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Abstract

The ‘Higgs Portal Dark Matter’ model is introduced in this thesis and a dark Higgs
boson is responsible for generating masses for dark sector particles and relaxing the
DM relic abundance constraint by opening up a new annihilation channel. Since this
thesis focuses on dark Higgs decaying to a pair of b-tagged jets, the experimental
signature is one boosted double b-tagged jet with large missing energy. Two differ-
ent search methods have been investigated in this thesis: the large-radius mono-jet
search and the more “generic” missing energy + jets search using the CMS αT anal-
ysis. The former is carried out by the ATLAS experiment, searching for a boosted
double b-tagged large-radius jet with large missing energy. The latter is based on a
CMS search, searching for resolved b-jets with specific kinematic variables and large
missing energy. The reinterpretation of the large-radius search shows that signals
with couplings according to the LHC recommendation can obtain significant exclu-
sion limits. When the mass of the dark Higgs (ms) is 50, 70 and 90 GeV, the mass of
the Z

′
(mZ′ ) up to 1800, 2000 and 1800 GeV are respectively excluded. The reinter-

pretation of the large-radius search shows that signals with couplings set to fulfil the
DM relic abundance constraint can obtain significant exclusion limits. For ms = 50,
70 and 90 GeV, mZ′ up to 3300, 3450 and 3500 GeV are respectively excluded. The
reinterpretation of the CMS αT search shows that signals with couplings according
to the LHC recommendation cannot obtain significant exclusion limits. However,
the reinterpretation of the CMS αT search shows that signals with couplings set
to fulfil the DM relic abundance constraint can obtain significant exclusion limits.
For ms = 50, 70 and 90 GeV, mZ′ up to 3600, 3700 and 3700 GeV are respectively
excluded.
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1 Introduction

Our current knowledge of dark matter (DM) is very limited and comes from astro-

physical and cosmological observations. Detecting and studying DM is very chal-

lenging, as it interacts very weakly with visible matter. Therefore, DM properties

like its mass, coupling to visible matter, and structure are still unknown.

This thesis will focus on studying the dark Higgs model introduced in Ref. [1]. A

large-radius jet search from ATLAS [2] and sub-jet kinematic variable search like αT

and ∆φ∗
min from CMS [3,4] have been implemented in this thesis for reinterpretation.

Large missing transverse momentum (MET) is required in both of these analyses to

take DM production into account.

1.1 The evidence of dark matter

The concept of DM was first introduced by Fritz Zwicky [5]. In 1933, when calcu-

lating the mass of the Coma Cluster, Fritz Zwicky used the Virial Theorem to point

out the discrepancy between visible matter and total matter.

After 1970s, DM had been accepted by the scientific community after detailed

studies of galaxy rotation curves [6–9]. A rotation curve describes the dependence

of the tangential velocity component (vT ) of gas or stars rotating around the galaxy

to its distance (r) from the centre. As most of the luminous matter is located in

the centre of the galaxy, a decrease of vT as 1/
√
r would be expected if this was

the only matter present. Figure 1.1 shows the observed rotation curve and the

expected rotation curve from visible matter. As the tangential velocity increases at

large radii, there must be other non-visible matter in the universe, which cannot

produce electromagnetic radiation, but can contribute through gravitation. The

huge discrepancy between the observed rotation curve and the expected rotation

curve at large radii is a strong evidence for the existence of DM.

More recent proof of DM existence comes from the observation of the Bullet

Cluster, two colliding galaxy clusters, in association with both X-ray and gravita-

tional lensing measurements [10]. As shown in Fig. 1.2, the gravitational lensing

map, which shows the total gravitational potential of the Bullet Cluster, does not

follow the dominant baryonic mass component observed with X-ray data. From

this discrepancy, one can conclude that the total matter distribution can not be

explained by the baryonic component. This proves that another source of matter
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Figure 1.1: The rotation curve of galaxy M33. Figure taken from [11].

must be present in this system.

Figure 1.2: BulletCluster. The colour scale indicates the distribution of visible
matter as observed with X-ray data and the green lines follow the distribution of all
gravitating matter. Figure taken from [10].

1.2 Techniques of DM detection

There are three main methods of probing DM: production, direct and indirect de-

tection.

Production In order to find out the properties of DM, experiments are trying to

detect DM directly produced in high-energy collisions at particle colliders. Since

DM candidates do not interact through electromagnetic and strong forces, detectors
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cannot directly measure DM candidates when they are produced in these kind of

experiments. Therefore, the common signal in DM searches at colliders is missing

transverse momentum (MET). We will discuss this method in more details with

‘mono-jet’ and ‘mono-V’ methods in Section 1.3.

Direct detection In this method, detectors are employed to probe for already-

existing dark matter through the measurement of interactions between DM and

target nuclei. When DM particle interacts with a nucleus, the recoil can ionise the

matter in the detector, freeing electrons as an experimental signature. Because the

probability of DM-nucleus scattering is quite small, detectors are usually located in

deep underground laboratories in order to reduce the large background. In 2008,

DAMA observed an annual modulation signature, which might be caused by DM

[12]. However, the DAMA signal is difficult to reconcile with constraints from other

experiments. Therefore, an unambiguous test for DAMA is required. The SABRE

experiment [13] is designed to achieve this with lower residual background than

DAMA.
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(target mass = 87.3 kg)
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(target mass = 232.8 kg)

Time (day)

Figure 1.3: Annual modulation signature from DAMA, as shown in [12].

Indirect detection DM annihilations and decays in the universe can leave signa-

tures in the cosmic rays, which can provide a chance for indirect DM detection. By

looking at the energy spectrum of cosmic charged particles, photons, and neutrinos,

theory-based measurements of DM properties can be performed [14]. In order to set

stronger limits to DM properties, the most important part of this detection method

is to find sensitive energy ranges where the background coming from ordinary as-

trophysics processes can be minimised. Table 1.1 taken from Ref. [15] shows a brief

introduction to the recent, current and planned indirect DM experiments with the
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relative advantages and challenges.

Particles Experiments Advantages Challenges

Gamma-ray,
photons

Fermi LAT,
MAGIC

point back to
sources, spectral
signatures

backgrounds

Neutrinos
IceCube,
Super-Kamiokande

point back to
sources, spectral
signatures

backgrounds,
low statistics

Cosmic rays
PAMELA,
Fermi LAT

spectral signatures, diffusion, do
low backgrounds not point
for antimatter searches back to sources

Table 1.1: Astroparticles for indirect dark matter searches, experiments, advantages,
and challenges. Table taken from [15].

1.3 Current collider dark matter production review: mono-

jet and mono-V productions

As a dark Higgs model introduced in Ref. [1] will be exploited to search for DM at

colliders in this thesis, a more detailed explanation of the current DM searches at

colliders based on the work in Ref. [16] will be given here. Reference [16] focuses

on DM particles in final state with an energetic jet (mono-jet) or a hadronically

decaying W or Z vector boson (mono-V) at colliders.

1.3.1 mono-jet and mono-V productions

As DM particles cannot produce any observable signals in the detector, mono-jet

search can be performed by looking for jets radiated from the initial state that are

recoiling against the produced dark matter. A typical signal in these searches is a

single jet with a high transverse momentum (pT ) in association with large MET. In

mono-V searches, typical final states are DM pairs in association with a weak vector

boson. If the weak boson is at high pT , its hadronic decay can be reconstructed as a

large-radius jet due to the highly boosted decay products. Figure 1.4 and 1.5 show

the mono-jet and mono-V production mechanisms for spin-0 (scalar or pesudoscalar,

S ) and spin-1 (Z
′
) mediators.
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Figure 1.4: Mono-jet and mono-V production diagrams for a spin-0 mediator, as
shown in [17].
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Figure 1.5: Mono-jet and mono-V production diagrams for a spin-1 mediator, as
shown in [17].

1.3.2 Event selections and background estimation

Jets are reconstructed by particle flow algorithm [18,19] and anti-kt algorithm [20].

The jet momentum is calibrated to account for pileup [21] and further corrected for

resolution [22].

In mono-jet searches, jets are reconstructed using anti-kt algorithm with a radius

of 0.4 (AK4 jets). The leading jet is required to have pT > 100 GeV and |η| < 2.5 and

events are required to have MET > 250 GeV. The QCD background is suppressed

by setting the minimum azimuthal angle between missing transverse momentum

~pmiss
T and the first 4 leading jets with pT >30 GeV greater than 0.5. The minimum

azimuthal angle mentioned above will be referenced as ∆φ(j1234, ~p
miss
T )min. More

details can be found in Ref. [16].

In mono-V searches, jets are reconstructed with a radius of 0.8 (AK8 jets) because

reconstructing the W and Z boson decay as one AK8 jet is more efficient than by

using two AK4 jets when the pT of the weak bosons is high enough. In this analysis,

W and Z bosons have pT > 250 GeV, therefore the leading AK8 jet must have

pT > 250 GeV. Additionally, the leading jet is required to have |η| < 2.4. To
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be consistent with the masses of the gauge bosons, the leading jet invariant mass

is required to be between 65 and 105 GeV. MET is required to be over 250 GeV

and ∆φ(j1234, ~p
miss
T )min is required to be greater than 0.5. In order to suppress

boosted objects from the background of QCD jets with large invariant masses, the

N-subjettiness variable τN [23] is introduced in this analysis. τN can probe the

number of sub-jets within a jet. The lower τN is, the more likely a jet is to come

from a N-prong decay. In this analysis, the ratio τ2/τ1 is an effective discriminating

variable able to isolate 2-prong decays of W and Z bosons from the background of

QCD jets with large invariant masses. In this analysis, the ratio of τ2/τ1 is required

to be less than 0.6.

In both mono-jet and mono-V searches, the most dominant background comes

from Z boson invisible decay, Z(→ νν) + jets, and W boson leptonic decay,W (→ lν)

+ jets, in which the lepton is failed to be detected.

1.3.3 Results

Figure 1.6 shows the MET distributions in mono-jet and mono-V searches with an

integrated luminosity of 35.9 fb−1.

The upper limits at 95% confidence level (CL) [24, 25] are calculated based on

the ratio of the signal cross-section to the predicted cross-section, σ/σth, with an

integrated luminosity of 35.9 fb−1. The asymptotic approximation [26] is also used

in computing upper limits here. The limits are drawn in the mmed − mDM plane,

where mmed stands for the mass of the mediator and mDM is the DM mass. The

region where the ratio σ/σth is less than one is excluded. And the region where

the ratio σ/σth is over one is considered as a sensitive region for these analyses.

Figure 1.7 shows the exclusion region for vector and axial-vector mediators at 95%

CL with an integrated luminosity of 35.9 fb−1 and Fig. 1.8 shows the exclusion region

for pseudoscalar mediators at 95% CL with an integrated luminosity of 35.9 fb−1.

The upper limits for scalar mediators at 95% CL with an integrated luminosity of

35.9 fb−1 are drawn through cross-section ratio σ/σth at mDM = 1 GeV. Vector

and axial-vector mediators with mass up to 1.8 TeV are excluded at 95% CL with

an integrated luminosity of 35.9 fb−1. And pseudoscalar mediators with mass up

to 400 GeV are excluded at 95% CL with an integrated luminosity of 35.9 fb−1.

However, no significant exclusion region is expected in the scalar models at 95%
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CL with an integrated luminosity of 35.9 fb−1. Cosmological constraints from the

Planck satellite experiments [27] are also shown in Fig. 1.7 and Fig. 1.8.
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Figure 1.6: Observed MET distribution in mono-jet and mono-V signal regions
with an integrated luminosity of 35.9 fb−1. Left: the mono-jet search. Right: the
mono-V search. MET > 1250 (750) GeV for the mono-jet (mono-V) search has
been applied for the last bin. Two signal events are drawn here: one from 125
GeV Higgs boson decaying to invisible particles and the other from 2 TeV axial-
vector mediator decaying to 1 GeV dark matter particles. Ratios of data with pre-fit
background distributions (red points) and postfit expected background distributions
(blue points) are performed. The gray bands refer uncertainties. The difference
between data and prediction over the sum of uncertainties is also shown at the
bottom. Figure taken from [16].
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(a) Vector mediator (b) Axial-vector mediator

Figure 1.7: Exclusion limits at 95% CL with an integrated luminosity of 35.9 fb−1.
Left: the vector mediator. Right: the axial-vector mediator. The solid (dotted)
red (blue) line refers the observed (expected) exclusion. One standard deviation
has been drawn due to theoretical uncertainties from observed exclusion and sta-
tistical and systematic uncertainties from expected exclusion. The Planck satellite
experiment constraints [27] are shown with dark blue lines. Figure taken from [16].
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allowed at 95% CL. Exclusion limits at 95% CL with an integrated luminosity of 35.9
fb−1. Right: the pseudoscalar mediator. The solid (dotted) red (blue) line refers
the observed (expected) exclusion. One standard deviation has been drawn due to
theoretical uncertainties from observed exclusion and statistical and systematic un-
certainties from expected exclusion. The Planck satellite experiment constraints [27]
are shown with dark blue lines. Figure taken from [16].
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1.4 Thesis outline

This thesis aims to demonstrate that a search for the dark Higgs boson can be

performed in the ongoing run at the Large Hadron Collider (LHC) and the dark

Higgs can be a natural component in models of DM coupled to the spin-1 (Z
′
)

mediator. Until now, a review of DM evidences, three DM measurement techniques,

and current DM searches at colliders based on the work in Ref. [16] have been given.

Some particle physics basic concepts and essential theories together with ‘Higgs

Portal Dark Matter’ model are introduced in Section 2. Section 3 begins with a

brief introduction of ATLAS and CMS, two general-purpose LHC detectors currently

employed to search for new physics. Signal event generations are also presented in

Section 3. In this project, signal events are separately generated by considering the

DM relic abundance constraint [28] and the LHC recommendation [29]. Based on

Ref. [2] and Ref. [4], a large-radius mono-jet search from the ATLAS experiment and

a more “generic” MET + jets search using αT analysis from the CMS experiment

are separately reinterpreted in Section 4 and Section 5. Discussion and conclusion

for these two searches are given in Section 6 and Section 7.
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2 Standard Model and ‘Higgs Portal DM’ model

2.1 Introduction to Standard Model

Standard Model (SM) is a theoretical model describing three known fundamental

forces out of four and classifying all known elementary particles. SM can describe

strong, weak, and electromagnetic interactions using a SU(3) × SU(2) × U(1) local

gauge symmetry. Each type of interaction has at least one gauge boson as interaction

mediator. Z0 andW± bosons are the mediators for weak interaction; out of these two

bosons, only W± can mediate flavour-changing interactions. Photons (γ) mediate

electromagnetic interaction, and gluons (g) are the mediators of strong interaction.

SM also encompasses three generations of elementary fermions, which are further

divided into quarks and leptons. Both quarks and leptons can interact through

the electromagnetic and weak force. Additionally, quarks can interact via strong

force. Interaction strengths are described by constants. For strong force, its value is

around 1 (αS ≈ 1); for electromagnetic force is around 1/137 (α ' 1/137); and for

weak force is around 1/40 (αW/Z ≈ 1/40). Finally, Higgs boson is included in SM in

order to generate masses for particles through the spontaneous symmetry breaking

mechanism, which will be explained in further details in Section 2.2.

Figure 2.1: All the generations of elementary fermions and interaction mediators in-
cluded in the Standard Model together with the Higgs boson. Figure taken from [30].
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All the particle interactions can be described by Feynman diagrams. In these

diagrams, x-axis is interpreted as time and y-axis as space. By reading from left

to the right, the evolution from the initial to the final state of a system can be

read. Anti-particles are drawn in Feynman diagrams as particles moving backwards

in time. Energy, momentum, angular momentum are conserved in all interaction

vertices in Feynman diagrams. Based on the Lorentz-invariant quantity carried by

the mediator, defined in Eq. (2.1), Feynman diagrams can be categorised into s-, t-

and u-channels.
√
s is the total collision energy in the centre-of-mass frame.
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s = (p1 + p2)
2, t = (p1 − p3)

2, u = (p1 − p4)
2. (2.1)

Figure 2.2: Three types of Feynman diagrams together with the respective Lorentz-
invariant quantities.

2.1.1 Cross-section and decay rate

When measuring particle interactions and decays, cross-sections and decay rates are

the main experimental observables. Cross-section is a parameter directly connected

to the probability for a certain process to happen. It is defined as

σ =
Number of events per unit time per target

Incident flux
. (2.2)

In particle accelerator physics, the incident flux is also called instantaneous luminos-

ity (Linst), a parameter that can be directly computed starting from the properties

of the particle beam. The cross-section for any two-body → two-body scattering

interaction process in the centre-of-mass frame is given by

σ =
1

64π2s

p∗f
p∗i

∫
|Mfi|2dΩ∗, (2.3)
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where p∗i and p∗f are respectively the momentum of the initial and final state. dΩ∗

stands for the solid angle element computed in the centre-of-mass frame. Finally,

|Mfi|2 is the square of the interaction matrix element, which is Lorentz-invariant

and can be computed from theory. The invariant differential cross section for any

two-body scattering interactions can be written as

dσ

dt
=

1

64πs|p∗i |2
|Mfi|2. (2.4)

Here, |p∗i |2 is a constant and it is calculated from energy and momentum conserva-

tion:

|p∗i |2 =
1

4s
[s− (m1 +m2)

2][s− (m1 −m2)
2]. (2.5)

Eq. (2.4) applies to any rest frame because all quantities in the expression of dσ/dt

are Lorentz-invariant. Particle decay rate can be calculated from Fermi’s Golden

Rule,

Γfi = 2π|Tfi|2ρ(Ef ), (2.6)

where Γfi is the number of transitions per unit time from initial state |i〉 to final

state 〈f |, Tfi is transition matrix element and ρ(Ef ) is the density of final state. Γfi

depends on matrix element and the density of states. The former is computed from

theory, the latter from kinematics. The two-body decay rate can be written in the

rest frame (Ei = mi) as

Γfi =
|p∗|

32π2m2
i

∫
|Mfi|2dΩ, (2.7)

where p∗ is

p∗ =
1

2mi

√
[m2

i − (m1 +m2)2][m2
i − (m1 −m2)2] (2.8)

and m1, m2 stand for the masses of decay products from initial state |i〉.

2.1.2 Local gauge symmetry

The gauge bosons described in the SM are derived from the localisation of the

SU(3) × SU(2) × U(1) gauge symmetry. To understand the importance of local

gauge invariance in the SM, local U(1) gauge invariance will be considered as an

example.

Under a U(1) local gauge transformation, the wave function ψ(x) transforms as
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ψ(x) → ψ
′
(x) = eiqχ(x)ψ(x). To keep physics consistent, the Lagrangian must be

invariant under this transformation. The Lagrangian of a free relativistic electron,

L0 = ψ(iγµ∂µ −me)ψ, is not invariant under a local U(1) transformation:

L0 → L0 + ψ(x)γµψ∂µχe. (2.9)

In order to obtain a gauge-invariant Lagrangian, the covariant derivative is intro-

duced (here is ∂µ → Dµ = ∂µ − ieAµ). After applying the covariant derivative

into L0, the final gauge-invariant Lagrangian of quantum electrodynamics (QED) is

obtained:

LQED = ψ(iγµ∂µ −me)ψ + eψγµψAµ −
1

4
FµνF

µν . (2.10)

The term eψγµψAµ is directly obtained from the covariant derivative and stands for

the interaction between the massless gauge boson (here is photon) and the electron.

1/4FµνF
µν has been added in order to consider the energy of the photon’s electro-

magnetic field. The photon field Aµ transforms as Aµ → A
′
µ = Aµ−∂µχ under U(1)

local gauge symmetry. By using the same mechanism, gluon, W± and Z0 gauge

bosons can be respectively introduced into SM when SU(3) and SU(2) local gauge

symmetries are applied.

2.2 The Higgs Mechanism

2.2.1 Motivation

Although the local gauge invariance works well in describing the interactions in the

Standard Model, it can only work for massless particles. As an example, if the

photon were massive in QED, an additional term, 1
2
m2

γAµA
µ, should be added up

in Eq. (2.10). This term transforms as

1

2
m2

γAµA
µ → 1

2
m2

γ(Aµ − ∂µχ)(A
µ − ∂µχ) 6= 1

2
m2

γAµA
µ (2.11)

under U(1) local gauge transformation, which breaks the U(1) local gauge symme-

try. This happens not only in U(1) local gauge symmetry of QED, but also in SU(2)

× U(1) and SU(3) local gauge symmetries of electroweak and quantum chromody-

namics (QCD). This implies that it is impossible to introduce masses for W± and

Z0 bosons, which are observed to be massive. In order to generate particle masses
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in SM, spontaneous symmetry breaking mechanism is necessary.

2.2.2 Spontaneous Symmetry Breaking

Spontaneous symmetry breaking (SSB) happens when a system falls from a symmet-

ric state to a non-symmetric one in order to maintain the minimum energy level. To

show how SSB can be used to introduce particle masses, the Lagrangian of a com-

plex scalar field under the potential V (φ) = µ2(φ∗φ) + λ(φ∗φ)2 will be considered:

L =
1

2
(∂µφ1)(∂

µφ1) +
1

2
(∂µφ2)(∂

µφ2)−
1

2
µ2(φ2

1 + φ2
2)−

1

4
λ(φ2

1 + φ2
2)

2. (2.12)

φ1 and φ2 are the real and imaginary parts of the complex scalar field. If we only

concentrate on the vacuum state, which is the lowest energy state with minimal

potential energy, the λ corresponding to potential term in Equation (2.12) must be

over zero in order to keep finite minimum for potential energy. If µ2 is positive as

well, the potential energy will have a minimum at φ1 = φ2 = 0 as shown in Fig. 2.3.

However, if µ2 is negative, the distribution of potential energy in φ1 and φ2 will look

as in Fig. 2.3. In this case, the potential has infinite minima at

φ2
1 + φ2

2 =
−µ2

λ
= ν2, (2.13)

where ν is called vacuum expectation value. By choosing the vacuum state, the

global U(1) symmetry has been spontaneously broken. In SM, a new field called

Higgs field and the corresponding scalar boson called Higgs boson (H) is introduced.

Through the SSB mechanism, Higgs field assumes a non-zero vacuum expectation

value, and by interacting with particles, it generates their masses. Interaction terms

between Higgs and vector bosons are naturally introduced in the SM Lagrangian

when SSB is implemented. These terms enable to bind the masses of the W± and

Z0 to one of the main parameters of the SM, the electroweak mixing angle, θW :

mW

mZ

= cos θW . (2.14)

SSB mechanism does not provide interaction terms which are able to provide masses

to fermions. However, Yukawa couplings between the Higgs bosons and the fermions

are manually introduced in the SM to this purpose. Yukawa couplings are the
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interaction strengths between fermions and Higgs bosons. These couplings are bound

to the Higgs vacuum expectation value and the fermion masses through

mf =

√
2

2
gfν. (2.15)

where mf is the fermion mass, gf is the Yukawa coupling of this fermion and ν is

the Higgs vacuum expectation value, which is ≈ 246 GeV. From Eq. (2.15), it can

be concluded that the heavier a fermion is, the higher Yukawa coupling will be.

Therefore, Higgs is more likely to interact with heavy particles and decay into them.

(a) the minimum potential energy at both
fields = 0

(b) the minimum potential energy at φ2
1 +

φ2
2 = ν2

Figure 2.3: The distribution of potential energy for a complex scalar field. φ1 and φ2

are the real and imaginary parts of the complex scalar field. Figure taken from [31].

2.3 Introduction to ‘Higgs Portal DM’ model

The ‘Higgs Portal DM’ model was firstly introduced in Ref. [1]. Three new types

of particles are introduced in this model: Z
′
, DM, and dark Higgs. Z

′
boson can

couple to both SM quarks and DM. DM from this model is assumed to be the sole

candidate for all the existing DM in the universe. In this thesis, the nature of this

DM candidate will not be discussed. As the SM Higgs cannot generate mass for

dark matter sectors in this model, the dark Higgs boson (s) has been introduced

to provide a mechanism to generate masses for the dark matter particles. This
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mechanism enables to relax constraints coming from the dark matter relic abundance

by opening up a new annihilation channel.

If the dark Higgs boson decays into SM particles via a small mixing with the SM

Higgs boson, an experimental proof of the existence of such bosons can be found by

looking for characteristic large-radius boosted jets in association with large missing

transverse momentum (MET). In this project, we only look for dark Higgs decaying

to a pair of b-tagged jets. The expected experimental signatures are double b-

tagged jets from the dark Higgs decay and large MET from escaping DM particles.

As the double b-tagged jets from the dark Higgs decay can possibly merge into one

large-radius jet if the dark Higgs is sufficiently boosted, this large-radius jet can

be used to efficiently discriminate signal from background as jets coming from dark

Higgs processes would look differently than the ones from conventional mono-jet

events, as shown in Fig. 2.4. In order to have a clear signature for this process,

the only requirement is the production of any dark sector state with sufficient large

momentum.

q
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g

Z ′

(a) Conventional mono-jet

q

q

χ

χ

b

b

Z ′
Z ′

s

(b) Mono-dark-Higgs

Figure 2.4: Processes leading to missing energy signatures at the LHC. Left: a
conventional mono-jet event. Right: a process leading to a mono-dark-Higgs signal.
Figure taken from [1].

There are five free parameters in ‘Higgs Portal DM’ model: the mass of DM

candidate (mDM), two mediators’ masses, Z
′
(mZ′ ) and the dark Higgs (ms), the

coupling between mediator Z
′
and quarks (gq), and the coupling between dark sector

and mediator Z
′
(gx). In this parametrisation, the coupling of the dark Higgs is not

a free parameter as it is completely defined by setting above these five parameters.
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3 Dark Higgs searches at the LHC

3.1 Overview of ATLAS and CMS detectors

Because a large-radius mono-jet search from the ATLAS experiment [2] and a

MET + jets search using αT analysis from the CMS experiment [4] will be both

reinterpreted in this project, a brief overview of ATLAS and CMS detectors is given

here.

ATLAS [32] and CMS [33] are two general-purpose detectors currently employed

to search for new physics. Although with different and complementary technologies,

the two detectors are both formed by a set of concentric cylindrical layers which will

be presented in the following paragraph from the innermost to the outermost one.

The innermost part of these two detectors holds the tracking system, whose

purpose is to measure the momenta and charge of charged particles. This layer is

followed by the electromagnetic calorimeter, which is used to measure the properties

of electrons and photons. Together with the electromagnetic calorimeter, the hadron

calorimeter measures both charged and neutral hadrons. Finally, the outermost layer

holds the muon chambers, which are employed to detect muons.

The two detectors are enveloped in different magnetic fields, that bend the tracks

of charged particles and enable the measurement of their momentum and charge

using the tracking system. In ATLAS, one solenoid and three toroid magnets are

employed to generate the field, while one massive solenoid magnet is used in CMS.

A parameterised simulation of the ATLAS detector at
√
s = 13 TeV is performed

for the large-radius mono-jet search. The simulation takes the ATLAS off-line jet

mass resolution [34], b-tagging performance [2], and MET resolution [35] into ac-

count. The CMS detector b-tagging performance [4] at
√
s = 13 TeV is simulated

in a similar manner in the MET + jets search using the αT analysis.
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Figure 3.1: Schematic view of the ATLAS detector as shown in [32].

Figure 3.2: Schematic view of the CMS detector as shown in [33].
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3.2 Signal generation

In this project, two different methods have been used to define the five free parame-

ters of the ‘Higgs Portal DM’ model as introduced in Section 2.3. One is to consider

couplings as recommended by LHC where gx = 1 and gq = 0.25 [29]. The other is to

define couplings based on the DM relic abundance constraint from the universe and

by assuming possible DM annihilation channels [28]. Parameter ranges considered

in this project are shown in Table 3.1.

Coupling set LHC Astrophysics

gx 1 < (4π)1/2

gq 0.25 0.25
ms [GeV] 50, 70, 90 50, 70, 90

mZ′ range [GeV] (200, 3000) (500, 4000)
mDM range [GeV] (100, 500) (100, 800)

Table 3.1: The parameter ranges considered in this project with two coupling sce-
narios. In this table, LHC refers to the coupling scenario consistent with the LHC
recommendation and Astrophysics refers to the coupling scenario considering the
DM relic abundance constraint from the universe.

We use the same code to present both types of coupling scenario as described

in Ref. [1]: both types of coupling scenario are generated through micrOMEGAs

v4.2.5 [36]. All signal events are generated byMadGraph5 aMC@NLO v2.3.3 [37].

Pythia 8 [38] and Rivet v2.5.2 [39] are used for showering and event selection.

3.2.1 Coupling scenario in consistence with LHC collaborations

We generate all the signal events as recommended by LHC where gx = 1 and

gq = 0.25 [29] because this coupling scenario has been widely used in current DM

searches at colliders like Ref. [2], Ref. [16] and Ref. [40].

3.2.2 Coupling scenario considering the DM relic abundance constraint

from the universe

Based on the mediators involved in the ‘Higgs Portal DM’ model and the astrophys-

ical constraint of DM relic abundance from the universe, there are two characteristic

DM annihilation channels in this model [1, 28]. The first annihilation channel can

produce Z
′
through DM particles annihilate and Z

′
can then decay to SM particles.

This process can be described as χχ → Z ′ → pp̄. The second annihilation channel

can produce the dark Higgs s through DM particles annihilate and the dark Higgs
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s can then decay into SM particles. This process can be described as χχ→ s→ pp̄.

Each annihilation channel is related to one coupling parameter [1, 28]. In the an-

nihilation involving the dark Higgs, DM Yukawa coupling yx should be considered

and for the annihilation channel mediated by the Z
′
boson, coupling gx should be

considered [1, 28]. In ‘Higgs Portal DM’ model, there is a specific relation between

these two parameters

gx =
mZ′

mDM

yx

2
√
2
, (3.1)

as the dark Higgs generates both the DM mass and the Z
′
mass [1]. Figure 3.3

taken from Ref. [1] shows the two parameters’ distributions in a mZ′ −mDM plane

with fixed ms and gq numbers.
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Figure 3.3: yx and gx distributions under relic abundance for ms = 70 GeV and
gq = 0.25. gx > 4π1/2 is the limitation of this process as gx should remain pertur-
bative. mχ is the same as mDM. Figure taken from [1].

It can be concluded from Fig. 3.3 that χχ → s →SM is the dominant DM

annihilation channel when mZ′�mDM as yx tend to become a small constant while

gx is quite large for mZ′�mDM. It also can be observed from Fig. 3.3 that for

mDM≈mZ′/2, χχ→ Z ′ → pp̄ is the leading DM annihilation channel with a sufficient

small gx to provide relic abundance. Other types of annihilation channels [28] are

not discussed in this analysis as they are less important in the considered regime

where mDM is not greater than mZ′ .
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As can be seen from Fig. 3.3, in order to fulfil the relic density constraint, gx

needs to vary strongly as a function of mZ′ and mDM. In particular, the region

of parameter space cannot be studied where gx > 4π1/2 for large mZ
′ because the

theory becomes non-perturbative in this region.

3.2.3 Signal events with coupling scenario considering the DM relic

abundance constraint from the universe

Before presenting any signal events with the coupling scenario considering the DM

relic abundance constraint, this coupling scenario should be further discussed. As

shown in Section 3.2.2, Figure 3.3 taken from Ref. [1] displays the gx distribution

under the constraint from the DM relic abundance for ms = 70 GeV and gq = 0.25.

Since we use the same tools as in Ref. [1] to compute the coupling scenario from

the DM relic abundance constraint, we can compare the gx distribution used in our

analysis with the one in Ref. [1]. Figure 3.4 shows our gx distribution under the DM

relic abundance constraint for ms = 70 GeV and gq = 0.25.
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Figure 3.4: gx distribution under DM relic abundance for ms = 70 GeV and
gq = 0.25.

By comparing Figure 3.3 and Figure 3.4, it can be concluded that the couplings

used in our signal generation are consistent with the one used in Ref. [1].
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4 Dark Higgs search with large-radius jets

This chapter discusses the reinterpretation of the large-radius mono-jet search from

the ATLAS experiment [2]. The dominant background samples and event selec-

tion requirements for the large-radius mono-jet search are discussed in Section 4.1.

Validation between our analysis and the published ATLAS analysis is examined in

Section 4.2 and our results for the reinterpretation of this search are presented in

Section 4.3.

4.1 Interpretation of large-radius jets analysis

The large-radius mono-jet analysis from the ATLAS experiment searches for large

missing transverse momentum (MET) from DM production together with a SM

Higgs decaying to bb̄ [2]. Here, we reinterpret this analysis into our ‘Higgs Portal

DM’ model. The expected signal signatures are double b-tagged large-radius jets

from the high pT dark Higgs decay and large MET from DM particles. Therefore,

the main SM backgrounds to this search are: processes ending up with double

b-tagged large-radius jets; processes ending up with large-radius jets containing both

b-quark jets and c-quark jets, where c-quark jets can be misidentified as b-quark jets.

In both cases, large-radius jets must be produced in association with large MET.

4.1.1 Expected main backgrounds
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Figure 4.1: Feynman diagrams for most relevant Standard Model backgrounds. Top:
W , Z and diboson events leading to MET. Bottom: tt̄ background resulting from
semi-leptonic decays of top pair production.
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Figure 4.1 shows the dominant background samples for our dark Higgs search

with large-radius jets.

Z + bb̄: One Z boson decay can contaminate our signal if the Z boson decays into

a neutrino-antineutrino pair (νν) together with a bb̄ pair from gluon splitting. This

process can be described as pp→ Z(→ νν) bb̄.

W + bb̄: One W boson decay can contaminate our signal if the W boson decays

leptonically and the charged lepton from the W decay is not identified. bb̄ pair can

come from gluon splitting. This process can be described as pp→ W (→ lν) bb̄.

tt̄: tt̄ can contaminate the signal through semi-leptonic decays. If a t-quark decays

semi-leptonically, a large amount of MET can be measured when the charged lepton

is not identified. If the other t-quark decays hadronically into a c-quark and a

b-quark, double b-tagged large-radius jets can originate when this t-quark’s pT is

large enough and the c-quark is mistagged as a b-quark. In the circumstance that

the remaining t-quark hadronic decay does not produce a misidentified b-tagged

signal, another b-tagged signal can be imitated by gluon splitting or misidentified

light-flavour jets.

Diboson: Z boson pair-decays can contaminate our signal if one Z boson decays

into a neutrino-antineutrino pair (νν) and the other Z boson decays into a bb̄ pair.

This process can be described as pp→ Z(→ νν) Z(→ bb̄). WZ pair-decays can also

contribute when W boson decays leptonically and the charged lepton from W decay

is not reconstructed, and Z boson decays into a bb̄ pair. We describe this process

as pp → W (→ lν) Z(→ bb̄). In addition, WW pair-decays can also contaminate

the signal if one W boson decays leptonically and the charged lepton from its decay

is not identified, and a c-quark from another W boson decay is misidentified as a

b-quark. Another b-quark can be produced from gluon splitting.

We use the same background samples mentioned in Ref. [1]. Background samples

have been generated using MadGraph5 aMC@NLO v2.3.3 [37]. Pythia 8 [38]

is applied to background samples for showering. Finally, we run the same Rivet

v2.5.2 [39] analysis to both background samples and signals.
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4.1.2 Event selection

The event reconstruction and selection are set up in the Rivet v2.5.2 analysis

following Ref. [2].

Event reconstruction: Large-radius jets are built using the anti-kt algorithm [20]

implementation in FastJet v3.2.0 [41] with radius R = 1.0. All the final state par-

ticles except leptons are used in this large-radius jet reconstruction process. Large-

radius jets are required to have both pT > 250 GeV and pseudo-rapidity |η| < 2.0.

Sub-jets are implemented in this analysis with the purpose of identifying fat-jet

flavour. Sub-jets are built using the anti-kt algorithm implementation in FastJet

v3.2.0 with radius R = 0.2. Sub-jets are required to have pT > 10 GeV as well

as |η| < 2.5. Sub-jets can only contribute to a large-radius jet if ∆ R (sub-jet, fat-

jet) < 1.1. We use the same b-tagging technique, the ‘ghost-association’ technique,

as described in Ref. [42]. The ghost-association technique is used to match sub-jets

to large-radius jets. A large-radius jet is double b-tagged only if two sub-jets inside

the large-radius jet are b-tagged. In order to remove the soft part of the large-radius

jet, we use the same trimming procedure described in Ref. [43]: sub-jets have been

formed inside the large-radius jet with an radius of 0.2 by the kt algorithm and dis-

carded if they carry less than 5% of the total large-radius jet energy. We use the same

muon correction as described in Ref. [1] to find muons coming from b-quark decays:

muons are counted as a constituent of the large-radius jet if the distance between

the b−tagged sub-jets which has been geographically matched to a large-radius jet,

and the closest muon is less than 0.2, ∆R (b-tagged sub-jet, closest muon) < 0.2.

Contributions from pile-up are not considered in this analysis and the ATLAS

detector response is approximated by the Rivet v2.5.2 analysis. A parameterised

simulation of the ATLAS detector at
√
s = 13 TeV is performed by taking the

ATLAS off-line jet mass resolution [34], b-tagging performance [2], and MET reso-

lution [35] into account. We use the same mass resolution procedure mentioned in

Ref. [34]: the large-radius jet is smeared with a 10% mass resolution. Also, we use

the same b-tagging efficiency as the ATLAS experiment [2]: an average efficiency of

70% is used in identifying track jets containing b-hadrons with probabilities of 18%

for c-quark jets misidentification and 0.6% for light-flavoured jets misidentification.

Finally, we use the same MET resolution as described in Ref. [35]: MET resolution
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follows k
√∑

ET , where the parameter k is around 0.5 GeV1/2.

In order to suppress background samples and maximise the expected signal over

background ratio (SG/BG), the event selection is applied as follows.

Event selection: In order to avoid low MET events, MET > 500 GeV is applied

in this Rivet v2.5.2 analysis. In Rivet v2.5.2, the negative sum of all visible

object momentum is calculated as MET. In this large MET scenario, the dark Higgs

decay products can merge into a large-radius jet and boost against the large MET

resulting from DM production. In order to keep our analysis consistent with ‘Higgs

Portal DM’ model predictions, we require the number of large radius jets to be

one. In our analysis, we also reject isolated leptons only allowing leptons that

originate from the large-radius jet. This rejects background events in which leptons

are produced in pile-up interactions or SM gauge boson decays. As the dark Higgs

decay products are merged at high energies, we expect the reconstructed large-radius

jet mass to be equivalent to the mass of the dark Higgs. Therefore, mass windows in

the reconstructed large-radius jet mass distribution can be used in order to improve

our SG/BG ratio. Signals with different ms can have different mass windows, which

will be further discussed in Section 4.3.2.

4.2 Validation

In order to validate our Rivet v2.5.2 analysis results, we compare them with the

published ATLAS paper [2] and Ref. [1] as follows.

4.2.1 Comparison with ATLAS analysis

Since the ATLAS analysis [2] uses the same types of SM background as ours in

the large-radius jet search with large MET, we apply our Rivet v2.5.2 analysis

to our SM background samples and compare our predicted number of events with

ATLAS results. The event selection requirements are the same between our and

ATLAS analyses. In Ref. [2], SM background distributions are presented over the

mass window 80 GeV < MJ < 280 GeV. Therefore, we simply apply the same mass

window into our Rivet v2.5.2 analysis. Table 4.1 shows the predicted number of

events in our analysis and the ATLAS simulation [2].

42



Dark matter searches at
√
s = 13 TeV with dark Higgs models Yingpu Xiahou

3.2 fb−1 tt̄ W + bb̄ Z + bb̄ Diboson
ATLAS prediction from [2] 4.83±0.88 2.48±0.71 3.80±0.44 1.20±0.12

Prediction from [1] 2.83±0.12 1.16±0.06 2.42±0.07 0.56±0.02
Rescaling factors from [1] 1.7±0.3 2.1±0.6 1.6±0.2 2.1±0.2

Prediction from this analysis 3.00 1.32 2.34 0.98
Rescaling factors from this analysis 1.61 1.88 1.62 1.22

Table 4.1: Predicted number of events with 80 GeV ≤ mJ ≤ 280 GeV according
to this analysis, simulation from Ref. [1] and ATLAS simulation [2], as well as the
resulting rescaling factors.

We present our results with an integrated luminosity of 3.2 fb−1 to be able

to compare with both ATLAS [2] and Ref. [1] results. It can be concluded from

Table 4.1 that our prediction is generally smaller than the ATLAS simulation by

a factor of 1.2 to 1.9 among all the types of SM background. This discrepancy

may result from the detector reconstruction in our Rivet v2.5.2 analysis. There

is no dedicated detector reconstruction applied in this analysis and we only use

resolution smearing to physics objects as the detector response. To obtain consistent

background numbers, we scale our results to the ATLAS background yields with the

help of rescaling factors.

4.2.2 Comparison with DESY analysis

We observe a similar discrepancy between our simulation and the ATLAS analy-

sis [2] as reported in the DESY analysis [1]. From Table 4.1, it can been concluded

that our scaling factors are within the DESY rescaling factor uncertainties except

diboson samples, in which we predict a number closer to ATLAS simulation than

the DESY prediction. Figure 4.2 shows the SM background in the distribution of

the reconstructed large-radius jet. The SM background samples are drawn after ap-

plying rescaling factors with an integrated luminosity of 3.2 fb−1. Figure 4.2 agrees

with SM background in the reconstructed large-radius jet mass distributions from

Ref. [1].
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Figure 4.2: SM background under the reconstructed large-radius jet mass distribu-
tions with an integrated luminosity of 3.2 fb−1. All event selection requirements
except sensitive mass windows have applied to generate this plot.

By comparing our simulation results with ATLAS simulation results and DESY

simulation results, we can conclude that our Rivet v2.5.2 analysis is valid.

4.3 Results

This section will cover the results of our reinterpretation of the large-radius mono-

jet search from the ATLAS experiment [2]. We scale our simulated samples to an

integrated luminosity of 35.9 fb−1, the same amount recorded by the ATLAS and

CMS experiments in the 2016 data taking period, as mentioned in Section 4.3.1.

As mentioned in Section 4.1.2, different ms signals have different sensitive mass

windows in the distribution of the reconstructed large-radius jet mass. We will use

our generated signal events with ms = 50, 70, and 90 GeV to optimise for different

dark Higgs mass windows. In Section 4.3.2, we will present the large-radius jet mass

window for eachms signal taken into consideration in this study. The expected signal

and background yield numbers will be shown in Section 4.3.3. Finally, Section 4.3.4

will present the exclusion limits we generated for both LHC [29] and relic density [28]

coupling scenarios with different ms.
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In order to be consistent with Ref. [1] and Ref. [2], signal samples with coupling

scenarios same as the LHC preference [29] will be presented from Section 4.3.2 to

Section 4.3.3.

4.3.1 Scaling to 35.9 fb−1

Figure 4.3 shows the SM background distribution after applying rescaling factors

with an integrated luminosity of 35.9fb−1.
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Figure 4.3: SM background in the reconstructed large-radius jet mass distribution
with an integrated luminosity of 35.9 fb−1. All event selection requirements except
sensitive mass windows have been applied to generate this plot.

4.3.2 Higgs mass window optimisations

Different ms signals have different sensitive mass windows in the distribution of the

reconstructed large-radius jet mass. In order to optimise the dark Higgs mass win-

dows for different ms signals, we choose the same signal samples as Ref. [1]. The

dark Higgs mass windows are set to maximise the expected significance. Figure 4.4

shows the reconstructed large-radius mass distribution for signal processes with dif-

ferent ms and different mZ′ with an integrated luminosity of 35.9 fb−1. The signal

processes are chosen according to the Ref. [1], using the coupling scenario suggested
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by the LHC working group [29]. Figure 4.4 shows that signal events always peak

around the dark Higgs masses. Table 4.2 displays the mass windows that we chose

for different ms signals.

ms [GeV] mass range for the reconstructed large-radius jet

50 (30, 60)
70 (50, 80)
90 (60, 90)

Table 4.2: Expected mass windows in the different ms distributions of the recon-
structed large-radius jet mass. Mass windows are set to maximise the expected
significance.
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(a) Signal processes with different ms

46



Dark matter searches at
√
s = 13 TeV with dark Higgs models Yingpu Xiahou

 (GeV)JM
0 20 40 60 80 100 120 140

E
ve

nt
s

0

10

20

30

40

50

60

70

-1 = 13 TeV, 35.9 fbs

 = 625 GeV
Z'

 = 70 GeV, msm

 = 1100 GeV
Z'

 = 70 GeV, msm

 = 1700 GeV
Z'

 = 70 GeV, msm

(b) Signal processes with different mZ′

Figure 4.4: Reconstructed large-radius jet mass distributions for signal processes
with different ms and different mZ′ with an integrated luminosity of 35.9 fb−1.
Signal processes are chosen according to the Ref. [1] preference and the coupling
scenarios are the same as the LHC preference [29].

4.3.3 Expected signal and background yields

Table 4.3, Table 4.4 and Table 4.5 respectively show the yield numbers of three

different ms values after each event selection using the mass windows presented in

Table 4.2. The background yield numbers are also presented in the same tables and

the SM background uncertainties are computed by taking the relative uncertain-

ties from the ATLAS paper [2]. The coupling scenario used by the LHC working

group [29] has been assumed in this study. The signal samples are chosen to cover

a wide range of mZ′ as in Ref. [1]. All the simulated yield numbers for signal and

background samples have been scaled to an integrated luminosity of 35.9 fb−1.

Table 4.3, Table 4.4 and Table 4.5 show the number of events in the mass window

for each signal we have taken into consideration.
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35.9fb−1 MET > 500 GeV Nfat−jet = 1 No isolated leptons 30 GeV < MJ < 60 GeV
SM BG 4898.00 403.15 180.90 9.22±1.04

mZ′ = 0.5 TeV 654.41 58.72 58.67 32.07
mZ′ = 1 TeV 387.69 45.88 45.88 25.28
mZ′ = 2 TeV 142.75 18.03 18.03 10.25

Table 4.3: Predicted yield numbers for SM background and different signal samples
with an integrated luminosity of 35.9 fb−1. The signal samples are chosen as gx = 1,
gq = 0.25 and mDM = 100 GeV at ms = 50 GeV as in Ref. [1]. The SM background
uncertainties are computed by taking the relative uncertainties from the ATLAS
paper [2].

35.9fb−1 MET > 500 GeV Nfat−jet = 1 No isolated leptons 50 GeV < MJ < 80 GeV
SM BG 4898.00 403.15 180.90 20.68±1.95

mZ′ = 0.5 TeV 538.85 110.06 110.02 76.92
mZ′ = 1 TeV 349.80 75.37 75.32 48.70
mZ′ = 2 TeV 140.02 37.38 37.32 25.73

Table 4.4: Predicted yield numbers for SM background and different signal samples
with an integrated luminosity of 35.9 fb−1. The signal samples are chosen as gx = 1,
gq = 0.25 and mDM = 100 GeV at ms = 70 GeV as in Ref. [1]. The SM background
uncertainties are computed by taking the relative uncertainties from the ATLAS
paper [2].

35.9fb−1 MET > 500 GeV Nfat−jet = 1 No isolated leptons 60 GeV < MJ < 90 GeV
SM BG 4898.00 403.15 180.90 29.06±2.49

mZ′ = 0.5 TeV 458.83 128.77 128.62 86.13
mZ′ = 1 TeV 317.72 83.11 83.11 51.98
mZ′ = 2 TeV 134.40 45.69 45.61 29.64

Table 4.5: Predicted yield numbers for SM background and different signal samples
with an integrated luminosity of 35.9 fb−1. The signal samples are chosen as gx = 1,
gq = 0.25 and mDM = 100 GeV at ms = 90 GeV as in Ref. [1]. The SM background
uncertainties are computed by taking the relative uncertainties from the ATLAS
paper [2].
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4.3.4 Exclusion limits

The upper limits at 95% confidence level (CL) [24,25] are calculated based on the ex-

cluded ratio of the signal cross-section to the predicted cross-section, σ/σth, with an

integrated luminosity of 35.9 fb−1. The results are displayed in the mZ′ −mDM plane

and regions where σ/σth ratio is less than one are considered as excluded regions.

95% CL means that if the signal were to be there, there is only a 5% (100% - 95%)

chance we would miss it.

We use HiggsCombineTool [44] from CMSSW 8 1 0 [45] to calculate the

exclusion upper limits. The SM background statistic uncertainties are computed by

taking the relative uncertainties from the ATLAS paper [2]. As in Ref. [46, 47], we

use an additional 8% as our SM background systematic uncertainties for the large-

radius jet tagging. A DM search with a SM Higgs decaying into a boosted bb̄ pair is

performed in Ref. [48]. In this search, a large-radius jet is also reconstructed to find

the Higgs decay products. Based on the similarities between our implementation

and Ref. [48], we use 15% as our signal systematic uncertainty. The asymptotic

approximation [26] is used in computing exclusion limits. Finally, the upper limits

are drawn using the linear interpolation [49] because our signal samples are discrete.

In this section, signal events with two types of coupling scenario are considered

under ms ranging from 50 GeV to 90 GeV. The 95% CL upper limits for fixed mDM

will be given as examples. Here, we choose ms = 70 GeV, gx = 1 and gq = 0.25 as

an example. For the rest of signal samples, their 1-D projections for fixed mDM can

be found in Appendix A.

Signal samples with coupling scenario same as the LHC recommendation:

Figure 4.5 (a), (b) and (c) respectively show the upper limits ofms = 50, 70 and 90 GeV

at 95% CL with an integrated luminosity of 35.9 fb−1. The solid red line is the

expected upper limit. One (two) standard deviation curves due to experimental

uncertainty have been drawn in dashed red (purple). The region below the expected

upper limit is excluded at 95% CL.
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Figure 4.5: The expected exclusion region of the large-radius jet analysis at 95% CL
with an integrated luminosity of 35.9 fb−1 at a centre-of-mass energy of 13 TeV. The
inputs all correspond to ms = 50, 70 and 90 GeV. The couplings are set according
to the LHC recommendation [29]. The solid red line shows the expected upper limit
and one (two) standard deviations arising from experimental uncertainties have been
drawn using dashed red (purple) lines.

Exclusion limits at fixed mDM = 100 GeV and 301 GeV for ms = 70

GeV, gx = 1 and gq = 0.25: 95% CL upper limits for fixed mDM can help in

understanding the 2-D exclusions. We consider signals with ms = 70 GeV, gx = 1

and gq = 0.25 as an example. Their 1-D projections for fixed mDM are shown in

Fig. 4.6.

Figure 4.6 (b) shows the theoretical cross-section and the expected upper limit

on the cross-section with an integrated luminosity of 35.9 fb−1 for the boosted dark

Higgs search as a function of mZ′ for ms = 70 GeV, mDM = 301 GeV, gx = 1 and

gq = 0.25. For mZ′ < 600 GeV region, the theoretical cross-section is two orders

of magnitude smaller than that in the mZ′ > 600 region. As shown in Fig. 2.4 (b),

mZ′ needs to be > 600 GeV so it can decay into two DM particles of 301 GeV.
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Figure 4.6: Expected 95% CL limits forms = 70 GeV withmDM = 100 and 301 GeV.
The couplings are set according to the LHC recommendation [29]. The theoretical
cross-section is shown as the blue solid line.
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Signal events with coupling scenario considering DM relic abundance con-

straints from the universe: Figure 4.7 (a), (b) and (c) respectively show the

upper limits for ms = 50, 70 and 90 GeV at 95% CL with an integrated luminosity

of 35.9 fb−1. The solid red line is the expected upper limit and one (two) standard

deviations have been drawn using dashed red (purple) lines from experimental un-

certainties. All the regions below the expected upper limit is excluded at 95% CL.

The dashed blue line indicates the region with gx = (4π)1/2 beyond which the theory

becomes non-perturbative.
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(b) ms = 70 GeV, gx < (4π)1/2 and gq = 0.25
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(c) ms = 90 GeV, gx < (4π)1/2 and gq = 0.25

Figure 4.7: The expected exclusion region of the large-radius jet analysis at 95% CL
with an integrated luminosity of 35.9 fb−1 at a centre-of-mass energy of 13 TeV.
The inputs all correspond to ms = 50, 70 and 90 GeV. The coupling gx is chosen to
fulfil the relic density constraint [28]. The solid red line shows the expected upper
limit and one (two) standard deviations from experimental uncertainties have been
drawn using dashed red (purple) lines. All the regions below the expected upper
limits are excluded. The dashed blue line indicates the region where gx = (4π)1/2.
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5 Dark Higgs search with jets and MET (αT) anal-

ysis

This section focuses on the reinterpretation of the CMS αT analysis. The αT analy-

sis is a generic analysis used to search for new physics like supersymmetry (SUSY)

and DM. The αT analysis used in both Ref. [3] and Ref. [4] can be reinterpreted in

terms of the ‘Higgs Portal DM’ model. To estimate backgrounds in this reinterpre-

tation, we use the data recorded by the CMS experiment in 2016 together with the

estimated background numbers provided in Ref. [4]. We generate ‘Higgs Portal DM’

signal models and implement the event selection of Ref. [4]. We validate our signal

generation procedure by comparing with a SUSY benchmark point that is also used

in Ref. [4], and that has a similar final state as the ‘Higgs Portal DM’ model.

Section 5.1 concentrates on the event reconstruction and selection of the CMS αT

analysis. We employ the very same method as Ref. [4] for consistency. In Section 5.2,

we investigate our reconstruction performance for the SUSY T2bb model and we

discuss the similarities between SUSY T2bb signature and our simulation. The

accuracy of our event selection can be tested by comparing our SUSY T2bb results

with published results from Ref. [3] and Ref. [4]. Finally, Section 5.3 contains all

the results of our reinterpretation.

5.1 Interpretation of the αT analysis

The event selection of the CMS αT analysis has been implemented in this section. In

this analysis, jets are defined using the anti-kt algorithm [20] with ∆R = 0.4. This

analysis uses the number of jets, njet, the number of jets stemming from b-quark

decays, nb, the total visible hadronic energy, HT , and the missing energy, Hmiss
T ,

as discriminating variables. While our expected signal consists of two b-jets and

missing energy, we allow for extra jets from initial or final state radiation. All the

events are generated by MadGraph5 aMC@NLO v2.3.3 [37]. Pythia 8 [38] and

Rivet v2.5.2 [39] are respectively used for showering, and detector modelling and

event selection. Table 5.1 taken from Ref. [4] shows the event selection requirements

used for the signal region. Pile-up is not simulated for these signal samples. An

approximated CMS detector response is performed in the Rivet v2.5.2 analysis.

We require the usage of the b-tagging technique [4] to identify jets coming from
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the dark Higgs. We assume an average efficiency of 69% in identifying sub-jets

containing b-hadrons and a misidentification probability of 18% for c-quark jets and

1% for light-flavoured jets.

5.1.1 Event selections

Physics object acceptances
Jet pT > 40GeV, |η|< 2.4
Photon pT > 25GeV, |η|< 2.5, isolated in cone ∆R < 0.3
Electron pT > 10GeV, |η|< 2.5, Irel < 0.1 in cone 0.05 < ∆R(pT) < 0.2
Muon pT > 10GeV, |η|< 2.5, Irel < 0.2 in cone 0.05 < ∆R(pT) < 0.2
Single isolated track (SIT) pT > 10GeV, |η|< 2.5, Itrack < 0.1 in cone ∆R < 0.3
Baseline event selection
All-jet f nal state Veto events containing photons, electrons, muons, and SITs within acceptance
pmiss
T quality Veto events based on f lters related to beam and instrumental effects

Jet quality Veto events containing jets that fail identif cation criteria or 0.1 < f j1h± < 0.95
Jet energy and sums pj1T > 100GeV, HT > 200GeV, Hmiss

T > 200GeV
Jets outside acceptance Hmiss

T /pmiss
T < 1.25, veto events containing jets with pT > 40GeV and |η|> 2.4

Signal region Baseline selection +
αT threshold (HT range) 0.65 (200–250GeV), 0.60 (250–300), 0.55 (300–350), 0.53 (350–400), 0.52 (400–900)
∆φ∗min threshold ∆φ∗min > 0.5 (njet ≥ 2), ∆φ∗25

min > 0.5 (njet = 1)
Nominal categorization schema
njet 1 (monojet)

≥2a (a denotes asymmetric, 40 < pj2T < 100GeV)
2, 3, 4, 5, ≥6 (symmetric, pj2T > 100GeV)

nb 0, 1, 2, 3, ≥4 (can be dropped/merged vs. njet)
HT boundaries 200, 400, 600, 900, 1200GeV (can be dropped/merged vs. njet, nb)
Hmiss

T boundaries 200, 400, 600, 900GeV (can be dropped/merged vs. njet, nb, HT)

Table 5.1: The event selection requirements used in signal regions and control re-
gions. Table taken from [4].

The Rivet v2.5.2 analysis has been set up as follows. Both track jets and calo-

jets are reconstructed through FastJet v3.2.0 [41] and anti-kt algorithm [20] with

a size parameter of 0.2 and 0.4, respectively. Events are vetoed if they contain an

isolated electron [50] or muon [51] with pT > 10 GeV to exclude charged leptons

coming from any source other than b-quark decays. Track jet can be matched to a

calo-jet if the distance between the closest track jet and a calo-jet is less than 0.4.

Events are also vetoed if they contain an isolated photon [52] with pT > 25 GeV.

Calo-jets are required to have pT > 40 GeV and |η| < 3.0. Events containing only

one calo-jet are vetoed and the most energetic calo-jet in every selected event is

required to have pT > 100 GeV and |η| < 2.5. The missing transverse momentum
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(MET) is calculated as the negative vector sum of the momentum of all the final-

state hadrons and charged leptons. The total hadronic energy in the event HT is

calculated as the total scalar sum of all calo-jets, HT =
∑Njet

i=1 p
ji
T . The negative

vector sum of all calo-jets, defined as Hmiss
T = −|

∑Njet

i=1 pji
T |, is used in this analysis

for estimating MET and Hmiss
T /MET is required to be less than 1.25.

HT >200 GeV and Hmiss
T >130 GeV are required in each event as a baseline

selection. The αT variable [3, 53–56] is introduced here to suppress multi-jet events

with MET originating from mismeasurements. For di-jets events, αT is defined as

αT =
pj2T
MT

,

MT =

√√√√(
2∑

i=1

pjiT )
2 − (

2∑
i=1

pjix )2 − (
2∑

i=1

pjiy )2 =
√
(HT )2 − (Hmiss

T )2,

(5.1)

where pj2T refers to the transverse momentum of the less energetic calo-jet and the

MT is the transverse mass of the di-jet system. For multi-jet events that contain

more than 2 jets, an equivalent αT variable can be reconstructed by combining two

pseudo-jets [56]. This equivalent system is formed by finding the di-jet system that

minimises the HT difference(∆HT ) between the two pseudo-jets. The two pseudo-

jets and the definition of αT for more than 2-jet system is

αT =
1

2

HT −∆HT√
HT

2 − (Hmiss
T )2

. (5.2)

In this analysis, an HT -dependent αT selection has been applied to optimise back-

ground suppression. The azimuthal angle variable (∆φ∗
min) is the minimum angle

between one jet and the Hmiss
T from all the rest jets in the same event [57]. Re-

quiring ∆φ∗
min > 0.5 rejects events where Hmiss

T is pointing in the direction of a

(mismeasured) jet.

5.2 Validation

In order to verify our implementation of the CMS αT analysis event selection, we

compare the selection efficiency at every step of the event selection. All the CMS

αT analysis data shown below are taken from both Ref. [3] and Ref. [4]. As will be

discussed below, we validated our selection and the kinematic distribution against
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Ref. [3]. During the course of this work, Ref. [4] appeared and we updated and

validated our event selection against this reference which is used for the final results.

The modelling of the kinematic distributions should be unaffected by this change.

We compare the event selection for two SUSY T2bb models: T2bb(375, 300) and

T2bb(800, 50) for comparison with Ref. [3], and T2bb(1000, 100) and T2bb(550, 450)

for comparison with Ref. [4]. In all the T2bb sample names, the first number refers

to the mass of bottom squark (mb̃) and the second number refers to the mass of

lightest supersymmetric particle (mLSPs).

The diagram for the SUSY T2bb model can be found in Figure 5.1. Bottom

squarks (b̃) are generated and decay into b quarks and the lightest supersymmetric

particles (LSPs). The SUSY T2bb model is parameterised in terms of the mass of

bottom squark (mb̃) and LSP (mLSP). The experimental signature for SUSY T2bb

is two b-tagged jets with large MET from LSPs, which is similar to our ‘Higgs Portal

DM’ experimental signature where we also expect two b-tagged jets with large MET

from DM production. Therefore, it is reasonable to compare SUSY T2bb results.

P1

P2

¯̃
b

b̃

b̄

χ̃0

1

χ̃0

1

b

Figure 5.1: Feynman diagram of the SUSY T2bb model. The diagram shows the
direct production of bottom squarks. Figure taken from [3].

For each T2bb samples taken under consideration, a table has been built for

comparing the inclusive and exclusive signal efficiency between CMS simulation re-

sults and our reinterpretation results after each selection as shown in Section 5.2.1

(Table 5.2 to Table 5.5). Exclusive signal efficiency is the efficiency of that specific

selection step and inclusive signal efficiency is the cumulative efficiency of every se-

lection step. Because the αT analysis considers four variables (njet, nb, HT , H
miss
T ),

those four variables’ distributions are shown in Figure 5.2 and Figure 5.3 as a com-
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parison with Ref. [3]. The four variables are compared before and after selections

as shown in Section 5.2.2.

5.2.1 Cutflow tables

Table 5.2 and Table 5.3 present the comparison between our reinterpretation and

the CMS simulation from Ref. [3]. We can conclude that the maximum difference

for T2bb(375,300) between our reconstruction and CMS simulation is 9% and the

maximum difference for T2bb(800,50) between our reconstruction and CMS simu-

lation is 5%. Following the publication of Ref. [4], we updated our event selection

against this reference (see Table 5.4 and Table 5.5). Ref. [4] is used for the final

results of our reinterpretation. It can be concluded that the maximum difference

for T2bb(1000,100) between our reconstruction and CMS simulation is 11% and

the maximum difference for T2bb(550,450) between our reconstruction and CMS

simulation is 14%.

2.3 fb−1 RA1 Rivet Diff.(RA1/Rivet)
incl. excl. incl. excl. incl. excl.

begin 100 100
lep veto 99 0.99 100 1.00 0.95 0.99
track jet matching 94 0.95 100 1.00 1.01 0.95
photon veto 94 1.00 99.3 0.99 0.95 1.01
fwd. jet veto 81 0.86 89.9 0.91 1.04 0.95
Njet > 2 61 0.75 65.3 0.73 0.98 1.04

pj1T > 100 36 0.59 39.4 0.60 1.00 0.98
|ηj1| < 2.5 34 0.94 37.3 0.95 0.99 1.00
HT > 200 30 0.88 33.2 0.89 0.95 0.99
Hmiss

T > 130 18 0.60 21.0 0.63 0.91 0.95
Hmiss

T

Emiss
T

< 1.25 15 0.83 19.2 0.91 1.07 0.91

αT 7.2 0.48 8.6 0.45 0.98 1.07
∆φ∗

min 4.5 0.63 5.5 0.64 0.99 0.98

Table 5.2: Inclusive and exclusive signal efficiency comparison for T2bb(375,300)
between CMS-SUS-15-005 αT analysis (RA1) [3] and this search (Rivet). The CMS-
SUS-15-005 analysed samples correspond to an integrated luminosity of 2.3 fb−1 at
a centre-of-mass energy of 13 TeV.
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2.3 fb−1 RA1 Rivet Diff.(RA1/Rivet)
incl. excl. incl. excl. incl. excl.

begin 100 100
lep veto 99 0.99 100 1.00 0.97 0.99
track jet matching 96 0.97 100 1.00 1.00 0.97
photon veto 95 0.99 99.1 0.99 0.95 1.00
fwd. jet veto 81 0.85 88.8 0.90 1.00 0.95
Njet > 2 80 0.99 88.0 0.99 1.00 1.00

pj1T > 100 80 1.00 87.9 1.00 1.00 1.00
|ηj1| < 2.5 80 1.00 87.5 1.00 1.00 1.00
HT > 200 80 1.00 87.5 1.00 1.01 1.00
Hmiss

T > 130 75 0.94 81.6 0.93 1.00 1.01
Hmiss

T

Emiss
T

< 1.25 72 0.96 78.4 0.96 1.02 1.00

αT 62 0.86 65.9 0.84 0.98 1.02
∆φ∗

min 39 0.63 42.5 0.64 0.99 0.98

Table 5.3: Inclusive and exclusive signal efficiency comparison for T2bb(800,50)
between CMS-SUS-15-005 αT analysis (RA1) [3] and this search (Rivet). The CMS-
SUS-15-005 analysed samples correspond to an integrated luminosity of 2.3 fb−1 at
a centre-of-mass energy of 13 TeV.

35.9 fb−1 RA1 Rivet Diff.(RA1/Rivet)
incl. excl. incl. excl. incl. excl.

begin 100 100
lep veto 100 1.00 99.9 1.00 0.97 1.00
track jet matching 97 0.97 99.9 1.00 1.00 0.97
photon veto 96 0.99 98.8 0.99 0.99 1.00
Njet > 2 95 0.99 98.4 1.00 0.96 0.99

pj1T > 100 91 0.96 98.4 1.00 1.00 0.96
HT > 200 91 1.00 98.3 1.00 1.00 1.00
Hmiss

T > 200 82 0.90 88.6 0.90 1.11 1.00
fwd. jet veto(|ηj1| < 2.4) 70 0.85 67.9 0.77 1.02 1.11
Hmiss

T

Emiss
T

< 1.25 70 1.00 66.4 0.98 1.00 1.02

αT 62 0.89 58.9 0.89 0.97 1.00
∆φ∗

min 40 0.65 39.2 0.67 1.00 0.97

Table 5.4: Inclusive and exclusive signal efficiency comparison for T2bb(1000,100)
between CMS-SUS-16-038 αT analysis (RA1) [4] and this search (Rivet). The CMS-
SUS-16-038 analysed samples correspond to an integrated luminosity of 35.9 fb−1 at
a centre-of-mass energy of 13 TeV.
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35.9 fb−1 RA1 Rivet Diff.(RA1/Rivet)
incl. excl. incl. excl. incl. excl.

begin 100 100
lep veto 99 0.99 100.0 1.00 0.96 0.99
track jet matching 95 0.96 100.0 1.00 1.01 0.96
photon veto 95 1.00 99.2 0.99 0.96 1.01
Njet > 2 79 0.83 85.5 0.86 0.89 0.96

pj1T > 100 52 0.66 63.0 0.74 0.95 0.89
HT > 200 45 0.87 57.6 0.91 0.99 0.95
Hmiss

T > 200 18 0.40 23.3 0.40 1.14 0.99
fwd. jet veto(|ηj1| < 2.4) 15 0.83 17.0 0.73 0.97 1.14
Hmiss

T

Emiss
T

< 1.25 14 0.93 16.3 0.96 1.03 0.97

αT 9 0.64 10.2 0.63 1.02 1.03
∆φ∗

min 6.3 0.70 7.0 0.69 0.99 1.02

Table 5.5: Inclusive and exclusive signal efficiency comparison for T2bb(550,450)
between CMS-SUS-16-038 αT analysis (RA1) [4] and this search (Rivet). The CMS-
SUS-16-038 analysed samples correspond to an integrated luminosity of 35.9 fb−1 at
a centre-of-mass energy of 13 TeV.

It can be concluded from above that our reconstruction is compatible with the

CMS αT analysis and our implementation can reproduce CMS official results with

sufficient accuracy.

5.2.2 Kinematic distributions

njet, nb, HT , H
miss
T distributions are shown in Figure 5.2 and Figure 5.3 as a com-

parison with Ref. [3]. The variables’ distributions for Ref. [4] are not available.
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Figure 5.2: Comparison of distributions for (a)HT , (b) nb, (c)H
miss
T , and (d) njet be-

tween Ref. [3] and this analysis for SUSY T2bb(375,300). Before and after selection
distributions for (a) HT , (b) nb, (c) H

miss
T , and (d) njet are all considered.
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Figure 5.3: Comparison of distributions for (a) HT , (b) nb, (c) H
miss
T , and (d) njet

between Ref. [3] and this analysis for SUSY T2bb(800,50). Before and after selection
distributions for (a) HT , (b) nb, (c) H

miss
T , and (d) njet are all considered.

It can be concluded from above that our reconstruction is compatible with the

CMS αT analysis and our implementation can reproduce CMS official results with

sufficient accuracy.
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5.3 Results

5.3.1 Expected signal yields

The dataset in Ref. [4] is binned in 224 bins as a result of binning in njet, nb, HT ,

and Hmiss
T . We identify the most sensitive bins for our analysis using the Asimov

Test [58]. The Asimov Test is given by

[2((s+ b) ln [
(s+ b)(b+ σ2

b )

b2 + (s+ b)σ2
b

]− b2

σ2
b

ln [1 +
σ2
bs

b(b+ σ2
b )
])]1/2, (5.3)

where s is the expected number of events from signal, b is the expected num-

ber of events from background and σb is the background uncertainty. The Asi-

mov Test is a significance calculation taking small statistics and background un-

certainties into account [58]. We choose 5 benchmark points from signal sam-

ples with the DM relic abundance constraint as signal inputs in Asimov Test:

(ms, mZ′ , mDM) = (70, 2000, 200), (70, 2520, 318), (70, 3175, 318), (50, 3175, 318),

(90, 3175, 318). We obtain our background numbers and uncertainties from Ref. [4].

After applying Asimov Test, we selected 17 sensitive bins for dark Higgs search by

looking for the best test scores. Table 5.6 shows the 17 sensitive bins we selected.
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5.3.2 Exclusion limits

The upper limits at 95% confidence level (CL) [24, 25] are calculated based on the

ratio of the signal cross-section to the predicted cross-section, σ/σth, with an inte-

grated luminosity of 35.9 fb−1. The results are drawn in the mZ′ −mDM plane and

regions where σ/σth ratio is less than one are regarded as excluded regions. 95% CL

means that if the signal were to be there, there is only a 5% (100% - 95%) chance

we would miss it.

We use HiggsCombineTool [44] from CMSSW 8 1 0 [45] to calculate the ex-

clusion upper limits. We apply 2016 CMS recorded data, estimated SM background

and background statistic uncertainties for each sensitive bin from Ref. [4] into our

analysis. We use 8% as our SM background systematic uncertainties as motivated

from Ref. [3, 4]. The asymptotic approximation [26] is used in computing exclusion

limits. Finally, the upper limits are drawn through the linear interpolation [49]

because our signal samples are discrete.

In this section, signal events with two types of coupling scenarios are both con-

sidered under ms ranging from 50 GeV to 90 GeV. The 95% CL upper limits for

fixed mDM will be given as examples. Here, we choose ms = 70 GeV, gx < (4π)1/2

and gq = 0.25 as an example. For the rest of signal samples, their 1-D projections

for fixed mDM can be found in Appendix B.

Signal samples with coupling scenario same as the LHC recommendation:

Figure 5.4 shows the 95% CL upper limit for ms = 50 GeV corresponding to an

integrated luminosity of 35.9 fb−1. The solid red line is the expected upper limit

and one (two) standard deviations have been drawn using dashed red (purple) lines

resulting from experimental uncertainties. All the regions below the expected upper

limits are excluded.

Figure 5.5 (a) and (b) show the 95% CL upper limits for ms = 70 and 90 GeV

with mDM = 100 GeV, respectively. It can be seen that no parameter space can

be excluded for ms = 70 GeV nor 90 GeV because the expected upper limit on the

cross-section is always higher than the theoretical cross-section.
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Figure 5.4: The expected exclusion region of the αT analysis at 95% CL with an
integrated luminosity of 35.9 fb−1 at a centre-of-mass energy of 13 TeV. The inputs
all correspond to ms = 50 GeV. The couplings are set according to LHC recom-
mendations [29]. The solid red line shows the expected upper limit and one (two)
standard deviations arising from experimental uncertainties have been drawn using
dashed red (purple) lines.
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Figure 5.5: Expected and observed 95% CL limits for ms = 70 and 90 GeV with
mDM = 100 GeV, respectively. The couplings are set according to LHC recommen-
dations [29]. The theoretical cross-section is shown as the blue solid line.

Signal events with coupling scenario considering the DM relic abundance

constraint from the universe: Figure 5.6 (a), (b) and (c) respectively show the

upper limits for ms = 50, 70 and 90 GeV at 95% CL with an integrated luminosity

of 35.9 fb−1. The solid black line is the observed upper limit. The solid red line is

the expected upper limit and one (two) standard deviations have been drawn using

dashed red (purple) lines from experimental uncertainties. All the regions below the

observed upper limit is excluded. The dashed blue line indicates the region with

gx = (4π)1/2 beyond which the theory becomes non-perturbative.
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Figure 5.6: The expected exclusion region of the αT analysis at 95% CL with an
integrated luminosity of 35.9 fb−1 at a centre-of-mass energy of 13 TeV. The inputs
correspond to ms = 50, 70 and 90 GeV. The coupling gx is chosen to fulfil the relic
density constraint [28]. The solid black line shows the observed upper limits. The
solid red line shows the expected upper limits and one (two) standard deviations
from experimental uncertainties have been drawn using dashed red (purple) lines.
All the regions below the observed upper limits are excluded. The dashed blue line
indicates the region where gx = (4π)1/2.

Exclusion limits at fixed mDM = 100 GeV and 449 GeV for ms = 70 GeV,

gx < (4π)1/2 and gq = 0.25: To help understand the behaviour of the 2-D limit

plots, we look at the 95% CL limit for selected fixed DM masses as a function of

mZ′ . We consider signals with ms = 70 GeV, gx < (4π)1/2 and gq = 0.25 as an

example. Their 1-D projections for fixed mDM are shown in Fig. 5.7.

For the rest of signal samples, their 1-D projections for fixed mDM can be found

in Appendix B.
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Figure 5.7: Expected and observed 95% CL limits for ms = 70 GeV with
mDM = 100 and 449 GeV. The couplings are set to fulfil the relic density con-
straint [28]. The theoretical cross-section is shown as the blue solid line.
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6 Discussion

6.1 Large-radius jet analysis comparison

Both Ref. [1] and our large-radius jet reinterpretation are trying to reproduce the

ATLAS simulation [2]. Both analyses are introducing rescaling factors in order to

be compatible with ATLAS background estimation [2]. From Table 4.1, it can be

concluded that our analysis is compatible with Ref. [1] and the largest rescaling

factor difference between our simulation and that of Ref. [1] is less than 0.8. Our

simulation is slightly closer to ATLAS background estimation compared to Ref. [1].

Figure 4.4 shows the reconstructed large-radius jet mass distribution for signal

processes with different ms and different mZ′ . It can be concluded that the signal

processes always peak as expected at around the mass of the dark Higgs when

reconstructing the mass of the large-radius jet. Ref. [1] and Ref. [2] also obtain the

same result, which can be treated as a confirmation of our reinterpretation.

We choose different mass windows for different ms signals in the distributions of

large-radius jet mass in order to maximise the expected significance. And by looking

at the exclusion limits that we draw for different signal samples, some conclusions

can be drawn.

Figure 4.5 (a), (b) and (c) are the exclusion limits forms = 50, 70 and 90 GeV for

signal samples with coupling scenario set to the LHC recommendation [29]. It can

be seen that for bothms = 50 and 70 GeV, the expected upper limits peak at around

mDM = 300 GeV while the expected upper limits peak at around mDM = 270 GeV

for ms = 90 GeV. This is because there are more SM background events at around

90 GeV from diboson production. For ms = 50, 70 and 90 GeV, mZ′ up to 1800,

2000 and 1800 GeV are respectively excluded.

Figure 4.7 (a), (b) and (c) are the exclusion limits for ms = 50, 70 and 90 GeV

for signal samples fulfilling the DM relic abundance constraint. For ms = 50, 70

and 90 GeV, mZ′ up to 3300, 3450 and 3500 GeV are respectively excluded. By

comparing with Ref. [1], it can be seen that our exclusion limits are comparable

with Ref. [1].
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6.2 αT analysis comparison

We implement the CMS αT analysis and validate it with the help of SUSY T2bb

samples by comparing the selection efficiencies at different stages of the event se-

lection. Table 5.2 and Table 5.3 show the comparison between our reinterpretation

and CMS simulation from Ref. [3]. It can be seen that the maximum difference for

T2bb(375, 300) between our reinterpretation and CMS simulation is 9% and the

maximum difference for T2bb(800, 50) between our reinterpretation and CMS sim-

ulation is 5%. The four key variables’ distributions (njet, nb, HT , H
miss
T ) are shown

in Fig. 5.2 and Fig. 5.3 for comparison. As Ref. [4] appeared while working on

this analysis, we updated our numbers and reinterpretations (see Table 5.4 and Ta-

ble 5.5). It can be seen that the maximum difference for T2bb(1000, 100) between

our reinterpretation and CMS simulation is 11% and the maximum difference for

T2bb(550, 450) between our reinterpretation and CMS simulation is 14%.

We use Asimov Test [58] to find the sensitive bins for our dark Higgs search,

taking small statistics and background uncertainties into account [58]. In the end,

17 bins are selected as sensitive bins and Table 5.6 shows those bins in detail. It can

be seen that some bins are more sensitive to ms = 70 GeV signals while other bins

are more sensitive to ms = 50 and 90 GeV signals. This is because we want to find

sensitive bins that can cover a wide range of ms distribution in ‘Higgs Portal DM’

model.

The exclusion limits are drawn in different signal coupling scenarios with different

ms distributions.

Figure 5.4 is the exclusion limits ofms = 50 GeV for signal samples with coupling

scenarios same as the LHC recommendation [29]. As we can see, the expected exclu-

sion limit is relatively weak. 95% CL exclusion plots for fixedmDM andms = 50 GeV

are shown in Appendix B. Figure 5.5 (a) and (b) show the 95% CL expected upper

limits for ms = 70 and 90 GeV with mDM = 100 GeV. It can be concluded that no

significant expected upper limits can be drawn forms = 70 GeV nor 90 GeV because

the expected upper limit on the cross-section is always higher than the theoretical

cross-section.

Figure 5.6 (a), (b) and (c) are the 95 % exclusion limits forms = 50, 70 and 90 GeV

for signal samples fulfilling the DM relic abundance constraint. For ms = 50, 70

and 90 GeV, mZ′ up to 3600, 3700 and 3700 GeV are excluded.
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7 Conclusion

In this thesis we have presented two complementary methods to search for dark

matter (DM) at high-energy colliders under a ‘Higgs Portal Dark Matter’ model.

The ‘Higgs Portal Dark Matter’ model proposes a dark Higgs boson that can gen-

erate masses for the dark sector particles. This model enables to relax constraints

from DM relic abundance by opening up a new annihilation channel. The exper-

imental signature for ‘Higgs Portal Dark Matter’ model is a large-radius jet from

the dark Higgs decay and large missing transverse momentum (MET) from the DM

production. Since this thesis focuses on dark Higgs decaying to a pair of b-tagged

jets, the experimental signature for our search is one boosted double b-tagged jet

from the dark Higgs decay together with large MET from escaping DM particles.

Two different searching methods have been investigated in this thesis: the large-

radius mono-jet search and the more “generic” MET + jets search using the CMS

αT analysis. The former was carried out by the ATLAS experiment, searching for

a large-radius jet containing at least two b-tagged sub-jets with large MET. The

latter is based on a CMS search, searching for resolved b-jets with specific kinematic

variables and large missing energy.

The reinterpretation of the large-radius search shows that signals with couplings

according to the LHC recommendation can obtain significant exclusion limits. When

the mass of the dark Higgs (ms) is 50, 70 and 90 GeV, the mass of the Z
′
(mZ′ )

up to 1800, 2000 and 1800 GeV are respectively excluded. The reinterpretation of

the large-radius search shows that signals with couplings set to fulfil the DM relic

abundance constraint can obtain significant exclusion limits. For ms = 50, 70 and

90 GeV, mZ′ up to 3300, 3450 and 3500 GeV are respectively excluded.

The reinterpretation of the CMS αT search shows that signals with couplings

according to the LHC recommendation cannot obtain significant exclusion limits.

However, the reinterpretation of the αT search shows that signals with couplings set

to fulfil the DM relic abundance constraint can obtain significant exclusion limits.

For ms = 50, 70 and 90 GeV, mZ′ up to 3600, 3700 and 3700 GeV are respectively

excluded.

The two search methods are complementary in this ‘Higgs Portal Dark Matter’

model and they both probe significant regions of parameter space of the model.

The CMS αT search uses four variables to identify regions of phase-space that are
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sensitive to a large number of signals, resulting in many signal bins. The large-radius

jet search only has one sensitive bin with variable mass windows to identify sensitive

regions.

The presented analysis does not use a dedicated detector reconstruction but

only applies a resolution smearing to physics objects in particular jets. A future

improvement could be to change this and to generate signal samples with a dedicated

detector reconstruction to obtain more accurate results.

The analysis presented in this thesis focuses on the dark Higgs s-channel bb̄ decay.

Searching for dark Higgs t-channel decay could be the next step.
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A Exclusion limits at fixed mDM for different sig-

nal samples according to the large-radius mono-

jet search

Figure A.1 to Figure A.4 are from signals with gx =1 and gq = 0.25. Figure A.5 to
Figure A.10 are from signals with gx < (4π)1/2 and gq = 0.25.
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Figure A.1: Expected 95% CL limits for ms = 50 GeV, gx = 1.0 and gq = 0.25 with
mDM = 100 GeV.
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Figure A.2: Expected 95% CL limits for ms = 50 GeV, gx = 1.0 and gq = 0.25 with
mDM = 301 GeV.
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Figure A.3: Expected 95% CL limits for ms = 90 GeV, gx = 1.0 and gq = 0.25 with
mDM = 100 GeV.
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Figure A.4: Expected 95% CL limits for ms = 90 GeV, gx = 1.0 and gq = 0.25 with
mDM = 276 GeV.
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Figure A.5: Expected 95% CL limits for ms = 50 GeV, gx < (4π)1/2 and gq = 0.25
with mDM = 100 GeV.
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Figure A.6: Expected 95% CL limits for ms = 50 GeV, gx < (4π)1/2and gq = 0.25
with mDM = 566 GeV.
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Figure A.7: Expected 95% CL limits for ms = 70 GeV, gx < (4π)1/2 and gq = 0.25
with mDM = 100 GeV.
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Figure A.8: Expected 95% CL limits for ms = 70 GeV, gx < (4π)1/2 and gq = 0.25
with mDM = 566 GeV.
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Figure A.9: Expected 95% CL limits for ms = 90 GeV, gx < (4π)1/2 and gq = 0.25
with mDM = 100 GeV.
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Figure A.10: Expected 95% CL limits for ms = 90 GeV, gx < (4π)1/2 and gq = 0.25
with mDM = 566 GeV.
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B Exclusion limits at fixed mDM for different sig-

nal samples according to the αT multi-jet search

Figure B.1 to Figure B.4 are from signals with ms = 50 GeV, gx = 1 and gq = 0.25.
Figure B.5 to Figure B.8 are from signals with gx < (4π)1/2 and gq = 0.25.
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Figure B.1: Expected and observed 95% CL limits for ms = 50 GeV, gx = 1.0 and
gq = 0.25 with mDM = 100 GeV.
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Figure B.2: Expected and observed 95% CL limits for ms = 50 GeV, gx = 1.0 and
gq = 0.25 with mDM = 129 GeV.
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Figure B.3: Expected and observed 95% CL limits for ms = 50 GeV, gx = 1.0 and
gq = 0.25 with mDM = 140 GeV.
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Figure B.4: Expected and observed 95% CL limits for ms = 50 GeV, gx = 1.0 and
gq = 0.25 with mDM = 153 GeV.
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Figure B.5: Expected and observed 95% CL limits for ms = 50 GeV, gx < (4π)1/2

and gq = 0.25 with mDM = 100 GeV.
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Figure B.6: Expected and observed 95% CL limits forms = 50 GeV, gx < (4π)1/2and
gq = 0.25 with mDM = 449 GeV.
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Figure B.7: Expected and observed 95% CL limits for ms = 90 GeV, gx < (4π)1/2

and gq = 0.25 with mDM = 100 GeV.
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Figure B.8: Expected and observed 95% CL limits for ms = 90 GeV, gx < (4π)1/2

and gq = 0.25 with mDM = 449 GeV.
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