakinterations, the left-right symmetry must be broken.As the gauge group SU(2)L in the SM is assoiated with gauge bosons W± and Z0,the gauge group SU(2)R of the left-right symmetri theory is also assoiated with gaugebosons W±
R and Z ′. The new gauge bosons WR ouple only to right-handed urrents, inonstrast to the regular W -bosons, whih ouple only to left-handed urrents.The left-right symmery is broken spontaneously [6℄ analogously to the Higgs meh-anism in the standard eletroweak theory. The Higgs ontent in left-right symmetrimodels 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 proess, the gauge bosons WR and Z ′ obtain masses. Then the SM symmetryis broken down to only the U(1) symmetry of eletromagnetism, 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 hyperharge Y is rather arbitrary, hosen to give the orret harges toall partiles, is then replaed by

Q = IL3 + IR3 +
B − L

2
. (1.62)Here, the hyperharge is replaed by the familiar baryon- and lepton numbers.Initially, no parity violation is present in left-right symmetri models. Parity violationmay only our after the breaking of the initial left-right symmetry. The requirementthat parity is violated 100% in weak interations at the energies so far probed, translatesto the right-handed gauge bosons W±

R being muh 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 mehanism[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 suh 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, sine these masses are bothgiven by the breaking of the left-right symmetry.The result of this is that the left-handed neutrino aquires 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 interations at low energies is losely relatedto the very small neutrino mass. As the mass of the WR tends to in�nity, parity violationbeomes 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 sale 1014 GeV down to the TeV sale. If mWR

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



Boson Diret searh limit(pp ollisions) Eletroweak �tlimit Comment
W ′ with SM ouplings m > 1.000 TeV Deay 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 diret searhes and eletroweak �ts.(From [4℄.)1.7.2 Current limits on new gauge bosonsTable 1.3 summarizes the urrent limits on new gauge bosons from diret searhes andeletroweak preision data. The diret searh limits are obtained from pp data.1.8 SummaryIn this hapter we have reviewed the SM, whih is the urrent theory of partile physis.We have also seen that this theory, despite its enormous suess, has some importantshortomings, and that there are many theories whih go beyond the SM. The testing ofsuh theories is one of the objetives of the LHC. We now proeed to a desription of theATLAS detetor and the LHC.
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Chapter 2The ATLAS detetor
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 suh a way that given a proess with ross setion σ, the expeted 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 olleted. Lumi-nosity and enter of mass energy are the key variables for a ollider.Around the LHC, there are four detetors (experiments) situated at four interationpoints, where the protons or heavy ions are made to ollide head on. The ATLAS (AToroidal LHC ApparatuS) detetor is one of these. It is a multi-purpose detetor, meaningthat it is not tailored spei�ally to only one area of physis studies, but rather onstrutedto be able to give good results in many di�erent kinds of studies.2.2 Detetors in partile physisIn partile physis, most experiments aim to study the proesses taking plae when par-tiles ollide (when protons or heavy ions ollide, in the ase of ATLAS/LHC). The onlypartiles (known to date) living long enough to atually reah the detetor after suh aollision are photons, eletrons, muons, and neutrinos, as well as a handful of di�erentbaryons and mesons. The neutrinos, feeling only the weak interation, have tiny rosssetions for interating with anything, and will esape out of any detetor undeteted.This leaves the photons, eletrons, muons, and hadrons to be measured in the detetorof a ollider experiment. Our detetor must be onstruted in suh a way that it an asaurately as possible measure the momenta and energies of these partiles, sine all thedynamis of the initial ollision must be inferred from these measurements. In addition,it should be able to identify these partiles, e.g. distinguish an eletron from a muon.2.2.1 The di�erent parts of a detetorA detetor in a ollider experiment is built up around the interation point (see �gure 2.2).Innermost, losest to the beam pipe, we have a traking system. This is omposed of many23
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Figure 2.1: Sketh of the development of an eletromagneti shower initiated by an ele-tron (left) and a piture of an eletromagneti shower in a bubble hamber with leadabsorbers (right).small units, e.g. pixels or strips, whih eah give a signal when a harged partile passesthrough. Suh a signal is known as a hit, and gives a point or region in spae wherethe partile has passed through. A given harged partile should make many hits whenpassing through the traking system, and these hits are then ombined to identify thetrajetory of the partile. This trajetory, or trak, allows us to identify
• the diretion of the initial momentum of the partile,
• the harge and the magnitude of the momentum of the partile, based on the ur-vature of the trak in a magneti �eld,
• the primary vertex (interation point) and seondary verties, based on the onver-gene of several traks to a ommon spae point.The traking material should as little as possible hange the trajetory of a partile,meaning that it should not be too dense.If we keep moving radially outwards from the beam pipe, after the traking systemomes the eletromagneti alorimeter (ECal). The purpose of the ECal is to measure theenergy of eletrons and photons. Eletrons and photons will reate showers in the ECal,and deposit all their energy. This happens in the following way. When a high energyeletron enters the ECal, the material will ause it to reate a bremsstrahlung photon,

e± → e± γ (a proess whih an only happen in the presene of additional partiles due toonservation of energy and momentum). This photon will (again, possible beause of thematerial) produe an e+e− pair, γ → e+ e−, and the initial eletron will do bremsstrahlungagain. In this way, the shower develops until the energies of the eletrons and photonsare too small for bremsstrahlung and pair prodution. The ase is equivalent if the initialpartile is a photon, but then the �rst proess will be pair prodution. A sketh of aneletromagneti 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 interat strongly with the nulei of the HCal material and reate a hadroni shower,whih is the strong interation analogue of an eletromagneti 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 setion of part of the ATLAS detetor and how thedi�erent partiles interat in the di�erent parts of the detetor.The only partile (exept the neutrino) whih passes through both the ECal and HCalwithout being stopped is the muon. The muon will not do bremsstrahlung in the ECalbeause of its large mass (the ross setion for bremsstrahlung goes as 1/m2 where m isthe mass). In addition, it does not feel the strong interation, so it is not stopped in theHCal. The outermost part of a detetor is therefore the muon spetrometer, dediatedto deteting and measuring muons. This is an additional layer of traking, whih givesan additional measurement of the muon momentum and whih gives muon identi�ation,sine only muons an reah this part of the detetor.Figure 2.2 shows how di�erent partiles are seen in the di�erent parts of the ATLASdetetor. The neutrinos are not measured. They an however to some extent be indiretlymeasured, sine 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 interating partiles).2.3 The ATLAS detetorMost of the tehnial details (suh as resolutions of di�erent subdetetors) and �gures inthis setion are taken from referene [8℄.2.3.1 The ATLAS oordinate systemThe ATLAS oordinate system is oriented with the z-axis along the beam pipe, thepositive x-diretion towards the enter of the LHC ring, and the positive y-diretionupwards (opposite of the aeleration of gravity). The origin is loated at the nominalinteration point.The spherial oordinates φ and θ are de�ned in the standard way, with φ as the anglebetween the x-axis and the xy-projetion of the position vetor and θ as the angle between25
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, (2.2)whih is usually quoted instead of the polar angle θ. The pseudorapidity is zero when
θ = π/2, i.e. in the diretion perpendiular to the beam axis. See �gure 2.3 for anillustration of the ATLAS oordinate system.The transverse omponent of any vetor, e.g. pT, is de�ned as its projetion in the xy-plane (transverse to the beam axis). To quantify the separation between two diretions,the distane ∆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 partile is measured by determining the urvatureof the partile's trajetory in a magneti �eld. The stronger the magneti �eld, the morethe trajetory is bent (smaller radius of urvature), and the better momentum resolutionone an obtain. The ATLAS detetor therefore uses superonduting eletromagnets toprodue strong magneti �elds.The magneti �eld on�guration of ATLAS onsists of the solenoidal magneti �eldin the inner detetor and the toroidal magneti �eld in the muon spetrometer. Thegeometry of solenoidal and toroidal magneti �elds is illustrated in �gure 2.4.The entral solenoid provides a magneti �ux density of 2 T direted along the beamaxis in the inner detetor. The barrel and end-ap toroids provide the magneti �eld forthe muon spetrometer. The �eld is here tangential to a irle parallel to the xy-planearound the beam axis.2.3.3 The inner detetorThe ATLAS inner detetor traking system onsists of three separate detetors. From thebeam pipe and outwards, these are the pixel detetor, the semiondutor traker (SCT),and the transition radiation traker (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 detetor.
27



The pixel and SCT detetors are both silion based semiondutor detetors. In suhdetetors, p-doped silion is brought in ontat with n-doped silion, and this results ina p-n juntion. The depletion zone, whih is almost free of holes and free eletrons, isextended by the appliation of a bias voltage. When a harged partile passes throughsuh a p-n juntion, it reates eletron-hole pairs, and the eletrons and holes drift inopposite diretions beause of the bias voltage. This reates a measurable pulse on theeletrodes.The basi sensor of the pixel detetor is a pixel of size 50 × 400µm2 in Rφ× z where
R is the distane from the beam axis. Eah hit in a pixel de�nes a spae point. Theintrinsi auray of the pixel detetor barrel is 10µm in Rφ and 115µm in z. Typiallythree pixel layers are rossed by eah trak.In the SCT, silion strips are used. The strips are oriented so that they measure either
φ or z, and two hits are required for one spae point. Eight strip layers are rossed byeah trak (providing four spae points). The intrinsi auray 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 auray of 130µm per straw. The straw tubes' length diretion 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 typially provides 36 measurements per trak.A straw tube onsists of a entral anode wire surrounded by a ylindrial tube. When aharged partile ionizes the gas in the TRT tube, the eletrons start to drift towards theentral wire, where they produe a signal. The drift time, i.e. the time the eletrons useto reah the entral wire, is measured, and gives a measurement of the radius (distanefrom entral wire) at whih the harged partile passed. See the left part of �gure 2.8for an illustration of a harged partile passing through a drift tube (in that ase, in theATLAS muon spetrometer).Transition radiation is the emission of a photon when a harged partile passes betweentwo media of di�erent dieletri onstants. The phenomenon ours only for partileswith very high relativisti fators, i.e. βγ & 1000 [9℄. In the TRT, there are layers ofmaterials with di�erent dieletri onstants, whih will ause eletrons to emit transitionradiation photons. These photons are measured in the TRT tubes, and provide eletronidenti�ation, sine heavier partiles will not produe transition radiation beause of theirsmaller relativisti fators. A transition radiation hit in the TRT is identi�ed as a hitwhere the signal exeeds a higher threshold than for ordinary hits.2.3.4 The alorimetersThe ATLAS detetor uses sampling alorimeters. Suh alorimeters onsist of layers ofative detetor material and dead material. The energy measurement is obtained fromthe samples in the ative detetor layers, while the dead material (the absorbers) is thereonly to stop the partiles. The ATLAS alorimeter layout is shown in �gure 2.6. Thealorimeters over the region |η| < 4.9.The ECal of ATLAS uses liquid argon (LAr) as its ative detetor material, and leadplates as absorbers. The ionization in the LAr is measured diretly by eletrodes. Overthe η range orresponding to that of the inner detetor, the ECal has �ner granularity,so that preision measurements of photons and eletrons an be made. Over the rest ofthe η range, the granularity is oarser, but still �ne enough for jet reonstrution 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 tilealorimeter uses steel as absorber and sintillators as ative detetor material. Here, thepartiles of a hadroni shower produe photons in tiles of sintillating material, and thesephotons are read out through wavelength shifters and photomultiplier tubes.The hadroni end-ap alorimeter onsists of two wheels for eah end-ap, using opperplates as absorbers and LAr as ative detetor medium. Inside the enter of the hadroniend-ap alorimeters, we �nd the forward alorimeters, overing the region losest to thebeam pipe, assuring an as hermeti as possible detetor. The detetor needs to be ashermeti as possible to do good /ET measurements. The forward alorimeters use opperand tungsten as absorbers and LAr as ative detetor material.2.3.5 The muon spetrometerThe layout of the ATLAS muon spetrometer is shown in �gure 2.7. It onsists, as theinner detetors and alorimeters, of a barrel part and end-aps. There are di�erent kindsof sensors used in the muon spetrometer, serving di�erent purposes. These are themonitored drift tubes (MDTs), the athode strip hambers (CSCs), the resistive platehambers (RPCs), and the thin gap hambers (TGCs).The main preision traking sensors in the ATLAS muon spetrometer are the MDTs.These are gaseous ionisation detetors 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 diretion tangential to a irle parallel to the xy-plane around the beam axis. Theythus provide good preision in η, but not in φ. They are oriented in this way beause thismakes the tube length diretion 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 partile �ux is expeted to be too large forthe MDTs to ope with. The MDTs are therefore replaed by the CSCs in this region.29



Figure 2.7: Layout of the ATLAS muon spetrometer.

Figure 2.8: Illustration of a monitored drift tube from the ATLAS muon spetrometer.The CSCs are multiwire proportional hambers, whih are gaseous ionization detetors,and they serve the same purpose as the MDTs.The trigger is the system that, for eah ollision event, deides whether the datafrom this partiular event should be stored. It is needed beause 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 detetors are needed, and these are the RPCs in the barrel and the TGCsin the end-aps. The RPCs and TGCs are both gaseous ionization detetors. In additionto trigger information, they provide measurements in φ, whih is not aurately measuredby the MDTs.Muon reonstrution an in ATLAS be done stand-alone by the muon spetrometeronly, or by mathing a muon spetrometer trak to an inner detetor trak, giving aombined muon. 30



2.4 SCT shift trainingIn Otober 2009, I went to CERN to take SCT shift training, sine this is an ativitythe 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 detetoroperations shifts, whih inluded taking three shadow shifts together with an experienedshifter. In Febraury 2010, I went bak to CERN and took one blok of detetor operationsshifts (four shifts).Detetor operations shifts onsist of monitoring the detetor ontrol system (DCS)through a program alled FSM (Finite State Mahine) and an alarm panel. In the FSM,all ooling loops and detetor modules are arranged in a tree struture, and one annavigate down the tree to look at the status or issue ommands to spei� 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 spei� barrel layer, whih was done toallow for ertain detetor studies. Also, one an restart the bias voltage on modules thathave been turned o� beause the urrent got too high (known as a module trip). Whenbeam manipulations or beam injetion 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 ative.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 aquisition (DAQ) during a detetor operations shift.During data quality monitoring shifts, one looks at histograms produed �online�,meaning that they are produed in real time as the data is streamed o� the detetor.The histograms are used to verify that the detetor is performing properly, or detetingproblems. A olletion of online noise plots for the SCT barrel is shown in �gure 2.9.2.5 SummaryIn this hapter, we have desribed the ATLAS detetor at the LHC. We have desribed thelayout of the detetor, and how di�erent partiles are deteted through their interationswith the detetor. In the next hapter, an analysis of real data taken by the ATLASdetetor 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. Blak modules are out of theon�guration.
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Chapter 3Cosmi data analysis
3.1 Cosmi raysCosmi rays have played an important role in the history of partile physis. Severalpartiles, suh as the pions, the muon, and the positron were �rst disovered in osmiray showers, and osmi rays were the primary soure of experimental partile physisdata before aelerators made it possible to study high energy partile interations undermore ontrolled irumstanes.Cosmi rays are partiles of extraterrestrial origin arriving in the earth's atmosphere.The soures of these partiles may be within our galaxy or beyond. The partiles arrivingto the atmosphere are alled primary osmi rays. The primary osmi rays are typiallyprotons, nulei, or eletrons. Protons dominate, and ontribute approximately 85% of theprimary osmi rays [10℄.When primary osmi rays enter the earth's atmosphere, they reate showers ofseondary partiles. A photon will reate an eletromagneti shower (as desribed insetion 2.2.1), and protons and nulei will reate hadroni showers when they interatstrongly with the nulei of the air. In the hadroni showers, the seondary partiles pro-dued are mostly pions, and to some extent kaons. These mesons will either produe moreseondary partiles through strong interations with nulei, or deay.A neutral pion will deay to two photons, π0 → γ γ, ontributing to the eletro-magneti omponent of the shower. Charged pions deay to muons, π+ → µ+ νµ and
π− → µ− νµ. The deays of harged pions to eletrons, π+ → e+ νe and π− → e− νe, areheliity suppressed beause of the maximal parity violation in harged urrent weak inter-ations. The deays do not happen beause the weakly produed partiles (anti-partiles)are purely left-handed (right-handed). If the deay produts were highly relativisti, thiswould violate the onservation of angular momentum, sine the pion is spin-0. The deaysto muons are no problem sine the muons are not highly relativisti (the muon mass isomparable to the pion mass).The muons produed in the deays of pions and kaons may deay to eletrons, µ+ →
e+ νe νµ and µ− → e− νe νµ, but they will mostly arrive to the earth surfae beause oftheir relatively long lifetime. We have cτµ = 659 m [4℄ and the relativisti fator willfurther extend the range. A osmi ray shower is illustrated in �gure 3.1.The energy spetrum, i.e. the �ux as funtion 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 exeeding 1020 eV. We have 1020 eV = 16 J,whih 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 spetrum (�ux asfuntion of energy) of primary osmi rays (right).
mv2/2). Really a marosopi energy!We an alulate the enter of mass energy when a osmi ray of energy E ∼ 1020 eVollides with a stationary atmospheri nuleus 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, whih 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 suh osmirays are very rare, while the LHC will produe ollisions at a MHz rate, and in the veryenter of our detetor instead of in the upper atmosphere.3.2 Cosmi data taking with ATLASSine the onstrution of the ATLAS detetor was �nished before the LHC atually startedwith ollisions, ATLAS has been taking osmi data. This means that the detetor hasbeen measuring partiles from osmi ray showers. There are several reasons for doingthis. It allows one

• to alibrate the di�erent parts of the detetor,
• to do alignment studies and improve the alignment,
• and to get a �rst impression of how the detetor is performing, inluding 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 detetorare mehanially mounted with extremely high preision. We are talking about largeobjets mounted with preisions of mirometers. This is neessary beause to do traking,hits in di�erent sensors must be translated into points or regions in spae, whih requirepreise knowledge of the position of the sensor (relative to the other sensors).When one does alignment, one improves the knowledge of the position of eah detetorpart. This is done by �tting traks without onsidering the hits of the part under study,and omparing the �tted trak to the positions of the hits one has taken out. By doing thisfor many traks, a residual distribution an be built, whih will have a mean di�erent fromzero if the onsidered detetor part is not aligned (its position is not preisely known).One an then hange alignment onstants in the reonstrution software to aount 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 soure is [14℄.Single muons are generated at the earth surfae 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 thevertially downward diretion. The energy, harge, and diretion of the muon is generatedaording to �ts to measured distributions at the earth surfae. 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 seletion 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 seletion are stored, and for these muons, the full detetor response issimulated. If the passage through the earth above ATLAS has not already been simulatedwith GEANT, this is now done. The detetor response simulation results in simulatedraw data, whih is then passed to the ATLAS reonstrution software in the same way asreal data.The reonstrution software produes traks, alorimeter lusters, and higher levelanalysis objets from the raw data. The reonstrution software is �haked� when used onosmi data, to be able to ope with traks not originating from lose to the interationpoint, and possibly other things that distinguishes osmi data from ollision data interms of reonstrution. In ollision events, all the �nal state partiles originate fromlose to the interation point.The result of the reonstrution is ESD (Event Summary Data) �les, where the physi-ist doing the �nal analysis an aess objets suh as traks, alorimeter lusters, muonset. Smaller �les ontaining less information an be made from the ESD. Examples areAOD (Analysis Objet Data) and DPD (Derived Physis Data) �les.1GEANT [11℄ is a detetor simulation framework.
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3.4 An analysis of 2008 osmi ATLAS dataThe partiles in a osmi ray shower reahing the ground are mostly muons. In addition,the partiles reahing the ATLAS detetor have to pass through some material, but notneessarily muh material beause of the shafts down to the ATLAS avern. This furtherredues the amount of other partiles than muons, sine muons are muh more penetratingthan other partiles, as desribed in setion 2.2.1. For this reason, osmi data analysis isto a large extent analysis of muons only. Other partiles may be observed in osmi events,but these are then mostly seondary partiles originating from the muon's interationswith the detetor material. Seondary eletrons and even jets have been observed inATLAS osmi data.3.4.1 The perigee and impat parametersThe perigee of a trak is de�ned as the point on the trak losest to the beam axis. Theparameters of osmi muons, suh as η, φ and pT, are taken at perigee. The so-alledimpat parameters de�ned for a trak are:
• d0: the distane from the perigee to the beam axis,
• z0: the z oordinate of the perigee,
• φ0: the azimuthal angle of the diretion of the momentum vetor at perigee,
• θ0: the polar angle of the diretion of the momentum vetor 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-projetion of the momentum vetor is alwaysperpendiular to the xy-projetion of the position vetor at perigee, sine the perigee isthe point of losest approah 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 respetively. Notealso that the de�nition implies that the d0 is positive if the z-projetion of the trak'sangular momentum L = r × p is negative at perigee. See �gure 3.2 for an illustration ofthe impat 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 detetor and the muon spetrometer.The data used was reproessed in spring 2009, with the at that time newest alignmentonstants and reonstrution software.2The MC (Monte Carlo) data samples used are:2The 2008 osmi data has later been through additional reproessings whih show improved perfor-mane of the muon reonstrution. 36
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Figure 3.2: Illustration of the impat parameters d0, φ0, θ0, and z0. Two projetions ofthe ATLAS oordinate system are shown. In the yz-projetion, the perigee of the trak isassumed to be at y = 0. The angle φ′ whih is used to determine the sign of d0 is shownin the transverse projetion. In this illustration, we have φ0 < 0, d0 > 0, and z0 > 0. Thedashed trak in the transverse projetion 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 seletion riteria.1. Monte Carlo with toroid and solenoid magnets on, ESD.2. Monte Carlo with toroid and solenoid magnets o�, ESD.All reonstruted muon objets are aessed through the MuidMuonColletion 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 (reon-struted muon analysis objets) in data sample 1 with no muon seletion riteria.Pratially all the muons have φ ∈ [−π, 0], whih means that they are moving down-wards. Atually, the diretion of any reonstruted trak is ambiguous, sine there is notiming information on the separate hits. In ollision data, this is not an issue, sine 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 pixeldetetor.traking software an take into aount that all traks should originate from the intera-tion point. Sine Athena3 release 15.0.0, the osmi analysis trak reonstrution softwareassumes downward diretion on all traks. The data used here was reonstruted withAthena release 14, but almost all traks have been given the downward diretion in thesedata, as seen in �gure 3.3.The φ distribution peaks at φ = −π/2, orresponding to the straight downward di-retion. Note that φ in this ase is measured at perigee, so that it is the same as the φ0impat parameter. This means that the φ distribution shown is not the distribution thatwould be obtained if the muons were measured above the detetor, sine the muons arebent in the solenoidal magneti �eld.For the η distribution, we see a large peak at η = 0 (orresponding to the diretionperpendiular to the beam axis). This peak seems unphysial, sine it inludes only onebin. The η and φ distributions obtained with the requirement of at least one hit in eitherthe SCT or the pixel detetor are shown in �gure 3.4. Now, the unphysial peak at η = 0is gone. This is explained as follows. The η assigned to the muon analysis objet is theone from the inner detetor trak. If the inner detetor trak has only TRT hits, then no
η value is assigned to the trak, and the default value is zero. This is beause the barrelTRT tubes are oriented parallel to the beam axis, and the TRT therefore provides only φinformation (see setion 2.3.3). The requirement of at least one SCT or pixel hit reduedthe 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 fat that the biggershaft is loated at z > 0. For a muon moving downwards into the inner detetor 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 ATLASavern, whih 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 trajetories of positive andnegative muons from the two shafts in the toroidal magneti �eld are shown.Cut type Pixelhits SCThits Silionhits 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: Reommended inner detetor uts on muons. The loose requirement is 8 silionhits or 30 TRT hits. TRT phase of zero is exluded from the loose TRT phase range.This is beause it is a default value.3.4.4 Inner detetor utsAs seen in the previous setion, the seletion riteria (uts) used an signi�antly hangethe observed distributions. One should require ertain numbers of hits in various subde-tetors et. There exists a set of reommended uts for inner detetor traks [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 inluded, i.e. also end-ap hits. Shown in table 3.2 are the numbers of muonsafter the di�erent inner detetor uts (inluding the uts on d0, pT, and TRT phase). Wewant to ensure good quality of the muon traks used in our analysis. On the other hand,we also need to keep enough muons to ensure su�ient statistis. The tight ut seemslearly too restritive, and does not provide enough statistis. It seems that the mediumut is a good ompromise between trak quality and statistis. This ut should provideenough statistis 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 exeeds 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 detetor uts when applied onreal data sample 1.

TRT event phase [ns]

−50 −40 −30 −20 −10 0 10 20 30 40 50

E
n

tr
ie

s
/b

in

0

2000

4000

6000

8000

10000

12000

14000

16000

18000

TRT event phase [ns]

−50 −40 −30 −20 −10 0 10 20 30 40 50

E
n

tr
ie

s
/b

in

0

2000

4000

6000

8000

10000

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 onstruted in the MC in suh 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 proedure when analysing ATLAS osmi data. We also see that manyevents have a default value of zero for the event phase, whih explains why this value isexluded from the loose ut region.3.4.5 Muon spetrometer/inner detetor orrelationsA muon will typially make three traks when traversing the ATLAS detetor. One trakin the muon spetrometer on the muon's way into the detetor, one trak in the innerdetetor, and one trak in the muon spetrometer on the muon's way out of the detetor.One an easily aess two traks, one muon spetrometer trak and the inner detetortrak, from the muon analysis objet. The muon analysis objet is of ourse tailored forollision data analyses, and holds therefore only one muon spetrometer trak. (A muonoriginating from the interation point traverses the muon spetrometer only one.)If one extrapolates the muon spetrometer trak into the inner detetor, then one anobtain the expeted impat parameters based only on the muon spetrometer trak. Ifthese impat parameters are ompared with the ones obtained from the inner detetortrak, one should �nd a lear orrelation. We de�ne the quantity
∆d0 = d0(inner detetor) − d0(muon spetrometer). (3.4)The similar quantities ∆φ0, ∆θ0, and ∆z0 are de�ned analogously. These quantitiesare residuals, and we expet them to be distributed approximately normally (Gaussian)around zero. The extrapolation of the muon spetrometer trak is done in reonstrution,and the extrapolated trak is aessible through the muon analysis objet.40
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Figure 3.7: Approved ATLAS osmi analysis plots showing muon spetrometer/innerdetetor impat parameter residual distributions for 2008 osmi data and MC.Figure 3.7 shows approved preliminary ATLAS osmi analysis plots showing the muonspetrometer/inner detetor orrelation. These plots are made from 2008 osmi data,whih is also what is used here. We see that the distributions seem more or less Gaussian,and that data and MC seem to agree satisfatory.The residual distributions were now produed 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, whih has only the e�etof re�eting the distributions through zero.To be able to ompare the distributions obtained from di�erent data samples, in ourase the real data and the MC data, one must sale the histograms. This is beause 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 saleddown with the number of entries in the histograms. I.e. a bin in the saled histogram hasontent 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 funtionality, i.e. TH1::Sumw2() has been alled for thehistograms. ROOT then automatially sales the errors when the histogram is saled.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 detetor uts.This orresponds to the fat 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 satisfatory. The ∆d0 distribution shows severe non-Gaussian tails on bothsides, not reprodued by MC. Furthermore, the ∆φ0 distribution is learly asymmetri,also not reprodued by MC.Muon spetrometer utsThe uts used so far ensure a good inner detetor trak, but does not ensure good qualityof the muon spetrometer trak. We should also use some uts on numbers of hits in themuon spetrometer. The total number of muon spetrometer hits for the muons in realdata sample 1 with medium inner detetor uts, is shown in �gure 3.9.We see here that most muons have a substantial number of hits in their muon spe-trometer trak. Therefore, utting on total number of muon spetrometer hits is probablynot neessary. To remove just the worst muon spetrometer traks, we now require atleast 15 muon spetrometer hits in addition to the inner detetor 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 detetoruts and at least 15 muon spetrometer hits is shown in �gure 3.11. (Note that a bin in42
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Figure 3.9: Total number of muon spetrometer hits for muons in real data sample 1 withmedium inner detetor uts.

 [mm]
0

d∆
−500 −400 −300 −200 −100 0 100 200 300 400 500

E
n

tr
ie

s
/b

in

0

100

200

300

400

500

600

700

0
φ∆

−0.2 −0.15 −0.1 −0.05 0 0.05 0.1 0.15 0.2

E
n

tr
ie

s
/b

in

0

200

400

600

800

1000

Figure 3.10: Residual distributions obtained from real data sample 1 with medium innerdetetor uts and the requirement of at least 15 muon spetrometer hits.
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Figure 3.11: Number RPC φ hits for muons in real data sample 1 with medium innerdetetor uts and requirement of at least 15 muon spetrometer hits in total.
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Figure 3.12: Residual distributions obtained from real data sample 1 with medium innerdetetor uts and requirement of at least 15 muon spetrometer 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 produe again the residual distributions with our �nal uts, whih are
• medium inner detetor uts (table 3.1),
• at least 15 muon spetrometer hits in total,
• at least 3 muon spetrometer 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 satisfatory.The reason for the importane of the RPC φ hits, is that the MDTs do not measure φwell enough (see setion 2.3.5). Indeed, one of the purposes of the RPCs is to provide φ44



 [mm]
0

d∆
−500 −400 −300 −200 −100 0 100 200 300 400 500

(E
n

tr
ie

s
/b

in
)/

(N
u

m
b

e
r 

o
f 

E
n

tr
ie

s
)

0

0.02

0.04

0.06

0.08

0.1
Data 2008

Monte Carlo

 [mm]0z∆

−300 −200 −100 0 100 200 300

(E
n

tr
ie

s
/b

in
)/

(N
u

m
b

e
r 

o
f 

E
n

tr
ie

s
)

0

0.02

0.04

0.06

0.08

0.1

0.12

Data 2008

Monte Carlo

0
φ∆

−0.2 −0.15 −0.1 −0.05 0 0.05 0.1 0.15 0.2

(E
n

tr
ie

s
/b

in
)/

(N
u

m
b

e
r 

o
f 

E
n

tr
ie

s
)

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16
Data 2008

Monte Carlo

0
θ∆

−0.1 −0.08−0.06−0.04−0.02 0 0.02 0.04 0.06 0.08 0.1

(E
n

tr
ie

s
/b

in
)/

(N
u

m
b

e
r 

o
f 

E
n

tr
ie

s
)

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

Data 2008

Monte Carlo

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 impat parameters do not depend on the trak's projetion in the
xy-plane. Hene, aurate 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 muonspetrometer vs. inner detetor. These plots show straight lines with statistial smearing,whih is what is expeted.Energy loss in the alorimetersIn the same way as for the impat parameters, we an ompare the momentum measure-ments in the muon spetrometer and in the inner detetor by de�ning the di�erene:

∆p = p(inner detetor) − p(muon spetrometer). (3.5)Here, the momenta are really the momenta of the traks in the di�erent parts of thedetetor, i.e. no extrapolation is made. On the muon's way from the muon spetrometerto the inner detetor (or vie versa), it traverses the alorimeters. These onsist of densematerial, and we therefore expet 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 beentered around zero. Our osmi muons all have pT > 1 GeV, whih 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



 (inner detector)
0

φ
−3 −2.5 −2 −1.5 −1 −0.5 0

 (
m

u
o

n
 s

p
e

c
tr

o
m

e
te

r)
0

φ

−3

−2.5

−2

−1.5

−1

−0.5

0

 (inner detector)
0

θ

0 0.5 1 1.5 2 2.5 3

 (
m

u
o

n
 s

p
e

c
tr

o
m

e
te

r)
0

θ

0

0.5

1

1.5

2

2.5

3

Figure 3.14: Satterplots of φ0 and θ0 showing muon spetrometer value vs. inner detetorvalue 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 objet holds only one muonspetrometer trak. Sometimes this will be the trak the muon made on its way into thedetetor, and sometimes the one it made on its way out.Sine a osmi muon traverses the detetor from top to bottom, we an refer to thedi�erent muon spetrometer traks as �upper� and �lower�. The upper muon spetrometertrak has y-oordinate ytrack > 0, while the lower one has ytrack < 0. Figure 3.16 shows the
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p [GeV]∆

−25 −20 −15 −10 −5 0 5 10 15 20 25

E
n

tr
ie

s
/b

in

0

100

200

300

400

500

600
>0

track
y

<0
track

y

 [mm]
track

Muon spectrometer track y position, y
−15000 −10000 −5000 0 5000 10000 15000

E
n

tr
ie

s
/b

in

0

100

200

300

400

500

600

700

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 spetrometer traks, namely:
∆p =

{

p(muon spetrometer) − p(inner detetor) for ytrack > 0,

p(inner detetor) − p(muon spetrometer) for ytrack < 0.
(3.6)The orreted ∆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 disrepanyat the peak.The distribution for real data seems to have a small peak at −3 GeV, even though wehave segmented the muon spetrometer traks aording to y-oordinate. This may beexplained by the fat that some muon spetrometer traks apparently extend throughoutthe detetor, 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 trak, 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�erene distribution shows sat-isfatory 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 funtion of transverse momentum.Biases of the residual distributionsThe inner detetor-muon spetrometer residual distributions should be entered aroundzero. A non-zero mean for a residual distribution means that some systemati e�et isseen.Figure 3.18 shows the means of the residual distributions (orresponding to �gure 3.13)as funtion of transverse momentum. The distributions are built spearately for muonswith pT falling in the di�erent bins, and the means are extrated. The pT axis extends onlyto 60 GeV to ensure enough statistis in eah bin. The means seem generally onsistentwith zero for both real data and MC.The ∆φ0 distribution seems to have a bias at small momenta whih is reprodued byMC. If we distinguish between positive and negative muons, the bias is seen to be learlyharge dependent (see �gure 3.19). This is also reprodued by MC.Sine the bias at small momenta is harge dependent, is seems that it is related tosome systemati e�et in the extrapolation of the muon trajetory through the solenoidalmagneti �eld. For higher momenta, the bias then vanishes beause the muon trajetoryurves 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 triky. In theanalysis, both the transverse momentum and the harge of the muons is used, neither ofwhih an be measured with magneti �eld o�. To make the omparison with the MC datasample with magneti �eld o�, the truth partile harge was used to distinguish betweenpositive and negative muons. Furthermore, no segmentation of the muons aording to
pT was made, sine the truth partile pT is given where the partile is generated, namely48
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Figure 3.19: Mean of the ∆φ0 distribution for positive and negative muons as funtion of
pT for real data sample 1 (left) and MC sample 1 (right).
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Figure 3.21: Mean of the ∆d0, ∆θ0 and ∆z0 distributions for positive and negative muonsas funtion of pT for real data sample 1.Sine the harge dependene of the mean of ∆φ0 is related to extrapolation throughthe solenoidal magneti �eld, we would also expet it to be visible in the ∆d0 distribution,sine this impat parameter also depends on the transverse projetion of the trak. We donot expet to see it in the ∆θ0 and ∆z0 distributions. The means of ∆d0, ∆θ0, and ∆z0with harge distintion, are shown in �gure 3.21. As expeted, the harge dependene isvisible in the ∆d0 distribution, but not in the ∆θ0 or ∆z0 distributions.The standard deviations of the residual distributions as funtion of pT were also plot-ted. These are shown in �gure 3.22. The standard deviation inreases at small momenta,and this is reprodued by MC, although there seems to be some disrepany between MCand real data in terms of the absolute numbers. The inreased standard deviation atsmall momenta is probably due to more bending in the magneti �elds and larger e�etof multiple sattering.The error bars on the means and standard deviations in this setion were obtainedthrough TH1::GetMeanError() and TH1::GetRMSError() in ROOT.Charge mismeasurement rateWe an also study the eletri harge as measured in the muon spetrometer and in theinner detetor. A omparison was done by looking at the ratio
κ =

Qinner detetor
Qmuon spetrometer = ±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 funtion 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 theharge mismeasurement rate asharge 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 preentage of all muons whih 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 funtion of pTfor real data sample 1 and MC data sample 1 in �gure 3.23. We see here that the hargemismeasurement rate tends to inrease as funtion of the pT (at least for the real data).This is beause the traks urve less for high momentum partiles, so that it beomes moredi�ult to measure the bending, the diretion of whih gives the harge of the partile.For the real data, the harge mismeasurement rate ranges from less than one perentat low momenta to a few perent at high momenta.3.4.6 The muon harge ratioCosmi ray showers do not ontain equal numbers of positive and negative muons. Beausethe 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 funtion of pT forreal data sample 1 and MC data sample 1.

Transverse momentum [GeV]

0 10 20 30 40 50 60 70 80 90 100

)−
µ

)/
N

(
+

µ
C

h
a

rg
e

 r
a

ti
o

 N
(

1

1.2

1.4

1.6

1.8

2

2.2

2.4

2.6

Figure 3.24: The muon harge ratio obtained from real data samples 1 and 2 as funtionof 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 respetively.Figure 3.24 shows the muon harge ratio obtained from real data samples 1 and 2as funtion of pT. Note that the RPC φ ut has been dropped in produing this plotto inrease the statistis, sine aurate φ measurement is not important here. Here, amomentum dependene is seen. This is related to the geometry of the ATLAS avern.Figure 3.5 shows the geometry of the ATLAS avern. The trajetories 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 thedetetor, while the negative ones are bent away,
• of the muons originating from the small shaft, the negative ones are bent into thedetetor, while the positive ones are bent away.52
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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 histogramsrespetively.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 ConlusionsThe ATLAS osmi data is the �rst real data taken by the ATLAS detetor. The per-formane of the ATLAS detetor in searhes for various kinds of new physis and mea-53



surements of various quantities has been investigated through simulations for a ouple ofdeades. Sine also osmi data taking has been simulated, the osmi data provide a�rst possibility to test the atual performane of the ATLAS detetor against simulations.The agreement between simulation and real data means in general that the simulationstudies of new physis searhes et. with ATLAS an be trusted.The residual distributions of setion 3.4.5 are essentially measures of the trak param-eter resolution for muons in the ATLAS detetor, and the preision of the extrapolationof muons through the detetor. That these distributions show lose agreement betweensimulation and real data, shows that the trak parameter resolution of the detetor is asgood as expeted from simulation. This is very important for all kinds of studies that willbe onduted when the LHC starts. In addition, the lose agreement between simulationand data shows that the material of the detetor is well known, sine this material a�etsthe extrapolation of the muons through the detetor.Although simulation and real data seem to agree well, we have also seen that ertaine�ets are not orretly reprodued by simulation. The ∆φ0 and ∆d0 distributions ofsetion 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 orretlyreprodued by simulation. In this ontext it should be noted that the on�guration ofthe RPC was not nominal in run 91890 (whih was used in the analysis). One setor wasnot read out at all, and two setors were read out with non-nominal settings. This ouldexplain the disrepany in the number of RPC hits between data and simulation.3.5 SummaryIn this setion, 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-tetor is performing as expeted, in partiular in terms of muon reonstrution. Thepreise measurement of muons in the ATLAS detetor an ontribute to a hange in ourunderstanding of the interations between elementary partiles. In the next hapter, theprospets for the disovery of a new harged gauge boson deaying to eletrons and muonsare evaluated using simulated data.
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Chapter 4Searh for W ′ in lepton and /ET �nalstate
4.1 Searh hannel and experimental signatureIn this hapter, a searh for a heavy, harged gauge boson W ′ with the ATLAS detetorat the LHC using simulated data for √

s = 10 TeV is presented. The partiular W ′onsidered is the SM-like W ′, whih is a arbon opy of the SM W with a larger mass.This means in partiular that all the ouplings to fermions (vertex fators) are the sameas for the SMW (see eq. (1.46)). Furthermore, the deayW ′ →W Z is forbidden. This isno real BSM model, but rather a benhmark model used to evaluate disovery potentialswithout onsidering a partiular BSM model.The deay hannels for the SM-like W ′ are the same as for the SM W . The exeptionis that an on-shell SM W annot deay to tb (e.g. W+ → t b) sine 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 deay hannels W ′+ → t b and W ′− → t b open up.In alulating ross setions, the di�erene between the SM W and the W ′ will enterthrough the propagator, whih 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 replaed by mW ′ .The searh hannel onsidered in this study is W ′ → l νl where the lepton l is eitheran eletron or a muon. More preisely, the deay 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 setion 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 deay into the τ lepton, but we do not onsider this deay hannelbeause the τ deays before reahing the detetor, whih makes a W ′ → τ ντ study moredi�ult. The deay of W ′ into jets, i.e. W ′ → q′ q where q and q′ are quarks, is another55



possible hannel. An example of suh a deay is W ′+ → u d. However, leptons provide aleaner signature at a hadron ollider sine there will be a lot of jet ativity from variousQCD proesses. Both the 2 jet hannel and the τ hannel an be studied, but in thisthesis we look only at the eletron and muon hannels.4.1.1 The missing transverse energyAt the LHC, the olliding partiles are not elementary. A proton onsists of three valenequarks, and in high energy ollisions, additional quark-anti-quark pairs (�sea quarks�) andgluons may be reated from the vauum. The interation between two olliding protons isreally an interation between the onstituent partons (quarks and gluons). In partiular,any hard sattering leading to high pT �nal state partiles is an interation between oneparton from one of the protons, and one parton from the other one. This may e.g. be areation suh as q q → Z → l+ l− where eah initial state quark emerge from one of theolliding protons.The momenta of the interating partons are not the full momenta of the ollidingprotons, but eah interating parton rather takes a momentum fration x ∈ (0, 1) of thetotal momentum of its proton, i.e. it has momentum xp where p is the momentum ofthe proton. In eah ollision, for eah proton, the momentum fration x of the ollidingparton is a stohasti variable following a probability distribution given by the partondistribution funtion (PDF) f(x, q2). Note that the PDF depends on the momentumtransfer q of the hard sattering. The di�erent partons have di�erent PDFs, i.e. thefuntion 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 satter and produe �nal state partiles, the inital state partons,and thus also the �nal state partiles, will have a total momentum
pz = (x1 − x2)p (4.3)along the beam axis, where x1 and x2 are the momentum frations of the partons fromthe two protons. (We have here de�ned proton 1 to be moving in positive z-diretion.)In general x1 6= x2, so there is a non-zero total momentum along the beam axis. Onean therefore not assume that the total momentum along the beam axis of the �nal statepartiles in a proton-proton ollision should be zero.It is, however, a good assumption that the transverse momenta of the interatingpartons are small ompared to the energy sale of the ollision. One an e.g. use theunertainty priniple 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)whih is negligible ompared to the TeV sale of the ollision. Therefore, one an assumethat the total momentum in the transverse plane of the �nal state partiles in a proton-proton ollision should be zero. This an be used to observe partiles whih do not interatwith the detetor, sine their existene 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, whih is supposed to equal the total trans-verse momentum of invisible partiles, is alulated by taking the vetor sum of all visibletransverse momentum and reversing the sign.At the LHC, all �nal state partiles will be highly relativisti, sine their rest massesare small ompared to the energy sale of the ollisions. The energy and the magnitudeof the momentum for these partiles are therefore equal,
E =

√

p2 +m2 ≈ |p| , |p| ≫ m. (4.6)Most of the measurements of the momenta of �nal state partiles in ATLAS whih go intothe alulation of the missing transverse momentum, are atually energy measurementsfrom the alorimeters, and therefore the term missing transverse energy is used insteadof missing transverse momentum, even though there is physially no suh thing as �trans-verse energy�. The missing transverse energy is not onstruted only from alorimetermeasurements. The momenta of any muons must be measured through traking, sinemuons 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 soure of /ET, but in some BSM theories, othersoures of /ET are also present. An example is the lightest supersymmetri partile ofsupersymmetri models (see setion 4.12).4.1.2 The transverse massWhen searhing for a partile deaying to two (or more) visible partiles, the invariantmass
m =

√

(

∑

E
)2

−
(

∑

p

)2 (4.7)(where the sums run over the deay produts) is used. The invariant mass distributionexhibits a peak at the deaying partile's mass (eq. (4.1) leads to resonane for k2 ≈ m2
W ).Sine the neutrino of theW ′ deay is only partially reonstruted ( /ET), the invariant massan not be reonstruted.A muh used variable in searhes for W ′ deaying to lepton and neutrino is the trans-verse mass. We onsider an on-shell W ′ produed at rest and deaying to an eletron anda neutrino. The eletron and the neutrino an be treated as massless (mν ≪ me ≪ mW ′).Sine the eletron and neutrino are both massless we have pν = Eν and pe = Ee where Ee(pe) and Eν (pν) are the energies (momenta) of the eletron and the neutrino respetively.Conservation of momentum requires that the eletron and the neutrino go in oppositediretions 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 eletron is thus peT,max = mW ′/2. A �rstde�nition of the transverse mass ould be mT = 2peT, whih should exhibit an end pointat the W ′ mass, i.e. the ross setion should derease rapidly for transverse masses above
mT = mW ′ sine this is the largest transverse mass value allowed by an on-shell W ′.With θ as the polar angle of the eletron diretion 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 setion:
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 setion should therefore inrease towards the end point at mT =
mW ′ , and is said to have a Jaobian peak there.Sine the momenta of the neutrino and the eletron are equal (but opposite), wemay write the transverse mass as mT =

√

4pe 2
T =

√

4peTp
ν
T. The transverse momentumof the eletron is experimentally measured as its energy deposit in the eletromagnetialorimeter 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 soures 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 diretion of the eletron. 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 diretion of the eletron and the diretionof the /ET. Note that the fator (1− cos ∆φe, /ET

) ∈ [0, 2] takes the maximum value 2 whenthe eletron and the /ET are oppositely direted.The above onsiderations apply equally well for W ′ deaying 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 sinethe momentum of the muon is measured through traking.)4.1.3 Relation to the invariant massIn setion 4.1.2, we made plausible the de�nition

mT =
√

2plTp
ν
T(1 − cos ∆φl,ν) (4.13)for the transverse mass, aentuating the relation to the lepton pT for a W or W ′ bosonprodued at rest, at least in the transverse plane. A SM W boson an be produed withsigni�ant transverse momentum at the LHC. For the simple de�nition mT = 2pT, thisould 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 deaying partile, so that we are �safe� from overestimatingthe mass in the ase of a boosted W or W ′.The mass of the deaying partile satis�es (for massless deay produts)
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 equivalene 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 vetor 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 brakets 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 partile mass, regardless of any boost of the partile. We see that mT = m whenthe lepton and neutrino are emitted with the same polar angle, θl = θν . We identify onespeial ase, θl = θν = π/2 (only transverse motion). In this ase m = mT obviouslyholds sine pT = p.4.2 W ′ prodution in pp-ollisionsThe prodution 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 prodution reations 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 verties exist. A few examples are

u s→ W ′+, u b→W ′+, c b→W ′−. (4.20)These verties arise from the fat that the �avor- and mass quantum mehanial eigen-states for the quarks are not the same. As mentioned in setion 1.5, these verties 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 prodution and deay of the W ′ are shown in�gure 4.1. The total W ′ prodution ross setion in pp ollisions is dominated by thefusion of light (u and d) quarks.CompHEP [15℄ is a program for alulating ross setions and deay 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 saled to the mass of the W ′, i.e.

ΓW ′ =
mW ′

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

s = 10 TeV alulated 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 prodution of a W ′ and its subsequent deayto the lepton and neutrino �nal state.
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Figure 4.2: The di�erential ross setion dσ/dmT for d u→ W ′− → e− νe in pp ollisionsat √s = 10 TeV as alulated by CompHEP.simple de�nition mT = 2pT is used, where pT is the transverse momentum of the eletron.The Jaobian peak at mT = 2 TeV is learly seen. For mT > mW ′ , the ross setiondereases rapidly, sine the W ′ then goes o� the mass shell.Figure 4.3 shows the total ross setion for d u → W ′− → e− νe in pp ollisions at√
s = 10 TeV alulated by CompHEP as funtion of the W ′ mass. We see that the rosssetion dereases rapidly (exponentially) as funtion of the W ′ mass.The total ross setion for any proess in pp ollisions is given by an integral over theparton distribution funtions. 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 interating partons and σ̂ is the hard satteringross setion (i.e. the ross setion at parton level). If one wants the ross setion for agiven �nal state, then one must in addition sum over all possible parton level proessesgiving this �nal state. Note that the funtion fi(x, q2) is normalized in suh a way that itinludes 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 funtions for sea quarks, gluons and valene quarks are shown for low energyand extrapolated to LHC energies in �gure 4.4 (taken from ref. [16℄). We see for examplethat the gluon beomes very important at low momentum frations when going to LHCenergies.If we onsider the proess d u→ W ′− → e− νe as above, then the partons 1 and 2 arethe d and u quarks. The hard sattering ross setion for this proess is largest when the60
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Figure 4.4: Parton distribution funtions for the proton for low energy sale (left) andextrapolated to LHC energies (right). (From ref. [16℄.)
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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 eah of the olliding protons and s is theproton-proton enter of mass energy squared. The higher the invariant mass of the twoparton interation, 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 Interferene termsWhen alulating the ross setion at parton level for a proess suh as u d → e+ νe in amodel with a SM-like W ′, the Feynman diagram of �gure 4.1 ontributes as well as theorresponding diagram with the W ′ replaed by a SM W . The absolute square of theFeynman amplitude, whih enters the ross setion alulation, 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 ′) exhange. Thelast two terms are alled interferene terms. Beause of these terms, the ross setion 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 rosssetion, and thus onstitute signal in a statistial sense. The signalW ′ samples to be usedin this study, whih are generated with the event generator Pythia [20℄, do not inludeany interferene with the SM W for the simpliity of the event generation.Figure 4.5 shows the di�erential ross setion dσ/dpeT for the proess d u → e+ νein 10 TeV pp ollisions as alulated by CompHEP within the SM-like W ′ model withand without the interferene terms for a 1.0 TeV W ′. We see that the interferene termsgive a negative ontribution dereasing the ross setion below the W ′ peak, while theontribution is positive above the peak. This agrees with the results presented in [18℄,where the e�et of W/W ′ interferene in single top prodution is investigated.62



Figure 4.6: Transverse mass and eletron transverse energy distributions from the DØstudy of the eletron plus missing transverse energy �nal state together with MC predi-tions.4.3 Tevatron results on W ′A searh for a new harged gauge boson W ′ deaying to eletron 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 eletron transverse energy after uts are shown togetherwith MC preditions in �gure 4.6.The QCD bakground has been estimated from the data. The spetrum has beensaled to �t the MC predition in the W peak region 60 GeV < mT < 140 GeV.No signi�ant exess of events at high transverse mass or high Ee

T is observed. TheDØ ollaboration puts a lower limit with 95% on�dene level on the SM-like W ′ mass,
mW ′ > 1.00 TeV.4.4 SM bakgroundsWe want to perform a searh for the SM-like W ′ deaying to lepton and neutrino. Ourexperimental signature is one high pT lepton and missing transverse energy. We now needto �nd out whih other proesses an produe 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 plaeof the W ′. The W an therefore produe exatly the same �nal state as the W ′. We willbe looking for W ′ at high values of the transverse mass. For the W to produe 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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for the proess given an integrated luminosity ∫

Ldt. We must then make a histogram of
x from the generated events and sale it with a fator k satisfying

kNgen = Nexp = σ

∫

Ldt (4.25)where Nexp is the number of expeted events. The sale fator is thus
k =

σ

Ngen

∫

Ldt. (4.26)The ross setion of the proess is alulated by the event generator.4.6 Datasets and ross setionsSine the ross setion for SM W prodution dereases exponentially after the Jaobianpeak at mT ≈ 80 GeV, generating W events without kinematial onstraints requiresgenerating an enormous amount of events to obtain good statistis 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 setion used for suh a dataset is of ourse
σ =

∫ mmax

lν

mmin

lν

dσ

dmlν

dmlν (4.27)whih in both ases is orders of magnitude smaller than the total W ross setion. SM Zsamples used have a ut mll > 200 GeV where mll is the dilepton invariant mass.Similar onsiderations apply to dijet prodution. To obtain good statistis for hardjets without generating billions of softer jets, events must be generated with di�erentkinematial onstraints. In the dijet ase, the ut is made on the transverse momentum
p̂T of eah 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 eah dataset J0 to J7 orresponding to the lower limit in the nextdataset.We do not expet the W to ontribute signi�antly to the signal region when mlν <
200 GeV. It ould, however, ontribute beause of the large ross setion for on-shell Wprodution and the possibility of mismeasurements. For ompleteness, it would thereforebe good to inlude 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 reonstruted from the truth informationabout the lepton and the neutrino with theW as �mother�. To verify the orretness of theimplementation, histograms of the invariant mass mlν for the two W samples desribedabove were made, and mlν fell exatly in the regions orresponding to the ut in the eventgeneration (see �gure 4.12).For the sale fator of the low mass data sample, the total ross setion and the totalnumber of generated events was used (see eq. 4.26), whih is equivalent to using the rosssetion

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 orretness of the alulationof the true lepton-neutrino invariant mass.The signal samples ontain W ′ of di�erent masses deaying to lepton and neutrino,where lepton also inludes τ . The tt sample ontains only events in whih at least oneof the W s from the top quarks deays leptonially. The diboson samples used are also�ltered to inlude at least one lepton. All datasets and ross setions used are shownin tables 4.1 and 4.2. The ross setions have been obtained from AMI1. To the extentpossible the r808_r8382 reonstrution 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 beause the distributions are alulated as sums ofdi�erent separately �nite ontributions where some ontributions may be negative [21℄.With the exeption of tt, all ross setions are alulated to leading order.4.7 TriggerThe onept of the trigger was brie�y introdued in setion 2.3.5. The trigger is thesystem that determines, for eah event, whether to keep the data from this event, sinereording all events is not feasible in terms of bandwidth and data storage. The triggertherefore needs to quikly identify objets whih ould identify an event as �interesting�.The trigger onsists of three levels, level 1, level 2, and the event �lter, with inreasinglyomplex algorithms and dereasing rates. The trigger menu is the olletion of all triggersused.The ATLAS simulation inludes simulation of the trigger system. This means that,for eah event, the trigger deision is stored in the output data. When analysing the1AMI [22℄ is the ATLAS Metadata Interfae, whih gives the user aess to information about ATLASdatasets.2This tag orresponds to datasets reonstruted with Athena release 15.3.1.6.68



Proess Run no. Reon. tag MC events Cross setion [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 ′ searh analysis. For the ases where a generatorlevel event seletion is made, the ross setion quoted is σ × ǫ where ǫ is the generatorlevel seletion e�ieny.

Proess Run no. Reon. tag MC events Cross setion [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: Bakground samples used in the W ′ searh 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 seletion is made, the ross setionquoted is σ × ǫ where ǫ is the generator level seletion e�ieny.69



data, one an then aess the trigger deision using the Trigger Deision Tool, and �ndout for example whether the trigger system has identi�ed a high pT eletron or muon,large missing transverse energy et.The sum of the rates of all triggers an not exeed the total bandwidth of the datataking infrastruture. If the rate of a ertain trigger, for example an eletron trigger witha ertain pT threshold, is expeted to exeed the bandwidth whih an be alloated to thistrigger, a presaling is imposed on the trigger. This means that only a ertain fration ofthe events ful�lling the requirements of this trigger is stored.If one wants to obtain a distribution from MC data whih as losely as possible repro-dues the orresponding distribution from real data, one should apply the trigger deisionin the analysis ode for the MC data, so that only events whih �red the trigger appearin the �nal distributions. Events whih did not �re the trigger should not be inluded inthe distributions, sine these would be lost from the real data. A signal with a low triggere�ieny (low probability to �re the trigger) will give many signal events whih are notstored. If a trigger deision ut is not imposed in an MC study, the expeted number ofreonstruted signal events will be overestimated, and MC data and real data will notagree.For this W ′ study, an eletron 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 respetively. Aording to the ATLAS TWiki [23℄, these triggers are expeted torun without presale at a luminosity L = 1031 cm−2 s−1. It is important to use a triggerwithout presale, sine we do not want to throw away anyW ′ events. When the luminosityis inreased, the 10 GeV eletron and muon triggers may be presaled. In this ase, itwill be neessary to use triggers with higher pT thresholds to avoid a presale. For the
Wγ diboson dataset, the e10i trigger is used as eletron trigger, sine this dataset has adi�erent �trigger menu� (the e10_medium trigger information is not aessible).4.8 Event seletionWe must now �nd out how to selet the events interesting for a W ′ study from all theevents oming o� the ATLAS detetor.4.8.1 Lepton seletionA reonstruted eletron or muon is an objet reated by the ATLAS software from hitsand energy deposits. It may or may not orrespond to an atual eletron or muon. Whendoing analysis, one may selet leptons ful�lling ertain quality riteria, whih typiallydepend on the analysis. In seleting eletrons, uts on the shape of the shower in theeletromagneti alorimeter are entral. Furthermore, uts on transition radiation hits inthe TRT and on the assoiation of the eletromagneti alorimeter shower to a trak inthe inner detetor may improve the eletron quality. For muons an important quality utis to require a trak in the inner detetor to be mathed to the muon spetrometer trak.The muon is then alled a ombined muon.An eletron andidate is built from a luster in the eletromagneti alorimeter if aninner detetor trak an be extrapolated to math the luster within a ∆η × ∆φ windowof 0.05 × 0.10 and if the ratio of luster energy to trak momentum satis�es E/p < 10.The ATLAS software divides eletrons into loose, medium, and tight ategories based onvarious uts. Detailed information about the uts an be found in [25℄. For loose eletrons,70



uts are made on the shape of the eletromagneti luster and on the leakage of energyinto the hadroni alorimeter. For medium eletrons, further uts are made on showershapes, and uts are made on number of hits of the inner detetor trak and the trak
d0. Fake eletrons from π0 → γ γ are redued by utting on the seondary maximum ofthe luster. For tight eletrons, tighter uts are imposed on the trak/luster mathing(∆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 eletron de�nitionsare not related to and should not be onfused with the loose, medium, and tight innerdetetor uts used for osmi muons in setion 3.4.For the analysis, the following requirements are made on eletrons:

• Medium eletron
• |η| < 2.5

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

match < 100 (inner detetor-muon spetrometer)
• |z0| < 200 mm

• |η| < 2.5

• pT > 50 GeVThe variable χ2
match is the χ2 of the mathing between the muon spetrometer and innerdetetor traks. The lepton seletion used is based on the one found in [24℄. A similarseletion is also used for W ′ searh in [26℄.The eletrons used are taken from the EletronAODColletion while muons are takenfrom the StaoMuonColletion.4.8.2 Event preseletionAs an initial event seletion, we now require:

• exatly one high-pT lepton (as de�ned in setion 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 exatly one high pT lepton sine we do not expet the W ′ deay produtsto be aompanied by high pT ativity from other proesses. Note that we aept otherreonstruted eletrons or muons in the event as long as their pT is below 50 GeV.Figure 4.13 shows the reonstruted transverse mass spetra in the eletron and muonhannels for 1 TeV and 2 TeV W ′s after event preseletion. We see learly in both eletronand muon hannels the derease of the di�erential ross setion above the W ′ mass. The71
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Figure 4.13: Reonstruted transverse mass spetra after event preseletion in eletron(left) and muon (right) hannels for 1 TeV and 2 TeV W ′ bosons.
W ′ mass Eletron 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: Reonstrution e�ienies for W ′ events at three di�erent masses.Jaobian peak looks espeially nie in the eletron hannel, sine alorimeter measure-ments are more preise than traking at suh high pT. The Jaobian peak seems also tobe more washed out in the muon hannel for the 2 TeV W ′ than for the 1 TeV W ′. Thisis probably beause the traking momentum auray dereases with momentum.Table 4.3 shows the W ′ event reonstrution e�ieny in eletron 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 eventswhih pass the one lepton and /ET requirements (trigger not required at this point). Notethat these e�ienies are not pure eletron and muon reonstrution e�ienies, butinlude detetor aeptane, /ET reonstrution, and all quality riteria imposed on theleptons. The e�ienies are all above 80%, and somewhat higher in the eletron hannelthan in the muon hannel. Note that the geometrial aeptane (|η| < 2.5) is about 96%in both hannels.Around 10% to 15% of reonstruted events whih pass the one lepton and /ET re-quirements in both eletron and muon hannels are atually W ′ → τ ντ events where the72



W ′−
W−

ντ

ντ

e−, µ−

νe, νµτ−

Figure 4.14: Feynman diagram for W ′ deay to τ lepton whih in turn deays to eletronor muon.
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Figure 4.15: Reonstruted transverse mass distributions in eletron (left) and muon(right) hannels after one lepton and /ET requirements for events where the W ′ deays to
τντ . In these events, the τ lepton has deayed aording to eq. (4.29), or it has deayedhadronially and produed a fake lepton.
τ deays to eletron 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 deay produes a fakeeletron or muon. The reonstruted transverse mass spetra for suh 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, sine the τ momentum taken by the neutrinosis not measured, but ontributes to the /ET predominantly in the opposite diretion ofthe τ neutrino from the W ′ deay. Note that the events where the W ′ deays to τ leptonhave not been ounted when the e�ienies of table 4.3 have been alulated. I.e., the τevents ontribute neither to nl or to npresel
l in this alulation.Table 4.4 shows the trigger e�ieny for three di�erent W ′ masses. The trigger ef-�ieny 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 whih have beentriggered. The trigger e�ieny is around 99% for eletron events and 85% for muonevents, more or less independently of the W ′ mass. We see that some few events arepiked up only by the �wrong� trigger (i.e. some muon events are piked up only by theeletron trigger and vie versa).Figure 4.16 shows the reonstruted pT, /ET, and mT spetra for two W ′ masses andbakgrounds. The most important bakgrounds are seen to be dijets, tt and the SM Wboson. The bins with large statistial errors in the SM W distributions orrespond to73



W ′ mass O�ine lepton Eletron trigger Muon trigger Total e�ieny
1 TeV Eletron (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 Eletron (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 Eletron (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�ienies for W ′ events at three di�erent masses.
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Figure 4.16: Reonstruted pT, /ET, and mT spetra after event preseletion in eletron(left) and muon (right) hannels for 1 TeV and 2 TeV W ′ bosons and bakgrounds.74



events from the low mass (mlν < 200 GeV) sample, whih has a larger sale fator thanthe high mass samples.If the eletron pT distribution in �gure 4.16 is ompared to the one in referene [24℄,the present dijet ontribution is seen to be muh smaller. In [24℄, the dijet ontributionis far above the SM W . This is beause older reonstrutions were used in [24℄. Whenthe present analysis was run with the r635 reonstrution tags, the dijet ontribution tothe eletron pT spetrum was muh larger. This is probably beause of an improvementin the eletron identi�ation algorithms.In terms of the transverse mass, some bakgrounds are already redued at high trans-verse mass ompared to the pT distribution, and the high mass tail of the SM W is seento be the dominant bakground. Note that the total SM bakground atually goes belowthe SM W for the transverse mass histogram in the eletron hannel just below 1500 GeV(the same e�et is seen more learly in �gure 4.22). This is beause the orresponding binin the tt histogram has negative ontent, whih 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 redue the tt and dijet bakgrounds. Notethat the high mass tail of the SM W represents irreduible bakground, sine it has theexat same event topology as the W ′.4.8.3 Lepton isolationIf a jet leads to the reonstrution of a fake lepton, or if a real lepton exists within a jet,the reonstruted lepton is likely to be surrounded by a lot of ativity in the detetor(traks and energy deposits). For leptons from W ′ deay, there is no reason to expetsigni�ant ativity in their viinity. They are expeted to be isolated.We de�ne the isolation variable given by the sum of all transverse energy (alorimetermeasurements) in the viinity of our reonstruted lepton:
E∆R<x

T =
∑

∆R<x

ET (4.30)where ∆R is relative to the reonstruted lepton's diretion of motion. The region givenby ∆R < x is a irle 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 bakgrounds in theeletron and muon hannels. The jet bakground is represented by the J5-J7 samples, sinethese samples give enough events passing the event preseletion to de�ne relatively smoothdistributions. (The J8 sample is exluded beause this sample has an older reonstrutiontag.) 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 bakground redution. Note that the signalsamples tend to higher values of the variable (less isolation) in the eletron hannel than inthe muon hannel. This is probably beause the eletrons have a relatively high probabilityto do bremsstrahlung in the material preeding the alorimeters at suh high momentum.The e�et is less important in the muon hannel beause of the mass. Eletrons from W ′appear to be less isolated than both eletrons from the SM W and eletrons from tt.To aount for bremsstrahlung, we an make the isolation ut pT dependent, sinethe bremsstrahlung probability inreases with momentum. We therefore onsider alsothe normalized isolation E∆R<0.3
T /pT. The signal and bakground distributions for this75
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Figure 4.17: The distributions of the isolation variable E∆R<0.3
T for signals (top) andbakgrounds (bottom) in the eletron (left) and muon (right) hannels.variable are shown in �gure 4.18. The eletrons 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 rejet the jets. Sine jets are not our dominant bakground in terms of thetransverse mass, it is not possible to optimize the ut value for signi�ane. However,to make an argument for the hoie of ut value, we an try to maximize the produt ofsignal e�ieny and bakground rejetion, ǫsgnrbkg. The signal e�ieny is de�ned as thefration of signal events passing the ut, ǫsgn = nsgn

after/n
sgn
before and the bakground rejetionis de�ned as rbkg = 1 − nbkg

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

T and
E∆R<0.3

T /pT as ut variables in the eletron and muon hannels. The bakground is herethe jet samples J5-J7 merged aording to ross setion, and the signal is the 1 TeV
W ′. We see that the maximum value is higher in the muon hannel than in the eletronhannel, as expeted beause of bremsstrahlung. The maximum value is slightly higherin the normalized isolation than in standard ET-one.For this analysis, we proeed with a ut E∆R<0.3

T /pT < 0.05, whih gives a lose tomaximum value of ǫsgnrbkg in both hannels. In the eletron 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%.Beause of bremsstrahlung, it ould be an improvement to onsider trak based iso-lation �pT-one� (photons do not make traks), or to onsider alorimeter measurementswith a wider inner one subtrated (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 bakgrounds (bottom) in the eletron (left) and muon (right) hannels.
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Figure 4.20: Lepton fration distributions for signals and bakgrounds in the eletron(left) and muon (right) hannels.ways subtrated when alulating an ET-one). Isolation requirements using alorimetermeasurements in a region 0.1 < ∆R < 0.3 (a so-alled �ET-ring�) or traks in a region
∆R < 0.3 were explored, but neither option seemed to give better signal/bakgroundseparation.4.8.4 The Lepton FrationAs seen in �gure 4.18, the tt bakground is not signi�antly redued by the ut on nor-malized isolation. We therefore look at a di�erent variable for tt rejetion.For a W ′ signal, we expet the event to be dominated by the lepton and neutrinofrom the W ′ deay. There is no reason to expet signi�ant jet ativity. For the typial
tt event depited in �gure 4.9, the �nal state lepton and neutrino will be aompanied byfour jets, inluding two b-jets.We de�ne the lepton fration by

flep =
Ee

T + /ET
∑

ET + /ET

(4.31)for eletron events and
flep =

pµT + /ET
∑

ET + pµT + /ET

(4.32)for muon events. (Note that the sums are salar sums.) It measures the fration oftransverse momentum in the event whih an be attributed to the harged lepton andthe neutrino. The ∑

ET is the salar sum of ET from alorimeter measurements. Thedenominator in the lepton fration de�nition looks di�erent for eletron and muon events,sine the muon pT is not ounted in ∑

ET, while the eletron pT (or ET) is.The lepton fration distributions for signal and bakground in the muon and eletronhannels are shown in �gure 4.20. Note that the isolation ut is already imposed whenproduing these plots. We see that tt events tend to low values of the lepton fration andthat the signal tends to high values, as expeted.We now look at the produt ǫsgnrbkg as funtion of the lepton fration ut value, whihis shown in �gure 4.21. Here, the bakground is tt, while the signal is again the 1 TeV
W ′. For the analysis, a ut flep > 0.5 is made in both eletron and muon hannels. Inthe eletron hannel, this ut ahieves ǫsgn = 97.3% and rbkg = 97.0%, while the numbersin the muon hannel are ǫsgn = 96.4% and rbkg = 97.4%.78
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• preseletion,
• normalized isolation E∆R<0.3

T /pT < 0.05,
• lepton fration flep > 0.5, 80
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Figure 4.24: Correlation plots of lepton fration vs. pT/ /ET for 1 TeV W ′ signal (top), ttbakground (middle) and dijet bakground (bottom) in eletron (left) and muon (right)hannels.
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Figure 4.25: Distributions of pT, /ET, and mT in eletron (left) and muon (right) hannelsafter isolation, lepton fration, 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 bakground, and thatthis bakground is statistially 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 ′ disovery potential.The mismeasured SM W events giving the spikes in the mT distribution in the muonhannel 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 fration flep = 0.53, so we ould remove it by inreasing the leptonfration ut value slightly. Tuning a ut to remove a single MC event would, however, notbe very well motivated. 82



Preseletion Isolation Lepton fration 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 bakground ut �ow in the eletron hannel. The numbers shownare expeted events per 1 fb−1 with statistial errors.Preseletion Isolation Lepton fration 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 bakground ut �ow in the muon hannel. The numbers shown areexpeted events per 1 fb−1 with statistial errors.The signal and bakground ut �ow in the eletron 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 expeted events per 1 fb−1 with statistial errors. For the number of expeted eventsbefore any event seletion (i.e. the ross setion) onsult tables 4.1 and 4.2. The last ut,
mT > 700 GeV, is the transverse mass ut that will be used for alulating the signi�anefor a 1 TeV W ′.The event numbers quoted here an not be ompared to the orresponding ones inreferene [24℄, sine [24℄ is a 14 TeV study. The numbers for the muon hannel showreasonable agreement with the talk [27℄ on W ′ searh 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 statistis of disovery and exlusion4.9.1 The signi�aneWe will searh for the W ′ by looking for an exess of events at high transverse mass. Ifthe number of observed events is signi�antly greater than the expeted bakground b, welaim to have disovered something. The observed exess is said to be signi�ant whenthe probability of observing it given only bakground 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. Sine eah bunh rossing in ourdetetor has a ertain (very small) probability of produing suh an event, independentof all other bunh rossings, we onlude that n follows a binomial distribution. For anyintereseting data sample, the number of bunh rossings will be huge. In this limit, wherenumber of trials is large and the suess probability is small, the binomial distributionapproahes the Poisson distribution. The probability for n = k is thus
P (k|λ) =

λke−λ

k!
(4.33)where λ is the expetation (average) value of n, whih an be written as λ = ǫσ
∫

Ldtwhere σ is the ross setion for the partiular kind of event onsidered and ǫ is thereonstrution e�ieny.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 expeted number of bakground events inthis transverse mass region. The probability of observing an exess as great as or greaterthan what we are seeing given only bakground, 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�ane Z by requiring

p =

∫ ∞

Z

ex
2/2

√
2π

dx = 1 − Φ(Z) (4.35)where the integrand is the probability density funtion (PDF) of the standard normaldistribution (with zero mean and unit variane) and Φ is its umulative distributionfuntion. I.e. Z is the number of standard deviations a Gaussian has to �utuate to givethe p value in its tail. In partile physis, a signi�ane Z = 5 (�5σ�), orresponding to a
p value p = 2.87 · 10−7 is required to laim disovery. This means that the probability forlaiming disovery if there is only bakground is as small as 2.87 · 10−7.4.9.2 Likelihood ratio based signi�aneInstead of using n as test statisti, we ould make a di�erent hoie. Let s be the expetednumber of signal events for some disovery. We write the expetation 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 theexpeted bakground b by a MC experiment where m signal-type events are observed.84



The expetation 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 funtion 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 approah takes into aount statistialunertainty in the bakground estimate, instead of assuming b = m/τ without unertainty.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 alulate this test statisti for a value µ whih is realized in the data, we expet

µ̂ ≈ µ and therefore qµ ≈ 0. For any observation qobs
µ > 0 (an exess in the data), the pvalue an be alulated 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 priniple a sum overdisrete possible values of qµ, sine the outomes n and m of the experiment are disrete.When we test the bakground hypothesis, we alulate q0. The bakground only PDFfor q0, f(q0|0), an be alulated 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℄. Sine a χ2 distributed variable with 1 DOF is just the square of astandard normal distributed variable, the signi�ane beomes in this ase
Z =

√
q0 =

√

−2 lnλ(0). (4.41)(Here the observation is assumed to �utuate above and below its expetation with equalprobability, details in [28℄.)One an analytially �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�ane

Z =

√

2
[

n ln
n

b
− n + b

]

. (4.43)The expeted signi�ane in the presene of signal is obtained by inserting the expetedobservation 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 statistial unertainty in thebakground estimate into aount now. The large τ limit should however be appropriate85
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Figure 4.26: The signi�ane as funtion of the number of observed events n for anexpeted bakground b = 0.1 alulated using di�erent formulae. �Poisson p value� refersto equations (4.34) and (4.35).in our ase, sine the highest mass SM W sample has been generated equivalent to morethan 100 fb−1. Equation (4.44) is used to alulate signi�anes in [24℄.Figure 4.26 shows the signi�ane as funtion of the observation n alulated aordingto equation (4.43) and equations (4.34) and (4.35) for an expeted bakground b = 0.1.This is a typial value of b for a 5σ disovery 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 alulation, although equation(4.43) has a onstant o�set towards higher signi�ane. The formula Z = s/

√
b is seen tomake no sense in this low statistis regime. This formula should be used when b is large.4.9.3 ExlusionIf no exess of events at high transverse mass is observed, we would like to put a limit onthe W ′ mass with some on�dene level. We ould then alulate a p value, not as the tailof the bakground distribution above the observation (as in the ase of signi�ane), butrather as the tail of a signal plus bakground distribution below the observation. Morepreisely,

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 expeted signal s and expeted bakground b. The signal plus bakground (s + b)hypothesis is then exluded at on�dene level (CL) 1− p. Usually, one requires p = 5%,orresponding to a 95% CL exlusion. This means that the probability of exluding the

s + b hypothesis if it is true is 5%.It should be noted that this exlusion is a statement about the s + b hypothesis,not the signal hypothesis itself. Suh an approah an give some strange results. Inpartiular, one an obtain very strong limits if the observation falls signi�antly below thebakground expetation. In this ase, the bakground hypothesis may itself be exludedat rather high on�dene level, and one ould question whether the bakground is reallyunderstood. Intuitively, a limit from an experiment where the observation agrees wellwith the expeted bakground should arry more weight than one from an experiment86



where the observation falls signi�antly below the expeted bakground, but the latterexperiment an put a stronger limit on s if the above desribed proedure is followed.The CLs method [29℄ is an approah in whih one an try to make a statement aboutthe signal hypothesis itself rather than only about the signal plus bakground 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 inreased by a fator 1/CLbwhih depends on the level of agreement between the observation and the bakgroundpredition. It an be thought of as the p value for the signal hypothesis itself, and thesignal s is within the CLs approah exluded at on�dene 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 exlusion. If no events are observed, any model prediting 3signal events is exluded at 95% CL.4.10 Expetations for disovery and exlusion poten-tials with early 10 TeV dataWe now want to evaluate the potential for disovery and exlusion of a SM-like W ′ withearly ATLAS data at √s = 10 TeV. The �ut and ount� approah is used, in whih wemake a ut at some value of the transverse mass, and ount the number of expeted signaland bakground events above the ut value. The expeted signal s and bakground b arethen inserted into equation (4.44) for the signi�ane.4.10.1 Optimizing the transverse mass utWhere to make the transverse mass ut for signi�ane alulations should be determinedby optimizing the signi�ane. A low ut gives more signal, but also more bakground,while a high ut gives less bakground, but also less signal. Figure 4.27 shows the signi�-ane as funtion of the transverse mass ut value for three W ′ masses with an integratedluminosity of 10 pb−1. The signi�ane is shown independently for eletron and muonhannels.We see that the optimal ut value is independent of the hannel onsidered. In ref-erene [24℄ it is laimed that a ut value mT = 0.7mW ′ optimizes the signi�ane, andthis ut value is there used for signi�ane alulations. 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�ane alulations.87
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Figure 4.32: Expeted number of W ′ events and number of signal events exluded at 95%CL as funtions of the W ′ mass for the ombined searh 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 searh, the 10 event limitsare respetively 1.1 TeV, 1.75 TeV, and 2.5 TeV.Figure 4.31 shows the integrated luminosity required for 10 signal events as funtionof the W ′ mass for eletron and muon hannels and the ombined searh for all thesimulated W ′ masses. For the heaviest simulated mass, mW ′ = 3.5 TeV, the requiredintegrated luminosity for 10 signal events in the ombined searh is just below 20 fb−1.4.10.3 Exlusion potentialTo �nd whih limit an be put on theW ′ mass at 95% CL for a given integrated luminosity,we make a plot of expeted number of events from the W ′ and the exluded value of
s as funtions of the W ′ mass. The exluded value of s is alulated as desribed insetion 4.9.3. For this alulation, the observation n is required. It is here set equal tothe most probable value of the bakground distribution, sine exlusion is relevant whenno hint of signal is seen.Figure 4.32 shows the exlusion limit plots for the ombined searh 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 respetively.90



We note that sine theW ′ searh orresponds to a ase where s≫ b, the exlusion limitis exatly where the expeted signal is three events. Note that the integrated luminosityrequired to exlude any of the W ′ masses an thus be read from �gure 4.31 by saling theintegrated luminosity for 10 events by a fator 3/10.4.11 Expetations for disovery and exlusion poten-tials with early 7 TeV dataAt the time of this writing, it has beome lear that the �rst high energy running ofthe LHC will take plae 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 MCprodution onsists of events generated at √s = 10 TeV, inluding the samples used inthisW ′ study. The fat that the LHC will run �rst at √s = 7 TeV leaves the early 10 TeVdata study (setion 4.10) as a rather aademi exerise. The orresponding mass limitsat √s = 7 TeV are more interesting.While generating events is a rather quik proess, simulating the partiles' interationswith the ATLAS detetor takes a lot of CPU time. No fully simulated W ′ signal samplesand high mass W bakground samples exist for √s = 7 TeV at the time of this writing.There are (at least) three ways of estimating the disovery/exlusion potential at 7 TeVwithout running full detetor simulation:

• generating events at 7 TeV and running fast detetor simulation (AtlFast [30℄),
• using the simulated events at 10 TeV and hanging the ross setion of eah datasample to the 7 TeV ross setion,
• using the simulated events at 10 TeV and reweighting from 10 TeV to 7 TeV on anevent by event basis.The event by event resaling tehnique is used in this study.The idea of event by event reweighting (PDF reweighting) is that any hard satteringproess (where both partons have momentum p < 3.5 GeV) ouring in 10 TeV proton-proton ollisions with di�erential ross setion

dσ

dp1 dp2

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

2) dσ̂(p1, p2)
dx1

dp1

dx2

dp2

(4.50)ould also our in 7 TeV proton-proton ollisions with di�erential ross setion
dσ

dp1 dp2
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′
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 interating partons
1 and 2, q is the momentum transfer of the interation, and dσ̂ is the hard satteringross setion element within some in�nitesimal variation of the �nal state. The hardsattering ross setion element is independent of the proton-proton enter of mass energy.The momentum frations of the partons in 10 TeV pp ollisions are x1 and x2, and theorresponding momentum frations at 7 TeV are x′i = 10xi/7. For the event sale fator
w, we have thus
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Figure 4.33: Transverse mass distributions at √
s = 7 TeV in eletron (left) and muon(right) hannels.
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Figure 4.34: Transverse mass distributions at √s = 7 TeV and √
s = 10 TeV in eletron(left) and muon (right) hannels for signals and high mass W bakground.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 bakgrounds after utsreweighted to √

s = 7 TeV. The shapes of the distributions are very similar to the 10 TeVase, but the ross setions are dereased. The mlν < 200 GeV SM W sample has notbeen rerun with reweighting, sine this sample did not ontribute any events in the signalregion after uts. Note that this will neessarily also be the ase at 7 TeV when we areusing reweighting, sine we are then using exatly the same events as in the 10 TeV study.Also, the dijet bakground has not been rerun sine 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 bakground. We see that the relative dereasein ross setion is larger for the higher mass interations. This is seen both from thedi�erene between the dereases of the 1 TeV and 2 TeV W ′ distributions, and from theontinously inreasing di�erene between the SMW distributions as funtion of the trans-verse mass.The ratio of 10 TeV to 7 TeV number of expeted events for signal and bakground 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 9.34Bakground N(10 TeV)/N(7 TeV) 2.43 3.08 4.26 6.47Table 4.7: Ratios between number of expeted events N at 10 TeV and 7 TeV for signaland bakground at di�erent W ′ masses.
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Figure 4.35: Signi�ane as funtion of the transverse mass ut value for three W ′ massesin eletron 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 bakground is the sum ofall bakground, but it is of ourse dominated by the SM W . The numbers of events arealulated with the ut mT > 0.7mW ′. Again we see that the higher mass interationsare redued by a greater fator, and that this is the ase both for signal and bakground.The di�erent redutions of the bakground for di�erent transverse mass uts ould not bereprodued by a global dataset reweighting (i.e. using the 7 TeV ross setion). In thisase, the high mass W sample would get one global fator, and this fator would be theredution of the bakground regardless of the transverse mass region onsidered.4.11.2 Disovery and exlusion limitsThe signi�ane as funtion 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 disovery limit plots (as desribed in setion 4.10.2) for 10 pb−1,

100 pb−1, and 1 fb−1 at√s = 7 TeV. The orresponding largest disoverableW ′ masses are
1.1 TeV, 1.6 TeV, and 2.15 TeV respetively. 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 TeVrespetively. Figure 4.37 shows the integrated luminosity for 10 signal events as funtionof the W ′ mass.The exlusion limit plots (as desribed in setion 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 TeVrespetively. The latter limit is partiularly interesting, sine 1 fb−1 is the integratedluminosity whih is expeted to be aumulated before the LHC is shut down and preparedfor higher energies. 93
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Figure 4.36: Expeted number of W ′ events and number of signal events needed fordisovery as funtions of the W ′ mass for the ombined searh 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: Expeted number of W ′ events and number of signal events exluded at 95%CL as funtions of the W ′ mass for the ombined searh with 100 pb−1 (left) and 1 fb−1(right).4.12 Supersymmetry and Z ′ ontributions to the trans-verse mass spetrumIt is interesting to examine how proesses beyond the Standard Model (BSM) other thana W ′ may ontribute to the transverse mass spetrum. In partiular, to see whetherother BSM proesses may produe an exess 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 partiles. A SM fermionhas a bosoni partner, while a SM boson has a fermioni partner. A theoretially pleasingonsequene of SUSY is that loop diagram ontributions to the Higgs mass from a SMpartile is partially anelled (exatly anelled if SUSY were not broken) by its super-partner. This solves the hierarhy problem (setion 1.7). An overview of the partileontent of SUSY models is shown in �gure 4.39. One should note that the Higgs setoris extended ompared to the SM. Furthermore, the SUSY partners of the Higgs setorand the SUSY partners of the eletroweak gauge bosons mix to form the mass eigenstates(physial partiles) alled harginos and neutralinos, as depited 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 partile ontent in SUSY models.95



Figure 4.40: Gluino deay hain leading to one lepton and /ET. Here the LSP is theneutralino χ̃0
1.to meet (beome equal) at some high energy. Within SUSY models, the oupling onstantsdo meet at high energy, so that grand uni�ation3 beomes possible. Furthermore, SUSYmay provide an explanation for the shape of the Higgs potential.If so-alled R-parity is onserved, then spartiles (SUSY partners of SM partiles)must ouple to SM partiles in pairs. This means that spartiles are produed in pairs,and that the lightest spartile must be stable. The lightest spartile (LSP) is thus aandidate to explain dark matter. In an experimental ontext, the LSP is a soure ofmissing transverse momentum. Various deay hains of spartiles 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 deay 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 ′, whih is a heavier opy of the SM Z0 boson. The Z ′ may, as the SM Z boson,deay into two leptons, Z ′ → l+ l−. The Z ′ may thus ontribute to the one lepton �nalstate if one of the leptons is not reonstruted.It is interesting to examine the Z ′ beause a Z ′ may appear together with a W ′ insome models. Their masses ould be related, suh as the masses of the SM Z and Wbosons.SUSY and Z ′ datasets and ross setions 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 spae. The partiular 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 preseletion withnon-SM ontributions. Note that we now plot the 1.5 TeV W ′ instead of the 2.0 TeV one,sine we onsider Z ′ bosons of 1.0 TeV and 1.5 TeV. However, this is somewhat arbitrary,sine in a model with both a W ′ and a Z ′, their masses are not neessarily equal.We see that the SUSY models have many events with large /ET, as expeted beauseof 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 eletron andmuon hannels. The ontribution from Z ′ is muh greater in the muon hannel. This is3Grand uni�ation is the idea that the eletroweak and strong fores are uni�ed with a single ouplingonstant at some high energy sale. 96



Proess Run no. Reon. tag MC events Cross setion [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 bakground samples used in the analysis.

Electron transverse momentum [GeV]

0 200 400 600 800 1000 1200 1400 1600 1800 2000

−
1

E
v
e

n
ts

 /
 1

0
0

 G
e

V
 /

 1
 f

b

−3
10

−210

−110

1

10

210

3
10

410

5
10 Total SM

W’ 1.0 TeV

W’ 1.5 TeV

SU1

SU3

SU6

SU8

Muon transverse momentum [GeV]

0 200 400 600 800 1000 1200 1400 1600 1800 2000

−
1

 E
v
e

n
ts

 /
 1

0
0

 G
e

V
 /

 1
 f

b

−3
10

−210

−110

1

10

210

3
10

410

5
10 Total SM

W’ 1.0 TeV

W’ 1.5 TeV

SU1

SU3

SU6

SU8

Missing transverse energy [GeV]

0 200 400 600 800 1000 1200 1400 1600 1800 2000

−
1

E
v
e

n
ts

 /
 1

0
0

 G
e

V
 /

 1
 f

b

−3
10

−210

−110

1

10

210

3
10

410

5
10 Total SM

W’ 1.0 TeV

W’ 1.5 TeV

SU1

SU3

SU6

SU8

Missing transverse energy [GeV]

0 200 400 600 800 1000 1200 1400 1600 1800 2000

−
1

E
v
e

n
ts

 /
 1

0
0

 G
e

V
 /

 1
 f

b

−3
10

−210

−110

1

10

210

3
10

410

5
10 Total SM

W’ 1.0 TeV

W’ 1.5 TeV

SU1

SU3

SU6

SU8

Transverse mass [GeV]

0 500 1000 1500 2000 2500 3000 3500 4000

−
1

E
v
e
n
ts

 /
 2

0
0
 G

e
V

 /
 1

 f
b

−3
10

−210

−110

1

10

210

3
10

410

5
10 Total SM

W’ 1.0 TeV

W’ 1.5 TeV

SU1

SU3

SU6

SU8

Transverse mass [GeV]

0 500 1000 1500 2000 2500 3000 3500 4000

−
1

E
v
e
n
ts

 /
 2

0
0
 G

e
V

 /
 1

 f
b

−3
10

−210

−110

1

10

210

3
10

410

5
10 Total SM

W’ 1.0 TeV

W’ 1.5 TeV

SU1

SU3

SU6

SU8

Figure 4.41: Distributions of pT, /ET, and mT in eletron (left) and muon (right) hannelsafter event preseletion. 97
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Figure 4.42: Distributions of pT, /ET, and mT in eletron (left) and muon (right) hannelsafter event preseletion.
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explained as follows. In the event preseletion, we ut not only on the leading lepton pT,but also on the missing transverse energy. If a muon is not reonstruted, this means thatits momentum will not be taken into aount when the /ET is alulated. The result isthat the non-reonstruted muon shows up as /ET. (More preisely, if no other soures 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 reonstruted as a one muon eventwith /ET balaning the muon pT, i.e. it looks exatly like a W ′ event.The same will happen in the eletron hannel in the rare ase where one eletron hitsa rak in the alorimeter overage. In the more usual ase, when both eletrons hit thealorimeters, but only one of them are identi�ed as an eletron, the non-reonstrutedeletron will still enter in the /ET alulation, and thus the event will have negligible /ETunless another soure of /ET is present.The result of this is that Z ′ → e+ e− events rarely pass the /ET requirement in theases when one eletron is not reonstruted, but the Z ′ → µ+ µ− events do pass the /ETrequirement in the ases when one muon is not reonstruted. This gives rise to the largerontribution from Z ′ in the muon hannel.4.12.2 Cut variable distributionsWe now examine how the lepton fration and pT/ /ET uts a�et the SUSY and Z ′ on-tributions. The lepton fration distributions for Z ′, W ′, and SUSY models are shown in�gure 4.43.For SUSY events, the lepton fration tends to low values, as for the tt events. The rea-son is that SUSY deay hains typially involve several hard jets. In fat, the denominatorin the lepton fration is very similar to the so-alled e�etive mass,

Meff = /ET +
∑

jets

pT, (4.53)whih is used as searh variable in SUSY searhes, sine SUSY events tend to high valuesof this variable.For Z ′ in the eletron hannel, the lepton fration distribution is peaked just below
1/2. This is easy to understand. In Z ′ → e+ e− events, the eletrons go bak to bak withequal momenta. The two eletrons are expeted to dominate the event, and we thus have
∑

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

ET). Furthermore, the /ETfor these events is expeted 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 beause some other softer ativity in theevent also ontributes to ∑

ET. For Z ′ in the muon hannel, the lepton fration distri-bution looks very muh like the one from W ′ events, as expeted from the disussion insetion 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 eletron and muon hannels. The momentum ratio pT/ /ET tends to high values for
Z ′ → e+ e− events, sine these events have low /ET. The Z ′ events in the muon hannellook very muh like W ′ events also in terms of pT/ /ET.99
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Figure 4.43: Lepton fration distributions in the eletron (left) and muon (right) hannels.
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Figure 4.45: Transverse mass distributions in the eletron (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 eletron and muon hannels. The magnitudeof this ontribution is really not determined by the available statistis, but it seems to beless than the SM W ontribution. In any ase, an exess of high transverse mass eventsdue to SUSY an be distinguished from one due to a W ′ by looking at the lepton frationand 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 setion, the distributions go just barelyabove the SM bakground for some transverse mass ranges. The Z ′ ross setion is ofourse model dependent, and if the Z ′ ross setion is higher than that of the SM-like Z ′,a Z ′ ould really produe a W ′-like exess of events at high transverse mass.One ould imagine a senario with a Z ′ with high enough ross setion and no W ′. Inthis ase, one would start to see an exess of events at high transverse mass in the muonhannel, whih ould be interpreted as a W ′ signal. The Z ′ would of ourse already atthis point be disovered in the dilepton hannels. The onlusion is that an exess of hightransverse mass events in the muon hannel ould be from a Z ′ if suh a neutral bosonexists. So if a Z ′ has been disovered and one starts to see an exess of high transversemass events in the muon hannel, one should be aware that this exess may be from the
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4.13 ConlusionsThe potential for disovery of a new harged gauge boson W ′ deaying to lepton andneutrino, where lepton means muon or eletron, has been investigated using simulateddata at √
s = 10 TeV. As referene model, the SM-like W ′ has been used. It has beenshown that suh a boson is detetable by ATLAS as an exess of events at high transversemass. QCD dijet and tt bakgrounds have been shown to be reduible, and the dominatingbakground has been identi�ed as the SM W high mass tail.We have used PDF reweighting to �nd that the signal ross setion is redued by afator 2.4 for the 1 TeV W ′ when the enter of mass energy is redued from 10 TeV to

7 TeV, and higher fators for the larger W ′ masses. The high mass SM W bakground isredued by omparable fators when onsidering the relevant transverse mass ranges.For the SM-likeW ′, we have seen that ATLAS beomes sensitive beyond the Tevatron
95% CL exlusion limit even with 10 pb−1 of integrated luminosity at 7 TeV proton-protonenter of mass energy. With the 1 fb−1 whih is expeted to be aumulated 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 partiular,the /ET an be a hallenge to understand in early data.Finally, the ontributions to the transverse mass spetrum from Z ′ and SUSY modelshas been examined. It has been shown that a Z ′ deaying to two muons may give a
W ′-like signature when one of the muons is not reonstruted.4.14 SummaryIn this hapter, the prospets for the disovery of a new harged gauge boson deayingto eletrons 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 Deember 2009, ATLAS saw the �rst LHC proton-proton ollision events. The ollisionswere made with the injetion 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 partile aelerator ever built. In this setion, we look at the 900 GeVollisions, sine these onstitute a muh larger data sample than the √

s = 2.36 TeVollisions.The data samples used are all the 900 GeV minimum bias data samples with reon-strution tag r988. For MC the 900 GeV minimum bias MC with reonstrution tagr1023 is used. (A omplete list of datasets an be found in appendix A.)5.1.1 Event seletionWhen looking at real data, the on�guration of the detetor in the run onsidered is ofimportane. The on�guration means in this ontext the urrents in the magnets and thestatus of the various subdetetors. For example, parts of the 900 GeV minimum bias datawas taken with the pixel and SCT detetors at low bias voltage beause the LHC hadnot delared stable beam. For a study of muons, the toroid magnet is ruial, while for astudy of eletrons, this is not the ase. Therefore, the requirements made on the detetoron�guration depends on the analysis. In ATLAS, one an selet �good� luminosity bloksbased on any detetor 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 inlude only events that have been seleted as ollision andidates based on thetiming of the liquid argon end ap alorimeters and the minimum bias trigger sintillators(MBTS). For this analysis, the following additional seletion is made to ensure ollisionevents:
• trigger MBTS_1_1 at level 1,
• |∆t| < 7.5 ns (de�ned below),
• reonstruted 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�erene between the average signaltimes in end aps A and C, ∆t = tA − tC, is made.5.1.2 V 0 verties in the inner detetorMasses and lifetimes quoted in this setion are from referene [4℄.A V 0 partile is a neutral partile deaying to two harged partiles, thus drawing aV in a bubble hamber or an event display. Identifying V 0 verties in the ATLAS innerdetetor, one an look for known signals as a test of the traking performane.The K0
S meson is a mixture of the strangeness eigenstates K0 = ds and K0 = ds. Itdeays 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 seondary vertex in the inner detetor. The K0
Smass is mK0

S
= 497.6 MeV.Another andidate to provide seondary verties in the inner detetor is the Λ = udsstrange baryon. The deays 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 innerdetetor to be on (see appendix A). For vertex �tting, the TrkVKalVrtFitter tool isused. This tool requires the trak masses to be set, and they are here set to the pionmass, mπ = 139.57 MeV, for both traks. The e�et of the trak masses on the vertexingproedure should be minimal in any ase, so we expet this approah to give good resultsalso for Λ deaying to proton and pion. As input to the vertexing, trak pairs are formedfrom traks from the TrakPartileCandidate ontainer satisfying:

• at least 6 silion (SCT and pixel) hits,
• at least one pixel hit,
• pT > 100 MeV.If the vertex �t is suessful, 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 priniple a 10% probability to rejet a vertex �t of two traksoming from an atual vertex.To alulate the invariant mass of the deaying partile,
m =

√

(E1 + E2)2 − (p1 + p2)2, (5.2)we must assume some values for the masses m1 and m2 of the deay produts sine
Ei =

√

p2
i +m2

i (5.3)(the partiles an not be assumed to be highly relativisti). The momenta p1 and p2 mustbe taken at the reonstruted vertex position.Figure 5.1 (left) shows the invariant mass distribution of verties under the assumptionthat both deay produts are pions. The distributions are shown both for opposite sign104
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from the primary to the seondary vertex, i.e.
cos θ =

(p1 + p2) · (xsec − xprim)

|p1 + p2| |xsec − xprim|
. (5.4)Sine p1 + p2 = pV 0 for real V 0 verties, we will have cos θ ≈ 1 for these. This is beausethe V 0 is oming from the primary vertex and is not bent by the magneti �eld. This islearly 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 bakground 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 trak 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 seond degree polynomial plus a Gaussianin the region around the mass peak. Fit parameters with only the statistial unertaintiesof 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 traks is done using themeasured harges of the traks. This means that the positive trak 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 deay produts in the diretionorthogonal to the V 0 diretion of motion, and p

+(−)
L is the momentum of the positive(negative) trak along the V 0 diretion 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 vetor along the V 0 diretion of motion. (Note that
p+
⊥ = p−⊥ ≡ p⊥ sine pV 0 = p+ + p−).The visible ar in the Armenteros-Podolanski plot is due to K0

S deays. Smaller arsdue to Λ and Λ deays are not visible over the bakground.5.1.3 Eletron andidatesThe study of V 0 verties in the inner detetor provides �standard andles� for testing thetraking performane, sine the masses of the V 0 partiles are already known. For thestudy of eletrons, �standard andles� are for example the deays 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 deays. For example, the ross setion for p p→ Z0 +X → e+e− +Xat √

s = 900 GeV is of order 10 pb, while the integrated luminosity of the Deember2009 minimum bias 900 GeV data is estimated to be of order 10µb−1. In fat, almost noreal eletrons, exept for some seondaries and onversion eletrons, exist in these data.What is done in this setion is therefore a data/MC omparison for eletron andidates,whih are mainly hadroni fakes, to see whether the ATLAS eletron reonstrution isperforming as expeted from MC. 106
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T /pT (de�ned in setion 4.8.3). Isolation variables are entral in all studiesof prompt eletrons, and was used to rejet jet bakground to our W ′ study. Reasonableagreement between data and MC is seen in both distributions.5.1.4 Muon andidatesFor muons, as for eletrons, �standard andles� are typially Z0 and J/ψ. Therefore,only a data/MC omparison is performed also for muons. Muons are seleted from theStaoMuonColletion. Only muons within |η| < 2.5 are onsidered. A GRL from themuon ombined performane group is used. The real data ontains 194 muon andidateswithin |η| < 2.5 after uts.Figure 5.10 shows the muon pT distribution, as well as the frations of standaloneand ombined muons. The distributions of φ and η for the muon andidates are shown109
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Figure 5.8: Distributions of the impat parameters d0 (left) and z0 (right) for loose ele-tron andidates within |η| < 2.5. The impat parameters are taken with respet to thereonstruted primary vertex.
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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 fration (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 notreprodued by MC. It should be noted that there are even 5 jets with pT > 100 GeV inthe real data. For the jet multipliity, a slight tendeny towards higher jet multipliity isseen in the MC ompared to data.The jets with very high pT are likely to be fake jets due to alorimeter noise. Todistinguish suh jets from real jets, one an look at the eletromagneti fration (EMfration) fEM of the jet. The EM fration is de�ned as the ratio of the energy deposit ofthe jet in the eletromagneti alorimeter to the total jet energy. Any real jet will deposita signi�ant part of its energy in the eletromagneti alorimeter.The distribution of the jet EM fration is shown in �gure 5.15 (left). A quite leardisrepany 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 fration 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, inluding 4 events with /ET > 100 GeV. The distribution with113



Missing transverse energy [GeV]

0 10 20 30 40 50 60 70 80 90 100

(E
n

tr
ie

s
/b

in
)/

(N
u

m
b

e
r 

o
f 

E
n

tr
ie

s
)

−6
10

−5
10

−410

−3
10

−210

−110

1

Data

MC

Missing transverse energy [GeV]

0 2 4 6 8 10 12 14 16

(E
n

tr
ie

s
/b

in
)/

(N
u

m
b

e
r 

o
f 

E
n

tr
ie

s
)

−6
10

−5
10

−410

−3
10

−210

−110
Data

MC

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).Proess Run no. Reon. tag MC events Cross setion [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 eventseletion is made, the ross setion quoted is σ× ǫ where ǫ is the generator level seletione�ieny.the leaning ut has no events with /ET > 15 GeV. The /ET used in these plots is theMET_Topo, whih is /ET alulated from so-alled topo lusters. This /ET reonstrutionhas been shown to perform better than �nal and re�ned /ET in these early data.5.2 Lepton and /ET event seletion in the �rst 7 TeVdataOn the 30th of Marh 2010, ATLAS saw the �rst proton-proton ollisions at √s = 7 TeV.Sine then, around 1 nb−1 of data has been aumulated at this energy (at the time ofthis writing). In this setion, we perform a loosened W ′ event seletion in these data, andompare to MC.Table 5.1 shows the MC datasets and ross setions used for this analysis. The pro-esses onsidered are SM W prodution, QCD dijet prodution, and tt pair prodution.Names of the datasets used for both real and simulated data an be found in appendix A.

114



5.2.1 Lepton seletionThe lepton seletion used for this analysis is the same as in the W ′ MC analysis with onlysmall alterations, in partiular with a lowered pT threshold, in order to inrease the realdata statistis. For eletrons, we require:
• Medium eletron (see setion 4.8.1)
• |η| < 2.5

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

match < 100 (inner detetor-muon spetrometer)
• |η| < 2.5

• |d0| < 0.2 mm

• |z0| < 1.0 mm

• pT > 10 GeVNote that the transverse and longitudinal impat parameters d0 and z0 are taken relativeto the reonstruted primary vertex, and that we an for this reason apply tight uts onthem to rejet seondary muons and osmis. Rejetion of osmi muons using the timinginformation of the TRT is also possible, but has not been implemented yet.5.2.2 Event seletionWe now selet events satisfying the following riteria:
• reonstruted primary vertex,
• fEM > 0.1 and n90 > 5 for all jets (see below),
• exatly one high-pT lepton (as de�ned in setion 5.2.1),
• /ET > 10 GeV.To rejet events with noisy jets, we use now not only the fEM variable disussed in se-tion 5.1.5, but also the variable n90, whih is de�ned as the smallest number of alorimeterells 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-indued.For the missing transverse energy, the ontainer MET_Topo is used for eletron events,sine this is performing well in the early data. In events with high-pT muons, using apurely luster based /ET does not make sense, sine the muons will then not be taken intoaount. For the muon events, the MET_Final ontainer is used for /ET.Good luminosity bloks are seleted using GRLs from the e/γ and Muon CombinedPerformane groups. 115



5.2.3 TriggerTo treat the data and the MC equally, we should make some requirement on the triggerdeision. In the 7 TeV data used for this analysis, the high level trigger (level 2 and theevent �lter) has not been used to rejet events, sine the rate has been relatively low. Weshould therefore require a trigger deision at level 1.In setion 5.1, we required a minimum bias trigger at level 1. This was appropriate,sine we were running on the minimum bias stream. In fat, most of the data used forthe present analysis is also the minimum bias stream, but for the runs where this is thease, the minimum bias triggers were not presaled, so that this stream ontains more orless all the events reorded. However, for the last two runs used in this analysis, 153565and 153599, the instantaneous luminosity was so high that the minimum bias triggerswere presaled. This means that, when looking for high-pT muons or eletrons 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 eletron analysis respetively.The events in these streams have passed level 1 muon or eletron triggers respetively,and a orresponding requirement should be made for the MC.For the eletron analysis, the level 1 eletromagneti alorimeter trigger L1_EM3 isrequired to pass for both MC and real data. This trigger has not been presaled 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 assoiated to the wrong bunh rossing, and imposinga trigger requirement rejets perfetly 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�et should not be large, as the level 1 muon triggers should have high e�ieny.5.2.4 Transverse mass distributionsFigure 5.17 shows the transverse mass distributions obtained in the eletron and muonhannels with the event seletion desribed in setion 5.2.2. The MC has been saled tothe �ATLAS Re.� integrated luminosity from the ATLAS data summary web page [32℄,whih is for these data 892µb−1. The �ATLAS Re.� integrated luminosity orrespondsto luminosity bloks in whih the whole detetor is at nominal voltages et. A moredetailed integrated luminosity determination based on the seleted luminosity bloks inthe applied GRLs has not been done. An unertainty of about 20% should be assumedfor the online luminosity measurement.Good agreement is seen between data and MC in both hannels. In partiular, therate of the jet ontribution in the low transverse mass region is as expeted from MC.Note that sine we are saling 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 statistial unertainty on the jet ontribution is non-negligible, and that for themost statistially well de�ned bins in the data in the eletron hannel, the unertainty 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 eletron (left) and muon (right) hannelsin the 7 TeV data after the event seletion desribed in setion 5.2.2. The MC has beensaled to the measured integrated luminosity.
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Figure 5.18: Transverse mass distributions in the eletron (left) and muon (right) hannelsin the 7 TeV data after the event seletion desribed in setion 5.2.2 and loosenedW ′ uts.The MC has been saled to the measured integrated luminosity.
• normalized isolation E∆R<0.3

T /pT < 0.1,
• lepton fration 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 eah of thehannels 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 expeted from MC. The observed7 events in eah hannel orrespond to approximately 1.6σ and 2.1σ deviations. These arenot statistially signi�ant deviations, and in any ase this is a very preliminary study.Next-to-leading order orretions to the ross setion have for example not been takeninto aount.Among the 14 good W andidates that are left in the data, we �nd the �rst o�ialATLASW andidate events. In the eletron hannel, the �rst o�ial ATLASW andidate117



Figure 5.19: Event display of the �rst o�ial ATLASW andidate in the eletron hannel.was found in run 152409. An event display of this event is shown in �gure 5.19. In thetransverse projetion, the eletron is highlighted with yellow, and the diretion 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 ConlusionsIn this hapter, we have looked at real LHC ollision data taken by ATLAS. The study of
V 0 verties in the 900 GeV minimum bias data provides standard andles for testing thetraking performane. We have seen that we an obtain mass peaks for the K0

S, Λ, and
Λ partiles, and that �ts to these peaks give masses lose to the established values. Thisshows that the ATLAS traking system is performing well, and that the magneti �eldon�guration in the inner detetor is known to good preision.The reonstrution of eletrons 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 seletion in the �rst 7 TeV data,in partiular with a lowered pT threshold. Good agreement has been shown betweensimulation and real data in the low mass jet dominated part of the spetrum, not only interms of shape, but in terms of absolute rate.With the appliation of loosened uts on normalized isolation, lepton fration, and
pT/ /ET, the jet ontribution has been redued. These uts leave 7 good W andidatesabove mT = 40 GeV in eah 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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Conlusions and outlookIn this thesis, we have investigated the possibility for disovery of a new harged gaugeboson W ′ deaying to harged lepton and neutrino with the ATLAS detetor at the LHC.We have seen that suh a boson with a mass beyond the Tevatron exlusion limit may bedisovered with only of order 10 pb−1 of data at √s = 7 TeV.Other possible new physis ontributions to the one lepton and missing transverseenergy �nal state have also been onsidered, in partiular supersymmetry and Z ′. Wehave seen that the ontributions to the transverse mass spetrum from suh proesses isat most omparable to the SM bakground 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 LHCollision data. These data show in general promising results in terms of detetor perfor-mane and understanding. In partiular, a loosened W ′ event seletion was performedin the �rst 7 TeV data, and good agreement was seen between MC and real data in thelow mass part of the spetrum. The �rst good W andidates have been observed in botheletron and muon hannels.The LHC is now running at √s = 7 TeV, whih is the energy that will be used for theolletion of the �rst 1 fb−1 of data. This �rst data sample will open up a vast range ofpossible physis disovery. In our W ′ analysis, we saw that 1 fb−1 of 7 TeV data is enoughto disover or exlude a SM-like W ′ boson with a mass above 2 TeV.The luminosity of the LHC is inreasing week by week, and a very exiting time liesahead of the partile physis 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 setion 3.4.2, for real data:1. data08_osmag.00091890.physis_IDCosmi.reon.ESD.o4_r653/2. data08_osmag.00091900.physis_IDCosmi.reon.ESD.o4_r653/and for simulated data:1. valid2.108867.CosSimIDVolSolOnTorOn.reon.ESD.s533_d167_r676/2. valid2.108866.CosSimIDVolSolOffTorOff.reon.ESD.s534_d168_r677/A.2 10 TeV MC dataThe names of the data sets (ontainers) used for the W ′ MC study are:

• m08.106020.PythiaWenu_1Lepton.merge.AOD.e352_s462_s520_r809_r838
• m08.106021.PythiaWmunu_1Lepton.merge.AOD.e352_s462_s520_r808_r838
• m08.106604.PythiaWemutau_200M500.merge.AOD.e384_s462_s520_r808_r838
• m08.106605.PythiaWemutau_Mg500.merge.AOD.e384_s462_s520_r808_r838
• m08.105610.Pythia_Wprime_emutau_1000.merge.AOD.e352_s462_s520_r808_r838
• m08.105626.Pythia_Wprime_emutau_1500.merge.AOD.e357_s462_s520_r808_r838
• m08.105611.Pythia_Wprime_emutau_2000.merge.AOD.e363_s462_s520_r808_r838
• m08.105662.Pythia_Wprime_emutau_2500.merge.AOD.e363_s462_s520_r808_r838
• m08.105663.Pythia_Wprime_emutau_3000.merge.AOD.e363_s462_s520_r808_r838
• m08.105664.Pythia_Wprime_emutau_3500.merge.AOD.e363_s462_s520_r808_r838121



• m08.105985.WW_Herwig.merge.AOD.e379_s462_s520_r808_r838
• m08.105987.WZ_Herwig.merge.AOD.e368_s462_s520_r808_r838
• m08.105986.ZZ_Herwig.merge.AOD.e379_s462_s520_r808_r838
• m08.105120.PythiaZgam_allLep.merge.AOD.e347_s462_s520_r808_r838
• m08.006540.PythiaWgam_allLep.reon.AOD.e327_s400_d99_r474
• m08.105121.PythiaDYee_200M.merge.AOD.e355_s462_s520_r808_r838
• m08.105122.PythiaDYmumu_200M.merge.AOD.e355_s462_s520_r808_r838
• m08.105200.T1_MAtNlo_Jimmy.merge.AOD.e357_s462_s520_r809_r838
• m08.105009.J0_pythia_jetjet.merge.AOD.e344_s479_s520_r809_r838
• m08.105010.J1_pythia_jetjet.merge.AOD.e344_s479_s520_r809_r838
• m08.105011.J2_pythia_jetjet.merge.AOD.e344_s479_s520_r809_r838
• m08.105012.J3_pythia_jetjet.merge.AOD.e344_s479_s520_r809_r838
• m08.105013.J4_pythia_jetjet.merge.AOD.e344_s479_s520_r809_r838
• m08.105014.J5_pythia_jetjet.merge.AOD.e344_s479_s520_r809_r838
• m08.105015.J6_pythia_jetjet.merge.AOD.e344_s479_s520_r809_r838
• m08.105016.J7_pythia_jetjet.merge.AOD.e344_s479_s520_r809_r838
• m08.105017.J8_pythia_jetjet.reon.AOD.e344_s475_r586
• m08.105624.Pythia_Zprime_ee_SSM1500.merge.AOD.e357_s462_s520_r808_r838
• m08.105625.Pythia_Zprime_mumu_SSM1500.merge.AOD.e357_s462_s520_r808_r838
• m08.105603.Pythia_Zprime_ee_SSM1000.merge.AOD.e352_s462_s520_r808_r838
• m08.105601.Pythia_Zprime_mumu_SSM1000.merge.AOD.e352_s462_s520_r808_r838
• m08.105401.SU1_jimmy_susy.merge.AOD.e352_s462_s520_r808_r838
• m08.105403.SU3_jimmy_susy.merge.AOD.e352_s462_s520_r808_r838
• m08.105404.SU6_jimmy_susy.merge.AOD.e352_s462_s520_r808_r838
• m08.105406.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.physis_MinBias.merge.DESD_COLLCAND.r988_p62/
• data09_900GeV.00141398.physis_MinBias.merge.DESD_COLLCAND.r988_p62/
• data09_900GeV.00141746.physis_MinBias.merge.DESD_COLLCAND.r988_p62/
• data09_900GeV.00141565.physis_MinBias.merge.DESD_COLLCAND.r988_p62/
• data09_900GeV.00141270.physis_MinBias.merge.DESD_COLLCAND.r988_p62/
• data09_900GeV.00142171.physis_MinBias.merge.DESD_COLLCAND.r988_p62/
• data09_900GeV.00142042.physis_MinBias.merge.DESD_COLLCAND.r988_p62/
• data09_900GeV.00141691.physis_MinBias.merge.DESD_COLLCAND.r988_p62/
• data09_900GeV.00142397.physis_MinBias.merge.DESD_COLLCAND.r988_p62/
• data09_900GeV.00140541.physis_MinBias.merge.DESD_COLLCAND.r988_p62/
• data09_900GeV.00141234.physis_MinBias.merge.DESD_COLLCAND.r988_p62/
• data09_900GeV.00142159.physis_MinBias.merge.DESD_COLLCAND.r988_p62/
• data09_900GeV.00140955.physis_MinBias.merge.DESD_COLLCAND.r988_p62/
• data09_900GeV.00141707.physis_MinBias.merge.DESD_COLLCAND.r988_p62/
• data09_900GeV.00141403.physis_MinBias.merge.DESD_COLLCAND.r988_p62/
• data09_900GeV.00141534.physis_MinBias.merge.DESD_COLLCAND.r988_p62/
• data09_900GeV.00142383.physis_MinBias.merge.DESD_COLLCAND.r988_p62/
• data09_900GeV.00140822.physis_MinBias.merge.DESD_COLLCAND.r988_p62/
• data09_900GeV.00141562.physis_MinBias.merge.DESD_COLLCAND.r988_p62/
• data09_900GeV.00141994.physis_MinBias.merge.DESD_COLLCAND.r988_p62/
• data09_900GeV.00142161.physis_MinBias.merge.DESD_COLLCAND.r988_p62/
• data09_900GeV.00142189.physis_MinBias.merge.DESD_COLLCAND.r988_p62/
• data09_900GeV.00141266.physis_MinBias.merge.DESD_COLLCAND.r988_p62/
• data09_900GeV.00141999.physis_MinBias.merge.DESD_COLLCAND.r988_p62/
• data09_900GeV.00141702.physis_MinBias.merge.DESD_COLLCAND.r988_p62/
• data09_900GeV.00141721.physis_MinBias.merge.DESD_COLLCAND.r988_p62/
• data09_900GeV.00141704.physis_MinBias.merge.DESD_COLLCAND.r988_p62/123



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



• data09_900GeV.00141749.physis_MinBias.merge.DESD_COLLCAND.r988_p62/
• data09_900GeV.00142406.physis_MinBias.merge.DESD_COLLCAND.r988_p62/
• data09_900GeV.00142166.physis_MinBias.merge.DESD_COLLCAND.r988_p62/
• data09_900GeV.00142391.physis_MinBias.merge.DESD_COLLCAND.r988_p62/
• data09_900GeV.00142194.physis_MinBias.merge.DESD_COLLCAND.r988_p62/
• data09_900GeV.00142195.physis_MinBias.merge.DESD_COLLCAND.r988_p62/
• data09_900GeV.00141811.physis_MinBias.merge.DESD_COLLCAND.r988_p62/
• data09_900GeV.00142157.physis_MinBias.merge.DESD_COLLCAND.r988_p62/
• data09_900GeV.00141695.physis_MinBias.merge.DESD_COLLCAND.r988_p62/For 900 GeV minimum bias MC
• m09_900GeV.105001.pythia_minbias.reon.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 physis_MinBias and ptag data09_900GeV and dq ATLGL greenLBSUMM#DetStatusLBSUMM-Deember09-01 and dq L1CTP greenLBSUMM#DetStatusLBSUMM-Deember09-01 and dq atlsol greenLBSUMM#DetStatusLBSUMM-Deember09-01 and dq pix greenLBSUMM#DetStatusLBSUMM-Deember09-01 and dq st greenLBSUMM#DetStatusLBSUMM-Deember09-01 and dq trtb,trte greenLBSUMM#DetStatusLBSUMM-Deember09-01
• Eletron study:f r 141000+ and events 100000+ and dqLBSUMM#DetStatusLBSUMM-Deember09-00 pix,st,lar,trtb,trte,til g and dqLBSUMM#DetStatusLBSUMM-Deember09-00 atlsol,atlgl,l1tp g andlh beamenergy 449-451 and lh stablebeams true
• Muon study:f r 141749+ and dq atlgl LBSUMM#DetStatusLBSUMM-Deember09-01 g and dq pixLBSUMM#DetStatusLBSUMM-Deember09-01 g and dq stLBSUMM#DetStatusLBSUMM-Deember09-01 g and dq mdtLBSUMM#DetStatusLBSUMM-Deember09-01 g and dq tgLBSUMM#DetStatusLBSUMM-Deember09-01 g and dq rpLBSUMM#DetStatusLBSUMM-Deember09-01 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 physis_MinBias and ptag data09_900GeV and dq ATLGL greenLBSUMM#DetStatusLBSUMM-Deember09-01 and dq L1CTP greenLBSUMM#DetStatusLBSUMM-Deember09-01 and dq atlsol greenLBSUMM#DetStatusLBSUMM-Deember09-01 and dq lar greenLBSUMM#DetStatusLBSUMM-Deember09-01 and dq tile greenLBSUMM#DetStatusLBSUMM-Deember09-01 and dq pix greenLBSUMM#DetStatusLBSUMM-Deember09-01 and dq st greenLBSUMM#DetStatusLBSUMM-Deember09-01 and dq trtb,trte greenLBSUMM#DetStatusLBSUMM-Deember09-01 125



A.4 7 TeV MC dataThe MC datasets used for the 7 TeV analysis are:
• m09_7TeV.106020.PythiaWenu_1Lepton.merge.AOD.e468_s765_s767_r1205_r1210/
• m09_7TeV.106021.PythiaWmunu_1Lepton.merge.AOD.e468_s624_s633_r1085_r1113/
• m09_7TeV.105009.J0_pythia_jetjet.merge.AOD.e468_s624_s633_r1085_r1113/
• m09_7TeV.105010.J1_pythia_jetjet.merge.AOD.e468_s624_s633_r1085_r1113/
• m09_7TeV.105011.J2_pythia_jetjet.merge.AOD.e468_s624_s633_r1085_r1113/
• m09_7TeV.105012.J3_pythia_jetjet.merge.AOD.e468_s766_s767_r1206_r1210/
• m09_7TeV.105013.J4_pythia_jetjet.merge.AOD.e468_s766_s767_r1206_r1210/
• m09_7TeV.105014.J5_pythia_jetjet.merge.AOD.e468_s624_s633_r1085_r1113/
• m09_7TeV.105015.J6_pythia_jetjet.merge.AOD.e468_s624_s633_r1085_r1113/
• m09_7TeV.105200.T1_MAtNlo_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.physis_MinBias.merge.AOD.f238_m427
• data10_7TeV.00152273.physis_MinBias.merge.AOD.f238_m427
• data10_7TeV.00152346.physis_MinBias.merge.AOD.f238_m427
• data10_7TeV.00152272.physis_MinBias.merge.AOD.f238_m427
• data10_7TeV.00152270.physis_MinBias.merge.AOD.f238_m427
• data10_7TeV.00152222.physis_MinBias.merge.AOD.f238_m427
• data10_7TeV.00152174.physis_MinBias.merge.AOD.f238_m427
• data10_7TeV.00152399.physis_MinBias.merge.AOD.f238_m427
• data10_7TeV.00152371.physis_MinBias.merge.AOD.f238_m427
• data10_7TeV.00152372.physis_MinBias.merge.AOD.f238_m427
• data10_7TeV.00152409.physis_MinBias.merge.AOD.f238_m427
• data10_7TeV.00152214.physis_MinBias.merge.AOD.f238_m427
• data10_7TeV.00152223.physis_MinBias.merge.AOD.f238_m427
• data10_7TeV.00152175.physis_MinBias.merge.AOD.f238_m427126



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



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



• data10_7TeV.00153459.physis_MinBias.merge.AOD.f250_m462
• data10_7TeV.00153292.physis_MinBias.merge.AOD.f250_m460
• data10_7TeV.00153295.physis_MinBias.merge.AOD.f250_m460
• data10_7TeV.00153408.physis_MinBias.merge.AOD.f250_m462
• data10_7TeV.00153476.physis_MinBias.merge.AOD.f250_m462
• data10_7TeV.00153477.physis_MinBias.merge.AOD.f250_m462
• data10_7TeV.00153294.physis_MinBias.merge.AOD.f250_m460
• data10_7TeV.00153473.physis_MinBias.merge.AOD.f250_m462
• data10_7TeV.00153290.physis_MinBias.merge.AOD.f250_m460
• data10_7TeV.00153349.physis_MinBias.merge.AOD.f250_m460
• data10_7TeV.00153565.physis_L1CaloEM.merge.AOD.f251_m466
• data10_7TeV.00153599.physis_L1CaloEM.merge.AOD.f251_m466
• data10_7TeV.00153565.physis_MuonswBeam.merge.AOD.f251_m466
• data10_7TeV.00153599.physis_MuonswBeam.merge.AOD.f251_m466A.5.1 GRLsThe queries used to generate the GRLs were for the
• eletron hannel:find run 152166+ and ready and dq atlgl g and dq p_eg_eletron_barrel y+and dq p_eg_eletron_endap 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 st g and mag sand mag t > 20000
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Appendix BPauli matriesThe Pauli matries used in the development of the standard eletroweak 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, whih enters in the transforma-tion rule for the W �elds, eq. (1.40).Sine 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 matries.
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