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Abstract:

This thesis is devoted to study the hard diffractive anduesieé events at the experiment ATLAS.
Right after the start-up of a new proton accelerator LHC irRBEhey will be identified using the
rapidity gap method. We therefore developed an alternafenition of the observed energy in the
ATLAS calorimeter to identify diffractive and exclusiveaws. During the high luminosity operation of
the accelerator, forward detectors (AFP) recently progpasde installed far from the interaction point
approaching the beam at few millimeters will allow to tag thiact scattered protons in these events
unambiguously.

The simplest exclusive production is due to the exchangavofghotons. We implemented two-
photon exchanges in FPMC generator and analyzed the twimippooduction oV andZ-pairs decay-
ing leptonically to calculate sensitivities on triple andgagtic anomalous gauge couplings of electroweak
boson to photons. The obtained results are remarkable yrfainthe quartic couplings. Their current
limits can be improved by almost two orders of magnitude \edinly data and by four orders of mag-
nitude using large luminosity and AFP detectors. In addjtwe used two-photon dimuon events to
determine the time needed to align one of the AFP statiorts w#fpect to beam to a desired precision.

Another type of exclusive events is the central exclusiwgpction (CEP) initiated by the exchange
of two gluons. We compared in detail the prediction of thellalsée models to the Tevatron exclusive
dijet data. This is crucial to predict the cross section atlthiC where the CEP of Higgs boson is an
important part of the AFP physics program.
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Résumé:

Dans cette thése, nous étudions la diffraction dure et déwénts exclusifs dans I'expérience
ATLAS au LHC. Dés le démarrage du LHC, il sera possible d'tifien de tels événements en utilisant la
méthode des domaines en rapidité vides d'énergie. Une ohétdternative pour mesurer I'énergie dans
le caloriméter et identifier de tels événements est devémpplous décrirons également l'installation
de détecteurs de protons a I'avant (AFP) approchant la tigrfaisceau a quelques millimétres qui sont
nécessaires a haute luminosité.

La production diffractive exclusive la plus simple est ddé&éhange de deux photons, processus qui
a été implémenté dans le générateur FPMC. On utilise datestbese la production de paires de bosons
Z etW pour calculer les sensibilités dans les couplages de jangrenaux trilinéaires et quartiques entre
les bosons électrofaibles et le photon. Les résultats sotitplierement importants pour les couplages
guartiques ou la sensibilité actuelle peut étre amelioegeppesque deux ordres de grandeur avec les
premiéres données, et quatre ordres de grandeur a hautekit@ien utilisant les détecteurs a 'avant.
D’autre part, les événements dimuons produits par échamgbatons sont également importants pour
aligner les détecteurs a l'avant.

Un autre type d’événements diffractifs exclusifs concéam@oduction centrale initiée par I'échange
de deux gluons. On a comparé en detail la prédiction des meeé&klusifs de production de jets avec
les mesures realisées au Tevatron. Ceci est crucial podirgtés sections efficaces de production de
boson de Higgs au LHC qui est une part importante du progradenmhysique d’AFP.
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Abstrakt:

Tato doktorska prace jeémovana studiu procest tvrdé difrakce a exkluzivnitipaulll v experi-
mentu ATLAS. Ty budou v z&ki po spu&ni nového protonového urychl@ea LHC v CERNu iden-
tifikovany pomoci takzvanych mezer v rapiditach (rapidigpg). Pro tento del byla vyvinuta nova
definice viditelné energie v kalorimetru detektoru ATLAS plilkovana na vyBr difralCnich a ex-
kluzivnich @ipadl. V praci je taktéZ popsana instalacefddpych detektorll (AFP) uméstych do
vzdalenosti Bkolika milimetrli od svazku, které umoZzni detekovduhto udalosti ifp vysokych lumi-
nozitach Pimo registrovanim odrazenych protond.

Nejjednodussi typ exkluzivni produkce je zaloZen na &gigndvou foton(. Ta byla implementovana
do FPMC generatoru a vyuzita ke studiu dvoufotonové proeikizonovych parv aZ, rozpadajicich
se leptonog, a k vyp@tlim citlivosti na vazebné konstanty stojicifiva ctyfbozonovych diagramech
obsahuijicich alesjigeden foton. ObdrZzené vysledky jsou zajimavé zejmén&tyrbozonové vazebné
konstanty, jejichZ znalost mliZe byt zlepSenad@éfaktorem sto s prvnimi daty na LHC a faktorem deset
tisic s pouzitim vysoké luminozity a digrdnych detektorli. Navic dvoufotonova produkce parininio
byla vyuzita k odhadnuti doby pgebné k pozini kalibraci &chto dopednych detektorli s poZadovanou
presnosti.

Dalsim typem exkluzivnichiigpadl je centralni exkluzivni produkce (CEP) zaloZendyraéré
dvou gluoni. V préaci byly detailn srovnany dostupné modely s daty exkluzivnich dijetovyichaguolli
méfenymi na urychlové Tevatron. To je dllezité zejména pro predik@niaych priiezl CEP Higgs-
ova bozonu na LHC, tedy procesu, jenz hraje vyznamnou rdiyzikalnim programu AFP.
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Introduction

The strong interaction is one of the four fundamental foqmesent in the Universe. Quantum Chro-
modynamics (QCD) is the mathematical formulation of stramgraction, the theory that describes
interactions of quarks through the exchange of eight colediators called gluons. The strength of the
interaction is governed by the strong coupling constanwhich is a free parameter and has a very
interesting characteristic. It evolves as a function ofrtf@mentum involved in the interaction. At high
momentum, the partons (quarks and gluons) inside hadrdre/balmost as free independent particles
since the strong interaction is small. At small momentumaurivalently at large characteristic dis-
tances, the coupling constant is large and the strong citerebounds partons tightly. Colored partons
are thus never observed alone, but are confined in coloref®ms. The partonic structure of hadrons
is described in terms of so called parton density functiohglvare measured.

The structure of hadrons is probed in collision experimelien a probe strucks a parton inside
the proton for instance, the parton is scattered off at |a@esverse momentum in such an inelastic
event and makes the rest of the hadron system color uneves.syltem has to reorganize its color
field since only colorless states can be observed due to eoméint. Consequently, a large number of
particles with small transverse momenta called proton emtmleave the interaction, and populate the
central detector. The proton is broken.

In early pp experiments and later iap collisions at HERA, a non-negligible fraction of events
with large transverse momentum exhibited an interestimgufe. Rapidity gaps, the regions of the
detector completely devoid of particles between the centrgect and the outgoing proton remnants
were observed. Such events are denoted as hard diffractvese Quite unexpectedly about 10%, a
large fraction of the non-diffractive events showed rapidaps at HERA.

The events with rapidity gaps result from a complicated glarchange (at least two) appearing as
a colorless exchange between the proton and the centrahsybtowever, since a hard scale is involved
in these processes, the proton structure can be still tescin terms of the diffractive parton density
functions whose evolution is predicted by perturbative Q@Ehe same way as in the inelastic case.
The color which is carried out by the interacting parton frtma proton is balanced by the emission
of soft partons. These transform into remnant particlefénfinal state. However, since they are well
collimated along the interacting parton, the rapidity gap forward region is observed.

At hadron-hadron colliders, the fraction of diffractiveeeNs is smaller due to additional interactions,
which may occur between the outgoing intact protons befodesdter the hard collision. The color flow
triggered by these soft interactions gives rise to pasigihich spoil the rapidity gap signature of the
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1. INTRODUCTION

diffractive event. At the Tevatron, we observe about 1% €ifalitive events, whereas we expect about
0.3% at the LHC due to the higher center-of-mass energy afdhisions.

In this thesis, we study not only the mentioned hard diffr@cprocesses, but also exclusive pro-
cesses, another kind of unique events with extremely laagélity gaps. The novel interactions of
events were observed at the Tevatron. In the so called Cémncdusive Production (CEP), only the
central system is created in addition to two outgoing inpotons, and nothing else. These events are
governed by the exchange of two perturbative gluons in alesi® state and exhibit large rapidity gaps
since no remnants are present. Such clean event topologjiys & novel new experimental technique.
By detecting the two outgoing protons, one can reconsthectrtass of the created object in the central
detector very precisely. In addition, due to the fact that phoduction has to fulfill certain selection
rules, the produced system has to b&8 = 0"+ state to a good approximation. Hence, if a single
particle is produced in CEP, its quantum numbers are unjgdelermined irrespective of the decay
channels by observing only a handful of events.

Having sufficiently energetic proton beams, the exclusiteraction can also be initiated by the
exchange of two photons. The invariant mass of the photcgrssspp to 1 TeV scales at the LHC. This
makes the two-photon physics particularly interestingeiwe can study for instance the interaction of
electroweak bosons in detail with an over-constrainedrkitéc information and test the SM at high
energies where new production mechanisms could appear.

Diffractive and exclusive events are possible to be dedleafth the rapidity gap requirement only.
However, the main features of these processes can be wdtiredpwvhen the central detector is in-
strumented with additional forward detectors measurirsgtered proton momenta from the tracks left
in detectors installed close to the beam and far away fronintieeaction point of the central detector.
Determining the fractional momentum loss of the scatteretbpsé;, &, the centrally produced mass
is reconstructed a8/ = /sé1&,, where /sis the center-of-mass energy of the beams. The CDF Col-
laboration at the Tevatropp collider is equipped with a forward proton detector whicgstahowever,
the scattered antiprotons only. At the LHC, central detscATLAS/CMS will be equipped with for-
ward detectors on both sides around the experiment intenagbints for the first tim&and it will be
a great opportunity to test the QCD predictions in hard adfion, but more importantly study the new
exclusive productions of Standard Model (SM) and perhags Beyond Standard Model signals.

In this thesis, we aim to study the mentioned diffractive ardlusive productions at the Tevatron
and the LHC. Both signatures of the diffractive and excleisvents, rapidity gaps or proton tagging,
are used for various studies. The document starts with awegf the Standard Model in Chapter 2
with the emphasis on diffraction phenomenology at HERA dwedTevatron. The central exclusive and
two-photon productions are discussed with respect to thea®d forward physics program at the LHC.
In Chapter 3, the LHC machine and the ATLAS central deteatedascribed. A short discussion of the
rate of multiple interactions at the LHC which is relevantttue diffractive analyses can be found there.

Diffractive and exclusive processes are used througheuhttsis. They were therefore implemented
in the FPMC Monte Carlo with the aim to accomodate all of thenome simulation framework. In
Chapter 4 we detail the work covering the implementation e tHERA diffractive parton densities
and the implementation of the two-photon physics processii® generator.

1AFP detectors have currently been recognized by the ATLASamement as a possible upgrade of the ATLAS detector
(November 2009).
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The physics analysis starts in Chapter 5 in which the extmacf an exclusive signal at the Tevatron
is performed and compared to available models of centréisixe production. In Chapter 6 we describe
the Atlas Forward Physics project to install the proton taggletector around the ATLAS interaction
point. We discuss the detector sub-systems and also thelparacking inside the LHC optics which
is required to transport scattered protons from the intemagoint of ATLAS to the forward detector
stations. Two-photon dimuon events are studied as a metradijh the forward detectors. In Chapter 7,
sensitivities to anomalous triple and quartic couplingshefphoton to electroweak//Z gauge bosons
are investigated and a new measurement is proposed toa@oan$te anomalous quartic couplings not
only with forward detectors at high luminosity, but alsongsearly data. The thesis concludes with the
presentation of a method to identify diffractive and exslesgvents with the rapidity gap method using
the ATLAS calorimeter system in Chapter 8, which is a parhefpreparative work for the early data at
the LHC.






Standard Model of Particle
Physics

This chapter begins with an overview of the Standard Modgdreentroducing diffraction from a his-
torical perspective and discussing the necessary formaifsRegge theory which is present in modern
models of diffraction. Next, some aspects of diffractiotH&RA and their implication on hard diffrac-
tion at hadron colliders are discussed. We finish by an ogenaf exclusive processes which are
expected to be studied at the LHC.

2.1 Standard model of particle physics

The Standard Model of particle physics is a quantum fieldrhbased on a non-abelian broken sym-
metry SU3)c ® SU(2). ® U(1)y describing the strong and electroweak interaction, wiassthe color
chargeL denotes the left handed coupling of the weak isospin dasildeidy is the weak hypercharge.
Fermion matter fields interact via vector bosons which aeerttediators of the interactions arising
from the requirement of a local gauge symmetry such that #ggdngian is invariant under different
transformation parameters in every space-time point.

The matter fields come in three generations. The left-handetponents of the particles transform
as doublets:

Generations Charge

0

leptons ( Vf ) ( V’i ) ( Vz )
e ] u ) T ) -1
t 2
quarks ! ¢ 3
d s b —3

L L L

while the right handed components transform as singleteruhe SUW2), symmetry. Each generation
consists of two leptons carrying a lepton quantum numbeectEine, muon u and taut carry the
same charge corresponding to the charde of an electron. Each charged lepton is accompanied by a
neutrinov, its neutral lepton partner which has a very small mass.
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2. STANDARD MODEL OF PARTICLE PHYSICS

Quark matter fields are constituents of hadrons, carryitgy @ a quantum number. As for leptons,
there are two quarks per generation differing in the electignetic charge by one unit. However, the
charge is a fraction of 3. The six flavors of quarks are thetfalhg: the up, charm, and top quanks
¢, t carry a charge 2/3 whereas the down, strange, and bottorksggias, b carry a charge -1/3. All
the matter fields have also their antiparticle partners Wwhiave same mass but all guantum numbers
opposite. With the discovery of the last matter fields, the qoark and the tau neutring,, about
ten years ago at the Tevatron, the symmetry between quarleptuth generations was experimentally
confirmed.

A global symmetry of a Lagrangian is directly linked to a cenation of some quantum number
(Noethers’ theorem). For example, the Lagrangian of thed&tal Model possesses a global symme-
try which yields a conservation of the electric charge. # ttobal symmetry is elevated to be a local
one, such that the Lagrangian preserves the symmetry iy epace-time point, the free matter fields
start to interact. Fermion fields interact between eachrdbiteugh exchanges of gauge bosons which
arise from the local gauge symmetry of the theory. Gaugenssouple to the matter fields by the
corresponding charge of the interaction. Four fundamémtatactions are found in Nature: the electro-
magnetic, weak, strong interactions and gravity.

The electromagnetic interaction is mediated by a masslestp and couples to the electrically
charged objects. It is mediated to infinite distances. Thakvieteraction is transmitted by the weak
gauge boson®/* andZ which interact with a field through the weak hyperchargeSince the weak
bosons have a substantial mass, the weak interaction isdiktance. The weak interaction causes
instability of some nuclei that decay through the beta deddwe color charge of quark fields allows
them to interact through strong interaction. The strongradtion is mediated via massless fields called
gluons. There are three colors and eight gluons. The stritegaiction is short-distance growing with
an increasing distance. Thus, the quarks are confined todtahte hadronic colorless systems like a
proton.

Matter and gauge fields are said to be fundamental which ntéangheir sub-structure was not
revealed at distances down to28m up to now [1]. The description of gravity, the last fundanaén
force of Nature, which is believed to be mediated by a gravjiarticle, is not yet incorporated in the
Standard Model.

The spontaneous symmetry breaking of the Standard Modehechanism which gives mass terms
to the fermion and boson fields. The symmetry is broken ¢332 SU(2). ® U(1)g maintaining
the SU2), invariance and renormalizibility of the theory whilst thé¢ L)y symmetry responsible for
electromagnetic interaction emerges. The appearance @f/deavy scalar particle, the Higgs boson,
is an essential feature of such mechanism and its obsemvatifuture colliders would grant a deep
understanding of the origin of mass.

A more detailed discussion of the Standard Model follow$hnext sections. The main principles
of Quantum Electrodynamics are mentioned followed by tlsewdision of the electroweak unification
and electroweak symmetry breaking. Some aspects of thegsinteractions and proton structure are
summarized before focusing on diffraction which is the mtajic of this thesis.



Quantum electrodynamics

2.2 Quantum electrodynamics

Quantum Electrodynamics (QED) is a theory based on theaabghuge group (1) which describes
the interaction of charged spin-1/2 fermion fields with thassiess neutral spin-1 photon. Fermion
fields ¢ of massmare described by the relativistic Dirac Lagrangian density

ZLp = P(Iduy* —mP(x) (2.1)

wherey# are the Dirac matrices.

The fermion interaction with a photon is obtained by gergraj the global U1)g symmetry to a
local one. We easily see that the local transformatjéfx) = €™ g(x) leaves the mass term of the
density (2.1) unchanged whereas the kinetic term givedaiiee gradient of the field phase coupled to
the vector current

b= —YVWPouw(x)+ Lo (2.2)

The new term can be canceled by introducing a new interagtithhe Lagrangian. It is convenient to do
so by replacing the derivativé, by the covariant derivative

Dy = 0y +iAy(X) (2.3)

which has the correct transformation propeﬂy = ei‘*’D,le‘i‘*’ as long as the new field,, (called
Yang-Mills field) transforms as

Au(X)" = Au(x)+ %0“ w(X) (2.4)

So promoting the global phase invariance of the free méitiketLagrangian to the local gauge one, we
had to introduce a new vector gauge field which added a dyrsamithe non-interacting theory.

We still have to supply the Lagrangian with a kinetic teFrﬁFWF“V for the fieldA, in order to in-
terpret it as a physical field satisfying the equation of wtF,,, = d,A, — d,A,, is the electromagnetic
field tensor which is already gauge invariant under the Igealge transformation. On the other hand,
the corresponding mass term for the vector field is forbidaethe requirement of the local symmetry.
The new vector field is therefore massless. The new intagtgrm which makes a photon to couple to
a fermion and an anti-fermion, makes the model of Quanturatildynamics complete.

2.3 The weak interaction

The weak interaction is a flavor-changing, parity-violgtiorce mediated by spin-1 vector boson par-
ticles. Two of the mediator§)V=, have the electric charge|e| of the electron and mediate charged-
current interactions, wheredsthe electrically neutral boson mediates neutral-curirgetactions. The
weak boson¥V* and Z couple to leptons and quarks, photons and to themséiesparity violation

of the weak interaction is maximal which comes from the fheat the gauge bosons couple only to the
left handed components of fermions and not to the combinatideft and right fields.

The oldest and best known process caused by the weak imb@réEthe nuclear beta decay. The
term “weak” comes from the fact that the transition ratesseduby this force are orders of magnitude
smaller than those of any other fundamental force. Thisestggd that the new force has to have a weak
coupling. The weak interaction was originally describedthy contact four-fermion interaction with
an effective parity-conserving coupling of a unit operaftw explain strange mesdiK™) decays into
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2. STANDARD MODEL OF PARTICLE PHYSICS

pions, Lee and Yang suggested to abandon the assumptionitgfggenmetry [2]. The parity violation
was first shown by Wu et al. [3] who studied the beta decays @fpthlarized nucleus €8 Later
experiments confirmed the parity violation in weak intei@ci4], which led to a vector-axial current
structure and was quite successful in describing a wideerafgrocesses such as the pion decay rate
m — utyy for instance.

Embedding intermediate bosons into the framework desayithie weak interaction made the theory
of weak interactions better-defined at high energies. #atiolinked the strength of the weak force with
the considerably large mass of the vector boson and ledwalgnto the unification of the electromag-
netic and weak interaction into one electroweak theory énli®60’s.

2.4 Electroweak unification

Weinberg and Salam [5] realized that the electromagneticvesak interaction can be unified within
non-abelian gauge theory. The simplest group which accatams the parity-violating weak interac-
tion and the parity-conserving electromagnetic intecercis SU2),_ x U(1)y. Besides describing at
that time known charged-current interactions mediatedhgagaugaV+ bosons, the new concept also
predicted the existence of neutral currents which werergbdean neutrino experiments thirteen years
later [6].

The direct observation of the two weak bosons in UAL and UAZernents in 1983 [7] made the
electroweak theory well established.

2.5 Electroweak symmetry breaking

The unified theory provided a relation between Y& and Z masses, but the mechanism through
which the bosons acquire their mass remained to be solvathidie masses could not be introduced
directly into the Lagrangian because they would break theyganvariance. A new concept of mass
generation was therefore developed based on the spontasgoumetry breaking of the gauge group
SU(2)L xU(1)y into U(1)q, preserving the symmetry of the electromagnetic intevactvhile giving
masses to the weak gauge bosons.

The so-called Higgs mechanism [4] starts by the consideraif a gauge invariant and covariant
Lagrangian for a complex SQ) doublet®

1. = 1. 4
% = (Dy®)"(DHD) 4 p?dTd — A (D)2 - 2Py P = 2By B (2.5)
The covariant derivative is given by
Dy =0y —igA, - T/2—ig'By, (2.6)

whereAf andB,, are the Yang-Mills fields corresponding to the @4 and U1)y gauge groupst¢
are the Pauli matricek) The kinetic terms of the fields are constructed from the fietssorsFy, =
A, — 0,A, + gA, x A, andBy, = d,,B, — 3,By,.

This Lagrangian represents a dynamics of a system in a MeXiae&like potential which has a
degenerate global minimum= p/v/A. The symmetry of the Lagrangian is broken using the local

1A specific value of the scalar field hyperchage= 1/2 was set without losing generallity.



Electroweak symmetry breaking

gauge freedom, choosing one such specific minimum with &péat choice of theb field (U-gauge)

0
Dy = 2.7)

Z(VHH(X)

The new scalar fieldH (x) originates from the perturbation about a new ground statewrfing the
Lagrangian foi® in U-gauge and keeping the kinetic and mass terms, we get

1
£ = S04HO"H — UPH?

1 1 -1luv 1 2/a1\2
- ZFFH Vg (AL
1 1
— IRRRE L DA
1 1 1
PP = 7BuyBY + 2V(gA] — gBy)? (2.8)

First we see that due to the breaking of the ground state symyrtiee scalar fieldH (x) obtains a mass
u/+/2 and becames a degree of freedom that we identify as the Hagtisle. Second, the Yang-Mills
fieIdsA}l, Aﬁ acquire a mass. Since these fields are related to the chemgeit mediatorgv+ through
a relationw+ = 1/\/§(A}1 + iAﬁ), theW bosons become massiugy, = my = my2 = 1/2vg. On the
other hand, the interpretation of the fieIA% and By, is unclear since they mix agsAf, —gBy. To
disentangle them in the Lagrangian, we perform a rotatidghérspectrum and define

Zy = A cosfy—Bysinby
Ay = ASsinby -+ By cosbly (2.9)

as the physical degrees of freedom where

g : g
cosBy \/W sinBy \/W
The A, field does not have a corresponding mass term in the Lagraragid is interpreted as the
massless photon of the electromagnetic interaction. Zhéield becomes the mediator of neutral-
currents and has a mass givenray = 3v(g? + g?)%/2 = My/ cosy. Its mass is tightly linked with
the W mass via the weak mixing ang®&y (current world averageny = 80.398+ 0.025GeV,my =
91.1876+0.0021GeV, siABy = 0.231F 0.00023 [1]).

Another important aspect of the Higgs mechanism is thatdssdwt only generate masses for the
intermediate vector bosons but also for fermions. The diirgcoduction of fermion masses is not
allowed by the gauge invariance but they can be introducadhe Yukawa coupling of the Higgs
field @ to either the left quark doublets and up- or down-quark sitsglor to lepton left doublets and
neutrino or electron singlets. In the original version of tBM, neutrinos were considered massless
since no experiment was able to measure their mass. Howagrjino mass terms can be generated
with the Higgs mechanism as well. The non-zero neutrino mnaassfirst indicated by R. Davis [8]
in neutrino disappearing experiment and than discoveresebgs of neutrino oscillation experiments.
After the spontaneous symmetry breaking is carried outfeathions have a mass term of the form
—mi (i Yir + h.c.) wherei is any quark or lepton. By construction, this mechanism dksfines the

(2.10)
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2. STANDARD MODEL OF PARTICLE PHYSICS

type of Higgs boson interactions with fermions which has ftven my /my ¢ iH whose strength is
directly proportional to the fermion mass.

It is important to notice that the mass quark eigenstatesatrédentical to the eigenstates of the
weak interaction. The charged-currents change the flavtiieofnass quark eigenstatgs They are
related to the weak eigenstates which couple tovihéosons by the Cabbibo-Kobayashi-Maskawa
(CKM) unitary matrix

d Vud Vus Vub d
S, - Vcd VCS Vcb S (2 . 1 1)
b’ Via Ms Vi b

which expresses the quark flavor participating in flavoragiiag currents in terms of mass eigenstate
quark flavorsj by Vij. This in general complex matrix allows to embody E violation effects in
the quark sector which were observed experimentally fomgta in the kaon oB (mesons containing
strange and bottom quarks, respectively) decays.

2.6 Quantum chromodynamics

Quantum Chromodynamics (QCD) [9] is a theory based on th@%&\tolor group. The requirement of
the local gauge symmetry of the Lagrangian involving calagieark fields gives rise to massless gluon
vector bosons which can interact with themselves. Thequéati structure of the S(3)c group implies
such interaction between gluons that leads to an asymgtetidom of the theory and a confinement
which ensures the propagation of the color neutral statesatoscopic distances.

The QCD Lagrangian reads

1 oo _
2= _Z(FEV)2+ Z wli(lw_m)ijll—’li‘i‘ggauge‘f‘gghost (2.12)
k={flavors}
where
a
(Dp)ij = Gjﬁu—igA‘Z‘,% (2.13)
FS, = 0uA%—0,A% +gfaABAC (2.14)

There are eightt= 1...8 spin-1 massless gluon field§;, which mediate the strong interaction and
quark fieldsyy for each coloii and flavork. The gauge invariance of the QCD Lagrangian is associated
with the coupling of the strong interactian The kinetic term—%lFﬁvFa“" generates the gluon self-
interaction. The structure coefficienfg, are related to the generators of the (3)4 color group
Gell-Mann matrices\ by [A 2 AP] =iA¢, defining the corresponding Lie algebra.

The gauge fixing termZya,ge must be introduced in order to perform perturbative catouta.
Otherwise, the propagators for the gluon fields are not d&fiflbe gauge fixing terms must be supple-
mented with a corresponding ghost Lagrangi#gnostto cancel unphysical degrees of freedom of the

gluon field which would appear in the physical measurablaftiies otherwise.

2.6.1 Asymptotic freedom and confinement

An application of Feynman rules to compute scattering annidis for a given process at the leading
order is mostly straightforward. However, when advancimdpigher orders of perturbation theory in

10



Quantum chromodynamics

the coupling of the strong interactiams = g2 /41, one must inevitably deal with Feynman diagrams
which contain fermion or boson loops. An evaluation of su@gdms leads to an integration over
arbitrary large momentum since in the relativistic thedwgre is no intrinsic cut-off on the momentum.
The theory would predict infinite cross sections and wouldrnmapable to describe real processes.
Such divergences are denoted as UV divergences as thegateidgn the integration over an ultra-high
momentum. Renormalization is a prescription to isolatediiergences and remove them consistently
from the physically measurable quantities [9]. This introels an additional mass scale- the point
where the subtractions which remove the divergent termpar®rmed. The renormalization leads
to the redefinition of the bare quantities which are part ef CD Lagrangian such as the coupling
constantas, fermion masses, the fermio,tqi and bosomﬁ fields. Their renormalized counterparts are
introduced which are physically relevant, whereas the baes are not.

The procedure of subtracting these divergences requiagshtt renormalized coupling depends on
a characteristic scale of a proc&d% The dependence can be written as

~ bIn(Q2/A?2) 11— %nf In(Q?/Aqcp)

as(Q%) (2.15)

wheren; is the number of active flavors ardycp ~ 200MeV is a scale where the coupling diverges
The perturbative calculation cannot be done for small schdowQ ~ 1GeV which is the typical
mass of the light hadrons. The paramdier (33— 2n¢)/12r (value at leading order) follows from
the structure of the S(3) under consideration and it has the following consequermethé coupling
as. the coupling constant is running, meaning that it is largéoa momentum and small at large
momentum. At largeQ? where the coupling is small, there exists an asymptoticdfsee and the
perturbative calculations can be used. At sn@lor equivalently at large distances the coupling is
large so the true degrees of freedom, quarks and gluonspafaed within hadrons and not observed
individually.

2.6.2 Proton structure and evolution equation

Long time before a collision, a particle is said to be bareclimeans that it is composed of its valence
guarks only. It evolves until the time of an interaction whikeis said to be dressed which means that is
accompanied by a coherent field of virtual quarks and glutbrespartons. A probe particle scatters off
the dressed hadron whose structure is described by thenpetsity functionf; (x, Q%). The function
gives a probability to find a partdrcarrying a longitudinal momentum fractiorof the mother particle
and having a virtualityQ?.

The proton structure cannot be calculated perturbativelyn fthe first principles of QCD because
it involves small distance effects where the strong cogpiilarge. However, it is possible to predict
its Q? scale dependence perturbatively using the DokshitzdyeB+i ipatov-Altarelli-Parisi (DGLAP)
evolution equations, which effectively resum the leadiogers of rs(Q?) In(Q?)]" [9]. They describe
how the proton structure changes when the proton is lookéiffatent space resolutions or equivalently,
how the picture changes as a function of the virtua@}fy of the probe. The differential evolution

2The formula (2.15) is obtained in the leading order.
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equation irt = Q? can be written as

J [ a(xt) ~oag(t) 1dé
tE g(xt) N az—nqj'-,qj'/x 5
PQin (?705(0) Paig (?705(0) gj(x,t)
Pag (?v%(t)) ng(?ﬂsm) g(xt)

Here the function®yq;, Py g, Pyq;» Pog @re the splitting functions or evolution kernels, calclggbertur-
batively as a power series . The differential equations have to be provided with ihitianditions.
Because they cannot be calculated from the perturbativeoaplp, they are fitted from data at some not
too low scaleQ? ~ few Ge\~.

One of the most important features of QCD is that in many ¢dakegroduction cross sections can
be factorized, i.e. it can be expressed as a convolutionegb#éinton distribution functions and the cross
section of the corresponding sub-process. For instance farton pair production in hadron-hadron
collisions, we have (omitting the explic@? dependence)

x (2.16)

Okl = Z /dX]_dXza'i’ijJ (X]_,Xz,as) ® fi (Xl) ® fj(Xz) (2.17)
N

whered; j_ is the sub-process cross section of two pariopslenoting the partork,|. fi(x) are the
parton density functions of initial hadrons depending anrtitomentum fractiow, andas is the strong
coupling constant.

There exist another type of evolution equations in xheriable. They are relevant when cross
sections are not dominated by the largéQf) terms but by Ii1/x) instead, wherx is small. In this
case, the alternative to DGLAP evolution is called Balitfladin-Kuraev-Lipatov (BFKL) equations
which resum termsisIn(1/x) into all orders [9].

A particle scattering can be decomposed into two procedsdifferent typical time scales. When
the hard interaction occurs, hard partons of typically datrginsverse momentum emerge from the in-
teraction. The production cross section in a hadron collisé generally determined as in (2.17) as a
convolution of the sub-process cross section and the pddosities which depends on the momentum
transfer scale. Long time after the interaction, coloredgues from the hard process and the ones from
the remnants of the broken protons start to restore thear damlds. The restoration is governed by
long distance QCD effects characterized by small typicatnmatum transfer and the topology of the
event is not much altered. The hadronization occurs whicanm¢hat the colored partons interact to
produce colorless hadrons in the final state. Since the sofiepses do not change the topology of
the event, showers of particles are observed in the directiche hard partons originating from the
hard interaction. These showers are called particle jetenglicated multi-jet events are now studied
at hadron-hadron colliders but most importantly, the filsteyved three-jet configuration originating in
g — qgsplitting ine™ e~ collisions at PETRA confirmed the existence of the gluon fiel&i979.

2.7 Diffraction

In high energy physics, the term diffraction originally désd the elastic scattering of hadrons at small
angles. Later the definition expanded to cover a range ofege®ms which are governed by a similar
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mechanism, the exchange of quantum numbers of the vacuuitnwiisbe discussed. In case of the
elastic scattering, there is no color flow between collidadrbns, the event is free of the proton rem-
nants and shows large regions devoid of particles callediitpmaps. On the contrary, if one of the
colliding protons is broken yielding proton remnants, buagidity gap is present on the other side, the
process is called single diffractive dissociation. In fdloe term covers two situations: first the proton
on the side of the rapidity gap can stay intact or second, yt digsociate into a system of one or more
particles having the same overall guantum numbers and ireilas mass as the proton. The important
point is, however, that we observe the rapidity gap in botesa

Diffractive dissociation processes are generically dadt, governed by exchanges with typically
small momentum transfengr. Their description in terms of QCD is therefore intricatecdngse the
running coupling becomes large at small momentum transfiedscalculation based on perturbative
expansion becomes unjustified. Since these processeseapeesignificant fraction of the scattering
hadronic cross section, many models have been proposedsp tire main features of the production
mechanism even though their link to QCD is less evident.

Among others, the Regge theory turned out to be extremelyesséul. It emerged from the efforts
to build up a fundamental theory of strong interactions dgsémarily on the analytical properties
and unitarity of scattering amplitudes in the 1960s. Badnttthe interest in quantum field theory
declined as it was incapable to explain the fundamentaltiqures/hy colored partons, appearing to be
the true degrees of freedom that correctly describe theobaapd meson spectra, and giving a correct
description of the hadron magnetic moments, elude to beaddel ater, when the asymptotic freedom
and confinement were discovered, QCD became an establisbed twell confirmed experimentally.
The Regge theory survived until today as an effective thebdiffraction.

Regge theory models the hadronic interaction in terms ohamxges of reggeons and pomerons
which are effective interactions parameterizing in a nrath@nomic way the complicated soft gluon
exchange which lies beneath. A simple parameterizatiorthvisi rooted in the general properties of
the scattering matrix allowed Donnachie and Landshoff fbljerform fits of a large set of scattering
data with small momentum transfer. Event though very sisfakghe true nature of the reggeons and
pomerons in terms of QCD remained hidden.

The later UA8 and HERA experiments showed that diffractivattering is not only a soft process,
but a hard diffractive component exists also. For examgts \ith large momentum transfer were
observed in addition to the scattered proton. This stiredldater developments in which the structure
of the diffractive events was described in terms of partamsidg functions in a very similar way as in
non-diffractive production.

In the following sections we review some predictions of Retigeory which will reappear through-
out the thesis. We also mention the extraction of the pomstmtture functions at HERA relevant for
the following discussion of diffraction at the Tevatron ahd LHC.

2.8 Regge theory

In order to present the main results of the Regge theory#é$ul to recall some basic definitions related
to particle scattering. In relativistic quantum theorye tcattering operator (& matrix) |f) = Si)
describes the transition between an initial stgtand a final statéf). The in and out free particle states
li),|f) are defined at times-co and o, respectively, and form complete sets of states. The tiansi
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t

Figure 2.1. Scheme of the reggeon exchange in the reactien 32 with Mandelstam variables=
(p1+ p2)? andt = (py— p3)?.

operatorT defined asS= 1+iT expresses the dynamics of the evolution when the initiddstdid not
remain unchanged and underwent some interaction.Slrhatrix elements can be decomposed as

St = (f|Sli) = 8¢ +iTsi = 8¢ +1(2m)*3*(pr — pi)/ (i — f) (2.18)

where in the last expression the four-momentum conservasiexplicitly written out by the corre-
sponding delta distributione (i — f) is the probability amplitude that the stateill evolve to the state
f. In the case of the two body process-1234, the scattering amplitude is a function of two of the
standard Mandelstam variablgs, u; <7 (s,t) for instances, expressing the energy of the collision and
t reflecting the momentum transfer connected with the séadt@olar angled of the first particle.
Following from the analyticity and crossing symmetries lo¢ tamplitude [12], [13], the Regge
theory states that the scattering amplitude_.34(s,t) shown in Figure 2.1 can be related to the crossed
one/jz 54(s,t") wheres =t, t' = sand2,3 are the antiparticles of 3, respectively. In other words,
it relates the high energy behavior of teeghannel amplitude to thechannel one provided that one
substitutes antiparticles of 2, 3 and their four-momenga The partial wave expansion for this crossed
amplitude is given by

00

o3 34(8,t') = Y a(s)R(cosh) (2.19)
=0
where@ is the center-of-mass scattering angle linked'td’ and particle masses, aflcorresponds
to the Legendre polynomialsa (S) are the partial wave amplitudes associated with the exehafg
orbital momentum. Two complex functions are constructed(l,t) with n = +1 andn = -1 as
the analytical continuation to the complewf the two following sequenceg& (t),1 =0,2,4,...} and
{a(t),I =1,3,5,...}, respectively. The functiona,(l,t) interpolate between the poings(t) of the
partial wave amplitudes. In the simplest case to which weice®urselves in order to show the main
idea, there is only one singularity af,(I,t) with at-dependent simple pole (Regge pole) at a(t).
These Regge poles correspond to resonances or bound $iamgasing angular momentum (i.e. spin)
exchanged in thecchannel for different. The Regge trajectory interpolates such resonances odboun
states in thé x [t| plane.
It can then be shown that in the high energy limit, $ighannel amplitude is

af(t)
234(S,t) = B13Baln(a(t)) (%) (2.20)
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wheresy is an arbitrary scale factofi3(t) and B24(t) are unknown functions df associated with the
vertices in Figure 2.1 and

1 —ima(t)
¢n(a(t) = :ir?;a(l)

is the signature factor, depending on the signatuc# the Regge trajectory (t) [13].

The important feature of (2.20) is that tasehannel asymptotic behavior is determined by the prop-
erties of the partial-wave amplitude in the crossed chawhele a family of resonances or bound states
are exchanged. This gives the power law dependence drivéimebiRegge trajectoryr (t). Second, a
factorization of the amplitude to two unknown functiofiss, 24 associated with the appropriate ver-
tices in Figure 2.1 is important if the same Regge trajectppears in different processes. It can be
measured in one process and used for predictions elsewhere.

Equation (2.20) has an immediate impact on total and elasbigs sections. Since the total cross
section is directly related by the optical theorem to thatedag amplitude, using (2.20) we obtain

(2.21)

1
Gior =~ {Im .o/ (s,t = 0) ~fO-1 g e (2.22)

For the elastic cross section we get in the high energy limit

dog 1 2 at)—2
T 1G4S $ S— o0 (2.23)

Hence, in the high energy limit, the total and elastic crasgisns are determined only by a Regge
trajectorya (t) which can be obtained from the amplitude analyses of theggsom the crossed channel
by studying ita dependence. Note thatin the high energy limit, the totase®ction is fully determined
by the value of the Regge trajectorytat 0 only.
Conventionally, only the properties of the Regge trajgctgr to the linear term are considered, such
as
at)=a(0)+a't (2.24)

wherea (0) anda’ are denoted as the trajectory intercept and the slope,asgeg.

The leading mesonic trajectories, i.e. those with the Etrg€0), were fitted in data giving a reggeon
intercepta (0) = 0.5, as shown in Figure 2.2. Note that the reggeon trajectdeypolates mesonic tra-
jectories of different quantum numbers. For instaniecarries paritied® = +1, C = +1 whereasp
carriesP = —1,C = —1, and similarly for the other trajectories. According to2(2), a reggeon inter-
cept smaller than one means that the total hadronic croisrssbould be a monotonically decreasing
function ofs.

2.9 Concept of the pomeron

With the increase of beam energies of early hadron colljdbestotal cross section could be measured
at higher center-of-mass energies. A rise of the total csestion as a function of the center-of-mass
energy was observed, which was in contradiction with theharism based on a reggeon exchange
that predicted a slow decrease of the total cross sectiaoniterned thep, pp cross sections where
the turning points of the increase are found to be aroyfsd= 10, 20 GeV, respectively, but it also
concerned other hadronic scatterings likep, K*p, etc.
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Figure 2.2: Leading mesonic trajectorips fp, ap, w, etc., all superimposed and interleaved by a
reggeon trajectoryrr (t) = 0.5+ 0.9]t| (reproduction of figure 5.6 from [15]).

Donnachie and Landshoff showed that a large set of scajtdta is well fitted with a combination
of two different Regge trajectories which are traditiopalhlled the ReggeorR() and the PomeroriR)
trajectories. In marked contrast with the reggeon, the pomatercept isap(0) > 1 and can account
for the growth of the total cross section (see (2.22)). Itudthdoe noted that the pomeron trajectory
is not associated with any real particle exchange inttbleannel as for the reggeon, but really only
parameterizes the partonic activity which takes place birdva scattering. The fits to the total cross
section led to [11]

Oiot = X§3.0808+YS—044525 (225)

Apart from the coefficientX,Y which are process specific, the high energy behavior is geday the
pomeron and reggeon intercepts(0) = 1.0808 andar (0) = 0.5475.

The pomeron couples to quarks in a very similar way as thegphate. with a constant coupling,
but with a Regge signature such that it has eé®eandP-parities. The elastic or diffractive dissociation
processes with small momentum transfers governed by thesqmomoriginate in soft interaction of
partons, but with the overall exchange of the vacuum quamumbers.

In spite of the great success of the Regge theory based oegbeon and pomeron exchanges, there
is not a real understanding what the soft pomeron actually tisrms of QCD up to now. With respect
to the quantum numbers of the pomeron, the exchange canwedria the lowest order of QCD as a
two-gluon exchange. The pomeron does not correspond teeahyasonance, but its recurrendgs =
0t *,2*, ... result in complicated soft gluon exchange. They are calledbglls. One such glueball
candidate 2" was presented in [14]; however! 0 has never been observed. These gluonic exchanges
are not short-distance interactions, hence the applitabfiperturbative methods to understand the real
nature of the pomeron is limited.

Regge theory can give a prediction for more complicated dradrreactions. Consider a process
which is a single-inclusive reaction412 — 3+ X whereX is an unresolved hadronic system of mass
MZ2. If particle 3 has the same quantum number as particle 1 we thavsingle diffractive dissociation.
The calculation of the cross section can be done in the $edctiple-Regge limit [15] with a triple-
pomeron vertex (neglectinBPR coupling, true in asymptotie). In the limit s> M? > t when the
mass of the created objeXtis relatively small with respect to the process energy igielathan the
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momentum transfdr, the differential cross section is given by

d3oSP 1 s )20@(0—1

_ 2( =2 2
Savzar — 162 &Vl <M2 op(M?) (2.26)

wheregg(t) is a function which includes terms associated with a trjgeseron vertex andy(M?) is
the cross section of the interaction between the pomerorpartitle 2, characterized by the energy
M? in their center-of-mass frame. The power dependemegt?— 1 will reappear in the description
of diffraction at HERA and hadron colliders. Comparing falae (2.26) and (2.22), it is interesting to
notice that the Regge theory expectation for the ratio dflsimliffractive to the total cross section at
high energy is

gSP

o™ se(0)-1 (2.27)
(0]

and sinceap(0) > 1, the ratio increases as a functionsof

2.10 From soft to hard pomeron

The observation of the jet production with high transversemantum in diffractivepp scattering in the
UA8 experiment [16] opened up the possibility to understdifidlactive processes in terms of partons.
Jet distributions were similar to those in inelastic pafpainton scattering suggesting the parton scatter-
ing underneath, but the scattered protons were detectenhimafd spectrometers, and the process had
no relationship with inelastic events in which the protobrigsken up.

Ingelman and Schlein proposed in 1985 to assign parton tgesictions to the pomeron and to
describe the process with hard jets as the scattering ofrtiterppartonic components off the partons
in the pomeron [19]. The probability to emit a pomeron in thésird diffractive events is governed
by the same Regge type formulae as in soft diffraction buttthjectory a(t) can be different. The
proposal marked the turning point from which the pomeronetiato be viewed differently in soft and
hard events. In the first case, the pomeron is described bgjigstory only, whereas in the latter, it is a
compound object with a partonic content.

A deeper understanding of hard diffraction came with H1 [A7d ZEUS [18] HERA experiments.
The diffractive events at HERA make a significant subset dfisive neutral and charged current Deep
Inelastic Scattering (DIS) data stemming from the procees® — e X’ ande*p — vg(ve)X'. The
electron/positron of four-momentukcouples to the electroweak bosogsW*, Z) of four-momentum
g = k—K which itself interacts with the proton arriving from the aite direction with a momentum
The observation of a large fraction, about 10%, of diffriee®vents, came as a surprise. In these events
a large rapidity gap in the direction of the outgoing protaasvebserved in addition to hard jets in the
central detectors corresponding to the exchange of a eskdbject.

The main achievement of the HERA diffractive program is ttifftactive events with either large
rapidity gap or with a proton detected in forward proton &ggcan be described in terms of universal
partons densities that could be used elsewhere. To sunerthgzprocedure how diffractive density
functions are obtained, it is necessary to introduce therkitic variables which are used to describe the
DIS processes. We start with the standard DIS variablesvéak boson virtualityQ?, the longitudinal
momentum fraction of the proton carried by the struck irténg partonx, and the inelasticity of the
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P My

My
p K

Figure 2.3: Scheme of a neutral current diffractive DIS psse p— eX pvia a virtual photon exchange.
The mass of the centrally created syst&ris My while the mass of the proton dissociated systim
My. The momentum fraction of the proton carried by the colarl@gjectxp and the momentum fraction
of the colorless object carried by the interacting payoare shown.

processy, which are defined as

O
2
X = Q
2P-q
P 2
y = ﬁ‘j % (2.28)

The masses of the electron(positron)-proton and gaugenkarsion system are= (k+ P)? andw? =
(q+ P)?, respectively.

The hadronic final state in diffractive DIS (DDIS) is compds# two systemsX which comprises
the produced systerd in the center of the detector and the systérof the proton or its dissociated
products (which have the same overall quantum numbers asitia proton except the spin since the
angular momentum can be exchanged in the interaction). ifineative DIS in which the proton dis-
sociated is depicted in Figure 2.3. If the maslks My are small compared to theproton masav,
there is a large rapidity gap devoid of hadronic activityersed between the two systems. The diffrac-
tive process can then be defined as an exchange of a colobgess of well defined four-momentum.
The longitudinal momentum fractioxp of the proton carried out by the colorless object, ghthe
momentum fraction of the struck quark with respect to theess object can then be defined as

9-(P—pv)
q-P
Q@ Q@
2q-(P—py)  Q*+Mx
if one assumes that the colorless object is made of parfgnis the four-momentum of systek The
B variable can be related to the Bjorken scaling variattleroughx = xp3 and3 can be interpreted as

Xp =

B =

(2.29)
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From soft to hard pomeron

the momentum fraction taken by the quark from the colorldgsat if it has a partonic structure. The
squared four-momentum transfer of the protohds (P — py)? and is usually very smalt| < 1Ge\?
in diffractive processes.

The successful description of the diffractive data reliesveo types of factorization which allowed
to describe those processes in the same way as the norciiiffranes. First, it was proved that the
collinear factorization holds not only in inelastic DIS kalso in the diffractive DIS [23]. The cross
section is then given by a convolution of the partonic sutepss, which is the same as in inelastic DIS
aselijb(x, Q?), and of the diffractive parton distribution functions (DPDof the protonf° (x, Q?, xp,t) (cf.
also (2.17))

do®P~XY = £P(x Q% xp,t) @ daS (x, Q%) (2.30)

The DPDFfP(x,Q?, xp,t) are interpreted as a probability to find a part@arrying the proton longitu-
dinal momentunx, having a virtualityQ?, under the condition that the proton which lost a momentum
fraction xp stayed intact or dissociated to a system with the same guantumbers as the proton (the
two cases turn to be similar up to a normalization factor efgiarton densities). Since the struck partons
carry a color from the proton, the proton system has to retzgats structure. The chance that it will
reorganize to exactly a color neutral proton state is lichitus diffractive hard processes have smaller
cross sections than the non-diffractive ones.

The second type of factorization is based on the observafidiffractive HERA data. The so-called
proton-vertex factorization suggests that the DPDF camtibdr decomposed into a flux depending on
xp andt only and a term depending ghandQ?

(%, Q% xp,t) = fp/p(Xe,t) - fi(B = X/%p, Q) (2.31)

In terms of this parameterization, the diffractive prodesgewed as an exchange of a colorless pomeron
whose parton structure is described by the parton distoibsit; (3, Q?), wherep is the fraction of the
pomeron momentum taken out by the interacting parton@hthe quark virtuality. The form of the
pomeron flux is motivated by the Regge theory for SD (cf. (R\R#h a substitutionM?/s = &) and
reads
et
f[p/p(X]p,t) =Ap- W (232)
P

where theop(t) = ap(0) + apt is the pomeron trajectory.

The HERA data show that the proton-vertex factorizatiordeatell in a large range ofr and 3.
Note however, that a sub-leading exchange is needed to getectdescription of the HERA data at
low 3 and highxp. The sub-leading exchange corresponds to an additiongeosgtrajectory. With
the assumption that the reggeon obeys the same protornx-Yacterization as the pomeron (2.31), the
DPDFs are factorized as

fP(x, Q% xp,t) = fp/p(Xe,t) - £ (B = X/Xp, Q%) + N& f/p(Xm, 1) - £ (B = X/Xg, Q%) (2.33)

2.10.1 Diffractive parton densities

The measurement of the DPDFs performed by the H1 and ZEUSuewhtion is slightly different.
H1 uses a forward spectrometer to measure the momentunxdamsd momentum transfdrof the
proton. In this way, the proton dissociation is removed heedhe proton is unambiguously tagged. We
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note that the ZEUS Collaboration uses a different methoctlecs diffractive events. In the so called
My-subtraction method, the diffractive sample is defined asettess contribution in the M? spectra
above the exponential fall-off of the non-diffractive peakich can be precisely fitted. In general, the
obtained parton densities in the pomeron agree after dammsc(due to proton dissociation which is a
normalization factor, and due to detector acceptanceygtimehere are also differences which are still
to be fully understood.

In the following, the DPDFs are extracted (we will describe procedure performed by the H1
Collaboration) in terms of a light flavor singlet distriboni>(z) consisting ofu, d ands quarks and anti-
guarks assuming=d=s=U= d=S§ and gluon distributiomy(z). The variablez is the longitudinal
momentum fraction of the proton taken by the parton pawiiig in the sub-process (i.e. itis= (3 at
leading order ang < zat higher orders of the perturbation series). The general & the singlet and
gluon distributions of the pomeron used in the fits [20] is

21 (2,Q%) = AZ¥(1- 25 (2.34)

whereA;, B;, C; are unknown parameters fitted to data. On the other hand tringfise of the sub-
leading reggeon exchange in (2.33) is assumed to be the sathe atructure of the pion [25] which
quite surprisingly fits the data well. The reggeon inter@aqt slope, and the pomeron slope are fixed as
they were obtained from different measurement using thesfal spectrometer [24] (however originally,
the reggeon and pomeron structure were fitted together tissngll central detector only identifying
diffractive events with the rapidity gap method). The estieal pomeron and reggeon trajectories are
ap(0) = 1.118 ap = 0.06, ar(0) = 0.5, a; = 0.3. The hard pomeron has a higher intercept than the
soft one 6p(0) = 1.0808).

The DPDFs fits determine the quark and gluon partonic streatfithe pomeron (2.34) with the
pomeron intercept governing the pomeron energy depend@r®®). The parton densities are fitted at
the initial scaIeQ(Z) — 2—-3GeV?, and are evolved to th®? of the process using the next-to-leading
DGLAP evolution equations (2.16). The H1 results are givefrigure 2.4 for the quark singlet dis-
tribution (left) and the gluon distribution (right). Thetdaconstrain very well the quark distribution
for the whole range op accessible by the measuremer@®3< 3 < 0.8 and for a range o®? up
to ~ 1000GeVf. The gluon density at sma)? is however well constrained only up o~ 0.3. At
high 8 close to one, the uncertainty on the gluon is large. Thidustilated by two different fits, Fit A
and Fit B, which give an overall good description of data, their gluon component at highis much
different. Both fits have different assumptions on the patanization of the gluon density at the ini-
tial scale which yields non-compatible predictions on theog density at high3 while leading to the
correct description of data. We note that adding also thet dita in the QCD fits allows to reduce the
uncertainty on the largg gluon density.

As shown in Figure 2.4, the pomeron is predominantly comghadggluons. The fraction of gluons
in the pomeron increases witp? as a result of the DGLAP evolution. This is also demonstrated
Figure 2.5 where the I@? derivative of the reduced diffractive cross section is smowhe reduced
cross sectiowr® is free of kinetic factors coming from the electron-phot@mtf the process, and is
related to total cross section (2.30)°by

d3o-ep—>eXY 2na2
dxpdxdQ?  xQ

3Fory not so close to unity, the contribution corresponding tcetkehange of longitudinal virtual photons can be neglected
and the total cross section takes the form (2.35).

Y00 (xp, x, Q) (2.35)
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Figure 2.4. Comparison of the total quark singlet and gluistridution function obtained for two fits
“H1 2006 DPDF FitA" and “H1 2006 DPDF FitB” with their total wertainties shown. The fits give the
same results for the quark distributions but differ in theecaf the gluon at high= 3. The current H1
fits indicate that the DPDF are compatible with “FitB” whefffrdictive dijet measurement is included
in the fit.
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Figure 2.5: LogarithmidcQ? derivative of the diffractive reduced cross section (2.85PIS which is
predicted by the DGLAP evolution and is in good agreemert déta. Contribution of every event was
normalized by the pomeron flux to show the DGLAP dynamics evarge data sample of varios.
The Q? evolution is driven mainly by the gluons in the pomeron.

where the integration ovéhas been performed aivd is given by the inelasticity asY, = 1+ (1—y)>.
The logarithmic dependence of the cross section is pretlngehe DGLAP evolution and therefore is
a direct test of the evolution mechanism of DPDFs. We seethiwaevolution is driven mainly by
gluons over a large range gf At 3 ~ 1 the quark and gluon evolutions are similar. In this reglom t
uncertainties of the gluon DPDF are large.

The parton densities at H1 were extracted in neutral-cuimearactions tagging the outgoing intact
proton and reconstructing the DDIS kinematics from theteoad electron regardless what object has
been produced in the central detector. Important pointasttiey proved to be universal within DDIS
data, successfully describing also neutral current dateedisas other diffractive measurements with
specific final states like dijets, charm production, etc.

We have seen that the understanding of the proton structdiéfiactive and diffractive dissociation
processes has developed from the Regge picture of softaorgaged pomerons, to the perturbative
partonic structure of the pomeron in semi-inclusive preessneasured at HERA. As will be shown
in the following, the diffractive parton density functiomseasured in DIS are used to compare with
Tevatron diffractive data and also to make predictions @ltHC where new diffractive phenomena are
studied.
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a) b) c)
Gap || Jet + Jet | | Jet|| Gap Jet Gap Gap

Figure 2.6: Three main colorless exchanges at hadron-hamitider: a) single diffractive dissociation
(or single diffraction), b) double diffractive dissociati c) double pomeron exchange. See text for
further description.

2.11 Hard diffraction at the Tevatron

At hadron-hadron colliders such as the Tevatron or the LH®y hard diffractive processes are stud-
ied. The diffractive structure of both protons can be ingeséd. The description of hard diffractive
processes faces however a difficulty contrary to the caseeép-thelastic scattering. It was proved that
the factorization of the cross section into the parton dgrfainctions and the hard subprocess cross
section does not hold [26]. The additional soft interadiagither in the initial or final states, can spoil
the signature of the diffractive event with rapidity gapisislimportant to understand the way how the
factorization is broken and how it effects hard diffractiarhadron-hadron scattering.

The observation made at the Tevatron suggests that theifatton breaking results in an overall
suppression factor, little depending on the kinematic$efttard interaction or the type of the hard in-
teraction. Apart from this factor, the diffractive struafunction of the proton can still be decomposed
into the pomeron flux and the pomeron parton densities apinteractions. The hard diffractive pro-
cesses are viewed as being due to the exchange of the hardgpoiée should emphasize however that
with more precise measurements, the survival probabiligghtrreveal its dependence on the process
kinematics and that the general assumption of the consignéssion factor does not have to be true.

Three basic colorless exchanges at the hadron collideramitharacteristic hard scale depicted in
Figure 2.6 are the following:

a) Single diffractive dissociation (SD) - the colorlessamtjcoupling to the upper proton is described
by Regge theory, the proton stays intact (or dissociates 9gstem of similar mass as of the
proton). In the lower vertex, the proton-pomeron inte@ciprobes the partonic structures of the
proton and pomeron. The creation of the high mass obfestdescribed by perturbative QCD.
The lower proton is destroyed and proton remnants are presetie side of the broken proton
whereas a rapidity gap between the intact proton and thet¥jis observed. Typical objects
studied in single diffraction are a dijet system and the patidn of electroweak bosons /Z.

b) Double diffractive dissociation - the colorless objeteracts with both protons as in non-diffractive
processes. The partonic structure of a pomeron inside lbotbrs is probed. There are t¥oand
Y hadronic systems of substantial mass on either side dueattvdnd pomeron-proton interac-
tions. The central rapidity region is empty due to the exgeanf a colorless object. The systems
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Figure 2.7: Ratio of diffractive to non-diffractive dijetent rates as a function of Bjorkendmomentum
fraction of parton in the antiproton) for different valuesif = Q2.

X,Y are typically jets. Such events have jets in very forwardaoregf the detector separated by a
large gap across the whole detector.

c) Double pomeron exchange (DPE) - two colorless objecteanigted from both protons. Their
partonic components are resolved and create a heavy mass ¥hin the central detector in
the pomeron-pomeron interaction. The event is charaeii® two rapidity gaps between the
central object and the protons. Through the exchange of twoepons a dijet systerily W and
ZZ pair, or Drell-Yan pair can be created for instance.

A better understanding of hard diffraction and of the pomestsucture was achieved by the Teva-
tron D@ and mainly CDF experiments. Diffractive events weekected with the rapidity gap method
requesting no reconstructed objects in the forward regidheodetector like forward calorimeter or the
beam shower counters which registered the forward pafflimle of the collision. Later in Run | and
Run II, the CDF Collaboration used in addition the forwardm&m Pot Spectrometer installed about
60 meters from the interaction point to tag the outgoingdn#antiprotonsp which in diffractive events
lose a longitudinal momentum fractidh= | py| — |F|/|Bv| (¢ = e at HERA) and are deflected out of
the circulating beampy, is the beam momentum arfid denotes the outgoing proton momentum. This
allows to measure the properties of the diffractive stmecfunction precisely, test the predictions of the
Ingelman-Schlein factorized model, and understand theheayfactorization is broken.

Significant measurements of single diffractive productibmijets and electroweak boson, double
pomeron exchange of dijets, and their implication for ustierding the factorization breakdown and
the exclusive production are going to be discussed in soitad dethe following sections.

2.12 Pomeron structure at Tevatron

The first measurements at the Tevatron concerning hardadlifn studied the SD dijet production
pp — jjX @ p(p) whereX denotes the pomeron remnants ana rapidity gap between the dijgf
system and the intact proton [27, 28, 29, 30]. Assuming tihafpomeron is composed of partons, the
scheme of the single diffractive dijet process is essdptibké same as in DIS Figure 2.3, except that a
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Figure 2.8: Dijet diffractive structure functida? as a function of3, measured by CDF [30]. The dotted
and dashed lines are the expectations based on the diffrgaditon densities measured in diffractive
DIS by H1 [32].

partonic structure of a proton is probed instead of an elaamitting a photon. As in DDIS, the proton
momentum fraction los§ and the momentum of the pomeron taken away by the interaptingpn 3
are related to the Bjorken scaling varialslasx = £3. The proton momentum fraction taken away by
the interacting parton is determined in each event fromrmesterse energyt and pseudorapidity

of the jetsi using

X= \ifs _iEiTe‘”i (2.36)

The gluon and quark content of the exchanged pomeron carvestigated comparing the single
diffractive (SD) and non-diffractive (ND) dijet events. vitas observed that SD dijet events constitute
about 1% of the ND dijet cross section. The shape of the jast#erse momentum distribution in SD
dijets is the same as in ND sample suggesting that the pavtdatien in SD and ND is driven by the
same DGLAP mechanism. This fact is confirmed by measuringgtie of diffractive to non-diffractive
events as a function of Bjorkenshown in Figure 2.7. The ratio does not change over a larggerah
Q> =<Ef >2, <Ef >= (EjTe”Jr EjTetz)/Z indicating that the pomeron parton structure evolves as th
one of the proton.

Thet dependence of SD events was measured for events up taRighd no dependence of the
shape of the distribution onQ? was found. This signals the proton vertex Q? factorization.

2.13 Factorization breaking

In order to investigate the factorization breaking at hadrolliders, the SD structure function is mea-
sured and compared to the one obtained at HERA. In leadirgy Q@D, the ratidk(x, £) of the SD to
non-diffractive (ND) rates is equal to the ratio of the argipn SD to ND structure functions. There-
fore, the diffractive structure function is obtained by tiplying the known ND structure function by
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R(x,&). The corresponding inclusive structure function can béterrias

Fi :x(g<x>+g Z[m(xﬂ@(x)}) (2:37)

whereg(x) is the gluon andj¢ (x), qs (x) are the (anti)quark densities which are multiplied by adaof
4/9 to account for color factors. The diffractive structfurction Fj'J? is obtained an?(B):R(x, &)Fj;(x)
and changing variable to 8 wheref3 = x/& (note that the ratidR(x, ¢ ) was integrated overand jet
transverse momentufy).

The CDF Collaboration also noticed that tBeand & dependences of the structure function can be
factorized. For fixegB, the dependenc&°%t%1 indicates that the dijet production is dominated by the
pomeron exchange [30]. Indeed, the Regge theory preéict&®) ~ & 11 for the pomeron, whereas
the dependence is & for the reggeon exchange as can be seen from (2.32). Sheulddtorization of
the single diffractive cross section hold, the productiomss section could be written as a convolution
of the sub-matrix cross section, the pomeron flux factor aedgtarton densities of the pomeron as

daPPPEIX — fp (&) fi/p(B = X/&, 1) fjp(Xe, 1) @ AOL B, X, 1) (2.38)

where fp/(&,t) is the pomeron flux as in (2.32) parameterized by the pomewmjactory a(t) =
a(0)+a't, fip(B,u) is the density function of a partdncarrying the pomeron momentum fraction
B, fj/p(x2, ) is the density function of a partopcarrying the proton momentum fractiog and

is the factorization and renormalization scale set equale Jub-process cross sectioayg is the
same as in inelastic hadron-hadron scattering. The faetown of the cross section (both collinear and
proton-vertex factorization) was proved to hold betweaenTévatron data themselves within uncertain-
ties. However, the existence of the universal factoriratiodiffraction could not be demonstrated as
anticipated.

The diffractive parton density functions as measured at NE&h be plugged into the above formula
for fi/p(B, ) with the fitted value of the pomeron trajectogy(t). Using also the proton PDF;,
measured in inelastic scattering and extracted for exatmpleTEQ or MSTW groups [33], the direct
comparison of the HERA prediction with the structure fuotextracted at the Tevatron can be made.
It is shown in Figure 2.8. The measurement of the diffracsivacture functioer'J? disagrees mainly in
normalization. It is suppressed approximately by a factdiQoat the Tevatron with respect to HERA.
The suppression is attributed to additional soft partomieractions which spoil the gap formed by the
pomeron exchange and also break the outgoing proton. Thealpility that the event with rapidity
gaps survives the soft exchanges is called the soft surgiaddability factor<132>. As mentioned, it
was found to be to a great extent independent of the detailseoprocess (i.e. does not depend on
&,t, B, Q% . The HERA prediction and the Tevatron measurement alsmd® in shape fg8 > 0.4.
Since the dijet production at the Tevatron is gluon domihatteis is usually attributed to the uncertainty
on the gluon density at higB when extracted at HERA, but it could also signal thelependence of
the survival probability factor.

The factorization breaking was also observed iV8-quark,J /g productions and double diffrac-
tive production of events with a gap between jets (Jet+Getp+T he corresponding SD to ND ratios
are summarized in the Table 2.13 [32]. All processes yigidglar SD to ND ratios~ 1% and lead
to the same factorization breaking. An interesting resuthat the fraction of SD events decreases as
a function of the center-of-mass energy as seen for Jet+Igaptata. This indicates that the survival
probability factor decreases as the center-of-mass eméitipe collision increases.
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Hard process | /s[GeV| | R=SD/ND Kinematic region
W(— ev)+Gap 1800 | 1.15+0.55 ES, Er > 20GeV
Jet+Jet+Gap 1800 0.75+01 EjTEt >20GeV, ni*t > 1.8
b(— e+ X)+Gap 1800 | 0.62+£0.25| |n® < 1.1, p§ > 9.5GeV
J/Y(— up)+Gap| 1800 | 1.454+0.25| |n¥|<0.6, p- >2GeV
Jet+Gap+Jet 1800 | 1.13+0.16 EjTet > 20GeV, Njet > 1.8
Jet+Gap+Jet 630 27409 | EF'> Gev, niet>18

Table 2.1: SD to ND event ratio for forward and central gapsses at CDF [32]. Similar results were
found by the D@ Collaboration.

g
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E PR | " " " PR
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Figure 2.9: The dijet SD diffractive structure functiés, measured on the proton side in DPE events
with a leading antiproton at CDF [30] compared to the expemta from the H1 parton densities mea-
sured in DDIS at HERA [32].

2.13.1 Restoring factorization

The rapidity gap formation was also studied in the DPE evehisre two rapidity gaps are present on
each side of the central dijet system. The double-rBtiof dijet production in SD over ND events,
RYB, to that of DPE over SDR2EE was measured. If factorization holds, theratio would be unity.
However, if an additional soft exchange between the protmesirs, it spreads over the whole rapidity
region. Either both rapidity gaps in DPE events survive,rerspoiled at the same time. Therefore, the
ratio is expected to be proportional to the survival prolighiactor (not squared) and factorization is
expected to break in the ratio. It was measured to bel®+ 0.07 and confirmed that the formation of
the second gap is not suppressed. Moreover, when the sgdanction was measured in DPE events
where already one gap was present and compared to the HERAtakipn, no factorization breaking
was found as is seen Figure 2.9.
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2.14 Rapidity gap survival probability

Processes involving rapidity gaps have to be correctednitiali and final-state interactions and the
additional interaction between spectator partons. Simedard interaction occurs at short distance and
does not change the quantum numbers of the protons, it dagafluence the rescattering. On the
other hand, the soft interaction can change the proton mtaneerd the hard scattering would have to
be convoluted with the soft exchanges. This difficulty disegrs if one works in the impact parameter
space. The probability of the process is then a product dfiting scattering cross section multiplied by
the probability that the two protons go through each other.

The soft rescattering amplitude governs also the elastid@al cross sections and can be extracted
from data. The survival probability is related to the saattgamplitudea(s,b) in the impact parameter
space as

S(s, b) =1+ia(s, b) (2.39)

whereb is the impact parameter. In general, the gap survival piittyatwill be close to 1 at largeb
where the overlap between the projectile hadrons is smailth® other hand, it is generally believed
that the elastic amplitude at the Tevatron approaches #ekalisk limita(s, b) =i for smallb where
the survival probability vanishes.

Any fit of the differential elastic cross section can be useddtimate the gap survival probability.
The simple approach assumes that the hard interactionoealty at short distance where the elastic
amplitude is purely imaginary. Taking the fits of the elastioss section at the Tevatrowgl/dt ~
exp(2Bgit), one can arrive at a survival probability factor less then[3%§ which is rather pessimistic.
When the problem is treated more correctly (for examplenglito account the elastiedependence
which is not exactly an exponential, a non-zero contributid the real part of the elastic scattering
amplitude, etc.) the theoretical predictions agree witla aéhich exhibit the survival probability factor
0 (0.1) at the Tevatron.

The theoretical predictions [39, 40, 41] for CEP at the LHE @pout a factor of 3 smaller and they
vary approximately by a factor of 3. In [38], the survi\<a5|2> was predicted to be 0.03 at the LHC.
The survival probability factor for single diffractive mresses is higher, about 6% [42]. In two-photon
scattering (to be mentioned later), the impact parameteéheofscattering protonb is larger than in
diffractive scattering. Consequently, the survival piuiligy factor is bigger. The theoretical predictions
of the survival probability factor in two-photon processes 0.75 for the Tevatron and 0.9 for the LHC
[38]. These values of the survival probability factors ateed throughout the thesis as a default.

2.15 Central exclusive QCD production

Central Exclusive Production (CEP) is a special type of ewth two intact proton. The whole energy
of the colorless exchange is used to produce the centramyst interest without producing pomeron
remnants. Rapidity gaps between the object like a dijeegysbr example produced at central rapidities
and the intact protons are therefore large. Another intiagesonsequence of the process exclusivity is
that the mass of the central system can be precisely matolted momentum fraction loss of the two
intact protons. This allows a very precise mass reconstruct the created final state central system if
both forward protons are detected.
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Central exclusive QCD production

Figure 2.10: Leading order diagrams for (a) exclusive dijed (b) exclusive Higgs boson productions
in pp collisions.

The feynman diagram of CEP dijet and CEP Higgs productioaslaown in Figure 2.10. In leading
order perturbative QCD, the colorless exchange from eaatopiis represented by an exchange of two
gluons. The coupling of the gluons to the protons is desdriyethe unintegrated parton densities of the
proton. These unintegrated parton densities are two-diifoeal probability density functions, depend-
ing on two gluon momentum fractions, x,. They are extracted from the vector meson production data
at HERA[34]. Itis generally believed that one of the two gla@ttached to each proton is hard whereas
the other one is soft and provides a color screening to tha dlaon so that there is no overall color
flow between the scattering protons. The exclusivity of thengis assured by applying the Sudakov
form factor which prohibits radiation of additional gluoimshigher orders of the perturbative QCD in
the event and reduces the cross section significantly.

Since both protons are intact and lose only a tiny momentwattibm, no orbital momentum is
transferred in the direction of the beam], = 0 to a great approximation. The consequence is that the
production of quark jets in particular is suppressed by mfaoé/szj, and decreases as the mass of the
dijet systenM;; grows. mg represents the quark mass implying that the CEP dijet ptauis large for
heavy quarks. Since the two gluons exchange the vacuumuguanimbers, the produced system has
to carry a positiveC andP-parity. This provides a useful experimental determimatib the properties
of the central object. By observing the CEP process, thetqonanumbers of the produced object are
unambiguously known. This represents a great motivatiostudy Central Exclusive Production at
the LHC because, if it exists and is observed through the CEEhamnism, the information aboGt
and P-parities are automatically fixed (provided that the baokgd is not too high) contrary to the
conventional methods which rely on measuring angularidigtons and demand a large amount data
to be collected.

The production rates of a Higgs boson at the Tevatron arectwddr the Higgs to be observable.
However, the CDF Collaboration has measured the exclugjge @oss section using the dijet mass
fraction (DMF) measurement [35]. The dijet mass fractionlé$ined as a ratio of the dijet invariant
massR;; over the total produced mass in the final state except themgtgrotonsMy, such aRRj; =
Mj; /Mx. The total energy lost by the scattered protons is used tiupethe central object in exclusive
events. Hence we expect an additional signal at I&ge= 1 if exclusive events exist.

At LHC energies, the CEP is an important part of the forwargsids program. However, the cross
section prediction suffers from theoretical uncertamti€hese include: form and range of integration of
the Sudakov form factor which is responsible for vertex ectipns and suppression of additional gluon
radiation, contribution of soft component to unintegraggabn distributions which is known with con-
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siderable uncertainties, and also lack of knowledge ofdfftessirvival probability factor. Understanding
the CEP of dijets at the Tevatron is therefore important test@in CEP models and reduce their un-
certainties when extrapolated to the LHC. For this reasen(CDF method to extract the exclusive dijet
signal was tested in Chapter 5 of this thesis. Recently, biserwation of the central exclusive charmo-
nium x. production was reported at the Tevatron [36] and also pesvigseful data for constraining the
current models.

2.15.1 Central exclusive Higgs boson production

The discovery of the SM Higgs boson in CEP is probably notiptesslue to the small production rates
(a conservative estimate 4s3fb for a Higgs massw, = 120GeV [38]). But once it is observed in the
central detector and its mass is roughly determined, ag@aeuneasurement of the Higgs properties can
be carried out by tagging the intact protons in the forwarkcters, searching the signal in a specific
mass window. These detectors are currently in considerat$oa future upgrade of the ATLAS and
CMS experiments at the LHC and are discussed in Chapter 6n\&ren a few CEP Higgs events are
observed, the quantum numbers of the Higgs boson are fixezk shly the scalar production 0 is
allowed. Moreover, the mass of the boson can be measuredheith GeV precision with the forward
detectors.

If the Higgs massn, is in the range 140GeV¥ m, < 200GeV, thaVW' decay mode is the simplest
channel to observe the SM Higgs in semi- or fully-leptonicales of the electroweak bosons. It was
found that about 3 signal events would be observed with 3biiith a signal to background ratio about
one.

For smaller masses the only considerable channiekisbb, which is more challenging. IIp jets
can be tagged in the central detector, the @gkRlijet background can be suppressed. Moreover, the
CEPbEproduction is suppressed with respect to the Higgs prooluctie to thel, = 0 selection rule,
and also due to spin and color suppression factors. Howanether background stemming from high
number of proton-proton interactions occurring in one buawssing, in which non-diffractivbt?dijet
event is overlaid with two single diffractive protons gigia hit in the forward detectors, is large. This
background is reduced by registering also the proton atiiwe, constraining the collision position and
matching it to the vertex position reconstructed in the i@ mtetector.

In Beyond Standard Model theories like the Minimal Super 8ytric Model (MSSM) where three
neutralh, H, A and two chargedi ™, H~ Higgs bosons are present, the Higgs production cross eectio
are largely enhanced for certain parameters of the MSSNUigge a clear signal over the mentioned
dominant overlaid background [45]. The detection of schligigs inh, H — bt_), 1T decays is possible.
Moreover, since the pseudo-scalar production is forbiddéDEP, the quantum numbers and the mass
can be measured even wheg is close tam, or my, which can occur for some MSSM parameters (high

tanp).

2.16 Two-photon exchanges

Exclusive processes can also be initiated by the exchangigoophotons. Their interaction yields a
systemX which is separated by large rapidity gaps in forward regimmf outgoing protongpp —
p(yy)p— p® X @ p, see Figure 2.11. Both protons leave the interaction insaetttered at very small
angles< 100urad. Theyp coupling depends on the proton electromagnetic strucwinesh has been
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Figure 2.11: Sketch diagram showing the two-photon pradnaif a central system. Unaltered protons
leave the interaction at very small anglgéslOOurad and the central system is produced alone in the
central detector without any proton remnants.

known in detail for a long time. The production cross seciare calculable within Quantum Electro-
dynamics and are known very precisely.

Since the exchanged photons are almost real due to the fotor @2-dependence, the total cross
section is factorized into the effective photon-photon ihwsity d_¥¥/dW and the cross section of a

particular sub-process as

do doyy,.x (W) dLYY

o= / X W (2.40)
The photon-photon luminosity can be calculated in the Eajaiv Photon Approximation [46] and is
described in detail in Chapter 4.

The only major uncertainty on the two-photon cross sectaliuk to the fact that a soft rescattering
between outgoing protons exists, which spoils the exausignature of the clean two-photon event. In
this case, the protons are broken and a large region in tgjédilled with proton remnants. However,
the probability that a two-photon event survives is quitgda The soft survival probability is predicted
to be around 0.9 (0.75) at the LHC (Tevatron) [38].

Not such a long time ago, a two-photon signal in hadron-haduailision was first observed at the
Tevatron. In particular, the CDF Collaboration recordealated electron-positron pairs [43] with large
rapidity gaps produced ipp — pl*1~pthroughyy— I "l~. The obtained agreement between the two-
photon dilepton production cross section measurement théttheoretical prediction proved that the
definition of exclusive process at CDF was well understoaticuld in turn be applied for the CEP of
two photons [44]. The production cross sections are, howvewaall at the Tevatron. The real merit of
the two-photon physics will not be before the LHC where thghtienter-of-mass energy implies high
rates for a range of physics processes.

As it was reviewed in [47], the LHC program of photon-indudatkractions includes the two-
photon production of lepton pairs that will be used for théeipendent luminosity measurement, two-
photon production oV andZ pairs as a mean to investigate anomalous triple and quaatigegcou-
plings, two-photon production of supersymmetric pairsoagatedVV H photoproduction, and anoma-
lous single top photoproduction. Last but not least, theudimtwo-photon production will be used for
calibration and an independent alignment of the forwareéatets. This method will be also studied in
Chapter 6 for the ATLAS 220 m forward detector.
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2.16.1 Pomeron-photon interactions

Single photon exchange can occur also in conjunction withpttmeron exchange. The hybgi# pro-
duction yields quasi-exclusive events with one clean igpighp on the side of the photon exchange and
a smaller gap due to the pomeron remnants. The hgggyarkonium states such pp — pYp through

yP — Y decaying into two leptons has a clean signature observéigladg with a low luminosity of
100 pb [48].
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The LHC Accelerator and the
ATLAS Detector

The Large Hadron Collider (LHC) [1] is a multi-purpose aecator located on the Swiss-French border
at CERN (European Organization for Nuclear Researdhjs designed to accelerate and collide protons
of \/s= 14TeV energy with instantaneous luminosities.#f= 10**cm2s! (for comparison, the
Tevatron, the current world most powerful acceleratorlides beams at a center-of-mass eney®~—=
2TeV with an instantaneous luminosity = 3 x 10°%2cm2s1). Like RHIC, the LHC is also capable
of colliding heavy ion Pb-Pb of center-of-mass energy 5¥ per nucleon pair. Along the ring, two
multi-purpose experiments ATLAS and CMS are built and thmggeriments in addition for a dedicated
physics programs: ALICE for heavy ion collision studies,Chito explore the B-physics in detail and
TOTEM experiment to measure the total p-p cross section avittgh, 1% precision.

In this chapter, we first describe the accelerator chain lag dletail the main detector subsystems
of the ATLAS experiment.

3.1 TheLHC

The LHC ring has a circumference of 27 km and is divided intai@pendent sectors. The tunnel
houses 1232 superconducting bending dipole magnets pngdacmagnetic field strength of 8.33T.
Magnets operate at 1.9 K and are cooled by super-fluid ligelditm. The ingenious design of a dipole
is such that the magnetic field keeps protons traveling @@= and counter-clockwise on orbit at the
same time. Protons are accelerated by radio-frequenctiesinstalled in sector 4. The focusing and
defocussing quadrupole or sextupole magnets, and othematiagelements are used to keep particles
on closed orbits and to collide them at the interaction offR) of the LHC experiments.

The proton acceleration to the nominal 7 TeV energy is peréar in six steps with the use of the
CERN accelerating facilities. First, the hydrogen atomigsakiated in the Duoplasmatron and pos-
itively charged protons are injected into RF cavities ancdebarated to 750 keV. The beam is then
transmitted to the Linear Accelerator (LINAC) which incsea the energy to 50 MeV. Next, the Pro-
ton Synchrotron Booster (PBS) accelerates the protons4tédV before sending them to the Proton
Synchrotron (PS) which rises the proton energy to 25 GeVhérSuper Proton Synchrotron (SPS), the

1The acronym originally stood, in FrencBpnseil Européene pour la Recherche Nucléaltavas retained even though
the name changed to the current one in 1954.
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energy of the beam is increased to 450 GeV and the beam is te&adyinjected into the LHC. Finally,
the proton beams circulating in both directions of the LHE larought to the energy of 7 TeV by radio-
frequency cavities placed in sector 4. The time needed tth&ILHC accelerator at 450 GeV is about
16 minutes. The ramp-up time of the magnets to 7 TeV and ramagrdime from maximal energy back
to 450 GeV is 10 minutes each.

In the highest luminosity runs, the beam is composed of 280&les, each having ¥0protons.
The time spacing between bunches is fixed already at the iP&gochrotron to 25 ns which makes
almost 8 m because the accelerated protons travel nearhe apeed of light. The bunch length is
7.55cm and its transverse size in ATLAS and CMS (interagbioimts one and five) is 16 m.

3.1.1 Luminosity lifetime

The luminosity is not constant in time but decreases as teasity and emittanéedecreas over time.
The largest degradation effect is due to beam-beam calfisinthe particle experiments. The intensity
or the instantaneous luminosity as a function of time candsélyecomputed [2]. The luminosity of the
machine is given as a function of the beam intenifjwumber of bunches per be&mand the revolution

frequencyf as
k f

= N2 = A. N2 3.1
4mrooy S

The transverse horizontal and vertical profiles of the besmdanotedsy, and oy, respectively. If two
opposite beams are collided at some small colliding angkeJuminosity (3.1) is somewhat reduced.
The reduction factor generally depends on the collisioneaagd bunch length. Here we will assume
that the bunches collide head on. However, the collisiohdraksing angle is 142 Grad in the vertical
plane at IP 1 (ATLAS) and in the horizontal one in IP 5 (CMS).t&that, if the beam parameters do
not change during operation, the instantaneous luminesiies as- N2 of the beam intensity.

The decay of the luminosity depends on the total protongpratoss sectiom;,; and the number of
interaction pointsNip

Using (3.1), we rewrite it as
dN(t)
NZ—(t) = —A- Ot Nip - it (3.3)

and easily solve it with the initial conditioN(0) = Ny fixing the initial number of protons to the initial
beam intensity and the number of bunches. We get

No

N(t) =

(3.4)

Assuming that the beam parameters hiddeA @o not change as a function of time, we may write the
time dependence in terms of an initial beam luminosity = A-NZ. Introducing the initial decay time

of the beam intensity
No
T=—— 35
K- 20 Otot- Nip (33

2The emmitance is an important parameter of the machine vefiehifies the size of the spacial and momentum phase
space of the beam particles.
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the beam intensity as a function of time reads

No
N(t) = :
®) 1+t/t (3.6)
and the degradation of luminosity is given by
Zo

Since all bunches of the beam are used in the collisions wéh probability, the luminosity decay time
is divided by the number of bunché&sn formula (3.5). Consequently, the number of protons irheac
bunchN(t) decreases at about the same rate.

Taking the nominal LHC beam parameters: initial luminosifyy = 10°*cm~2s 1 with initial beam
intensityNg = 1.15 10" protons per bunch, 2808 bunches per beam, and assumingahertss section
Oot = 100mb= 10-2°cm? and two high luminosity experimendd, = 2, the beam lifetimeN /e) and
the luminosity lifetime(.%o/e) are

I,=(e—1)T=77h (3.8)

T = (ve—1)T ~29h (3.9)

In practice, there are other processes contributing tautiménlosity decay (Toucheck effect, scattering of
particles on residual beam gas, intrabeam scattering)thatthe realistic estimated luminosity lifetime

of the machine is somewhat smallgr= 14.9 h [1]. The decrease of the instantaneous luminosity as a
function of time is depicted in Figure 3.1 which shows that iitminosity does not fall below % 10%3
during 12 hours. The overall collider efficiency depends o tun length and the turnaround time
which is the time needed to stop the circulating beams, tigad stabilize new beams for collisions.
The anticipated run length is 12 h (5.5 h) for a turnarouncetihin (1.2 h), respectively.

3.1.2 Multiple interactions

The number of interactions per bunch crossing depends odefadéls of the beam parameters: beam
profile, number of protons in the bunch etc. The machine idnisisually reports the instantaneous
luminosity with the details of the beam and collision rumpiscenario taken into account. Together
with the collision rate, it can be used to predict the meanbemof interactions per bunch crossing.
For instance, let us take the nominal instantaneous luntynag = 10**cm 2s1. The number of
interactions per second is simply obtained from the tpfakross sectionN = gyt X .. The mean
number of interactions per bunch crossing is then

H = Oiot X g/f (310)

where f is the average collision frequency. Note that the averadjision frequency can differ from
the nominal collision rate 40 MHz. That is because not alhef3564 RF beam buckets around the ring
where bunches could be placed are filled. The average timeebattwo collisions therefore scales to
31.7ns corresponding to the mean collision frequeficy 31.5MHz. Assuming again the total cross
sectionoie = 100mb= 10-2°cn?, we obtainx 32 multiple interactions per bunch crossing. As shown
in Figure 3.1, the luminosity after 12 hours of running is aibéx 10°cm~2s~1 which corresponds to
~ 13 interaction per bunch crossing.
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Figure 3.1: Luminosity decay as a function of time for theiaipeak luminosity.Zo = 10**cm2s1
and nominal beam parameters with two high luminosity expenits andi,t = 100mb assumed. The
luminosity lifetime ist. = 14.9h [1].

V/S=10TeV

bunch spacing | 50ns 50ns 50n$
# of bunches 144 288 432
Z[100¥cm2s71] | 483 965 145
U 222 223 223

Table 3.1: The running scheme for the physics pilot runs-df0 months in total in 2009-2010 at
\/s=10TeV. u is the mean number of interactions per bunch crossing etmliwith the assumption
of the total cross section at this energy; = 75mb.

For later discussion, it is useful to estimate how much ofdbiected luminosity after the start-
up of the machine will have no more than one proton interactiat [3], the up-to-date schedule for
early running is given. The physics run beam setups are suizedan Table 3.1. We see that during the
pilot run of approximately 10 months, the mean number ofgrabllisions per bunch-bunch crossing is
u =2.23. Afraction of~ 27% of the collisions will have exactly one interaction perssing (calculated
as a conditional probability of having exactly one event @fut, whenn > 1 and assuming a Poisson
distribution of the occurred event with a meani.e. Rn=1)/P(n>1) = ue #/(1—eH)). Taking an
average luminosity? = 100x 10*°cm2s1 and an integrated luminosity of 130pbcorresponding
to 10 months of running with (a rather low) 50% efficiency, virain ~ 30 pb* of effective luminosity
with a very clean signal not populated by an overlaid badkgdodue to multiple interactions.
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Figure 3.2: The cut-away view of the ATLAS detector with itajor subdetectors.

3.2 ATLAS central detector

The ATLAS (A Toroidal LHC ApparatuS) detector [4] layout is@avn in Figure 3.2. Going from the
point of interaction outwards, it is composed of the inndedir system, electromagnetic and hadronic
calorimeters and muon spectrometer which is located onuter shell from the center and defines the
ATLAS spacial dimensions.

The inner detector is contained in a 5.5 m long cylinder ofrgiger 1.5 m and the whole detector is
placed in a solenoid magnetic field of 2 T.

A high granularity liquid-argon (LAr) electromagnetic (EMampling calorimeter, with excellent
performance in terms of energy and position resolutiongeisothe pseudorapidity rangg| < 3.2. The
LArtechnology is also used for the hadronic end-caps wHielnesthe same cryostat as the EM end-caps.
The same cryostat also contains the LAr forward calorimet@ch covers the highest pseudorapidity
regions up tojn| = 4.9. The central hadronic calorimeter which is farther frora tollision point
where less radiation hard technique can be used is provigeéabt scintillator-tile calorimeter. It is
sub-divided into a long central barrel and two extendeddbagiinders, one on each side of the barrel.

Concerning the dimensions, the LAr calorimeters are emdxdl a cylinder with an outer radius
2.25m and span$6.65m along the beam axis. The scintillator-tile hadronic calorimeterasiained
within a concentric cylinder of radius 4.2 m and upit6.1 m from the detector nominal center.

The magnetic system of ATLAS is based on an inner thin supeiecting solenoid surrounding the
inner detector, and large three air-core superconduabiraidal magnets placed around the calorimeters
with an eight-fold azimuthal symmetry. The toroidal mago@nposed of a barrel toroid (BT) and two
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Figure 3.3: The ATLAS inner detector which consists of thegstems: pixel detectors, silicon tracker
(SCT) and transition radiation tracker (TRT).

end-cap toroids (ECT) generates a magnetic field for the rapeatrometer of large bending power over
a big volume. The overall dimensions of the magnet systeriénein length and 20 m in diameter. The
peak magnetic fields of the BT and ECT are 3.9 and 4.1 T, raespBctThe open structure of the toroid
system minimizes multiple-scattering effects and an désaemuon resolution is thereby achieved with
three precision muon tracking chambers.

The ATLAS orthogonal coordinate systef® V, Z) is defined such that points inwards the LHC
ring, ¥ upwards, and is chosen to form a right-handed triplet of vectors. Azinalifingle is defined
as a right-handed rotation aroukcheasured fronx.

The detector overall length and height are about 46 m and 26spectively, and it weights about
7000 tons. A more detailed description of ATLAS sub-detecnd their typical physics performance
follows.

3.2.1 Inner detector

The high luminosity runs at the LHC will have a very large kaensity which demands a very high
granularity of the inner detector [5] in order to precisadgonstruct charged particle tracks. The layout
of the inner detector is shown in Figure 3.3. It combines Higgolution semiconductor detectors in
the inner detector radii with numerous low precision camtins tracking gaseous detectors in the outer
radii, both contained in the central solenoid which progidenominal magnetic field of 2 T. The system
is located in front of the calorimeters which measure théiglartotal energy. To achieve the desired
calorimeter performance, the bulk of material in the innetedtor had to be minimized.
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The highest granularity is provided by the pixel detectohécly are practically attached to the beam
pipe. The number of pixel layers is limited because of thegjhttost. Due to a high radiation environ-
ment close to the collision point, the lifetime of the pixetéctor is limited and the detector will have
to be replaced, after some time depending on the radiatiposexe (the 2014 shutdown is in consider-
ation for the replacement when also an additional pixelraye so called insertablelayer, should be
installed in front of the current pixel detector). The pigettector is surrounded by the silicon central
tracker (SCT) with silicon strip layers tilt from each otherreconstruct track hits. Typically, a track
crosses three pixel layers and eight strip layers (4 spaoialts). The outer part of the inner tracker
consists of straw tube transition radiation tracker (TRWé¢diwith a xenon-based gas mixture. Even
though the TRT has a smaller resolution it adequately dauttss to the high precision measurements
performed by the inner tracker combining large number ofsusaments (typically 36) at higher aver-
age radius where tracks are better separated by the mafjaleticThe relative measurement precision
of pixel/SCT and TRT detectors is therefore comparable.

The layout provides a full tracking coverage oy®f < 2.5. The measurement of the impact param-
eter (transverse distance to the beam axis at the point sdsi@pproach) is used for vertexing which is
important for heavy flavor physics andagging. The large number of points measured in TRT is used
for the detection of photon and neutral vector meson coiomss The latter is an important signature
of the CP violation in the8® system. Moreover, the/ T separation can be achieved by the detection of
the transition-radiation photons emitted by relativiglectrons. The expected precision for the whole
detector is

62
Or_p(pum) = 13¢ ————
R-g(HM) prV/sin@
90
o(pm) = 39 ———— 311
z(Hm) o7 v/Sin0 (3.11)

in the plane perpendicular to the beamxis and in the longitudinat direction.

3.2.2 Calorimeter system

The ATLAS calorimetry is detailed in Figure 3.4. When viewfeom the central to forward pseudo-
rapidities, it consists of an electromagnetic calorimevrering a pseudorapidity rangg| < 3.2, a
hadronic barrel calorimeter coverifg| < 1.7, hadronic end-cap calorimeter covering & |n| < 3.2,
and forward calorimeter coveringl3< |n| < 4.9. To account for a particle energy loss in dead material
upstream of the calorimeter, the EM calorimeter is precdxyea presampler detector.

The calorimeters use two different techniques: scintiltatile technique in barrel hadronic calorime-
ter and the LAr technique in the rest of the system. The |@&terore radiation hard and is more suitable
for detectors which are close to the beam pipe.

The EM calorimeter which is divided into a barrel and two eaghs uses lead/liquid argon as the
absorber/active ionization material. Like the centraésold and the inner detector, the barrel is placed
in a barrel cryostat. The hadronic barrel calorimeter @#§ is divided into three sections: the central
barrel and two extended end-cap calorimeters. It is basedsampling technique with plastic scintil-
lators (tiles) embedded in the iron absorber. Two end-cgpstats, one on each side of the detector,
house the LAr EM end-cap, LAr hadronic end-cap, as well afdh&ard hadronic calorimeter. The
hadronic detector uses copper/LAr technology with pdrplite geometry, and the forward calorimeter
uses copper and tungsten as the absorber and LAr as the metiliem.
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Figure 3.4: The ATLAS calorimeter system.

The pseudorapidity coverage, granularity, and longitaldsegmentation of the EM and hadronic
calorimeters is detailed in Table 3.2. We can summarizettiestypical granularity of the EM calorime-
ter inn x ¢ varies betweert0.003— 0.05) x 0.1 for pseudorapiditie§]| < 2.5, and is about @ x 0.1
for 25 < |n| < 3.2. For the hadronic calorimeter the granularity decreas®s .1 x 0.1 at central
pseudorapidities to.2x 0.2 in the forward calorimeter.

3.2.3 Electromagnetic calorimeter

The EM calorimeter is divided into a barrel pai( < 1.475) and two end-caps @75< |n| < 3.2).
The barrel is physically divided into two half-barrels seggad by a 6 mm gap at= 0. Each end-cap
is composed of two coaxial wheels: the outer wheel coversahien 1375< |n| < 2.5, and the inner
wheel the region B < |n| < 3.2. The EM calorimeter is a lead LAr detector with accorditiaysed
Kapton electrodes and lead absorber plates. The accordiomejry creates a complegecoverage
without cracks. The lead absorber thickness was optimigexdfanction ofr) to achieve a good perfor-
mance in energy resolution. The total thickness of the EMraakter in terms of radiation length is
24X in the barrel and 2%, in the end-caps.

Over the high precision measurement rapgg<2.5 which overlaps with the inner detector accep-
tance, the EM calorimeter has three segmentations of higihugarity. For the rest of the acceptance
2.5<|n| < 3.2, the calorimeter has two samplings and a coarser latexabtarity. Nevertheless, this is
sufficient to meet the physics requirements on jet recocistru and measurement of missing transverse
energyE,. There are about 190000 calorimeter cells in the EM caldemaell pointing towards the
interaction region.

The total dead material seen by an incident particle bef@ealorimeter iron face is approximately
2.3Xp atn = 0 and increases with pseudorapidity because of the pantagetory angle. In the region
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EM CALORIMETER Barrel End-cap

Coverage In| <1475 1375<|n| <32

Longitudinal segmentation 3 samplings 3 samplings 15|n|<2.5
2 samplings 1375 |n| <1.5

25 <n|<3.2

Granularity An x A@)

- Sampling 1 0.0080.1 0.025¢0.1 1.375< |n| < 1.5
0.003x0.1 15 <n|<18
0.004x0.1 1.8 <|n|<20
0.006x0.1 20 <|n|<25
0.1x0.1 25 <|n|<3.2

- Sampling 2 0.0250.025 0.02%0.025 1.375 |n| < 2.5
0.1x0.1 25 <|n|<3.2

- Sampling 3 0.0%0.025 0.0%0.025 15 <n|<25

PRESAMPLER Barrel End-cap

Coverage In| < 1.52 15<n|< 18

Longitudinal segmentation 1 sampling 1 sampling

Granularity An x A@) 0.025<0.1 0.025%¢0.1

HADRONIC TILE Barrel Extended barrel

Coverage In| < 1.0 08<|nl<17

Longitudinal segmentation 3 samplings 3 samplings

Granularity An x Ap)

- Samplings 1 and 2 0x0.1 0.1x0.1

- Samplings 3 0.20.1 0.2<0.1

HADRONIC LAr End-cap

Coverage 15<|n| <32

Longitudinal segmentation 4 sampling

Granularity An x Ap)
0.1x0.1 15 <|nj<25
0.2x0.2 25 <|n|<3.2

FORWARD CALORIMETER Forward

Coverage 31<n|<49

Longitudinal segmentation 3 samplings

Granularity An x A@) ~02x0.2

Table 3.2: Pseudorapidity coverage, granularity and tadgial segmentation of the ATLAS calorime-

ters [4].
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In| < 1.8, the EM calorimeter is preceded by a presampler, whiched ts correct for the energy lost
by electrons and photons before reaching the EM calorim&tex presampler consists of an active LAr
layer of thickness 1.1 cm (0.5 cm) in the barrel (end-capijoregin the transition region between the
barrel and end-cap where two cryostats are aside, the ambdetd material is large (abouiXg). In
this region, the presampler is accompanied by a scintilsltdh inserted in the crack between the barrel
and end-cap cryostats. This regio871< |n| < 1.52 is not used for precision physics measurement
because of the large bulk of material up-stream of the EMrirakier.

The signals from the EM calorimeters are sent to preamgifigéhe bipolar shaping is performed
and sampled every 25ns. The corresponding samples (tiypfozd points) are used to extract the
deposited energy, and also serve for the ATLAS first levgbtr.

The EM calorimeter performance was measured with elecstrbieam of energies up to 300 GeV.
The linearity defined as a ratio of the reconstructed oveb#an electron energy was found to be better
than 1%. The energy resolution of the EM barrehat 0.9 was measured to be [6]

o(E) 10% 0.39GeV

= S @ 0.3% 3.12
E E[GeV| E (312)

where the numeric coefficients are the sampling, noise, anstant terms, respectively.

3.2.4 Hadronic calorimeters

The hadronic calorimeter is a system with the largest psapdity coverage of all sub-systems in
the central detector. It consists of the hadronic barrde(al) covering/n| < 1.7, the hadronic end-
cap extending to.b < |n| < 3.2, while the range 3 < |n| < 4.9 is covered by the forward calorimeter
(FCAL). An important parameter in the design of the hadraailorimeter is its thickness since it should
absorb all energy of the hadronic showers, keeping the fgiarech-throughs into the muon system to
a minimum (punch-through occurs in events with very en&deadronic showers in which part of
the hadronic energy leaks out of the hadronic calorimetbes& events can have fakg and a large
number of hits in the muon system). On the other hand, theioater thickness should be kept limited
to reduce multiple scattering of muons in the calorimetat thus maintain a good muon momentum
resolution. The total thickness of the hadronic calorimétel1A (in nuclear interaction length units)
atn =0, including 15X from the outer support preceding the calorimeter. Thispshas been shown
both by measurements and simulation to be sufficient to eethenumber of particles other than muons
(and neutrinos) to a manageable level. The large and coenplebverage guarantees a good missing
transverse energf measurement, which is crucial for a broad set of physicsasigas, and most
importantly for SUSY particle searches.

3.2.4.1 Tile calorimeter

The large hadronic barrel calorimeter [7] is a non-compemgasampling calorimeter using iron as the
absorber and plastic scintillating tiles as the active m@diThe tiles are placed radially and staggered
in depth. The iron to scintillator ratio is 4.7 : 1 in volumehd& opposite sides of the scintillating tiles

3Non-compensating calorimeter means that the responsee thatironic showeh is smaller than for electromagnetic
showere of the same initial energies/h < 1. It is due tor® which are formed in hadronic showers but decay mostly into tw
photons.
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Figure 3.5: Detail of a TileCal module in which tile plasticirgtillators are sandwiched with iron ab-
sorbers. The photomultipliers at the top of the modulesecbHcintillating light via wavelength-shifting
fibers.

are read out by wavelength shifting (WLS) fibers into two safgphotomultipliers (PMTs). The scin-
tillating tiles and the absorber plates are grouped into 6dutes shown in Figure 3.5, which build the
cylindrical wheels of the central and extended barrels.

Radially, the tile calorimeter extends from an inner radifi2.28 m to an outer radius of 4.25m.
It has three longitudinal segmentations of similar grariylawhich are approximately 1.4, 4.0, and
4.8) interaction length thick aty = 0. In 1, the readout cells built by grouping fibers into PMTs create
pseudo-projective towers pointing to the interaction aagi The total number of channels is about
10000. A very fast readout of the scintillating detectorssed in front-end electronics to perform an
analog sum of a subset of channels, forming trigger tower'®ATLAS first level trigger.

Between the barrel and extended barrel end-caps, there ap ®fg68 cm, which is needed for
the inner detector and LAr calorimetry cables, electrorind services. The gap regiolk n <
1.6 is instrumented with special Intermediate Tile Calorien€tTC) modules made of iron scintillator
sandwiches, and with thin scintillator counters where the gpace is limited. The ITC allows to correct
for lost energy in dead material in the crack region.

The TileCal performance was studied in a test beam with sipgins of energy between 20 and
350 GeV. The energy resolution was found

o(E) 52%

E /E[GeV|

3.2.4.2 Liquid-argon hadronic end-cap calorimeters

@ 5% (3.13)

The hadronic end-cap (HEC) calorimeters are copper LAmtiate with parallel geometry. The 8.5 mm
space between consecutive copper plates is filled with ffaeslel electrodes, splitting the gap into four
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drift spaces. Each of the HEC consists of two independenelistod an outer radius 2.03 m. In addition,
each wheel is divided into two longitudinal segments.

To maintain a good coverage over theegion at the transition between the hadronic end-cap and
the forward calorimeter where the bulk of HEC material is kenalue to geometry, the EM end-cap
reaches up ttn| = 3.2 to overlap with the forward calorimeter whose acceptatesssat|n| = 3.1.

The HEC resolution for single pions of energy from 5 to 200 GeAs measured in a test beam and
found to be [8]

o(E) 71%

= G 6% 3.14
E E[GeV| (3.14)

3.2.4.3 Liquid-argon forward calorimeter

The forward calorimeter (FCAL) acts as a combined electgmetic and hadron calorimeter. Being
exposed to beam remnants which are emitted from the intenapbint, the calorimeter has to cope
with particularly high levels of radiation. It is shifted ly2 m in the transverse direction from the front
face of the EM end-cap to reduce the number of scatteredameswvhich would otherwise populate the
inner detector. It is placed in the same end-cap cryostdieaEM and hadronic end-caps. This limits
the space for the installation of about 9.5 interaction flesgf material, and high density absorbers
have to be used so as to limit the width and depth of showerguyce the leakage from the FCAL into
neighbouring calorimeters and decrease radiation bagkdrin the muon spectrometer.

FCAL is composed of three sections. The first one is made opemppvhile the other two are
made of tungsten. In each section, the calorimeter consistismetal matrix, with regularly spaced
longitudinal channels. These channels are filled with cotmzetubes of diameter 5.8 mm with a central
rod. The tube and the rod create electrodes that collectizaibon signal from an active LAr medium
which is filled in the gap between them.

The energy resolution in the forward region is [9]

o(E) 100%

= @ 10% 3.15
E E[GeV] (3:13)

i.e. worse compared to the rest of the calorimeter system.

3.2.5 Muon spectrometer

Muons leave hits in the inner detector and deposit energydrcalorimeters before reaching the muon
system which is located at the outward part of the ATLAS detecThe typical muon energy loss in
the calorimeter depends slightly on the energy: it is abobiGeV(4 GeV) for a muon of an energy
10 GeV(1 TeV) [10] (see Figure 3.7). The momentum and chafgemuon are determined from the
curvature of a muon track formed in the magnetic field prodibg the toroidal magnet integrated in
the muon system. The presence of a highmuon is a signature of many Standard Model or Beyond
Standard Model physics processes which can be relativellygaeasured and triggered on. The re-
quired physics performance of the muon spectrometer is tsore a 1 TeV muon with a precision of
pr = 10% (corresponding to a sagitta 0.5 mm measured better thamh

Before entering the muon spectrometer, muons have to pasgeadmount of material correspond-
ing to about 100X, radiation lengths. This is in contrast te-2 Xy of material preceding the presampler
as shown in Figure 3.7 (right). The energy losses in variossystems are parameterized and taken
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Figure 3.6: View of the ATLAS muon system.
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Figure 3.8: Contributions to the momentum resolution folomaireconstructed in the muon spectrom-
eter as a function of transverse momentum [fpf < 1.5. The alignment curve is for an uncertainty
of 30 um in the chamber positions [10]. Three effects compete imthen resolution: at lowpr the
energy loss in the calorimeter is important (decreasing With circles) whereas the effect of multiple
scattering is flat over a large range @f. At high pr the intrinsic resolution of the muon detector and
its alignment are the leading effects.

into account by the muon reconstruction algorithms. In @amldi the inner detector muon track in-
formation can be combined with the measurement in the mueotspneter to give the overall good
performance.

The ATLAS muon spectrometer [11, 12] consists of an air-doreid magnetic system which is
25m long, and has an inner and outer radius 4.7 m and 10 mctesghg Its eight independent coils
are installed symmetrically around the ATLAS calorimeterach providing a magnetic field of about
0.5T. The muon track reconstruction is provided by threedb@hambers located at radii 5, 7.5, and
10 m from the interaction point at central pseudorapiditigs< 1.0 while two end-caps, one at each
side, consisting of four large disks 7.4, 10.8, 14, and 21fkom the ATLAS center along the axis
cover the forward region.

The muon detection system can be divided into two classexding to their purpose: precision
chambers are used to obtain high momentum resolution wheryg fast chambers are used for the
trigger. Together with the toroid magnet, the muon speottemcan be used to detect muons in a stan-
dalone mode without any additional information from innetegttors or other triggers. The precision
tracking is provided by Monitored Drift Tubes (MDTS) in tharbel and most of the end-cap. It consists
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TRIGGER CHAMBERS PRECISION CHAMBERS

Technology RPC TGC MDT CSsC
Time resolution | <5ns <7ns | 500ns <7ns
Spacial resolution 5-10 mm 80um 60um

Table 3.3: Design parameters of the different muon speatensub-systems.

of aluminium tubes of 30 mm diameter with a central tungstée ¥illed with argon to provide a track
position resolution of 8@xm (35um chamber resolution iR). High pseudorapidities.@ < |n| < 2.7
are covered by the Cathode Strip Chambers (CSCs) which Hawges granularity. CSC are multi-wire
proportional chambers of spacial resolution.68.

At n =0, there is a gap in the spectrometer acceptance to have essdoc services to the solenoid,
calorimetry and inner detector. The region where a muorkttao be missed corresponds to the range
of |n| < 0.08. Another drop in efficiency occurs fgr~ —1.2rad andp ~ —1.9rad afjn| < 1.2 where
the support of the whole ATLAS detector prevents the instalh of muon chambers.

Muons of transverse momentum ranging from 3GeV to 3 TeV caddgified with high efficiency.
Their transverse momentum has to be at Igast 2.5GeV to make it to the muon spectrometer through
the bulk of material located upstream. Thge resolution at lowpy is dominated by muon energy loss
in the calorimeter and multiple scattering effects. Tratkigh pr muons become more difficult to
reconstruct as the track sagitta becomes smaller. The @ratigppnment and intrinsic resolution become
the dominant effect in the high mugr reconstruction. The contribution of all competing effeatthe
muon momentum resolution is shown in Figure 3.8 as a funaifdhe muon transverse momentum.

To achieve a good muon resolution, the relative position ebmchambers is required to be known
with high precision. Due to the large size of the system, itds possible to stabilize the dimensions
and positions of the chambers at the required @@0level. The chamber positions and deformations
have to be constantly monitored. The system is instrumenttédan optical laser system that is used
to control deviations and deformation of large chamberse d@lignment of small chambers relies on
straight muon tracks which overlap with the large sectorighHnomentum muon tracks are also used
for the relative alignment of the muon spectrometer, caleters and inner detector.

The time for muons to reach the muon system located on the sl of ATLAS is larger than
the nominal LHC bunch spacing of 25 ns. The spectrometeeigtbre equipped with special very fast
triggers. They provide higlpr muon identification up tén | = 2.4. The muon trigger system consists of
Resistive Plate Chambers (RP@) < 1.05 in the barrel and Thin Gap Chambers (TGC) in the forward
region. These systems also provide the muon position me@asunt in the orthogonal plane to that
obtained from the precision tracking MDT chambers (uprtp= 2.7, more than what is available for
triggers). The design performance of time and spacial uéisal for the different muon sub-systems is
summarized in Table 3.3. The goal of the muon spectrometer iggentify the bunch crossing of the
interaction with a detected muon. The required momentumiutsn is

9(P1) _ 100 (3.16)
pr

for 1 TeV muons.
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3.2.6 MBTS

The Minimum Bias Trigger Scintillator (MBTS) is a detectdrsixteen counters installed on either side
of ATLAS, on the inner face of the end-cap calorimeter crgbsEach set of counters is segmented
in eight units ing and two units inn. They are located about 3.6 m from the interaction point @ th
z direction. The inner radii wheels cover a rapidity regioB2< |n| < 3.84 and the outermost one
covers 209 < |n| < 2.82. The detector is used for triggering on minimum bias evéstents in which
any interaction occurred, either soft or characterizeddigeshard scale) but can be also employed in
selecting exclusive events with large rapidity gaps réqggia veto in the MBTS detector.

3.3 ATLAS forward detectors

In addition to the central ATLAS main detector which was jisscribed, forward detectors are installed
around the interaction point IP. They are placed farthenfthe IP to measure forward energy flow to
perform luminosity monitoring, luminosity absolute measuent, and other forward physics studies.
Detectors mentioned in the following are the forward detectvhich have been approved and are in-
stalled in the tunnel. Another set of forward detectors foLAS are in the approving stage. They

are called ATLAS Forward Proton (AFP) detectors. The Chraftef this thesis is dedicated to their

description and performance.

3.3.1 LUCID

LUCID detector (LUminosity measurement using Cerenkoedration Detector) is installed 17 m from
the ATLAS IP [13]. The LUCID detector consists of two modutkat are located in the available space
between the beam pipe and the conical beam-pipe suppartusteu This places LUCID in the forward
shielding, after the ATLAS end-cap toroids and covers treugsrapidity range .B < |n| < 6.1. Its
goal is to monitor the luminosity by determining an averagmher of interactions per bunch crossing.
This is achieved by measuring the number of charged pastitying in the forward direction from
the IP, and also their arrival time, in each bunch crossingar@ed particles produce Cerenkov light
in one of the 200 cylindric Cerenkov counters, filled withdetane (GF10) as a radiator. The photo-
multiplier signal output time can be measured with an aayucd 100 ps which is by far sufficient to
allow bunch-by-bunch luminosity monitoring.

3.3.2 ZDC

ZDC (Zero Degree Calorimeter) [14] is a segmented caloemeith tungsten and steel plates as an
absorber and quartz strips as an active medium. The calatirhas an electromagnetic and hadronic
part corresponding to approximately 9 radiation length and 1.1% nuclear interaction length, re-
spectively. Two stations are placed 140 m downstream frariRhone on each side of ATLAS. They
occupy the region of a neutral particle absorber (TAN) jutibd the point where the beam pipe splits
into two, one pipe for each beam. Since charged particlesleftected outwards by beam magnetic
elements, the ZDC calorimeter is sensitive primarily totreuparticles, detecting, n, and ™, in a
pseudorapidity region aboyg| > 8.3. The range of physics goals is broad. The ZDC aids with beam
tuning, luminosity monitoring and triggering on minimurrabievents. The longitudinal position of a
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bunch crossing can be determined with a precision of 3cm.oridn collisions, the ZDC will se-
lect ultra-peripheral collisions which give a substantiautral particle flux in the forward region. On
the other hand, the measurement of the production croseredf pions, kaons ang mesons will
constrain modeling of the atmospheric showers of incidestic rays which largely depends on the
soft longitudinal energy flow in th@p interactions. Last but not least, the ZDC acceptance ing&rov
hermicity of the ATLAS detector in the forward region whichparticularly important for diffraction.

3.3.3 ALFA

The ALFA detector (Absolute Luminosity For ATLAS) [13] is dieated to a precise absolute deter-
mination of the delivered luminosity at IP1. The approacbdiBy ALFA is to fit thet-distribution of

elastic events in therange where Coulomb and hadron amplitudes contribute andeparameterized
as

dt It| an
With the fit, one obtains the total cross sectimg, the ratio of real and imaginary part of elastic scat-
tering amplitudep, the slope of elastic evenlts and the desired luminosity’. ALFA measures elastic
events in the range approximatelx30~4 < |t| < 0.3 with scintillating fibers arranged in planes which
are staggered. Measuring low momentum transfers requirplte the active detectors very close to
the bear, as close as = 1.2mm. ALFA requires dedicate low luminosity runs of so-calligh
B* optics (to be discussed in Chapter 6) when the intrinsic bdimergence is significantly smaller than
the smallest scattering angles to be observed. Fittinghibeeaformula, the absolute luminosity can be
determined with an uncertainty 3% for 100 h long data taking [15]. The absolute luminosifgrence
point obtained by ALFA in a dedicated run will then be used eonmalize the luminosity collected in
normal physics runs.

2
dN z$n<_2aEM +%(i+p)e‘b“/2> (3.17)
t=0

3.4 Trigger system

When information from all the different ATLAS sub-detedads collected, the size of one such event is
typically about 1.5 MBytes. With the high LHC bunch crossiage the amount of gathered data is far
too large to be processed and stored. A mechanism has toreéotleeprovided to reduce the number
of events to be processed from ATLAS and eventually storetamsferred to end-users for analysis.

The ATLAS trigger is based on a three level online event sislecdesigned to capture the physics
of interest with high efficiency. It must reduce the initialdzh crossing rate of 40 MHz t& 200Hz
(~ 300MB/s) in order to be able to save data to permanent storage whgla timited bandwidth.
The three trigger systems are: Level 1 (L1) fast trigger Whichardware-based, Level 2 (L2) trigger
and Event Filter (EF) (the latter two being collectivelyeetd to as High Level Trigger or HLT) which
are based on software pattern-recognition algorithmsyaimg the data on dedicated large computing
farms.

The Level 1 trigger is supplied with the signal identified itbsets of calorimeter and muon detectors
of reduced granularity. The system has to make a decisidrinn@5us from the time of the collision

4The TOTEM Collaboration aims to measure the total cross@eutith a luminosity independent method, using the total
inelastic rate and the extrapolation of the elastic evesltyat smalt.
50 denotes the spacial width of the beam, in this case in védiraction.
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L1 thresholds [GeV] 5 | 10 | 20| 40| 70 | 100 | 130 | 150
L1 prescales? =10%tcm2s 1| 2k | 1k [50| 3 | 1 | 1 1 1
L1 prescales? =10%2?cm s | 30k |12k [ 1k (50| 1 | 1 [ 1 | 1

Table 3.4: Proposed L1 jet thresholds and prescales foy aarhing. They are adjusted so that the
resulting EF pass rate is 6 Hz for luminosity®3@nd 13 Hz for luminosity 1%%.

to reduce the received full bunch crossing bandwidth to 75 gH40kHz during ATLAS startup). This
task is not trivial. The muon spectrometer dimensions ararge that the time needed for a muon to
arrive in the chambers is comparable with the bunch spadit®$ os. The collection of signal in the
LAr calorimeter also extends over many bunch crossingsomehe L1 trigger decision is taken, the
information from all channels is stored in pipe-line merasri The L1 calorimeter trigger decision is
made upon multiplicities and energy thresholds of the faithg objects: Electromagnetic (EM) clusters,
taus, jets, missing transverse enery), scalar sum of the transverse energy in the calorimgté |
and the total transverse energy of the L1 j§t€( (jets)). The input of the L1 muon trigger are muon
multiplicities measured for variousr muon thresholds.

The Level 2 trigger is based on the Region-of-Interests XRleady identified by the L1 trigger.
Around each seed, a Rol window is constructed whose sizendspn the type of the seed object. The
L2 then unpacks fine-grained data within the constructedd®adow and performs a refined analysis of
the L1 objects. In addition, it uses information that is natessible at L1, most notably the reconstructed
tracks from the inner detector. Information from severd-detectors is combined to obtain a finer
rejection quality. Using Rol upon the found L1 seeds in tharighering is a characteristic of ATLAS;
it greatly reduces the computation time of the L2 trigger ir@damount of data that must be transferred.
The average processing time of the L2 algorithms is 40 ms lagygl teduce the L1 trigger rate from
75(40) kHz to 2(1) kHz for nominal (start-up) running.

The Event Filter performs a detailed analysis of the L2 phssmdidates, having the full detector
information available. Unlike the L2 algorithms which hate speed priority, the selection criteria of
EF use typically the same criteria as the offline analysi® giocessing of the EF takes on average 1s,
and the output trigger rate is 200Hz. Data are then writtehecstorage.

In the early stages of LHC running at low instantaneous lasity . = 103tcm=2s™! and low
number of bunches circulating in the machine, the commmasipof the trigger will take place with
smallerpr thresholds and looser isolation criteria. Moreover, Hligigers will operate in pass-through
mode only to understand the trigger functionality thordughihe typical L1 single jet thresholds with
their prescales are shown in Table 3.4, they were consideredinning at\/s = 10TeV. The lowest
single EM3 and double 2EM3 electron L1 triggers have thestiwll 3 GeV. For muons, the lowest
trigger single MU4 and double 2MU4 muon threshold is 4 GeV. At 101 cm2s 71, only the EM3
is prescaled by a factor of 60, all the other electron or muiggérs are unprescaled so that ¢z
signatures will exploit the full collected luminosity [10]
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3.5 Full chain analysis

The ATLAS production and analysis is performed in a data ggeing model called full-chain which is
sourced either by pseudo events obtained from Monte Carlolation or by real events as collected by
the ATLAS detector.

The Monte Carlo (MC) generator produces pseudo data base@themomenological models that
attempt to describe the nature of the studied physics psesesSome generators like Herwig++ [16]
or Pythia [17] provide a full generation of thep collision with the parton scattering, parton showers,
fragmentation and hadronization, particle decays etc. M@zgators use a large number of parameters
which have been constrained from previous experiments ame f them will be reconsidered at the
LHC when our understanding of the physics will be probed ghéi energies. The exact setup of the
MC generator for the data generation is specified via ‘Jolo@pfiles which set running parameters in a
uniform format for all generators implemented in the ATLAStware. An output of the MC generator
is stored in a HepMC format that includes particle momeraatigie vertices and parent-child indexing
to enable the reconstruction of event production history.

Final state stable particles are passed to the Geant4 [dRjlation of the ATLAS detector. In
this step, the full detector geometry with a database ofdaibetor materials and layout is used to
model the particle passage through all ATLAS systems as agellead material. It models energy
loss, radiation, ionization, bremsstrahlung, multiplatsring, passage through magnetic field etc. and
simulates charge or energy depositions in active matesfallse ATLAS detector called ‘hits’. In the
next step, they are converted to ‘digits’, which simulate issponse of various ATLAS sub-detectors to
passing particles, taking into account the specific detesetttings such as voltage and timing.

During the detector operation, incoming data are receineal bytestream format which is similar
to that of Geant4 digits. They are converted to structured @bject representation called Raw Data
Objects (RDO). The same is done in case of data coming frorl@eimulation and beyond this point
both types, the pseudo or real data are manipulated in thewam Data in RDO files are then converted
to high-level physics objects such as tracks, verticesggraeposits, electrons, muons, and jets and are
stored in the Event Summary Data (ESD) format. It contairesntivst detailed information about the
event necessary for performance checks and simple physitgsés. The same reconstructed objects
(tracks, jets, muons) obtained by various different athons are stored to be compared in performance
with detailed information about actual energy depositsanous sub-detectors. Due to the large size of
the ESD event, this format is not aimed to be used at large $maend-user analysis. Instead, the ESD
file format is reduced keeping only most important physicamities such as tracks, electrons, muons,
photons, jets, etc., which are important for a large set afyeis, but without a detailed information
as in ESD. The reduced set of physics objects is stored iny8isaDbject Data (AOD) files which are
relatively small in size and are aimed for the end-user aesly

3.6 Distributed grid computing

The total amount of produced data by the LHC experiments auedlis expected to be approximately
15 Petabytes per year [20]. Such a huge amount of data hasrtathe available to a large physics
community spread over the world to be processed and analyizesl would certainly be a too difficult

task for just one organization. CERN and its member states therefore been developing a computing
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network known as the LHC Computing Grid (LCG). Itis a disttibd network of computer farms spread
around the world organized in a coherent way and providisgueces for processing and analysis of
the LHC data.

The network is divided into a tree structure of four leveldl.the data collected by the LHC exper-
iments are stored at the Tier-0 center, the first layer bas&@ERN. There, the first processing of data
to produce ESD and AOD formats is done. The raw data will haugetreprocessed when calibration,
alignment and reconstruction algorithms will be improveduture. Raw data, ESD and AOD files are
copied to Tier-1 centers, which are large regional comgutenters and make the second layer of LCG.
Currently, there are 10 Tier-1 centers around the globe. gy of raw data is divided among all Tier-1
centers, each having about 10% of the data. Tier-1 centeso responsible for reprocessing the data.
Further, there are many Tier-2 smaller-scales facilitigsctv share the AOD data. At these centers,
the official MC production of the experiments is performedlatheir result is stored in Tier-1 farms.
Finally, Tier-3 are small university clusters or individummputers which access the data for physics
analysis.
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Forward Physics Monte Carlo
(FPMC)

A realistic description of particle collisions requiresiiolude a large range of effects. The process cross
section is in general obtained by multidimensional integoer parton densities, sub-matrix elements,
fragmentation functions etc. Performing these integraddydically or by deterministic numerical meth-
ods is difficult for their multidimensionality. It is even oassible to calculate the exact event yield pre-
diction when detector acceptance and response are to bdemts which requires the implementation
of complex kinematic constraints and the simulation ofipkrttransport inside the detector material.

Multidimensional integrals with complicated boundaries de evaluated using the Monte Carlo
(MC) sampling technique. In addition, with the MC methodsave able to simulate the processes of
interest event-by-event which is very important to underdtthe physics signal inside a real detector.

A vast number of Monte Carlo generators dealing with the &itian of particle scattering exist.
Some of them like PYTHIA [1] or HERWIG [2] are multipurposerggators, being able to generate a
large set of exchanges taking into account many details @frticplar process like parton showering,
hadronization, etc. Other generators are specializedeftaio applications. Concerning the simulation
of hard diffractive and exclusive processes, some gerrarateeady exist.

Probably the first attempt to accommodate the pomeron egehbased on the Ingelman-Schlein
model (Section 2.10) in PYTHIA were done in the POMPYT Montarl@ generator [3]. The im-
plementation of this model inside HERWIG is in the POMWIG getor [4], which can be used to
simulate diffractive events in hadron-hadron or hadrattebn scattering. With the rising interest in
double pomeron exchange (DPE) and the exclusive centrdluption (or alternatively called exclusive
DPE), the DPEMC generator [5] not only implemented modelsridusive diffraction already present
in POMWIG, but also other models of inclusive and exclusiVfrattion. The KMR model of the
central exclusive production is implemented in the ExHuMieyator [6] which has to be linked to
PYTHIA for hadronization.

It is evident that the simulation of the hard diffractive ttedng is distributed over a large set of
computer programs. FPMC (Forward Physics Monte Carlo) iex@@nsion of the DPEMC generator
and aims to accommodate all relevant models for forwardipiyshich could be studied at the LHC.
In particular, it focusses on the two-photon exchange @& which are observable at the LHC. The
generation of the forward processes is embedded inside HERWe great advantage of the program
is that all the processes with leading protons can be studi¢ide same framework, using the same
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hadronization model. It is dedicated to generate the faligvexchanges:
* two-photon exchange
« single diffraction
» double pomeron exchange
« central exclusive production

We give details about the particular models present in thewing sections. The FPMC generator is
used throughout this thesis for various studies. The cawady developed by Boonekamp and Kucs
was restructured for our purposes to allow flexible physiwdyses. New pomeron structure functions
measured by the H1 Collaboration were added. Two-photodugtdmn was corrected and new matrix
elements to study anomalous diboson and charged Higgs qpalugtions in two-photon events were
implemented. In this chapter, we detail the changes whigk baen made, without the aim to describe
the complete set of production mechanisms available in FPMC

The layout of the chapter is the following: first, some théios aspects of the MC event generation
are reviewed, followed by the discussion on the new impleatems that were carried out. Predictions
of cross sections for selected processes obtained with F&®&IGiven.

4.1 The Monte Carlo method

Monte Carlo methods are algorithms which use a random saqpi compute their results. At the
basis of each Monte Carlo generator is a pseudo-random ajeneproducing a random sequence
ri, ro, ..., Iy distributed according to a uniform probability density étion (p.d.f.) u(r). This sim-
ple random sequence is used to generate more complicatadneeg either with the transformation
method or with the von Neuman acceptance-rejection teaknf{foth described below). Finally, the
generated random numbers are used to calculate values sitahguantities that are of interest and
whose distributions can be plotted. Besides the generaficmndom sequences, Monte Carlo methods
can be effectively used as an integration algorithm. Furtlegails on the methods described in the
following can be found in [7].

4.1.1 Monte Carlo integration

Deterministic methods of numerical integration operataakyng a number of evenly spaced samples
from a function, calculating Rieman sums of the functiore (ttapezoidal rule). In general, this works
effectively for functions of few variables. However, forater functionsR? — R of large dimension
d, the deterministic methods can be very inefficient becalusi tonvergence is/b%9 as a function
of the sampling parameterdividing the integration domain, and the computation timeng with the
number of samples as$'.

Monte Carlo methods provide a solution to reduce the exp@igime-increase of the deterministic
methods. The integral of a 1-dimensional functibean be estimated by drawingrandom points in
the domain of definition and taking an average of the functi@mnes at these points

(f2) - ()?

- (4.1)

/Xx_zfdxz(@_@<f>i(>?2—>?1)
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where

0 = 331

(%) %_ifz(m) 4.2)

The function is averaged over the specified rapgexz] in which the random numbess are generated
and the approximation gives the exact integral value inithé h — c. The second term in (4.1) ex-
presses the uncertainty on the evaluated integral(e&ﬁ)d— (f>2 is the variance of the functioh. The
uncertainty of the computation can be controlled in two wdisst, the approximation will converge as
1/,/nto the true value of the integral. Secondly, the uncertadtyinishes as the variance of the func-
tion decreases. Therefore, if a sampling that better ajipedrs the function is chosen, the convergence
of the MC integration can be improved.

This improvement is achieved by the use of a weight functiénnew integration variable is
introduced, such that

dy
i wW(X) (4.3)
wherew(x) is the weight function. The integral is now calculated adewy to
V2 1(x(y) Y2—¥1 < f(x(%))
| = dy ~ (4.4)
5w YT 2w

where the sampling points are drawn randomly in the rdgge/,]. The uncertainty on the integral
is now evaluated in the same way but with a substituti¢gr) — f(x)/w(x). Hence, choosing the
appropriate weight functiom(x), the convergence of (4.1) can be improved. For example imeagi
steeply falling function ok. Clearly it is better to sample the points accordingvf®) = 1/x rather than
according to the uniform distribution.

The main advantage of the MC technique is found in the mutiggtisional function integration. The
integral of thed-dimensional functiorf (x) wherex = (x}, x2,..., x4) is computed as

1 n
| ~ ﬁi; f(x )V (4.5)

The multidimensional volum¥ = |‘|‘J-’:l(>?2j —ﬂ) defines the integration domain. It is important to
realize that the convergence of the integral estimatedring@f the number of sampling points is still
1/4/n, independent of the function dimensidnThis shows the real power of the MC technique.

To improve the convergence dadimensional function can be introduced provided thatdtdeazes
into the form

d
= ] (4.6)
w(x) JIJW(X )

where eachv(x!) is a weight function for dimensiop

The introduction of a weight function in (4.3) basicallytssthat the integral is going to be calcu-
lated as the average &fx)/w(x) at points distributed according to théx) distribution. The method,
how to generate such a sequence of random points, is discimstie next section.
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4.1.2 The transformation of variables

We are interested in deriving a functiodr) which, for the input of a random sequencers,, ... ,r,
distributed according to a uniform distributiarr) in the range [0, 1], will yield the random numbers
X1, X2, ..., Xy distributed according tb(x) (in the notation of the preceding sectidrix) would bew(x)
and random sequencgs a special case of a sequeryge The functionx(r) can be found by comparing
the cumulative distributions d¢f(x) andu(r)

X

F(x(r)) = /:) h(x)d — 1 :ou(r/)dr/:r 4.7)

The desired transformation function is obtained by soltimg above formula fok(r). Depending on
the form ofh(x) in question, this may or may not be possible.

As an example, consider the probability density functi¢x) = ¢/x in the rangex € [X«min, Xxmax]-
This type of dependence is present in many problems of higtggrmphysics as the momentum transfer,
energy or mass dependences, for instance. In order toiaté(g) as the p.d.f, we must normalize it to
one, so the normalization coefficientds= In(Xxmin/Xmax). BY solving the formula (4.7) fok(r) one
gets

X(r) = (:)ir:iz)rxxmin (4.8)

When a sequenceis generated according to the uniform distributiain) and plugged into the above
expression, we get a sequence which is distributed acaptdithe 1/x distribution.

4.1.3 The acceptance-rejection method

For many probability distributions, the equation (4.7) leeer, cannot be inverted analytically. In this
case, the von Neumann’s acceptance-rejection technigaie &ternative to generate the random se-
guence. The needed ingredient is to find a functiox) which completely contains the p.dii(x), i.e
thath(x) < g(x) holds for allx, and for which the random numbexgan be easily generated according
tog(x)/ [ 9(X)dx, i.e. the transformation of variables is analytically sdile. The acceptance-rejection
method then proceeds in three steps:

1. Generate a random numbeaccording to the p.dd(x)/ [ g(x')dx
2. Generate a second random numbeniformly distributed between 0 and 1
3. Ifr <h(x)/g(x), then accepx. If not, rejectx and repeat

The efficiency of the method is determined by the ratio of ptamknumber of eventsa to the generated
number of eventdlg ase = Na/Ng.

The most simple example of the envelope functir) is a box of the widthXmin, Xmax] and of
the heighthnax, Wherehmay is the maximum value of (x) on the considered interval. However, the
efficiency of the method depends on how well the functigr) approximates the functioh(x) in
question. Of course, for peaked distributions one may ratke the ¥x envelope distribution, than the
simple constant functiohmax.
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4.1.4 Event generation

In particle scattering, the event yield is described in weafthe differential cross section, which can be
written as d
ﬁ: o, .., (4.9)
where f is a function of several kinematic variablgs ..., x¢. The calculation of the cross section
and the event generation is performed at the same time uBitigyee mentioned methods: the MC
integration, the transformation of variables and also teeptance-rejection technique. The functions
gl (x}) in the following are the mentioned weight functions (4.3)isthlead to a better convergence of
the integral (it is typically ¥x distribution). The transformation technique is used toegate sequences
according tay! (x}). But also, the functiong! (x!) are used as the envelope function for the acceptance-
rejection technique because not all the cross sectionsdianse form for which the inversion of the
integral (4.7) could be made.
For every event, the kinematic variableg!, ..., x are generated according to the distributions
g'(x))
X gh(xd) —ct
: (4.10)
o glod) — ¢

with their appropriate normalizatior®, ..., cd. The generated values represent a process kinematics
and must satisfy momentum and energy conservation, or a&cusen the transverse momentum of the
generated system for example. The weight of each eventdslattd as

1
W — fgxi,....?x,-dj) (4.11)
Mi=1c'g’ (X))
The event weight is basically a differential cross sectimna generated specific final state kinematics
Xt .. xf' properly reweighted so that the sum over many generatatsyge/es the correct integrated
cross section.

The next step is to decide whether the event generated atgdmdthe approximate distributions
gj(xij) will be kept. The decision is made with the acceptance-tigjeenethod. The generator usually
shoots a sample of a few thousand events before the actuslgameration to find the maximum weight
WM& gver the whole phase space

f(xd, ..., xd
wmax > % vt A (4.12)
Mj=1clg! (X))
Then for every event, a second random numbaccording to a uniform distribution between [0, 1] is
generated. The event is retained if
r-wWn<w (4.13)

otherwise the event is rejected. In this way the true distidim of f is generated and each event event
has the weight of one.

Understanding these basic points about sequence gemeaaiibweight calculation was necessary
to implement new matrix elements, and the pomeron and pHhxes.
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NFLUX Flux
9 QCD factorized model, Pomeron flux
10 QCD factorized model, Reggeon flux
12 QED flux from Cahn, JacksoR ~ 1.2A3
13 QED flux from Drees et al., valid for heavy ions only
14 QED flux in pp collisions, from Papageorgiou
15 QED flux in pp collisions, from Budnev et al.
16 QCD KMR flux
17 QCD factorized model, Pomeron + Reggon flux

Table 4.1: Overview of available fluxes which are implemdritethe FPMC generator. The QED flux
corresponds to the photon exchange. The QCD flux corresgortie pomeron/reggeon exchange, or
to the gluon exchange in the case of the CEP predicted by the Kdculation.

4.2 Generation of diffractive and photon events

In FPMC, the diffractive and exclusive processes are implged by modifying the HERWIG routine
for the ete™ — (yy) — X process. In case of the two-photq@p events, the Weizsacker-Williams
(WWA) formula describing the photon emission off pointdilelectrons is substituted by the Budnev
flux which describes properly the coupling of the photon ® pinoton, taking into account the proton
electromagnetic structure. For the central exclusive yetidn, a look-up table of the effective gluon-
gluon luminosity computed by ExHUME is implemented. In caé¢he pomeron/reggeon exchange,
the WWA photon fluxes are turned to the pomeron/reggeon floxdtplied by the diffractive parton
density functions.

For processes in which the partonic structure of the pomisnarobed, the existing HERWIG matrix
elements of non-diffractive production are used to cateutae production cross sections. The list
of particles is corrected at the end of each event to chargy¢yge of particles from the initial state
electrons to hadrons and from the exchanged photons to pasiegggeons, or gluons, depending on
the process.

All the mentioned fluxes are implemented in #1&UX routine. The user selects the desired produc-
tion mechanism by selecting th€LUX parameter. Their overview is shown in Table 4.1. The energy
which is carried by the exchanged object (photon/pomeegg&on/gluon) from the colliding particles is
driven by the parametei®&MIN andWWwMAX, representing the minimal and maximal momentum fraction
lossé of the collided hadron.

4.3 Two-photon interactions

The two-photon production was first evaluated outside the B@neans of a numerical integration.
Then the photon flux was implemented in FPMC. In addition,tiin@photon dilepton production was
compared with the existing LPAIR generator [11] and new photon processes were addétiH —,
and anomaloug/W, ZZ productions. The details of the changes are discussed below
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4.3.1 Two-photon production cross section

Two-photon production ipp collision is described in the framework of Equivalent Plmofgpproxima-
tion (EPA) [8]. The almost real photons (low photon virttal)? = —g?) are emitted by the incoming
protons producing an objet, pp — pXp, through two-photon exchange/— X. The photon spec-
trum of virtuality Q and energyE, is proportional to the Sommerfeld fine-structure constargnd

reads ,
a dE, dQ? E E7
dN:I—TE—VV% [( _EV> <1—Q(;’;g”> Fe +@FM] (4.14)

whereE is the energy of the incoming proton of masg, Qi = IDE)?/[E(E — Ey)] the photon min-
imum virtuality allowed by kinematics ané: andFy are functions of the electric and magnetic form
factors. They read in the dipole approximation [8]

Fu=G}  Fe=(4mGE+Q°GR)/(4m3+Q%)  GE=Gh/ui=(1+Q%*/Q5)* (4.15)

The magnetic moment of the protonpé = 7.78 and the fitted sca@% = 0.71 Ge\2. Electromagnetic
form factors are steeply falling as a function@?. That is the reason why the two-photon cross section
can be factorized into the sub-matrix element and two phéito®s. To obtain the production cross
section, the photon fluxes are first integrated @er

'Q%ax dN >
f(Ey) = /QZ_ OE, 402 dQ (4.16)

min

up to a sufficiently large value @2 .~ 2 — 4Ge\2. The result can be written as

d
e (-2) [/ (F) (%) 07

where the functiorg is defined as

3
_ 1 (1—b)y
¢(x) = (1+ay) |—In(1+x" k; 1+X X7
Yo | 1% b 3
* (l+4) 1+x Z 1+x
y = _&5_
E(E—E,)
1
a = Zl(1+u§)+—(2)'°;u716
ant
b = 1-—P~-396
Q5
pi—1
c = pb4 ~ 0.028 (4.18)

Note that the formula for th€?-integrated photon flux was cited incorrectly several tirimekt-
erature. There is a sign error in the original paper by Budstead. [8], which we emphasized in the
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Figure 4.1: Relative effectivgyluminosity in pp collisions at 14 TeV as a function of the two-photon
invariant mass. The maximal virtualities of the emitted fons are set t@?2,,, = 2 Ge\?. The dashed
curve shows the photon spectrum within the ATLAS or CMS farh@etector acceptance.

above formula by the circled plus signin front of the second term. Moreover, in [9] there is another
typesetting error leading to wrong second and last terms.

The contribution to the integral abo@?,,, ~ 2Ge\? is very small. TheQ?-integrated photon flux
also falls rapidly as a function of the photon eneEgpwhich implies that the two-photon production is
dominant at small mass#é ~ 2, /E,1E,. Integrating the product of the photon fluxeE,; ) - f(Eyz) -
dE,; - dE,» from both protons over the photon energies while keepingliephoton invariant mass
fixed toW, one obtains the two-photon effective luminosity spectdit¥/dw.

The effectiveyy luminosity is shown in Figure 4.1 as a function of the m@ésn full line. The
production of heavy objects is particularly interestingttet LHC when new particles could be pro-
duced in a very clean environment. The production rate ofsimabjects is however limited by the
photon luminosity at high invariant mass. The integrated-plioton luminosity aboveV > W, for
Wo =23GeV, 2x my = 160GeV, and 1TeV is respectively 1%16% and 0007% of the luminosity
integrated over the whole mass spectrum. The luminositgtepa was calculated using the upper vir-
tuality boundQ?,.,,= 2 Ge\? using numerical integration. The luminosity spectru®15< & < 0.15
(to be discussed later) is also shown in the figure (it is dated in the limit of lowQ?, thus setting
E, = ¢E).

Using the effective relative photon luminosity/dW, the total cross section reads

do _ doyy_x (W) dLYY W

dQ dQ aw
where dy,..x /dQ denotes the differential cross section of the sub-proggss X, dependent on the
invariant mass of the two-photon system.

In FPMC, the formula (4.17) is directly plugged in the roetfLUX. It is normalized by the beam
energy and is actually dimensionless, parameterized bgntmaentum fraction loss of the protdn=
E,/E.

(4.19)
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‘ PTMIN [ GeV] ‘ Ccross sectior/s= 14TeV [ pb] ‘ cross sectioR/s= 10TeV [ pb] ‘

3 48.9 41.2

5 13.5 11.1
10 2.22 1.79
50 2.46-102 1.78-10°2
100 1.97-10°3 1.93.10°3

Flags:TYPEPR=’EXC’ , TYPINT=>QED’ , IPROC=>16008" , WWMIN=0. , WWMAX=1.

Table 4.2: Two-photon dimuon production cross sectionseatrator level from FPMC. The survival
probability factor of 0.9 is not taken into account.

The transverse momentum of the exchanged photon is getiersitey the von Neuman acceptance-
rejection technique because the equation (4.7) is not lslehanalytically for the Budnev photon flux
dN/dEde2 (4.14) since it has a rather complica®8dependence. However, since the inequality

dN a 1

holds for all non-zerde,, the random sequence can be generated accordingdt This guarantees a
high generation efficiency of the photon transverse monmentu

4.3.1.1 Two-photon dilepton production

The two-photon production of dileptons has quite a largessrgection at the LHC. It is shown for
Vv/S= 14TeV and,/s = 10TeV in Table 4.2 for severgh thresholds. The cross sections obtained
with FPMC were compared to the LPAIR generator [11] which lenpents the two-photon dilepton
pruduction only. The agreement was better than 1%. The nmamsvterse momentumps", rapidity
yP, and the proton transverse momentpﬁﬁOt and momentum fraction losg™t predicted by FPMC
and LPAIR! are shown in Figure 4.3. They agree well.

The dilepton production can create a background to othdusi¥e processes. Certainly, one of the
most discussed topics is the search for the Higgs boson tretexclusive production. When dileptons
or dijets with invariant mass equal to the Higgs mass aretetlethrough the two-photon exchange,
they may mimic the signal. Except a small difference in thetqm pr spectrum, which is more peaked
at zero for the two-photon events, both types of events lbekseme. The concern is that for these
analysis, the two-photon production corresponding to é&afpnass window of a Higgs boson is not
negligible with respect to the searched Higgs signal.

Let us illustrate this in more detail. The mass spectrum @fplvoton dimuon$V = /sé1&> is
shown in Figure 4.2 (left). The generic acceptance of thediod detector @015< & < 0.15 reduces the
cross section especially at low masses. The zoom on thenmisssses, between 160N < 200GeV
is shown in Figure 4.2 (right). Requiring a typical mass vewdL15< W < 125GeV anolo‘T’ >10GeV,
one obtains the effective cross section of a dimuon pairymtich g, = 14.7fb. With the additional
constraints of the forward detector acceptance |gid < 2.5, one gets the cross section = 6.0fb.

ILPAIR is a not officially released Monte Carlo generatingdppair events produced via two-photon exchangeg(p)
or epcollisions.
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Figure 4.2: Two-photon dimuon production of dimuons pldts a function of the proton missing mass
(left) and zoomed plot for 10& W < 200GeV (right). The full, dotted, and dashed curves cooedp
to a subsequent application of the following cul#: > 10GeV, forward detector acceptanc@@L5<

¢ <0.15, andnt| < 2.5.

The cross sections are 3 times higher for dijet productiom tduthe color factor of quarks. Although
these rates have to be multiplied by the soft survival pridibalfactor, it is large (0.9) for the two-
photon events. Let us remind, that the total SM CEP Higgsscsastion is about 3fb for a Higgs
mass ofm, = 120GeV. The concern is that, up to the author's knowledge, tackground was not
investigated at all in the Higgs analyses.

Depending on the triggering capabilities on Igw-electrons and muons, about tens of two-photon
dilepton or dimuon events could be collected with early daking (# ~ 10pb 1) and the definition of
exclusivity in those events could be checked.

4.3.2 Two-photon diboson production and anomalous coupliys

The total two-photon SM cross section of the — pWWopprocess is 95.6 fb (foor = 1/137). The
pp— pZZpprocess is forbidden in the SM. The cross sections of botbgsses can be enhanced in the
presence of anomalous triple gauge and quartic gauge bosgfirggs. These processes are elaborated
in detail in Chapter 7 where the study of the sensitivitiehtoanomalous couplings is presented. Here
we discuss the technical implementation of the correspmndnomalouyy— WW andyy— ZZ sub-
process cross sections into FPMC.

The effective Lagrangians parametrizing these new intieree are mentioned explicitly in Equa-
tions 7.19 and 7.30. They are functions of six anomalousnpaiers: AkY, AY for the triple gauge
couplings and/ /A2, a§ /N2, a¥ /\?, a& /\? for the quartic ones. The corresponding matrix elements
were obtained with the CompHEP program [12]. The Feynmagsridllowing from the effective La-
grangians were plugged into CompHEP, which generated tlel€ containing two important routines:
asgn_ through which the free parameters of the model are sets@mel. which returns a matrix element
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Figure 4.3: Comparison of FPMC and LPAIR predictions for tlve-photon muon pair production at
V/S= 14TeV for the following distributions: lepton transversemmentum (top-left), rapidity distribu-
tion of the lepton (top-right), transverse momentum of ttetered proton (bottom-left), and momentum
fraction loss of the scattered proton (bottom-right). Theb difference in the transverse momentum
of the proton is attributed to the fact that the spin corietabetween leptons and protons is taken into
account in LPAIR but not in FPMC.
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squared for the specified initial state photons and the ftast $osons four-momenta [13].

The important point in the implementation of the CompHEPecodo FPMC was to understand
where to plug the matrix elements and how to assign the weighe sub-process correctly. The—
WW process is implemented in tH&HQPM routine in the standard HERWIG. This routine was extended
to also enable th&Z generation inyy events. ThaVW production is switched on with a (standard)
processIPROC=16010, theZZ with a newly implementedPR0C=16015 process. The HERWIG event
weight of a sub-process is the ratio of the differential srgection with respect to the momentum transfer
t in nb, integrated over the polar anghe and divided by the sampling function and its normalization

1 do(t;) p

og(t) / didg
Such formula was already mentioned in (4.4) and (4.11). Thememtum transferis generated accord-
ing to the Yt distribution. However, it is done in two steps to take inte@mt thepr cut on the boson
momentum defined by the user. First, the variable is gereeeateording to 1t for tmin <t < tmax Which
corresponds to the angles<08 < 11/2, i.e. only for half of the allowetirange. Then, a random number
is drawn between [0, 1]. In half of the cases theriable is switched to a Mandelstam variable and
thet is calculated using = 2mé, — s— u. The corresponding factors added to the weight, relateldeto t

t generation, are

(4.21)

—2-In(tmax/tmin) - MAX (t, u) (4.22)

The MAX(t,u) function is effectively ¥g(t;) after the change af andt variables, the logarithm is the
normalization of ¥t p.d.f., and the factor 2 comes from the fact thatttivas generated within only one
half of the allowed G< 8 < mrrange.

The general differential cross section code line of the 2 particle scattering reads

do 1 Al/z(&”b,ﬁh)|
dQ  64m2sAY/2(s my, mp)

where./ is the matrix element of the process, the triangle functiodefined as

M| (4.23)

A%y, 2) =X+ Y + 7 — 2xy—2yz— 2xz (4.24)
andmy, mp andn, My are the masses of the particles in the initial and the fintstaespectively. In

the case of photonsy, = m, = 0 and vector bosonsz = my = my, the triangular functions ars, and

thes?32, respectively, wher@ = |/1— 4mg, /sis the vector boson velocity in the center-of-mass frame.
Using the relation for the Jacobigdt /d(cosO)| = sB/2, the¢ integrated differential cross section reads

do [ do |d(cosB)
dtd¢d¢ - /d_Q dt ‘d"’
 4m )
sazz ] (4.25)

Putting together equations (4.22) and (4.25), we arriveafibal formula for the weight to be assigned
for WW or ZZ production from massless photons

FACTR=-GEV2NB*2*L0G (TMAX/TMIN) *MAX(T,U)
*2%PIFAC/ (64 .*PIFAC**2) /S**2%x2d0*AMP2

where thegEV2NB is 389379 nb/GeV representing the change of units AfiRd is the squared amplitude
obtained from CompHEP.
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Figure 4.4: Two-photoid *H~ total production cross section as a function of the Higgssmas

4.3.3 Two-photon Higgs production

The central exclusive SM Higgs production is discussednsitely in the forward physics community.
In SUper SYmmetric (SUSY) theories, there is more than orggsliboson. In the Minimal Super
Symmetric Model (MSSM) in particular, there are five Higgstws: three neutrdd, H, A, and two
charged one$i*. The charged Higgs boson pair could be produced in two-phitteractions. Its
decay intor andv pairs is planned to be studied [14]. We therefore implentetitis process in FPMC.

The charged Higgs boson production cross section is iddrtticthat of the charged scalar pair
yy— ¢ "¢~ production, provided that the scalar mass is set to the Higass. The differential cross
section reads [15]

(4.26)

do  a?pB 8ns 32n7Ps?
2 72w (@ oy

The implementation of this process follows the same lines dse case of the anomalous couplings.
The differential cross section was added into the samen®B#iHQPM. The process can be selected with
new process numb@&PR0OC=16030 and the Higgs mass is set viaBie® parameter.

The total cross section of the two-photon charged Higgsymtioh is shown in Figure 4.4. It falls
quickly as a function of the Higgs boson mass and the Higgskea have to concentrate on the Higgs
masses in this channel. The Higgs decaying-teptons was excluded at LEP up to masse30 GeV,
depending on the branching fraction [16]. For such a low mass, the two-phdtial Higgs cross
section is about 1 fb.

Only 1 decays of the Higgs boson were implemented since it is thérdothdecay channel of the
low-mass (below the top mass) charged Higgs. The user caredbé specific branching ratib— 17+
corresponding to the SUSY parameter space via the vafi@le
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‘ Fit parameter‘ Fit A ‘ FitB ‘
a(0) 1.118+0.008 1.111+0.007
Ng (1.740.4)x10°3 | (1.4+£04)x10°3
aop 0.06" 032 GeV 2
Bp 55,59GeV2
ag(0) 0.5+0.10
ap 0.3728Gev 2
Br 1.6, 59GeV 2

Table 4.3: Diffractive structure function parameters of[@Et A and Fit B fits [18] appearing in (2.32)
and (2.33). These structure functions are used as defalBNVC.

| IFIT | PDF set | Source|
10 | H1 (old) [17]
20 | Zeus (old) [17]
30 | combined H1 and Zeus (old) [17]
100 | H1 FitB [18]
101 | H1 Fit A [18]

Table 4.4: Implemented diffractive parton density funetion FPMC. The most recent are the H1 Fits
A and Fit B IFIT=101, 100.

4.4 Implementation of pomeron exchange

Diffractive parton density functions (DPDF) were measuse¢HERA. The outcome of the fits are the
values of the pomeron and reggeon trajectosig) = ap(0) +toy, ar(t) = ar (0) +tag governing the
corresponding flux energy dependence (2.32), and the povineggeon parton distribution functions
fp/p(B, Q?), fr/p(B, Q?). Only the normalization of the product of the diffractiveustture function
fP(x,Q?,xp,t) mentioned in (2.33) and of the pomeron/reggeon flux (2.3&xél by the QCD fits.
Therefore, the normalization of the fluxes is conventignfiked atxp = Xg = 0.003 such that

Xp /t n fo pdt = 1 (4.27)
cut

where|tmin| ~ Max3 /(1 — xp) is the minimum kinematically accessible value|tf my, is the proton
mass andtey| = 1.0Ge\2. The normalization of the reggeon flux is defined in the same wa

The pomeron and reggeon parameters obtained in the mosit fd&eQCD fits (2.33) are shown
in Table 4.3. The implemented diffractive parton densiies summarized in Table 4.4 and can be
selected with thaFIT parameter. The flux parameters are fixed in the rowHiféODINI where the
initial parameters are set. The parton densities are ustxdiroutineHWSFUN where the call to the H1
tables (the source code can be found at [18]) is made.

We can compare the pomeron and photon Budnev flux energy depesa This is shown in Fig-
ure 4.5. The photon flux is truncated due the proton electgmeiic form factors. The pomeron flux is
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Figure 4.5: Comparision of two-photon and pomeron fluxeseat HC as a function of photon/pomeron
energyE.

V/5=196TeV
PTMIN [GeV] SD dijets [pb] DPE dijets [pb]
10 GeV 18010° 429.10°
15GeV 2910° 42.10°
25 GeV 2310° 1.3-10°
V/S=14TeV
PTMIN [GeV] SD dijets [pb] DPE dijets [pb]
15GeV 107 1¢° 5.2-10°
25GeV 14 10° 5.4.10°
35GeV 35.1¢° 1.1-10°

Table 4.5: Single diffractive and double pomeron excharnjge ctoss sections for various thresholds at
the Tevatron and the LHC. No survival probability factor,igrhis expect to be 0.06, was applied.

larger by two orders of magnitude and spans up to high validg@omeron energies. This, however,
might not be reasonable because the proton will more likedakat high momentum fraction loss. The
validity of the Ingelman-Schlein model is usually consgtbup toé =~ 0.1 —0.2.

Predictions of the single diffractive and double pomerochexge dijet cross sections for various jet
pr thresholds are summarized in Table 4.5. They are given asguhe pomeron exchange only since
the sub-leading exchange was found to be negligible at thata. Similarly, the single diffractivi/
andZ production cross sections are shown in Table 4.6. All nusbes calculated with the H1 Fit B
parton density functions, with the cut on the maximum momerfraction loss of the protoénax= 0.1.
The rates are not corrected for the survival probabilitycliis expected to be 0.06 at the LHC [19].
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process V/S$=196TeV /s=14TeV
W — anything+Gap 468 pb 9570 pb IPROC=11499
Z/y — anything+Gap 640 pb 6292 pb IPROC=11399

Flags:TYPEPR=’>INC’ ,TYPINT=>QCD’ ,PART1=P’ ,PART2="E+’ ,WWMAX=.1

Table 4.6: Total single diffractive production cross sactof W andZ/y bosons at/s= 14TeV. No
survival probability factor, which is expected to be 0.0&smapplied.

4.5 Implementation of exclusive production

The implementation of the central exclusive Higgs and dijetductions is not done in terms of flux
like before but rather in terms of the effective gluon-gldominosity. The calculation of the effective
gluon-gluon luminosity in exclusive events [20] is aval@aim the ExXHUME generator. It is convenient
to study the forward processes in the same framework witkahee hadronization model. We therefore
adopted the ExHUME calculation of the gluon-gluon lumitpos FPMC.

CEP production is implemented by means of look-up tableseftuon-gluon luminosity calculated
by ExXHUME (Lumi () routine) as a function of the momentum fraction losses ofsttadtered protons
&1, &. Itis evaluated and added to the event weight after geoarati both of,, &,. The rest of the
event is then generated with thg — qq, gg,H matrix elements respecting the= 0 selection rule. The
comparison of the effective gluon-gluon luminosity inahaidn FPMC with that calculated by EXHUME
(v1.3.3) is shown in Figure 4.6.

45.1 Conclusion

The FPMC generator produces a large set of forward physmsepses. The inclusive and exclusive
productions can be studied in one framework. First, the tgpofthe pomeron/reggeon density functions
for inclusive single diffraction and double pomeron exdpamvas done. The main part of the work
concerned the generation of two-photon processes. FPMS gredictions ofy — WW andyy— I
which perfectly agree with those in the literature. Two-@moevents are used throughout the thesis. The
two-photon lepton production is used to study a possiblénateto align the proposed ATLAS forward
detectors in Chapter 6. The implementation of new effeativgplings of the photons %//Z allowed
the investigation of the sensitivities due to anomalougptings of a photon to electroweak bosons and
it will be presented in Chapter 7. Moreover, the rapidity gagonstruction in the ATLAS calorimeter
using dimuon two-photon events is presented in Chaptersb,Ahhe production of charged Higgs boson
pair was implemented which will be useful for Higgs searchéh the forward detectors.

The program code was interfaced with the ATLAS simulati@mfework ATHENA. The most recent
version of the program can be found at [10].
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Figure 4.6: Comparison of the effective gluon-gluon lunsiity implemented in FPMC in the form
of looked up tables and as in ExHuMe calculation, shown foeehmomentum fraction lossés =

5x 106, 22x 103, 4.7 x 102, They are exactly the same but FPMC is scaled down by a facor 1
for demonstration purposes. The drop in the luminosity&pr- 0.02 whené; = 5 x 107% is fixed,
occurs for masseg/'sé1é> < 3GeV which is the mass limit of the look-up tables.
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Exclusive Diffraction at the
Tevatron

The work presented in this chapter aims to check the existehthe exclusive dijet signal produced
via Central Exclusive Production (CEP) using existing medd inclusive and exclusive productions.
Although the exclusive production yields kinematicallylwomnstrained final state objects, their exper-
imental detection is non-trivial due to the overlap with thelusive double pomeron exchange (DPE)
events. Exclusive events appear only as a small deviatan the prediction of inclusive models and
need to be studied precisely. In particular, the pomerarcttre as obtained from HERA is not precisely
known at high momentum fraction, and specifically, the glirothe pomeron is not well constrained.
It is not clear if such uncertainty could not lead to the nasitification of the observed processes as
exclusive.

The dijet mass fraction distribution (DMF) measured by th@-CCollaboration [2] is used to show
that one is unable to give a satisfactory description of tta @ithout the existence of exclusive events,
even when the uncertainties associated with the pomerantste are taken into account. We also
include other approaches to explain diffraction in our gttlde so called Soft color interaction model.

First, the models used in the study are briefly describedy mibre details given for the ones that
were not mentioned in the theoretical chapter. Next, wegmtgsow the introduced models describe the
measurement performed by CDF. At the end of the chapter,digtian of how the DMF could be used
to identify the exclusive events at the LHC is given. Thigigtwas published in [1].

5.1 Theoretical models

The used inclusive and exclusive DPE models are impleméntide Monte Carlo program FPMC [3].
The Soft color interaction model is embedded in the PYTHIAgoam [4]. A survey of the different
models follows.

5.1.1 Inclusive models

The first inclusive model to be mentioned is the IngelmankSehmodel [5]. As was already discussed
in preceding chapter, the diffractive PDF measured at HERAuged to describe pomeron exchanges
at the hadron collider provided that the cross sections amected for the survival probability factor
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Figure 5.1: Uncertainty on the gluon density at higlthere8 = z). The gluon density is multiplied
by the factor(1— )" wherev=-1., -0.5, 0.5, 1. The default value= 0 is the gluon density in the
pomeron determined directly by a fit to the IBP data with an uncertainty of about 0.5.

which is about 0.1 at the Tevatron and 0.03 at the LHC. Thisehadl be referred to as “Factorized
model" (FM) from now on.

On the other hand, the Boonekamp-Peschanski-Royon (BRRIsine model [6], is purely a hon-
perturbative calculation utilising only the shape of thengoon parton density functions and leaving the
overall normalization to be determined from the experim@vi confronted the prediction of DPE cross
section with the observed rate at the Tevatron [7] and obththe missing normalization factor. The
obtained normalization factor is® 10~2 for the parton densities measured at HERA.

In the BPR model, the partonic content of the pomeron is esgae in terms of the distribution
functions asf; »(Bi) = BiG;i/p(Bi), where theG; p(f3) are the true parton densities as measured by the
HERA experiments, anfl; denotes the momentum fraction of the partimthe pomeron. The integral
of fi/p(Bi) is normalized to 1, so that in the limitp(3;) — () the exclusive cross section of Bialas-
Landshoff model (to be discussed) is recovered.

Both models use the pomeron structure measured at HERA vidighuon dominated. In this
study, we use the results of the QCD fits of the pomeron streidtinction data measured by the H1
collaboration [8]. The gluon density at high wheref3 denotes the momentum fraction of the particular
parton in the pomeron, is not well constrained from the QC® gerformed at HERA. To study this
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uncertainty, we multiply the gluon distribution by the fac{1— 3)V as shown in Figure 5.1. QCD fits
to the H1 data lead to the uncertainty on thparametew = 0.0+ 0.5 [8]. We will see in the following
how this parameter influences the results on the dijet masdn as measured at the Tevatron.

5.1.2 Exclusive models

We used the Khoze, Martin, Ryskin (KMR) [9] model which is elyra perturbative approach of the
central production as was already discussed in detail itid3e2.15.

In addition, we also investigated the Bialas-Landshoffigsige model [10] (BL) which is based on
an exchange of two “non-perturbative" gluons between agfaiolliding hadrons which connect to the
hard subprocess. Reggeization of the gluon propagatorspsoged in order to recover the pomeron
parameters which successfully describe soft diffractivterpmena, e.g. the total cross section at low
energies. It should be mentioned that the so called Biatasithoff exclusive model is actually an
extension of the Higgs boson exclusive production caledl&tly Bialas and Landshoff (see first Ref. of
[10]) for the dijet production. This is composed of a crosstise for qq [10] andgg[11] productions.

The two models show a completely differgmt dependence of the DPE cross section. The energy
dependence of the BL model is found to be weaker since the qmmig assumed to be soft whereas it
is not the case for the KMR model.

5.1.3 Soft color interaction model

The Soft color interaction model (SCI) [4, 12] assumes tliffriadtion is not due to a colorless pomeron
exchange between the protons but due to a soft interactionlofed partons which emerged from the
hard interaction. It gives a probability that each pair afsiy colored parton make a soft interaction.
This interaction changes only the color state of the parémusnot their momenta. They involve some
non-perturbative soft interaction which the model triedégcribe. The only parameter of the models is
the probabilityP (to be determined from the experiment) that there will beriagtconnection, a color
exchange between the pair of partons. The number of sofattiens will thus vary from event-to-
event. In some cases, the soft color exchange creates astoget from the proton remnants, which
is separated from the rest of the colored partons and thes gise to a rapidity gap. Technically, the
soft interaction is implemented in PYTHIA as an intermeelistep before the hadronization mechanism
modeled by the Lund string model [13].

The SCI model is very successful in describing the HERA datathiich the probability parame-
ter was tuned td® =~ 0.5. Moreover, exactly the same model tuned at HERA described ¢vatron
diffractive data. It gives correct rates of SD processegetg]W, beauty and charm mesons) and also
DPE dijets if the diffractive event is defined with the rapydijap requirement. There is no need for the
concept of survival probability and a correct normalisatie found between the Tevatron and HERA
data without additional parameters, which is one of the ésgguccesses of this model.

5.2 Dijet mass fraction at the Tevatron

The dijet mass fraction turns out to be a very appropriatemable for identifying the exclusive pro-
duction. Itis defined as the ratiRy; = M;3/Mx of the dijet system invariant mas4;; to the total mass
of the final state systerily (excluding the intact (anti)protons). If the jet algorithmas such proper-
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ties that the out-of-cone effects are small, the presenea ekclusive production would manifest itself
as an excess of the events towaRjs ~ 1; for exclusive events, the dijet mass is essentially etpal
the mass of the central system because no pomeron remnaasé&np The advantage of DMF is that
one can focus on the shape of the distribution; the observati exclusive events does not rely on the
overall normalization which might be strongly dependenti@detector simulation and acceptance of
the roman pot detector. In the following analysis, we clpgellow the measurement performed by the
CDF Collaboration.

5.2.1 Kinematic constraints

We mention only the cuts which are relevant for our analyBie complete description of the measure-
ment and the detector setup are presented in [2]. To simithi@at€DF detector, we use a fast simulation
interface [14], which performs a smearing of the depositenergy above a.BGeV threshold and
reconstructs jets using a cone algorithm of a radius 0.7 in then x @ plane. The properties of the
event such as the rapidity gap size were evaluated at theagenparticle level.

CDF uses a roman pot detector to tag the antiprotons on oeg@idresponding tgy < 0). For
the DMF measurement, we require the antiprotons to havegitlminal momentum loss in the range
0.01 < &5 < 0.12 and we apply the roman pot acceptance obtained from the @illkboration (the
CDF detector acceptance is greater than 0.5 f089< &5 < 0.095). On the proton side, where no such
device is present, a rapidity gap of the siz6é 3 ngap < 5.9 is required. In the analysis, further cuts
are applied: two leading jets with a transverse momentunveabite threshold)#etl’jaz > 10GeV or
plethIet2 . 25GeV in the central region 1®Lie2| < 2.5, a third jet veto cut@® < 5GeV) as well as
an additional gap on the antiproton side of the siZ£9 < ngap < —3.6. For the sake of brevity, the
threshold for the transverse momentum of the two leadirgvjdt be in the following denoted ap’}"”,
if needed.

5.2.2 Reconstruction of the event kinematics

The dijet mass is computed using the jet momenta for all svpassing the above mentioned cuts.
In order to follow as much as possible the method used by the Gillaboration, the mass of the
diffractive systenmMy is calculated from the longitudinal antiproton momentussi within the roman
pot acceptance, and the longitudinal momentum loss of thtenpf,?a” is determined from the generator
level particles in the central detector4 < npar < 4), such that:

Mx = /sEsE5" (5.1)
1

gt = — pref (5.2)

P \/gpartzlcles

summing over the particles with energies higher th&@®V in the final state at generator level. To
reconstruct the diffractive masé‘?a” was multiplied by a factor.1, obtained by fitting the correlation
plot between the momentum loss of the proton at generatet égvand Er?a” at particle level with a
straight line (see the discussion below).

Differences in the dijet mass fraction distribution redomsted on the particle level and as mea-
sured by the CDF Collaboration originate mainly in two issuEirst, the invariant mass reconstructed
from the dijet systenM;; has finite resolution due to possible out-of-cone energysiépn which is
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Figure 5.2: Top and middle plots: Rapidity akg weighted rapidity distributions of all particles pro-
duced (except the protons); Bottom plot: momentum loss efpitoton in double pomeron exchange
eventsé,, for FM (left) and BPR (right) inclusive models.

not clustered into the jets. Second, the energy resolutidheocalorimeter towers and the detector
acceptance effects the mass of the reconstructed diffessyistenMy. TheR;; for exclusive events is
therefore shifted to lower values.

83



5. EXCLUSIVE DIFFRACTION AT THE TEVATRON

o
i~
g art
o
N

part
EP

p

P

o
o
o
o
o
©

o
o
>
o
=}
>

s

¥
e 0.04

4
<}
=

o LI ‘ L ‘ LI ‘ LI ‘ L

o

o

o 5
o N
O\\\‘\\\‘\\\‘\\\‘\\\

.

o

o

[

T S T T S A SO S SIS S T S [ T S AN S I
0.02 0.04 0.06 0.08 0.1 0.02 0.04 0.06 0.08 0.1

Figure 5.3: Comparison of the proton momentum Iﬁ%@t calculated with formula (5.2) and the proton
momentum losg, at generator level.

n
{
b
k
i
-

O\\\‘\\\‘\\\‘\\\‘\\\

(<)
(<)

IN
IN

N

N
O\\\‘\\\‘\\\‘\\\‘\\\

o
o

Figure 5.4: Rapidity of particles on theside vs.p momentum loss: for the inclusive factorized model
(left) and exclusive KMR model (right). Hits of scatterpdare included.

5.2.3 Effects of the fast simulation

The DMF reconstruction is deeply dependent on the accurhtlyeadetector simulation. In order to
understand the DMF observable within our fast simulatiogpragch, we discuss some of the kinematic
distributions in the following for jets withpr > 10GeV.

* In our analysis, we defined the dijet mass fraction as a adtibe two leading jet invariant mass
Mj; to the central diffractive madsly. We must ensure that most of the produced diffractive
energyMy is deposited in the central detector, otherwise the paaticacceptance of the CDF
detector would lead to a large discrepancy of the recortstildy between our approach (5.2)
and the CDF one. The energy flow of the particles as a functfompmidity at the generator
level is shown in Figure 5.2, upper plot. The middle plot shahe energy flow weighted by
the transverse momentum of the partiEle. We see that most of the energy is deposited in the
calorimeter region, i.e. fomn| < 4. In p tagged events, protons most frequently lose a smaller
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Figure 5.5: Dijet mass fraction for jefg > 10GeV. FM (left) and BPR (right) models, inclusive contri-
bution. The uncertainty of the gluon density at hjgls obtained by multiplying the gluon distribution
by (1— )Y for different values o¥ (non-solid lines).

momentum fraction (roughl¥, ~ 0.025) than the tagged antiproton for which the acceptance
turns on foréz > 0.035. This can be seen from thg population plot in the bottom of Figure 5.2.
Thus, a collision of a more energetic pomeron from the aotiipr side with a pomeron from the
proton side is boosted towards thes it is seen on the energy flow distributions.

» A comparison between the proton momentum loss obtained mirticlesf,?a" calculated using
formula (5.2) and the proton momentum loss at generatol &eads to the factor 1.1 mentioned
in the previous section. The dependence is displayed i3 with the factor applied oﬁﬁ’art.

* The size of the rapidity gap approximately scaleAgs- log1/¢ as a function of the momentum
lossé. The size of the gap which increases with decreaéirigr inclusive models can be seen
in Figure 5.4. Regions of high rapidity show tlpehits whereas the low rapidity region is due
to the produced particles detected in the central detetiiey, are well separated by a rapidity
gap. For exclusive events, the size of the rapidity gap gelaand does not show such a strdng

dependence as for inclusive models.

5.2.4 Inclusive model prediction

We present first the dijet mass fraction calculated with FRIBRR models and explore the impact of the
high 3 gluon uncertainty in the pomeron. To do so, we multiply theogl density by the factal— )",

for different values ofv = —1,—-0.5,0,0.5,1. The impact of the parameter is shown in Figures 5.5
and 5.6 for jets withpr > 10GeV andpt > 25GeV, respectively. The computed distributions were
normalized in shape, since the luminosity used for the diggs fraction measurement is not given. This
should be understood in the following way: in the CDF note {B¢ luminosity of the whole sample
310pbtis given which differs from the effective luminosity used Ry;. The difference is mainly due
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to multiple interactions effects. The diffracti; events are selected using single interactions only
(gaps would be filled in overlap events) which correspondrarage to a few percent of the whole data
sample. However, the exact number is not given in the CDF. rotethe other hand, one can compare
the theoretical prediction to the shape of the cross sectiorected to hadron level provided by CDF.
We find that the cross sections agree up to a factor 2-3 foeréifit jetpr cuts. This difference can
be attributed to the fast simulation which we are using. thsgious that the size of the rapidity gap
(directly related tcgy) is difficult to be studied without a full simulation. The tac 2-3 can be easily
obtained by a small change éf, since the cross section itself hagé} dependence. However, it is
important to notice that the shape of the dijet mass fradadioes not depend strongly on thg or the
size of the rapidity gap as illustrated in Figure 5.7 anddfae it does not change the conclusion about
the description of the DMF using inclusive diffraction.

The interesting possible exclusive region at higyj is enhanced fov = —1, however, not in such
extent that would lead to a fair description of the obsenisttilutions. As a consequence, the measured
tail of the dijet mass fraction at higR;; cannot be explained by enhancing the gluon distributioriggt h
B, and another contribution such as exclusive events is medjui

A particular property seems to disfavour the BPR model atTéaatron. Indeed, the dijet mass
fraction is dumped at low values &;;, especially for jetgpr > 10GeV. Since the cross section is
obtained as a convolution of the hard matrix element and i$tglalition functions, the dumping effect
is a direct consequence of the use of a multiplicative fagtan the parton density functions in the
pomeron mentioned in Section 5.1.1. We will come back onghiat when we discuss the possibility
of a revised version of the BPR model in the following.

As we have seen, inclusive models are not sufficient to desaeviell the measured CDF distribu-
tions. Thus, it opens an area to introduce different typgzrofesses/models which give a significant
contribution at highRy;.

5.2.5 Exclusive models predictions

In this section, we will study the enhancement of the dijessndistribution using exclusive DPE pro-
cesses, with the aim to describe the CDF dijet mass fracttg &Ve examine three possibilities of the
interplay of inclusive plus exclusive contributions, sifieally:

1. FM+ KMR
2. FM + BL exclusive
3. BPR + BL exclusive

The full contribution is obtained by fitting the inclusivedaexclusive distribution to the CDF data, leav-
ing the overall normalizatiolN and the relative normalization between the two contritmstic<C/'NC
free. More precisely, the DMF distribution is obtained vtttk fit asN (o'NC (R ;) + rEXC/INCGEXC(Ry ).
The fit was done for jets witp"" = 10GeV andp"" = 25GeV, separately.

The overall normalization factor cannot be studied sineeG@DF collaboration did not determine
the luminosity for the DMF measurement. On the other haralrafative normalization between the in-
clusive and exclusive production can provide a useful mftion. The relative normalization allows to
make predictions for highgpr jets or for LHC energies for instance. For this sake, thetiveaormal-
izationsr¥X¢/INC should not vary much between the tp@™" measurements. Results are summarized
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Figure 5.8: Dijet mass fraction for jetsr > 10GeV. FM + KMR (left), BPR + BL (right), FM + BL
(bottom) models. We notice that the exclusive contribuilows to describe the tails at hidRy;.
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contributions | rEXC¢/INC(10) | g'NC(10)[pb] | oF*C(10)[pb]
FM + KMR 2.50 1249 238
FM + BLexc 0.35 1249 1950
BPR + BLexc 0.46 2000 1950

rEXC/INC(25) GINC(ZS) [pb] O-EXC(25) [pb]
FM + KMR 1.0 7.39 3.95
FM BL exc 0.038 7.39 108
BPR + BLexc 0.017 40.6 108

Table 5.1: Cross sections for inclusive diffractive praitut o'N¢, exclusive cross section®*C to be
rescaled with a relative additional normalization betw@ernusive and exclusive event§*C/'NC for

pr > 10GeV andpr > 25GeV jets and for different models (see text). Note thaffithe the data is
parameterized as(o'NC(Ry;) 4 rEXC/INCGEXC(Ry5)).

in Table 5.1. We give the inclusive'N® and the exclusive cross sectiom§*C, obtained directly from
the models, and the relative scale factor needed to dedbeb@DF data to be applied to the exclusive
contribution only. While the relative normalization chasgs a functiorp)?‘in by an order of magnitude
for the exclusive BL model, it tends to be rather stable ferKiMR model (the uncertainty on the factor
2.5 might be relatively large since we do not have a full satiah interface and the simulation effects
tend to be higher at low jet transverse momentum). Finallizigures 5.8 and 5.9, the fitted distributions
are depicted fop"" = 10, 25GeV jets, respectively.

The Tevatron data are well described by the combination ofdRtt KMR model. We attribute the
deviation from the smooth distribution of the data to the énfigction of our fast simulation interface.
On the contrary, the BPR model is disfavoured because #& faitlescribe the low;; region. TheRj;
distribution is shifted towards higher values due to findactor in the parton density; () used by
the BPR model. This factor was introduced to maintain theespondence between the inclusive and
exclusive model in the limiff; p(x) — J(x). On the contrary, this assumption leads to properties in
contradiction with CDF data. Using the BPR model withous thdditional normalization factor leads
to a DMF which is in fair agreement with data. Indeed, we showigure 5.10 the predictions of the
“modified" model (i.e. defined af/p(B) = G;p(Bi)) for pr > 10 GeV andpr > 25 GeV jets. We see
that the lowR;; region is described well and that fitting the prediction @& éxclusive KMR model with
the BPR model yields roughly the same amount of exclusivatevas using the factorizable models.
We will not mention further this "modified" version of the BRRodel since it gives similar results as
the factorizable models.

The exclusive BL model leads to a quite reasonable desamipti the DMF shape for botb?“” cuts
in combination with FM. However, it fails to grasp the shapéhe exclusive cross section measured as
a function of the jet minimal transverse momentmﬁf‘i”. To illustrate this, in Figure 5.11 we present
the CDF data for exclusive cross section corrected for tlatetfects compared with the predictions of
both exclusive models after applying the same cuts as in Bie l@easurement, nameI}zﬂreu’2 > p?‘”,
Inteth2| < 2.5, 36 < Ngap < 5.9, 003 < &5 < 0.08. The BL exclusive model shows a much weager
dependence than the KMR model and is in disagreement with dat
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Figure 5.10: Dijet mass distribution at the Tevatron calted with the "modified" parton densities in
BPR model (see text) for 10 GeV (left) and 25 GeV (right) &R exclusive model included.

Let us note that the cross section of exclusive events medsay the CDF collaboration is an
indirect measurement since it was obtained by subtractiegiriclusive contribution using an older
version of the gluon density in the pomeron measured at HHRAhat sense, the contribution of
exclusive events using the newest gluon density from HERghinthange those results. However, as
we noticed, modifying the gluon density even greatly at gy multiplying the gluon distribution by
(1—B)Y does not change the amount of exclusive events by a larger.factd thus does not modify
much the indirect measurement performed by the CDF colidimor.

To finish the discussion about the pomeron like models, itasthvmentioning that these results
assume that the survival probability has no strong depexedenf3 andé. If this is not the case, we
cannot assume that the shape of the gluon distribution asurezhat HERA could be used to make
predictions at the Tevatron. However, this is a reasonaigaraption since the survival probability is
related to soft phenomena occurring during hadronizatdiects which occur at a much longer time
scale than the hard interaction.

5.2.6 Prospects of future measurements at the Tevatron

In this section, we list some examples of observables whidktddoe used to better identify the exclusive
contribution in DMF measurements at the Tevatron. We pttetbenprediction as a function of the
minimal transverse momentum of the two leading [@#¢. Since the BPR model does not describe the
DMF at low Ry3, we choose to show only the FM prediction in combination viitth, KMR and BL
exclusive models.

The same roman pot acceptance and restriction cuts as irtRar@asurement were used, specif-
ically, 0.01 < &5 < 0.12, ™2 > pmin | pietl2| « 25 36 < |ngapl < 5.9. Moreover, we adopted a
normalization between inclusive and exclusive events saimdd for thepr > 25GeV analysis in the

previous section because we are less sensitive to the iegieris of the fast simulation interface for
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Figure 5.11: Exclusive cross section as a function of thémahtransverse jet momentup{"" mea-
sured by the CDF collaboration and compared to the predictfdahe KMR and BL exclusive models.
We note that the BL model overestimates the CDF measuremigife the KMR model is in good
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Figure 5.13: Number of jet events and mean of the dijet masdién as a function of the minimal jet

piMin. We note that the ideal value """ to enhance the exclusive contribution is of the order of G0-4
GeV which leads to a high enough production cross sectionedisas a large effect of the exclusive

contribution on the dijet mass fraction.

higherpr jets. Figure 5.12 illustrates the DMF distribution for twepsrate values of minimum jpﬁl‘i”.
The character of the distribution is clearly governed bylesize events at higip™.

Figure 5.13 shows the rate of DPE events. In addition to tinesudenoting the inclusive contribu-
tion with the varied gluon density far = —0.5,0,0.5, the full contribution for both exclusive models
is shown. For the FM model which is in better consistency withessible data, the measurement of
the DPE rate does not provide an evident separation of exelgsntribution from the effects due to
the pomeron uncertainty since the noticeable differengeas when the cross sections are too low
to be observable. It is possible, however, to examine thenmoéshe DMF distribution. As seen in
Figure 5.13, this observable disentangles well the exatysioduction with the highest effect between
30 and 40 GeViIt should be noted that the assumed luminosity 200pb the effective luminosity with
only one interaction per bunch crossing.

In what has been discussed so far, we assumed pomeron-litelsrfor inclusive diffraction. The
next section focuses on the prediction of a soft color imttitsa model in which there is no relation to
the pomeron.

5.2.7 Soft color interaction model

The Soft color interaction model uses a different approactxplain diffractive events. In this model,
diffraction is due to special color rearrangement in thel fatate as we mentioned earlier. It is worth
noticing that in this model, the CDF data are dominated byheveith a tagged antiproton on the
(np < 0) side and a rapidity gap on thgeside. In other words, in most of the events, there is only one
single antiproton in the final state accompanied by a bungladfcles (mainly pions) flowing into the
beam pipe. This is illustrated in Figure 5.14 (right) whid¢tows the rapidity distribution of produced
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Figure 5.14: Dijet mass fraction at the Tevatron for jpts> 10GeV (left) and thep distribution of
produced particles (right) for the Soft color interactiondal.
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Figure 5.15: Dijet mass fraction at the Tevatron for jpis> 10GeV for the SCI model and KMR
exclusive model (left), and for jetsr > 25GeV for the SCI model only (right).
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Figure 5.16: Rapidity distribution of a leading jet (leff)cha second leading jet (right) in the SCI model
when calculating the dijet mass fraction.

particles and we notice the tail of the distribution at highpidity. We should not omit to mention that on
the other hand, the probability to get two protons intaciisegnely small. Thus, the central exclusive
events with double proton tags are rare in the SCI model.

After applying all CDF cuts mentioned above, the comparisetween SCI and CDF data &,
is shown in Figures 5.14 (left) and 5.15. While it is not pbksito describe the full dijet mass fraction
for a jet with pr > 10GeV, it is noticeable that the exclusive contributionasrid to be lower than
in the case of the pomeron inspired models. Indeed, penfigriie same independent fit of SCI and
KMR exclusive contribution one finds that only 70 % of the &sile contribution needed in the case
of pomeron inspired models is necessary to describe the Batgets withpy > 25GeV, no additional
exclusive contribution is needed (within uncertainti@sji¢scribe the measurement which can be seenin
Figure 5.15. Most events are asymmetric in the sense thatlomlantiproton is strictly intact and there
is a flow of particles in the beam pipe on the other side. Thimikhinfluence the rapidity distribution
of jets in the detector. As shown in Figure 5.16, the rapidistribution is boosted towards high values
of rapidity and not centered around zero like for pomerompinesl models and CDF data. Moreover,
the cross section fopr > 10GeV jets is in the SCI modeSC' = 167 pb, only about 13% of the cross
section predicted by the pomeron inspired models which kiewgive a correct prediction of a large
range of observables including DPE cross sections. Theredach properties disfavour the SCI model.
However, it would be worth to study and modify the SCI modeksi the probability to observe two
protons in the final state (and/or two gaps) should be highem the square probability of observing
one proton (and/or one gap) only (single diffraction) asasween by the CDF collaboration [16]. The
SCI models quite remarkably describe a whole rangem&nd pp processes, both single diffractive
and double pomeron exchange, if the diffractive eventselexted using the rapidity gap requirement.
On the other hand, it was already pointed out by the authd@}k fthat the model underestimates the
production rates when the leading (anti)proton is taggétchwve are using in the case of DMF. In this
case, the cross section is more sensitive to details in tlelnguch as the remnant treatment.
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Figure 5.17: Sensitivity of the dijet mass fraction to diéfet values of the pomeron intercept = 1+¢.
The figure shows the number of events p&f > 150GeV for a luminosity 10fb*.

5.3 Dijet mass fraction at the LHC

To make the predictions of the DMF at the LHC we assume thafdatierization breaking between
HERA and the LHC comes only from a survival probability factdich is about 3%. Since the inclusive
BPR and BL exclusive models showed to be disfavored at thatfi@y, we use only the FM and KMR
models. As in the previous sections, we also include a stfidigeouncertainty on the gluon density
enhancing the higB gluon with a factor{1— f3)". Nevertheless, new QCD fits using single diffractive
or double pomeron exchange data will have to be performedlifpdonstrain the parton densities and
the pomeron flux at the LHC.

The flux depends on the pomeron intercaptwhose impact on the DMF distribution at LHC ener-
gies is shown in Figure 5.17. The pomeron intercept is patenmed asxp = 1+ € and the prediction
is made for four values of = 0.5,0.2,0.12,0.08. The HERA pomeron structure function analysis [8]
shows that the “hard pomeron" intercept value is closepte- 1.12.

DPE events in this analysis were selected applying the rggohacceptance on both sides from the
interaction point M1 < & < 0.1, and using a fast simulation of the CMS detector [15] (ttsalts would
be similar using the ATLAS simulation) and asking two leagiets withpr >= 100,200,300,400GeV.

The dijet mass fraction as a function of differgmt is visible in Figure 5.18. The exclusive con-
tribution manifests itself as an increase in the tail of tieribution which can be seen for 200GeV
jets (left) and 400GeV jets (right), respectively in Figird9. Exclusive production slowly turns on
with the increase of the jgtr which is demonstrated in Figure 5.20 where the number of@gdeDPE
events is shown. However, with respect to the uncertaintyemgluon density this appearance is almost
negligible.

The exclusive production at the LHC plays a minor role for lpwjets. Therefore, measurements
e.g for pr < 200GeV where the inclusive production is dominant could $eduo constrain the gluon
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Figure 5.18: Dijet mass fraction at the LHC as a function efjtit minimal transverse momentysi'™,
FM inclusive model.

density in the pomeron. Afterwards, one can look at the higljet region to extract the exclusive
contribution from the tail of the DMF.

5.4 Conclusion

The aim of this chapter was to investigate whether we care@xphe excess of events at the high dijet
mass fraction measured at the Tevatron without the exdusiwduction. The result is actually twofold.

Concerning the pomeron induced models ("Factorized maawl Bialas-Landshoff inclusive mod-
els) we found that the uncertainty on the hfglgluon density in the pomeron has a small impact at high
Rj;. Therefore, an additional contribution is needed to dbsctiie CDF data with these models. We
examined the exclusive KMR model and Bialas-Landshoff #sige model predictions for the role of
the additional contribution and found that the best detionpof data is achieved by the combination
of the Factorized inclusive model (or the modified includralas-Landshoff one) and the KMR exclu-
sive model. The exclusive contribution at the Tevatron camiagnified requesting highef jets and
studying specific observables like the mean of the dijet rfrastion, for example. Though, one of the
limitations of using highpy jets is due to the rate of DPE events which falls logariththicallowing
measurements for jets up to approximately 40GeV. The Biadasishoff exclusive model seems to be
disfavoured by Tevatron data since it shows a softepjetiependence and predicts unphysical large
DPE rates at LHC energies.

In the case of the Soft color interaction model which is na&dshon pomeron exchanges, the need
to introduce an additional exclusive production is lessials. For lowpr jets the amount of exclusive
events to describe the data is smaller than in case of therzaxt model, but for highpr jets no
additional contribution is necessary. This draws a newtipreswhether the double pomeron exchange
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inclusive + KMR exclusive models.
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Conclusion

events could be explained by a special rearrangement of onlg? When one proton is tagged, the
DMF data are in this model dominated by single diffractivere¢. Selecting DPE in this leading proton
sample with the gap requirement on the other side gives dhciar 8 smaller rates than those measured
by CDF. Thus, it indicates that the modeling of remnantsmdgioation into the proton which could be
tagged might not be precise and would have to be reconsidtemrder to describe correctly the leading
proton data at the Tevatron and perhaps also the double pam&change data with the intact proton
in the future at the LHC.
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ATLAS Forward Proton
Detectors and Alignment

The forward physics program of the ATLAS experiment will benarkably broadened when FP220 and
FP420 proton tagging detectors are installed 220 m and 420mthe ATLAS interaction point (IP), in
addition to the existing LUCID, ZDC and ALFA detectors whiglere discussed in Section 3.3. In fact,
physics applications of the AFP (ATLAS Forward Proton) d&ies consisting of FP220 and FP420
is orthogonal to that of the already existing forward detext The aim is to detect scattered protons
originating in soft and hard diffractive, and exclusive ggsses. In this chapter, we discuss the forward
detectors which are proposed as an upgrade of the ATLASataietector. First, the main physics
motivations for the new detectors are given, followed by safetails on the detector system and proton
tracking through the LHC beam line. The central part of thaptér describes the results of our work
on the investigation of the alignment and calibration mdtbbFP220 using two-photon dimuon events
detected in the central detector.

6.1 AFP principal and physics application

The AFP detectors use the LHC magnet optics as a giant spestiea A proton which loses a small
amount of energy at the IP is deflected at small angle, mowgesithan the LHC bunches, and is
consequently transported by the LHC optics outside the leramlope. The AFP detectors consist of
four independent stations installed at 220 m and 420 m oeredtlde of the ATLAS detector. Each of
them houses several layers of 3D silicon detectors usedctms&ruct both position and angle of the
protons tracks, and timing detectors measuring the timbaeptoton arrival. By inverting the proton
transport through the LHC magnetic field, the measured privack information is used to reconstruct
the kinematics of the scattered proton at the interactiantpdhe kinematic variables are: the fractional
momentum loss

|Pol — [P
=2 11 6.1
B ©-D
the momentum transfer square
t=(po—P)°~ —pf (6.2)
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Figure 6.1 Layout of AFP detectors: FP220 and FP420 plateéd@ém and 420 m from the ATLAS
nominal beam crossing point. Other ATLAS forward detectmes shown: LUCID installed 17 m and
ALFA located 240 m from the ATLAS IP.

of the scattered protorpj is the four-momentum of the beam protons) which is to a gogadagmation
proportional to the squared proton transverse momentunm ¥t small, and the polar angle

COSY = Px/Pr (6.3)

In the processes with two intact scattered protons, thenstected fractional momentum losses
&1, & measured in the forward AFP detectors on positive and negsitiles of ATLAS determine the
diffractive masdV. With the so called missing mass method we have a relation

W =/sé1&> (6.4)

where /s = 14TeV is the center-of-mass beam energy which holds in thé W > m, when the
proton mass can be neglected. The acceptances of the fodetdtors in terms of these variables
are approximately 002 < & < 0.02 for the FP420 station andd1 < & < 0.2 for the closer FP220.
This implies a wide acceptance on the mass of the centrattdpanning from- 80 GeV up to masses
beyond 1 TeV. The coverage is up to several G&VThe exact acceptance depends on the closest
approach of the active detectors to the beam. It also depemdke position and apertures of the
machine collimator elements, which are designed to cagoattered non-beam protons to prevent
superconducting magnets from quenching. As a consequnasermnay also absorb part of the scattered
diffractive protons coming from the interaction point.

There are two units with active detectors for each detedttios: for FP220 as = 216 m and
s=224m, and for FP420 at= 420m ands = 424 m from the interaction point, for both beam 1 and 2.
Beam 1 circulates clock-wise in the direction from IP 1 to.IB2am 2 circulates in opposite direction
from IP1 to IP 8. The particular choice of the detector possiwas constrained by the actual available
space in the tunnel and was optimized in the detector acuepfar protons coming from diffractive and
exclusive events. The detector station layout is depigidelgure 6.1, where other forward detectors of
ATLAS are shown as well.

6.1.1 Trigger system

The detector performance depends on the capability ofdrigg on the interesting events. The trigger
can be successfully implemented at FP220 by grouping tegattefined number of subsequent silicon
strips with a very fast readout and sending it to the centesbL 1 trigger processor of ATLAS. Since the
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L1 trigger decision has to be made within 28 and all the information from the detector subsystems has
to be collected within 1.@s from the time of the collision, it is impossible to includeethit information
from the FP420 detector. The time needed for light to trarahfthe IP to the FP420 forward detector
and back is Bus. However, to trigger on events of desired missing masspivssible to cut 0§, from
FP220 at L1 asking- to be in FP420 acceptance and using formula (6.4). For HigklL&riggers, the
information from both FP220 and FP420 can be used since tlietigion is taken within 40 ms.

6.1.2 Timing detectors

Proton tagging is not a new technique. It has already bearessfully operated by previous experiments
UAS8, and CDF in hadron-hadron collisions and by H1 in elagfpooton scattering. What is novel at
the LHC is the high number of multiple interactions whichlwitcur at the same time. Contrary to the
current experiments, it is not sufficient to simply sele@rgg with exactly one reconstructed vertex for
forward physics studies because the probability to hatejes collision occurring in the bunch crossing
is small at high LHC luminosities. Moreover, due to multipieeractions (up to 32 multiple interactions
per bunch crossing can be present, see Section 3.1.2) adaled-Bke event can be registered in which
non-diffractive events are overlaid with two soft singldfrdictive events leaving hits in the forward
detectors. Those events represent a background for foptesics studies and must be rejected.

The method to reject overlap events is to verify that the etk protons originated in the same
vertex as the system observed in the central detector. Fkigrie by measuring the proton arrival time
at the forward detectors. Scattered protons move almosieagfgeed of light and the position of the
vertex is then essentially given by the time difference leetwthe proton hits on both sides of the AFP
timing detectors. Combining this information from the restucted vertex in the inner detector, the
contribution of the overlaid background can be greatly cedu(for instance, the trigger of the dijet
background to the central exclusive production of Higgsobadecayingd — bb can be reduced by a
factor of 40).

It should be noted, however, that even a femtosecond tindngat remove the overlaid background
completely. There is always a small contribution due to #ingd size of the LHC bunches in longitudinal
direction ~ 20— 30cm. Two interactions might occur during the bunch cragsihexactly the same
position: first when the two bunches meet head-on and seaotttk tail of the bunches when bunches
are about to separate. Since the time of the interactiontikrmawn, this type of overlaid background is
indistinguishable. The timing of the interaction would B2ded to remove that background.

6.1.3 Application

The physics which can be studied using forward detectorsessantially summarized in Chapter 2. It
covers single diffraction and double pomeron exchangesptbasurement of the diffractive structure
function, and the investigation of the factorization biliegkin diffractive and exclusive events. The
central exclusive production of Higgs boson in the Standdatiel or in Super Symmetric Models
(Section 2.15) are leading processes of interest, but hisdno-photon and pomeron-photon physics
makes an important part of the program. A complete summatiyeoforward physics at the LHC with
the proton taggers is described in [1].
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6.1.4 Project status

A proposal in form of a LOI (Letter Of Intent) has been presénio the ATLAS community in Feb.
2009. The ATLAS decision to accept the detectors will benakeOctober 2009.

6.2 Experimental system

The detector instrumentation in the FP220 and FP420 statrssentially the same. However, the
integration of the stations in the vicinity of the beam pipeguires a completely new approach at
420 m. The LHC elements (dispersion suppressors and areetsjrare placed in a continuous cryostat
from the Q7 quadrupole installed 270 m downstream from thallRhe way to the Q7 quadrupole of
the next IP. At about 420 m from the IP, there is a free driftcgpdout the cold-beam pipes and other
cryogenic equipments are contained in the so called CoiomeCtyostat (CC) about 14 m long, and the
installation of the near-beam detectors is not possible ey Ronnection Cryostat (NCC) was therefore
developed to replace the (CC) which provides a warm beam-ggpgtion and a cryogenic bypass. The
passage of the cryogenic lines was arranged to be as far aymgsible to leave adequate space for the
near-beam detectors.

At 220 m, the installation is relatively simple, since thevepipes are warm and can be accessed
without further difficulties.

6.2.1 Hamburg beam pipe

Because of the limited available space at 420 m due to thgenjo bypass, the traditional Roman Pot
technique cannot be used. Moreover, as it will be shown helwevscattered protons from diffractive
and exclusive events are deflected inward the LHC ring, amadiive detectors have to be placed in a
limited space between the two beam pipes (the nominal disthaetween the beam pipe axes is 194 mm,
and their radius is 5.4 cm).

A new concept of the detector integration in the so calledingpleam pipe pioneered at DESY [1]
is therefore adopted. The sensitive detectors are mouitectid on the beam pipe at two rectangular
pockets. The ends of the moving beam pipe are connect to the ffigsam pipes by a set of bellows,
allowing the displacement of the detectors between datagand parked positions. Since the moving
beam pipe operates on open air without the requirement afusuva, the mechanical and optical control
of the actual detector position can be implemented. Thesysttegration in one detector unit for FP420
is shown in Figure 6.2.

In addition, the same integration within the moving beanmepigput without the need of cryogenic
bypass and the NCC (shown below the support table and ondbetthe beam pipe in Figure 6.2) is
used for FP220.

6.2.2 Silicon detectors

In order to detect protons originating from the IP and to gefoad acceptance for masses around
~ 100GeV, the detector edge at 420 m has to approach the bearasagiose as 5 mm. At 220 m, the
expected detector approach is 2-3 mm. Aiming to operateeahitfhest LHC luminosities, one of the
important requirements on the detector performance ietbier their radiation hardness.
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Figure 6.2: Top view of one detector unit. Bellows (1) coriribe fixed beam pipe to the moving beam
pipe (2). Pockets (3) and (4) house the 3D silicon and timatgctors. Two Beam Position Monitors are
installed: (5) moving BPM and (6) fixed BPM. In addition, thesftion measurement (7) and emergency
spring systems (8) are shown.

The second requirement is related to the desired mass tiesolli was found that the proton track
position and angle has to be measured with the precision piril@nd 2urad in the horizontal direction
at FP420 in order to obtain a resolution of 3-5 GeV for a rangmigsing mass 4& W < 250GeV
when both FP220 and FP420 detectors are used. Since twingyastitions are 8 m and 4 m apart at
220 m and 420 m respectively, a detector resolution girhds also required for the good track angular
reconstruction.

The proton tracks are measured by the 3D silicon detectorshvitilfil the above mentioned cri-
teria. Micro-machining techniques allow to cross the detethickness with narrow (5-28m) holes
orthogonal to the surface, spaced by.s8, and filled withp or n-type conducting media, in order to
produce a transverse electric field. Particle passing ktwreese electrods excite electrons. The typical
small inter-electrode distance allows a fast charge ditle@nd implies the radiation hardness of the
detector. Another advantage of the 3D silicon technolog$as similar micro-machining techniques
allow to produce edges where the amount of dead silicon msfgigntly reduced. This is an important
point since the active parts of the detectors have to be @& @s possible to the beam. The active
detector area is 25 5mm at FP420 and 2020 mm at FP220.

We also mentioned that a new radiation hard readout frodtedactronics was developed to be
placed directly under the 3D silicon sensors.
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6.2.3 Timing detectors

Timing detectors are an important part of the forward detegsed to reject protons which come from
overlap events. They are composed of a radiator in whiciC#renkov light is produced by the passing
proton, and a device which collects and amplifies the pradilight signal. The micro-channel plate
tubes (MCP-PMT) represent a compact new technique to détte€@erenkov light with a large gain
and 5 ps time resolution on the photon arrival time. Two tiofidlight counter techniques are being
considered for AFP. In GASTOF (Gas Time Of Flight), the lighproduced in a gas radiato kg0,
pressured at 1.3 bar. A thin concave mirror at the back reflbet light to a MCP-PMT. On the other
hand, artificial quartz bars are used as radiators in the ldQUARTIC detectors. Using GASTOF
and QUARTIC is complementary, and therefore both timingdietrs are planned to be used in each
detector station. However, it must be kept in mind that theetmeasurement using the QUARTIC is a
destructive for the proton.

6.2.4 Detector alignment system

In addition to a good precise detector resolution, it is Beagy to have also a reliable online monitoring
system to control the detector position with respect to thanin Each forward detector unit will be
equipped with two sets of Beam Position Monitors (BPM). Tvidhem will be mounted on the fixed
beam pipe, and the other two will be attached directly on tbeahle pipe.

To determine the detector position with respect to the béhenmeasured beam position by BPMs
will be transfered to the detector by measuring the disot¢he BPMs and the detector with respect
to an alignment wire stretched along the whole system at st&tion unit. A special Wire Positioning
Sensor (WPS) can measure this distance with a sub-micraisjone.

The largest uncertainty on the alignment using BPMs comas fthe temperature dependence
whose systematic error was estimated to~b&5— 20um. Studying the in-situ BPM performance
and performing cross calibrations between surrounding BRNght help to reduce the alignment sys-
tematics.

6.3 Particle transport in the beam line

After the description of the forward detector systems, weifoon the particle transport inside the LHC
magnetic elements which is needed to obtain the protonrhitsei detector station downstream from the
IP. First, the beam parameters like emittance, beam witlthaee discussed, and then proton hits from
physics processes are shown. We focus mainly on the FP226tolest.

Particle motion around a closed orbit is called betatronianotThe particle motion is described in
a Frenet-Serret coordinate system which is an orthonorarallinear right handed coordinate system
(X, ¥, 5 at each point of the reference orbit. The logakis is the tangent of the reference orbit pointing
in the particle velocity. The two other axes are perpendictd the reference orbi& lies in the bend
plane and points outwards from the center of the ring,jgisderpendicular to the bend plane and form
the right-handed system with the other vectors.

The particle kinematics is determined by its horizontal gedical positionsx, y] with respect to
the reference orbit, and by the gradiertsy in X andy directions. The particle trajectory in magnetic
elements of the beam lattice is described by Hamilton’s gps of motion. A very profound discus-
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Ve

Figure 6.3: The Courant-Snyder invariant ellipse. The aredosed by the ellipse is equalite, where
€ is the emittancea, 3, andy are betatron amplitude functions. The maximum spacial énag of
betatron motion is/B¢, and the maximum transverse beam divergencggyis. The same ellipse can
be drawn for they, y phase space [2].

sion of the accelerator physics can be found in [2]; here timymost important points necessary to
understand the particle transport in the beam line are prede

The main beam lattice elements are dipole and quadrupoleetggven though many other optical
elements exist that help to correct the beam trajectory aoalsfbeams in the interaction points of the
experiments.

+ Dipole magnets have a magnetic field perpendicular to tlenbearticle direction and are used
to guide charged patrticles along a desired orbit. From threrita force law, the bending angte
between the positiors ands, inside a magnetic fiel& is given by

e (=
9:—/ B.dl (6.5)
Po Js

for a particle of positive chargehaving a momentunpy.

» Quadrupole magnets are used to focus/defocus the beantliiamge the transverse size of the
bunches). The magnetic field inside a quadrupole magnetisthat if the beam is being focused
in the x direction, it is being defocused in tlyedirection at the same time. Particle bunches are
therefore carried around the ring, being periodically fmmiand defocused in the horizontal and
vertical planes.

6.3.1 Emittance

If the accelerator is composed of linear elements such adedi@nd quadrupoles, the beam space and
momentum phase space occupied by the particles of the beamom@stant. The size of the phase space
is called emittance and it is an important parameter of tioelacator. Dipole and quadrupole magnets
can focus and defocus the beam and change either the spaocene@noum distribution of beam particles,
but cannot change the emittance which is conserved as aqersee of the Liouville’s theorem. To
adjust the emittance, special techniques like radiationgiiag or stochastic cooling have to be used.
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6.3.2 Beam width

The beam particle evolution in the phase space is charaetelly the Courant-Snyder ellipse whose
shape changes from point to point around the reference, driitwhose area is fixed and equal to
the emittance. Betatron amplitude functiomés), 3(s), y(s) characterize the solution of the equation
of motion in the beam lattice, and determine the maximumiapamplitude of the betatron motion
v/Be and the maximum (angular) divergencé/e, see Figure 6.3. Sincg= (1+ a?)/B holds for
the solution, the transverse beam divergence is smallefoagtion with a large3(s) value, i.e. when
particles travel in parallel paths. The tefBi means a value of thg(s) function at the interaction
point. It is usually used to define the beam lattice parareasrrequired by the LHC experiments.
As mentioned, the largf* optics means small divergence of the beam enabling forwegrdranents
like TOTEM and ALFA to detect scattered protons at very sraatiles with near-beam detectors. The
nominal runningB* is small 0.55m [3] in order to reduce the transverse size ®b|am as much as
possible and thus achieve the highest luminosities (see(&l4)).

The normalized emittancg, is sometimes used instead of the emittance. They are rdigited

&= VrBrg (6'6)

wherey, B are the usual Lorentz relativistic variables (and they ateelated to the betatron amplitude
functions). In order to reach the nominal luminosity &f = 10**cm2s~! with B* = 0.55m, the
normalized emittance must lag= 3.75um with the number of bunches 2808, each haviripk 10**

of protons [3].

The beam particles execute a betatron motion around an aétlessdd orbit which passes through
the centers of LHC magnets. Since the beam bunch has a finiteitsi constituent particles have their
own slightly different orbits. Also, a particle with a momam p different from the nominal beam
has its own off-momentum closed orhii(s)d, whereD(s) is the dispersion function at positierand
0 = (p— pv)/Po is the fractional momentum deviation. The fractional motaendeviation depends
on the beam preparation and the valué is 1.1 x 10~* for the LHC. If the dispersion function is large
at certain position, the transverse size of the beam isrdeted not only by the betatron functig{(s),
but also the dispersion has to be taken into account. In ériergl case, the beam envelope is calculated
as

0%(s) = 05(s) + 05(5) = B(s) + (D(5)5)° (6.7)

where o, and gg are the maximum amplitudes of the bunch particles due tarbetanotion and the
particle space deviation due to the momentum spread.

6.3.3 Mad-X project

Mad-X (Methodical Accelerator Design) [4] is a computer gnam which implements all the beam
magnetic elements as installed in the LHC tunnel and caksildne charged particle trajectories along
the ring. The user has to provide a corresponding magnetifaybich can be obtained from the LHC
beam division and the beam parameters among which the mpesttiamt ones are the beam emittance,
the number of bunches per beam, the number of protons in enkbamd of course the beam energy.
Particle position and momentum, betatron functions, bespedsions, etc. can be obtained at desired
observations points.
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The optics of the LHC can be used in two different modes, tmid thick. In the thick optics
mode, the particle is tracked through the optics lensegagdkio account the element size and magnetic
inhomogeneities inside the magnets. In the thin optics madeapproximation is made. The effect of
the magnet is applied only at the center of the magnets. Tiheofitics approximation works well if
particle deviations from the ideal orbit are small. In thidi@ing, we use the version of the thin optics
V6.500 and compare it with the thick optics V6.500 occadigna

Comparisons of the thin and thick optics in Mad-X of the protiacks at 220 m from the IP for both
beams are shown in Figure 6.4 for the horizontal displacémand slope®, and in Figure 6.5 for the
vertical displacementand slopes,. The difference between both optics is apparent for beanihéreas
the thin optics well approximate the particle transportfeam 2. The difference is mainly pronounced
in track angles. In fact, from Figure 6.4 we observe thataglyefor small angles at the IP, the particle
tracks at FP220 have an opposite orientation in the two agpes (the track points outwards in thick
optics, but points inwards when using the thin optics). Tifferdnce grows with the initial scattering
angle@ at the IP. On the other hand, the track position is not muctctdti. We also note that the same
comparison was done for another tracking program called&dKT5]. It agrees very precisely with the
predictions based on the thick Mad-X optics.

Although it will be necessary to have as precise simulatibthe LHC beam lattice as possible
for the real data analysis, the moderate differences ofithalation do not play a significant role for
the design of the forward detectors and the alignment distldelow. The thin optics will be used
predominantly here since it was the only code available tat tisat time.

It is interesting to note that the deviation of the diffraetproton is basically provided by two dipole
elements which separate beam 1 and beam 2 from each othé@rratfidm the interaction point. Protons
which have zerad and some non-zer§ would travel in the beam lattice composed of quadrupoleg onl
along the straight line and would not be deviated outsiddotfzan envelope.

6.3.4 Diffractive proton hits in FP220

Let us investigate the track hits in the forward detectoesitad by the diffractive protons characterized
by a fractional momentum loss a momentum transfér and by an azimuthal angle The protons are
transported from the positiofxo, Yo, Zp) of the ATLAS IP to the detector positions at 216 m and 224 m.
In Figure 6.6 (left), the proton hits in FP220 are shown faarbel in steps of, for two values ot =

0, —0.05Ge\?, and several azimuthal angles The displacement in horizontal and vertical direction is
measured from the position of the beam which has coordifi@t% The hit pattern follows a horizontal
and vertical displacement in the transverse plane. Thetmtdl coordinate is more sensitiveddhan
the vertical one. Proton hits in the second station areezhdhd the track angle can be measured.

Note that the deviation of the physics protons is in posi¥Brection. From the definition of the
Frenet-Serret coordinate system, it follows that the pasixis points outwards of the LHC ring. As
shown in the AFP layout Figure 6.1, beam 1 is the outer beam. plpence the diffractive protons
scatter outside from the two beams. This is important simotops can be detected by installing active
detectors in the free space at the side of the beam line.

The same scatter diagram is shown again in Figure 6.6 (rigintparing thick and thin optics track-
ings. The difference is small, but it increases as the geattgrotons lose more energy characterized by
larger& and travel farther from the ideal orbit tuned for beam phesic

For beam 2 the diffractive hit pattern is similar. Diffragiprotons scatter also outwards. As shown
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Figure 6.4: Comparison of thick (full line) and thin optiataéhed) in Mad-X for the proton displace-
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Figure 6.6: Hits of diffractive protons at the FP220 detedtw & in steps ofAé = 0.02 and fort =
0, —0.05Ge\ with a¢@ dependence creating circles in tie Y transverse plane (courtesy of A. Kiq)
(left). Comparison of thin and thick Mad-X optics for diffive proton hits as = 216 m (right).

in Figure 6.6, the range of the fractional momentum loss up+00.14 is covered with detectors which
have a small area of22 cm as previously mentioned. Even such small detectorsicamag acceptance
to events with high fractional momentum losses.

6.3.5 Diffractive proton hits in FP420

The difference between FP220 and FP420 positions is #itexdrin Figure 6.7 where the hit pattern is
shown for two-photon dimuon events. Due to the beam focusintihe quadrupole magnets, particles
deflect inwards at 420 m between the two beam pipes, wheresthetdrs have to be placed in a limited
space (14 cm). The small overlap between the stations atF&&2FP420 is visible for tracks with
coordinatex < —20mm.

6.3.6 Beam parameters at FP220 and FP420

The closest possible approach of the detectors to the begies by the safety considerations of
the machine. It is determined in terms of the beam width. Adyaxe seen, the diffractive protons are
deflected in the horizontal direction mainly. In Table 6.4 tetatror3(s) and dispersio(s) functions
are given and the corresponding beam width is calculateardity to formula (6.7).

The beam optics of beam 1 and 2 are very similar as they yiédd hétatron functions. The FP220
and FP420 positions are, however, quite different. The besmbe up te- 15 (depending on the exact
position) times wider irx direction at FP420 than at FP220. The momentum dispersipadtron the
beam size at FP220 is only about 10% of the maximum betatrqlitagie and it is often neglected.
At FP420 on the other hand, the dispersion gives a non-rielgligontribution to the beam spacial
distribution.
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Figure 6.7: Proton hits from two-photon dimuon events V\d#h> 8GeV at FP420 for beam 1. The
detector was placed at 4 mm from the beam at FP420 and 1.5 mmtfiebeam at FP220. The small
overlap is visible for events which arrive at distan@®X| > 20 mm.

From the physics point of view, the closer the approach tdo##n, the better is the acceptance for
diffractive and exclusive events. This is always in contfmti with the machine safety requirements
which do not allow devices to be placed too close in order addisrupt the beam operation. The
generally considered safe distance at which detectorsearstalled is [6]

d=2-04+15- 0y (6.8)

It is useful to remember that at FP220 this requirement maamsl distance of 1.5mm and 1.9 mm
for beam 1 and 2, respectively. For FP420, the allowed ojperaistance is about 4.2 mm. We must
note, however, that these approaches do not determineféotivd acceptance, since some space has to
be accounted for a thin metal window in the moving beam pipkeis ¢ 500um) and also a thermal
safety offset for 3D silicon detector installation insidthe fpocket (few hundreds of microns).

6.3.7 Detector acceptance

The impact of the detector positions on the missing masspéaeee is shown in Figure 6.8 for two
cases. On the left, the acceptance for double tagged eveRBA20 on either side of ATLAS illustrates
that if the detectors are operated as close as 5mm from thma,ldba acceptance on missing mass
W = /s&1& > 100GeV is not degraded. On the right side, the missing masptance is shown for
coincidences in FP220 and FP420 detectors. For low masske 8M Higgs boson mass 120GeV,
the acceptance drops quickly as a function of the closesbapp of the FP220 detector. Therefore it is
desirable to place the detector as close as possible to #me @ethere is no QUARTIC timing detector
which would destroy the protons).
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Beam 1
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Beam 2

s=216m p(y=312m Dy=-0.12m
s=224m [x=124m Dy=-0.12m
s=420m f,=1122m Dy=179m
s=424m [,=1279m Dyx=191m

Op =96.2um
Op =66.1um
Op =257.2um
Op =2731um

Op =1252um
Op=789um

Op=2374um
Op = 2536um

Og=121um
Og = 154pum
Og=1771pum
Og =1881um

Og = 132um
Og=132um
Og =197um
Og = 210um

Table 6.1: Horizontal betatrof and dispersioy functions for the FP220 and FP420 detector posi-
tions. The last two columns show the maximal betatron aog#it, and the beam size in the horizontal
direction due to the momentum spread of beam partigleBoth variables determine the spacial beam
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Figure 6.8: Acceptance as a function of the missing rivdss /s€,&> when protons are detected in
FP420 detectors upstream and downstream (left), and farabes where protons are tagged in FP220
and FP420 (right). For the latter scenario, the FP420 dmtécplaced 5 mm from the beam, whereas
the FP220 detector position was set at different distarmmatesy of P. Bussey).
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6.3.8 Transport parameterization

In order to have a fast reconstruction of the scattered prkitteematics from the detector hits at FP220,
we use the proton transport parameterization [8] which @pprate the Mad-X transport by analytic
formulae, valid for diffractive protons. In this methodetlcattered proton of four-momentup=
(E, px; Py, Pz) is described in terms of three variables: proton energytandrthogonal angles,, yy:

E= VPP =D =P 69)

wheremiis the proton mass.

The vertex position(Xo, Yo, Zg) can vary from event-to-event. The parameterization tloegepro-
vides a mapping froniE, ao, a}, 20) — o, a’, wherea = [x, y] are the track hits at 216 m,’ = [X, Y|
are the track directions (in the curvilinear coordinatetesyg andao, a; their counterparts at the IP. It
can be written as

a' = Ag+aiBg + aoCqr + ajzoDgr + ZoFgr (6.11)

where all the capital letters are polynomials of the protnargy E, up to E# term. It was found that
the accuracy of the parameterization with respect to theeNtad-X tracking is about im on the track
hit position and 50 nrad on the angle which should be sufficigtth respect to the typical resolutions of
the 3D silicon detectors (10m and 2 mrad).

6.3.9 Fast proton reconstruction

The inverse procedure of the scattered proton kinematmnstruction from the proton tracks at the
detector stations can be done only with additional assumgtsince the proton transport is a surjective
mapping. With the assumption that the collision took plaxacty at the center of ATLAS = Vo =

Zp = 0 and due to the fact that both equations (6.11) describeahsgort of the same patrticle, the above
chain of equations can be rewritten as

(X—Ax— Fxzo —%oCx) - (Bx +20Dx) — (X — Av — FZo—%oCx ) - (Bx+20Dx) =0 (6.12)

Solving this equation numerically f&, we reconstruct the scattered proton energy which can lgrin t
used to calculate the track slope at thedPy;. Note that the< andy directions are decoupled so that
a similar equation as (6.12) can be written for theoordinate. However, since the sensitivity&as
smaller in they direction, the precision of the reconstruction would be seorAlso, we have to make
sure that (6.12) has only one solution in a reasonable doafdin For two-photon events (discussed
below), the function (6.12) has only one zero in the rangd50& < 7200 GeV.

6.4 Alignment method usingyy— uu for FP220

The reconstruction of the scattered proton kinematicgesain the knowledge of the proton track dis-
tance from the beam and on the track direction. The deteggierm position will be monitored with

the BPM system with the estimated resolution-120um. However, it is also important to calibrate
the detectors with protons coming from a well defined phypicgess in which the proton kinematics
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Figure 6.9: Effect of the zerpr approximation (6.15) on the protdnreconstruction (6.14) with respect
to the generator true value in dimuon two-photon events ‘l#ﬂ} 8GeV at 14 TeV.

could be obtained from the central detector and matchedatontieasured at AFP. This will not only
cross-check the detector alignment, but also verify thathibam optics used for the proton transport
corresponds to the real up-to-date layout of the machinenatagin principal, even if the alignment of
the detectors with respect to the beam is perfect, smaéreifices between the tracking optics and the
LHC magnets will imply small shifts in the reconstructed siig) mass. The energy correction for the
energy reconstruction could be obtained using the caidratith physics processes.

In this section, we investigate the capability of the twa{am dimuon productioryy — uu for
the alignment of the detector station at FP220. Since FPI28@risitive to lower masses, hundreds of
events can be collected during one physics store. Such desarap shown to be sufficient to perform a
standard calibration and alignment of the stations in eplggics store. At the closer station FP220, the
situation is more difficult. As we already know, the two-phofproduction drops quickly as a function
of the produced mass and a large portion of the two-photontgvs not observed with the FP220
detector because it is sensitive to higher missing masseserteless, our aim is to determine the
reconstruction precision of the scattered proton kinereatsing two-photon events and time needed to
align the detector stations to the desiredutd precision in the horizontal direction.

6.4.1 Alignment strategy

In the following, we assume that a dimuon (or dielectrony pas measured in the central detector.
The kinematics between the scattered protons and the atiieps precisely calculable in the case of
the exclusive production. The fractional momentum losgabetwo scattered protong, & can be
expressed as

&1 = Xppexply) &= Xizexp(—y) (6.13)
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where the total rapidity of the dilepton systenyis- yi1 + yj2. The variable

X12= %s [M2+ (P11 + Por)?] Y2 (6.14)

is related to the dilepton invariant magsand to the sum of the scattered protons transverse momenta
Pit, Por. The center-of-mass energy of the collisiors.is

In two-photon processes, the proton form factors trunda€t-dependence of the photon fluxes.
Consequently, the transverse momenta of the scatteredngratre quite small. For instance, from
Figure 4.3 we see that less than 10% of the dimuon events hayedton transverse momentypi® >
0.3GeV. Hence, for not so smadll, the transverse momenta of the protons can be neglectedehdted

the transition
MZ
Xi2 — X1o = < (6.15)

as the zergar approximation.

The effect of the approximation (6.15) is shown in Figure f®:9two-photon dimuon events with
p# > 8GeV. The corresponding shift in tiedistribution is of the order of 2 1075, If one of the
protons is tagged and the leptons are detected in the cefgtattor, the mass of the systdvhis
constrained by kinematics, and is not arbitrary small. Tl lof the zeropr approximation then
decreases. The approximation is also justified by the fadt&cannot be reconstructed better then
104 (for £ ~ 0.01) in a single measurement when the detector resolutiorttendeam uncertainties
are taken into account.

Note that only one proton has to be measured in order to usertéihod, allowing independent
alignment of stations in the positive and negative direcioRequiring only one proton tag at FP220
saves a large portion of the two-photon signal, since thedatected proton on the opposite side can
carry any momentum which gives a sufficient mass to produodeptons in the central detector.

Another consequence of the small virtuality of the exchdngeotons is that the produced dileptons
have nearly the same transverse momenp,‘ﬁ*n Their azimuthal angle separation is closefip =
o — @ = 1 (i.e. they have zero acoplanarity). This property can beal useselect the two-photon
dilepton signal.

In the following, we focus on the alignment using dimuon painly, however, the same method
could also be used for electrons.

The two-photon events were produced with the FPMC gene(agarthe discussion in Chapter 4).
The output was interfaced with the ATLAS full simulation atiié scattered protons were tracked with
the Mad-X program.

6.4.2 Proton hits for two-photon dimuon events

When protons are tracked from the IP to the FP220 statiog,dieate a pattern shown in Figure 6.10.
Only a small fraction of events falls in the acceptance offtreard detectors. The hit pattern forms
a straight line in theAX x AY plane inside the detector acceptance. Both horizontal arital dis-
placements are sensitive to the fractional momentum loddlase events could not only be used for
the alignment in the horizontal direction, but also in thetigal one. However, in the vertical direction
the sensitivity ta€ is smaller.

The correlation between th&X coordinate of the proton hits and the proténs depicted in Fig-
ure 6.11 for both beams. The precise acceptanéedepends linearly on the detector closest approach.
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Figure 6.10: Proton hits of dimuon events in the FP220 staieam 1. The sample was simulated using
pk > 4GeV and muons were required to be within the acceptanceeadhtral detectdrn | < 2.5. The
dashed area illustrates the acceptance of the activersidietector. The particle transport was performed
using Mad-X.
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Figure 6.11: Correlation between the fractional momentoss bf the protor§ and the corresponding
hit distanceAX from the nominal beam in FP220 stations in two-photon dimexants simulated in the
same way as in Figure 6.10. The results are shown for bearft)lafel beam 2 (right). The dashed line
gives the detector approach atal® 250um which corresponds te 1.2 mm for beam 1 anek 1.5mm
for beam 2. The particle transport was simulated using Mad-X
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Figure 6.12: Effect of the FP220 distance of approach to #arbon the muon transverse momentum
pk>8 GeV. With the theoretical most closest approach of 1.5 omy, muons withpy above 10 GeV
are selected because they are required to be withifmttie< 2.5 acceptance of the central detectors.

For two-photon events, the correlation can be parametebye linear function as

8.0x 10 3AX +4x10°*
8.1x103AX+1x104

beam1l: & =

beam2: & = (6.16)

where the displacemeiX is in mm. The lower edges of the acceptance&fig = 0.01, 0.015 0.02
for the detector positionrAX = 1.2, 1.8, and 2.4 mm, respectively for the beam 1. Numbers for beam 2
are similar.

Tagging one of the protons in FP220 and requiring the muor®etdetected in the muon spec-
trometer or in the inner detector system|&2.5) induces a kinematic constraint on the other proton
momentum, the produced mass and also on the muon transversenta. This effect is shown in Fig-
ure 6.12 for several detector positions: 1.5, 2,3 and 4 mm fite beam. Even for the closest allowed
operation position of 1.5 mm tolerated by the LHC safety nemuents (6.8), the measured mughis
not smaller than 10 GeV in the tagged events. For a more tieglissition of the detector at 2 mm, the
threshold is about 15 GeV. We therefore concentrate on stgdimuon samples Witrp)‘T‘ > 10GeV
only, applying a cut on the muon transverse momentum dyrettthe generator level.

In the following sections, we first describe the reconstauncof the fractional momentum loss using
the forward detectors and tiereconstruction using dimuons in the central detector. Batthods will
be combined afterwards to study the alignment of the FP220.

6.4.3 Protoné reconstruction

The proton reconstruction is performed using the fast pr&tnematics unfolding method described in
Section 6.3.9. Several effects determine the reconsbructisolution. They are related to the beam and
detector uncertainties summarized in Table 6.2. Firstptioéon-proton collision can occur anywhere
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Beam uncertainties| Value

beam transverse sizZe 16.6um detector resolution | Value

angular spread iX | 30.2urad || in horizontalX direction | 10um

angular spread i | 30.2urad in verticalY direction | 50um
energy spread | 0.77 GeV

Table 6.2: Beam uncertainties during the nominal LHC opang3] and the 3D silicon detector reso-
lutions for each unit.

in the interaction region of the sizg /v/2 = 11.7 um, whereg;=16.6um is the transverse size of each
beam. This effect is difficult to be corrected for since theawt parameter of the track of a particle with
pr = 10GeV cannot be measured with a precision better themi#ith the inner detector (see (3.11)).
Second, due to the momentum dispersion of particles insid€ bunches, there is a small angular
spread of 30.2irad in the transverse plane of the colliding proton pair wépect to the nominal beamn
direction. Finally, the protons have an energy spread afthumnominal value 7000 GeV parameterized
by a gaussian distribution of variance 0.77 GeV. On the otlaerd, the detector resolution is given
by the detector layout of the 3D silicon detectors and the bemof active layers. The resolution in
horizontal and vertical directions was obtained from satiohs for the proposed detector layout and
was found to bagy, = 10um in the horizontal direction and, = 50um in the vertical one [9].

The reconstructed distribution from the proton tracks at FP220 in fully simeld events (discussed
below) with two muonsgpk > 10GeV in the central detector is shown in Figure 6.13. Thelutisn
of the reconstructed fractional momentum loss is shown guifei 6.14. On the left, the contributions
of various beam and detector uncertainties are shown. Thediacontribution to the resolution is
due to the non-zero beam transverse size. At highealues, the finite detector resolution becomes
more important. The deterioration of the resolution is ryadue to the resolution on the track angle
reconstruction. On the other hand, the slightly worse td&wi at very smalk is a consequence of
the track position smearing. Energy and angular beam sngsacorrespond to about 20% of the total
resolution. It should be also mentioned that the erroréodue to the reconstruction from the fast
parameterization mentioned in Section 6.3.9 was found toflibe order of 10° in terms ofé&, and
hence negligible.

In Figure 6.14 (right), the overall resolution gnfrom the forward detector is showhg; (prot) =
4.3 x 1074, The mean shift in the reconstructed value is very small vétipect to the true value, and
there is no significant bias.

Having studied the reconstruction of the fractional momentoss from the FP220 detectors, we
now turn to investigate th& reconstruction using the dimuon pairs in the central detect

6.4.4 Muon simulation

In order to obtain realistic estimates of the method prenisihe two-photon dimuon events were gen-
erated, simulated, and reconstructed in the ATLAS full $ation framework, version 14.5.0. Data sets
were produced privately with the FPMC generator. Blaieco muon objects were obtained from the
StacoMuonCollection container.

The Iow—p‘T’ muon reconstruction using the muon spectrometer is mofieudifsince part of the
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Figure 6.13: Fractional momentum lo&sreconstructed at FP220, beam 1, requesting mqlﬁ#ns
10GeV reconstructed in the central detector. The error tedhsct the statistical uncertainty/ ¥N.
The reconstruction is performed without the acceptanchefietector.
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Figure 6.14: Contributions to the resolution w&hreconstructed in dimuon events wighf > 10GeV

at s = 216m without taking into account the detector acceptancihefproton taggers. The largest
contribution comes from the finite beam transverse sizeabhighé,o the detector smearing becomes
also important. The error bars on the left reflect the stedistincertainty.
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Figure 6.15: Transverse momentum (left) and resolutiaghtyiof the leading muon.

muon energy is lost in the preceding calorimeters (abouG2¥ for a 10 GeV muon). The inner
detector measurement is used for I muons since their track curvatures inside the inner detecto
solenoid field allow a precise reconstruction. The infoiorafrom both sub-systems is combined,
yielding a betterp} resolution for 30< pk < 200GeV than the one from individual sub-systems. It is
about 2.5% forp} =30 GeV.

6.4.5 Event selection

Dimuon events are selected requiring both muon transveeseantapk > 10GeV. The leading muon
p‘T‘ distribution is shown in Figure 6.15 (left). In order to avalle the muon reconstruction resolution,
the reconstructed muons are matched to the nearest trueahgenerator level. The distanBds cal-
culated according t® = +/(An)2+ (A@)2. The resolution of the transverse momentum reconstruction
is depicted in Figure 6.15 (right). The observed resoluttoabout 2-4% for smalb‘T’ and is in good
agreement with the combined muon algorithm performancsepted in [10]. The dimuon events are
produced predominantly at central pseudorapidities. if hesolution ofo, = 8 x 10-4. The azimuthal
angle is reconstructed precisely with a typigaiesolution found to b&, = 0.35urad.

The main source of uncertainties on the fractional momenrtss of the proton calculated from
the dimuon pair kinematics according to (6.15) is the iraatrimass of the pair. The mass distribu-
tion is shown in Figure 6.16 (left). As expected, it falls ckly due to the mass dependence of the
effective photon-photon luminosity spectrum. The unéetyaon the invariant dimuon mass is shown
in Figure 6.16 (right). The resolution is about 2% for massesind 40 GeV, and is better for lower
masses.

The resolution on the fractional momentum loss calculateih the muons is depicted in Figure 6.17
(left) as a function of,, and integrated ovef,, on the right. We note that the resolution is about 2-
4% for smallé,, and is dominated by the dimuon mass resolution as it shoukirige it is calculated
according to (6.14) and the uncertainty on the pseudorgpislismall. For very small values d;,

123



6. ATLAS FORWARD PROTONDETECTORS ANDALIGNMENT

Entries 64859

%) < 3r
g
D 104 — 9, L
r i) r
r 5 ¢
2
i g %
10°F 1.5F
i 1
0.5F
102 r
71111\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\ 7111111\\‘HH‘HH‘\\H‘HH‘HH‘HH‘HH‘HH
10 20 30 40 50 60 70 80 90 100 10 20 30 40 50 60 70 80 90 100
M [GeV] M [GeV]
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Figure 6.17: Resolution on the fractional momentum Ksseconstructed from muons as a function of
¢y (left). On the right, the overall resolution is shown.

the theoretical precision of the reconstruction using dinsuis better than the one from the forward
detectors which is deteriorated due to beam smearing sffddbwever, we must remember that the
acceptance of FP220 does not span befogy 0.015 due to the minimal safety distance. In fact, the
precision on the reconstruction using both methods is about the same witlFB220 detector at
a distance of 1.5 mm from the beam and with the muon system.fdfibrer detector positions, the
resolution oné calculated from the dimuon pair worsens which will have aieatfon the forward
detector alignment.
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Figure 6.18: Difference between the fractional momentuss teconstructed from the FP220 station and
from dimuon pairgdé = &0t — &y, for nominal detector position and a shifted position-0um (left).

On the right, the mean shift is depicted for several detatigplacementdX = —50, —25, 0, 25, 50um.
The smaller error bars represent the uncertainty on the &gt — e for 250 events. The larger
error bars describe the uncertainty on the meahéo€alculated for 250 events.

6.4.6 Alignment of the forward detector system

Having analyzed thé reconstruction using both the central and forward detectee can now use the
information obtained from the dimuon pairs to align the fard/detectors. A shift in detector position
will lead to the anti-correlation betweenhreconstructed from dimuons and the one from the forward
stations. The analysis is performed for three detectottipast 1.5,2, and 3 mm from beam 1. Since
the properties of beam 2 are similar to beam 1 at 220 m fromRhihé alignment of the FP220 stations
in beam 2 is expected to be similar.

Anticipating the fact that dimuon samples will have to bdexikd over a long time period, we have
to take the BPM resolution into account. The BPM informatiil be used to correct the detector
position with respect to the beam from store-to-store. Rigrreason, we worsen our detector resolution
by a factor of two. The detector smearing in the horizontedation is thereforer, = 20um.

First, it is useful to estimate at which precision a shifiimas to be known in order to claim the
alignment precision of 12m. From (6.16) we know that 10m corresponds approximately to the shift
in reconstructed fractional momentum a8 ~ 8 x 10~°. The uncertainty on the megAé) of the
variableAé = &prot — €, corresponding to the shift in the detector position, demeaasaAE/\/N with
the number of observed eves wheread,s is the collected sample variance.

TheAé¢ distribution is shown in Figure 6.18 (left) for the nominatector position (shaded region)
and a detector position displaced AX = —50um for 250 observed events with a detector placed
at 1.5mm. When the detector is displaced, the mean of thebdibn is clearly shifted to positive
values since the reconstructed proton trackxhibordinate is larger, implying also higher values of
reconstructedor. In the same figure on the right, the shiftAg§ is shown for several detector mis-
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distance from beam (AE) Opg slopea[ um~1: A& =a-AX
1.5mm 16x107° 4.6x104 —7.6x 107%(10%)
2mm 47x10° 52x10* —7.5%x107%(10%)
3mm —-15%x10° 61x10* —6.6 x 10°°(19%)

Table 6.3: MeanA¢) and variancegy; of the difference iné as reconstructed in FP220 and inside
ATLAS A = &prot — &y for three detector positions: .8, 2, and 3mm from beam 1 and zero mis-
alignment. The obtained slope of the linear correlatiorcfiom betweemé = a- AX is also shown.
The values in parentheses denote the errors obtained fifit tf a.

positions. The correlation betwe@&X andA¢ is linear as expected from Figure 6.11. Projecting the
point error bars using the linear function on th¥ axis we see that 250 dimuon two-photon events are
more than sufficient to determine the detector position thighneeded accuracy if the detector is placed
at 1.5 mm from the beam.

The means and variances ®&f are summarized in Table 6.3 for three possible detectotiposi
15,2, and 3mm. We notice that the varianacgg: increase as the detectors are placed farther from
the beam. This is due to the fact that by tagging protons getatistances we request heavier central
masses. These masses are reconstructed with smallertalys@aision as shown in Figure 6.16, and
correlate less well witlpor measured in the forward detectors.

It must be mentioned that in order to obtain a good correfatietweenépor and &, events with
¢, < 0.005 originating in the simulation imperfections are regectin addition, only events which show
a compatible fractional momentum loss reconstructed bl batthodsA&é = |&prot — €| < 0.006 are
retained. The second requirement is important especiatljaf detector positions from the beam and
helps to remove a bias due to obviously wrongly reconstdudimuon events. The efficiencies of these
cuts were 99% for the position 1.5 mm and 96% for the 3 mm one.

The fit results of the slopa determined from the correlatiohé = a-AX as shown in Figure 6.18
are also given in Table 6.3. It allows to translate the umgaties onA¢é in terms of the detector dis-

placement. From
UAE 2

we determine the needed number of events to align the detewith a precision 1im. For the
three mentioned configurations of the detector position2l.&nd 3 mm, the number of needed events
is = 40,50, and 90. To be conservative, we conclude that about hdrelrents is necessary to be
observed to gain the desired alignment of.4n.

6.4.7 Cross section estimates

The effective cross section of the single tagged events B2BRvith a dimuon pairp-‘r’ > 10GeV in
the central detector was calculated for various detectindces from the beam. The detector size of
2 x 2cm is large enough to contain all dimuon signal from itsvecédge, so that the closest approach
of the detector to the beam is the only parameter to be camside

The cross section is shown in Figure 6.19. As expected | fapidly as a function of the distance
from the beam. The corresponding values fd;, 2 and 3 mm positions are: 89, 42, and 14 fb. It should
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Figure 6.19: Effective cross section of dimuon events vpifh> 10GeV as a function of the detector
front edge distance from the beam.

be noted that they are corrected for the soft survival pritibalfactor which is 0.9 for two-photon
events. Assuming an average running luminogity= 1033cm2s1 = 10 %fb~1s1, for one running
day of 1@s (which is quite conservative), we obtain one day integréteninosity of 01fb~!. The
sample of one 100 events would therefore be collected in 42 a@d 70 days.

6.4.8 Conclusion

Quite a long time is needed to collect the dimuon sampleshwimieans that the BPM information will
have to be used in order to register the beam position fronBiEhsilicon detectors. This correction
will have to be applied for each sample collected in indiglduHC stores. We attempted to mimic the
effect of these additional position measurements by wangethe detector resolution by a factor of 2.
However, it is clear that understanding the BPM alignmestay in-situ as well as having a practical
experience with the beam position determination are inambringredients to enable the vast physics
program offered by the forward detectors. The number oftsveseded to be collected is about 100 for
the position of the detectors between 1.5-3 mm. In the ma#ingg case, the needed sample will be
collected in two weeks. In the worst one, it will take aboub tmonths.

It should be stressed that the application of the dimuontswdwes not only concern the alignment,
but also the absolute calibration of the reconstructedinggmass. Two-photon events will be used for
the absolute mass scale determination over a long peridchef tThe precision will depend on beam
position monitoring performed by BPMs, since the beam pmsitight fluctuate from store-to-store,
and has to be monitored.

As there is not (yet) a unique physics process for the aligniraed calibration during every LHC
store as in the case of FP420, the alignment of the FP220 ai#t ko be combined using various tech-
nigues in the same time and perform cross checks between F@rimstance, the BPMs can be aligned
and cross-calibrated with the BPMs of the LHC. Concernirggghysics processes for the calibration,
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exclusive dijets are thought to give some constraints onlégtector alignment. Also, reconstructing the
W mass in single diffractive events using the missing trarsevenergy and the outgoing lepton might
be useful as already demonstrated by the CDF Collabordtiast but not least, the alignment between
FP220 and FP420 could be done using tracks which pass thimigtdetectors. The number of these
tracks will be high due to the large cross sections of sofileidiffractive events. But we should keep
in mind that since the measurement of the proton arrival tisiag the QUARTIC timing detector is
destructive for the proton, this relatively simple methddnter-alignment of the two forward detec-
tors might not be be possible. It would require dedicate linnghich the movable beam pipe with
QUARTIC detector would not be inserted.
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Weak Boson Coupling in
Two-photon Events

Two-photon physics will be a significant enhancement of thCLphysics program. It allows us to
study the Standard Model in a unique way at the hadron coltitt®ugh exchange of photons. This
chapter focuses on two applications of the diboson produdti two-photon events. First we propose
a measurement of thep — pWW pcross section with the use of forward detectors to tag thepisg
intact protons. Later, we explore the sensitivities to aalms quarti®VWyy, ZZyy(QGC) and anoma-
lous tripleWWy (TGC) gauge couplings. Since the cross section is highlseamed when anomalous
couplings are considered, the study of QGC sensitivitigkvisled into two parts: first, the sensitivities
achievable with low integrated luminosity-(10pb 1) collected in a couple of months after the start-
up of the LHC are derived and second, the sensitivities dt hiinosity using forward detectors are
presented. The work was presented in two papers [1, 2].

7.1 Boson interactions in the standard model

The process that we intend to study is Wkegair production induced by the exchange of two photons. It
is a completely QED process in which the decay products oitHmsons are measured in the central
detector and the scattered protons leave intact down tha Ipgae at very small angles, contrary to
inelastic collisions. Since there is no proton remnanttioeess is purely exclusive; ol products
populate the central detector.

The fact that the central object is produced exclusivelyidies an additional information available
to pin-down the signal from the large QCD background, enmgrfiom inelastic collisions with a broken
proton in the final state. Forward detectors which are capabbietecting unaltered protons are nec-
essary to study single/double pomeron exchanges, centtiseze production, two-photon exchange
and pomeron-photon fusion as summarized in Chapter 2 (seg¢3). Moreover, if such detectors can
detect events with large momentum fraction loss of the pratoey allow innovative type of studies in
which a high mass object( TeV) is created in the central detector and one can measisrertated
mass quite precisely with the forward detectors (with altggm of few GeV). The idea is that the
created energy is high enough to open up some channels of mgsicg beyond the SM which can be
investigated using the measured missing mass. Two-phottimege provides us a ground to study
new processes in very well constrained kinematic conditiorhe central exclusive Higgs production
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7. WEAK BOSONCOUPLING IN TWO-PHOTON EVENTS

has drawn recently most of the interest to study the Higgdymtion at low mass= 120 GeV, which is
otherwise difficult to be detected using the conventionahmes. But in fact, forward detectors can be
used to look for any new high mass object produced with a puiesive trigger with a large missing
mass measured in the forward detectors.

As was already introduced, the electroweak boson produatitwo-photon interactions is of par-
ticular interest. As we know, the electroweak part of thendéd model Lagrangian prescribes the
interactions between bosons as a result of the underlyingegaymmetry S(2); x U(1)y. It was
proposed in late 1960s by Weinberg and Salam that the lefitdthcomponents of the fermion fields
should be S(2) doublets and their right-handed components singlets. $mpgathe local gauge in-
variance, such choice leads automatically to the desiretio¥e Axial structure of the charged weak
current. Embedding electromagnetic and weak interactilmmane framework is achieved by requiring
the unifying condition which relates the electromagnetand wealg coupling constants by

e=gsinBy (7.1)

where8y is a non-zero weak mixing angle parameterizing the orthagtsansformation between the
gauge and physical fields (see also a discussion in the inttiodh following formula (2.9)). This
condition implies a very important relation between thenkiecoupling Gg of the old four-fermion
weak interaction and th&/ boson mass

ma \Y? 1
= (grva) s 2

which provided the prediction of thy mass before its actual discovery i€ the fine-structure constant).

After the gauge fields are rotated with (2.9) and the physspaictrum ofy, W*, Z is identified
in the Lagrangian, the interactions between bogoW andZ can be written down. Considering the
interactions with at least one photon, three-bdatVy, and four-bosohVWyyandWW Zy interactions
exist

Lwwy = —ie(AW, HF W W W, 8" AY WA, 9F W) (7.3)
Ly = —W, WHAAY — W AHWFAY) (7.4)
Lwwzy = G SinbycosBy(—2W, WA, Z¥ + W, ZHWA” + W, AHW,Z") (7.5)

where the asymmetric derivative has the fom" Y = XdHY — YoHX.

The production oZ bosons via two-photon exchange is forbidden in the lowedtroperturbation
theory because neither tEeboson nor the photon carries an electric or weak charge. ©attter hand,
theW-boson can be produced in pairs. In this case, both the tyglge/N Wy (with s— andt—channel
exchange) and the quartic gauy@d\Vyyboson interactions must be included as shown in Figure 7.1.

The total cross section of thgp — pWW pwhich proceeds through two-photon exchange is effec-
tively calculated as a convolution of the two-photon lunsity and the total cross sectigry — WW,
where the two photons are basically on-shell. Results wilslown later, but now we discuss the prop-
erties of the sub-procegsy— WW in some detail and show how the SM fine-tuned couplings eresure
good behavior of the theory in the high energy limit.
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Boson interactions in the standard model

Y w Y w* Y w
(a) (b) (©)
Figure 7.1: Feynman diagrams of SM processes that corgrtbuheyy— WW scattering amplitude in

the lowest order perturbation series with a coupBAgThe trilinear couplings of strengthare involved
in diagrams a) and b) and the direct quartic coupling of sfitee? in diagram c).

7.1.1 Tree level unitarity and divergence cancelation

In theyy— WW process, the fundamental property of divergence canoslatithe SM at high energy
is directly incorporated. The SM model is a renormalizaltleoty. A necessary condition for the
renormalizibility of the theory into all orders is the soledl"tree unitarity" demanding that the unitarity
is only minimally (logarithmically) violated in any fixed der of the perturbation series [4, 5]. More
precisely the tree level unitarity means that amyoint tree level amplitud®lj.. of the process +2 —
3+4+---+n grows for the fixed non-zero angles in the high energy lilnit> © not faster than
M. = O(E*4") (hereE is some typical energy of the considered process, the eefitaass energy of
the particles 1+2 for instance). This requirement is samegidenoted as the “asymptotic softness of the
tree level amplitudes”. For the binary process\bpair production in particular, the tree level unitarity
implies that the scattering amplitugy — WW should be a constant or vanish in the high energy limit.
In the SM, this condition is indeed satisfied. We are goingatailhow different processes interplay in
order to give a constant matrix element foya— WW process.

When the tree-level scattering amplitudes of theandt— channels a) and b) in Figure 7.1 are
calculated using standard techniques of the quantum fieloryhformalism, the result includes terms
growing as a function of the process energy. Formally, tergint terms correspond to different polar-
izations of the final staté/ bosons.

The polarization vectors of the massive spin 1 particle l{sagW or Z boson) plane wavé, =
£, are labeled, for a given four-momentumase (k,A) with A = 1,2,3. Their normalization is
conventionally fixed by

ek)-e"(k)=-1 (7.6)
The polarizations can be defined in such a way that two of thtowelie in the plane perpendicularﬁo
eM(k,1) = (o,§<1>(R))
el (k,2) = (o,§<2>(E)> (7.7)
where theg®), A = 1,2 are two linearly independent vectors, and the third veptimts along vector
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momentunk

K lo K @9

H(k3) = (2 0™

e"(k,3) <m’m|R|

andky = Vk2+nP. gH(k,1), e#(k,2) are usually denoted dsansverse polarizatiowectors whereas
el (k,3) corresponds to thiengitudinal polarizationvector.

Thus in the high energy Iimif(| > m, the longitudinal polarization behaves as the four-monmant

itself

kH m
H(k,3) = — — 7.
£ (k,3) m+o(|k|) (7.9)
whilst the transverse polarizations behave as a constaaube they are bound by the Euclidean norm

(7.6).
The amplitude of thegy — WW can be schematically written as

o (yy—WW) = (X +Y -E+Z-E?) (7.10)

where€? is the electromagnetic constant (cf. (7.3) and (7.4)) And, Z are constants independent of
the center-of-mass enerdy = ,/s/2 of the two-photon system. The constant term in the amgitud
for yy — WW scattering represents the case in which Bath are transversally polarized, the linear
term to the case in which at least one of the boson is longitligi polarized, and finally, the quadratic
divergence corresponds to the case when Ndéshare longitudinally polarized. Such ill high energy
behavior of the scattering amplitude is cured by taking #ieddirect coupling diagram c) in Figure 7.1
into account. Its leading quadratically and sub-leadingdrly divergent terms behave in exactly the
same way as those non-direct ones, except that they comanvidpposite sign. The divergence of the
amplitude is thus canceled for any combination of the exléfthboson polarizations.

The cross section is therefore constant in the high enengy. liThe leading order differential for-
mula for theyy — WW process is a function of the Mandelstam variatdgsu and the mass of the
vector bosoW [6]

(7.11)

do  3a°B { L _ 25(2s+3M§) 25°(s + 3M) }
dQ 25 |7 3(MZ—t)(MZ—u)  3(MZ —t)2(M2, — u)?

wheref3 = /1— 4M\§V/s is the velocity of theV bosons. Fos — o the total cross section igo; =
80.8pb.

To finish the theoretical discussion concerning\ttigoair production from two photons, it is worth
mentioning that an alternative of the electroweak unifaragxists, based on the tree level unitarity only.
In fact, the SM model can be completely derived without arfgrence to the underlying S2). x
U(1)y symmetry, which seems a rather bizzare postulate at firkt [dbe SM, i.e. the unified theory
of the electroweak interactions with heavy intermediatedn®V, Z and also with an additional scalar
particle which couples to the gauge bosons as well as to thieds, can be built upon the condition that
all possible tree-level amplitudes fulfill the tree unitariWe will not go into technical details but rather
only sketch the procedure. Consider an example from theocaldfermion theory of weak interaction.
The Lagrangian with four-fermions direct coupling predidsing cross sections (of tle® process for
instance) violating the tree-level unitarity in the higheagy limit (simply due to the dimension 6 of
the Lagrangian in terms of a typical mass). If one introdubes/N boson coupled to two fermions,
the four-fermion interaction is then carried out by #Weboson exchange and the wrong high energy
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pp— pWW psignal process

Figure 7.2: Diboson production through the two-photon exgfe. Unaltered protons leave the interac-
tion scattered at small anglgs100urad.

behavior is cured. But sindd& bosons carry an electric charge they must also couple tohbtop
asWWy. We have seen that having only the triple gauge couplingesaagain problems in the high
energy limit if one of th&V bosons is longitudinally polarized. The leading and s\#uHieg divergences
are removed when a direct quartic couplWgNyyis introduced in the theory with a coupling exactly
tuned in order to cancel the divergence. If we continue toréma the high energy behavior of all the
newly added terms, introducing a vector bogoand also a scalar particle, we will find that all possible
interactions that we can construct in our theory at the loweter behave well at high energies (and also
solving the so-called Adler-Bell-Jackiw (ABJ) axial andg)a Spectacularly, this procedure converges
to exactly the same structure of the SM as the one emergimg tihe requirement of the local gauge
symmetry SW2), x U(1)y giving us a strong confidence in the legitimacy of the eleet@ak sector of
the standard model [7] at least at the accessible energies.

Measuring theyy— WW scattering process at the LHC is therefore interesting nigtlmecause we
can use the hadron-hadron machine as the photon-photadecoNith a clean collision environment
without beam remnants, but also because it provides a veay tdst of the Standard Model consistency
in a rather textbook process.

7.2 pp— pWW psignal process

The total cross section of the exclusive procpgs— pWW pwhere the interaction proceeds through
exchange of two quasi-real photons shown in Figure 7.2 i6 f@5. It is obtained in the Equivalent
Photon Approximation (EPA) framework (the complete forenig presented in Chapter 4) integrat-
ing the two-photon effective luminosity (4.19) and the subeess cross section (7.11) over all acces-
sible two-photon massé,, and also over photon virtualities from the kinematic minim@z,,, =
M2EZ/[En(Ep — Ey)] (Ey is the photon energy, the beam energy, amf the mass of the proton) up to
a chosen maximur®?,,, = 2GeV. The actual value of the high lin@2, ., is of low relevance because
the Q? is naturally truncated by the electromagnetic proton foactdrs (4.15). Since the virtuality of
the photon is very close to zero, the electromagnetic cog@ppearing in the interaction Lagrangians
(7.3) and (7.4) is evaluated at the scq€= 0; the electromagnetic fine-structure constant therefore
takes the valuex = 1/137. Note that the above mentioned total cross section ferelift from the
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usually presented value of 108 fb ([10, 11] for example) bguatd0%. This is due to the fact that the
authors considered the fixed electromagnetic couplingdl/d2he scale of thé/ mass. So both results
are compatible provided that one does the scaling 934372 /12% = 108. However, the photon virtu-
ality should be taken as the scale and not the mass afithen Landau gauge, the invariant charge is
driven by the self-energy insertion into the photon propaiganly (and not by the vertex correction) [8].
In the propagator we have to take the photon virtuality astade, which is very small. The total cross
section is therefoo = 95.6fb. This value has to be corrected for the survival proligtfhctor 0.9.

The cross section is rather modest in comparison to thesiielproduction which is about three
orders of magnitude higher (gfs= 14TeV, the NLOW"W~ cross section is 111.6 pb, produced via
guark-anti-quark annihilatiogg — WtW~ (~ 95%) and also via gluon-gluon fusiayg — WtW~—

(~ 5%)). A substantial amount of luminosity has to be therefasllected to have a significallV W
sample. It can only be accumulated when running at high LH@irtaneous luminositie®’ = 10°3 —
10**cm~?s~1. Under such running conditions, the two-photon events ieselected with the forward
proton tagging detectors. We will omit the technical dstaiére concerning the acceptance of the Atlas
Forward Physics (AFP) detectors. They were already discussthe preceding Chapter 6. In fact, the
acceptance on the momentum fraction I§ss assumed to be @015< & < 0.15 which agrees with the
coverage of the FP220 and FP420 detectors to be installediataance of 220 and 420 m around the
ATLAS interaction point.

A shortcoming of the data taking at high luminosity is the fm@mof multiple interactions occurring
at the same time as the process of interest. As discussecciinb8.1.2, up to 32 interactions per
bunch crossing can occur at the same timezat= 10**cm~2s~1 and the number does not decrease
below 13 interactions per bunch crossing during a typicalsyas run. Two protons from 2 single
diffractive minimum bias events can give a hit in the forwaetectors on positive and negative side,
while the third standard inelastic event could mimic the-ptmton signal in the central detector. In
this case, the protons detected in the forward detectonsadnelated at all to the hard event producing
the W pair. To reject this type of background the timing detectoitt be used. They measure the
arrival time of the two protons on each side with & 20 ps precision constraining the vertex position
from which the protons come within 10pg2 x ¢ = 2.1mm (wherec is the velocity of the scattered
protons, close to the speed of light). Matching this infdiorato the reconstructed vertex position
determined by the inner tracker, the overlaid background e suppressed almost completely (for
example a suppression of about a factor 40 can be achievhedbwif 0 ps timing resolution on thisb
background for Exclusive Higgs Production). Note howeVet teven a femtosecond timing cannot
remove the overlaid background completely. There is alveagmsall contribution due to the large size
of the LHC bunches in longitudinal direction 20— 30cm. Two interactions might occur during the
bunch crossing at exactly the same position: first when tlebtmmches meet head-on and second, in the
tail of the bunches when bunches are about to separate. tBmtiene of the interaction is not known,
this type of overlaid background is indistinguishable. #itig of the interaction would be needed to
remove that background.

TheW boson decays hadronically-(68%) or leptonically £ 32%). Since the two-photon cross
section is small, the hadronic or semi-leptonic decays iickviat least one jet is present could be
mimicked by the QCD dijets or non-diffractiv& W production, overlaid with other minimum bias
interactions leading to a proton hit in the forward detextoBtudying theAVW production in those
channels would therefore require a more subtle analysissifwlicity, we focus on th&/W decays
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only into electrons or muons in the final state. This in turrangethat also only the leptonic decays of the
T lepton (~ 35%) are considered. Abouit6% of the totaW W cross section is retained for the analysis.
About 1800 events are produced with two leptons in the firséstfor 30fbt, an integrated luminosity
which corresponds approximately to 3 years of running. Wesee further that taking into account the
forward detector acceptance, and the electron/muon reoetien efficiencies, the expected number of
events drops down to 50 events.

In the following we assume that the background due to meltipteraction is negligible with the
use of timing detectors and consider only fully leptoviicdecays to simplify the study.

7.3 Diffractive and yydilepton background

The clean two-leptonic signature of the two boson signatgse
e yy—=WW™ — v

could be mimicked by several background processes whidtaed two intact protons in the final state.
They are the following:

1. yy— Il - two-photon dilepton production
2. DPE= I - dilepton production through double pomeron exchange
3. DPE-W+W~ — llvv - diboson production through double pomeron exchange

Two-photon dilepton production is described within the EleAmalism. Because the kinematic
threshold 2< my is much lower than for diboson events, the effective phathaton luminosity is probed
at smallw,, masses where it is large and the total production crossoseistinigh, 13.5 pb (for a pair
of leptons of one family,p'TeIO > 5GeV). The leptons are produced exactly back-to-back dubeo
intrinsically tiny transverse momentum of the exchangedtghs. The Double Pomeron Exchange
(DPE) production of dileptons and dibosons is describetiwihe factorized Ingelman-Schlein model
where the hard diffractive scattering is interpreted imtgiof the colorless pomeron with a partonic
structure. Cross sections are obtained as a convolutidmediard matrix elements with the diffractive
parton density functions measured at HERA (see Section2fb® a discussion about the extraction
of diffractive densities at HERA and Section 4.4 about timiplementation inside FPMC). Dileptons
in DPE are produced as Drell-Yan pairs, probing the quatcsire of the pomerons. The exchange is
carried out througly* or Z*. Contrary to the two-photon exclusive case where only smdtprotons and
leptons in the central detector are present, in DPE eveotsen remnants accompany the interacting
partons. They give a significant boost to the lepton pair @ tdansverse plane resulting in a non-
negligible azimuthal decorrelatiofg between the leptons. Finally, the diboson production in D¥E
very similar to the actuaty — WW signal except that the mass distribution of W&V system is not as
strongly peaked towards small values. The DPE dilepton @mubkdn total production cross section at
the generator level are 743 pb (all lepton families) and B1(all decay modes), respectively.

The experimental signature of the two-photon or DPE intesadn which two scattered protons
continue to travel down the beam pipe and can be tracked\vafordetectors can be lost by additional
soft interactions between the outgoing protons. These@0 exchanges (occuring either before or
after the hard interaction) of low momentum transfer cabsebteak-up of the proton. As a result, only
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process total cross sectior] flag
yy— WW 86fh YWWMAX=1.
yy— Il (P > 5GeV) 36 pb PTMIN=5.
DPE— I 7.4pb EMMIN=10, YWWMAX=0.2
DPE—WW 6.2fb YWWMAX=0.2

Table 7.1: Total cross sections for S — WW signal and background processes at 14 TeV including
the gap survival probability factor (0.9 for QED and 0.03E#PE processes). The process specific flags
for the FPMC event generation are shown in the last collBMMIN is the minimum Drell-Yan invariant
mass andWwMAX is the maximum allowed momentum fraction Idssf the protons.

some fraction of the exclusive or diffractive events wilveawo intact protons and two rapidity gaps
in the final state. As was already mentioned in Section 214 ,survival probabilities for the QED
two-photon processes and QCD diffractive and central sk@uprocesses are distinctively different.
Following the calculation in Ref. [12] the QED survival padlity factor is 0.9 whereas the QCD
survival probability is about 0.03 at the LHC. The mentionetl cross sections have to be therefore
multiplied by these survival probability factors yieldirmgoss sections of the signal and background
shown in Table 7.1. The dilepton production creates theekirackground, three orders of magnitude
higher than the desiregdy — WW signal.

The characteristic properties of the two-photon and DPHuywrtions are visible in Figure 7.3. Here
the leptons=¢/ 1) are required to be within the generic central detectorpfa:an:nﬂ;ep'Tepl’2 > 10GeV,
In'eP| < 2.5. The pr distributions (left) are peaked towards 0. Since the leptare predominantly
produced at central pseudo-rapidity this reflects the sespof the two-photon luminosity dependence
as a function oiV,,. In the DPE dilepton spectrum one can identify #ieresonance aroundTepl =
45GeV. The diboson spectrum on the other hand slowly ineseastil theWW channel is totally
kinematically open and then decreases due to the drop offtbetige photon-photon or pomeron-
pomeron luminosity. On the right side of Figure 7.3, the motam fraction los< distribution shows
again that the two-photon production is dominant at low mabke momentum fraction tail of the DPE
is truncated a€ = 0.2 which is about the limit of the validity of the factorized peron model. The
acceptance of the AFP detectors is shown as well. It providemn access of two-photon masses up to
V/Sx &max=14TeVx 0.15=2.1TeV.

The most natural distinction of the diboson signal is thesinig transverse energ§+{) in the event
due to the undetected two neutrinos, see Figure 7.4 (léfjrolvides a very effective suppression not
only of the two-photon dileptons where leptons are produzszk-to-back in the central detector with
no intrinsic 1, but suppresses also the DPE dilepton background, eveghtreame of the energy to
pomeron remnants is not seen in the calorimeter. It can baadaiher a limitedn coverage of the
calorimeter or due to a minimum energy readout thresholtiénsiystem which the pomeron remnants
do not pass. Both cases minits.

Another way to distinguish the diboson signal is to use th&sing massV = \/@ reconstructed
in forward detectors which is shown in Figure 7.4 (right).eTdilepton production is dominant at low
mass in both two-photon and DPE exchanges, but has also aagdigible contribution at high mass.
The azimuthal angla@ between the two leading leptons is depicted in Figure 7.f&epn events are
more back-to-back than the diboson ones.
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Figure 7.4: Missing transverge; energy (left) and reconstruct®d missing mass in the forward detec-
tors (right) for the two-photolVW signal and background processes. Wi/ signal has a production
threshold at &y and has a larg&+ due to the undetected neutrinos.

All the above mentioned signal and background processegearerated using FPMC [13] (see
Chapter 4). The output of the generator was interfaced \wihdst simulation of the ATLAS detector
in the standalone ATLFast package for ROOT [14]. The aim wasxamine the general properties of
all backgrounds in a fast way to define the strategies foy @&ata measurements with the emphasis on
the two-photon dilepton and anomalous coupling studiefecEf of the charge or jet mis-identifications
are not considered here but will be evaluated with the real. da

We will now discuss how to select the signgt— WW events from the mentioned background.

7.4 Measurement of thepp— pWW pprocess

It is necessary to use forward detectors to searclp for- pWW pproduction at high luminosity. After
tagging the protons with a momentum fractio®@L5< &; , < 0.15, the signal is selected with; >
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Figure 7.5: Ap between two leading leptons. Dilepton events are more batlack than diboson
events. DPE dileptons is less peaked because of the presktie pomeron remnants which gives a
transverse boost to the Drell-Yan system.

20GeV measured in the central detector and a missing kvass2my measured in forward proton
detectors. Both cuts are natural for the diboson productitrents which are removed by the missing
mass requirement are also removedfy > 20GeV. Although the missing mass cut is redundant it
can reduce the background due to multiple interaction whieldo not consider here and therefore it
is useful to retain it. Thezy— Il production where leptons are produced back-to-back is tzieip
removed requesting the azimuthal angle between the twonaibéeptond\g < 2.7 rad.

The remaining background is composed of the BPE (~ 80%) and DPE— WW (20%). We
handle it by requesting the transverse momentum of ther1gald'ptonp'f'o1 > 25GeV and the missing
mass smaller thavww < 500GeV, see Figure 7.6. This leaves us with the cross set#ént 0.01 fb for
the signal (the shown uncertainty reflects the statistinakttainty of the calculation). In summary, the

following requirements are used:

p'Tepl > 25GeV, p'Tepz > 10GeV, 0.0015< & < 0.15, B > 20GeV, 160<W < 500GeV, Ap < 2.7rad

(7.12)
The successive effects of all mentioned constraints isngivdable 7.2 where the number of events is
shown for 30fb L. In three years, one expects about&00.2 signal events and 1+ 0.1 background
events. It is interesting to notice that this measurememtbeasuccessfully carried out even if the AFP
acceptance does not reach its design maximum acceptargeéran = 0.15. The number of expected
events forémax= 0.1, and&max = 0.05 are 47+ 0.2, 32+ 0.2 for 30fb~t. The corresponding total
backgrounds are.8+ 0.1 and 074+ 0.08, respectively.

7.4.1 Trigger

The trigger menus of ATLAS are designed in a way to have th&t leassible prescales on leptons pro-
duced in electroweak bosoWg/Z decays. The L1 and HLT triggers can be operated without plesc
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Figure 7.6: Signayy— WW and background before the cut on the leading lepton trasswveomentum
pr>25 GeV (left) and before the cut on the missing mass. 500 GeV (right). Both of the constraints
are aimed to suppress the DRHI production which plays the role of most important backgbéwr
the measurement.

cut/process | yy—ee yy—pp  yy— 1t | DPE= Il DPE-WW || yy—WW

gen.p™ >~ 5GeV | 364500 364500 337500 295200 530 1198
peP? 5 10GeV | 24896 25547 177 | 17931 8.8 95
0.0015< £ <0.15 | 10398 10535 126 | 11487 5.9 89
Er > 20GeV 0 0.86 14 33 4.7 78
W > 160GeV 0 0.86 8.3 33 4.7 78
Ap < 2.7rad 0 0 0 14 3.8 61
peP > 25GeV 0 0 0 75 35 58
W < 500 0 0 0 1.0 0.67 51
§<01 0 0 0 0.85 0.54 47
§ <005 0 0 0 0.40 0.25 32

Table 7.2: Background rejection to selggt— WW events for#=30fb~. The overall final signal is
51, 47, 32 signal events for the upper limit of the forwardedtdr acceptancg,.x= 0.15, 0.1, and 0.05,
respectively, whereas the background is as low as 1.7, B8 e¥ents. The statistical uncertainty on the
expected number of events is at most 15% and is the largeBiH&r 1l. The Monte Carlo statistical
uncertainty of events which could have fluctuated to 0 for-pkioton productions after all cuts with the
probability corresponding todsfor Gaussian distribution was fourd0.1 and is neglected with respect
to the considered background.
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| &max | signal [fo] background [fb]] S/vB+1 .#=5fb* .#=10fb*

0.05 1.69 0.06 7.5 14
0.1 1.57 0.05 7.1 13
0.15 1.07 0.02 51 9.1

Table 7.3: Signal and total background cross sectiong yer WW, and theS/+/B+ 1 ratio for lumi-
nosities 5 and 10fb* as a function of the forward detector acceptance 0.8045< &max after all cuts
mentioned in the text.

up to luminosities.? = 2 x 1033 cm~2s~1 with thresholds of 20 GeV for single muons, and 18 GeV
at the L1 and 22 GeV at the HLT for single electrons. For higherinosities, the trigger menus will
have to be studied and tuned. The FP220 can be included inltitgger, whereas the FP420 will be
included in the HLT triggers only due to their farther pasitifrom the IP. However, for the analysis
concerning the leptonic decays \0f/Z, it is not necessary to trigger on the scattered protonsen th
forward detectors because the events will be registered) tise standard trigger system of ATLAS.

7.4.2 Results

The 5o discovery of thepp — pWW pprocess could be achieved with about 5flof data in the
leptonic mode only. The signal significance is calculatetha®-valueq, i.e. as the probability to find
the number of observed events or more from the backgroume aéee (7.38) at the end of this chapter.

For 5fb 1, the confidence + a expressed in numbers of standard deviations for the Gaussia
distribution reads 5.3, 5.8, 6.2 férax= 0.15, 0.1, 0.05, respectively. correspond The number of signal
and background events for 5thand 10fb ! together with the value of the confidence level, is given in
Table 7.3.

It should be noted that the procegp — pWW pcan be discovered even with lower luminosity if
one takes the full-leptonic and semi-leptonic decays oftteefinal statedV into account. In [1] we
considered a simplified analysis studying the two-ph&éw production and the DRE WW back-
ground only assuming that the overlaid background due tdipheiinteractions is removed with timing
detectors. Events with at least one lepton abdfz‘@l > 30GeV in addition to both proton tags in for-
ward detectors 0015< 1, < 0.15 were selected. The full-hadrol¢ decays were rejected in order
to remove the high QCD dijet background. It turned out that phocess can be discovered already
with 400pb ! of integrated luminosity by observing 11 signal events arffib@ckground yielding a
confidence 5.8. Signal and background cross sections h#enéntioned cuts are summarized in Ta-
ble 7.4 with the corresponding signal-to-background sati®he higher sensitivity to the two-photon
WW production is of course due to the higher cross section wimentakes into account the semi-
leptonic decays. In this case, however, a new backgrousdsafiom the central exclusive production
of two quarks which was not studied. If one of the quarks tadia\W boson, theV+jet+jet final state
mimics the semi-leptoni¥VW decays in two-photon production. This background procgegdanned
to be included in future releases of FPMC to allow a completdysof the two-photowVW production
even in the semi-leptonic decay mode [16].
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- S/vB S/vVB+1
&max | signal [fb] background [fb] #=200pb?  Z=1fp !
0.05 13.8 0.16 4.8 12
0.10 24.0 1.0 7.6 17
0.15 28.3 2.2 5.9 16

Table 7.4: Signal and background cross sectiong for- WW production with at least one leptqrn >
30GeV in the final state, an®/\/B + 1 ratios for two luminosities (200p} and 1fo 1) as a function

of the forward detector acceptanc®@15< & < énax. The presence of at least one reconstructed lepton
is required as mentioned in the text.

7.5 Anomalous coupling oW and Z to photon

The procespp— pWW phas been shown to be observable at the LHC. We are now in tit®opde use
it to test some Beyond Standard Model (BSM) theories. Theghaton production of dibosons is very
suitable to test the electroweak theory because it invdlvegrilinear and four-linear boson couplings
which can be both probed with the same process. The test ¢l s deriving the sensitivities to
parameters (coupling strengths) of new auxiliary intéoactagrangians added to the SM, to simulate
low energetic effects of some BSM theories whose typicalesc@.e the typical new particle masses)
are beyond the reach of the LHC energies.

In this section we introduce the parameterization of a gdri@EM theory effect for the quartic
couplings, show the cross section predictions and compawvih the considered background. This
prescription will be used later to derive the sensitiviteparameters of the new Lagrangian terms.

7.5.1 Effective quartic couplings operators

As was already mentioned, the boson self-interaction irstilés completely derived from the underly-
ing SU(2). x Uy (1) local symmetry. New vector boson fields are added to the Inagima to guarantee
the invariance under this symmetry and their self-intéoast emerge from the vector boson kinetic
terms.

The vector boson masses are, however, more deeply linkédtheét Higgs field and the vacuum
symmetries. The symmetry O(4) of the Higgs poteniéd) = —p?dTd + A (dTd)? in (2.5) (recall
that in the SM, the Higgs field is a complex doublet equivaleribur real fields) is in fact larger than the
required SY2) x U(1). Itis known that the symmetry O(4) is locally isomorphic t¢4p~ SU(2) x
SU(2). When the symmetry is spontaneously broken and one patisalcuumd®y is chosen, the
vacuum symmetry is reduced. The vacuum is invariant undéRsahly. The weak isospin generators
7/2 corresponding to the broken symmetry constitute a tripiéh respect to the vacuum symmetry
sub-group. Very interestingly, this vacuum symmetry oalstthe value of thep parameter

M&

= Meoof by (7.13)

P

and is usually called the custodial 8)Jc symmetry. The SM value of the parameterpis= 1 and
it was very well confirmed experimentally (takimgy = 80.396+ 0.025, my = 91.1876+ 0.021, and
sir? By = 0.23170.00023 as in [9], we obtaip = 1.011-+0.001 so it is known with a precision better
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than 1%). In models with higher Higgs multiplejs,can significantly differ from 1. We will assume
that this symmetry holds also in more general theory whiclaveeabout to parameterize and construct
new effective Lagrangian terms in such a way to obey the de®pé2)c symmetry which is tightly
linked with the precisely measured value of fhearameter.

The boson self-interactions in the SM (including their kinéerms) can be conveniently represented
by —2W,,, - WHY where the vector

(W++W )
s (W =W, ) (7.14)
Zy/ cosBy

Wa:

S gl

is a triplet of the custodial S(2)c symmetry. The field tensor f&W bosons appearing in the product is
Wy = W — W, + g, x W

In the following, the parameterization of the quartic cangé based on [17] is adopted. We con-
centrate on the lowest order dimension operators which Haveorrect Lorentz invariant structure
and obey the S[2)c custodial symmetry in order to fulfill the stringent expeeintal bound on the
parameter. Also, the (1)q gauge symmetry for those operators which involve photonsgsired.

There are only two four-dimension operators:

1 S
.,2”2 = ZQOQ\N(Wu ,WH)Z
l - — — —
75 = 2900w (W, W) (WH W) (7.15)
They are parameterized by the corresponding coupl@agand gc. Using the explicit form of the
SU(2)c triplet (7.5.1) we see that these Lagrangians do not invphaons. Clearly, it is not possible
to construct any operator of dimension 5 since an even nuofldasrentz indices is needed to contract

the field indices. Thus the lowest order interaction Lagi@amg which involve two photons are dim-6
operators. There are two of them:

ma S
L0 = —WaoFaBF“B(Wu-W“) (7.16)
Z° = no;acFauF“V(W“ W) (7.17)

parameterized with new coupling constaagsac, and the fine-structure constant= €?/(4m). The new
scaleA is introduced so that the Lagrangian density has the cadiewnsion four and is interpreted as
the typical mass scale of new physics. Expanding the aboweula using the definition of the S@)c
triplet and expressing the product

S ~ 1
W, W, =2 <WJWV + mzuzv> (7.18)

we arrive at the following expression for the effective digcacagrangian

_e? 2
0 _ a0 +ay— a5
K7 - A FuFHYW oW, — 16co§6\N/\2F“VF wzaz,
—82 W e2
L = & £ EHBOWHOWS L WaW E'CF FHBzaz 7.19
6 16 N2 K ( Bt b )~ 16co2 8y N2 M7 B (7.19)
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Anomalous coupling ofV andZ to photon

In the above formula, we allowed th®® andZ parts of the Lagrangian to have specific couplings, i.e.
ao — (a}, a5) and similarlyac — (&%, ag). From the structure o/ in which the indices of photons
andW are decoupled, we see that this Langrangian can be intedoastthe exchange of a neutral scalar
particle whose propagater does not have any Lorentz index.

A such Lagrangian density consen@s, P—, andT —parities separately and hence represents the
most natural extension of the SM. The invariance can be dsghhaway using the definitions of the
discrete symmetries

CW,C ™t =-w;/ CAC1=-A,
PB,(X,t)Pt = BH(-Xt)
TB,X Tt = BHR-t) (7.20)

whereBH =WH, AH,

The current best experimental 95% c.l. limits on the abow@ratous parameters come from the
OPAL Collaboration where the quartic couplings were mezdime e — WW~y, ete — vvyy
(for WWyy anomalous couplings), arete™ — qqyy (for ZZyy couplings) at center-of-mass energies
up to 209 GeV. The corresponding 95% confidence level limitthe anomalous coupling parameters
were found [18]

~-0.007GeV?< a/AN?> <0.023GeV?
~0.029GeV?2< a&/N> <0.029GeV?
—-0.020GeV?< a)/A? <0.020GeV*?
~0.052GeV?< a¥/A?> <0.037GeV? (7.21)

On the other hand, there has not been any direct constrathkeamomalous quartic couplings reported
from the Tevatron so far.

7.5.2 Coupling form factors

TheWW andZZ two-photon cross sections rises quickly at high energiesrnvdny of the anomalous
parameters are non-zero, as illustrated in Figure 7.7. stmwantioned at the beginning of this chapter
that the tree-level unitarity uniguely restricts IN&Vy and in turn th&VWyycouplings to the SM values
at asymptotically high energies. This implies that any aéwn of the anomalous parametets/A?,
a&/N?, al! /\?, @Y /\? from the SM zero value will eventually violate unitarity. @tefore, the cross
sections have to be regulated by a form factor which vanighdése high energy limit to construct a
realistic physical model of the BSM theory. At LEP where tlemter-of-mass energy was rather low,
the wrong high-energy behavior did not violate unitaritgwever, it must be reconsidered at the LHC.
We therefore modify the couplings as introduced in (7.19%dogn factors that have the desired behavior,
i.e. they do not modify the coupling at small energies bufpsegs it when the center-of-mass energy

W,y increases such as
a

_——— 7.22
a— (1—|—WV2y//\2)n ( )
The exact form of the form factor is not imposed but rathey @oinventional and the same holds for the
value of the exponent. A? corresponds to the scale where new physics should appeavtsre the

new type of production would regularize the divergent higkrgy behavior of the Lagrangians (7.19).
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Figure 7.7: Enhancement of thp — pWW pand pp — pZZpcross section a{/s = 14TeV with
quartic-boson anomalous coupling, a¥, andag, a from the SM values 95.6 fb and 0, respectively.
The survival probability factor is not included.

The unitarity violation inyy — WW process was investigated in the recent study [10]. First, th
scattering amplitudes of theyy— WW exchange was decomposed as a sum of partial wave amplitudes

a(v/s) = 3i2/_11 d(cosB).«7 (1/s,cos0, ag, ac)P;(cosh) (7.23)

whereP;(cosB) are the Legendre polynomials depending on the polar andleeipy center-of-mass.
The unitarity condition of thd scattering amplitude reads

BY las(v)P <

A1,A2

(7.24)

Bl

wheref = /1 4mg, /sis the velocity of &V boson in the center-of-mass frame andheA; indices
denote thaV polarization states. It was found that the scalar wave 0 is dominant, which we can
easily understand since it produd#&’s with longitudinal polarizations without any spin flip. Fetevant
values ofa}’," which are to be probed at the LHC, it was found that the umjtas violated around
W,y = 2TeV for the form factor exponemt = 2. We therefore adopt this type of form factor for the
following study, i.e. the form factor

a
[14 (Wyy/2TeV)?] ’

a—

(7.25)
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Figure 7.8: Missing mass distribution showing the effecthaf form factor (7.22) on the cross section.
The signal due to the anomalous coupling appears for magse800GeV. Both leptons are in the
detector acceptance and abgse> 10GeV.

is introduced for all quartic couplings= aY/ /A2, a§ /N2, al! /\?, a& /2.

7.5.2.1 Total cross section for quartic couplings

We are ready to study the phenomenological consequencé® ofetv terms in the Lagrangian. The
anomalous effective model was implemented in the FPMC gémie(see Section 4.3.2). This allowed
us to compare the studied signal due to anomalous coupliregig with all the backgrounds that leave
the proton intact and create two leptons, electrons or muorise central detector.

As shown in Figure 7.7, the anomalous couplingspin— pWW pand pp — pZZp processes
augment the cross section from their SM values 95.6 fb antli®tHe highest foa’ /A%, whereas it is
the smallest fos5 /A2. Note that the distribution is symmetric so the sensititdtpositive and negative
values of the coupling is the same. The suppression of thes aection due to the form factors is shown
in Figure 7.8. It is important to stress that this effect igéand it has to be taken into account when
deriving the sensitivities to the anomalous couplings.himapposite case, we would quote the results

for a model which does not have a good physical interpretatlceady at LHC energies and would be
meaningless.

7.5.3 Highpr effect

In Figure 7.9, thepr distributions of the signal due to quartic couplings andihekground are super-
imposed. As expected, the signal due to anomalous couptipgaais at high transverse momentum, or
at high masses. The general strategy of the analysis idohet® select highpr leptons together with
an exclusivity requirement which allows to collect clearotphoton events with unaltered protons in
the final state. Since the cross section enhancement duerntedwus couplings is very large, the test of
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Figure 7.9: Contributions of various background procedsethe signal with anomalous coupling
ay /N? = 3 x 104 GeV 2 with the coupling form factors taken into account at gererével. The
signal due to the anomalous coupling manifest itself at highsverse lepton momenta

anomalous parameters could be carried out even at low | gities

After this theoretical introduction we first focus on denigithe sensitivities using the low luminosity
runs without forward detectors and then proceed to the s@nession at high luminosity runs including
the forward detectors.

7.6 Sensitivities to anomalous QGC at low luminosity

Since the project to install forward detectors is still undievelopment and awaits for its approval within
ATLAS, the tagging of the scattered protons will not be polssat the start of the LHC. On the other
hand, one can use a different technique to identify the skautwo-photon events. Since there will
be no (or few) multiple interaction present during earlynmimg, the exclusive events can be selected
by requesting two leptons in the detector and nothing elskis h practice means requesting low
number of tracks, less or equal than 2 for the full-leptorécays oMWW, and no hadronic activity in
the calorimeter above noise level. Requesting no hadrarticity is achieved by registering only the
cells with energies above a specified energy threshold wikickptimized in order to obtain the best
resolution in reconstructing the size of the empty regionthé calorimeter. A dedicated discussion of
the definition of rapidity gaps devoid of particles in thearaheter will be covered in Chapter 8.
Assuming that the integrated luminosity without multipiésractions ranges from 10pb— 100pb*
which we have discussed in Section 3.1.2, we perform thdtsdysstudy to anomalous parameters
based on the exclusivity requirement. It is foreseen toatpghe LHC at a somewhat lower center-of-
mass energy/s= 10TeV than the nominal one. In Table 7.5 the total cross@esfior all background
processes (including the SM two-phodAV production) are summarized for this running scenario. The
sensitivities are derived with a simple counting experitrterdistinguish the signal due to anomalous
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process total cross section flag
yy— WW 86 fb YWWMAX=1.
yy— 1l (P > 5GeV) 32.0pb PTMIN=5.
DPE- I 4.9pb EMMIN=10, YWWMAX=0.2
DPE—-WW 3.9fb YWWMAX=0.2

Table 7.5: Total cross sections for SM processes which wdaghe background to the quartic anoma-
lous signal at,/s = 10TeV multiplied by the gap survival probability factor §0for QED and 0.03
for DPE processes). Process specific flags for the FPMC eesmration are shown in the last col-
umn: EMMIN is the minimum Drell-Yan invariant mass af@wMAX is the maximum allowed momentum
fraction lossE.

couplings from the background. The signal selection igéaka different ways fo'WW andZZ.

7.6.1 Rejecting background forlWW signal

The requirement offi;acks < 2 removes the DPE background (the expected number of evamtg £
10pbtis 0.251+0.002 for DPE- Il and 55-10 °+1.4-10° for DPE—~ WW) and also the non-
diffractive WW background. This cut might be modified in real data but tha idesimple. Hadrons
either originating in non-diffractive events or due to peoreremnants show many tracks and we require
2 leptons and no other reconstructed object. The leadirigrigp dependence in Figure 7.10 shows the
signal and background:y— WW, WW — eeor uu. The final sample is selected wiﬁlfpl >160GeV
where the contribution from the background is negligiblde Tnissing+ > 20GeV was applied as
well even though our background was already low. This onkuess that the expected background is
kept at O level (this holds for the 100pbluminosity as well) and any observed events passing these
stringent requirements can be interpreted as a signal dureotmalous couplings. To summarize, all the
applied cuts are

PP > 160GeV, PP > 10GeV, Nyaus < 2, Bt > 20GeV (7.26)

7.6.2 Rejecting background forZZ signal

TheZZsignal is background free because two leptons of the samgechee created when bafls decay
leptonically. The requirement which was used to selecZthsignal was either to have 2 leptons of
the same charge, or 3 leptons. Leptonse( 1) have to have a transverse momentﬂﬁ? > 25GeV. In
addition, no jet can be seen in the event. Such requiremengfiicient to reject all two-photon or DPE
exchange background. The charge misidentification canalaje in this scenario. For electrons and
muons ofpr = 500GeV (which is about where t& signal dominates) the probability that the charge
will be wrongly reconstructed in ATLAS is about 1% [19] andetkffect is rather small (the charge
misidentification probability for muons is smaller fpg < 2TeV than for electrons). The fraction of
events with two leptons of the same charge is about 0.5. AlZadisignal is at high mass and the cut
p'fpl > 160GeV can be used without affecting the signal. Being awam ftheZ andW pole might
be a useful additional constrain in a real analysis helpinguppress the background due to multiple

149



7. WEAK BOSONCOUPLING IN TWO-PHOTON EVENTS

i signal - a‘é"//\2=1.75 x 10° GeV? x form f.
---- Y- eeorpu (x100)
------ VY — WW (x 100)

[EY
T \\\H_\‘_

r

1 all cuts:
' p':pl'2>10 GeV in acc.
- T ntracks<:2

- (removes DPE - I, DPE— WW)

events for 10 pb™

10*E

! ! !

- 1 I 1
10 800
P, leading e/p [GeV]

L l L
600

Figure 7.10:pr distribution of the leading leptons for signal and two-mhobackground (scaled by 100)
at low luminosity usingZ = 10pb ! after all cuts. The other DPE background was rejected cdeiple
With Nracks < 2.

events for 10 pb!

cut / process yy— ee yy—up yy— 1t DPE=II ‘ DPE-WW  yy—WW
pePt2 > 10GeV 9.2 9.0 0.062 33 0.0016 0.022
MNeracks < 2 9.2 9.0 0.053 0.25 | 55-107°(26%)  0.021
pe" > 160Gev| 15.10°%  16-103 23.10°° 0 0 0
Er>20GeV | 1.0-10°7(38%) 23-104 22.10° 0 0 0

Table 7.6: Suppression of the number of background event&fel0pb* at low luminosity with no
multiple interaction. All non-zero values have a statwtiprecision better than 1% except when the
relative uncertainty is specified in parentheses explicitl

interactions at higher instanteneous luminosity which el dominant at smaller transverse momenta.
All cuts are:

(Niep > 2, 20f same chargeor Niep > 3, MNracks < 2, p'Tepl > 160GeV, p'Tepz > 25GeV, njet =0 (7.27)

7.6.3 Results at low luminosity

The expected number of signal events f6r= 10pb ! is depicted in Figure 7.11 after all mentioned
requirements. In this case, only one of the anomalous paeasnis varied while the others are kept
to their SM values, i.e. to zero. The event yield was caleddor a set of values of anomalous
parameters and interpolated using the SPLINE interpalatiethod. The quality of the interpolation
was checked and was found in good agreement when additioirdkpnot used for the interpolation,
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Figure 7.11: Number of events for the signal (left) due téedént anomalous couplings after all the cuts
(see text) for¥=10pb 1, and 5 discovery contours (right) for all th&/ W andZ Z quartic couplings at
V/S=10TeV for.#=10pb tand.#=100pb*.

were added. This allowed us a fast calculation of the seiti&s for which the signal cross section has
to be determined for many parameters.

The limits on the anomalous parameters were calculatedrdiogoto formula (7.39), where in
this case the mean value of the backgroungijs= 0. The formula was solved numerically for the
significancea corresponding to 95%,8 and % as for a variable distributed according to gaussian
distribution. The resulting exclusion sensitivities alewn in Table 7.7 where also limits without
taking into account the coupling form factors are mentiond see that the effect of the form factor
is important and accounts approximately to a factor 5 difiee. With 10 times higher luminosity it is
possible to improve the parameter limits by another factor 8o as demonstrated in Table 7.8.

Of course we can ask the question how the limits look like wiaenof the parameters are varied at
the same time. Since the analysis is differentibandZ events, the limits are investigated in the two
dimensional plan@y x ac for W andZ production separately. TheoSdiscovery limits make elliptic
contours as shown in Figure 7.11 (right) because the crasissdas a valley in theg x ac plane. The
longer axis of the valley is in the second and fourth quadraititereag x ac < 0, which means that the
two Lagrangian terms either fév or Z coupling in (7.19) interfere and partially compensate azbler.

Let us now make a comparison with the current best quartiampeter limits (7.21) as they were
measured by the OPAL collaboration. It is important to nbt even with a limited amount of collected
data, the limits on the parameters can be improved by more dhiactor of 100 for all parameters
excepta where the improvement is only a factor of 20. It makes of cewsch a measurement very
interesting. For tens of piF we would detect tens gfy— Il events which should give us the confidence
that the events with two leptons and nothing else, the exevents, are well selected. Using the same
techniques, one should look for higl dileptons for relevant anomalous signal in data.

7.7 Sensitivities at high luminosity

At high luminosity, the situation is particularly differenAs it was already advertised, the exclusivity
requirement of having a small number of tracks as recortsiiugbjects and nothing else in the detector
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limits [10°GeV 2]

form factor | |ag'/A?| |af/A?| |ag/N?|  |aE/N|

ot Aot — o0 17 6.6 13 47

Newt =2TeV 10 35 52 180

30 evidence{ Aeat = 0 25 >0 10 %
N=2TeV 14 50 73 250

50 discovery{ Neut = 4.0 14 28 100
Aew=2TeV| 22 74 100 300

Table 7.7: 95% c.l. interval, 3 evidence, and & discovery potential on th&/Wy anomalous quartic
parameters using’=10pb ! of data without multiple interactions, and with or withohetform factors
applied.

limits [10-°GeV 2]

form factor | |af//A?| @ /N?| |a§/N?|  |ag/N?|

95% C.I{ Neyt = © 0.55 2.1 4.0 16

Nt =2TeV 3.3 11 17 59

30 evidence{ Neyt = 0 0.76 2.9 5.6 22

N=2TeV 4.6 15 24 82

50 discovery{ Neyt = 0 1.2 4.6 8.8 33
At =2TeV | 7.3 24 37 125

Table 7.8: 95% c.l. interval,B evidence, and & discovery potential on th&/Wyyanomalous quartic
parameters using’=100 pb ! of data without multiple interactions, and with or withohetform factors
applied.

can no longer be used because of the high number of multifdeaictions occurring at the same time.
We assume that the intact protons are tagged with the fordetettors and the timing of the protons is
measured to suppress the overlaid background. In pradtied| be still possible to request a limited
number of highpr objects at high instantaneous luminosity but the exacttete has to be studied
with data. The background suppressioftiV andZZ signal is again treated separately.

7.7.1 Rejecting background for'WW signal

At high luminosity, the forward detector acceptance (highan & < 0.15) removes the highest mass
events and the sighal due to anomalous coupling which ap@tdrigh masses is not observed. The
background is then a bigger issue. We have to define betted ttuts than at low luminosity where the
number of expected events for the background was small.

The WW events which give a hit in both forward detectors are firseateld withE; > 20GeV.
The £+ dependence is depicted in Figure 7.12 (left) for the sig:‘{;‘é/l/\2 =2x10%GeV? and the
background. Note that the signal is barely distinguishé&iole the SMyy— WW process. On the other
hand, processes in which lepton pairs are created dirdutiyughyyor DPE exchange are greatly sup-
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Figure 7.12: Missing transverse energy distributibp in the AFP detector acceptance cut (left) and
proton missing mass (right) in the AFP acceptance and dfeecdt onz+ > 20GeV cut for signal and
all backgrounds withz=30fb™1,

pressed. The next cut focuses on the high diphoton ivasahere the signal is preferably enhanced. In
Figure 7.12 (right) we see that the signal due to anomalouglitg is well selected if the reconstructed
missing mass in the forward detector®\is> 800 GeV. It was verified that such selection applies for all
anomalous parameters in question in a very similar waythat.theW > 800 GeV retains the interesting
signal for a wide range of anomalous parameters. To sumeydhe following cuts are used to select
the anomalous signal at high luminosity

PPl > 160GeV, p™ > 10GeV, 0.0015< & < 0.15, 1 > 20GeV, W > 800GeV,
My ¢ (80,100, Ag < 3.13 (7.28)

The most dominant background which remains is the BHEproduction. A large part of this back-
ground is removed by requesting the angle between recotetrlepton?dg < 3.13 as illustrated in
Figure 7.13 (top). This removes also the potential two-phalileptons. However, thig cut cannot be
arbitrarily relaxed because we would remove part of theadiga well. Finally, thqo'Tep distribution after
all mentioned constrains is shown on the bottom of Figur8 fhbttom). The remaining background is
composed not only from the expectgg— WW production but also from DPE Il by about an equal
amount.

The successive effect of all cuts and their rejection powethe background is summarized in
Table 7.9 where the number of events is shown.#r= 30fb~1. The total number of background
events is thus reduced tad90+ 0.05.

7.7.2 Rejection background forZZ signal

The rejection of the possible non-diffractive backgrourtdaol is the only background follows the same
strategy as at low luminosity. In addition, we have to coesithe forward detector acceptance. The
complete set of used cuts is

(Niep > 2, 20f same chargeor nep > 3,0.0015< & < 0.15, pf™ > 160GeV, p£™ > 25GeV, njey = 0
(7.29)
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ter all cuts as mentioned in the text for signal and backgilodihe events are normalized f6f=30fb 1.

154



Sensitivities at high luminosity

events for 30fb?!

cut / process yy—ee yy—uu yy—r1tr yy—WW | DPE-Il DPE-WW

gen.p™ >~ 5GeV | 364500 364500 337500 1198 | 295200 530
pePl? 5 10GeV | 24895 25547 177 99 18464 8.8
0.0015< & <0.15| 10398 10534 126 89 11712 6.0
Er >20GeV 0 0.86 14 77 36 4.7
W > 800GeV 0 0.27 0.15 3.2 16 2.5
My ¢< 80,100 > 0 0.27 0.15 3.2 13 25
Ap < 3.13 0 0 0.10 3.2 12 2.5

pePl > 160GeV 0 0 0 0.69 0.20 0.024

Table 7.9: Rejection of the background by the successivicagipn of the selection cuts. The number
of events is normalized t& = 30fb~! of integrated luminosity. The lepton indésp corresponds to
electrons or muons. The DREIl was generated with a minimum Drell-Yan mass 10 GeV. The $irge
statistical uncertainty is 7% for DREII after all cuts.

events for 30fb?!
\ cut / couplings (with f.f.)\ |aY/ /N?| =5.4-10°GeV 2 |a¥/N?| =20-10"°GeV 2

peP2 > 10GeV 202 200
0.0015< & <0.15 116 119
Er > 20GeV 104 107
W > 800GeV 24 23
My ¢< 80,100 > 24 23
Ap < 3.13 24 22
e > 160GeV 17 16

Table 7.10: Selection of the signal by the successive ajiit of the cuts. The number of events is
given for integrated luminosity of” = 30fb~1. The lepton indexep correspond to electrons or muons.

7.7.3 Limits - high luminosity

The procedure to derive limits for the anomalous paramgterseeds in the same way as before. The
number of events after all cuts as a function of the anomaglamsmeters, see Figure 7.14 (left), is used
to calculate the exclusion upper limits according to fora(@.39). The results are summarized in Tables
7.11 and 7.12 forZ = 30fb~! and.Z = 200fb %, respectively.

Comparing obtained the values with the OPAL limits (7.21) see that the improvement which
can be obtained with a collected luminosity 30ftzorresponding approximately to three years of run-
ning with the forward detectors, we can constrain the anoosatjuartic coupling better by a factor of
5000 for all couplings exce@%/A? where the improvement is about a factor 5 worse. With the full
#=200fb~! luminosity, the improvement reaches about a factor of 10000
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limits [10-°GeV 2]

form factor | |ag'/A?| |af/A?| |ag/N?|  |aE/N|
95% c.I{ Neut = © 1.2 4.2 6.0 27
Aet=2TeV| 2.6 9.4 9.4 35
30 evidence{ Pout = €2 Lo > 4 >
At =2TeV | 3.6 13 11 43
50 discovery{ Pow =0 2 > >0 g
At =2TeV | 5.4 20 15 55

Table 7.11: 95% c.l. interval,Bevidence, and& discovery potential on th&/WyyandZZyyanoma-
lous quartic parameters usirgf=30fb* of data without multiple interactions, and with or withobet

form factors applied.

limits [10°6GeV 2]
form factor | |af//A?| @ /N2 |a§/N?|  |ag/N?|
95% C.|{ Neyt = © 0.7 24 2.3 10
Nt =2TeV 1.4 5.2 3.7 14
30 evidence{ Nyt = 0.85 3.0 2.9 13
N=2TeV 1.8 6.7 4.6 17
50 discovery{ Neyt = © 1.2 4.3 3.7 17
Newt =2TeV 2.7 9.6 59 22

Table 7.12: 95% c.l. interval,Bevidence, and & discovery potential on thé/WyyandZZyyanoma-
lous quartic parameters usitgj=200fb ! of data without multiple interactions, and with or withobet
form factors applied. 95% c.l. limit,@ evidence, and & discovery potential correspond to the values
of the couplings outside of the quoted intervals.
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Figure 7.14: Number of events for signal (left) due to difervalues of anomalous couplings after
all cuts (see text) for=30fb 1, and 5 discovery contours (right) for all th&/W and ZZ quartic
couplings at/s= 14TeV for.#=30fbtand.#=200fb 1.
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7.8 Anomalous triple gaugeN' Wy coupling

The investigation of the triple gaud® Wy couplings is perhaps less interesting than the quartic ones
because they have already been quite well constrained atN&FRrtheless, we carry out a similar
analysis for the TGC as well. In this section, the effectiagitangian involving trilinear boson couplings
with a photon will be introduced and used to study the sefits#t$ to the coupling parameters in two-
photon events. Note that the lowest dimensional triple gda@son operataf Zy is of dimension six,
the effect of this coupling will not be studied here.

First, the effective Lagrangians describing the triple ggawouplings are introduced. Next, the
total cross section is evaluated. Finally, we define theadigalection strategies for each of the triple
anomalous parameters and determine the sensitivites.

7.8.1 Effective triple gauge boson operators

The most general form of an effective Lagrangi&tww, involving two charged vector boso¢ and
one neutral vector boson has only seven terms which haveotinect Lorentz structure (see [15] for
details). This is because only seven out of the nine helgiffes of thaV pair production can be
reached with the spin-1 vector boson exchange. The othestates have bot spins pointing in the
same direction with an overall spin 2.

Further more, only three out of the seven operators pregsbe/B,C and T discrete symmetries
separately. We restrict ourselfs to study this subset ofatpes. They are the following

. : AV
2L [owwy = |(WH+VW“A" — W, WHHAY) + |KV\NJWVA“" + |M—6VWP+HW“\,AVP (7.30)
where the tensor 9V, = d,W, — d,W,, gwwy = € is the trilinear coupling in the SM model whose
strength is fixed by the charge of tié, andkY andAY are the anomalous parameters, and their values
are 1 and 0 in the SM, respectively. They can be related to Hgnaticyy and electridQy moments
of thew by

by = %(1+AKV—|—)\Y)
Qw = %(AKV—AV) (7.31)

whereAkY = kY — 1 describes the deviation of the parameter from the SM vdits. straight forward
to verify that (7.30) gives the SM trilinear Lagrangian (7f8r k¥ = 1 andAY = 0. Our convention
differs from the one in [15] by a factor of -1).
The current best 95% c.l. limits on anomalous couplings ctrora the combined fits of all LEP
experiments [20].
—0.098< AkY < 0.101 —0.044<AY <0.047 (7.32)

The CDF collaboration presented the most stringent cansgranW WYy coupling measured at hadron
colliders [21]
—-051<AkY<0.51 -012< 1Y <0.13 (7.33)

analyzing théNVy events in parton-parton interactions. Even though the LdsRlts are more precise
than the results from the hadron collider, there is alway$xaume of y andZ exchanges present in the
procesete” — WW from which the couplings are extracted. The two-phdiéW production has the
advantage that pul — y couplings are tested and no Shexchange is present.
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Figure 7.15: The enhancement of the total cross sectionthétlriple-boson anomalous couplinfys?,
AY. The rise of the cross section dueitbis well pronounced whereas the dependencArhis modest
(the tail for large negativAkY where cross section increases is not shown).

7.8.2 Total cross section

The effect of the two anomalous couplings is different. Tataltcross section is much more sensitive
to the anomalous coupling?. As shown in Figure 7.15, the SM cross sectiggy, = 95.6fb is a
global minimum with respect to th&Y parameter. FoAkY the minimum also exists but for large
negative values which have already been excluded by expetan The last term proportional f0

in (7.30) does not have a dimensionless coupling. With ssngiilhensional consideration we see that
the yy — WW scattering amplitude which has to be dimensionless wilehire form~ i and will
therefore be quickly rising as a function of the two-photoassM,,. This is seen in F|gure 7.16 where
the cross section is shown as a function of the momentumidrakdss of the protonAkY enhances the
overall normalization of the distribution (left) where®¥ gives rise to the tail (right) as anticipated.

7.8.3 Coupling form factors

The rise of the cross section for anomalous TGC at high erleagis again to the violation of unitarity.
The enhancement of the cross section has to be again rejblasppropriate from factors. We apply
the same form factors as already mentioned for the quartipltws (7.22). This ensures that we can
compare our results to those which were obtained in stanuaretliffractive channels

7.8.4 Signal selection

The limits obtained at LEP and the Tevatron are already \eirygent, more than in the case of quartic
anomalous couplings. Let us however remind that triple amtligne quartic couplings are not related
in any way. Hence, the analysis which has been performededioothe quartic couplings has its own
importance irrespective of the triple ones. The productiss sections corresponding to the current
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Figure 7.16:& dependence of the two-photdW cross section for different values Ak (left) and
AY (right) (SM values are 0). FaokY, the cross section is enhanced at highvhich is at the edge
of the forward detector acceptancg = 0.15). On the contrary, varyin@kY in the interesting range
(—0.05 < AkY < 0.05) changes mainly the normalization and not the shape of thistribution.

limits for AkY and AY are too small to yield any improvement with the limited cotéd luminosity
during the pilot physics runs at the LHC. The only option tongan improvement is to consider the high
luminosity scenario with forward detectors.

The signal selection follows closely two already definedtsgies. SincékY changes only the
normalization, the signal at loW,, masses has to be retained. Therefore the selection of tha! $ig
the same as it was optimized for the measurement of theoM>- pWW pcross section (Section 7.4).
On the contrary, the signal dueAd parameters appears at high mass with lpglobjects created in the
central detector. We can simply use the signal selectionirements designed for the quartic couplings
discussed in (Section 7.7.1). For clarity, we use the fatlgweuts forAkY:

p'f‘pl > 25GeV, p'f‘pz > 10GeV, 0.0015< & < 0.15, E1 > 20GeV, 160< W < 500GeV7.34)
Ap < 2.7rad (7.35)
and forAY:

pePl > 160GeV, pf™ > 10GeV, 0.0015< & < 0.15 E1 > 20GeV, W > 800GeV,
My ¢ (80,100, Ap < 3.13 (7.36)

The expected backgrounds féf = 30fb™! are 15+ 0.1 for AkY and 090+ 0.05 for Ak as dis-
cussed in sections 7.4 and 7.7.1. The successive appfiaatall mentioned requirements fAkY and
AV signal is detailed in Table 7.13.

7.8.5 Results - leptonic channel

The limits are calculated according to formula (7.39) anel suammarized in Table 7.14 for 30 and
200fb 1. Comparing these values with the current limits from thedfien, we see that the improvement
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events for 30fb? events for 30fb?!
cut AKY = 0.3 (with f.f.) cut AV =0.1 (with f.f.)
peP2 > 10GeV 194 pePL2 > 10GeV 168.
0.0015< & < 0.15 179 0.0015< & < 0.15 119
Er > 20GeV 158 Er > 20GeV 107
W > 160GeV 158 W > 800GeV 25
Ap < 2.7rad 118 M ¢< 80,100> 25
et > 25GeV 112 Ap <313 24
W < 500 98 pr'eade/k . 160 GeV 19

Table 7.13: Selection of thiY andA Y signal by the successive application of the cuts. The numiber
events is given for integrated luminosify = 30fb™L.

% =30fb ! % =200fb !
Form factors AkY AY AkY AY
95% c.l{ A=2TeVv [-0.25, 0.16] [-0.052, 0.049] [-0.096, 0.057] [-0.023, -0.027]
30 evidence{ N =2TeV [-0.39, 0.25] [-0.066, 0.064] [-0.136, 0.087] [-0.037, 0.038]
30 evidence{ A=2TeV [-0.67,0.40] [-0.088,0.094] [-0.26,0.16] [-0.053, 0.049]

Table 7.14: 95% c.l., & evidence, and & discovery potential on th&/ Wy anomalous parameters for
a luminosity of #=30fb ! and 200fb! using the AFP forward detectors with coupling form factors
applied.

AkY AY
Wy, (p¥) | [-0.11, 0.05] [-0.02, 0.01]
WW, (Mr) | [-0.056, 0.054] [-0.052, 0.100]

Table 7.15: 95% c.l. limits on th&/ Wy coupling parameters obtained from fitting tp?éandMT(WW)
distributions inWy andWW final states in inelastic production in ATLAS, and calcuthter #=30fb !
and for the form factoré\ = 2 TeV,n= 2 [19].

is about by a factor of 2 with 30ftof collected luminosity.

Let us also compare the results to those obtainable in theeotional ATLAS analysis without
forward detectors. WWy anomalous couplings are probed by fitting Wﬁespectrum of the photon
distribution to the NLO expectation using the combined danopW (ev)y andW(uv)y events or by
fitting the transverse mass distributidh (WW) of the boson pair, reconstructed from the two observed
leptons and the missing transverse energy [19]. The camepg 95% c.l. limits obtained faf? =
30fb1, with the same form factor assumption as before (7.22) areistin Table 7.15. The presented
analysis using forward detectors has about a factor 2 waeesggon than the analysis in non-diffractive
studies and would therefore be a complementary measurement
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Figure 7.17: Distributions of thgy photon invariant masg/,, measured with the forward detectors

usingW,, = +/sé1&> (left). Distribution of the angle between the leading lep&nd EIMSS (right).
The effect of theAY anomalous parameter appears at higtinvariant mass (dashed line). The SM
background is indicated in dot-dashed line, the DPE backygt@s a shaded area and their combination
in full line. The black points show ATLAS pseudo data smeaecbrding to a Poisson distribution.

7.8.6 Discussion - leptonic and semi-leptonic channels

The disadvantage of the full leptonie/{) channel of the boson decays is the small rates since only
~ 4% of the signal is kept. In the work presented in [1], we penfed a quite simple analysis assuming
thatyy— WW and DPE- WW are the only important backgrounds, but keeping also thélegionic
events. More precisely, the events are selected using

* both protons are tagged in the forward detectors in theptanee 00015< & < 0.15
* atleast one electron or muon is detected vpith> 30GeV andn| < 2.5 in the main detector

Both the full-leptonic and semi-leptonic decays are kepictvlis about 50% of th&Vs decays. The
obtained 95% c.I. at 30ft}, with the form factor (7.22) included in the calculation are

AKY AY
95% c.| [-0.051,0.043] [-0.041, 0.034]

The improvement fo Y with respect to the analysis with leptonic decays is only esddsince the
selection was not optimized for high masses where the sapwéars. On the other hand, the larger
signal sample when semileptonic decays are included yéelistter separation of the signal due to the
AkY anomalous parameter with respect to the BM- WW production and the sensitivity is improved
by a factor 4. Again we note, that the sensitivity using staddnelastic events is about the same.
Having more events to analyze, the differential spectrabeansed to extract the sensitivities fitting
their shapes. This is illustrated in Figure 7.17 (left) wehtre missing mass distribution of the signal
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due to theAY parameter and the SM two-photon and DPE backgrounds areglfir a substantial
integrated luminosity ofZ = 200fb 1. The signal appears as a deviation at high mass as antitipate
Similarly, the anomalous coupling can also be visible inlépgon pr distribution or in the distribution

of the angle between lepton and the missing transverse\erigrg latter is shown in Figure 7.17 (right).

In the preceding sections we have seen that the-BREandyy— Il are quite large at small missing
masse$V or pr so the requirements mentioned above would have to be tigbtexclude the dilepton
channel in the search.

Another possibility is to register the semi-leptonic decaply. Since the results above are dom-
inated by semi-leptonic decays, we conclude that the $étis# presented in [1] would not change
much if the full-leptonic decays are rejected. Howeverhis tase another type of background arises
from the central exclusive production qdj pairs which was not considered and which might be impor-
tant. If one of the quarks radiates boson and one of the final state jets is missed Vihiget+jet
final state mimics the semi-leptonf¢W decays in two-photon production. This background process i
planned to be included in the future releases of FPMC to al@emplete study of the two-photdviw
production even in the semi-leptonic decay mode.

7.9 Conclusion

In this chapter, it was first shown how the SM two-photon padidun pp — pWW pprocess with both
Ws decaying leptonically could be selected from the diffv@cbr exclusive background. Using the
forward detectors, about 50 events can be observed with-3@fbcollected luminosity corresponding
approximately to 3 years of data taking whereas the nhumbleackground processes could be kept at a
few events level. No multiple interaction background waslstd, but the boson invariant mass 2ny
threshold could be used to suppress using AFP this backdiowddition to the time information about
the proton arrival time.

The sensitivities to triple and quartic gauge anomaloupliogs were studied using the standalone
ATLFast simulation. First, we showed that even with a lowlexikd luminosity of~ 10pb* which
corresponds to few weeks of good data, the sensitivity toahous quartic couplings could be improved
by a factor of 100 in comparison to the current limits comirapf the LEP measurements. Using a high
luminosity of 200fb* with the forward detectors to tag the exclusive two-photeengs, the knowledge
of the quartic couplings can be improved by a factor of 10000.

On the other hand, the improvement of the triple gauge cog@kperimental constraints is smaller.
In the full-leptonic channel, thAkY analysis cannot yield than the current limits coming fromAQP
however, it can give better results than those from the TematOn the other hand, the¥ parameter
can be fully constrained by a factor 2 better with respect BADand by about a factor 5 with respect
to the Tevatron.

7.10 Statistical analysis

Before closing this chapter we provide the formulae thatewesed throughout this chapter to calculate
the significances of the signal.

First, we used th®-value to quantify the significance of the new observed $ig@aven a number
of observed events,,s and u, the number of expected background events Phvalue is defined as the
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Statistical analysis

probability o that background would yield the number of observed evestsor more. Assuming that
the background follows a Poisson distribution, such préialo, the significance, is given by

qa— Z “_Qe—ub (7.37)
|

N=Nobs
Using the normalization of the Poisson distribution to & Phvalue is then given by

Nops—1 Mn
P—value=1— Z) b ek (7.38)
n=

n!
So the smaller thé—value the bigger the confidence that the observed signal nimesome from
background.
The second formula which was extensively used to calcufetehe-sided confidence intervals on
the anomalous parameters reads
e 2 (Hs + )"/
a=e e
Yo Hp/N!
where s, Uy are the mean number of expected signal and background evesgpectively. Knowing
the expected number of background events and setting tHileonce level 1- a, the upper limits on
the number of signal for a given number of events observetldérekperimenngys is obtained solving
this formula for us. From which the corresponding limits on anomalous cougliage derived. In
our calculation, we saigps to the mean number of expected background events rounded teearest
smallest integer.

(7.39)
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Definition of Rapidity Gaps
Using the Calorimeter

Diffractive and exclusive events have two features whitdvwatheir identification: intact protons leaving
the interaction point at small angles, and rapidity gapsiéndentral detector. The forward detectors to
tag the outgoing protons presented in Chapter 6 are in aimgrghase and certainly will not be present
during the start-up period of the LHC. The second methodsedn the observation of rapidity gaps
in these events which are the mark of the underlying colsreexhange. Such colorless exchanges
are present in the heart of diffractive and exclusive evamntthe form of pomeron/reggeon, photon
exchange, or two gluon exchange in a color singlet statdéneading order QCD) as was discussed in
the introductory Chapter 2.

The method of tagging the leading protons can be exploited av high luminosity running condi-
tions. The overlap events due to high multiple interactie contribute as a significant background, but
it is possible to suppress part of them with ingenious kin@r@nstraints between the tagged protons
and the detected system in the central detector. The ragjdjis can be, however, reconstructed only
in events without additional overlap events. At the Tevattbe mean number of multiple interactions
per bunch crossing is rather modestR), there is always some fraction of single interactions taa
be selected. On the other hand, since the mean number o&pwarénts range from 13 to 32 during
a nominal physics run at the LHC, the probability to have ankingle interaction is negligible. That
is why only the data taken after the LHC start-up at low lumsitowill be suitable for such analysis
since the overlap rate is quite small and an important fsacdf interactions will be without overlaps.
We have estimated in Chapter 3.1.2 that ab&{#30pb ! of such clean events could be in principal
collected during the first 10 months of running provided thiggers have a reasonable efficiency.

Since protons are intact in diffractive and exclusive esgtitere is no proton remnants. In these
events, the number of reconstructed tracks in the innectbetand the energy deposition in the forward
region of the calorimeter will be small. In this chapter, wedstigate the second option. In fact, there is
always some energy measured in the calorimeter due to tee fiattuation of the readout electronics.
One has to quantify this noise fluctuation, distinguishanirthe physics process, in order to properly
define the observation of rapidity gaps.

The layout of this chapter is as follows: first, we present idggidity gap reconstruction at the
generator level obtained with FPMC and set the strategyehtialysis. Then, we briefly discuss the
algorithms used to read out the energy in the calorimeteshod the rapidity gap reconstruction using
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8. DEFINITION OF RAPIDITY GAPSUSING THE CALORIMETER

the standard ATLAS tools dedicated for the end-user armly&iter, finding that the performance of
rapidity gap reconstruction using the standard tools istdidy we propose an alternative method and
demonstrate its performance on a range of physics procelaescterized by rapidity gaps.

8.1 Analysis strategy

In order to understand the rapidity gap reconstructiordmgine ATLAS detector in detail, we consider
three processes with at least one intact proton in the fiatd.sThey are the following:

» Two-photon production of dimuon events (QEpp — p® UL D P
 Central exclusive production (CEP) of dijgtp — pe X P p
* Single diffractive production (SD) of dijetsp — p® pom remnantst X + proton remnants

Here the rapidity gaps are denoted by thesymbol and the dijet system is representedXoy The
two-photon and central exclusive production are uniqudusike events having large rapidity gaps in
backward and forward direction. Single diffractive dijebguction is characterized by rapidity gap on
either the positive or negative side in thbeam direction. Although both configurations occur with an
equal chance, only single diffractive dijets with a gap onnlegative sidg < 0 will be shown here, for
presentation purposes. As mentioned, these processespaaar to have smaller energy flow in the
forward region (from now onwards, by forward we will denoteegion of high pseudorapidity in both,
positive and negative direction of the beam) than what is observed in non-diffvactollisions. To
show this explicitly, the non-diffractive dijet productiavill be studied. It has the following signature

» non-diffractive dijetspp — proton remnants X + proton remnants

without any gap present.

Two-photon and single diffractive events were generatetth tie FPMC generator. The central
exclusive dijet production was generated using the ExHuMiegator, and non-diffractive signal was
obtained with PYTHIA 6 (details on the generators were giwelhapter 4). The ATLAS detector
response was obtained with a full simulation of the ATLASed&dr inside the simulation package
ATHENA, version 14.5.0. The datasets for central exclugik@duction were produced by the central
production group. The used dataset name is

* mc08.106064 .ExhumeGG_Et17.recon.ESD.e386_s495_8520_r696

The other processes were generated, simulated, and nemiedt privately. The dijet samples were
generated with the@h®"°" > 17GeV threshold. The exclusive production was obtainet witut on
a maximum allowed momentum fraction loss of the profgrax= 0.1. In case of SD events, this cut
was émax = 0.01 (with few exceptions which we explicitly mention laterfhe dimuon threshold in

two-photon production wapT“ > 10GeV and no upper cut afyaxWas applied.

8.2 Rapidity gaps at generator level

In events with rapidity gaps, the central system is sepdrfitam the proton. This can be seen in
Figure 8.1 where the energy flow distributions in exclusi8® dijets and non-diffractive events are
shown.
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Rapidity gaps at generator level
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Figure 8.1 Particle level energy flow in two-photon dimuardaCEP dijet events (left), SD dijets
and non-diffractive dijets (right). There is a clear rapjdiap between the intact protons and the central
system in exclusive and diffractive production. SD evergsaxsimulated with a rapidity gap on negative
side only.

In the exclusive case, the centrally created system (disoomwlijets) is located at small rapidities
and the outgoing intact protons escape at pseudorapidiities 9. Note that since outgoing protons in
the two-photon exchange have typically smaller transversmenta than those in the CEP production,
they are scattered at higher

On the contrary, the non-diffractive dijet production imy&iie 8.1 (right, dashed) shows no distinct
structure in the forward region. The creation of the progmmants in the collision initiates complicated
color interaction mechanism between them which leads tabfgnation of energetic particles in the
forward region.

The single diffractive events have the same energy flow ositteewhere the proton was broken as
the non-diffractive dijets. On the negative side, the inpoton is separated by a rapidity gap from the
central dijet system. However, the rapidity gap is smahantin the CEP dijet case due to the presence
of pomeron remnants which partially occupy the gap due togsgomexchange. Note that the average
energy deposited within a typical coverage of the ATLAS or&bdalorimetersrj| < 5is nonzero, hence
only a fraction of all SD/exclusive events can be identifigthwhe central detector because the rapidity
gap is often outside the acceptance.

The rapidity gap size varies from event to event. The distidin of the most forward particlg in
the SD dijet sample is depicted in Figure 8.2. The diffracfivoton peaks on the negative side, whereas
the proton remnants span up to high positive pseudoragsdiffhe most forward particle distribution
from the pomeron remnants is depicted by the full curve. dnshthat less than half of the SD events
have a rapidity gap observable in principal inside the @aleter. A non-negligible fraction of events
have the most forward particle within the calorimeter arel glp could be observed. Looking in the
positive direction, the proton remnants always yield veryviard particles.

The size of the rapidity gap is approximately related to ttoemantum fraction loss of the protdn
asAn =~ —log(§). This dependence is illustrated in Figure 8.3 as the digidh of the most forward
particles for SD dijets for various allowed maximufpax = 0.1,0.01,0.001. The higher the proton
momentum fraction loss, the higher is the boost of the pomatongz and the smaller the rapidity
gaps. Single diffractive dijet events with< 0.001 have practically always a rapidity gap inside the
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Figure 8.2: Distribuion of the most forward particles on fositive side (red, dashed) and negative side
(green, full line) in single diffractive dijetsp®"*" > 17GeV). The unaltered proton shown in dotted
line are scattered at < —10.

calorimeter. Events wit above this value can have a rapidity gap outside the detact@ptance and
will be identified as non-diffractive.

The generator cqb?“” = 17 GeV was chosen in order to analyze a data set which follbevsan-
ditions of the future SD dijet analysis within ATLAS. In earlays of the LHC running, only the L1
Trigger selection will be applied and the High Level Triggiésee Section 3.4) will be functioning in the
pass-through mode only. One is basically limited by the ireguents of the data recording rate to the
permanent storage in this case, and the low thresholds afitfet triggers have to be largely prescaled.

It was shown [1] that the SD dijet sample could be selected thi¢ L1_J20 trigger which is very
efficient for jets with a transverse momentum above 35 GeVe @&ffiect of the jet threshold on the
forward particle pseudorapidity distribution is shown iiglre 8.3 (right). Varying thep{et threshold,
the profile of the distribution does not change much. Thismedhat selecting events with different
jet thresholds (either due to the trigger or in the off-limalysis) reduces the diffractive sample with
rapidity gaps only due to the fall of the cross section in dtbehrange of thepr threshold. The cross
section is not corrected for the soft survival probabiliggtbr, which is expected to be 6% for single
diffractive events [2].

Let us estimate the number of gap events which could be sekrearly data and with the mentioned
trigger configuration. Assuming that jets Witﬂret > 30GeV can be identified with 100% efficiency,
we obtain an effective cross sectien2 x 75x 0.07 = 9.0nb of events with most forward particles
InM® < 4. i.e. for events with a rapidity gap of at least one unit ieymorapidity. The factor of 2
comes from the fact that we consider rapidity gaps on bothiipesnd negative sides. It is well known
that low pr triggers are largely prescaled. Let us assume that the Dlpr#acale is 1000 as shown in
Table 3.4. The effective cross section of events with a lpghp greater than one is then about 9.0 pb.
With about 30pblof early data, about 300 events with gaps could be analyzediekkr, let us stress
that the L1 prescale mentioned above could be found to beotednl real data. Also, it is important to
collect jets with the smal:b%et possible. Any significant increase of the low L1 prescalesldiprobably
render the analysis impossible without any additionaltéqple to trigger on the diffractive events at L1.

Having shown the basic properties of the rapidity gap evantse generator level, the observation
of this phenomenon with the ATLAS detector follows.
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Figure 8.3: Distribution of the most forward particle in gi@ diffractive events on the side with a
rapidity gap, shown as a function of the maximum allowed muatona fraction loss of the protoémax
(left) and as a function of the minimal jgtr (right). The cross section is not corrected for the soft
survival probability which is expected to be 7% and was gateer withénax= 0.1.

8.3 Experimental setup

We have seen that the edge of the rapidity gaps in SD evengsigdly somewhere betweén| =5— 6.

It is therefore inevitable to use the calorimeter systemdfing the rapidity gaps because it has the
largest acceptance in pseudorapidity, < 4.9 (the muon system acceptance spans the regipa 2.7
and the inner tracker covefg| < 2.5).

A possible better forward coverage of the ATLAS central dteis currently provided by the
MBTS trigger, and the two forward systems LUCID detector ZBxC calorimeter (Section 3.2.6, Sec-
tion 3.3.1, Section 3.3.2). The MBTS coverage is small, spanonly up to|n| < 3.84. We will see
later that the MBTS could be used only in exclusive-like égevhere the rapidity gaps are considerably
larger than in SD events. The application of LUCID and ZDCtfiggering is interesting since they
could provide an identification of events with small energy/fin the forward region characteristic for
diffractive and exclusive events. The L1 jet prescalesatel then lowered.

LUCID is designed for relative luminosity measurement,viled by measuring the hit rate over
large periods of time. However, the applicability for haiffreiction turned to be small. Due to the
reduced detector acceptancegnthere is a significantly large rate of veto counts (a trigiet no
energy is present in the detector) even in non-diffractivenes with pomeron remnants. The reduction
of the L1 rates is therefore quite small in SD events. HoweweDPE events or in events with two
gaps in general, the veto coincidence in up- and down-sttda@iD stations can slightly improve the
tagging on two gap events [1].

The ZDC calorimeter could be used to veto on the number ofraleparticles in the collision. In-
deed, it was shown that the single photon particle recoctibru is possible with the ZDC. We may
expect that in diffractive and exclusive events the numiberaduced neutral particles is smaller. How-
ever, the full simulation is not yet included in the simuatiframework (it should be available from the
ATHENA release 15).

With these considerations in mind, the hadronic calorimetéhe only detector with a coverage
in the forward region. The rapidity gaps will be used in th#éiird analysis to select the diffractive or
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exclusive signal. However, in the later running when HLEgers will be operating, it would be also
possible to include the gap finding tool in the Event Filteyger.

The ATLAS calorimeter system was described in detail ini8ac.2.2. It is composed of the Elec-
tromagnetic Calorimeter which covers the pseudorapi@gyan|n | < 3.2 and the Hadronic Calorimeter
which reaches up tg| < 4.9. For the purpose of the forward physics studies, both tetecan be
viewed as one system with a granularity in general equalttettanAn x Ag=0.1x 0.1 for|n| < 3.2
andAn x Ap=0.2x 0.2 for 31 < |n| < 4.9 where there is the Forward Calorimeter (FCAL) only. The
FCAL covers the very forward region and plays a major rolenfiaist of the diffractive studies.

The smallest independent elements in the calorimeter wdriehused to read-out deposited energy
are calorimeter cells. Their segmentation determines #ih@imeter granularity. Since the cells are
fundamental for the calorimeter read-out it is worthwhderéview how the cell signal is converted to
the measured cell energies.

8.4 Calorimeter energy readout

The analog signal from each cell is sampled and digitizedhénftont-end electronics boards (FEBS).
The digitized signal is then processed by the digital signatessors on the back-end electronics boards.
The data are converted to the measured energy using a filtaljjorithm minimizing the effect of
electronic and pile-up noise. The event reconstructiorackpthe data from the byte stream and stocks
them in objects calleArRawChannel andTileRawChannel. In the latter step the cell energies are
corrected to represent the true deposited energy (efigetsperation at lower nominal voltage due to
local calorimeter defects are taken into account, etc.). ddths are identified and removed and the list
of calibrated cells is stocked TulloCell objects.

8.4.1 Cells and their noise

The cell-by-cell noise is calculated by tleloNoiseTool. The noise can have two origins: the elec-
tronic noise and the pile-up. It varies by orders of magrétad a function ofy and calorimeter layers,
see Figure 8.4 (left). At higher luminosities the effect lo¢ fpile-up in which the energy from sub-
sequent bunch-crossing or from multiple interactions ie banch-crossing is superimposed becomes
important. The time needed to read out the current of ion&edtrons in the sensitive medium (LAr
for example) is longer=£400 ns) than the time between two bunch-crossings (25 ns)sétpiently, the
overlay of pulses changes the signal time shape and augheetatal cell noise. This effect is especially
visible in the forward direction close to the beam axis duegam remnants, and is shown in Figure 8.4
(right).

In the current state of the readout simulation, the noiseadteristics are assumed gaussian for
both the electronic and the total noise. This assumptiorxpeeed not to be fully valid in reality
where non-gaussian tails will appear (due to the bipolapisigawhich is performed in FEBs). The
exact structure of the noise will be studied using zero-biants which have no activity in the detector,
or using physics runs measuring the negative cell enerdyildison which should be subject to the
noise fluctuation only. In the following we consider the gaas electronic noise as calculated by the
CaloNoiseTool tool.

There are 187616 cells in both electromagnetic and hadaiarimeters. The resulting random
energy fluctuation of a large ensemble of cells due to noisead@ave very large impact on the physics
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Figure 8.4: Expected RMS of per-cell electronic noise )laftd total noise at medium luminosity (right)
for Electromagnetic and Hadronic Calorimeters [4]. Thecdption of the ATLAS calorimeters is in
Section 3.2.2. At higher luminosities, more energy is pnegethe forward region which increases the
contribution of pile-ups (energy from previous bunch chogs) in the calorimeter active medium. This
contribution is random and adds to the electronic noise.

process to be studied. For example, it can effect the missieggy resolution when the auxiliary noise
energy is added. In events with rapidity gaps, the effecioiganis even more apparent because in such
events certain regions of the detector should be empty aigipl Any noise fluctuation can thus spoil
the gap signature. The energy deposition in diffractivenes/an forward region is small and compatible
with noise. It is therefore important to study the definitmfri'visible energy” due to a physics process
and separate it from the noise effects. The noise also depamdnstantaneous luminosity and the
number of overlap events, so the tuning of such a definitidhhaie to be compared with data.

8.4.2 Signal and noise separation

At first, it is instructive to study the total number of celfsthe calorimeter which have signal due to
noise. The probability to observe a cell giving the endfgg a random process described by the normal
probability density function with a varian(zqui'ée, The noise variance changes significantly throughout
n. To describe all cells of different noise variance in a cooipeay, we introduce the significante

as the energy in terms of cell noise standard deviation. &k swe are working with energy quantities
which are significant in comparison to the typical noise fiatibn and the measure of the significance
is the same for electromagnetic or hadronic calorimetees the wholen range of the detector.

The probability to observe energiyor a given cell is then

1 -2 E
———ez t=—01 (8.1)
\% 21 O-r?gilée

The probability that a cell has an energy above a certairstiold, [t| > t", is given by the integral

thy |2 [T 2
p(t)_\/;/tme ot 8.2)
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Figure 8.5: Number of cells with energy above threshtjld- t'" for an empty event compared to either
two-photon dimuon events (left) or single diffractive digvents (right).

The motivation for taking the absolute valueta$ to cancel large (but rare) positive and negative noise
fluctuations. This is useful when energies from a group dsaale added. A positive bias would be
introduced if|t| was not considered.

Given a sample ofe, the probability of observing cells above the threshold" follows the
Poisson distribution with a mean) and variancevfn> = 1/(n) given by

(n) = Neeyt % p(tt) (8.3)

This dependence is depicted in Figure 8.5 where it is conoparéwvo-photon dimuon events (left)
and SD dijets (right). In the case of SD dijets, there is aifam@tion of particles coming from jets
which deposit some energy in many cells and the signal iblei$or a threshold starting #f' = 3. On
the other hand, in two-photon dimuon events which leave dyheapty detector, the effect of noise
is more pronounced. The typical deposition gfia= 10 GeV muon in the ATLAS calorimeter is only
about 3GeV (see also Figure 3.7) and about 5 cells in the wdwetlector are hit by one muon track.
A relatively high threshold!" = 4.5 has to be used to identify the muon events in the number sf cel
above a threshold spectrum. These events are suitabledy tsiel definition of the tool to find a gap
because it allows to check the reconstruction of small gngegosition inside the calorimeter which is
similar to the energy flow on the boundary of the rapidity gapiffractive events.

8.5 Gap reconstruction using cluster

The end-user analysis is designed to be performed on the/gis@bject Data (AOD) data files which
contain a reduced event information. Besides the speethliaconstructed objects like jets, electrons,
and photons, the energy deposition inside the calorimetavailable in form of clusters in these files.
In this section, we aim to investigate the gap reconstroatiapabilities using these objects. First, we
quickly review the clustering algorithms and then preskatresults.
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Gap reconstruction using cluster

Parameter EM 633 | Had 420
Seed signal definition E |E|
tseed 6 4
1lneighbor 3 2
teell 3

Table 8.1: Parameters used in topological clustering ahgos in ATLAS [4].

8.5.1 Clustering algorithms

Particles traversing calorimeters usually deposit theargy in many cells in both lateral and longitu-
dinal directions. The clustering algorithms are develofedroup these cells and sum the deposited
energy. They should minimize the effects of the electromid pile-up noise. There are two types of
clustering algorithms: sliding-window and topologicalistering [4].

8.5.2 Sliding-window clustering

The sliding-window clustering algorithms are used to bufié electromagnetic clusters (using EM
calorimeter) which are later used to identify electrons pindtons, and combined clusters (using in ad-
dition the hadronic calorimeter) for jet and tau recondtainc Then x ¢ space of the chosen calorimeter
is divided intoN;; x Ny, grid. The clustering algorithm moves across this grid wiftxed window size.

If the transverse tower energy sum inside this window is allotaximum and is above a given thresh-
old, preclusters are formed. The sliding window algorithemns specialized in looking for local peaks
in deposited energy and therefore the thresholds are 3 GdaWda@lectromagnetic clusters and 15 GeV
for the hadronic ones. These thresholds are certainly tgb fur our purposes since hadrons typi-
cally deposit an energy of few GeV in diffractive events. Tiieger possibility is to use the topological
clusters.

8.5.3 Topological clustering

Topological clustering algorithms are seeded algorithha tluster cells around the seed cell with
energy significantly above the cell noise. They are 3D objeontaining a variable number of cells.
The algorithm first finds the cells with a significance gre#ttantseeg Which are the cluster seeds. The
cells surrounding a seed are added to a cluster if their gnetgrger than a lowie) threshold. Should a
particular cell be surrounded by two adjacent clusterstvtioeclusters are merged if the cell significance
is greater tharheighoour IN the opposite case, the cell is added to the cluster whashahhigher total
significance {{summed over cells in the cluster). Clusters with negatited tnergy are not saved.

There are two types of topological clustering algorithms E33" and Had “420” whose parame-
ters are summarized in Table 8.1 The “633" algorithm wasnoigted to reconstruct EM clusters with
significantly higher energies whereas “420” was designerketonstruct low energy clusters without
being dominated by noise.

Only the “420" clustering algorithm uses the whole calotieneoverage which is needed to define
the rapidity gaps. Note that in this case, the seed paransdtgeq= 4 which will be referred to later.
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Figure 8.6: Variables used to describe the orienta-
tion of the cluster: cluster centé&r shower axiss,

cell positionX, and the distance of a cell from the
shower axig’.

The parametelze = 0 ensures that the surrounding cells to the protoclustdrdavalways included in
the cluster and thus the tail of the hadronic showers willbetost. We note, however, that including
all surrounding cells in the cluster makes the object monsitiee to the pile-up effects and multiple
interactions at high instantaneous luminosities sincetliside cluster energies might not be small and
have to be understood in data. Besides the position andyeoetige clusters, a set of cluster moments
are saved in the AOD to allow later identification of the showyge (due to electron, photon, etc.)
based on the lateral and longitudinal profiles of the clgst8ince we will use some of the moments to
evaluate the size of the rapidity gap, we review how the efusioments are calculated.

8.5.4 Topological cluster moments

Then-th cluster moment of a variableis defined as

(x" = x 5 EX (8.4)

Enorm (=0

with Enorm = ¥ filg~0; Ei @ndi running over all cells with positive energy which were assig to a
cluster. The most basic moments are the mean values of thied ¢ positions of the cluster. The
cluster center is defined &s= ((x), (y), (x)). The cluster properties are measured with respect to the
shower axi§which characterizes the direction of the shower developraed the shower centér The
cluster with the meaning of shower axis and the cluster caéstlustrated in Figure 8.6 (technically,
the shower axis is found as an eigenvector of the energy tesigtpacial correlation of the cluster cells
with positive energy with respect to the cluster center,axtmtails and complete formulae can be found
in [4]). In reality, the shower axis is almost parallel to ttlester center vectot, because showers
typically develop in the particle direction flying from thetéraction point.

Once the shower axBand the shower centérare defined, the two quantities

fo= [(%-¢)xS
A= (%-0)8 (8.5)

are constructed which characterize the distance of a cell the shower axis and the distance of a cell
from the cluster center along the shower axis. The secondents{r?) and(A?2) then describe the
variance of the energy deposition in the cluster in the trarse and longitudinal directions.

For the rapidity gap analysis it is important to know the sigzthe cluster in terms of pseudorapidity.
Assuming that the shower axis and the cluster center axigict®, C||S, the radius of a cluster iAn
andAg can be derived by differentiating the pseudorapidijty- In(tan(6/2)) leading to

(r?)
c

Ap=An = atan( ) x coshn). (8.6)
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—— two-photon dimuons
—-——- cep dijets

04 - non-diff. dijets (x 2)
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Figure 8.7: Typical cluster size in two-photon dimuon andPGHjets events. The two distinct processes
have very similar cluster sizes. Note that the non-difiv@cturve was scaled by a factor of 2, and would
otherwise lay on top of the others.

The first equality follows from the fact that the calorimetexs in first approximation the same cell
segmentation im and.

Let us investigate what is the typical cluster size in twotph dimuons, CEP dijets, and non-
diffractive dijets. We know that the number of cells whichrevdit in these events greatly differs (only
~ 10 cells are hit in the case pfpt events, whereas this number is of the order of few 1000 when je
are detected, and in non-diffractive events this might lenewore). Also, the typical deposited energy
is greater in non-diffractive events than in the other psses and the energy spectrum of the clusters
is different. On the other hand, the mean cluster size inhaé¢ events vary similarly, as shown in
Figure 8.7 as a function af. In the central part of the calorimeté&n < 2.5 the typical cluster size
is low, 0.05 in pseudorapidity units. In the overlap region between &M LAr Hadronic End-cap
2.5 < An < 3.2 the cluster can grow over different samplings (see Tal#d@. a list of calorimeter
samplings and their segmentation) and can be as big as OrL3inthe forward region, the FCAL has
a fixed segmentation 0.2 which influences the cluster size and the increase in thrageeluster size
comes simply from the relation betwegnand the scattering polar anghe the shower of a fixed size
will have a larger size im in higher pseudorapidities than in the center of the detecto

We have now gained enough information to define the rapidipsaising the calorimeter TopoClus-
ters. They are accessed via e oCalTopoCluster container (ATHENA version 14.5.0).

8.5.5 Rapidity gap definition using TopoClusters

The rapidity gap in the cluster-based analysis is definedeasite of the empty region in pseudorapidity
from the detector edge taken to he= +5 to the most forward or backward cluster. In addition, the
reconstructed mean cluster si2@.uster Calculated according to formula (8.6) is taken into accpunt
reducing the reconstructed gap slightly. In the forward backward directions, we thus calculate the
rapidity gap in the following way:

¢ Ar]gap =5— (ngﬁger+ Ar]cluster)

177



8. DEFINITION OF RAPIDITY GAPSUSING THE CALORIMETER

Entries 17000 Entries 12000

10*

* t"=4
o generator level

* t"=4
o generator level

events
events

10*

— clusters

— clusters

10°

10°

10?

10°

10

L
10

=
o

'
(83}
o
o=

10

An An
Entries 6000 Entries 18998
2 2 10°
c L c
o 4th_ o h_
o t' =4 Q t' =4
[ )

o generator level o generator level

10°

— clusters 104 — clusters

2
10 10°

10?
10

10

=
S}
=
1S
.
[
(=}
ol
=
1S

An An

Figure 8.8: The rapidity gap reconstruction using trueigias (empty circles) and TopoClusters “420”
(full line) for two-photon dimuons (top-left), CEP dijetbdttom-left), SD dijets (top-right), non-
diffractive dijets (bottom-right). TopoClusters unddneste large gaps. The reconstruction using the
cell-based analysis (see Section 8.6) with= 4 cell threshold is shown in full circles to illustrate that
the cluster seed threshold determines the cluster perfarenfar rapidity gaps. A modification is made
in Section 8.6 to improve the gap reconstruction.
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Note that the size of the rapidity gap on the negative sidedsmtive by construction.

In Figure 8.8, the performance of the gap reconstructionguslusters is shown and compared to the
true distributions calculated at the particle level whaeedap is defined as the distance in pseudorapidity
from the edge of the detector to the most forward particlee @bent samples are analyzed as they were
simulated, i.e. without placing any additional requiretnen the number of reconstructed jets/muons
nor on their momenta. The gap size reconstruction from elsss also compared to the cell-based
analysis which will be discussed below.

First of all, from the generator level distributions (empixcles) we see that the rapidity gaps can be
large in exclusive events. In a small fraction of events,dilerimeter can be found even empty in the
case of two-photon dimuons, which corresponds to eventswitons outside the detector acceptance
(top-left plot for|An| ~ 10). In single diffractive events we observe non-zero gapthe negative side,
whereas there are no or very small gaps reconstructed onsitevp side of the broken proton. Since the
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SD sample was generated wifhax = 0.01, the gap distribution is compatible with the correspogdi
one for the most forward particle spectrum already showrigare 8.3.

In general, the number of rapidity gaps reconstructed udimgters is strongly underestimated for
large gaps, greater thadm > 5. This affects the exclusive productions shown on the THfie number
of cells which can give noise fluctuations spoiling the gdpiiger for large gaps. This indicates that the
seed threshold which is used in the clustering algorithmhinigt be appropriate for exclusive events.
However, the cluster performance in single diffractive on4tliffractive events seems to be satisfactory,
even though the tendency of underestimating the gap siz# jgresent.

Anticipating the results of the next section, we also coraphe cluster-based analysis to the cell-
based approach which uses cells above the thresHbid 4 to reconstruct the rapidity gap. Such a
reconstruction is depicted by full circles and they lay dlyagn top of the cluster-based curve. We can
thus conclude that in what concerns the rapidity gap reoect&n resolution, only the “420” cluster
seed parameter is important whereas the details of clusteitlyand merging/splitting is not.

As previously shown in Figure 8.5, the threshtfti= 4 corresponds to the total average number
of 12 cells in the calorimeter. Those noise cells spoil thgdaapidity gaps. Since the rapidity gap
reconstruction is shown as a function of a fixegl = 0.1 spacing, the probability to have a noisy cell
passing the threshold increases with the calorimeter segtien in a particulan bin. Looking more
closely at Figure 8.8, one sees spikesfgr~ 3 andAn ~ 2.5 which correspond to the regions where
the forward calorimeter overlaps respectively with therbait end-cap, and the EM end-cap with the
hadronic end-cap.

Even though the TopoClusters are built with a rather higll $eeeshold t" = 4)), the observation
of rapidity gaps larger thaAn = 5 is very sensitive to the noise. Such large gaps should bervdss
in exclusive exchanges like two-photon production of legtorWWw, central exclusive production of
dijets, but perhaps also in single diffractive productidr] oy where the created mass is small and we
can expect large rapidity gaps. Moreover, the current efudgfinition might be sensitive to electronic
pile-up in the cluster growing step.

In order to improve the rapidity gap reconstruction, thd-baked analysis of gap reconstruction
will be shown in the next section.

8.6 Rapidity gap definition using cells

The cell-based analysis relies on the evaluation of thesggtlal with respect to the typical cell noise.
The cell noise can either be simulated as mentioned in thegu® Section 8.4.1 or directly measured
in zero bias events in which the detector is read out for ellanch crossing regardless what happened
during the collision. Currently, the cell non-gaussianseds being studied using cosmic muons. How-
ever, they were not introduced into the simulation yet, kemuly the simulated noise was used in the
following study.

The cell information is only accessible in the Event Sumniaaya (ESD) files which are not de-
signed for the user analysis, but only for performance sgidn limited samples. Hence, even though
this analysis was carried out directly on the ESD files, aifipagap finding tool is planned to be in-
cluded in the ATLAS software dumping its results (which vl quite small in size) to the AOD files.
The cells are accessed via thiELCalo container.

The rapidity gap reconstruction using cells is done in twepst First, all cells in the event are
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Figure 8.9: Rapidity gap reconstructed with the cell-basedhod with a thresholt" = 5 for two-
photon dimuons (top-left), CEP dijets (bottom-left), SQeth (top-right), non-diffractive dijets (top-
bottom).

looped over and only cells with the energy in terms of celtetmic noise above a threshold, > t'",

are considered. The energy is summea iand saved in 100 bins in rapidity for the detector coverage

of —5 < n < 5 creating rings of energy. The threshold on the absolutgevaf the significance is

applied to cancel possible noise fluctuations.
Secondly, using these bins of visible energy, rapidity gapsdefined as completely empty regions

from the detector edge. In the language of the previousmes;tthe rapidity gap size is defined as

* ANgap=5—Nying'

* Angap=—5— N

ring

in terms of the most forward/backward ring with non-zerorggefry and nr’mg respectively. Note

again that the negative size of rapidity gap correspondptesence of a gap on the negative side of the
detector.

The cell threshold™ serves now as a parameter which can be adjusted to obtairptineab per-
formance of the gap reconstruction. It should be chosen thattthe method could be used in a wider
range of processes. We are going to tune it on the alreadyionedtprocesses for a gaussian distribu-
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Figure 8.10: Rapidity gap size resolution with cell-basedlgsis for two-photon dimuons (top-left),
CEP dijets (bottom-left), SD dijets (top-right), non-dittive dijets (top-bottom) shown for various cell
thresholdg! = 4, 4.4, 5.

tion of the cell noise, but the same will have to be done usatg @here non-gaussian tails of the noise
might play a role.

In Figure 8.9 the reconstruction performance of the cedlebaanalysis is shown for two-photon
dimuons, CEP and SD dijets, and non-diffractive dijets. @&lkthreshold was set 3" = 5 for which
the mean number of noise cells in event is small, 0.1 (sea&i@b). The rapidity gap distribution is
shown in empty circles whereas the results of the cell-basetthod are shown in full line. The higher
threshold leads in general to better performance in thelitsg@ap reconstruction.

In Figure 8.10, the rapidity gap size resolutibnge{g‘h— Angap for three threshold parametefd =
4,4.4,5 is shown. For small values of the threshold, the reconstdugap size is underestimated due
to the presence of noise cells. For high values of the thtdsthowever, a positive bias in the gap
reconstruction can be introduced. Increasing the cellsttolel generally improves the rapidity gap
resolution. The largest improvement is obtained for the plvoton events which have large gaps and the
improvement is also important in case of CEP dijets. AlthHotlge resolution improvement is smaller for
SD dijets, small gaps that were spoiled by noise are coyreetionstructed (top-right). It is important
to emphasize that by increasing the cell threshold, we dayabfake gaps from the non-diffractive
samples where no rapidity gap should be present. The rasoldistribution for non-diffractive events
(bottom-right) stays basically the same for all the thréd$o
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Threshold!™™ || two-photon dimuong CEP dijets| SD dijets | non-diffractive dijets
4.0 1.54+1.76 0.60+1.33 | -0.01+0.25 -0.074-0.08
4.4 0.54+1.29 -0.02+1.00 | -0.02+0.20 -0.074-0.08
4.8 0.05+0.80 -0.29+0.79 | -0.02+0.17 -0.08+0.08
5.0 -0.03+0.77 -0.314+0.75 | -0.03+0.17 -0.08+0.08
5.2 -0.040.77 -0.3740.74 | -0.03+0.18 -0.08+0.08
55 -0.13+0.86 -0.414+-0.73 | -0.03+0.18 -0.08+0.08
6.0 -0.22+1.09 -0.45+0.73 | -0.04+0.18 -0.08+0.08

Table 8.2: Parameters of the gap resolution distributiom® fFigure 8.10 for various cell thresholti%,

The mean and variations of the resolution distributionssii@vn in Table 8.2 fot!h = 4.0—6.0.
The optimal value of the threshold parameter for which théamae and mean (bias) of the resolution
is the smallest lays betwe#fi=4.8-5.0. In the following, we chog&' = 5.0 as the default.

The gap resolution as a function of the rapidity gap sjzes shown fort!" = 5 in Figure 8.11
for the same set of processes. We see that the optimal thdeishsuch that it interpolates between
overestimating small gaps, and underestimating large. gaépis is best visible in the distribution for
dimuon events (top-left). Certainly, using the same enghggshold for gaps of different size is the
cause of this effect since the probability that large gaplsb@ispoiled is larger than for the small ones.

An alternative method was therefore developed in which gktleresholdt™" varies as a function
of the gap size which is to be found. More concretely, the frammeter of the method is a mean
number of noise cellgn) in a gap (of any size). When looking for a rapidity gap of sfag from
the side of the detector, the algorithm calculates the numibeells in thisAn region and evaluates the
corresponding cell threshott!, which would yield the desire¢h) using (8.3). In this way, large rapidity
gaps are reconstructed with a higher threshold and sma#l gepreconstructed with a smaller one,
depending on the defingeh) parameter. Although this method improves the resolutiotwofphoton
dimuons, the improvement in CEP and diffractive dijets isyv@mall. Moreover, the overestimation
of gap sizes in these events as already discussed is ssbqreconfirming that this effect is related
to small particle energies on the border of the gap in thesatev Since this algorithm takes more
computing time, because it is necessary to loop over thecobdiction many times (for every gap size
), the implementation of this algorithm as a general recansbn tool is not acceptable.

In the case of exclusive and diffractive dijet productioabput the same fraction of events is re-
constructed with a larger gap over the whole eta range. BHi®¢ause some particles from pomeron
remnants have small energies which do not pass the celhthicedt was observed that this effect does
not disappear when lowerirt§f, and hence the energy of these particles must be rather. small

8.7 Final remarks

In this section, we first investigated the rapidity gap retarction using calorimeter TopoClusters, the
standard ATLAS objects present in AOD files. We found that nvtteese objects are used, the recon-
struction of large rapidity gap@f > 5) is not possible because the noise fluctuations alwaysthpse

large gaps. New gap finding tool was then developed with a gegnistruction based on cell energies

182



Final remarks

[ Resolution vs. gap size | [ Resolution vs. gap size |
e F e
S gt S gt
< F : : t;lh—S o E t;th-5
3 6 B . 2 6 :
[ | . [ |
= C : : = C
S a4 S 4
2E 2
Ofrerm : of
2 2F
-4 -4
61— 61—
_8} ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, _8} ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
Eovold \ i I S \ \ i Eovold \ [ S AR \ \ i
8 6 4 2 0 2 4 6 8 8 6 -4 2 0 2 4 6 8
An An
[ Resolution vs. gap size | [ Resolution vs. gap size |
. F e ‘
S g LT O SO S UUUUS FOUUUUN SUUUR UUUUUUS SUUUUR SUUUOS PRt SUROON
s b t"=5 s b t"=5
2 6 : 2 6 :
[ | [ |
jey [ jey [
g 4 < 4
2 2
o o
2F 2F
A -4
-6 -6
-8 -8~

Figure 8.11: The rapidity gap resolution for two-photon dons (top-left), CEP dijets (bottom-left),
SD dijets (top-right), non-diffractive dijets (top-boitt).

which are sufficiently high in comparison to the cell typiedctronic noisesfSise We showed, that

large rapidity gaps can be correctly reconstructed if dagsfigigher than 4.8@giseare considered. The
application of this tool concerns mainly exclusive proesskke the two-photon production of dijets,
dimuons,WW, or central exclusive production of dijets in which the difyi gaps are large. The im-
provement for SD dijets was quite small, but might conceffratitive events with a small produced
mass like the SO3/y production. The introduction of a higher threshold did moply the reconstruc-

tion of fake rapidity gaps in non-diffractive events whiabutd easily overwhelm the diffractive signal

due to large non-diffractive cross sections.
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Conclusion

In this thesis, we have studied the hard diffractive anduesieé processes occurring in hadron-hadron
scattering. The most significant characteristics of thesegsses are an intact proton leaving the inter-
action point deflected at small angles and an empty or pgréatpty central detectors.

Much has been learned about these unique diffractive ewsdibiting rapidity gaps devoid of
particles at the HERA&pcollider. Since a hard scale is present in these eventsiease jet momentum
for instance) the diffractive proton structure can be defimeterms of partons in the same way as
in standard inelastic interactions, where the proton dyosiis governed by perturbative QCD. After
presenting the overview of the SM of particle physics, wedrio summarize the main points of hard
diffraction in the introductory Chapter 2.

At the Tevatron proton-antiproton accelerator, anothecisph type of events was recorded in which
a dijet system was observed and nothing else. The extragfitmese rare and strikingly clean events
is quite complicated and requires a good understanding rof diffraction phenomena, the diffractive
parton densities, in particular. In Chapter 5, we therefammpared the available inclusive, exclusive
and the soft color interaction models to the Tevatron dijassfraction measurement. We found that the
Ingelman-Schlein factorized model of inclusive diffractitogether with the KMR model of exclusive
production gives the best description of data.

In the next decade or so, the Large Hadron Collider will bdidiog protons at high center-of-
mass energies never reached before. The production ratibe aentral exclusive events in which
various final states like dijets, diphotons or the Higgs Ibosould be produced, will be sufficiently
high to investigate these events in detail. The forward igsysommunity has high expectations of the
forward physics program at the LHC because for the first tifrthe proposed detectors are approved
by ATLAS/CMS Collaborations, the central detectors will éguipped by forward detectors tagging
the scattered protons on either sides of the main detectoey Will allow to measure the tracks of
scattered protons produced in hard diffraction or in exetusvents. Such detectors around the ATLAS
detector are called Atlas Forward Proton (AFP) detector&Hapter 3, we described the main ATLAS
detector, whilst in Chapter 6, details on the forward detectvere given and studies of the proton
tracking through the beam lattice elements from the ATLA®rmction point to the forward detector
stations were presented.

Another unique exclusive process occurring in the coltisid high energetic proton beams at the
LHC are two-photon exchanges. Protons emit quasi-reabpisothich interact. As a consequence, the
LHC hadron machine will not only be used as a proton machinealso as the photon-photon collider.
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9. CONCLUSION

To accommodate as many models as possible concerning tbpligsics into one simulation frame-
work, several new features were implemented in the ForwhysiPs Monte Carlo (FPMC) during the
three year Ph.D. studies. They are described in ChaptetigflyBthe new diffractive parton densities as
measured at HERA to enable studies of inclusive diffracti@ne implemented and used for the search
of the exclusive signal at the Tevatron as already mentiondalvever, the work focused mainly on
the implementation of two-photon exchanges. Having doag several studies using the two-photon
production followed.

The first one to be mentioned is the investigation of the msialignment of the AFP detector
located at 220 m downstream and upstream from ATLAS. It wasvehthat comparing the scattered
proton kinematics calculated from the dimuon pairs detetighe central detector to the information
obtained from the forward detectors, a detector alignmedOium could be achieved as described in
the second part of Chapter 6.

Second, two-photon events can be used to search for newdbetyanmdard model physics. In Chap-
ter 7, the sensitivities to anomalous quawit\ly yZZyyand triple gaug®V/Wy couplings are discussed.
Besides the fact that the two-photon production offers agtementary method to the standard inelastic
events to determine these couplings, the interestingtrisstiiat the sensitivities to anomalous quartic
couplings could be carried out already with a limited calecluminosity.

Since the start-up of the LHC machine should take place withio months or so from now, it is
quite important to prepare the analyses studying the diffra and exclusive events because data with
small number of multiple interactions per bunch crossieguired for these analysis will be taken in
a short time after the start-up. The result of this effortrigsented in Chapter 8, where a new tool to
identify rapidity gaps in the diffractive and exclusive at&using the ATLAS calorimeter is presented.

As the waiting for the data was sometimes frustrating, thtb@uooks forward to the interesting
physics which will come out from the ingenious machine anallenging detectors at CERN, Geneva.
In the same time he hopes that the work summarized in this seaptiwill be helpful to others.
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