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INTRODUCTION

Developed in the early 1970s, the Standard Model represents nowadays the
best theoretical description of the fundamental constitue nts of matter and
their interactions. Interestingly, even the origin of the m ass of elementary
particles is the result of interactions. The so-called Brout-Englert-Higgs ( BEH)
mechanism predicts that masses of all elementary particles are directly related
to their interaction with a yet undiscovered massive partic le, the Higgs Boson.

In the next few months, the start-up of the Large Hadron Colli der (LHC)
constructed in the former L EPtunnel in the Geneva region will open a new fas-
cinating chapter of particle physics. It will yield head-on collisions of two pro-
ton beams at the unprecedented centre of mass energy of 14 TeVand will op-
erate with luminosities ranging from L = 10 cm 2s 'toL = 10**cm 2s L.
The analysis of data that will be collected by the two general purpose detec-
tors, ATLAS and Cwms, located around the beam crossing points should allow
the discovery of this Higgs boson.

If the discovery of the Higgs boson, although quite challeng ing, is basically
guaranteed provided enough luminosity is delivered by the L HC, extracting
its Standard Model nature is a far more dif cult task. Thisis particularly true
for a light Higgs boson ( my < 130GeV/c ?) which decays predominantly to a
bb quark-antiquark pair. Indeed, due to large QcbD backgrounds, its discovery
will have to be made from topologies resulting from producti on modes and
decay products predicted by quantum loops and not by the domi nant Hbb
tree level coupling.

Apart from elucidating the Higgs mechanism, another goal of the LHC col-
lider is to provide evidence of physics beyond the Standard M odel. In this
context, the study of the heaviest elementary particle observed to date, the
top quark, is particularly interesting since it is the only f ermion with a natu-
ral Yukawa coupling to the Higgs boson of the order of unity. M oreover its
charged weak coupling might be particularly sensitive to th e existence of an
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additional heavy fermion. These couplings can be probed by m easuring spe-
ci ¢ top quark production cross section and branching ratio s.

These measurements will be challenging due to the composite internal
structure of the colliding particles. As already emphasise d, many particle
nal states can simply be invisible by the large QcD (or even electroweak)
backgrounds. In addition, the exact centre-of-mass energy of the collisions
occurring between the partons of protons is not precisely kn own. Moreover,
the interesting produced particles could be dif cult to sep arate from the large
amount of particles present in the central detector arising from underlying
events. High energy interactions involving quasi-real inc oming photons may
provide a solution to some of these problems.

p p p Y
g
X X
g g
p p p p

Figure 1: Generic Feynman diagrams for the photon-induced processes at the LHC.
Left, emission of a photon by both protons. The photons colli de yielding the creation of
a central system X and two protons scattered at low angles pp(gg! X)pp. Right, only
one of the incoming proton emits a photon that interact with a parton of the second
proton. A system Y is also createdpp(gg=g! X)Yp

Even if photon interactions are favourably produced by high energy
electron or positron beams, the LHC can also be used as a high energy photon-
proton or photon-photon collider since two different types of interactions
involving photons can occur. Firstly, a process where photo ns radiated off
by both protons collide (Figure 1) producing a central system X, referred
as aphoton-photon interactian This process is usually characterised by very
clean experimental conditions as only the system X will be detected by the
central detector. The two protons remaining intact escape from the central
detection and continue their path close to the beam line. Alt ernatively, in
photoproductiona photon from a proton induces a deep inelastic scattering
with the incoming proton producing a proton remnant Y in addition to the
centrally produced X system. Throughout this thesis, these two interactions
will be noted as pp(gg! X)ppand pp(gg=g! X)pY respectively, where Y is
the proton remnant.

For the rsttime, the L HcC will allow to study photon-induced interactions
occuring at energies beyond the electroweak energy scale alowing to use
these interactions as a complementary tool to the parton-parton collisions at



the LHc. Despite a lower available luminosity than in the nominal pa rtonic
collisions, photoproduction is attractive thanks to the la rge luminosity of the
LHc, better known initial conditions and usually nal states co ntaining fewer
particles.

The studies presented in this dissertation focus on the phot oproduction of
a single top quark or the Higgs boson in association with a W boson at the
LHc. Chapter 1 recalls some important aspects of the Standard Model with
a particular emphasis put on the current experimental knowl edge of the top
properties. A review of the BEH mechanism and the experimental constraints
on the Higgs mass is also given. Chapter 2 develops photon-induced physics
at the LHc. It includes theoretical and experimental aspects that must be
considered when a photon-induced analysis is performed. In order to easily
obtain an evaluation of the physics potential of such proces ses, a framework
allowing to perform a fast simulation of a typical L HC detector has been
developed. This simulation software, called D ELPHES, is presented in Chap-
ter 3 and gives the simulation details needed for the subsequent chapters.
DELPHES allows to quickly obtain a realistic estimation of the recon structed
quantities such as leptons, jets, tagging of heavy avour je ts and missing
transverse energy necessary to study topologies involving hard jets in the
nal state. The photoproduction at the L HcC of a Wt is discussed in Chapter
4. Strategies to extract the signal out of the background events are debated,
leading to estimates of the observability of such signal. Th e techniques used
to separate photon-induced events from the conventional pr oton-proton
interactions like rapidity gaps and exclusivity condition s are discussed. A
more realistic analysis of the Wt photoproduction in the di-leptonic channel
using the of cial software of the C ms detector is developed in Chapter 5 for
a more realistic estimation of the expected signal and backgrounds in the
very low and low luminosity phases. Finally, in Chapter 6 a qu ick evaluation
of the potential of the pp(gp! WHd reaction in ve different nal states is
done using DELPHES.

The work presented in this Thesis is based on the following pu blications

S. Ovyn, X. Rouby, V. Lema’tre, Delphes, a framework for fast simulation of a

generic collider experime@P3-09-01 (2009)arXiv:0903.2225v2 [hep-ph]
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Piotrzkowski, X. Rouby, N. Schul, M. Vander Donckt, High energy photon
interactions at the LHCarXiv:0908.2020v1 [hep-ph]

J.J. Hollar, S. Ovyn, X. Rouby,Exclusivegg! *** andgp! ip! "* p
production (CP3-07-28)CMS PAS-DIF-07-001

S. Ovyn, X. Rouby, J.J. Hollar, Forward Physics Triggers(CP3-08-07),
CMS IN-2008/028
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and has also been presented in the following international ¢ onferences:

Photon-LHC-2008, CERN presented by S. Ovyn, Associated W and Higgs
boson photoproduction and other electroweak photon iddpiceesses at the
LHC, (CP3-08-14), Nucl. Phys. B, Proc. Suppl. 179-180 (2008) 2676,
arXiv0806.1157 [hep-ph]

TOP 2008, Isola d'Elba presented by S. Ovyn, J. de Favereau ddeneret,
High energy single top photoproduction at the LHP3-08-28), Nuovo
Cim.123B (2008) 1126-113&rXiv:0806.4841v1 [hep-ph]
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CMS CR-2008-036
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CHAPTER

ONE

THE STANDARD MODEL

Over the past century, one of the important goals in physics w as the under-
standing of the fundamental structure of the matter. Severa | decades were
necessary to bring physicists to the current model that expl ains the funda-
mental behaviour of elementary particleas well as the strong, electromagnetic
and weak interactions acting on them: the Standard Model(sm). The two
latter interactions are combined in a theory known as the electroweak theory
of Glashow, Weinberg and Salam [1]. Elementary particles are classied
according to their spin quantum number: spin- % particles called fermionsand
gauge bosonkaving an integral spin equal to 1 (W and Z° bosons, photon
and gluons). The twelve fermions known nowadays are arrange d into leptons
(e ,u ,t ,ne ngand ny) and quarks(u;d;s;c;b;t). Finally, for every fermion,
there exists an antiparticle partner with identical mass bu t differing from its
counterpart by opposite signs of its quantum numbers.

The major keys that lead to the success of the Standard Model are the in-
troduction of local gauge invariance that generates the so-called gauge bosons
and the implementation of the Spontaneous Symmetry Breakimgechanism
(ssB that gives their masses to weak bosons and fermions. Until now, the
Standard Model has been outliving plenty of precise experim ental veri ca-
tions. Among them, one can emphasise the discovery of Neutral Currents [ 2],
the violation of parity observed in beta decays and the disco very of gauge
bosons at the spscollider at C ERN in 1983 [3] which de nitely con rmed the
validity of the Standard Model ( swm). Still, an essential ingredient eludes to be
found by experiments: the anticipated Higgs boson.
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1.1 The gauge sector of the Standard Model

In the Standard Model, interactions result from the local in variance of the
Lagrangian under speci ¢ groups. In order to incorporate in to the sm electro-
magnetism and the weak interaction, the invariance underth e SU(2). U(1)y
local gauge symmetry is applied on the Lagrangian, that is co nnected to the
conservation of the weak hyperchargé and the weak isospirT respectively *.
The gauge group associated to the strong interactions is SU(3)c, where C
refers to colour.

Gauge transformations introduce real vector boson elds, t hat mediate the
interactions between elementary particles. Since the number of these elds
is equal to the number of generators of the group, the electro weak gauge

sector of the sm is composed of four vectorial elds: B, and Wnl;z‘3 associated
respectively to the generators of U(1)y and SU(2).. These bosons have
been experimentally observed as the W and Z bosons, carriers of the weak
interaction, and the photon that mediates the electromagne tic interaction. The
SU(3) group possesses eight generators leading to the physically identi able
gluons as mediators of the strong interaction.

Table 1.1: The leptons of the Standard Model arranged in SU(2).  U(1)y multiplets
and their quantum numbers Q (electric charge), T (weak isospin), T3 and Y (weak
hypercharge). The index j = 1;2;3 on each eld refers to the generation while the L
and R indexes refer to chirality [ 4]. Antileptons are similarly arranged, with identical
corresponding masses and opposite quantum numbers.

Fields Generation Quantum number
1st 2nd 3rd Q T T Y
L j Ne Ny Nt 0 1=2 +1=2 1
L — _
. e . HooL tL 1 1=2 1=2 1
Ly €r R tr 1 0 0 2

Leptons are particles that carry an integral electric charg€) = 0; 1 and
which are only in uenced by the electromagnetic and the weak forces?. They
are grouped together to form three sets called generationsr familieswith sim-
ilar properties except for the mass. The electron (€) and the electron-neutrino
(ne) compose the rst generation, while the muon ( W) and the tau (t) are
similarly arranged with their corresponding neutrinos (  ny and ny) to form the
second and third generations. The lepton elds that make up t he Standard

1The weak hypercharge is de ned using the the Gell-Mann-Nish ijimarelation Q= T3+ % with
Q the electric charge and Ts is the third axis projection of the weak isospin.

2Because the Standard Model does not include the effects of gravitational interactions, we will
not talk about it throughout this theoretical introduction
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Model are summarised in Table 1.1along with their quantum numbers. The
left-handed and right-handed elds that transform respect ively as doublets
and singlets of SU(2), are de ned by means of the chirality operator.

Table 1.2: The quarks of the Standard Model arranged in SU(2). U(1)y multiplets
and their electroweak quantum numbers, Q (electric charge), T (weak isospin), Tz and
Y (weak hypercharge). The L and R indexes refer to chirality [ 4]. Antiquarks are simi-
larly arranged, with identical corresponding masses and op posite quantum numbers.

Fields Generation Quantum number
1t 2nd 3 Q T T Y
j u c t +2=3 1=2 +1=2 +1=3
Q_L d . s | b | 1= 1= 1=2  +1=3
uh UR Cr tr +2=3 0 0 +4=3
di dr R br 1=3 0 0 2=

Quarks have fractional electric charges of + %jej or %jej. Since they are
the only fermions which feel the strong interaction, their m ost signi cant
property is that they possess an additional quantum number, the colour
Quarks are likewise leptons organised into pairs that diffe r by one unit of
electric charge: up and down quarks are forming the lower generation and
the two other generations contain corresponding heavier qu arks, namely
charmedstrangeand top, bottompairs. The particle content of the quarks fami-
lies, the associated elds as well as their quantum numbers a re summarised
in Table 1.2 Thanks to their colour charge, quarks also interact via the strong
force.

The particles of the sm are described by combining the kinematic term of

the fermion elds and their interactions with the gauge boso n elds Lfermions

1 Lo i 1
L = L fermion ZBpan ZWLImW”m ZGﬁnGam; (1.1)

whit the strength tensors Wﬂm, Bun and G, de ned as

Bin= TuBn TnBy; (1.2)
Win = TWa - T, gelwy) (1.3)
Gih= TGS ThGE osf®GiGH  abic= 11118 (1.4)

where G are the eight vectorial elds associated to the generators of SU(3)c,
and nally gand gs are respectively the weak and the strong interaction cou-
plings. As an example, the purely electroweak term of the L ermionsLagrangian
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is given by

S . U 1.0 . 2.
Lfmion= & i CLg'(Tu+ 'QW;'JE*‘ 'QOBH7)|—|J_+ Lrd'(Tu+ 'chu7)|—J ; (1.5)
=1

where LJL and L,’Q elds are respectively the left and right components of
the elds associated to the leptons and s' are the Pauli matrices. The terms
including gand glare respectively proportional to the weak isospin T and the
hypercharge Y.

It should be noticed that the fermion elds in the above Lagra ngian cannot
be massive because the fermion mass terms mix left-handed ard right-handed
elds, so the resulting mass terms break the gauge symmetry. ldentically,
even if the very accurate experimental measurements of W and Z° boson
masses clearly indicate values different from zero, leavin g the photon as
the only massless boson, the addition of mass terms myW,WH and %mzZuZFl
for the gauge bosons would violate the gauge invariance of th e sm. These
two mass problems are solved by using an alternative scenario called the
Spontaneous Symmetry Breaking which will be introduced int he next section.

1.2 The Spontaneous Symmetry Breaking

Spontaneous Symmetry Breaking (SsSB is an elegant way to generate the
masses of theW and Z° gauge bosons without spoiling the gauge invariance
of the Lagrangian. In the sw, it is applied on the electroweak SU(2). U(1)y
sector and reduces it to a U(1)em Symmetry. An additional term needed to
break the electroweak theory must be added into Equation 1.1 This Lniggs
term which is invariant under the gauge transformations tak es the following
form

Lhiggs = iDuFi? V(F); (1.6)

where F is a fundamental complex SU(2)_ doublet with hypercharge Y =1
called the Higgs eld
f* fi+ifo

F= f0 = fotifs (1.7)

and V(F) is the potential term for which the most general form is given by
V(F)= WFj?+ 1jFj% 1 > 0; (1.8)

where the sign of | has been chosen to bound the potential from below. Al-
though two possibilities exist for the the sign of the 2 parameter, only one
allows to break the symmetry. For a positive value of p?, the potential pos-
sesses a unique minimum at jFj = 0; on the contrary, if p2 < 0 there exists
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in nite degenerate minima situated at

"2
Fi= -

5 (1.9)

i

where v the vacuum expectation valugev) of the Higgs eld F. The potential
chosen for the ssBin the sm is shown in Figure 1.1as a function of a neutral
complex scalar eld, where the circle of minima appears.

n¥<0, | >0 n#>0, | >0
T T
Y Y
% %
o o
re(®)
(a) (b)

Figure 1.1: Scalar Higgs potential as a function of the components of a complex scalar
eld. The four sign combinations are shown. (a) corresponds to the Standard-Model
choice. The circle of in nite minima at jFj= % is clearly visible. Plot (b) shows that
the )2 > 0 and | > 0 choice does not break the symmetry as the minimum is at the
origin.

A breakdown in the form SU(2), U(1)y! U(1)emoccurs by choosing a
particular vev that respects the electromagnetic U(1)emsuch as

. 1 0
hFig= p—é v ; (110)
where the vacuum expectation value for the charged Higgs el d f* has been
set to 0 leading to a resulting state invariant under U (1)em

In the unitary gauge, the expansion of the Higgs eld f around the ground
state gives
I o
F= o =P Loy (1.12)
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where H is a real scalar eld. The gauge boson mass spectrum is obtained by
inserting the hereabove eld into the covariant derivative part of Equation 1.6.
More speci cally, after the symmetry breaking, the covaria nt derivative of the
Higgs elds leads to

: P~
1 0 i g 2W; (v+ H) _
PEERE N T3 Cowgegiyuery 0 @

where the W* and W elds are obtained by combinations of the original
vector gauge elds W} and W2,

Wi w2

b= =P (1.13)

Furthermore, the mass eigenstates which de ne the physical neutral Z° and g

gauge bosons are obtained by rotating the weak eigenstates wsing the Wein-
berg mixing angle de ned by the relation of the couplings g= g%anqw:

A _ cosgqw  Singw By, .
Z, sinqw  cosqw w (1.14)

where the rst eld A, represents the photon eld while the second one is
associated to theZ boson. The kinematic term may therefore be written as

2 @\, 2
g+ g)v 2 V7,20 (1.15)

. o, 1 " V2 e
iDFj°= E(ﬂuH)(ﬂ H)+ 2 WW T

where the appearance of the masses has become explicit throgh terms in-

volving v. Speci cally, the mediators of the weak interaction, the W and Z°

bosons, acquire masses characterised by
gv,

V] J—
my= 20 mz= g g+ g®= ;o oma= 0 (1.16)

Fermion masses and the ckM matrix

In order to nalise the Lagrangian of the Standard Model, the fermions also

need to acquire mass. While an explicit mass term is forbidde n, interaction

terms between the fermion elds and the Higgs doublet F can freely be in-

troduced in the Lagrangian. Such a gauge invariant term is ca lled the Yukawa
Lagrangian and is written

Lyakawa= 1L FLL 1UQUFdL 110G (isoF Yub+ hc: (1.17)

were | ¢.q)are3 3 complex matrices and the isodoublet iszF is required in
order to generate the masses of up-quarks. After the electroweak symmetry
breaking, the mass terms appear by inserting Equation 1.10into Equation 1.17.
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Since by de nition the mass basis corresponds to diagonal ma ss matrices, the
fermion mass terms are expressed as:

<

m; = (1.18)

S

where the Yukawa couplings of fermions | ¢ result from the diagonalisation
of the | (*;u;d) matrices. Due to the absence of neutrino masses, such a
diagonalisation does not affect the leptons.

The diagonalisation of the | (,.q) matrices appearing in Equation 1.17is al-
ways possible using two unitary matrices Vg and Vgr such that

Vaul Var= 1979 (q= u;d); (1.19)

with | giag is diagonal and real. In the mass basis, the charged current interac-
tion term for quarks appearing in Equation 1.5can be rewritten as

Ly = p%ﬂgdvgwdo{w; + hic:; (1.20)

where u‘{ and do,j_ are the quark mass eigenstates andVckw is a unitary 3 3
matrix de ned as
Verm = ValVa: (1.21)

and called the Cabibbo-Kobayashi-Maskawaxing matrix Vckm [5]. The left-
chiral eigenstates of the down d, strange s and bottom b quarks are therefore
given by combinations of the mass eigenstates (d® s> b9 through the following
unitary transformation

0 1 O 10 1 0 1
d Vud Vus Vub do do
@§sA=Q@Vy Vs Vb A@ L A = vy @ L A (1.22)
b Vid Ms Vb kO kO

implying that the weak interaction eigenstates are misalig ned with respect to
the fermion mass eigenstates.

Whereas the ckM unitary matrix introduces nine new degrees of freedom
in the sm, ve of them can be reabsorbed into the phases of the quark el ds
leaving only four remaining parameters: three rotation ang les and one phase.
Among the various existing parametrisations of the ckM matrix, the complete
form of the matrix can be expressed using the three angles gi2, 923, g1z and the
phased as

0 id
C12C13 . S12€13 - S13€
Vekm= @ 51503 Crossiad? iz Sosasisd? stz A (1.23)
S12523  C12C23513€/ C12%3  S12C23513¢¢  CasCis
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with ¢jj = cosgij and s = sing;j. Because the theory does not predict the mag-
nitude of any of the four parameters, one of the actual goals o f the running
experiments is to precisely determine their values, with sp ecial attention put
on the jVipj matrix element. Indeed, while its value is often assumed to b e
roughly equal to one, the value of this element has never been determined
without the assumption of the unitarity of the ckm matrix. Nevertheless, a
direct measurement of jV;pj smaller than one would be a hint of the existence
of either a family of quarks beyond the three known ones eithe r an additional
heavy quark [ 6] which has not been ruled out by experimental measurements.

In absence of any direct measurement, the most precise expetation value
of the jVipj matrix element is obtained by inferring its value from other mea-
sured matrix elements. Hence, using theoretical considerations based on the
unitarity requirement of the matrix and the assumption of ex actly three gen-
erations of quarks, the absolute value of the third element o f the third row is
constrained within the following range [ 7]

0:9990< jVipj < 0:9992 (1.24)

at 95% C.L. Relaxing the assumption of three generations but maint aining
the unitarity yields to the following bounds: 0 < jV;pj < 0:9992 The pa-
rameter range allowed for this matrix element can be constra ined using the
electroweak production cross section of single top events since it is directly
proportional to the square of the ckm matrix element jVipj.

1.3 The Top quark

The top quark is currently a source of a wealth of physical res ults. Since theb
quark discovery in 1977, the existence of its weak isospin partner, the t quark,
has been anticipated. Nevertheless, several decades were acessary before
its rst direct observation [ 8] in 1995 during RUN | of the TEVATRON [9] by
the CDF [10] and D@ [11] experiments. Indeed, since the LEP measurements,
the t quark was expected to be by much heavier than all known elemen tary
particles. Due to its relatively recent discovery, a number of the top properties
have still to be precisely measured providing stringent tes ts of the sm. Last
but not least, due to the large number of top quarks that will b e produced
at the Large Hadron Collider [ 12] (LHC), top events constitute an important
source of background in searches for new physics. Until the start-up of the
LHc, the TEVATRON is the only collider where the top quark can be produced.
This section focuses on the current knowledge of the top prop erties obtained
at the TEVATRON.
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1.3.1 Cross section andjV;pj measurement

Because thesm assumes the ckM matrix to be unitary, and with the small
experimentally measured V,, and V¢, matrix elements [4], it turns out that the
dominant electroweak decay mode of the top quarkis t! Wh. The dominant
partial decay width of the top into a W boson and ab quark is given by

Geny.. .
att whp Sy, (1.25)
8p 2
where Gk is the Fermi constantvith value given by
Gr_ ¢
— = —: 1.26
p_z 8ny, (1.26)

This allows to obtain an important feature of the top quark si nce the high top
mass implies a relatively large decay width which is immedia tely convertible
into a lifetime value of approximately tiop= P=Gop' 5 10 2°sif jVipj 1.
Because this value is almost one order on magnitude smaller than the char-
acteristic formation time of hadrons tform 2 10 24s the top quark decays
before hadronisation and does not form hadronic bound state s [13]. Even if
it is commonly assumed that the top quark decays before hadro nisation, a
precise determination of the jV4,j matrix element is necessary to con rm this

assumption. Indeed, in addition to the not so widely differe nt formation and

decay time scales, the dependence of the decay width to the squared of the jVipj
matrix element implies that for a value of jMypj 1 the lifetime may become
longer than the typical strong interaction time scale allow ing the formation of

open- avour hadrons.

Production Cross Section

At hadron colliders, such as the TEVATRON, top quarks are primarily
produced in pairs of tt. Because the 'EVATFbON accelerates and collides
proton-antiproton at a centre-of-mass energy of = s 2 TeV, tt pair production
is dominated by the gqg annihilation of valence quarks since they carry more
momentum than gluons. Hence, at the TEVATRON, roughly 85% of the top
pairs are due to the gqq! tt process. The leading order Feynman diagram
of such process is shown in the left part of Figure 1.2 Next to leading order
calculations have been perforan [14] that predict a combined production
cross section of 6:9* 3% pb at = S= 1:96 TeV for a top quark mass of 175
GeV/ ¢2. It should be noticed that an increase of éwill lead to an inversion
of the main production mechanism as atthe L HC ( s= 14 TeV) gluon fusion
becomes a copious source oftt pairs.

In addition to the production of top quarks through  QCD interactions, top
quark production is also possible using electroweak charge d current inter-
actions. In the so-called s-channelsingle topproduction process, a W boson
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q t q t g b

q t o b ¢ q°

Figure 1.2: Feynman diagrams for top quark production at the T EVATRON. From left
to right, tt pair production through quark-antiquark annihilation, si  ngle top s-channel
and the one single top t-channel processes.

formed from a g% annihilation decays to a top and a bottom quarks. In the
t-channel, a virtual W boson strikes a b quark producing a light quark and a
top quark. These two electroweak processes are representedrespectively in
the central and right part of Figure 1.2 The theoretically predicted produc-
tion cross sections at next-to-leading order in as are equal to 1:98" 9:25 pb [15]
and 1:02 0:08 pb [16] for the t-channel and s-channel respectively. Finally,
it should be mentioned that there exists a third production m ode where the
top quark is created in association with a W boson. Nevertheless, due to the
small cross section of this process at the TEVATRON 0:25 0:03 pb [16], this
production channel is unexploitable.

1.3.2 Experimental measurements of jVipj

A precise determination of the top quark pair production cro ss sectionsis
crucial since new phenomena could alter this value and give i nsight of new
physics beyond the Standard Model (see e.g. [L7]). Because in thesm the pref-
ered decay of the top quark is t! Wbwith a branching ratio close to 100%
only three possible nal states of tt events exist in relation with the decay
products of the W bosons. When both W bosons decay leptonically, the nal
state is named the di-leptonic channe * nb™ nb). Events with only one or both
W bosons decaying hadronically are called respectively semi-leptoni¢’ nqgbb)
and fully-hadronic(qobqdb) channels. Using the different decay channels, the
Cpr and D@ experiments have measured the respective production cross sec-
tion:

CDF: 7.0 0:3(stat) 0:4(syst) 0:4(lumi) pb [18]; (2.27)
D@: 7:8 0:5(stat) 0:6(syst) 0:5(lumi) pb [19] (1.28)
It is obvious that these results are consistent with each other and with the

theoretically predicted sMm cross section assuming a top quark mass of 175
GeV/ ¢2.

Although the measurement of the single top quark production cross sec-
tion is challenging at the T EVATRON, the rst clear evidence of the presence of
the electroweak production of single top quarks in  pp collisions has recently
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been established. The discovery of the top quark constitute s together with the
rst evidence of single top events, one of the major experime ntal successes of
the TEVATRON collider. Combining three multivariate techniques such as ma-
trix element methods, likelihood function or neural networ ks, Bcross section
of 2:2* 37 pb [20] is obtained at CoF using 2:3 fb * of data at = 5= 1:96 TeV
while the D @ collaboration evaluates itto 3:94 0:88pb [21]. The two values
are consistent with the sm prediction of 2:9 0:4 pb (tb + tgb channels).

jVib] matrix element

This section describes the results obtained at TEVATRON from a direct mea-
surement of jVipj using top quark decay in tt event and the less constraining
measurement using single top production. To extract a value of jV4pj, the ratio
of branching fractions of the top decaying into Wbto top decaying to down
type quark is de ned

BR(t! Wb _ Vi

R0 BRECT WO~ a2+ M2+ Vo2

(1.29)

where g stands for d; s and b quarks. Experimentally, the measurement
of Ry is based on the relative number of tt-like events containing zero, one
and two tagged b-jets. Because of the de nition of Ry, the measurement is
independent of the uncertainties on the production cross se ction of tt events,
while is it obvious that it depends critically on the knowled ge of the ef ciency
of labelling a jet as coming from a b quark. Because at both D& and CbrF
the measured ratio is close to 1, this implies that Mpj ] Maj;jVs. In order
to measure jVipj using the tt produced events at TEVATRON, the unitarity
of the matrix should be assumed so the denominator of d?b is unity. Using
respectively 162 pb 1 and 0:9 fb ® of pp collisions at © s= 1:96 TeV, the
CpF and D@ collaborations obtained the following lower limits at 95%C.L.:
Mipj > 0:78[22] (using leptons+jets and dileptons) and 0:89[23] (investigating
only lepton+jets events).

Compared to the previous technique using tt events, the determination
of V,p by measuring the single top production cross section does not as-
sume the unitarity of the ckm matrix. Based on the measurements of the
single top production cross sections by CbrF and D@, a value of jVj of
0:91 O:11(stat+ sys) 0:07(theory) and jVipj > 0:71 at the 95% C.L. [20] has
been extracted at while D@ nds jVipj = 1:07 0:12and jVipj > 0:78 at the 95%
C.L. [21]. We can therefore conclude that both results are consistent with the
SM expectations.



16 CHAPTER 1. THE STANDARD MODEL

1.4 The Higgs boson

1.4.1 Higgs boson properties

The Brout-Englert-Higgs mechanism introduced in the previ ous section is the
simplest way to allow elementary particles to be massive sin ce mass terms
appear through the interactions of particles with the Higgs particle. After
the application of the Electroweak Symmetry Breaking, Lagr angian 1.6can be
rewritten in terms of physical elds:

1 1
Lhiggs = S(TWH)(T'H)  SmiH?
+ m%,W+W M1+ 2H+ EH2)+ }rn%Z ZH(1+ 3H+ iHZ) (1.30)
H v 2 >z v 2 :

M MhLa, Mo
ot WH+?V2,

where the mass of the Higgs boson my = 212 has been introduced. In addi-
tion to the coupling of the Higgs boson to fermions introduce d in Section 1.2
the couplings of the Higgs boson to gauge bosons clearly emerge in Equa-
tion 1.30by looking terms linearin H as

gHVV = dv@ (1.31)

where V represents either the W or Z bosons and the dy related parameters
are respectively equal to 2 and 1.

Beside the rich program related to the top physics, the Higgs boson
discovery is vital in order to validate this mechanism. Neve rtheless, even
if actual running experiments are competing against each other for its
discovery, the Higgs boson eludes experimental veri catio n. The search is
greatly complicated by the fact that the Higgs mass is not pre dicted by the
sM. Fortunately, since the mass of the Higgs boson is the only free parameter
of the Higgs sector, all variables including the branching r atios, could be
determined unambiguously for a given mass. Using the above e xpressions of
the Higgs coupling to fermions and gauge bosons, the partial decay widths
can be calculated allowing to obtain the decay modes that could be promising
for the detection of the Higgs boson. The branching ratios, c alculated using
the HDECAY [24] program, are reported in Figure 1.3 as a function of the
unknown Higgs boson mass.

It is worth remarking that as long as the Higgs boson mass is hi gher than
2my, the dominant decay modes are the decays of a Higgs boson into gauge
bosons. Below this threshold, the Higgs boson would decay in to fermions.
Since, theH ! ff decay implies a coupling vertex which is proportional to
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Figure 1.3: Branching ratios of the Standard Model Higgs boson as a function of its

unknown mass.

the fermion mass, the decay into lighter fermions is disfavo ured. The small
branching ratio into a photon pair is also represented as it p rovide nowadays
the most promising way to detect the Higgs boson having a smal | mass.

1.4.2 Experimental restrictions on the Higgs mass

Depending on the collider (e* e atLEPand ppat TEVATRON ) and the available
centre-of-mass energy, the direct Higgs boson search is peformed by exploit-
ing different production mechanisms.

Searches at LEp

et z
Figure 1.4: Higgsstrahlung
at LEP.

The Large Electron-Positron (LEP) collider
started its operation in 1989 with a centre-of-
mass energy of 91 GeV (LEP I phase). The
energy was adjusted to the Z mass in order
to explore the Higgs boson through the Hig-
gsstrahlungmechanisme*e ! Z! Z H, where
H is radiated from a Z boson (Figure 1.4) and
the nal state Z is virtual. Since a light Higgs
boson decays predominantly in leptons (see
Figure 1.3), the dominant decay mode is H! bb.
Usingthe Z ! **° :nn;qq decay channels, the
LEP collaboration has excluded Higgs boson

with mass less than 66 GeV/ ¢ at 95%C.L.
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Before its dismar}gling in 2000, the centre-of-mass energy o collisions
was upgraded upto = s 209GeV (LEP 1l phase). The favoured production
mechanism is therefore the Higgsstrahlung with the real an v irtual Z boson
being reversed e'e ! Z | ZH. Because of the higher centre-of-mass
energy available, even if the production cross section is small compared
to the dominant Higgsstrahlung process, the contribution o f the vector
boson fusion e*e (W*W | H)nghe and e'e (ZZ! H)e*e is becoming
non-negligible. Taking into account all the possible nal s tates inherent
from the Z boson decay and the dominant H ! bb, as well as the nal
state HZ! qqgt*t , the available data from the four L EP experiments have
been combined. The absence of experimental signature of the Higgs boson
in the entire kinematical range available at L ep implies that the existence
of a Higgs boson with mass less than 1144 GeV/ ¢? is excluded at 95%C.L [25].

e e e Ne
z w

H H
z w

e e e Ne

Figure 1.5: Production of the Higgs boson through vector boson fusion at LEP.

Searches at TEVATRON

The TEVATRON experiment now urbderway at Fermilab has collided, during
RUN II, protons and antiprotons at = s= 1:96 TeV. The search for the sm Higgs
boson is at the forefront of its physics program. The most rel evant production
mechanisms are the gluon fusion through top quark loop ( gg! H), the vector
boson fusion (qq(WW! H)ggand qq(ZZ! H)qq) and the Higgsstrahlung of
W, Z (qq! VH, where V = W;Z). The Feynman diagrams of such processes
are depicted in Figure 1.6.

g q q q H
t Wz W:Z
t_ H H '
t W: Z
g q q q W; Z

Figure 1.6: Major Higgs production processes at the TEVATRON. From left to right:
gluon-gluon fusion through a top loop, vector boson fusion a nd Higgsstrahlung of a
W or Z boson.
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Due to the large gluon relative luminosity, gluon fusion is b y far the
dominant production channel at T EVATRON: the cross section ranges from
about 200to  2000fb depending on the Higgs boson mass. Nevertheless, the
copious source of Higgs gg! H followed by the preferable H! bbdisintegra-
tion is not experimentally exploitable due to the huge numbe r of QCcD events
produced in hadron-hadron collisions. Hence, thanks to a cl ean signature
and more manageable backgrounds, the most studied producti on channel
at TEVATRON is the Higgsstrahlung [ 26, 27] where the Higgs subsequently
decays into bb and the associated boson decays leptonically.

=
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e E

- Q9@ Hag TR e e ]

L S0 PP® HX \‘*'::;1""23;7:;:, _______ —

L \Spp:1.96TeV ‘~~,\\"“--‘;:

MSTW 2008 PDF @®zZH T

A A A N B B D S S

100 110 120 130 140 150 160 170 180 190 200
m,, [GeV/c?]

Figure 1.7: Cross sections of the four major production processes of a Sandard MFS)deI
Higgs boson as a function of its hypothetical mass at the TEVATRON in fb for = s=
1:96 TeV.

The production cross section of these two primary processes are shown
in Figure 1.7 as a function of the Higgs boson mass when the dominance of
the gluon fusion is clear. Looking more attentively at the Hi ggsstrahlung
processes, we can see that the cross section fopp! W ! W H ranges
between 290fb and 20fb for my = 100to 200GeV/ ¢? and the one for pp! ZH
is roughly a factor two lower for the same Higgs mass range. It should also
be emphasised that when the my & 135 GeV/ ¢?, the decay into W bosons
becomes dominant. Depending on the production mechanism, t he Higgs
search can also be carried out by exploiting the W*W [28, W W*W and
ZW*W nal states [ 29], due to the presence of multiple high energy leptons
coming from the disintegration of the W bosons. Finally, the vector boson
fusion can also be used because this process becomes increasgly important
with rising Higgs mass. Nevertheless, due to the small produ ction cross
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section the sensitivity is rather limited [ 30].

Figure 1.8: Preliminary observed and expected 95%C.L. upper limits on the swm Higgs
boson production cross section expressed in multiple of the Standard Model cross sec-
tion. The limits have been obtained by combining the results of both the CbF and D@.
The straight and dotted lines represents respectively the observed and expected lim-
its while the two grey bands indicate the 68% and 95% probability regions where the
limits can uctuate, in the absence of signal [ 31].

In 2009, preliminary results [ 31] based onRUN I (p s= 1:96TeV) data have
been published by the TEVATRON community that combine both results of
the D@ and CDF collaborations with up to 5:4 fb 1. Based on Bayesian B2]
combination method, expected and observed 95% C.L. upper limits on swm
Higgs boson production cross section are extracted using the contributions
of the different production and decay channels presented he reabove. These
limits, plotted in Figure 1.8 are expressed as a multiple of the Standard Model
cross section and as a function of the hypothetical Higgs mass. Since a value
lower than one indicates the exclusion of the existence of a Higgs boson, the
TEVATRON collaboration excludes at 95%C.L. the existence of a Higgs boson
with a mass ranging from 163to 166 GeV/ ¢?. Since only a fractional part of
the available data have been used, and because the total delvered luminosity
will continue to increase, these preliminary results will ¢ ertainly be improved
in the near future...



CHAPTER
TWO

PHOTON INTERACTIONS AT HADRON
COLLIDERS

Photon interactions have been extensively studied at H ERA and LEP colliders,
in processes involving exchange of quasi-real photons collinear to the incom-
ing electron. In most of these studies the hadronic sector of photon physics has
been investigated at rather limited energies. In a similar m anner, a signi cant
fraction of proton-proton collisions at the L Hc will involve (quasi-real) photon
interactions, however this time occurring at energies beyo nd the electroweak
energy scale. The much smaller available effective luminosity is compensated
by better known initial conditions and usually simpler nal  states. Hence,
the LHC can to some extent be considered as a high-energy photon-phaon
or photon-proton collider, offering a unique possibility f  or novel and comple-
mentary researches to standard pp interactions.

2.1 The equivalent photon ux

The electromagnetic eld surrounding high energy protons ¢ an be interpreted
as a ux of quasi-real photons distributed with some density  dN(xg; Q?), where
Xg is the fraction of the incident proton energy carried out by t he photon and
Q?is its virtuality 1. Photon-induced interactions can in good approximation
be viewed as proceeding in two steps: rst, the photons are em itted by one or
both incoming protons and second, the photons collide produ cing a central
system X (see Figure?2.1).

This separation is theoretically permitted using the Equivalent Photon
Approximation (EPA) [33] as photoproduction is characterised by very small

1The photon virtuality is de ned as  (p2 p1)?= ¢?= Q? with p; and p; the four-momenta
of the proton before and after the emission of the photon.
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Figure 2.1: Schematic view of the photon-induced processes. Interactions can be di-
vided into two steps. First (left) one or both incoming proto n emit a photon and sec-
ondly (right) the hard interaction yielding the central sys tem X.

momentum transfers (i.e. small photon virtualities). With  this approximation,
the cross section can be written as the convolution of the pro bability that the
proton radiates off a photon with the cross section of the rea | photon-induced
subprocess Ggg Or Sgp). Nevertheless, it is important to emphasize that
this approximation considers the photon as real and interac ting without
polarization. Therefore, EPA is only applicable when the production cross
section is roughly insensitive to the photon virtuality. Mo st processes possess
a cut-off L4 such that for virtualities smaller that this value, the EPA is valid.
In other terms, the existence of such al g means that the photon-photon or
photon-proton cross section differs only slightly from the real photon cross
section and decreases quickly for a higher value of the photon virtuality.
The exclusive production of lepton pairs ( pp(gg! "*° )pp) is an example
of inapplicability of the approximation because the cross s ection is not
decreasing with the virtuality of the photon.

Considering that the hypotheses required to apply the equiv alent approx-
imation are satis ed, the generalised equation of the photo n density from an
incoming particle with energy E, as derived by Budnev et al. [33], is given by

) adQ2d><g( Q% . % 2)
dN(Xg;Q):EFg (1 x9 1 ﬁ Fe(Q9)+ ?FM(Q) ; (2.1)

where a = €?=4p is the ne structure constant, Fg(Q?) and Fy(Q?) functions
are the electric and magnetic form factorsof the incident particle. This density
function is directly related to the photon ux  fg(xg) de ned as the integral over
Q? of the photon density:

2 Qax
fo(xg) = . dN(xg Q?); (2.2)

min
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where Q2. is the minimum photon virtuality xed from the kinematics. F  i-
nally, the photon uxes emitted from electrons and protons ¢ an be obtained
by inserting the appropriate functions Fz(Q?) and Fy(Q?) in Equation 2.1 The
following sections give an overview of the calculation meth ods to compute
the corresponding proton-proton ( spp) cross sections which we refer in this
thesis as thecross sections

2.1.1 Elastic photon ux of protons

A convenient way to describe the composite structure of prot ons is to
parametrise them in terms of form factors Thereby, the functions Fg(Q?) and
Fum(Q?) required in Equation 2.1to obtain the elastic photon ux can be ex-
pressed by

2y _ IMGE+ Q°Gy .
Fe(Q9) = W. (2.3)

Fu(Q%) = G&; (2.4)

where in spite of using the electromagnetic form factors ( F(Q?); k= 1;2), the
more commonly used electromagnetic and magnetic Sachs form factorthat
measure the charge and the magnetisation respectively, Ge(Q?) and Gy (Q?),
have been introduced. They are de ned as a linear combinatio n of F, and F,

by

2
Ge(Q%) = Fi(Q?) 4—m%F2(Q2): (2.5)
Gm(Q?) = Fi(Q)+ F(Q?); (2.6)

and their normalisations for a real photon are given by the pr oton charge and
magnetic moment, Ge(0) = 1and Gu(0) = pp = 2:79. Experimentally, for mod-
est virtualities (Q? 1), the Sachs form factors seem consistent with the fol-
lowing approximation :

Gm(Q?) _ .
LTI L 2.7)

Ge(Q?)

where L = 0:71 GeV is called the dipole form factof34, 35).

The typical form factor evolutions for elastic photon emiss ion by a proton
are shown in Figure 2.2 Because of the sharp drop off with the increasing pho-
ton virtuality, the form factors limit the momentum transfe  r g2 to small values.
This guarantees the existence of the cut-offL 4 that allows the applicability of
the equivalent photon approximation. The elastic photon u x can nally be

obtained by integrating Equation 2.2over Q? with a Q2,;, value obtained from
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Figure 2.2: Behaviour of the Sachs form factors (blue) and the Fg(Q?) and Fy(Q?)
functions as a function of the photon virtuality Q2.
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2.1.2 Hadronic cross sections

In the following, cross sections for photon-proton and phot on-photon interac-
tions are considered. Using the equivalent photon approxim ation (EPA) their
respective hadronic cross sections are computable by convduting the photon-
photon and photon-proton cross sections, sgganssgp, with the photon spectra

dN(xg; Q°):
ds pp = Sgp(Wep) dN(Xg: Q%); (2.9)
dspp= SgdWgg dN(xg; QD) dN(xg,; Q3); (2.10)

where xq = Eg=E, Eg is the photon energy, E is the beam energy, Wyq is the
invariant mass of the produced system in the gg! X process

Woo= 2 GG E; (2.11)

Wy is the photon-proton centre-of-mass system energy and the indices 1 and
2 are used to distinguish the variables characterising the two photons.
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Photon-photon interactions

As mentioned hereabove, the LHC can be considered as a high energyggcol-
lider when both protons emit a photon elastically. It is conv enient to de ne

the elastic photon luminosity spectrurﬁ\%, obtained by integrating the prod-

uct of the photon densities from both protons over the photon virtualities and

energy fractions:
|

VA 2"
d 1 W, d
bog L oWy Ty 8 I,
dWgg =8 XgS  XgS
with s= 4E? is the squared centre-of-mass energy (c.m.s) of the hadront in-
teraction. Using the elastic luminosity spectrum, the hadr onic cross section of
the photon-photon process can therefore be rewritten

Z

d
Sppgd )pp=  dVg —d\ll_\zg SgdWgg; (2.13)
g

with sgg the cross section of thegg! X subprocess. The elastic luminosity
spectrum is shown in Figure 2.3assuming the upper virtuality of 2 GeV?=c2,
As expected from the behaviour of the form factors that fall r apidly as a
function of the increasing virtuality, the luminosity spec trum peaks at low
Wag

(2.12)

Even if small invariant masses of the central produced system X are
favoured, the elastic luminosity spectrum is still at the le vel of a few per mil
of the nominal proton-proton interactions. Moreover, if th e partonic cross sec-
tion is roughly independent on the energy at which the intera ction occurs, the
relative luminosity spectruniggobtained by integrating the photon luminosity
spectrum above a minimum c.m.s energy (W) reaches almost1% of the total
available luminosity of the L HC collider for a minimal value Wp = 23 GeV.
The smallness of the partonic cross sections is therefore cainterbalanced by
the high expected nominal luminosity of the L HcC.

Photon-proton interactions

Similarly, the elastic luminosity spectrum of the photon-p roton collisions is
de ned by |
z 2

dlg=g ! Wamg  dxg.

gy Mo Vo WO S St B9
where fyis the Q? integrated luminosity spectrum, Qq=g iS the parton-density-
function of parton g=gin the proton. This leads to the following cross section
expression for the photon-hadron interaction

z

- = :
Sppgrg x)py = AVgg Wrg Sorrgt x (We=g)* (2.15)
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Figure 2.3: Photon luminosity spectrum g%gg (left) as a function of the centre-of-

mass energy of the ggsystem Wgyg and relative elastic luminosity spectrum Lgg (right)
of photon-photon collisions obtained by integrating the ph oton luminosity spec-
trum above a minimum c.m.s (W) at the LHC for the integration range Qfmn < Q?<
2 GeV?=c?,

Even if drawbacks of photoproduction are the less clean nal topologies and
a lower potential to constrain the kinematics, the higher lu minosity and c.m.s.
energy of photoproduction processes compared to ggevents offers interesting
possibilities for the study of electroweak interaction and for searches beyond
the Standard Model (BsM) up to the TeV scale.

Heavy ion uxes

Finally, the same way protons interact through the emission of photons, at the
LHc photon induced processes can also be observed in heavy ions ollisions.
If the expected luminosity of ion-ion collision is smallert han for ppones, this
is by far compensated by the intensity of the electromagneti ¢ eld coming
with fast ions. Indeed, the high photon uxes scale with the s quare of the
charge number of the nucleus. In general, lower c.m.s. energies are available
for photon collisions in this case, but the diffractive back grounds are usually
signi cantly suppressed with respect to the ppcase 6.
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2.2 Physics potential of photon interactions at the
LHC

Although photon-induced interactions have been investiga ted at LEp and
HERA, the performed studies suffer from the very low statistics a vailable. The
use of the LHC as a photon-photon and a photon-proton collider dramatical ly
extends the energy reach for the measurement of ggand gp interactions pro-
viding the possibility to test the electroweak sector of the Standard Model as
well as physics beyond the sm. A brief overview of possible photon-induced
physics at the LHC is given in this section.

2.2.1 Two-photon interactions

Even if two photon interactions are not considered in the fol lowing of the

thesis, a brief introduction of interesting gginduced processes is how given.
In elastic ggcollisions, the nal state multiplicity is, in general, muc h lower
than in parton-parton ones yielding very clean nal state to pologies: a central
system X separated on both sides by a large rapidity gap from the escaping
protons. Even if the available luminosity is smaller than th e nominal one,
ef cient selection could compensate for the small producti on number. The
physics potential of photon-photon interactions is illust rated in Figure 2.4
where the most promising hadronic cross sections have been computed using

MadGraph/MadEvent ( MG=ME) [37] 2 that allows to produce processes with

photons in the initial state based on the Equivalent Photon A pproximation.

The di-muon cross section has been computed using LPAIR [38] with a

minimal cut on the transverse momentum of the muons of 2 GeV=c and
jhHj < 3.1. Since the cross sections for pair production depend only on charge,
spin and mass of the produced particles, the results are shown for charged
and colourless fermions and scalars of two different masses.

Since the production cross section can be calculated very precisely (this
is a nearly pure QED process), the exclusive dilepton pair production can
be used for a precise determination of the luminosity at hadr on colliders.
This idea was considered already in the 70's by Budnev, Ginzb urg, Meledin
and Serbo [39). This application of pp(gg! "*° )pp events has recently be
investigated by the Cms collaboration [ 40 showing that the muon topology
looks favourable. In addition, if very forward detectors ar e located close to the
beam pipe in order to detect the leading protons, the precise reconstruction of
the leptons by the central detector allows their calibratio n [41, 42].

Photon-photon interactions are also relevant to test the Standard Model
predictions using the possibility to directly measure the s elf couplings of the
gauge bosons (e.g. tripleWWg and quartic WWgg [43, 44] through exclusive

2Using version 4:1:31 of MadGraph/MadEvent.
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Figure 2.4: Cross-section for several pp(gg! X)pp processes (F for fermion, S for
scalar). Thepp(gg! u*p )ppecross section has been computed forp# > 2GeV=cand
jh¥ < 31

W pair production. An experimental observation leading to di fferences with
the precise expectations of thegg! WW cross section would be a signal due
to beyond Standard Model effects. As an example, already after 10 fo ! of
integrated luminosity, the previously established LEP2 limits on the triple

gauge coupling can be improved by a factor of 10;000[43].

The large two-photon centre-of-mass energy of up to several hundred
GeV available at the LHC allow one to search for new massive charged parti-
cles [45]. Interestingly, the measurement of the two escaping proto ns allows
one to make the distinction between various contributions t o the supersym-
metric particle spectrum by looking at the distribution of t he photon-photon
centre-of-mass energyWyg Moreover, provided enough statistics is available
( 100fb 1), a direct constraint of the masses of the supersymmetric particles
irrespectively of the decay mode of the centrally produced p article [46] can
be obtained.
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2.2.2 Photoproduction

In gp interactions, when light quarks are assumed to be massless, a singu-
larity arises in t-channel diagrams, when the outgoing quar ks are collinear
to the incoming photon. This computational problem is avoid ed when the
resolvedphoton contribution 2 is used for some choice of factorisation scale,
in addition to the directcontribution. Another possibility is to include direct
processes only and to apply very loose cuts on speci ¢ quanti ties (i.e. on the
transverse momentum of the outgoing quark) acting as a regul ator of this
singularity.

The second approach gives therefore an approximation of the total cross
section. A process for which possible high singularities (a nd therefore also a
signi cant contribution from resolved photon processes) m ight be expected is
for example the photoproduction of single W obtained by scattering a photon
on a incoming u quark gu! W%*d. A cross section of 13:7(2) pb for 7 TeV
incoming protons was computed at Leading Order ( LO) using the resolved
photon contributions. It compares very well with the cross s ection of 14 pb
obtained using the direct process only, calculated with calcHEP [47], and for
a minimal transverse momentum pt > 1 GeV=c for the outgoing massless
quark. This result has been shown to be fairly stable with res pect to the pr
cut and indicates that the resolved contribution is small. A nother indication
of the smallness of resolved contribution was obtained by co mparing the
calcHEP computed cross section without pr cut but using different values
of d-quark mass as regulator. The cross section was ranging from 18 pb for
mg = 0:001 GeV=c? to 12:8 pb for mq = 5 GeV=c? (the value of 14 pb being
obtained for myq = 0:8 GeV/ ¢?). In the following, only the direct contributions
at Lo have been calculated and a cut at1 GeV=c on pr for the outgoing quark
(labeled g9 has been applied for all processes with a possible singularity in
the t-channel diagrams. This is for instance the case for the cross section
q! WHdA even if a pr cut as low as 0:3 GeV=c already gives a very stable
result.

The cross sections at leading order (0) of the direct contribution for
various electroweak reactions have been calculated with MG=ME. Figure 2.5
shows cross sections for pp(gg=q! X)pY processes as a function of the
minimal photon-parton c.m.s. energy Wep. A large variety of processes
have sizeable cross section up to the electroweak scale and ould therefore
be studied during the running of the L Hc. Assuming that all processes
non-mediated by photons can be omitted, it is very interesti ng to observe
that potentially dangerous Standard Model background proc esses with hard
leptons, missing energy and jets coming from the production of gauge bosons,
have cross sections only one or two orders of magnitude highe r than those
involving Higgs boson or top quarks (calculated for m = 1743 GeV=c¢® and

3In the resolved process, the photon uctuates into a qq state which interacts hadronically.
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Figure 2.5: Cross sections for pp(gog=g! X)pY processes as a function of the min-
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In Chapter 6, the potential of photoproduction atL HC to observe the Stan-
dard Model Higgs boson produced in association with a W will be presented.
Indeed, the WH photoproduction cross section is non-negligible as it reac hes
more than 20fb for a 115GeV=c? Higgs boson, representing more than 2% of
the total inclusive WH production at the L HC. Then, photoproduction may
contribute to the search of the sm Higgs boson or, at least, to the measurement
of some of its properties.

Also interesting, the sMm top quark photoproduction cross section reaches
about 2:5 pb. Due to the high number of photo-produced top quarks and
the large ratio of single top production cross section to the sm background
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production-cross section 4, photoproduction offers an interesting framework
for studying e.g. the electric charge of the top quark and the jV;pj CKM matrix
element.

Probing the anomalous photoproduction of single top via av our-
changing neutral currents (FCNC) is also possible at the LHC because of the
high expected cross section compared to the one atHERA. For kyg= 0:15and
kg = O values of the anomalous couplings, the cross section is expected to
be two orders of magnitude higher. Furthermore, while at HERA only the up
guark content of the proton contributes, the energy of the LHC allows to probe
the proton at lower momentum fractions, opening the opportu nity to study
the effect of the ¢ quark via the ki coupling [ 48].

2.3 Difcultiesrelatedto gp interactions

Because photon-induced interactions occur through the exchange of a colour-
singlet object, a clear experimental signature of such processes is the presence
of a large region devoid of produced hadrons between the escaping proton
and the central system X. Depending if one or both protons interact by the
exchange of a photon, a so-calledrapidity gapcan be observed in one or both
sides of the central detector. Even if this characteristic seems at rst sight
very attractive to select photon-photon or photon-proton i nteractions, several
aspects should be kept in mind that can dramatically decrease the interest
of using such rapidity gaps as a clear evidence of photon-ind uced interactions.

2.3.1 Rescattering effects

The composite structure of the incoming beam particles may alter signif-

icantly the visible rapidity gap in the detector. Indeed, th e gaps can be
lled by additional particles originating from secondary s trong interactions

between spectator partons. The generic diagrams for such production are

shown in Figure 2.6without (left) and with (right) such  rescatteringeffects. As
noted by Bjorken [49], the difference between the theoretically computed rate

(Rheo and the actual measured rate (Fexp) can be understood by introducing a

correction factor (éz) referred as the survival factorFeyp= 2 Fheo Generally,
calculation of the survival factor is done in the impact para meter space,
assuming the factorisation as in the EPA. In the elastic case, this survival
factor basically corresponds to the probability of the scat tered proton not to

dissociate due to the secondary interactions.

4In contrast to proton-proton interactions where the ratio o f Wt associated production cross
section to the sum of all top production cross sections is onl y about 5%, it is about 10 times higher
in photoproduction.
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Figure 2.6: Generic Feynman diagrams for the photoproduction at the L Hc without
(left) and with (right) rescattering corrections. The regi on devoid of produced particles
between the escaping proton and the central system X is labelled RapGap.

The most impressive consequence of these additional particles populating
the gaps has been seen at the EVATRON through the apparent low yield of
events containing rapidity gap [ 50]. Since photon-induced processes are dom-
inated by emission of photons with very small virtualities ( Q%> 0:01 Ge\?=c?)
which corresponds to interactions occurring at large impac t parameters °, the
value of the survival factor & would generally be larger than for diffractive
events, close to 1. As an example, the central exclusive diffactive Higgs
production at the L HC is roughly 0.03 [51] while the same process mediated
by photon exchange possess a survival factor of 0.86 pb2]. Finally, even if
the survival factor would be higher for the two-photon inter actions, the
photon-proton processes would not undergo too strongly the rescattering
effects. As an example, the survival factor is expected to be of about 0.7 for
single W boson photoproduction [ 53].

Even if a large number of studies have been published about th e calcula-
tion of survival probabilities, a large uncertainty remain s about the real sup-
pression factor that will be effective atthe L HC. In order to tackle this problem,
comparison of the experimental rate of few photon-induced p rocesses with
well-known predicted cross section would be mandatory. Hen ce, exclusive
production of lepton pairs as well as single W boson photoproduction [ 54]
may be used to constrain the survival factor of photon-photo n and photon-
proton interactions respectively.

2.3.2 Inelastic interactions

Due to the fact that protons are not point-like particles, it is necessary to
distinguish between the elasticand the inelastic emissions of a photon by
a proton. In the former case, which has been presented above, the proton
does not break up and therefore continues its path with a traj ectory which is

. ) ) ) ) P
5The proton impact parameter is approximately inversely pro portional to = Q2.
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only slightly affected by the photon emission. In the latter case, the proton
does not survive from the emission and the proton therefore d issociates into
a resonant system R with mass Mgr. The generic Feynman diagrams for the
elastic and inelastic production of a system X via photon-proton collisions at
the LHC are shown in Figure 2.7.

p p p R
g g

X X

p Y p Y

Figure 2.7: Generic diagrams of elastic (pp(gg! X)Y p and inelastic events (pp(gg!
X)Y R). The proton emitting the photon dissociates into a heavier systemR.

The production cross sections of inelastic processes is nowadays still
not known with a high accuracy. The contributions of the two p rocesses
(elastic and inelastic ones) have to be disentangled by applying dedicated
experimental cuts. The detection of the leading protons wou Id as an example
remove all inelastic interactions. On the opposite side, using the rapidity
rap as tagging technique of elastic photon emission will sel ect a mixture
of elastic and inelastic events when the produced hadronic systems escape
from the detection of the central detector. The spread of the nal hadronic
system being proportional to its mass, a value of Mg 20GeV/ ¢? is a realistic
assumption that prevents the hadronic system R from being observable
in central detectors [55]. Nevertheless, the inelastic relative gp luminosity
spectrum obtained using this maximum allowed value for Mg are signi cant,
even larger than the elastic one. Fortunately, the average photon virtuality is
generally higher implying a typical impact parameter much s maller.

2.3.3 Diffractive background atthe L HC

Although rapidity gaps are produced in ggand gp collisions, the lack of
produced particles in an extended pseudorapidity region ma y also be caused
in purely strong interactions, due to the exchange of objects with vacuum

quantum numbers such as the so-called pomerorn(iP).

Identically to photon emission, in diffractive events the p roton can
emerge from the interaction either intact or dissociated in to a low mass state,
leading to different types of diffractive processes occuri ng in proton-proton
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Figure 2.8: Event topologies for elastic and diffractive proton-proto n interactions.
From left to right: elastic scattering, Single-diffractiv e (sD), Double-Diffractive ( DD),
Double-Pomeron-Exchange (DPE) and Single+Double-Diffractive ( SDD) events.

collisions. They are represented in Figure 2.8 In the elastic scattering,
both protons emerge intact in the nal state. Single-diffra ctive (sb) and
Double-Pomeron-Exchange (DPE) events are characterised by the pres-
ence of respectively one or two rapidity gaps in the nal stat e. Finally,
interactions mediated by pomerons may also produce Double- Diffractive
(op) and Single+Double-Diffractive ( sDD) events. Because diffractive and
photon-induced interactions possess similar nal states, the selection of
ggand gp through the detection of the escaping protons or the presence of
rapidity gaps will yield to a mixture of photon-induced andd iffractive events.

To estimate the order of magnitude of the diffractive contri bution, the
results obtained at TEVATRON can be combined with the calculations of
the corresponding survival probabilities at the L HC [56]. As an example,
about 1% of the observed singly produced W bosons at TEVATRON were
containing LRGs [57]. Because the survival probability decreases with the
momentum transfer, this fraction is expected to be about 0:5%at the LHC [41].
Similarly, the diffractive top quark pair production at the LHC is expected to
be below 0:5% of the total inclusive production: the diffractive product ion
will therefore have similar rate as for photoproduction. Fi gure 2.9 compares
the differential cross sections for single-diffractive pr ocesses and photopro-
duction. Finally, one should note that the photoproduction drops slower with
energy, which favours studies of nal states with large inva riant mass.

2.3.4 Pile-up events

The major drawback of the high luminosity expected at a hadro n collider
such as the LHC is the non-negligible probability that several protons can
interact during one single bunch crossing. The hard scatter ing of interest will
be overlaid with a luminosity-dependent average number of e vents ranging
from 1 to 25 simultaneous collisions. For example, the mean number of
pile-up events expected during the “medium luminosity” (L = 10*3cm ?s 1)
reaches 7 inelastic events per crossing while for the nominal luminosity of
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Figure 2.9: Left: Differential cross section ddwsx for single-diffractive production pp!

pX as a function of the proton remnant mass M. Right: Differential cross section a%

for pp(gg=g! X)pXY as a function of the photon-proton c.m.s. energy Wgp. Different
cuts detailed in Figure 2.5have been applied.

L = 10** cm 2 s ! the average number of events for each bunch crossing is
roughly 25.

Photon-induced processes can be selected either using a calrimeter
(through the rapidity gap signature) or by detecting the esc aping protons
using very forward detectorévFDs). Nevertheless, even in absence of pile-up,
the rapidity gaps occurring in photon-induced interaction s may be populated
by particles created in a secondary proton-proton collisio n. A schematic
representation of the effect of pile-up events on the rapidi ty gap is shown
in Figure 2.1Q The upper part represents a photon-proton collision with t he
presence of the characteristic lack of hadronic activity in a large pseudorapid-
ity region. The lower part shows that the rapidity gap is lle d by additional
simultaneous hadronic interactions.

The extraction of photon-induced interactions relying on t he presence of
survival protons is also complicated by pile-up events sinc e the inclusive sb
and DPE cross sections amount respectively to approximately 10% and 1% of
the total proton-proton cross section (s‘é’}, 100 mb). Therefore, diffractive
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Figure 2.10: Schematic representation of the effect of pile-up events on the rapidity
gap. The upper part of the gure represents photoproduction with the presence of the
characteristic lack of hadronic activity in a large pseudor apidity region, while in the
the lower part additional collisions destroy the gap signat ure.

processes may represent a non negligible background source to photon-
induced processes when they occur in coincidence with photo production.
Separation of simultaneous interaction may only be possibl e by using a
detector measuring very precisely the arrivaltime ( dt 10 20ps) of forward
protons [58]. Such a precise measurement will allow the determination o f the
z-coordinate of the event vertex yielding a clear separation of pile-up events.



CHAPTER
THREE

DELPHES, A FAST SIMULATION OF A
LHC-DETECTOR

It is sometimes dif cult to know whether theoretical predic tions can be ob-
served in a high energy collider experiment, especially whe n expected experi-
mental signature involve jets and missing transverse energy. For this purpose,
a new C++-based framework, D ELPHES, has been designed performing a fast
multipurpose detector response simulation. The simulatio n includes a track-
ing system, embedded into a magnetic eld, calorimeters and a muon system,
and possible very forward detectors arranged along the beam line. The frame-
work outputs observables such as isolated leptons, missing transverse energy
and collection of jets which can be used for dedicated analyses. The simula-
tion of the detector response takes into account the effect of magnetic eld,
the granularity of the calorimeters and subdetector resolu tions. A simpli ed
preselection can also be applied on processed events for trigger emulation.
Detection of very forward scattered particles relies on the transport in beam-
lines with the H ECTOR software. Finally, the FROG 2D/3D event display is
used for visualisation of the collision nal states.

3.1 The Large Hadron Collider

The goal for the Large Hadron collider [ 59 (LHC) is to conceive a collider
to be installed in the existing underground circular L EP tunnel at CERN in
Geneva (Switzerland) and able to explore the validity and th e limitations of
the Standard Model by investigating processes with tiny cro ss sections. It was
therefore mandatory to build a machine capable of reaching c entre-of-mass
energies much higher than the previous L EP ones. Since the synchrotron
radiation losses intrinsically limits the energy of electr on in circular beams,
these particles are inappropriate to reach the mandatory energy of the beams:
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the choice of a hadron collider was therefore obvious.

Atthe L HC, the hadrons are circulating inside the 27km circumference ring
inside two vacuum pipes. The use of a large variety of magnets is mandatory
to guide and steer the beams around the ring and to optimise th e probabil-
ity for head-on collisions of the particles. Hence, along th e ring, 1232dipole
magnets (“bending magnets”) are used to keep the beams on their circular
path, and 392 quadrupole magnets are devoted to focus the beams inside the
vacuum chambers (“focusing magnets”). Since the circumfer ence of the ma-
chine as well as the bending power of the magnetic system limi t the achievable
beam energy, another key parameter of the collider to raise the event rate is
the luminosity L. Indeed, the event collider rate Ris calculated as

R=Ls; (3.1)

where s is the cross section of the studied event reaction and L is the machine
luminosity. It is therefore clear that rare events would ben et from a high
luminosity, as it provides the only chance to obtain a sufci ent number of
events having low cross section. This has driven the choice of a proton-proton
collider instead of a proton-antiproton one since it is unfe asible to produce
the number of antiprotons needed to reach the desired lumino sity. The design
operation of the L HC is therefore the acceleration of two counter-rotating
proton beams which are brought to head-on collisions at a centre-of-mass
energy of 14 TeV, roughly an order of magnitude higher than the previous
generation of colliders, and a luminosity exceeding 1033¢cm ?s 1,

Figure 3.1: Schematic view of the “C ERN accelerator complex” allowing to produce a
proton beam with an energy of 7 TeV, starting from the beam production component
(LiNnAC 2) to the nal L HC ring.

To achieve the design center-of-mass energy,7 TeV per beam need to be
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reached: before being injected into the LHC ring, the protons are initially pre-
pared by the “C ERN accelerator complex” composed of existing accelerating
facilities. The whole accelerator complex is shown in Figur e 3.1 The pro-
duction of the L HC beams starts using the LINAC 2 linear accelerator, where
protons are produced with an energy of 50 MeV. The energy of th e protons
will then be raised gradually to 7 TeV by using four ring accelerators. Hence,
once the beam has been ejected from the INAC 2, the Proton Synchrotron
Booster (psB is fed with the protons in order to reach an energy of 1:4 GeV.
The following injection in the Proton Synchrotron (- ps) allows to increase their
energy to 25GeV and to provide the nal 25ns bunch spacing. Finally, before
their insertion into the L HC ring, an ultimate pre-acceleration is performed
by the Super Proton Synchrotron (spP9 that allows the protons to reach an
energy of 450 GeV. Finally when the protons are injected into the L HC, the
two rotating beams are boosted from 450GeV to the nal energy of 7 TeV.

With a collision centre-of-mass energy of 14 TeV the LHC will be the rst
collider able to fully explore the TeV energy scale beyond th e Tevatron. More-
over, the LHC will also operate with heavy ions beams, providing in addi-
tion a very rich physics program. As an example, the L HC will be used to
collide lead (Pb) ions with a design luminosity L = 10?’cm 2s ! and an en-
ergy of 2:75 TeV per nucleon. Unfortunately, the rst proton beam inject ion
in September 2008 ended without any performed collisions du e to a techni-
cal problem [6Q]. The rst collisions at 7 TeV in March 2010 were therefore
highly awaited. The two beams will collide in four interacti on points where
experiments are built in order to analyse the collisions all owing to verify the
consistancy of the the Standard Model and maybe to reveal new physics be-
yond it with an unprecedented precision. The rsttwo, named the ATLAS [6]1]
and the Cms [62] experiments are large “multi-purpose” detectors designe d
to cover the widest possible range of physics at the LHC. The two others are
smaller and are more specialised detectors: ALICE [63] will study properties of
the quark-gluon plasma in heavy ion collisions while LHC-b [64], is dedicated
to the cp violation phenomena in the interactions of B-particles.

Motivation for a fast detector simulation

Multipurpose detectors at high energy colliders are very co mplex systems.
Their simulation is in general performed by means of the G EANT [65] package
and nal observables used for analyses usually require soph isticated recon-
struction algorithms. This complexity is handled by large ¢ ollaborations, and
data and the expertise on reconstruction and simulation sof tware are only
available to their members. Precise data analyses require afull detector sim-
ulation, including transport of the primary and secondary p articles through
the detector material accounting for the various detector i nef ciencies, the
dead material, the imperfections and the geometrical detai Is. Such simulation
is very complicated, technical and requires a large CPUpower. On the other
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hand, phenomenological studies, looking for the observabi lity of given
signals, may require only fast but realistic estimates of th e expected signal
signatures and their associated backgrounds.

A new framework, called D ELPHES [66], is introduced for the fast simu-
lation of a general-purpose collider experiment. Starting from the output of
event generators, the simulation of the detector response takes into account
the subdetector resolutions, by smearing the kinematic pro perties of the nal-
state particles®. In the current D ELPHES version, particles other than electrons
(e ), photons (g), muons (U ), neutrinos (ne, Ny and ny) and neutralinos are sim-
ulated as hadrons for their interactions with the calorimet ers. The simulation
of stable particles beyond the Standard Model should theref ore be handled
with care. Tracks of charged particles and deposits of energy in calorimetric
cells (or calotowerkare then created. These two types of quantities are used for
the reconstruction of jets and the isolation of leptons. D ELPHES includes the
most crucial experimental features, such as: the geometry of both central and
forward detectors, magnetic eld for tracks and energy ow, reconstruction of
photons, leptons, jets, b-jets, t-jets and missing transverse energy, lepton isola-
tion, trigger emulation and an event display. Although this kind of approach
yields much more realistic results than a simple “parton-le vel” analysis, a fast
simulation comes with some limitations. Detector geometry is idealised, be-
ing uniform, symmetric around the beam axis, and having no cr acks nor dead
material. Secondary interactions, multiple scatterings, photon conversion and
bremsstrahlung are also neglected.

3.2 Simulation of the detector response

The overall layout of the multipurpose detector simulated b y DELPHES is
shown in Figure 3.2 It consists in a central tracking system (TRACKER) sur-
rounded by an electromagnetic and a hadron calorimeters (ECAL and HCAL,
each with a central region and two endcaps). Two forward calo rimeters (FCAL)
ensure a larger geometric coverage for the measurement of the missing trans-
verse energy. Finally, a muon system (MUON) encloses the central detector
volume. A detector card allows a large spectrum of running co nditions by
modifying basic detector parameters, including calorimet er and tracking cov-
erage and resolution, thresholds or jet algorithm paramete rs. Even if DELPHES
has been developed for the simulation of general-purpose detectors at the
LHc (namely CMs and ATLAS), this input parameter le interfaces a exi-
ble parametrisation for other cases, e.g. at future linear colliders. If no detec-
tor card is provided, prede ned values based on “typical” C MS acceptances
and resolutions are used. The geometrical coverage of the various subsystems
used in the default con guration are summarised in Table 3.1

1Those considered as stable by the event generator
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Figure 3.2: Pro le of layout of the generic detector geometry assumed in DELPHES.
The innermost layer, close to the interaction point, is a central tracking system (pink). It

is surrounded by a central calorimeter volume (green) with b oth electromagnetic and
hadronic sections. The outer layer of the central system (red) consist of a muon system.
In addition, two end-cap calorimeters (blue) extend the pse udorapidity coverage of the

central detector. The detector parameters are de ned in the user-con guration card.

The extension of the various subdetectors, as de ned in Tabl e 3.1, are clearly visible.
The detector is assumed to be strictly symmetric around the b eam axis (black line).
Additional forward detectors are not depicted.

Table 3.1: Default extension in pseudorapidity h of the different subdetectors. Full
azimuthal (f) acceptance is assumed.

h f
TRACKER [ 25;25] [ p:p]
ECAL, HCAL [ 1:7;17] [ pip]
ECAL, HCAL endcaps [ 3; 1.7]&[L7;3] [ p:p]
FCAL [ 5 3&I[3;5 [ p;p]
MUON [ 24,24 [ p:p]

Magnetic eld

In addition to the subdetectors, the effects of a solenoidal magnetic eld are
simulated for the charged particles. This affects the position at which charged
particles enter the calorimeters and their corresponding t racks. In case of a
dipolar magnetic eld, an exact integral of the transport of a charged particle
is performed. All the following development is based on equa tions:

dp _ ax B _ o Ox
a_qv B, a—v and p—gnv—gndt, (3.2)

where p is the momentum of the charged particle, % is its vector position and
gis the Lorentz factor. The magnetic eld is supposed to be ali gned with the
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z axis (Bx = 0; By = 0; B, = B), homogeneous and constant in a cylinder of
length 2 znax and of radius Rmax corresponding to the tracker volume. The

entire following development is dedicated to express the po sition and mo-
mentum of the charged particle at any time t, using the initial charged patrticle

position (Xo;Yo; Zo) and its initial momentum  (pxo; Pyo; P0). The propagation of
a charged particle in the magnetic eld is depicted in Figure 3.3 The variables
de ning the extension of the tracker are also shown.

L[

Figure 3.3: Propagation of a charged particle in the dipolar magnetic e Id. The vari-
ables de ning the extension of the tracker are also shown: th e maximum radius Rmax
and its longitudinal extension, 2 Zmjax

In order to describe the motion of a charged particle in the ma gnetic eld,
the de nition of some variables is mandatory. Hence, since i n such a mag-
netic eld, the particle trajectory is a circle in the transv erse plane (x;y), with
aradius r and a center at coordinates (Xc;Yc) or (Re;F¢), the coordinates of the
charged particle, with respect to the laboratory frame are s imply the paramet-
ric equations of a helix of of constant radius

8

< X(t)= Xc+trsinwt fg
y(t)= yct+rcoswt fog (3.3)
At)= 20+ 5ot

where r is the helix radius given by pro=wgnc w is the giration frequency
(g By)=gm and f g is the initial transverse momentum direction. The position
of the charged particle can equivalently by expressed in ter ms of the spherical
(R;q;f) coordinates:

8 q
% R(t) = P X(t)2+ y(t)2=  RZ+r2+ 2rRccos F¢  (fo+ wt)

F(t)= atan % (3.4)
2 o = 0y~ aan RO
Q(t) acoq pw) atan 20

Since the particle will move in the magnetic eld along its he lix until it
exits the tracker volume, the time at which to stop the propag ation has to be
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determined. If particles are already outside the magnetic eld volume before
the propagation, they are simply ignored, meaning that they are not taken
into account even if they would come-back into the tracker vo lume. The time
needed to reach the end of the magnetic eld in the longitudin al direction, t;
can be calculated using z(t;) = Zmax  Sign(px) by
t;= gn 20+ Zmax  SigN(po) ; (3.5)
P20
while the time needed to reach the end of the tracker by the tra nsverse direc-
tion, tr, is obtained by noticing that a particle exits the volume by t he side
once R(t) = Rmax. The solution therefore appears from the geometrical inter -
section of two circles in the transverse plane, i.e. the magnetic eld limits and
the particle trajectory:
" I#
' 2 24 r2

th2 = V_lv d asin % : (3.6)
where dr is the difference between F. and fq, re-assigned in the [ p;p]
interval. Moreover, since the transverse momentum might be too small and
the initial position too central, it could be possible that t he particle never
reaches the transverse side of the cylinder. Thety time becomes therefore
innite andthe R; r < Rmax< R¢+ r criteria has to be checked in order
to avoid this in nity. In such a case, the time to exit from the tracker is
obviously provided by t,. Furthermore, as the g B, or equivalently, the w
variable de nes the direction of rotation, the correspondi ng times t} and t?
are consecutive and obviously positive. The value min (t1;t2) gives the time
of exitfrom the B- eld volume, while max (t};t?) gives the time at which the
particle would have re-entered this volume.

Finally, the time at which to stop the propagation, tmax, is given by tmax =
min(tr;t;). The modied f and pseudorapidity values of the charged particle
at which it enters the calorimeters can therefore be calculated by using Equa-
tions 3.2and 3.4and remembering that

_ Y(tmax) .
F (tmax) = atanx(tma N 3.7)
h(tmay = In tanQ(tig‘aX): (3.8)

Track reconstruction

Every stable charged particle with a transverse momentum ab ove some
threshold and lying inside the detector volume covered by th e tracker pro-
vides a track. By default, a track is assumed to be reconstructed with 90%
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probability if its transverse momentum pr is higher than 0:9 GeV=c and if its
pseudorapidity jhj 2:5. No smearing is currently applied on tracks.

Calorimetric cells

The response of the calorimeters to energy deposits of incoming particles de-
pends on their segmentation and resolution. In the C Ms and ATLAS detectors,
for instance, the calorimeter characteristics are not identical in every direction,

with typically ner resolution and granularity in the centr  al regions [67, 68]. It
is thus very important to compute the exact coordinates of th e entry point of
the particles into the calorimeters, via the magnetic eld ¢ alculations. The re-
sponse of each sub-calorimeter is parametrised through a Gaussian smearing
of the particle energy with a variance s:

S S N
E_p_E E (0% (3.9)

where S, N and C are the stochasticnoiseand constantterms, respectively, and
stands for quadratic additions.

In the default parametrisation, the calorimeter is assumed to cover the
pseudorapidity range jhj < 3 and consists in an electromagnetic and hadronic
parts. Coverage between pseudorapidities of 3:0 and 5:0 is provided by
forward calorimeters, with different response to electrom agnetic objects
(e ;9 or hadrons. Muons and neutrinos are assumed not to interact with the
calorimeters. The default values of the stochastic, noise and constant terms
are given in Table 3.2

Table 3.2:Default values for the resolution of the central and forward ~calorimeters (for
both electromagnetic and hadronic parts). Resolution is parametrised by the stochastic
(S), noise(N) and constant(C) terms (Eq. 3.9).

S(GeV¥?) N (GeV) C

ECAL 0:05 025 00055
ECAL, end caps 0:05 025 (0055
FCAL, e.m. part 2:.084 0 0107
HCAL 1:5 0 005
HCAL , end caps 1.5 0 005
FCAL, had. part 2.7 0 013

The energy of electrons and photons found in the particle lis t are smeared
using only the EcAL resolution terms, while charged and neutral nal-state
hadrons interact with all calorimeters. Some long-living p articles, such as the
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KQ and L's, with lifetime ct smaller than 10mm are considered as stable parti-
cles by the generators although they decay before the calorimeters. The energy
smearing of such particles is performed using the expected fraction of the en-
ergy, determined according to their decay products, that wo uld be deposited
into the ECAL (EgcaL) and into the HCAL (Encal). De ning F as the fraction of
the energy leading to a HCAL deposit, the two energy values are given by

Evca=E F

3.10

Eeca=E (1 F) ( )

where 0 F 1. The electromagnetic part is handled the same way for the

electrons and photons. The resulting calorimetry energy me asurement given

after the application of the smearing is then E = Ejca + Egcal. FOr Kg and L
hadrons, the energy fraction is F is assumed to be0:7.

Calorimeter segmentation

25

f segmentation

15

0.5

5 -4 -3 -2 -1 0 1 2 3 4 5
h segmentation

Figure 3.4: Default segmentation of the calorimeters in the (h;f) plane. Only the
central detectors (ECAL, HCAL) and FCAL are considered. f angles are expressed in
radians.

The smallest unit for geometrical sampling of the calorimet ers is acelt it
segments the (h;f) plane for the energy measurement. No longitudinal seg-
mentation is available in the simulated calorimeters. D ELPHES assumes that
ECAL and HCAL have the same segmentations and that the detector is symmet-
ric in f and with respect to the h = 0 plane. Figure 3.4illustrates the default
calorimeter segmentation. No sharing between neighbourin g cells is imple-
mented when particles enter a cell very close to its geometri cal edge. Due to
the nite segmentation, the smearing, as de ned in Eq. 3.9, is applied directly
on the accumulated electromagnetic and hadronic energies of each calorimet-
ric cell. The calorimetric cells directly enter in the calcu lation of the missing
transverse energy (MET), and as input for the jet reconstruction algorithms.
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3.3 High-level object reconstruction

Analysis object data contain the nal collections of partic les (e , 1 , g) or ob-
jects (light jets, b-jets, t-jets, EMMSS) and are stored in the output le created
by DELPHES. While electrons, muons and photons are easily identi ed, s ome
other objects are more dif cult to measure, like jets or miss ing energy due to
invisible particles. For most of these objects, their four- momentum and re-
lated quantities are directly accessible in DELPHES output ( E, , pr, h and f).
Additional properties are available for speci c objects (I ike the charge and the
isolation status for e and p , the result of application of b-tag for jets and
time-of- ight for some detector hits).

3.3.1 Photon and charged lepton reconstruction

From here onwards, electronsrefer to both positrons (e*) and electrons (e ),
and charged leptoneefer to electrons and muons (u ), leaving out the t lep-
tons as they decay before being detected. The collections ofelectrons, photons
and muons are lled in with candidates observing some ducia | and recon-
struction cuts, and are based on the true particle ID provide d by the genera-
tor. Consequently, no fake candidates enter these collections. However, when
needed, fake candidates can be added into the collections atthe analysis level,
when processing DELPHES output data. As effects like bremsstrahlung are not
taken into account along the lepton propagation in the track er, no clustering
is needed for the electron reconstruction in D ELPHES.

Electrons and photons

Real electron (e ) and photon candidates are identi ed if they fall into the
acceptance of the tracking system and have a transverse mometum above
a threshold (default pr > 10 GeV=c). A calorimetric cell will be activated in
the detector and electrons will leave in addition a track. Su bsequently, elec-
trons and photons create a candidate in the jet collection. Assuming a good
measurement of the track parameters in the real experiment, the electron en-
ergy can be reasonably recovered. In DELPHES, electron energy is smeared
according to the resolution of the calorimetric cell where i t points to, but in-
dependently of any other deposited energy is this cell. This approach is still
conservative as the calorimeter resolution is worse than th e tracker one.

Muons

Generator-level muons entering the detector acceptance ar considered as can-
didates for the analysis level. The acceptance is de ned in terms of a trans-
verse momentum threshold to be exceeded that should be computed using the
chosen geometry of the detector and the magnetic eld consid ered (default:
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pr > 10 GeV=c) and of the pseudorapidity coverage of the muon system (de-
fault: 2:4 h 2:4). The application of the detector resolution on the muon

momentum depends on a Gaussian smearing of the pr variable. Neither h
nor f variables are modi ed beyond the calorimeters: no addition al magnetic
eld is applied. Multiple scattering is neglected. This imp lies that low energy
muons have in D ELPHES a better resolution than in a real detector. Further-
more, muons leave no deposit in calorimeters. At last, the particles which
might leak out of the calorimeters into the muon systems ( punch-through will

not be seen as muon candidates in DELPHES.

Charged lepton isolation

To improve the quality of the contents of the charged lepton ¢ ollections, addi-
tional criteria can be applied such as isolation. This requi res that electron or
muon candidates are isolated in the detector from any other p article, within
a small cone. In DELPHES, the default charged lepton isolation demands
that trﬁare is no other charged particle with pr > 2 GeV=c within a cone of
DR= Dh2+ Df2 < 0:5 around the lepton. The result (i.e. isolatedor not) is
added to the charged lepton measured properties. In additio n, the sum py of
the transverse momenta of all tracks but the lepton one withi n the isolation
cone is provided:
traocks ]
pr=a pr():
6
No calorimetric isolation is applied, but the muon collecti on contains also the
ratio r , between (1) the sum of the transverse energies in all calorimetric cells
ina N N grid around the muon, and (2) the muon transverse momentum:

- SEr(i)
o

;1in N N grid centred on

3.3.2 Jetreconstruction

Because ofQcD con nement, quarks or gluons involved in physics processes

cannot be observed directly but instead undergo a fragmenta tion and a hadro-
nisation phases. The experimentally observed objects detected by the tracking
and calorimeter systems and associated with the quarks and gluon are called
jets A realistic analysis requires a correct treatment of parti cles which have
hadronised. Therefore, the most widely currently used jet a Igorithms have
been integrated into the D ELPHES framework using the F ASTJET tools [69]. Six
different jet reconstruction schemes are available, with t hree cone algorithms
and three recombination algorithms. The rst three belong t o the cone algo-
rithm class while the last three are using a sequential recombination scheme.
For all of them, the calorimetric cells are used as inputs for the jet clustering.
Jet algorithms differ in their sensitivity to soft particle s or collinear splittings,
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and in their computing speed performances. By default, reco nstruction uses
a cone algorithm with DR = 0:7. Jets are stored if their transverse energy is
higher than 20 GeV.

Cone algorithms

1. cDF Jet Clusterd70]: Basic cone reconstruction algorithm used by the
CcDF experiment in Run 11. All cells lying in a circular cone around the jet
axis with a transverse energy Et higher than a given threshold are used
to seed the jet candidates. This algorithm is fast but sensitive to both soft
particles and collinear splittings.

2. CDF MidPoint [71]: Cone reconstruction algorithm developed for the
CDF Run 11 to reduce infrared and collinear sensitivities compared to
purely seed-based cone by adding ‘'midpoints' (energy baryc entres) in
the list of cone seeds.

3. Seedless Infrared-Safe Cdif@]: The SISCONE algorithm is simultane-
ously insensitive to additional soft particles and colline ar splittings, and
fast enough to be used in experimental analysis.

Recombination algorithms

The three sequential recombination jet algorithms are safe with respect to soft
radiations (i.e. infrared safgand collinear splittings. They rely on recombina-
tion schemes where calorimeter cell pairs are successivelymerged. The de ni-
tions of the jet algorithms are similar except for the de nit ion of the distances
d used during the merging procedure. Two such variables are de ned: the
distance d;; between each pair of cells (i; j), and a variable dig (beam distange
depending on the transverse momentum of the cell i. The jet reconstruction
algorithm browses the calorimetric cell list. It starts by  nding the minimum
value dmin of all the distances d;; and dig. If dmin is a djj, the cellsi and j are
merged into a single cell with a four-momentum pH= p“(i)+ p"(j) (E-scheme
recombinatioh If dyiy is adig, the cell is declared as a nal jet and is removed
from the input list. This procedure is repeated until no cell s are leftin the input
list. Further information on these jet algorithms is given h ere below, using ki,
y; and f; as the Eansverse momentum, rapidity and azimuth of calorim etric
celliand DRj = (yi y;)?+(f;i f;)?asthe jet-radius parameter:
DRﬁ
R

4. Longitudinally invariant k; jet [73, with dij = min(kg; k) and dig =

2
1!
. . . _ DR? _
5. Cambridge/Aachen j¢74], with dij = 7' and dig = 1,
6. Anti k jet [75], where hard jets are exactly circular in the (y;f) plane:

dij = min(1=kf; 1=k3) ﬁ and dig = Elz
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Energy ow

In jets, several particle can leave their energy into a given calorimetric cell,
which broadens the jet energy resolution. However, the ener gy of charged
particles associated to jets can be deduced from their recorstructed track, thus
providing a way to identify some of the components of cells wi th multiple
hits. When the energy owis switched on in D ELPHES, the energy of tracks
pointing to calorimetric cells is extracted and smeared sep arately, before run-
ning the chosen jet reconstruction algorithm. This option a llows a better jet E
reconstruction.

3.3.3 Db-tagging

A jetis tagged as b-jets if its direction lies in the acceptance of the tracker and
if it is associated to a parent b-quark. By default, a b-tagging ef ciency of 40%
is assumed if the jet has a parentb quark. For c-jets and light jets (i.e. originat-

ing in u, d, squarks or in gluons), a fake b-tagging ef ciency of 10%and 1%
respectively is assumed. The (mis)tagging relies on the true particle identity

(PID) of the most energetic particle within a cone around the obse rved (h;f)
region, with a radius equal to the one used to reconstruct the jet (default: DR
of 0:7). In current version of D ELPHES, the displacement of secondary vertices
is not simulated.

3.3.4 t identi cation

Jets originating from t-decays are identi ed using a procedure consistent with
the one applied in a full detector simulation [ 67]. The tagging relies on two
properties of the t lepton. First, 77%of the t hadronic decays contain only one
charged hadron associated to a few neutrals (Table 3.3). Tracks are useful for
this criterion. Secondly, the particles arisen from the t lepton produce narrow
jets in the calorimeter (this is de ned as the jet collimation).

Table 3.3: Branching ratios for t lepton [4]. h and h° refer to charged and neutral
hadrons, respectively. n 0and m 0 are integers.

Leptonic decays Hadronic decays
t ! enn 179% t ! h (n h)(m hO)n 647%
t oo 174% t ! h (m MO)n 50:1%

t ' h h*h (m h%n 14:6%
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Table 3.4: Default values for parameters used int -jet reconstruction algorithm.

Electromagnetic collimation requirements involve the inn er smallcone radius
Re™M, the minimum transverse energy for calorimetric cells EPY¢" and the col-
limation factor C;. Tracking isolation constrains the number of tracks with a

signi cant transverse momentum  p'a°ks in a cone of radius RS, Finally, the
t-jet collection is puri ed by the application of a cut on the pr of t-jet candi-
dates.

Electromagnetic collimation  Tracking isolation

Rem 0:15 Rracks 0:4
min Elower 1:0 GeV min piacks 2 GeV=c
G 0:95

Electromagnetic collimation

To use the narrowness of the t-jet, the electromagnetic collimatio@; is de ned

as the sum of the energy of cells in a small cone of radius R®™ around the
jet axis, divided by the energy of the reconstructed jet. To b e taken into ac-
count, a calorimeter cell should have a transverse energy E°"®" above a given
threshold. A large fraction of the jet energy is expected in t his small cone. This
fraction, or collimation factoris represented in Figure 3.5for the default values
(see Table3.4).

Tracking isolation

The tracking isolation for the t identi cation requires that the number of tracks
associated to particles with signi cant transverse moment a is one and only
one in a cone of radius RS (3 prong t-jets are dropped). This cone should
be entirely incorporated into the tracker to be taken into ac count. Default
values of these parameters are given in Table3.4

3.3.5 Missing transverse energy

In an ideal detector, momentum' conservation imposes tr}e tra nsverse momen-

tum of the observed nal sltate" pr°° to be equal to the pr vector sum of the

invisible particles, written * py™sS.
I Px pmiss - pobs
pr = and X X

Py p;niss — pgbs (3'11)

The true missing transverse energy, i.e. at generator-level, is catulated as the
opposite of the vector sum of the transverse momenta of all vi sible parti-
cles — or equivalently, to the vector sum of invisible partic le transverse mo-
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Figure 3.5: Left: Distribution of the electromagnetic collimation C; variable for true
t-jets, normalised to unity. This distribution is shown for a ssociatedW H photoproduc-
tion, where the Higgs boson decays into a W*W pair. Each W boson decays into a
‘n pair, where * = g ;t. Events generated with MadGraph/MadEvent. Final state
hadronisation is performed by PYTHIA [76]. Histogram entries correspond to true t-
jets, matched with generator-level data. Right: Distribut ion of the number of tracks
Ntacks \within a small jet cone for true t-jets, normalised to unity. Photoproduced WH
events, where W bosons decay leptonically (g |;t), as in Figure 3.5. Histogram entries
correspond to true t-jets, matched with generator-level data.
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menta. In a real experiment, calorimeters measure energy and not momen-
tum. Any problem affecting the detector (dead channels, mis alignmenp noisy
cells, cracks) worsens directly the measured missing transverse energy Er™sS,
In this document, MET is based on the calorimetric cells and only muons and
neutrinos are not taken into account for its evaluation:

towerq

! i o 1 .
TErMSS = a Er() (3.12)
i

However, as muon candidates, tracks and calorimetric cells are available in
the output le, the missing transverse energy can always be r eprocessed a
posteriori with more specialised algorithms.

3.4 Trigger emulation

New physics signals in collider experiments are often chara cterised by low
cross section values, compared to the Standard Model (SM) processes. As
only a tiny fraction of the observed events can be stored for subsequent
of ine analyses, a very large data rejection factor should be applied directly
as the events are produced. This data selection is supposed b reject only
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well-known sm events?. Dedicated algorithms of this online selection, or
trigger, should be fast and very ef cient for data rejection, in orde rto preserve
the experiment output bandwidth. They must also be as inclus ive as possible
to avoid losing interesting events.

Most of the usual trigger algorithms select events containi ng objects (i.e.
jets, particles, MET) with an energy scale above some threshold. This is often
expressed in terms of a cut on the transverse momentum of one or several
objects of the measured event. Logical combinations of several conditions are
also possible. For instance, a trigger path could select events containing at

least one jet and one electron such asp‘{Et > 100GeV=c and p§ > 50 GeV=c. A
trigger emulation is included in D ELPHES, using a fully parametrisable trigger
table When enabled, this trigger is applied on analysis-object d ata.

3.5 Very forward detector simulation atthe L HC

Most of the recent experiments in beam colliders have additi onal instrumen-
tation along the beamline that extends the h coverage to higher values. At
HERA, both the ZEus and H1 detectors have been complemented by VvFD in
order to detect protons and electrons that have lost energy. Similarly, at the
TEVATRON, D@ and CDF have also very forward detectors aiming to study soft

and hard diffraction and to monitor beam losses. It is theref ore natural that,
since the potential of forward physics has been revealed, the LHC experiments
have a forward physics program based on very small-angle det ectors. In this
section the additional instrumentation located in forward regions around the
Cwms interaction point is listed.

CASTOR calorimeters

CASTOR [77] is a sampling calorimeter located downstream at 14 m from the
interaction point containing both an electromagnetic and a hadronic calorime-
ter part. It extends the calorimetric coverage of the C ms central detector, with

52 h 6:6 3. Its initial physics program is to study the hadronic activ-
ity in the forward region, looking for forward jets for a bett er understanding
of forward hadronic activity.

Zero Degree Calorimeters

Zero Degree Calorimeters (zbc) are sampling calorimeters located at zero an-
gle, i.e. are aligned with the beamline axis at the interacti on point, and placed
beyond the point where the paths of incoming and outgoing bea ms separate.

2In real experiments, some bandwidth is allocated to minimum -bias and/or zero-bias (“ran-
dom”) triggers that store a small fraction of random events w ithout any selection criteria.
3The second side will be equiped in future years, if funded.
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Stable neutral particles coming from the interaction point , mainly nand g, can
thus be detected by these Cerenkov devices p7] as they are not de ected. They
are located at 140m from the interaction point, on both side of C ms and allow

to detect neutral particles with large pseudorapidities: jhj > 8:1. Similarly to

CASTOR, they are made of separate electromagnetic and hadronic sedions, al-
lowing to measure and reconstruct photons above 20GeV and neutrons above
50GeV.

TOTEM

The TOoTEM experiment [78] is based on a series of detectors placed inside
and outside of the Cms volume. lts initial purpose was to measure the
total proton-proton cross section with a high precision, bu t also offers many
opportunities for diffraction and photon physics studies. ~ While the LHC is
operated below 5 10 cm 2s 1, a large physics programme is foreseen in
common with the C Ms experiment [ 79 although an increase of the luminosity
will lead to a forecast removal of the T oTEM detectors since the radiation
damage will become dramatical.

The TOTEM experiment consists of four main subparts: two telescopes and
two roman pot stations. The rsttracking device (T1) placed at 7:5m from the
IP in front of the forward hadronic calorimeter and coversthe 3:1 | hj 52
pseudorapidity range. The second telescope (T2) is xed to t he beam pipe at
14 m in front of the C ASTOR calorimeter (5:3 | hj 6:6). One of the ro-
man pot station is placed at  150m from the 1P just after the beam separation
and after the Zpc while he second is located at 220 m from the interaction
point. These roman pots consist of moveable silicon detectors that can ap-
proach the beam to nearly 1 mm, ef ciently detecting protons in the beam
with non-nominal energy. The distance of approach of the det ector directly
determines its acceptance. For instance, roman pots at220m and 2 mm from
the beam axis see the protons with an energy loss between120GeV and 1 TeV.

Forward proton taggers

FP420 is a common R&D project for both A TLAS and Cwms that evaluates the
addition of forward proton detectors located between 420and 428m, from
the corresponding 1P [80, 41]. These forward proton taggers will be able to

measure protons that underwent a very low energy loss (less t han 2%) dur-
ing the interaction. In addition, they are able to measure th e proton position,

direction and time-of- ight. This latter measurement can h elp for the pile-up

signal rejection in case of simultaneous double-tag, since it allows to estimate
the zcomponent of the interaction vertex.
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Implementation of VFD sin D ELPHES

Among the previously mentioned detectors, only the Zero Deg ree Calorime-
ters and the forward taggers called here RP220, for “roman pots at 220m” and
FP420 “for forward proton taggers at 420 m” are implemented in D ELPHES.
The default location of the implemented very forward detect ors in DELPHES
are summarised in Figure 3.6

ngO r [ Top view of the beamline "}
E. _E
=100
g £ /
% ok
sk 4 ¢ |hZ[|)>% 3
< r n
|5 % IP5 '
S F
§-S0F N FP420
S ™vF
E \ ¢ 4mm
-100p U RP220
F 2mm
-150%75 100 200 300 200 500

Distance from IP [m]

Figure 3.6: Default location of the very forward detectors, including zbc, RP220 and
FP420 in the LHC beamline. Incoming (red) and outgoing (black) beams on one side
of the Cms interaction point (s= 0 m). The Zero Degree Calorimeter is located in
perfect alignment with the beamline axis at the interaction point, at 140 m, the beam
paths are separated. The forward taggers are near-beam detetors located at 220m and
420m. Beamline simulation with H EcTor[42]. All very forward detectors are located
symmetrically around the interaction point.

Zero Degree Calorimeters

The fact that additional charged particles may enter the zbDC acceptance is
neglected in DELPHES. The energy of the observed neutral particle is smeared
according to Equation 3.9and the corresponding section resolutions given in
Table 3.5. The Zbc hits do not enter in the calorimeter tower list used for
reconstruction of jets and missing transverse energy.

Moreover, the zDcs have the ability to measure the time-of- ight of the
particle. This corresponds to the delay after which the part icle is observed in
the detector, with respect to the bunch crossing reference time at the interac-
tion point ( tp). The measured time-of- ight t is simply given by:

t=to+

1 s z
" ; (3.13)

cosq

where tg is thus the true time coordinate of the vertex from which the p article
originates, v the particle velocity, sis the zbc distance to the interaction point,
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Table 3.5:Default values for the resolution of the zero degree calorim eters. Resolution
on energy measurement is parametrised by the stochastidS), noise(N) and constant(C)
terms (Equation 3.9). The time-of- ight is smeared according to a Gaussian func tion.

ZDC, electromagnetic part hadronic part

S(GeV?) 0:7 1:38

N (GeV) 0 0

C 0:08 013
ZDC, timing resolution

st (S) 0

zis the longitudinal coordinate of the vertex, qis the particle emission angle.
It is then assumed that the neutral particle observed in the Z Dc is highly rela-
tivistic, i.e. travelling at the speed of light c¢. We also assume thatcosq= 1, i.e.
g Oorequivalently hislarge. As an example, h = 5leads to g= 0:013and
1 cosg< 10 # The formula therefore reduces to

t= c (s 2: (3.14)
For example, a photon takes 0:47 us to reach a Zbc located at s= 140m, ne-
glecting zand g. For the time-of- ight measurement, a Gaussian smearing can
be applied according to the detector resolution (Table 3.5). In the current ver-
sion of DELPHES, only neutrons, antineutrons and photons are assumed to be
able to reach the zDcs, all other particles being neglected.

Forward taggers

To be able to reach the forward taggers, particles must have a charge identical
to the beam particles, and a momentum very close to the nominal value
of the beam. In practice, at the LHc, only positively charged muons ( p*)
and protons can reach the forward taggers as other particles with a single
positive charge coming from the interaction points will dec ay before their
possible tagging. In DELPHES, extra hits coming from the beam-gas events
or secondary particles hitting the beampipe in front of the d etectors are not
taken into account.

While neutral particles propagate along a straight line to t he zbc, a dedi-
cated simulation of the transport of charged particles is ne eded for RP220 and
FP420. This fast simulation uses the HECTOR software [42], which includes the
chromaticity effects and the geometrical aperture of the be amline elements of
any arbitrary collider. Forward taggers are able to measure the hit positions
(x;y) and angles (ay; ay) in the transverse plane at the location of the detector
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(s meters away from the 1P), as well as the time-of- ight # (t). Out of these the
particle energy (E) and the momentum transfer it underwent during the inter-
action (g?) can be reconstructec®. The time of ight measurement is estimated
with Equation 3.14 which gives a lower bound to the real value. A smearing
can be applied with a Gaussian distribution (default value s;= 05s).

3.6 Validation

The quality and validity of the output of D ELPHES are assessed by compar-
ing the resolutions on the reconstructed data to the expectations for both the
Cwms [67] and the A TLAS [68] detectors. Electrons and muons are by construc-
tion equal to the experiment designs, as the Gaussian smearing of their kine-
matics properties is de ned according to the detector speci cations. Similarly,
the b-tagging ef ciency (for real b-jets) and misidenti cation rates (for fake
b-jets) are taken directly from the expected values of the experiment. Unlike
these simple objects, jets and missing transverse energy slould be carefully
cross checked.

Jet resolution

The majority of interesting processes at the LHC contain jets in the nal state.
The jet resolution obtained using D ELPHES is therefore a crucial point for its
validation, both for C ms- and ATLAS-like detectors. This validation is based
on pp! gg events produced with MadGraph/MadEvent and hadronised
using PYTHIA.

For a Cms-like detector, a similar procedure as the one explained in p ub-
lished results is applied here. The events were arranged in 14 bins of gluon
transverse momentum pr. In each pr bin, every jet in D ELPHESis matched to
the closest jet of generator-level particles, using the spatial separation between
the two jet axes

q
DR=  hfec hMC 24 frec §MC Z< (:25; (3.15)

The jets made of generator-level particles, here referred as MC jets, are
obtained by applying the algorithm to all particles conside red as stable
after hadronisation (i.e. including muons). Jets produced by DELPHES and
satisfying the matching criterion are called hereafter reconstructed jetsAll jets
are computed with the clustering algorithm (JetCLU) with a ¢ one radius R of
0:7.

41t should be noted that for both cms and ATLAS experiments, the taggers located at220m are
not able to measure the time-of- ight, contrary to  FP420 detectors.

5The reconstruction of E and g? are not implemeted in D ELPHES but can be performed at the
analysis level.
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The ratio of the transverse energies of every reconstructed jet EF*° to its cor-
responding Mc jet EMC is calculated in each pr bin. The Ef=EMC histogram
is tted with a Gaussian distribution in the interval 2 RMS centred around
the mean value. The resolution in each pr bin is obtained by the t mean hxi
and variance s?():

EI’EC
s I
B y
—D—IZ;E%E.C pr(i) ,forall i (3.16)
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Figure 3.7: Resolution of the transverse energy of reconstructed jets E{*¢ as a function
of the transverse energy of the closest jet of generator-level particles ETMC, in a cMs-
like detector. The jets events are reconstructed with the J&CLU clustering algorithm
with a cone radius of 0:7 in the jhj < 5region. The maximum separation between the
reconstructed and Mc-jets is DR= 0:25. Dotted line is the t result for comparison to
the Cms resolution [67], in blue. The pp! ggdijet events have been generated with
MadGraph/MadEvent and hadronised with  PYTHIA.

The resulting jet resolution as a function of E¥C is shown in Figure 3.7.
This distribution is tted with a function of the following f  orm:

2 qb—_ C (3.17)
EMC MC
T EV

where a, b and c are the t parameters. It is then compared using the same
jet algorithm to the resolution published by the C wms collaboration [67]. The
resolution curves from D ELPHES and CMS are in good agreement.
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Similarly, the jet resolution is evaluated for an A TLAs-like detector. The
pp! ggevents are here arranged in8 adjacent bins in pt. A kr reconstruction
algorithm with  R= 0:6is chosen and the maximal matching distance between
the MC-jets and the reconstructed jets is set to DR= 0:2. The relative energy
resolution is evaluated in each bin by:

Vi S ' T2
s(E) B EJ Erec EMC Erec EMC .
E - = TEe o (19

Figure 3.6 shows a good agreement between the resolution obtained with
DELPHES, the result of the t with Equation 3.17and the corresponding curve
provided by the A TLAS collaboration [ 68].
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Figure 3.8: Relative energy resolution of reconstructed jets as a function of the energy
of the closest jet of generator-level particles EMC | in an ATLAs-like detector. The jets
are reconstructed with the kg algorithm with a radius R = 0:6 in the jhj < 5 region.
The maximal matching distance between MC- and reconstructe d jets is DR= 0:2. Only
central jets are considered (hj < 0:5). Dotted line is the t result for comparison to the
ATLAS resolution [68], in blue. The pp! ggdi-jet events have been generated with
MadGraph/MadEvent and hadronised with  PYTHIA.

MET resolution

All major detectors at hadron colliders have been designed t o be as much
hermetic as possible in order to detect the presence of one ormore neutrinos
and/or new weakly interacting Particles through apparentm issing transverse

energy. The resolution of the Er™S variable, as obtained with D ELPHES, is
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then crucial.

The samples used to study the MET performance are identical to those
used for the jet validation. It is worth noting that the contr ibution to EMSS
from muons is negligible in the studied sample. The input sam ples are
divided in ve bins of scalar Et sums (SEt). This sum, called total visible
transverse energys de ned as the scalar sum of transverse energy in all cells.
The quality of the MET reconstruction is checked via the resolution on its
horizontal component E[sS.

The EI'sS resolution is evaluated in the following way. The distribut ion of
the difference between EJ"SS in D ELPHES and at generator-level is tted with
a Gaussian function in each (SE7) bin. The t RMS gives the MET resolution in
each bin. The resulting value is plotted in Figure 3.9as a function of the total
visible transverse energy, for Cms- and ATLAS-like detectors.

The resolution sy of the horizontal component of MET is observed to be-
have like

Sy=a P Er (GeV?); (3.19)

where the a parameter depends on the resolution of the calorimeters. The
MET resolution expected for the C ms detector for similar events is sy = (0:6
0:7) © Er GeVF? with no pile-up (i.e. extra simultaneous pp collision occur-
ring at high-luminosity in the same bunch crossing) [ 67], which compares very
well with the a = 0:63 obtained with D ELPHES. Similarly, for an A TLAS-like
detector, a value of 0:53is obtained by D ELPHESfor the a parameter, while the
experiment expects it in the range [0:53 ; 0:57] [69].

t-jet ef ciency

Due to the complexity of their reconstruction algorithm, t-jets have also to
be checked. Table 3.6 lists the reconstruction ef ciencies in D ELPHES for
the hadronic t-jets from H;Z! t*t . The mass of the Higgs boson is set
successively to 140and 300GeV=c>. The inclusive gauge boson productions
(pp! HXand pp! zX) are performed with MadGraph/MadEvent and the

t lepton decay and further hadronisation are handled by P YTHIA /T AUOLA .
All reconstructed t-jets are 1l prong, and follow the de nition described in
section 3.3.3 which is very close to an algorithm of the C Ms experiment [81].
At last, corresponding ef ciencies published by the C mMs and ATLAS experi-
ments are quoted for comparison. The agreement is good enough at this level
to validate the t reconstruction.
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Figure 3.9: s(ES) as a function on the scalar sum of all cells (SEr) for pp! gg
events, for a Cms-like detector (top) and an A TLAS-like detector (bottom), for di-jet
events produced with MadGraph/MadEvent and hadronised wit  h PYTHIA .

Validation of the magnetic eld

As an illustration, Figure 3.10shows the effect of magnetic elds of 3:8 T and
7:6 T on reconstructed tracks in DELPHES. There is a clear cut in the pr of
the reconstructed tracks corresponding to particles that c annot exit the tracker
volume from the transverse direction. Below a given value ( 0:7 GeV/ ¢ for
B;= 3:8 T and 1:4 GeV/ cfor 7:6 T) the particle helix has a too small radius to
exit from the sides of the tracker, and consequently these particles drift to one
of the ends of the tracker. If particles are produced from a ve rtex away from
(0;0;2), they still might reach the tracker sides even below the theo retical pr
threshold.
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Table 3.6: Reconstruction ef ciencies of t-jets int*t decays from Z or H bosons,
in DELPHES, CMs and ATLAS experiments [81, 68]. Two scenarios for the mass of
the Higgs boson are investigated. Events generated with Mad Graph/MadEvent and
hadronised with PYTHIA. The decays oft leptons is handled by the Tauolaversion
embedded in PYTHIA .

CMs DELPHES ATLAS DELPHES

Z! tht 382% 324 1:8% 33% 28 1.:9%
H(140 ! t*t 36:3% 399 1:6% 328 1:8%
H(300 ! t*t 473% 497 1.5% 438 1:6%

[ Effect of the magnetic field |

[ |B,=38T
—B,=76T
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Figure 3.10: Transverse momentum distribution for reconstructed track s in DELPHES
for two values of a homogeneous B; eld.

3.7 Visualisation

When performing an event analysis, a visualisation tool is u seful to convey
information about the detector layout and the event topolog y in a simple
way. The Fast and Realistic OpenGL DisplayEROG [82] has been interfaced in
DELPHES, allowing an easy display of the de ned detector con gurati on.

Two and three-dimensional representations of the detector con guration
can be used for communication purposes, as they clearly illu strate the geomet-
ric coverage of the different detector subsystems. As an example, the generic
detector geometry assumed in this thesis is shown in Figure 3.2and 3.11 The
extensions of the central tracking system, the central calorimeters and both
forward calorimeters are visible. Note that only the geomet rical coverage is
depicted and that the calorimeter segmentation is not taken into account in
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the drawing of the detector. Moreover, both the radius and th e length of each
sub-detectors are just display parameters and are not relevant for the physics
simulation.

Figure 3.11: Layout of the generic detector geometry assumed in D ELPHES. Open
3D-view of the detector with solid volumes. Same colour code s as for Figure 3.2 are
applied. Additional forward detectors are not depicted.

Deeper understanding of interesting physics processes is possible by dis-
playing the events themselves. The visibility of each set of objects e ,u ,t ,
jets, missing transverse energy) is enhanced by a colour codng. Moreover,
kinematic information of each object is visible by a simple m ouse action. As
an illustration, an associated photoproduction of a W boson and at quark is
shown in Figure 3.12 This corresponds to a pp(gp! W?1)pX process, where
the Wt pair is induced by an incoming photon emitted by one of the col liding
protons [48, 83]. This leading proton survives after photon emission and is
present in the nal state. As the energy and virtuality of the emitted photon
are low, the surviving proton does not leave the beam and escapes from the
central detector without being detected. The experimental signature is a lack
of hadronic activity in the forward hemisphere where the sur viving proton
escapes. Thet quark decays into a W boson and a b quark. Both W bosons
decay into leptons (W ! pnyand W! eng). The balance between the missing
transverse energy and the charged lepton pair is clear, as well as the presence
of an empty forward region. It is interesting to notice thatt he reconstruction
algorithms build a fake t-jet around the electron.

3.8 Conclusion and perspectives

The major features of the DELPHES framework have been described here, in-
troduced for the fast simulation of a collider experiment. T his framework is a
tool meant for feasibility studies in phenomenology, gaugi ng the observability
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Figure 3.12: Example of pp(gp! W) pY event display in different orientations, with
t! Wh OneW boson decays into apny pair and the second one into a ene pair. The
surviving proton leaves a forward hemisphere with no hadron ic activity. The isolated
muon is shown as the dark blue vector. Around the electron, in red, is reconstructed
a fake t-jet (green vector surrounded by a blue cone), while the reco nstructed miss-
ing energy (in grey) is very small. One jet is visible in one fo rward region, along the
beamline axis, opposite to the direction of the escaping pro ton.

of model predictions in collider experiments. The simulati on includes central
and forward detectors to produce realistic observables usi ng standard recon-
struction algorithms. Moreover, the framework allows trig ger emulation and

3D event visualisation. D ELPHES has been developed using the parameters of
the CMs experiment but can be easily con gured to match A TLAS and other
non-LHC experiments, as at TEVATRON or at the 1LC. Further developments
include a more exible design for the subdetector assembly a nd possibly the
implementation of an event mixing module for pile-up events imulation. This

framework has already been used for several analyses, in particular in photon-

induced interactions at the L HC [83, 84, 85].






CHAPTER
FOUR

W ASSOCIATED SINGLE TOP
PHOTOPRODUCTION

4.1 Top quark production atthe L HC

As presented in Chapter 1, since the top quark discovery at Fermilab in 1995,
several properties (like its mass and charge) have already been examined.
However, all these measurements are limited by the small col lected statistics
at the TEVATRON. At the L HC several millions of top quarks will be produced
leading to a signi cant improvement of the knowledge of top q uark proper-
ties already after the rst months of running of the L HC at low luminosity
(10fb 1! of integrated luminosity). In this section, the single top q uark obser-
vation potential at the L HC is therefore brie y summarised with a particular
emphasis given on measurements devoted to directly constrain the value of
the cKM matrix element jVipj.

4.1.1 Top-antitop production

In hadron-hadron collisions, the predominant source of top quarks is the
top-antitop (tt) production. Contrary to the production at the T EVATRON,
at the LHc the relative importance of the gluon fusion and the quark-qu ark
annihilation is reversed since the gluon scattering is expected to produce

90% of tt events while the remaining fraction comes from quark-antiq uark
annihilation. The corresponding Feynman diagrams for thes e processes
are depicted in Figure 4.1 The production cross section is therefore greatly
enhanced (833 pb B6] at NLO) being roughly ~ 100times larger than at the
TEVATRON.

Since the top quark decays exclusively through the single modet! Wh,
with the W boson decaying almost immediately either hadronically ( BR(W !
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Figure 4.1: Feynman diagrams of the Lo processes fortt production: gluon-gluon
scattering diagrams (a) and (b) and quark-antiquark annihi lation (c).

qq) 2=3) or leptonically (BR(W ! "nr) 1=3, where * stands for the three
lepton avours), the top pairs can be distinguished accordi ng to the decay
products of the two W bosons asdi-leptonic semi-leptonicand fully hadronic
The same naming convention will be kept throughout this thes is.

Measurement of the tt cross section

The determination of the top pair production cross section i s one of the mea-
surement that will be carried out just after the turn-on of th e LHC. An ac-
curate experimental determination of the production cross section provides
a stringent test of the Standard Model. Indeed, non Standard Model top
quark production can signi cantly increase the cross secti on and moreover,
new physics may also modify the cross section times branching ratio dif-
ferently in various decay channels [87]. After an integrated luminosity of
10fb 1, the total error in the di-leptonic topology is expected to b e Dsi=si =
11%(syst) 0:9%(sta) 3%(luminosity) [88]in C Ms. As predictable by the large
available amount of data, the statistical uncertainty will be negligible: an im-
provement of the accuracy on s would therefore be very challenging as it
requires to reduce the experimental and theoretical systematics.

4.1.2 Single-top production

Even if the most copious source of top quarks at the L HC is their production in
tt pairs through strong interaction, a signi cant number of to p quarks is also
produced singly via the weak interaction. In the Standard Mo del, single-top
quark production at the L HC occurs through three separate production pro-
cesses which may be distinguished by the virtuality of the W boson: t-channel
( @?< 0),s-channel ( Q?> 0), and the associatedWt production (  Q?= n%,).
The corresponding diagrams are shown in Figure 4.2 Because two Chapters
of this thesis focus on the study of the Wt associated single top photoproduc-
tion, we will brie y describe the three single-top producti  on mechanisms with
emphasis on the current experimental expectations at the LHC.
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Figure 4.2: Leading order Feynman diagrams for single-top quark produc tion at the
LHc: t-channel (a), s-channel (b) and two diagrams for W-associated productions (c)
and (d).

t-channel single-top production

The t-channel process involves a space-likeW boson that strikes a b quark in
the proton sea. Since thisb quark originates from a gluon splitting into  bb, this
production mode is also referred to as Wg-fusion Among the three existing
channels, the t-channel process provides the dominant contribution to single-
top with a production cross section that accounts for about 240pb [89]. This
value reaches roughly one third of the production cross sect ion of top quark
pairs.

s-channel single-top production

The s-channel single-top production is the second process that produces sin-
gle top quarks. It is obtained when a time-like W bosonwith Q% (m+ my)?
is produced by the annihilation of a quark and an anti-quark.  The single-top
quark appears by the subsequent decay of theW boson into tb. This process is
therefore also namedtb production. The production cross section is the small-
est one of the three single-top processes:10pb [90]. Nevertheless, because the
two quark distribution functions are well known, the global  theoretical uncer-
tainty of this process is much smaller than for the t-channel cross section.

W associated production

Finally single-top quarks may also be produced in associati on with a real W
boson having Q%= mg,. The expected production cross section at the LHC is
sizeable has it reaches56 pb [91]. Similarly to the t-channel process, the initial

b quark is a sea quark inside the proton. Because such ab quark arises from
the splitting of a virtual gluon into collinear  bb quarks, there exists implicitly

a b quark in the nal state. Nevertheless, due to the small py of this b quark,
this accompanying quark is usually unobservable.

Expected cross section measurement at CMs

The total cross sections for these three single-top production processes, as
well as the top quark pair production are summarised in Table 4.1 When
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no references are given, the cross sections values have beerobtained at
LFS) using MG=ME. The cross sections are given fobpp collisions at the LHC
(" s= 140TeV) and pp collisions at the TEVATRON ( s= 1:96 TeV) allowing a
direct comparison between the rates expected at these two facilities. Compar-
ing the cross sections, it is obvious that if the Wt production rate is negligible

at the TEVATRON, the cross section at the LHC is important and even exceeds
the s-channel one. The Qus collaboration argues that all three processes will
be observable at the LHC.

Table 4.1: Total cross section in pb for the three single-top quark prod uction angthe
top pair production. The cross sections are givsn for pp collisions at the LHC ( s=
14:0 TeV) and pp collisions at the TEVATRON (' s= 1:96 TeV). All cross sections are
evaluated at m = 175GeV/ c2.

=

S t-channel s-channel Wt
SLuc (pb) 140TeV 240 10 66 833
STevarron (Pb)  1.96TeV  1.02 1.98 025 6.9

Hence, thanks to the high cross section of the t-channel, this channel is
most likely the best candidate to rst observe with 5s signi cance single
top production at the L Hc. After 10 fb 1, the expected uncertainty on the
cross section isDsi=s; = 2:7%(stat) 8:0%(sys) 8:7%(lumi:)' 12%[92]. Even
if the Wt process is more challenging, a clear evidence may also be obained
after the same integrated luminosity. Considering events w here one of the
W-bosons (either the one produced together with the top quark or the one ap-
pearing in the top quark decay) decays leptonically and the o ther one hadron-
ically, the expected accuracy on the cross section isDsy=swt = 7:5%(stat)
15:6%(sys) 7:8%(lumi:)' 19%][92] while for the di-leptonic topology the re-
sult is Dswi=swt = 8:8%(stat) 22:8%(sys) 5:4%(lumi:)' 25%[92]. More-
over, because this channel is invisible at the TEVATRON, this evidence would
be the rst direct evidence of the existence of the Wt process. Finally, be-
cause the cross section of the s-channel is almost a factorl00 smaller than
the most dangerous background coming from the tt process, it will be dif -
cult to observe this process with data corresponding to abou t 10 fb ! of inte-
grated luminosity. For an integrated luminosity of 10fb 1, the error is large:
Dss=ss= 18%(stat) 31%(sys) 19%(lumi)' 41%[92.

4.2 Top quark photoproduction atthe L HC

4.2.1 Top-antitop photoproduction
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g t The high luminosity and the high c.m.s.
energy of photoproduction processes at

t the LHc offer interesting possibilities for

the study of electroweak interaction up

g T to the TeV scale. Indeed, if the LHC will

be a top quark factory, producing mil-
Figure 4.3: Representative leading lions of top pairs through the pp! tt
order Feynman diagrams of the top process, the high energy of the incom-
quark pair photoproduction. ing proton beams combined with the

very high expected luminosity allows to
study top quark pair production through a purely electromag netic process,
pp(gg! tt)pp, and via photon-gluon fusion pp(gg! tt)pY. Nevertheless, the
pure electromagnetic production mechanism is negligible a t the LHC com-
pared to the gluon-fusion one since the strength of the electromagnetic cou-
pling is much smaller, cut-offs are introduced by the form fa ctors and the ex-
pected luminosity is much smaller. The top quark pair photop roduction has
a cross section of1:54 pb and could therefore be studied during the very low
(L < 102 cm 2 s 1) and low luminosity ( L = 10° cm 2 s 1) phases of the
LHc. The leading order Feynman diagram of this process is depict ed in Fig-
ure 4.3 Hence, the top quark photoproduction process may allow to m easure
top quark related Standard Model parameters, such as the top quark mass,
its electric charge and the value of the jVipj element of the ckm matrix. This
offers a unique possibility for studying the top quark parti  cle in a complemen-
tary way to the usual parton-parton processes because the smaller production
cross sections is effectively compensated by better known initial conditions
and usually simpler nal states.

4.2.2 Single-top photoproduction

Other very interesting photon-induced processes that can b e considered are
the production of single-top quarks. In the following, the s ame categorisation
in three production mechanisms will be used: t-channel (Fig ure 4.4-a),
s-channel (Figure 4.4-b) and W-associated production (Figure 4.4-c). If in
parton-parton production, the initial partons are issued f rom the proton,
in photoproduction the source of one of the quarks in the t-ch annel is the
photon. In addition to the presence of an additional quark in the nal state,
this leads to a subsequent decrease of the production cross ction. This
effect is strongly illustrated by looking at the production cross sections
of the t-channel process, 285 fb, obtained using MG=ME, as well as the
cut on the transverse momentum of the outgoing quarks introd uced in
Section 2.2.2 The s-channel has a negligible cross section of64 ab, and is
therefore unusable. Although in parton-parton interactio n, the dominant
production mode is the t-channel process, at the LHC, the most copious
source of photoproduced single-top quarks is the W-associated process: the
cross section obtained using the ve- avour scheme reaches 1:01 pb, and is
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therefore responsible for a few percent of the total proton- proton cross section.

g b ¢ b ¢ W
t w t W
w
q (a) g q (b) d b (c) t

Figure 4.4: Representative leading order Feynman diagrams of the three single-top
photon-induced production modes. From left to right : t-cha nnel, s-channel and a
diagram for the W-associated production.

Table 4.2 compares the production cross sections of single-top events as
well as the value of the most dangerous background, the tt events, produced
in parton-parton and in photon-proton events. Consequentl y, the interest
of studying this process is obvious: compared to the “nomina I” production
modes of particles at the LHC where the sw=Sy fraction reduces down to

6%, in parton-parton interactions, the contribution from the W-associated
photoproduction accounts for about 40% of all the top quark photoproduc-
tion modes.

Table 4.2: Total cross sections in pb for the three single-top quark mod es and the

top pair production process. The values for the pp! X events contain NLO correc-

tions and the pp(gg=g! X)pY value has been evaluated at tree-level using MG=ME

Bt m = 175 GeV/ c2. The cross sections are given for pp collisions at the LHc with
s= 140TeV.

Process t-channel s-channel Wt t
Spp x (pb) 240 10 66 833
Spparg xpy (PD) 0029 64106 101 154

4.3 Search forWtassociated photoproduction

As within the swm the top quark is expected to decay almost exclusively
through the t! Wh mode, the pp(gb! WH1)pY process results in a b-quark
and two W bosons where one emerges from the hard process and the other
originates from the top quark decay. Like in the parton-part on Wt-channel,
the initial parton is a b quark arising from the splitting of a virtual gluon and
has therefore usually a small transverse momentum. For that reason we shall
not require more than one b-jet to be detected. In the following Chapter, we
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will consider both nal states: the di-leptonic topology ( Wt! ~ 7 *nb) when
the two W bosons undergo a leptonic decay and the semi-leptonic topol ogy
(Wt! “njjb) where only one of the W bosons decays leptonically. Throughout
this Chapter, for all the relevant simulated processes, a leptonically decayingV
bosormmeans that it was allowed to decay into all three leptons: ele ctron, muon
and tau.

4.3.1 Signal and background generation

Apart for the pp! W-+jets backgrounds for which A LPGEN ! was used, the
signal events and background events have been automatically generated
using the MG=ME package with the m = 1743 GeV/ c¢? value. Using the

PYTHIA Monte Carlo generator 2, the obtained partonic processes are decayed
to the desired topologies. Moreover, PYTHIA was employed to simulate

the parton showering, the hadronisation of the partons prod uced in both

the hard interaction and the proton remnants, and the decays of unstable
particles. Finally, to properly consider the effect of jet a Igorithms and the

ef ciency of event selection under realistic experimental conditions, the fast
detector simulation was performed using D ELPHES version 1:8 with the

default parametrisation for the C ms detector. Samples that have been used in
the analysis are described hereafter.

In the tt events, apart from the presence of a secondb-quark, the nal
state is similar to the W-associated events. Hence, the high cross section of
this process makes it the dominant source of irreducible background 3 when
this additional jet escapes from detection (either the jet i s not reconstructed
or the jet misses the acceptance of the detector). For the dileptonic topology,
another source of events is the production of WWd, when the two bosons
decay leptonically and the quark has enough transverse mome ntum. Having
relatively twice the cross section of the di-leptonic topol ogy, the production
of a Z boson in association with a parton has also to be considered as back-
ground. Nevertheless, due to the absence of missing transverse energy and
of real b-jet, its contribution will be limited. Finally, when one or  two charged
leptons escape the geometrical detector acceptance, the poduction of ZZj
events can also provide a source of background. Nevertheless, due to the tiny
cross section (L:73fb) of this process compared to the signal production rate,
in the following analysis, we completely neglect these latt er events. Some
representative Feynman diagrams of all these backgrounds can be seen in
Figure 4.5,

1ALPGEN is an event generator dedicated for simulating hard multi-p arton processes

2Version 6:412was used because this public release allows to correctly treat the scattered pro-
ton after the photon exchange.

3Processes with nal state similar to the one of the signal.
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Figure 4.5: Examples of representative leading order diagrams of pp(gg=g! X)pY
processes being background of the di-leptonic and/or semi- leptonic signal topologies.
From left to right: tt, WWd, Zj and Wb events.

Following the tt photoproduction, the second most important source of
background in the semi-leptonic topology stems from W-+jets production.
However, due to the existence of a b-quark in the signal topology, the asso-
ciated production should easily be separated from the W+jets events since a
light or a c-jet must be mistagged as ab-jet in order to fake the signal event sig-
nature. A W boson which is produced with two b-quarks (pp(gq! W bbdd pY)
has also to be considered as background. Finally, the parton-parton t-channel
single-top production possesses a large cross section and nay therefore be
an important source of signal-like nal state. The producti on cross sections
times the branching ratio into the desired topology, as well as the sample size
of the considered backgrounds, are given in Table 4.3

Table 4.3: Background processes used in the semi-leptonic and di-leptonic channels.
Cross-sections include generation cuts of pr > 1 GeV/c for g°and pr > 10 GeV/c,
jhj < 5for jets. The W+jets modes (labelledW jj,W jjj and W jjjj) have been generated
using A LPGEN with a minimal p%”t on the jets of 20 GeV/c. Branching ratio of the W
boson into leptons (e, por t) is taken into account. The two labels in the rst row refers
respectively to the photon-induced and parton-induced pro cesses.

gp! X pp! X

Process s [fo] samplesize s Br[fb] sample size
tt(2°) 159.1 200 k 777 16 130 k
tt(1) 671.8 179 k 328 10° 390k
wwd wWwij2) 625 70k 52 10 100 k
Zj(2) 287.3 50 k - -
Wijj - - 2:4 10° 830 k
Wiijj 2793 264k 6:9 10° 264 k
Wiijij - - 1.7 10° 105 k
Whb® Whbj 55.2 10 k 27 10° 120 k

t] - - 6:7 10° 100 k
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Even if photon-induced processes can ef ciently be separat ed from parton-
parton processes, due to their cross sections higher by seveal order of mag-
nitude, the same topologies produced using pp! X processes are also taken
as backgrounds. Nevertheless, thepp! Wt process that possesses exactly the
same nal state is not considered in the following analyses, because its cross
section of 66 pb reduces to a negligible value once the photon-related tags are
applied.

4.3.2 Signal discrimination of semi-leptonic events

In this section, the selection strategy applied to obtain a signal-enriched nal
sample is presented. The nal state of semi-leptonic Wt events is charac-
terised by exactly one isolated lepton (electron or muon) wi th high missing
transverse energy, as well as the presence of ab-jet and two light avour
jets. Despite the very distinct signal signatures, the backgrounds associated
to the semi-leptonic topology are considerable (tt, Whbcl, W+ jets and t+ jet)
involving the necessity to apply challenging selection cut s in order to obtain
the separation between signal and background events.

The background reduction is performed in three steps that ar e categorised
as following: rst, purely topological cutsare applied that rely solely on the
nal state of the signal events. Secondly, because partonic backgrounds have
typical cross sections of three order of magnitude larger th an photoproduc-
tion, a rejection based on both the maximum allowed energy an d on the track
multiplicity in the “empty” hemisphere is applied. Inthe fo  llowing, these two
cuts will be mentioned as gp cuts. Finally, in order to further reduce the back-
grounds that conserved a non-negligible cross section, the events will need
to ful | more speci c criteria, the  nal cuts. No trigger selection is applied in
the following analysis. Nevertheless, the reduction facto r consequent to such
a preselection would be negligible since the threshold valu es applied on the
transverse momentum of the isolated leptons are larger than those used by
the trigger.

Topological cuts

The selection procedure starts by requiring the presence of exactly one
isolated lepton 4. To be taken into account, the lepton pseudorapidity must
satisfy jhj < 2:5and its transverse momentum must be greater than 20 GeV/ c.
Even if in this analysis only background events containing a leptonically
decaying W boson are considered, the presence of a highpr lepton allows to
considerably suppress Qcb background as well as to allow an ef cient trigger
selection.

4The used isolation criterion is the default one implemented in D ELPHES.
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Figure 4.6: Cumulative distribution of the number of reconstructed cen tral (jhj < 3)
jets with pt > 20 GeV/c after the cut on the lepton. Jets are reconstructed using the
Midpoint cone algorithm with a cone size of 0:7 and the normalisation corresponds to
10fb L.

In order to suppress jets reconstructed around the isolated lepton, any jet
closer than DR = 0:1 to the identi ed lepton candidate is removed from the
jet collection. Having this in mind, an event candidate is co nserved only if it
contains exactly three jets with pr > 30 GeV/c and pseudorapidity jhj < 3.
Moreover, the jet counting is an ef cient discriminator aga inst the tt back-
ground as can be seen in Figure 4.6 where the cumulative distribution of the
number of jets reconstructed with the pt > 20 GeV/c and jhj < 3 conditions
is shown. While the Wt distribution peaks at two jets, tt background mainly
contains at least 3 jets. An event is therefore rejected if an additional jet
with pt > 20 GeV/c is reconstructed in the same detector coverage. When
the analysis is performed on real data, it will therefore rel y on the ability of
the detector to reconstruct jets with transverse momentum a s low as 20 GeV/c.

Photon-induced selection ( gp cuts)

Photon-induced interactions are characterised by the presence of a very
forward scattered proton and a large pseudorapidity region devoid of any
hadronic activity, usually called large rapidity gap(LRG). During the L HC
operation at very low luminosity, th