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Introduction

The predictions made by the Standard Model of particle physics have been tested experimentally to a
considerable degree of precision. The quest is now on, at high energy particle colliders, for the only
remaining piece within the framework of the Standard Model to be discovered, namely the Higgs boson,
which is responsible for the electroweak symmetry breaking.

The asymptotic freedom of Quantum Chromodynamics (QCD), the theory of strong interactions
in the Standard Model, makes QCD predictions possible in perturbation theory. The comparatively
high value of the strong coupling constant however is responsible for the slow apparent convergence of
the perturbative series. The computation of several orders of the series is therefore required for QCD
predictions to be accurate and comparable to measurements performed at particle colliders. Two orders
are state-of-the-art and three in final preparation.

The mass of the Standard Model Higgs boson is known from direct searches performed at the Large
Electron-Positron Collider (LEP) to be greater than 114.4 GeV/c? and, as of August 2011, to lie below
150 GeV/c?. This upper limit is determined on one hand by direct searches at the Large Hadron
Collider (LHC) and the Tevatron and on the other by precision fits of electroweak data. In the lower
part of this mass window, searches of the Higgs boson decaying to two photons are among the the most
sensitive.

Studies of isolated photon pairs at the LHC allow to test QCD in its perturbative regime at energy scales
never probed before. Moreover, the measurement of the cross section of diphotons is crucial, as photon
pairs produced in hard QCD interactions form the largest irreducible background to the search for a
low mass Higgs boson that decays to diphotons. Even though this background can be estimated from
data, a solid understanding of its kinematic properties and reliable theoretical predictions give additional
handles to enhance the sensitivity of Higgs boson searches in the diphoton channel.

This thesis presents a comprehensive study of the production cross section of pairs of prompt isolated
photons. An overview of the diphoton production in the Standard Model in chapter 1 is followed by a
description of the LHC machine and the CMS detector, with emphasis on the electromagnetic calorimeter,
in chapter 2. The reconstruction of photons and the measurement of the photon energy and momentum
are described in chapter 3.

A new method of determining the number of prompt isolated photons in a sample of photon candi-
dates, based on a data-driven fit on an electromagnetic isolation variable, is described and validated in
chapter 4 before being applied in chapter 5 to the measurement of the differential cross section of single
isolated photons. Finally, chapter 6 presents the first measurement of the differential cross section of
isolated photon pairs performed with the CMS detector at a centre-of-mass energy of 7 TeV.



Chapter 1

Photon Pairs in the Standard Model

1.1 The Standard Model

1.1.1 Introduction

The Standard Model of particle physics is a theory describing all of the known elementary particles and
their interplay via the strong, the weak and the electromagnetic forces. The effects of gravity, the fourth
of the fundamental interactions, are negligible with respect to the other three and are not accounted for
in the Standard Model.

Fermions

Matter is made of fermions that are classified into two categories, leptons and quarks, depending on
the way they interact: all fermions couple to the weak and electromagnetic forces, yet only the quarks
interact via the strong force.

Leptons are split into three generations, each one comprising a massive particle of negative unitary electric
charge and a lighter, neutral one, the associated neutrino. The electron and the electronic neutrino for
instance make up the first generation as can be seen in table .

Generation Symbol Mass Charge \ Symbol Mass Charge
electron e 0.5110 MeV -1 Ve <2eV 0
muon I 105.7 MeV -1 vy <2eV 0
tau T 1777 MeV -1 vy <2eV 0

Table 1.1: Leptons [

Quarks are also split in three generations of two particles. Although the number of lepton-generations of
the above kind is found experimentally [2] to be set, the standard model does not exclude the existence
of further quark generations. The particles in the left-hand column of table 2 have an electric charge
of %, whereas the charge of the right-hand ones is —%. Thus, the proton being made of two up quarks

and a down quark (uud) has a positive unit charge, whilst the neutron (udd) is neutral.
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Name Symbol Mass Charge ‘ Name Symbol Mass Charge
up u 1.5 — 3.3 MeV/c? 2/3 down d 3.5 — 6.0 MeV/c2 —-1/3
charm c 1.27 1097 GeV/c? 2/3 | strange s 104 728 MeV/c2  —1/3
top t 171.24+2.1 GeV/c?  2/3 | bottom b 4.20 T040 GeV/e2 —1/3

Table 1.2: Quarks [B]

Interactions

In the Standard Model, the dynamics and interactions of particles are determined by the Lagrangian
density function, or Lagrangian, similar to that of classical mechanics in that the equations of motion
of a system derive from it via the action principle. It states that a system evolving from one state to
another does so by a path corresponding to a stationary action, defined as the spatial integral of the
Lagrangian.

Particles in the Standard Model are described as quantised excitations of fields. The dynamics of
fermions of mass m, excitations of the field ¢(x), are determined by the Dirac Lagrangian [d]. Fermion-
fermion interactions are introduced in the theory via the gauge-invariance condition, that is requiring
the Lagrangian to be invariant under a symmetry group called gauge group of which examples are given
in table I3. This invariance condition gives rise to new fields A,(x) [B] coupling to the fermion fields
(x) via a scalar coupling constant ¢ in terms of the Lagrangian.

These terms illustrate the meaning of the word interaction. Indeed, as the integral of the Lagrangian
is expressed in units of energy, terms involving the fermion and the gauge boson fields show that energy
exchange is possible among the fields ¥(x) and A, (), in other words that fermions can interact via
gauge bosons. The coupling constant g then determines the strength of the interaction.

Symmetries in the Standard Model

In the context of the Standard Model, the three fundamental interactions correspond to invariances
under the symmetry groups SU(3) for the strong force and SU(2) x U(1) for both the weak and the
electromagnetic force as presented in table 3.

Symmetry Group Fields Dim. Gauge bosons
Strong SU(3) gt a=1..8 8 8 gluons

Electroweak SU(2) x U(1) K# a=1..3 and L* 4 2 W, 1Z et 1 photon

Table 1.3: Gauge groups of the Standard Model. The dimension of the gauge group equals the number
of gauge bosons: eight in the case of the strong, four in the case of the electroweak symmetries.

In the previous paragraph it was stated that there are particles originating from the gauge invariance.
These particles are excitations of the gauge fields A, (z) and thus are called gauge bosons, summarised
in table 4.
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Interaction Gauge boson  Multiplicity Symbol Mass Charge
Strong gluons 8 g 0 0
Weak W boson 2 W+ 80.398 4 0.023 GeV/c? +1

7 boson 1 A 91.1876 + 0.0021 GeV/c? 0
Electromagnetic photon 1 ¥ 0 0

Table 1.4: Vector bosons [B]. The weak and electromagnetic interactions are grouped together because
they correspond to the same gauge group, as will be shown in section [IT2.

Particles and Fields

Not all gauge groups act on all fields. The gauge group of the strong interaction acts only on quark and
on gluons. The group SU(2) acts on SU(2) doublets via the matrices

01=<‘1)(1)> UQZ(?Oi) 03:<(1) _01> (1.1)

Among the fermions, only left-handed fields are doublets and the group is therefore noted SU(2). In the
classical version of the Standard Model, neutrinos are considered as being massless and are left-handed.
The U(1) symmetry group acts only on fields with non-zero hypercharge Y, and is therefore noted U(1)y .

With only the fields ¢(z) and A,(x), it is not possible to give mass to the fields, by including mass
terms of the following kind

—m?A, (z)A*(z) (1.2)

to the Lagrangian, that are not gauge invariant. Yet the experimental data presented in tables [, T2
and I shows that fermions and some gauge bosons have masses.

1.1.2 Electroweak Symmetry Breaking
The Higgs Field

Gluons are found to be massless and the Lagrangian is symmetric under SU(3). The W* and Z° gauge
bosons however, associated with the SU(2) x U(1) symmetry, are massive, therefore the Standard Model
Lagrangian cannot be symmetric under this particular gauge group and the symmetry is said to be
broken.

The Higgs mechanism allows to write mass terms for the W and Z bosons and give a longitudinal
polarisation state. Several ways of breaking the SU(2) x U(1) symmetry are possible. In the Standard
Model, the electroweak symmetry is broken spontaneously via the introduction of an iso-doublet of scalar
fields having a non-vanishing vacuum expectation value, the signature of which is a spin 0 particle, the
famous Higgs Boson [].

Higgs Mass

As of August 2011, the scalar Higgs boson predicted by the Standard Model in the context of the
spontaneous symmetry breaking has not been discovered. Higgs boson searches are among the priorities
of the Large Hadron Collider described in section Pl
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From the expressions of the vector boson masses given in equation (??) and the experimental values
of table [ one gathers that

/

9

The coupling constants g and ¢’ can be determined experimentally and allow to compute the Higgs field
vacuum expectation value v =~ 250 GeV. The only unknown parameter left is the Higgs boson mass my .
Its value is not predicted by the model model and has to be determined experimentally. Before any
results from the LEP, the Tevatron and the LHC experiments, a region from 15 MeV upwards was
considered [8] but as of 2011, a lower bound [d] at 114.4 GeV/c? and further exclusion regions [0, 1]
were established. From fits to electroweak precision data, such as one can deduce an upper bound to the
Higgs mass that goes as far down as 153 GeV/c? [17].

The Higgs boson mass my is submitted to corrections coming from loop diagrams [I3] as shown in
figure [

~ 0.23 (1.3)

Figure 1.1: Generic loop correction to the Higgs boson mass

These correction terms to the Higgs boson mass are be proportional to A? where A is the scale up
to which the Standard Model is valid [04]. Assuming it breaks down at the Planck mass, that is the
scale where the gravitational interaction becomes comparable to the strong, weak and electromagnetic
interactions, A = Mpjanck = O(10'%) GeV, the terms multiplying the correction terms would have to
cancel out to 10734 in order for the Higgs mass to stay below 1 TeV, which is what one expects. This
appears to be highly unlikely and is known as the hierarchy problem.

Fermion Masses
Finally, the introduction of the Higgs field also allows to account for fermion masses, by adding mass
terms to the Lagrangian such as
2 —
—m_ee (1.4)

where m2 = A\.v and A, is the Yukawa coupling, determining the strength with which the Higgs field
couples to the fermion.

1.1.3 Fields and Couplings

The Standard Model Lagrangian defines the dynamics and interactions of the above mentioned particles.
The cross section of a given process, defined by an initial and a final state, can be computed via graphical
representations of the process, the Feynman diagrams [I5].

From sections I and 12 one gathers:

e the gluon, the gauge boson of the strong interaction, couples to gluons and quarks,

e the photon, the gauge boson of the remaining electroweak symmetry U(1)q, couples to all electri-
cally charged particles, that is particles with @ # 0, and
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e the Higgs boson couples to all massive particles: quarks, leptons and the W+ and Z° vector bosons.

Running couplings

In a similar way the mass of a particle receives corrections from loop diagrams, as the one shown on
figure [, an interaction vertex does too. Computing the higher order corrections to the vertices leads
to divergences. In order to remove the diverging terms in the obtained expression, one introduces a mass
scale pg [M6] called the renormalisation scale.

When taking into account the corrections, one obtains a new expression of the coupling constant,
depending on the renormalisation scale, that is the mass scale of the considered physical process. The
dependence of the new coupling on up is quantified by the beta-function

O
O lnug

Ble)

Taking into account only the first set of corrections, that is the corrections that involve only one loop or
two additional vertices, one obtains the following expressions of the beta functions for the photon-fermion
interactions

(1.5)

202
= 1.6
Bla) = 5= (16)
and the quark-gluon interaction
2Nf a2
d==L-11)=. 1.7
Ban = (55— 1) 52 (17)

where Ny < 6 is the number of quarks flavours contributing to the correction loop. We note the negative
sign of the above quark-gluon beta function. Both the electromagnetic and the strong coupling constants
have been measured experimentally at certain mass scales and examples of those measurements are:

a(me) = 72973 x 1072 from [I7] (1.8)
as(myo) = 0.1184 £ 0.0007  from [IF] (1.9)

Quantum Chromodynamics

The condition o < 1 is important in order to compute cross sections in perturbation theory, that is by
successive refinement of the computation, starting with the simplest amplitude and adding higher order
terms, with greater powers of «, corresponding to more complex Feynman diagrams. An example of
such a higher order diagram, a correction to the one shown in figure [2(a) can be seen on figure [2A(b).
As opposed to quantum electrodynamics, the theory describing the interaction of photons and fermions,
for which perturbation theory works well, quantum chromodynamics (QCD), the theory describing the
interactions of quarks and gluons, is subject to two caveats.

The first resides in the rapid increase of s at low mass scales, due to the negative sign of the one-
loop QCD beta function (), making perturbative QCD (pQCD) predictions impossible for a, > 1.
The decrease of g at high mass scales however, called asymptotic freedom [19], allows for cross section
predictions to be made at mass scales probed by the LHC.

The second caveat lies in the comparatively high values of a even at those mass scales (ICU) leading
to significant contributions of orders beyond the lowest one in pQCD to the predicted cross sections.
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(a) Tree-level

(b) One-loop correction

Figure 1.2: Generic AB — CD scattering process shown at tree-level (a). A one-loop QCD correction
diagram is shown on figure (b).

1.2 Photon Pair Production

In this section, we describe the production mechanisms of photon pairs, called diphotons, within the
Standard Model. We shed light on the insights gained by a study of diphoton production, give the
outline of the cross-section prediction with the tools of pQCD and list the sources of uncertainties of this
prediction.

1.2.1 Diphoton Production Processes

From the couplings described in section 123 one can derive the processes leading to the production
of photon pairs in the parton-parton interaction, as opposed to photon pairs produced in the decay of
secondary particles such as the 7° or the 1 mesons. In the framework of pQCD, we show the leading-
order diagram of each process, corresponding to the amplitude with lowest order in s and examples of
higher-order corrections.

In chapter B we measure the inclusive diphoton production cross section, that is the production rate
of events with at least one photon pair plus possibly other particles. Diphotons produced along other
objects, such as jets, will contribute to the inclusive cross section. Two sets of higher-order corrections
to the leading-order diagrams have therefore to be taken into account, those resulting in the emission of
further particles, called real corrections, and those preserving the final state, called virtual corrections.

Two kinds of processes contribute to the diphoton production cross section.

Direct photons

Direct photons are produced in the hard interaction at high energy scales [20], an example of which
is the simplest photon pair production diagram shown on figure I=3. It involves the annihilation of a
quark-antiquark pair and is called the Born process.

On top of this direct process, a photon pair can be produced from gluons via a quark loop, as shown on
figure TA. Although the leading order box diagram involves two more vertices than the leading order
Born diagram and is therefore expected to contribute less to the diphoton production cross section,
the momentum distribution between the constituents of the photon, described in detail in section 23,
increases the contribution of the box diagram to similar importance than the Born diagram [21].
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LR

(a) Leading order (b) Virtual correction ) Real correction

Figure 1.3: The Born process: (a) leading order Feynman diagram and examples of (b) a virtual and
(c) a real correction

Ty

> E
Ty

(a) Leading order (b) Virtual correction ) Real correction

Figure 1.4: The box process: (a) leading order Feynman diagram and examples of (b) a virtual and (c) a
real correction

Fragmentation photons

Further contributions to the diphoton production cross section come from the collinear fragmentation off
a quark or a gluon which was produced in the hard interaction. The fragmentation occurs at a scale of
the order of the typical hadronic mass [20]. As explained in section ™22, the divergences appearing for
collinear parton-photon final states are factorised and absorbed into so-called fragmentation functions.

> L >4

(a) Leading order ) Virtual correction ) Real correction

Figure 1.5: Diphoton production diagrams with one photon produced in collinear fragmentation off a
parton. The (a) leading order diagram is shown along with examples of (b) virtual and (c) real correction
to the first order in «;. The white circle represents the fragmentation process.

Examples of diphoton production diagrams where either one or both of the two photons in the pair are
produced via fragmentation are shown on figures 3 and A respectively.

Higgs boson decay photons

Finally, within the Standard Model as described in sections T and 12, the decay of the Higgs boson
can produce photon pairs. As the Higgs is neutral and the photon massless, there is no possible coupling
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(a) Leading order (b) Virtual correction (¢) Real correction

Figure 1.6: Diphoton production diagrams with both photons produced in collinear fragmentation off a
parton. The (a) leading order diagram is shown along with examples of (b) virtual and (c) real correction
to the first order in as. The white circle represents the fragmentation process.

of the scalar to the electromagnetic vector boson. Based on the possible vertices given at the beginning
of section I3, one can draw the leading order diagrams contributing to the diphoton decay channel of
the Higgs boson.

,,, — — — —|

(a) Fermion loop

(b) 3-vertex W loop (c) 4-vertex W loop

Figure 1.7: Leading order diagrams of the diphoton decay of the Higgs boson, which can be mediated
by (a) a fermion or (b and c¢) a W loop.

The decay is mediated either by a fermion, figure [4(a), or a W loop, the latter decaying to two
photons via a three-point vertex, figure IZA(b), or a four-point vertex, figure I2(c). The leading-order
decay rate of the H — ~v channel can be found in chapter 2 of reference [22] as a function of the usual
constants and the Higgs mass.

The production rate of the Higgs boson and its decay rates in other channels (lepton pair, quark
pair, vector boson pair, loop mediated gluon pair) also depend on the Higgs boson mass, and so does
the H — ~7 cross section. It appears in grey, labelled v, on figure 3 at a centre-of-mass energy of
7 TeV, corresponding to the conditions of the 2010 data taking at the LHC. The H — ~~ cross section
is highest at low values of the Higgs mass and always smaller than 0.05 pb.



CHAPTER 1. PHOTON PAIRS IN THE STANDARD MODEL
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Figure 1.8: Higgs boson decay cross sections from [23] at a centre-of-mass energy of 7 TeV, corresponding
to the conditions of the 2010 data taking at the LHC. The H — -y cross section is highest at low values
of the Higgs mass and always smaller than 0.05 pb.

Isolated diphotons

Decays of the Higgs boson in the diphoton channel provide a very clear signature: two isolated photons,
that is photons not produced along hadronic energy. Studying isolated diphotons at the LHC is a way
to search for the Higgs boson at small masses but it also allows to probe the processes discussed in this
section, giving valuable experimental input to validate the pQCD cross section predictions.

In diphoton measurements at the LHC, as shown in chapter B, non-isolated photons, for instance
decay products from 7% mesons, whose production cross section is eight orders of magnitude larger
than those of direct photons [24], contaminate the photon sample selected to perform the cross section
measurement. In order to reduce the contamination of those photons, an isolation criterion is imposed,
requiring the hadronic energy deposited in a cone in the rapidity-azimuthal plane around the photon to
be smaller than a given threshold value.

On top of reducing the contribution of decay photons, this criterion also rejects fragmentation photons
which are very likely to be accompanied by hadrons. Therefore, to compare the pQCD predictions with
the measurement, a similar isolation criterion has to be applied to the calculations. It has to be noted
that the transverse energy carried by partons, that carried by the hadronic particles resulting from
parton hadronisation and that measured by the detector can differ. These differences will be dealt with
in section B3.

A different definition of the photon isolation as a series of cones, was suggested in [20], and allows
for a infra-red-safe treatment of the isolation in the theoretical computation.

10



CHAPTER 1. PHOTON PAIRS IN THE STANDARD MODEL

1.2.2 Diphoton Production Cross Section

In this section we present elements of the isolated diphoton production cross section computation.

Parton distribution functions

The cross section measured at the LHC does not correspond to the hard parton-parton interaction
cross section of processes such as ¢qg — 77y or gg — =y but to the the proton-proton interaction cross
section pp — 7. The energy of a proton is divided among its constituents, the partons, namely three
valance quarks and a sea of gluons and quark-antiquark pairs, this distribution is quantified by Parton
Distribution Functions (PDF).

p(p)

p(p2)

Figure 1.9: Kinematics for a generic cross section calculation at the LHC, used in equation (IIM).

For a generic hard process such as the one shown on figure [, the proton-proton interaction cross
section o is related to the hard parton-parton interaction cross section ¢ via

o= /diﬂl fq/p(ml’/u‘i)/d:CZ fayp(@2, 13) 6(x1p1, mapa, p3) (1.10)

where fq/, (21, ©?) is the PDF for a given quark in the proton to carry the fraction z; of the proton
energy at a mass scale py, called factorisation scale, at which the non-perturbative dynamics of partons
within the proton factorises off the perturbative hard interaction cross section.

Parton distribution functions are extracted via a global fit on several experimental results sensitive
to PDFs and their evolution with p2 is given by the DGLAP equations [26]. The PDFs represented
on figure IO at an energy scale p2 = 400 GeV? relevant for the LHC, show the predominance of the
valence up-quark and the down-quark over the quarks in the sea as well as the high gluon density at
small energy fraction.

11
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Figure 1.10: Representation of the parton distribution functions for quarks, antiquarks and gluons in a
proton, at an energy scale of 20 GeV, simulated with [?5]. It shows the predominance of the valence
up-quark and the down-quark at high energy fraction as well as the high gluon density at small energy
fraction.

Fragmentation functions

When computing the contributions of photons from the collinear fragmentation off partons to the dipho-
ton production cross section, as explained in [24], final state collinear singularities arise in the calculation
when a gluon or a quark experiences a series of successive splitting leading to a photon fragmentation.

It is possible to factorise these singularities and absorb them into quark and gluon fragmentation
functions D.q4(2, ur) defined at an arbitrary fragmentation scale pp and for a fraction z of the par-
ton energy taken by the fragmenting photon. It is then possible [27] to write the contribution from
fragmentation photons to the diphoton production cross section as

. dz Qs 2
o (frag) = Z /da:l dxo = fisp(@1, ix) fijp(x2, x) Dyyi(2, pr) (ﬁ) aif (1.11)
1,5,k = q,4,9

where i and j are the two interacting partons and f;;/,(x2, 1) their parton distribution function within
the proton, depending on the factorisation scale py, and Erij’? is the production cross section of the
parton k from the incoming partons 7 and j. The fragmentation function D. /4 (z, ur) of a photon off
the parton k£ depends on the fraction z and the framentation scale ur and «g on the renormalisation
scale pp.

It has to be noted that the distinction of diphotons into a one-fragmentation, a two-fragmentation
and a direct contribution is somewhat ambiguous as only the sum of the three has no dependence on pup
if computed to all orders and thus is the relevant physical observable [24].

12
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Parton generator codes

Fixed order parton generator codes, such as DIPHOX [4] and gamma2MC [2R], compute the cross section
including all contributing diagrams up to a given order in a and ay. Parton generator codes are not
actual event generators and cannot be interfaced with a Monte-Carlo description of a detector: DIPHOX
for instance produces some events with negative weight and keeps only the longitudinal kinematical
information of the residues of the fragmentation processes.

The theoretical prediction compared to the inclusive diphoton production cross section measurement
of chapter B was performed using DIPHOX to compute the contributions from quark-annihilation (fig-
ure [3) and fragmentation (figures [C3 and [CA) up to and including the order a,a?, accounting for the
behaviour of the photon fragmentation function as a/«a; for pp > 1 GeV.

As the box contribution is only described at leading order in DIPHOX, the gluon fusion diagram and its
corrections (figure [2) were computed by gamma2mc up to and including the order a2a?. Its contributions
are of comparable importance due to the very high gluon densities at the LHC, as shown on figure 10
despite the fact that they exceed the other diagrams by two orders of «.
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Figure 1.11: NLO contribution to the gluon fusion box diagram, figure B.1{b}, as predicted by gamma2MC
versus pr,1, the selection threshold on the leading photons, where the selection threshold on the trailing
photon has been set to 20 GeV. One would expect the cross section to decrease with increasing pr 1,
which it does not for it being smaller than 23 GeV. The kinematic acceptance thresholds of table 62
have been chosen as a consequence of this observation. The large error bars on the predictions at 23 and
28 GeV arise as a consequence of the weights which are very high for some events.

When computing the NLO prediction to the gluon fusion box diagram with equal selection thresholds
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CHAPTER 1. PHOTON PAIRS IN THE STANDARD MODEL

on the transverse energies of both photons of the photon pair, virtual corrections by single soft gluon ra-
diations rarely pass the selection requirements inducing an infra-red sensitivity on the plotted differential
cross section. Figure [T illustrates this effect: the cross section computed with gamma2mc for the gluon
fusion process with a set threshold of 20 GeV on the transverse energy of the sub-leading photons is
expected to decrease when the threshold on the leading photon transverse energy pr; increases; it does
so only for pr 1 > 23 GeV. It is therefore judicious to choose asymmetric transverse energy thresholds
to obtain solid predictions.

An alternative to fixed-order calculations are calculations using soft gluon resummation techniques,
developed for the computation of vector boson cross sections [29] and later applied to diphoton production
cross sections [B0]. They are particularly appropriate in the calculation of the differential cross section
as a function of the transverse momentum pr - of the diphoton pair where at small values of pr ,, the
photon pair is accompanied by soft and collinear gluon radiation. Cross section predictions including
soft gluon resummation are performed by RESBOS [T].

Photon isolation

As stated before, an isolation criterion, requiring the total hadronic transverse energy deposited in a cone
of R < 0.4 around each photon to be less than 5 GeV, is included in the parton generator calculations
to describe the isolation criterion imposed in the diphoton cross section measurement. Contributions to
this hadronic energy can come from residues of the parton fragmentation, from a third parton in the
final state or from both. The requirement imposed in the measurement however concerns the isolation
computed from the transverse energy of particles resulting from parton hadronisation or being produced
in underlying events (UE), hadronisation products from partons that have not taken part in the hard
interaction.

In order to correct the predicted cross section for the absence of underlying event and hadronisation
in the parton generator codes, the PYTHIA [37] parton shower generator is used in [33] to obtain the
distributions, shown on figure T2, of the aforementioned isolation variable and deduce the efficiency on
the isolation criterion with and without UE and hadronisation. A correction factor of 0.953 + 0.003 is
applied to the prediction.

14
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1.2.3 Diphoton Cross Section Uncertainties

When computing the production cross section of isolated photon pairs to a given order in a and ay,
limited knowledge of some of the ingredients of the computation leads to uncertainties on the predicted
cross section.

PDF and o, uncertainties
Several sets of parton distribution function are available, they differ in several respects, by
e the choice of the functional parametrisation of the PDFs for the different partons,

e the fit procedure chosen to perform the global fit, that is the choice of the floated parameters, the
type of minimisation and the imposed constraints,

e the choice of the experimental results used in the global fit.

The PDF4LHC [34] working group recommends to combine three sets of PDFs: CTEQ [35], MSTWO08 [36]
and NNPDF2.1 [B7] to determine the uncertainties on a cross section prediction computed at next-to-
leading order and to combine this uncertainty in quadrature with that on as.
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Figure 1.13: PDF uncertainties on the prediction of the invariant mass spectrum, with acceptance and
binning of chapter B, determined with NNPDF2.1.

Following the PDFALHC working group recommendations, the PDF uncertainties are estimated by
constructing the envelope provided by the central values and of the different PDF sets (CTEQ, MSTWO08
and NNPDF2.1) and their errors obtained from varying a, and the PDFs available in each set. Fig-
ures I3 and [T show the PDF uncertainties on the prediction of the invariant mass spectrum,
determined with NNPDF2.1 and CTEQ respectively and figure T3 the above mentioned envelope.
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Figure 1.14: PDF uncertainties on the prediction of the invariant mass spectrum, with acceptance and
binning of chapter B, determined with CTEQ
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Figure 1.15: Comparison of the differential diphoton production cross-section (in pb) as a function of
the diphoton invariant mass, with acceptance and binning of chapter B, obtained with DIPHOX using
the CTEQ, MSTWO08 and NNPDF2.1 PDFs.
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Scale uncertainties

The calculations presented in section 22 depend on three arbitrarily chosen mass scales

e 1 the renormalisation scale, determining the value of the running strong coupling «

e [ the factorisation scale, determining the decoupling of the hard interaction cross section and the
parton distribution functions,

e up the fragmentation scale, determining the decoupling of the hard parton production cross section
and the fragmentation functions.

As these scales are chosen arbitrarily, any dependence of the calculated cross section on ug, ux and pp
has to be treated as an uncertainty of the prediction. When computing higher orders in perturbation
theory, the dependence of the cross section on the scales decreases. This is shown on figure I8 where the
scale-related uncertainty on the predicted differential inclusive Z boson production cross section versus
the Z boson rapidity decreases from 30 % to 9 % and less than 1 % when moving from a leading order
prediction to a prediction at next-to-next-to-leading-order (NNLO).

By convention [24], after having set a scale u at a value relevant for the considered process, u = M,
one varies the scale in the range M/2 < p < 2M to determine the uncertainty of the predicted quantity
on the scale. The differential cross section versus the invariant diphoton mass predicted in [24] at scales
relevant to Higgs boson searches in the diphoton channel changes by 5 % when the scales are thus varied.

d?c/dM/dY [pb/GeV]

Vs = 14 TeV
M:Mz
M/2 = £ 2M

Figure 1.16: Predicted differential inclusive Z boson production cross section versus the Z boson rapidity.
The bands show the uncertainty linked to the variation of the renormalisation and factorisation scales
ur and py. This uncertainty decreases with added orders in perturbation theory, from [3%].
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Chapter 2

Experimental Setup

2.1 The Accelerator LHC — Large Hadron Collider

The Large Hadron Collider is the last of a series of accelerators built by the European Organisation
of Nuclear Research (CERN) in Geneva and, as of 2011, the highest energy particle collider in the
world. It was designed to extend the efforts of the Tevatron accelerator at Fermilab National Accelerator
Laboratory (FNAL) in Chicago in terms of tests of the Standard Model and probes of physics lying
beyond it. With its nominal centre-of-mass energy of 14 TeV, the LHC will probe energy ranges so
far unexplored: it will discover or exclude the Standard Model Higgs boson, search for supersymmetric
particles and new massive gauge bosons.

o
CMS

"¢ North Area

| H e

@ ALICE LHCh @

neutrinos
T2

CNGS

Gran Sasso

East Area

neutrons

LINAC 3
Ions

Figure 2.1: Schematic representation of the LHC accelerating structure. From the LINAC 2, trough the
Booster, the PS, the SPS, the protons are accelerated from an energy of 50 MeV to an energy of 450 GeV
before being injected in the LHC, where they are accelerated to reach 3.5 TeV.
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2.1.1 Modus operandi

The LHC project was approved in 1994, civil engineering upgrading the existing infrastructure from the
LEP collider began in 1998 and installation in 2007, after LEP was fully dismantled. Although being
a project of the European Organisation for Nuclear Research holding twenty European member-states,
contributions were made by many non-European countries such as Canada, India and the USA.

Figure 271 shows the overall structure of the accelerating structure leading to the Large Hadron Collider:
two proton beams are circulated in the ring and made to collide at a nominal energy of 7 TeV per proton
in the points labelled LHCb, ATLAS, ALICE and CMS, that correspond to the four major experiments
on the LHC. As of 2011 protons are accelerated to 3.5 TeV and the design energy of 7 TeV will be
reached in a second phase.

In order to reach the collision energy, the acceleration is performed in five steps. Starting from a bottle
of hydrogen serving as a source, protons are passed on to the Linear Accelerator (LINAC 2), accelerating
them from 90 keV to 50 MeV. The PS Booster, made of four stacked rings, accelerates the protons to
1.4 GeV, before transferring them to the Proton Synchrotron (PS) that splits the bunches and brings
them to an energy of 25 GeV. Finally, the Super Proton Synchrotron (SPS), the last injector before the
LHC, 7 km in length, accelerates the protons to 450 GeV. The LHC can serve as a proton-proton and
as a heavy-ion collider, in the latter mode the acceleration chain is somewhat different, starting from
LINAC 3 via the Low Energy Ion Ring (LEIR) and leading to the PS.

The LHC itself is made of different components serving different purposes. The radiofrequency (RF)
cavities have a longitudinal component in phase with the beam, thus providing the acceleration up to
the nominal 7 TeV per proton. Dipoles provide the vertical magnetic bending field to keep the protons
on track, quadrupoles inserted after every third dipole handle the focussing of the beam and sextupoles
deal with its chromatic aberrations, the fluctuations of the proton energy around the nominal value.
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Figure 2.2: Magnetic map in a transverse cut of an LHC dipole, published in the LHC design report [39].
The LHC being a same-charge particle collider, it requires an inverted bending field for the two

contrarily rotating beams. Figure E22 shows the design chosen to provide this field geometry. For
proton-antiproton accelerators, like the Tevatron at FNAL, it is possible to use a single beam pipe to

20



CHAPTER 2. EXPERIMENTAL SETUP

perform the acceleration. However, the production and storage of anti-protons is challenging and leads
to a serious limitation on the circulating beam intensities.

2.1.2 Centre-of-Mass Energy

The centre-of-mass energy, noted /s, the square root of the s-channel Mandelstam variable, is defined
as the sum of the energies of two colliding protons. In particle colliders, it corresponds to the energy of
a two-proton system in its centre of mass, hence its name. At the LHC its nominal value is 14 TeV, yet
the centre-of-mass energy of the 2010 data taking was 7 TeV. The equation of motion of a centripetally
accelerated proton circulating in an ideal ring yields the dependence of its momentum p on the intensity
of the vertical bending field B and the bending radius R given in equation (Z70). With the parameter R
being set by the already existing LEP tunnel to 2.8 km, the centre-of-mass energy depends only on the
intensity B of the magnetic bending, 4.2 T in the 2010 run.

p [GeV/c] =03 x B [T] x R [m] . (2.1)

The momentum of a proton is distributed among its constituent partons: three valance quarks and
a sea of gluons and quark-antiquark pairs. The probability for a parton to carry a fraction x € [0, 1] of
the proton momentum is given by the Parton Distribution Function introduced in chapter 0. Therefore,
the interaction energy at parton level v/3 verifies

Vi< (2.2)

reaching /s for both partons carrying a momentum fraction 2 = 1. The centre-of-mass energy thus
describes the energy range probed by an experiment. At its nominal configuration, the LHC will explore
an energy range seven times larger than the Tevatron, the centre-of-mass energy of which is 1.96 TeV.

2.1.3 Luminosity

The luminosity, denoted L is another key parameter describing the operation of an accelerator. It is a
measure of the interaction rate determining the number of events N occuring for a given process of cross
section o via the proportionality relation given in (23).

N = / dL(t) X o (2.3)

The integral of the instantaneous luminosity over the considered time range measures the total amount
of accumulated data and, having the inverse dimension of the cross-section, is usually measured in pb~!.

For two bunches of protons colliding head on with an interaction cross-section o, the instantaneous
luminosity is proportional to both the numbers of protons in each bunch (N,), to the number of bunches
crossing per second (Ny X fiey Where Nj is the number of bunches in the ring and fiey the revolution
frequency), the interaction rate being given by the fraction o /A, where A is the transverse section of the
bunches.

Ng Nbfrev
A )
Assuming transverse Gaussian particle density distributions, the area A can be estimated by 4wo,0,. In
an equivalent formalism [A0] A is expressed as €, 3%/~ where « is the Lorentz factor, €, the normalised
transverse emittance and 8* the betatron function with design values of 3.75 ym and 0.55 m respectively.

If the beams collide with a non-zero crossing angle ¢, the area A has to be divided by a geometric
factor F' [&1].

L= (2.4)
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Thus, equation (E73) gives the expression of the instantaneous luminosity as a function of the carac-
teristic accelerator variables,
- NngfrevF

droyo,

c (2.5)

and table P gives the values of the above variables, determining the instantaneous luminosity, for both
the nominal scenario and the the 2010 data-taking.

Variable Unit Nominal 2010 run

Nb. protons per bunch N, 1.15 x 10**  ~ 1.15 x 10*!
Nb. bunches in ring N 2808 < 450
Revolution frequency  frey [Hz] 11245 11245
Geometric factor F 0.836 0.836
x-width o, [cm] 1.67x 1073  ~56x1073

y-width o, [cm] 1.67x 1073 ~ 5.6 x 10~3

Instantaneous luminosity L [em™2s71 1 x 103 <2 x10%2

Table 2.1: Caracteristic variables of the LHC determining the instantaneous luminosity. The nominal [40]
values and the values for the 2010 data-taking are given.

The measurement of the luminosity in CMS exploits the relation given in equation (E=3) by mea-
suring the rate of a process, the cross section of which is well known, such as the proton-proton total
cross section [40]. The instantaneous luminosity is monitored online, using the hadronic forward (HF)
calorimeters, described in section 222, and exploiting the linear dependence of the total transverse en-
ergy deposited in the HF and the number of interactions. The results thus obtained are cross checked
offline.

The HF method yields the relative variation of the luminosity. To access the absolute figures of the
luminosity, a calibration is required which is either performed by using simulated events [A2] or dedicated
Van der Meer scans [43] that consist of measuring the transverse beam widths o, and o, appearing in
equation () by means of fast beam current transformers.

The instantaneous and integrated luminosities over the data-taking period of 2010 are shown on
figures E and 223 respectively. The systematic uncertainties on the luminosity measurement come from
beam-halo backgrounds and uncertainties on the beam current measurement. The final uncertainty on
the integrated luminosity is 4 % [24].
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Figure 2.3: Evolution of the instantaneous luminosity during the 2010 run, reaching 2 x 103?cm?s™! to-
wards the end of the run, from [25]. The characteristic parameters of the LHC yielding this instantaneous
luminosity are given in table I
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Figure 2.4: Evolution of the integrated luminosity during the 2010 run, from [25]. About 43 pb~! were
recorded by CMS.
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2.2 The detector CMS — Compact Muon Sollenoid

The CMS experiment, shown on figure E43, is a general purpose detector and one of the four major
experiments at the LHC, along with ATLAS, the other general purpose detector, ALICE, specialised in
heavy-ion collisions and LHCDb, focussing on b physics.

2.2.1 Introduction

The general architecture of the CMS detector is cylindrical and follows that of its eponymous supercon-
ducting solenoid, about 13 m in length and 6 m in diameter, which lies at the heart of its design. It
generates within its bore a constant magnetic field of 3.8 T along the axis of the beamline in order to
achieve good momentum resolution. All specialised subdetectors and appearing on the transverse cut of
the detector shown on figure P74, follow the CMS architecture with a cylindrical central barrel part and
disk-shaped endcap parts aimed at achieving a maximal hermeticity.

Figure 2.5: General view of CMS. The detector has a cylindrical structure around the axis of the beam
pipe. The return yoke of the magnet and the muon system are shown in alternating layers of red and
white respectively, the superconducting solenoid generating the magnetic field in grey, the hadronic
(HCAL) and electromagnetic (ECAL) calorimeters in yellow and green, and closest to the beamline, the
tracker in fawn.

For the CMS reference frame, one adopts the following coordinates: from the origin, the centre of the
detector, the x-axis points horizontally towards the centre of the LHC, the y-axis upwards and the z-
axis along the beam line, eastwards. Two angular coordinates are commonly used: the azimuthal angle
¢ measured from the x-axis in the x-y plane and the pseudorapidity n defined via the polar angle 6
measured from the z-axis as follows

— »
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Photon plus jet events act as an major background in the measurement of the diphoton production
cross section and all the subdetectors playing major a role in this measurement are required to detect
and identify the particles produced in such an event. An event display from a photon plus jet event
simulated with PYTHIA is shown on figure 28, where the photon and the jet appear on the right and left
hand side of the display respectively.

Figure 2.6: Event display of a photon plus jet event simulated with PYTHIA. Deposits in ECAL appear in
red, the deposits of the photon can be clearly seen on the right hand side. Tracks are shown in grey and
purple and deposits in HCAL in green. The jet appears on the left hand side of the event display.

2.2.2 Subsystems

Figure 274 shows the five kinds of stable particles detected by CMS: muons, electrons, photons, stable
hadrons, charged and neutral. Among those, the particles produced in a photon plus jet event, photons,
electrons and hadrons, are reconstructed essentially by three subdetectors: the tracking system, the
electromagnetic calorimeter (ECAL) and the hadron calorimeter (HCAL). Among stable Standard Model
particles, neutrinos are the only ones to go undetected. Their signature therefore is missing energy.

The Tracking System The tracking system, described in detail in reference [46], is designed to detect
the tracks of charged particles and to measure their transverse momentum from their bending angle. It
lies within a radius p of 110 cm around the beam axis. Its cylindrical barrel and ring-shaped endcap
parts cover a pseudorapidity range of || < 2.5. As the particle flux decreases with increasing p [@7], the
tracking system consists of three layers, the granularity decreases with increasing p.

e up to p = 10 cm the pixel detector, made of three layers and 66 million pixels of 100 x 150 um? is
used for the precise vertex localisation.
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Figure 2.7: A slice of the transverse cut of the CMS detector, showing the trajectory of a photon (dashed
blue) interacting in ECAL only, a neutral hadron (dashed green) depositing its energy in HCAL, a muon
(continuous teal), interacting in the tracker and the muon system, a charged hadron (continuous
green) interacting with the tracker before depositing its energy in HCAL and an electron (continuous
red) interacting in the tracker and ECAL.

e For 20 cm < p < 55 cm the inner silicon tracker with strips of 10 cm x 80 pum and

e for 55 cm < p < 110 cm the outer silicon tracker, with slightly bigger strips, completes the system.

The pr resolution of the tracking system worsens with |n| and pr and for a muon of 100 GeV at n=0
is smaller than 2% as shown on figure EZ8. The resolution for the longitudinal and transverse impact
parameters 6z and dp worsens with |n| and improves with pr, for a 100 GeV muon at =0 it is { 50 pm,
10 pm}. The track reconstruction efficiency improves with pr and varies with n. Figure 229 shows the
dependence of the track reconstruction efficiency for simulated charged hadrons on the pseudorapidity.

Electromagnetic Calorimeter The electromagnetic calorimeter (ECAL) detects photons and electrons
and measures their energy and momentum. Made of crystals of lead tungstate, its pseudorapidity
coverage reaches |n| < 3. Playing a crucial part in the measurement of the photon pair production cross
section, it is described at length in section EZ3.

In a photon plus jet event, the photon leg deposits its energy in ECAL and the electromagnetic part
of the jet leg will also be measured by this subdetector.

Hadron Calorimeter The hadron calorimeter, described in detail in reference [d49], is designed to
detect stable hadrons, charged and neutral, and to measure their energy and position. It follows the
cylindrical geometry of CMS, thereby maximising the hermeticity for an optimal measurement of the
missing energy.

Its structure is of alternating absorbing brass or steel and scintillating plastic material. The pseu-
dorapidity coverage is performed by a barrel (Jn| <1.4) and two endcaps (1.5< |n| <3.0) and completed
by an outer part (|n| <1.26) lying beyond the magnet coil, made of scintillators and pushing the depth
of the hadron calorimeter in the central pseudorapidity region to over 10 radiation lengths. The scintil-
lator layers consist of tiles of An x Ap = 0.087 x 0.087 in size in the barrel, and increasing size (up to
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Figure 2.8: Resolution of the transverse momentum of tracks of simulated muons, from [48]
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Figure 2.9: Global efficiency of the tracker for an example of charged hadrons: 7%, defined as the
probability to reconstruct the track for a particle with pr > 0.9 GeV/c and a production vertex inside
the beam pipe. The efficiency, computed with simulated events, dips at the connection of the half
cylinders making up the tracker barrel (|n| = 0) and in the barrel-endcap transition region (|n| ~ 1.4),
and drops when approaching the end of the pseudorapidity coverage (|n| ~ 2.1).
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An x Ap = 0.350 x 0.174) in the endcap. The tiles of different layers are ordered projectively on top of
each other, thus forming HCAL towers, corresponding to matrices of 5 x 5 crystals of the ECAL.

The forward hadron calorimeter (HF), covering a pseudorapidity range of 2.9 < |n| < 5.0, measures
the energetic forward objects, increases the hermeticity for a better measurement of the missing energy
and is used in the measurement of the instantaneous luminosity as explained in section 3. It is
situated 11 meters from the interaction point

Muon system The muon system measuring direction and energy of the produced muons. Located in
the red iron magnet return yokes of the CMS detector, it is split in a barrel and two endcaps. Its pr
resolution deteriorates with increasing |n| and muon pr and is about 1% at null |7| for a muon of 50 GeV.

2.2.3 Data Acquisition Flow

The CMS Trigger and Data Acquisition System (TriDAS) is designed to select events for archiving and
later analysis based on the information gathered by the CMS subdetectors, delivered at a bunch crossing
frequency of 40 MHz. It is described in detail in references [60] and [B1].

Trigger Starting from a nominal interaction rate of 40 MHz, the event rate has to be drastically
reduced to a rate of about 100 Hz before being saved and analysed. This reduction being too important
to be performed by one system while keeping a high efficiency for those physical phenomena that are of
interest for the analysis, it is split in two stages.

e The level one trigger (L1) has to reduce the data rate by more than two orders of magnitude to
a design value of 100 kHz. Implemented entirely in the hardware, the L1 trigger is based on so
called trigger primitives, objects reconstructed with low granularity in the ECAL, the HCAL and the
muon system. In the ECAL, the L1 is triggered in the presence of trigger primitives above certain
E7 threshold. The L1 trigger decision is reached in 3.2 us while the data is buffered.

e The high level trigger (HLT) reduces the dataflow by another three orders of magnitude to 100 Hz.
As it has to sustain an average event input rate of 100 kHz, the strong timing constraints put on
the selection algorithm are met thanks to partial event reconstruction. The HLT is implemented
in software and reaches its decision by taking into account information about tracks and particle
isolation. After this step, the event — about 1.5 MB for a proton-proton collision — can be saved.

Data flow After the L1 acceptance of an event, the information of the 75 million channels is bundled
by 600 Front End Driver boards (FEDs) and handed to the event builder for a coherent assembly of the
full event. After acceptance by the HLT, the event is stored to be reconstruced offline, its raw data being
built to physics objects, such as muons, jets, photons and electrons. This is performed in two steps.

e Local reconstruction within every subdetector. The tracking system agregates hits in the pixel
and silicon detectors to track-objects, the muon system builds muon candidate objects from hits
in the muon chambers. As explained in detail in chapter B, hits in the ECAL are aggregated to
superclusters.

e Global reconstruction combining the information from local reconstruction. The track and muon
objects are combined into global muon objects. In a similar way, track and supercluster objects
are matched to form electrons.

A gamma plus jet event sees its jet leg reconstructed with a combination of information from the tracking
system and the calorimeters. The photon leg energy and impact position in ECAL are measured in the
electromagnetic calorimeter.

28



CHAPTER 2. EXPERIMENTAL SETUP

2.3 The Subdetector ECAL — Electromagnetic Calorimeter

The electromagnetic calorimeter (ECAL) is located between the tracking system and the hadron calorime-
ter, its aim is to measure the energy and momentum of photons and electrons with high accuracy. A
complete description of its original design, arrangement and performance can be found in reference [62]
and its performance with the first collision events in [53].

2.3.1 Architecture

The ECAL, a longitudinal cut of which is shown on figure EI0, consists of a barrel part (EB) the inner
surface of which is at a radius of p = 129 cm, covering a pseudorapidity range of |n| < 1.479, two endcap
parts (EE) at a distance of z = 314 cm of the interaction point, covering a range of 1.479 < |n| < 3.0
and a preshower device (ES) in front of EE, covering the range 1.653 < |n| < 2.6.
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Figure 2.10: Partial view of the longitudinal cut of ECAL, showing the barrel, endcap and preshower.

The EB is made of 61200 crystals, arranged in 36 supermodules separated by 6 mm [57], each covering
half of the barrel length. Their crystals are tilted by 3° in n and ¢ with respect to the direction of the
interaction point in order to prevent a particle escaping through a gap between two crystals. The barrel
crystals cover a surface of Anx Ap = 0.0174 x 0.0174 each and have a length of 23 cm. The scintillation
light of the barrel crystals is collected by silicon avalanche photodiodes (APD), having an active area of
5 x 5 mm?, two of which are glued to the rear side of each crystal.

Each EE disk is made of 7324 crystals, arranged mainly in 5 x 5 matrices called supercrystals, in
a r — y pattern instead of the 7 — ¢ pattern in EB. Their front faces have a surface of 28.6 x 28.6
mm? and their length is 22 cm. Due to increased radiation, vacuum phototriodes (VPT) were used as
photodetectors in EE, one of which is glued to each endcap crystal.

The ES is a sampling calorimeter, consisting of two alternating layers of absorbing elements, lead
plates that initiate electromagnetic showers, and active elements, silicon strip detectors, measuring the
deposited energy.

The radiation length Xj of a material is defined via equation (220) showing the energy of an electron as
a function of its penetration depth x into the material. Its Moliere radius Rj; is the radius of a cylinder
whose axis is parallel to the direction of an incoming particle and that contains 90 % of the particle’s
electromagnetic shower energy.

E(z) = E(0) x /%o (2.7)
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These two factors are essential in determining the position and energy resolution of a calorimeter. The
ECAL crystals are made of lead-tungstate (PbWO,) and have small radiation length (X, = 0.89 cm) and
Moliére radius (Rp; = 2.2 cm). These characteristics allow for a compact electromagnetic calorimeter
with high granularity. Moreover, the crystals respond quickly as 80 % of the light is emitted within 25
ns. EB crystals have a depths of 25.8 X, EE crystals of 24.7 Xj.

For the smooth operation of ECAL, the stability of some parameters is monitored.

e Temperature is kept stable at 18 £ 0.05 °C in order to preserve the energy resolution, as the light
output of the crystal and the APD gain depend on the temperature, -2.5 % per degree.

¢ Low and high voltage supplying the photodetectors and the readout cards respectively is kept
stable. The operating voltage for the APDs lies between 340 and 430 V depending on the considered
photodetector. The APD gain increases by 3.1 % per Volt.

On top of these, the optical transmission of the ECAL crystals is affected by irradiation. Indeed, the high
levels of particle fluxes, via ionization radiation, induce the creation of light absorbing colour centres in
the crystals. On figure Il one sees the simulation of the transparency variations of a barrel crystal at
[n| = 0.92. The periods of exponential decrease (as between hours 0 and 10) correspond to radiation
exposure due to collisions, whereas the periods of transparency increase (as between hours 10 and 12)
correspond to the resorption of the colour centres in the absence of incoming radiation.
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Figure 2.11: Simulation of crystal transparancy evolution from [b4]. The periods of exponential decrease
(as between hours 0 and 10) correspond to radiation exposure due to collisions, whereas the periods of
transparency increase (as between hours 10 and 12) correspond to the resorption of the colour centres in
the absence of incoming radiation.

The transparency of every crystal is monitored by a laser monitoring system, described in detail
in [6H]. It uses two laser sources, a blue one with a wave-length of A = 440 nm very close to the
scintillation emission peak and a red one at A = 796 nm hardly affected by the optical transmission
variations and used to monitor the response change due to other sources than the crystal transparency.

The measurement of the APD or VPT response to the laser light on one hand and the response of a
PN diode to the direct exposure to laser light on the other, allows the computation of the transparency
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to laser light R(t) defined as follows:
R(t) = APD(t)/PN(t). (2.8)
This ratio can be linked to the the variation in response to scintillation light S(¢) by the power law
S(t R(t) \“
(35)- ()
S(to) R(to)

where the coefficient « takes on two values depending on the type of crystal considered. In order to insure
an ECAL energy measurement independent of the radiation load received by the crystals, the output of
each photodetector is corrected by the adequate factor S/Sy.

2.3.2 Data acquisition

Out of the approximate 1.5 MB per event, 100 kB are dedicated to ECAL data. If all crystals were to be
read out and saved, ECAL data alone would amount to about 2.0 MB. To achieve the data reduction, a
zero suppression is applied and only crystals with significant energy deposits |E| > 80 (130) MeV are
read out in the barrel (endcaps), with the exception of those in regions of high interest as defined by the
selective readout processor (SRP), described in detail in [66].

The SRP decision is based on transverse energy deposited in towers of 5 x 5 crystals in the barrel and
of a more complex structure in the endcaps. Depending on the total transverse energy EL“¢" deposited
in the tower, the latter is classified in one of three categories, as shown schematically on figure PZT2:

e if Ef9wer > 2 GeV (drawn in black on figure ZZ12) all the crystals of the tower and the neighbouring
towers (9 x 25 = 255 crystals in the barrel) are read out without the application of the zero
suppression,

o if 1 < Elowe™ < 2 GeV (drawn in dark grey on figure 2I9) all the crystals of the tower itself are
red out without the application of the zero suppression, and

o if FI9we" < 1 GeV (drawn in light grey on figure 212) zero suppression is applied in the tower,
that is only crystals with Er 2 100 MeV are saved.

By the application of the SRP, the average number of ECAL crystals read out in a collision event of the
2010 data-taking, is about 3000.
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Figure 2.12: Schematic view of the SRP in the barrel. Three regions of interest are defined, depending
on the total transverse energy EL"¢" deposited in a tower. If EE“" > 2 GeV (black) all the crystals of
the tower and the neighbouring towers are read out without the application of the zero suppression, if
1 < Bfwer < 2 GeV (dark grey) all the crystals of the tower itself are red out without the application of
the zero suppression, and if B¢ < 1 GeV (light grey), zero suppression is applied in the tower, that
is only crystals with |E| > 80 (130) MeV are recorded in the barrel (endcaps).
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Chapter 3

Photon Reconstruction

Photons produced in CMS deposit their energy in the crystals of the electromagnetic calorimeter (ECAL)
by an electromagnetic shower. The photon reconstruction algorithm, described in [57], reconstructs the
photon energy and momentum from the ECAL crystals.

The reconstruction of the crystal energy in ECAL is described in section B, the clustering of the
crystals corresponding to local energy deposits in section B2 and the measurement of the photon energy
and position in section B3 and B respectively.

3.1 Energy Reconstruction in the ECAL Crystals

3.1.1 Energy measurement

The photodetectors measure the scintillation light yield of the electromagnetic shower in each crystal,
their output is amplified and digitised by the front end electronics. Three amplification gains (factors
of 12, 6 and 1) are applied depending on the energy deposited in the crystal, in order to insure the
highest resolution and prevent saturation. A channel saturates at approximately 1.7 TeV in the barrel
and 3.0 TeV in the endcaps.

For every event the APD or VPT output is sampled ten times with a sampling rate of 40 MHz, thereby
constituting the raw data used for the crystal energy measurement. The digitisation is synchronised to
the LHC timing such that the maximum of the signal pulse induced by the collision of a given bunch
crossing occurs at the sixth sample, as shown on figure 3.

The amplitude A of the pulse in each crystal is computed as a linear combination of the digitised
samples as shown in equation (B), where w; are the weights and S; the digitised values in analog-to-
digital converter (ADC) counts.

10
A= sz x S, (31>
i=1

The measured output of the photodetector is submitted to fluctuations due to electronic noise, which
has an amplitude corresponding to about 35 MeV in the barrel for an amplification gain of 12. The
amplitude reconstruction with the weight method of equation Bl is equivalent to a 2 fit of the amplitude
and the baseline [64Y].

3.1.2 Intercalibration

The crystal amplitude in ADC counts is converted into values of energy via a global energy scale co-
efficient that will be described in section BZ33 and the intercalibration coefficients ¢;, known for each
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Figure 3.1: Signal pulse in a crystal in response to an electron beam of 120 GeV, from [bR]. The
digitisation is synchronised to the LHC timing such that the maximum of the signal pulse induced by
the collision of a given bunch crossing occurs at the sixth sample.

crystal, compensating the light yield variations per deposited energy from one crystal to the other. The
intercalibration of the crystals is required to obtain an optimal energy resolution of the detector.

The intercalibration coefficients were first determined for some supermodules in laboratory measure-
ments [B0] and with test-beam data [G1]. Subsequently, they were determined for the whole calorimeter
by insuring a p-symmetry of measured minimum bias deposits in ECAL [62] and using the mass peaks
of 7° and 7 mesons decaying to photon pairs and Z bosons decaying to electron-positron pairs [63].
Preshower strips were calibrated with cosmic rays and subsequently with the tracks of charged particles.
The calibration of ECAL with the first data is described in [64].

3.1.3 ECAL Anomalous Signals

Isolated high-energy deposits in ECAL channels have been observed during proton-proton collisions, at
all centre-of-mass energies of the 2010 data taking, 900 GeV, 2.36 TeV and 7 TeV [65]. They arise from
direct ionisation of the ECAL photodetectors in the barrel, the avalanche photodiodes (APD) by highly
ionizing particles produced in the collisions. Those deposits have an estimated rate of about 1 in 1000
minimum bias events [65] which scales with the centre-of-mass energy consistently with the measured
increase of charged particle multiplicity [66].

As these anomalous signals often correspond to single crystal deposits and interact directly with the
APD without previous shower development in the crystal, they can be flagged and rejected based on
their shape and their timing as described in [67)].

As those isolated signals are made of energy deposited in a single crystal, the topological variable
defined as the ratio of the crystal energy E'1 and the energy sum of the four adjacent crystals E4 allows
discrimination between photons and photons candidates from anomalous signals. The distribution of the
variable (1 — E4/FE1) is shown on figure B2 for the highest energy crystal in each event with a deposit
of Ep > 3 GeV for data and simulated photon events that do not include a simulation of the anomalous
signals. The peak at (1 — E4/FE1) ~ 1 appearing in the data corresponds to the single-crystal isolated
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high energy deposits.
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Figure 3.2: Distribution of the variable (1 — F4/FE1) for the highest energy crystal in each event with
a deposit of Er > 3 GeV for data and simulated photon events that do not include a simulation of the
anomalous signals. The peak at (1— E4/E1) ~ 1 appearing in the data corresponds to the single-crystal
isolated high energy deposits, from [B3].

A selection requirement on this variable (1 — E4/E1) < 0.95 has a rejection power that increases
with the transverse energy threshold of a given photon sample, reaching 99.2 % for Er > 10 GeV.

Further rejection of the anomalous signals can be achieved by investigating the pulse shapes of the
crystals. For collision photons, the measured pulse shape is a convolution of the emission time for
scintillating light in crystal and the electronics response time whereas for anomalous signals, crossing
the crystal without electromagnetic shower development and interacting directly in the APD, only the
response time of the electronics is taken into account.

Figure B33 shows the distribution of the reconstructed time, corresponding to the maximum of the
signal pulse for the highest energy crystal in each event with a deposit of Ep > 3 GeV before and after
the selection on the variable (1 — E4/E1) < 0.95.

The reconstructed time of collision photons peaks at zero, that of anomalous signals at -10 ns with
a timing distribution up to 460 ns due to anomalous signals produced by low momentum neutrons. By
requiring the reconstructed time to lie within 5 standard deviations o; of 0 (the dependence of o, on
the reconstructed amplitude is given in [65]), one reduces the contamination of anomalous signals in a
sample of photons with Er > 25 GeV to less than 0.2 % [68].
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Figure 3.3: Distribution of the reconstructed time, corresponding to the maximum of the signal pulse
for the highest energy crystal en each event with a deposit of Epr > 3 GeV before and after the selection
on the variable (1 — E4/E1) < 0.95. The reconstructed time of collision photons peaks at zero, that of
anomalous signals at -10 ns with a timing distribution up to +60 ns due to anomalous signals produced
by low momentum neutrons, from [65].

3.2 Clustering

Non-converted photons induce a shower in the electromagnetic calorimeter, depositing approximately
94 % of their energy in a matrix of 3 x 3 and 97 % in a matrix of 5 x 5 crystals centred around the
photon impact position in ECAL [Gd].

As shown on figure B4, before reaching the calorimeter, the trajectory of a photon with |n| < 2.5
crosses on average 1 radiation length of detector material. This results in an approximate conversion rate
of 60 % for a collision photon. For a converted photon, the produced electron-positron pair is separated
by the magnetic field along ¢ and the energy deposits of the photons are spread in that same direction.
Two electrons of pr = 10 GeV/c are separated by 0.074 rad, or about 4 barrel crystals, two electrons of
pr = 30 GeV/c by 0.025 rad, or about 1.5 barrel crystals.

Because of the different geometry of the ECAL barrel and the endcaps, two different clustering algo-
rithms are applied in each. They aggregate crystals in local deposits, called basic clusters which are then
gathered into superclusters that are extended along . Along with the calibration, these clustering meth-
ods, described in detail in references [69] and [61], insure that the energy of the obtained supercluster
yields the best estimation of that of the incoming photon.

3.2.1 ECAL Barrel

The Hybrid clustering algorithm is applied in the ECAL barrel. The basic clusters, each built from strips
of 1 x 5 crystals around a local maximum crystal with a transverse energy above the seeding threshold
of 1 GeV, are assembled along ¢ to a supercluster of 5 crystals in 1. The algorithm stops if it reaches
17 added strips in ¢ on each side of the seed crystal, as on figure B3.
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Figure 3.4: Detector material crossed by a photon before reaching ECAL, in radiation lengths, versus the
pseudorapidity. TEC is the tracker endcap, TOB the tracker outer barrel, TIB the tracker inner barrel,
TID the tracker inner disks. From [70].
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Figure 3.5: Hybrid Superclustering algorithm applied in the Barrel. The seed crystal is labelled S and
has a transverse energy greater than 1 GeV. Each of the crystal sets labelled 1, 2 and 3 are the building
blocks of the Hybrid basic clusters.

3.2.2 ECAL Endcaps and Preshower

The Multibz5 clustering algorithm is applied in the ECAL endcaps. Basic clusters shown in figure B4
are 5 X 5 crystal matrices built around seeding crystals having Er > 0.18 GeV. One crystal is assigned
to one and one only basic cluster but crystals on the edge of a 5 x 5 matrix are allowed to seed other
clusters [71]. Basic clusters are gathered together in a supercluster, around basic clusters with Er > 1.0
if their pseudorapidity and azimuthal distances respectively satisfy

An<0.14 and Ay <0.40. (3.2)

A preshower cluster is built in front of each basic cluster of the endcap supercluster in a search area
centred on the point determined by extrapolating the basic cluster position to the preshower plane in
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the direction of the nominal vertex position [51]. The energy of the preshower clusters is then added to
that of the endcap clusters.

1| THEN

If E(1) > 0.18 GeV Basic cluster is 5x5 matrix

Figure 3.6: Multi5 x 5 clustering algorithm applied in the endcaps. The superclusters are made from
5 x 5 crystal matrix basic clusters built around seed crystals (labelled 1) with E5¢°? > 0.18 GeV and not
being further apart than An < 0.14 and Ap < 0.40.

In every collision event, these clustering algorithms yield a set of superclusters. A photon candidate is
defined from each of these superclusters. Let us note here that electrons, like photons induce a shower
in the crystals, depositing their energy in the calorimeter. These deposits are clustered by the above
mentioned algorithms, thus reconstructing all electrons as photons. It will be shown in chapter @ how
electrons misidentified as photons are rejected by applying a veto on tracks matched with the supercluster.

3.3 Photon Energy Reconstruction

In this section we detail the steps leading to the measurement of the photon momentum and energy and
discuss the resolution of the CMS ECAL on the latter.

3.3.1 Energy Measurement

As stated in section B2, the energy of non-converted photons is well contained in a fixed matrix of 5 x 5
crystals and the clustering algorithms are aimed at collecting the energy of converted photons spread
along . The variable R9, the ratio of the energy of the 3 x 3 crystal matrix around the seed crystal and
the energy of the supercluster,

RY — E3xs

Esc
measures the spread of the energy deposited in a supercluster, tending towards 1 for a very collimated
deposit and towards 0 in the case of widespread deposits, as is the case for converted photons. The
photon energy is measured in the following way:

(3.3)

e if R9 > 0.94 (0.95) in the barrel (endcaps), the photon energy is taken to be the energy sum of all
crystals contained in a 5 x 5 matrix around the crystal of highest energy,

e if R9 < 0.94 (0.95) in the barrel (endcaps), the photon energy is taken to be the energy of its
supercluster.
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3.3.2 Energy Resolution

The ECAL energy resolution can be parametrised [72] as a quadratic sum of the following terms

o\?2 S \? N2
=] =(—= — C? 3.4
()= (%) +(5) + 34
where S is a stochastic term, N the noise and C the constant term. The term C is the limitation on the

energy resolution for high energy photons, it is determined in test beams to be 0.26 + 0.04% as shown
on figure B72.
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Figure 3.7: Energy resolution for electrons in one supermodule of ECAL in the test beam [[72]. The energy
is reconstructed with a 3 x 3 crystal matrix around the impact crystal. The resolution for electrons with
E > 50 GeV is smaller than 0.6 %.

Figure BZ shows the resolution of electrons in the test beam experiments versus their energy. A fit
following the parametrisation of equation (B3) is superimposed. In the test beam experiments, the
incident electron energy is known, the electron energy is reconstructed with a 3 x 3 crystal matrix
around the impact crystal and resolution is extracted from a Gaussian fit on the reconstructed energy
distribution [72]. The electrons were emitted without magnetic field and without detector material in
front of ECAL, therefore they have not emitted bremsstrahlung and these results can be compared to the
ones of non-converted photons. The ECAL energy resolution for electrons with an energy above 50 GeV
is smaller than 0.6 %.

Figure B8 shows the distribution of the ratio of reconstructed and generated energy of photons
in the ECAL barrel with £ > 50 GeV and Rg9 > 0.94 simulated with PYTHIA. To extract the ECAL
energy resolution for those photons, the distribution is fitted with a crystal-ball function, defined in
equation (7). The fitted mean is compatible with 1 and the fitted resolution is ogt/FE = 1.1 % where
the statistical uncertainty on the fit is negligible.

The difference between the resolution measured in the test beam and the one obtained with simulated
collision events is linked to the presence in simulation of material between the interaction point and the
calorimeter resulting in photon conversions and conversion-product bremsstrahlung on one hand and to
the strong magnetic field which requires the use of clustering algorithms more complex than the fixed
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Figure 3.8: Distribution of the ratio of reconstructed and generated energy of photons with £ > 50 GeV
and Ry > 0.94 simulated with PYTHIA. The distribution is fitted with a crystal-ball function, defined
in equation (B70), to extract the ECAL energy resolution. The fitted mean is compatible with 1 and the
fitted resolution is found to be ogy/E = 1.1 % with negligible statistical fit uncertainty.

3 x 3 crystal matrix on the other hand. Furthermore, a more precise intercalibration was applied in the
test beam.

3.3.3 Energy Scale

The energy of a photon is computed from the amplitudes measured in the crystals belonging to its cluster
via the global energy scale coefficient G as follows [73]

Ey=F, -G Y Ag (3.5)

crystals

where F, is a correction factor, described in section BZ34 and accounting for energy loss due to bremsstrahlung
and variations of the shower containment. The sum runs over all the crystals in the photon cluster and
A; is the reconstructed amplitude in ADC counts in each crystal.

Two global energy scale factors are used, one in the barrel and one in the endcaps [73]. Both were
measured in the test beam campaign by equalising the energy sum of a 5 x 5 matrix centred around the
crystal impacted by the electrons to the known electron energy and subsequently corrected for effects
of the magnetic field on the shower containment and photodetector gain and for the small temperature
difference between the test beam and the LHC environments.

Once the ECAL installed, the global energy scales were determined by tuning the invariant mass peaks
of known particles, the Z boson decaying to two electrons for instance [[Z3]. The uncertainty on G is
0.5 % in the barrel and 1.4 % in the endcaps.
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3.3.4 Cluster Energy Corrections

Even though the summed energy of all crystals in a supercluster is close to that of the incoming photon,
it has to be corrected for the effects of the photon interactions with the detector material and the
containment of the electromagnetic shower. The corrections of three effects were tuned on simulation
and are applied to the supercluster energy.

e Due to the offpointing crystals in the ECAL barrel the lateral energy leakage of the electromagnetic
shower depends on the pseudorapidity 7. This dependence is corrected for superclusters in the
barrel. As most crystals in the endcaps point towards the centre of the detector or are tilted at a
very small angle [74] this correction is not required in the endcaps.

e Photon conversions and subsequent bremsstrahlung by the conversion products spread the photon
energy along ¢. Energy losses due to these interactions in the detector material are expressed as
a function of the ratio of the supercluster sizes o, and o, along the ¢ and 7 directions, where the
size 0, is defined in equation B and o, has a similar definition.

¢ The bremsstrahlung and conversion processes depend on the photon transverse energy and the
amount of material the photon crosses before reaching ECAL. This dependence is expressed as a
function of the variables E2¢ and 1.

To= 3\ g (e - vse) (3.6)

crystals

In simulation, these corrections amount for about 1 % of a the uncorrected supercluster energy [57].

3.4 Photon Position Reconstruction

3.4.1 Cluster Position

Knowing the photon energy, only the photon direction has to be determined in order to access its
momentum. First, the position of a basic cluster . is determined by a weighted mean of the positions
of its crystals #; [BY], using the logarithms of the cluster crystals as weights [75], as follows

fbc = ZZ S fi
2 Wi
where the sums run over all crystals in the basic cluster and E; is the crystal energy. The constant wy is
4.7 after empirical studies [76] thus determining that crystals in the cluster containing more than 90 %
of the cluster energy contribute to the position measurement.
The position of a supercluster is then calculated by computing the energy weighted mean of its basic
clusters and the impact position of a photon in ECAL is taken to be the position of its supercluster.

E;
where  w; = max (0, wp + logE > . (3.7
bc

3.4.2 Vertex Association

The photon being neutral, it does not leave a track in the pixel and the tracker detector and we cannot
determine the position of its collision vertex. However, we can infer the position of its vertex from the
tracks of the underlying event, potentially of jets produced in association with the photon and, in the
case of a converted photon, the reconstructed tracks of the electron-positron pair.

The primary vertex reconstruction algorithm described in [[77] reconstructs vertices from hits in the
pixel detector associated to tracks. In the case of several reconstructed primary vertices, the photon
vertex is chosen to be the one with the highest > p2 of the reconstructed tracks pointing to it [IZ8].
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The probability to associate the correct vertex to a reconstructed photon with this method in the
case of a Higgs boson of mass myg = 115 GeV/c? is estimated in [79] to be 80 % at low luminosity
and 55 % at nominal luminosity with 17.3 pilup events per beam crossing.
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Chapter 4

Isolated Prompt Photons

Photons issuing from the hard parton-parton interaction, called prompt photons, play an important
role in the understanding of quantum chromodynamics (QCD) and physics searches. They constitute
clear signatures of new processes such as the decay of a light Standard Model Higgs boson, extra-
dimensional gravitons [80] and some supersymmetric states, the neutralino decaying to a photon and
a gravitino [81] for instance. These final state photons are not produced along other particles and
are therefore not accompanied by electromagnetic or hadronic energy. Properly reconstructing and
identifying those isolated prompt photons is particularly important for those searches and extensive
studies on that matter have been performed at CMS [82].

In this chapter we will discuss their identification by briefly reviewing in section Bl the different
particles that are falsely identified as isolated prompt photons and how to reject them and describing
in detail in section B2 a statistical method to accurately estimate the number of events of a process
with one ore several prompt isolated photons in the final state. This method will be applied to the
measurement of the cross sections of single isolated prompt photons in chapter B and pairs of isolated
prompt photons in chapter B.

4.1 Prompt Photon Identification

4.1.1 Non-prompt photons

In this section we will discuss the two main sources of background for studies of prompt isolated photons:
both photons from jets and electrons leave deposits in the ECAL that can be falsely identified as single
prompt isolated photons.

Neutral mesons such as the 7° and 1 mesons are produced in jets and decay to a pair of photons, their
~7 branching ratios are 99 % and 39 % respectively [83]. If the meson carries a substantial part of
the jet energy, the two photons will be collimated and have close impact points in ECAL resulting in a
single isolated supercluster being reconstructed by the reconstruction algorithms. The event displays of
figure B0 show a prompt photon and a photon candidate from meson decay.

Even though this misidentification rarely happens to a jet, less than 3 % of simulated jets from
partons with transverse energy greater than 30 GeV are reconstructed as photons, the production cross
section for jets is three orders of magnitude higher than for prompt photons thus making non-prompt
photons from jets the most important source of falsely identified isolated prompt photons.

Electrons just like photons deposit their energy in the crystals of ECAL. In the absence of magnetic
field, electrons and photons have a similar calorimetric signature, in the magnetic field of CMS electrons
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(a) Prompt photon (b) Non-prompt photon

Figure 4.1: Event displays from PYTHIA simulation, showing a prompt photon in the left hand part of
figure (a) and a non-prompt photon reconstructed from neutral meson decay products in the right-hand
part of figure (b).

are bent away from the bremsstrahlung photons that are emitted tangentially to their trajectory, thus
leaving wider superclusters along the ¢ axis. Photons on the other hand can convert in the material
before reaching ECAL and the resulting electron-positron pair will also be separated by the field along
the ¢ axis.

4.1.2 Identification variables

Two kinds of variables characterising the photon candidate signature will be introduced in this section,
both will be used to distinguish isolated prompt photons from non-prompt photons, for instance the
ones reconstructed from neutron meson decay products. The first kind of variables concerns the shape
of the photon candidate energy deposits in the calorimeters. Throughout this section we will use two
samples of photon candidates: from photon plus jet events with pr > 30 GeV/c and from jet events with
pr > 30 GeV/c, both simulated with PYTHIA. Where pr is defined as the transverse momentum of the
hardest parton in the final state.

The variable ¢y, defined in equation (E-0) quantifies the spread along n of the energy deposits in the
central 5 x 5 matrix of the supercluster.

o 2w (i — inseed)”

inin Z?X5 w;
where ¢ runs over the crystals of the supercluster that belong toa 5 x 5 matrix. The energy deposits
of an isolated prompt photon can be extended along the ¢ axis if it is converted to an eTe™ pair, but
are always collimated along n. On the other hand, because of the small separation in 1 between the
two photons from the neutral meson photons that contribute to a non-prompt photon supercluster, the
energy deposits will be spread along n leading to higher values of ¢;y;,,. In the barrel, 96.9 £ 0.1 % of
simulated prompt photons and only 38.0 & 0.5 % of simulated non-prompt photons with Er > 30 GeV

E;
where w; = max (0 ; 47+ 1n ) (4.1)
Esxs
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have 0y, < 0.01. The normalised oy, distributions of isolated prompt photons and photons from
neutral meson decays are compared on figure B=2.

The variable H/E defined in equation (E3) is the ratio of the energy deposited in HCAL behind the
photon supercluster and the photon energy as measured by ECAL.

H/E =) H(tower)'/E, (4.2)
eC
where C' is the set of all towers in a disk
of radius R = 0.15

Non-prompt photons are produced in jets along particles depositing energy in HCAL and take on much
higher values of H/E than isolated prompt photons. In the barrel, 99.2 + 0.1 % of simulated prompt
photons and only 73.0 & 0.4 % of simulated non-prompt photons with Er > 30 GeV have H/E < 0.05.
Figure B=3 shows their normalised H/E distributions.

The other kind of variables concerns the surroundings of the photon, determining whether energy is
measured around it in one of the following subdetectors: ECAL, HCAL or the tracker. Non-prompt photons
are produced in jets and are therefore surrounded by significantly more charged tracks and hadronic
energy.

Non-prompt photons are produced in jets along particles depositing energy in HCAL. Therefore prompt
isolated photons take on much lower values of the variable hcalIso, defined in (E33) as the sum of the
transverse energy deposited in HCAL around the photon direction, than non-prompt photons.

hcallso = Z H (tower) (4.3)
ieC
where C is the set of all towers in a ring
with inner radius R;, = 0.15

and outer radius Ry, = 0.4

In the barrel, 98.9 + 0.1 % of simulated prompt photons and only 65.5 = 0.5 % of simulated non-
prompt photons with E7 > 30 GeV have hcalIso < 2 GeV. The two normalised hcalIso distributions
are compared on figure B2.

Charged particles produced in jets along non-prompt photons are detected by the tracker. The
variable trackIso is defined in equation (B4) as the sum of the transverse momenta of charged particles
coming from the event’s primary vertex in a hollow cone around the photon direction. The requirement
on particles coming from the primary vertex is imposed in order not to include conversion electrons and
positrons in trackIso.

trackIso = ZpiT(track) (4.4)
eC
where C' is the set of all tracks in a hollow cone
with inner radius R;, = 0.15
and outer radius Ry, = 0.4

coming from the event’s primary vertex

Prompt isolated photons are not produced alongside tracks and take on much lower values of the
trackIso than non-prompt photons. In the barrel, 94.4 + 0.2 % of simulated prompt photons and only
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Figure 4.2: Normalised distributions of the 0,;, variable of prompt isolated photons and non-prompt

photons in single photon events with EFp > 30 GeV simulated with PYTHIA.
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Figure 4.3: Normalised distributions of the H/E variable of prompt isolated photons and non-prompt
photons in single photon events with Ep > 30 GeV simulated with PYTHIA.
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Figure 4.4: Normalised distributions of the hcalIso variable of prompt isolated photons and non-prompt
photons in single photon events with Ep > 30 GeV simulated with PYTHIA.
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Figure 4.5: Normalised distributions of the trackIso variable of prompt isolated photons and non-
prompt photons in single photon events with Ep > 30 GeV simulated with PYTHIA.
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19.5 + 0.4 % of simulated non-prompt photons with E7 > 30 GeV have trackIso < 2 GeV. The two
normalised trackIso distributions are compared on figure E=3.

As a further variable to distinguish prompt and non-prompt photons, we define a track as an impinging
track if it has a momentum greater than 3 GeV, originates at the event’s primary vertex and hits ECAL
within R < 0.4 of a photon’s impact position, the definition criteria are detailed in table . Non-
prompt photons being produced in jets are much likelier to have a impinging track in their vicinity. In
the barrel, 97.6 £ 0.1 % of simulated prompt photons and only 27.0 + 0.4 % of simulated non-prompt
photons with Er > 30 GeV have no impinging track in their vicinity. This can be seen on the normalised
distributions contrasted on figure 8. Adding to the photon selection a veto on the number of impinging
tracks increases the rejection of non-prompt photons but also allows an essential step in the statistical
estimation of those photons as described in section B224: the selection of a pure sample of non-prompt
photons by selecting photon candidates with one impinging track.

Definition of an impinging track

impact point track and photon impact points on ECAL to be closer than R = 0.4
pixel seed track required to have hits in the first two layers of the pixel detector
momentum track momentum as measured by tracker to be greater than 3 GeV

impact parameter track required to approach the event’s primary vertex by less than
2 mm along the z-axis and 1 mm in the transverse plane

Table 4.1: Requirements for a track to be defined as a impinging track
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Figure 4.6: Normalised distributions of the number of impinging tracks of prompt isolated photons and
non-prompt photons in single photon events with £ > 30 GeV simulated with PYTHIA.
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Finally, the electromagnetic isolation variable ecalIso measures the transverse energy deposited in ECAL
around the photon supercluster. It is defined in (EH) as the sum the transverse energies of all crystals
with Ep > 300 MeV in a ring around the photon impact position of which a strip along the ¢ axis
has been removed. Figure B2 shows the geometrical definition of this variable in the (7, ¢) plane. The
strip along ¢ is designed to exclude the deposits from the electron-positron pair in the case the photon
converted in the material in front of ECAL. The threshold of 300 MeV has been chosen in order not to
take into account any electronic noise and most minimum ionising particles depositing an energy of less
than 300 MeV [R4] in the the electromagnetic calorimeter.

ecallso = Z E%(crystal ¢ supercluster and E& > 300 MeV) (4.5)
eC
where C' is a ring with inner radius R;, = 3.5 crystals
and outer radius R,,; = 0.4 of which a strip along

the ¢ axis of width An = 5 crystals has been removed.

The two photons from neutral meson decays that make up a non-prompt photon’s supercluster can be
separated in both n and ¢ directions thereby depositing energy in the isolation surface (blue on the
plot), particularly if one or both photons are converted, which is likely to happen with a probability
of 70 %. Furthermore, non-prompt photons are produced in jets along with other particles that deposit
energy in the ECAL. Therefore isolated prompt photons take on much lower values of ecalIso than
non-prompt photons. In the barrel, 99.4 + 0.1 % of simulated prompt photons and only 63.2 + 0.5 % of
simulated non-prompt photons with Er > 30 GeV have ecalIso < 2 GeV. In the endcaps, 99.7+0.1 %
of simulated prompt photons and only 89.2+0.3 % of simulated non-prompt photons with Er > 30 GeV
have ecalIso < 2 GeV. This appears on the distributions of figure E—3.

Electrons interact with the pixel and tracker detectors and leave a track that points to the deposits
in ECAL. We define the variable pixelMatch to be true if the photon supercluster is matched with
track hits in the layers of the pixel detector or the tracker endcap. For this, the supercluster position is
backpropagated along a helix trajectory to the innermost part of the detector. Both positive and negative
charge hypotheses for the track are considered [85]. By imposing a veto on the variable pixelMatch and
requiring no impinging track to accompany the photon candidate, one rejects 98 % of all events in a
sample of electrons from Z — ee decays simulated with PYTHIA.

4.2 Statistical Estimation of the Prompt Photon Yield

4.2.1 Introduction

A sample of photon candidates obtained by applying stringent selection requirements on the aforemen-
tioned variables still contains a majority of non-prompt photons: the proportion of non-prompt photons
in a sample of PYTHIA-simulated photons with transverse energy greater than 30 GeV decreases from
91 % to only 73 % after applying the selection requirements given in table 2.
In order to measure the number of prompt photons in a selected sample, called the prompt photon yield,
we have to use a method based on a statistical treatment of the whole sample of events.

On top of the requirements to reject ECAL anomalous signals as described in chapter B a selection
on Oy > 0.001 is applied to reject those rare events where two adjacent anomalous signals are falsely
identified as a photon.
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Figure 4.7: Definition of the ecallso variable as the sum the transverse energies of all crystals with
Er > 300 MeV in a ring around the photon impact position. The strip along ¢ is designed to exclude
the deposits from the electron-positron pair in the case the photon converted in the detector material
before reaching ECAL.

Variable Requirement

pixelMatch veto

H/E < 0.05

Oinin < 0.011 (003)
> 0.001

hcallso <2 (4) GeV

trackIso <2 (4) GeV

ecallso <2 GeV

n(impinging tracks) =0

Table 4.2: Photon selection requirements. Selection values in the endcaps are presented in parenthesis if
different from the barrel. The requirement on oy,;, > 0.001 rejects adjacent ECAL anomalous signals.

4.2.2 Maximum likelihood fit

Figure BR shows that the shapes of the ecalIso distributions of prompt and non-prompt photons differ
greatly, non-prompt photons taking on far higher values. Given a sample of prompt and non-prompt
photons, signal and background of this study, and the knowledge of their respective ecalIso distributions,
one can compute the proportion of signal events by fitting the ecalIso distribution of the entire sample
with a linear combination of the signal and background distributions.

As we cannot obtain pure samples of either isolated prompt photons nor non-prompt photons passing
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Figure 4.8: Normalised distributions of the ecalIso variable of prompt isolated photons and non-prompt
photons in single photon events with Er > 30 GeV simulated with PYTHIA. Only crystals with a trans-
verse energy greater than 300 MeV are counted in the ECAL isolation sum, thus a gap appears below
300 MeV in the ecalIso distribution.
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all selection criteria, and therefore cannot access the true signal and background ecalIso distributions,
we are required to use distributions of ecalIso, reproducing the true distributions, to extract the amount
of signal in the sample. Sections 223 and =24 describe the methods used to obtain these distributions
from specially selected control samples. Throughout this chapter all selection requirements of table B2
except the one on ecallso will be applied.

The ecallso fit of the signal and background distributions to a data sample containing N events
is performed via a maximum likelihood method [86]. The signal and background ecalIso distributions
are used as probability density functions (pdf) called fs and fp respectively. The likelihood function L,
depending on r, the proportion of signal events to be determined by the fit, is expressed as the product
of the probabilities P(i) of each event i in the sample, given the ecalIso value Z; of its photon candidate
and given the signal and background probability density functions of the variable ecalIso.

N
r)=]] PGie€S)-P(|S)+PlieB) PI|B) (4.6)

N
=H rfs(Zi) + (L —r)- fB(Zi) (4.7)

Where in equation (B8) the factors P(i € S) and P(i € B) represent the probability for the event i to
be signal and background respectively, Z; the value of ecalIso of the photon in event ¢ and P(Z; | S)
represents the probability for a photon to have ecalIso = Z; given that it is a prompt photon.

If one considers N, the number of events in the sample, to be the realisation of a Poisson variable
with mean ®, the likelihood function becomes :

e PN
£, @) = —5— I r fs@) + =) fo(@). (4.8)

By defining Ng = r-® and Ng = (1 —r)-® one obtains the expression of the extended likelihood [X1]
function () used throughout this chapter and the next. It depends on the number of signal and
background events determined by the fits, called signal and background yields respectively.

e~ (Ns+Np) N
N [ Ns - fs(Zi) + N - f5(T:) (4.9)

i

L(Ng,Np) =
By maximising £ with respect to Ng and Npg, one obtains an estimate of the signal yield in the sample.

Studies on the agreement between the data and the simulation, like the ones performed in [67], show
discrepancies between the simulated and observed events of up to 30 % in the most populated bins of
the studied electromagnetic isolation distribution and a bias towards lower values of the electromagnetic
isolation in the simulated events. This can be seen on figure E9. In order to avoid uncertainties and
biases due to an inaccurate description of the data by the simulation, we will extract the signal and
background ecallIso distributions from the data itself.
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Figure 4.9: Comparison of the distributions of an ECAL isolation variable between data and simulation,
published in [57]. The origin of the simulated photons is indicated, direct photons, labelled “MC ~
partonic”, are shown in dark green, fragmentation photons, labelled “MC ~v ISR/FSR”, are shown in light
green and non-prompt photons, labelled “MC other” are shown in yellow. The simulated distribution is
scaled to the number of collected photons. The depicted ECAL isolation variable has the same geometrical
definition as ecalIso but the threshold on crystals is |F| < 80 MeV.

53



CHAPTER 4. ISOLATED PROMPT PHOTONS

4.2.3 Signal pdf extraction

Deposits from the photon itself are excluded from the ecalIso sum as shown on figure EZ4. Crystals
belonging to the supercluster are not considered, deposits of electrons and positrons from conversions
are excluded by the strip along the ¢ axis and the electronic noise, described in chapter B to have an
amplitude of about 35 MeV in the barrel, is negligible compared to the 300 MeV threshold on crystals
to be counted in the sum. Hence the contributions to ecalIso are twofold:

e the underlying event — jets from partons that have not taken part in the hard interaction

e and pileup — further colliding protons from the same bunch.

On average these contributions do not depend on ¢ and have a slight dependence on 7. By computing
ecallso in each event around a point chosen at the photon pseudorapidity and randomly in an azimuthal
region of /2 around the axis perpendicular to its impact point, one collects deposits due to the underlying
event and pile-up. In order to insure that these two contributions are the only ones, we require that
no reconstructed candidates, such as jets, electrons, photons and muons hit the isolation region. The
ecallso distribution thus obtained is a good estimator of the signal distribution.

photon
candidate

N
N
random
.
cone

CMS / ECAL
plane transverse to beam axis

Figure 4.10: The random cone method. The ecallIso variable is measured in a random cone at the same
pseudorapidity as the photon candidate and in an azimuthal region of /2 around the axis perpendicular
to the photon’s impact point.

The azimuthal regions at the opposite of the photon candidate has been excluded in order to avoid
potential back-to-back particles produced in the same interaction, the region at Ay = 0 in order to
avoid taking into account deposits from the photon itself. This technique, called random cone method,
is sketched on figure B10 and its validity will be proven in the following paragraphs.

Figure BTTT shows the ecalIso distributions obtained when applying the random cone technique to
a sample of prompt photon and a sample of non-prompt photons, both simulated with PYTHIA using
the same underlying event tune Z2 [32]. The agreement between the two distributions is good, showing
that the kind of events on which the random cone method is applied, does not affect the extracted
ecallso distribution. Thus it is possible to extract the signal pdf on a sample of photon candidates,
independently of the proportion of prompt photons it contains.
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Figure 4.11: ecallso distributions obtained when applying the random cone technique to a sample
of prompt photon and a sample of non-prompt photons, both simulated with PYTHIA using the same
underlying event tune Z2 [82]. The agreement between the two distribution is good.

Validation on simulation

On a sample of simulated photons, one can compare the ecalIso distributions of the random cones and
the photons themselves. This is done in figure 12 for the ECAL barrel and endcaps, for diphoton events
simulated with MADGRAPH [RR].

The agreement between the ecalIso distribution of photons and random cones is very good in the
most populated bins up to 4 GeV in the barrel and about 2 GeV in the endcaps. Beyond these values
photon energy leakage into the isolation zone is responsible for the discrepancy.

Validation on data electrons

The signature in ECAL of electrons and positrons that have emitted a small fraction of their energy by
bremsstrahlung is similar to that of prompt isolated photons. Electrons and positrons from Z and W
decays are isolated and can thus be used to extract an ecallso distribution reproducing the signal pdf
and can serve as a cross check on data of the distribution extracted with random cones.

In order to keep only electrons and positrons with collimated deposits in ECAL, we add a require-
ment on the variable fBrem < 0.2, defined in equation (E-I0) from the initial pr;(e) and final pr f(e)
momenta of the electron or positron tracks as measured by the tracker, selecting only electrons with low
bremsstrahlung losses.

pr.i(e) — prs(e)

fBrem =
pri(e)

(4.10)

In order to obtain a pure sample of electrons from Z — eTe™ decays, we selected events with a
pair of isolated electrons imposing the strict selection requirements shown in table B=3 and an invariant
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Figure 4.12: Comparison of the normalised ecalIso distributions of prompt photons and random cones
in prompt diphoton events simulated with MADGRAPH. The bottom plots show the bin-by-bin ratio of the
prompt photon and the random cone distributions. The last bin contains the overflow.
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mass around the mass of the Z boson (m € [70,110] GeV/c?) on photons with transverse energy above
20 GeV. The second hardest electron has to pass an additional requirement on ecalIso to further reject
background. The harder electron is used for the pdf extraction and is required to be low-radiating, that
is to have fBrem < 0.2.

Variable Selection on e;  Selection on es
Tinin < 0.011 (0.03) < 0.011 (0.03)
H/E < 0.05 < 0.05
hcallso < 2 (4) GeV <2 (4) GeV
trackIso < 2 (4) GeV <2 (4) GeV
ecallso - < 2 GeV
pixelMatch required required
fBrem < 0.2 -

Table 4.3: Selection requirements for a sample of low-radiating isolated electrons from Z — ete™ decays.
The selection values in the endcaps are indicated in parenthesis if different from the barrel.

The fraction of background events in the selected sample is estimated from simulation to be smaller
than 1 %. The ecallso distributions of random cones and electrons from Z boson decays are compared
on data events on figure 14 and on simulated events on figure EI3. The agreement between the ecalIso
distributions of electrons and random cones in the same events is very good in the most populated bins
up to ecallso =1 GeV.
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Figure 4.13: Comparison of the normalised distributions of ecalIso of low-radiating electrons from
Z — ete™ events simulated with PYTHIA. The bottom plots show the bin-by-bin ratio of the electron
and the random cone distributions. The agreement is fair up to about 3 GeV. The last bin contains the
overflow.
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Figure 4.14: Comparison of the normalised distributions of ecalIso of low-radiating electrons from
Z — ee decays and random cones in data. The bottom plots show the bin-by-bin ratio of the electron
and the random cone distributions. The agreement is good in the most populated bins up to about 1 GeV.
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The signal pdf extraction validation is also performed on data electrons from W — ev decays. The
production cross section of W bosons being greater than the production cross section of Z bosons
by an order of magnitude [8Y], a larger number electrons is available for this validation. Unlike in
the case of the Z boson decay paragraph, it is not possible to apply a selection requirement on the
reconstructed mass of the W boson, given that we can only access the transverse momentum of the
neutrino. Therefore one cannot obtain a pure signal sample by applying simple selections to reject the
background. The ecalIso distribution of electrons from W boson decay is extracted using a statistically
optimal background subtraction method, the sPlot technique [90].

electron

CMS / ECAL
plane transverse to beam axis

missing E;r .-
’ missing E;
projection

N

Figure 4.15: Definition of ,E(HT , the projection of the missing transverse energy on the electron axis

This technique uses a maximum likelihood fit on a discrimination variable, which is chosen to be ,E(‘ ‘T ,
the projection of the missing transverse energy in an event on the axis of the electron as defined in
figure B13. Knowing the probability density functions (pdf) of the signal (electrons from W — ev)
and of several background processes (Z — ee, W — 7v, misidentified electrons from 7-jet and QCD
events), one can determine the probability for an event to be an electron from a W boson decay. When
weighting each event with the signal-probability and plotting the distribution of ecallso, one obtains
an estimation of the signal distribution in the case of an unbiased fit with realistic pdfs [&0].

i Y Y R
-40 =20 0 20 40

E\" (GeV)

(a) W — ev (b) v-Jet and QCD

80

Figure 4.16: Probability density functions of the signal W — ev (a) and the combined v-Jet and QCD
background (b) for the fit on the variable E(HT :

Events with a low-radiating electron were selected, vetoes on a second electron and jets have been
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added to reduce the backgrounds from Z — ee, v-jet and QCD events.
The ,E(HT pdfs for the signal and for the background processes Z — ee, W — 7v are extracted from

simulation using the PYTHIA event generator. The parametrisation of the ,E(‘T pdfs for the remaining
background processes, y-jet and QCD events, are determined from simulation using the PYTHIA event
generator and the parameters are floated in the fit, as they are not well reproduced by the simulation.
The pdfs for W — ev and the y-Jet and QCD background are shown on figure EI8. The cross section
ratios between the signal and the processes Z — ee and W — 7v are taken from the Particle Data
Group [U1], combined with the efficiencies for each process, obtained from simulation and fixed in the
fit.
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Figure 4.17: Result of the fit on E(HT. The fitted contribution of the signal (red) and the background

(green) sum up to the total (blue) contribution. All three are superimposed on the data sample distri-
bution (black points).

Figure B2 shows the ¥ distribution from data with the superimposed result of the fit showing a
very good matching of the pdfs to the data. The results of the fit are reported in table B

Species Number of events fitted

W — ev (signal) 1728 + 44
Z —ee setto 0.5% of N(W — ev)
W — v set to 4.5% of N(W — ev)
~r-jet & QCD 228 + 20

Table 4.4: Number of events obtained for each species from the fit on ,E(HT for the sPlot technique. The
ratios of the Z — ee and W — 7v have been determined from simulation and are fixed parameters in
the fit.

Figure BI8 shows the distribution of the variable ecalIso for photon-like electrons from W — ev
decays obtained with the sPlot technique from the fit on E(HT compared to the ecalIso distribution of
random cones. The observed agreement is very good on the entire spectrum.
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Figure 4.18: Comparison of the normalised distributions of ecalIso of electrons from W — ev decays
and random cones in data in the ECAL barrel. The agreement is excellent in the first bin and very good
in the most populated bins up to ecalIso = 2.5 GeV. The last bin contains the overflow.
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Conclusion

The random cone method is a powerful technique to extract the signal pdf for the discrimination fit
on ecallso. This method has been validated with simulated diphoton events and with isolated data

electrons from the decays of W and Z bosons.
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4.2.4 Background pdf extraction

Non-prompt photons that pass the event selections are similar to signal photons in many respects and it
is therefore rather challenging to obtain a pure sample of such events for the extraction of the ecallso
background pdf.

Previous measurements [92] have shown that the extraction of the background pdf was a crucial step
in the analysis and a potential source of significant systematic uncertainties. In [92], a fit on the variable
Tinin is used to perform the statistical discrimination, and the background distribution is obtained by
requiring trackIso to be greater than 2 GeV, in order to obtain a pure sample of otherwise signal-
like background events. However, the correlation between the variables used for the fit and the reverse
selection induces a bias in the extracted pdf which is hard to correct and results in significant systematic
uncertainties of about 15 %.

We propose a new approach to extract the background pdf. With the method we developed we aim
to significantly reduce the systematic uncertainties. This method, which we call the impinging track
method, identifies non-prompt photons based on the presence of one and one only single impinging track.
The background ecalIso distribution is obtained by subsequently removing the ECAL deposits related
to the impinging track in order not to bias the ECAL isolation. The method proceeds in three steps,
schematically shown on figure E19.

1. Selecting photons passing all selection criteria given in table B but changing the veto on impinging
tracks given in table B2 and requiring exactly one impinging track to accompany the photon as
shown on figure [.19(a], one obtains a pure sample of events with a non-prompt photon. Studies
on simulation show that it contains less than 0.1 % of prompt photons.

2. Requiring one impinging track induces a bias in the ecalIso distribution towards higher values,
as the particles leaving the impinging track in the tracker — mainly charged pions and kaons
in simulated events — are produced in jets along further particles: charged kaons decaying to
charged and neutral pions for example. To compensate this effect, all ECAL deposits within a radius
R. = 0.05 around the impinging track’s impact point are removed as shown on figure .19(b].

3. In order to compensate for a potential removal of deposits unrelated to the impinging track, the
value of ecalIso computed in the reduced isolation region is normalised to the total isolation area
as shown on figure [.19(c).

ECAL ECAL ECAL
PE RN AN 77N
7 \| 7 \.l 7 \
|
X L X L X
\ Vi \ 7 \ /7
(a) Step 1: selection (b) Step 2: removal (c¢) Step 3: normalisation

Figure 4.19: Schematic view of the impinging track method
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The number of crystals contributing to the ecalIso sum per unit of R, the distance between the crystal
and the impinging track impact point in the (1, ¢) plane, is shown in figure for photons selected in
the data. The excess observed below R = 0.05 is due to the energy deposited in the isolation region
by particles produced along the impinging track. The radius chosen for the removal of this energy in the
step shown on figure [.T9(b] is chosen accordingly.
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(a) Barrel (b) Endcaps

Figure 4.20: Density of crystals with deposits of £ > 300 MeV around the impact point of a impinging
track versus R, the distance between the crystal and the impinging track impact point in the (1, ¢) plane,
in a sample of photon candidates selected in data.

Extraction validation on simulated events

A comparison of the ecallIso distribution of the signal-like non-prompt photons and the pdf obtained
via the impinging track method is shown on figure B=21 for the ECAL barrel and endcaps. The overall
agreement is good.

Further validation of the background pdf extraction method is performed on data.
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Figure 4.21: Comparison of the normalised distribution of ecallso of non-prompt photons and the
pdf extracted with the impinging track method from PYTHIA-simulated jet events from partons with
E7 > 30 GeV. The bottom plots show the bin-by-bin ratio of the non-prompt photon and the extracted
pdf distributions. The distributions agree within statistical uncertainties. The last bin contains the

overflow.
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Extraction validation on data

In order to validate the impinging track method on data, one compares the following:

e the ecallso distribution of photons with one and one only impinging track, that is only step 1 of
the impinging track method applied and

e the ecallso distribution of photons with exactly two impinging tracks, the impact points of the
impinging tracks separated by more than 2x R, = 0.1, one of which has its ECAL deposits removed
via steps 2 and 3 of the impinging track method.

The ecallso distributions of those two samples are compared on figure =24
These distributions show an excellent agreement demonstrating the effectiveness of the ECAL energy
deposit removal principle and indicating the strength of the impinging track method.
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Figure 4.22: Comparison of the normalised ecalIso distribution of photon candidates produced along
one impinging track and photon candidates produced along two separated impinging tracks, the ECAL
deposits of one of which have been removed, on data events. The bottom plots show the bin-by-bin ratio
of the distributions with one and two impinging tracks respectively. The distributions agree very well.

The last bin contains the overflow.

68



CHAPTER 4. ISOLATED PROMPT PHOTONS

4.3 Conclusion

We have investigated in this chapter the different backgrounds to an isolated prompt photon signature
and how to perform their rejection. Electrons can be easily discarded but selection requirements are not
sufficient to eliminate all non-prompt photons.

Therefore, a statistical background estimation method based on a fit of an electromagnetic isolation
variable ecalIso was discussed. The entirely data-driven extraction of the signal and background pdfs
using the random cone technique and the impinging track method respectively was validated on simulated
events and on data.

The impinging track method used for the extraction of the ecalIso distribution for non-prompt
photons, could be applied to extract the distributions of other variables. Indeed, requiring a photon
candidate to be produced along one impinging track allows to select a pure sample of non-prompt
photons and the bias introduced by this requirement compensated by a subtraction on an event-to-event
basis.

For instance, the o;,;, distribution of non-prompt photons could be extracted by selecting photon
candidates accompanied by impinging tracks, the ECAL impact position of which are required to lie far
enough away from the photon supercluster to not impact its lateral shower shape. In this case, an
event-by-event subtraction would not be required.
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Chapter 5

Inclusive Photon Production Cross
Section Measurement

5.1 Introduction

Measuring the isolated prompt photon production cross section allows to test computations of pertur-
bative quantum chromodynamics (pQCD) and yield important informations on the parton distribution
functions (PDF) used in these computations. It also yields information about the major irreducible in
searches for a light Higgs boson decaying to two photons.

In this chapter we measure the the inclusive photon production cross section in order to validate the
method introduced throughout chapter @ that was developed for the measurement of the production cross
section of pairs of isolated prompt photons. The measured differential transverse energy cross section
spectrum is compared to a previous measurement performed by the CMS collaboration [68] the results
of which are reproduced by the new method. The main systematic uncertainty is assessed and could be
significantly improved with respect to that of the previous measurement.

5.1.1 Measurement scope

The cross section measurement carried out in [6R] as a function of the transverse photon energy is
performed in four bins of photon pseudorapidity. The comparison is performed in two pseudorapidity
bins |n| € [0,1.44] and |n| € [1.57,2.5] corresponding to photons reconstructed in the ECAL barrel and
endcaps respectively and in eight transverse energy intervals

E7r € [50,55] [55,60] [60,65] [65,70] [70,80] [80,100] [100,120] [120,200] (in GeV). (5.1)

Two methods are used in [68] to extract the number of prompt isolated photons: one based on a combined
isolation variable, defined as the sum of the isolation in ECAL, in HCAL and in the tracker; the other exploits
converted photons to increase the precision of the measurement at low transverse photon momenta. In
this chapter we will compare the statistical discrimination method based on ecalIso with the combined
isolation method of [68]. This method measures the Ep spectrum of photons with |n| > 1.57 starting at
50 GeV, hence the lower bound shown in equation (B).

Tt follows from equation (E=3) that the inclusive differential cross section in a bin is given by the ratio
of the number of isolated prompt photons produced in that bin and the product of the bin size and the
integrated luminosity. The number of isolated prompt photons produced in a bin can be accessed by
dividing the resolution corrected prompt photon yield as given by a background rejection fit on a sample
of photon candidates by the selection efficiency of that sample.
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The cross section can be expressed as follows:

do U(NP)

— v+ X)= 5.2
dETldnl(wr ) e AEr-Aln|-£ 7 (52)

where U(NP) is the yield of isolated prompt photons corrected for the detector resolution, e is the
efficiency of the event selection detailed in section 12, AEy and A|n| the widths of the considered bin
and L the integrated luminosity of the sample used for the measurement.

5.1.2 Selection

The trigger selection in this study keeps events that contain a photon with transverse energy greater
than 40 GeV and satisfying a loose isolation requirement. The latter includes conditions on the variables
trackIso, the sum of the transverse momenta of all tracks in a hollow cone around the photon, on
hcalIso, the sum of the transverse energy deposited in the HCAL towers in a hollow cone around the
photon impact position, both defined in section E12, and on a new electromagnetic isolation variable
trigIso, the ratio of the sum of transverse energies of ECAL crystals with |[E| > 80 MeV in a surface
defined by outer and inner radii around the photon impact position on ECAL of 3.5 crystals and 0.3 radians
respectively and a strip along the ¢ axis of 5 crystals in width on one hand and the transverse energy of
the photon on the other, as follows:

triglso = ZE%(crystal ¢ supercluster, and |E’| > 80 MeV) / EJ. (5.3)
eC
where C' is a ring with inner radius R;, = 3.5 crystals
and outer radius R, = 0.3 and a strip along

the ¢ axis of An =5 crystals

In each event, the photon candidate with the highest transverse energy is required to pass stringent
isolation and shower shape selection criteria, as detailed in table B, designed to reject background from
electrons, photon pairs from neutral meson decays and non-isolated photons in jets. A shower-shape
selection criterion, oy, > 0.001, rejects fake photons reconstructed from anomalous signals in two
adjacent crystals of ECAL. It is applied on top of the selections detailed in section BT=3. The selection on
trigIso is tighter than the one required by the loose isolation of the trigger path, it is applied to insure
a fully efficient trigger selection.

We note that the variables trigIso and ecalIso have similar definitions, both measure the electro-
magnetic energy deposited around a photon candidate with differences in the crystal energy threshold, in
the geometric definition of the isolation surface and in the normalisation to the transverse energy of the
photon candidate. A selection on trigIso < 0.2 is equivalent to a selection on ZiGC(trig) Ei > 10 GeV.
As can be seen on figures b3 and B4, loosely selecting on trigIso still allows for the use of the statistical
signal estimation method described in chapter B. Indeed the distributions of ecallso in the data still
reach up further than 6 GeV and allow for a differentiation of signal and background.

Finally, we define the efficiency of the trigger selection defined at the beginning of this paragraph
as the probability for a photon passing the selection requirements to fire the trigger. Given the selec-
tions of table B, this efficiency is determined from photon events simulated with PYTHIA to be greater
than 99.9 %.
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Variable Requirement
in barrel (endcaps)

Er > 50 GeV

pixelMatch veto

H/E < 0.05

Tinin < 0.011(0.03)
> 0.001

hcallso < 2(4) GeV

trackIso < 2(4) GeV

triglso < 0.2

n(impinging tracks) =0

Table 5.1: Photon selection requirements. Selection values in the endcaps are presented in parenthesis if
different from the barrel. The selection criterion o;,;, > 0.001 rejects fake photons reconstructed from
anomalous signals in two adjacent crystals of ECAL. It is applied on top of the selections detailed in
section B3

5.2 Prompt Photon Yield Extraction

5.2.1 Probability density functions

In every bin of the observable Er the sample of selected photon candidates contains signal events, isolated
prompt photons, and background events such as non-prompt photons from neutral meson decays and
non-isolated photons in jets. We perform a maximum likelihood fit on the variable ecallso using as
signal and background probability density functions (pdf) the distributions extracted on events of that
bin as described in section B2 in order to extract the isolated prompt photon yield.

e The signal pdf is extracted with the random cone technique.

e The background pdf with the impinging track method.

Signal and background pdfs used for the fit are shown for two bins of Er and |n|, a bin with few events
in the barrel and a bin in the endcap with many, on figures b and B2.

5.2.2 Raw signal yields

Using the pdfs extracted with the methods introduced in section B2, a fit on ecallso is performed
in each Er bin and for each |n| region and the number of prompt isolated photons extracted. These
numbers need to be corrected to take into account the detector resolution and are therefore called raw
yields. This correction is described in section B=3.

Figures B3 and B4 show the fit for photons with Er € [80,100] GeV in the barrel and photons with
Er € [50,55] GeV in the endcaps respectively. Given that the only free parameters of the fit are the
signal and the background yields and there is no ad-hoc parameter allowing the shapes of the pdfs to
accommodate to the data, the excellent agreement observed indicates that the pdfs describe the data
very well.

The same procedure is applied in all bins of the Ep spectrum in the barrel and the endcap and the
obtained normalised raw signal yield, N? / AEp using the notations of equation (B2), is plotted on
figure B3.
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5.3 Cross Section Measurement

Two further steps have to be taken to access the differential cross section: the treatment of the detector
resolution and the computation of the selection efficiencies.

5.3.1 TUnfolding

The raw spectrum of figure B3 is the combination of the physical Ep spectrum and the CMS detector
resolution. This combination is represented [93] by the integral

f(Emeas) = / dEr R(EP**, Er) g(Er) (5.4)

where f(E7**) and g(Er) are the measured and physical Er spectra respectively and R(E*, Ep)
the detector resolution function. To access the physical spectrum, the raw spectrum has to be unfolded.
This is performed by determining a detector response matrix from simulated photon events.

Indeed, if one supposes the resolution function to be constant in each bin, one can express the content
of a bin of the reconstructed spectrum as a linear combination of the bin contents of the physical spectrum
and the coefficients of a square response matriz.

The square matrix R maps the true value of the simulated photon transverse energy to its measured
value, the element (i,j) quantifying the probability for a photon with true Ep in bin j to have a
reconstructed Ep in bin i. Off-diagonal cells therefore quantify the bin-to-bin migration and an ideal
detector would be characterised by a Dirac-type resolution function and therefore by a diagonal matrix.
Under these assumptions, it is possible to obtain the binned physical spectrum G = {G,} by applying
the inverted response matrix to the binned measured spectrum F = {F;}.

g=R'f (5.5)

Given the excellent performance of the CMS electromagnetic calorimeter, which plays the central part
in the measurement of the photon transverse energy, the resolution is small with respect to the bin sizes
and the response matrix shown on figure B is close to unity. The unfolding of the detector resolution
therefore has a small impact on the measured yields.

By inverting the response matrix determined from photon events simulated with PYTHIA and multi-
plying it with the vector of raw yields, one obtains the vector of unfolded yields. The ratio of unfolded
and raw yields, is plotted on figure b7a.

As can be seen on figure B, the distribution of the ratio of reconstructed and generated transverse
energies of photons simulated with PYTHIA with Er greater than 50 GeV though peaking at 1 has a tail
towards lower values of reconstructed photon energies. Indeed, about 5 % of photons with E7 > 50 GeV
have a reconstructed energy more than 10 % lower than their generated energy. The impact of this
underestimation is a migration of events to lower bins which is corrected by the unfolding procedure.
This appears on figure b7, showing the ratio of unfolded and raw yields in each bin, where bins of higher
transverse energy tend to be lifted with respect to bins of lower transverse energy. Photons produced
with transverse energy close to the selection threshold of 50 GeV have a certain probability not to be
reconstructed above this threshold. The unfolding procedure corrects for this effect by increasing the
first bin of the spectrum.
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Figure 5.8: Photon transverse energy resolution from photons with Ep > 50 GeV simulated with PYTHIA

5.3.2 Selection efficiencies

The efficiency € used in equation (53) is the probability for a photon entering the acceptance to be
included in the sample used for the measurement. The efficiency € can be split in three parts: the trigger
efficiency, the reconstruction efficiency and the identification efficiency. Their computation is detailed in
this section.

First, as stated in section B2, the trigger efficiency is defined as the probability of an event passing
the selection requirements to pass the high level trigger requirements used for this study. The trigger
efficiency is determined on PYTHIA-simulated photon events to be greater than 99.9%, with a negligible
statistical uncertainty.

Second, the photon reconstruction efficiency, defined as the probability for a photon with Ep > 50 GeV
produced in the pseudorapidity acceptance to be reconstructed in the detector, has been determined from
PYTHIA-simulated photon events to be 97.4 % in the barrel and 96.7 % in the endcaps, with a negligible
statistical uncertainty.

Third and last, the photon identification efficiency is defined as the probability for a reconstructed
prompt photon entering the acceptance to satisfy the selection criteria summarized in table B. All
the efficiencies of the selection requirements can be extracted from data, using techniques that will be
detailed in this section, with the exception of the pixelMatch veto.

The photon identification efficiency is therefore extracted from PYTHIA-simulated photon events and
then corrected by the ratios of data and simulation for those efficiencies that can be extracted from data,
as shown in equation (B9)

The tag and probe technique

The efficiencies of the selection requirements on triglso, hcallso, trackIso, H/E and o0y, can be
computed from data using the so called tag and probe technique. Based on the identical signature of
electrons and photons in the calorimeter, this method computes the selection efficiencies on electrons
from Z — ee events. These events are tagged using a very well reconstructed electron satisfying stringent
electron identification selections, passed by 80 % of simulated electrons, and the probe as any electron
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of more than 20 GeV. The tag and probe system is required to have an invariant mass lying between 60
and 120 GeV.

Two invariant mass distributions are fitted to extract the fraction of signal events. On one hand
the distribution of all events with at least one tag and one probe, on the other hand the distribution of
events with the probe passing the isolation and shower-shape selections described in table Bll. For the
fit, a convolution of a Breit-Wigner funtion, the parameters of which

myz = 91.1876 4+ 0.0021 GeV/c*>  T'z = 2.4952 + 0.0023 GeV/c? (5.6)

were taken from the Particle Data Group [01], and an ad-hoc crystal-ball function defined in equa-
tion (B22) with four free parameters is used to model the signal shape and and exponential function to
model the background.

e~ (@=m?/20% |\ [or o2 x>—a-0+p
r(z) = N (5.7)
AB—(z—p)/o)™™/V2ro? z<-a-0+pu
where
A= (n) e /2 and B=_ — |al (5.8)
|al |al

The ratio of the fitted yields N, (pass)/N.. (all) gives the efficiency of the considered selection. Figures b4
and B0 show the fit for the combined isolation and shower-shape selections in the barrel and endcaps
respectively.

The random cone method

To determine the efficiency of the veto on the number of impinging tracks, we use the number of impinging
tracks obtained in random cones in data, assuming that the density of impinging tracks close to photon
candidates, coming from pileup and underlying event interactions, is the same as in random points of
the detector. This assumption is verified on single photon events simulated with PYTHIA.

Computing the efficiency

The photon identification efficiency labelled € 1p is computed from PYTHIA-simulated photon events and
then corrected by the ratios of data and simulation efficiencies, for those efficiencies that can be extracted
from data:

Etag&PFObe[DATA] % €random Cones[DATA}

etag&probe[SIM] €random cones [SIM]
Figure B0 shows that the identification efficiency computed from PYTHIA-simulated photon events
is independent of the photon transverse energy.
As stated at the beginning of this section, the overall photon efficiency is computed as the prod-
uct of the three efficiencies: the trigger efficiency € tric, the reconstruction efficiency € rgco and the
identification efficiency € 1p:

€ID = €1ID [SIM] X (59)

€ = € TRIG X € RECO X € ID (510)

Finally, we can summarise the results in table B2 and give the total single photon identification efficiencies
in the barrel and the endcaps. The uncertainties on the identification efficiency are a quadratic sum of the
statistical uncertainties of the simulated identification efficiency, the agreement of the efficiency extracted
with the tag and probe method on data and simulation and the uncertainty determined from studies on
Z — ppry events [04] on the reproduction of the pixelMatch efficiency by simulation.
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Figure 5.9: Extraction of the efficiencies of the selection requirements on isolation and shower-shape
variables with the tag and probe method in the barrel. The fit on the invariant mass of the tag and the
probe is shown for all probes on the left and for those probes that pass the identification requirements
on the right.
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Figure 5.10: Extraction of the efficiencies of the selection requirements on isolation and shower-shape
variables with the tag and probe method in the endcap. The fit on the invariant mass of the tag and the
probe is shown for all probes on the left and for those probes that pass the identification requirements
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Barrel Endcaps

erric 999 +00% 99.9+00%
erEco 974 +0.0% 96.7+0.0%
em S7T0+13% 85.8+42%

Total 84.7+£13% 829+4.0%

Table 5.2: Efficiencies [%)] of the photon identification
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5.4 Comparison of two methods

In this concluding section we contrast the results obtained in this chapter with the statistical discrim-
ination method based on ecalIso with the ones obtained with the combined isolation method in [6R].
After having computed the main systematic uncertainty of the ecalIso method in section B2, we
will compare it to the one of the combined isolation method in section b2=3 and contrast the measured
differential cross sections in section b2=2.

5.4.1 Uncertainties on the pdf extraction

Given the shape of the pdfs used in the fit, as shown on figure B3 for instance, with the probability
density peaking at ecalIso = 0, the discrimination power resides mainly in the size-difference of the
first bins of the signal and the background distributions. The uncertainty linked to the knowledge of the
pdfs is therefore dominated by the uncertainty of those first bins. We denote s and b the fraction of the
distribution contained in the first bin for the signal and background respectively, that is the probability
for a signal or a background event to have ecalIso=0. Variations in the shape of the tails are assumed
to be a second order effect as will be shown in chapter B.

To estimate the systematic uncertainties linked to the knowledge of the pdfs, we vary s and b by the
amounts ds and db respectively. Those variations reflect our knowledge of the signal and background
pdfs, they arise from the pdf extraction methods presented in section B=23 and B—Z4:

e The signal probability of the first bin, s, is varied by the difference in first bin probability of the
photon ecallso and the random cone distributions in simulated events, as shown on figure E—12.

e The background probability of the first bin, b, is varied by the difference in first bin probability

of the ecalIso distributions of data photons with one impinging track and data photons with two
impinging tracks one of which had its deposits corrected in data, as shown on figure E=22.

Those variations are given in table B3

Category ds ob

Barrel 0.01 0.03
Endcaps 0.01 0.05

Table 5.3: Variations of the first bin of the pdfs used for the determination of the systematic uncertainties
on the pdf knowledge, as s + §s and b + 6b

One can make a simple calculation to estimate the uncertainty due to the knowledge of the pdf. s
and b are the probabilities for a signal and a background event respectively to be in the first bin of the
ecallso distribution and és and db the uncertainties on these quantities. Let a be the percentage of
events in the first bin of the data ecalIso distribution, and Ng the number of signal events, Ng the
number of background events and N = Ng 4+ Np the total numbers of events. We can write

sNg +bNp =aN . (5.11)
As Ng + Ng = N, we can write the number of signal events as

a—1>b
Ng = N 12
S=123 (5.12)
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By propagating the errors on s and b to Ng, we obtain the relative signal yield uncertainty

ONs s 0b la — s

Ns s—b (s—b)la—b]" (5.13)

Using the result of equation (BI3) along with the values of table B3, we can compute the system-
atic uncertainties linked to the pdf knowledge in all bins. Thus, in the bin corresponding to Ep €
[50,55] GeV in the barrel, s = 0.81 and b = 0.27 with a = 0.62 thus yielding an uncertainty of
0Ng/Ng = 0.035. We note that the systematic uncertainty is dominated by the uncertainty on the
background (0Ng/Ng (b) = 0.030). The values of that uncertainty will be given in section 543 and
contrasted with the ones obtained with the combined isolation method [GR].

5.4.2 Comparing differential F; spectra

Finally, figure BI2 shows the comparison of the differential cross section spectra obtained with the
ecallso and the combined isolation methods.
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Figure 5.12: Comparison of the differential photon production cross sections measured in [68], labelled
comb. iso. method and with the ecalIso method, labelled ecallso method.

The spectrum measured with the ecalIso method and the spectrum measured with the combined iso-
lation method agree within systematic uncertainties.

5.4.3 Comparing uncertainties

To extract the prompt photon yields, a signal and background component fit on a discrimination variable
is also applied in [BY]. The pdf extractions however are different:

e the signal pdf is extracted from simulation and corrected for the differences observed in Z decays
between the data and the simulation,

e the background pdf is extracted from a background enriched sample obtained from by inverting
the requirement on oy,;,, used in the event selection.
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The systematic uncertainty linked to the knowledge of the pdfs is then asserted by varying the correction
applied to the signal pdf and changing the background pdf by the differences obtained when comparing
data and simulation.

Figure B3 shows the comparison of these systematic uncertainties with the ones of the method
described in section B2, The uncertainties of the data-driven ecalIso method are significantly smaller
over the entire Ep spectrum. Equation (BT3) shows that the contribution of the background pdf knowl-
edge is proportional to

= ’—1’ (5.14)

where the purity p = Ng/N. As the purity increases with increasing E7 and the background term is
dominating, the systematic uncertainty decreases with Er as shown on figure bT13.
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Figure 5.13: Comparison of systematic uncertainty linked to the knowledge of the signal and background
pdfs in [6¥], labelled comb. iso. method and with the computation described in section B2, labelled
ecallso method.

5.4.4 Conclusion

In this chapter, we have measured the differential inclusive single photon cross section versus the photon
transverse energy, using the variable ecalIso for the discrimination of prompt isolated photons and non-
prompt photons produced in jets. Both the signal and the background pdf for the discrimination fit on
ecallso are extracted with data-driven methods, thereby allowing a good control of the main systematic
uncertainty. The measured spectrum agrees within systematic uncertainties with that measured by CMS.
These results validate the prompt photon extraction procedure described in chapter @ that will be applied
to the measurement of the prompt isolated photon pair production cross section in chapter B.
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Chapter 6

Inclusive Photon Pair Production
Cross Section Measurement

6.1 Introduction

6.1.1 Scope of the measurement

As shown in chapter O, pairs of isolated prompt photons are a very clean signature of a light Standard
Model Higgs boson. They are also a signature of extra-dimensional gravitons [80] and some supersym-
metric states, as the neutralino decaying to a photon and a gravitino [§1]. For those searches of rare
processes or new physics, pairs of prompt isolated photons, henceforth called prompt isolated diphotons,
from QCD processes constitute a major background. Even though in most cases this background can be
estimated from the data directly, a good understanding of its kinematic properties and solid theoretical
predictions allow for a strengthening of searches for rare processes.

In this chapter we present the measurement of the integrated and differential cross sections of isolated
prompt diphoton production. This provides an accurate description of the reducible and irreducible
background to the Higgs signal in the diphoton decay channel on one hand and experimental input for
existing perturbative QCD parton generator codes on the other. The diphoton production cross section
has been previously measured in proton-antiproton collisions at Tevatron by the CDF [65, G6] and DO [97]
collaborations and at 7 TeV in proton-proton collisions by the ATLAS collaboration [B8]. This is the
first measurement performed with the CMS detector.

P _— 4 /
4
y = T
(a) Born (b) Box

Figure 6.1: Leading order direct prompt diphoton production processes

Two kinds of production processes contribute to the prompt diphoton cross section. Direct photons
are produced in the hard interaction as shown on figure B and fragmentation photons fragment off a
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(a) One fragmentation (b) Two fragmentations

Figure 6.2: Leading order prompt diphoton production processes from fragmentation

quark produced in the hard interaction and are also counted as isolated prompt photon. Fragmentation
processes are depicted on figure B2. Even though the gluon-gluon fusion or so-called box process of
figure B.1(Db] is of higher order of g in the perturbation theory than the quark-antiquark annihilation
or so-called Born process of figure p.1(a], the proton parton distribution functions (PDF) at the LHC
(figure TI0) are such that the gluon density fosters the boz to a level comparable with the Born process.

6.1.2 Outline of the measurement

The measurement is performed using the full dataset recorded by CMS in 2010, corresponding to an
integrated luminosity of 36 + 1.4 pb~!. Three trigger paths were used to select the dataset, their
definition and the integrated luminosity collected by each of them are given in table EI. The cross
section is measured in the kinematic acceptance described in table B2, all quoted cross sections are
therefore fiducial.

Name Description Collected
HLT1  two photons with Er > 15 GeV 2.9 pb~!
HLT2  two photons with Ep > 17 GeV 15 pb™*

HLT3  one photon, one isolated supercluster both with Ep > 17 GeV 18 pb™*

Table 6.1: High Level Trigger (HLT) requirements for the dataset used for the measurement. The
isolation criteria applied to the supercluster for HLT3 are less stringent than those used for event selection
as given in table B3.

The transverse energy thresholds of the photons were chosen to be greater than those of the trigger
paths of table B, to ensure full trigger efficiency. Furthermore, asymmetric thresholds were chosen to
allow for the comparison of the measured cross section with a solid theoretical prediction, as explained
in section 22

The requirements on the reconstructed photon transverse energy were chosen to be tighter than
the trigger requirements by a few GeV in order to insure a fully efficient trigger. The gap in the
pseudorapidity acceptance is chosen to avoid the transition region between the ECAL barrel and endcaps
where the photon reconstruction performs worse than in the rest of the detector. Finally, the variable
ecallso measuring the electromagnetic energy deposited around a photon inside a radius R,,: = 0.4 as
depicted on figure B4 is used in this measurement for the statistical background subtraction. In order
to avoid the contamination of the one photon’s ECAL isolation surface by the supercluster of the other
photon, a separation requirement in the (7, ) plane R > 0.45 is added to the acceptance, where R is
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Variable Acceptance

Er (71) leading photon transverse energy > 23 GeV

Er (72) trailing photon transverse energy > 20 GeV

[n(9)] photon pseudorapidity € [0.00,1.44] U [1.57,2.5]
R (n,¢) distance between photons > 0.45

Table 6.2: Kinematic acceptance for the diphoton cross section measurement. We call leading and trailing
the photons with the highest and second highest transverse energies.

defined as
R(m1,72) = v/ (m — m)? + (p1 — 2)? (6.1)
Symbol  Definition Equ.
Mgy Invariant mass of the photon pair (622)
DT, vy Transverse momentum of the photon pair (63)

Apy, Difference in azimuthal angle between the two photons (B32)

cos 0* Cosine of the scattering angle in the Collins-Soper frame (BE3)

Table 6.3: Differential cross section spectra. The mathematical definition of each variable is given in the
equation listed in the third column.

The differential cross section is measured as a function of four variables shown in table BZ3 chosen
either because of their sensitivity to the QCD processes, as will be described in section B523 for the
variable Ay, ., or because of their discriminating power in a diphoton channel Higgs boson search. The
invariant mass of the two photons m. is defined in equation (E32) as a function of the photon energies
and 6;2, the angle between the two photons. The transverse momentum pr - of the diphoton system
is expressed in equation (63) as a function of the two photon transverse momenta and the difference
in azimuthal angle between the two photons which in turn is defined in equation (62) to be comprised
in [0,7]. Finally the cosine of the scattering angle in the Collins-Soper frame cos 8* is expressed as a
function of the difference of the photon rapidities or pseudorapidities in equation (63).

m'?y'y = 2- El . E2 . (]. — COS 912) (62)
p%’Y’Y = p%,'vl + p%’,—m +2-prq Py, COSASOV'Y (6.3)
Apyy = p1—p2 € [0,7] (6.4)

cos 0% = ‘ tanh <y1;y2> ’ = | tanh <771;772> ‘ (6.5)

In order to equalise the statistical uncertainties on the measured spectra, a small number of unequally
sized bins, presented in table B4, were chosen to measure the spectra of the differential cross sections.
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Symbol Unit Number Bins edges

. GeV 10 [0,30] [30,40] [40,45] [45-55] [55,65] [65,80]
[80,100] [100,140] [140,200] [200,300]

proy  GeV 10 [0,4] [4,6] [6,8] [8,12] [12,18] [18,30] [30,40]
[40,50] [50,80] [80,180]

N ™ 9 0.0,0.2] [0.2,0.4] [0.4,0.6] [0.6,0.8] [0.8,0.88]
[0.88,0.92] [0.92,0.95] [0.95,0.98] [0.98,1.00]

cos 0 5 [0,0.2] [0.2,0.4] [0.4,0.6] [0.6,0.8] [0.8,1.0]

Table 6.4: Binning of the differential cross section spectra

Events for the measurement entering the acceptance defined in table B2 were selected using the
background rejection variables described in section BT and detailed in table B3.

Selection on vy and ¥y
triglso < 0.3

H/E < 0.05

Tinin < 0.011 (003)
hcallso <2 (4) GeV
trackIso <2 (4) GeV
pixelMatch veto

n(impinging tracks) =0

Table 6.5: Event selection for the sample used for the cross section measurement. The variable trigIso
is defined in equation (B33) and is used to ensure that the selections on reconstructed quantities are
tighter than the trigger requirements.

The isolation requirement on the HLT3 trigger path includes a selection requirement on the variable
trigIso, defined in equation (B23) and a selection requirement on trigIso is included in the event
selection in order not to impact the trigger efficiency. As shown in section B2, even though the
variables trigIso and ecallso have similar definitions, a selection on trigIso < 0.2 is equivalent
to a selection on Ziec’(trig) E% < 10 GeV and so has a negligible impact on the signal distribution.
Figures b33 and b4 show that loosely selecting on trigIso still allows for the use of the statistical signal
and background discrimination based on ecalIso as the distributions of ecalIso in the data reach up
further than 6 GeV and allow for a differentiation of signal and background.

Section 13 will shed light on the method applied to perform the measurement.
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6.1.3 Computing the cross section

As explained in section B2, a sample of photon candidates selected by requirements on the background
rejection variables of section BE-172 still contains a proportion of non-prompt photons. Thus, after applying
the requirements of table B3, each photon of the selected diphoton candidate can either be an isolated
prompt photon or a non-prompt photon leading to the signal and background definitions of table BE.

Nature 71 Y2
Signal Prompt Prompt
Background Prompt Non-prompt

Non-prompt Prompt
Non-prompt  Non-prompt
Electron Electron

Table 6.6: Definition of signal and background in the diphoton cross section measurement. As electrons
can be misidentified as photons, di-electron Drell-Yan events are one of the background species.

As explained in section BT, electrons can be misidentified as photons. Di-electron Drell-Yan events
contaminate the selected sample. They are not rejected by the fitting method described in section B2
because their electron clusters are isolated in ECAL, but will be corrected as explained in section EZ32.

The photons are not ordered according to any criteria, transverse energy or pseudorapidity for in-
stance. Throughout the rest of this chapter events with two non-prompt photons will be denoted nn,
events with one prompt and one non-prompt photon pn and events with two prompt photons pp. Given
this notation, the integrated cross section that we want to measure is given by

U(NPP)
e-L
where U(NPP) is the number of prompt diphotons corrected for potential fit biases and detector resolution
effects, NPP is henceforth called prompt diphoton yield, e the diphoton selection efficiency as defined and
computed in section B34 and £ the integrated luminosity of the selected sample. The differential cross

section in a given bin of the observable 2 is given by

o(yy+X) = (6.6)

do U(NP)

where A( is the width of the considered bin as given in table G4.

Section B2 discusses how the prompt diphoton yield NPP is determined.

6.2 Prompt Diphoton Yields

6.2.1 Signal extraction fit

The statistical method used for the discrimination of prompt isolated photons and non-prompt photons
from jets based on the electromagnetic isolation variable ecalIso introduced in section BE12 is applied
here to the measurement of the prompt isolated diphoton cross section. It exploits the fact that prompt
photons are likely to have small values of ecalIso as opposed to non-prompt photons. Figure B33 shows
event displays of diphotons likely to be made of two prompt and two non-prompt photons.

As there are now three species of events, the signal pp and two background species pn and nn, the
likelihood function £ given in equation (6X) and used in the maximum likelihood fit is expressed as a
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AnaNa$ - Event Display Run 147757, Event 261695278 AnaNa$ -- Event Display Run 147926, Event 491105728

-~ Q900 -200 -100 0 100 200 300

(a) Candidates likely to be prompt photons (b) Candidates likely to be non-prompt photons

Figure 6.3: Event displays from 2010 data taken by CMS, showing two photon pair candidates. The
diphoton candidate shown on (a) has Zy = Zo = 0 GeV and is therefore likely to contain two prompt
photons whereas the diphoton candidate shown on (b) has Z; and Z, greater than 4 GeV, therefore likely
to contain two non-prompt photons.

function of the three yields and probability density functions (pdf). The two-dimensional pdfs depend
on Z; and Z,, the ecalIso values of the two photons.

—(Npp+Npn+Nnn) N . . . . . .
N1 H [ NPP : fpp(Ii7I§) =+ NP'"' ’ fpn(Iivlé) + Non - fnn(I{»I%) }

e
ﬁ(Np;m ana Nnn) =

(6.8)

It has been checked that Z; and Z, are independent in all of the three species. Figure B2 shows
the two-dimensional distribution of Z; versus Z, for background enriched data events, where one of the
photons is required to have at least one impinging track.

We therefore express the common probability of Z; and Z; as the product of the probability of each

P(T; and Tp) = P(T1) - P(Ly) (6.9)

In the context of the likelihood function of equation (B) this allows us to express the two-dimensional
pdfs as a function of the one-dimensional pdfs as defined in chapter .

fPP(IhI?) = fp(Il) X fp(I2) (6.10)
fon(T1,T2) = fo(Th) X fu(Z2) + fu(Th) X fp(Z2) (6.11)
fnn(IhIQ) = fn(Il) X fn IZ) (612)

(
The one-dimensional ecalIso pdfs of equations (E10) to (EI2) are
o fp(Z) — the pdf for prompt photons, extracted with the random cone technique

e f,(Z) — the pdf for non-prompt photons, extracted using the impinging track method.

90



CHAPTER 6. INCLUSIVE PHOTON PAIR PRODUCTION CROSS SECTION MEASUREMENT

_ T T T T [ T T T T T LI | T T T T | T
~ [ ]
> 10— —
o I ]
2 - -
T & .
(&) L ]
® [ ]
6_ —
s ]
o ]
o ]
: 1 | 1 1 1 ‘ 1 1 1 I 1 1 1 | 11 1 I 1 1 1 I I:

0 2 4 6 8 10
ecallso (71 )

Figure 6.4: Two-dimensional distribution of ecalIso(y;) versus ecalIso(yz) for a background-enriched
data sample, where one of both photons is required to have at least one impinging track. The correlation
coefficient is 9.3 %.
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Figure 6.5: Shapes of the pdfs extracted using all single photon candidates. Section 222 describes how
these pdfs are used for the fit in each bin of the differential measurement. The last bin contains the
overflow.

Figures 63(a) and BE3(b) show the ecallso distributions obtained when applying the signal and back-
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ground pdf extraction techniques to all single photon candidates in the barrel and the endcaps respec-
tively. We split the sample of diphotons passing the event selection requirements into three categories:
events with both photons in the barrel, events with both photons in the endcaps and events with one pho-
ton in the barrel and one photon in the endcaps. Throughout this section and the next, the measurement
in the first category will be highlighted and the results in all categories will be given in section B3.

6.2.2 Extraction of the pdfs

It has to be noted that the shape of the signal and background pdfs depends on the properties of the
single photon events used for their extraction.

As explained in section B2 and shown on figure B8, the variable ecalIso discriminates between
prompt and non-prompt photons because of the leakage of the non-prompt photon energy into the
isolation surface. Thus for non-prompt photons the average ecallso value obtained with the impinging
track method increases with the the transverse energy of the photon. The ecallso value extracted at
Agp = /2 of the photon with the random cone method does not depend on its transverse energy. The
average energy deposited in ECAL increases with the pileup of the event and therefore both the signal
and the background average ecallso values increase with the number of reconstructed vertices in the
event. Finally, both average ecallso values decrease with increasing pseudorapidity. These dependences
appear on figures B8(a), B2 and B3.
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> o ] C « Diphoton candidates ]
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(a) ecallso average vs. Ep (b) Er comparison

Figure 6.6: Illustration of the dependence of the average ecalIso on the photon Er. Plot (a) shows the
increase of the average ecalIso value in the background pdf extracted with the impinging track method
versus the photon E7 and plot (b) the different Er distribution between diphoton candidates and single
photons used for the pdf extraction. We note that the Ep spectrum of single photons is shaped by the
trigger prescales.

The single photon sample on which the pdfs are extracted and the diphoton sample used for the
measurement are selected with different trigger paths, the prescale factors of which have changed over
the period of data-taking. This induces different E7p, as shown on figure B8 (b), and Ny distributions.
We note that the Ep spectrum of single photons on figure B8 (b) is shaped by the trigger prescales: the
single photon HLT path with a 20 GeV Ep threshold was prescaled by factors of 5 and 26 compared
with the single photon HLT paths with E7 threshold at 30 and 50 GeV respectively. Selecting on the
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Figure 6.7: Average ecalIso value versus photon pseudorapidity. Plot (a) shows the average ecallso
value of the signal pdf extracted with the random cone technique and plot (b) that of the background
pdf extracted with the impinging track method versus the photon ||

O ;\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\I\\\\ o :\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\
20.13: — 2 100k
8 C ] 8 C
o 0F E -
© r E T 0.98
gollj — % E
o F ] 0.96[
B r . % 8
S 01 1 {)0'94?
() F ] r
2 000 E go.gz:
r 3 % 0.9F
0.081~ E Q oss[ i
E 1 =77
0.07F - 0.86[—
F ] 0.84F
0.06 - E
A R S S A I WIS W W P 0826t b b e e e L
05 1 15 2 25 3 35 4 45 5 55 05 1 15 2 25 3 35 4 45 5 55
Number of vertices Number of vertices
(a) Signal (b) Background

Figure 6.8: Average ecallso value versus the number of reconstructed vertices. Plot (a) shows the
average ecalIso value of the signal pdf extracted with the random cone technique and plot (b) that of
the background pdf extracted with the impinging track method versus Ny .
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diphoton observables of table B33 can further bias the Er and |n| spectra. Indeed, equation (E22) shows
that bins of high m., contain photons with high transverse energy and equation (6-3) demonstrates that
bins of high cos 8* contain photons with high pseudorapidities. This results in significant differences in
the Erp, |n| and Ny distributions of the single photons used for the pdf extraction and the diphoton
candidates.

Therefore, in every bin of the differential measurement, we extract a particular signal and background
pdf by assigning a weight to the single photon events in order to match their Er, || and Ny distribu-
tions with the ones of a large diphoton sample. Candidates of this sample were selected with all the
requirements of table B33 but accepting photon candidates with up to one impinging track. In the case
of figure B8 (b) a single photon event with Ep = 20 GeV would be assigned a low weight of about 0.2
and a single photon event with Epr = 30 GeV a high weight of about 1.8. Thus a different set of signal
and background pdfs is used in each bin of the observables.

6.2.3 Signal yields

By performing the maximum likelihood fit described in section B2 on the ecalIso distributions of
the selected diphoton candidates, of which four spectra are shown on figure B9, we extract the prompt
diphoton yields in every bin. These yields from the fit need to be corrected before being used for the
cross section calculation, as explained in sections 6231 and 6233 and are therefore called raw yields.

The projections on Z; and Zs of the ecalIso fit in two bins of the differential spectra, the bin of the
Ay, spectrum corresponding to Ay, € [0.927,0.957] and the bin of the m,., spectrum corresponding
to m., € [55,56] GeV/c?, are shown on plots 10 and EXI. The proportion of prompt diphotons in
every bin of the four differential distributions is shown on figure EI2 and the fit result, the raw yield
spectra, on figure 6GL3.
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Figure 6.9: Plots showing the number of selected diphoton candidates with both photons in the barrel
on which the ecallso fit is performed, in each bin of the differential distributions.
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(dashed red) pdfs are shown in (a) linear and (b) logarithmic scales. The last bin contains the overflow.
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Figure 6.11: Fit result in the bin of the m,, spectrum corresponding to m., € [45,55] GeV/c?, for
photons in the barrel. The data with superimposed signal and background (blue) and background only
(dashed red) pdfs are shown in (a) linear and (b) logarithmic scales. The last bin contains the overflow.
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Figure 6.12: Plots showing the prompt diphoton purity as given by the ecalIso fit, in each bin of the
differential distributions.
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Figure 6.13: Plots showing the prompt diphoton raw yield as given by the ecallso fit, in each bin of
the differential distributions.
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6.3 Cross Section Measurement

6.3.1 Bias correction

Given that for a small sample the diphoton yield extracted with the maximum likelihood fit is a biased
estimator of the signal yield [86], this bias is estimated by performing toy Monte Carlo experiments and
correct the raw yields by the estimated amount.

Three sets of toy Monte Carlo events are generated (one for each species pp, pn and nn) with
the ecalIso pdfs defined in equations (EIO) to (612). The generation is performed using Gaussian
distribution with mean values set to the yields extracted from the fit, Np,,, Np, and N,,, and widths set
to the fit errors, 0Npp, 0Ny, and 6Ny, A maximum likelihood fit with the same ecalIso pdfs is then
performed on the sample thus obtained. The variable X, defined as

toy fit __
NPP Npp

Xpull = SN
bp

(6.13)

follows a standard normal distribution for an unbiased fit. The toy Monte Carlo experiment is repeated
10000 times and the distribution of Xy fitted with a Gaussian function to extract its width opu and
mean value ppu. Figure B4 shows two examples of such a fitted pull distribution in bins of the m.,
spectrum.

hPull hPull
Entries. 25 Entries 25
e Mean -0.009413 F Mean -0.1122
200 f_ RMS 1.015 900 RMS 1.03
800 800
700 700
600 600
s00F 500 —
400F 400
3001 300
200 200
100 100
ol L e e o b b b e 1
-3 2 -1 0 1 2 3 -3 -2 -1 0 1 2 3
Signal Yield Pull Signal Yield Pull
(a) Bin: 45 GeV/c? < myy < 55 GeV/c? (b) Bin: 100 GeV/c? < myy < 140 GeV/c?

Figure 6.14: Fit pull distributions for two bins of the m., spectrum with both photons in the barrel.
Plot (a): in this bin a high number of candidates (576) leads to a small bias (-0.9 % of the statistical
error). Plot (b): in this bin a small number of candidates (30) leads to a higher bias (-11 % of the
statistical error).

In each bin of the differential measurement the raw prompt diphoton yield N, is corrected by the
computed bias, pipun X 0Npp. Figure BI3 shows that the impact of the bias correction on the four
differential spectra goes from 0 to 11 % for photons in the barrel. It demonstrates that the bias of the
diphoton yield extracted with the maximum likelihood fit increases with decreasing number of fitted
events.
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Finally, the fits on the integrated samples of diphotons are hardly biased at all and pp,; amounts to
less than 1 % of the statistical error.

6.3.2 Electron contamination

Electrons are rejected by the veto on the pixelMatch variable as well as by the veto on the impinging
tracks. Even though the rejection power of these requirements on electron channel Drell-Yan events is
is very high, 99.9 %, the Drell-Yan cross section is higher than the diphoton cross section by two orders
of magnitude and this leads to a non-negligible contamination of the diphoton sample with dielectron
events in the bin around the Z boson peak. From section =23 we gather that the ecallso distribution
of isolated photons and isolated electrons is similar and that dielectron events passing the diphoton
selection requirements will be identified as prompt-prompt events by the maximum likelihood fit.

Using the next-to-leading simulation of the Drell-Yan process performed with POWHEG [99] that was
shown in [89] to be in good agreement with the measurement of the cross section of Z — ee, we compute
the rate of Drell-Yan events passing the diphoton selection requirements. By scaling it to the integrated
luminosity of the sample used for this measurement we obtain the contamination rate in each bin as
shown on figure B18.

This contamination, which is negligible in most bins with the notable exception of the bin of the
M~ spectrum corresponding to the Z boson peak, is subtracted bin-by-bin. The combined uncertainty
on the cross section measured in [8Y] and the rejection efficiency of the selection requirements lead to
an uncertainty of 5 % on the number of dielectron contaminating the diphoton sample. Given that the
contamination is small, this leads to an uncertainty of SN/N < 0.25% on the the diphoton yield which
is negligible compared to other systematic uncertainties, which are of the order of 8 % as shown in
section B4. The impact of that correction on the integrated cross section is smaller than one percent.

6.3.3 Unfolding

As shown in section B2X, the four measured differential distributions are the combination of the physical
spectra and the CMS detector resolution. If F% = {F;} is the binned measured and GY = {G;} the
binned physical spectrum of the variable Q € {m.~, pr 4+, Apy,,cosbx} they are related by the response
matriz R via

F? = ReGY (6.14)

The response matrices given in figures L1 and EIX are determined from a sample of prompt diphoton
events simulated with PYTHIA. The excellent performance of the CMS ECAL in terms of energy and
position resolution, leads to nearly diagonal matrices which, as is shown in [I00], can be simply inverted
to solve equation B14 without the need for an additional term to insure the smoothness of the obtained
physical spectrum.

The bin-per-bin impact of the unfolding is shown on figure 19, it is negligible for the angular variables
Ap,, and cosf*. The effect on the energy-related spectra m,, and pr ., is greater, particularly in the
steep slopes as for instance the one at m,, = 40 GeV/c? due to the kinematic selections.
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Figure 6.15: Distribution of the ratio of prompt diphoton yields before and after bias correction. Con-
trasting these distributions with the ones shown on figure B9 demonstrates the dependence of the inherent
fit bias on the number of candidates the fit is performed on.

102



CHAPTER 6. INCLUSIVE PHOTON PAIR PRODUCTION CROSS SECTION MEASUREMENT

) )
é : T T T T T : é 1&7_ T T T T T T T T t
c I ] c [ H 1
9 5 + - 8 1_+ + -

= - B =
© r E ] F -
£ ] £ r ]
£ 4o 7 £ osl ]
S " : £ o + 4+
-— -— L -
g L ] 5 L i
o 7 O 06 — ]
% L ] % L ]
> oL - > 04 -
= F B - —
= 7 1 3 L &+ ]
— L ] — L + i
(] 1+ - 0O g2 -
r e, B i i
P 2 T B N PR ST I ol Ll ]

0 50 100 150 200 250 300 1 10 v
m,, (GeV) p’ (GeV)
Vs

=) =)
S - R e | ]
e—r 18? ] e—v - <
c C ] c 1= } —
O 16— = R r 1
® ] o [ i
E 14F ; E E 0.8 ] —t— } =
@ 12— + = @ 1
s E ] = - 1
o 11— - o 06— -
(] N ] O F + 4
c 08k + c L ]
N i S 04 .
ZLo06- = 2T 1
£ oar E g | ]
O E . —F— E (] 0'2,_ 7
0.2 — e -~ L ]
U:H..l..\ ! Ll ol e e e ]

0 0.5 1 15 2 25 3 0 0.2 0.4 0.6 0.8 1

Ap |cos6*|
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Figure 6.17: Detector response matrices for the four differential spectra, determined from prompt dipho-
ton events simulated with PYTHIA. The excellent detector energy and position resolution of the CMS
ECAL leads to nearly diagonal matrices.
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Figure 6.18: Detector response matrices for the four differential spectra, determined from prompt dipho-
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Figure 6.19: Distributions of the yield ratio before and after unfolding. The unfolding has a negligible
impact on the angular variables A¢,, and cosf* and acts mainly on the energy-related spectra m..~
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6.3.4 Efficiencies

To measure the production cross section of prompt diphotons one has to know the efficiency with which
one selects the final sample in order to obtain the number of produced diphotons. Three correction
factors are to be computed: the reconstruction correction factor, the identification efficiency and the
trigger efficiency.

Reconstruction correction factor

The reconstruction correction factor egpco is related to the probability for a prompt diphoton event to
be reconstructed by CMS. It has to be extracted with prompt diphoton events simulated with PYTHIA.
The kinematic acceptance A of the measurement being defined by

ET > 23 GeV and EI > 20 GeV
A sl < 144 or 1.57 < |nu| < 2.5, (6.15)
R(v1,72) > 0.45

in the bin 7 of the  spectrum, Q € {m, P11, APy, cosbx}, erpco(§;) is given by the ratio of events
in the reconstructed and generated acceptance. Be Arpco (Acen) the boolean variable that is true
if the reconstructed (generated) quantities of an event satisfy equation (B03) and Agrrco (Aern) its
conjugate. Then

_ n(Arpco & Qgen € 1)
ereco () = n(Acen & Qopy €1) (6.16)

We note that the reconstruction correction factor can be greater than one. Indeed, omitting the condition
Qe¢EN € i, equation (BI8) can be expressed as

_ n(Areco & Agex) +n(Areco & Acin )
n(Appeo & Acen ) +n(Areco & Acen)

ereco () (6.17)
If the number of events generated outside the acceptance and reconstructed within is greater than the
number of events generated in the acceptance and reconstructed outside of it

n(Areco & AerN) > n(Arpco & Acen) (6.18)

then the reconstruction correction factor is greater than one. Such an example is the first bin of the m.,,
distribution as can be seen on figure G21I(a).

Identification efficiency

The photon identification efficiency is defined as the probability for a reconstructed prompt photon
satisfying the selection requirements on Er and |n| to also satisfy the identification selection criteria
described in section EI2 and summarized in table EH. Studies with PYTHIA-simulated prompt diphoton
events presented in figure show that it is independent of the photon transverse energy but presents
a dependence on the photon pseudorapidity in the endcaps.

Combined reconstruction and identification correction factor

As shown in section BZ32, all identification efficiencies with the exception of the requirement on the
variable pixelMatch can be extraced from data: the efficiency of the requirements on trigIso, hcallso,
trackIso, 0y, and H/E can be extracted from data via the tag and probe method and the efficiency of
the requirement on the number of impinging tracks with random cones.

The combined reconstruction and identification correction factor will thus be extracted in every bin
Q; of the differential measurement from simulated events, errco & 1 [SIM](£2;), and corrected by the
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Figure 6.20: The identification efficiency determined on PYTHIA-simulated photon events is independent
of the photon transverse energy but presents a dependence on the photon pseudorapidity in the endcaps.

ratios of the efficiencies determined via tag and probe and random cones in the data and in simulation.
Thus, the dependencies of the reconstruction and identification efficiencies on |7, | are taken into account
and potential inaccuracies of the simulation are compensated by the terms shown in equation (6221).

€t&p DATA] ) 2 (edeOne [DATA] ) ’ (6.19)

€ERECO & ID(Qi) = €RECO & ID [SIM](Ql> ( rg [SIM] €rndC [SIM}
p rndCone

where the first factor, the reconstruction and identification correction factor in simulation, is defined
as the ratio of all events falling within the reconstructed acceptance and passing the reconstructed
identification requirements on one hand and all events falling within the generated acceptance, among
events the generated diphoton observable §2 of which falls in the bin ¢:

n(Areco & Qagen €1 & CrECO)

6.20
n(-AGEN & Qaen € Z) ( )

€RECO & 1D[SIM](£;) =

where Crpco denotes the identification selection requirements. Finally the bin-per-bin results of the
computed efficiency are shown in figure 6221 and the overall ratios are given in equation (BE=21).

2 2
eplPATAIN T 017+ 0008 (emdcone [DATA]) — 0.999 + 0.001 (6.21)
€4&p[SIM] €rndCone [STM]

For the pr ., and Agp.,, spectra the correction factor does not depend on the considered bin. The
first bins of the invariant mass spectrum have efficiencies greater than unity, they are mostly populated
by photons close to the Er selection threshold and have their reconstruction correction factor increased
by photons reconstructed in the acceptance without being generated in it.

Finally, the integrated combined reconstruction and identification efficiency for photons with || <
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Figure 6.21: Combined reconstruction and identification efficiencies for photons in the barrel. The
errors shown refer to the systematic uncertainties on the efficiency determination that is addressed in
section 6273. The first bins of the invariant mass spectrum (a) are mostly populated by photons close to
the Er selection threshold and have their reconstruction correction factor increased by photons generated
outside the acceptance but reconstructed inside it.
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1.44 and photons with |n| < 1.44 or 1.57 < |n| < 2.5 are the following:

pmeo o = 80.8+1.9 % (6.22)
epndo o = 76.2+£3.3 % (6.23)

We note that the correction factor defined in equation (E220) also corrects for the discrepancy between
the isolation measured at reconstruction level and the isolation at particle level as defined in section [TZ2.

Trigger efficiency

The trigger efficiency is defined as the probability of an event passing all the selection requirements
summarised in table B33 to fire on of the three high level trigger paths used for this analysis and listed
in table B

The trigger inefficiency computed on simulated diphoton events generated with PYTHIA, with emulated
HLT, is found to be smaller than 7 - 10~* for diphoton events in the kinematic region considered in this
measurement. The trigger efficiency is taken to be 100 %.
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6.4 Systematic Uncertainties

When refering to equations (68) and (E24) we have computed the factors to access the integrated and
differential cross sections. Before presenting them we review the different sources of uncertainties affecting
the measurement of those cross sections.

6.4.1 Energy scale

A source of systematic uncertainty is the ECAL energy scale which is known on the 2010 dataset with
a precision of 0.5 % in the barrel and 1.4 % in the endcaps [[73]. The resulting uncertainty on the
photon energy has two separate effects on the measurement uncertainty. It impacts the transverse
energy acceptance and the spectra of the observables computed from the photon energy, that is m.,, and
Pr.~+ as shown in equations (B2) to (63).

Uncertainty on acceptance

The energy scale uncertainty on the kinematic acceptance is determined via its impact on the recon-
struction correction factor, from prompt diphoton events simulated with PYTHIA. It is taken to be the
variation of the number of selected diphotons in simulation observed when varying the threshold on the
reconstructed transverse energy by the uncertainty on the ECAL energy scale, that is 0.5 % in the barrel
and 1.4 % in the endcaps.

The impact on the reconstruction energy is shown on figure E22. For the angular spectra Ay, and
cost* and the major part of the pr ., spectrum this uncertainty is constant at about 1.5 %. Above
60 GeV/c? in the M~ spectrum and 40 GeV/c in the pr - spectrum photons have transverse energies
far greater than the 23,20 GeV selection thresholds and are therefore not affected by the uncertainty on
the transverse energy acceptance. The region below 40 GeV/c? in the m.., spectrum is only populated
by photons close to the 23,20 GeV selection threshold and therefore has high uncertainties of up to 26 %.

Bin-to-bin migration

The uncertainty on the ECAL energy scale affects the computed values of m,, and pr ., and leads to
bin-to-bin migrations of some events. In order to assess the uncertainty related to those migrations,
the measured diphoton mass and transverse momentum spectra are fitted with an ad-hoc function. The
difference of the integral of this function in the nominal bins and the bins varied by the uncertainty on
the ECAL energy scale is taken to be the systematic uncertainty in every bin.

Figure 223 shows the bin-per-bin relative systematic uncertainty for the two variables. The highest
impact is observed where the distributions show steep slopes as for example m.,, around 40 GeV/c?. As
the energy measurement does not impact the measured angular observables 1 and ¢, the angular spectra
Ay, and cosf* are not affected by this ECAL energy scale uncertainty.
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Figure 6.22: ECAL energy scale systematic uncertainty on the kinematic acceptance for photons in the
barrel. The region below 40 GeV/c? in the m.,, spectrum is only populated by photons close to the
23,20 GeV selection threshold and therefore has high uncertainties, the regions above 60 GeV/c? in the
m.~ spectrum and above 40 GeV/c in the pr ., spectrum on the other hand are only populated by
photons with Er far greater than these thresholds and are not affected by this uncertainty. For the
remaining phase space the uncertainty is constant at about 1.5 %.
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Figure 6.23: Relative systematic uncertainty on bin-to-bin migration in the m,, or pr,~ spectra. The
highest impact is observed in the regions where the distributions show steep slopes as for example m.~
around 40 GeV/c?. As the energy measurement does not impact the measured angular observables 7
and ¢, the angular spectra Ay, and cosf* are not affected by this ECAL energy scale uncertainty.

6.4.2 Extraction of the pdfs

An imperfect knowledge of the signal and background pdfs used in the maximum likelihood fit induces
a systematic uncertainty on the fit result. In this section we estimate this uncertainty. There are two
contributions to the imperfect knowledge of the pdfs,

e the uncertainties of the pdf extraction methods described in chapter @, namely the random cone
method for the signal and the impinging track method for the background pdf and

e the uncertainties related to the weighting of the single photon events described in section 622
to match the diphoton Er, |n| and Ny distributions.

As explained in section B2, the discrimination power of maximum likelihood fit resides mainly in the
first bin of the pdfs. To compute the uncertainty on the pdfs, we will therefore quantify the uncertainty
on the first bins.

Concerning the random cone method, we determine the biggest discrepancy between the contents of
the first bin of the following pairs of

e the random cone method applied on MADGRAPH-simulated [8%] prompt diphoton events and the
ecallso distribution of those simulated diphoton events, compared on figure E-12

e the random cone method applied on data events and the ecallso distribution of low-radiating
electrons as defined in section E223 from Z — eTe™ events, compared on figure 214

e the random cone method applied on data events and the ecallso distribution of low-radiating
electrons from W — ev events, compared on figure E-TS.

The discrepancy of the first bins is highest in the comparison of the extracted pdf to data electrons from
7 boson decay and amounts to 1 %.
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Concerning the impinging track method, we determine the difference between the contents of the
first bin of the pdf extracted on single photon data events with two impinging tracks compared to the
actual ecalIso distribution of single photon data events with one impinging track, as compared on
figure 222 in chapter B. The observed difference is 0.03 in the barrel and 0.05 in the endcaps. The
comparison is performed on PYTHIA-simulated events, shown on figure B=21, and found to be compatible
within statistical uncertainties.

On top of the discrepancies due to the pdf extraction methods, the weighting procedure described in
section B2 is performed in two different ways.

e First, the single photons used for the pdf extraction are weighted in order to match their Er, |n|
and Ny distributions to the ones of diphoton candidates in data, on which the requirement on the
number of impinging tracks was relaxed.

e Second, the single photons used for the pdf extraction are weighted in order to match their Er, |n|
and Ny distributions to the ones of PYTHIA-simulated prompt diphotons.

The signal and background pdfs obtained with the two sets of weights are compared and the disagreement
between the first bins, of 0.5 % for both signal and background, added in quadrature to the previous
differences.

By varying the first bin of the signal and the background pdfs by the aforementioned amounts, sum-
marised in table B74, towards higher and lower values, one obtains several sets of modified pdfs.

Type Signal Background
Barrel 0.012 0.012
Endcaps  0.03 0.05

Table 6.7: Variation of the first bin

The systematic uncertainties are determined via toy Monte Carlo experiments, similarly to the ones
described in section EZ31. Every set of modified pdfs is used to generate events which are then fitted
with the nominal pdfs. This experiment is repeated 10000 times. The pull distribution thus obtained are
fitted with Gaussian functions and the minimum and maximum mean values ppun are taken to be the
positive and negative systematic uncertainties, after the removal of the inherent fit bias as determined
in section BZ3L

6.4.3 Efficiency extraction

There are six contributions to the systematic uncertainty of the selection efficiency extraction described
in section 6234, which are summed in quadrature.

e The statistical uncertainty on the combined reconstruction and identification efficiency extracted
in every bin from PYTHIA-simulated prompt photon events, varying from 0.2 to 11 %,

e the uncertainty on the identification requirement on the variables pixelMatch determined from
studies on Z — ppuy events [94] to be 0.5 % in the barrel and 4 % in the endcaps,

e the statistical uncertainty from the tag and probe fit, 0.3 % as shown in section B33,

e the difference between the efficiency determined with the tag and probe method on PYTHIA-
simulated Z — ee events and the actual value of that efficiency, 1.2 %,
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e the difference between the efficiency on the requirement on the number of impinging tracks de-
termined with random cones on PYTHIA-simulated prompt diphoton events and the actual value,
0.1 %,

e the systematic uncertainty associated to the trigger efficiency extraction is negligible.

The combined systematic uncertainties for the differential measurement are shown on figure 221 The
uncertainties on the integrated efficiencies are 1.9 % for photons with 0.00 < || < 1.44 in the barrel and
3.3 % for photons with 0.00 < |n| < 1.44 or 1.57 < |n| < 2.5.

6.4.4 Further uncertainties

The following uncertainties are computed to be negligible compared to the aforementioned ones:

e the random cone method is applied on PYTHIA-simulated prompt diphoton and non-prompt dipho-
ton events to determine the impact of the purity of the diphoton candidate sample on the
signal pdf shape and none found,

e the error on the bias correction is small as 10000 toy Monte Carlo experiments were run,

e given the small contamination with Drell-Yan events the error on the removal of this contam-
ination has no impact on the overall systematic uncertainty.

The uncertainty on the integrated luminosity used in equations (E8) and (64) has been taken from [d4]
to be 4 %. Finally, the robustness of the fit is checked by varying the binning of the pdfs from the actual
value of 25 bins to 50 and 100 bins, which does not affect the measured yields.

6.4.5 Summary

The systematic uncertainties presented in sections 6241 to B2 are summarised in table B8 and the
total uncertainties are computed. Plots to B2 show the contribution of the different sources of
systematic uncertainties to the total systematic uncertainty in each bin and contrast them with the
statistical uncertainty.
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Figure 6.24: Statistical and systematic uncertainties on the diphoton invariant mass spectrum in for
photons in 0 < |n| < 1.44 (a) and 0 < |n| < 1.44 or 1.57 < |n| < 2.5 (b).
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Figure 6.25: Statistical and systematic uncertainties on the diphoton transverse momentum spectrum in
for photons in 0 < |n| < 1.44 (a) and 0 < |n| < 1.44 or 1.57 < |n| < 2.5 (b).
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Figure 6.26: Statistical and systematic uncertainties on the Ap spectrum in for photons in 0 < |n| <
1.44 (a) and 0 < |n| < 1.44 or 1.57 < |n| < 2.5 (b).
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Figure 6.27: Statistical and systematic uncertainties on the cosf* spectrum in for photons in 0 < |n| <
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In| < 1.44 In| < 1.44 or 1.57 < |n| < 2.5
Source Section Integrated Differential Integrated Differential
Energy scale
on acceptance 62T 1.4 % ~15% 2.0 % ~2%
Energy scale
on migration (a) [iwm| - ~1% - ~1.5%
Signal and background
pdf knowledge 622 6.3 % ~ 7% 79 % ~9%
Efficiency
correction factor 623 1.9 % ~ 2% 3.3 % ~ 3.5%
Luminosity [aw| 4.0 % 4.0 % 4.0 % 4.0 %
Total (c) 7.9 % ~ 8% 9.7 % ~ 11 %

Table 6.8: Summary of the non-negligible systematic uncertainties. The uncertainties on the ECAL
energy scale bin-to-bin migration (a) are given for the m,, and pr ., spectra. The total systematic
uncertainties (b) are given including the luminosity uncertainty.

6.5 Results

In this section we recall the elements of the next-to-leading (NLO) order cross section prediction and
compare to the measured integrated and differential prompt diphoton cross sections.

6.5.1 Theoretical cross section prediction

A combination of the parton generator codes DIPHOX [24] and gamma2MC [28] were used to compute the
theoretical prediction, the former for the quark annihilation (figure p-1{b)) and fragmentation contri-
butions (figures f.2(a] and B.2(b]), the latter for the gluon fusion contribution shown on figure B.1{b]J.
All contributions were taken into account to NLO order accuracy, that is up to and including the order
ag0? for the diagrams computed by DIPHOX, accounting for the behaviour of the photon fragmentation
function as a/a. The gluon fusion diagram, of order a?a?, and its corrections up to and including the
order aa? were computed by the gamma2mc parton generator code.

Even though the gluon fusion diagrams exceed the other diagrams by two orders of ay, their con-
tributions are of comparable importance due to the very high gluon densities at the LHC, as shown on
figure CIM. This is the reason for their being taken into account.

In the computation, a selection criterion on the parton level isolation is imposed, requiring the total
hadronic transverse energy deposited in a cone AR < 0.4 around each photon to be less than 5 GeV.
Contributions to this hadronic energy can come from residues of the parton fragmentation, from a third
parton in the final state or from both. In order to correct the predicted cross section for the absence
of underlying event (UE) and hadronisation in the parton generator codes, the PYTHIA [82] parton
shower generator is used to determine the efficiency on the isolation criterion with and without UE and
hadronisation. A correction factor of 0.953 + 0.003 is applied to the prediction.

The calculation is performed with three different sets of parton distribution functions (PDF) CT10 [35],
MSTWO08 [86] and NNPDF2.1 [37]. The PDF4LHC recommendations [34] were followed to determine
the uncertainties due to the PDFs and as. The PDFs are varied within the envelope of maximum differ-
ences of the three PDFs including their errors, the error on «; is added in quadrature. The error within
a given set of PDFs is estimated with NNPDF2.1 and DIPHOX to be about 2%. For the two other
sets of PDF's, the uncertainty is also compatible with 2% within the statistical errors. Thus, the PDF
uncertainty is dominated by the bin-to-bin differences between the three PDFs. The uncertainty linked
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to the theoretical scales used in the computation, the fragmentation, renormalisation and factorisation
scales, is estimated by taking the initial and final scales among three values m.~/2, m,, and 2m.,. All
combinations for which the scales differ at most by a factor of two were included. The total uncertainty
is taken to be the maximum and minimum cross section values in each bin.

Finally, the integrated cross section predictions of this computation are :

(scale) +2.0 (pdf) pb
(scale) +1.1 (pdf) pb.

ac(Y)ml<25 = 52.7

6.24
() inj<1.4a = 27.3 (6.24)

+5.8
—4.2
+3.0
—2.2

The differential cross sections are shown on plots to B233 compared with the measured cross section
values.

6.5.2 Integrated cross section
The measured integrated fiducial cross sections are :

o(yY)|jpj<25 = 624 £3.6 (stat) 23 (syst) +£2.5 (lumi) pb
.0
2.1

(W) |pi<1as = 310 £1.8 (stat) 20 (syst) +1.2 (lumi) pb.

The theoretical predictions are at 1.0 ¢ and 0.8 ¢ from the measured results for photons in the barrel
and the whole electromagnetic calorimeter respectively. Theoretical computations at NNLO [IT] are
expected to have smaller scale uncertainties.

6.5.3 Differential cross sections

The measured fiducial differential cross sections are given in tables B9 to EI2. On plots to B34 the
measured and predicted spectra are compared, plots (a), and the agreement of the data and the theory
is quantified on plots (b).

dodm,, [b/(GeV/c2)

Bin [GeV] Acceptance

Meyry ‘ In| < 1.44 ‘ |n| < 1.44 or 1.57 < |n| < 2.5

stat. Sys. stat. Sys.

0—-30 299 +£7.1 469 —8.6 50 +13  +14 24
30 — 40 61 +30 +15 —-18 127 +49 435 —61
40 — 45 97 +88 +20 —20 280 +£170 +65 —67
45 — 55 70 +120 462 —54 1400 +£200 +140 —120
55 — 65 705  +100 +46 -39 1430 180 +100 —93
65 — 80 408 £59  +30 —31 800  £110 +70 —65
80 — 100 175 £31 +13 —12 365 +63 +41 —37
100 — 140 70 +12 435 —-34 142 +28 420 18

140 — 200 10.2 +£3.5 +40.69 —-0.64 54 15 +6.5 =59
200—-300 22 +£1.1 +0.098 —0.087 8.4 +6 +23 -19

Table 6.9: Measured differential cross section as a function of the variable m.., with statistical (stat.)
and systematic uncertainties (sys.).
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Figure 6.28: Measured diphoton production cross section as a function of the invariant mass of the
photon pair (a) and bin-by-bin comparison with the theory (b) for photons within the pseudorapidity
region |n| < 1.44. The total systematic uncertainties are represented by the shaded area, the different
contributions are added in quadrature sequentially.
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Figure 6.29: Measured diphoton production cross section as a function of the invariant mass of the
photon pair (a) and bin-by-bin comparison with the theory (b) for photons within the pseudorapidity
region |n| < 1.44 or 1.57 < |n| < 2.5. The total systematic uncertainties are represented by the shaded
area, the different contributions are added in quadrature sequentially.
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Figure 6.30: Measured diphoton production cross section as a function of the transverse momentum of
the photon pair (a) and bin-by-bin comparison with the theory (b) for photons within the pseudorapidity
region |n| < 1.44. The total systematic uncertainties are represented by the shaded area, the different
contributions are added in quadrature sequentially.
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Figure 6.31: Measured diphoton production cross section as a function of the transverse momentum of
the photon pair (a) and bin-by-bin comparison with the theory (b) for photons within the pseudorapidity
region |n| < 1.44 or 1.57 < |n| < 2.5. The total systematic uncertainties are represented by the shaded
area, the different contributions are added in quadrature sequentially.
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Figure 6.32: Measured diphoton production cross section as a function of the azimuthal angle between
the two photons (a) and bin-by-bin comparison with the theory (b) for photons within the pseudorapidity
region |n| < 1.44. The total systematic uncertainties are represented by the shaded area, the different
contributions are added in quadrature sequentially.

CMS preliminary n| < 2.5 s =7 TeV L =36 pb"' EMS preliminary [n] < 2.5s =7 TeV L =36 pb™'
E L | L ‘ T T T T | T T 17T | L L 'I 5. E L T -\roliall ‘EX\PI- ér;‘- |(sltalt ; \sy‘s I+\Il.:n;i)| L
—~ — Theory D 3 5F Theo. scale uncert.
=102 —+— Data = £ 77E PDF+a, uncert.
(=3 I * ~ =
=] sys. err a —~ 3 = P
§ . ] ,6 %/
5 ] 225
i I
e 5 15F
101 - E
C L 1 ] =
= - Oi -
1II\\l\\II‘\I\\llll\ll\\ll\ll\‘l _:II\\ll\II‘\II\llll\‘l\\Il\ll\‘l
0 0.5 1 1.5 2 2.5 3 10 0.5 1 1.5 2 2.5 3
A(PW A(pW
(a) Barrel (b) Endcaps

Figure 6.33: Measured diphoton production cross section as a function of the azimuthal angle between
the two photons (a) and bin-by-bin comparison with the theory (b) for photons within the pseudorapidity
region |n| < 1.44 or 1.57 < |n| < 2.5. The total systematic uncertainties are represented by the shaded
area, the different contributions are added in quadrature sequentially.

122



CHAPTER 6. INCLUSIVE PHOTON PAIR PRODUCTION CROSS SECTION MEASUREMENT

CMS preliminary [n| < 1.44 s =7 TeVL = 36 pb! EMS preliminary In| < 1.44 s =7 TeV L = 36 pb!

3 :l TTT ‘ TTTT | TTTT | TTTT ‘ TTTT | TTTT | TTTT ‘ TTTT | TTTT | TTT \: o :l TTT ‘ TTTT | TTTT | TTTT ‘ TTTT | TTTT | TTTT ‘ TTTT | TTTT | TTT \:

£ 60 — Theory - 3 3. 50 EZZZ2 Total exp. err. (stat + sys + lumi) 3

- 2 3.5 =

Yo —+-Data ] ha E Theo. scale uncert. ' 3

8 SO%% sys. err - = 3 PDF+g, uncert. ==

O E . B @] E

§ i lumierr. g 2_5:_ %
© B _ i E

S 40+ - " ooF /

- i ] s 2 /

- - ] 3150 /Z

30 B g 1

r ZZ ] 3 > E

20F = 0.5 B /% =

- ] 0; /;/ =

10 - c . é

- $-o2 -0.5F =

Ciian ‘ Ll | | | | ‘ Ll | | | | ‘ [N NN N - :l | ‘ L1l | | | | ‘ L1l | | | | ‘ L1l | | | L1l \:

0 010203040506070809 1 010203040506070809 1

|cos © | |cos |

(a) Barrel (b) Endcaps

Figure 6.34: Measured diphoton production cross section as a function of the absolute value of the cosine
scattering angle in the Collins-Soper frame (a) and bin-by-bin comparison with the theory (b) for photons
within the pseudorapidity region |n| < 1.44. The total systematic uncertainties are represented by the
shaded area, the different contributions are added in quadrature sequentially.
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Figure 6.35: Measured diphoton production cross section as a function of the absolute value of the cosine
scattering angle in the Collins-Soper frame (a) and bin-by-bin comparison with the theory (b) for photons
within the pseudorapidity region |n| < 1.44 or 1.57 < |n| < 2.5. The total systematic uncertainties are
represented by the shaded area, the different contributions are added in quadrature sequentially.
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do /dpry, [th/(GeV/c)]

Bin [GeV] Acceptance

DTy ‘ In] < 1.44 ‘ In] < 1.44 or 1.57 < |n] < 2.5

stat. Sys. stat. Sys.

0-4 930  £130 +44 —47 1940 +£320 +120 -130
4—-6 1200 +420 497 —85 3800 880 4270 —290
6—38 1680 +450 +120 —110 2660 =£870 +270 —240
8§ —12 1240 £220 +82 —76 2210 4450 +260 —220
12 — 18 850  £140 +65 —62 1610 £280 +150 —150
18 — 30 320  £58  +26 —22 630  +120 +89  —76
30 —40 262 £55  +19 —17 570  £100 +50 —44
40 — 50 234 +49 420 -19 507  £93  +40 36

50 — 80 7 +17 473 —-6.7 153 30 416 —16
80 — 180 8.4 +2.6 +0.66 -0.52 150 +3.6 +1.0 —0.86

Table 6.10: Measured differential cross section as a function of the variable pr -, with statistical (stat.)
and systematic uncertainties (sys.).

do/dAp. [pb]

Bin Acceptance
cos 0* ‘ [n| < 1.44 ‘ [n| < 1.44 or 1.57 < |n| < 2.5
stat. Sys. stat. Sys.
0—7/5 1.87 +0.53 +0.13 -0.13 4.65 40.89 +40.29 —0.30

w/5—2m/5 177 +£0.55 +0.15 -0.14 55 £1.1  +045 —-045
2n/5—3n/5 3.09 =£072 +031 -029 55 £1.3 +0.61 -0.54
3r/5—4mw/5 72 £1.1 +049 -044 16.1 +£21 414 —-1.2
47/5—-0.887 20.8 +26 +1.0 —-096 36.7 +53 +34 —=3.0
0.887 —0.92r 298 #£51 +1.7 —-1.5 67 +11 +54  —=5.0
0.92r — 0.957 36.2 =£8.1 +5.1 —4.7 66 +15 +8.6  —7.6
0.95m — 0.987 588 £88 +42 =38 103 £17 +12 —11
0.98m — 7 68 +11 +3.9 =38 141 £23 +12 —11

Table 6.11: Measured differential cross section as a function of the variable Ay with statistical (stat.)
and systematic uncertainties (sys.).
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do/d cos 0" [pb]

Bin Acceptance
cos 0* In| < 1.44 ‘ In] < 1.44 or 1.57 < |n| < 2.5
stat. Sys. stat. Sys.

0—-0.2 52.6 +£5.2 +3.1 -3.2 873 =£9 +9.1 =79
02-04 384 49 +3.0 -3.0 670 +£82 +6.6 —6.0
04—-06 348 =+46 +2.7 -—-25 660 £75 +59 -—53
06-08 256 +3.7 +16 —-15 66.7 7.7 +6.1 —5.3
0.8—-1 64 +14 +034 -036 308 79 +59 4.7

Table 6.12: Measured differential cross section as a function of the variable cos * with statistical (stat.)
and systematic uncertainties (sys.).
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As can be seen on the plots 6233 (b) and B32 (b) of the previous section, contrasting the theory
and the measurement, in the region Ay, < 0.9 7 the theoretical cross section is underestimated. This
region receives contributions only from processes beyond the lowest order diagrams shown on figure B,
for which the two photons are back-to-back, that is have Ay, = 7, because of momentum conservation.
From figure and equation (62), where cosf;2 is the angle between the two photons, and knowing
the selection requirements of pr > 20, 23 GeV, we gather that the region m., < 43 GeV is mostly
populated with events having Ag,, < 0.9 7. Figure B.36(b) and equation (623) show that the same is
true for the region pr ., > 43 GeV'.

As shown on figures and on one hand and B30 and B30 on the other, the theoretical
calculation underestimates the measurement at low invariant masses and in the “shoulder” above pr -, ~
40 GeV as it is the case in the Ay, spectrum.

(GeV)

0.5 1 15 2 25 3 0.5 1 15 2 25 3

Ag Ag

(a) My (b) PT, v~

e e b b B P |

Figure 6.36: Diphoton candidate invariant mass and transverse momentum versus the difference in
azimuthal angles Ag.,.. The regions m.,, < 43 GeV and pr ., > 43 GeV are mainly populated by
events with Ap,, S 0.9 7

Analogous disagreements were observed in the diphoton production in proton-antiproton collisions [96]
and [97] as well as in proton-proton collisions [O%]. The most recent plots from CDF are shown on fig-
ures to 640 and those from ATLAS on figures 641 and 622. This disagreement provides input for
the calculation of processes not covered by current theoretical predictions, such as 2—3 processes at one
loop and 2—4 processes at tree level.

In [C02] the discrepancy in the pr . and Ag.. spectra is studied. The fragmentation contribution to
the cross section, on figure B3, is collinearly enhanced when the two photons come close to each other,
an example of such a configuration is shown on figure 6234. The theoretical description in the regions
corresponding to Ay, < 0.9 7 is to effective lowest order and hence underestimated.
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Tgg—ag

Figure 6.37: Kinematical configuration for which the fragmentation contribution is collinearly enhanced
when the two photons become close to each other, published in 02|
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Figure 6.38: Diphoton production cross section as a function of the invariant mass of the photon pair
and bin-by-bin comparison with a theoretical prediction as measured by CDF [9d].
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Figure 6.39: Diphoton production cross section as a function of the transverse momentum of the photon
pair and bin-by-bin comparison with a theoretical prediction as measured by CDF [Ga].
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Figure 6.40: Diphoton production cross section as a function of the azimuthal angle between the two
photons and bin-by-bin comparison with a theoretical prediction as measured by CDF [9d].
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Figure 6.41: Diphoton production cross section as a function of the invariant mass (a) and the transverse
momentum (b) of the photon pair and bin-by-bin comparison with a theoretical prediction as measured
by ATLAS [97].
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Figure 6.42: Diphoton production cross section as a function of the azimuthal angle between the two
photons and bin-by-bin comparison with a theoretical prediction as measured by ATLAS [9g].
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Conclusion

In this thesis, the comprehensive measurement of the inclusive production cross section of isolated prompt
photon pairs with the CMS detector was presented. This result represents valuable input for the valida-
tion of perturbative quantum chromodynamics (pQCD) calculations and it sheds light on the important
irreducible background to light Higgs boson searches in the diphoton channel.

First, we developed a method to perform the discrimination of prompt isolated photons and non-prompt
photons from jets, which constitute the main background of prompt photons analyses. As it is not
possible to reject all this background by applying selection requirements on discriminating variables, a
statistical method was chosen to perform the discrimination. It is based on a maximum likelihood fit
on an electromagnetic isolation variable and was used to extract the number of prompt isolated photons
from a sample of photon candidates.

Both the signal and the background probability density functions (pdf) used in the fit were extracted
from data. The signal distribution of the electromagnetic isolation variable, that is the distribution
of prompt isolated photons, was obtained by measuring the electromagnetic energy deposited in cones
chosen randomly in each event. The background distribution, that of non-prompt photons from jets,
was extracted from a control sample, selected by requiring a track to hit the electromagnetic calorimeter
close to the photon impact position and by subsequently removing the deposits left by that track. Both
extraction methods were validated on simulated as well as on data events.

The new discrimination method, different with respect to previous methods in that it does not rely on
simulation for the extraction of the pdfs of the discrimination fit, was then applied to the measurement of
the differential inclusive production cross section of single photons versus the photon transverse energy.
The spectrum measured by CMS with a different method was reproduced for photons in the barrel and
the endcap. The systematic uncertainty on the extraction of the pdfs was computed and found to be
smaller than the ones of that measurement.

Finally, the discrimination method was used to measure the inclusive production cross section of iso-
lated prompt photon pairs. The differential cross section was measured as a function of four variables
chosen either because of their sensitivity to the underlying QCD processes or because of their ability to
describe the large irreducible background to searches of a light Higgs boson decaying to two photons: the
invariant mass of the two photons m., the transverse momentum pr ,, of the diphoton system, the az-
imuthal angle between the two photons A¢.. and the cosine of the scattering angle in the Collins-Soper
frame cos 6*.

The extraction of the number of prompt isolated photon pairs from a sample of diphoton candidates
was performed with a two-dimensional maximum likelihood fit, where the pdfs were built from those
extracted on single photons. The systematic uncertainties on the measurement have been estimated,
they are dominated by the uncertainties on pdf extraction.

A state-of-the-art fixed order theoretical prediction, computing all contributing processes to next-
to-leading order (NLO), was compared to the measurement. The predicted integrated cross section
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was found to agree with the measurement and disagreements between the predicted and the measured
spectra were observed in the region of phase space where the angle between the two photons of the pair
is small. Indeed, as photons are back-to-back in the leading-order calculation, this phase-space region
is populated only by contributions from NLO diagrams and hence underestimated by the theoretical
prediction. Similar disagreements have been observed by recent measurements performed by the CDF
and the ATLAS collaborations.

This measurement was performed with 36 pb~" of data. As of July 2011, more than 1.6 fb~! have been
collected by CMS. Performing the same measurement on that extended dataset would allow two major
improvements. On one hand, given the higher numbers of collected diphoton candidates, a sample of
diphoton candidates could be used for the extraction of the two-dimensional pdfs instead of a sample
of single photon candidates. On the other, thanks to the greater collected data sample, the differential
spectra could be measured using much smaller bins.

This finer binning would be of especially high interest in the region of m.., where the sensitivity
to the H — <7y decay is highest, that is between 110 and 130 GeV. In the context of searches of a
light Higgs boson, the method for statistical discrimination of prompt isolated photons and non-prompt
photons from jets developed in this thesis, could be used for an in depth study of the reducible and
irreducible backgrounds.

As the instantaneous luminosity of the 2011 data-taking increased drastically compared to the 2010
data-taking, one expects an impact of the higher number of pileup events on the discrimination power of
the electromagnetic isolation variable used for the fit and on the pdf extraction methods. These impacts
would have to be investigated.

Furthermore, in order to better understand the discrepancies observed in the regions where the
fixed-order NLO prediction does not reproduce the measurement, it would be interesting to compare
the differential cross section spectra with a theoretical prediction performing soft gluon resummation, as
done for instance by RESBOS [B1]. Finally, a fixed-order next-to-next-to-leading order (NNLO) theoretical
prediction is expected to be published soon [[03] and will shed further light on the aforementioned
discrepancies.
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