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Abstract

The basic model for particle physics, the Standard Model (SM), gives precise predictions, which
have been verified by various experiments in past years. However, there are some problems which
cannot be explained by the SM, such as the hierarchy problem and dark matter. In order to give
solutions to the problems, various types of beyond the standard models have been proposed. One of
such models is the SUperSYmmetry (SUSY). This thesis presents a search for the direct production
of charginos )Zf and neutralinos Y9 which are the super partners of the gauge bosons predicted by
the SUSY model.

In this thesis, the events where charginos decay via W boson and second lightest neutralinos decay
via Higgs, and then Higgs decays to diphoton and W decays to fv, such as

=X+ X 2 X+ AW s Xy + )+ O+

is chosen as the target process. In this channel, some of background processes are strongly suppressed
by using a mass reconstructed by diphoton. Therefore, although expected signal yields are relatively
lower than other channels, high significance is expected due to the scarce backgrounds.

The analysis is performed with 36.1 fb=! of /s = 13 TeV proton-proton collision data collected
by the ATLAS detector at LHC in 2015 and 2016. The background sources which can be suppressed
by the diphoton mass cut are classified as non-peaking background, and the background sources
which have Higgs in their process are classified as peaking background. The yield of non-peaking
background is evaluated by data-driven method using data out of the signal region. And the yields
of peaking background and signals are evaluated using simulation samples.

The analysis procedure has been constructed based on the previous analysis performed with /s =
8 TeV proton-proton collision data. A new selection criterion, b-jet veto, is introduced, in order
to suppress one major background, tth process. This new selection improves sensitivity by ~ 10%.
Then, defined signal region is further optimized by dividing into two regions, SRa and SRd, instead to
use tight criteria. Using the divided signal regions, significance is improved by ~ 300% at maximum.

Based on the optimized signal region, expected limit on excluded model parameters is evaluated.
Evaluated limit is distributed around Myt g0 = = 180 GeV, which is improved from My g0 = = 160 GeV
of the limit evaluated in the 8 TeV analy51s

After the study above have been performed, the data is unblinded to compare with the expectation.
There are two events in SRa and nine events in SRd, which 0.36 4+ 0.22 events and 5.35 £+ 0.95 events
are expected in SRa and SRd respectively. This mild excess is equivalent to 1.930 deviation in
SRa and 1.360 deviation in SRd. Model dependent upper limits on the signal cross section are
evaluated for all model assumed in the analysis. All the evaluated upper limits on the cross section
are larger than the assumed model. Therefore, no model assumed in the analysis were excluded.
Model independent upper limits on the signal yields are evaluated as 5.7 fb in SRa and 10.4 fb in
SRd. These results suggest importance of further study with more data statistics expected in the
on-going and future experiments.
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Chapter 1

Introduction

The Standard Model (SM) of the particle physics was established in the late '60. It precisely describes
the particles phenomena, and most of the observations and measurements from the experiments agree
with the predictions by the SM so far. However, there are some facts that cannot be explained by
the SM. In order to explain those, many extended models are proposed, which are known as Beyond
Standard Models (BSM). One of the promissing BSM is the SUperSYmmetry (SUSY) theory. In
this chapter, theoretical and experimental backgrounds of the particle physics are reviewed.

1.1 Standard Model

The Standard Model (SM) is the basic theoretical framework for the particle physics. The SM gives
predictions about interactions and behaviour of elementary particles. The SM assumes twelve flavor
of fermions, which have 1/2 of spin and consist “matter”, and three types of interactions via bosons.

Table I shows the summary of the fermions. As shown in the table, the fermions consist of six
types of quarks and six types of leptons. Both of them are categorized into three generations. The
type is denoted as “flavor”.

The interaction between those fermions are mediated by the propagation of the vector bosons
following gauge theory. The bosons assumed in the SM are summarized in Table 3. As shown
in the table, interactions in the SM are explained by two theories; the Quantum ChromoDynamics
(QCD), which has SU(3)¢ symmetry, and the Glashow-Weinberg-Salam (GWS) theory, which has
SU(2)r x U(1) gy symmetry.

The QCD explains the strong interactions between “coloured” particles such as quarks and gluons
which are force carrier particles in the strong interaction []. Since gluons themselves have colour,

Tablel.l1 Fermions in Standard Model

Category Generations Charge
1st 2nd 3rd
up (u) charm (c) top (t) 1273
Quarks down (d) strange (s) bottom (b) -1/3
Leptons electron (e) muon (/) tauon (1) -1

electron neutrino (v.) mu neutrino (v,) tau neutrino (v;) 0

Tablel.2 Bosons in Standard Model

Name Interactions Charge Theory
Gluon (9) Strong 0 Quantum Chromodynamics
photon () Electromagnetic 0
+ “Wei .
Weak boson EE/O) ) Wek 3:1 Glashow-Weinberg-Salam theory
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the potential between coloured particles is increased in proportion to the distance between particles.
From increased potential, another pair of coloured particles are generated. As a result, coloured
particles cannot be observed directly and only colour singlet hadrons can be observed. This is called
“colour confinement”.

The GWS theory explains the unified electroweak interaction [2, B, @]. At first, two fields are
introduced; SU(2)r, gauge field (W) and U(1)gar gauge field (B,). Those fields under the gauge
symmetries expect mass less bosons. Then, after the spontaneous symmetry breaking, often called
as the Brout-Englert-Higgs mechanism, those two fields are mixed as following:

1 .
Wi = E(W,} FiWy) (1.1)
Z, = W, cos by — B, sin Oy (1.2)
A, = Wi sin Oy + B, cos Oy (1.3)
where 0y is Weinberg angle, defined as:

e
sin 9W = — 1.4
g (1.4)

where e is the coupling constant of A, or the elementary charge, and g is the coupling constant of
W ,,. The gauge particles quantized by those gauge fields are listed in Table [2; v is from A,,, W is
from W:E and Z° is from Z,. The Brout-Englert-Higgs mechanism predicts the existence of a scalar
boson, called Higgs boson (h).

1.1.1 Standard Model in LHC experiment

In last decades, many collider experiments have been conducted to verify the SM, and to search for
the BSMs.

Figure I shows the observed and the prediction for the cross section of various physics processes.
The data points are measurements by the LHC experiment, which is used in this thesis. Detail of
the experiment will be described in next chapter. The theoretical prediction, given as gray band
in the figure, is from 1073 to 10'! pb. Since those processes have origin of proton-proton collision,
higher yields from QCD activities are expected than the yields from the electroweak activities. Since
particles generated from the QCD have colour, it decays to bunch of hadrons and constructs “jet”
in the detector. As expected, jet processes have the next-to-highest yields as shown in the figuref.
Although the range of predicted cross section is wide, almost all experimental measurements are
consistent with the theoretical predictions.

One of the remarkable experimental results in the LHC experiment is the discovery of the Higgs
particle. After the discovery of tau neutrino in 2000, the Higgs particle was the last missing element
in the SM. It was discovered at the ATLAS and the CMS experiment in 2012 [6, [7]. Later it was
confirmed that the characteristic of the discovered particle is consistent with the SM prediction
about the Higgs particle. The mass of the Higgs particle was measured as 124.97 + 0.24 GeV [g].
The discovery of the Higgs particle completes the SM.

1.1.2 Hierarchy problem and dark mater

Although the SM gives predictions for most of the physics processes with high accuracy, which are
verified by various experiments, there are some issues that cannot be explained by the SM. In this
section, two such issues are introduced; the hierarchy problem and dark matter.

The hierarchy problem can be seen in the calculation of the Higgs mass. As described in the
previous section, the Higgs mass is experimentally measured as 125 GeV. On the other hand, the

*1 The highest process is the inelastic scattering of proton-proton collision.
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Figurel.l Summary of several Standard Model total and fiducial production cross section
measurements, corrected for leptonic branching fractions, compared to the corresponding the-
oretical expectations. All theoretical expectations were calculated at NLO or higher. The
luminosity used for each measurement is indicated close to the data point. Some measure-
ments have been extrapolated using branching ratios as predicted by the Standard Model for
the Higgs boson. Uncertainties for the theoretical predictions are quoted from the original
ATLAS papers. They were not always evaluated using the same prescriptions for PDFs and
scales. The Wgamma and Zgamma theoretical cross-sections have non-perturbative corrections
applied to the NNLO fixed order calculations (PRD 87, 112003 (2013)). Not all measurements
are statistically significant yet. The figure is cited from [5]

mass can be calculated from the quantum field theory. The theoretical calculation explains the
experimentally measured mass m3 as:

mj =mj, +6mj (1.5)

where my,, is the Higgs bare mass and dmy, is the quantum correction. my,, is free parameter in the
theory. However, the quantum correction is calculated as

A 2
i = — 21 A2 — Olog(42) + - (16)

82
where A; is the Yukawa coupling of the fermion f and A is the cut-off scale parameter meaning
upper limit of the energy scale that the SM is valid. If only the SM is considered, A is expected to

be O(10'?) GeV, which is the Planck scale. Since my, is measured as 125 GeV, my,, is required to be
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O(10'?) GeV and two huge terms have to cancel out unnaturally to the level of O(102) GeV. This
unnatural “tuning“ is called hierarchy problem.

The other issue introduced in this section, dark matter, was obtained from the observation in the
astrophysics. From the precise measurements by the Planck satellite [9], it is suggested that the SM
particles can explain only 4.9% of energy of the whole universe. The rest is covered by dark matter,
which is unknown to be massive particles, covering 26.8%, and dark energy, which is unknown energy
accelerating the expansion of the universe, covering 68.3%. Since dark matter is not directly detected
yet, the interaction between the SM particles and the dark matter must be very small.

The issues introduced above cannot be explained by the SM alone. In order to explain those, many
extended models have been constructed, which are known as the Beyond Standard Model (BSM).
One of the BSM is the Supersymmetry. It can explain both hierarchy and dark matter problems. It
is explained in the next section.

1.2 Supersymmetry

1.2.1 Mechanism of Supersymmetry

The basic idea of SUperSYmmetry (SUSY) is to introduce a new symmetry between bosons and
fermions[I0]. SUSY assumes “supperpartner” for all the SM particles. The new particles are called
SUSY particles. The SUSY particles are summarized in Table I=3. As shown in the table, supper-
partners of quark and lepton are called squark and slepton respectively. Supperpartners of bosons
are called Gluino, Wino, Bino and Higgsino. Within a framework of the SM + SUSY, the operator
transforming fermions and bosons are

@ |Fermion) = |Boson) , @ |Boson) = |Fermion) (1.7)

and should not retain the symmetry.

The SUSY model can explain the hierarchy problem. The hierarchy problem is caused by the
dominant quantum corrections of fermions. In SUSY model, all fermions have boson supperpartners
which are supposed to have the same mass. And correction term of boson have opposite sign to
the fermion correction and vice versa. Therefore, the correction terms are naturally cancelled and
“tuning” is not needed anymore.

Because the SUSY particles are not discovered yet, the SUSY is broken in the our universe.
However, even after the symmetry breaking, quantum corrections for higgs mass must be cancelled
out naturally. In order to achieve such symmetry braaking, “soft” SUSY breaking is introduced as:

L = Lsusy + Lsusy (1.8)

where Lgygy contains all of the gauge and Yukawa interactions and preserves SUSY invariance,
and Lgop violates SUSY but contains only mass terms and coupling parameter with positive mass

Tablel.3 SUSY particles

name spin  corresponding SM particles
Squarks (@, ¢,t,d, 5, b) 0 Quarks (u,c,t,d, s,b)
Sleptons (€, fi, 7, Ve, Uy, Ur) Leptons (e, t, T, Ve, Vyy, Vr)

Gluino (g Gluon (g)

Wino (W

Bino (B)
Higgsino (H) 1/2  Higgs (h)

)
) 1/2
Weak boson (W, Z) and photon (v)
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=l

Figurel.2 Proton decay via SUSY particle (3).

dimension, which are known as terms not to lead quadratic divergence even after symmetry breaking.
Because of the Lgof, supperpartners are expected to be heavier than the SM particles. Even after
the symmetry breaking due to the Ly, there are no quadratic divergence shown in Equation 8.

The introduction of SUSY allow violations of baryon number (B) or lepton number (L). A famous
process to violate the baryon number is the proton decay. With introduced SUSY particles, a proton
may decay via a squark into a lepton and a meson, as shown in Figure 4. However, it is known that
such violations are extremely small from severe experimental constraints [IT]. In order to explain
such observation, new symmetry, R-parity, is introduced. It is defined as

R = (_1)2S+BB—L (19)

where S is spin. The SM particles have a positive R-parity, and the SUSY particles have a negative
R-parity. R-parity is expected to be conserved®. Because of R-parity conservation, SUSY particles
are expected to be generated by pair production and the Lightest SUSY Particle (LSP) cannot decay
to SM particles. Since LSP is not discovered yet, it is expected to be neutral and not to have colour.

Among the SUSY particles shown in Table I3, Wino, Bino, and Higgsino are mixed. They
are called electroweak gauginos. They are represented as mass eigenstates by xV(i = 1,2,3,4)
(neutralino) for neutral particles and )Zzi (i = 1,2) (chargino) for charged particles. X\ satisfies the
expected conditions about the LSP described above.

Regarding dark matter, the LSP can be a good candidate. As described above, the LSP cannot
decay to any other particle. And the expected interaction between LSP and the SM particles is
only the weak interaction, which is extremely difficult for the direct detection. This expectation can
explain the reason why dark matter has not been discovered yet. Those characteristics are ideal for
the dark matter candidate.

The soft SUSY breaking term Lo can be defined by 105 parameters. However, many of those
parameters are strongly constrained by experimental observations such as neither CP-violation nor
flavor changing neutral currents. By assuming first and second generation universality, free input
parameters are only 19, which are:

e The ratio of the vacuum expectation value of the two higgs fields (1 parameter)
The mass of the pseudoscalar higgs boson (1 parameter)

The higgs-higgsino mass parameter (1 parameter)

The bino, wino, and gluino mass parameters (3 parameters)

The squarks and sleptons masses (10 parameters)

The third generation trilinear couplings (3 parameters)

This model is called Phenomenological Minimal Supersymmetric Standard Model (pMSSM) [I3].
The study described in this thesis is based on the pMSSM.

*2 There are some models assuming R-parity violation. But from the fact that proton decay is not observed so far,
there are upper limit on the R-parity violating couplings [IZ].
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Figurel.3 Cross sections for SUSY particle production at /s = 8 TeV and 13. 14 TeV. The
figure is cited from (4]

1.2.2 SUSY searches in LHC experiment

In the LHC experiment, many types of SUSY searches have been performed. Because mass hierarchy
of SUSY depends on the SUSY modeling parameters, many types of the pair production modes are
candidates for the searches. Figure I3 shows the expected cross sections for SUSY particle pair
production at the different center of mass energies in proton-proton collisions. As shown in the figure,
gluino or squarks, which are generated by QCD interaction, have large cross sections. Therefore,
if QCD production mode is accessible by experiment, it is expected to be observed in early stage
of LHC experiment. However, as seen in Figure I, even after the analysis using ~ 20 fb~! of
8 TeV data, experimental hints for the existence of SUSY particles have not been seen so far. This
suggests that SUSY pair production may occur via QCD interaction but it is not accessible yet
simply due to their high masses, or the production mode accessible by experiments is not QCD but
electroweak interaction, such as the pair production of charginos and/or neutralinos. In this thesis,
electroweak interaction is assumed as a production mode accessible by experiments, and we search
for pair production of electroweak gauginos.

1.2.3 Electroweak gauginos

The search for pair production of electroweak gauginos is generally performed with the model so
called “simplified” model. As described in Section X, electroweak gauginos are expected to be
mixed. However, in the simplified model, “pure” LSP and Next-to-Lightest SUSY Particle (NLSP)
are assumed. In this thesis, LSP is assumed to be the bino, and NLSP is assumed to be the
degenerated wino triplet. And the other supperpartners are assumed to be heavy and decoupled®.

The direct search for general neutral LSP has been performed as a general search for dark matter,
such as [I6]. However, such study is challenging because similar event kinematics can be seen in many
SM process, and therefore large background contributions are expected. Hence, searches for direct

*3 For the cross section calculation, all other supperpartners except for wino and bino are assumed to have 100
TeV mass. And mixing angles and trilinear couplings are assumed to be zero.
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Figurel.4 Mass reach of ATLAS searches for Supersymmetry achieved at July 2015, before
collecting collision data with /s = 13 TeV. The figure is cited from [I5]

pair production of NLSPs, using event characteristics which are rare in SM process, are relatively
more promising than searches for direct production of LSPs. As direct pair productions of wino like
NLSPE!, two types of pair production can be expected; )2{5, Xy production or )Zf, X; production®d
Xli can decay to X + W=, and Xy can decay to X + Z or X} + h. All of these combinations had
been studied with 8 TeV data by the ATLAS experiment. The results are shown in Figure 3.

Because of small cross section of i, X] comparing to ﬁc, X3 [I7)E9, the exclusion reach of Y|, |
is smaller than the one for )Zli, X5. Comparing the results via WZ and via Wh, the analysis via W Z
seems to be strong in excluding the model from the figure. However, this depends on the assumption

of branching fraction of )Zf

Both analyses with 8 TeV data via WZ [IR] and via Wh [I9] assume

the branching fraction x3 — X{ 4+ Z/h to be 100%. From the tree-level calculation with input of
wino mass = 175 GeV and LSP mass = 0 GeV, Br(xJ — X +h) is greater than Br(x9 — X} + 2), if
Higgsino mass is assumed to be much larger than the masses of other electroweak gauginos [20]. This
suggests that analysis via Wh can be powerful to search for electroweak gauginos pair production.
Therefore, in this thesis, target physics process is determined to be decay via Wh. As having been
done in the analysis with 8 TeV data, 100% branching ratios to W and h are assumed to simplify

*4 Pair productions of wino like NLSP and bino like LSP are strongly suppressed because direct coupling between
them is prohibited.

5 )28, )Zg production is also a possible mode. However, such process is produced only from neutral weak currents,
which is quite small, meaning production cross section is also quite small.
*6 This is mainly due to the proton PDF.
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Figurel.5 The 95% CL exclusion limits on ¥ + x; and )Zli + x5 production with SM-boson-
mediated decays, as a function of the )Zli, %5 and %y masses. The production cross-section is
for pure wino X7 ¥; and X x3. The plot is cited from [Z1]

the analysis.

There are further categorization using decay mode of W and h. Figure [CB shows the results of
electroweak gaugino search decaying via W and h using 8 TeV data. As showing in the figure, there
were four channels;

e 3/ channel: assuming W — (v and h — (/E2

e (*¢* channel: assuming W — fv and h — fvqqE
e (~~v channel: assuming W — fv and h — ~~

e (bb channel: assuming W — fv and h — bb

In this thesis, the third channel, W(— ¢v)h(— ~7) process is chosen as a target, which is called
“diphoton” channel. Figure [0 shows the diagram of this channel. As shown in Figure @, the
diphoton channel is expected to have high exclusion performance because of following reasons. One
of the big advantage of this channel is the characteristic of diphoton mass. Since diphoton are decay
products from the Higgs, reconstructed mass of those two photons is expected to have keen peak
around the Higgs mass. Such characteristic cannot be seen for most of the backgrounds. Therefore,
by just limiting diphoton mass close to the Higgs mass, most of the backgrounds can be suppressed.
In the case of 3¢ channel, since h decays to two leptons and missing object, background suppression
using di-lepton mass is not promising. This is further discussed in Section BZL.

The lack of the expected QCD activities is also a strong motivation of this channel. Since the
collected data is from proton-proton collisions, large QCD background are expected. Therefore,
the channels assuming objects generated by QCD in the final state, such as ¢bb channel and ¢*/¢*

*7 It is assuming to decay via h — WW/ZZ — £lvv or h — 77 — £{+missing.
*8 Tt is assumed to decay via h — WW. And signals decay via h — ZZ or 77 also have contribution if there are
misidentified objects.
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Figurel.6 Observed (solid line) and expected (dashed line) 95% CL exclusion regions in the

mass plane of Mgy VS. My <o in the simplified model, using 8 TeV data. The dotted lines
around the observed limit represent the results obtained when changing the nominal signal
cross section up or down by the ilatshlii}’y theoretical uncertainty. The solid band around the
expected limit shows the +10exp uncertainty band where all uncertainties, except those on the

signal cross sections, are considered. The figure is cited from [I9]

channel, are expected to suffer huge QCD background. In addition, because estimation of the QCD
backgrounds have large uncertainties, accuracy of the background estimation is limited.

Diphoton channel has advantages as described above. However, the diphoton channel has a dif-
ficulty as well. The major one is the expected low statistics. Since Br(h — 77) is only 0.23%,
the yields of signal is expected to be small compared to the other channels. Therefore, during the
development of the analysis, more weights are put on keeping acceptance of the signal yields, and
the sophisticated treatments on the small statistics in the signal region.

1.3 Author’s contributions

As described above, this thesis presents the analysis on searching for a direct pair production of
charginos and neutralinos using decay channel ¥y — Y% — Y%7+ and )Zf — X\W — XY v with
data collected with the ATLAS detector. The motivation for this search is described in this chapter.

In Chapter 2, experimental setup is described. The author contributed to the data acquisition
system for the pixel detector, described in Section EZ21. Because of the update of center-of-mass
energy, which is described in Section ZT2, it was expected that the bandwidth of some part of the
data acquisition system of the pixel detector is going to reach the limit within the experiment from
2016. To avoid such situation, the data acquisition system for the outer most layer of the pixel
detector was fully replaced at the beginning of 2016 [22]. The author developed the firmware for the
new data acquisition system.

In Chapter 3, data and simulation samples used in the analysis are introduced. Those samples are
processed and physics objects are reconstructed as described in Chapter 4. The author processed the
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Figurel.7 Feynman diagram of diphoton channel.

signal samples and the updated background samples as described in Section B2Z1. The author also
verified the “isolation” definition for photon and electron, which is described in Section B0, As
described in Equation B22, isolation criteria depend on the expected energy of the photon candidate.
The author confirmed that this expected energy is close enough to the truth photon or electron
energy, and there are no deviation which may be the source of bias of the selection.

From Chapter 5, analysis procedure and study performed for this search are discussed. The author
contributed as the main analyzer for this search. All the figures used in those chapters are produced
by the author. In Chapter 5, event selection criteria are described. As described in that chapter,
the criteria optimization was started from the criteria used in previous work. All the criteria are
confirmed and tuned as necessary by the author. In Chapter 6, procedure for the evaluation of
backgrounds are described and verified. All the evaluation and the study described in this chapter
was performed by the author. In Chapter 7, optimization of the signal region definition to improve
significance is described. The topic described in this chapter is a major improvement from the
previous work. The author performed the study described in this chapter and proposed optimized
signal region. In Chapter 8, uncertainties and their effects are explained. The author evaluated
those and found that the systematical effect is small enough compared to the statistical effect. In
Chapter 9, observed events are statistically evaluated. All the interpretations have been performed
by the author. In Chapter 10, all the studies described in this thesis are summarized.
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Chapter 2
Large Hadron Collider and The ATLAS

detector

The Large Hadron Collider (LHC) is the largest circular hadron collider in the world. The ATLAS
detector is one of the multiple purpose detectors for the LHC. In this chapter, the experimental
setup is described. The LHC is overviewed in Section P, and the ATLAS detector is overviewed in
Section 2.

2.1 LHC

The Large Hadron Collider (LHC) is a circular collider, which is made of two rings of superconduct-
ing hadron accelerators, constructed at the European Organization for Nuclear Research (Conseil
Européen pour le Recherche Nucléaire, CERN). It is designed to collide proton beams at a total
center-of-mass energy /s = 14 TeV. The construction was started by replacing the experimental
setup for the Large Electron Positron collider (LEP) while reusing the tunnel for the accelerator
located underground from 45 m to 170 m, around the border of Switzerland and France. Around
the tunnel, of which length is 26.7 km, several detectors were constructed for the measurement of
the collisions.

The proton beam for the collisions is accelerated by several types of the injectors step by step
before the injection into the LHC. In Section 211, those LHC injector chains are overviewed. Then,
the design of the LHC is explained in Section ZZT72.

2.1.1 LHC injector chain

Figure 270 shows the full chain of the LHC injector. The chain is constructed as following order: Lin-
ear accelerator 2, Proton Synchrotron Booster, Proton Synchrotron and Super Proton Synchrotron
before the LHC.

The Linear accelerator 2 (Linac2) generates proton sources from hydrogen gas by passing through
them into an electric field to remove their electrons and injects them into the Proton Synchrotron
Booster (PSB) as 50 MeV beams. The PSB, which consists of four super-imposed synchrotron
rings distributed along 157 m length of circumference, accelerates the beam to 1.4 GeV and injects
them into the Proton Synchrotron (PS). The PS, which is a synchrotron made by 277 conventional
electromagnets distributed along 628 m length of circumference, accelerates the beam to 25 GeV,
and injects them into the Supper Proton Synchrotron (SPS). The SPS is the last accelerator before
the injection to LHC. It contains 1425 magnets distributed along 6.9115 km length of circumference
and accelerates beam up to 450 GeV.

The proton beam in the LHC is accelerated in a form of bunches. It is designed so that 2808
bunches are filled in 3564 bunch places in LHC beam line with 25 nsec bunch spacing. The proton
beam injected with 450 GeV is accelerated up to 7 TeV. More detail about the LHC is described in
the next section.
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Figure2.1 The accelerator comples at CERN. The figure is cited from [23].

2.1.2 LHC design

The LHC is developed for the search for new physics. Event yield of new physics is a key of the
experiment. The expected number of events per second generated in LHC collisions is given by:

Nevent = LOevent (21)

where gevent 1S the cross section for the target event, and L is the machine luminosity. The machine
luminosity can be written for a Gaussian beam distribution as:

I — Nanbfrev’YTF (22)
4dre, B*
where N is the number of particles per bunch, n; is the number of bunches per beam, f,o, is
the revolution frequency, v, is the relativistic gamma factor, ¢, is the normalized transverse beam
emittance, 8* is the beta function at the collision point, and F' is the geometric luminosity reduction
factor due to the crossing angle at the interaction point:

—1/2

F=[1+ <ecaz>2 (2.3)

20*

0. is the full crossing angle at the interaction point, o, is the RMS bunch length, and ¢* is the
transverse RMS beam size at the interaction point, under the assumption of o, < * [24]. The
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Figure2.2 Peak luminosity at ATLAS as a function of time

design values of those parameters are summarized in Table P with actual operation values shown
in the right columns. With design parameters, L is expected to achieve 103* cm?s~!.

Until 2012, the LHC was operated with 3.5 and 4 TeV proton beam. After that operation, there
were two years of long shutdown to upgrade beam energy to 6.5 TeV. Then, finally from 2015, first
operation with 6.5 TeV proton beam started. The experiment performed until 2012 is called Run 1,
and experiment performed from 2015 is called Run 2. This analysis is using the data collected from
2015 to 2016.

Figure B2 shows the peak luminosity within those periods. At the beginning of the operation
in 2016, it was found that there were unexpected objects in the beam pipe. Due to those objects,
observed peak luminosity in early period of 2015 was lower than the design value. The peak luminos-
ity increased mainly due to reduced full crossing angle 6. after September 2015. In 2016, the peak
luminosity further increased mainly due to reduced g*. With those setups, integrated luminosity
achieved 4.2 fb~! in 2015 and 38.5 fb~! in 2016.

Table2.1 Design and Operational parameters of LHC. Interaction point is assumed to be at
the ATLAS detector. In September 2015, the full crossing angle was reduced from 370 um to
280 pm. In later 2016, the beta function was reduced from 40 cm to 33 cm.

Parameters Design 2012 2015 2016
Beam energy [TeV] 7 4 6.5 6.5
Bunch spacing [nsec] 25 50 25 25
Peak luminosity L [1034 cm’s™!] 1 0.75 1.4 1.7
Number of particles per bunch N, [10! per bunch] 1.15 1.65 1.1 1.2
Number of bunches per beam ny 2808 1374 2220 2556
Revolution frequency frey 11.2 kHz
Normalized transverse beam emittance €, [pm] 3.75 2.5 2.2 2.2
Beta function at the ATLAS £* [cm)] 55 60 40 40 — 33
Full crossing angle at the ATLAS 6, [prad] 285 290 370 — 280 300
RMS bunch length at the ATLAS o, [cm] 7.55

Transverse RMS beam size at the ATLAS o* [um]  1.67
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Figure2.3 Cut-away view of the ATLAS detector. The dimensions of the detector are 25 m
in height and 44 m in length. The overall weight of the detector is approximately 7000 tonnes.
The figure is cited from [25].

2.2 ATLAS detector

There are four detectors at LHC. T'wo general purpose detectors are the ATLAS and the CMS. One
of the other detectors is LHCb, which is for the studies of b-physics. The last one is ALICE detector
too, which is for heavy-ion collision experiments. In this section, the ATLAS detector, which is used
in this analysis, is described.

The ATLAS, which stands for A Troidal LHC ApparatuS, is a general purpose detector for proton-
proton collisions. Figure P23 shows the cut-away view of the ATLAS detector. As shown in the figure,
its height is 25 m and its length is 44 m. It consists of following sub-detector systems from inner
side:

e Inner Detector: The tracking system, described in Section EZ2Zl. It consists of the pixel
detector, the semiconductor tracker and the transition radiation tracker.

e Calorimeter: The detector to measure particle energy, described in Section EZ2Z2. It consists
of the electromagnetic calorimeter and the hadron calorimeter.

e Muon spectrometer: The subsystem for muons, which are particles that penetrate the
calorimeter. It is described in Section EZ2233. It consists of the thin gap chambers, resistive
plate chambers, monitored drift chambers and cathode strip chambers.

The detector is constructed so that the center of the detector is located at the LHC collision
point. Due to its shape shown in Figure 223, a cylindrical coordinate system is nominally used in
the ATLAS experiment, while the beam direction defines the z-axis and z-y plane is transverse to
the beam direction. The angle around z axis is measured by ¢, and the polar angle 6 from the
beam axis is often interpreted to the pseudorapidity n = —In[tan(6/2)]. The distance AR in the
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Figure2.4 Schematic z-y coross section view of a detailed layout of the Inner Detector (ID),
including the new Insertable B-Layer (IBL). The figure is cited from [6]

pseudorapidity-azimuthal angle space, which is defined as \/An? + A¢?, is also often used. The
region where the detector constructed in parallel to z-axis, is called “barrel“ region, and the region
where the detector constructed in x-y plane, is called “end-cap” region.

The detector has two magnet systems: a thin superconducting solenoid magnet surrounding the
inner detector, and three large surrounding toroids arranged with an eight-fold azimuthal symmetry
around the calorimeters. The magnet surrounding the inner detector provides 2 T solenoidal field to
the tracking volume. Due to the field, momentum of charged particles in z-y plane, called transverse
momentum pr, can be measured by their tracks. In order to measure transverse momentum in high
resolution, the resolution in ¢ direction is more important than that in 7 direction.

2.2.1 Inner Detector

Figure P4 shows the schematic x-y cross section view of the Inner Detector (ID). Figure EZ3 shows the
r-z cross section view of it. As shown in the figures, the ID is made of the Pixel, the SemiConductor
Tracker (SCT) and the Transition Radiation Tracker (TRT). Each sub-detector is described below.

Pixel detector

The pixel detector is installed in the inner most layer close to the beam line. The sensors of the pixel
detector are made of n-type wafers with readout pixels on the nT-implanted side of the detector.
It has four barrel layers, covering 33.5 < r < 122.5 mm and |z| < 400.5 mm, and three end-cap
layers, covering 88.8 < r < 149.6 mm and 495.0 < |z| < 650 mm. The inner most barrel layer, which
is called IBL, was installed after the run in 2012. The typical pixel size of the IBL is 50 um (7-
¢) x 250 pm (z), while that of the other pixel layers is 50 pym (7-¢)x 400 pm (z)

Figure P8 shows the typical structure of the pixel “module”, which is an unit of the pixel detector.
The module is made of the sensor containing 46080 readable channels in 63.4 x 24.4 mm?, connected
to 16 of the read-out Front End (FE) chips which detect analog signal from the sensor and digitize it
for read-out, and the specific flex which is shown in the top of the figure. The flex contains Module
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Figure2.5 The r-z cross section view of the layout of a quadrant of the ATLAS inner detector
for Run 2. The figure is cited from [27]. The top panel shows the whole inner detector, whereas
the bottom-left panel shows a magnified view of the pixel detector region. Compared to Run
1, the IBL (shown in orange in the bottom-left panel) and its services, together with the new
beam pipe, were added.

Control Chip (MCC), which is controlling 16 of FEs, NTC thermistors for the temperature control
and High-Voltage (HV) elements to supply HV to the sensor. The flex is connected to readout
cabling via the connector on the “pigtail” shown as yellow plane in the figure.

In case of the IBL, FE has a role of MCC. Only two FEs are used to readout whole sensors in a
module, while number of channels per module is 53760.

The pixel detector contains over 92 million pixels in total. For the barrel pixel layer, individual
layer resolution of 10 pm in the ¢ direction and 115 pym in z direction are achieved.

Semiconductor Tracker

The SemiConductor Tracker (SCT) is the second inner most tracker, next to the pixel detector.
The sensors of the SCT is single-sided p-in-n silicon strip sensor in 80 pum pitch. Since one SCT
sensor has high resolution only in one direction, two sensors are glued back-to-back with a 40 mrad
rotation around the geometrical center of the sensors. Each side of the sensor has 768 readable strips
of which length is 6 cm. Owing to this angle, the module achieves resolution of 580 um in the z
direction, while 17 pym in ¢ direction is achieved. Although the resolution in z direction is worse
than that of the pixel sensor, this concept can reduce readout channel significantly, as 6 x 12.6 cm
space is covered by 768 x 2 readout strips while for Pixels 46080 readout channels are needed to
cover 63.4 x 24.4 mm?. Therefore, the inner-most region, where it is requested to measure tracks
in high resolution, is covered by the pixel detector, and outer region, which has large surface area
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Figure2.6 Schematic view of a barrel pixel module illustrating the major pixel hybrid and
sensor elements, including the MCC (module-control chip), the front-end (FE) chips, the NTC
thermistors, the high-voltage (HV) elements and the Type0 signal connector. On the bottom
of the module, there is a Thermal Management Tile (TMT). The figure is cited from [23].

needed to be covered, is covered by the SCT. There are 15912 strips for the barrel region.

Figure 270 shows the typical structure of the SCT “module”, which is an unit of the SCT detector.
The module is made of the two glued sensors, connected to 6 of the read-out Front End (FE) chips
which are mounted on the hybrid assembly. The module is constructed on the baseboad made by
thermal pyrolytic graphite (TPG), which has high conductivity providing a thermal path between
the coolant and the sensors. The board has beryllia facings which are interfaced to the cooling
system.

The SCT has four barrel layers, covering 299.0 < r < 514.0 mm and |z| < 749.0 mm, and nine
end-cap layers, covering 275.0 < r < 560.2 mm and 853.8 < |z| < 2720.2 mm. The detail geometry
is shown in Figure PZA.

Transition Radiation Tracker

The Transition Radiation Tracker (TRT) is the tracker located in the outer-most layer of the ID.
The sensors of the TRT is polyimide drift straw tubes with a diameter of 4 mm, with the tungsten
wire with diameter of 31 pm plated with 0.5-0.7 pm gold, supported at the end of the straw by an
end-plug. The straws were cut to 144 cm for the barrel and 37 cm for the end-caps, and filled by
the gas mixture with 5-10 mbar over-pressure. The design value of the gas mixture is 70% Xe, 27%
CO, and 3% O, which achieves 2.5 x 10* gain with 1530 V. The position resolution of this sensor
in r — ¢ plane is 120 pym in the barrel region. The tubes are installed in parallel to the beam line in
the barrel region, and in parallel to the r direction in the end-cap region.

The TRT has three types of the modules in barrel, covering 563.0 < r < 1066.0 mm and |z| <
712.0 mm, and two types of module in the end-caps, covering 644.0 < r < 1004.0 mm and 848.0 <
|z| < 2710.0 mm. Each module layer has several layers of straws. The structure is designed so that
all charged tracks with pr > 5 GeV in |n| < 2.0 must pass through at least 36 straws except in
the barrel-end-cap transition region, which is 0.8 < |n| < 1.0. Even in the barrel-end-cap transition
region, charged particles pass at least 22 straws.
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Figure2.7 Drawing of a barrel module, showing its components. The thermal pyrolytic
graphite (TPG) base-board provides a high thermal conductivity path between the coolant
and the sensors. The figure is cited from [25].

2.2.2 Calorimeter

Figure E8 shows the cut-away view of the ATLAS calorimeter system. As shown in the fig-
ure, the calorimeter system is made of the LAr electromagnetic calorimeter and three types of
hadronic calorimeters, the tile calorimeter, the LAr hadronic end-cap calorimeter and the LAr for-
ward calorimeter.

Those detectors were designed to provide containment for electromagnetic and hadronic show-
ers. Therefore, radiation length (X() and interaction length (\) are important parameters for the
calorimeter. In the calorimeter, energy is measured using energy deposits from showers. In order to
generate showers efficiently, several types of absorbers are used in the ATLAS detector, as explained
in the following sections. The electromagnetic calorimeter has thickness > 22Xyin the barrel, and
thickness > 24Xyin the end-caps. The hadronic calorimeter has thickness > 9.7\ in the barrel and
thickness > 10\ in the end-caps.

Further detail about each sub-detector is described below.

Electromagnetic calorimeter

Figure 279 shows a sketch of a part of the ElectroMagnetic (EM) calorimeter in the ATLAS detector.
This type of the EM calorimeter covers |n| < 1.475. It consists of accordion shape lead absorbers
and liquid argon (LAr) as the active detector medium. The shape of the absorbers is chosen to make
several active layers in depth.

The first layer has strip cells to distinguish two collimated photons decayed from 7% and photons
form collisions.The second layer is the main detector to measure the energy. The last layer is to
collect energy leaking from the second layer.

The end-cap region is covered by two wheels of LAr ElectroMagnetic End-cap Calorimeter
(EMEC); inner one covering 1.375 < |n| < 2.5 and the other covering 2.5 < |n| < 3.2. Those
calorimeters have same structure with the EM calorimeter. In front of the detector described above,
there is detector called PreSamplers (PS), which has only 11 mm depth of active layer to measure
the energy lost in front of the calorimeters, covering |n| < 1.8.
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Figure2.8 Cut-away view of the ATLAS calorimeter system. The figure is cited from [25].

The geometry of the detector is summarized in Table 2. Since 1.37 < |n| < 1.52 is intermediate
region between the barrel and the end-caps, this region is called the crack region.

Hadronic calorimeter
The three types of hadronic calorimeter are located outside of the EM calorimeter.

The calorimeter placed outside of the EM calorimeter is the tile calorimeter. It consists of steel
absorbers and scintillating tiles as the active detector medium. The main part covers |n| < 1.0, and
two extended parts cover 0.8 < |n| < 1.7.

Further high 7 region is covered by the LAr Hadronic End-cap Calorimeter (HEC) located behind
the end-cap EM calorimeter. It consists of flat shape copper absorbers and liquid argon as the active
detector medium. It covers 1.5 < |n| < 3.2.

The most forward region is covered by the Forward Calorimeters (FCal), which has three layers.
The first layer consists of flat shape copper absorbers and liquid argon as the active detector medium.
The other layers consist of tungsten absorbers and liquid argon as the active detector medium. Due
to high particle fluxes in this region, the gap for liquid argon is smaller than 0.6 mm, in contrast to
the 2 mm gap for the EM calorimeter. It covers 3.1 < |n| < 4.9.

2.2.3 Muon Spectrometer

Figure 228 shows the cut-away view of the ATLAS muon system. The system consists of four types of
sub detectors and large toroid magnets arranged with an eight-fold azimuthal symmetry around the
z axis. The barrel toroid magnet provides 1.5 to 5.5 Tm of magnetic field to the region 0 < |n| < 1.4,
and the end-cap toroid magnets provide 1 to 7.5 Tm of magnetic field to the region 1.6 < |n| < 2.7.

The sub detectors are following; the Monitored Drift Tubes (MDT), the Cathode Strip Chambers
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Figure2.9 Sketch of a barrel module of the electromagnetic calorimeter where the different
layers are clearly visible with the ganging of electrodes in phi. The granularity in eta and phi
of the cells of each of the three layers and of the trigger towers is also shown. The figure is

cited from [2H].

Table2.2 Geometry of EM calorimeter

Layers Granularity (An x A¢) Covering n

Presampler in barrel 0.025 x 0.1 In| < 1.52

Presampler in end-caps 0.025 x 0.1 1.5<|n <18

Ist layer of EM calorimeter in barrel 0.025/8 x 0.1 In| <14
0.025 x 0.025 1.40 < |n] < 1.4

1st layer of EM calorimeter in end-cap ~ 0.050 x 0.1 1.375 < |n| < 1.425
0.025 x 0.1 1.425 < || < 1.5
0.025/8 x 0.1 1.5 < |n| < 1.8
0.025/6 x 0.1 1.8 < |n| < 2.0
0.025/4 x 0.1 2.0 < || < 2.4
0.025 x 0.1 24<n <25
0.1x0.1 2.5 < || < 3.2

2nd layer of EM calorimeter in barrel 0.025 x 0.025 In| < 1.4
0.075 x 0.025 1.40 < || < 1.475

2nd layer of EM calorimeter in end-cap 0.050 x 0.025 1.375 < |n| < 1.425
0.025 x 0.025 1.425 < |n| < 2.5
0.1 x0.1 2.5 < |n <32

3rd layer of EM calorimeter in barrel 0.050 x 0.025 In| < 1.35

3rd layer of EM calorimeter in end-cap  0.050 x 0.025 1.5 < |n <25
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Figure2.10 Cut-away view of the ATLAS muon system. The figure is cited from [25].

(CSC), the Resistive Plate Chambers (RPC) and the Thin Gap Chambers (TGC). Figure 2211 shows
the cross-section of the muon system. Each sub-detector shown in the figure is described below.

Monitored Drift Tubes

The Monitored Drift Tubes (MDT) is the main detector to measure momentum precisely. The sensor
of the MDT is drift tubes with a diameter of 29.970 mm, with the gold-plated tungsten-rhenium
wire with a diameter of 50 ym. The tube is filled by the gas mixture with 3 bar. The design value
of the gas mixture is 93% Ar and 7% CO,, which achieves 2 x 10* gain with 3080 V. The position
resolution of this sensor in transverse direction is 60-80 um per tube. From the precise position
measured by this detector, tracks are reconstructed and used to measure precise momentum.

This detector is shown in the figure with following naming:

e First character shows the location, barrel (B) or end-cap (E).
e Second character shows the layer, inner (I), middle (M), outer (O) or Extra (E).
e Last character shows the sector, large (L) or small (S).

As shown in the figure, it covers |n| < 2.7, except for the inner most layer which covers |n| < 2.0.

Cathode Strip Chambers

The Cathode Strip Chambers (CSC) covers the inner most layer of the forward region, where high
counting rate is expected so the MDT cannot be used safely. The gap of the CSC is filled with
the gas mixture of 80% Ar and 20% CO,, which achieves 6 x 10* gain with 1900 V. The position
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Figure2.11 Cross-section of the muon system in a plane containing the beam axis (bending
plane). Infinite-momentum muons would propagate along straight trajectories which are il-
lustrated by the dashed lines and typically traverse three muon stations. The figure is cited
from [24].

resolution of this sensor is 60 pm per CSC plane. It covers the inner most layer of 2.0 < |n| < 2.7.

Resistive Plate Chambers

The Resistive Plate Chambers (RPC) is for trigger system in barrel region. The detector consists
of parallel 2 mm plastic plates with a 2 mm gap. The gap is filled with the gas mixture of 94.7%
CoHoFy, 5% Iso-C4Hyg and 0.3% SFg, which achieves the detection efficiently greater than 98.5%
per layer with 1900 V. It covers |n| < 1.05.

Thin Gap Chambers

The Thin Gap Chambers (TGC) is for trigger system in end cap region. The TGC is multi-wire
proportional chamber. The wire to chamber distance is 1.4 mm, and the wire to cathode distance
is 1.4 mm. The gap is filled with the gas mixture of 55% COy and 45% n-pentane, which achieves
3 x 10° gain with 2900 V. It covers 2.0 < |n| < 2.7.

2.2.4 Trigger system

As described in Section B2, the bunch space of the LHC is 25 nsec. Hence, collision rate is detected
in 40 MHz. However, most of the detected events are background events. Because of limited resource
for the data acquisition, all events cannot be recorded. Therefore, the trigger system, which filters
only interesting events, is used in the ATLAS experiment. Figure EZT2 shows the overview of the
trigger system. There are two types of trigger system used in the ATLAS experiment; the Level 1
(L1) trigger and the high level trigger, as described below.
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Figure2.12 The ATLAS trigger and data acquisition system in Run 2 with emphasis on the
components relevant for triggering, cited from [2§]

L1 trigger
The L1 trigger is hardware-based trigger. This trigger gives decision based on the information from
the calorimeter and the muon system, for the barrel region and the end-cap region individually. The
information related to muon is processed at the level-1 Muon system, and calorimeter information
is processed at the level-1 Calo system, by a new FPGA-based multi-chip module (NMCM). Then
the Cluster Processor (CP) identify electron/photon and tau, and Jet/Energy-sum Processor (JEP)
identify jets and missing transverse momentum. The outputs from the level-1 muon system is
processed at the Muon-to-CTP interface (MUCPTI). The outputs from the level-1 Calo system
and MUCPTT are used at Level 1 Topological trigger (L1Topo) to combine the objects. All those
information are processed at the Central Trigger Processor (CTP), which submits L1 trigger based
on dedicated trigger menu. L1 trigger is accepted by the Read Out Driver (ROD).

Only when L1 trigger is accepted, the ROD for all the detector starts read out data from the Front
End (FE) chips. The L1 trigger menu is designed to achieve ~100 kHz of read out.

High Level Trigger
The next step of the trigger is the High Level Trigger (HLT). This is software-based trigger.

The data taken by L1 triggers are buffered in the Read-Out System (ROS). Then, based on
the L1 trigger information, the Region-of-Interest (Rol) is used at the HLT processors. Online
reconstructions are performed only for the objects in the Rol, and the dedicated HLT algorithm is
applied.

Only events accepted by the HLT are recorded in the Data Storage. The HLT menu is designed
to achieve ~1 kHz of data recording.
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Data and Simulation samples

The search for new physics is generally performed as a search for the deviation from the expectation
based on the SM. The events expected by the SM are background for such search, and the events
expected by new physics are signal. In order to search for the deviation, it is important to understand
the characteristics of the background and the signal. Both expectation, based on the SM and new
physics, can be provided by simulated samples. In this chapter, details of collected data and simulated
samples are introduced.

3.1 Data samples

The LHC has been operated at /s = 13 TeV from 2015. The dataset used in this analysis is collected
using the ATLAS detector in 2015 and 2016. Figure B shows the integrated luminosity in 2015
and 2016. Because of the DAQ inefficiency and the start up time for the electronics of the tracking
detectors, not all of the delivered luminosity can be recorded, as shown in the figures.

Total recorded integrated luminosity is 3.9 fb~! in 2015 and 35.6 fb~! in 2016. However, some of
those data were recorded when a sub detector system had a trouble. The largest effect in 2015 is that
the IBL was turned off for two runs, corresponding to 0.2 fb=!. And the largest effect in 2016 is that
the toroid magnet was off for some runs, corresponding to 0.7 fb~!. The data collected when some
sub detector had a trouble are removed and not used in the analysis. Total integrated luminosity used
in the analysis is 3.2 fb~! in 2015, and 32.9 fb~! in 2016. Therefore, overall integrated luminosity
used in the analysis is 36.1 fb~1.

3.1.1 Trigger

As described in Section X4, data is collected using prepared triggers. In this analysis, the used
dataset is collected by diphoton trigger, which is dedicated for the events contain two or more
photons. Among several types of the diphoton triggers developed in the ATLAS experiment,
HLT _g35_LOOSE_g25 LOOSE, which is the loosest type of trigger, is used for this analysis. This
trigger is dedicated for the events containing leading photons with greater than 35 GeV transverse
momentum and sub-leading photons with greater than 25 GeV transverse momentum. The efficiently
of this trigger for the target diphoton events are closest to 100% [30].

3.1.2 Blind analysis

The collected data is used not only for the estimations of the existence of new physics, but also
for the evaluations of the backgrounds. At first background estimations have been performed, then
observed data is compared with the expected backgrounds. Within the procedure of the background
estimation, collected numbers of events or distributions of data, which are used for the estimation of
the existence of new physics, are hidden, in order to avoid artificial bias, such as under estimation of
the background. This procedure is called “blind” analysis, and the hidden region is called blinded
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region, which is equivalent to the signal region described in Table Bl. The background estimations
described up to Chapter B have been performed with blinded data, and the blinded region is opened
in Chapter M. Instead of using data in the signal region, the simulation samples described in the
next section is used as expected distributions.

3.2 Simulation samples

Monte Carlo (MC) simulation samples are produced for background estimation and evaluation of the
significance of the signals. Event generators are used to simulate proton-proton inelastic scattering,
parton shower, and hadronization. As an input to the simulation, prepared Parton Distribution
Function (PDF) set is used. Non-perturbative parameters for the simulation, which cannot be de-
termined from theories, are “tuned” to reproduce the observed event. Depending on the physics
process, several types of generators, PDFs and tunes are used. Those are explained in this sec-
tion. The generated events are used as inputs to simulator for the detector system based on the
GEANT4 [31, B2]. Outputs of the detector simulation contain energy deposits, hit timing, etc. in
detector elements. These are further transformed to the digital outputs from detector components
through digitization process. These data are in the same format as the ones from the data from real
detector.

The MCs for the backgrounds are explained in Section B221. The MCs for the signals are explained
in Section B=Z2.

3.2.1 Backgrounds

As described in Figure T4, two photons, one lepton and the missing transverse energy (E%ﬁss) are
expected in the final state of the signal. Some types of the events predicted in the SM have the same
final state with signal. Therefore, those are expected as background sources.

Those backgrounds sources are classified into two types. The backgrounds including a SM higgs
particle within their process is classified as “peaking backgrounds”, which are Wh, Zh, tth, VBFh
and ggh. And the other type of the backgrounds is “non-peaking backgrounds”, which are W~~y,
Z~y, W, Zv, 77, tt, and single photon. All samples are summarized in Table BZI.

As described in Section 6, MC samples for the non-peaking backgrounds are not used for the
estimation of their contributions. Instead, the estimation for the non-peaking backgrounds has been
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performed with data-driven method. Those MC samples are only used for the comparison between
the data used in the data-driven method and the SM expectation. On the other hand, the MC
samples for the peaking backgrounds are directly used for the backgrounds estimation. Because of
this reason, two types of MC samples for Wh and Zh are used in the analysis.

The non-peaking backgrounds except for the tf are generated using the leading order (LO) gen-
erator SHERPA v2.1.1 simulation package [33] with the CT10 PDF set [34]. The tunes have been
done inside SHERPA.

The tt is generated using the NLO generator POWHEG [35] for the hard scatterings and
PYTHIAG [36] for the rest with the CT10 PDF set. For the tunes, the Perugia2012 [37] tune is
used.

The first set of the Wh and Zh samples are called “LO samples”, since those samples are gen-
erator with the LO generator. Those are generated using the LO generator PYTHIAS8 [B8] with
the NNPDF2.3LO PDF set [39, 40]. For the tune, the A14 [41] tune is used. The LO samples are
used with the early selections, which are introduced in Section B, for the optimization and some
validations.

The next set of the Wh and Zh samples are called “NLO samples”’, since those samples are
generator with the next-to-leading order (NLO) generator. Those are generated using the NLO
generator POWHEG+MINLO for the hard scatterings and PYTHIAS for the rest with the CT10
and CTEQG6L1 [42] PDF sets. For the tunes, the AZNLO tune [42] is used. The total cross section
for the normalization is calculated with NNLO QCD and NLO EW. Then, the correction for EW at
NLO is applied by the reweighting factor based on the truth transverse momentum of W or Z.

The LO samples are used in the early stage of analysis. The NLO samples are used mainly for
the statistical evaluation of the results. The effect of the difference of the sample is evaluated in
Section [272 as negligible level.

The VBFh and ggh are generated using the LO generator PYTHIA8 with the CTEQ6L1 PDF
set. For tune, the AZNLO tune is used. The processes are calculated with LO, then scaled to NNLO
by applying scaling factor called k-factor.

The tth are generated using aMcAtNlo [43] for the hard scatterings Herwigpp V2.7.1 [d4] for the
rest with the CT10 and CTEQ6L1 PDF sets. For the tune, the CTEQ6L1-UE-EE-5 tune [45] is
used.

3.2.2 Signals

The signal samples are created under the assumptions described in Section I223. The only free
parameters are the mass of LSP (mi?) and the mass of NLSP and the lightest chargino (mfﬁig)

Figure B2 shows the points of the values of the created signal points in the Mgo VErsus my+ co

parameters space. As shown in the figure, there is a theoretical limitation about mgo and My 0
1

Since 9 — x{h is assumed, Mgk g0 = Mg must be larger than the Higgs mass. This is shown as a

X1 X X

Table3.1 Simulation samples used in this analysis.

process generator PDF tune
tt POWHEG + PYTHIA CT10 Perugia2012
All other non-peaking SHERPA CT10 SHERPA
backgrounds
Wh and Zh LO samples PYTHIA NNPDF2.3LO Al4
Wh and Zh NLO samples POWHEG + MiNLO CT10 and CTEQ6L1 AZNLO
+ PYTHIA
VBFh and ggh PYTHIA CTEQ6L1 AZNLO

tth aMcAtNlo + Herwigpp CT10 and CTEQ6L1 CTEQ6L1-UE-EE-5
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All the signal samples are generated using MG5_.aMCQ@QNLO v2.3.3 [d6] for the matrix element
calculation for the hard process part and PYTHIAS for the rest with the NNPDF23LO PDF set [39].
For the tune, the A14 tune is used. The fast simulation (Atlfast-II [47]) is used for the simulation of
the detector response, instead of the “full” simulation used for the other samples. The cross sections
for those samples, which depend on My 5o, are summarized in Table B2



3.2 Simulation samples

Table3.2 Cross sections of assumed signal sample points.

M g0 [GeV] Cross sections [fb]

150 5.1809
152.5 4.8789
162.5 3.8718
165 3.6621
175 2.9533
177.5 2.8037
187.5 2.2927
190 2.1837
200 1.8074
202.5 1.7261
212.5 1.4431
215 1.3815
225 1.1651
227.5 1.1180
237.5 0.9137
240 0.9137
250 0.7825
262.5 0.6494
275 0.5430
287.5 0.4570
300 0.3869
312.5 0.3295
325 0.2819
337.5 0.2425
350 0.2094
375 0.1581
400 0.1210
425 0.0938
450 0.0734
475 0.0581

500 0.0464
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Object Reconstruction

Events in collected data and generated simulations contain hit information on the detector. From
those, candidates of the physics objects, such as photons, leptons, jets, which are a collimated spray of
hadrons coming from QCD activities, and missing transverse momentum (EX%), are reconstructed.
Then, specific selection criteria for each type of object are applied. In this chapter, reconstruction
procedures for each object are described.

4.1 Term definitions

Hit information on the detector are interpreted as tracks and deposit energies, and then reconstructed
as physics objects. Before the introductions about the reconstruction procedures, which are described
in the next section, some terms used in the explanations are defined in this section.

41.1 ET and pT

Tracks of charged particles are reconstructed by hit information on the ID [dR]. As described in
Section 2, 2 T solenoidal magnetic field is provided to the tracking volume. Because of the field,
charged particle draws curved path in the ID. From the curvature radius in z-y plane, transverse
momentum pr can be measured. In this chapter, pr means the transverse momentum measured by
track. Hit information on the calorimeters are interpreted as deposit energy. In this chapter, it is
denoted as Er (transverse energy).

Er and pr have relation such as

Ep =y/m?+pi. (4.1)

Since mass m is negligible comparing to scale of £ and pr, Et of correctly reconstructed object is
equal to pr. After this chapter, assuming all objects are correctly reconstructed, all momentum or
energy are denoted by pr.

4.1.2 Primary vertexes and u

The other term used in this chapter is the primary vertex. Since the ATLAS collects collisions
of proton beams, there are multiple interactions expected in a beam crossing. The number of
interactions in a beam crossing is denoted as pEl. The point of each interaction is denoted as
primary vertex.

The primary vertex is reconstructed by track information. Reconstructed tracks are extrapolated
to the beam spot center, then the z coordinate of the primary vertex is evaluated. The tracks sharing
the primary point are used to determine the vertex position. More detail are described in [44].

*1 This is used in Table BE3
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Figure4.1 Photon and electron candidates classification workflow.

4.2 Objects

4.2.1 Photons and Electrons

Reconstruction of candidates
Due to their simulator characteristics in the detector, a photon object and an electron object are
reconstructed in the same workflow described in following.

At first, electromagnetic clusters of the cells of the second EM calorimeter layer are reconstructed.
For this reconstruction, n x ¢ = 3 x 5 cells of the window are used for the scan of the local maximum
of the total Er. If Er of the cluster is greater than 2.5 GeV, it is used as a seed of the object. Then,
the energy collected around the seed are used as inputs to the clustering algorithm [60] to construct
topological cluster.

When a cluster is constructed at EM calorimeter, candidates of the associated tracks are defined
by the tracks reconstructed by the inter detector that are matched to the cluster by the extraction
of the track. If a vertex for two associated tracks are reconstructed, it is saved as a candidate for
the photon conversion vertex.

By using those information, object are classified as a photon, an electron or an “ambiguous” object
which could be a photon or an electron. Only when object is surely not considered to be an electron
(photon), it is classified as a photon (electron) candidate respectively. Figure Bl shows the overview
of the classification algorithm, which is described below.

In the following cases, the object is classified as a photon.
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e There are no tracks.

e There are no tracks with at least 4 hits in silicon layers (the pixel detector and the SCT).

e There is a vertex reconstructed by two tracks which have hit on the silicon layers but no hit
in the pixel layers. In this case, the object is considered as a converted photon.

When the object is not classified as a photon, the object is checked about following criteria:

e Etr/pr < 10. Otherwise, the object is not likely an electron since pr of an electron measured
by the track should be close to its E.

e pr > 2.0 GeV. Otherwise, the object has too low momentum to conclude it is an electron
candidate.

e There is a track with a hit on the pixel layers. Otherwise, the object is not likely an electron
since it is rare for an electron track.

In the cases that the object cannot pass at least one of the criteria listed above, the object is classified
as an ambiguous object, since it is not classified as a photon, nor an electron.

The object, which is not classified as a photon or an ambiguous object, is classified as an electron
candidate in the following cases:

e There are no vertices.
e There is a vertex but it is due to accidental vertex with cosmic ray or noise. To confirm it, a
vertex must pass one of following criteria:
— It is not reconstructed by two tracks having a hit on the pixel layers.
— It is reconstructed by two tracks having a hit on the pixel layers, but only one track has
a hit on the inner most pixel layer.

The object which dose satisfy any criteria above is classified as an ambiguous object. The ambiguous
objects are used as both photon and electron candidates in the following selection procedure.

Selection of photon candidates
The dedicated criteria for the photon candidates and for the electron candidates are applied to the
classified objects. The ambiguous objects are used as both candidates in this step, and overlap is
removed later.

For the photon candidates, following criteria are applies:

passing “Tight” photon IDentification (ID)

In| < 2.37 excluding the crack region of 1.37 < |n| < 1.52 (See Section P=22)
passing “FixedCutTightCaloOnly” isolation criterion

Er > 27 GeV

An important purpose of those requirements is to reduce fake candidates mostly due to 7 mesons
decaying to two photons. Two photons decayed from a 7% with high momentum are collimated and
geometrically close at the EM calorimeters. Therefore, the cluster at the second EM calorimeter
can be merged into one cluster. Since the signal detected at the second EM calorimeter is due to
photons, even if it is originally from 7, it is difficult to distinguish it from truth prompt photons.
The criteria described above are designed to reduce such fake candidates, as following.

The photon ID is developed in the ATLAS experiment to distinguish truth photons from fake pho-
tons, as described in [61]. It is based on the energy deposits in the first and second EM calorimeter,
and the leakage into the hadronic calorimeter. The ID was tuned to provide about 85% efficiency at
40 GeV.

The first EM calorimeter provides useful information in the photon ID definition. As described in
Section EZ22, it has fine segmentation to detect two photons from 7° separately. In order to ensure
the quality of the photon ID, the requirement on the 1 measured by the first EM calorimeter is
applied.

The isolation requirement is a different approach to reduce fake candidates. In general, mesons,
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Figure4.2 Schematics of topoEtcone4(. Images shows the cells of the second EM calorimeter
layer. Left image is for photon, and right image is for 7° decayed into diphoton. There are
pileup effects for both cases. For ¥ case, there are jet contributions also. topoEtcone40 is
calculated from total deposits energy (Xr<o.40ET) within R = 0.4 cone, which is shown as a
blue circle. In order to remove contribution of photon, deposits energy within n x ¢ =5 x 7
window (ESF7 ©°™)  which is shown as red cells, is subtracted. Then, expected deposits energy
leaked from the window (fieak (BT °°*°, 7)), which is shown as purple cells, is calculated and
subtracted. Finally, pileup effect (p(n)), which is shown as gray cells, is subtracted. topoEt-
cone40 for photon is close to 0. On the other hand, topoEtcone40 for 7° can be large value
due to jet contributions shown as green cells.

such as m°, are generated by the strong production, while photons are generated by the electroweak

production. Therefore, other QCD activities, such as jets, are expected to be around a meson, which
are not expected for a truth photon. The isolation requirement is suppressing objects with such jets
activities. Several types of the criteria are developed in the ATLAS experiment.

In this analysis, “FixedCutTightCaloOnly” is used as the isolation criterion. This is the re-
quirement on the calorimeter isolation energy, represented by topoEtcone4(. Figure B=2 shows the
schematic of the topoEtcone4( definition. Idea of topoEtconed0 is total energy deposits around
photon candidates. It is evaluated from the total energy deposits within an 17 — ¢ cone of a radius
AR = 0.40 around the center of the cluster of the photon candidate (Xr<0.40ET). XR<0.40ET in-
clude energy deposits of photon candidate and pileup effect also. In order to evaluate energy deposits
inside cone except for photon, energy deposits of photon is evaluated separately and subtracted. It
is evaluated from deposits energy within n x ¢ = 5 x 7 window (E3X7 €°*¢) at first. Then, expected
deposits energy leaked from the window is calculated using a dedicated function of E5X7 €™ and 7
(fleak (E3XT co¢ p)). Pileup effect (p(n)) is also evaluated as a function of 5. Then, topoEtcone40
can be defined as:

topoEtconed0 = Y g o40FT — E%’d core _ fleak(E%"7 cren) — p(n) (4.2)

Due to uncertainty on the fleax (B3 €™ 1), the width of the topoEtcone40 become wider with
larger E2X7 <or¢. Therefore, the threshold of “FixedCutTightCaloOnly” is tuned as a function of the
photon transverse energy, as following:

topoEtcone40 < 2.45GeV + 0.22 x Er (4.3)

The last criterion is on photon transverse energy. In this analysis, further selections are applied
in the signal region requirement. This is discussed in Section h=372.

Selection of electron candidates
For the electron candidates, following criteria are applied:
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passing “TightLLH” electron IDentification (ID)

|n| < 2.47 excluding the crack region of 1.37 < |n| < 1.52
passing “gradient loose” isolation criterion

|zosinf| < 0.5 mm

’do/ddo‘ < 5.0

pr > 15 GeV

In the case of the electron candidates, main source of the fake are hadronic jets and photons con-
verting to electron positron pairs. Electrons in hadronic jets or converted from the photon can be
electron candidates, even if they are not prompt electrons.

The “TightLLH” electron ID is developed based on the log likelihood (LLH) with the multivariate
analysis (MVA) technique [62]. The definition of the “TightLLH” uses information from the hadronic
calorimeter, the EM calorimeter and the inner detectors.

The 71 cut is based on the range where the four momentum of the electron can be calculated based
on the track measured by the inner detectors.

The isolation requirement is to suppress hadronic jets, as it is for the photon isolation. For the
isolation requirement, two discriminating variables are used: a calorimetric isolation energy and a
track isolation. The calorimetric isolation energy is evaluated by topoEtcone20, which is the same
with topoEtcone40 except for the size of the radius for the calculation which is AR = 0.20 instead
of 0.40. The track isolation is represented by ptvarconed(. It is defined as the sum of transverse
momentum of all the track within a cone of AR = min(0.40,10GeV/Er) around the candidate
electron track, excluding the electron associated track. The track used in this calculation are only
those which pass following criteria:

pr > 1 GeV

7 or more hits in the silicon layers

2 or less missing hits in the silicon layers

1 or less missing hits in the pixel layers

1 or less hits in the silicon layers assigned to more than one track
|zpsinf| < 0.3 mm

The “gradient loose” criterion is tuned to provide 95% of the total efficiency for 25 GeV electrons,
and 99% total efficiency at 60 GeV. The thresholds for calorimetric isolation energy and track
isolation are not fixed values. The total efficiency is evaluated by using simulation of Z — ee.

The selection for zg and dj is to request that the origin of the track is close to the primary vertex,
which is the common origin for the high-quality reconstructed tracks. Those parameters are called
impact parameters, which are showing distance from the primary vertex to the track, as shown in
Figure B23. dj is the closest distance from the track to the primary vertex in the (z, y) plane. z is
the z intercept in the (z, direction of pr) plane. dj is divided by uncertainty on dy and requested
that the size of d is within 50. zg is weighted by sin 8, where 6 is track angle from the z axis. zsin 6
means distance from the track to the primary vertex in the (z, direction of pr) plane.

The last criterion is on electron momentum. In this analysis, further selections are applied in the
signal region requirement. This is discussed in Section B=373.

422 Muons

Reconstruction of candidates
Muon candidates are reconstructed using the information from the inner detectors and the muon
spectrometer (MS).

At first stage of the reconstruction, muon candidates are reconstructed by the inner detectors and
the muon spectrometer individually. The reconstruction with the inner detector is performed as did
for other charged particles. On the other hand, the reconstruction with the muon spectrometer is
performed as following steps:
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Figure4.3 Image of the impact parameters. Left image shows an image of dg. Charged particle
draw an arc in the (z, y) plane as shown as an orange arrow. do is closest distance from the
track to the primary vertex in the (z, y) plane, which is shown as a red arrow. Right image
shows an image of zo sin 6. zo is the z intercept in the (z, direction of pr) plane, which is shown
as a blue arrow. With weight of sin 6, where 6 is is track angle from the z axis, closest distance
from the track to the primary vertex in the (z, direction of pr) plane (20 sin #) is evaluated, as
shown as zosin 6.

e Hit patterns for the muon track candidates are searched inside each muon chamber in the MS.

e The track candidates are reconstructed by fitting hits on different layers. The fit is performed
from the seeds generated from the hit segments in the middle layers of the detector, and then
extended to the inner and outer layers.

e If there are segments used by several track candidates, an overlap removal algorithm is applied.
The algorithm selects the best assignment of the segment to a single track or two tracks as a
shared segment.

e The hits associated with each track candidate are fitted using a global x? fit to remove low
quality tracks from the candidates.

After the individual reconstruction by the inner detectors and the muon spectrometer, those
information are combined in several ways. Depending on which subdetectors are used in the recon-
struction, four types of the muons are defined [63]. In this analysis, only following two types of the
muon are used as muon candidates.

e Combined muons: A combined track is formed from the tracks reconstructed by the inner
detectors and the muon spectrometer using global refit. Most of the muons are reconstructed
by the pattern recognition from the muon spectrometer and then extrapolating to the track
in inner detectors.

e Extrapolated muons: a muon track is reconstructed only using the track in the muon spec-
trometer with a loose requirement on compatibility with originating from the interaction point
when extrapolating the track. This is to extend the acceptance for muon reconstruction into
the region 2.5 < |n| < 2.7, which is not covered by the inner detectors.

Selection of muon candidates
For the reconstructed muon candidates, following criteria are applied:

e passing “medium” muon IDentification (ID)



4.2 Objects 37

In| < 2.7

passing “gradient loose” isolation criterion
|zpsin | < 0.5 mm

|d0/0’d0| < 3.0

pr > 10 GeV

Those criteria are to suppress background, mainly from pion and kaon decays, while keeping high
efficiency for the prompt muons and guaranteeing a robust momentum measurement,

The “medium” muon ID is developed as the default selection for muons in the ATLAS experiment,
to minimize the systematic associated with muon reconstruction and calibration. Individual criteria
for the Combined muons and for the Extrapolated muons are defined in [63], based on the information
from the muon spectrometer and the inner detectors. The reconstruction efficiency of the muon with
this muon ID is greater than 95%. The 1 cut is based on the region covered by three layers of
MDTs. Since the Combined muon candidates are reconstructed within the inner detector coverage
(In| < 2.5), and the Extrapolated muon candidates are reconstructed in 2.5 < |n| < 2.7, this cut
does not affect the candidates.

The isolation requirement is to suppress muon from semileptonic decays in hadronic jets. As in
the case of electron, muons originating from the decay of heavy particles, such as W, Z or higgs
are often produced with isolation from other particles, unlike the muons from semileptonic decays.
As discriminating variables for the muon isolation, topoEtcone20 and ptvarcone30 are used. The
definitions of them are the same with the ones for the electron isolation, expect for the cone size of
ptvarcone30, which is AR = min(0.30,10GeV/Er)

The “gradient loose” criterion is tuned to provide 95% of the total efficiency for 25 GeV muons,
and 99% total efficiency at 60 GeV, which are the same working point as the case of the electrons.
The total efficiency is evaluated by using simulation of Z — pu.

The selection for zy and dy is, again as it is for the electron, to request that the origin of the track
is close to the primary vertex.

The last criterion is on muon momentum. In this analysis, further selections are applied in the
signal region requirement. This is discussed in Section B=373.

423 Jets

Reconstruction of candidates
Quarks and gluons generated by proton-proton collision immediately transform into bunch of
hadrons, as described in Section II. It is detected as a “jet” in the detector.

The candidates of the jet objects are reconstructed using the anti-k7 algorithm [564] with a distance
parameter R = 0.4. The input to the algorithm is the topological clusters [65] at the calorimeters.
Several topological clusters are combined as following:

2
e For all the combination of the topological clusters ¢ and j, distances d;; = min(p;f, p}f) i{;j
and d;p = pi? are calculated, where A?j = (y; —y;)> + (¢i — ¢;)? and pr,,yi, ¢; are the
transverse momentum, rapidity and azimuthal angle around z-axis of the cluster 7.
e The minimum distance is searched.
— If d;p is the minimum, the cluster 7 is classified as a jet and removed from the list of the
clusters.
— If d;; is the minimum, the cluster 7 and the cluster j are combined into one cluster.
e The steps described above are repeated until all the clusters are combined and classified as

jets.

With this algorithm, clusters within the distance parameter R are combined into one cluster. If
there are several clusters within R, the cluster with high momentum has priority to be combined.
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Selection of candidates

To all the candidates of jets, two acceptance cuts, pr > 30 GeV and |n| < 2.8, are applied. In
order to suppress the contributions from pile-up jets, the Jet Vertex Tagger (JVT) cuts are applied.
JVT is likelihood that the jet is hard scatter jet [66]. Jets are rejected if they have pr < 60 GeV,
In| < 2.4, and JVT < 0.59.

The selections described above are all for the jet candidates. However, the jet candidates are used
to vetoing event also, which is called bad-jet veto. Bad jet due to the noise in the calorimeter or
cosmic ray can be a jet candidate. The quality of the event which contains such object cannot be
guaranteed. Therefore, such event is vetoed by tagging the object as bad jet [67]. If such object
exists even after the overlap removal, which is described in Section B=24, the event is removed from
the analysis.

The other type of tag for jet used in this analysis is the b-jet tagging, which is used in Section b=371.
A jet originating from b-hadron decay, which is called b-jet, can be identified using its characteristics.
In ATLAS experiment, following three types of inputs are used [b8]:

e Secondary Vertex: Due to its relatively long life time, the decay point of b-hadron is not
matching to the primary vertex. Such point is called secondary vertex. In the b-jet tagging
algorithm, the secondary vertex is reconstructed, and its characteristics is used for the tagging.

e Impact Parameter: Even without finding the secondary vertex, tracks in the b-jet have differ-
ent characteristics, since some of them are originating from secondary vertex. Based on this
approach, likelihood of b-jet or other jets are calculated using impact parameter of tracks and
used for the tagging.

e Decay Chain Multi-Vertex Algorithm (JetFitter [69]): The JetFitter algorithm tries to re-
construct the topological structure from the priority vertex to b-hadron and c-hadron. The
reconstructed information are used for the tagging.

Using the inputs discussed above, a boosted decision tree algorithm to discriminate b-jet from other
jets are trained. The trained algorithm, called MV2c20E2, provide the output shown in Figure E4.
In this analysis, the working point providing 77% efficiency for b-jet is used. This tag is used in
Section b=374

4.2.4 Overlap removal

Just after the reconstruction of the physics objects described above, some of the objects can be double
counted as several physics objects. One possible reason of such reconstruction is misidentification for
one of the object. Muon track can be misidentified as an electron or a converted photon. Converted
photon can be misidentified as an electron. Energy deposit on the calorimeter by electron and photon
can be misidentified as a jet. When one of the reconstructed object is jet, there is another possibility
that overlapped object is part of jet. Muon, photon, and electron can be a part of jet. Such overlap
is removed in the following order in this analysis:

e If an electron and a muon share a track, it is used for a track for the muon.

e If a jet and an electron are found within AR < 0.2, the object is interpreted as an electron
and the overlapping jet is removed from the event.

e If a jet and an electron are found within 0.2 < AR < 0.4, the object is interpreted as jet and
the electron is removed.

e If a jet and a muon are found within AR < 0.4, the object is interpreted as jet and the muon
is removed from the event.

e If a jet and a photon are found within AR < 0.2 the object is interpreted as photon and the

*2 The name came form the composition of background sample for the training, which is 20% c-jets and 80%
light-flavour jets.
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Figured.4 The MV2c20 output for b- (solid green), c- (dashed blue) and light-flavour (dotted
red) jets in tanti-t events. The figure is cited from [58].

overlapping jet is removed from the event.

e If a jet and a photon are found within 0.2 < AR < 0.4, the object is interpreted as a jet and
the overlapping photon is removed from the event.

e If a electron and a photon are found within AR < 0.4, the object is interpreted as electron
and the overlapping photon is removed from the event.

e If a muon and a photon are found within AR < 0.4, the object is interpreted as muon and
the overlapping photon is removed from the event.

4.2.5 Missing transverse energy

After the overlap removal, one more physics object is reconstructed, which is the missing transverse
energy (EXs5). Because of the momentum conservation in transverse plane, the total momentum
or the invisible particles, can be estimated by negative vector sum of the detected objects. In this
analysis, a neutrino decayed from W boson and two X! are expected as sources of ERIss,

E1iss is defined as following:

. . . et . s Soft T

(E$lss)m(y) — (E$1ss);(y) + (E$1ss);(y) + (E$1ss)3$6(y) + (E$1ss)/;(y) + (E$1ss)x(()yt) erm’ (44)
where each term is computed from the negative vector sum of calibrated reconstructed objects in
the respective category. The last term is for objects called soft term, which is calculated from the
reconstructed tracks which are not associated to any physics object [60, GI].

4.2.6 Skimming sample

For establishment of the analysis procedure, collected data is expected to be analyzed several times.
In order to analyze data efficiently, skimming of events is performed. The skim has been performed
just after the reconstruction of physics object candidates, before the selection of them. At that stage,
the events not passing following criteria are removed.
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The dataset is included in the good run list, which is the list of good quality dataset commonly
used in the ATLAS experiment.

The event is associated with a primary vertex. Otherwise the event can come from cosmic
muon or noise.

The event is not used if one of the following problems occurred:

— Noise burst at the LAr calorimeter.

— Recovery from the trip of the low voltage power supply for the tile calorimeter.

— DAQ had been done during the recovery procedure for single event upsets in the SCT.
The event dose not include more than one muon with a |z9| > 1 mm or |dy| > 0.2 mm, which
is likely cosmic muon.

The event passes at least one of following selections3:

— The event contains more than one photon candidate with greater than 30 GeV transverse

energy.

— The event contains at least one photon candidate with greater than 30 GeV transverse

energy and at least one electron candidate with greater than 30 GeV momentum.

— The event contains more than one electron candidate with greater than 30 GeV momen-

tum.

The events passing the criteria above are used in the analysis described in the following chapters.

*3 These selections are applied as loose pre-selections.
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Event selection

As described in Section I, the relative yield of new physics to the SM physics is expected to be
small. Therefore, it is important to suppress the contributions of the SM events, while keeping
acceptance of the contributions of the new physics.

In this chapter, the signal region is defined. At first, overall development of the analysis procedures
are overviewed in Section Bl In Section B3, the signatures of the signals and the backgrounds are
overviewed. Based on the described signatures, the signal region is defined in Section b3.

5.1 Overview of development of analysis procedure

At first, the signal region is defined based on the previous study. The selection criteria used in early
stage of the development are denoted as “early selections”. Using the early selections, procedures to
evaluate yields are established, as described in the next chapter. Then rough uncertainties on the
evaluated yields are evaluated. Using those procedures and rough uncertainties, the signal region is
further optimized, as described in Chapter @. After the optimization, some selections and samples
are changed. The selections used after this change are denoted as “final selections”. The difference
between the early selections and the final selections are evaluated in Section 2. With the final
selections and the optimized signal regions, uncertainties are re-evaluated, then the expected upper
limit is evaluated in Chapter B.

5.2 Overview of event signatures

As described in Figure 7, two photons, one lepton and the missing transverse energy (EXS) are
expected in the final state of the signal. Therefore, exactly two photons, exactly one lepton, and a
requirement on the missing transverse energy, which is EIs > 40 GeV , are requested as the basic
selections. Only electron or muon is considered as a lepton in the final state in this analysis. In the
case of tau, it decays immediately. Only when tau decays into leptons, the event is used as signal in
this analysis.

The backgrounds which can pass the basic requirements are classified into two types, as introduced
in Section B2 The backgrounds including a SM higgs particle within their process is classified as
peaking background. The other type of the backgrounds is non-peaking backgrounds. Since those
two types of the backgrounds have different signatures, those are considered separately.

5.2.1 Peaking backgrounds

The peaking backgrounds are mainly from W with associated SM higgs, which is called SM Wh. In
contrast to the large missing transverse energy in the signal events, the missing transverse energy in
the peaking backgrounds events is relatively small due to lack of the LSP particles. Therefore, the
variables related to the missing transverse energy are the key to suppress peaking backgrounds.
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Figureb.1 Image of m,, distributions. In contrast to the peaking backgrounds and signals
(shown as a blue region) which have my, close to 125 GeV because of the higgs particles
within their processes, the non-peaking backgrounds (shown as an orange region) have wide
range of m.-.

5.2.2 Non-peaking backgrounds

The non-peaking backgrounds are mainly from W or Z associated with diphoton. Due to the same
reason with the peaking backgrounds, the non-peaking background events have relatively small
missing transverse energy.

Additionally, invariant mass of the diphoton system (m.) is an important variable to suppress
non-peaking backgrounds. Figure b7l shows a conceptual drawing of m. distribution. As shown in
the figure, for the signal and the peaking backgrounds, two photons are from the SM higgs decay.
Therefore, reconstructed m.., is close to the mass of the SM higgs particle (125 GeV). On the other
hand, m., of the non-peaking background events may not be close to the mass of the SM higgs
particle. Therefore, the non-peaking backgrounds can be suppressed by the cut on m.,.

5.3 Signal region definitions

After the basic selection described in the previous section, further cuts are applied to reduce back-
grounds. In this section, the requirements for the signal region are described.

In order to show their discrimination power, the distributions of discriminating variables are shown
in the following sub section. All the distributions shown in this section are after the basic selections
and the m., requirement, which is 105 < m,, < 160 GeV. The region 120 < m.,, < 130 GeV
is called Higgs window and it blinded. The region out of the Higgs window are called sideband
region. Since only the higgs window is used as the signal region, the contributions of the non-
peaking backgrounds, which is distributed in both the sideband and higgs window, are scaled by
10/55 which is the ratio of m.. width between the higgs window and the sideband window®. Detail
about the window width is described in Section BZ34.

In this analysis, most of the requirements are the same with the 8 TeV analysis [[9]. Each
requirement threshold is reconsidered by using distributions shown in this section, and some of them
are updated to improve the sensitivity to the signal.

5.3.1 Signal focus points

Most of the kinematic distributions of signals depend on the assumed mass of LSP and NLSP. In
the optimization and the evaluation of the backgrounds steps, three focus points are used.

One of the focus points is a signal assuming (mxli Xg’mfd’) = (150, 0) GeV, called low-mass signal.

*1 For this scaling, it is assumed that non-peaking backgrounds have linear m~~ shape. This is validated in
Section BI2.
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Figure5.2 p?rl (left) and pYFQ (right) distributions with the basic selections, which are exactly
two photons, exactly one lepton, and ER* > 40 GeV. Contributions of non-peaking back-
grounds are scaled by 10/55, which is the ratio of m,, width between the higgs window and
the sideband window. Data (black points) are shown only for those distributed out of higgs

window, and are scaled by 10/45. Shown uncertainty is only statistical error on sideband data.

This signal had been excluded by the 8 TeV analysis. This point is used to ensure that the significance
in low mass parameter space of the model is kept.

The other type of focus points are called high-mass signals. Those are signals assuming
(mxf,xg’mx?) = (250,25) GeV and (mif,ig’mi?) = (250,100) GeV. Those two signals are chosen
to evaluate typical signatures of signal event in high mass parameter space of the model. The
optimization has been performed to improve sensitivity to the high-mass signals.

5.3.2 Photon selection

The two photons passing the object selections described Section B=21 are sorted by their transverse
momentum, and called leading photon or sub-leading photon. Figure b= shows their momentum.
Unless otherwise noted, the plots shown in this section are after the basic selection:

e Exactly two photons.
e Exactly one lepton.
o EINss > 40 GeV

Regarding data, for those distributed in the sideband windows are shown, and for those distributed
in the Higgs window are blinded. Then, the contributions of the non-peaking backgrounds are

10 __ width of the higgs window in GeV . . .
scaled by ¢ = = o r i oieband in Gov - Also, the contributions of sideband data are scaled by

10 width of the higgs window in GeV
55—10 ~— width of the sideband in GeV—width of the blinded Higgs window in GeV *

backgrounds are merged as “SM higgs”, and all the backgrounds are shown as a stacked histogram.
Regarding uncertainty, only statistical fluctuation of sideband data are shown as black bars, which
are calculated based on Poisson function.

As described in Section B, diphoton trigger is used to collect data with p?rl > 35 GeV and p%Q >
25 GeV. As described in Section EZZ8, event must pass at least one of the conditions for skimming
described below;

The contributions of peaking

e Event contains more than one photon candidate with greater than 30 GeV momentum.

e Event contains at least one photon candidate with greater than 30 GeV momentum and at
least one electron candidate with greater than 30 GeV momentum.

e Event contains more than one electron candidate with greater than 30 GeV momentum.

Therefore, events shown in Figure b2 are only passing the pre-selections on photon momentum
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Figure5.3 p% (left) and pf. (right) distributions with the basic selections, which are exactly two
photons, exactly one lepton, and E®'s5 > 40 GeV. Contributions of non-peaking backgrounds
are scaled by 10/55, which is the ratio of m.. width between the higgs window and the sideband
window. Data (black points) are shown only for those distributed out of higgs window, and

are scaled by 10/45. Shown uncertainty is only statistical error on sideband data.

described above.

In the 8 TeV analysis, pf > 20 GeV was applied [T9]. The right plot in Figure 54 shows that
signals are distributed to lower momentum region. Therefore, it is recommended to set the threshold
for p%g as low as possible to keep signal acceptance.

For the leading photon, p%l > 40 GeV is applied as in the 8 TeV analysis. For the sub-leading
photon, two types of selection thresholds are used in this analysis. When the optimization study
described in Section @ and the validations of the method to evaluate non-peaking backgrounds
described Section B are performed, p%Q > 27 GeV are applied. However, this requirement can be a
source of bias since this threshold is lower than the threshold applied at the skimming step described
above. Therefore, the threshold for p%z is increased to 31 GeV after those studies. This is discussed
in more detail in Section [274. The requirements before changing the threshold for p:}2 are noted as
the early selections, and the requirements after the change are noted as the final selections.

5.3.3 Lepton selection

Figure b23 shows the momentum distributions of electrons and muons. For both leptons, 25 GeV
is applied as the threshold for their transverse momentum. The isolation criterion for the electron
applied in the object selection described in Section B2 is tuned to provide more than 95% of
efficiency for Z — eTe™ events from this threshold.

5.3.4 Missing transverse energy selection

Figure b4 shows the missing transverse energy distribution. As described in Section b2, the distri-
bution is after applying EXs5 > 40 GeV as a part of the basic selections.

Figure b4 suggests that both type of the backgrounds can be suppressed by increasing threshold for
ERss a5 expected. However, the acceptance for the low-mass signal decreased with higher threshold
for Emiss. Therefore, further requirement on ER is not applied in the signal region requirements.
Instead, this discriminating variable is used for the optimization, which is dividing the signal region
to improve significance, described in Chapter. @
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Figure5.4 Missing transverse energy distribution with the basic selections, which are exactly
two photons, exactly one lepton, and ER > 40 GeV. Contributions of non-peaking back-
grounds are scaled by 10/55, which is the ratio of m,, width between the higgs window and
the sideband window. Data (black points) are shown only for those distributed out of higgs

window, and are scaled by 10/45. Shown uncertainty is only statistical error on sideband data.
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Figureb.5 m., distribution with the signal region selections except for m,, cut, which are
summarized in Table Bl. Scaling applied to the other plot is not applied to this plot. Data
(black points) are shown only for those distributed out of higgs window. Data distributed in
the Higgs window are blinded. Shown uncertainty is only statistical error on sideband data.

5.3.5 Diphoton invariant mass

As described in Section 5272, the invariant mass of the diphoton system (m..) is an important
variable to suppress the non-peaking backgrounds. m.., is defined as following:

Moy = \/2E%1E%2(cosh An — cos A¢)

Figure B3 shows m., distribution. For this figure, not the basic selection but the inclusive singal
regon requirements summarized in Table b are applied. Scaling factors on non-peaking backgrounds
and sideband data are not applied. Data distributed in the Higgs window are blinded.

As described at the beginning of Section b33, 105 < m,, < 160 GeV is required for the sideband
region, and 120 < m.,., < 130 GeV is required for the signal region. E2

*2 The sideband range is validated in Section EI2 in detail.
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Figure5.6 A¢(W,h) distribution with the basic selections, which are exactly two photons,
exactly one lepton, and E¥5 > 40 GeV. Contributions of non-peaking backgrounds are scaled
by 10/55, which is the ratio of m., width between the higgs window and the sideband window.
Data (black points) are shown only for those distributed out of higgs window, and are scaled

by 10/45. Shown uncertainty is only statistical error on sideband data.

The non-peaking backgrounds are uniformly distributed B in the sideband region as shown in
Figure BA. In contrast, the signals and the peaking backgrounds are distributed only in the higgs
window. Therefore, the ratio between higgs window width and sideband window width is applied
as a scaling factor to evaluate the contribution of the non-peaking backgrounds in the higgs window
for the kinematic distribution except for m.. distribution.

5.3.6 W boson and higgs systems

The “W boson object” is reconstructed from the missing transverse energy and the lepton E. The
higgs object is reconstructed from the two photons. Since all objects in the final states of the signals
and the SM Wh can be reconstructed as a higgs object or a W object, those two objects are expected
to fly away back-to-back in lab frame. On the other hand, additional objects and miss-reconstructed
objects are expected in final state of non-peaking backgrounds. Therefore, the angular distribution
between the W object and the higgs object can be smaller than the case of the signal and SM Wh.

In order to suppress the non-peaking backgrounds using the angular information, A¢(W,h) is
defined as ¢ separation between the W object and the higgs object. Figure b6 shows the A¢(W, h)
distribution. As expected above, the signals and the peaking backgrounds are distributed in high
Ap(W,h) region. And distributions of the non-peaking backgrounds are relatively flat. As a signal
region requirement, A¢(W,h) > 2.25 is applied, as applied in the 8 TeV analysis.

Because of the contribution of the LSPs to the missing transverse energy, reconstructed masses of
the W object and a photon object can be discriminating variables. In this analysis, the transverse
masses reconstructed with the missing transverse energy, the lepton, and one of the photons are used
as the discriminating variables in the signal region requirement. The transverse mass reconsidered
with the missing transverse energy and the lepton without using photon objects is used for the
optimization described in Chapter @. The transverse mass reconstructed with leading photon (1)
is noted as M¥V 71 And the transverse mass reconstructed with sub-leading photon (72) is noted as

M¥V 72 The transverse mass reconstructed without using photon objects is noted as M}V . Definition

*3 The shape of m~~ distribution of the non-peaking background is validated in Section B2 in detail.
*4 W object is not always truth W boson. In the case of signal, it includes two LSPs.
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Figure5.7 My'"" (left) and M7 (right) distributions with the basic selections, which are
exactly two photons, exactly one lepton, and ER* > 40 GeV. Contributions of non-peaking
backgrounds are scaled by 10/55, which is the ratio of m,, width between the higgs window
and the sideband window. Data (black points) are shown only for those distributed out of
higgs window, and are scaled by 10/45. Shown uncertainty is only statistical error on sideband

data.
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Figure5.8 M, distribution with the basic selections, which are exactly two photons, exactly
one lepton, and E¥5 > 40GeV. Contributions of non-peaking backgrounds are scaled by
10/55, which is the ratio of m,~ width between the higgs window and the sideband window.
Data (black points) are shown only for those distributed out of higgs window, and are scaled

by 10/45. Shown uncertainty is only statistical error on sideband data.

of those transverse masses are following:

My = (5.1)

\/ 2B} BRI (1 — cos A i) + 2BL BRI (1 — cos Ay piss) + 2E3 BE(1 — cos Ay r)

MY = \/ 2L B3 (1 — 08 Adpy, popiee) (5.2)

Figure b7 shows the M;iv " distribution and the M%v 72 Qistribution respectively. In this analysis,

Mrﬁv "> 150 GeV and M¥V 72 > 80 GeV are used for the signal region requirements, as applied in
the 8 TeV analysis. Figure B3R is the MY distribution.



48 Chapter 5 Event selection

) L B L o A B RAmm
S V, 36.1 fb™, with the basic selections
u>J signal-150-0 Wl v+et Wy
[ signal-250-25 2y zy
signal-250-100 [ 1 Bwyy
—e— sideband data @ SM higgs  Bzyy

“11lH1l1Hllllllll“lll“lll“ll

35 4 45 5
b-jet multipulisity

3

Figure5.9 Distribution of the number of b-jets with the basic selections, which are exactly two
photons, exactly one lepton, and EX'*5 > 40 GeV. Contributions of non-peaking backgrounds
are scaled by 10/55, which is the ratio of m.., width between the higgs window and the sideband
window. Data (black points) are shown only for those distributed out of higgs window, and

are scaled by 10/45. Shown uncertainty is only statistical error on sideband data.

5.3.7 B-jet

Figure B9 shows the distribution of the number of b-jets. Most of the signal events have no b-jets,
while non-negligible background events have one or more b-jet. Non-peaking background events
with b-jets are mainly from ¢t events, and peaking background events with b-jets are mainly from
tth events.

The difference between the signal and two type of the backgrounds suggests that significance can
be improved by vetoing events with b-jets (b-jet veto). The improvement with the b-jet veto is
estimated with the asymptotic formulae of the expected significance Z assuming the nominal signal
hypothesis [62] and only statistical uncertainty, defined as

7= \/2((3 +b)In(1 + g) — %),

where s is the expected yields of the signal and b is the expected yields of all the backgrounds. For
s, high-mass focus points were assumed.

From the calculation of significance Z using the yields evaluated by MCs, ~ 10% improvement of
the significance is evaluated while keeping the acceptance of the signal yields. Therefore, the b-jet
veto is introduced into signal region requirements.

5.3.8 Subdivision of the signal region

In Table B, all the requirements for the signal region are summarized.

As a result of the optimization described in Chapter @, the signal region defined above are sub-
divided to four subsets noted from SRa to SRd. Since those subsets are mentioned in the following
chapter, only the definitions of those subsets are shown in the Table b2 The subdividing thresholds
are shown in Figure bT0.
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Figure5.10 Subdivided signal regions in (M¥V72, MYY). z axis showns the yield of the peaking
background. SRb, which is not shown in the figure, is complement to SRa 4+ SRec.

Table5.1 Requirements of the inclusive signal region.

Number of photon Exactly two
P > 40 GeV
pr > 27 GeV
(> 31 GeV after the optimization)
Number of leptons Exactly one (electron or muon)
pS or ph > 25 GeV
ErTniss > 40 GeV
My > 120 GeV and < 130 GeV
Ap(W, h) > 2.25
MY > 150 GeV
MY > 80 GeV
Number of b-jets Exactly zero

Table5.2  Definitions of the subsets of signal region. SRb and SRc are subsets of SRd.

SRa | M]""? > 140 GeV and MY > 110 GeV

SRb M%< 140 GeV or MY < 110 GeV
excluding SRc

SRc | MJ"7"? < 140 GeV and 60 < MY < 90 GeV
SRd My "% < 140 GeV or MY < 110 GeV







51

Chapter 6

Signal and background modeling

The signal region defined in the previous chapter is further optimized in the next chapter. For the
optimization, reliable yields expectation of the signal and background are needed. In this chapter,
the procedures to estimate the yields of signal and background are described. For the non-peaking
backgrounds, the yields are evaluated using data-driven method, as described in Section El. The
others are evaluated by MCs, as described in Section B2.

6.1 Non-peaking Backgrounds

The non-peaking backgrounds are widely distributed in signal region and sideband regions. Thus,
the yields of the non-peaking backgrounds in the signal region can be estimated by interpolating the
shape of the distribution from the sideband region.

6.1.1 Yields evaluation method

As shown in Figure B3, the sideband region is dominated by non-peaking backgrounds. Assuming
no contribution of the peaking backgrounds and the signal to the sideband region and continuous
m.~~ shape of the non-peaking backgrounds, yields of non-peaking backgrounds in the signal region
can be evaluated by using data distributed in the sideband region. Because of the limited statistics
in the sideband region, a simple assumption is chosen as the shape of m.,, distribution, which is the
constant function®!

The yields are evaluated as following. At first, data in sideband region of each subset of the
signal region are fitted with a constant function. The fitted distributions are shown in Figure B
and Figure E2. From the fitted functions, the yields in the subsets are evaluated. Since all the
m.~ distributions are plotted in 5 GeV bin width, the yields in the 10 GeV of higgs window can be
evaluated by a twice the fitted constant value. The results are shown in Table E. In the table, the
statistical uncertainties are also shown, which are evaluated in Section BEl. The results are with the
final selections.

Table6.1 Estimated yields of the non-peaking backgrounds with statistical uncertainty, by
fitting constant function to the m., sideband data, for each subset of the signal region. The
yields expected from MCs and their statistical uncertainty are aslo shown.

Subsets of the signal region | Estimated yields from the fitting | MC expectation
SRa 0.22 +0.22 0.41+0.11
SRb 2.44 4+ 0.67 2.02£0.41
SRe 0.89 £ 0.45 0.86 + 0.42
SRd 3.33 £0.90 2.88 £0.59

*1 This assumption is discussed in Section BI3.
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sideband data.
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Figure6.2 my~ distributions in SRc (left) and in SRd (right). Data (black points) are shown
only for those distributed out of higgs window. Shown uncertainty is only statistical error on
sideband data.

6.1.2 Validations of the method

Fitting function dependence

In order to verify about the m., shape, the study is performed with toy samples, which is the pseudo
data generated under simple assumptions. This study is performed with the early selections. Due
to lack of statistics in the subsets of the signal region, the study is performed only for the inclusive
signal region.

For the study, two types of assumptions are considered; the genuine shape of the non-peaking
backgrounds do not depend on the m., (constant function), or it has linear dependence on m.
(linear function). At first, observed sideband data are fitted by the assumed function. Because of
the large statistical fluctuation of the sideband data, the slope of the linear function is evaluated by
the MC distributions, and the function is scaled to the sideband data while fixing the slope. Then,
the fitted functions are assumed as genuine probability density function. Based on the two fitted
functions, two types of toy samples are generated. For this study, 10,000 of toy samples for each
assumption are generated.

After generating the toy samples, those are re-fitted with a constant and a linear function in
the same manner to evaluate expected yield for each toy sample. Finally, mean and RMS of the
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re-evaluated yields for each type of toy samples are calculated. The results are shown in Table B2
The results suggest that there are no dependence on the assumption of the shape, considering the
large statistical error.

Fitting range dependence
Since the expected yields rely on the distribution of the data in sideband, they could be affected
by the definition of sideband range. In order to verify the effect, several fittings to the data in the
inclusive signal region has been performed with various definitions of the sideband range. This study
is performed with the early selections.

Table B33 shows the results. Although small tendency can be seen in the results, the effect is much
smaller than the statistical uncertainty. Therefore, this dependence is not considered further.

Leakage from signal region

The studies described above are based on the assumption that all the data distributed in the sideband
region are non-peaking backgrounds. This assumption is satisfied if there are no leakage of the signal
or the peaking backgrounds from the signal region. It is confirmed with the m.., distribution shown
in Figure b34. From the distribution, the evaluated leakages to sideband region are smaller than 0.3
events. The leakages are much smaller than the yields of the non-peaking backgrounds expected by
MCs. Therefore, the possibilities that the leakages affect the fitting results or the validation studies
are negligible and not considered here.

6.1.3 Further validation about m,., shape

The validations described in the previous subsection had been performed in early stage of the devel-
opment of analysis procedure. In final stage of the development, further study about m.. has been
performed because of mild “slopes” around higgs window shown in Figure bd4. The slopes seem to
be wide tails leaked from the higgs window. It is expected to be statistical fluctuation, so the study
is performed to guarantee that expectation. This study is performed with the final selections.

If the slopes are due to statistical fluctuation, similar fluctuation may be seen in other region.
Since the used range of m., is too narrow for discussion, m.. requirement is relaxed from [105,
160] GeV to [0,300] GeV. Because of wide range of m,., bin width is changed from 5 GeV to
10 GeV. The distribution is shown in Figure B23 As shown in the figure B2 | data points are fluctuated

Table6.2 Results of the toy study. The nominal assumption is shown in third row. The
differences between evaluated yields are small comparing to their error.

Toy assumption | fitted functions | evaluated yields
constant linear 4.70 £1.00
linear linear 4.70 £1.00
constant constant 4.88 £1.03
linear constant 4.89 +£1.03

Table6.3 Results of the sideband range study. The nominal range is shown in third row. The
differences between evaluated yields are small comparing to the error on the nominal yield.

Sideband range evaluated yields
110 < m., < 160 GeV 5.25
107.5 < m,, < 160 GeV 5.18

105 < m., < 160 GeV 4.88 +1.03
105 < m,, < 157.5 GeV 4.71

105 < m, < 155 GeV 4.50
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Figure6.3 m., distributions in the inclusive SR with relaxed m.,, requirement, which is
[0, 300] GeV. Data (black points) are shown only for those distributed out of higgs window.
Shown uncertainty is only statistical error on sideband data. Since W~y sample is generating
only m~~ > 80 GeV, there are deviation between data and MCs below 80 GeV region.
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Figure6.4 m., distributions in the inclusive SR with relaxed EF*** and A¢(W,h) require-
ments, which are 20 GeV and 0, respectively. Data (black points) are shown only for those
distributed out of higgs window. Shown uncertainty is only statistical error on sideband data.

around the MC expectation, not only around the higgs window. The points around the higgs window
accidentally have positive fluctuations, but the sizes of the fluctuations are reasonable to be statistical
fluctuations.

One more study is performed by relaxing the selection. If the slopes are not due to statistical
fluctuation, that shape is stable even with large statistics. In order to avoid effect to m., shape,
criteria on relatively non related discriminants, E255 and A¢(W, h) are relaxed. For ERsS threshold
is relaxed from 40 GeV to 20 GeV. And A¢p(W,h) cut, which is A¢(W,h) > 2.25, is removed. The
result is shown in Figure B4 As expected, size of deviation from data to MCs becomes small. The
data point of [130, 135] GeV is below the MC expectation.

Both of those study suggest that the mild slopes seen around the higgs window are due to statistical
fluctuations.

*2 It is seen that overall m~~ distribution has mild slope. But it is confirmed that the assumption of slope dose
not affect evaluation because of low statistic, as shown in the previous subsection.
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6.2 Signal and Peaking Background

In contrast to the non-peaking backgrounds, it is difficult to separate the peaking backgrounds from
the signal. All the kinematic variables introduced in the previous section are considered to efficiently
separate them, but no variable could isolate only the peaking backgrounds with cut-base selection.
Even though isolating those two components are difficult, by dividing the signal region, an im-
provement of the significance was achieved using the “ratio” of yields between divided regions, as
described in Chapter [@. For the evaluation of improvement, yield evaluations of signal and peaking
backgrounds are important. In this section, the yields evaluated by MCs are explained.

6.2.1 Evaluated yields

Table B4 shows the yields expected by MCs. Those are evaluated with the final selections. Owing
to the b-jet veto newly introduced in this analysis, tth is suppressed to ~ 10%.As shown in the table,
the dominant source of the peaking background is the SM Wh.

Table6.4 Expected yields of the peaking backgrounds and the focus point signals for the
subsets of the signal region.

Process SRa SRb SRc SRd

SM Wh 0.094 +0.014 1.504+0.226 0.315+0.047 1.818 +£0.273
SM Zh 0.011 £0.002 0.067£0.010 0.010£0.002 0.077 £0.012
SM tth 0.033 £0.005 0.099 +0.015 0.014+0.002 0.113+£0.017
ggh < 0.001 < 0.001 < 0.001 < 0.001
VBFhA < 0.001 0.001 + 0.001 < 0.001 0.001 + 0.001
Total peaking background  0.138 £0.021 1.672+£0.251 0.338 £0.051 2.010 £ 0.302
(mﬁ’ig,m;{?) = (150, 0) 2.87 5.90 0.68 6.57
(mif,ig’ mgo) = (250, 25) 1.36 0.86 0.04 0.90
(m)zlixg, m;((l)) = (250, 100) 0.95 0.84 0.06 0.90
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Chapter 7
Optimization of Signal regions

In this chapter, the defined signal region is further optimized. As an introduction, the idea of the
optimization is described in Section [1l. Some statistical definitions that are used for the optimization
and the interpretation of the results are described in Section [ZA. The detail of the procedure of
the optimization is described in Section [[3, and the results of the optimization is described in
Section 4.

7.1 Idea of optimization

As seen in Section B33, the signals and the backgrounds have different shapes in some kinematic
variables, However, it is not possible to isolated only the signal using those variables. In other
words, when the signal region is subdivided, both subsets have non negative yields of the signals
and the backgrounds, such as shown in top of Figure [l. Since there are different shapes of some
kinematic variables, the ratios of the yields between the two subsets subdivided by appropriate
thresholds can be significantly different between the signal and the backgrounds. This information
is useful to evaluate if there are any contributions of the signals in observed events; if there are only
contributions of the backgrounds, the ratio between the two subsets must be close to the ratio of the
backgrounds, such as shown in the bottom left of Figure . Otherwise, that could be due to the
contributions of the signal, such as shown in the bottom right of Figure [

In order to evaluate the contributions of the signal, number of the observed events in both subdi-
vided regions are fitted simultaneously by expected yields while fixing the ratio between the regions.
It is called simultaneous fit. The merit of this procedure is that signal acceptance can be kept since
the overall signal region is not changed.

The subdividing thresholds are defined by the optimization study described in this chapter. Since
the purpose of this analysis is searching for un-discovered particles, the optimization has been per-
formed by maximizing expected discovery significance defined in Section 23, by scanning the
subdividing thresholds.

7.1.1 Distributions of discriminating variables

Ewiss MW, MY and MY are considered as candidates of the subdividing variables in the
optimization study. Figure 2 and Figure [3 show those distributions with the final selections.

7.2 Statistical definitions

Some statistical tools are used to search for the optimal subdivision and for the interpretation of the
observed data in this analysis. In this section, the statistical tools used in this analysis are defined.
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Figure7.1 Idea of optimization. As shown in the top two images, background is expected
to have large contribution in low ET'*® region rather than high ET'*° region, in contrast to
signal which has large contribution in high ET"'*° region rather than low ET'*° region. In case
that observed data includes only background, the ratio between the two regions is close to the
expected ratio of background yields, as shown in the left bottom image. If there are contribution
of signal in observed data, the ratio is different from the expected ratio of background yields,
as shown in the right bottom image.
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Figure7.2 Missing transverse energy (left) and My" (right) distributions in the signal region.
Contributions of non-peaking backgrounds are scaled by 10/55, which is the ratio of m, width
between the higgs window and the sideband window. Data (black points) are shown for only
for those distributed out of higgs window, and are scaled by 10/45. Shown uncertainty is only
statistical error on sideband data.
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Figure7.3 Mr}fwl (left) and Mrl\fv72 (right) distributions in the signal region. Contributions of
non-peaking backgrounds are scaled by 10/55, which is the ratio of m.., width between the
higgs window and the sideband window. Data (black points) are shown for only for those
distributed out of higgs window, and are scaled by 10/45. Shown uncertainty is only statistical
error on sideband data.

7.2.1 Likelihood

In this analysis, binned likelihood (£) is used. As described above chapters, the yields of non-
peaking backgrounds (b;), peaking backgrounds (h;), and signals (s;) are evaluated in each subset
of the signal regions. Using those yields and their relative uncertainties which are oy, ;, o), and oy
respectively, £ is defined as

0> 0,2 e i) 0>
ﬁ—eXP(—T)eXP(—7)HiT! exp(— >

) (7.1)

where \; = u(1460505)s; + (1 +0non)hi + (146 ;05.:)b;). Here ¢ shows a subset of the signal region.
Therefore, it runs from “a” to “d”. 6, 6, and 6,; are nuisance parameters associated with the
uncertainties of the signal, the peaking and the non-peaking backgrounds. u is the signal strength.
N; is the observed number of events in each subset of the signal region. This likelihood is defined
by the product of a Poisson function and constraint terms for the nuisance parameters. The Poisson
function part provides high values when the total yields ()\;) is close to the observed number of the
events. The constraint terms are to limit fitted yields within size of the uncertainties.

As described in Chapter B, dominant source of uncertainty is the statistical uncertainty for non-
peaking backgrounds. On the other hand, o, and o5 are mainly from systematical uncertainty on
MC. Therefore, individual nuisance parameter is defined for each subset of the signal region for the
non-peaking backgrounds. For the signal and the peaking backgrounds, one nuisance parameter is
shared among all subsets of the signal region.

In the optimization study, o, = 13.8% and o5 = 15% are used as tentative values. Those values
are evaluated by rough estimation described in Section B2 and BZ3. The effect of the fluctuation of
those uncertainties are discussed in Section [ZZ1, and the precise evaluation of them are discussed in
Chapter B. For o0y, ;, the uncertainties shown in Table B are used, which is evaluated in Section EI.
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Figure7.4 Image of g, distribution and definition of p,. This image is case of the assumption
of © = 0. With this assumption, backgrounds only like events show small ¢,, and signal +
background like events show large ¢,. p, is defined as probability to observe ¢, larger than
Gu,obs- @s shown as a green area.

7.2.2 Test statistic

In order to do statistical hypothesis tests, the test statistic is also defined with given signal strength
b as

_ L‘,(/l;,g) N
_ 2In £(0,6(0)) (< 0), (7.2)
n —9lp L0 (i >0) '
Couy M=)

This is based on the likelihood ratio %, where 6 is the nuisance parameters maximizing £ with

given y. i and 6 are the combination of the signal strength the nuisance parameters maximizing
L. Since negative signal strength is not considered in this analysis, when fi is negative, ji is fixed to
zero and 0 is re-evaluated with that setup.

When given p describes well the observed events, the likelihood ratio is close to 1, and g, is close
to 0. Large g, means inconsistency between given p and the observed events. In order to evaluate
the inconsistency, the p-value is defined as

o
o= [ fadndg, (73)
Qu,obs
where f(g,|p) is the probability density function of ¢, under the assumption that given p describes
the physics. gobs is calculated g, with the observed numbers of the events. Image of f(g,|u) and g,
are drawn in Figure (4. The meaning of the p-value is the possibility that g, greater than gops is
observed when given p is correct.

In most of the cases in this analysis, f(g,|¢) function is evaluated by using toy samples as following.
First, background only model or background plus new physics model are assumed. Next, many toy
sample in each signal region subset are generated, assuming that their probability density functions
are Poisson functions which give the expected yields as their averages. Then, g, is evaluated with
each generated toy sample, and the normalized distribution of evaluated g, is used as f(g,|u).
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Since the evaluation with toy samples takes long time, the optimization has been performed with
the asymptotic method described as following. The asymptotic method is under the assumption of
the Wald appropriation [62]. With this assumption, f(g,|p) is given as

LLQ*QM/% (7.4)
V21

This method is useful to evaluate p-value in short time, but it is known that there is inconsistency
between evaluated p-value with this method and the toy method, especially when the yields of signals
and backgrounds are small. As shown in the previous chapter, the yields are expected to be small.
Therefore, the asymptotic method is used only at the optimization study, and toy method is used
for the other studies.

The evaluated p-value p,, is interpreted as a significance (Z,) with following function:

f(Qu‘/i) =

Z, =07 (1-p,), (7.5)

where ® ! is the inverted function of the standard Gaussian. In the ATLAS experiment, typically 5o
(p-value = 2.87 x 10~ 7) is required for the discovery of new physics, and 30 (p-value = 1.35 x 1073)
is required for the evidence of new physics. For the discussion of the exclusion, when (1— p-value)
is larger than the confidence level, the assumed model is excluded. Typically, 5% p-value (95%
confidence level) is used as the threshold.

7.2.3 Significance for discovery

When observed number of events is greater than the yields expected by the SM, it could be due to
the contribution of new physics. In that case, the significance for discovery is calculated as following.
When such events are observed, g, is calculated under the assumption of 1 = 0. Evaluated signif-
icance from pq is called the discovery significance. It shows the probability that the inconsistency
between the expectation and the data is larger than the experimentally observed case, under the
assumption that there are no new physics.

In order to evaluate the significance with blinded information, the most probable significance for
discovery is evaluated as expected discovery significance. For the evaluation, instead of ¢,ps, the
most probable gexp, is used, which is the mean of the probability density function of g, under the
assumption of u = 1 with the focus point signal models (f(gu|¢ = 1)). Therefore, the evaluated pg
shows the expected py value when the assumed model is completely correct.

In the optimization, the expected py values are used as the figure of merit. If expected pg is large,
it means that no statistical differences from the SM expectation can be seen even if the assumed
new physics exists. Therefore, this value can be used to estimate the range in the parameter space
where the signal event can be discovered if it exists.

7.2.4  Significance for exclusion

When observed number of events is close to the yields expected by the SM, the results can be
interpreted as the exclusion of some of the physics models which expect large signal yields. For this
type of discussion, p, is calculated as a function of p. Evaluated significance from p,, is called the
exclusion significance. If p, evaluated with p = 1 is smaller than (1— confidence level), assumed
model is excluded by “confidence level”.

The upper limit of the signal strength p is also evaluated from p,. Typically, larger u leads to
smaller p,. p which provides ¢, equal to (1— confidence level) is the upper limit of the signal
strength. The product of the upper limit on the signal strength and the expected yields of signal is
considered as the upper limit on the expected yields of the signal. By dividing the upper limit on
the expected yields of signal by collected luminosity, the upper limit on the signal cross section can
be evaluated.
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In order to evaluate expected significance with blinded information for the exclusion, gexp is
evaluated from the mean of the probability density function of ¢, under the assumption of p = 0
(f(gulp = 0)). Therefore, the evaluated p, under this assumption shows expected p, value when
there are no new physics.

7.2.5 Model independent significance

Significance evaluation under assumptions about the signal can be biased. To avoid such bias, model
independent significance is evaluated. At this evaluation, since the expected signal yields (s;) cannot
be assumed, overall signal yields (.5) is used instead of s;u Since the ratio of the signal yields between
different signal regions cannot be assumed, this type of significance is evaluated in individual signal
region.

For the interpretation of the results to the discovery significance, this model independent signifi-
cance is used. By using model independent significance for exclusion, upper limits on the yield and
the cross section of new physics can be evaluated without assuming any specific physics models.

7.3 Procedure of optimization

As described in Section [, the optimization has been performed by maximizing the expected
discovery significance. The procedure is described below.

First, discriminating variables for the subdivision are defined. In this study, one or two variables
are used. For each chosen combination of the variables, the thresholds dividing signal region are
scanned and expected discovery significance is evaluated with three focus points. Scan range and
step are summarized in Table [1. Then, the thresholds achieving highest significances are chosen
as the best thresholds for the scanned discriminating variables.

For the decision of the best thresholds, root mean square of the two high-mass signals is considered.
This is because the low-mass signal has been excluded by the 8 TeV analysis, and owing to its large
signal yield high enough significance is expected even without the optimization. The expected
significance for the low-mass signal is only used for the verification of the high expected significance
after the optimization.

This study has been performed with the early selections.

7.4 Optimization results

Table 2 shows the achieved significances and the best thresholds with one discriminating variable.
Table 3 shows those with two discriminating variables. In order to see the improvement, original
expected significances without subdividing signal region are shown in the top row of the tables,
and the improvement ratios against the originals are shown in the Gain column. Those results are
obtained with the early selections.

As shown in the tables, the optimization with two discriminating variables can achieve higher
significances than the optimization with one discriminating variable. From Table [[33, it is found that
the subdivisions using (M¥v 72,M¥V ) and using (MY, Emiss) achieved similarly highest significances.

Table7.1 Optimization range and step

Discriminating variables | Ranges [GeV] | Steps [GeV]

B [40, 110] 10
MY [0, 160] 10
M [150, 300] 10

MY 80, 150] 10
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Since the achieved results with the two high-mass signals are similar, expected discovery signif-
icances with all the signal samples are evaluated with those two subdivisions to conclude which
combination is the best. The results are shown in Figure [[3 and [[A. In those figures, expected
significances for some of the higher mass signals cannot be evaluated since the evaluated p-value
is too high. Although those two results are similar, (M¥V “’2,M¥V ) combination is chosen since it
achieved slightly better significances than (MY ,EX5). The region above the thresholds is called
SRa, and the complement region is called SRd.

Figure [0 and Figure [Y show the (M%V "2 M) distributions of the peaking backgrounds and
the three focus points, which defined in Section b=3.

As shown in Figure 72, the peaking backgrounds are mainly distributed M)W ~ 80 GeV and
low M%V 72 region, as expected from the main source of the peaking backgrounds which is the SM
Wh. Since the SM Wh has only neutrino as a source of EXS  the W object is expected to be
reconstructed from a neutrino and a lepton only, without contributions of LSPs. Thus, M}V is
expected to be around the W mass (80 GeV). Due to the lack of the contributions of LSPs, Eiss
can be relatively lower than EX of the signal events. This leads to relatively low M¥v 72 value.

From the tendency described above, further subdivision is suggested. The idea is isolating the
peaking backgrounds by subdividing SRd into SRec (the peaking backgrounds is mainly distributed)
and SRb (the complement to SRc in the SRd). The definitions of the subsets are summarized in
Table b2 and Figure bI0. The expected significances are evaluated with the combination of SRa
and SRb and SRc, and the combination of SRa and SRc also. Those results are shown in Figure [9
and [C10. Comparing those results with Figure [Z43, obviously the original combination of SRa and
SRd shows the best results. Therefore, the combination of SRa and SRd is chosen as the signal
region subsets.

Table7.2 Best thresholds and achieved significances with one discriminating variable

(’mgl{ %9 mxg)(GeV) =

Discriminating  Thresholds X

variables (GeV) (150, 0) Gain  (250,25) Gain (250,100) Gain
Original — 2.92 — 0.47 — 0.21 —
Emiss 90 2.87 0.98 0.64 1.37 0.34 1.59
MY 120 3.05 1.04 0.88 1.88 0.59 2.77
M 270 2.75 0.94 0.72 1.55 0.33 1.54
MY 40 3.22 1.10 0.65 1.40 0.37 1.74

Table7.3 Best thresholds and achieved significances with two discriminating variables

Discriminating Thresholds (mili %9 %9 )(GeV) =

variables (GeV) (150, 0) Gain  (250,25) Gain (250,100) Gain
Original — 2.92 — 0.47 — 0.21 —
MY M (240,140) 2.93 .00 074 157 0.41 1.95
MY MY (190,120) 3.07 1.05 0.87 1.87 0.59 2.78
MY Ermiss (220,90) 2.96 1.01 0.73 1.56 0.37 1.74
MY MY (140,110) 3.01 1.03 0.90 1.92 0.64 3.03
M2 s (140,70) 2.97 1.01 0.73 1.56 0.41 1.93
MY Emiss (100,70) 2.94 1.01 0.93 1.98 0.62 2.92
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Figure7.11  Expected exclusion significances with o, = 13.8% and os = 8%.

7.4.1 Effect of uncertainties

The optimization study described above has been done with tentative values. In order to evaluate
effect from fluctuation of the uncertainties, exclusion significances were evaluated with uncertainty
on the peaking backgrounds o}, from 8% to 20%. The results are shown in Figure 11 to [13. From
those figures, there are no visible effect due to the fluctuation of o,. It is expected that this is due
to large uncertainties on non-peaking backgrounds. This study suggests that significance cannot be
improved even if uncertainties on peaking backgrounds or signals can be reduced from the precise
evaluations. Therefore, the conservative evaluations have been done in Chapter B.
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Figure7.12 Expected exclusion significances with o5, = 13.8% and os = 15%.
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Figure7.13 Expected exclusion significances with o = 13.8% and o5 = 20%.

7.4.2 Effect of updates of setup

The optimization studies described above have been performed with 27 GeV threshold on pw. After
those studies, the threshold is increased to 31 GeV. At the same period, a few more updates have
been done as following:

e o, is updated from 13.8% to 15% according to the study described in Section B2
e 0, is updated from 15% to 8% according to the study described in Section B3
e SM Wh and SM Zh samples are updated from LO samples to NNLO samples
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Figure7.14 Expected exclusion significances with o5, = 13.8% and os = 20% with the updated setup.

As described in Section B33, the requirements before this change are early selections, and those
after the change are noted as final selections.

Since the optimization has been performed with the early selections, in order to evaluate the effect
of those changes, expected exclusion significances is re-evaluated with final selections, as shown in
Figure [14. From the comparison between Figure 12 and [14, it is concluded that there are no
significant effects due to this update. Therefore, the same optimized results are used with the final
selections.
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Chapter 8

Systematic and statistical uncertainty

In this chapter, the uncertainties on the three types of the events, namely the non-peaking back-
grounds, the peaking backgrounds, and the signals, are described.

The yields of the non-peaking backgrounds are evaluated from the sideband data. Therefore, it is
affected by statistical fluctuation of the sideband data. This is discussed in Section Bl

In contrast, the peaking backgrounds and the signals are evaluated from the MCs. Therefore, it
is affected by uncertainty on the MCs. This is discussed in Section B2 and B33.

The evaluation has been performed for SRa to SRd in this chapter. The uncertainties used in the
optimization study has been evaluated in the same manner.

8.1 Non-peaking Background

As described in Section B, the non-peaking backgrounds are evaluated by the sideband fit. Due
to the low statistics of the data in the sideband region, large statistical fluctuation is expected. It is
evaluated by using the toy sample.

The evaluation procedure is shown in Figure Bl It has been performed as following. At first,
sideband data is fitted with a constant function. Then, toy samples are generated using Poisson
function which has the fitted result as its mean. Next, each generated sample is fitted by a constant
function and yield is re-evaluated. Finally, the statistical uncertainties are evaluated from those
distributions.

The distributions of re-evaluated yields for the overall toy samples are shown in Figure B2 and
Figure B23. The uncertainty is defined as 1o equivalent width of the distribution. However, as shown
in the distributions, re-evaluated yields are discretely distributed. This is because generated toy
samples have discrete number of events for each bin. Due to their discreteness, the width exactly
equivalent to 1o cannot be defined. Therefore, in this analysis, the wider side of the width closest
to 1o equivalent width is chosen as shown in the figures.

In the case that the evaluated uncertainties for upper side and lower side are different, conservative
side, i.e. with larger one, is chosen as an uncertainty. The evaluated uncertainties are summarized
in Table BEl. Due to low statistics in the sideband region, the evaluated uncertainties are large as
expected.

8.2 Peaking Background

As described in Section [, the results are not affected by the uncertainties on peaking backgrounds
and the signals due to the large uncertainties on the non-peaking backgrounds. Therefore, in this
analysis, conservative uncertainties are evaluated and used.

At first, the experimental uncertainties are evaluated. Since the yields are evaluated by the MCs,
the evaluation of the uncertainties also relies on the MCs. The uncertainties include errors on event
generator and detector performance.

In the ATLAS experiment there are many sources of the experimental uncertainties. They are
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Figure8.2 Distributions of re-evaluated yields in SRa (left) and in SRb (right).
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classified into the groups which are not correlated to each other. In this analysis, following groups

are taken into account.

photon ID efficiency

b-tag scale factor

photon energy resolution
photon energy scale factor

jet energy resolution
E2ss resolution

ERss scale factor

photon isolation efficiency

3 groups of jet energy scale factorsE2

All of systematics have both positive and negative variations on the sources except for the photon

isolation efficiency®2.

For the evaluation of effects from those uncertainties to the evaluated yields, specific MC sample is
developed for each group in the ATLAS experiment. Those samples are generated with a performance
parameter shifted for 1o. Taking differences between nominal sample and those systematical samples,
systematical uncertainties on the yields can be evaluated. In table B, the evaluated yields and
systematics with the various specific samples are summarized. In order to evaluate total experimental
uncertainties, quadratic sum of the those uncorrelated systematics are calculated in SRa and SRd.

Table8.1 Yields and systematics of the peaking backgrounds evaluated by systematic MCs.
In the case that the absolute value of evaluated systematic is smaller than 0.001, it is shown

as 0.
Sources SRa Yield | SRa systematics | SRd Yield | SRd systematics
Nominal 0.111 2.09
ph-totSF-eff-id-up 0.113 0.002 2.12 0.03
ph-totSF-eff-id-down 0.109 -0.002 2.05 -0.04
jet-totBtagSF-up 0.111 0 2.09 0
jet-totBtagSF-down 0.111 0 2.09 0
SYST-EG-RESOLUTION-ALL-1down 0.108 -0.003 2.08 -0.01
SYST-EG-RESOLUTION-ALL-1up 0.107 -0.004 2.06 -0.03
SYST-EG-SCALE-ALL-1down 0.106 -0.005 2.05 -0.04
SYST-EG-SCALE-ALL-1up 0.108 -0.003 2.07 -0.02
SYST-JET-GroupedNP-1-1down 0.102 -0.009 2.11 0.02
SYST-JET-GroupedNP-1-1up 0.122 0.011 2.05 -0.04
SYST-JET-GroupedNP-2-1down 0.107 -0.004 2.08 -0.01
SYST-JET-GroupedNP-2-1up 0.112 0.001 2.07 -0.02
SYST-JET-GroupedNP-3-1down 0.105 -0.006 2.09 0
SYST-JET-GroupedNP-3-1up 0.113 0.002 2.07 -0.02
SYST-JET-JER-SINGLE-NP-1up 0.119 0.008 2.08 -0.01
SYST-MET-SoftTrk-ResoPara 0.106 -0.005 2.07 -0.02
SYST-MET-Soft Trk-ResoPerp 0.104 -0.007 2.07 -0.02
SYST-MET-SoftTrk-ScaleDown 0.113 0.002 2.07 -0.02
SYST-MET-SoftTrk-ScaleUp 0.103 -0.008 2.07 -0.02
SYST-PH-Iso-DDonoff 0.111 0 2.09 0

*1 There are 88 nuisance parameters (NP) related to this factor. But those are reduced to 3 groups.

*2 The photon isolation is corrected using a data-driven method with single photon and single electron events. The
uncertainty is evaluated by turning off this correction. Therefore, only one systematic sample is evaluated for

this factor.
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For the systematic sources which have positive and negative variations, only larger effects are chosen
for the calculation. The results are 13.3% in SRa, and 3.9% in SRd. The conservative one, 13.3%,
is used as a total experimental uncertainty in the following discussion.
Then, the theoretical uncertainty is discussed. There are two types of the theoretical uncertainties;
one affects the overall normalization. The other affects the shape of the kinematic distribution.
The theoretical uncertainties which affect the overall yields are related to the cross-section calcu-
lation. Following sources of the uncertainties related to the cross-section are taken into account.

e Effect from higher order QCD term (0.7% [63])
e PDFs and QCD scale uncertainty (0.7% [63])
e Branching fraction from H to diphoton (2.0% [64])

The total effect, which is evaluated by quadratic sum, is 3.6%. The quadratic sum of the overall
experimental uncertainty (13.3%) and the overall theoretical uncertainty (3.6%) is the value (13.8%)
used for the early selections.

The theoretical uncertainties which affect the shape of kinematic distributions are related to
the modeling uncertainty. Those are evaluated by using MCs with the specific correction function
described below. The sources taken into account are:

e PDF's uncertainty

e QCD scale factor

e Underlying event parton shower (UEPS)
e NLO electroweak corrections

The yields with those sources can be evaluated with the correction factor, which is a function of
truth momentum of the vector boson. This type of uncertainty is evaluated only for the contribution
of SM Wh, which is the main source of the peaking backgrounds (~ 90%). The evaluated yields and
the systematics are summarized in Table 2. The overall uncertainty on the modeling, evaluated by
quadratic sum, is 4.1%.

Finally, overall uncertainty, which is calculated by quadratic sum of three types of the uncertainties
described above, is evaluated as 14.4%. Since it is confirmed that the uncertainties on the peaking
backgrounds does not affect the results, rounded value, 15%, is chosen as the total uncertainties and
used for the final selections.

8.3 Signal

For the uncertainty on the yields of the signals, only experimental uncertainty is taken into account.
With the same manner described in the previous section, the experimental uncertainty is evaluated.
First, the experimental uncertainties on the high-mass focus points are evaluated with LO samples.
Since the results are around 6.4% to 8.6%, 15%, which is around twice of the estimated values, is
used as a conservative tentative value. The tentative value is used for early selections.

Then, the same calculations have been performed for all the used signals with NLO samples, as
shown in Figure B4 and BH. The evaluated uncertainties are distributed from 2% to 14%. No

Table8.2 Yields and systematic of SM Wh valuated by MCs with correction factors. In the
case that the absolute value of evaluated systematic is smaller than 0.001, it is shown as 0.

Sources SRa Yield | SRa systematics | SRd Yield | SRd systematics
Nominal 0.094 1.816

QCD 0.092 -0.002 1.783 -0.033
PDF 0.094 0 1.809 -0.007
UEPS 0.097 +0.003 1.861 +0.045
NLO electroweak 0.095 -0.001 1.843 +0.027
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142

tendency related to LSP or NLSP mass is appeared in the 2D plots. Therefore, the information is
summarized into 1D plots. From these 1D plots, it is suggested that relative uncertainties around
14% are outliers. Since 97% of the signals show relative uncertainties lower than 8%, 8% is chosen
as the relative uncertainties on all signal samples and used for the final selections.

8.4 Expected exclusion upper limit

With the uncertainties described above, the upper limit of the excluded region is expected as fol-
lowing. The expected exclusion significances are re-evaluated with the final selections and with the
toy method for all signal points, and then plotted to (mﬁt,f(g’mi?) space. The intermediate spaces
between the used signal points are complemented by interpolation. Then, the contour line corre-
sponding to the confidence level is taken from the plot as the expected upper limit of the exclusion
region. In this analysis, standard 95% is used as the confidence level, which corresponds to 1.64c.
In the same manner, the error band is evaluated by replacing input numbers from mean to mean +

lo. The result is shown in Figure E8.
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Figure8.6 Estimated expected exclusion upper limit for o, = 15% and o5 = 8%. Expected
95% CL exclusion regions in the (mi%’ig,mi?) space in the simplified model, using 13 TeV
data. The solid band around the expected limit shows the £1oexp uncertainty band where all
uncertainties including o, = 15% and os = 8%.

8.4.1 Comparison with 8 TeV analysis

Figure BT shows the expected limit evaluated in 8 TeV analysis. As shown in the figure, the
expected upper limit in the 8 TeV analysis is distributed around My 5o = 160 GeV with 20.3 fb~!
data. On the other hand, the expected upper limit in the 13 TeV analysw is distributed around
Myt g0 = = 180 GeV with 36.1 fb~! data, as shown in Figure EB. This improvement on the expected
limit is smaller than the naive expectation.

In order to understand this, the expected yields are normalized to the yields per fb~!'. The
compared result is shown in Table BZ3. The yields in the 8 TeV analysis are taken from the high My
region described in [I9], which has similar definitions with the inclusive signal region in the 13 TeV
analysis. The yields in the 13 TeV analysis is evaluated with the early selections. As shown in the
table, the ratio of the yields per fb~! is 1.3 between two analyses. However, the ratio is expected to
be around two from the cross sections with the 8 TeV and the 13 TeV center of mass energies.

After the investigation about this difference, three possible sources were found. One is the differ-
ences on the used selection criteria. Although almost all criteria are the same between the 8 TeV
analysis and the 13 TeV analysis, some criteria are tightened in the 13 TeV analysis, such as the
isolation criterion for photon, the threshold on the momentum of sub-leading photon, the trigger
and the b-jet veto. In order to evaluate the effect of those criteria, the yield of the low-mass signal
in inclusive signal region in the 13 TeV analysis is re-evaluated with the criteria relaxed to the level
used in 8 TeV analysis specifically as following:

e The isolation criterion was changed from topoEtconed0 < 2.45GeV + 0.022 x p(7y) to topo-
Etcone20 < 0.065 x pr(7y) & ptcone20 < 0.05 x pp(7)



8.4 Expected exclusion upper limit 75

; 70 _| T | 1T 177 | L T 171 T 1T | L | LI |_
m L o mmmE m e o ainessssaeen —
o] - ATLAS  — Observed limit (£165U")
% 60 [ {s=8Tev,203 1" .
e - T Expected limit (+10,,)
so b £yy channel All limits at 95% CL -

— ~+ -0 ~0 ~0 ]

X%, - WER h : -

40 - -

30 -

20 - -

10 -

L 1 | 11 1 | | I | | | I | \‘ L1 1 I‘z‘: | 10 I:.: I | L1 11 N

130 140 150 160 170 180 190
Mo _: [GeV]
17,

Figure8.7 Observed (solid line) and expected (dashed line) 95% CL exclusion regions in the
mass plane of Mgy V8. Mot oo in the simplified model, using 8 TeV data, only for the dipho-
ton channel. The dotted lines around the observed limit represent the results obtained when
changing the nominal signal cross section up or down by the :tlotsﬁi(sfy theoretical uncertainty.
The solid band around the expected limit shows the +10exp, uncertainty band where all uncer-

tainties, except those on the signal cross sections, are considered. The figure is cited from [IY]

e The threshold on pf was changed from 27 GeV to 20 GeV
e The b-jet veto and the trigger requirement were removed

Then, the yield per fb~! of the low-mass signal in the 13 TeV analysis is increased from 0.313 to
0.364. With this yield, the ratio between two analyses is calculated as 1.5, which is still lower than
2.0 of theoretical expectation. Although these relaxed criteria achieve higher acceptance on signal,
these cannot be used in the 13 TeV analysis due to much dense environment of events than the
8 TeV analysis.

Table8.3 Comparison between the 8 TeV and 13 TeV analyses of the numbers of expected
events, per fb~! of accumulated data, for peaking backgrounds, non-peaking backgrounds and
focus-point signal events for the inclusive signal region.

Process 8 TeV Analysis, per fb~! 13 TeV Analysis, per fb~! Ratio
SM Wh 0.044 0.061 1.4
Other peaking backgrounds 0.003 0.006 2.0
Non-peaking background 0.030 0.135 4.5
(mﬁli?ig,m;(g) = (150,0) GeV 0.240 0.313 1.3
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The second possible sources is the signal cross section used in the 8 TeV analyses. The MC samples
for signals used in the 8 TeV analysis were generated without the hadronic tau decays where the
tau is from W. However, the cross section used for the normalization was calculated by including
it. This lead 30% over estimation on the yields of the signals in the 8 TeV analysis. If the yield of
low-mass signal in the 8 TeV analysis is corrected for this over estimation factor, it becomes 0.185
from 0.240. With this corrected yield, the ratio between two analyses becomes 2.0 which is equivalent
to the theoretical expectation.

The last possible source to make the improvement small is found on the evaluation of the non-
peaking backgrounds. It is evaluated with sideband fit based on the observed events in higher or
lower m., region than the signal region in both the 8 TeV and the 13 TeV analyses. With M¥V 71
and MqYV 72 cuts are applied, 47% of the sideband events pass the selection in the 13 TeV analysis.
On the other hand, only 17% of the events could pass the same selection in the 8 TeV analysis.
According to the 8 TeV analysis, 48% of the events in the MC samples passed the same selection,
which is the efficiency close to the efficiency of the 13 TeV data. This suggests that there are large
down fluctuation in data in the 8 TeV analysis. Since the evaluation of the non-peaking backgrounds
depends on the sideband data, the yield of the non-peaking backgrounds used in the calculation of
the expected and the observed limits is smaller than the expectation from MC. Such inconsistency
between data and MC is not seen in the 13 TeV analysis, thus the ratio of the yields of non-peaking
backgrounds between two analyses are larger than the other components, as shown in Table E33.

The possible sources about the signal cross section and the estimation on non-peaking backgrounds
suggests over estimation on the expected limit in the 8 TeV analyses. And it is possible that the
over estimation is a part of the reasons of the relatively small improvement comparing to the naive
expectation.
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Chapter 9

Results

In this chapter, observed data in the signal region is shown. The observed data is compared with
the expected backgrounds described in the previous chapters. The observed events are described in
Section EI. The statistical evaluation for those observed events are performed in Section E2.

9.1 Observed events

After the estimation of the background described in above chapters, the blinded data in the signal
region is opened. m., distributions with unblinded data are shown in Figure B0 and B2. The
numbers of observed events in the signal region are summarized in Table B with the expected
yields. As shown in the table and the figures, two events in SRa and nine events in SRd are
observed, while 0.36 events are expected in SRa and 5.35 events are expected in SRd. Therefore,
the observed data in both signal regions are greater than the expected total yields of background.

In order to see the characteristics of the events in the SRs, their kinematic distributions are
compared with the expectations. All details are shown in Appendix [l No strong bias which suggests
that the excesses are due to miss modelling can be seen in the kinematic distributions.

The inconsistency between the SM expectations and the observed numbers is interpreted in two
ways under following assumptions; it is due to the statistical fluctuation of the SM background, or
it is due to the contributions of new physics. The former leads to the interpretation in terms of
the exclusion limit of the model. The later leads to the interpretation in terms of the statistical
significances. Those two interpretations are discussed in the next sections.

9.2 Observed upper limit

At first, the inconsistency is interpreted in terms of the statistical significances as following. The
significances is evaluated by py described in Section 23. In order to avoid any biases from the
modeling of the signal, model independent pg is evaluated in SRa and SRd individually.

The evaluated pg is 2.7% in SRa and 8.6% in SRd, which are equivalent to 1.93¢ in SRa and 1.360
in SRd. From those evaluations, it is concluded that the inconsistency between the observed event
and the expected yields of the backgrounds are not statistically significant. This is expected to be
due to the large statistical uncertainty on non-peaking backgrounds. In other words, the mild excess
is within a level of the statistical fluctuation.

Next, the interpretation in terms of the exclusion limit of the model is performed as following.
pu with g = 1 is calculated with all signal points as described in Section [ZZ4. However, no
signals assumed in this analysis could be excluded, due to the observed excess. Therefore, instead
of excluding any signal models, the upper limit of the cross sections are evaluated for each signal
point. The results are shown in Figure B23. In the figure, the upper limits of the cross section are
shown by text, and the expected upper limit of the excluded model is also shown.

The model independent exclusion limit is calculated too. The results are interpreted to the upper
limit on the signal yields (5%°) and the production of the cross section of the new physics and the
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Table9.1 Expected numbers of peaking background, non-peaking background, and focus-point
signal events for SRa and SRd. Here, the peaking background is fully broken down into its
potential contributing components. Non-peaking-background uncertainty is dominated by the
statistical uncertainty on the side-band fits. The peaking background uncertainties include both
theoretical (production rate) and experimental (detector effect) contributions, as described in
the text. The uncertainties on the “WH” and “Other peaking” backgrounds are taken to be
fully correlated. Also shown are the observed numbers of events in SRa and SRd.

Events

Process SRa SRd
SM Wh 0.094 +0.014 1.818 +0.273
SM Zh 0.011 +0.002 0.077 £ 0.012
SM tth 0.033 +£0.005 0.113 +0.017
ggh < 0.001 < 0.001
VBFhR < 0.001 0.001 + 0.001
Total peaking background  0.138 £0.021 2.010 £ 0.302
Non-peaking background 0.22 £0.22 3.33 £ 0.90
Total background 0.36 £+ 0.22 5.34 + 0.95
Observed events 2 9
(mx%’ig,mﬁ) = (150, 0) 2.87 6.57
(m)zliﬁ,mx?) = (250, 25) 1.36 0.90
(mﬁ&g,m;{?) = (250, 100) 0.95 0.90
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Figure9.1 m., distribution of data and expected background and signals with SRa selection.



9.3 Discussions 79

g 10 T T I T T T T I T T T l T I T T T T T T T T T T T T
o Vs=13TeV, 36.1fb™, in SRd
signal-150-0 +jet W
Ll [ signal-250-25 =\2/yJ 7 Y
signal-250-100 Y
8 —@— sideband data it ) Bwyy
—A— data in window BB SM higgs  BZyy
6

‘ £
i |

. =

110 120 130 140 150 160
m,, [GeV]

Ll
I|III|III|III|III|I

Figure9.2 m.~ distribution of data and expected background and signals with SRd selection.

acceptance for that signal ({ec)%®). In Table B2, those results calculated with the number of observed
events, and with the SM expected number are summarized with the discovery significances.
If the mild excesses came from new physics, it is going to be clear with higher statistical data.

9.3 Discussions

9.3.1 Best fit u

The mild excess seen in Section B can be interpreted in terms of signal models with some assumed
masses. With an assumption of the signal model, expected yields in SRa and SRd are estimated. The
signal model which has expected yields close to the mild excess is considered as a “preferred” signal
model. Such preferred signal model can be searched using the signal strength p, which is defined
in Section 2. p is the normalization factor for signal model. If assumed model well explains the
mild excess, best fit p (f1), which is the p value after fitting to data without any constraints, should
be consist with 1.

Table9.2 Summary of the number of events expected from SM sources (N;S,}\g), and the ob-
served number of events (Nops), for each SR. Also shown is the derived model-independent
95% CL limit (S%,) on the number of possible events from new physics, as well as both the
observed ((eo)op,) and expected ((eo)2s,) 95% CL limit on the visible cross section from new

physics, assuming an integrated luminosity of 36.1 fb™?.

Signal Region Nopsg NSM S 8% (ea)? [fb]  (ea)?2 [fb]  Significance (py value)

exp obs exp obs exp

SRa 2 036+022 57 38797 0158  0.1057000% 1.93 (0.027)

SRd 9 5344095 104 61132 0288  0.1697505% 1.36 (0.086)
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Figure9.3 Observed 95% CL upper limit on the cross section for wino-like gaugino production
in the context of the model described in Section IT233. Also shown is the expected 95% CL
exclusion region. Due to the observed excesses in both SRa and SRd, no region in the parameter
space of the model is excluded by the analysis.

Figure B3 shows calculated f for all signal models. From the figure, the region Mgt g0~ 200 GeV
seems to be preferred.

However, there is large fitting error on i due to large statistical uncertainty. Deviations of fi from
1 are divided by fitting error ((4+ — 1)/(error on [i)) and summarized in Figure @8. As shown in the
figure, most of points are within £1. Those points are consistent with 4 = 1 within its fitting error.
Therefore, preferred signal “region” spreads around from Myt g0 = 150 GeV to Mg g0 = 350 GeV.

Because of large statistical error, the preferred signal region spreads widely. However, Figure B3
and Figure B8 show some expected tendency; From light Mgt 20 to heavy Mgt 20, [ is increased.
This tendency came from the cross section differences described in Section BZX2.

Although it is hard to see in Figure B3, Figure B4 shows another clear tendency; The points of
Mg g0 ~ 250 GeV shows (it — 1)/(error on f1) from around 0.4 to 0.9. Since cross section, which
depends on Mg 50, is similar for those points, this tendency came from the ratio of yields. In

general, heavy mgo leads to high yields in SRd because of large EMsS. In the case of Mg co ™
250 GeV, light myo is preferred rather than heavy mgo.
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Figure9.4 Observed 95% CL upper limit on the cross section for wino-like gaugino production
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Figure9.6 (it — 1)/(error on ji) for wino-like gaugino production in the context of the model
described in Section I"2Z73.

9.3.2 Expected observations in other channel

In case the mild excess is a sign of new physics, excess can be seen in other channel introduced in
Section TZ3. As shown in Figure A, the 3¢ channel provided the second largest limit. In this
section, expected observations in 3¢ channel with the same data set is discussed.

For this discussion, following points are assumed:

e Signal acceptance is the same between 8 TeV analysis and 13 TeV analysis.
e Number of backgrounds is increased following the ratio of luminosity and the ratio of cross
section of dominant process, which is tt.
e The signal model is (m g+ co,myo) = (187.5,12.5) GeV
142 1

Regarding the signal model, this point is chosen as the point of /i closest to 1. As discussed in the
previous subsection, the preferred region is from Mgt g0 = 150 GeV to Mgt g0 = 350 GeV. The
cross section is decreased from 5.2 fb to 0.2 fb. The point assumed in this discussion have the cross
section of 2.3 fb. Therefore, the estimation can be move from twice to 1/10.

In 3¢ channel with 8 TeV data described in [65], the signal region called SR27b is the typical signal
region for Wh-mediated signal. The numbers used in that analysis is summarized in Table B3E As
shown in the table, expected signal (backgrounds) yields with 13 TeV data set is calculated as 6.44
(42.2) respectively. With those yields, asymmetric significance S/v/B = 0.99 which is lower than
that of the diphoton channel. It is caused by the large number of backgrounds in the 3¢ channel.
However, expected signal yield is larger than diphoton channel. Therefore, if backgrounds can be
suppressed while keeping signal acceptance by improvement of the analysis procedure, significance
can be larger than the diphoton channel. For 2o observation only by the 3¢ channel with 13 TeV
data set, backgrounds need to be reduced below 10.4 events.

*1 5 events were observed in this region in 8 TeV analysis. When 7.2 backgrounds are expected, the probability
that 5 or less events are observed is 28% from Poisson distribution. Therefore this mass point was not excluded
in 8 TeV analysis.
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Table9.3 Acceptance, cross sections and luminosity used in 3¢ channel with 8 TeV data [65].
Cross sections with 13 TeV is also shown. Expected yields for 13 TeV data set are calculated
from other numbers. For the calculations, signal acceptance with 13 TeV is assumed to be
same with 8 TeV case. And expected yield of backgrounds is scaled using cross section ratios
of t¢ and luminosity.

process V/s [TeV] cross section [pb] luminosity [fb~!] acceptance expected yields
signal 8 1.035 20.3 7.78 x 107°  1.63
13 2.293 36.1 - 6.44 (calculated)

backgrounds 8 0.247 (tt) 20.3 - 7.2
13 0.816 (tt) 36.1 - 42.2 (calculated)
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Conclusion

A search for direct production of electroweak gauginos decaying via Higgs boson and W boson is
performed using 36.1 fb~! of proton-proton collision data at /s = 13 TeV collected by the ATLAS
detector at the LHC in 2015 and 2016. In this thesis, the channel where Higgs decays to diphoton
and W decays to fv, such as

oo+ R+ W Xy v+ X+ Oy (10.1)

is sought. Because of characteristics that mass reconstructed by diphoton is expected to have keen
peak around the Higgs mass, expected SM backgrounds can be suppressed by the cut on diphoton
mass. The background sources which can be suppressed by the diphoton mass cut are classified as
non-peaking background, and the background sources which have Higgs in their process, meaning
they cannot be suppressed by the diphoton mass cut, are classified as peaking backgrounds. Due to
the low branching ratio from higgs to diphoton, expected signal yields are relatively low comparing
to the other channels of electroweak gauginos searches. Therefore, statistical treatment is the key of
this analysis.

For the event selection, exactly expected numbers of the reconstructed objects are required, such
as exactly two photons, exactly one lepton and large missing transverse energy (EXsS). Selection
criteria related to EXsS are useful to suppress backgrounds since only signal event is expected to have
large B bacause of Y9. Using EX5 not only EXSS cut, but also M¥V " cut and Mrﬁv 72 are applied.
In order to suppress non-peaking backgrounds as described above, m,, cut is applied. Regarding
non-peaking backgrounds, W boson objects, which is reconstructed from EX and lepton, and higgs
object, which is reconstructed from diphoton, may not flay away back-to-back because of additional
objects and miss-reconstructed objects. Therefore, A¢(W,h) cut is applied to reduce contributions
of non-peaking backgrounds. One new criterion, b-jet veto is introduced. It can reduce one of the
major peaking background sources, SM tth background. This new criterion improves significance by
~10%.

After the event selection, yields of the backgrounds and the signals are evaluated. In order to avoid
uncertainty from MC simulations, the non-peaking backgrounds are evaluated using sideband data
with data-driven method, The method is validated based on possible assumptions and confirmed for
its stability. The yields of the peaking backgrounds and signals are evaluated using MC simulations.
Because of large statistical error on the non-peaking backgrounds, systematical uncertainty of the
evaluations using MCs are confirmed to be small enough not to affect the results.

Based on the evaluated yields, the signal region is further optimized. Because of very similar
kinematical characteristics of signals and SM Wh background, typical cut-base selection cannot
improve significance. In order to enhance significance without losing signal acceptance, the signal
region is divided into two regions, SRa and SRd. The optimization of the dividing thresholds is
performed by maximizing expected discovery significances. This optimization achieves ~ 300% of
improvement in significance at maximum.

The expected limit of model exclusion is evaluated using the optimized signal region. Evaluated
limit is distributed around Myt g0 = 180 GeV. This is improved form Myt g0 = 160 GeV of the
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limit evaluated in the 8 TeV analysis. The improvement is not significant. It is suggested that there
are possible sources of over estimation in the 8 TeV analysis found out by the detailed comparisons
between this and the 8 TeV analyses.

After setting the expected limit, collected data is compared with the expectation in the signal
region. There are two events in SRa and nine events in SRd, while 0.36 +0.22 and 5.35+0.95 events
are expected in SRa and SRd respectively. This mild excess is equivalent to 1.930 deviation and
1.360 deviation in SRa and SRd respectively. Those statistical values suggest that there are mild
excesses in both signal regions, but the mild excess is within a level of the statistical fluctuation. On
the other hand, due to these mild excesses, any signal model points assumed in this analysis cannot
be excluded. Instead, upper limit of the cross section of the wino-like gaugino pair productions are
calculated. Also, model independent exclusion limit on the signal yields is evaluated. The evaluated
upper limit of yields are 5.7 fb in SRa and 10.4 fb in SRd. The dominant uncertainty is statistical
error on the non-peaking background.

This result may suggest that there are still a room for the new physics assumed in this thesis. If
it exists and the mild excess is from such physics, the mild excess between the expectation and data
would be clear with more luminosity.

If the mild excess is interpreted as a sign of new physics, the preferred signal model evaluated
from the best fit u (/1) are from Mgz g0 = 150 GeV to My g0 = 350 GeV. The wide region is due
to large statistical uncertainty.

The mild excess is used to predict the expectation of the 3¢ channel with 13 TeV data set.
This calculation is performed by extrapolating the 8 TeV analysis results. Expected asymmetric
significance is 0.99¢.
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TableA.1 Photon characteristics for the 11 signal events (GeV and mm units). The first two
events fell into SRa and the final nine in SRd. “Iso” refers to the value of the topEtCone40
variable. Rconv shows the radius of conversion vertex. For converted photons, it is classified as
type 1 (one track only with Si hits), type 2 (one track only with no Si hits), type 3 (two tracks
both with Si hits), or type 5 (two tracks and only one with Si hits).

Leading Photon Subleading Photon
Run Event pr (777@ Rconv (Type) Iso pbr (7]7515) Rconv (Type) Iso
282712 | 922772599 | 155.5 | (0.3,-0.9) 297 (1) 5.38 | 72.3 | (0.0,-2.1) Unvonv 0.21
303892 | 4127378101 | 98.0 | (0.3,-1.0) 48 (3) 0.55 | 32.2 | (1.7,-2.9) 320 (5) 0.04
280423 | 81213163 85.9 | (1.1,-1.3) 632 (2) -1.24 | 69.0 | (0.0,-2.6) Unconv 0.02
300863 | 1002432542 | 68.0 (0.8,1.5) Unconv 1.50 | 36.7 | (-0.2,-1.2) Unconv -0.95
301973 | 567913060 74.4 | (-0.6,1,1) 630 (2) 1.49 | 56.8 | (-1.1,-1.4) Unconv 2.52
302380 | 473324458 | 171.2 | (-0.7,-3.0) Unconv -2.17 | 94.0 | (-0.3,2.4) Unconv 0.36
303208 | 5060330829 | 71.9 | (-0.4,-0.8) Unconv 1.98 | 32,5 | (1.1,2.6) Unconv -2.04
304008 | 2769513232 | 1334 | (0.7,2.6) Unconv 1.09 | 94.5 | (0.1,-2.7) 49 (3) 2.95
309640 | 4285889264 | 104.0 | (-0.5,0.8) Unconv -1.24 | 51.3 | (0.1.,2.7) Unconv 1.32
310341 | 1548645619 | 77.8 | (0.9,-2.7) Unconv -2.55 | 55.1 | (-0.6,2.7) Unconv -0.08
310863 | 337227316 | 1229 | (-1.7,1.1) Unconv 2.14 | 52,9 | (-1.8,2.9) Unconv -0.03

TableA.2 Lepton,jet and event characteristics for the 11 signal events (GeV units). The first
two events fell into SRa and the final nine in SRd.

Lepton Leading jet Subleading Jet
Run | Event Type | pr (1,9) pr (m¢) | pr (m,¢) | EX™> | (u)
282712 | 922772599 e 26.6 | (-0.4,-2.3) | 78.0 | (1.4,1.8) | 43.8 | (2.6,-1.5) | 163.4 | 14.8
303892 | 4127378101 e 99.0 (2.0,1.6) — — — — 66.4 | 16.6
280423 | 81213163 e 67.9 (1.7,0.9) 34.7 | (1.8,04) | — — 58.8 | 16.9
300863 | 1002432542 I 33.8 | (-0.7,24) | 66.6 | (2.6,0.1) | — — 82.4 | 22.5
301973 | 567913060 e 38.9 | (-1.0,3.0) — — — — 66.9 | 25.4
302380 | 473324458 1 120.4 | (-0.5,-0.3) — — — — 143.0 | 27.8
303208 | 5060330829 e 35.7 | (-0.7-2.1) | 38.5 | (-1.0,0.4) | — — 54.4 | 16.6
304008 | 2769513232 1 158.0 | (0.8,0.1) — — — — 64.6 | 23.4
309640 | 4285889264 I 55.7 | (1.7,-2.1) | 125.7 | (-1,5.1.0) | 50.9 | (-2.7,-2.4) | 64.8 | 23.6
310341 | 1548645619 1 25.9 | (1.0,-1.0) — — — — 115.5 | 29.3
310863 | 337227316 I 279 | (0.7-2.6) | 210.2 | (0.1,1.7) | — — 253.8 | 41.9
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TableA.3 Lepton vertex characteristics for the 11 signal events. The first two events fell into
SRa and the final nine in SRd. The perfect agreement between the z positions of the lepton
and primary vertices indicated that the lepton reference vertex was always found to be the
reconstructed primary vertex.
Run Event z of PV (mm) | z of lepton vertex (mm) | dp (um) | dy sig 20 2o sin 6
282712 | 922772599 -8.32 -8.32 -8.87 -0.490 | -0.051 | 0.046
303892 | 4127378101 -5.30 -5.30 26.02 0.904 | -0.023 | -0.006
280423 | 81213163 88.43 (NAE) 6.68 0.140 | 0.271 0.097
300863 | 1002432542 63.69 63.69 10.98 0.936 | 0.066 0.051
301973 | 567913060 65.80 65.80 -9.21 -0.300 | 0.021 0.014
302380 | 473324458 -11.91 -11.91 0.70 0.060 | 0.048 0.042
303208 | 5060330829 -9.82 -9.82 5.190 .320 0.043 0.034
304008 | 2769513232 25.65 25.65 -8.83 -0.897 | 0.006 0.004
309640 | 4285889264 18.58 18.58 2.49 0.231 | -0.075 | -0.025
310341 | 1548645619 -15.55 -15.55 -0.24 -0.019 | -0.005 | -0.003
310863 | 337227316 -25.10 -25.10 1.60 0.143 | 0.006 0.005
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