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Ein Vorwort ist für ein Bu
h so wi
htig und so hübs
h wie derVorgarten für ein Haus. Natürli
h gibt es au
h Häuser ohneVorgärt
hen und Bü
her ohne Vorwört
hen, Verzeihung, ohneVorwort. Aber mit einem Vorgarten, nein, mit einem Vorwortsind mir die Bü
her lieber. I
h bin ni
ht dafür, dass die Besu
herglei
h mit der Tür ins Haus fallen. Es ist weder für die Besu
hergut, no
h fürs Haus. Und für die Tür au
h ni
ht.Eri
h Kästner, �Als i
h ein kleiner Junge war� Introdu
tion
This thesis is intended as a bridge between the two highly spe
ialised domains ofphenomenology and experimental parti
le physi
s. The �rst part des
ribes in detail anext-to-leading-order (NLO) 
ross se
tion 
al
ulation done by hand. Fully automatedtools for various parts of su
h 
al
ulations have be
ome available nowadays and one 
anobtain in a few 
li
ks all the virtual diagrams, their redu
tion to the basi
 set of s
alarintegrals, the real emission diagrams, and the subtra
tion terms. The a
tual size of thedi�erent terms to be 
al
ulated and the di�
ulty in double�
he
king them makes theemergen
e and use of these automated tools self-explanatory. We have, however, usednone of these things, relying on the fa
t that �An expert is a man who has made all themistakes, whi
h 
an be made, in a very narrow �eld.�3. Although the methods used forthe 
al
ulation are well-known to spe
ialists, the aim of this do
ument is to give as mu
hdetail and be as plain as possible, in order to gather the experimentalist's interest andretain it to the end, while, at the same time, put theorists into 
on�den
e that they'll
ontinue reading through the dete
tor and analysis 
hapters. We present the 
al
ulationof the NLO quantum 
hromodynami
 
orre
tions for 
harged Higgs boson produ
tionin asso
iation with a top quark at the LHC, using a spe
ial kind of subtra
tion method.Building an independent NLO 
ode enabled us to 
ross�
he
k the implemented version ofMC�NLO [1℄, and a few studies have been made whi
h fo
us on di�erent 
ontributionsto the theoreti
al un
ertainty atta
hed to the NLO 
al
ulation. The a
tual implemen-tation was performed for another NLO event generator, POWHEG [2℄. Considering thesmall produ
tion 
ross se
tion of H±t produ
tion4, an analysis of this 
hannel using the35 pb−1 of data 
olle
ted with the ATLAS [3℄ dete
tor in 2010 from the pp 
ollisionsof the LHC, makes no sense, and we swit
h to a very similar SM 
hannel, namely Wtprodu
tion. We set-up a dedi
ated analysis for semileptoni
 Wt and fo
us on the eval-uation of the PDF systemati
 un
ertainty, following the PDF4LHC re
ommendation.The ele
troweak single top produ
tion 
ross se
tion via Wt at the Tevatron is so lowthat it hasn't been observed until today, so we are able to set the world's �rst limit onits produ
tion 
ross se
tion and in
lude the most important systemati
 un
ertainties inour analysis.3Quote attributed to Niels Bohr.4Through this do
ument, you will �nd 
harged Higgs produ
tion referen
ed asH±t in the experimentalparts, sin
e this is what we are looking for, and as tH− in the theoreti
al part, for 
onsisten
y issueson the presented diagrams.



2 ContentsChapter 1 gives a brief a

ount of our 
urrent understanding of the building blo
ksof matter by introdu
ing the Standard Model of Parti
le Physi
s through its basi
 prin-
iples. Spe
ial fo
us is put on mass generation via the Higgs me
hanism. But sin
ethe Higgs boson has not yet been observed, the exa
t stru
ture of the Standard Models
alar se
tor remains unknown and there is still some room for spe
ulation. We presenta possible extension with the two Higgs doublet model, for whi
h there are three neuralHiggs bosons and two 
harged ones. We review 
urrent dire
t and indire
t sear
hes ofthese 
harged Higgs bosons. Sin
e an important property of Higgs parti
les is their 
ou-pling to other parti
les proportional to their mass, the top quark plays a very importantrole in 
onne
tion with Higgs sear
hes. Therefore, we review its histori
al dis
overyand 
omment on its produ
tion at hadron 
olliders, as well as studies on its generalproperties.Keeping in mind that we want to deal with hadron 
olliders, we explain the evolu-tion of the strong 
oupling 
onstant in Chapter 2. We'll see that, if we are at highenough energies, the quantities we are interested in may be developed into a perturba-tive expansion with respe
t to the 
oupling. This allows to go from hadroni
 to partoni

ross se
tions via the use of parton distribution fun
tions (PDF). We list the generalphilosophy of gaining knowledge on the hadron stru
ture and present the di�erent ex-periments dedi
ated to assemble hadroni
 data. This information is gathered by various
ollaborations, and we present their parametrisations and �tting te
hniques, along withtheir quanti�
ation of their results' un
ertainties. The spe
ial treatment of heavy quark�avours is introdu
ed and leads us to a few general remarks on the 
on
ept of mass inparti
le physi
s, with spe
ial fo
us again on the top quark.Chapter 3 
on
entrates on the partoni
 
ross se
tion 
al
ulation. The 
omplexity ofNLO 
al
ulations is presented, while keeping in mind that, in order to be useful fordata 
omparisons, the pro
ess needs to be implemented into an event generator. NLO
al
ulations involve di�erent 
ontributions, whi
h all have to be 
al
ulated: the virtualand real 
ontributions, as well as a method to 
ombine them. The virtual emission, orloop, diagrams, need dedi
ated integral 
al
ulations, and the general formalism is in-trodu
ed. The regularisation pro
edure makes the divergen
ies expli
it and it be
omes
lear that there are two di�erent types of poles, stemming from the low and high energylimits in the integral. The high energy divergen
ies are removed through renormalisa-tion. The real emission diagrams are another 
ontribution whi
h has to be 
al
ulatedand exhibit low-energy and 
ollinear divergen
ies. But sin
e the �nal state phase spa
eof both the virtual and the real 
ontribution are not the same, they 
annot be addedin a straightforward fashion. The Catani-Seymour subtra
tion formalism [4, 5℄ will pro-vide the ne
essary bridge. It is in this point where the novelty of our work 
omes in,sin
e we 
ompute H±t produ
tion with this new subtra
tion formalism and build anindependent NLO 
ode whi
h gives the NLO hadroni
 
ross se
tion. Finally, the 
asewhere the 
harged Higgs boson mass is lower than the top quark is investigated anda method to separate NLO H±t produ
tion from tt̄ is presented. We have now at ourdisposal enough elements to help for 
he
ks and do an implementation into an MC event



Contents 3generator ourselves.In Chapter 4 we detail the di�erent aspe
ts of Monte Carlo event generators, withspe
ial fo
us on steps after the hard s
attering. The general 
on
ept of partons showersis explained, along with the hadronisation pro
ess and underlying event. We introdu
ea list of the most frequently used generators, divided a

ording to multipurpose or ma-trix element generators. This small se
tion is 
on
luded by a rapid review of 
hargedHiggs spe
i�
 
odes. The general way of 
oupling a NLO matrix element 
al
ulationto a parton shower is explained and we 
on
entrate on two spe
i�
 
odes: MC�NLOand POWHEG. The MC�NLO 
oupling to the parton shower Herwig is presented. Weuse our independent NLO 
al
ulation to 
he
k the MC�NLO implementation, whi
his strongly based on the previously available Wt pro
ess. A few studies are presentedwhi
h address the issue of systemati
 un
ertainty evaluation. These are 
ontributionsfrom the di�eren
e of handling the NLO interferen
e of H±t with tt̄ in the diagramremoval and diagram subtra
tion s
heme. A se
ond study fo
uses on the in�uen
e ofthe PDF �t input bottom mass on the hadroni
 
ross se
tion. Also, a 
omparison be-tween the four- and �ve-�avour-s
heme 
al
ulation, i.e. using either massive or massless
b quarks in the kinemati
s of the 
al
ulation, is presented. Finally, we perform the im-plementation of NLO H±t produ
tion in POWHEG. After explaining how POWHEGmay be 
oupled to any parton shower, we detail the H±t 
ode stru
ture and showplots of kinemati
ally relevant variables obtained with POWHEG. At this point, we 
ango no further on the theoreti
al side and need real data to 
ompare our predi
tions with.In Chapter 5, we begin our journey from large to small s
ales with the Large HadronCollider and its entire a

eleration 
hain. We will zoom in on one of the multiple purposedete
tors situated on a 
rossing point of the 27 km long ring where protons 
ir
ulate intwo opposite beams. The ATLAS dete
tor is a 
olle
tion of several sub-dete
tors, ea
hdedi
ated to a spe
i�
 task. The dete
tor and its operation are presented from the run
ontrol shifter's point of view. The data trigger and a
quisition 
hain are presented.We �nally des
ribe the simulation and re
onstru
tion 
hain in Athena [6℄, the general
omputing framework of the ATLAS 
ollaboration. At this point, we brie�y mentionthe di�eren
e between the fast and full simulation, whose 
omparison has been part ofthe servi
e task performed during this thesis.The fo
us of Chapter 6 lies on the amount of data 
olle
ted during the 2010 proton-proton 
ollisions by the ATLAS dete
tor. After des
ribing the di�erent periods of datataking and the asso
iated 
olle
ted luminosity, we 
omment on the 
onsequen
es thislow amount has on an eventual H±t analysis. We explain our need to 
hange our physi
sfo
us on a pro
ess whi
h is, from the NLO point of view but also from the dete
tor sig-nature, very similar to our original pro
ess, namely Wt produ
tion. Sin
e this will bean important ba
kground for 
harged Higgs produ
tion, it needs to be studied and thor-oughly understood. After detailing the relevant obje
ts in
luded in theWt signature, weturn to the needed Monte Carlo events samples for the signal and its major ba
kgrounds.



4 ContentsIn Chapter 7, we �nalise our proje
t by performing the Wt analysis in the semilep-toni
 
hannel. We put a very �rst limit on its produ
tion 
ross se
tion, by ultimately
ombining our results with the dilepton 
hannels. The study is 
ompleted using allsour
es of systemati
 un
ertainties. We extend our 
omments parti
ularly for un
er-tainties due to the use of parton distribution fun
tions, whi
h were 
omputed by ourgroup. The knowledge of the extra
tion of parton distribution related systemati
s, aswell as the evaluation of di�erent systemati
s for H±t, whi
h have their analogue for
Wt, have proven extremely useful in that 
ontext.



The starting point is a question.Outside theology and fantasti
 literature, few 
an doubt that the main features ofour universe are its dearth of meaning and la
k of dis
ernible purpose. And yet, withbewildering optimism, we 
ontinue to assemble whatever s
raps of information we 
angather in s
rolls and books and 
omputer 
hips, on shelf after library shelf, whethermaterial, virtual or otherwise, patheti
ally intent on lending the world a semblan
e ofsense and order, while knowing perfe
tly well that, however mu
h we'd like to believethe 
ontrary, our pursuits are sadly doomed to failure. Why then do we do it? ThoughI knew from the start that the question would most likely remain unanswered, thequest seemed worthwhile for its own sake. This book is the story of that quest.Alberto Manguel, Foreword to �The library at night� 1The Standard Model of parti
lephysi
s
1.1 Basi
 prin
iplesBefore plunging into the heart of matter, we brie�y re
all the very basi
 prin
iples onwhi
h the modern mathemati
al des
ription of Nature is build. E. Zeidler summarisesthem as follows [7℄- The in�nitesimal prin
iple of Newton and Leibniz states that the laws of Natureare to be
ome simple on an in�nitesimal level of spa
e and time.- The prin
iple of least a
tion asserts that physi
al pro
esses develop in su
h anoptimal way that their a
tion is extremal, and these pro
esses are governed byordinary or partial di�erential equations, the Euler-Lagrange equations.- Einstein's prin
iple of spe
ial relativity brings to attention that physi
s does notdepend on our 
hoi
e of inertial system.- Einstein's prin
iple of general relativity states that physi
s does not depend onthe observer's lo
al spa
e-time 
oordinates.- Noether's symmetry prin
iple states that symmetries of the a
tion fun
tional imply
onservation laws for the 
orresponding Euler-Lagrange equations.- The gauge prin
iple and Levi-Civita's parallel transport link the fundamentalfor
es to underlying symmetries of the a
tion fun
tional.- Plan
k's quantisation prin
iple asserts that Nature jumps.
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le physi
s- Dira
's unitarity prin
iple states invarian
e of quantum me
hani
s under unitarytransformations.The in�nitesimal prin
iple and the prin
iple of least a
tion are at the very 
ore of ourunderstanding and des
ribe how we are to �nd the mathemati
al laws. But they remainon a 
lassi
al level. The 
on
epts of spe
ial and general relativity give a whole newframework as to how the mathemati
s behind our ideas are to look like, and put an em-phasis on the 
on
ept of symmetry via the geometrisation of physi
al laws. The notionof symmetry be
omes even more important with Noether and the gauge prin
iple andit is now 
entral to our 
urrent des
ription of the building blo
ks of matter. Finally,Plan
k's quantisation prin
iple and Dira
's unitarity prin
iple bring us to the desiredsmall s
ales, where quantum me
hani
s takes over.The �rst su

ess of a unifying pro
edure for physi
al laws 
an be tra
ed ba
k to theend of the 19th 
entury with Maxwell's theory of ele
tromagnetism, whi
h 
ombinedfor the �st time the laws of ele
tri
ity and the magneti
 intera
tions. Both phenomenaappeared now as inseparable parts of a more general intera
tion. The emergen
e ofquantum me
hani
s, however, rendered the pi
ture more 
ompli
ated. There was needof a theoreti
al framework whi
h 
ould translate these 
on
eptual developments into thenew quantitative 
al
ulation s
heme. Very early in the 1930s, quantum ele
trodynam-i
s emerged as the theory des
ribing the ele
tromagneti
 intera
tions of ele
trons andphotons, and it had the desired features: it was quantised and relativisti
ally invariant.The attempt of unifying the known for
es took another step forward in the 1960s whenGlashow, Salam and Weinberg elaborated the ele
troweak theory. Only a few yearslater, it was realised that even the strong for
e 
ould be put into a gauge theoreti
alformulation. This lead up to the modern formulation of the Standard Model (SM) ofparti
le physi
s, for whi
h the major dis
overies of the early twentieth 
entury, quantumme
hani
s and spe
ial and general relativity, are the foundations. The global Poin
arésymmetry, whi
h 
onsists of the familiar translational symmetry, rotational symmetryand the inertial referen
e frame invarian
e 
entral to the theory of spe
ial relativity,is postulated for all relativisti
 quantum �eld theories. Then, three di�erent internalsymmetries, the lo
al SU(3)C×SU(2)L×U(1)Y gauge symmetries, give rise to the threefundamental intera
tions. Today we know of a total of four fundamental intera
tionsbetween elementary parti
les: the gravitational, the ele
tromagneti
, the weak and thestrong intera
tion. Gravity set aside, the des
ription of the elementary parti
les andtheir intera
tions is done via quantised, relativisti
, lo
ally intera
ting �elds. The linkbetween the stru
ture of 
onserved 
harges and the symmetry groups of the �elds isof paramount importan
e. In the formalism of gauge theories, ele
tromagneti
 inter-a
tions result from an U(1) symmetry, weak intera
tions between left-handed fermionsfrom an SU(2) symmetry and strong intera
tions from an SU(3) symmetry. Sin
e thesesymmetries do not a
t on spa
e-time 
oordinates, they are 
alled internal symmetries.The 
onstru
tion of the Standard Model pro
eeds following the modern method of 
on-stru
ting most �eld theories, whi
h 
onsists in �rst postulating a set of symmetries ofthe system, and then writing down the most general renormalisable Lagrangian from



1.2 Mass generation in the Standard Model and beyond 7its �eld 
ontent that 
onserves these symmetries. The fermioni
 parti
le 
ontent of theSM as well as their quantum numbers, whi
h di
tate how the parti
le behaves undera 
ertain symmetry, are listed in Tab. 1.1. The �elds of the intera
ting parti
les areobtained from the fermion �elds by imposing lo
al gauge invarian
e.Table 1.1: The fermion �elds of the SM and their gauge quantum numbers. T and T3are the total weak-isospin and its third 
omponent, and Q is the ele
tri
 
harge.
SU(3)C SU(2)L U(1)Y T T3 Q

Qi
L =

(
uL
dL

) (
cL
sL

) (
tL
bL

) 3 2 1/6 1/2
+1/2
−1/2

+2/3
−1/3

uiR = uR cR tR 3 1 2/3 0 0 +2/3

diR = dR sR bR 3 1 −1/3 0 0 −1/3

LiL =

(
νeL
eL

) (
νµL
µL

) (
ντ L
τL

) 1 2 −1/2 1/2
+1/2
−1/2

0
−1

eiR = eR µR τR 1 1 −1 0 0 −1

νiR = νeR νµR ντR 0 0 0 0 0 0In the SM, all ve
tor bosons are massless. While this is true for the gluon and thephoton, it does not apply to the ele
troweak W and Z bosons, whose masses have beenmeasured to be mW = 80.399±0.023 GeV and 91.1876±0.0021 GeV [8℄. Also, fermionsare observed to be massive, but sin
e the SU(2)L symmetry 
ouples di�erently to leftand right spinors, these mass terms are forbidden in the Lagrangian. This means thatthe SM as su
h is in
omplete, and has to be altered to a

ount for this observation. Inthe 1960s, the Higgs me
hanism 
ame as an attempt to 
omplete the SM pi
ture andthe hunt for the Higgs boson has been going on ever sin
e.1.2 Mass generation in the Standard Model andbeyond1.2.1 The Standard Model s
alar se
torExperimentally, the weak bosons are massive. Disregarding the fa
t that we 
annotintrodu
e dire
tly a mass term in the Lagrangian without breaking gauge invarian
e,we 
an try to see what happens if we try to use massive bosons in 
al
ulations by brutefor
e.1.2.1.1 W s
atteringAssuming for the moment that we found a way to in
orporate ve
tor boson massesinto the Lagrangian in a gauge-invariant way, we 
an take a look at the s
attering of
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le physi
slongitudinally polarised W bosons [9, 10, 11℄
W+(p+) +W−(p−) →W+(k+) +W−(k−), (1.1)whi
h are the leading terms at high energies for WW s
attering.

γ, Z0

W+
L

W−
L

W+
L

W−
L

γ, Z0

W+
L

W−
L W−

L

W+
L W+

L

W−
L

W+
L

W−
LFigure 1.1: The two WL s
attering diagrams in the s- and t-
hannel 
ontributing to theamplitude A1 and the 4-ve
tor boson vertex for amplitude A2.The 
ontributing diagrams of this purely 
on
eptual pro
ess, sin
e we do not have a

W boson 
ollider, are shown in Fig. 1.1. The kinemati
s in the 
entre of mass referen
eframe are given by
p± = (E, 0, 0,±p) for in
oming and (1.2)
k± = (E, 0,±p sin θ,± cos θ) for outgoing bosons, (1.3)with E2 − p2 = m2
W and where θ is the s
attering angle in the 
entre of mass referen
eframe. The Mandelstam variables are given by

s = (p+ + p−)2 (1.4)
t = (p+ − k+)2. (1.5)Sin
e we only 
onsider s
attering of longitudinal polarisations, they are given by

ǫL(p±) =
(

p/mW , 0, 0,±E/mW

)

, (1.6)
ǫL(k±) =

(

p/mW , 0,±E sin θ/mW ,±E cos θ/mW

)

. (1.7)They are normalised using ǫ2 = −1 and respe
t the Lorentz 
ondition ǫ(~q) · ~q = 0. We
an now take a look at the high energy behaviour. Summing the amplitudes of both thes- and the t-
hannel s
attering of photon and Z-boson ex
hange, and keeping only thedominant terms in p2/m2
W , we have

A1 = g2
W

[ p4

m4
W

(3 − 6 cos θ − cos2 θ) +
p2

m2
W

(9

2
− 11

2
cos θ − 2 cos2 θ

)]

. (1.8)The dominant terms for the four-boson vertex are
A2 = g2

W

[ p4

m4
W

(−3 + 6 cos θ + cos2 θ) +
p2

m2
W

(

−4 + 6 cos θ + 2 cos2 θ
)]

. (1.9)



1.2 Mass generation in the Standard Model and beyond 9Adding both terms together 
an
els out the p4/m4
W term. However, the term p2/m2

W =
s/m2

W is still present and grows inde�nitely with the 
entre of mass energy, whi
h isuna

eptable. This shows that the SM as su
h is in
omplete and needs a UV regulatorfor longitudinalW boson s
attering. This situation has an ante
edent in quantum 
hro-modynami
s (QCD), the theory of strong intera
tions. In QCD, pions 
an be des
ribedas Goldstone bosons asso
iated to SU(2)L×SU(2)R/SU(2)V , where the pion-pion s
at-tering amplitude is given by
A(s, t, u) =

s

f 2
π

, (1.10)with fπ = 93 MeV. This leads to a unitarity bound of √s ≈ 4
√
πfπ = 660 MeV, meaningthat this 
al
ulation is only valid up to this s
ale. At that point, another me
hanism hasto take over to regularise the s
attering amplitude. This is exa
tly what the ρ mesonwith its mass of mρ = 770 MeV does. And it turns out that the Higgs boson playsexa
tly that role for the SM W boson s
attering issue.1.2.1.2 The Higgs me
hanism

Figure 1.2: The 
hara
teristi
 mexi-
an hat Higgs potential.

In order to 
onfer a mass term to the three ve
-tor bosons W± and Z in a proper way, whi
h isneeded for the non-abelian SM, the Higgs me
h-anism is introdu
ed [12, 13℄. Mass terms in theLagrangian are generated from the kineti
 energyterm of a s
alar doublet �eld that undergoes spon-taneous symmetry breaking. The 
hoi
e of a s
alardoublet is motivated via our need for three degreesof freedom to be
ome the three masses. The fourthboson, the photon, should remain massless. Thesimplest 
hoi
e is to add a SU(2) doublet of 
om-plex s
alar �elds
Φ =

(
φ+

φ0

)

, (1.11)with hyper
harge Yφ = +1, so that the s
alar Lagrangian reads
Ls =

(
DµΦ

)†(
DµΦ

)
− V (Φ). (1.12)The 
ovariant derivative is given by

Dµ = ∂µ − ig2
τ

2
W a
µ − ig1

1

2
Bµ, (1.13)where W µ and Bµ are the gauge �elds with 
ouplings g2 and g1 related to the Weinbergangle cos θW = g2/(g

2
2 + g2

1)
1/2. The potential

V (Φ) = µ2Φ†Φ + λ
(
Φ†Φ

)2 (1.14)
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le physi
shas a minimum, whi
h is not lo
ated at φ = 0 if µ2 < 0, as shown on Fig. 1.2. In this
ase, the neutral 
omponent1 of Φ will develop a va
uum expe
tation value (vev)
〈Φ〉0 = 〈0|Φ|0〉 =

1√
2

(
0
v

)

, (1.15)where
v =

√

−µ
2

λ
. (1.16)We now develop Φ into four �elds, one of them being the Higgs bosons H , around theminimum at �rst order

Φ(x) =

(
θ2 + iθ1
v+H√

2
− iθ3

)

= exp
(iθa(x)τ

a(x)

v

) 1√
2

(
v +H(x)

)
, (1.17)and perform a rotation via the following gauge transformation

Φ(x) → exp
(−iθa(x)τa(x)

v

)

Φ(x) =
1√
2

(
v +H(x)

)
. (1.18)We rewrite the �elds W a

µ and Bµ in terms of the ve
tor bosons W±
µ , Zµ and the photon

Aµ using
W±
µ

1√
2
(W 1

µ ∓W 2
µ), Zµ =

g2W
3
µ − g1Bµ

√

g2
1 + g2

2

, Aµ =
g2W

3
µ + g1Bµ

√

g2
1 + g2

2

, (1.19)and expand the �rst term of the s
alar Lagrangian, Eq. (1.12). The terms bilinear inthe new �elds are identi�ed as mass terms
M2

WW
+
µ W

−µ +
1

2
M2

ZZµZ
µ +

1

2
M2

AAµA
µ, (1.20)for whi
h the masses are given by

MW =
vg2

2
,MZ =

v
√

g2
1 + g2

2

2
and MA = 0. (1.21)Thus, we managed to introdu
e a mass term for the experimentally massive ve
torbosons and keep a massless photon by spontaneously breaking the SU(2)L × U(1)Ysymmetry down to U(1)Q. The three Goldstone bosons have been reabsorbed by the Wand Z bosons.If we now return to theW s
attering problem, we need to add additional 
ontributionsdue to Higgs ex
hange, as depi
ted in Fig. 1.3.1It 
annot be the 
harged 
omponent, sin
e we want to preserve the U(1) symmetry of QED.
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Figure 1.3: The two WL s
attering diagrams 
ontributing to the AH amplitude via Higgsboson ex
hange in the s- and t-
hannel.Adding the amplitudes where a Higgs boson ex
hange o

urs in the s- and in thet-
hannel, we get
AH = g2

W

[ p2

m2
W

(

−1

2
− 1

2
cos θ

)

− m2
H

4m2
W

( s

s−m2
H

+
t

t−m2
H

)]

. (1.22)By summing this amplitude with the ones 
al
ulated in Eq. (1.8) and (1.9), the high-energy behaviour of the s
attering amplitude be
omes well-de�ned:
A1+2+H = −g

2
Wm

2
H

4m2
W

( s

s−m2
H

+
t

t−m2
H

)

. (1.23)The Higgs me
hanism has thus enabled us to 
onfer masses to the ele
troweak bosons.A se
ond interesting feature of the Higgs me
hanism is that it may also be used togenerate mass terms for fermions. Also in this 
ase, the 
ouplings of the Higgs boson tothe parti
les are proportional to the masses and are free parameters of the theory.A unitarity bound using the opti
al theorem pla
es an upper limit on the Higgs bosonmass around 700 GeV. If this limit is ex
eeded, weak intera
tions be
ome strong andperturbative 
al
ulations are not valid anymore. This implies that studying W bosons
attering at hadron 
olliders in the high energy regime should either reveal a novelbehaviour of the ele
troweak for
e or the Higgs boson should somehow be seen2.The Higgs me
hanism has been introdu
ed out of a ne
essity of a UV moderator ofele
troweak intera
tions, but is only the simplest of an important quantity of possibili-ties that have been proposed over the years, like little Higgs [14℄, Composite Higgs [15℄or higgsless models [16℄, to name only a few. Sin
e the Higgs boson is intimately linkedto the masses of the elementary parti
les, it is very tempting to think that the Higgsis somehow responsible for these masses. However, up to now all the masses are freeparameters of the theory whi
h 
an only be determined from experiment and 
annot bededu
ed from �rst prin
iples. Certainly the missing 
onne
tion between gauge theoriesand gravity still hides something.2It is also important to note that only a s
alar ex
hange may 
an
el the growing amplitude in thisstraightforward way. A ve
tor ex
hange would already have to be mu
h more �ne-tuned to a
hieve
an
ellation.
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le physi
sSin
e the existen
e of the Higgs parti
le as the last 
ornerstone of the SM has notyet been 
on�rmed by experiment, the exa
t stru
ture of the SM s
alar se
tor is stillup to spe
ulation. We shall investigate the simplest extension of the se
tor we justpresented, the 2 Higgs Doublet Model (2HDM), whi
h is obtained via the addition of ase
ond s
alar doublet. Models with Higgs doublets and singlets possess the property of
onserving, up to �nite radiative 
orre
tions, the ratio of the W mass and the Z bosonmass multiplied with the 
osine of the Weinberg angle θW
ρ =

mW

mZcosθW
= 1. (1.24)1.2.2 The 2 Higgs Doublet ModelThe problem with the Higgs parti
les as it was just presented, other than its non-observation so far, is that its mass is not stable when quantum 
orre
tions are in
luded.Indeed, its mass m2

H re
eives enormous quantum 
orre
tions via virtual e�e
ts fromevery massive parti
le in the theory, giving huge 
orre
tions ∆m2
H , whi
h have to be
an
elled somehow. A possible way out would be the physi
ist's favourite tri
k [17℄:The systemati
 
an
ellation of the dangerous 
ontributions to ∆m2
H 
an only be broughtabout by the type of 
onspira
y that is better known to physi
ists as a symmetry.1.2.2.1 Supersymmetry as a motivation for a type II 2HDMPoin
aré symmetry is realised in Nature, but one 
an ask the question if it is possibleto extend the Poin
aré group with internal symmetries. The �rst answer 
ame in 1967by Coleman and Mandula via their no-go theorem [18℄, proving that any Lie groupwhi
h 
ontains both the Poin
aré group P and an internal symmetry group G must bea trivial dire
t produ
t P × G. Sin
e this means that the generators 
ommute, nothinginteresting happens. There is however a possibility to bypass the no-go theorem. In1975, Haag, Lopuszanski and Sohnius [19℄ were able to extend the Coleman-Madulatheorem by allowing not only 
ommuting, but also anti-
ommuting generators. Theyproved that not only is there a non-trivial extension of the Poin
aré algebra, but it is alsounique, and 
alled it superalgebra. What is now 
alled the Minimal Supersymmetri
Standard Model (MSSM), is the minimal extension to the Standard Model that realisessupersymmetry. Due to its stru
ture, supersymmetry turns fermioni
 into bosoni
 statesand in the supersymmetri
 extension of the SM ea
h of the known fundamental parti
leshas a superpartner with spin di�ering by half a unit. The single-parti
le states of asupersymmetri
 theory fall into irredu
ible representations of the superalgebra, 
alledsupermultiplets. Ea
h supermultiplet 
ontains an equal number of fermioni
 and bosoni
degrees of freedom. It turns out that only one supermultiplet for the Higgs to reside inis not enough. Two main reasons 
an be brought forth. The �rst is that were there onlyone, the ele
troweak gauge symmetry would su�er a gauge anomaly. The 
onditions for
an
ellation of gauge anomalies in
lude that

Tr
[
T 2

3 Y
]

= Tr
[
Y 3
]

= 0, (1.25)
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omponent of the weak isospin and weak hyper
harge, sothat the ele
tri
 
harge is given by
Q = T3 + Y/2. (1.26)This is the 
ase in the SM for the known quarks and leptons. In supersymmetry, afermioni
 partner of a Higgs 
hiral supermultiplet must be a weak isodoublet with weakhyper
harge Y = +1 or −1. If there's only one 
ase, su
h a fermion will 
ontribute toa non-zero 
ontribution to the tra
es and spoil the anomaly 
an
ellation. This may be�xed if there are two Higgs supermultiplets, one with hyper
harge (+1) and the otherwith (-1), so that the total 
ontribution to the anomaly tra
es from the two fermioni
members of the Higgs 
hiral supermultiplets vanishes. The se
ond argument for twoHiggs doublets is that the stru
ture of supersymmetri
 theories imposes a parti
ularYukawa 
oupling. Only a Y = +1 Higgs 
hiral supermultiplet 
an be 
oupled to 
harge

(+2/3) up-type quarks and only a Y = −1 Higgs 
an gives masses to 
harge (−1/3)down-type quarks and 
harged leptons.The 2HDM is the most straightforward extension of the SM s
alar se
tor. People areinterested mostly in its type II version, sin
e this is the one �tting in supersymmetry,but is is important to keep in mind that the 2HDM 
an be 
onstru
ted without anyreferen
e to supersymmetry. In that 
ase however one 
an relax assumptions and aplethora of di�erent 2HDM types 
an be 
onstru
ted. The general 2HDM extensionsare 
lassi�ed a

ording to their Yukawa stru
ture, the hermi
ity of the Yukawa matri
esand the way the bosoni
 se
tor behaves under CP transformations. In the type I 2HDM,only one Higgs doublet is responsible for the gauge and fermion mass generation, whilethe se
ond doublet is only aware of this via mixing. The 2HDM type II has natural�avour 
onservation. Its phenomenology is similar to that of type I, although in this
ase the 
ouplings to the SM parti
les o

ur not only through mixing but also throughthe Yukawa stru
ture. Finally, there also exist type III, IV and even V models, ea
hwith their advantages and disadvantages. Although very interesting from the modelbuilding vantage point, we will not list the di�erent versions but fo
us on type II. Athorough review 
an be found in [20℄.1.2.2.2 The general 2HDMThe most general potential V for two identi
al doublets Φ1 and Φ2 with hyper
harge
Y = 1 is given by [21℄
V = m2

11Φ
†
1Φ1 +m2

22Φ
†
2Φ2 −

[

m2
12Φ

†
1Φ2 + h.
.]+

λ1

2

(

Φ†
1Φ1

)2

+
λ2

2

(

Φ†
2Φ2

)2

+ λ3

(

Φ†
1Φ1

)(

Φ†
2Φ2

)

+ λ4

(

Φ†
1Φ2

)(

Φ†
2Φ1

)

+
{λ5

2

(

Φ†
1Φ2

)2

+
[

λ6

(

Φ†
1Φ1

)

+ λ7

(

Φ†
2Φ2

)](

Φ†
1Φ2

)

+ h.
.}. (1.27)
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le physi
sSin
e 
omplex phases may be present in the parameters λ5,6,7 and m2
12, the most generalmodel has 14 free parameters. If however it is restri
ted to 
ases without CP-violation,all the parameters be
ome real and the number of free parameters shrinks down to 10.Ele
troweak symmetry breaking requires at least one negative eigenvalue in the s
alarmass matrix and at the minimum, m2

11 and m2
22 
an be eliminated in favour of the vevsof the s
alar �elds 〈Φi〉 = vi/

√
2. The overall s
ale is given by v2 = v2

1 +v2
2 = (246 GeV)2.The 2HDM is invariant under unitarity transformations and a basis in the doublet spa
eis 
hosen by spe
ifying the ratio of the two vevs, de�ning the parameter

tanβ = v2/v1. (1.28)1.2.2.3 The Higgs potential of the MSSMIf the 2HDM is to des
ribe the Higgs se
tor of the MSSM, further restri
tions on theparameters are [22℄
λ1 = λ2 =

g2
2 + g2

1

4
λ3 =

g2
2 − g2

1

4
λ4 = −g

2
2

2
(1.29)

λ5 = λ6 = λ7 = 0 m2
12 = m2

A cosβ sin β. (1.30)To break the ele
troweak symmetry in the MSSM, the two doublets of 
omplex s
alar�elds have to be of opposite hyper
harge
H1 =

(
H0

1

H−
1

)

with YH1
= −1 , H2 =

(
H+

2

H0
2

)

with YH2
= +1. (1.31)The s
alar potential involving the Higgs �elds is given by

VH = (|µ|2 +m2
H1

)|H1|2 + (|µ|2 +m2
H2

)|H2|2 − µBǫij(H
i
1H

j
2 + h.c.)

+
g2
2 + g2

1

8
(|H1|2 − |H2|2)2 +

1

2
g2
2|H†

1H2|2, (1.32)where µ is a mass parameter. Expanding the Higgs �elds in terms of their 
harged andneutral 
omponents and de�ning the mass squared terms
m2

1 = |µ|2 +m2
H1
, m2

2 = |µ|2 +m2
H2
, m2

3 = Bµ (1.33)we obtain
VH = m2

1(|H0
1 |2 + |H−

1 |2) +m2
2(|H0

2 |2 + |H+
2 |2) −m2

3(H
−
1 H

+
2 −H0

1H
0
2 + h.c.)

+
g2
2 + g2

1

8
(|H0

1 |2 + |H−
1 |2 − |H0

2 |2 − |H+
2 |2)2 +

g2
2

2
|H−∗

1 H0
1 +H0∗

2 H
+
2 |2.(1.34)Just as in the SM Higgs me
hanism, we require that the minimum of the potential VHbreaks the SU(2)L × UY group while preserving the ele
tromagneti
 symmetry U(1)Q.At the minimum of the potential V min

H , the vev of the �eld H−
1 
an be 
hosen equal tozero, 〈H−

1 〉=0, be
ause of SU(2) symmetry, and at ∂V/∂H−
1 =0, we also have 〈H+

2 〉=0.



1.2 Mass generation in the Standard Model and beyond 15There is therefore no breaking in the 
harged dire
tions and the QED symmetry is pre-served.The neutral 
omponents of the two Higgs �elds develop vevs
〈H0

1 〉 =
v1√
2
and 〈H0

2 〉 =
v2√
2

(1.35)Minimising the s
alar potential at the ele
troweak minimum, ∂VH/∂H0
1 = ∂VH/∂H

0
2 =

0, and using the relation
(v2

1 + v2)
2 = v2 =

4M2
Z

g2
2 + g2

1

= (246 GeV)2, (1.36)we obtain:
Bµ =

(m2
H1

−m2
H2

) tan 2β +M2
Z sin 2β

2
µ2 =

m2
H2

sin2 β −m2
H1

cos2 β

cos 2β
− M2

Z

2
.These relations show expli
itly that if mH1

and mH2
are known together with tanβ, thevalues of B and µ2 are �xed while the sign of µ stays undetermined.To obtain the Higgs physi
al �elds and their masses, the two doublet 
omplex s
alar�elds H1 and H2 are developed around the minimum into real and imaginary parts

H1 = (H0
1 , H

−
1 ) =

1√
2

(
v1 +H0

1 + iP 0
1 , H−

1

)

H2 = (H+
2 , H

0
2 ) =

1√
2

(
H+

2 , v2 +H0
2 + iP 0

2

)
, (1.37)where the real parts 
orrespond to the CP-even Higgs bosons and the imaginary parts
orresponds to the CP-odd Higgs and the Goldstone bosons. We 
an now diagonalisethe mass matri
es evaluated at the minimum

M2
ij =

1

2

∂2VH
∂Hi∂Hj

∣
∣
∣
∣
〈H0

1 〉=v1/
√

2,〈H0
2 〉=v2/

√
2,〈H±

1,2〉=0

. (1.38)One eigenvalue of the mass matrix is zero and 
orresponds to the Goldstone bosonmass, while the other 
orresponds to the pseudos
alar Higgs mass and is given by
M2

A = −m̄2
3(tanβ + cotβ) = − 2m̄2

3

sin 2β
(1.39)The mixing angle whi
h gives the physi
al �elds β

(
G0

A

)

=

(
cosβ sin β
− sin β cosβ

) (
P 0

1

P 0
2

) (1.40)



16 The Standard Model of parti
le physi
sand in 
ase of the 
harged Higgs boson, the 
harged �elds are obtained with the samerotation matrix
(
G±

H±

)

=

(
cosβ sin β
− sin β cosβ

) (
H±

1

H±
2

)

. (1.41)The 
harged Higgs boson mass is related to the W boson mass via
M2

H± = M2
A +M2

W . (1.42)The CP�even Higgs 
ase boson masses are given by
M2

h,H =
1

2

[

M2
A +M2

Z ∓
√

(M2
A +M2

Z)2 − 4M2
AM

2
Z cos2 2β

]

. (1.43)The physi
al CP�even Higgs bosons are obtained from
(
H
h

)

=

(
cosα sinα
− sinα cosα

) (
H0

1

H0
2

)

, (1.44)where the mixing angle α is given by
cos 2α = − cos 2β

M2
A −M2

Z

M2
H −M2

h

, sin 2α = − sin 2β
M2

H +M2
h

M2
H −M2

h

. (1.45)Thus, the supersymmetri
 stru
ture of the theory has imposed very strong 
onstraintson the Higgs spe
trum. Out of the six parameters whi
h des
ribe the MSSM Higgsse
tor, Mh,MH ,MA,MH±, β and α, only two parameters, are free parameters at thetree�level. In addition, a strong hierar
hy is imposed on the mass spe
trum, whi
hreads at tree-level
MH > max(MA,MZ), (1.46)
MH± > MW and (1.47)
Mh ≤ min(MA,MZ) · | cos 2β| ≤MZ (1.48)The Higgs boson 
ouplings to the gauge bosons are obtained from the kineti
 terms ofthe �elds H1 and H2 in the Lagrangian

Lkin. = (DµH1)
†(DµH1) + (DµH2)

†(DµH2), (1.49)and the Yukawa Lagrangian with the notation of the �rst fermion family is
LYuk = −λu[ūPLuH0

2 − ūPLdH
+
2 ] − λd[d̄PLdH

0
1 − d̄PLuH

−
1 ] + (h.c.). (1.50)The fermion masses are generated when the neutral 
omponents of the Higgs �eldsa
quire their vevs and they are related to the Yukawa 
ouplings by

λu =

√
2mu

v2

=

√
2mu

v sin β
and λd =

√
2md

v1

=

√
2md

v cosβ
. (1.51)



1.2 Mass generation in the Standard Model and beyond 17Expressing the �elds H1 and H2 in terms of the physi
al �elds, one obtains the YukawaLagrangian in terms of the fermion masses
LYuk = − g2mu

2MW sin β
[ūu(H sinα + h cosα) − iūγ5uA cosβ]

− g2md

2MW cosβ

[
d̄d(H cosα− h sinα) − id̄γ5dA sinβ

]

+
g2

2
√

2MW

Vud
{
H+ū[md tanβ(1 + γ5) +mucotβ(1 − γ5)]d+ h.c.

}
,(1.52)with Vud the CKM matrix element whi
h is present in the 
ase of quarks. The additionalintera
tions involving the neutral and 
harged Goldstone bosons G0 and G± 
an beobtained from the previous equation by repla
ing A and H± by G0 and G± and setting

cotβ = 1 and tanβ = −1. The MSSM Higgs boson 
ouplings to fermions are given by
Ghuu = i

mu

v

cosα

sin β
, GHuu = i

mu

v

sinα

sin β
, GAuu =

mu

v
cot β γ5

Ghdd = −imd

v

sinα

cosβ
, GHdd = i

md

v

cosα

cosβ
, GAdd =

md

v
tanβ γ5

GH+ūd = − i√
2v
V ∗
ud[md tanβ(1 + γ5) +mucotβ(1 − γ5)]

GH−ud̄ = − i√
2v
Vud[md tanβ(1 − γ5) +mucotβ(1 + γ5)] (1.53)

Figure 1.4: Bran
hing ratios of the 
hargedHiggs boson as a fun
tion of its massmH± . [23℄.

Thus, for tanβ > 1, the 
ou-plings of the 
harged Higgs bosons
H± are enhan
ed to isospin down�type fermions, while the 
ouplings toup�type fermions are suppressed. Sofor large values of tanβ, the 
ou-plings to b quarks, ∝ mb tan β, be-
ome very strong while those to thetop quark, ∝ mt/ tanβ, be
ome ratherweak.The resulting bran
hing ratios of the
harged Higgs boson at tanβ = 1.5 areshown in Fig. 1.4 as a fun
tion of theboson mass. They imply that sear
hesfor light 
harged Higgs bosons, i.e. withmasses lower than the top quark mass, willfo
us on τν and cs de
ays, whereas heavy
harged Higgs bosons sear
hes will have tobe performed in the tb 
hannel.
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le physi
s1.2.3 Current 
harged Higgs boson sear
hesCurrent mass limits on the 
harged Higgs boson 
ome from two distin
t sour
es: dire
t
harged Higgs boson sear
hes are mainly performed at hadron 
olliders, the Tevatronand the LHC, whereas B fa
tories provide limits on 
harged Higgs bosons throughindire
t sear
hes.1.2.3.1 Dire
t sear
hesThe 
overed mass range for 
harged Higgs boson sear
hes at the Tevatron is 
ur-rently 60-300 GeV. Dire
t sear
hes for mass resonan
es are performed as well as indire
tsear
hes in the form of deviations from SM bran
hing ratios. The de
ay modes of the
harged Higgs are dependent on its mass; if this is below the top and b quark mass
mH± < mt + mb, the analysis fo
uses on H± → τντ , cs, A

0W±, h0W± and H± →
t∗b → W±b̄b �nal states. If however the 
harged Higgs boson is heavier, i.e. respe
ting
mH± > mt +mb, then the most important de
ay is H± → tb. The most re
ent publi
a-tions from D0 (in
luding the D0 ratio method [24℄, the global �t method [25℄ and thehigh mass sear
h [26℄) as well as those from CDF (dire
t sear
h [27℄) show no eviden
eof a 
harged Higgs below 300 GeV, irrespe
tive of the value of tanβ.1.2.3.2 Indire
t sear
hesFor the moment, the indire
t sear
hes at b quark fa
tories give the most stringent
onstraints on the 
harged Higgs boson parameters. The sear
h 
hannels distinguishbetween the leptoni
, semileptoni
 and the in
lusive radiative de
ay of B hadrons.

• Leptoni
 de
ay mode
ū

b

ν̄τ

τ
W

−

ū

b

ν̄τ

τ
H

−Figure 1.5: Feynman diagrams for the leptoni
 de
ay mode.In the SM, the B → τντ de
ay o

urs via W boson mediation only, as shownwith the diagram on the left of Fig. 1.5. In general, the B meson de
ay bran
hingfra
tion BF into l+νl is given by its SM value times an additional fa
tor rH , whi
hen
odes an eventual 
harged Higgs 
ontribution, on the right in Fig. 1.5,
BF (B → l+νl) = BF (B → l+νl)SM × rH . (1.54)For a type II 2HDM, rH depends on the B meson and 
harged Higgs boson massand tan β via

rH =
(

1 − m2
B tan2 β

mH±

)2

. (1.55)



1.2 Mass generation in the Standard Model and beyond 19Measurements from the Belle (in blue) and Babar (in green) 
ollaborations withhadroni
 tags (in light 
olours) and semileptoni
 tags (in dark 
olours), sum-marised in Fig. 1.6(a), give the average value (in red) [1.64 ± 0.34
]

× 10−4 [28℄,and an rH 
oe�
ient of rH = 1.37 ± 0.39 
ompatible with unity. This translatesinto an ex
luded region for the tan β/mH± ratio, see Fig. 1.6(b), leading to theex
lusion of the orange regions in the (mH±, tan β) plane, as depi
ted in Fig. 1.9.

(a) (b)Figure 1.6: BF measurements for the leptoni
 B → τντ de
ay and inferred rH valuesas a fun
tion of tanβ/mH± , together with the ex
lusion bands.
• Semileptoni
 mode The ex
hange of a 
harged Higgs boson may also alter theBFs for B → D(∗)τντ de
ay. The observed BFs in the di�erent 
hannels ex
lude

b c

W−
ν̄τ

τ

(a) b c

ν̄τ

τ

H−(b)Figure 1.7: SM (�gure (a)) and 
harged Higgs ex
hange (�gure (b)) Feynman diagramsfor the semileptoni
 mode B → D(∗)τντ .another region in the (mH±, tan β)-plane, whi
h is quite 
omplementary to the oneobtained via the B → τν de
ay, as it 
overs the leftover gap (in green) in Fig. 1.9.
• In
lusive radiative de
ay Charged Higgs boson ex
hange alters the BF for the
B → Xsγ de
ay, shown in Fig. 1.8, pla
ing a bound on the 
harged Higgs bosonmass mH± > 295 GeV at 95 % C.L., independently of the value of tan β, (in red)in Fig. 1.9.
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s
b

t

s

γ

W−(a) b

t

s

γ

H−(b)Figure 1.8: Feynman diagrams for the in
lusive radiative de
ay.The results for the three de
ay 
hannels are 
ompatible with the SM expe
tation valueswithin their error bands, but the measured values are systemati
ally higher than thepredi
tions, whi
h might be an indi
ation of new physi
s and needs further investigation.
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Figure 1.9: Ex
luded regions in the mH± , tan β plane due to B physi
s observables [29℄1.3 The top quark1.3.1 Histori
 reviewThe quest for the top quark was triggered in 1977 by the dis
overy of the bottomquark at the Fermi National A

elerator Laboratory (Fermilab)[30℄. To understandwhat the situation was at that parti
ular moment, we need to go ba
k to the year 1974.At that time, an unexpe
ted, short-lived, massive resonan
e was found: the J/Ψ, a cc̄bound state. This didn't just prolong the ever-growing list of quarks as the fourth mem-ber, but was an essential 
on�rmation of the uni�ed theory of ele
troweak intera
tions,freshly developed at that point [31℄. The GIM-me
hanism states that quarks have toexist in pairs, and thus the c quark 
ame to 
omplete the doublet for the s quark. In1975, the dis
overy of the τ, a third type of 
harged lepton, was a 
lear indi
ation fora third generation of fundamental parti
les. This third 
opy of 
harged lepton 
ame in



1.3 The top quark 21handy, sin
e Kobayashi and Maskawa had just worked on CP violation in kaon de
ayand needed three quark pairs for their theory to be renormalisable. Now physi
iststurned to look for the third generation quarks. The �rst of them, the bottom quark,showed up in 1977 as a bb̄-bound state, 
alled the Υ resonan
e. This meant that thequest for its doublet partner had begun.The way leading up to the a
tual dis
overy of the top quark was long and tortuous,and lasted for 14 years. A lot of initial sear
hes were unsu

essful, for
ing parti
lephysi
ists to 
onsider two options. Either the SM had to be reje
ted as a viable theoryor the bottom quark was somehow a weak intera
tion singlet. This last statement wasde�nitely ruled out at DESY in 1984 with the measurement of the forward-ba
kwardasymmetry in e+e− → bb̄ 
ollisions [32℄. If the bb̄ produ
tion pro
eeded only via pho-ton ex
hange, no asymmetry would be observed; the b quark would be produ
ed inthe positron dire
tion as often as the ele
tron dire
tion. If however the b is part of anele
troweak doublet, weak intera
tion is interfering with ele
tromagneti
 produ
tion.Sin
e weak intera
tions were known to violate some fundamental symmetries, as parityfor example in this 
ase, there had to be a substantial forward-ba
kward asymmetry.The expe
ted value, 
omputed assuming the validity of the SM, was about 25 % andwould be zero for an isospin singlet. The out
ome of the measurement gave 22.5±6.5%,
on�rming the status of the b quark as a member of an ele
troweak doublet. Sin
e thedoublet partner is also mandatory to leave the theory anomaly-free, the sear
h for thetop quark 
ould and should be 
ontinued.Top mass estimates relying on a natural progression in the mass s
ale of the di�erentquarks pointed to a value of about 15 GeV. This meant that it 
ould be observed atthe running e+e− 
olliders, as for example at PETRA at DESY at the end of the 1970s.As nothing showed up in the data analysis, the top mass limit was pushed up to 23GeV. The 1980s saw the limit go further up to 30 GeV with the TRISTAN 
ollider inJapan, and �nally SLC at SLAC and LEP observed no Z de
ay into tt̄, so that a topwith a mass lower than 45 GeV was ruled out. The sear
h would have to be 
ontinuedat hadron 
olliders.TheW and Z bosons were dis
overed at the proton-antiproton 
ollider Spp̄s at CERN,with a 
entre of mass energy of 450 GeV. In 1985 the UA1 
ollaboration found 12 
an-didate events in the leptoni
 
hannel whereas the expe
ted ba
kground was 1.6 events,from hadrons misidenti�ed as ele
trons. Sin
e a 40 GeV top would produ
e 10 events,�rst papers were published assuming a top with a mass ranging between 30 and 50 GeV.This momentum was stopped just short of 
laiming a dis
overy. A more thorough anal-ysis on a larger data sample with improved ba
kground models (parti
ularly 
on
erning
Wqq̄ produ
tion) showed that there was no 40 GeV top quark and, in 1988, the masslimit was at 44 GeV.The advent of the Tevatron, a proton-antiproton 
ollider at Fermilab with 
entre ofmass energy of 900 GeV, started the 
ompetition between the ameri
an CDF and eu-
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le physi
sropean UA2 
ollaborations. The years 1988 and 1989, known as The Ra
e for the Top,have been a period �lled with rumours swinging to and fro. The UA2 ex
lusion of atop with a mass lower than 69 GeV put an end to the frenzy, sin
e this was the highestlimit attainable at the Spp̄s. Another problem seemed to be dawning: if the top masswere higher than 85 GeV, the top would de
ay into a real W and a b, thus altering 
om-pletely the eν, resp. µν mass distribution, whi
h would then be indistinguishable from
W produ
tion! A way out of the 
onundrum was �nally found with the presen
e of twoadditional b jets in the tt̄ events, whi
h would help in
rease the signal over ba
kgroundratio. These analyses pla
ed the mass at 91 GeV.The �rst estimation for the top quark mass 
ame not from dire
t observation at 
ol-liders, but through ele
troweak pre
ision measurements. Computation of the so-
alled
T -parameter predi
ted a top mass between 145 < mt < 185 GeV.
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Figure 1.10: Re
onstru
ted top massdistribution.

First observations were �nally reported in1994 [33℄ with the CDF dete
tor, and its dis
ov-ery was 
laimed by both experiments lo
ated atthe Tevatron 
ollider in 1995 [34, 35℄. Fig. 1.10shows the re
onstru
ted mass distribution forevents with an identi�ed b quark and at least fouradditional jets (solid histogram). Also shown arethe ba
kground shape (dotted histogram) andthe sum of ba
kground and tt̄ Monte Carlo esti-mation for a top quark mass Mtop = 175 GeV/
2(dashed histogram), with the ba
kground 
on-strained to the 
al
ulated value, 6.9+2.5
−1.9 events.The inset on the right shows the likelihood �tused to infer the top mass. Due to its large mass
ompared to the other �ve quarks, the top playsa spe
ial role sin
e it has a very short lifetime 
ompared to the hadronisation time,whi
h 
an be de�ned as the time the 
olour �eld needs to 
over the distan
e Rhad whi
hseparates two adja
ent partons. Considering this to be of the order of a few femtometers,hadronisation time is of the order τhad = Rhad/c, i.e. 10−23s. If one 
onsiders top de
aypurely into Wb, the top quark has a width of about 1.5 GeV using a top mass of 173GeV. This means that its lifetime is given by τtop = h/(2π)Γ−1 = 5× 10−25s, indi
atingthat the top quarks de
ays before even hadronising. As a 
onsequen
e, there shouldn'tbe any top-antitop bound states, and no spin-depolarisation by 
hromomagneti
 inter-a
tions o

urs, allowing studies of spin dependen
e of the top's de
ay produ
ts. Thisriddan
e of the usual 
ompli
ations asso
iated with the strong intera
tion and the largetop mass make this quark an extremely interesting probe.From then till the present day, the Tevatron has gathered information on various topquark properties su
h as its mass, de
ay width and 
harge. Besides pair produ
tion,



1.3 The top quark 23single top produ
tion via the s- and t-
hannel have also been observed two years ago byboth experiments [36, 37℄. Until 2010, the Tevatron has been the only ma
hine allowingthe dire
t of the heaviest member of the SM and its properties. However, many of thosehave either not been tested or are less known. With the start of the LHC, a se
ondsour
e of information has now be
ome available to study the subje
t in depth.1.3.2 Produ
tion at the Tevatron and at the LHCAt hadron 
olliders, top quark produ
tion o

urs in what is separated into two di�er-ent modes, be
ause the event topology and thus resear
h strategy will di�er. The �rstpossibility is to produ
e top quarks in pairs, as shown on Fig. 1.11, with a produ
tion
ross se
tion of ≈7 pb at the Tevatron3 and 160 pb at the LHC with the 
urrent setup4,or even more than 800 pb at 14 TeV. How exatly su
h a 
ross se
tion 
an be measured ata hadron 
ollider will be presented in detail in Chapter 7. The in�uen
e of the 
ollidertype and maximum 
entre of mass energy on the produ
tion proportions is best seen inthe following 
omparison.Considering a s
attering of parti
les into two �nal state parti
les a and b, the phasespa
e integration pla
es a limit on the Mandelstam variable s of the hard pro
ess. Theintegration starts with the value whi
h permits to produ
e the two �nal state parti
lesat rest, i.e. the energy that has to be made available is the mass energy
smin = x1x2sH = 4

(ma +mb

2

)2
, (1.56)where x1 and x2 are the momentum fra
tions of the in
oming partons. Considering

tt̄−produ
tion, ma = mb = mt, under the assumption that both in
oming partons 
arrythe same fra
tion x1 = x2 = x, we get a rough idea of the mean value of x 
ontributingto the produ
tion
< x >=

2mt√
sH
. (1.57)We see that the higher the 
ollider energy, the smaller the values of x 
an be. For theTevatron RunII (√s = 1.96 TeV) the mean x value is around 2 × 10−1, while for the
urrent LHC 
ollisions (√s = 7 TeV) deeper values around 5 × 10−2 are probed, andeven half of this 
ould be attained if the design 
entre of mass energy of 14 TeV is someday rea
hed. Of 
ourse our assumption that both momentum fra
tions are the same isnot true in general, but if one value goes up, the other is permitted to go even furtherdown. Sin
e PDFs are dominated at low x by the gluon, all gluon fusion pro
esses willbe enhan
ed at the LHC with respe
t to the Tevatron.3The NLO 
ross se
tion is σtt̄ = 6.7±10% pb for pp̄ 
ollisions at √s = 1.96 TeV formt = 175 GeV [38℄.4The approximated NNLO 
ross se
tion is σtt̄ = 164.57 + 11.45 − 15.78 pb for pp 
ollisions at √s =

7 TeV for mt = 172.5 GeV [39℄.
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Figure 1.11: The tt̄ produ
tiondiagrams [40℄.
Sin
e the Tevatron is a proton-antiproton 
ollider, at19.6 TeV for Run II, tt̄ produ
tion o

urs via qq̄ initialstates in 85 % and gg in the remaining 15 %. The fa
tthat the LHC is a proton-proton 
ollider whi
h mayattain the higher 
enter of mass energy of 14 TeV rad-i
ally alters the proportions of tt̄ produ
tion to 10 %in the qq̄ and 90 % in the gg 
hannel [38℄. In tt̄ eventsboth tops will de
ay into a W boson a

ompanied by a

b quark. The di�erent resear
h 
hannels are 
lassi�edin relation to the de
ay produ
ts of the W : dileptoni
refers to both W s de
aying into a lepton and a neutrino, semi-leptoni
 points to eventsin whi
h one W de
ays into a lepton plus a neutrino and the other into quarks and fullyhadroni
 spe
i�es that both W bosons de
ay into quarks.The se
ond 
ategory of top produ
tion pro
esses is single top produ
tion, whi
h 
anbe further separated into t-
hannel, Wt asso
iated produ
tion and s-
hannel, as shownin Fig. 1.12.
Figure 1.12: Single top produ
tion diagrams: the t-
hannel, the ele
troweak and the s-
hannel [40℄.The produ
tion hierar
hy is the same at the LHC and the Tevatron. Single topprodu
tion at the Tevatron o

urs with a 
ross se
tion of 250 pb in the t-
hannel, 60 pbviaWt and 10 pb in the s-
hannel [38℄. The evolution of the tt̄ 
ross se
tion at the LHC,in
luding lepton and a

eptan
e 
uts of the ATLAS dete
tor, 
an be seen in Fig. 1.13.

Figure 1.13: Comparison between the three single top produ
tion me
hanisms. The NLO
ross se
tions are shown as a fun
tion of the LHC 
enter of mass energy [41℄.



1.3 The top quark 25Tevatron results The most re
ent results on the tt̄ produ
tion 
ross se
tion from CDFare summarised in Fig. 1.14(a). The re
ent 
ross se
tion measurements for single top
an be seen in Fig. 1.14(b).
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(b) Single Top produ
tionFigure 1.14: Re
ent top produ
tion 
ross se
tions at the Tevatron.From these produ
tion modes, top quark properties 
an be studied. The top mass hasbeen extra
ted from data with two main te
hniques. The �rst is the templates method,whi
h relies on the 
onstru
tion of templates that depend on the top mass. These tem-plates are then �tted to the data. CDF has analysed 4.8 fb−1 of their data with thiste
hnique and obtains a top mass mt = 171.9±1.1(stat.JES)±0.9(syst.) GeV [42℄. These
ond mass determination relies on the Matrix Element (ME) te
hnique, in whi
h a per-event probability P (x,mt) is 
al
ulated, where x denotes the �nal state parton momenta.This probability is obtained via a leading order matrix element 
al
ulation. Finally, thelikelihood of the produ
t of the probabilities is minimised, yielding the measured tt̄ 
rossse
tion. The D0 
ollaborationmass result ismt = 173.7±1.3(stat. JES)±1.4(syst.) GeVusing 3.6 fb−1 of data [43℄, and the CDF 
ollaboration has analysed 4.8 fb−1 and pub-lished a mass of mt = 172.8 ± 0.9(stat. JES) ± 0.8(syst.) GeV [44℄. The most pre
iseresult on the top mass 
omes from the latest CDF and DO 
ombination [45℄. Additional
omments about the top mass measurements will be made in Se
tion 2.3.1.The SM states that the mass of a parti
le and its 
orresponding antiparti
le shouldbe the same. D0 has performed a study on the mass di�eren
e between top and antitopusing the ME method, with a modi�ed probability term P (x,mt, mt̄), using 1 fb−1 and�nds a resulting mass di�eren
e of mt −mt̄ = 3.8 ± 3.7 GeV [46℄, 
ompatible with theSM. This measure is still dominated by statisti
al un
ertainties and will be
ome veryinteresting on
e more data is available and at the LHC. The top width Γt is also understudy by the CDF 
ollaboration, whi
h has analysed 4.3 fb−1 of data with the templatemethod and this time �tted the width. They obtain a range of 0.4 < Γt < 4.4 GeV at68 % CL, and an upper limit of Γt < 7.5 GeV at 95 % CL [47℄. The top 
harge has been
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on�rmed to be (2/3), in opposition to the (-4/3) predi
ted in exoti
 models [48, 49℄,and spin 
orrelations have also been studied [50, 51℄.LHC results After the �rst su

essful LHC run in 2010 and a total amount of about35 pb−1 of 
olle
ted data, the ATLAS and CMS 
ollaborations have started seeing topquarks.
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Figure 1.15: Produ
tion 
ross se
tion of tt̄ at theLHC and at the Tevatron 
ompared to higher-order 
al
ulations.

The measurements of tt̄ 
ross se
-tions [52℄ at hadron 
olliders is sum-marised in Fig. 1.15. The in-
lusive top quark pair produ
tion
ross se
tion obtained with AT-LAS by 
ombining the semileptoni
and dilepton �nal state analyses is
σtt̄ = 180 ± 9 (stat.) ± 15 (syst.) ±
6 (lumi.) pb [53℄. Current prelim-inary results with 35 pb−1 indi
atethat single top produ
tion in the t-
hannel is almost at eviden
e level,and a �rst limit onWt produ
tion hasbeen set. This will be detailed in these
ond part of this thesis.The LHC resumed 7 TeV 
ollisions in Mar
h 2011, promising a tremendous amountof data for further investigation in 2011. Ongoing analyses in ATLAS are performedusing 150 pb−1 of data and at total of 700 to 1000 pb−1 should be available this summer.Beyond the s
ope of produ
tion 
ross se
tion and mass measurements, subje
ts whi
hwill be investigated are:- the top quark 
harge [54℄,- top spin 
orrelations and W polarisation [55℄,- anomalous Wtb vertex 
ouplings [56℄,- rare top quark de
ays and FCNC [57℄, and- tt̄ resonan
es [58℄.History tea
hes us one thing: dis
overing new parti
les at unpre
edented energies
ertainly is a very ex
iting quest, but the major e�ort should go into understandingthoroughly the ba
kgrounds. For pro
esses su
h as 
harged Higgs boson produ
tion,this ba
kgrounds are SM events. Espe
ially in the startup phase of the LHC whi
h weare in now, it is important to fo
us on understanding the output of the dete
tor anredis
over the SM properly, before even thinking about looking for deviations from it.



Ponder Stibbons was one of those unfortunate people 
ursed with the belief that ifonly he found out enough things about the universe it would all, somehow, makesense. The goal is the Theory of Everything, but Ponder would settle for the Theoryof Something and, late at night, when Hex appeared to be sulking, he despaired ofeven a Theory of Anything. Terry Prat
hett, �The last 
ontinent�
2From hadroni
 to partoni
 
ollisions

In the previous Chapter we brie�y introdu
ed the evolution of parti
le physi
s up toit's modern formulation, the Standard Model, and saw a possible extension of the SMs
alar se
tor. In order to shed some light on a remaining dark 
orner, our aim is nowto 
al
ulate 
harged Higgs boson produ
tion at 
olliders as pre
isely as possible, so asto have a reliable referen
e for 
omparisons to real 
ollider data. The 
urrent Chapterreviews the main tools and formalisms whi
h will be needed.

4. 5.

1.

2.

3.

Figure 2.1: S
hemati
 hadroni
 
ollision.

Fig. 2.1 sket
hes the main steps in-volved in the simulation of a hadroni

ollision.1. Partons from the in
ominghadron beams intera
t at highenergies and produ
e many dif-ferent parti
les, a

ording totheir produ
tion 
ross se
tions.This is the hard s
attering.2. The energeti
 
oloured parti
lesemit a plethora of radiated glu-ons and quarks, until the lowenergy limit is rea
hed and per-turbation theory is no more ap-pli
able.
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 to partoni
 
ollisions3. We then enter the domain of hadronisation where only e�e
tive models tuned ondata are available at the moment.4. The same is true for other low energy physi
s phenomena involved, as the distri-bution of the momentum sharing inside the hadron among the di�erent partonsor the beam remnant, for example.5. It is possible that more than one hard s
atter o

urs in a hadron-hadron 
ollision,and these multiple intera
tions render the event stru
ture even more 
omplex.2.1 The strong 
oupling 
onstant

QCD α  (Μ  ) = 0.1184 ± 0.0007s Z

0.1

0.2

0.3

0.4

0.5

αs (Q)

1 10 100
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Deep Inelastic Scattering
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Figure 2.2: Evolution of the strong 
oupling 
onstantwith the energy. The straight line is 
al
ulated in per-turbative QCD, the dots are measurements by variousexperiments. [59℄

In general, the parameters 
on-tained in the Lagrangian of a the-ory do not have a �xed valuebut may evolve with the energyof the 
onsidered pro
ess. Forhadroni
 
ollisions, it is thereforeimportant to know the evolutionof the strong 
oupling 
onstant,and see in whi
h domain per-turbative 
al
ulations are valid.The de
rease of the strong 
ou-pling 
onstant as a fun
tion ofthe energy Q 
an be seen inFig. 2.2. This is very di�erentfrom the ele
tromagneti
 for
e,who shows the exa
t opposite be-haviour. In QED, there's onlyone 
harge, the ele
tri
 
hargee, and the ele
tromagneti
 
ou-pling 
onstant in
reases with thephoton probe s
ale Q. The pho-ton itself is not 
harged under
U(1).The physi
al reason for this behaviour is the s
reening e�e
t. If the energy Q is small,it 
an only resolve large stru
tures and the photon sees the 
entral 
harge shielded byva
uum polarisation, like depi
ted on the left in Fig. 2.3. This redu
es the e�e
tive
harge seen by the photon probe. In terms of Feynman diagrams, these 
ontributionsarise from a virtual ele
tron-positron ex
hange, as shown on the right of Fig. 2.3.In QCD, the situation is somewhat di�erent, sin
e there are three di�erent 
olour
harges, R, G and B. If we take a B 
harge for example, the same shielding e�e
t
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eFigure 2.3: Va

um polarization due to lepton ex
hange.as in QED takes pla
e, as shown on Fig. 2.4. This has an analogue Feynman graphrepresentation, where now the gluon materialises for a short time into a quark-antiquarkpair and gives a positive 
ontribution to the 
oupling evolution.
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qFigure 2.4: Va

um polarisation 
orre
tion due to quark ex
hange.The di�eren
e with respe
t to QED is that in QCD the for
e 
arriers are also 
hargedunder SU(3) and may alter the 
entral 
harge. For example, a B quark may 
hange intoa R quark via gluon emission, as shown on the left in Fig. 2.5. We have to take intoa

ount the additional Feynman graph in whi
h the gluon emits and reabsorbs anothergluon.
R (B, R̄)

gFigure 2.5: Va

um polarization 
orre
tion due to gluon ex
hange.This 
ontribution is negative and outweighs the positive one if the number of a
tive1quarks is Nf < 17, as is the 
ase for the SM.So the 
oupling strength depends on the energy of the 
onsidered pro
ess. The de-penden
e of the strong 
oupling with respe
t to the s
ale is logarithmi
 and is given bythe renormalisation group equation (RGE)
Q2∂αs(Q

2)

∂Q2
= β

(
αs(Q

2)
)
, (2.1)1By a
tive quark, one means quarks whi
h massesMQ 
an be negle
ted with respe
t to the 
onsideredenergy Q.
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 to partoni
 
ollisionswhere the β fun
tion en
odes the Feynman graph 
ontributions we just reviewed. If the
onsidered energy is high enough, the 
oupling be
omes small and allows for a pertur-bative treatment of the quantities involved. Currently, the β fun
tion 
an be 
al
ulatedup to the fourth order [59℄, but we will trun
ate the series at the �rst 
oe�
ient, sin
ethis is enough to support the argumentation.
β
(
αs(Q

2)
)

= −β0α
2
s(Q

2) + O(α3
s) (2.2)

= −
(33 − 2Nf

12π

)

α2
s(Q

2) + O(α3
s). (2.3)The number of a
tive quark �avours at the energy s
ale Q is given by Nf . The Nf < 17quoted previously 
omes from the requirement of the leading order term of the betafun
tion β0 to be positive.The solution of the trun
ated di�erential Eq. (2.1) is given by

αs(Q
2) =

αs(µ
2)

1 + αs(µ2)β0 ln Q2

µ2

. (2.4)This enables us to 
al
ulate the value of the 
oupling at a s
ale Q, if we have as referen
ea measured value of αs at another s
ale µ. Another feature of QCD 
an be seen throughthis evolution, namely asymptoti
 freedom. Assuming β0 to be positive, the 
oupling
onstant will indeed tend asymptoti
ally to zero for very large s
ales. This means that ifwe 
onsider pro
esses taking pla
e at high energies, not only will the 
oupling be smallenough to allow a perturbative expansion of the 
onsidered quantities, but 
olouredparti
les 
an be treated as free from the point of view of the strong intera
tion. As Qde
reases, the strong 
oupling 
onstant grows, until it hits a singularity for
lim

Q→ΛQCD

αs(Q) = ∞. (2.5)The exa
t value of ΛQCD depends on the perturbative expansion of the β fun
tion whi
hhas been used, but it generally is of the order of 1 GeV. A 
oupling of order one meansthat the perturbative formalism 
annot be applied anymore and energy s
ales roughlybelow 1 GeV are therefore regarded as the nonperturbative region where 
on�nementsets in.The 
onvergen
e problem of the pQCD series We have just mentioned that ifthe 
oupling is small enough, quantities of interest may be developed into a perturba-tive series. However, due to long-distan
e, non-perturbative e�e
ts, this series is not
onvergent. If we 
ompute a physi
al quantity in terms of the small 
oupling
f(αs) ≈

∞∑

n=0

fnα
n
s , (2.6)the 
oe�
ients fn exhibit a fa
torial growth with respe
t to their order. Only in a freetheory, where αs = 0, the series be
omes a simple Taylor expansion. For (αs → 0)
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onstant 31however, the series 
an at best be asymptoti
 to f(αs), but does not uniquely de�ne
f(αs). Now one may wonder what the meaning of perturbation theory may be when itdoes not 
onverge. But asymptoti
 
onvergen
e is not totally unsatisfa
tory, be
ause if
αs is su�
iently small, the di�eren
e between f(αs) and and another expression g(αs)may be numeri
ally small and perturbation theory may give a well-approximated answer.Fa
torisation The evolution of the 
oupling 
onstant de�nes two regimes, one forwhi
h perturbative QCD (pCQD) is valid, an one in whi
h we have to model non-perturbative e�e
ts. Those two regimes 
an be 
learly separated in virtue of the thefa
torisation theorem. The hadroni
 
ross se
tion for two in
oming hadrons with mo-menta p1,2 
an be 
omputed by using the fa
torisation formula [60℄

σ(p1, p2;Q) =
∑

a,b

∫

dx1dx2fafbσ̂ab + O((ΛQCD/Q)p), (2.7)where the parton distribution fun
tions (PDFs) fa = fa/h1
(x1, Q

2) en
ode the probabil-ity of �nding a parton a in hadron h1 with momentum fra
tion x1 at s
ale Q. The term
σ̂ab = σ̂ab(x1p1, x2p2;Q;αs(Q)) stands for the partoni
 
ross se
tion and O((ΛQCD/Q)p)en
odes non-perturbative 
ontributions su
h as hadronisation e�e
ts, multiparton in-tera
tions and 
ontributions from the underlying event. The PDFs fa/h(x,Q2) at a �xeds
ale Q are not 
omputable in perturbation theory but their s
ale dependen
e 
an be
ontrolled perturbatively via the Dokshitzer-Gribov-Lipatov-Altarelli-Parisi (DGLAP)equations [61, 62, 63℄. The stru
ture of the right-hand side of Eq. (2.7), i.e. the shar-ing out in terms of perturbative pro
ess-dependent partoni
 
ross se
tions and non-perturbative pro
ess-independent PDFs is subje
t to some degree of arbitrariness, 
alledfa
torisation-s
heme dependen
e. Sin
e physi
al quantities 
annot dependent on the un-physi
al fa
torisation s
ales, perturbative 
orre
tions beyond leading order of the par-toni
 
ross se
tion are fa
torisation-s
heme dependent, in order to 
ompensate for the
orresponding dependen
e in the PDFs. If the perturbative series of the partoni
 
rossse
tion and the PDFs is trun
ated, this 
ompensation is not exa
t and the theoreti
alpredi
tion will be tainted with un
ertainties. The renormalisation s
ale µR is the s
aleat whi
h the strong 
oupling is evaluated. The fa
torisation s
ale on the other handseparates the nonperturbative e�e
ts in the PDFs from the perturbative intera
tions inthe partoni
 
ross se
tion. It is 
ommon use to take µR = µF = Q, sin
e on physi
algrounds these s
ales have to be of the same order as Q, but their values 
annot beunambiguously �xed. If the quantities that enter Eq. (2.7) are 
al
ulated at the n-th or-der in perturbation theory, the �nal result exhibits a residual µF , µR-dependen
e of the
(n+1)-th order, re�e
ting the absen
e of the missing higher-order terms. Varying thoses
ales estimates the theoreti
al un
ertainty 
aused by the trun
ation of the perturbativeseries. This is generally done to give an error band on the theoreti
al predi
tions.
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 to partoni
 
ollisions2.2 Parton distribution fun
tionsWe will now take a look at the �rst ingredient we need whi
h 
annot be 
al
ulatedfrom �rst prin
iples but needs experimental input: the parton distribution fun
tions.There are several methods whi
h allow insight into the stru
ture of hadrons. We willmainly 
on
entrate on deep inelasti
 s
attering. This se
tion is intended only as abrief glan
e over a subje
t whi
h �lls quantity of ex
ellent textbooks and dedi
atedreviews [9, 64℄. But it is important to keep in mind that di�erent sets of PDFs 
urrentlyexist, ea
h may implement theoreti
al quantities at di�erent levels of pre
ision. Thereare also di�eren
es in the 
onsidered input data, the ad-ho
 parametrisations and the�tting method, resulting in di�erent albeit 
omplementary un
ertainties. Sin
e this hasa notable impa
t on predi
ted 
ross se
tions as well as the data analysis we will 
arryon later, it is important to investigate where these un
ertainties 
ome from.2.2.1 Measuring stru
ture fun
tions and 
ross se
tionsDeep Inelasti
 s
attering (DIS)
k

k′

p

XFigure 2.6: DIS of a lepton probe on a hadron.
The parton model is based onthe idea that a hadron 
an bedes
ribed as a 
olle
tion of inde-pendent partons with small trans-verse momentum. In DIS, a lep-ton s
atters o� a parton via ve
-tor boson ex
hange, as displayed inFig. 2.6.The 
hara
teristi
 kinemati
al vari-ables of DIS are

• the momentum transfer
Q2 = −q2 = −(k − k′)2, (2.8)where k(k′) is the momentum of the in
oming (outgoing) lepton,

• the Bjorken s
aling variable
x =

Q2

2p · q , (2.9)where p is the hadron momentum,
• and the energy fra
tion y whi
h the lepton has lost in the s
attering pro
ess, givenin the nu
leon rest frame

y =
q · p
k · p. (2.10)
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tions 33The momentum transfer Q 
an be seen as the magnifying power of the lepton probe,sin
e it allows resolve distan
es of the order of d ≈ hc
2πQ

≈ 0.2
Q

fm, where Q is to be givenin GeV.Depending on the nature of the lepton probe, di�erent intera
tions 
ome into playwhi
h are sensitive to di�erent 
onstituents of the hadron. For 
harged 
urrent intera
-tions (CC), where aW boson is ex
hanged, the probe whi
h s
atters on the free nu
leon
N 
an either be a lepton lN → lX or a neutrino νN → lX. X is any kind of hadronsystem. If the ex
hanged parti
le is a virtual photon γ or a Z boson, it is a neutral
urrent (NC) intera
tion lN → lX. If the lepton probe is a positron, the ex
hanged Whas positive 
harge and the 
ross se
tion is sensitive to down-type quarks and up-typeantiquarks. At leading order, the di�erential 
ross-se
tions 
an be written in terms ofstru
ture fun
tions F i

d2σi

dxdy
=

4πα2

xyQ2
ηi
[(

1 − y − x2y2M2

Q2

)

F i
2 + y2xF i

1 ∓
(

y − y2

2

)

xF i
3

]

, (2.11)where M is the mass of the nu
leon, and i 
an be either CC or NC. The minus signis valid if the in
oming lepton is a positron or an antineutrino, a plus sign stands forin
oming ele
trons or neutrinos. For unpolarised ele
tron/positron beams, ηNC = 1 and
ηCC = (1 ± λ)2 1

2

(
GFM

2
W

4πα
Q2

Q2+M2
W

)2
, where the sign is given by the ele
tron 
harge and

λ is its heli
ity. The CC and NC 
ross se
tions tend to the same behaviour at highenergy, exhibiting the uni�
ation of weak and ele
tromagneti
 intera
tion, whi
h 
an beobserved in Fig. 2.7. For low Q2 values photon ex
hange dominates and thus the NC
ross se
tion is several orders of magnitude larger than the CC, whose 
ontribution isdampened due to the W boson propagator.
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Figure 2.7: Di�erential CC and NC in
lusive 
ross se
tions as a fun
tion of Q2, measured atHERA [65℄.
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 to partoni
 
ollisionsThe stru
ture fun
tions are not 
al
ulable in pQCD. At lowest order, they 
an begiven dire
tly in terms of nonperturbative PDFs f, as F2 for example:
F2(x,Q

2) = x
∑

q

e2qfq/p(x), (2.12)where eq is the ele
tri
 
harge of quark q. What is observed in general is that in theBjorken limit, i.e. for (Q2, ν) → ∞ and �xed x, the stru
ture fun
tions obey an approx-imate s
aling law, depending only on the dimensionless variable x
Fi(x,Q

2) → Fi(x). (2.13)This Bjorken s
aling indi
ates that the probe is s
attered-o� from point-like 
onstituents.If this wasn't the 
ase, the stru
ture fun
tions would exhibit a dependen
e on the ratio
Q/λ, where 1/λ would be the 
hara
teristi
 length of the 
onstituents' size. QCD,however, violates Bjorken s
aling trough power-
orre
tions whi
h indu
e logarithms of
Q2. Sin
e the parton transverse momentum inside the hadron is not restri
ted to besmall, but 
an eventually get large via gluon emission with probability proportional to
αsdk

2
T/k

2
T , in whi
h the integral extends to the kinemati
 limit k2

T ≈ Q2, these typesof emissions 
an give rise to terms proportional to αs lnQ2 whi
h break s
aling. Theseviolations are a parti
ular property of renormalisable gauge theories involving point-likeintera
tions between fermions and ve
tor bosons. Thus, taking into a

ount higher-order
ontributions, the stru
ture fun
tion F2 now reads
F2(x,Q

2) = x
∑

qq̄

e2q

[

q0(x) +
αs
2π

∫ 1

x

dz

z
q0(x)

(

P (x/z) ln
Q2

κ2
+ C(x/z)

)

+ · · ·
]

. (2.14)where the stru
ture fun
tions Fi parametrise the stru
ture of the target as seen by thevirtual probe at s
ale Q via the bare PDFs q0 = f. Here we are exa
tly in the samesituation as with the strong renormalisation 
oupling, whi
h we will detail in se
tion,namely that q0(x) 
an be seen as an unmeasurable, bare distribution into whi
h the
ollinear singularities 
an be absorbed at some s
ale µ. The fun
tions P are the Altarelli-Parisi splitting fun
tions and give the probability of a parti
le to disintegrate further.Their exa
t expressions will be used in the dipole formalism later on and 
an be foundin App. B. The C terms are the 
oe�
ient fun
tions. The stru
ture fun
tion F 
annotbe 
al
ulated from �rst prin
iples in pQCD sin
e it re
eives 
ontributions from long-distan
e e�e
ts, but it 
an be measured in stru
ture fun
tion data. Of 
ourse, as we willsee in the 
hapter about renormalisation, some arbitrariness exists as to how the �nite
ontributions are treated during the renormalisation pro
edure and the out
oming PDFsare renormalisation-s
heme dependent. The higher-order terms involve the splittingfun
tions, whi
h favour 
ollinear emissions. Thus the majority of the emissions whi
hmodify a parton's momentum are 
ollinear and it is then natural to see these emissionsas a modi�
ation to the stru
ture of the proton, rather than in
luding it in the 
oe�
ientfun
tion of the parton's intera
tion with the ve
tor boson 
oming from the probe. It isthis separation whi
h is somewhat arbitrary and is given by the fa
torisation s
ale µF .



2.2 Parton distribution fun
tions 35Emissions above the s
ale µF are in
luded in the 
oe�
ient fun
tions, below µF theyare 
onsidered as being part of the PDFs. Sin
e Eq. (2.14) must be independent of thearbitrary s
ale µ2, we 
an establish a renormalisation group equation for the evolutionof the stru
ture fun
tions. This will lead to DGLAP evolution equations for the PDFswith respe
t to Q2. They 
an be written as a matrix system
t
∂

∂t

(
qi(x, t)
g(x, t)

)

=
αs(t)

2π

∑

qj ,q̄j

∫ 1

x

dz

z

(
Pqiqj (x/z, αs(t)) Pqig(x/z, αs(t))
Pgqj(x/z, αs(t)) Pgg(x/z, αs(t)

)(
qj(z, t)
g(z, t)

)(2.15)where t = lnQ2 and g = fg, qi = fqi are the PDFs for the gluon and i-�avoured quark.DIS experiments are used to extra
t physi
al quantities like 
ross se
tions or stru
turefun
tions, from whi
h one 
an then infer parton distributions, depending on the pertur-bation series and the fa
torisation s
hemes. The PDFs are thus e�e
tive quantities and
an be used for predi
tions if the same theoreti
al s
heme and order of perturbation isused.Main DIS experiments The HERA a

elerator (Hadron-Ele
tron Ring A

elerator)at DESY in Hamburg has 
ollided protons with ele
trons or positrons during 15 yearsand operations have stopped in 2007. The 
entre of mass energy of the 
ollisions was 318GeV. A large quantity of useful data on the hadron stru
ture has been obtained, whi
hare used in most PDF �ts. The main experiments lo
ated on the a

elerator were H1 andZEUS. Although the a

elerator itself has been shut down, both 
ollaborations re
entlypublished 
ombined results in order to redu
e the impa
t of systemati
 errors [65℄.The BCDMS (Bologna-CERN-Dubna-Muni
h-Sa
lay) was a �xed-target experiment atCERN where muons were s
attered on hydrogen and deuterium atoms.The CCFR (Chi
ago-Columbia-Fermilab-Ro
hester) 
ollaboration 
olle
ted data fromtwo �xed-target runs at Fermilab, Chi
ago, in 1985 (experiment E744) and 1987-88(experiment E770).Additional pro
esses DIS experiments are not the only possibility to gain a

ess tothe hadron 
onstituents. In parti
ular, DIS data are insu�
ient to determine a

uratelysome aspe
ts of PDFs, su
h as the �avour 
omposition of the quark-antiquark sea or thegluon distribution at large x. The DIS method 
an only indire
tly determine the gluondistribution, sin
e the ex
hanged boson is only intera
ting with quarks at LO, i.e. itprobes valen
e quarks at large x and sea quarks at low x, and infers the gluon distri-bution from them via the DGLAP equations. An alternative method would be to usegluon-indu
ed pro
esses, as the measurements of jets or heavy meson produ
tion rates.This 
an be done at NLO in DIS, or using hadron-hardon 
ollision data (in in
lusive jetprodu
tion).Further insight in the proton stru
ture 
an also be gained via Drell-Yan pro
esses, inwhi
h high-mass lepton pairs are produ
ed from ele
troweak boson de
ay in hadron-hadron 
ollisions. The �rst observed Drell-Yan pro
esses were ele
tron-positron or
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ollisionsmuon-antimuon pairs from virtual photons, but sin
e then the available energy in 
ollid-ers has in
reased and Drell-Yan data now in
ludes 
ontributions from W and Z bosonprodu
tion. The main advantage of Drell-Yan pro
esses are the 
olourless �nal states,whi
h has allowed to use it as a test for hadron-hadron 
ollisions of the fa
torisationapproa
h used before in DIS.Dire
t photon produ
tion in hadron-hadron 
ollisions are used to 
onstrain the gluondistribution in the hadron at medium and large x, be
ause they o

ur via QCD Comptons
attering gq → qγ and annihilation pro
esses qq̄ → γg at order αsαem. The experimen-tal advantage is that the energy resolution of photons is more pre
ise than for jets. Aphoton deposits all its energy in the ele
tromagneti
 
alorimeter, whereas jets are 
om-plex obje
ts, extending over both the ele
tromagneti
 and the hadroni
 
alorimeter, andundergo fragmentation and hadronisation. The major drawba
ks of this 
hannel are therelative low produ
tion frequen
y with respe
t to QCD jets, and the ba
kground frommisidenti�ed pions.

Figure 2.8: Range in x and Q for di�erent 
ol-lider and DIS experiments [66℄.

Nowadays, one 
an 
lassify experimentsloosely into two 
ategories, depending ontheir relation to the PDFs. The �rst 
at-egory are experiments whose main goalis the study of the hadron stru
ture, lasthe two experiments at HERA or �xedtarget. The input data is obtained atlow s
ales Q2 and used to fashion PDFs.The se
ond 
ategory are the PDF users,mostly the Tevatron and the LHC. Theyneed the PDFs as input, PDFs whi
h havebeen evolved perturbatively up to themu
h higher Q2 s
ale, and produ
e gen-eral physi
s results. Of 
ourse, they willalso allow the dire
t study of the hadronsat those high Q2 s
ales, but that is nottheir primary obje
tive. The gap in en-ergy s
ales between and the a

essible xrange at the two 
ategories is illustratedin Fig. 2.8.



2.2 Parton distribution fun
tions 372.2.2 Constru
ting PDFs with global �tsOur knowledge of the stru
ture of hadrons is not stati
, but 
onsists of an a
tive �eldwhere new data sets be
ome available over time and statisti
al treatments of global �tsevolve. Thus, the various PDF 
ollaborations publish new PDFs on a regular basis,and on average a new PDF set be
omes available on
e a year. In the following se
tion,we will detail the general 
on
epts of the PDF 
onstru
tion and brie�y glan
e at themost 
ommonly used PDF sets, both in the theoreti
al and experimental 
ommunity.While for generator 
odes it is simpler to update produ
tion 
ross se
tion values withthe newest PDF set, this is almost impossible to do for experimental Monte Carlosamples, sin
e the whole produ
tion and approval 
hain is long and tedious. We will
on
entrate on CTEQ, in parti
ular CTEQ 6 and CTEQ 10, MSTW2008 and NNPDF.They globally rely on the same input data sets and the small di�eren
es are outlined intheir respe
tive paragraphs. There's some tradeo� between the size of the input datasets and their 
onsisten
y with sets from other experiments, whi
h we will see 
learlyfor the latest CTEQ PDFs. A larger di�eren
e exists between (CTEQ, MSTW) andNNPDF, sin
e the �rst two rely on a Hessian approa
h for the �t while the latter makesuse of Monte Carlo pseudo-data repli
as.Global �t Parton distribution fun
tions are obtained from a global analysis using abest-�t method on parametrised, somewhat ad ho
 fun
tionals, by sele
ting the globalminimum of a χ2 fun
tion. A global �t of Ne data points Di from experiment e to theirtheoreti
al values Ti given by the parametrisation, not in
luding 
orrelated errors, isperformed with the following χ2 fun
tion
χ2

0 =
∑

e

Ne∑

i=1

(Di − Ti)
2

σ′2
i

, (2.16)where the �rst sum is to be taken over all experiments and the se
ond over all datapoints from ea
h experiment, and where the error σ′
i is 
omposed of the statisti
al error

σi and the point-to-point systemati
 error Σi, added in quadrature σ′2
i = σ2

i + Σ2
i . Thisis the simplest way to look for optimal global �ts but has only limited use in assessingthe un
ertainties of the �t. If 
orrelated errors are present between di�erent types ofdata, one 
ould use the 
ovarian
e matrix or, equivalently, an extended χ2 fun
tion.The 
ollaborations have been fa
ing some pra
ti
al problems due to the large number ofdata points and instabilities in the inversion of the 
ovarian
e matrix and have thereforebeen for
ed to devise an alternative method.The �t determines the optimal value of the parameters in the parametrisation. Toassess the un
ertainty on these values, error set PDFs are 
onstru
ted by shifting thevalue for ea
h parameter with a 
ertain toleran
e T , as depi
ted in Fig. 2.9.
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ollisions

Figure 2.9: Example of the 
onstru
tion of an error set for some parameter. The 
entral valueis given by the minimum of the χ2 �tting fun
tion. Error sets are 
onstru
ted by shifting tothe left as well as to the right, sin
e the χ2 fun
tion might in some 
ases be asymmetri
.Treatment of heavy quarks Various s
hemes for the treatment of heavy quarks existin global parton analyses. The simplest evolving pro
edure is by treating all quarks asmassless, but to turn on the distributions at the appropriate transition points, i.e. whenthe s
ale rea
hes the quark mass Q2 = m2
q. This implies that we assume that the heavy-quark distributions evolve a

ording to the splitting fun
tions for massless quarks. Thisis motivated by the observation that the massive quarks behave as massless partons athigh s
ales, 
orresponding exa
tly to the approximation we are doing in the 
al
ulationof the partoni
 
ross se
tion, where we put the masses of the in
oming quarks to zero.In the MSTW2008 framework, this is referred to the zero-mass variable �avour numbers
heme (ZM-VFNS), whi
h is a somewhat misleading name be
ause there a
tually isa mass dependen
e in
luded in the boundary 
onditions for the evolution. The partondistributions are related to ea
h other perturbatively in the di�erent quark numberregimes through2

fn+1
j (µ2

F ) =
∑

k

Ajk(µ
2
F/m

2
q) ⊗ fnk (µ2

F ) (2.17)when the number of a
tive quarks is in
reased from n to n + 1 and the s
ale has been�xed at the fa
torisation s
ale Q2 = µ2
F . The perturbative matrix elements Ajk(µ2

F/m
2
q)
ontain logarithms of the form ln(µ2

F/m
2
q) and are known up to O(α2

s), resp.O(α3
s).Exa
tly how many quarks are swit
hed on as we pass by their transition point is indi
atedin the se
ond part of the s
heme name. If only the light �avours are kept in the partondistributions, it is the 3-�avour s
heme (3FS). Likewise, in
luding the 
harm quark isin
luded in the evolution above Q2 = m2

c generates 4-�avour PDFs in the 4-�avours
heme. The global MSTW parton analysis in
ludes also the b-quark distribution above
Q2 = m2

b , but not the t-quark above Q2 = m2
t . This is the set we are going to workwith for 
harged Higgs boson produ
tion, and it is a 5-�avour set of PDFs in a 5FS.However, sin
e the ZM-VFNS is well suited for energy s
ales way above the the massthreshold and ignores 
orre
tions of the order of O(m2

q/Q
2) to the 
oe�
ient fun
tions,2The symbol ⊗ is shorthand for f ⊗ g ≡

∫
1

x
dx′

x′
f(x′)g

(
x
x′

)
.
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tions 39it is not appropriate for low s
ale studies where Q2 ≈ m2
q . But this region is exa
tlywhere the PDF input data 
omes from. We have seen that there exist two approa
hesin whi
h the treatment of heavy �avour is relatively simple, namely the 3FS or �xed�avour s
heme at low s
ale Q2 . m2

c , and the ZM-VFNS at higher s
ales Q2 >> m2
q . Forparton analysis we need a s
heme, 
alled general mass variable �avour number s
heme(GM-VFNS), whi
h smoothly 
onne
ts these two di�erent regions.The bottom quark PDF The bottom PDFs is generated dynami
ally through theDGLAP equations from the gluon distribution for s
ales larger than the bottom inputmass Q2 > m2

b . Due to the large un
ertainty on the gluon distribution and the fa
t thatdi�erent 
ollaborations use di�erent b masses mb, the resulting bottom PDF 
an bequite di�erent, as is shown on Fig. 2.10(a). Sin
e 
harged Higgs produ
tion is stronglydependent on the bottom and gluon PDFs, it is important to assess these un
ertainties.The bottom mass un
ertainty 
an be evaluated using dedi
ated PDFs, in whi
h mb hasbeen varied. Sin
e the point at whi
h the bottom PDF is turned on and sin
e �avourPDFs are linked to ea
h other through sum rules, this a�e
ts all PDFs in the global�t. The standard bottom quark PDF for di�erent PDF 
ollaborations 
an be seen inFig. 2.10(a), whereas Fig. 2.10(b) 
ompares the variable mass-PDFs from MSTW2008.

(a) Bottom quark PDF from di�erent 
ol-laborations (b) MSTW2008 Bottom PDFFigure 2.10: Di�erent bottom quark PDFs.2.2.2.1 MSTW2008The Martin, Stirling, Thorne and Watt PDF sets from 2008 [67℄, 
alled MSTW2008,in
orporate leading order, next-to-leading order and next-to-next-to-leading order PDFsand also in
lude various sets for heavy �avour quarks.
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ollisionsThe new data sets that have be
ome available are either entirely new types of data,or others whi
h supersede existing sets by improving the pre
ision or extending thekinemati
 range, or both. Tab. 2.1 lists the main pro
esses whi
h are in
luded in the �t,along with their dominant partoni
 subpro
ess, the primary partons whi
h are probedand the x-range 
onstrained by this data.Table 2.1: The tree main groups of pro
esses in
luded in the 
urrent global PDF analysis:�xed-target experiments, HERA and the Tevatron.Pro
ess Subpro
ess Partons x range
ℓ± {p, n} → ℓ±X γ∗q → q q, q̄, g x & 0.01
ℓ± n/p→ ℓ±X γ∗ d/u→ d/u d/u x & 0.01
pp→ µ+µ−X uū, dd̄→ γ∗ q̄ 0.015 . x . 0.35
pn/pp→ µ+µ−X (ud̄)/(uū) → γ∗ d̄/ū 0.015 . x . 0.35
ν(ν̄)N → µ−(µ+)X W ∗q → q′ q, q̄ 0.01 . x . 0.5
ν N → µ−µ+X W ∗s→ c s 0.01 . x . 0.2
ν̄ N → µ+µ−X W ∗s̄→ c̄ s̄ 0.01 . x . 0.2
e± p→ e±X γ∗q → q g, q, q̄ 0.0001 . x . 0.1
e+ p→ ν̄ X W+ {d, s} → {u, c} d, s x & 0.01
e±p→ e± cc̄ X γ∗c→ c, γ∗g → cc̄ c, g 0.0001 . x . 0.01
e±p→ jet +X γ∗g → qq̄ g 0.01 . x . 0.1
pp̄→ jet +X gg, qg, qq → 2j g, q 0.01 . x . 0.5
pp̄→ (W± → ℓ±ν)X ud→W, ūd̄→ W u, d, ū, d̄ x & 0.05
pp̄→ (Z → ℓ+ℓ−)X uu, dd→ Z d x & 0.05The MSTW2008 parameterisation of the parton distributions at the input s
ale Q2

0 =
1 GeV2 is given by

xuv(x,Q
2
0) = Au x

η1(1 − x)η2(1 + ǫu
√
x+ γu x), (2.18)

xdv(x,Q
2
0) = Ad x

η3(1 − x)η4(1 + ǫd
√
x+ γd x), (2.19)

xS(x,Q2
0) = AS x

δS(1 − x)ηS(1 + ǫS
√
x+ γS x), (2.20)

x∆(x,Q2
0) = A∆ x

η∆(1 − x)ηS+2(1 + γ∆ x+ δ∆ x
2), (2.21)

xg(x,Q2
0) = Ag x

δg(1 − x)ηg(1 + ǫg
√
x+ γg x) + Ag′ x

δg′ (1 − x)ηg′ , (2.22)
x(s + s̄)(x,Q2

0) = A+ x
δS (1 − x)η+(1 + ǫS

√
x+ γS x), (2.23)

x(s− s̄)(x,Q2
0) = A− x

δ−(1 − x)η−(1 − x/x0), (2.24)where ∆ ≡ d̄− ū, qv ≡ q − q̄, and where the light quark sea 
ontribution is de�ned as
S ≡ 2(ū+ d̄) + s+ s̄. (2.25)The input PDFs listed in Eqs. (2.18)�(2.24) are subje
t to three 
onstraints from numbersum rules:

∫ 1

0

dx uv(x,Q
2
0) = 2,

∫ 1

0

dx dv(x,Q
2
0) = 1,

∫ 1

0

dx sv(x,Q
2
0) = 0, (2.26)
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tions 41together with the momentum sum rule:
∫ 1

0

dx x
[
uv(x,Q

2
0) + dv(x,Q

2
0) + S(x,Q2

0) + g(x,Q2
0)
]

= 1. (2.27)These four 
onstraints are used to determine Ag, Au, Ad and x0 in terms of the otherparameters. There are therefore potentially 34 − 4 = 30 free PDF parameters in the�t, in
luding αS. The resulting PDFs for various s
ales Q2 and the low x region 
anbe seen in Fig. 2.11. As we go to lower and lower values of momentum fra
tion x, the
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Figure 2.11: NLO PDF distributions for two di�erent s
ales Q.gluon distribution rapidly be
omes the dominant 
omponent. Also, it 
an be seen thatthere is no bottom quark pdf at low s
ale Q, sin
e this is only swit
hed on above thebottom mass threshold.The un
ertainty on a quantity X0, 
omputed with the PDFs, is evaluated using theup and down error sets S±
i by re
al
ulating X(S±

i ). The resulting un
ertainty ∆X isgiven by the asymmetri
 Hessian method
∆+X =

√
√
√
√

20∑

i=1

max(X(S+
i ) −X0, 0

)2 (2.28)
∆−X =

√
√
√
√

20∑

i=1

max(X0 −X(S−
i ), 0

)2

, (2.29)where S0 is the 
entral value PDF.
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ollisions2.2.2.2 CTEQ 6, 6.6 and 10The most 
ommonly used PDF set for single top analysis studies at the LHC isCTEQ 6 [68℄. The data used in the CTEQ 5 �t (�xed-target DIS from BCDMS, NMC,CCFR, Drell-Yann of E605, CDF W-lepton asymmetry and CDF in
lusive jets) is sup-plemented by
• greater pre
ision data and expanded x and Q range for- neutral 
urrent DIS stru
ture fun
tion measurements of H1 and ZEUS,- in
lusive jet 
ross se
tion measurements of D0,
• an updated E866 measurement of the Drell-Yann deuteron/proton ratio,
• a reanalysed F2 measurement of CCFR.The extensive and pre
ise DIS data from �xed-target and HERA experiments 
onstitutethe ba
kbone of the CTEQ parton distribution analysis. The nonperturbative input tothe global analysis are PDFs spe
i�ed in parametrised form at a �xed low-energy s
ale

Q0 = 1.3 GeV. The exa
t form of the fun
tional and the exa
t value ofQ0 are not 
ru
ial,the parametrisation just has to be �exible enough to a

ommodate all the available dataat the level of a

ura
y of the data. After some testing, the fun
tional form of the inputvalen
e quark PDFs f whi
h has been retained is
xf(x,Q0) = A0x

A1(1 − x)A2 exp(A3x)(1 + x exp(A4))
A5, (2.30)where Ai are the parameters determined from the �t. Independent parameters are usedfor the parton �avour 
ombinations uv ≡ u− ū, dv ≡ d− d̄, g and ū+ d̄. An assumptionon intrinsi
 strangeness at Q0 is made by imposing

s = s̄ = 0.2(ū+ d̄), (2.31)and in order to distinguish ū and d̄, their ratio is �tted using
d̄(x,Q0)/ū(x,Q0) = A0x

A1(1 − x)A2 + (1 +A3x)(1 − x)A4 . (2.32)The poles of the fun
tional (2.30) at x = 0 and x = 1 re�e
t the singularities asso
iatedwith Regge behaviour at small x and the quark 
ounting rules at large x and the ratio oflinear polynomials des
ribes the intermediate region in a smooth fashion. The generalparametrisation en
apsulates some versatility in the sense that, for some �avours, it hasmore freedom than 
urrently needed, so that not all the parameters are 
onstrained bydata. When this o

urs, the parameters 
on
erned are kept �xed during the �t. The
ollaboration is positive that this may rapidly 
hange on
e more data be
omes available.In total, 20 free shape parameters are used the model the CTEQ PDFs at Q0 and theresulting parametrisations 
onstitute the standard set of PDFs. The value of the strong
oupling 
onstant is �xed by αS(Mz) = 0.118 and the 
harm and bottom masses (�xedat mc = 1.3 GeV and mb = 4.5 GeV) enter only through the s
ale at whi
h the heavy
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tions 43quark �avours are swit
hed on in the evolution kernels of the PDFs.The CTEQ 6 PDFs were 
onstru
ted by using a novel �t, taking into a

ount 
orre-lations between systemati
 errors. The modi�ed χ2 fun
tion in presen
e of K sour
esof 
orrelated errors, reads
χ2 =

∑

e

{ Ne∑

i=1

(Di − Ti)
2

α2
i

−
Ke∑

k,k′

Bk(A
−1)kk′Bk′

}

, (2.33)where the error αi is now given by the statisti
al error and the un
orrelated systemati
errorui added in quadrature α2
i = σ2

i + u2
i , and where B is a k-sized ve
tor and A is a

Ke ×Ke matrix given by
Bk =

Ne∑

i=1

βki(Di − Ti)

α2
i

, (2.34)
Akk′ = δkk′ +

Ne∑

i=1

βk′iβki
α2
i

(2.35)and β1i, · · · , βKi are the standard deviations from the K sour
es of 
orrelated systemati
errors.In the CTEQ 6.6 PDF set the general mass variable number s
heme has beenadopted, in 
ontrast to earlier versions whi
h were using the zero mass s
heme. Thereis also a 
hange in the strange distribution, whi
h is now parametrised by
s(x, µ0) = A0x

A1(1 − x)A2P (x), (2.36)where P (x) is a smooth fun
tion used in all sets to ensure that the ratio Rs stays inreasonable range.The CTEQ 10 PDF sets in
lude new data sets as well as several improvements tothe global �tting pro
edure. Now in
luded in the �t is the HERA-1 
ombined dataset on e±p DIS from H1 and ZEUS whi
h repla
es eleven original independent sets forwhi
h the 
orrelations between systemati
 errors were negle
ted. Sin
e many system-ati
 fa
tors are 
ommon to both experiments, the 
ombined data set has a redu
ed totalsystemati
 un
ertainty. The �t now also in
ludes the Run-II in
lusive jet data and the
Z boson rapidity distribution from CDF and DO, as well as the Run-II W lepton asym-metry, on whi
h we will 
omment shortly later on.For all previous CTEQ �ts, some data sets3 were assigned weights larger than oneto for
e good �ts to these sets, espe
ially during the pro
edure de�ning the eigenve
torPDF sets whi
h delimit the un
ertainty. Now, apart from the spe
ial treatment of the3Typi
ally, those sets with a small number of points.
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W lepton asymmetry data, all input data sets are on equal footage with weight equalto unity, and an extra 
ontribution the the χ2 fun
tion guarantees the quality of the �tto ea
h data set.Also, a more �exible PDF parametrisation for some parton �avours (d, s and g) has beenadopted to redu
e parametrisation dependen
e. This results in a global in
rease in theun
ertainty in the s and g distributions, parti
ularly a�e
ting 
harged Higgs produ
tion.The fun
tional form of input PDFs for valen
e u and d quarks s is slightly altered withrespe
t to the CTEQ 6 version 2.30 and reads

qv(x,Q0) = q(x,Q0) − q̄(x,Q0) = a0x
a1(1 − x)a2 exp(a3x+ a4x

2 + a5

√
x). (2.37)Whereas a5 = 0 in CTEQ 6.6, a5 is left as a free parameter now to have a more �exible

d(x) at large x.Con
erning the gluon PDF g(x), a5 = 0 still holds, but Eq. (2.37) is now proportionalto an additional fa
tor exp(−a6x
−a7) for extra freedom at small x, where the 
urrentlyavailable data provides little 
onstraint. Again, the input parameters of the strong 
ou-pling 
onstant and the quark masses are �xed at αs(Mz) = 0.118 and mc = 1.3 GeVand mb = 4.75 GeV. DIS and VBP pro
esses are 
onsistently treated at NLO a

ura
y,as well as the in
lusive jets and W lepton asymmetry. The global CTEQ 10 �t has 26free parameters, and thus 52 eigenve
tor sets for un
ertainty studies.A 
omment is on order about the the Run-II W lepton asymmetry. At the Tevatron,the major W boson produ
tion 
hannel in the pp̄ 
ollisions is by the annihilation of uand d quarks of the proton with d̄ and ū quark from the antiproton. Sin
e u-type quarks
arry on average more momentum than d-type quarks, the propagation of the produ
ed

W is not isotropi
. Positively 
hargedW bosons will tend to follow the in
oming proton'sdire
tion, whereas the negatively 
harged W bosons will tend to follow the antiproton'sdire
tion, produ
ing a 
harge asymmetry in the rapidity distribution of the produ
ed
W bosons. The asymmetry in the rapidity distribution of the 
harged lepton from Wboson de
ay in pp̄-
ollisions is given by

Al(yl) =
dσ+/dyl − dσ−/dyl
dσ+/dyl + dσ−/dyl

(2.38)where dσ±/dyl = dσ(pp̄ → (W± → l±νl)X)/dyl. The semileptoni
 de
ay gives rise toan experimental problem, sin
e the longitudinal momentum of the neutrino 
annot bemeasured. Thus, the W boson rapidity is inferred from the lepton rapidity, but sin
ethe V −A 
oupling stru
ture of the de
ay vertex gives rise to an opposite 
harge asym-metry e�e
t, the W rapidity is somewhat diluted and statisti
ally large data samplesare needed to assess its impa
t.The interest for this quantity arose in the late 80s, when its measurement in pp̄-
ollisionswas proposed to resolve a 
ontroversy between 
onstraints on the down versus up quarkdistribution ratio d(x,Q)/u(x,Q) obtained in DIS experiments on hydrogen and deu-terium targets. Sin
e several theoreti
al and experimental issues limit the a

ura
y ofthe ratio measurement by DIS experiments, the CDF result permitted to go further.
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tions 45The asymmetry observed by CDF was in agreement with PDFs from �ts to the BCDMSand NMC data and 
on�i
ted with those based on the EMC data, and the 
ontroversywas assumed to be resolved in favour of the BCDMS and NMC experiments. Sin
e then,all three data sets (BCDMS, NMC and CDF) have been intensively used in PDF �ts asa self-
onsistent input. Re
ently, however, the high-luminosity Run-II from D0 has putthe 
ontroversy ba
k on the table. Sin
e the data are pre
ise and run into disagreementwith some previous data sets as well as exhibit some tension among themselves, thehigh-luminosity Run-II W lepton asymmetry data set from D0 plays a spe
ial role inthe CTEQ 10 global �t. Two di�erent PDF �ts have been performed- CT10: without the D0 data on Al,- CT10W: in whi
h the D0 Al data have been moderately emphasised in the �t byin
reasing the χ2 weights to ensure reasonable agreements.The behaviour of the global �t fun
tion in the neighbourhood of the minimum inthe PDF parameter spa
e is again given in 2Np sets of eigenve
tor PDFs, where Np isthe number of parameters in the �t. For ea
h parameter i, there are 2 
orrespondingeigenve
tor sets S±
i , depending on whether the shift has been performed to the left orthe the right side of the minimum, with a toleran
e of T = 10. The eigenve
tor sets areobtained by an iterative pro
edure of diagonalisation of the Hessian matrix. The �nalun
ertainty on a quantity X is given by the symmetri
 Hessian method

∆X =
1

2

√
√
√
√

Np∑

i=1

(X(S+
i ) −X(S−

i ))2. (2.39)2.2.2.3 NNPDFThe NNPDF 
ollaboration [69℄ has also developed PDF sets by using very similarinput data sets as those already mentioned for other 
ollaborations. The input data,whose x and Q extend 
an be seen in Fig. 2.12, in
ludes the updated HERA-I set,Drell-Yann produ
tion in �xed-target experiments (E605, E866 deuteron/proton ratio,but not the deuteron E866 data whi
h showed low 
ompatibility with other data sets),
ollider in
lusive jet produ
tion and the D0 and CDF Z boson rapidity distributions.The CDF W boson asymmetry is taken into a

ount only with the low luminosity data,whi
h is known to be 
ompatible with the other data sets.The novelty of the NNPDFs is not so mu
h the large set of data they are �ttedto, rather the new methodology whi
h was developed espe
ially for that purpose. TheNNPDF methodology starts by generating a large sample, of the order of 1000, of MonteCarlo repli
as Nrep of the original experimental data. Consistent error propagation ishandled by the Monte Carlo sampling of the probability distributions given by the data.The Nrep arti�
ial repli
as are generated following a multi-gaussian distribution, 
entredon ea
h data point and whose varian
e is given by the experimental un
ertainty. Theminimisation of the χ2 fun
tion is done using neural network te
hniques by trainingof a set of PDF parametrisations on ea
h of the repli
as. The optimisation is stopped



46 From hadroni
 to partoni
 
ollisions

x
-510 -410 -310 -210 -110 1

 ]2
 [ 

G
eV

2 T
 / 

p
2

 / 
M

2
Q

1

10

210

310

410

510

610 NMC-pd
NMC
SLAC
BCDMS
HERAI-AV
CHORUS
FLH108
NTVDMN
ZEUS-H2
DYE605
DYE886
CDFWASY
CDFZRAP
D0ZRAP
CDFR2KT
D0R2CON

NNPDF2.0 dataset

Figure 2.12: Input data for the NNPDF 2.0 data set, displayed in the (x,Q2/(M2p2
T )) plane.dynami
ally to avoid overtraining, as the PDF sets should re�e
t the general underlyinglaws but not be sensible to the statisti
al noise. Estimators are then applied to thePDFs to assess their statisti
al 
onsisten
y. The 
entral value PDFs S0 are given by theaverage of the Nrep repli
as

S0 =< S >=
1

Nrep

Nrep∑

i=1

Si. (2.40)The resulting PDFs have been 
ompared to CTEQ6 and CT10. The most noti
eabledi�eren
e is for the small x gluon distribution, whi
h shows signi�
antly larger un
er-tainties in NNPDF that CTEQ6, but 
omparable to MSTW2008, whi
h in
ludes anextra parameter to des
ribe the low x gluon region. A re
ent update of the PDFs, 
alledNNPDF 2.1 [70℄, in
ludes now heavy quark mass e�e
ts, as was done for the MSTW2008sets. The deep-inelasti
 
harm stru
ture fun
tion data has been added to the input datasets. The update also in
ludes now PDF �tted with varying 
harm and bottom masses,permitting important un
ertainty studies, espe
ially for Higgs boson and single top pro-du
tion. 3- and 4-�avour s
heme PDFs are also part of the latest pa
kage.A set of 100 repli
as is available to assess the PDF un
ertainties. The un
ertainty onan observable X is then given by one standard deviation
∆+X = ∆−X = σ =

√
√
√
√ 1

Nrep − 1

Nrep∑

i

=
(

Xi −X0

)2

. (2.41)



2.3 The mass mess 472.3 The mass messThe spe
ial treatment of the bottom quark in the PDF modelisation leads us to amore general problem on the 
on
ept of mass in quantum �eld theory. As experimentsthrive hard to extra
t physi
al observables from their data, the notion of mass seems tolose its original 
lear meaning. In 
lassi
al physi
s, the 
on
ept of mass has an absolutemeaning, be it for the inertialmi or the gravitational mass mg and it is an experimentalfa
t that both 
oin
ide mi = mg. In spe
ial relativity, it stands for the rest/on-shellmass as the norm of the four-momentum p2 = m2 and is a s
alar in the tensor sense ofLorentz transformation.In quantum �eld theory however, parti
les are des
ribed by �eld-valued operators madefrom 
reation and annihilation operators and the Lagrangian operators are 
onstru
tedusing the 
orresponden
e prin
iple. The poles in the propagators 
an 
orrespond to the
lassi
al parti
le poles, if the on-shell renormalisation s
heme is applied. UV divergen
esfrom quantum 
orre
tions have to be removed by renormalisation, be
ause the �elds,
ouplings and parameters, su
h as the masses, in the 
lassi
al a
tion are bare quantitiesand have, before renormalisation, no physi
al meaning.
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Figure 2.13: Ele
troweak �t as a fun
tion ofthe SM Higgs boson mass [71℄.

But di�erent mass de�nitions exist, de-pending on what exa
t quantity one sub-tra
ts in the parti
le self-energy. Theyare all related through a perturba-tive series, but some are more suitedthan others, depending on whi
h pro-
ess one is interested. A good s
heme
hoi
e gives systemati
ally and not a
-
identally a good 
onvergen
e. Thispoint is parti
ularly 
ru
ial for thetop mass. For example, the sensi-tivity of the ele
troweak �t, displayedon Fig. 2.13 on the input top massis su
h that a 2 GeV alteration inthe top input mass results in a 15% 
hange in the favoured Higgs mass
mH .2.3.1 The pole massSin
e quarks 
annot be observed as free parti
les, the 
on
ept of quark mass be
omessomewhat di�erent and the use of the pole mass may 
ause problems [72℄. A spe
ialformalism has been developed in order to address su
h questions: the Heavy QuarkE�e
tive Theory (HQET) [73℄. In this formalism, it has been shown that no pre
isede�nition of the pole mass 
an be established in a full theory whi
h in
orporates non-
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ollisionsperturbative e�e
ts. This results from the presen
e of an infrared renormalon generatinga fa
torial divergen
e in the higher order 
orre
tions of the strong 
oupling αs. In
orpo-rating the running 
oupling 
onstant in the pole mass MQ, the di�eren
e between thepole mass and the s
ale dependent mass mQ(µ0)

MQ −mQ(µ0) =
8π

3

∫

|~k|<µ0

d3k

(2π)3

αs(~k
2)

~k2
. (2.42)Using the the strong 
oupling series

αs(~k
2) =

αs(µ
2
0)

1 −
(

bαs(µ2
0)/(4π)

)

ln(µ2
0/
~k2)

= αs(µ
2
0)

∞∑

n=0

(bαs(µ
2
0)

4π
ln
µ2

0

~k2

)n

, (2.43)and performing the 
hange of variables x = k/µ0, the mass di�eren
e 2.42 
an be writtenas
MQ −mQ(µ2

0) =
8π

3

∫ 1

0

µ3
0dx

3

(2π)3

αs(µ
2
0)

(xµ0)2

∞∑

n=0

(bαs(µ
2
0)

4π
ln

1

x2

)n (2.44)
=

4αs(µ
2
0)

3π
µ0

∞∑

n=0

Cn

(bαs(µ
2
0)

4π

)n

, (2.45)with
Cn =

∫ 1

0

dx
(

ln
1

x2

)n

. (2.46)The integrals in the Cn 
oe�
ients 
an be repeatedly integrated by parts, and sin
e thepart in between bra
kets always tends to 0, we have
Cn =

[

x
(

ln
1

x2

)n]1

0
+ 2n

∫ 1

0

dx
(

ln
1

x2

)n−1 (2.47)
= (2n) × (2(n− 1)) × (2(n− 2)) · · ·

∫ 1

0

dx (2.48)
= 2nn!. (2.49)This means that when higher order e�e
ts are taken into a

ount the self-energy exhibitsa renormalon-like behaviour in the low-energy regime

∑

(mt) ≈ mt

∑

n

αn+1
S (2β0)

nn! (2.50)where β0 is the �rst 
oe�
ient of the β−fun
tion. So the linear sensitivity to infraredmomenta leads to fa
torially growing 
oe�
ients in pQCD. This non-perturbative am-biguity is an issue relevant for heavy quarks be
ause it results in an un
ertainty of order
∆m ≈ ΛQCD on the heavy quark mass. Sin
e QCD be
omes non-perturbative in thelow energy regime, these long-distan
e e�e
t besmir
h the perturbative 
al
ulations and
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ertainties due to these e�e
ts 
annot be gotten rid of. This be
omes some-what problemati
 at the moment, sin
e experiments at the Tevatron, and some day atthe LHC, have been able to bring down their un
ertainty limits on the measured topmass to the theoreti
al limit of the mass de�nition. So even if we measure the top massas pre
isely as possible, we still don't know exa
tly what we measure.Although the pole mass is probably the easiest to grasp 
on
eptually, it is not ap-propriate in all situations and may lead to arti�
ially large 
orre
tions in higher orderterms. In experiments where heavy quark masses need to be known with un
ertaintiesbelow O(1) GeV, short-distan
e mass s
hemes [74, 75℄ must be used, as is already donein Quarkonium and B-physi
s.2.3.2 Short distan
e mass s
hemesThe MS mass, whi
h will be detailed in Se
tion 3.2.4, is relevant in pro
esses inwhi
h the top quarks are o�-shell and energeti
. Logarithms of the form ln(µ2/m2
t )are resummed in the running of mt(µ), thus eliminating potentially large 
ontributionswhen the renormalisation s
ale is 
hosen of the order of the hard s
attering s
ale Q andif Q >> mt. The M̄S mass is not suited however for tt̄ produ
tion at threshold, sin
eit exhibits a strong dependen
e on the top quark velo
ity v due to terms of the form

(αS/v)
k whi
h are enhan
ed when v tends to 0. The generi
 form of a short-distan
emass s
heme is [76℄

msd(R) = mpole − R
(

a1
αs
4π

+ a2

(αs
4π

)2

+ · · ·
)

. (2.51)where the ai 
oe�
ients are 
hosen so that the renormalon is removed, and the s
ale Ris of the order of the momentum s
ale relevant for the pro
ess. The MSbar mass is thusa short-distan
e mass with R = m̄(µ) and a1 = 16/3 + 4 lnµ2/m2.Attempts [77℄ are ongoing to de�ne a short-distan
e top mass whi
h 
ould in prin
iplebe determined with an a

ura
y better than ΛQCD, by establishing a fa
torisation for-mula in terms of jets and soft 
omponents in the framework of Soft Collinear E�e
tivetheories (SCET), valid in the Q >> mt >> Γt >> ΛQCD regime. Other mass de�nitionsfor heavy quarks have been proposed over the years. Threshold masses, like the 1S- orthe potential-subtra
ted mass, are useful for heavy quarks 
lose to their mass-shell, asin quarkonium bound states for example. Also, jet masses have been de�ned in 
ol-lider physi
s, where the s
ale is of the order of the quark's de
ay width R ∼ ΓQ. This isuseful for single quark resonan
es, where heavy quarks are very 
lose to their mass-shell.If we think about top mass re
onstru
tion at hadron 
olliders, where the de
ay prod-u
ts form jets and those are summed m2
t =

∑
p2
i , the measured quantity does not exista priori and is de�ned only through the experimental pres
ription. So the questionone has to address is how does the re
onstru
ted top mass relate to the simulated MCmass? In the pole mass s
heme the quantum 
orre
tions down to 0 momentum are
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al
ulation. In the MC however, the perturbative 
ontributionsin the PS are swit
hed o� by the shower 
ut-o�. This means that the MC mass willhave no renormalon problem, but it won't 
ertainly be the pole mass. The MC massis thus in prin
iple a short-distan
e mass. but it is di�
ult to identify it 
learly witha standard mass 
on
ept with leading order shower elements implemented, sin
e it de-pends on the stru
ture of the perturbative part and on the interplay of perturbative andnon-perturbative parts in the MC. And sin
e the standard Tevatron analyses, su
h asthe template or the matrix-methods, are driven by MC PS generators su
h as Herwigand Pythia, this is 
learly an issue. In those programs, top de
ays are mat
hed to theirexa
t tree level t→ bWg, but virtual 
orre
tions are only in
luded in the soft/
ollinearlimit via the Sudakov form fa
tor. There also remains an un
ertainty due to the 
olour�ow and hadronisation models. In prin
iple, higher-order 
orre
tions are available evenfor top de
ays, but these are often too in
lusive to be used by the experiments in astraightforward fashion, as results are expressed in terms of the b quark energy fra
-tion in the top rest frame, and this is a very di�
ult observable to measure. Anotherwork [78℄ has re
ently be
ome available, re
omputing several quantities relying on topde
ays at next-to-leading order using the pole mass but no 
omparison to data has yetbeen performed.



"... yes, here, a mistake, a stupid mistake of four hundred and ten lire in an addition." At thebottom of the page the total is ringed in red pen. "And nobody realized, only I know aboutit, and you're the �rst person I've told: keep it to yourself and don't forget! And then, evenif you did go round telling people, you're only a boy and nobody would believe you... Butnow you know that everything's wrong. Over all these years, you know what that mistakeof four hundred and ten lire has be
ome? Billions! Billions! The 
al
ulating ma
hines andele
troni
 brains and whatnot 
an grind out numbers all they like. The mistake is right atthe 
ore, beneath all their numbers, and it's growing bigger and bigger and bigger!"Italo Calvino, �Numbers in the Dark�
3NLO partoni
 
ross se
tion
al
ulation

We have seen that the fa
torisation theorem allows to separate a hadroni
 
ollisioninto non-perturbative and perturbative terms by the use of parton distribution fun
tionsand we 
an now 
on
entrate on the partoni
 
ross se
tion. The 
al
ulations of higherorder terms in the perturbation series be
ome more and more 
omplex as the orderin
reases. Currently Next-to-Leading Order (NLO) pro
esses for the most importantprodu
tion 
hannels have been implemented in Monte Carlo event generator 
odes. TheNLO term gives not only a more pre
ise evaluation of the 
ross se
tion, i.e. 
hangesthe normalisation fa
tor, but may also alter the shape of various distributions. Anotherimprovement over the Born approximation is the redu
ed sensitivity to unphysi
al s
ales.For 
harged Higgs boson produ
tion in asso
iation with a top quark, this 
al
ulationhas already been performed several years ago [79, 80℄, but in a fashion whi
h does notallow a straightforward Monte Carlo implementation. Therefore, we have re
omputedthe 
al
ulation as a 
ross-
he
k and used a di�erent formalism. The di�erent ingredientsof a NLO 
al
ulation, whi
h will be presented in this Chapter, are:1. the leading order (LO), also 
alled Born or tree level, pro
ess,2. the NLO 
ontributions, whi
h are split into two 
ategories:
• the virtual 
ontributions, whi
h 
ontain divergen
ies from the high energy aswell as the low energy regime. High energy poles are regularised and thenrenormalised, while low energy poles are kept to be 
an
elled later on,
• and the real emission 
ontributions, whi
h also 
ontain divergen
ies from thelow energy spe
trum,3. a method to 
an
el the divergen
ies between the virtual and real 
ontributions.
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ross se
tion 
al
ulation3.1 Partoni
 
ross se
tionsParti
les are des
ribed through Green's fun
tions. The pra
ti
al meaning of Green'sfun
tions is that if we know the solution of a given di�erential equation in one spe
i�
 setof parameters, then we 
an have a

ess to it in all the possible 
on�gurations. They arenot ne
essarily physi
al observables by themselves, but 
an be linked to 
ross se
tions.The s
attering matrix, or simply S-matrix, relates in
oming parti
les with momentumeigenstates to outgoing parti
les with momentum eigenstates, and 
an be derived fromGreen's fun
tions via redu
tion formulas. It 
an be de
omposed as an identity matrixan a transition matrix T ,
S = I + iT , (3.1)where the transition matrix 
ontains a momentum-
onservation delta-fun
tion as wellas the matrix element or Feynman amplitude M:

T
[

(pa, pb) → (p1, · · · , pn)
]

=

− i(2π)4δ4
[

(pa + pb) − (p1 + · · · + pn)
]

M
[

(pa, pb) → (p1, · · · , pn)
]

. (3.2)The squared matrix elements are related to the partoni
 
ross se
tion σ via the integra-tion over the di�erential phase spa
e dPSn for n �nal state parti
les
σ
[

(pa, pb) → (p1, · · · , pn)
]

=

∫
dPSn
F

1

CiSi
|M
[

(pa, pb) → (p1, · · · , pn)
]

|2, (3.3)where the 
oe�
ient 1/(CiSi) averages over the initial state 
olours and spins and Mis the matrix element. The �ux fa
tor for two massless in
oming parti
les is given by
F = 2s, and dPSn 
ontains now the momentum 
onservation 
onstraint

dPSn =

n∏

i=1

( d3pi
2ωi(2π)3

)

Ni(2π)4δ4
[

(pa + pb) − (p1 + · · ·+ pn)
] (3.4)The amplitudes 
an be expanded in a perturbative series in the strong 
oupling gs

|M((pa, pb) → (p1, · · · , pn))|2 = |gsMB + g2
sMR + g3

sMV + · · · |2 (3.5)Matrix elements with one additional 
oupling with respe
t to the Born diagram MBare 
alled real emission 
orre
tions MR and those in
luding an additional g2
s fa
tor arethe virtual 
orre
tions MV . By squaring the matrix elements, the series 
an now beexpanded with respe
t to αs = g2

s/(4π) :

σ(NLO) = αsσ
LO + α2

sσ
NLO + O(α3

s), (3.6)in whi
h the Leading Order (LO)/Born term 
onsists ofMBM∗
B. The Next-to-Leading-Order (NLO) terms are the sum of the virtual and the real 
ontributions,

σNLO = σV + σR, (3.7)where the virtual part is proportional to 2Re(MVM∗
B) and the real part toRe(MRM∗

R).
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ross se
tions 53Leading order tH− produ
tion At tree level and in the 5-�avour s
heme with a
tivebottom (b) quarks as well as gluons (g) in protons and anti-protons, the produ
tion of
harged Higgs bosons (H−) in asso
iation with top quarks (t) o

urs at hadron 
ollidersvia the pro
ess
b(p1) + g(p2) → H−(k1) + t(k2) (3.8)through the s- and t-
hannel diagrams (S and T ) shown in Fig. 3.1. The massive topquark is represented by a double line, whereas the bottom quark is treated as masslessand represented by a single line.

b(p1)

g(p2) t(k2)

H−(k1)

(a) S-
hannel
b(p1)

g(p2) t(k2)

H−(k1)

(b) T-
hannelFigure 3.1: Tree-level diagrams for the asso
iated produ
tion of 
harged Higgs bosons and topquarks at hadron 
olliders.The asso
iated Mandelstam variables are
s = (p1 + p2)

2 = (k1 + k2)
2, (3.9)

t = (p2 − k2)
2 = (k1 − p1)

2, (3.10)
u = (p2 − k1)

2 = (k2 − p1)
2, (3.11)and one of them 
an be repla
ed using

s + t+ u = m2
t +m2

H . (3.12)Sin
e the in
oming parti
les are a gluon and a quark, averaging over the spins gives afa
tor SgSq = 4 and the 
olour averages are Cq = NC = 3 and Cg = N2
C − 1. The LOamplitude squared 
ontribution is given by

|MB|2 = SS∗ + ST ∗ + TS∗ + TT ∗ = SS∗ + 2ST ∗ + TT ∗, (3.13)or, in terms of the Mandelstam variables,
|MB|2 = 4

√
2αs(A

2 +B2)GFπCFNC
1

s(m2
t − t)2

×
[

2m4
H(m2

t − t) + 2m2
H

(

t(s+ t) −m4
t

)

+ (m2
t − s− t)

(

m4
t − sm2

t + t(s+ t)
)]

, (3.14)where A = mt/ tanβ and B = mb tan β. The 2-parti
le �nal state phase spa
e 
an bewritten as
dPS2 =

dt

8πs
(3.15)with integration limits

tmax/min = m2
t +m2

H− − s±
√

(s−m2
t −m2

H−)2 − 4m2
H−m2

t . (3.16)



54 NLO partoni
 
ross se
tion 
al
ulation3.2 Virtual 
orre
tionsIn this Se
tion, we 
on
entrate on virtual diagrams and the di�erent asso
iated di-vergen
ies. The 
al
ulation of loop diagrams involves 
ompli
ated integrations and ageneral approa
h is introdu
ed, whi
h ultimately leads to a set of useful analyti
 rela-tions. After applying these to the virtual diagrams for tH− produ
tion, we turn to the
on
ept of renormalisation in order to remove some of the bothering poles.Virtual diagrams are 
hara
terised by the presen
e of an additional parti
le whi
h isemitted and then reabsorbed by parti
les 
ontained in the Born diagram.
p p + q p

q

Figure 3.2: Quark with four mo-mentum p emitting and reabsorbing agluon with an un
onstrained momen-tum q.
As an example, think of a quark emitting and re-absorbing a gluon, as shown in Fig. 3.2. A

ord-ing to quantum me
hani
s, the shorter the time ofthe emission, the higher the energy of the emit-ted gluon. It also works the other way around,the gluon 
an have very low energy and live quitelong. As every 
ase has to be taken into a

ount wemust to integrate over the un
onstrained momen-tum q. Sin
e the momentum integration runs fromzero to in�nity, these boundary values 
an 
ausedivergen
es. If they o

ur for the low-energy limit(E → 0), they are 
alled infrared (IR) divergen
ies.If however the other integration end at high energies (E → ∞) diverges, the integral
ontains an ultraviolet (UV) pole. The �rst step of virtual 
al
ulations thus 
onsists intaking 
ontrol of these poles by regularising the integrals.3.2.1 Regularisation methodsOver the years, di�erent regularisation methods have been developed. As the problemarises at the high-energy as well as the low-energy limit, the most intuitive method isto 
ut the integral o� at a s
ale Λ before the problem arises. Early 
al
ulations inQED have been performed using this 
ut-o� regularisation [81℄. However, sin
e thisis only applied on the energy-
oordinate, the result is not Lorentz-invariant nor gaugeinvariant anymore. An alternative method is the Pauli-Villars regularisation [82℄,in whi
h one introdu
es auxiliary �elds with large mass in order to a
hieve 
onvergen
eof the integrals. The use of a Pauli-Villars regulator 
onserves translation and Lorentzinvarian
e, and gauge invarian
e is preserved in QED. Massless Yang-Mills theoriessu
h as QCD 
an also be 
onsistently treated by this method. If, however, one isinterested in massive Yang-Mills theories, like the Weinberg-Salam theory for example,the Pauli-Villars regularisation method does not 
onserve gauge invarian
e anymore.Other methods worth mentioning are the analyti
al regularisation [83℄, the higher
ovariant derivative method and the zeta-fun
tion method. A method whi
hhas be
ome very popular and whi
h will be used in this 
al
ulation is dimensionalregularisation, where the spa
e-time dimension D = 4−2ǫ is kept di�erent from 4 via
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orre
tions 55the parameter ǫ, supposed to be small. The idea behind dimensional regularisation 
anbe illustrated by a very simple example. The integration of the term 1/r2 depends onthe dimension of the integration measure. Changing it 
onverts the UV pole to an IRpole or makes the integral 
onvergent altogether, as shown in Tab. 3.1.Table 3.1: Integration example with altering integration measure.UV IR
∫∞
0

d3r
r2

Divergent Convergent
∫∞
0

d2r
r2

Divergent Divergent
∫∞
0

dr
r2

Convergent DivergentDepending on the sign of ǫ, we will deal with di�erent divergen
ies: ultraviolet diver-gen
ies for positive values and infrared divergen
ies when ǫ is negative, thus allowing usto handle both types of poles with the same regularisation method. Simple poles 
annow be 
olle
ted as 1/ǫ−terms, double poles will appear as 1/ǫ2−terms.Dimensional regularisation Dimensional regularisation has been introdu
ed in 1972by G. 't Hooft and M. Veltman to show that, 
ontrary the the Fermi model, the ele
-troweak Standard Model is renormalisable. The advantage of this method over othersis that properties su
h as gauge invarian
e and unitarity are preserved. All obje
ts are
ontinuated from 4 to D dimensions. The integral measure now reads
∫

d4k

(2π)4
→
∫

dDk

(2π)D
, (3.17)and the 
hange in dimension of the integral and the 
oupling 
onstant is 
ompensatedby a multipli
ation with

(2πµ)4−D, (3.18)where µ is the renormalisation s
ale and has the dimension of a mass. All four-momentabe
ome
pµ = (p0, p1, p2, p3) → (p0, p1. · · · , pD−1). (3.19)and the metri
 tensor 
ontra
tion now yields

gµµ = 4 → gµµ = D. (3.20)The Dira
 algebra is also extended to D dimensions, and the anti
ommutation relationsof the Dira
 matri
es obey
{
γµ, γν

}
= 2gµν1D, (3.21)where 1D is the identity matrix in D dimensions. We have

γµγµ = D, (3.22)
γαγµγα = (2 −D)γµ, (3.23)

γαγµγνγα = 4gµν − (4 −D)γµγν , (3.24)
γαγµγνγσγα = −2γσγνγµ + (4 −D)γµγνγσ. (3.25)
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ross se
tion 
al
ulationThis will be parti
ularly important in tra
e 
al
ulations, sin
e it leads to ǫ-dependentterms, whi
h need to be kept, sin
e they produ
e �nite terms when multiplied with apole. The de�nition of γ5 
annot be given straight away. For D = 4, the Dira
 matrix
γ5 is de�ned as

γ5 =
−i
4!
ǫµνρσγµγνγργσ, (3.26)where ǫµνρσ is the totally antisymmetri
 tensor. This is a purely 4-dimensional obje
twhi
h 
annot be self-
onsistently 
ontinuated to D dimensions. For pra
ti
al purposes,one de�nes an obje
t whi
h satis�es the anti
ommutation relation {γ5, γ

µ} = 0. In theo-ries with anomalies1, the treatment is therefore di�erent and is done via the dimensionalredu
tion s
heme.3.2.2 Relevant integrals for loop 
al
ulationsGeneri
 integralWe will now investigate a very useful general integral to aid us in loop 
al
ulations.In the simplest 
ase we have to deal with integrals of the type
In(A) =

∫

dDq
1

(
q2 −A + iε

)n . (3.27)Depending on the parti
les involved, more 
ompli
ated expressions 
an o

ur, butwhi
h 
an be related to this generi
 integral In(A). It is therefore 
onvenient to eval-uate it on
e and for all. The poles of the fun
tion being integrated are lo
ated at

Figure 3.3: Integration 
ontour

q2 − A+ iε = 0

⇔ q2
0 − ~q2 − A+ iε = 0

⇔ q0 = ±
√

~q2 + A− iε (3.28)These are the usual poles of thepropagator and have nothing to dowith IR or UV poles. Those willonly show up later. We may now
hoose an integration 
ontour along thereal and the imaginary axis, as de-pi
ted in Fig. 3.3 and use the Cau
hytherorem.1The symmetry of the Lagrangian is 
lassi
al and there is no guarantee whatsoever that the symmetryalso hold on a quantum level. The 
ase for whi
h the 
lassi
al symmetry of the Lagrangian doesnot survive the pro
ess of quantisation is 
alled an anomaly. If the anomalies do not 
an
el thenthe gauge theory 
annot be renormalised.
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orre
tions 57The area de�ned by the 
ontour C does not 
ontain any poles and thus
∫

C
dq0

∫

dD−1q(q2 − A+ iε)−n = 0. (3.29)Integrating along both ar
s does not give a 
ontributions and what is left is
∫ ∞

−∞
dq0

∫

dD−1q(q2 − A+ iε)−n =

∫ i∞

−i∞
dq0

∫

dD−1q(q2 − A+ iε)−n. (3.30)We now perform a Wi
k rotation ex
lusively on the energy 
oordinate and de�ne a newvariable qE , whi
h allows us use a Eu
lidian metri

q0 = iqE,0, qk = qE,k, (3.31)giving

q2 = −q2
E . (3.32)Rewriting the integral using our new 
oordinate system yields

In(A) = i

∫

dDqE(−1)n(q2
E + A− iε)−n. (3.33)If we swit
h to polar 
oordinates to perform the integration we 
an write

∫

dDqE =

∫

dΩD

∫ ∞

0

dqEq
D−1
E =

∫

dΩD

∫ ∞

0

dq2
E

(q2
E)D/2−1

2
, (3.34)where ΩD is the D-dimensional spa
e angle

ΩD =
2πD/2

Γ(D/2),
(3.35)and Γ is Euler's Gamma fun
tion2Now In(A) yields

In(A) = i(−1)n
πD/2

Γ(D/2)

∫ ∞

0

dq2
E

(q2
E)D/2−1

2
(q2
E + A− iε)−n. (3.36)With the 
hange of variable

y =
A− iε

q2
E + A− iε

, (3.37)2The Γ fun
tion is given by
Γ(z) =

∫ ∞

0

tz−1e−tdt.A useful property for Taylor series developments around the poles is Γ(z + 1) = zΓ(z).
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ross se
tion 
al
ulationthe integral 
an be rewritten as
In(A) = i(−1)n

πD/2

Γ(D/2)
(A− iε)D/2−n

∫ 1

0

dy(1− y)D/2−1yn−D/2−1

= i(−1)n
πD/2

Γ(D/2)
(A− iε)D/2−n

Γ(D/2)Γ(n−D/2)

Γ(n)
, (3.38)and the �nal formula yields

In(A) = i(−1)nπD/2
Γ(n−D/2)

Γ(n)

(

A− iε
)D/2−n (3.39)In this form, it 
an be seen in Fig. 3.4, that the divergen
e is 
aused by the gammafun
tion Γ(n−D/2) if D > 2n.

Figure 3.4: The gamma fun
tion Γ(x) is divergent at the origin and for negative integers.Thus, these divergen
ies may appear if n equals one or two, i.e. for virtual 
ontri-butions with one or two parti
les in the loop and they 
orrespond to UV-poles. Sin
eintegrals with three or more parti
les in the loop are 
onvergent in the high energy limit,those will be UV-�nite. They may, however, still be a�e
ted by poles, but this timefrom the IR regime, as may happen for some spe
ial argument set. Now that we havea generi
 result, our next task will be devoted to link the general formula to 
on
reteexamples of loop 
al
ulations.S
alar integralsThe nomen
lature of the basi
 set of s
alar integrals is based on the number of parti
les
ontained in the loop. This means that 
ontributions whi
h have only one propagatorinvolved in the loop are 
alled an A-type integrals, while integrals with two propagatorsare noted as B integrals and so forth, as illustrated in Tab. 3.2.
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orre
tions 59Table 3.2: Nomen
lature of the basi
 set of s
alar integrals.Notation Type Name Diagram
A0 1-point-fun
tion tadpole
B0 2-point-fun
tion bubble
C0 3-point-fun
tion triangle
D0 4-point-fun
tion boxAs an example, we will 
al
ulate the simplest s
alar integral, the tadpole, by relatingits expression to the generi
 form we 
al
ulated before

A0(m
2) =

(2πµ)4−D

iπ2

∫

dDq
1

q2 −m2 + iε
(3.40)

=
(2πµ)4−D

iπ2
I1(m

2). (3.41)Repla
ing its de�nition, Eq.(3.39) we have
A0(m

2) = −m2
( m2

4πµ2

)(D−4)/2
Γ
(2 −D

2

)
. (3.42)The pole of the s
alar integral A0(m

2) be
omes now apparent. It is en
oded in thegamma fun
tion, whi
h be
omes divergent for D → 4. Using
ǫ =

4 −D

2
(3.43)as the gap between the number of dimensions D and 4, the s
alar integral be
omes

A0(m
2) = −m2

( m2

4πµ2

)−ǫ
Γ
(
ǫ− 1

)
. (3.44)To �nd the �nal form of A0(m

2), we expand
( m2

4πµ2

)−ǫ
= exp

[

−ǫ ln
( m2

4πµ2

)] (3.45)
= 1 − ǫ ln

( m2

4πµ2

)
+ O(ǫ2), (3.46)
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ross se
tion 
al
ulationand by using Γ(x+ 1) = xΓ(x) twi
e, we 
an rewrite the Gamma fun
tion as
Γ(ǫ− 1) =

1

ǫ(ǫ− 1)
Γ(ǫ+ 1). (3.47)Using 1

1−x =
∑∞

i=0 x
i for one term and a Taylor expansion for the Gamma fun
tion, wehave now

1

ǫ(ǫ− 1)
Γ(ǫ+ 1) =

1

ǫ
(1 + ǫ+ O(ǫ2))

(
Γ(1) + Γ′(1)ǫ+ O(ǫ2)

) (3.48)
= −1

ǫ
− Γ(1) − Γ′(1) + O(ǫ) (3.49)

= −
(1

ǫ
+ 1 − γE

)
+ O(ǫ) (3.50)where the �rst derivative of the gamma fun
tion Γ′(1) = −γE = −0.5772 is 
alled theEuler-Mas
haroni 
onstant. By repla
ing those expansions we 
an 
olle
t the poles andthe 
onstant 
oe�
ients

A0(m
2) = m2

(1

ǫ
+ 1 − γE + O(ǫ)

)[
1 − ǫ ln

( m2

4πµ2

)
+ O(ǫ2)

] (3.51)
= m2

[1

ǫ
− γE + ln 4π − ln

(m2

µ2

)
+ 1 + O(ǫ)

]
. (3.52)As 
an be seen in this �nal expression, the A0(m

2) tadpole is proportional to the massof the parti
le in the loop. Thus tadpole 
ontributions are zero for massless parti
les.Another aspe
t whi
h has been illustrated through this short example is the origin ofthe mass logarithm, whi
h depends on the renormalisation s
ale µ. Additionally, andwe see where the fa
tor −γE + ln 4π 
omes from, whi
h gets subtra
ted along with thepole in the MS pres
ription (see below). For 
onvenien
e, we therefore de�ne
∆UV =

1

ǫ
− γE + ln 4π. (3.53)Of 
ourse, the 
omplexity of the 
al
ulation in
reases on
e there are more propagatorsinvolved. If there are for example two propagators, we will use the following Feynmantri
k3 to bring the denominator into the suitable form:

1

ab
=

∫ 1

0

dx

(a(1 − x) + bx)2
. (3.54)3The general formula for the Feynman tri
k allows us to 
ombine n propagators using

1
∏

i=1,n ai

= (n− 1)!

∫
1

0

dx1

∫ x1

0

dx2 · · ·
∫ xn−2

0

dxn−1

[
a1xn−1 + a2(xn−2 − xn−1) + · · · + an(1 − x1)

]−n
.
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orre
tions 61Further 
ompli
ations arise when one or more input values are zero, as some massesfor example, as they generate IR poles. A list of the spe
ial argument set that is neededfor top quark and 
harged Higgs produ
tion are found in App. C. This has been gatheredmostly by the more general list from referen
e [84℄.Tensor Redu
tionFor the moment we have seen integrals in whi
h the un
onstrained momentum onlyappears in the denominator. But depending on the parti
les involved in the loop, a quarkfor example, it may also show up in the numerator, leading to a further 
ompli
ation. In
p1

q

m0

q + p1

m1p2

m2q + p1 + p2

pn

mn−1

q − pn

· · ·Figure 3.5: General loop with n external parti
les.general, if we have n external parti
les and (n− 1) propagators, as shown in �gure 3.5,we 
an have tensor integrals of the form
T µ1···µm

n (p1, · · · , pn−1;m0, · · · , mn−1) =

(2πµ)4−D

iπ2

∫

dDq
qµ1 · · · qµm

(q2 −m2
0 + iε)

(
(q + p1)2 −m2

1 + iε
)
· · ·
(
(q − pn)2 −m2

n−1 + iε
)(3.55)where q appears in the numerator with µm di�erent indi
es. A way of making use ofall the work we did before on the s
alar integrals is to use tensor de
omposition to thefour basi
 s
alar integral A0, B0, C0 and D0. The disadvantage of this method is thatsome spe
ial kinemati
 
on�gurations 
an lead to linear equation systems that are notinvertible. But sin
e this was no problem for the 
al
ulation of tH± produ
tion, we willnot detail this further.As an example for tensor redu
tion, we will 
al
ulate a B 
lass integral with onemomentum in the numerator. Again, this is a simple example; the higher the 
lassof the integral and the more momenta involved, the worse it gets. If one propagatorintrodu
es a q-dependen
e in the numerator we have Bµ

Bµ =
(2πµ)4−D

iπ2

∫

dDq
qµ

(q2 −m2
0 + iε)

[
(q + p1)2 −m2

1 + iε
] . (3.56)
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ross se
tion 
al
ulationWe try to express this in terms of relevant four-momenta. Here, the only tensor availableis the momentum p1. The de
omposition of Bµ 
an thus be written as
Bµ(p2

1;m
2
0, m

2
1) = pµ1B1(p

2
1;m

2
0, m

2
1). (3.57)To obtain the expression of B1, we 
ontra
t Eq.(3.57) with p1µ

p1µB
µ(p2

1;m
2
0, m

2
1) =

(2πµ)4−D

iπ2

∫

dDq
p1 · q

(q2 −m2
0 + iε)

[
(q + p1)2 −m2

1 + iε
] , (3.58)and write the s
alar produ
t p1 · q as

p1 · q =
1

2

{[
(q + p1)

2 −m2
1 + iε

]
− (q2 −m2

0 + iε) − (p2
1 −m2

1 +m2
0)
}
. (3.59)Inserting this term into Eq.(3.58), we get a set of simpler integrals

p2
1B1(p

2
1;m

2
0, m

2
1) =

(2πµ)4−D

iπ2

1

2

(∫

dDq
1

q2 −m2
0 + iε

−
∫

dDq
1

(q + p1)2 −m2
1 + iε

− (p2
1 −m2

1 +m2
0)

∫

dDq
1

(q2 −m2
0 + iε)

[
(q + p1)2 −m2

1 + iε)
]

)

. (3.60)Finally we 
an express B1 using the s
alar integrals A0 and B0

B1(p
2
1;m

2
0, m

2
1) =

1

2p2
1

[

A0(m
2
0) − A0(m

2
1) − (p2

1 −m2
1 +m2

0)B0(p
2
1;m

2
0, m

2
1)
]
. (3.61)Other terms may appear in the 
al
ulation, but they 
an all be de
omposed using thebasi
 set of s
alar integrals. It should however be noted that di�erent de
omposition
hoi
es 
an be made.3.2.3 Virtual 
ontributions for tH− produ
tionWe 
an now turn to the relevant virtual 
ontributions for 
harged Higgs boson pro-du
tion with a top quark. We need to 
al
ulate the self-energy 
ontributions for theexternal gluon, as shown on Figs. 3.6(a) to 3.6(d). The quark loop in diagram 3.6(a) 
anbe massless or massive in 
ase of a top-antitop 
ontribution. If the triple-gluon vertex
ontribution of diagram 3.6(b) is 
al
ulated using the simple polarisation sum, the ghostloop 3.6(
) has to be added to remove the unphysi
al gluon polarisations. Finally, thetadpole 
ontribution 3.6(d) gives no 
ontribution, sin
e it is proportional to A0(0) = 0.We also have to 
al
ulate self-energies for the massless and massive quarks, as shownin Fig. 3.6(e). Bubble 
ontributions are not the same if they o

ur on external legs oron propagators, sin
e in propagators the parti
le is o�-shell. Thus we have di�erent
ontributions for the external b quark where p2 = p2

1 = 0, for the external top quarkwhere p2 = p2
2 = m2

t and for the s- and t-
hannel propagators where p2 = s and p2 = t.
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p2 p2

q

q + p2(a) Gluon quark loop 
on-tribution. p2 p2

q

q + p2(b) Gluon gluon loop 
on-tribution. p2 p2

q

q + p2(
) Gluon ghost loop 
on-tributions.
p2 p2

q

(d) Gluon tadpole
ontribution. p p + q p

q

(e) Quark loop 
ontribu-tion.
p1

p2

p1 + p2(f) g-b-g loop
p1

p2

p1 + p2(g) b-g-b loop p1 + p2

k1

k2

(h) b-g-t loop
k2 − p2

p2

k2(i) g-t-g loop
k2 − p2

p2

k2(j) t-g-t loop
p1

k1

p1 − k1(k) b-g-t loop
k1

k2

p1

p2 (l) Box 
ontribution
k1

k2

p1

p2(m) Box 
ontribution
k1

k2

p1

p2(n) Box 
ontributionFigure 3.6: Virtual 
orre
tions for tH− produ
tion.
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ross se
tion 
al
ulationThere are also several vertex 
ontributions to 
onsider. In the s-
hannel, a gluon maybe ex
hanged between the two initial state partons, Fig. 3.6(f), or between the in
oming
b quark and the b propagator, Fig. 3.6(g), or between the propagator and the outgoingtop, Fig. 3.6(h). For the t-
hannel, a gluon might be ex
hanged between the in
ominggluon and the external top, Fig. 3.6(i), between the top propagator and the outgoingtop, Fig. 3.6(j), or between the in
oming b quark and the top propagator, Fig. 3.6(k).Box 
ontributions arise from the s-
hannel Born diagram if the top quark ex
hangesa gluon with the in
oming b quark, Fig. 3.6(l), or the in
oming gluon, Fig. 3.6(m). Inthe t-
hannel Born diagram, a gluon 
an be ex
hanged between the in
oming b quarkand the top, Fig. 3.6(n), whereas the ex
hange of a gluon between the in
oming b andgluon gives the same 
ontribution as we already 
onstru
ted via the s-
hannel, so thetotal amount of di�erent box 
ontributions adds up to three.As an appli
ation of all we have seen so far, we will 
al
ulate the NLO 
ontributionto the bbg-vertex. As was already mentioned, these vertex 
orre
tions arise due to theex
hange of a virtual gluon between the b propagator with either the in
oming b quarkor the in
oming gluon. Both 
ontributions have to be 
ontra
ted with the s- and t-
hannel Born diagrams. A �rst intermediate step gives the result as a fun
tion of thebasi
 s
alar integrals

2|MVbgb
MB|2 =

16α2
S (A2 +B2)CFπ

2

s (m2
t − t)

×
[

2
((
m2
t − t

)
m2
H +

(
m2
t − s− t

) (
m2
t (ǫ− 1) − tǫ

))
B0(0, 0, 0)

+
(

(ǫ− 1)m4
H −

(
(2ǫ+ 1)m2

t − 3t+ s(ǫ− 1)
)
m2
H +m4

t

(
−2ǫ2 + ǫ+ 1

)

− t(s+ t)
(
2ǫ2 + 1

)
+m2

t (2ǫ+ 1)(s(ǫ− 1) + t(2ǫ− 1))
)

B0(s, 0, 0)
] (3.62)for 
ontribution 3.6(g) with the Born s- and t-
hannel, and

2|MVgbg
MB|2 =

16α2
S (A2 +B2)CFN

2
Cπ

2

s (m2
t − t)

×
[

3
(
m4
H −

(
m2
t + s+ t

)
m2
H −m4

t (ǫ− 1) − t(s+ t)(ǫ− 1) +m2
t (s(ǫ− 1) + t(2ǫ− 1))

)
B0(0, 0, 0)

−
(
m2
H − t

) (
m2
H − s− t

)
ǫB0(s, 0, 0)

+ s
(

−m4
H +

(
2m2

t + s
)
m2
H + 2m4

t (ǫ− 1)

+ t(s+ t)(2ǫ− 1) + 2m2
t (s+ t− (s+ 2t)ǫ)

)

C0(0, 0, s, 0, 0, 0)
] (3.63)for 
ontribution 3.6(f) with the Born s- and t-
hannel. The O(ǫ3) 
ontributions in thetra
e have been removed sin
e they 
annot give rise to �nite 
ontributions, as the max-imum pole order is 2 for the C0 s
alar fun
tion.
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orre
tions 65After summing both 
ontributions and repla
ing the s
alar integrals, we 
an give the�nal result ordered a

ording to the poles
2
(

|MVbgb
MB|2 + |MVgbg

MB|2
)

= fUV ∆UV +
fIR2

ǫ2
+
fIR
ǫ

+ f0, (3.64)where additional 
ontributions to f0 may still 
ome from terms ∆UV /ǫ = 1 +O(ǫ), butwe will expand those only after renormalisation, sin
e some terms will drop out.The 
oe�
ient of the UV pole is given by
fUV = −α

2
S (A2 +B2)CF
s (m2

t − t)

((
(ǫ− 3)N2

C − ǫ+ 1
)
m4
H

+
((

3N2
C − 1

) (
m2
t + s+ t

)
+
(
2m2

t −N2
Cs+ s− 2N2

Ct
)
ǫ
)
m2
H

+m4
t

(
3(ǫ− 1)N2

C − 3ǫ+ 1
)

+ t(s+ t)
(
(4ǫ− 3)N2

C − 2ǫ+ 1
)

−m2
t

(
s
(
3(ǫ− 1)N2

C − 3ǫ+ 1
)

+ t
(
(6ǫ− 3)N2

C − 4ǫ+ 1
)))

. (3.65)The IR double pole 
oe�
ient is given by
fIR2 = −α

2
S (A2 +B2)NC

2s (m2
t − t)

(
N2
C − 1

) (
m4
H −

(
2m2

t + s
)
m2
H + 2m4

t − 2m2
t (s+ t) + t(s+ t)

)
, (3.66)the IR simple pole 
oe�
ient is

fIR = −α
2
S (A2 +B2) (N2

C − 1)

2NCs (m2
t − t)

(

3N2
Cm

4
H −

((
3N2

C − 2
)
m2
t + 2t+ 3N2

C(s+ t)
)
m2
H

− 2m4
t +m4

tN
2
C +N2

Ct
2 + 2m2

ts−m2
tN

2
Cs+ 2m2

t t+m2
tN

2
Ct+N2

Cst

−N2
C

(
m4
H −

(
2m2

t + s
)
m2
H + 2m4

t − 2m2
t (s+ t) + t(s + t)

)
log(s/m2

t )
) (3.67)and the 
onstant term is given by

f0 = −α
2
S (A2 +B2)CF
2s (m2

t − t)
(

N2
C

(
m4
H −

(
2m2

t + s
)
m2
H + 2m4

t − 2m2
t (s+ t) + t(s+ t)

)
log

(

− s

m2
t

)2

−2
(
−2m4

H+2
(
−m2

t + s+ 3t
)
m2
H+3m4

tN
2
C+
(
3N2

C − 4
)
t(s+t)+m2

t

(
2t− 3N2

C(s+ 2t)
)

+
(
m4
H +

(
m2
t − s− 3t

)
m2
H −m4

t

(
2N2

C + 1
)
−
(
2N2

C − 1
)
t(s+ t) +m2

t

(
2sN2

C + 4tN2
C + s+ t

))

log

(
s

m2
t

)
))

. (3.68)In order to have a 
omplete result, all the diagrams of Fig. 3.6 have to be 
al
ulatedin this fashion, and the poles gathered as we just did. On
e this is done, the UV poleshave to be removed via renormalisation.
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ross se
tion 
al
ulation3.2.4 RenormalisationNowadays the term renormalisation is often straightforwardly asso
iated with quan-tum �eld theory, sin
e it re
eived a great deal of attention in this area in the 60s. Butthis method is largely applied in other domains as well. The basi
 
on
ept of renormali-sation rea
hes far ba
k, to 1877, where it was applied for the �rst time by Boussinesq toturbulan
e di�usivity. Later, more 
on
rete examples were the Weiss theory of ferromag-netism in 1907 and the Debye-Hü
kel theory of the s
reened potentials in ele
trolytes in1922. Those examples are still 
lassi
al physi
s. The pro
ess of renormalisation will re-sult in repla
ing a bare quantity by a renormalised, i.e. an e�e
tive quantity, introdu
inga s
ale dependen
e on it.Ele
tron in an ele
trolyte Consider a single ele
tron in 
lassi
al me
hani
s, withele
tri
 
harge e. Its potential at a distan
e r is given by Coulomb's law
V (r) =

e

r
. (3.69)If however this ele
tron is surrounded by others, like in an ele
trolyte for example,the indu
ed 
harge is s
reening the Coulomb potential, whi
h, a

ording to the Debye-Hü
kel theory, 
an be expressed as

V (r) =
e exp

(
r
lD

)

r
, (3.70)

lD being the Debye-Hü
kel length. The s
reened potential has the same form as theCoulomb potential if we repla
e the bare 
harge e by the renormalised 
harge e exp
(
r
lD

)
,whi
h does now depend on the spa
e 
oordinate r.Renormalisation in QCD The previous se
tion Se
tion showed that in 
al
ulatinghigher order 
orre
tions the di�erent terms that we 
ompute 
an have in�nite values.The ultraviolet divergen
ies 
ame from the fa
t that we used inappropriate bare quan-tities whi
h have no dire
t relation to observables in an intera
ting theory. The renor-malisation method 
onsists in rede�ning multipli
ativly new parameters by only a �nitenumber of rede�nitions and thus eliminate all ultraviolet in�nities. It is important tonote that renormalisation would have to be 
arried out in an intera
ting theory, even ifin�nities were absent. In that 
ase, physi
al quantities 
ould be expressed through barequantities, but it is more 
onvenient anyhow to express them in terms of experimentallymeasurable quantities.QCD is a non-abelian gauge theory4 whose quark �elds ψ, with mass m, belong to thefundamental representation of the SU(3) group. The generators T a generators satisfy4A passage from A. Zee's book �Fearful symmetry� takes us ba
k to the birth of the theory when itwas still only a mathemati
al appealing 
onstru
t with no link to reality: �When Yang-Mills theory�rst 
ame out, the 
ommunity of theoreti
al physi
ists agreed that it was indeed beautiful, but noone, not even Yang and Mills, had the foggiest idea what is was good for. Most physi
ists simplymumbled that it is too bad that we do not live in a non-abelian gauge world, shrugged, and wenton with whatever they were doing. �
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orre
tions 67the Lie algebra
[
T a, T b

]
= ifabcT c, (3.71)where fabc are the stru
ture fun
tions 
hara
terising the algebra. Gauge invarian
e givesrise to the Aaµ gluon gauge �elds, belonging to the adjoint representation. The strong
oupling 
onstant between the matter �elds ψ and the gauge �elds Aaµ is denoted gs. TheQCD Lagrangian 
an be de
omposed into a free part L0 and an intera
tion part Lint [85℄

LQCD = L0 + Lint. (3.72)The free part reads expli
itly
L0 = −1

4
(∂µA

a
ν−∂νAaµ)(∂µAaν−∂νAaµ)−

1

2α
(∂µAaµ)

2+i(∂µχa1)(∂µχ
a
2)+ψ̄

i(iγµ∂µ−m)ψi,(3.73)where the term proportional to 1/(2α) is the gauge-�xing term and χ are the Faddeev-Popov ghost �elds. The intera
tion part is given by four terms, whi
h are the three-gluon, four-gluon, ghost-gluon and quark-gluon intera
tions
Lint = − gs

2
fabc(∂µA

a
ν − ∂νA

a
µ)A

bµAcν − g2
s

4
fabef cdeAaµA

b
νA

cµAdν

− igsf
abc(∂µχa1)χ

b
2A

c
µ + gsψ̄

iT aijγ
µψjAaµ.

(3.74)In order to obtain the renormalised Lagrangian, the gluon, quark and ghost bare �eldsare res
aled by the �eld-strength renormalisation 
onstants Zi,

Aaµ =
√

ZA A
a
rµ, ψ =

√

Zψ ψr, χ
a
1,2 =

√
Zχ χ

a
r1,2, (3.75)and the bare masses and 
oupling are also expressed as parameter renormalisation 
on-stants Zi and renormalised quantities

g = Zggr, α = Z3αr, m = Zmmr. (3.76)The renormalisation 
onstants are expanded in in�nite series, ea
h term 
an
ellingthe divergen
e of spe
i�
 graphs. At one-loop, we only need the �rst term of the series
Z = 1 + δZ. (3.77)By plugging this into the Lagrangian, Eq.(3.72), we obtain a new Lagrangian

L = L0,r + Lint,r + LC, (3.78)where the original Lagrangian is re
overed L0,r +Lint,r, but is this time expressed solelyvia renormalised parameters. The additional part LC gives rise to new 
ontributions.These 
ounterterms have to be added to the 
al
ulation as they will ultimately 
an
el
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ross se
tion 
al
ulationthe ultraviolet divergen
ies. The 
ounterterm Lagrangian is given by
LC = − δZA

1

4
(∂µA

a
rν − ∂νA

a
rµ)(∂

µAaνr − ∂νAaµr ) + iδZχ(∂
µχa1r)(∂µχ

a
2r)

+ δZψψ̄
i
r(iγ

µ∂µ −mr)ψ
i
r − ZψδZmmrψ̄

i
rψ

i
r

− (ZgZ
3/2
A − 1)

gsr
2
fabc(∂µA

a
rν − ∂µA

a
rµ)A

bµ
r A

cν
r − (Z2

gZ
2
A − 1)

g2
sr

4
fabef cdeAarµA

b
rνA

cµ
r A

dν
r

− i(ZgZχZ
1/2
A − 1)gsrf

abc(∂µχa1r)χ
b
2rA

c
rµ + (ZgZψZ

1/2
A − 1)gsrψ̄

i
rT

a
ijγ

µψjrA
a
rµ. (3.79)Again, we only keep terms of the �rst order here, whi
h means that the 
ounterterm forthe gluon-quark-quark vertex, for example, will be proportional to

ZgZψZ1/2
A = 1 + δZg + δZψ + 1/2δZA + O(δ2). (3.80)Field and mass renormalisation A renormalised �eld is one whose propagator hasthe same behaviour near its pole as a free �eld. The renormalised mass is de�ned bythe position of the pole. The Dyson series for the quark propagator is just

G̃(2)
c (p,−p) =

i

/p−m
+

i

/p−m
iΣ(/p)

i

/p−m
+

i

/p−m
iΣ(/p)

i

/p−m
iΣ(/p)

i

/p−m
+ . . .

=
i

/p−m

∞∑

k=0

(

iΣ(/p)
i

/p−m

)k

=
i

/p−m

(

1 + Σ(/p)
1

/p−m

)−1

=
i

/p−m+ Σ(/p)
(3.81)

Figure 3.7: Contributions to the quark self energy Σ(/p): emission and reabsorption of a gluonby the quark (left) and 
ounterterm 
ontribution (right).The renormalised one-parti
le irredu
ible self-energy is the sum of the self-energy
ontribution and the 
ounterterm, Fig. 3.7. It reads
Σ(/p) = −αsCF

4π

(

B(p)/p+ A(p)) + (∂Zψ/p− (∂Zψ + ∂Zm)m
)

, (3.82)where A and B 
an be given in terms of s
alar integrals
A = m(4 − 2ǫ)B0(p

2;m2, 0) (3.83)
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tions 69and
B = (2 − 2ǫ)

[

B0(p
2;m2, 0) +B1(p

2;m2, 0)
]

. (3.84)We rearrange the terms for later 
onvenien
e as
Σ(/p) = /p(B(p) + ∂Zψ) + (

A(p)

m
− ∂Zψ − ∂Zm)m (3.85)The mass 
ounterterm ∂Zm will now be �xed by the pole 
ondition. The residue
ondition determines the expression for the fermion �eld 
ounterterm ∂Zψ.Di�erent renormalisation s
hemes Renormalisation is a method to remove the UVpoles in loop 
al
ulations via 
ounterterms, so the main fo
us lies on the UV divergen
e.But the 
ounterterms may remove more than just the pole. The di�erent renormalisa-tion s
hemes thus de�ne whi
h �nite part is subtra
ted along with the pole.When dealing with heavy parti
les, it is quite 
ommon to use the on-shell s
heme,sin
e it is the most intuitive one. In this s
heme, the pole of the propagator is at

p2 = m2
phys, where m2

phys is the physi
al mass of the parti
le. The 
ondition that thepole o

urs for p2 = m2
phys 
an be trans
ribed mathemati
ally as

[

G̃(2)
c (p,−p)

]−1

u(p)|p2=m2 = 0 (3.86)
⇔ −i(/p−m+ Σ(/p))u(p)|p2=m2 = 0 (3.87)
⇔

[

(1 + B(/p) + ∂Zψ)/p−m(1 −
A(/p)

m
+ ∂Zψ + ∂Zm)

]

|p2=m2 = 0 (3.88)Sin
e the parti
le is on shell, we 
an use the Dira
 equation /pu(/p) = mu(/p), giving
∂Zm =

∂mOS

m
= B(m2) +m2A(m2), (3.89)whi
h reads expli
itly

∂mOS

m
= −αS

4π
3CF

(1

ǫ
− γE + ln 4π +

4

3
+ ln

µ2
R

m2

)

. (3.90)This 
ounterterm 
learly in
ludes �nite parts. Other s
hemes may now be de�ned,depending on whi
h �nite terms are subtra
ted.The MS s
heme typi
ally subtra
ts only the divergen
e
∂mMS

m
= −αS

4π
3CF

(1

ǫ

)

, (3.91)while the MS s
heme also removes �nite geometri
 terms,
∂mMS

m
= −αS

4π
3CF

(1

ǫ
− γE + ln 4π

)

. (3.92)
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ross se
tion 
al
ulation3.2.5 Counterterms for tH− produ
tionThe ultraviolet divergen
ies 
ontained in the virtual 
ross se
tion dσV have been madeexpli
it using dimensional regularisation with D = 4 − 2ǫ dimensions and are 
an
elledagainst 
ounterterms originating from multipli
ative renormalisation of the parametersin the Lagrangian. In parti
ular, the 
ounterterm for the strong 
oupling 
onstant
αS = g2

S/(4π),
∂gS = −αS(µ

2
R)

8π

[

∆UV

(11

3
NC − 2

3
NF

)

− 2

3
ln
µ2
R

m2
t

]

, (3.93)is 
omputed in theMS s
heme using massless quarks with ∆UV = 1/ǫ−γE+ln 4π, with
NC = 3 and NF = 6 being the total numbers of 
olours and quark �avours, respe
tively,but de
oupling expli
itly the heavy top quark with mass mt from the running of αS [86℄.The top quark mass is renormalised in the on-shell s
heme,

∂mOS
t

mt

= −αS(µ
2
R)

4π
3CF

(

∆UV +
4

3
+ ln

µ2
R

m2
t

)

, (3.94)where CF = (N2
C − 1)/(2NC). On the other hand, we perform the renormalisation ofboth the bottom and top Yukawa 
ouplings in the MS s
heme,

∂yb,t
yb,t(µ2

R)
= −αS(µ

2
R)

4π
3CF∆UV . (3.95)This enables us to fa
torise the 
harged Higgs boson 
oupling at LO and NLO, makingthe QCD 
orre
tion (K) fa
tors independent of the 2HDM and value of tanβ understudy. The Yukawa 
ouplings in Eq. (3.95) are evaluated at the pro
ess energy s
ale�xed at µR using the running quark MS masses from an initial s
ale MQ

mMS
Q (µR) = mMS

Q (MQ)
c
(

αs(µR)/π
)

c
(

αs(MQ)/π
) (3.96), where

c(x) =
(23

6
x
)12/23

(1 + 1.175x+ 1.501x2) for Mb < µR < Mt (3.97)and
c(x) =

(7

2
x
)4/7

(1 + 1.398x+ 1.793x2) for µR > mt. (3.98)The starting values of the MS masses 
an be obtained from the on-shell masses MQthrough the relation
m̄Q(MQ) =

MQ

1 + 4
3

αS(MQ)

π
+KQ

(
αs(MQ)

π

)2 (3.99)
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orre
tions 71with Kb ≈ 12.4 and Kt ≈ 10.9.Wave-fun
tions are renormalised in the MS s
heme
∂Z = −αS(µ

2
R)

4π
3CF∆UV . (3.100)Thus, the 
omplete bbg−, resp. ttg−, vertex 
ounterterm 
ontribution is given by

[

δZg +
1

2
δZA + 2

1

2
δZψ,b/t

]

B(D) =
[αs
4π

(NC + CF )∆
]

B(D), (3.101)and the Hbt− vertex 
ounterterm reads
[
1

2
δZψ,b +

1

2
δZψ,t +

1

2
δyb +

1

2
δyt

]

B(D) =
αs
4π
CF

[

4∆ +
3

2

(
4

3
− ln

mt2

µ2

)]

B(D) (3.102)where B(D) is the Born term 
al
ulated in D dimensions
B(D) =

1

SC
|MB|2 =

2
√

2αs(A
2 +B2)GFπ

NC

1

s(m2
t − t)

[

M0 + ǫM1

]

, (3.103)with
M0 =

2m4
H(m2

t − t) + 2m2
H

(

t(s+ t) −m4
t

)

+ (m2
t − s− t)

(

m4
t − sm2

t + t(s + t)
)

(m2
t − t) (3.104)and

M1 = −(s + t−m2
t )

2. (3.105)If (ǫ → 0) we see that Eq. (3.103) indeed redu
es to its 4-dimensional expression,Eq. (3.14).3.2.6 Renormalised virtual 
ontributions for tH− produ
tionWe have just seen that in order to 
ompute a 
ross se
tion that is UV-�nite, wehave to 
al
ulate all virtual 
ontributions with renormalised quantities rather than barequantities and add the 
ounterterms. All renormalised 
ontributions for tH− produ
tionare shown in Fig. 3.8, where the blob indi
ates the loop 
ontributions added to the
ounterterms.If we turn our attention ba
k to the vertex 
orre
tion we 
al
ulated earlier, we see thatthe renormalisation of this vertex is given by the 
ounterterm 
ontribution multipliedwith the Born matrix elements
2|MCMB|2 = −α

2
S (A2 +B2)CFNC

3s (m2
t − t)

×
(
m4
H −

(
m2
t + s+ t

)
m2
H −m4

t (ǫ− 1) − t(s + t)(ǫ− 1) +m2
t (s(ǫ− 1) + t(2ǫ− 1))

)

(

6(CF +NC)∆UV + (11NC − 2NF ) log

(
µ2
F

µ2

)

− 2(3NC + 1) log

(
µ2

m2
t

)) (3.106)
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(a) External b quark 
ontributions (b) External gluon 
ontributions
(
) External t quark 
ontributions (d) Propagator 
ontributions

(e) Quark-Quark-Gluon Vertex 
ontributions (f) Quark-Quark-Charged Higgs 
ontributionsFigure 3.8: Virtual renormalised 
ontributions. The grey dot indi
ates the NLO virtual
ontributions plus the 
ounterterm.and the sum of this term with Eq.(3.64) will yield no UV pole anymore but a remaining�nite term
2
(

|MVgbg
MB|2 + |MVbgb

MB|2 + |MCMB|2
)

= −α
2
S (A2 +B2) (N2

C − 1)

2NCs (m2
t − t)

×
((
N2
C − 1

)
m4
H +

(
2m2

t −N2
Cs+ s− 2N2

Ct
)
m2
H − 2m4

t + 2m2
t (s+ t) +

(
N2
C − 1

)
t(s+ t)

)
.(3.107)Independen
e of the wave fun
tion renormalisation When renormalising the QCDLagrangian, we rede�ned the parameters su
h as the masses and the 
oupling 
onstants,but also the wave fun
tions. Sin
e the �nal 
ross se
tion 
an ultimately only dependon physi
al quantities, the wave fun
tion dependen
e must drop out. Sket
hing rapidlywhat happens, we see that it does indeed. For example, the dependen
e on the gluonwave-fun
tion 
ounterterm is only in
luded in the external gluon leg and the vertex
orre
tions and we see that the leg 
ontribution will be 
an
elled by the sum of thevertex 
orre
tions: Leg −1

2
δZg 2 BornS-Channel vertex 1

2
δZg 2 (SS + ST )T-Channel vertex 1

2
δZg 2 (T S + T T )Sum 0This means that one 
an avoid 
al
ulating all these 
ontributions, sin
e they sum upto zero. It is nevertheless useful to 
ompute the amplitudes in
luding the wavefun
tionrenormalisation to 
he
k UV-�nitness of the legs and verti
es separately.
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orre
tions 73Remaining IR polesThe renormalised virtual 
ross se
tion still exhibits some IR poles
σv =

∫

dPS(2)
[(C2

ǫ2
+
C1

ǫ

)

B(D) + C0

]

, (3.108)where the double and simple poles are given by
C2 =

1

2NC
− 3

2
NC , (3.109)

C1 =
1

4NC

(

5 − 4 ln
m2
t − u

m2
t

)

+
NC

12

(

−37 + 12 ln
s

m2
t

+ 12 ln
m2
t − t

m2
t

)

+
1

3
NF . (3.110)The 
onstant term C0 is too long to quote here, but 
an be found in the Monte Carloevent generator 
odes.3.3 Real 
orre
tionsWe have just gone through an extended Se
tion 
on
erning virtual 
ontributions,where spe
ial 
al
ulus te
hniques were introdu
ed and the renormalisation pro
edureto be de�ned. For the next part of the NLO 
al
ulation, whi
h are the real emis-sion diagrams, the situation will be 
ompletely di�erent. These diagrams allow for astraightforward 
al
ulation and may be implemented as su
h in the 
ode. The divergen-
ies o

urring in these 
ontributions will be taken 
are of by the subtra
tion formalism.Real emission diagrams are 
onstru
ted on one hand from the Born terms in whi
h
oloured parti
les may emit an additional parti
le, or on the other hand, the tH− �nalstate may 
ome from di�erent in
oming partons altogether. Sin
e the energy involved inthe 
ollision is bounded from above, we won't run into UV divergen
ies in this Se
tion.However, the additionally emitted parton 
an have an energy tending to 0 or may beemitted 
ollinear to another parti
le, and this gives rise to IR poles. For illustrationpurposes, we'll see what happens to a quark emitting a gluon, as in �gure 3.9.

θ

pq

pg

Figure 3.9: Gluon emission by quark.
The denominator of the quark propagator priorto emission reads
P =

1

(pq + pg)2 −m2
q

=
1

2EgEq(1 − βq cos θ)(3.111)with βq = (1− m2
q

E2
q
)1/2. Ei is the energy of parti
le iand θ is the angle between the quark and the gluon.This expression exhibits two singular regions (P →

∞) whi
h may overlap:
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ross se
tion 
al
ulationIf the energy of the emitted parti
le tends to zero (Eg → 0), the divergen
e is 
alled asoft singularity. If however the emission angle tends to zero (θqg → 0), it is 
alled a
ollinear ormass singularity, the se
ond denomination be
ause this only o

urs if thequark is massless. The Kinoshita-Lee-Nauenberg (KLN) theorem [87, 88, 89℄ guaranteesthat for in
lusive quantities these 
ontributions are exa
tly the same as the IR poles inthe virtual term, but with this time a positive prefa
tor, so that their sum will be �nite.Real emission 
ontributions for tH− produ
tionThe real emission 
an be grouped into four pro
esses:
• Pro
ess(a) : b(p1) + g(p2) → H−(k1) + t(k2) + g(k3)These 
ontributions, whi
h are shown in Fig. 3.10, arise when 
oloured parti
lesof the Born s- and t-
hannel diagrams emit a gluon. The additional gluon 
an beemitted by either the in
oming b quark or gluon, by the outgoing top quark, or bythe b or top quark in the propagator.
• Pro
ess (b) : g(p1) + g(p2) → tH−(k1) + t(k2) + b̄(k3)Pro
ess (b) 
an be obtained from (a) by 
rossing k3 with −p1, and multiplying thematrix element squared by a fa
tor (−1) to take into a

ount the altered sign of thequark impulse in the spinor sum. The real 
ontributions for two in
oming gluonsare shown in Fig. 3.11. Sin
e we 
omputed them using the simple polarisationsum for the external gluons, ghost 
ontributions, depi
ted in Fig. 3.12, have to beadded to remove the unphysi
al polarisation states.
• Pro
ess (c) : q̄/q(p1) + b(p2) → H−(k1) + t(k2) + q̄/q(k3)Diagrams for pro
ess (c) are displayed in Fig. 3.13. They require an in
oming bquark and another quark or antiquark.
• Pro
ess(d) : q̄(p1) + q(p2) → H−(k1) + t(k2) + b̄(k3)This pro
ess des
ribes qq̄ annihilation, illustrated in Fig. 3.14, and is 
onvergentfor in
oming quarks q = u, d, c and s, but interferes with pro
ess (c) for in
oming
b quarks. These 
ontributions are, however, negligible due to the low b-quarkdistribution fun
tion.
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Figure 3.10: Real emission 
ontributions in the gb 
hannel.

Figure 3.11: Real emission 
ontributions in the gluon-gluon 
hannel.
Figure 3.12: Ghost 
ontributions for the gluon-gluon 
hannel.

b

q/q̄

b

q/q̄Figure 3.13: q/q̄b initial state pro
esses.
q

q̄

q

q̄Figure 3.14: qq̄ initial state pro
esses.
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ross se
tion 
al
ulation3.4 Catani-Seymour dipole subtra
tionIn QCD 
al
ulations beyond leading order, analyti
 
al
ulations are in general im-possible for all but the simplest quantities be
ause of the 
ompli
ated phase spa
e formulti-parton 
on�gurations. The use of numeri
al methods is ubiquitous but far fromtrivial sin
e virtual and real 
ontributions have a di�erent number of �nal-state par-tons and thus have to be integrated separately over di�erent phase spa
e regions. Twodi�erent approa
hes 
an and have been used to 
an
el the infrared divergen
ies thatappear at intermediate steps of the NLO 
al
ulation, namely phase-spa
e sli
ing andthe subtra
tion method. In both, only the small part of the 
al
ulations whi
h givesrise to these singularities is treated analyti
ally. The feature of a NLO 
ross se
tion
al
ulation that makes it possible to de�ne a pro
ess-independent method is that, inthe soft and 
ollinear limit, the real 
ross se
tion dσR is given by the pro
ess-dependentBorn-level 
ross se
tion dσB times pro
ess-independent singular fa
tors. In that sense,the IR 
ontributions to the real 
ross se
tion are universal. The additional single-partonphase spa
e des
ribes the two-parton de
ay and thus 
ontains the kinemati
al depen-den
e on the degrees of freedom that lead to the IR poles.The general philosophy of the phase spa
e sli
ing method [90, 91, 92℄ is to intro-du
e an arbitrary �nite 
ut-o� δ, with δ ≪ 1, in order 
ut out the divergent part of thereal 
ontribution in su
h a way that it 
an be added to the virtual
σR+V =

∫ 1

δ

dx

x1+ǫ
M(x) +

∫ δ

0

dx

x1+ǫ
M(x) +

1

ǫ
M0

≈
∫ 1

δ

dx

x1+ǫ
M(x) +

∫ δ

0

dx

x1+ǫ
M0 +

1

ǫ
M0

=

∫ 1

δ

dx

x1+ǫ
M(x) +

1

ǫ

(
1 − δ−ǫ

)
M0

≈
∫ 1

δ

dx

x1+ǫ
M(x) +M0 ln δ (3.112)The KLN theorem guarantees that M(0) = M0. The overall dependen
e on δ naturally
an
els out for δ → 0. In 
omputer simulations however, the �nite a

ura
y may leadto in
omplete 
an
ellations for di�erent regions of phase spa
e. The method's disadvan-tage is introdu
ing this sli
ing parameter, whi
h should in prin
iple be sent to zero atthe end of the 
al
ulation but in pra
ti
e 
annot be 
hosen too small. This may lead toun
ontrolled errors, rendering the sli
ing method ill-adapted for numeri
al implementa-tions.An alternative approa
h is the subtra
tion method [93, 94, 95℄, in whi
h a generalterm is added and subtra
ted in a suitable form for the real and the virtual poles to be
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an
elled
σR+V =

∫ 1

0

dx

x1+ǫ
M(x) −

∫ 1

0

dx

x1+ǫ
M0 +

∫ 1

0

dx

x1+ǫ
M0 +

1

ǫ
M0

=

∫ 1

0

M(x) −M0

x1+ǫ
dx+

(
−1

ǫ
+

1

ǫ

)
M0

≈
∫ 1

0

M(x) −M0

x
dx+ O(1)M0. (3.113)The advantage of the dipole subtra
tion method 
onsists in repla
ing 
an
ellation be-tween integrals by 
an
ellation amongst integrands.Another issue arises when dealing with massive �nal state partons. We have seenthat QCD radiation o� su
h a parton is infrared �nite. It 
an however lead to sizeable
ontributions, sin
e some may be proportional to powers of lnQ2/M2, where M standsfor the parton mass and Q is the s
ale of the hard s
attering pro
ess. These 
ontribu-tions are logarithmi
ally enhan
ed in kinemati
 regions where Q ≫ M and may spoilthe numeri
al 
onvergen
e of the 
al
ulation. This means that spe
ial 
are has beentaken with the 
onstru
tion of the dipoles, so that the instabilities that su
h terms 
anprodu
ed are minimised.The Catani-Seymour formalism AlthoughMC�NLO and POWHEG use FKS dipoles [94℄,whi
h are 
onstru
ted automati
ally in POWHEG, we have built a standalone NLO 
odeusing Catani Seymour dipoles [4, 5℄, for 
he
king purposes. This implementation willbe detailed here. In the Catani-Seymour dipole formalism, the master equation for theNLO 
ross se
tion 
an be written as

σNLO(p1, p2;µ
2
F ) = σNLO{2}(p1, p2) + σNLO{3}(p1, p2)

+

∫ 1

0

dx
[

σNLO{2}(x; xp1, p2;µ
2
F ) + σNLO{2}(x; p1, xp2;µ

2
F )
]

. (3.114)We will start by introdu
ing the general 
olour stru
tures needed for tH± produ
tionat NLO and then detail the di�erent dipole 
ontributions.Colour Algebra In this formalism, we denote the 
olour matri
es as Ti ·Tj = Tj ·Tiand T
2
i = Ci, where Ci is the quadrati
 Casimir operator in the representation of parti
le

i. Ci = CF = (N2
C − 1)/(2NC) in the fundamental representation and Ci = CA = NC inthe adjoint representation.We have

T
2
t,b|t; b, g〉 = CF and (3.115)

T
2
g|t; b, g〉 = NC . (3.116)
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ross se
tion 
al
ulationSin
e the pro
ess we are interested in involves only three partons t, b, g, the 
olor algebra
an be performed in 
losed form and 
olor 
onservation imposes
∑

i=t,b,g

Ti|t; b, g〉 = 0. (3.117)Using this fa
t, we 
an easily derive that
0 =

(
∑

i=t,b,g

Ti

)2

|t; b, g〉

=
(
T

2
t + T

2
b + T

2
g + 2 Tt ·Tb + 2 Tt · Tg + 2 Tb · Tg

)
|t; b, g〉 (3.118)and

(Tt · Tb + Tt · Tg) |t; b, g〉 = −T
2
t |t; b, g〉. (3.119)Finally we have

2 Tb · Tg|t; b, g〉 =
(
T

2
t − T

2
b − T

2
g

)
|t; b, g〉 (3.120)

2 Tt · Tg|t; b, g〉 =
(
T

2
b − T

2
t − T

2
g

)
|t; b, g〉 (3.121)

2 Tt · Tb|t; b, g〉 =
(
T

2
g −T

2
t −T

2
b

)
|t; b, g〉 (3.122)The 
olor stru
tures we need are

Tt · Tb|t; b, g〉 = −
(

CF − NC

2

)

|t; b, g〉 =
1

2NC

|t; b, g〉, (3.123)
Tt/b · Tg|t; b, g〉 = −NC

2
|t; b, g〉, (3.124)using the normalisation TR = 1/2.Virtual dipole 
ontribution In Eq. (3.114), the two-body �nal-state 
ontribution isgiven by

σNLO{2}(p1, p2) =

∫

2

[
dσV (p1, p2) + dσLO(p1, p2) ⊗ I

]

ǫ=0

=

∫

dΦ(2)

[

2 Re
[

M1−loop M†
Born

]

+ 2〈t; b, g | I(ǫ) | t; b, g〉2
]

ǫ=0

,(3.125)The fa
tor dΦ(m)(pa,pb) regroups the �nal state phase spa
e, the �ux fa
tor and theaverage over the spin 
on�gurations
dΦ(m)(pa, pb) =

1

SaSbF
dφm(p1, ..., pm; pa + pb). (3.126)After the renormalisation of the ultraviolet singularities has been performed as de-s
ribed in the previous se
tion 3.2, the virtual 
ross se
tion 
ontains only infrared poles.These 
an be removed by 
onvolving the Born 
ross se
tion with the subtra
tion term

I(ǫ) = I2(ǫ, µ
2; {k2, mt})+ Ib(ǫ, µ

2; {k2, mt}, p1)+ Ig(ǫ, µ
2; {k2, mt}, p2)+ Ibg(ǫ, µ

2; p1, p2),(3.127)
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tion 79where in our 
ase I2(ǫ, µ
2; {k2, mt}) = 0, sin
e there are no QCD dipoles with a �nalstate emitter and a �nal state spe
tator. The dipoles depending on one initial stateparton (a = b, g) with four-momentum pi (i = 1, 2) are

Ia(ǫ, µ
2; {k2, mt}, pi) = −αs

2π

(4π)ǫ

Γ(1 − ǫ)

{
1

T2
t

Tt · Ta

[

T
2
t

(
µ2

sta

)ǫ(

Vt(sta, mt, 0; ǫ) − π2

3

)

+ Γt(µ,mt; ǫ) + γt ln
µ2

sta
+ γt +Kt

]

+
1

T2
a

Ta · Tt

[

T
2
a

(
µ2

sat

)ǫ(

Va(sat, 0, mt; ǫ, κ) −
π2

3

)

+
γa
ǫ

+ γa ln
µ2

sat
+ γa +Ka

]}

, (3.128)where Ta,t denotes the 
olor matrix asso
iated to the emission of a gluon from theparton a or the top quark t, the dimensional regularisation s
ale µ is identi�ed with therenormalisation s
ale µR, and sta = sat = 2p1k2. The kernels
Vt(sta, mt, 0; ǫ) = V(S)(sta, mt, 0; ǫ) + V(NS)

t (sta, mt, 0) (3.129)
Vb(sbt, 0, mt; ǫ, 2/3) = V(S)(sbt, 0, mt; ǫ) + V(NS)

b (sbt, 0, mt) (3.130)
Vg(sgt, 0, mt; ǫ, 2/3) = V(S)(sgt, 0, mt; ǫ) + V(NS)

g (sgt, 0, mt; 2/3) (3.131)
onsist of the singular terms
V(S)(sta, mt, 0; ǫ) = V(S)(sat, 0, mt; ǫ)

=
1

2ǫ2
+

1

2ǫ
ln
m2
t

sta
− 1

4
ln2 m

2
t

sta
− π2

12
− 1

2
ln
m2
t

sta
ln
sta
Q2
ta

− 1

2
ln
m2
t

Q2
ta

ln
sta
Q2
ta

(3.132)with Q2
ta = Q2

at = sta +m2
t +m2

a and the non-singular terms
V(NS)
t (sta, mt, 0) =

γt
T

2
t

ln
sta
Q2
ta

+
π2

6
− Li2( sta

Q2
ta

)

− 2 ln
sta
Q2
ta

− m2
t

sta
ln
m2
t

Q2
ta

, (3.133)
V(NS)
b (sbt, 0, mt) =

γb
T2
b

[

ln
sbt
Q2
bt

− 2 ln
Qbt −mt

Qbt
− 2

mt

Qbt +mt

]

+
π2

6
− Li2( sbt

Q2
bt

)

, (3.134)
V(NS)
g (sgt, 0, mt; 2/3) =

γg
T2
g

[

ln
sgt
Q2
gt

− 2 ln
Qgt −mt

Qgt
− 2

mt

Qgt +mt

]

+
π2

6
− Li2( sgt

Q2
gt

)

+
4

3

TR
NC

[

ln
Qgt −mt

Qgt
+

mt

Qgt +mt
− 4

3

]

. (3.135)The 
onstant κ is a free parameter, whi
h distributes non-singular 
ontributions betweenthe di�erent terms in Eq. (3.114). The 
hoi
e κ = 2/3 
onsiderably simpli�es the gluonkernel. For massive quarks, one has in addition
Γt(µ,mt; ǫ) = CF

(
1

ǫ
+

1

2
ln
m2
t

µ2
− 2

)

, (3.136)
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ross se
tion 
al
ulationwhile
γq =

3

2
CF , γg =

11

6
NC − 2

3
TRNf (3.137)and

Kq =

(
7

2
− π2

6

)

CF , Kg =

(
67

18
− π2

6

)

NC − 10

9
TRNf (3.138)with TR = 1/2 and Nf = 5 the number of light quark �avours. The last term in Eq.(3.127)

Ibg(ǫ, µ
2; p1, p2) = −αs

2π

(4π)ǫ

Γ(1 − ǫ)

{
1

T2
g

Tg ·Tb

[(
µ2

sbg

)ǫ(
T

2
g

ǫ2
+
γg
ǫ

)

− T
2
g

π2

3
+ γg +Kg

]

+ (g ↔ b)

} (3.139)depends on both initial state partons.Real dipole 
ontributions The se
ond term in Eq. (3.114) 
on
erns the real emissiondipoles and is given expli
itly by
σNLO{3}(p1, p2) =

∫

dΦ(3)
{

|M3,ij(k1, k2, k3; p1, p2)|2 −
∑dipolesD(k1, k2, k3; p1, p2)

}(3.140)in
ludes the spin- and 
olor-averaged squared real emission matrix elements
|M3,ij(k1, k2, k3; p1, p2)|2 (3.141)with three-parti
le �nal states, as detailed in Se
tion 3.3, and the 
orresponding un-integrated QCD dipoles D, whi
h 
ompensate the integrated dipoles I in the previousse
tion. Both terms are integrated numeri
ally over the three-parti
le di�erential phasespa
e dΦ(3). The sum over the dipoles in Eq. (3.140) in
ludes initial-state emitters abwith both initial- and �nal-state spe
tators c (Dab,c and Dab

c ) and the �nal-state emitter
ab with initial-state spe
tators c (Dc

ab). For the three divergent pro
esses, we have
(a) :

∑dipoles = Dbg,g + Dgg,b + Dbg
t + Dgg

t + Db
tg + Dg

tg, (3.142)
(b) :

∑dipoles = Dg1b,g2 + Dg2b,g1 + Dg1b
t + Dg2b

t , and (3.143)
(c) :

∑dipoles = Dqq,b + Dqq
t . (3.144)Denoting by a the original parton before emission, b the spe
tator, and i the emittedparti
le, the dipole for initial-state emitters and initial-state spe
tators is given by

Dai,b = − 1

2paki

1

xi,ab
2,ab〈H̃, t̃; ãi, b |

Tb · Tai

T2
ai

V
ai,b | H̃, t̃; ãi, b〉2,ab, (3.145)
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tion 81where the momentum of the intermediate initial-state parton ãi is p̃µai = xi,ab p
µ
a with

xi,ab = (papb − kipa − kipb)/(papb), the momentum pb is un
hanged, and the �nal-statemomenta kj with j = 1, 2 are shifted to
k̃µj = kµj −

2kj · (K + K̃)

(K + K̃)2
(K + K̃)µ +

2kj ·K
K2

K̃µ (3.146)with Kµ = pµa + pµb − kµi and K̃µ = p̃µai + pµb . The ne
essary splitting fun
tions V
ai,b for

{ai, b} = {qg, g; gg, q; gq, g; qq, q} 
an be found in App. B.The dipole for initial-state emitters and a �nal-state spe
tator, whi
h is in our 
asethe top quark t, is given by
Dai
t = − 1

2paki

1

xit,a
2,ãi〈H, t̃; ãi, b |

Tt ·Tai

T2
ai

V
ai
t | H, t̃; ãi, b〉2,ãi, (3.147)where the momentum of the intermediate initial-state parton ãi is p̃µai = xit,ap

µ
a with

xit,a = (paki + papt − kipt)/(paki + papt), the momentum pb is un
hanged, and the mo-mentum of the �nal-state top quark pt is shifted to p̃µt = kµi + pµt − (1 − xit,a)p
µ
a . Hereagain, we list the ne
essary splitting fun
tions V

ai
t for {ai, t} = {qg, t; gg, t; gq, t; qq, t}in App. B.Finally, the dipole for �nal-state emitter (the top quark t) and initial-state spe
tator

a is given by
Da
tg = − 1

2ptki

1

xit,a
2,a〈H, ĩt; ã, b |

Ta · TitT2
it

V
a
it | H, ĩt; ã, b〉2,a, (3.148)where the momentum of the initial parton a is shifted to p̃µa = xit,ap

µ
a with xit,a =

(paki + papt − kipt)/(paki + papt), the momentum pb is un
hanged, and the momentumof the intermediate �nal-state top quark pt is p̃µit = kµi + pµt − (1−xit,a)p
µ
a . The requiredsplitting fun
tion V

a
gt 
an again be found in App.B.The last terms in Eq. (3.114) are �nite remainders from the 
an
ellation of the ǫ-polesof the initial-state 
ollinear 
ounterterms. Their general expressions read

∫ 1

0

dx σNLO{2} (x; xp1, p2;µ
2
F

)
=
∑

a′

∫ 1

0

dx

∫

2

[

dσLOa′b (xp1, p2) ⊗ (K + P)a,a
′

(x)
]

ǫ=0
(3.149)

=
∑

a′

∫ 1

0

dx

∫

dΦ(2)(xp1, p2) 2,a′b〈k1, k2; xp1, p2|Ka,a′(x) + P
a,a′(x;µ2

F )|k1, k2; xp1, p2〉2,a′band similarly for (a ↔ b) and (p1 ↔ p2). It is important to note that for pro
ess (b),both gb and bg Born pro
esses are needed to 
onstru
t the dipoles. The 
olour-
hargeoperators K and P are expli
itly given in App. B.
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ross se
tion 
al
ulation3.5 High and low 
harged Higgs mass: diagramremovalAll of the previously des
ribed 
al
ulations are valid in a straightforward fashion for
harged Higgs masses higher than the top mass mH− > mt. If, however, the 
hargedHiggs mass is lower than the top quark mass mt, the top propagator of some amplitudes
an go on-shell, resulting in a drasti
 in
rease in the total 
ross se
tion. This happensfor two amplitudes of pro
ess (b) on Fig. 3.11 and also for the se
ond amplitude shownin Fig. 3.14 for pro
esses (d). Although this is what happens in Nature, one wouldprefer having a way to separate at this stage the 
ontributions 
oming from top anti-topprodu
tion and its interferen
e with 
harged Higgs produ
tion. We will dis
uss here onlythe 
ase of diagram removal (DR) and leave the des
ription of the diagram subtra
tions
heme and the analysis of both up to a later point.In DR, the top anti-top produ
tion is removed at amplitude level. If we separate theamplitudes of a real pro
ess with 
olliding partons α and β into 
ontributions whi
hpro
eed through tt̄-produ
tion, Att̄
αβ, and those whi
h do not, AtH−

αβ ,

Aαβ = Att̄
αβ + AtH−

αβ , (3.150)squaring the amplitudes gives rise to three di�erent quantities:
|Aαβ|2 = |AtH−

αβ |2 + 2R
(
AtH−

αβ Att̄∗
αβ

)
+ |Att̄

αβ|2 (3.151)
= Sαβ + Iαβ + Dαβ. (3.152)The term Dαβ 
ontains neither 
ollinear nor soft singularities. The interferen
e term

Iαβ 
ontains infrared singularities when only the matrix element squared are 
onsidered,but those are integrable when multiplied by the phase spa
e fa
tor. These terms aretherefore sometimes referred to as subleading with respe
t to the ones in Sαβ . So Sαβ
ontains all the singularities whi
h have to be regularised via the subtra
tion formalism.Sin
e diagram removal requires removing tt̄ produ
tion at the amplitude level, the onlyelement whi
h is kept is Sαβ . This 
ontains all the leading divergen
ies and the dipoleswe used in the mH− > mt 
ase are still valid and 
an be taken over as su
h.Removing diagrams from amplitude level 
auses the loss of gauge invarian
e. A 
on-siderable part of [96℄ has been dedi
ated to the analysis of this impa
t. They 
onsidereddi�erent gauges for the gluon propagator and found di�eren
es of per mille order. Oneaspe
t whi
h has not been 
he
ked yet in previous papers, but whi
h has drawn ourattention, is the impa
t of the polarisation sum of external gluons.Consider an amplitude with an external gluon with four-momentum k and polarisationve
tor ǫ with polarisation λ. The easiest and qui
kest way of 
al
ulating the matrixelement squared is to repla
e the polarisation sum
P µν(k) =

∑

λ=1,2

ǫµ(k, λ)ǫν(k, λ) (3.153)
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P µν(k) = −gµν . (3.154)In doing this, we not only sum over the physi
al, transverse polarisations of the gluon,but also over non-physi
al longitudinal ones. Usually we would add ghosts wheneverne
essary to re
over the right sum. In this 
ase, individual matrix element squaredterms have no meaning and only their sum is gauge invariant. But sin
e in DR a subsetof those diagrams is to be removed, there is no proper way to do this using the simplepolarisation sum. Of 
ourse the statement for the polarisations

ǫµ(k, λ)ǫµ(k, λ
′

) = −δλλ′ (3.155)is still valid, and we also have
ǫ · k = 0, (3.156)but unfortunately this �xes the 
hoi
e for the polarisation ve
tor not 
ompletely if k2 = 0as in our 
ase. These 
onditions need to be supplemented with an additional statement,introdu
ing a new four-ve
tor η su
h as
η · ǫ = 0. (3.157)This will result in the following expression for the polarisation sum:

P µν(k) = −gµν − 1

(k · η)2

[
η2kµkν − k · η (kµην + ηµkν)

]
, (3.158)where the sum is now really only over physi
al polarisations. Usually the η-dependen
edrops out when 
al
ulating a gauge invariant quantity but this will not be our 
ase aswe argued earlier. Sin
e in the gg-
hannel we have to deal with two external gluons withmomenta ka and kb and polarisation ve
tors ǫa and ǫb, we introdu
e two new four-ve
tors

ηa and ηb and we 
hoose
ηa = kb, (3.159)
ηb = ka, (3.160)in order to respe
t the aforementioned 
onstraints.
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Now that we have at our disposal a 
omplete NLO 
al
ulation for tH− produ
tion, we
an turn to the integration into Monte Carlo event generators. In a �rst part, we des
ribedi�erent issues 
onne
ted to event generators. We then 
omment on the MC�NLOimplementation, for whi
h our NLO 
ode provides a useful 
he
k. Additionally, weperform di�erent phenomenologi
al studies using tH− produ
tion in MC�NLO, fo
usingon aspe
ts whi
h lead to 
ontributions in systemati
 un
ertainty evaluations. In a thirdpart, we des
ribe in detail the implementation of NLO tH− produ
tion in POWHEGand dis
uss some relevant distributions.4.1 Monte Carlo event generatorsMonte Carlo event generators numeri
ally implement the predi
tions of 
ross se
tion
al
ulations. The 
al
ulation of the hard s
attering often involves very 
ompli
ated �-nal state phase spa
e integrations, whi
h 
an no longer be performed analyti
ally, sothat spe
i�
 Monte Carlo integration te
hniques have been developed to address thisissue. Also, 
omparing experimental data with theoreti
al predi
tions is simpli�ed withMonte Carlo 
odes, be
ause eventual kinemati
 
uts 
an be applied trivially. Anotheradvantage of a Monte Carlo simulation is that it allows to simulate, to a 
ertain degreeof a

ura
y, the real experiment and 
an be used for di�erent tests and estimationsas, for example, a 
he
k of whether the real experiment would be feasible in a reason-able amount of time. Modern resear
h in parti
le physi
s is intimately linked to MonteCarlo estimations, as they intervene in several steps: during the R&D phase to testsub-dete
tor performan
es, for data analysis in order to estimate the signal and ba
k-ground fra
tion and optimise their ratio, and to perform statisti
al tests. We will seethat dressing hadroni
 pro
esses with low energy gluon radiation 
an also be done by a
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ode. Thus, the notion of Monte Carlo is very broad and 
an have severalmeanings, depending on whi
h a
tion the attention is fo
used on.Fixed-order Monte Carlo 
odes generate partoni
 �nal states a

ording to the exa
tmatrix elements, to a given order in perturbation theory. They provide a

urate des
rip-tions of well separated, hard jets, whi
h 
orrespond to parton 
on�gurations away fromthe singular 
ollinear and soft regions. In these regions, large logarithmi
 enhan
ementsimply the need to use resummed 
ontributions and this 
an be done via another type ofMonte Carlo generators, the all-order event generators. This allows one to swit
h fromthe theoreti
ally well de�ned parton �nal states to the more realisti
 hadroni
 statesobserved in parti
le physi
s dete
tors. The art lies in the 
onne
tion of both regimes.Today, there are two major 
odes for whi
h it is possible to generate events with NLOmatrix elements for the hard pro
ess and that subsequently passes them over to anall-order Monte Carlo 
ode for showering and hadronisation. These are MC�NLO andPOWHEG and will be dis
ussed in more detail in dedi
ated se
tions. As we have seenin Fig. 2.1, the stru
ture of a simulated event is as follows: a primary hard pro
ess, 
al-
ulated to some �xed order in pQCD, is handed over to a parton shower, whi
h dressesin
oming as well as outgoing partons with additional radiation. The generation of thein
oming spa
e-like and the outgoing time-like parton showers is done using modi�edversions of the DGLAP equations for PDFs and fragmentation fun
tions. These showerdevelopments are still in the perturbative regime. Then, non-perturbative intera
tionstake over and 
onvert the showers into outgoing hadrons, whi
h may also de
ay. On topof this, the beam remnants have to be taken 
are of, and se
ondary intera
tions maygive rise to an underlying event.Sin
e Monte Carlo generators for hadroni
 events are based on QCD, one would thinkthat there are in prin
iple only a few basi
 parameters to be set, as the quark massesfor example. But due to the di�erent ne
essary perturbative and non-perturbativeapproximations, there are a
tually many more. The perturbative expansion depends onthe renormalisation and fa
torisation s
ales, the parton shower needs 
ut-o� s
ales, notto talk of all the parameters that 
ome with the e�e
tive hadronisation and underlyingevent models. Most of these input parameters are unphysi
al and are sele
ted by eithersti
king to the default values, often guestimates, or, more realisti
ally, by tuning thedi�erent programs to experimental data.4.1.1 The parton showerA parton shower Monte Carlo program is used to simulate QCD jets by performingparton bran
hings in terms of the Sudakov form fa
tor. The 
ross se
tion of a hardpro
ess σ0, whi
h produ
es partons of �avour i, 
an be linked to the 
ross se
tion dσ, inwhi
h the hard pro
ess is a

ompanied by a parton j with momentum fra
tion z, by
dσ ≈ σ0

∑partons j,k αs2π

dθ2

θ2
Pi→jk(z)dz, (4.1)



4.1 Monte Carlo event generators 87where P is a set of universal, �avour- and spin-dependent splitting fun
tions. Theseare valid only in the 
ollinear limit, i.e. for θ → 0, and they are independent of theexa
t de�nition of the z variable, as for example the energy fra
tion or the light-
onemomentum fra
tion, of parton j with respe
t to parton i.This fa
torisation allows a quite straightforward implementation in a Monte Carlogenerator of the showering pro
edure by iteration: the hard pro
ess is used to generateone 
ollinear splitting and then this new �nal state 
an be used as input again to dofurther splittings. This iterative pro
ess has to be stopped some time, whi
h brings usto the question of what a �nal state parton a
tually is. Sin
e a physi
al measurement isnot able to distinguish between a pair of 
ollinear partons and a single parton with thesame total momentum, we have to introdu
e some resolution 
riterion and generate onlythe distributions of the resolvable partons. For example, one 
an say that two partonsare resolvable if their relative transverse momentum is above some 
ut-o� Q0. So thesoft and 
ollinear divergen
ies are 
ut o� and the total resolvable emission probabilityis �nite.In the leading-logarithmi
 pi
ture, a parton shower 
an be seen as a sequen
e of 1 → 2bran
hings, where the mother parti
le a produ
es two daughter parti
les b and c. Then,ea
h daughter is free to bran
h in its turn, giving ultimately something like a tree-likestru
ture. The kinemati
s of the bran
hings are given by two variables Q2 and z, whi
hoften di�er from one parton shower program to another. For example, in Pythia, thedefault algorithm is 
alled mass-ordered be
ause it uses the squared e�e
tive mass ofthe bran
hing parti
le as s
ale Q2 = m2
a.1 A se
ond algorithm uses the transversemomentum as s
ale variable Q2 = p2

T = z(1 − z)m2. The z variable is just the energyand momentum fra
tion taken by one of the daughters, so that the other one takes 1−z.In Herwig, the s
ale asso
iation is done via Q2 = m2/(2z(1 − z)).In this formalism, the di�erential probability for parton a to undergo a bran
hing isgiven by
dPa =

∑

b,c

αs
2π
Pa→bc(z)dtdz, (4.2)where the variable t = ln Q2

Λ
is linked to the energy s
ale of the pro
ess and 
an beseen as an analogue of a time variable, with whi
h the shower develops. Λ is the s
aleat whi
h αs is evaluated, and the splitting kernels for the di�erent possibilities 
an befound in App. B. Sin
e for �nal state showers, all virtualities involved are time-like,the maximum allowed virtuality starts at the hard s
attering s
ale and evolves down tothe 
ut-o� s
ale Q0. So the t parameter 
ontrols the development of the shower, andea
h bran
hing is asso
iated with a �xed value of t. For a given t, the integral of the1The e�e
tive bran
hing mass is linked to the 
ut-o� s
ale Q0 by mg = Q0/2 for gluons and mq =

√

m2
q +Q2

0
/4 for quarks.



88 Event generator implementationbran
hing probability over all allowed z values z ∈ [z−(t), z+(t)
] is given by

Ia→bc(t) =

∫ z+(t)

z−(t)

dz
αs
2π
Pa→bc(z). (4.3)The probability that a bran
hing o

urs during a small interval δt is given by∑b,c Ia→bcδtand the probability of no bran
hing is given by one minus this term. If t0 is the startingvalue, the probability of no bran
hing between t0 and t 
an be derived by taking thelimit δt→ 0

Pno br(t0, t) = exp
(

−
∫ t

t0

dt
′
∑

b,c

Ia→bc(t
′

)
)

= Sa(t). (4.4)This is the Sudakov form fa
tor.The a
tual probability that a bran
hing o

urs at time t is then given by
dPa
dt

= −dPno br(t0, t)
dt

=
(∑

b,c

Ia→bc(t)
)

exp
(

−
∫ t

t0

dt
′
∑

b,c

Ia→bc(t
′

)
)

, (4.5)where the �rst term on the right hand side is the naive bran
hing probability and these
ond term en
odes the suppression due to the 
onservation of the total probability.These are the evolution equations whi
h govern the shower development. But thereare several ambiguities in the algorithm 
onstru
tion. First, whatever variable we 
hosefor Q2 and z, it is 
orre
t in the 
ollinear limit, but may have di�erent extrapolationsaway from that limit. Then, as the hard s
attering matrix element 
ontains on-shellpartons and the PS generates a virtuality for the partons, the energy-momenta haveto be shu�ed between partons in some way to be 
onserved, but the 
ollinear approx-imation gives no spe
i�
ation as to how this has to be done. This means that all thedi�erent methods on the market have the same leading 
ollinear logarithmi
 a

ura
ybut di�er in the sub-leading terms that they ne
essarily introdu
e. Also, the strong
oupling in the shower αs(Λ) is s
ale dependent. As the s
ale de
reases, the 
ouplingbe
omes larger and it be
omes easier and easier to emit further gluons until at smallenough s
ales the emission probability be
omes of order one and phase spa
e �lls withsoft gluons. This means that we have to impose some 
ut-o� s
ale Q0 ≫ ΛQCD toavoid the large-
oupling region. This is not a mere theoreti
al quantity but has physi
alrelevan
e sin
e it is a�e
ting observables. The PS is thus not just a purely perturbativedes
ription but indu
es power 
orre
tions, usually of the order Q0/Q, whi
h 
ontributeto the non-perturbative stru
ture of the �nal state.The evolution we have just des
ribed is a �nal state evolution. In prin
iple, initialstate evolution is very similar. In pra
ti
e however, this proves to be extremely ine�-
ient. The majority of partons have low energy and virtuality, and it would then be veryrare to produ
e the right kinemati
s to give the hard pro
ess of interest. Therefore, it ismore e�
ient to �rst sele
t the hard pro
ess, and then dress it with additional radiation
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kwards evolution: the probability distribution for a parton of given momentumfra
tion and value of evolution s
ale to have 
ome from one at higher momentum andlower s
ale is generated and this pro
edure is iterated until the evolution s
ale rea
hesthe infrared 
ut-o�. Then, the non-perturbative model of the remnant left behind takesover. It is important to note that the 
lassi�
ation into initial and �nal state emission isarbitrary and only the sum of both is physi
ally meaningful to reprodu
e the underlyingquantum me
hani
al amplitude.We have seen in the real matrix element 
al
ulation that two di�erent 
on�gurationslead to divergen
ies: 
ollinear and soft gluons. It turns out that soft gluon e�e
ts 
anbe 
orre
tly taken into a

ount by a 
ollinear PS algorithm provided that the open-ing angle is used as evolution s
ale. For the mass-ordering algorithm, this is not the
ase and additional requirements on allowed emissions have to be set. This leads toangular-ordered or 
oheren
e-improved PS, like Herwig for example. The pT -orderedshower however leads to the 
orre
t 
oheren
e e�e
t without additional 
onstraints. Asa 
onsequen
e of angular-ordering, the �rst emission is often not the hardest one andhis 
an be troublesome for mat
hing the PS to matrix elements.A general 
omment about PS 
an be made for the very low x regime where logarithmsof the momentum fra
tion at ea
h splitting 
an be very large and a di�erent resumma-tion te
hnique is needed, as BFKL [97℄ or CCFM [98℄ for example. Sin
e it seems verylikely that some pro
esses at the LHC will have originated from momentum fra
tionsbelow the 10−4 or event 10−5 range, they will thus signi�
antly be a�e
ted by them, andalterations to the PSs will have to be made.Additional aspe
tsHadronisation models Sin
e the earliest developments, the term hadronisation hasbeen used with di�erent meanings, always referring to what happens after the PS stage.Nowadays it refers to the model used in an event generator, whi
h performs the transi-tion from the showered 
oloured partoni
 �nal state to the 
omplete 
olourless hadroni
�nal state. Again, sin
e this is an IR pro
ess, the 
oales
en
e of gluons and quarks intohadrons happens too late to have any e�e
t on the hard intera
tion itself and the hadro-nisation pro
ess 
an be de
oupled from the hard s
attering. But sin
e this lies in thenon-perturbative regime of QCD, only e�e
tive models are available. The PS output isa set of 
oloured partons with low virtuality around the PS-
uto� s
ale Q0. Ideally, Q0should just be a parameter, and the hadronisation model should also have a parameter
Q0, whose e�e
t would 
an
el out the PS dependen
e when both 
odes are run one afterthe other. It turns out however that this is not possible sin
e model de�
ien
ies retainthis dependen
e. Thus Q0 is another parameter to be adjusted with data and whosevariation has to be taken into a

ount in systemati
 un
ertainty studies.A general 
on
ept for hadronisation is the lo
al parton-hadron duality, where one sup-poses that the �ow of momentum an quantum numbers at hadron level is di
tated by



90 Event generator implementationand follows the underlying parton level. This means that, for example, the �avour of ajet is that of a quark lo
ated near the jet axis, a fa
t whi
h will be
ome very importantfor physi
al analyses based on the identi�
ation of b jets. There are three main streamsin fragmentation modelling: string models, independent fragmentation and 
luster for-mation, although various hybrid implementations also exists.The prin
iple of string fragmentation is based on the Lund model, in whi
h a quark qand antiquark q̄ are 
onne
ted via a 
olour string. Under the assumption of linear 
on-�nement, the potential energy of the 
olour �eld in
reases linearly as the two parti
lesmove away from ea
h other. The potential energy stored in the 
olour �ux tube beingstret
hed in
reases until a new qq̄ pair is generated via quantum tunnelling. This stringbreak up pro
ess is iterised until only hadrons whi
h are on their mass-shells remain.Di�erent string breaks are supposed to be 
ausally dis
onne
ted. Gluon 
ompli
ate thispi
ture a bit, they are modelled as kinks in the strings. The general string assignmentis not unique but in the leading 
olour approximation, the leading 
ontributions 
omefrom strings stret
hing between the 
losest partons having opposite 
harges. String frag-mentation is the default hadronisation model used in Pythia, although other options arealso available.Cluster models start by de
aying all gluons non-perturbatively into qq̄ pairs [99℄, andthen form an intermediate stage of 
olour-singlet 
luster obje
ts with a 
hara
teristi
mass s
ale of a few GeV. The 
lusters are seen as superpositions of meson resonan
eswhi
h �nally de
ay into hadrons. Herwig's hadronisation model is based on 
lusterfragmentation.Underlying soft event In hadron-hadron 
ollisions, typi
ally only one parton fromea
h hadron parti
ipates in the hard s
attering, leaving behind the rest of the hadron,
alled beam remnant. The underlying event des
ribes what happens with those beamremnants. Sin
e this is manly low pT s
attering pro
esses, perturbative 
al
ulation isnot adequate. This is a domain whi
h is still poorly understood, di�erent e�e
tive mod-els are available. In Herwig, for example, the remnants are modelled via beam 
lusters.The 
olour 
onne
tion between the beam remnants and the partons whi
h parti
ipate inthe hard intera
tion is broken by a for
ed emission of a soft qq̄ pair, and the underlyingevent is a soft 
ollision between the two beam 
lusters. The implemented model is basedon a modi�ed version of the minimum bias pp-event generator used in the UA5 
ollab-oration. In PYTHIA, di�erent multiple parton intera
tions are modelled and there areattempts to keep the 
olour 
onne
tion. The default version uses Poisson distributionover the threshold s
ale pminT , usually around 2 GeV, and swit
hes to a simpli�ed twostring model under this threshold.In the next se
tion, we review the major MC based event generators whi
h are 
ur-rently used [100℄. We divide them a

ording to the stru
ture of their �nal output, but
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ent a
tivity on all fronts, these boarders are not �xed, and some programsevolve into another 
ategory by adding features to their initial purpose 
ode.4.1.2 Multiple purpose generatorsThere are a set of 
odes, 
alled multiple purpose event generators, whi
h are ableto perform one or more steps down to the generation of events. We will only reviewhere three multiple-purpose event generators whi
h automati
ally 
ombine LO matrixelement generation with parton shower dressing and hadronisation to produ
e 
ompletehadroni
 �nal states.
• PYTHIA [101℄ [102℄ has been developed out of the Lund string model, and thisprovides the default hadronisation s
heme. The 
ode 
ontains a wide range ofhard subpro
esses at LO and has relatively elaborate models for soft physi
s. Thebasi
 parton 
as
ades use virtuality ordering with 
olour 
oheren
e imposed in thetime-like 
as
ades via a veto on opening angles. Many tunes to LEP and Tevatrondata exist.
• HERWIG [103℄ pla
es its emphasis on the perturbative des
ription of an event.It uses sophisti
ated parton showers whi
h build in 
olour 
oheren
e automati-
ally via ordering of suitable evolution variables and in
ludes angular 
orre
tions.Hadronisation is done using the 
luster model.
• Sherpa [104℄ provides parti
le produ
tion at tree level in the SM and beyond. The
omplete set of Feynman rules for the MSSM have been implemented, in
ludinggeneral mixing matri
es for inter-generational squark and slepton mixing. Otheravailable models are the ADD model of Large Extra Dimensions, anomalous gauge
ouplings, a model with an extended Higgs se
tor and a version of the 2HDM.Due to their relatively evolved and mu
h-tested parton shower and hadronisation models,they are often 
oupled to other Monte Carlo 
odes whi
h provide the matrix element
al
ulation.4.1.3 Matrix element generatorsMatrix Element (ME) generators provide events based on the 
omputation of tree-level matrix elements with a �xed number of partons in the �nal state and they generallydo not in
lude any form of showering or hadronisation. The output �nal states thus
onsist of bare quarks and gluons, whi
h have to be used as input in a dedi
ated partonshower 
ode. This may however 
ause problems, be
ause a kinemati
 
on�gurationwith n �nal state partons 
an be obtained in di�erent ways, by starting from n − mpartons generated by the tree-level matrix element generator and 
ompleting them by

m extra partons provided by the shower. Di�erent strategies have been devised to dealwith this over-
ounting problem. Usually, the ME generators feature a prede�ned listof partoni
 pro
esses. If they provide multi-leg amplitudes, these 
odes additionally
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lude powerful phase-spa
e sampling algorithms whi
h have been optimised for thespe
i�
 pro
ess, sin
e they are strongly and irregularly peaked. We will fo
us on asmall set of existing ME generators, most of whi
h are intensively used by the ATLAS
ollaboration for signal and ba
kground pro
ess simulations.
• The A
erMC [105℄ event generator is dedi
ated to the generation of SM ba
k-ground pro
esses in pp 
ollisions at the LHC. The program provides a rather largelibrary of matrix elements and phase spa
e modules to be used for generation ofa set of sele
ted pro
esses, as for example Z and W asso
iated with heavy jetsprodu
tion with their de
ay. Also in
luded are top and single top produ
tion, butonly in
orporating part of the NLO 
orre
tions. The matrix elements have been
oded by the MadGraph/HELAS pa
kage.
• AlpGEN [106℄ is designed for the generation of SM pro
esses in hadroni
 
olli-sions, with emphasis on �nal states with large jet multipli
ities. It is based onthe exa
t leading order evaluation of partoni
 matrix elements, with the in
lusionof b and t quark masses, as well as t quark and gauge boson de
ays with heli
ity
orrelations.
• The JIMMY generator is a library of routines whi
h are meant to be linked withHERWIG. The original version of the JIMMY 
ode [107℄ fo
usses on photopro-du
tion.
• VECBOS is a LO MC program for in
lusive produ
tion of a W -boson plus up tofour jets or a Z-boson plus up to three jets in hadron 
ollisions. The 
orrelationsof the ve
tor boson de
ay fermions with the rest of the event are built in.
• The MCFM [108℄ program is designed to 
al
ulate 
ross-se
tions for variousfemtobarn-level pro
esses at hadron-hadron 
olliders. For most pro
esses, matrixelements are in
luded at NLO and in
orporate full spin 
orrelations. Implementedpro
esses [109℄ fo
us onW and Z produ
tion with additional jets, diboson produ
-tion, as well as Higgs produ
tion in asso
iation with jets and pro
esses 
on
erningheavy quarks, c, b and t, su
h as single top for example.There are also automated matrix element generators where the user only has to spe
ifythe initial and �nal state parti
les for the pro
ess he is interested in, and then theprogram enumerates the di�erent Feynman diagrams whi
h 
ontribute to that pro
essand writes the 
ode to evaluate the matrix elements. These 
odes typi
ally fo
us onSM parti
les and 
ouplings, but some SM extensions are also implemented. Sin
e manypa
kages in
lude phase spa
e sampling routines, they are also able to generate partoni
events. The limiting fa
tor for these 
odes is the user's 
omputing power.
• The CompHEP [110℄ 
ode starts from the level of Feynman rules for a gaugemodel Lagrangian and 
al
ulates the matrix element for any SM or MSSM pro-
ess de�ned by the user. It 
an then generate the Feynman diagrams and presentthem in a graphi
al form with a Latex output, or 
ompute the squared Feynman
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ally and then numeri
ally 
al
ulate LO 
ross se
tions and distri-butions. After numeri
al 
omputation, unweighted events 
an be generated alongwith their 
olour �ow information. It allows for the 
omputation of s
atteringpro
esses with up to six parti
les and de
ay pro
esses with up to seven parti
lesin the �nal state.
• MadGraph [111℄ allows the generation of amplitudes and events for any pro
esswith up to nine external parti
les in many di�erent models, su
h as the SM, Higgse�e
tive 
ouplings, MSSM and the general 2HDM. It provides a user-friendly in-terfa
e for the implementation of model extensions. MadGraph is part of theMadEvent software, where events at the parton, hadron and dete
tor level 
anbe generated dire
tly from a web interfa
e. It has a standalone running mode for
reating and testing matrix elements; generation of events 
orresponding to di�er-ent pro
esses, su
h as signal(s) and ba
kgrounds, in the same run; two platformsfor data analysis, where events are a

essible at the parton, hadron and dete
torlevel; and the generation of in
lusive multi-jet samples by 
ombining parton-levelevents with parton showers.Apart from MCFM, all the presented event generators are using LO matrix elements.The automatisation of NLO pro
esses is under way, there are pa
kages 
apable of gen-erating virtual 
ontributions, real 
ontributions and dipoles, but the mat
hing is stillnot at automated level.4.1.4 Charged Higgs spe
i�
 programsThe following se
tion brie�y summarises tools available 
on
erning 
harged Higgsbosons [112℄, whi
h are not primarily fo
used on event generation.
• FeynHiggs [113℄ 
on
entrates on the MSSM Higgs se
tion and 
an be used forthe 
al
ulation of mass spe
tra, mixings and a lot of other features.
• The 2HDM Cal
ulator [114℄ is a relatively new general-purpose 
al
ulator forthe 2HDM, whi
h allows di�erent parametrisations of the Higgs potential. It fea-tures a 
onvenient spe
i�
ation of generi
 Yukawa se
tors, in
ludes the evaluationof de
ay widths and is able to give theoreti
al 
onstraints.
• SuperIso [115℄ is a program for general 
al
ulations of �avour physi
s observables.This 
an be done either in the Standard Model (SM), in the general 2HDM, inthe MSSM and next to minimal supersymmetri
 Standard Model (NMSSM).
• HiggsBounds [116℄ is a 
omputer 
ode whi
h 
an be used to test theoreti
alpredi
tions of models with arbitrary Higgs se
tors against the ex
lusion boundsobtained from the Higgs sear
hes at LEP, the Tevatron and the LHC. It needsa sele
tion of Higgs se
tor predi
tions as input and then uses the experimentaltopologi
al 
ross se
tion limits from the various Higgs sear
hes to determine ifthis parameter point has been ex
luded at 95% C.L.
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• The Mat
hig [117℄ pa
kage has been available for some years, as a �rst step ofimprovement of the LO 
al
ulation towards NLO. The strategy is the following:both pro
esses gb → tH− and gg → tH−b̄ are produ
ed with PYTHIA at LO.The user 
an add them together and use MATCHIG to 
ompute and subtra
tthe double 
ounting term from b-parton densities whi
h have originated from thegluon splitting into bb̄-pairs. Although this is already an improvement over takinginto a

ount only the LO gb 
ontribution to 
harged Higgs produ
tion, it is not a
omplete NLO 
ode.4.1.5 Coupling a NLO event generator to a parton showerThe main di�
ulty of 
oupling a NLO 
al
ulation with a PS is that of avoiding over-
ounting, sin
e the PS already in
orporates approximate NLO 
orre
tions. The generalingredients are
• the Born 
ross se
tion B,
• the exa
t virtual and real 
ross se
tions V and R,
• the radiation 
ross se
tion of the PS RS, whi
h is generally related to the Altarelli-Parisi splitting kernels P (z) via

RS = B
1

t

αs
2π
P (z). (4.6)

• and the full phase spa
e Φ, whi
h 
an be fa
torised into the Born phase spa
e ΦBtimes the phase spa
e relative to the radiation variables of the PS ΦS
r , a

ordingto the reshu�ing pro
edure of the MC whi
h yields Φ from ΦB and ΦS
r .The 
ross se
tion of the hardest event is 
al
ulated a

ording to

dσ = B̄S(ΦB)dΦB
︸ ︷︷ ︸S event [

∆S
t0

+ ∆S
t

RS(Φ)

B(ΦB)
dΦS

r

︸ ︷︷ ︸MC shower ]

+
[

R(Φ) −RS(Φ)
︸ ︷︷ ︸H event ]

dΦ, (4.7)where the S- and H-event stands for the soft, resp. hard, event, and MC shower refersto the shower-dependent term. ∆S
t is the Sudakov form fa
tor and B̄S stands for

B̄S(ΦB) = B(ΦB) +
[

V (ΦB) +

∫

RS(Φ)dΦS
r

]

, (4.8)where the virtual and the real part are in�nite, but their sum is �nite.At this point, we 
an verify that the expansion of dσ mat
hes the exa
t NLO expres-sion from analyti
 
al
ulations. For this, we develop the Sudakov form fa
tor and alsorepla
e Eq.( 4.8) in the master expression, Eq.( 4.7), and obtain
dσ =

[

B + V +

∫

RSdΦS
r

]

dΦB

[

1 −
∫
RS

B
dΦS

r +
RS

B
dΦS

r

]

+
[

R− RS
]

dΦ. (4.9)



4.2 MC�NLO 95Now, keeping only terms up to NLO, we are left with
dσ =

[

B + V
]

dΦB +

∫

RSdΦBdΦ
S
r +BdΦB

[RS

B
dΦS

R −
∫
RS

B
dΦS

r

]

+
[

R− RS
]

dΦ

=
[

B + V
]

dΦB +BdΦB

[RS

B
dΦS

R +

∫
RS

B
dΦS

r −
∫
RS

B
dΦS

r

]

+
[

R− RS
]

dΦ

=
[

B + V
]

dΦB +
[

R− RS
]

dΦ +RSdΦ (4.10)whi
h 
an �nally further be simpli�ed to
dσ =

[

B + V
]

dΦB +RdΦ (4.11)whi
h is the exa
t NLO expression. All shower-dependent terms have been 
an
elledand are no longer present.There exist several merging approa
hes. We shall investigate two, MC�NLO andPOWHEG, stressing the di�eren
es and major advantages of ea
h method.4.2 MC�NLOThe MC�NLO approa
h [1℄ has been the �rst one to give an a

eptable solution to theover-
ounting issue, by subtra
ting from the exa
t NLO 
ross se
tion the approximationimplemented in the PS to whi
h the NLO 
al
ulation is mat
hed. Thus this methodis dependent on whi
h PS is used. The PS 
urrently 
oupled to MC�NLO is Herwig,although attempts are ongoing for pro
esses to be mat
hed with Pythia. A side-e�e
tof this method is that generally, the 
ross se
tion minus the subtra
tion term need notbe positive, and the output event might be a�e
ted with a negative weight. This is nota problem for general physi
s analysis whi
h use distributions of variables, but mightbe
ome a problem when one uses multivariate methods whi
h are fed one event at atime and often do not a

ept negatively weighted events.4.2.1 MC�NLO 
oupled to HerwigThe MC�NLO output events are infra-red safe observables whi
h have NLO a

ura
y,
ollinear emissions are resummed at the leading-logarithmi
 (LL) level and the doublelogarithmi
 region (for soft and 
ollinear gluon emission) is treated 
orre
tly by Herwig,sin
e it is based upon an angular-ordered bran
hing.In MC�NLO, the phase spa
e parametrisation has to be the one of the PS. S- andH-events are 
omputed by MC�NLO, the MC shower event is 
omputed by the PS(usually Herwig) and the di�erential 
ross se
tion is given by Eq. (4.7). In parti
ular forMC�NLO, the H-event is 
omputed using the PS approximation in the 
ollinear andsoft regions RSdΦr = RMCdΦMC
r . So the event generation algorithm goes through thefollowing steps:
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• First, it 
omputes the 
ross se
tions for S− and H−events a

ording to

σS =

∫

|B̄S(ΦB)|dΦB and σH =

∫

|R− RMC |dΦ. (4.12)
• Then, it 
hooses an S- or H-event with a probability proportional to the 
rossse
tions σS and σH .
• If an S-event has been 
hosen, Born kinemati
s are generated with probability
|B̄S(ΦB)| and they are fed to the PS for subsequent showering, with asso
iatedweight ±1, a

ording to the sign of B̄S(ΦB) whi
h is mostly 1, ex
ept for a verynarrow region where the virtual 
ontributions are strongest. This is �normal� andhas nothing to do with the negative weights problem of MC�NLO.

• If however an H-event has been produ
ed, radiation kinemati
s are generatedwith probability R−RS and they are given over to the PS for further showering,with asso
iated event ±1, following the sign of R−RS, where it 
an happen thatthis term is negative. This is where the negative weights in MC�NLO 
ome from.Another issue 
onne
ted to this part is that the term R−RS must be non-singular,i.e. the PS must reprodu
e exa
tly the soft and 
ollinear singularities of the realmatrix elements, This is in fa
t not always the 
ase, as some PS are not a

uratein the soft limit.In the following, we will brie�y review di�erent aspe
ts of 
harged Higgs produ
tionthat have been studied using the MC�NLO implementation.4.2.2 Comparison of tH− NLO versus NLO+PS produ
tionThe implementation of tH− in MC�NLO [118℄ has been largely based on the previ-ously availableWt produ
tion [96℄. We will dis
uss here some key variable distributionsfor LHC 
ollisions at 14 TeV. Input masses are mt = 172 GeV for the top quark and
mH− = 300 GeV for the 
harged Higgs boson. The fa
torisation and renormalisations
ales have been put to µF = µR = (mt + mH−)/2, and the PDFs are the CTEQ5M1.Fig. 4.1 
ompares the predi
tions before showering, (pure NLO, in plain), to those aftershowering with Herwig (NLO+PS, in dashed). The pT distribution of the pair formedby the 
harged Higgs boson and the top quark shows the desired evolution: at valuesof pT it is tending to zero, the pure NLO result be
omes negative due to the virtual
ontributions. This behaviour is regularised by the PS for whi
h the small value of theSudakov form fa
tor, i.e. the probability for no additional gluon emission, dampens thedistribution at zero. Thus the (NLO+PS) 
urve starts at zero and then evolves up tothe maximum value, before plunging down again at high pT values.



4.2 MC�NLO 97

 [GeV]
sum 

p
0 50 100 150 200 250 300 350 400

]
−1

 [G
eV

su
m

 
/d

p
σd

−410

−310

−210

−110

1
NLO
MC@NLO

 [GeV]
h,

p
0 50 100 150 200 250 300 350 400

]
−1

 [G
eV

h,
/d

p
σ

)dσ
(1

/
3

10

0

1

2

3

4

5

6

7

NLO
MC@NLO

Figure 4.1: Comparison between pure NLO against NLO 
oupled to the PS Herwig. The leftplot shows the pT distribution of the 
harged Higgs boson plus top quark, whereas the rightplot displays the pT of only the 
harged Higgs boson. Parameters are set a

ording to thevalues quoted in the text.4.2.3 Systemati
 un
ertainty studiesIn this part, we will assess the impa
t di�erent parameters 
an have on the tH− NLO
ross se
tion predi
tions. Their variation 
an be used to infer systemati
 un
ertainty onthe theoreti
al 
ross se
tion predi
tion, whi
h is a vital input for any physi
s analysis.4.2.3.1 Dependen
e on the PDF �t input bottom massIn this se
tion, we present a study [119℄ of the dependen
e of the tH− produ
tion
ross se
tion on the bottom mass used in the MSTW2008 PDF �t. Bottom partondensities are based on the splitting of an o�-shell gluon into a pair of massive bottoms.While for light-�avour quarks the splitting threshold is of the order of ΛQCD and hen
enot numeri
ally relevant, for bottoms it is in the range of perturbative QCD. Thismakes it a relevant input parameter in the 
omputation of bottom parton densities andwhose variation has to be a

ounted for in a systemati
 un
ertainty evaluation. To �rstapproximation, a shift in the bottom mass 
hanges the logarithmi
 parton densities by
log

M

mb
→ log

M

mb + δmb
= log

M

mb
− log

(

1 +
δmb

mb

)

≃ log
M

mb
− δmb

mb
. (4.13)For well motivated appli
ations of the bottom parton densities in whi
h the kinemati
s
ale is mu
h higher than the bottom mass (M ≫ mb), the un
ertainty due to thebottom mass be
omes in
reasingly irrelevant. Relative and absolute 
ross se
tion valuesfor varying input bottom mass PDF sets have been 
omputed and are given in Tab. 4.1.



98 Event generator implementationTable 4.1: Absolute and relative produ
tion rates for tH− produ
tion at NLO, varying theinput bottom mass in the on-shell s
heme. The 
oupling is �xed by tanβ = 30, and therenormalisation s
ale is µ = (mt +mH)/2.
mH = 200 GeV mH = 500 GeV mH = 800 GeV7 TeV 14 TeV 14 TeV 14 TeV

mb σ[pb] σ/σ4.75 σ[pb] σ/σ4.75 σ[pb] σ/σ4.75 σ[pb] σ/σ4.754.25 0.1845 1.055 1.279 1.049 0.1168 1.045 0.01989 1.0444.50 0.1796 1.026 1.248 1.025 0.1142 1.021 0.01945 1.0214.75 0.1750 1.0 1.219 1.0 0.1118 1.0 0.01905 1.05.00 0.1708 0.976 1.192 0.978 0.1096 0.980 0.01868 0.9815.25 0.1668 0.953 1.166 0.957 0.1074 0.961 0.01832 0.9774.2.3.2 Diagram removal versus diagram subtra
tionAs was already seen in Chapter 3, interferen
e between H−t and tt̄ produ
tion o

urswhen mH− < mt. In this 
ase, diagrams where the H−t produ
tion o

urs via tt̄ give alarger and larger 
ontribution due to the intermediate top quark propagator going on-shell. This is not permitted by the kinemati
s of the �nal state if mH− > mt. Althoughthis is what happens at quantum level, both pro
esses do interfere, and one needsan arti�
ial separation pro
edure. This will be an approximation for
ed by pra
ti
alpurposes only, and it has to be 
he
ked whether the separation remains meaningful,i.e.that the interferen
e term remains small, depending on the �nal state 
uts applied tothe analysis. Sin
e this problem already arose for Wt produ
tion at NLO, two di�erents
hemes were proposed: the diagram removal (DR) and diagram subtra
tion (DS). Theywere designed in su
h a way that the di�eren
e between them measures the degree ofinterferen
e between H−t and tt̄ produ
tion. This di�eren
e may then be used to givean estimate of the systemati
 un
ertainty due to interferen
e e�e
ts.We have seen that DR removes the problemati
 diagrams at amplitude level, leadingto a gauge-dependent 
al
ulation. In DS, the NLO H−t produ
tion 
ross se
tion ismodi�ed by a lo
al subtra
tion term, whi
h removes the 
ontributions of the resonantdiagrams in a point-by-point fashion in phase spa
e
dσDSH−t = dσH−t − dσsubH−t. (4.14)There are two requirements on the exa
t form of the subtra
tion term:1. If the invariant mass of the H− b subsystem is equal to the top mass, the subtra
-tion term should give exa
tly the fully ex
lusive tt̄ 
ross se
tion, with t→ Hb, soa to 
ut-out the resonant region.2. Away from the resonant region, the subtra
tion term should fall o� rapidly, so asnot to alter the H−t NLO 
ross se
tion.This pro
edure has the advantage of being gauge invariant.The H−t produ
tion 
ross se
tion in both the DR and DS s
heme as a fun
tion of the
harged Higgs boson mass 
an be seen in Fig. 4.2.
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Figure 4.2: Comparison between the DR and DS s
hemes. [119℄A 
hange in the slope 
an be observed for the low mass region with respe
t to the highmass region, both at 7 and 14 TeV. Due to the design of both methods, DS a
ting on
ross se
tion level and DR on amplitude level, the interferen
e term is still present in theDS 
ase but not for DR. Thus the di�eren
e between both measures the interferen
e.Sin
e there is not mu
h di�eren
e between the DR and DS 
ross se
tion values, theinterferen
e term is small. This might however not be the 
ase in a physi
al analysis,where 
uts on sele
ted event topologies are used. Of 
ourse, users have to keep in mindthat both evaluation methods present �aws. In parti
ular, the DS result depends onthe exa
t form of the subtra
tion term, and the DR result is gauge-dependent. Thein�uen
e of the gauge-dependen
e from the gluon propagator and of the form of thesubtra
tion term have been investigated and found to be small [96℄.4.2.3.3 Four- versus �ve-�avour-s
hemeThe NLO 
al
ulation of 
harged Higgs produ
tion, whi
h was presented in Chap-ter 3, was performed using an in
oming b quark mass equal to zero. This de�nes the�ve-�avour s
heme (5FS). Potentially large logarithms ln(µF/mb), whi
h arise from thesplitting of in
oming gluons into nearly 
ollinear b̄b pairs 
an be summed to all ordersin perturbation theory by introdu
ing bottom parton densities. The use of bottom dis-tribution fun
tions is based on the approximation that the outgoing b quark is at smalltransverse momentum and massless, and the virtual b quark is almost on-shell.This is however not the only way the 
al
ulation 
an be done. Several PDF 
ollabora-tions have published sets without b PDFs, to be used for pro
esses with a massive initialstate b quark. In the four-�avour s
heme (4FS), the b is thus not 
onsidered masslessanymore. The lowest-order QCD produ
tion pro
esses are now gluon�gluon fusion andquark�antiquark annihilation, gg → tbH± and q̄q → tbH±, respe
tively [120℄.To all orders in perturbation theory the four-and �ve-�avour s
hemes are identi
al, butthe way of ordering the perturbative expansion is di�erent, and sin
e the series is trun-
ated at NLO, the results do not mat
h exa
tly at �nite order. It is therefore importantto 
ompare the numeri
al results of both s
hemes. Fig. 4.3 shows that while the 5FS



100 Event generator implementationpredi
tion (in red) has a 
entral value above the 4FS 
ross se
tion, but both 
al
ulationsagree within the theoreti
al error bands. Additionally, one 
an see that the error bandsare larger for the 4FS 
al
ulation than for the 5FS. As dis
ussed before, this is due tothe expli
it presen
e of the b mass logarithms and was to be expe
ted.

 [GeV]H-M
200 250 300 350 400 450 500

(p
p 

   
t[b

]H
 )

 [f
b]

-
σ

→

10

100

4FS

5FS

LH
C

 H
IG

G
S

 X
S

 W
G

 2
01

0

=7 TeVs

- t[b]H→pp 

NLO QCD
=30βtan 

 [GeV]H-M
200 250 300 350 400 450 500

(p
p 

   
t[b

]H
 )

 [f
b]

-
σ

→

100

1000

4FS

5FS

LH
C

 H
IG

G
S

 X
S

 W
G

 2
01

0

=14 TeVs

- t[b]H→pp 

NLO QCD
=30βtan 

Figure 4.3: Comparison between the 4- and 5-FS 
ross se
tion predi
tions at the LHC for 7and 14 TeV. [121℄ Error bands are obtained by varying the fa
torisation and renormalisations
ales between µ/3 < µ0 < 3µ, with µ0 = (mt+mb+m
−
H)/3 for the 4FS and µ0 = (mt+m

−
H)/4for the 5FS.4.3 POWHEGAn alternative to MC�NLO is POWHEG [2℄, whi
h stands for Positive Weight Hard-est Emission Generator. The major improvements over MC�NLO are that this program

• yields only positive-weighted events
• and is PS independent.Also, the POWHEG-BOX [122, 123℄ provides a user-friendly stru
ture to add NLO
al
ulations for new pro
esses.4.3.1 POWHEG 
oupled to an arbitrary parton showerThe master equation for event generation of the hardest 
on�guration in POWHEGis still Eq. (4.7), but this time the H-event uses not the real emission of the PS butrather

RSdΦr = RF (Φ), (4.15)where F is a fun
tion of the total phase spa
e Φ, respe
ting
0 ≤ F (Φ) ≤ 1, (4.16)and where F (Φ) → 1 in the soft and 
ollinear limit. This means that S-events, H-eventsand also the MC-shower part are generated by POWHEG. Only then are they passed



4.3 POWHEG 101to the PS for subsequent showering by imposing no radiation for t > tPOWHEG. In thisway, the event generation is PS independent, sin
e the hardest emission is always donewithin POWHEG. Furthermore, sin
e now the quantity
R−RS = R(1 − F (Φ)) > 0 (4.17)
annot be negative anymore, events generated with POWHEG have positive weights.4.3.2 Code stru
tureWe will now explain in detail the di�erent parts of the POWHEG tH− implemen-tation [124℄. The re
ently developed environment of the POWHEG-BOX allows analmost straightforward implementation for NLO 
al
ulations, if the following elementsare provided:1. the list of all �avour stru
tures of the Born and the real pro
esses,2. the Born phase spa
e,3. the Born squared amplitudes B, the 
olour 
orrelated ones Bij , spin 
orrelatedones Bµν and the Born 
olour stru
tures in the limit of a large number of 
olours,4. the real matrix elements squared for all relevant partoni
 pro
esses, and5. the �nite part Vfin of the virtual 
orre
tions

V =
(4π)ǫ

Γ(1 − ǫ)

(µ2
R

Q2

)ǫαs
2π

[(C2

ǫ2
+
C1

ǫ

)

B + Vfin
]

, (4.18)where B is the Born pro
ess 
omputed in D = 4 − 2ǫ dimensions.For 
harged Higgs produ
tion, all these elements have been presented in Chapter 3,and they have been implemented. In the POWHEG formalism, a pro
ess is de�ned byits parti
le 
ontent and ea
h parti
le is en
oded via the PDG numbering s
heme, ex
eptfor gluons whi
h are assigned the value 0. The order of the �nal state parti
les has tobe respe
ted: �rst are listed 
olourless, then heavy 
oloured and then massless 
olouredparti
les. Thus the Born pro
ess be
omes
(bg → H−t) → [5, 0,−37, 6] . (4.19)The POWHEG 
ode stru
ture relevant for tH− produ
tion 
ontains the following For-tran �les:1. init_
ouplings.fThe init_pro
esses subroutine has to start by de�ning the index of the �rst
oloured light parton in the �nal state. In our 
ase, this is the additional jetfrom the real emission, parti
le number 5 a

ording to the 
lassi�
ation 
ode�st_lightpart = 5.
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esses are to be referen
ed. There are two for tH−produ
tion �st_nborn = 2,with a gluon 
oming from one hadron and b quark 
oming from the other one, orvi
e versa:
[5, 0,−37, 6] and [0, 5,−37, 6] . (4.20)Then, all real emission pro
esses are assigned a number in the list. We have�st_nreal = 30pro
esses in total. Our list is given in Tab. 4.2 a

ording to the di�erent initialstates.Table 4.2: Pro
ess numbers of the di�erent real emissions. Here q = d, u, s, c.Pro
ess number Initial state Pro
ess number Initial state1 bg 16-19 q̄b2 gb 20-23 qq̄3 gg 24-27 q̄q4-7 bq 28 bb̄8-11 qb 29 b̄b12-15 bq̄ 30 bb2. Born_phsp.fIn the born_phsp subroutine, integration variables, named xborn(i), for the Bornphase spa
e are generated between zero and one. The hadroni
 
ross se
tion 
anbe linked to the di�erential partoni
 
ross se
tion dσ̂ via the integration

σ =

∫ 1

0

fa/A dxa

∫ 1

0

fb/B dxb

∫ tmax

tmin

dσ̂

dt
dt (4.21)

=

∫ τmax

τmin

dτ

∫ ymax

ymin

dy fa/A fb/B

∫ tmax

tmin

dσ̂

dt
dt, (4.22)where fi/I is the PDF of parton i inside hadron I with momentum fra
tion xi, andwe have performed the 
hange of variables

y = ln
xa√
xaxb

and τ = xaxb. (4.23)The integration limits are given in Tab. 4.3.The Ja
obian 
ontribution due to the 
hange of integration variables xborn(i) →
(τ, y, t) is

∆jac = (τmax − τmin) × (ymax − ymin) × (tmax − tmin), (4.24)



4.3 POWHEG 103Table 4.3: Integration limits for the hadroni
 
ross se
tion.Variable V Vmin Vmax

τ
(m

H−+mt)2

sH
1

y 1
2
ln τ −1

2
ln τ

t 1
2
(t1 − t2)

1
2
(t1 + t2)

t1 = m2
t +m2

H− − s, t2 =
√

(s−m2
t −m2

H−)2 − 4m2
tm

2
H−whi
h has to be multiplied with 2π for the integration over the azimuthal angle

φ, that will be randomly generated by POWHEG. Then the di�erent kinemati
alvariables are built in the 
entre of mass referen
e frame and in the lab frame viaboosts.This Fortran �le also 
ontains the subroutine set_fa
_ren_s
ales, where the renor-malisation and fa
torisation s
ales are to be set. The usual 
onvention is to use
µR = µF =

mt +mH−

k
, (4.25)where k is to be varied for un
ertainty studies.3. Born.fThe subroutine setborn 
ontains the fa
tors for the 
olour-
orrelated Born am-plitude. They are given in Se
tion 3.4. In 
ompborn the Born matrix elementsquared is given as well as the spin 
orrelated Born matrix element

Bµν = −
(

SµSν + SµTν + TµSν + TµTν
)

. (4.26)It is the Born term before summing over the initial gluon polarisations, withnormalisation a

ording to
B = −gµνBµν , (4.27)where gµν is the metri
 tensor.The running Yukawa 
ouplings are 
omputed a

ording to the dis
ussion in Se
-tion 3.2.5. The subroutine born
olour_lh 
ontains the 
olour �ow of the Bornterm in the large NC limit, shown in Fig. 4.4.4. real_ampsq.fIn this subroutine, the real emission matrix element squared results are assigned
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Figure 4.4: Colour �ow in the Born 
ontribution [5, 0,−37, 6] and for swit
hed in
omingpartons [0, 5,−37, 6] .to the pro
esses with the pro
ess number de�ned in the ini_pro
esses subroutine.They are given by their straightforward 
al
ulation with all 5 momenta used.While the di�erent 
ombinations are not independent and a subset of them haveto be used for 
omparison purposes to existing 
al
ulations, this is not a problemhere.5. virtual.fThis �le 
ontains the �nite term of the virtual 
ontributions, as de�ned in Eq. 4.18.The term is split a

ording to the �nite terms stemming from D,C,B fun
tionsand leftover parts. General, non-divergent C-fun
tions and Euler dilogarithms are
omputed using fun
tions 
ontained in the loopfun.f �le [125℄.The POWHEG-Box does not need dipole 
al
ulations as input, sin
e they are 
om-puted automati
ally by the 
ode in the FKS formalism. While running, the 
ode pro-du
es a pwhg_
he
klimits �le in whi
h the ratio of the from the Born information gen-erated dipoles and the real emission pro
esses are given in the soft and 
ollinear limit.This provides a �rst and useful 
he
k of the 
onsisten
y of the implementation.4.3.3 Comparison of tH− NLO versus NLO+PS produ
tionAs a 
onsisten
y 
he
k, we show various normalised distributions, whi
h 
ompare thepure NLO 
al
ulation (blue line), the POWHEG + Herwig result (red line) and theMC�NLO + Herwig output (bla
k line) for a 
harged Higgs boson mass of mH− = 300GeV and tan β = 30, and a 
entre-of-mass energy of the LHC of √S = 14 TeV. Theleft plots of Fig. 4.5 display the transverse momentum distribution of the 
harged Higgsboson and the top quark. All distributions 
an be seen to agree within the statisti
alpre
ision. The same 
omment applies to the rapidity distributions of the 
harged Higgsboson and the top quark, shown on the plots on the right in Fig. 4.5.The normalised distribution of the transverse momentum of the system formed by thetop and 
harged Higgs boson is displayed on the left of Fig. 4.6. The pure NLO 
urveis negative for the �rst bin and then rea
hes very high values. This typi
al behaviouris seen to be smoothened by the PS for both the POWHEG and the MC�NLO result,whi
h are again in agreement with ea
h other. A resummed 
al
ulation would also besimilar to the PS behaviour. The plot on the right shows the azimuthal angle between



4.3 POWHEG 105the top quark and the 
harged Higgs boson. Again, the PS regularises the behaviour ofthe NLO 
al
ulation at φ = π, and the MC�NLO and POWHEG output are 
onsistentwith ea
h other.

Figure 4.5: Normalised distributions 
omparing the pure NLO 
al
ulation (blue line), thePOWHEG + Herwig result (red line) and the MC�NLO + Herwig output (bla
k line) for the
harged Higgs and the top quark transverse momentum pT and rapidity y.

Figure 4.6: Normalised distributions 
omparing the pure NLO 
al
ulation (blue line), thePOWHEG + Herwig result (red line) and the MC�NLO + Herwig output (bla
k line) for thepair transverse momentum pT,top+H and the azimuthal angle φ between the top quark and the
harged Higgs boson.
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lusionThese four 
hapters have lead a long way up to a 
omplete MC implementationof NLO 
harged Higgs boson produ
tion. We have seen that diverse MC 
odes arebased on di�erent assumptions and in
lude unphysi
al parameters whi
h have to beoptimised on data. We have listed a small set of studies, fo
using on their e�e
t forsystemati
 un
ertainties. Su
h theoreti
al error bands are of paramount importan
e ina 
omparison to real data. An additional fa
tor, whi
h should not be negle
ted, is thatthe 
omplexity of those MC 
odes implies that they almost inevitably 
ontain bugs. Allthese reasons imply the ne
essity to use di�erent MC simulations whenever possible togenerate the pro
esses one is interested in. The implementation in MC�NLO along withits 
ounterpart in POWHEG a

omplish exa
tly that goal and both have to be used toevaluate this systemati
 un
ertainty. Although the MC generation 
an already be usedfor di�erent phenomenologi
al studies, it is not yet suited for a physi
al analysis. Westill need data to 
ompare our predi
tions with, and a 
ode whi
h enables us to runthe generated events through the dete
tor simulation to be able to 
ompare both on anequal footage.



Comme il est profond, 
e mystère de l'Invisible. Nous ne pouvons le sonderave
 nos sens misérables, ave
 nos yeux qui ne savent aper
evoir ni le trop petit,ni le trop grand, ni le trop près, ni le trop loin, ni les habitants d'une étoile, niles habitants d'une goutte d'eau... ave
 nos oreilles qui nous trompent, 
ar ellesnous transmettent les vibrations de l'air en notes sonores. Elles sont des fées quifont 
e mira
le de 
hanger en bruit 
e mouvement et par 
ette métamorphosedonnent naissan
e à la musique, qui rend 
hantante l'agitation muette de lanature... ave
 notre odorat, plus faible que 
elui du 
hien... ave
 notre goût,qui peut à peine dis
erner l'âge d'un vin! Ah, si nous avions d'autres organes quia

ompliraient en notre faveur d'autres mira
les, que de 
hoses nous pourrionsdé
ouvrir en
ore autour de nous! Guy de Maupassant, �Le horla� 5Startup of the Large HadronCollider
In this Chapter we will review the start of operation of the new proton-proton 
olliderinstalled in the LEP tunnel at the CERN resear
h fa
ility near Geneva. We will alsodes
ribe the ATLAS dete
tor and see how the event information from pp 
ollisions isassembled. In the last se
tion, we detail the software framework of ATLAS and lookat event generation in this 
ontext. It is the duty of every ATLAS member to performa 
ertain amount of work useful to the whole 
ollaboration, 
alled servi
e task. Wewill have a brief glan
e at the servi
e task performed during this thesis, a work whi
hinvolved 
omparing the 
omplete simulation of events in ATLAS to a CPU-optimisedversion.5.1 The LHCThe Large Hadron 
ollider (LHC), a 27 km long proton-proton 
ollider, is the last stepin the a

elerator 
hain [126℄ represented in Fig. 5.1. It starts with a duoplasmatron ionsour
e, where ele
trons form a 
athode �lament hit gaseous hydrogen atoms, liberatingthe protons that will eventually end up in the high energy 
ollisions. They are a

el-erated to 750 keV with a radiofrequen
e quadrupole. A se
ond a

eleration is given bythe LINAC where the protons rea
h 50 MeV and are given over to the booster, pushingthem up to 1.4 GeV. Next, several bun
h trains are formed in the Proton Syn
hrotron(PS), i.e. the protons 
ir
ulate now in groups of 1011, 
alled bun
hes, with a nominalspa
ing in between the groups of 25 ns. After rea
hing 26 GeV in the PS, they are shoottowards the Super Proton Syn
hrotron (SPS). Warmed up to 450 GeV in the SPS, theyare now kno
king on the door of the LHC. Proton bun
hes are then inje
ted stepwise



108 Startup of the Large Hadron Colliderinto the LHC, up to a total of 2808 at nominal luminosity. The 40 MHz design 
ollisionrate 
ould theoreti
ally allow up to 3564 bun
hes, but some holes are to be left in theorbit for the ki
ker inje
tion magnets.

Figure 5.1: The a

elerator 
omplex at CERN.The �rst su

essful operation of the LHC was a
hieved on the 10th of September2008, where proton beams were 
ir
ulating in the whole 
ir
umferen
e of the a

eleratorfor the �rst time. No proton-proton 
ollisions were initiated, but experiments 
ouldre
ord 
ollision events between beam protons and the low density gas present in thebeam va
uum and between protons and beam stop elements. Nine days later, on the19th of September 2008, about 100 magnets were quen
hed [127℄. The sour
e of thequen
h was a faulty ele
tri
al 
onne
tion between two dipoles during a ramping test.A resistive zone developed and triggered the quen
h prote
tion system. In addition tothis, an ele
tri
al ar
 pun
tured the helium en
losure and a large amount of heliumes
aped into the va
uum system. The valves 
ould not handle the enormous pressure ofmore than 0.15 MPa and the helium was released into the beam pipes, the neighbouringse
tors and �nally the tunnel itself. During this sudden pressure release many magnetsbe
ame misaligned, some were even mispla
ed by several tens of 
m. All operations hadto be stopped to allow repairs, the magneti
 system had to be warmed up, 14 brokenquadrupoles and 39 dipoles had to be brought to the surfa
e for repairs and the beampipe had to be 
leaned on a length of 4 km. New safety systems were installed, aboveall a new quen
h prote
tion system with spe
ial dete
tors, better valves and strongermagnet an
horing. During this time, the experiments went trough a long 
ommission-ing period with 
osmi
 rays. The LHC �nally 
ame ba
k to life the 20th of November
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Figure 5.2: The ATLAS 
ontrol room.2009 and reported the �rst 
ollisions three days later at an inje
tion energy of 900 GeV.After a brief shutdown during the winter of 2009, the ma
hine has been running witha redu
ed 
entre of mass energy of 3.5 TeV, and �nally powered up to 7 TeV in Mar
h2010. It has been working extremely well ever sin
e, progressively redis
overing the SMwhile grading up in luminosity. The LHC will however still need a relatively long shut-down, evaluated to last approximately one and a half year, to upgrade its magnets withthe safety requirements mandatory for 14 TeV 
ollisions at nominal luminosity. This iss
heduled to happen in 2012 and 2013.Among the di�erent experiments lo
ated at the LHC, we will zoom in on one of thetwo multipurpose dete
tors, the ATLAS (A Toroidal LHC ApparatuS) dete
tor, situatedon the a

elerator opposite of the CMS (Compa
t Muon Solenoid) dete
tor.5.2 Taking Control of ATLASThe general idea of the ATLAS dete
tor dates ba
k to the year 1992, when the letterof intent was published and proposed a general purpose pp experiment [128℄. It took onmore shape two years later with the Te
hni
al Design Proposal [129℄ and assemblagewas a

omplished in the beginning of 2008. Now that proton beams are 
ir
ulatingand 
olliding in the LHC, taking data with the dete
tor requires about twenty peopleat all time in the Control Room. In this se
tion we will take a walk through theATLAS Control Room, shown on Fig. 5.2, where the ATLAS sub-dete
tors are groupedin desks a

ording to their purpose. This is intended to give only a brief overview, sin
ea thorough des
ription 
an be found in [130℄ (from 1999) and more re
ent information(from 2008) is given in [131℄. By walking into the ATLAS 
ontrol room from the entran
eon the left, the �rst desk we en
ounter on our tour is responsible for the inner dete
tor.



110 Startup of the Large Hadron Collider5.2.1 The Inner Dete
torWhen parti
les are produ
ed in hadroni
 
ollisions, the �rst sub-dete
tor they 
rossis the Inner Dete
tor (ID). Its purpose is to re
onstru
t tra
ks from 
harged parti
lesand measure intera
tion verti
es. A pre
ise tra
k re
onstru
tion, espe
ially near theintera
tion point, is mandatory to distinguish parti
les 
oming from the primary vertexwhere the initial pp intera
tion happened, from eventual displa
ed verti
es 
oming from
b quarks for example. Therefore, the ID 
ombines high-resolution dete
tors near theintera
tion point and 
ontinuous tra
king elements at the outer region. At nominalluminosity, about 1000 parti
les will be 
reated at the 
ollision point every 25 ns. Giventhis enormous tra
k density, the momentum and vertex resolution requirements putstringent 
onstraints on the dete
tor te
hnology, imposing �ne-granularity dete
torssu
h as semi
ondu
tor tra
king dete
tors with sili
on mi
ro-strip and pixel te
hnology.The ID 
overs pseudorapidities of |η| <2.5, extends 6.2 m in length and 2.1 m in radius.As 
an be seen on Fig. 5.3, it 
onsists of three independent but 
omplementary sub-dete
tors:

Figure 5.3: The ID is 
omposed of three sub-dete
tors. Nearest to the intera
tion point, thepixel dete
tor is 
omposed only of a 
ylindri
al barrel, whereas the SCT and TRT are ea
hmade of a barrel and two end-
aps.The pixel dete
tor was designed to provide a high-granularity, high pre
ision setof measurements as 
lose as possible to the intera
tion point. The high-granularity re-quirement is ful�lled via a total of 140 million dete
tor elements and the implementedsystem in three layers gives three pre
ision measurements over the full a

eptan
e. Inthis way, the pixel dete
tor determines the impa
t parameter resolution, and �nds short-lived parti
les su
h as B-hadrons or τ leptons.The semi-
ondu
tor tra
ker system 
overs the |η| < 2.5 region and is 
omposedof eight layers of sili
on mi
ro-strip dete
tors whi
h perform pre
ision measurements ofthe 
harged parti
le tra
ks with a resolution of ≈ 200µm. It has a 
oarser granularity
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tor be
ause it is further away from the intera
tion point.The transition radiation tra
ker allows to dis
riminate between ele
trons andpions. It is made up of straw dete
tors of very small diameter (4 mm) and 
overs therange within |η| < 2.0. It provides 36 measurements along a tra
k. The spa
ial tra
kresolution is less than 0.15 mm for 
harged parti
les tra
ks of pT > 0.5 GeV. The TRTis operated with a gas mixture of 70% xenon, 20 % CO2 and 10 % CF4, with a totalvolume of 3 m3. The xenon is used to add ele
tron identi�
ation 
apability by dete
tingtransition-radiation photons 
reated in a radiator between the straws. The TRT isoperated at room temperature, but the sili
on sensors of the other two sub-dete
torshave to be 
ooled down to −25◦C.5.2.2 The 
alorimetryWe 
ontinue our tour of the Control Room with the desk behind the ID group: herewe are in the Liquid Argon se
tion. The purpose of a 
alorimeter is to measure theenergy deposit and its dire
tion. This is done via a sampling te
hnique, whi
h 
onsistsin alternating layers of passive dense material, where the metalli
 absorber intera
tswith the in
oming parti
les, and a
tive layers of s
intillator, whi
h 
olle
t the depositedenergy and generate the signal. In ATLAS, the a
tive medium of the 
alorimeter is liquidargon, be
ause of its ex
ellent performan
e in terms of energy and position resolution.The passive absorber is lead. By separating the 
alorimeter in small segments bothlongitudinally and transversally, the parti
le tra
k and its identity 
an be dete
ted. Allelements of the ATLAS 
alorimeter 
an be seen in Fig. 5.4.

Figure 5.4: The ATLAS 
alorimetry system.
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Figure 5.5: The a

ordion geometry of theECAL absorber layers.

The ele
tromagneti
 
alorimeter (ECAL)measures photons and ele
trons, and is 
om-posed a barrel and two end-
aps. While trav-elling through dense matter, highly energeti
ele
trons lose their energy predominantly bybremsstrahlung. For high-energeti
 photons,the main pro
ess is e+e− pair produ
tion.These two me
hanisms 
ombine to produ
ean ele
tromagneti
 (EM) shower. The 
har-a
teristi
 amount of traversed matter is 
alledthe radiation length X0, with units g cm−2.This is the mean distan
e over whi
h a high-energy ele
tron loses all but 1/e of its energyvia bremsstrahlung1. This is an appropriatelength s
ale for the des
ription of EM 
as-
ades and the physi
al size of EM 
alorimeters(ECALs) is usually of the order of 15 to 30 X0,so as to 
ontain the whole shower. The a

ordion geometry for the ECAL absorber lay-ers, shown in Fig. 5.5 has been retained be
ause it provides naturally a full φ 
overagewithout any 
ra
ks and leads to a very uniform performan
e in terms of linearity andresolution as a fun
tion of φ. Over the region devoted to pre
ision physi
s (|η| < 2.5), theECAL is segmented in three se
tions in depth. The �rst layer, 
omposed of �ne-grainedstrips along the η dire
tion, provides an ex
ellent γ − π0 dis
rimination. The se
ondlayer has a lateran granularity of 0.025×0.025 in (η, φ) spa
e. This is where the most ofthe ele
tromagneti
 shower of highly energeti
 ele
trons is 
olle
ted. The third se
tionis the ba
k layer whi
h enables a 
orre
tion to be made for the tail of highly energeti
EM showers. These three layers are 
omplemented by a presampler layer (|η| < 1.8)pla
ed in front to 
orre
t for energy loss in the material before the 
alorimeter. Thetransition region between barrel and end-
ap in the 1.37 < |η| < 1.52 region has poorerperforman
e due to the large amount of material in front of its �rst a
tive layer.Jets begin showering in the ECAL but 
ontinue to the hadroni
 
alorimeter (HCAL)parts: the tile barrel and extended barrel, and both end-
aps. The HCAL in ATLAS
overs the range |η| < 4.9 with very di�erent te
hniques. Over the range |η| < 1.7, thebarrel and extended barrel fun
tion using iron tiles as s
intillating material and iron asabsorber. Over the range 1.5 < |η| < 4.9, LAr 
alorimeters were 
hosen: the hadroni
end-
ap 
alorimeter (HEC) extends to |η|3.2, while the range 3.1 < |η|4.9 is 
overed bythe high-density forward 
alorimeter (FCAL), whi
h has longitudinal segmentation inthree layers. An important parameter in the design of the hadroni
 
alorimeter is itsthi
kness: it has to provide good 
ontainment for hadroni
 showers and redu
e pun
h-through into the muon system to a minimum. For hadroni
 
alorimeters (HCALs), theequivalent of the radiation length is the nu
lear intera
tion length λ. The total thi
kness1Here, e = 2.718 is the base of the natural logarithm and not the ele
tri
 
harge.



5.2 Taking Control of ATLAS 113is 11 λ at η = 0, in
luding about 1.5 λ from the outer support. This is adequate toprovide good resolution for high energy jets. Together with the large η-
overage, thiswill also guarantee a good missing transverse energy measurement, whi
h is importantfor many physi
s signatures, as single top for example.5.2.3 The muon spe
trometerWe now leave the LAr desk, pass the 
entral desk where the shift leader overviewsthe smooth �ow of operations, and visit the muon boys on the left 
orner of the ATLAS
ontrol room. They look after
• the Monitored Drift Tubes (MDT),
• the Thin Gap Chambers (TGC),
• the Cathode Strip Chambers (CSC) and
• the Resistive Plate Chambers (RPC),whi
h 
onstitute the ATLAS muon system, displayed in Fig. 5.6. The muon system is
omposed of two parts: the 
oarsely grained but fast triggering system and the dete
tion
hambers whi
h give an a

urate measurement of the muon momenta. The muon spe
-trometer determines the overall dimensions of the ATLAS dete
tor. The outer barrel
hambers are at a radius of about 11 m and the half-length of the barrel toroid 
oilsis 12.5 m. The third layer of the forward muon 
hambers, whi
h are mounted on the
avern wall, is lo
ated at about 23 m away from the beam 
rossing point.

Figure 5.6: The ATLAS Muon spe
trometer.
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on
eptual layout of the muon spe
trometer is based on the magneti
 de�e
tionof muon tra
ks in the large super
ondu
ting air-
ore toroid magnets. Over the range
|η| < 1.0, magneti
 bending is provided by the large barrel toroid. For 1.4 < |η| < 2.7,muon tra
ks are bent by two smaller end-
ap magnets inserted into both ends of thebarrel toroid. Over 1.0 < |η| < 1.4, usually referred to as the transition region, mag-neti
 de�e
tion is provided by a 
ombination of barrel and end-
ap �elds. This magnet
on�guration generates a �eld that is mostly orthogonal to the muon traje
tories, whileminimising the degradation of resolution due to multiple s
attering.The tra
king system, arranged on three stations around the beam axis, is 
omposed ofMonitored Drift Tubes (MDTs) and Cathode Strip Chambers (CSCs). CSCs are multi-wire proportional 
hambers with 
athode planes segmented into strips in the planeorthogonal to the beam axis. The MDTs 
onstrain the muon tra
ks in the z 
oordinatewith a pre
ision of 35 µm and 
over a range of |η| < 2.7. At larger pseudorapidities and
lose to the intera
tion point, the CSCs provide 
omplementary tra
k information in the
R 
oordinate with a pre
ision of 40 µm and in the φ dire
tion with a 10 µm pre
ision.Opti
al alignment systems ensure that the stringent 
onstraints on the me
hani
al a
-
ura
y of the pre
ision 
hambers are met.The trigger system, installed in the pseudorapidity range |η| < 2.4, is 
omposed ofResistive Plate Chambers (RPCs) in the barrel and Thin Gap Chambers (TGCs) in theend-
ap regions. Their intrinsi
 time resolution (1.5 ns for the RPCs and 4 ns for theTGCs) is appropriate for triggering and to identify the bun
h 
rossing.5.2.4 LUCID and ALFALUCID( LUminosity measurement using Cherenkov Integrating Dete
tor) is a dete
-tor primarily dedi
ated to online relative luminosity monitoring by 
ounting Cherenkovphotons 
reated by parti
les from minimum bias events. The dete
tor 
onsists of twenty

Figure 5.7: LUCID position in the ATLAS dete
tor.aluminium tubes whi
h surround the beam-pipe and point toward the intera
tion point,



5.2 Taking Control of ATLAS 115as shown on Fig. 5.7. The tubes are �lled with C4F10 and are kept at a 
onstant pressureof 1.2 − 1.4 bar, in order to provide a Cherenkov threshold of 2.8 GeV for pions and 10MeV for ele
trons. Two dete
tors are installed, one in ea
h end-
ap region of ATLAS,at a distan
e of 17 m from the intera
tion point and at 10 
m radial distan
e from thebeam-line. The �at surfa
e of ea
h tube whi
h points ba
k to the intera
tion point isbla
k to prote
t against beam ba
kground. The quartz window is however sensitive tobeam ba
kground, beam halo muons in parti
ular.The se
ond dete
tor dedi
ated to the luminosity measurement, ALFA (Absolute Lu-minosity For ATLAS), is lo
ated at 240 m from the intera
tion point on both sides. Theluminosity measurement is done with s
intillating �bre tra
kers lo
ated inside Romanpots, whi
h approa
h the beam as 
lose as 1 mm.5.2.5 ATLAS as a wholeWe have assembled pie
e by pie
e the ATLAS dete
tor, whi
h 
an be seen in its fullextension on Fig. 5.8.

Figure 5.8: The ATLAS dete
torThe whole dete
tor has a length of 44 m and a diameter of 22 m, for a total weightof 7000 tons. The primary goal of the experiment is to be able to operate at high



116 Startup of the Large Hadron ColliderTable 5.1: The general performan
e goals of the ATLAS dete
tor. The units for the energies
E and transverse momentum pT are in GeV.Dete
tor 
omponent Required resolution η 
overageMeasurement TriggerID σpT

pT
= 0.05% pT ⊕ 1% ± 2.5ECAL σE

E
= 10%√

E
⊕ 0.7% ± 3.2 ± 2.5HCALBarrel and End-Caps σE

E
= 50%√

E
⊕ 3% ± 3.2 ± 3.2Forward σE

E
= 100%√

E
⊕ 10% 3.1 < |η| < 4.9 3.1 < |η| < 4.9Muon spe
trometer σpT

pT
= 10% at pT = 1 TeV ± 2.7 ± 2.4luminosity and re
onstru
t as many signatures as possible. The ATLAS dete
tor as itis now has ex
ellent dete
tion 
hara
teristi
s, listed in Tab. 5.1. The general formulafor the energy resolution of the 
alorimeters [8℄ is

σE
E

=
a√
E

⊕ b⊕ c

E
. (5.1)where the input energies E are given in GeV and the ⊕ sign indi
ates that the termsare added in quadrature. The a 
oe�
ient is 
alled the sto
hasti
 term and in
ludesstatisti
s-related �u
tuations as for example intrinsi
 shower �u
tuations, sampling �u
-tuations and photoele
tron statisti
s. Also a

ounted for in this term is the dead mate-rial in front of the 
alorimeter. This 
oe�
ient is of order of a few per
ent for homoge-nous 
alorimeters, but is more important, of the order of 10 %, for sampling 
alorimeters,whi
h is the 
ase here. The b 
oe�
ient is the systemati
 or 
onstant term, whi
h in-
ludes e�e
ts from the dete
tor non-uniformity, 
alibration un
ertainties and radiationdamage to the a
tive medium. This terms 
an be minimised if radiation-hard materialis used and submitted to frequent in situ 
alibration and monitoring. The c 
oe�
ienta

ounts for ele
troni
 noise.The tra
king quality of the ID and the muon spe
trometer is indi
ated via the positionresolution

σpT

pT
=

a√
E

⊕ b. (5.2)



5.2 Taking Control of ATLAS 117These numbers show that the original requirements listed in the ATLAS te
hni
alreport are met. The high luminosity and bun
h 
rossing frequen
y at the LHC makes itan extremely 
hallenging experimental environment for the dete
tors, whi
h need fastand radiation-hard 
omponents and ele
troni
s, as well as high dete
tor granularity tobe able to handle the high parti
le �uxes and be 
apable of distinguishing overlappingevents. The following points sum up the advantages of the whole dete
tor:
• The ID provides a good 
harged-parti
le momentum resolution and re
onstru
-tion e�
ien
y in the inner tra
ker. This is parti
ularly important to distinguishprimary from se
ondary verti
es, as required for b-tagging.
• Muons, ele
trons, photons and jets are the very 
ore of most physi
s analysis 
han-nels. The good ele
tromagneti
 
alorimetry for ele
tron and photon identi�
ationand measurements is 
omplemented by full-
overage hadroni
 
alorimetry for a
-
urate jet and missing transverse energy measurements. Good muon identi�
ationand momentum resolution over a wide range of momenta is assured by the wholemuon system.
• Missing transverse energy 
an be re
onstru
ted very pre
isely, due to a large a
-
eptan
e in pseudorapidity with almost full azimuthal angle 
overage.5.2.6 The Root ControllerNow that we have put ATLAS together from the hardware point of view, we mustdo the same for the software. So we 
ome ba
k to the 
enter of the room to the RunControl shifter. His task is to assemble in the Root Controller the sub-dete
tors whi
hparti
ipate in the data taking session, shown on Fig. 5.9, using the ATLAS partition.Partitioning refers to the ability to provide the fun
tionality of the system to use only asubset of the ATLAS dete
tor if ne
essary. While this is not re
ommended in the 
ase ofa physi
s �ll, it is ne
essary during intermediate testing stages. Other tasks of the RunControl shifter in
lude setting the pres
ale keys handed over by the DAQ shifter and theparameters of the run, stop and start the runs and alert the 
orresponding sub-dete
torshifter if any error messages disrupt the data taking pro
ess.
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Figure 5.9: Snapshot of the Root Controller software [132℄.5.3 The Trigger and Data A
quisition Con
eptThe last desk we need to visit in the Control Room is responsible for trigger anddata a
quisition issues. The nominal 
ollision rate of the LHC will be of the order of
40 MHz. Out of all these 
ollisions, only a mere 200 Hz will ultimately be re
orded ontape (CASTOR). So the job of the Trigger and Data A
quisition (TDAQ) system is toredu
e the bun
h-
rossing rate to the requested 200 Hz re
orded events and transfer thedete
tor read-outs to the mass storage. The 
hallenge lies in the required overall reje
-tion fa
tor of 107 against minimum bias events while retaining an ex
ellent e�
ien
y forrare new physi
s pro
esses. The ATLAS trigger setup is based on three levels of onlineevent sele
tion, as shown in Fig. 5.10. Ea
h trigger level re�nes the de
ision made at theprevious level and applies, if ne
essary, additional sele
tion 
riteria. The level 1 (LVL1)trigger is an inbuilt, hardware trigger. The high level trigger (HLT) is split into two:the level 2 (LVL2) trigger and the event �lter (EF).The LVL1 trigger is responsible for the initial sele
tion based on redu
ed granularityinformation from a subset of dete
tors. High pT muons are identi�ed using only thetrigger 
hambers, RPCs in the barrel and the TGCs in the end-
aps. The 
alorimetersele
tions are based on redu
ed granularity information. Obje
ts sear
hed for by the
alorimeter trigger are for example high-pT ele
trons and photons, jets and tau leptonsde
aying into hadrons. They also in
lude large missing and total transverse energy.All those trigger information may be provided for a number of sets of pT -thresholds,typi
ally six to eight sets per obje
t type. The maximum rate of the LVL1 trigger is75 kHz. An essential requirement of the LVL1 trigger is to identify the bun
h-
rossingof interest. Given the short bun
h-
rossing interval (25 ns at design luminosity), this is
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Data recordingFigure 5.10: The ATLAS trigger s
heme.a non-trivial 
onsideration. For the muon trigger for example, the physi
al size of themuon spe
trometer implies times-of-�ight 
omparable to the bun
h-
rossing period. Forthe 
alorimeter trigger, the 
hallenge lies in the pulse shape of the 
alorimeter signals,whi
h extend over many bun
h-
rossings. The LVL1 is 
omposed of the Central Trig-ger Pro
essor (CTP) and ex
hanges signals with the dete
tor via the Trigger TimingControl (TTC) system. It sends the signal to either a

ept or reje
t the event to allTTC partitions, and gives the ROI information over to the L2 system. The pres
ale isa number N whi
h is set by the TDAQ shifter and means that 1 out of N events of thegiven type are a

epted.The HLT is 
omposed of 160 Read-Out System (ROS) PCs. The LVL2 trigger makesuse of the region of interest (ROI) information provided by the LVL1. This is 
omposedof position referen
e (η and φ) as well as pT information of 
andidate obje
ts, and en-ergy sums (missing ET ve
tor and s
alar ET value). The LVL2 sele
tively a

esses thisinformation, moving only the data that are required in order to make its de
ision. Ithas however a

ess to all of the event data, in
luding full granularity and pre
ision. Butthanks to the ROI me
hanism, only a small fra
tion of the event information is needed.After the LVL2 trigger, the last stage of the online sele
tion is performed by the EF,whi
h employs o�ine algorithms and even uses the 
alibration and magneti
 �eld maps.The EF makes its �nal de
ision on 
omplete physi
s events. The ROS passes the eventfragments to the Event Builder, whi
h fashions 
omplete events to pass over to the EF.If the event passes the requirements of the EF, the event is 
opied from the SubFarmOutput (SFO) to CASTOR via a python s
ript. Events a

epted by the EF are divided
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ording to their trigger signature. This enables a qui
k a

essto the data portion whi
h is relevant for the di�erent physi
s analysis. The streamingstru
ture was elaborated in referen
e [133℄ and its 
omposition for the 2010 physi
sdata [134℄ is given by the following in
lusive data streams:
• Egamma whi
h 
ontains ele
tron and photon obje
ts,
• JetTauEtMiss for jets, tau leptons and missing transverse energy,
• Muon for muons and
• minBias for minimum bias events.The streams 
an be in
lusive or ex
lusive. While an event 
ontaining an ele
tron and ajet would be in both the Egamma and JetTauEtMiss streams for the in
lusive 
on�gu-ration, it would enter a spe
ial overlap stream in the ex
lusive 
ase.One of the roles of the run 
ontrol shifter is to regularly verify that the event re-
onstru
tion 
hain for the triggers is working smoothly. In problemati
 
ases, i.e. ifone sub-dete
tor experien
es problems, the information �ow gets stu
k at some point,blo
king event re
ording. The system goes busy. The status of the di�erent sub-dete
torreadouts 
an be seen on the busy panel in Fig. 5.11. In order not to lose pre
ious 
ol-

Figure 5.11: The busy panel shows the o

upation of the sub-dete
tor read-outs.lision data, the experts from the sub-dete
tor have to resolve the problem as fast asthey 
an, to restore the optimal data taking 
on�guration. Ea
h data-taking sessionis identi�ed by a partition name and a run number (typi
ally a few hours long), and
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onstru
tion 121further subdivided into di�erent luminosity blo
ks (of a few minutes). Two di�erent
lo
ks are used: LHC whenever the beam 
on�guration is not 
hanging (BC1), andthe internal one (BCref) whenever LHC is ramping, i.e. a

elerating the bun
hes. Thea

eleration pro
ess alters the beams revolving frequen
y and this shifting 
lo
k 
ouldbe troublesome for the dete
tor. At those moments the triggers are automati
ally heldby the system. When the beam is dumped during or after the ramp, the whole systemhas to ramp-down anyway be
ause of the hysteresis-
y
le of the magnets.5.4 Event simulation and re
onstru
tionThe ATHENA [135, 6℄ 
ontrol framework is the ATLAS o�ine software whi
h isused to produ
e the full 
hain of simulated events, in
luding the dete
tor response andtrigger, and re
onstru
t simulated or real data in formats de�ned by the Event DataModel. This se
tion details these di�erent steps.5.4.1 Simulation 
hainThe simulation 
hain in the Athena framework is shown in Fig. 5.12.

Figure 5.12: Data �ow for simulation and 
ollision data. Pro
essing stages are represented byre
tangles, rounded re
tangles stand for EDM obje
ts. Dashed re
tangles are optional.
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tion are:
• Event generation is done using Monte Carlo generators, su
h as those des
ribedin Se
tion 4.1, whi
h have been approved from the 
ollaboration for the sele
tedphysi
s pro
ess. The generation is run from inside Athena and the output is
onverted into a 
ommon format by mapping into HepMC.
• The passage of parti
les through the dete
tor is simulated with the GEANT4ATLAS simulation (G4ATLAS). Provided fun
tionalities in
lude geometrydes
ription, the propagation of parti
les through the di�erent sub-dete
tors, thedes
ription of materials and the modelling of physi
s pro
esses. At this stage, itis also possible to simulate pile-up, i.e. the overlaying of signal and ba
kgroundevents. As 
an be seen on Fig. 5.12, this is optional in the simulation pro
essingpipeline. The output of G4ATLAS is in form of hits, whi
h are a re
ord of theintera
tions of parti
les in the dete
tor.
• The next stage is digitisation. The hits produ
ed either dire
tly by G4ATLAS,or from merged of pile-up events, need now to be translated into the output whi
hwould a
tually be produ
ed by the ATLAS dete
tors. This 
onversion is a verydete
tor-spe
i�
 task sin
e it should simulate the response of the readout ele
-troni
s. For example, it needs information as the propagation of 
harges for thetra
king dete
tors and the LAr 
alorimeter. A pa
kage exists for ea
h of the de-te
tor subsystems and the design and operating 
onditions (like magneti
 �eld orvoltage) of the dete
tors 
an be set using job-option parameters or taken from the
ondition or dete
tor des
ription database. The �nal output of the digitisationstep are Raw Data Obje
ts (RDOs or RAW) are identi
al to real dete
tor data,but may also 
ontain truth information from the MC parti
le generation.At this point, simulated and real 
ollision data have the exa
t same form and 
an bepro
essed with the same algorithms in the re
onstru
tion pro
ess.5.4.2 Event re
onstru
tionEvent re
onstru
tion is done in several stages, where ea
h step 
ontains a subset ofthe information available in the step before and obje
ts may be formed by 
ombinationof di�erent pie
es of information. The di�erent �le formats and their size are de�ned inthe Event Data Model.The Event Data Model (EDM) de�nes a number of su

essively derived data formats,whi
h begin with either raw or simulated data and evolve through re
onstru
tion intomore streamlined event representations, whi
h be
ome more and more suitable for aphysi
al analysis. The di�erent formats are
• The RAW data 
ontains the output of the ATLAS dete
tor information 
omingfrom the �nal trigger element, the Event Filter . The average event size is ≈ 1.6MB.
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• The Event Summary Data (ESD) 
onsists of both the dete
tor informationand the full output of the re
onstru
tion pro
ess in obje
t format as tra
ks (andtheir hits), 
alorimeter 
lusters and 
ells, 
ombined re
onstru
tion obje
ts et
.The initial nominal size at this stage is about 1 MB/event, but is to de
rease asthe understanding of the dete
tor improves.
• The Analysis Obje
t Data (AOD) is a redu
ed event representation whi
h
ontains a subset of the ESD information. It 
an be seen as a summary of eventre
onstru
tion using obje
ts su
h as ele
trons, muons, jets, et
. The nominal sizeis 100 kB/event.
• The Derived Physi
s Data (DPD) are skimmed/slimmed/thinned events de-rived from AODs and ESDs for spe
i�
 physi
s 
hannels. The data is redu
ed byremoving irrelevant 
ontainers and by sele
ting obje
ts and dropping informationfrom those obje
ts. Nominally the event size is about 10 kB on average but thereare large variations depending on the di�erent physi
s 
hannels.Repro
essing As we have seen, it is a quite long way from RAW 
ollision data tothe output format whi
h allows a physi
al analysis. In addition to this, the dete
tor
on�guration 
hanges over time, so that the most a

urate des
ription needs to be used.Often, 
ollision data will have to be repro
essed approximately two to three months aftera
quisition using improved 
alibration and alignment maps, whi
h have been obtainedfrom 
ontinued studies of the 
alibration stream data. This o�ine 
alibration pro
esssets the time s
ale for the repro
essing. In some 
ases it may be possible to repro
essstarting from ESD rather than going ba
k to the RAW data format.5.4.3 Fast vs Full SimulationThe simulation 
hain depends on what is used as input. For generated Monte Carloevents, dete
tor simulation is done via GEANT4 using a detailed model of the dete
torgeometry. Ea
h parti
le is propagated through the dete
tor material, generating hitswhi
h are then digitised, reprodu
ing the RAW data 
oming from ATLAS. But the use ofan extremely a

urate dete
tor des
ription has one major drawba
k: it is very CPU time
onsuming. Simulation 
an take up to several minutes just for one event, the greatesttime fra
tion being spent on the 
alorimeter se
tion. Considering the size of samplesneeded for physi
s analysis, the 
urrent full simulation setup of ATLAS will not bepossible for all physi
s requirements with su�
ient statisti
s. Therefore an alternativehas been set up, the fast simulation AtlfastII. The event re
onstru
tion 
hain for fullsimulation and fast simulation are shown in Fig. 5.13.
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Figure 5.13: S
hemati
 
omparison between the fast and full simulation of events.In AtlfastII, there is the possibility of using fast simulation of either the 
alorimeter,FastCaloSim [136℄, or of the inner dete
tor, FATRAS [137℄. The gain in CPU time inthe fast simulation 
omes from the use of parametrisations of the raw energy responseof the 
alorimeter, whi
h repla
e the step by step 
al
ulation of the physi
al pro
essesof parti
le showers. In the initial stage of Atlfast, photons, 
harged pions and ele
tronswere simulated with the same parametrisation as photons. This was 
hanged in Atl-fastII, where ele
trons have a parametrisation on their own. All other parti
les, ex
eptneutrinos and muon, use the pion parametrisation. The parametrisation of AtlfastIIhas been derived from a very early version of the ATLAS full simulation. The energydeposit in the 
alorimeter layers is based on parametri
 shape fun
tions and ele
tri
noise is added to ea
h 
alorimetri
 
ell in the �nal step. Due to this parametri
 naturein whi
h not all of the shower details and �u
tuations are a

ounted for, it is importantto provide a 
lear 
he
k of AtlfastII versus the full simulation. We give here an exampleof su
h a 
onsisten
y 
he
k.A 
omparison between the full and the fast simulation of ele
tron gun events, i.e.events in whi
h an ele
tron was 
reated at the intera
tion point and goes through thedete
tor, 
an be seen in Fig. 5.14. Due to the magneti
 �eld in the ID, the ele
tron emitsbremsstrahlung and arrives with di�erent energies in the 
alorimeter in one event fromthe other. Depending on the fra
tion of energy arriving in the 
alorimeter as ele
tronsand as photons, the AtlfastII response has to be 
onsistent with the full simulation.Di�erent 
ontrol variables are used to test the adequa
y of the fast simulation. On they-axis, we �nd the energy that has been re
onstru
ted by the algorithm, normalised to itsgenerated value, the truth energy. The �rst plot shows the re
onstru
tion as a fun
tionof the sum of the energy of the photons in the event. For the se
ond plot, we followthe original ele
tron through its bremsstrahlung pro
ess and re
ord its energy whenrea
hing the 
alorimeter. Again, this quantity is normalised with respe
t to the input
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Figure 5.14: Comparisons between the FastCaloSim (in green) and full simulation (in bla
k)for 1000 ele
tron gun events with an energy of 15 GeV shot in the 0.20 < η < 0.25 region.value. The third plot displays as a fun
tion of the missing energy. For ea
h intera
tionvertex, the mother energy is 
ompared to the energy sum of the daughters, and then thisis summed for all intera
tion verti
es in the event. In general, this quantity is small, asit should be. During this investigation, the only relevant problem whi
h 
ame up is fora very small fra
tion of events whi
h do not get re
onstru
ted the same way in fast andin full simulation. The problem is intuited to lie in the Geant4 simulation, whi
h doesnot propagate parti
le information for photons with an energy less than 100 MeV. Inorder to 
larify and solve this issue, a more 
omplex analysis on the Geant4 simulationlevel is required, whi
h is behind the s
ope of this servi
e task.
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Donald Crowhurst started to 
ontemplate the insoluble mysteryof the square root of minus one and before long found himselfentering a �dark tunnel� from whi
h he was never to emerge.Most of us, thankfully, are lu
kier than that.Jonathan Coe, �The terrible priva
y of Maxwell Sim�
6The 2010 pp physi
s run

The repro
essed data at our disposal for a subsequent analysis has been 
olle
tedduring the 2010 physi
s run of the LHC. In this Chapter, we review the quantity ofavailable data, and evaluate if an analysis of 
harged Higgs boson produ
tion is feasible.Sin
e this is not be the 
ase, we fo
us on important ba
kgrounds to H±t produ
tion,whi
h are mainly tt̄ andWt. Be
ause of the similitude between H±t andWt and be
ausethe task for
e is needed, we 
on
entrate on semileptoni
 Wt. Therefore, we detail theobje
ts in Wt-like signatures and gather the ne
essary MC samples for the signal andits ba
kgrounds.6.1 Data taking periods and 
onsequen
es6.1.1 Data taking periodsThe 2010 physi
s run of the LHC with 
olliding protons at 7 TeV has been an event-ful time. A small re
apitulation of the data periods and subdivisions with relevantimproved 
ollision 
onditions is listed in Tab. 6.1. The subdivisions will be importantin Se
tion 6.4.1, sin
e not the whole data taking period will be used for the analysis.Throughout the di�erent periods, the LHC has 
onstantly been upgrading its run 
on-ditions, progressively �lling in more and more proton bun
hes and thus gaining ea
htime an important fa
tor on the delivered luminosity. This rise is best seen in Fig. 6.1.Out of a delivered integrated luminosity of almost 50 pb−1, the ATLAS dete
tor hasre
orded 45 pb−1, but only 35 pb−1 pass the several data quality requirements. Theseevents have been repro
essed and 
an be used for physi
s analysis.
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s runTable 6.1: The 2010 data periods and subdivision with their 
olle
ted luminosity and 
om-ments on the major 
hanges [138℄. The amplitude fun
tion β∗, di
tated by the LHC ma
hine,needs to be minimised to obtain maximum luminosity. The design value is β∗ = 55 
m.Period Subperiod Comment L (nb−1)A − Unsqueezed stable beam data (β∗ = 10 m), 0.4typi
al beam spot width is (50 − 60)2 µm2.B B1-B2 First squeezed stable beams (β∗ = 2 m), 9typi
al beam spot width is (20 − 30)2 µm2.C C1-C2 − 9.5D D1-D6 Nominal LHC bun
hes (≈ 0.9 × 1011p/bun
h), 320pileup now signi�
ant:about 1.3 intera
tions per 
rossing(was <0.15 before).E E1-E7 Brand new trigger menu: 978previous data were taken with the InitialBeams,now taken with the Physi
s menu.F F1-F2 36 
olliding bun
hes in ATLAS 1980G G1-G6 Bun
h trains with 150 ns spa
ing from LHC. 9070H H1-H2 233 
olliding bun
hes in ATLAS. 9300I I1-I2 295 
olliding bun
hes in ATLAS. 23000
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Figure 6.1: Integrated (on the left) and peak (on the right) luminosity delivered by the LHCand re
orded by the ATLAS dete
tor in 2010.6.1.2 Consequen
es on the 
harged Higgs boson analysisIn the previous 
hapters, we have been preparing the very �rst step of the analysis ofa novel physi
s 
hannel at hadron 
olliders by 
al
ulating a produ
tion pro
ess at NLOand implementing it in Monte Carlo event generators. While 
harged Higgs studieshave been performed at the Tevatron for quite some time now, the prospe
t of theLHC startup, with its design 
entre of mass energy of 14 TeV and nominal luminosityof 1034 
m−2s−1, promised to qui
kly overrun the Tevatron �ndings. But things wentanother way, and it is still not 
lear if the expe
ted 14 TeV 
an be rea
hed in the
oming years. The delay in the physi
s program due to the various shutdown periodsand the redu
ed energy of 7 TeV puts things in another perspe
tive for 
harged Higgsprodu
tion. Charged Higgs produ
tion 
ross se
tions range up to at most a pi
obarnfor best 
ase s
enarios. Considering sele
tion e�
ien
ies of those topologi
ally very
ompli
ated events, a 
harged Higgs analysis simply makes no sense at this point. Thething to do beforehand is to 
learly identify the possible ba
kgrounds to 
harged Higgsprodu
tion from the SM and be sure to understand them thoroughly. In Fig. 6.2, themajor SM ba
kgrounds to H±t produ
tion, tt̄ and Wt, are 
lassi�ed a

ording to theirresemblan
e to H±t as a fun
tion of the di�erent number of b quarks in the signature.
t t t

H−

t̄

W−

b
b̄

t̄

b̄

W− W−Figure 6.2: At LO, these �nal state signatures di�er only in the number of b quarks: H±tprodu
tion (left) has an additional b quark with respe
t to tt̄ produ
tion (
entre), whi
h againhas one b quark more than Wt produ
tion (right).
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s runAssuming an a

eptable mistag rate, 
urrent algorithms identifying b jets in ATLAShave on average a 50 % tagging e�
ien
y, whi
h means that one out of two b quarks willnot be identi�ed. Sin
e the SM pro
ess 
ross se
tions are noti
eably higher than H±tprodu
tion, whatever analysis sele
tion is devised for H±t, it will su�er from SM topprodu
tion 
ontamination via either tt̄ or Wt. In the presented diagram, the 
hargedHiggs boson de
ays into a top and a b quark. Other relevant sear
h 
hannels willbe the de
ay to τν and cs̄, whi
h are even more similar to Wt produ
tion. Due toits large mass, the τ lepton de
ays in the dete
tor, leaving a jet-like signature and a
harged Higgs boson cs̄ de
ay will resemble a W de
ay into light jets with a shifteddijet mass. It is therefore mandatory to study and understand the SM ba
kgrounds.The Wt produ
tion is espe
ially 
hallenging, sin
e it has not yet been observed. Wemay still gain from the experien
e gathered in Chapter 3, sin
e at NLO, Wt and H±tprodu
tion are very similar. Also, they involve the same problemati
 interferen
e with
tt̄, and diagram removal and diagram subtra
tion MC samples will be needed.6.2 Semileptoni
 ele
troweak single top produ
tion
Figure 6.3: Feynman diagrams for LO ele
troweak single top produ
tion in the s- and t-
hannel.

Figure 6.4: Relative fra
tions for events 
on-taining two W bosons, 
lassi�ed a

ording totheir de
ay type.

Ele
troweak single top diagrams, shownin Fig. 6.3, are very similar to H±t pro-du
tion and are obtained by repla
ing the
harged Higgs boson by a W boson in thes- and t-
hannel. Sin
e the produ
tion
ross se
tion at the Tevatron is too low toallow for a physi
al analysis of Wt events,this pro
ess has not yet been observed, noris there any measured limit on its 
rossse
tion. The pro
ess will be enhan
ed atthe LHC, where it has a NLO produ
-tion 
ross se
tion of σLHCWt = 14.6 pb at 7TeV, sin
e it 
omes from gluon and b par-ton distribution fun
tions. Also, a majorpart of the NLO 
ontribution 
omes fromgluon-gluon fusion. Sin
e the bran
hing



6.3 Relevant obje
ts for the semileptoni
 Wt analysis 131of t → Wb is almost 100 %, Wt events 
ontain two on-shell W bosons and their sig-natures in the dete
tor 
an be 
lassi�ed a

ording to their de
ay. The bran
hing ratiosfor W boson de
ay are listed in Tab. 6.2, and the resulting proportions for the di�erent
hannels are displayed in Fig. 6.4.The �nal state of semileptoni
Wt is lνl b qq′. This translates into a dete
tor signatureof a lepton and missing transverse energy to a

ount for the neutrino, a jet whi
h isidenti�ed as 
oming from a b �avoured quark and two additional jets. All these obje
tsnow have to be identi�ed through their intera
tions in the di�erent sub-dete
tors ofATLAS.Table 6.2: De
ay modes of the W+ boson in the SM. The di�erent bran
hing ratios are givenin per
ent [8℄.
W+ de
ay bran
hing ratios in %
e+νe 10.75 ± 0.13
µ+νµ 10.57 ± 0.15
τ+ντ 11.25 ± 0.20
q̄q′ 67.60 ± 0.276.3 Relevant obje
ts for the semileptoni
 Wt analysisWe have left the last Chapter at the des
ription of simulated events and have stoppedshort after the Geant 4 dete
tor simulation step. After digitisation, events are in thesame form as real events in data and we have to re
onstru
t physi
al obje
ts from thesimulated or real readout of the sub-dete
tors. The re
onstru
ted event obje
ts arestored in dedi
ated root�le 
ontainers [139℄. The top group 
olle
ts the global obje
tde�nitions from the di�erent performan
e groups, and these are taken over by the singletop group, sometimes with slight modi�
ations. Sin
e we are in a relatively early phaseof running and will be analysing the �rst data, with no prior experien
e of the dete
torand its output, the analysis 
on
entrates on the simplest obje
ts of interest for the topsignature, i.e. ele
trons, muons, jets and missing transverse energy. We do not 
onsidertop quark de
ay into taus, sin
e they form 
omplex jet-like stru
tures in the dete
torwhi
h have to be studied further.6.3.1 Ele
tronsDe�nition The standard ele
tron re
onstru
tion algorithm is based on energy depositsdete
ted in the ECAL, 
alled 
lusters, whi
h are asso
iated to tra
ks of 
harged parti
lesre
onstru
ted in the ID. The ele
tron re
onstru
tion starts on a seed of energy greaterthan 2.5 GeV with a sliding- window algorithm in the middle layer of the ECAL, wheremost of the energy of high-energeti
 ele
trons is deposited. The size of this window hasbeen optimised to 3 × 5 
ells. Then, a mat
hing tra
k to the 
luster is sear
hed for.
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s runThree 
uts for the re
onstru
ted ele
tron quality are de�ned, depending on the signale�
ien
y and jet reje
tion requirements [140℄:
• The loose 
ut 
orresponds to simple shower shape 
uts in the middle layer andvery loose mat
hing 
riteria between the re
onstru
ted tra
k and the 
alorimetri

luster.
• The medium 
ut uses additional information from the �rst ECAL layer and thetra
k quality 
uts are similar to standard requirements.
• The tight 
ut has tighter tra
k-mat
hing 
riteria and 
uts on the energy-to-momentum ratio. Further ele
tron isolation may also be required.For the single top analysis, the ele
trons are required to pass even more stringent quality
onstraints. Additionally to those quality 
uts, they must have a pT > 20 GeV and theele
tromagneti
 
luster position has to lie within |ηclus| < 2.47. Ele
trons whi
h lie inthe 
alorimeter barrel-end
ap overlap region, 1.37 < |ηclus| < 1.52, are reje
ted, sin
e inthis region there is only limited 
alorimeter instrumentation.Ba
kground 
ontamination With all the a
tivity in the dete
tor, it may happen thatthe obje
t re
onstru
ted as an ele
tron was not an ele
tron at all in the �rst pla
e. Fakeele
trons 
an 
ome from 
ases where a jet has a low energy deposit in the HCAL and isre
onstru
ted via the ele
tron algorithm. A se
ond possibility is that the ele
tron whi
hwas re
onstru
ted 
omes from a heavy-�avour de
ay, and so it would belong to the jetstru
ture. Photon 
onversions 
onstitutes a third important ba
kground. In order tosuppress 
ontributions from these sour
es, the re
onstru
ted ele
tron is required to showlittle 
alorimeter a
tivity and only few tra
ks in an (η-φ) 
one surrounding it. To thispurpose, two isolation variables are employed, a 
alorimeter isolation variable Et
one30and a tra
k isolation variable Pt
one30. Isolated ele
trons are then de�ned by imposingEt
one30/pT < 0.15 and Pt
one30/ pT < 0.15.MC to data 
orre
tions Ele
tron identi�
ation e�
ien
ies for well-isolated ele
tronshave been obtained on data using the tag-and-probe method. This method is applied ona 
lean diele
tron sample fromW and Z to e+e− de
ays. In ea
h event, the ele
tron withthe best re
onstru
tion 
riteria is de�ned to be the tag. Another ele
tron is sear
hedfor, 
onstituting the probe, with this time less stringent isolation 
riteria, so that thetag and probe ensemble give a re
onstru
ted mass in the ele
troweak boson peak region.The dis
repan
y between MC and data is quanti�ed via 
orre
tion fa
tors, 
alled s
alefa
tors. These studies have shown that the s
ale fa
tors depend on the η and the pTof the ele
tron and therefore the s
ale fa
tors are provided in eight bins of η and sixbins of pT . They di�er slightly from the top group standard due to the tighter isolationrequirement used in this analysis. They were approved by the ATLAS egamma group.
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ts for the semileptoni
 Wt analysis 133Calibration and resolution

Figure 6.5: The α 
orre
tion fa
tor applied to the ele
-tron energy s
ale as a fun
tion of η.

Corre
tive fa
tors on the energys
ale have been determined in 50
η bins for 
entral and 8 bins forforward ele
trons, by 
onstrain-ing the diele
tron invariant massdistribution to the Z lineshapein Z → ee events from the 2010data [141℄. The 
orre
ted energy
E ′ is obtained by

E ′ =
E

1 + α
, (6.1)where α is shown as a fun
tion of

η in Fig. 6.5.Sin
e MC events do not reprodu
e the ele
tron resolution found in data, a smearingpro
edure has to be applied to the MC samples via the EnergyRes
alerTool. Thedis
repan
y is attributed to the 
onstant term C in the resolution parametrisation
σ

E
=

S√
E

⊕ C, (6.2)sin
e the low energy domain is dominated by the sampling term S and J/ψ distribu-tions are 
orre
tly reprodu
ed. The 
onstant term has been measured to be 1.1% ±
0.1(stat.) ± 0.2(syst.) for ele
trons in the barrel. Fig.6.6 shows the diele
tron invari-ant mass distribution in the J/ψ and Z boson mass peak region after 
alibration andsmearing.

(a) (b)Figure 6.6: The J/ψ (�gure (a)) and Z boson (�gure (b)) mass peak regions for Z → eeevents in the barrel after 
alibration and smearing.
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s run6.3.2 MuonsDe�nition Muon 
andidates are re
onstru
ted by mat
hing the muon spe
trometer(MS) hits with the inner dete
tor (ID) tra
ks, using the 
omplete tra
k informationof both dete
tors and a

ounting for material e�e
ts of the ATLAS dete
tor stru
ture.Muons with transverse momenta between 3 GeV and 3 TeV 
an be re
onstru
ted usingthree di�erent strategies:
• In the stand-alone mode, only information from the MS is used.
• The 
ombined method uses ID and MS tra
k 
ombination.
• The segment tag uses information from the ID and the inner station of the MS.The �nal 
andidates are required to have a transverse momentum greater than 20 GeVand to be in the pseudo-rapidity region of |η| < 2.5.Ba
kground 
ontamination The muon fake rate is by no means as important asthe ele
tron. It 
an nevertheless happen that, as was also the 
ase for ele
trons, amuon is re
onstru
ted whi
h stems from the de
ay of a heavy �avour quark. Again,the muon should then be part of the re
onstru
ted jet. Therefore, an isolation 
riterionis applied. The transverse energy in a 
one of R = 0.3 around the muon dire
tion isrequired to be less than 4 GeV. In addition, the s
alar sum of the transverse momentaof any additional tra
ks inside a 
one of R = 0.3 around the muon must be less than

4 GeV. An overlap removal between jets and muons is applied, removing any muonwhose momentum dire
tion is within a ∆R < 0.4 
one of a jet with pT > 20 GeV.MC to data 
orre
tions The muon identi�
ation e�
ien
ies have been measured ina dimuon data sample at the Z boson mass peak and s
ale fa
tors have been derived in10 bins in η and φ. The s
ale fa
tor is of order unity for most bins with an un
ertaintyof around 4%.Calibration and resolution
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Figure 6.7: Di-muon invariant mass 
ompar-ison in the Z boson mass range between 
ol-lision data and MC simulation for 
ombined(MS+ID) tra
ks.

A re
ent study on Z → ee events in7 TeV 
ollisions [142℄ gives the 
ombined(CB) muon momentum measurement, de-termined by the relative weights of the IDand the MS. The 
orre
ted muon p′T isgiven as a fun
tion of its original pT via
p′T (CB) = pT (CB)

[

1 +

∆MS

σ2
MS

+ ∆ID

σ2
ID

1
σ2

MS

+ 1
σ2

ID

]

,(6.3)where ∆MS,ID is the 
orre
tion to the sim-ulated MS or ID pT and σMS,ID are the
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ts for the semileptoni
 Wt analysis 135values for the resolution at that pT . An example of a 
ombined muon pT resolution 
urvein the barrel is given in Fig. 6.8. The 
omparison between data and MC after 
orre
tionof the simulated muon pT is shown in Fig. 6.7. The distributions are integrated over thefull range of η.

Figure 6.8: Muon resolution pT of tra
ks in the ID in the |η| < 1.05 range shown for the
ollision data (blue solid line) and their extrapolation (blue dashed line). The results from
osmi
 ray muons is superposed (light red dashed line) and the un
orre
ted MC simulation isshown (red dashed line).6.3.3 JetsDe�nition The �nal topology of an outgoing parton is a group of 
ollinear bundles ofpartons in whi
h the energy of the initial parti
le is 
ontained. This is more 
ommonlyreferred to as a jet. So, a jet is not a fundamental obje
t de�ned by theory, but ratheran e�e
tive des
ription of what is seen in the dete
tor and it is therefore mandatoryto spe
ify whi
h jet re
onstru
tion algorithm has been used. The jet algorithm, i.e.,the way the individual tra
ks are grouped together, has to satisfy 
ertain propertiesso as to be a

eptable both the theoreti
ally and experimentally. Sin
e one wants tomat
h pQCD 
al
ulations at di�erent orders to di�erent jet topologies, we have tobe sure that the jet algorithm is well-de�ned, and this is only true for 
ollinear andinfrared safe algorithms. This means that if in a partoni
 
on�guration we repla
ea parton by a set of 
ollinear and soft partons with the same total momentum, thealgorithm should reprodu
e the same result. The hadronisation pro
edure is seen topreserve the jet stru
ture, and the distribution of the total momentum of the jet's
onstituents 
an approximately be derived by pQCD 
al
ulations of partons with thesame total momentum. In ATLAS, jets are re
onstru
ted using the infrared safe anti-kTalgorithm [143℄ with a width parameter 0.4. The inputs of the jet �nding algorithm aretopo
lusters 
onstru
ted by the 
lustering algorithm. The jets then need to be 
alibratedfrom the raw ele
tromagneti
 s
ale using a Monte Carlo based 
orre
tion fa
tor, whi
hon average brings the measured jet pT to the parti
le level in the simulations. Jets are



136 The 2010 pp physi
s runrequired to have a pT > 25 GeV and |ηdet| < 5.0, where the jet is de�ned at EM+JESs
ale.Ba
kground 
ontamination For a very small fra
tion of events with pathologi
alnoise bursts in the 
alorimeter, it may happen that jets are in
orre
tly re
onstru
tedfrom a few noisy 
ells. These events are removed with spe
ial 
leaning 
uts if the jet
pT is > 10 GeV. Jet stru
tures overlapping with identi�ed ele
tron 
andidates within a
one of ∆R < 0.2 are removed from the list of jets, as the jet and the ele
tron are verylikely to 
orrespond the same physi
s obje
t.Jet Energy S
ale (JES) Calibration Hadroni
 showers are by no means as regularas EM showers. In addition, an important fra
tion of the partons initial energy is notmeasured be
ause it is either used in the fragmentation pro
ess or es
apes the 
alorime-ter in form of neutrinos or muons. Therefore, an ele
tron e and a pion π of the sameenergy dete
ted in the 
alorimeter will have di�erent re
onstru
ted energies. Thus jetsare measured at the EM s
ale, whi
h a

ounts 
orre
tly for the energy deposit in the
alorimeter by EM showers, but not hadroni
 showers. This implies that the jet en-ergy evaluation has to be 
arried out via 
orre
tion fa
tors. Low signal densities in the
alorimeter 
ell indi
ate a hadroni
 signal and a 
orre
tion fa
tor will have to be applied,while this is not the 
ase for high signal densities whi
h are generated by EM showers.The hadroni
 JES is on average restored via data-derived 
orre
tion and 
alibration
onstants, obtained by 
omparing the re
onstru
ted jet kinemati
s to the ones of thetruth level jet in MC simulations. The JES 
alibration is then validated with in situte
hniques.The 
alibration s
heme applied in ATLAS for the 2010 data is 
alled EM+JES. It appliesjet-by-jet 
orre
tions as a fun
tion of the jet's energy and η lo
ation. It pro
eeds in threesteps:1. The average additional energy due to pile-up is subtra
ted from the measuredenergy in the 
alorimeters. The 
orre
tion 
onstants for this pro
edure have beenextra
ted from an in situ measurement.2. The jet position is 
orre
ted. The jet axis points now to the intera
tion vertex.3. The JES fa
tors are applied. This jet 
alibration, based on the H1 method, is doneby appli
ation of 
ell signal weighting. All 
alorimeter 
ells with four-momenta

(Ei, ~pi), where Ei = |~pi| of the tower or 
luster jets are summed with weightingfun
tions w to give the re
onstru
ted jet four-momentum
(Ere
o, ~pjetre
o) =

(
ells∑

i

w(ρi, ~Xi)Ei,

ells∑

i

w(ρi, ~Xi)~pi

)

. (6.4)The weights w depend on the signal density ρi = Ei/V, where V is the volume ofthe 
onsidered 
ell, and on the module and layer identi�ers en
oded in ~Xi.
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ts for the semileptoni
 Wt analysis 137Sin
e the startup of the LHC, 
onstant progress is being a
hieved on the JES measure-ment and its systemati
 un
ertainty [144℄. The validation using tra
ks [145℄ and �nere�e
ts su
h as the in�uen
e of other 
lose tra
ks [146℄ have been studied. A re
entanalysis [147℄ evaluated the JES 
orre
tion using the 7 TeV data 
olle
ted in 2010. Theaverage jet energy s
ale 
orre
tion is shown as a fun
tion of 
alibrated jet transversemomentum pT for three jet η intervals in Fig. 6.9.
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Figure 6.9: Average jet energy s
ale 
orre
tion as a fun
tion of the 
alibrated jet transversemomentum pT for three representative η-intervals.B jets One of the most important sele
tion 
riterion of events 
ontaining top quarksis the identi�
ation of jets stemming from b quarks. This is done by taking advantage ofseveral of b quark jet properties whi
h allow to distinguish them from jets whi
h 
ontainonly light quarks. These features are:
• Hard fragmentation. The b hadron retains about 70% of the original b quarkmomentum.
• Large b hadron mass. The invariant mass of b hadrons is usually greater than5 GeV, enabling their de
ay produ
ts to have a large transverse momentum withrespe
t the jet axis. Separation from light jets may then be done by measuringthe greater opening angle of the de
ay produ
ts.
• Long lifetime. The feature whi
h is most used in b-tagging algorithms is therelatively long lifetime of hadrons 
ontaining a b quark, whi
h is of the order of1.5 ps. This means that a b hadron in a jet will have a signi�
ant �ight pathlength, on average about 3 mm in the transverse plane, before de
aying. A �rstdis
riminating variable 
an be 
onstru
ted using the tra
ks' impa
t parameter.The transverse impa
t parameter d0 is the distan
e of 
losest approa
h of a tra
k
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s runto the primary vertex point, in the r, φ proje
tion. The longitudinal impa
t pa-rameter z0 is the z 
oordinate of the tra
k at the point of 
losest approa
h in r, φ.Sin
e tra
ks re
onstru
ted from b hadron de
ay produ
ts tend to have rather largeimpa
t parameters, they 
an be distinguished from tra
ks stemming from the pri-mary vertex. The se
ond, more demanding option is to re
onstru
t expli
itly thedispla
ed vertex. These two approa
hes, using the impa
t parameters of tra
ks orre
onstru
ting the se
ondary vertex, are referred to as spatial b-tagging.
• Semileptoni
 de
ay. The semi-leptoni
 de
ays of b hadrons 
an be used bytagging the lepton in the jet. Also in this 
ase, the re
onstru
ted tra
ks of the jet
ross in a displa
ed, se
ondary vertex.Based on those properties, there exist several b-tagging algorithms at the moment, allmore or less re�ned.
• Impa
t Parameter (IP) algorithms. Methods using the IP are JetProb andTra
kCounting IPxD, where x = 1, 2, 3 is the number of dimensions. Theywere studied with the �rst 15 nb−1 of data. The JetProb algorithm starts by
omputing the probability of a tra
k to 
ome from the primary vertex, based onthe signed transverse impa
t parameter. It then 
ombines the probabilities of alltra
ks belonging to the jet to give a jet probability ranging between zero and one.Jets from light quarks have a �at distribution, whereas b jets peak at zero.The Tra
kCounting algorithm requires at least two good quality tra
ks with asigned transverse impa
t parameter signi�
an
e above a given threshold. It usesthe signi�
an
e distributions of b and light jets to 
al
ulate a jet weight via alikelihood approa
h.
• Se
ondary vertex taggers. These tagging methods re
onstru
t the se
ondaryvertex from tra
ks asso
iated with the jet. The SV0 tagger gives a jet weightfrom a likelihood ratio based on distributions like the vertex mass and the energyfra
tion. It has been studied with 3 pb−1 in [148℄. The JetFitter algorithm usesa Kalman �lter approa
h1 to �t the b de
ay 
hain.
• Soft lepton taggers. The soft muon tagger uses a one-dimensional likelihoodratio of the muon relative transverse momentum pT,rel to give a jet weight. An-other, simpli�ed version, is already used for early data analysis. The soft ele
tronalgorithm is a more sophisti
ated likelihood ratio 
ombining input variables fromthe ID and the 
alorimeter.The tagger used for the single top analysis is SV0 [149℄, where within a given jet, thetwo-tra
k verti
es that are signi�
antly displa
ed from the primary vertex are re
on-stru
ted. Those that are 
onsistent with K0

S or Λ0 de
ays, γ → e+e− 
onversions, ormaterial intera
tions are removed.1The Kalman �lter algorithm 
an be used to obtain the optimal parameters in either tra
k or jetre
onstru
tion, by progressively removing either hits or tra
ks with large 
ontributions to the χ2fun
tion.
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Figure 6.10: The jet 
one starts from theprimary vertex and is 
entred on the jetaxis. Tra
ks belonging to the se
ondaryvertex have a positively signed IP.

A se
ondary vertex �t is performed onthe remaining tra
ks, iteratively removing thetra
k with the highest 
ontribution to the χ2until an a

eptable χ2 is obtained. The weightis the three dimensional signed de
ay lengthsigni�
an
e, L/σ(L), of the se
ondary vertexposition with respe
t to the primary vertex.The sign is given by the sign of the proje
-tion of the de
ay length ve
tor on the jet axis,i.e. it is positive if tra
ks 
ross the jet axis af-ter the primary vertex, as shown on Fig. 6.10.The jet axis 
an be determined a

urately fromthe 
alorimeter information. On Fig. 6.11, thedi�erent signed de
ay length signi�
an
e dis-tributions for data as well as MC b, c and lightjets in an in
lusive jet sample 
an be seen.In the single top analysis, the SV0 tagger weight 
ut is applied at 5.85, whi
h 
orre-sponds to a b-tagging e�
ien
y of 50% and a light quark jet reje
tion fa
tor of 2712.This working point has been derived from tt̄ MC simulations. The performan
e of theSV0 tagger was evaluated in [150℄ and further details about the measurement of the
b-tagging e�
ien
ies and mistag rates 
an be found in [151℄.

Figure 6.11: The signed de
ay length signi�
an
e for the SV0 b-tagging algorithm in data(points) and simulation (sta
ked histogram) for an in
lusive jet sample. The verti
al line is apossible 
ut at 5.72 for b-tagging. [148℄2The reje
tion fa
tor R means that 1/R light jets will pass the 
ut, so that R = 271 translates into amistag rate of about 0.4 %.
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s run6.3.4 Missing transverse energySin
e single top event signatures in
lude a neutrino from the W boson de
ay, thesignature in the dete
tor is missing transverse energy that the es
aping neutrino tookaway. But missing transverse energy 
an also 
ome from other e�e
ts. If for example afra
tion of the parti
le energy is badly re
onstru
ted, due to a non instrumented regionor mis
alibrated part, this will lead to the mismeasurement of the true ET of the �nalintera
ting obje
ts. The missing transverse energy is 
al
ulated as the ve
tor sum overall 
alorimeter energy 
lusters in the event, and is further re�ned by applying obje
tlevel 
orre
tions for the 
ontributions whi
h arise from identi�ed photons, leptons andjets.6.4 Data and MC samplesThe last step we need to take before the a
tual analysis is assemble the portion ofthe 2010 
olle
ted data relevant for Wt produ
tion. Also, we gather the MC samplesfor the signal and all possible ba
kgrounds. The ATLAS geometry tag for data and MCevents is ATLAS-GEO-16-00-00 and the re
onstru
tion software version is 16.0.3.3.3.6.4.1 Data samplesThe data samples used in this analysis are those of periods E4 to I, de�ned in Tab. 6.1.The very �rst data from runs A to E3 have not been used due to a problem with themuon trigger timing, but those periods have only negligible integrated luminosity, ashas already been shown on Fig. 6.1.Single Top trigger signatures Wt-like events are sele
ted via the unpres
aled sin-gle ele
tron and muon triggers in the muon trigger, Egamma and JetTauEmiss triggerstreams. For single top events in the ele
tron 
hannel, the trigger requirement 
on-sists of one high pT ele
tron. At L1 an ele
tromagneti
 deposit with ET > 10 GeV isrequired, and the HLT has full information on the whole granularity of the 
alorimeterand the tra
king. The 
alorimeter 
luster is mat
hed to a tra
k and the trigger ele
tronobje
t is required to have a energy deposit ET > 15 GeV where the energy is measuredat the EM s
ale. The single muon trigger requires at L1 a muon 
hamber tra
k with a10 GeV threshold, mat
hed by a re
onstru
ted muon in the pre
ision 
hambers at theEF level, this time with a 13 GeV threshold.In order to be a

epted, events have to be part of the Good Run List, i.e. they o

urredduring a period in whi
h there were stable beams in the a

elerator and the parts of thedete
tor and the trigger system were working. The total number of events 
orrespondsto an integrated luminosity of 35.3 pb−1. They have undergone the event re
onstru
tionpro
ess des
ribed in Se
tion 5.4 and the �nal analysis was performed on top group spe-
i�
 DPDs in root trees.



6.4 Data and MC samples 1416.4.2 MC simulation samplesThe major ba
kgrounds to the semileptoni
 single top Wt signature are in great partrelated to the b-tagging issues. A signature with one additional b quark whi
h 
an bemissed is tt̄ produ
tion. Then, sin
e the signature is mainly a W and jets, W+jets isalso an important ba
kground. Events might also get pi
ked up from purely QCD likemultijet produ
tion. Also taken into a

ount are Z plus jets and diboson produ
tion,and s- and t- 
hannel single top produ
tion. Signal and ba
kground pro
esses have beensimulated using di�erent Monte Carlo event generators and a 
omplete list is given inTab. 6.3, along with their hadroni
 produ
tion 
ross se
tion and the number of gener-ated events.For the single top quark and tt̄ samples, generation has been done with MC�NLO
oupled to Herwig for the parton showering and hadronisation of events, using CTEQ6.6as PDFs. Renormalisation and fa
torisation s
ales have been set at the top quark mass
µR = µF = mt.

W+jet events are the dominant ba
kground after tt̄ produ
tion. All W+jets MonteCarlo samples, have been generated at LO with ALPGEN, 
oupled to Herwig for show-ering and the normalisation is done via K-fa
tors, following the NNLO re
ommenda-tion [152℄. Di�erent jet multipli
ities and �avours have been generated. As the historyof the top quark dis
overy has shown, understanding the W+jets ba
kground is ex-tremely important. Sin
e the di�erent multipli
ities are generated individually, spe
ial
are has to be taken in 
ombining the di�erent ALPGEN samples, sin
e radiation fromone multipli
ity may migrate the event into another multipli
ity bin. The various �avoursamples are 
ombined using the MLM mat
hing pro
edure implemented in ALPGEN.The di�erent �avour samples are then 
ombined with the heavy �avour overlap removaltool spe
i�
 to the ATLAS analysis [153, 154℄. In this method, the removal 
riterion isthe distan
e ∆R between two heavy-�avour quarks. Additional details on this issue 
anbe found in App. D.The Z+jet samples have been generated at LO with ALPGEN, again 
ombined withHerwig for the parton showering and normalised to NNLO K-fa
tors [152℄.Dibosons in whi
h one of the bosons de
ays leptoni
ally are also a ba
kground 
ontri-bution to Wt produ
tion and the di�erent 
hannels are WW , WZ and ZZ produ
tion.They have been simulated with Herwig at LO and normalised to the NLO 
ross se
tionvalues of MCFM.
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s runTable 6.3: MC signal and ba
kground samples used in the Wt analysis.Cross-se
tion [pb℄ Generator Generated Events
Wt all de
ays 14.58 MC�NLO+Herwig 200,000
t-
hannel (lepton+jets) 7.15 MC�NLO+Herwig 200,000
s-
hannel (lepton+jets) 0.468 MC�NLO+Herwig 10,000
tt̄ no fully hadroni
 89.02 MC�NLO+Herwig 1,000,000
W → ℓν + 0 parton 8,400 ALPGEN+Herwig 1,306,000
W → ℓν + 1 partons 1,580 ALPGEN+Herwig 552,000
W → ℓν + 2 partons 460 ALPGEN+Herwig 188,000
W → ℓν + 3 partons 123 ALPGEN+Herwig 50,000
W → ℓν + 4 partons 31 ALPGEN+Herwig 12,990
W → ℓν + 5 partons 8.5 ALPGEN+Herwig 3,500
W → ℓν + bb̄ + 0 parton 55.6 ALPGEN+Herwig 182,000
W → ℓν + bb̄ + 1 partons 41.1 ALPGEN+Herwig 67,000
W → ℓν + bb̄ + 2 partons 20.4 ALPGEN+Herwig 33,000
W → ℓν + bb̄ + 3 partons 7.7 ALPGEN+Herwig 13,000
W → ℓν + cc̄ + 0 parton 155.6 ALPGEN+Herwig 255,000
W → ℓν + cc̄ + 1 partons 125.9 ALPGEN+Herwig 206,000
W → ℓν + cc̄ + 2 partons 63.1 ALPGEN+Herwig 103,000
W → ℓν + cc̄ + 3 partons 20.6 ALPGEN+Herwig 34,000
W → ℓν + c + 0 parton 526.2 ALPGEN+Herwig 742,780
W → ℓν + c + 1 partons 195.3 ALPGEN+Herwig 290,000
W → ℓν + c + 2 partons 51.8 ALPGEN+Herwig 84,900
W → ℓν + c + 3 partons 12.1 ALPGEN+Herwig 20,000
W → ℓν + c + 4 partons 2.8 ALPGEN+Herwig 5,000
Z → ℓℓ + 0 parton 807.5 ALPGEN+Herwig 304,000
Z → ℓℓ + 1 partons 162.6 ALPGEN+Herwig 63,000
Z → ℓℓ + 2 partons 49.2 ALPGEN+Herwig 19,000
Z → ℓℓ + 3 partons 13.7 ALPGEN+Herwig 5,500
Z → ℓℓ + 4 partons 3.3 ALPGEN+Herwig 1,500
Z → ℓℓ + 5 partons 1.0 ALPGEN+Herwig 500
WW 17.9 Herwig 250,000
WZ 5.4 Herwig 250,000
ZZ 1.2 Herwig 250,000



Now it's full night, 
lear, moonless and �lled with stars, whi
h are not eternal aswas on
e thought, whi
h are not where we think they are. If they were sounds, theywould be e
hoes, of something that happened millions of years ago: a word made ofnumbers. E
hoes of light, shining out of the midst of nothing.It's old light, and there's not mu
h of it. But it's enough to see by.Margaret Atwood, �Cat's eye�
7

Wt analysis in the semileptoni

hannel
This Chapter is dedi
ated to the semileptoni
 Wt analysis in the 2010 LHC 
ollisiondata. Our e�ort has been fo
used on the �nal analysis strategy, des
ribed in Se
tion 7.2and the elaboration of the PDF systemati
 un
ertainties, given in Se
tion 7.3.1. Addi-tional details to the analysis 
an be found in the internal note [155℄.7.1 Presele
tion and ba
kground estimatesWe have seen that Monte Carlo simulation 
ontains several input parameters whi
hhave to be adjusted to data and some pro
esses are not modelled well enough to permit astand-alone 
ontribution to the analysis. This means that for a large 
lass of pro
esses,the most reliable estimation of ba
kground shapes and/or normalisation is obtainedthrough data driven methods. If the Monte Carlo distributions are taken over and arenormalised with data, one speaks of s
ale fa
tors to adjust the normalisation. In thisse
tion, we will de�ne the general presele
tion for single top events and the spe
i�
 Wtsele
tion. We will also detail the modelisaiton of the di�erent ba
kground pro
esses.7.1.1 Presele
tionThe single top group has de�ned a presele
tion for all single top like events, whi
h�lters samples from data and MC that have a single top signature. The presele
tion isapplied on all events from the good-run list from the top group, where events with badlyre
onstru
ted jets have been taken out. Equally reje
ted are events with no primaryvertex re
onstru
ted from at least �ve tra
ks. Then tight sele
tion 
uts are applied in
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hannelorder to isolate the single top signal. For the semi-leptoni
 single top 
hannel, eventsare required to have exa
tly one lepton, either ele
tron or muon, with pT greater than20 GeV and missing transverse energy superior to 25 GeV to a

ount for the leptoni
de
ay of a W boson. In addition to this, events must have at least two jets with pTgreater than 25 GeV. This de�nes the pretag sample. The tag sample is a subset ofthe pretag sample whi
h 
ontains events where exa
tly one of the jets is b-tagged. Dueto the di�
ulty of modelling 
orre
tly the huge QCD multijet ba
kground at the LHC,a dedi
ated multijet veto is 
onstru
ted.QCD multijet reje
tion QCD multijet events have a produ
tion 
ross se
tion severaltimes that ofWt and may 
reate a fake ele
tron signal. The single top presele
tion pi
ksup these events when a jet deposits a high fra
tion of its energy in the ele
tromagneti

alorimeter and gets misidenti�ed as an isolated ele
tron. Typi
al 
andidates for fakeele
trons are π0 in jets, whi
h loose their energy mainly via photons. It might also bethat ele
trons are re
onstru
ted from events with non-prompt ele
trons, from the de
ayof a b-quark for example, whi
h appear isolated. This is very di�
ult to model via aMonte Carlo generator. But in this 
ase, one 
an exploit the kinemati
 properties ofthose events by looking at the missing transverse energy Emiss
T and the transverse mass

MT,W de�ned by the (lepton, Emiss
T )-system

MT,W =
√

2pT,lE
miss
T (1 − cos(φl − φEmiss

T
)). (7.1)The prin
iple relies on the simulation of real W bosons, depi
ted in Fig. 7.1(a), whi
h
an be modelled very a

urately. Those are then subtra
ted in the real data distribu-tions shown on Fig. 7.1(b). Then, by supposing that this removes the real W boson
ontribution in the data distribution, all that is left are the fake ele
trons, Fig. 7.1(
).Now that we know where they are, we 
an 
ut them out. This is done via a triangular 
utin the (Emis

T ,MT,W ) plane, also 
alled QCD multijet veto. As 
an bee seen on Fig. 7.1,the white line removes the majority of the fake ele
trons, whi
h are 
on
entrated in thelow Emiss
T and low MT,W region. The applied triangular 
ut is given by

MT,W > 60 −Emiss
T . (7.2)
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)Figure 7.1: S
atter plots of theW boson transverse massMT (W ) versus the missing transverseenergy Emiss
T in the ele
tron + 2 jets dataset. Figure (a) are the simulatedW+jets events, �gure(b) the observed distribution in data, and �gure (
) shows the distribution for the fake ele
tronsobtained by taking the di�eren
e between the observed distribution and the expe
tation for

W+jets events.Data 
ut �ow The number of data events and the fra
tion of Wt signal whi
h passthe sele
tion 
uts is given in Tab. 7.1 in form of a 
ut �ow. The initial numbers arethose 
ontained in the trigger streams Egamma, Muon and JetTauEtMiss, whi
h werede�ned in Se
tion 5.3. The sample 
omposition after all the presele
tion 
uts are givena

ording to jet multipli
ities in Tab. 7.2.Table 7.1: Event 
ount in data after ea
h of the presele
tion 
uts and signal a

eptan
e forthe Wt signal samples. The MC�NLO event weights (+1 or -1) are in
luded, but no otherevent weights. The lepton line also in
ludes all event 
leaning 
uts. Ea
h row in
ludes all 
utsof the previous row, ex
ept for the last row whi
h does not in
lude a 2-jet 
ut.Cut data Wt
µ e µ eInitial events 1.1308e+07 1.98788e+07 504 504Exa
tly one lepton 286017 202570 68 52Missing ET 164753 107151 58 43Trigger 158866 106253 47 43Triangle 
ut 153608 102614 45 40Exa
tly two jets 5591 4112 13 12Exa
tly three jets 1521 1212 15 14
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hannelTable 7.2: Event 
ount in data after presele
tion 
uts.data set 1-jet 2-jets 3-jets ≥4-jetspretag e 13566 4112 1212 667pretag µ 19508 5591 1521 820pretag total 33074 9703 2733 1487tag e 185 163 141 179tag µ 251 265 170 203tag total 436 428 311 3827.1.2 Ba
kground estimations7.1.2.1 QCD multijetsAfter applying the mutlijet veto 
ut, the pretag sample still 
ontains 
ontributionsfrom purely QCD events and these have to be modelled 
orre
tly in shape and nor-malisation. The shapes of the kinemati
al distributions are 
onstru
ted using an QCDenri
hed sample orthogonal to the signal sample. This is obtained by applying all ofthe sele
tion 
riteria, ex
ept for the lepton identi�
ation requirement, whi
h has beeninverted. In the muon sample, the muon is still required to pass all muon ID 
uts but ithas to fail the muon isolation requirement. The normalisation is done using the matrixmethod, whi
h is a data driven te
hnique for estimating the number of fake leptonsin a sample. One de�nes two event sele
tions, whi
h di�er only on the lepton quality
riteria. The tight sele
tion now refers to the same 
riterion used in the analysis. Theloose sele
tion relaxes the lepton sele
tion 
riterion, so that the tight sample is a subsetof the loose sample. For the loose muon, the hit and isolation requirements are relaxed.A linear system of two equations 
an be written and by solving it, the method gives thenumber of fake leptons passing the tight requirement. The event yields for the QCDmuon 
hannel obtained via the matrix method are listed in Tab. 7.3 a

ording to thejet stru
ture of the event.Table 7.3: Event yields of the QCD-multijet ba
kground in the muon+jets 
hannel fordi�erent jet bins of pretag and tagged events using the matrix method.Pretagged events Tagged eventsJet bin QCD QCD fra
tion QCD QCD fra
tion1-jet 583 ± 88 3.0% 22 ± 4 8.8%2-jet 314 ± 30 5.6% 42 ± 5 15.9%3-jet 154 ± 15 10.2% 22 ± 4 13.3%
≥4-jet 69 ± 9 8.4% 13 ± 3 6.4%
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kground estimates 147The situation is somewhat di�erent for the ele
tron+jets sample. As has beendis
ussed in the presele
tion de�nition 7.1.1, the ele
tron 
hannel su�ers from 
ontam-ination of fake as well as non-prompt ele
trons. Sin
e the relative magnitude of thenon-prompt and fake 
omponents depends on the fra
tion of QCD multijet events withnon-prompt ele
trons in the �nal state and on the details of ele
tron misre
onstru
tione�e
ts that are impossible to model perfe
tly via simulation, it is not well known. Also,the ratio varies with the event kinemati
s, and thus the matrix method, whi
h relies ona representative 
ontrol region to measure the input values, is not well suited for theele
tron 
hannel. Therefore, the template used for the �t of the QCD-multijet ba
k-ground is obtained using the jet-ele
tron model. The method 
onsists in 
hoosing the
Emiss
T distribution of a QCD enri
hed region orthogonal to the signal sample. This isdone by sele
ting events for whi
h all the 
riteria of the presele
tion are applied, butwhere the ele
tron requirement is repla
ed by a jet requirement. This jet must havea pT > 25 GeV, the same a

eptan
e in η as the ele
tron and 80 − 95% of its energyshould have been deposited in the ele
tromagneti
 se
tion of the 
alorimeter. Additionalrequirements are that the jet must have been re
onstru
ted from at least four tra
ks,in order to redu
e 
ontributions from 
onverted photons. For top, W+jets, Z+jets anddiboson pro
esses, the templates have been obtained with the Monte Carlo samples.The normalisation is determined by �tting the data in the low Emiss

T < 25 GeV regionand then extrapolate to the signal region. The �t is performed after applying all sele
-tion 
uts, in
luding the triangular 
ut, but leaving out the 
ut on Emiss
T . The results ofthe �t on the Emiss

T distributions at pretag and then at tag level are shown on Fig. 7.2.An advantage of using a binned likelihood �t is that it dire
tly provides an un
ertaintyon the result. The matrix method has also been applied in the ele
tron 
hannel as a
ross-
he
k and to estimate the systemati
 un
ertainties.The event yield of the QCD multijet events in both the ele
tron and the muon 
hannelis summarised in Tab. 7.4. There's a tenden
y for higher QCD fra
tions in the muon
hannel. A possible explanation is that the isolation requirement on the ele
tron isalready more e�
ient in removing QCD 
ontributions than the isolation 
ut applied forthe muon. This tenden
y is event stronger in the tag than in the pretag sample, sin
ethe b-tagging requirement enri
hens the sample in events from cc̄ and bb̄ ba
kground
ontributions, where one jet has been identi�ed as b and the other may have produ
eda re
onstru
ted lepton.
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hannel
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Figure 7.2: Emiss
T distribution for the ele
tron two-jet pretag and tag data sets. A binnedlikelihood �t is performed to determine the fra
tion of QCD-multijet events and W + 2jets in the sample. Events with Emiss

T greater than 120 GeV are 
ontained in the lastbin.Table 7.4: Summary of the QCD-multijet ba
kground in di�erent jet bins of pretag and taggedevents in the ele
tron+jets and muon+jets data sets using the �nal un
ertainty.Pretagged events Tagged eventsJet bin e 
hannel µ 
hannel e 
hannel µ 
hannel1-jet 310 ± 310 580 ± 290 5 ± 5 22 ± 112-jet 260 ± 130 310 ± 160 6 ± 6 42 ± 213-jet 80 ± 80 150 ± 150 5 ± 5 22 ± 11
≥4-jet 60 ± 30 70 ± 70 5 ± 5 13 ± 77.1.2.2 W+jetsThe estimation of the W+jets ba
kground is relying on Monte Carlo samples forthe shape of the distributions and the �avour 
omposition and overall normalisation isderived from data. This s
ale fa
tor is a produ
t of a globalW+jets normalisation timesthe �avour-spe
i�
 s
ale fa
tor. The total W+jets sample is normalised to the data inthe pretag sample by event 
ounting. The number of pretag W+jets events Npretag

W+jets isobtained by subtra
ting from the data 
ount Npretagdata all other ba
kgrounds NpretagBKG
Npretag
W+jets = Npretagdata −NpretagBKG , (7.3)where the ba
kground 
omposition is given by the QCD multijet 
ontribution NpretagQCDdetermined just before in se
tion 7.1.2.1 and the Z+jets, single top, tt̄ and dibosonpro
esses given by the Monte Carlo samples NpretagMC
NpretagBKG = NpretagQCD +NpretagMC . (7.4)The resulting global s
ale fa
tors are given in table 7.5. Sin
e 
onsistent results havebeen obtained in both 
hannels, the 
ombined result is used in the analysis.



7.1 Presele
tion and ba
kground estimates 149Table 7.5: W+jets pretag s
ale fa
tors obtained with the event 
ounting method for the muonand ele
tron samples and their 
ombination. They are listed together with the un
ertainty dueto data statisti
s and systemati
s.Pretag Sample Data/MC
e 
hannel µ 
hannel Combined

W+1jet 1.04±0.01±0.21 1.02±0.01±0.22 1.03±0.01±0.22
W+2jet 1.00±0.02±0.32 0.98±0.02±0.33 0.99±0.01±0.32
W+3jet 0.98±0.04±0.48 0.90±0.03±0.47 0.93±0.02±0.46
W+4jet 0.91±0.10±0.74 0.92±0.08±0.78 0.92±0.06±0.74As a 
ross-
he
k of the obtained global W+jets s
ale fa
tors, a se
ond estimation isprovided using the event ratio of positively and negatively 
harged leptons. Sin
e theLHC is 
olliding protons, the u quark PDF is more important than that of the d quark.This results in a 
harge asymmetry in the produ
ed W boson, whose measurement 
anbe used to 
he
k the normalisation fa
tors obtained earlier. The resulting s
ale fa
torsfor the ele
tron 
hannel are 0.92 ± 0.13 in the 2-jet bin and 1.07 ± 0.2 in the 3-jet bin.For the muon 
hannel, the 2-jet bin s
ale fa
tor is 0.98 ± 0.09, and 0.99 ± 0.16 for the 3-jet bin. These s
ale fa
tors are 
onsistent with those given by the event 
ounting method.Now that we have 
ross-
he
ked global s
ale fa
tors for W+jet produ
tion, we stillneed the individual �avour-dependent normalisation fa
tors. Therefore, tagged 
ontrolsamples of the �avour 
ontributionsWbb+Wcc, Wcj andWjj are 
ompared to the pre-tag sample. The fra
tion of ea
h �avour 
ontribution with respe
t to the total W+jetsba
kground are obtained by 
omparing the Monte Carlo samples to the data, wherethe other ba
kgrounds (Z+jets, single top, tt̄ and dibosons) have been subtra
ted. The
omparison is done for the 1-jet pretag, 1-jet tag and 2-jet pretag events, and leads to alinear system of three equations, from whi
h the three fra
tions 
an be extra
ted. Theresulting s
ale fa
tor for ea
h �avour de
omposition is given in Tab. 7.6.Table 7.6: S
ale fa
tors SF for ea
h W+jets �avour for the muon and ele
tron samples
ombined, given with statisti
 and systemati
 un
ertainties.

SFbb,cc SFljj SFcj
W + 1jet 0.71±0.10±0.62 0.99±0.01±0.18 1.56±0.16±0.72
W + 2jet 0.68±0.09±0.64 0.95±0.02±0.25 1.50±0.16±0.66
W + 3jet 0.65±0.09±0.65 0.91±0.02±0.34 1.43±0.16±0.65
W + 4jet 0.65±0.09±0.76 0.90±0.04±0.53 1.43±0.17±0.787.1.2.3 Other ba
kground normalisationSingle top s- and t-
hannel, tt̄ ba
kgrounds and the 
ontributions of the ele
troweak

Z+jets and diboson produ
tions WW,WZ and ZZ are simply normalised to the NLOtheoreti
al 
ross se
tions given in Tab. 6.3 and the relevant s
ale fa
tors for leptons



150 Wt analysis in the semileptoni
 
hanneland b-jets are in
luded. Additionally, the tt̄ normalisation has been validated with adata-driven estimation.7.1.2.4 Event yieldsAn event yield re
apitulation of all signal and ba
kground pro
esses after the prese-le
tion and the ba
kground estimations is given in App. E for the ele
tron and the muon
hannel.7.2 Cut-based analysis7.2.1 Final sele
tionThe �nal Wt sele
tion sele
ts a subset of ea
h jet multipli
ity bin, whi
h has beende�ned previously in the presele
tion, by requiring only 
entral jets, i.e. respe
ting
|η| < 2.5. This tightened jet multipli
ity is 
onsistent with the presele
tion as it will onlyreje
t events in ea
h jet multipli
ity bin but not allow migration between multipli
ities(i.e. a two jet event in the presele
ted sample remains a two jet event in the Wt tightsele
tion). The data is splitted into three multipli
ity bins, whi
h are de�ned as

• Two jets: exa
tly 2 
entral jets with pT > 25 GeV,
• Three jets: exa
tly 3 
entral jets with pT > 25 GeV,
• Four jets: exa
tly 4 
entral jets with pT > 25 GeV.Further restri
tions apply to the jets stemming from b quarks, whi
h are identi�ed bythe SV0 algorithm with a 
ut at 5.85 and are required to have a transverse momentum

pT > 35 GeV. We retain only events 
ontaining exa
tly one b-tagged jet, as this seems tobe the most e�
ient dis
rimination against the tt̄ ba
kground we 
an reasonably imposewith the 
urrent amount of data. Further tightening of the b-tag pT 
ut will augmentthe W+jets reje
tion but lower the overall signal as well as in
rease the relative tt̄ ba
k-ground 
ontribution. Further dis
rimination will have to be a
hieved with multivariatete
hniques, on
e more data be
omes available for this to make sense.As a �rst and simple approa
h to further redu
e the ba
kground without removing toomu
h of the signal, we 
hoose to perform a 
utbased analysis using a robust variablewith some dis
riminating power against the W+ jets ba
kground: the di�eren
e in Rbetween the �rst and the se
ond jet ∆R(J1, J2). In order to ensure that the variable onwhi
h we will 
ut is well understood, data-ba
kground 
omparisons of those variables
an be seen in Fig. 7.3.
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hannelWe retain the 
ut whi
h optimises the signal over square root of ba
kground ratio
S√
B
.7.2.2 Event yieldsOptimised 
ut values and event yields after the 
ut-sele
tion are summarised inTab. 7.7, for whi
h the last entry 
ontains the sum over all systemati
 un
ertaintiessquared Σ2 =

∑

i Syst2i ,Table 7.7: Event yields after 
ut on ∆R(J1, J2) at 2.5. Errors in
lude all systemati
e�e
ts detailed in se
tion 7.3.Ele
tron Muon2 jets 3 jets 4 jets 2 jets 3 jets 4 jetsWt 2.3 ± 0.5 2.7 ± 0.4 1.2 ± 0.2 2.4 ± 0.5 2.8 ± 0.4 1.2 ± 0.2Multijet 3.5 ± 3.5 1.2 ± 1.3 0.5 ± 0.5 5.7 ± 3.4 5.5 ± 3.3 1.2 ± 1.0
W+jets 7.5 ± 3.8 2.4 ± 1.5 0.8 ± 0.7 8.6 ± 4.0 2.5 ± 1.6 1.0 ± 0.9
Wc+jets 19.7 ± 10.3 4.8 ± 2.6 1.5 ± 0.9 22.8 ± 11.8 6.4 ± 3.5 1.7 ± 1.1
Wcc̄+jets 2.1 ± 2.0 0.9 ± 1.0 0.2 ± 0.3 2.7 ± 2.6 1.3 ± 1.4 0.4 ± 0.5
Wbb̄+jets 3.8 ± 3.6 1.2 ± 1.3 0.6 ± 0.8 4.7 ± 4.4 2.1 ± 2.1 0.8 ± 1.0
s, t-
hannel 3.7 ± 0.5 1.2 ± 0.2 0.3 ± 0.1 4.4 ± 0.6 1.3 ± 0.2 0.3 ± 0.1
tt̄ 11.4 ± 4.0 24.6 ± 5.3 23.2 ± 3.1 12.5 ± 4.1 27.5 ± 6.0 25.6 ± 3.8VV 1.0 ± 0.2 0.4 ± 0.1 0.1 ± 0.0 1.2 ± 0.2 0.5 ± 0.1 0.1 ± 0.0Z+jets 1.3 ± 1.3 0.5 ± 0.5 0.6 ± 0.6 1.2 ± 1.2 0.6 ± 0.6 0.2 ± 0.2Ba
kground 54.0 ± 12.9 37.3 ± 6.5 27.7 ± 3.5 63.8 ± 14.6 47.7 ± 8.2 31.4 ± 4.4Expe
ted 56.3 ± 12.9 40.0 ± 6.5 29.0 ± 3.5 66.2 ± 14.6 50.5 ± 8.2 32.6 ± 4.4Data 49 55 29 74 50 37
S/B 0.04 0.07 0.04 0.04 0.06 0.04

S/
√
B 0.31 0.44 0.23 0.30 0.41 0.21

S/
√
B + Σ2 0.15 0.30 0.19 0.14 0.26 0.177.3 Systemati
 un
ertaintiesTo 
omplete the analysis of Wt produ
tion, we will investigate the systemati
 un
er-tainties whi
h a�e
t the 
ross se
tion limit. These un
ertainties are evaluated a

ordingto the 
ommon top group pres
ription and standard ATLAS pro
edures [156℄. In thisdo
ument, spe
ial emphasis is put on the PDF systemati
 un
ertainty, sin
e this waselaborated by our group.7.3.1 The PDF systemati
 un
ertaintyParton distribution fun
tion (PDF) systemati
 un
ertainties are 
omputed followingthe PDF4LHC re
ommendation [157℄ whi
h followed the interim report [158℄. Its 
on-
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rete form in the ATLAS framework [159℄ has already been used for the tt̄ 
ross se
tionmeasurement [52℄ and part of this 
omputing e�ort 
an be taken over. We evaluatethe systemati
 un
ertainties within the 
ontext of the Wt analysis. Sin
e we �nd thatthese un
ertainties are small, we apply the un
ertainties that we �nd to the not onlythe Wt analysis but also the single top t-
hannel analyses.The Wt PDF systemati
 un
ertainty is evaluated using as input reweighed events,whi
h are obtained with new sele
tion e�
ien
ies. A new sele
tion e�
ien
y is evaluatedfor ea
h error set, both for signal and ba
kground pro
esses. Reweighed events have been
al
ulated for the tt̄ analysis and are a

essible in ntuple form at [160℄. These have to beretrieved and mat
hed to the events before and after the sele
tion 
uts. The new weight
w of an event whi
h has been generated initially with PDF set f0 for two in
omingpartons with momentum fra
tion xa and xb is given by

wi =
fi(xa)fi(xb)

f0(xa)f0(xb)
, (7.5)where fi stands for the i-est error set PDF. In this way, new event numbers before (tot)or after (sel) sele
tion 
an be 
omputed

N tot,sel
i =

∑tot, sel eventswi. (7.6)This has to be done for all error sets within a PDF 
ollaboration, and repeated threetimes by sele
ting di�erent PDF types: CTEQ 6.6, MSTW 2008 and NNPDF. An errorband for ea
h type is given by using the symmetri
 Hessian method for CTEQ 6.6, theasymmetri
 Hessian method for MSTW 2008 and the standard deviation for NNPDF,as dis
ussed in Se
tion 2.2.2. Input pro
esses are split into four main 
ategories: signal(Wt), ba
kground normalised on data (W/Z+jets), top ba
kground (single top s- andt-
hannel, tt̄) and dibosons. As an example, we show results for events whi
h 
ontainthree jets and an ele
tron (EM3J 
hannel) in Fig. 7.4. Reweighed events are plottedfor ea
h error set shift and the resulting error band for ea
h type of PDF is also displayed.We use the most 
onservative approa
h to give an overall un
ertainty by sele
tingthe envelope, i.e. the largest deviation from the 
entral value, as the systemati
 un
er-tainty. Sin
e the resulting errors are small, this is totally su�
ient for the moment. Theresulting un
ertainty on the sele
tion e�
ien
ies for ea
h pro
ess is given in Tab. 7.8.
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Figure 7.4: Examples of variations in the expe
ted numbers of events for the EM3J 
hannel,as a fun
tion of the error set PDF. The CTEQ 6.6 sets are shown for i = 0 to 21, MSTW2008for i = 22 to 42 and NNPDF for i = 43 to 93.Table 7.8: Sele
tion e�
ien
y un
ertainties due to PDF variation in the Wt analysis.Ele
tron MuonTwo jets Three jets Four jets Two jets Three jets Four jets
Wt

∆+ǫ/ǫ 3% 4% 3% 2% 2% 2%
∆−ǫ/ǫ -2% -2% -1% -2% -2% -1%

tt̄, s-, t-
hannel
∆+ǫ/ǫ 1% 1% 2% 1% 1% 1%
∆−ǫ/ǫ -1% -2% -2% -1% -2% -2%

W,Z+jets
∆+ǫ/ǫ 3% 3% 4% 2% 1% 4%
∆−ǫ/ǫ -2% -3% -4% -2% -3% -4%Dibosons
∆+ǫ/ǫ 1% 1% 3% 2% 2% 2%
∆−ǫ/ǫ -1% -1% -1% -1% -1% -1%
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 un
ertainties 1557.3.2 Other sour
es of systemati
 un
ertaintiesSin
e the analysis relies partly on Monte Carlo generated events, systemati
s relatedto the theoreti
al 
al
ulation and modelling have to be 
onsidered in addition to thePDF systemati
 un
ertainty.
• MC Generator and Parton shower modellingA brief summary of the MC samples used to derive the systemati
 un
ertaintiesdue to the MC generator and the Parton shower model 
an be found in Tab. 7.9.They are listed with their 
orresponding 
ross se
tion and the number of generatedevents NMC . To assess the impa
t of Monte Carlo event generator modelling, tt̄event samples have been generated using MC�NLO as well as Powheg, asso
iatedwith Herwig. This systemati
 un
ertainty, given by the relative di�eren
e of eventsobtained with the two generators, is about 5 %. The same value is then takenover for the other single top samples. The parton shower e�e
t 
an be studies by
omparing Powheg samples showered with Herwig to those showered with Pythia.The e�e
t is of the order of 2 % and is equally assigned to the other single topsamples. Finally, the impa
t of initial state radiation (ISR) and �nal state radi-ation (FSR) 
an be studied with the dedi
ated ACERMC with Pythia samples,where various ISR/FSR tunes have been used. Variations are observed to be ofthe order of 2 %. These results are again taken over for all other MC generatedpro
esses.Table 7.9: Top quark event Monte Carlo samples used for the determination of system-ati
 un
ertainties due to event generator and parton shower e�e
ts. The 
ross-se
tion
olumn in
ludes K-fa
tors and bran
hing ratios.

σ [pb℄ Generator NMC

tt̄ no fully hadroni
 89.4 POWHEG+Herwig 200,000
tt̄ no fully hadroni
 89.4 POWHEG+Pythia 200,000
tt̄ no fully hadroni
 ISR up 89.029 ACERMC+Pythia 200,000
tt̄ no fully hadroni
 ISR down 89.029 ACERMC+Pythia 200,000
tt̄ no fully hadroni
 FSR up 89.029 ACERMC+Pythia 200,000
tt̄ no fully hadroni
 FSR down 89.029 ACERMC+Pythia 200,000

• Theoreti
al 
ross se
tion normalisationSin
e the event yields from the tt̄, Z+jets and diboson ba
kground pro
esses areestimated using the a

eptan
e from MC, we have to 
onsider the un
ertainty dueto the theoreti
ally predi
ted 
ross-se
tions. The 
ross se
tion un
ertainty on the
tt̄ 
ross se
tion is (164.57-15.7+11.4) pb. An un
ertainty of 5% is applied to thediboson ba
kground, and an un
ertainty of 100% to the Z+jets ba
kground in alljet multipli
ity bins.
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• MC statisti
sThe un
ertainty due to the limited size of the Monte Carlo samples is taken intoa

ount by assuming a Poisson distribution.There are also un
ertainties 
oming from obje
t modelling and re
onstru
tion, as wellas from the ba
kground estimation.
• Lepton energy s
ale/resolutionThe 
orresponden
e between the readout of the energy deposit from the EM
alorimeter and the real energy of the lepton is subje
t to 
alibration and im-plies an un
ertainty on the lepton energy s
ale. This un
ertainty is evaluated bys
aling the pT of the lepton up or down by 1σ and re-applying the event sele
tion.Following the pres
riptions of the performan
e and the top group, the un
ertaintydue to the lepton energy resolution is evaluated by smearing the lepton energy indata. This has an e�e
t of less than 1% on the signal and ba
kgrounds.
• Lepton ID and trigger e�
ien
y s
ale fa
torsA s
ale fa
tor is applied to the MC lepton trigger/ID e�
ien
ies in order to repro-du
e the e�
ien
ies seen in data and these s
ale fa
tors have asso
iated un
ertain-ties. They are evaluated by re
omputing the predi
ted MC event yields and signala

eptan
e using shifted s
ale fa
tors. The resulting s
ale fa
tor un
ertainties arearound 4%.
• Jet energy s
aleThe jet energy s
ale is marred by an un
ertainty of 3-5%, depending on the pTand η of the re
onstru
ted jet. The JESUn
ertaintyProvider tool 
an be usedto s
ale the energy of ea
h jet up or down by 1σ. This 
hange is then propagatedto the missing transverse energy 
al
ulation and the event sele
tion is reapplied toassess the e�e
t. The resulting alteration in event yield is between 10% and 30%for the signal and ba
kground samples.
• B-tag heavy �avour and light �avour s
ale fa
tor un
ertaintyThe un
ertainty on the b-tagging data/MC s
ale fa
tor is evaluated separately forheavy �avour (b, c quarks) and light �avour quark jets in the MC. The �avour-spe
i�
 SF per jet are used to give a global SF per event. Sin
e error 
ontributionsmay 
ome from tagging as well as mistagging, the two e�e
ts are varied separatelyand their e�e
t 
ombined quadrati
ally.
• QCD ba
kground normalisationAs des
ribed in Se
tion 7.1.2.1, the QCD ba
kground is normalised to data throughthe �tting method in the ele
tron 
hannel and through the matrix method inthe muon 
hannel. The evaluation of the systemati
 un
ertainty is based on the
omparison with alternative QCD estimates and adds up to 100% in the ele
tron
hannel and 50% in the muon 
hannel.
• W+jets ba
kground normalisation and �avour 
ompositionThe di�erent W+jets �avour 
omponents are normalised to data samples whi
h
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al analysis 157are either orthogonal to the signal sample or a super-set of the signal samplewith negligible signal. An un
ertainty is due to limited data statisti
s in thosenormalisation samples. Also, the 
hange in s
ale fa
tors due to various system-ati
 un
ertainties is taken into a

ount and propagated to the �nal analysis. The
W+jets ba
kground normalisation un
ertainty is the quadrati
 sum of the statis-ti
al and systemati
 un
ertainties. The W+jets �avour un
ertainties are treatedas fully 
orrelated between Wbb and Wcc and un
orrelated with Wcj and with
Wjj.

• W+jets shape un
ertainty The shape un
ertainty of theW+jets ba
kground isobtained by varying several parameters in the generation of the W+jets samples.
W+jet MC events are reweighed a

ording to ea
h of these parameters and thelargest variation is taken as a systemati
 un
ertainty. This amounts to 4%.Additional sour
es of systemati
 un
ertainties are

• Pile-upThe pile-up un
ertainty is evaluated by reweighing the MC primary vertex numberdistribution. The impa
t of the pile-up reweighing on the signal a

eptan
e withrespe
t to the nominal approa
h (no pile-up) is 2 % or less. Therefore, a 2%deviation is assigned to all MC signal and ba
kground sour
es.
• LuminosityThe un
ertainty on the integrated luminosity measurement is 3.4%. This value isapplied to the MC-driven ba
kground estimates as well as the �nal 
ross-se
tionmeasurement.The exa
t values for all those systemati
 un
ertainties in the di�erent analysis 
hannelare listed in appendix F.7.4 Statisti
al analysisIn this se
tion we 
on
entrate on the statisti
al data analysis te
hnique used to set alimit on the Wt 
ross se
tion [161℄. We must interpret the observed number of eventsby giving it a statisti
al signi�
an
e. Usually this is done via a p-value. This is theprobability, under assumption H , of �nding data of equal or greater in
ompatibilitywith the predi
tions of hypothesis H. The hypothesis 
an be regarded as ex
luded if its

p-value is below a 
ertain threshold. In our analysis, as it is very 
ommon, we 
hosethis threshold to be p = 0.05, thus giving a 95 % 
on�den
e level upper limit on theprodu
tion 
ross se
tion.7.4.1 Semileptoni
 
hannelsOne 
an establish limits on a new physi
s pro
esses via a signi�
an
e test using apro�le likelihood ratio as test statisti
. This is well-adapted to our purpose, sin
e this
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hannelmethod takes into a

ount the systemati
 un
ertainties in form of nuisan
e parameters.The measurement of the Wt 
hannel 
ross-se
tion is treated as a 
ounting experimentmodelled by the likelihood fun
tion
L(σsig, αj) =

∏

i∈{channel}
Pois

(
Nobs
i |N exp

i,tot(~α)
)
×
∏

j∈syst

G(αj), (7.7)whi
h is a produ
t of i di�erent analysis 
hannels. For now, these are the ele
tron anmuon 
hannels for the three jet multipli
ities. Later on the produ
t will also in
lude thedilepton 
hannels to give a 
ombined result. For ea
h 
hannel, the likelihood in
ludesa Poisson distribution Pois in the observed number of events Nobs, the data, withexpe
tation value N exp
i,tot :

Pois
(
Nobs
i |N exp

i,tot(~α)
)

=
(N exp

i )N
obs
i exp(−N exp

i )

Nobs
i

. (7.8)This is the sum of the expe
ted 
ontributions from signal and all MC- or data-drivenba
kgrounds. Systemati
 un
ertainties are grouped in un
orrelated sets and their e�e
tis parametrised using a set of nuisan
e parameters αj , whi
h are supposed to have aGaussian distribution 
entred at α0,j and with standard deviation δ:
G(αj) =

1√
2πδ

exp(−(αj − α0,j)
2

2δ2
). (7.9)The great advantage of this method is that the 
orrelation of ea
h systemati
 betweendi�erent sour
es and di�erent analysis 
hannels 
an be taken into a

ount properly. Toestimate the e�e
t of these un
ertainties, one 
omputes, for ea
h �u
tuation of the nui-san
e parameters, the 
ross se
tion whi
h maximises the likelihood fun
tion.The pro�le likelihood ratio λ is given by

λ(σWt) = L(σWt, ˆ̂αj)/L( ˆσsig, α̂j), (7.10)where the double 
ir
um�ex in the numerator refers to the values of the parameterswhi
h maximise the likelihood fun
tion L for a given value of the signal 
ross se
tion
σWt. It is therefore 
alled the 
onditional maximum-likelihood. On the denominatorwe �nd the maximal (un
onditional) likelihood fun
tion, and parameters with a single
ir
um�ex are the maximum-likelihood estimators. The measured 
ross-se
tion is thensimply obtained by the maximum likelihood estimate. The presen
e of the nuisan
eparameters broadens the pro�le likelihood, re�e
ting the loss of information due to thestatisti
al and systemati
 un
ertainties.From equation 7.10 we see that the limits of the pro�le likelihood are 0 ≤ λ ≤ 1, andso a λ near unity implies good agreement between the data and the assumed SM 
rossse
tion σsig. A useful test statisti
 is

t = −2 lnλ(σWt) (7.11)
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al analysis 159whi
h, in the asymptoti
al limit, i.e. for large data samples, approa
hes a χ2-distributionwith one degree of freedom [162℄. Sin
e a p-value of 0.05 translates into 3.82 for the
χ2-distribution, the 95 % 
on�den
e level Wt 
ross se
tion σ95 is given by

− lnλ(σ95) = 1.92. (7.12)The expe
ted and observed pro�le likelihood distribution for the Wt analysis areshown in �gure 7.5. The log-likelihood, displayed in red, takes into a

ount only sta-tisti
al �u
tuations. As was just explained, the pro�le log-likelihood, displayed in blue,also in
orporates systemati
 un
ertainties. The expe
ted 
urves are 
onstru
ted by as-suming that the measured number of events, i.e. 
ross se
tion, is the SM value σSM .This is exa
tly the type of distribution people have been doing ex
lusively before therewas any data. But fortunately, we 
an now move one step further and give the observedlimit, be
ause we have one realisation, namely the measured value Ndata in the 2010data. The interse
tion of the observed pro�le-log likelihood fun
tion with the line at1.92 gives the desired 
ross se
tion limit σ95.
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, l+jetsWtσFigure 7.5: Log-likelihood ratio (dashed red) and pro�le log-likelihood ratio (plain blue) forthe expe
ted (left) and observed (right) limit in the Wt analysis as a fun
tion of the ratio

σWt/σ
SM
Wt . The green lines indi
ate the 68%, 90% and 95% 
on�den
e levels.With the standard model 
ross-se
tion of 14.58 pb, the 95% 
on�den
e level expe
tedlimit on the Wt 
ross se
tion is σWt < 122.8 pb. The �t for the observed value givesa 
ross se
tion limit of σWt<196.0 pb. The minimum of the observed likelihood is atalmost �ve times the SM 
ross se
tion value, whi
h may seem quite high at a �rst glan
e.But 
onsidering the large un
ertainty from statisti
al and systemati
 e�e
ts, this 
omesas no surprise. improving these un
ertainties thus has to be one of the main obje
tivesfor future analyses.These results have been 
ross-
he
ked using a Bayesian method with full integrationover the nuisan
e parameters, yielding extremely similar results, shown in Fig. 7.6.
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Figure 7.6: Bayes posterior density for the expe
ted (left) and observed (right) in the Wtanalysis. The 
oloured region 
orresponds to the 68% HPD interval, and the bla
k line to the95% CL limit.7.4.2 Combination with the dileptoni
 
hannels
Wt produ
tion 
an best be seen at the LHC in the dileptoni
 
hannel, where both Wbosons de
ay into either ele
trons or muons, giving three di�erent analysis 
hannels ee,

eµ and µµ. The analysis of the 2010 data is detailed in [163℄ and yields an upper boundon the Wt 
ross se
tion of σWt < 110 pb for the observed and σWt < 112 pb for theexpe
ted value. The 
ombination with the semileptoni
 
hannel has been done using thepro�le likelihood method by summing over all 
hannels. The resulting 95 % 
on�den
elimit on the 
ross se
tion is σWt < 158 pb for the observed value and σWt < 94 pb for theexpe
ted value. This is an amelioration of the semileptoni
 result, worsens however theobserved value in the dilepton 
hannel. But it ameliorates the expe
ted value for both
ases, giving hope that in the future 
ombination will yield the most stringent limit.
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ted 
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7.5 Con
lusion 1617.5 Con
lusionThe �nal result of this analysis has been approved by the ATLAS 
ollaboration [164℄.As was dis
ussed in the previous se
tion, a lot of e�ort will have to be put into redu
ingthe un
ertainties in the Wt analysis. In 2011, the LHC has already made a tremendousstart, enabling ATLAS to 
olle
t almost 600 pb−1 in the �rst six months of operation,as shown on Fig. 7.8. Running with 1092 bun
hes per beam at the end of May, thema
hine already provides a third of its design luminosity. An ex
iting times lies ahead,with eviden
e and dis
overy of the ele
troweak single top produ
tion just within rea
h.At that point, a 
onsistent H±t analysis will surely be in the starting blo
ks.

Figure 7.8: Integrated luminosity delivered by the LHC and re
orded by the ATLAS dete
torin the �rst half of 2011.
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Die Arbeit ist getan, das Bu
h ist fertig. Ob mir gelungen ist,was i
h vorhatte, weiss i
h ni
ht. Keiner, der eben das Wort Endeges
hrieben hat, kann wissen, ob sein Plan gelang. Er steht no
hzu di
ht an dem Hause, das er erbaut hat. Ihm fehlt der Abstand.Und ob si
h's in seinem Wortgebäude gut wird wohnen lassen,weiss er s
hon gar ni
ht.Eri
h Kästner, �Als i
h ein kleiner Junge war� Con
lusion
The Standard Model of parti
le physi
s en
odes our 
urrent knowledge of the intimatestru
ture of matter. The parti
le 
ontent has been established during the last 
enturyand all parti
les have been observed, but one. The Higgs boson is the last 
ornerstoneof the Standard Model and, although pre
ision measurements point to a relatively lightmass, it 
ontinues to elude sear
hes at 
olliders. Spe
ulations have been ongoing as tothe exa
t stru
ture of the Standard Model s
alar se
tor. In this 
ontext, the two Higgsdoublet model provides a simple extension and gives rise to �ve physi
al Higgs bosons,out of whi
h two are 
harged. Investigating the existen
e of these parti
les requirespre
ise predi
tions as to the number of bosons being produ
ed in hadron 
ollisions, andkinemati
 distributions of simulated events from Monte Carlo event generators are tobe studied.In this thesis, I provide a detailed guide through the next-to-leading order (NLO) 
rossse
tion 
al
ulation of 
harged Higgs boson produ
tion in asso
iation with a top quark.Although 
onsidered basi
 knowledge from spe
ialists, the many aspe
ts involved in the
al
ulation are less known outside this restri
ted 
ommunity. I therefore tried to insiston 
omments and examples 
on
erning important 
on
epts, as the renormalisation andfa
torisation s
ales, the matrix element 
al
ulations and parton showers, to name onlya few. The NLO 
al
ulation of H±t has been performed using a method whi
h permitsthe implementation of the pro
ess in Monte Carlo event generators. My independentNLO 
ode provided useful 
he
ks on the pro
ess in
luded in the MC�NLO generatorand a dedi
ated paper has been published on this topi
. I then turned to the a
tualimplementation within the POWHEG event generator and this publi
ation is in prepa-ration. The availability of the NLO H±t pro
ess in two distin
t generators is of greatimportan
e to the experimental 
ommunity, sin
e now a generator-related systemati
un
ertainty 
an be evaluated. The POWHEG implementation will also be useful foranalyses at the Tevatron and the LHC, sin
e positively weighted events 
an be usedin multivariate te
hniques. I 
on
lude this se
tion with several studies of systemati
un
ertainties related to the theoreti
al predi
tion.Then, I take o� my theorist's hat an put a helmet on, sin
e we will be following theprotons from the duoplasmatron all the way through the Large Hadron Collider andthe ATLAS dete
tor, to the �nal histogram of an analysis plot. The LHC in
ident in2008 resulted in a long shutdown, delaying the start of the ma
hine and lowering theavailable energy from 14 to 7 TeV. This means that ultimately there was not enough
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hanneldata to perform a 
harged Higgs boson analysis, whi
h had been the original plan ofthis thesis. We therefore swit
hed to ba
kground 
hara
terisation for H±t produ
tionby studying Wt-like events, whi
h have a stru
ture very similar to H±t. In parti
ular,the same methods are applied to separate the pro
ess from tt̄ in the NLO generationstep. We have been very fortunate to witness the start of the LHC, and thus this is oneof the �rst thesis to 
ontain a physi
s analysis on real 
ollision data, after a long periodof purely Monte Carlo events in Europe. It has been an extremely enri
hing experien
eto live the ex
itation of new a
hievements and Standard Model redis
overy pra
ti
allyon an every day basis. Sin
e the Wt pro
ess has su
h a low produ
tion 
ross se
tionat the Tevatron that it hasn't been observed yet, we were able to put a very �rst limiton its 
ross se
tion, by using the amount of data 
olle
ted with the ATLAS dete
tor in2010. With σ < 158 pb in the 
ombined semileptoni
 and dileptoni
 analysis, this valueis roughly ten times the one expe
ted in the Standard Model. This result will surelyqui
kly be improved with the 2011 LHC physi
s runs, due to the redu
tion of statisti
alun
ertainties and systemati
 un
ertainties. Espe
ially in the dileptoni
 
hannel, obser-vation of Wt will be within rea
h, reopening the way to H±t sear
hes. Our Wt analysishas been approved by the ATLAS Collaboration. During the analysis phase, I alsoperformed a regular servi
e task, 
omposed of two 
ontributions. The �rst 
onsisted in
omparing the full simulation of events in the ATLAS framework to a CPU-optimised,faster version. The se
ond 
onstituent of the servi
e task were run 
ontrol shifts inthe ATLAS 
ontrol room. These tasks enabled me to gain improved knowledge on thesimulation of events and the data taking pro
ess. This work has earned me the title ofquali�ed author of ATLAS publi
ations.It has been interesting to experien
e the di�eren
e of operation in the two 
ommu-nities. On the one hand, the theorist, alone in his o�
e, with pen and paper, booksand Mathemati
a. On the other hand, the experimentalist, a tiny link in the long 
hainof the analysis, working as part of a physi
s group, depending on 
omputing power tohandle the enormous amount of data. Hen
e the 
hange in pronoun in the previousparagraph... I hope I didn't loose too many people in this do
ument, on my way fromtheory to experiment. And for those who stayed with me until the very end, I hope I
ould share how mu
h of an amazing journey it has been.



ABorel summation
The borel transform is a summation method for divergent series. It may be used toinvestigate the behaviour of perturbative expansions, as for example in mass de�nitionissues tainted by renormalon 
ontributions. If

y(z) =

∞∑

k=0

ykz
k (A.1)is a power series in z, then the Borel transform B[y] is given by

B[y](t) =

∞∑

k=0

yk
k!
tk. (A.2)If the Borel transform 
onverges to an analyti
 fun
tion near the origin whi
h 
an beanalyti
ally 
ontinued along the real axis, then the Borel sum ỹ is given by

ỹ(z) =

∫ ∞

0

exp(−t)B(tz)dt. (A.3)The following example shows how the Borel transform may be used to sum divergentasympoti
 expansions. Consider the series
y(z) =

∞∑

k=0

(−1)kk!zk. (A.4)This series does not 
onverge for z 6= 0. The Borel transform of the series is given by
B[y](t) =

∞∑

k=0

(−1)ktk =
1

1 + t
(A.5)



166 Borel summationfor |t| < 1. Now the Borel transform 
an even be analyti
ally 
ontinuated to t ≥ 0.Finally, the Borel sum is given by
ỹ(z) =

∫ ∞

0

exp(−t)
1 + zt

dt =
exp(1/z)

z
Γ
(

0,
1

z

)

, (A.6)where Γ here is the in
omplete Gamma fun
tion. We see that the integral is 
onvergentfor all z ≥ 0 so the original divergent series is Borel summable for all z ≥ 0. The fun
tionhas an asymptoti
 expansion as z → 0 whi
h is given by the original divergent series.



BFormulas for the Catani SeymourDipole Subtra
tion
In this appendix we give additional details to the dipole 
al
ulation for the tH− NLO
ross se
tion using the Catani Seymour formalism, as presented in Se
tion 3.4.B.1 Splitting fun
tions for the real dipole
ontributionsThe spin-averaged splitting fun
tions, for initial state emitters with initial state spe
-tators, are given by
• for pro
ess (a)- for gluon radiation of the quark (a = qb(p2), b = g(p1) and i = g(k3)):

〈s | Vqg,g | s′〉 = 8πµ2ǫαsCF

[ 2

1 − xi,ab
− (1 + xi,ab)

]

δss′, (B.1)- for gluon radiation of the gluon (a = g(p1), b = qb(p2) and i = g(k3)):
〈µ | Vgg,q | ν〉 = 16πµ2ǫαsNC

{

−gµν
[ xi,ab
1 − xi,ab

+ xi,ab(1 − xi,ab)
]

+
1 − xi,ab
xi,ab

papb
kipa kipb

(

kµi −
kipa
pbpa

pµb

)(

kνi −
kipa
pbpa

pνb

)}

, (B.2)
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tion
• for pro
ess (b) gluon radiation o� the gluon (a = g(p1), b = g(p2) and i = g(k3)and a = g(p2), b = g(p1) and i = g(k3)):

〈s | Vgq̄,g | s′〉 = 8πµ2ǫαsTR

[

1 − 2xi,ab(1 − xi,ab)
]

δss′, (B.3)
• and for pro
ess (
) (a = q/q̄(p1), b = qb(p2) and i = q/q̄(k3)):
〈µ | Vqq,q | ν〉 = 8πµ2ǫαsCF

{

−gµνxi,ab+2
1 − xi,ab
xi,ab

papb
kipa kipb

(

kµi −
kipa
papb

pµb

)(

kνi−
kipa
papb

pνb

)}

.(B.4)The splitting fun
tions V
ai
t , for initial state emitters and the top as �nal state spe
-tator, are

• for pro
ess (a)
〈s | Vqg

t | s′〉 = 8πµ2ǫαsCF

{ 2

2 − xit,a − z̃t
− 1 − xit,a

}

δss′ (B.5)and
〈µ | Vgg

t | µ〉 =

16πµ2ǫαsNC

{

−gµν
[ 1

2 − xit,a − z̃t
−1+xit,a(1−xit,a)

]

+
1 − xit,a
xit,a

z̃iz̃t
kipt

(kµi
z̃i
−p

µ
t

z̃t

)(kνi
z̃i
−p

ν
t

z̃t

)}

,(B.6)
• for pro
ess (b)

〈µ | Vgq̄
t | ν〉 = 8πµ2ǫαsTR

[

1 − 2xit,a(1 − xit,a)
]

, (B.7)
• and for pro
ess (
)

〈µ | Vqq
t | ν〉 = 8πµ2ǫαsCF

{

−gµνxit,a + 2
1 − xit,a
xit,a

z̃iz̃t
kipt

(kµi
z̃i

− pµt
z̃t

)(kνi
z̃i

− pνt
z̃t

)}

.(B.8)The splitting fun
tion V
a
gt, for the top as �nal state emitter and initial state spe
tators,is given by

〈s | Va
gt | s′〉 = 8πµ2ǫαsCF

{ 2

2 − xit,a − z̃t
− 1 − z̃t −

m2
t

kipt

}

δss′. (B.9)
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olour 
harge operatorsB.2.1 General expressionsThe most general P-term is given by
P
a,a′
(
p1, ..., pm; xpa, pb, x, µ

2
F

)
=
αs
2π
P aa′ (x)

1

T
2
a′

[
∑

j

Tj ·Ta′ ln
µ2
F

2xpa · pj
+ Tb ·Ta′ ln

µ2
F

2xpa · pb

]

,(B.10)in whi
h P aa′(x) are the regularised Altarelli-Parisi probabilities
P qg(x) = CF

1 + (1 − x)2

x
, (B.11)

P gq(x) = TR
[
x2 + (1 − x)2

]
, (B.12)

P qq(x) = CF

(
1 + x2

1 − x

)

+

, (B.13)
P gg(x) = 2CA

[(
1

1 − x

)

+

+
1 − x

x
− 1 + x(1 − x)

]

+ δ(1 − x)(
11

6
CA − 2

3
NfTR), (B.14)where q 
an be repla
ed by q̄ without any further 
hange.The general expression for the K-term is

K
a,a′

m+b (x; {ki, mi} , pa, pb) =

Ka,a′

m (x; {ki, mi} , pa)−
αs
2π

Tb·Ta′

{
1

T
2
a′
P a,a′

reg (x) ln(1 − x) + δa,a
′

[

2

(
ln(1 − x)

1 − x

)

+

− π2

3
δ(1 − x)

]}

,(B.15)where
Ka,a′

m (x; {ki, mi} , pa)
=
αs
2π

{

K̄aa′(x) −Kaa′

FS −
∑

j

Tj · Ta′Ka,a′

j (x; sja, mj, {mF})

− 1

T
2
a′

∑

j

Tj · Ta′
[
P aa′

reg (x) ln
(1 − x)sja

(1 − x)sja +m2
j

+ γaδ
aa′δ(1 − x)

(
ln
sja − 2mj

√

sja +m2
j + 2m2

j

sja
+

2mj
√

sja +m2
j +mj

)]}

. (B.16)
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tionThe regular parts of the auxilirary fun
tions P ab
reg(x) in Eq. (B.15) and Eq. (B.16) aregiven by

P qq
reg(x) = −CF (1 + x), P gq

reg(x) = TR
[
x2 + (1 − x)2

]
, (B.17)

P qg
reg(x) = CF

1 + (1 − x)2

x
and P gg

reg(x) = 2CA

[
1 − x

x
− 1 + x(1 − x)

]

. (B.18)The term K̄aa′(x) in Eq. (B.16) is given by
K̄aa′(x) = P aa′

reg (x) ln
1 − x

x
+ P̂ aa′(x)

+ δaa
′

[

T
2
a

(
2

1 − x
ln

1 − x

x

)

+

− δ(1 − x)

(

γa +Ka −
5

6
π2

T
2
a

)]

, (B.19)where
P̂ qq(x) = P̂ qg(1 − x) = CF (1 − x), (B.20)
P̂ gq(x) = 2TRx(1 − x) and (B.21)
P̂ gg(x) = 0, (B.22)and

Kq =

(
7

2
− π2

6

)

CF , Kg =

(
67

18
− π2

6

)

CA − 10

9
TRNf (B.23)

γq =
3

2
CF , γg =

11

6
NC − 2

3
TRNf . (B.24)Sin
e we have only a quark in the Born �nal state, we list the relevant K terms inEq. (B.16):

Kgq
q (x; sja, mj) = 0, (B.25)

Kqq
q (x; sja, mj) = 2

[(
ln(1 − x)

1 − x

)

+

− ln(2 − x)

1 − x

]

+

[

JagQ

(

x,
mj√
sja

)]

+

+ 2

(
1

1 − x

)

+

ln
(2 − x)sja

(2 − x)sja +m2
j

+ δ(1 − x)

[(
m2
j

sja
+

1

2

)

ln
m2
j

sja +m2
j

− γq
CF

]

, (B.26)where [JagQ(x, µQ)
]

+
stands for

[
JagQ(x, µQ)

]

+
=

(

1 − x

2(1 − x+ µ2
Q)2

− 2

1 − x

[
1 + ln(1 − x+ µ2

Q)
]

)

+

+

(
2

1 − x

)

+

ln(2 + µ2
Q − x) (B.27)
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harge operators 171with µQ =
mj√
sja
,

Kq,g
q (x; sja, mj) = 2

CF
NC

m2
j

xsja
ln

m2
j

(1 − x)sja +m2
j

and (B.28)
Kg,g
q (x; sja, mj) = Kq,q

q +
NC

CF
Kq,g
q . (B.29)B.2.2 tH− spe
i�
 expressionsPro
ess (a) Con
erning pro
ess (a), two possible 
on�gurations 
ontribute: gluon ra-diation o� the gluon: a = g, a′ = g and gluon radiation o� the b quark: a = qb, a

′ = qb.Thus the P-term is given by
P
gg
2+qb

=
αs
2π
P gg(x)

1

T2
g′

[

Tg′ · Tqt ln
µ2
F

x(m2
t − t)

+ Tg′ ·Tqb ln
µ2
F

xs

] (B.30)and the K- term reads
K
gg
2+qb

=
αs
2π

[δ(1 − x)∆K
gg + K

gg
+ + K

gg] , (B.31)where
∆K

gg =
NC

2

(

−π
2

3

)

−
[

NC
(11

6
+

67

18
− π2

)

− TRNf

(2

3
+

10

9

)]

+
NC

2

[

−3

2
+
(1

2
+

m2
t

m2
t − t

)

ln
m2
t

2m2
t − t

]

+
1

2

(11

6
NC − 2

3
TRNf

)(

ln
m2
t − t− 2mt

√

2m2
t − t+ 2m2

t

m2
t − t

+
2mt

√

2m2
t − t+mt

)

, (B.32)
K
gg
+ = 2NC

[ ln(1 − x)

1 − x
+

1

1 − x
ln

1 − x

x

]

+

+NC

[ 1

1 − x

]

+
ln

(2 − x)(m2
t − t)

(2 − x)(m2
t − t) +m2

t

+
NC

2

[
(

1 − x

2(1 − x+ µ2
Q)2

− 2

1 − x

[
1 + ln(1 − x+ µ2

Q)
]

)

+

+

(
2

1 − x

)

+

ln(2+µ2
Q−x)

]

,(B.33)with µQ = mt√
m2

t−t
, and
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K
gg = 2NC

[1 − x

x
−1+x(1−x)

][1

2
ln(1−x)+

1

2
ln

(1 − x)(m2
t − t)

(1 − x)(m2
t − t) +m2

t

+ln
1 − x

x

]

+NC

[

− ln(2 − x)

1 − x
+

m2
t

x(m2
t − t)

ln
m2
t

(1 − x)(m2
t − t) +m2

t

]

. (B.34)For gluon radiation o� the b-quark, the P-term reads
P
qbqb
2+g(k) =

αs
2π
P qq(x)

1

T2
qb

[

Tqb · Tqt ln
µ2
F

x(m2
t − u)

+ Tqb ·Tg ln
µ2
F

xs

]

, (B.35)while the K-term is given by
K
qbqb
2+g =

αs
2π

[δ(1 − x)∆K
qbqb + K

qbqb
+ + K

qbqb] , (B.36)where
∆K

qbqb =
NC

2

(

−π
2

3

)

− 1

4

(

ln
m2
t − u− 2mt

√

2m2
t − u+ 2m2

t

m2
t − u

+
2mt

√

2m2
t − u+m2

t

)

− CF (5 − π2) − 1

2NC

[(1

2
+

m2
t

m2
t − u

)

ln
m2
t

2m2
t − u

− 3

2

]

, (B.37)
K
qbqb
+ =

(

NC
ln(1 − x)

1 − x
+ CF

2

1 − x
ln

1 − x

x

− 1

2NC

(

2
ln(1 − x)

1 − x
+

1 − x

2(1 − x+ µ2
Q)2

− 2

1 − x
(1 + ln(1 − x+ µ2

Q))
))

+

− 1

2NC

[

2
( 1

1 − x

)

+
ln

(2 − x)(m2
t − u)

(2 − x)(m2
t − u) +m2

t

+ 2
( 1

1 − x

)

+
ln(2 + µ2

Q − x)
] (B.38)and

K
qbqb = −(1 + x)

(NC

2
ln(1 − x) − 1

2NC
ln

(1 − x)(m2
t − u)

(1 − x)(m2
t − u) +m2

t

+ CF ln
1 − x

x

)

+ CF (1 − x) +
1

NC

ln(2 − x)

1 − x
. (B.39)Pro
ess (b) For pro
ess (b), only one type of radiation is involved: gluon splittinginto qb and q̄b, so that this time a = g, a′ = qb The P-term reads

P g,qb
2+g(k) =

αs
2π
P gq(x)

1

T2
qb

[

Tqt · Tqb ln
µ2
F

x(m2
t − t)

+ Tg · Tqb ln
µ2
F

xs

] (B.40)



B.2 P and K 
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harge operators 173The K-term is given by
Kgq

2+g =
αs
2π

{

P gq
reg(x)

[ NC

2CF
ln(1−x)+ln

1 − x

x
− 1

2CFNC
ln

(1 − x)(m2
t − u)

(1 − x)(m2
t − u) +m2

t

]

+2TRx(1−x)
}(B.41)Pro
ess (c) For pro
ess (
), the P- and K-terms are given by

P
q/q̄g
2+q =

αs
2π
P q/q̄g(x)

(−1)

2

(

ln
µ2
F

x(m2
t − t)

+ ln
µ2
F

xs

) (B.42)and
K
q/q̄g
2+q =

αs
2π

{

P q/q̄g
reg (x)

[1

2
ln(1 − x) + ln

1 − x

x
+

1

2
ln

(1 − x)(m2
t − t)

(1 − x)(m2
t − t) +m2

t

]

+ CFx+ CF
m2
t

x(m2
t − t)

ln
m2
t

(1 − x)(m2
t − t) +m2

t

} (B.43)
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CBasi
 set of divergent s
alarintegrals
We list a set of useful s
alar integrals needed in the tH− NLO 
al
ulation. They areexpressed using the Mandelstam variables de�ned in Se
tion 3.1, and in
lude Gammafun
tions and dilogarithms, as de�ned in Se
tion 3.2. The relevant tadpole integral is

A0(m
2) =

( µ2

m2

)ǫ (4π)ǫ

Γ(1 − ǫ)
m2
(1

ǫ
+ 1
)

. (C.1)Several B fun
tions are needed, whi
h are
B0(0; 0, 0) =

( µ2

m2

)ǫ (4π)ǫ

Γ(1 − ǫ)

(1

ǫ
− 1

ǫ

)

, (C.2)
B0(0;m2, m2) =

( µ2

m2

)ǫ (4π)ǫ

Γ(1 − ǫ)

1

ǫ
, (C.3)

B0(m
2; 0, m2) =

( µ2

m2

)ǫ (4π)ǫ

Γ(1 − ǫ)

(1

ǫ
+ 2
)

, (C.4)
B0(s; 0, 0) =

( µ2

m2

)ǫ (4π)ǫ

Γ(1 − ǫ)

(1

ǫ
+ 2 − log

−s
m2

)

, (C.5)and
B0(s; 0, m

2) =
( µ2

m2

)ǫ (4π)ǫ

Γ(1 − ǫ)

(1

ǫ
+ 2 +

m2 − s

s
ln
m2 − s

m2

)

. (C.6)The relevant vertex fun
tions are
C0(0, 0, s; 0, 0, 0) =

( µ2

m2

)ǫ (4π)ǫ

Γ(1 − ǫ)

1

s

( 1

ǫ2
− 1

ǫ
log

−s
m2

+
1

2
log2 −s

m2

)

, (C.7)
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 set of divergent s
alar integrals
C0(0, p

2
2, p

2
3; 0, 0, m

2) =
( µ2

m2

)ǫ (4π)ǫ

Γ(1 − ǫ)

1

p2
2 − p2

3

(1

ǫ
log

m2 − p2
3

m2 − p2
2

+Li2
p2

2

m2
−Li2

p2
3

m2
+log2 m

2 − p2
2

m2
−log2 m

2 − p2
3

m2

)

,(C.8)and
C0(0, p

2, m2; 0, 0, m2) =
( µ2

m2

)ǫ (4π)ǫ

Γ(1 − ǫ)

1

p2 −m2

( 1

2ǫ2
+

1

ǫ
log

m2

m2 − p2
+
π2

12
− Li2

−p2

m2 − p2
+

1

2
log2 m2

m2 − p2

)

.(C.9)The two divergent box 
ontributions are
D0(0, 0, m

2, p2
4, s12, s23; 0, 0, 0, m

2) =
( µ2

m2

)ǫ (4π)ǫ

Γ(1 − ǫ)

1

s12(s23 −m2)

[3

2

1

ǫ2
− 1

ǫ

(

2 log
m2 − s23

m2
+ log

−s12

m2
− log

m2 − p2
4

m2

)

− 2Li2
s23 − p2

4

s23 −m2
+ 2 log

−s12

m2
log

m2 − s23

m2
− log2 m

2 − p2
4

m2
− 5π2

12

] (C.10)and
D0(0, m

2, 0, p2
4, s12, s23; 0, 0, m

2, m2) =
( µ2

m2

)ǫ (4π)ǫ

Γ(1 − ǫ)

1

(s12 −m2)(s23 −m2)

[ 1

2ǫ2
−1

ǫ

(

log
m2 − s12

m2
+log

m2 − s23

m2
−log

m2 − p2
4

m2

)

+ 2 log
m2 − s12

m2
log

m2 − s23

m2
− log2 m

2 − p2
4

m2
− π2

12

− 2Li2
(
1 − m2 − p2

4

m2

)
− Li2

(
1 − m2 − p2

4

m2 − s12

)
− Li2

(
1 − m2 − p2

4

m2 − s23

)] (C.11)



DCombining W+jets samples byHeavy Flavour Overlap Removal
In this se
tion, we give additional details as to how a global W+jets sample is fash-ionned out of several individually generated LO Alpgen samples. These samples are
lassi�ed a

ording to their heavy �avour quark 
ontent.
• The W+light jets are named W → lν + Np. There are individual samples for
N = 0, 1, 2, 3, 4 or 5 partons. These partons are hard jets (from gluons, u, d, s and
c massless quarks) in
luded in the ME. The b-quarks 
ontained in those samples
an only 
ome from the PS and thus their pT distribution peaks at low values(usually they have a pT < 15 GeV). Samples with 0 to 4 partons are ex
lusive,i.e. 
ontain events were exa
tly this number of partons has been generated in theME. The 5 parton sample is in
lusive, whi
h means that it 
ontains events withhave been generated with 5 partons or more.

• The W+heavy quarks+jets are either W → lν+ bb̄+Np or W → lν+ cc̄+Npsamples, where again those with 0 to 2 partons are ex
lusive, and the 3 partonsample is in
lusive. Con
erning the W → lν + c+Np samples, the ones with 0 to3 partons are ex
lusive, the 4 parton sample is in
lusive.The simulation of the W+jets is far from trivial and its evaluation thus relies as mu
has possible on data. However, in several steps MC samples are needed and they are
onstru
ted as best as one 
an do at the moment.The �rst approa
h has been to take only into a

ount the W+light jets sample. Inorder to get a 
onsistent sample, the di�erent event multipli
ities have to be added while
arefully avoiding over-
ounting, sin
e for example a pro
ess with N �nal state partons



178 Combining W+jets samples by Heavy Flavour Overlap Removalmay arise not only from the 2 → N ME, but also from a 2 → (N − 1) ME where oneadditional jet is produ
ed by the PS. In order to avoid double-
ounting these events,Alpgen in
orporates a mat
hing tool based on the MLM mat
hing pres
ription [165℄.In this algorithm, the �nal state light �avour parton multipli
ity has to mat
h the jetmultipli
ity after the PS (
alled ex
lusive mat
hing), ex
ept in the highest multipli
itysample, where unmat
hed parton shower jets are allowed (
alled in
lusive mat
hing).The next step 
onsists in produ
ingWbb̄+Np samples, where this time the b jets havethe 
orre
t kinemati
 behaviour sin
e they are 
oming from the ME. Su
h an a

uratedes
ription is mandatory sin
e tagged jets are hard by de�nition of the tag. Again,the MLM mat
hing pro
edure 
an be used to 
ombine the di�erent Wbb̄+Np sampleswith ea
h other to give one Wbb̄ + j sample, but the problem arises in 
ombining itwith the W+light jets sample. The overlap between events from the in
lusive W+lightjets and the Wbb̄+ jets sample depends on the generator level 
uts, and was evaluatedin dedi
ated studies to be approximately 4 % [166℄. The �rst attempt to redu
e thisoverlap was based on a simple phase spa
e 
ut between the b quark pair, where the 
utvalues are identi
al to the MLM mat
hing requirements: a b quark pT > 20 GeV and
∆R(bb̄) > 0.7 allowed to minimise the amount of overlap between the samples. This isusually referred to as the MC08 method.Sin
e the major 
ulprit of mistagging is the c quark, individual W + c+light jets and
Wcc̄ samples were generated to take into a

ount this ba
kground properly. However,in presen
e of c-quark jets the overlap will be even larger sin
e the W + Np samples
ontain massless 
harm quarks already in the ME. To a
hieve 
ombination of all thosesamples the Heavy Flavour Overlap Removal (HFOR) Tool has been elaborated. Thisalternative method is based on the distan
e separating two heavy �avour jets and itdraws advantage of both the ME and PS respe
tive strengths. For the following, keepin mind what we have seen in Chapters 3 and 4: the ME 
orre
tly des
ribes eventswith large opening angles between the quarks, whereas the PS is adequately modelling
ollinear gluon splittings.Remains the question if the mat
hing pro
edure should be done a

ording to the openingangle between the quarks or between the jets. Both approa
hes have been tested andwill be detailed. It turns out that, when using the mat
hing pro
edure on jets, ithappens that some quarks are unmat
hed to any jet and these events are lost. Thisdoes not happen with the method based on quarks and thus this one is 
hosen for the�nal analysis.The Jet-Based Overlap RemovalIn this approa
h, heavy �avour quark pairs from ME generation are required to bemat
hed to di�erent re
onstru
ted jets, whereas heavy �avour quark pairs from PSgeneration should lie in one re
onstru
ted jet. If this is not the 
ase, the event is thrownaway. The a
tual mat
hing of the di�erent samples is done with a geometri
 
ut ∆R onthe distan
e between the jet axis and the b-quark in the (η, φ) plane. The 
hosen 
ut



179value is the same as the jet 
one size R0 = 0.4 of the algorithm that has been used forthe jet re
onstru
tion. This leads to a 
hoi
e of a subsample in ea
h sample a

ordingto
• W +NpThe tool removes all events where heavy �avour pairs have been produ
ed withthe ME. Now there 
an only be events where c and b quarks have been produ
edby the PS. Those are 
orre
tly des
ribed if they lie within one jet, thus the toolremoves events for whi
h this is not the 
ase, i.e. where the heavy quark pairs aremat
hed to two di�erent jets.
• W + c+NpAll events in whi
h the heavy-�avour quark-pairs are not mat
hed to one re
on-stru
ted jet are removed.
• W + cc+NpIn this sample, both c quarks were given by the ME. Thus the tool removes allevents, in whi
h bb pairs are not mat
hed to one re
onstru
ted jet and all events,in whi
h cc pairs are mat
hed to one re
onstru
ted jet.
• W + bb̄+NpEvents in whi
h bb pairs are mat
hed to one re
onstru
ted jet are removed.However, this algorithm experien
es problems with events where some quarks are notmat
hed to a jet. For example, in the in
lusive and the Wbb sample, the fra
tion of

b-quarks that lie within a jet 
one of 0.4 is only about 50 %. To take these events intoa

ount in a 
orre
t fashion, another mat
hing 
riterium has been 
hosen and the newalgorithm works at quark-level and not at jet-level anymore.The ∆R-Based Overlap RemovalThe ∆R-, or Angular-Based Overlap Removal method performs the mat
hing of thedi�erent samples a

ording to the distan
e in R whi
h separates two heavy �avourquarks. Again, the mat
hing distan
e has been 
hosen equal to the jet 
one distan
e
R0 = 0.4. This means that events where ∆R < R0 are taken into a

ount if both heavyquarks have been generated by the parton shower. Events where ∆R > R0 shouldhave heavy quarks des
ribed by the ME. This de�nition allows for migration of events,be
ause events originally generated in the lighter quark sample 
an be re
lassi�ed in theheavy quark sample. The resulting distributions of the merging pro
edure for the ccand bb quark pairs are shown in Fig. D.1. These distributions, whi
h are normalised tothe standard model predi
tions, show a smooth transition between the part taken fromthe PS and the one from the ME.
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(b)Figure D.1: The ∆R distributions between bb̄ (a) or cc̄ (b) quark pairs for the mat
hedsample obtained with the ∆R-based overlap removal method. The distributions arenormalised to the number of expe
ted events where the transverse momentum of theheavy quark is pT > 25 GeV.In Fig. D.2 we show the 
on
eptual di�eren
e between the mat
hing pro
edure basedon the MLM algorithm (�gure (a)) and the two alternative s
hemes based on the angulardistan
e between two heavy quarks or jets (�gure (b)).
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Figure D.2: S
hemati
 illustration of how the di�erent �nal W+jet samples (in plain text)are build from the Alpgen samples (boxes on the left) so as to avoid over-
ounting as mu
has possible [159℄. Figure (a) shows the early attempts to mat
h the W+light jets with the
Wbb̄+jets samples a simple phase spa
e 
ut, based on the MLM pro
edure. In �gure (b), themore 
ompli
ated jet or angular based removal s
heme is applied to take into a

ount the cjets 
ontribution. Overlapping boxes indi
ate that some events may have been removed.



182 Combining W+jets samples by Heavy Flavour Overlap RemovalWe 
on
lude this se
tion with a general 
omment on the heavy �avour 
ompositionof the MC samples. At a �rst glan
e, one may wonder at the absen
e of a W + b+jetssample as an analogue of the W + c+jets. Sin
e the produ
tion me
hanism is di�erentbetween W + b+jets and W + c+jets, whi
h 
an be obtained via s→ Wc, it turns outthat this pro
ess 
annot be produ
ed within Alpgen at the moment. While this was notthe 
ase for the Tevatron, W + bj +X produ
tion is the dominant produ
tion pro
ess
ompared to W + bb+X at the LHC [167℄. The predi
ted 
ross se
tion of W + bj +Xis a
tually twi
e the 
ross se
tion of the W + bb+X pro
ess. These 
omments and thiswhole se
tion show that, in order to understand the W+jets ba
kground as best as we
an, there is still some work to do and 
ombined input form both the theoreti
al andexperimental 
ommunity is mandatory.



EPresele
tion event yield
In this appendix, we list the event yields after the presele
tion and ba
kground es-timations, detailed in Se
tion 7.1.1, for the pretag sample in the ele
tron 
hannel inTab. E.1 and for the muon 
hannel in Tab. E.3, and for the tag sample in the ele
tron
hannel in Tab. E.2 and for the muon 
hannel in Tab. E.4.Table E.1: Event yield for the ele
tron 
hannel after the presele
tion and ba
kground esti-mations in the pretag sample. All W+jets samples are s
aled by the fa
tors determined fromdata. The QCD fake event estimation is from the �tting method. All the other expe
tationsare derived using theoreti
al 
ross se
tions and their un
ertainties are also theoreti
al.Ele
tron pretag sample1-jet 2-jets 3-jets ≥4-jets

Wt 3.9±0.4 11.5±1.2 13.6±1.4 12.0±1.2
s-
hannel 1.3±0.1 2.5±0.3 1.1±0.1 0.4±0.1
t-
hannel 19.8±2.0 45.6±4.6 17.3±1.7 6.2±0.6
tt̄ 9.1±0.7 53.2±4.4 123±10.1 260±21.3
W+jets 10636±1987 2635±708 598±224 183±107
Wc+jets 1746±826 619±278 158±74 50±28
Wbb̄+jets 88±78 60±56 24±24 12±14
Wcc̄+jets 276±245 156±147 56±56 25±29Diboson 43.1±2.2 43.7±2.2 14.9±0.7 4.9±0.2
Z+jets 210.1±105.1 187.9±94.0 86.7±43.3 50.4±25.2Multijets 310±310 260±130 80±80 60±30TOTAL Exp 13343±2192 4074±793 1173±260 664±123DATA 13566 4112 1212 667



184 Presele
tion event yieldTable E.2: Event yield for the ele
tron 
hannel after the presele
tion and ba
kground estima-tions in the tag sample. Ele
tron tag sample1-jet 2-jets 3-jets ≥4-jets
Wt 1.1±0.1 4.5±0.5 6.0±0.6 5.6±0.6
s-
hannel 0.5±0.1 1.2±0.1 0.6±0.1 0.2±0.1
t-
hannel 5.2±0.5 19.7±2.0 8.0±0.8 2.9±0.3
tt̄ 3.3±0.3 23.5±1.9 58±4.8 125±10.3
W+jets 32±5.9 19±5 8±3 4±2
Wc+jets 113±54 55±25 17±8 6±3
Wbb̄+jets 11±10 15±14 7±7 4±5
Wcc̄+jets 7±6 10.4±9.8 5±5 3±4Diboson 1.2±0.1 2.2±0.1 0.9±0.1 0.4±0.1
Z+jets 0.8±0.4 3.0±1.5 1.9±1.0 2.9±1.5Multijets 5±5 6±6 5±5 5±5TOTAL Exp 180±55 159±31 116±14 159±14DATA 185 163 141 179

Table E.3: Event yield for the muon 
hannel after the presele
tion and ba
kground estimationsin the pretag sample. All W+jets samples are s
aled by the fa
tors determined from data.The QCD fake event estimation is given by the matrix method. All the other expe
tations arederived using theoreti
al 
ross se
tions and their un
ertainties are also theoreti
al.Muon pretag sample1-jet 2-jets 3-jets ≥4-jets
Wt 4.5±0.5 12.9±1.3 15.3±1.5 12.6±1.3
s-
hannel 1.8±0.2 3.5±0.3 1.5±0.2 0.6±0.1
t-
hannel 25.9±2.6 57.3±5.7 21.6±2.2 7.4±0.7
tt̄ 10.5±0.9 60.8±5.0 142±11.6 302±24.8
W+jets 15403±2878 3795±1020 829±310 260±152
Wc+jets 2413±1142 795±358 203±95 63±35
Wbb̄+jets 129±115 81±76 32±32 16±18
Wcc̄+jets 401±356 223±210 74±74 31±37Diboson 57.8±2.9 58.9±2.9 18.5±0.9 5.7±0.3
Z+jets 665.6±332.8 222.9±111.5 71.2±35.6 27.7±13.8Multijets 580±290 310±160 150±150 70±70TOTAL Exp 19692±3150 5621±1121 1558±369 795±178DATA 19508 5591 1521 820
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Table E.4: Event yield for the muon 
hannel after the presele
tion and ba
kground estimationsin the tag sample. Muon tag sample1-jet 2-jets 3-jets ≥4-jets
Wt 1.3±0.1 4.9±0.5 6.7±0.7 5.8±0.6
s-
hannel 0.7±0.1 1.7±0.2 0.7±0.1 0.3±0.1
t-
hannel 7±0.7 24.6±2.5 10.0±1.0 3.4±0.3
tt̄ 3.9±0.3 26.8±2.2 66±5.4 145±11.9
W+jets 38±7 27±7 9±3 5±3
Wc+jets 152±72 68±31 22±10 8±4
Wbb̄+jets 16±14 20±19 10±10 6±7
Wcc̄+jets 9±8 12±11 6±6 4±5Diboson 1.5±0.1 2.7±0.1 1.2±0.1 0.4±0.1
Z+jets 4.3±2.2 5.0±2.5 2.0±1.0 1.5±0.7Multijets 22±11 42±21 22±11 13±7TOTAL Exp 256±77 235±44 155±20 192±17DATA 251 265 170 203
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tion event yield



FTables of systemati
 un
ertainties
This se
tion 
ontains details about the systemati
 un
ertainties for the t-
hannel and

Wt analysis. We quote relative un
ertainties for the signal, as well as for the di�erentba
kgrounds:
• Tops, whi
h in
ludes tt̄, t-
hannel and s-
hannel,
• VV, standing for diboson produ
tion,
• W+jets, summed over all �avours and
• QCD.Tables F.1 to F.6 show the systemati
 un
ertainties after the Wt analysis 
uts. Allvalues quoted as relative errors.



188 Tables of systemati
 un
ertaintiesTable F.1: Relative systemati
 un
ertainties (in %) in the ele
tron 2-jets 
hannel.Wt s, t tt̄ VV W+jets MultijetJet Energy S
ale −17.7 −1.9 −24.0 +2.9 +1.6 −
+13.1 +0.1 +26.1 −2.7 −1.6Jet Energy Resolution ±0.4 ±0.3 ±0.3 ±1.0 − −Jet Re
onstru
tion ±7.8 ±1.5 ±14.3 ±2.1 − −B-tagging ±12.4 ±8.6 ±9.1 ±17.3 ±18.1 −Mistag < 0.1 ±0.1 ±0.1 ±1.6 ±3.7 −Lepton S
ale Fa
tor ±3.9 ±4.1 ±3.9 ±4.1 − −Lepton Resolution < 1.0 < 1.0 < 1.0 < 1.0 − −PDF +3.0 +1.0 +1.0 +1.0 − −−2.0 −1.0 −1.0 −1.0ISR/FSR ±3.0 ±3.0 ±11.0 − − −MC Generator ±3.0 ±3.0 ±5.0 − ±4.0 −Parton Shower Modeling ±2.0 ±2.0 ±8.0 − − −Pile-Up ±2.0 ±2.0 ±2.0 − − −Normalization to data − − − − ±54.4 ±100.0Normalization to theory − ±10.0 ±8.2 − − −Luminosity − ±3.2 ±3.2 ±3.2 − −MC/Data statisti
s ±3.0 ±3.7 ±2.1 ±4.3 ±6.3 ±11.6

Table F.2: Relative systemati
 un
ertainties (in %) in the muon 2-jets 
hannel.Wt s, t tt̄ VV W+jets MultijetJet Energy S
ale −15.9 −1.8 −21.1 +1.3 +3.4 −
+13.5 −1.8 +29.7 −1.8 −3.4Jet Energy Resolution ±0.3 ±0.7 ±1.8 ±1.1 − −Jet Re
onstru
tion ±2.3 ∓2.0 ±10.5 ±1.9 − −B-tagging ±11.9 ±8.0 ±8.6 ±16.2 ±17.7 −Mistag < 0.1 < 0.1 < 0.1 ±1.8 ±3.1 −Lepton S
ale Fa
tor ±1.2 ±1.2 ±1.2 ±1.2 − −Lepton Resolution < 1.0 < 1.0 < 1.0 < 1.0 − −PDF +2.0 +1.0 +1.0 +2.0 − −−2.0 −1.0 −1.0 −1.0ISR/FSR ±3.0 ±3.0 ±13.0 − − −MC Generator ±3.0 ±3.0 ±2.0 − ±4.0 −Parton Shower Modeling ±2.0 ±2.1 ±3.0 − − −Pile-Up ±2.0 ±2.0 ±2.0 − − −Normalization to data − − − − ±54.2 ±50.0Normalization to theory − ±10.0 ±8.2 − − −Luminosity − ±3.2 ±3.2 ±3.2 − −MC/Data statisti
s ±2.8 ±3.4 ±2.0 ±3.9 ±5.8 ±31.6



189Table F.3: Relative systemati
 un
ertainties (in %) in the ele
tron 3-jets 
hannel.Wt s, t tt̄ VV W+jets MultijetJet Energy S
ale −0.5 +10.5 −11.9 +5.8 +4.4 −−2.4 −15.5 +11.7 −17.5 −4.4Jet Energy Resolution ±1.1 ±4.4 ±0.1 ±1.8 − −Jet Re
onstru
tion ±2.7 ∓3.4 ±1.3 ±3.2 − −B-tagging ±10.7 ±5.9 ±5.2 ±17.5 ±16.6 −Mistag < 0.1 ∓0.1 < 0.1 ±1.4 ±4.1 −Lepton S
ale Fa
tor ±4.0 ±4.0 ±4.0 ±3.9 − −Lepton Resolution < 1.0 < 1.0 < 1.0 < 1.0 − −PDF +4.0 +1.0 +1.0 +1.0 − −−2.0 −2.0 −2.0 −1.0ISR/FSR ±3.0 ±3.0 ±14.0 − − −MC Generator ±3.0 ±3.0 ±3.0 − ±4.0 −Parton Shower Modeling ±2.0 ±2.2 ±2.0 − − −Pile-Up ±2.0 ±2.0 ±2.0 − − −Normalization to data − − − − ±63.1 ±100.0Normalization to theory − ±10.0 ±8.2 − − −Luminosity − ±3.2 ±3.2 ±3.2 − −MC/Data statisti
s ±2.8 ±6.3 ±1.4 ±7.0 ±11.8 ±18.0
Table F.4: Relative systemati
 un
ertainties (in %) in the muon 3-jets 
hannel.Wt s, t tt̄ VV W+jets MultijetJet Energy S
ale −3.2 +8.4 −15.8 +9.0 +2.6 −−0.8 −9.5 +12.4 −18.4 −2.6Jet Energy Resolution ±0.5 ±2.3 ±0.2 ±5.8 − −Jet Re
onstru
tion ±1.2 ∓4.8 ±1.6 ±5.6 − −B-tagging ±10.6 ±5.7 ±5.1 ±15.9 ±17.3 −Mistag ±0.1 ±0.1 < 0.1 ±2.3 ±3.2 −Lepton S
ale Fa
tor ±1.2 ±1.3 ±1.2 ±1.1 − −Lepton Resolution < 1.0 < 1.0 < 1.0 < 1.0 − −PDF +2.0 +1.0 +1.0 +2.0 − −−2.0 −2.0 −2.0 −1.0ISR/FSR ±3.0 ±3.0 ±12.0 − − −MC Generator ±3.0 ±3.0 ±1.0 − ±4.0 −Parton Shower Modeling ±2.0 ±2.0 ±4.0 − − −Pile-Up ±2.0 ±2.0 ±2.0 − − −Normalization to data − − − − ±64.6 ±50.0Normalization to theory − ±10.0 ±8.2 − − −Luminosity − ±3.2 ±3.2 ±3.2 − −MC/Data statisti
s ±2.7 ±6.1 ±1.4 ±6.2 ±10.0 ±33.3



190 Tables of systemati
 un
ertaintiesTable F.5: Relative systemati
 un
ertainties (in %) in the ele
tron 4-jets 
hannel.Wt s, t tt̄ VV W+jets MultijetJet Energy S
ale +13.0 +28.7 −0.5 +46.1 +4.1 −−13.9 −11.2 −4.6 −11.3 −4.1Jet Energy Resolution ±2.9 ±9.5 ±1.9 ±21.8 − −Jet Re
onstru
tion ±4.4 ∓6.6 ±2.8 ±6.3 − −B-tagging ±8.0 ±3.8 ±2.8 ±14.9 ±16.8 −Mistag < 0.1 ∓0.3 ∓0.1 ±2.7 ±2.8 −Lepton S
ale Fa
tor ±4.0 ±4.0 ±4.0 ±3.8 − −Lepton Resolution < 1.0 < 1.0 < 1.0 < 1.0 − −PDF +3.0 +2.0 +2.0 +3.0 − −−1.0 −2.0 −2.0 −1.0ISR/FSR ±7.0 ±7.0 ±7.0 − − −MC Generator ±0.5 ±0.5 ±0.5 − ±4.0 −Parton Shower Modeling ±2.0 ±2.0 ±2.0 − − −Pile-Up ±2.0 ±2.0 ±2.0 − − −Normalization to data − − − − ±80.4 ±100.0Normalization to theory − ±10.0 ±8.2 − − −Luminosity − ±3.2 ±3.2 ±3.2 − −MC/Data statisti
s ±4.2 ±13.0 ±1.5 ±15.3 ±20.0 ±40.8
Table F.6: Relative systemati
 un
ertainties (in %) in the muon 4-jets 
hannel.Wt s, t tt̄ VV W+jets MultijetJet Energy S
ale +3.7 +24.7 −1.3 +27.9 −6.2 −−12.6 −17.5 −2.9 −24.1 +6.2Jet Energy Resolution ±1.1 ±5.3 ±0.5 ±6.1 − −Jet Re
onstru
tion ±4.7 ∓6.8 ±3.3 ±2.2 − −B-tagging ±8.2 ±4.3 ±3.0 ±14.8 ±16.3 −Mistag < 0.1 ∓0.2 ∓0.1 ±3.8 ±3.4 −Lepton S
ale Fa
tor ±1.2 ±1.1 ±1.2 ±1.3 − −Lepton Resolution < 1.0 < 1.0 < 1.0 < 1.0 − −PDF +2.0 +1.0 +1.0 +2.0 − −−1.0 −2.0 −2.0 −1.0ISR/FSR ±10.0 ±10.0 ±10.0 − − −MC Generator ±3.0 ±3.0 ±3.0 − ±4.0 −Parton Shower Modeling ±3.0 ±3.0 ±3.0 − − −Pile-Up ±2.0 ±2.0 ±2.0 − − −Normalization to data − − − − ±82.8 ±50.0Normalization to theory − ±10.0 ±8.2 − − −Luminosity − ±3.2 ±3.2 ±3.2 − −MC/Data statisti
s ±4.2 ±12.4 ±1.4 ±13.9 ±18.0 ±70.7



Bibliography
[1℄ S. Frixione and B.R. Webber. Mat
hing NLO QCD 
omputations and partonshower simulations. JHEP, 0206:029, 2002.[2℄ S. Frixione, P. Nason, and C. Oleari. Mat
hing NLO QCD 
omputations withParton Shower simulations: the POWHEG method. JHEP, 0711:070, 2007.[3℄ The ATLAS Collaboration. The ATLAS HLT, DAQ and DCS Te
hni
al DesignReport. 2003. ATLAS TDR-016.[4℄ S. Catani and M. H. Seymour. The dipole formalism for the 
al
ulation of QCDjet 
ross se
tions at next-to-leading order. Phys. Lett., B 378:287�301, 1996.[5℄ S. Catani, S. Dittmaier, M. H. Seymour, and Z. Tro
sanyi. The Dipole Formalismfor Next-to-Leading Order QCD Cal
ulations with Massive Partons. Nu
l. Phys.,B 627:189�265, 2002.[6℄ The Athena framework. https://indi
o.
ern.
h/
onferen
eDisplay.py?
onfId=a05403#s2.[7℄ E. Zeidler. Quantum Field Theory II: Quantum Ele
trodynami
s. A Bridge betweenMathemati
ians and Physi
ists. Springer, 2009.[8℄ K. Nakamura et al. The Review of Parti
le Physi
s. J. Phys., G 37:075021, 2010.[9℄ R.K. Ellis, W.J. Stirling, and B.R. Webber. QCD and Collider Physi
s. CambridgeUniversity Press, 1996.[10℄ C.H. Llewellyn Smith. High energy behaviour and gauge symmetry. Phys. Lett.,B46:233�236, 1973.[11℄ J.M. Cornwall, D.M. Levin, and G. Tiktopoulos. Derivation of gauge-invarian
efrom high-energy unitarity bounds on the S-matrix. Phys. Rev., D10:1145�1167,1974.[12℄ F. Englert and R. Brout. Broken Symmetry and the Mass of Gauge Ve
tor Mesons.Phys. Rev. Lett., 13:321�323, 1964.[13℄ P. W. Higgs. Broken Symmetries and the Masses of Gauge Bosons. Phys. Rev.Lett., 13:508�509, 1964.



192 Bibliography[14℄ N. Arkani-Hamed, A. G. Cohen, E. Katz, and A. E. Nelson. The Littlest Higgs.JHEP, 0207:034, 2002.[15℄ R. Contino, Y. Nomura, and A. Pomarol. Higgs as a Holographi
 Pseudo-Goldstone Boson. Nu
l. Phys., B 671:148, 2003.[16℄ C. Csaki, C. Grojean, H. Murayama, L. Pilo, and J. Terning. Gauge Theories onan Interval: Unitarity without a Higgs. Phys. Rev., D 69:055006, 2004.[17℄ S. P. Martin. A Supersymmtery Primer. 2008. arXiv:hep-ph/9709356v5.[18℄ S. R. Coleman and J. Mandula. All possible symmetries of the S matrix. Phys.Rev., 159:1251�1256, 1967.[19℄ R. Haag, J. T. Lopuszanski, and M. Sohnius. All possible generators of Super-symmetries of the S matrix. Nu
l. Phys., B 88:257, 1975.[20℄ J.L. Diaz-Cruz, A. Diaz-Furlong, and J.H. Montes de O
a. The general 2HDMextensions of the SM. 2010. arXiv:1010.0950[hep-ph℄.[21℄ J.F. Gunion and H.E. Haber. CP-
onserving two-Higgs-doublet model: The ap-proa
h to the de
oupling limit. Phys. Rev., D 67:075019, 2003.[22℄ A. Djouadi. The Anatomy of Ele
tro-Weak Symmetry Breaking. II: The Higgsbosons in the Minimal Supersymmetri
 Model. Phys. Rept., 459:1�241, 2008.[23℄ A. Djouadi, J. Kalinowski, and M. Spira. HDECAY: a Program for Higgs BosonDe
ays in the Standard Model and its Supersymmetri
 Extension. Comput. Phys.Commun., 108:56�74, 1998.[24℄ V. M. Abazov et al. (The D0 Collaboration). Combination of tt̄ 
ross se
tionmeasurements and 
onstraints on the mass of the top quark and its de
ays into
harged Higgs bosons. Phys. Rev., D 80:071102(R), 2009.[25℄ V. M. Abazov et al. (The D0 Collaboration). Sear
h for 
harged Higgs bosons intop quark de
ays. Phys. Lett., B 682:278, 2009.[26℄ V. M. Abazov et al. (The D0 Collaboration). Sear
h for Charged Higgs Bosons De-
aying into Top and Bottom Quarks in pp̄ Collisions. Phys. Rev. Lett., 102:191802,2009.[27℄ A. Abulen
ia et al. (The CDF Collaboration). Sear
h for Charged Higgs Bosonsin De
ays of Top Quarks in pp̄ Collisions at √
s = 1.96 TeV. Phys. Rev. Lett.,103:101803, 2009.[28℄ Heavy Flavour Averaging Group. http://www.sla
.stanford.edu/xorg/hfag/.



Bibliography 193[29℄ H. Flae
her, M. Goebel, J. Haller, A. Hoe
ker, K. Moenig, and J. Stelzer. Revis-iting the Global Ele
troweak Fit of the Standard Model and Beyond with G�tter.Eur.Phys., C 60:543�583, 2009.[30℄ S.W. Herb et al. Observation of a Dimuon Resonan
e at 9.5 GeV in 400 GeVProton-Nu
leus Collisions. Phys. Rev. Lett., 39:252, 1977.[31℄ S.L. Glashow, J. Iliopoulos, and L. Maiani. Weak Intera
tions with Lepton-HadronSymmetry. Phys. Rev., D 2:1285, 1970.[32℄ The JADE Collaboration. A measurement of the ele
troweak indu
ed 
hargeasymmetry in e+e− → bb̄. Phys. Lett., B 146:437�442, 1984.[33℄ F. Abe et al. (The CDF Collaboration). Eviden
e for Top Quark Produ
tion in
p̄p Collisions at √s = 1.8 TeV. Phys. Rev. Lett., 73:225�231, 1994.[34℄ F. Abe et al. (The CDF Collaboration). Observation of Top Quark Produ
tion in
pp Collisions with the Collider Dete
tor at Fermilab. Phys. Rev. Lett., 74:2626�2631, 1995.[35℄ S. Aba
hi et al. (The D0 Collaboration). Sear
h for High Mass Top QuarkProdu
tion in p̄p Collisions at √

s = 1.8 TeV. Phys. Rev. Lett., 74:2422�2426,1995.[36℄ V. M. Abazov et al. (The D0 Collaboration). Observation of Single Top QuarkProdu
tion. Phys. Rev. Lett., 103:092001, 2009.[37℄ T. Aaltonen et al. (The CDF Collaboration). First Observation of Ele
troweakSingle Top Quark Produ
tion. Phys. Rev. Lett., 103:092002, 2009.[38℄ A. Quadt. Top quark physi
s at hadron 
olliders. Eur. Phys. J., C 48:835�1000,2006.[39℄ tt̄ produ
tion 
ross se
tions. https://twiki.
ern.
h/twiki/bin/view/AtlasProte
ted/TopMC2009#Referen
e_
ross_se
tion.[40℄ Top produ
tion Feynman diagrams. http://www-d0.fnal.gov/Run2Physi
s/top/top_publi
_web_pages/top_feynman_diagrams.html.[41℄ Single top produ
tion 
ross se
tions with the ATLAS dete
tor. https://twiki.
ern.
h/twiki/bin/view/AtlasProte
ted/SingleTopGroup#Expe
ted_Single_top_Cross_se
tion.[42℄ T. Aaltonen et al. (The CDF Collaboration). Combined template-based TopQuark Mass Measurement in the Lepton+Jets and Dileptons Channels Using 4.8fb1 of data. CDF Note, (10033), 2010.



194 Bibliography[43℄ V. M. Abazov et al. (The D0 Collaboration). Measurement of the Top QuarkMass in the Lepton+Jets Channel Using the Matrix Element Method on 3.6 fb1of D0 Run II Data. D0 Note, (D0�CONF�5877), 2009.[44℄ T. Aaltonen et al. (The CDF Collaboration). Top Mass Measurement in theLepton + Jets Channel Using a Matrix Element Method with Quasi-Monte CarloIntegration and in situ Jet Calibration with 4.8 fb1. 2010. arXiv:1010.4582v1[hep-ex℄.[45℄ The CDF and D0 
ollaborations. Combination of CDF and D0 Results on theMass of the Top Quark. arXiv:1007.3178[hep-ex℄.[46℄ V. M. Abazov et al. (The D0 Collaboration). Dire
t Measurement of the MassDi�eren
e between Top and Antitop Quarks. Phys. Rev. Lett., 103:132001, 2009.[47℄ T. Aaltonen et al. (The CDF Collaboration). A Measurement of Top Quark Widthusing Template Method in Lepton+Jets Channel with 4.3 fb1. CDF Note, (10035),2010.[48℄ V. M. Abazov et al. (The D0 Collaboration). Experimental Dis
rimination be-tween Charge 2e/3 Top Quark and Charge 4e/3 Exoti
 Quark Produ
tion S
enar-ios. Phys. Rev. Lett., 98:041801, 2007.[49℄ T. Aaltonen et al. (The CDF Collaboration). Measurements of the top-quark massusing 
harged parti
le tra
king. Phys. Rev., D 81:032002, 2010.[50℄ V. M. Abazov et al. (The D0 Collaboration). Measurement of spin 
orrelation inttbar produ
tion using dilepton �nal states. 2011. arXiv:1103.1871 [hep-ph℄.[51℄ T. Aaltonen et al. (The CDF Collaboration). Measurement of ttbar Spin Corre-lations Coe�
ient in 2.8 fb-1 Dilepton Candidates. CDF Note, (9824), 2009.[52℄ The ATLAS Collaboration. Measurement of the top quark-pair produ
tion 
rossse
tion with ATLAS in pp 
ollisions at √
s = 7TeV. submitted to EPJC, 2010.arXiv:1012.1792v2 [hep-ex℄.[53℄ The ATLAS Collaboration. Measurement of the top quark pair produ
tion 
ross-se
tion using a statisti
al 
ombination of dilepton and semileptoni
 �nal states.ATLAS Note, (ATL-COM-PHYS-2011-186), 2011.[54℄ The ATLAS Collaboration. Top 
harge measurement at ATLAS dete
tor. ATLASNote, ATLAS Note PHYS-2003-35, 2003.[55℄ F. Hubaut, E. Monnier, P. Pralavorio, K. Smolek, and V. Simak. ATLAS sensitiv-ity to top quark and W boson polarization in tt events. Eur. Phys. J., C 44S2:13,2005.



Bibliography 195[56℄ J. A. Aguilar-Saavedra, J. Carvalho, N. Castro, A. Onofre, and F. Veloso. ATLASsensitivity to Wtb anomalous 
ouplings in top quark de
ays. ATLAS Note, (SN-ATLAS-2007-064), 2007.[57℄ J. Carvalho, N. Castro, L. Chikovani, T. Djobava, J. Dodd, S. M
Grath, A. Onofre,J. Parsons, and F. Veloso. Study of ATLAS sensitivity to FCNC top de
ays. Eur.Phys. J., C 52:999�1019, 2007.[58℄ E. Cogneras and D. Pallin. Generi
 tt resonan
e sear
h with the ATLAS dete
tor.ATLAS Note, (ATL-PHYS-PUB-2006-033), 2006.[59℄ S. Bethke. The 2009 World average of αS. Eur. Phys. J., C 64:689�703, 2009.[60℄ S.D. Drell and T.M. Yan. Partons and their appli
ations at high energies. Ann.Phys., 66:578, 1971.[61℄ V.N. Gribov and L. N. Lipatov. Deep inelasti
 ep s
attering in perturbationtheory. Sov. J. Nu
l. Phys., 15:438, 1972.[62℄ G. Altarelli and G. Parisi. Asymptoti
 freedom in parton language. Nu
l. Phys.,B 126:298, 1977.[63℄ Yu. L. Dokshitzer. Cal
ulation of the Stru
ture Fun
tions for Deep Inelasti
 S
at-tering and e+ e- Annihilation by Perturbation Theory in Quantum Chromody-nami
s. . Sov.Phys. JETP, 46:641, 1977.[64℄ Handbook of perturbative QCD. http://www.phys.psu.edu/~
teq/#Handbook.[65℄ EW Physi
s in
lusive pro
esses from H1 and ZEUS. https://www.desy.de/h1zeus/
ombined_results/index.php.[66℄ The ATLAS Collaboration. Parton densities at the LHC. ATLAS Note, (ATL-PHYS-CONF-2008-011), 2008.[67℄ A.D.Martin, W.J.Stirling, R.S.Thorne, and G.Watt. Parton distributions for theLHC. Eur. Phys. J., C 63:189�285, 2009.[68℄ J. Pumplin, D.R. Stump, J. Huston, H.L. Lai, P. Nadolsky, and W.K. Tung. NewGeneration of Parton Distributions with Un
ertainties from Global QCD Analysis.JHEP, 0207:012, 2002.[69℄ R. D. Ball, L. Del Debbio, S. Forte, A. Gu�anti, J. I. Latorre, J. Rojo, andM. Ubiali. A �rst unbiased global NLO determination of parton distributions andtheir un
ertainties. 2010. arXiv:1002.4407 [hep-ph℄.[70℄ R. D. Ball, V. Bertone, F. Cerutti, L. Del Debbio, S. Forte, A. Gu�anti, J. I.Latorre, J. Rojo, and M. Ubiali. Impa
t of Heavy Quark Masses on Parton Dis-tributions and LHC Phenomenology. 2011. arXiv:1101.1300 [hep-ph℄.



196 Bibliography[71℄ L3 Collaboration OPAL Collaboration the LEP Ele
troweak Working Group TheLEP Collaborations: ALEPH Collaboration, DELPHI Collaboration. Pre
isionEle
troweak Measurements and Constraints on the Standard Model. CERN-PH-EP/2007-039, arXiv:0712.0929v2 [hep-ex℄, 2007.[72℄ I.I. Bigi, M.A. Shifman, N.G. Uraltsev, and A.I. Vainshtein. The pole mass of theheavy quark. Perturbation theory and beyond. 1994. arXiv:hep-ph/9402360.[73℄ M. Beneke and V.M. Braun. Heavy quark e�e
tive theory beyond perturbationtheory: renormalons, the pole mass and the reidual term. 1994. arXiv:hep-ph/9402364.[74℄ A. H. Hoang, M. C. Smith, T. Stelzer, and S. Willenbro
k. Quarkonia and thePole Mass. Phys. Rev., D 59:114014, 1999.[75℄ A. H. Hoang, A. Jain, I. S
imemi, and I. W. Stewart. Infrared RenormalizationGroup Flow for Heavy Quark Masses. Phys. Rev. Lett., 101:151602, 2008.[76℄ G. Cor
ella. Theoreti
al issues on the top mass re
onstru
tion at hadron 
olliders.2010. arXiv:1008.4498[hep-ph℄.[77℄ S. Fleming, A. H. Hoang, S. Mantry, and I. W. Stewar. Top Jets in the PeakRegion: Fa
torization Analysis with NLL Resummation. Phys. Rev., D 77:114003,2008.[78℄ S. Biswas, K. Melnikov, and M. S
hulze. Next-to-leading order QCD e�e
ts andthe top quark mass measurements at the LHC. JHEP, 1008:048, 2010.[79℄ S. H. Zhu. Complete next-to-leading order QCD 
orre
tions to 
harged Higgsboson asso
iated produ
tion with top quark at the CERN Large Hadron Collider.Phys. Rev., D 67:075006, 2003.[80℄ T. Plehn. Charged higgs boson produ
tion in bottom gluon fusion. Phys. Rev., D67:014018, 2003.[81℄ J.M. Jau
h and F. Rohrli
h. The theory of photons and ele
trons. Addison-Wesley,1955.[82℄ W. Pauli and F. Villars. On the Invariant Regularization in Relativisti
 QuantumTheory. Rev. Mod. Phys., 21:434, 1949.[83℄ E.R. Speer. Analyti
 Renormalization. J. Math. Phys., 9:1404, 1968.[84℄ R. K. Ellis and G. Zanderighi. S
alar one-loop integrals for QCD. JHEP, 0802:002,2008.[85℄ T. Muta. Foundations of Quantum Chromodynami
s. World S
ienti�
, 1998.



Bibliography 197[86℄ J. C. Collins, F. Wil
zek, and A. Zee. Low-Energy Manifestations Of HeavyParti
les: Appli
ation To The Neutral Current. Phys. Rev. D, 18:242, 1978.[87℄ T. Kinoshita. Mass Singularities of Feynman Amplitudes. J. Math. Phys., 3:650,1962.[88℄ T. D. Lee and M. Nauenberg. Degenerate Systems and Mass Singularities. Phys.Rev., 133:B1549�B1562, 1964.[89℄ N. Nakanishi. General Theory of Infrared Divergen
e. Progr. Theor. Phys., 19:159,1958.[90℄ W.B. Kilgore and W.T. Giele. Next-to-leading order gluoni
 three-jet produ
tionat hadron 
olliders, journal = Phys. Rev., volume = D 55, year = 1997, pages =7183.[91℄ W.T. Giele et al. Nu
l. Phys., B403:633, 1993.[92℄ S. Keller and E. Laenen. Next-to-leading order 
ross se
tions for tagged rea
tions.Phys. Rev., D 59:114004, 1999.[93℄ S. Catani and M.H. Seymour. A general algorithm for 
al
ulating jet 
ross se
tionsin NLO QCD. Nu
l. Phys., B 485:291, 1997.[94℄ S. Frixione, Z. Kunszt, and A. Signer. Three-jet 
ross se
tions to next-to-leadingorder. Nu
l. Phys., B 467:399, 1996.[95℄ L. Phaf and S. Weinzierl. Dipole formalism with heavy fermions. JHEP, 0104:006,2001.[96℄ S. Frixione, E. Laenen, P. Motylinski, B. R. Webber, and C. D. White. Single-tophadroprodu
tion in asso
iation with a W boson. JHEP, 07:029, 2008.[97℄ I. I. Balitsky and L. N. Lipatov. The Pomeran
huk singularity in quantum Chro-modynami
s. Sov. J. Nu
l. Phys., 28:822�829, 1978.[98℄ G. Mar
hesini. QCD 
oheren
e in the stru
ture fun
tion and asso
iated distribu-tions at small x. Nu
l. Phys., B445:49�80, 1995.[99℄ R. D. Field and S. Wolfram. A QCD model for e+e− annihilation . Nu
l. Phys.,B 213:65, 1983.[100℄ M.A. Dobbs et al. Les Hou
hes Guidebook to Monte Carlo Generators for HadronCollider Physi
s. 2004. arXiv:hep-ph/0403045.[101℄ T. Sjoestrand. High-Energy-Physi
s Event Generation with PYTHIA 6.1. Comput.Phys. Commun., 135:238, 2001.



198 Bibliography[102℄ T. Sjoestrand, S. Mrenna, and P. Skands. PYTHIA 6.4 Physi
s and Manual. 2006.arXiv: hep-ph/0603175.[103℄ Cor
ella et al. HERWIG 6: an event generator for hadron emission rea
tions withinterfering gluons (in
luding supersymmetri
 pro
esses). JHEP, 0101:010, 2001.[104℄ T. Gleisberg, S. Ho
he, F. Krauss, M. S
honherr, S. S
humann, F Siegert, andJ. Winter. Event generation with Sherpa 1.1. JHEP, 02:007, 2009.[105℄ B. P. Kersevan and E. Ri
hter-Was. The Monte Carlo Event Generator A
erMCversion 3.5 with interfa
es to PYTHIA 6.4, HERWIG 6.5 and ARIADNE 4.1.2004. arXiv: hep-ph/0405247.[106℄ M.L. Mangano, M. Moretti, F. Pi

inini, R. Pittau, and A. Polosa. ALPGEN, agenerator for hard multiparton pro
esses in hadroni
 
ollisions. JHEP, 0307:001,2003.[107℄ J.M. Butterworth, J. R. Forshaw, and M. H. Seymour. Multiparton Intera
tionsin Photoprodu
tion at HERA. Z. Phys., C 72:637, 1996.[108℄ J. M. Campbell, R. K. Ellis, and C. Williams. MCFM. http://m
fm.fnal.gov/m
fm.pdf.[109℄ J. M. Campbell and R. K. Ellis. MCFM for the Tevatron and the LHC. Nu
l.Phys. Pro
. Suppl., 205�206:10�15, 2010.[110℄ E. Boos et al. CompHEP 4.4 - Automati
 Computations from Lagrangians toEvents. Nu
l. Instrum. Meth., A 534:250�25, 2004.[111℄ J. Alwall et al. MadGraph/MadEvent v4: the new web generation. JHEP, 09:028,2007.[112℄ O. Stal. http://www.grid.tsl.uu.se/
hargedhiggs2010/.[113℄ T. Hahn, S. Heinemeyer, W. Hollik, and G. Weiglein. Pre
ision Higgs Masses withFeynHiggs 2.2. 2005. arXiv: hep-ph/0507009.[114℄ D. Eriksson, J. Rathsman, and O. Stal. 2HDMC - Two-Higgs-Doublet ModelCal
ulator. Comput. Phys. Commun., 181:189�205, 2010.[115℄ F.N. Mahmoudi. SuperIso. http://superiso.in2p3.fr/.[116℄ P. Be
htle, O. Brein, S. Heinemeyer, G. Weiglein, and K. E. Williams. Higgs-Bounds: Confronting Arbitrary Higgs Se
tors with Ex
lusion Bounds from LEPand the Tevatron. Comput. Phys. Commun., 181:138�167, 2010.[117℄ J. Alwall. MATCHIG: A program for mat
hing 
harged Higgs boson produ
tionat hadron 
olliders. arXiv:hep-ph/0503124.



Bibliography 199[118℄ C. Weydert et al. Charged Higgs boson produ
tion in asso
iation with a top quarkin MC�NLO. Eur. Phys. J., C 67:617�636, 2010.[119℄ T. Plehn and C. Weydert. Charged Higgs produ
tion with a top in MC�NLO.2010. arXiv:1012.3761 [hep-ph℄.[120℄ S. Dittmaier, M. Krämer, M. Spira, and M. Walser. Charged-Higgs-boson produ
-tion at the LHC: NLO supersymmetri
 QCD 
orre
tions. Phys. Rev., D 83:055005,2011.[121℄ LHC Higgs Cross Se
tionWorking Group. Handbook of LHC Higgs Cross Se
tions:1. In
lusive Observables. arXiv:1101.0593 [hep-ph℄.[122℄ S. Alioli, P. Nason, C. Oleari, and E. Re. A general framework for implementingNLO 
al
ulations in shower Monte Carlo programs: the POWHEG BOX. 2010.arXiv:1002.2581 [hep-ph℄.[123℄ C. Oleari. The POWHEG-BOX. Nu
l. Phys. Pro
. Suppl., 205�206:36�41, 2010.[124℄ M. Klasen, K. Kovarik, P. Nason, and C. Weydert. Asso
iated produ
tion of
harged Higgs bosons and top quarks with POWHEG. In preparation.[125℄ Karol Kovarik. Private 
ode.[126℄ G. Unal, S. Lapla
e, and J. Vivie. La physique au LHC. http://e
ole-de-gif.in2p3.fr/Passed/gif_
ours.deGif.[127℄ Interim summary report on the analysis of the 19 September 2008 in
ident at theLHC. CERN-ATL-PhL, EDMS(973073).[128℄ The ATLAS Collaboration. Letter of intent for a general purpose pp experimentat the Large Hadron Collider at CERN. 1992. CERN/LHCC/92-4.[129℄ The ATLAS Collaboration. ATLAS Te
hni
al Proposal for a general purpose ppexperiment at the Large Hadron Collider at CERN. 1994. CERN/LHCC/94-43.[130℄ The ATLAS Collaboration. Dete
tor and Physi
s Performan
e Te
hni
al DesignReport Volume I. 1999. CERN/LHCC/99-14.[131℄ The ATLAS Collaboration. The ATLAS Experiment at the CERN Large HadronCollider. JINST, 3:S08003, 2008.[132℄ Run Control Shifter training. https://atlasop.
ern.
h/twiki/bin/view/Main/RCShifterTraining.[133℄ The ATLAS Collaboration. Data streaming in ATLAS. ATLAS Note, (ATL-GEN-INT-2007-002), 2008.



200 Bibliography[134℄ 2010 trigger menu. https://twiki.
ern.
h/twiki/bin/viewauth/Atlas/TriggerPhysi
sMenu.[135℄ The ATLAS Collaboration. ATLAS Computing Te
hni
al Design Report. ATLASTDR, (CERN-LHCC-2005-02), 2005.[136℄ M. Dührssen. The fast 
alorimeter simulation FastCaloSim. ATLAS Note, (ATL-PHYS-INT-2008-043), 2008.[137℄ A. Salzburger et al. The Fast ATLAS Tra
k Simulation (FATRAS). ATLAS Note,(ATL-SOFT-PUB-2008-001), 2008.[138℄ 2010 data taking periods. https://twiki.
ern.
h/twiki/bin/view/AtlasProte
ted/DataPeriods.[139℄ The ATLAS Collaboration. Lepton trigger and identi�
ation for the Winter 2011top quark analyses. ATLAS Note, (ATL-COM-PHYS-2011-123), 2011.[140℄ The ATLAS Collaboration. Expe
ted ele
tron performan
e in the ATLAS exper-iment. ATLAS Note, (ATL-PHYS-INT-2010-126), 2010.[141℄ Ele
tron 
alibration and resolution. https://twiki.
ern.
h/twiki/bin/view/AtlasProte
ted/EnergyS
aleResolutionRe
ommendations.[142℄ The ATLAS 
ollaboration. ATLAS Muon Momentum Resolution in the FirstPass Re
onstru
tion of the 2010 pp Collision Data at √s = 7 TeV. ATLAS Note,(ATLAS-CONF-2011-046), 2011.[143℄ G. P. Salam and G. Soyez. A Pra
ti
al Seedless Infra-red Safe Cone jet algorithm.JHEP, 05:086, 2007.[144℄ The ATLAS Collaboration. In-situ jet energy s
ale and jet shape 
orre
tions formultiple intera
tions in the �rst ATLAS data at the LHC. ATLAS Note, (ATLAS-CONF-2011-030), 2011.[145℄ The ATLAS Collaboration. Validation of the ATLAS jet energy s
ale un
ertaintiesusing tra
ks in proton-proton 
ollisions at √
s=7 TeV. ATLAS Note, (ATLAS-CONF-2011-067), 2011.[146℄ The ATLAS Collaboration. Close-by Jet E�e
ts on Jet Energy S
ale Calibrationin pp Collisions at √s = 7 TeV with the ATLAS Dete
tor. ATLAS Note, (ATLAS-CONF-2011-062), 2011.[147℄ The ATLAS Collaboration. Jet energy s
ale and its systemati
 un
ertainty inproton-proton 
ollisions at √

s = 7 TeV in ATLAS 2010 data. ATLAS Note,(ATLAS-CONF-2011-032), 2011.



Bibliography 201[148℄ The ATLAS Collaboration. Calibrating the b-Tag E�
ien
y and Mistag Rate ofthe SV0 b-Tagging Algorithm in 3 pb1 of Data with the ATLAS Dete
tor. ATLASNote, (ATLAS-CONF-2010-099), 2010.[149℄ The ATLAS Collaboration. Expe
ted Performan
e of the ATLAS experiment-dete
tor, trigger and physi
s. 2008. CERN-OPEN-2008-020.[150℄ The ATLAS Collaboration. Performan
e of the ATLAS se
ondary vertex b-taggingalgorithm in 7 TeV 
ollision data. ATLAS Note, (ATL-COM-PHYS-2010-274),2010.[151℄ The ATLAS Top Group. b-jet tagging for top physi
s: performan
e studies, 
ali-brations and heavy �avor fra
tions. ATLAS Note, (ATL-COM-PHYS-2011-124),2011.[152℄ The ATLAS Collaboration. Single Boson and Diboson Produ
tion Cross Se
tionsin pp Collisions at √s = 7 TeV. ATLAS Note, (ATLAS-COM-PHYS-2010-695),2010.[153℄ A. Shibata et al. Monte Carlo samples used for top physi
s. ATLAS Note, (ATL-PHYS-INT-2010-132), 2010.[154℄ Allwood-Spires et al. Understanding Monte Carlo Generators for Top Physi
s.ATLAS Note, (ATL-COM-PHYS-2009-334), 2009.[155℄ The ATLAS Collaboration. Measurement of Single Top-Quark Produ
tion in theLepton+Jets Channel in pp Collisions at √s = 7 TeV. ATLAS Note, (ATL-COM-PHYS-2011-058), 2011.[156℄ Top systemati
 un
ertainties. https://twiki.
ern.
h/twiki/bin/view/AtlasProte
ted/TopSystemati
Un
ertainties.[157℄ M. Botje et al. The PDF4LHC Working Group Interim Re
ommendations. 2011.arXiv:1101.0538 [hep-ph℄.[158℄ S. Alekhin et al. The PDF4LHC Working Group Interim Report. 2011.arXiv:1101.0536 [hep-ph℄.[159℄ The ATLAS Collaboration. Monte Carlo samples for top physi
s. ATLAS Note,(ATL-PHYS-INT-2010-132), 2010.[160℄ Top PDF un
ertainty. https://twiki.
ern.
h/twiki/bin/view/AtlasProte
ted/TopPdfUn
ertainty.[161℄ G. Cowan, K. Cranmer, E. Gross, and O. Vitells. Asymptoti
 formulae forlikelihood-based tests of new physi
s. 2010. arXiv:1007.1727 [data-an℄.[162℄ S.S. Wilks. The large sample distribution of the likelihood ratio for testing 
om-posite hypotheses. Ann. Math. Stat., 9:60�2, 1938.



202 Bibliography[163℄ The ATLAS Collaboration. Sear
h for W -asso
iated single top quark produ
tionin dilepton �nal states at √s = 7 TeV with 35.3 pb1. ATLAS Note, (ATL-COM-PHYS-2011-059), 2010.[164℄ The ATLAS Collaboration. Sear
hes for Single Top-Quark Produ
tion with theATLAS Dete
tor in pp 
ollisions at √s = 7 TeV. ATLAS Note, (ATLAS-CONF-2011-027), 2011.[165℄ M.L. Mangano. MLM mat
hing. http://mlm.web.
ern.
h/mlm/talks/lund-alpgen.pdf.[166℄ The ATLAS Collaboration. Understanding Monte Carlo Generators for topphysi
s. ATLAS Note, (ATL-COM-PHYS-2009-334), 2010.[167℄ J. Campbell, R.K. Ellis, F. Maltoni, and S. Willenbro
k. Produ
tion of aW bosonand two jets with one b-quark tag. Phys.Rev., D 75:054015, 2007.


