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ABSTRACT

The data collected by the CMS experiment at CERN in proton-proton collisions during 2016
are analyzed to characterize the Higgs boson in its decay channel to two photons. The
signal strengths relative to the standard model cross section are measured inclusively
and for individual production modes, employing an event categorization optimized for
the best precision. Production cross sections are then measured in a fiducial phase space,
differentially with respect to the Higgs boson production and decay kinematic properties.
The cross section is also measured inclusively in the fiducial phase space, as well as in
sub-regions enriched in events originating from specific production modes (ttH, VH). For
these measurements, an approach aiming at minimizing the model dependence of the
measurements is adopted. The measurements are found to be in agreement with the
standard model predictions, within experimental and theoretical uncertainties.

A new upgraded pixel detector has been installed in the Compact Muon Solenoid (CMS)
experiment in early 2017. The upgraded detector, while introducing several improve-
ments with respect to the previous system, allows highly-efficient data taking at the in-
creasing instantaneous luminosities of the LHC. The procedures designed to thoroughly
test and calibrate the 1200+ detector modules are presented in this thesis, together with
the quality criteria defined to identify modules suitable for installation in the final system.
The results of the module production are reviewed, with a focus on modules employed
for the construction of the second layer of the central part of the detector.






RIASSUNTO

I dati raccolti dall’esperimento CMS presso 1’acceleratore LHC in collisioni protone-protone
nel 2016 sono analizzati al fine di produrre una caratterizzazione del bosone di Higgs
nel canale di decadimento in due fotoni. L'intensita del segnale rispetto alla sezione
d’urto prevista dal modello standard & misurata inclusivamente e per i diversi mecca-
nismi di produzione, utilizzando una categorizzazione degli eventi ottimizzata per ot-
tenere la migliore precisione. Inoltre, le sezioni d'urto di produzione sono misurate in
uno spazio delle fasi fiduciale. Tali misure sono differenziali nelle variabili cinematiche
della produzione e del decacdimento del bosone di Higgs. La sezione d'urto ¢ misurata
sia inclusivamente nello spazio delle fasi fiduciale, sia in sue sotto-regioni popolate in
prevalenza da eventi originati attraverso specifici meccanismi di produzione (ttH, VH).
Per queste misure, e stato adottato un approccio inteso a minimizzare la dipendenza dal
modello teorico. Le misure sono in accordo con le previsioni date dal modello standard,
entro le incertezze sperimentali e teoriche.

Un nuovo rivelatore a pixel di silicio e stato installato nell’esperimento CMS all’inizio
del 2017. Il nuovo rivelatore permette di mantere un’alta efficienza nella presa dati alle
crescenti luminosita istantanee dell’LHC e, al tempo stesso, introduce numerosi migliora-
menti rispetto al precedente sistema. Le procedure per una completa caratterizzazione
e una precisa calibrazione degli oltre 1200 moduli del rivelatore sono descritte in questa
tesi, assieme ai criteri di qualita definiti per identificare i moduli per I'installazione nel riv-
elatore. I risultati della produzione dei moduli sono discussi, concentrandosi sui moduli
utilizzati per la costruzione del secondo strato della parte centrale del rivelatore.
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INTRODUCTION

The data collected by the Compact Muon Solenoid (CMS) and A Toroidal LHC Appara-
tuS (ATLAS) experiments during the Run 1 of the Large Hadron Collider (LHC) allowed
the discovery of a new particle with a mass of 125 GeV in 2012. The observations and
measurements of its properties up to now confirm its compatibility with the Standard
Model (SM) predictions for the Higgs boson. The establishment of this discovery repre-
sents a major advance in the comprehension of particle physics and in particular in the
generation mechanism of particle mass in the SM, concluding a decades-long search for
this particle after its theorization in 1964. During the Run 2 of the Large Hadron Col-
lider (LHC), the characterization of the new particle continues and deepens, exploiting the
data collected at the unprecedented center of mass energy of 13 TeV. In this thesis, after
a description of the experimental setup, i.e. the LHC accelerator and the CMS detector, in
Chapter 2 and of the event reconstruction and object identification in Chapter 3, the Higgs
boson and its role in the SM are introduced in Chapter 4. Particular attention is given to
the Higgs boson decay to two photons, whose final state can be reconstructed with high
precision in CMS, that played a key-role in the discovery and offers a vast potential in the
measurement of the Higgs boson properties. The analysis of the data collected in 2016 by
the CMS experiment studying the H — <y channel is described in Chapter 5, presenting
the most precise characterization to date of this decay mode in CMS.

Furthermore, the large data sets collected in Run 2 allow the study of the Higgs boson
production differentially with respect to the production and decay kinematic properties
with improved precision, probing extensively the properties of the Higgs boson in its de-
cay to a diphoton pair. These measurements, presented in Chapter 6, employ a dedicated
event categorization defined in a fiducial phase space. The fiducial approach, allowing re-
duced uncertainties related to full phase space extrapolation, assumes a great importance
in the transition from the discovery of the Higgs boson to the era of precision measure-
ments.

The innermost sub-system of CMS is a pixel silicon detector. A review of the main con-
cepts in the use of semiconductors in tracking detectors is given in Chapter 7. The CMS
pixel detector was replaced with an upgraded version of the system at the end of the 2016
data taking. The upgrade project, called phase 1 upgrade, was foreseen in order to main-
tain and improve the performance in hit efficiency, tracking and b-tagging of the detector
at instantaneous luminosities beyond the initial design parameters of the LHC, which
have been surpassed since 2016. To achieve this, improved front-end electronics and read-
out have been developed. The new system also introduces several improvements, among
which 4-hit coverage in the full tracking volume, compared to the 3-hit coverage of the
previous system. The motivations and the features of the phase 1 pixel upgrade detector
are explored in Chapter 8. The construction of the new detector required the production
of more than 1200 detector modules. Thorough qualification and calibration of the mod-
ules is essential to assure the quality and performance of the assembled detector: for this
reason, in-depth testing procedures and stringent quality criteria have been studied and
implemented. In Chapter 9, a review of these procedures is presented, along with the
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results of the qualification of the modules produced for the second layer of the central
part of the detector.
The thesis is completed by the summary of the main results presented in Chapter 10.



Part1

THE CMS EXPERIMENT AT THE LHC

This Part describes the Large Hadron Collider at the Conseil Européen pour
la Recherche Nucléaire (CERN) and introduces one of its four experiments,
the Compact Muon Solenoid detector. The reconstruction of different kinds of
particles arising from the hadronic collision is discussed and the performance
in the determination of their kinematic properties is examined.






LHC AND THE CMS DETECTOR

In this chapter, the LHC accelerator and the CMS detector are introduced. The various
subsystems of the particle detector are described and, finally, an illustration of the trigger
system and of computing infrastructures is provided.

2.1 THE LARGE HADRON COLLIDER

The Large Hadron Collider is a circular accelerator designed to accelerate hadrons to
energies in the TeV range. It is installed in the 26.7 km tunnel, located in the vicinity of
Geneva, that previously hosted its predecessor, the CERN Large Electron Positron (LEP)
collider.

In its main operation mode, the machine accelerates protons, stored in two beams cir-
culating in opposite directions. A shorter period in the accelerator schedule is dedicated
to the operations with lead ions, used to produce p-Pb or Pb-Pb collisions. The particles
are prevented from tangentially departing from the quasi-circular trajectory thanks to the
very strong magnetic field, generated by 1232 superconducting dipole magnets along the
ring. The magnets employ niobium-titanium coils, brought to superconductive state by
cooling them below 2 K with liquid helium. Higher order magnets with more complex
geometries of the magnetic field are used to focus the particle beams and steer them into
collision at the 4 designated interaction points, where an equal number of detectors are
installed, named A Large Ion Collider Experiment (ALICE), ATLAS, CMS and Large Hadron
Collider beauty (LHCb).

The LHC is the final stage of a chain of smaller accelerators, as shown in Fig.2.1, which
act as injectors that gradually accumulate the hadrons and ramp up their energy. The pro-
tons are obtained by stripping electrons off hydrogen atoms. They are then accelerated by
a linear accelerator, the LINAC2, up to 50 MeV, then sequentially injected into the Proton
Synchrotron Booster (PSB) (1.4 GeV), the Proton Synchrotron (PS) (25 GeV) and the Super
Proton Synchrotron (SPS) (450 GeV). The acceleration mechanism of the PS accelerator
is also responsible for shaping the structure of the beam in bunches, containing each a
nominal number of protons of 1.15 x 10!}, spaced in time by 25 ns, corresponding to a
frequency of the collisions in the LHC of 40 MHz. The protons are finally injected into the
LHC through two transfer lines. Each proton beam is brought to its final energy of 3.5 TeV
(in the years 2010-2011), 4 TeV (2012) and 6.5 TeV (2015-present) by means of a system of
16 radio frequency cavities. Up to 2808 bunches per beam can be stored in the machine.
A detailed description of the design and the operations of the LHC machine can be found
in [42].

The high focusing of the beams and the elevated number of protons per bunch at LHC
result in a number of proton-proton interactions per bunch crossing typically larger than
one. This quantity is referred to as pileup. The positions of such collisions are Gaussianly
distributed in the longitudinal direction around the nominal interaction point, defining
the so-called luminous region of the interaction point.



6

LHC AND THE CMS DETECTOR

ALICE

TI2'\

% 'y
\. HiRadMat -
S S
T [ AD
, ISOLDE
™1 oL
\\ 1 / s mREX/HIE n
S\ P — IRRAD/CHARM
\ PS e
/

<
7 -
A LEIR
/ —) T

LiNear ACcel

Figure 2.1: The CERN accelerator complex [77].

The number of particles delivered per unit of area and per unit of time by the machine
is referred to as instantaneous luminosity and it is measured in units of cm~2s~!. In the
hypothesis of two symmetric beams, as at the LHC, with equal number of bunches N}, and
of particles per bunch N, colliding particles head-on with a revolution frequency f, and
assuming Gaussian profiles for both dimensions of the transverse section of the beams
with widths ¢y and 0, the instantaneous luminosity, £, can be expressed as [59]:

Nszf
L= ——"
47wxc7y

(2.1)

The integral over time of such quantity is referred to as integrated luminosity and it
measured in units of cm 2 or, by introducing the barn (b) unit (1b = 10~2*cm?), in inverse
femto barns (fb™%).

The LHC operations so far are conventionally divided in two Runs. The so-called Run
1 corresponds to the collisions produced at 7 and 8 TeV of energy in the center of mass
between 2010 and 2012. The LHC delivered an integrated luminosity of 6.1 fb™ " at 7 TeV
and 23.3fb™" at 8 TeV, with a peak instantaneous luminosity of 0.77 x 10** cm~2 s~ [30].

After a first period of technical shutdown (Long Shutdown 1 (LS1)), the LHC resumed
its operations in 2015 at 13 TeV of energy in the center of mass. The integrated luminosity
delivered amounts to 4.2 fb™* (2015), 40.8 fb™ ' (2016) and 51.0 fb™* (2017). This period of
data taking, called Run 2, will continue until the end of 2018, when a second stop will take
place (Long Shutdown 2 (LS2)). During Run 2, the LHC established a new world record
in peak instantaneous luminosity for pp collisions, by reaching 2.06 x 10** cm~2 s~! [99],
corresponding to more than twice the design instantaneous luminosity. A summary of
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Figure 2.2: Integrated luminosity per year delivered to CMS in proton-proton collisions [31].

the performance of the LHC in terms of integrated luminosity per year in Run 1 and Run
2 is shown in Fig. 2.2.

2.2 THE CMS EXPERIMENT

The Compact Muon Solenoid detector, shown in Figure 2.3, is a general purpose detector
placed at one of the interaction points of the LHC. It is designed to measure the proper-
ties of the particles produced in pp collisions with high precision and almost hermetic
geometric coverage, in order to study a broad range of processes and pursue the search
for new physics. It has a cylindrical shape, extending for 22 m in length and 15 m in
diameter, and it is divided in a central region (barrel) and two forward regions (end caps).
One of the key features of the CMS detector is its superconducting solenoid magnet, able
to generate a magnetic field with a strength of 3.8 T. The inner bore of 6 m allows the
positioning of the entire tracking and calorimetry systems inside of it. This configuration
provides measurements of the energy and trajectories of particles unaltered by the energy
loss and the multiple scattering in the material of the solenoid.

The CMS detector is composed by several sub-systems with cylindrical structure, ar-
ranged at different radii from the beam axis. The innermost component is the pixel and
tracker system. Moving outwards, we encounter the Electromagnetic Calorimeter and the
Hadronic Calorimeter. Outside the magnet bore and embedded in its steel return yoke,
the muon system is placed, consisting of Drift Tubes (DT), Cathode Strip Chambers (CSC)
and Resistive Plate Chambers (RPC).

7
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Figure 2.3: An exploded view of the CMS detector [29].

The coordinate system chosen to describe the geometry of the detector has its origin
placed in the geometrical center of the detector. The x-axis points to the center of the
LHC ring, the y-axis points upward, perpendicularly to the LHC plane, and the z-axis lies
along the anticlockwise-beam direction, making the system right-handed. The azimuthal
and polar angles (¢ and ) are measured in the x-y plane and from the positive z-axis,
respectively. The pseudorapidity ||, defined as — In[tan(6/2)], is often preferred to 6, given
that differences in pseudorapidity are Lorentz-invariant for longitudinal boosts.

A complete description of the CMS detector and its components can be found in Ref. [18].

2.2.1  The tracking system

Two full-silicon sub-detectors form the tracking system of CMS, which aims at measuring
the transverse momentum of charged particles from their reconstructed trajectory and at
identifying primary collision vertices and secondary vertices from b quark and T decays.
Both sub-systems provide coverage up to || = 2.5 and ensure transverse momentum
resolution of 1 — 2% for particles of 100 GeV up to || = 1.6 and better than 10% above
7| = 1.6.

2.2.1.1 The Pixel detector

The innermost part of the CMS tracking system is a silicon pixel detector, with about
66 million pixels of size 150 — 100 pm? in the z and r — ¢ direction, respectively. The
fine segmentation ensures adequate handling of the high flux (~ 1000) of particles per
bunch crossing in the vicinity of the interaction point. The barrel region is composed
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by three layers, with radii between 4.2 cm and 10.2 cm, while each endcap contains two
disks, placed at 34.5 cm and 46.5 cm from the interaction point, providing coverage up
to |17| = 2.5. The Pixel sub-system was replaced at beginning of 2017 by a new detector
of similar conception and improved performance, with increased number of layers and
disks and faster digital chip readout. Part iv of this thesis is dedicated to the description
of the new system and its construction phase. The results presented in Parts ii and iii are
obtained through the analysis of data collected by CMS in 2016 and so they rely on the
configuration described here for the Pixel sub-system.

2.2.1.2  The Strip detector

At radii between 20 cm and 110 cm, several layers of silicon strips surround the Pixel
detector. The strip pitch varies with radius, going from 80 ym in the first layer to 184 ym
in the end caps. The strip geometry provides one-dimensional resolution information,
and two-dimensional resolution is restored by arranging sensors with rotated orientation
in adjacent layers.

2.2.2  Electromagnetic Calorimeter

The goal of the Electromagnetic Calorimeter (ECAL) is to precisely measure the energy of
electrons and photons. To do so, it employs about 76000 lead tungstate crystals to com-
pose a homogeneous calorimeter. The choice of lead tungstate was driven by its small
Moliere radius (2.2 cm) and its very short radiation length (0.89 cm), which enable a com-
pact configuration that can be accommodated inside the magnet volume. Furthermore,
lead tungstate provides very fast scintillation that allows the emission of more than 80%
of the light before the subsequent bunch crossing. The ECAL Barrel (EB) region has an
inner radius of 129 cm and an 77 coverage that extends to 1.479. In this region the crystals
have an inner face with a size of 22 x 22 mm? and a length of 23 cm. The ECAL End-
cap (EE) extends the coverage up to || = 3.0 and contains crystals with a front face of
28.6 x 28.6 mm? and a length of 22 cm. The low-yield scintillation light produced by the
crystals is detected and internally amplified by Avalanche Photo Diode (APD) in the EB
and Vacuum Photo-Triode (VPT) in the EE, to deal with different levels of radiation and
configurations of the magnetic field.

A sampling calorimeter, composed by two planes of silicon micro-strip detectors and
two lead absorbers, called pre-shower, is placed in front of the EE, to improve neutral pion
identification. The layout of the ECAL system is show in Figure 2.4.

The ECAL relative energy resolution, or/E, is estimated to be, from test beam perfor-
mance [98]:

a c
UE/E_ﬁ@b@E (2.2)
where a = 2.8% (stochastic term) accounts for statistical fluctuations in the light ef-
ficiency and quantum efficiency, c = 12% (noise term) represents electronic noise and
b = 0.30% (constant term) is the effect of several operational conditions, such as tempera-
ture and high-voltage stability, radiation levels, and the amount of material upstream the
ECAL. This estimate corresponds to an energy resolution of 1% for photons and electrons
with energy larger than 10 GeV.
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Figure 2.4: Layout of the CMS ECAL [19].

2.2.3 Hadronic Calorimeter

The Hadronic Calorimeter (HCAL) is placed between the ECAL and the magnet solenoid.
Its scope is the reconstruction of jets and the measurement of their energy. It adopts
a sampling configuration, with 4 mm thick tiles of plastic scintillators interleaved with
planes of brass absorbers. Optical fibers, Hybrid Photo Diode (HPD) and Silicon PhotoMul-
tiplier (SiPM) are used to read out the scintillation light. The central part is composed by a
HCAL Barrel (HB), covering the region || < 1.4, complemented by the HCAL Outer (HO),
that uses the solenoid as an additional absorber in the region || < 1.26. The endcap part
HCAL Endcap (HE) covers the area between 1.3 < || < 3.0, with the HCAL Forward (HF)
extending the coverage to the region 3.0 < || < 5.0. The energy resolution is governed
by the same form described in Equation 2.2. The stochastic term a has been determined
in test beam measurements [40] to be 115%, while the constant term b is 5.5%. The noise
term c is found to be negligible compared to the other contributions.

2.2.4 The Muon system

The Muon system employs three different types of gaseous detector in order to identify
muons and precisely determine their momentum. In the barrel region (|| < 1.2), DTs are
used, while in the end caps (|| < 2.4) CSCs are employed. Both DTs and CSCs provide
excellent spatial resolution, crucial for the measurement of the muon momentum. RPCs
are installed up to || = 2.1 and are used for triggering events with high-momentum
muons, thanks to their fast response and good time resolution, but provide less precise
position information compared to DTs and CSCs.
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2.2.5 Trigger system and computing

The size of the events recorded by the CMS experiment (~ 1.5 MB) and the high bunch
crossing rate of the LHC of 40 MHz lead to a flux of data too large to be written on
storage supports. This rate is reduced thanks to a trigger system, which is responsible
of deciding which events are interesting for further analysis and which, instead, can be
discarded. The system is structured in two layers:

¢ the Level-1 (L1) Trigger, which takes a decision based on rough information from
the calorimeters on energy deposits (trigger towers) and from the muon system.
Custom front-end electronics are employed to guarantee fast response and optimal
decision time. The data are kept in buffers while the decision is pending, allowing
for a latency time of 3.2 us. The L1 Trigger reduces the event rate from 40 MHz to
about 100 kHz.

¢ the High Level Trigger (HLT) takes in input the data rate reduced from the L1 trigger
and further reduces the event rate down to about 1 kHz. This reduction is achieved
through a software layer which runs on a computing cluster which uses commer-
cial Central Processing Units (CPUs). The decision at this level is taken based on
a basic reconstruction of the final-state objects and on more elaborate calculations
compared to the L1 trigger. The precision of the reconstruction is limited by the
time available to complete the decision, which amounts to about 300 ms on average.
Several HLT selection paths are run in parallel, exploring the potential interest for
further analysis in an event according to a range of possible criteria. The selection
is performed on different types of objects and with different thresholds depending
on the event topology sought by the Physics analyses. The various HLT paths are
subject to a global OR logic, which selects the event if at least the decision of one of
the paths is positive.

The data selected by the HLT system are stored and distributed for further analysis
on a multi-tier computing architecture. The tier-o computing center is placed at CERN. It
stores the raw data and performs a first event reconstruction. Data are then distributed to
several tier-1 centers, where backup copies are stored and full event reconstruction is run.
Tier-1s provide data with high availability for the later stages of the architecture, which
involves also tier-2 and tier-3 computing centers. These stages perform further analysis
and reduction of the data collected and are employed for the production of samples of
simulated events, whose main elements are introduced in Section 4.4.

11






PARTICLE RECONSTRUCTION AT CMS

The reconstruction techniques and algorithms deployed for the reconstruction of particles
at CMS are introduced in this Chapter. The reconstruction of photons and the determina-
tion of their energy is explored in more detail, given their pivotal role in the results
presented in the later Chapters of this thesis.

3.1 PARTICLE FLOW

The Particle Flow (PF) algorithm is designed to identify each stable particle produced
in the collision, namely electrons, photons, muons, charged and neutral hadrons. Rather
than referring to an individual sub-detector for the identification of a specific kind of par-
ticle, it relies on the combination of information from all sub-detectors. This approach is
particularly helpful in supplementing the charged hadron identification and energy mea-
surement in the HCAL, limited by the rather coarse energy resolution (see Section 2.2.3),
with information from the tracking system and the ECAL. The particle-level information
obtained through the PF algorithm can then be combined to build more complex objects,
such as jets and ps*, whose definition is given in Section 3.7.

The PF algorithm can be briefly illustrated as follows, while a detailed description of
the algorithm can be found in [87]. The first step resides in the combination of the tracker
hits into tracks and of energy deposits in the calorimeters into energy clusters. The track-
ing procedure follows an iterative strategy, where hits are gradually excluded for the next
steps as they are assigned to a reconstructed track. The tracks with high quality require-
ments are reconstructed first, yielding a lower probability to reconstruct unphysical tracks
from the remaining hits, then the requirements gradually are relaxed in further steps of
the procedure, allowing a high efficiency in track reconstruction. The calorimetric cluster-
ing is seeded by local maxima in the distribution of the deposited energy. Clusters are
grown starting from such seeds by adding neighboring cells according to their distance
from the seed, until their energy falls below a given threshold.

The PF algorithm then performs a linking between tracks, clusters and track segments in
the muon system. The procedure exploits then the linked objects to identify iteratively the
different particles. First, muons are identified if a track and clusters are compatible with a
track in the muon system and if the momentum measured with only the tracker system is
compatible with the momentum determined from the full track. The tracks and clusters
are then associated to a muon and removed from the list of linked objects. Then, electrons
are reconstructed by combining a track with the matched ECAL clusters, including those
from bremsstrahlung photons, which are in turn removed from the list. After that, the
remaining tracks of charged particles are associated to charged hadrons, and the pr of
their track is compared to the energy of their HCAL cluster: if the calorimetric energy
is found in excess compared to the tracker pr measurement, such surplus of energy is
further identified as a neutral hadron. Finally, calorimeter clusters not associated to a
track are identified as photons. Similarly to the previous step, the energy of the HCAL
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cluster is compared to the one of the ECAL cluster and the possible excess is identified as
a neutral hadron.

3.2 MUONS

Muon candidates can be identified using only information extracted from the tracker
(Tracker Muons), or the muon spectrometer (Standalone Muons), or matching a Standalone
Muon to a compatible track (Global Muons). Muons used in this analysis are required to
be reconstructed as Global Muons and to be identified as muons by the PF algorithm.
Furthermore, they have to satisfy a set of criteria, defined as Tight Muon Selection [25],
which rejects muons from the in-flight decays and cosmic muons, while retaining a high
efficiency in selecting prompt muons. The selection includes requirements on the x? of
the track fit, the number of muon segments in the muon chambers, the number of hits in
the fitted tracker track, and on the transverse and longitudinal impact parameter of the
muon track with respect to its vertex.

3.3 PHOTONS

The energy deposits in the ECAL are grouped into clusters and Super Clusters (SCs) to
reconstruct photons, with a clustering algorithm that allows almost complete recovery
of the energy also for photons that convert to an electron-positron pair in the material
upstream of the ECAL. A detailed description of the algorithm can be found in Ref. [78].

The clustering step accounts for the distribution of the energy of a single electromag-
netic shower across several crystals. A 3 x 3 (5 x 5) matrix of crystals, centered around
the unconverted incident photon, retains around 94% (97%) of its energy. For such rea-
son, energy deposits in the ECAL are grown into clusters from seed crystals by topological
aggregation of neighboring cells with a deposited energy in excess of a given threshold.
This threshold is set at about two standard deviations of the electronic noise in the ECAL,
corresponding to 80 MeV in the barrel and, depending on pseudorapidity, up to 300 MeV
in the end caps. Adjacent clusters can share the energy of the same crystal, assuming a
Gaussian transverse profile of the electromagnetic shower.

The reconstruction, though, needs to account for the conversion of roughly half of the
photons into electron-positron pairs, due to the interaction with the material upstream
the ECAL. The action of the magnetic field separates the positron and electron trajecto-
ries in the ¢ direction, leading to energy deposits spread in the ¢ direction and well
collimated in the 5 direction, creating a widening of the shower profile. The Mustache
algorithm takes advantage of the 7-¢ correlation in the cluster topology to merge groups
of clusters into SCs, with improved containment of the electromagnetic shower, spatial res-
olution and energy measurement. In the case of converted photons, the conversion tracks
are reconstructed based on information from the ECAL and the tracker, connected to a
common vertex and then matched to compatible ECAL clusters. An important variable in
the discrimination of converted and unconverted photons is Rg, defined as the ratio of
the energy contained in the 3 x 3 matrix surrounding the SC seed and the total energy
of the sC. Unconverted photons have high values of Ry, while converted photons and
nonprompt photons are assigned lower values.
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Other important variables characterizing the cluster shape and used in the analyses
presented in this thesis are 0;;;;, which describes the second momentum of the distribu-
tion of the energy deposits in the 7 direction measured in terms of crystal cells, and Sy,
defined as the ratio between the maximum energy of the 2 x 2 matrices containing the
highest-energy crystal and the energy of the 5 x 5 matrix centered around the seed of the
SC.

3.4 ELECTRONS

The reconstruction of electrons relies on information both from the silicon tracker and the
ECAL.

Electrons radiate a significant (33% for 7 ~ 0 and 86% for n ~ 1.4) fraction of their
energy through the interaction with the material between the interaction point and the
ECAL. Such bremsstrahlung radiation is spread in the ¢ direction, due to the bending of
the electron track under the action of the magnetic field, while their dispersion in the #
direction is negligible for electrons with pr larger than 5 GeV. The same clustering algo-
rithms described in Section 3.3 are employed to handle such profile in the #-¢ plane of the
electromagnetic shower. These algorithms indeed provide clustering and reconstruction
without making an assumption on the nature of the candidate particle associated to en-
ergy deposits. This allows in particular the reconstruction of electrons from the abundant
Z — eTe” production as photons and their use to measure reconstruction and identifica-
tion efficiencies, as described in the section 3.8.

The bremsstrahlung radiation, together with the multiple scattering interaction of the
electrons, has also the effect of inducing non-Gaussians tails in the probability of their
propagation from one layer to another of the tracker. To deal with this situation, the
gaussian-sum-filter (gsf) is used to perform the track reconstruction, describing the prob-
ability density function as a sum of Gaussian distributions.

Reconstructed electrons are then separated from photon conversions, jets with a large
fraction of electromagnetic activity, and semi-leptonic decays of b and ¢ quarks by means
of a Multi-Variate Analysis (MVA) [39] which combines information on the shape of the
ECAL clusters and their matching to the track. The loose selection working point of this
MVA, corresponding to an efficiency in selecting electrons of 90%, is used to accept elec-
trons that are used in the analyses presented in this thesis.

3.4.1 Photon energy

The energy of photons is computed from the sum of the raw energy of the clustered
crystals, with the addition of the pre-shower energy in its region of coverage. This energy
is corrected for changes in the response of the crystals over time [21]. In particular, the
exposure to ionizing radiation induces a loss of transparency in the crystals due to the
creation of defects (color centers) in the lattice and thus lower light yields. Thermal an-
nealing, though, constantly reduces the number of such defects in the crystals, leading
to partial recovery of the transparency. A dedicated laser system is set up to monitor the
transparency of the crystals during run time. It injects light of a known wavelength in
each crystal and provides a transparency correction, allowing a transparency precision
of 0.1% in the EB [74]. The response of the ECAL is then equalized across crystals in the

15



16

PARTICLE RECONSTRUCTION AT CMS

n and ¢ coordinates thanks to intercalibration corrections derived with techniques based
on the ¢—symmetry of the energy deposits in the detector, or on the reconstruction of
the invariant mass in 7°/7° — 7+ decays, or on the measurement of the momentum of
isolated electrons from Z — e*e~ and W — ev decays.

The photon energy is then further corrected to account for the containment of the
electromagnetic shower in the calorimeter, as well as for the energy dispersion in the
detector due to conversions and their interaction with the material. Such corrections are
derived using a semi-parametric regression technique, trained on simulated events. The
target of the regression is the probability distribution function of the ratio between the
true simulated energy and the reconstructed one. The distribution is parametrized as a
function with a Gaussian core and two power law tails, an extended form of the Crystal
Ball function [47]. The regression is thus able to provide an estimator for the mean and
the width of the Gaussian distribution for each photon, which are taken as the energy
correction and the energy resolution estimator, g /E, respectively. The input variables
include cluster shape variables, the coordinates of the SC and local information on the
clusters and seeds. In the EE, the ratio of the pre-shower energy to the raw SC energy
is additionally included. To account for residual effects on the energy scale due to Pile
Up (PU) interactions and Underlying Event (UE) (the remnants of the scattering interaction,
involving processes with lower transfer of transverse momentum), the number of primary
vertices and the median energy density in the event, p, are included as inputs.

The invariant mass peak in Z — eTe™ events, where electrons are reconstructed as
photons, is then used to correct residual discrepancies in the energy response between
data and simulation. In data, the energy scale is corrected so as to align the position
of the mass peak to the true mass value of the simulation. In simulation, a Gaussian
smearing correction is added to the energy resolution estimator to reproduce the width
of the peak observed in data. The corrections are derived as functions of time (scale only),
pseudorapidity, and Ro.

The energy resolution of the photons varies according to the region where the candidate
is reconstructed, as shown in Figure 3.1: in the barrel section of the ECAL, unconverted
photons or photons converting near the inner face of the ECAL have an energy resolution
of about 1% for energies in the range of tens of GeV. Other photons reconstructed in the EB
have a resolution of about 1.3% up to a pseudorapidity of || = 1. The energy resolution
rises to about 2.5% at || = 1.4. In the EE, unconverted or late-converting photons have an
energy resolution of about 2.5%, while the remaining photons reconstructed in EE have
resolutions between 3 and 4% [67].

3.5 JETS

The result of the hadronization of partons in the detector is a collimated jet of particles.
Individual particles of the jet are identified by the PF algorithm and can be clustered
under the hypothesis that they belong to the same parton shower [10].

In order to reject spurious signals arising from noise patterns in the HCAL, a clustered
jet is selected only if it meets a set of criteria, based on the total number of constituents,
the number of neutral constituents, and on the fraction of energy carried by different
type of PF candidates (neutral hadrons, charged hadrons, muons, electrons, and photons).
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Figure 3.1: The relative photon energy resolution for photons with Rg > 0.94 as a function of
the pseudorapidity of the photon. The resolution is measured in Z — e*e™ events in
data (black points) and simulation (red squares). The module boundaries in the EB are
indicated by the vertical dashed lines, while the grey area corresponds to the transition
area between EB and EE [67].

The selection requirements vary according to the pseudorapidity of the jet, to account for
different performance of the detector.

Furthermore, the contamination from jets arising from PU interactions is reduced by
using a Boosted Decision Tree (BDT) [68] that combines information on the object mul-
tiplicity in the jet, the topology of the jet, and, in the region covered by the tracker, the
compatibility of the jet tracks with the primary vertex.

The jet momentum is determined as the vectorial sum of all particle momenta in the
jet. Residual contributions to the energy from PU interactions are corrected with an offset
correction. Additional corrections to the jet energy are derived from simulation to bring
the average measured response of jets to that of particle level jets. In situ measurements
of the momentum balance in di-jet, photon+jet, Z+jet, and multijet events are used to
account for any residual difference in jet energy scale in data and simulation. Additional
selection criteria are applied to each jet to remove jets potentially dominated by anoma-
lous contributions from various sub-detector components or reconstruction failures. After
corrections, the measurement of jet momentum is found to agree with its true value in
simulation within 5-10% over the whole pt spectrum and detector acceptance. The jet
energy resolution amounts typically to 15% at 10 GeV, 8% at 100 GeV, and 4% at 1 TeV, to
be compared to about 40%, 12%, and 5% obtained when the calorimeters alone are used
for jet clustering.

3.6 JETS FROM B QUARKS

The longer lifetime of the b quarks enables the identification of jets arising from their
hadronization among others. Such lifetime, in fact, allows the secondary vertex, corre-
sponding to the decay of the b hadron, to be reconstructed inside the pixel detector
and its distance with respect to the primary one to be measured. An MVA technique, the
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Figure 3.2: The invariant mass distributions for Z — eTe™ is compared between data and sim-
ulation events, where electrons are reconstructed as photons. The distributions are
shown in two particular bins where the corrections are derived, corresponding to
events with both electrons in EB (left), and the remainder of the events (right), and
with Rg > 0.94. The distribution in simulation is normalized to the integral in data for
87 < My+o- < 93GeV [27].

Combined Secondary Vertex (CSV) b-tagging algorithm [22, 88, 89], combines information
on the secondary vertex and assigns higher values to jets more likely to originate from
a b quark. The performance of the tagging algorithm is evaluated in terms of efficiency
in the identification of b-jets and misidentification probability of jets from light quarks as
b-jets. Different values of the former (latter) correspond to three working points defined
on the output of the discriminator: loose, 85% (10%); medium, 70% (1%); tight, 55% (0.1%).
All three working points are used in distinct parts of the analyses presented in this thesis.

3.7 MISSING TRANSVERSE MOMENTUM

The energy balance in the transverse plane in the initial state of the collision is exploited to
provide a measurement of the transverse momentum of particles that escape detection, as
neutrinos or neutral stable Beyond the Standard Model (BSM) particles. This is achieved
through the missing transverse momentum, ﬁ%‘iss, defined as the negative sum of the
transverse momenta of all PF candidates.

—»mlss — Z pT (31)

PFcand.

The resolution in the measurement of P is limited by the impact of the so-called
instrumental p”“ss, which arises from imperfect measurement of the pt of the PF candidates
and from spurious detector signals. The corrections of the energy scale and resolution of
jets are propagated to the measurement of pss. Further details on the reconstruction
and performance of missing transverse momentum can be found at [79]. In the analyses
presented in this thesis, the magnitude of the vector pIs* will be indicated with pmiss.
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The Tag and Probe (T&P) technique allows the selection of a pure sample of objects by
exploiting the decay of a resonance, with the goal of measuring selection efficiencies. The
method is very general and separates the decay products of the resonance in a tag and a
probe systems. The tag system is selected with stringent selection criteria which, via the
constraint of the resonance mass, result in an enhancement of the purity of the samples
of probe candidates, without any selection being directly applied to them. The invariant
mass spectrum of the resonance enables, moreover, the fit and subtraction of the residual
contamination from possible backgrounds. To extract the efficiency of a given selection,
such fit is performed separately for events where the probe fails or passes the selection
whose efficiency is being measured. The resonant yields can be extracted both in data and
simulated events, such that the ratio between efficiencies in data and simulation, called
also efficiency scale factor, can be computed. Due to the absence of abundant production
of resonances decaying to photons with high mass, in the case of analyses using photons
as the ones presented in Parts ii and iii, the T&P method for photon selection efficiencies
is applied to Z — eTe™ events, where the electrons are reconstructed as photons. One
electron is required to pass the tag-selection, making the other the probe. This allows to
measure the efficiencies of all the selections applied in the analyses described in this
thesis, except for selection criteria that aim at discriminating electrons from photons (see
Section 5.6). In such cases, the rarer production of Z — u™ 1 is used, where the uy pair
represents the tag system, allowing the selection of a sample of probe photons.
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Part II

THE DECAY OF THE HIGGS BOSON INTO TWO PHOTONS

After introducing the theoretical set-up of modern Particle Physics, in par-
ticular the spontaneous symmetry breaking mechanism, this Part presents

the study of the Higgs boson in its decay to two photons in pp collisions
at /s =13 TeV.






THE THEORETICAL FRAMEWORK

This chapter introduces the theory of particle physics, known as the Standard Model. It
describes its main aspects, with a focus on the spontaneous symmetry breaking mecha-
nism and the Higgs boson sector. The last Section delineates the techniques that exploit
the theoretical comprehension to allow the numerical simulation of the processes studied
at the LHC.

4.1 SELECTED ASPECTS OF THE STANDARD MODEL OF PARTICLE PHYSICS

The modern understanding of the physical phenomena relies on the description of the
fundamental particles and of their interactions by means of Quantum Field Theory (QFT),
with invariance under local gauge transformations and transformations of the Poincaré
group [56]. The action of the operators associated to the quantum fields on the vacuum
creates the corresponding particles, with properties defined by their quantum numbers.
The choice of the fields defines which particles are considered elementary in the theory.
The SM associates a field to each particle known as a fundamental block of matter and
to the mediators of the interactions between them. The former are fermions and are
grouped into leptons (electron, muon, tau, and the respective neutrinos) and quarks (up,
down, charm, strange, top, bottom), while the latter are gauge bosons (photon, for the
electromagnetic force, W and Z bosons for the weak force, and gluon for the strong force).
Additional scalar fields are introduced in the theory to generate the masses of the gauge
bosons and fermions through the spontaneous symmetry breaking mechanism. In its
minimal version, the latter predicts an additional spin-0 particle, the Higgs boson (H).

The fundamental particles of the SM and their roles are summarized in Figure 4.1.

The electromagnetic and weak interactions are described by a renormalizable QFT in-
variant under transformations of the symmetry group SU(2); x U(1)y, where the subscript
L indicates the weak isospin, whose current couples only to left-handed fields, and Y the
weak hypercharge. The unified description of the two forces formulated by Glashow [49],
Salam [86], and Weinberg [102], based on the model of Yang and Mills [104], reflects
the non-conservation of parity in weak interactions, observed experimentally for the first
time in the decay of Cobalt-60 atoms [103], by using different representations for the left-
handed and the right-handed leptons in the SM Lagrangian. In fact, while the left-handed
leptons are represented as doublets of SU(2)., (vr. I1), the right-handed ones are singlets,
(Ir). This structure is replicated in three flavor families (electronic, muonic, and tauonic),
as summarized in Figure 4.1.

Quarks are also subject to the weak force and are as well organized in three families
of flavor, with the first family, (u d), composing the ordinary matter, while the two ad-
ditional families, (c s) and (t b), not occurring in stable matter, are produced at particle
colliders and in cosmic radiation. Quarks have fractional electric charge, equal to 2/3
for up-type quarks and to —1/3 for down-type ones. These electro-weak eigenstates of
quarks do not coincide with the mass eigenstates: the two are connected by a unitary
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Figure 4.1: The elementary particles of the SM of Particle Physics. Quarks and leptons are orga-
nized in three flavor families, each containing an up-type and a down-type quark, and
an electrically charged lepton and a neutrino. The mediators of the forces are gauge
bosons: the diagrams indicate the particles subject to the interaction mediated by a
given boson. Adapted from [8o].

transformation, the Cabibbo-Kobaiashi-Maskawa matrix, which expresses the mixing be-
tween the two sets of eigenstates. A more detailed description of the mixing mechanism
is given in [15, 69].

The strong interaction between quarks is associated with an additional quantum num-
ber, the color charge, and its respective symmetry group, SU(3)c. This sector of the sM,
the Quantum Chromo Dynamics (QCD), describes the structure of the strong interaction,
mediated between color charged particles by eight combinations of color and anti-color
states, the gluons. The coupling constant for the strong force, g, can be introduced in
analogy with the fine structure constant of electrodynamics. The study of the renormal-
ization of the QCD theory reveals that the dependence of ag on the momentum exchanged
in the interaction, Q?, is such that ag decreases for large Q?, contrarily to the case of
Quantum Electro Dynamics (QED). This property corresponds to the asymptotically free
behavior of quarks under the strong force: for high energy interactions, the coupling
constant tends to zero, and perturbative approaches to the calculation of interaction am-
plitudes are possible; at low energies, instead, non-perturbative effects have to be taken
into account. A second consequence of the running behavior of ag is the confinement of
the color charge, which can be qualitatively illustrated as follows: if we imagine of try-
ing to isolate a coloured quark in, for example, a quark-antiquark bound state by means
of excitation energy, as the distance between the particles increases, so does the inten-
sity of the force, up to a point where it is more energetically favorable to create a new
quark-antiquark pair in between the original quark and anti-quark, rather than further
increasing the distance, leading to the formation of new bindings. The same mechanism
is responsible for the hadronization process of high energy colored particles produced in
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particle collisions, which evolve by gradually losing energy from a high-energy, pertur-
bative regime to low-energy processes that produce color screening and the formation of
composite states of quarks, named hadrons. The possible combinations of quarks for the
formation of such composite particles are regulated at first order by the rules of symmetry
of the SU(3) group. In particular, baryons are composed by three quarks according to the
Kronecker product of the fundamental representation of the group, nominally 3 ® 3 ® 3,
while mesons are obtained from the product of the fundamental and anti-fundamental
representations, 3 ® 3, corresponding to a quark-anti-quark structure. Further details on
QCD, the scaling of ag, and the structure of hadrons can be found in [56].

4.2 THE HIGGS SECTOR

The theory of Glashow, Salam, and Weinberg introduced earlier in this Section, while pro-
viding a successful description of the unified electroweak interaction, it shows a critical
weakness by predicting the intermediate bosons to be massless. This aspect of the the-
ory is in clear contrast with the physical experience of massive matter and, in particular,
it breaks the interpretation of the electroweak sector in the low energy limit, where the
mass of the bosons must be large enough such that these particles do not bring a visible
contribution to the weak decays of neutrons and pions. The addition of ad hoc mass terms
for the mediators to the Lagrangian of the theory is forbidden by the Gauge invariance of
the theory and, even under the assumption of explicit breaking of the Gauge symmetry,
similarly to the violation of the nuclear isospin by the mass difference between proton
and neutron, such terms lead to a non-renormalizable theory. Furthermore, the inclusion
of explicit mass terms is not viable also in the case of fermions: such terms would violate
the Gauge symmetry by coupling the left-handed and the right-handed components of
the fields, which transform differently under the symmetry of the theory.

The solution to the problem of the mass of elementary particles came from the sponta-
neous symmetry breaking mechanism, introduced by Goldstone [51, 52] and established in
relativistic gauge theories by Higgs [60], Englert and Brout [41]. This mechanism occurs
when the Lagrangian of the theory is invariant under a continuous global symmetry but
one of the fields is not, having an expectation value on the vacuum different from zero.
This corresponds to a configuration where the minimum of the potential breaks the sym-
metry, which is no longer realized in the particles’ spectrum. To illustrate this mechanism,
let us consider a theory with a complex field, ¢, with quartic interaction:

Ly=069""p —1[p* — Alg|* (4.1)
which, for y2 < 0and A > 0, has the minimum of the interaction potential for ¢9 = v =

12
\/ €. Under these conditions, the minimum has an arbitrary phase, which describes
rotations along the extreme of the potential: none of the single minimum values respects

the symmetry, but the symmetry is reflected in the locus of points of the minima. By
v+o+in

reparametrising the field as ¢ = N the Lagrangian in Eq. 4.1, can be rewritten, in
the unitary gauge choice, as:
1 2 1 o2 1 2 2 0 Ao 22
Ly = 2(‘5y‘7) 2(2)”/ )o + 2(5;177) Avo (” + 07) 1 (" +0%) (4-2)
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where it can be seen how the spontaneous breaking of the symmetry introduces a mass
of 2Av2 associated to the scalar field o and a new massless particle #, the Goldstone boson.

When promoting the global symmetry to a local one, the spontaneous symmetry break-
ing implies that the corresponding gauge field gains mass. This formulation of the model
has still 4 degrees of freedom: the degree of freedom associated to the # field of the
Goldstone boson can is absorbed, with an appropriate gauge choice, by the vectorial field,
allowing its longitudinal polarization and thus its interpretation as a massive spin-1 par-
ticle, accounting for 3 degrees of freedom. The fourth degree of freedom is provided by
the scalar particle with mass 2Av2, called the Higgs boson (H).

In the SU(2);, xU(1)y theory, this mechanism is actuated via the introduction of a dou-
blet of complex scalar fields. Since such mechanism is repeated for each broken generator
of the symmetry, in its application to the electroweak theory care is taken to leave the
vacuum state electrically invariant, such that the photon would remain massless. After
the symmetry breaking, the electroweak symmetry group survives in the form of U(1)g,
where Q is the electric charge that remains exactly conserved. The mechanism is not
only successful in providing masses for the intermediate bosons, but can also be applied
to explain the masses of the fermion fields f, by introducing Yukawa interaction terms
to ¢, of the form — 8y jfL(P fr + h.c., which are now invariant under the symmetry of the
Lagrangian.

The Higgs boson mass is an undetermined parameter in the electroweak theory, but it
is directly sensitive to the energy scale A up to which the theory should be valid. The
calculation of the Higgs boson mass involves terms quadratic in A and in the couplings
to fermions and to gauge bosons, which can become arbitrarily large. For the mass of the
Higgs boson to be much smaller than the Planck scale, counter-terms of the same order
have to be involved in the renormalization process, producing a fine-tuned cancellation
that results in the mass and the couplings measured experimentally. This process is in
contrast with the naturalness principle [61], which would require the ratios between pa-
rameters of a model to be of order of unity. In general, the degree to which naturalness is
violated can be inspected by precisely measuring the couplings and the properties of the
Higgs boson. Conversely, if no deviation from the SM is observed by a precise measure-
ment of the Higgs boson couplings, a lower bound on the scale A can be extracted [43].

The Higgs boson arising as a signature of the spontaneous symmetry breaking mech-
anism, formulated in the 1960s, was discovered in 2012 by the CMS and ATLAS experi-
ments [2, 24], based on proton-proton collisions at center of mass energy of 7 and 8 TeV.
Since then, a vast set of measurements and characterizations of the newly discovered par-
ticle has been expanding, to accurately determine its properties and test them against the
predictions of the SM [76]. The measurements of production and decay rates so far, in-
cluding those described in this thesis, show consistency with the theoretical expectations.
The mass of the boson, which is not predicted by the model, has been measured by the
CMS and ATLAS experiments based on the data collected during the Run1 of the LHC to be
125.09 £ 0.21(stat)£0.11(syst) GeV [1]. Similar measurements carried out on Run2 data
at 13 TeV confirm the agreement between measurements and predictions for the Higgs
boson.
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4.3 HIGGS BOSON PRODUCTION AT THE LHC

The structure of the interaction of the Higgs boson and its peculiar role in the theory are

responsible for its couplings to the other SM particles to be proportional to their mass.

Such couplings are completely determined from theory, once the Higgs boson mass is
tixed. This feature governs the relative size of the cross sections of the possible production
mechanisms. In the following, the main production channels in proton-proton collisions
are illustrated. Numerical values are provided assuming a mass of the Higgs boson of
125 GeV and proton-proton collisions at the center of mass energy of 13 TeV, as illustrated
in Figure 4.2.
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Figure 4.2: The production cross section for the sM Higgs boson in proton-proton collisions at
V/s = 13 TeV is shown as a function of the mass of the Higgs boson, separately for
different production mechanisms [35].

The dominant production mechanism at the LHC is the gluon-gluon fusion (ggH). The
coupling of the gluons to the Higgs boson occurs via a fermionic loop, dominated by
heavy quarks, in particular the top quark. The process thus starts already at loop-level
in the Born approximation, but its cross section is enhanced by the large probability of
probing gluons in the incoming protons, as shown by the Parton Distribution Functions
(PDFs) distribution in Figure 4.4. The most recent calculations of the ggH cross section
include contributions up to Next-to-Next-to-Next to Leading Order (N3LO) [8] and yield
a result of 48.52 pb.

The vector boson fusion (VBF) process arises from the scattering of two quarks, which
exchange a W or a Z boson, which in turn radiates the Higgs boson. The process can
also be visualized as the incoming quarks radiating two vector bosons, which fuse in
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the vertex where the Higgs boson is radiated, hence the name of the mechanism. The
outgoing quarks will have a transverse momentum of the order of a fraction of the vector
boson mass, leading to the production of two highly energetic jets with a large rapidity
separation. This feature can be experimentally exploited to tag the VBF events and enable
their study. The peculiar QCD radiation structure of this process, related to emissions from
the incoming quarks and thus channeled towards high rapidities, provides additional
lever arm to reject background processes. The radiation pattern is also responsible for
rather different distributions between VBF and ggH+2 jets production. In particular, the
azimuthal separation between the two jets and the rapidity of the Higgs boson with
respect to the average rapidity of the two jets (Zeppenfeld variable [82]) have a strong
discriminating power in separating the two distributions. The differential measurement of
these quantities, presented in Part 6, is thus sensitive to the relative contribution of the two
processes. The process is computed at Next-to-Next to Leading Order (NNLO) and Next
to Leading Order (NLO) accuracies in QCD and electroweak approximation, respectively,
yielding a predicted cross section of 3.779 fb [35].

The third most relevant production mechanism at the LHC is the associated production
of a vector boson and the Higgs boson or Higgs-Strahlung (VH). At lowest order, it in-
volves a quark-anti-quark pair to produce an off-shell vector boson, which radiates the
Higgs boson. Compared to VBF, whose initial state is composed by valence quarks of
the proton, the size of VH contribution is penalized by the presence of an anti-quark.
According to the decay channel of the vector boson, different techniques can be applied
to use the decay products as handles for the tagging of VH events. The cross section for
this process is calculated to be 2.2514 pb [35], with NNLO and NLO accuracies in QCD and
electroweak approximation, respectively.

Finally, the associated production of a quark-anti-quark top pair with the Higgs boson
(ttH) has a very small cross section, but it is of particular interest since it allows to ex-
plore the direct coupling between the Higgs boson and the top quark. Several diagrams
contribute to this process, whose cross section is calculated at NLO accuracy and found to
be 0.5065 fb [35].

A summary of the Feynman diagrams contributing to the ggH, VBE, VH, and ttH
production mechanisms is given in Figure 4.3.

As discussed for the production modes, the couplings of fermions and gauge bosons
to the Higgs boson are proportional to their masses and determined once the Higgs
boson mass is fixed. This is reflected in the fact that the Higgs boson decays with the
largest probability into the heaviest particles made available by kinematic constraints.
The possible channels include decays to fermion-anti-fermion pairs, vector boson pairs,
and decays to massless particles (photons, gluons) via a loop containing massive particles.

4.3.1  The diphoton decay channel

Of particular interest is the decay channel to two photons, which, despite the small
branching fraction (2.7 x 10~2), provides a clear and fully reconstructable signature with
two high energetic photons, thanks to the photon energy resolution of the ECAL allowing
the building of a narrow mass peak over a continuous background. These features made
this channel one of the golden channels for the discovery and study of the Higgs boson,
and the analyses presented in Parts 5 and 6 explore further this decay mode. The prin-
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Figure 4.3: The Feynman diagrams for the four main production mechanisms in proton-proton
collisions at the LHC: ggH (a), VBF (b), VH (c), and ttH (d, e, f).

cipal Feynman diagrams contributing to this decay mode correspond to the fermionic
loop, dominated by the top quark, and to the loop containing W bosons, which inter-
fere destructively with each other. The loop-induced nature of this decay mode makes its
study particularly interesting to indirectly test the presence of BsSM particles through their
contribution to the decay loop.

The final state, characterized by two photons of large momentum, can be mimicked
by other, largely more abundant processes of the SM, which constitute the background
contaminations of the measurements performed in this channel. These can be grouped
into:

¢ irreducible backgrounds: production of two photons in the hard-scattering interac-
tion, also called prompt-prompt production. The contribution of this process, having
two genuine photons in the final state, cannot be reduced by means of a photon
selection with increased purity. It is nevertheless possible to partially reduce this
contribution by exploiting the different kinematic properties of the diphoton pair
compared to that produced by the Higgs decay, as illustrated in Section 5.8;

¢ reducible backgrounds: production of photon + jet or multi-jet events. Jet fragments,
in particular collimated photons resulting from the decay of neutral hadrons (71,
11%), can give rise to a large electromagnetic activity in the jet and can be identified
as photons by reconstruction algorithms. It is possible to distinguish between such
nonprompt photons, also indicated as fake photons or fakes, and prompt photons by
exploiting the difference in the lateral development of their electromagnetic showers
in the ECAL and in their isolation levels. A photon identification algorithm, described
in Section 5.7, is set up for this purpose and used in the analyses presented in

Chapters 5 and 6.

4.4 EVENT GENERATION AND SIMULATION

The description of the hadron collisions and of the interactions of elementary particles
provided by the SM can be used to build software that simulates the events produced
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in the LHC collisions. These programs employ a statistical approach based on Monte
Carlo (MC) methods to scan the phase space of the simulated processes and to approx-
imate integrals not solvable analytically. For this reason, they are also indicated as MC
programs or generators. The simulation method relies on the separate description of a
few ingredients: the probabilistic sampling of the structure of the colliding protons; the
calculation of the cross section of the partonic interaction; the hadronization process of
coloured final state particles. This model is summarized by the factorization theorem, which
is expressed as follows

7(pp = X;p1,p2) =
) / dxidxof! (x1, ue) (xo, 1r) G5 (xap1, Xap2, X, g, r)D(%, X, i) “3)
¥

The hadronic cross section ¢ of the production of a final state X from two initial pro-
tons of momenta p; and p; is expressed as the product of three distinct elements: the
cross section 0jj of the partonic process producing a state X from two partons i and j; the
probabilities of finding such two partons with a given momentum fraction of the pro-
tons, expressed by the PDFs f; the fragmentation function D of the partonic state % into
the hadronic state X, dependent on the fragmentation energy scale y¢. The fragmentation
functions are estimated in the calculations by parton shower models, which approximate
the description of the radiation of soft partons and their branching into pairs, and by
hadronization models, which describe the formation of final state hadrons. The cross
section is then obtained by integrating over all the possible momentum fractions and
by summing over the parton combinations contributing to the process described. The
renormalization and factorization scales are indicated by ur and pg, respectively. The
renormalization scale appears as an energy dependence in the process of renormalization
of ultraviolet divergences in the cross section calculation, while the factorization scale
is introduced to cure divergences arising from infrared emission of soft and collinear
particles.

The PDFs are extracted from data with different techniques and available in different
sets. An illustration of the behavior of the PDF at different scales is given in Figure 4.4.
The simulated samples used in the analyses presented in this thesis are obtained with
the NNPDF3.0 PDFs [13], whose methodology is validated by closure test on pseudo-
experiments.

The simulated signal events are generated with MADGRAPH5_aMC@NLO v2.2.2 [7], which
calculates matrix element contributions to the production of the Higgs boson and two ad-
ditional jets up to NLO accuracy in perturbative Quantum Chromo Dynamics (pQCD). The
parton level is interfaced to the pyTHIA8.205 [91] generator to describe the hadroniza-
tion process, applying the FxFx merging scheme [45]. PYTHIA also takes care of simulat-
ing activity arising from remnants of additional softer partonic interactions, using the
CUETP8M1 UE tune.

An alternative simulated sample of ggH events is obtained with the POWHEG pro-
gram [6] [12], which includes the simulation of only one additional jet at matrix element
level. This sample provides a second benchmark for comparison of the measurements,
presented in Part iii, of cross sections inclusive in the number of jets or differential in the
kinematic of the first additional jet in the event.

The ggH events, generated both with MADGRAPH5_amMC@NLO and POWHEG, are weighted
as functions of the pr of the Higgs boson and the number of jets in the event to match the
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Figure 4.4: The Martin-Stirling-Thorne-Watt parametrization of the PDFs as a function of the mo-
mentum fraction of the proton, for two different energy scales [75].

prediction of the powHEG NNLOPS program [57][65]. This program has the advantage
of predicting at NNLO accuracy, both the differential cross section with respect to the QCD
radiative effects and the normalization of the inclusive cross section [58].

The dominant prompt-prompt background is simulated with the SHERPA v.2.2.1 [50]
generator, which includes the Born processes with up to three additional jets and the
box processes at Leading Order (LO) accuracy. Reducible prompt-fake and fake-fake back-
grounds are accounted for with simulation of 7 + jet and multijet events, entirely mod-
eled with pyTHIA. The efficiency in the generation of jets with a large electromagnetic
component is increased by applying a filter which requires a signal associated to photons,
electrons, or neutral hadrons with a pr of at least 15 GeV.

Other processes are simulated and used for validation of the analysis tools and mea-
surement of selection efficiencies: MADGRAPH5_aMC@NLO is used to simulate Wy and Z+y
events at LO and Drell-Yan events at NLO.

The simulation of the events is completed by their interaction with a detailed model of
the response of the CMS detector, implemented with the GEanTty [5] package.
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PROPERTIES OF THE HIGGS BOSON IN THE DIPHOTON DECAY
CHANNEL

In this Chapter, the measurement of the properties of the Higgs boson in the 7 decay
channel are presented. After a brief description of the motivation for these studies, the ex-
perimental techniques deployed to precisely characterize the Higgs boson in this channel
are illustrated, followed by a discussion of the results.

5.1 INTRODUCTION

As illustrated in Part 4, the SM predicts the existence of a scalar boson particle connected
with the mass generation mechanism. After a decades-long quest, a new particle of this
kind, with a mass of about 125 GeV, was discovered by the CMS [20, 23] and ATLAS [2]
collaborations in 2012, using proton-proton collision data produced by the LHC at center-
of-mass energies of 7 and 8 TeV. The H — <<y channel, along with the H — ZZ* — 4/ and
H — WW* decay modes, played a central role in the achievement of this historical result.
The discovery of the particle was followed by a vast campaign of studies to ascertain its
properties. The characterization covered all the production and decay modes accessible
with the full data set delivered to both experiments during the Run1 of the LHC, consisting
of about 6 fb™* (7 TeV) plus about 23 fb™ ' (8 TeV), as described in Section 2.1. The final
results of these measurements combine the ATLAS and CMS analyses [3, 4] to provide the
best precision achievable and indicate that the new particle is compatible with the sM
predictions, within experimental and theoretical uncertainties.

The Runz of the LHC entails proton-proton collisions at a 13 TeV center-of-mass energy.
The new collision energy, compared to the 8 TeV of the Runi, gives rise to an increase
in the production cross section of the Higgs boson by a factor 2 to 4, depending on the
production mode, as shown in Figure 5.1.

This effect enabled to soon re-discover the Higgs boson at 13 TeV in 2016 with just
12.9 fb™ " of collected data [96, 100]. The most recent measurements are based on the
full data set collected in 2016, corresponding to an integrated luminosity of 35.9 fb™".
The analysis of such data set allowed to surpass the precision of the Run1 measurements
performed by the individual Collaborations and constitutes the most detailed and precise
study of the diphoton decay channel in CMS to date. The analysis presented here provides
measurements of the Higgs boson production rates with respect to the SM predictions,
also referred to as signal strengths, as well as measurements of the coupling modifiers to
fermions and bosons, and effective coupling modifiers to photons and gluons, in the so-
called « framework [71]. The precise determination of rates and couplings, indeed, allows
the constraint of possible deviations from the Higgs boson predicted by the sSM. After its
principal results, this analysis is often referred to as the coupling analysis of the diphoton
decay channel of the Higgs boson, and this convention will be observed in this thesis.

These results are presented in a recently-submitted publication [27], whose discussions,
text and illustrations are closely followed in the present Chapter of this thesis.
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Figure 5.1: The production cross section, for different production mechanisms in proton-proton
collisions, for a Higgs boson with a mass of 125 GeV as a function of the center-of-
mass energy [35].
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5.2 ANALYSIS STRATEGY

The signal extraction relies on the diphoton invariant mass distribution of the selected
events. The Higgs boson production gives rise to a narrow peak in this distribution that
can be statistically separated from the continuous, smoothly-falling distribution due to
the background processes. The analysis sensitivity is improved by splitting the events
into categories, of two kinds:

* categories targeting a specific production mode. These categories are defined requir-
ing final state features peculiar to a particular production mode: forward jets for
VBE, top decay products (such as leptons, missing transverse momentum and b jets)
for ttH, and Z/W decay products for VH. These distinctive characteristics allow the
reduction of the contaminating backgrounds and thus a better signal-to-background
(S/B) ratio. At the same time, these categories allow sensitivity to couplings of the
Higgs boson to different kinds of particles.

* generic event categories, which aim at selecting events with higher probability of
originating from a signal process, reducing background contributions, and at pro-
viding improved S/B based on the mass resolution information and on the dipho-
ton kinematic features. These categories tend to be populated by the most abundant
production process, ggH.

Frequent use of multivariate techniques, in addition to those already introduced in
Part i for object reconstruction and identification, is done in the definition of the cate-
gories. They are employed for the identification of events with signal-like kinematics, for
improved tagging of forward jets in VBF events, for the reduction of ggH contamina-
tion in VBF categories, and for identification of ttH events among high-jet multiplicity
events. Furthermore, multivariate classifiers are used to identify the primary vertex of
H — 77 events and to estimate its probability of being the correct diphoton vertex, as
well as to separate prompt photons from misidentified jets. Since simulated events are
used for training of these MVAs, imperfect modeling of background and signal processes
might result in sub-optimal performances of the discriminators. On the other hand, since
the parametrization of the background shape is obtained directly from data, the same
mismodelling has no impact or bias on the correctness of the results extracted.

5.3 TRIGGER SELECTION

The H — y7y decay is characterized by the presence of two isolated highly energetic pho-
tons. Based on this feature, a selection is tuned at the level of the trigger system, described
in Section 2.2.5, and an HLT path is defined to extract and collect these events from the
collisions. The trigger selection requires the presence of two photon candidates and has
asymmetric thresholds on their transverse energy, set at 30 and 18 GeV for the higher-pr
and the lower-pt photon of the pair, also referred to as leading and sub-leading photon,
respectively. The photons are then required to satisfy a loose calorimetric identification
based on the shape of the electromagnetic showers, a loose isolation requirement, and
the ratio between the energy deposits in the HCAL and the ECAL for the photon candi-
date must fall below a threshold. The efficiency of the trigger selection is measured in
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Z — ete” events with the Tag and Probe technique, introduced in Section 3.8 and it is
found to be > 99% on the events selected for the analysis.

5.4 VERTEX IDENTIFICATION BDT

The identification of the primary vertex has a direct role in the estimation of the diphoton
invariant mass resolution and therefore it has a crucial role in the performance of the
analysis. However, since the photons do not deposit energy by ionization in the tracker,
the vertex assignment in a diphoton event has to rely on the exploitation of the tracks of
charged particles recoiling against the diphoton system. A multivariate classifier based
on a BDT is used to combine the most discriminant features of the ensemble of recoiling
tracks, in particular:

e the sum of the squared transverse momenta, } | piT|2;

¢ the sum of the projections of the charged PF candidates pr on the direction of the
77 system in the transverse plane, — ) ( pr -

1

Pt )
1z

e the scalar pr imbalance between the diphoton and the charged particle tracks,
(1% pr'l = pe") /(T PY' + P,

where the index i runs over all the charged particle-flow candidates associated with a
given vertex and the diphoton transverse momentum p1"” is calculated with respect to
the same vertex.

If either of the photons converted into an electron-positron pair in the material up-
stream the ECAL, additional information from the conversion track is used by the algo-
rithm.

The accuracy required in the vertex identification is 1 cm in the longitudinal direction.
Vertex displacements smaller than 1 cm, indeed, are found to bring a negligible contri-
bution to the mass resolution, compared to the contribution arising from the calorimetric
energy resolution of the individual photons. A vertex assignment is thus considered cor-
rect if the identified vertex lies within 1 cm along z with respect to the true one. The
algorithm described has an average vertex finding efficiency of 80%.

5.5 VERTEX PROBABILITY BDT

A second BDT is trained to estimate the event-by-event probability of a correct vertex
assignment. To do so, the algorithm uses information on the number of vertices, the
output value of the vertex identification BDT for the three highest-scoring vertices, the
distances between the identified vertex and the second and third choices, the number of
reconstructed conversion tracks, and the diphoton transverse momentum.

The performance of both vertex BDTs are validated in Z — u™u~ events, as shown
in Figure 5.2 (left), where the vertex finding is operated after the removal of the muon
tracks, mimicking a diphoton event without conversions. The performance in presence of
conversions is similarly studied using -y + jet events. An uncertainty is associated with
the discrepancies between data and simulation and propagated to the later stages of the
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analyses. The efficiency of selecting a vertex within 1 cm of the true one is also measured
for simulated signal events as a function of the pr of the diphoton system, and it is
compared to the average probability of a correct vertex selection as estimated by the
vertex probability BDT, as shown in Figure 5.2 (right).
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Figure 5.2: (Left) Validation of the vertex identification BDT in data and simulation for Z — u*u~
events, where the muon tracks are removed to mimic a diphoton event. (Right) Vertex
finding efficiency on signal events as a function of the diphoton pr, compared to the
average vertex probability BDT score.
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A loose set of requirements is applied to all photon candidates. Such requirements are
similar, though slightly more stringent, than those enforced by the trigger selection de-
scribed in Section 5.3. The preselection thus ensures that both data and simulation are
restricted to a common phase space. The leading (sub-leading) photon is required to have
a pr > 30 (20) GeV and a pseudorapidity smaller than 2.5, with the exclusion of the
region 1.44 < || < 1.57, corresponding to the transition region between EB and EE where
the lateral containment of electromagnetic shower is imperfect. Further requirements are
applied with different thresholds depending on the |77| and Rg of the photon candidate,
as summarized in Table 5.1. These involve selection on the ratio of the energy in the HCAL
behind the supercluster to the energy of the supercluster (H/E) to reject hadrons, on the
lateral extension of the shower (0;;,) defined as the energy spread in the 5 x 5 crystal
matrix centered on the crystal with the highest energy in the supercluster, on the photon
isolation (Zp,) computed as the sum of transverse energy of photons inside a cone of
AR = 0.3 around the photon candidate, and on the track isolation (Zy) corresponding to
the sum of the transverse momentum of all tracks in a hollow cone around the photon
with (inner) outer radius of AR = 0.3 (0.04). Additionally, all photons have to satisfy either
Ro9 > 0.8 and Z, < 20GeV, or Z,/pr < 0.3, where 7, is the charged-hadron isolation,
calculated as the sum of the transverse momenta of charged particles in a cone around
the photon of AR = 0.3. Finally, electrons are vetoed, by rejecting the photon candidate
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if its supercluster is matched to an electron track with no missing hits in the innermost
tracker layers.

Ro H/E Ty Ton (GeV) | Zi (GeV)
[0.5,0.85] | < 0.08 | < 0.015 <40 <6.0
Barrel
>0.85 | <0.08 - - -
[0.8,0.90] | < 0.08 | < 0.035 <40 <6.0
End caps
>090 | <0.08 - - -

Table 5.1: Summary of preselection requirements on shower shape variables and isolation quanti-
ties.

The efficiency of the preselection criteria is measured with the Tag and Probe technique,
described in Section 3.8, applied to Z — e*e™ events for all requirements, except the
electron-veto, for which Z — upu<y events are used. The ratio between the efficiencies
measured in data and simulation is found to be close to one for all photons and it is used
to correct the signal yields estimated from simulation in the analyses.

5.7 PHOTON IDENTIFICATION BDT

As illustrated in Section 4.3.1, photons produced in the jet fragmentation or collimated
photons from 7%, #° hadron decays represent nonprompt and fake photon production
that pollutes the selection of prompt photons from the Higgs boson decay. These con-
tributions are rejected by exploiting their different electromagnetic shape profiles and
isolation levels. A BDT is trained for such purpose with the following inputs:

¢ shower shape variables. The most discriminating ones (the width in # of the SC,
Ry, S4, Oiyiy, defined in Section 3.3) are corrected in simulation to attenuate the
discrepancy with data;

* isolation variables, Z,,, and Zy,; in order to reject misidentified photons originating
from a vertex different than the selected one, Z, is also computed with respect to
the vertex associated with the largest isolation sum and given as input the the BDT;

¢ the pseudorapidity and the energy of the ECAL supercluster associated with the
photon candidate;

The effect of pileup on the above quantities is accounted for in the discriminator by
including the median energy density per unit area in the event, p, among the input vari-
ables.

A flat identification efficiency as a function of 77 and energy of the photon is a desirable
feature in order to reduce the model-dependence of the photon selection. After transform-
ing, prior to the BDT training, the distributions of these two observables such that they
have the same shape for prompt and misidentified photons, the efficiencies are observed
to be flat.

The output of the photon identification BDT for the lowest-scoring photon of the pair
in data and simulation is shown in Figure 5.3 (left). The events are required to have a
diphoton invariant mass between 100 GeV and 180 GeV and to fulfill the preselection
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requirements. The BDT assigns high values (close to 1) to photons from signal events
and from events simulating the irreducible background coming from prompt diphoton
production, while low values (close to —1) are assigned to photons from simulated back-
ground events where at least one photon originates from jet fragmentation.

The agreement between data and simulation for the photon identification BDT is evalu-
ated on Z — ee™ events, with electrons reconstructed as photons, as shown in Figure 5.3
(right). A systematic uncertainty is assigned to the shape of the discriminator, estimated
in order to cover the largest observed discrepancy between data and simulation.
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g ; ‘ T T T ‘ T T T ‘ T T T ‘ T T T T ‘ ; 8 [ [ [ [ [ [ [ [ [ [ [ ]
= C 4 Data b Q 12? 7
Elo? [ Simulation: ) ] g 8 ¢ Data g
< E H-yy (m =125 GeV)x10 3 - . . B
LT>j E* total back%round+stat.uncert. 3 |_a>|j 10? Dzaee simulation N
r —vy ] L [ ]Simulation syst. unc. .
106 e y-jet - L 4
ElT jet-jet Irrrrr E 8 -
sL| i 1
10 % % 6 _
W ] ]
10%¢ 4 4
10°g 3 2 .
Ll Ll - Ll Al 0 \\\\\la

-1 -0.5 0 0.5 1 -08-06-04-02 0 02 04 06 08 1
Photon identification BDT score Photon identification BDT score

Figure 5.3: (Left) The photon identification BDT score is compared between data (points) and sim-
ulation (histograms), separately for signal (red) and background (blue) events. The
BDT output for the lowest-scoring photon of the pair is shown. (Right) The same dis-
tribution is shown for Z — eTe™ events in data and simulation, where electrons are
reconstructed as photons. The red hashed region shows the systematic uncertainty
assigned to the shape of the discriminator.
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The precision of the measurements extracted is improved by dividing the events into
categories. The most performant of such categories are characterized by a higher signal-
to-background ratio and better mass resolution. The primary event categorization is per-
formed via a multivariate classifier that aims at separating events containing a diphoton
pair with signal-like kinematic characteristics, good invariant mass resolution and photon
identification BDT scores typical of prompt photons.

For this purpose a BDT is trained, using the Toolkit for Multivariate Data Analysis with
ROOT (TMVA) package [92], with the following input variables:

¢ the transverse momenta for both photons, rescaled for the diphoton mass, pt/m1,;
* the pseudorapidities of both photons, 7! and 7%
e the cosine of the angle between the two photons in the transverse plane, cos(A¢);

¢ the identification BDT score for both photons;
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¢ the per-event relative mass resolution estimate, under the hypothesis that the mass
has been reconstructed using the correct primary vertex (0y,/1m.,);

¢ the per-event relative mass resolution estimate, under the hypothesis that the mass
has been reconstructed using an incorrect primary vertex (0wy/1);

¢ the output of the vertex probability BDT (potx).

The events must not be selected by the classifier according to their invariant mass:
given that the BDT is trained under a specific mass hypothesis for the signal (my =
125 GeV) and that the background processes are instead continuously distributed over the
invariant mass range used for the analysis, this feature would be highly discriminant and
exploited by the classifier, if available. Such a biased selection would result in distorted
invariant mass distributions that would compromise the technique of the signal extraction
fit, described in Section 5.11. The set of input variables is thus chosen such that the BDT
is blind to the mass information. For the same purpose, all dimensional quantities are
rescaled by the invariant mass of the diphoton system.

The relative invariant mass resolution estimators are computed by propagating the
photon energy resolution estimator, under the assumption that the functional form of
the latter is Gaussian. In the scenario where the correct vertex has been selected for the
reconstruction of the invariant mass, no additional contributions are considered for the
computation of the invariant mass resolution, since in this case the resolution in the
measurement of the energy of the photons is the dominant contribution. The relative
mass resolution in the right-vertex case is thus calculated as:

1 [/0r1\?  [0R2 ) 2
Opp/ Moy, 1= = — — .1
o/ My 2\/(151) +(E2 (5-1)
For those events where an incorrect primary vertex is selected, on the other hand, the es-

timator of the mass resolution includes an additional term, oy, given by the displacement
between the correct and the selected primary vertex. Such displacement is distributed as

a Gaussian with width ﬁaéemsmt, where U;eams’j % = 37cm is the average longitudinal
width of the luminous region of the CMS interaction point in 2016. The term oy, can be
computed analytically given the impact positions of the two photons in the calorimeter
and used to define:

Two/ Moy 1= \/(‘Trv/mw)2 + (o5 /1y )2 (5.2)

The distributions of the BDT input variables are shown Figure 5.4 for data and simula-
tion, where a satisfactory level of agreement is found. Residual mis-modeling does not
affect the soundness of the analysis, but would only make the classification and catego-
rization of the events sub-optimal. Events from data have to satisfy the same selection
simulated events undergo prior to the training of the classifier, described below.

In order to improve the performance of the classifier, the information that the signal-
to-background ratio is inversely proportional to mass resolution is injected in its training.
To such purpose, signal events are weighted by a combination of the two mass resolution
estimators, combined via the probability of a correct vertex choice, as follows:

Pvtx 1— pvtx
Urv/m'y'y Twy /m')/'y

wsig = (53)
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Figure 5.4: Data-simulation comparisons for BDT input variables (photon kinematic variables,
mass resolution estimates under correct and incorrect vertex hypotheses, cosine of the
angle in ¢ between the two photons, vertex probability). For every variable, the com-
parison between the cross-section-weighted mixture of simulated (stacked histograms)
samples with data (black points), normalized to the area, is shown, together with the
ratio plot.
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Events with a better mass resolution will be given more importance by the BDT.

The BDT is trained on events with a diphoton invariant mass between 100 and 180 GeV
passing, on top of the preselection, a loose requirement on the photon identification BDT
output (> —0.9, corresponding to 99% efficiency on signal events) and a selection on
their transverse momentum, scaling with the invariant mass of the diphoton system, set
to pr > 1/3(1/4)m,., for the leading (sub-leading) photon. These pr selections scaling
with m,,, allow less stringent cuts for lower m,., diphoton pairs, preventing shaping of
the mass distribution at the lower end of the selected mass spectrum.

The four main production mechanisms of the sSM Higgs boson (ggH, VBF, VH and
ttH) are simulated for a mass my = 125 GeV and used, each weighted by its cross sec-
tion, to compose the signal training sample. The POWHEG program has been chosen for
the simulation of the ggH, VBF and ttH events, since it brings the advantage of having
only positive per-event generator weights, which, as opposed to negative weights, are
more properly handled in the training procedure. The VH events are simulated with the
MADGRAPH5_aMC@NLO program, leading to a fraction of events with negative weight.
The handling of such events in the training of the classifier is technically non trivial and
can cause instabilities in the BDT results [92]. Given the small cross section of the VH
process, compared to the other production modes, and considering that only a fraction
of its events have a negative weight, such events were ignored in the training procedure.
This choice privileges stability of the result over optimal performance in the classification
of the VH events, the latter not being the primary goal of the classifier and being ad-
dressed by dedicated selections downstream in the analysis strategy (see Section 5.10.2).
The events with negative weight, though, are included in the samples used to evaluate
and validate the performance of the BDT.

The background training sample is the cross-section weighted mixture of SM back-
grounds including the irreducible prompt-prompt production and the reducible contri-
butions from events with at least one photon arising from the misidentification of a jet.

The background composition and the signal-to-background ratio vary as a function of
the photon kinematics, with the relative contributions from prompt-prompt, prompt-fake
and fake-fake components assuming different magnitudes as a function of the kinematics.

Three quarters of the signal and background samples are used to train the classifier,
while the remaining quarter forms the test sample, used in later stages of the analysis. Such
split is necessary in order to assess the performance of the classifier from a statistically
independent sample and to avoid bias due to over-training in later category extraction
and optimization.

The fake-fake background simulated sample has much lower statistical power com-
pared to the other background samples. The event weights for this sample have corre-
spondingly a larger magnitude. Such a hierarchy in the size of the event weights of the
samples is the cause of numerical instability of the training procedure. In order to avoid
this effect, the fake-fake simulated events are down-weighted by a factor 25.

This is a tolerable adjustment to the training configuration, since the output vari-
able of the classifier in TMVA, proportional to the signal-to-background-ratio, is related
to the ratio of the normalized probability densities for signal and background events,
Psig(X)/ Ppkg(x). The addition or subtraction of even a large number of background events
in a region poorly populated by signal events will not change the signal-to-background
discriminating power against the remaining background, but only the numerical value
of psig(x)/pokg(x), since the fraction of total background in the region is different, and
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thus the numerical value of the BDT output variable, which has no physical meaning. The
fake-fake events, indeed, are expected and found to mostly populate the low-score region
of the BDT output, i.e. the most background-like region, as shown in Figure 5.9, where the
BDT score distribution is shown separately for each process of the background. The overall
effect of the scaling of the weights of the fake-fake sample is thus to reduce the fraction
of total background in the training which survives in the signal-like region and, therefore,
changing the numerical values assigned by the TMVA classifier and the output shape. The
above difference is mainly technical and is a tolerable effect due to the down-weighting
of fake-fake events.

The classification performed by the BDT is studied by inspecting the input variables
in different bins of signal efficiency defined on the output of the BDT. By doing so, it is
possible to map bins of the score of the BDT to regions of its input variables. The definition
of the bins in signal efficiency on the BDT output is shown in Figure 5.5. The same bins
are shown for the BDT inputs in Figure 5.6, maintaining the same color key.
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Figure 5.5: Distribution for simulated signal events of the BDT output. Different colors correspond
to different bins of signal efficiency with respect to a selection performed on the BDT
output.

It can be seen that the classifier assigns high scores to events where the diphoton pair
reflects the characteristics of the signal. These events indeed have a boosted kinematic con-
figuration, have higher pr, principally low pseudorapidity values, good mass resolution
and high scores of the photon identification BDT.

The shape of the invariant mass distribution is also examined in the signal efficiency
bins defined above. In Figure 5.7 (left), such distribution is shown for simulated back-
ground events, normalized to unity in each efficiency bin. The distribution is smooth in
all bins, confirming that the BDT is not classifying events according to their invariant mass.
The same distributions are shown for simulated signal events in Figure 5.7 (right), where
it is made evident that the classifier is assigning a higher score to diphoton pairs with
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Figure 5.6:
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can be seen that events classified in efficiency quantiles corresponding to higher BDT
scores have higher pr, more central pseudorapidities and higher photon identification
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Figure 5.8: The classifier
ROC curve (left) and the shapes normalized to unity of the BDT output variable for simu-
lated signal and background events (right).

better invariant mass resolution, since the distributions become narrower as the signal
efficiency bin becomes higher.

The discriminating power of the BDT is summarized in Figure 5.8, where the Receiver
Operating Characteristic (ROC) curve of the classifier (left) and the shapes, normalized to
unity, for simulated signal and background events (right) are shown.

The distributions of the BDT output for individual processes composing the signal and
background samples are shown in Figure 5.9. The VBE, VH, and ttH production mecha-
nisms of the Higgs boson have a more boosted topology, compared to ggH [35], which
results in higher BDT scores for the events simulating these processes, consistently with
the analysis of classifier’s selection on its inputs, illustrated earlier in this section. As far
as the background samples are concerned, the prompt-prompt component is associated
to higher scores of the BDT, given that they are characterized by a better invariant mass
resolution compared to the prompt-fake and fake-fake components and that both photons
of the pair obtain high scores from the photon identification BDT, while events simulating
the prompt-fake and fake-fake components tend to cluster towards lower values of the
classifier.
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Figure 5.9: Shape of the BDT output variable split for different background (left) and signal (right)
samples. Background events with two prompt photons tend to have higher BDT scores.
VBE, VH, and ttH processes tend to accumulate to higher BDT scores compared to
gluons fusion.

The comparison between data and simulation is also shown for the BDT output distri-
bution in Figure 5.10. The BDT score is here transformed such that is has a flat distribution
between 0 and 1 for the sum of the simulated signal processes. Such transformation facil-
itates the visualization of signal efficiencies directly from the distribution.

5.8.1  Validation with Z — ee

The signal modeling described in Section 5.11 employs simulation to extract the signal
shape and normalization. Monte Carlo programs are expected to model correctly, within
the theoretical uncertainties, generator level kinematic variables of the diphoton system.
However, other quantities, in particular invariant mass resolution estimators and pho-
ton identification BDT scores, are also sensitive to an accurate simulation of the detector
geometry and response.

It is thus important to corroborate the fact that the simulation modeling of the signal
in data is accurate enough for the signal extraction to be viable and reliable. In order to
do so, events from the Z decay to electrons can be used, where the electrons are recon-
structed as photons. The extent to which the Z — ete™ events are representative of the
signal processes is limited by the intrinsic differences between the Z boson and the Higgs
boson: the kinematics of the decay products is different, due to the different spin of the
two bosons; the natural width of the Z boson (2.5 GeV) is comparable to the experimental
invariant mass resolution, whereas the Higgs boson natural width (4 MeV) is entirely neg-
ligible in this context, resulting in the Z boson being less sensitive to imperfect modeling
of the mass resolution estimators.

The comparison between data and simulation for Z — e*e™ events with a pr > 40 GeV
is shown in Figure 5.11 for the BDT input variables and in Figure 5.12 for the BDT score, re-
spectively. The electrons are reconstructed and selected as photons, except for the electron-
veto condition that is inverted. The agreement between data and simulation is found to
be generally good.

Systematic uncertainties are assigned, to correctly account for discrepancies in the in-
puts, to the simulation of the photon identification BDT and the per-photon energy esti-
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Figure 5.10: The score of the diphoton BDT for events with two photons in data (black points) and
simulated signal (red shades) and background (histograms) events. The distribution
has been transformed to have a flat distribution between 0 and 1 for the sum of the
simulated signal processes. The vertical dashed lines represent the boundaries of the
categories defined for the analysis, described in Section 5.9, and the grey shaded area
indicates the events discarded by the categorization.
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mators, with the latter being propagated to the invariant mass resolution estimators. The
impact of these systematic uncertainties on the BDT output, shown by the red-shaded
band in Figure 5.12, is found to adequately cover the data-simulation mis-modeling.

5.9 EVENT CATEGORIES IN DIPHOTON BDT OUTPUT

The diphoton BDT score is used primarily to define categories, without targeting an indi-
vidual production mode. Such categories, called for this reason Untagged categories, are
thus mostly populated by events produced via the most abundant Higgs boson produc-
tion mechanism at the LHC, i.e. ggH.

The number of Untagged categories and the position of their boundaries is optimized
using an iterative procedure, described below. For an n-category analysis, n boundaries
are initially placed at equal distances in signal quantiles from each other, given the two
fixed boundaries at the edges of the spectrum —1 and 1. By using n boundaries, n + 1
categories are defined, out of which only 7 are selected for the analysis and for the cal-
culation of the expected performance of the categorization, while the events falling in
the lowest-BDT score category are discarded. The positions of the boundaries are free to
float and for each configuration of the categories explored the p-value of a signal-plus-
background fit is computed. Signal and background models, simplified with respect to
the full models described in Sections 5.11 and 5.12 to improve the speed of the compu-
tation, are extracted from simulation: the background model is extracted through an ex-
ponential shape fit to the diphoton invariant mass distribution in simulated background
samples; the signal model is extracted through the fit to the same variable in simulated
signal samples of a sum of Gaussian functions. The median expected significance of the
signal hypothesis is then extracted from a fit to an Asimov toy dataset thrown from
the signal-plus-background model simultaneously in all categories. The positions of the
boundaries are adjusted minimizing the combined p-value. The optimization is repeated
for an increasing number of categories, from n =2 up ton = 6.

Since the procedure involves a large number of computations of the p-value, no sys-
tematic uncertainty is taken into account at this stage, as to reduce the CPU intensity of
the optimization.

The impact on the expected significance of the analysis of splitting the events into cate-
gories is shown in Figure 5.13. Since the additional gain brought by the use of 5 categories,
compared to 4 categories is only ~ 1.2%, a choice is made to employ 4 categories in the
analysis.

The optimised positions of boundaries defining these categories are found to be —0.405,
0.204, 0.564, 0.864, expressed in terms of the BDT output variable. The categories are
labeled Untagged o, 1, 2 and 3, in decreasing order of diphoton BDT values.

The category optimization is performed on the same simulated processes used for the
training of the diphoton BDT, but selecting the test sample, kept statistically independent
for this purpose. The category definition is in principle dependent on the mass of the
Higgs boson. However, the simulated signal samples are generated for mass hypothesis
of 125 GeV, which is very close to the measured world average [1]. Furthermore, the BDT
classifier has been proved to be insensitive to the mass value (see previous Section).
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Figure 5.11: The BDT input variables (photon kinematic variables, mass resolution estimates under
correct and incorrect vertex hypotheses, cosine of the angle in ¢ between the two
photons, vertex probability) are compared between data (black points) and simulation
(filled histogram) on electrons reconstructed as photons from Z boson decay.
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of the expected significance is approximated since it is extracted from a simplified
signal+background fit. It can be seen how the relative gain in expected significance
becomes of the order of 1% after n = 4.

5.10 EVENT CATEGORIES FOR INDIVIDUAL PRODUCTION MODES

The generic event categories described in Section 5.9 select events based uniquely on
the characteristics of the diphoton pair, regardless of the production mechanisms from
which they originate. Exclusive categories, which combine the diphoton information with
topological information on the specific production mode, are defined for VBF, VH and
ttH events.

5.10.1 ttH categories

Events produced via the ttH production mechanism feature a top quark-antiquark pair
in association with the Higgs boson. The the top-flavored pair decays into two b quarks
and two W bosons of opposite charge. Depending on the type of decay of each W boson,
different event categories can be defined:

¢ semi-leptonic decays, where at least one W boson decays in the leptonic channel
(ttH Leptonic):

- diphoton BDT score greater than 0.11;
- p1/m., greater than 1/2 (1/4) for the leading (sub-leading) photon;

— at least one lepton, either electron or muon, as defined in Chapter 3, with a
pr > 20 GeV and || < 2.4. Electrons must satisfy a set of loose identification
requirements, as described in Section 3.4, and they are rejected in the EB-EE
transition region (1.4442 < |y| < 1.566). In order to reject misidentified elec-
trons arising from Z + ¢ — e"e” 1y events, the invariant mass of the electron
and either of the two photons, 1., must be at least 5GeV from the nominal Z
boson mass. Muons must also satisfy a requirement on their relative isolation,
based on the sum of the transverse energy of neutral hadrons and photons in
a cone around the muon with a radius depending on the pr of the muon;
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— at least two jets with || < 2.4 and pr > 25 GeV, and separated from each
photon or lepton by a AR > 0.4;

— at least one of the jets is identified as a b jet, according to the medium require-
ment of the CSV algorithm, as defined in Chapter 3;
¢ hadronic decays, where both W bosons decay to quarks (ttH Hadronic):
- diphoton BDT score greater than 0.58;
- pr/m.., greater than 1/3 (1/4) for the leading (sub-leading) photon;

no leptons, defined as for the Leptonic category;

at least three jets in || < 2.4 with pr > 25 GeV;

at least one of the jets is identified as a b jet, according to the loose requirement
of the CSV algorithm, as defined in Chapter 3;

a selection on a BDT discriminant designed to enhance the tagging of ttH multi-
jets events, which takes as input the number of jets with pr > 25 GeV, the
leading jet p1, the two highest scores of the b-tagging CSV algorithm.

5.10.2 VH categories

The associated production of the Higgs boson with a Z or W boson leads to the presence
of leptons, jets, and missing transverse momentum in the event. Different categories are
defined according to the decay mode of the vector boson:

¢ leptonic Z decays (ZH Leptonic):
- diphoton BDT score greater than 0.11;
- pr/m.., greater than 3/8 (1/4) for the leading (sub-leading) photon;

- two same-flavor leptons, defined as for the ttH Leptonic category, with a com-
bined invariant mass between 70 and 110 GeV;

— electrons associated with a reconstructed conversion of a photon are vetoed,
by requiring that, if the electron and the photon candidates share an ECAL
supercluster, the angular separation between the center of the supercluster and
the electron track is larger than 0.4;

¢ leptonic W decays (WH Leptonic):

- diphoton BDT score greater than 0.28;

- p1/m.,, greater than 3/8 (1/4) for the leading (sub-leading) photon;

— at least one lepton, defined as for the ttH Leptonic category;

— missing transverse momentum larger than 45 GeV;

- at most two jets in || < 2.4, with pr > 20 GeV, and with an angular separation

from each photon or lepton larger than 0.4;

* loose selection of both W and Z decays (VH LeptonLoose), defined as the WH
Leptonic category, except for the inverted requirement on the missing transverse
momentum (< 45 GeV);
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¢ leptonic decays of Z or W, with at least one missing lepton (VH MET)
- diphoton BDT score greater than 0.79;
- p1/m., greater than 3/8 (1/4) for the leading (sub-leading) photon;

— missing transverse momentum larger than 85 GeV and with a separation in
the ¢ angle from the diphoton system larger than 2.4;

¢ hadronic decays of Z or W (VH Hadronic)
- diphoton BDT score greater than 0.79;
- pr/m., greater than 3/8 (1/4) for the leading (sub-leading) photon;

- at least two jets in || < 2.4 with pr > 40 GeV, with a combined invariant
mass compatible with the Z mass, i.e. between 60 GeV and 120 GeV;

- |cos(6*)| < 0.5, where 6* is the photon helicity angle in the Collins-Soper
frame [32], to reduce ggH contamination.

5.10.3 VBF categories

The VBF topology is characterized by the presence of two jets with a large pseudorapid-
ity gap, originating from the quarks radiating the vector bosons. The tagging of events
containing jets with kinematical features compatible with those of the VBF production
mode is achieved via a multivariate discriminant (di-jet BDT). The di-jet BDT is trained for
VBF signal events against a background of ggH production with additional jets.

The di-jet BDT is further combined with the diphoton BDT and the diphoton transverse
momentum, rescaled by the invariant mass, p%v/ M., into an additional BDT classifier
(VBF combined BDT). The VBF combined BDT is used to extract and optimize three cate-
gories, maximising the median expected significance, with a procedure similar to the one
described in Section 5.9.

The selection of candidate VBF events is summarized as follows:

* pr/m,, greater than 1/3 (1/4) for the leading (sub-leading) photon;

¢ photon identification BDT output larger than —0.2, to further reject contamination
from prompt-fake background events;

* two jets in || < 4.7, with pr > 30 GeV (20 GeV) for the leading (sub-leading) one,
and with a combined invariant mass larger than 250 GeV.

5.10.4 Categorization order

All the events fulfilling the preselection requirements and with 100 GeV < m,, <
180 GeV are considered for the analysis and assigned to one event category.

A priority order is defined among the categories, with higher priority assigned to cate-
gories targeting individual production modes and to categories with low expected signal
yields. Events fulfilling the selection requirements of multiple categories are therefore
assigned only to the highest-ranking category, making the categories exclusive. The or-
der chosen is the following: ttH Leptonic, ttH Hadronic, ZH Leptonic, WH Leptonic, VH
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LeptonicLoose, VBF categories, VH MET, VH Hadronic, and Untagged. The VBF and Un-
tagged categories are internally ranked from higher to lower values of their respective
BDT discriminators.

5.11 SIGNAL MODEL

The shape of the signal peak in the diphoton invariant mass distribution is constructed
from events simulating the four main production modes. The shape is modeled using the
sum of up to 5 Gaussians as a functional form.

The signal model is constructed separately for each category and for each process. Such
segmentation of the signal modeling allows the separate extraction of the corresponding
components of the signal yields, laying the grounds for the measurements of per-process
and per-category signal strengths.

Furthermore, the additional angular contribution to the invariant mass resolution aris-
ing from an incorrect vertex identification, as described in Section 5.4, leads to a signifi-
cantly broader mass peak shape. For this reason, the distributions for events with a correct
vertex assignment within 1 cm and the remainder of the events are modeled separately.

Each component of the signal model is built under different mass hypotheses for the
Higgs boson, comprised between 120 and 130 GeV, using the same functional form. The
parameters of the fit are then interpolated between the mass values, producing a contin-
uous signal model as a function of my. In this way, the mass of the boson can be floated
in the signal extraction fit.

The simulated signal events take into account differences between data and simulation
in trigger, identification and selection efficiencies, as measured with data-driven tech-
niques and described in Section 3.8. Photon shower shapes are tuned in order to take into
account data-simulation discrepancy, as described in Section 5.7. Furthermore, events are
weighted to take into account the different size of the luminous region in simulated and
real conditions.

Each signal shape component is normalized to its expected signal yield and summed
to obtain the final signal model in each category.

An example of the signal shape as a function of my for the Untagged 1 category is
shown in Figure 5.14, left. The same model, evaluated at my = 125 GeV is shown in
Figure 5.14, right. Two estimates of the width of the signal peak are also displayed on the
figure: the oo value, corresponding to half of the interval covering 68.3% of the integral of
the distribution around its maximum (grey area); the full width at half maximum (FWHM)
(double headed arrow).

5.12 BACKGROUND MODEL

The background model for the m,., distribution is extracted entirely from data and em-
ploys the discrete profiling method [36]. Such method was developed to include the choice
of the background functional form as a discrete nuisance parameter in the likelihood used
to fit the data. This provides a way to estimate the systematic uncertainty associated with
the choice of a particular functional form directly from the fit, thus including it in the
statistical component of the uncertainty.
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Figure 5.14: Signal shape for the Untagged 1 category as a function of myy(left) and evaluated at
my = 125 GeV (right). The points indicated the simulated signal events and the blue
lines the fitted models.

Four families of candidate functions, able to qualitatively describe the falling diphoton
invariant mass distribution, are considered: exponentials, Bernstein polynomials, Laurent
polynomials, and power law functions.

When a signal-plus-background hypothesis is fitted to the data, the value of twice the
negative logarithm of the likelihood is minimized. In this process, through the dedicated
discrete nuisance parameter, all functions of the four families are tested as possible ana-
lytic descriptions of the background shape. In order to reduce the initial set of functions
to a finite one, only functions satisfying a threshold in goodness of fit are considered. Fur-
thermore, the highest order considered is determined by increasing the number of free
parameters until the marginal improvement brought by using a function of the (N+1)-th
order, instead of the N-th order, falls below a predetermined threshold. Such improve-
ment is quantified by the difference in x? of the two fits. In order to account for the
number of free parameters in the fit, N3, this quantity is added as a penalty term to the
minimized likelihood function. The minimized quantity, for each given candidate func-
tion B, is thus the penalized likelihood L B, defined as:

—2InLlp = —2InLg + Nj, (5-4)

where Lp is the unpenalized likelihood function.

5.13 SYSTEMATIC UNCERTAINTIES

Several sources of systematic uncertainty are taken into account in the extraction of the
results of this analysis. They can be grouped in two classes, depending on whether their
origin has a theoretical or an experimental nature. The sources of systematic uncertainties
taken into account with a theoretical origin are the following:

¢ QCD parameters, including: uncertainty on the renormalization and factorization
scales; PDF uncertainties, included following the PDF4LHC prescription [14, 72] for
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normalization and the MC2HEssIAN procedure [16] for migrations; uncertainty in
the strong coupling constant, as;

uncertainty on the H— << branching fraction, assessed to be about 2% [72];

change in the UE and parton shower description, estimated using simulated samples
with different tuning of the generators;

ggH contaminations in categories with large Higgs boson pr and high jet-multiplicity,
given that the ggH samples include the simulation of the emission of two additional
jets, limiting the reliability of the ggH prediction in this regime. In particular, for
the ttH tagged categories, are included: a 10% uncertainty associated with the size
of the simulated samples; additional uncertainty in the parton shower modeling
at high jet multiplicity, estimated at 35% for jet-multiplicity larger than 5; uncer-
tainty associated with the gluon splitting modeling, regulating the contamination
from ggH events with real b jets, estimated using the discrepancy between data and
simulation in the ratio o(ttbb)/c(ttj) at 13 TeV [90]. For the VBF categories, the
following uncertainties are taken into account: uncertainty in jet multiplicity calcu-
lation, based on the STWZ [94] and BLPTW [73, 81, 94] prescriptions; uncertainties
in the modeling of the Higgs boson pr, resulting in 6-8% change in the ggH contam-
ination; missing higher-order QCD terms in the theoretical calculations, affecting
the migration of ggH events into VBF categories, estimated using an extension of
the Stewart-Tackmann method [48, 93].

The experimental sources of systematic uncertainty included in the analysis are:

* photon energy scale and resolution, determined with Z — e*e™, in particular:

- uncertainties in the determination of the photon energy scale and resolution
corrections. These uncertainties are assessed by varying the Rg distribution,
the energy regression settings and the selection of electrons used to derive the
corrections. The propagation of these uncertainties, in bins of pseudorapidity
and Ry, leads to variations of the photon energy from 0.15% to 0.5%, depending
on the photon category;

- non-linear effects in the energy scale extrapolation between the Z boson mass
and the H boson mass, evaluated using electrons from the decay of boosted Z
bosons and found to have an impact of 0.1% of the photon energy;

- uncertainty in the modeling of the fraction of scintillation light reaching the
photo-detectors, accounting for the variation of transparency of the ECAL crys-
tals, affecting the photon energy by 0.07%;

- uncertainties in the electromagnetic shower simulation in GEANT}Y, evaluated
to be 0.05% of the photon energy.

- imperfect determination of the amount of material upstream the ECAL, assessed
using dedicated simulated samples with variations of the material budget and
found to affect the energy scale at most by 0.24%;

- uncertainty in the modeling of the shower shape in simulation, estimated using
samples with and without the corrections described in Section 5.7, with an
impact between 0.01% and 0.15% on the energy scale, depending on the photon
category.
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* uncertainties in efficiencies of trigger selection and preselection, assessed in Z —
e"e” events, and varying between 0.1% and 0.5% variation of the event yield, de-
pending on the category;

* uncertainties in the photon identification BDT output and per-photon energy reso-
lution estimator, assigned to cover the data-simulation discrepancies in Z — ete”
and propagated through the diphoton BDT;

¢ the determination of energy scale and resolution corrections for jets, whose uncer-
tainty is responsible for event migrations between categories of the order of 10%;

¢ uncertainty in the missing transverse momentum, evaluated by varying within its
uncertainty the pr of the particle candidates, each according to its type, entering the

calculation of pTiss;

¢ the discrepancy between the identification of pileup jets in data and simulation, in
events with a Z boson and one jet;

¢ the discrepancy between data and simulation in the identification efficiencies for
electrons and muons, estimated with the tag-and-probe technique in Z events;

¢ uncertainty on the CSV b tagging discriminant, assessed comparing data and simu-
lation;

* an uncertainty of 2% is assigned to the vertex selection efficiency, arising form the
modeling of the UE and from the ratio of efficiencies between data and simulation
inZ — utu~ events;

¢ the uncertainty in the integrated luminosity measurement for the data set analyzed,
assessed to be 2.5% [28].

As described in Section 5.12, the discrete profiling method includes the systematic
uncertainty associated to the background modeling in the statistical uncertainty of the
likelihood fit. It thus does not appear among the sources of systematic uncertainties listed
in this Section.

The systematic uncertainties with the largest impact on the results are the modeling of
the photon ID BDT and per-photon energy estimator, the determination of the energy scale
and resolution corrections, the jet energy scale correction, and the integrated luminosity.

The total impact of all the sources of systematic uncertainty is of a few percent on the
inclusive signal strength measurement. For this measurement, even though characterized
by the smallest statistical uncertainty among those in this Chapter, the systematic compo-
nent of the uncertainty is found to be largely subdominant. A summary of the impact of
the different sources of systematic uncertainties is given in Fig. 5.15.

5.14 RESULTS

The analysis presented in this Chapter provides the measurement of the properties of
the Higgs boson in its diphoton decay channel. The signal strength modifier, y, defined
as the ratio between the observed signal yield and the corresponding SM expectation, is
measured inclusively and individually for each production mode.
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Figure 5.15: The different sources of systematic uncertainties and their impact on the signal
strengths, inclusively and for the VBF and ttH production mechanisms. The solid
(empty) bars show the observed (expected) results.

The expected number of signal events in each category is shown in Figure 5.16, where
the contributions of individual production mechanisms are indicated in different colors.
The figure also lists, for each category, two estimates of the width of the signal peak, o
and the FWHM, as defined in Section 5.11, and the ratio between the number of signal
events and the sum of signal and background events within one ¢ around the peak.

The results are extracted through a maximum likelihood fit, simultaneously in all cat-
egories, to the diphoton invariant mass distribution. In addition to the signal strength
modifier, the mass position of the signal peak is free to float in the fit.

The result of the signal-plus-background fit and the data are reported for the 4 Un-
tagged categories in Figure 5.17. The same information is shown for the tagged categories
in Figures 5.18 and 5.19 and summed over all the categories in Figure 5.20.

The total uncertainties are extracted by performing a likelihood scan around its mini-
mum value, applying an asymptotic approach [11, 63, 83] using a test statistic based on
the profile likelihood ratio (7(#) = —21In (A(p)), where y is the signal strength modifier
and A the profile likelihood ratio function) [46]. The contribution of statistical uncertain-
ties is evaluated by carrying out a likelihood scan where the nuisances associated with
the different sources of systematic uncertainty are not allowed to float. The systematic
uncertainty is then computed as the difference in quadrature between the total and the
statistical uncertainties. The results of these scans for the measurement of the inclusive u
are shown in Figure 5.21.

The inclusive signal strength modifier is measured to be

i= 1.18f8:%i = 1.18f8:ﬁ (stat)fgjgg (syst)f8:82 (theo) (5.5)
with a best fit mass of
iy = 125.4GeV £ 0.3 GeV = 125.4GeV £ 0.2 GeV (stat) = 0.2 GeV (syst) (5.6)

compatible with the world average of 125.09 GeV [1].
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Figure 5.16: Number of expected signal events in each category, with the breakdown of the relative
contributions of individual production mechanisms.

The measurement of per-production mode signal strength modifiers is summarized in
Figure 5.22. The observed (expected) values for the VBE, VH, and ttH processes corre-
spond to p-values of 4.2% (1.8%), 0.47% (12%), and 0.074% (7.3%), respectively.

The signal strength modifiers can also be grouped and defined for fermionic production
modes (ggH and ttH), HeoH it/ and bosonic ones (VBE, VH), pvgr,va. The measurement of
these two quantities is extracted through a two-dimensional scan of the likelihood, shown
in Figure 5.23. The best fit values are ptgpy gy = 1.197073 and pyprvn = 1.21702.

The x-framework [71] can be used to parametrize distortions of the SM predictions by
using coupling modifiers, indicated with «, in the calculation of the scattering amplitudes.
The two-dimensional likelihood scan for the measurement of the Higgs boson coupling
modifiers to fermions, k¢, and to bosons, kv, is shown in Figure 5.24, left. Similarly, the
measurement of the modifiers of effective coupling to photons, x,, and to gluons, «g,
is reported in Figure 5.24, right. The point (ky,x¢) = (1,—1) is inconsistent with the
observed (expected) best fit value at 5.8 (7.0) standard deviations.

59



60 PROPERTIES OF THE HIGGS BOSON IN THE DIPHOTON DECAY CHANNEL

CMS 35.9 fb! (13 TeV) CMS 35.9 fb! (13 TeV)
> wawxwxw > H“““‘
) 80 - ) —»W -
~ ~ Untagged 0 ~ ~ Untagged 1 —
I~ ,=125.4 GeV, {i=1.18 99 O 25005 ~125.4 Gev, fi=1.18 99 .
2 70 ¢ Data _ P ¢ Data _ ]
S eols — S+Bfit S 2000 — S+Bfit ]
b M B component aOFN e B component ]
50 + + ]
; Bl 1o 1500 [ | ;;U 3
20 [C*20 ]
30 1000 -
20 ]
500 -
10 ]
0 0
3U T T T T T =)
B component subtracted 3 150
20 E 100
10 E 50
0 4 of 4
-10 E S0 E
E -100 =
100 110 120 130 140 150 160 170 180 100 110 120 130 140 150 160 170 180
m,, (GeV) m,, (GeV)
CMS 35.9 fb! (13 TeV) CMS 35.9 fb* (13 TeV)
> O e e e e e e e e > 18000 T T T T e e
) EH-yy ] [} FH-yy B
[ -~ Untagged 2 B L~ ~ Untagged 3 ]
© TO00Ef =125.4 Gev, {i=1.18 99 ] © 16000 1,=125.4 GeV, {i=1.18 99 3
a soook ¢ Data E a £ ¢ Data E
e TP — S+Bfit E S 14000 — S+Bfit E
o S000F-% e B component G200 e B component
E B +lo E 10000F- Bl tlo =
40001~ [*20o 3 £ [ J*¥20 ]
£ ] 8000 3
3000 3 E 3
£ ] 6000 — —
2000 - £ !
E ] 4000 3
1000~ - 2000F- 3
okAAAlAAAAlAAAAlAAAAlAAAAlAAAAlAAAAlAAA 0 e b b b b b b by
‘ ‘ ‘ " B component subtracted J 300 ‘ ‘ ‘ " B component subtracte
200 200
100 100 ¥-
0 0
-100 -100
-200
_200 L L L L L L L - | L L L L L L L =
100 110 120 130 140 150 160 170 180 100 110 120 130 140 150 160 170 180
m,, (GeV) m,, (GeV)

Figure 5.17: The signal-plus-background model fits and data for the four Untagged categories. The
green (yellow) bands indicate the one (two) standard deviation uncertainty bands in
the background component of the fit.
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Figure 5.18: The signal-plus-background model fits and data for the VBF and ttH categories. The
green (yellow) bands indicate the one (two) standard deviation uncertainty bands in
the background component of the fit.
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Figure 5.19: The signal-plus-background model fits and data for the VH categories. The green
(yellow) bands indicate the one (two) standard deviation uncertainty bands in the
background component of the fit.
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Figure 5.20: The signal-plus-background model fits and data, summer over all the categories of
the analysis. The green (yellow) bands indicate the one (two) standard deviation un-
certainty bands in the background component of the fit.
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Figure 5.21: The likelihood scan for the signal strength where the value of the SM Higgs boson
mass is profiled in the fit.
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Figure 5.22: Signal strength modifiers measured for each process (black points), with the SM Higgs
boson mass profiled, compared to the overall signal strength (green band) and to the
SM expectation (dashed red line).
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Figure 5.23: The best fit value (black cross) of the two-dimensional likelihood scan for Moot ffH
versus pypr,vH is compared to the SM expectation (red diamond). The solid (dashed)
contour shows the 68% (95%) confidence region.
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Figure 5.24: The best fit values (black crosses) of the two-dimensional likelihood scan for ¢ versus
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dictions (red diamonds). The solid (dashed) contour shows the 68% (95%) confidence
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Part II1

FIDUCIAL AND DIFFERENTIAL MEASUREMENTS OF THE
HIGGS BOSON PRODUCTION AT THE LHC

This Part reports the latest measurements of fiducial and differential cross
sections for the production of the Higgs boson decaying to two photons, per-

formed on pp collision data at /s = 13 TeV collected with the CMS experi-
ment.






INTRODUCTION

This Chapter presents broadened and more extensive studies of the diphoton decay chan-
nel of the Higgs boson, by introducing the concept of differential and fiducial production
cross sections. After a review of the specific tools developed for this kind of measure-
ments, the results are presented and discussed.

6.1 INTRODUCTION

The measurements of the inclusive production rates and couplings presented in Chapter 5
employ a highly sophisticated categorization scheme and the full information provided
by the simulation of events to optimize the performance of the analysis. While achieving
the best statistical precision, this approach leads to a strong model-dependence of the
results. A complementary approach consists in performing fiducial cross section measure-
ments: in fact, the measurement of cross sections, in place of signal strength modifiers,
allows to decouple the measurement from the underlying theory predictions. In partic-
ular, cross section measurements remain valid regardless of new theoretical calculations,
with which they can be directly compared. The extraction of fiducial measurements en-
tails the definition of a fiducial volume of the phase space to which the analysis is re-
stricted. This volume typically corresponds to the most performant region of the detector
and, at the same time, provides a fixed reference for theoretical predictions, which can
be calculated after the measurement has been performed. Furthermore, the definition of
a fiducial phase space allows to avoid uncertainties on the measurements due to extrap-
olation to the full phase space, which would rely on current theoretical prediction and
would constitute an additional source of model-dependence.

The model-dependence of the measurements is further reduced, compared to the cou-
pling analysis, by avoiding or minimizing the use of multivariate techniques, in favor
of simpler approaches. The measurement of signal strength modifiers, in fact, relies on
highly sophisticated tools with complex selection acceptances, preventing a straightfor-
ward interpretation as cross section measurements. Moreover, MVA approaches for event
categorization, as that described in Section 5.8, are optimized relying on state-of-the-art
theoretical predictions and simulations, causing the measurements to be strongly model-
dependent and preventing their re-interpretation as cross sections while the calculation of
predictions and simulation techniques advance. For this reason, a simpler categorization
scheme is studied and introduced for the fiducial measurements described in this Chap-
ter. This approach is found to provide largely model-independent results, at a limited cost
in terms of statistical precision. This cost becomes less and less limiting with the larger
and larger amount of data collected by the CMS and ATLAS experiments during the LHC
Runz2, making the measurement of fiducial cross sections a key element in the transition
from the discovery of the Higgs boson to the era of precision measurements.

Furthermore, the measurement of differential distributions allows a more thorough test
of the nature of the Higgs boson and its compatibility with the SM expectations. The
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production cross section can be measured as a function of observables describing the
kinematics of the diphoton system, as well as of the additional particles produced in as-
sociation with it. The spectrum of different observables is sensitive to different theoretical
aspects of the prediction computations, as it will be illustrated in Section 6.6. At the same
time, the differential cross section measurements offer a powerful probe for deviations
from the SM predictions.

The analysis presented in this Chapter shares a subset of its tools with the coupling
H — 7 analysis, described in Chapter 5. The Chapter will thus focus on the illustration
of the tools and techniques specific to this analysis, before presenting its results. The
results are as well described in a publication [26] which, at the time of writing this thesis,
has been submitted to the Journal of High Energy Physics. The structure, discussions and
illustrations of this publication are closely followed in the present Chapter.

6.2 MASS RESOLUTION ESTIMATOR

The categorization of the selected pair of photons relies on a relative invariant mass
resolution estimator. The invariant mass of the pair, m..,, is calculated from the energies
of the individual photons, E; and E;, and their opening angle, a as follows:

Moy = \/2E1E2(1 —cosa) (6.1)

When neglecting the angular contribution, the mass resolution can be computed by
propagation of the resolution estimators of the photon energies, obtaining the expression
already given in Equation 5.1. In the energy range of the photons selected in this analysis,
the resolution of the energy measurement in the ECAL depends on the energy of the
photon itself, via the stochastic and noise terms, introduced in Equation 2.2, as opposed
to high-energy photons whose resolution is dominated by the constant term. Such a
dependence is propagated to the mass resolution estimator described in Equation 5.1,
which thus depends on the invariant diphoton mass itself.

The correlation between the plain mass resolution estimator and the mass makes it
unsuitable for direct categorization, which would result in distortions of the diphoton
invariant mass spectrum. In particular, since events with a higher invariant mass tend to
have better mass resolution, the categories collecting photon pairs with good resolution
would perform a biased selection that would tend to exclude events at the lower end of
the mass window considered for the analysis. This would undermine the assumption of a
smoothly falling background distribution, on which the background modeling described
in Section 5.12 relies.

This effect can be avoided by removing such a correlation and building a decorrelated
relative invariant mass resolution estimator, indicated with o /m| decorr- Ihe decorrela-
tion procedure exploits the property that, given a continuous probability distribution
function f(x), its Cumulative Distribution Function (CDF), defined as y(x) = fx);m f(x')dx/,
maps the random variable x into a uniformly distributed one y. This property can be ap-
plied to build a uniformly distributed mass resolution estimator in each bin of m,.,, by
defining a mass dependent transformation

Y(Oro/ Moy |myy) = fo%/mw f((‘Trv/mw)/’mw)d(arv/mw)/ (6.2)

where the conditional distribution of ¢;,/m., on m,,, f ((U'rv/ M., ), is obtained from
simulation by histogramming oy, /m,, in bins of m,,. The variable y, being uniformly
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distributed in each of the bins of 1., does not depend on 1, anymore. A further trans-
formation can be applied to y in order to obtain a quantity physically interpretable as
a mass resolution. The inverse CDF at a fixed mass value serves to this purpose, where
the value of m,, = 125 GeV has been chosen. The final relative mass resolution estima-
tor obtained through this procedure is denoted with the symbol oy, /m| ..., Where the
subscript 7y is omitted to allow a simpler notation.

This technique is applied to background prompt-prompt simulated events and the
transformation is derived separately for events where both photons are reconstructed
in EB and for the other events. The effect of the transformation is verified by extracting
the profile of the mass resolution estimator versus the mass, which is shown in Figures 6.1
and 6.2, for events with both photons in EB and the remainder of the sample, respectively.
The negative correlation observed is entirely removed by the decorrelation transforma-
tion, which provides a flat profile in both event categories.
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Figure 6.1: The profile correlation distribution of the (decorrelated) mass resolution estimator as a
function of the di-photon mass is shown in the plot on the left (right), for events where
both photons are reconstructed in EB. The points (bars) correspond to the mean (RMS)
of the mass resolution estimator in a given mass bin.
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Figure 6.2: The profile correlation distribution of the (decorrelated) mass resolution estimator as
a function of the di-photon mass is shown in the plot on the left (right), for events
where at least one photon is reconstructed outside EB. The points (bars) correspond to
the mean (RMS) of the mass resolution estimator in a given mass bin.
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It is important to notice that the correlations with the pseudorapidities and the cluster
shape features of the photons are respected by the transformation, preserving the power
of the o /m| decorr ©Stimator to discriminate between events with high and low mass
resolution. This effect is illustrated in Figure 6.3, where the distribution of o /m| .00
in simulated background diphoton events is decomposed in various contributions, each
corresponding to a particular selection in # and Rg of the two photons. The multi-modal
structure of the distribution shown in the Figure is the result of two effects: the intrinsic
difference in energy resolution performance between the EB and the EE is responsible for
the dip occurring in correspondence of oy /m|y...., ~ 0.011, separating the distribution
for events with both photons reconstructed in the EB from the distribution for events
where at least one photon is reconstructed in the EE; the further splitting of these distri-
butions is due to different smearing corrections being applied to the energy resolution of
photons in different bins of (1, Rg), as described in Section 3.4.1. These features will be
exploited in the definition of event categories, as described in Section 6.4.

CMS Simulation, Preliminary
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Figure 6.3: Distribution of 0, /m| .., in simulated diphoton background events. Each of the
stacked histograms corresponds to different exclusive selections in pseudorapidities
and Ry of the two photons.

Events from Z — eTe~ decays, where electrons are reconstructed as photons, are used
to compare the modeling of 0 /m| 4o, in data and simulation on signal-like samples,
following the same logic described in Section 5.8.1. The imperfect modeling of the elec-
tromagnetic shower shape variables in simulation [38] affects the level of agreement be-
tween data and simulation for the per-photon energy resolution estimator and, thus, for
Om /M| jocop- FOT this reason, the output of the semi-parametric regression, which uses
them as inputs and which is detailed in Section 3.4.1, is recomputed after the cluster
shape corrections, described in Section 5.7, are applied to simulation. The comparison
of the o /m| 4., €stimator in data (dots) and simulation (histogram) is shown in Fig-
ure 6.4, for Z — ete” events where both electrons are in EB (left) and the remaining
events (right). The area depicted in gray corresponds to the region of events discarded
by the categorization described in Section 6.4. The systematic uncertainty assigned to
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Figure 6.4: The decorrelated mass resolution estimator om,/m|ye.op, for data and simulated Z —
ete” events. The distributions are shown separately for events with both electrons in
EB (left) and the remainder of the events (right). The shaded area represents the region
of values of oy /m| ..., Where events are not selected for the analysis.

the value of og/E for each photon candidate, described in Section 5.8, is propagated to
Om /M| jocorr and it is shown by the red-shaded uncertainty band for simulation.

6.3 EVENT SELECTION

Photons are reconstructed using the algorithms described in Section 3.3 and are selected
if they have a SC within |y| < 2.5, with the exclusion of the transition region between
the EB and the EE, corresponding to 1.4442 < |y| < 1.566. They then have to satisfy the
criteria defined by the preselection, described in Section 5.6. Photons are further required
to have transverse momentum divided by the diphoton mass grater than 1/3 and 1/4 for
the leading and sub-leading photon, respectively. A minimum requirement is set for both
photons on the score of the photon identification BDT, described in Section 5.7. This last
selection criterion is optimized simultaneously with the definition of the event categories,
described in Section 6.4.

Jets are clustered and selected as described in Section 3.5 and they are chosen if they
have pt > 30 GeV. Jets are required to be angularly separated from each of the pho-
tons by AR(7,jet) > 0.4, in order to avoid double-counting of photon candidates as jets.
Different pseudorapidity selections for jets are used in different parts of the analysis: a
more stringent one, which requires both jets to have || < 2.5, and one that extends the
selection up to || < 4.7. The two collections are used to study differential observables
requiring at least one or at least two selected jets in the event, respectively, as described in
Section 6.5. The || < 2.5 collection contains jets that benefit from tracker information, re-
sulting in better reconstruction quality and energy resolution; when applying the tighter
requirement of at least two jets in the same event, the |y| range is extended to 4.7 to in-
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crease the selection acceptance. The same kinematic selection is applied to generator-level
jets.

Jets selected within |57| < 2.4 and with pr > 30 GeV are identified as b jets if they
satisfy the tight working point requirement of the CSV tagging algorithm, introduced in
Section 3.6. At the generator level, a jet is considered a b jet if it contains at least one
clustered B hadron.

Leptons (electrons and muons) are selected if they have pr > 20GeV and || < 2.4.
Furthermore, the minimum angular distance between a lepton and either of the photons
is required to be AR(+y,1) > 0.35. Electrons have to fulfill the selection described in Sec-
tion 5.10.1. Muons are additionally requested to be isolated, by setting a maximum on
the sum of the transverse energy, corrected for PU effects, of charged hadrons, neutral
hadrons and photons in a cone of radius 0.4 around the muon. At the generator-level,
leptons are required to satisfy the same kinematic selection. Furthermore, their momen-
tum is “dressed”, i.e., the four-momenta of all photons in a cone of radius AR = 0.1
around the lepton are added to the four-momentum of the lepton, allowing the recovery
of photons emitted as final state radiation.

The events used in this analysis were collected using the same diphoton trigger de-
scribed in Section 5.3. The efficiencies of the photon selection criteria are measured using
the T&P technique, introduced in Section 3.8, analogously to what is done for the coupling
analysis. While trigger and preselection efficiencies are unchanged compared to what al-
ready described there, the identification efficiencies are recomputed, given the different
working point of the selection on the photon identification BDT for this analysis. These
efficiencies are found to be 3% (5%) lower in data than in simulation for photons recon-
structed in EB (EE) with Rg < 0.85 (0.9), while they are compatible with unity within
statistical uncertainties for photons with large values of Rg. The efficiency scale factors
are taken into account in the final signal modeling, to correct the signal yields estimated
from simulation.

64 EVENT CATEGORIZATION

The events entering the analysis are requested to meet the preselection criteria, described
in Section 5.6, and to have a diphoton invariant mass between 100 GeV and 180 GeV. The
Om /M| geop, €Stimator, described in Section 6.2, is used to divide events into categories so
as to maximize the analysis precision. The number of categories, as well as the position
of their boundaries, is optimised with the same procedure described in Section 5.9. In
addition a minimum requirement on the photon identification BDT score of each photon is
optimised simultaneously with the category definition. The median expected significance
of the signal hypothesis, computed with simplified signal and background models, is
used as the figure of merit of the optimization, performed on simulated background
and signal events, normalized to the integrated luminosity of the analyzed data set of
359 fb~'. The median expected significance achievable with the current data set saturates
when splitting the events in more than three categories, which is taken as the optimal
number of categories. The optimized boundaries in 0, /m| .., for this configuration are
found to be 0, 0.0084, 0.012, 0.030, and the associated minimum threshold on the photon
identification BDT is 0.23, which corresponds to an efficiency of roughly 80% of selecting
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a diphoton pair in signal events in the baseline fiducial phase space, defined in the next
Section 6.6.

Thanks to the correlation of the o, /m| ..., With the pseudorapidities of the photons
it is possible to ascertain the correspondence between the categories extracted via the op-
timization procedure and different geometrical regions of the detector. The distributions
in Figure 6.3, described in Section 6.2, show that: the best resolution category (cat. o) des-
ignates approximately events where both photons are reconstructed in the central region
of EB (|| < 1.0); the intermediate resolution category (cat. 1) collects events with both
photons in EB, but at least one outside of its central region; the low resolution category
(cat. 2) is populated by events with at least one photon reconstructed in the EE.

65 PHASE SPACE DEFINITIONS

The inherent characteristic of fiducial cross section measurements is that of being per-
formed in a well-defined fiducial phase space, rather than extrapolated to the full phase
space. While the selection requirements in data, listed in Section 6.3, are applied to
reconstruction-level quantities, the definition of the fiducial phase space is set on generator-
level quantities, to provide measurements comparable to the theoretical predictions, which
do not account for the response of a specific detector. Given the finite resolution of this
response, the two selections, though chosen to be as aligned as possible, do not exactly
coincide, and event migrations can occur between the two: events belonging to the fidu-
cial phase space can fail the analysis selection, defining its efficiency, and events fulfilling
the selection criteria can originate from outside the acceptance of the fiducial phase space.
This latter type of migrations, labeled as outside acceptance signal component, defines the
proportions of the extrapolation occurring when interpreting the reconstructed signal
yields as fiducial cross sections and, thus, the level of model dependence of the measure-
ments on the theoretical predictions on which such an extrapolation relies.

The baseline fiducial phase space of this analysis, defined below, allows to confine these
kind of contributions to below 1% of the total selected signal. This phase space is defined
by requiring that generator-level photons have || < 2.5 and pr/m,, > 1/3 (1/4) for
the first (second) ranking photon in pt. The same kinematic selection is applied to recon-
struction level quantities at the reconstruction level. Furthermore, photons are required
to be isolated, by setting a maximum threshold of 10 GeV on the sum of the transverse
energy of stable particles contained in a cone of radius AR = 0.3 around the photon. This
phase space definition is used for the measurement of the integrated fiducial cross section
and for differential measurements as functions of observables pertaining to the diphoton
system only. On top of this baseline phase space, further requirements can be applied to
allow the measurements to be performed differentially in properties of additional objects
produced in association with the Higgs bosons and to study specific production modes.
A 1-jet sub-region of the phase space is specified by requiring at least one clustered jet
within || < 2.5, selected as described in Section 6.3. This definition corresponds to ~ 35%
of the baseline phase space and it is used to study observables involving one additional jet
in the event. Observables requiring two additional jets, instead, are measured in a 2-jets
phase space defined by requiring at least two jets, as defined in Section 6.3, within the
extended pseudorapidity range || < 4.7, corresponding to ~ 16% of the baseline phase
space. The VBF production mechanism is targeted by a dedicated phase space, labeled
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VBF-enriched and defined as a subset of the 2-jets, with selection criteria based on the
main topological features of the VBF production. In particular, the VBF-enriched requires
the pseudorapidity separation between the jets, A;yjf, to be greater than 3.5 and their in-
variant mass, m/, to exceed 200 GeV. The size of such a phase space for signal events is
~ 3.8% of the baseline phase space.

Three additional phase space definitions are introduced, aiming at increasing the pu-
rity of signal events produced via a specific mechanism. These phase spaces, where the
integrated fiducial cross section is measured, are defined by applying the following addi-
tional criteria, on top of the baseline requirements, on objects defined as in Section 6.3:

* at least one lepton, at least one b jet, labeled as >1-lepton, >1-b-jet, selecting ~
1.7 x 1073 of the signal events in the baseline phase space;

* exactly one lepton, pis® > 100 GeV, labeled as 1-lepton, high p* (~ 1.5 x 1073 of
baseline phase space);

* exactly one lepton, pis < 100 GeV, labeled as 1-lepton, low p#™ss (~ 7.4 x 1073 of
baseline phase space).

The definitions of the >1-lepton, >1-b-jet and 1-lepton, high p™** phase spaces reproduce
loosely the selection defined for categories, described in Section 5.10, targeting ttH and
W(Iv)H production mechanisms, respectively. The 1-lepton, low p* selects the region of
the phase space complementary in pTss with respect to 1-lepton, high p#™s.

The definitions of the phase spaces introduced above are replicated at the reconstruc-
tion level by applying the same selections on the corresponding reconstruction-level quan-
tities and objects.

6.6 OBSERVABLES

A comprehensive set of differential observables is chosen and studied in the relevant
phase spaces. A summary of these observables, with the respective bin choice, is given in
table 6.1.

The letter y indicates the rapidity of a particle or system of particles and the symbols j;
and j, are used to denote the pr -leading and p -sub-leading jet in the event, respectively.

Observables describing the kinematics of the Higgs boson are measured in the baseline
phase space and are dominated by the ggH production mechanism. The p]” in ggH
events is balanced by emission of QCD radiation and, thus, provides a sensitive probe to
the modeling of the latter, as well as to the modelling of the Yukawa coupling of the Higgs
boson. Similarly, the number of jets produced in association with the Higgs boson, Nie,
represents a complementary probe to the same theoretical aspects, as well as the modeling
of different production processes. Furthermore, the different productions mechanisms
present distinctively diverse p}’ spectra, with VH and ttH processes characterized by
more boosted production on average, making the differential measurement of the p}"
distribution sensitive to variations of the SM predictions and to contributions from BSM
processes. The rapidity of the diphoton system, |y77], is a sensitive probe to the Higgs
boson production mechanism and the PDFs of the proton [35]. An important observable
is the cosine of the photon helicity angle 6*in the Collins-Soper frame [32], | cos(6*)|,
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whose distribution is particularly sensitive to the spin and CP hypotheses of the decaying
particle.

Observables describing the kinematic of the jets and their configuration relatively to
the diphoton system are mostly sensitive to the modeling of the QCD radiation and to the
relative contributions of different production mechanisms. In particular, while the 1-jet
phase space is still dominated by ggH production, in the 2-jet phase space the contribu-
tion from VH and VBF processes becomes more significant. For this reason, a subset of
, |AgT7I2|) is also measured in the VBF-

the observables involving two jets (p, |A¢/2
enriched phase space.

The number of b jets, leptons and the missing transverse momentum are indicated with
Nj};t, Niepton, and p'ss, respectively, and provide useful probes to contributions from pro-
duction mechanisms, other than ggH, and to BSM effects. Contributions to the differential
cross sections originating from BSM processes are, more in general, expected to be relevant
in specific regions of the phase space depending on the alternative model considered.

The bin choice for the measurements has been determined as a trade-off between the
number of parameters measured and their relative uncertainty. Care has also been taken
to align the bin choice with that of similar measurements performed in other channels or
on different data sets, in view of the combination of those results with the ones presented
here.

For each subset of the baseline phase space, the events not contained in the subset, but
part of the baseline phase space, are collected in an additional bin, labeled underflow. As
for all other bins, this additional bin corresponds to an additional process at the generator
level whose normalization is extracted in the final likelihood fit, and at the reconstruction
level to an additional event category. The events in this bin are used in the final signal
extraction, both for integrated and differential measurements, to account properly for
event migrations between the baseline and the subset considered and to provide addi-
tional information used to constrain the nuisance parameters of the fit. In particular, this
configuration allows the floating of the mass position of the signal peak, my, which can
thus be inferred and constrained from data.

67 STATISTICAL ANALYSIS

For a differential observable with ny, kinematic bins, the analysis extracts the cross sec-
tion in all bins via a simultaneous binned maximum likelihood fit to the m.,, spectra in
all event categories. The same bin choice used at the generator level, introduced in Sec-
tion 6.6, is transferred at reconstruction level and applied to the events selected by the
three event categories in 0, /m| 4.0, With the consequence of increasing the final number
of categories to 3n,. Furthermore, the misalignment between generated and reconstructed
quantities causes event migrations across bins and categories. These migrations are mea-
sured by sorting simulated signal events in the matrix defined by the generator and
reconstruction bins, also labeled response matrix. Most of the events populate the diagonal
elements of this matrix, with the number and size of populated off-diagonal elements
becoming larger with the worsening of the resolution of the detector in the observable
studied. Two examples of such matrices are shown in Figure 6.5: the response matrices for
the differential measurement as a function of p)” (top row) are mostly diagonal, thanks
to the high resolution in the diphoton momentum, while the matrices for the N observ-
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Phase space Observable Bins
P’ (GeV) 0 15 30 45 80 120 200 350 0
Njet o 1 2 3 4 0
ly"7| 0 015 03 06 09 25
| cos(6*)] 0 01 025 035 055 1
Baseline i’ (GeV), Nt =0 |0 20 60 oo
i’ (GeV), Nt =1|0 60 120 o0
pf’ (GeV), Nie>1 |0 150 300 00
szt o 1 2 00
Nlepton o 1 2 ©o
pRiss (GeV) 0 100 200 ©0
ot p’Tl (GeV) 0 45 70 110 200 ©0
1-je .
Baseline + > 1 jet "] . 0 05 12 2 25
ph > 30 Gev, [yj] <25 | 157" °© 26 29 303 7
|AyTV | 0 06 12 19 o
Pk (GeV) 0 45 90 o
ly”2| 0 1.2 25 4.7
2-jets |Apii2| o 09 18 7
B;iseline +2>2 jgts |ApY V2| 0 2.9 305 T
] _
pr > 30 GeV, /| < 4.7 isia — 1| 0 05 12 oo
mj j, (GeV) 0 100 150 450 1000 ©0
A, | 0o 1.6 43
VBF-enriched pi (GeV) 0 45 90 o
2jets + Ayl > 35, |AphR| o 09 18 &
m/ > 200 GeV |AgT Vil 0 29 305 T

Table 6.1: The differential observables studied with the corresponding bins chosen, grouped by
the region of fiducial phase space where the measurements are performed.
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able (bottom row) show larger off-diagonal elements. These matrices are defined for each
of the three categories in 0m/m| 4., and labeled as K, where i indicates the category
under study, the column index k represents the generator-level bin and the row index j
the reconstruction-level bin.
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Figure 6.5: The response matrices for pp (a) and Niet (b). The matrices are derived separately for
categories 0, 1, and 2 of 01, /M| oo Shown from left to right. The numbers in the cells
of the matrices indicate the efficiency of a cell in selecting events in the corresponding
generator-level bin, across all o /m| ..o Categories.

The signal model, built with the same technique described in Section 5.11 for the cou-
pling analysis, is constructed separately for each cell of these matrices, as well as for the
signal components originating inside and outside the acceptance of the fiducial volume,
and for events where a correct and incorrect vertex assignment is performed, according
to the correct vertex identification definition given in Section 5.4. This fine segmentation
of the signal shape modeling allows the direct extraction from the reconstructed dipho-
ton mass spectra of the generator-level signal yields, by building the K matrices in the
likelihood minimized by the fit. This corresponds to a matrix inversion unfolding [33].

The complete likelihood expression can be expressed as follows:

ﬁ(data|A?fﬁd, ﬁbkg/ 55, 9}3) =
i o ~ i i ~ i i 0\ ne
ﬁﬁrﬁ Zszl Aalf(ld[(ﬂ(es)sli(mlwws)L + ”(])AS(J)A(mlyy’GS) + ngkgBll(mewB)

1] 1]
i=1j=1 1=1 ns]ig + ”ékg

Pois(ndy|ndy, + 1) - PAf(65)Pdf(6p)

(6.3)

79



8o

INTRODUCTION

where:

* nicat = 3 is the number of categories in oy, /M| ooy and 7y, is the number of bins
of the m.,., distribution;

o AGfd = (AU{id, eeey, A(T,ﬂif) is the vector of generator-level fiducial cross sections, mul-
tiplied by the branching fraction of the diphoton decay channel, which are the pa-
rameters of interest extracted in the fit;

. KE are the already introduced detector response matrices, normalized such that each
element represents the probability that an event generated in the k-th kinematic
bin is reconstructed in the j-th reconstruction-level bin and the i-th o /m| 4.,
category;

¢ the functions SE and BU are the signal and background distributions in m,, for
the bin ijk, normalized to unity, constructed with the methods illustrated in the
Sections 5.11 and 5.12, respectively;

¢ L is the total integrated luminosity analyzed;
. ngv, nisjig, ngk g are the number of observed, signal and background events in the ij-th
reconstruction-level category respectively;

o the term n),, S/, indicates the outside acceptance signal contamination, described in
Section 6.5. This contribution is estimated from simulation of the SM signal pro-
duction and kept fixed in the signal extraction fit. In this way, the measured cross
sections are corrected in the fit for such an effect;

e the parameters 65 and 6 are the nuisance parameters associated with the signal
and background model, respectively.

The direct extraction of the generator-level cross sections A7 from the likelihood fit
provides measurements unfolded to particle level. The events collected in the underflow
bin and categories are taken into account in the signal extraction and the corresponding
determination of uncertainties, as introduced in Section 6.6. The test statistics q(AG!d),
based on the profile likelihood ratio [46], is asymptotically distributed as a x? with n,
degrees of freedom[46] and can be expressed as:

. ~fid| g

(A(—T*fld) =_-2.1o MU—’GA{M) (6.4)

q g P
L(AG549)

where § = (Mpkg, 0s,05). The best fit estimate of § (A719) is indicated with 6 (AGTd)Y,

and the best fit estimate of §, conditional on the value of A719 is indicated with 6, z:4. The
uncertainties and the correlation matrices are obtained from this test statistics. A nuisance
parameter, my, common to the signal shapes in all categories, is used to describe the mass
position of the signal peak. All the nuisance parameters, including my, are profiled in the
maximization of the likelihood.
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6.8 SYSTEMATIC UNCERTAINTIES

The sources of systematic uncertainties are included in the likelihood as nuisance pa-
rameters and they are profiled in the fit. The sources considered are those discussed in
Section 5.13 for the coupling analysis, in particular: integrated luminosity uncertainty,
trigger and photon identification efficiency scale factors uncertainties, vertex identifica-
tion efficiency uncertainty, uncertainty in photon energy scale and resolution determi-
nation, uncertainty in jet energy scale and resolution corrections, efficiency scale factors
uncertainties for identification of jets, b-jets and leptons, uncertainty in the determination
and correction of the missing transverse momentum.

The main difference in the assessment of the systematic uncertainties with respect to
the coupling analysis concerns the theoretical systematic uncertainties affecting the total
expected yields, which are here associated with the theoretical prediction and not with the
measurements extracted. The impact on the measurements of the uncertainties coming
from the choice of the QCD renormalization and factorization scales and of the PDF of the
proton is studied and found to be negligible.

The systematic uncertainties are found to be largely subdominant in all the measure-
ments performed compared to the statistical component. The measurement of the inte-
grated cross section in the baseline phase space, characterized by the smallest statistical
uncertainty among the measurements extracted (~ 13%), is affected by a systematic un-
certainty of about 8%.

The uncertainties related to the jet energy scale and resolution corrections, while neg-
ligible for jet-inclusive measurements, produce sizable event migrations across bins for
jet-related differential observables, ranging between 10% and 20%, depending on the bin.

6.9 RESULTS

As described in Section 6.7, the cross section measurements are extracted through a signal-
plus-background fit to the diphoton invariant mass distribution, performed simultane-
ously in all the event categories. The mass distributions in data and the relative best
signal-plus-background fit results are shown Figure 6.6 in the three oy /m|y,.,, cate-
gories for the measurement of the integrated fiducial cross section in the baseline phase
space. The scan of the test statistics as a function of this cross section is shown in Fig. 6.7.
The best fit value, corresponding to the minimum of the scan, is compared to the theo-
retical prediction (red band). The two-sided one-standard deviation uncertainties in the
observed value are extracted from the likelihood scan as the values corresponding to an
increase of g of 1 unity with respect to its minimum. This prescription yields the following
result:

Otiducial = 84 £ 11 (stat) £7 (syst) fb = 84 13 (stat+syst) fb

The value of the profiled Higgs boson mass is compatible with the world average of
125.09 GeV [1].

The theoretical prediction for a Higgs boson with my = 125.09 GeV is computed tak-
ing the normalization of the signal yields for each Higgs boson production mechanism
from the predictions in [35]. The sum of the main four production mechanisms yields
the full phase space prediction, ¢y,;. The same reference [35] is used for the value of the
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Figure 6.6: The diphoton mass spectrum in data (black points), together with the best signal-plus-
background fit (red lines), for each oy /M|y, category employed for the measure-
ment of the inclusive fiducial cross section. The green (yellow) band indicates the one
(two) standard deviation uncertainty in the background component.

branching fraction of the Higgs boson into two photons, BR, . To obtain the prediction
corresponding to the phase space and selection of this analysis, signal events simulated
with the MADGRAPHS_aMC@NLO program are used to compute the fiducial region accep-
tance for a Higgs boson with a mass of mass 125.09 GeV. The acceptance of the baseline
phase space, A, is estimated to be 0.60 with an uncertainty of 1% due to the choice of
renormalization and factorization scales. This variable has a small dependence on the
production mechanism and amounts to 0.60, 0.60, 0.52, and o.52 for ggH, VBF, VH, and
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Figure 6.7: Likelihood scan (black curve) for the fiducial cross section measurement, where the
value of the SM Higgs boson mass is profiled in the fit. The measurement is compared
to the theoretical prediction (vertical red line), with which it is in agreement within
uncertainties.

ttH production, respectively. The integrated fiducial cross section prediction is then ob-
tained as the product of the three terms introduced:

e — g BRyp A = 73 £ 4fb (6.5)

fiducial

The uncertainty in this prediction is taken as the result of the propagation of the uncer-
tainties in the per-production mechanism cross sections and in BR,, provided in [35].
Furthermore, the impact on the calculation of the acceptance of independently varying
the renormalization and factorization scales by a factor of 2 and 1/2, excluding the com-
binations (1/2, 2) and (2, 1/2), is added in quadrature as an additional source of uncer-
tainty in aft&eli’cri};l. The acceptance A has also been estimated with an alternative generator,
POWHEG, both with and without re-weighting the ggH events to match the prediction of
the rowHEG NNLOPS program. The alternative estimates are found to agree with the one
obtained with MADGRAPH5_amMc@NLO within less than 1% and thus are not shown in
the results. The measured value of Ffgycial = 84 £ 13 fb is found in agreement within 1

standard deviation with the theoretical prediction of (Tftil:ief;};l =73 + 4fb.

Using a generalization to an arbitrary number of bins of the signal extraction described
for the integrated fiducial cross section (corresponding to a one-bin measurement), as
described in Section 6.7, the measurement of the differential distributions of the fidu-
cial cross section as functions of the observables described in Section 6.6 is performed.
The Figures 6.8-6.13 compare, in each bin of the distributions, the best fit value mea-
sured in data (black dot) with the theoretical prediction. The total uncertainties on the
observed value are indicated by the black bars, with the systematic component of the
uncertainty shown separately by the red bar. The calculation of the theoretical predic-
tions, obtained with a procedure analogous to that described for the integrated fiducial

cross section, relies on different MC generators for the calculation of the shape of the
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observables’ spectra for the different production mechanisms. The contributions from
VBE VH and ttH production mechanisms (referred to as HX as a whole) are simu-
lated with the MADGRAPH5_aMC@NLO generator (orange line). The predictions for the
ggH component are added on top of the HX contribution and are obtained with the
MADGRAPH5_aMC@NLO program (green histogram). An alternative prediction for the
ggH production mechanism is obtained by weighting the events in the sample generated
with MADGRAPHS_amMCc@NLO to match the powHEG NNLOPS prediction (red histogram),
as explained in Sec. 4.4. The ggH contribution is also estimated using the POWHEG genera-
tor (blue histogram), which includes the simulation of only one additional jet produced in
association with the Higgs boson, for those observables which are inclusive in the number
of jets or involving only the first jet in the event.

The uncertainties taken into account in the estimation of these predictions, shown as
bands in each bin of the histograms, are the uncertainties in the total integrated cross
section for individual processes and on BR,,,. The maximum variation induced in the bin
acceptance by the variation of renormalization and factorization energy scales is taken as
the uncertainty in the acceptance of a given bin and added in quadrature to the uncer-
tainty in the prediction in each bin. For the observable |A¢?7/112|, the spectrum is known
to be not infrared-safe for values close to 7 [9], which correspond to a configuration
where the Higgs boson and the di-jet system are close to back-to-back and the emission
of soft collinear additional jets in ggH events is involved. Large theoretical uncertainties
are associated with this regime, which are not taken into account here. This leads to the
theoretical uncertainties obtained with scale variations tending to be underestimated in
the large |A¢?7/112| regime. The effect described is particularly relevant in the last bin of
the spectrum corresponding to |A¢7712| € [3.05, 7).

The differential cross sections are measured with a precision that varies greatly de-
pending on the phase space and on the particular bin of the observable. The spectrum of
the diphoton system transverse momentum, p}’, is measured with an average precision
of 40% in 8 bins, as shown in Figure 6.8 (top left). The other observables characterizing
the diphoton system, |y?7| and | cos(0*)|, shown in Figure 6.8 (bottom right and bottom
left), are measured with an average uncertainty of ~ 35%, but with only 5 bins. The un-
certainties in the measurement of the cross section as a function of the number of jets,
Njet, depend strongly on the bin considered, going from ~ 25% for the O-jet bin up to
2, 100% for the high jet multiplicity bins, as indicated in Figure 6.8 (top right). When
moving to the 1-jet phase space, the reduced data set selected allows to extract only 4
bins for each observable with uncertainties around 40%, except p]Tl, for which 5 bins are
defined with about 50% average uncertainty. The measurements in the 1-jet phase space
are shown in Figure 6.9. The further reduction of the phase space when measuring ob-
servables involving two jets leads to a corresponding decrease in number of bins, 3, and
increase in the average uncertainties, which range between ~ 70% and ~ 90%. The com-
bined mass of the two jets, m;,;,, is the only observable of this group for which 5 bins are
defined. The result of these measurements is shown in Figures 6.10 and 6.11. The differen-
tial measurements in the VBF-enhanced, shown in Figure 6.12, phase space are extracted
keeping the same bin definition used in the 2-jets phase space, with uncertainties between
~ 110% and ~ 150%. The double differential measurement as simultaneous function of
p%7 and Njet is performed in 3 x 3 bins and yields uncertainties between ~ 35% and
~ 60%, depending on the bin, and it is reported in Figure 6.13. The differential cross
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Figure 6.8: The measurement of the differential cross section for p}”, Niet, [y?7], and |cos(6*)].
The black points indicate the data, with the error bars showing 1 standard deviation
total uncertainty. The blue band indicates the systematic component of the total uncer-
tainty. The measurements are compared to the theoretical predictions, normalized to
the predictions from Ref. [35] and obtained with different Monte Carlo programs. The
normalization of the cross section in the last bin of the distribution, when this is an
overflow bin, is indicated in the figure.

sections extracted as functions of Nj]gt,

majority of events do not contain b-jets, nor leptons and have small values of p2ss. This
is reflected in the uncertainties of the first bin of each of these observables being com-
parable with that of the measurement of the integrated fiducial cross section. The other
bins, then, correspond to highly restrictive selections, where the cross section is measured
with uncertainties around 200-250%. The results are found to be in agreement with the
SM predictions within uncertainties.

The integrated fiducial cross section can also be extracted in very restricted sub-regions
of the phase space, defined in Section 6.6 and corresponding to about only ~ 1073 of

Niepton and p%ﬁss are shown in Figure 6.14: the vast
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Figure 6.9: The measurement of the differential cross section for p/!, |y/t|, [A¢p771|, and |Ay"7/1|.
The black points indicate the data, with the error bars showing 1 standard deviation
total uncertainty. The blue band indicates the systematic component of the total uncer-
tainty. The measurements are compared to the theoretical predictions, normalized to
the predictions from Ref. [35] and obtained with different Monte Carlo programs. The
normalization of the cross section in the last bin of the distribution, when this is an
overflow bin, is indicated in the figure.

the baseline phase-space. Such regions, labeled >1-lepton, >1-b-jet, 1-lepton, high p2ss and
1-lepton, low p™ss, target individual production mechanisms of the Higgs boson. The re-
sults of these measurements are shown in Figure 6.15. The summary given in the Figure
is made more comprehensive by reporting also the results of selected bins of the differ-
ential distributions. The measurements are compared to the theory predictions, whose
values and uncertainties are obtained with the same methods described for the other ob-
servables earlier in this Section and relying on the MADGRAPH5_aMC@NLO generator for
the computation of the acceptance. The uncertainties in the measurements range between
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Figure 6.10: The measurement of the differential cross section for p2, |y, |A¢/2|, and [A@T7172].
The black points indicate the data, with the error bars showing 1 standard deviation
total uncertainty. The blue band indicates the systematic component of the total un-
certainty. The measurements are compared to the theoretical predictions, normalized
to the predictions from Ref. [35] and obtained with different Monte Carlo programs.
The normalization of the cross section in the last bin of the distribution, when this is
an overflow bin, is indicated in the figure.

around 250% (1-lepton, high p'ss and 1-lepton, low p2s) and ~ 350% (>1-lepton, >1-b-jet).
The measurements are found to be in agreement with the SM prediction.
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Figure 6.11: The measurement of the differential cross section for |7j;,;, — 49|, M, j,, and |Ay;, i, |.
The black points indicate the data, with the error bars showing 1 standard deviation
total uncertainty. The blue band indicates the systematic component of the total un-
certainty. The measurements are compared to the theoretical predictions, normalized
to the predictions from Ref. [35] and obtained with different Monte Carlo programs.
The normalization of the cross section in the last bin of the distribution, when this is

an overflow bin, is indicated in the figure.
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Figure 6.12: The measurement in a VBF-enriched sub-region of the fiducial phase space of the
differential cross section for p2, |A¢/ 2|, and |A¢Y74112|. The black points indicate
the data, with the error bars showing 1 standard deviation total uncertainty. The
blue band indicates the systematic component of the total uncertainty. The measure-
ments are compared to the theoretical predictions, normalized to the predictions from
Ref. [35] and obtained with different Monte Carlo programs. The normalization of the
cross section in the last bin of the distribution, when this is an overflow bin, is indi-
cated in the figure.
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Figure 6.13: The measurement of the differential cross section for p1” x Njet- The black points indi-
cate the data, with the error bars showing 1 standard deviation total uncertainty. The
blue band indicates the systematic component of the total uncertainty. The measure-
ments are compared to the theoretical predictions, normalized to the predictions from
Ref. [35] and obtained with different Monte Carlo programs. The normalization of the
cross section in the last, overflow bin of the distribution is indicated in the figure.
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Part IV
QUALIFICATION OF DETECTOR MODULES FOR THE PHASE
1 UPGRADE OF THE CMS PIXEL DETECTOR

This Part describes the Phase 1 Upgrade of the CMS detector, the detector
modules and the tests they underwent prior installation.






SILICON TRACKING DETECTORS

This chapter briefly presents silicon tracking systems in High Energy Physics (HEP) exper-
iments and then concentrates on the role of silicon as a sensitive material.

7.1 TRACKING DETECTORS

The use of tracking detectors provides valuable information on the trajectories of charged
particles inside the detector. Such detectors typically have a multi-layer structure, where
each layer is equipped with semiconductor devices sensitive to the passage of particles,
thus able to provide the measurement of a point of the particle trajectory. By generating
a homogeneous magnetic field in the tracking volume, charged particles trajectories are
bent, allowing the determination of their momentum via the measurement of the sagitta
of the reconstructed track. Silicon is the most common material in HEP used for this
purpose, in different geometrical configurations. The use of silicon strips, with a fine sen-
sor segmentation only in one dimension of the sensor plane, while allowing a reduction
of costs, requires two consecutive layers, rotated with respect to each other, to provide a
good resolution estimate of a point of a trajectory. Such a layout is used in the CMS Tracker
detector, as introduced in Section 2.2. As the distance to the interaction point decreases,
higher particle fluxes require finer segmentation in both dimensions of the sensors, to
cope with the increased hit density. For these reasons, the inner layers are equipped with
sensors segmented in pixels. High-resolution performance of the inner tracking system,
joint with the 3.8 T magnetic field in the CMS volume, enable precise momentum mea-
surement as well as efficient identification of collision (primary) vertices and of vertices
from particle decays (secondary).

7.2 INTERACTION OF CHARGED PARTICLES WITH SILICON

The signal generation in the sensor layers is governed by the interaction of charged par-
ticles with the material through ionization energy deposited in the material following
this interaction. The ionization energy deposit gives rise to the formation of electron-hole
pairs, with the average energy needed to create a pair of 3.6V in silicon, dictated primar-
ily by the band gap of silicon. The mean rate of energy deposited by ionization is well
described by the Bethe-Bloch formula, given in Equation 7.1, for 0.1 < B < 1000 [95]:

dE Z1]1 2mec? B2y W, o
(=) = o () - - 250 7
where W,y is the maximum energy transfer in a single collision, I is the mean excitation
energy, K = 4wN4r2mec, 5(B) is the density effect correction to ionization energy loss,
and A and Z are the atomic and the mass number of the material, respectively.
As can be seen in Figure 7.1, this equation describes a falling energy loss as a function
of By, until a minimum is reached for By ~ 3. A particle with kinematic properties
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Figure 7.1: The mean rate of energy loss by ionization in matter in different materials. The curves
follow the Bethe-Bloch equation, given in 7.1 [95].

and mass placing it in this range is called Minimum Ionizing Particle (MIP). After the
minimum, the curve shows a relativistic slow rise at high Bv. This description can be
considered universal in terms of By = p/m, where p is the momentum of the particle
and m its mass, and furthermore it is qualitatively similar in all materials, with the rate
of energy loss decreasing with increasing Z.

The Equation 7.1 describes the mean value of the energy loss by ionization. However,
the energy depositions in thin layers of material, as those used in silicon detectors (~ 50—
300um), are subject to large fluctuations, driving the mean of the distribution towards
higher values. The fluctuations are caused by rare high-energy-transfer collisions between
the incident particle and one of the shell electrons of the absorber [95], which can result in
the dislocation of the electron (J ray) that in turn creates electron-hole pairs. The resulting
energy deposition distribution can be approximated by a Landau-Vavilov distribution [7o0,
101], which has a Gaussian behavior at low energies, whose most probable value corre-
sponds to the mean value estimated by the Bethe-Bloch formula, but with a long tail at
high-energy values. The most probable value of the energy deposition for a MIP interact-
ing in a silicon thickness of 285um, as used in the CMS Pixel detector, corresponds to the
creation of about 24k electron-hole pairs.

7.3 THE P-N JUNCTION AND SIGNAL COLLECTION

The signals created by the ionization of traversing particles are order of magnitudes
smaller than the charge carrier densities induced by thermal excitation in silicon, mak-
ing pure silicon unusable as a sensitive material.



7.3 THE P-N JUNCTION AND SIGNAL COLLECTION

The reduction of the charge carrier densities exploits the properties of silicon when
impurities are added to the lattice: the addition of atoms from the Group III of the periodic
table, i.e. with one electron less than silicon, leads to the formation of a p-doped lattice;
similarly, the contamination with atoms of the Group V, i.e. with one electron more than
silicon, yields n-doped silicon. Silicon with n-doping shows an increased abundance of
free negative charge carriers, while p-doped silicon shows a lack of electrons, interpreted
as an increased density of positive charge carriers.

The juxtaposition of n-doped and p-doped silicon layers leads to the formation of an
electric field, due to the different charge densities in the two materials. Under its effect
the charge carriers migrate in the adjacent semiconductor, creating an intermediate zone,
across the contact surface between the two semiconductors, electrically neutral due to
charge recombination, called depletion zone. As a result of the diffusion, space charge
densities with opposite sign due to charged ions accumulate in the two semiconductors,
and generate an electric field that goes against the diffusion and eventually stops it. The
penetration depth of the depletion zone in each semiconductor depends on the doping
concentrations and can be asymmetric. The depletion zone size can then be influenced
by applying an external voltage source, called bias voltage (V;). A negative bias voltage,
which corresponds to a higher voltage on the n-doped side of the junction, produces a
widening of the depletion zone. The depletion zone operates as a capacitor between the
two semiconductors, whose capacitance is proportional to A/+/V,, where A is the area of
the junction.

The presence of a depletion zone creates favorable conditions for the collection of the
signal of a passing particle, which can then be isolated from the intrinsic charge carrier
densities. Nevertheless, the creation of charge carriers in the depletion zone by thermal
excitation is still possible and leads to the presence of a so-called leakage current (Ijoqx),
which depends on the temperature T as

Ileuk & T2€Eg/2kT, (72)

where Eg is the band gap energy (1.12V in silicon) and k the Boltzmann constant. The
ljeqx decreases by roughly a factor of 2 every 7 K of temperature drop. This dependence
allows to significantly decrease the leakage current by means of even moderate cooling
of the detector, increasing the signal-to-background ratio.

The charges created by a traversing particle move under the influence of the electric
field across the semiconductor junction, generating an induced charge on the electrodes,
where a current is measured. With a drift velocity of about 107 cm/s, the CMS sensor
thickness of 285um allows the signal collection within few ns, well within the LHC bunch
crossing of 25 ns. In addition to the charge drift, a random movement due to thermal
diffusion is induced, spreading the drift paths of the charge carriers and creating a cloud
with a width proportional to the square root of the time of drift, amounting to a few
pum. In CMS, a larger lateral deflection is induced by the presence of a magnetic field in
the tracking volume, which bends the trajectories of the charge carriers during their drift.
For drift paths orthogonal to the magnetic field, a Lorentz force is induced in the lateral
direction under the angle 0;, called Lorentz angle, which is proportional to the magnetic
field B and the mobility of the carriers. Depending on the magnetic field strength, the
sensor pixel pitch, and the sensor thickness, this can cause carriers drifting towards the
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electrode of a neighboring pixel with respect to the one where the charge signal was gen-
erated, leading to the so-called charge sharing effect. This will have an important positive
effect in the resolution performance of the detector, as described in Section 7.5.

7-4 RADIATION-INDUCED EFFECTS

High-fluence of particles (O(10'%) particles/cm?) through the silicon sensor is responsible
for radiation damage. Non-ionizing and ionizing radiation are responsible for two dis-
tinct damage mechanisms, respectively: displacement damage in the silicon lattice (bulk
damage) and accumulation of space charge.

Atoms can be displaced by Non-Ionizing Energy Loss (NIEL) in the sensor, which dislo-
cates them from their location in the lattice. Depending on the kinetic energy transferred
to the atom in the collision, the atom can in turn dislocate other atoms, creating clusters of
lattice damage. This effectively modifies the charge carrier densities and creates intersti-
tials and impurities in the lattice, leading to the formation of intermediate states between
the valence and the conduction band of the silicon and thus increasing the leakage current
by favoring the promotion of electrons to the conduction band. As a result, a larger bias
voltage is needed to extend the depletion zone to the full sensor (fully depleted sensor).
Furthermore, bulk damage causes the type inversion of n-doped silicon, by first reducing
the effective n-doping concentration and then leading to a p-type doping of the silicon.

Accumulation of space charge occurs at the interfaces between silicon and other ma-
terials, mainly insulation/oxide layers, due to ionizing radiation damage, modifying the
charge carrier densities.

The concentration of charge carriers varies as a function of time as a result of so-called
annealing processes: on time scales of days, thermal migration of impurities and intersti-
tials leads to recovery of the lattice defects, reducing the charge carrier densities through
beneficial annealing; on longer time scales, the reverse annealing dominates leading to
an increase of the charge carrier densities. Both annealing processes can be attenuated
by keeping the sensors at temperatures below 0°C. While this approach, together with
the use of an increased bias voltage, can partially recover radiation-induced effects, the
sensor performance degrades on the long term due to irradiation.

A detailed description of the effects of irradiation on the CMS pixel detector Read Out
Chip (ROC) and sensor can be found in [62].

7.5 PIXEL SPATIAL RESOLUTION

Once the signal is collected by electrodes, it is used to estimate the position of the particle
hit that originated it. For a sensor segmented in square pixels with pitch p with a binary
read out scheme (i.e. without Pulse-Height (PH) information concerning the hit), if a
pixel records a signal its geometrical center is taken as a position measurement. The true
position of the hit, though, is unknown and has to be assumed to be uniformly distributed
on the surface of the pixel. The variance of the measured position with respect to the true
one can thus be calculated and found to be 02 = p?/12, corresponding to a position
resolution ¢ in each direction. This approach to the position measurement thus is limited
by the pixel pitch, which in the CMS detector is 100 ym in the r—¢ direction and 150 ym
in the z direction.
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This estimate can be improved thanks to the charge sharing effect, described in Sec-
tion 7.3, and to Pulse-Height information. The position estimate in this case is found as
the barycenter of the hit cluster, weighting each pixel by the PH magnitude. This approach
allows to obtain resolutions of 10 ym in the r—¢ direction and 25 ym in the z direction, in
the barrel section of the CMS pixel detector, to be compared to 100 yum/+/12 ~ 30 ym and
150 um/+/12 = 45 um, respectively.

76 HYBRID PIXEL CONCEPT

The pixelated sensor is connected to a readout device in order to extract and process
the charge signals deposited in each pixel. The pixels are made into the sensor bulk as
implants of highly-doped silicon, whose surface is then metallized to allow connection
to the ROC. Each pixel is individually connected to the smallest unit of the readout, the
so-called Pixel Unit Cell (PUC). The connection between the pixel implant and the PUC is
performed by means of a bump bond, with a diameter of few tens of ym, under high
pressure and temperature conditions. This connection allows the readout of the signal
from the sensor and its subsequent processing. A sketch of this configuration, called
hybrid pixel detector layout, is given in Figure 7.2 for a single pixel (a) and for a full ROC

(b).
electronics chip
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bump
insulator —_

diode —implant
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/
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particle frac’ Bias voltage electrode
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Figure 7.2: The hybrid pixel detector layout, sketched for a single pixel (a) [84] and for a full
readout chip (b) [17].

The basic elements of the signal processing chain include a pre-amplifier and a shaper,
which increase the signal-to-noise ratio, a comparator, which allows to suppress signals
smaller than a given threshold, and an Analog to Digital Converter (ADC) for digitiza-
tion of the PH information. In Section 8.2, it will be highlighted how the latter is a key
difference between the upgrade and the previous CMS pixel detector.
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CMS PHASE 1 PIXEL UPGRADE

In this chapter, the main motivations and features of the Phase 1 Upgrade project of the
CMS pixel detector are discussed.

8.1 MOTIVATION

The pixel detector originally installed in CMS, also referred to as phase-o detector, provided
excellent performance until it has been decommissioned after the 2016 data-taking. In its
place, a new detector, or phase-1 detector, has been installed. The detector upgrade has
been foreseen and designed to cope with the increasing instantaneous luminosity of the
LHC, exceeding the design performance of 1 x 10%*cm ~2s ~! by more than 50% and
planning to go even further in the future. The increased instantaneous luminosity results
in a higher number of PU collisions per bunch crossing, going from an average of 25 in
the design conditions to an average of 50 at 2 x 103 cm ~2s ! with a bunch spacing
of 25 ns [37]. The new detector allows operation in such a severe environment, while
recovering the hit inefficiency that the previous detector would suffer, amounting to 4%
(15%) at (twice) the LHC design luminosity in the innermost layer [37].

8.2 DESIGN OF THE NEW PIXEL DETECTOR

The new detector, while introducing several and crucial novelties, shares the basic concept
and structure with the phase-o detector. For this reason, the new system is indicated as
an evolutionary upgrade of the previous one.

The new system inherits from the former one the 285um-thick sensor and the 100 x
150um? pixel size. The ROCs are manufactured with the 250 nm Complementary Metal-
Oxide Semiconductor (CMOS) standard and connected to an array of 52 x 80 pixels. ROCs
are arranged in 2 x 8 arrays which share powering and readout, constituting the detector
basic element, the module, which will be described in more detail in Section 8.5.

At the same time, the new system benefits from numerous improvements:

¢ the new system features an additional (3 — 4) layer in the barrel section (BPix)
and an additional (2 — 3) disk in the each endcap section (FPix), to ensure 4-hit
coverage up to || = 2.5, improving on the 3-hit coverage of the previous system.
Furthermore, the innermost layer is brought closer to the interaction point, with a
radius of 29 mm, compared to the 44 mm of the previous system, improving the pri-
mary and secondary vertex identification. The fourth layer of the Bpix extends the
pixel coverage much further from the interaction point compared to the previous
detector, significantly reducing the gap between the pixel and the tracker systems
and decreasing the combinatorics in the track reconstruction. The additional layers
lead to an increase in the total number of channels from 66 to 124 millions. A com-
parison of the geometrical layouts of the phase-o and phase-1 detectors is given in
Figure 8.1;
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* a new cooling system, based on an evaporative bi-phase CO; process, improves the

cooling performance, allowing lower temperatures and thus extending the opera-
tional lifetime of the detector, by mitigating of the rise of sensor leakage current
after irradiation, as explained in Sections 7.3 and 7.4. The new system replaces
the previous mono-phase CgF14 system. The CO, system, together with an opti-
mized layout of services, which have been moved out of the tracking volume, and
lightweight supporting structure, provides a similar material budget up to |1| ~ 1.2
and a reduced material budget at higher pseudorapidities when compared to the
phase-o detector. A comparison of the material budgets between the previous and
the new detector is shown in Figure 8.2.

the ROC, named psig6digV2.1respin, benefits from a significantly new design which
features on-chip digitization of the PH with an 8-bit ADC, compared to the analog
readout of the previous chip. This brings the readout bandwidth to 160 Mbits/s,
replacing the previous 40 MHz analog readout. Furthermore, hit inefficiencies are
reduced thanks to enlarged buffer sizes for hit and timestamp, which were found to
be limiting factors in the performance of the analog ROC. The ROC design and read-
out scheme are discussed in more detail in Section 8.3. While the psi46digV2.1respin
ROC is installed in the FPix and the three outer layers of the BPix (L2, L3, L4), the
highest expected pixel hit rate in L2 being 120 MHz/cm?, for the innermost layer
(L1) a dedicated ROC, PROC600, has been developed to cope with the even higher
data flux. The PROC600 ROC achieves hit efficiencies larger than 98% up to rates of
600 MHz/cm?, thanks to the readout of 2 x 2 pixel clusters in place of the sequential
readout of all pixels used by the psig6digV2.1respin ROC described in Section 8.3;

an improved comparator in the PUC, described in Section 8.3.1, allows the setting of
a much lower threshold of about 1750e™, compared to the 3500e™ of the previous
detector, while keeping the noise level at about 130e™.

Upgrade BPix FPix Outer rings
n=0 n=0.5 n=1.0 n=1.5 2.0
16.0cm =
10.9cm n=2.5 o
_Innerrings
6.8cm —
2.9cm
50.0cm #
4.4cm
7.3cm
10.2cm n=2.5
Current -
n=2.0

n=0 n=0.5 n=1.0 n=1.5

Figure 8.1: The comparison between the geometrical layouts of the previous (bottom) and the new

(top) CMs pixel detector [97]. Modified from [37].
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Figure 8.2: The material budget, in units of radiation lengths, is compared between the phase-o
(green histogram) and the phase-1 (black dots) pixel detectors [37].

83 THE DIGITAL READOUT CHIP

The readout chip has to meet the main requirements of recording the hit position and
charge for all hit pixels, within the LHC bunch crossing of 25ns and to store them on-
chip during the CMS L1 trigger latency of 3.2us, as described in Section 2.2.5. The digital
readout chip has been developed starting from its analog predecessor used for the phase-o
pixel detector, the psig6V2 chip [66]. In this section, its main features and the key elements
of its working principles are outlined. A detailed description of the digital ROC design can
be found in [64].

Each ROC covers the readout of 4160 pixels, arranged in 8o rows and 26 double-columns.
The footprint of the chip is slightly larger than the bare size of the sensor covered, in order
to host the so-called double-column periphery and the control interface. The double-column
periphery holds the data and timestamp buffers for each double column, while the control
interface contains several control and supply circuits, including control Digital to Analog
Converters (DACs), voltage regulators, and control registers. A schematic of chip footprint
is shown in Figure 8.3.

8.3.1  The PUC and the ROC periphery

The smallest independently working component of the ROC is the PUC, which is sketched
in the top part of Figure 8.4.

The signal created in the sensor is collected via the bump pad and enters the readout
chain. Alternatively, an internal calibration signal (V) can be injected through the bump,
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Figure 8.3: The schematics of the digital ROC. [55]
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Figure 8.4: The schematics of the PUC (upper part of the figure) and of the double-column periph-
ery and control interface of the ROC (lower part) [55].

allowing the creation of a signal without the need for real hits. The amplitude of the V.,
signal is regulated by an 8-bit DAC, which can be set either in low- or high-range mode
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via a dedicated register. This allows to extend the range of injectable charges, with a fac-
tor 7 in charge occurring between the DAC value in low- and high-range. A V,;; unit in
the low-range corresponds roughly to an injected charge of 50e™. The signal can also be
routed, rather than to the bump bond, to the top metal pad and then, via the capacitance
of the sensor-ROC gap, to the sensor. This second mechanism of V., injection is exploited
to verify the quality of the bump bonding connection, as explained in Section 9.1. The
signal then enters the pre-amplifier and the shaper, which enhance the signal-to-noise
ratio and prepare the signal for optimal sampling. Both these circuits are powered by
the analog voltage line of the chip, controlled by the V;,, DAC, with a nominal working
point of 24 mA. In order to operate the detector in zero-suppression mode, the signal is
compared to a threshold in the comparator. The setting of the threshold for all PUCs is
regulated by the VthrComp DAC. The threshold can be further tuned by a per-pixel 4-bit
DAC, called TrimBits, allowing the fine adjustment of the threshold for individual pixels.
The DAC Vtrim regulates the size of the TrimBits effect on the threshold. The comparator
can be switched off, effectively disabling the pixel, by means of a mask bit. Only signals
exceeding the threshold are passed to the sample-and-hold circuit, where the signal is
sampled, and counted as pixel hits. Once a hit is collected, the pixel becomes unrespon-
sive to further hits and the corresponding double-column is notified with a fast OR signal
which is detected by the double-column periphery, regulated by the VICol0R DAC. This
initiates the double-column drain mechanism: a timestamp is created and stored in the
double-column periphery buffer, while a readout token is sent through the 2 x 80 pixels.
Pixels without hits simply pass the token to the next pixel, while pixels with a hit transfer
the PH charge into the data buffer, while the token chain is stopped. The column drain
requires two clock cycles for the transfer of each pixel hit, plus one clock cycle to synchro-
nize the data transmission with the 40 MHz clock. The readout of the double-columns
happens independently, increasing the hit collection efficiency. The bottlenecks for the
readout of pixel hits in the phase-o chip were found to be the size of the timestamp and
data buffers, which have been significantly increased in the digital ROC, from 32 to 8o bits
and from 12 to 24 bits, respectively.

The PH information is digitized on-chip by an 8-bit ADC. This constitutes an important
improvement in the chip design, which allows to replace the 40 MHz analog readout
with a 160 Mbit/s digital readout. The output of the PH ADC can be shifted by an amount
controlled by the PhOffset DAC, while its gain is regulated by the PhScale DAC. These
two DACs offer control on the PH gain and offset at a ROC level, since only one PH ADC
is hosted in the control interface of the ROC. This means that the gain and offset settings
have to be carefully tuned to account for pixel-to-pixel variations in PH response and
allow optimal PH dynamic range for all of them.

The chip also features a circuit providing an output voltage independent of tempera-
ture and supply voltage. This output voltage, called bandgap voltage, is used as a reference
voltage for DACs and ADC on the chip. The stability of the circuit exploits canceling de-
pendencies in the electrical properties of ohmic components and of the p-n junction [53].

8.4 READOUT FORMAT

The data format of the ROC is shown in Figure 8.5. The start of readout data of the ROC
is marked by a 12-bit ROC header, consisting of a 0, eight consecutive 1, and again a 0.
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The last two bits of the header are reserved for the transmission of information through
a readback mechanism, which allows access to on-chip measurements and information
through a slow ADC. This information is read out one bit per event via the readback bit
(D), placed at the end of the ROC header. Since only one bit is transmitted per event,
the readout of 16 consecutive events is needed to form a full readback word. The word
uses 8 bit for the encoding of the information, while the other 8 are reserved for the
ROC address. The second to last bit (S) in the ROC header, immediately preceding the
readback bit, is used to mark the start of a new word. Multiple on-chip measurements
and information can be obtained through this mechanism, which is discussed in more
detail in Section 9.1.8. The ROC header is followed by 6 (9) bits to encode the pixel row
(double-column) address, a 0, and 8 bits for PH information, for a total of 24 bits per every
pixel hit in the event. The token out signal is raised two clock cycles before the end of the
readout, to continue with the readout of the next ROC in the module token chain.

CLK40 ‘r—u—\_ e
-

TIN | n
TOUuT _ M
SDATA HIZ ORI IS CCRRRRRERRRPPEF0PPPP
I
i Aﬂ # L L A Y
start marker  id field column row pulse height
A
ROC header pixel hit {repeated)

Figure 8.5: The ROC data format. The ROC header contains two trailing bits used to transmit the
readback information (D) and to mark the start of a new readback word (S). Modified
from [54].

The ROC injects its readout in a 160 Mbit/s data stream. Several of these readout streams
are present on each module, regulating the readout of a sub-group of ROCs each. A dedi-
cated chip on the module, the Token Bit Manager (TBM), has multiple cores, each orches-
trating the readout and the token chain of a ROC sub-group. The TBM is also in charge of
converting each pair of the 160 Mbit/s data streams in 400 Mbit/s data streams, by means
of a custom 5-4 bit encoding mechanism, and of transmitting the module readout via the
readout cable. The number of readout links for each module and the number and size of
the ROCs sub-groups sharing the same readout token varies depending on the position of
the module in the detector and the consequent particle rate: modules installed in the third
and fourth layer of the Bpix and in the Fpix host a TBM with two cores, each controlling a
group of 8 ROCs, leading to a single 400 Mbit/s data stream per module; the L2 modules
use two 400 Mbit/s data links, managed by a different type of TBM, as a result of four
token chains of four ROCs each; for the even higher rates experienced in the L1, two TBMs
are installed on each module, using four readout links for data transmission.

The TBM data are sent via optical readout links to Front-End Drivers (FEDs) (Front-End
Drivers), placed off the detector. The FED modules are responsible for decoding the data in
order to be used by the HLT system and to be stored. Also the Front-End Controllers (FECs)
(Front-End Controllers) are placed off the detector and take care of sending commands
and signals, including clock and trigger, and configuring the detector. In the phase-1
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upgrade, the FED and FEC systems have been replaced to handle the increased number
of channels and to comply with the digital format of the readout. At the same time, a
migration from the VME technology to the yTCA technology has been performed.

85 DETECTOR MODULES

The phase-1 pixel detector is built of 1856 modules, of which 1182 constitute the 4 layers
of the Bpix and 672 the disks of the FPix. The same type of modules is used everywhere in
the detector, except for the innermost layer of the Bpix, where a slightly different layout
is used. In this Section, the module design and its components are discussed, mainly
referring to the modules used in L2-4 and in the endcaps. Differences in the L1 modules
are highlighted where relevant.

Figure 8.6: Drawing showing separately the components of the modules installed in L2-4 and in
the Fpix, from top to bottom: the module cable, the HDI with the TBM, the silicon sensor,
the ROCs array, and the mounting strips. The FPix modules use a modified mounting
system, while L1 modules employ two TBMs and the mounting strips are omitted to
reduce the material budget.

An exploded drawing of the L2-4 modules is shown in Figure 8.6. The core feature of

the module is the 285um-thick silicon sensor, covering an active area of 16.2 x 64.8 mm 2.

The sensor allows the recording of signals induced by the passage of charged particles,
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following the principles illustrated in Section 7.2. However, a more complicated struc-
ture than the simple pn-junction is used, in order to allow operation of the sensor after
irradiation: in an n-doped substrate of the sensor, implants with significantly higher n-
doping concentrations (n™) are installed on one face of the sensor, while the backplane
is positively doped. This technology, sketched in Figure 8.7, is referred to as n*-in-n sili-
con sensors. The depletion zone is formed at the pn-junction between the substrate and
the backplane. On unirradiated sensors, the depletion zone is extended to the pixel im-
plants by applying a negative bias voltage, allowing the collection of electrons at the pixel
implants. After irradiation, though, the n-doped bulk will undergo type-inversion, as dis-
cussed in Section 7.4, and convert to p-type. In this configuration, the pn-junction and
thus the depletion zone extends from the interface between pixel implants and the bulk
and positive bias voltage is applied to extend it and improve charge collection efficiency.
It is important to note that simple p-doped implants in an n-doped bulk would not allow
the creation of a depletion zone in the proximity of the pixels after type-inversion of the
bulk.

p —Implants n —Implants
I O B O
bl P—substrate

¥
n—substrate

n —back side contact p'—back side contact

Figure 8.7: The sensor doping structure before (top) and after (bottom) irradiation, for p-type
implants in n-substrate (left) and for n+-type implants in n-substrate (right). Modified
from [84].
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This chapter presents the procedures developed to test the modules produced for the
Phase 1 Upgrade of the CMS Pixel detector. An overview of the module production is
given, with a focus on the modules assembled for the second layer construction.

9.1 MODULE FULLTEST

A suite of calibration and testing procedures is set up to characterize modules and assess
their quality and suitability for installation. The Fulltest routine is composed by several
dedicated sub-routines, aimed at verifying a specific functionality or at calibrating a given
parameter. The algorithms are designed to be robust against anomalous module behavior
and to be fast and reliable, in order to be employed in the testing of the mass production
of modules for the detector construction. In the following, all sub-routines are reviewed,
following the order in which they are executed. More details about individual tests can
be found in [44].

9.1.1 Pretest

The Pretest is meant to verify basic functionalities of the module and the ROCs and to
put them in an operable state. The programmability of the ROC is tested by changing
the V,,, DAC value between the default value and zero and by checking if any change
is observed in the analog current. If this check fails, it is assumed that no successful
communication can be established, the Fulltest is interrupted, and the module discarded.
During the Pretest, the value of the V;;,; DAC is tuned such that the analog current drawn
by each ROC is 24mA, corresponding to the optimal operational value of the PUC pre-
amplifier. Then, the threshold of the comparator, controlled by the VthrComp (for which
higher DAC values correspond to lower threshold settings), and the delay of the calibration
pulse with respect to the clock signal, CalDel, are optimized, by choosing the central
value in the region where these two parameters provide full efficiency for a randomly
chosen pixel. The typical hit efficiency plot as a function of (VthrComp,CalDel) is shown
in Figure 9.1. The shape of the distribution, often referred to as tornado-figure, is due
to the fact that larger-amplitude signals are faster to cross the threshold, while smaller-
amplitude signals are slower. In the same way, this effect corresponds to the full-efficiency
window moving to smaller values of CalDel for increasing settings of the threshold, i.e.
lower values of VthrComp. First, the optimal value of VthrComp is chosen to be 50 DAC units
below the upper edge of the efficiency figure. Then, the central value of the efficiency
plateau for that VthrComp value is chosen as the CalDel setting. It should be noted that,
for VthrComp settings higher than the upper edge of the efficiency figure, the efficiency is
zero irrespective of the CalDel setting. This is due to the fact that for such low thresholds
the pixel is constantly firing on electronic noise and becomes unresponsive.
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Figure g9.1: The hit efficiency map as a function of VthrComp and CalDel DAC settings. The white
square with the black dot indicates the optimal point chosen during the Pretest.

9.1.2 PixelAlive

Once the optimal operational parameters are set for each ROC, the PixelAlive test measures
the hit efficiency for all pixels, by sending 10 calibration signals to each pixel and counting
how many hits are recorded. Also the masking mechanism is tested for each pixel. This
mechanism allows to disable pixels by switching off their comparator. If, when masked,
a pixel shows an efficiency larger than zero, its masking bit is considered to be faulty.
Furthermore, the pixel address format is checked for errors. Pixels that do not show a
100% efficiency, whose masking mechanism is malfunctioning or have address decoding
errors are identified and considered defective.

9.1.3 Noise via S-curve

The noise for each pixel is measured in the S-curve test, with the goal of identifying noisy
pixels, so that they can be masked and excluded from the readout. The method used
in this test and described below is rather general and it is used in other tests described
later. The test measures the efficiency curve as a function of V,. In absence of noise,
such curve would be a step function, assuming only the following values: o for signals
smaller than the pixel threshold and 1 for signals above the threshold. The presence of
noise, though, smears the sharp transition, giving to the curve a shape similar to that of
the letter S, hence the name of the test. By fitting the curves with an error function, the
width parameter of such function is taken as the measurement of the pixel noise. Noisy
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pixels (> 400e~) and pixels with an anomalous low noise (< 50e~) are identified and
considered defective.

9.1.4 BumpBonding

The quality of the bump-bonding connection between the silicon sensor and the ROC is
tested. The BumpBonding test takes advantage of the possibility to send calibration signals
to the top metal pad shown in the PUC diagram in Figure 8.4, instead of passing directly
through the bump pad. The signal then passes into the silicon sensor, via the capacitance
of the sensor-ROC gap, and can then be read out if the bump bond is connected. The
identification of anomalous, faulty or missing bump bonds relies on the measurement of
the threshold setting needed to see a signal of fixed amplitude through the mechanism
described above. For pixels with good bump bonds, these measurements have a Gaussian
distribution. Pixels showing thresholds more than 5 standard deviations away from the
mean of the distributions are considered to have a defect in the bump bond connection.

9.1.5 Trimming

The threshold of the pixels is set and unified across the chip by the Trimming test. This
step is important in order to have a defined threshold, in units of the internal calibration
signal V,,;, and a uniform level of zero-suppressions for all pixels.

The threshold is influenced by the settings of two ROC DACs: VthrComp and Vtrim. The
former sets a baseline threshold, with higher values corresponding to lower charge thresh-
olds, while the latter sets the scale of impact of the TrimBits setting on the threshold.
The TrimBits allow a per-pixel tuning of the threshold via a 4-bit DAC: the effect of the
TrimBits is maximum, i.e. the threshold is maximally reduced, when they are set to o.
The effective action of the TrimBits is multiplied by the value of Vtrim. The effect of the
TrimBits can be turned off by setting them to 1111 = 15 or, for all pixels, by choosing
Vtrim = 0.

The Trimming algorithm first optimizes the setting of the VthrComp DAC. In order to do
so, Vtrim is set to zero and a calibration signal corresponding to the target threshold (by
default, V;; = 35, low-range) is injected and the S-curves for all pixels are recorded with
respect to VthrComp. The result of this S-curve measurement is used to identify the pixel
with the lowest VthrComp turn-on value. This is the most sensitive pixel, which keeps
tiring for the target threshold signal for the lowest VthrComp (highest threshold setting).
Care is taken to verify that VthrComp chosen is at least 10 DAC units away from the noise
level of the tornado-figure for this pixel. In these conditions, all pixels will have a threshold
higher than the target threshold.

The algorithm proceeds with the optimization of the Vtrim DAC, with the goal of setting
the ground for an optimal use of the TrimBits dynamic range. For this purpose, Vtrim is
set to the lowest value that still allows the least sensitive pixel to be trimmed to the target
threshold. Such pixel is identified by recording S-curves with respect to V,,;; and choosing
the pixel with the highest turn-on point. With the TrimBits set to zero for all pixels, a
two-dimensional efficiency scan as a function of V;; and Vtrim is performed for this pixel.
An example of such scan is shown in Figure 9.2. The value of Vtrim is iteratively lowered
until the V,; efficiency turn-on occurs for the V., value of the target threshold. Being
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this the least sensitive pixel and being the effect of the TrimBits set to their maximum,
with this value of Vtrim all other pixels will reach the target threshold with higher values
(lower effect) of the TrimBits. The value of the TrimBits is then optimized for each pixel
using a binary search over the full DAC range.
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Figure 9.2: The efficiency scan with respect to V,,; and Vtrim DAC values, for the least sensitive
pixel, used to optimize the Vtrim setting.

The programmability of the TrimBits is verified by sequentially enabling them and
recording at each step the V, threshold with the S-curve method. If the threshold is
found unchanged with respect to a previous configuration, the corresponding Trimbit is
considered non programmable. In case the defective bit is the least significant one, the
pixel is not considered to be defective, since it can still be trimmed successfully. Pixels
with problems in the more significant TrimBits are considered defective.

9.1.6  Pulse-Height optimization

The PH response as a function of signals of different amplitude is optimized with the goal
of obtaining an appropriate dynamic range for all pixels. The optimal configuration for
an individual pixel corresponds to a PH response saturating the 8-bit ADC readout for the
largest signal of interest, i.e. the typical MIP energy deposit for detector operation, and,
simultaneously, starting with non-zero values at threshold. An example of this configu-
ration is illustrated in Figure 9.3. A PH response starting with zero-values, typically for
signals larger than the threshold, has to be avoided, since in this configuration signals
passing the threshold, but with amplitude smaller than the first non-zero-PH signal, are
assigned a PH value of o, being actually lost.
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Figure 9.3: Illustration of the full exploitation of the dynamic range of the PH ADC for one pixel, as
function of the signal charge in units of the V,;; DAC. The pixel responds with non-zero
PH from the set threshold (green vertical line) and saturates the ADC for the largest
signal of interest (orange vertical line).

The PH information is digitized on chip, as described in Section 8.3.1, and the PH re-
sponse is manipulated by two ROC-level DACs: the PhOffset DAC, which controls a con-
stant offset in the PH measurement, and the PhScale, which controls the reciprocal of
the gain. These two ROC parameters are optimized aiming at providing ideal PH config-
uration for all pixels, taking into account pixel-to-pixel variations of their inherent gain
and inherent offset. This corresponds to tuning the PH ADC such that it provides suffi-
ciently large values for low-inherent-gain and low-inherent-offset pixels when sampled
near the threshold and, at the same time, such that the PH response of high-inherent-gain
and high-inherent-offset pixels for the largest signals expected does not saturate the 8-bit
ADC range. These conditions provide the constraints for the optimization of the two DAC
values.

The algorithm developed to carry out the optimization first identifies the lowest-response
pixel and the highest-response pixel. In order to do so, the PhOffset and PhScale DACs
are set to default intermediate values and PH is measured for all pixels for signals of
Vear = 60, low-range, and V,,;; = 255, high-range, in order to identify the lowest-response
and the highest-response pixel, respectively. The value of V,,;; = 255, high-range, is chosen
to probe the PH with the largest V,,; signal available, whereas the choice V., = 60, low-
range, allows the measurement of the PH for small signals, while being safely far from
the threshold of V;; = 35. Examples of these PH measurements are shown in Figure 9.4.
The range of the color axis provides the size of pixel-to-pixel variations that have to be
accommodated during the optimization. The initial PhScale setting is varied until the PH
measurement for the highest-(lowest-) response pixel is below 255 (above 0) ADC counts.
The distribution of the PH measurement is used to find the sought pixels by selecting the
highest (lowest) 98-th percentile pixel as the highest-(lowest-)response pixel, in order to
exclude outliers. For the lowest-response pixel, also the minimum V., at which the PH
response exceeds 10 ADC counts is recorded and stored for use later in the optimization.
The search is restricted by excluding pixels that have hit efficiency below 100%, in order
to avoid using defective or anomalous pixels. Furthermore, the search is first performed
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in a fiducial region of the chip, excluding pixels within 3 columns and 5 rows of the edge
of the ROC. This allows the exclusion of edge and corner pixels, which have different sen-
sor sizes, and of the areas where imperfect bump bonding are observed to concentrate. If
the search in the fiducial region of the chip is not succesful, it is repeated on the full chip.
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Figure 9.4: PH measurement for all pixels of a ROC at V,;; = 60, low-range (a) and V., = 255, high-
range, (b). The maps are used to identify the lowest-response and highest-response
pixel, respectively.

An important aspect of the search is that it is particularly fast: in fact, no full PH re-
sponse curve as a function of V,,; is recorded, whose recording requires about 600 ms for
each pixel and thus about 40 minutes for a full ROC; instead, the sampling of the PH is
performed at chosen values of V,; for all pixels simultaneously, requiring only few sec-
onds. The following steps of the algorithm involve only operations on the two identified
pixels, reducing the time consumption of the optimization.

The algorithm performs the optimization of the DACs based on two-dimensional scans
of the PH measurements as functions of the PhScale and PhOffset DACs, using the two
extremal pixels as benchmarks. For the lowest-response pixel, the scan is performed send-
ing signals at the minimum V,,; recorded in the previous step. For the highest-response
pixel, a user-defined value of V; is used. During module production testing, this value
has been set to 100, corresponding to about 35ke™, larger by about 10ke™ than the most
probable total signal charge for a MIP traversing the sensor. This choice allows to restrict
the ADC dynamic range to the range of signals charges of interest, thus improving the PH
resolution. The optimization, in fact, avoids using part of the dynamic range to record
PH for signals up to the saturation level of the pre-amplifier, typically around 6oke™ and
much larger than the signals observed in the detector. The two-dimensional scans, shown
in Figure 9.5, represent the most time consuming step of the algorithm, requiring about
4 minutes each.

The optimal values of the PhScale and PhOffset DACs are chosen as those that simulta-
neously satisfy the following conditions:
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Figure 9.5: PH response as a function of (PhScale,Ph0ffset) for the lowest-response (a) and highest-
response (b) pixel. The scans are performed injecting signals close to the threshold of
the lowest-response pixel for (a), and the largest signal of interest, here V,,; = 100,
high-range, for (b).

* above-zero PH response for the the lowest-response pixel. A minimum PH of 20 ADC
counts is requested, to provide a sufficiently large safety margin from zero for the
solution of the optimization. If no solution is found, the minimum requirement is
relaxed to > 0;

¢ close-to-saturation, but smaller than 255, PH response for the highest-response pixel.
A tolerance of 3 ADC counts within the maximum value is given, to widen the range
of possible solutions.

In case of multiple pairs of values satisfying the constraint, the one with the lowest
PhScale is chosen and, if multiple values of PhOffset are possible for this value of
PhScale, the lowest PhOffset is chosen.

The result of applying the two constraints described above to the distributions shown in
Figure 9.5 is given in Figure 9.6. It is relevant to notice that the definition of optimal values
given above correspond to only very few combinations of (PhScale,Ph0ffset), among the
65536 possible ones, providing the desired PH behaviour of the ROC.

The result of the optimization is validated by measuring the PH response of all pixels for
the chosen values of PhScale and PhOffset at three different values of V,;: low, mid-range
and high V,,;. These maps are used to check the percentage of pixels with non-optimal
PH dynamic range after optimization.

9.1.7 GainPedestal

The GainPedestal test samples the PH response as a function of the V,,; setting for all pixels.
The sampling is then fitted and the fit result stored to be used in other characterization
procedures, briefly summarized in Section 9.2.4, whose detailed description is beyond the
scope of this thesis. The sampling of the PH is performed in steps of 10 V; units, in the
low range, and for 5 sampling points in the high range. This sparse sampling allows to
keep the duration of the procedure under control (< 15 minutes), while allowing a good
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Figure 9.6: The combinations of (PhScale,PhOffset) which satisfy the optimization requirements
described in the text.

accuracy of the fit. The measurements are then fitted with a hyperbolic tangent function,
parametrized as in equation 9.1, over the whole sampling range.

PH = p3 + patanh(po - Ve — p1) (9.1)

The parameter p; is associated with the linearity of the response of the PH and it is used in
the identification of pixels with anomalous PH curves. The PH distributions are also fitted
with a linear function in a restricted range to extract the values of gain and pedestal for
each pixel.

9.1.8 Readback mechanism and calibration

The digital ROC offers a readback mechanism that allows access to on-chip measurements
and information through a slow ADC, as introduced in Section 8.4.

Several information can be read out throught this mechanism, depending on which
value the readback register is set: these include digital data and analog on-chip measure-
ments of currents and voltages. The full list of measurements accessible and their respec-
tive register value are given in Table 9.1.

The analog readback measurements need to be calibrated using external voltage and
current references to be converted from ADC units to physical units. These measurements
represent an important tool to provide on-chip voltage and current measurements, which
can not be otherwise accessed in the final detector system due to the powering scheme.
The laboratory setup in which the Fulltest is performed, described in Section 9.2.1, allows
powering and communication with each individual module via a Digital Test Board (DTB),
contrary to the FED and FEC system described in Section 8.4. For this reason, the readback
ADC calibration cannot be performed once the modules are installed in the detector, while
it is possibile to use the DTB to calibrate individually the analog readback response of each
chip.
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Register Function

0 last data
Digital last address
2 last pixel column
3 last pixel row
8 unregulated digital voltage
9 unregulated analog voltage
Analog 10 regulated analog voltage
11 bandgap reference voltage
12 analog current

Table 9.1: The readback functions corresponding to different settings of the readback register.

For this purpose, a calibration procedure is put in place. The readback measurements
of the unregulated digital and analog voltages are calibrated by comparing the voltage
supplied to the chip via the DTB to the measurement performed by the readback mecha-
nism. The calibration coefficients are extracted through a linear fit. The calibration can be
applied to single-chip units or to full modules. In the latter case, voltage drops occurring
between the DTB and the chip have to be taken into account. In order to do so, the average
resistance Rc of the module cable has been measured and used to correct the voltage
supplied to the module. Furthermore, a difference Agyp of about 18omV is observed
between the ground levels of the module adaptor card and of the HDI, which is used to
further correct the estimate of the chip voltage supply. The calibration function thus can
be written as:

RB(V,I) =po+p1-(V—=Rc-1—-AcnD) (9-2)

where RB(V, ) is the readback ADC response for a voltage V and a current I measured
with the DTB and pg and p; are the calibration coefficients determined by the fit. The
function can then be inverted to obtain a measurement of the voltage in physical units.
The number of points used in the calibration has been tuned to reduce the execution time
to about 40, without affecting the accuracy.

The accuracy of the calibrations for both the unregulated analog and digital voltage
has been verified using as a benchmark the bandgap reference voltage V}, on a sample
of 16 chips. Its value, indeed, can be measured via the readback, as shown in Table 9.1,
and directly on-chip, using a probe needle to access the dedicated spy pad on the chip
periphery. The calibration of the unregulated digital voltage provides measurements of
Vhe with an accuracy of 0.01V, while the calibration of the unregulated analog voltage,
though achieving the same accuracy, shows a systematic underestimation of V;, of about
0.01 V. On modules, a residual effect is caused by the finite resistance of the HDI producing
an additional voltage drop. This effect has the largest impact for the ROC furthest away
from the landing position of the module cable, causing an inaccuracy in the measurement
of Ve of about 0.01V.
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The readback analog current calibration is carried out in two steps: first, the non-linear
relation between the analog current I;,, and the V,;, DAC setting is measured with the
DTB and described with a second order polynomial, as:

Ianu(Vana) =4qo+4q1- Vana + qz - Vana2 (9~3)

Then, the linear relation between the readback analog current ADC measurement and V,,
is described as:

RB(Vana) =ro+71r- Vanu (94)

and the parameters g; and r; are extracted through fits. Combining the two equations and
solving for I;,,, the calibration function is obtained as:

RB—T’()

" )2 (9.5)

RB —
Iina(RB) = qo +q1 - (Tro) +q2- (

Examples of the distributions described by Equations 9.3 and 9.4 are shown in Fig-
ure 9.7.
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Figure 9.7: The measurement of the analog current I,,, with the DTB (a) and with the readback
ADC (b) as a function of the V,;,, DAC.

The calibration has to be carried out sequentially for each ROC of the module, given
their connection in series, and takes about 7 minutes per module.

9.1.9 IV curve

Finally, the quality of the sensor is tested. The most important parameter of the sensor is
its leakage current, which will account for a significant fraction of the power consumption
of the detector after irradiation. While, as described in Section 7.3, this current can be
reduced by lowering the operational temperature of the detector, sensor with very large
leakage currents have to be discarded, indicating a faulty or damaged sensor. The sensors
are tested by measuring the leakage current as a function of the bias voltage, recording the
so-called IV curve. While the nominal operational bias is —150V, the scan extends from 0
to —600V, since larger voltages are needed as the irradiation dose received by the sensor
increases to fully deplete it. The IV curve has typically an initial sharp rise, which then
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continues approximatively linearly for bias voltages larger than —100 V. The current then
sharply increases after a breakdown voltage: for this reason, during the test a compliance
current of 100pA is set to avoid damaging the sensor. The IV curve is recorded at 17°C
and the values of the leakage current at —150 V and the slope of the curve between —100
and —150V are used to assess its quality. Furthermore, the IV curve is measured also at
—20°C and compared to the one obtained at 17°C to evaluate if the scaling of the current
with the temperature is well described by the Equation 7.2.

9.2 MODULE QUALIFICATION

All produced modules undergo a series of tests aimed at calibrating their parameters and
at assessing their quality and suitability for detector installation. The results of the tests
are combined to assign a grade (A, B or C) to the module. Grade-A modules represent
cases where virtually no or very minor flaws are observed in the module and its sensor.
In grade-B modules, minor defects or anomalies are observed, which do not impact the
operation and performance of the modules in the final system. Modules graded A or B
are thus suitable for installation in the final detector. Modules which show major defects
are graded C and discarded for detector construction. The details of the grading system
are provided in the following of this Section.

9.2.1  Qualification setup

The module qualification is carried out in a temperature- and humidity-controlled envi-
ronment by means of a cooling box, built and commissioned for this purpose. The cooling
box features 4 high-power active cooling Peltier elements, mounted in a copper block
through which pre-cooled water flows, removing the excess heat from the Peltier ele-
ments. The cooling plate is designed to host up to 4 modules. The presence of a lid
allows the closure of the qualification volume and enables the control of the humidity,
via a flux of dry air. In this way, it is possible to control via software that the tempera-
ture never falls below the dew point, protecting the modules from damage. The cooling
box can be controlled via a JUMOsoo0 interface. A picture of the cooling plate with four
modules is shown in Figure 9.8(a).

The module is connected, via a cable-adaptor card, to a DTB, which can send and receive
signals and powering and where the firmware for module control and readout resides.
The DTB also forwards the bias voltage from a Keithley power supply to the module.
The DTB is connected to a Personal Computer (PC), where the qualification software runs,
containing the Fulltest. Furthermore, a client-server controller software is in charge of
operating the different parts of the test setup (cooling box via JUMO500 interface, DTBs,
power supply, testing software) and dictates the sequence of operations of the qualifica-
tion. A picture of the full qualification setup is shown in Figure 9.8(b), while a diagram
of the setup is given in Figure 9.9.

9.2.2  Configuration

The qualification of a module comprises the following steps:
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(b)

Figure 9.8: (a) The plate of the cooling box where modules are placed for temperature-controlled
qualification. The Peltier elements are installed right below the plate and provide the
necessary cooling power. In the background, the cable-adapter cards and the DTBs to
which is module is connected.

(b) The cooling box, one DTB, and the Keithley power supply.

¢ at 17°C, a quick measurement of the leakage current is performed at the nominal
bias voltage of —150V. If it exceeds 30y A, the module is graded C and the qualifi-
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Figure 9.9: The diagram of the qualification setup. The client-server controller, running on a PC,
controls both software instances (the testing software) as well as hardware components
of the setup: the cooling box, via the JUMOso00 interface; the DTBs; the Keithley power
supply, providing the bias voltage to the modules via the DTBs.

cation interrupted, while if it is larger than 5uA the module is assigned a B grade
at this stage and proceeds to the qualification;

¢ the module is cooled down to —20°C and it undergoes a first Fulltest. If errors that
prevent the completion of the Fulltest are encountered, the qualification is stopped
and the module is graded C;

* a thermal stress test is performed, simulating the conditions which modules will
encounter in the full system. The module is warmed up to 17°C and cooled down
to —25°C ten consecutive times. A second Fulltest at —20°C is then performed, in
order to see if mechanical stress due to temperature variations caused damage in
the functionalities of the module. The sensor is characterized at —20°C by recording
the IV curve, described in Section 9.1.

¢ the Fulltest+IV curve sequence is repeated at 17°C. Testing the module at two dif-
ferent temperatures allows to perform a linear interpolation as a function of the
temperature of its calibration and configuration parameters, as well as to verify
how closely the leakage current follows the expected behavior as a function of the
temperature described by equation 7.2.
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The whole qualification lasts about 8 hours and is performed in parallel for 4 modules.
An example of the temperature diagram as a function of time is shown in Figure 9.10,
where the different routines of the qualification can be identified.
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Figure 9.10: Example of a temperature diagram as a function of time during module qualification.
Each Fulltest requires about 70 minutes and 10 more minutes are needed for an IV
curve recording. Each thermal cycle between 17°C and —25°C takes about 15 minutes,
leading to a total qualification time around 8 hours.

9.2.3 Grading scheme

The results of the Fulltests and of the sensor tests are combined to assign a grade to
the module. In each Fulltest, the grading is assessed at the ROC level, as described in
Section 9.2.3.1, and the module receives the grade of the worst-scoring ROC. This grade
defines the overall quality of the electrical functionalities of the module. For each module,
also the sensor is graded, according to the measurements performed in the IV tests. The
quantities considered and the corresponding grades are discussed in Section 9.2.3.2. A
suite of tests under X-ray irradiation is performed and a corresponding grading scheme
is defined, as discussed in Section 9.2.4.

9.2.3.1 ROC grading

The goal of the ROC grading scheme is to select chips that offer the best performance
in terms of resolution and hit efficiency. For this purpose, among the several properties
and parameters of the PUC, those with the largest impact on such performance have been
identified and chosen as benchmarks for the ROC grading. Simulation studies have been
carried out during the module production of the previous CMS Pixel detector [34] and the
grading scheme presented here builds on the experience from this study. However, the
vast difference in the chip design and readout demand an ad-hoc investigation on the
performance of the digital chip, which is presented in Section 9.3.7.

A charged particle traversing the Pixel detector typically deposits charge in more than
one pixel, due to the angle of the particle trajectory and the Lorentz angle, leading to
charge sharing among pixels. A clustering algorithm groups the single pixel deposits, by
identifying clusters as groups of adjacent pixels with signals exceeding the set threshold.
Charge sharing has a direct impact of the threshold and noise levels of pixels on hit
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efficiency and resolution: on the one hand, a threshold as low as possible is desirable,
since too high thresholds can cause the loss of pixels in the cluster that collect only a
fraction of the initial hit charge; on the other hand, too low thresholds lead to pixels firing
on noise and polluting the cluster reconstruction. Furthermore, a low-threshold setting
extends the lifetime of the detector, by allowing to efficiently separate smaller and smaller
signals from the increasing noise as the sensor suffers radiation damage. Once the target
value of the threshold for all pixels is set (nominally at 1750e™~), the uniformity of the
threshold among different pixels and the pixels noise levels represent the most important
parameters to control a clear separation between proper signal hits and noise. For this
reason, the threshold width around the target value and the mean pixel noise are taken
as grading parameters. Furthermore, the non uniformity of the PH among pixels has an
impact on the resolution, since a per-pixel granularity for the PH gain and pedestal is not
a sustainable payload at reconstruction time and only average and coarser information
can be used. The chips are thus also graded based on the uniformity of their PH gain
values, using the width of the gain distribution for all the pixels of the chip divided by
its mean (relative gain width) and the spread of the pedestal values as grading parameters.

Hit efficiency is directly affected by the amount of dead or defective pixels in a ROC,
which enters the grading scheme as shown in Table 9.2. On top of inefficient pixels, iden-
tified in the PixelAlive test, other pixel defects can affect the efficiency and quality of the
readout:

¢ threshold defects, i.e. threshold after trimming more than 10 V., units away from
the target;

¢ large (> 400e~) or anomalous noise (< 10e™);
* PH gain defect (larger than 5 or smaller than 1);
¢ PH linearity (larger than 7 or smaller than o);

* TrimBits defect, i.e. if any bit of the TrimBits DAC, except the least significant one,
is found defective in the Trimming test;

* address decoding problem (misplaced or out-of-range column or row);
¢ defective bump bonding connection.

Defects in the pixel masking mechanism are treated differently than all other pixel
defects: if a single pixel can not be masked and becomes noisy or malfunctioning at some
point in the detector lifetime, this impairs the readout of the full chip. For this reason, a
single mask defect causes the whole chip to be graded C and the module to be discarded.

All other defects are summed together, avoiding double counting of pixels showing
more than one defect, and the total fraction of defective pixels enters the grading system
of the chip.

The set of parameters considered for the evaluation of the chip quality and the thresh-
olds corresponding to A, B, and C grades are summarized in Table 9.2.

9.2.3.2 Sensor grading

The sensor is graded with the goal of ensuring efficient charge collection and keeping the
detector operating within the power consumption constraints, after the sensor suffered
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A B C
Mean Noise <200e” < 300e” > 300e”
Threshold width < 200e” < 400e” > 400e~
Width of relative PH gains < 0.1% < 0.2% > 0.2%
PH pedestal spread < 2500e~ < 5000e~ > 5000e™
Fraction of defective pixels < 1% < 4% > 4%

Table 9.2: The list of parameters entering the ROC grading and the corresponding thresholds for
A, B, and C grades.

radiation damage. The main types of damage caused by ionizing and non-ionizing radi-
ation in the sensor, described in Section 7.4, are accumulation of space charge and bulk
damage. The results of the damage in the operation of the detector are increased leak-
age current, higher bias voltage for full depletion, and lower charge collection efficiency.
Based on this, stringent criteria on the leakage current of unirradiated sensors and on the
shape of the IV curves are set. Limits on the leakage current measured at 17°C are set at 2
(10) A for modules to be graded A (B), based on the studies of sensors after irradiation.
Furthermore, the IV curve for unirradiated sensors is expected to be slowly linearly rising
between about —100V and the breakdown voltage, expected to happen at bias voltages
larger than —600 V. More steeply-rising curves correspond to sensors drawing larger cur-
rents when operated at higher bias voltages after irradiation and typically identify mod-
ules which suffered sensor damage and which are more prone to early current breakdown.
A limit on the slope of the IV curve, defined as L, (V = —150V)/ Llea (V = —100V) is
set at 2, with modules exceeding this limit being graded C, while no grade B is foreseen
based on this parameter. The grading of the sensor is summarized in Table 9.3.

A B C
Teak (T = 17°C) <2uA < 10uA > 10uA
Teak (V = —150V) / Lear (V = —100V) < 2 - >2

Table 9.3: The list of parameters entering the sensor grading and the corresponding thresholds for
A, B, and C grades.

9.2.4 X-ray tests and grading

In addition to the cooling box qualification, each module undergoes a second suite of
tests in an environment where high-rate X-ray beams can be shone onto the modules.
The purposes of the tests under X-ray radiation are multiple:

¢ measure the pixel noise and the readout efficiency for internal calibration signals in
the high-occupancy background of the X-ray hits;

¢ verify the quality of the bump bonds with a procedure that, differently from what
described in Section 9.1, relies on the injection of the V,,; signal trough the sensor;
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¢ identify defects in the double-column readout mechanism and errors in the read-
out data that appear only when stressing the readout with large volume of hits
generated by X-rays;

e isolate hot pixels, whose threshold anomalously varies under intense readout activity
and that require masking.

Pixels with defective bump bonds, noisy pixels and hot pixels contribute to the total of
defective pixels, used to grade the module. The results of these tests are combined in a
grading scheme, summarized in Table 9.4. More details about the X-ray test stand and
the test routines can be found in [62, 85].

A B C
Efficiency at 120MHz/cm? >98% >95% < 95%
Column uniformity problems 0 - >1
Readout uniformity problems 0 - >1
Fraction of defective pixels <1% <4% >4%

Table 9.4: The list of parameters entering the grading of the tests under X-ray radiation and the
corresponding thresholds for A, B, and C grades.

9.3 QUALIFICATION RESULTS FOR MODULE PRODUCTION

The module qualification described in the previous section has been designed to tune
and assess the quality of the modules produced to build the 4 layers of the barrel section
and the 3 disks of each endcap section of the upgraded detector. While the qualification
scheme described has been used for all modules, regardless of their final positioning in
the detector, the discussion of the results will focus on the modules produced to populate
the second innermost layer (L2), which were tested at the ETHZ laboratories. While also
modules of the innermost layer (L1) were tested at ETHZ, the L1 ROC design was still
under development at the time the studies and the qualifications described in this thesis
were carried out. The more severe irradiation conditions and high readout flux of the L1
demanded the development of a more stringent grading scheme, whose is description is
beyond the scope of this thesis.

In Figure 9.11, the cumulative number of modules per grade is given as a function
of time during the production phase. In green, modules with grades A or B are shown,
while modules with grade C are indicated in red. The production reached completion
with 264 modules evaluated to be fit for installation (191 A-grade modules and 73 B-
grade modules), accounting for the full L2 demand and about 20% of spare modules.
With 62 C-grade modules, the production yield is 81%.

9.3.1 ROC functionality

The parameters defining the ROC grading scheme based on the results of the qualifications
are reported for the whole L2 production in Figures 9.12-9.15. In each Figure, the range
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Figure 9.11: The cumulative number of modules with grades A or B (green) and grade C (red) as
a function of time, during the production of L2 modules.

of values for a parameter corresponding to a given grade is shown in different colors,
identifying the A-grade region (green shade), the B-grade region (blue shade), and the
C-grade region (red shade).

The mean noise per ROC is shown in Figure 9.12 as measured in the three Fulltests: first
Fulltest at —20°C (a), second Fulltest at —20°C (b), Fulltest at 17°C (c). The second Fulltest
at —20°C and the Fulltest at 17°are performed after the thermal stress test, following the
sequence described in Section 9.2.2. In each Figure, the distribution of A-grade modules
is shown in green, B-grade modules in yellow, and C-grade modules in red.

In Figure 9.13, the width of the threshold distribution after Trimming is shown for the
three Fulltests.

The distributions of the widths of the relative gain, defined in Section 9.2.3.1 and mea-
sured in the GainPedestal test, are presented in Figure 9.14, for the three different Full-
tests.

The spread of the ROC pedestal distribution, as well measured in the GainPedestal test,
is shown in Figure 9.15.

The plots in Figures 9.12—9.15 show that the distributions of almost all chips fall in the
grade-A regions, with a very minor population of outliers entering the B-grade region.
The fact that the bulk of the distribution is entirely contained in the A-grade region
denotes the high quality and reproducibility of the ROC production. It can also be noted
how no ROC falls in the C-grade regions of the four grading parameters, indicating the
high performance and electrical functionality of the chips produced. This corresponds to
no module being discarded based on this part of the grading scheme. Furthermore, by
comparing the distributions relative to the Fulltests at —20°C before and after the thermal
cycling, no sign of deterioration of the chip performance is observed.
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Figure 9.12: The mean noise per ROC measured in the Fulltests at —20°C, before (a) and after
(b) the thermal stress test, and at 17°C (c). The distributions are shown for ROCs in
modules with final grade A (green), B (yellow), and C (red).

9.3.2 Pixel defects

The number of pixel defects per ROC is defined by measuring specific characterizing
properties of the pixels and verifying if they fall inside the range of expected values, as
defined in Section 9.2.3.1.
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Figure 9.13: The width of the threshold distribution after the Trimming procedure per ROC mea-
sured in the Fulltests at —20°C, before (a) and after (b) the thermal stress test, and at
17°C (c). The distributions are shown for ROCs in modules with final grade A (green),
B (yellow), and C (red).

The number of pixels with a defective threshold setting is defined as those pixels whose
final threshold is more than 10 V., units away from the target of 35. The distributions in
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Figure 9.14: The width of the relative gain distribution per ROC measured in the Fulltests at —20°C,
before (a) and after (b) the thermal stress test, and at 17°C (c). The distributions are
shown for ROCs in modules with final grade A (green), B (yellow), and C (red).

Figure 9.16 shows the per-pixel threshold in the two Fulltests at —20°C and in the Fulltest
at 17°C. The distributions are shown separately for modules with final grade A (green),
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Figure 9.15: The spread of the pedestal distribution per ROC measured in the Fulltests at —20°C,
before (a) and after (b) the thermal stress test, and at 17°C (c). The distributions are
shown for ROCs in modules with final grade A (green), B (yellow), and C (red).

B (yellow), and C (red). The boundaries in V,,; units for a pixel to be considered defective
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Figure 9.16: The distribution of the pixel threshold, in units of V,,;, as measured in the Fulltests
at —20°C, before (a) and after (b) the thermal stress test, and at 17°C (c). The distribu-
tions are shown for pixels in modules with final grade A (green), B (yellow), and C
(red).

The noise per pixel is measured in the S-curves test and required to be smaller than
400e~ for non-defective pixels. Furthermore, the noise is required to be larger than 10e~,
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to exclude pixels with anomalous S-curve shapes which lead to fit failure. The distribution
of the pixel noise in the three Fulltest is shown in Figure 9.17, where the same color
scheme described for Figure 9.16 applies.
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Figure 9.17: The distribution of the pixel noise as measured in the Fulltests at —20°C, before (a)
and after (b) the thermal stress test, and at 17°C (c). The distributions are shown for
pixels in modules with final grade A (green), B (yellow), and C (red).
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In Figure 9.18, the distributions of the pixel gain are shown, as measured in the Gain-
Pedestal test in the three Fulltests. Pixels with a large (> 5) gain are counted as defective,
since their behavior significantly deviates from the mean and cannot be accounted for
during the operation of the detector, when only average information on the gain can
be used. Also pixels with a gain smaller than 1 are considered defective, indicating an
anomalous shape of the PH curve as a function of V.

As noted for the chip quality, also the number of pixel defects and distributions of the
corresponding grading parameters are not observed to worsen after thermal stress. As
described in Section 9.2.3.1, the number of pixels showing the defects described above is
added to the number of pixels dead, inefficient, with defective TrimBits, or with address
decoding errors. Based on these pixel defects, 2 modules are graded C and rejected for
installation.

The main source of module discard among the pixel defect evaluations is found to
be the number of defective bump bonding connections, which is responsible for the C-
grading of 4 additional modules. These modules consistently show defects localized in
the corners of each ROC, while the center of the chip either shows diffused defects or
no defects at all, due to a momentary misconfiguration of the bump bonding procedure,
which was subsequently fixed. The modules map of the bump bonding defects, recorded
at 17°C, for these 4 four modules are given in Figure 9.19.

No defective bits have been observed in the pixel masking mechanism, which allows to
disable the readout of each pixel individually, thus no module is downgraded based on
this parameter.

9.3.3 Sensor quality

The grading of the sensor is based on the leakage current at the nominal bias voltage of
—150V and on the slope of the IV-curve, as described in Section 9.2.3.2. The distributions
of these two parameters are shown in Figure 9.20, separately for modules with final grade
A (green), B (yellow), and C (red).

Since only six modules showed an IV-slope larger than 2, such cases are inspected indi-
vidually. Since the excess for all these modules is small, having an IV-slope smaller than
3, and based on irradiation studies of the sensors showing a decrease of the slope after
irradiation, these modules are upgrade to grade B, provided that their leakage current at
—150V and 17°C is smaller than 2uA.

Figure 9.21 shows the overlay of the IV-curves at 17°C for all tested modules. The clear
vertical stacking of grade-A (green), grade-B (yellow), and grade-C (red) modules show
how the leakage current is the driving parameter in the grading of the sensor.

The quality of the sensor is the major reason for module failure and rejection for instal-
lation, accounting for 25 modules.

9.3.4 Functionality under X-ray

The module tests performed under X-ray radiation and the corresponding grading, de-
scribed in Section 9.2.4, account for the C-grading of 15 modules. In all these cases, the
reason for downgrading the module is found to be the presence of errors in the double
column readout mechanism, when stressed under high-rate X-ray radiation.
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Figure 9.18: The distribution of the pixel PH gain as measured in the Fulltests at —20°C, before (a)
and after (b) the thermal stress test, and at 17°C (c). The distributions are shown for
pixels in modules with final grade A (green), B (yellow), and C (red).

9.3.5 Other failure modes

Despite the thorough set of tests modules undergo, it is possible that atypical module
defects, caused by unexpected behavior, might go undetected by the grading scheme.
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Figure 9.19: The module map of bump bonding defects observed at 17°C for the 4 modules with
at least one ROC exceeding the 4% threshold of defective pixels because of bump
bonding problems. The modules are consequently graded C.

Nevertheless, such defects will cause failure or anomalous results in one or more parts of
the qualification. For this reason, the qualifications whose results are irregular or suspi-
cious are set aside and inspected individually for further understanding. In this process,
a few modules, produced consecutively, are found showing troublesome communication
with only the two ROCs that are placed further away from the landing position of the
power and signal cable on the HDI. The resistance of the power lines of the HDIs used for
these modules is measured on a probe-station and found to be anomalously high, thus
limiting the voltage supply to the ROCs as their distance from the cable increases. Given
the impossibility to reliably operate these modules, a total of 8 are given a C grade and
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Figure 9.20: The distribution of the sensor leakage current measured for a bias voltage of —150V
at 17°C (a) and of the slope of the IV curve, defined as the ratio of the leakage currents
at —150 and —100V. The different colors identify modules with different final grade:
green for A, yellow for B, and red for C.

Fulltest +17C, modules: 317
1 1

Current [A]

0 600
Voltage [V]

0 100 200 300 400

Figure 9.21: The overlay of the IV-curves of all tested modules, separately for grade-A (green),
grade-B (yellow), and grade C (red) modules.

discarded for this reason. The quick identification of the issue prevented the production
of more modules with HDIs from the same faulty batch.



9.3 QUALIFICATION RESULTS FOR MODULE PRODUCTION

9.3.6 Summary of module failures

A total of 62 modules in the whole production are discarded for installation out of the 326
produced, providing a production yield of 81%. The reasons for these modules failing the
tests are described in detail in the Sections above and are summarized in Figure 9.22. The
sensor quality, responsible for the grade C of 25 modules, is found to be the main cause
of module failure. Errors in the double-column readout mechanism, when tested under
high-rate X-ray radiation, account for the exclusion of 15 modules. 8 modules are rejected
due to high resistance of the powering lines on their HDIs, while 6 modules show at least
one ROC with more than 4% defective pixels. The non-programmability of at least one ROC
causes 3 modules to be excluded and 3 more modules have been manually downgraded
due to specific reasons.

-
] X-ray DC defect

B o

[ Pixel defects

I ROC not programmable

D Other

7.00

Figure 9.22: The summary of the failure modes responsible for the rejection of 62 modules for the
construction of the second layer.

9.3.7 Potential impact on resolution of C-grade modules

As described in Section 9.2.3.1, the ROC grading scheme expands on the studies performed
for the analog chip production, adapting it to the different features and behaviors of the
new chip. Furthermore, the improved features of the digital chip require the tightening
of some grading parameters, in order to restrict the grade-A and grade-B modules to
the core of the distributions, selecting the best-quality chips. Nevertheless, it is impor-
tant to estimate the impact of using grade-C chips on the detector performance and, in
particular, on the position resolution. For this purpose, the passage of 10k muons with
a momentum of 10 GeV and |5| < 0.1 through the pixel detector is simulated under
different conditions, reproducing degradation corresponding to each of the grading crite-
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ria of the ROC. The position of the reconstructed charge cluster is compared to the true
position of the particle, separately for each layer and for each direction (x, ) in the local
coordinate system on the layer. The difference between the reconstructed and the true
position, called residual, is computed and the RMS of the residuals distribution is taken as
an estimator of the position resolution along a given direction on a given detector layer.
The simulation employs the geometry of the phase-o detector, since at the time the study
has been conducted the simulation of the phase-1 geometry had not been finalized. This
approach, though, evaluates the position resolution layer by layer, and it does not require
the full reconstruction of the muon track, which would be highly impacted by the differ-
ent number of layers between the phase-o and the phase-1 detectors. Furthermore, since
the simulation entails phase-o modules, care is taken to tune the module configuration
and response to reproduce the digital chip properties, i.e. setting the pixel threshold, the
threshold spread, the pixel noise to the mean values measured in the module qualifica-
tions. The impact of the different geometry is thus limited only to the different distances
of the layers from the interaction point and it is considered to have a negligible effect on
the interpretation of the simulation results.

In Figure 9.23, the impact on the mean pixel noise on the position resolution is shown.
No degradation of the resolution is observed for noise values smaller than 500e~, with
boundaries for A (B) grade placed at 200 (300) e~. The resolution worsens only at high
values of noise (1000e™~), where chips are graded C. The steeper trend observed for the
resolution in the X direction is explained by charge sharing, which causes the individual
pixel charge to be smaller in the X direction and thus more affected by larger noise.
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Figure 9.23: The impact of the pixel noise on the position resolution of the Pixel detector.

The effect of the width of the threshold distribution is shown in Figure 9.24, indicating
that A- and B-grade modules do not impact the resolution significantly.

Similarly, Figures 9.25 and 9.26 report the resolution degradation as a function of the
width of the relative PH gains and of the PH pedestal spread. The resolution is affected
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Figure 9.24: The impact of the threshold spread on the position resolution of the Pixel detector.

only by significant variations of the gain width (> 2%), much larger than the criteria
chosen even for C-grade modules (> 0.2%). A sizable worsening of the resolution in the
X direction is observed starting for pedestal spreads of 2500e~, while the Y direction
remains unaffected, due to charge sharing in the X direction which makes the recon-
structed charge more sensitive to approximations caused by the use of mean values for
the pedestal. A-grade modules (gain widths smaller than 0.1, pedestal spread) are found
to cause no impact on the resolution.

The effect of the fraction of defective pixels is studied by simulating the random ineffi-
ciency of a chosen fraction of pixels. The impact on the resolution is shown in Figure 9.27,
where a worsening is observed for C-grade modules (4% of defective pixels) in the X di-
rection. Since the average cluster size in the Y direction is of 1 pixel, the inefficiency in this
direction has a negligible impact on the resolution: if the cluster size is larger than one
pixel in the X direction, the information on the Y position can be preserved without loss
of resolution if at least one of the pixels in the cluster records a signal; if the dimension
of the cluster in X is 1 pixel or all the pixels in the cluster are inefficient, the cluster is lost
completely and is not considered.
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Figure 9.25: The impact of the width of the relative PH gains on the position resolution of the Pixel
detector.

0.8
—&— -0.1<n<0.1, Layerl, direction X

0.7| —m— -0.1<n<0.1, Layer, direction X
—m— -0.1<n<0.1, Layer3, direction X

0.6
-0.1 < n<0.1, Layerl, direction Y

0.5 -0.1 < n<0.1, Layer2, direction Y

+

0.4 -0.1 < n<0.1, Layer3, direction Y

Residual RMS relative variation

0.3

0.2

0.1

Y
4 A

Ju—
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
2000 2500 3000 3500 4000 4500 5000

Pedestal spread [e]

1‘I|IIII|IIII|IIII|III

=
a1
o
oL

Figure 9.26: The impact of the PH pedestal spread on the position resolution of the Pixel detector.
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Figure 9.27: The impact of the fraction of defective pixels on the position resolution of the Pixel
detector.






SUMMARY

This thesis presented the work performed to characterize the Higgs boson in its diphoton
channel exploiting the data set of 35.9 fb™* recorded by CMS in 2016. The production of the
Higgs boson is explored first inclusively, by measuring the signal strength modifiers with
respect to the SM predictions. The overall signal strength is measured to be 1.184_'8:5 =
1.18 fg:ﬁ (stat)fg:gg (syst)fgjgg (theo), being thus compatible with the SM value of 1. Signal
strengths are also measured for individual production mechanisms and found to agree
with the SM expectations.

The Higgs decay to a diphoton pair is studied in more detail by performing differential
measurements of the production cross section with respect to a large number of observ-
ables, describing the production and decay kinematic features, as well as the properties
of associated particles. The cross section is also measured inclusively and in regions of
the phase space enriched in specific production modes (ttH, VH). The total cross section
in the fiducial volume defined for the analysis presented in this thesis is found to be
Ofiducial = 84 £ 11 (stat) £7 (syst) fb = 84 £ 13 (stat+syst) fb, in agreement with the the-
oretical prediction of ‘Tft::l?cri};l = 73 & 4fb. The measurement of differential distributions
are also found to overall agree with the SM calculations. These measurements represent
the most precise and comprehensive study of the H — 77 channel properties and cross
sections performed by the CMS collaboration so far.

The installation in early 2017 of a new pixel detector has been a major upgrade to the
CMS detector. A crucial aspect of the construction of a new system is the thorough inves-
tigation and precise calibration of its components: this thesis presented the qualification
procedures designed for the production of the detector modules, together with the ra-
tionale of the quality criteria chosen to select modules for installation. The procedures
implemented have been used to qualify more than 1200 modules, required to assembly
the new detector. This thesis focused on the qualification results of the modules produced
to constitute the second layer of the central region of the detector, for which 264 modules
have been produced with a production yield of 81%.
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