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Abstract

A search for exotic Higgs boson decays, of the form H — aa, with a — v, is
performed. The hypothetical particle a is a light, scalar or pseudoscalar particle
decaying to two highly merged photons, reconstructed as a single photon object in the
CMS detector. A novel, end-to-end deep learning-based technique is used to directly
measure the invariant mass of merged a — vy candidates, additionally providing a
first measurement of the mass spectrum of objects reconstructed as single photons.
Analysis criteria similar to those used in the standard model H — ~v search are
applied, to probe the possibility that existing measurements in this decay mode may
conceal a contribution from a low-mass particle a. The search is performed using the
full CMS Run IT data set, corresponding to a total integrated luminosity of 136 fb™", at
a proton-proton center-of-mass collision energy of y/s = 13 TeV. No significant excess
over standard model expectations is found. Branching fractions for this process of
B(H — aa — 47) = 0.9-3.3 x 107° are excluded at the 95% confidence level, for
particle masses between 0.1 < m, < 1.2 GeV, assuming negligible lifetime.
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Chapter 1

Introduction

In 2012, a new boson was observed by the CMS and ATLAS experiments [I], 2]
operating at the CERN Large Hadron Collider (LHC) with properties consistent
with the standard model (SM) Higgs boson decaying to H — ZZ* — 4¢ and H — 7.
Since then, additional decay modes have been observed, building confidence that the
new boson is, in fact, the SM Higgs boson [3], [4], capping off a major puzzle in the
origin of electroweak symmetry breaking and particle mass. Indeed, the results of the
broader CMS search program of recent years suggest that the physics probed by the
LHC is just as predicted by the SM. Yet, astronomical observations and theoretical
inconsistencies [5] make it clear that the SM cannot be the final theory of particle
physics. With the LHC now collecting unprecedented amounts of data, this has
prompted a number of searches for physics beyond the standard model (BSM) that
venture farther out into unexplored corners of phase space, where they may have been
overlooked by more conventional search strategies.

Even in the light of current LHC constraints, the Higgs sector remains an im-
portant search space for BSM physics, due to its accessibility to SM-neutral hidden
sectors. In such scenarios, because of the small decay width of the SM Higgs boson,
even minute couplings to BSM physics can lead to sizeable branching fractions for
exotic new states that may be accessible at the LHC. With current constraints on
H — BSM =~ 20 — 60% [6], depending on assumptions, this leaves much room for
exploration in the exotic Higgs sector.

At the same time, recent advances in analysis tools, particularly those exploring
machine learning (ML), have empowered the pursuit of experimentally challenging
topologies, which were theoretically well-motivated but simply not feasible to pursue
previously. A prime example, which is the focus of this thesis, is the exotic decay of
the Higgs boson to a pair of light scalars, each subsequently decaying to two photons,
H — aa with a — vy [7].

Such decays are candidates in various BSM models involving Minimal Compos-
ite Higgs Models (MCHM), two-Higgs-double-like models (2HDM), Next-to-Minimal
Supersymmetric Standard Model (NMSSM), and any SM extension involving an ad-
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ditional hidden sector coupling to a new singlet [8, @]. Moreover, such decays are of
particular interest in searches for axion-like particle (ALP) production [10) [T 12]
because of their potential impact on our understanding of early stellar and universe
formation, and their potential as a dark matter candidate [13, [14] [15 [16]. In such
ALP scenarios, the particle a is additionally identified as a C'P-odd pseudoscalar.
The experimental search we present, however, is insensitive to the C'P-parity of the
particle a.

While different model assumptions allow for varying a — ~~ branching fractions,
the a — 77 decay mode is generally enhanced when m,, is less than the pair production
threshold for decays to the heavier SM states [§]. For masses below the charmonium
production threshold (m, < 3GeV), the particle a will be increasingly preferred
to be long-lived [§]. If the a decays outside of the detector volume, it will not be
reconstructed at all. Moreover, even if the a decays promptly, if it arise from H —
aa, the a — 7y photons will be highly collimated. Each a — ~v will thus be
misreconstructed as a single photon-like object I'(a — 77), or I for short, by existing
particle reconstruction algorithms. In this scenario, the H — aa — 4v decay will
present an invariant mass resonance approximately degenerate with that of the SM
H — 7y decay [17]. Therefore, if realized in nature, the low-m, H — aa — 4+ signal
will be buried in existing SM H — v measurements [18] [6].

Motivated by these challenges and opportunities, in this thesis, we present the first
H — aa — 4+ search that directly measures the invariant mass spectrum of merged
photon candidates I' reconstructed in events resembling a SM H — ~~ final state.
That is, the search is performed in the experimentally challenging regime where the
a — vy decays are merged, but where the branching fraction for this decay mode is
most theoretically attractive. The analysis is made possible by the development of a
novel particle reconstruction technique, which we likewise describe in this thesis. The
technique utilizes an end-to-end deep learning strategy to reconstruct the invariant
mass of merged photon candidates, mp, directly from the energy deposits in the CMS
electromagnetic calorimeter. The full CMS Run II data set is used, corresponding to
an integrated luminosity of 136 fb™'. We probe H — aa — 4~ decays with particle
a masses in the range range m, = 0.1-1.2 GeV. In this first analysis, we assume
that the as decay promptly and analyze only a — v+ candidates reconstructed in the
barrel section of the detector, for simplicity.

While a number of ATLAS measurements have performed similar searches [17, 19],
this analysis represents the first attempt at the LHC to directly probe the a — vy
invariant mass spectrum. A number of other CMS analyses have been published [20,
211, 22], 23, 24], or are underway, to either directly or indirectly search for particle a
decays to other states a — zx, as well its possible production from yet another new
state, X — aa. Generic decays of the form a — v have also been studied outside
of H — aa decays in collider experiments [25] [26], as well as in astrophysics and
cosmology [, 27, 28], although at much lighter masses m, ~ eV.

This thesis is arranged as follows. After the current chapter introduced the mo-



tivation for the H — aa — 4+ search, a description of the experimental setup of the
CERN LHC and the CMS detector providing the analysis data is given in Chapter 2]
The theoretical basis of the SM, the extended Higgs sector, and the phenomenology
of the H — aa — 4 decay are then presented in Chapter [3] In Chapter [ we outline
the analysis strategy for discriminating H — aa — 4+ signal events. The CMS data
sets used for the analysis, and the criteria employed to select H — aa — 4~ candidate
events, are detailed in Chapters [5| and [0}, respectively. Chapter [7]is dedicated to de-
scribing the training and validation of the novel end-to-end ML-based my regression
algorithm. The main physics analysis, detailing the signal and background models
used to perform the H — aa — 4+ signal search, is given in Chapter [§ The results
of the analysis are presented in Chapter [9) and our conclusions are summarized in
Chapter [10]



Chapter 2

The LHC and the CMS detector

In this chapter, we describe the experimental apparatus involved in the production,
collection, and reconstruction of the particle physics data used in this analysis. The
basic unit of statistically independent physics data is the collisions event, or event
for short. In Section [2.1) we begin with a description of the Large Hadron Collider
(LHC), which is the primary apparatus responsible for the production of high en-
ergy collision events. This is followed in Section by a description of the Compact
Muon Solenoid (CMS) detector, which is responsible for the collection of data gener-
ated by the LHC, and the main data source for this analysis. A short primer on the
interaction of particles with matter is presented in Section [2.2] prior to the descrip-
tion of the CMS detector, in order for the design of the CMS detector to be better
appreciated. Following these, the steps involved in the filtering and reconstruction
of the detector data are described. Due to the untenable volume of data generated
by the LHC, a dedicated event filtering or triggering system is implemented in the
CMS detector, to select only events of interest, described in Section For events
passing the trigger, the data collected from the CMS subdetectors are subsequently
reconstructed into physics objects used for analysis, as described in Section [2.5] Note
that the reconstruction here pertains to those of standard CMS physics objects, not
those reconstructed by the end-to-end technique, which is instead described in Chap-
ter [7l Finally, as particularly relevant for the end-to-end reconstruction technique,
we conclude this chapter in Section with an overview of the detector simulation
process and its basic validation.

2.1 The LHC

The CERN LHC is presently the largest and most energetic man-made particle collider
ever built. It straddles the border of France and Switzerland, between the foothills
of the Jura mountain range and Lac Léman, some 100 km underground.

The LHC, while designed to be a general purpose collider, was conceived primarily
to study the nature of electroweak symmetry breaking, for which the Higgs mechanism
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was thought to be responsible. Today, it is chiefly known for its discovery of the Higgs
boson, jointly discovered by the CMS and ATLAS experiments in their Run I (2011-
2012) data sets, for which the 2013 Nobel prize in physics was awarded to the duo
of Francois Englert and Peter Higgs. The LHC remains the only operational collider
able to probe the electroweak energy regime and thus continues to host a broad
research program investigating both high-precision, high-energy SM physics, as well
as searches for physics beyond the standard model.

In this section, we describe the design choices that motivated the LHC’s con-
struction, detail its basic operation, and highlight key features that drive its physics
performance.

Collider design. The LHC, at its most basic level, is a synchrotron accelerator that
accelerates beams of charged particles in a circular orbit. In the case of the LHC,
there are two counter-rotating beams of protons, which, at pre-determined points in
the orbit, are steered into collision, from which particle collisions are generated.

As opposed to linear accelerators, colliders based on circular accelerators have the
distinct advantage of having much higher collision rates. At an energy of 6.5 TeV
per beam, each proton in the beam orbits the 27 km circumference of the LHC ring
at a rate of more than 11 kHz, orders-of-magnitude higher than would be achievable
with linear accelerators that would need to be time-consumingly refilled after every
collision. As a result, the LHC has one of the highest nominal collision rates of any
collider, 40 MHz, placing it in a unique position to probe the rarest of physics decays.

As opposed to striking fixed targets, by introducing two counter-rotating beams,
the LHC is additionally able to maximize collision energy. For a given beam energy,
the collision energy, parametrized by the Mandelstam variable /s, is maximized
when the incident particles collide in their center-of-mass frame. By utilizing two
counter-rotating beams of similar mass and energy, the physics potential of the LHC
beams is therefore maximized in the lab frame. As a result, the LHC is also the most
energetic collider ever built, with a /s = 13 TeV, giving it the ability to probe the
highest energy physical phenomena, or equivalently, the smallest length scales, in a
laboratory setting.

A disadvantage of circular colliders, however, is that they require magnets with
large bending power in order to deflect particles into a circular orbit. For an orbit
radius R, a particle of charge ¢ and momentum |p| requires a magnetic field of strength

p|

Bl = qcR’

where ¢ is the speed of light. Moreover, accelerating charged particles (as in a circular

orbit) dissipate energy in the form synchrotron radiation. For a particle of mass m,
this occurs at a rate proportional to

(2.1)

2
q

)
m R

P (2.2)
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As the above equations suggest, these effects can be mitigated by constructing large
radius accelerator rings and using heavy particles. It should come as no surprises
then that the LHC is also the largest collider to have ever been built, with a radius
of R = 4.3 km. In a previous incarnation, known then as the Large Electron Positron
(LEP) collider, electrons were originally collided. However, with an upgraded ring
designed for bending protons, the new ring came to be known as the LHC.

Choosing to collide protons, a kind of hadron, however, has its drawbacks, and
for which the LEP was first constructed. Unlike electrons, protons are not point
particles, but rather bound states of quarks and gluons, or partons. Because of this,
the full /s = 13 TeV of the proton collision is not actually transferred to the primary
interacting partons. Only a fraction of this energy, dictated by the proton’s parton
distribution function, is at any time available to the partons interacting in the primary
collision event, known as the hard scattering event. Indeed, because there are other
partons that share in the proton’s energy, they too may collide in softer scattering
events, known as the underlying event. Moreover, partons, and in the case of softer
collisions, other hadrons, interact predominantly through QCD. Thus, while the LHC
is a prodigious collision factory, majority of these events do not directly illuminate
electroweak or BSM physics.

On balance, however, the LHC succeeds as a general purpose collider. The LHC
has managed to “re-discover” all the major SM particles discovered by its predeces-
sors, in addition to singularly discovering a new boson consistent with the SM Higgs
boson. As of this writing, plans are being drawn up to build a successor to the LHC,
currently dubbed the Future Circular Collider (FCC), that pushes the same circular
collider strategy of the LHC to new heights.

The LHC complex. As with all synchrotrons, the LHC bends charged particle
beams through the use of magnets. For the demands of the LHC, superconducting
magnets are utilized. Each segment of the LHC ring is composed of cryogenically-
cooled superconducting dipole magnets, housing the two counter-rotating proton
beam pipes, to regularly deflect the particle beams into the desired, approximately
circular orbit. Interspersed between the superconducting dipoles are superconducting
quadrupoles which behave like lenses for beam focusing, and other, high-order mo-
ment magnets for various beam correction operations. The magnets are constructed
from niobium-titanium (NbTi) which, during operation, produce a field strength of
7.7 'T. To keep the magnets in a superconducting state, they are cooled to 1.9 K using
liquid heliumﬂ

The LHC is but the last stage of a larger LHC accelerator complex, as illustrated
in Figure 2.1 Before the proton beams are accelerated by the LHC to an energy of
E =6.5TeV, they are sequentially accelerated through a series of linear and circular

A major accident occurred in 2008 in which one of the superconducting LHC magnets
“quenched” or lost its superconducting state, resulting in rapid heating and expansion of the liquid
helium coolant, enough to cause a small explosion.



accelerators, each optimized to bring the beams to progressively higher energies. First,
the protons start out as molecular hydrogen (H,) in a compressed gas tank. Hydrogen
ions (H™) are then extracted and injected into a linear accelerator (Linac4). The
Linac4 uses radio frequency (RF) cavities to accelerate the hydrogen ions to 160 MeV.
The hydrogen ions are then injected into the first circular accelerator, the Proton
Synchrotron Booster (PSB). The PSB strips off the electrons from the hydrogen ion
beams, leaving only protons, which are accelerated to 2 GeV. The resulting proton
beam is then injected into the Proton Synchrotron (PS), where they are further
accelerated to 26 GeV, before being injected into the Super Proton Synchrotron (SPS).
The SPS brings the proton beams to an energy of 450 GeV before, finally, injection
into the main LHC ring. To insulate the LHC ring from surface vibrations that could
disturb the proton beam alignment, the LHC ring is situated 100 km underground.

The CERN accelerator complex
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Figure 2.1: The full LHC accelerator complex. Credit: CERN.

In the LHC ring, the incoming proton beam is accumulated into distinct bunches,
before being accelerated to the full 6.5 TeV energy. In total, each of the two LHC
beams consists of more than 2000 bunches, organized into bunch “trains”, with each
bunch containing about 10" protons. The entire injection sequence, from hydrogen
gas to filled proton bunches in the LHC, takes about two hours.

7



Once the proton beams in the LHC are ramped to their full operating energy, the
counter-rotating beams a gradually steered into collision at four “interaction points®,
spaced roughly symmetrically around the LHC ring. At a nominal bunch spacing of
25 ns, this results in bunches crossing at a rate of 40 MHz at each of the four points.
The timing of the bunches is closely controlled and communicated to the individual
LHC experiments to allow them to precisely synchronize their data collection.

It is around these four interaction points that the four main LHC detectors are
built: ATLAS, CMS, LHCb, and ALICE. ATLAS and CMS are both general purpose
detectors with overlapping physics objectives. LHCb primarily studies CP viola-
tion using b-quark decays, while ALICE studies the quark-gluon plasma. There are
four additional, ancillary experiments that operate off the four interaction points:
TOTEM, LHCf, MoEDAL, and FASER.

For the LHC ring, the main constraint preventing higher beam energies (and thus
collision energies) is not radiative losses (~ 1keV per orbit) but the bending power
of the dipole magnets. Following the quench incident of 2008 (see footnote (1)) the
LHC magnets had to be operated at significantly lower field strengths, resulting in
the LHC collision energy being halved.

Physics performance. While the LHC proton bunches cross at 40 MHz, the actual
rate at which events are produced for a given physics process is a function of the beam
luminosity L. For a physics process with an LHC production cross section of o, the
event production rate is

Nevents = Laxsa (23)

where L is proportional to the number and Lorentz boost of the protons in the beam,
and inversely proportional the geometric cross section of the beam (i.e., the more
focused the beam, the higher the luminosity).

As listed in Fig[2.2] the overwhelming majority of events produced by the LHC are
soft QCD interactions, with the contribution from electroweak physics exceedingly
rare. The biggest contributor to the soft QCD interactions is the non-diffractive
inelastic scattering, or so-called minimum bias events, with a production cross section
of about 65mb ~ 10" pb. During the recently completed Run II phase (years 2016-
2018) of the LHC, where the beam luminosity typically peaked at about L ~ 2 X
10" em 25t ~ 2x107 % pb's7! at the start of the proton beam fill, this translates to
about ~ 10° minimum bias events per secondﬂ By contrast, for SM Higgs production,
with a cross section of about oy ~ 50pb, only ~ 1 Higgs boson is produced every
second.

During operation, the LHC collision rate is such that a single proton beam fill
can last for 12 hours or longer before being dumped, over which time the luminosity
typically drops by half or more.

1 em? =1 x 10* pb
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The proton bunching scheme has important consequences on physics performance.
In addition to the underlying event described earlier due to the use of protons, having
10" protons in each colliding bunch results in the possibility of multiple, simultane-
ous interactions per bunch crossing. This phenomenon, known as pileup, can result
in additional soft-scattering events being overlaid onto the primary hard-scattering
eventEL complicating attempts to reconstruct the primary collision event. While this
is mitigated by the identification of the primary collision vertex (see Section ,
it can nonetheless lead to spurious, soft particle tracks and energy deposits in the
detector.

At CMS, one typically acknowledges two sources of pileup: in-time pileup, where
the additional interaction arise from other protons in the same bunch crossing as the
primary collision, and out-of-time pileup, where they arise from protons in a prior
or later bunch crossing. During Run II, the mean pileup level measured at the CMS
interaction point, as shown in Figure|2.3] was between 40 to 60 additional interactions,
in proportion to the instantaneous beam luminosity. Notably, during 2017, an issue
with the LHC magnet cooling resulted in the proton beams being switched to an
alternate bunching scheme that resulted in higher out-of-time pileup contributions.
These are visible in the middle plot in Figure [2.3|as a secondary peak at higher pileup
values for 2017.

CMS Average Pileup, pp, 2016, V5 - 13 TeV CMS Average Pileup, pp, 2017, 5 = 13 TeV CMS Average Pileup, pp, 2018, Vs - 13 TeV
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Figure 2.3: Mean number of interactions per bunch crossing for the proton-proton
beams in the LHC for 2016 (left), 2017 (middle), and 2018 (right) data-taking periods.
Credit: CMS.

2.2 Particle interactions with matter

Before proceeding to describe the CMS detector, it is helpful to review the physics
behind particle interactions in matter, as they represent a major driving factor in the
design of the individual CMS subdetectors.

In practice, multiple hard-scattering events could also occur, but the rate for this to occur would
be doubly rare.
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Electromagnetic showers. At high energies, electrons and photons incident upon
some material typically dissipate energy through electromagnetic interactions with
the atomic nuclei of the material. For photons with energies above the eTe™ pair
production threshold, incident photons predominantly interact electromagnetically
with the atomic nuclei to produce an outgoing e”e”. For high energy electrons
(or positrons), these again interact electromagnetically with the nuclei to radiate a
bremsstrahlung photon. Thus, regardless of whether the original incident particle
was an electron or a photon, a cascade of electromagnetic particles is generated in
the material. This “electromagnetic shower” continues until the pair production
threshold is reached, at which point, lower energy dissipation mechanisms such as
ionization proceed. In the process, the energy of the original incident electromagnetic
(EM) particle is absorbed into the material, an effect that can be exploited to build
electromagnetic calorimeters for measuring the energy of EM particles.

The radiation length X of a material is the characteristic distance over which a
high energy electron interacting with the material dissipates all but e~ of its original
energy. It is equal to 7/9 of the mean free path for a high energy photon interacting
with the same material to decay into an e'e™ pair. The Moliere radius R, of a
material, a related parameter, gives the characteristic energy dissipation length per-
pendicular to the incident particle’s trajectory: approximately 90% of an incident
high-energy electron’s energy will be laterally contained within a radius R,,; of the
particle’s entry axis into the material.

Hadronic showers. A similar but more complicated phenomenon arises for hadrons
as well. High energy hadrons incident upon a material dissipate their energy, in the
initial phase, via strong interactions with the atomic nuclei of the material. This cre-
ates a number of secondary particles, usually charged or neutral pions or neutrinos,
that then continue to decay hadronically, electromagnetically, or escape undetected,
respectively. The resulting “hadronic shower” is thus a complicated cascade of dif-
ferent particle species, each dissipating energy through different physics mechanisms
(or not at all in the case of neutrinos). Because of this, the energy response of the
material will, in general, be different for the different components of the decaying
hadron. This makes building a hadronic calorimeter to precisely measure the en-
ergy of hadrons a challenge: in general, hadrons will not be measured with energy
resolution as good as for EM particles.

In addition, the strong force is much shorter in range than the electromagnetic
force. Consequently, the cross section for an incident hadron to interact with a ma-
terial, expressed in terms of the typical mean free path for a hadronic interaction
to occur, is as much as one or two orders of magnitude longer for hadrons than it
is for electromagnetic particles. Hadronic calorimeters, therefore, need to be sub-
stantially longer to achieve the same energy absorption, or stopping power, as for an
electromagnetic calorimeter. The mean free path of a material for hadronic nuclear
interactions is parametrized by its nuclear interaction length ;.
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Figure 2.4: Energy loss quantity and mechanisms for a muon incident on copper at
different energies.

Ionizing particles. Electromagnetic particles and hadrons incident on a detector
material may not necessarily initiate particle showers as described above. The domi-
nant energy loss mechanism a particle experiences in a material is highly dependent
on the mass, energy, and species of the incident particle, as well as the type of detector
material, particularly its atomic number.

For instance, the same electron that showers in a suitably designed calorimeter
made of a high atomic number, may, in a lower atomic number material, have a neg-
ligible bremsstrahlung cross section. Conversely, for the same calorimeter material,
an incident, heavier lepton like the muon, even if at the same energy as the electron,
may also have a negligible bremsstrahlung cross section.

For a given incident particle type, energy loss mechanisms involving showering
generally only turn-on and become dominant at higher particle energies. For certain
energy ranges, the incident particle may experience a minimum of energy loss. Typi-
cally, for this minimal energy loss regime, the only contributing energy loss mechanism
is through atomic ionization (i.e., the liberation of atomic electrons). Known as the
minimum ionizing particle (MIP) regime, it is specific to a given particle in a given
material. An example energy loss curve is shown in Figure for a muon in copper.

The above considerations factor into the design of tracking detectors, whose pri-
mary function is to detect the precise passage point of particle with minimal energy

dissipation. For this reason, tracking detector are designed to operate in the MIP
regime of the particles they are attempting to track.
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2.3 The CMS detector

The Compact Muon Solenoid (CMS) detector [29] is responsible for collecting the
collision data generated by the LHC at the CMS interaction point. This is achieved
through a series of concentric cylindrical layers hermetically sealing the central colli-
sion point. To aid in assembly, the layers are divided into a barrel section, and two
circular endcap sections on either side of the barrel section.

The main design driver behind the CMS detector was the CMS solenoid. Rela-
tively compact for its field strength and energy density, the CMS solenoid allowed a
single magnet to be used for bending the tracks of light and heavy charged particles
alike, a novel concept for its time. The tracking and calorimeter elements are then
designed around the dimensions of the solenoid, situated either within or around it.
As illustrated in the cutaway view of the CMS detector in Figure 2.5 the innermost
sections comprise the inner tracking system for identifying charged particle tracks.
Encasing this is the electromagnetic calorimeter (ECAL) which measures energy de-
posits from electromagnetic particles, followed by the hadronic calorimeter (HCAL)
which measures energy deposits from hadrons. Surrounding the calorimeters is the
solenoid generating the magnetic field for the entire detector volume. Outside of the
solenoid are the outer tracking detectors, used for identifying the tracks of the heavier
muons.

CMS DETECTOR STEEL RETURN YOKE
Total weight : 14,000 tonnes 12,500 tonnes SILICON TRACKERS
Niobium titanium coil carrying ~18,000 A

MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers

Overall diameter :15.0m Pixel (100x150 pm?) ~1.9 m? ~124M channels
Overall length 1287 m Microstrips (80-180 um) ~200 m* ~9.6M channels
Magnetic field  :3.8T
SUPERCONDUCTING SOLENOID
e
- Endcaps: 540 Cathode Strip, 76 Resistive Plate Chambers

_ / s —

PRESHOWER
Silicon strips ~16 m? ~137,000 channels

FORWARD CALORIMETER
Steel + Quartz fibres ~2,000 Channels

CRYSTAL
ELECTROMAGNETIC
CALORIMETER (ECAL)
~76,000 scintillating PEWO, crystals

HADRON CALORIMETER (HCAL)
Brass + Plastic scintillator ~7,000 channels

N

Figure 2.5: Cutaway view of the CMS detector. Credit: Ref. [30].

The CMS detector uses a coordinate system centered on the nominal interaction
point, at the halfway point through the cylindrical axis of the detector. The axial co-
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ordinate is denoted z and the radial distance from this axis r. Angular coordinates are
also defined, corresponding to the azimuth (¢) and pseudorapidity n = — In[tan(6/2)],
a function of the polar angle 6.

In this section we provide pertinent details about the individual subdetector sys-
tems and their general function in the overall data collection strategy. The ECAL is
given special focus in the discussion as it is the primary subdetector responsible for
the detection of H — aa — 4+ signatures that are of interest to this physics analysis.
A detailed description of all the CMS subsystems can be found in the CMS technical
design review [29].

2.3.1 Inner tracking

The inner tracking subsystems are responsible for recording the position or “hits”
of charged particles as they traverse the inner detector volume. As described in
section sets of tracker hits recorded in the inner tracking system are used to
reconstruct full particle trajectories (“tracks”) and their point of origin (“impact
parameter”). A track may originate from the hard-scatter collision vertex (“primary
vertex”) or, in the case of a long-lived charged particles, originate some distance away
from the primary vertex (“secondary or displaced vertex”). The tracker is designed to
enable precise vertex reconstruction in either case, as well good pp determination from
the reconstructed track’s curvature, as a result of its bending in the CMS solenoid’s
magnetic field. To meet these requirements, the inner trackers contain the most
granular components of the entire CMS detector.

In addition, at distances so close to the interaction point, the inner tracker must
be able to tolerate high radiation fluxes, and induce minimal (hadronic) showering,
to prevent the creation of secondary particles sprays that would otherwise impact the
energy measurement in the calorimeters.

Finally, the tracker must also be designed to stay within allowed trigger rates
(~100 kHz, see Section given the particle fluxes near the interaction point. With
approximately ~ 10® particles traversing the tracker per bunch crossing, hit rate den-
sities of 1MHz/ mm? at close radial distances (7 ~ 4 cm), 60kHz/ mm?® at intermediate
distances (r ~ 22 cm), and 3kHz/ mm? at farther distances (r ~ 115 cm) are to be
expected.

The inner trackers are thus constructed of thin, extremely granular, silicon sensors
that have small radiation and interaction lengths, and intrinsically good radiation
hardness. To take advantage of the falling particle flux with radial distance, farther
tracking regions are equipped with progressively coarser-grained sensors to reduce the
number of read-out channels.

Pixel Tracker. Immediately surrounding the interaction point is the pixel tracker
(3 < r < 16 cm). It is the most granular subdetector of the inner tracker system—
indeed, of the whole of CMS—to enable the most precise determination of the passage
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of charged particles. The primary goal of the pixel tracker is to provide sufficient
hit resolution near the interaction point to enable precise determination of primary
and secondary vertices. In particular, precise vertex resolution is critical for correctly
identifying which bunch crossing a particle originated from, and for tagging the decay
of long-lived b-quark jets (~mm lifetimes). The pixel tracker is thus constructed of
thin, fine-grained, approximately square (“pixel”) silicon sensors.

As of the 2016-2017 Phase-1 pixel tracker upgrade [31], the pixel tracker consists of
four concentric cylindrical pixel layers covering the barrel region (BPIX) (|| < 2.5),
and three circular pixel disks (FPIX), on either end of the BPIX, covering the forward
range (1.5 < |n| < 2.5). The current arrangement allows incident charged particles
to be sampled at four points throughout most of the covered pseudorapidity. In the
BPIX (3 < r < 16 cm), the pixels are segmented in the z — ¢ plane with a granularity
of Az x A¢ = 100 x 150 pm?*, and in the FPIX (|z| = 31 to 51 cm), segmented in
the  — ¢ plane with a granularity of Ar x A¢ = 100 x 150 xm®. These enable a hit
position resolution of between 15-20 pm in the barrel layers and about 15 pm in the
forward disks. At |n| > 2.5, pileup contributions dominate, and no attempt is made
to record particle tracks.

In total, the current Phase-1 pixel tracker contains 124 million pixels over an
area of about 1.9 m?. The expected hit rate for the BPIX at current LHC instanta-
neous luminosities (see Section is between 32-580 MHz/cm® and between 30-260
MHz/cm? for the FPIX.

Silicon-strip Tracker. Following the pixel tracker layers is the silicon-strip tracker
(20 < r < 116 ¢m). The main task of the silicon strip tracker is to provide adequate
track sampling with sufficient hit resolution for track trajectory reconstruction, while
staying within the allowed trigger rate. To optimize for these, the silicon-strip tracker
is instead composed of several layers of silicon sensors that are only granular along the
¢-direction. Since charged particles only bend in the ¢ direction in the magnetic field
of the CMS solenoid, the track pr resolution is driven solely by the curvature in ¢, and
thus only this dimension of the sensor needs to be granular. The silicon-strip tracker,
therefore, uses silicon micro-strips that are only finely-segmented in the ¢-direction
(“pitch”) in order to sample the passage of charged particles as hits. To reduce the
number of strips that need to be read out at each bunch crossing, a tiered strip pitch
scheme is used, that grows coarser with radial distance from the interaction point, as
the decreasing particle flux allows.

The silicon-strip tracker is further divided into an inner and outer tracking region,
as shown in Figure[2.6] The inner silicon-strip tracker is again composed of cylindrical
barrel layers (TIB) and capped off by circular disks (TID). Similarly, the outer silicon-
strip tracker is sectioned into cylindrical barrel layers (TOB) and circular endcap disks
(TEC).

The TIB-TID subsystem covers the region 20 < r < 55 c¢m, |z| < 118 c¢m, and
In| < 2.5. There are four concentric cylindrical layers in the TIB. They are com-
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Figure 2.6: Layout of a longitudinal (r-z) quadrant of the Phase-1 CMS tracking
system. The pixel detector is shown in green, while single-sided and double-sided
strip modules are depicted as red and blue segments, respectively. Credit: CMS.
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posed of silicon strips segmented along z — ¢ with length Az = 10 cm, pitch (width)
A¢ = 80 pum (layers 1-2) or 120 um (layers 3-4) layers, and thickness 320 pm. These
translate to hit position resolutions of 23 pum and 35 pm, respectively. The TID
is composed of four disks on either end of the TIB. They are composed of strips
segmented along r — ¢ with mean pitch A¢ = 100 to 141 pm.

The TOB subsystem covers the region 55 < r < 116 cm, |z| < 118 c¢m, and
In| < 2.5. It adds six additional concentric cylindrical layers made of silicon strips
segmented along z— ¢ with length about Az = 25 cm, pitch A¢ = 183 pm (layers 1-4)
or 122 um (layers 5-6) layers, and thickness 500 pm. These translate to hit position
resolutions of 53 pum and 35 um, respectively.

The TEC subsystem covers the region 23 < r < 114 c¢m, 124 < |z| < 282 cm, and
In| < 2.5. It adds nine additional circular disks to each end of the silicon-strip tracker
and is made of silicon strips segmented along r — ¢ with mean pitch A¢ = 97 to 184
pm, and thickness 320 pm (disks 1-4) to 500 pm (disks 5-7).

In total, the silicon strip tracker contains 9.3 million strips representing about 198
m? of active silicon area. At the specified radial distances and silicon strip pitches,
the particle flux at the TIB corresponds to an occupancy rate of 2-3% per strip per
bunch crossing, and at the TOB, about 1% per strip per bunch crossing.

For high-pt tracks (pr ~ 100 GeV), the total inner tracking system achieves a py
resolution of about 1-2% for |n| < 1.6, with a vertex resolution of about 10 pm in
the transverse plane (i.e. along the tracker layer). A major source of measurement
uncertainty in the reconstructed track p resolution is the hadronic showers induced in
the tracker support material by the incident particle flux. At high pr, it accounts for
20-30% of the resolution, while at lower pr, it is the dominant source of measurement
uncertainty. Similarly, for the vertex resolution, scattering from hadronic showers
also dominates the measurement uncertainty for low-pr tracks. At high pp, however,
the vertex resolution is dominated by the position resolution of the first (“seed”) pixel
hit. Importantly for this analysis, the tracker material also induces electromagnetic
showering in high-energy EM particles, before they reach the ECAL. As shown in
Figure 2.7 this varies in n from 0.4X, to 1.8X,, with corresponding impacts on
energy containment in the ECAL.

2.3.2 Calorimeters

The CMS calorimeters are primarily responsible for measuring the energy of electro-
magnetic particles and hadrons. In contrast to the tracking detectors which seek to
measure the position of particle trajectories with as minimal an impact as possible
on the particle energy, the calorimeters are designed to fully stop and absorb incident
particles in order to measure their energies. A distinct advantage of the CMS solenoid
and detector design compared to that of ATLAS is the placement of the calorimeters
within the solenoid magnet, at a distance r from the beamline between 129 < r < 286
cm. This allows the energy of incident particles to be measured more accurately at
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Figure 2.7: Material budget of the Phase-1 CMS tracking system as a function of 7,
expressed in the number of radiation lengths X,. Credit: CMS.
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CMS since the magnet would otherwise act as an absorbing medium.

ECAL. The ECAL is primarily responsible for measuring the energy of incident
high-energy electrons and photons. The main goal of the ECAL was to achieve a
high-granularity, high-energy precision calorimeter that would enable an accurate
determination of the SM H — <~ mass resonance. It is thus a homogeneous calor-
imeter, to achieve uniform and predictable energy response, made of a single layer
of high-density lead tungstate (PbWO,) crystals that both generate the EM shower
and measure its energy. The crystals are scintillators that convert the energy they
absorb from the EM shower into scintillation light, in proportion to the incident EM
particle’s energy. Measuring the light output from the crystals thus allows the EM
particle’s energy to be determined.

The crystals are grouped into a barrel section (EB), composed of 61200 crystals,
that is hermetically sealed off on either end by 7324 crystals grouped into a circular
endcap (EE). In the EB, the crystals are arranged in a 170 x 360 n-¢ grid and cover
the pseudorapidity range || < 1.479. They measure 22x22 mm?* at the front face
(toward interaction point), or a 0.0174 x 0.0174 n-¢ granularity, with a length of 230
mm. In the EE, the crystals are instead arranged in a rectangular x-y grid, covering
the range 1.479 < |n| < 2.5. They measure 28.62 x 28.62 mm® at the front face
and have a length of 220 mm. Because the EE crystals are arranged in an z-y grid,
their effective n-¢ granularity varies with 7, worsening with increasing n. In both
the EB and EE, the crystals are tilted toward the interaction point plus some offset
(“quasi-projective geometry”) to prevent particles from slipping through inter-crystal
gaps, as shown in Figure 2.8] In the EB, the inter-crystal gaps are 0.35 mm, except
between supporting structures (submodules, containing 400 to 500 crystals), where
they are instead 0.5 mm.
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Figure 2.8: Layout of a longitudinal (r-z) quadrant of the ECAL. Credit: Ref. [32].
The PbWO, material is chosen primarily for its high density, allowing for a short
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radiation length (X, = 0.89 ¢cm) and Moliere radius (R, = 2.2 cm) that enables a
compact, high-granularity ECAL to be built. Within the length of the crystals, they
accommodate a total radiation length of 25X, (24.7X) in the EB (EE). Similarly,
more than 90% of the energy of an incident EM particle will be laterally contained in
a 3 x 3 cluster of crystals. The crystals are also engineered for radiation hardness to
tolerate the LHC beam environment, with scintillation decay times of order the LHC
bunch crossing spacing (25 ns).

However, due to the relatively low light yield of PbWO,crystals, amplifying pho-
todetectors must be used to collect the light output from the crystals. In the EB,
these are accomplished using avalanches photodiodes (APDs). In the EE, where the
magnetic field lines are bent and higher radiation levels are present, vaccuum pho-
totriodes (VPTs), a type of photomultiplier, are instead used.

The signals from the photodetectors are then passed to the electronics for process-
ing. The electronics are separated into on- and off-detector electronics that optimize
between bandwidth and radiation constraints. The on-detector electronics, optimized
for bandwidth, consist of a multi-gain pre-amplifier to further amplify the signal from
the photodetector, followed by an analog-to-digital converter (ADC) to digitize the
signal into a pulse shape of 10 amplitudes (“digitized hit”), separated by 25 ns each
(i.e., the bunch crossing spacing). Signals from different crystals are then grouped by
the Front-End (FE) card (5 x 5 crystals in the EB, variable in the EE). The FE group
of crystals also defines a trigger tower (TT), used to construct “trigger primitives”.
The trigger primitives are coarser sums of the underlying crystal signals that are
quickly sent to the Level-1 trigger at the full LHC clock rate (40 MHz), to determine
whether the event is worth keeping. Only if a decision from the global Level-1 trigger
to keep the event is received (“Ll-accept”) are the individual crystal signals read out
to the off-detector electronics. Among other things, the off-detector electronics are
responsible for collating all the data from the different FEs, validating them, and
building a complete ECAL event description.

Even with the triggering system (described in more detail in Section , the
ECAL electronics (and, indeed, the rest of the CMS data acquisition chain) would be
unable to manage the full read out of all ECAL crystals in the triggered event. The off-
detector electronics thus implement a selective read-out processor (SRP) for selecting
regions-of-interest around energetic deposits. The SRP makes these decisions at the
trigger-tower (TT) level, determining whether to read out the crystals underlying the
TT based on the energy sum of the TT (Epp). The SRP has two thresholds: if the
Err is above the highest threshold, all the crystals in the T'T plus the crystals of all
immediately adjacent TTs (in EB, 3 x 3 TTs or 15 x 15 crystals) are fully read-out.
If the Epr is between the two thresholds, only the crystals for that TT are read-out.
If the Er falls below the lowest threshold, only crystals with an energy above 30, ;.
are read out from the TT, so-called “zero-suppressed” read-out. Importantly, this
means energetic deposits appear as rectangular blocks of non-zero depositions in the
data. During offline reconstruction, a filter is applied to only keep data from crystal
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fit for the in-time pulse contribution, plus up to nine additional out-of-time pulses.
Credit: CMS.

deposits above a certain threshold.

At this stage, the crystal deposits are still in the form of digitized amplitudes
(10 per crystal per event). In order to reconstruct an energy measurement from the
crystal, the multifit “hit reconstruction” algorithm is used [33]. For each digitized
pulse, the multifit algorithm fits for upto 10 pulse shape templates, one for each 25 ns
time step, as shown in Figure 2.9] This allows the hit reconstruction to separate the
contribution from the “in-time” pulse that triggered the event, from those of adjacent
bunch crossings due to pileup. The “reconstructed hit” energy is then determined
from the peak of the fitted in-time pulse shape, after converting from ADC counts to
GeV.

In order to function in its role as a high-precision calorimeter, the ECAL energy
response must be calibrated in both space and time to achieve per mille accuracy.
The dominant source of absolute energy variation comes from optical transparency
variations in the PbWO,crystals due to the annealing and recovery of the crystals
under irradiation from the LHC beam. The transparency loss is measured by pulsing a
laser light onto each photodetector, in sequence, every ~ 89 us, at the end of the LHC
beam cycle, or the so-called “abort gap”. A full scan of the detector is completed
in about 20 mins. This is then used to determine an appropriate correction for
the energy response to scintillation light in each crystal. A finer correction of the
absolute energy scale variations in time is achieved by exploiting the position of the
7Z — eTe” resonance. Sources of relative energy variation are due to differences in
relative response between crystals in the detector as a result of irradiation differences
but are also due to manufacturing variances. To correct these, appropriate inter-
crystal calibration are derived by exploiting the n° — ~v and n — 47 resonances
in low-energy, EM-enriched jets (E ~ 1GeV) and the ¢-symmetric distribution of

21



electrons in W — ev decays.
From test beam studies with electrons with energies between 20 to 250 GeV, the
ECAL energy resolution was measured to be

__28% . 12%
VE]GeV E/GeV

consistent with estimates from simulation. For energies F =~ 60 GeV, or about the
median energy of a H — v+ photon, the energy resolution is about 0.5%. The typical
electronics noise (“pedestal”) in an EB (EE) crystal is measured to be 40 (150) MeV.

Lastly, installed in front of each EE face (as viewed from the interaction point)
are the preshower subdetectors (ES). The ES is a sampling calorimeter, composed of
two pairs of alternating layers of lead absorber and silicon sensors. These cover the
pseudorapidity range 1.653 < |n| < 2.6. The ES is considerably finer-grained than
the ECAL, with each silicon layer composed of strips with an active pitch of 61 x 1.9
mm, with the second layer oriented perpendicular to the first. Originally envisioned
to aid in the discrimination of neutral pions (e.g., n’ — ~7) from single photons,
unfortunately, due to the spurious signals generated by the large neutral pion flux
from hadronic interactions in the tracker, the full granularity of the ES has yet to
actually be exploited. Moreover, due to its lead absorber plates, the ES contributes
3X, of material budget preceding the EE, impacting energy resolution in the EE quite
significantly relative to that in the EB. We speculate on the possibility of using the
ES to augment the reconstruction of a — 7 decays in the endcap in Section [10]

o 0.3%, (2.4)

SIS

HCAL. The HCAL is responsible for measuring the energy of hadrons typically
contained within jets. As noted in Section [2.2] a major constraint in construct-
ing hadronic calorimeters is the much longer nuclear interaction lengths required for
the hadronic shower to develop and dissipate its energy (as opposed to electromag-
netic showers), requiring correspondingly deeper hadronic calorimeters. Therefore,
to maximize the nuclear interaction lengths that can be contained within the physi-
cally allowed space for the HCAL, as is common for hadronic calorimeters, the HCAL
is designed as a sampling calorimeter that alternates between high-density absorber
layers optimized for generating hadronic showers, and sensitive layers for sampling
the energy output of the hadronic shower.

The HCAL contains a barrel section (HB) covering the pseudorapidity range |n| <
1.3 with 5.82-10.6)\; (increasing with 7)), sealed off on either end with an endcap
section covering 1.3 < |n| < 3 with about 10A;. This is further augmented by an
additional outer barrel section (HO), lying just outside the CMS solenoid, for a total
of > 10)\; (including the solenoid) at || < 1.3. The ECAL (|n| < 3) contributes
about 1\; preceding the HB-HE. An additional, forward endcap (HE) covers the range
3 < |n| < 5, however, this is only designed to be sensitive to the EM component of
hadronic showers. For |n| 2 2.5, pileup contributions primarily dominate the hadronic
deposits.
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In the HB-HE sections, the absorber layers are made from brass, and the sensi-
tive material are made from plastic scintillators. In all, there are upto 16 layers of
absorber-scintillator pairs, depending on 1. The layers are segmented into 7-¢ towers.
For |n| < 1.6, the granularity is An x A¢ = 0.087 x 0.087, or about the coverage of
5 x 5 EB crystals, while for |n| > 1.6, the ¢ granularity is a coarser A¢ = 0.174.
The scintillation signals are collected by means of wavelength-shifting (WLS) fibres
embedded in the plastic scintillators, which are then routed to a hybrid photodiode
(HPD) just outside of the scintillator for light measurement. Before being read out
to the electronics for processing, the signals from the (upto) 16 layers are grouped
into up to four depth segments, with the signals from the underlying layers summed
over. Thus, the effective depth segmentation Ad of the HB-HE is only Ad < 4.

Together with the ECAL, the ECAL+HCAL energy resolution was measured in
pion test beams to be

2.8% & 12%
VE/]GeV E/GeV

consistent with estimates from simulation. As explained in Section [2.2] the energy
resolution for hadronic showers is significantly worse than for electromagnetic-only
showers in the ECAL. The typical electronics noise in an HB-HE tower is measured
to be about 200 MeV.

& 0.3%, (2.5)

o
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2.3.3 Magnet system

As suggested by the name of the experiment, the primary consideration in the design
of the CMS magnet system was the development of a relatively compact solenoid with
the bending power needed to deflect and precisely measure the momentum of high
energy muons. This is achieved through a single, high-field 3.8 T superconducting
solenoid magnet with a steel return yoke structure. At a diameter of 6 m and length
of 12.5 m, describing the CMS solenoid as “compact” may hardly seem apt, however,
for the field energy it stores (E ~ 2.6 GJ), it has one of the highest energy storage
capacities per unit mass (E/M ~ 12 kJ/kg).For context, the ATLAS detector has
three magnet systems: an inner solenoid, a barrel toroid, and two endcap toroids.
The ATLAS magnet with the largest energy storage of the three, the barrel toroid,
has only half the energy storage capacity (E ~ 1 GJ) and one-sixth the energy per
unit mass (E/m ~ 12 kJ/kg) of the CMS solenoid, but is almost thrice the diameter
and twice the length! By comparison, the CMS solenoid is indeed quite compact.

Solenoid. The inner bore of the CMS solenoid encases all of the inner tracking sys-
tems and both calorimeters. It is composed of a 4-layer winding of NbTi, stabilized
and reinforced with aluminum and aluminum alloy, respectively. It has a radial thick-
ness of 630 mm and cold mass of 220 tons. The NbTi has a superconducting critical
temperature of T, = 7.3 K, at the peak field strength of 4.6 T. During operation, the
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solenoid is cooled using liquid helium to a temperature of T' = 4.5 K, generating a
field of 3.8 T at a nominal current of 19 kA. To maintain its temperature, the solenoid
is encased in a vacuum cryostat.

A detailed description of the magnetic field lines of the solenoid throughout the
CMS detector volume is obtained by a complement of direct measurements performed
during the original installation of the detector, and indirect measurements from the
deflection of cosmic ray muons [34]. The uncertainty in the measured field strength
is between 2-8%, and in agreement with numerical simulations to within 5 mT. As
shown in Figure [2.10] inside the solenoid volume, particularly in the region of the
inner trackers, the magnetic field is effectively uniform so that charged particle tracks
can be approximated as helices. Outside and toward the opening of the solenoid,
however, the magnetic field lines are highly non-trivial, which must be taken into
account when reconstructing the tracks of muons in the outer tracking system.
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Figure 2.10: Mapping of the CMS solenoid magnetic field strength (left half) and
field lines (right half) as measured from the deflections of cosmic ray muons. Credit:

Ref. [34].

Yoke. The return yoke immediately surrounds the CMS solenoid, extending to a
radius of 14 m, and into which the outer tracking systems are embedded. It is a
steel structure composed of a barrel section split into five slices or “wheels”, and two
endcap sections split into three disks each, capping off either end of the solenoid.
The barrel and endcap structures do not have a rounded cylindrical shape but rather
have a 12-sided cross section, giving the CMS detector its distinctive, red, dodecagon
shape. These flat sectors are designed to accommodate alternating layers of muon
detection chambers and steel return yoke, with three layers in total, as described in
the following sections.
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2.3.4 Outer tracking

The muon or outer tracking subsystems are responsible for recording the position
or hits of muons as they traverse the outer detector volume. Muons are long-lived,
charged leptons, much larger in mass than electrons (~ 200m,), and are often indica-
tive of interesting high energy physics processes, e.g., H — ZZ"4u. Because of their
heavier mass, they do not radiate intense EM showers in the ECAL like electrons
do, instead only interacting minimally through ionization, and otherwise escaping
through the ECAL. However, due to the magnetic field of the CMS solenoid, they
have curved trajectories. In particular, as the muons cross the solenoid, the direc-
tion of the magnetic field flips, in turn, causing the muons to bend in the opposite
direction. Muons thus have a distinct reconstructed track signature that few other
background objects can fake, making them a valuable handle for analysis. The goal,
then, of the muon trackers is to identify the passage of muons, both for the purposes
of triggering and offline analysis, and to provide sufficient hit sampling and precision
to be able to measure their track pp. These are achieved by interleaving tracking lay-
ers into the steel return yoke outside the CMS solenoid: since only muons are likely
to survive this far, as the direction of the magnetic field flips outside the solenoid,
muons are identified by a reversing track curvature, from which their pp can also be
measured.

There are three muon tracking subsystems: the drift tubes (DT) in the barrel,
the cathode strip chambers (CSC) in the endcap, and the resistive plate chambers
(RPC) in both the barrel and endcap. All three utilize the ionizing effect of charged
muons traversing a gas-filled volume to register a track hit. While the DT and
CSC combined have sufficient timing and position resolution to efficiently identify
and associate muons with the correct bunch crossing, due the historical uncertainty
in background particle flux, the RPCs were envisioned to provide an unambiguous
redundancy through their superior timing resolution.

DT. Surrounding the CMS solenoid is the DT muon tracking system. It is a cylin-
drical barrel section only covering about the same length as the CMS solenoid, and
the pseudorapidity range |n| < 1.2.

The DT has a deeply heirarchical layer structure. At the highest level, the DT is
divided into four concentric cylindrical layer groups or “stations” interleaved within
the three layers of the steel return yoke. Within each station, there are eight layers of
gas “chambers”. In each chamber, there are then twelve (in stations 1-3) or eight (in
station 4) aluminum layers in groups of four, called superlayers (SLs). Each aluminum
layer is, in turn, composed of series of parallel (cathode) drift tubes running the
length of the chamber, and filled with a gas mixture of 85% Ar + 15% CO,. Running
inside of each drift tube is an (anode) wire for collecting the electrons from the gas
as it is ionized by passing muons. In the innermost (first four aluminum layers)
and outermost (last four aluminum layers) SL of each chamber, the drift cell/wires
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run parallel to the beamline (z-direction) providing fine segmentation along the ¢
direction. For the chambers with three SLs (in stations 1-3), the middle SL (middle
four aluminum layers) runs in the ¢-direction to provide fine segmentation along
z-direction.

In total, there are about 172,000 drift tubes. Each drift tube has a cross section
42 mm wide and 13 mm thick. With an electron drift velocity of about 54 pm/ns,
this translates to a time response of 380 &+ 4 ns, or a hit position resolution of about
170 pm.

CSC. The CSC is an endcap-only section to complement the barrel-only coverage
of the DTs. It is the circular endcap section capping off the barrel section of the total
CMS volume on either side, and provides muon tracking for the pseudorapidity range
0.9 < |n| < 2.4, partially overlapping with the DTs. Because of the higher back-
ground particle flux and the non-uniform magnetic field lines in the forward regions
of CMS solenoid, the CSC is optimized separately from the DTs which experience
little background flux and a mostly uniform magnetic field.

In each endcap, the CSC is broken down into four layer groups or stations, inter-
spersed within the steel flux return plates. Each station is divided radially into one
to three annuli, and azimuthally into 36 or 72 overlapping sectors. Fach division con-
tains a trapezoidal chamber spanning an arc of 10° or 20° and length corresponding
to the width of the annulus. These are multiwire proportional chambers composed of
seven (cathode) layers (in z-direction) or “panels” sandwiching six gap layers 7 mm
thick filled with a gas mixture of 40%Ar+50%CO,+10%CF,. The cathode panels are
split into strips running the radial length of the chamber and segmented in ¢, and
hence the name cathode strip chambers. The gas gaps, on the other hand, contain a
plane of anode wires that run in the ¢-direction (perpendicular to the cathode strips),
spaced apart by 3.2 mm in the radial direction. The orthogonal orientation of the
cathode strips from the anode wires allow for position determination in the full r-¢
plane.

In total, the CSC contains about 5000 m? worth of cathode strip area, > 50 m®
of gas volume, and 2 million anode wires. Each CSC chamber has a comparable time
response to a DT drift tube of around 380+ < 5 ns, and position resolution of 80
.

RPC. The RPC complements the DT and CSC muon subsystems by providing
superior timing resolution of about 1 ns, to provide unambiguous triggering of the
correct bunch crossing, but with coarser position resolution. It contains cylindrical
barrel layers (RB) as well as circular endcap layers (RE) on either end. Due to
budgetary constraints, the endcap layers only cover the pseudorapidity range |n| <
1.6.

The RB layers, six in total, are divided among the same four stations. In stations
1-2, there two RB layers, one before and after each DT layer. In station 3-4, there
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is one RB layer each, before the DT layer. The redundancy in stations 1-2 ensures
even low-py tracks that do not reach the later stations are sufficiently sampled. Each
RB layer is broken axially into five segments (“wheels”), and azimuthally into twelve
sectors of flat “double-gap modules”. The RB layers thus share the same distinctive
dodecagon (12-sided) cross-section as the CMS return yoke. Each double-gap module
is made of a pair of parallel plate capacitors that share a common, instrumented area
in between them. Each parallel plate capacitor is filled with a gas mixture of 96.2%
CyHoFy, + 3.5% iC,H,0 + 0.3% SFg, and hence the name resistive plate chambers.
The inner plates of the double-gap modules sandwich a plane of up to 96 sensitive
strips, finely-segmented in the ¢-direction, that collect the ionization charge induced
by the passing muon to provide position measurement.

The RE layers, three in total, are located in stations 1-3, before (station 2) or
behind (stations 1 and 3) the CSC layers. Each circular layer is divided radially into
three annuli, and azimuthally into 36 (outer two annuli) or 72 (innermost annulus)
sectors. Each trapezoidal division likewise contains a double-gap module of gas-filled
parallel plate capacitor pairs sharing a common sensitive area of up to 32 strips,
finely-segmented in the ¢ direction.

In the RB, the double-gap modules cover a total area of 2400 m?® with 80,640
strips.

2.4 The CMS trigger system

At a collision rate of 40 MHz, the LHC proton-proton bunches generate data at a
rate far too high than could be stored during the time of the LHC’s conception,
decades before “Big Data” solutions would become mainstream. Moreover, the over-
whelming majority of these collisions—by several orders of magnitude—consists of
soft-scattering QCD events (c.f. Figure lacking the energy to create the kind of
high energy, hard-scattering events that are of interest to CMS. For these reasons,
CMS employs an event filtering or triggering scheme, to restrict data collection to
only the most interesting events. It is the first phase of event selection that must be
factored into any physics analysis.

The trigger selection is performed in two stages that progressively reduce the
event rate using progressively more nuanced selection criteria. The first stage, the
Level 1 (L1) trigger, is performed by high-speed electronics using coarser grained
detector information. It reduces the event rate from 40 MHz to about 100 kHz. This
is followed by the second stage, the high-level trigger (HLT). The HLT, in contrast,
is software-based and uses the full detector granularity. While slower, the HLT can
be much more precisely and flexibly tuned to select high interest events. The HLT
reduces the L1 event rate down to less than 1 kHz. Only events passing the HLT are
stored for physics analysis.

While a number of detector signatures are used to define high interest events,
a general feature of high energy processes is the presence of tracks or calorimeter
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deposits with large transverse momentum pr = 10 GeV. As a matter of convention,
because the calorimeters measure energy not momentum directlyﬂ the transverse
projection of the energy deposited in the calorimeters, Fr, is used. Due to the large
computational cost of inner track reconstruction, the L1 trigger only uses information
from the calorimeters and the muon systems to make decisions about which events to
keep. The HLT uses information from all subdetectors, including the inner trackers.

In the following subsections, we give a brief overview of the data reconstruction
architecture of the triggers.

2.4.1 L1 trigger

The L1 Trigger is the very first stage of event filtering applied to collision events. Be-
cause of the immense speed at which the L1 needs to make decisions, hardware-based
technology is primarily used, in the form of programmable FPGAs or ASICs. For the
components of the L1 Trigger system that are situated on-detector, the hardware are
additionally designed to be radiation tolerant.

The L1 Trigger data reconstruction pipeline is organized into a hierarchy of local,
regional and global components, as illustrated in Figure 2.11] At the level closest to
the individual subdetectors are the local triggers, also known as the Trigger Primitive
Generators (TPG). These collect the Er deposits from the ECAL or the HCAL trigger
towers (An x A¢ ~ 0.087 x 0.087), and the hits from the muon trackers. In addition,
the TPGs are responsible for assigning the trigger data to the correct bunch crossing.

On the calorimeter pipeline, the Calorimeter Trigger, the ECAL and HCAL trig-
ger primitives from the TPG are then forwarded to the Regional Calorimeter Trigger
(RCT). The RCT further sums these TPG trigger towers into RCT towers of about
4 x 4 TPG trigger towers. The RCT then uses this information to construct crude
electromagnetic particle candidates, and also overall RC'T tower Et sums to be used
for the next step of the calorimeter trigger. The RCT also calculates information
about MIPs, relevant for muon reconstruction, which is instead passed to the Muon
Trigger chain. The next step from the RCT is the Global Calorimeter Trigger (GCT).
The GCT uses information from the RCT to construct jet candidates, missing Frp
candidates, and a more nuanced classification of electromagnetic candidates into iso-
lated or non-isolated. Finally, the information from the GCT is passed to the Global
Trigger (GT), which also collects information from the Muon Trigger chain, to make
a final decision about whether to trigger on the event.

A similar hierarchy exists in the muon pipeline of the L1 chain, the Muon Trigger.
At the local level, the DT and CSC muon trackers provide either track hits or track
segments. These are then passed to the Regional Muon Trigger (RMT) which per-
forms complete track reconstruction (for the outer, muon tracking region only) and
subsequently constructs muon candidates for the DT and CSC. The muon candidates

“At these energies, the distinction is negligible and, in practice, the terms are used interchange-
ably.

28



L1 Accept

1

Global Trigger [ Trigger Control System
4 with MIP/ISO bits / WET Hp 12 Ny, EJMise
l_GIobaI Muon Trlgger Global Calorimeter Trigger

N L\
/ 41 WO bits
2x41
DT CsC i

: : Regional Calorimeter Trigger
Track Finder Track Finder s
T T RPC
Local Local Trigger
DT Trigger CSC Trigger] ’[ Trigger Primitive Generators
DT CSC RPC ECAL HCAL HF
| Muon Trigger | | Calorimeter Trigger |

Figure 2.11: Data reconstruction pipeline of the CMS L1 trigger system. Credit:
Ref. [29)].
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from the RMT are then passed to Global Muon Trigger (GMT). The RPC, because of
its superior timing resolution, is able to reconstruct complete tracks and passes muon
candidates directly to the GMT. The GMT uses the trigger information it receives
from the three muon tracker to collate and refine the muon trigger candidates, before
finally passing these to the GT.

At the end of the L1 trigger pipeline is the GT. Using the particle candidate
information it receives GCT and the GMT, the GT takes the decision of whether to
accept or reject an event at the L1. If the event is to be kept, a “Ll-accept” (L1A)
is passed back down to the individual subdetectors. During the time it takes the
L1 pipeline to reach a decision, the full granularity detector data is held in memory
within each subdetector’s on-detector electronics. If an L1A signal is received from
the GT, the full data are subsequently transferred to the HLT.

2.4.2 HLT trigger

The HLT is the second and final stage of event filtering applied within the CMS
Trigger system. As the HLT takes as input the reduced L1 rate, it can afford to trade
some speed for accuracy. The HLT thus uses software-based decision making using
the full detector granularity—including the inner tracker information—to reduce the
event rate to < 1 kHz. These are processed on-site, although above ground, by a
CPU farm of more than 10,000 cores. Only events selected by the HLT are recorded
for physics analysis.

The physics candidates reconstructed by the HLT, however, are not directly used
by physics analyses, and are only used for taking decisions about whether to keep
or reject events. Instead, the stored events selected by the HLT are forwarded to a
separate pipeline for “offline” (i.e. post-collection) physics reconstruction. Both HLT
and offline reconstruction use similar software-based algorithms. A detailed descrip-
tion of the physics reconstruction algorithm, therefore, is deferred to the following
Section on offline physics reconstruction. The main difference, because the HLT
must still make time-critical decisions, is that the HLT runs some of these algorithms
at reduced accuracy, specifically those relating to track reconstruction, and with a
cutoff in the maximum number of reconstructed candidates.

In addition to filtering events, the HL'T also categorizes events based on topology.
The HLT decisions are thus broken down into various topology categories or “menus”,
each catering to the identification of the signatures of a particular kind or class of
signal topologies of interest.. For instance, the menu used for this analysis (see Sec-
tion @ is that for events containing two energetic, isolated photons with invariant
mass above 90 GeV. In addition to its obvious relevance to the SM H — ~+ search,
it is also widely used for searches involving energetic diphotons such those predicted
by a number of BSM scenarios, and of course, for the case of merged photons in
H — aa — 4.

The same event may fall under more than one menu, and analyses may choose to
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chain together multiple menus to achieve the highest signal efficiency and/or back-
ground rejection. As a matter of accounting, the final data sets stored for physics
analyses are categorized based on menu groups, with again the possibility of events
occurring in multiple data sets. While the creation of HLT menus are flexible, and
can change within any period of data-taking, the primary driving constraint in the
evolution of HLT menus is that they fall within the total allowed rate budget of the
HLT. As the total rate varies with the supplied LHC instantaneous luminosity, it is
not uncommon to see the thresholds in these menus changed from year to year, in
step with changes in the beam luminosity.

In the following Section, we go into detail about how events selected by the HLT
are processed by the full offline physics reconstruction algorithm to generate the
particle candidates that ultimately find use in most physics analyses.

2.5 Physics object reconstruction

While the detector-level data are the fundamental representations of the CMS exper-
imental data, the typical CMS physics analysis is performed using physics objects.
These are the reduced, idealized, particle-like representations expressed in terms of
particle species and four-momenta. While a key strategy of this analysis is using ma-
chine learning methods directly on detector data (see Section , the physics object
convention is nonetheless needed to define the analysis phase space in a manner that
is compatible with wider CMS conventions. In particular, the event selection and
data control regions are, at least in part, defined in terms of reconstructed physics
object-derived quantities, to maintain orthogonality with complementary analyses.

Physics object reconstruction is performed by the CMS Particle Flow (PF) al-
gorithm [35], a primarily rule-based algorithm for reconstructing particle properties
given the various signals provided by the different CMS subdetectors. To begin with,
the PF algorithm takes the signals collected from the different subdetectors and uses
these to build basic PF elements, namely, tracks and calorimeter clusters. A linking
process is then performed to match track elements with calorimeter clusters to recon-
struct the different identifiable physics analysis objects in the event. An illustration
of how the different subdetector elements are used to identify the different particle
types is shown in Figure [2.12] Specific particle species classifications are not always
attempted, except where feasible. Instead, particle candidates are grouped into object
categories: photons, electrons, muons, QCD jets, and missing momentum.

In the subsections below, we describe the construction of the basic PF elements
from detector inputs, followed by the construction of PF objects or candidates from
the PF elements.

31



| | | | | 1 1 1
Im
Key:

Muon
Electron

Charged Hadron (e.g. Pion)
— — — - Neutral Hadron (e.g. Neutron)
----- Photon

Silicon
Tracker

b Electromagnetic
il ]I“u Calorimeter

Hadron
Calorimeter

Superconducting
Solenoid

Iron return yoke interspearsed
Transverse slice with Muon chambers
through CMS

s s ' ‘
—— e
S}
D.Barnay, CERN, Febricery 2003

Figure 2.12: Tlustration of how different CMS subsystems are used to identify differ-
ent particle species. Credit: CMS.
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2.5.1 PF elements

The PF elements constitute the basic building blocks of physics objects. In this
subsection, we introduce these elements and how they are derived from the detector
inputs.

Tracks and vertices. Track and vertex reconstruction is relevant for identifying
and measuring the momentum of charged particles, and for identifying the displaced
decay vertices associated with b-quark jets. The track reconstruction takes as inputs
the hits deposited in the tracking layers, fits particle trajectories through these, then
uses the fit parameters to extract or calculate various quantities of interest.

The tracks are built in several stages using an iterative, combinatorial, Kalman
filter algorithm. The basic strategy of iterative tracking is to identify the “easiest”
tracks first (e.g. large pp or produced near the interaction point), remove the hits
associated with these from the collection, then repeat the process. At each iteration,
the process starts by identifying candidate “seed” hits in the pixel tracking layers.
Initial track candidates are then formed by fitting curves through the seeds that
maximize the track fit. Using a Kalman filter, these initial track candidates are then
extrapolated to the layers of the silicon-strip tracker. Compatible hits along the path
of the track are subsequently incorporated into the track fit and the fit recalculated.
After exhausting all track candidates, complete tracks passing certain fit criteria are
kept. Upto five of the best-fitting tracks are then excluded from the collection of
track hits used for the next iteration. Upto six iterations are performed. The HLT
and offline particle reconstruction differ primarily in how many iterations are allowed
for track reconstruction. At the HLT, only two iterations are performed.

From the fitted track, the impact parameter is extracted to give the position of
the track’s vertex. In the inner trackers where the magnetic field of the CMS solenoid
is, to good approximation, uniform, the tracks are described by helical sections. By
measuring the curvature of the fitted track (“sagitta”), the momentum of the charged
particle associated with the track can thus be extracted. For muon tracks in the outer
trackers, however, the magnetic field is highly irregular. A computationally derived
model of the magnetic field is instead used [36], through which the fitted track is
propagated to extract the muon momentum.

Calorimeter clusters. Calorimeter clustering is relevant for measuring the four-
momenta of electromagnetic particles (photons and electrons) and stable, neutral
hadrons in the case of the ECAL, and of charged hadrons in the case of the HCAL.
In conjunction with the reconstructed track information, cluster information is also
used to distinguish charged particles from neutral ones.

Clustering is performed separately for each calorimeter subsystem: EB, EE, or
ES for ECAL, and HB or HE for the HCAL. Calorimeter clusters are formed by
first identifying cluster seeds, or calorimeter cells that represent a local maxiumum
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above some energy threshold. Clusters are then grown from the seeds by incorporating
neighboring cells that share at least a corner in common with a cell already associated
with the cluster, with energy above twice the noise threshold.

For clustering in the ECAL specifically, superclusters or groups of closely spaced
clusters are also defined. Since photons are able to convert to e" e pairs, and electrons
may emit a bremsstrahlung photon, it is desirable to have such arrangements still
categorized as a single physics object. The ECAL supercluster, therefore, is formed
by admitting additional cells from an extended window in ¢ for some narrow spread in
7. While beneficial in most physics analyses, the ECAL supercluster algorithm leads
to a host of challenges with the a — =~ topology. In particular, the reconstructed
momentum can be underestimated (see Section [£.2), the hits of the softer photon
from the a can be dropped (see Section , and the number of physics objects the
a — 77 is reconstructed as can become ambiguous (see Section [6.4)).

Finally, to account for energy losses due to the energy thresholds in the clustering,
showering in the preceding tracker material, and leakage through calorimeter gaps,
the cluster (or supercluster, in the case of ECAL) energy is calibrated as a function
of energy and 7.

2.5.2 PF objects

Given the basic PF elements described above, the PF algorithm links together the
different elements to enable coherent identification and reconstruction of the various
PF objects used in the typical physics analysis. For this thesis, we note that only
photon—and to a lesser degree, electron—candidates are used. Descriptions of the
other physics objects, however, are still presented for completeness.

Photons. An isolated photon candidate is seeded from an ECAL supercluster with
transverse energy Er > 10 GeV, with no associated track reconstructed in the inner
tracker. Additionally, the photon candidates is required to be isolated from other
nearby tracks and calorimeter clusters, and not have an associated HCAL deposit
containing more than 10% of its ECAL supercluster energy.

The reconstructed energy of the photon candidate is determined from the super-
cluster energy, after applying energy corrections. The photon direction is determined
from the barycenter of its associated supercluster.

Electrons. Isolated electron candidates are instead seeded by tracks with an asso-
ciated ECAL supercluster. Similar isolation requirements as with the photon are also
imposed. Additional requirements, however, are imposed on the quality of the track
and its compatibility with the ECAL supercluster.

The reconstructed energy of the electron is obtained from a combination of both
the corrected ECAL energy and the momentum of the associated track. The electron
direction is chosen to be that of the associated track.
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Muons. Isolated muon candidates are identified by the presence of reconstructed
tracks in the outer tracking system that satisfy compatibility requirements with a
matching track from the inner tracking system. Any additional tracks and calorimeter
deposits within an angular cone of AR = \/A¢? + An® < 0.3 of the identified muon
track are required to sum to a pp not exceeding 10% of the muon track pr.

For pp < 200 GeV, the muon momentum and direction are given by the associated
inner track’s momentum and direction. Above this threshold, they are determined
based on the combination of inner and outer track that gives the best track fit.

Jets. The jet candidates are those that remain after isolated photons, electrons, and
muons have been identified and removed from the pool of particle elements. These are
further classified as charged hadrons (e.g., Tci, K*, protons), neutral hadrons (e.g., Kg
or neutrons), nonisolated photons (e.g., 7° that have failed the isolation criteria for
photon candidates), or, more rarely, nonisolated muons (e.g., from the early decays
of charged hadrons). We note, however, that in most analyses that study jets, these
further classification are not commonly used. In particular, for this analyses, we do
not directly use jets categorized as nonisolated photons. Nonetheless, the isolation
of, for instance, ° in jets is a continuous spectrum. In practice, a number of these
will fall within even the isolated photon category (see Section [8.2).

Any ECAL (HCAL) clusters not linked to a track are identified as nonisolated pho-
tons (neutral hadrons). Beyond the tracker acceptance (|| > 2.5), neutral hadrons
can no longer be distinguished from charged hadrons. The energy of the noniso-
lated photons (neutral hadrons) is determined from the underlying, corrected ECAL
(HCAL) cluster energy (or ECAL+HCAL cluster energy, in the case |n| > 2.5).

The remaining HCAL clusters are then linked to one or more matching tracks,
together with any matching ECAL clusters (potentially matched to a track each), to
form charged hadrons. The energy of the charged hadron is either the sum of the
calorimeter cluster energies, or the sum of the matched track momenta, whichever is
larger. The difference between the two can be used to further categorize particles in
the jet.

While not discussed further here, it is worth pointing out that the particles identi-
fied in the jet candidate may alternatively be clustered using dedicated jet clustering
algorithms. Indeed, for most CMS analyses studying jets, jet candidates clustered
using the anti-kp algorithm are by far more widely used than the PF jets described
above.

Missing transverse momentum. To accommodate the possibility of particle de-
cays that do not interact with the detector, e.g., neutrinos, a final particle category
known as missing transverse momentum, pr-, is introduce. Since the LHC proton-

5 . . . .
As noted in Section since the calorimeters measure energy and not momentum, as a matter
of convention, the missing transverse momentum is also known as the missing transverse energy Hr,

35



proton beams have no net momentum in the transverse plane, momentum conserva-
tion in the transverse plane can be invoked to infer the presence non-interacting
“invisible” decays from the momentum vector needed to balance the visible decays:

N,

particles

ﬁ}l’niss = - Z ﬁT?iv (26)
=1

oy Nparticles - ..
where {prp,i}; 7" is the set of transverse momentum vectors of the visible decays

reconstructed by PF. In practice, however, jet energy mis-measurements and the
presence of pileup and underlying event can influence the measurement pp™. For
analyses seeking invisible decays, therefore, additional corrections and optimization

—miss

are often applied to improve the measurement of pr

2.6 Detector simulation

A principal feature of the end-to-end particle reconstruction technique used in this
analysis for a — 77y mass reconstruction, is the use of (simulated) detector-level
data—mnot high-level reconstructed physics objects (see Section —for training. In
this section, therefore, we present a overview of the elements represented in the CMS
detector simulation, with a particular focus on the ECAL, and how these have been
validated against data. These are intended to complement the dedicated data ver-
sus simulation comparisons presented in Section [7| that are specific to the a — vy
application.

For its detector simulation, the CMS experiment uses a Geant/-based simulation
toolkit [37]. Using Monte Carlo methods, the Geant/ toolkit [38] provides a platform
for the simulation of the passage of particles through matter. As relevant for the
ECAL, the detector simulation consists of three main parts: the detector description,
the tracking of particles passage through the detector material and the subsequent
detector response, and the modeling of the electronics readout [39)].

The detector description includes the measurements, alignments, and material
properties of the ECAL crystals themselves but also materials involved with structural
support, cooling, readout electronics, and cabling. These are based on the detailed,
as-built blueprints of the CMS detector, as well as actual measurements performed
prior to detector assembly, in the case of material weights.

The tracking of the simulated particles through the detector material accounts for
the influence of the magnetic field of the CMS solenoid. The scintillation of the ECAL
crystals in response to incident particles, however, is modeled simplistically. The
response is parametrized in terms of an effective conversion factor from the deposited
hit energy to the mean number of photoelectrons generated by the interaction. One
conversion factor is determined for the EB and EE separately, and accounts for the

even though, strictly speaking, energy is a scalar quantity.
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excess noise generated by the avalanche process in the photodiodes, and the non-
uniform scintillation generated along the crystal’s length—that is, that the signal
pulse generated in the photodiodes has a sharp rise but extended decay tail—including
any potential energy leakage behind the crystal, if not fully contained.

The electronics readout is modeled by emulating the digitization of the photodiode
signal pulse through the multi-gain pre-amplifier plus analog-to-digital converter to
output a 10-step digitized signal pulse (see Section .

Finally, energy calibrations are applied to the individual, simulated ECAL crys-
tals based on the average transparency measured for each crystal in a given year
of data-taking. To improve the simulation fidelity, a crystal cluster-based contain-
ment correction is applied to account for the sensitivity of the electromagnetic shower
response to the exact position at which an incident particle enters the crystal face.

The ECAL detector simulation has been validated using both test beam and
collision data. Test beam data using electron beams have shown the transverse elec-
tromagnetic shower shapes to be within 1% of simulation, and for energy resolution
comparisons, within a few percent for most of the energy range [39]. Collision data
were used to validate the electromagnetic shower widths in the n-direction, which
were also shown to be in good agreement with simulation [37].

A more general description of the CMS detector simulation for other subdetectors
can be found in [37].

37



Chapter 3

Theory & phenomenology

In this chapter, we provide a basic theoretical basis for the physics search performed
in this analysis. In Section we introduce the standard model of particle physics
(SM), currently the best available theory for the interaction of the known fundamen-
tal particles. A basic description of the fundamental symmetries and mechanisms
involved in the SM is provided. We follow this with a more focused discussion of
the different physics sectors of the SM, with an emphasis on aspects relevant to the
search performed in this analysis. Then, in Section we highlight some of the chal-
lenges associated with the SM that motivate the need for a deeper physical theory.
In Section [3.3] we introduce the extended Higgs sector that is the focus of the beyond
the SM (BSM) physics search in this analysis, and lay out its theoretical and experi-
mental motivations. The chapter concludes with a discussion of the phenomenology
of the particular H — aa — 4+ signal process chosen for analysis in Section [3.3.1]

3.1 The standard model

The Standard Model of particle physics describes the dynamics of the known el-
ementary particles, interpreted as quantum fields, and their interactions with one
another. It accounts for three of the four known fundamental interactions or forces:
electromagnetism, the weak force, and the strong force. As of this writing, it is the
leading theory of fundamental particle interactions and, save for a few recent tensions
with experiment, has been consistent with most laboratory tests of predicted particle
properties.

The dynamics of elementary particles are described by the SM in terms of the inter-
action of quantum gauge field theories. In gauge field theory, particles are represented
as quantum fields whose dynamics are encoded in a quantity called a Lagrangian den-
sity, or simply, a Lagrangian £. The process of extracting particle dynamics from the
Lagrangian, which can then be compared against experimental observables, is a fol-
lows. From the most general form of the Lagrangian, one requires the participating
quantum fields to obey symmetries—under which the Lagrangian is unchanged—to
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constrain the form of the Lagrangian. To test a particular interaction, a perturbative
expansion is performedE] in powers of the coupling strength between the interacting
fields. Each order in the expansion represents a series of individual interactions and
typically visualized as a Feynman diagram. For a given initial and final state of par-
ticles, one then sums all relevant individual processes in the expansion, up to the
desired order of precision, to obtain a prediction for the associated observables, e.g.,
the total cross section times branch fraction for the initial states to decay into the
final states.

In the SM, the symmetries imposed on the particle fields that are found to be
consistent with experiment are those of global Poincare symmetry, and of local sym-
metry under the unitary group SU(3) x SU(2) x U(1). The Poincare symmetry is the
symmetry under the Lorentz transformations of Special Relativity, plus translations
in space-time. Requiring particle fields to obey Poincare symmetry begets the spin
representation of the elementary particles: scalar bosons (spin-0), fermions (spin—%),
and vector bosons (Spin-l)ﬂ.

On the other hand, the SU(3) x SU(2) x U(1) symmetry corresponds to the conser-
vation of color charge under interactions with the gauge field G, weak isospin charge
under the gauge field Y, and weak hypercharge under the gauge field B, respectively.
After spontaneous symmetry breaking, as explained below, the gauge fields undergo
mixing to manifest themselves as the known physical bosons: the gluons, the W
and Z bosons, and the photon, along with the interactions they mediate That is, by
requiring the quantum fields to be gauge-invariant in addition to obeying Poincare
symmetry, one recovers the known subatomic interactions: quantum chromodynam-
ics (QCD) for the strong force, the theory of weak interactions for the weak force,
and quantum electrodynamics (QED) for the electromagnetic force, respectively.

The need for spontaneous symmetry breaking arises because the original gauge
fields (G, Y, B) are all forbidden from “naively” carrying mass terms in their La-
grangian, as these would violate gauge invariance. Historically, gauge field theory
was motivated by successes in QCD and QED where the gauge bosons were massless,
as observed experimentally and as required by gauge invariance. However, the W
and Z bosons, conceived to be the gauge bosons of a new interaction, were decidedly
massive, at odds with the requirements of gauge invariance.

This conflict is resolved by introducing the Higgs mechanism: by adding a com-
plex scalar field, the Higgs field, with a potential, the Higgs potential, whose energy
minimum does not coincide with the zero-value of the Higgs field, a so-called non-zero
vacuum expectation value (VEV), the resulting interactions with the gauge fields re-
sult in terms in the Lagrangian that mimic gauge boson masses. Indeed, interactions
of the Higgs field with the fermionic fields generate masses for the fermions as well.
As a quantum field itself, the Higgs field is associated with a new particle, the Higgs

f working in a regime where a perturbative expansion is valid, otherwise non-perturbative
methods must be brought to bear.
*The putative graviton would be the only spin-2 particle.
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boson.

While the exact shape of the Higgs potential as a function of the Higgs field is
determined by a number of free parameters, the most general renormalizable con-
struction satisfying non-zero VEV, is the so-called “Mexican hat” potential. In this
potential, gauge symmetry is manifest at the zero-value of the Higgs field but not
at the (usually stable) minima of the Higgs potential. At energy regimes below the
Higgs VEV (E =~ 250 GeV), as the state of the universe cools toward a stable energy
minimum of the Higgs potential, the gauge symmetry is said to be spontaneously
broken.

In order to generate masses for the W and 7 bosons of experiment, the weak
interaction has to be unified with QED into an abstract electroweak (EW) gauge
group SU(2) x U(1), that is spontaneously broken into the sole U(1)qpp symmetry
of QED. In particular, for the neutral Z boson to acquire a mass while leaving the
photon massless, the U(1) gauge group prior to symmetry breaking must differ from
the U(1)qup after symmetry breaking, so that the Y and B states are allowed to mix.
Under this scheme, the Higgs field must be a doublet of the SU(2) group and, after
symmetry breaking, the Y and B gauge bosons mix to give the massive W and Z
bosons, and the single massless photon of experiment. The gluons, being massless
gauge bosons, are unaffected by the Higgs mechanism.

While color (from SU(3)) and electric charge (from the remaining U(1)qgp) are
conserved after spontaneous symmetry breaking, weak isospin and weak hypercharge,
in general, are no longer conserved under physical interactions. The original QCD
gauge group can then be trivially combined with the EW gauge group to form the
full SM gauge group of SU(3) x SU(2) x U(1).

To summarize, the SM Lagrangian Lg);, before spontaneous symmetry breaking,
can be concisely expressed as:

ESM = £gauge + ﬁEW + £QCD + LHiggs (31)

where the Ly, contains the “free field” gauge terms, Lrw describes electroweak
interactions, Locp describes strong interactions, and Ly, contains the Higgs field
and potential, and describes the interaction of the Higgs field with the gauge and
fermion fields, imparting mass upon them. A table of the known elementary particles
and their basic properties is given in Figure [3.1]

While the full gauge symmetries of the SM are manifest prior to spontaneous sym-
metry breaking, it is worthwhile to discuss some aspects of the SM after spontaneous
symmetry breaking as this represents the energy regime of all of LHC physics, and
consequently, this analysis. At this regime, QED, QCD, weak interactions, and the
Higgs sector are approximately decoupled, and can be described separately, as we do
next.
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Standard Model of Elementary Particles
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Figure 3.1: The particles of the standard model. Credit: Wikipedia.
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3.1.1 QED

The QED component of the SM describes how electrically charged particles interact
with photons. Since the electromagnetic gauge group of QED is preserved after
spontaneous symmetry breaking, electric charge is conserved under QED interactions.
The basic QED interaction vertex is given in Figure [3.2 By chaining together the

Figure 3.2: QED interaction vertex between a photon () and a fermion/antifermion

(£/5).

basic QED vertex, more complex interactions can arise. A few important examples
of these that feature in this analysis are the processes of electron bremsstrahlung
and electron-positron pair production, arising as a result of a high energy electron or
photon, respectively, interacting with the charged nucleus of some (detector) material,
via QED. Representative Feynman diagrams are shown in Figure 3.3} In the case of

e Y Y et
e e
p p p p

(a) (b)

Figure 3.3: QED nuclear interactions between a proton (p) and an electron/positron
(e”/e™) or photon (7): (3.3a) electron bremsstrahlung, (3.3b) e*e™ pair production.

electron bremsstrahlung (Figure, the incident electron is converted to an electron
plus photon, while for pair production (Figure , the incident photon is converted
to an electron plus positron. These are, for instance, the main processes governing
the detection of electromagnetic particles in calorimeters (see Section [2.2).

While QED was originally formulated for electrically charged fermions like the
charged leptons and the quarks, in EW theory, after spontaneous symmetry breaking,
the photon is also allowed to interact with the electrically charged W bosons (see

Section below).
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3.1.2 QCD

The QCD component of the SM describes how color-charged particles, of which quarks
are the only known example, interact with gluons. QCD has several properties that
distinguish it from the simpler physics of QED. While color charge is conserved un-
der QCD interaction, because of the larger SU(3) symmetry group to which QCD
belongs, QCD contains three charge quantum numbers, denoted red, green, and blue,
in contrast to the single electric charge of QED. In addition, unlike QED, QCD is a
non-Abelian gauge theory, i.e., the generators of its group do not commute. A con-
sequence of this is that the gauge boson of QCD, the gluon, is color charged. In fact,
there are eight gluons, based on the allowed color combinations of the group. Gluons
may therefore directly engage in color self-interactions. The interaction vertices of

QCD are thus as given in Figure[3.4] The first (Figure [3.4a)) describes the interaction

(a) (b) (c)

Figure 3.4: QCD interactions vertices between quarks (q) and gluons (g): (3.4al)
qg interaction vertex, (3.4b]) 3-point gluon self-interaction, (3.4c|) 4-point gluon self-
interaction.

of quarks with gluons, while the latter two (Figures describe 3- or 4-point
gluon self-interaction.

A rich family of quark bound states arises from the more complex color structure
of QCD. There are the mesons, which are quark-antiquark pairs bound in color-
anticolor, and the baryons, which are three quarks bound in all three color charges.
By analogy to the mixing of the colors of light, both mesons and baryons, collectively
known as hadrons, are “colorless” states.

That gluons are allowed to directly self-interact leads to another important feature
of QCD, namely, that the QCD coupling strength between quarks increases with
distance. Thus, when attempting to separate bound quarks, say a qq meson, it
becomes energetically favorable for the meson to create a new qq pair from the
vacuum, resulting in the formation of two qq mesons instead. Because of this, bare
quarks are not observed in nature, a phenomenon known as confinement, resulting in
only colorless QCD states being observed in nature.

Confinement carries important phenomenological consequences for high energy
colliders: the creation of high energy quarks or gluons invariably results in a chain of
hadrons being produced instead. The resulting stream of collimated hadrons is known
as a hadronic jet or simply a jet, and the process by which it is formed is called jet
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fragmentation or hadronization. Hadronic jets are an important signature of high
energy phenomena at particle detectors like CMS. At lower energies, lacking the
energy needed to collimate into a jet, a diffuse spray of hadrons is instead produced.
Such soft scattering interactions, for instance, between glancing proton collisions at
the LHC, while not indicative of high energy phenomena, form a dominant component
of the background processes observed at hadron colliders like the LHC. The top quark,
because of its large mass, has a lifetime shorter than the hadronization timescale, and
is thus notably exempt from hadronization. Instead, the top quark decays via the
weak force to a W boson plus a quark. It is therefore one of the only ways in the SM
to study a “bare” quark.

Confinement leads to a host of computational challenges as well. Below the con-
finement scale (~ 10 MeV), i.e., when trying to separate quarks, that the QCD
coupling strength increases with distances means that a perturbative expansion in
orders of the coupling strength no longer converges. Known as the non-perturbative
QCD regime, no rigorous tools yet exist for predicting the interactions of quarks at
this regime, and heuristic tools must be relied on instead. Above the confinement
scale, however, the running of the QCD coupling strength implies that the interaction
strength between quarks becomes small. Thus, at high energy regimes, the quarks
behave as effectively free particles, a complementary phenomenon known as asymp-
totic freedom. This regime is manifest in the primary hard scattering interactions
that take place at high energy colliders like the LHC, and for which perturbation
theory remains valid.

3.1.3 Weak interactions

The weak interaction component of the SM describes how particles charged under
weak isospin interact with the physical (i.e., post symmetry-breaking) weak gauge
bosons, namely, the electrically charged W bosons, and the electrically neutral Z
boson. Since weak interactions derive from the weak SU(2) isospin gauge group,
which is broken by the Higgs mechanism, weak isospin charge, denoted up or down,
is not conserved under weak interactions.

Since SU(2) is also a non-Abelian theory, the weak gauge bosons are also charged
under weak isospin—as the gluons were under color charge—and thus self-interact
as well. However, the EW boson state mixing induced in the original SU(2) x U(1)
by spontaneous symmetry breaking introduces a number of unique consequences not
seen for the other non-Abelian theory of QCD, but are required for agreement with
experiment.

First, the mixing of EW boson states allows the physical EW bosons to not only
self-interact, but to interact directly with the other EW bosons as well.

Second, just as the fermions needed to carry electric or color charge in order to
interact with the photon and gluon, respectively, so too do the fermions need to
carry weak isospin charge in order to interact with the weak bosons. An important
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distinction of weak interactions, however, is that the W boson only interacts with
left-hand chirality fermion particles and right-handed chirality fermion antiparticles.
Only these fermions carry weak isospin charge as a result. The weak interaction
thus contains the only processes in the SM able to violate parity and charge-parity
conservation, as first observed in experiment.

Third, the Z boson is able to couple to all charged fermions, of any chirality. Thus,
while the Z boson is itself not electrically charged, under weak interactions, it is able
to couple to electrically charged fermions nonetheless. The available weak interaction
vertices after spontaneous symmetry breaking are shown in Figure [3.5] The first
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Figure 3.5: Weak interaction vertices of EW bosons (W™, Z, ~): (3.5a)) charged
current interaction with left-handed up-type fermion (u) and right-handed down-type

antifermion (d), (3.5b)) neutral current interaction with fermions (f), (3.5¢) 3-point
gauge coupling, and (3.5d)) 4-point gauge coupling.

o

(Figure and second (Figure vertices are the analogs of the fermion vertices
of QED (Figure and QCD (Figure . The first vertex is the so-called charged
current (CC) weak interaction, allowing an up-type fermion to decay into down-type
one, or vice-versa, if kinematically allowed. Of historical note, before the idea of
weak isospin—which is conserved under weak interactions—was known, the charge of
weak interactions was thought to be flavour (see Figure , which is distinctly not
conserved under CC interactions. The CC interaction was thus also acknowledged as
the only SM process not to conserve flavor.

The second vertex (Figure[3.5D)) is the neutral current (NC) of the weak interaction
which does conserve flavor. While not manifest in the basic interaction vertex, so-
called flavor changing neutral currents (FCNC) appear to be suppressed by loop
contributions, though searches for FCNC processes continue to be an important test
of the SM. Of note, the NC mediates a process that features prominently in various
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calibration tasks at CMS, namely, the decay of the Z boson to an electron-positron
pair, Z — ete™. Since few other processes in the SM produce two isolated electrons
near the Z boson mass resonance, such decays provide a rare opportunity to study
electromagnetic particles with high precision.

The third (Figure and fourth (Figure vertices are the 3-point and
4-point gauge coupling interactions, respectively. They are the analogs of the cor-
responding gluon self-interaction vertices (see Figures but, because of the
mixing from spontaneous symmetry breaking, occur between the different EW gauge
bosons, as noted earlier.

3.1.4 Higgs sector

The Higgs sector describes the interactions of the Higgs boson resulting from the Higgs
mechanism. While the Higgs mechanism was motivated by the need to impart mass
upon the weak gauge bosons, it generates a mechanism for imparting mass upon the
fermions as well, via the Yukawa coupling. The Higgs boson thus directly couples to
all massive particles in the SM. In addition, the Higgs boson is itself a massive boson.
While not a gauge boson, the Higgs boson obtains a mechanism for self-interaction
via the Higgs potential. The Higgs interaction vertices are thus as given in Figure [3.6]
The first (Figure describes the interaction of the Higgs boson with the massive

W=*/7 f
H H
WT/Z f
(a) (b)
H . H . H/W*/Z
H.,~ H. - O H/WF/Z

() (d)

Figure 3.6: Higgs boson (H) interaction vertices: (3.6a)) with EW gauge bosons (Wi,
Z), (3.6b) Yukawa coupling with fermions (f), (3.6c) 3-point Higgs self-interaction,
(3.6d)) 4-point Higgs self-interaction or with EW gauge bosons.

gauge bosons. The second (Figure |3.6b|) describes the Yukawa coupling of the Higgs
boson to the (massive) fermions. The third (Figure [3.6¢) and fourth (Figure [3.6d))
describe the 3- and 4-point self-interaction of the Higgs boson.
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While the Higgs boson does not directly couple to the massless gauge bosons, it
is able to do so indirectly via loop contributions. An important example of this is
the decay of the Higgs boson to two photons, one of the major background processes
involved in this analysis. The dominant contribution to this process comes from the
W-boson loop, as shown in Figure|3.7]

g
Figure 3.7: The H — 7~ decay of the SM.

3.2 Challenges with the SM

As successful as the SM has been in agreeing with laboratory—typically, collider-
based—experiments, it is in disagreement with many astronomical observations, at
times, glaringly so [5].

Dark Matter. The SM is unable to explain the overwhelming majority of the
energy content of the universe, estimated to be over 90% in the form of dark matter
and dark energy. Dark matter is thought to be responsible for the gravitationtal
stability of galaxies, and the structure of the universe at-large. It is hypothesized to
be some form of matter that interacts gravitationally but not electromagnetically, i.e.,
does not emit light. While the exact nature of dark matter is not known, no candidate
in the SM exists that fits the required properties. A number of BSM models, including
those involving supersymmetry or axion production, have historically gained favor for
predicting particles with properties similar to that expected of dark matter. Dark
energy, on the other hand, is an even bigger mystery still, existing only as the unknown
force of expansion in the universe at-large, against the attraction of gravity.

Baryon asymmetry. Even within the scope of known, baryonic matter does the
SM fail to give a proper accounting of astronomical data. As far can be determined,
all astronomical matter is of the particle type, as opposed to the antiparticle type.
Yet assuming the universe was created with equal parts of each, no mechanism exists
in the SM for initiating a departure from these conditions, or for generating the large
asymmetries between matter and antimatter decays. For the latter, the SM, through
processes that do not respect charge-parity symmetry, provides for the preferential
decay to matter particles in the decays of strange- and charm-quark mesons. However,
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by running these through models of the formation of the early universe, these CP-
violating processes are found to be insufficient to reproduce the matter distribution
present in the current universe. This is the so-called baryon asymmetry problem.
As of this writing, however, early hints have begun to show of tensions with SM
predictions in b-meson decays [40].

Strong CP problem. As noted earlier, while the SM allows for CP-violating pro-
cesses, as has been observed experimentally for EW processes, not all of these provi-
sions have been realized, particularly in the QCD sector. In addition to furthering the
baryon asymmetry problem, this is also indicative of a fine-tuning issue, where the
value of certain free parameters in the Lagrangian seem to be coincidentally aligned
to give cancellation of CP-violating process in QQCD. While more a “naturalness”
issue than an explicit disagreement between theory and experiment, the apparent
fine-tuning is thought to be due to the action of some as-yet unknown mechanism.
One potential solution that has been proposed is the existence of an axion particle.
In Pecci-Quinn theory [10], the CP-violating phase of QCD is treated, as the Higgs
field was to boson mass, as yet another quantum scalar field, which, post-spontaneous
symmetry breaking, settles to a value close to zero. As was the case for the Higgs
field, this additional scalar field also results in a new particle state, identified as the
axion. Moreover, to achieve resolution of the strong CP problem, the axion is required
to be a C'P-odd pseudoscalar [I1]. Current constraints on axion production, however,
limit the viability of the simplest axion models in solving the strong CP problem.

Parameter fine-tuning. More generally, the SM Lagrangian is rife with various
occurrences of free parameter fine-tuning, particularly those relating to particle mass
hierarchies. For instance, the GeV mass scale of the Higgs entails the cancellation of
loop contributions to the Higgs mass that are of order the Planck scale (1019 GeV),
to multiple orders of the perturbative expansion. There is no known mechanism in
the SM for generating cancellations across such disparate mass scales over several
orders. Indeed, this was one of the prime motivations for the introduction of the
superpartner particles of supersymmetry. More generally, BSM models attempt to
address this divide in mass scale hierarchies by re-casting the SM coupling strengths
as dynamic couplings that vary with energy, which, at around the Planck scale, unify
into a single interaction. Such theories are known as grand unified theories (GUTS).

More recently, a few laboratory-based experiments have managed to demonstrate
departures from SM predictions: the non-zero mass of neutrinos, for instance, or at
least hints of potential departure: the early measurements for K* decays to electrons
and muons indicating tension with lepton flavor universality, and a potential deviation
in the muon magnetic dipole moment.

Lastly, in the quest to unify the sub-atomic forces with gravity into a “theory of
everything”, a quantum description of gravity is still absent in the SM. In all sub-
atomic regimes accessible by experiment, gravitational forces are all but vanishingly
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small. While this has certainly not prevented the theory community from speculating
how such a theory would look, the ability to produce “microscopic” blackholes would
likely be needed to test any of these.

Part of the challenge in addressing the above problems is the unknown energy
regime at which deviations from the SM are thought to occur. The production of dark
matter, for instance, may only occur at energies much higher than can be accessed
at the 10* GeV scale of the LHC. After all, the early universe was exposed to energy
densities much higher than can be produced at any laboratory to date. Indeed, GUT's
predict unification to occur at 10'*-10'® GeV, well-beyond even the wildest imaginings
the accelerator community has on their drawing boards.

In this analysis, therefore, we take we take a more modest and model-agnostic
approach in attempting to resolve any of the above challenges with the SM. The
last few years have seen many of the high energy physics community’s most favored
theories slowly fall out of favor as the growing data collection and search program at
the LHC have continued to rule out the simplest BSM extensions of the SM. Instead,
we take the more practical approach of asking what remaining corners of phase spaces
accessible at the LHC could still be hiding potential new physics. These may include
exotic final states yet unprobed but, as is pursued in this analysis, the possibility
that new physics is buried in existing final states due to its mimicking of standard
reconstructed objects.

3.3 The extended Higgs sector

For a BSM search to be viable, the BSM decay must be unique enough to have
not been detected in existing measurements, yet be potentially large enough to be
detectable in a dedicated, optimized search. As a relatively newly discovered particle,
the Higgs sector remains an attractive search space for BSM physics, with current
constraints on allowed Higgs to BSM couplings ranging between 20-60%, depending
on assumptions [6]. In particular, extended, SM-neutral Higgs sectors, where BSM
states couple only to the Higgs and not to the gauge fields directly, would not be
ruled out by the more extensive searches performed for non-Higgs measurements that
agree with the SM. Moreover, because of the small decay width of the Higgs boson,
couplings to BSM states, even if small, can still lead to exotic decays with sizeable
branching fractions that would be accessible at the LHC [§].

Figure 3.8: The H — aa interaction vertex in the BSM extended Higgs sector.
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There are a few ways the SM Higgs sector could be extended. The simplest of
these involves the addition of a (possibly complex) scalar or pseudoscalar (or both, if
complex) singlet (SM+S), where scalar or pseudoscalar denotes whether the particle is
even or odd under parity, respectively. Alternatively, one could introduce yet another
Higgs field that is also a complex scalar and a doublet of the SU(2) group, known as
two-Higgs-doublet models (2HDM). However, given the allowed degrees of freedom in
these models, fairly restrictive constraints have already been imposed on their predic-
tions [§]. Models with additional degrees of freedom, in which one introduces both a
singlet and doublet (2HDM+S), are thus favored by current constraints. The above
extensions, for instance, are well-motivated in theories of Minimal Composite Higgs
Models (MCHM) and Next-to-Minimal Supersymmetric Standard Model (NMSSM).

Another important motivation for an extended Higgs sector is the production of
an axion particle, as originally described by Pecci-Quinn theory [10], that serves as
both a dark matter candidate and a resolution to the strong CP problem [T} T2} [16].
Such axion searches are also attractive astrophysically and cosmologically, due to the
important role such a particle would play in early big bang nucleosynthesis, stellar
formation, the cosmic microwave background radiation [13], 14] [I5]. In most of these
searches [5, 27, 28], masses m, ~ eV are typically sought, and production from
the Higgs boson is generally not assumed or required. The most massive limits are
typically of order m, < 10* keV [41]. At the masses accessible at the LHC, however,
m, 2 1MeV, the mechanisms needed to resolve the strong CP problem and other
astrophysical and cosmological issues are not necessarily realized. Model assumptions
thus need to be relaxed and the new state is typically referred to as an azion-like
particle (ALP) instead. In the interest of remaining model-agnostic, we will refer
to this new, light (at least for LHC mass scales) state a. Regardless of model, an
additional interaction vertex, of the form given in Figure [3.8] is introduced.

Phenomenologically, whether the particle a is a scalar (even parity) or a pseu-
doscalar (odd parity) is relevant only insofar as calculating specific branching frac-
tions [§]. Experimentally, it is of little consequence to the analysis whether one
assumes one parity representation or the other. In ALP searches, since the axion
interpretation of the particle a from Pecci-Quinn theory requires that it be a C'P-odd
pseudoscalar, the particle a is identified as a pseudoscalar. In the analysis we present,
however, we remain agnostic toward the C'P parity of a.

While the various models for H — aa production differ in their details and as-
sumptions, there are a few common threads and phenomenological consequences for a
decays. In general, the pseudoscalar inherits the same decay modes as the SM Higgs
boson, meaning its coupling strengths are proportional to the mass of the decaying
species, but with the potential for deviations. Thus, decays to quarks a — qq are
preferred above hadron production thresholds, while decays to lighter modes become
more attractive below these thresholds. Under certain model assumptions, decays to
lighter states like leptons a — 11 and photons a — + can become enhanced, or even
dominant, even above hadron production thresholds [8]. Below m, < 1GeV, theoret-
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ical estimates for a branching fraction tend to be plagued by large uncertainties as
the non-perturbative QCD regime is crossed [§].

As the heavier decay modes are closed out, the decay width of the a particle is
reduced, in turn, extending its lifetime. Thus, displaced and long-lived a decays are
a general feature as m, drops below hadron thresholds. The more a decay modes are
closed out at low-m,, the more this reduces the decay width of the a and extends its
likely lifetime.

While H — aa’ production is also a distinct possibility, if, for instance, an addi-
tional pseudoscalar a’ (or other scalar) is allowed, we not consider this for the present
study.

H — aa — 4+ A tantalizing feature of these low-m, topologies is that their decay
products are merged, obscuring their two-prong nature, and burying them in more
mundane-looking SM signatures. In particular, for a — v, which is allowed at 1-
loop (c.f. Figure , in the low-m, regime where this decay becomes attractive,
the diphoton system becomes highly boosted and will often be misreconstructed as a
single photon candidate. The H — aa — 4+ event would thus go largely undetected in
existing SM H — v measurements, making them challenging to pick out, especially
if attempting to directly measure the m, resonance.

While insufficient collision energy reach is a likely explanation for the lack of
new physics signals at the LHC, an important, practical consideration that must
be acknowledged is the possibility that new physics is manifest at the LHC but is
simply buried in existing measurements due to current reconstruction algorithms
being insensitive to them. While not much can be done about the former in the
short-term, the latter presents a much more fruitful target in the short-term. It is for
this reason the H — aa — 47 decay presents an attractive topology for study, and
is the focus of this thesis. While a number of other LHC experiment have probed
direct a — 77 production (i.e., a not produced from the Higgs boson), primarily
from Pb-Pb collisions [25], this is the first attempt at CMS to look for H — aa — 4~
events and directly measure the mass spectrum of individual reconstructed photon
candidates.

We focus on the a — v+ decay mode for the mass range m, € 100 MeV to 1.2 GeV.
While such decays are preferred to be long-lived, for this initial analysis, we assume
that they decay promptly with negligible lifetime. A discussion of our results in light
of relaxing this assumption is provided in Section The relevant production
thresholds at these masses are: the charmonium threshold at m, < 3 GeV, the tri-n”
threshold at m, < 405MeV, and the di-muon threshold at m, < 210 MeV. If we allow
charge symmetry to be violated, then the a — n° + ~ threshold at m, < 135MeV is
important as well. Rough estimates for the H — aa — 4+ cross section are discussed

in Section [B1]
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3.3.1 H — aa — 4+ phenomenology

This analysis focuses on the H — aa — 4+ process with particle masses in the range
m, = 0.1 to 1.2 GeV so that both legs of the H — aa — 4 are reconstructed as single
photon candidates, mimicking a SM H — ~~ event. An illustrative Feynman diagram
for this process is shown in Figure below. We denote each single reconstructed
photon corresponding to a merged a — vy as "o, Or simply I'.
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Figure 3.9: Feynman diagram for the H — aa — 4+ process. In the fully merged
scenario, each a — v decay is reconstructed as a single photon candidate I'.

The Higgs boson is produced resonantly at a mass of myg = 125 GeV. In the case of
the signal H — aa — 4+, but also for the SM H — v+, this means the invariant mass
of the reconstructed photon legs, mpr, will peak sharply around the Higgs mass.
This is in contrast to the dominant QCD backgrounds which are produced non-
resonantly and thus exhibit a smoothly falling mpr spectrum. This can be exploited
to significantly reduce non-resonant backgrounds. Since the Higgs is also produced
primarily via gluon fusion, as opposed to QCD processes which are produced through
one or more forms of quark annihilation, the angular distribution of its decay products
also differ slightly from those of QCD. Exploiting this feature is major strategy of the
diphoton event classifier used in the SM H — ~~ analysis, however, for simplicity in
this first H — aa — 4~ analysis, we do not take advantage of this effect.

As it is for the SM H — ~~ analysis, the primary background processes for the
H — aa — 4~ are those from QCD containing jets with neutral mesons decaying
to photons. These are known as electromagnetically-enriched (EM) jets or photon
“fakes”. Because these are produced with cross-sections orders-of-magnitude larger
than those of H — 47 production (see Figure [3.10), even though hadronization
to EM-enriched jets is rare, they remain a major component of the reconstructed
diphoton events, as seen in Figure |3.11] even after signal selection criteria, described
in Chapter [0, have been applied. These include QCD multijet and y+jet production
processes. Other background processes include prompt diphoton production and of
course, the SM H — v~ itself.
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The most notable yet subtle feature of H — aa — 4+ events, and which presents
the biggest challenge to detection, is the merged photon phenomenology of the a —
vy decay. Fundamentally, the collimation of the photons in the detector frame is
determined by the angle between the a’s boost vector and the decay axis of the
diphotons, in the rest frame of the particle a. Nonetheless, to simplify the discussion,
we parametrize the diphoton merging in terms of the Lorentz boost v, = E,/m,
for a particle of energy E, and mass m,. The caveat, of course, is that different
kinematic combinations of the diphoton 4-momenta can still lead to the same boost,
such that the Lorentz boost does note uniquely determine the opening angle between
the diphotons in the lab frame.

To appreciate the experimental challenge of performing such a measurement, it is
helpful to visualize the typical generator-level opening angle between the two photons
from the a in the detector frame. We use samples of a — v decays misreconstructed
by PF as single photons passing selection criteria (see Section@, taken from simulated
H — aa events. The distribution of the generator-level opening angles between the
leading (7;) and subleading (7,) photon in py from the simulated a decay is shown
in the left column of Fig. [3.12] The angles are expressed in number of ECAL crystals
(A¢p x An =0.0174 x 0.0174) in the n direction, An(7y;,v2)%", versus the ¢ direction,
Ap(y1,72)5". Note that the collimation of the photons in the ECAL is ultimately
determined by the opening angle between the diphoton axis and the a’s boost vector
in the rest frame of the a. The same v; can thus still lead to different apparent
merging.

For all samples shown in Figure [3.12] the a — 77 is misreconstructed as a single
photon candidate I'. Two approximate merging thresholds are seen to occur at H —
aa energies. The first occurs at roughly m, ~ 1.2GeV or v, ~ 50 and is roughly the
boost threshold at which distinct photon showers begin to coalesce into a contiguous
ECAL cluster. Distinct energy maxima can typically be resolved but because of the
finite lateral granularity of the ECAL, (Molire radius ~ 1 ECAL crystal width) the
diphoton showers begin to overlap. For reasons related to defining photon conversions
as “single” photon candidates, such shower merging, within PF, still defines a single
reconstructed photon. For decays which are barely resolved, conventional techniques
can, in practice, be stretched to reconstruct m,, although at a cost in reconstruction
efficiency. In particular, at lower energies (E ~ 1GeV), shower clustering tools
become viable even for 1° — 4+ mass reconstruction. Indeed, such tools are already
in use for ECAL inter-crystal calibration [42]. MI-based techniques using shower
shape and isolation variables as inputs, similar to those used for photon vs fake
identification [I8], could also be used. This threshold represents the upper range of
m, studied in this analysis.

As boosts increase further in the shower-merged regime, a second merging thresh-
old occurs at around m, < 200MeV or v, 2 250. At these boosts, the diphotons
primarily deposit into the same ECAL crystal and are therefore no longer resolved in
any sense of the word. While m, regimes with such instrumentally merged signatures

o4



2CMS Simulation m(a) = 1 GeV
— =

>
10 Q@
O,
— >
o
2
g T L w
[ 10t
S I T —7Y 32
gen
Aqlyy,) 0
(a) Barely resolved, m, = 1GeV, v, = 50
CMS simulation m(a) = 400 MeV CMS Simulation m(a) = 400 MeV
4 I I l ; : 27 T T T T T T T T T T T T T T S‘
! (o)
- L 0 O
24— >
: S
3 Q
L c
16 - 1 W
s
10
% 8 i 34 32
gen
Aglyy,) 0
(b) Shower merged, m, = 400 MeV, ~; = 150
CMS simulation m(a) = 100 MeV CMS simulation m(a) = 100 MeV
4 ‘ ‘ 1 - R T —
L >
]
0 &
24— P
o
(O]
c
- e
i m
sl
L 10
N
gen
Agly,y,) ®

(c¢) Instrumentally merged, m, = 100 MeV, v, = 625

Figure 3.12: Simulation results for the decay chain H — aa, a — 7y at various boosts:
(upper plots) barely resolved, m, = 1GeV, v, = 50; (middle plots) shower merged,
m, = 400 MeV, ~; = 150; and (lower plots) instrumentally merged, m, = 100 MeV,
v = 625. The left column shows the normalized distribution (f,,.,) of opening
angles between the leading (y;) and subleading (7;) photons from the particle a
decay, expressed by the number of crystals in the 7 direction, An(vy,72)gen, versus
the ¢ direction, Ad(71,7s)gen- The right column displays the ECAL shower pattern
for a single a — 77y decay, plotted in relafive ECAL crystal coordinates. In all cases,
only decays reconstructed as a single PF photon candidate passing selection criteria
are used.



offer the most attractive branching fractions for a — =7 detecion, experimentally,
they are very difficult to probe as they require exploiting subtle variations in the par-
ticle shower shape. For this reason, previous attempts at ATLAS [17, 19, 43], whose
ECAL has a finer granularity than that of CMS, have resorted to the use of shower
shape variables to parametrize the shape of the electromagnetic shower in terms of
ratios and correlations between different detector cells about the energy maximum.
While they have allowed some handle on this mass regime, they involve the art of
trial-and-error and, historically, have only been able to select or “tag” signal-like
objects rather than directly reconstruct the physical mass m,.

In sum, while a direct measurement of m, is ideal, it is by no means straightforward
and an open question whether at all possible. To address these questions, we study
what sensitivity is achievable with existing shower clustering and shower shape-based
tools and show that we are led to consider all-new tools, and, indeed, to rethink the
particle reconstruction workflow itself.
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Chapter 4

Analysis strategy

In this Section, we introduce a novel technique that will enable the reconstruction
of the mass of even the most highly-merged a — 7y decays. This so-called end-to-
end particle reconstruction technique is described in Section [4.1] In Section (4.2} we
describe how this newfound mass reconstruction capability enables a direct discrimi-
nation of H — aa — 4~ candidate events to be performed for the first time. Finally,
in Section [4.3] we tie these techniques and strategies together into a coherent search
for the H — aa — 4+ decay.

4.1 End-to-end particle reconstruction

As described in the previous chapter, the merged a — vy topology presents a number
of challenges that have hitherto prevented a direct measurement of the particle a mass
at either CMS or ATLAS.

A natural choice for seeking to overcome these challenges is machine learning
(ML)-based methods. A number of existing applications at CMS and ATLAS have
used particle shower shapes or PF-based information information to tackle various
discrimination [44], [45], [46], 47, 48, [49], 50| 51, 52] and reconstruction tasks [53]. While
these tend to be the most common and straightforward uses of ML in high energy
physics, as we show in Section |7} even these are inadequate to tackle merged a — vy
mass reconstruction. Evidently, the use of machine-learning methods, on their own,
does not guarantee improved reconstruction sensitivity. It is important, therefore, to
acknowledge that ML is simply a tool for extracting information, not creating it.

What must be given equal consideration—perhaps even more so—is the choice
of inputs given to the ML algorithms. For many, mostly historical reasons, PF and
shower shapes tend to be the starting point of most ML applications at CMS or
ATLAS. However, with the emergence of modern ML, or “deep learning”, the op-
portunity arises for a much more fundamental change in the particle reconstruction
strategy itself, a change that, we show, provides a breakthrough for a — <+ mass
reconstruction.
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As has been learned in industry [54] 55, 56, [57], and in simpler physics experi-
ments [58, [59] [60], it is critical to use as raw and rich a form of inputs as possible,
in order to realize the breakthrough feature extraction capabilities of modern ML
algorithms. This motivates the choice of a so-called “end-to-end” particle reconstruc-
tion strategy wherein one bypasses all unnecessary, intermediate steps as much as
possible, and allows the ML algorithm to train directly on minimally-processed de-
tector data with the objective of regressing the final, desired quantity of interest.
This is achieved by casting the detector data as high-fidelity images and using these
to train a convolutional neural network (CNN) [61] 62] [63] that outputs an estimate
of the final parent particle property of interest, in this case, the particle mass, m,.
Order-invariant, graph-based ML models can be also be used [64].

This has the following potential advantages. First, is the gain in information
granularity offered by detector data for features that cannot be easily reduced to a
particle-level, or even shower shape type representations. Second, the choice of a
CNN, or any similar hierarchical ML architecture such as a graph-based network,
allows to learn detector features across several length scales, from the crystal-level to
the cluster-level and beyond, in a synergistic way. This is particularly advantageous
for boosted decays that may exhibit merging at multiple scales. Finally, by training
on minimally-processed data rather than heavily filtered or clustered data, the ML
algorithm learns to adapt to more varied, higher-dimensional changes in the data,
developing a greater robustness to evolving data-taking conditions.

In this analysis, therefore, we employ a novel, end-to-end particle reconstruction-
based strategy for directly reconstructing the particle mass, m,. In Section , we show
that this technique achieves substantial sensitivity gain allowing to directly probe
previously inaccessible boost regimes of the a — v decay. A first-of-its kind direct
measurement of the merged photon mass in this analysis is thus enabled by this novel
technique. The technique builds on earlier work in developing the end-to-end ML
technique for discriminating electrons vs photons [65], H — 7 vs backgrounds [62],
and quark vs gluon-jets [G1].

To simplify the scope of the end-to-end ML technique in this first analysis appli-
cation, only ECAL barrel photons are considered in this analysis. The impact of this
on signal selection efficiency is discussed in Section [6]

4.2 H — aa — 47 discrimination

Using the end-to-end particle reconstruction technique, we discriminate H — aa — 4~y
candidates by directly reconstructing the merged photon mass spectrum my, for each
assumed a — 7y candidate I' in each event, within the region-of-interest mp €
(0.,1.2) GeV. This represents the first attempt at the LHC to directly measure the
merged a — 77y mass spectrum.

As opposed to an indirect measurement—for instance, measuring mpr instead—
this will allow for a potentially higher signal sensitivity over a continuum of particle
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a masses. In the event of a detection, observing a resonance in the mp spectrum, as
opposed to an excess in an artificial signal discriminant, e.g., a multivariate classifier-
based “signal score”, provides a more compelling, physically intuitive result. For this
first analysis, the measurement is performed under the assumption that the particle
a decays promptly. However, given the limited lifetime resolution of the ECAL to
merged photons, we do expect the mp regression to still be sensitive to the displaced
decay vertices of long-lived as, for detector-frame decay lengths of ¢I" < 40 cm, or
decay lengths of ¢7 < 0.15c¢m in the a — 7 rest frame. However, due to the smaller
opening angle subtended by a displaced decay vertex at the ECAL surface, such long-
lived decays will exhibit a mass spectrum gradually skewed toward lower masses. The
robustness of this analysis to the long-lived scenario is discussed further at the end
of Section [Q.1]

Furthermore, we perform a two-dimensional measurement of the merged photon
mass spectrum mr, (subleading pr) vs. mp; (leading pr), 2D-mp, one for each
a — 77 leg of the candidates H — aa candidate event. Under the assumption that
the particle a pairs in the hypothetical H — aa — 47 event have identical mass,
this will result in the 2-D mass peak of signal events lying along the “diagonal” of
the 2D-mp distribution, as illustrated in Figure 4.1 This feature can be exploited
to significantly reduce the dominant background contributions from QCD which, in
general, will not have correlated masses between photons and/or jets.

4.3 Analysis strategy

The analysis starts by defining as loose a photon candidate selection as possible to
maximize the a — 7 selection efficiency. A diphoton event topology is then required.
Each reconstructed photon candidate I' is then used to fill a 2D-m distribution or
“template” to serve either as a signal model or a background model. A separate
signal model is generated for each m, hypotheses in the range m, = [0.1, 1.2] GeV.
Representative distributions are shown in the right column of Figure (3.12

The signal model is derived from simulated H — aa — 47 events. Under the
identical particle a mass hypothesis, the nominal signal inhabits the diagonal region
of the 2D-my plane. Additionally, we assume the a strictly arises from Higgs boson
decays with no associated invisible decay, allowing us to define an orthogonal signal
region within the Higgs boson mass window. The signal (SR) and sideband (SB)
regions along the mpp axis are thus,

[ mH—SBlow: 100 < mpr < 110 GeV
e my-SR: 110 < mpr < 140 GeV
[ ] mH-SBhigh: 140 < mrr < 180 GeV

While the regions along the 2D-mp axis are
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Figure 4.1: Regressed 1D (left column) and 2D (right column) my distributions for
simulated H — aa — 47 events passing selection requirements at m, = 100 MeV
(bottom row), 400 MeV (middle row), and 1GeV (top row).
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e m,-SB: Am, > 300 MeV (“2D-mp off-diagonal”)
e m,-SR: Am, < 300MeV (“2D-my diagonal”)

The boundaries between regions are optimized for minimal signal contamination in
the sideband regions while still maintaining sufficient statistics. In mpp, this results
in between 87% (m, ~ 1GeV) to 99% (m, ~ 100 MeV) of signal events falling within
the my-SR. In 2D-mp, this results in the top 80% of the 2D-m peak falling within
the m,-SR, for all considered m,. The final signal region over which the search is
performed is the intersection of the two signal regions, mz-SR N m,-SR.

The background model is derived primarily through data-driven techniques that
exploit the data sidebands of the above signal regions to obtain an estimate of the
total background contribution in the final signal region. The contribution of the SM
H — ~7v, however, is derived using simulated events.

To measure the presence of a signal, a statistical hypothesis test is performed [66],
comparing the compatibility of the observed data with the background-only versus the
signal plus background hypotheses. The maximum likelihood estimation method [67]
is used to construct a test statistic for comparing the compatibility of the data with
the different hypotheses and for extracting the best-fit signal strength. In the event of
a detection, the significance of the signal is calculated, otherwise the CL, metric [67]
is used to set an upper limit on excluded signal strengths.

A major constraint to expanding the m, range studied in this analysis is the
degradation of the mpp peak with increasing m,, as shown in Figure . As the PF
algorithm is not optimized for reconstructing the pr of the a — v topology, at m, =
1GeV, this can lead to challenges with signal efficiency and signal contamination
when constructing signal and sideband regions along mpr, respectively. A version of
this analysis utilizing end-to-end p , reconstruction to overcome this effect at higher
m, is being considered for future work. An exploratory study describing the potential
of this application is given at the end of our conclusions, in Section (10}
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Chapter 5

Data sets

The data samples used in this analysis, together with their simulated equivalents,
correspond to pp collision events collected by the CMS detector during the Run II
phase of the LHC from 2016-2018 at a center-of-mass collision energy of /s = 13 TeV.
This chapter documents the data set names used for both recorded data, given in
Section [5.1} and simulated data, given in Section [5.2] For the simulated data, an
overview of their use in this analysis, as well as the particulars of their generation,
are provided.

5.1 Recorded data

The recorded data sets are composed of events reconstructed from the 2016-2018
era CMS Re-Reco campaigns. They represent a combined integrated luminosity of
[Ldt = 137 fb~! of data certified for physics analysis. Due to a number of AOD
data tier files being inaccessible, particularly in the 2018 era data sets, the actual
integrated luminosity used in this analysis corresponds to [L£dt = 136 fb~!. The
complete list of data set names are given in Table with corresponding good run
list names and luminosities in Table 5.2

Both MINTAOD and parent AOD data sets are used: in situations where the
a — 77 decays into distinct clusters in the ECAL (m, = 1GeV), the softer of the
two clusters may be dropped from the MINTAOD data set due to e/ pruning [68]
and regressed as a photon. Therefore, to maximize signal efficiency, while the event
selection is performed using MINIAOD-level quantities—as is standard practice—the
ECAL detector inputs used for the actual m, regression are sourced from the parent
AOD data set.
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Data set name

/DoubleEG/Run2016B-17Jul2018 ver2-v1/MINIAQD
/DoubleEG/Run2016B-07Augl7 ver2-v2/A0D
/DoubleEG/Run2016C-17Jul2018-v1/MINIAOD
/DoubleEG/Run2016C-07Augl7-v1/A0D
/DoubleEG/Run2016D-17Jul2018-v1/MINIAOD
/DoubleEG/Run2016D-07Augl7-v1/A0D
/DoubleEG/Run2016E-17Jul2018-v1/MINIAQOD
/DoubleEG/Run2016E-07Aug17-v1/AQOD
/DoubleEG/Run2016F-17Jul2018-v1/MINIAOD
/DoubleEG/Run2016F-07Augl7-v1/AQD
/DoubleEG/Run2016G-17Jul2018-v1/MINIAOD
/DoubleEG/Run2016G-07Augl7-v1/A0D
/DoubleEG/Run2016H-17Jul2018-v1/MINIAQD
/DoubleEG/Run2016H-07Aug17-v1/AOD

/DoubleEG/Run2017B-31Mar2018-v1/MINIAQD
/DoubleEG/Run2017B-17Mar2017-v1/A0D
/DoubleEG/Run2017C-31Mar2018-v1/MINIACD
/DoubleEG/Run2017C-17Mar2017-v1/A0D
/DoubleEG/Run2017D-31Mar2018-v1/MINIAOD
/DoubleEG/Run2017D-17Mar2017-v1/A0D
/DoubleEG/Run2017E-31Mar2018-v1/MINIAQD
/DoubleEG/Run2017E-17Mar2017-v1/A0D
/DoubleEG/Run2017F-31Mar2018-v1/MINIAQD
/DoubleEG/Run2017F-17Mar2017-v1/A0D

/EGamma/Run2018A-17Sep2018-v2/MINIAOD
/EGamma/Run2018A-17Sep2018-v2/A0D
/EGamma/Run2018B-17Sep2018-v1/MINIAQD
/EGamma/Run2018B-17Sep2018-v1/AQD
/EGamma/Run2018C-17Sep2018-v1/MINIAOD
/EGamma/Run2018C-17Sep2018-v1/AQD
/EGamma/Run2018D-17Sep2018-v2/MINIAQD
/EGamma/Run2018D-22Jan2019-v2/A0D

Table 5.1: Recorded data sample names by era for the years 2016-2018.
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Data set name [Ldt[fh]

Cert_271036-284044_13TeV_ReReco_07Aug2017_Collisions16_JSON 36.32 (36.25)
Cert_294927-306462_13TeV_E0QY2017ReReco_Collisions17_JSON 41.53

Cert 314472-325175_13TeV_17SeptEarlyReReco2018ABC PromptEraD Collisions18 JSON 59.74 (58.75)
Total Runll 137.6 (136.5)

Table 5.2: Lists of certified physics data and their corresponding integrated luminosity. Values in parenthesis indicate
actual luminosities obtained after accounting for inaccessible AOD files (missing lumi ~ 0.8%). Luminosity uncertainties
are in the third significant figure (see Section [8.3).
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5.2 Simulated data

Simulated samples generated using Monte-Carlo methods (MC) are primarily used
to derive the signal model but are also relevant for studying the different signal and
background processes and optimizing the analysis strategy accordingly. Separate sim-
ulated samples are produced for each year of data taking with simulation parameters
tuned to each year’s particular conditions where possible.

5.2.1 Signal samples

Simulated H — aa — 4~ samples generated with m, = 0.1, 0.2, 0.4, 0.6, 0.8, 1.0,
1.2 GeV are directly used to fill the templates that define the signal model (see Sec-
tion [8.1). An interpolation procedure, described in Section [8.1] is used to generate
additional samples at 0.1 GeV intervals of m,. For all events, the hard-scatter pro-
cess H — aa — 4+ is generated with MADGRAPH5_aMCG@NLO at leading-order (LO) using
the SM + Dark Vector + Dark Higgs model [§ 9] with upto one associated parton
and negligible a lifetime. The basic phenomenology of the decay, however, is model-
independent for a given a mass and lifetime. The Higgs boson is produced inclusively
of all SM production modes. The generated hard process is then interfaced with
Pythia8 for parton matching and hadronization. The Parton distribution functions
(PDFs) are taken from the NNPDF3.1 set. Underlying event for the pp collision uses
the CP5 (CUETP8M1) tune for 2017-2018 (2016) samples. The output is then interfaced
with GEANT4 to simulate the detailed detector response of CMS using the geometry
and conditions relevant for each year.

The effects of multiple pp interactions other than from that containing the hard-
scattering event, or pileup interactions, are also simulated. This is done by overlaying
minimum bias events onto the existing output from the primary pp interaction. Pileup
interactions from both the nominal bunch crossing (in-time pileup), or from earlier
or later bunch crossings (out-of-time pileup) are accounted for. The distribution in
number of pileup interactions used in simulation corresponds to that projected in
data for the relevant year. A pileup re-weighting procedure (see Section is then
applied to the simulated events to correct for any residual differences in the observed
pileup distribution. The average number of pileup interactions measured in data
ranges between 23 to 37 for 2016 to 2018.

Note that the simulated H — aa — 47 samples are not used to train the mp
regressor, which instead uses simulated single a — 77 decays, with continuously dis-
tributed m, [68]. More information about the samples used to train the my regressor
is given in Section [7.2]

The full list of simulated signal samples used for the main H — aa — 4+ signal
search is provided in Table [5.3]
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Data set name

m(a)

/HAHMHToAA _AToGG_MA-Op1GeV_TuneCUETP8M1 _PSweights_13TeV-madgraph pythia8/ 0.1 GeV
/HAHMHToAA _AToGG_MA-Op2GeV_TuneCUETP8M1 _PSweights_13TeV-madgraph pythia8/ 0.2 GeV
/HAHMHToAA_AToGG_MA-Op4GeV_TuneCUETP8M1_PSweights_13TeV-madgraph_pythia8/ 0.4 GeV
/HAHMHToAA_AToGG_MA-Op6GeV_TuneCUETP8M1_PSweights_13TeV-madgraph_pythia8/ 0.6 GeV
/HAHMHToAA AToGG_MA-Op8GeV_TuneCUETP8M1 PSweights 13TeV-madgraph pythia8/ 0.8 GeV
/HAHMHToAA AToGG_MA-1GeV_TuneCUETP8M1 PSweights 13TeV-madgraph pythia8/ 1 GeV
/HAHMHToAA AToGG_MA-1p2GeV_TuneCUETP8M1 PSweights 13TeV-madgraph pythia8/ 1.2 GeV
RunIISummer16MiniAODv3-PUMoriond17_94X mcRun2_asymptotic_v3-v1/MINIAODSIM
RunIISummer16DR80Premix-PUMoriond17_80X_mcRun2 asymptotic_2016_TranchelIV_v6-v1/A0DSIM
/HAHMHTo0AA AToGG_MA-Op1GeV_TuneCP5 PSweights_13TeV-madgraph pythia8/ 0.1 GeV
/HAHMHToAA_AToGG_MA-0p2GeV_TuneCP5_PSweights_13TeV-madgraph_pythia8/ 0.2 GeV
/HAHMHToAA_AToGG_MA-Op4GeV_TuneCP5_PSweights_13TeV-madgraph_pythia8/ 0.4 GeV
/HAHMHToAA AToGG_MA-Op6GeV_TuneCP5 PSweights_13TeV-madgraph pythia8/ 0.6 GeV
/HAHMHToAA_AToGG_MA-Op8GeV_TuneCP5_PSweights_13TeV-madgraph pythia8/ 0.8 GeV
/HAHMHToAA AToGG_MA-1GeV_TuneCP5_PSweights_13TeV-madgraph pythia8/ 1 GeV
/HAHMHToAA_AToGG_MA-1p2GeV_TuneCP5_PSweights_13TeV-madgraph_pythia8/ 1.2 GeV
RunIIFall17MiniA0Dv2-PU2017_12Apr2018 94X mc2017 realistic_v14-v1/MINIAODSIM
RunIIFall17DRPremix-PU2017_94X mc2017 realistic_v11-v1/AODSIM
/HAHMHToAA_AToGG_MA-Op1GeV_TuneCP5_PSweights_13TeV-madgraph_pythia8/ 0.1 GeV
/HAHMHToAA AToGG_MA-0p2GeV_TuneCP5 _PSweights_13TeV-madgraph pythia8/ 0.2 GeV
/HAHMHToAA AToGG_MA-Op4GeV_TuneCP5 PSweights_13TeV-madgraph pythia8/ 0.4 GeV
/HAHMHToAA AToGG_MA-Op6GeV_TuneCP5 PSweights_13TeV-madgraph pythia8/ 0.6 GeV
/HAHMHToAA AToGG_MA-Op8GeV_TuneCP5_PSweights_13TeV-madgraph pythia8/ 0.8 GeV
/HAHMHToAA_AToGG_MA-1GeV_TuneCP5_PSweights_13TeV-madgraph_pythia8/ 1 GeV
/HAHMHToAA_AToGG_MA-1p2GeV_TuneCP5_PSweights_13TeV-madgraph_pythia8/ 1.2GeV

RunITAutumn18MiniAOD-102X upgrade2018_realistic v15-v2/MINIAODSIM
RunITAutumn18DRPremix-102X_upgrade2018_realistic_v15-v2/A0DSIM

Table 5.3: Simulated H — aa — 4+ signal samples.

68



5.2.2 Background samples

The simulated background samples are used to optimize various aspects of the event
selection and background estimation procedure and to better understand the response
of the m, regressor to photon and jet backgrounds. With the exception of the H — ~~
sample, simulated samples are not directly used to estimate background contributions
for this analysis, which are instead derived from data, as described in Section [8.2]

The relevant background samples are similar to those used for the dedicated H —
v analysis. In order of decreasing cross-section, these are: QCD multijet and ~ + jet
production, prompt diphoton production, and H — ~v production.

The QCD samples are generated with Pythia8 at LO with phase space cuts that
maximize overlap with that of (resonant) Higgs boson production. These are then
further passed through physics object filters to preferentially select events containing
electromagnetic-enriched (EM) jets, which have photon-like signatures—typically iso-
lated jets containing one or more merged nt’ /m — 7 (see discussion in Appendix.
These are also intended to maximize the phase space overlap with H — 7. Despite
this, we find that very few events pass our event selection, making their direct study
difficult.

The prompt diphoton sample is generated with MADGRAPH5_aMC@NLO at NLO in-
cluding Born (qg — ~7) and Box (g9 — ~7) production modes. As with the QCD
samples, these are generated with phase space cuts that maximize kinematic overlap
with Higgs resonant production. This is then interfaced with Pythia8 for parton
matching and hadronization.

The H — ~~ background sample accounts for the dominant gluon-fusion produc-
tion mode (gg — H) only, generated with MADGRAPH5 aMC@NLO at next-to-leading
order (NLO) with FxFx merging. A systematic is assigned to account for the differ-
ence in normalization from the full inclusive Higgs production cross-section.

Drell-Yan (Z — e"e”) samples, though not a significant background source for
our signal, are additionally generated as they are used to derive systematics for the
m, regressor (see Section. These are generated with POWHEG at NLO, and likewise
interfaced with Pythia8 for parton matching and hadronization.

For all of the above background samples, the PDF's, tune, detector response, and
pileup simulation are as described earlier for the signal samples.

The full list of simulated background samples is provided in Tables 5.5lb.6|
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Data set name

/GluGluHToGG M125_13TeV_amcatnloFXFX pythia8/
RunIISummer16MiniAODv3-PUMoriond17 94X mcRun2 asymptotic v3_ext2-v2/MINIAODSIM
RunIISummer16DR80OPremix-PUMoriond17 80X mcRun2 asymptotic 2016 _TranchelIV_v6_ext2-v1/AODSIM

/DYToEE NNPDF30_13TeV-powheg-pythia8/
RunIISummer16MiniAODv2-EGMO_80X_mcRun2_asymptotic_2016_TrancheIV_v6-v1/MINIAODSIM
RunIISummer16DR80Premix-EGMO_80X mcRun2 asymptotic_end2016_forEGM_vO-v1/AODSIM

Table 5.4: Simulated background samples, Run 2016.
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Data set name

/GluGluHToGG M125 TuneCP5 13TeV-amcatnloFXFX-pythia8/

/DYToEE _M-50_NNPDF31 TuneCP5_13TeV-powheg-pythia8/
RunITAutumn18MiniAOD-102X upgrade2018_realistic_v15-v1/MINIAODSIM
RunITAutumn18DRPremix-102X_upgrade2018_realistic_v15-v1/AODSIM

Table 5.6: Simulated background samples, Run 2018.
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Chapter 6

Signal selection

In this chapter, we describe the selection workflow used for obtaining H — aa — 4~
candidate events from the CMS data sets described in the previous chapter. Since
the focus of this analysis is the merged a — ¥ regime, for which the H — aa — 4~
event topology mimics that of the SM H — ~7v decay, the selection criteria closely
resemble those of the H — ~~ analysis. The first part of the selection workflow is
the HLT trigger, and is presented in Section [6.I] The second part of the selection
workflow is the identification of a — 7y candidates and is intended to capitalize on
the unique features of the a — v decay topology. This section is divided into two
segments: the first segment, given in Section [6.2], describes the reconstructed photon
preselection, which seeks to emulate the criteria used in the HLT trigger, in terms
of standard “offline” variables. The second segment, the a — 77 identification in
Section[6.3] describes the criteria targeting the unique aspects of the a — 7y topology,
in order to reduce contamination from background objects, namely, single photons and
electromagnetically decaying jets. The final part of the selection workflow, presented
in Section details the event selection criteria that leverage the fact that the
particles a are produced from Higgs bosons. Since the Higgs boson is itself produced
resonantly, the invariant mass of the selected a — vy candidates can be used to
further reduce contributions from non-resonant background processes. The chapter
concludes with Section which provides an accounting of the event yields passing
the above selection criteria, as well as some rough estimates of the signal sensitivity
that can be expected based on these.

In the way of object selection, the a — v shower pattern, depending on its boost,
is subtly differentiated from that of true photons or of electromagnetically-enriched
QCD jets faking photons. However, as we are primarily interested in probing the
H — ~~-like phase space for hints of a buried signal, we do not explicitly suppress
photons except through the action of the my regressor.

On the other hand, QCD jets, even if electromangentically-enriched through n° —
vy or n — 7 decays, exhibit a distinctly hadronic signature-nearby charged tracks
or HCAL deposits from other, hadronic constituents in the jet—that can be exploited
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for jet-specific background suppression.

6.1 Trigger

The first level of event selection applied at the analysis level is the HLT trigger filter,
as discussed in Section [2.4 This is an online selection applied in real-time at the
moment of data taking, as opposed to the event and object selections which are
applied offline, post-data taking. We require events recorded in the CMS data sets
to have fired a diphoton HLT trigger with invariant mass near the Higgs window.

To control QCD jet background contamination which have orders-of-magnitude
larger cross-section, the triggering photons—essentially ECAL deposits—are required
to pass shower shape and isolation criteria. To control the trigger rate, lower bounds
are placed on the transverse energy FEg of the triggering photons, specifically the
subleading Ft photon candidate, which may change with data taking period as the
LHC luminosity increases. These are:

e 2016:
HLT_Diphoton30_18_R9Id_OR_IsoCaloId_AND_HE_R9Id _Mass90_v*

e 2017, 2018:
HLT Diphoton30_22_R9Id_OR_IsoCaloId_AND_HE R9Id Mass90_v*,
HLT Diphoton30-22_R9Id_OR_IsoCaloId_AND_HE_R9Id _Mas s95,v*E|

These are identical to those used by the SM H — ~+ analysis [I8]. In words,
the diphoton trigger objects must have an invariant mass of mpyp > 90GeV and
leading and subleading Ep > 30 and 18(22) GeV, respectively for 2016 (2017-2018).
In addition, each triggering photon must pass a loose set of ECAL shower shape and
isolation criteria. As discussed in the following subsection, these criteria are identical
to those applied offline for photon identification. A detailed explanation of these is
thus deferred therewith.

A large fraction of the signal selection efficiency lost from the trigger (see Table[6.2))
is due to the Ft requirements, which, unfortunately, is constrained by the trigger rate.
We find the shower shape requirements of this trigger, however, to be reasonably
inclusive: for the lower half of the m, range, the a — 7~ shower shapes are, to
good approximation, identical to that of true photons, with the trigger efficiency at
signal masses m, =~ 400 MeV more than 95% of the efficiency of signal masses at
m, ~ 100 MeV. For reference, the photon identification (ID) efficiency of this trigger

'The second trigger for 2017/2018, differs from the first only in invariant mass (mpp > 95 vs
90 GeV) and is, in fact, a subset of the first. It was implemented as a precaution in the event the
trigger rate in the first became unmanageable, which eventually did not come to pass. It is included
here for consistency with the H — ~~ analysis.
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for true photons is > 99%E|. This then drops to about 62% of the true photon ID
efficiency for signal masses m, ~ 1 GeV.

6.2 Photon preselection

At lower masses m, =~ 100 MeV, a — v decays closely resemble true photons in both
ECAL shower shape and isolation characteristics, while at higher masses m, ~ 1 GeV,
they resemble the neutral hadron decays (e.g. ©° — v7) found in electromagnetically-
enriched (EM) QCD jets, at least in shower shape. Since EM jets are the primary
background considered in the specification of photon criteria in the diphoton triggers,
this invariably leads to some loss in signal selection efficiency at higher m,.

To maximize signal efficiency over the full range of considered m,, we first apply
as loose a photon preselection criteria as is allowed by the photon triggers, and follow
this with a — ~v-optimized identification criteria. The first part, photon preselection,
emulates the photon trigger criteria in terms of the analogous offline reconstructed
quantities, and is described in this subsection. The second part, a — v identification,
is described in the following subsection. For context, both criteria are looser than the
EGM “loose” cut-based ID working point.

The photon preselection criteria are listed below.

e Ratio of the energy deposited in the 3x3 crystal window surrounding the most
energetic (seed) crystal over that deposited over the entire photon supercluster,

Ry > 0.5.

e Ratio of energy deposited in the closest HCAL tower over that deposited within
the 5x5b ECAL crystal window of the seed crystal, H/E < 0.04596.E|

e No track seed deposited in pixel tracker within a cone of AR < 0.3 of photon
position.

e Square root of the covariance of the photon shower shape in the ECAL along
the n direction, ;,,;,, as in Table [6.1]

e Sum of ECAL energy within a cone of AR < 0.3 of the photon position, Z., as
in Table 6.1

e Sum of py of tracks within a cone AR < 0.3 of the photon position with the
central AR < 0.03 excluded, or track isolation, Z, as in Table

The above photon preselection criteria are similar to those used by the H — ~~
analysis.

Te™ events.

In fact, this is measured for electrons using the tag-and-probe method on Z — e
5This is the only quantity which differs from the trigger photon criteria to accommodate con-

straints during the derivation of the mp scale and smearing systematics
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Z T

Ry > 0.85 - - -
0.5< Ry <085 <0.015 <4GeV < 6GeV

Table 6.1: Photon preselection cut values per Ry category for o;
text for variable descriptions.

Z,, and Zy. See

nin>
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6.3 a — v identification

In this subsection, we describe the application of targeted cuts, applied after photon
preselection, to optimize the selection of a — ~v candidates. For simplicity, unless
otherwise specified, the a — v~ candidate is simply referred to as the photon candidate
I', with the implicit understanding that it corresponds to a single a — v decay
candidate.

The photon identification criteria primarily optimizes the selection of a — vy
decays against EM-enriched QCD jet backgrounds. This is done by exploiting the
distinctly hadronic nature of jets, and by using multivariate-based tools.

For the first, we utilizes the relative charge isolation, Zy, /prr, as a handle on the
additional hadronic activity in the jet other than from the primary electromagnetic
decay (e.g. one or more ’ — yys or  — ¥Y).

For the multivariate-based background rejection, a dedicated a — ~v vs. SM
tagger would ideally be developed to optimally separate a — v~ from QCD jets. This
could be a complementary end-to-end ML a — ~ tagger that fully exploit all relevant
detector information about the shower shape and track structure. However, as this
analysis represents a first application of end-to-end ML techniques in an analysis, in
the interest of simplicity, this is left to future work. For the present analysis, we opt
instead to use the photon vs. EM-enriched jet discriminator readily available in the
CMSSW toolkit, namely the EGM photon ID MVA. While not as optimal as a dedicated
a — 7y tagger, it nonetheless provides a significant reduction in SM jet backgrounds
at minimal cost to a — 7 selection efficiency (see Table if a loose enough cut is
used.

To optimize the cut values of the above variables, we perform a grid search in
(Zi/prrs EGM MVA) to maximize the final analysis signal significance (see Sec-
tion . We found little motivation or benefit in tuning additional photon variables.

Lastly, as described in Section [7] when using the end-to-end mass regressor, we
restrict its use to the predicted mass range of mp = (0,1.2) GeV. This effectively
rejects out-of-sample m, > 1.2GeV a — v decays, and rejects about 50% of true
photons—typically unconverted photons.

The final photon identification criteria are listed below:

e Ratio Z,/prr, or relative track isolation, less than 0.07.

e EGM photon ID MVA (photon vs. EM-enriched jet multivariate classifier score)
greater than —0.96. Scores range in the interval (-1:jet-like, 1:photon-like).

e Reconstructed particle mass within the window mp = (0, 1.2) GeV. This rejects
out-of-sample m, > 1.2 GeV a — v decays, rejects about 50% of true photons—
typically unconverted photons, as explained in Section [7]

The first two variables together reject nearly 80% of background events passing
photon preselection while preserving 73-90% of signal events.
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6.4 Event selection

To capitalize on the resonant topology of Higgs boson production, the H — aa — 4~
event selection, similar to the SM H — 7~ event selection, applies a number of
kinematic requirements on events passing the diphoton trigger.

In order to maintain orthogonality with complementary H — aa — 4+ analyses at
CMS that seek to probe resolved decay regimes, we impose requirements on the num-
ber of reconstructed photon{fl and the number of these passing photon identification
criteria. In particular, this analysis focuses on the phase space containing exactly two
photons passing photon identification. This is the so-called “merged-merged” regime
where both legs of the H — aa — 4+ decay are reconstructed as single photon candi-
dates. Other efforts ongoing at CMS include a potential “merged-resolved” analysis,
where only one of the a — v~ decays is resolved, and the “resolved-resolved” analy-
sis [69], where both decays are resolved. Our chosen mass range has minimal overlap
with these other phase spaces.

To simplify the scope of the end-to-end my regression technique, we further restrict
the analysis to events where both of the photons passing photon identification—the
photons whose mass mp are to be regressed—deposit in the ECAL barrel. This
corresponds to the “EB-EB” category found in the SM H — ~~ analysis. A follow-up
version of the mp regressor covering the endcaps, and potentially involving the much
finer-grained ECAL Preshower, is being investigated for a future analysis.

The full list of event selection criteria is given below:

e Events passing the diphoton trigger are required to contain no more than three
reconstructed photons. A third photon is allowed, since, at m, ~ 1GeV, a
non-negligible fraction of a — 77y decays are resolved as two distinct photon
candidates. Allowing a third photon, however, generally improves signal effi-
ciency across the m, range as it accommodates signal events that may include
a jet faking a photon from either pileup or from associated Higgs production.
This allows more than 90% of signal events passing the trigger to be selected.

e Selected events must contain exactly two barrel photons that pass photon iden-
tification criteria with pseudorapidity |n| < 1.4. These are the two photons
whose masses my will be regressed to construct the 2D-mp distribution. The
third photon, if present, must not pass photon identification criteria—in which
case it would be categorized as a “merged-resolved” event—but is allowed to
deposit in the endcaps, upto |n| < 2.5. This condition on the third photon
preserves between 72% (m, ~ 1GeV) to 98% (m, ~ 100 MeV) of the yield from
signal events with at least two EB photons passing photon identification.

e The invariant mass of the diphoton system mpr, where each I" denotes the sin-
gle, selected, merged photon candidate passing photon identification, must fall

*As present in the pat: : photon (MINIAOD) collection.
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within the Higgs mass window 100 < mpp < 180 GeV. Of note, with increasing
m,, the measured energy of the merged photon candidate becomes increasingly
underestimated by standard particle reconstruction techniques. This, in turn,
skews and distorts the reconstructed Higgs peak downward. While this effect
was used in [17] to indirectly probe the presence of H — aa — 4+ events, it
adversely affects signal selection efficiency. It is a major limiting factor in ex-
tending the analyzed m, range higher but also presents a prime use case for
end-to-end deep learning-based energy reconstruction.

e To prevent the sculpting of the mass distributions from the turn-on of the py
thresholds in the trigger, the selected diphotons are required to have a scaled
transverse momentum of ppr/mpr > %,i for the leading and subleading se-

lected photon candidate, respectively. The cut values are chosen for consistency

with the SM H — ~~ analysis.

No further multivariate event classification is performed in this analysis even
though it is done for the SM H — ~~ analysis. This is left to future work as well.

6.5 Event yields

The expected event yields in data (assumed to be all background) and in a hypothet-
ical H — aa — 4+ signal using the above event selection criteria is summarized in
Table 6.2l We estimate a signal selection efficiency of between 4-16%, depending on
m,, at a background rejection rate of > 99%.

Choosing, as a matter of convention, a hypothetical signal cross-section of o(H —
aa — 4v) = 1pb, we can compare the estimated signal sensitivity between the dif-
ferent signal mass points. As a rough proxy for signal significance, we calculate the
quantity S/v/B, where S(B) is the expected signal (background) yield. This is moti-
vated by the fact that, under Poisson statistics, one standard deviation of statistical
uncertainty in the background model, scales as v B. We find a value of S / VB =~T
to 25, depending on m,. Of course, these simple significance estimates are based on
arbitrary signal cross-sections and do not take into account the detailed shapes of
the distributions in the 2D-m plane, which can alter the final signal sensitivity (see
Section considerably. More realistic signal cross-sections are discussed in Sec .
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Nevents fevents fevents (ma )
Criteria Data Data 100MeV  400MeV  1GeV
None 2,156,696,722  1.000 1.000 1.000 1.000
Trigger 316,447,814 0.147  0.578 0.547 0.388
Nr 292,164,520 0.135  0.563 0.532 0.359
preselection 29,189,279 0.014 0.269 0.254 0.141
mper 13,865,435 0.006 0.265 0.248 0.110
prr/mrr 9,920,283 0.005  0.249 0.237  0.098
EGM MVA 5,339,303  0.002 0.249 0.222 0.087
/P r 2,024,716  0.001 0.236 0.214 0.083
mp window 1,097,246 0.001 0.129 0.185 0.061

Table 6.2: Absolute (Ngyents) and relative (fovents) €vent yields for the m,-SR signal
region.

m, 100 MeV 400 MeV 1 GeV
Novents 17661 25244 8348
S/\B 16.9 24.1 8.0

S/(S+B) 0016 0022  0.008

Table 6.3: Estimated signal sensitivity for a signal with hypothetical cross section
o(H — aa — 4v) = 1pb. Note that these do not take into account the shape of the
2D-mp distribution which significantly alters the final sensitivity.
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Chapter 7

a — <y~ mass regression

In this chapter, we describe the algorithm for reconstructing the invariant mass of
the a — 77 decay, using the end-to-end deep learning (ML) technique. This algo-
rithm, the mp regressor, and the ideas that have made it possible, represents the
culmination of years of prior work, both published [65, 62] 61, 68] and unpublished,
investigating the broader feasibility of using ML on very low-level collider data, to
achieve breakthrough reconstruction performance. In Section we describe the
construction of the detector images used as inputs to the ML algorithm. In this first
application of the end-to-end technique, only data from the ECAL barrel is used.
Then, in Section [7.2] we describe the ML training strategy for the mp regressor, in-
cluding the domain continuation technique developed to address the challenges of the
ultra-boosted regime. A validation of the mp regressor then follows in three parts. In
the first part, in Section [7.3} we present a basic evaluation of the ML training using
a “test set” of simulated samples closely resembling the those used to train the mp
regressor. Then, in Section a more realistic sample of simulated H — aa — 4~
events, as well as actual recorded data, is used to more thoroughly benchmark, and
illustrate the potential of, the my regressor against close alternatives. Finally, in
Section we conduct a series of H — aa — 4v-specific studies, to asses how the
myp performs under different kinematic regimes and detector conditions, as well as
comparing the response in data versus simulation. Additional details about the mp
regressor can be found in the dedicated paper in [68].

7.1 Image construction

Since the photons from a — 77 decays deposit energy primarily in the ECAL, for
simplicity, we use an image construction strategy that only consists of ECAL in-
formation. We take a 32 x 32 matrix of ECAL crystals around the most energetic
(seed) crystal of the reconstructed photon candidate and create an image array. This
corresponds to an angular cone of v/An® + A¢? ~ 0.3, and ensures the subleading
photon in the a — v+ decay is fully contained in the image. Each pixel in the image
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exactly corresponds to the energy deposited in a single ECAL crystal. These energy
depositions represent the actual interaction of the incident photon with the detector
material (c.f. Figure , right column). This approach is distinct from those that
use PF candidates, in which case the a — vy decay would always appear as a single
image pixel. No rotation is performed on the images as this is, in general, a destruc-
tive operation that distorts the particle shower pattern. For simplicity, only photons
depositing energy in the barrel section of the ECAL are used in this paper. For the
case of general particle decays, the ECAL images can be combined with additional
subdetector images [61], or parsed into a multi-subdetector graph if one is using such
an architecture. In particular, incorporating tracking detector images, even for the
present a — v images, may enable better accounting of contributions from ete”
conversions or pileup, but are not yet considered in this study.

As noted in Section 2] because of the n-dependent material budget of the inner
tracker, electromagnetic shower development varies significantly with 7. Since the (n,
¢) position of the shower is lost after the image cropping procedure, we perform a
number of augmentations to recover this information during the training of the ML
algorithm. The first is to split the ECAL images described above into a two-layer
image that instead contains the transverse and longitudinal components of the crystal
energy. The transverse and longitudinal crystal energies are defined as Er+ = E'sin(f)
and Ey; = Fcos(0), respectively, where E is the crystal energy and 6 is the polar
angle of the energy deposit. The second image augmentation is to include the crystal
seed coordinates. The energy decomposition is found to be more beneficial.

The ECAL detector data exists at various levels of processing: from minimally
processed detector-level data to the filtered and clustered version more easily acces-
sible at the analysis level. As the clustered detector data is historically optimized for
the needs of PF, for a new approach such as end-to-end ML, it is worth revisiting this
assumption. As discussed in Appendix [A.2] training on minimally processed instead
of clustered data significantly improves our final results. We thus emphasize our ear-
lier statement that using minimally processed detector data is critical to realizing the
full potential of ML. We make exclusive use of minimally processed detector data
in this paper and note that accessing such data is becoming a logistical challenge
because of the trend toward more compact CMS file formats, necessitated by the
growing volume of LHC data.

7.2 Training

For training, we use a sample of 780k simulated a — v decays in which particle a has
a narrow width and negligible lifetime. The sample has an ensemble of continuously
distributed masses m,, with p§’, = 20-100 GeV, m, = 0-1.6 GeV, and |n,| < 1.4,
corresponding to Lorentz boosts of v, ~ 10" to 10° for m, from 100 MeV to 1 GeV,
respectively. The phase space of a — v decays is chosen such that samples passing
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the photon identification criteria are uniformly distributed in (p3,,m,), so as not to

bias the training. The simulated samples account for pileup and use 2017 detector
conditions only.

These samples are then fed to a ResNet CNN-based mass regression algorithm[]
Each image associated with a reconstructed photon candidate I' is then passed to
the ResNet model, which outputs to a global maximum pooling layer representing
the feature vector learned by the CNN. These outputs are then concatenated with
the crystal seed coordinates of the photon candidate. The concatenated vector is
then fully connected to a final output node that represents the predicted or regressed
particle mass for that photon candidate.

To train the mass regressor, the predicted mass mr is compared to the true (gen-
erated) particle mass m, by calculating the absolute error loss function |mp — m,]|,
averaged over the training batch. Other loss functions are found to be equally per-
formant. This loss function is then minimized using the ADAM optimizer [70]. This
procedure represents our basic training strategy.

The m, — 0 boundary problem. Relying solely on this basic training strategy
has significant performance limitations. As shown in the left plot of Figure[7.1] naively
training the mass regressor as described above results in a nonlinear response near
either boundary of the mass regression range. At the high-m, boundary, this issue
can be resolved by trivially extending the training mass range to m, ~ 1.6 GeV and
removing the extended mass range during inference. Equivalently, one can simply
limit the usable upper range of the mass regressor to mp < 1.2 GeV.

This approach cannot, however, be used in any obvious way for the low-m, bound-
ary, since it is constrained by the physical requirement m, > 0 GeV. The mass region
mp < 200 MeV, of considerable theoretical interest for the diphoton decay mode in
BSM models (see Section [3.3.1)), would therefore be inaccessible. The use of the mass
regressor as a tool for reconstructing n° — 47 decays would also be lost. Moreover,
significant biases in the reconstructed masses of true photons would also arise. As
illustrated in the right plot of Figure photons would be reconstructed as a peak
around mp < 200 MeV, reducing even further the usable range of the mass regressor
when photon backgrounds are taken into account.

Domain continuation to negative masses. While every detector in which one
is trying to reconstruct a particle mass has a finite resolution o(m), our attempts to
distinguish discrete mass points in the low-m, regime, as summarized in Table 7.1}
suggest discriminating power is available even at the limit of the detector resolution.
It is thus worthwhile to understand why the naive mass regressor is unable to exploit
this region.

'While other architectures exist, including those that use graph-based architectures, emphasis in
this analysis was placed on the general reconstruction technique rather than ML model optimization.
Nonetheless, we expect the ResNet architecture to deliver close to optimal performance.
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Figure 7.1: Left plot: the reconstructed naively trained mass regressor value my vs.
the generated m, value for simulated a — v+ decays generated uniformly in (pp, m,).
The reconstructed my is normalized in vertical slices of the generated m,. Right plot:
the reconstructed mp distribution for simulated single-photon samples, resulting in a
distinct peak in the low-mp region.
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Fundamentally, the boundary problem arises because, when training the mass
regressor, the physically observable a — v invariant mass distribution becomes
under-represented for samples with m, < o(m,). This issue is illustrated in the left
plot of Figure . For samples m, ~ o(m,), the full, observable mass distribution
(fons), illustrated as a Gaussian distribution, is barely represented in the training set.
As m, — 0, shown in the middle plot of Figure , only half of the mass distribution
is now observable. For these under-represented samples, the behavior of the mass
regressor is to default to the last full mass distribution at m, ~ o(m,), causing the
gap and accumulation of masses at mp ~ 200 MeV. More generally, this boundary
problem manifests itself when regressing a quantity ¢, with resolution o(q), over the
range (a, b), for samples with ¢ < a+0(q) or ¢ 2 b—o(q). Only in the limit 0(¢) < a,b
does this effect become negligible at either boundary.

v vs. a — ~~ Classification ROC AUC

my
100 MeV 0.74
200 MeV 0.88
400 MeV 0.96

Table 7.1: Areas-under-the curve (AUC) of the Receiver Operating Characteristic
(ROC) for end-to-end 7 vs. a — vy ECAL shower classification. Events taken
from simulated H — ~++v and H — aa — 4+ samples, respectively. Trained on
approximately 200k events with balanced class proportions using a similar network
architecture to that described in the text for a — 77 mass regression.

This motivates a solution for the low-m, boundary problem by extending the
regression range beyond m, = 0, into the nonphysical domain, and populating it
with “topologically similar” samples. We thus augment the training set with samples
artificially and randomly labeled with negative masses. During inference, we remove
the nonphysical predictions mr < 0. As a topologically similar sample, either a
sample of fixed mass m, ~ 0.001 MeV decays or true photons can be used. In this
paper, we use the latter, although we find either works well. If we require that
the “negative mass” samples have the same mass density as the “positive mass” in
the training set (c.f. Figure , right plot), then only a single hyper-parameter
is needed, the minimum artificial mass value, labeled min(m,). This can be set
by choosing the least-negative value that closes the low-m, gap (c.f. Figure ,
left plot) and linearizes the mass response in the physical domain, mp > 0. We
find a value of min(m,) = —300 MeV to be sufficient. Other applications may seek
to optimize both the minimum artificial mass value and the number density of the
augmented samples. Note that having the augmented samples carry negative mass
values is simply an accident of the low-m, boundary coinciding with mp = 0. Had
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the boundary coincided with a positive mass, positive artificial mass values would be
involved as well.

The above procedure effectively tricks the mass regressor into seeing a full invariant
mass distribution for all physical a — 7y decays, even when they reside below the
detector mass resolution. As a result, the full low-m, regime becomes accessible. In
addition, this procedure provides a simple way for suppressing photon backgrounds.
Since true photons will tend to be predicted with negative masses, removing samples
with mp < 0 reduces photon contributions in a mass decorrelated way. The only
trade-off is that low-m, samples incur a selection efficiency to be regressed within
mp > 0. However, this is expected for most a — ~v merged cases that cannot be
distinguished from true photons.

By analogy to complex analysis, we denote the above procedure as domain contin-
uation. Similar procedures, however, can also be found in the statistical tests used in
high energy physics [66]. Our final training strategy implements domain continuation
on top of the basic training strategy described at the beginning of this section.
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Figure 7.2: Pictorial representation of the m, — 0 boundary problem occurring
when attempting to regress below the mass resolution. Left plot: The distribution
of observable a — ~v invariant masses (f,,,) versus the generated m,. When m, =~
o(m,), the left tail of the mass distribution becomes under-represented in the training
set. Middle plot: As m, — 0, only half of the mass distribution is represented. The
regressor subsequently defaults to the last full mass distribution at m, ~ o(m,).
Right plot: With domain continuation, the original training samples (a — 77, red
region) are augmented with topologically similar samples that are randomly assigned
nonphysical masses (v, blue region). This allows the regressor to see a full mass
distribution over the entire region of interest (nonhatched region). Predictions outside
of these (hatched regions) are not used.

Out-of-sample response. An important feature of ML-based regression algorithms
is that their predictions are bound by the regression range on which they were trained.
This is true even when out-of-sample candidates are presented to the mass regres-
sor, potentially leading to unexpected peaks and other features in the predicted mass
spectrum. While hadronic jets are indeed out-of-sample, it is desirable not to reject
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them at the stage of the mass regressor in order to enable the reconstruction of, e.g.,
embedded n° — 4+ decays. If desired, these can instead be suppressed by altering
the reconstructed photon selection criteria.

On the other hand, a — vy decays from more massive a particles than were used
during training can potentially be regressed as a false mass peak near the upper m,
boundary. For this and other reasons stated earlier, when addressing the boundary
problem at the upper mass range, we ignore predictions above mp > 1.2 GeV. Lastly,
to suppress photons, as was already noted earlier, we ignore predictions with mp < 0.
During inference, the use of the mass regressor is thus limited to samples predicted
within the region of interest (ROI): m, — ROI € [0,1.2] GeV. The impact of this
method on the sample selection efficiency is estimated in the following section.

7.3 Validation

To validate the training of the mass regressor, and to characterize its performance,
we use a sample of a — v particle decays with continuous mass m,. A statistically
independent test set of 26k a — 7 decays is used to perform these validations. The
predicted versus generated mass is shown in the upper-left plot of Figure We
observe a linear and well-behaved mass response throughout the full range of masses
in the m, — ROI. In particular, the mass regressor is able to probe the low-m,
regime for which it exhibits a gentle and gradual loss in resolution upon approaching
the mp = 0 boundary. This performance confirms the ability of the end-to-end ML
technique to access the highest boost regimes, where shower and instrumental merging
are present, yet maintain performance into the high-m, regime, where the particle
showers become resolved. The predicted my distribution (blue points) is found to be
consistent with the generated m, one (red band), within statistical uncertainties, in
the m, — ROI (non-hatched region).

To approximate the absolute and relative mass resolution, we calculate the mean
absolute error MAE = (m, — mp), and the mean relative error MRE = ((m, —
my)/m,), respectively. The lower-left plot of Figure displays the MAE (blue
circles) and MRE (red squares) as functions of the generated mass. The MAE varies
between 0.13-0.2 GeV for m, in the range 0.1-1.2 GeV, corresponding to mean boosts
of (y) = 600-50, respectively. In general, the mass resolution worsens with increasing
m,, as reflected in the MAE trend. However, the relative mass resolution tends
to improve with mass, as is evident in the MRE distribution, converging to about
20%. For fixed regression efficiency, improved relative resolution implies better signal
significance. Notably, for m, < 0.3 GeV, the MAE starts worsening with decreasing
mass. This can be attributed to the gradual deterioration of the mass regressor below
the detector’s mass resolution.

The above figures-of-merit are achieved with a regression efficiency between 70—
95%, as shown in the lower-right plot of Figure The regression efficiency is defined
as the fraction of a sample in a given m, bin, to have mp within m, — ROI. For a
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fixed mass resolution, a higher regression efficiency roughly translates to better signal
significance. The efficiency is primarily driven by how much of the mass peak can fit
within m, — ROI. Thus, it is highest at the midway point of m, — ROI and falls off to
either side. The relatively poorer mass reconstruction at low m, causes the efficiency
to fall off more steeply for the former. About 50% of true photons are rejected by
the m, — ROI requirement, as seen in the hatched region of the lower-right plot in
Figure Photons with mp > 0 are primarily due to eTe™ conversions.
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Figure 7.3: Mass regression performance for simulated a — ~ samples generated uni-
formly in (pp,m,), corresponding to mean boosts approximately in the range (v;) =
600-50 for m, = 0.1-1.2 GeV, respectively. Upper: Predicted mp vs. generated m,.
The predicted mr is normalized in vertical slices of the generated m,. Lower left:
The MAE (blue circles, use left scale) and MRE (red squares, use right scale) vs. the
generated m,. For clarity, the MRE for m, < 0.1 GeV is suppressed since its value
diverges as m, — 0. Lower right: The m, regression efficiency as a function of the
generated m,. The hatched region shows the efficiency for true photons. The vertical
bars on the points show the statistical uncertainty in the simulated sample.

88



7.4 Benchmarking

To benchmark the performance of the end-to-end mass regressor, we compare it with
two traditional reconstruction strategies: a photon NN-based mass regressor trained
on shower-shape and isolation variables, and a 3 x 3 shower clustering algorithm [71].
The photon NN is trained on a mix of 11 engineered shower-shape and isolation
variables, identical to those used by CMS for multivariate photon tagging [I§], using
a fully-connected neural network. For an even comparison, it is also trained with
domain continuation. The 3 x 3 algorithm is similar to that used for low-energy
1’ — 47y reconstruction for ECAL calibration [71I]. Tt first identifies local maxima
(seeds) above some energy threshold, then creates 3 x 3 crystal matrices around these
seeds to find clusters. If a pair of nearby clusters is found, the reconstructed mass is
calculated as the invariant mass of the two clusters.

7.4.1 a — ~v in simulated H — aa — 4~

Benchmarking on simulated data allows the mass spectra for a — vy decays for
different fixed-mass values to be compared. As described in Section [5, we use a — vy
samples obtained from simulated H — aa — 47 events with masses m, = 0.1, 0.4,
and 1 GeV. In these events, the particle energy is distributed around a median of E,
~ my /2 =~ 60 GeV, corresponding to median boosts of () =~ 600, 150, and 60 for the
respective m, masses. The reconstructed mass spectra are shown in Figure for the
different algorithms and mass points. For each mass point, representing a different
median boost regime, the samples are further broken down by ranges of reconstructed
prr, to highlight the stability of the mass spectrum with energy. These py  ranges
are:

o low prr: 30 < prr < 55GeV,

e mid prr: 55 < prp < 70GeV,
e high ppr: 70 < pppr < 100 GeV,
o ultra prp: prr > 100 GeV.

Some overlap in the boost is thus expected between different mass points. Recall that
the mass regressor has only been trained on samples with pp < 100 GeV.

For boosts (v;) ~ 60 and m, = 1GeV, only the end-to-end (Figure , top-left
plot) is able to consistently reconstruct the peak for all pr ranges. The position
of the mass peak also remains stable, with the resolution improving in the high-pr
category. The end-to-end regression performs best when the a — ~7v is moderately
merged, and neither fully resolved nor fully merged. The mass peak in the ultra-
prr category is well-behaved despite being outside the trained phase space. This
demonstrates that the phase space extrapolation is effective for internally learned
quantities like pp .

89



Additionally, for m, = 1GeV, the photon NN (Figure , top-middle plot) has
difficulty reconstructing the mass peak, except at the higher pr r categories. This can
be understood in terms of the information content of the photon variables on which
the algorithm was trained. At higher prp, the two photons are more likely to be
moderately merged so that their showers are contained within the 5 x 5 crystal block
in which the shower-shape variables are defined. At lower prpp, the two photons are
more often resolved so that the lower-energy photon shower falls outside the 5 x 5
crystal block. The photon NN must then rely on the isolation variables, which are
defined much more coarsely over a cone of \/An® + A¢® < 0.3 about the seed crystal.
Since these have much less discriminating power, this results in a steep fall-off in
reconstruction performance. To improve the performance, the photon NN could be
augmented with the momentum components of the lower-energy photon, in instances
where the PF is able to reconstruct it.

Lastly, for m, = 1GeV, the 3 x 3 algorithm (Figure , top-right plot) is the
only one competitive with the end-to-end method for lower prr. As the photon
clusters become resolved, the 3 x 3 method thus becomes an effective tool for mass
reconstruction. However, as soon as the clusters begin to merge at higher prr, a
sudden drop-off in reconstruction efficiency occurs since the 3 x 3 algorithm is unable
to compute a mass for a single cluster. A spurious peak develops at mp ~ 500 MeV
for decays with sufficient showering prior to the ECAL. The 3 x 3 method is thus
only ideal for a limited range of low boosts. As discussed at the end of the following
subsection and shown in Figure [7.7] the performance of the end-to-end technique at
lower boosts can likely be improved by extending the training phase space accordingly.

For boosts (y,) ~ 150 and m, = 400 MeV, the end-to-end method (Figure ,
second row, left plot) is able to reconstruct the mass peak with full sensitivity across
most of the pr ranges. Only at the highest-pr  range does the mass peak signif-
icantly degrade, although it is still reasonably well-behaved. Training with higher
prr could potentially improve this behavior. The photon NN performs its best in
this regime (Figure second row, middle plot) because a majority of the photon
showers fall within the 5 x 5 crystal block. However, the mass resolution is still signif-
icantly worse compared to the end-to-end method. The 3 x 3 algorithm (Figure ,
second row, right plot) is barely able to reconstruct a mass peak for these boosts.

For boosts (y;) ~ 600 and m, = 100 MeV, the end-to-end method (Figure ,
third row, left plot) reaches the limits of its sensitivity, although it is still usable.
Notably, even at this limit, the position of the mass peak remains stable with pr .
This is not the case for the photon NN (Figure third row, middle plot) whose
peak becomes erratic and displaced with increasing ppr. The 3 x 3 method is not
able to calculate a mass at this level of merging.

For reference, the predicted mass spectrum for photons is shown in the bottom
row of Figure [7.4 Both the end-to-end (left) and photon NN (middle) are able to
regress to the mp ~ 0 GeV boundary, with a smoothly falling distribution since they
were trained with domain continuation (c.f. Figure right plot). The remaining
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photons within m, — ROI come from photon conversions that acquire an effective
mass because of nuclear interactions.

7.4.2 ° — v~ in data

To validate the findings from the simulated data above, we perform a benchmark
using merged photons from v + jet events in recorded data. If the jet contains an
energetic, collimated neutral meson decay, typically a n° — Yy or n — 7y, it will be
misreconstructed as a single photon I' and the event will pass a diphoton trigger. Since
the energy of the jet will, in general, be shared among several constituent particles,
the n° is more likely to be reconstructed as the lower-energy photon in the event. A
data sample enriched in merged photons is thus obtained by selecting events passing
a diphoton trigger and selecting the lower-energy reconstructed photon, which we
additionally require to pass our selection criteria. The selected sample is then given
to the mp regressor, whose output we study below. We emphasize that the mass
regressor is being used to reconstruct the my of individual reconstructed photons,
which we assume to be merged photons, not the invariant mass of the reconstructed
diphoton event itself.

However, an important caveat in reconstructing the mp of energetic photons within
jets is the presence of other hadrons within the jet. At the energies on which the mp
regressor was trained, we emphasize that it is no longer the case that neutral meson
decays are well-isolated in jets, a main point of distinction compared to the isolated
a — 7y decays used to train the regressor. In general, the neutral meson decay will be
collimated with other hadrons, including, potentially, several merged n° decays. The
effect of these additional hadrons is to smear and distort the resulting mp spectrum
and introduce an energy dependence in the mp value, as illustrated in Figure [7.5]

For the purposes of validating the m regressor in this section, we therefore restrict
our study to events in data passing the lower-mass diphoton triggetﬂ 55 < mpr <
100GeV, 20 < prr < 35GeV and require tighter shower-shape criteria, in order
to increase the contribution from well-isolated ©° — ~v decays that more closely
resemble the a — vy decay. However, note that these tighter criteria only mitigate
the stated effects, but the impact of these effects remains visible.

At these energies, the n°, with a mass of 135MeV, is boosted to approximately the
range vy, = 150-250, putting its invariant mass reconstruction out of reach of all but
the end-to-end mass regressor. Also present is the 1, with a larger mass of 550 MeV,
which, though produced with a much lower cross section, is boosted to only about
the range v; = 30-60, just within reach of the 3 x 3 algorithm.

As clearly seen in Figure [7.6] the end-to-end method (red circles) is able to re-
construct a prominent n° peak. Indeed, it is the only algorithm able to do so. The
photon NN (blue x symbol) exhibits an erratic response, suggesting it does not have
the information granularity needed to probe this regime. Likewise, the 3 x 3 method
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Figure 7.4: Reconstructed mass spectra for end-to-end (left column), photon NN
(middle column), and 3 x 3 algorithm (right column) for a — v decays with m, =
1GeV (top row), m, = 400MeV (second row), m, = 100MeV (third row), and
photons (bottom row) generated using an energy distribution with median FE,
60 GeV. For each panel, the mass spectra are separated by reconstructed pr value
into ranges of 30 < prr < 55GeV (red circles, low prr), 55 < ppr < 70 GeV (gray +
symbol, mid pr 1), 70 < prp < 100 GeV (blue square, high prr), and prpr > 100 GeV
(green x symbol, ultra ppr). All the mass spectra are normalized to unity. The
vertical dotted line shows the input m, value.
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Figure 7.5: Regressed mp for jets matched to neutral meson decay in simulated
v+ jet events. Upper: the total mp spectrum (black) for jets matched to a generated
7’ — 4y (left) or 7 — ~v (right). The blue curve corresponds to the component of
the mp spectrum where a relatively isolated neutral meson decay is present, and the
red curve, when otherwise. Compare to mass distributions in Figure Lower: the
dependence of the non-isolated mp component (red curve from upper plots) on the
reconstructed pr, for n°-matched (left) and n-matched jets. Very loose event selection

criteria are used, as described in Appendix
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(red 4+ symbol) is unable to reconstruct the n” peak at all. It is, however, able to

reconstruct the n peak, as expected.
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Figure 7.6: Reconstructed mass mp for end-to-end (red circles), photon NN (blue
x symbol), and 3 x 3 (gray + symbol) algorithms for hadronic jets from data en-
riched with ©° — ~+ decays. All distributions are normalized to unity. See text for
discussion.

We attribute the weaker n peak in the end-to-end method to the aforementioned
smearing effect of additional hadrons in the jet and the advantage of the 3 x 3 method
at lower boosts (c.f. Figure , top row). For the first of these, to understand how the
collimation of additional hadrons affects the end-to-end versus the 3 x 3 algorithm,
we select only samples reconstructed by the 3 x 3 algorithm within the mass window
400 < mp < 600 MeV. We then utilize only the 3 x 3 clusters of ECAL detector hits
used by the 3 x 3 algorithm as input to the end-to-end mp algorithm for evaluation.
The results are shown in the left of Figure [7.7, where we compare the selected my
spectrum from the 3 x 3 method, with the height in the distribution subtracted (gray
points, 3 x 3 clustering, no bg), to the corresponding spectrum from the end-to-end
method, using either unmodified input detector hits (red circles, End-to-end) or only
input hits associated with 3 x 3 clusters (blue cross, End-to-end, 3x3). We find
that, when given only the 3 x 3 clusters as input, the impact of hadronization effects
are substantially mitigated. Thus, when using the same reduced inputs, and when
evaluated on an identical sample for which the 3 x 3 method is sensitive to the n
decay, the end-to-end method is also able to reconstruct a clear n resonance. For the
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second of these, as shown in the right of Figure[7.7] for the n with a mass of 550 MeV,
pr < 35GeV corresponds to v, < 60. This regime is at the edge of, or beyond, the

trained phase space of the mp regressor, where the reconstructed mass resolution may
thus be less than optimal.
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Figure 7.7: Understanding the effect of jet collimation and low boost on the end-to-
end ML regressed mp.. Left: samples reconstructed by the 3 x 3 algorithm within the
window 400 < mp < 600 MeV, comparing the mass spectrum obtained using the 3 x 3
algorithm, with the height in the distribution subtracted (gray points, 3 x 3 clustering,
no bg), to that from the end-to-end method, using either unmodified input detector
hits (red circles, End-to-end) or only input hits associated with 3 x 3 clusters (blue
crosses, End-to-end, 3x3). Right: generated boosts y; vs m, represented in training
set. Boosts v, > 400 are not shown for clarity.

Whether the sensitivity of the end-to-end method to hadronization effects consti-
tutes a positive or negative trait depends on the application. From the point of view
of this analysis, since neutral meson decays are a background process, it is, in fact,
beneficial for their decays in jets to be distinguished from those of isolated a — ~~.
Indeed, the sensitivity of the end-to-end m regressor to hadronization effects puts it
in a unique position to suppress neutral meson backgrounds in a way that would not
be possible in an a — 77 search performed with a lower energy collider where the
mesons are well-isolated and hadronization effects are negligible [26]. Therefore, for
the remainder of this analysis, the end-to-end method is employed using all detector
hits as input, to maximize this effect. The impact of this effect on the modeling of
the QCD background is described in Section [8.2.1] A more detailed analysis of this
phenomenon, including the derivation of the results of Figure is presented in
Appendix[A.T] The optimization of the end-to-end mass regression technique for the
particular phase space of n — vy decays in hadronic jets is left for future work.
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7.5 Robustness of the algorithm

Having validated the mp regression strategy in general, in this section, we proceed to
validate the regressor specifically for its application to the H — aa — 4+ analysis.
We measure the dependence of the mp response to different years of data taking
and detector conditions, as well as the dependence on simulation and data. Unless
specified otherwise, we apply the same photon identification criteria used by the
analysis, as described in Section As stated above, neutral meson decays in jets
are a background process for the a — ~v search. Our photon identification criteria
are thus designed to suppress QCD jet backgrounds, by exploiting the very same
hadronic effects described above that distinguish their decays from those of isolated
a— Y.

7.5.1 n° — v~ in data

Despite the caveats associated with using neutral meson decays in jets, it is still useful
to regress what can be of the 1° — 7 mass peak in data, as it is still a valuable tool
for studying the mass dependence of the mp regressor. In this subsection, we thus
compare the dependence of the n° — vy mass peak in data on the different years of
data taking. Note that, since the 1° — 47 is a background source for the this analysis,
the photon criteria appropriate for a — 7 selection (see Section @ differs slightly
from those used in the benchmark above, which are intended to enhance the ©° — 4~
peak. In order to still mitigate the QCD effects described earlier, for this subsection
alone, we require a few modifications to the kinematic requirements from Section |6}
We instead use the lower-mass HLT diphoton trigger for each year of data taking@
select events within 55 < mpp < 100 GeV, and reconstructed photons pyp < 35 GeV
to maximize the component of isolated n’s. As before, we regress only the subleading
photon candidate to maximize contributions from jets in v + jet events.

To compare the regressed mp spectra between the different years of data taking,
we first re-weight each year’s data to have the same (pr,n) distribution. Although
this does not affect the n° — ~v results significantly, the re-weighting is useful for
the latter parts of this section and for consistency. The comparisons are shown in
Figure for the three years.

We see that the 1° — v+ mass peak is consistently placed across the three years. In
2016, there is significantly higher photon content being selected, however, accounting
for this, the position of the 1° — 77 is seen to be in good agreement with that of
the other years. In Figure [7.8a we focus specifically on the distributions for 2017
and 2018 to highlight the high level of agreement between them. This is especially
notable given that the mp regressor was trained exclusively on simulated isolated
a — v decays with 2017 detector conditions alone.

P

32016:HLTJ)iphotonSOPV,18PVJ%9IdJXND,IsoCaloIdJ\.NDJ-IEJWIdJ)oublePixelVet o0_Massbb.
2017, 2018: HLT Diphoton30PV_18PV_R9Id_AND_IsoCaloId_AND_HE R9Id PixelVeto_Mass55
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Figure 7.8: End-to-end reconstructed mass spectrum for subleading photon candi-
dates passing event selection with reconstructed prp < 35 and 55 < mpp < 100 GeV
for the different years of data taking. [7.8a} Overlay of spectrum from 2016, 2017,
and 2018. [7.8a} Overlay of spectrum from 2017 and 2018 for which years diphoton
trigger was identical. Distributions are normalized to the total number of selected
candidates.
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7.5.2 7 — eTe” electrons in data

As the comparison with 2016 data earlier showed, because of the effects of QCD, it
is difficult to make quantitative statements about the stability of the regressed mp
unless a pure sample of well-isolated decays can be obtained. For this reason, we
consider an alternate sample with which to measure the mass dependence of the mp
regressor in this analysis.

We take advantage of Z — ete™ electrons which are produced in abundance with
little contamination. Moreover, they are also produced well-isolated, similar to the
way we expect the a — 77vs to be. While the electron is effectively massless at this
regime, due its interaction with the magnetic field of the CMS solenoid, its shower
profile is slightly smeared. This gives the electron shower a similar appearance to that
of an extremely merged a — 77 decay that exhibits completely unresolved shower
maxima and subtle smearing to adjacent crystals. The electron mp spectrum thus
presents a peak at around mp =~ 100 MeV that we can use to precisely quantify the
mass scale. We emphasize that we intend to regress the my of individual electrons,
not of the dielectron system, which would instead peak at the Z-boson mass.

In order to select Z — ete™ electrons, we use a simplified version of the standard
tag-and-probe method [72]. We require exactly two electron candidates in events
passing the electron triggers prescribed for the tag-and-probe technique. The “tag”
electron is identified by an electron candidate in the event passing the tight electron
ID. A “probe” electron is selected if the other electron candidate in the event coincides
with a photon candidate passing our identification requirements (minus the pixel veto)
within AR < 0.04, and forms a dielectron invariant mass of 60 < m,, < 120 GeV. If
both photons pass the tight electron ID, both are selected as probes. Only the my
of the selected probe electron is regressed. We re-weight the different years to have
identical probe electron (pr,n).

To estimate the difference in mp response between a pair of years, we designate
the earlier year the reference distribution and the latter year the test distribution.

We then parametrize the differences between the test and reference distributions
in terms of a relative mass scale sy, and a smearing difference sg,..,. A scan is
performed over different (Sycaie, Ssmear) Nypothesis, in steps of (0.002,2 MeV). At each
hypothesis, the transformation

mr — Sscale X N(mFa Ssmear)7 (71)

is applied to each electron candidate mp ; in the test sample, where N (y,0) is a
Gaussian function parametrized by mean p and standard deviation o. The best-fit
mass scale Sy, and smearing Sq,.., between test and reference distributions is then
defined as the hypothesis for which the chi-square (X2) test statistic between the mass
distributions in the test and reference samples is at a minimum.

It should be acknowledged, however, that the regressor is fundamentally a non-
linear function, whose mass response may vary in ways that are non-Gaussian. The
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above Gaussian parametrization, therefore, is to be understood as a best-attempt at
approximating the variational modes of the regressor’s response, in a simple way.

2017 vs 2016 2018 vs 2017

Bucale 0.950 0.996
Sumenr 18 MeV 8 MeV

Table 7.2: Estimated difference in mp scale & smearing between each pair of data
taking years. Estimates are derived using Z — e’e” electrons by comparing the
y? test statistic between the reference and test distribution under different scale &
smearing hypotheses. Parameters are scanned in steps of (Asge = 0.002, ASgcar =
2 MeV).

Table shows the estimated scale and smearing differences in Z — e"e™ elec-
trons using this procedure for 2017 vs. 2016 and for 2018 vs. 2017. To demonstrate
how well these parametrizations account for the differences between the test and ref-
erence distributions, we determine the envelope between the best-fit and original test
distributions (“ss”). After adding, in quadrature, the statistical uncertainties of the
best-fit test distribution (“stat”), we plot the resulting envelope as a green band in
the upper panels of Figure[7.9] around the original test distribution (purple fill). The
reference distribution is shown in black points. The parameters in Table represent
accurate uncertainty estimates of the mass scale and smearing between the test and
reference distributions insofar as the green band encloses the reference distribution.

The lower panels of Figure plot the ratio of the reference over the original
test distributions as black points, with error bars corresponding to the statistical
uncertainties in the reference distribution. The ratio of the best-fit test distribution,
plus statistical uncertainties, over the original test distribution, are shown as a green
fill. In either upper or lower panels, we find the scale and smearing estimates to
amply cover the differences between the test and reference distributions, justifying
the choice of parametrization and estimation procedure.

We observe good stability in the mp regressor’s response in electrons across the
years, measuring an agreement in the mass scale of 5% (< 1%), and smearing of
18 MeV (8 MeV), for 2017 vs. 2016 (2018 vs. 2017), consistent with the qualitative
findings from the ©° — vv decays.

7.5.3 7Z — eTe” electrons in data vs simulation

As will be relevant for applying the simulation-derived signal model (see Section
on data, we require an estimate of the difference in the mp regressor’s response in
data versus simulation. For the same reasons as in the previous section, we again use
electrons, using the same procedure described earlier, to derive scale and smearing
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Figure 7.9: End-to-end reconstructed mass spectrum for Z — e*e™ electrons passing
photon identification for the different years of data taking. [7.9a} 2017 vs 2016 data.
[7.9b} 2018 vs 2017. All distributions are normalized to unity. In the upper panels,
the coverage of the best-fit scale and smearing estimates in the test distribution
(later year, stat+ss), plus statistical uncertainties added in quadrature, are plotted
as green bands around the original test distribution, shown in purple fill (later year).
The reference distribution (earlier year) is shown as black points. In the lower panels,
the ratio of test over the original reference distribution, is plotted as black points,
with statistical uncertainties as error bars, and the ratio of best-fit to original test
distribution, plus statistical uncertainties in the latter, is shown as a green fill.
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estimates that can be later used as systematics for the signal model. While the
application of the scale and smearing systematics is treated formally in Section [8.3.7],
we present here the derivation of these estimates. Note that the m scale and smearing
estimated here will not be used to correct the simulated mp response, but rather, only
used to estimate uncertainties for the mp regressor (see Section .

Using the same electron tag-and-probe selection as described earlier, we treat the
myp spectrum derived from data as our reference distribution and that for simulation
our test distribution. However, after re-weighting the probe electrons to have identical
identical reconstructed (pr,n), we split each sample by 7 range in order to obtain a
finer description of the scale and smearing variations. A probe electron is categorized
as either central (|n| < 0.5), middle (0.5 < |n| < 1.0), or forward (1.0 < [n| < 1.44)
based on its reconstructed 7. These boundaries are motivated by the differences
in radiation lengths upon reaching the ECAL, due to underlying variations in the
Tracker material budget. Additionally, the data versus simulation correction scale
factors, described in Section [8.1] are first applied to the simulated sample. The
resulting distributions are then used to determine the scale and smearing differences,
for each year and n category, as described in the earlier procedure.

The estimated scale and smearing values for each year and n category are listed
in Table 8.6 The coverage of each estimate is shown in Figure following a
similar plotting strategy to that described earlier in Section [7.5.2} the data events
are treated as the reference distribution (upper panel, black points) and the simulated
events are treated as the test distribution (upper panel, purple fill), and the best-fit
test distribution, plus statistical uncertainties, as an envelope (green fill) around the
original test distribution. The last of these is labelled MC, stat+syst in anticipation
of its later use as a systematic for the signal model. Similarly, in the lower panels of
Figure the ratio between data and simulation (MC), plus statistical uncertainties
in the former, is plotted as black points, and the ratio between the best-fit and original
simulation, plus statistical uncertainties in the former, is shown as a green fill.

n 2016 2017 2018
In] < 0.5 Sece 1004 1.046 1.012
Semear 0 MeV - 2 MeV
05<|n <1.0 8ume 0.978 1.032 1.018
<§smear - - -
1.0<|ng <144 &, 1.002 1.056 1.048
Semear 10 MeV - -

Table 7.3: Estimated mp regressor scale and smearing differences between data
and simulation, derived separately for different years and n ranges. Parameters are
scanned in steps of (Asgae = 0.002, Asgpear = 2MeV).
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Figure 7.10: End-to-end reconstructed mass for Z — e*e ™ electrons in data vs simula-
tion for the years 2016 (left column), 2017 (middle column), and 2018 (right column)
by n range: central (7.10a]), middle (7.10D)), forward (7.10d). All distributions are
normalized to unity. In the upper panels of each plot, the coverage of the best-fit
scale and smearing estimates in simulated events (MC, stat+syst), plus statistical
uncertainties added in quadrature, are plotted as green bands around the original
simulated sample, shown in purple fill (MC). The data events are shown as black
points (Data), with statistical uncertainties as error bars. In the lower panels of each
plot, the ratio of data over simulation is plotted as black points, with statistical un-
certainties in the former as error bars, ahllZthe ratio of best-fit to original simulated
distribution, plus statistical uncertainties in the former, is shown as a green fill.



For most plots, we see mass scale agreement within a few percent, and little to no
smearing. This suggest that the regressor, non-linear as it is, is able to absorb most
of the discrepancy through just a scale difference. An important consequence of this
is that the full mass resolution of the simulated signal models will be manifest in the
analysis, with no reduction in signal significance. The positions of the mass peaks
are also seen to be consistent between data and simulation, with any discrepancies
often well-accounted for by the scale and smearing differences. For a number of plots,
disagreements in the high-side tail slightly beyond what is covered by the scale and
smearing estimates, can be seen. These are likely due to differences in the modeling
of low energy detector hits, which are more apparent in AOD rechits, and which
tend to drive the shape of the mass tails. In this analysis, these segments of the my
spectrum will be dominated by statistical uncertainties (see Section and are thus
not expected to have a significant impact on the signal modeling.

7.5.4 a — v~ in simulated H — aa — 4~

Lastly, we look at the dependence of the regressed mp in a — 7y decays on year-
to-year detector conditions, using simulated H — aa — 4~ signal samples. For each
year, the mp spectrum is decomposed by leading and subleading pr - as defined by
the analysis event selection (see Section [6.4). These are shown in Figure for
different generated m,.

Again, we see excellent agreement in the my response across the years for different
generated masses and prp ranges. As mentioned earlier, this is especially notable
given the mp regressor was trained exclusively on 2017 simulation.

In this section, we have shown how the end-to-end ML technique can be used to
achieve breakthrough sensitivity in a — 77 mass reconstruction over a wide range
of previously inaccessible boosts. We showed that we were able to probe the most
challenging yet attractive mass regime for which the a — ~~ decays is completely
unresolved. Additionally, this was achieved with a robustness to different kinematic
regimes and detector conditions.
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Figure 7.11: End-to-end reconstructed mass spectrum for simulated H — aa — 4~

events
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Chapter 8

Analysis

In this chapter, we describe the main components of the physics analysis associated
with the H — aa — 4+ signal search, namely the signal and background models.
These are the primary pieces that will be used to test for the presence of a signal
in the data in the following chapter. As described in Chapter [4, both these models
are expressed in the 2D-mp observable, to enable a direct and physically compelling
discrimination of the H — aa — 4+ signal, if it exists. The signal model, which
encapsulates the differential response expected in the data if the H — aa — 4 decay
were realized, is described in Section [8.I] The background model, which describes
the expected SM-only response in data, absent the H — aa — 4+ signal, is described
in Section [8.2] Lastly, the so-called systematics, or the uncertainties associated with
the construction of these models, are detailed in Section

8.1 Signal model

As described in Section [4.3] the signal model is expressed in terms of the 2D-mp distribution
or “template” of simulated H — aa — 4~ events. In order for the signal model to be
properly compared to data in the final signal region m;-SR N m,-SR, we require both
an estimate of the signal model’s intrinsic 2D-mp shape at a given mass hypothesis,
as well as its total yield or normalization with respect to a data sample of a given
integrated luminosity.

To derive the shape of the signal model, a 2D-m template is filled using simulated
H — aa — 4+ signal events passing the selection criteria described in Section [6]
Note that the Higgs boson is produced inclusively of all SM production modes (see
Section . The 2D-mp templates are generated for each mass hypothesis m, to
be evaluated against the background model. Dedicated samples are generated for
the masses m, = 0.1, 0.2, 0.4, 0.6, 0.8, 1.0, 1.2GeV. An interpolation procedure,
described below, is applied to cover the remaining mass points in the range m, =
[0.1,1.2] GeV in 0.1 GeV steps.

Having derived the shape of the 2D-my distribution for a particular mass hypoth-
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esis, to derive its yield N(m,|mgz-SR N m,-SR) in the my-SR N m,-SR, for a given
integrated luminosity of data [L dt, the following conversion is used,

N(m,|mg-SR N m,-SR)
= //l dt x o(H) x B(H — aa — 47v) x e(m,|myz-SR N m,-SR), (8.1)

where o(H) is the Higgs boson production cross section, B(H — aa — 4v) is the
branching fraction to H — aa — 4v, and e(m,|my-SR N m,-SR) is the efficiency
with which H — aa — 47 events of a given m, hypothesise are selected into the
mg-SR N m,-SR. For computational reasons, we assume a hypothetical signal cross
section times branching fraction of o(H) x B(H — aa — 4v) = 1 pb to normalize the
2D-mp templates. This is equivalent to a B(H — aa — 4v) = 2 X 1072 for the total
inclusive SM Higgs production cross section of o(H) = 51.04 pb [73].

Unfortunately, physically motivated estimates for the full BR(H — aa — 4+) are
difficult to come by. Due to the non-perturbative QCD regime involved in m, < 1GeV
(see Section [3.3.1)), theoretical estimates for B(a — ) break down at the masses
considered in this analysis [§]. Predictions for B(a — 77) in this regime are thus
mostly qualitative, motivated by the remaining available decay modes of the particle a
to 3n"s, dimuons, dielectrons, or diphotons. However, if the a is only allowed to couple
to the Higgs and heavy, vector-like, uncolored states at the renormalizable level, it
may only decay to diphotons [8]. If we assume optimistically that B(a — ~v7) = 1,
then a total branching fraction of B(H — aa — 47) = 2 x 10”2 would fall within
conservative theoretical estimates for the H — aa piece of the branching fraction [§].
Realistically, however, for highly-merged a — 7 topologies (m, < 400 MeV), model
assumptions giving signal branching fractions greater than those of SM H — 7,
BH — aa — 47) > B(H — v7) ~ 2 x 107%, are likely to already be excluded by
SM H — 77 coupling measurements [6]. At higher m,, on the other hand, the looser
photon MVA requirement in our photon identification requirements, relative to that
of the SM H — v analysis, leaves more room for discovery.

The approximate size of the signal model for different m, hypotheses is shown
in Figures |8.1 including the corrections described in the following subsections.
The 2D-my distribution in the m,-SR region is shown in the uppermost plot. The
unrolled 2D-my distribution is in the center plot, and the 1D-mp projections for mp ;
(mp ) are shown in the lower-left (-right) plots.

In the upper panels of the center and lower plots, the black points (H — aa — 47)
outlining the gray region denote the signal model, with error bars corresponding to
statistical uncertainties. The systematic uncertainties (Sg, syst) associated with the
signal model are shown as a green band around the black points. For reference, the
background model is shown as a blue line, with its statistical uncertainties indicated
by the blue band. In the lower panels of the same plots, the ratio of the statistical
(gray band) and systematic (green band) uncertainties in the signal model, over its
nominal value is displayed.
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As the mass peak falls off toward the tails of the distribution, systematic un-
certainties begin to dominate the signal model, as expected. A description of the
systematic uncertainties associated with the signal model is deferred to Section [8.3]
As described in Section [4.3] the final signal region for which the signal model will be
required corresponds to the region of overlap between the signal regions in mpr and
2D-mp , my-SR N m,-SR.

These plots are also indicative of the gain in signal sensitivity achieved by using
the 2D-mp spectra over the individual 1D-mp spectra: the background contribution
within the vicinity of the signal peak is seen to be slightly lower for the 2-D case.

In addition to the H — aa — 4~ signal model thus derived, a number of cor-
rections must be implemented to account for the fact these have been derived from
simulation but are being compared to data. Due to residual mismodeling of the de-
tector response in simulation relative to data, a number of effects arise that impact
the yield and shape of the 2D-m templates derived from simulation. These include
differences in selection efficiency under the photon indentification criteria, the HLT
diphoton trigger, and the pileup modeling. In the following subsections, we discuss
how the signal model is modified to account for these effects.

8.1.1 Photon identification scale factors

Due to residual mismodeling of the detector response in simulation, the efficiency with
which photon candidates pass our identification criteria (see Section @ in simulation
may slightly differ from that in data. To correct for this, we apply photon identifi-
cation scale factors (SFs), representing the relative selection efficiency in data versus
simulation, as a function of (pr,n). These SFs can then be used to re-weight each
signal event used to fill the 2D-mp signal model based on where each of its photon
candidates lie in (pr,n).

To estimate these SFs, we use Z — e"e ™~ events collected in both data and simula-
tion using a single electron HLT trigger. We then use the tag-and-probe method [72]
to obtain a pure sample of unbiased (probe) electrons in both data and simulation.
From these, we can calculate the number electrons passing and failing the photon
identification criteria (minus the pixel veto requirement) as a function of (pr,n) in
data, and separately, in simulation. The scale factor is then the ratio of the selection
efficiencies in data versus simulation at a given (pr,n) bin. The SFs are shown in
the lower panel of Figure for the different years of data-taking, as a function of
pr and n. The total weight for the signal event is given by the product of the SF's of
each photon candidate.

The number of passing and failing electron probes are determined using analytic
fits, which carry a fit uncertainty, and for which we introduce a systematic uncertainty
in the shape of the signal model (see Section [8.3).

While this derivation necessarily relies on electrons, because of the bending of
electrons in the magnetic field of the CMS solenoid, electron showers are slightly
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Figure 8.1: Simulation-derived H — aa — 4+ signal model for the m, = 100 MeV
mass hypothesis, normalized to o(H) x B(H — aa — 4v) = 1pb, in the m,-SR.
Upper: 2D-myp distribution. Center: unrolled 2D-mp distribution. Lower: projected
1D-my distributions for mp ; (left) and myp, (right). In the upper panels of the center
and lower plots, the black points (H — aa — 4+) outlining the gray region denote the
signal model, with error bars corresponding to statistical uncertainties. The associ-
ated systematic uncertainties (Sg, syst) are shown as a green band. The background
model is shown as a blue line, with its statistical uncertainties indicated by the blue
band. In the lower panels of the same plotk)&he ratio of the statistical (gray band) and
systematic (green band) uncertainties in the signal model, over the nominal values

are displayed.
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Figure 8.2: Simulation-derived H — aa — 4+ signal model for the m, = 400 MeV
mass hypothesis, normalized to o(H) x B(H — aa — 4v) = 1pb, in the m,-SR.
Upper: 2D-myp distribution. Center: unrolled 2D-mp distribution. Lower: projected
1D-my distributions for mp ; (left) and myp, (right). In the upper panels of the center
and lower plots, the black points (H — aa — 4+) outlining the gray region denote the
signal model, with error bars corresponding to statistical uncertainties. The associ-
ated systematic uncertainties (Sg, syst) are shown as a green band. The background
model is shown as a blue line, with its statistical uncertainties indicated by the blue
band. In the lower panels of the same plotk)@he ratio of the statistical (gray band) and
systematic (green band) uncertainties in the signal model, over the nominal values
are displayed.
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ies and scale factors as a function of pr and 7, as derived for 2016 (left), 2017 (center),
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Photon ID effici

and 2018 (right) data-taking.

Figure 8.4



smeared, and thus exhibit a range of shower shapes that approximately capture those
of a — vy decays at various masses.

The photon identification SF's used in this analysis were derived separately for
this analysis, using the the criteria described in Section [6.3]

8.1.2 HLT trigger scale factors

A separate but related impact of the residual mismodeling of the detector response in
simulation versus data is the difference in efficiency with which H — aa — 4~ event
pass the HLT diphoton trigger in data versus simulation. This is further complicated
by the changes in the underlying L1 paths used to seed the HLT diphoton trigger,
which may change throughout each year of data-taking in response to changes in
the LHC beam luminosity. This makes emulating the response of the HLT trigger
particularly challenging, especially near the photon pt thresholds or at “turn-on”.

To account for these effects, rather than try to emulate the HLT diphoton trigger
directly in simulation, we instead measure the HLT trigger selection efficiency in data
using an alternate, unbiased sample and apply these as scale factors to the simulated
signal events. As before, an unbiased sample of electrons is used, obtained using the
tag-and-probe method. In order to decouple the effect due to the trigger from that
due to the photon identification, the trigger efficiencies are measured in data after
requiring the probe electrons to pass photon identification criteria (minus the pixel
veto). The trigger efficiencies are measured as a function of pr, n, and the shower
shape variable Ry. These are subsequently applied to each photon candidate, for each
event in the simulated sample, in addition to the photon identification SFs.

The number of passing and failing electron probes are also determined using ana-
lytic fits, which carry a fit uncertainty, and for which we introduce another systematic
uncertainty in the shape of the signal model (see Section [8.3).

For simplicity, the trigger SF's used in this analysis are those derived for the SM
H — ~~ analysis using the H — ~~ photon preselection, which are similar to the
photon identification criteria used in this analysis.

8.1.3 Pileup re-weighting

The PU distribution or scenario under which a simulated sample is generated is
typically a projection of what is expected for the coming year of data taking. Over
the course of data collection, however, the realities of data taking typically mean the
actual PU distribution observed for the year may differ slightly from projections. As
the amount of PU in an event can potentially affect the amount of electromagnetic
activity in the ECAL (among other subsytems), this, in turn, can impact the efficiency
for an event to pass our selection criteria. To correct for this, the simulated signal
events used to derive the signal templates are first re-weighted in order that their
sample-wide PU distribution agrees with that observed for the relevant year. The
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weights are derived using normalized histograms of the PU distribution in data versus
simulation for each year of data-taking. The ratio between data and simulation at
each bin of PU gives the PU weight for that bin. In practice, this correction is
sub-dominant, with most of the PU event weights within < 1% of unity.

To cross-check the PU re-weighting procedure, we compare the distribution in the
number of reconstructed primary vertices per event in data versus the PU re-weighted
simulated samples. This quantity is closely correlated with the number of PU inter-
actions and is used as a complementary check. Comparison distributions are shown
in Figure for different signal model mass points. Since the simulated samples are
generated and PU re-weighted separately for each year, these comparisons are pre-
sented separately for 2016 (Figure [8.5a]), 2017 (Figure [3.5b)), and 2018 (Figure
data-taking. We observe good agreement across all samples. While some deviations
are seen, particularly for the tails of the distributions, these are to be expected given
that the PU weights are derived for finite PU bin widths.

8.1.4 Sample interpolation

To obtain a finer scan in the m, hypotheses when testing for the presence of a signal
(see Section (9.1, we apply an interpolation procedure to derive intermediate-mass
signal models given the available dedicated samples described earlier. To obtain the
signal model for an interpolated mass hypothesis mp between two generated mass
hypotheses m, and m¢, with my < mp < mg, the following procedure is followed:

e For each regressed mass m, ; in the sample {m,} generated with mass hypoth-
esis m,, scale the mass value by

mp

ma; — (—) My ;- (8.2)

ma
The resulting sample with scaled masses is then {m,_,5}. The same procedure
is applied for sample {m¢} to yield the scaled sample {mc_p}.

e Generate the raw 2D-my distribution for the combined scaled samples {m,_,gU
mc_p}

e Normalize the 2D-mp as in Equation except using the selection efficiency e,
defined over the combined scaled sample {mc_,g}.

A sample signal model for an interpolated mass point at m, = 500 MeV is shown
in Figure[8.6] In addition, to provide an estimate of the worst-case scenario achieved
under the mass interpolation scheme, in Figure |8.7) we compare the my distribution
from an interpolated mass point, with that of a generated one, for m, = 400 MeV.
This comparison necessarily involves interpolating between more distant mass points,
in this case, between m, = 200 and 600 MeV. As such, the comparison is not intended
to be representative of the actual mass distributions achieved in the interpolated mass
points used in the analysis, which involve half the distance.
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Figure 8.5: Distributions in number of reconstructed primary vertices per event
in data (black points) versus simulation (blue line) for signal model mass points
m, = 100 MeV (left column), 400 MeV (middle column), and 1 GeV (right column).

Shown separately for data-taking years 2016 (8.5al), 2017 (8.5¢])

distributions are normalized to unity.

114

and 2018 (8.5¢)).

All



CMS simulation 136 fb™ (13 TeV)
L A L L B

P T I S B
02 04 06 08 1 12

m, [GeV]
«10° 136 fb™ (13 TeVv)
S -1 o R B ) B RS S B AL B L BRI B RS R
() - CMS m(a)-SR t H-aa- 4y =
= 5 Preliminary [F77] Bkg, stat ]
S Sg, syst 3
4 —
c =
m —
= -
w =
2 E
o0 1.2_—
2 E
08—
S TR L | i i
0 20 40 60 80 100 120 140 160 180 200 220
im; x im, + im,
x10% 136 fb™ (13 TeV) x10° 136 fb* (13 TeV)
S 35T S 85T
) - CMS m(a)-SR t Hoaa-4y 1 @ - CMS m(a)-SR t Hoaa -4y 1
= 30— Preliminary ! [T Bkg, stat 4 = 30 Preliminary ! [ Bkg, stat -
8 E Sg, syst E 8 F Sg, syst E
~ 25— - ~ 25 -
2 r 1 £ r ]
g 20— 4 3 20— =
> r 10> r ]
L C ] (] C 7
15— — 15— -
10~ - 10[~ =
5~ | - 50 | -
E m e E m s
P T T T L e EEE] DT T L e
o 11 4 11 -
® L 1 o 1 1
209 ; 2 0.9 ‘
(S I T T Y — e e N T .
0 1.2 0 0.2 0.4 0.6 0.8 1 1.2
mr [GeV] mr [GeV]

Figure 8.6: Interpolated H — aa — 4+ signal model for the m, = 500 MeV mass
hypothesis, normalized to o(H) x B(H — aa — 4v) = 1pb, in the m,-SR. Up-
per: 2D-mp distribution. Center: unrolled 2D-my distribution. Lower: projected
1D-my distributions for mp ; (left) and myp, (right). In the upper panels of the center
and lower plots, the black points (H — aa — 4+) outlining the gray region denote the
signal model, with error bars corresponding to statistical uncertainties. The associ-
ated systematic uncertainties (Sg, syst) are shown as a green band. The background
model is shown as a blue line, with its statistical uncertainties indicated by the blue
band. In the lower panels of the same plotkl Fhe ratio of the statistical (gray band) and
systematic (green band) uncertainties in the signal model, over the nominal values
are displayed.
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8.2 Background model

The leading SM background sources for the analysis, in order of decreasing cross-
section, are QCD multijet and ~ + jet with EM-enriched jets, prompt diphoton pro-
duction, and the H — ~v decay, as shown earlier in Figure Except for the
H — ~~ process, which has a resonance at mppr = 125 GeV, all the other background
sources are produced non-resonantly with a smoothly falling spectrum in mpp. While
these do not take into account event selection efficiencies, even so, QCD sources in
the form of partons hadronizing to n° — 7 decays or radiating energetic photons
(final state radiation, FSR) overwhelmingly dominate the data sample selected by
our signal selection criteria in Chapter [0} This section describes the procedure for
estimating the contribution of these processes to the 2D-my spectrum in the region
over which the H — aa — 4+ signal search will be performed.

For all but the H — ~«~ contribution, a data-driven approach is used to construct
a total non-resonant SM background 2D-m template. Data sidebands in both mpp
and 2D-mp (see Section are exploited to derive the shape and yield of this back-
ground template. For the H — ~~ contribution, which falls directly over the mg-SR,
simulated data is used to derive the shape of the background template, while theo-
retical predictions are used to determine its yield. The final signal region for which
the data-driven plus H — v~ background model must be constructed is the region of
overlap between both signal regions, my-SR N m,-SR.

Before deriving the full background model, it is instructive to first describe a
simplified procedure for estimating the dominant, data-driven component, highlight
its limitations, then use these to motivate the full background estimation procedure.

The simplified data-driven background estimation is as follows: we assume that
the intrinsic 2D-mp shape in the myz-SR signal region p(m,|my-SR) can be expressed
as a linear sum of the 2D-mpshapes in the lower and upper myg-SB sidebands,
p(m,|my-SByy) and p(m, |my-SBy,y), respectively,

P(mr’mH‘SR) = p(mp|my-SB), (8-3)
where

p(mr|my-SB) = fspiowp(mr|mp-SBiow) + fsp nignP(mr[my-SBuig), (8.4)
JsBaow T+ fsB-high = 1.

The fractions fsp 10w (fsp-nign) are the relative contributions of the m y-SBygy, (M -SBhign)
shape to the total my-SB shape, p(m,|my-SB). Since the my-SB is signal-depleted
by construction, we can derive the relevant shapes from these sidebands, and com-
bine them under some suitable choice of the fractions, to determine the total shape,
p(mp|my-SB).

For the normalization, we assume that the ratio in the number of events along
the 2D-my diagonal, from that observed in the m;-SRs to that derived in the m;-SB,
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N(mg-SRNm,-SR)/N(myg-SBNm,-SR), is the same as for the off-diagonal, N(mz-SRN
m,-SB) /N (my-SB N m,-SB),

N(mg-SR N m,-SR)  N(mg-SR N m,-SB) (5.6)
N(my-SB N m,-SR)  N(mpy-SB N m,-SB) '

From the off-diagonal region, which is signal-depleted by construction, we can derive
the ratio from the right hand side (RHS) of the above equation, in addition to the
m,-SR yield in the mg-SB. The yield in final signal region, mz-SR N m,-SR, is then
determined to be

N(myg-SR N m,-SB)
N(myg-SB N m,-SB)

N(mg-SR N m,-SR) = N(mg-SB N m,-SR). (8.7)

We thus define the data-driven background model in the final signal region as the
shape derived from Equation [8.3] scaled by the yield from Equation 8.7

bkg(data, my-SR N m,-SR) = N(my-SR N m,-SR)p(mp|mg-SR)
N(my-SB N m,-SR)p(mp|my-SB N m,-SR) (8.8)
N(mpg-SR N m,-SB) '
)

x N(my-SB N m,-SB

This simple background model, however, has two main limitations. The first is
the missing H — 77 contribution. Since the H — v decay is a resonant back-
ground, it meets none of these assumptions—by construction, it is absent from the
my sidebands. We must, therefore, introduce an additional H — ~~ background
template, using simulated events. The second limitation is due to the pp-dependent
myp spectrum of QCD jets. Because of this, the background naively derived from the
mpr sidebands will not accurately model the mr shape of jets in the my-SR. To
motivate our solution, it is helpful to first understand how this issue arises. Thus,
in the following subsection, we take a closer look at the substructure and topology
of hadronic jets that drive this effect. We return to a description of the complete
background estimation procedure in the subsection thereafter.

8.2.1 QCD jet substructure

The 2D-mp background shape is primarily driven by the underlying particle species
and their pp spectrum. The mp spectrum of a photon-dominated sample exhibits a
smoothly falling spectrum that is mostly pr-independent [68]. However, as discussed
earlier in Section [7.4.2] a mostly QCD jet sample, on the other hand, exhibits a more
complicated shape due to the dependence of the physical jet topology on p. At
low-pr, jets passing the photon identification criteria are more likely to contain only
a single isolated ©° — ~v which are regressed as a (pr-independent) m, =~ 135MeV
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peak. However, as the jet grows more energetic at higher p, more energy becomes
available to produce additional, potentially boosted, hadrons. In order to pass photon
identification, selected jets are thus more likely to contain two or more sets of very
collimated n° — y7s (AR < 1 ECAL crystal in order to pass shower shape cuts),
which are regressed as a broad spectrum around m, ~ 500 MeV that is pp-dependent
(more n’s means more effective mass), as shown in Figure A more detailed
analysis of this phenomenon, including the derivation of the results of Figure |8.8| is
presented in Appendix [A.T]
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Figure 8.8: Dependence of the regressed mp on reconstructed py for electromagnet-
ically enriched jets in simulated v + jet events. Left: reconstructed mp vs pp for
jets matched to a generated n° — 47 (upper) or  — vy (lower), for neutral meson
decays which are relatively isolated in the jet. Right: the corresponding distributions

when the neutral meson decays are not isolated. Very loose event selection criteria
are used, as described in Appendix

In general, the 2D-my shape interpolated from the my-SBs will not have the cor-
rect underlying pr and so the shape of the QCD jet component will not be accurately
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modeled. This can be mitigated in two ways while still maintaining a data-driven
background. The first is to minimize the QCD contribution so that the effect is
small to begin with. The second is to re-weight the underlying pt distribution of
the my-SB events so that they match what is found in the my-SR. We apply both
of these. The photon identification criteria, as described in Section [6] already pro-
vide strong suppression of the most critical, pp-dependent component of the QCD
background. We find no further reduction to be possible without sacrificing signal
efficiency, short of developing a dedicated a — ~v tagger. For the py re-weighting,
we rely on the fact that the mp spectrum of the non-critical, pp-independent compo-
nents of the background will be unchanged under the p re-weighting, or at least will
not cause the background modeling to worsen if the pr modeling is improved (c.f.
Figure , left column, for jets and Figure , bottom row, for photons). We then
assume that the total pp in each data region which we use for the pr re-weighting
will be sufficient to correct the QCD-only pr distribution that is the source of the
mismodeling. Within the limited simulated QCD data available, we have verified
that this assumption is indeed valid. We include a systematic to cover our statistical
confidence in this statement (see Section [8.3.1)).

8.2.2 Background estimation

Having discussed the limitations of the simplified background estimation procedure,
and the appropriate modifications to correct its shortcomings, we now describe in
more concrete terms the full background estimation procedure. These steps are out-
lined below, in the order in which they are performed. Appropriate visualizations are
provided to guide the discussion.

pr re-weighting Due to the sensitivity of the regressed mp spectrum to variations
in the QCD jet topology over the pr spectrum (c.f. Figure , the best background
modeling is achieved when the my-SB events used to derive the 2D-m templates are
first re-weighted to have the same pr 5 vs. pr; (2D-py ) distribution as events in the
mg-SR. The re-weighting is performed from the total, normalized 2D-py probability
distribution in the combined my-SBs, p(pp|my-SB), to the total, unblinded, normal-
ized 2D-prin the my-SR, p(pr|my-SB). While it is primarily the QCD component
of the 2D-pythat necessitates the pr re-weighting, we find it a suitable approxi-
mation to use the total 2D-p, which is valid insofar as the QCD-only and total
2D-pr distributions are similar. We verify this to be the case, within uncertainties,
in Section where we introduce a systematic reflecting our confidence in this
statement. We note that even the components of the background which we identify
as pp-independent (single photons, isolated 7:0), exhibit a weak pp dependence (c.f.
Figure , left column, for jets and Figure , bottom row, for photons), smearing
more with increasing pr. They thus only benefit from the total 2D-pt re-weighting.
If we denote the normalized 2D-py probability distribution of each myzy-SB i as
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p(pr|mpy-SB;), then, as illustrated in Figure[8.9] the combined probability distribution
is given in general form as

p(pr|mp-SB) = fspiowPr(Pr|mE-SBiow) + f SB-highpT(pT|mH'SBhigh) (8.9)

for some choice of the relative fractions fsp_iow(nign)- In order to maximize the statis-
tical power of the events from each sideband, we choose

NSB-]OW
JsBilow = 8.10
e Nggiow + NsB-high (8.10)

where Ngp jow (nigh) 18 the total event yield in the m-SBigy hign) sideband. This is
equivalent to adding the raw 2D-p distributions of each m;-SB and normalizing it to
the yield in the my-SR afterwards. The systematic we define for this pp re-weighting
procedure is expressed in terms of an uncertainty in the choice of the parameter fsg 0w
(see Section [8.3]).

After carrying out this procedure, the pp re-weighted 2D-mp shape templates
from either mpy-SByoy (nigh) are added to obtain the combined my-SB shape tem-
plate, which we denote as p,g(mp|my-SB). This is the pr re-weighted counterpart
of Equation 8.4 Note that the fraction that each my-SB contributes to the combined
2D-my shape template is fixed by the fraction fqp ., used in the prp re-weighting, as

given in Equation [8.10]

2D-my normalization To obtain the data-driven background model, all that re-
mains is to determine the normalization. The arguments used to derive Equation [8.8
remain valid in this case, from which we determine the p re-weighted data-driven
background model in the final signal region to be

bkg, . (data, mp|my-SR) = N (my-SR N m,-SR)pryet (mr|my-SB Nm,-SR), (8.11)

where N(myg-SR Nm,-SR) is as given in Equation and Pyt (mp|my-SB Nm,-SR)
is the shape obtained in the my-SB N m,-SR subset of the above p,u (mr|my-SB).
The above procedures of template combination and normalization are illustrated in

Figure [8.10]

H — ~~ contribution To account for the contribution of the H — ~v process
in the final signal region, an additional 2D-mp template, bkg(H — v, mp|mg-SR N
m,-SR), must be added to the above data-driven background model. Since the H —
v contribution is contained in the my-SR, it cannot be completely derived from
data. Instead, the H — v 2D-mp template is derived in two parts. The first part, the
intrinsic 2D-my shape p(H — 7, mp|my-SR N m,-SR), is derived from simulation,
while the second part, the normalization N(H — ~v, mp|mg-SR N'm,-SR), is derived
from theory.
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Figure 8.9: Illustration of the pp re-weighting procedure: the py shapes in the
my-SBiy (lower left) and my-SBy,y, (lower right) are added together with fractions
fsB1ow and fsp pign, respectively, to obtain a combined my-SB shape (denominator).
This is divided from the p shape in the my-SR (numerator), to determine the py
re-weighting factor as a function of an event’s 2-D pr (top right). Binning is chosen
to ensure reasonable statistics.
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We use simulated H — ~7 events passing our event selection to determine the
shape p(H — 7, mp|my-SR) over the full 2D-mp plane. For simplicity, only events
from the gluon fusion Higgs production mode are used, though this is the dominant
contribution (> 80%). We do not expect the 2D-my shape from the other Higgs
production modes to differ significantly as the mp response for photons is relatively
consistent [68].

To determine the normalization N(H — ~v, m,|mg-SR N m,-SR) corresponding
to a given integrated luminosity of data, we first parametrize the normalization as a
fraction fy_,,, of the total data yield in the final signal region,

N(H = vy, myImy-SR N m,-SR) = fy_,, N(mp|my-SR N m,-SR). (8.12)

To derive fy_,.., having obtained the shape p(H — ~v, mp|my-SR) from simulation,
we modify the assumption in Equation [8.3] to read

pdata,rwgt-}-H—W’y(mF|mH_SR) - fSBprwgt(mF|mH_SB) + fH—)’y'yp(H -7, mF|mH_SR)7
(8.13)

with
fs + fuoyy = 1. (8.14)

The fraction fqp is the relative contribution of the data-driven 2D-mp shape. Impor-
tantly, we have assumed in Equation that the equality holds identically over the
m,-SR and m,-SB regions of the 2D-mp plane, which is justified insofar as the 2D-
myp shape varies proportionally between the two regions. We can thus derive fy_,.,
from the signal-depleted m,-SB counterpart of Equation instead. Using the
counterpart of Equation or H — 77 events, and substituting this into the m,-SB
counterpart of Equation |8.12] we obtain

1
fH—)’Y’y a N(mr|mH-SR N ma‘SB>

X /£ dt x o(H) x B(H — vv) x e(H — ~v, m,|mg-SR N m,-SB). (8.15)

A mix of theory and simulation is used to determine the relevant parameters in the
above equation. For the cross section and branching fraction, we use the predicted
total inclusive SM Higgs production cross section of ¢(H) = 51.04 pb and branching
fraction B(H — ~v) = 2.27 x 10™* [73]. The efficiency e(H — v, m,|my-SR N
m,-SB) is determined using simulated data. For simplicity, only simulated events from
the gluon fusion Higgs boson production mode are used. A systematic is introduced
in Section to account for this approximation. The integrated luminosity [£dt,
corresponds to that of the yield in the denominator.

Having thus derived the shape of the H — ~v 2D-mp template and its yield,
expressed in terms of the fraction of the final signal region yield, we can then determine
the total background shape, including both data-driven and H — 7y components,

124



using Equation [8.13, The total pp re-weighted data-driven plus H — vy background
in the final signal region is then defined by taking the total background shape from
the m,-SR subset of Equation and scaling it by the estimated yield in the final
signal region,

bkg(data,g, +H — vy, mp|my-SR N m,-SR)
= N(mF|mH'SR N ma‘SR)pdata,rwgt+Hﬁ'y~/(mF|mH_SR)7 (816)

where, as before, N(mp|myg-SR N m,-SR) is determined using Equation .

As a practical matter, since the simulated H — ~7 samples are generated sep-
arately for each year, the H — v~ templates are derived individually for each year
first, then combined into a full Run2 H — ~v template. Thereafter, they are com-
bined combined with the data-driven component, which is always derived using the
full Run2 data, in order to maximize the statistical power of the pr re-weighting
procedure.

Fit optimization The py re-weighting procedure, if done with limited data, can
introduce additional fluctuations into the 2D-my shape. To correct for this and any
other lingering mismodeling, and to provide a handle on the background model for the
purposes of estimating uncertainties, we parametrize the background model obtained
thus far by multiplying it with a 2-D polynomial surface,

pol(mr 1, mrs) = po + pymr1 + pamr s + O(2) (8.17)

with parameters p, determined by a likelihood fit. Assuming as we did in Equa-
tion that the background shape varies proportionately over the 2D-my plane,
the fit can be performed in an unbiased way by using only the m,-SB region. We
thus fit the parametrized background model to the observed distribution in the
my-SR N m,-SB region, as illustrated in Figure [8.11} We find no improvement
in the goodness-of-fit beyond a polynomial of O(1). Additionally, checks on the im-
pacts and extracted signal strength, similar to those performed later in Sections|9.1.2
and [0.1.3], suggest that the analysis is insensitive to increases in the polynomial order
beyond O(1).

The final 2D-mp background model used in this analysis is that obtained after mul-
tiplying the previous background model with the above polynomial pol(mr 1, mr 2)|p,
evaluated under the under the best-fit parameters p = {p;}, fori € 0, 1 , 2,

bkg o (mr|mg-SR N m,-SR)
= bkg(data,yg, +H — vy, mp|my-SR N m,-SR) x pol(mr 1, mr2)ls, (8.18)

Going forward, unless specified otherwise, references to “background model” are to
be identified with the quantity bkgg,.;, as given above.
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Fit parameter  Best-fit value  Uncertainty

Do 9.91007 x 10™*  6.10861 x 10~°
Py —1.47380 x 1072  6.87198 x 10~°
Do 2.84057 x 107> 6.74935 x 107*
x°/ndf 365/339 = 1.077
p-value 0.156 (1.00)

Table 8.1: Best-fit parameters in pol(mr 1, mr,) background model optimization.
The fit parameters (left column) are shown alongside their best-fit values (middle
column) and their corresponding uncertainties (right column). For reference, the
reduced chi-square, X2 /ndf, and the corresponding p-value, are also given (bottom

rows).
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Summary To summarize, the full background model of the analysis is derived as fol-
lows. We assume that the 2D-my shape in the m;-SR signal region can be expressed
as a linear sum of the 2D-m shapes in the two my-SBs plus the simulation-derived
H — 7~ 2D-my contribution in the mg-SR. Since the pr of the background processes
affects the 2D-mp and the pr in turn varies as a function of my, we first re-weight
the 2D-prin the my-SB sidebands to match that in the my;-SR signal region. Hav-
ing done so, we add the 2D-mp shapes from the m;-SB sidebands as described, and
combine this with the simulation-derived H — vy 2D-my template. For the resulting
combined template, we then assume that the ratio in the number of events along the
2D-mp diagonal region (m,-SR) between background and that observed in the my-SR
is the same as that in the off-diagonal region (m,-SB). Taking the ratio from the off-
diagonal region, we then use this to normalize the background 2D-mp shape in the
diagonal region. This provides an unbiased estimate of the data-driven background
in the final signal observation region (mg-SR N m,-SR). To account for the H — 7~
contribution, we add its corresponding 2D-m shape, derived from simulation, and
scale it by the fraction fy_,,,, derived using theory and simulation. The data-driven
background component is consequently scaled by 1 — fy_,,, to preserve the overall
normalization. Finally, to achieve the best possible modeling, we correct the above
background model by multiplying it with the 2D polynomial obtained in the best fit
of the off-diagonal (m,-SB) region between the my-SB and my-SR.

A summary of the event yields for the different background components estimated
using the above procedure is given in Table The background components consist
of the total, data-driven non-resonant background (QCD dijet, v + jet, and prompt
~7 production), and the total inclusive SM H — ~~ contribution.

Background component 2016 2017 2018 Total Runll

Non-resonant 231,557 443,185 421,106 1,095,847
H — vy 392 403 603 1399
Total 231,049 443,588 421,709 1,097,246

Table 8.2: Estimated background yield per component, per year of data-taking. The
upper row (Non-resonant) consists of the total, data-driven component (QCD dijet,
v + jet, and prompt v production) while the lower row (H — 77) consists of the
total inclusive SM H — 4+ component. The last column (Total RunlI) lists the tally
over the three years.

8.2.3 Background validation

To validate the background modeling procedure, we construct an orthogonal data
sample that is enriched with v + jet events, whose final signal region can be fully
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unblinded with negligible risk of signal contamination. This additionally allows us
to validate the performance of the mass regressor in a sample that is separately
photon and jet enriched. The orthogonal sample is obtained by inverting the relative
track isolation requirement (nominally (Zy/pr ) < 0.07) in the photon identification
criteria of the subleading photon candidate I'y, to increase its jet content. Since
this sample will also be enhanced with the pp-dependent component of the QCD
jet spectrum, it offers an even more stringent test of the pr re-weighting procedure
than is required for the nominal signal sample. We denote this orthogonal sample
[’y (nom), I'y(inv), to distinguish it from the nominal signal sample, I'; (nom), I'y(nom).
The signal contamination in this orthogonal sample is verified in Table [8.3]

m, 100 MeV 400 MeV 1 GeV
N,vonts 734 698 312
S/v/B 0.7 0.7 0.3

S/(S+B) 0001 0001 < 0.001

Table 8.3: Expected signal sensitivity in the orthogonal sample space illustrating neg-
ligible signal contamination. The total background yield after inverting the relative
track isolation is Ny, = 1,110, 685.

Orthogonal sample, I';(nom), I';(inv). After carrying out all the background
estimation steps described earlier, we obtain the expected and observed 2D-my spectra
for the T'j(nom),Ty(inv) selection in Figure [8.12 To better compare the agree-
ment between expected and observed distributions, we additionally plot the 2D-
myp distributions “unrolled”: scanning along bins of increasing mp, at fixed myp;
before incrementing in mp ;. These are shown for the off-diagonal m,-SB region in
Figure [8.13] and for the unblinded, diagonal m,-SR region in Figure 8.14]

In the upper panel of these plots, the black points (Obs) are the observed data
values, with error bars corresponding to statistical uncertainties. The blue line cor-
responds to the background model, with the blue shaded area corresponding to its
statistical uncertainties (Bkg, stat). The systematic uncertainties associated with the
background model, added in quadrature with the statistical uncertainties, are shown
as a green band (Bkg, stat+syst). In the lower panel, the ratio of the observed over
background value is shown as black points, with error bars corresponding to statistical
uncertainties in the former. The ratio of the statistical plus systematic uncertainties,
added in quadrature, over the background model, is shown as a green band. For max-
imum signal sensitivity, the distribution used as a background model in the actual
maximum likelihood estimation (see Section is the unrolled one.

To guide the eye with a more physically intuitive axis, comparisons for the pro-
jected 1D-mp spectra of each merged photon candidate I' are also shown, for mp
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(lower left plot) and mpy (lower right plot). These are not used in the likelihood
estimation, and are only shown for clarity. The plotting scheme is identical to that
of the unrolled one, described above. Recall that the expected yields in the m,-SB
region agree with the observed ones by construction, and that this region is also used
to determine the pol(mr 1, mr ) best-fit parameters.

We find good agreement within statistical uncertainties. Given the different views
each plot has of the full 2D-mp plane, by construction, we expect to see different
regions of the jet spectrum in these plots. The expected enrichment in QCD jets in
I’y is apparent in the projected 1D-my 5 spectra. Specifically, in the subleading m,-SR
plot (Figure , lower right), a n’-like peak is visible, whereas in the m,-SB plot
(Figure , lower right) the broad high-m, component can be seen. Recall, however,
that these features are subject to the effects of distortion from the collimation of the
jet (c.f. Figures and . In both sets of figures, the mp; spectra (lower left)
appear smoothly falling, as expected for photons. These plots illustrate the reduction
in background achieved by using the 2D-mp spectrum as a signal discriminant: had
we not directly measured mp and instead measured mpp, all the events in the m,-SB
would be directly contributing to our signal region. Lastly, the fitted pol(mr 1, mr )
surface is plotted in the lower right panel of Figure [8.12], which shows good agreement
with unity.

Nominal signal sample, I';(nom), I'y(nom). We perform a similar validation
for the nominal signal sample in the m,-SB, prior to unblinding. The expected and
observed 2D-mp spectra are shown in Figure [8.15] The corresponding unrolled 2D-
mp , and projected 1D-m distributions in the m,-SB and the blinded m,-SR regions
are shown in Figures |8.16| and [8.17], respectively. The plotting scheme is as described
earlier in the I'; (nom), I'; (inv) case.

In the unrolled figures, while the spectra are artificially sculpted by each region’s
view in the full 2D-mp , the projected 1D-mp spectra (lower panels) are mostly photon-
like but with some contributions from isolated n° — 4~ decays (Figure 8.17] lower
right) and possibly n — v decays (Figure [8.16] lower left). However, for the latter,
we caution that multiple merged n° decays contribute to a broad distribution in this
vicinity as well (see discussion in Section 7| and Appendix . That these resonant
decays are not completely suppressed by the identification criteria is unavoidable as
they belong to a subset of the jet phase space that bears a strong resemblance to the
a — vy topology. Notwithstanding, their presence provides confirmation of the mp
regressor working as intended. The fitted pol(mr 1, mr 5) surface is shown in the lower
right panel of Figure . We note that the agreement of the pol(mr 1, mr ) surface
with unity was observed to improve with increasing background statistics. We thus
attribute the mild slope to be consistent with the effects of finite statistics. These
are accounted for by introducing appropriate pol(mr ;,mr ) fit uncertainties in the
background model, as described in Section [8.3]
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Figure 8.12: Expected and observed 2D-my spectra for orthogonal v + jet-enriched
sample, I';(nom),'y(inv). Top left: observed 2D-my. Top right: expected 2D-
myp. Lower left: ratio of observed over expected 2D-mpy. Lower right: Fitted
pol(mr 1, mr5) surface between observed and expected 2D-my .
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Figure 8.13: Expected versus observed 2D-mp spectra in m,-SB for orthogonal v+ jet-
enriched sample, I'; (nom), I';(inv). Upper: unrolled 2D-my distribution. Lower: pro-
jected 1D-my distributions corresponding to the leading (left) and subleading (right)
photon candidate. The event yields agree by construction. In the upper panels of each
plot, the black points (Obs) are the observed data values, with error bars correspond-
ing to statistical uncertainties. The blue line corresponds to the background model,
with the blue band corresponding to its statistical uncertainties (Bkg, stat). The
systematic uncertainties associated with the background model, added in quadrature
with the statistical uncertainties, are shown as a green band (Bkg, stat+syst). The
goodness-of-fit (x®/dof) between the expected and observed distributions is also dis-
played. In the lower panels, the ratio of the observed over background value is shown
as black points, with error bars corresponding to statistical uncertainties in the for-
mer. The ratio of the statistical plus systematic uncertainties, added in quadrature,
over the background model, is shown as a green band.
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Figure 8.14: Expected versus observed 2D-myp spectra in m,-SR for orthogonal v+ jet-
enriched sample, I'; (nom), I'y(inv). Upper: unrolled 2D-mp distribution. Lower: pro-
jected 1D-my distributions corresponding to the leading (left) and subleading (right)
photon candidate. In the upper panels of each plot, the black points (Obs) are the
observed data values, with error bars corresponding to statistical uncertainties. The
blue line corresponds to the background model, with the blue band corresponding
to its statistical uncertainties (Bkg, stat). The systematic uncertainties associated
with the background model, added in quadrature with the statistical uncertainties,
are shown as a green band (Bkg, stat+syst). In the lower panels, the ratio of the ob-
served over background value is shown as black points, with error bars corresponding
to statistical uncertainties in the former. The ratio of the statistical plus systematic

uncertainties, added in quadrature, over the background model, is shown as a green
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Figure 8.16: Expected versus observed 2D-myp spectra in m,-SB for nominal signal
sample, [';(nom), I'y(nom). Upper: unrolled 2D-mp distribution. Lower: projected
1D-my distributions corresponding to the leading (left) and subleading (right) photon
candidate. The event yields agree by construction. In the upper panels of each plot,
the black points (Obs) are the observed data values, with error bars corresponding to
statistical uncertainties. The blue line corresponds to the background model, with the
blue band corresponding to its statistical uncertainties (Bkg, stat). The systematic
uncertainties associated with the background model, added in quadrature with the
statistical uncertainties, are shown as a green band (Bkg, stat+syst). The goodness-
of-fit (x*/dof) between the expected and observed distributions is also displayed. In
the lower panels, the ratio of the observed over background value is shown as black
points, with error bars corresponding to statistical uncertainties in the former. The
ratio of the statistical plus systematic uncertainties, added in quadrature, over the
background model, is shown as a green band.
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Figure 8.17: Expected 2D-mpspectra in m,-SR for nominal signal sample,
[y (nom), I'y(nom). Upper: unrolled 2D-my distribution. Lower: projected 1D-
myp distributions corresponding to the leading (left) and subleading (right) photon
candidate. In the upper panels of each plot, the black points (Obs) are the (blinded)
observed data values, with error bars corresponding to statistical uncertainties. The
blue line corresponds to the background model, with the blue band corresponding
to its statistical uncertainties (Bkg, stat). The systematic uncertainties associated
with the background model, added in quadrature with the statistical uncertainties,
are shown as a green band (Bkg, stat+syst). In the lower panels, the ratio of the
(blinded) observed over background value is shown as black points, with error bars
corresponding to statistical uncertainties in the former. The ratio of the statistical
plus systematic uncertainties, added in quadrature, over the background model, is
shown as a green band.
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8.3 Systematics

The systematics associated with this analysis contribute as either shape or normaliza-
tion uncertainties for either the background or signal 2D-m templates. Their various
sources and effect on these templates are discussed below.

8.3.1 pg re-weighting

Due to the sensitivity of the m, spectra of QCD jets to the underlying pr, an im-
portant step in the derivation of the background model is the application of a pp
re-weighting procedure (Section to match the 2D-pr distribution of the source
mg-SB events from which the background is derived to that observed for the tar-
get my-SR events we are trying to model. Since the re-weighting procedure relies
on the total 2D-pr distributions rather than the QCD-only component, i.e., dijet plus
~v+jet, that needs the fixing, this may potentially introduce a shape systematic on m,
if there are large discrepancies between the QCD-only and total 2D-py distributions.
As shown in Figure [8.18, within the limited available simulated statistics, we see no
evidence of this discrepancy being realized. While our photon identification criteria
already provides strong suppression of the most critical pp-dependent jet component,
it is nonetheless desirable to define a systematic that captures our confidence in the
total versus QCD-only 2D-pt agreement.

Nominally, the fraction of each my-SByy (nigh) in the combined 2D-py distribution
used as input for the p re-weighting (see Figure is determined by the relative
total event yields of each sideband. As calculated from Eq. (before accounting
for the H — ~y contribution), this gives fsg_jownom = 0-648.

Alternatively, we choose fsp.ow SO that the relative QCD-only event yields from
the mpy-SBioy (nigh), as determined from simulation, are in agreement with those in
the my-SR, modulo statistical uncertainties. If we denote the fraction of QCD events
in each mpr data region 7 as fqcep;, this amounts to the condition

facD-tow fsB-tow,att T fQeD-nigh (1 — fsBiow.nom) = fqop-sr & stat. uncert., (8.19)

where each foop,; is treated as a distribution following Poisson statistics. Solving for

fSB—low,alt gives

fsBaow.alt = Jacp-sr — Jepigh 4 stat. uncert. (8.20)

Jacn-tow = fQeD-high

We then define the one standard deviation upper (lower) shift in the background
model as the result of varying fep_jow by

fSB—low = fSB—low,nom + ’fSB—low,nom - fSB—low,alt" (821>

To estimate the QCD event yield, because of the limited QCD dijet statistics in
simulation and the relative availability of non-QCD simulated samples, we determine
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Figure 8.18: Reconstructed pr distributions for 2017 data versus my-SB-derived
simulation, with and without pr re-weighting. Top: data versus simulation, both
in mg-SR, for reference. Lower left: data in myz-SR versus simulation in mg-SB,
without py re-weighting. Lower right: data in myz-SR versus simulation in mg-SB,
with pp re-weighting. All simulated samples normalized to integrated luminosity in
data.
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the QCD event yield from the difference in the total data yield minus those from
non-QCD sources, as determined from simulation. The non-QCD sources include
simulated prompt diphoton production and H — ~v decays, and are normalized to
the corresponding integrated luminosity of the data. A breakdown of the event yields
for the major contributing processes is given in Table for the 2017 year of data-
taking. Due to missing simulated samples in the other years, only 2017 simulated
samples are used to estimate this systematic for the full Run II. The lower statistics
are accounted for in the statistical uncertainties, which is calculated as the sum in
quadrature of those in simulation plus data.

Nevents
Process Mp-SBiow  mp-SR - my-SByign
H— vy 6 1162 0
Yy 65,192 108,746 57,852
QCD, total 191,712 245,856 85,941
v+ jet 132,445 178,341 66,320
dijet 59,267 67,516 19,622
Total 256,910 355,764 143,794

Table 8.4: The data-normalized yields for simulated background events, per process,
per my control region, for 2017 data-taking. The QCD yield is further broken down
into v + jet and dijet components. Note: since QCD processes have the largest
theoretical cross section uncertainties, only the normalization of the QCD components
are adjusted to achieve overall normalization with data.

Using this procedure, we calculate fspiow = 0.648 £ 0.025, including statistical
uncertainties. The size of this systematic in the background uncertainty is illustrated
in Figure as an overlay (green band) on the background model.

8.3.2 Background parametrization

In Section [8.2.2] we described how the my-SB-derived 2D-mp background model is
scaled by a polynomial pol(myr ;, mr ) to optimize and provide a handle on the sys-
tematic uncertainties of the background modeling. To each of the best-fit polynomial
parameters p;, ¢ € [0, 2], is associated an uncertainty that can impact the shape of the
2D-mp background template. In general, these parameter uncertainties are correlated
and must be projected onto a linearly independent basis in order to obtain indepen-
dent handles on the background model. In practice, this is done by calculating the
covariance matrix of the fit and solving for the eigenvalues. The eigenvectors {e;}
form a linearly independent reparametrization of the fit with (uncorrelated) eigen-
variations \; given by the square root of the eigenvalues. An uncertainty envelope
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Figure 8.19: Systematic uncertainty in the background model due to p re-weighting
procedure in the m,-SR. Upper: unrolled 2D-m distribution. Lower: projected 1D-
myp distributions corresponding to the leading (left) and subleading (right) photon
candidate. In the upper panels of each plot, the black points (Obs) are the (blinded)
observed data values, with error bars corresponding to statistical uncertainties. The
blue line corresponds to the background model, with the blue shaded area correspond-
ing to its statistical uncertainties (Bkg, stat). The uncertainty due to the systematic
of interest is shown as a green band (Bkg, syst). In the lower panels, the ratio of the
(blinded) observed over background value is shown as black points, with error bars
corresponding to statistical uncertainties in the former. The ratio of the statistical
plus systematic uncertainties, added in quadrature, over the background model, is
shown as a green band.
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in the shape of the background template with respect to each eigenvariation j can
then be obtained by varying the nominal best fit vector by p — p & A;e; in the
parametrized background model, for each eigenvariation. The resulting shift in the
background model with respect to each eigenvariation is then treated as a separate
shape uncertainty in the background model, with a distinct systematic introduced for
each eigenvariation. The effect of the leading eigenvariation Ay on the shape of the
2D-mp background model is shown as a green band around the nominal background
shape (blue line) in Figure [8.20]

As each eigenvariation tends to affect different bins of 2D-m to different extents,
its impact on analysis sensitivity depends on the signal m, under consideration. For
instance, while \; has an outsize impact on sensitivity for m, ~ 100 MeV, its impact
on the other m, hypotheses is negligible.

8.3.3 H — ~+ template fraction

The fraction fy_,,, of the H — ~v 2D-m template relative to the total background
template, as derived in Section [8.2.2] carries an uncertainty due to the parameters
used to calculate it, as described in Section [8.2.2] While the uncertainty is associated
with the yield, or normalization, of the H — v~ 2D-my shape template, because the
H — ~v template is embedded into the total background model, in general, varying
the yield of the H — ~~ template introduces an uncertainty in the shape of the total
background model. A shape systematic in the background model is thus required to
account for this effect.

The uncertainty in the H — ~v yield is driven by theoretical uncertainties in
the total SM Higgs boson production cross section o(H) = 51.947334 pb [73], and
the approximation used in deriving the selection efficiency e(H — v, m,|mg-SR N
m,-SB) using simulated events from only the gluon-fusion production mode. Since
the gluon fusion production mode of the Higgs boson involves no associated jets, it
is likely to have the highest selection efficiency of the other production modes. A
lower limit on the total o(H) x e(H — ~7, m,|myg-SR N m,-SB) thus occurs when
the selection efficiencies of the other production modes are zero, or equivalently, when
both cross section and efficiency are evaluated at their gluon fuson-only values. Under
this simple but conservative scheme, we need only vary the value of ¢(H), upto the
theoretical uncertainties on the upper end, and upto the the gluon-fusion-only value,
o(H)(gg — H) = 43.92pb, on the lower end. The resulting uncertainty in fy_,.. is
then (—14%, +9%), which we use to vary the background model with respect to this
systematic.

8.3.4 Luminosity uncertainty

The accuracy with which the CMS luminosity monitors can be calibrated to measure
the LHC beam luminosity at the interaction point carries some uncertainty. This
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Figure 8.20: Systematic uncertainty in the background model due to leading
pol(mr 1, mr,) eigenvariation in the m,-SR. Upper: unrolled 2D-my distribution.
Lower: projected 1D-mp distributions corresponding to the leading (left) and sub-
leading (right) photon candidate. In the upper panels of each plot, the black points
(Obs) are the (blinded) observed data values, with error bars corresponding to statis-
tical uncertainties. The blue line corresponds to the background model, with the blue
shaded area corresponding to its statistical uncertainties (Bkg, stat). The uncertainty
due to the systematic of interest is shown as a green band (Bkg, syst). In the lower
panels, the ratio of the (blinded) observed over background value is shown as black
points, with error bars corresponding to statistical uncertainties in the former. The
ratio of the statistical plus systematic uncertainties, added in quadrature, over the
background model, is shown as a green band.
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translates to an uncertainty in the normalization of the signal templates which are
scaled to match the total integrated luminosity of the corresponding data sample,
as given in Eq. 8.I] The estimated yield uncertainties in the signal template due to
this effect are given in Table The uncertainties are broken down by run period

Type 2016 2017 2018
Uncorrelated 1.0% 2.0% 1.5%
Correlated 0.6% 0.9% 2.0%
Correlated, 2017-2018 . 0.6% 0.2%

Table 8.5: Relative uncertainty in the LHC integrated luminosity affecting yield in
simulated signal templates, broken down by year (columns) and type (rows).

and type, based on whether or not the underlying effects are correlated between the
different periods.

8.3.5 Photon ID scale factor uncertainty

As discussed in Section scale factors (SFs) are introduced into the signal model
to correct for the differences in selection efficiency in data versus simulation under
the photon identification criteria. The tag-and-probe method used to calculate the
number of passing and failing electron probes in each sample are determined using
analytic fits on the Z — eTe™ mass spectrum. To account for the uncertainty in the
choice of fit functions, alternative functional forms are used. The difference in the
calculated number of passing and failing electron probes using the alternate versus
the nominal fit functions are then used to define a systematic uncertainty for the SF's.

The uncertainties, like the SFs, are calculated as a function of (pr,n). In general,
these uncertainties may impact the shape of the 2D-my signal template. Alternate
signal models are therefore generated using SF's identically shifted up or down by one
standard deviation. The size of the uncertainty in the SFs are shown as error bars
on the nominal SF in the lower panel of Figure [8.4] as a function of pt and 7.

8.3.6 HLT trigger scale factor uncertainty

Similarly, SF's are also introduced into the signal model to correct for the differences
in selection efficiency in data versus simulation under the HLT diphoton trigger. This
also uses the tag-and-probe method to calculate the number of passing and failing
electron probes in each sample via analytic fits on the Z — e e™ mass spectrum. To
account for the uncertainty in the choice of fit functions, alternative functional forms
are also used. The difference in the calculated number of passing and failing electron
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probes using the alternate versus the nominal fit functions are then used to define a
systematic uncertainty for the SFs.

The uncertainties, like the SFs, are calculated as a function of (pr,n, Ry). In
general, these uncertainties may impact the shape of the 2D-m signal template. Al-
ternate signal models are therefore generated using SF's identically shifted up or down
by one standard deviation. The size of the uncertainty in the SFs can be found in [74].

8.3.7 my regressor scale & smearing

While the 2D-mp background model is derived from data, the 2D-mp signal model
is derived from simulation. A shape systematic is thus needed to account for any
differences in the m regressor response due to differences in how the detector response
is modeled in simulation relative to data. We parametrize this difference in terms of
a relative Gaussian scale and smearing shift applied to each photon candidate in each
event of the 2D-m signal model, based on the photon candidate’s pseudorapidity.

Using the my spectra of Z — ee™ electrons in data and simulation, and following
the estimation procedure described in Section we derive separate scale and
smearing estimates for each year and n range as binned in: || < 0.5 (central),
0.5 < || < 1.0 (middle), and 1.0 < || < 1.44 (forward). In Table [8.6] we recount
the results from that section here, for convenience.

n 2016 2017 2018

In| < 0.5 $ 1.004 1.046 1.012
S 6 MeV - 2 MeV
05<|n| <1.0 S4me 0978 1.032 1.018
$
$
$

scale 1.002 1.056 1.048
10 MeV - _

1.0 <|n| <1.44

Table 8.6: Estimated mp regressor scale and smearing differences between data
and simulation, derived separately for different years and n ranges. Parameters are
scanned in steps of (Asgae = 0.002, Asgpear = 2MeV).

We define a one-sided shape systematic (i.e. shift or no shift) to account for the
estimated scale, and separately, smearing differences. For each systematic, the shifted
distributions are constructed using the appropriate values for each year and n range
and are then lumped together as a single nuisance parameter in the likelihood fit (see
Section [9.1)).

We clarify that the derived mass scale and smearings are not applied as corrections
to the signal model and are used solely to define systematic shifts. For reference, the
size of the scale-only systematic for the m, = 400 MeV signal model is shown as an
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uncertainty overlay (green band) in Figure . As noted earlier in Section ,
while the scale systematic uncertainties in the mass tails can be large, they are sub-
dominant to the statistical uncertainties, as seen in the ratios in the lower panels of
each plot in Figure [8.21]
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Figure 8.21: Systematic uncertainty in the signal model due to the mp regressor scale
systematic in the m,-SR. Upper: unrolled 2D-mp distribution. Lower: projected 1D-
mr distributions corresponding to the leading (left) and subleading (right) photon
candidate. In the upper panels of each plot, the black points (H — aa — 4v)
outlining the gray region denote the signal model, with error bars corresponding
to statistical uncertainties. The associated systematic uncertainties (Sg, syst) are
shown as a green band. The background model is shown as a blue line, with its
statistical uncertainties indicated by the blue band. In the lower panels, the ratio
of the statistical (gray band) and systematic (green band) uncertainties in the signal
model, over the nominal values is displayed.

8.3.8 Summary

An overview of the relative size of each the above systematics in the 2D-myp signal or
background model is given in Table 8.7 Note that since the signal model falls off
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away from the mass peak, the uncertainties in these regions will tend to be erratic
and eventually diverge. For clarity, only mass bins above the half-maximum of the
signal mass peak are considered in the quoted signal model uncertainties.

An overview of the relative size of each the above systematics in the 2D-m signal
or background model is given in Table 8.7} Code names for each systematic, as they
appear in the following sections, together with a human-readable description, are
also provided. Note that since the signal model falls off away from the mass peak,
the uncertainties in these regions will tend to be erratic and eventually diverge. For
clarity, only mass bins above the half-maximum of the signal mass peak are considered
in the quoted signal model uncertainties.

Systematic Description Rel. Uncert. (%)
prop_binh4gx Bin-by-bin statistical uncertainties, bkg model 2 — 13
bgRewgtPolEigen* pol(mr 1, mr ) eigenvariation \; for i € [0,2] <1
bgFracSBlo Fraction of my-SB,,,, template, fsp_iow <1
bgFracHgg Fraction of SM H — ~v template, fy_,,, <1
prop_binh4gx Bin-by-bin statistical uncertainties, sg model 1 —4
lumi_13TeV* LHC integrated luminosity ~ 1
preselSFx* photon ID MC scale factors ~1
h1tSFx* HLT trigger MC scale factors <1
mGamma_scalex* mp regressor mass scale < 26
mGamma_smear * mp regressor mass smearing <2

Table 8.7: Range of relative uncertainties for systematic uncertainties in background
(upper rows) and signal (lower rows) models. Left: systematic code name, as used in
statistical analysis tools, relevant for the following sections. Center: human-readable
description of the systematic. Right: range of relative uncertainties (Rel. Uncert.)
per bin in 2D-mp . For clarity in the signal systematics, only 2D-m bins with values
above half-maximum are used.
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Chapter 9

Results

This chapter details the results of the hypothesis testing procedure comparing the
compatibility of the observed data with the background-only versus signal plus back-
ground hypotheses. In Section[9.1], prior to unblinding the final signal region, mz-SR N
m,-SR, the analysis sensitivity is estimated in terms of the expected upper limit on
excluded signal strengths, obtained by comparing the signal plus background hypoth-
esis with the background-only one, in the final signal region myz-SR N m,-SR. In
Section [0.2] the unblinding is performed and the observed upper limit on excluded
signal strengths is determined by comparing the signal plus background hypothesis
with the actual, observed data distribution in the mg-SR N m,-SR. The latter con-
stitutes our final analysis result, and is expressed in terms of the branching fraction
B(H — aa — 4+) for the total signal process.

9.1 Expected sensitivity

In this section, we estimate the sensitivity of the signal and background models, devel-
oped in the previous chapters, to the detection of a signal in data. The presence of a
signal is determined using a statistical hypothesis test, where the SM background-only
model (B) is taken as the null hypothesis, and the BSM signal (S) plus background
model, 7S + B, is taken as the alternative hypothesis, for some signal strength mod-
ifier or scaling parameter r. The maximum likelihood estimation (MLE) method is
used to construct a test statistic for the hypothesis test by extracting the best-fit
signal strength from the data in the final signal region, my-SR N m,-SR. In the
event of an excess consistent with a signal contribution, the statistical significance of
the detection is calculated. Otherwise, the CL; method [67] is used to express the null
result in terms of an upper limit on excluded signal strengths. To protect against po-
tential downward fluctuations in the observed data distribution that may incorrectly
fit a signal, the CL,method only measures the degree of compatibility between the
observed data and the 7S 4+ B hypothesis, relative to the B-only hypothesis. The
lower the excluded signal strength, the more stringent a constraint is placed on viable
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cross sections for the H — aa — 4+ process. The above procedure is then repeated
for each signal mass hypothesis under consideration, i.e., m, = [0.1, 1] GeV in 0.1 GeV
steps.

Prior to unblinding the data in the final m;-SR N m,-SR signal region, the
background-only distribution in the same region is used as a proxy. In this case,
the limit on the signal strength is denoted the expected upper limit, while upon
using the actual observed data, it is denoted the observed upper limit. The latter
constitutes the final result of this analysis. Expected and observed upper limits on
signal strengths are calculated for each signal mass hypothesis (assuming no excess).

This section deals primarily with the blinded data. For simplicity, “observed
data” in this section is taken to mean the background-only distribution being used as a
proxy. In Section the MLE method for constructing the hypothesis test statistic
and extracting the signal strength is introduced. In Section[9.1.2] we asses the impact
of the systematic uncertainties on the extracted signal strength. In Section [9.1.3]
signal extraction tests are performed on various signal-depleted control regions to
validate our background estimation procedure. Then, in Section [9.1.4] we assess the
impact of the systematic uncertainties on the final analysis sensitivity. Finally, the
expected analysis is summarized in Section[9.1.5] The results for the actual unblinded
data are presented in the following Section [9}

9.1.1 Maximum likelihood estimation (MLE)

The primary framework used in this analysis for the detection of a signal is that
of the statistical hypothesis test [66]. The SM background-only (B) model is inter-
preted as the null hypothesis while the BSM signal-plus-background (rS + B) model
is interpreted as the alternative hypothesis, for some unknown signal strength scaling
parameter or modifier r, representing the production cross section of the signal pro-
cess. A prescription for testing whether the observed data favors one model or the
other is provided by the MLE method [67]. In the MLE approach, the test statis-
tic used to discriminate between competing hypotheses is based on the ratio of the
likelihoods of the given observation under the competing hypotheses, which, per the
Neyman-Pearson lemma, is the most powerful discriminant that can be used. The test
statistic is then maximized with respect to the signal strength modifier to determine
the value most compatible with data.

The first step in the MLE process is the construction of the likelihood function.
Since this analysis is a counting experiment over several bins 7 in 2D-my , a so-called
“shape” analysis, the likelihood is modelled as the product of Poisson probabilities
over the bins i, P(n;rS;(@ + B;(0)), for observing n; events in bin 4, given the
H — aa — 4v predicted yields r.S; plus the expected SM-only yields B;. To account
for the systematic uncertainties that affect our knowledge of these yields, for each
systematic j, a constraint is introduced into the likelihood that allows the signal and
background yields to deviate from their nominal values, subject to some cost on the
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likelihood. Specifically, a penalty term in the form of a normal or log-normal distri-
bution p(@ |0;,0;) is introduced for each systematic. A Bayesian interpretation for
these penalty terms is followed, where the systematic strength modifier 6; regulat-
ing the cost is associated with the distribution’s mean, evaluated at 6~j = 0, with
standard deviation o; = 1. The addition of systematic uncertainties thus introduces
auxiliary parameters into the likelihood, known as nuisance parameters (NPs), over
which the likelihood will also need to be maximized in order to determine the best-fit
signal strength. The likelihood function modified in this way is known as the profile
likelihood and takes the form

L(nlr,0) = [] Plrs,(e ) x J] »(0l6;,1) (9.1)

7 € bins J € systs

We note that bin-by-bin statistical uncertainties are treated as nuisance parameters
in the same way that systematic uncertainties are. They differ only in the set of bins
which they affect (individual versus all bins, respectively). For this reason, in what
follows, “systematic uncertainties” are to be understood as including both statistical
and systematic uncertainties, unless they are otherwise distinguished.

Having defined the likelihood function, the next step in the MLE process is to
construct the hypothesis test statistic. Following the Neyman-Pearson lemma, the
likelihood ratio-based test statistic ¢,, evaluated for a given r, is given by

<r<r (9.2)

where the numerator £(n|r,8,) is the likelihood in Equation [9.1] conditioned on the
given r and evaluated at its maximum (i.e. at the best-fit ér), and the denominator
L(n|r,0) is the likelihood of Equation evaluated at its unconditioned maximum
(i.e. at the best-fit (7,0)). To perform the hypothesis test, one needs to know the
probability distribution of possible test statistic outcomes for a given r, f(gG,|r). De-
termining this distribution, however, requires running multiple pseudo-experiments
on toy models that sample the {6;} parameter space of the profile likelihood in Equa-
tion and repeating this for every r to be studies. Fortunately, in the limit of large
bin countsﬂ, as is the case in this analysis, f(g,|r) approaches a x? distribution, as
given by Wilk’s theorem. Asymptotic formulas thus exist to quickly and analytically
determine f(g,|r), as implemented in the Higgs combine software package [67].

In the event of a non-zero best-fit signal strength, to quantify the significance of
the signal, the value of the resulting test statistic, ¢;, is compared with the probability
distribution of the test statistic under the background-only hypothesis, f(G,|0). In
particular, the right-side tail probability P(¢, > ¢:|0) is calculated, otherwise known

1Speciﬁcally, in the limit the Poisson distribution modeling the bin counts can be approximated
as a Gaussian distribution, which underlies the bin counts of the X2 distribution.
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as the p-value for the observation given the background-only hypothesis, p-val(obs|B).
The p-value is thus to be understood as the probability of obtaining a test static
value more deviant (greater) than that observed in the data, assuming the B-only
hypothesis. As a matter of convention, this p-val is often recast in terms of the tail
probabilities of an equivalent standard normal distribution, giving the famed “No”
criteria of detection significance.

For any best-fit signal strengths with a detection significance less than 3o, the
result is interpreted as a statistical fluctuation consistent with the SM B-only hy-
pothesis. In this scenario, the non-detection is interpreted as an upper limit on signal
strengths ruled out by the analysis, following the CL,prescription [67]. In addi-
tion to p-val(obs|B), the CLg method requires scanning over different signal strengths
hypotheses and determining the corresponding p-values, p-val(obs|rS + B). The
CLg metric is then given by

p-val(obs|rS + B)
CLs =

1 — p-val(obs|B)
While strictly not a p-value itself, the CL, metric is nonetheless used in a similar way
to define confidence levels of excluded signal strengths. From the scan in r, signal
strengths » > r, such that CL, < «, are said to be excluded by the data upto a
confidence level of 1 — a.. That is, 7, is the upper limit on signal strengths excluded
at the 1 — « confidence level. In particular, the excluded signal strength at the 95%
confidence level is denoted 7 5.

Reporting exclusion limits, however, as done in later sections, requires taking the
above procedure a step further. In order to report the median expected upper limit
and its corresponding +1, 20 confidence intervals—the so-called Brazilian plots—the
probability distribution over ry s needs to be determined. This requires running
pseudo-experiments on toy data sampled from the background-only hypothesis, and
calculating CL and 7y g5 again for each. Once this probability distribution over r o5 is
obtained, the median expected upper limit is defined as the ry o5 with 50% cumulative
probability, and the 1 and 20 confidence intervals, those with 68% and 95% cumulative
probability, respectively. These confidence intervals are not to be confused with the
confidence levels used as CLgthresholds in the individual pseudo-experiments. For
simplicity, since only the median expected upper limit is ever reported, going forward,
“expected upper limit” or “rg 5" is to always be understood as the median expected
upper limit on excluded signal strengths at the 95% confidence level.

As opposed to traditional p-value formulations, the CLgapproach has two main
advantages that let it err on the side of caution. As noted earlier in the section, it
protects the analysis from a potential downward fluctuations in the observed data
distribution that may incorrectly fit a signal, and make a false discovery. By the
same vein, it also protects the analysis from excluding signal strengths for which it
has no sensitivity to distinguish from B-only.

Pior to unblinding, the MLE method is primarily used to define a set of metrics and
tests for evaluating the expected analysis sensitivity, given the signal and background

(9.3)
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models and their uncertainties. In the following subsections, we study the impact
of the model uncertainties on the extracted signal strengths, and later, the median
expected upper limit on excluded signal strengths. The final expected exclusion limits
are given at the end of this section.

9.1.2 Impacts

We now calculate a few instructive metrics to evaluate the effect each systematic
uncertainty has on the best-fit signal strength 7 from the likelihood fit. These are
calculated by assuming a signal strength modifier of » = 1, to reveal any biases the
systematics might introduce into the likelihood fit—and thus the extracted best-fit
7—in the presence of a signal. We then run pseudo-experiments: using MC methods,
we generate observed distributions corresponding to the background model but with
input systematic strength modifiers {#;} randomly sampled from their respective dis-
tributions p(016;, 1)E|, or so-called Asimov data sets. For each pseudo-experiment, we
re-fit the likelihood for the best-fit signal strength 7 and best-fit systematic strengths
éj, and use these to populate impact and pull distributions, respectively, correspond-
ing to the differences between the best-fit value and the input value.

The pull and impact distributions are shown below for the leading thirty sys-
tematics by impact, for the m, = 100 MeV (Figure , 400 MeV (Figure , and
m, = 1 GeV (Figure signal hypotheses. As a matter of convention, in all impact
plots, the signal models at each mass hypothesis have been normalized to the median
expected upper limit at the 95% confidence level, r o5, for that mass hypothesis. A
dictionary for the naming convention used in these plots is provided in Table [8.7]

At the m, ~ 100 MeV mass hypothesis (Figure, the largest impact to the best-
fit signal strength (right panel) comes from the leading pol(mr 1, mr 5) eigenvariation
Ao (top row), roughly corresponding to the uncertainty in the overall normalization of
the background model. Since this low-m, region of the 2D-m plane has the highest
background contamination, even a small uncertainty in the background normaliza-
tion here can have an outsize effect on the measured signal strength. Indeed, from
Table [8.7] the relative uncertainty in any one individual 2D-my bin due to variations
in any of the pol(mr 1, mr ) parameters is < 1%. Compounding this effect, however,
is the fact the m, ~ 100 MeV mass resonance is the most difficult to reconstruct. As
seen in Figures [8.1H8.3] the mass peak at this regime is at its broadest and, for the
same signal cross section, is much smaller than the background yield in its vicinity.
Since the pol(mr 1, mr») uncertainties act as “catch-alls” for any lingering, resid-
ual background mismodeling, their magnitude and ranking in the impacts (first and
third) are consistent with what we expect for a data-driven background model amid
a challenging signal. The second-ranking impact, the fraction fqp ., associated with
the pp re-weighting procedure, is also data-driven. This suggests that there are no

2Computationaully, this is equivalent to just sampling from p(6,]0,1)
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Figure 9.1: Impact of the top thirty systematics on the best-fit signal strength (right
panel) for likelihood fits with the m, = 100 MeV signal model. The corresponding
pull distributions are shown in the left panel. The signal model is normalized to the
median expected upper limit at 95% confidence, rq o5, for this mass hypothesis. The
naming convention follows the one given in Table , but with CMS_h4g_ prepended.
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Figure 9.2: Impact of the top thirty systematics on the best-fit signal strength (right
panel) for likelihood fits with the m, = 400 MeV signal model. The corresponding
pull distributions are shown in the left panel. The signal model is normalized to the
median expected upper limit at 95% confidence, rq o5, for this mass hypothesis. The
naming convention follows the one given in Table , but with CMS_h4g_ prepended.
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Figure 9.3: Impact of the top thirty systematics on the best-fit signal strength (right
panel) for likelihood fits with the m, = 1 GeV signal model. The corresponding pull
distributions are shown in the left panel. The signal model is normalized to the
median expected upper limit at 95% confidence, rq o5, for this mass hypothesis. The
naming convention follows the one given in Table , but with CMS_h4g_ prepended.
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particularly dominant systematics affecting the background model, other than the sta-
tistical fluctuations in the data-driven workflows of the background estimation. The
remaining rankings in the impact at m, = 100 MeV are the independent, bin-by-bin
statistical uncertainties.

In terms of the pulls (left panel), we observe no significant shifts in the pull
distributions that would suggest a systematic is biasing the likelihood fit. We do note
that the statistical uncertainties are all uniformly slightly under-constrained. We
attribute this to the correlation with the pp re-weighting systematic fqp . Since
the choice of fep.w affects the weights with which events in the my-SBs are used to
fill the background model, we expect the resulting bin-by-bin statistical uncertainties
in the background model to be correlated with variations in fgp_o,. While not visible
in the top 30 impacts, as noted in Section the mp regressor scale and smearing
uncertainties are one-sided, by construction, and thus their impacts are one-sided as
well.

The impact plots for the remaining mass hypotheses (Figures are domi-
nated by the individual bin-by-bin statistical uncertainties. We attribute the less dra-
matic impact of the pol(mr ;, mr5)-induced uncertainties to the relatively stronger
significance and yield of the signal relative to background at these mass regimes. The
broad conclusion, however, is the same, namely, that the uncertainty in the best-fit
signal strength is dominated by statistical uncertainties, either indirectly through the
data-driven workflows of the background estimation, or directly from the bin-wise
statistical uncertainties. We do not observe any shifts in the pull distributions at
these m, hypotheses either.

9.1.3 Control region signal extraction tests

To validate the entire analysis chain, we perform a full signal extraction test on various
unblinded control regions of the data. Since we expect these regions to be signal-
depleted, the measurement of a statistically significant signal at any mass hypothesis
in these regions would be an indication of a potential bias in one or more of the
underlying components of the analysis. In particular, such a check can test the
quality of the background modeling: if a correlated and sustained significance above
30 is observed between neighboring mass hypotheses, this may suggest a potential
weakness in the background model. It is worth noting, however, that, due purely
to statistical fluctuations, crossings above 30 are to be expected, even with a well-
modeled background, a phenomenon known as the look elsewhere effect [75].

The results of the extracted signal significance are shown in Figure [9.4] Three
validation regions are chosen, utilizing the available unblinded regions in the m,-SB of
the nominal selection (I'; (nom), I'y(nom), see Section nd the m,-SB or m,-SR
of the inverted selection (I'; (nom), I';(inv), see Section [8.2.3)), using the unrolled 2D-
myp . In all three cases, the signal model from the final signal region, the m,-SR with
the nominal selection, is used, otherwise no signal peak would be present. The top
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plot shows the extracted signal significance for the observed distribution with the
nominal selection in the m,-SB versus the background model of the same plus signal
model of the nominal selection in the m,-SR. The middle plot corresponds to the
observed distribution with the inverted selection in the m,-SB versus the background
model of the same plus signal model of the nominal selection in the m,-SR. In both
cases, we see no statistically significant excess in the observed distribution over the
background. One caveat in these two plots, however, is that the unrolled 2D-mp of the
signal model, which comes from the m,-SR rather than the m,-SB that the observed
and background distributions come from, is directly and naively overlaid onto the
latter distributions. As such the signal bins do not correspond to the same physical
bins in the original 2D-my plane, and the bin alignment between the distributions is
entirely artificial. Of course, only so much can be done without unblinding the final
signal region. Alternatively, we consider the observed versus background distributions
in the m,-SR of the inverted selection, even though these correspond to an orthogonal
selection, with, again, the signal model from the nominal selection in the m,-SR. In
this case, the bin alignment between the distributions is physically valid, even though
the underlying event selections differ. These are shown in the bottom plot, in which
we see no statistically significant signal contribution as well.

9.1.4 N-1 expected upper limits

To complement the study of the impact of each systematic on the best-fit signal
strength 7, we perform a study of the impact that each systematic ultimately prop-
agates to the expected upper limit on the signal strength, the primary metric of
analysis sensitivity. For each m, hypothesis, we alternately remove one systematic
at a time, and for each, re-calculate the expected upper limit on the signal strength
roos- Lhe fractional change in the expected upper limit for each N — 1 systematic
scenario, relative to the nominal N-systematics case (7(s5), is then calculated. The
results are shown in Table 0.1 While the impact of the statistical category appears
to dominate the N-1 expected upper limits across the m, hypotheses, to be precise,
each bin in 2D-mp must be treated as an independent systematic and thus the cate-
gory represents the effect of several bin-by-bin uncertainties, each of which is in fact
sub-dominant to any one of the other systematics, as suggested by the previous im-
pact plots in Figures [0.1{9.3] The results are strongly consistent with our findings
from the impact studies. For all the mass hypotheses, the expected upper limits
are most sensitive to statistical uncertainties, followed by systematics uncertainties
representing data-driven workflows. As was the case in the impact studies, the mag-
nitude of the decrease in sensitivity varies with the relative significance and yield of
the signal versus the background at a particular mass regime. Notably, despite the
mp regressor scale and smearing systematics showing large bin-by-bin uncertainties
in Table [8.7] their effect on the expected upper limit is ultimately negligible. We thus
conclude that the analysis sensitivity is primarily constrained by the effects of finite
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Figure 9.4: Results of the signal significance extraction in the validation regions as
a function of m, hypothesis. Top: observed distribution with the nominal selection
(I'y(nom), I';(nom)) in the m,-SB versus the background model of the same plus
signal model of the nominal selection in the m,-SR. Middle: observed distribution
with the inverted selection (I';(nom), I'y(inv)) in the m,-SB versus the background
model of the same plus signal model of the nominal selection in the m,-SR. Bottom:
observed distribution with the inverted selection (I';(nom),I'y(inv)) in the m,-SR
versus the background model of the same plus signal model of the nominal selection
in the m,-SR.
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m

N-1 systematic 100 MeV 400MeV 1GeV
Bin-by-bin statistical uncertainties. 0.24 0.37 0.37
pol(mr 1, mr ) eigenvariation Ag 0.15 0.01 0.02
pol(mr 1, mr o) eigenvariation A 0.05 0.03 0.02
pol(mr 1, mp ) eigenvariation A, - - -
Fraction of my-SB,,,, template, fspjow 0.07 0.01 -

Fraction of SM H — ~v template, fy_,., - - -

LHC integrated luminosity - - -
photon ID MC scale factors - - -
HLT trigger MC scale factors - - -
mp regressor mass scale - - -
mp regressor mass smearing - - -

Table 9.1: The relative change in the median expected upper limit on the signal
strength (A7/7), from the removal of a single systematic uncertainty (N-1 system-
atic, listed on each row) in the MLE, for various m, hypotheses. The top rows list
systematics affecting the background model, while the lowers rows, those affecting
the signal model.
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data, either directly in the form of bin-by-bin statistical uncertainties, or indirectly
via uncertainties in the data-driven background estimation workflows. Improving the
mass resolution of the mp regressor, especially at low-m,, may offer some opportunity
to minimize these effects.

9.1.5 Expected upper limits

We summarize the results of the previous study of the effect of the systematics on
the median expected upper limit at the 95% confidence level by presenting these over
the full considered mass range of m, = [0.1,1.2] GeV, in 0.1 GeV steps. These are
shown in Figure 9.5 with limits expressed in terms of the total H — aa — 4+ signal
branching fraction, B(H — aa — 4+). In addition to the median expected value (blue
dashed curve), the 1, 20 confidence intervals (green and yellow bands, respectively)
are also displayed, calculated using the same CL,method. For comparison, the mea-
sured H — v branching fraction [6], B(H — v7) = (2.27 x 10%) x 1207013, is also

plotted (purple band).
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Figure 9.5: Median expected (blue dashed curve) upper limits on excluded H —
aa — 4+ signal strengths, at the 95% confidence level (CL). The limits are expressed
in terms of the total H — aa — 4~ branching fraction B(H — aa — 4v) and
evaluated for the signal mass hypotheses m, = [0.1,1.2] GeV, in 0.1 GeV steps. The
68% (%1 std. deviation) and 95% (£2 std. deviation) confidence intervals around
the median expected upper limits are shown as green and yellow bands, respectively.
The measured BR(H — ~7), including uncertainties, is shown as a purple band for
comparison.

The analysis is expected to be most sensitive at around m, ~ 400 MeV, gradu-
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ally weakening as one approaches either side of the m, € (0.1,1.2) GeV range. This
trend is the result of an interplay between competing effects influencing the signal
significance as a function of m,. The first is the size of the background contribution,
primarily from photons, which, as shown in Figure |8.17, is largest at mp ~ 0, and
falls off by nearly an order of magnitude toward higher my. The second is the event
selection efficiency. The criteria in the diphoton trigger (see Chapter @, originally
optimized for photon selection, give the highest selection efficiency for highly-merged
low-m, decays, but considerably poorer efficiency for high-m, decays. This is ex-
acerbated by the underestimation of the pr and the mpp, causing further losses to
accumulate under the event selection criteria. Finally, there is the mp resolution
reconstructed by the mp regressor. At low-m,, where the a — 7~ is most boosted
and most difficult to reconstruct, the relative mass resolution is at its poorest (see
Section . The relative resolution then improves with increasing m, as the a — vy
opening angle increases, and begins to plateau around m, = 400 MeV. The signal
significance at m, ~ 400 MeV thus occupies an optimal point where these competing
effect conspire to give the best signal significance. From there, the signal significance
weakens to either side as one effect or another begins to dominate over the others.

The median values of the expected upper limits on excluded signal strengths
(dashed line) correspond to branching fractions in the range of B(H — aa — 4v) =~
(0.8, 4) x 107? over the m, hypotheses, comparable to, or smaller than, the observed
SM H — v branching fraction of B(H — ~v) = 2.27 x 10~°. As noted in Section ,
the H — 4 coupling measurement [0], insofar as its event selection criteria overlap
with ours, sets an effective upper bound on allowed H — aa — 4+ contributions at
low-m,, where the H — aa — 4+ resonance would be largely buried with the SM
H — ~7 resonance. At m, = 400 MeV, where the a — 77 decay is more likely to
have been excluded by the standard H — ~+ photon identification criteria, less mea-
surements exist to constrain a H — aa — 4+ contribution. Our sensitivity, therefore,
is competitive with realistic values likely still allowed by existing constraints. We
are also the only analysis able to set constraints for H — aa production below the
dimuon production threshold (m, < 250 MeV). Assuming B(a — y7) ~ 1, our limits
are, over all considered m,, an order-of-magnitude more sensitive than conservative
theoretical estimates for the H — aa production cross section [g].

9.2 Observed results

In this section, the data in the final signal region is unblinded and we present our
final results and offer our interpretation. In Section [9.2.1] we present the unblinded
counterpart of the studies assessing the impact of the systematics on the extracted
best-fit signal strength. We then perform goodness-of-fit tests between the unblinded
data and the best-fit 7S + B model in Section [9.2.2] In Section [0.2.3] the unblinded
data distribution in the mg-SR N'm,-SR is shown against the background distribution

160



with the best-fit parameters from the likelihood fit. The results of the search are then
summarized in terms of upper limits on excluded signal strengths in Section[0.2.4] A
discussion of how robust these results are in light of assumptions made in the search
is then given in Section [9.2.5]

9.2.1 Impacts

The pull and impact distributions in the final signal region are shown for the leading
thirty systematics by impact, for the m, = 100MeV (Figure , 400 MeV (Fig-
ure , and m, = 1GeV (Figure signal hypotheses. As a matter of convention,
in all impact plots, the signal models at each mass hypothesis have been normalized
to the median expected upper limit at the 95% confidence level, r o5, for that mass
hypothesis. The extracted signal strength is given in the top right. A dictionary for
the naming convention used in these plots is provided in Table [8.7]

The impact rankings are consistent with those expected from the Asimov data
set in Section We see no evidence of statistically significant pulls (left panel)
for any of the systematics. For all but the m, = 400 MeV signal hypothesis, we find
the best-fit signal strength to be consistent with no signal and, indeed, a downward
statistical fluctuation in the data relative to the background. For m, = 400 MeV the
best-fit signal strength gives 7 = 1, or about 20 from the background-only hypothesis,
consistent with an upward fluctuation in the data relative to the background. Since
the signal models have been normalized to the expected upper limit, we expect the
above deviations in the best-fit signal strength to manifest as equally large deviations
in the observed upper limit relative to the expected upper limit, as we later show in
Section

Since we assumed in our background model that the contribution from the pre-
dicted SM B(H — ~7) consists entirely of H — ~, if a fraction of the measured
B(H — ~7v) were to, in fact, contain H — aa — 47, we would observe a downward
pull in the fraction of the H — 4y component, fy_,.., to accommodate the non-zero
B(H — aa — 4v). In Figures[9.919.11 we thus check that no such significant pull
is observed for the fy_,., systematic in the unblinded impacts. Indeed, we find the
pulls to be consistent with zero for this systematic.

9.2.2 Goodness-of-fit

Before looking at the unblinded 2D-m distributions in the final signal region, we
first check the goodness-of-fit (GoF) between some observed GoF statistic for the
unblinded data under the best-fit #.S + B hypothesis, and a distribution of toy GoF
statistics under the B-only hypothesis. The GoF statistic is given by the saturated
algorithm, which is a generalization of the x? test to distributions whose bin counts
are non-Gaussian (i.e., for low bin counts). Pseudo-experiments over 1k toys are
used to populate the test statistic distribution over the B-only hypothesis. The test
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Figure 9.6: Unblinded impact of the top thirty systematics on the best-fit signal
strength (right panel) for likelihood fits with the m, = 100 MeV signal model. The
corresponding pull distributions are shown in the left panel. The signal model is
normalized to the median expected upper limit at 95% confidence, rg o5, for this mass
hypothesis. The naming convention follows the one given in Table but with
CMS_h4g_ prepended.
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Figure 9.7: Unblinded impact of the top thirty systematics on the best-fit signal
strength (right panel) for likelihood fits with the m, = 400 MeV signal model. The
corresponding pull distributions are shown in the left panel. The signal model is
normalized to the median expected upper limit at 95% confidence, rg o5, for this mass
hypothesis. The naming convention follows the one given in Table but with
CMS_h4g_ prepended.
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Figure 9.8: Unblinded impact of the top thirty systematics on the best-fit signal
strength (right panel) for likelihood fits with the m, = 1GeV signal model. The
corresponding pull distributions are shown in the left panel. The signal model is
normalized to the median expected upper limit at 95% confidence, rg o5, for this mass
hypothesis. The naming convention follows the one given in Table but with
CMS_h4g_ prepended.
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Figure 9.9: Unblinded impact of the fy_,,, systematic (rank 153) on the best-fit
signal strength (right panel) for likelihood fits with the m, = 100 MeV signal model.
The corresponding pull distributions are shown in the left panel. The signal model
is normalized to the median expected upper limit at 95% confidence, o5, for this
mass hypothesis. The naming convention follows the one given in Table but with
CMS_h4g_ prepended.
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Figure 9.10: Unblinded impact of the fy_,,, systematic (rank 51) on the best-fit
signal strength (right panel) for likelihood fits with the m, = 400 MeV signal model.
The corresponding pull distributions are shown in the left panel. The signal model
is normalized to the median expected upper limit at 95% confidence, o5, for this
mass hypothesis. The naming convention follows the one given in Table but with
CMS_h4g_ prepended.
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Figure 9.11: Unblinded impact of the fy_,,, systematic (rank 83) on the best-fit
signal strength (right panel) for likelihood fits with the m, = 1 GeV signal model.
The corresponding pull distributions are shown in the left panel. The signal model
is normalized to the median expected upper limit at 95% confidence, o5, for this
mass hypothesis. The naming convention follows the one given in Table but with
CMS_h4g_ prepended.
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reports the p-value for the observation under the background-only hypothesis which
can be expressed in terms of the tail probabilities of a comparable standard normal
distribution to determine the significance of the observation. The results of these
comparison are shown in Figure The p-values are between 0.10-0.14 (modulo
statistical uncertainties) corresponding to a compatibility significance of around 1.1-
1.20. These are within acceptable limits.

9.2.3 Observed 2D-my distribution

The unblinded 2D-my distribution in the final signal region is shown in Figure for
the unrolled 2D-m distribution (upper) and for the 1D-m projections corresponding
to the leading (lower left) and subleading (lower right) photon candidate. The black
points (Obs) are the observed data values, with error bars corresponding to statistical
uncertainties. The expected background (blue line) uses the optimized values for the
systematics strength modifiers determined from the likelihood fit. The total statistical
plus systematic uncertainties, also determined from the likelihood fit, are shown as
a green band around the background model (Bkg, stat+syst). In the lower panel,
the ratio of the observed over background value is shown as black points, with error
bars corresponding to statistical uncertainties in the former. The ratio of the total
uncertainty over the background model is shown as a green band.

Looking at the ratio panel in the projection of the subleading photon candidate
(lower right) one can indeed make out the downward (m, ~ 0.1, 1 GeV) and upward
(m, =~ 0.4GeV) fluctuations in the data relative to the background, consistent with
our findings in the previous Section 9.2.1}

9.2.4 Observed upper limits

The observed upper limits on the excluded signal strengths at the 95% confidence
level are displayed as a solid black curve with points in Figure [9.14 The values
of the limits are expressed in terms of the total H — aa — 4+ branching fraction
B(H — aa — 4v). The corresponding median expected upper limit (blue dashed
curve), along with its £10 (green band) and +2¢ (yellow band) confidence intervals,
are also shown. For comparison, the measured H — -7 branching fraction [6], B(H —
y) = (2.27 x 10°) x 1201013, is also plotted (purple band).

We find no statistically significant H — aa — 4+ signal contributions in the
CMS Run II data set. We exclude models of H — aa — 47 production predicting
branching fractions between B > (0.9,3.3) x 1072, depending on m, € [0.1,1.2] GeV,
at the 95% confidence level.

The deviations in the observed versus expected upper limits are consistent with
those given in the best-fit signal strengths of Figures which we find to be
consistent with statistical fluctuations in the SM-only hypothesis. A complementary
way of interpreting these deviations is to express the best-fit signal strengths at each
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Figure 9.12: Goodness-of-fit tests between unblinded data and best-fit 7.5 + B model.
The observed value (obs) of the GoF statistic under the best-fit 7S + B model (blue
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Figure 9.13: Expected versus unblinded 2D-mp spectra in the final signal region. Up-
per: unrolled 2D-my distribution. Lower: projected 1D-my distributions correspond-
ing to the leading (left) and subleading (right) photon candidate. In the upper panels
of each plot, the black points (Obs) are the observed data values, with error bars
corresponding to statistical uncertainties. The expected background (blue line) uses
the optimized values for the systematics strength modifiers determined from the like-
lihood fit. The total statistical plus systematic uncertainties, also determined from
the likelihood fit, are shown as a green band around the background model (Bkg,
stat+syst). In the lower panels, the ratio of the observed over background value is
shown as black points, with error bars corresponding to statistical uncertainties in
the former. The ratio of the total uncertainty over the background model is shown
as a green band.
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dashed curve) upper limits on excluded H — aa — 4+ signal strengths, at the 95%
confidence level (CL). The limits are expressed in terms of the total H — aa — 4y
branching fraction B(H — aa — 4+) and evaluated for the signal mass hypotheses
m, = [0.1,1.2] GeV, in 0.1 GeV steps. The 68% (£1 std. deviation) and 95% (+2 std.
deviation) confidence intervals around the median expected upper limits are shown
as green and yellow bands, respectively. The measured BR(H — ~7), including
uncertainties, is shown as a purple band for comparison.
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mass hypothesis in terms of their detection significance. As shown in Figure [9.15]
no statistically significant excess is found for any of the m, hypotheses. The largest
excess is found at m, = 0.4 GeV, at a level of 20.
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Figure 9.15: Results of the signal significance extraction in the unblinded data as a
function of m, hypothesis.

Our observed limits are comparable to, or better than, the measured branching
fraction for H — ~~ [6]. Since the H — aa — 4+ signal, if realized in nature, would
have a mpr resonance approximately degenerate with that of the SM H — ~~, the
B(H — 77) measurement constitutes an effective upper bound on a low mass H —
aa — 4 contribution, insofar as our event selection agrees with theirs. In practice,
our photon identification criteria are slightly looser. Since the higher m, 2 400 MeV
signal hypotheses have a — ¥ topologies which are more likely to fail the standard
SM H — ~7 selection, constraints on these masses from the existing B(H — ~v)
measurement are less conclusive. In any case, our results represent an improvement
in the B(H — aa — 4v) limits over existing indirect CMS constraints, for most of
the mass range m, € (0.1,1.2) GeV. Among other H — aa decay modes, our results
constitute the only dedicated constraints for masses below the dimuon threshold,
m, < 210 MeV.

The only other direct constraint on H — aa — 4~ production at our mass regime
comes from a Run I result from ATLAS [I7]. While the ATLAS result was performed
on a much smaller data set, despite a being an indirect search in mpr, their results
are only 30-90% worse. This primarily has to do with the finer segmentation of the
ATLAS ECAL, allowing for much stronger suppression of background processes than
can be achieved with the CMS ECAL, at least with current photon ID. Nonetheless,
our results represent the most stringent limits on low-mass H — aa — 4~ production
thus far at the LHC.

The closest a — 77 constraints from non-H — aa production come from the
GlueX experiment [26]. While their limits cannot be directly compared with ours, we
note that, because neutral meson decays are well-isolated in their energy regime, their
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sensitivity is dominated by n° and n backgrounds, within the range of their respective
masses. This is thus a distinct advantage of our analysis and mass reconstruction
strategy, and the higher energy regime of the LHC, where the neutral meson decays
are collimated and are easier to suppress over the isolated a — v~ decay.

The greatest improvement in the limits is most likely to be achieved by employing
a dedicated a — vy vs SM tagger. While the mp regressor represents an a — 77 mass
reconstruction first, it is not in itself designed for a — v+ vs background selection.
Instead, this role is played by the photon identification criteria of Section |6.3], in
particular, the EGM photon ID MVA. Since EGM photon ID MVA is optimized for
the discrimination of photons vs neutral meson decay from jets, it is sub-optimal
for the task of a — ~7 classification, and was simply chosen for simplicity. The
development of a dedicated a — v+ vs SM tagger, potentially one based on the same
end-to-end ML principles as for the mp regressor, thus remains an attractive option
for significantly improving the sensitivity of this analysis in a future iteration.

9.2.5 Discussion

Given the assumptions made in Section about the H — aa — 4 phenomenology;,
particularly those of prompt decay and identical particle a mass, one might ask how
robust our results are upon relaxing some of these assumptions. Indeed, long-lived
a — 7 decays are expected to be a general feature of the low-m, regime [8]. While
a dedicated search for long-lived a — =<+ would train the mp regressor against a
distribution of a lifetimes, even with the mp regressor in its current form, it is worth
investigating the regressor’s sensitivity to long-lived decays. To this end, we perform
limited studies using simulated, single a — ~~ particle decays, with a range of proper
lifetimes (i.e., in the a — 7 rest frame) ¢y = 0.07, 0.14, 0.21 cm. For simplicity,
the samples are generated at a fixed mass of m, = 0.2GeV with a fixed energy of
E, = 60 GeV (roughly the energy if produced from a Higgs boson). This translates to
a Lorentz boost of v, = E,/m, = 300, giving a detector-frame lifetime of ¢T" = 20,
40, 60 cm, respectively. As a reminder, the ECAL is situated at a distance of about
r = 129cm from the beamline. As shown in the left plot of Figure 0.16, the mp
regressor loses little sensitivity upto ¢I' < 20 cm, and remains usable upto ¢1' < 40 cm.
Beyond that, the angle subtended by the a — vy decay at the ECAL surface becomes
too small, and the mp gradually deteriorates into a photon-like mp spectrum. If
decaying even closer to the ECAL surface still, the a — vy begins to enter the ECAL
crystals at highly oblique angles, and is more likely to fail the quality criteria for hit
reconstruction.

The above long-lived mp regression results are best understood in terms of the
a — v lifetime resolution of the ECAL. Using the same end-to-end reconstruction
technique used to build the mp regressor, we construct a basic a — ~v lifetime
cmp regressor using simulated a — 77 samples with a continuous distribution of
lifetimes, and similar kinematics properties to those described above. Importantly,
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Figure 9.16: Simulated a — 77y samples with detector-scale lifetimes, at a fixed
mass of m, = 0.2GeV with fixed energy E, = 60GeV. Left: regressed mp for
samples that decay promptly (blue) versus those which decay with detector lifetimes
of ¢I' = 20 (gray), 40 (red), 60 (green) cm. Right: regressed versus generated proper
lifetime for long-lived a — 7~ samples reconstructed using an end-to-end lifetime
regressor. The generated proper lifetimes are uniformly distributed in ¢, = (0, 0.3)
cm, corresponding to detector lifetimes of ¢I" = (0, 90) cm.
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the crp regressor has to be trained with domain continuation on both boundaries of the
lifetime domain, as physical constraints are present on both the low end (positive-
definite lifetime) and high end (ECAL volume) of the lifetime range. We use the
same inputs as before (see Section , and find no benefit to including the timing
information from the reconstructed ECAL detector hits as an additional image layelﬂ

The regressed versus generated proper lifetimes (i.e., in the rest frame of the
particle a) are shown in the right plot of Figure m This result suggests that,
in fact, the proper lifetime resolution of the ECAL for boosted a — s is quite
poor, with a mean absolute error (MAE) of Acry &~ 0.07cm. For a Lorentz boost
of v, = 300, this translates to a detector-frame decay length uncertainty of about
20cm. We thus do not expect the mp regressor to be able to discriminate between
prompt a — 7 decays from long-lived ones, for as long as the a lifetime is less
than the lifetime resolution. Beyond that, we expect a gradual skewing of the mp
distribution toward a photon-like spectrum. We note that the deterioration of the mp
spectrum is characterized by a gradual loss in efficiency on the left side of the mass
peak, rather than an outright displacement of the peak’s center. Thus, the primary
impact of a long-lived a — 7 decay is to reduce the significance of the a — ~~ signal
peak, by increasing the apparent photon-like contribution. Under such a scenario, we
expect our background estimation procedure to remain valid. Therefore, any a — v~
resonance observed in the mp spectrum, whether arising from a promptly decaying a
or otherwise, would be indicative of a particle at that mass.

On the other hand, relaxing the assumption of identical particle a masses has a
more discontinuous effect on the analysis. For mass differences greater than about
the mass resolution at either decay leg, the 2D-mp peak will begin to fall outside of
the m,-SR signal region, voiding a fundamental assumption in the construction of
our background model.

To summarize, while we have not optimized directly for long-lived a — v decays,
we expect the interpretation of our results to remain valid even under the long-lived
case, although the values of the upper limits are likely to weaken with increasing a
lifetime. If dissimilar particle a masses are allowed, our results would only be robust
to mass differences approximately less than the a — v mass resolution at a given
mass hypothesis.

*While the difference in path length generated by a displaced a — 7y decay vertex is well
below the ECAL single-crystal timing resolution, as was the case for mp regression, it is nonetheless
important to test if there are crystal-by-crystal correlations in the timing distribution of the ECAL
detector hits that could be exploited by an end-to-end ML algorithm.
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Chapter 10

Conclusions

In this thesis, the first CMS search for exotic Higgs boson decays, of the form H — aa,
a — 7, where each leg is reconstructed as a single photon candidates, is performed.
The search is motivated on three fronts: the continued viability of the extended Higgs
sector in light of current SM constraints, the exploration of yet unprobed physics phase
space due to limitations in current CMS particle reconstruction, and the ability of
novel deep learning techniques to make breakthroughs in addressing a number of these
reconstruction challenges.

For the first of these, the importance of probing the SM-neutral Higgs sector in
light of current allowed BSM physics at the LHC was emphasized. In particular,
exotic Higgs decays to a pair of light, axion-like pseudoscalars remains a theoretically
well-motivated pursuit, and an important research program for CMS. Below the pro-
duction thresholds of the heavier fermions, one of the few remaining accessible decay
modes is that of a — 77, the primary focus of this thesis. The analysis we presented,
however, was agnostic to the C'P parity of the particle a.

A direct study of the H — aa — 4+ spectrum, however, remains elusive due
to the extreme collimation of the photons, evading current state-of-the-art particle
reconstruction techniques. Yet this remains a critical corner of unexplored physics
phase space because of its overlap with existing SM H — 7~ measurements, within
which such a signature may go unnoticed.

By leveraging deep learning techniques, an end-to-end my regressor was devel-
oped that utilizes the ECAL detector data to measure the invariant mass of highly
collimated photons reconstructed as a single photon candidate I'. Together with the
development of the domain continuation technique, this thesis has achieved a first in
mass reconstruction, allowing particle a masses below the ECAL mass resolution to
be reconstructed in simulated H — aa — 4 events.

Using this newfound capability, a search was developed for H — aa — 4 events
in the CMS Run II data, corresponding to an integrated luminosity of 136 fb~". The
two-dimensional merged photon mass, 2D-my , was used as a discriminant with which
to directly identify the a — ~~ resonance from H — aa — 4 events. In addition, by
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understanding and controlling the response of the mass regressor to hadronic jets, a
total data-driven background model was obtained for all but the SM H — ~~ process,
which instead relied on simulated events.

The H — aa — 4+ search was conducted under the framework of a statistical
hypothesis test. The MLE method was used to construct a test statistic to determine
the compatibility of the data with the H — aa — 4+ scenario versus the the SM-only
one, by extracting the best-fit signal strength of the data to a signal-plus-background
model. The CLgmetric was then used to report the signal significance in the event
of a detection, or set upper limits on excluded signal strengths, in the event of no
detection.

A number of studies were then performed to asses the impact of the different
systematics on the best-fit signal strength and the expected upper limits, prior to
unblinding. Upon unblinding, the data was found to be consistent with SM-only
expectations. BSM models predicting H — aa — 4+ production with a branching
fractions B > (0.9,3.3) x 107 were excluded at the 95% confidence level, for m, €
[0.1,1.2] GeV. Based on limited studies of simulated, long-lived a — v~ decays,
these results are expected to be robust to particles a with decay lengths < 40 cm, at
progressively reduced sensitivity.

Outlook. A major component of this analysis was the development of the mp re-
gressor, and more generally, of the end-to-end particle reconstruction technique [68]
with CMS data. In an attempt to manage the risk associated with using such a novel
technique on an already novel search, a number of simplifications had to be made in
the probed phase space. However, having considerably mitigated these early risks,
and having demonstrated the potential of the end-to-end technique, we reflect here
on a number of potential improvements that could be implemented in future versions
of this analysis, or, indeed, in future spin-offs from this analysis.

With respect to improving sensitivity within the same analysis phase space, as
done in most Higgs boson searches, the signal search could be decomposed by Higgs
production mode, allowing the higher efficiency modes to bring their full weight into
the analysis. This, of course, would involve considerably more work, and would
benefit from better integration with the flashgg framework. On the other hand, as
stated in the Chapter [6] the photon MVA can be replaced with a dedicated a — 7y
tagger. While the mp certainly enabled this analysis to be performed in the first
place, building dedicated signal taggers have historically allowed drastic reductions
in background contamination, with correspondingly dramatic improvements in signal
sensitivity. Furthermore, an event classifier, absent from this analysis, could also
be developed to further reduce non-resonant backgrounds by exploiting event-level
kinematic differences in a more optimized way.

On the other hand, a potential spin-off analysis would be to replace the supervised
signal tagger with an unsupervised one, trained directly on data from appropriate
sidebands. While this may come at a cost of signal efficiency for the strictly a — v
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signal, it could potentially improve sensitivity to unknown exotic topologies involv-
ing merged photons. Indeed, one of the allowed decay modes of the a is to three
s, which would be significantly suppressed by our photon identification criteria.
This would also open the door to fully relaxing the identical-particle-mass assump-
tion. However, this would likely require more clever ways of scanning over different
background regions, each blinded to a different region of the 2D-mp plane.

Returning to the current analysis, the endcap could finally be included. In Fig-
ure , we illustrate the potentially dramatic improvement in mass resolution (in
the form of angular resolution) that can be achieved by including detector images of
the ECAL preshower (ES). With a granularity ~ 15x that of the ECAL, the addition
of the ES would enable highly-boosted a — ~7 that are instrumentally merged in the
ECAL (gray squares), to be fully resolved in the ES (colored strips).

CMS Simulation
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Figure 10.1: Representative single a — ~ decay in the ECAL endcap. The deposits
from the endcap crystals are shown as gray squares, while those from the horizontally-
(strip’y) and vertically-segmented (stripy-) preshower layers are shown as strips in the
colored scale.

The m, phase space could also be extended to higher masses. As noted in Sec-
tion 4] the limiting factor in this case was the deterioration of the mpp peak, resulting
in significant spill-over into the my-SB. This is fundamentally driven by the poorer py
resolution achieved for loosely merged a — ~7 decays in the standard PF-based recon-
struction. This is another application that could greatly benefit from the end-to-end
particle reconstruction technique. In Figure[10.2] we show the dramatic improvement
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achieved by reconstructing the pr of merged a — v decays using an end-to-end pr
regressor (E2E, blue) over a PF-based one (PF, red), and the resulting improvement
in the mpr mass resolution, in Figure More work, however, would be needed to
bring these prototypes into production, and for which reason, they have been left for
future work.

CMS Ssimulation 0.2 < m(a) < 0.6 GeV CMS simulation 0.8 <m(a) < 1.2 GeV
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Figure 10.2: The ratio of the reconstructed over generated py of merged a — vy
candidates, using the end-to-end-based pr regression (E2E, blue), versus the standard
PF-based one (PF, red). Simulated single a — 7 samples, with particle masses in
the range of 0.2 < m, < 0.6 GeV (left) and 0.8 < m, < 1.2GeV (right) are used.

Finally, given the lifetime regression discussed previously, a final analysis spin-off
could be one that performs a direct measurement of the lifetime of photon candidates.
While searches for long-lived particles have been performed at CMS, none have at-
tempted to measure the lifetime spectrum of particles directly. However, given the
relatively poor resolution achieved for merged photons, a viable alternate analysis
would be a lifetime measurement for H — aa, a — e’e” or a — p'p~ instead.
This would allow track information to be leveraged for potentially better lifetime
resolution.

While we have performed a search for H — aa — 47, many of the techniques
developed to make this analysis possible enable a number of other novel searches to
be performed, searches that have not been done because they have been too chal-
lenging. Given the spate of null results at the LHC (or at least at CMS [40]), it will
become increasingly important to confront such decay topologies that may have been
overlooked, due to limitations in existing reconstruction techniques, but for which
modern machine learning tools pave a way forward.

179



NGVGI'I'IS

m(a) = 400 MeV

CMS simulation
5000

45005

3500
3000

25001

PF
End-to-end

“h
g Peeerar bopop g Ly by

L
120

130

140 150 16

mrr [GeV]

Nevenls

CMS simulation

m(a) = 1 GeV

5000
4500
4000
3500
3000
2500
2000
1500
1000

500

>

Lobal L

PF
End-to-end

| HF
Lyerm T Lo Fopepepp b L

oTTTT

100

I TR |
140 150 160

mrr [GeV]

110 120 130

Figure 10.3: The resulting reconstructed mpr resonance corresponding to the Higgs
boson, using the end-to-end-based pr regression (E2E, blue), versus the standard
PF-based one (PF, red). Simulated H — aa — 4+ samples, with particle masses of
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Appendix A

Supplementary studies

A.1 my spectrum of QCD jets

To better understand the topology and substructure of the QCD jet background and
how this affects the response of the mp regressor, the following studies on simulated
v + jet samples are provided. These studies are performed with no trigger require-
ment and looser event and object selection criteria compared to the main analysis, to
maximize the limited simulated data available. In particular, the photon MVA and
T, requirements are removed (see Section [6.3)), and the full mpp > 100 GeV is used,
to enrich the selected sample with jets. For simplicity, MINIAOD rechits are used
instead of the nominal AOD rechits used in the main analysis, though the conclusions
of this section are not expected to be altered by this choice.

As noted in the QCD substructure discussion in Section but also in the
reasoning for using Z — e*e™ electrons to validate the regressor in Section m, at
the energies relevant for the Higgs regime (£ ~ 60 GeV), the approximation that the
1’ — ~7s passing the photon identification criteria are well-isolated begins to break
down. As shown in Figure [A.1] the photon isolation properties of EM-enriched jets
passing photon ID, are distinctly busier than those of similar mass a — vy decays
which are more inline with those of true photons decays (e.g. H — ~v or even vy
production). This arises because 1’ — ~7 are fundamentally produced as jets from
QCD and at higher energies additional constituents in the jet are produced. The
shower shape and isolation cuts contained in the photon ID will then preferentially
select jets which are collimated. Because of this collimation, we do not a priori
expect to be able to regress clean n° — ~+ peaks. In fact, as the energy of the
jet increases, more energy becomes available to create additional ¥ — ~vs in the
jet.  Furthermore, because of the photon ID shower shape requirements, we will
preferentially be selecting such jets where these multiple 1° — ~v decays are all
very closely merged together in a single cluster. Thus, not only do we expected the
1’ — 4~y peak to be distorted, we expect it to drift upward with increasing pr as the
effective mass of the jet grows. That is, we expect the mp spectrum to be positively
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correlated with pr.

To illustrate these effects, we first focus on the subleading photon candidate in
the v+ jet sample. Because the neutral meson faking the photon typically only has a
fraction of the parent parton’s energy, it is usually the subleading photon candidate
that contains the meson. In Figure we plot the regressed m, (left column) and
reconstructed pr (right column, labelled pr ) for the subleading photon candidate
(black curves). From this distribution, we can then require the photon candidate to
be AR-matched (AR < 0.04) to a generator-level neutral meson decay (blue curve):
either a n° (upper row) or an 1 meson (lower row). Compared to the corresponding
spectrum for a — 77 decays (see for instance Figure 4.1), the m, spectrum for
the n’-matched sample (upper row, blue curve) exhibits a thicker peak but also a
broad hump at around m, ~ 500 MeV that is not due to the n meson. We observe
the resonance from the n-matched sample (lower row, blue curve), to be subject to
similar distortion effects. With a heavier mass of m, = 550 MeV and a much lower
production cross section, however, the n will appear to be even less prominent because
of these distortion effects. We do note, however, that, upon closer inspection (lower
row, middle plot), a well-isolated n component is visibly regressed as a sharp mass
peak.

To illuminate the n’-matched spectrum further, we can additionally require that
the photon candidate be pp-matched (pF®/pE™ < 1.1) to the generated n° to which
it was already A R-matched. This gives us an approximate handleﬂ for discriminating
between jets containing single ©° — s (likely to be pp-matched) versus jets with
multiple 7° — yvs (likely to have over-estimated reconstructed pr). In Figure ,
we plot only the AR-matched component (black curve) of the subleading photon
candidate m, (left column), reconstructed p (middle column), and pt°/p&™ (right
column). These curves are then decomposed into their pp-matched (blue curves)
and non-pr-matched contributions (red curves). The decomposed n’-matched sample
(upper row) clearly shows what looks like a sharp a — ~v-like peak (blue curve) and
a broad m, =~ 500 MeV spectrum (red curve) unique to the jets. As the red curve
corresponds to the over-estimated reconstructed py tail (right column), we identify
this broad spectrum as coming from jets of multiply-merged n° — ~47s. Decomposing
the n sample (lower row) shows that this effect is much less pronounced for the
heavier n, consistent with our earlier observations. While the broad m, ~ 500 MeV
spectrum of the t’-matched sample sits close to the the true n-meson peak, the shape
is distinctly different, suggesting the regressor realizes this component of the QCD
spectrum is out-of-sample—as it is. Indeed, even the photon ID MVA realizes this,
as it is this component of the jet that is classified as most “fake-like” (score ~ —1)
and is the first to be removed by cutting on the photon ID MVA. However, care must
still be taken when attempting to claim an n observation in data.

'The truth table of generated particles in the MINIAOD dataset (as is used in this study)
truncates soft particles below pp ., < 10GeV so it is not possible to directly, reliably count how

many generated n’s are in the vicinity of the reconstructed photon.
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Figure A.3: Regressed m, (left column), reconstructed py (middle column), and pr°°/p&™ (right column) of subleading
photon candidate in  + jet events. Black curves show distributions AR-matched to a n° (upper row) or to an m meson
(lower row). Blue curves show pr-matched component appearing most a — y-like and red curves show non-pp-matched
component containing multiple merged neutral mesons, a distinct feature of QCD jets.
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If indeed this broad m, &~ 500 MeV spectrum is due to multiple merged n° — s
as we have claimed, we would further expect its spectrum to be pp-dependent: as the
jet’s energy grows, so, too, does its potential to produce more n’s, thereby increasing
the mass of the jet. We can verify this explicitly by plotting the regressed m, versus
the reconstructed pp. These are shown in Figure[A.4]for the total A R-matched sample
(left column) and its decomposition into pp-matched (middle column) and non-p-
matched (right column). The n’-matched sample (upper row) confirms this: the
pr-matched component (middle plot) has the same stable regressed mass as seen for
a — s [68] (within the approximate decomposition that pr/p&™ allows) whereas
the non-pp-matched sample has the positive correlation we expect for multiple n° —
~v7vs. The n-matched sample shows similar features, although to the lesser degree that
we expect.

As a final check, we can also look at the leading photon candidate. While this
is expected to contain less jets, for the few that it does, we do expect to see an
enhancement of this broad m, &~ 500 MeV component, as, with higher pr, we have
more energy to produce multiple 1° — ~vs and are less likely to create a single isolated
1° — ~~. In the upper row of Figure we plot the regressed m, (left plot) and
the reconstructed pp (right plot). The total leading m, spectrum (black curve) is,
as noted, much more photon-enriched with the component A R-matched to n°s (blue
curve) much less dominant. For completeness, the non-A R-matched component (red
curve) is also plotted and is essentially photon-like. To get a better view of the jet
spectrum, in the lower row, we focus in on just the n’-matched component (now
plotted as the black curve) and, as before, decompose this into its pr-matched (blue
curve) and non-pp-matched component (red curve). Indeed, the broad m, ~ 500 MeV
spectrum seen previously is much more dominant in the leading candidate, just as
predicted. This can also be seen in the more pronounced over-estimated reconstructed
pr tail (lower row, right plot). At this energy, the regressor has difficulty regressing
even the clean, single n° — y7-like component of the jet (blue curve) although this is
consistent with a — y~s of high-pr and low-m, and is to be expected given the level
of photon merging.

The above analysis confirms our assessment that QCD jets at this energy have
unique features not present for the signal a — v topology but which are nonetheless
reasonably interpreted by the mp regressor, given the underlying physics. Of course,
these still need to be accounted for when building the background model. Specifically,
the pr-dependent nature of the QCD jet mp spectrum must be corrected for, as the
m-SB events used to build the background model exhibit a different pp spectrum
from those observed in the mg-SR. This, therefore, culminates in the two mitigation
strategies implemented in this analysis: first, cutting down the pp-dependent com-
ponent of the jet via a photon ID MVA and Z;, cut (and for which reason they were
left out of this analysis) as given in Section @ and second, applying a p re-weighting
procedure to correctly capture the pp spectrum of the m;-SR events, as described in

Section [R.2.2
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Figure A.4: Regressed m, vs. reconstructed py distribution of subleading photon candidate in v + jet events. Left
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component showing pp-dependence unique to QCD jets.
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Figure A.5: Upper row shows regressed m, (left column) and reconstructed py (right
column) of leading photon candidate in v + jet events. Black curves show total
distribution, blue curves show component A R-matched to a n°, and red curves show
non-AR-matched component. Lower row shows only AR-matched distribution for
m, (left column) and pt°°/p&™ (right column) in inset. Black curves in lower row
correspond to A R-matched curves plotted in blue in upper row. Also in lower row,
blue curves show pp-matched component appearing most a — y7y-like and red curves
show non-pp-matched component containing multiple merged neutral mesons which
are enhanced at higher pr.
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A.2 Minimally processed versus clustered data

We attribute the robustness of the end-to-end ML mass regressor (see Section |7.5]) to
the use of minimally processed (all) rather than clustered (clustered) detector data.
As shown in Figure [A.6] the PF clustering algorithm filters out low-energy deposits
and, under certain situations, may completely remove all the deposits associated with
the lower-energy photon from the a — ~v decay. For example, on the left plot of
Fig. [A.6] showing the minimally processed data, the lower-energy photon is visible
on the lower left of the core photon, at a distance of approximately 7 ECAL crystals.
In the clustered data on the right plot, the deposits associated with the lower-energy
photon have been dropped, along with other, isolated low-energy deposits.

o CMS simulation 32CMS Simulation
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Figure A.6: The azimuthal angle ¢ versus the pseudorapidity n of a typical a — v
decay using minimally processed (left) and clustered (right) data.

The impact of using minimally processed versus clustered data can be seen in
Fig. [A.7. We compare the effect of training on all (upper row) versus clustered
data (lower row), for shower-merged boosts (left column) and barely-resolved boosts
(right column). For each scenario, we reconstruct the mass of a sample constructed
from all (blue circles) versus clustered (red squares) data, to compare how well each
mass regressor extrapolates to the other’s domain. For the mass regressor trained
on minimally processed data (upper row), despite the differences in input image (c.f.
Fig. [A.6]), we see no evidence of a shift in the mass peak in either boost regime. This
is not the case for the mass regressor trained on clustered data (lower row), which
exhibits a shift when applied outside of its domain. This suggests it is desirable not
to filter the detector data beforehand so that the mass regressor learns to suppress
low-energy deposits. Without this opportunity, the mass regressor becomes more
susceptible to variations in the data.

In addition, the loss of the lower-energy photon at resolved boosts (right column)
leads to a — vy decays being incorrectly reconstructed as photons, causing both a
drop in reconstruction efficiency at the correct mass peak (mr ~ 1 GeV) and a build-
up of samples at the wrong peak (mp ~ 0GeV). Even if minimally processed data is
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presented to the mass regressor trained on clustered data (lower right, blue circles),
the lost efficiency at the correct mass peak is still not recovered. The use of minimally
processed data is thus vital to maximizing the capabilities of the end-to-end ML-based

technique.
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Figure A.7: Predicted mass spectra for the mass regressor trained on minimally
processed data (upper) versus clustered data (lower) at shower-merged boosts (left)
and barely resolved boosts (right). For each scenario, the mass regressor is run on the
same set of a — 7y decays, composed either of minimally processed (blue circles, all)
or clustered (red squares, clustered) data. The vertical dotted line shows the input
m, value.
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