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Résumé

Ce travail présente les mesures de section efficace de production de photons isolés dans les
collisions proton-proton avec 'experience ATLAS au LHC, a une énergie de 7 TeV dans le
centre de masse. Les résultats sont d’abord obtenus pour une luminosité intégrée de 880
nb~!, puis dans un deuxiéme temps pour une luminosité de 36 pb~!. Les mesures faites
avec 880 nb~! et 36 pb~! couvrent, respectivement, les intervalles en énergie transverse
15 < E’% < 100 GeV et 45 < E% < 400 GeV. Les résultats sont comparés aux prédictions
de la chromodynamique quantique perturbative a ’ordre NLO. Les premieres études pour
la recherche du Higgs dans le canal de désintégration en deux photons sont également
présentées pour 38 pb~! de données collectées par I'expérience ATLAS en 2010 (et plus
récemment pour 210 pb~! accumulés en 2011). Les limites d’exclusion observées sont
citées en fonction d'une masse de Higgs se situant dans l'intervalle 110-140 GeV.



Abstract

This work presents the measurements with the ATLAS experiment of the cross section for
inclusive production of isolated prompt photons in proton-proton collisions at a centre-of-
mass energy /s = 7 TeV. The first results are based on an integrated luminosity of 880
nb~! and the later results are based on 36 pb~!, collected with the ATLAS detector at the
Large Hadron Collider. The measurements performed with 830 nb~! and 36 pb~! cover
the transverse energy range 15 < EJ. < 100 GeV and 45 < EJ. < 400 GeV, respectively.
The results are compared to predictions from next-to-leading order perturbative QCD
calculations. In addition, are also presented the first studies for the search for the Higgs
boson in the decay channel into two photons with 38 pb~! data collected by the AT-
LAS experiment in 2010 (and more recently with 210 pb~! collected in 2011). Observed
exclusion limits are quoted as a function of the Higgs mass in the range 110-140 GeV.
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Introduction

In the year 2010, the Large Hadron Collider (LHC) at CERN started its operation. The
first proton-proton collisions with a centre-of-mass energy of /s = 7 TeV and a lumi-
nosity up to 10%? em=2s~! allowed to enter in a new era in high energy particle physics
experiments. In the next years the LHC will probably multiply its integrated luminos-
ity (the integrated luminosity recorded by ATLAS in 2010 was about 40 pb~!) by more
than a factor 100 and open new windows on physics. Therefore, the LHC is expected to
answer the question whether the Higgs mechanism exist and is responsible for the elec-
troweak symmetry breaking which explains how particles get masses. At the LHC are
two general-purpose detectors: ATLAS (A Toroidal LHC AparatusS) and CMS (Compact
Muon Solenoid). These detectors have been designed to discover the Higgs boson over its
entire allowed mass range and to study a wide range of other physics subjects (which in-
clude the search of new physics and Standard Model precision measurements). In hadron
colliders, there are a lot of QCD ! backgrounds, however final states involving electrons
and photons can provide clean signals in the detector, with a large rejection of the QCD
background. The most promising decay channel for the discovery a low mass Standard
Model Higgs boson, is the two photons final state, which, thanks to the very good energy
resolution of the electromagnetic calorimeter, looks specially promising despite its small
branching ratio of 0.002.

This thesis is dedicated to the first measurements of the prompt photon cross section
with ATLAS at the LHC, which is a test for QCD predictions. Furthermore, the prompt
photon analysis is the starting point for many Standard Model and Beyond Standard
Model analyses. Prompt photons are the major backgrounds of H — v searches. In
addition, the first results of the search of the Higgs boson in the decay mode of two
photons are given. Thus, this document is organized as follows:

Chapter 1, summarizes the theoretical foundations of the Standard Model of particle
physics. In addition, a short discussion of the previous and current exclusion limits on
the mass of the Higgs boson from other experiments is shown. The Higgs production and
decay at the LHC are also described.

Chapter 2, provides an overview of the prompt photon production at high energy
hadron collisions and of previous experimental measurements of prompt photons.

Chapter 3 describes quickly the LHC, with emphasis on the startup configuration and
on the amount of data registered by the ATLAS experiment during the 2010 data-taking
period.

!Quantum Chromodynamics
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Chapter 4 contains general descriptions of the ATLAS experiment setup.

Chapter 5 is devoted to the Liquid-Argon ATLAS Electromagnetic calorimeter, which
is one of the main detectors (together with the Inner Detector) used for the analyses
presented in this document.

In chapter 6, the photon reconstruction procedure used by ATLAS is shortly described.
In addition, the cut-based photon identification method is presented, as well as other
studies. Results on selection efficiency obtained with early data (880 nb™! of integrated
luminosity) are given.

Chapter 7 describes the data-driven approach to estimate the signal fraction (the
“purity”) and the signal yield in the selected sample of photon candidates in different
regions of pseudo-rapidity and transverse energy, for photon candidates satisfying tight
identification criteria based on shower shapes and calorimetric isolation. The data set
analysed amounts to an integrated luminosity of 880 nb~!, collected up to August 2010.

Chapter 8 presents the inclusive cross section of isolated prompt photons measure-
ments as well as the systematic uncertainties that affects this measurements, with an
integrated luminosity of 880 nb~! for a centre-of-mass energy collisions of /s = 7 TeV.
The results obtained are compared with the theoretical predictions performed at full
next-to-leading order pQCD calculations.

Chapter 9 shows an update of the measurements of the inclusive cross section analysis
of Chapter 8. For this, an integrated luminosity of 36 pb~! was used, corresponding
the full 2010 data-taking period recorded by ATLAS. In this analysis, the transverse
energy range is extended until 400 GeV and the pseudo-rapidity ranges include the whole
acceptance. In addition, a comparison between ATLAS and CMS isolated photon cross
sections is done.

Finally, chapter 10 reports the first studies on the search of the Standard Model Higgs
boson in the diphoton decay channel with 2010 data and an integrated luminosity of
38 pb~! (and also the very recent limit using 2011 data and 210 pb~!). The observed
exclusion is also provided.



Chapter 1

The Standard Electroweak Model
and the Higgs Boson

Motivation

The Standard Model (SM) of particle physics is a successful theory, which describes matter
and its interactions at the elementary scale. It is a relativistic quantum field theory based
on a spontaneously broken local SU(3)¢c ® SU(2), ® U(1)y gauge group describing the
strong, weak and electromagnetic interactions '. The spontaneous breaking of the SM
electroweak symmetry part (SU(2), ® U(1)y) generates mass terms for gauge bosons,
and includes a new boson introduced by the scalar doublet that is the Higgs boson. The
mass of the Higgs boson is the only unknown parameter in the theory, while all couplings
are fixed by masses of the particles. However, the mass of the Higgs boson is constrained
by theoretical predictions and experimental results.

A brief description of the SM and the Higgs mechanism is summarized in this chapter.
In addition, an overview of production mechanisms, decay channels and the limits on the
mass of SM Higgs boson from theory and experiments are presented.

1.1 Elementary constituents

As discussed above, the SM is the sum of:

e The Standard Electroweak Model (group SU(2); ® U(1)y) which was developed
in the 60’s, in particular by Glashow, Weinberg and Salam [145, 146, 194, 198—
200, 212].

e The quantum chromodynamics (group SU(3)¢) describing strong interactions [142,
151, 152, 186, 187).

A history of the Standard Model(s) can be found in [213].

!Gravity cannot be consistently described as a quantum field theory and is not included in the SM,
but it is completely negligible on microscopic scales.

11



Chapter 1. The Standard Electroweak Model and the Higgs Boson 12

The elementary constituents are the matter fermions. Interactions between them are
mediated by bosons and a “hypothetic” Higgs boson, which is responsible of the particles
masses.

Fermions

The fermions can be separated in two categories: quarks, sensitive to all three interac-
tions, and leptons, interacting only weakly and electromagnetically. All fermions can be
organized in three families with identical properties except for their masses. The fermionic
field have left chirality components transforming as SU(2); doublets and right chirality
components transforming as singlets. The charged weak interaction only acts on left
chirality components.

1st family < Vf ) , €Ry < Y ) ,  Uugr, dg
e ), R d ),
. v _
2st family ( ’ ) s Mg < > y CR, SR
/~L L L
3rd family ( ’r > y TR ( ) , tr, bg
T JL L

This configuration assumes that neutrinos are massless 2.

SN~ » O

Gauge bosons

There are twelve gauge mediators in the SM: the gluons, the mediators of the strong inter-
action, and the v, W* and Z, which mediate the electromagnetic and weak interactions.

The gluons are massless, electrically neutral and carry color charge. There are eight
gluons, corresponding to the number of SU(3)c generators.

The electromagnetic interaction is mediated by the photon, a massless particle that
carries no electric charge and generates an interaction of infinite range.

The weak interaction boson, W* and Z, acquire mass trough spontaneous symmetry
breaking. They can interact with each other through weak interaction couplings, and the
W=, due to its electric charge, couples with the photon.

The W* and Z boson were directly observed in 1983, by the UA1 and UA2 ex-
periments at CERN’s Super Proton Synchrotron (SPS) collider (with protons and anti-
protons colliding). These experiments have observed that the weak bosons were massive
and heavy [65, 66, 82, 88|

2The Super-Kamiokande, SNO and KamLAND experiments observed that neutrinos from one family
can be transformed, by oscillation, to neutrinos of another family [67, 143] with frequencies proportional
to their mass square differences. It is possible to extend the SM to take v masses into account. However,
this has no effect in the following discussion.
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1.2 Symmetries

Symmetries play an important role in elementary particle physics, in part because of
their relation to conservation laws (Noether’s theorem) and in part because they allow
theory to make progress when a complete dynamical theory is not yet available. Thus
the invariance of translations in time (¢ — ¢ 4+ At), translations in space (z — = +
Azx) and rotations generate conservation of energy, momentum and angular momentum,
respectively. They in particular produce spin-1 bosons which correspond to the direct
result of interaction symmetries and which are called gauge bosons. They are connected
to the gauge transformations defined by applying an arbitrary phase to the state function
of the system:

Y(x) — e Dy(x) (1.1)

where this transformation is called local if it changes in each point of the space.

1.2.1 Quantum Electrodynamics (QED)

The QED was the first theory that used this concept successfully. The Dirac lagrangian
describes a massive spin 1/2 fermion, for example the electron, and includes solutions for
anti-particles as well

£Dirac - i] (Z’Yuau - m) ZZ) (12)

It is not invariant under local gauge transformations 1.1, where « is a scalar. In-

deed, the term 01 is not invariant under U(1), but invariance is achieved by adding a
compensating field to the covariant derivative A*, which changes according to the rule

0, — D, = 8, — ieA" (1.3)

the A* field couples with the parameter e, the electrical charge, and it can be identified
with the photon field. If A* associated to the photon would give an explicit mass term
%m%AHA“ then it would destroy the local gauge symmetry in the case where mi # 0, but
experiments show that indeed the photon mass is massless, with an experimental upper
limit of m., < 107'® eV [134]. Adding a kinetic term leads to the following complete form
of L for the QED

. . 1 ,
EQED - ¢ (Z'VMDN - m) ¢ + 6¢7#¢Au - ZF,UJ/F“ (14>

where I, = 0, A, — 0,A,, corresponding to the electromagnetic field tensor.

1.2.2 Quantum Chromodynamics (QCD)

In an equivalent way, QCD can be described by the same procedure shown in the pre-
vious Subsection 1.2.1. The strong interaction is based under the gauge group of the
transformations of phase SU(3)c , where quarks form triplets and leptons are singlets.
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SU(3)¢ describes the quark colors (three colors and their associated anti-colors). This
color physics or chromodynamics is not unified with the others two forces. The gauge
fields G, are introduced by each of the 8 group generators 7j,, which are identified as
gluons. These 8 fields appear in the theory as the mediators of the strong interaction
between the quarks. Thus, the covariant derivative, D, = 0, — igS%GZ allow to write the
QCD’s lagrangian as

. |
‘CQCD = q_(ZfY,uD,U« - m) q— Z_LG/“/Gg (15>
with
G4, = 0,Go — 9,G% + g f"GhGe (1.6)

where f%¢ are the structure constants of the group SU(3)c. The third part of equa-
tion 1.6 makes QCD a non-abelian theory, which allows the interactions between the
vectors bosons, gluons. In addition, QCD enjoys two peculiar properties:

e Asymptotic freedom [152, 186]. In analogy to QED, the vacuum polarization,
introduces modifications to the coupling constant a, = % with energy. However,
given the coupling previously mentioned, exchange corrections are described by
quark-gluon loops. While the virtual quarks generate an increase of o, with the
energy (like in QED), the contribution of gluons goes in the opposite direction and
is dominant: a4 decreases with the energy, meaning that at high energy, quarks can
be described as almost free particles and a perturbative development can be used

to make predictions.

e Confinement. At large distance of the order of 1 fm (low energy), the cou-
pling constant «y is around O(1). By consequence, one does not have anymore a
perturbative theory. This phenomenon of confinement implies that color charged
particles (such as quarks) cannot be isolated singularly, and therefore cannot be
directly observed. High energy quarks and gluons radiate gluons until their energy
is to the order of GeV. At this state, their products clump together (hadronisation)
to form groups, or hadrons. The two types of hadrons are the mesons (one quark,
one antiquark) and the baryons (three quarks). The final state found is a bundle of
hadrons (jets) with the direction and the energy close to the initial quark or gluon
direction and energy, which subsequently can be identified by the particle detectors.

1.2.3 Weak interaction

Weak interaction have been observed in the § radioactive decay, it was first described by
Fermi in 1934, inspired by the structure of the electromagnetic interaction, as a contact
term between fermions

—%m (1= 5) 607" (1 — 5) ¥ (L.7)
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Although violating the unitarity and non renormalizable, it is an effective theory at low
energy of the SM. Weak interaction provides the following two properties that have been
observed experimentally

e Weak interaction is propagated by neutral (Z) and charged (W*) currents. These
bosons are massive, so the weak interaction is a short range interaction (< 1071% m).

e The charged weak interaction acts only on the left chirality fermions which appear

Ja

the charge conjugation).

as doublet ( Ju > violating the parity symmetry P (and also the C'P, where C' is
L

1.3 The Higgs mechanism

As mentioned in the motivation, the SM is based on the direct product of three gauge
theories

SU(3)C®SU(2)L®U(1)Y (1.8)

The idea consist in constructing a lagrangian for free massless fermions, which are able
to distinguish between left chirality particles, organized in doublets, and right chirality
one , organized in singlets, based under the group symmetry SU(2);, ® U(1)y where Y
is the hypercharge . In order to make this symmetry local, it is necessary to introduce
the covariant derivative and therefore gauge bosons: one gauge boson B, for U(1)y and
3 bosons W, for SU(2), which have to satisfy the following equations

/

@W——?@MW—EQ£W+ﬁw(@—m%W$4%&)ﬁ
+frRiv" (a# - i%BN) fr (1.9)
with
Wi, = 0.W, — 0,W, — gei W)W (1.10)

By, = 8,B, — 0,B, (1.11)

Although this lagrangian describes fermions and gauge bosons massless, experimen-
tal observations show the short range of weak interaction, thus revealing that massive
gauge bosons are necessary. The solution to the problem of massive gauge bosons was

3hypercharge is written Y = 2(Q — T3), where Q is the charge of the particle and T3, the third
component of the weak isospin
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provided by the Higgs mechanism, in which massive gauge bosons can be accommodated
by introducing a doublet complex scalar field of the form:

By — % ( . ) (1.12)

where ®° and ®* denote a neutral and a charged field respectively. In the beginning of the
60’s the notion of spontaneous symmetry breaking was introduced in the relativistic theory
in the context of approximate chiral symmetry and it implied the existence of massless
particles (the Nambu-Goldstone bosons) [148, 149, 181-183]. This was consistent with
the small pion mass.

The generation of mass for gauge fields through what is called the Higgs mechanism,
was introduced by Brout, Englert [131] and Higgs [159], following a non relativistic treat-
ment by Anderson [58]. Tt was followed by additional work by Guralnik, Hagen, Kibble
and others [153, 157, 158, 168]. All this was done not having weak interactions in mind.
It was applied to weak interactions by Weinberg [212] and Salam [194]. Some historical
information on this can be found in [51, 218].

In the Higgs sector of the SM the Lagrangian of the theory is written as:

Ly = (Dy®p)(D"®y) -V (Dp) (1.13)
where
. T4 g
0y — D, =0, — zg;W; — ZEBM (1.14)
and
V(®y) = —p 2010 + A (010)” (1.15)

Re($)

Figure 1.1: The Higgs potential V' as a function of ®f in the plane Re(®y) — Im(Py).

where p and X are positive free parameters. This minus sign before the p? term ensures
the spontaneous breakdown since it forces ® 5 to take a non-vanishing vacuum expectation
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value. The Figure 1.1 shows the form that this potential takes in the plane Re(®py) —
Im(®y). The ground state of the Higgs field is given by the minimum of the potential
which has an infinite number of values in that scenario. As the ground state is infinitely
degenerated, one state is chosen as the reference for the local gauge transformation. It is
commonly of the form:

0 _ 2

(@) :( " ) with  v=y/ - (1.16)
7z A

The choice of one particular direction of the space means that the system spontaneously

breaks the symmetry *. The Higgs field fluctuations around the vacuum can be parametrized

by four real fields 6;(i = 1,2,3) and h

i 0
@H = 657—'0@) < v+h(x) ) (117)
V2

The local invariance of the Lagrangian results in a cancellation of the three fields 6;
after one applies an unitary gauge transformation. The degrees of freedom of these that
are not massive, are called Goldstone (or Nambu-Goldstone) bosons, which are absorbed
by the three gauge fields W/. The broken symmetry provides masses to the gauge bosons
W#*, Z, ~, which are defined as a combination of fields W, and B, via their coupling
with the Higgs field.

Wi FiWy
V2

gWy' —g'B"

_gW +gB!

v v
%, Mg = V@ g% M, =0 (1.21)
Fermions Masses: The electromagnetic gauge invariance allows the coupling between
fermions and scalars and one can write the Lagrangian for the Yukawa interaction with

the Higgs field:

WHE = (1.18)

Z" (1.19)

A¥ (1.20)

Mwi =

Ly ukawa = (€,0)Peg + (u,d) Pdr + (u, d)LCTDUR + h.c. + other generations  (1.22)

where ® = i02®*, and the terms corresponding to other generations have been included.
Developing the new Lagrangian around its minimum results in the appearance of mass

4The choice in Equation 1.16 with T = %, T3 = —% and Y =1 breaks the two symmetries simultane-
ously :SU(2), and U(1)y
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terms for fermions

H _
[’Yukawa - - (;) [meée + mddd + muau] (123)

where fermions interact with the Higgs field with a coupling Ay proportional to their mass
and to the average value of the vacuum ground state. However, the coupling terms must
be added ‘by hand’ :

. )\f?)
V2
If all the couplings of Higgs to the other particles are well defined, its mass (U\/ 2)\)

is a free parameter of the theory, defined by its self-coupling A\(Q?). However, several
theoretical and experimental constraints limit the possible mass range, which will be
discussed in the next section 1.4

mpy

~1/2
where v = (\/§GF> = 246 GeV (1.24)

1.4 Constraints on the SM Higgs boson mass

1.4.1 Theoretical limits

There are mainly three theoretical constraints that can be derived from assumptions on
the energy range in which the SM is valid before pertubation theory breaks down and
new phenomena should emerge. More details can be found in [128].

Unitarity

The Higgs boson has been introduced as a fundamental particle so that 2 — 2 scattering
amplitudes involving longitudinally polarized W bosons are compatible with unitarity.
Based on the general principle of time-energy uncertainty, particles must decouple from
a physical system if their mass grows indefinitely. The mass of the Higgs particle must
therefore be bounded to restore unitarity in the perturbative regime. From the asymp-
totic expansion of the elastic W W S-wave scattering amplitude including W and Higgs
exchanges, A (W W, — W, W) — —GpM? /4y/27, it follows [193] that

M3 < 2V271/Gp ~ (850 GeV)? (1.25)
Within the canonical formulation of the SM, consistency conditions therefore require
a Higgs mass below 1 TeV [160].
Triviality

Higher order corrections to the Higgs self-couplings()\) lead to the definition of the ‘run-
ning’ coupling constant °. With this consideration one can extract a limit on the Higgs

5the energy dependence of A
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boson mass [49, 195]. Thus, the behavior of the quadratic A, as a function of a rising
energy scale @), follows from the renormalization group equation

INQY) _ 3 dQ @)
A TN () .

where @ and v are respectively, the normalization and reference scales. A\(Q?) increases
with Q and diverges at a critical scale ®. The general triviality argument states that in
order to remain perturbative at all scales one needs to have A = 0 (which means that the
Higgs boson remains massless), thus rendering the theory to be trivial, i.e non-interacting.
One can choose different energy scales, for instance those below which assume that the
SM is valid (A). The following upper limits have been obtained taking values from the
superior curve shown in Figure 1.2.

e my < 160 GeV, if A =10 GeV

e my <760 GeV, ifA=1TeV

Vaccum stability

The argument of vacuum stability is based on the requirement that the potential is always
bounded from below. This means A(Q?) has to remain positive throughout the history of
renormalization group running. This gives rise to a lower bound on the Higgs mass [49,
166, 195].

The new solution of the Equation 1.26 (taking the scale of EW symmetry breaking as
the energy reference) is :

1
1672

M@%) = M) + T 3

4 3 2
[—12% + = (294 +( + g’2)2>] In < (1.27)
v
If the Higgs mass is too small (mainly top quark and weak boson loops arise) , i.e., A
is very small, then the top quark contribution dominates and could drive A\ to a negative
value. If it happens then the vacuum is not stable as it has no minimum.

To ensure that A remains positive, the Higgs mass must satisfy

4 2

2 3 9
AO?) >0 = M2 > |12 —(24 24 47 )1— 1.28
(Q ) = H 872 v4 + 16 g + (g +g ) n 02 ( )

At the energy scale of 1 TeV, it translates to a lower limit extremely restrictive
Q=AN~1TeV = My 2 70 GeV. The combination of triviality and vacuum stability

constraints is presented in Figure 1.2, as a function of the scale A beyond which the “new
physics” should appear.

Sthe ‘Landau pole’, which moves towards lower values for increasing mass Mg



Chapter 1. The Standard Electroweak Model and the Higgs Boson 20

800

800 m, = 175 GeV —
= i
3 a,(Mz) = 0.118 ]
o 400 - —]
= — ]
200 [— —]
O_' B A A AN i

103 106 109 101R% 1015 1018
A [GeV]

Figure 1.2: Theoretical limits on the SM Higgs boson mass from the absence of a Landau pole
and from vacuum stability, the red and green bands correspondent to the uncertainties of the
theory [160].

1.4.2 Experimental limits

Experimental constraints on the Higgs boson mass come from direct searches at colliders
(ete™ at LEP, pp Tevatron), in which Higgs particles candidates were reconstructed in
one of its final states. One can also use precision measurements of electroweak parameters
from LEP, SLC (“Stanford Linear Collider”) and Tevatron, in which predictions of the
theory include loop corrections ” where the Higgs boson enters [46]. Graphs corresponding
to the some radiative corrections are shown in Figure 1.3.

Figure 1.3: Some Feynman diagrams corresponding to electroweak radiative corrections: a)
fermionic (quadratic) contributions, b) Higgs boson (logarithmic) contributions [128].

"for details see [128] for instance.
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Direct searches

The Higgs boson has been searched at LEP ®, mainly in the Higgsstrahlung production
mode (ete™ — Z* — ZH), where the Higgs is expected to decay in the bb final state of
mode. The absence of significant a signal on the combined data by the four LEP experi-
ments (ALEPH, DELPHI, L3 and OPAL) has led to the lower limit My > 114.4 GeV at

a 95% of Confidence Level (CL) [24].
At Tevatron Y, the dominant processes of Higgs production are:

e Higgs in association with a weak boson (¢g — W:—LH and ¢¢ — ZH), at low Higgs
mass range (My < 135 GeV), with a final state bb for the Higgs.

e At higher Higgs masses: My > 135 GeV, the gluon fusion process gg — H is used,
where H is expected to decay into two W bosons. The experiments are reconstructed
W’s leptonic desintegrations, which lead to a very clean final state.

The Tevatron’s experiments (CDF and D@ ) combined results and exclusion limits
on Higgs boson mass have been published for a integrated luminosity up to 6.7 fb™!
(and an average integrated luminosity of 5.9 fb~!) [1]. The mass range of 158 GeV to
175 GeV has been excluded at 95% CL (see Figure 1.4 (top)). Very recently [203] an
analysis of more data has been shown at the winter 2011 conferences by Tevatron for high
mass Higgs searches. Although the expected exclusion is wider than in summer 2010, the
observed mass range excluded at 95% now is between 158 GeV to 173 GeV (see Figure 1.4
(bottom)).

Indirect searches

As mentioned at the beginning of section 1.4.2, the Higgs boson mass is involved in ra-
diative loops corrections of electroweak parameters of the SM. The principle of indirect
searches consists of comparisons between electroweak precision data and theoretical pre-
dictions that dependent of Myp.

Two working groups, the LEP Electroweak Working Group [8] and the GFitter Col-
laboration [6] provide results about the possible values of My using global fit procedures
of SM measured parameters.

The Higgs boson mass is constrained by fitting the SM using the set of SM parameters
(Gp, My, Mz, agep, 0em) measured in the different experiements. The LEP Eletroweak
Working Group results are displayed in Figure 1.5, which shown the distribution of the
global least-squares fit of the SM Ax? = x? — x?2,,, as a function of the Higgs mass. The
preferred value for My at Ax? = 0 is found to be

My = 89752 GeV (1.29)

The upper limit obtained for the Higgs boson mass is My < 158 GeV (with a CL of
95% obtained with Ax? = 2.7, which includes experimental and theoretical uncertainties).

8ete collisions at /s = 90 to 209 GeV were produced
9pp collisions are produced at /s = 1.96 TeV
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Figure 1.4: Observed and expected 95% C.L. upper limits on the ratios to the SM cross section,
as functions of the Higgs boson mass for the combined CDF and D@ analyses. (top) summer
2010 [1], (bottom) spring 2011 [203].

The limit is My < 185 GeV if the results of direct searches of the Higgs boson at LEP
are included.

Similar results are obtained by the GFitter collaboration when a standard fit is used
with slightly different methods. This fit (see Figure 1.6(Left)) gives:

My = 95.77305 GeV (1.30)

And after using a complete fit (done in summer 2010, including last results of direct
searches of the Higgs boson at LEP and Tevatron up to 5.9 fb=! but not the direct Higgs
search results shown in winter 2011 by Tevatron and LHC), see Figure 1.6 (Right) , the
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Figure 1.5: Global fit of the SM as a function of the Higgs mass. The direct limit established
by LEP is represented by the yellow region, although not included in the fit. The theoretical
errors are represented by the blue bands [8].

following results are found

My =120.673%7 GeV (1.31)

1.5 SM Higgs boson at the LHC

1.5.1 The Higgs production

In proton-proton collisions at the LHC the SM Higgs boson will be produced by the
following processes, (for details see [174]) ordered by cross section (see Figure 1.7):

e Gluon fusion.

The Higgs boson is produced by the fusion of two gluons via a heavy-quark loop.
This process is also called direct production and it has the largest cross section
over the allowed mass range. As displayed in the leading order diagram, the loop
is dominated by top quarks. Important higher order processes are for example
g9 — H, gg — Hq and g — Hg. The NNLO cross section was computed in the
last 10 years ( [55, 155, 191]) and there is currently a large debate on the knowledge
of the theoretical uncertainties (of the order of 15%).
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Figure 1.6:  Ax? as a function of My.(Left) My with a standard fit and (Right) with a
complete fit. The solid (dashed) line gives the results when including (ignoring) theoretical
errors. The minimum x? of the fit including theoretical errors is used for both curves to obtain
the offset-corrected x? [6].

e Vector-boson-fusion(VBF)

In this channel the Higgs boson is produced by the fusion of two weak vector bosons
(W or Z) which are radiated off quarks. This process leaves a special signature in the
detector. The quarks hadronize to jets which will be detected in the forward region
of the detector (close to the beam pipe). There is no color connection between the
two quarks, hence between the two forward jets, little hadronic activity is expected
in the signal process. This typical VBF signature is used to suppress the QCD
background. This process has been computed recently at NNLO [96].

e Associated production W*H, ZH
In this process the Higgs boson is radiated off a weak vector boson (Higgstrahlung).

Its cross section falls rapidly with an increasing value of My and has been computed
at NNLO [101].

e Associated production ttH
The Higgs production in association with top-pairs is less important because the
cross section is about five times smaller than the one for W*H or ZH for the low
mass range My . It has been computed at NLO [91, 92, 122].

1.5.2 The Higgs decay modes

In the SM, the Higgs mass is a free parameter of the theory. It fixes the Higgs coupling to
gauge bosons and fermions. In this section, the three main mass regions to be exploited
at the LHC will be described (in Figure 1.8 is shown the variation of the braching ratios
as a function of the Higgs boson mass):

e In the low mass range (100 < My < 130 GeV) the Higgs boson mainly decays into
a bb pair, BRy; > 70 — 75%, due to the Higgs coupling to fermions proportional
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Figure 1.7: (Top) SM Higgs boson production cross section as a function of My at the LHC
at /s =14 TeV [174]. (Bottom) Leading order Feynman diagrams for the relevant SM Higgs
boson production processes: (a) gluon fusion, (b) vector boson fusion, (c) W /Z associated and
(d) tt associated production.

to their mass. The discovery potential of Higgs search in this channel at LHC is
however small due to large QCD background.

The H — 77 channel has a smaller branching ratio, about 8%, and suffers from large
background from the Z — 77 decay process. However, when searching the Higgs in

the VBF production mode, this is a promising channel at low masses. Details can
be found in [14].

The vy and Zv decay modes also occur in the low mass range and are due to the
indirect Higgs coupling to the photon. The Higgs decay into two photons is made
through fermions, mainly top quark and W boson loops.

Despite its small branching ratio, the H — 7~ is a very important channel at low
masses, (100 < My < 150 GeV) because it presents a very clean signature and has
a narrow width which will provide sufficient discrimination against backgrounds.
This channel was very important for physicists since the beginning of LHC. The
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Figure 1.8: Branching ratios of the SM Higgs boson a function of My at the LHC at /s= 14
TeV [174].

first analysis [119] was done on Monte-Carlo by C. Seez and J. Virdee in 1990 in
what will become CMS and was followed by several studies in ATLAS [140].

e In the intermediate mass range (130 < My < 200 GeV). The WW and ZZ
channels open and have a large branching ratio due to their stronger coupling to the
Higgs. The decay to WW is the most promising channel, because this decay has a
branching ratio close to 100% in this mass range.

The ZZ — 4l is a very important channel at medium to high masses (My > 200
GeV), since the presence of four electrons or muons in one event is a very unique
and therefore distinguishable signature at a hadron collider.

o At My > 2M,,, ~ 350 GeV, the top pair decay opens and increases rapidly due its
very strong coupling to the Higgs. However large QCD background and background
from the ¢t through this channel. There may be however some possibilities in the
channels H — ZZ — llvv and H — ZZ — llgg and H — WW — lvqq.



Chapter 2

QCD Prompt Photon Production

In this chapter, the prompt photon production with large transverse momentum in high
energy hadron (proton at LHC) collisions is discussed. First, the QCD formalism for
photon production and the different production mechanisms are presented. In addition,
the main procedures used to compute their cross section are described. Finally, a short
history about the experimental measurements of prompt photon is given.

2.1 The Factorization Theorem

The protons are composite objects of quarks and gluons, which are called partons. In
a naive picture, the proton is made of three color quarks, two up quarks and one down
quark, of respective electric charge 2/3 and —1/3. The proton is a colorless object of
charge +1.

The proton is seen as a gas of partons each carrying a fraction x of the proton mo-
mentum. In addition to the three quarks of valence, the vacuum polarization generates
gluons and sea-quarks (quark-antiquark pairs). Therefore, heavier quarks, charm and
strange quarks (and also bottom quarks) arise in the proton. So, the proton structure
is described by the parton distribution function (PDF) of valence quarks, gluons and
sea-quarks.

QCD provides the formalism to calculate the cross section for interactions involving
hadrons in the initial or the final state. The factorization theorem [130] says that the
cross section of any QCD process can be written as the convolution of three basic building
blocks; PDF, parton-parton cross section and parton fragmentation to hadrons.

(P, P) = Z/dmd:pzdz;:,fi/l(xla,U%)fj/2($27ﬂ%)Dk/3(zka,U?”)(%ijk(plap%p?na(u%‘>7Q2/u%)
5,k
(2.1)

From equation 2.1, we have:
1. P, and P, are the momenta of the incoming hadrons. p; s = 21 2P, 2 correspond to

27
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the momenta of the partons which belong to the hard scattering process.

2. fonjn(Tn, pF), with m = i, j corresponding to the parton type and n = 1,2, corre-
sponding to each of the incoming hadrons are probability densities for a parton to
be found within the colliding hadron H,,. It is a function of the momentum fraction
x,, of the hadron momentum carried by the parton at a given factorization scale up
(PDF), see an example in the Figure 2.1. The factorization scale is an arbitrary
parameter introduced to handle singularities ! in the calculation that cannot be
treated perturbatively.

g 1 g
= Q=10 GeV? % Q=10 GeV?
0.8 1 1
g (< 0.05) o HERAPDF0.2(prel,) xg (x0.05) [ HERAPDFO.2(prel.)
(exp+model+param) (exp+model+param)
0.6 1 1
| Bl CTEQ6.690% CL B MsTWO08 90% CL
0.4 1
0.2 1
==
1 10 10° 10? 10" 1
X X

Figure 2.1: The HERA PDF compared to CTEQ (left) and MSTW (right) [125].

The PDFs cannot be determined by perturbative QCD calculations but its func-
tional forms are parametrized from experimental data at a fixed scale Q3. They
are defined in a way that is universal and their evolution with the factorization
scale is predicted by the DGLAP (Dokshitzer, Gribov, Lipatov, Altarelli, Parisi)
equations [50, 129, 150, 175], so the PDFs measured at one scale can be used to
predict the results of experiments at other scales. There are different sets of PDF
parametrizations. Two mains groups have used HERA [127] data and different
theoretical assumptions to predict the PDF at the LHC energy.

e The Coordinated Theoretical and Experimental Project on QCD (CTEQ) [3,
180].

e The Martin-Stirling-Thorne-Watt (MSTW) PDFs [10, 178].

They frequently publish updated tables of PDF’s. At high energy and small z
fraction of momenta, the gluon density dominates. The large gluonic activity in the

IThese singularities are caused by soft physics effects such as collinear radiation, and are absorbed
into the PDF at a given scale pp, usually chosen to be of the order of the hard scale Q2.
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LHC environment explains the large cross section of the Higgs boson production
through the gluon fusion process despite the small (indirect) Higgs boson coupling
to gluons.

[ NNPDF2.0
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Figure 2.2: Gluon PDF's within the proton as a function of the fraction x of the proton momen-
tum carried by the gluon. The scale used is Q? = 5 GeV?2. The left plot, uses a linear scale and
the right plot a logarithmic scale. A comparison is shown for three different teams that provide
PDFs at Next-to-Leading Order [86].

3. Dyy3(2, /L?c) is the fragmentation function and gives the probability that the pro-
duced parton gives a final state particle H; with momentum fraction z; during the
fragmentation process at some fragmentation scale py. The fragmentation scale is
introduced in the same way as the factorization scale and under similar prescrip-
tion. It intends to absorb singularities due to final-state collinear radiation. Like the
PDFs, the fragmentation functions are not calculable, but one can calculate their
dependence with the scale. The fragmentation functions into hadrons (for instance
7%) appear in the calculation when the final state particle (7° in this case) is the re-
sult of the fragmentation process of the parton produced in the hard scattering in the
hard interaction collision (in this case background to photons). One can have also
the case of the fragmentation of a quark or a gluon into a photon (fragmentation
photons). In this case the contribution to the cross section will depend on the quark
and gluon fragmentation functions into photons D/, and D, ,, [99, 102].

4. Finally, the 0;5, term corresponds to the parton cross section interaction. Its is
normally computed at a given order of pQCD and at a renormalization scale pg.
The renormalization scale is introduced to absorb the ultraviolet singularities that
appear at higher than LO as in the perturbative calculations. It is usually chosen
to have the same value of pp and py. There is no reason for these three scales to
be exactly the same, but they should not be chosen to be very different from each
other because this would introduce an unphysical hierarchy into the calculation 2.

2Since they are totally arbitrary, any physical observable must be independent from their particular
choice
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If a calculation were carried out to all orders in perturbation theory, there would be
no dependence left in the final result. However, most calculations are available at a
fixed order, and therefore a residual dependence on the scales is left. The variation
of the cross section with the scale reflects the size of the non computed terms in the
perturbative expansion

N
’uzdi/ﬂ Zaial- =0 (o)) (2.2)
i=0

The choice of the PDFs and fragmentation functions used in the theory calculation
also leaves some residual dependence in the predictions that must be taken into
account when comparing to the experimental data.

2.2 Prompt Photon Production

The production and associated measurement of prompt photons provide a direct test of
perturbative quantum chromodynamics (pQCD) predictions. Moreover, one of the main
motivations for its measurements is their potential to constrain the gluon distribution of
the proton [162, 169] since the dominant contribution to the cross section comes from
gluon-quark interactions [see Figure 2.4(a),(c),(d),(e)]. In addition, its measurement of-
fers some unique advantages over measurements with jets, because the process also gives
access to lower transverse momenta (pr) than jets, where the underlying event contamina-
tion reduces the sensitivity of the QCD measurements. The photon energies are measured
in the Electromagnetic (EM) calorimeters, resulting in a better energy resolution. Fur-
thermore, this process is also the starting point for the studies of many SM signatures, and
constitutes a reducible background for important searches, such as H — v , or SUSY
and extra-dimensions with energetic photons in the final state.

Prompt photons at a hadron collider, are produced, at leading order (LO), mainly by:

Compton-like scattering [Figure 2.4(a)], or ¢q annihilation [Figure 2.4(b)]. At the LHC
energies, the rate of the Compton-like process is much higher than that of the annihilation
process, and effectively dominates the cross section at all transverse energies ( Er). This
can be seen in Figure 2.3.
At next-to-leading order (NLO), diagrams with one-loop vertex corrections Figures 2.4(c)
and 2.4(d) produce infrared divergences. To cancel them out, diagrams containing radia-
tive corrections [Figures 2.4(e),(f),(g)] are required, in which photons are radiated off
from an incoming or outgoing parton (ISR and FSR, respectively), or by intermediate
propagators, giving the so-called “brem” diagrams. Additionally, “fragmentation” pho-
tons arise from final state partons which, during fragmentation, photons are produced
[Figure 2.4(h)] 3.

3The distinction among ISR, FSR and fragmentation photons is only motivated by the way generators
model these processes, but has no physical meaning, as the corresponding diagrams interfere.
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Figure 2.3: Relative contributions of the quark-gluon Compton, ¢g annihilation and fragmen-
tation subprocesses in NLO isolated photon production at the Tevatron (left), LHC midrapidity
(center) and LHC forward rapidity (right) obtained with JETPHOX (CTEQ6.6 PDF, u = E7,
BFG-II FFs) for an isolation radius R = 0.4 and a hadron fraction of the photon energy of
ep, = 0.1 inside the cone [164].

At LO and NLO, the differential cross section as a function of the transverse momen-
tum pr and the pseudorapidity * 1 of the photon can be written as the sum of the direct
and the fragmentation contributions [80, 104]:

do (MRv HF, uf) _ dop (,URv Hr, :uf) + dgf (MRv HF, “f)
dprdn dprdn dprdn

(2.3)

The distinction between these two mechanisms has no physical meaning [80] and one
should note [93] that the fragmentation process shown in Figure 2.4(h) is of the same
order than the LO Compton shown in Figure 2.4(a): if the fragmentation scale pf is
large compared to the typical hadronic scale, the fragmentation functions behave roughly
as a/ as(u?) . The separation between them in the theoretical calculations is arbitrary,
and only their sum has physical meaning and can be compared to the experimental cross
section. The fragmentation part can be expressed synthetically as:

de (MR?MF?“f) _ Z do-]]: (NR7”Fvluf)

® D 2.4

k=q,q,9

a,{ describes the production of a parton k in the hard collision and D, for the fragmen-
tation function of the parton k into the photon.

Two alternative methods exist for the calculation and implementation of these func-
tions. In both schemes the bremsstrahlung process is split into a perturbative and a
non-perturbative part at some fragmentation scale, y1r. In the first scheme, as outlined
in [80] and implemented in the JETPHOX [7] Monte Carlo generator, the perturbative
part (such as Figures 2.4(e),(f),(g)) is computed up to the desired order with contribu-

4The pseudorapidity is defined as a function of the polar angle of the photon § as = —In (tan g)
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Figure 2.4: Leading order (a,b) and next-to-leading order production diagrams of prompt
photons in proton-proton collisions. In (h) one has the point-like fragmentation of a quark into
a photon, which can be calculated perturbatively for asymptotically large scales.

tions containing j15 being resummed. This resummation introduces a dependence on the
factorisation scale. Photons produced during the soft QCD hadronisation (such as Fig-
ure 2.4(h)) are then described using the vector meson dominance (VMD) model [99]. Here
the fragmentation of a quark or gluon is described via its fragmentation mainly into a
linear combination of vector mesons which then decay into photons. Under the second
scheme as outlined in [102, 147] the calculation of the perturbative part is not resummed
and is performed to a fixed order in py. The non-perturbative part is obtained through a
fit to LEP data. Since the perturbative calculations are not resummed, there exist can-
cellations of terms involving jy factors and therefore, under this scheme, the calculations
are not py dependent.

Bremsstrahlung photons can provide a significant source of isolated photons. Clearly
if the emission of a photon occurs at a shallow angle, these photons will be associated
with the final state quark remnants and may be removed by a suitable isolation cut.
However, in the cases where photons are radiated at large angles the isolation cuts will
not remove such events. These events must therefore be included in the cross section
calculation and somewhat “spoil” the simplicity of the direct photon formalism [161]. A
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naive expectation of the rate of such events might be O (aa?), since two strong and one
electromagnetic vertices are involved in these processes. If this were the case then they
should contribute little to the overall observed signal. However, as discussed above [81,
93, 184] the fragmentation component in fact scales as O (aay) and is therefore of the
same order as the two LO processes. This then leads to the expectation that the cross
section for fragmentation, in the absence of isolation, will be similar to that for the direct
processes [104].

2.3 Previous Measurements

Many years of intense experimental and theoretical efforts have contributed to the un-
derstanding of inclusive prompt photon production in hadron collisions. A large variety
of experiments have measured the photon cross section at both fixed target and collider
energies (see Table 2.1 for a summary).

Fixed target experiments have traditionally provided data in the z range from 0.1
to 0.6. Indeed, data from WA70 and UA6 have been used in some parton distribution
fits [170, 177]. However, inconsistencies between direct photon formalism and the more
recent fixed target experiments carried out at the Tevatron (E706), together with the large
theoretical uncertainties present implies that such data are now no longer included in the
most standard fits. The high x gluon content is instead constrained using the high Frp
jet data from CDF and DO and momentum sum constraints from DIS (“Deep Inelastic
Scattering”) data.

The first hadron collider to measure direct photons cross section was the CERN ISR
R806 experiment. Together with the UA1 and UA2 experiments at the SppS they probed
the gluon in the region 0.05 < =z < 0.3. These early data gave qualitative agreement
with NLO calculations and it was the high statistic datasets of the Tevatron experiments,
which made real precision measurements at high /s. The D@ and CDF experiments
measured the gluon content down to 0.01 while the fixed target experiment (E706) made
measurements in the region 0.01 < x < 0.7. Data from these and other direct photon
measurements are plotted in Figure 2.5 (left). The interpretation of these data and the
completeness of current direct photon formalism has been the subject of much debate in
last years. In particular, in the late 90’s, some confusion was created by the fixed target
experiment E706, whose experimental results are higher than the theoretical predictions;
the data showing a steeper dependency on x7 than suggested by the theory. This situation
motivated the introduction of an extra non-perturbative parameter to account for the
effects of multiple soft gluon emissions associated to the hard partonic scattering [62, 170],
so the colliding partons would posses a small amount of transverse momentum (k) due
to the recoil of the system, and the smearing of the initial-state center-of-mass energy
would increase the cross section because of its steep slope as a function of pr.

It should be noted that this k7 hypothesis is not universally accepted. Authors of [80]
show that good agreement between NLO theory and data is possible over a wide range
of data sets without the need for additional kp. This is reproduced in Figure 2.5 (right),
showing data over eight orders of magnitude in the cross section and two orders of mag-
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Experiment Accelerator Initial state Vsor E [GeV] year  Ref.
SFM ISR P 45,53 1976 [121]
R108 ISR op 62.4 1980  [59]
R806 ISR p 63 1982 [54]
R&07 ISR pp, Pp 53 1985 [44]
NA24 SPS fixed target 7Ep, pp E =300 1987 [124]
WAT70 SPS op 280 1988  [97]
UAIL SppS P 546, 630 1988 [45]
UA2 SppS P 630 1988  [61]
R110 ISR pp 63 1989  [60]
UA2 SppS P 630 1992  [48]
E706 Tevatron fixed target 7~ Be, pBe E =500 1992  [52]
UAG SPS DB, pp 24.3 1993  [144]
E704 Tevatron fixed target p-liquid hydrogen E =200 1995 [39]
CDF Tevatron D 1800 1995  [26]
DO Tevatron pp 1800 1996  [21]
UAG6 SPS OB, pp 24.3 1998  [87]
E706 Tevatron fixed target pBe 38.8,31.6 1998  [63]
DO Tevatron D 1800 2000  [25]
DO Tevatron P 1800, 630 2001  [23]
CDF Tevatron pp 1800, 630 2002  [37]
CDF Tevatron D 1800 2004  [38]
E706 Tevatron fixed target m~ Be, pBe 38.8,31.6 2004  [64]
PHENIX RHIC pp 200 2005 [40]
DO Tevatron D 1960 2006  [22]
PHENIX RHIC pp 200 2007  [41]
CDF Tevatron pp 1960 2009 [20]

Table 2.1: Summary of the direct photon measurements at the different accelerators (fixed
targets or colliders). The name of the experiment is given in the first column, in the second
column the name of the accelerator is indicated. The third column provides the particles in the
initial state. The next columns detail the centre-of-mass of fixed target energy, the year when
the experiment published their results and their references [126, 163].

nitude in energy in agreement with the NLO JETPHOX Monte-Carlo program. The clear
exception to this is shown by the E706 data, on the bottom left of the Figure 2.5 (right).
In addition, they also point out that the introduction of k7 smearing has an opposite
effect on the agreement of other data sets with NLO theory. The first results from LHC
will be shown later. One will expect at the end of 2012 to have measurements up to a
transverse momentum close to 1 TeV.
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Figure 2.5: The left plot shows the ratios data/theory (NLO pQCD calculations) for collider
and fixed target data with the scale = pr/2. In the right plot is shown, the world inclusive and
isolated direct photon productions cross sections measured in pp and pp collisions compared with
JETPHOX NLO predictions using BFG II (CTEQ6M) for fragmentation (structure) functions and
a common scale pr/2. The plots and captions have been taken from [80].
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The Large Hadron Collider

The Large Hadron Collider (LHC) [137] is a proton-proton collider with a nominal centre-
of-mass energy of 14 TeV and a design luminosity of 10** ¢m=2s~!. It is installed in the
LEP (Large Electron Positron Collider) circular tunnel under the French-Swiss border. It
is 27 Km in circumference and lies between 50 and 175 meters below the surface.

At the LHC, the beam trajectory is bent by 1232 14.3 meters long 35 tons supercon-
ducting dipole magnets which contain the two beam pipes. The dipoles generate for the
nominal centre-of-mass energy a magnetic field of 8.4 T at a current of around 11.7 kA.
392 quadrupoles magnets are used to focus the beams. The magnets are cooled to the
temperature of the superfluid Helium T = 1.9 K (at atmospheric pressure).

ALICE

AL
INGS N\
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East Area

LINAC 2/

~ LINAC 3
Tons

Figure 3.1: The LHC accelerator complex

The accelerator complex comprises several steps. The protons are produced from a
source of hydrogen [133] and then injected in the linear proton accelerator LINAC2, which
generates 50 MeV proton beams. The Proton Synchrotron booster (BOOSTER) increases
the energy up to 1.4 GeV and the protons are injected into the two proton synchrotrons,

36
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the Proton Synchroton (PS) and the Super Proton Synchrotron (SPS), where the beam
energy will be increased to 25 and 450 GeV respectively and finally will be ready to be
injected into the LHC accelerator where beams will be accelerated to the collision energy
(nominally 7 TeV).

Figure 3.1 shows the beams interaction points around which the different physics
experiments are installed and the accelerator system.

- Two multi-purpose experiments, ATLAS (A Toroidal LHC ApparatuS) [111] and
CMS (Compact Muon Solenoid) [112] whose experimental techniques are comple-
mentary while the physics goals are the same. In CMS for example the electromag-
netic (EM) calorimeter is made by scintillating lead-tungsten crystal located within
a solenoid coil, while ATLAS has chosen liquid argon as sampling material and lead
and stainless steel as absorbers (see chapter 5) situated outside of the solenoid coil.

- The Large Hadron Collider beauty (LHCb) experiment [113] is a one-side forward
detector designed to study b-physics and aiming at measuring the parameters of CP
violation.

- A Large Ion Collider Experiment [202] (ALICE) is a heavy ion experiment. For this
physics, the LHC collides lead ions (**Pb). The main goal is to study the quark-
gluon plasma in order to understand the matter confinement at the early time of
Universe. The first heavy collisions in the LHC happened in 2010. One may have
p— Pb collisions in 2012, and lighter ions (Ar, Xe, ...) could be available later [165].

- The TOTEM [115], for “TOTal cross section, Elastic scattering and diffraction
dissociation Measurement at the LHC”. Like its name indicates it will measure the
total cross section of the proton and the absolute luminosity at LHC. TOTEM is
installed near of the interaction point used by CMS.

- The Large Hadron Collider forward [114] (LHCf) Detector will measure particles
produced very close to the direction of the beams in the proton-proton collisions at
the LHC. The motivation is to test models used to estimate the primary energy of
ultra high-energy cosmic rays. It consists of two small detectors located at 140 m
on each side of the interaction point of the ATLAS detector.

3.1 LHC Performance

The main parameters that determine the performance of the LHC are its instantaneous
Luminosity (L) and its centre-of-mass energy (y/s). The rate R (the number of events
per second) of any given particle interaction is governed by the instantaneous luminosity,
such that

R=L- Oint (31)

were 0;,; is the interaction cross section. Tables 3.1 list some of the typical cross-sections
expected for SM processes as well as possible new physics. Table 3.2 summarizes the
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parameter values for the end of the 2010 data-taking and for the nominal running at

103 em~2. 571 of instantaneous luminosity.

and the beam characteristics for two scenarios at the LHC, respectively.

Final state Cross-section

bb O(100 pb)
High pr Jets O(1 pb)
tt O(1 nb)
Higgs O(1 pb)

Supersymetry O(10 pb)

Table 3.1: Typical cross-sections at the LHC.

3.1.1 The Luminosity

The luminosity can be written as [9]:
Ngkbfrevfy
4 B*e,

It only depends on the beams and collisions parameters:

E:

- N, : is the number of protons per bunch.

- kp : the number of bunches per beam.

(3.2)

- Jfrev : 18 the frequency of revolution ( 11245 Hz, corresponding the circumference of

26.7 km).

7 : relativistic factor= E/m,,.

- F': the geometric reduction factor, related to the angle of beam crossing (nominally
285 prad). The beam crossing angle (angle between the two beams) was 340 urad
during injection and 200 prad during collisions at the end of the 2010 data taking

period.

- €, : is the normalized emittance.

- (* : is the amplitude function and represents the beam focalization at the collision

point (nominally 0.55 m).
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LHC characteristics Typical values

Low Luminosity Nominal Luminosity

Circumference 27 km

Injection energy 450 GeV

Beam energy 3.5 TeV 7 TeV
Magnetic field 8.4 Tesla
Luminosity 10%2em=2.s71 1034 em=2.s71
Luminosity-beam life-time ~10—22h
Number of bunches 348 2808
Number of protons per bunch ~ 10 ~ 10
Time interval between two bunches 150 ns 25 ns
Space interval between two bunches 45 m 7.5 m
Bunch length 7.55 cm
Transverse beam size at the interaction point 16.7 um

Table 3.2: LHC characteristics: “low luminosity” means the working point of the LHC at
the end of 2010 data taking.

The luminosity road at the LHC

In December 2009, first collisions happened at 900 GeV centre-of-mass energy. There
were 5 x 10'° protons per bunch, two bunches per beam and no crossing angle between
the beams. Collected data during it first low energy collisions were used to study the
perfomance of the ATLAS detector [17]. At the end of March 2010 first collisions at 7
TeV centre-of-mass energy were recorded with the same numbers of protons per bunch
and bunches per beam than at 900 GeV collisions. The number of protons per bunch
increased to a peak value of ~ 1.2 x 10'' and the number of bunches per beam progres-
sively evolved to 368 (348 colliding in ATLAS) corresponding to a time interval between
two bunches of 150 ns inside 46 bunch trains. Thus, an instantaneous luminosity peak
of 2.1 x 1032 em~2s~! was registered. The total integrated luminosity and instantancous
luminosity by day of the 2010 data-taking period at 7 TeV collisions are shown xin Fig-
ure 3.2. In 2011 there is an increase of the number of the bunches and a decrease of 3*
such that the current luminosity is larger than 103 em=2s71.



Chapter 3. The Large Hadron Collider 40

e e L L L
ATLAS Online Luminosity \s=7Tev

[ LHC Delivered
[ J ATLAS Recorded

Total Delivered: 48.9 pb'
Total Recorded: 45.0 pb’

Total Integrated Luminosity [pb|

10"
102
10°
10*
10-5AAAlxxxlAAAlAAAlAAAlAAAlAAAlAAA
24/0321/0419/05 16/06 14/07 11/0808/0906/10 03/11
Day in 2010
(a)
= ooggE T T T T
N - ATLAS Online Luminosity Vs=7Tev 1
5 - [JLHC Delivered 1
8 200 Peak Lumi:2.1x 10 cm?s™
= L ]
> N 1
g 1501 T
£ - H
E C i
2 100 i
X [ H
o L i
[} k H
o L i
50 g
ol b T, J_E
24/0321/04 19/05 16/06 14/07 11/08 08/09 06/10 03/11
Day in 2010
(b)

Figure 3.2: (a): Total integrated luminosity and (b): instantaneous luminosity by day
during data-taking period between 24" March and 03"¢ November 2010 with 7 TeV
collisions. The systematic uncertainty on the luminosity was estimated to be 11% [18]
and then was decreased to 3.4% [75] (with a central value found to be 3.6% smaller than
the previous result).
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A Toroidal LHC ApparatuS

The ATLAS detector is a general purpose detector designed to cover the widest possible
range of physics at the LHC, from the search for the Higgs boson to supersymmetry
(SUSY), extra dimensions and other possible new physics. It is 44 m long, 25 m high and
weighs approximately 7000 tons, the largest-volume collider-detector ever constructed.
The ATLAS collaboration includes more than 3000 signing authors in more than 180
institutes in 39 countries (February 2011).
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Figure 4.1: The ATLAS detectors and its sub-systems.
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4.1 Design overview

The high energy and luminosity of the LHC offer a large range of physics opportunities.
The requirements for the ATLAS detector system were driven by some of the most im-
portant signals for possible new physics which might be observed. ATLAS will be able
to detect hadrons due to the large cross-sections of QCD interactions and all the range
of the known particles in order to perform studies in electroweak interactions and flavor
physics. The top quark will be produced at the LHC at a rate of a few tens of Hz, pro-
viding the opportunity to test its couplings and spin. The search for the Higgs Boson and
supersymmetry have been used as benchmarks to establish the performance of ATLAS.
The promising channels for the search of the Higgs Boson at low mass (my <130 GeV)
are the H — vy, H — bb and H — 77. Above 130 GeV, H — ZZ* — 4l is the golden
channel and there also H — WW and H — ZZ channels. Supersymmetry production (at
low scalar mass mg <1 TeV) is dominated by gluinos and squarks, generating final states
with many jets and isolated leptons and others Lightest Supersymmetry Particles(LSP)
which will escape the detector leading to large missing transverse energy (Fr). New heavy
gauge bosons (Z" and W) predicted by other models of new physics will produce leptons or
jet pairs with very high transverse momenta(pr). So, mentioned physics searches produce
events featuring multi-jets, isolated leptons and photons and Fr in a very busy multi-
interaction environment driving the fundamental requirements of the detector design:

- fast, radiation resistant electronics and sensor elements,

- good charged-particle momentum resolution and reconstruction efficiency in the
tracking detector and secondary vertex detection close to the interaction point for
T-leptons and b-tagging,

- very good electromagnetic calorimetry for electron and photon measurements,

- full-coverage hadronic calorimetry for accurate jet and missing transverse energy
measurements,

- good muon identification and momentum resolution over a wide range of momenta,

- highly efficient triggering on low-pr objects with sufficient background rejection.

4.2 Coordinate System and Basic Quantities

The nominal interaction point is defined as the origin of the coordinate system, while
the beam direction defines the (longitudinal) z-axis, the z-y plane is transversal to the
beam direction. The positive x- axis is defined as pointing from the interaction point to
the centre of the LHC ring and positive y-axis is defined as pointing upwards from the
interaction point. The side-A of the detector is defined to have positive z values and
side-C negative z values. The azimuthal angle ¢ in the plane z-y is measured around the
beam axis, and the polar angle ¢ is the angle from the beam axis.
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In proton-proton collision, a large fraction of the longitudinal (z-axis) momentum of
a partonic system giving rise to hard processes cannot be fully measured (undetected
particles near the beam pipe). On the other hand, transverse momentum (x-y plane) is
null !. Therefore one will use Lorentz invariant (along the z-axis) kinematic quantities
Thus, the polar angle is replaced by the rapidity

1 E+p,
= —1 4.1
y 2n(E_p) (4.1)

or rather the pseudorapidity, which is equal to the rapidity in the ultra-relativistic ap-
proximation:

T w

where 1 = 0 correspond to # = 90° and n = 5 (typical limit on acceptance for detectors
at the LHC) to 6 ~ 0.8°. So in hadron colliders in general and in ATLAS in particular
the usual coordinate system, instead of £, I, F, will be Er,n, ¢.

The transverse momentum pr and the transverse energy Epr and the missing tran-
verse BT (or Fr) are defined in the (z-y) plane. The AR cone in the pseudorapidity-
azimuthal angle plane is defined as

AR = /A2 + Ag? (4.3)

4.3 Detectors

The detectors are symmetrical around the interaction point in ¢. They will be described
going from the inside to the outside.

4.3.1 Tracking

The inner detector (ID) is the component of ATLAS installed closest to the beam axis,
it is used to the charge-track reconstruction of particles inside |n| < 2.5. It is contained
within a cylinder 6.2 m in length, with radius 1.15 m. It consists of three disjoints and
complementaries subsystems (pixel, SCT and TRT) that play an important role for the
particle identification. The silicium detectors (pixel, SCT) provides an excellent position
resolution and the transition radiation tracker generates trajectory points and a signal
of transition radiation used for identification of electrons/pions. This detector system is
surrounded by a solenoid which provides a magnetic field of 2 T.

Pixel Detector

The pixel detector is the innermost detector and aims to provide high granularity precision
tracking as close to the interaction point as possible. The detector is made of three layers

!Supposing that transverse momentum of the partons inside protons is negligible
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Figure 4.2: The ATLAS inner detector

in the central region (barrel) of silicon pixels located 50.5, 88.5 and 122.5 mm away from
the beam axis, together with three end-cap disks installed at z position between 49 and
65 cm from the interaction point with a radius ranging from 90 to 150 mm. Each layer
is paved with A(R¢) x Az = 50 x 400 um? pixels amounting to a total of 80.4 million
readout channels. The first layer starting from the beam axis is called the vertexing-
layer, also called B-layer 2. It allows for a very precise determination of primary and
secondary vertices, hence useful for the tagging of b-jets. The vertexing-layer is also used
to distinguish electrons (leaving in general a hit in this layer) and converted photons (if
the photon is converted after the B-layer the tracks of the conversion will not leave hits
in the B-layer). The accuracies in the barrel are 10 um in (R¢) and 115 pm in z and
10 pm (R¢) and 115um (R) for the end-cap wheels.

Semiconductor Tracker (SCT)

The SCT system is located after the pixel detector, it consists of silicon microstrip de-
tectors providing four precision measurements per track. The detector is arranged into
four concentric layers (r = 299, 371, 443 and 514 mm) and nine end-cap wheels (z = 854
to 2720 mm). The microstrip sensor installed in SCT modules consists of 126 mm long
chained sensors with a strip pitch of 80um. Each module is made of two detectors slightly
tilted by 40 mrad stereo angle to measure both z and R¢ position with a resolution in the
barrel of 580 pum and 17 pum respectively. In total, there are approximatively 6.3 millions
of readout channels in the SCT. The combination of hits from strips in the same layer
constitutes a so-called space-point.

2The B-layer will be strongly exposed to radiations, justifying its replacement after about 4-5 years
of ATLAS run-periods. The IBL (Insertable B-layer) will be installed in 2013 (phase I of SuperLHC
project) if it is possible. A range of new pixel sensor technologies are under study to build 250 x 50 um?
pixel modules with increased radiation hardness.
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Figure 4.3: Plan view of a quarter of the ATLAS tracking detector.

Transition Radiation Tracker (TRT)

The outermost of the ATLAS tracking detectors, the TRT is a combination of a straw
tracker and transition radiation detector. It is made of 4 mm diameter straw tubes filled
with 70% Xenon, 20% methane and 10% CO,. In the centre of each straw runs a gold
tungsten wire(30 pum) diameter, the anode of the system that collects electrons after the
gas is ionized by the passage of a charged particle, while the tube plays the role of the
cathode. In the barrel, straws are aligned parallel to the beam pipe. End-cap straws are
arranged in a fan shape, projecting outwardly from the beam pipe. The TRT coverage
enables track trajectory reconstruction up to |n| ~ 2.0 — 2.1, as shown in Figure 4.3.
This subsystem solely provides a measurement of R¢ (in the barrel part) the resolution
of which is 130 pum per straw. It provides a measurement of the charge particle trajectory
with typically 30 — 36 hits per track.

The transition radiation (TR) is provided by radiator foils (polyethylene and polypropy-
lene) between the straws and two independent thresholds to distinguish between tracking
hits (the lower threshold) and TR (the higher threshold). The energy in transition ra-
diation for signals from electrons is larger than the signal deposited by particles at their
minimum of ionization (MIP) which allows an efficient discrimination between electrons
and 7+ (see Figure 4.4). There are in total 351000 readout channels in the TRT.

4.3.2 Calorimetry

The calorimeter’s purpose is to measure the energy of the particles, together with their
direction from energy deposits. In addition it will provide a measurement of the missing
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Figure 4.4: The fraction of high-threshold TRT hits for candidates within the detector
acceptance of |n| < 2.0 and with a total number of TRT hits larger than ten. This results
is obtained from the first LHC collisions at /s = 900 GeV [17].

transverse energy (missing Ep) of electromagnetic and hadronic particles (not muons).
The calorimeter is divided into an electromagnetic (EM) compartment, dedicated to the
measurement of electrons and photons, and a hadronic compartment, behind the EM
calorimeter , suited for hadronic jets reconstruction and missing transverse energy mea-
surements. It is preceded by the presampler.

The general layout of the calorimetric system is shown in Figure 4.5 and their char-
acteristics (coverage and cells An x A¢) are listed in Figure 4.6.

Presampler

The presampler is a 11 mm thick liquid argon layer located (inside the barrel cryostat)
in front of calorimeters, covering a pseudorapidity zone of |n| < 1.8 and has a granularity
of An x A¢p =0.025 x 0.098. It provides an estimation of the energy loss by particles in
the tracking detector and solenoid in order to correct the measurements of the barrel and
end-cap(at low rapidity) calorimeters.

Electromagnetic Calorimeter

The EM calorimeter is a lead / liquid-argon (LAr) ionization chamber detector covering
the pseudorapidity region n < 3.2. It is divided into two half-barrels (covering the |n| < 1.5
and two end-caps 1.4 < |n| < 3.2) each subdivided into two coaxial wheels. The region
between the barrel and end-cap EM calorimeters, 1.37 < |n| < 1.52, is expected to have
poorer performance because of the large presence of matter (cables, services, ...) in front of
the instrumented material. It is often referred to as the crack region. The EM calorimeter
was designed to optimize the resolution and efficiency for the measurement of photons in
the H — 77 channel and electrons in the H — 4l channel as well as in supersymmetric
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Figure 4.5: View of the ATLAS calorimeter system.

cascades. To ensure maximum azimuthal coverage the EM calorimeter was designed
with an accordion geometry, its conception being due to D. Fournier [108, 141]: readout
electrodes and lead absorbers are laid out radially and folded so that particles cannot
cross the calorimeter without being detected. The electrodes work as transmission lines
as well, so that no dead regions are introduced. The EM calorimeter will be described
with further details in the next chapter.

Hadronic Calorimeter

The Hadronic calorimeter is realised with a variety of techniques depending on the region:
central, end-cap or forward.

The central region is instrumented with the Tile Calorimeter (Tiles) [16], a sampling
steel-scintillator detector. It is divided into a barrel (|| < 1.0) and two extended barrels
(0.8 < |n| < 1.7). There are three segmentations in depth, for a total depth of 7.4
interaction length (at n = 0). The readout cells in pseudorapidity are pseudo-projective
towers towards the interaction region. The hadronic End-cap (HEC) is a LAr-copper
detector and covers the region, 1.5 < |n| < 3.1, overlapping both with the Tiles and
Forward Calorimeter.

The Forward Calorimeter (FCal) covers the 3.1 < |n| < 4.9 region and is a LAr detector.
The absorber material is copper, optimal for EM measurements, in the first module in
depth, and tungsten for the remaining two modules, aiming at the energy measurements
of hadrons. Due to the high radiation dose expected in this region a design with very
small LAr gaps has been done. These small gaps are obtained using an electrode structure
of small-diameter rods centered in tubes oriented parallel to the beam axis. The total
depth of this subdetector is 10 interaction lengths.
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Barrel |

End-cap

EM calorimeter

Number of layers and |1 | coverage
Presampler 1 n| <152 | 1 1.5<n|<1.8
Calorimeter 3 ] <1.35 | 2 1.375< n| < 1.5
2 1.35<|n| < 1.475 | 3 1.5<|n|<2.5
2 25<n| <32
Granularity An x A¢ versus |n|
Presampler 0.025 x 0.1 In| < 1.52 | 0.025x0.1 1.5<n|<1.8
Calorimeter Ist layer 0.025/8 x 0.1 [n| < 1.40 | 0.050x0.1 1.375 < |n| < 1.425
0.025x0025 140 < |n|< 1475 | 0.025%0.1 1425 < |n| < 1.5
0.025/8 x 0.1 1.5<n|<1.8
0.025/6 x 0.1 1.8 <|n|<2.0
0.025/4 % 0.1 20<|n|<2.4
0.025 < 0.1 24<n| <25
0.1 x0.1 25<n| <32
Calorimeter 2nd layer 0.025 x 0.025 [n| < 1.40 | 0.050x 0.025 1.375 < |n| < 1.425
0075 x0.025 140 < |n| < 1.475 | 0.025x 0.025 1.425 < |n| < 2.5
0.1 x0.1 25<n| <32
Calorimeter 3rd layer 0.050 % 0.025 [n] < 1.35 | 0.050x 0.025 1.5<|n|<2.5
Number of readout channels
Presampler 7808 1536 (both sides)
Calorimeter 101760 62208 (both sides)
LAr hadronic end-cap
[nn| coverage 1.5<|n|<32
Number of layers 4
Granularity An x A¢ 0.1 x0.1 1.5<|n|<2.5
0.2x02 25<|n| <32
Readout channels 5632 (both sides)
LAr forward calorimeter
|| coverage 3.1 <|n| <49
Number of layers 3
Granularity Ax x Ay {cm) FCall: 3.0x 2.6 3.15< n| <4.30
FCall: ~ four times finer  3.10 < || < 3.15,
430 < |n| < 4.83
FCal2: 3.3 x 4.2 324 < |n| <450
FCal2: ~ four times finer  3.20 < |n| < 3.24,
450 < In| < 4.81
FCal3: 54 x 4.7 3.32 < |n| < 4.60
FCal3: ~ four times finer  3.29 < |n| < 3.32,
4.60 < In| <475
Readout channels 3524 (both sides)
Scintillator tile calorimeter
Barrel Extended barrel
|17| coverage In|< 1.0 08 <|nl<17
Number of layers 3 3
Granularity An x A¢ 0.1x0.1 0.1 x0.1
Last layer 0.2x0.1 0.2 x0.1
Readout channels 5760 4092 (both sides)

Figure 4.6: Main parameters of the calorimeter system [111].
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4.3.3 Muon spectrometry

The muon spectrometer is based on the magnetic deflection of muon tracks in the large
superconducting air-core toroid magnets [15], whose layout is shown in Figure 4.7, in
order to mimimize the effect of multiple scattering. The large volume magnetic field
necessary to bend the particle trajectories is provided by the large barrel toroid in the
region |n| < 1.4, by two smaller smaller end-cap magnets in the 1.6 < |n| < 2.7 region
and by a combination of the two in the transition region (1.4 < |n| < 1.6). This magnet
configuration provides a field which is mostly orthogonal to the muon trajectories.

In the barrel region, tracks are measured in chambers arranged in three cylindrical layers
around the beam axis at radii of approximately 5, 7.5 and 10 m. In the two end-cap
regions, the chambers are installed in planes perpendicular to the beam (larges wheels)
at distances of 7.4, 10.8, 14 and 21.5 m from the interaction point.

Thin-gap chambers (TGC)
§ | Cathode strip chambers (CSC)

Barrel toroid

Resistive-plate
chambers (RPC)

End-cap toroid
Monitored drift tulbes (MDT)

Figure 4.7: ATLAS muon system.

There are two different functions that muon chambers must accomplish:

High Precision Tracking

The tracking is performed by the Monitored Drift Tubes (MDT’s) and by Cathode Strips
Chambers (CSC’s). MDT chambers are used in the barrel covering the region |n| < 2.0,
for the measurement of the muons momentum. The basic element of the MDT chambers is
a 0.9 to 6.2 m long pressurized drift tube with a diameter of 30 mm operating with argon
(93%) and COy (7%) gas at 3 bars. Electrons resulting from the ionisation are collected
at the central tungsten-rhenium wire. MDT’s allow for a very good track reconstruction
with a resolution of 300um
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CSC’s are used in the area where MDT’s cannot stand the particle flux, that is |n| > 2.
They are located in the innermost end-cap wheels, at |z| = 7.4 m. The CSC system
consists of two disks with eight chambers each. Each chamber contains four CSC planes
providing independent measurements in 7 and ¢ along each track.

The CSC’s are multi-wire proportional chambers with the wires oriented in the radial
direction. Both cathodes are segmented, one with the strips perpendicular to the wires,
providing the precision coordinate. The position of the track is obtained by the interpo-
lation between the charges induced on neighbouring cathode strips. Strips are 5.08 mm
apart and the gas mixture is made of argon (30%), CO4(50%) and C'H4(20%). The CSC'’s
provide a resolution of 50 to 70 um.

High precision mechanical assembly techniques and optical alignment systems provide the
essential alignment of the chambers.
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Figure 4.8: Plan view of a quarter of the ATLAS muon spectrometer. Monitored drift
tubes are shown in green in the barrel and blue in the end-cap, cathode strips chambers
in yellow, resistive plate chambers in white and thin gap chambers in magenta.

Trigger chambers

The trigger system covers the region up to |n| < 2.4, and is composed by Resistive Plate
Chambers (RPCs) in the barrel and Thin Gap Chamber (TGC) in the end-caps.

The RPC is a gaseous parallel electrode-plate (i.e no wire) detector. Two resistive
plates, made of phenolic-melaminic plastic laminate, are kept parallel to each other at
a distance of 2 mm by insulating spacers. The electric field between the plates allows
avalanches to form along the ionising tracks towards the anode. The gas used a mixture
of CoHyF4(94.7%), Iso—CyH10(5%) and SF(0.3%). A RPC trigger chamber is made of
two rectangular detectors, contiguous to each other called units. Each unit consists of
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two independent detector layers readout by two orthogonal sets of pick-up strips. RPC’s
provide resolutions of 1 em and smaller than 10 ns.

TGC’s are similar in design to CSC’s with 1.8 mm anode separation and 2.4 mm cathode
separation. The gas is a mixture of CO2(55%) and n — C5Hy5. TGC’s provide level one
trigger signal (with a beam crossing identification efficiency larger than 99%) as well as n
and ¢ information for the offline reconstruction.

4.3.4 Magnets

ATLAS features a unique hybrid system of four large superconducting magnets. This
magnetic system is 22 m in diameter and 26 m in length, with a stored energy of 16.6 G'.J
and provides a magnetic field over a volume or approximately 12.000 m3. The ATLAS
magnet system consist of :

- a solenoid which is aligned on the beam axis and provides a 2 T" axial magnetic field
for the tracking detector. It is incorporated into the cryostat in order to minimize
the radiative thickness in front of the barrel EM calorimeter,

- a barrel toroid and two end-cap toroids which produce a toroidal magnetic field
of approximately 0.5 7" and 1 7" on average for the muon detectors in the central
and end-cap regions, respectively, but with large variations: in the barrel it varies,
depending of R and ¢ between 0.15 T and 2.15 T', and in the end-cap between 0.2 T’
and 3.5 T

4.3.5 Trigger System

The proton-proton interaction rate at the design luminosity of 10**em=2s~! is approxi-

mately 1 GHz, while the event data recording which limitation is the processing capacity
at Tier0, is limited to about 200 Hz. This requires an overall rejection factor of 5 x 10°
against minimum-bias processes while maintaining maximum efficiency for keeping inter-
esting events which might lead to discovery of new physics. This rejection is achieved by
the ATLAS trigger system. The trigger system has three distinct levels. Each trigger level
refines the decisions made at the previous level and, where necessary, applies additional
selection criteria.

1. The Level 1 (L1) operates at the beam-crossing frequency and is aimed at reducing
the output rate to 100 kHz. It searches for high transverse-momentum muons,
electrons, photons, jets, and 7 decaying into hadrons, as well as large missing and
total transverse energy using the calorimeter and muon detector information. High
tranverse-momentum muons are identified using trigger chambers in the barrel and
end-cap regions of the spectrometer. Calorimeter selections are based on reduced
granularity (An x A¢ = 0.1 x 0.1) information from all the calorimeters. The Level
1 defines one or more so called Regions-of-Interest (Rol’s), that is the geographical
coordinates in 1 and ¢, of those regions within the detector where its selection
process has identified interesting features. The Rol data include information on the



Chapter 4. A Toroidal LHC ApparatuS 52

Interaction rate
-1 GHz CALO MUON TRACKING
Bunch crossing
rate 40 MHz |
Pipeline
'II'_FEI\éEGLEL mgmories

< 75 (100) kHz

Derandomizers

Regions of Interest | Readout drivers
LEVEL 2 Readout buffers
TRIGGER (RO s)
~ 1kHz ’

Event builder

EVENT FILTER Full- event buffers
~ 100 Hz processor sub farms

Data recording

Figure 4.9: The three levels of the ATLAS trigger system

type of particle identified and the criteria passed. This information is subsequently
used by the high-level-trigger. The L1 decision must reach the front-end electronics
within 2.5us after the beam-crossing with which it is associated.

2. The Level 2 selection is seeded by the Rol information provided by the L1 trigger.
Level 2 selections use, at full granularity and precision, all the available detector
data within the Rol’s (approximately 2% of the total event data). The Level 2
menus are designed to reduce the trigger rate to approximately 3.5 kHz, with an
event processing time of about 40 ms, averaged over all events.

3. The Event Filter corresponds to the final event selection, which reduces the event
rate to about 200 Hz (again the Rol concept is used). Its selections are implementing
offline analysis procedures. The average event processing time is of the order of four
seconds.



Chapter 5

The EM Calorimeter of ATLAS

Electromagnetic (EM) calorimeters are blocks of instrumented material in which the elec-
trons and photons to be measured are fully absorbed and their energy transformed into a
measured quantity [134, 138, 139]. The EM interaction of the incident particle with the
detector produces a shower of secondary particles with progressively reduced energy (the
electrons emit bremsstrahlung photons in presence of material and the photons convert
in an e*e” pair, the pair can then emit bremsstrahlung, ... etc ...). In this chapter is
reviewed the physics of the EM shower as well as the characteristics and performance of
the ATLAS EM calorimeter.

5.1 Physics of the EM cascade

The average energy lost by electrons in lead and the photon interaction cross section are
shown in Figure 5.1 as a function of energy. Two main regimes can be identified. For
energies larger than ~ 10 MeV, the main source of electron energy loss is bremsstrahlung.
In this energy range, photon interactions produce mainly electron-positron pairs. For
energies above 1 GeV both these processes become roughly energy independent. At low
energies, on the other hand, electrons loose their energy mainly trough collisions with
atoms and molecules of the material via ionization and thermal excitation; photons lose
their energy through Compton scattering and the photoelectric effect.

As a consequence, electrons and photons of sufficiently high energy (> 1 GeV) inci-
dent on a block of material produce secondary photons by bremsstrahlung and secondary
particles in turn produce other particles by the same mechanisms, thus giving rise to a
cascade (shower) of particles with progressively reduced energies. The number of particles
in the shower increases until the energy of the electron component falls below a critical
energy € !, where energy is dissipated mainly by ionization and excitation and not in the
generation of other particles.

The main features of electromagnetic showers (e.g., their longitudinal and lateral sizes)
can be described in terms of one parameter, the radiation length Xy, which depends on

1 610(710) MeV
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Figure 5.1: Right: Fractional energy lost in lead by electrons and positrons as a function
of energy [134]. Left: Photon interaction cross section in lead as a function of energy [139].

the characteristics of the material [134].
716.4 g.cm™2A

Z(Z+1)In (%)

X0(9/0m2) =

(5.1)

where Z and A are the atomic number and weight of the material, respectively. The
radiation length governs the rate at which electrons lose energy by bremsstrahlung, since
it represents the average distance x that an electron needs to travel in a material to reduce
its energy to 1/e of its original energy Fj,

(B(z)) = Eoe % (5.2)

Similary, a photon beam of initial intensity I, traversing a block of material is absorbed
mainly through pair production. After traveling a distance r = %Xo, its intensity is
reduced to 1/e of the original intensity,

(5.3)

Equations 5.2 and 5.3 show that the electromagnetic showers can be described in a
universal way by using simple functions of the radiation length.

The distribution of energy lost per unit of Xj in the electromagnetic cascade is given
by the empirical formula

dE

(bt)a—le—bt
i 22 N S
dt 0

0 (5.4)

where t = x/X, is the depth inside the material in radiation lengths and a and b are
parameters related to material characteristics. This gives as mean position the distribution
of the shower maximun, i.e. the depth at which the largest number of secondary particles
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is produced,

b €

Thus, in lead Xo(Pb) = 5.6 mm and ¢ = 7.3 MeV, and the electromagnetic shower
generated by a photon with a initial energy of 100 GeV has a maximum development
position at ~ 10X,. On average, 98% of the EM shower is contained in 20 — 25 X, which
fixes the EM calorimeter longitudinal size.

The transverse size of an electromagnetic shower is mainly due to multiple scattering
of electrons and positrons away from the shower axis. Bremsstrahlung photons emitted
by these electrons and positrons can also contribute to the shower spread. A measurement
of the transverse size, integrated over the full shower depth, is given by the Moliere radius
(Rar), which can be written as

~1 E
tmas = —— = In (—0) +C (O = 0.5,—0.5) (5.5)

X,
Ra(g/em?) = 21.2 MeV x —2 (5.6)

€E[MeV]

on average, about 90% of the shower energy in contained in a cylinder of radius ~ 1Ry,
95% in 2Ry and 99% in 3.5R),, which allow to fix the cells size of the calorimeter.

5.2 Sampling Calorimeter

The principle of a sampling calorimeter such as the EM calorimeter of ATLAS consists in
alternating layers of an absorber ? (lead), a dense material used to degrade the energy of
incident particles (in addition to reduce the size of the calorimeter) and an active medium
(LAr) that provides the detectable signal (collected in the form of electric charge from
the induced current produced by the ionisation of the medium while particles are crossing
it, for instance electrons ionizing the LAr and creating Arte™ pairs). LAr allows a good
resistance to radiations and a high drift velocity of the electrons .

In a sampling calorimeter only a fraction of the energy is deposited in the active part,
thus the total energy deposited (E™") can be estimated from the energy deposited in the
active medium (E°?) divided by the sampling fraction f¢

samp)
1 Eact
tot __ act : e _
Bt = —fﬁampE WD [y = o e (5.7)

where EP** is the energy deposited in the passive material.

For a minimum ionising particle the sampling fraction is a fixed number which can be
calculated from the known energy deposited in the active and passive materials due to
ionisations. Since the energy loss of electrons is different from that of muons in the active
and in the Pb part, their sampling fraction is lower (by a factor ~ 0.75).

2also called passive medium
3while the ions drift slowly due to the high density of the liquid
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In Figure 5.2 (Top) is shown the shape of the deposited energy distribution of an EM
shower along the shower axis(l) for electrons with £ = 10, 100 and 500 GeV, and for
muons with £ = 10 GeV in ATLAS. The accordion calorimeter * starts at 1500 mm. The
sampling structure of the calorimeter ends at about 1960 mm. The energy depositions
before and behind the calorimeter are not shown.

Particles produced in the EM shower interact differently with the detector at the
beginning and at the end of the shower development. At the end of the shower a large
number of low-energetic photons are produced, which have a higher probability to produce
low energy electrons (via e.g., the photo-electric effect and Compton scattering) in the
lead absorber than in the LAr. Since the range of these electrons is typically smaller than
the lead absorber thickness, the energy deposited in the active material towards the end
of the shower and the sampling fraction decrease as shown in Figure 5.2 (Bottom).

5.3 Energy resolution

The numbers of electrons and positrons in a shower produced by a particle with a given
energy fluctuate statistically. Since the total ionization signal is proportional to the num-
ber of secondary charged particles the reconstruction energy fluctuates in the same way.
The relative width of the distribution of the number of charged particles is proportional to
vn/n = 1/y/n where n is the number of secondary charged particles, proportional to the
energy of the initial particle. Therefore the relative precision of the energy measurement
with a calorimeter can be expressed as

AFE 1
— m —
E  VE
From equation 5.8, the relative energy resolution of a calorimeter improves with the

energy. To account for more effects than statistical fluctuations like mechanical impreci-
sions, or electronic noise for instance, the energy resolution can be written as

(5.8)

o(FE) a b
E ~VE ® 7 ®c (5.9)
where the symbol @ indicates a quadratic sum. The first term on the right-hand side
is called the stochastic term, the second term is the noise term, and the third term is the
constant term. The relative importance of the various terms depends on the energy of
the incident particle, since the energy resolution is dominated by different contributions.
These contributions are discussed in turn below:

- The stochastic term corresponds to the statistical fluctuactions associated to the EM
shower development. The a coefficient is expected to be ~ 10% in the ATLAS LAr
EM calorimeter. In the hadronic end-cap and forward calorimeter it is expected to be
about 50% and 100% respectively. The sampling fraction has a major contribution
to a.

4discussed with further details in section 5.4
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Figure 5.2: Top: Shape of the energy deposited along the shower axis, Bottom: Sampling
fraction along the shower axis [135], both for the barrel EM calorimeter respectivily.
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- The noise term is the sum of the electronic readout chain and of the pile-up noises
(the pile-up noise is the signal produced by other interactions than the high pr
interaction we are looking at. There is in-time pile-up produced by the same bunches
that have produced the high pr interaction, and out-of-time pile-up produced by
other bunches. The effect of this pile-up adds to the electronic noise). Techniques
like a signal shaping and optimal filtering are used to reduce the noise [211]. The
1/FE dependence implies that this contribution becomes important (and dominates)
at low energies.

- The constant term ¢ summarizes all contributions to the non-uniformity of the
calorimeter response, that do not depend on the particle energy: material non-
uniformity (gaps and absorbers thickness), imperfections in mechanical structures,
temperature gradient, radiation damage, energy reconstruction scheme and stability
in time... . In the EM barrel calorimeter it is expected not to exceed 0.7% while in
the hadronic and forward calorimeter it is respectively expected to be below 3 and
10%. During the test-beam [136], the response uniformity of the EM calorimeter
of ATLAS was measured in four barrel and three end-cap modules and a global
constant term of ~ 0.6% was found.

- There are additional effects causing a dispersion in the energy measurement:

— The longitudinal leakage corresponding to showers which are exceeding in
length that of the calorimeter, thus leaking outside.

— The lateral leakage at the beginning of the EM shower and at the end of the
shower where low energy photons are more sensitive to Coulomb interaction
and Compton scattering, deflecting their trajectory.

— The amount of matter in front of and in the calorimeter, coming from the
cryostat, inner detector (ID), the cables, services and support structures. Also
accurately referred, fluctuations in the upstream material induces a degradation
of the energy. The presampler is a dedicated small detector installed between
the ID and the calorimeter, that aims in estimating the energy lost by electrons
and photons before arriving in the calorimeter.

5.4 Accordion geometry

In standard LAr sampling calorimeters, the alternating absorber and active layer are
disposed perpendicular to the direction of the incident particle, as illustrated in Fig-
ure 5.3(a)(Left). The ionization signal produced by the shower in the LAr gaps is col-
lected by electrodes located in the middle of the gaps. These electrodes carry the high
voltage, whereas the absorbers are at ground. For a typical LAr gap of 2 mm on each
side of the collecting electrode and a high voltage of ~ 2 £V across the gap, the electron
drift time to the electrode is ~ 400 ns. This time, which is needed to collect the total
ionization charge, is too slow for the operation at the LHC, where detector responses
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Figure 5.4: Schematic view of the segmentation of the ATLAS EM calorimeter.



Chapter 5. The EM Calorimeter of ATLAS 60

1742.00

00'8¢6

QG'8LL

Figure 5.5: Layout of the signal layer for the four different types of electrodes before folding.
The two top electrodes are for the LAr EM barrel and the two bottom electrodes are for the
LAr EM end-cap inner (left) and outer (right) wheels. Dimensions are in millimeters. The two
or three different layers in depth are clearly visible.
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of 50 ns or smaller are needed (since several collisions are expected each 25 ns during
nominal operation). The solution is to integrate the ionization current over a time (¢,)
of only 40-50 ns, thus collecting only a fraction of the total charge. This solution has
the drawback that the signal-to-noise ratio is degraded, and can only work if the signal
transfer time from the electrodes to the readout chain is much smaller that ¢,, i.e., if
cables and connections (which introduce capacitance and inductance and therefore give
rise to long time constant of the circuit) are minimized. With the standard electrode
geometry shown in Figure 5.3(a)(Left), long cables are needed to gang together successive
longitudinal layers to form calorimeter towers and to transfer the signal from these towers
to end of one calorimeter module. As a consequence, the charge-transfer time from the
electrodes to the first element of the readout chain (usually a preamplifier) is several tens
of nanoseconds, i.e., comparable to ¢,, and a smaller signal is collected if ¢, = 40-50 ns.
In addition, these cables introduce dead spaces between calorimeter towers at the expense
of the detector hermeticity.

These problems can be solved by placing the absorber and gap layers with an accordion
geometry following an original idea of D. Fournier [108, 138] In this way the signal from
the front and back faces of the calorimeter and sent to the readout chain with a minimum
number of cables and connections. Dead spaces inside the detector active volume are also
minimized with this geometry: in order to prevent the incident particles from escaping
trough the LAr gaps without crossing the absorber, the electrodes must be bent into an
accordion shape, as illustrated in Figure 5.3(a) (Right).

This is the technique developed for the ATLAS EM calorimeter [138](which was tested,
in a preliminary way already 20 years ago [78]). The structure of this calorimeter is shown
in Figure 5.3(b). The calorimeter covers the rapidity region |n| < 3.2 and is divided
longitudinally into three compartements (plus a presampler layer) as shown in Figure 5.4
and 5.5. A high voltage (nominal) of 2 kV is applied to the electrodes, whereas the
absorbers are connected to ground, for the LAr electromagnetic barrel, while a varying
high voltage is applied to the LAr electromagnetic end-cap electrodes, depending on
the radius. The reason is that the gap size between LAr and absorbers in end-caps,
varies according to the radius resulting in a varying sampling fraction. This effect is thus
compensated to first order by the application of a respectively varing high voltage.

As already mentioned, the absorbers are made of lead plates, to which two stainless-
steel sheets (0.2 mm thick) are glued to provide mechanical strength. The lead plates in
the barrel have a thickness of 1.53 mm for |n| < 0.8 and of 1.13 mm for |n| > 0.8. The
change in lead thickness at || = 0.8 limits the decrease of the sampling frequency °, as |7|
increases. In the end-cap calorimeters, the plates have a thickness of 1.7 mm for |n| < 2.5
and of 2.2 mm for |n| > 2.5. The readout electrodes are located in the gaps between the
absorbers and consist of three conductive copper layers separated by insulating polyimide
sheets (Figure(b) 5.3(right)). The two outer layers are at high-voltage potential and the
inner one is used for the reading out the signal via capacitive coupling. The segmentation
of the calorimeter in |n| and in depth is obtained by etched patterns with two electrodes,
one type for |n| < 0.8 and another one for |p| > 0.8. Similarly, each end-cap gap between

5the number of sucessive layers of the LAr and absorber crossed by an EM shower
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two absorbers is equipped with one type of electrode for |n| < 2.5 and with another for
In| > 2.5. One can note, since the tracker works for |n| < 2.5, that this region is for
precision physics.

- The presampler, as already presented in the subsection 4.3.2, is a thin layer of LAr
of 1.1 em thickness in the barrel and 0.5 ¢m in the end-cap. It is located between
the cryostat-coil assembly and the calorimeter. The main purpose of this detector
is to improve the energy resolution of the EM calorimeter correcting the energy lost
by electrons and photons in the upstream material (see figure 5.6).
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Figure 5.6: Energy distribution with no presampler (solid histogram) and with the optimal
presampler weight (open histogram) [79].

- The first layer of the ATLAS EM calorimeter, commonly named the strip or front,
is made of narrow strips, as show in Figure 5.4 (in the barrel part). In the central
region (|n| < 1.4) the cells size is An x A¢ = 0.0025/8 x 0.1. The fine longitudi-
nal segmentation provides an accurate n direction measurement and allows for an
efficient 7%/~ separation.

- The second layer, commonly called the Middle, contains most of the e/ EM shower
energy. It is segmented in squared cells of size An x A¢ = 0.025 x 0.025, except
near the barrel-end-cap transition where cells are larger. Typically, the shower of
an unconverted photon is contained in a cluster of size 3 x 5 in the barrel part and
that of a converted photon (in the inner detector) in a cluster of size 3 x 7. the
spread in ¢ is due to the electron and positron (from conversion) curvature under
the electric field ( In the end-caps, the photons are typically defined in a cluster of
size 5 x b).

- The third layer, or Back sampling, has the same ¢ granularity that middle but
has twice a coarser granularity in |n|. It is used to measure the end of the EM
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shower, therefore it is used to separate the e/ from jets and estimate the EM
shower leakage which is approximately proportional to the energy deposited in the
barrel. This layer is not really used for e/ identification.

The distributions of the radiation length in front and in each of the EM calorimeter
layers are shown in Figure 5.7. At the transition region between the barrel and the end-
cap there are a large fraction of material mainly due to cables and services which causes
a important degradation in the measurement of the energy.
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Figure 5.7: Cumulative amounts of material, in units of radiation length X, as a function
of |n| for the barrel (Left) and end-cap (Right). The thicknesses of each accordion layer
as well as the amount of the material in front of the accordion is given [111].

5.5 Cell energy reconstruction

As described in the section 5.2, the electrons and photons interact with the calorimeter
matter which are the absorbers and the active medium. On the active medium (LAr in
ATLAS) the signal is generated and is collected by the readout electrodes. The overall
readout architecture of the LAr calorimeters is sketched out in Figure 5.8 and described
in the following.

5.5.1 Triangular signal

The electrical field applied between a read-out electrode and the absorber, collects the
electrical charges produced by the ionization of Argon. The induced current has a trian-
gular form as a function of time

I(t) = %0 (1 - i) (5.10)
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where t4 is the average time of electrons in the LAr, approximately 450 ns in the EM
calorimeter barrel, and Q) is the total charge deposited in the LAr ©. This signal passes
afterwards through an electronic card in the Front End Board (FEB). which are close to
the feed throughs coming out of the cryostat.

5.5.2 Readout electronic chain

Passing through the FEB’s, the triangular signal is amplified by the pre-amplifiers to ob-
tain a signal above the electronics noise level. Afterwards, the signal is being transported
to special shapers which are bipolar filters like CR — RC? which give the bipolar pulse
shape of Figure 5.9. The main advantage of this procedure is to make the whole time
integral to be zero. The pile-up noise will then peak at zero and contributes as a ‘noise’
and will not produce an ‘offset’. The bipolar shape is sampled every 25 ns (every bunch
crossing in the nominal LHC configuration). The maximal amplitude of the shaped signal
is proportional to the initial current and arises at around 40-50 ns, between the second
and third samplings. During the physics runs, 5 samples will be recorded (centered around
the sampling with the maximum of amplitude) in nominal configuration, but for special
studies more samplings can be recorded.

(]
°
g |
E1F ATLAS
=
<
0.8
0.6
0.4
0.2
0 o=
=02 B 0 e riraril BV
0 100 200 300 400 500 600
Time (ns)

Figure 5.9: Example of ionization current and bipolar shaped sampled signal in time.

The samples are digitized by an Analogical-to-Digital Converter (ADC). The large
dynamic range in energy covered by the EM calorimeter(between 50 MeV until some few
TeV) needs a signal coding corresponding to 16 bits, while the ADC is limited to 12 bits.
To provide an accurate and uniform signal reconstruction the shaper uses three different
gains (high, medium and low), which amplify the signal by a factor of 93/9.3/1. The gain

6In a first approximation the current signal depends only on the initial current and the drift time 4.
Impurities in the Argon(such as O3), recombination of the ArTe™ pairs can however create deformations
of the triangular shape [53].
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is applied to the signal according the ADC thresholds, then the signal samples are stored
in SCA (Switched Capacitor Array) pipelines.

To properly achieve the correspondence between ADC and current a calibration signal
is generated by the calibration board [106] transformed by Digital-to-Analogical Convert-
ers (DAC). The calibration signal is converted through an inductance into a continuous
current whose discharge induces an exponential signal. The calibration current is written
as:

Icali<t> _ ]gali [fstep 4 (1 — fstep) e_t/Tcalij| (5.11)

where 7.4, is the constant time, of about 430 ns, and fs., is a shift of about 7% introduced
to compensate the resistive component of the inductance. The calibration current is
then injected to the electrode and passes through the complete read-out electronic chain
followed by the ionization signal, until it reaches the ADC.

When an event candidate is triggered, the samples are routed via optical fibers to
Read Out Drivers (ROD) [89]. The ROD’s receive the signal samples from the ADC and
information from the calibration board. They perform the Optimal Filtering ” procedure
(see Appendix A) on DSPs (Digital Signal Processors) and send the signal to Read Out
Buffer(ROB) in the form of a triplet: energy, time, and data quality. ROB’s are the input
of the Data Acquisition System (DAQ).

5.5.3 Energy reconstruction

To reconstruct the energy deposited in the LAr gap from the signal samples amplitude
s; measured in ADC counts, correspondence factors are used that translate the electronic
chain crossed by the ionization and calibration signals, as illustrated through the following
equation [33]:

M -t
]\/;hys> [ZZ (54 _pi)OFCi{aiabiH (5.12)
cali

Ereco = LuA—MeV - CDACHMA (

the reconstructed energy relies on the correspondence factors from the electronic chain
and on the signal samples amplitude.

- Chacmev 1s the correspondence factor between the current collected by the readout
electrode and the energy deposited in the LAr. It can be affected by different effects
such as: temperature, variation of the High Voltages, pollution and space charge
saturation.

- Cpacpa converts the Digital-to-Analog Converter(DAC) setting of the calibration
board to the injected current. It is calculated at the calibration level and is corrected
by effects like the crosstalk [33].

“further information in appendix A
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~1
- <Aj\4f—h@l’) is the correction factor accounting for the difference between the re-

sponses to a calibration pulse and to an ionization pulse corresponding to the same
input current.

- The last term is the signal amplitude, obtained with the OF (see Appendix A)
procedure, after the pedestal subtraction (see Appendix A). The OFC; are computed
for each cell and stored in a database.
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Photon Identification in ATLAS

Isolated photons with large transverse momentum, pr, in the final state are important
signatures for many physics analyses at the LHC, in particular, in the search for the
H — ~~ channel, where isolated high- pr photons may play a significant role in discovering
the Higgs particle in the low mass region (see Section 1.5.2). In addition, very high-
pr photons are also signatures of more exotic particles, such as the Randall-Sundrum’s
gravitons [74, 190], which are expected to have a mass larger than 500 GeV. One should
note that at transverse energies above 20 GeV, neutral hadron decay 7 — ~v, are
responsible for the majority of the background photons.

Since the ATLAS electromagnetic calorimeter (shown in Section 5.4) is highly seg-
mented with a three-fold granularity in depth and with a n x ¢ granularity in the barrel
of 0.003 x 0.1, 0.025 x 0.025, and 0.05 x 0.025, respectively, in the front, middle and back
compartments complemented by a pre-sampler in front of the calorimeter, photon identi-
fication in ATLAS should be much more powerful that those used in past experiments as
the ATLAS electromagnetic calorimeter provides excellent /jet separation capabilities.
The experiment also employs an elaborate trigger systems that select electron and photon
candidates efficiently, as described in detail in [14].

In this chapter we discuss the ATLAS photon identification and its performance for
isolated photons from physics processes.

6.1 Photon reconstruction

The “sliding window” ! algorithm [172] is used to reconstruct electromagnetic clusters.
Rectangular clusters with a fixed size are formed, positioned in order to maximise the
amount of energy within the cluster. Electromagnetic objects are considered as the rect-
angular clusters seeded with tranverse energies exceeding 2.5 GeV, measured in projective
towers of 3 x 5 cells in the second layer of the calorimeter. These energy clusters are then
matched to tracks that are reconstructed in the inner detector and extrapolated to the
calorimeter. Clusters without matching tracks are directly classified as unconverted pho-

!Based on a grid using towers of size 0.025 x 0.0025, sliding window does cluster seed finding. Then
one look at the 2"? layer to start building the clusters followed by looking into the others layers.

68
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ton candidates. Clusters with matched tracks from reconstructed conversions vertices by
the ID software can be considered as converted photons and/or as electrons.

The detailed description of photons (converted and unconverted) reconstruction and
its interplay with electron reconstruction can be found in [31] and only a schematic de-
scription will be discussed below. The reconstruction of converted photons includes the
initial reconstruction of conversion vertices inside the tracker (see [14] p.122) which uses
both standard inside-out tracking and more recent outside-in tracking.

The conversion vertices are classified in two main categories. Conversion vertices with
two electron tracks, called double-track conversions and the so-called single-track conver-
sions. In the last case, one of the two produced electron tracks fail to be reconstructed
either because it is very soft (asymmetric conversions where one of the two tracks has
pr < 0.5 GeV), or because the two tracks are very close to each other (for instance in the
case of symmetric conversions that happen late inside the tracker). Besides, single-track
conversions can be distiguished from electrons because they do not have any hit in the
first layer of the pixel (B-layer) subdetector. There are also conversions on beam pipe but
not distinguishable from “match” tracks from ID.

Double-track conversions are efficiently reconstructed at low values of the conversion
radius (see Figure 6.1). On the other hand, single-track conversions are mainly recon-
structed for large vertices radius. If one combine the two conversion categories a high
efficiency can be achieved. The efficiency of reconstruction for converted photon is show
in Figure 6.1 as a function of the conversion radius.
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Figure 6.1: Efficiency for conversion reconstruction [176].

A large fraction of single-track conversion candidates arise from to a track recon-
structed only in the TRT detector. Such tracks have no associated silicon detector infor-
mation and have therefore poorer momentum resolution and almost no 7 information.

The final energy measurement, for both converted and unconverted photons, is made
using only the calorimeter, with a cluster size that depends on the photon classification. In
the barrel, a cluster corresponding to 3 x 5 cells in the second layer is used for unconverted
photons, while the cluster for converted photon candidates is 3 x 7 cells (to compensate
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for the opening between the conversion products in the ¢ direction due to the magnetic
field). In the end-cap, a cluster size of 5 x 5 is used for all candidates. A dedicated energy
calibration [14] is then applied to account for upstream energy lost, lateral leakage, and
longitudinal leakage. (The calibration is applied separately for converted and unconverted
candidates. )

6.2 Characteristic variables and cut-based photon iden-
tification criteria

In order to separate real photons from fake photons coming from jets, several discriminat-
ing variables are defined using the information from both the calorimeters and the inner
tracking system. Cuts on these variables have been developed in order to maintain high
photon efficiency even in the presence of pile-up resulting from the overlapping minimum
bias events due to high instantaneous luminosity at the LHC. A detailed description of
these variables and the cuts applied can be found in [31] following the previous works
of [14, 215, 216].

6.2.1 Variables using calorimeter information

Photons are narrow objects, well contained in the electromagnetic calorimeter, while fake
photons induced from jets tend to have a broader profile and can deposit a substantial
fraction of their energy in the hadronic calorimeter. Hence, longitudinal and transverse
shower-shape variables are used to reject jets.

- Hadronic leakage

— Normalized hadronic leakage

had1l
ET
Er

Ryad, = (6.1)

is the transverse energy E2#4! deposited in the first compartment of the hadronic
calorimeter behind the electromagnetic cluster, normalized to the transverse
energy Fp of the photon candidate, computed from the cluster energy E and
the cluster pseudorapidity 7 reconstructed in the second longitudinal compart-
ment of the electromagnetic calorimeter (EMC) through the relation Er =
E/ cosh(n). This variable is used over the ranges |n| < 0.8 and |n| > 1.37. For

had

the rest the variable Ry.q = EETT is used, where E}d is the total transverse

energy seen by the hadronic calorimeter 2.

2In this pseudo-rapidity region, there is no first compartiment of the hadronic calorimeter able to
catch the tail of the shower.
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- Variables using the second compartment of the EMC (Middle): Electro-
magnetic showers deposit most of their energy in the second layer of the electro-
magnetic calorimeter. For this reason several variables that measure the shape of
the shower are calculated as follows:

— Middle n energy ratio
_ ES
B

R, (6.2)
is the ratio between the sum E32. of the energies of the EMC Middle cells
contained in a 3 x 7 1 x ¢ rectangle (measured in cell units), and the sum E52,
of the Middle cell energies in a 7 x 7 rectangle, both centered around the cluster
seed. Since electrons and photons have a small transversal shower shape, most
of it is in a 3 x 7 rectangle and this variable is very useful for discriminating
against jets, much broader.

— Middle ¢ energy ratio

E52
Ry = —2%3 (6.3)

E%:
is the ratio between the sum FEj2, of the energies of the EMC Middle cells
contained in a 3 x 3 1 X ¢ rectangle (measured in cell units), and the sum
E32. of the Middle cell energies in a 3 x 7 rectangle, both centered around the
cluster seed.

— Middle lateral width

U}ng

V5 (52 68

measures the shower lateral width in the EMC Middle, using all cells in a
window 7 X ¢ = 3 x 5 measured in cell units.

- Variables using the first longitudinal compartment of the EMC (Front):
Cuts applied on the variables in the hadronic calorimeter and the second layer of
the electromagnetic calorimeter reject jets which contain high-energy hadrons and
broad showers. After cuts on the second compartment (sampling) jets containing
single or multiple neutral hadron such as n and 7°, provide the main contribution
which can fake photons. The readout of the first layer of the calorimeter uses strips
and provides a very fine granularity in pseudorapidity. Thus, the information from
this layer can be used to identify substructures in the showers an distinguish isolated
photons from the hard scatter and photon from ¥ decays efficiently.

— Front side energy ratio

(6.5)
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measures the containment of the shower in the EMC front compartment, where
E(=£n) is the energy in the £n strip cells around the one with the largest energy.

— Front lateral width (3 strips)

Weg = \/Z Ei(i_EjmaX)z (6.6)

measures the shower width in the EMC front compartment, using 2 strip cells
around the maximal energy deposit. The index 7 is the strip identification
number, 7,,, identifies the strip cells with the greatest energy, F; is the energy
deposit in each strip cell.

— Front lateral width (total) ws, measures the shower width in the EMC front
using all cells in a window An x A¢ = 0.0625 x 0.2, corresponding to approx-
imately 20 strip cells in 7 and 2 in ¢, and is computed as w;s.

— Front second maximum difference

AFE = E3L  — ES] (6.7)

2ndmax min
is the difference between the energy of the strips cell with the second greatest
energy Efnﬂmax, and the energy in the strip cell with the least energy found
between the greatest and the second greatest energy ES!

min*

— Front maxima relative ratio:

S1 S1
B .. — Elstmax _ EQ"dmaz (6 8)
ratio — ESl + ESl .
1stmax 2ndmagz

measured the relative difference between the energy of the strips cell with the
greatest energy Efﬁmax and the energy in the strip cell with second greatest
energy ES!, . This variable was not used in Ref. [14], and is introduced here

to replace the rescaled front second maximun:
E.S‘l

RSnl _ 2ndmax 6.9
2maz = 4000 4 0.009E7/MeV (6.9)

used there, since it proved to be more discriminating.
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Figure 6.2: Normalized distributions of the calorimetric discriminating variables in the region

In| < 0.6 for Ep > 20 GeV. for true and fake photons reconstructed as unconverted before any

selection [31].
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6.2.2 Loose and Tight selections

Two photon identification criteria menu have been built using the discriminating variables
(DV) that are just defined (Table 6.1 summarizes the DV used by each photon selection):

- The loose selection, which is harmonized with the corresponding electron one and
used for triggering purposes *. Numerical values cut thresholds for this selection are
shown in tables in Appendix B.

- The tight photon identification criteria have been optimized based on simulated
samples of true photons from photon-jet (7j) QCD processes and of fake photon
candidates reconstructed in dijet (jj) QCD events. A multivariate tool, TMVA [11],
has been used in order to find - taking into account the correlations among the
discriminating variables - the optimal set of rectangular cuts that gives the lowest
fake photon efficiency e for a fixed true photon efficiency 5. One should note that
for tight electrons there are no cuts on the following variables of the first sampling
that are used for tight photons: Fjqe, ws3 and AFE. In addition there is also no cut
applied on Ry.

A separate optimization has been performed for converted and unconverted photon
candidates, in order to take into account their different shower shapes [31] (for
instance, the electrons from a photon conversion are bent in opposite directions
in ¢ from the solenoid magnetic field and thus the shower is wider). Numerical
values cut thresholds for this selection are shown in Appendix B. Due to some
differences between data and Monte Carlo some variables were loosened during the
2010 data-taking period [103] and new values of cut thresholds were deduced for the
first photon cross section measurement [19]. Other changes were done later and are
described in Appendix B.

The importance of the calorimeter variables and in particular of the first sample of
the ATLAS calorimeter can be seen below on the two displays 6.4 and 6.5 of data events.
At least for these two examples, the discriminating power of the calorimeter is therefore
obvious.

6.3 Photon isolation algorithm cuts

After calorimeter cuts are applied, the contamination of the inclusive signal from charged
hadrons is greatly reduced. The remaining background is dominated by low multiplicity
jets containing high- pr 7° mesons.

The left plot in Figure 6.6, shows the ratio between the energy of the leading 7° in
a cone of 0.2 around the cluster and the cluster energy after tight photon identification
cuts. In 70% of the cases the cluster is dominated by a single 7% . After the application of

the cuts on the shower-shape in the first section of the electromagnetic calorimeter, this

3Which are also used in the Fvent Filter trigger.
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Category Description DV \ Loose Tight
Acceptance In| < 2.37, 1.37 < |n] < 1.52 excluded - v
Hadronic leakage Ratio of Ep in the first sampling of the Ryaq, v v

hadronic calorimeter to Er of the EM cluster
(used over the ranges |n| < 0.8 and |n| > 1.37)

Ratio of Er in all the hadronic calorimeter Rpaq v v
to Ep of the EM cluster (used over the range
0.8 < |n] < 1.37)

EM Middle layer Ratio in 7 of cell energies in 3 x 7 versus 7 x R, v v
7 cells
Lateral width of the shower in the 7 direction wy, v v
Ratio in ¢ of cell energies in 3x3 and 3x7 R, v
cells

EM Strip layer Shower width for three strips around maxi- wy3 v
mum strip
Total lateral shower width Wg tot v
Fraction of energy outside core of three central = Fige v

strips but within seven strips

Difference between the energy associated with AFE v
the second maximum in the strip layer, and
the energy reconstructed in the strip with the
minimal value found between the first and sec-
ond maxima

Ratio of the energy difference associated with  E..0 v
the largest and second largest energy deposits
over the sum of these energies

Table 6.1: Discriminating variables used for loose and tight photon identification cuts [31].
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Figure 6.6: MC comparison between the cluster pr and the leading 7° (left) and the ra-
tio between the cluster pp and the parton transverse energy (right) for clusters fulfilling all
calorimeter shower-shape cuts.

background cannot be further reduced using only the cluster shower shape information.
Indeed most of the surviving 7° are either very asymmetric decays, or decays with a small
opening in 7 (less than one strip). On the other hand, the plot on the right of Figure 6.6
shows that the cluster does not take the full energy of the original parton which produced
it (defined as the leading quark or gluon in the PYTHIA event record within AR of 0.4
around the cluster). Typically, only 70% of the parton energy is found in the cluster
energy. There is thus a non negligible amount of hadronic activity around the cluster
which can be used to increase the rejection.

Various analyses may require different isolation criteria of different tightness and there-
fore the isolation cuts are applied on top of the photon identification. Different calorimeter
and tracking based isolation variables have been studied and optimized.

6.3.1 Track isolation

To further reduce the dijet and v—jet background, a track-based isolation requirement can
be applied. For each candidate photon that passes the selection described in Section 6.2,
one computes the sum of the transverse momenta » , . pr of the charged particles
around the candidate. The tracks must:

- lie within a cone of AR = /(A¢)? + (An)? = 0.3

- have a transverse momentum pr > 1 GeV
- leave at least one B-layer and 7 Si (Pixel + SCT) hits
- have an impact parameter smaller than 1 ~ mm.

In the smaller cone of AR = 0.1, an additional requirement is to exclude converted
tracks. With these cuts, one have, for the moment, the optimal track isolation for photons.
This was used in [14] and in the prospects of exclusion in the H — ~7 channel using 10
TeV Monte Carlo samples [27-29].



Chapter 6. Photon Identification in ATLAS 80

ptcone(Ro) = > pT

tracks
AR<Rg

Figure 6.7: Sketch to ilustrate the track-isolation.

6.3.2 Calorimetric isolation

With the calorimetric isolation one can estimate the activity in the calorimeters close to
the candidate. As we did mention in the Section 2.2, the treatment of the photon isolation
provides some experimental and theoretical issues. So it is very important to define an
experimental approach for the isolation. It should be compared with their theoretical
equivalent, which was used when the cross section was computed.

b

N
—

Figure 6.8: Construction of the isolation variable in a cone of AR = 0.4.

The isolation variable is computed as the energy sum over all the calorimeter cells
from both the electromagnetic and hadronic calorimeters, within a cone of AR = 0.4.
The contributions from 5 x 7 electromagnetic calorimeter cells in the 1 — ¢ space around
the photon barycenter are not included in the calculation, as is shown in the Figure 6.8.

Thus, the resulting energy includes contributions from the following three sources:

(a) Leakage from the photon outside this region.

(b) Contribution of the underlying event.
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(¢) Hadronic activity close the photon cluster.

The small leakage from the photon outside the electromagnetic cluster (a), evaluated
and parametrized as a function of photon transverse energy on simulated samples of single
photons, is then subtracted from the isolation variable. After this correction, the isolation
energy of truly isolated photons is independent of the photon transverse energy.

To reduce uncertainties from underlying event modeling (b), the isolation is then
further corrected [32, 154] using a method suggested in Ref [179]. It is based on a technique
for measuring an ambient energy density event-by-event, using low energy jets, which
is then multiplied by the area of the isolation cone and subtracted from the isolation
energy. The typical correction for an event with one pp interaction is 500 MeV. Thus,
the isolation energy represents only the hadronic and electromagnetic activity near the
photon candidate.

6.4 Performance of the photon identification

In this section, the performance of the cuts described in Section 6.2 and the track-isolation
algorithm mentioned in Section 6.3 in terms of signal efficiency and the jet rejection power
are discussed. In addition, a dedicated analysis, which allows to estimate the quality of
the reconstructed conversions is presented.

For this task, a group of simulated samples (see Table 6.2) have been produced using
the MC generators, PYTHIA [197] and HERWIG [116] * with an energy of the centre of mass
of 10 TeV. Then, these samples are reconstructed with the same algorithms used for data.

Data Set Process o Filter Filter Filter Nevts Eq. Generator
type threshold  eff [%)] luminosity
[pb] [GeV] [pb— ]
106384 H — vy 3.536E-2 2 prompt v 20 78.0 99873 3.62E4+6  PYTHIA
(gg+VBF),
myg = 120 GeV
108086 y-jet 2.893E+5 2 prompt ~ 17 7.073 3976508 1.94E+2 PYTHIA
105802 QCD(jet-jet) 1.461E49 1 prompt ~ 17 7.060 9849209 9.55E-2  PYTHIA
105830 QCD(jet-jet) 1.166E+9 1 prompt 17 8.480 4398206 4.45E-2  HERWIG

Table 6.2: Monte Carlo samples used in the photon performance studies produced at /s = 10
TeV. The physics process, size of samples, corresponding equivalent luminosity, filter efficiency
and cross-section are shown.

6.4.1 Signal photon efficiency

The photon identification efficiency for photons originated in the H — ~v decay as well
as for those from direct production in the 75 QCD processes has been evaluated using the
PYTHIA datasets previously described in Table 6.2.

4A brief description of these generators is given in the Appendix C
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Figure 6.9: Expected total photon efficiency (reconstruction 4 identification) for true photons
with Ep > 20 GeV in a MC sample of 5 events in the region 0 < |n| < 1.37 and 1.52 < |n| <
2.37, as a function of transverse energy for loose and tight selection criteria and for unconverted
(right) and converted (left) photons [31].

To evaluate the identification efficiency, it is necessary to provide an association be-
tween reconstructed candidates and true particles. Thus, for each photon candidate, the
position (n%, ¢14s) of the barycenter in the EMS2 layer is compared to the coordinates
(et $=*'") obtained for all the final state particles; depending on An = 7" — s and
A¢ = ¢t — ¢ the best association between a candidate and a true particle is defined

as follows:

- inside an elliptical cone (An/0.025)% + (A¢/0.05)* < 1, corresponding roughly to a
3 x 5 cluster, the true photon with highest pr is associated to the candidate. If no
photons are present one choose the highest pt truth particle in the elliptical cone is
chosen. In this way about 87% of candidates are associated to a true particle in a
typical filtered-jet dataset.

- to account for possible tails of the extrapolation result and to increase the efficiency
of the association, in case the previous criterion fails, the true particle with the
smallest AR = /An? + A¢? inside a cone AR < 0.1 is associated. After this the
matching is close to 100% for H — 7.

The photon identification efficiency with respect to the reconstructed candidates is
defined as:

NT’GCO, pass cut

(6.10)

€wrt reco — W

5
where Ni”‘th’ rec@ is the total number of true photons associated to a reconstructed can-
didate, having true Er greater than a given threshold (20, 25 and 40 GeV). Table 6.3
summarizes the average efficiencies for loose and tight selections, as defined in Equa-
tion 6.10.
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loose selection efficiency (%) tight selection efficiency (%)
all unconverted converted all unconverted converted
Er >20 GeV  95.454+0.01 97.80+0.01 91.73£0.01 82.88+0.02 85.044+0.03 79.44 +0.04
v Epr >25GeV 9596+ 0.01 98.08+0.01 92.584+0.03 85.31+0.02 87.16+0.03 82.35+0.04

Er >40 GeV  96.37+0.02 98.40+0.02 93.17+0.04 89.214+0.03 90.76+£0.04 86.76 +0.05
Er >20 GeV  96.15+0.05 97.93+0.04 93.00+0.10 88.45+0.08 89.81+0.09 86.05+0.14
H—~y Er>25GeV  96.25+0.05 97.99+0.04 93.16+0.10 88.924+0.08 90.22+0.09 86.61+0.14
Er >40 GeV  96.46 +£0.05 98.16 +£0.04 93.424+0.11 90.06 +0.08 91.27+0.09 87.92+0.14

Table 6.3: Expected total photon identification efficiencies (reconstruction + identification for
loose and tight selections). The errors are statistical only [31].

6.4.2 Jet rejection
The rejection of jets is defined by the following equation:

R = Njet

6.11
Nfakev ( )

where N, is the total number of jets and Nyqey the number of jets that pass the selection
cuts. The difficulty arises from the fact that N;., must reflect the initial number of jets,
before any cut, and therefore must be measured from the high statistics generator level
unfiltered samples described in Table 6.2, whereas Ny, can be measured only on fully
reconstructed filtered MC samples (since the rejection is high, one has to make some
particle filter on the Monte Carlo event in order to have a reasonable number of events

that will be fully simulated in GEANT4). Therefore, one must normalize N ;Zg " and N J{il,fm
to the generated number of events in the relevant sample: N/ in the unfiltered samples

and Nefjiz /€ in the filtered ones. ° The rejection factor then reads:

Nunfit arfit

jet evts

= filt un filt .
Nfake'y Nevts Efilt

(6.12)

Table 6.4 shows the rejection factors for the PYTHIA dijet sample, whereas Tables 6.5
and 6.6 show the rejection factor after application of the tight selection criteria and the
track-isolation requirement (which was chosen to be < 4 GeV ) in the dijet and 7-jet
datasets produced with PYTHIA and HERWIG. The rejections are given separately for quark
and gluon jets. This is calculated after matching the candidate photon with the original
parton by requiring that the particle four-momenta at generator level lie within a cone of
size AR = 0.4. The fraction N ;ﬁf N for the 4-jet sample has to be modified since
the filter is applied on two objects, including the photon from matrix element. In this case
N ;ﬁf B is the number of jets in the unfiltered sample asking in addition that the photon
from the matrix element passes the filter. One observes that the rejection for gluon-jets is
larger than for quark-jets which is in agreement with Ref. [132]. One find some differences

between the rejection factors depending on the generator and the physical process, due

5Numerical values for parameters in Equation 6.12 are available at
https://twiki.cern.ch/twiki/bin/view/Main/HggExercicel0TeV.
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to different parton fragmentation functions. An extended study is discussed in Ref. [201].
Therefore, from Tables 6.5 and 6.6 we can see easily how the rejection increase when the
track-isolation requeriment is applied, which allow us to have a more pure sample.

loose rejection tight rejection
all jets  quark jets gluon jets all jets quark jets gluon jets
Er >20GeV 898+4 323+2 22244+16 4780+43 1626+ 17 13688 4+ 238
Er>25GeV 1030+6 365+3 2674+30 5288+71 1743+27 16765+ 458
Ep >40 GeV 944413 368+6 2211+55 5098+ 165 1675+60 20110+ 1504

Table 6.4: Expected jet rejection for loose and tight selections for a jet-jet MC sample.

Figure 6.10 shows the FE7p spectra of the photon candidates in the PYTHIA background
dijet sample (see Table 6.2 for more details) passing the loose (left) and tight (right)
selections. The sample is sub-divided into five components of decreasing importance:
after the loose (tight) selection approximately 69.9 £+ 0.2 (47.6 £+ 0.3)% of the candidates
with Er > 20 GeV correspond to photons from 7° decay, whereas ~ 9.740.1 (7.84+0.1)%
are from 7, ' or w decay into two photons, and 6.0 + 0.1 (2.7 £+ 0.1)% are from other
hadrons with complex decay processes and particles interacting in the tracker material.
A fraction of ~ 8.4 4+ 0.1 (25.5 + 0.3)% of all photon candidates after the loose (tight)
selections, in this sample, are expected to be produced directly by hard scattering at
these energies, and ~ 5.9+ 0.1 (16.7+0.3)% from initial or final state radiation of quarks
(ISR/FSR).

% :\\Af’\-Aépl\'e\li}ﬁihéky\\‘HH‘HH‘HH‘HH: %104?;4\7\_1-‘}4\3##&“&1}68&\)/\H‘HH‘HH‘HH‘\HE
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Figure 6.10:  Ep spectra for the photon candidates in the background PHYTIA jet sample
passing the loose (left) and tight (right) selections. The different components are shown [31].

6.4.3 Converted photon purity

In this subsection, the quality of reconstructed conversions was checked. The idea is to
compute the purity in a H — ~7 simulated data sample using only converted photons. In
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sample generator all quark-jet gluon-jet
77 PYTHIA 7777 +122 2517+£50 27218 £941
Rejection factor HERWIG 3398+ 79 933+ 25 16092 4 940

vJ PYTHIA 1929 £44 1657 £ 38 25846 £ 4361

Table 6.5: Jet rejections expected for the dijet and y—jet samples for Er > 25 GeV. The
results are shown after tight selection and track isolation cuts for all jets and separately
for quark and gluon jets. The errors are statistical only.

sample generator all quark-jet gluon-jet
17 PYTHIA 8659 + 362 2894 4+ 141 40008 + 3850
Rejection Factor HERWIG 3323 £190 959 +61 24983 + 4544

vJ PHYTIA 2321 £106 2048 £96 38768 17484

Table 6.6: Jet rejections expected for the dijet and y—jet samples for Ep > 40 GeV'. The
results are shown after tight selection and track isolation cuts for all jets and separately
for quark and gluon jets. The errors are statistical only.

order to know how many of these reconstructed conversions are coming from a correctly
identified truth conversion.

The main purpose is to identify the origin of the converted photon in the ATLAS
detector. It is indeed possible to have photons with multiple interations before arriving
to EM calorimeter due to the considerable amount of material situated in front of this,
see Figure 6.11(and Figure 5.7).

For this, an ID track classification has been performed. It is based on a method which
establishes links between reconstructed track and truth track which is provided by the
standard simulation infrastructure used in the ATLAS collaboration [13]. This method
is able to make an association from a (truth) reconstructed track to a truth particle,
measuring the probability of track association with the truth particle.

Photon pre-selection

For this study, pairs of photons are required to have a reconstruted pseudo-rapidity in the
ranges |n| < 1.37 and 1.52 < || < 2.37. Moreover, they have to pass the tight selection
criteria. The leading and subleading photons are defined as those with a reconstructed
transverse momentum of pr, > 40 GeV and pr, > 25 GeV, respectively.

Current conversion definitions

Reconstructed converted photons are classified in the following three categories:
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Figure 6.11: Example of secondary converted photon from Higgs. Here are shown, the coordi-
nates where the conversions and the bremsstrahlung occur. They are represented by little stars
in the sketch of the innermost pixel subdetector (inside the square with dashed line). This event
was extracted from the simulated data set described in Table 6.2.

- Signal : Converted photons coming directly from Higgs with an associated conver-
sion found in the MC truth.

/ 2 e
,.’::/\Y\/\.<
H.- S

.
.

Figure 6.12: Sketch of a signal converted photon .

- Secondary : True converted photon from Higgs decay (after single or multiple
Bremsstrahlung) or false conversion but at least one track is coming from Higgs. A
example is shown in Figure 6.11 (a badly reconstructed converted + for which one
of the electrons comes from a conversion from the Higgs decay).

Figure 6.13: Sketch some of the possible vertices for secondary converted photon .
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- Fakes : False converted photon not coming from Higgs decay (small fraction, in
particular charged pion) or a true converted photon not coming from the Higgs
decay.

e+ e+ e Tci e+
/ .< —< —< or 0 /‘\¥/\¥X\/\<
m et e et T My @ e

Figure 6.14: Sketch of the fake converted photon .

Results of the converted photon classification

The results of this classification are summarized in Table 6.7. The table is splitted into
two parts, which correspond to the results obtained for single-track and double-tracks
conversions respectively. In general, conversions are highly efficiently identified for both
cases. Signal efficiency is greater for single-track than for double-tracks conversions. This
is the same for the fake percentage. On the other hand, the percentage of secondaries
is higher in double-tracks conversions. Omne sees that the application of the isolation
requirement in addition to the tight selection criterion, does not change significantly the
results. It is due to the fact that photons from Higgs decay are expected to be well
isolated.

Futhermore, a detailed study was carried out, which reproduces the analysis showed in
Table 6.7. Results are shown in Tables 6.8 and 6.9. This study exploits the characteristics
of reconstructed tracks in the ID system of the ATLAS detector. The main idea is to
determinate where the most of the fakes conversions comes from. So, in this spirit, tracks
are classified as following:

- TRT-Standalone tracks, They are reconstructed tracks only with hits associated in
the TRT ID subsystem.

- NON TRT-Standalone tracks, these correspond to tracks with hits associated in the
Silicium ID subdetector.

In Tables 6.8, 6.9 is shown that for single-track and double-track conversions the ma-
jority of fakes are found when tracks are TRT-Standalone (reconstructed only with the
TRT detector). On the other hand, a very pure converted signal is achieved when the
tracks have associated hits in the Silicium ID subsystem. This is very promising for the
analysis with collision data if one want to work with a very pure sample of converted
photon.
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after tight tight+track-isolation
Origin of converted photon Ncand. | Summary % || Ncand. | Summary %
photon’s mother is a Higgs 15827 15602
=2 photon’s mother is a e /e™ 229 222
£ (indirectly from Higgs) (226) | 93.624+0.19 || (220) | 93.72+0.19
@ photon’s mother is (7%, 7, w, ...) 189 182
2 | truth track-particle found non coming from 190 5.03 £0.17 181 4.95+0.17
@ truth conversion (indirectly from Higgs) (0) (0)
don’t truth track particle found 486 459
photon’s mother is a Higgs 19201 18920
photon’s mother is a e~ /e™ 88 87
(indirectly from Higgs) (84) (83)
photon’s mother is (7%, 7, w, ...) 59 54
2 pair e~ /e (no true conversion) 1421 1390
g (indirectly from Higgs) (1395) | 86.67+£0.23 || (1365) | 86.85+0.23
E pair e /e~ or e’ /et 370 361
= (indirectly from Higgs) (338) 1.44+0.08 || (331) 1.39 £0.08
S pair e~ or eT with other partcile 771 738
(indirectly from Higgs) (724) (694)
pair of particles # e~ and # e 67 61
don’t truth track particle found at least 177 174
for one track (indirectly from Higgs) (92) (90)

Table 6.7: Converted photon clasification according the truth association - Signal, Secondary
or Fakes for object photons reconstructed from a H — ~~ simulated sample at /s = 7 TeV.
Results are separated for single-track and double-tracks conversions.

Single-track  TRT-Standalone tracks NON TRT-Standalone tracks

Signal (9258 +0.22) %
Secondary ( ) %
Fakes ( 5.884+0.20) %

(99.07 £ 0.18) %

(

) %

( 0.55+0.14) %

Table 6.8: Converted photon classification according to the truth association - Signal, Secondary
or Fakes efficiencies (relative percentage) for object photons reconstructed from a H — ~vy
simulated sample at /s = 7 TeV. Results for single-track conversions are shown according the

characteristics of her track.

Double-tracks TRT-Standalone tracks at least a TRT-Standalone track

NON TRT-Standalone tracks

Signal (53.87 £ 0.95) % (66.81 + 0.90) % (95.90 £ 0.16) %
Secondary ( ) % ) % ( ) %
Fakes (110.00 +0.57) % (0.294+0.10) % (0.10+0.02) %

Table 6.9: Converted photon classification according to the truth association - Signal, Secondary
or Fakes efficiencies (relative percentage) for object photons reconstructed from a H — vy
simulated sample at /s = 7 TeV. Results for double-tracks conversions a shown according the

characteristics of their tracks.
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6.5 Identification with early data at /s =7 TeV

The following measurements presented here, are based on proton-proton collision data
collected at a centre-of-mass energy /s = 7 TeV with the ATLAS detector at the LHC
between April and August 2010. Data taken between ATLAS run periods A and E4 have
been included in the analysis [19]. The total integrated luminosity of the sample, as used
in the measurement, is 8804100 nb~!. The photon event selection for data and simulated
samples are further explained in the Appendix C.2.

Photon candidates pre-selection

Photon candidates with calibrated transverse energies in the range 15 < Er < 100 GeV
and reconstructed pseudorapidity in the detector intervals n < 1.37, or 1.52 < n < 2.37
are retained for the successive analysis steps. In addition, candidates are separated in the
following pseudorapidy regions:

n € [0.00;0.60), 7€ [0.60;1.37), ne[1.52;1.81), n e [1.81;2.37)

and regrouped in several E7p intervals [GeV]:
[15:20), [20:25), [25:30), [30:35), [35:40), [40;50), [50;60), [60;100)

where the increase of the interval width at higher E7p values is motivated by the lower
candidate statistics.
All the details of preselection are explained in the Appendix C, Section C.3.

Energy isolation

A study was performed in [95] to determine the correspondence between the parton-level
and reconstruction-level isolation criteria which is a very delicate issue. The efficiency of
a parton-level isolation cut on PYTHIA photons originating in a Bremsstrahlung process
was compared to the efficiency of the reconstruction-level cut at 3 GeV. Figure 6.15(top)
shows the efficiency as a function of the isolation cut for such photons. In a bremsstrahlung
process ¢ — Yq1 - - - qn the ¢ to ¢, within a cone of R = 0.4 around the photon direction
are added together to form a single quadri-vector, and the transverse momentum of this
quadri-vector is taken as the partonic isolation transverse energy associated to the photon
(note that all partons produced by the generator are not added in the cone, for more details
see [95]). The parton-level cut chosen was that which best matched the efficiency of the
reconstruction-level cut at 3 GeV. Since the parton cut value that matches the 3 GeV cut
at experimental level varies across different pseudo-rapidity bins, a sensitive mean value
of 4 GeV was used [19] to compute the NLO cross section.
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Figure 6.15: In the top plot [95], the efficiency as a function of different parton level isolation
cuts, with comparison to the experimental isolation efficiency. In the bottom plot [32] is shown
the distribution of the isolation energy of reconstructed photon candidates passing the prese-
lection and the loose identification criteria. The data are represented by dots and the colored
histograms represent the expectations from Monte Carlo simulations using PYTHIA.

The isolation distributions for prompt and fake photon candidates from simulation, as
well as the distribution of selected candidates in data, are shown in Figure 6.15(bottom)
for reconstructed photon candidates passing the preselection and the loose identification
criteria. The signal distribution is separated into two components: true isolated prompt
photons ( E*° < 4 GeV), and prompt photons that fail the true isolation cut ( E™*° > 4
GeV). The true isolation energy E;™*° is determined in the signal MC samples by looping
over the MC truth block and computing the total transverse energy of all partons inside
a (n,¢) cone of radius 0.4 around the photon direction. These figures serve to illustrate
the differences in the isolation energy distributions between signal and background in
simulation. It’s important to note, however, that possible differences between simulated
and collision data imply that data-driven models of the isolation energy distributions for
both signal and background are critical components of this analysis.
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The efficiency that the reconstructed isolation energy is less than 3 GeV is around
96 % for true isolated prompt photons that pass tight identification criteria, both for
photons from hard scattering (96.5%) and from fragmentation(95.6%). The criterion is
slightly less efficient for photons from parton bremsstrahlung and fragmentation because
they have, on average, more nearby hadronic activity that gives rise to the asymmetry
positive tail of the prompt photon signal distribution in Figure 6.15(bottom). The same
criterion is expected to reject about 50% of background candidates with transverse energy

above 15 GeV.

6.5.1 Efficiency estimation
Robust tight selection criteria

The photon showers in collision data are wider in 7 than expected from simulation (seen
in early electron studies with data [43]). While the exact cause of the difference between
data and simulation is still under investigation, the result is a loss in efficiency for photons
in collision data, due primarily to cuts on R, and w,, which reject more signal photons
than anticipated.

To reduce this inefficiency, the tight cuts on R, and w,, were relaxed, with the con-
straint that the new “tight” cut cannot be weaker than the loose cut on the same variable.
The new modified cut values for R,, and w,, can be found in Appendix B, Table B.3. In
the next section the implications of these relaxed cuts are discussed.

Data/MC discrepancies of discriminating variables

Distributions of the DV’s listed in Table 6.1 are built from all photon candidates in the
data and in the MC samples passing the pre-selection described at the beginning of the
Section 6.5.

The data and MC DV distributions corresponding to a given selection level in a given
Er and 7 are compared; two representative examples are shown for R, and w,, in Fig-
ure 6.16(left) and 6.16(right) respectively, from which the discrepancies mentioned above
can be qualitatively appreciated.

The discrepancy between the DV distributions in data and MC can be at first order

approximated by a small shift, that can be evaluated as the difference between the means
of the DV distributions in data and MC:

Appy = (DVaia) = (DVire) (6.13)

where the index s indicates the candidates sub-samples used to built the reference dis-
tributions. Meanwhile in Appendix B, Section B.2 are shown the values of Ap'°*¢ and
Apt9ht for each DV, computed from the data and MC comparison in the different Er
and 7 regions. For instance, in Figures 6.17 and 6.18 are shown how these Ap® plots look
like for the R, and w,, variables.
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Figure 6.16: Examples [103] of distribution of R, (left) and w,, (right) in data and MC
for photon candidates with |n| < 0.6 and Er € [20,25) GeV passing a tight modified
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Figure 6.17: Differences Apup, between the means of the R, distributions in data and
MC for photon candidates passing the loose (a) and tight (b) selections [103]. Errors are
statistical only.

Photon efficiency estimation using a candidate-by-candidate data-driven MC
correction

In order to quantitatively estimate these effects, the Au$,,, ( Er,n) values are applied as
corrective factors © on a candidate-by-candidate basis to the DV of photon candidates
matched to true direct and fragmentation photons in the MC sampled:

DV = DVi + Aty ( Er, 1) (6.14)

In order to take into account MC/Data discrepancies.
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Figure 6.18: Differences Ay, between the means of the wy, distributions in data and
MC for photon candidates passing the loose (a) and tight (b) selections [103].

where the index k£ runs over all photon candidates, and E7 and n measure the actual re-
constructed momentum and pseudorapidity position of the candidate. The tight selection
is then applied on the corrected DV values DV{™" for the k-th candidate, and from the
global behavior of all candidate of all candidate sample after the corrections a corrected
identification efficiency is computed according to:

AN (1 < Nhovo| < M2y BE0., < 3 GeV, tight — ID)/dE;.

T ,reco

AN (11 < eco| < T2y ESeee < 3 GeV) /dE],

T',reco

fH,k
€ (E%reco)

2 (6.15)

;reco

In Equation 6.15 we have the offline photon efficiency, which is computed as a function
of the reconstructed photon transverse energy and for a certain bin k£ of pseudorapidity.
It is defined as the efficiency for reconstructed true prompt photons, with reconstructed
isolation lower than 3 GeV, to pass the tight photon identification criteria (tight ID).

Results and systematics on photon efficiency

The offline efficiencies are determined after the shower shape corrections, and are listed
in Table 6.10 as a function of the reconstructed photon transverse energy in the four
pseudorapidity intervals under study. The corresponding distributions are shown in Fig-
ure 6.19 (including both uncorrected and corrected computed efficiencies, respectively).
These central values are computed for a mixture of direct and fragmentation photons,
weighted according to the respective and MC sample sizes and production cross sections
predicted by PYTHIA.

In the following list the sources of systematic uncertainties are shortly described [32,
103]

- Corrected photon efficiency central value, here is taking into account the effect
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Eprange  0.00 < 7] < 0.60 0.60 < [7] < 1.37 1.52< || < 1.81 1.81 < || < 2.37

[GeV] (%] %] (%] (%]

[15 — 20) 63.3 £ 6.6 63.5 £ 6.9 722 +84 69.9 £8.2
20 — 25) 73.5+6.1 73.5+6.8 81.6 + 8.3 75.7£9.0
[25 — 30) 80.2 £ 5.4 80.8 £5.7 86.7 £ 6.6 78.9£9.0
30 — 35) 85.5+ 4.5 85.3+£4.8 90.4 £ 5.9 82.3+7.8
[35 — 40) 85.2 £ 3.9 89.3 £4.3 92.3 £ 5.0 84.4+6.8
[40 — 50) 89.2 +3.3 92.1+ 3.6 93.5 £ 4.6 85.4+ 6.2
[50 — 60) 91.3+3.1 94.1+£2.8 93.9 £ 3.6 87.3+5.3
[60 — 100) 92.2 + 2.6 94.8 £ 2.6 94.2£2.9 89.3 + 4.2

Table 6.10: Isolated prompt photon selection efficiency €2( E77), defined as the fraction of
true prompt photons reconstructed in a certain interval k£ of pseudorapidity, passing = object
quality criteria, with reconstructed isolation transverse energy lower than 3 GeV, that pass tight
photon identification criteria. The overall errors shown (excluding the systematics associated
with the comparision of the nominal results with those of the electron extrapolation method)
systematic uncertainties are shown [32, 103].

of correction factors Apj,y, on the computed efficiencies.

- LAr cell gain corruption, the problem is that the gain information for channels
0 (rep 64) from a FEB is overwritten at the input of the ROD to be the one of
channel 63 (resp 127). So channels 0 and 64 can thus be miscalibrated by a factor
of 10 (or 1/10) depending on the original gain configuration of the pair of channels.
The ‘most’ dangerous case is probably when channel 0 (or 64) are Medium gain
originally but 63 (or 127) are high Gain. Channel 0 (or 64) are then calibrated
(ADC — energy) as if they were high gain resulting to an energy too low by a
factor 10. This problem affected both the DSP online calibration and the offline
energy computation.

- Hard-process/fragmentation photons relative composition, which is the ef-
fect of the different composition of the photon inclusive signal. For this, the hard-
process photons (“direct”) and fragmentation photons (“brem”) " were variated in
a range between 80% - 20% . In addition, this procedure was evaluated with the
MC generators PYTHIA and HERWIG.

- Upstream material uncertainty, the impact of upstream material uncertainty is
assessed by comparing photon efficiencies from nominal photon Monte Carlo samples
with those obtained with Monte Carlo samples simulated with additional material in
different detector geometries ®. In addition a detector geometry with extra material
in the inner detector only was considered ?, which affects mainly the PID efficiencies

"See Section 2.2.

8 +5%: Increase of whole Inner Detector (excluding sensitive detectors)

9ID material changes: +10% whole ID, +20% Pixel services, +20% SCT services, +15% Xg at end
of SCT/TRT endcap, +15% X, at ID endplate. LAr material changes: +0.1 X, radial in the barrel
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Figure 6.19: MC photon efficiencies for tight isolated photons as a function of Ep in different
pseudorapidity regions. The figures below show efficiency differences between the uncorrected
values (“nominal” close circle) and the corrected values (“corrected by Augy: Fudge Factors’
open circles) .

of converted photons.

- Object quality, here is evaluated the acceptance loss due to the object quality cut
on data and on different MC samples. The configuration of the disabled readout
regions at reconstruction level on MC samples reflects the dead OTx configuration
present at the beginning of the data taking (OQ map made with run 152166 '°).
Due to this fact, the systematic error was estimated only by comparing data and
MC with this map.

- Pileup, there is a significant fraction of events with additional soft interactions
in the same bunch crossing as the hard scatter event, called in-time pile-up. The

cryostat region before the presampler, +0.05 Xy radial between the presampler and the layer 1 of the
calorimeter.
10it is shown in the Table C.4 first line, third row of the Appendix C
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average number of additional interactions changes over time with the instantaneous
luminosity and it is hard to know exactly but it is in average smaller than 2. The
best estimator for the number of additional interactions in one event is the number
of reconstructed primary vertices. To quantify the pile-up effect, a dedicated MC
sample of y-jet events (pr > 17 GeV) is used, which has been generated with a
mean number of extra pile-up events of 2. Since it is known that the mean number
of extra pile-up events in data is less than that, a re-weighting of the MC events
depending on the number of PV was done in order to get a good agreement between
data and MC.

- Classification between converted and unconverted photons, a worse conver-
sion reconstruction efficiency in data with respect to MC would lead to global loss
in the total identification efficiency, since the selection cuts for unconverted photons
are generally tighter than the corresponding ones for converted photons. This effect
was studied changing the converted photons efficiency by 10%.

- EM scale uncertainty, the impact of the EM scale uncertainty was addressed by
varying +3% all the selection variables affected. The cluster energy, the isolation
energy and the shower shapes affected by this re-scaling(e.g. AFE and Rj.q) were
shifted by these values and the PID efficiency was then re-computed. This effect
was found to be negligible.

The systematic uncertainties described above on the offline photon identification are
shown in the Table 6.11.

Considerations about the |n| > 1.81 region

As shown in the Table 6.11, the offline identification efficiency values in the region at
In| > 1.81 suffers of the largest impact of the data-driven candidate-by-candidate MC
correction, because of a larger data/MC discrepancies due to non optimal cut values
applied to the identification variables in this pseudorapidity region (as an example, some
trigger cuts were too tight and we could not have the offline correct cuts).

The large value of the correction (about 10 %) as compared to the region |n| <
1.81 (about 3 — 5%), associated with the larger systematic uncertainty associated to the
correction itself, suggest to avoid the use of the region |n| > 1.81 for the inclusive cross
section measurement at the time of this analysis, and to postpone it to when one will have
a more reliable estimate of the offline identification efficiency. Another check done [103]
showing a larger uncertainty in this last n region was to compare the predicted converted
photons efficiencies from electrons from W’s and the nominal modified tight efficiency
computed for converted photons. The results are shown in Figure 6.20 and one sees that
in the last bin there are larger differences.
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ET GeV ‘ C,.MC corr O_gl%erial U%,?Drgain a.g?ll‘jd/brem o_g%/ghia/Herwig o.llgillgfup gWorse conv reco
In| < 0.6
[15,20) [45% 44% 05% 15% 10% 04% 06%
20,25) | 3.6% 44% 05% 15% 10% 04% 1.0%
25,30) [ 35 % 34% 05% 1.5 % 1.0 % 0.4 % 1.1 %
30,35) | 29% 27% 05% 15% 10%  04% 11%
35,40) | 24% 22% 05% 15% 10% 04% 10%
[40,50) | 1.9% 15% 05% 15% 10% 04% 12%
[50,60) | 21% 02% 05% 15% 10% 04% 13%
(60,100) [ 1.1 % 0.1 % 05% 1.5 % 1.0 % 0.4 % 1.3 %
0.6 <|n| <1.37
[15,20) [48% 44% 05% 15% 10% 04% 12%
20,25) | 47% 44% 05% 15% 10%  04%  13%
25,30) [ 4.0% 34% 05% 1.5 % 1.0 % 0.4 % 1.2 %
30,35) [32% 27% 05% 1.5 % 1.0 % 0.4 % 1.3 %
35,40) | 3.0% 22% 05% 15% 10% 04% 11%
[40,50) | 25 % 15% 05% 1.5 % 1.0 % 0.4 % 0.9 %
(50, 60) 1.9% 02% 05% 1.5 % 1.0 % 0.4 % 0.8 %
(60,100) | 1.7% 0.1 % 05 % 1.5 % 1.0 % 0.4 % 0.5 %
1.52 < [n] < 1.81
[15,20) [46% 63% 10% 15% 10% 12% 20%
20,25) | 45% 64% 1.0% 15% 10% 12% 17%
25,30) [27% 53% 1.0% 1.5 % 1.0 % 1.2 % 1.6 %
30,35) | 24% 45% 1.0% 15% 10%  12%  1.7%
35,40) |21 % 35% 1.0% 15% 1.0 % 1.2 % 1.5 %
[40,50) | 1.5% 34% 1.0% 15% 10%  12% 12%
[50,60) | 0.8% 22% 1.0% 15% 10% 12% 12%
(60,100) [ 1.3 % 1.0% 1.0% 1.5 % 1.0 % 1.2 % 0.1 %
1.81 < |n| < 2.37
[15,20) [43% 63% 10% 15% 10% 12% 18%
[20,25) [ 55 % 64% 1.0% 1.5 % 1.0 % 1.2 % 2.1 %
25,30) [ 65 % 53% 1.0% 1.5 % 1.0 % 1.2 % 2.3 %
30,35) | 54% 45% 1.0% 15% 10% 12%  23%
35,40) | 49% 35% 10% 15% 10% 12%  22%
[40,50) | 4.2% 34% 1.0% 15% 10%  12% 18%
[50,60) | 3.6% 22% 1.0% 15% 10% 12%  21%
(60,100) [ 3.2% 1.0% 1.0% 1.5 % 1.0 % 1.2 % 0.9 %

Table 6.11: Contributions to the overall systematic uncertainty on the offline photon
identification efficiency used for the inclusive photon cross section measurement, and
total systematic uncertainty in the different n and pr bins used in the study [32, 103].



Chapter 6. Photon Identification in ATLAS 98

3 0'255"'""'"'"'""'"'4,'.,.',;.“,';,.”"""5 g 0BT T
£ 028 oopnicos e metonos 3 S 02 0b<hi<t37 e i3
£ 0155 E £ o5z s
g oif = g o1f . = =
§ 0.05F 3 § o005t el =
T -0.05F 3 8 -005 | L =
3 o1F 3 g o1E 3
-0.15F = -0.15F =
-0.2F 3 0.2 3
025 s 3350 45 50 025 s 335 a0 45 B0

P, [GeV] p, [GeV]

g 0255' T T IE g 0255' Trrrrryrrrr T T T T T T T T T T T T T IE
§ o2 4§ o -
€ o155 4 E osg E
g o1F = g oi1F =
§ 0055 3 § 005% 3
5 OoF 3 s OF 3
8 0.05F = 8 -0.05F 3
3 -0 = 3 -01F =
-0.15F E 0.15F 3
02F = -0.2F E
025 g 50 3520 45 50 0 s 5035 20 45 50
p, [GeV] p, [GeV]

Figure 6.20: Comparison between the predicted converted photons efficiencies from electrons
and the nominal modified tight efficiency discussed at the beginning of Section 6.5.1 for converted
photons. The yellow bands account for the sum of the systematic errors discussed in this Section.
The errors on the black points are statistical only, while the red lines represent the quadratic sum
of statistical and systematic errors on the efficiency extrapolated from the W electrons [103].



Chapter 7

Measurement of the Purity of the
Direct Photon Samples

The photon identification strategy, already discussed in the Section 6.5, is optimized to
provide a high efficiency for signal photons. However, these selection criteria do not reject
all the background. In addition, as the simulation cannot be trusted to predict accurately
the fake rate, a data driven method is used to estimate the background and extract the
prompt photon signal. The method employed to compute the fraction of signal ! (2D side-
bands method) relies on the use of the isolation variable and of the shower shape variables
based on the energy measurement in the first layer of the electromagnetic calorimeter. A
variant of this method based on isolation templates has also been developped. It will not
be described here but can be found in [19].

7.1 Two-dimensional sidebands method

The main features of the two-dimensional (2D) sidebands method are that no precise
knowledge of the signal is required, and that the background properties are deduced from
observed data, where one can use simulation only for second-order corrections to the
results. A detailed discussion of this method is presented in the followings Subsections.

7.1.1 Description of the method

This method extrapolates the background rate from “control regions”, dominated by
background, into a “signal region”, which contains a mixture of signal and background.
In this case, the two dimensions are defined by the isolation on one axis, and the “tight-
ness” of the photon candidate on the other axis (see Figure 7.1). One defines the signal
region as the region with isolated candidates (isolation energy lower than 3 GeV) passing
the tight identification criteria, called N4, and three background enriched regions, Npg
non-isolated candidates (isolation energy greater than 5 GeV) passing the shower shape

In a data sample for a centre-of-mass energy collision of /s = 7 TeV and 0.88 pb~! of integrated
luminosity of 2010 LHC runs.

99
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requirements 2, Ng and Np (candidates failing the shower shape criteria and which are
respectively isolated or non-isolated (the criterion that defined the ID cuts choice of N¢
and Np background control regions is explained in the Subsection 7.1.2). A two dimen-
sional plane is illustrated in Figure 7.1. The intermediate region ( 3 < isolation < 5 GeV)
is ignored.

9 T T T T I T T T T T T T I T T T T I T T T T I T T T T I T T T T I T T T T
>
fail tight cuts C D
pass tight cuts A B
| I - I 1| 1 11 1 | I 11 1 | I 11 1 | I 11 1 | I 11 1 | I 11 1 |

5 0 5 10 15 20 25 30 35
ES° [GeV]

Figure 7.1: Tllustration of the two-dimensional plane, defined by means of the isolation and
a subset of the photon identification (ID) variables, from the observed yields N, No and Np
in the three control regions, the background yield in the signal region were the observed total
signal yield is N4. Sketch and caption are taken from [19].

This technique relies on two assumptions:

- The signal contamination in the three background regions is negligible.

- The ratio of isolated to non-isolated background candidates in the non-tight bin
bkg

bkg
<—Z§kg> is equal to the same ratio in the tight bin (%) (i.e. no correlation

between the background isolation and the shape of the DVs of photon ID in the
cells of the first layer).

Using these two assumptions, the signal yield (N5%) and purity (P) can be calculated
with only those four numbers:

N3 =Ny — Ng— (7.1)

2 it means, passing the tight selection criteria
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Figure 7.2: The distributions for the calorimetric isolation variable E(TR<0'4), for tight (solid
dots) and non-tight (open triangles) candidates. The latter is normalized to the former in

E;R<O'4)

the non-isolated region > 5 GeV. The excess of tight candidates over the normalized

Eé«R<O'4)

non-tight candidates in the isolated region < 3 GeV proves the evidence of a signal. [30]

P=1--2_¢ (7.2)

Figure 7.2 shows the application of this method. The distribution of EFEFR<O'4) for the
non-tight candidates is normalized to that of tight candidates, in the non-isolated region
Ep B0 5 5GeV (ie. it is scaled by the Ng/Np factor): the agreement between the two
shapes reinforce the two assumptions that a good background estimation can be obtained
from the non-tight sample, and that the non-isolated regions are fairly free of signal. In
the isolated region EpF<% < 3GeV, a clear excess of tight over normalized non-tight
candidates puts in evidence the presence of a photon signal. The difference between tight
and normalized non-tight candidates is considered as a measurement of the signal yield
in the signal region.

7.1.2 Correction for signal and background correlation
Signal leakage in the control regions

The presence of signal in the control regions is not completely negligible. However, it is
small and this was checked using the prompt photon Monte Carlo sample produced with
PYTHIA: the ratio between the signal in each control region B, C, D and the one in the
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signal region A,

sig
sig
NA

G with i=B,C,D. (7.3)

may be as large as ~ 5% [68]. The complete set of values are displayed in Table 7.1.
As was already mentioned this is then a small correction to the background extraction,
which can anyway be taken into account explicity in the formula for the estimated signal
yield and purity.

Er range | 7. € [0.00,0.60) | 72 € [0.60, 1.37) | 7sa € [L.52, 1.81) | 12 € [L81, 2.37)
[GeV] CB cc ¢p | cB cc ¢ | cB c¢cc c¢p | cB cc  ¢p

[15;20) | 0.03 0.12 0.00 [ 0.03 0.14 0.00 | 0.04 0.07 0.01|0.03 0.14 0.01
[20;25) | 0.04 0.08 0.00 [ 0.05 0.09 0.01]0.06 0.06 0.01]|0.04 0.10 0.01
[25;30) | 0.05 0.06 0.00|0.05 0.06 0.01|0.08 0.05 0.01|0.05 0.08 0.01
[30;35) | 0.06 0.04 0.00|0.06 0.05 0.01|0.08 0.04 0.01|0.07 0.07 0.01
[35;40) | 0.07 0.04 0.01]0.08 0.04 0.01|0.10 0.04 0.01 |0.07 0.06 0.01
[40;50) | 0.08 0.03 0.00 [ 0.10 0.03 0.01]0.11 0.03 0.02|0.08 0.05 0.01
[50;60) | 0.10 0.03 0.01|0.12 0.03 0.01]0.17 0.05 0.01|0.11 0.05 0.01

[60;100) | 0.14 0.02 0.01 | 0.14 0.03 0.01|0.17 0.03 0.05|0.14 0.04 0.02

cg: leakage to tight, non-isolated region,
cc: leakage to non-tight, isolated region,
cp: leakage to non-tight, non-isolated region.

Table 7.1: Fractions of signal leaking into the three control regions, as predicted by PYTHIA, for
all ns2 and Ep regions. Errors are always < 0.01 [30].

The choice of the non-tight region

The choice of the shower shape variable to be used for the definition of the background
control regions is driven by the main criteria of minimize correlations between the isolation
variable and the first layer variables. One would prefer to apply a cut reversal * only using
the cuts on a small subset of shower shape variables that are less correlated with isolation
in the background enriched samples. The better choice would therefore be to revert the
selection criteria on the two variables Fjq4. and wy3, which are evaluated in a narrower
1 region. Reversing the cuts on these two only would be too similar to the one of the
signal, and suffering from statistics. Conversely, w;os makes use of the largest n region,
therefore showing more residual correlation with E£<%4 A reasonable tradeoff has been
found by reverting the requirements on four of the five shower shape variables (all except
Ws o) for defining the background control regions.

3By “cut reversal” it is intended the following: a photon candidate must pass the Photon Loose
selection, but fail the Photon RobustTight selection for at least one of the chosen variables. Several
examples are shown in Figure 7.3
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Even with this configuration, Monte Carlo studies suggest the presence of a residual
correlation of the background, which manifests itself as a difference in the background
E:,1?<0'4 distributions for the tight and non-tight regions. As a consequence, the quantity

bkg bkg
=:§%§g§%ig (7.4)

B Vo
may show substantial deviations from 1. The predicted values from 50 million PYTHIA
JE17 (“jet-jet filtered at pr > 17 GeV”) events, are shown as an example in the Fig-
ure 7.3(blue dots) in different Er bins and integrated over the full pseudorapidity range.
In addition, the R quantity (Equation 7.4) was also computed for the four different pseu-
dorapidities regions considered in this study as a function of Er in Figure 7.6(blue dots).

2 —e— Loose and fails tight cuts

g J‘”f”"f””f””f””_._45fco1andfai|stightcuts
s B ; ; —e— 67fc01 and fails tight cuts
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Figure 7.3: The pseudo-correlation factor (R.) for background between isolation and the
chosen non-tight region are shown for different configurations of cut reversal (see footnote 3 of
the preceding page) in the first layer shower shapes, computed as a function of Ep for photon
candidates in the full pseudorapidity range. In this plot the background photon identification
control region is the standard loose selection (represented by a red point) or obtained by re-
versing the tight identification criteria on two strip variables(Fgqe, ws3), or four strip variables
(Fside, Ws3, AE, Eratio) or on the five strip variables shown in magenta, blue and black points
respectively.

2D sidebands formula taking into account both signal leakage and background
correlations

Since both the background correlation from the simulation and the signal leakage in
the background control regions are found to be small but not negligible, they are taken
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into account in the background determination. The signal leakage in the three control
regions is included by replacing, in Equation 7.1, the observed data yields with the yields
corrected for the expected signal contribution, Ng — Np — cBfog , No — N¢ — ceNJ?,
Np — Np — cDNf)ig , and solving the resulting second order polynomial equation for
Njig . The correlations between the isolation and the shower shape variables are taken
into account by correcting the estimated background yield in the signal region by the

bk
ratio between the true (Nzkg) and the estimated <N]gkg Ne g) background yield, obtained

NpE
from simulated background events. The two corrections can be applied simultaneously in
order to obtain the final measurement of the signal yield and purity in the signal region.
Thus, Equations 7.1 and 7.2 become

. , (NC — cCNjig) NPkE prbke
N3 = Na— | (No = eaN3?) . 4_—D_ (7.5)
<ND—CDNZg> NB NC

Nsig
P= TA (7.6)

The usefulness of the correlation deduced from Monte Carlo can be hinted [90] from
a study of differences of purity relaxing the cuts, either going to loose or relaxing four
strip variables: the difference is smaller if the Monte Carlo correlation factor is taken into
account as seen in Figure 7.4.

The background correlation in the used data sample

The Monte Carlo prediction for the RP*¢ (from Equation 7.4) does not show a clear trend
as a function of Ep, which does not help in diagnosing what to do.

In addition, there is no way to get a handle on the measure of RP*¢ from data, where
it is impossible to disentangle the signal component in region A. Therefore a similiar
quantity is defined across the four regions A’, B’, C’ and D’, located in a very non-
isolated region, which is assumed to be completely signal-free (see Figure 7.5). The
quantity:

Ny NG
~ Ngr NG
which can be measured both on data and Monte Carlo samples, thus having a check on
the reliability of the simulation. The R’ values are displayed in Figure 7.6, for Monte

Carlo (red dots) and data (black triangles). The statistical errors are large, making it
difficult to draw concrete conclusions. One may observe that:

R/

(7.7)

- R’ shows compatibility between data and Monte Carlo (black triangles vs red dots),
apart maybe for the region 0.60 < |ns| < 1.37.

- R’ for data (black triangles) do not show strong evidence of deviation from 1, apart
maybe for the region 0.60 < |ns| < 1.37. For Monte Carlo (red dots) the deviations
seem only a little bit more evident.
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Figure 7.4: Differences in photon purity in data between cases where the background photon

identification control region is taken from: the standard loose and if it is obtained by reversing
the tight identification criteria on four strip variables (Fy;ge, wss, AE, Erqtio). The isolation
transverse energy cut have been varied between 2, 3, 4 and 5 GeV, indicated by black, red,
green and blue colors respectively. Points corresponds to the deviation considering the pseudo-

correlation factor different to one in Equation 7.6, whereas stars mean the deviations assuming

no correlation hypothesis, pseudo-correlation factor equal to one. For these computations a
simulated PYTHIA Minimum Bias sample was used.

non-tight

C’

D’

tight

A’

B’

>6 GeV

>8 GeV

Figure 7.5: The four zones A’,B’,C’ and D’ in a very non-isolated region are used to
validate the Monte Carlo prediction on possible distortions of the background isolation,

between the tight and non-tight samples.
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- On Monte Carlo, R”*& (blue dots) values are a little bit larger than R’ values (but
there is a clear lack of statistics), therefore there is no way to infer RP*¢ from data.
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Figure 7.6: R-factors as functions of Ep, for each |ns| zone. The blue dots are the values
of RPke (computed with Equation 7.4), as predicted by 50 millions PYTHIA JF17 Monte Carlo
events. The red dots are the R values (see Equation 7.7) on the same Monte Carlo sample, while
the black dots are the R’ values are evaluated from data. The figures (a), (b), (c) and (d) are
corresponding to the pseudoradidity regions |nse| < 0.6, 0.6 < |ns2| < 1.37, 1.52 < |nge| < 1.81
and 1.81 < |ns2| < 2.37 respectively. Errors are statistical.

A simple correction for RP*¢ on observed data would produce scattering in the purity
profiles due to the too small statistics of the Monte Carlo when 7 bins are done. Therefore
it has been chosen to evaluate N3® assuming R = 1 in Equation 7.5, and the deviations
from such values are accounted for as systematic errors.
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7.2 Purity results and systematic uncertainties

This section summarizes how the various contributions to the signal yield systematic un-
certainties and central values for the photon signal fraction have been evaluated, when the
photon data sample satisfies the preselection described at the beginning of the Section 6.5.

7.2.1 Results from the 2D sidebands method

The isolated prompt photon purity measured, as a function of the photon reconstructed
transverse energy, is shown in Figure 7.7. The purity and the estimated signal yield in each
pseudorapidity and E7 bin are also summarized in Table 7.2. Both Figure 7.7 and Ta-
ble 7.2 include also the systematic uncertainties on the measured purity and signal yields.
The evaluation of these uncertainties is described in detail in the next Subsection 7.2.2.
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S 1E o —=
B 0.9E- re—— =
o8 > ATLAS E
5 0.7E- =
§ 0.6Ee e Data2010Ns=7 TeV,I Ldt = 880 nb”" 3
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04E- E$o <3GeV systematic uncertainty =
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o 05E 0._6£h1 |<1.37 —=
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Figure 7.7: Fraction of isolated prompt photons as a function of the photon transverse
energy, as obtained with the 2D sideband method [19].
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Er [GeV]  Ngig stat syst  Purity [%] stat [%] syst [%]
In| <0.6
(15,20) 11964 +254  T1070 57.1 +1.0 25
[20,25) 5014  +125 398 66.5 +1.2 +6.2
(25, 30) 2577 473 1202 76.9 +1.2 t6.1
[30, 35) 1461  +50 %8 82.7 +1.4 +5.0
[35, 40) 815 +35 119 86.9 +1.5 153
[40, 50) 767 £33 32 89.7 +1.4 +5.7
(50, 60) 320 20 1T 93.8 +1.6 +48
[60, 100) 329 +20 1 96.2 +1.7 5.7
0.6 < |n| < 1.37
(15, 20) 12989 4395 1007 42.7 +1.2 FI5T
[20, 25) 5782 +175 1232 55.9 414 +122
(25, 30) 3057 498 T30 67.3 +1.5 +10.1
(30, 35) 1605  +63  T138 73.9 +1.8 +8.6
(35, 40) 1024  +43  *88 82.8 +1.9 +7.0
[40, 50) 982  +41 93 85.2 +1.8 180
[50, 60) 420 +24 T3 92.3 +2.0 +rl
(60, 100) 373 +23 +ae 91.2 499 83
1.52 < |n| < 1.81
[15,20) 7224 £221 010 49.3 113 FIIT
20, 25) 3038 £101 359 63.1 +1.5 t84
[25, 30) 1345 459 150 70.0 +2.0 +8.3
[30,35) 731 438 R 78.1 +2.3 +9.9
[35,40) 441 x21 13 84.4 +2.4 +9:6
[40,50) 3r8 422 3 91.7 +1.8 6T
[50,60) 47 416 9 97.2 +4.3 o5
[60, 100) 154 +12 TP 96.4 +£2.6 M
1.81 < [n[ < 2.37
[15,20) 8568  +276 T oot 49.2 +1.4 TT¥
[20,25) 3926  +132 519 61.7 +1.6 +9:2
(25, 30) 2058  +71 22 75.2 +1.6 +8.2
(30, 35) 1093 448 L7 79.1 £2.0 +84
35,40) 615  +£34 TS 81.0 +2.5 +8.0
40, 50) 619 435 79 81.3 4+2.6 92
(50, 60) 217 +20 3] 90.7 +2.7 8.8
[60, 100) 264 19  F3L 91.7 +2.8 +1o.7

Table 7.2: Observed signal yields and purities as obtained from the 2D sidebands counting

method. The photons are required to be reconstructed in the pseudorapidity range shown in

the Table. The statistical uncertainty on the signal yield includes the contribution from Poisson

fluctuations of the various components of Equations 7.5

and 7.6 [32].
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7.2.2 Systematic uncertainties on the 2D sidebands method

The main sources of systematic uncertainties are listed below [30]:

- Background non-tight control regions: the non-tight definition may be varied,
by reversing RobustTight cuts on two variables only (wss, Fiqe) or on five vari-

ables (wss, Fside, AE, Eratio, Wstoy) — instead of the four standard variables.
systematic effect on the purity is typically around +3%.

The

- Background in non-isolated control region: the lower boundary for EX<%4 may
be varied from the standard 5 GeV value to 4 GeV or 6 GeV. An upper boundary
may also be introduced, equal to 10 or 15 GeV (by default no upper boundary is

used). The effects of these variations on the purity are usually less than £1%.

- Signal leakage into control regions: this amount is estimated from Monte Carlo,
for both the non-tight and non-isolated regions. However, it is a known issue that the
Monte Carlo does not model correctly the shower shape, being generally broader in
the real data. For this reason, the nominal efficiency of RobustTight cuts is lowered

by 5% (absolute), making the leakage to the non-tight region larger. Moreover,

the

mixture of hard/fragmentation photons is changed, up to the extreme conditions
of pure hard photons and pure fragmentation photons. The overall effect of these

changes on the purity ranges from £3% to £5%.

- Signal event simulation: the purity measurement has been repeated using sam-
ples simulated with HERWIG and PYTHIA to estimate the fraction of signal leaking

into the three background control regions.

- Background correlations: The introduction of RP¢ correction into Equation 7.6
would yield higher /lower purity values, whether RP*¢ be lower /higher than 1. Since
the values of RP¢ oscillate significantly and have large errors, it has been chosen
to quote only average effects in each 7, region, by averaging through the full Er
interval. Calling /) and Pr + op, the purities evaluated without and with the RPke
correction (where op, comes from the uncertainty of R%8), a weighted average is
evaluated for all AP = (Pr — Py) &+ 0p, in the same 7, region, and the sum of this
average and its uncertainty is quoted as systematic. The effect is < 0.5% for each

of the Barrel regions, and ~ 3.5% for each of the Endcap regions.

The various systematic uncertainty sources and the corresponding uncertainties on the
signal yield are summarized in the Table 7.3 (the values for last 7 bin are only illustrative
and have not been used in the paper [19]). One can note that for converted photons
there is another method to study purity, looking at pr/E7 of conversion. Figure 7.8
shows [4, 56| the distribution of the data (for double track conversions starting in the
Silicium detector and an integrated luminosity of 62 nb~!) superimposed to Monte Carlo
for direct photon signal and background. One sees that the purity is very large. However

this method was not used in a quantitative way here.
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Figure 7.8: pp/E7p for converted photon candidates. Signal and background MC are represented
in lines green and red respectively, while data is shown in black points. This plot was performed
with 62 nb™! of integrated luminosity. Converted photons candidates were required to pass the
following selection: two-tracks reconstructed conversions (having hits in the Silicium detector),
pr bigger than 20 GeV, E:,@<0'4 < 3 GeV. This plot was taken from [4].
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Er [GeV| tight-ID isolation leakage in HERWIG leakage in  Background
ctrl-region  ctrl-region  non-iso region  vs PYTHIA non-ID region correlation
Inl <0.6

[15,20) TTea Tois i +156 Tiso +84
[20,25) Ties b o +76 BT £30
[25,30) BT B 7 +10 +76 413
130,35) 5 5 5 +0 e £7
35, 40) T s 39 +6 T2 +4
[40,50) s o 3 +12 +22 +3
[50,60) i i e +4 2 +1
[60, 100) a1 i 7 +6 it +1

0.6 < |n| < 1.37
5,20 (N i T Tam T Tis3
120,25) Hi L S +and £62
[25, 30) +396 2 e +20 MV +27
[30,35) o 10 B £10 o +13
[35,40) 'S A 3 +12 +63 +7
[40,50) o T o +13 Y +7
[50, 60) 9 * 0 +4 2 +3
[60, 100) 0° e 5 +7 2 +2

1.52 < |n| < 1.81
[15,20) oo s o6 +84 T3t +469
[20,25) W o aend +£60 AT +154
[25,30) iy e e £2 e +61
130, 35) 0 ks ST +3 LY £30
35, 40) o 5 s +5 2 17
[40, 50) e +3 3 +2 7 +13
[50, 60) 2 + T +6 9 +5
[60, 100) W 9 +2 +0 + +5

1.81 <|n| < 2.37
[15,20) Ties oo T35 +92 EtH +627
[20, 25) 328 32 i +130 T130 +229
[25,30) 5 T o +23 o £99
[30,35) 50 P i +12 12 +50
[35, 40) T e e +6 i +27
(40, 50) s o % +14 % +£27
[50, 60) s 2 B +8 ry +11
[60, 100) ji A 2 +11 9 +10

Table 7.3: Systematic uncertainties, for the different E7 and 7 intervals, on the estimated
number of signal photons [32].
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7.3 Background from mis-identified electrons

The contamination of the photon sample from isolated electrons is estimated in this
section. Prompt electrons with low isolation energy and passing the calorimeter-based
Robust tight identification criteria may bias the selected photon sample has been eval-
uated using a purely Monte Carlo based method, which involved counting the number of
photon candidates passing the analysis cuts that are matched to true electrons.

7.3.1 Significance of electron contamination

Electrons are produced by two main processes: the dominant one is from hadron decays
(mostly from Heavy Flavors, called (egr)), the second is from decays of Electroweak parti-
cles (labelled as (egw), mainly W, secondarily Z, 7 decays). While electrons from the HF
are often associated with jets, and are therefore characterized by large E7}3<0'4 values, as
is shown in the Figure 7.9, those from the latter process are more isolated and therefore
more similar to signal photons.

-
oo
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o
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Calorimetric Isolation [GeV]

Figure 7.9: Calorimetric isolation for electrons produced in hadron decays, as predicted by the
PYTHIA JF17 Monte Carlo sample.

The 2D sidebands method discussed in Section 7.1 has been designed to reject jet
background and is therefore expected to account for most electrons from hadron decays.
To check this, several Monte Carlo tests have been carried out, based on JF17 and JF35
PYTHIA samples. First, the existence of a correlation across the four regions A, B, C and
D (Figure 7.1), has been checked, by evaluating:

E€HF \JECHF
NA ND

ReHF —
€HF N\JECHF
N B N C

(7.8)

which has a value compatible with 1 meaning that the heavy flavor background across
the four regions is uncorrelated.
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Figure 7.10: Significance of electron contamination on Ry for the Monte Carlo JF17 as a
function of pr with different configurations of electron fractions. In the left plot are shown
the Ry with and without electrons, and a configuration where the fraction of electrons was
multiplied by a factor 2, in blue, red and black respectively. In the right plot are shown the
ARy values of some of the configurations used in the left plot are shown. Errors are statistical
only.

One can see in Figure 7.10(left) the Ry values for the Monte Carlo JF17 (“jet-jet
filtered at pr > 17 GeV”) as a function of pr with and without the electrons, and also
multiplying the fraction of electrons by a factor 2 (for heavy flavours it may take into
account in a pessimistic way systematic uncertainties).

In Figure 7.10(right), one sees the difference of the Ryc between a comparition with
the default Monte Carlo and without any electron (and also with twice the number of
electrons). One sees at low pp, where the electrons are mainly coming from heavy flavors
a systematic negative trend, in agreement with the fact that photon candidates which are
electrons coming from heavy flavors are less isolated than normal photon candidates. At
high pr one sees the opposite trend (because photons which are electrons from Z and W
are more isolated than normal photon candidates).

In the following Subsection, the characteristics of electrons from both sources are
shown, and a contamination from isolated electrons is provided.

Counting Monte Carlo method

In the Table 7.4 the number of photon candidates passing the analysis cuts are shown as
well as their contribution from misidentified electrons, for the three PYTHIA Monte Carlo
samples (JF17, JF35 and JF70. “jet-jet filtered at pr > 17, 35 and 70 GeV, respectively”).
One sees a larger fraction for JF35 due to the importance of W's and Z’s in this sample.

Meanwhile, in Table 7.5 one of the main characteristic related to the isolation of the
electrons faking photons is displayed.
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Process Number of events N, N, N,./N,
JF17 (“jet-jet filtered at pr >17 GeV”) 10 millions 21655 97 (0.45 4 0.05)%
JF35 (“jet-jet filtered at pr >35 GeV”) 5 millions 7627 96 (1.3+0.1)%
JET0 (“et-jet filtered at pr >70 GeV”) 100 thousands 1306 4 (03+0.1)%

Table 7.4: Electron contribution to photon impurity on each Monte Carlo sample. N, is
the total number of photon candidates passing the adopted selection, IV,, are those due to
misidentified electrons. The errors on N, /N, are statistical.

isolated (EF<"1 < 3 GeV) | non-isolated (EFX<01 > 5 GeV)
electron origin | JF17 JF35 JE17 JF35
W= 40.2% 66.7% 0.6% 5.9%
B° 12.4% 2.1% 34.6% 41.2%
B* 12.4% — 29.5% 23.5%
J/ 11.3% — 5.8% 8.8%
A 4.1% 24.0% 0.6% —
0 4.1% 1.0% 2.6% 2.9%
T 4.1% 1.0% 0.6% 5.9%
T* 3.1% 1.0% 0.6% —
D* 2.1% — — —
B 2.1% — 7.0% 8.8%
n 1.0% 1.0% 2.6% —
D° 1.0% — 5.8% —
D* — — 1.9% —

Table 7.5: Parent particles of electrons faking photons, passing tight cuts. In the 2nd and 3rd
columns, the isolation cut is also satisfied, while in 4th and 5th column the non-isolation cut is

applied.

Data-driven method

In addition, a data-driven method which involves the measurement of the electron-photon
fake rate from collision data was performed. It consists in looking at e~y pairs reconstructed
with an invariant mass close to the Z-mass, an e — ~ fake rate is inferred at the level
of ~ 8%. This value, applied to the inclusive production cross-section of isolated elec-
trons (originated mainly by W decays, secondarily by Z,7 decays), implies an average
contamination of ~ 0.5% in the photon selected sample. Due to the different p7 spectra
of electrons from W ( peaked around 40 GeV) and of prompt photons (exponentially
decreasing as pr increases), the electron contamination is not uniform over the Er range,
exhibiting its maximum value of 2.5% between 40 and 50 GeV. Electrons from hadron
decays would produce a relatively higher contamination, but since they are not isolated,
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they are removed by the 2D sidebands method (at the percent level described in the be-
ginning of the paragraph). Further details about this data driven method presented in

this subsection are outline in [30, 123].



Chapter 8

Inclusive Isolated Prompt Photon
Cross Section Measurement

In this chapter, the inclusive isolated prompt photon cross section measurement [19] is
presented, as well as the systematic uncertainties that affects this measurement, for a
centre-of-mass energy collision of /s = 7 TeV and 0.88 pb~! of integrated luminosity *.
Moreover, the measured photon cross section is then compared with theoretical predictions
performed at full NLO pQCD.

8.1 The cross section

The inclusive photon cross section is defined as a function of the FE7 of the photon
according to the following equation:

do Nyiela U (8.1)
dE% n (f Edt) AE% €trigger €reco €ID .
where Nyieq is the observed signal yield, which is divided by the widths of the Ep-
intervals (AEY.) and by the product of the photon identification efficiency (erp, determined
in Section 6.5) and of trigger efficiency relative to photon candidates passing the identi-
fication criteria (€yigger, discussed in Section C.4.2). The spectrum obtained this way, is
then corrected using bin-by-bin correction factors (the “unfolding coefficients”, see next
Section 8.2), and is divided by the photon reconstruction efficiency €0 (Section C.4.1)
and by the integrated luminosity of the data sample, [ Ldt.

8.2 Unfolding coefficients

The measured photon pr spectrum shape depends on the efficiency of the photon iden-
tification cuts, and on the detector acceptance and resolution. These dependencies must

'For a data sample collected by the ATLAS detector with LHC 2010 runs up to August 2010.
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be removed from the measurement, in order to compare the result to the theoretical
predictions (Section 8.4). This procedure is called “unfolding” of the cross section.

The unfolding coefficients are evaluated from the ratio of the true to reconstructed Er
distributions of the photon candidates, using simulated isolated prompt photon samples
produced with PYTHIA LO. The unfolding coefficients are computed bin by bin in pr and
pseudorapidity as is defined in Equation 8.2. This procedure is justified by the small
bin-to-bin migrations (typically of the order of a few %) that are expected. One can note
that the standard deviation of the transverse energy smearing is smaller than the bin size,
given the electromagnetic calorimeter energy resolution and the width of the bins in this
analysis (5 to 40 GeV).

Bin-by-bin unfolding matrices

The bin-by-bin unfolding matrices are the diagonal matrices of the inverse of the gener-
alized efficiencies, U} = ujd;;.

uk o N7 (nk,l S |771?:sco’ < Nk,2, E’ilg,?reco < BGGV, ET,i,l S ET,true < ET,i,Z) (8 2)
"ONY (e < [nieco] < M2y BSeey < 3GeV, Eri1 < Eryeco < Eryi2) ‘

T ,reco

The unfolding coefficients uf values for all the Er and pseudorapidity ranges are
summarized in Table 8.1 and displayed in Figure 8.1. One can note that the unfolding
coefficients are larger than 1, due to the low pr tails in the photon energy reconstruction
(if we had a gaussian distribution for the uncertainty the unfolding coefficients would be
slightly smaller than 1) see Subsection 8.3.2.

Er [GeV] 0.00 < ['] <0.60 0.60< || <1.37 152<|p| <181 1.81< |n7|<2.37

[15 — 20) 1.021 £+ 0.003 1.066 + 0.004 1.031 £ 0.007 1.055 £ 0.004
[20 — 25) 1.018 £ 0.001 1.052 £ 0.002 1.046 = 0.003 1.035 £ 0.001
[25 — 30) 1.016 + 0.002 1.046 £+ 0.002 1.054 £ 0.005 1.028 + 0.002
[30 — 35) 1.009 + 0.003 1.051 £ 0.004 1.035 £ 0.007 1.028 £ 0.004
[35 — 40) 1.007 £ 0.005 1.037 £ 0.005 1.049 £ 0.011 1.019 £ 0.005
[40 — 50) 1.004 £ 0.004 1.029 £ 0.004 1.043 £ 0.008 1.013 £ 0.004
[50 — 60) 1.006 + 0.007 1.017 £ 0.007 1.017 £ 0.012 1.022 £+ 0.008
[60 — 100) 0.991 + 0.006 1.017 £ 0.006 1.037 £ 0.011 1.009 + 0.006

Table 8.1: The bin-by-bin unfolding coefficients as defined in Equation 8.2.

Parton vs. particle isolation

In order to check the impact of applying the isolation requirement at the parton- or
particle-level, the cross section was computed separately for each case. Figure 8.2 shows
the ratio of the measured differential cross section computed using a particle-level isolation
requirement to that using a parton-level isolation requirement. The differences in all
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Figure 8.1: Bin-by-bin transverse energy unfolding coefficients as determined from a simulation
of prompt photons. Top left: [n7| < 0.6. Top right: 0.6 < |7| < 1.37. Bottom: 1.52 < [7] <
1.81 Bottom left: 1.52 < |n?| < 1.81 Bottom right: 1.81 < |n7| < 2.37.

regions of transverse energy and pseudorapidity are small, at the 1% level, indicating the
robustness of the isolation prescription to the effects of hadronization.

E, bin

(a) PYTHIA

E, bin

0997748

0998142

(b) HERWIG

Figure 8.2: Ratio of the measured differential cross section using a parton-level isolation re-
quirement of 4 GeV to that using a particle-level isolation cut at 4 GeV, with unfolding factors
computed using prompt photons from PYTHIA (left) and HERWIG (right). In all cases the dif-
ferences are less than 1% for PYTHIA, and less than 3% for HERWIG. Figures and caption taken

from [32].
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8.3 Cross section results and systematic uncertain-

ties

8.3.1 Results

The cross sections measured using the 2D sidebands method technique are listed in Ta-
ble 8.2. Correlated systematic uncertainties have been added linearly, uncorrelated un-
certainties have been added in quadrature.

E;ﬁ do stat syst syst syst syst syst total
= (purity) (efficiency)  (en. scale) (unfolding) (luminosity) uncertainty
[GeV] [nb/GeV] [nb/GeV] [nb/GeV] [nb/GeV] [nb/GeV] [nb/GeV] [nb/GeV] [nb/GeV]
[n7] < 0.6
[15,20) 524 +0.11 Toss +£0.81 oo +0.11 +0.58 +1.3
[20,25)  1.88 +0.05 o +0.21 ol +0.04 +0.21 +0.36
[25,30)  0.88 +0.03 +0.07 +0.08 Tooe +0.02 +0.10 toas
[30,35)  0.461 +0.016 552 +0.035 0016 £0.009 +0.05 £0.07
[35,40)  0.254 +0011  FEGE £0.019 0035 £0.005 +£0.028 £0.04
[40,50)  0.115 £0.005 G008 +0.007 0 toe +0.0023 +£0.013 +o.017
[50,60)  0.050 £0003 LG £0.003  FOOGE +0.001 +0.005 +0.008
(60,100)  0.0120 +0.0007  TJE007 +0.0006 +0.0013 +0.0002 +0.0013 +0-0019
0.6 < || < 1.37
[15,20) 5.9 +0.2 8 +1.0 o6 +0.1 +0.6 123
[20,25)  2.23 +0.07 o +0.28 T +0.04 +0.24 +0-6
25,30)  1.05 +0.03 o6 +0.10 o0 +£0.021 +0.12 +024
[30,35)  0.52 +0.02 008 +0.04 o0 +0.011 +0.06 +0.11
[35,40)  0.313 0014 TOEH 0024 0058 +0.006 +0.034 +0.06
[40,50)  0.146 £0.006  Too £0.009 o0 +0.003 +0.016 +0.025
[50,60)  0.062 +0.004 o002 +0.003 +o.006 +0.001 +0.007 +o.010
[60,100)  0.0138 +£0.0008 o000 £0.0007 oS +0.0003 +0.0015 +0.0025
1.52 < |n7] < 1.81

[15,20) 2.9 +0.1 Bl +0.5 Bl £0.1 +0.3 ol
[20,25)  1.12 +0.04 o0s +0.16 o8 £0.02 +0.12 +0.27
[25,30) 047 +0.02 o0 +£0.05 +0.05 +£0.01 +0.05 +0.11
[30,35) 0240 £0013 GG +0.023 Ho0a +0.005 +0.026 +0.052
[35,40)  0.142 £0.009  TOG5 #0012 oo +0.0032  +0.016 +0.030
40,50)  0.062 +0.004  TO003 +0.005 o ooe +0.0013 £0.007 to.oul
[50,60)  0.0237 +0.0025 0026 +0.0019 RrSrrre +0.0005 +0.003 +0.005
[60,100)  0.0066 £0.0005  FH008 +0.0005 ot £0.0002 £0.0007 Ho.o0ns

Table 8.2: The measured isolated prompt photon production cross section. The systematic

uncertainties originating from the purity measurement, the photon selection, the photon energy

scale, the unfolding procedure and the luminosity are shown. The total uncertainty includes both

the statistical and all systematic uncertainties, except for the uncertainty on the luminosity [19].
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8.3.2 Systematic uncertainties
Purity

Uncertainties associated to the estimation of the number of signal events are described
in detail in Section 7.2.2, and its values are listed in Table 7.3. The uncertainty from
the electron contamination was also taken into account and added in quadrature to the
uncertainty on the signal photon yield. In addition, the potential bias introduced by the
PYTHIA fragmentation model was evaluated by varying the background rates of neutral
hadrons (like 7’s, 7 ’s and w’s) by 50%; the effects found are covered by systematics
associated with the construction of the background control-region from the reverse-cuts
procedure. Total signal yield relative uncertainties are propagated into the cross-section
measurement, assuming no correlation between them and the uncertainties related to the
unfolding procedure, efficiency, energy scale, or luminosity.

Reconstruction, identification, trigger

Uncertainties on the reconstruction and identification efficiencies are evaluated together,
as is outlined in detail in [103]. Uncertainty values are shown in Section 6.5. Between the
uncertainties which contribute to this measurement, the largest effects are due to material
effects (ranging from 1-8% absolute uncertainties, largest at low E7.) and the uncertainty
associated with the shower-shape-corrected efficiency estimates from simulation (ranging
from 1-5% absolute uncertainties, largest at low EJ.).

The uncertainty on the trigger efficiency (0.5%) is very small.

Luminosity

The integrated luminosities are calculated during runs by measuring interaction rates
using several ATLAS devices (LUCID = LUminosity using Cherenkov Integrating Detector
and the BCM = Beam Conditions Monitor - see [156] for more descriptions) at small angles
to the beam direction, with the absolute calibration obtained from Van der Meer scans.
The relative systematic uncertainty on the luminosity measurement is estimated to be
11% 2 [18] and translates into a 11% of relative uncertainty on the cross-section.

Unfolding coefficients

The unfolding coefficients used to correct the measured cross-section for E7 bin-by-bin
migrations are taken from the simulations. There are three sources of uncertainties on
these corrections.

- Energy scale uncertainty.
The energy-scale uncertainty is taken from test beams studies, which quoted a 3%
error [47]. It is below this value from the comparison of the Z — e~ e™ invariant mass
peak in data and Monte Carlo. The unfolding coefficients are thus recomputed using

2At the time of this 1% ~ analysis
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simulated signal events where the true photon energy is shifted by +3% (shown in
Figure 8.3). The coefficients change by +£10%. This uncertainty introduces a relative
uncertainty of about 10% on the measured cross section which is fully correlated
between the different Er intervals within each pseudorapidity range.
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Figure 8.3: Bin-by-bin transverse energy unfolding factors as determined from a simulation
of prompt photons: nominal energy scale (full black dots), and after shifting the true photon
energy by —3% (red open squares) or +3% (blue open triangles).

- Energy resolution uncertainty.
The uncertainty on the energy resolution may affect bin-by-bin migrations between
adjacent FEp bins. Test beam studies indicated that the sampling term of the
resolution agreement between data and MC lies within 10-20% relative. Z — eTe™
invariant mass resolution studies in data seems to indicate that a constant term of
the calorimeter energy resolution is below 1.5% in the barrel and 3.0% in the end-cap
(it is 0.7% in the simulation). The unfolding coefficients are thus recomputed after
the reconstructed energy of simulated photon smearing to take into account a 20%
relative increase of the sampling term and a constant term of 1.5% in the barrel
and 3.0% in the end-cap. The resulting variation of the unfolding coefficients is
always less than 1%. The uncertainty arising from non-gaussian tails of the energy
resolution function is estimated by recomputing the coefficients using a prompt
photon simulation where a significant amount of material is added to the detector
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model ®. As is shown in Figure 8.4, the variations of the unfolding coefficients are
smaller than 1% in all the pseudorapidity and transverse energy intervals under
study. When combined with the energy scale uncertainty, the uncertainty from the
energy resolution therefore is negligible.
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Figure 8.4: Bin-by-bin transverse energy unfolding factors as determined from a simulation of
direct photons, after correcting the energy scale for the average energy loss in upstream material:
nominal geometry (full black dots), and alternative geometry with additional material in the
inner detector, the calorimeter cryostat, and several services.

- Sitmulated photon transverse enerqy distribution.

The uncertainty from the PYTHIA FEp distribution is estimated by repeating the
cross-section measurement with an alternative unfolding technique outlined in Ref-
erence [120], which relies on the repeated application of Bayes’ theorem to iteratively
obtain an improved estimate of the unfolded spectrum. This technique relies less on
the simulated original E7p distribution of the prompt photons. The differences be-
tween the cross-sections estimated using the bin-by-bin unfolding and the iterative
Bayesian unfolding are within 2%. In Figure 8.5, one sees that differences between
the two results are small.

3We use the same geometry to study material-related systematic uncertainties on the photon efficiency,
already discussed in Section 6.5.
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Figure 8.5: Measured cross sections, with the iterative and the bin-by-bin unfolding approaches,
normalized to the central values obtained with the bin-by-bin unfolding. Uncertainties are purely
statistical. Top left: |n7| < 0.6. Top right: 0.6 < |n7| < 1.37. Bottom: 1.52 < |n7| < 1.81.

8.4 Theoretical prediction

The NLO pQCD predictions to the isolated prompt photon production cross section were
determined using the JETPHOX * Monte Carlo Program [7, 104]. This is written as a par-
tonic event generator and calculates predictions including both direct and fragmentation
processes (already discussed in Section 2.2). JETPHOX calculations are done in two parts.
The first is the full NLO ~j, matrix element (including therefore jj). The second part
is a NLO matrix element for jj final states (including therefore jjj), followed by a jet
fragmenting into photon. The code allows the specification of several parameters like
kinematics range, isolation settings, PDFs and fragmentation functions.
The choice of parameters and uncertainties are listed below:

- Isolation criterion used in these calculations is described as the following:
A photon is isolated if, inside a cone centered around the photon direction in the
rapidity and azimuthal angle plane, the amount of hadronic transverse momentum

4code version 1.2.2
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phad deposited is smaller than some value:

for (n—n,)°+(¢p—¢,)° <R, pd< s (8.3)

The parton cut value that matches the 3 GeV cut at experimental level varies across
different pseudorapidity bins. A sensitive mean value of 4 GeV in a cone of R = 0.4
has been chosen to compute the NLO cross section. The uncertainty on the parton
level isolation cut has been evaluated by varing the cut between +2 GeV. This
changes the predicted cross section by 2% at most.

- Scales: the changes in the theoretical cross section due to the variation of the
scales provide an estimation of the size of the higher order terms which have not
been considered in the fixed-order calculation. In order to measure the dependence
of the prediction with the renormalization, factorization and fragmentation scales,
the scale uncertainty has been evaluated by varying these three scales independently
between 0.5 and 2.0 times the nominal scale. This leads to a change of the predicted
cross section between 20% at low Ep and 10% at high Er.

- PDF: the predicted cross section depends on the particular PDFs employed in
the calculation. The uncertainty on the cross section has been obtained by varing
the PDFs within the 68% C.L. intervals. The corresponding uncertainty on the
cross section varies between 5% and 2% as Ep increases between 15 and 100 GeV.
NLO photon fragmentation [100] and the CTEQ 6.6 parton density functions [188]
provided by the LHAPDF package [214] are used. The MSTW 2008 PDFs [177] are
used as a cross-check of the choice of PDF. The central values obtained with the
MSTW 2008 PDFs are between 3% and 5% higher than those predicted using the
CTEQ 6.6. PDFs.

The results obtained are listed in Tables 8.3 and 8.4.
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E]. d‘iﬁ’% stat scale PDF isolation tot
[GeV] [nb/GeV] [nb/GeV] [nb/GeV] [nb/GeV] [nb/GeV] [nb/GeV]
7| < 0.6
[15,20)  6.7797  +0.0143  T1-3020 oA 401356 Thanad
[20,25)  2.3839  +0.0086 94329 100992 40.0477  FOddco
25,30)  1.0109  +0.0057  919%  f00se0  +£0.0202  FPI0R
[30,35)  0.5045  +0.0040  *9:0%41 100558 40,0101 FOL015
35,40)  0.2774  +0.0008 99100 00068 40.0055 034
[40,50)  0.1273  +0.0008 99167 00047 40.0025 99T
[50,60)  0.0515  +0.0005 90965 00013 40.0010  +Q.9007
[60,100)  0.0121  +0.0002  F5:0014 +0.0008  40.0002 o401
0.6 < |n7| < 1.37
[15,20) 85265  +£0.0179 ~ *+1gis3 02595 401705  tLGTTS
[20,25)  3.0013  +0.0107 9330 fOO%ES  4£0.0600  FO:55%
25,30)  1.2768  4+0.0071  *TO17%% O 40.0255 OB
[30,35)  0.6409  +0.0050  T9-20%8 00216 400128  +OL088
[35,40)  0.3443  40.0010  F9-9510 00102 40,0069  FO9528
[40,50)  0.1609  =+0.0009 99213 100023 40.0032 9927
[50,60)  0.0653  +0.0006 9999 +0.0020 10,0013 +O.909
[60,100)  0.0154  40.0003  +J9018 +0-0008  40.0003 90019
1.52 < 7| < 1.81
[15,20)  3.0809  40.0064  +3:979 00898 40.0616 94178
[20,25)  1.0974  40.0039  *TO19%2 O £0.0219  t9 193
25,30)  0.4609  4+0.0026 Q5727 ool £0.0092  tporte
30,35)  0.2330  +0.0018  F9:93%° HO00TT  4£0.0047 90367
[35,40)  0.1259  +0.0003 00193 00080 40.0025 9917
[40,50)  0.0582  40.0003 o583 tooole 40.0012  Fpo08s
[50,60)  0.0243  +£0.0002 39932 00002 40.0005 99933
[60,100)  0.0057  +0.0001  +9-0907 00 40.0001  FO-5007

Table 8.3: NLO pQCD isolated prompt photon production cross section computed with JETPHOX

1.2.2 using CTEQ 6.6 PDFs.
scales are set to the photon transverse energy (uy = pup = pup = EJ.). Scale errors are evaluated

The nominal factorization, fragmentation and renormalization

by varying the three scales independently between 0.5 x EJ. and 2 x EJ.. PDF errors correspond
to 68% CL PDF uncertainties [32].
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E]. d‘iﬁ’% stat scale PDF isolation tot
[GeV] [nb/GeV] [nb/GeV] [nb/GeV] [nb/GeV] [nb/GeV] [nb/GeV]
7| < 0.6
[15,20)  6.9598  +0.0148 13089 1O1898 401392 19890
[20,25) 24806  +£0.0090 Y436 00243 40,0496 94470
[25,30)  1.0568  +0.0059 91617 +0.047 40,0211 F916%0
[30,35)  0.5365  +0.0042 01069 +0.0309 40,0107 *OLLLS
[35,40)  0.2870  +£0.0008 39448 00053 40.0057 904
[40,50)  0.1341  =+0.0008 99175 00013 40,0027 o078
[50,60)  0.0542  £0.0005 3997 100024 40,0011 99088
[60,100)  0.0128  +0.0002 90915 00001 +0.0003  F9-0018
0.6 < || <1.37
[15,20) 87278  +0.0185 17328 o182 400746 TLTOYS
[20,25)  3.1223  +0.0112 05081 o041t 00624 5781
[25,30)  1.3412  +0.0074 92178 00395 10.0268 102230
[30,35)  0.6733  +0.0053 91132 00412 400135 @ +Qi2L2
[35,40)  0.3606  40.0010 3978 HO.008T  40.0072 109589
[40,50)  0.1680  +0.0010 99228 00011 40,0034 F9:0231
[50,60)  0.0689  +0.0006  F9:0993 +0.0025 40,0014  +O9097
[60,100)  0.0162  +0.0003  +3:5020 +0-0001  4£0.0003 99920
1.52 < 7| < 1.81
[15,20)  3.1519  =+0.0066 99359 00720 40,0630 99430
[20,25)  1.1332  +0.0040 19209 00215 10,0227 @ tQ2l1s
[25,30)  0.4811  +0.0027 90837 00058 40.0096 90544
[30,35)  0.2446  +0.0019 99460 100083 40.0049 90470
[35,40)  0.1316  +0.0004 90299 00018 40.0026 992l
[40,50)  0.0611  +0.0004 99991 +0.0005  40.0012  F9:0092
[50,60)  0.0251  +0.0002  *9:9932 +0-0008  40.0005 99931
[60,100)  0.0059  +0.0001  +9-0008 Ho.0001 40.0001 99008

Table 8.4: NLO pQCD isolated prompt photon production cross section computed with JETPHOX
1.2.2 using MSTW 2008 PDFs. The nominal factorization, fragmentation and renormalization

scales are set to the photon transverse energy (uy = pup = pup = EJ.). Scale errors are evaluated

by varying the three scales independently between 0.5 x EJ. and 2.0 x EJ.. PDF errors correspond
to 68% CL PDF uncertainties [32].
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8.5 Comparison between theory and data and Con-
clusion

The measured differential cross-section are plotted, with the theoretical cross-sections
overlaid in different 7 regions. In Figures 8.6, 8.7 and 8.8 the CTEQ66 PDF's have been
used to compute the theoretical cross sections. In Figures 8.11, 8.10 and 8.11 similar
plots are shown by using the MSTWO08 PDFs. The ratio of data to theory is also plot-
ted, showing the relative deviation of the measured cross section from the predicted one
across the full Ep range on a linear scale. The error bars represent the combination of
statistical and systematic uncertainties, but are dominated by systematic uncertainties in
all regions. The luminosity uncertainty is plotted separately.

The NLO pQCD predictions agree with the observed cross sections for transverse en-
ergies greater than 25 GeV, while for transverse energies below 25 GeV the cross sections
predicted by JETPHOX are higher than measured. However, the precision of this compar-
ison below 25 GeV is limited by large systematic uncertainties on the measurement and
on the theoretical predictions at such low values of xp = 2E7./4/s.

The measured prompt photon production cross section is more than a factor of 30
larger than that measured at the Tevatron, and a factor 10* larger than photoproduction
at HERA, assuming a similar kinematic range in transverse energy and pseudorapidity.
This will allow the extension of the measurement up to energies in the TeV range after
only few years of data-taking at the LHC.



Chapter 8. Inclusive Isolated Prompt Photon Cross Section Measurement 128
‘_I_| T T T LI LI T LI LI | T LI | LI LI LI
> 10 ATLAS =

5t I
O - e Data 2010, | Ldt =880 nb -
o N i

R 3 —— ---- luminosity uncertainty
107 E —+ — JETPHOX NLO pQCD E
O — —— v -
_8 B —— CTEQ 6.6, j,tf=uF=1,tR=ET 5
1 02 - — JETPHOX systematic uncertainty__
s e -
- \Ns=7TeV -

®
10 <06 =
- ES° < 3 GeV ]
1 ; 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 I?
E.‘ 1 .4 :; T T T T T T T T T T '_:
12k .
= 1F |
a L L e e e L e 3
= 0.85—_ E
T 0.6 o
90 100
Y

E! [GeV]

Figure 8.6: Measured vs expected inclusive prompt photon production cross section, for photons

with transverse energies above 15 GeV and in the pseudorapidity range || < 0.6. Results with
the 2D sideband method. The CTEQ6.6 PDF's are used in the theoretical computation [19].
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Figure 8.7: Measured vs expected inclusive prompt photon production cross section, for pho-

tons with transverse energies above 15 GeV and in the pseudorapidity range 0.6 < |n7| < 1.37.
Results with the 2D sideband method. The CTEQ6.6 PDFs are used in the theoretical compu-

tation [19].
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Figure 8.8: Measured vs expected inclusive prompt photon production cross section, for pho-
tons with transverse energies above 15 GeV and in the pseudorapidity range 1.52 < |n7| < 1.81.
Results with the 2D sideband method. The CTEQ6.6 PDFs are used in the theoretical compu-
tation [19].
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Figure 8.9: Measured vs expected inclusive prompt photon production cross section, for photons
with transverse energies above 15 GeV and in the pseudorapidity range || < 0.6. Results with
the 2D sideband method. The MSTWO08 PDFs are used in the theoretical computation [32].
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Figure 8.10: Measured vs expected inclusive prompt photon production cross section, for pho-

tons with transverse energies above 15 GeV and in the pseudorapidity range 0.6 < |n7| < 1.37.
Results with the 2D sideband method. The MSTWO08 PDFs are used in the theoretical compu-

tation [32].
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tation [32].



Chapter 9

Prompt photons analysis with full
2010 data LHC runs and comparison
with CMS

In this chapter, the results corresponding to the isolated prompt photon cross-section
analysis obtained with the full data sample collected by the ATLAS detector during the
year 2010 (which is equivalent to an integrated luminosity of 35.5 pb~!) are presented [36,
70]. Moreover, the procedure used to re-optimize of the selection criteria will be quickly
described, which was possible because we have recovered the part of the identification at
high pseudo-rapidity !. Indeed, compared to the previous analysis the full rapidity range
up to 2.37 was used after re-optimization of the photon identification cuts. Then, this
chapter ends, with a short comparison between ATLAS and CMS results.

9.1 Re-optimization of photon selection criteria

As discussed at the end of the Section 6.5, a re-optimization for the tight selection criteria
should be performed in order to recover the high pseudo-rapidity regions (1.81 < |n| <
2.37) for the future analysis and to take advantage of the full acceptance for photons
provided by the ATLAS detector.

The first thing to do, is to check how the signal efficiency looks like when the recon-
structed photon candidates pass the loose selection criteria, with a Er > 20 GeV and
the energy of isolation lower than 3 GeV. If some problems are present in cuts on the
discriminating variables on the second layer affecting the signal efficiency, they are iden-
tified at this level . On Figure 9.1 one sees an efficiency loss (with respect to others n
regions) is found in the outer barrel (0.6 < |n| < 1.15). Moreover, larges differences for
efficiencies nominal and corrected (by MC-Data shifts) are found in the outer end-caps
(1.81 < |n| < 2.37).

'Remember that high 7 regions were excluded in the first cross section measurement shown in Chap-
ter 8 and [19].

13/
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Figure 9.1: Signal efficiency for loose photons (loose is defined here in Table B.1 - it is the one
used for the analysis described in Chapter 8 [19]) from the PYTHIA Monte Carlo sample JF17.
Values used are those shown in Table B.1. Close and open circles represent the nominal and
corrected (by the fudge factors defined in Appendix B) efficiencies, respectively.

The strategy followed kept the same criteria than the precedent optimizations, which
are listed below:

- Selection cuts are independent of the transverse momentum ( Er > 20 GeV is fixed

as threshold ).

- In general, selection cuts are optimized in the following intervals in pseudo-rapidity

] = [0.00 — 0.60), [0.60 — 0.80), [0.80 — 1.15),[1.15 — 1.37) , barrel
T [1.52 — 1.81),[1.81 — 2.01), [2.01 — 2.37) , end-caps

- The tight selection criteria classifies photons between unconverted and converted
(in the loose selection criteria photons are considered as a single object, because
this menu is adapted to trigger cuts).

- The main idea of this re-optimization is to try to reach high signal efficiencies and
large background rejections, but always looking how it is possible in data and ensure
the cuts will be safe and robust in data.

— For loose:
Try to be safe in the signal efficiency (¢7) , which means reducing the differences
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when €” are computed using the nominal and the corrected (by the fudge factors
corresponding to MC-Data shifts) approaches.

x € > 96 ~ 98% at low pr and €8 lower than ~ 80 to 85% at high pr
(after having applied the isolation requirement.)
— For tight:
After fixing the new loose criteria, which are then used as benchmark, the re-
optimization is performed into two steps (remember the tight cuts are subsets
of the loose ones) :

1. Second layer cuts: the goal is to find €’ ~ 95% 2 at Ep = 40 GeV.

2. First later cuts + fixed cuts on the second layer: the idea is to find €7 ~
90% at Ep = 40 GeV.
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Figure 9.2: Signal efficiency for loose photons (here loose is defined in Table B.5) from the
PYTHIA Monte Carlo sample ~-jet 17. Values used are those shown in Table B.1. Close and
open circles represent the nominal and corrected (by the fudge factors defined in Appendix B)
efficiencies, respectively.

After a detailed study, the new loose photons selection was fixed. These cuts were
subsequently used in the trigger and offline reconstruction. The values of the cuts are

2In order to be consistent with efficiencies found in the other pseudo-rapidity regions.
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shown in Table B.5 (they have been changed in four 7 bins, in particular the large decrease
at low Er on Figure 9.1 was due to non optimal selection criteria). Figure 9.2 shows the
efficiency (€?) with this new selection.

In addition, for the tight selection, criteria were re-optimized ? leading to new tight
menu, whose cut values are shown in Table B.6, which modify the values of Table B.3

With this new menu systematic effects were mitigated. The €7 (¢®%8) was increased

(decreased /remained similar) or remained similar (decreased) compared to the previous
optimization, depending of the pseudo-rapidity region and the category of the photons.

However looking in detail at 2010 data % , some further differences were found between
data and Monte Carlo and the cuts were changed for the variable w,3. The new cuts are
in Table B.7. Further details can be found in Appendix B. These are (roughly) the
selections used currently in the 2011 runs.

9.2 Isolated prompt photon cross section with 34.6
pb~!

A measurement of the differential cross-section for the inclusive production of isolated
prompt photons in pp collisions at a centre-of-mass energy /s = 7 TeV is presented, us-
ing the same techniques to compute efficiencies, purities and unfolding coefficients shown
previously in Chapters 6, 7 and 8, respectively . The measurement covers the pseudorapid-
ity ranges |n| < 1.37 and 1.52 < |n| < 2.37, in the transverse energy range 45 < Ep < 400
GeV. The results are based on an integrated luminosity of (34.64+1.2) pb~! | collected with
the ATLAS detector at the LHC (here the integrated luminosity is computed using [75],
see comment in Figure 3.2).

9.2.1 Collision data

Events are triggered using the g40_loose high-level calorimeter trigger . This was the
lowest-threshold unprescaled photon trigger during this run period. The integrated effi-
ciency in the plateau region Ep > 45 GeV and all 7 bins is measured to be (99.44+0.6)%.

9.2.2 Efficiency results

Photon reconstruction and selection

For the results presented here, converted and unconverted photons are treated together
in one sample. In the lower 7 regions (barrel) ¢ about 25% of the photons are converted,

3Using Release 15 software.
4Using the first version of the Release 16 software
®The nominal transverse energy threshold of the g40_loose trigger is 40 GeV
‘
n| < 1.37
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rising to > 33% in the higher 5 regions (endcap) . After the preselection ® about 816,000
candidates remain in the data sample. Moreover, after applying the tight identification
criteria 290,000 photon candidates remain. Nine photon candidates remain with recon-
structed transverse energies above 400 GeV. In the following, all photon candidates with
reconstructed isolation energies lower than 3 GeV are considered as experimentally “iso-
lated”. Then, after applying this isolation criterion, 174,000 photon candidates remain in
the data sample (~ 60% of the sample after the tight identification cuts).

Reconstruction efficiencies

The average efficiency of the reconstruction algorithms for isolated direct photons with the
transverse energies and within the pseudorapidity ranges mentioned in the beginning of
this Section 9.2 and before any further selection is around 97 (92)% in the barrel (endcap)
region, dominated by the inefficiency at low Ep. Due to inoperative readout links in the
calorimeter, the efficiency above is reduced by around 10% in the inner barrel n < 0.6
and the outer endcap 1.81 < |n| < 2.37 regions, and by around 6% in the pseudorapidity
region 0.6 < |n| < 1.81. It is further reduced by the experimental isolation requirement
by about 14% in the pseudorapidity interval 1.51 < |n| < 1.81 and by about 5% in the
rest of the acceptance region.

The main source of systematic uncertainties is related to the knowledge of the material
in front of the calorimeter. This leads to an uncertainty in the reconstruction efficiency
ranging from 1% to 4% depending on the photon candidates n and E7. The systematic
uncertainty on the reconstruction efficiency from the experimental isolation requirement
has been found to vary from 3% in the inner barrel to 4% in the inner endcap. All
the other sources of systematic uncertainties (hard-process/fragmentation-photon rela-
tive composition; differences between the MC generators; the imperfect simulation of
acceptance losses due to inoperative readout links in the calorimeter) add < 2% in total
to the reconstruction efficiency uncertainty.

Offline efficiency estimation

The offline efficiency has been estimated in the same way as was presented in Section 6.5.
Several sources of systematic uncertainty which affect the precision:

- Intrinsic precision of the correction method for the shower-shape variables: depend-
ing on the 7 region, this uncertainty ranges between 1 and 3%.

- Choice of photon candidate sample to estimate the correction factors: the photon
identification efficiencies evaluated for different sample selections (e.g. using differ-
ent photon shower shape variables) agree within 0.5%.

152 < |n| < 2.37
8Er > 45 GeV + g40_loose + |n| < 1.37 or 1.52 < |n| < 2.37 + quality checks remaining similar to
the first v analysis.
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Knowledge of the material in front of the calorimeter: this uncertainty is estimated
to be < 1% in the barrel regions and < 2% in the endcap regions. One should note
that the impact of the distorted geometry on the efficiency has diminished compared
to what was done in the previous paper [19]. Indeed the distorted geometry used
now has less ID material than the one used in [19] (this is due to additional work
done by tracking experts).

Hard-process/fragmentation-photon relative composition: varying the sample com-
position of the two types of photons by as much as 100% affects the global identifi-
cation efficiencies by < 1%. An additional 1% is assigned if one uses a different MC
generator.

(Classification between converted and unconverted photon candidates: the impact of
the classification between converted and unconverted photon candidates is studied
varying the efficiency of correctly classifying converted photon candidates in the
simulation. A loss of less than 1% on the overall efficiency is found for a —10%
change in the efficiency to classify correctly converted photons.

The total systematic uncertainties on the photon identification efficiency are < 2% at
low 1, and < 3% at large n. Figure 9.3 shows the identification efficiencies in the different
7 regions as a function of the photon candidate FEr together with the corresponding
systematic uncertainties, obtained with 34.6 pb~! of total integrated luminosity.

9.2.3 Purity results

In the same spirit, the background estimation and signal extraction for this new mea-
surement was computed using the “two-dimensional sidebands” method (Chapter 7, Sec-
tion 7.1). The corresponding purity are displayed in Figure 9.4.

Systematic uncertainties associated with this method are listed below.

Photons in background control regions failing varying definitions of non-tight selec-
tion: the systematic uncertainty on the signal yield is up to 5% depending on the
pseudorapidity and transverse energy bin.

Photons in background control regions failing varying definitions of the isolation
criterion: the effect on the signal yield is estimated to be less than 1% in all pseu-
dorapidity bins.

Signal leakage into background control regions: the effect of this variation on the
photon yield estimate ranges from 2% to 8%. Varying the mixture of hard-scattering
and fragmentation photons between the extreme conditions of pure hard photons
and pure fragmentation photons adds another 1% to 7% to the systematic uncer-
tainty with the higher values corresponding to the lower transverse energy bins.

Background correlations: the uncertainty on the photon yield estimate is evaluated
to be up to 4% in the high transverse energy bins independent of the pseudorapidity
bin.
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Figure 9.3: Photon offline selection efficiency as a function of the reconstructed photon trans-
verse energy [72]. Top left: |n| < 0.6. Top right: 0.6 < |n| < 1.37. Bottom left: 1.52 < |n| < 1.81.
Bottom right: 1.81 < |n| < 2.37.

- Photon energy scale: the systematic uncertainty on the yield varies between 2% to
8%. One can note that, since there have been some extensive studies on the energy
scale using Z’s [5] since the previous paper [19] the systematic uncertainty is now
smaller.

- Material effects: these are found to contribute less than 1% in the photon signal
estimation uncertainty in all pseudorapidity bins.

- Soft-jet energy density: the systematic uncertainty ranges from 3% to 7%.

- Shower transverse energy leakage: the systematic uncertainty is increasing with the
photon transverse energy from 1% to 4%.

- MC generator dependence: the corresponding systematic uncertainty ~ 1% for all
pseudorapidity bins.

The fraction of electrons that have been misidentified as photons has also been es-
timated. It is measured by studying the invariant mass spectrum of e*~ combinations
in the Z—mass range. The electron contamination has been found to range from 1.2%
(1.7%) at low Er in the barrel (endcap) to around 1% at high FEr in the full n range.
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Figure 9.4: Photon purity with statistical errors as a function of Ep [72], for each 7 region,

from two-dimensional sidebands. The yellow band represents the total systematic error.

9.2.4 Cross section measurements

The cross section measurement was computed following the same recipe presented in
Chapter 8 (using Equation 8.1 to get results). These are shown in Figures 9.5 and 9.6
together with the theoretical predictions superimposed, which have been computed with
JETPHOX using the PDFs CTEQG6.6 and MSTWOS, respectively. Some comparison with
the first analysis [19] is also shown. One can note [5] that there have been some corrections
to the energy scale of the liquid Argon Calorimeter between the two analyses that have
not been taken into account (for instance the energy scale of the end-cap decreased by
~ 2% which translates in a change of the cross section of [19] by ~ —7%).

The full list of systematic uncertainties that enter the final uncertainty in the estimated
cross-section is summarized in Table 9.2.4.

The theoretical systematic uncertainties on the QQCD cross-sections are estimated in
the following way:

- The scale uncertainty has been evaluated by varying the three scales following the
constraints:

— pir = pr = piy € [0.5 E7,2.0 Ex];
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— UR € [05 ET,Q.O ET] y U = Py = 1.0 ET
— Up € [05 Er. 2.0 ET} y MR = Uf = 1.0 Ep
- My S [05 ET72'0 ET] s MR = UEp = 1.0 ET

This leads to a change of the predicted cross-section between 20% at low Ep and
12% at high E7 with the contribution from the renormalization scale uncertainty
being the largest in most cases.

- The uncertainty on the cross-section from the PDF uncertainty has been obtained
by varying the PDFs within the 68% C.L. intervals. The corresponding uncertainty
on the cross-section varies between 5% and 2% as Er increases between 45 and 400
GeV.

- The uncertainty on the parton-level isolation cut has been evaluated by varying the
cut between 2 and 6 GeV. This change the predicted cross-section by 2% at most.

Systematic Reco. Eff. | ID Eff. Yield Unfolding Theory
Finite Statistics per bin < 2%

Generator 1% <1% ~ 1% 3%

Er Resolution < 1%

Photon ID < 5%

Photon Isolation < 1%

Signal Leakage 2% — 8%

Background Correlations < 4%

Energy Scale 2% — 8%

Material 1% — 4% | 1% — 2% <1%

Soft-jet Energy Density 3% — ™%

Transverse Energy Leakage 1% — 4%

Hard/Brem Composition 1% <1% | 1% —"T%

OTX 0.2%

Photon Isolation Cut 3% — 4%

Intrinsic Precision 1% — 3%

Photon Sample Selection 0.5%

Conv/Unconv. Photon Ratio < 1%

Scale uncertainty 10% — 20%
PDFs 2% — 5%
Parton level Isolation < 2%

Table 9.1: List of systematic uncertainties used for the cross-section estimation. Correlated
sources of systematic uncertainties have been consistently treated. The last column lists the
uncertainties on the theoretical predictions that are used to compare the measured cross-section

to.
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Figure 9.5: Measured vs expected inclusive prompt-photon production cross-section, for pho-
tons with transverse energies above 45GeV in the pseudorapidity range || < 0.6 (top left),
0.6 < |n| < 1.37 (top right) and 1.52 < |n| < 1.81 (bottom left). The CTEQ6.6 PDF's are
used in the JETPHOX theoretical computation. The previous cross-section measurement [19] is
also shown (rescaled by the new luminosity central value, i.e. divided by 0.964) extending the
overall energy coverage down to 15GeV. The experimental values are placed at the center of
each energy bin. The width of the horizontal bars indicates the size of the bin [72].
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Figure 9.6: Measured vs expected inclusive prompt-photon production cross-section, for pho-
tons with transverse energies above 45GeV in the pseudorapidity range || < 0.6 (top left),
0.6 < |n| < 1.37 (top right) and 1.52 < |n| < 1.81 (bottom left). The MSTWO08 PDFs are
used in the JETPHOX theoretical computation. The previous cross-section measurement [19] is
also shown (rescaled by the new luminosity central value, i.e. divided by 0.964) extending the
overall energy coverage down to 15GeV. The experimental values are placed at the center of
each energy bin. The width of the horizontal bars indicates the size of the bin [72].
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9.2.5 Conclusion

A measurement [72] of the differential cross-section for the inclusive production of isolated,
prompt photons with Er > 45 GeV in pp collisions at a centre-of-mass energy of /s = 7
TeV has been performed, using 35 pb~! of 2010 pp collision data collected with the
ATLAS detector at the LHC. The results are compared to next-to-leading order theoretical
predictions in four pseudorapidity ranges spanning the range 0 < |n| < 2.37. Good
agreement between the data and the theoretical predictions is observed.

The current measurement is an extension to higher photon transverse energies and
higher pseudorapidity ranges (|| > 1.81) of the inclusive cross-section measured in [19].
In the higher transverse-energy regions ( Ep > 150 GeV), the available statistics becomes
rather limited and the resulting uncertainties are higher. This is expected to be remedied
with the new LHC runs during 2011-2012 data-taking.

9.3 A short comparison between ATLAS and CMS
results

The CMS experiment [112] produced also a measurement of the isolated photon cross
section [167] for reconstructed photon candidates in the pseudorapidity range |n| < 1.45
(barrel region) and 21 < Ep < 300 GeV of transverse energy with a total integrated
luminosity of 2.9 pb~! from LHC 2010 pp collision runs.

Here in this Section, some of the main aspects of the CMS measurement of the isolated
photon cross section are discussed, based on their published measurement [167], on their
photon reconstruction note [110] and on a recent diphoton paper on search for large extra
dimensions [105].

9.3.1 Photon identification and isolation

Photon identification in CMS is based on the following variables:

- H/E : The fraction of hadronic energy to total electromagnetic energy inside a cone of
AR = 0.15 is computed from the energy deposition in HCAL (Hadronic calorimeter)
and ECAL (Electromagnetic calorimeter). For photons this ratio should be low,
while for jets, which carry both hadronic and electromagnetic energy, it will generally
be higher.

- Oinin © The transverse shape of the electromagnetic cluster. This is computed with
logarithmic weights and is defined as

9 Z5X5wi (i — 7_75><5)2

min 5x5
> w

g,
5x5

E;
, , W; = max (0,4.7+lnE ) (9.1)
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where E; and 7; are the energy and pseudorapidity of the i*" crystal within the 5 x 5
electromagnetic cluster and Fs.5 and 75«5 are the energy and 7 of the entire 5 x 5
cluster.

- Isorrk : The track isolation is computed as the sum of the transverse momenta of all
tracks in a full cone (AR, = 0.4) centered around a line joining the primary vertex
to the cluster. Tracks in an inner cone (AR, = 0.04) and n-slice (An = 0.015) are
not included to avoid misidentification of converted photons. In addition, tracks
with a transverse (longitudinal) impact parameter above 0.1 (0.2) cm are also not
included.

- Isogcar, @ The ECAL isolation is computed as the Ep sum over the energy deposits in
a cone (ARy = 0.4), centered around the super-cluster ? with a veto cone (AR; = 3.5
crystals) and eta-slice (An = 2.5 crystals) to avoid misidentification of converted
photons.

- Isogcar, : The HCAL isolation is computed as the sum of the transverse energy in
the HCAL towers in a hollow cone with an inner radius of AR; = 0.15 and an outer
radius of ARy = 0.4, that is centered around the super-cluster.

The values of the cuts adopted for the loose and tight selections are summarized in
Table 9.2.

. Loose Tight
Variable Barrel Endcap Barrel gEndcap
IsoTrk 2.0 GeV 0.9 GeV
IsogcaL 4.2 GeV 2.4 GeV
ISOHCAL 2.2 GeV 1.0 GeV
H/E 0.05 0.03

Tinin 0.01 0.03 0.01 0.028

Table 9.2: Cut thresholds for the barrel and the endcap regions [110].

9.3.2 Estimation of signal efficiency

’ 10) was

To estimate signal efficiency, a data driven technique (so-called “tag-and-probe
applied [109]. The efficiency is computed by counting the fraction of reconstructed Z

9The barrel ECAL is constructed with lead tungstate crystal that are arranged in a projective geom-
etry. In this region of ECAL, superclusters are formed from the energy sum clustered in a rectangle of
crystal 35 wide in ¢ and 5 wide in 7.

10A well identified electron conventionally defined as the “tag” is required. It is combined with the
“probe” photon candidate which matches, together with the tag, the Z mass within a 50 < M., < 120
GeV window.
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corresponding to the probe photons (passing probe) over the total number of probe events,
which is the sum of passing and falling probe Z control sample.

Loose Tight
Er [GeV] MC DATA MC DATA
20— 35 84.18+0.20% 86.73 +1.69% 69.38 £0.18% 69.58 + 2.80%
35 —45  87.27+0.19% 89.28+1.27% 72.78 +£0.18% 71.94 + 2.09%
45 —inf  88.50 +0.23% 89.04 +1.83% 74.93 +0.22% 72.48 +2.92%
TOT 86.30 £ 0.12% 88.41+0.89% 71.90 £0.11% 71.31 +1.47%

Table 9.3: Efficiency measured in data and simulation using the Z — eTe™ control sample
for the loose and tight photon selections are listed in Table 9.2 (for the ECAL Barrel (|n| <
1.4442)) [110].

In the first publication of CMS on the isolated photons ' [167], the photon reconstruc-
tion and selection efficiencies were determined from PYTHIA events with prompt photons
and are scaled by the factor p. (the efficiency of the isolation criteria is measured in
data using the method mentioned above and is found to be higher than in simulation by
pe = 1.035 £ 0.017(stat + syst)), providing an estimation of €7 = 0.916 + 0.034(stat +
syst), which does not change appreciably with E7. or 7. These values (used in the CMS
publication) are quoted for the CMS photon loose selection criteria (see Table 9.2).

On the other hand, €” provided by the ATLAS analysis [19], which are computed using
the tight selection criteria in the barrel region (|n| < 0.60 and 0.60 < |n| < 1.37) varies
between ~ 73% to ~ 85 for the Er bins 20 < Epr < 25 GeV and 30 < Er < 35 GeV,
respectively. For the intermediate Ep range (35 < FEr < 40 GeV and 40 < Epr < 50
GeV) the € for |n| < 0.6 (0.60 < |n| < 1.37) varies between ~ 85(89)% to ~ 89(92)%,
respectively. Finally, the €7 for the high Er ranges (50 < E7 < 60 and 60 < Ep < 100
GeV) were computed and they are bigger than 91(94)% for |n| < 0.60 (0.60 < |n| < 1.37).

In general, one can see that in the high E7 range the efficiencies '? computed by both
experiences are largely compatible. For the intermediate and low FE7 range, one see small
differences between the estimated values (the ‘loose’ CMS efficiencies being higher), which
are due to the fact that in CMS the loose cuts are expected to be looser that those for the
tight selection used in ATLAS. The differences between the ATLAS tight cuts and the
CMS tight cuts are not studied here. The tight CMS cuts, like the loose CMS cuts have
an efficiency varying less with Er (see Table 9.3). The ATLAS cuts on the first sample
are tight and sensitive to variations of the variables (mean value and fluctuations) with
ET~

A better understanding of the effect of the selection cuts should be achieved in the
next Subsection 9.3.3, where the method of signal extraction used for CMS is presented
and compared with the purity results reported by ATLAS.

I About the measurement of the isolated photon cross section
12 A1l values of €7 computed by ATLAS were taken from Table 6.10.
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9.3.3 Signal extraction and background estimation

The isolated prompt photon yield is estimated with a binned extended maximum likeli-
hood fit to oy, distribution with the expected signal and background components. The
signal component shape is obtained from photon events generated with PYTHIA 6.420.
The background component shape is extracted from data by taking the oy, distribution
of events in a background-enriched isolation sideband defined by requiring 2 < Isorgrx < 5
GeV, while keeping all other selection criteria unchanged. This choice provides a sufficient
number of events while minimizing the bias to the oy, distribution due to the positive
correlation between oy, and Isorrk. Both signal and background shapes are obtained
separately for each Ep bin. Figure 9.7(left) shows the result of the two-component fit.
Figure 9.7(right) shows the comparison between the distributions for the background en-
riched sample obtained from the side-band selection in the track isolation in data and the
simulation prediction for the background in the signal region are also included.
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Figure 9.7: Measured oy, distribution (color online) for photons with 45 < Ep < 50 GeV is
shown in left plot. The fit result (solid) and the background component (dashed) are also shown.
In the right plot is shown the measured o;,;, for photons Er > 21 GeV in the barrel. Solid
histogram shows the distribution for the side-band selections in the track isolation described in
the text. Plates were taken from [167] and [110], respectively.

For oy, < 0.01, the fraction of isolated prompt photons in data after full selection
increases from 38% at EJ = 25 GeV to 80% at E7. = 100 GeV [167]. This corresponds
to the purity computed using the loose selection criteria, whose central values are shown
in black squares inside red bands in Figure 9.8 [110]. In the same Figure 9.8, the central
values corresponding to the purity computed with the tight selection criteria are presented
in black triangles inside blue bands. For these, by eye, one can see that the purity increases
from ~ 54% at B} = 25 GeV to ~ 90% at E}. = 100 GeV.

The central values of the purity computed by ATLAS increases from 66(56)% at 20 <
Er < 25GeV t096(91)% at 60 < Ep < 100 GeV in the pseudorapidity range of |n| < 0.60
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Figure 9.8: Measured purity for the sample defined by the cluster shape method as a function
of photon pr. Plot shows the barrel region. Results for loose and tight photon selections are
overlaid. The shadow bands show the statistical only and the quadratic sum of statistical and
systematic uncertainties [110].

(0.60 < |n| < 1.37), respectively '*. In addition, in Figure 9.9 are shown the distributions
for the isolation, where the difference between tight and normalized non-tight candidates
is considered as a measurement of the signal yield '*. In this both plots, with candidates
in the E7 bin of [40-50] GeV purities have been estimated to be bigger than 85% (the
exact values of purity could be found in Table 7.2). One can be tempted to compare the
purity values of ATLAS with those reported by CMS indirectly in Figure 9.7 and more
explicitly in Figure 9.8. For this last, by eye, one sees that using the tight(loose) selection
in CMS the purity seems to be close to 80(68)% in the barrel region for the FEr bin of
[45,50) GeV.

In general, one can say that when a comparison is performed between central values
of purity between ATLAS and CMS a trend was found at low and at the intermediate
transverse energy ranges. So, the central values of purity reported by ATLAS are higher
than these ones shown by CMS. This differences can be explained, due to the use of the
first sampling variables in the tight selection in ATLAS and their powerful capability to
reject efficiently the background.

9.3.4 Cross-sections comparison

The measured isolated prompt photon cross section from CMS as a function of Ep |
including both statistical and total systematic uncertainties, is reported in Figure 9.10.

IBATLAS’ purity values were taken from Table 7.2.
140 the signal region ES "% < 3 GeV.
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Figure 9.9: The distributions for the calorimetric isolation variable, for tight (dots) and non-
tight (triangles) photon candidates, the latter distribution normalized to the former in the non-
isolated region E(TR<O'4) > 5 GeV. The left plot corresponds to candidates in the pseudorapidity
region |n| < 0.60 and the right plot for 0.60 < |n| < 1.37, both in the Er bin of [40,50) GeV.
The excess of tight candidates over the normalized non-tight candidates in the isolated region

E;R<O'4) < 3 GeV proves the evidence of a signal [30].

The 11% overall uncertainty on the integrated luminosity is considered separately. In
Figure 9.10, the data are shown together with the NLO pQCD predictions from JETPHOX
1.1[7,104] and the BFG set II of fragmentation functions (FF) [99]. The renormalization,
factorization, and fragmentation scales (pg, pp, and ps) are all set to Er . The hadronic
energy surrounding the photon is required to be at most 5 GeV within R < 0.4 1° .
To estimate the effect of the choice of theory scales in the predictions, the three scales
are varied independently and simultaneously between 0.5x Er and 2x FEp. Retaining
the largest variations the predictions change by (+30,-22)% to (+12,-6)% with increasing
Er. Tt is probably because the three scales are varied independently in CMS, contrary to
ATLAS, that this uncertainty is larger in CMS.

The uncertainty on the predictions due to the PDF’s is estimated by using three global-
fit parametrizations, CT10, MSTW2008 [178] and NNPDF2.0 [86], as recommended by
the PDFALHC Working Group [98]. The theoretical predictions include an additional
correction factor C'( Er) to account for the presence of contributions from the underly-
ing event and parton-to-hadron fragmentation, which tend to increase the energy in the
isolation cone. Using simulated PYTHIA events, C' is determined as the ratio between the
isolated fraction of the total prompt photon cross section at the hadron level and the same
fraction obtained after turning off both multiple-parton interactions and hadronization.
The value C' = 0.97 + 0.02 is taken as the correction. Prediction from NLO pQCD are
found to be in good agreement with the measured cross sections, as shown in Figure 9.10.

The CMS measurement of the differential cross section for the production of isolated
prompt photons with 21 < Er < 300 GeV and || < 1.45 [167] can be compared directly

15Tn the analysis of ATLAS, this energy was required to be smaller than 4 GeV [19].
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Figure 9.10: In the left plot is presented the measured isolated prompt photon differential cross
section and NLO pQCD predictions, as a function of Ep . The vertical error bars show the
statistical uncertainties, while the shaded areas show the statistical and systematic uncertainties
added in quadrature. The 11% luminosity uncertainty on the data is not included. In the right
plot is shown the ratio of the measured isolated prompt photon differential cross setion to the
NLO pQCD predictions. The two sets of cursves show the uncertainties on the theoretical
predictions due to their dependency on the renormalization, factorization, and fragmentation
scales, and on the PDF’s [167].

with the same measurement performed by the ATLAS Collaboration [19], in the barrel
region (pseudorapidity regions |n| < 0.60 and 0.60 < |n| < 1.37) with 15 < Ep < 100
GeV, as is shown in Figure 9.11. Figure 9.11 shows a good agreement between the
measured isolated cross sections of each experiment with some differences at low FEr,
despite the different methods used by each collaboration.
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added linearly.



Chapter 10

Contribution to the data analysis of
the SM Higgs boson decaying into
two photons

In this chapter the first result of the ATLAS search for the SM Higgs boson (for the
mass range of 110 < my < 150 GeV) in the diphoton decay channel with the 38 pb~!
of collected data in 2010 at a center-of-mass energy of 7 TeV is presented. The chapter
ends showing the results on the observed exclusions. A simulation-based study of signal,
incorporating the best current knowledge of the detector performance, is presented and
used in the limit setting [35, 70].

10.1 Data and simulated samples

10.1.1 Event selection and reconstruction

The events are selected by a trigger which requires two photon candidates each with trans-
verse energy exceeding 15 GeV. In addition the events have to fulfill the criteria that the
detector was fully operational. For the surviving events, at least two photon candidates in
the central detector region with pr > 25 GeV, and passing the loose photon identification
criterion (whose cuts are shown in Table B.5) are required. The kinematic cuts demand-
ing transverse energy larger than 40 GeV and 25 GeV are applied on the leading and
subleading photon candidates respectively. Moreover tight photon identification (from
Tables B.5 and B.6) and isolation criteria are applied (with a energy of isolation smaller
than 3 GeV). The direction of the photon candidates is measured using the information
from the first sampling of the electromagnetic calorimeter and on the measured position
of the primary vertex. For events with more than one vertex reconstructed, the vertex
associated position with tracks having the highest sum of pZ is used. The invariant mass
is then deduced from the two photons with respect to this primary vertex. The final 2010
data sample has 99 events with a diphoton invariant mass between 100 and 150 GeV.

158
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10.1.2 Simulated samples

In order to study the effects of multiple interactions (pile-up), signal samples have been
generated with an average number of minimum bias interactions of 2.1 in addition to non
pile-up samples.

Background processes can be split into two main categories: those from the production

of two isolated photons, which are referred to as irreducible, and reducible backgrounds
coming from events for which at least one of the selected photons is fake. Fake photons
are mostly jets where a leading 7 or n meson resulting from the fragmentation of a quark
or a gluon resembles an isolated prompt photon. The DIPHOX [94] and ResBos [83-85] pro-
grams are used to asses the bremsstrahlung contribution. DIPHOX includes all processes to
order O(a,a?), including the bremsstrahlung contribution with the quasi-collinear frag-
mentation of quarks and gluons which are computed at NLO.
ResBos includes the Born and box contributions at NLO as well as the bremsstrahlung
contribution, but the fragmentation contribution is calculated only at LO. While DIPHOX
does not include resummation effects, these are included up to NNLL in ResBos. Here,
ResBos with NLO bremsstrahlung taken into account from DIPHOX is used as the theoret-
ical prediction of the irreducible background. All the MC samples used in this analysis
have been simulated through the ATLAS detector simulation package [13, 42].

10.2 Background composition

The composition of the 2010 data sample is studied by means of a double-sideband
method [34, 69], an extension of the technique used to measure the inclusive isolated
photon-cross-section [19, 30, 68|(see also Chapter 7). In this technique, the photon purity
is evaluated by extrapolating to the signal region the background estimated from control
regions located in the sideband plane of the identification and isolation variables.

The two photon candidates are considered sequentially as illustrated in Figure 10.1, in
a starting sample for which both photons pass the loose identification and isolation criteria.
The sidebands method is first applied to the leading py photon candidate to extract the
N4 events for which it is identified as a photon, and then to the subleading pr photon
candidate to extract the N4 events for which the subleading pr candidate is also identified
as a photon, knowing that the leading photon is tighly identified and isolated. The number
of diphoton, photon-jet, jet-photon and dijet events (N, N,; and Nj,, respectively) with
both photon candidates in the signal region are obtained by solving the equations of
extrapolation from the sidebands to the photon signal regions. The resulting composition
in the 2010 data sample is reported in Table 10.1, together with the predictions for
the background components made in [71, 73] extrapolated from 10 TeV fully simulated
samples [27-29], corrected to take into account the effects of data quality, pile-up and
the changes in the selection criteria '. The contribution arising from Drell-Yan events is
evaluated with a data-driven technique 2, and is not counted in the diphoton component.

Lwith respect to the 10 TeV analysis with fully simulated samples.
2Where both electrons are misidentified as photons. Using Z — ete™ events to measure the electron-
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Figure 10.2 shows the diphoton invariant mass distribution, together with the predictions
for the irreducible (diphoton) and reducible (photon-jets plus dijet) components of the
backgrounds, and the composition estimated with the double-sidebands method.

Nw ij + Njw Nj' Npy
Data  75.0 £13.373% 196+£75+39 15+0.7.%5 294+01+0.6
Expected 86 & 23 31+ 15 1+1 2.7+0.2

Table 10.1: The number of irreducible (N, ), reducible (N,; + Njy, N;;) and Drell-Yan (Npy)
background events to the H — ~~ search in the 100-150 GeV mass range. For the measured
number of events, the errors are statistical and systematic, respectively. For the expected number
of events, the errors on the irreducible and reducible components arise from the theoretical
uncertainty on the prediction; for the Drell-Yan component, the corresponding uncertainty arises
from the MC statistics.

10.3 Signal modelling

At the LHC, there are several possible Higgs boson production processes, with cross sec-
tions calculated at different levels of precision. Monte Carlo samples for each subprocess,
produced by the ATLAS detector simulation package, and for values of the Higgs boson
mass ranging from 100 to 140 GeV, are used to extract the efficiency of the signal recon-
struction and the invariant mass resolution. The MC event samples were produced with
a configuration where the average number of interaction per bunch-crossing is equal to
2.2 3 (with a train structure of 150 ns) .

Table 10.2 summarizes the expected number of events from Higgs signals, as calculted
from the Monte Carlo samples. The dominant uncertainties on the expected number of
events, discussed in detail in Section 10.4 and summarized in Table 10.3, arise from the
photon identification and isolation efficiencies and the theoretical uncertainties on the
Higgs boson production cross-section [174].

The probability-density function (PDF) for the signal invariant mass is modeled by
a Crystal Ball function (CB) (which takes into account the core resolution and a non-
Gaussian tail extending towards lower mass values) added to a small, wider Gaussian
component (which takes into account outliers in the distribution). Figure 10.3 shows
the invariant diphoton mass distribution for a sample of simulated events with a 120
GeV Higgs decaying into two photons and the PDF used to describe it. The resolution
functions for Higgs at masses other than the simulated values are obtained through a
linear interpolation of the PDF parameters.

The data points are the output of the MC simulations. To reproduce the behaviour in
data the photon energy and resolution corrections described in Section 10.1 are applied

to-photon fake rate.
3For the bunch structure and the instantaneous luminosity reached in 2010 this quantity was about 2.
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Figure 10.1: Schematic representation of the two-dimensional sidebands method. The top plane

is formed with the isolation (x-axis) and tight identification (y-axis) criteria for the leading pho-

ton, for all pairs of candidates passing the loose identification criterion. The three background
regions are N¢, NP NB and the signal region is N4. Events form the N4 region are then
passed to the bottom plane that works similary to the first plane.

on the invariant mass distribution. Moreover, the fitted curve is shown.
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Figure 10.2: Left: the diphoton invariant mass for the 99 events composing the data sample.
The overlaid histograms represent the cumulative Drell-Yan (red solid), dijet (blue dotted),
photon-jet (blue dashed) and diphoton (blue solid) components of the background, according
to the predictions from theoretical models and simulation obtained in [71] and summarized in
Table 10.1. The dark yellow band is the uncertainty for the reducible background components,
and the yellow band is the total uncertainty on the reducible plus irreducible backgrounds. Right:
the results of the double-sideband method for the 99 events composing the data sample. For
the diphoton, photon-jet and dijet components, the extracted number of events on data (black
dots) are compared with the corresponding predictions (yellow, medium-dark yellow and dark
yellow bands, respectively). For the Drell-Yan component, the number of events is compared
with the expected number of events predicted from simulation.

10.4 Systematics

The background in the signal region is described with an exponential functional form
using two nuisance parameters (a negative exponential coefficient and the overall normal-
ization *) which are fitted to the data.

The systematic uncertainties related to the signal can be divided into four main cate-
gories, and are summarized in Table 10.3. The first is the uncertainty on the luminosity
which is common and correlated among all Higgs decay channels. The second is the

Lf(myy) = Nemoma

110
0.43%0 09

115
0.457010

120
0.45757

130
AT

140
0.31 +£0.08

Higgs boson mass [GeV]
Number of signal events

Table 10.2: The expected Higgs signal yields for various mass points, for an integrated luminos-
ity of 38 pb~!. The error combines the experimental systematic uncertainties and the theoretical
uncertainty on the SM Higgs boson production cross-section [174].
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Figure 10.3: The distribution of the diphoton invariant mass for simulated events with a 120
GeV Higgs boson decaying into two photons. The data points are the output of the MC sim-
ulations. To reproduce the behaviour in data, the photon energy and resolution corrections
described in Section 10.2 are applied on the invariant mass distribution. Furthermore, the fitted
curve shows the PDF describing the invariant mass distribution; this represents also the reso-
lution function used in the statistical analaysis described in Section 10.5. The FWHM of the
distribution is 4.4 GeV.

Source Uncertainty
Luminosity +3.4%
Theory Cross-section (scales) 0%
Efficiency Photon identification +11%
Photon isolation +10%
Trigger 1%
Resolution Calibration
e — 7 extrapolation +13%
Pile-up

Table 10.3: Relative systematic uncertainties associated to the signal normalization and invari-
ant mass resolution. For the resolution, the quoted uncertainty is relative to the width of the
invariant mass.

theoretical uncertainty on the overall normalization of the signal, dominated by the un-
certainty on the computation of the production cross section as estimated in [174](mostly
due to scale dependence and uncertainties on the parton density functions). The third
category corresponds to uncertainties on the efficiency, whose two main components are
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the uncertainty on the photon identification and on the isolation; these uncertainties are
estimated from comparisions of data and fully simulated MC samples of photons and
electrons. The fourth category of systematic uncertainties is on the invariant mass reso-
lution. The contributions arising from uncertainties on the photon energy resolution are
estimated using a fine-grained energy recalibration extracted from Z boson decays to elec-
trons taking into account possible biases from the electron-to-photon extrapolation. An
additional contribution arises from the impact of pile-up on the invariant mass resolution.

Systematic uncertainties are treated by adding nuisance parameters and penalty PDF's
that reflect the impact of these uncertainties in the likelihood function that is used in
the definition of the test statistic. These penalty PDFs are in general simple Gaussian
functions, with the exception of the trigger efficiency and theoretical cross-section, for
which a double-sided Gaussian function is used.

10.5 Observed sensitivity

The measurement of the inclusive distribution of diphoton events is used to estimate
the sensitivity for the H — ~~ channel with an integrated luminosity of 38 pb~!. The
exclusion sensitivity, as a function of the Higgs boson mass is estimated. The limits are
set using a Power Contrained Limit (PCL) method [117]. The procedure uses the profile
likelihood ratio [14, 57, 118], with the p-value or CL4y, extracted from the distribution
of the profile likelihood ratio by toy MC. To protect against excluding the (signal) null
hypothesis in cases of downward fluctuations of the background, the observed limit is not
allowed to fluctuate below the —1o expected limit. This is equivalent to restricting the
statistical power of the analysis not go below 16%. This CL, [192] is also provided as a
reference.

Table 10.4 shows the upper bound on the exclusion at the 95% CL, in units of the SM
Higgs boson cross-section, as a function of the Higgs boson mass for different methods.
The systematic uncertainties introduced in Section 10.4 are taken into account in the
limit setting by incorporating the corresponding penalty PDF's in the likelihood function
used to model the data sample. On average, the incorporation of systematics degrades the
exclusion limiit by up to 10%. With 38 pb™! of data, the obtained limits are mostly driven
by statistical uncertainty, which explains the limited impact of systematic uncertainties.
As expected, results from the CL; methods are more conservative than those from CLg,,
method.

Figure 10.4 shows the distribution of upper limits expected in the absence of any
signal, indicated by the mediam expected limitd and +10 and +2¢ contours, in addition
to the observed limit. As the observed limit is constrained not to lie below the —1¢ band
for the expected limit, the —2¢ band is not displayed in plot. For Higgs masses around
127, 132 and 140 GeV, the PCL constraint prevents a false exclusion due to a downwards
background fluctuation. With an integrated luminosity of 38 pb™!, this analysis shows
that, in the median, cross-sections larger than about 20 times the prediction for the SM
Higgs boson may be excluded. This limit already comparable with recent results from
Tevatron in the H — -7 channel [185, 204-206]. As a comparison, Figure 10.5 shows
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the observed exclusion computed with the CL; method, for which the limits are around
5 units larger than the corresponding results using the CL,; method.

my [GeV] | Expected limit | Observed limit
CL..y | CL. | PCL.., | CL,

110 22.1 27.9 16.1 24.0
115 20.1 25.5 37.9 39.7
120 19.9 24.4 23.6 27.2
130 19.1 24.0 9.3 18.3
140 23.0 29.9 8.0 20.7

Table 10.4: Upper limits on the cross-section as a function of mass, in units of the
SM prediction for the Higgs boson, at the 95% CL for the 38 pb™! of data taken in
2010. PCL4,p means the CLg,, method with Power Constrained Limit technique for the
computation of the observed limit. Results using CL; are also provided as a reference.

Figure 10.5 shows the expected 1o and 20 exclusion intervals for the background-only
test statistic in addition to the expected and observed exclusion limits. This method gives
more conservative results than PCL in the region where the sensitivity to the signal is
weak.

10.6 Recent update on Higgs limit

Very recently, new limits were produced by ATLAS [2] with some 2011 data corresponding
to 209 pb~! and by the Tevatron with a combination of CDF and D@ [189] . They are
shown in Figures 10.6 for ATLAS and 10.7 (top) for Tevatron and compared in Figure 10.7
(bottom).

One can see that the limits of ATLAS are already better than the limits of the Tevatron
(see Figure 10.7 (bottom)).

10.7 Future

Figure 10.8 summarizes the limits on the Higgs boson that were expected [71] with 1
fb~!. One could expect to exclude the Higgs boson in the range 130 — 450 GeV. With
current peak luminosity exceeding 10%* cm™s™! one could expect for the 2011 — 2012 run
integrated luminosities up to 10 fb~! for one LHC experiment, with a significant fraction
that could be taken at a centre-of-mass energy of 8 TeV. Figure 10.9 shows the expected
level of significance as a function of my for 5 or 10 fb~! of luminosity at centre-of-mass
of 7 and 8 TeV. Very good results can be obtained, even for low mass Higgs.
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Figure 10.4: The excluded Higgs production cross-section at the 95% CL, normalized by
the SM prediction, as a function of the Higgs boson mass with 38 pb~! of data. The black
solid line and the red dotted line correspond to the observed limit and expected limit,
respectively. The green (yellow) band corresponds to the expected exclusion in the case

of a 1o (20) fluctuation of the background. The exclusion results are computed using
CLs4p with PCL.
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Figure 10.5: The excluded Higgs production cross-section at the 95% CL, normalized by the
SM prediction, as a function of the Higgs boson mass with 38 pb~! of data. The black solid line
and the red dotted line correspond to the observed limit and expected limit respectively. The
green (yellow) band correspond to the expected exclusion in the case of a £10 (+20) fluctuation
of the background. The results are computed using the CLg method.
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Figure 10.6: Exclusion limits using PCL (top) and CLs method (bottom) on the production
cross section relative to the Standard Model cross section as a function of Higgs mass hypothesis.
Figures and caption were taken from [2].
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Figure 10.7: Exclusion limits shown by Tevatron [189] (top) and CLs method reported by
ATLAS compared with the Tevatron results (bottom) on the production cross section relative
to the Standard Model cross section as a function of Higgs mass hypothesis.
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Figure 10.8: Top: The multiple of the cross-section of a Standard Model Higgs boson which
can be excluded using 1 fb~! of data at 7 TeV. At each mass, every channel giving reporting
on it is used. The plot at the bottom is the same as the top except truncated to 200 GeV. The
green and yellow bands indicate the range in which we expect the limit will lie, depending upon
the data [71].
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Figure 10.9: The expected level of significance as a function of mz for 5 or 10 fb~! of luminosity
Vs =7 or 8 TeV [107].
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Conclusions

The work presented in this thesis is the first measurements of isolated photon studies as
well as the preparation to the search for the Higgs boson in the two photons in channel
using the early data provided by the LHC during the 2010 data-taking periods.

First, the expected performance of the ATLAS experiment in simulation of the photon
reconstruction and identification was presented. For this, the reconstruction and selec-
tion efficiencies were measured using fully simulated ~-jet, H — vy (Mg = 120 GeV)
and jet-jet (filtered at pr >17 GeV) samples produced at /s = 10 TeV. Efficiencies were
computed to be higher than 85 % for Ep > 25 GeV with the tight selection. Tight se-
lection provides a background rejection around 5.10%, which is the rejection needed for
the discovery of a possible Higgs boson decaying into two photons (in order to have the
background dominated by the “irreducible” photon background). The rejection increases
if the isolation criteria are applied (track or calorimeter isolations) which provide a pure
sample. These rejections were found to be larger for gluon-jets than for quark-jets. This
effect is explained by the characteristics of the parton-shower for each particle (being
broader for gluons than for quarks). These results are sensitive to the particle genera-
tor used, which implement different parton-shower models. Furthermore, the quality of
reconstructed conversion was checked on a H — vy (My = 120 GeV) MC samples pro-
duced at /s = 7 TeV. In general, photon reconstruction and offline tight selection were
found to be highly efficient.

The offline efficiencies were measured in data ' after having applied shower shapes
corrections as a function Er (range comprising between 15 to 100 GeV) and for three
pseudo-rapidity intervals.

A data driven approach to estimate the signal rate in the selected sample ! for photon
candidates, passing the photon identification and isolation criteria Eﬁ<0‘4 < 3 GeV is
given (remember that this a fundamental ingredient for measuring the inclusive prompt
photon cross section [19]). With this method “two dimensional sidebands” (see Chapter 7)
the signal fraction (“purity”) and the signal yields are derived in the pseudo-rapidity re-
gions studied as a function of the energy transverse (eight E7 bins between 15 to 100

1

Lwith a integrated luminosity of 880 nb~1.
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GeV). The main sources of uncertainties are: the errors on the purity range from 5%
at high Er , low |n|, to ~ 13% for low FEp. The main contributions come from the
background control region defined by the reversal of the strips cuts, and from the signal
leaking into the non-isolated control region.

These results are used in order to measure the differential cross-section of isolated
prompt photons in pp collisions at a centre-of-mass energy /s = 7 TeV 1. The results
have been compared with the next-to-leading order theoretical predictions. For Ep > 25
GeV the data and theory are in agreement. For Fr < 25 GeV, the data appear to favor
smaller values of the cross section than those predicted by theory. In this region the
experimental measurements have large associated systematic uncertainties, while theoret-
ical predictions are also more difficult at such low values of x7 = Er/y/s. The measured
prompt-photon cross section is more than a factor of thirty higher than what was mea-
sured at the Tevatron, and a factor 10* higher than for photoproduction at HERA. The
measurement will be extended up to energies of about one TeV in the next two years of
data taking at the LHC.

The measurement of the differential cross-section for the inclusive production of iso-
lated prompt photons was updated in the Er range of Er > 45 GeV and Er < 400 GeV
using 34.55 pb~! of collision data 2. The results obtained are compared with the theory *
in four pseudo-rapidity ranges spanning the range 0. < |n| < 2.37. The pseudo-rapidity
bin 1.81 < |n| < 2.37 was recovered due to a procedure of re-optimization of the selection
criteria. Among the improvements with respect to the first analysis, one could mention:
the reduced uncertainty in the luminosity measurements as well as in the systematic un-
certainties related to the knowledge of the material in front of the calorimeter *. In general
a good agreement between data and the theoretical predictions is observed. In the higher
transverse-energy regions (Ep > 150 GeV), the available statistics becomes rather limited
and the resulting uncertainties are higher. This is expected to be solved with increase of
the integrated luminosity in the 2011-2012 LHC data-taking.

In addition, a comparison between ATLAS and CMS measured differential cross sec-
tions of isolated prompt photons was performed in the barrel regions of each experiment in
the Ep range of 15 < Ep < 100 GeV. A good agreement was found with some differences
at low Erp.

Finally, first studies of the search for the H — ~~ were presented with 38 pb~! data
collected at /s = 7 TeV collected by the ATLAS experiment in 2010. The background
to the H — ~7 signal is shown to be dominated by diphoton events. The study of the
signal and systematic with current data were described. With the baseline CL;,; method
using the Power Constrained Limit technique for the observed exclusion, upper limits at
the 95% Confidence Level are set on the cross-section (multiplied by the branching ratio)

234.55 pb~! corresponding to the total integrated luminosity collected with the ATLAS detector during
the 2010 data-taking periods.

3as in the previous analysis

4Indeed the distorted geometry used here has less Inner Detector material than the one used in the
first analysis
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for the H — v process, in units of the expectation for the SM, as a function of the
Higgs mass in the range 110-140 GeV. The exclusion limit ranges from 8 times the SM
at My = 127 GeV to 38 times the SM cross-section at My = 116 GeV. The expected
limit based on CL; is comparable with recent results from the Tevatron in this channel.
Very recently new limits with 2011 data and an integrated luminosity of 210 pb~! were
obtained. They are shown and compared to the Tevatron recent combination.
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Appendix A

Optimal Filtering Method

To minimise the influence of electronics noise and the pile-up effect, and to ensure also
the condition that a shift on time of the signal will no alter the energy measurement, the
ADC samplings are combined using special weights as coefficients, which are calculated
by the optimal filtering method [211]. Thus, these coefficients are called optimal filtering
coefficients (OFC). The OFC method is described in the following paragraphs [171, 173].
The observed signal is expressed as a function of the time:

S(t) = Ag(t + 1) +n(t) ~ Ag(t) + Arg'(t) + n(t) (A1)
where A is the amplitude and 7 the phase of the signal with respect to the beam crossing
clock. g(t —7) is the shaper function and ¢’ its derivate. n(t) si the electronic and pile-up
capacitive, resistive and inductive noise and is reduced by the RC? part of the shaper,
the two integrations limiting the bandwidth.

Each signal sample, at a time t;, is written as:

9 9i

A and 7 are extracted by properly combining the signal samples. To minimize the
effect of noise a discrete convolution between signal samples and a set of optimal weights
is made.

The weights a; and b; are the so-called OFC. Equations A.3, A.4 leads to the set of
conditions, considering the noise null in average(< n; >):

2ibigi = 0, Eibigz/‘ =-1 (A-6)
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U and V are estimators of A and Ar. Their variance can be written as follow taking
into account the auto-correlation of the noise

V(U) - Ei’jaiajMij V(V) = Ei,jbibjMij <A7>

M;; are the coefficients of the noise auto-correlation matrix. The OFC are obtained

by minimizing the variance of the U and V' (assuming A.5), with the use of the Lagrange
multipliers method:

. 9-Rd)Rg ~ (9-Rg') Ry (R=M) (A.8)

(9-Rg)(g'-Rg') — (9-Rg')*

(g9-Rg)Rg — (9-Rg') Ry (A.9)
(9-Rg)(g"-Ryg') — (9-Rg')?
The energy deposited in the LAr is the written as :

Eyey = CADCHM@VEi(Si - pi)OFCi{aia bi} (A.lO)
s; and p; being respectively the signal and the pedestal amplitude.

Pedestal and Electronic noise

In absence of input signal in the calorimeter, the signal at the output of the electronics
chain is called pedestal. For each channel, the signal of an event varies from one event to
another through a Gaussian distribution, following the effect of the noise produced by the
whole read-out electronics chain which treats the signal. This noise, which depends on
the shapers gain, is called electronic noise. It is measured through the RMS of the signals
of a given channel. Such a measurement is performed only to one pedestal for a given
gain. Similarly, the pedestal can be measured by taking this time average value of the
signals. Approximatively, it has a value of 1000 ADC counts, allowing the measurement
of negative part at the bipolar shape. Pedestal and Electronic noise are defined as the
following:

Pedestal = (Eapc) (A.11)

Electronic noise = \/(Efmc) —(Fapc)? =0 (A.12)
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Selection cut thresholds

B.1 Cut thresholds

[n] 0-0.6 0.6-0.8 0.8-1.15 1.15-1.37 1.37-1.52 1.52-1.81 1.81-2.01 2.01-2.37  2.37-2.47
Ryad; s Bhaa 0.01 0.007 0.006 0.008 0.01 0.025 0.021 0.014 0.019
Ry 0.927 0.912 0.926 0.916 0.750 0.906 0.932 0.913 0.915
Wnyy 0.012 0.012 0.013 0.013 0.025 0.015 0.012 0.013 0.012

Table B.1: Values of the photon loose selection cuts for the different discriminating variables
in the different |n| regions. Rpaq is used for 0.8 < |n| < 1.37, Rpaq, €lsewhere.

In| 0-0.6 0.6-0.8  0.8-1.15 1.15-1.37 1.37-1.52  1.52-1.81 1.81-2.01 2.01-2.37 2.37-2.47
Unconverted photon candidates
Rpad, , Rhaa 0.0089 0.007 0.006 0.008 - 0.019 0.021 0.0137 -
Ry 0.955 0.946 0.948 0.952 - 0.941 0.948 0.935 -
Ry 0.954 0.95 0.59 0.82 - 0.93 0.947 0.930 -
Wa)y 0.0105 0.0112 0.0105 0.0111 - 0.011 0.0111 0.0125 -
Fiide 0.284 0.36 0.36 0.514 — 0.67 0.211 0.191 -
Ws 3 0.66 0.69 0.697 0.81 - 0.73 0.631 0.57 -
Ws tot 2.95 4.4 3.26 3.4 - 3.8 3.5 1.99 -
AEFE [MeV] 92 92 99 111 - 92 110 380 -
Eratio 0.63 0.84 0.823 0.887 - 0.88 0.65 0.6 -
Converted photon candidates
Rpad,, Rhaa  0.00748  0.00700  0.00489 0.00800 - 0.01490 0.01440 0.01020 -
Ry 0.945 0.933 0.936 0.937 - 0.927 0.938 0.922 -
Ry 0.400 0.426 0.493 0.437 - 0.535 0.479 0.692 -
Wnyy 0.0114 0.0111 0.0126 0.0124 - 0.0134 0.0118 0.0125 —
Fiide 0.32 0.428 0.483 0.51 - 0.508 0.252 0.205 -
Ws 3 0.697 0.709 0.749 0.78 - 0.773 0.652 0.624 -
Ws tot 2.8 2.95 2.89 3.14 - 3.7 2.2 1.6 -
AFE [MeV] 200 200 122 86 - 123 300 300 -
FEratio 0.908 0.911 0.808 0.803 - 0.67 0.922 0.962 -

Table B.2: Values of the original photon tight selection cuts for the different discriminating

variables in the different |n| regions, for unconverted and converted candidates. Rpaq is used for
0.8 < |n| < 1.37, Rpag, elsewhere.

The values shown in Tables B.2 and B.1 were originally deduced in Reference [31].
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[n] 0-0.6 0.6-0.8 0.8-1.15 1.15-1.37 1.37-1.52  1.52-1.81 1.81-2.01 2.01-2.37 2.37-2.47
Unconverted photon candidates
Ry 0.951 0.940 0.942 0.946 - 0.932 0.939 0.926 -
wyp, 0.0107  0.0115 0.0108 0.0114 - 0.0114 0.0115 0.0129 -
Converted photon candidates
R, 0.941 0.927 0.930 0.930 - 0.918 0.932 0.913 -
wy, 0.0116  0.0114 0.0128 0.0126 — 0.0138 0.0120 0.0129 —

Table B.3: Modified values of the R, and w,, photon tight (Robust tight) selection cuts in
the different |n| regions, for unconverted and converted candidates. The rest of the cuts are the
same than in Table B.2.

The values shown in Tables B.2 modified by B.3 for tight and B.1 for loose were
used for the first photon measurement cross section [19, 103] and for the first note on
H — ~7 [69], both done on 2010 data using Release 15 software.

[n] 0-0.6 0.6-0.8 0.8-1.15 1.15-1.37 1.37-1.562 1.52-1.81 1.81-2.01 2.01-2.37  2.37-2.47
Ryad; s Bhaa  0.010 0.010 0.010 0.010 0.010 0.025 0.021 0.014 0.019
Ry, (1] 0.895 0.900 0.904 0.890 0.730 0.864 0.920 0.906 0.905
R, (2] 0.900 0.900 0.900 0.900 0.750 0.900 0.900 0.900 0.900
Wy (1] 0.013 0.014 0.014 0.014 0.025 0.017 0.013 0.014 0.014
W, 2] 0.012 0.012 0.013 0.013 0.025 0.015 0.013 0.013 0.013

Table B.4: Values of the photon trigger selection cuts 2010 for the different discriminating
variables in the different |n| regions. Rpaq is used for 0.8 < |n| < 1.37, Rpaq, elsewhere. The
values [1] are those corresponding to g10_loose of the beginning of the run, and [2] to g20_loose
of the end of the run.

[l 0-06 06-08 081.15 1.15-1.37 1.37-1.52 152-1.81 1.81-2.01 2.01-2.37 2.37-2.47
Ruady, Ruaa  0.01 0.01 0.01 0.008 0.01 0.025 0.019 0.014 0.019
Ry, 0.927  0.912 0.921 0.916 0.750 0.906 0.920 0.908 0.915
Wiy 0.012  0.012 0.013 0.013 0.025 0.015 0.013 0.013 0.012

Table B.5: Values of the photon robust loose selection cuts for the different discriminating
variables in the different |7| regions. Rpaq is used for 0.8 < |n| < 1.37, Rpaq, elsewhere.
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|77| Rhadp Rpaq Rn Rd) Wny, Fiide Ws3 Wstot AE  Eratio
Unconverted photon candidates
1.81 - 2.01 0.019 0.928 0.947 0.011 0.211 0.631 2.4 110 0.710
Converted photon candidates
0.016 0.924 0.479 0.012 0.252 0.652 2.0 80  0.915
Unconverted photon candidates
2.01 - 2.37 0.0137 0.924 0.935 0.0125 0.181 0.580 1.64 148 0.780

Converted photon candidates
0.011 0.913 0.692 0.0129 0.215 0.614 1.48 132 0.962

Table B.6: New values on the photon robust tight selection cuts in the || regions 1.81-2.01
and 2.01-2.37, for unconverted and converted candidates, the rest is the same than in Tables B.3
and B.2.

The values shown in Tables B.5 and B.6 were optimised using Release 15 software and
are used in the second H — ~v note [70] done on 2010 data using (first version of the)
Release 16 software.

However looking in detail at 2010 data using (first version of the) Release 16 soft-
ware, for the single photon note using all 2010 data [36, 72|, some differences were
found [208, 209] between data and Monte Carlo and the cuts were changed for the vari-
ables wy3. The new cuts are in Table B.7.

new wsg cuts

n| 1.81-2.01 2.01-2.37
Unconverted photon candidates 0.651 0.610
Converted photon candidates 0.672 0.644

Table B.7: Modified values of the wgs for the Robust tight selection cuts at high |n| regions,
for unconverted and converted candidates. The rest of the cuts are the same than in Table B.6.

Cuts in Table B.6 modified by these presented in Table B.7, are used for the full 2010
single photon note [36, 72] and for the 2010 diphoton notes [76, 77]. For the analysis of
2011 data, the bug was corrected (in the second version of the Release 16 software) [210]
but, for safety the change of cut was kept, with some slight difference because the trig-
ger changed in 2011 (see Table B.8, for instance). The new cuts are in Tables B.9 and B.10.

[n] 0-0.6 0.6-0.8 0.8-1.15 1.15-1.37 1.37-1.562  1.52-1.81 1.81-2.01 2.01-2.37  2.37-2.47
Rypad,, Rhaa 0.010 0.010 0.010 0.010 0.010 0.020 0.015 0.014 0.014
Ry 0.930 0.930 0.925 0.925 0.750 0.915 0.915 0.900 0.900
W)y 0.011 0.012 0.012 0.013 0.025 0.014 0.013 0.013 0.013

Table B.8: Values of the photon trigger selection cuts 2011 for the different discriminating
variables in the different |7| regions. Ry,q is used for 0.8 < |n| < 1.37, Rpaq, elsewhere.
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[n] 0-0.6 0.6-0.8 0.8-1.15 1.15-1.37 1.37-1.52 1.52-1.81 1.81-2.01 2.01-2.37  2.37-2.47
Rpad,, Rhaa 0.010 0.010 0.010 0.008 0.010 0.025 0.015 0.014 0.019
Ry 0.927 0.912 0.925 0.916 0.750 0.906 0.920 0.908 0.915
W)y 0.012 0.012 0.013 0.013 0.025 0.015 0.013 0.013 0.012

Table B.9: Values of the photon robust loose 2011 data selection cuts for the different dis-
criminating variables in the different |n| regions. Rpaq is used for 0.8 < |n| < 1.37, Rpaq,

elsewhere.

‘77| Rhadla Rhad Rn Rd) Wnyy Fside Ws3 Ws tot AE Eratio
Unconverted photon candidates
1.81 - 2.01 0.015 0.928 0.947 0.011 0.211 0.651 2.4 110 0.710
Converted photon candidates
0.015 0.924 0.479 0.012 0.252 0.672 2.0 80 0.915

Unconverted photon candidates

2.01 - 2.37 0.0137 0.924 0.935 0.0125 0.181 0.610 1.64 148 0.780
Converted photon candidates

0.011 0.913 0.692 0.0129 0.215 0.644 1.48 132 0.962

Table B.10: New values on the photon robust tight for 2011 data selection cuts in the |7
regions 1.81-2.01 and 2.01-2.37, for unconverted and converted candidates, the rest is the same
than in Tables B.3 and B.2.

B.2 Data/MC discrepancies on Discriminating Varia-

bles

Here are shown [103] the difference of the mean value between data and Monte Carlo, for
distributions of the discriminating variables used for the photon identification selection
criteria presented in the Section 6.2.1.
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Figure B.1: Differences App,,, between the means of the Ry,q distributions in data and MC
for photon candidates passing the loose (a,b) and tight selections [103].
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Figure B.2: Differences Aug,, a between the means of the Ry,q, distributions in data and MC
for photon candidates passing the loose (a,b) and tight selections [103].
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Figure B.3: Differences App, between the means of the Ry distributions in data and MC
for photon candidates passing the loose (a) and tight (b) selections [103].
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Figure B.4: Differences App,,. between the means of the Fiqe distributions in data and

MC for photon candidates passing the loose (a) and tight (b) selections [103].
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Figure B.6: Differences Ap,,,,,, between the means of the w0 distributions in data and
MC for photon candidates passing the loose (a) and tight (b) selections [103].
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Figure B.7: Differences Apuag between the means of the AFE distributions in data and
MC for photon candidates passing the loose (a) and tight (b) selections [103].
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Appendix C

Simulated samples and collision data

C.1 Simulated events

To study the characteristics of signal and background events, Monte Carlo samples are
generated using PYTHIA 6.4.21 [197], a leading-order (LO) parton-shower MC generator,
with the modified leading order MRST2007 [196] parton distribution functions (PDFs).
The event generator parameters are set according to the ATLAS MC09 tune [12], and the
ATLAS detector response is simulated using the GEANT4 program [42]. These samples are
then reconstructed with the same algorithms used for data. More details on the event gen-
eration and simulation infrastructure of the ATLAS experiment are provided in Ref. [13].
For the study of systematic uncertainties related to the choice of the event generator and
the parton shower model, alternative samples are also generated with HERWIG 6.5 [116].
For a summary of the relevant simulated samples, see Table C.1.

To study background processes, two classes of samples are simulated. In the first one,
generated non-diffractive minimum bias events are filtered requiring at least 6 GeV of
transverse energy in a 0.18x0.18 region in 1 X ¢ at the truth particle level, mimicking
a calorimetric L1 trigger requirement. The events passing this filter, whose efficiency is
around 5.3%, are then fully simulated. This filter is found to be unbiased for transverse
energies above 10 GeV. The equivalent integrated luminosity of this sample, according to
the effective production cross section (including the filter efficiency) o = 2.58 mb returned
by PYTHIA, is 16 nb 1.

Since the Ep spectrum of reconstructed fake candidates decreases rapidly above the
filter threshold, a second class of samples, enriched in candidates with higher transverse
energies, is used to study fake photon candidates with reconstructed Ep > 20 GeV. In
these samples, all relevant 2—2 QCD hard subprocesses (see Table C.2). are switched on,
the transverse momentum of the hard-scattering products is required to be greater than
(at least) 15 GeV, and the same filter as for the minimum bias sample is applied. The
filter has a higher threshold than in the minimum bias sample, with cuts at 17 and 35
GeV The sample with a 17 GeV minimum is found to be unbiased for transverse energies
above 20 GeV. Its equivalent integrated luminosity, according to the effective production
cross section ¢ = 0.99 mb computed with PYTHIA (taking into account also the filter
efficiency, 8.6%), is 494 nb~!. The sample with a parton-level pr cut at 33 GeV and a

195
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Data Set  Process o Filter Filter Filter Events Equivalent  Generator

type threshold efficiency  in tuples luminosity

[pb] [GeV] [pb "]
105801 QCD 4.845E+10 1 jet 6 5.32E-2 39957193 1.55E-2  PYTHIA
105802 QCD 1.148E+9 1 jet 17 8.62E-2 48931022 4.94E-1 PYTHIA
105807 QCD 5.484E+7 1 jet 35 1.57E-1 4992566 5.79E-1  PYTHIA
105802 QCD 9.162E+8 1 jet 17 8.26E-2 9969117 1.32E-1  HERWIG
105807 QCD 4.396E+7 1 jet 35 1.43E-1 4884587 7.77E-1  HERWIG
115801 QCD 4.911E+10 1 prompt vy 7 9.77E-5 989274 2.06E-1  PYTHIA
115802 QCD 1.147E49 1 prompt 17 1.83E-4 964406 4.60E4+0 PYTHIA
115871 QCD 3.924E4+10 1 prompt vy 7 1.65E-4 999189 1.54E-1  HERWIG
115872 QCD 9.162E+8 1 prompt vy 17 1.08E-4 927922 9.41E4+0 HERWIG
108085 v-jet 5.015E4+6 1 prompt ~ 7 2.76E-1 999631 7.21E-1  PYTHIA
108087 y-jet 2.250E+5 1 prompt ~ 17 4.70E-1 4994464 4.72E+1  PYTHIA
108081 v-jet 1.731E4+4 1 prompt v 35 6.04E-1 1998486 1.91E4+2 PYTHIA
108082 y-jet 1.521E+43 1 prompt vy 70 6.63E-1 999662 9.92E+42  PYTHIA
105830 y-jet 1.963E+45 1 prompt 17 4.66E-1 4988495 5.46E+4+1  HERWIG
105831 v-jet 1.478E4+4 1 prompt 35 6.01E-1 1999395 2.25E+4+2  HERWIG
108092 y-jet 1.282E+43 1 prompt 70 6.52E-1 998963 1.11E43  HERWIG

Table C.1: Monte Carlo datasets used in the inclusive photon analysis. All samples
contain all relevant signal processes, unless otherwise indicated. The QCD samples contain
both prompt photon production events and the most significant sources of background as
summarized in Table C.2.

truth-particle-jet filter cut at 35 GeV helps us to extend the reach to higher transverse
energies, and corresponds to an integrated luminosities of 579 nb~!.

Process PYTHIA subcode
495 — 44 11
4iGi — qrqk 12
4% — 99 13
49 — 49 28
99 = Qkqk 53
99 — 99 68
4G — QrQk 81
99 — QrQk 82
¢ — g 14
g9 — &Y 29

Table C.2: Elementary QCD processes that are enabled in the QCD PYTHIA samples.

All of these QCD background samples contain “fake” photon candidates (typically
from 7 and 7 decays), as well as prompt photon signals produced by QED radiation
emitted off quarks and by parton fragmentation. The higher energy sample contains also
the contribution of the direct LO gamma-jet hard-scattering contributions, either from
4:q — g7y or q;g — q;y. Reconstructed prompt photon candidates are matched to particles
in the truth record of the event with the ATLAS McTruthClassifier tool, which uses a
combination of ancestry information and AR matching to determine whether a candidate
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is signal or background. All prompt photon contributions are removed from these samples
when studying the background contribution.

Signal-like photons are present in all of the relevant datasets, either as the result of
a filter which selects only signal photons at the generator level, or as part of a sample
which also contains background processes. For signal-only samples, two types of filters
are used. The first class of prompt photon samples consists of simulated leading order
v-jet events, and contains only hard-scattering photons (hard subprocesses ¢g — ¢y and
qq — g) with generated transverse momenta above some threshold (7, 17, 35 or 70 GeV
thresholds are used in these studies). The equivalent luminosities of these samples range
from 71 nb~! (for a 7 GeV threshold) to 1 fb~! (for a 70 GeV threshold). The box-
diagram hard subprocess gg — g7 is part of the next-to-next-to-leading order (NNLO)
cross section and gives a negligible contribution to the total prompt photon cross section
compared to the other two subprocesses. It is therefore not included in the generated
samples.

The second class of signal samples contains both hard-scattering photons and photons
from QED radiation off quarks, and also includes photons from parton fragmentation.
The events generated for this class of samples are similar to those generated for the study
of the QCD backgrounds (the same elementary processes of Table C.2 are activated), but
the filter applied before the full simulation only retains events that contain reconstructed
photons matched to signal photons in the truth record, with generated transverse mo-
menta above some threshold, either 7 GeV or 17 GeV. The equivalent luminosities for
those two samples are 206 nb~! and 4600 nb~!, respectively. These samples are used to
study the contribution to the prompt photon signal of photons from fragmentation or
from the NLO part of the direct process and that are less isolated than those from the LO
direct processes. In such studies, all direct LO photon contributions are removed from
these samples in the analysis.

C.2 Collision Data

We use the data collected between April and August 2010 which correspond to a total
integrated luminosity of 8804100 nb~! collected by the ATLAS detector at the LHC [19].

Trigger Requirements

Events are triggered using the gl10_loose high-level calorimeter trigger, based on the
energy deposits in the electromagnetic and hadronic calorimeters. The g10_loose high-
level trigger is seeded by a level-1 hardware trigger (L1 _EM5), which, using a coarser
granularity (0.1 x 0.1 in 1 x ¢) than that of the electromagnetic calorimeter, searches
for electromagnetic clusters with fixed size 0.2 x 0.2 and retains only those whose total
transverse energy in two of their four trigger channels is above 5 GeV. The high level
trigger exploits the full granularity and precision of the calorimeter to refine the level-1
trigger selection, based on improved energy resolution and detailed information on energy
deposition in the calorimeter cells. The nominal transverse energy threshold of the g10_-
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loose trigger is 10 GeV. The selection criteria that are applied by the trigger on the
fraction and profile of the energy released in the various layers of the calorimeters are
looser than the photon identification criteria applied in the following analysis steps, and
are chosen, together with the transverse energy threshold value, in order to reach a plateau
of constant efficiency close to 100% for true photons with E7 > 15 GeV. More details on
trigger efficiency measurements can be found in [217].

Data Quality

Only events where both the calorimeter and the inner detector are fully operational, and
have good data quality, are used. In particular, events are required to belong to the
Z — ee e/v “Good Runs List” (GRL).!

Total Integrated Luminosity

The total integrated luminosity of the selected sample, after trigger and GRL require-
ments, is (880 £ 100) nb~!. A detailed list of all the runs included in this measurement,
and the corresponding g10_loose integrated luminosities, is available in Table C.3.

Primary Vertex Requirement

For this analysis, events are required to have a reconstructed primary vertex consistent
with the average beam spot position and with at least three associated tracks. The
efficiency of this requirement is greater than 99.9% both in data and in simulated signal
events containing at least one photon candidate with transverse energy above 15 GeV
(and lying within the calorimeter acceptance). The total number of selected events is 9.6
million.

Non-Collision Backgrounds

The amount of non-collision background in the data sample is estimated with control
samples collected using a dedicated, low-threshold calorimetric trigger. This trigger se-
lects events that either have no proton bunch passing through the interaction region (for
cosmic background studies), or in which there is only one bunch corresponding to a single
beam (for non-collision beam-induced background studies). The contribution to the final
candidate sample was found to be negligible [207].

The list of runs used in the analysis [19] is found below

Run Number Data Period Good LB Bad LB Luminosity [nb™!]
152166 A 47 48 0.0029
152214 A 43 0 0.0032

Continued on following page

!'Note that the same quality requirements apply for electrons from Z and photons.
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Run Number

Data Period Good LB Bad LB Luminosity [nb™]

152221
152345
152409
152441
152508
152777
152844
152845
152878
152933
152994
153030
153134
153136
153159
153200
153565
154810
154813
154815
154817
155073
155112
155116
155160
155228
155280
155569
155634
155669
155678
155697
156682
158045
158116
158269
158299
158392
158466
158545

seliovliveliovlivvlvelios Rive i uoliie-giie-giie il s g s e e e

163
80
589
359
66
249
95
239
114
128
29
83
42
20
89
36
893
62
128
30
279
318
474
83
263
16
16
240
186
o4
68
240
105
61
413
75
71
212
16
23

0

SO O OO O OO OO oo o oo oo ottt oc oo oo, PO, FEFRFRPROFEREORRRO

0

0.0210
0.0161
0.0794
0.0672
0.0109
0.0453
0.0078
0.0262
0.0250
0.0215
0.0053
0.0225
0.0057
0.0021
0.0112
0.0078
0.7653
0.1526
0.2624
0.0618
0.5339
1.1564
3.4111
0.4992
1.3289
0.0385
0.0284
0.9909
1.0697
0.4409
1.1924
3.4226
1.3008
0.7205
14.4433
3.4323
1.3367
7.6043
1.6204
1.3337

Continued on following page
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Run Number Data Period Good LB Bad LB Luminosity [nb™']

158548 D2 196 0 10.0807
158549 D2 85 0 3.1816
158582 D2 307 0 16.0859
158632 D3 110 0 5.5031
158801 D3 177 0 7.1641
158975 D3 219 0 20.5129
159041 D4 259 0 25.6413
159086 D4 404 0 54.0469
159113 D5 256 0 28.0369
159179 D6 108 0 15.0164
159202 D6 81 0 9.7998
159203 D6 79 0 8.2898
159224 D6 539 0 64.2961
160387 E1 235 0 58.4255
160472 E1 366 0 76.3450
160479 E1 25 0 4.6985
160530 E2 424 0 92.4522
160613 E3 189 0 48.0307
160736 E3 29 0 17.1593
160800 E3 61 1 16.1291
160801 E3 370 0 75.7851
160879 E3 409 0 80.6187
160899 E4 15 0 4.8064
160953 E4 23 0 19.4108
160954 E4 62 1 16.6286
160958 E4 195 0 40.6305
160963 E4 13 0 2.3340
160980 E4 30 0 8.9862
Total A-E4 12113 65 877.603

Table C.3: Runs used in the inclusive photon analy-
sis, which cover all runs through period E4, except runs
158443 and 160975, which had prescales applied on the
g10 loose trigger chain. A lumi block (LB) is bad either
if the trigger was disabled, or if the luminosity value for
that lumi block in the database is invalid.

C.3 Photon candidates preselection

Photon candidates with calibrated transverse energies ( Er) above 15 GeV are kept for
the successive analysis steps. To ensure a proper identification, the cluster barycenter in
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the second layer of the electromagnetic calorimeter is required to lie in the pseudorapidity
region covered by the very finely segmented first layer: |n| < 1.37, or 1.52 < |n| < 2.37.
In addition, for this analysis, photon candidates are selected to be outside regions of the
electromagnetic calorimeter where either the presampler, first, or second layers have non
working readout optical links: the full 3x 7 (in the barrel) or 5x 5 (in the end-cap) clusters
are required not to overlap with any of these regions. Photon candidates are also rejected
if one of the core 3 x 3 second layer cells does not work properly, or if one of the first
layer cells facing the hottest cell in the second layer is non-functional. The check0Q.C
egamma object quality tool is used to apply these requirements. The tool makes use of
run-dependent maps of dead OTX and inactive channels to remove photon candidates
whose cluster overlaps with these bad regions. A summary of the dead OTX maps for
the run ranges analysed in this measurement, and the integrated luminosity associated
with each map, is presented in Table C.4. These requirements reject 6.4% of the photon
candidates reconstructed in collision data.

Run Start Run End Dead OTX map Integrated Luminosity [ub~?]

152166 155227 152166 8552.85
155228 155759 155228 7183.43
155760 158114 155760 2021.34
158115 158642 158115 64622.16
158643 158706 158643 0.00
158707 159039 158707 27677.04
159040 - 159040 767567.89
Total - - 877624.71

Table C.4: Run periods, and equivalent luminosities, for the different object quality maps used
in the inclusive photon analysis.

In the following, “preselection” is defined as the combination of criteria described in
this section and the event-quality criteria defined in the previous sections:

- the event belongs to the e/vy Good Runs List (good inner detector and calorimeter
data quality)

- the event passes the gl0_loose trigger
- the event contains at least one primary vertex with at least three associated tracks

- the photon candidate has reconstructed Er > 15 GeV and pseudorapidity in the
fiducial region (|n”| < 1.37 or 1.52 < |n7| < 2.37)

- the cluster of the photon candidate does not contain a bad calorimeter cell (no cell
corresponding to a dead OTX in the cluster; no cell with dead HV in the core of
the cluster)
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After the preselection, 1.3 million photon candidates remain in the data sample. The aver-
age multiplicity of photons with Er > 15 GeV and within the pseudorapidity acceptance,
in events containing at least one such photon candidate, is 1.02 in collision data.

After the preselection, the candidates are separated in the belonging to four different
pseudorapidity regions:

n € [0.00;0.60), 75 € [0.60;1.37), ne[1.52;1.81), n e [1.81;2.37)

chosen according to the detector geometry, and in several Ep intervals [GeV]:
[15;20), [20;25), [25;30), [30;35), [35;40), [40;50), [50;60), [60;100)

where the increase of the interval width at higher FEp values is motivated by the lower
candidate statistics.

C.4 Reconstruction and trigger efficiencies

C.4.1 Reconstruction and preselection efficiency

The reconstruction and preselection efficiency, €;eco, is computed from simulated events
as a function of the true photon transverse energy for each pseudorapidity interval un-
der study. It is defined as the ratio between the number of true prompt photons that
are reconstructed - after preselection - in a certain pseudorapidity interval and have re-
constructed i < 3 GeV, and the number of true photons with true pseudorapidity in
the same pseudorapidity in the same interval and with particle-level transverse isolation
energy lower than 4 GeV.

Ereco’k(E’y dN’Y(nk’,l < ‘n‘;yrue| < Mk,2, Eég?crue <3 GGV)/CZE%

Tirue) = : e (C.1)
ST ANY (kg < Miel < k2 ESne < 4 GeV)/dE],

Jtrue

The efficiency of the requirement EJ. > 15 GeV for prompt photons of true transverse
energy greater than the same threshold is taken into account in the unfolding procedure.

The reconstruction and preselection efficiencies are calculated using a cross-section-
weighted mixture of direct photons produced in simulated 7-jet events and of fragmenta-
tion photons produced in simulated dijet events. The uncertainty on the reconstruction
efficiency due to the difference between the efficiency for direct and fragmentation pho-
tons, and the unknown ratio of the two in the final sample of selected signal photons, are
taken into account as sources of systematic uncertainty in Section 6.5.

The average reconstruction and preselection efficiency for isolated prompt photons
with |7l < 1.37 or 1.52 < |nl.e| < 1.81 is around 82%; the 18% inefficiency is due to
the inefficiency of the reconstruction algorithms at low photon transverse energy ( a few
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%), to the inefficiency of the isolation requirement (5 %) and to the acceptance loss from
a few inoperative optical links of the calorimeter readout.

C.4.2 'Trigger efficiency

The efficiency of the calorimeter trigger, relative to the photon reconstruction and iden-
tification selection, is defined as the probability for a true prompt photon, passing the
tight photon identification criteria and with Ei° < 3 GeV, to pass the trigger selection.
It is estimated in two steps. First, using a prescaled sample of minimum bias triggers, the
efficiency of a lower threshold(~x 3.5 GeV) level-1 calorimeter trigger is determined. The
measured efficiency of this trigger is 100 % for all photon candidates with reconstructed
EJ. > 15 GeV passing tight identification criteria. Then, the efficiency of the high-level
trigger is measured using the sample of events that pass the level-1 calorimeter trigger
with 3.5 GeV threshold.

The trigger efficiency for reconstructed photon candidates passing tight selection cri-
teria, isolated and with EJ. > 15 GeV is found to be €yigger = (99.5 £ 0.5)%, constant
within uncertainties over the full £ and n ranges under study. The quoted uncertainty is
obtained from the estimation of the possible bias introduced by using photon candidates
from data, which are a mixture of signal and background photon candidates. Using Monte
Carlo samples the absolute difference of the trigger efficiency for a pure signal sample and
for a pure background sample is found to be smaller than 0.5 % for isolated tight photon
candidates with £} > 15 GeV.

In Figure C.1 is shown, a comparison between the high-level trigger efficiency in data
and in the background predicted by the simulation.
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Figure C.1: Photon trigger efficiency with respect to the offline photon selection, as measured
in data (circles) and simulated background events (triangles) on photon candidates passing the
tight identification criteria and with isolation energy lower than 3 GeV [19].
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