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Abstract

In 2012 the CMS and ATLAS experiments announced the discovery of a boson with
mass around 125 GeV and properties consistent with that of the Higgs boson predicted
by the standard model (SM). Despite this success, many observations about the universe
appear to be inconsistent with the SM phenomenology, implying the need for beyond the
standard model (BSM) physics. Many BSM scenarios require extended Higgs sectors,
which usually include additional Higgs bosons and predict different properties of the 125
GeV state. Two approaches may be used to test such scenarios: search for the additional
bosons, or measure the properties of the 125 GeV state to test the comparability with
the SM. This thesis explores both of these options. A search for additional Higgs bosons
in the mass region 90 GeV-3.2 TeV decaying to pairs of tau leptons is presented. This
analysis uses the dataset collected by CMS in 2016, which corresponds to an integrated
luminosity of 35.9 fb~'. No statistically significant excesses are observed. Exclusion
limits are set on the cross sections times branching fractions. The results are also
interpreted in the context of the minimal supersymmetric standard model (MSSM). A
measurement, of the CP-properties of the Higgs Yukawa coupling to top quarks is also
performed using Higgs boson production via gluon fusion in association with two jets.
The analysis of the azimuthal angular correlations between the jets is sensitive to the
CP mixing angle apge. This analysis uses the datasets collected by CMS in 2016 and
2017 which correspond to an integrated luminosity of 71.8 fb~*. The best-fit value of
Onge is measured to be 75901";82. This constitutes the first direct measurement of the

CP-properties of a fermionic Higgs coupling.
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Chapter 1

Theory and motivation

In order to adequately describe the Higgs searches and measurements detailed in subsequent
chapters, it is first necessary to introduce the theory and motivations behind them. This chapter
begins by giving an overview of the standard model (SM) of particle physics with emphasis on
the Higgs mechanism. This is followed by a discussion of several issues faced by the SM, which
highlights the need for beyond the standard model (BSM) physics. The phenomenology of the
Higgs sectors in a few examples of such BSM scenarios will then be described. This includes the
Higgs sectors in the minimal supersymmetric standard model (MSSM) and in CP-violating Higgs

models.

1.1 The standard model of particle physics

The SM of particle physics is a renormalisable quantum field theory (QFT), that encapsulates our
best understanding of all known elementary particles and their interactions. Fundamental to the
standard model is the principle of local gauge invariance, where demanding the Lagrangian to be
invariant under gauge transformations gives rise to conserved currents and interactions. The gauge
symmetry group of the SM is SU(3)c ® SU(2)r, ® U(1)y.

In the SM there are 12 fundamental fermions, which are summarised in Table 1.1. This
includes six quarks, three charged leptons, and three neutrinos. Each of these particles also has an
antimatter partner with the same mass but opposite quantum numbers. The fermions are further
organised into three generations, where across generations particles of the same type have identical
properties apart from their mass. The fermions interact by four fundamental forces: the strong and
weak nuclear forces, the electromagnetic force, and gravity. All forces except gravity are described
by the SM, and are mediated by the gluons (g), the W= and Z bosons, and the photon (), as
summarised in Table 1.2. All fermions interact via the weak force, and those that are charged
interact electromagnetically. Only the quarks carry colour charge, the quantum number associated

with the strong force, and hence also have strong interactions.

The theory that describes the strong interaction is quantum chromodynamics (QCD), governed
by a SU(3)¢ gauge symmetry. All particles with colour charge, C, interact by the strong force. The
fact that the gluons that mediate the strong force are themselves coloured leads to two characteristic
properties of QCD: asymptotic freedom and confinement. Due to asymptotic freedom the strength
of the strong interaction decreases with energy. Confinement requires that observed states have

neutral colour charges, and as a result quarks are always found in bound states known as hadrons.
The unification of the electromagnetic and weak forces was first proposed by Glashow [4],
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Table 1.1: The fundamental fermions organised by generation.

Generation
Type Charge 1 ‘ 9 ‘ 3
Quarks
up-type +2 up (u) charm (c) top (t)
down-type -3 down (d) strange (s) bottom (b)
Leptons
neutral 0 electron neutrino (v.) | muon neutrino (v,) | tau neutrino (v,)
charged -1 electron (e) muon (/1) tau (7)

Table 1.2: The fundamental forces described in the SM and the corresponding vector bosons. The
charges and masses of the bosons are also summarised [3].

Force Boson Charge | Mass (GeV)
Electromagnetic | photon (y) | 0 0
7 0 91.2
Weak 4
%% +1 80.4
Strong gluon (g) 0 0

Weinberg [5], and Salam [6] in the 1960s. The unified theory, know as electroweak theory, has
symmetry group SU(2);, ® U(1)y, where the subscript "L" indicates that the weak force couples
only to left handed fermions. The weak hypercharge, Y, corresponding to the U(1)y symmetry, is
related to the electric charge, Q, and the third component of the weak isospin, t3, by

Y = 2(Q — t3). (1.1)

The corresponding gauge fields are the three weak isospin fields from SU(2)y,, VV; (1=1,2,3), and
the weak hypercharge field from U(1)y, B,,. These fields are related to the physical W (Wf), 7
(Z,), and v (A,) states by

1
WE=_—
V2

Z, = Wi’ cos 0, — By sinf,, and

A, = Wﬁ sin 0., + B, cos 6.,

(W FiW5)
(1.2)

where 60, is the weak mixing angle, which is related to the weak (g) and electromagnetic (g)

coupling constants by

/
g and cosf, = g

/92 _|_912 92 _|_g/2

sinf,, = (1.3)

The issue with the electroweak theory discussed thus far is that it is not possible to simply
write down mass terms for the W* and Z bosons of the form im2Z,Z" and miy W, W, without
breaking the gauge invariance of the Lagrangian. A similar problem also occurs if we try to add
mass terms for the fermions. This problem implied the need for electroweak symmetry breaking in
the theory, which is achieved using the Higgs mechanism as described in the next section. The
Higgs mechanism was subsequently incorporated in the electroweak theory prior to the publications

by Weinberg and Salam.
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1.2 The Higgs mechanism

The Higgs mechanism was first proposed in the 1960s by Englert and Brout [7]; Higgs [8-10];
Guralnik, Hagen and Kibble [11]; and Kibble [12]. By this mechanism the electroweak symmetry
is spontaneously broken. This is achieved through the introduction of a field that is symmetric
under gauge transformations, but has a non-zero vacuum expectation value (VEV). According to
Goldstone’s theorem [13], a consequence of spontaneous symmetry breaking is the emergence of a
massless scalar boson for each broken generator. These so called Goldstone bosons become the

longitudinal degrees of freedom of the W* and Z bosons.

The simplest field that can be introduced to break the electroweak symmetry is a complex
scalar SU(2), doublet
o+
o= o) (1.4)

The corresponding Lagrangian for this field is

Lhiges = (D) (D ¢) — V(¢'9), (1.5)

where the covariant derivative is given by

D, =9, - %QW# e %g'Bu. (1.6)
The potential term is chosen as
V(¢'e) = Mo'0)* + u?0'e, (1.7)

where A and p? are both real, and A > 0 is required for the vacuum to be stable. For u? < 0 the
field acquires a non-zero VEV and we get spontaneous symmetry breaking. The potential has a

circle of minima, of which we arbitrarily choose the minimum

1 0 1 {0
Ol8l0) = =5 fzzﬁQ) (1)

where v ~ 246 GeV is the VEV [3]. By choosing the appropriate gauge in which the Goldstone

bosons are eliminated, we can write the field ¢ as an expansion about this minimum,

1 0
() .

Substituting this expression into Equation 1.5 and ignoring all but the terms quadratic in the fields
gives

1 ¢%v?
nguZ” 7‘[12H2, (110)

where we have used Equation 1.2 to relate the B, and Wﬁ fields to the physical Z,, and WMi states.

This Lagrangian contains mass terms for the W and Z bosons, with mw = 2 and my =

1 1
Litiggs = 50, HO"H + ZgQUQWjW’“ +

1_gv
2 cos By’

and importantly no mass term for the photon field. There is also a massive scalar Higgs field H
with my = /—2p2. It is also worth noting that the interaction terms omitted from the above

equation give couplings of the Higgs to gauge bosons o< m?,.

The quarks and charged leptons also acquire mass via the Higgs mechanism through Yukawa

interactions. Taking the first generation as an example, the Yukawa part of the Lagrangian is

‘CYukawa = 7yel_L¢6R - yqu¢dR - yqueijgb;uR +h.c. 5 (111)
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0 1 - vr

a
where y; is the Yukawa coupling strength for fermion f, €;; = =1 _"1,a L),

-1 0/’ € d,
and e, /g, VL, Ur/Rr, and dr,/p denote the left and right handed fermion fields. Aftér expanding ]zhe
above expression about the minimum we get terms of the form —y f% frfr + h.c corresponding
to mass terms with m; = yf%, and interaction terms oc my. Note the absence of a vy field
means that the neutrinos do not acquire their mass through this mechanism. Generalising to three
generations, we get Yukawa terms that mix quark generations of the form —(Yy);;(gri¢)dr;, where
i and j are generation indices. If we change basis to diagonalise Y;; we get generation mixing in

charged current weak interactions, governed by the CKM matrix.

1.3 Higgs physics at the LHC

In 2012 both ATLAS and CMS experiments announced the discovery of a boson with a mass around
125 GeV [14, 15]. Measurements of the properties of this boson, such as its spin and parity [16, 17],
and its couplings to the other particles confirmed its consistency with the SM Higgs boson. Since
the discovery observations of decays to vy [18, 19], ZZ [20, 21], WW [22, 23], 77 [2, 24], and bb
[25, 26] have been reported. Both CMS and ATLAS have also recently announced observations of
Higgs boson production in association with tt pairs [27, 28], providing the first direct measurement
of the Higgs coupling to top quarks. All current measurements of the Higgs boson couplings are

found to be consistent with the SM predictions, as illustrated in Figure 1.1.

35.9fb" (13 TeV)
> T T T T T T T
> 1 t
E> '‘cms wz
1
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e
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Figure 1.1: The measured coupling strengths of the Higgs boson to fermions (t, b, 7) as a function

of particle mass, where k¢ = yy/ y;M. The current upper limit on the Higgs coupling to muons is
also shown by the leftmost data point. The "reduced" coupling strengths of the Higgs to vector
bosons are also shown, which are defined as /Ky my /v, where Ky are the bosonic couplings relative
to the SM expectations [29].

The Feynman diagrams for the dominant Higgs production processes at the Large Hadron
Collider (LHC) are illustrated in Figure 1.2. These production modes include: gluon fusion (GF),
vector boson fusion (VBF), W /Z-associated production (VH), and tt-associated production (ttH).
The cross sections for each process at /s = 13 TeV are shown in Table 1.3. The dominant
production mode is GF, which has a cross section one to two orders of magnitude larger than the
other processes. Although smaller in cross section, the other production modes have more distinct
topologies that can be exploited to reduce backgrounds. For example, the VBF production process

is characterised by two energetic jets, at least one of which is typically found in forward detector
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(a) gluon fusion (b) vector boson fusion

W/Z & BT < t
,,,,,,,,,,,, H
S H g 088000 ———>— ¢

(c) W/Z-associated production (d) tt-associated production

Figure 1.2: Feynman diagrams showing the dominant Higgs boson production modes at the LHC.

regions. These dijets tend to have a large separation in pseudorapidity, |An;;|, and high invariant

mass, 1M .

Table 1.3: The Higgs boson production cross sections at /s = 13 TeV for myg = 125 GeV [30].
The theoretical uncertainties on the cross sections are also shown.

Process Cross section (pb) | Uncertainty (%)
GF 48.58 5.0
VBF 3.78 2.1
W-associated 1.37 2.0
Z-associated 0.88 4.1
tt-associated 0.51 6.8

The SM Higgs branching ratios are shown in Table 1.4. The dominant decay mode is H — bb,
with a branching ratio of almost 60%. Despite this sizeable branching ratio, the bb final state is
plagued by large backgrounds from QCD multi-jet events, which limits its sensitivity. The v+ and
77 — 4l decays on the other hand have much smaller branching ratios, but were instrumental in
the Higgs discovery thanks to their clean experimental signatures. The 77 channel, of interest in
this thesis, has a relatively large branching ratio of about 6%. Although not as clean as the ZZ or
v final states, it is less impaired by backgrounds than bb. The 77 channel also has good sensitivity
to the VBF phase space, which is advantageous for the CP analysis described in Chapter 5.

1.4 Beyond the standard model

With the discovery of the Higgs boson all hypothesised SM particles have now been observed.

Although tested to a high degree of precision, the SM does not provide an explanation for several
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observations, which include:

o The discovery of neutrino oscillations [31] which implies that neutrinos must have mass. The
SM currently does not include a mechanism for generating these masses. Mechanisms have

been proposed [32] but are yet to be experimentally verified and incorporated.

e Several astronomical observations provide strong evidence for the existence of dark matter,
which is expected to make up about 85% of the matter in the universe [33]. The SM does not

include a candidate particle for this dark matter.

e The running couplings of the strong and electroweak interactions do not intersect at a high

energy scale, as we would expect for a grand unified theory (GUT) [34].

e The amount of CP violation predicted by the SM does not account for the large matter-anti-

matter asymmetry observed in the universe.

e The force of gravity does not appear in the SM.

Aside from these observations, the issue most relevant to the Higgs sector is the hierarchy problem
[35]. The SM is accepted to be an effective theory that is valid up to an energy scale A, where new
physics effects become important. If we take the value of A to be the Plank scale, where quantum
gravitational effects become relevant, then A ~ 10'°. The Higgs mass receives corrections from the
virtual effects of every particle that couples directly or indirectly to the Higgs field. The physical

mass is related to the bare mass m¥ and the correction Am¥ by
my = m9y> + Am. (1.12)

The size of the Am¥ correction depends on A. For example, the Feynman diagram for the fermionic
(top quark) loop correction shown in Figure 1.3 (a) yields a correction that diverges quadratically
with A:

2
)
Am% = — 2L A2 1.13

[35]. Obtaining a value of my = 125 GeV would therefore require extreme fine tuning of m{ to

cancel the AmZ ~ O(103®) correction.

Table 1.4: The Higgs boson branching ratio for myg = 125 GeV [30].

Decay mode | Branching ratio (%)
bb 58.24
TT 6.27
Lo 0.02
cc 2.89
WW 21.37
77 2.61
gg 8.19
¥y 0.23
Zr 0.15

One popular solution to the hierarchy problem is supersymmetry (SUSY) [36, 37], which
postulates a symmetry that relates fermions and bosons. According to this theory, every SM

particle has at least one supersymmetric partner ! known as a superpartner. The superpartners of

1The left- and right-handed components of the SM fermions each have superpartners denoted f 7, and f 'R which

mix to form two mass eigenstates, f; and fa.
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(a) (b)

Figure 1.3: Feynman diagrams for the one loop corrections to the Higgs boson mass for a fermionic
top quark loop (a) and a scalar stop quark loop (b).

the fermions are scalar bosons, which are named by adding a prefix "s" to the fermion name (e.g.
the superpartner of the top is the stop). The superpartners of the bosons are fermions, which are
named by appending "ino" to the root of the boson name (e.g. the superpartner of the gluon is the
gluino). The symbols for the superpartners are the same as for the corresponding SM particles,

except with a tilde placed above the symbol (e.g. the stop is denoted t).

The superpartner loop corrections to the Higgs mass, such as the sfermion loop shown in
Figure 1.3 (b), give terms that contribute to Am3# with opposite signs relative to the equivalent

SM terms. For example, adding the corresponding sfermion term to Equation 1.13 gives

yj% As
SIAZ 4 T2 A%y 1.14
872 + 872 Tt ( )

and the terms will exactly cancel as long as the coupling strength \g is related to the fermion

2 _
Amp = —

Yukawa coupling by Ag = y? [35]. The cancellation is also achieved for all terms contributing to
Am#. If SUSY were unbroken, then the masses of the SUSY particles would be the same as their
SM partners, and the relation A\g = y? would hold. However, the lack of any superparter detections
implies that, if SUSY is realised in nature, it must be broken. In this case, the cancellation in the
Am? terms is not exact. Hence, the SUSY breaking scale, and consequently the masses of the
superpartners, cannot be much larger than O(1 TeV), without requiring further fine tuning of m¥
[35].

SUSY also provides solutions to two of the other problems listed at the start of the section.
Most notably, SUSY modifies the running couplings of the strong and electroweak interactions,
which allows them to intersect at a high energy [34]. For R-parity [35] conserving SUSY models, the
lightest SUSY particle is also a candidate for dark matter. The simplest supersymmetric extension
of the SM is the MSSM [38, 39|, which includes only the smallest number of new particles and

interactions consistent with phenomenology [40].

1.5 The MSSM Higgs sector

The MSSM Higgs sector requires (at least) two complex scalar doublets to generate mass terms for

both up-type quarks and down-type fermions [41],

0 +
¢a = (jﬂ) by = (i“g) (1.15)
d u

As for the SM, the potential associated with these fields induces electroweak symmetry breaking

and the neutral components of the fields acquire vacuum expectation values:

Vd

(016al0) = % ( O) (][0} = % <O> | (1.16)
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The values of v4 and v, are related to the SM VEV by v? = v2 + v2. The parameter tan j3 is

Uy

defined as the ratio of the two vacuum expectation values, tan 8 = e

After spontaneous symmetry breaking, three of the degrees of freedom result in Goldstone
bosons, which become the longitudinal components of the W= and Z bosons. The remaining five
degrees of freedom correspond to five physical Higgs bosons. In the CP-conserving MSSM, this
includes two neutral scalars, h and H, one neutral pseudoscalar, A, and two charged Higgs bosons,

H*. These states arise from the mixing of the fields:
H* = ¢jsinﬂ+¢fcosﬁ
A=+2 (Imgbgsinﬂ + Im ¢? cosﬁ)

h=— (V2Red$ — ) sina+ (V2Red, v, ) cosa (1.17)

H= (\/iRe e vd) cos o + (\/iRe - vu) sin ov.

These relations depend on v, v4, and a mixing angle o which is found by diagonalising the mass

matrix of which the h and H bosons are eigenstates,

M — ( mj sin® B +mZ cos? B —(m3 +m3) sinﬂcosﬂ> . (1.18)

0 —(m3 +m3)sinBcosB  m3 cos® B+ m3 sin’ 3

At tree-level the MSSM Higgs sector can be described in terms of two free parameters which
are conventionally chosen to be the mass of the A boson, ma, and tan 8. The squared-masses of

the h and H bosons are the eigenvalues of M3,

1
miy, = 3 (mzA +mi + \/(m2A +m2)? — 4mZmZ cos? 26) , (1.19)

and the masses of the charged Higgs bosons are given by
mie =mi +miy. (1.20)

From Equation 1.19 we also obtain an expression relating a to the free parameters,

2

20,2
2 my, (mz —my,)
cos?(f—a) = ——2—", (1.21)
m3 (mi —mj)
and an upper bound on the tree-level mass of the lightest Higgs boson,
my < mg|cos2f| < my. (1.22)

Even in cases where h is interpreted as the observed 125 GeV Higgs boson, the fact that this value
is at most my is not a problem, as the radiative corrections to the tree-level mass allow for values of
myp ~ 125 GeV. The properties of the MSSM Higgs sector are affected by these radiative corrections,
which depend on several of the SUSY-breaking parameters. These parameters/corrections are
usually fixed in representative benchmark scenarios. The analysis described in this thesis considers
two of these scenarios: hMSSM [42] and m}"*®" [43], which will be described in detail in Section
1.5.2.

Table 1.5 shows the tree-level couplings of the three neutral Higgs bosons to the W /Z and
the up- and down-type fermions, relative to the equivalent couplings to the Higgs boson in the SM.
In the so-called decoupling limit, where ma > my, the masses of the A, H, and H* bosons are
almost degenerate (ma ~ myg ~ my=) and a ~  — 7. The magnitudes of the tree-level coupling

in this limit are shown in Table 1.6. On inspection of these couplings, we can see that the h boson
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has very similar properties to the SM Higgs boson in the decoupling limit. The couplings of the A
and the H bosons to the down-type particles also scale with tan 3, and conversely the couplings
to up-type quarks scale with ﬁ in this limit. This results in an enhancement in the branching
ratios to bb and 77 for large values of tan . Searches in the ditau final state are therefore well
motivated for the high tan 8 regions of the parameter space. The branching ratios to taus in the
hMSSM is shown as a function of ma-tan 8 in Figure 1.4. Even for the largest tan 8 regions, the
branching ratios to taus are at most O(10%). While this is typically ~ 10 times smaller than the
bb branching ratio, the ditau final state is experimentally much cleaner and thus more sensitive to
MSSM Higgs searches. For low tan 8 values the dominant decays are to bosons or tt pairs. However,
the branching ratio of the A boson to taus can also be sizeable in the region ma < 300 GeV where
the decays to tt pairs are kinematically forbidden, and larger still in the region ma < 200 GeV
where the A — hZ decay is also restricted.

Table 1.5: The tree-level couplings of the neutral MSSM bosons relative to the couplings to the
Higgs boson in the SM [44].

Couplings
Boson
gvv Guu gda/gu
A 0 cot 8 tan
H o |cos(8-a)| 2 o
h sin( — «) g Sy

Table 1.6: The tree-level couplings of the neutral MSSM bosons in the decoupling limit (ma > myz)
relative to the couplings to the Higgs boson in the SM.

Boson Couplings
gvv ‘ Guu ‘ 9dd/ gu
A 0 cot 3 tan (3
H 0 cot 8 tan 3
h 1 1 1
BR(A — 1) BR(H — 1)

400 500 600 700 800

M, (GeV)
(b)

Figure 1.4: The 77 branching ratios of the A (left) and H (right) bosons as a function of ma-tan 3
in the hMSSM benchmark scenario [45].
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(a) gluon fusion (b) bb-associated production

Figure 1.5: Feynman diagrams showing the dominant A and H boson production modes at the
LHC.

1.5.1 MSSM Higgs boson production at the LHC

The dominant processes producing A and H bosons at the LHC are GF and bb-associated production.
The Feynman diagrams for these processes are shown in Figure 1.5. The VBF and W/Z-associated
production modes, which are relevant for SM Higgs production, are suppressed over much of the
parameter space. This is due to the lack of tree-level couplings of the A boson to WW and ZZ, and
the fact that the equivalent H boson couplings tend to zero in the decoupling limit.

The cross sections for the GF and bb-associated production processes in the hMSSM are
shown as a function of ma-tan 8 in Figure 1.6. At low tan 5 the GF production process is dominant.
The GF loop has contributions from both top and bottom quarks, in addition to SUSY particles
such as the stop and sbottom. For low values of tan 3, the loop is dominated by the t quark
contribution, whereas at high tan 8 the b quark contribution is larger as a result of the enhanced
coupling to down-type fermions. The enhanced b quark coupling also increases the cross section for
bb-associated production with tan . This process is therefore dominant in the high tan 3 regions

of the parameter space.

o(pp = A) (pb), Vs=14 TeV o(bb — A) (pb), Vs=14 TeV

tan p

il 100 n L
500 600 700 800 900 1000 o L 200 300

400 460 560 660 760 860 960 1000
M, (GeV) M, (GeV)

() (b)

Figure 1.6: Cross section for GF (left) and the bb-associated (right) production of the A boson
at /s = 14 TeV as a function of ma-tan 8 in the hMSSM benchmark scenario [45].

1.5.2 MSSM benchmark scenarios

Although at tree-level the MSSM Higgs sector can be described in terms of the two free parameters,
the higher order radiative corrections are sizeable and depend on several of the SUSY-breaking
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parameters. Benchmark scenarios are therefore defined that depend only on ma-tan 5. In these
scenarios the radiative corrections must be estimated appropriately, to exhibit interesting phe-
nomenology and be consistent with the observation of the 125 GeV Higgs boson. The analysis
described in this thesis considers the mhmod+ and hMSSM scenarios. For the former, the 125 GeV
Higgs is interpreted as the h boson, and the radiative corrections are estimated by setting the
SUSY parameters to sensible choices based on experimental and theoretical arguments to give
my ~ 125 GeV. The hMSSM uses a different method to estimate the corrections, whereby the
mass of the lightest scalar is fixed by construction to the mass of the observed Higgs boson, and
then the measured value of my, is used to estimate the dominant radiative corrections. Both of the

considered scenarios will be described in more detail in the next sections.

1.5.2.1 The mhmoGlJr scenario

The m}™**" scenario [43] is a modification of the mj" [46] scenario. For the m®®* scenario, the

SUSY parameters were chosen so as to maximise the value of my as a function of tan 5. This
was chosen to give conservative exclusion limits on tan 8 from the Large Electron-Positron (LEP)
searches. Values of my, up to ~ 135 GeV are allowed in this case. However, in the advent of the
125 GeV Higgs observation, this scenario is found to be inconsistent with my, ~ 125 GeV over most
of the parameter space. For the mﬁlocH scenario, several of the parameter values were therefore
modified to maximise the ma-tan 5 parameter space consistent with my, = 125 £ 3 GeV, where the
43 GeV reflects the uncertainty on the my prediction. Only small regions of phase space at low

values of tan 8 and/or low ma are inconsistent with my, = 125 £ 3 GeV in this scenario.

The parameters that have the largest effects on the MSSM Higgs sector predictions are: the
top quark mass (which is taken to be 173.2 GeV), the left- and right-handed mass parameters
of the third generation squarks which are given as M;, = MBL =M = MBR =: Msysy, and
the stop and sbottom mixing parameters X; and X,. There are also significant dependencies on:
the stau mixing parameter X, the higgsino mass parameter p, the SUSY-breaking scale in the
stau/sneutrino sector Mj, , the gluino mass mg, and the U(1) and SU(2) gaugino mass parameters
M7 and Ms.

The value of Mgygy is set to 1 TeV. The mixing parameter X; is set to 1.5Mgysy, which can
be related to X, and X, using the following relations for the trilinear Higgs-stop, Higgs-sbottom,
and Higgs-stau couplings, A;, Ap, and A:

Xt :At—,U*COtB
Xp=Ap — p*tan g (1.23)
Xr=A,— /14* tanﬁ?

where A; = A, = A, is assumed. The values of M; and My are assumed to be related by the GUT
relation,

5 sin? 6,

17~ 3cos? 0w

with My set to 200 GeV. The values of u, mz, and Mj, are also set to 200 GeV, 1.5 TeV, and 1 TeV

respectively.

My, (1.24)

Lastly, there are also several parameters that only have a minor impact on the MSSM Higgs
sector predictions. These include the SUSY-breaking masses in the first and second generation
squark (slepton) sectors, which are set to 1.5 TeV (500 GeV), and the trilinear couplings to the

first and second generation squarks and sleptons, which are set to zero.
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1.5.2.2 The hMSSM scenario

The hMSSM scenario [42, 45] is formulated based on several assumptions. The first assumption is
that the observed 125 GeV state corresponds to the h boson. The neutral CP-even Higgs mass

matrix can be written as

(1.25)

M= M (AM% AM%)

AM3, AM3,
where M2 is the tree-level mass matrix defined in Equation 1.18, and the radiative corrections are
given by the 2 x 2 matrix with elements A./\/lfj. The second assumption of the hMSSM is that
only the AM3, term, that involves the dominant stop-top sector correction, needs to be taken into
account, AM3, > AM?3,, AM?,. Under this assumption, the mass eigenstates of the matrix are

given by

1
o, = (4 m o+ A

(1.26)
£ \fmd + mk — 2mdm} cos48 + AMl + 2AME(m3, — m3) cos 25).
By substituting the known value of my, the AM%Q correction can be determined,
AME, — mi(m3 +mz — m}z) - n;imQZ C;)SZ 23 (1.27)
m?2 cos? f + m3 sin® f — mj
This can then be used to estimate the value of my in terms of only tan 8, ma, and my,
2 = (m3 +m2 —m)(m3 cos? B+ m3 sin? ) — m3m3 cos? 23) (1.28)
H mZ cos? B +m3 sin® B —m3 ' '
The mixing angle « is also given by these three parameters,
2 2 ;
tana = — Q(mz + mj) cos fsin 5 (1.29)

2 2 2 2"
my, cos? B + mj sin” § — mj,

The third assumption of the hMSSM is that the couplings of all Higgs bosons to fermions
and gauge bosons are given in terms of tan § and « only, as listed in Table 1.5. The couplings of
two Higgs bosons to one gauge boson, as well as the trilinear self-couplings among Higgs bosons
are also given in terms of only tan 8 and a. The only relevant trilinear Higgs couplings for LHC

phenomenology are the Hhh and hhh self-couplings, which are given by

2 3
\ _ e | 3AM22 cos® «
hhh = Aphh 5 -
my  sinf

AME, sina

Aann = A + 3 - cos” o
Hhh m2  sinf ’

(1.30)

where /\ffheﬁthh are the corresponding tree-level couplings [45].

Finally, the superparticles are assumed to have masses too heavy to be detected at the LHC,
and apart from their effects on M? do not impact the Higgs sector. This means that only decays
of the Higgs bosons into SM particles are allowed in the hMSSM. Altogether, this gives enough
information to determine the masses of the five Higgs bosons and the cross sections and branching

ratios as a function of only tan 5 and may.

The assumptions made in formulating the hMSSM are reasonable for low and moderate tan 3
values, where the bottom Yukawa coupling is not significantly enhanced and consequently the
AM3, > AM3,, AM3, approximation holds. The hMSSM is also not well defined in cases where
the denominators of Equations 1.27-1.29 tend to zero. In such regions of the parameter space M3,

diverges and and we get myg — oc.
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1.6 CP violation in the Higgs sector

The SM assumes the simplest possible scalar sector which includes just one Higgs doublet. This does
not allow for the possibility of CP-violation in the Higgs sector, as there exists only one state with
CP-even couplings to the other particles. However, there are numerous examples of BSM physics
scenarios with more complex Higgs sectors, and many of these models include CP-violating Higgs
couplings [47]. Such models could have important implications for explaining the matter anti-matter
asymmetry observed in the universe, which is one of the deficiencies of the SM highlighted in
Section 1.4.

The simplest extension of the SM Higgs sector that can allow CP-violation is a two Higgs
doublet model (2HDM) [48]. In these models the SM field content is extended by including an
additional complex scalar doublet. The MSSM Higgs sector described previously is an example
of such a model. As for the MSSM, a generic 2HDM includes five physical Higgs bosons, three of
which are neutral and two of which are charged. For CP-conserving models these bosons correspond
to the familiar h, H, A, and H*. Conversely, for CP-violating models the three neutral bosons are
not CP eigenstates, but rather admixtures of the CP-even and CP-odd components. These bosons
are denoted hj, ho, and hs, where my,, < mp, < my,. One of these states may be interpreted at
the observed 125 GeV Higgs boson; a hypothesis that can be tested by measuring the CP-properties
of the Higgs couplings.

Since we have discussed the MSSM extensively in the previous section, it is worth noting
that at tree-level the Higgs couplings in MSSM are constrained by SUSY and are consequently
C'P-conserving. However, loop effects mediated predominantly by the third generation squarks can
lead to sizeable CP-violation [47]. In terms of the Higgs particle content though the end result is

the same, namely three neutral bosons with indefinite CP parities.

In addition to the 2HDM extensions, there are many other models with rich phenomenologies
that predict CP-violation in the Higgs sector. A review of several such scenarios is given in Ref.
[47].

1.6.1 Higgs CP measurements at the LHC

The CP nature of the Higgs can be probed using the experimentally clean H — ZZ final state,
where variables such the azimuthal angle between the two Z decay planes are sensitive to the Higgs
CP-state [49]. Such measurements provided the first tests of the CP properties of the Higgs [16, 17],
by directly comparing the pure CP-even (07) and pure CP-odd (0~) hypotheses as illustrated in
Figure 1.7. These initial measurements were able to exclude the 0~ hypothesis at confidence levels
in excess of 95%. The analysis strategy has since been extended to include also information from
the production vertices in the VBF and VH production modes, where the associated jet topologies
are also sensitive to the CP nature of the HVV vertex [50]. These techniques have been used to test
CP-violating scenarios, in which there is an admixture of CP-even and CP-odd components. For
example, a recent CMS publication [51] set bounds on the fractional CP-odd H — ZZ cross section
fas- Values of f,, larger than 0.092 were excluded at the 95% confidence level (CL). Although
these bounds appear relatively stringent, the sensitivity to mixed CP scenarios in most models is
actually quite weak. This is because the CP-odd component is usually heavily suppressed due to
the lack of tree-level AVV couplings. In such cases the HVV vertex effectively projects out the
CP-even component, which results in observable distributions that are practically identical to the

pure CP-even case even if the state has a sizeable CP-odd contribution [52].
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Figure 1.7: Comparison of the pure CP-even (07) and pure CP-odd (07) hypotheses in the
H — ZZ final state [16].

For fermionic Higgs couplings the situation is different. In such cases there exists both Hf f
and Af f tree-level couplings, meaning the magnitudes of the CP-even and CP-odd components
can be comparable and CP-violating effects can be large. Several methods have been proposed for
probing these fermionic couplings, most of which consider the Hr7 or Htt vertices. The Hr7 vertex
is probed using H — 77 decays, where angular correlations between tau decay products are sensitive
to the CP state. These measurement are however made more difficult by the presence of neutrinos
in the final state. Several procedures have been proposed to extract the CP information, which
usually centre around the hadronic 7 decay modes [53-55]. Such decays involve fewer neutrinos
and often the taus decay to multiple visible particles which allows more angular observables to be
defined.

The CP properties of the Htt vertex can be probed directly using correlations of the t quark
decay products in tt-associated Higgs production [56]. It is also possible to probe the CP-nature
of the Htt Yukawa coupling using the GF process, under the assumption that the quark loop is
dominated by the top quark. The current experimental measurements of the GF cross section,
coupled with the direct measurements of the top Yukawa coupling using ttH events, indicate that
the loop is indeed dominated by the top quark contribution. The CP information is extracted
using Higgs bosons produced in association with two jets, where the azimuthal angular correlations
of the jets is sensitive to the CP properties. As these properties are measured in the production
vertex events can be targeted using any Higgs final state. The analysis described in Chapter 5
focuses on the H — 77 channel, which is expected to have good sensitivity to the dijet phase space
compared to other final states. The methodology and parametrisation is based on Ref. [57] and

will be detailed in the next section.

1.6.2 Measuring the Higgs CP properties using gluon fusion

The CP properties of the Yukawa couplings to fermions f (f = t,b, 7,..) are given by the Lagrangian

Lyukawa = Y HY b5 + 5 A sys1)5, (1.31)

where H and A demote the scalar and pseudoscalar Higgs fields. The coupling strengths are given
by the y; and gy terms, which are assumed to be of SM strength y; ~ §; ~ y;?M = my /v, where
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my is the mass of the fermion and v is the VEV of the SM Higgs field. Under this assumption GF
production is dominated by the top quark loop and can be described by the effective Lagrangian

Qg
127w

o
167v

Lo = Ky - CHGS,GOM 4 Ry - - AGE, G, P (1.32)

where G, is the gluon field strength, a; is the strong coupling constant, ry = #, and Ry = y’ts’,—tM

[58, 59].

From this effective Lagrangian emerge Hgg, Hggg, and Hgggg vertices, which are illustrated

in Figure 1.8. The tensor structure of the Hgg vertex is
T = az(q1 - 429" — ai'ay) + aze"""7q1p020, (1.33)

where ¢; and ¢s are the 4-momenta of the incoming gluons, and as and a3 are scalar form factors

related to the Yukawa interactions [57],

Qs

Qs -
Ay = Ky—, A3 = Rg—. 1.34
2 “3ro’ “omu ( )
The ratio of these form factors can be used to define a mixing angle,
tan apgg = @, (1.35)
az

which can take any value between —90° < apge < 90°. Values of apge = 0° and apge = 90°
correspond to the pure CP-even and pure CP-odd scenarios respectively. All values in the range
00 < |angg| < 90° imply CP-violation, where |angg| = 45° corresponds to the maximally CP-

violating case when as = as.

q q q q
& g
foma ¢ HA
t ,,,,,,,,,,
t t t
g
q q Z735000 : g
(a) Hgg (b) Hegg (c) Hggee

Figure 1.8: Feynman diagrams contributing to GF Higgs production in association with two jets.
These diagrams are associated with the Hgg (a), the Hggg (b), and the Hgggg (c) vertices.

The structure of the Feynman diagram associated with the Hgg vertex in Figure 1.8 is very
similar to the VBF production process shown in Figure 1.2 (b). The azimuthal angle between the
two tagging jets A¢;; in this case is sensitive to the tensor structure of the Hgg vertex, which is
related to the CP-structure of the Htt Yukawa coupling. The absolute value of A¢;; is a powerful
tool for discriminating between the two tensor structures of Equation 1.33. However, as |A¢;;|
is a CP-even observable it is not sensitive to the interference between the CP-even and CP-odd
contributions. This means that the tensor structure cannot be unambiguously determined in
cases where there are comparable CP-even and CP-odd contributions. The missing information is
encoded in the sign of A¢;;, which is defined by ordering the jets according to their pseudorapidity
[67]. The signed A¢;; distributions are shown in Figure 1.9 for the pure CP-even, pure CP-odd,
and CP-mixed scenarios. The signed A¢;; is a CP-odd observable and therefore sensitive to the

interference. Observing an asymmetry in A¢;; would directly demonstrate that CP is violated.
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The contributions from the Hggg and Hgggg couplings illustrated in Figures 1.8 (b) and (c)
dilute the sensitivity to the structure of the Hgg vertex. There are also diagrams with Hgg vertices
contributing to the H+2j events that are not sensitive to the Higgs CP-state. An example is shown
in Figure 1.10, where a gluon splits to form two outgoing quarks. The analysing power can be
improved by applying VBF-like topological selections such as large m;; and/or |An;;| requirements.
This enhances the contribution of the inherently VBF-like Hgg diagrams such as in Figure 1.8 (a).
Comparisons of the Ag;; variable after applying different m;; selections will be shown in Chapter
5.
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Figure 1.9: Normalised distributions of the signed jet azimuthal angle distribution. The distribu-
tions are shown for the pure CP-even case (blue), the pure CP-odd (green), and a CP-mixed case
(red). A |An;;| > 3 cut is applied for the two tagging jets [57].
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Figure 1.10: An example Feynman diagram for a process contributing to the H+2j events that
is not sensitive to the Higgs CP properties. In this example a gluon splits to form two outgoing
quarks.



Chapter 2

The LHC and CMS Detector

2.1 The LHC

The LHC [60] is a 27 km long synchrotron located at CERN just outside Geneva. It is designed to
collide proton beams with centre of mass energies (1/s) up to 14 TeV and instantaneous luminosity
of about 103* cm~2s~!. The LHC also has to capability to collide heavy ions with energies up to

2.8 TeV per nucleon and a peak luminosity of about 1027 cm=2s7!.

A schematic showing the layout of the LHC and CERN accelerator complex is shown in
Figure 2.1. The LHC is situated in the tunnel originally constructed to house the LEP collider
[61]. The tunnel contains two adjacent parallel beam pipes that intersect at four points. The LHC
is supplied with protons from the injector chain Linac2 — Proton Synchrotron Booster (PSB) —
Proton Synchrotron — Super Proton Synchrotron (SPS), raising the proton energies to 50 MeV,
1.4 GeV, 25 GeV, and 450 GeV respectively [62]. Protons from the SPS are injected into the
LHC beam pipes as two counter-rotating beams. Protons in the beams are bunched together,
with each bunch containing O(10!) protons. At design operation each beam consists of 2808
bunches with a bunch spacing of 25 ns. The protons are accelerated to collision energy using eight
400 MHz radio frequency (RF) cavities. To keep the beams following a circular trajectory 1232
niobium-titanium superconducting dipole magnets are used. These magnets must be kept at their
operating temperature of 1.9 K, requiring 96 tonnes of superfluid helium. At the four intersection
points bunches are collided at a rate of 40 MHz. Collision events are then recorded by the ALICE
[63], ATLAS [64], CMS [65], and LHCb [66] detectors.

The event rate for a process produced in LHC collisions is given by
Nevent = Laevent7 (21)

where Oevent 1S the cross section of the process and L is the machine luminosity. The cross sections
for many of the processes of interest are very small and therefore require a high luminosity in order
to accumulate a sufficient number of events. Taking Higgs production by GF as an example, with a
production cross section of 55 pb at /s = 14 TeV [30] the LHC operating at its design luminosity

(103* cm=2s71) will produce about one Higgs boson every two seconds.

The LHC began its first physics collisions in 2010, initially colliding beams at /s = 7 TeV
which was increased to 8 TeV throughout 2012. At the end of this data-taking period, collectively
known as Run 1, the LHC began the two year Long Shutdown 1 (LS1). During this time the
LHC and its detector were upgraded to prepare for an increase in y/s. The LHC was re-started in
2015 to begin its Run 2 era of data-taking at /s = 13 TeV, lasting until the end of 2018. During

35
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Figure 2.1: Schematic showing the layout of the CERN accelerator complex [67].

Run 2 the LHC reached and surpassed its initial design luminosity of 103 cm=2s~!, achieving a
record peak luminosity of 2.1x10%* cm~2s~! in 2018 [68]. Figure 2.2 shows the total integrated
luminosity of proton-proton collisions delivered to CMS by the LHC at the time of writing [68].
This includes 6.1 fb~! of data delivered at 7 TeV, 23.3 fb~! at 8 TeV, and 163.2 fb~! at 13 TeV.
The datasets used for the analyses described in this thesis are those collected during the 2016 and
2017 data-taking periods at 13 TeV. Only data recorded by CMS in which all sub-detectors were
functioning correctly is certified as good for use in physics analyses. This corresponds to 35.9 fb~!
and 41.9 fb~! of data collected in 2016 and 2017 respectively.

2.2 The CMS detector

The CMS detector was designed to achieve high sensitivity in the searches for the Higgs boson and
new physics at the TeV scale. It consists of several sub-detectors built round the central beam
axis, as illustrated in Figure 2.3. The detector is 21.6 m long, 14.6 m in diameter, and weighs
12500 tonnes [65]. The central feature of the detector is the superconducting solenoid operated
at 3.8 T. Located within the bore of the magnet are the inner tracker and electromagnetic and
hadronic calorimeters. The muon system, comprised of three types of gaseous muon detectors, is
located outside of the superconducting coil embedded in the iron return yoke of the solenoid. These

sub-detectors will be described in more detail in the following sections.

The coordinate system employed by CMS has its origin centred at the nominal collision point
within the detector. The y-axis points vertically upwards and the x-axis points radially inwards
towards the centre of the LHC. The z-axis points along the beam axis. The transverse energy and
momentum, Er and pr, are defined in the z-y plane. The azimuthal angle ¢ is also measured in the
-y plane with respect to the z-axis. The polar angle 6 is measured from the z-axis. It is common
practise to define the polar coordinate in terms of the pseudorapidity defined as n = — ln[tan(g)].
Relative distances in the ¢-n plane are given by AR = \/AqﬁTAn2 .



2.3. Superconducting magnet 37

CMS Integrated Luminosity Delivered, pp

Data included from 2010-03-30 11:22 to 2018-10-26 08:23 UTC

1 : ' : . 1
- 00 === 2010, 7 TeV, 45.0 pb ! oo
i == 2011, 7 TeV, 6.1 '
£ — 2012, 8 TeV, 23.3 b
> 80 = 2015, 13 TeV, 4.2 b’ 180
.%" 2016, 13 TeV, 41.0 b !
o === 2017, 13 TeV, 49.8 fb"
£ 2018, 13 TeV, 68.2 b
£ 60} 160
=
-
o
2 401 140
S
o
7]
e
£ 20} 120
©
e
o
= 0 e <50 0
\ N ] o 9 0 o N c
o N N () (*) (4

Date (UTC)

Figure 2.2: The total integrated luminosity for proton-proton collisions delivered to CMS by the
LHC between 20102018 [68].
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Figure 2.3: A perspective view of the CMS detector showing the layout of main sub-detector
components [65].

2.3 Superconducting magnet

A high magnetic field strength is key to providing a large bending power and consequently precise
momentum measurements of charged particles. In order to achieve this CMS uses a superconducting
solenoidal magnet [65], operated at 3.8 T. The solenoid is 12.5 m long with a 6.3 m free bore. The
coil is made up of over 2000 turns of stabilised reinforced niobium-titanium wire. Liquid helium is

used to cool the magnet to its operating temperate of about 4.5 K. The flux is returned through a
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10000 tonne iron yoke consisting of five barrel wheels and two endcaps. Each wheel is made up of

three concentric iron rings, and each endcap consists of three iron disks.

2.4 Tracker

The sub-detector located closest to the interaction point is the tracker [65, 69, 70]. It is used
to measure the trajectories of charged particles and precisely determine the position of primary
and secondary vertices. At design luminosity O(1000) particles traverse the tracker for each
LHC bunch crossing requiring a tracking detector which has high granularity and fast response.
Silicon technology was chosen in order to meet these requirements, while at the same time being
radiation-hard in order to withstand damage caused by the large flux of incoming particles. The
CMS tracker is comprised of silicon pixel and strip detectors, a schematic of the tracking detector

is shown in Figure 2.4.

The pixel detector spans the pseudorapidity range |n| < 2.5. The original pixel detector
consisted of three 53-cm-long cylindrical pixel detector modules surrounding the interaction point
at radii 4.4, 7.3, and 10.2 cm with two disk pixel modules at each side with longitudinal positions
4+34.5 cm and +46.5 cm extending in radius from ~ 6 cm to &~ 15 cm. In total 66 million pixels
covered an area of approximately 1 m2. Each pixel had dimension 100 x 150 ym? and provided a
spacial resolution of 15-20 pym in both the r-¢ plane and the z direction, allowing for 3D vertex

034 2,1

reconstruction. The original detector was designed to handle luminosities up to 1 x 1 cm©s™

and an average of 25 inelastic interactions per bunch crossing, referred to as event pile-up (PU).
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Figure 2.4: Schematic of the CMS tracker (pre- pixel upgrade). Each line represents a detector
module and double lines indicate back-to-back modules delivering stereo hits [65].

In the 2016/2017 end of year technical stop the pixel detector was upgraded to ensure high
tracking performance in luminosities up to 2 x 103* cm?s~! and PU up to and exceeding 50 [70].
The diameter of the CMS beam pipe was reduced to allow the placement of the inner pixel layer
closer to the interaction point. The three barrel modules were replaced with four module layers at
radii of 3.0, 6.8, 10.2 and 16.0 cm. The two endcap disks where also replaced with three disks with
longitudinal position £29.1 cm, +39.6 cm, and +51.6 cm extending in radius from 4.5 cm to 16.1
cm. The upgraded pixel detector consists of 124 million pixels with dimensions 100 x 150 pm?.

Figure 2.5 shows a comparison of the layouts of the original and upgraded pixel detectors.

Surrounding the pixel detector is the silicon strip detector, comprised of four subsystems [65].
The tracker inner barrel (TIB) and tracker inner disks (TID) consist of four barrel layers and three
endcap disks which extends in radius between 20 cm to 55 cm. The TIB/TID use 320 pm thick
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Figure 2.5: Comparison of the layout of the original and upgraded pixel detectors. The lower
portion of the diagram labelled "current" shows the pixel detector used prior to the upgrade in
2016, while the upper portion labelled "upgrade" shows the pixel detector used after the 2016
upgrade [70].

silicon micro-stirp sensors arranged parallel to the beam axis in the barrel and radial to the beam
axis on the disks. The strip pitch for the TIB is 80 and 120 pum on the inner and outer two layers
respectively, leading to a single point resolution between 23-35 pm. For the TID the mean strip

pitch varies from 100 to 141 pum. The TIB/TID delivers up to four r-¢ measurements.

Surrounding the TIB/TID is the tracker outer barrel (TOB) subsystem. It extends in the z
direction to + 118 cm and has an outer radius of 116 cm. The TOB consists of six barrel layers
using 500 pm thick strips with pitches of 183 ym and 122 pm on the inner four and outer two
layers respectively. The strips are arranged parallel to the beam axis providing up to six r-¢

measurements with a single point resolution between 35-53 um.

Located at each end of the TID/TOB are the tracker endcaps (TEC) which range between
124 cm < |z| < 282 cm and extend in radius between 22.5 to 113.5 cm. Each TEC is composed of
nine disks each carrying up to seven concentric rings of micro-strip sensors. The inner four and
outer three disks use 320 and 500 pm thick strips respectively, with an average pitch of 97-184 pm.

Each TEC provides nine ¢ measurements per trajectory.

In the first two layers of the TIB and TOB, the first two rings of the TID, and rings 1, 2, and
5 of the TEC a second micro-strip detector module is mounted back-to-back with stereo angle 100
mrad to provide additional measurements of the z coordinate in the barrel and the r coordinate on
the disks. The single point resolution on these measurements is 230 pm and 530 pm in the TIB
and TOB respectively. The resolution on 7 coordinate measurement in the TID and TEC varies
with the pitch. The tracker layout ensues at least three hits in the pixel detector (at least four hits
for the upgraded detector) and nine hits in the silicon-strip tracker, with at least four of the latter

being 2D measurements.

2.5 Electromagnetic calorimeter

The CMS electromagnetic calorimeter (ECAL) [65, 71] is a hermetic homogeneous calorimeter
used to detect high energy electrons and photons. It consists of 75848 lead tungstate (PbWO,)

crystals arranged in a barrel and endcap configuration. In addition to its radiation-hardness,
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PbWO, was chosen as the crystal material for its high density, short radiation length, and small
Moliére radius. These properties allow the construction of an ECAL which is compact while
maintaining a fine granularity. Scintillation light emitted in the crystals by showering electrons and
photons is converted into an electrical signal by photodetectors. Avalanche photodiodes and vacuum
phototriodes are used as photodetectors in the barrel and endcaps respectively. The scintillation
decay time of the crystals is of the same order as the 25 ns LHC bunch crossing time ensuring that

~ 80% of the light is emitted between bunch crossings.

The CMS ECAL is positioned outside of the tracker, inside the bore of the magnet, and
spans the pseudorapidity range |n| < 3.0. Figure 2.6 shows a schematic of the detector layout. The
ECAL barrel (EB) covers the region |n| < 1.479 and has 360-fold granularity in ¢ and (2x85)-fold
granularity in 7, giving total of 61200 crystals. The crystals have a tapered shape with a front
face area of 0.0174 x 0.0174 in n-¢ (22x22 mm?) and a length of 230 mm, corresponding to 25.8
radiation lengths. The front faces of the crystals are positioned at a radius of 1.29 m from the
beam axis. The crystals are aligned with their axes tilted by 3° with respect to the vector from the
nominal collision point, in both ¢ and n projections, to prevent the gaps between crystals being

aligned with particle trajectories.

The ECAL endcaps (EE) cover the region 1.479 < |n| < 3.0. Each endcap contains 7324
crystals arranged in a rectangular z-y grid. The longitudinal positions of the endcap envelopes
from the nominal interaction point is +315.4 cm. The crystals have a front face area of 28.62x28.62
mm? and a length of 220 mm, corresponding to 24.7 radiation lengths. Sampling calorimeters
known as Preshower detectors are placed at the front of each endcap. These consist of two layers of
lead radiators, to initiate showering, with silicon-strip sensors placed after each radiator. The total
thickness of the Preshower detectors is 20 cm, corresponding to about three radiation lengths. The
main purpose of the preshower detectors is to identify photons originating from neutral pion decays

in the region 1.653 < |n| < 2.6 but they also aid in electron identification and position resolution.

Crystals in a Preshower
supermodule

Supercrystals

Dee

N
<

NN

A
N

End-cap crystals

Figure 2.6: The layout of the CMS ECAL showing the positions of the crystal modules, endcaps,
and Preshower system [65].

The ECAL energy resolution can be parametrized as a function of the energy of the incident
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particle, E, as

2:\%@5@0, (2.2)
where S is the stochastic term, IV is the noise term, and C' is the constant term. The stochastic
term encapsulates fluctuations in the lateral shower containment and the photon yield; the noise
term is due to noise from electronics, digitisation, and PU; and the constant term originates from
non-uniformity of the longitudinal response, leakage of energy from the back of the crystal, and
inter-calibration errors. These terms have been measured in an electron beam test as S = 0.028

GeVY/2) N =0.12 GeV, and C' = 0.003 using electrons with energies between 20 to 250 GeV [65].

2.6 Hadronic calorimeter

Located outside of the ECAL and spanning the pseudorapidity region |n| < 5.2 is the hadronic
calorimeter (HCAL) [65, 72]. The HCAL is a sampling calorimeter used to detect strongly interacting
particles which is important for measurements of hadronic jets and missing energy signals. The
HCAL consists of four sub-detectors, the layout of the sub-detectors is shown in Figure 2.7.

The hadron barrel (HB) and hadron endcap (HE) calorimeters are located within the bore of
the magnet covering the pseudorapidity regions |n| < 1.3 and 1.3 < || < 3.0 respectively. These
detectors consist of alternating layers of brass absorber plates inter-spaced with layers of plastic
scintillator. The choice of brass for the absorber material is motivated by its relatively short nuclear
interaction length and it being non-magnetic, the latter is necessary as the HB/HE are contained
within the solenoid of the magnet. The HB provides a minimum of 5.82 interaction lengths of
absorber material at n = 0 which increases as 1/sin to a maximum of 10.6 interaction lengths at
|n| = 1.3. The HE provides ~ 10 interaction lengths of absorber material. The plastic scintillator
is divided into tiles with 7-¢ areas of 0.087x0.087 for || < 1.6 and ~ 0.17x0.17 for |n| > 1.6.
Charged particles from the hadronic showers emit scintillation light in the tiles, which is then

collected by wavelength shifting fibres and read out using hybrid photodiodes.

In the central detector region (|n| < 1.3) the combined stopping power of the EB and HB
systems does not provide sufficient containment of hadronic showers. To remedy this problem the
hadron outer (HO) calorimeter is used to extend the HCAL outside of the solenoid coil. The HO
uses tiles of plastic scintillator, with 7-¢ areas of 0.087x0.087, placed in between the solenoid coil
and iron return yoke. The barrel section of the return yoke consist of five 2.536 m wide rings. A
layer of tiles is positioned inside of each of these rings. For the central ring, an additional layer of
tiles is used with a 19.5 cm thick layer of iron sandwiched between the two tile layers. The magnet
coil as well as the additional iron layer for the central ring serve as the absorbers for the calorimeter.
The depth of the HCAL is increased to a minimum of 11.8 interaction lengths by including this
sub-system. The HO provides additional sampling of hadronic showers outside of the HB, which is

important for measuring late starting or highly-penetrating showers.

The hadron forward (HF) detector consist of two calorimeters positioned +11.2 m from the
interaction point. This extends the pseudorapidity range of the HCAL to |n| < 5.2. For these
forward regions of the detector the flux of incoming particles is extremely large, with ~ 8x as
much energy deposited as for the rest of the detector. Consequently, the HF needs to be built from
materials which are extremely radiation-hard and therefore quartz fibres are used as the active
material, which are embedded in steel absorbers. The absorbers consist of 165 cm long and 5 mm
thick grooved plates, corresponding to = 10 interaction lengths of absorber material. The fibres are

situated along the grooves, half of which run along the full length of the absorber and half of which
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start at a depth of 22 cm from the front of the detectors. This arrangement allows for differentiation
between electrons/photons and hadrons, as the former deposit most of their energies in the first 22
cm of the absorbers whereas the latter produce roughly equal deposits in the first 22 cm and the
remaining 143 cm of the absorber. A signal is generated when charged particles contained in the

showers emit Cherenkov light in the quartz fibres, which is then read out by photomultiplier tubes.

Figure 2.7: Longitudinal view of the CMS HCAL showing the positions of the HB, HE, HO and
HF calorimeters [65].

Several upgrades to the HCAL photo-detectors and electronics are planned for the future,
as described in Ref. [73|. As part of this program the photomultiplier tubes used by the HF
were upgraded during LS1, replacing the previous single-channel phototubes with multi-anode

phototubes.

The HCAL energy resolution can be parametrized as a function of the energy of the incident
particle, F, as
o S
—=—=6C, 2.3
E-VE 23

where the stochastic and constant terms have been measured in a test beam as S = 0.943 GeV?2
and C' = 0.084 [74].

2.7 Muon system

The CMS muon system [65, 75] was designed to have three functions: efficient muon identification,
precise momentum measurement, and triggering capability. These function are enabled by the
high-field solenoidal magnet and flux-return yoke [65]. The muon system is located outside of the
solenoid coil and HO calorimeter, inter-spaced between the iron plates forming the return yoke of
the magnet. The muon system spans the pseudorapidity range |n| < 2.4 and is comprised of three
types of gaseous detectors: drift tube (DT) chambers, cathode strip chambers (CSC), and resistive
plate chambers (RPC). The layout of one quadrant of the CMS detector, showing the position of

muon the detectors, is shown in Figure 2.8

The DT chambers provide coverage for the |n| < 1.2 region and are organised into four
stations. These include inner and outer stations which are positioned inside and outside of the

magnet return yoke and two stations inter-spaced between the three iron layers of the yoke. Each
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Figure 2.8: The layout of one quadrant of the CMS detector showing the DT, CSC, and RPC
components of the muon system [76]. The DT chambers shown in yellow span the region |n| < 1.2.
The CSC chambers are shown in green and cover the region 0.9 < |n| < 2.4. The RPCs shown in
blue augment the DTs and CSCs in the region || < 1.6.

DT chamber is made up of a series of rectangular drift cells. Each cell has a cross section of 13x42
mm? and is about 2.4 m long. The cells contain an anode wire running centrally along the length
of the cell, and are filled with a mixture of argon and carbon dioxide gas. The cells are arranged
into superlayers, each containing four layers of cells. The DT chambers in the three innermost
muon stations contain three superlayers. The two outer superlayers are arranged such that the
anode wires are parallel to the beam axes, providing a measurement of the ¢ coordinate, and the
inner superlayer is positioned with the wires perpendicular to the beam axes to measure the z
coordinate. For the outermost station the DT chambers contains only two superlayers with wires
arranged parallel to the beam axis and therefore do not measure the z coordinate. The spacial
resolution per chamber of the DTs for the ¢ and z measurements are 77-123 pym and 133-393 pm
respectively [77].

The CSCs cover the region 0.9 < || < 2.4. The larger flux of muons coupled with the higher
radiation levels in this region motives the usage of CSCs which are radiation resistant, have a fast
response, and have a fine segmentation. The CSC are trapezoidal-shaped multiwire proportional
chambers containing panels dividing the chamber into six layers of gas. The gas mixture used
includes argon, carbon dioxide and tetrafluoromethane. Layers of cathode strips on the panel
surfaces run radially outwards providing measurements of the muon ¢ coordinate. Anode wires in
between the panels run perpendicular to provide a measurement of the r coordinate. Each chamber
contains six layers of anode wires interleaved among seven layers of cathode strips. The CSCs are
organised into four stations inter-spaced between the three endcap layers of the return yoke of the

magnet. The spacial resolution per chamber of the CSCs is 45-143 pm [78§].

The DTs and CSCs are augmented with RPCs in the |n| < 1.6 region. The RPCs are gaseous
parallel-plate detectors. Each RPC is a double-gap module consisting of two layer of gas each
separated by anode and cathode plates. The anodes of each stack are positioned back-to-back with
an array of copper strips running parallel to the beam axis situated in between. A total of six

layers of RPC chambers are embedded the barrel iron yoke. This includes two layers in each of the
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two innermost muon stations and one in each of the two outer stations. In the original detector
design three layers of RPCs were embedded in each endcap iron yoke, which was increased to four
layers during LS1 [76]. The layers are positioned at either side of the three iron disks that make
up the yoke endcap. The spacial resolution per chamber of the RPC is 0.78-1.38 c¢m [78]. While
this resolution is poor compared to the resolution of DTs and CSCs the response time is very fast.
This allows them to be used as a dedicated muon trigger with the capability to correctly identify

the bunch crossing from which a muon originates.

The best muon momentum resolution is obtained by combining information from the tracker
with the muon systems. The momentum resolution of the standalone muon systems is about 9%
for muons with pr up to 200 GeV, and varies with 1 between 15-40% for 1 TeV muons.

2.8 Triggering and computing

At design operation the LHC collides protons at a rate of 40 MHz. This rate is too high for every
event to be read out by CMS, and an infeasible amount of storage capacity would be required
to write it all out. Therefore, a dedicated trigger system is used to preferentially select the most

interesting events, reducing the recorded rate to O(1 kHz).

CMS uses a two stage trigger system [65, 79, 80]. The first stage is the Level-1 (L1) trigger,
which is a hardware-based trigger consisting of custom-built programmable electronics. The event
rate is reduced to about 100 kHz by this trigger. The L1 system was upgraded during the end of
year technical stop in 2015/2016 to help cope with the increase in instantaneous luminosity and PU
[80]. The electronics for the calorimeter trigger, muon trigger, and global trigger were upgraded,
and additional interconnections between the three systems was added. This has led to the following

improvements in the L1 trigger capabilities:

e Improved muon momentum resolution and inclusion of muon isolation.
e Improved electron/photon isolation.

e Improved hadronic tau identification and isolation.

e Improved jet finding algorithms with PU subtraction.

e Improved position resolution for electrons/photons, taus, and jets.

e Improved global L1 trigger menu with a greater number of triggers including more complicated

multi-object relations such as invariant mass cuts.

The upgraded L1 trigger uses a time-multiplexed architecture [80]. An overview of the data
flow is shown in Figure 2.9. The L1 trigger uses information from the calorimeters and muon
systems. Energy deposits recorded in the ECAL and HCAL which are passed to the first layer of
the calorimeter trigger (Calo Trigger Layer 1) consisting of several FPGA cards. Each card maps
onto a column of the detector, but receives data for several bunch crossings. The data is then
passed to the second layer of the calorimeter trigger (Calo Trigger Layer 2) such that each FPGA
in this layer receives data for the entire calorimeter, but for only one bunch crossing. Objects are
then identified and a sorted list of the best candidates (those with the highest p) are passed to
the global trigger. At the same time recorded hits from the three muon detectors are passed to the
first layer of the muon trigger (Muon Tracking-Finder Layer), where muon tracks are reconstructed
after combining hits from the DTs, CSCs, and RPCs. The track finding is performed regionally in
sectors of ¢ and three regions of 7 (barrel, endcap and overlap). The second layer of the muon

trigger (Sorting/Merging Layer) then combines the ¢ sectors. The output is passed to the global
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muon trigger along with calorimeter information from Calo Trigger Layer 2 needed to compute
isolation. The 7 regions are then combined and a list of the top muon candidates for the entire
detector is passed to the global trigger. The global trigger finally combines the information from
the calorimeter and muon triggers and makes a decision on whether the event is passed to the next
stage of the CMS trigger.
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Figure 2.9: Schematic of the L1 trigger system showing the data flow for the reconstruction of
objects [80].

The second stage is the high-level trigger (HLT) [79, 81], which is a software based trigger
operated at a multi-processor farm including over 13000 CPU cores. The HLT uses information
from the full detector, including the tracker, calorimeters, and muon systems. Having access to
this information allows the algorithms and selections used in the HLT to closely follow the ones
used offline. This means that objects at HLT level typically have good momentum resolution and
high identification efficiencies. Of the O(100 kHz) of events received from the L1 trigger the HLT
reduces the output rate to about 1 kHz.

The events selected by the HLT produce O(10 PB) of data every year which needs to be
processed, stored, and made easily retrievable by analysts worldwide. To achieve this CMS, in
collaboration with the other LHC experiments, operates a global computing infrastructure known as
the Worldwide LHC Computing Grid (WLCG) [82]. The WLCG combines the computing resources
of participating research institutions from around the world into a computing infrastructure
organised into several tiers. Tier-0 includes two computing centres, the CERN Data Center and
the Wigner Research Centre in Budapest. The data is copied at these sites before being processed
and distributed to Tier-1 sites. Tier-1 consists of 13 large computing centres and is responsible for
the storage of raw, reconstructed, and simulated data, as well the distribution of data to Tier-2
sites. Tier-2 sites are typically universities and other scientific institutions, totalling around 160
sites globally. These sites handle the production and reconstruction of simulated data and provide

computing resources for analysts.






Chapter 3

Object reconstruction and analysis tools

This chapter reviews the tools that are common to the two analyses described in this thesis. This
begins with a description of the various algorithms used to reconstruct physics objects in Section
3.1. Section 3.2 then outlines the datasets used in the analyses and the triggers used to record
the events. Sections 3.3 and 3.4 describe the simulation of proton-proton collision events and the
procedures used to correct the simulated events to improve the description of the data. Finally, the

methods used to model backgrounds are detailed in Section 3.5

3.1 Object reconstruction

The reconstruction of taus is particularly challenging due to the diverse assortment of particles
which they decay into. This includes charged and neutral hadrons, electrons, muons, and neutrinos.
Excellent performance is required for all algorithms used to reconstruct the visible decay products,
as well as the missing transverse energy which is used to infer the presence of the undetectable
neutrinos. In addition to these objects, jets are powerful tools for differentiating between different
Higgs production mechanisms for both SM and BSM scenarios. Information about the Higgs
CP properties is also extracted from the GF jet topology and thus the accurate and efficient
reconstruction of jets is essential. This section describes the algorithms used to reconstruct physics
objects in the CMS detector. Emphasis is given to the objects used for the analyses described in
this thesis.

3.1.1 Tracks and vertices

CMS reconstructs particle tracks using the Combinatorial Track Finder (CTF) algorithm [83]. This

algorithm performs four steps:

1. Track seeds are formed using hits in the first few layers of the tracker (two or three hits). A

seed defines an initial estimate of a trajectory’s parameters and their uncertainties.

2. The track seeds are extrapolated using a Kalman filter (KF) [84]. This extrapolates outwards
along the expected trajectory and searches for additional hits along the flight path in
successive detector layers. At each layer associated hits are added to the track candidate and
the trajectory parameters are updated. This process continues until the final detector layer is

reached.

3. The final trajectory is fitted using a KF and smoother. The track fitting is performed

iteratively. After each iteration spurious hits are searched for and removed. This continues

47
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until no more spurious hits are found. This fit provides the best possible estimates of the

trajectory parameters.

4. Tracks are finally required to pass a set of quality criteria and any failing tracks are discarded.

Six iterations of the CTF algorithm are performed, with the hits associated with a reconstructed
track removed after each iteration. The first iterations start with easy to identify tracks, such as
those with high pr and/or close to the interaction region. The latter iterations are then used to
reconstruct more difficult tracks, such as those originating far from the interaction region, and
recover tracks missed by previous iterations. By removing associated hits after each iteration the
combinatorial complexity is reduced making it easier to search for the more complicated tracks in
the latter iterations. The tracking efficiencies for muons and pions with pp > 500 MeV have been
measured using /s = 7 TeV collision data and found to be > 99.3% and > 98.5% respectively [85].

After all tracks have been reconstructed it is possible to determine the positions of all
interaction vertices, including the primary (signal) vertex as well as additional PU vertices. The
reconstruction of vertices starts by selecting tracks that are consistent with being promptly produced
close to the centre of the luminous region, which is known as the beamspot. Tracks are then
clustered into groups that appear to originate from the same vertex, based on the z coordinate of
the point of closest approach to the beamspot. The clustering is performed using a deterministic
annealing algorithm [86], which identifies candidate vertices and assigns tracks to them. Candidate
vertices are retained if at least two of their associated tracks are incompatible with other vertices.
Candidate vertices are then fitted using an adaptive vertex fitter [87] to determine the best estimate
of the 3D vertex positions. The primary interaction vertex is taken as the vertex with the largest
value of the summed physics-object p%. The physics objects in this case are defined as jets clustered
from tracks associated with the candidate vertex using the anti-kt algorithm [88] (which will be
described in Section 3.1.5), and the associated missing transverse energy given as the negative
vector sum of the pr of those jets [89]. The vertex reconstruction efficiencies were measured using
/s = 7 TeV collision data and found to be > 98.7% for all vertices containing at least two tracks,
and > 99.9% for vertices with four or more tracks [83]. The resolution of the primary vertex x
and z coordinates has been measured using /s = 13 TeV data data, as shown in Figure 3.1 as a
function of the summed track pr [90]. The position resolution improves rapidly as the summed pr

of the associated tracks increases.

3.1.2 Particle flow

The reconstruction of all stable particles in an event, which includes electrons, photons, muons, and
hadrons, is performed using the particle flow (PF) algorithm [91-93]. This algorithm combines the
information from all of the CMS sub-detectors in order to achieve optimal measurements of particle
energies, directions, and types. The output of the algorithm is a list of particles that may then
be used to build higher-level objects such jets, hadronically decaying taus, and missing transverse

energy Eﬁf‘iss.

The PF algorithm starts with a set of elements which includes tracks and calorimeter clusters.
Calorimeter clusters are needed to measure the energies and directions of neutral particles, to
separate the energy deposits from neutral and charged hadrons, and to identify bremsstrahlung
photons originating from electrons. Clusters are built using a dedicated clustering algorithm, driven
by the need to reconstruct low energy particles and close-by energy deposits, which are typical of
jet constituents. No clustering is performed for the HF sub-detector, instead each cell gives rise to

one cluster. For all other sub-detectors, the clustering is performed separately in each sub-detector
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Figure 3.1: The primary vertex position resolution in z (left) and z (right) as a function of the
summed track pr of the associated tracks. The measurements are shown separately for collision
data collected in 2015 (blue) and 2016 (red) data-taking periods [90].

component. Clustering begins with "cluster seeds" consisting of cells of local energy maxima above
a given threshold. "Topological clusters" are then grown by aggregating neighbouring cells into the
seeds provided their energies are at least two standard deviations above the expected electronics
noise levels. Each topological cluster gives rise to as many "particle flow clusters" as there are
cluster seeds. The energy of each cell may therefore be shared between several particle flow clusters,

where the share of the cell’s energy received by each cluster depends on the cell-cluster distance.

A linking algorithm is performed for each pair of elements, which defines a distance parameter
between them to quantify the quality of the link. To find links between tracks and clusters the
tracks are first extrapolated: to the two layers of the Preshower detector, to the expected maximum
of a typical longitudinal electron shower profile in the ECAL, and to a depth of one interaction
length in the HCAL. A track is linked to a cluster if the extrapolated track position is within the
boundaries of the cluster. At each intersection point between the tracker layers and the track,
tangents to the tracks are also extrapolated to the ECAL. If an extrapolated tangent point is within
an ECAL cluster it is linked as a potential bremsstrahlung photon. The cluster boundaries can be
enlarged by up to the size of a cell in each direction to account for gaps between cells/modules and
uncertainties on the positions of the shower maxima. The link distance parameter is defined as the
(n,0) distance between the extrapolated track/tangent point and the centre of the cluster. A link is
made between two calorimeter clusters if the position of the more granular cluster is within the
boundaries of the less granular calorimeter. The link distance parameter in this case is defined as
the (n,¢) distance between the two cluster positions. The cluster boundaries can again be enlarged
as described previously. A link is made between a track in the inner tracker and a track in the
muon system if a global fit between the two tracks returns an acceptable x2. The result of such
a link is known as a global muon. If multiple links are possible between a given muon track and
several tracker tracks, only the link that gives the smallest x? is retained. The linking distance in

this case is given as the x? value.

Next the PF algorithm combines elements that are linked directly or indirectly into blocks,

each typically containing 1-3 elements. A set of particles is then identified from each block using
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the following procedure:

o If the block contains a global muon this gives rise to a PF muon provided its momentum is
consistent with the momentum of the tracker-only track within three standard deviations.
The corresponding track is subsequently removed from the block and an estimate of the

energy deposited in the calorimeters is subtracted from the clusters.

e The remaining tracks are submitted to a pre-identification stage that exploits the tendency
of electrons to give rise to short tracks and lose energy by bremsstrahlung in the tracker
to pre-identify candidate electron tracks. These candidate tracks are refit with a Gaussian
sum filter (GSF) [94]. A multivariate discriminant including both tracking and calorimetric
variables is then used to identify electrons. If the candidate passes the discriminant it is

identified as a PF electron and its track and ECAL clusters are removed from the block.

e The remaining tracks give rise to PF charged hadrons, with momentum given by the track
momentum and mass set to that of a charged pion. If the calorimetric energy is consistent
with the track momentum within uncertainties the momentum is redefined by fitting the
tracker and the calorimeter measurements. The matched cluster is subsequently removed
from the block.

e If in the previous step the calorimetric energy is not consistent with the track momentum, the
excess energy is attributed to overlapping photons and/or neutral hadrons. If the excess is
larger than the ECAL energy a PF photon is created with energy equal to the ECAL energy.
A PF neutral hadron is also created with the remaining excess energy. Alternatively if the
excess is smaller than the ECAL energy only a PF photon is created with energy equal to

the energy excess.

e Finally, the remaining ECAL and HCAL deposits give rise to PF photons and PF neutral

hadrons respectively.

3.1.3 Muons

Muon reconstruction is performed by matching tracks in the inner tracker to tracks in the muon
system [95, 96]. The tracks are first reconstructed independently in the inner tracker (as described
in Section 3.1.1) and in the muon system. The reconstruction of tracks in the muon system, known
as standalone muon tracks, starts from seeds consisting of groups of CSC or DT segments. These
seeds are used to define an initial estimate of the trajectory, which is then extrapolated using a KF
to gather hits from the DT, CSC, and RPC sub-detectors.

The matching of tracker and muon tracks follows two approaches: tracker muon reconstruction,
and global muon reconstruction. The tracker muon reconstruction is an inside-out approach, which
starts by selecting tracks in the inner tracker with pr > 0.5 GeV and total momentum p > 5
GeV and extrapolating them to the muon system. A candidate qualifies as a tracker muon if the
tracker track is matched to at least one muon segment. The matching is performed in a local z-y
coordinate frame, where z is defined as the better measured coordinate in the r-¢ plane and y is
orthogonal to it. Tracks are matched if the difference in their = positions is less than 3 cm, or if
the ratio of this distance to its uncertainty is less than 4. The global muon reconstruction is an
outside-in approach which starts with standalone muon tracks and matches them to tracks in the
inner detector. The matching is performed by comparing parameters of the two tracks propagated
to a common surface. If the tracks are matched, a combined fit with the KF is performed using the

hits from both the tracker and standalone muon tracks.
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Global muons typically require muon segments in at least two muon stations, whereas tracker
muons require matching to only one muon segment. The tracker muon reconstruction is therefore
more efficient than the global reconstruction for muons with p < 5 GeV, as many of these low
p muons will only penetrate through to the first muon station. The global muon reconstruction
improves the momentum resolution for muons with pr > 200 GeV, as shown in Figure 3.2. Below

200 GeV the momentum resolution is driven by the inner tracker.
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Figure 3.2: The muon pr resolution as a function of pr is shown for the region |n| < 0.8 (left)
and 1.2 < || < 2.4 (right), using only the muon system (black), only the inner tracker (blue), and
both sub-detectors (red). [65].

Fake muons originate from hadron shower remnants that reach the muon system (hadron
punch-through). This background is usually small for global muons but is larger for tracker muons,
since they may contain hits only in the innermost muon station. A larger background contribution
comes from real muons produced by, for example, in-fight hadron decays, and heavy-flavour decays.
These backgrounds can be reduced by applying additional identification and isolation requirements.
The cut based muon identification discriminant used for the analyses described in this thesis is the
medium ID described in Ref. [96]. This discriminant aims to reduce the backgrounds from both
fake muons and real muons from in-flight hadron decays. The selections used by this discriminant

are as follows:
e The muon must be either a tracker or a global muon and also be identified by the PF
algorithm.
e The track must include hits in more than 80% of the inner tracker layers it traverses.

e If the muon is only a tracker muon and not a global muon then the muon segment compatibility
(defined in Ref. [97]) must be greater than 0.451.

e If the muon is both a tracker and a global muon then:
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— the muon segment compatibility must be greater than 0.303,
— the x? per degree of freedom of the global track fit must be less than 3,

— the position match between the tracker and standalone muon [97] must have y? < 12,

and

the maximum x? computed by the kink-finding algorithm [96] must be less than 20.

The efficiency for muons with pr > 20 GeV to pass the medium ID requirement is > 98%, while
the probability for hadrons to be misidentified as muons is 0(0.1%) [96].

The backgrounds (including real muons from heavy-flavour decays) can be further reduced
by applying isolation requirements on the muons. The muon isolation is computed by summing
together the energy deposited within a cone with size AR = 0.4 centred on the muon direction,
and is defined relative to the muon py (pf.). Different isolation definitions are used in CMS. The

isolation variable used in the analyses described in this thesis is defined as:

Lo = pli‘r (Z:p}Tli + max <07 Zp}fo + Zp% —ApB Zp}%i’PU» (3.1)

[96, 98], where the sums run over all charged hadrons associated with the primary vertex (h*),
neutral hadrons (ho)7 photons (), and charged hadrons not associated with the primary vertex
(hi7 PU). The last is used to estimate the contribution of PU to the neutral energy sums. This
is scaled by a factor A = 0.5 to account for the fraction of neutral to charged energy in PU

interactions.

3.1.4 Electrons

Electrons are reconstructed by matching tracks with energy clusters in the ECAL. In addition to
the PF algorithm described in Section 3.1.2; a standalone electron reconstruction algorithm is used
to reconstruct electrons [99]. Before electrons reach the ECAL they must traverse a significant
amount of material that makes up the tracker, which consists of between ~ 0.4 to 2 radiation
lengths of material depending on 7. Electrons deposit a significant fraction of their energy through
the emission of bremsstrahlung photons in this material. At n regions where the thickness of the
material is maximal electrons lose an average of 86% of their energy. This energy is spread out

predominantly in the ¢ direction due to the bending of the electron by the magnetic field.

In order to accurately measure the initial electron energy it is necessary to collect the energy
of all the radiated photons. This is performed by supercluster (SC) algorithms. Two SC algorithms
known as the "hybrid" and the "multi-5x5" algorithms perform the clustering in the barrel and
endcaps respectively. Both algorithms begin with seed crystals, which are crystals of local energy
maxima above a minimum threshold (1 GeV in the barrel and 0.18 GeV in the endcaps). In the
hybrid method, arrays of 5 x 1 crystals in n x ¢ are added around the seed, provided their energy
is > 0.1 GeV. This starts with the first array centred on the seed then steps repeatedly in both ¢
directions up to ~ +0.3 rad. Contiguous arrays are then grouped into clusters and merged into the
SC if their energy exceeds 0.35 GeV. In the multi-5 x5 method, the energy is collected around the
seeds in sub-clusters of 5 x 5 crystal, starting with the seed with the largest energy. The sub-clusters
with energy > 1 GeV, within a 1 range of +0.07 and a ¢ range of £0.3 rad are merged into the SC.
The energy weighted positions of all sub-clusters are extrapolated to the Preshower, with the most
energetic cluster used as a reference point. The maximum ¢ distance between the sub-clusters and
the reference point, extended by £0.15 rad, defines the Preshower cluster ¢ range, with the n range
set to £0.15 rad. The energy deposited in the Preshower within this boundary is added to the SC.
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For the reconstruction of electron tracks, the standard CTF algorithm is compromised by the
large radiative losses in the tracker material. These losses lead to a reduced hit-collection efficiency
and a poor estimate of the trajectory parameters. This motivates the use of a dedicated tracking
procedure for electrons. This procedure starts by finding seeds of two or three hits in the tracker.
Two complementary methods are used to select the seeds. The first method, known as ECAL-based
seeding, uses the SC energy and position to estimate the trajectory in the first layers of the tracker.
Seeds are selected if they contain hits within windows around the extrapolated trajectory. The
second method is a tracker-based seeding, which starts with tracks reconstructed using the CTF
algorithm. If a CTF track’s direction is compatible with the position of the closest PF cluster,
and the ratio of the cluster energy to the track momentum is within a specified range, then the
seeds from that track are selected. The seeds are then extrapolated and smoothed using the same
procedure described in Section 3.1.1 but with the GSF used instead of the KF. This filter models
the energy loss by bremsstrahlung using a Gaussian mixture rather than a single Gaussian (as is

used by the KF), giving a better estimate of the trajectory parameters.

Electron identification discriminants are used to distinguish genuine electrons from back-
grounds such as misidentified jets, electrons from photon conversions, and electrons produced in
heavy-flavour decays. These include both MVA-based and cut based discriminants. The variables

used in these discriminants include:

e Shower shape variables such as the width of the shower in the n direction.
e The fraction of energy deposited in the HCAL.

e The fraction of energy lost through bremsstrahlung defined as firem = (Pin — Pout/Pin), Where
Pin 18 the momentum at the point of closest approach to the beam spot, and poy; is the

momentum extrapolated to the ECAL surface.
e Track quality variables.

e The variable 1/Esc — 1/p, where Egc is the SC energy and p is the momentum of the track at
the point of closest approach to the vertex. Distributions of this variable for genuine electrons

and background electrons are shown in Figure 3.3 (a).

e Variables comparing the geometrical matching between the track and the SC, such as the Ap
separation between the SC and the trajectory extrapolated to its position of closest approach
to the SC. Distributions of this variable for genuine electrons and background electrons are

shown in Figure 3.3 (b).

Several working points on the MVA discriminant are defined using cuts on the MVA score. The
analyses described in this thesis use two of these working points, with efficiencies of ~ 90% and
80% for genuine electrons for misidentification probabilities ~ 2-5% [99]. These will be referred
to as the loose and tight working points, respectively. In addition to these MVA IDs a very loose
cut based ID is used on occasion to veto events with leptons, which will be referred to as the veto

electron ID.

Isolation discriminants are used to further reduce the backgrounds. The same isolation
variable defined in Equation 3.1, except using a cone size of AR = 0.3, is used for the dataset
collected during 2016. For the 2017 dataset, an alternate method is used to subtract the PU

contribution to the neutral pr sums. The relative isolation in this case is defined as:

Lol = 1)191‘ (Zpl%i + max (0, Zpl}o + Zp% - pAeH)) , (3.2)
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Figure 3.3: Two of the variables used to define the electron identification discriminants, An (left)
and 1/FEsc — 1/p (right), which are defined in the text. The distributions are shown for genuine
electrons in simulation (solid blue) and data (black dots), and for background electrons in data
(orange triangles) [99].

where the sums run over all charged hadrons associated with the primary vertex (hi), neutral
hadrons (h°), and photons (7). The PU is estimated by the pAeg term, where p is the average pr
density for particles within the area of any jet with pr > 3 GeV and |n| < 2.5, clustered using the
kr algorithm [100] (which will be described in Section 3.1.5) with a distance parameter of 0.6, and
Aesr is the effective area, as defined in Ref. [99].

3.1.5 Jets

The production of quarks and gluons is followed almost immediately by their fragmentation and
hadronisation. This results in a collimated sprays of hadrons known as a jet [101]. In order to
accurately measure the kinematics of the initial quark or gluon, it is crucial to be able to detect

and combine a jet’s constituents.

The combination of particles into jets is performed by jet clustering algorithms [101]. These
algorithms begin by defining two distances parameters: d;;, which is the distance between objects i
and j, and d;g, which is the distance between object ¢ and the beam. The objects referred to here
can be either individual particles or clusters of particles. The distance parameters are defined as:
AR,

R? (3.3)

dij = min(pr?, pr7’)

dip = pr.?,

where the constant p = —1,0,1 defines the algorithm’s behaviour, AR;; is the AR separation
of objects 7 and j, and R is the radius parameter that controls the typical size of the jets. The
clustering is then performed as follows:

1. d;; and d;p are computed for all objects and the minimum distance is determined.

2. If the minimum is a d;; then the objects ¢ and j are merged into a single object.

3. If the minimum is a d;p then object ¢ is declared a jet and removed from list of objects.

4

. The procedure is repeated until no objects remain.
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CMS uses the anti-kt jet clustering algorithm [88] implemented in Fastjet [102]. This corresponds
to setting p = —1 in Equation 3.3, which has the tendency to cluster jets around the hardest
particles. Conversely, the kr algorithm introduced in the definition of the electron isolation in
Section 3.1.4 uses p = +1. The anti-kr algorithm is infrared- and collinear-safe, which means that
the set of hard jets is unchanged by the emission of soft gluons or by collinear parton splittings.
The analyses described in this thesis use jets clustered from PF candidates with a radius parameter
of R = 0.4. Simulated jets are also constructed by clustering all stable generator-level particles,

with the exception of neutrinos.

The effect of PU on the jet energy and substructure is partially mitigated using the charged
hadron subtraction (CHS) procedure [103], whereby charged hadrons not associated with the
primary vertex are not included in the jet clustering. A loose identification discriminant is also
used to reject misidentified jets arising from calorimeter and/or electronics noise (noise jets).
This discriminant uses variables such as the energy fractions carried by different types of PF
candidates, and the charged and neutral particle multiplicities. For data collected in 2017, the
2.65 < |n| < 3.14 region is affected by large amounts of ECAL noise, resulting in a significant
increase in the number of noise jets. These jets have a similar shape-structure to PU jets, with
both being more diffuse compared to genuine jets. Therefore, the jets in this 7 region are required
to pass a PU jet identification discriminant [104]. This discriminant uses a combination of vertex
information and jet shape information. However, as no tracking is available beyond || > 2.5, the
jet shape variables provide the full discriminating power against PU jets, and likewise against noise

jets, in the problematic n region.

3.1.5.1 Jet Energy Corrections

The energies of the jets are corrected such that they equal, on average, the energies of the

corresponding true particle jets at hadron level. The correction [105] is applied to each component

raw

“w

P = Coftses (DY) - Cric(prs 1) - Cret (1) - Cans () - P2, (3.4)

of the uncorrected jet four-momentum, p'". The corrected jet four-momentum is calculated as:

where Cj are the correction factors described below, pi™ is the pt of the uncorrected jet, p/T is

the pr of the jet after applying the Cogset correction, and p&: is the pr of the jet after applying all

previous corrections.

The offset correction, Cogset, removes the contribution of electronics noise and PU. This
is estimated using the average pr density per unit area p (as defined in Section 3.1.4 except
including kr jets in the full detector range |n| < 5 in this case), and the jet area A as defined
in Ref. [106]. In addition to PU and noise, p contains also a contribution from the underlying
event (UE) of the hard interaction. The latter should not be subtracted from the jet energy and
so the average UE contribution {pyg), is subtracted from p. The energy removed from the jet is

therefore (p — (pur)).A.

The MC calibration factor, Cyic, is based on simulation, and corrects the reconstructed jet
energy to equal, on average, the energy of the generator-level jets. To determine this correction,

reconstruction-level jets are matched to generator-level jets with AR < 0.25, and the variable

/P is measured in bins of p§™. The correction is then defined as the inverse of the

average of R, Cyic = ﬁ, expressed as a function of the average p

reco

R = p¥

reco
T .

The relative residual correction factor, Cy, corrects the response to be flat as a function of 7.

It is measured using a dijet pr balancing method. A tag jet with |n| < 1.3 and probe jet with any
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7, separated by |A¢| > 2.7 rad, are selected. The || < 1.3 region is chosen for its uniformity in jet

response. The pr balancing method is based on transverse momentum conservation, as the two
probe __tag
back-to-back jets should have approximately equal pr. The balance is defined as B = prTpT,
T

where p§© is the average pr of the tag and probe jets. The correction is determined in bins of n

and pq'® by averaging the B distribution, Cye = gfég;

The absolute jet energy response correction, Cyps, is designed to make the response flat
as a function of pr. This correction is measured using the missing transverse energy projection
fraction (MPF) method, using samples of y+jet and Z+jet events. The MPF method is based
on the fact that at parton-level the pr of the v/Z is perfectly balanced by the pr of the recoiling
hadrons, meaning there is no intrinsic IS, At reconstruction-level, an imbalance due to the
detector response to the v/Z or the jets gives rise to EfsS. The measured EX5 and p%/ Zcan
therefore be used to calibrate the pt response of the jets. The Eﬁ‘liSS reconstruction will be described

in Section 3.1.7.

3.1.6 b-jets

Jets originating from the hadronisation of b quarks (b-jets) are important signatures for many SM
and BSM topologies, including the analyses described in this thesis. For the ¢ — 77 search, the
presence of b-jets is used to tag the bb-associated production mode. A veto on events with b-jets is
also used to reduce the tt background in the CP analysis, exploiting the near 100% branching ratio
for the t — bW decay.

13 TeV, 2016
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Figure 3.4: Left: Illustration of a heavy flavour decay giving rise to displaced tracks and a
secondary vertex [89]. Right: The distributions of the 3D impact parameters for tracks associated
with different types of jets [89]. The sign of the impact parameter is defined as the sign of the
scalar product of the vector pointing from the primary vertex to the point of closest approach and
the vector that defines the jet direction [107].

The b hadrons have relatively long lifetimes (= 1.5 ps), which leads to flight distances of
between 1-10 mm from their production points [89]. This means that the tracks of the decay products
are usually displaced from the primary vertex and often secondary vertices are reconstructed, as
illustrated in Figure 3.4 (a). The flight distance significance of the secondary vertex, defined as
the displacement from the primary vertex divided by the uncertainty, is a powerful variable for
differentiating b-jets from light-flavour jets. A track’s impact parameter, defined as the distance
of closest approach to the primary vertex, is also typically large, as is its significance (the impact
parameter divided by its uncertainty). Distributions of impact parameters for tracks associated

with different jet types are shown in Figure 3.4 (b). Algorithms used to identify b-jets often rely on
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the presence of these displaced tracks and/or secondary vertices, but also may include variables

sensitive to other properties of the b hadrons, such as their large masses and hard fragmentations.

The b-tagging algorithm used in the analyses described in this thesis is an upgraded version
of the combined secondary vertex (CSV) algorithm [107] used in Run 1, known as CSVv2 [89]. Jets
with pr > 20 GeV and |n| < 2.4 are taken as inputs. This algorithm reconstructs secondary vertices
using the inclusive vertex finding (IVF) algorithm, which includes all tracks with pr > 0.8 GeV,
impact parameters > 50 pm, and impact parameter significances > 1.2 in the vertex reconstruction.
The CSVv2 algorithm then combines information relating to the displaced tracks and associated
secondary vertices using a multivariate technique. Several working points are defined for the
resulting discriminant. The analyses described here use the medium working point, which has an
efficiency of ~ 60% for a misidentification probability of ~ 1% for light-flavour jets as measured in

simulated tt events [89).

3.1.7 Missing transverse energy

Stable or long-lived weakly interacting particles, such as neutrinos as well as hypothetical BSM
particles, pass through the CMS detector without any interactions and consequently cannot be
directly observed. Their presence is instead inferred by a momentum imbalance in the transverse

plane. The missing transverse momentum is defined as

B = =) iy (3.5)

where the sum runs over all the reconstructed PF particles in the event. The missing transverse
energy, EIs_ is defined as the magnitude of EM5. The accuracy of the EM measurement is
affected by minimum energy thresholds in the calorimeter, nonlinearity of the calorimeter response
for hadronic particles, and tracker inefficiencies [108]. The impact of these effects on the EXiss
measurement is reduced by propagating the jet energy corrections to the Eﬁ?iss according to
ERSSeom = ERESTYN C(5E0 — i), (3.6)
jets
where "corr" and "raw" refer to the corrected and uncorrected values respectively, and the sum
runs over all jets with pp > 15 GeV that have less than 90% of their energies deposited in the
ECAL [108].

Recoil corrections are also applied to some of the simulated samples in order to improve the

agreement with data. The hadronic recoil is defined as
Ur = EF'™ =Y p, (3.7)

where the sum runs over all neutrinos in the event. This quantity is determined using a sample
of Z — pp events by measuring the pr of the Z boson and the total transverse momentum of the
recoiling jets, Hr:

Ur = —Hyp — 2. (3.8)
The UT is projected onto the plane perpendicular, U |, and parallel, [7”, to the Z boson pr. The
U | and U | distributions are fitted using a superposition of Gaussians in data and simulation.

Corrections are applied to the simulation as

, Odata U
U = (Ul )data + (U) — <U|>MC)Udl\/IC((U||>)
Taata(U1)

U =U ,
L + omc(UL)
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where (U;) and o; are the mean values and resolutions of the fitted functions respectively. The

EZE“SS is then recalculated using Equation 3.7.

3.1.8 Hadronic taus

Tau leptons are unstable and with a lifetime of 0.3 ps [3] decay close to the primary vertex before
reaching the detector. This means that they cannot be directly detected and must instead be
reconstructed from their decay products. With a mass of 1.8 GeV, taus are massive enough to
decay both leptonically and hadronically. In the leptonic case, the tau decays to either an electron
or muon accompanied by two neutrinos. The branching fractions for these decays are 17.8% and
17.4%, respectively [3]. The remaining 64.8% of decays are hadronic, where the tau decays to a
mixture of charged and neutral mesons accompanied by a single neutrino. The hadronic decay
modes are summarised in Table 3.1. For the most common decay modes, a tau will decay to
either one or three charged mesons (7%, Ki), and up to two neutral pions. In this document the
hadronically decaying taus will be denoted as m,. Likewise, the leptonically decaying taus will be
denoted as 7. and 7, for decays into electrons and muons respectively, or 7; when referring to the

leptonic decay modes collectively.

Table 3.1: Summary of the most common hadronic tau decay modes and the corresponding
branching fractions. The generic symbol h™ represents either a 7% or a K*. Intermediate
resonances are listed where relevant [3].

Decay mode Meson resonance | Branching fraction (%)
T~ —=hTu, 11.5

7~ = h 70, p(770) 26.0

7~ = h 7% %, a1 (1260) 9.5

7~ = h hTh—v, a1 (1260) 9.8

7= = h hth 7%, 4.8

Other hadronic decay modes 3.2

Total 64.8

Hadronic tau leptons are reconstructed using the hadrons plus strips (HPS) algorithm
[109, 110]. This algorithm is seeded by jets with pr > 14 GeV and |n| < 2.5. For a given jet, the
HPS algorithm generates all possible combinations of hadrons for the decay modes: hj[7 hiﬂ'o,
L7979, and h*hTh*. These modes cover all the largest branching fractions in Table 3.1. The
jets are required to contain at least one charged hadron with pr > 0.5 GeV that is compatible
with originating from the primary vertex. The 7° mesons decay almost exclusively to a pair of
photons, with a branching fraction of & 99%. These photons have a high probability of converting
to eTe™ pairs in the tracker. The resulting electrons are bent in the magnetic field dispersing them
predominantly in the ¢ direction. The e/ constituents of the jets are therefore clustered into
rectangular An x A¢ strips. To account for the e/ candidates being more collimated for higher

momentum 7°’s the size of the strips are dynamically varied as a function of pr.
The procedure used to cluster e/ candidates into strips is as follows:

1. The e/~ of highest pr not clustered into a strip is used to seed a new strip. The initial  and
¢ values of the strip are set to that of the seed e/~.

2. The e/~ with the next highest pr within a 1 x ¢ window centred on the strip is merged into
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the strip. The size of the strip window is given by

Ay =f(p57) + F(PP) and

e/ stri (310)
Adp =g(p7) + g(pr"™),

where pff/ 7 is the pr of the candidate e/~ being merged into the strip, pffmp is the current pr

of the strip, and
f(pr) =0.20 - p1.°%® and

g(pr) =0.35 - pr" ™,

where the pr is in GeV. The upper and lower limits on the strip size is set to nx ¢ = 0.15x0.30

(3.11)

and 7 x ¢ = 0.05 x 0.05 respectively. The new strip n and ¢ positions are computed as the

pr weighted average of all e/ constituents in the strip.

3. The above stage is repeated until there are no more e/ candidates within the An x A¢
window. The process then continues by selecting the next seed and the above procedure is

repeated until all e/~ candidates have been merged into strips.

All strips with pt > 2.5 GeV are considered as m° candidates. The algorithm then proceeds to
form all combinations of: h*, h¥7?, h*797° and h*hTh*. Further constraints are placed on the
visible mass of the decay products to ensure that h*x0 decays are compatible with the intermediate
p(770) resonance, and the h*7%7% and h*hTh* decays are compatible with the a;(1260) resonance.

The mass constraints are defined as:

e 0.3 — Amy, < mq, < 1.3y/pr/(100 GeV) + Am,,, GeV for the h*7° mode, with the upper

limit constrained to lie between 1.3 and 4.2 GeV,

e 0.4— Am,, < my, <1.2¢/pr/(100 GeV) + Am,, GéV for the h*77° mode, with the upper

limit constrained to lie between 1.2 and 4.0 GeV, and

e 0.8 <m,, <1.5GeV for the h*hTh* mode,

where Am,, is the change in the mass of the 7, candidate brought about by the addition of the e/~
candidates to its strip as defined in Ref. [110]. For the htrFat decay, the three charged hadrons

must also originate within Az < 4 cm from the same vertex and have a total charge of +1.

Once all possible 7, candidates have been formed, the h* and 7° candidates are required to
be contained within the signal cone, with a size defined as Rgjz; = (3 GeV)/pr bounded between
0.05 < Rg < 0.10. Candidates with additional charged particles or 7 candidates outside of this
signal cone are discarded. If there are multiple 73, candidates for the same jet remaining after these
selections then the candidate with the largest pr is retained. The h* 7% and h¥ 7070 decay modes
are finally consolidated into the h* 7% mode to be analysed together. In this document the three
tau decay modes will be referred to as the 1-prong (h¥), 1-prong+1-7° (h*7° and h*7°7%), and
3-prong (h¥aFn%) decay modes.

Even after the HPS reconstruction the jet — 7, fake rate is significant. Requiring the 7,
candidates to be isolated helps to reduce this background. The isolation of the 7, candidates, I, ,
is computed by summing the scalar pr of the charged particles and photons within a cone with size
AR = 0.5 centred on the direction of the 7, candidate. The charged hadron and e/~ constituents

of the 7, candidates are excluded from the sum. The formula for I, is:

L, =Y pieed(d, < 0.2cm) —max (0, > pr—ABY  pEd(d. > 0.2cm) > (3.12)
N——

(1) (2) (3)
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Term (1) in the above formula is the charged isolation, the contribution of PU to this term is
minimised by requiring the charged particles in the sum to originate within a distance d, < 0.2 cm
from the 7, production vertex. Term (2) is the neutral isolation term. The contribution of the PU
to the neutral isolation is subtracted using term (3). This is estimated by summing together the
pr of charged particles not originating from the 7, vertex, within a cone of size AR = 0.8, and
scaling this by the constant term, A5 = 0.2. This constant accounts for the fraction of neutral to

charged energy and the difference in the two cone sizes (0.5 vs 0.8).

An MVA-isolation discriminant combines isolation variables with variables sensitive to the
finite lifetime of the tau, to give the best possible separation between genuine 7, decays and jets.

The variables related to the tau isolation include:

e The charged and neutral isolation sums defined by terms (1) and (2) in Equation 3.12, as

well as the PU correction defined by term (3), included as separate variables.
e The number of e/v candidates with pr > 0.5 GeV in the signal and isolation cones.

e The variable pi"™ *"** defined as:
T S AR > Ry, 813

which is the scalar pr sum of the e/~ candidates clustered into strips but located outside of

the signal cone.

e The pr weighted AR, An, and A¢ of the e/~ candidates clustered in strips relative to the

direction of the 7.
The variables sensitive to the 7, lifetime include:

e The signed 3D impact parameter of the leading track of the 7, candidate relative to the
primary vertex and its significance. The primary vertex is refitted after excluding the tracks

from the 7, candidate.

e The distance between the 7, production (primary) and decay (secondary) vertices and its
significance. A flag indicating whether the secondary vertex was reconstructed or not is also

included. The primary vertex is refitted as described above.
These are combined also with the tau pr, and 7, and decay mode.

The working points on the MVA-isolation discriminant are defined using pr dependent cuts
on the MVA score in order to ensure the signal efficiencies are uniform with pr. In total six working
points are defined with efficiencies between 40-90%, in steps of 10%, which are named: vloose, loose,
medium, tight, vtight, and vvtight. The efficiency of genuine 7, identification and misidentification

probability for jet — 7, fakes is shown in Figure 3.5, for each of the six working points.

In addition to the MVA-isolation variable, further discriminants are used to reject e — 71, and

1 — 1, fakes. The anti-electron discriminant is a MVA-based discriminant using variables such as:

e Energy/momentum fractions: the electromagnetic energy fraction, the ECAL and HCAL
energies relative to the track momentum, and the fraction of the 7, energy carried by the
photons.

e Photon related variables: The pr weighted root-mean-square ¢ and 7 distances between
each of the photons and the 7,, the number of photons in the strips, the ratio of energies of

bremsstrahlung photons measured in the ECAL and the tracker.
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Figure 3.5: The efficiency of genuine 7}, identification (left) and the misidentification probability
for jet — m, fakes (right) is shown for each of the six MVA-isolation working points [110].

e Variables relating to the quality of track such as the x2 of the track fit.

e Kinematic variables of the 7, candidate including pr, 1, and mass.

Five working points for the anti-electron discriminator are defined (loose—vtight) with efficiencies
that range between &~ 70-85% for misidentification probabilities between O(107%)-O(1071).

The anti-muon discriminator is a cut-based variable with two working points, loose and tight.
This discriminant is based on vetoing candidates when track segments or hits in the muon detector
are found near the 7, direction, and comparing the calorimeter energy to the track momentum.
The efficiency for the discriminator is > 99% for both working points with a misidentification
probability O(1073).

3.2 Datasets and triggers

The datasets collected during 2016 and 2017 are used for the analyses described in this thesis.
These datasets correspond to integrated luminosities of 35.9 fb~! and 41.9 fb—!, respectively. A set
of triggers requiring combinations of electrons, muons, and hadronically decaying taus were used to
collect interesting events. The chosen triggers are designed to select events with tau pairs decaying

to the T, 7h, T, Th, TeTh, and 7.7, final states, which will be referred to as "channels".

A double-tau trigger was used to select 7,7, events. This trigger requires two isolated

hadronically decaying taus with p7* > 35 GeV.

The 7,7, final state was selected using single-muon and muon-+tau triggers. The single-muon
trigger requires an isolated muon candidate with a pr threshold between 22 to 27 GeV, depending
on the data taking period. In 2016 the p threshold was 22 GeV throughout the year, whereas for
2017 the threshold was either 24 or 27 GeV depending on the run period. Muon-+tau triggers were
also available for both 2016 and 2017 data taking periods. These triggers require both an isolated
muon and an isolated hadronic tau. In 2016 the muon was required to have p/. > 19 GeV and the
tau was required to have p7* > 20 GeV. In 2017 the pr thresholds on the muon and tau candidates
were increased to 20 GeV and 27 GeV respectively.
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Single-electron and electron+tau triggers target the 7.7, final state; although the latter was
only used in 2017. The single-electron trigger requires an isolated electron candidate with a pr
threshold between 24 to 32 GeV, depending on the data taking period. In 2016 the pr threshold
was 24 GeV throughout the year, whereas in 2017 the threshold was either 27 or 32 GeV depending
on the run period. The electron+tau cross trigger utilised for 2017 data taking requires the presence
of an isolated electron with pf, > 24 GeV, and an isolated hadronic tau with pp* > 30 GeV. Finally,
electron+muon triggers, requiring one isolated muon and one isolated electron, were used to select
TeTu events. Two such triggers were used, each placing different pr requirements on the leptons -
the first requires pf, > 8 GeV and p§. > 23 GeV, and the second requires pf. > 23 GeV and p§ > 12
GeV.

Although all the triggers described above may be used to select ditau events, the final
combination of triggers is analysis specific. The exact combination of triggers used for each analysis

will be indicated in the relevant chapters.

3.3 Event simulation

The following text gives a brief overview of tools used to simulate proton-proton collision events
based on the more detailed review given in Ref. [111]. The generation of a simulated physics
event starts with the process of interest known as the hard subprocess. This process involves
the scattering of two incoming partons producing a few outgoing particles. The fraction of the
proton momenta carried by an incoming parton is stochastic and is therefore sampled from parton
distribution functions (PDFs). The PDFs are functions f;(x, ur) which describe the probability of
a parton species i to carry a momentum fraction = probed at a chosen factorisation scale pg. The
hard subprocess involves either large momentum transfer or heavy particle production, resulting in
energetic outgoing partons that are asymptotically free. These processes are therefore generated
according to matrix-elements using perturbation theory. The matrix-element computations involve
the cancellation of ultraviolet and infrared divergences, which introduces a dependence on up and
the renormalisation scale ug. Current generators are usually either leading order (LO) or next-to-
leading order (NLO) accurate, but progress on next-to-next-to-leading order (NNLO) generation

has been made in recent years such as in Ref. [112].

Parton-shower generators evolve the events from the hard scale to the low scale O(1 GeV).
This involves the emission of many additional soft or collinear partons. At the lowest scale
hadronisation occurs, where outgoing partons interaction non-perturbatively to form hadrons.
The non-perturbative nature of this problem calls for the use of models with tunable parameters
to describe the data. These tools also provide a description of secondary interactions of proton
constituents not involved in the hard subprocess, known as the UE. The input parameters of these
models are tuned using collision data. Unstable particles such as taus and heavy-flavour mesons
must then also be decayed, producing a collection of stable final-state particles. The response of
the detector to these final-state particles is finally simulated, to obtain a simulated event that is

analogous to an event recorded during data-taking.

3.3.1 Monte Carlo samples

The Monte Carlo (MC) samples used to model background processes are common to both analyses
described in this thesis and as such will be described in full here. The analysis-specific signal
samples will be described in more detail in the following chapters. Separate MC samples were
produced to model 2016 and 2017 conditions. As both 2016 and 2017 datasets were collected at the
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same centre of mass energy, there should be no change to the true event topologies. The samples
should therefore only vary due to different detector conditions including, for example, different
detector responses and/or different numbers of PU interactions. However, updates to the PDFs
and UE tunes were made in 2017 and subsequently included in the 2017 MC production. The

generator-level event topologies can therefore also differ slightly between eras.

The QCD-induced W+jets and Drell-Yan Z/v*+jets processes are modelled at LO accuracy
using MadGraph5 [113] with MLM jet matching [114], including 0—4 outgoing partons in the matrix
element calculations. In addition to the inclusive samples, exclusive samples were generated each
with exactly 1, 2, 3, or 4 outgoing partons to increase the event statistics. The exclusive and
inclusive samples are "stitched" together by applying event weights, such that the weighted number
of events for each parton multiplicity matches that of the unweighted inclusive sample. For the CP
analysis, the electroweak production of W and Z bosons is also considered, which is modelled using
MadGraph5 at LO accuracy. The single-top and tt processes are simulated at NLO accuracy using
POWHEG [115-118]. Diboson processes including ZZ, WZ, and WW are modelled at NLO accuracy
using Madgraph5_aMC@NLO [119] with FxFx jet merging scheme [120]. The W + v and W + ~*
processes are also considered in some instances, which are modelled using Madgraph5_aMC@NLO
with FxFx jet merging at NLO and MadGraph5 with MLM jet matching at LO respectively.

The NNPDF3.0 [121] and NNPDF3.1 [122] PDFs were used in the generation of the 2016 and
2017 samples respectively. The parton showering, hadronisation, and tau decays are modelled using
PYTHIA 8.2 [123]. The UE simulation is also performed using PYTHIA with the parametrisation
set to the CUETP8M1 [124] tune for the 2016 samples, and to the CP5 [125] tune for the 2017
production. The generated events are then passed through a GEANT4-based [126] simulation of
the CMS detector, and are reconstructed using the same algorithms used to reconstruct the data.
Additional inelastic proton-proton interactions (PU) are generated using PYTHIA and mixed with

the simulation to match the expected PU profile of the data.

3.3.2 Embedded samples

The description of the Z/4* — 77 process can be improved using an embedding technique [127].
This method involves selecting Z/v* — pu events in data and replacing the muons with simulated
tau leptons, thus exploiting lepton universality in Z/v* — Il decays. This literal embedding of the
taus into the event gives the procedure its name. As illustrated in Figure 3.6, the production of the

embedded samples can be factorised into four stages:

1. Selection: Dimuon events are selected in data. The selection requirements are deliberately
kept as loose as possible to minimise any biases. Both muons are required to be global muons
and to have been identified by the PF algorithm. The muons must have also passed a dimuon
trigger with online pr thresholds of 17 and 8 GeV for the leading and sub-leading muon legs

respectively.

2. Cleaning: The hits and energy deposits associated with the selected muons are removed from

the event.

3. Simulation: A Z/y* — 77 event is simulated with the kinematics of the taus set to that of
the removed muons. The taus are then decayed using PYTHIA and the final state particles are

passed through the detector simulation as described in the previous section.

4. Merging: All hits and energy deposits from the simulated tau pair are combined with the

cleaned event.
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Figure 3.6: Illustration of the four mains stages in the production an embedded event: selection,
cleaning, simulation, and merging [127].

Approximately 99% of the selected dimuons come from Z/v* decays, with the remaining
1% predominantly from tt and diboson events. The muons produced in these processes typically
originate from decays of W and Z bosons, which also respect lepton universality. Therefore, the
embedding procedure not only models the Z/v* — 77 process, but provides an estimate for all

backgrounds producing a pair of genuine tau leptons.

The main advantage of using the embedded samples is that the bulk of the event content
comes directly from data, with the exception of the well described tau leptons. This includes the
often difficult to model jet topology, PU, and UE structure. By construction these properties are
extremely well modelled by the embedded samples. The Z boson kinematics can also be poorly
described by MC generators (as will be discussed in Section 3.4.5). This problem is again remedied
by the embedded technique, as the Z/v* — 77 and Z/v* — pp kinematics are near identical.

The statistics of the embedded samples increase linearly with the amount of collected collision
data, which removes the need for the computationally demanding simulation of large MC samples.
The sample statistics are further increased by requiring the visible decay products of the taus to
pass loose pr requirements. The neutrinos from the tau decay carry off a share of the energy, and
often this results in visible decay products that are too soft to pass the online/offline pr cuts. To
avoid unnecessary discarding of such events, every tau pair decay is repeated 1000 times and only
if the taus fail to meet the pt requirements on every repetition is the event discarded. The last
tau pair to pass the selections is retained for the subsequent detector simulation. An event weight
defined as the number of times the tau pair successfully passes the pr requirements divided by 1000
and multiplied by the branching ratio of the corresponding 77 decay is also stored. Application of
these weights removes any resulting bias to the variable distributions, and allows the yields to be

estimated correctly as will be described in Section 3.5.2.
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3.4 Simulation corrections

The objects derived from simulation are prone to mismodelling which must be corrected for. For the
MC this of course includes all the objects in the event. The embedded samples only model the tau
decay products (electrons, muons, and hadronic taus) using simulation, and therefore corrections

are derived only for these objects. The applied corrections can be grouped into three categories:

e MC generator corrections: Due to the mismodelling of the true event topology by MC
generators. An example is the poor description of the Z boson pr distribution by LO

generators.

e Efficiency corrections: Due to differences in the rates at which objects pass selection re-
quirements such as the identification, isolation, and triggers. These corrections are applied
using scale factors defined as the ratio of the efficiencies measured in data and simulation,
SF — Edata .

€sim
e Energy scale corrections: Due to differences in the detector response to objects in data and

simulation. These corrections are applied by shifting an objects energy to match the data.

In CMS it is common practice to distribute corrections centrally where possible, so that they
may benefit several analyses. However, centrally distributed scale factors do not always match the
specific needs of an analysis (e.g if a different combination of triggers is required), and in these
instances it is necessary for analysts to measure corrections themselves. This section describes the
corrections used in the analyses described in this thesis. More details will be provided in cases
where the corrections were derived by the author, which will also serve as examples of how the

centrally distributed scale factors are measured.

In general separate corrections are required for both MC and embedded objects, as often the
size of the corrections differ significantly. Embedded corrections are derived either by comparing
the embedded samples directly with data, or by comparing the embedded samples with MC. For
the latter, the corresponding MC—data correction is applied in addition to the embedding—MC
correction. This procedure is slightly more convoluted, however, the embedding—MC corrections
are typically much easier to measure than embedding/MC—data corrections, and in this way

centrally distributed MC—data corrections may be utilised.

3.4.1 E%iss recoil corrections

The E¥'S recoil corrections described in Section 3.1.7 are applied to the W+jets, Z/v*+jets, and
signal events. Figure 3.7 shows the improvement in the data/MC agreement by the application of

the recoil corrections for Z — ppu events.

3.4.2 Pile-up reweighting

The PU profile for the MC samples does not exactly match the data. The MC events are reweighted
so that the number of PU interactions match the data. The number of interactions is estimated

from the measured instantaneous luminosity per bunch crossing.

3.4.3 B-tag efficiency corrections

Scale factors are used to correct for differences in the rates at which jets pass the CSVv2 algorithm
in data and simulation. The scale factors are measured as a function of the jet pr and n and

separately for different jet-types (b-, c-, or light-flavour jets), as described in Ref. [89]. The
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Figure 3.7: Comparisons of the data/MC agreement of the EX distributions for Z/y — pu
events before (left) and after (right) applying recoil corrections for data collected in 2017. The
uncertainty band shown in shaded grey includes only statistical uncertainties.

measured scale factors are applied using a "promote-demote" method, whereby a simulated jet not
passing the b-tagger can be "promoted" to a tagged jet, and similarly a jet passing the b-tagger

can be "demoted" to a untagged jet depending on the following:
e For a given jet the promote/demote probabilities are computed as

Esim(SF — 1) and
I — €sim (3.14)
P(demote) =1 — SF,

P(promote) =

where €sim = €sim (P, 7, jet-type) is the b-tagging efficiency measured in simulation.
e A random number between 0-1 is generated.

o If the jet is untagged, SF > 1, and the random number is greater than P(promote) then the

jet is promoted.

o If the jet is b-tagged, SF < 1, and the random number is greater than P(demote) then the

jet is demoted.

3.4.4 Top pr reweighting
The agreement of the tt MC with the data is improved by reweighting the top pr distribution. The
weights are given as

weight = 1/SF(p%) - SF(p}.)

SE(pr) = "M/ (@),

(3.15)

where ptT/E are the pr of the top quarks, and a and b are constants. The weights applied for the
¢ — 77 analysis were derived based on data/MC comparisons made in Ref. [128], using data
collected at 8 TeV. This corresponds to setting a = 0.156 and b = 0.00137 GeV~! in Equation 3.15.
The weights were updated prior to the CP analysis based on the comparisons in Ref. [129, 130]

using 13 TeV data, corresponding to setting a = 0.0615 and b = 0.0005 GeV~! in Equation 3.15.
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Figure 3.8 shows the improvement in the data/MC agreement of the 7,7, invariant mass distribution

in a tt control region.
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Figure 3.8: Comparison of the data/MC agreement of the 7.7, invariant mass distribution in a
tt control region before (left) and after (right) applying the top pt reweighting. The uncertainty
band shown in shaded grey includes only the statistical uncertainties.

3.4.5 Z/v* pr-mass reweighting

The LO generator used to simulate the Drell-Yan Z/v* process does not describe well events where
the Z/v* boson has high pr or large mass. These regions of phase space are important for 77
analyses, as the tight pr cuts on the tau decay products imposed by the trigger preferentially select
more boosted Z/v* bosons. The high mass regions are of course also relevant for high mass ¢ — 77
searches. The modelling of these variables can be significant improved using NLO generators,

however, the simulation of NLO samples with large event statistics is impractical.

The data/MC agreement can alternatively be improved by deriving weights from a sample of
Z/v* — pp events and applying them to the LO samples. Muon pairs with opposite-sign charges
separated by AR > 0.5 are selected. Each muon is required to have pr > 10 GeV, I, < 0.15, and
pass the medium ID. The leading muon must also pass the single-muon trigger with an online pr
threshold between 22—24 GeV depending on the run period, and pass an additional offline pr cut 1

GeV higher than the online requirement.
The weights are measured in bins of the dimuon pr (pf¥) and invariant mass (m,,,). For

each bin the weight is computed as,

non-7Z/~"
Ndata - NMC

weight (pl, my,) = I ) (3.16)
MC
where Ngata is the yield measured in data, N&ng/ v is the contribution of processes other than

Z/v* — pp estimated from MC, and NI\Z/I/(;’* is the Z/v* — pp yield as predicted by the LO

generator. The weights are derived imposing

> (Nawa = NE2) = YO NGE =1, (3.17)

bins bins
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where the sums run over all pr-mass bins, such that the overall normalisation of the selected
Z — pp events is not changed by the application of the weights. The weights are applied depending
on the generator-level boson pr and mass. Therefore, the procedure relies upon the pf! and m,,,
being similar to the equivalent generator-level quantities, which is a good approximation due to the

excellent muon resolution of the CMS detector.

The reweighting procedure is tested using samples of Z/v* — pu and Z/+* — ee events. As
the former consists of the same events used to derive the weights good agreement with the data is
somewhat expected, however, this allows the assumption that the generator- and reconstruction-
level variables are similar to be directly tested. The Z/v* — ee sample provides an additional check
of the reweighting procedure for an orthogonal event selection. A comparison of the p4" and pS
distributions before and after the reweighting is shown in Figure 3.9. The reweighted events are
observed to describe the shapes of the distributions well. The data/MC agreement for all variables
important for event selection and categorisation (e.g Njets) is also improved after application of the

weights, which verifies that the chosen parametrisation in bins of pr and mass is sufficient.

3.4.6 Electron and muon efficiency corrections

Corrections are applied to electrons and muons to account for data/simulation differences in the
tracking, identification, isolation, and trigger efficiencies. The corrections are derived with a tag-
and-probe method using samples of Z — uu and Z — ee events. The tracking corrections derived
for MC leptons are also applied to the embedded events. The electron tracking efficiency is found
to be 2% (1%) higher for the 2016 (2017) embedded samples compared to the MC. This difference
is applied as an additional correction to the embedded samples. The muon tracking efficiencies
are the same in both MC and embedding and therefore no additional correction is applied. The
identification, isolation, and trigger corrections used for the 2017 samples were measured by the

author, and as such will be described below.

Dilepton events are selected with one lepton designated as a tag and the other as a probe.
The tags are required to pass identification and isolation requirements to reduce the background
from fake leptons. The tags are also required to pass a single-lepton trigger, thus ensuring that the
probe lepton is completely unbiased by the online selections. The specific selections applied for the

electron and muon tags are:

e Electrons: The tag is required to pass the tight electron ID and have I, < 0.1. The tag must
also have pr > 36 GeV and pass the single electron trigger with an online pr threshold of 35
GeV.

e Muons: The tag is required to pass the medium muon ID and have I, < 0.15. The tag must
also have pr > 25 GeV and pass the single muon trigger with an online pp threshold of 24
GeV.

The lepton pairs are additionally required to carry opposite charges and have invariant mass
65 < my; < 115 GeV, to further increase the purity of Z — [l events. Each lepton is also treated
in turn as both the tag and the probe to approximately double the available statistics. The ID,
isolation, and trigger scale factors are measured separately but in sequence meaning that the
isolation scale factors are measured under the pre-condition that the probe leptons have passed the
ID, and similarly the trigger scale-factors are measured under the pre-condition that the probe

leptons have passed both the ID and isolation requirements.

Events are split into bins depending on the probe pt and 1. These bins are further divided into
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Figure 3.9: Comparison of the data/MC agreement of the Z/v* pr distributions before (left)
and after (right) applying the Z/+* pr-mass reweighting. The upper and lower insets show the
distributions in the Z/v* — uu and Z/y* — ee final state. The uncertainty band shown in shaded
grey includes the uncertainties on the cross section and luminosity added in quadrature with the
statistical uncertainties.

"pass" and "fail" categories, depending on whether the probe lepton passes the ID /isolation/trigger
requirement in question. Even after applying the aforementioned selections, some of the events
selected originate from background processes. This background contamination is accounted for
by fitting the my; distributions. The signal is modelled using a superposition of two Voigtian
functions, with the width of the Breit-Wigner part fixed to the Z natural-width. The background
is modelled using a decaying exponential for the isolation and trigger measurements, and using an
error function turning into a decaying exponential for the ID measurements. The latter is necessary
as the background contamination is significantly larger for the ID measurements, and this model
provides a better description for the kinematic turn-on regions of the distributions. In principle
this same background model could also be used for the isolation and trigger methods; however,
there tends to be too few background events to constrain the model parameters in this case, and

often this leads to part of the signal being mistakenly fitted as background. The efficiency is given
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Figure 3.10: Examples of the fits used to measure the muon (upper) and electron (lower)
efficiencies for determining scale-factors. In this example the lepton ID efficiencies are being
measured.

as € = %, where Npag/tail are the best-fit values for the Z — [l yields. Figure 3.10 shows

an example of the fitted m;; distributions used to measure the electron and muon ID efficiencies.

The efficiencies and scale factors measured for muons in the region |n| < 0.9 and electrons
in the region |n| < 1.0 are shown in Figure 3.11. The trigger efficiencies are measured for the
single-muon trigger with an online pr threshold that was increased from 24 to 27 GeV during data
taking, and for the single-electron trigger with a pr threshold increased from 27 to 32 GeV. The
trigger and electron ID corrections are observed to differ significantly for the embedding and MC
samples. The former is due to the trigger being simulated in an empty detector environment, before
the merging stage of the embedding procedure. This is necessary as the trigger sequence depends on
the precise alignment of the simulated and physical detector geometries, which is difficult to achieve.
The empty environment effectively means the electrons and muons are very well isolated and easier
to identify, which leads to larger efficiencies. Conversely, the isolation variables are computed after
the merging stage and therefore the MC and embedded corrections are much more similar. The
electron ID is calculated also after the merging stage, however, this quantity is affected by the slight

misalignment of the detector geometries, resulting in a lower efficiency for the embedded events.

3.4.7 Hadronic tau efficiency corrections

Corrections are applied to taus to account for data/simulation differences in the trigger and isolation
efficiencies and, in the case of the embedded samples, the tracking efficiency. The latter correction

affects the rate at which taus pass the HPS algorithm. This is found to be consistent with a scale
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Figure 3.11: The measured muon ID (a), isolation (b), and single-muon trigger (c) efficiencies for
the region |n| < 0.9, and the measured electron ID (d), isolation (e), and single-electron trigger (f)
efficiencies for the region |n| < 1.0. The efficiencies measured in data, MC, and embedded events
are shown in blue, red, and green respectively.
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factor of 1 for the MC, and so no correction is applied. The tracking efficiency is found to differ for
embedded and MC events. The ratio of the MC and embedded efficiencies, which depend on the
decay mode of the tau, is applied as a correction. The size of this correction is 0.975 for 1-prong

taus, 1.023 for 1-prong+17° taus, and 0.927 for 3-prong taus.

The trigger efficiencies are measured with a tag-and-probe method using samples of Z/~* —
TnT, events, where the 7, is used as the tag. Dedicated muon-+tau monitoring triggers are used for
these measurements, where the online selections applied to the tau leg match exactly those used for
the trigger in question. The corrections are measured for the tau legs of lepton+tau triggers and

the individual tau legs of the double-tau trigger.

The isolation correction accounts for differences in the rate at which taus pass the MVA-
isolation discriminant. A constant scale factor is applied to account for this difference. The scale
factors applied to the MC have a size of 0.95 (0.97) for the tight (medium) ID working point in the
2016 samples, and 0.89 for the tight working point in the 2017 samples. The scale factors applied

for the embedded samples were measured by the author as described below.

A sample enriched in Z/v* — 7,7, events is selected. For the 2016 (2017) measurement the

following selections are imposed:

e The muon is required to pass the medium ID, have I, < 0.15, have pp > 23 (28) GeV, and
pass the single-muon trigger.

e The hadronic tau candidate must have pr > 20 GeV and pass the HPS algorithm, the
tight working-point of the anti-muon discriminator, and the very-loose working-point of the

anti-electron discriminator.

e The muon and tau should have opposite charge and be separated by AR > 0.5. If more than

one pair meet this requirement the most isolated pair is retained.

o The transverse mass mr(p, ERs%), which is defined as

mr(i,j) = \/2piTp£’F(1 — cos Adyj), (3.18)

must be smaller than 40 GeV.

e Events with additional electrons or muons are vetoed.

The events are then split into a "pass" and a "fail" category, depending on whether the tau passes

the MVA-isolation discriminant.

The embedded events are treated as the signal process, which will be denoted here as
"EmbedZTT". The method used to estimate the yield of this process will be described in Section
3.5.2. The background processes that are considered are QCD, W-jets, tt, diboson, single-top, and
Z/v* — pp. The methods used to estimate the W+-jets and QCD backgrounds will be described
in Section 3.5.4. All other backgrounds are modelled using MC. The data/simulation corrections

described in this section are applied to the MC and embedded events.

A simultaneous maximum-likelihood fit of the pass and fail categories is performed using the
tau ID scale factor as the parameter of interest. The invariant mass of the muon and hadronic tau
is used as the discriminating variable. The EmbedZTT template is split into two sub-templates
depending on whether the 7, passes or fails the MVA-isolation which are denoted EmbedZTTP2ss
EmbedZTTf! respectively. The signal template in the pass category is constructed as a function
of the SF as

EmbedZTT™"* (pass) = SF - EmbedZTTP* (3.19)
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and in the fail category the template is constructed as

EmbedZTT"" (fail) = (1 — SF) - EmbedZTTP** + EmbedZTT™!, (3.20)

The following systematic uncertainties affecting the normalisations and shapes of the signal and

background templates are also included:

Normalisation uncertainties:

Luminosity: The luminosity uncertainty amounts to 2.5% on the data collected during
2016 data-taking and 2.3% on the data collected in 2017. This uncertainty is applied to all

processes where the yield is estimated from MC.
Muon ID /isolation efficiency: The uncertainty on the muon ID/isolation efficiency is 2%.

Tau tracking/ID efficiency: The dominant processes producing genuine taus are already
included in the embedded templates. However, some smaller processes such as tt — 7u

contribute to the background. A 10% uncertainty on the tau tracking/ID efficiency is applied.

j — 7, fake-rate: A 20% uncertainty is applied for all processes containing a j — 73, fake
where the yield is estimated from MC.

i — 7, fake-rate: A 20% uncertainty is applied to the Z — pu process.
Trigger efficiency: The uncertainty on the single-muon trigger efficiency amounts to 2%.
Background normalisation uncertainties:

— A 4% uncertainty on the EmbedZTT yield.
— A 4% uncertainty on the Z — pp yield to account for the uncertainty on the Drell-Yan

cross section.

— A 5% uncertainty is on the diboson and single-top yields to account for the uncertainties

on the production cross sections.

— A 6% uncertainty is on the tt yields to account for the uncertainties on the production

cross section.

— A 10% uncertainty on the W-jets yield which is uncorrelated for the pass and fail

categories.

— A 10% uncertainty on the QCD yield which is uncorrelated for the pass and fail categories.

Shape uncertainties:

Hadronic tau energy scale: Three uncorrelated uncertainties each that affect only one
of the three tau decay modes. Each uncertainty varies the hadronic tau energy scale by 1.2
(3)% for the 2016 (2017) MC and embedded samples.

i — 7, energy scale: Two uncorrelated uncertainties each that affect only one of the
1-prong tau decay modes are applied to the Z — pu process. These uncertainties vary the
energy scale correction by 1.5% for both the 1-prong and 1-prong-+1-7% decay modes in the
2016 MC. In 2017 the size of the uncertainties are 0.3 and 1.0% for 1-prong and 1-prong-+1-7°

decay mode respectively.

Statistical uncertainties: Limitations in the statistical sizes of the signal and background

templates are accounted for by the Barlow-Beeston method [131, 132].

Top pr reweighting: Uncertainty between no and twice the correction on the reweighting

applied to tt events.
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Figure 3.12: The post-fit distributions showing the data/background-prediction agreement for
the fail (left) and pass (right) categories for the measurement of the 2016 (upper) and 2017 (lower)
embedded tau ID scale-factor. The uncertainty band shown in shaded grey includes both systematic
and statistical uncertainties.

e Drell-Yan Z pr reweighting: Uncertainty between no and twice the correction on the

reweighting applied to Z — pu events.

The post-fit data/background comparisons of the pass and fail categories are shown in Figure
3.12. Good agreement with the data is observed. The results of the maximum likelihood scans of

the SF are shown in Figure 3.13. The measured scale factor is 1.02 £ 0.03 for the 2016 samples,
and 0.97 £ 0.02 for the 2017 samples.

3.4.8 e — m, and u — 1, fake rate corrections

The rate at which electrons and muons pass the anti-electron and anti-muon discriminants are
measured with a tag-and-probe method using samples of Z/v* — ee and Z/v* — up events. Scale
factors are applied to correct for the observed differences in the fake rates in data and simulation.
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Figure 3.13: The likelihood scans showing the best-fit value of the embedded tau ID SF for 2016
(left) and 2017 (right).

3.4.9 Tau energy scale corrections

The 7, energy scale is measured separately for each tau decay mode using Z/v* — m,7, events.
The measurement is performed by fitting mass distributions sensitive to differences in the energy
scale, using a similar procedure as described in Section 3.4.10. The 7,7, mass distribution is used
to extract the energy scale for 1-prong taus. Whereas, for 1-prong+1-7° and 3-prong taus the m,
mass distribution is utilised. Differences in the energy scales in data and MC are corrected by
applying shifts to the 7, energies. The size of the shifts measured for 2016 (2017) are —0.5% (0.7%),
1.1% (—0.2%), and 0.6% (0.1%) for the 1-prong, 1-prong+1-7%, and 3-prong taus respectively.

The corrections are also applied to the embedded samples along with additional shifts to
account for differences in the energy scale in MC and embedded events. These shifts are determined
by comparing the tau pr resolution for MC and embedded events, as illustrated in Figure 3.14. The
resolution is defined as the difference between the reconstruction- and generator-level pr divided
by the generator-level pr. The size of the shifts is then given by
(MC) + 1

hift = ————
ST Embed) + 17

(3.21)

where (MC) and (Embed) are the mean values of the distributions in Figure 3.14. The 3-prong tau
energy scale is observed to be practically identical for MC and embedded events and therefore no
correction is applied. A small difference is observed for the 1-prong taus amounting to a correction
of —0.4% (—0.2%) for the 2016 (2017) samples. The energy scale of the 1-prong+1-7° taus shows

the largest difference between MC and embedding, where the size of the correction is —0.9%.

3.4.10 e — 1, and y — 1, energy scale corrections

The energy scale corrections described in the previous section are measured for reconstruction-level
taus originating from true hadronic taus and so may not apply to taus originating from lepton fakes.
Separate corrections are therefore derived for e — 7, and u — 7, candidates. The 77, invariant
mass distribution can be fitted to extract the correction, as a shift to the I — 7, energy scale
moves the position of the Z — [l mass peak. Separate corrections are measured for 1-prong and
1-prong+1-7° taus. The 3-prong decay mode is not considered as the misidentification probability

is much smaller than for the other decay modes. The size of the e — 7, corrections applied to the
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Figure 3.14: Comparison of the 7, pr resolutions and energy scales in the 2017 MC and embedded
samples is shown for the 1-prong (left), 1-prong+1-7® (centre), and 3-prong (right) tau decay
modes.

2016 MC is 0% and 9.5% for the 1-prong and 1-prong+1-7° decay modes respectively. The p — m,
corrections are —0.2% and 1.2% for the 1-prong and 1-prong+1-7% decay modes respectively. The

2017 energy scale corrections were measured by the author as described below.

The corrections are measured using samples of Z/v* — 7om, and Z/v* — 7,7, events. The

Z/v* — 7o, sample is selected by requiring:
e At least one electron with I, < 0.15 and pr > 28 GeV that passes the loose ID and the

single-electron trigger.

e At least one hadronic tau candidate with pr > 20 that passes the HPS algorithm, the tight
working-point of the MVA-isolation, the loose working-point of the anti-muon discriminator,

and the tight working-point of the anti-electron discriminator.

The Z/v* — 7,7 sample is selected by requiring:
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e At least one muon with I.q < 0.15 and pt > 25 GeV, that passes the medium ID and the

single-muon trigger.

e At least one hadronic tau candidate with pt > 20 that passes the HPS algorithm, the tight
working-point of the MVA-isolation, the tight working-point of the anti-muon discriminator,

and the very-loose working-point of the anti-electron discriminator.
For both samples the following selections are also imposed:
e The lepton and tau should have opposite charge and be separated by AR > 0.5. If more than
one pair meet this requirement the most isolated pair is retained.
o mr(l, EMiss) must be smaller than 50 GeV.
e Events with additional electrons or muons are vetoed.

Events are split into two categories depending on whether the hadronic tau candidate is a 1-prong

or 1-prong+1-7° tau.

The Z/v* — ee and Z/~v* — pu processes are treated as signal for the measurements of the
e — 1, and pu — 7y, energy scales respectively. Many signal templates are generated each with
a different shift applied to the [ — 7, energy scale. The shifts range between —10% to +10%
in increments of 1%. For the pu — 7, measurement, additional templates are produced in 0.2%
increments in the range —2% to +1% for the 1-prong category and 0% to 3% for the 1-prong+1-m°
category. These templates are then interpolated between using a horizontal morphing algorithm

[133], where the [ — 73, energy scale correction is used as a horizontal morphing parameter.

The background processes that are considered are Z/v* — 77, QCD, W-jets, tt, diboson,
and single-top. The methods used to estimate the QCD and W+jets backgrounds will be described
in Section 3.5.4. All other backgrounds are modelled using MC. The data/MC corrections described

in this section are also applied.

The measurement of the energy scale correction is performed using a binned maximum
likelihood fit using the 7,7, mass as the discriminating variable. The following systematic uncertain-

ties affecting the normalisations and shapes of the signal and background templates are also included:

Normalisation uncertainties:
e Luminosity: The luminosity uncertainty amounts to 2.3%, which is applied to all processes
where the yield is estimated from MC.
e Muon ID/isolation efficiency: The uncertainty on the muon ID /isolation efficiency is 2%.

e Electron ID /isolation efficiency: The uncertainty on the electron ID/isolation efficiency
is 2%.

e Tau tracking/ID efficiency: A 5% uncertainty on the tau tracking/ID efficiency is applied.

e j — 7, fake-rate: A 20% uncertainty is applied for all processes containing a j — 7, fake

where the yield is estimated from MC.
e 1 — m, fake-rate: A 20% uncertainty is applied to the Z — pu process.
e e — 1, fake-rate: A 20% uncertainty is applied to the Z — ee process.

e Trigger efficiency: A 2% uncertainty on the single-muon and single-electron trigger effi-

ciencies is applied.

e Background normalisation uncertainties:
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— A 4% uncertainty on the Z/y* — Il and Z/v* — 77 yields to account for the uncertainty
on the Drell-Yan cross section.

— A 5% uncertainty is on the diboson and single-top yields to account for the uncertainties
on the production cross sections.

— A 6% uncertainty is on the tt yields to account for the uncertainties on the production
cross section.

— A 10% uncertainty on the W-jets yield.

— A 10% uncertainty on the QCD yield.

Shape uncertainties:

e Hadronic tau energy scale: Three uncorrelated uncertainties each that affect only one of

the three tau decay modes. Each uncertainty varies the hadronic tau energy scale by 3%.

e Statistical uncertainties: Limitations in the statistical sizes of the signal and background

templates are accounted for by the Barlow-Beeston method [131, 132].

e Top pr reweighting: Uncertainty between no and twice the correction on the reweighting

applied to tt events.

e Drell-Yan Z pr reweighting: Uncertainty between no and twice the correction on the

reweighting applied to Z — pu events.

The post-fit data/MC comparisons are shown in Figure 3.15. Good agreement between the
background-prediction and the data is observed. The results of the maximum likelihood scans
of the | — 7, energy scales are shown in Figures 3.16-3.17. The correction is taken from the
minimum of these scans. The uncertainties from the scans are taken as the systematic error
on the correction, but for simplicity these are taken as symmetric uncertainties. The measured
energy scale shifts and uncertainties for e — 75, are 1% + 1.4% for the 1-prong decay mode, and
4.1% + 1.8% for 1-prong+1-7° decay mode. The measured energy scale shifts and uncertainties for

i — 7 are —0.1%+0.3% for the 1-prong decay mode, and 1.2% 1% for 1-prong+1-7° decay mode.

3.5 Background methods

3.5.1 Modelling backgrounds using MC

To model background processes using simulation, the generated MC events are first corrected using

the procedures described in Section 3.4. The events are then scaled by additional weights given by

Lint - 0 - BR - wgen
Neffective

weight = , (3.22)

where o - BR is the cross section times branching ratio for the process, Li, is the integrated
luminosity, wgen is the generator weight, and Negective is the effective event number, defined as the

sum of the generator weights for all events Negoctive = 9 wgen.
i

The Drell-Yan Z/v*+jets and QCD-induced W+ jets processes are scaled to their cross sections
computed at NNLO precision using FEWZ [134]. NNLO accurate cross sections are also used for tt
events computed with Top++ [135], and for single top quark events in the tW-channel [136]. The
cross section for single top production in the t-channel is computed using HatHor [137, 138] at
NLO precision. The remaining backgrounds, which include diboson and electroweak W/Z/v*+jets

events, are scaled to the cross sections computed by their corresponding event generators.
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Figure 3.15: The post-fit distributions showing the data/MC agreement for 1-prong (left) and
1-prong+1-7° (right) categories for the 7.7, (upper) and 7,7, (lower) channels. The uncertainty
band shown in shaded grey includes both systematic and statistical uncertainties.

3.5.2 Modelling Z/v* — 77 using embedding

The Z/~* — 77 process is the dominant background for SM Higgs production and therefore a
good description of this background is essential. The embedded samples described in Section
3.3.2 are used to improve the modelling of the Z/v* — 77 process. The corrections described in
Section 3.4 along with the generator weights described in Section 3.3.2 are applied to the embedded
events. Additional weights are also needed to correct for the inefficiencies in the initial dimuon
reconstruction. The reconstruction efficiency can be factorised into two components: the efficiency
for the muons to pass the ID requirements, €;p, and the double-muon trigger efficiency, €. The

embedded events are then scaled by

weight = (3.23)

€ID - €trig

The ID and trigger efficiencies are measured in data using the same tag-and-probe method

described in Section 3.4.6. The efficiencies for the high pr leg (pr > 17 GeV) of the trigger are
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Figure 3.17: The likelihood scans showing the best-fit value of © — 75 energy scale correction for
the 1-prong (left) and 1-prong+1-7% (right) measurements.

shown as a function of pr and 7 in Figures 3.18 (a) and (b) respectively. The efficiency becomes
approximately flat with pr above 20 GeV, but depends quite strongly on 7. In addition to the yield
estimation, measuring the efficiencies as a function of these variables also improves the description
of the n and pr distributions, as these would otherwise be biased by the differential selection

efficiencies.

An important check of the embedded samples is performed by embedding simulated muons
rather than taus into the selected Z/v* — pp events. Since the simulated muons have identical
kinematics to the selected muons we expect to see that the embedded distributions match the data
closely, and any disagreement would be indicative of biases in the embedding procedure. Figure
3.19 shows the agreement of the muon pr and 7 distribution with the data. In these examples the
estimated yield is observed to agree with the data to within 2%, and the embedded samples appear
to describe the shapes of the pr and n distributions well.

The agreement of the embedded Z/v* — 77 with the data is checked by selecting events in

the 7T, TeTh, TuTh, and 7,7, channels. These final states have a non-negligible contribution from
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Figure 3.18: The measured efficiency of the high pr leg of the double-muon trigger used to select
Z/v* — pp events for the embedded samples. The efficiency is shown as a function of pr (left) and

n (right).
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distributions are shown for y — p embedded events. The uncertainty band shown in shaded grey
includes only the statistical uncertainties.

other background processes but relatively high purity of Z/4* — 77 may be obtained using the
m., variable (defined in Section 5.3), for m., values close to the Z mass. The m., distributions in
the 7,7, and 7.7, final states are shown in Figure 3.20; good agreement with the data in both the

yields and the shapes is observed.

3.5.3 The fake-factor method

Backgrounds in which a jet fakes a 7, can be difficult to model using MC due to the poor description
of the jet — m, fake rate in simulation. In addition, the small probability of a jet being misidentified
as a 7y, necessitates the production of high-statistics MC samples at a significant computational

expense. These shortcomings motivate the use of data-driven estimates for these processes. One
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Figure 3.20: Comparison of the data/embedding agreement for the m,, distributions in the 7,7,
and 7.7, final states. The uncertainty band shown in shaded grey includes both systematic and
statistical uncertainties.

such procedure is the fake-factor (FF) method. The following text is intended to give an overview
of the FF method, a more detailed description can be found in Ref. [139].

The FF method models jet — 7, backgrounds from side-band regions in data, in which a
71 candidate fails the nominal tight/medium MVA-isolation requirement applied in the signal-
regions (SR) but passes the very-loose working point. These side-band regions will be referred to
here as application-regions (AR). The basic idea of the method is to scale events in the AR by

ratios, FF;, defined as

N (tight/medium)
N(very-loose && tight/!'medium)’
where N(X) is the number of events meeting the identification requirement X. These FF; ratios

FF; =

(3.24)

are measured in control-regions enriched in jet — 7, events referred to here as determination-
regions (DR). The FF; are measured in bins of Nijets, and the dependence on pr is accounted for
using fitted functions. For the MSSM analysis described in Chapter 4 the FF; are also measured in
bins of tau decay mode. The FF; are measured separately for the dominant jet — 7, processes,
which for the 77, channels includes QCD, W-jets and tt, and for the 7,7, channel includes only
QCD. For the 77, channels the FF; measured for the W-jets process are also used to model
sub-dominant processes such as Z+jets, whereas for the 7,7, channel the FF; measured for QCD
events are used to model these processes. The FF; are also corrected to account for extrapolations

from the DR to the SR, and for missing variable dependencies (via non-closure corrections).
The FF; measured for the different processes are combined into an overall factor, FF, using

FF =Y f;-FF;, (3.25)

where the factor f; is defined as
L

dong’
7

which is the fraction of events with a jet — 7, originating from process i over the total number of

fi= (3.26)

jet — 1, events for all processes in the AR. The f; are also measured as a function of variables

Th

such as p* or the ditau mass.
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For the 7;7, channels the jet — 7, background is estimated by applying the measured FF to
the events in the AR. The contribution of processes producing genuine 7, or [ — 7, candidates is
subtracted using simulated events. For the 7,7, channel the procedure is slightly more complicated
due to the presence of two 7, candidates, where either one or both may originate from a jet fake.
The dominant process in this channel is QCD where both 7, candidates are faked by jets, the other
processes overwhelmingly produce only one fake 7, candidate. The method for this channel is to
treat both 7, candidates sequentially as the fake, performing the same procedure described above
in each instance to produce two templates which are then summed together and scaled by a factor
of % This procedure alone would lead to an underestimation of processes producing only one fake
T, by a factor of % To compensate for this underestimation the FF; for such processes are scaled
up by a factor of 2. Examples of the pre-fit modelling of the leading and sub-leading 7, pr in the

T, final state are shown in Figure 3.21. Good agreement with the data is observed.
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Figure 3.21: Control plots showing the pre-fit modelling of the leading (left) and sub-leading
(right) 7, candidates in the 7,7, final state. Events are selected requiring the tau pair to have
large mass to enhance the purity of jet — 7, events. The uncertainty band shown in shaded grey
includes the full systematic uncertainty model.

3.5.4 Alternative jet— 1, estimation in the 77, channels

An alternative procedure to the FF method may be used to estimate the jet— 7, background in
the 77, and 7,7, final states. This will be referred to as the "classical method" in this document.
This method is used as a cross check of the FF method for the ¢ — 77 analysis, and for the
measurements of several corrections described in Section 3.4. The two largest processes producing
jet— m, fakes in the 737, channels are QCD and W+jets. In the classical method these backgrounds
are estimated using fully-data-driven and semi-data-driven procedures, respectively. The remaining

sub-dominant processes producing jet— 7, fakes are modelled entirely from simulation.

3.5.4.1 QCD modelling

The QCD background is modelled by inverting the requirement for 77, pair to be oppositely
charged. This exploits the similarity between the processes producing opposite-sign and same-sign
events, as both tend to be produced at comparable rates with variable distributions that are very

similar. After selecting the same-sign events in data the contribution from other backgrounds
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is subtracted using simulation. The resulting template is then scaled by a factor Rqcp which
accounts for the difference in the rates for the opposite-sign and same-sign events. This factor is
measured in a side-band region where the 7; is anti-isolated. The Rqcp factor may vary depending
on the event selections but is typically ~ 1.0-1.2. For the correction measurements described in
Sections 3.4.7 and 3.4.10 Rqcp is measured as 1.12 4 0.07 and 1.13 = 0.13 for the 7,7, and 7.,

channels respectively.

The modelling of the QCD background is illustrated in Figure 3.22 for the 7,7, final state.
The left inset of Figure 3.22 shows the data/background agreement in a side-band region where the
7, is anti-isolated. This is the same region used to measure Rqcp so good agreement in the yields is
expected. However, this region is mainly used to check that the shapes of the variable distributions
are modelled well, as is observed. The right inset shows the data/background agreement in a second
orthogonal side-band region in which the 7, is anti-isolated. The W-+jets contribution (included in
the "Electroweak" template) is larger in this region, making it slightly more difficult to judge the

QCD modelling, but nevertheless there is no visible disagreement with the data.
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Figure 3.22: Comparisons of the m,, data/background agreement in the 7,7, final state are
shown for side-band regions in which the 7, (left) and 7, (right) are anti-isolated. The uncertainty
band shown in shaded grey includes only statistical uncertainties.

3.5.4.2 W-+jets modelling

The shape of the W-jets background is taken from MC and subsequently scaled to a yield estimated
using a data-driven method. The procedure is thus referred to as a "semi-data-driven" method. The
yield estimation makes use of the mt > 70 GeV region, which has a high purity of W-jets events.
The basic idea behind the method is to subtract non-W backgrounds from the data to estimate
the W+jets yield in the high-my region, which is then extrapolated to the low-mr signal region.
However, the background to be subtracted from the data includes a non-negligible contribution
from QCD events, and since the QCD estimate also requires the subtraction of the W+jet events

from the same-sign data, the two estimates are tied together.

To take into account the QCD contribution two high-mT control regions in which the 77,
pair have opposite-sign and same-sign charges are selected. The contribution from backgrounds
other than QCD and W+jets are subtracted from the data using MC. Two equations are then
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constructed relating the QCD and W+jets yields to the data minus "other" backgrounds in the
two regions. The W+jets and QCD yields in the opposite-sign region are additionally related
to the yields in the same-sign region using the factors Rw and Rqcp, where Rw is the ratio of
opposite-sign to same-sign W-jets events estimated from simulation. This results in two equations

with two unknowns which can then be solved to estimate the W-jets yield in the same-sign high-mr

region:
SS,high-mr SS,high-mT __ A7SS,high-mr SS,high-mr
Nata — Nother = Nqcp + Ny
OS,high-m~ OS,high-mT __ A7OS,high-m1 OS,high-m~
Ndata - Nother — 2'QCD + NW

_ SS,high-mr SS,high-mr
= Rqcp - NQCD + Bw - Ny

OS,high-mT OS,high-m~r SS,high-mp SS,high-mr
= NSS,high—mT _ Ndata — Nother — RQCD ) (Ndata — Nother )
W =

Rw — Rqcp

9

(3.27)

where NY is the yield of process x in region y, and the labels OS and SS indicate the opposite-sign
and same-sign regions respectively. This method relies on the values of Rqcp and Ryw being not

too similar, which is usually the case as typically Rqocp ~ 1 and Rw ~ 4.

Once Nsvs igh-mT pas been determined the estimate must be extrapolated from the same-sign

high-mr control region to the opposite-sign low-mr signal region using

OS,low-m SS,high-m
NW T = NW & T Ry - Fhigh—>10w—mTa (328)

08, low-m
where Fhigh—low-myp 1S the high-mr to low-mt extrapolation factor defined as the ratio W
A%

estimated from MC.

The agreement with data is illustrated in Figure 3.23, which shows the my distribution after
applying a typical signal-region-like selection, and after additionally requiring the 7, candidate to
be anti-isolated to enhance the purity of W+-jets events. In both cases the yields and shapes are

observed to agree well with the data.
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Figure 3.23: Comparisons of the mt data/background agreement in the 7,7, final state are
shown after applying signal-region-like selections (left) and requiring the 7, to be anti-isolated to
increase the purity of W-jets events (right). The uncertainty band shown in shaded grey includes
only statistical uncertainties.
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3.5.5 Modelling QCD in the 7.7, channel

The QCD background in the 7.7, channel is estimated from same-sign data analogously to the
method described in the Section 3.5.4.1. The procedure is more complicated for this channel
however, as the ratio of opposite-sign to same-sign events, RQCD, can depend strongly on other
variables. The size of RQCD is also typically ~ 2. The dominant QCD process producing ey pairs
is bb, where the leptons originate from semi-leptonic b or ¢ decays. Opposite-sign events are more
common as they can originate directly from decays such as b — e~ + X, b — p* + X, whereas
same-sign events originate from decay chains such as b — e~ +X, b — ¢+ X — p~ +Y. The lepton
arising from the ¢ quark decay tends to be softer in pr and less isolated, reducing the number of
such events passing the pr and isolation requirements. The softer pr of the leptons produced in

the same-sign configuration also results in the RQCD depending on pff/ ",

Although the majority of QCD events are produced via bb, there is also a contribution from
other processes producing fake leptons. These processes tend have RQCD closer to unity. RQCD
therefore also depends on any variable that changes the fraction of bb events. RQCD is measured
as a function of the strongest variable dependencies which are found to be: p%/” , Njets, and the
AR separation of the ey pair, AR.,. Determining RQCD as a function of these variables is found
to be sufficient to describe well all discriminating variables, as well as variables important for event

selection and categorisation.

<

0.5), which will be called the DR. This region is chosen over the electron anti-isolated side-band

The RQCD are measured in a side-band region in which the muon is anti-isolated (0.2 < Ir“e1

I

as the dependence of Rqcp on I, is found to be fairly weak compared to the dependence on I<,.
This is illustrated in Figure 3.24, which shows the dependence of RQCD on Ife/lﬂ as measured in a
side-band region in which either the electron or the muon are anti-isolated. The measurement of

RQCD is performed by selecting opposite-sign and same-sign events in data before subtracting the
Nega—Nye

ata
NSS 7NSS .

contribution from non-QCD processes using MC. RQCD is then given as the ratio
data MC
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Figure 3.24: The dependence of Rqcp on IS, (left) and I* (right). Rqcp is measured in a
side-band region in which either the electron or the muon is anti-isolated.

There are insufficient event statistics in the DR to simply measure RQCD in many bins of the

four parametrising variables. Instead the following procedure is used:
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1. The Njets dependence is taken into account using the minimum number of bins. Two bins with
Niets = 0 and Njets > 1 is found to be sufficient. The dependence on higher jet multiplicities

is checked for but found to be consistent within the statistical uncertainties.

2. In each of the two Njes bins the AR, dependence is fitted using linear functions to reduce

the influence of statistical fluctuations. The linear fits are illustrated in Figure 3.25.

3. An initial set of RQCD = RQCD(NjetS, AR,,,) is determined as described above. These factors
are then applied to the same-sign events in the DR and compared to the opposite-sign events.
The resulting non-closure in bins of pf}/ " is applied as a residual correction to take into account

the p,er/ " dependence. Figure 3.26 illustrates the size of these residual corrections.
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Figure 3.26: The pﬁ:/“ dependent residual corrections used to correct for the non-closure of the
electron/muon pr distributions after application of Rocp = Rqep (Njetss ARey)-

The determined RQCD = RQCD (Njetss ARey, P, Pl) are then applied to the same-sign events
in the DR to check that the chosen parametrisations, as well as the above procedure used to measure

them, is sufficient to adequately describe all important variables. Examples of the comparisons for
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several variables are shown in Figure 3.27. All shown variables with the exception of A¢;;, which
is the azimuthal separation of the two leading jets, have been defined previously. The uncertainty
band shown in shaded grey is formed by propagating the uncertainties on the linear fit parameters
as systematic uncertainties, which are then added in quadrature with the statistical errors. The
background templates are observed to match the data well within the uncertainties, and there is no

evidence of any residual non-closures.

The QCD method is validated using a second side-band region known as the validation-
region (VR), which is orthogonal to both the DR and the signal-region. This region is defined by
selecting events where the electron is anti-isolated (0.15 < IS, < 0.5) but the muon is isolated
(1

rel

< 0.2). As discussed above RQCD depends strongly on I¢

o1, and as such the application of

the RQCD measured previously would not describe the QCD well in this case. Therefore, separate
RQCD are measured using exactly the same procedure described previously. These factors are
measured using events where both the electron and muon are anti-isolated (0.15 < IS, < 0.5 and
0.2 < I¥, < 0.5), and then applied to events in the VR. Relatively good agreement with the data
is observed, as illustrated in Figure 3.28. There is a slight overestimation O(5%) in the yield,
but this is fairly small compared to the systematic uncertainties. The small residual non-closure
is a consequence of the soft dependence of RQCD on I!,. An additional systematic uncertainty
parametrised in bins of p%/ " is used to account for this effect. This is estimated from the observed

non-closure in the VR.
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Figure 3.27: Comparisons of the QCD background predictions and data in the muon anti-isolated
DR are shown for several key kinematic variables. The uncertainty band shown in shaded grey is
formed by propagating the uncertainties on the linear fit parameters as systematic uncertainties,
which are then added in quadrature with the statistical errors.
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Figure 3.28: Comparisons of the QCD background predictions and data in the electron anti-
isolated VR are shown for several key kinematic variables. The uncertainty band shown in
shaded grey is formed by propagating the uncertainties on the linear fit parameters as systematic
uncertainties, which are then added in quadrature with the statistical errors.



Chapter 4

Search for additional neutral Higgs bosons

This chapter describes the search for additional neutral Higgs bosons in the ditau final state. The
search is performed using the dataset collected by CMS in 2016, which corresponds to a total
integrated luminosity of 35.9 fb~!. The analysis utilises the four most sensitive ditau final states:
TeTus TeThs TuTh, and 7. The latter three channels, to which the author contributed, will be
described in detail here. An overview of the analysis strategy for the 7.7, channel can be found in

Ref. [1]. The final results presented will include all four channels in a combination.

The analysis searches for the h, H, and A bosons, which will be collectively referred to as "¢"
throughout this chapter. The results are presented in the context of both model independent and
model dependent interpretations. For the model independent interpretation, upper limits are set on
the o x B™™ for neutral Higgs bosons produced by GF (gg¢) and bb-associated (bbg) production.
The model dependent results are presented in the context of the MSSM, where two benchmark
scenarios are considered: mflno‘” and hMSSM. Exclusion limits are set in the ma-tan 8 plane for

both scenarios.

4.1 Signal modelling

Signal samples for the bb¢ and gg¢ production processes are simulated for a range of mass points
between 90 GeV to 3.2 TeV. For the bb¢ process, the analysis is not sensitive to differences in
pseudoscalar and scalar Higgs boson processes and therefore signal samples simulated for scalar
Higgs production are also used to model the pseudoscalar Higgs process. For the gg¢ process the
pr distribution for scalar and pseudoscalar Higgs production can differ. This is accounted for by
the reweighting procedure described in the next section. Therefore, signal samples simulated for
pseudoscalar Higgs production are also used to model the scalar Higgs processes. The generators

used to simulate the two production processes are described in the remainder of this section.

4.1.1 gg¢ signal modelling

The ggo signal is simulated at LO accuracy using PYTHIA 8.212. These LO samples are known to
poorly describe the ¢ pr distribution. To improve the description, the LO pr spectrum is reweighed
to the NLO distribution simulated by POWHEG. However, an additional complication is that the pr
distribution depends on the mass of the Higgs boson and tan 8. This is a result of the ma-tan g
dependence of the coupling strengths to top and bottom quarks, which both contribute to the GF
loop. The pr distribution is harder for the top quark loop, and therefore the Higgs bosons become

more boosted for smaller values of tan 3, as the top contribution becomes more dominant.
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The tan 8 dependence is taken into account by dividing the full pt spectrum into three
components: top-only, bottom-only, and top+bottom interference. In the MSSM the loop may
also have contributions from SUSY particles such as stops and sbottoms, but these contributions
are typically small (less than a few percent) and are subsequently neglected. In the absence
of contributions from SUSY particles the pr distributions for each of the three components are
equivalent to the distributions obtained in the 2HDM, and the pr spectra are therefore derived
in the 2HDM formulation. The top- and bottom-only distributions are generated assuming only
top/bottom quarks in the loop. The interference distribution is obtained by generating a top+bottom
pr spectrum and subtracting the top- and bottom-only contributions. These distributions are
generated for each considered mass point, and separately for the scalar and pseudoscalar Higgs

bosons.

The reweighting procedure essentially modifies the pt distributions to match the spectra
obtained in the 2HDM formulation for top and bottom Yukawa couplings equal to the values
predicted in the considered MSSM benchmark scenario. These couplings depend on tan S and the

mixing angle « as predicted by the model. The total pr distribution is formulated as:

MssM \ 2 MsSSM \ 2
. yt . yb - b
o= (zmm) U;HDM(Qt) + <2HDM> o (@D)

Yy

MSSM  MSSM
Y Y . t+b . b
+ <t2HDM]23HDM> (J;}JIFDM (th) - J;HDM(th) - JzHDM<th)) ’

Ys Yy

where y: /b are the Yukawa coupling strengths in the MSSM and 2HDM, & are the differential

2HDM
dcr%)’ and @Q); are resummation scales which depend on the Higgs boson mass as
discussed in Ref. [140-142]. The y:HDM coupling strengths, given by (yiHDM,yZHDM) = (cot §, tan 3)
2HDM 2HDM
for the pseudoscalar and (y, .y, )=

distributions (¢ =

(sina Ccos &
sin 37 cos 3

of a and tan 3 used in the generation, where values of & = § and tan 3 = 50(15) were chosen for the

) for the scalar, depend on the assumed values

(pseudo)scalar distributions. The yiw = coupling strengths are computed using the SusHi program

, which scales the three differential distributions as a function of tan S for the model dependen
143|, whicl les the three differential distributi functi f tan S for th del d dent
interpretation of the results. For the model independent results, the pr distribution expected for a

CP-even Higgs boson in the SM for a given mass is assumed.

Figure 4.1 shows examples of the reweighted pr distribution for three different tan S values:
tan § = 5, tan 8 = 15, and tan 8 = 30. The unweighted LO distribution is shown also for comparison.
There is a significant difference between the LO and NLO distributions, which motivates the use of
this procedure. The reweighting parametrised as a function of pr is found to give good agreement
between the reweighted LO and the NLO samples, for all kinematic variables used for event selection

and signal extraction.

4.1.2 bb¢ signal modelling

The bb¢ production process is simulated with Madgraph5_aMC@NLO at NLO accuracy [144] (using
the four-flavour scheme). As illustrated in Figure 4.2, these NLO samples are observed to give a
significantly improved description of the Njets and Ny_jets distributions compared to LO samples
generated with PYTHIA 8. The PYTHIA 8 samples were used for previous results by CMS such as in
[145]. A good description of these variables is important as they are typically used to differentiate
between the bb¢ and gg¢ production modes and reduce backgrounds such as tt.
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Figure 4.1: Examples of the reweighted pr distribution for three different tan 8 values: tan 5 =5
(a), tan 8 =15 (b), and tan 8 = 30 (c). The distributions are shown for a 500 GeV pseudoscalar
Higgs boson. The reweighted NLO distribution is shown by the solid black line, where the top-only,
bottom-only, and interference contributions are shown individually by the red, blue, and green
histograms respectively, which are stacked. The unweighted LO distribution is shown by the dashed
line for comparison.

4.1.2.1 Theoretical bb¢ acceptance uncertainties

The theoretical uncertainties on the bb¢ signal acceptance recommended in Ref. [30] include
contributions from: the ugr/up scale variations, the shower scale Qgp, and the PDFs. The latter

contribution is small compared to the other two and is therefore neglected.

The pugr/ur scale uncertainty is estimated by varying the pur and up independently by factors
of 2 and % under the constraint % < /;—‘; < 4, and taking the envelope of the variations as the
uncertainty. For each ug/pr scale choice the cross section is normalised to the nominal cross
section, so that the uncertainty only includes contributions to the signal acceptance and not the
inclusive event yield. The size of the scale uncertainty is illustrated in Figure 4.3 for the Ny._jets

and Njets distributions for a 700 GeV signal. The scale uncertainty is found to mainly affect these
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Figure 4.2: Comparison of the LO (blue) and NLO (red) Ny jets (left) Njes (right) distributions
for a 700 GeV Higgs boson.

distributions, and variations in other variables such as the ¢ pr are typically much smaller.

The Qg shower scale determines the largest hardness accessible by the parton shower [30].
The uncertainty on this scale choice is determined by varying Qg by factors of /2 and % These
variations are found to have the largest effects on the Vi, jets and Njets distributions, as illustrated in
Figure 4.4 for a 700 GeV signal. Generation of samples with varied Qg scales for every considered
mass point would be computationally expensive and therefore samples are generated for only a
few representative mass points. A fit is then used to interpolate between these mass points as
illustrated in Figure 4.5. The uncertainty shown in this case is the uncertainty on the fraction of

events passing the Ny jets > 1 selection used to define the categories described in Section 4.3.
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Figure 4.3: The ur/pur QCD scale uncertainty on the Ny jets (left) and Nijeys (right) distributions
for a 700 GeV Higgs boson.
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Figure 4.4: The Qg shower scale uncertainty on the Ny jets (left) and Njes (right) distributions
for a 700 GeV Higgs boson.
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Figure 4.5: The @y, shower scale uncertainties on the fraction of events passing the Ny_jets > 1
selection as a function of mass. The fitted function shown by the blue line is used to extrapolate
the uncertainty between mass points.

4.1.2.2 MSSM cross sections and branching ratios

The branching ratios of the Higgs bosons to 7 leptons are calculated using FeynHiggs 2.10.2
[146-150] for the rnhmodJr benchmark scenario, and using HDECAY 6.40 [151] for the hMSSM scenario.
The GF cross sections are calculated using the SusHi v1.4.1 [143] program, which includes NLO
QCD corrections in the context of the MSSM [152-157], NNLO QCD corrections for the top quark
contribution to the quark loop [158-162], and electroweak corrections due to the light fermions
[163, 164]. The bb-associated production cross sections are obtained by combining the four-flavour
scheme NLO QCD calculations [165, 166], and the five-flavour scheme NNLO QCD calculations
implemented in BBH@NNLO [167], using the Santander matching scheme [168].
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4.2 Event selection

The selection of 77, and 7,7, pairs is described in this section. To reject leptons and hadronic tau
candidates originating from PU interactions, the particles are required to be associated with the
primary vertex by applying cuts on the transverse and/or longitudinal impact parameters, d,, and
d.. Electrons and muons are required to have d;, < 0.045 cm and d, < 0.2 cm, and hadronic taus

must have d, < 0.2 cm.

4.2.1 Event selection in the 7,7, channel

The offline selection requires an oppositely charged muon and hadronic tau pair, which are separated
by AR > 0.5. The selected muon must pass the medium muon ID, have I, < 0.15, |n| < 2.1, and
pr > 23 GeV. The events are selected online using the single muon trigger, where the online muon

is required to be matched to the offline muon with AR < 0.5.

The hadronic tau must have |n| < 2.3 and pr > 30 GeV. The 7, candidate must also be
reconstructed by the HPS algorithm, pass the tight MVA-isolation, the very-loose working point of
anti-electron discriminant, and the tight working point of the anti-muon discriminant. The tau
MVA-isolation working point is optimised by comparing the expected upper limits on the cross
sections times branching ratios for the different working points, as illustrated in Figure 4.6 for the
gge process. The very wide range of signal masses considered in the analysis makes the choice of
working point non-trivial, as different working points are optimal for different signal mass points.
The tight working point is chosen as it is observed to give the best sensitivity in both the low
mass (<500 GeV) and intermediate mass regions (500 < mg < 1 TeV), where the latter is the more

interesting mass region for MSSM scenarios.

Even after requiring the 75, candidate to pass the tight MVA-isolation, there still remains a
significant contribution to the background from W-jets events with a jet— 7y, fake. As illustrated
in Figure 3.23, the m~(l, E%‘iss) variable gives good separation between W+jets events and other

processes. The mr(p, ER5) is therefore required to be less than 70 GeV to suppress this background.
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Figure 4.6: The expected limits on the gg¢ cross section times branching ratio in the 7,7, channel,
using different 7, MVA-isolation working points. The limits are produced using 12.9fb™! of data
collected at 13 TeV.
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4.2.2 Event selection in the 7¢m, channel

The offline selection requires an oppositely charged electron and hadronic tau pair, which are
separated by AR > 0.5. The electron must pass the tight working-point of the electron ID, have
Lie < 0.10, || < 2.1, and pr > 25 GeV. The events are selected online using the single-electron

trigger, where the online electron is required to be matched to the offline electron with AR < 0.5.

The hadronic tau must have 5| < 2.3 and pr > 30 GeV. The 7, candidate must also be
reconstructed by the HPS algorithm, pass the tight MVA-isolation, the tight working point of
anti-electron discriminant, and the loose working point of the anti-muon discriminant. As for
the 7,/ channel, the tight working point of the MVA-isolation discriminant is chosen as it gives
the best sensitivity for masses up to 1 TeV. The W-jets background is also reduced by requiring
mr (e, EXsS) < 70 GeV.

4.2.3 Event selection in the m,7, channel

The offline selection requires two oppositely charged 7, candidates with pr > 40 GeV, which
are separated by AR > 0.5. Both 7, candidates must pass the HPS algorithm, the medium
MVA-isolation, the very-loose anti-electron discriminant, and the loose anti-muon discriminant.
The medium MVA-isolation working-point is chosen as it is found to give the best expected limits
for masses > 400 GeV, which includes the most interesting 500 GeV-1 TeV region. The events are
selected online using the double-tau triggers, where both offline 7, candidates must be matched to

the corresponding online 7y, objects with AR < 0.5.

4.2.4 Lepton vetoes and pair selection

To ensure the individual channels are completely orthogonal to each other, events with additional
electrons or muons and vetoed. This requirement also helps to reduce backgrounds from diboson
and Z/~* — Il events which can produce multiple leptons. The pr and I, selections applied to
veto leptons are looser than for the signal candidates, requiring pr > 10 GeV and I, < 0.3. For
the 77, and 7,7, channels additional dilepton vetoes are applied to further reduce the Z/v* — Il
background. For the 7,7, channel this veto removes any events with two oppositely charged
electrons passing the veto electron ID with pt > 15 GeV and I, < 0.3. For the 7,7, channel the
dilepton veto removes any events with two oppositely charged global PF muons with pt > 15 GeV
and I < 0.3.

The lepton vetoes ensure that there can be only one 7; candidate for the 7,7, channels, as
events with multiple candidates would anyway be removed by the vetoes. Multiple 7;7, pairs can
be formed if more than one 73, candidate exists. In these cases the pair with the most isolated 7, is
retained - meaning the 1, candidate with the highest MVA-isolation score. For the 7,7, channel
the candidate pairs are first sorted according to the leading 7, MVA-isolation score. It is possible
to have multiple pairs with the same leading 7, candidate, which would rank equally after this
initial sorting. In such cases the pairs are further sorted according to the MVA-isolation score of

the sub-leading 73,. The highest ranked pair is then retained.

4.3 Event categorisation

The events are split into two categories based on the number of b-tagged jets to target the gg¢ and
bb¢ processes. The two categories are called the "no b-tag" and "b-tag" categories, respectively.

The no b-tag category includes all events which contain exactly zero b-tagged jets with pp > 20
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GeV. With this selection = 95% of gg¢ events are contained in the no b-tag category. Somewhat
unexpectedly, depending on the boson mass approximately 60-80% of bb¢ events are also included
in this category. This is partly due to the ~ 60% b-tagging efficiency for heavy flavour jets. Often
the b quarks also hadronise to form jets that are either too soft in pr to pass the 20 GeV cut, or
are emitted outside of the tracker coverage where b-tagging is not possible. This is illustrated in
Figure 4.7 which shows the parton-level pr and n distributions of the leading b quark produced in
association with a 120 GeV ¢ boson. The b quarks produced with pr < 20 GeV or |n| = 2.4 will
tend not to be reconstructed as b-jets. The inclusion of the b-tag category is used to target the

remaining bb¢ events, and this also allows the gg¢ and bb¢ processes to be differentiated.

5 F b F ]
© 0_04i —— bb(120 GeV) = © 0.16/— —— bb¢(120 GeV) ]
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Figure 4.7: Parton-level pr (a) and n (b) distributions for the leading b quarks produced in
association with a 120 GeV ¢.

The definition of the b-tag category used for previous CMS results such as in Ref. [145]
required at least one b-tagged jet and no more than one jet (tagged or untagged) in the event. The
latter selection was utilised to reduce the large tt background for events with Np.jets > 1, which
are typically accompanied by several jets. The LO signal samples used at the time suggested that
most bb¢ events have < 1 jets, as shown in Figure 4.2. However, the NLO signal samples predict a
significantly higher jet multiplicity and therefore this jet-veto may not be as powerful as previously

expected.

The b-tag category selections were therefore re-optimised for the NLO signal samples. Three

options for this categorisation were considered:

e Option 1: Npjets > 1 and Njers < 1.

e Option 2: Ny jets > 1.

e Option 3: Ny jets = 1.
Option 1 uses the same selection used for previous CMS results, which is compared to two alternative
selections where the jet-veto is removed. These two options require either exactly one or one or
more b-jets. The former is an attempt at removing some of the tt events, which typically have

higher b-jet multiplicities compared to the bb¢ signal. The expected upper limits on the bb¢ cross

section times branching ratio as a function of mass are shown in Figure 4.8 using both LO and
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NLO bb¢ samples to model the signal. For the LO signal samples, option 1 gives the best expected
limits - which is why these selections were used for previous CMS results. However, when using the
NLO samples this option performs worse than the other two over most of the mass range. Options
2 and 3 give approximately the same performance, and thus the former is chosen for the analysis as

it uses the loosest of the two selections.

359 (13 TeV)
— ‘ :

—e— option 1 LO
—e— option 2LO
10F —e— option 3LO
--e- option 1 NLO

--e- option 2NLO
--e-- option 3 NLO

95% CL limit on bb¢—1t (pb)
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Figure 4.8: Comparison of the expected upper limits on the bb¢ cross section times branching
ratios for the three options considered for the b-tag category definition as described in the text.
The limits obtained using the NLO signal samples are shown by the broken lines. The equivalent
expected limits using the LO signal samples are shown by the solid lines for comparison.

4.3.1 mryp-based sub-categorisation in the 77, channels

The background in the 77, channels includes a significant contribution from W-jets events. As
discussed in the previous section, the my variable can be used to reduce this background. The
mr < 70 GeV cuts described previously are quite loose compared to those applied for previous
CMS results, which were typically 40-50 GeV. Rather than use a hard mr cut of this magnitude,
events are instead further divided into two sub-categories called the "loose-mt" and "tight-m,"
categories. The tight-mT subcategory requires mr < 40 GeV, which selects most of the signal
events. The loose-m subcategory, which contains events with 40 < mp < 70 GeV, is then included
to increase the acceptance for signal events with larger mr. Figure 4.9 shows the m distribution

in the 7,7, channel indicating the divisions into the sub-categories.

The improvement in the sensitivity by inclusion of this categorisation is illustrated in Figure
4.10. In this figure the expected upper limits on the bb¢ and gge cross sections times branching
ratios are compared for a combination of the loose-mT and tight-m categories, to the tight-mr
category alone. The latter is representative of a likely mr cut that would be used without the
sub-categorisation. The inclusion of the loose-m category is observed to improve the gg¢ and bb¢

expected limits by ~ 2-8% and 2-14% respectively.

A graphical representation of all the categories used in the analysis is shown in Figure 4.11.
This shows the no b-tag and b-tag categories which are included for all channels, and the loose-m

and tight-mt subcategories for the 7.7, and 7,7, channels.
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Figure 4.9: Pre-fit observed and expected distributions of the mr variable in the 7,7, channel
[1]. The distribution is shown prior to any categorisation into no b-tag and b-tag categories.
The dashed lines and corresponding labels indicate the definitions of the loose-m and tight-mr
sub-categories. The uncertainty band shown in shaded grey includes systematic uncertainties
affecting the normalisation of the distribution added in quadrature with the statistical uncertainties.

4.4 Background methods

The backgrounds that are considered in the analysis are: Drell-Yan Z/v*+jets, W-+jets, QCD-
multijet, tt, diboson, and single top. Depending on the interpretation of the results the SM Higgs
is treated as either background or part of the signal. The Higgs production processes that are
considered are: GF, VBF, and W/Z-associated production. These processes are all simulated using
POWHEG at NLO accuracy.

All background processes in which any 7, candidate originates from a jet— 7, fake are
modelled by the FF method, as described in Section 3.5.3. For the no b-tag category this includes
mainly QCD and W-jets, whereas in the b-tag category there is a larger contribution from tt.
This background method is chosen for its good description of the jet— 7, fake rate and the large
statistical power of the resulting background templates. The statistical power becomes particularly
important for high mass signals where the expected number of background events is small and
computationally expensive to model using MC. For such high mass scenarios the expected limits
are very sensitive to the coarseness of the discriminating variable binning, and being able to afford
finer binning often gives large improvements. All other background processes are modelled using
MC.

4.4.1 Generator matching

It is necessary to split the MC processes depending on simulated objects from which the 7; and
7, candidates originate from. This ensures that backgrounds that are already covered by the FF
method can be removed and are therefore not counted twice. It is also useful to separate Z/~v*
events further depending on whether the 7, candidates originate from genuine tau lepton decays or
from lepton fakes, as these events are subject to different systematic uncertainties. The resulting

sub-processes can then be allowed to vary independently in the fit to data.

The reconstructed objects are matched to the generator level objects with AR < 0.2. The
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Figure 4.10: Comparisons of the expected upper limits including both the tight-mr and loose-m
categories in a combination (red) compared to the tight-mr category only (green) are shown for
the 7o, (left) and 7,7, (right) channels. The no b-tag and b-tag categories have been combined
in all cases. The upper and lower plots show the expected limits for the gg¢ and bb¢ processes
respectively.

generator level objects that are considered are: prompt electrons and muons, electron and muons
from tau decays, hadronic taus, and jets. A reconstructed object is classified as a jet if it is not
matched to any of the other simulated objects. The simulated hadronic taus are formed by summing
together the 4-vectors of the visible decay products.

4.4.2 Control regions

The largest backgrounds estimated from MC are Z/~* — 77 and tt. Additional control regions are
included in the fit to data to constrain these backgrounds. For the Z/~4* — 77 process, two one-bin
control regions are used to constrain the Z/v* — 77 yield in the no b-tag and b-tag categories.
These control regions are selected in the dimuon final state to achieve good purity of Z/~* events.

The selections applied to the muons are chosen to closely mimic those used to select muons in the
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Figure 4.11: Diagram illustrating the categories used in the analysis. This includes no b-tag and
b-tag categories for all channels. For the 7,7, channels, these categories are further divided into the
loose-mT and tight-mT subcategories.

7, 7h channel. This means that the muon ID and isolation requirements are identical, and the events
are triggered using the single muon trigger. The (sub)leading muon must also have pr > 23(10)
GeV. The events are additionally required to have 70 < my, < 110 GeV to increase the purity of
Z/~* — pp events. Each of the two control regions apply the same respective requirements on the
b-tagged jet multiplicities used to define the no b-tag and b-tag categories. Two unconstrained
parameters are used to simultaneously scale the Z/vy* — 77 yields in the signal regions and the
Z/~* — pp yields in the control regions - one of these parameters scales the yields for the no b-tag
categories, and the other scales the yields in the b-tag categories. Figure 4.12 shows a comparison

between the data and the expected background in both control regions.

A tt control region is also included to constrain both the shape and the yield of the tt process.
This control region is selected in the 7.7, final state, which was not discussed in this document but
is described in Ref. [1]. Additional cuts of EXs > 80 GeV and D¢ < —50 GeV are used to increase
the purity of tt events (the D, variable will be defined in Equation 5.9). A single unconstrained
parameter is used to simultaneously scale the yields of the tt templates in all control regions and
signal regions. Rather than use just a one-bin control region, events are binned as a function of
the discriminating variable to allow also the uncertainties affecting the tt shape to be constrained.
This is done in particular to constrain the uncertainty relating to the top pr reweighting described

in the next section.

4.5 Systematic uncertainties

Two types of systematic uncertainties are considered in the analysis: normalisation uncertainties
and shape uncertainties. The normalisation uncertainties affect only the yields of the signal and
background templates, whereas shape uncertainties affect both the normalisations and shapes of
the discriminating variable distributions. A summary of the systematic uncertainties is given in

this section.

4.5.1 Normalisation uncertainties

The uncertainties that affect only the normalisation of the background and signal processes are:
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Figure 4.12: Data/background comparisons of the one-bin Z/v* — pu control regions included in
the fit to constrain the Z/v* — 77 yields in the signal regions. Two control regions are included to
constrain the yields in the no b-tag (left) and b-tag (right) categories respectively. The uncertainty
band shown in shaded grey includes the full systematic uncertainty model added in quadrature
with the statistical uncertainties.

e Luminosity
The luminosity uncertainty amounts to 2.5% which is applied to all backgrounds and signal

processes where the yield is estimated from simulation.

e Electron, muon and tau ID efficiency
The combined uncertainties on electron and muon identification, isolation, and trigger
efficiencies are 2%. For hadronic taus the uncertainty on the tau identification efficiency is 5%.
This is broken down into a part that is correlated between channels with a magnitude of 4%,
and a part that is uncorrelated between channels with a magnitude of 3%. The uncorrelated
part accounts for the different MVA-isolation and anti-muon/electron discriminator working-
points used for each channel. Since two hadronic taus are required in the 7,7, channel the
magnitudes of the correlated and uncorrelated uncertainties are 8% and 6% respectively. The
uncorrelated part in this case is added in quadrature with the uncertainty on tau trigger

efficiency which is 7%, giving a total uncorrelated uncertainty of 9.2%.

e Jet energy scale uncertainty
Uncertainties on the jet energy corrections are provided as a function of jet pr and n. There
exists 27 independent sources of jet energy scale uncertainties which are grouped together
into a single uncertainty by adding the uncertainties for each source in quadrature. The
uncertainties on the process yields due to the jet energy scale corrections are then determined
by shifting the jet energies up and down by the pr and 7 dependent uncertainty on the jet
energy corrections. The resulting uncertainties have magnitudes that range between 1-8%

depending on the process and the category.

e B-tagging efficiency
The uncertainties on the b-tagging efficiency corrections are given as a function of pr and 7.
These are propagated by varying the b-tagging scale factors within their uncertainties. The

resulting uncertainties on the process yields range between 0-4% depending on the process
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and the category.

EXJ_PiSS response and resolution efficiency

For samples with recoil corrections applied the uncertainties on the EXsS scale and resolution
are determined by varying the recoil correction parameters within their uncertainties. The
uncertainties on the EX response range between 0-5%, and the uncertainties on the
resolution range between 0-5%. For all other samples the EisS uncertainties due to the
clustered (i.e jet energy corrections) and unclustered energy corrections are used to determine

the uncertainties. These range between 0-4% and 0-5%, respectively.

Il — m, fake-rate uncertainty
The uncertainty on the e — 7, and p — 7, fake-rates is 11% and 12% respectively. These
uncertainties are applied only to the Z/y* — Il process.

e Signal/background normalisation uncertainties

— A 4% uncertainty is applied to the Z/y* — Il process to account for the uncertainty
on the Drell-Yan cross section. The yield for the Z/v* — 77 process is estimated from
a control region and therefore the cross section uncertainty is not needed. Instead
a theoretical uncertainty on the extrapolation from the control regions to the signal
regions is determined by varying the ur/pur scales. The size of these uncertainties ranges

between 1-7% depending on the category.

— Theoretical uncertainty on the tt yields due to the extrapolation from the tt control
region to the signal regions. This is estimated by varying the ur/ur scales and ranges
between 0-2%.

— A 5% uncertainty is applied to the diboson and single-top processes to account for the

uncertainties on the production cross sections.

— The uncertainties on the SM GF Higgs production cross section recommended in Ref.
[30] are applied. This includes a 3.9% uncertainty from variations of the ugr/up scales

and a 3.2% uncertainty from PDFs-+a, variations.

— The uncertainties on the VBF Higgs production cross section recommended in Ref. [30]
are applied. This includes a 0.4% uncertainty from variations of the ug/pr scales and a

2.1% uncertainty from PDFs+ay variations.

— The uncertainties on the W(Z)-associated Higgs production cross sections recommended
in Ref. [30] are applied. This includes a 0.7% (3.8%) uncertainty from the ugr/up scale

variations and a 1.9% (1.6%) uncertainty from PDFs+a; variations.

— The uncertainties on the H — 77 branching ratio recommended in Ref. [30] are applied
for all SM Higgs processes. The includes a 1.7% uncertainty due to missing higher order

corrections, a 0.99% uncertainty on the quark masses, and a 0.62% uncertainty on a.

— The uncertainties on the MSSM Higgs boson cross sections are included for the model-
dependent interpretation. This includes uncertainties due to the pugr/pr scales and the
choice of PDFs. The PDFs uncertainties are estimated following the prescription in
[169, 170]. The uncertainties are computed for each ma-tan 8 point and vary between
15-20%.

e Theoretical uncertainties on the bb¢ signal acceptance

The pr/pr scale uncertainties and @Q; uncertainties are estimated as described in Section
4.1.2.1 and added linearly as recommended in Ref. [30]. The size of the resulting uncertainties

range between 3-17% depending on the signal mass and the category.
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4.5.2 Shape uncertainties

The uncertainties that affect both the shapes and the yields of the background and signal processes

are:

e Hadronic tau energy scale
Three uncorrelated uncertainties each that affect only one of the three tau decay modes used
in the analysis are applied. Each uncertainty varies the hadronic tau energy scale up and
down by 1.2%. Shifts in the energy scales are also propagated to the EZiss.

e e — T, energy scale
Two uncorrelated uncertainties each that affect only one of the 1-prong tau decay modes are
applied to the Z/+* — ee process in the 7,7, channel. These uncertainties vary the energy
scale correction by 0.5% for the 1-prong decay mode, and by 1.0% for the 1-prong+1-7° decay

mode. Shifts in the energy scales are also propagated to the EZiss,

e High-pt tau ID efficiency
The measurement of the tau ID scale factor is performed using 7, candidates with pr up to =~
300 GeV and extrapolated to higher pt values. Although these measurements are consistent
with a constant scale factor there is some evidence within the statistical uncertainties for

a linearly decreasing scale factor. A pr dependent asymmetric uncertainty on the tau ID

+5%
—35%

the higher pr regions.

efficiency equal to x pr/(1 TeV) is therefore applied to account for the extrapolation to

o Top pr reweighting

An uncertainty between no and twice the correction on the reweighting is applied to tt events.

e Drell-Yan pr/mass reweighting

Uncertainties on the Drell-Yan weights include:

— The uncertainty on the muon-energy scale for the dimuon events used to measure the
weights.

— An uncertainty due to the subtraction of the non-Z/y* — pp backgrounds when deriving
the weights. The largest background is from tt. The uncertainty is therefore estimated
by varying the tt contribution up and down by the uncertainty on the tt cross section.

— Statistical uncertainty on the measured weights. All but three of the pt/mass bins have
negligible statistical uncertainties. The three that have large uncertainties affect mainly

the high mass regions, and are included as three uncorrelated uncertainties.

o Fake-factor uncertainties

Uncertainties on the shapes of the j — 7, templates come from several sources:

— Statistical uncertainty on the FF measurements, given by the fit uncertainty to the pr
dependence.

— Systematic uncertainties related to the non-closure correction, as a function of the visible
mass.

— Systematic uncertainties on the DR— AR extrapolation corrections.

— Systematic uncertainties on the fractions of W-jets and tt events with one jet— 7,
in the 7,7, channel. This is necessary as the fake-factors for these processes must
be scaled by a factor of 2 for this channel as described in Section 3.5.3. For the 7y,
channels the uncertainties on the fractions are negligible compared to the other systematic
uncertainties.

— An uncertainty due to the subtraction of the genuine 73, contribution using simulation.
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e Finite statistics in background templates
Limitations in the statistical sizes of the signal and background templates are accounted
for by the Barlow-Beeston method [131, 132], in which the bins of each shape template are
allowed to float independently of each other within their respective statistical uncertainty.
To reduce the computing time, the statistical uncertainties for a given bin are merged into
a subset of the templates. The subset is chosen such that the sum of the squared error of
the merged uncertainties is at most 40% of the total sum of the squared errors. During the
merging, the templates with the smallest statistical uncertainties are considered first, such

that the subset contains as many templates as possible.

4.6 Signal extraction and statistical interpretation

The discriminating variable used for signal extraction is the total transverse mass [171], which is
defined as

it =\ (B, my) i (B, my) 4 i (77, ), (4.2)

where 75 denote the visible decay products of the tau leptons. As illustrated in Figure 4.13, this
variable gives good separation between the signal and the QCD background, which is the dominant

background for large signal masses.
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Figure 4.13: Comparison of the m!* distributions for the QCD background and three gg¢ signal
mass points in the 7,7y, final state.

Results are extracted by means of a simultaneous binned maximum likelihood fit including

all channels, categories, and control regions in the fit. The likelihood function is constructed as

L(data|p,d) = HPoisson (n | - 5:(0) + b;(0)) - p(6]6), (4.3)
i

where the product operator runs over all bins i of the discriminating variables, for all channels
and categories. The observed number of data events in each bin is n;. The signal and background
expectations are given by s; and b; respectively, which are functions of 6 that represent the full
set of nuisance parameters corresponding to the systematic uncertainties described in Section 4.5.
The signal expectation is scaled by a rate parameter u, which can represent different quantities
depending on how the signal expectation is normalised. In this case the signal is normalised to

0 X B™" =1 pb, which means p represents the o x B”" of the signal in units of pb. The Poisson
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probabilities are given by

Poisson (n; | 1 - s;(0) + b;(6)) = (- 5i(6) + b:(0) e~ (wsi(0)+0:(0)) (4.4)

The p(0|6) term represents the full set of probability density functions (pdfs) of the uncertain-
ties on the nominal values of the nuisance parameters 6. Nuisance parameters that affect only the
normalisations of the templates are assigned "log-normal" pdfs, which ensures that the template

yields can take only positive values. The functional form of the log-normal pdf is

11 ox _(1111'7#)2
o) = e (-0, (45

where 1 and o and the mean and standard deviation of the normally distributed logarithm In x

of the variable z. Parameters that affect the shapes are assigned Gaussian pdfs. For each of
these uncertainties two additional templates are produced corresponding to £1o shifts. A vertical
morphing algorithm [132] is used to smoothly interpolate between the +1o shifts and extrapolate
beyond them.

4.6.1 Setting of model independent upper limits on o x B™"

In the absence of a signal, upper limits on the ¢ x B™" are set using the modified frequentist
approach [172, 173]. The test statistic is defined as

4= —2In (ﬁ(datam,e#)

W o< p<p, 4.6
c<data|n,9ﬂ>> res (0

where [ and 9ﬂ indicate the best-fit values of p and 0 after the fit to data, and é# is the value
of 6 that maximises the likelihood for the value of p being tested. The 0 < ji boundary prevents
unphysical negative signal strengths. The i < p constraint ensures that a one-sided confidence
interval is constructed, which prevents the exclusion of u values less than the best-fit . The

probability of finding g, at least as large as the observed value qﬁbs is

oo

CLgyb(p) = Flau| 1, 0,)dg,, (4.7)

obs
Iy

where f(q, |1, éu) is probability density function of g,. The exclusion limits are set using the CLs

value defined as

o CLerb
CL, = Ly (4.8)
where
CLp, = CLg1 (e = 0). (4.9)

The limits are set at the 95% CL, meaning tested values of p are said to be excluded if CLg(1) < 0.05.

The f(q, | p, OAM) functions may be determined using toy MC datasets, which are generated
according to the expectations with all nuisance parameters fixed to their best-fit values. The effect
of systematic uncertainties is accounted for by sampling a set of pseudo-measurements 6 using the
chosen pdfs of the nuisance parameters. To remove the need for this computationally expensive
generation of toy datasets, the limits are calculated in the asymptotic approximation [174]. In this
approximation f(g,) follows a known formula, and the median expected limits and uncertainty
contours are estimated using properties of the "Asimov dataset": a dataset constructed by setting

the observation in each bin to the expectation.



108 Search for additional neutral Higgs bosons

Exclusion limits are set for both the gg¢ and bb¢ production modes. When setting the limits
for one of these processes no assumptions should be made on the presence or absence of the other.
Therefore, when setting limits for the gg¢ process the normalisation of the bb¢ processes is allowed

to float freely in the fit, and vice versa when setting limits for bbe.

4.6.2 2D likelihood scans of gg¢ vs bb¢

As the analysis targets two signal processes, the likelihood function can be constructed in terms of
both gg¢ and bbe¢ signals,

. ] bbe¢ ~
£(data| g, s, 0) = [ Poisson (s uggo - 51 (0) + g -5, (0) +bi(6)) - p(0160),  (4.10)
i
where sfw and ssw are the signal expectations for the gg¢ and bb¢ processes, which are scaled
by the pgee and ppbe rate parameters that represent the o x B™" of the two processes. A two
dimensional likelihood scan is performed using figss and ppng as the parameters of interest. The
parameters are bounded such that they may take only positive values. The confidence regions are

determined from the two dimensional negative log-likelihood defined as
—2AInLop =—-2- (InL(z,y) —InL(Z,9)), (4.11)

where x and y are the parameters of interest with best fit values & and . The 68% and 95%
confidence regions are given by —2AIn Lop = 2.28 and 5.99 respectively.

4.6.3 Model dependent limit setting

The results are also interpreted in terms of the two MSSM benchmark scenarios described in
Chapter 1. The simulated templates for the single Higgs production processes are combined into a
multi-resonance signal model including the h, H, and A bosons. The single Higgs templates are
scaled to the model predictions of the production cross sections and branching ratios, that depend
on the ma and tan 8 point being tested. The masses of the three bosons are also set to those
predicted in the model as a function of ma and tan 8, where a horizontal morphing algorithm [133]

is used to interpolate between the simulated mass points.

The null hypothesis must consider the observed Higgs boson with mass equal to 125 GeV,
and the tested models must be able to incorporate a light h with properties similar to this particle.
The exclusions limits are therefore set by means of a SM vs MSSM hypothesis test. This ensures
a meaningful and well defined problem even when the analysis becomes sensitive to the 125 GeV

Higgs boson. The likelihood function for this test is constructed as
‘C(data | K, 9) = E(data | e Syssm (9) + (1 - :u) *Ssm (9) + b(@)), (4-12)

where ¢ = 0,1. A value of u =1 corresponds to the MSSM hypothesis, whereas p = 0 corresponds
to the SM hypothesis. The test statistic in this case is given by

’é”:1)> . (4.13)

The asymptotic approximation used to set model independent limits cannot be applied to
this test statistic, and therefore the probability density functions are determined using toy MC
datasets. These toy datasets are generated for a series of ma-tan 8 points. For each point the value
of CLg(px = 1) is computed. The points with CLg < 0.05 are excluded at the 95% CL.
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Figure 4.14: Observed and expected distributions of the mf°* variable in the no b-tag (left) and
b-tag (right) categories. The distributions are shown for the ThTh channel in the upper row, the
7, Th channel on the centre row, and the 7.7, channel in the lower row. For the 7,7, channels only
the most sensitive tight-mr subcategories are shown. The uncertainty band shown in shaded grey
includes both systematic and statistical uncertainties. The expected signal distributions for the

three neural Higgs bosons in the m,)

mod-+

the solid green line [1].

scenario with my = 700 GeV and tan § = 20 are shown by
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4.7 Results

Before performing the final fit to data, the validity of the model is checked by performing several
goodness of fit tests. Tests are chosen that are sensitive to both local deviations from the model
in individual bins, and correlated deviations across several bins. All systematic uncertainties and
correlations are taken into account when performing these tests. These checks all indicate good

compatibility between the data and the model.

The m!P* distributions after the simultaneous fit to data are shown in Figure 4.14 for the no
b-tag and b-tag categories in the 7.7, 7,7, and 7,7, channels. For the 77, channels, only the most
sensitive tight-mr subcategories are shown. The expected background distributions are stacked.
For the 7;7, channels, the histogram labelled "Electroweak" includes the diboson and single top
backgrounds. For the 7,7, channel, this histogram also includes the Z/~v* — Il process. The signal
expected for the mE“Od+ MSSM scenario with ma = 700 GeV and tan 8 = 20 is overlaid by the
solid green line. This signal distribution has a twin peak structure, where the peak at me* ~ 100
GeV is due to the 125 GeV Higgs boson, assumed to be the h boson in this scenario. The peak at
mit =~ 400 GeV is due to the H and A bosons, which are almost degenerate in mass. For all of the
miet distributions the data are observed to agree well with the background-only expectation, and

no evidence of a statistically significant excess is observed.

4.7.1 Model independent results

For all model independent results, the SM Higgs boson production by GF, VBF and in association
with a vector boson are treated as background processes, with the corresponding cross sections
and branching ratios scaled to the SM predictions. The 95% CL upper limits on the o x B™™ are
shown in Figure 4.15 for both the gg¢ and bbe production processes. All channels and categories

are combined, including the 7.7, channel not described in this document.

For the gg¢ process, the expected limits in the low mass region are also shown for two cases
where the loop is assumed to be dominated by the bottom quark ("b quark only") and the top
quark ("t quark only") contributions. The mass region < 110 GeV is found to be sensitive to the
assumptions made on the loop structure. This is due to the pr distribution for the b quark only
case being softer than for the t quark only, which affects the signal acceptance as the softer tau
decay products are less likely to pass the online/offline pr requirements. For higher mass signals,
the tau decay products are sufficiently boosted enough to pass these pr cuts by way of the decaying
boson’s large mass-energy conversion, and thus are not affected by the assumption made about the
loop structure. The t quark only limits are observed to be very similar to the nominal limits. This
is because the latter are produced assuming the pr distribution of a SM Higgs boson, where the

loop is dominated by the t quark contribution.

Figure 4.16 shows comparisons of the combined expected limits with the expected limits for
the individual channels. For the gg¢ process, the 7,7, channel is the most sensitive for masses
< 300 GeV, where the 7,7, channel then becomes more sensitive for masses between 300-700 GeV.
For larger masses the 7,7, channel has either comparable sensitivity or better than the 7,7, channel.
For the bb¢ process, the 7,7, channel is the most sensitive for masses < 160 GeV, and 7,7, is more
sensitive for larger masses. The 7,7, channel is the least sensitive channel over most of the mass
range, with the exception of the regions < 140 (110) GeV and 2 2.9 (2.6) TeV where it is more
sensitive than the 7.7, channel to the gg¢ (bbg) production mode.

In Figure 4.17 the expected limits are also compared to the limits set by CMS in a previous
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Figure 4.15: Observed and expected 95% CL upper limits on the gg¢ (left) and bbe (right)
o x B™7. The observed limits are shown by the solid black lines and the expected limits are shown
by the dashed lines. The 68% and 95% confidence intervals on the expected limits are shown by
the green and yellow bands. The left inset also shows the gg¢ expected limits when the quark loop
is assumed to be dominated by the top quark (red line) and bottom quark (blue line) contributions
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Figure 4.16: The expected 95% CL upper limits on the gg¢ (left) and bbe (right) o x B™,
comparing the combined limits (black) with the limits for the 7.7, (magenta), 7.7, (green), 7,
(blue), and 7,7, (red) channels [1].
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Figure 4.17: Comparison of the expected limits using the full 2016 dataset (blue), the expected
limits set in the previous result by CMS using 12.9 fb=! of data collected in 2016 [145] (red), and
the projection of the results of the 12.9 fb~! analysis to an integrated luminosity of 35.9 fb—!

(green).

analysis using 12.9 fb=! of data collected in the first part of 2016 data-taking [145]. There is
a significant improvement in the expected limits by up to a factor of 2 for some mass points.
The limits are also compared to the results of the 12.9 fb~! analysis projected to an integrated
luminosity 35.9 fb~!. For mass points up to ~ 1.6 TeV the current limits are more stringent
than the projection. This demonstrates that the re-optimisation of the analysis along with the
improvements made to the background modelling (which will be discussed in more detail in Section
4.8) have improved the analysis sensitivity. The expected limits for the mass points above 1.6
TeV are observed to worsen compared to the projection. This is mainly due to the uncertainty
on the high-pt tau ID efficiency described in Section 4.5. This uncertainty was increased prior to
the current analysis, when additional measurements of the tau ID efficiency in the high pr region

suggested a more prominent linear trend in the ID scale-factors.

The two dimensional likelihood scans of the gg¢ and bb¢ production rates are shown in
Figure 4.18, for a representative subset of the mass points considered. The best-fit values are
shown by the black crosses, and the purple bands show the 68% and 95% confidence regions. The

measured best-fit values are consistent with the standard model expectations in all cases.

4.7.2 Model dependent results

The results are interpreted in the context of the MSSM for the mﬁ‘o‘” and hMSSM benchmark
scenarios. Exclusion limits are set at the 95% CL in the ma-tan 8 plane, as illustrated in Figure
4.19. The blue shaded areas bounded by the solid black lines indicate the observed exclusion
regions. The expected exclusion contour is shown by the dashed black line, where the 68% and
95% confidence intervals are shown by the grey bands. For the mﬁl‘)d' scenario, the shaded red
area indicates the region of the parameter space that does not yield a h boson mass compatible

with the 125 GeV Higgs within +3 GeV.

The limits set for the hMSSM scenario are more stringent than those set for the m?°d+. This
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Figure 4.18: Two dimensional likelihood scans of the o x B™" for the gg¢ (x-axis) and bb¢ (y-axis)
processes. The black crosses indicate the best fit-values, and the purple bands show the 68% and
95% confidence regions. The scans are shown for a representative subset of the tested mass points

[1].
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Figure 4.19: The observed and expected 95% CL exclusion contours for the m*®" (left) and

hMSSM (right) benchmark scenarios. The observed exclusion regions are shown by the shaded blue
areas. The dashed black lines show the expected exclusion region, and the 68% and 95% confidence
intervals are shown by the grey bands [1]. For the left inset, the shaded red area indicates the
region of the parameter space that does not yield a h boson with mass +3 GeV from the mass of
the observed Higgs boson at 125 GeV.

is a result of the assumption that the Higgs bosons decay only to SM particles in the hMSSM. The
branching ratios to taus are consequently larger in this scenario compared to the mf°d+, as a share
of the total width is taken up by decays into SUSY particles for the latter. The hMSSM limits also
show a small region excluded at low tan 8 close to ma = 200 GeV. This is due to the gg¢ cross
section increasing with decreasing tan 8 for tan 8 < 3. This is partially offset by the decreasing

branching ratio to taus, but overall the 0 x B™" increases with decreasing tan £ in this region.

The model dependent limits can be compared to the results presented by the ATLAS
Collaboration in Ref. [175], using a similar integrated luminosity of 36.1 fb~!. The observed limits
set by CMS are more stringent in the ma region 2> 1.3 TeV, whereas ATLAS are more sensitive to
my values between 250-350 GeV and 0.7-1.3 TeV. The observed limits set by both experiments
between 350-700 GeV are very comparable. The results presented by ATLAS also do not consider
the mass region below 250 GeV, and therefore the CMS analysis solely excludes a region of the

parameter space for ma values between 90-250 GeV and tan 8 values 2 7.

4.8 Cross check using alternative background methods

This analysis constitutes the first time that the FF method has been used by CMS in searches for
¢ — 77 resonances. A cross-check of the analysis is performed in the 7.7, and 7,7, channels using
alternative background methods to estimate the jet— 7, background. These alternative methods
are the same as were used for previous CMS results such as in Ref. [145]. The motivations for
this cross-check are to give confidence in the background estimation, and to understand potential

improvements in the analysis sensitivity.
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4.8.1 Alternative background methods

The alternative background methods used are the so called classical methods described in Section
3.5.4, where the QCD is estimated from same-sign data and the W-jets yield is estimated for
a high-mr control region. For the b-tag categories, the W-jet background method is modified
slightly with respect to the procedure outlined in Section 3.5.4.2 as described below.

The W+jets method described previously estimates the W normalisation in a high-mr control
region, which is selected by requiring mt > 70 GeV and keeping all other event selections the
same. For the b-tag categories, the mt > 70 GeV requirement alone does not give sufficient
purity of Wjets events to obtain a reasonable estimate of the W yield. This is due to the large
tt contribution to the backgrounds in this control region, which must be subtracted using MC.
The control region selection is suitably modified by relaxing the requirement for the events to
contain at least one b-tagged jet, instead requiring the event to contain at least one jet (tagged or
untagged) with pr > 20 GeV. To obtain an estimate for the W yield, Equation 3.28 must then
be modified to include an additional extrapolation factor, to extrapolate from the relaxed b-jet

selection (Njets2o > 1) to the b-tag category selection (Np_jets > 1):

OS,low-mT __ A7SS,high-mr .
NW = NW Ry - Fhlghﬁlow-mT : FNjets2021‘>Nb—jet521'

(4.14)

4.8.2 Control regions

The control regions used for the estimation of the W+-jet and QCD backgrounds are included in
the fit as one-bin control regions to constrain the QCD and W yields. This includes the same-sign
regions used to estimate the QCD, and the opposite-sign and same-sign high-mr control regions
used to estimate the W+jets yield. These control regions are added for both the no b-tag and b-tag
categories. Figure 4.20 illustrates the control regions added for each of these categories, where
the loose-mr and tight-mrt subcategory signal regions ("SR") are also shown. The loose-mr and
tight-mr subcategories differ only by their mT selections, and therefore the same two W+jets
control regions are to scale the W-jets yields in both subcategories. These control regions are
labelled "W OS CR" and "W SS CR" in Figure 4.20. One QCD control region per subcategory
(labelled "QCD CR 1" and "QCD CR 2" in Figure 4.20) are also included. For each category four
unconstrained rate parameters are used to scale the QCD and W+jets yields in the signal regions

and control regions, which includes:

e One parameter to scale the QCD yields simultaneously in the tight-mr subcategory and in
QCD CR 1.

e One parameter to scale the QCD yields simultaneously in the loose-m subcategory and in
QCD CR 2.

e One parameter to scale the QCD yields simultaneously in W OS CR and W SS CR.

e One parameter to scale the W+jets yields simultaneously in: the tight-mr subcategory, the
loose-mt subcategory, QCD CR 1, QCD CR2, W OS CR, and W SS CR.

4.8.3 Systematic uncertainties

The systematic uncertainty template described in Section 4.5 is suitably modified by removing all

uncertainties specific to the FF method and applying the following additional uncertainties:

¢ QCD normalisation

The uncertainties on the QCD normalisation are due to the uncertainties on the measured
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Figure 4.20: Diagram illustrating the one-bin control regions included in the fit to constrain the
QCD and W+jet normalisations. The loose-mt and tight-mr signal regions are also shown.

Rqcp factors used to scale the same-sign data. The Rqcp factors are extracted from a fit
to the data in the e/p anti-isolated region - the fit uncertainties are included as systematic
uncertainties. Additional uncertainties are also included to account for differences in the
Rqep in the e/p anti-isolated region and the signal region. The size of the total Rgcep

uncertainties range between 4-32% depending on the channel and the category.

W+jet normalisation

The uncertainty on the W-+jets normalisation includes the uncertainty on the Rw and the F),
extrapolation factors described in Section 3.5.4.2 and above. The uncertainties on Ry include
both statistical and systematic contributions. The statistical contributions range between
2-3%. The systematic contributions are estimated by comparing the W OS/SS ratios in
data and MC in a control region in which the 7, candidate is anti-isolated. The size of these
systematic uncertainties range between 1-2%. The uncertainties on the F, extrapolation
factors also include statistical and systematic contributions. The statistical uncertainties
range between 2-11%. The systematic uncertainties are estimated using a sample of Z — upu
events, exploiting the similarity between the W+-jets and Drell-Yan processes. The dimuon
4-momenta is corrected to account for the differences in the Z and W boson masses. One of
the muons is then selected at random and its momentum is added to the E%“iss. The other
muon is then combined with a 7, candidate and required to pass the usual 7,7, channel
selections. The uncertainties are then estimated by comparing the extrapolation factors
measured in data and MC for these pseudo-W events. The size of the uncertainties ranges
between 2-16%.

e jet— 1, fake-rate uncertainty

The jet— 7y, fake-rate for W-+jets events is measured as a function of pr for both data and
MC using 7,7, events in the high-m region. The difference between the two measurements
is taken as a pr dependent shape uncertainty applied to the W-jets process. The size of this
uncertainty is £20% x pt /(100 GeV). For the other processes that are taken entirely from

simulation, a constant 20% uncertainty on the jet— 7, fake-rate is applied.

Cross section and luminosity uncertainties

For jet— 7, processes that are estimated entirely from simulation the uncertainties on the
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luminosity and cross sections described in Section 4.5 are applied.

4.8.4 Results and comparisons

The classical background method suffers more from limited statistics in the background templates
in the high m!" regions. Before the fit to data, the m'* distributions must therefore be re-binned
to prevent empty bins in the total background histograms, and to prevent bins having excessively
large statistical uncertainties. An automated re-binning procedure iteratively merges together the

m* bins until there are no bins with statistical uncertainties > 90%, and all bins are populated.
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Figure 4.21: Observed and expected distributions of the mf®" variable in the no b-tag (left)
and b-tag (right) categories using the classical background method described in the text. The
distributions are shown for the 7,7, channel in the upper row and the 7.7, channel in the lower
row. Only the most sensitive tight-mr subcategories are shown in all cases. The uncertainty
band shown in shaded grey includes both systematic and statistical uncertainties. The expected
background distributions and uncertainties using the default background methods are shown by
the red triangles and boxes respectively [1].

The mie* distributions after the simultaneous fit to data are shown in Figure 4.21. Only
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the most sensitive tight-mr subcategories are shown for both channels. The histograms labelled
"Electroweak" include the W+jets background in addition to the single top and diboson processes.
The QCD background is shown by the pink histograms. The templates for all other processes
producing jet— 7y fakes are combined with the corresponding non-jet— 7y, histograms. The
expected background and uncertainties estimated using the default background methods (i.e the FF
method) are shown by the red triangles and boxes. In all distributions the background expectations

are found to agree well with both the data and the FF predictions.

Comparisons of the expected and observed upper limits for the gg¢ and bb¢ processes are
shown in Figure 4.22, where the limits are shown separately for the 7.7, and 7,7, channels. The
solid black and solid red lines show the observed and expected limits obtained when using the
FF method, and the green and yellow bands show the 68% and 95% confidence intervals. The
observed and expected limits obtained when using the alternative background methods are shown
by the solid blue lines and dashed blue lines respectively. The differences between the observed and

expected limits are found to follow similar trends for both background methods.

For the 7,7, channel, the FF method is observed to outperform the classical method for
masses up to ~ 800 GeV. This is a result of the smaller systematic uncertainties for the FF method
compared to the classical. The relative size of the uncertainties is illustrated in Figure 4.23 for the
no b-tag category in the 7,7, channel. The uncertainties are observed to be up to 50% smaller in
the region me* < 300 GeV, where the bulk of the events for m, < 800 GeV signals reside. For the
higher mass region, the classical method slightly outperforms the FF method. This is a result of
the classical method predicting a slightly larger signal acceptance in the high m°* bins. The signal
acceptance for the FF method is reduced by a downwards pull on the pt dependent "high-pr tau
ID efficiency" uncertainty (described in Section 4.5), which results in fewer expected signal events
for the high mass points, and consequently less stringent limits. The signal/background predictions

by both methods are however entirely consistent with each other within the uncertainties.

For the 7,1, channel, the FF method outperforms the classical method across almost all of
the mass range. The same conclusions can be drawn for the < 800 GeV region as for the 7,m,
channel. For the high mass points, the reason for the improvement in the limits when using the FF
method is that several of the high m!" bins are merged for the classical method by the automated
re-binning procedure described previously. This coarser binning reduces the sensitivity significantly
for the large signal masses. When the same m!* binning is applied for the FF method the limits for
the two methods are more comparable. In this case the high mass limits for the classical method

are even slightly more stringent for the same reason discussed for the 7,7, channel.
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Figure 4.22: Comparisons of the observed and expected limits obtained using the FF and classical
background methods. The limits are shown for both gg¢ (left) and bb¢ (right) processes, and
separately for the 7,7, (upper) and 7.7, (lower) channels. The observed and expected limits
obtained using the FF method are shown by the solid black and red lines, and the green and yellow
bands show the 68% and 95% confidence intervals. The expected and observed limits obtained
using the classical methods are shown by the solid blue and dashed blue lines.
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Figure 4.23: The ratio of the post-fit uncertainties on the me* background template obtained

using the classical and FF methods. The ratio is shown for the no b-tag tight-mr category in the
7,7 channel.



Chapter 5

Measurement of the Higgs boson CP

properties

This chapter describes the measurement of the CP properties of the Higgs coupling to top quarks.
As discussed in Chapter 1, these properties can be determined using angular correlations between
jets originating from GF-induced H+2j production. The Higgs bosons are reconstructed via their
decay into ditau pairs, although as noted previously any Higgs decay final states may be used for
this measurement. The four most sensitive ditau final states are considered, namely the 77, TeTh,
T, Th, and 7,7, channels. This analysis utilises the datasets collected by CMS in 2016 and 2017,
which correspond to a total integrated luminosity of 71.8 fb™*. Due to different detector conditions,
object reconstruction algorithms, and selection thresholds, the 2016 and 2017 datasets are analysed
separately, and a combination is performed to determine the final results. The results presented
include the measurement of the mixing angle aygs defined in Equation 1.35, and the GF cross
section times branching ratio relative to the SM expectation. The results are also interpreted in

terms of the coupling strengths of the top quark to the scalar and pseudoscalar Higgs fields.

5.1 Signal modelling

The generation of the GF signal samples is performed at NLO precision using Madgraph5_aMC@NLO,
as implemented in Ref. [176]. Inclusive samples are generated with 0, 1, and 2 outgoing partons
and merged according to the FxFx scheme. To increase the statistics of the CP-sensitive dijet
events, additional exclusive samples with 2 outgoing partons were also simulated. The inclusive
and exclusive samples are then stitched together by the application of event weights, such that
the parton multiplicity fractions are preserved. As will be discussed below, samples are only
required for three scenarios: the pure CP-even scenario, the pure CP-odd scenario, and a so called

maximum-mixing scenario - where the amount of CP-violation is maximal.

For a generic CP-scenario, the cross section relative to the SM cross section, og,,, can be
expressed as:
o o
. 2 PS ~2
Pggh = —— = Ki + - Ry, (5.1)

sM Osm

where 0,4 is the pseudoscalar cross section when (|l |&¢|) = (0,1) which is equal to (%)2 X Oy
The larger pseudoscalar cross section is a consequence of the relative sizes of the form factors
defined in Equation 1.34, since |as| = 2 - |as| for k; = &;. The differential distributions can also

be formed from the superposition of pure CP-even ("SM"), pure CP-odd ("PS"), and interference
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("int") distributions according to

dopg _ doint
2 .
dxr + ke dxr

do‘i 2 dJSNI ~2
7_K’t'7 I{t.

dxr dzr

(5.2)

It is convenient to re-parametrise the above formula in terms of jigen, and the mixing angle angg
defined in Equation 1.35, where ayg, can be written in terms of the ¢, ¢, and the two cross

sections: ~
as o Ky

tan apge = — = [ —— - —. (5.3)
as g, Ry

After the re-parametrisation Equation 5.2 becomes

do _ 2 dUSM 2 Ogm
7*,ufggh' Ca.7+sa.7.
dz dz Opsg

dopg o doint
+ 2Co8q - M , 5.4
dz o Ops  dx (5-4)
where ¢, and s, are used as shorthand for cos g and sin angs. The pure CP-even and pure
CP-odd distributions are generated with apge = 0° and ange = 90° respectively. The interference

distribution is obtained by subtracting the CP-even and CP-odd contributions from the maximum-

mixing ("MM") sample, which is generated with ange = 45°. Substituting % for % we
get:

do do o do o do

= e (= com) 724 (52— ) T 0 vy, TSP

By inspecting this formula we can see that whatever 0., and o,;,, we scale the CP-odd and max-
mixing distributions to is completely arbitrary, since the % distributions are always normalised

< by the Z8M terms. For simplicity we choose o, = o

to o = ps = Ogy i which case the above
equation simplifies to

do do do do

Ty = Heah ((ci — CaSa) " ﬁ + (82 — caSa) - d;S + 2¢48q - d’”;“) : (5.6)

On further inspection of the formulae we also see that variations in ay,gg affect only the differential
distributions while leaving the inclusive yield unchanged. This parametrisation therefore allows
us to separate effects that modify the cross section from those that change only the differential
variables. A measurement of a deviation in the former would provide only indirect evidence of
a non-SM CP-state, as there are many other BSM effects that could lead to an enhancement or
suppression of the cross section without the need for CPP-odd couplings. The differential information
on the other hand can provide direct evidence of a non-SM CP-state, where any value of apge 7# 0°

would be non-SM and 0° < |angg| < 90° would imply CP violation.

The signal is scaled to the cross section times branching ratio calculated in Ref. [30]. The cross
section is computed at next-to-next-to-next-to-leading order (N3LO) QCD and NLO electroweak

accuracies, including the effects of finite quark masses (t, b, and ¢) up to NLO.

5.1.0.1 Generator-level comparisons

As discussed in Chapter 1, the variable most sensitive to the Higgs CP-state is the n ordered
azimuthal angular separation between the two highest pr jets, A¢;;. To compute this variable the

two highest pr jets are selected and A¢;; is given by

A¢j; = ¢(j1) — ¢(j2), with n(j1) <n(ja)- (5.7)

Figure 5.1 compares the generator-level Ag;; distributions for three CP-states: oo = 0° (CP-even),
a =90° (CP-odd), and o = 45° (maximally CP violating), applying different cuts on the invariant
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Figure 5.1: Generator-level comparisons of o = 0° (blue), o = 90° (red), and «a = 45° (green),
are shown for the A¢;; variable. Comparisons are shown for inclusive dijet events (a) and with
additional cuts of m;; > 300 GeV (b) and m;; > 500 GeV (c) applied.

mass of the jets, m;;. Inset (a) shows the A¢;; distribution with no additional selections applied.
Although some separation between the different CP-states is visible this is washed out by the
presence of events arising from processes such as gluon-splitting which are not sensitive to the Higgs
CP state. These uninteresting events can be removed by applying VBF-like selections such as a cut
on mj;. Insets (b) and (c) compare the A¢;; distributions after applying cuts of m;; > 300 GeV
and m;; > 500 GeV respectively, the separation is observed to improve significantly after applying

tighter m;; cuts.

Figure 5.2 shows comparisons of several other variables. The Higgs transverse momentum,
P, shown in inset (a) shows no significant differences between different CP-states. Insets (b)—(d)
show the pr distributions for the three leading jets; differences between the CP-states are visible
here especially in the high pt bins. The differences in the pr distributions for the leading jet are
relatively small < 5% but are more noticeable for the sub-leading and sub-sub-leading jets, where

the yields in the high pr bins for a CP-odd Higgs can be up to 20% lower than for a CP-even Higgs.
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The pseudorapidity separation between the two jets, |An;;|, shown in inset (e) is very similar for
the different CP-states. Finally, the m;; distribution, shown in inset (f), shows some differences
between the different CP-states in the high m;; bins - this is likely a by-product of the jet pr

variations, since m;; and p’. are correlated.

5.1.0.2 Top quark mass effects

The signal samples are produced using Madgraph5_aMCONLO in an effective field theory (EFT)
approach, meaning the mass of the top quark is assumed to be large (myop, = 00). This approximation
starts to break down for Higgs events with pfl > my,p,, where the differential cross section, g;i%‘lT{, in
the EFT becomes large compared the full theory. The HNNLO tool [177] can be used to compute
the GF cross section up to NNLO accuracy using either the EFT approach or with quark mass
effects included up to NLO. It is also possible to compute the differential cross section ;%I up
to NLO accuracy. The differential cross sections obtained at NLO with HNNLO with and without
top quark mass effects included are shown in Figure 5.3. It is clear from Figure 5.3 that the EFT
approach holds well below pl ~ 200 GeV but rapidly starts to break down for more boosted events.
The fraction of such boosted events is increased by the application of even the loosest possible pr
cuts on the tau decay products driven by the trigger thresholds, plus additional requirements of
mj; > 300 GeV and Njets > 2 to select CP sensitive events. For the mm, channel ~ 45% of such
events have p¥ >200 GeV. For the 7;7, and 7.7, channels the fraction of events with p¥ >200 GeV
is & 35%, which although smaller is still significant.

A correction is applied to the GF MC as a function of p¥ to account for the top quark mass

effects. This is derived using HNNLO at NLO accuracy. The correction is defined as:

do_full
. o dp¥
correction = C'+ —+, (5.8)

dp¥

full | . . . . . EFT
where dng is the differential cross section taking into account top quark mass effects, dsz
T T

the differential cross section in the EFT, and C' = 1.006 is a constant factor derived to leave the

is

inclusive cross section unchanged by the correction.

5.1.1 Theoretical uncertainties

This section describes the theoretical uncertainties applied to the GF signal process in the analysis.
Theoretical uncertainties on the GF signal are split into two contributions, one that affects only
the inclusive event yield (i.e the uncertainties on the cross section and branching ratio), and one

that affects the shapes of variable distributions but keeps the inclusive event yield constant.

5.1.1.1 Cross section and branching ratio uncertainties

The recommended uncertainties on the GF cross section and H — 77 branching ratio provided
in Ref. [30] are applied. The uncertainties on the cross section include a 3.9% uncertainty due
to variations of the pugr and pp scales and a 3.2% uncertainty from PDFs+a, variations. The
uncertainty on the H — 77 branching-fraction includes a 1.7% uncertainty due to missing higher

order corrections, a 0.99% uncertainty on the quark masses, and a 0.62% uncertainty on «.

5.1.1.2 Shape/acceptance uncertainties

The theoretical uncertainties applied in the analysis include: pr/ur scale uncertainties, parton-

shower and UE uncertainties, an uncertainty due to the treatment of the finite quark mass effects,
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Figure 5.3: Higgs pr distributions generated at NLO using HNNLO using EFT and taking the top
quark mass into account. The ratio in the bottom inset shows the correction that is applied to the
GF MC.

and jet bin-migration uncertainties. Uncertainties due to the PDF+-«, variations were considered
but found to be negligible (< 1%) compared to the other contributions.

ur/pr scale uncertainties

The standard procedure for estimating scale uncertainties is to vary the pur and pup scales
used in the matrix-element computation independently by factors of 2 and % times the nominal
values under the constraint % < Z—‘: < 4, and take the envelope of the variations as the uncertainty
[30]. For each (ug,ur) choice the inclusive event yield is scaled to the nominal yield, such that
the uncertainty on the cross section described in the previous section is not counted twice. Figure
5.4 shows the effect of the scale variations on two important variables for event selection and

categorisation, p% and Njes. The envelope of the variations is found to be defined by the scale

1

choices pur = pr = 2 and pur = pr = 3, and therefore these scale choices are used to define the

uncertainty variations.
Parton-shower /UE uncertainties

The parton shower uncertainty is estimated by varying the ug scale used in the parton shower
generation by factors of 2 and % The pp scale may also be varied but the effect is found to be
small compared to the pur variations. The UE uncertainty is determined by varying several of the
PYTHIA parameters according to the uncertainties on the CUETP8M1 and CP5 tunes [124, 125].
Figure 5.5 shows comparisons of the Njeis and p¥ distributions for the varied UE tunes (labelled
"UE up/down") and varied pr scale (labelled "PS up/down"). The variation in the UE tunes is
found to affect mainly the Njes distribution and has a negligible affect on p%. The variation of
the pr scale on the other hand affects both the Njes and p% distributions. The parton-shower
uncertainty is therefore parametrised as a function of Njets and p%, whereas the UE uncertainty is

parametrised only as a function of Njets.
Finite top mass uncertainty

The uncertainty on the top quark mass correction is estimated by varying the ugr and urp scales

from the nominal values of ur = purp = my to pr = pur = 2my and ur = pr = %mH. The scales
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Figure 5.5: Comparison of the pf! (left) and Njes (right) distributions for varied ug scales in the
parton-shower generation (PS up = pr = 2, PS down = pug = 1) and for varied UE tunes (UE
up/down).

used in both the numerator and denominator are varied simultaneously such that the systematic
uncertainties partially cancel. Figure 5.6 shows the size of the uncertainty as a function of p%. The
uncertainty grows with p% but is < 1% for values of p% up to 400 GeV. As this uncertainty is small

compared to the other theoretical uncertainties on the pf spectrum it is subsequently neglected.

The top quark mass reweighting assumes that the GF loop is dominated by the top quark
contribution as is the case in the SM. While the current experimental evidence supports this
hypothesis there is still room within the experimental uncertainties for a non-SM loop structure.
In the case where the particle in the loop is heavy (>> my,p), the resulting pi distribution would

mimic the EFT prediction. To account for the presence of heavy particles in the loop, the difference
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between the reweighted MC and the unweighted MC (i.e the EFT prediction) is taken as an

uncertainty.
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Figure 5.6: The uncertainty on the finite top quark mass correction as a function of pffl, estimated
by varying the ug and up scales by factors of 2 and %

Jet-bin migration uncertainties

Many Higgs analyses categorise events according to the jet multiplicities. This helps to
reduce backgrounds and separate different Higgs production modes. Dividing the events in this way
makes the exclusive Njets = X cross sections sensitive to soft and collinear emissions. Conventional
ur/pr scale variations may underestimate the perturbative uncertainties on these exclusive cross
sections, as they account for yield uncertainties on the Nj; bins but underestimate the migration
uncertainties between them [30, 178, 179]. The jet-bin migration uncertainties provided in Table
20 in Ref. [30] are applied to account for this effect. The uncertainties relevant for this analysis
0/1) and the 1 and 2 jet

cut

are those that affect the migration between the 0 and 1 jet boundary (A

boundary (Aiéf ), which are summarised in Table 5.1.
Table 5.1: The jet-bin migration uncertainties relevant to the analysis taken from Table 20 in Ref.
[30], where A7 is the uncertainty due to migrations across the boundary between the Niegs = i
and Njets = j bins. The signs before the uncertainties are used to indicate correlations across jet

bins.

AO/T AL/2

jet bin cut cut
Niets =0 | 4.1% —
Niews =1 | —84% | 7.2%

Niets > 2 | —=3.6% | —14.5%

5.2 Event selection

The kinematic cuts on the leptons are driven by the online trigger thresholds, where typically the
offline pr cut is 1 GeV higher than the online selection. Hadronic taus are required to have pr
at least 3-5 GeV higher than the trigger threshold depending on the channel, but often the pr

cuts are increased to help reject jet— 7y, fakes. To reject leptons and hadronic tau candidates
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originating from PU interactions, the particles are required to be associated with the primary vertex
by applying cuts on the transverse and,/or longitudinal impact parameters, d;, and d,. Electrons
and muons are required to have dg, < 0.045 cm and d, < 0.2 cm, whereas hadronic taus must have
d, < 0.2 cm.

5.2.1 Event selection in the 7,7, channel

The events were selected online using a combination of the single-muon and muon+tau triggers.
The offline selection requires an oppositely charged muon and hadronic tau pair which are separated
by AR > 0.5. These offline objects must also be matched to the corresponding trigger objects with
AR < 0.5. The selected muon must pass the medium muon ID, have I,; < 0.15, and |n| < 2.1. The
muon is required have pt 1 GeV higher than the online selection. For the single-muon triggers this
corresponds to a cut of 23 (25) GeV in 2016 (2017), and for the muon-+tau triggers the cut is 20
(21) GeV in 2016 (2017).

The hadronic tau must be reconstructed by the HPS algorithm, pass the tight MVA-isolation,
the very-loose working point of anti-electron discriminant, and the tight working point of the

anti-muon discriminant. The 7, candidate must additionally have |n| < 2.3 and pt > 30 GeV.

Even after requiring the 7, candidate to pass the tight MVA-isolation, there still remains a
significant contribution to the background from W-jets events with a jet— 7, fake. As illustrated
in Figure 3.23, the mr (I, EXis%) variable gives good separation between W-jets events and other
processes. The mr(p, ER) is therefore required to be less than 50 GeV to suppress this background.
There is also a smaller but non-negligible background in this channel from tt, which is reduced by

vetoing events with b-jets.

5.2.2 Event selection in the 7.7, channel

In 2016 the events were selected online using a single-electron trigger. For 2017 an electron+tau
trigger is also used in combination with the single-electron trigger. The offline selection requires
an oppositely charged electron and hadronic tau pair which are separated by AR > 0.5. These
offline objects must also be matched to the corresponding trigger objects with AR < 0.5. In 2016
(2017) the electron must pass the tight (loose) working-point of the electron ID, have I, < 0.10
(Iya < 0.15), and |n| < 2.1. The electron is required have pr 1 GeV higher than the online selection.
For the single-electron triggers this corresponds to a cut of 25 (28) GeV in 2016 (2017), and for the
electron+tau trigger used in 2017 the cut is 25 GeV.

The hadronic tau must be reconstructed by the HPS algorithm, pass the tight MVA-isolation,
the tight working point of anti-electron discriminant, and the loose working point of the anti-muon
discriminant. The 7, candidate must also have |n| < 2.3 and pr > 30 GeV. Hadronic taus passing
the tau leg of the electron+tau cross trigger in 2017 are additionally required to have pr > 35 GeV.

As for the 7,7, channel the W-+jets and tt backgrounds are reduced by requiring mr (e, EF55) <
50 GeV and vetoing events with b-jets.

5.2.3 Event selection in the 7.7, channel

The events were selected online using the two electron+muon triggers described in Section 3.2.
The offline selection requires an oppositely charged electron and muon pair which are separated

by AR > 0.3. The offline leptons must also be matched to the corresponding trigger objects with
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Figure 5.7: The D, distribution in the 7.7, final state. The GF Higgs production process shown
by the solid red line is scaled by a factor of 100. The uncertainty band shown in shaded grey
includes only the statistical uncertainties.

AR < 0.5 The electron is required to have pr > 13 GeV, I < 0.15, and pass the tight (loose)
working point of the electron ID in 2016 (2017). The muon is required to have pt > 10 GeV,
Ie) < 0.2, and pass the medium muon ID. Because the two electron+muon triggers apply different
pr cuts on the leptons the electron/muon that is matched to the high pr leg of each trigger must

pass an additional offline pr cut of 24 GeV.

The background from tt events is large in this channel, especially in regions of phase-
space which contain multiple jets - exactly the region in which we measure CP. Two additional
requirements are therefore used to reduce this background. Firstly, events with b-jets are vetoed.

Secondly, a cut is applied on the D variable [180] which is defined as
D¢ = B - =085 (5 + ') - (5.9)

where f is the unit vector that bisects the transverse directions of the visible decay products, p°
and p'. The D, variable separates processes producing neutrinos from tau decays, which tend to
be aligned with the visible decay products, from processes where the neutrinos are back-to-back
with the visible decay products such as tt and W-jets. As illustrated in Figure 5.7, processes
with genuine tau leptons such as Z/v* — 77 and H — 77 tend to give positive values of D,
whereas backgrounds such as tt tend to have negative values. D¢ is required to be at least —35
GeV, although this cut is tightened in some categories where the tt background is larger as will be
described in Section 5.3.

5.2.4 Event selection in the m,7, channel

The events were selected online using the double-tau triggers. The offline selection requires two
oppositely charged 7, candidates which are separated by AR > 0.5. Both 7, candidates must pass
the HPS algorithm, the tight MVA-isolation, the very-loose anti-electron discriminant, and the
loose anti-muon discriminant. The leading 7, is required to have pp > 50 GeV and the sub-leading
7, must have pp > 40 GeV, where the latter threshold is driven by the trigger and the former is

employed to reduce jet— 7y, fakes.
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Figure 5.8: Comparisons of the normalised m., (a), p7” (b), and m;; (c) distributions for the
Z/y* — 17, jet— 1, GF H— 77 ("ggH"), and VBF H — 77 ("qqH") processes in the 7,7, final
state.

5.2.5 Lepton vetoes and pair selection

The lepton vetoes and pair selection procedure described in Section 4.2.4 are also applied. This

reduces the Z/~* — [l and diboson backgrounds and ensures that all channels are orthogonal.

5.3 Event categorisation

The event categorisation is loosely based on the categories used in the CMS H — 77 discovery
analysis described in Ref. [2]. For this analysis events were split into three categories: 0-jet,
boosted, and VBF. The 0-jet category contains all events with Njes = 0. The VBF category
requires Njets > 2, with additional selections on mj;, An;;, pi7, and/or pI* applied depending on
the channel. The boosted category then contains all remaining events which are predominantly
Njets = 1 events, with the exception of some events with Njes > 2 failing the other VBF category

selections.
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As the name suggests, the VBF category was specifically designed to be sensitive to VBF
Higgs production and is therefore sub-optimal for GF Higgs production of interest here. This
category was therefore suitably modified and renamed as the "dijet" category as described below.
The 0-jet and boosted categories on the other hand were optimised to give sensitivity for GF and

are therefore largely unchanged for this analysis.

Before discussing the procedures used to optimise the category selections the most powerful
variables for signal and background separation will first be reviewed. The main backgrounds in
the analysis are Z/y* — 77, processes producing jet— 7, VBF Higgs production, and tt. The
variable that gives the best separation between Higgs and background events is the ditau mass, m. .
The ditau mass is reconstructed using the SVfit algorithm [181], which combines the 4-vectors of
the visible decay products with the E%‘iss using a Dynamical Likelihood Method [182, 183|. This
method gives a more accurate estimation of the parent boson mass compared to using the 4-vectors
of the visible decay products alone. The m., resolution is about 15%, 20%, and 25% for 7,7,
TiTh, and 7.7, events respectively, where the resolution worsens for the events with leptonic tau
decays due to the presence of additional neutrinos in the final state. As illustrated in Figure 5.8
(a), the m,, distribution for the H — 77 and Z/y* — 77 processes forms a peaked structure that
is maximal at around 125 GeV and 90 GeV respectively. For the other background processes no
distinct peak is observed, and events are distributed according to a falling distribution. The m.,,
tends to be the most powerful variable for separating signal and background and is therefore used

as a discriminating variable rather than to define categories.

Another useful variable to reduce the background is the reconstructed Higgs pr, p7”, which
is computed as the vector sum of the transverse momenta of the visible tau decay products and the
Emiss - As illustrated in Figure 5.8 (b), the pi7 tends to be softer for the non-Higgs background

processes compared to the signal.

The mj; variable gives good separation between VBF and GF, where the former tends to
take larger values. The m;; distributions are shown in Figure 5.8 (c). At first glance it looks like
applying a cut on this variable is a sensible choice to reduce the VBF background, however, an
additional complication is that the high m;; GF events are more sensitive to the Higgs CP-state

(as discussed in Section 5.1.0.1). This deters the use of hard cuts on m;; to reject VBF events.

The dijet category requires at least two jets in the event. Of the events passing this selection
the ones with low m;; < 300 GeV are found to have almost no CP sensitivity and so a minimum
cut of m;; > 300 GeV is applied. These low m;; events aren’t discarded but are instead included in
the boosted category. The relative sensitivity after applying different cuts on p7” and m;; can be

s

estimated by comparing the 7B A range of cuts is scanned with the % calculated for each point,

where the maximum of the scan indicates the optimal cut for separating signal and background.
Figure 5.9 shows these scans for p77 and m;;. The lower insets of Figure 5.9 also show the ratio of
GF to VBF events as a function of the applied cut. The m;; scan shows that in terms of separating
GF from the backgrounds m;; is not a useful variable, as the maximum of the scan is found at
0 GeV. The fraction of VBF events does however increase as a function of m;;. The p77 on the
other hand shows that a p7” cut around 100 GeV can help slightly improve the sensitivity, but this
improvement is only O(5%). This is because there is a sizeable fraction of low p77 GF events, even

though on average they tend to be more boosted than the background.

Rather than apply a hard cut on p77, the use of categories may be more optimal as it does

not discard the low p77 events. The use of two p7” based categories is considered: one containing
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Figure 5.9: 75 scans of m;; (left) and p77 (right) in the m,7, channel. For both scans at least
two jets are required and a cut of 100 < m,, < 150 GeV is applied. For the p7” scan an additional

cut of m;; > 300 GeV is also applied. The lower inset also shows the ratio of the GF yield to the
VBF yield.

all events with pT7 < X, and the other with all events with p77 > X. A range of X values is
scanned to find the most optimal splitting for the categories. For this test the asymptotic median
significance (AMS) [174], which is defined as

AMS:\/Q ((S+B)~log (1+g> —S), (5.10)

is used as the figure of merit. This variable tends to give a better estimate of the sensitivity in the
low statistics limit compared to %. The AMS is calculated for the two categories and then added
in quadrature to compute the "total" AMS. Figure 5.10 shows these scans for each of the four

channels. The optimum p7” splitting is found to be similar for each channel and around 150-200

GeV. The improvement in the sensitivity between using one inclusive category and using two p7” is
O(10 — 20%).

The use of the m;; variable is more complicated as it does not bring any improvement in
the signal vs background differentiation but the high m;; events are more sensitive to CP. To
estimate the sensitivity in this case we run the full analysis chain and fit for ayg, using Asimov
data (this procedure will be described in the following sections). The pure CP-even vs pure CP-odd

significance is used as the figure of merit. Three options are considered:

e Option 1: Apply a hard cut on the m;; = [300, 400, 500] GeV and use no p]’ categories.

e Option 2: Apply a hard cut on the mj; = [300, 400, 500] GeV and use pj” categories with
pi7 splitting = [100, 150, 200] GeV.
e Option 3: Categorise events based on both p77 and mj; giving four categories in total.

The p77 splittings tested are [100, 150, 200] GeV, and the m;; categories are defined as
300 < m;; < X GeV and m;; > X, where X = [400, 500, 600] GeV.

The values in square brackets indicate the values of the cuts/category-splits that are tested. For

practical reasons the number of such cuts/splits are kept minimal, and the p]” splits are chosen
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Figure 5.10: Scans of the combined AMS for different pj” category definitions. Each value of p7”
shown on the x-axis indicates the split into two categories with p77 <X and p7” >X. The AMS
values computed for each category are added in quadrature to compute the total AMS which is
shown on the y-axis.

based on the AMS study described above. The best results for each option are summarised below:

e Option 1: The optimal m;; cut is found to be 300 GeV. This gives an expected significance
of 0.920.

e Option 2: The optimal p7” category splitting and m,; cut are found to be 200 and 300 GeV

respectively. This gives an expected significance of 1.060.

e Option 3: The optimal pi” and m;; category-splits are found to be 150 and 500 GeV

respectively. This gives an expected significance of 1.260.

These studies show that using a combination of both p7™ and m; categories gives the best sensitivity
to ange. The use of the m;; based categories is observed to give O(20%) improvement over applying

only a hard m;; cut. This categorisation is therefore adopted for the analysis.
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The dijet categorisation is summarised as follows:

e Dijet events are selected by requiring m;; > 300 GeV and Njes > 2.

e The dijet events are split into "loose-m;;"

events with m;; < 500 GeV and m;; > 500 GeV respectively.

and "tight-m;;" categories, which contain all

e These categories are further split into two p7’ categories containing events with p77 < 150

GeV and p7” > 150 GeV. The latter are additionally named "boosted" categories.

This gives four categories in total: "loose-m;;", "tight-m;;"

, "loose-m;; boosted", and "tight-m;
boosted". For the 7.7, channel an additional cut of D > —10 GeV is used to suppress the large tt
background in the dijet categories. Figure 5.11 gives a graphical representation of all the categories

used in the analysis.

dijet
Njets = 2 & m;>300 GeV
Njets =0 Njets = 1 m;;< 500 GeV | m;>500GeV
& !dijet
N
. N
loose-m;; tight-m; %
. %A
0-jet boosted —
>
loose-my; tight-my; \I\G\
boosted boosted 2
o
YN

Figure 5.11: Diagram illustrating the categorisation of events.

5.4 Discriminating variables

The analysis uses a combination of one dimensional and two dimension discriminants to extract the
signal and measure the Higgs CP properties. The 2D observables are "unrolled", meaning the bins
in the 2D histograms are mapped onto a 1D histogram. When performing the fit to data to extract
the results these "pseudo"-1D histograms are treated in exactly the same way as a regular 1D
discriminant. Figure 5.12 illustrates the unrolling procedure. The choice of discriminant depends

on the category as described below.

The 0-jet category uses the m,. as a 1D observable. This allows for differentiation between
the Higgs signal, where most events typically have 100 < m,, < 150 GeV, and background processes.
The background distributions tend to either peak at lower values of m., (e.g Z/v* — 77), or form
more of a falling continuum rather than a distinct peak, with more events in the high m.,, tail (e.g

jet— Th).

For the boosted category, a 2D observable using m.,, and p77 as the two dimensions is utilised.
The m., dimension provides signal and background differentiation as described above. The inclusion
of the p77 dimension also provides additional discriminating power against background processes,

which tend to have low p7” compared to the signal.
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Figure 5.12: Illustration of the unrolling procedure whereby a 2D histogram is mapped onto a
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The discriminant used for the dijet categories needs to be able to separate the Higgs signal
from the backgrounds and differentiate between different Higgs CP states. For these reasons a
2D discriminate is formed using m,, and A¢;; as the two dimensions. The former is used to
differentiate signal from background, whereas the latter is included primarily to measure the Higgs

CP properties - but can also provide some additional differentiation between signal and background.

5.5 Background methods

The non-Higgs backgrounds that are considered are Drell-Yan Z/v*+jets, QCD-induced W+jets,
electroweak production of Wjets and Z/v*, QCD-multijet, tt, diboson, and single top.

The choice of background methods used for the analysis is driven by the need to achieve a
good description of the A¢;; variable used for signal extraction, and to maximise the statistical
power of the background templates. The latter is important as the dijet selections needed to
isolate C'P-sensitive events reduce the background yields significantly. This motivates the use of

the data-driven background estimation methods described in Section 3.5.

All processes where both the 7;/;, candidates originate from the decays of real tau leptons
are modelled by the embedding method as descried in Section 3.5.2. This includes Z/y* — 7,
tt — 77, diboson— 77, and single top production in the tW channel. In the 7,7, and 7;7, channels

backgrounds in which any tau candidate originates from a jet— 7, fake are modelled by the FF
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Figure 5.13: Distributions illustrating the modelling of the tt background in a control region.
The control region is selected by requiring D¢ < —50 GeV and Njes > 1. The left inset shows
the data/background agreement for the A¢;; variable, where the additional requirement Njets > 2
is imposed. The right inset shows the 1-bin control region that is included in the final fit to
constrain the tt background. The uncertainty band shown in shaded grey includes only statistical
uncertainties.

method as described in Section 3.5.3. This includes mainly QCD and W-jets events but has also
a smaller contribution from the other background processes such as tt. In the 7.7, channel the
QCD is modelled using the method described in Section 3.5.5. Altogether the use of these methods

means that =~ 90% of the background events are modelled from data-driven techniques.

The remaining processes are modelled from simulation. The largest background this includes
is tt, which is a minor contribution in the 7,7, and 7,7, channels but can be large in the 7.7,
channel. The modelling of the tt background is validated in a control region enriched in tt events.
This control region is selected in the 7.7, final state by requiring D¢ < —50 GeV and Njeys > 1. The
agreement with the data is illustrated in Figure 5.13. The left inset shows the distribution of the
Ag;; variable where excellent agreement with the data is observed. In the right inset the control
region events have been grouped into a single m., bin (50 < m,, < 300 GeV) to demonstrate the
agreement of the yield with the data. This one bin control region is included in the final fit to

constrain the normalisation of the tt background.

5.5.1 Generator matching

It is necessary to split the MC processes depending on simulated objects from which the 7; and 7,
candidates originate. This ensures that backgrounds that are already covered by the embedding
or FF methods can be removed and are therefore not counted twice. The generator matching

procedure is described in Section 4.4.1.

5.5.2 Data vs background comparisons

The description of the data by the chosen background methods is illustrated in Figures 5.14-5.15,
which show the pre-fit distributions of the m,, and A¢;; variables. These variables are important

for signal extraction and measurement of the Higgs CP-state. The uncertainty band shown in
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Figure 5.14: Distributions of m,, in the 7,7, TeTh, TeTy, and 7,7y final states. The uncertainty
band shown in shaded grey includes the full uncertainty model.

shaded grey includes the full systematic uncertainty model. Good agreement with the data is

observed.

5.5.3 Modelling of Higgs backgrounds

The background due to non-GF induced H — 77 events includes the VBF, W-associated (VH),
and Z-associated (ZH) production processes. In principle a non-SM CP-state would result in
different cross sections and kinematic distributions for these processes. However, the lack of a
tree-level CP-odd coupling to WW or ZZ suppresses the effect of the CP-odd component, provided
the loop-induced effective coupling is small compared to the tree-level CP-even coupling. In such
scenarios the kinematic distributions would resemble almost exactly the SM distributions even if
the CP-odd component was large, and different CP-states would be manifest only as modifications
to the cross sections and branching ratios [52]. This is the case in most weakly interacting models,

as the production rates for CPP-odd scalars are typically suppressed by three orders of magnitude or
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Figure 5.15: Distributions of A¢;; in the 7,7, TeTh, TeTy, and 7,7y final states. The uncertainty
band shown in shaded grey includes the full uncertainty model.

more [52]. For this reason, the VBF and VH kinematic distributions are taken to be the same as
the SM predictions in the analysis. The VBF and VH cross sections are allowed to float freely in
the fit using a single parameter py, thus assuming pypr = pwna = gz = pv. The VBF, WH, and
ZH MC samples are generated at NLO accuracy using POWHEG.

An alternative treatment of the VH and VBF backgrounds is also used to cross-check the
assumptions described above. Adopting the parametrisations in Ref. [50] a generic VH/VBF
state can be described by the form factors: ay, ay' "V, a5%, a3V, and a%%; where a1, ab, and aj
describe the SM coupling, the anomalous CP-even couplings, and the anomalous CP-odd couplings
respectively. MC samples are generated using JHUGen 7.0.2 [184-187] at LO accuracy, neglecting the
effects of CP-even anomalous HVV couplings (a} = 0), and assuming the same CP-odd anomalous
coupling of Higgs boson to ZZ and WW (ay'V = a5% = a3). As for the GF modelling, only three
samples are required for each process: a pure CP-even sample, a pure CP-odd sample, and a

maximum-mixing sample. These samples are then combined to form distributions for any generic
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CP-state using an analogous formula to Equation 5.5 except replacing pigen and onge with py and

anyy respectively. The apy, mixing angle in this case is defined as

03 as

tan apyy = (5.11)

Ogy A1

The cross check is performed for two scenarios:

1. With ay allowed to float completely freely in the fit (—90° < apyy < 90°). This effectively
allows for so-called strongly interacting models [52], where the size of the loop-induced CP-odd
component can be comparable to the CP-even contribution. However, it should be noted that
these models also predict light electroweakly interacting states, and are therefore disfavoured
by the lack of observations of such particles at the LHC [188].

2. With aypyy limited to a small range to reflect the O(10~2) suppression in the CP-odd production
rate for weakly interacting models. The range is given by tan ap,, &~ V1073 — —2° < apyy <
2°.

5.6 Systematic uncertainties

Two types of systematic uncertainties are considered in the analysis: normalisation uncertainties
and shape uncertainties. The normalisation uncertainties affect only the yields of the signal and
background templates, whereas shape uncertainties affect both the normalisations and shapes of
the discriminating variable distributions. A summary of the systematic uncertainties is given in
this section. This is followed by a discussion of the treatment of correlation between the MC and

embedding uncertainties, and the correlations between the uncertainties in 2016 and 2017.

5.6.1 Normalisation uncertainties

The uncertainties that affect only the normalisation of the background and signal processes are
described below, with the exception of theoretical uncertainties on the signal normalisation which

are described in Section 5.1.1.

e Luminosity
The luminosity uncertainty amounts to 2.5% on the data collected during 2016 data-taking and
2.3% on the data collected in 2017. The luminosity uncertainty is applied to all backgrounds

and signal processes where the yield is estimated from simulation.

e Electron, muon and tau ID efficiency
The combined uncertainties on electron and muon identification and isolation efficiencies are
2%. For hadronic taus the uncertainty on the tau identification efficiency is 5% (3%) in 2016
(2017). This is broken down into a part that is correlated between channels with magnitude
of 4.5% (2.7%) and a part that is uncorrelated between channels with a magnitude of 2%
(1.2%) for 2016 (2017). The uncorrelated part accounts for the different anti-muon/electron
discriminator working-points used for each channel. Since two hadronic taus are required
in the 7,7, channel the magnitude of correlated and uncorrelated uncertainty is 9% (5.5%)
and 4% (2.4%) respectively for 2016 (2017). The embedded samples also have an additional
uncertainty applied to cover the embedding—MC tracking efficiency correction described in

Section 3.4.7 with magnitude of 2% (per-tau).
o Trigger efficiency

The uncertainty on the trigger efficiencies amounts to 2% for the 7,7, and T, Th channels, 4%

in the 7,7, channel, and 10% for the m,7, channel.
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e B-tagging efficiency

For the 7.m,, 7,7 and 7.7, channels, which contain a veto on events containing b-jets, an

uncertainty on the tt, diboson, and single-top yields due to the b-tagging efficiency is applied.

The uncertainties on the b-tagging efficiency corrections are given as a function of pr and 7.

These are propagated by varying the b-tagging scale factors within their uncertainties. The

magnitude of this uncertainty ranges from 1-9%. The uncertainties on the event yields for

other processes are found to be negligible (~ 0.1%).

e Background normalisation uncertainties

The uncertainty on the normalisation of the embedded samples amounts to 4%. This orig-
inates from the uncertainty on the measured muon identification and trigger efficiencies

used to scale the embedded samples.

A 4% uncertainty is applied to the Z/v* — Il process to account for the uncertainty on

the Drell-Yan cross section.

A 6% uncertainty is applied to the tt process to account for the uncertainty on the cross

section.

A 5% uncertainty is applied to the diboson and single-top processes to account for the

uncertainties on the production cross sections.

The uncertainties on the VBF Higgs production cross section recommended in Ref. [30]
are applied. This includes a 0.4% uncertainty from variations of QCD scales and a 2.1%
uncertainty from PDFs+ay variations. The uncertainties on the H — 77 branching ratio

described in Section 5.1.1 are also applied.

The uncertainties on the W(Z)-associated Higgs production cross sections recommended
in Ref. [30] are applied. This includes a 0.7% (3.8%) uncertainty from the QCD scale
variations and a 1.9% (1.6%) uncertainty from PDFs+q; variations. The uncertainties

on the H — 77 branching ratio described in Section 5.1.1 are also applied.

For the QCD background in the 7,7, channel, the uncertainty on the extrapolation from
the anti-isolated side-band region used to measure the RQCD ratios to the signal region is
found to have a negligible effect on the shapes of the templates and is therefore included
as a normalisation uncertainty. The magnitude of this uncertainty ranges from 3-9%

depending on the event category.

e jet — e/u fake-rate

A 20% uncertainty is applied to the W+jets yield in the 7.7, channel which contains at least

one lepton originating from a jet-fake. For all other processes the fraction of events with such

fakes is small and therefore this uncertainty is negligible.

e | —» 1, fake-rate

The uncertainty on the | — 7, fake-rate affects mainly the Z/v* — Il process. The uncer-

tainties on the Z/v* — Il yield amount to 27%, 11%, and 23% in the 7,7, TeTh, and mm

channels respectively.

5.6.2 Shape uncertainties

The uncertainties that affect both the shapes and the yields of the background and signal processes

are summarised below. Theoretical uncertainties on the GF signal are described in Section 5.1.1.

e Hadronic tau energy scale

Three uncorrelated uncertainties each that affect only one of the three tau decay modes used
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in the analysis are applied. In 2016 each uncertainty varies the hadronic tau energy scale by
1.2%. In 2017 the size of the uncertainty is 0.8% and 0.9% for the 1-prong and 3-prong decay

modes respectively. Shifts in the energy scales are also propagated to the EMiss.

Electron energy scale
The uncertainty on the electron energy scale amount to 1% for electron in the barrel detector

region and 2.5% in the endcaps. Shifts in the energy scales are also propagated to the EXiss,

e — T, energy scale

Two uncorrelated uncertainties each that affect only one of the 1-prong tau decay modes are
applied to the Z/y* — ee process in the 7,7, channel. These uncertainties vary the energy
scale correction by 3% for both the 1-prong and 1-prong+1-7° decay modes in 2016. In 2017
the size of the uncertainty is 1.4% and 1.8% for the 1-prong and 1-prong+1-7° decay mode
respectively. Shifts in the energy scales are also propagated to the EXiss,

1 — Th energy scale

Two uncorrelated uncertainties each that affect only one of the 1-prong tau decay modes are
applied to the Z/y* — pu process in the 7,7, channel. These uncertainties vary the energy
scale correction by 1.5% for both the 1-prong and 1-prong-+1-7% decay modes in 2016. In
2017 the size of the uncertainty is 0.3% and 1.0% for the 1-prong and 1-prong-+1-7° decay

mode respectively. Shifts in the energy scales are also propagated to the EXIss,

Jet energy scale uncertainty

Uncertainties on the jet energy corrections are provided as a function of jet pr and 7.
There exists 27 (28) independent sources of jet energy scale uncertainties for 2016 (2017),
some of which are specific to particular regions of the detector. These sources are grouped
together according to the regions of the detector that they affect to form three independent
uncertainties: one group that contains all uncertainties affecting only the central detector
(0 < |n] < 3), one group that contains all uncertainties affecting only the HF detector (|| > 3),
and one group containing all uncertainties that affect the whole detector (|n| > 0). The

uncertainties are grouped together using the formula

uncertainty = \/Z 52, (5.12)

where s; is the uncertainty for a source i. For all samples without EX recoil corrections
applied, namely tt, diboson, and single-top samples, the jet energy scale shifts are also

propagated to the EIss,

E,‘l?iss unclustered energy uncertainty
The E%‘iss unclustered energy uncertainty is applied to all MC processes that do not have

recoil corrections applied, namely tt, diboson, and single-top samples.

EX'% recoil correction uncertainties.
The uncertainties on the E3'° recoil corrections are estimated by varying the uncertainties

on the recoil correction parameters within their uncertainties.

Non-Z/v* — 77 contribution to embedded samples

As described in Section 3.5.2 the embedded samples provide an estimate for all processes
producing a pair of genuine tau leptons and therefore contain a small amount of tt and
diboson events. These processes produce tau leptons predominantly from two W — 7v decays
and the kinematics of these taus can differ slightly from those produced by Z/y* — 77
decays - as is assumed during the embedding procedure. A shape uncertainty defined by
adding/subtracting 10% of the diboson and tt contribution to the embedded templates using

MC is used to cover any resulting bias.
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e Top pt reweighting

An uncertainty between no and twice the correction on the reweighting is applied to tt events.

e Drell-Yan pr/mass reweighting
An uncertainty between no and twice the correction on the reweighting is applied to Z/~* — 1l

events in all channels.

o Fake-factor uncertainties

Uncertainties on the shapes of the j — 7, templates come from several sources:

— Statistical uncertainty on the FF measurements, given by the fit uncertainty to the pr

dependence.

— Systematic uncertainties related to the non-closure correction, as a function of the visible

mass.
— Systematic uncertainties on the DR— AR extrapolation corrections.

— Systematic uncertainties on the fractions of W-jets and tt events with one jet— 7,
in the 7,7, channel. This is necessary as the fake-factors for these processes must
be scaled by a factor of 2 for this channel as described in Section 3.5.3. For the 7y
channels the uncertainties on the fractions are negligible compared to the other systematic

uncertainties.

— An uncertainty due to the subtraction of the genuine 73, contribution using simulation.
e 7.7, QCD uncertainties

— The uncertainties on the linear fit parameters used to measured the Rqcp ratios are

propagated to the QCD templates as uncorrelated uncertainties.

— The uncertainty on the non-QCD background contribution to the same-sign data, which
is subtracted using simulation, is estimated by varying the subtracted component by
+10%.

e Finite statistics in background templates
Limitations in the statistical sizes of the signal and background templates are accounted
for using the "Barlow-Beeston lite" method, which assigns a single nuisance parameter per
bin that scales the total bin yield [131, 132]. With this approach, the maximum likelihood
estimator for each of these nuisance parameters is independent from the others, and can be
solved analytically instead of fit during the minimisation. This method gives a significant

reduction in the minimisation time and does not change the expected sensitivity to angg.

5.6.3 Correlations between MC and embedding uncertainties

MC and embedded events have several common systematic uncertainties relating to the visible tau
decay products. These uncertainties include: the lepton /7, identification and isolation efficiency
uncertainties, the trigger efficiency uncertainties, and the electron/7, energy scale uncertainties.
As tau leptons are simulated in a similar way for both samples, uncertainties relating to these
quantities may have correlations which need to be taken into account. Selection variables typically
depend not only on the simulated objects but also on other nearby objects present in the event. For
the embedded samples these additional objects either come from data or may be missing altogether,
if a quantity is computed in an empty detector environment. This means that the uncertainties are

likely only partially correlated, and a suitable choice of the correlation needs to be adopted.

The trigger in the embedded samples is simulated in an empty detector environment, this

results in significantly different trigger efficiencies and corrections compared to the MC. The trigger
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efficiency uncertainties are therefore treated as being uncorrelated. The other identification and
isolation efficiencies are typically more similar for MC and embedding, and are consequently treated
as being 50% correlated. The electron and 7, energy scales are also found to differ by up to 1%;
although the 7, energy scale is corrected to MC as described Section 3.4.9. The energy scale

uncertainties are therefore treated as being 50% correlated.

5.6.4 Correlations between uncertainties in 2016 and 2017

The uncertainties in 2016 and 2017 are treated as being either uncorrelated, fully correlated,
or partially correlated. Uncertainties that are uncorrelated are typically statistical in nature,
whereas fully correlated uncertainties have a negligible statistical component. Uncertainties with
small statistical components may still be decorrelated, however, based on arguments relating
to, for example, differences in detector conditions between years, differences between analysis
selections/algorithms, and differences in the measurements of efficiencies/corrections for each year.
The partially correlated uncertainties typically have both statistical and non-statistical components
of similar magnitudes, and therefore a 50% correlation is usually assumed. Table 5.2 summarises

the correlations used for each uncertainty, with the justification for each choice given in the third

column.
Table 5.2: Summary of the correlations between uncertainties in 2016 and 2017.

Uncertainty Correlation Motivation / notes

Luminosity Uncorrelated Based on the recommendations in Ref. [189].

e ID/isolation Fully The statistical uncertainties on the measured scale-
efficiency correlated factors are negligible.

u ID /isolation Fully The statistical uncertainties on the measured scale-
efficiency correlated factors are negligible.

7h ID/isolation

efficiency

50% correlated

The statistical and non-statistical components of the

uncertainties have similar magnitudes.

T, trigger efficiencies

50% correlated

The statistical and non-statistical components of the

uncertainties have similar magnitudes.

e/p trigger efficiencies | Uncorrelated Several of the online selections and algorithms were
changed between 2016 and 2017.

B-tagging efficiency Uncorrelated The pixel detector was replaced between 2016 and 2017.

Cross sections Fully The cross sections and branching ratios are the same

and branching ratios | correlated for both years.

Embedding yield Uncorrelated Different filters and algorithms used in the triggers used

to select dimuon events.

TeTu RQCD
extrapolation

50% correlated

Similar side-band regions are used to measure Rqop
in both years, but using different electron ID work-
ing points. Sizes of isolated vs anti-isolated RQCD in

validation region are slightly different.

TeTp RQCD fit

uncertainties

Uncorrelated

Fit uncertainties are statistical in nature.
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Non-QCD  subtrac- | 50% correlated | Some uncertainties affecting the subtracted yield are
tion for 7.7, QCD (partially) correlated e.g ID/isolation efficiency, and
estimation others are uncorrelated e.g luminosity.

jet— fake-rate

50% correlated

Electron ID working point changed between 2016 and
2017.

| — 1, fake-rate

50% correlated

The statistical and non-statistical components of the

uncertainties have similar magnitudes.

T, energy scale

50% correlated

The statistical an non-statistical components of the

uncertainty have similar magnitudes.

e energy scale Fully The statistical component of the uncertainty is negligi-
correlated ble.
l — m, energy scale Uncorrelated Uncertainties on corrections are predominantly statisti-
cal. Size of corrections are different in 2016 and 2017.
Jet energy scale Partially Each of the 27 (28) uncertainty sources used in 2016
correlated (2017) have a recommendation for the correlation, which
are either 0%, 50%, or 100% correlated (based on the
relative sizes of the statistical and non-statistical compo-
nents). These correlations are used to split the grouped
uncertainties into correlated and uncorrelated parts
using: correlated = /> p;s?, and uncorrelated =
(1 — p;)s?, where p; is the correlation for source i
with uncertainty s;.
Emiss uncertainties Uncorrelated The statistical components of the uncertainties are
much larger than the non-statistical components.
non-Z/v*  contribu- | Fully Any bias in modelling taus from W — 7v decays should
tion to embedding correlated be the same for both 2016 and 2017.
t pr reweighting Fully Same weights applied for both 2016 and 2017.
correlated
Z/~* pr reweighting | Fully Same procedure used to derive weights for 2016 and
correlated 2017. Similar data/MC differences for unweighted
dimuon events.
Fake-factor pr fit Uncorrelated Fit uncertainties are statistical in nature.

uncertainties

Fake-factor correction

uncertainties

50% correlated

Corrections derived using the same procedures in 2016
and 2017 but derived from different data/MC events.
The size of the corrections are slightly different in
2016,/2017.

Fake-factor real 7,

subtraction

50% correlated

Some uncertainties affecting the real 7, yield are (par-
tially) correlated e.g tau ID efficiency, and others are

uncorrelated e.g luminosity.

Fake-factor fractions

50% correlated

All non-QCD components estimated using MC, as for
the above some uncertainties affecting these yields are

uncorrelated and others are correlated.




146 Measurement of the Higgs boson CP properties

Bin-by-Bin statistical | Fully Signal and background templates are statistically inde-
uncertainties uncorrelated pendent.

GF UE uncertainty Uncorrelated Different UE tunes used in 2016 and 2017.

GF ur, pr Fully Same matrix element computations in 2016 and 2017.
uncertainty correlated

GF parton shower Fully Same parton shower generator in 2016 and 2017.
uncertainty correlated

GF finite top quark Fully Same corrections applied in 2016 and 2017.

mass reweighting correlated

GF jet migration un- | Fully Same uncertainties applied in both years.

certainties correlated

5.7 Measurement procedure and statistical interpretation

For generic Higgs CP models, both the cross section and H — 77 branching ratio, B7", may be
modified with respect to the SM values. The g1 and py parameters introduced previously scale
the GF and VBF/VH cross sections respectively. In principle we could introduce an additional
rate parameter u”" to scale the H — 77 branching ratio simultaneously for the GF, VBF, and
VH processes, however, the analysis is not able to disentangle modifications to the cross sections
and branching ratios. For example a simultaneous excess in the GF, VBF, and VH yields could
be equally interpreted as: an enhanced ;"7 a coincident enhancement of fige, and v, or some
combination of the two. Therefore, only two rate parameters are needed: one to scale the GF
o x B77, and the other to simultaneously scale the VBF and VH o x B7"’s. These parameters are
suitably named pggy, and py”, respectively, where pj ™ = p; - 7. The u3” parameter is profiled in
the fit meaning it is allowed to float freely like a nuisance parameter, but is bounded such that it

may take only positive values.

A simultaneous maximum likelihood fit including all categories and the tt control region is
used to extract the measured values of angg and gz, The 2016 and 2017 analyses are combined
taking into account the correlations between systematic uncertainties described in Section 5.6.4.
The likelihood function given in Equation 4.3 is modified so that the signal expectation in each bin

s; becomes a function of apgg,

L(data | ey, ngg, ) = HPoisson (17 | fhggh - Si(Qngg, 0) + bi(0)) - p(0]6). (5.13)

7

The best fit values of angg and figg), are determined by maximising the £. When fitting for
ngg the parameter pgg, is profiled with the constraint gz, > 0. Likewise, when fitting for pg7, the
ange parameter is profiled between —90° < ayge < 90°. The confidence intervals are determined

from the one dimensional negative log-likelihood defined as
—2AInL =-2-(InL(x) —InL(Z)), (5.14)

where x is the parameter of interest and  is its best fit value. The 68% and 95% confidence
intervals are defined by —2AIn £ = 1.00 and 3.84 respectively.

The likelihood function may also be re-parametrised as a function of k; and % using Equations

5.1 and 5.3, L(data | pigg),, angg, 0) — L(data| kg, Ry, ™", 0). A two dimensional likelihood scan of
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k¢ and Ry can then be performed. As discussed above the analysis is not able to disentangle ;"

TT

and pgen and consequently has no sensitivity to ¢ and & unless some value for ;7" is assumed.

7T is therefore fixed to unity meaning B77 is assumed to be the SM value. The two

The value of
dimensional negative log-likelihood defined in Equation 4.11 is then used to construct the 68% and
95% confidence regions, which are given by —2A In Lop = 2.28 and 5.99 respectively. Despite the
choice of ;77 =1 it is easy to interpret the results for a generic model with ;™™ # 1 by scaling the

best fit values of s and & and confidence regions by 1//u77.

For all one and two dimensional scans the expected best-fit values and confidence interval-

s/regions are computed using the Asimov dataset.

5.8 Results

To check the validity of the model, several goodness of fit tests are performed before the final
simultaneous fit to data. The full set of systematic uncertainties and correlations are taken into
account when performing these checks. Tests are chosen that are sensitive to local deviations from
the model in individual bins, and correlated deviations across several bins. These tests all indicate

a good compatibility between the data and the model.

The discriminating variable distributions after the simultaneous fit to the data are shown
in Figures 5.16-5.20 for the 0-jet, boosted, and dijet tight-m;; boosted categories. For Figures
5.17-5.20 the unrolled 2D discriminants described in Section 5.4 are shown. In these figures the
small axis to the bottom left indicates the binning used for the = variables. The binning of the y
variables is indicated by the broken lines, where the labels above the histograms to the right of these
lines specify the range of each y bin. The GF signal shown by the solid red line is the expected
distribution when angg and pugg, are set to their best-fit values of angg = —59° and pggy, = 0.68.
The solid green line shows the expected GF signal for angg = 0° and pigg, = 0.68 for comparison.
The background histograms are stacked. The contribution labelled "Electroweak" in the 7;7, and
TeTy channels include the diboson, single top, and, for the 7.7, channel, W+jets backgrounds. The
background labelled ! — 7, in the 7,73, channel includes tt, single top, diboson, and Z/v* processes
where one of the 7, candidates is faked by a lepton and the other candidate is either also a | — 1,
fake or a genuine 7,. The VBF and VH background are combined into the solid blue histogram
and scaled to the best-fit value of " = 0.64.

In the fit to the data only 84 of the 2678 nuisance parameters are pulled by more than one
standard deviation, and none by more than two standard deviations. This small number of pulls
greater that one standard deviation is perfectly reasonable given the large number of nuisance

parameters that are included.

The 0-jet and boosted categories have no direct sensitivity to apge but their inclusion in the
final fit provides sensitivity to the measurement of g7, and helps to constrain the background
uncertainties, many of which are common across categories. As a consequence of these effects the
expected uncertainty on angg is reduced by ~ 20% by the inclusion of these categories in the fit.
Likewise, for the low/high m., bins (m., < 100 GeV / m,, > 150 GeV) in the dijet categories the
expected signal yields are very small compared to the background, but their inclusion also helps to

constrain the backgrounds in the more signal-sensitive bins with m,, =~ 125 GeV.

The left and right insets of Figure 5.21 show the scans of the negative log likelihood —2A In £

as a function of apge and ggh respectively. The scans shown by the solid blue lines are the result of
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Figure 5.16: Observed and predicted m.,, distributions in the 0-jet category after the simultaneous
fit to data, where the histograms for the 2016 and 2017 analyses have been combined. The uncertainty
band shown in shaded grey includes all sources of systematic uncertainties. Insets (a)—(d) show the
distributions for the 7.7, TeTh, 7,7, and 7, channels respectively.

the fit to data, whereas the dashed blue lines show the equivalent scans using the Asimov data set.
The grey lines are used to indicate the 68% and 95% CLs. The best-fit value of cu,gq is —59°F27°,
which is a modest 1.160 deviation from the expectation and is therefore consistent with the SM.

The best-fit value of u77, is 0.6870 33, which is again consistent with the SM expectation.

agh

The uncertainty on ange can be decomposed into statistical, experimental and theoretical
systematic uncertainties. The statistical uncertainty is determined by fixing all systematic un-
certainty parameters to their best-fit values and repeating the scan of ayge. An additional scan
of anpge is performed where only the theoretical systematic uncertainties are fixed and all others
are allowed to float. Figure 5.22 shows both of these scans compared to the full scan. The three
uncertainties determined in each of the three scans are used to estimate the theoretical ("theory")
and experimental ("syst") systematic uncertainties using o2, = 02, + ngst + Utzheory. The de-

composed uncertainties are angg = 75901'?82 (stat) '_"%6132 (syst) ti‘;i (theory). The total uncertainty



149

Results

5.8.

‘spoutreyd (1omor) o pue (roddn)
.21 o7} I0] UMOYS OI® SUOTINLIISIP O], "SOIIUIRIIOOUN OIJRUIOISAS JO S9OINOS [[€ SOPNIUI £0I8 POPRYS Ul UMOYS PUe( AJUIRIIOOUN O], "POUIUIOD UI( OARY SISATeur
1T0Z PUe 910Z 93 I0J swreISoIsIy o) 2I97M ‘B}ep O} 1 SNOdUR)NUIS 9} Iolje £10897ed Pajsooq 9} Ul SUOHINALIISIP ([g PIIoIpald pue paslssq( :LT1°Q 2anSiq

(N8D) *w
Jaquinu ulg 00€ 091 0S4 Ov OEL 0ZL 011 00 06 08 0S
09 05 (U4 02 0} 0
—T T T T T T T T T T T 60

BYg/(B5G+D!S) mmmm
Bygrerea ¢

%Ed A) 226 HOD

Awurensoun punoibyoeg [

16HA +ueHbb [l
)=
eamou09(3 . 201
99¢7 M._
soxey ‘“vetal [ " 0t nUo
Buippequie 21 [ 1 1 7}
| ] | ] -~
eeq ¢ 18D 00g < .d A®D 00€ > ;5 052 NeD0sz>d5002 1 A®D002>:d506L 4 A®DO0SL>.ds 001 W0 o
i i S5
. y
(NoL€EL), q8LL paisooq "o
(NeD) *w
Jaquinu ulg 008 091 05 Ovk OSL 0ZL OLL 00L 06 08 08
09 )} 0€ 02 0} 0
T R T TS S s R S i T S e S s S e e e S S e e s e s O oo oo o e T oo o cr ey ey o B e
65g/(6%g+0!S) mmmm L1 ba L. [P ' 1 .
bygrereq LA L ) LR AR ) m L B | v i
LA R L L L L L 4
0L
Am?d A) 226 HOD e 1
Aureusoun punoibyoeg _H_
22¢HA + 22¢Hbb . 0t
@3 0
3BOMO.108|3 . T m
1 (1%
aoo[] 1 p ¢ m
L} L}
Buippaquie 2 _H_ . ' " ' Ol @
n 1 n 1 1 1 n 1 n 1 1 =~
eed ¢ AD00E<:d  y APD00€>.d5052 4 A9D0S2>.d5002 4 A9D002>.d505k 4 A9DO0SH>.dS00+ A®9 00} >,,d50 o Z
2 2 2 2 2 B =]
(NoL€l), a4822 pajsooq o



Measurement of the Higgs boson CP properties

150

ut, boosted 77.8 o' (13 TeV)

c 10°
o aomuﬂAmoo GeV moomuﬂANmo GeV mmomuﬂAwoo GeV uﬂvwoo GeV ¢ Data
=
o 10° [J n—t embedding
S , [jet—r, fakes
10
o [z
102 [ Electroweak
=
10 B qgH-tt + VHo T
Background uncertainty
1
— ggH-TT (V 95%
107"
Nl o T T Ty e B TR T T
. ) . A SN SR e S ¢ DatasBkg
" v v v MBI } v A A * L ) v + ) [— (Sig+Bkg)/Bkg
[ TP EETEF TR TR FISCE P AR CR YRS R S ECEPAECE PR RCE VAR CRPEY RV RSP ERCEF SN CR T RR AR TN | 2 (EEP LR Y X CRrEy ECE P LR E YT Ao g A SRR Ty Ey
0 10 20 30 40 50 60
5680 90 700 110 120 730 740 750 760 300 Bin number
m.. (GeV)
7,7, boosted 7781 (13 TeV)
c
m omvﬂAAoo GeV AoomvﬂAQo GeV :omuﬂAwoo GeV uﬂvmoo GeV ¢ Data
m _H_ 11— embedding
_.m [ et fakes

_H_ l-7, fakes

. qgH-1t + VH-1T

Background uncertainty

— JgH—-TT (V Q_év

A_ n. “pr ............ " .q + Data/Bkg
v . - vl o) —_— (Si
05 bocgecepozc:.. e e g e e g e e pee e e e g e e s e e e ge e e e g .........'.#..........- .......... e peeen s +. L. J. (Sig+Bkg)/Bkg
0 10 20 30 40
L 1 1 1 1 1 11 1 J .
50 70 80 90 100 110 120 130 150 200 250 Bin number
m.. (GeV)

Figure 5.18: Observed and predicted 2D distributions in the boosted category after the simultaneous fit to data, where the histograms for the 2016 and 2017
analyses have been combined. The uncertainty band shown in shaded grey includes all sources of systematic uncertainties. The distributions are shown for the 7,7,
(upper) and 7,71, (lower) channels.
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Figure 5.20:

Observed and predicted 2D distributions in the dijet tight-m;; boosted category after the simultaneous fit to data, where the histograms for the 2016

and 2017 analyses have been combined. The uncertainty band shown in shaded grey includes all sources of systematic uncertainties. The distributions are shown for
the 7,7 (upper) and 7,7, (lower) channels.
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Figure 5.21: Scans of the negative log-likelihood, —2A1In £, as a function of g, (left) and Hggh
(right). The 68% and 95% CL intervals are indicated by the grey lines.

is found to be dominated by the statistical uncertainty. The contribution from the theoretical
systematic uncertainties is also found to be smaller than the experimental contribution. The
dominant experimental uncertainties are due to limitations in statistical sizes of the signal and
background templates and the jet energy scale corrections. The dominant theoretical uncertainty is

due to the pr/pr scale variations.

Figure 5.23 shows the results of the two dimensional scan of k¢ and &y, where the left inset
shows the observed scan and the right inset shows the expected scan based on Asimov data. The
best-fit values of #; and &, are 0.42708% and —0.47153% respectively. The 68% and 95% CL regions
are shown by the coloured bands. The best-fit values are slightly outside of the 68% region but
within the 95% region and therefore the measured values of x; and &; are consistent with the
SM expectation. The sensitivity to x¢ and Ky comes partly from the rate information (,uggh),
and partly from the differential information (angg). A measurement of s and & based only on
the former would give confidence region boundaries that are exactly elliptical in shape, since the
rate information has no power to differentiate between deviations in k; and ;. The inclusion
of the differential information on the other hand does allow k; and &; to be disentangled, which
consequently causes the narrowing of the confidence bands at (ks, &¢) = £(0.7,0.2) in the observed
scan and at k¢ ~ 0 in the expected scan. The scans are also symmetric about y=x, this is because
the three terms in Equation 5.2 depend only on the products 2, &2, and ry - &y and therefore the
differential observables are only sensitive to the relative sign of k¢ and K¢. The best-fit values of
(Kt,Rt) = £(0.42,—0.47) are thus equally likely.

5.8.1 Cross check allowing for anomalous HVV couplings

Now we turn to the cross check using an alternative treatment of the VBF and VH backgrounds
described in Section 5.5.3. As discussed previously the VBF and VH samples in this case are
modelled using JHUGen at LO accuracy. The results obtained using these samples can differ slightly
from those obtained in the previous section due to statistical differences in the samples, and due
to the LO vs NLO descriptions of the variables [190]. The change in the sensitivity to angs when

floating ayyy should therefore be evaluated with respect to freezing apyy = 0 in the JHUGen samples.

The scans of ayge and uggh for ayyy = 0 are shown in Figure 5.24. Compared to the equivalent



154 Measurement of the Higgs boson CP properties

77.8 o (13 TeV)
T T

3.51 T T T T T T
[ 59"

stat + theory + syst: Oypgg =

-2AInL
w
T
|

stat + syst: o =-59° +::

hag

00

statonly: o, = 590"
-3

hag "

15F

0.5

Ll PR O Y I U IR AU B
-80 -60 -40 -20 0 20 40 60 80

o
g (©)

Figure 5.22: Scans of the negative log-likelihood, —2AIn £, as a function of ayge. The "stat
+ theory + syst" scan corresponds to that of Figure 5.21 (a), where all systematic uncertainty
parameters are profiled. For the "stat only" scan all systematic uncertainty parameters are fixed to
their best-fit values. Finally, for the "stat + syst" scan the theoretical systematic uncertainties are
fixed to their best-fit values and all other parameters are allowed to float. The 68% CL interval is
indicated by the grey lines.

77.8 o™ (13 TeV) 77.8 o™ (13 TeV)

W mgeswcl ] ¥ | [ 68% CL
e [ 95% CL ] e [195% CL

o Best fit o Best fit 1

1+ ¢ SM Expected 1 ¢ SM Expected

uo=1 i [ u=1

05—

(a) Observed (b) Expected

Figure 5.23: Two dimensional scans of the negative log-likelihood, —2A1In L, as a function x; and
Ft. The 68% and 95% CL regions are indicted by the coloured bands. The left plot shows the scan
from the fit to data, whereas the right plot shows the expectation using the Asimov dataset.

scans in Figure 5.21 the difference in the best-fit values of aygg is 3° which is small compared to
the uncertainties. The best-fit value of jigg), is also 12% smaller in this case, the size of this shift is
again small when we consider the size of the uncertainties and the strong correlation between the

measurements of Pggn and gy’

The scans of apge allowing anyy to float between —2° < gy < 2° and between —90° <
Qhyy < 90° are shown in Figure 5.25. In both cases there is no significant change to the expected
uncertainty on aygs. The observed best-fit value is shifted by ~ 2° degrees for the first case, but
this is overall a small effect compared to the size of the uncertainty. A significant shift of ~ 20°

is observed when ayyy is allowed to float completely freely. Figure 5.26 shows the likelihood scan
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using apyy as the parameter of interest and floating all other parameters. The best fit value of
Qhyy 18 —37°f§22. Clearly there is some slight deviation in the data which gives non-zero values of
Qhgg and/or anyy. When anyy is fixed a best-fit value of apnge = —56° is obtained, whereas when
both anyy and onge are floated, a smaller value of ange = —39° is preferred in combination with an

additional pull of ayy, = —37°.

The conclusion of this cross-check is that if one wishes to use the scans of aygg to test models
in which oy is large then the effects of anomalous HVV couplings should be taken into account.
However, this test has also demonstrated that for weakly interacting models where oy | < 2° we
currently have no sensitivity to the effects of anomalous HVV couplings, and these can be safely
neglected. When testing such models care should be taken in letting oy, float completely freely

without good justification, as this can have a significant effect on the observed measurement of
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anpge despite the expected results showing no indications of such an effect.

5.9 Future measurements and combinations

The analysis presented in this chapter will be extended to include also the dataset collected by CMS
in 2018. This dataset corresponds to an additional integrated luminosity of 58.8 fb~!. Based on
projections to the 2016+2017+2018 integrated luminosity the uncertainty on ange can be reduced
to ~26° by the inclusion of these data. The sensitivity can be further improved by combining results
for several Higgs decay channels. A combination of the H — 77 and H — ZZ channels is planned
by the autumn of 2019. The H — ZZ final state is expected to be less sensitive than H — 77, but
early studies suggest that combining the two channels should allow for the exclusion of large mixing
angle scenarios (ongg 2 80°) at the 95% CL. A measurement of aypge in the H — 7 final state is
also expected by early 2020. The sensitivity for this channel is expected to be more comparable
to the H — 77 channel. Under the assumption that the H — ZZ and H — 77y measurements
collectively have about the same sensitivity to ange as the H — 77 result, CMS should be able to

exclude scenarios with angs 2 45° using the Run 2 dataset.



Chapter 6

Development of L1 triggers targeting VBF

Higgs analyses targeting the ditau final state often suffer from low trigger efficiencies. This is due
in part to the neutrinos produced in tau decays, which carry off a fraction of the energy resulting
in soft 7; and 7, candidates. Hadronic tau triggers also typically impose relatively tight pr and

isolation requirements, which are needed to reduce the large background from QCD multi-jet events.

The characteristic jet topology of the VBF process is often exploited to reduce backgrounds.
The VBF process typically results in two high-pr jets, at least one of which is located in the
forward detector regions (|n| > 5). These jet pairs usually have a large pseudorapidity separation
and high invariant mass. The most recent CMS publication in the H — 77 final state [2] found
that VBF-tagged categories gave the best sensitivity to the inclusive o X B”" measurement. As
discussed in Chapter 1, measurements of the CP properties of the Hr7 vertex are well motivated for
constraining CP-violating Higgs scenarios. These measurements may in principle use Higgs bosons
produced by any means, which includes the VBF process. It also was shown in the previous chapter
that VBF-like GF event are sensitive to the CP properties of the Htt vertex. Therefore, increasing
the trigger efficiency for VBF (and VBF-like) events could potentially improve the sensitivity of

the CP measurements of both Htt and Hr7 vertices.

The VBF topology has also been exploited by several HLT algorithms to increase signal
efficiencies while maintaining reasonable event rates. The targeting of VBF events by the L1 trigger
has however proved more difficult, as it has previously not been possible to implement complex
multi-object variables such as m;; in the L1 hardware. The upgrade of the L1 trigger during
the end of year technical stop in 2015/2016 (as described in Section 2.8) opens up many more
possibilities for L1 algorithms. Most notably, it is now possible to compute multiple object variables
such as m;;. This brings renewed hope that L1 triggers may be able to target the VBF production

mode. The development of such triggers will be described in this chapter

6.1 Optimisation of the triggers

The main goals for the development of L1 VBF triggers are:

o To increase the VBF event yield for the two most sensitive ditau final states: 7,7, and 7,7,.
In particular for the 7,7, final state, which is expected to be the most important channel for

CP measurements of the Hrr vertex.

e To select events as inclusively as possible. The triggers should target general features of the
VBF topology, preferably without putting any requirements on the Higgs decay products.

This means that the triggers can be of benefit to multiple analyses.

157



158 Development of L1 triggers targeting VBF

e To primarily target new regions of phase space not covered by the current L1 algorithms.

The second point is especially important, as the current L1 trigger must reduce the total event rate
entering the HLT to 100 kHz. A trigger that is of benefit to multiple analyses can justify a larger
share of the this total rate.

With the above goals in mind, the primary objective was to develop a L1 trigger that could
target events using only the topology of the VBF jets. This is beneficial for H — 77 analyses as it
allows the low 7, /7 pr regions of the phase-space not currently recorded by CMS to be accessed.
As this trigger selects VBF events in an inclusive way, it may also be useful for other analyses
and therefore justify a larger share of the L1 rate. This trigger will be referred to in the following
sections as the "dijet trigger". A second trigger was also developed requiring a muon in addition
to the VBF jets. This trigger is designed to increase the signal acceptance for VBF events with a
muon in the final state (e.g H — 7,7,). The muon requirement significantly reduces the L1 event
rate allowing for looser selections on the jets. This trigger will be referred to in the following

sections as the "muon-+dijet trigger".
The main variables that were considered for the trigger optimisation studies are:

e The dijet m;;. This is computed for all combinations of dijet pairs with pr > 30 GeV. At

least one pair is required to have m;; larger than the given cut.

e The pr of the leading L1 jet. The jet that meets this requirement does not necessarily have
to be one of the jets that passes the m;; selection. Keeping this jet independent from the
m;; selections also increases the signal efficiency for final states with jets, such as H — w7,

and H — bb, as one of the 7y, /b-jets can also pass the pr requirement.

e The pr of the sub-leading L1 jet. As above this jet does not necessarily have to be one of the

jets that passes the m;; selection.

e For the muon+dijet trigger, the pr of the leading .1 muon is also included as a variable.

The efficiency turn-on curves measured in MC are shown for each of the considered variables in
Figure 6.1. Figure 6.1 (b) shows the efficiency for a 7, candidate to pass the L1 jet pr requirement.

The efficiency is observed to be considerably higher for 7, candidates compared to jets.

The optimisation of the trigger selections requires estimations of the L1 rate and signal
efficiencies. The signal efficiencies are estimated from MC, by measuring the fraction of events
passing a combination of trigger selections. The sample of MC events used for this purpose depends
on the trigger being studied. A sample of H — 7,7, events was used to optimise the dijet trigger,

whereas H — 7,71, events were used to optimise the muon-+dijet trigger.

The rate is estimated using a sample of "zero bias" events, which are events recorded by CMS

without any trigger selections applied. The rate is computed as
rate = €Ny frev, (6.1)

where € is the fraction of zero bias events passing a given selection, IV is the number of bunches per
beam, and fie, = 11.245 kHz is the LHC revolution frequency. The initial trigger optimisation used
zero bias data collected during 2015 data-taking. This data was collected in different conditions to

the design specification, with an average instantaneous luminosity L = 0.15 x 10734 cm?s~!. The
estimated rate must therefore be extrapolated to the design specification of L' = 1073* cm?s™!

using
/

L
rate’ = frate. (6.2)
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Figure 6.1: The L1 trigger efficiencies for: jets to pass L1 jet pr cuts (a), taus to pass L1 jet pr
cuts (b), dijets to pass L1 m;; cuts (c), and muons to pass L1 muon pr cuts (d), are shown as a
function of the corresponding offline variables. For each inset the efficiencies are shown for three
different L1 cuts, where the magnitudes of these cuts are indicated in the legends.

This extrapolation thus assumes that the rate scales linearly with the luminosity. This assumption
does not account for cases where there is a significant PU-dependence, which can cause a non-
linear increase in the rates. However, this is usually a reasonable approximation as long as the
luminosity per bunch (and thus the PU) for the recorded data is approximately similar to the
target conditions. The zero bias data was recorded with IV, = 517 bunches compared to the
target conditions with IV} = 2808 meaning the luminosity per bunch is ~ 0.8 times the target, and
therefore this approximation should hold reasonably well. After the initial optimisation studies
the rate was estimated using a different method, to better take into account the extrapolation to

higher instantaneous luminosities. This method will be described in Section 6.2.

The optimisation of the trigger selections starts by first performing a coarse scan of the phase

space, applying many different combinations of cuts. When performing these scans a target rate
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must be chosen. Target rates of 5 kHz and 1 kHz were used for the optimisation of the dijet and
muon-+dijet triggers respectively. The rate and signal efficiency is calculated for each combination
of cuts. All combinations that give a rate less than the target rate are then ranked according to
their signal efficiencies. There are usually several combinations of cuts that give approximately

similar rates and efficiencies. The best candidates are then chosen based on two criteria:

e The triggers use a minimal number of selections. This is advantageous as it will simplify the

measurements of efficiencies and scale factors at a later date.

e The trigger has high efficiency for other Higgs final states. This is studied using samples of
H — bb and H — invisible events.

Based on these two points, the optimal dijet trigger was found to use cuts on three variables: m;;,
the pr of the leading jet, and the pr of the sub-leading jet. The optimal m;; cut and pr cuts
on the (sub)leading jet were found to be m;; > 580 GeV and pr > 90(30) GeV. The optimal
muon+dijet trigger was found to require two jets with pr > 30 GeV and use cuts on m;; and the
pr of the leading muon, where cuts of m;; > 360 GeV and pr > 6 GeV were found to give the
best performance. The exact thresholds for these cuts were further tuned based on the rate study

described in the next section.

6.2 Rate measurements

It became clear during 2016 data-taking that the LHC instantaneous luminosity would likely exceed
the target luminosity, reaching luminosities up to 1.5 x 103* cm2s~!. The trigger thresholds where
therefore re-tuned to cope with these conditions. Two versions of the triggers were developed,
one designed to operate at L = 1.2 x 103* cm?s™! and the other at L = 1.5 x 103* cm?s™!. As
before, the trigger thresholds were chosen to give rates of about 5 kHz and 1 kHz for the dijet and

muon-+dijet triggers respectively.

The L1 rate measurements for the candidate triggers were also performed using a different
procedure to the one described in the previous section, to better account for the extrapolation to
higher instantaneous luminosities. The rate is measured in bins of the instantaneous luminosity,
which varies throughout data-taking, and fitted functions are used to extrapolate the rate measure-
ments to the target luminosities. Zero bias data collected during 2016 data-taking was also used
for these measurements. This data was recorded with conditions more similar to those expected for
2017 data-taking.

After re-optimising the trigger thresholds for the higher luminosity conditions, the m;; cut
used for the dijet triggers was increased to 620 GeV. The pr threshold for the leading jet was
kept at 90 GeV for the L = 1.2 x 103* cm?s~! version of the trigger, but increased to 97 GeV for
the L = 1.5 x 103 cm?s~! version. These triggers are named "DoubleJet 90 30 M;j30j30 620"
and "DoubleJet 97 _30_M;j30j30_620", respectively. For muon-+dijet triggers, the m;; and muon
pr cuts were increased to cope with the higher luminosity. Both versions of the trigger apply a
mj; > 400 GeV cut. The L = 1.2 x 103* cm?s™ version of the trigger requires the muon to have
pr > 8 GeV, which is increased to 9 GeV for the L = 1.5 x 103* cm?s™! version. These triggers are
named "DoubleJet30 Mj30j30 400 Mu8" and "DoubleJet30 M;j30j30 400 Mu8", respectively.

The rates measured as a function of the instantaneous luminosity are shown in Figure 6.2.
For the dijet triggers, the data is found to be well described by linear functions. This shows that

these algorithms do not have a significant PU dependence. Conversely, the muon+dijet triggers
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are observed to have a slight non-linear increase in the rates, indicating that these algorithms are
affected by the increasing PU. Quadratic functions are used to extrapolate the rates in this case.

The rates evaluated at the target luminosities are also shown at the bottom right of the figures.
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Figure 6.2: The L1 rate as a function of the instantaneous luminosity is shown for the dijet
triggers (upper) and muon + dijet triggers (lower). The dijet triggers require a pair of pr >30 GeV
jets with m;; > 620 GeV. An additional jet with pr > 90 (97) GeV is also required for the trigger
shown in the left (right) inset. The muon-+dijet triggers requires a pair of pr >30 GeV jets with
mj; > 400 in addition to a muon. The muon is required to have pr > 8 (9) GeV for the trigger
shown in the left (right) inset.

6.3 Performance studies

The expected signal efficiencies for the dijet and the muon+dijet triggers are shown in Tables 6.1

034 cm?s™! are also

and 6.2. The L1 rates evaluated for an instantaneous luminosity of 1.5 x 1
shown. The dijet triggers have efficiencies up to 24% for H — 7,7, events. The dijet efficiencies
are shown also for the H —invisible and H — bb processes - two final states that often suffer from

low trigger efficiencies. The efficiencies for the H —invisible process are slightly lower than for
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H — 7, with 18% of the events passing the lowest threshold trigger. The H — 7,71, process has
a larger efficiency as one of the hadronic taus may be reconstructed as the 90/97 GeV jet. For the
same reason, the H — bb process has the largest signal efficiency, with 30% of the events passing
the lowest threshold trigger. In this case the bb pair hadronise to form two jets, either of which
can pass the 90/97 GeV pr requirement. These jets tend to have larger pr than the 7, candidates
from H — 77 decays and thus have larger efliciencies.

For the muon-+dijet triggers the lowest threshold algorithm has an efficiency of 29% for
H — 7, m events. This is larger than the efficiency for H — 7,7, events to pass the dijet trigger

due to the looser cuts applied on the m;; and jet pr.

The signal efficiencies for the VBF triggers are comparable to the efficiencies of the other
triggers that are usually employed to trigger these events. Much of the phase space targeted by the
VBF triggers is also not covered by the other L1 algorithms, and therefore their usage can give

significant gains in the signal acceptance, for example:

e H — 7,7, events are usually selected using a double-tau trigger requiring the presence of two
isolated taus at L1. For 2016 data-taking, both L1 taus were required to have pp > 28 GeV
and |n| < 2.1. The efficiency for this double-tau trigger is 33%, which is comparable to the
24% efficiency for the VBF dijet trigger. Using both of these triggers in combination also

gives an ~ 40% gain in the signal acceptance.

e I — 7,7, events are usually selected using a single-muon trigger. The L1 trigger used in
2016 required the muon to have pr > 20 GeV and |n| < 2.1. The efficiency for this trigger is
41%, which again is comparable to the 29% efficiency for the muon+dijet VBF trigger. Using

both of these triggers in combination gives an ~ 30% gain in signal acceptance.

e The H —invisible final state relies on E%‘iss triggers, which often suffer from high thresholds.
In 2016 the EMss threshold used was 80 GeV which has a signal efficiency of 25%. Using

both triggers in combination in this case gives an &~ 30% increase in the signal efficiency.

Table 6.1: The efficiencies of the L1 dijet triggers for three Higgs final states and the rates

evaluated for an instantaneous luminosity of 1.5 x 1034 cm?s!.
. Efficiency
Trigger Rate (kHz) H— mm ‘ H —invis. ‘ H — bb
DoubleJet 90 30 M;j30j30 620 6.1 24% 18% 30%
DoubleJet 97 30 M;j30j30 620 5.0 22% 17% 27%

Table 6.2: The efficiencies of the L1 muon-+dijet triggers for the H — 7,7, final state and the

rates evaluated for an instantaneous luminosity of 1.5 x 10%* cm?s~!.
. Efficiency
Trigger Rate (kHz) H— 77
DoubleJet30_Mj30j30_400_Mus 14 20%
DoubleJet30 Mj30j30 400 Mu9 1.0 28%

The dijet and muon+dijet triggers were included in the L1 menu for 2017 and 2018 data-taking.
However, no HLT path was developed to pick up the latter and so no data was collected with

this trigger. Several HLT paths were developed to pick up events collected by the dijet trigger.
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Of relevance to the H — 77 analysis, a HLT path requiring the presence of two 7, candidates
with pr > 20 GeV and two jets with m;; > 650 GeV was included. This path also required the
(sub)leading jet to have pt > 115 (40) GeV.

The potential improvement from using this HLT path is studied using MC simulating 2017
conditions. This study considered the increase in the VBF signal and Z/v* — 77 background
events from using the VBF trigger in combination with the double-tau trigger. The signal and
background distributions are obtained for events that are triggered exclusively using the double-tau
trigger, and for events that are triggered using both the VBF and double-tau triggers. A set of
typical offline 7,7y, selections used to target the VBF phase-space were also applied - the cuts were
chosen to be similar to those used for previous CMS results such as in Ref. [191]. These offline
selections require both taus to have pr > 20 GeV and pass the tight MVA-isolation, the loose
anti-muon discriminant, and the very-loose anti-electron discriminant. The events are also required
to contain at least two jets with m,;; > 500 GeV, and events with additional leptons are vetoed.
An additional 40 GeV pt cut is applied to 7, candidates passing the double-tau trigger. Events
passing the VBF trigger must contain two jets with pr > 120 and 45 GeV and m;; > 700 GeV.
These selections are used to approximate the typical offline cuts that may be required to select
events above the trigger turn-on regions - these selections are often necessary as modelling the

efficiencies accurately below the turn-ons can be difficult.

The signal and background distributions of the invariant mass of the visible decay products,

vis
T

my®  are shown in Figure 6.3. The distributions are shown for events triggered using the double-tau
trigger exclusively, and events triggered using a combination of the VBF and double-tau triggers.
The lower inset of Figure 6.3 also shows the % for both trigger strategies. The use of the VBF
trigger in combination with the double-tau trigger is observed to give a significant improvement in
the % for most mY'® bins. The double-tau trigger is found to have a signal efficiency of 19%, which
is increased to 30% by the VBF trigger. This corresponds to a 58% gain in the signal yield. The
double-tau trigger efficiency for Z/v* — 77 events is 11%, which is increased to 20% by the VBF
trigger. This corresponds to a 82% increase in the background yield. The reason the background
yield increases more than the signal is due to the softer pr distributions for 7, candidates from
Z/~* — 77 events (mainly due to my being smaller than my). Despite the larger increase in the
background, the total % is increased from 0.96 to 1.11 by the inclusion of the VBF trigger, which

corresponds to a &~ 16% gain in the sensitivity.

It should be noted that this study may give a slightly over-optimistic view for the following

reasons:
1. The VBF trigger was not included for the first ~ 15 fb~! of data-taking in 2017.

2. While the study does consider the additional offline cuts that may be required when using
the VBF trigger, these thresholds may need to increased depending on how accurately the

trigger efficiency can be modelled close to the turn-ons.

3. The LHC instantaneous luminosity exceeded the design luminosity of the trigger. For example,
in 2018 data was collected at a peak luminosity of ~ 2 x 1073* cm?s~'. As such, the L1
thresholds had to be increased during data-taking. The exact thresholds used depend on the
run period, but the pr selections were as large as 115 (40) GeV for the (sub)leading jet. The
m;; cut was not increased during data-taking. However, tighter online selections also had
to be used for the double-tau trigger and, as it is not clear a priori which trigger was most
affected, it is difficult to conclude if the relative gains will be the same throughout 2017,/2018.
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6.4 Other uses of the L1 triggers

The dijet trigger has also been employed by several other analyses, these includes:

e The H —invisible analysis. The analysis sensitivity suffers quite heavily from high thresholds
used in the E%liss triggers. A HLT path seeded by the L1 dijet trigger, requiring two jets and
Emiss was developed. The EX'S thresholds used were softer than those used in the usual

ERiss trigoers, and as such the signal acceptance is increased by the inclusion of this trigger.

e Supersymmetry searches for VBF production of electroweakinos. The decay chains of the
electroweakinos include soft leptons and EX5. The leptons are usually too soft to pass the
single- and double-lepton trigger selections and so the previous strategy relied on jets/ Exiss
and muon+ Hr triggers (Hr is defined as the scalar pt sum of a collection of jets). These
triggers suffer from high pr/ER /Hr thresholds and only consider jets up to || < 3, which
is problematic for VBF events as at least one jet usually has || >3. The inclusion of the L1
dijet trigger as a seed for a dedicated HLT path requiring jets, a soft muon, and E%“iss, was

able to increase the signal efficiency for this analysis.

e The search for heavy Higgs bosons decaying to two SM Higgs bosons in the H — hh — 77bb
final state. The VBF production mode is one of the signal processes considered for this
analysis. This analysis uses the HLT path developed for the H — 77 analysis described above.
The increase in signal efficiency can be large for this process as the jets from the A — bb

decay can also pass the high-pr jet requirement.

The wide range of uses found for this trigger motivates the continued development and usage of

such algorithms in the L1 trigger.
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Figure 6.3: Upper inset: The mY distributions in the 7,7, channel are shown for signal and
background events passing the double-tau trigger, and events passing a combination of the double-
tau and VBF triggers. The signal is scaled by a factor of 20. Both signal and background histograms
are shown overlaid rather than stacked. For the Z/4* — 77 background, the events passing the
double-tau trigger and the combination of the double-tau and VBF triggers are shown by the
light blue and dark blue histograms respectively. For the H — 77 signal, the events passing the
double-tau trigger and the combination of the double-tau and VBF trigger are shown by the green
and red lines respectively. Lower inset: The % is shown for events selected using the double-tau

trigger (green) and events selected using both double-tau and VBF triggers (red).



Chapter 7

Conclusions

This thesis has presented two analyses of /s = 13 TeV proton-proton collision data collected by
CMS using final states with tau leptons. The purpose of these analyses was to probe the Higgs
sector, which can be achieved either by searching for additional Higgs bosons or by measuring
properties of the observed 125 GeV state. Both of these options were explored in the preceding

chapters.

The search for additional Higgs bosons decaying to ditau pairs was performed using 35.9 fb~!
of data collected in 2016. This analysis uses a categorisation based on the number of b-tagged jets
to target the GF and bb associated processes, which are the dominant production modes at the
LHC. This search is well motivated for constraining the MSSM parameter space, as the couplings of
the H and A bosons to tau leptons are enhanced for large values of tan 5. No statistically significant
deviation with respect to the background-only model was observed and so exclusion limits are set
for both model-independence and model-dependent interpretations. For the model-independent
interpretation, limits on the cross section times branching ratios for the two processes are set at the
95% CL. For the model-dependent interpretation, exclusion limits are set in the ma-tan 3 plane
for two MSSM benchmark scenarios: m}***" and hMSSM. These results were published in Ref. [1].
A further publication is also planned in 2020 including the datasets collected in 2017 and 2018,

corresponding to an additional integrated luminosity of 100.7 fb™?.

A measurement of the CP properties of the Higgs Yukawa coupling to top quarks is also
presented. This analysis combines the datasets collected in 2016 and 2017, which corresponds to
an integrated luminosity of 77.8 fb~*. This constitutes the first measurement of the CP properties
of a fermionic Higgs coupling. Such measurements are well motivated as the CP-even and CP-odd
components of a mixed CP-state can couple to fermions with comparable strengths, and therefore
CP-violating effects can be large. The analysis adopts the parametrisation of Ref. [57] which
quantifies the level of CP-violation in terms of a mixing angle ayge. The best-fit value of aygg is

o
measured to be —59° 27 .

The inclusion of the dataset collected in 2018 which corresponds to 58.8 fb~! of additional
data is expected to improve the sensitivity to angs by O(30%). The current analysis also considered
only H — 77 decays, which are expected to have the best sensitivity to the dijet phase space. It
should be stressed however that the measurement can in principle be performed using any Higgs
final state, and a combination including several Higgs channels will improve the overall sensitivity.
A publication of the ayg, measurement is planned after the dataset collected in 2018 has been
analysed. This publication will also include a combination with the H — ZZ channel, which is
> 80° at the 95% CL. A combination of the H — 77,

~

expected to exclude scenarios with angg
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H — ZZ, and H — ~7 analyses is also planned by early 2020. A combination between these three
channels will likely be able to exclude scenarios with a,ge 2 45° at the 95% CL.

Finally, the development of L1 triggers designed to target the VBF production process was
discussed. A trigger that relied only on features of the two tagging jets was included in the L1
trigger menu for 2017 and 2018 data-taking. The use of this trigger was shown to increase the
signal yield for 7,7, events significantly. This channel is expected to be the most important for
measuring the CP-properties of the Hr7 vertex, which complements the measurements of the Htt
vertex discussed previously. Such measurements are expected to reach appreciable sensitivities with
the full Run 2 dataset.
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