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Abstract

With the completion of 7 TeV and 8 TeV data taking at the Large Hadron Collider (LHC),

the physics community witnessed one of the great triumphs of modern physics: the com-

pletion of the Standard Model (SM) as an effective theory. The final missing particle, the

Higgs boson, was observed and its mass was measured. However, many theoretical questions

remain unanswered. What is the source of electroweak symmetry breaking? What is the

nature of dark matter? How does gravity fit into the picture? With no definitive hints of

new physics at the LHC, we must consider the possibility that our search strategies need to

be expanded. Conventional LHC searches focus on theoretically motivated scenarios, such

as the Minimal Supersymmetric Standard Models and Little Higgs Theories. However, it

is possible that new physics may be entirely different from what we might expect. In this

thesis, we examine a variety of scenarios that lead to new physics undercover at the LHC.

First we look at potential new physics hiding in Quantum Chromo-Dynamics backgrounds,

which may be uncovered using jet substructure techniques in a data-driven way. Then we

turn to new long-lived particles hiding in Higgs decay, which may lead to displaced ver-

tices. Such a signal can be unearthed through a data-driven analysis. Then we turn to

new physics with “semi-visible jets”, which lead to missing momentum aligned with jet

momentum. These events are vetoed in traditional searches and we demonstrate ways to

uncover these signals. Lastly, we explore performance of future colliders in two case studies:

Stops and Higgs Portal searches. We show that a 100 TeV collider will lead to significant

improvements over 14 TeV LHC runs. Indeed, new physics may lie undercover at the LHC

and future colliders, waiting to be discovered.
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Part I

Introduction

Fundamental physics saw great advances in the 20th century. By combining quantum

mechanics with special relativity, physicists came up with a unifying description of the

electroweak and the strong forces and their interactions with matter. All the fundamental

particles are organized into quantum fields, and their allowed interactions are summarized

into a single Lagrangian. This description of nature is now known as the Standard Model

(SM), which has been verified to an astonishing degree of accuracy (see [1] for an extensive

summary and review). With the discovery of the Higgs particle in 2012 and the measurement

of its mass at the Large Hadron Collider (LHC) experiments by both the ATLAS and CMS

collaborations [2–4], the final parameter of the SM is known and it is now a fully predictive

theory.

Despite its enormous success, the SM leaves many questions unanswered. What is the

souce of electroweak symmetry breaking? What is the nature of dark matter? How does

gravity fit into the framework? As a quantum field theory, the SM alone is inconsistent at

high energies, and therefore must be viewed as an incomplete effective theory that is only

valid for describing low energy physics. This incompleteness means that there must be new

physics beyond the SM, and such new physics will likely lead to new particles or new forces.
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Chapter 1

The Standard Model

1.1 Forces

The Standard Model is a relativistic quantum field theory described by a renormalizable

Lagrangian. It describes three of the four observable forces – the strong, weak, and electro-

magnetic forces. Classically, these forces are described as analogs of electric and magnetic

fields that can propagate through spacetime. These fields can be obtained from gauge

fields Aaµ = (φa, ~Aa). The various gauge fields in the SM are classified by the symmetries

they transform under, which is taken to be SU(3)c × SU(2) × U(1)Y . They are governed

by analogs of Maxwell’s equation, which can be derived from a Lagrangian obeying gauge

invariance.

Mathematically, gauge theories describe fiber bundles of spacetime. Associated with

each gauge group is a connection (or gauge field) Aaµ(x) that tells us how parallel transport

is performed on the fiber bundle, or how different fibers should be compared at neighboring

locations. Gauge invariance is then simply a consistency requirement that the fields are

describing a consistent fiber bundle. The gauge fields associated with SU(3)c, denoted by

Gaµ, are su(3)c lie algebra valued and describe the 8 gluons of strong interactions. The gauge

fields associated with SU(2)l×U(1)Y , denoted byW a
µ , Bµ, describe theW

±, Z0 bosons and

the photon γ after electroweak symmetry breaking. Associated with each gauge field is a

2
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field strength tensor, which describes the curvature of the fiber bundle. The Lagrangian for

the gauge fields is given by

Lgauge = −1

4
GµνaGaµν −

1

4
WµνaW a

µν −
1

4
BµνaBa

µν (1.1)

where Gaµν are the SU(3)c field-strength tensors, W a
µν the SU(2)l field-strengths and Bµν

the U(1)Y hypercharge field-strength. In the SM, these gauge fields are quantized and give

rise to the force carriers.

1.2 Matter

In addition to gauge fields, there are additional matter fields that are charged under the

three forces. Mathematically, matter fields are extensions of the fiber bundles that parallel

transport under the gauge connections. The different matter fields can then be classified

by their transformation properties under the SM gauge group, which are shown in Table

1.1, where q, ū, d̄ are the quarks, and l, ē are the leptons. All the quarks and leptons are

matter SU(3)c SU(2) U(1)Y

q =
(
u
d

)
3 2 1

6

ū 3̄ 1 −2
3

d̄ 3̄ 1 1
3

l =
(
ν
e

)
1 2 −1

2

ē 1 1 1

ϕ 1 2 1
2

Table 1.1: Standard Model Matter Content. The Higgs field ϕ is a complex scalar and all
the other matter fields are left-handed weyl spinors. Each lepton and quark comes in three
families.

fermionic left-handed weyl spinors, which come in three flavors. ϕ describes the Higgs field

and is the only complex scalar in the SM. Each of the matter fields come with a kinetic term

in the Lagrangian. The most general renormalizable Lagrangian given the matter content
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is given by

Lmatter + Lhiggs =
∑

ψ∈{q,ū,d̄,l,l̄}
iψi†σ̄ ·Dψi + |Dϕ|2 − V (ϕ)

− λlij(ǫϕ)liēj − λuij(ǫϕ)qiūj − λdijϕ
†qid̄j (1.2)

Where the indices shown above correspond to the three flavors. ǫh = ǫijhj in SU(2)l indices,

which is necessary for gauge invariance.

1.3 Higgs Mechanism

Given that the matter content does not come in charge conjugate pairs, there are no allowed

mass terms of the form mqq̄,mll̄ in the Lagrangian. The same goes for the gauge fields,

where terms of the form m2AaµA
aµ explicitly violate gauge invariance. Since the matter

fermions and the force carriersW±, Z0 are all massive, these mass-terms must be generated.

Fortunately, the Higgs field can resolve all these issues. One can rewrite the general Higgs

potential in the following way:

V (ϕ) =
λ

4

(
|ϕ|2 − v2

2

)2

(1.3)

Classically, when v2 > 0, the Higgs will condense into a vacuum expectation value (vev).

We can then fix a basis and write, 〈ϕ〉 = 〈(ϕ+, ϕ0)〉 = (0, v/
√
2). To properly perform

perturbation theory calculations, one must substitute and expand ϕ0 → (v + h0)
√
2 into

the Lagrangian. The quartic term in the Higgs kinetic term −|Dϕ|2 will give rise to desired

gauge boson masses:

L ⊃ 1

8

∣∣∣∣∣∣


 gA3

µ + g′Bµ g(A1
µ − iA2

µ)

g(A1
µ + iA2

µ) −gA3
µ + g′B2

µ



(
0

v

)∣∣∣∣∣∣

2

=
1

2

−gA3
µ + g′B2

µ

g2 + g′2

[(
g2 + g′2

) v2
4

]
+

∣∣∣∣∣
A1
µ − iA2

µ√
2

∣∣∣∣∣

2 [
g2v2

4

]
(1.4)
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Defining Z0
µ = −gA3

µ + g′B2
µ/g

2 + g′2 and W± = A1
µ ∓ iA2

µ/
√
2, one sees that this leads

to mZ0 =
√
g2 + g′2v/2 and mW± = gv/2. As for the fermions, a Higgs vev gives rise to

mass terms of the form

L ⊃
λlijv√

2
eiēj +

λuijv√
2
uiūj −

λdijv√
2
did̄j (1.5)

After diagonalizing the Yukawa matrices by choosing a basis for q, ū, d̄, l, ē, the fermions

get masses of the form me,u,d
i = λe,u,di v/

√
2.

1.4 Sensitivity to New Physics

So far the analysis is at the classical level. As a quantum theory, the structure of electroweak

symmetry breaking gets modified at loop level by quantum effects. Consider a particle

φ (fermion or boson) that couples to the Higgs field. The mass of φ, Mφ, will depend

nontrivially on v. Then the classical potential will be modified when interactions with the

φ field is included. At the one-loop level, we have the Coleman Weinberg formula [5]:

∆Vone−loop =
(−1)F

2

∫ Λ d4p

(2π)4
log(p2 +M2

φ(v))

=
(−1)F

64π2

[
M2
φΛ

2 +M4
φ log

M2
φ

M2
φ + Λ2

+ Λ4 log(M2
φ + Λ2)

]
(1.6)

Where we have neglected Mφ independent constants. Equation 1.6 naively diverges from

integration over regions with large p2, or the ultraviolet (UV). Such a divergence is artifical,

as we expect new physics to emerge at large momentum and thus regularize the integral.

Since we do not know what the new physics is yet, we parameterize our ignorance by cutting

off the integration at Λ. For multiple particles that couple to the Higgs, one simply adds

the individual contributions together.

Equation 1.6 has the peculiar property that it depends quadratically on Λ2. If Λ2 is

very large, it could easily alter electroweak symmetry breaking. In order for electroweak

symmetry breaking to happen, all these potentially very large Λ2 terms must cancel each
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other to give a potential that has a minimum at around ∼ 100 GeV. This unnatural sen-

sitivity is known as the hierarchy problem. One can avoid this situation if Λ2 is small or

the M2
φ dependence on v is small. In the SM, the top-quark mass already depends strongly

on the Higgs vev. This indicates that without some special cancellation between the top

quark contribution and other particles, Λ should not be much larger than ∼1 TeV. A small

Λ indicates that new physics should emerge around this scale, which has not been observed

in experiments yet.

The most theoretically appealing way to solve the hierarchy problem is to propose new

symmetries that enforce cancellations of the sensitivity to Λ, for example, supersymmetry

and little Higgs theories (For a review, see [6, 7]). Supersymmetry imposes a symmetry

between bosonic and fermionic degrees of freedom such that fermionic contributions that

come with an extra (−1)F cancel the bosonic contributions. Such a cancelation is valid to all

orders and in fact removes all the sensitivity of the electroweak sector to UV physics. Little

Higgs theories, on the other hand, extend the electroweak gauge symmetry and require that

the vev dependent part of M2
φ come in equal and opposite contributions. The sensitivity to

UV is reduced but not removed entirely, which allows Λ to be significantly above ∼ TeV.

1.5 Supersymmetric Standard Model

Supersymmetry (SUSY) postulates that particles come in pairs of bosons and fermions with

related couplings and charges. Supersymmetry is also required in string theory, which is the

only theory of quantum gravity that may incorporate the SM. Furthermore, the simplest

supersymmetric extension of the SM predicts gauge coupling unification. All these appealing

features make supersymmetry the leading candidate for solving the hierarchy problem.

One way to realize supersymmetry is by enlarging the concept of spacetime. To do so,

the concept of real numbers needs to be extended to include Grassmann variables {η1, η2, ...}

that anticommute ηiηj = −ηjηi. A general element of the Grassmann algebra is a linear

combination of products of arbitrarily many ηi. There is a natural “parity” operator that
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decomposes any element of the Grassmann algebra into even and odd pieces:

x = xodd + xeven =
∑

odd N

xi1,i2,...iN ηi1ηi2 ...ηiN +
∑

even N

xi1,i2,...iN ηi1ηi2 ...ηiN (1.7)

A super-vector space R
m|n is then an m-tuple of even elements with an n-tuple of odd

elements of the Grassmann algebra. N = 1 supersymmetric theories are then theories

of fields in R
4|4, where spacetime is augmented with 4 extra Grassmann-odd coordinates.

We can label the coordinates as (xµ, θα, θ̄
α̇) ∈ R

4|4. Fields of space-time are then gener-

alized into super-fields of super-space, or in other words, maps of R
4|4 → R

1|0. The usual

Poincaré invariance is extended to include superspace translations. The super-translations

are parameterized by odd-elements of Grassmann algebra (ξ, ξ̄) ∈ R
0|4, and is given by 1

(xµ, θ, θ̄) → (xµ − iθσµξ̄ + iξσµθ̄, θ + ξ, θ̄ + ξ̄) (1.8)

The concepts of fields are generalized to superfields, which can be decomposed into a finite

series of θ, θ̄ as θ3 = θ̄3 = 0,

Φ(x, θ, θ̄) = φ(x) + θχ(x) + θ̄η̄(x) + θσµθ̄V µ(x) + θ2m(x) + θ̄2n(x)+

θ̄2θλ(x) + θ2θ̄ψ̄(x) + θ2θ̄2D(x) (1.9)

Under super-translations, these coefficients will transform into each other. In particular, the

shift in xµ will transform terms with lower powers of θ, θ̄ into higher ones. Shifts in θ, θ̄ will

transform terms with higher powers of θ, θ̄ into lower ones. Then, a SUSY transformation on

D(x) will solely come from the shift in xµ, and thus must be in the form of a total derivative

δD(x) ∼ ∂µJ
µ, which will vanish when integrated over d4x. Therefore the θ2θ̄2 component

of any superfield integrated over
∫
d4x is invariant under super-translation. It is possible

to construct additional SUSY invariants by noting that the variables yµ = xµ − iθσµθ̄

transforms into yµ → yµ−2iθσµξ̄− iξσµξ̄ under super-translations, which is independent of

θ̄. One can then define chiral super-fields as superfields that only depend on (yµ, θ), which

can be Taylor expanded into

Ψ = φ(y) +
√
2θψ(y) + θ2F (y) (1.10)

1The relative −1 between ξ and ξ̄ translation is necessary to ensure xµ remains Hermitian when φ̄ = φ†

and ξ̄ = ξ†. The hermiticity requirement is directly related to unitiary and must be enforced.
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Through the same argument, we see that F (y) transforms into a total divergence under

SUSY, and its integral over
∫
d4x is thus SUSY invariant.

Given the extension of spacetime to superspace, the SM can be extended to the Minimal

Supersymmetric Standard Model (MSSM). Gauge fields are promoted to vector superfields

that satisfy V † = V , and matter fields are generalized to chiral superfields. The MSSM

matter content is summarized in Table 1.2. All the gauge bosons now come with fermionic

matter boson fermion SU(3)c SU(2) U(1)Y

VG Gaµ λaG Ad 1 0

VW W a
µ λaW 1 Ad 0

VB Ba
µ λB 1 1 Ad

Q =
(
U
D

) (ũ
d̃

) (
u
d

)
3 2 1

6

Ū ˜̄u ū 3̄ 1 −2
3

D̄ ˜̄d d̄ 3̄ 1 1
3

L =
(
N
E

) (
ν̃
ẽ

) (
ν
e

)
1 2 −1

2

Ē ˜̄e ē 1 1 1

Hu hu
¯̃
hu 1 2 1

2

Hd hd
¯̃
hd 1 2 −1

2

Table 1.2: Minimal Supersymmetric Standard Model Matter Content. The gauge fields are
grouped into vector superfields, and the matter fields are grouped into chiral superfield.

gaugino parterns. The SM fermions come with a bosonic partner, and the Higgs boson is

extended to two Higgs chiral superfields Hu, Hd, which also include the fermionic partners

to the Higgses. The Yukawa coupling is generalized to couplings between chiral superfields:

LMSSM ⊃
(
−λlij(ǫHu)LiĒj − λuij(ǫHu)QiŪj − λdijHdQiD̄j

) ∣∣∣∣
θ2 component

(1.11)

We see that in addition to fermion-Higgs coupling, the Lagrangian also contains Higgs-scalar

coupling of the form |hu|2|s̃|2, where s̃ is any scalar partner of the SM quarks and leptons.

This implies that if SUSY is exact, the bosonic partner has the same mass dependence on

the Higgs vev as the fermions. Thus the correction to the Higgs potential is zero according to

Equation 1.6. This statement is actually true to all loop orders as a result of supersymmetry.
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If supersymmetry is true, one should be expected to observe a bosonic (fermionic) coun-

terpart to all SM fermions (bosons). This has not been observed so far, thus SUSY must be

spontaneously broken if it were true. A spontaneously broken SUSY will result in residual

logarithmic sensitivity to the SUSY breaking scale, implying that super-partners of SM par-

ticles cannot be too heavy (otherwise the residual sensitivity will cause another hierarchy

problem). The full MSSM Lagrangian involving gauge fields and SUSY breaking terms is

rather complicated, and we refer to [6] for a detailed review. The existence of new colored

and electroweak charged states not far beyond the electroweak scale gives us hope that they

may be produced and disocvered through collider experiments.

1.6 Conclusion

In this chapter, we have reviewed the basics of the Standard Model as a quantum field

theory. Using the principles of gauge invariance, masses for the gauge and matter fields

are forbidden. We reviewed how the Higgs Mechanism is able to generate the required

mass terms through a symmetry breaking potential. However, such a potential gets large

quantum corrections, and we saw how successful electroweak symmetry breaking requires

fine-tuning. Fine-tuning could be removed or reduced by introducing new symmetry prin-

ciples, which tend to lead to new physics not far beyond the electroweak scale. This leads

to the motivation for building collider experiments to find such new physics, which we will

turn to in Chapter 2.



Chapter 2

LHC Collider Physics

The Large Hadron Collider (LHC), currently the largest and most powerful particle collider

in the world, is the front runner for discovering new particles. As protons with ∼ TeV

energies are collided against each other, new particles beyond the SM may be produced

and discovered. Many new physics models that explain the electroweak symmetry breaking

mechanism predict new particles at the TeV scale and should be accessible at the LHC.

Some examples are the stop and gluino in supersymmetry [6] and the top partners in little

higgs models [7].

Given the expectations of new physics beyond the Standard Model and its unknown na-

ture, we need a robust and general experimental program for its discovery. The culmination

of many efforts in the science communities led to the construction of the ATLAS (A Toroidal

LHC Apparatus) and the CMS (Compact Muon Solenoid) particle detector experiments,

centered along the Large Hadron Collider (LHC). The ATLAS and CMS experiments open

up a new era of experiment driven particle physics, which we will review in the following

chapters.

2.1 The LHC as a Discovery Machine

The LHC is a proton-proton collider with center of mass energy
√
s ∼TeV. It is the largest

and most powerful particle collider to date. The first round of proton-proton collision data

10
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was gathered in 2010 at
√
s = 7 TeV, delivering close to 50 pb−1 of data. The second round

of proton-proton collisions started in 2012 at
√
s = 8TeV, delivering slightly more than 20

fb−1 of data. Recently, in June 2015, the LHC has starting operation at 13 TeV.

Since nature is quantum mechanical, the number of each type of collision events is

random. The expected number of a specific physical process is given by

Nevent = σ × ǫ×
∫
Ldt (2.1)

where σ is the production cross section. The integrated luminosity
∫
Ldt measures the

total amount of gathered data, and is proportional to the total number of interactions. ǫ is

the efficiency of the event selection criterion. Since the proton is a composite particle, the

production cross section in general cannot be computed directly. Fortunately, as collisions

happen at much greater energies than the composite scale of the proton, the cross sections

can in general be approximated through factorization, such that

dσ(pp→ X) =

∫
dx1dx2fp→p1(x1)fp→p2(x2) dσ(p1p2 → X) (2.2)

where fp→pi(xi), the parton distribution function (PDF), is interpreted as the probability

of obtaining a parton pi from a proton with momentum fraction xi. The PDF cannot be

computed directly, but is universal and can be extracted from previous collider experiments.

Figure 2.1 shows an example PDF fit by the MSTW collaboration [8]. The parton level

cross section, dσ(p1p2 → X), can then be directly calculated from Feynman diagrams.

From Equation 2.2, one sees that the center-of-mass energy of the partons,
√
ŝ =

√
x1x2

√
s,

for a given physical process is always less than the total energy of the collision. In fact,

from Figure 2.1, one sees that the PDFs are dominated by small x, hence most of the

heavy particles produced will be approximately at rest. Thus we come to two important

conclusions:

• p-p collisions scan a wide energy range, and are capable of producing new heavy

particles at a variety of masses.

• The total production cross section for new particles with mass M falls sharply as M
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Figure 2.1: The PDFs for various partons at different renormalization scales. Figure taken
from [8].
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Figure 2.2: The total interaction
cross section for various SM pro-
cesses at the Tevatron and at the
LHC. Figure taken from [8].

approaches the beam energy. In other words, the production cross section for a heavy

particle increases rapidly as the collision energy increases.
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Given the PDFs, one can compute the typical production rates for various processes. Fig-

ure 2.2 shows the total cross section for different SM processes. The largest contribution

comes from Quantum Chromo-dynamics (QCD) interactions. The next largest contribution

comes from electroweak boson W±/Z0 productions, and then top quark pair production.

Higgs production is many orders of magnitude lower, and many potential new physics pro-

cesses have even smaller cross sections. Due to the huge amount of data presented at the

LHC, physics conclusions would have to be obtained through careful statistical analysis,

which we turn to next.

2.2 Exclusion and Discovery

The simplest LHC physics analysis involves counting experiments. Given a set of selection

criteria, one computes the predicted observed number of eventsNModel assuming a particular

model is correct. More precisely, since NModel is in general random, one would need to

compute (or approximate) the probability distribution of observing N given the selection

criteria. If we know all the details of our model with no uncertainties, the probability

distribution will be Poissonian:

PModel(N) = Poisson(N |λModel) =
∑

N

λNModel

N !
e−λModel (2.3)

Though, more generally, PModel will be modified when systematic uncertainties are taken

into account. In order to make an exclusion, one will then perfrom an analysis on the data,

and measure the observed number of events Nobs. For models that predict an excess of

events, an exclusion can be made at a particular confidence α, when the following condition

is satisfied1 :

∑

N≤Nobs

PModel(N) ≤ 1− α (2.4)

In experiments, more sophisticated CLs test-statistics are employed [9]. But for theoreti-

cal studies, Equation 2.4 is often adequate. A discovery of physics beyond the SM would

1Typically, α = 0.95, or 2σ for exclusion and 1− α = 3× 10−7, or 5σ for discovery
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imply incompatibility of the observation compared to SM at the 5σ level. Significant sim-

plifications can be made when N is large. In theoretical studies, it is often convenient to

ignore systematic uncertainty as they are difficult to calculate. Under these simplifications,

the Poisson distribution becomes gaussian, and the exclusion condition in Equation 2.4 is

simplified into

Nobs − λModel√
λModel

≥ 2 (2.5)

Given that we expect the number of observed events to be those predicted by the SM, the

expected exclusion for a given model can be roughly computed as

NSM −NModel√
NModel

≥ 2 =⇒ NModel −NSM & 2
√
NSM (2.6)

We see that successful exclusions of any physics model rely on having an analysis where the

predicted excess over the SM is significantly higher than
√
NSM. This requirement is the

basis of almost all of the collider searches.

2.3 Kinematics

In order to perform an LHC analysis, one needs to apply stringent selection criteria on

observables in order to observe potential signal over background. Below we will go over

the standard kinematic variables used in LHC analyses. Typically the coordinate system is

aligned such that the two colliding protons are travelling in opposite directions with four

momenta pµproton 1 = (E, 0, 0, E), pµproton 2 = (E, 0, 0,−E). The interaction point is assumed

to be at the origin. The four momenta of all the detected final state particles, are then pµi .

Given that the lab frame is not necessarily the center of mass of the parton interactions,

it is useful to decompose pµi into components that transform differently under boost in the

z-direction. There are two common ways to rewrite a four-vector

pµi =

(√
m2 + p2T cosh y, ~pT ,

√
m2 + p2T sinh y

)
=

(√
p2T cosh2 η +m2, ~pT , pT sinh η

)

~pT = (pT cosφ, pT sinφ) (2.7)
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where y is the rapidity and η the pseudo-rapidity, and ~pT is the transverse momentum.

Under longitudinal boost, the ~pT is unchanged, and y changes additively. For almost all of

the detected final state particles, m ≈ 0 compared to the collision energy, and y = η. The

pseudo-rapidity has the advantage that it is directly related to the angle with respect to

the beam axis, sinh η = cot θ. The phase space of a single particle becomes

d3~p

(2π)3(2Ep)
=
dyd2~pT
2(2π)3

=
pT cosh ηdη

2
√
p2T cosh2 η +m2

d2~pT
(2π)3

(2.8)

We see that the phase space is proportional to dy, which is invariant under longitudinal

boost, or dη in the massless limit. Loosely speaking, particle production is roughly constant

in units of η.

For a 2 → N collision process, the total momentum of all the final state particles is

given as
∑
pµi = ((x1 + x2)E, 0, 0, (x1 − x2)E). Where x1, x2 are the momentum fractions

of the partons. The rapidity for the entire event is then

y =
1

2
ln

(
x1
x2

)
=⇒ x1 =

√
rey x2 =

√
re−y r = x1x2 (2.9)

we see that the distribution of y is given by

dσ

dy
=

∫
drfp→p1(

√
rey)fp→p2(

√
re−y)σ(p1p2 → N) (2.10)

Since the total cross section σ(p1p2 → N), after integration over the phase space, is

Lorentz invariant, it only depends on the center-of-mass energy, or ŝ = rs. We see that the

rapidity distribution depends mainly on the PDF. For processes with large r, the PDFs are

falling sharply. Equation 2.10 tells us that only regions of small |y| contribute significantly.

This implies that for typical processes, the final-state particles will tend to be central, having

relatively small |η|.

Given that the distribution of η for any final-state particle is unknown, the longitudinal

boost invariant pT is used as a measure of the interaction energy. A typical analysis will

involve choosing collider objects with modest |η| and large pT . We will review these objects

in the next chapter.
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2.4 Collider Objects

In order to target specific new physics signatures, it is necessary to identify the type of

particles produced in the partonic processes. However, the mapping between particles seen

at a detector and the parton processes may not be straightforward:

1. Detectors are imperfect and misidentification of particles does happen.

2. Only stable (sufficiently long-lived) final states that interact with the detectors are

observed.

3. Quarks and gluons are not observed in the final states; instead, they hadronize into

hadrons and baryons.

The first point is purely an experimental issue and can be mitigated by better calibra-

tions and event selection. The second point forces us to consider the entire decay chains for

a given process. This may necessitate multiple analyses for theoretically similar physical

processes. For example, top quarks may decay leptonically or hadronically, and each chan-

nel requires very different analysis strategies. The third point tells us that all color charged

final states will go through showering and non-perturbative hadronization, causing extra

complications in their physics interpretations. The most common directly detected particles

are: γ, π±,0, p±, n, e±, µ±. These particles are identified by a combination of tracking and

calorimeter measurements. Figure 2.3 shows a schematic of what the different final state

particles look like in the detector. Given the signature of particles observed at a detector,

they can be grouped into several categories. Below we briefly discuss the main detector

objects used in traditional searches.

2.4.1 Leptons and Photons

Electrons and muons are among the most well-measured objects at colliders. They are

identified by a distinctive high pT track measured by the tracker. Electrons mainly deposit

their energy in the electromagnetic calorimeter. Muons, on the other hand, do not interact



17

Figure 2.3: Schematic of the CMS detector [10].

significantly with the calorimeter since they are heavier. They travel outward to the muon

chambers where their momenta are measured once again. As for tau leptons, or τ±, they

decay into either hadrons or other leptons together with neutrinos and are not directly

measured at colliders. Their identification is still possible, but much more complicated.

Therefore, at colliders, decay channels involving e±, µ± are much prefereed over those in-

volving τ±. Photons are similar to electrons except that they do not leave a distinctive

track since they are not charged.

Leptons and photons in an event are often produced through electroweak processes, and

thus usually do not come with signifcant extra radiation. Therefore, isolation requirements

are typically imposed on them to reject fakes from hadronic activity. In the SM, the

production of isolated e±, µ±, γ largely come from electroweak interactions and thus is

strongly reduced. Therefore, new physics involving these objects tends to have much tighter

experimental constraints.

2.4.2 Transverse Missing Momentum

Energetic particles that are undetected also offer a robust way to look for a variety of new

physics. By momentum conservation, the sum of all the transverse momenta of the particles
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2.4.3 Jets

The most common types of fundamental particles produced at hadron colliders are quarks

and gluons. However, as the strong coupling gets larger at large distances, quarks and gluons

are never seen as final states. Instead, these particles (or partons) shower and hadronize into

a large number of hadrons. Individual hadrons can be identified by their tracks (when they

are charged) and their energy deposition in the hadron calorimeters. The physics of parton

showering can be understood perturbatively, and hadronization can typically be treated as

a small effect. Such an assumption is valid as long as the interaction energy is much larger

than the scale ΛQCD ≃ 200MeV, where ΛQCD is the scale where the strong force becomes

non-perturbative. In physics searches, colliminated hadrons are clustered into jets through

recombination algorithms [11,12]. These jet objects can be simulated through Monte Carlo

algorithms [13,14]. For a detailed discussion, we refer the reader to [15].

In the SM, jets are produced mainly through QCD interactions, and thus have much

larger production cross sections than processes involving other collider objects such as lep-

tons and neutrinos. Still, jets are indispensible tools for searches, as any new physics

scenarios that involve QCD charged particles will involve the production of jets, which may

or may not be accompanied by other objects such as leptons and �~ET .

2.5 Conclusion

In this chapter, we have reviewed the basics of proton colliders and collider physics at

the LHC. We saw how high energy proton-proton collisions can be viewed as collisions of

the constituent partons. The collision energies of these partons span orders of magnitude,

making the LHC a discovery machine. We also reviewed some common physics objects

(leptons, �~ET and jets) and various common observables at colliders. We see that collision

events in general have unknown boost factors along the beamline, and thus transverse

variables are used frequently in physics analysis and object selections. In the following

chapters, we will utilize the collider physics outlined here and propose many searches that
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could reveal new physics at the LHC.



Part II

New Physics at the LHC

Traditional physics searches at the LHC typically require some combination of collider

objects: for example, leptons, jets and �~ET with high transverse momentum. In many

SUSY searches, it is assumed that the lightest supersymmetric particle (LSP) is stable and

thus produces significant �ET . In the following chapters we will study how new physics

scenarios may violate these traditional assumptions. For example, in R-Parity Violating

SUSY scenarios, the LSP can decay into jets, removing the �~ET handle. We will examine a

novel way to search for these scenarios in Chapter 3. There are also new physics scenarios

that lead to more exotic collider objects such as displaced vertices. In Chapter 4, we will

examine a new data-driven way to search for the Higgs boson decaying into long-lived

particles that produce displaced vertices. Traditional dark matter searches at the LHC

usually assume that the dark matter is isolated from hadronic activity. In Chapter 5, we

will examine a class of dark matter models that violate such an assumption. These scenarios

produce large �ET , but the �~ET is correlated with the jet momenta in the event, which is

discarded by traditional searches. We will discuss a new way to search for these signals.

Chapters 3-5 are published in [16–18] respectively. The work in Chapter 3 was presented

in Phenomenology 2012 Symposium and Boost 2013 Conference. The work in Chapter 5

was presented in Phenomenology 2015 Symposium and an invited seminar at MIT.
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Chapter 3

New Physics in Multijets:

Accidental Jet Substructure

3.1 Introduction

Our approach to jet physics is undergoing a renaissance. While most LHC studies use the

energy and momentum of a jet, there is growing appreciation for the wealth of information

that can be extracted by analyzing a jet’s internal structure (see [19–21] for reviews). Jet

substructure gained traction when it was shown to increase the LHC sensitivity to Higgs

boson decays into b-quarks [22]. Since then, jet substructure has been applied by theorists

to a variety of scenarios [23–45], and its power has been demonstrated experimentally in

Tevatron [46,47] and LHC [48–54] searches.

In all existing studies, jet substructure has been used to search for boosted resonances

with collimated decay products that are reconstructed as a single jet. For a typical event at

the LHC, parent particles are produced near threshold; the decay products are boosted for

the small fraction of signal events produced with significant transverse momentum,1 or in

the case where the parent particle decays to significantly lighter daughters. In this chapter,

we explore a new application for jet substructure techniques that does not rely on having

1For example, the signal efficiency when targeting boosted gluinos is roughlyO(few %) at the LHC [55,56].
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collimated decay products.

We demonstrate that substructure technology is useful in the non-boosted regime for

models that yield a high multiplicity of hadronic final states. This strategy relies on the

fact that when new particles with O(TeV) masses are produced at threshold, their decay

products tend to be distributed isotropically in the detector. Our proposal requires an

event to contain several (specifically, four or more) large-radius jets defined using the anti-

kT algorithm [11] with angular size R = 1.2. Because these so-called “fat” jets can cover a

large fraction of the effective detector area, several decay partons from a high-multiplicity

signal will often get clustered into a single fat jet. Non-boosted final states can therefore

manifest “accidental substructure.”

Requiring multiple fat jets with non-trivial substructure greatly reduces QCD contam-

ination. For an event to have four fat jets, it must have at least this many well-separated

hard partons. The presence of substructure in the remaining QCD sample is most likely to

occur when one or more isolated partons undergoes a hard 1 → 2 splitting. Because this

process is dominated by a soft and/or collinear singularity, the probability decreases as the

energy and separation of the final states increases. As a result, QCD events typically have

suppressed substructure.

Figure 3.1 illustrates why accidental substructure is useful for distinguishing between

a typical signal and background event. These “lego plots” show the spatial distribution of

calorimeter activity in the η−φ plane, where η is pseudorapidity and φ is azimuthal angle.

The left panel is a lego plot for a signal event with up to 18 partons in the final state; the

signal is gluino pair production, where each gluino decays to a pair of top quarks and an

unstable neutralino that decays to three partons (see the left diagram in Fig. 3.2). The right

panel shows the lego plot for a QCD event. The different colors correspond to different fat

jets in the event. It is clear that the fat jets from signal have more pronounced substructure

than the ones from QCD.

Figure 3.1 suggests that cutting on the number of small-radius (R ∼ 0.4) jets may suf-

fice to distinguish signal from background. An explicit high jet multiplicity search requires
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than ∼ 6–8. This constrains theoretical investigations of high multiplicity searches with

small-radius jets.

An experimental analysis targeting many small-radius jets must obtain the multijet

backgrounds from data. Current data-driven methods for determining detailed kinematic

features of small-radius jets are limited in that they rely on ad hoc fitting functions to

perform background extrapolations. If a search that utilized these procedures yields an

excess of events, there is no guidance for investigating the discrepancy because the functions

are not derived from an underlying theory.2

Searches that use fat jets can implement an alternate strategy to estimate backgrounds.

For the substructure analysis proposed here, one can study the internal structure of fat

dijets. Because this sample should be signal poor, it can be used to determine the pure

QCD dependence of jet mass and substructure on other quantities like jet pT . These results

can then be extrapolated to four fat jet events, and should lead to reasonable background

predictions so long as the correlations between fat jets are small. Importantly, the associated

systematics for a fat jet analysis differ from those that dominate in a search for many small-

radius jets. It is beneficial to have competing searches with different systematics to ensure

that new physics is not overwhelmed by large uncertainties.

Finally, we note that our analysis does not rely on the presence of missing transverse

energy (/ET ), which is typically crucial for discriminating against multijet backgrounds

in searches for supersymmetry (SUSY). Missing energy is not a robust prediction of SUSY

models, e.g. R-parity can be violated, the superpartner spectrum can be squeezed, or SUSY

can be stealthy [61,62]. There are also a number of non-SUSY models that have signatures

without /ET , such as [63–66]. To cover these and other /ET -less theories at the LHC, it is

imperative to develop new search strategies to efficiently reduce the QCD background. Such

a strategy could rely on rare objects in the event, such as b-jets or leptons, to further reduce

backgrounds. However, a search that is independent of these extra handles is powerful for

its generality. Because our proposal only relies on having a final state with many jets, it

2For recent theoretical progress on extrapolating jet multiplicity, see [59, 60].
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of a recent proposal that used substructure techniques to look for boosted stops [44].

The remainder of this chapter proceeds as follows. In Sec. 3.2, we present the needed

variables, jet mass and N -subjettiness, and introduce the concept of “event-subjettiness.”

In Sec. 3.3, we show how these tools can be combined into a full analysis. After a brief

description of the event generation procedure, we present the expected limits for the different

gluino decay topologies. We conclude in Sec. 3.4. Sec. 3.5 contains a detailed description

of our simulations, including validation plots.

3.2 Quantifying Accidental Substructure

Our analysis relies on two observables: total jet mass and event-subjettiness. The latter is

a new variable that we introduce to quantify the amount of accidental substructure in an

event. It requires N -subjettiness to characterize the subjet nature of each jet. Jet mass,

N -subjettiness, and event-subjettiness form the cornerstone of our analysis, so we introduce

them individually here. The full analysis strategy is presented in Sec. 3.3 and the details

of our Monte Carlo event generation, detector mock-up, and validation can be found in

Sec. 3.3.1 and Sec. 3.5.

For the figures in this section, we select 8 TeV LHC events with at least four jets,

clustered using the anti-kT algorithm [11] with cone size R = 1.2. The transverse momenta

of the leading and subleading fat jets must satisfy pT ≥ 100 GeV and pT ≥ 50 GeV,

respectively. Although no 8 TeV multijet, /ET -less triggers are publicly available, some 7

TeV examples include: five or more jets (R = 0.4) with pT > 30 GeV at ATLAS [55],

∼ 500–750 GeV of HT at CMS [58], and 4, 6, or 8 high-pT jets (R = 0.5) at CMS [69]. We

have verified that the first of these triggers is 100% efficient for the QCD background and

the gluino topologies we consider after final selection cuts.
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3.2.1 Jet Mass

Standard SUSY searches at ATLAS and CMS use a combination of missing energy, /ET ,

and visible transverse energy,

HT =

Nj∑

j=1

√
(p2T )j +m2

j , (3.2)

where j is a jet in the event with mass mj ≡
√
E2
j − |~pj |2 and Nj is the number of jets in

the event with pT > 50GeV. The total jet mass of an event,

MJ ≡
Nj∑

j=1

mj , (3.3)

is a more powerful discriminator than HT in searches for high multiplicity final states [70]

because a jet’s mass automatically encodes gross kinematic features of its constituents.

Consider a small-radius jet that is seeded from an isolated parton. In the absence of

showering, this jet will have zero mass. Non-zero jet mass arises if multiple partons are

clustered together and/or from QCD radiation — the former yields a larger jet mass than

the latter. As a result, a QCD and signal event with equivalent HT can have different total

jet mass. More quantitatively, HT can be related to MJ via

HT =

Nj∑

j=1

√
(p2T )j +m2

j ∝
Nj∑

j=1

√
〈m2

j 〉((κR)−2 + 1) ≃ MJ

√
1 + (κR)2

κR
, (3.4)

where κ ≃ √
αs for jets whose mass is generated from the parton shower [19] and κ ≃ 1 for

fat jets that contain multiple hard partons accidentally clustered in the same jet. Figure 3.3

shows the HT and MJ distributions for background and a signal example. Clearly, a cut

on MJ improves sensitivity to the signal as opposed to an HT requirement.

The authors of [70] proposed a study that took advantage of total jet mass for high mul-

tiplicity signals, but which still relied on a missing energy cut. In this work, we demonstrate

that accidental substructure increases sensitivity when used in conjunction with total jet

mass. This result is especially useful in topologies with /ET suppression, such as the bench-

marks presented in Fig. 3.2. Adding a moderate /ET cut for other topologies that do contain
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Figure 3.3: The HT (left) andMJ (right) distributions for the backgrounds and an example
signal. The signal (red solid line) is pair production of a 750 GeV gluino with g̃ → t t̄+3 j.
The stacked histogram is for background (QCD in solid blue, W±/Z0 + 4 j in hatched
magenta, and t t̄+ j in striped green). MJ is a more powerful discriminator than HT when
comparing signal to background.

sources of missing energy, e.g. new physics signals with tops in the final state, can provide

an additional handle for improving the discriminating power of accidental substructure and

jet mass.

3.2.2 N-subjettiness

To quantify accidental substructure, we begin by considering the N -subjettiness variable

τN [32,37,71]. τN is a measure of the degree to which a fat jet has N well-separated subjets.

For each jet, τN is defined as

τN =
1

dβ

∑

i

(pT )imin
{
∆Rβi,1,∆R

β
i,2, ...,∆R

β
i,N

}

dβ =
∑

i

(pT )iR
β
0 , (3.5)

where the minimization is performed by varying N axes, R0 is the choice of clustering

radius, and ∆Ri,M =
√
(∆φi,M )2 + (∆ηi,M )2 denotes the angular distance between the ith

constituent particle and the M th axis. We take β = 1 and R0 = 1.2.

To elucidate what N -subjettiness measures, consider τ3. If the jet consists of three or
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fewer well-collimated subjets, τ3 ≃ 0 because min{∆Ri,1,∆Ri,2,∆Ri,3} vanishes for the ith

constituent. If the fat jet contains more than three subjets (or the particles making up the

jet are not well-collimated), τ3 > 0 because at least one subjet is not aligned with an axis.

While the individual τN are not typically useful, ratios are [32]. For example,

τNM ≡ τN/τM (3.6)

is efficient at selecting N -subjetty events for M < N . For a jet with N well-separated

subjets, τM is large, τN is small, and therefore τNM is much less than 1. Rejecting events

with τNM ∼ 1 selects for jets that are more N -prong like.3

Figure 3.4 shows the normalized distributions of τ43 for each of the four hardest jets for

QCD and the g̃ → t t̄ + 3 j topology. The jets in each event are ordered by decreasing pT .

The background sample is peaked around τ43 ∼ 0.7–0.8. In contrast, the distribution for the

signal is shifted to lower values, with a tail that extends to lower τ43. These distributions

reinforce the general conclusions we drew from the lego plots in Fig. 3.1. Specifically, τ43

is shifted towards lower values for the signal relative to the background, suggesting that

signal jets typically look more four-subjetty than the background jets.

3.2.3 Introducing Event-subjettiness

N -subjettiness is useful for characterizing the number of subjets in a single jet. However,

it would be useful to have a variable that takes into account the relative abundance of jets

with substructure in an entire event. To this end, we introduce “event-subjettiness,” TNM ,

which is defined as the geometric mean of the τNM for the four hardest jets in an event:

TNM =

[
4∏

j=1

(
τNM

)

j

]1/4
. (3.7)

The more jets with substructure in an event, the more jets with a small τNM , resulting in

a smaller value of TNM . The geometric mean is less sensitive to the presence of a single

3Ensuring that the τNM variables are infrared and collinear (IRC) safe [72] is important for the imple-
mentation of our proposed search. τN(N−1) is IRC safe if applied to a jet with N hard prongs, which is
ensured by requiring a lower bound on τ(N−1)(N−2). While the results presented here do not include this
requirement, we have verified that they are not significantly changed by a naive application of the IRC safety
conditions.
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Figure 3.4: Normalized distributions of τ43 for background and a signal example. Each plot
shows the normalized distribution before a cut on MJ . The signal (red solid line) is pair
production of a 750GeV gluino with g̃ → t t̄+3 j. The solid blue histogram is for the QCD
background. Each panel is the distribution for the jth jet; the order is by decreasing pT .
Note that the top and electroweak backgrounds are subdominant and are not shown here.

high τNM in an event than the arithmetic mean. In particular, the arithmetic (geometric)

mean tends to result in slightly larger S/B (S/
√
B) than the geometric (arithmetic) mean.

This leads to a mild improvement in the reach when using the geometric mean. We also

explored placing cuts on combinations of the τNM for the single two hardest jets; this does

not lead to the same level of discriminating power because the amount of substructure is

not necessarily correlated with the hardness of a jet. As discussed in Sec. 3.2.1, two jets
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Figure 3.5: Distributions of T43 for backgrounds and an example signal, with MJ > 0 (left)
and MJ > 500GeV (right). The signal (red solid line) is pair production of a 750GeV
gluino with g̃ → t t̄ + 3 j. The stacked histogram is for background (QCD in solid blue,
W±/Z0 +4 j in hatched magenta, and t t̄+ j in striped green). A cut on T43 . 0.6 helps to
distinguish signal from background, after requiring MJ > 500GeV.

with equivalent pT can have a different mass depending on whether the mass arises from

accidental substructure or hard-emission.

Figure 3.5 illustrates the distributions of T43 for backgrounds and the signal example

with g̃ → t t̄ + 3j. For this topology, many of the signal fat jets often have four or more

subjets, which drives down T43 relative to that for the backgrounds. This is evident, for

example, in Fig. 3.1 where the signal event has T43 = 0.45 compared to 0.73 for the QCD

event. As Fig. 3.5 shows, after a cut on the total jet mass (right panel), the ratio of signal

to background improves relative to no total jet mass cut (left panel). The right panel

suggests that the signal and background can be distinguished by applying an additional cut

T43 . 0.6. We demonstrate the efficacy of this strategy in the following section when we

estimate the sensitivity to the signal topologies in Fig. 3.2.
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3.3 Analysis Strategy

Having presented the individual components of our analysis, we now combine them and

present the complete search strategy. To illustrate the effectiveness of this approach, we

compute expected limits for the three different RPV gluino decay chains in Fig. 3.2. Of

course, our proposal is quite general and can be applied to any high-multiplicity final-state.

3.3.1 Event Generation

We begin by briefly describing the generation of signal and background events. Sec. 3.5

contains a more detailed description of the detector mockup and Monte Carlo validation.

QCD is the dominant background for a multijet signal with no missing energy. Sherpa

1.4.0 [14, 73–76] is used to generate and shower ∼ 400 million inclusive p p → n j events,

where n ∈ (2, . . . , 6). Matrix elements for up to 6 partons are generated, which are then

matched to the parton shower using the CKKW procedure [77]. All Sherpa events are

generated using the default CTEQ 6.6 parton distribution function [78] and include the

effects of underlying event. We generated a sample of weighted events in order to increase

the statistical power of our finite sample. The Monte Carlo error, ǫMC, after cuts is

ǫMC =

√∑
iw

2
i∑

iwi
, (3.8)

where wi is the weight of the ith event in the sample. We verify that the Monte Carlo error

is less than the systematic error for the signal regions of interest.

For consistency, Sherpa is also used to generate additional subleading background con-

tributions. In particular, we generate ∼ 25 million matched and weighted t t̄+ nt j events,

where the tops are forced to decay hadronically. We also simulate ∼ 25 million matched

and weighted data sets for each electroweak background: W+ + nW j, W− + nW j, and

Z0 + nZ j, where the gauge bosons are forced to decay to quarks. Here, nt ∈ 0, 1 and

nW , nZ ∈ 1, 2, 3, 4. Table 3.1 shows that these non-QCD backgrounds are subdominant.

This would not be the case if a /ET cut were also applied.
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The matrix elements for gluino pair production are generated in MadGraph5 1.4.8.4 [79]

for the g̃ → t t̄ + 3 j topology. Those for the g̃ → t + 2 j and g̃ → 3 j topologies are

generated directly in Pythia 8.170 [13,80,81], where the RPV gluino is allowed to hadronize

before decaying. All three signal topologies are generated using the default CTEQ6L1 PDF

set [82, 83] and are showered and hadronized in Pythia including the effects of underlying

event. Because the gluinos are produced at threshold and decay to several fairly hard jets,

it is not necessary to perform matching.

Both signal and background events are passed through our own detector mockup, which

only includes the effects of detector granularity. FastJet 3.0 [84, 85] is used to cluster

events into anti-kT [11] jets with R = 1.2. Variables such as jet mass and substructure

are sensitive to soft, diffuse radiation that results from underlying event and pile-up. The

ATLAS study in [51] explicitly demonstrated that the mean jet mass for anti-kT jets with

R = 1.0 and pT > 300GeV is constant with respect to the number of pile-up vertices

for 35 pb−1 of 7 TeV data, after a splitting/filtering procedure is applied. For variable

multiplicity fat jets, which is quite typical for accidental substructure, filtering is not the

optimal grooming technique because it places a fixed requirement on the number of subjets

within the fat jet [22]. Instead, to reduce the contamination due to soft radiation resulting

from underlying event, we apply the trimming procedure of [29] to the jets before applying

any kinematic cuts. We require any subjets of radius R = 0.3 to have a pT greater than 5%

of the fat jet’s transverse momentum. This choice of parameters is motivated by a recent

ATLAS analysis [50]. We find that trimming eliminates the dependence on the different

underlying event models used by the generators.

Prospino 2.1 [86] is used to obtain the NLO production cross section for the gluinos.

For the QCD background, we use a K-factor of 1.8, obtained by comparing distributions

of the generated QCD Monte Carlo with published distributions in [51,87] (see Sec. 3.5 for

details on validation). All other backgrounds are subdominant and our analysis is therefore

insensitive to the exact choice of their cross sections. We use the Sherpa leading order

predictions for these backgrounds.
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Requirement QCD t t̄+ j W±/Z0 + 4j g̃ → t t̄+ 3j g̃ → t+ 2j g̃ → 3j

(1) Nj = 4 5.8× 106 4500 1.0× 104 680 7200 4800

(2) MJ > 500GeV 6800 8.4 40 400 990 640

(3) T43 < 0.6 or 180 0.61 1.5 75 110 (48)

T21 < 0.2 77 0.047 1.1 (1.7) (27) 39

Table 3.1: Event yields from our Monte Carlo simulation, assuming 5 fb−1 of 8 TeV data
and taking the gluino mass to be 750 GeV for g̃ → t t̄ + 3 j and 500 GeV for the other
two topologies. The table shows the number of events after requiring (1) four fat jets with
mj > 20GeV and the appropriate pT requirements (see text), then (2) a cut on the total
jet mass, and then (3) a cut on event-subjettiness for a given choice of TNM . Yields are
shown for two different TNM cuts that are optimized for the 18, 10, and 6-parton topologies;
the number of events that corresponds to the best choice for this cut is bolded while the
non-optimal choices are in parentheses.

3.3.2 Expected Reach

Now, we are ready to compute the expected reach of our analysis. All events are required

to satisfy the following criteria. Each event must have at least four fat jets, where the pT

of the hardest jet is at least 100 GeV and the pT of the next three hardest jets is at least

50 GeV. To reduce contamination of heavy flavor resonances and high-pT QCD jets with

no hard splittings, only jets with mj > 20GeV are considered. To further reduce QCD and

t t̄ background contributions, each event must have at least 500 GeV of total jet mass, MJ .

Finally, a cut is placed on event-subjettiness, TNM . The cuts forMJ and TNM were selected

to maximize significance, while ensuring that the Monte Carlo error remained below the

systematic error. This requirement imposes a significant limitation on our ability to fully

optimize the search and is the reason we only present one set of cuts. Table 3.1 summarizes

the cut efficiencies on signal and background.

To determine the expected reach for the three topologies in Fig. 3.2, we assume that the

probability of measuring n events is given by the Poisson distribution with mean µ = B+S,

where B and S are the number of expected background and signal events, respectively. The
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probability of measuring up to Nm events is

P (Nm|µ) = e−µ
Nm∑

n=0

µn

n!
. (3.9)

This expression assumes that there is no uncertainty in the value for B. In the presence of a

systematic uncertainty ǫsys, Eq. (3.9) must be convoluted with the probability distribution

of B, which we assume is log-normal because B ≥ 0:

Psys (Nm, S,B) =

∫ ∞

0
dx P (Nm|S + x) · lnN (x) , (3.10)

where lnN (x) = 1
x
√
2πǫsys

exp
[
− (lnx−lnB)2

2ǫ2sys

]
. Note that as ǫsys → 0, the log-normal distribu-

tion becomes a delta function centered at B and Eq. (3.10) reproduces the standard result

for a Poisson distribution. To obtain the expected limit on the signal cross section, we solve

Eq. (3.10) for S assuming that Nm = B and Psys = 0.05 (95% exclusion). We find that

the expected limits are not sensitive to the distribution function chosen for B; a Gaussian

distribution gives essentially the same result.

An ATLAS analysis of the full 2011 dataset reported a jet mass scale systematic uncer-

tainty of ∼ 4–8% (depending on jet pT ) for anti-kT trimmed jets with R = 1.0 [50]. For four

fat jets, this gives at most a 16% systematic uncertainty. To be conservative and to account

for additional sources of systematic effects (e.g. jet energy scale), we take ǫsys = 20% when

computing sensitivities.

We begin by considering gluino pair production with g̃ → t t̄ + 3 j. This topology can

yield up to 18 partons when the tops decay hadronically. For this final state, the T43 event-

subjettiness variable is most effective. For a 750GeV gluino, a cut of T43 < 0.6 increases

S/B from 0.06 to 0.42, and S/
√
B from 4.9 to 5.6 as seen in Table 3.1. Figure 3.6 shows the

expected reach for 5 fb−1 of 8 TeV data. The gray line is the NLO gluino pair-production

cross section, as evaluated by Prospino. The dashed red line shows the expected limit when

all cuts are applied, except that on event-subjettiness. With the additional cut on T43, the

expected limit improves by ∼ 350GeV, as illustrated by the solid red line. Requiring jets

with accidental substructure significantly extends the reach beyond a search that relies on

total jet mass alone.
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Figure 3.6: The 95% expected exclusion curves for the g̃ → t t+ 3 j topology at the 8 TeV
LHC with 5 fb−1 of data. The solid grey curve is the NLO prediction for the gluino pair
production cross section computed using Prospino, the dashed red curve is the expected
exclusion including all cuts except the one on event-subjettiness, and the solid red curve is
the exclusion when T43 < 0.6 is imposed. A systematic error ǫsys = 20% is assumed for the
background prediction. Cutting on event-subjettiness improves the reach by ∼ 350 GeV.

Event-subjettiness is an effective variable for other RPV gluino decay chains. However,

as the number of hard partons decreases, the signature of accidental substructure becomes

more subtle. Consider the middle diagram of Fig. 3.2 where g̃ → t+2 j. The 8 TeV, 5 fb−1

expected limits on this final state are extended from 400 GeV to 600 GeV when T43 < 0.6

is required in addition to a jet mass cut. For a 500 GeV gluino, cutting on substructure

improves the signal to background ratio from 0.14 to 0.61 as seen in Table 3.1. Due to

the smaller number of partons, the improvement in significance is not as dramatic as for

the g̃ → t t̄ + 3 j topology described previously. Here, the main advantage of cutting on

substructure is to increase S/B. This provides a significant improvement because systematic

uncertainties tend to drive the sensitivity in the signal region when QCD is the dominant

background.

Lastly, we consider the 6-parton topology illustrated in the right-most diagram of

Fig. 3.2. Of the three decay modes studied in this work, this has the fewest partons and
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Figure 3.7: The T21 distribution for signal and background after requiring MJ > 500GeV
(left) and 95 % expected exclusion (right) for the g̃ → 3 j topology at the 8 TeV LHC with
5 fb−1 of data. left: The signal (red solid line) is pair production of a 500GeV gluino with
g̃ → 3 j. The stacked histogram is for background (QCD in solid blue, W±/Z0 + 4 j in
hatched magenta, and t t̄+ j in striped green). A cut on T21 . 0.2 effectively distinguishes
signal from background, after requiring MJ > 500GeV. right: The solid grey curve is
the NLO prediction for the gluino pair production cross section computed using Prospino,
the dashed red curve is the expected exclusion including all cuts except the one on event-
subjettiness, and the solid red curve is the exclusion when T21 < 0.2 is imposed. For
comparison, the green dotted line shows our reproduction of the ATLAS search for this
same topology [55]. Our analysis is competitive with the ATLAS reach. A systematic error
ǫsys = 20% is assumed for the background prediction. A cut on event-subjettiness improves
the reach by ∼ 250GeV.

is therefore the most challenging to observe. In particular, T21 provides the best discrim-

inating power for this topology. The left panel of Fig. 3.7 shows the T21 distribution for

background and signal after applying a MJ > 500GeV cut. The background is peaked be-

tween 0.35–0.4 and the signal is peaked at 0.25–0.35. The right panel of Fig. 3.7 shows the

expected exclusion for the 6-parton final state, assuming 5 fb−1 of 8 TeV data. The dashed

red line shows that the expected limit is ∼ 350 GeV before a cut on event-subjettiness. The

expected limit increases to ∼ 600 GeV when T21 < 0.2 is required (the solid red line). As in

the last example, the improvement in the limit arises from an increase in the ratio of signal

to background after substructure cuts.

The expected reach of our substructure analysis for RPV gluinos is ∼ 600GeV and
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compares favorably with published limits from CMS and ATLAS. The CMS search for

three-jet invariant mass resonances [57] excludes an RPV gluino from 280–460 GeV with

5 fb−1 of 7 TeV data. The ATLAS analysis for this final state, published with 4.6 fb−1 of

7 TeV data, uses two techniques to provide exclusions [55]. They perform a boosted gluino

analysis that makes use of jet substructure and can exclude the gluino in the range 100–255

GeV.4 A separate “resolved” analysis uses the pT of the sixth jet (anti-kT , R = 0.4) to

separate signal from background, and excludes the gluino from 100–666 GeV.

To provide a direct comparison, we reproduce the ATLAS resolved analysis by reclus-

tering our background and signal into anti-kT jets with R = 0.4 and applying the cuts

from [55]. The projected limit for 5 fb−1 of 8 TeV data is shown by the green dotted line of

Fig. 3.7 and gives a limit of about 550 GeV.5 This demonstrates that our projected limit,

which relies on accidental substructure is competitive to that from the ATLAS resolved

analysis.

To emphasize the effectiveness of our approach, we also performed a naive comparison

between our method and the ATLAS resolved jet analysis of [55] as applied to the g̃ → t t+3 j

topology. The ATLAS search is not optimized for this signal; in particular, for this topology

relying on b-jets and/or leptons may be a more effective strategy. However, it provides a

rough guide for a small-radius jet (with R ∼ 0.4) analysis that one might consider when

searching for this multitop topology. We find that there is no bound on the gluino mass

for the 6-jet cuts proposed in [55]. In principle, the signal region could be extended to a

larger jet count. In that case, however, background estimation can be quite challenging.

On the other hand, the accidental substructure analysis outlined in this chapter is broadly

applicable to signals with different jet multiplicities.

4The recent theory work in [56] finds that the limit on boosted RPV gluinos can be increased by searching
for a peak in the jet mass spectrum.

5Note that our expected limit of 550 GeV is weaker than that in [55], although it does fall at the edge
of the published 1-sigma uncertainty. We can reproduce their limit if we take a K-factor of 1.0 for the
QCD background. For consistency with the validation plots from Sec. 3.5, we use the more conservative 1.8
K-factor for Fig. 3.7.
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3.4 Conclusion

In this chapter, we introduced the concept of accidental substructure and illustrated its

usefulness in searches for high-multiplicity final states and no missing energy. Accidental

substructure arises because there is a high likelihood that several final-state partons will

be clustered together in the same large-radius jet. These final state partons need not have

originated from the same parent particle. QCD is the dominant background. Having several

partons in a QCD event that undergo a large-angle, hard splitting is rare enough to make

accidental substructure a useful discriminator.

We analyzed three RPV gluino decay topologies with as many as 18, 10, and 6 partons

in the final state. The requirement that the total jet mass be greater than 500GeV, in

conjunction with a cut on event-subjettiness, proved to be very effective. We found projected

limits of O(800GeV) for the g̃ → t t+3 j topology, O(600GeV) for the g̃ → t+2 j topology,

and O(600GeV) for the g̃ → 3 j final state with 5 fb−1 of 8 TeV data. These projections

assume a 20% systematic uncertainty and a conservative K-factor for the normalization of

the QCD background. Our goal was to illustrate the general applicability of a search using

accidental substructure and we expect that many aspects of this analysis can be further

optimized. One possibility, for instance, is to use a neural network to select the appropriate

N -subjettiness variables to include in the evaluation of event-subjettiness. Also, we have

not explored how the sensitivity of the search depends on jet radius.

In the case of the 6-parton final state from RPV gluino decays, our expected limit

is comparable to that set by the ATLAS small-radius jet analysis [55]. Determining the

normalization of the QCD background for a 6 (or more) small-radius jet signal is challenging.

As a result, it is important to have a complementary search with independent systematics.

Our accidental substructure search is one possible example and is, in addition, sensitive to a

broader array of signals than the ATLAS search. In particular, its sensitivity only improves

as the number of final-state partons increases, as we showed for the 10 and 18-parton final

states.
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Events with many tops can lead to many jets in the final state (the scenario we consider

here), but other decay channels can give leptons and /ET . Analyses that tag on a lepton

and several b-jets can be sensitive in these cases [88]. We also expect our reach to improve

significantly when b-tags are included [89]. Alternatively, the total energy ST may be useful;

while it provides the greatest discriminating power in black hole searches [90, 91], the ST

cut must be above several TeV to adequately reduce the multijet background. Tagging on

a lepton in addition to six or more jets, could allow an ST cut down to ∼ 1 TeV [92].

The search we proposed here is complementary to these types of analyses. We expect

that its potential reach will only increase by adding additional handles. For example, we

find that naive cuts on jet mass and event-subjettiness lead to a limit on g̃ → t t̄+ /ET that

is only slightly weaker than the current bounds from CMS and ATLAS. Adding a lepton, a

b-tag and/or a small cut on /ET could make the search even more powerful.

A significant advantage of using fat jets to study final states with many partons is that

it is compatible with data-driven determinations of the QCD background. Mapping out the

phase-space of high multiplicity QCD with Monte Carlo is currently not possible. For a fat

jet analysis, one can use a dijet sample to map out distributions of the internal structure

of the jets and to obtain templates for jet mass and substructure as a function of the jet

kinematics. Under the mild assumption that the correlations between fat jets are small,

one only needs to predict the phase space distribution of the four fat jets, while the internal

properties of each fat jet can be modeled using the template functions derived from the

dijet events. This simple algorithm allows an extrapolation of the QCD contribution to the

four fat jet signal region.

The possibility of using a jet’s internal structure to learn about its origin provides

exciting opportunities for new physics searches at the LHC. Although jet substructure has

only been used for boosted signals thus far, this work demonstrates that it is also applicable

in the non-boosted regime. We have shown that accidental substructure provides a robust

and powerful new paradigm for new physics searches at the LHC, complementing and

extending the reach of current analyses.
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3.5 Simulation Details and Validation

In this section, we discuss the details of our simple detector mockup and provide validation

plots comparing our QCD Monte Carlo to a number of public distributions from ATLAS.

We extract aK-factor to normalize our QCD sample and demonstrate that our Monte Carlo

reproduces the measured shapes of substructure and jet mass distributions to reasonable

accuracy.

We simulate detector granularity by clustering stable, visible generator-level particles

into η × φ cells of size 0.1× 0.1. Electrons, muons, and photons are kept if they fall within

|η| < 2.5, while all other particles are kept if they fall within |η| < 3.0. Each calorimeter

cell is assigned a light-like vector with energy equal to the sum of all particle energies

contained therein. FastJet 3.0 clusters these four-vectors into anti-kT jets and computes

N -subjettiness for the resulting jets using the “min axes” algorithm, implemented in the

N -subjettiness plugin of Thaler and Van-Tilberg [32,37]. Note that leptons are included in

jet clustering and when calculating substructure variables. A jet is removed if it is within

∆R < 0.2 of a lepton and its pT is less than twice the lepton’s pT .

We validate our QCD Monte Carlo by comparing against published kinematic and sub-

structure distributions. No published 8 TeV substructure results are currently available,

and so we compare against the published 7 TeV ATLAS results [51, 55, 87]. A weighted

sample of p p→ n j, where n ∈ (2, . . . , 6), is generated in Sherpa 1.4.0. Our 7 TeV sample

consists of ∼ 50 million events and is generated with the same settings as our ∼ 400 million

event 8 TeV Sherpa sample, described in Sec. 3.3.1.

To validate the shape of the jet mass and substructure distributions, we follow the

analysis in [51] and compare to the unfolded distributions. Particles are clustered into anti-

kT jets with R = 1.0. The resulting jets are divided into four equally-spaced pT bins from

200 to 600 GeV. The jet mass (τ21 and τ32) distributions are shown in the top (bottom) of

Fig. 3.8 for pT ∈ (200, 300). The Monte Carlo predictions are well within the error bands

quoted by ATLAS. We checked that the Sherpa results for the higher pT bins, not shown
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here, also match the ATLAS results.
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Figure 3.8: Jet mass (top) and N -subjettiness (bottom) comparisons between the Sherpa

QCD prediction [dotted red] and the ATLAS results [black rectangle] of [51]. The green
band is the combined statistical and systematic error in the ATLAS measurement including
the uncertainty from the unfolding procedure.

Sherpa outputs a leading order (matched) cross section of σSherpaQCD = 9.6×109 fb. Because

this cross section is enhanced by loop effects, we must find the proper normalization, or

K-factor, for the QCD background:

σQCD = K × σSherpaQCD . (3.11)
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Using the reported 2-jet inclusive cross-section in [87], we obtain a K-factor of ∼ 1.3.

Comparing to the 6th jet pT distribution in [55], we obtain a K-factor of 1.8. Furthermore,

by comparing the normalization of the jet mass, τ21 and τ32 distributions in [51] we obtain

a K-factor of 1.8. To be conservative, we assume a K-factor of 1.8 in this work.



Chapter 4

New Physics in Displaced Higgs

Decay

4.1 Introduction

Until recently, the Higgs sector was one of the great unknowns in our current understanding

of particle physics, and the primary target of the Tevatron and Large Hadron Collider (LHC)

programs. The higgs boson discovered at the LHC by the ATLAS and CMS experiments [3,

93] has, so far, been measured to be consistent with a Standard Model (SM) Higgs boson [94,

95]. However, the systematic uncertainties in the measurements still allow for beyond the

SM coupling to new physics. In particular, it could have mixing with a singlet, non-standard

couplings to the fermions, or other exotic decays. If one assumes a Higgs with SM couplings

except additional decay channel to new particles, a branching ratio as large as 20% can be

accommodated given the 2012 LHC data [96,97].

In this article we address an exotic Higgs decay mode that would have escaped existing

search strategies. We consider the possibility [98] (see also [99,100] for closely related work)

that the Higgs boson h decays to two spin-zero neutral particlesX, and theX decays in turn

to bb̄ with a displaced vertex. More specifically, we will consider the case where the lifetime

τX of the X puts its decay at a distance from the collision point of order millimeters to a

45
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few centimeters, so that the decay vertex remains within the LHC beampipe. Searches for

related signatures have also been made in D0 and ATLAS. In D0, the typical decay to two

bb̄ pairs in the several to 20 centimeter range has been studied and weakly constrained [101].

In ATLAS, strong limits on final states with a muon and multiple displaced jets have been

obtained [102]; however, as the model considered involves an R-parity-violating neutralino

decay into a muon and hadrons, the transverse momentum of the muon was required to be

higher than 50 GeV/c, which is unlikely to result from the semileptonic decay of the bottom

quark used in our model.

It is sometimes argued that searches of this type are not so well-motivated, because

the chance of the X having a lifetime that allows for decays inside the detector is low.

However, there are both theoretical and experimental considerations in favor. First, long-

lived particles are less rare in models [65–67,98–100,103–109] than is commonly assumed.

In hidden valley models (see [110], for instance), there may be not one but many new particle

states with a wide variety of lifetimes, similar to the case of QCD, and this plenitude makes

it more likely that one of these particles will have a detectable displaced decay. Second,

decays of such particles have such limited SM background that in principle only a few such

events might suffice for a discovery, so even a small branching fraction for such particles

may lead to a discovery opportunity. That said, detector backgrounds can be a serious

issue, and event triggering and reconstruction may be an even larger one if the lifetimes are

long enough. Each search strategy has its own features, and some are easier than others.

The Tevatron and LHC detectors were generally not optimized for finding long-lived

particles, with the exception of B hadrons, and searches for such particles face numerous

challenges. In this chapter we consider the case that, relatively speaking, is the easiest: a

search for a new particle that mainly decays before that particle reaches the beampipe. Such

decays face little or no background from secondary interactions of hadrons with detector

material, and the dominant background is a physics background from real B hadron decays.

However, to the extent the X lives longer than the B hadron and is considerably heavier,

distinguishing it from SM heavy-flavor backgrounds should be easier. For the specific case
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of h→ XX, the situation is better still, since there are two X decays per event, and also a

mass resonance that may be reconstructable.

The main purpose of this chapter is to suggest a search strategy for h → XX, with X

decaying to bb̄ before passing through the wall of the beampipe. These events are selected

online with a trigger requiring a single muon and two b-jets tagged using an algorithm

measuring the secondary vertex displacement. When the mass of the X is heavy, the

resulting b-jets typically have low pT and cannot be triggered efficiently. Hence, we focus

on the region where X is light and so the jets from the two b-quarks merge into a single

reconstructed jet. Also, as we will describe in this chapter, by merging two b-quarks into

one jet, the QCD background can be estimated using data-driven methods. Data-driven

techqniues are crucial for low mass signals, where systematic uncertainty can be very large.

To extract the signal, we then select X boson candidates by looking for jets meeting a

combination of two requirements: first, using the displacement of the individual tracks to

identify long-lived particles, and second, using the internal substructure of the jet to further

distinguish exotic displaced jets from displaced b-jets. By combining jet substructure with

displaced tracks and vertices, it is possible to devise a new exotic jet tagger and propose

a data-driven method for estimating the QCD background. Using our technique, it is

demonstrated that new long-lived neutral particles originating from a 125 GeV/c2 Higgs

boson may be discovered using 19.5 fb−1 of LHC data recorded at
√
s = 8 TeV.

For our studies, we focus on a model with a non-SM Higgs with a mass of 125 GeV/c2,

which then decays into a pair of long-lived neutral bosons X whose mass ranges from 15

to 40 GeV/c2. For the boson X, we primarily consider the case where the X subsequently

decays into bb̄. Because of the relatively low mass of the X bosons considered, the bb̄ pair

is generally reconstructed as a single jet in the detector. We use the anti-kT [11] algorithm

with ∆R = 1.0 in this analysis to capture the hadrons from both b quarks in a single

object, which we refer to as a “fat jet”. The final topology consists of two fat jets producing

a resonance at the expected Higgs mass, with a distinctive two-prong jet substructure in

each jet. The predominant background is the QCD production of bb̄ pairs. However, since
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these pairs are being produced from a single quark, they will tend to have fewer displaced

tracks, and will tend to contain only one central hard prong. These properties allow us to

differentiate the signal from the much larger background.

The need for using large-radius jets instead of the standard cone size of ∆R = 0.5 is

illustrated in Figure 4.1. This figure shows the results of jet reconstruction in a simulated

signal sample with mH = 125 GeV/c2, mX = 20 GeV/c2, and cτ = 2 mm for two different

cone sizes: the standard cone size of ∆R = 0.5, and our enlarged cone size of ∆R = 1.0.

In Figure 4.1, we see that even with the standard cone size, in the vast majority of events

the X → bb̄ decay is reconstructed as a single merged jet, rather than two separate jets.

However, Figure 4.1 shows that the standard cone size is too small to capture all of the

radiation from this merged jet, resulting in a significant underestimation of the reconstructed

mass. Using a larger cone radius thus offers two advantages: first, the event is nearly

always reconstructed with exactly two jets, allowing for more predictable reconstruction;

and second, the cone size is large enough to capture all of the merged jet, allowing for more

accurate mass reconstruction. We can then use subjet techniques on the merged jets to

identify the two constituents.

In this article a variety of proper lifetimes cτ for the long-lived particle ranging from

1 mm to 10 mm was considered. At very low lifetimes, the displacements of the resulting

tracks and vertices become too small to consistently separate the signal events from back-

ground, while at high lifetimes the track and muon reconstructions suffer from inefficiencies

in the tracking and trigger algorithms, which are not generally designed for highly-displaced

particles. However, our simple detector simulation will be unable to take these effects into

account and hence we refrain from extending our results beyond 30 mm.

Although our search strategy uses h → XX as a benchmark for optimization, it is

not strongly dependent on the specific initial or final state. Consequently it should be

somewhat model-independent, and would be sensitive to a variety of models with two long-

lived particles in the events. For example, certain gauge-mediated supersymmetric models

with a neutralino [111] decaying in flight to a Z or h might be picked up by our search. One
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Figure 4.1: Results of jet clustering in simulated signal samples. Left: number of recon-
structed jets using the standard cone radius of ∆R = 0.5 (red) and our cone radius of
∆R = 1.0 (blue). Right: Reconstructed two-jet mass for these two different cone radii. The
signal model shown is with mH = 125 GeV/c2, mX = 20 GeV/c2, and cτ = 2 mm.

point of model-dependence worth keeping in mind is that the heavy-flavor content of the X

decay is important for our strategy, as we will base our study on a b-tagger-like trigger.

4.2 Event Generation

At hadron colliders the dominant Higgs production mechanism is via gluon-gluon fusion.

In this chapter we study the process gg → h→ (X → bb̄)(X → bb̄), where the Higgs boson

is produced by gluon fusion and then decays into a pair of long lived (pseudo-)scalars which

then each decay to a pair of bottom quarks. We consider this in the context of pp collisions

at a center-of-mass energy of 8 TeV.

We generate the signal samples for Higgs mass mh = 125 GeV/c2 and the

(pseudo-)scalar mass mX between 15 and 40 GeV/c2 with 5 GeV/c2 steps. Samples were

generated for the cτX of the scalar varying within a wide range between 0.1 mm to 30 mm.

The signal sample is generated using Pythia 6.4.27 [112]. For the production cross section,

we use the NLO cross section for SM gg → h production, which is 19.3 pb at 8 TeV [113].

The dominant background for this process comes from QCD heavy quark production,
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particularly events with one or more bb̄ pairs, which represents the most difficult background

to remove. Using MadGraph 5 v1.5.7 [79], we generated a sample of 500 million bb̄ events

matched up to four jets (including bb̄bb̄ and bb̄cc̄), and showered them through Pythia [112].

Matching is done using the MLM prescription [114]. In order to account for effects that

may not be fully modeled in the simulation, a K-factor of 1.6 is obtained by generating

another QCD bb̄ sample at 7 TeV and reproducing the CMS analysis published in [115] (see

Section 4.9 for details and discussion on effects from fake b-tags). We used the CTEQ6L1

PDF for both the signal and the background [82].

To simulate particle flow jets at CMS, the stable particles (except neutrinos) are clus-

tered into large anti-kT [11] jets with a cone size of ∆R = 1.0 using FastJet 3.0.2 [85].

Because our jets use an anti-kT algorithm with a large cone size to capture as much of the

bb̄ decay as possible, they are more susceptible to underlying event and pileup effects. In

order to overcome these issues, we use jet trimming with Rtrim = 0.3 and fcut = 0.05 [29].

The resulting jets are then smeared using the momentum resolution given in [116] 1 . To

simulate the detector response in the tracker, we associate a track to each charged final

state particle with pT > 1 GeV/c. The production vertex of the track is then smeared by

an uncertainty σtrk, extracted from [117]:

σtrk = a+
b

pT
+

(
c+

d

pT

)
η2 (4.1)

a = 20.4 b =56.4 c = −0.11 d = 18.2,

where σtrk is in units of µm and pT in units of GeV/c. To avoid complications in finding

the vertex location of our event along the beamline, we do not use any tracking information

in the longitudinal direction. The QCD background is validated against published CMS

results. For details, see Section 4.9.

1The values for jets with a cone size ∆R = 0.5 are used; however, as the measured momentum is relatively
unimportant to our analysis, this difference should not have a significant effect.
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4.3 Displaced Jet Variables

In the following, we discuss the key variables used for identifying long-lived decays. We

postpone the discussion on event selection until Section 4.5, where all the analysis strategies

and cuts are listed in detail.
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Figure 4.2: Distributions of IPS4 after preselection. The QCD background is given by the
matched bb̄ sample, and the signal model shown is with mH = 125 GeV/c2, mX = 20
GeV/c2, and cτ = 2 mm. The signal is assumed to have SM gluon fusion production with
100% branching ratio to XX. Left: for the leading jet. Right: for the second-leading jet.

The primary tool we use to measure the displacement of a jet is to examine the dis-

placement of the individual tracks in the jet. For each track, we compute the transverse

Impact Parameter (IP) as follows:

IP =
|vx · py − vy · px|

pT
(4.2)

The computed IP has an associated error σ2IP = σ2trk + σ2PV, where σtrk is given by equa-

tion 4.1, and σPV = 0.025µm is the uncertainty associated with the transverse coordinate

of the Primary Vertex (PV), as determined in [117]. In an actual detector, the track IP

errors are often as large as the measured track IP itself, and it is advantageous to consider

the impact parameter significance2 (IPS) [119]

2Our IPS distribution shows good agreement when compared to the CMS results shown in Figure 3
of [118]. For details see Section 4.9.
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IPS =
IP

σIP
(4.3)

For prompt tracks, the IPS distribution tends to have a strong peak around zero and the

spread of the distribution depends on the mismeasurement of the IPS or misalignment. For

genuine displaced tracks, the IPS distribution will tend to have a significant tail. Validation

of the IPS variable against published data is presented in Section 4.9.

For each jet, we order the associated tracks in decreasing IPS. We then consider the

fourth-highest IPS value, denoted by IPS4. A typical b-jet will tend to only have two

displaced tracks, while a displaced bb̄ pair will have four, so this variable is expected to

have significant discriminating power. Figure 4.2 shows the IPS4 distributions for signal vs.

QCD.

Other variables, such the significance of the decay length of the jet vertex and the

fraction of the jet energy carried by prompt tracks, were considered as discriminants for

identifying displaced particle decays. However, they did not result in a significant increase

in discriminating power, so due to the lack of validation of these other variables and for the

sake of simplicity, we do not use these in our analysis.

4.4 Jet Substructure

In this analysis we look for “fat jets” that originate from the decay of the long-lived particle

into a bb̄ pair, and we expect the “fat jet” to contain a different substructure than jets

originating from a single b quark. In order to quantify this substructure, we use the “N -

subjettiness” variables defined in [32, 37]. Briefly, one first defines τN by fitting N axes to

a jet, and computing

τN =
1

d0

∑

k

pT,kmin{∆R1,k, . . .∆RN,k}, (4.4)

where k runs over the constituents in the jet and d0 is an unimportant overall normalization

factor. τN is then minimized over all possible choices of the N subjet axes. τN thus shows



53

21
τ

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
0

0.05

0.1

0.15

0.2

0.25
21τLeading Jet 

Preselection

Normalized

-1
Ldt = 19.5 fb∫

QCD

XX→h

21
τ

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0

0.05

0.1

0.15

0.2

0.25
21τSecond Jet 

Preselection

Normalized

-1
Ldt = 19.5 fb∫

QCD

XX→h

Figure 4.3: Distribution of τ21 for the leading jet (left) and the second-leading jet (right)
for simulated signal events and bb̄ background, for a signal model with mH = 125 GeV/c2

and mX = 20 GeV/c2.

to what degree the jet can be viewed as being composed of N individual subjets. For

distinguishing jets with two subjets from one, we use τ21 = τ2/τ1. If τ21 is close to 0, that

indicates that the jet is strongly favored to have two subjets, as we would expect from our

signal jets, while a τ21 close to 1 indicates that the jet does not have a two-subjet structure,

as we would expect from QCD. One can see from Figure 4.3 that the τ21 distributions are

indeed different between signal and QCD3 .

4.5 Event Selection

Following the definition of variables of interest to this analysis, we describe the selection

criteria devised to select events containing X boson candidates.

4.5.1 Trigger

We simulate one of the High Level Triggers (HLT, purely software-based and with access to

the full event information) used in a CMS Higgs search [115]. As it is difficult to achieve a

good trigger efficiency and purity with a purely hadronic trigger, we instead focus on events

3To combat underlying event and pile-up, jet trimming is applied using Rtrim = 0.3 and fcut = 0.05
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where at least one of the b quarks decays semileptonically to a muon. Thus, we require the

events to contain at least one muon with pT > 12 GeV/c and two b-tagged jets with pT >

40 GeV/c and 20 GeV/c, respectively. Our simulation adopts a slightly simpler method

for b-tagging than that used online in CMS, and uses a track counting method [119] which

requires a b-tagged jet to have at least two tracks with IPS > 3. This custom selection

offers a ∼50 % efficiency, comparable to that from CMS. The trigger is fully efficient after

preselection.

4.5.2 Selection for X → bb̄

We expect the signature of the h → XX → 4b event to be two displaced fat jets, where

each displaced fat jet originates from a bb̄ pair, and at least one muon produced by the

semileptonic decay of a b quark in the event. The selection is applied in two stages. First,

we apply a preselection with relatively loose requirements on the displacement of the jets;

the primary purpose of the preselection is to eliminate light-flavor background so that only

signal and bb̄ background remains. The preselection also reduces the correlation between

the two jets, allowing us to treat them as uncorrelated. After the preselection is applied,

a final selection, using the displacement and the jet substructure, is used to separate the

signal from the bb̄ background. The various selections, applied sequentially, are described

below, and the yields for signal and background are presented in Table 4.1. The preselection

consists of the following four requirements:

Cut 1: The event must pass the simulated trigger, as described above.

Cut 2: At least two fat jets, constructed as described previously, satisfying the following

quality requirements:

• |η| < 3.0 and pT > 30 GeV/c

• At least 8 associated tracks per jet

Cut 3: One of the two chosen jets must match to a muon with pT > 12 GeV/c.
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Cut 4: Both jets must have IPS4 > 5.

After preselection, the leading two fat jets are essentially determined to be real b-jets.

This reduces the correlation between the two leading jets, which is crucial for the data-

driven analysis. Figure 4.4 shows some distributions of the jets after this preselection is

applied. Table 4.1 shows the expected efficiency of these cuts in the background and signal

simulation.
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Figure 4.4: Distributions of some kinematic quantities after preselection. Left: mjj , the
invariant mass of the two leading jets in the event. Right: pT of the leading jet in the
event. Shown here are simulated signal events and bb̄ background, for a signal model with
mH = 125 GeV/c2 and mX = 20 GeV/c2.

Background Signal

Cut Number of events Efficiency (%) Number of events Efficiency (%)

Trigger 7.4 x 107 — 1.6 x 104 —
Jet quality 1.2 x 107 15.8 6.7 x 103 42.4

Muon match 9.1 x 106 78.2 4.7 x 103 70.5
IPS4 2.8 x 105 3.1 1.4 x 103 28.7

Mass window 6.8 x 104 23.8 1.1 x 103 80.7

Table 4.1: Efficiency of the various cuts applied in preselection (and the mass window cut).
Each row shows the number of events passing the given cut, as well as all of those preceding
it, and the relative efficiency of that cut for events which have passed all preceding cuts.
All numbers are scaled to the 2012 CMS luminosity of 19.5 fb−1.
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In the final selection step, we look for properties of the jets which can be used to

separate signal from the bb̄ background. In general, the jets originating from our signal

model have two key differences from the QCD background: first, they are expected to have

more displaced tracks, and for these tracks to be more highly displaced (as the lifetimes of

both the X and the b contribute to their displacement); and second, we expect the jets to

exhibit substructure arising from the presence of the bb̄ pair. After pre-selection, we thus

apply stringent requirements on the displaced tracks and jet substructure for both jets using

the variables described in Sections 4.3 and 4.4. The particular values used are as follows:

Final Cut 1: Dijet mass between (80,140) GeV/c2

Final Cut 2: IPS4 > 25 for both jets

Final Cut 3: τ21 < 0.65 for both jets

After the final selection, the QCD background is essentially eliminated. Figure 4.5 shows

the mass distribution in the final signal region (except the mass window cut). However,

since our cuts are selecting out sharply falling tails of the QCD background, Monte Carlo

simulations can become very unreliable. At the LHC, data driven methods must be em-

ployed to obtain a reliable background estimate. We propose such a data-driven estimate

in the next section.

4.6 Background Estimation

We adopt a data-driven approach to estimate the expected background, in order to minimize

the dependence on quantities which may not be well-modeled in the Monte Carlo simula-

tion. We use a standard “ABCD” approach in order to estimate the expected amount of

background in the signal region. Specifically, we take advantage of the fact that the two fat

jets in an event, as they shower and decay independently, should have uncorrelated values

for the displaced track and substructure variables.
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Figure 4.5: Distribution of mjj , the invariant mass of the two leading jets in the event
after final selection. All but the mass window cuts are applied. Shown here are simulated
signal events and bb̄ background, for a signal model with mH = 125 GeV/c2 and mX = 20
GeV/c2. The signal is clearly visible as a prominent peak over the background.

We thus define our “signal” region for each individual jet as IPS4 > 25 and τ21 < 0.65,

and define our regions (given events that pass our preselection, including the mass window)

as follows:

• Region A: both jets fail

• Region B: leading jet passes, second jet fails

• Region C: leading jet fails, second jet passes

• Region D: both jets pass (signal region)

The final background estimate is then obtained from the ratio BC/A. Table 4.2 shows

the results of applying this technique to the background and signal simulation. We ob-

serve that the final estimate is consistent with the actual number of events in region D in

simulation.
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Region Background Signal

A (fail/fail) 6040 ± 220 22
B (pass/fail) 305 ± 50 47
C (fail/pass) 345 ± 53 38

D (pass/pass) 16 ± 12 77

Final estimate (BC/A) 17.4 ± 4.0

Table 4.2: The number of events in each region for our ABCD technique, scaled to the 2012
CMS luminosity of 19.5 fb−1. The errors include both the statistical uncertainty (from our
limited MC sample size) and the systematic uncertainty derived from comparison to the
data sidebands; the latter is the dominant effect.

We can also crosscheck this method in two other ways: first, we can apply the same

method but with a different mass window, in order to obtain a sideband selection of events.

Using the background simulation, we get consistent results using a mass window of (100,160)

or (120,180), although the expected signal in these regions is of course much less.

Another alternative crosscheck is to take advantage of the fact that the IPS4 and τ21

variables are relatively uncorrelated,4 and thus can be used to define another pair of

variables for applying the ABCD method. In this case, the statistics in the “B” region

are relatively low, thus resulting in a larger systematic uncertainty, so we do not adopt

this as our central estimate. However, we obtain an estimate of 20 ± 9 events (statistical

uncertainty only), consistent with our previous estimate.

4.7 Results

Applying the efficiency and the expected QCD background numbers shown in Tables 4.1

and 4.2, and using the luminosity collected at CMS in 2012 (19.5 fb−1), we can set limits

on the cross-section times branching ratio of the Higgs boson to X → bb̄. The limits

are shown in Figure 4.6 and are obtained using CLs test statistics and assuming a 50%

total systematic uncertainty. The systematic uncertainty is conservatively estimated by

examining the maximum deviation of the data-driven method when compared to the actual

4More specifically, although both of these variables are correlated through the jet momentum, after the
preselection criteria and the dijet mass window cut are applied, the variation in the jet momentum is reduced,
thus decreasing the correlation between these variables arising from the jet pT .
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number of QCD events in different mass windows (which is limited by our QCD statistics

in the higher mass windows). As seen from the figure, for the SM NLO cross-section and

a branching ratio of 20%, we can exclude down to cτ > 3 mm for mX = 20 GeV/c2.

The limits for higher mX are worse due to softer jets and muons. For lower mX , the

tracks become more collimated and the τ21 variable becomes less effective. However, a 20%

h→ XX → bb̄bb̄ branching ratio can be consistently excluded for mX ∈ (15, 25) GeV/c2 at

cτ > 3 mm. Further optimization for different mass points may be possible and we leave

a detailed study to the experimental collaborations to properly take detector effects into

account.
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Figure 4.6: Expected limits on the cross-section times branching ratio of the process
h → XX → 4b given 19.5 fb−1 of data, with 50% total uncertainty on the background.
Systematic uncertainties on the luminosity and efficiency are not considered.

In Figure 4.7 we also consider the discovery potential for h → XX → 4b decay. For

a branching ratio of 20%, this new decay mode may be discoverable with the current 19.5

fb−1 of 8 TeV LHC data for mX = 15 to 25 GeV/c2.
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4.8 Conclusion

In this chapter we have introduced several powerful kinematic cuts designed to discover a

Higgs boson decaying to long-lived neutral particles. The unique features of this channel

h→ XX → 4b are two-fold. First, the highly-displaced vertices resulting from the decay of

the long-lived particles, some fraction of which occurs before reaching within the beampipe.

The tracks from these vertices will have large IPS. Second, the long lived particles are

boosted enough such the bb̄ pairs are contained within one “fat jet”, removing combinatoric

ambiguities and allowing us to take advantage of the jet substructure to distinguish the

signal from the QCD background. We have developed a data-driven method to estimate

the background and for certain values of the (pseudo-)scalar decay length and masses calcu-

lated the expected exclusion (Figure 4.6) and luminosity needed for discovery (Figure 4.7),

showing that we have a strong discovery potential in this channel with about 19.5 fb−1 of

recorded LHC data.
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Currently, the primarily limiting factor in this analysis is the trigger selection, as the

existing triggers have a relatively low efficiency for the signal considered here. Given the

importance of potential new discovery through exotic topologies that include long-lived

particles decaying in the silicon tracker, Graphics Processing Unit (GPU) enhancement of

the existing High-Level Trigger (HLT) is possible [120]. The proposed new algorithms will

allow for the first time the reconstruction of long-lived particles in the tracker system for

the purpose of online selection. New ways of enhancing the trigger performance and the

development of dedicated custom exotic triggers are the key for extending the reach of

physics at the LHC.

As a final note, we re-iterate that this study is optimized on a specific mass point,

mX = 20 GeV/c2. A detailed optimization on the cuts on IPS4 and τ21 could significantly

improve the exclusion limits for different X masses. Furthermore, even though we only

focused on the X → bb̄ case, our techniques may be sensitive to other channels, such as

X → τ+τ− or a Higgs boson decaying to a long-lived RPV neutralino χ, which then decays

into νbb̄. With improved triggers for long-lived particles, additional searches for long-lived

X → gg and X → qqq (for fermionic X) may also be possible. Our search channel also does

not have to be limited to a 125 GeV/c2 Higgs particle. New particles may potentially be

discovered through these long-lived decays. We leave a detailed optimization of the different

cuts for different decay channels for future work.

4.9 Validations

In this section, we describe how we obtain a K-factor of 1.6 and validate our IPS variables

against published results. A separate 7 TeV bb̄ sample is generated for this purpose (matched

up to four jets). 500 thousand events were generated using MadGraph 5 v1.5.7 with the

same settings as those listed in Section 4.2. The final state particles are clustered using anti-

kT algorithm and their momentum smeared with resolution parameters from CMS [116].

We reproduce the CMS analysis in [115] using the quoted b-quark tagging efficiencies and

mistag rates. A K-factor of 1.6 is obtained by matching our dijet mass distribution against
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Figure 4a in [115]. The resulting distribution is shown in Figure 4.8.

To study the effects of fake b-tags in events without a true b-quark, another 9 million 8

TeV cc̄ events were generated using MadGraph 5 v1.5.7 (matched up to 4 jets), and no

events passing preselection cuts are found. This suggests that the rate of fake b-tags in our

analysis described can be safely neglected. It should be noted that the K-factor obtained

from Figure 4.8 also includes the effects of mistags arising from light-quark contamination;

since our pre-selection cuts are much more stringent than the analysis in [115], using this

K-factor should conservatively include any effects that we might see from fake b-tags, so our

ignoring of the light flavor QCD background is justified. The analysis in [115] also indicates

that vector boson processes contribute less than 1% of the total background, hence we

neglect their contributions to the background as well.
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Figure 4.8: The mass distribution of the two leading jets as compared to the CMS analysis
in [115]. A K-factor of 1.6 is obtained and serves as a conservative estimate of cc̄ and light
flavor contaminations.

To validate our displaced jet variables outlined in Section 4.3, we also use our 7 TeV

validation sample and compare the IPS distributions to the published results in Figure 3

in [118]. The normalized distributions are shown in Figure 4.9. Modest disagreements are
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seen at large IPS. However, the deviations are smaller than our 50% systematic uncertainty.

Given the systematic deviations, we also refrain from pushing our IPS4 cut beyond 25, and

our exclusion results are conservative.
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Figure 4.9: The normalized IPS distribution for b-jets when compared to published CMS
results in [118].



Chapter 5

New Physics in Semi-visible jets

5.1 Introduction

The existence of dark matter provides one of the strongest motivations for physics beyond

the Standard Model, and its discovery is one of the core missions for the Large Hadron

Collider (LHC) program. Under the assumption that the dark-matter particle is neutral

and stable, it escapes the detector and manifests as missing transverse energy (�ET ). The

LHC collaborations have developed a comprehensive search strategy to look for signals

with significant �ET , accompanied by jets and/or leptons (see e.g. [121] for a review). These

searches are typically cast in terms of a Simplified Model [122] for supersymmetry or an

effective theory of dark-matter interactions [123,124]. Yet if one relaxes the assumption that

the dark sector is weakly coupled, a new class of dark-matter signatures emerge that evade

this entire suite of analyses. Namely, it is possible that the dark matter has been lurking

undercover within hadronic jets. The purpose of this chapter is to propose a straightforward

discovery strategy for these “semi-visible” jets.

Semi-visible jets may occur if the dark matter is the stable (or meta-stable) remnant

of a more complicated dark sector. The dynamics of non-trivial dark sectors have been

explored in many contexts, e.g. [65,110,125–137]. In these models, the dark sector contains

a dark-matter candidate(s) and possibly new force carriers and/or matter fields. Note that

64
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we are agnostic about how much of the cosmological relic density is accounted for by this

dark-matter candidate. Typically, some messenger state exists that couples the dark sector

to the Standard Model (SM). If the messenger is accessible at colliders, dark-sector states

can be produced, leading to unique signatures such as large particle multiplicities, displaced

vertices, multiple resonances, and lepton or photon jets [63, 98,138–149].

Another possibility is that the final state resulting from strongly coupled hidden sectors

may contain a new type of jet object—a semi-visible jet. In this case, the dark matter is

produced in a QCD-like parton shower along with other light degrees of freedom that decay

hadronically. The result is a multijet+�ET signature where one of the jets is closely aligned

with the �~ET . A cornerstone of the standard multijet+�ET searches is to require a minimum

angular separation between the jets and �ET to remove QCD background contamination

arising from jet-energy mis-measurement [150, 151]. This implies that events containing

semi-visible jets have a low acceptance for the currently implemented suite of searches.

To further illustrate this point, Fig. 5.1 compares selected observables for QCD with

those for example weakly coupled and strongly coupled dark-matter models. The weakly

coupled model is derived from supersymmetric theories and results from pair production of

1.5 TeV scalar quark partners. Each squark decays to a jet and 1 GeV neutral dark-matter

particle. The signal from the strongly coupled model, which will be described more fully

later, comes from the production of a 3 TeV resonance which then decays to a pair of dark-

sector particles that subsequently shower and hadronize, yielding semi-visible jets. Both

these examples yield topologies with jets and missing energy. As the left panel shows, the

weakly coupled (labeled WIMP) and strongly coupled (labeled semi-visible jet) dark-sector

models produce considerable �ET , with tails that extend beyond the QCD distribution.

However, ∆φ ≡ min {∆φj1�ET
,∆φj2�ET

}, where j1,2 are the two hardest jets, is different

between these models, as illustrated in the right panel. The ∆φ distribution falls relatively

steeply for the strongly coupled case, while it remains relatively flat for the weakly coupled

scenario. Typical LHC searches require ∆φ & 0.4 [150,151]. For illustration, after requiring

�ET > 500 GeV and ∆φ > 0.4, the acceptance of the WIMP (semi-visible) example is ∼40%
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JµSM:

L ⊃ −1

4
Z ′µν Z ′

µν −
1

2
M2
Z′ Z ′

µ Z
′µ − gSMZ′ Z ′

µ J
µ
SM. (5.1)

Note that the Z ′ is treated as a Stueckelberg field—the Higgs sector has been neglected as it

is not relevant for the LHC phenomenology discussed below. We also ignore the additional

matter that must exist in order to render the U(1) of baryon number anomaly free.

The dark sector is an SU(2)d gauge theory with coupling αd and two scalar quark

flavors χi = χ1,2 with masses Mi. The scalar quark coupling to the Z ′ is gdZ′ . In general,

the couplings gdZ′ and gSMZ′ do not have to be comparable; we focus on the case where gdZ′ is

large for the Z ′ to decay frequently into the dark sector.

The SU(2)d confines at a scale Λd ≪ MZ′ . A QCD-like dark shower occurs when

M2
i ∼ Λ2

d so that many dark gluons and scalar quarks are produced, which subsequently

hadronize. Some of these dark hadrons are stable, while others decay back to the SM via

an off-shell Z ′. The detailed spectrum of the dark hadrons depends on non-perturbative

physics. Nonetheless, some properties of the low-energy states can be inferred from sym-

metry arguments. There are two accidental symmetries: a dark-isospin number U(1)1−2

and a dark-baryon number U(1)1+2, where “1” and “2” refer to the χi flavor index. For

example, the mesons χ†
1χ1 and χ†

2χ2 are not charged under either of these symmetries, and

are thus unstable. The other mesons (χ1χ
†
2, χ

†
1χ2) and baryons (χ1χ2, χ

†
1χ

†
2) are charged

under U(1)1−2 and U(1)1+2, respectively, and are stable.

By construction, this phenomenological model only contains terms and interactions that

have a direct impact on the jet distributions and on the missing transverse energy. The

strength of the dark shower, parametrized by αd, plays a critical role. The coupling αd

controls how many dark hadrons are emitted in the shower as well as their pT distributions,

which has a direct and measurable impact on the jet observables. In addition, the mass

scale of the dark quarks is relevant, affecting the jet masses.

The number of dark-matter particles produced in the shower impact �~ET . It is useful to

parametrize these effects in terms of the quantity

rinv ≡
〈

# of stable hadrons

# of unstable hadrons

〉
. (5.2)
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description benchmark

σ × Br cross section × branching ratio 80 fb

MZ′ Z ′ pole mass 3 TeV

Md dark hadron mass scale 20 GeV

αd(1TeV) running dark coupling 0.2

rinv ratio of stable to unstable 0.3

Table 5.1: Parametrization for semi-visible jet search.

by Nf (Nf − 1), while only increasing the number of unstable mesons by Nf . Clearly, rinv

can take on any value between (0, 1).

Table 5.1 summarizes the five parameters that are most relevant for semi-visible jet

observables. Three are sensitive to the details of the dark sector: the running dark-sector

gauge coupling αd(1TeV), rinv, and the mass scale for the dark mesons Md. Note that by

only including one value ofMd, we are assuming that the LHC will be insensitive to the dark

spectrum mass splittings, i.e., MZ′ ≫ Λd. Additionally, there are two portal parameters:

the production cross section times branching ratio into the dark sector σ×Br, and the mass

of the Z ′.

5.3 Search Strategy

To perform a detailed collider study, uū, dd̄ → Z ′ → χ† χ events were simulated for the

14 TeV LHC using PYTHIA8 [154] using the default CTEQ6 parton distribution functions.

The dark-sector shower was simulated using the Hidden Valley Pythia module [144, 145],

modified to include the running of αd as was done for [149], with subsequent hadronization

into mesons with mass Md. Each meson had a probability rinv to be a dark-matter particle.

The non-dark-matter particles could decay to all four light quarks with equal probability.

The possible decays of dark baryons/mesons into each other were neglected. The resulting
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particles were processed through DELPHES3, with the default CMS settings [155], including

particle flow.

Anti-kT R = 0.5 jets [11] were constructed and then reclustered into two large jets [156]

using the Cambridge/Achen (CA) algorithm [12] with R = 1.1. One could perform a

resonance search using the invariant mass M2
jj = (p1 + p2)

2, where p1,2 are the momenta of

the two final large jets j1,2. However, theMjj variable degrades when there are a significant

number of dark-matter particles. A variable that incorporates the missing momentum is

the transverse mass:

M2
T =M2

jj + 2
(√

M2
jj + p2Tjj �ET − ~pTjj ·�~ET

)
. (5.4)

In a detector with perfect resolution, Mjj ≤MT ≤MZ′ . Figure 5.2 shows the distribution

of Mjj ,MT and Mmc after event selection. Mmc is the reconstructed MZ′ computed from

all the reclustered jets and truth-level dark-matter four-vectors. MT can yield a narrower,

more prominent peak and be closer to Mmc depending on the choice of αd and rinv. The

top panels of Fig. 5.2 show sample events for the different signals. The dark-sector particle

multiplicity decreases for smaller αd. As rinv is increased, the signal degrades because more

stable mesons are produced and more information is lost. Note that when αd is large enough,

the radiation will not be fully captured unless the jet radius is made larger, perhaps at the

expense of increasing the sensitivity to pile-up.

To estimate the reach at the LHC, we simulated 60×106 QCD events, 5×106 W±/Z+jj

events, and 5×106 tt̄ events. All samples were binned in HT in order to increase statistics in

the high-MT tails [157], using Madgraph5 [158] at parton level and PYTHIA8 for the shower

and hadronization. The dominant background after event selection is QCD andW±/Z+jj.

For the signal, 25000 events were generated for each choice of MZ′ in increments of 500

GeV, using the benchmark parameters in Table 5.1. An 8 TeV sample was used to validate

the QCD background and limit-setting procedure [159] against the CMS dijet resonance

search [160]. The �ET distribution was also validated [161].

Each event was required to have at least two R = 0.5 anti-kT jets with pT > 200 GeV

and |η| < 2.5, as well as �ET > 100 GeV. These pre-selection cuts model the impact of the





72

5.4 Results and Conclusions

After applying the selection cuts, a bump hunt was performed using MT . At small MT ,

the dominant background comes from QCD. When MT & 3TeV, the background is dom-

inated by W±/Z + jj, where the gauge bosons decay leptonically. Following the dijet

resonance searches at CMS [160] and ATLAS [162], the resulting background distribution

was parametrized using a fitting function.

Assuming the background exactly follows the fit obtained from simulation, the exclusion

reach for the signal benchmark can be computed. Figure 5.3 shows the results for 100 fb−1

of 14 TeV LHC data as a function of MZ′ for the benchmark parameters (Table 5.1).

We assume a 10% width for the Z ′, as computed using the benchmark parameters. The

production cross section times branching ratio for a Z ′ with the same coupling as the SM Z0

is shown as a reference. A Z ′ with SM couplings can be probed up to masses of ∼ 3.6TeV.

We estimate that the dijet limit on σ×Br(Z ′ → qq̄) is comparable to the limit obtained

for the dark-sector decay mode. For gdZ′ ≃ 1, the branching ratio to the dark sector varies

from 80% to 50% along the expected exclusion bound as the Z ′ mass increases. Thus, the

model would be discovered in the semi-visible jet channel before it would be observed by the

irreducible dijet channel; this conclusion only gets stronger for more integrated luminosity.

In the simulations, we assume prompt decays for the dark mesons. For a sufficiently

heavy Z ′ and small couplings, the dark meson decays could yield displaced vertices. Re-

quiring that the lab-frame decay length be . O(1 mm) and assuming that the dark meson

can decay into all four light quarks, a lower bound on the couplings can be obtained:

gSMZ′ & 10−2

(
1

gdZ′

)√
B

10

(
MZ′

3 TeV

)2( Λd
20 GeV

)− 5
2

, (5.5)

where B ∼ 10 is the average boost factor computed from the benchmark simulation. (5.5)

gives the lower purple region in Fig. 5.3. However, it is important to emphasize that

modifications of the search strategy can still be effective in this region.

This chapter proposed a new search strategy for the discovery of hidden-sector physics in

resonance searches. In particular, the focus was on dark-sector showers that result in novel
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semi-visible jets—objects that are composed of SM hadrons and dark matter. We argued

that this generic signature could arise from a large class of strongly coupled dark-matter

models. Furthermore, we gave a simplified parameterization that allows for a systematic

treatment of the signature space. Finally, we provided expected exclusion limits using a

bump hunt in transverse mass. A Z ′ with SM-size couplings to quarks could be probed up

to ∼ 3.6 TeV.

There are two main extensions that can be explored that may require new strategies

beyond the one discussed here. First, one can lift the restriction that the only SM states

produced in the shower are quarks, and allow for leptons, photons, and/or heavy-flavor

particles. Second, one can consider other production modes. In this case, the semi-visible

jets may not be aligned with the �ET and additional variables using jet substructure, along

the lines of [163], displaced vertices, and/or the presence of low-mass resonances may be

necessary.

With the LHC Run II starting, it is important to rethink the program of dark-matter

searches to guarantee that a wide range of new-physics scenarios are covered. Non-trivial

dynamics in the dark-matter sector is one of the many fantastic and unexpected ways that

new physics can emerge. We provide a simple approach in preparation for this possibility.



Part III

Future Colliders

While it is important to maximize the physics potential in the upcoming 14 TeV LHC run, it

is worthwhile to consider the next generation of colliders that way succeed the LHC physics

program. Particularly, there has been strong interest in a 100 TeV proton-proton collider.

We examine the physics reach for such a collider in the following chapters. In Chapter 6, we

study the physics reach for stop searches at 100 TeV. In Chapter 7, we examine new physics

in the Higgs Portal and the expected reach in 14 TeV and 100 TeV colliders. Chapters 6-7

are published in [164,165] respectively.
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Chapter 6

Stop Searches

6.1 Introduction

Exploring the nature of our Universe at the smallest possible scales is the primary goal

of the particle physics community. This pursuit will require extending the energy frontier

program beyond the 14 TeV LHC.

Recently the idea of building a 100 TeV circular proton-proton collider has gained mo-

mentum, starting with an endorsement in the Snowmass Energy Frontier report [166], and

importantly followed by the creation of two parallel initiatives: one at CERN [167] and one

in China [168]. For some recent studies of the capabilities of a 100 TeV collider see [169–176].

Regardless of what is discovered during the upcoming run of the LHC, data from the 100

TeV machine will still be utilized to push new particle searches to higher mass scales. The

existence (or absence) of these states could have a dramatic impact on the way we think

about fundamental questions. Of particular interest to this work is the question of weak

scale naturalness, and specifically the possibility of TeV-scale top partners. Any discoveries

of such particles at the LHC would likely require further study at a higher-energy machine.

However, even in the event that the LHC does not find any top partners, this program

will continue to be of central importance by pushing the fine-tuning of the Higgs mass into

qualitatively new regimes.
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Here we focus on the stop in supersymmetric (SUSY) extensions of the Standard Model

(for a SUSY status update after Run I of the LHC, see [177]). Naturalness considerations

imply that the stops should be light [178, 179] in order to regulate the Higgs mass, while

the masses of first and second generation squarks are less constrained. Explicit models

that realize the so-called “natural SUSY” spectrum have been constructed [180–186], and

often the dominant collider signatures can be reduced to a set of now-standard Simplified

Models [122] involving only the third generation squarks, a neutralino, and a gluino [187–

189]. A discovery of stops, or at least an understanding of the allowed parameter space of

these models, has direct implications for weak-scale naturalness.

We study the stop-neutralino Simplified Model, in which the stops are pair-produced,

and each stop decays to a top and a stable neutralino1 . This signature is well suited to

compare the physics implications of different machine parameters such as
√
s and total

integrated luminosity.

Searches for direct stop production have been carried out at both ATLAS and CMS,

providing limits on the stop mass of ≈ 800 GeV with 20 fb−1 at
√
s = 8 TeV [192–196]. The

high-luminosity upgrade of the LHC (HL-LHC) is expected to deliver 3000 fb−1 of data at

√
s = 14 TeV, allowing for a discovery reach of ≈ 800 GeV stops and an exclusion reach of

≈ 1.5 TeV [197,198].

Beyond naturalness considerations, this study is motivated by the exploration of new

kinematic regimes in top physics. In 100 TeV collisions, the tops from stop decays are

so highly boosted that current LHC analysis strategies, usually based on resolving the

individual decay products of the top, become ineffective. This work demonstrates that an

analysis that relies on a muon inside a jet can be used to discover (exclude) stop masses up

to ≈ 5.5 (8) TeV.

One issue in the specifications of the 100 TeV collider that has not yet been addressed

is the integrated luminosity needed to fulfill its physics potential. The baseline integrated

1The minimal natural spectrum in the MSSM is slightly more complicated, due to the expectation that
both stops, the left-handed sbottom, and the Higgsinos will all be light. The model studied here provides
similar reach for the majority of the parameter space of these more complete models [190,191].
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luminosity is taken to be 3000 fb−1, but we also consider scenarios yielding 300 fb−1 and

30000 fb−1. We find that 3000 fb−1 may be insufficient to saturate the physics reach of a

high-energy machine.

The rest of this chapter is organized as follows. Section 6.2 studies generic properties of

heavy new physics decaying to boosted tops and compares the sensitivity of jet substructure

techniques and muon-in-jet requirements. Section 6.3 presents a cut flow optimized for

heavy stops that is based on the presence of a muon inside a jet and shows its sensitivity

in the stop-neutralino mass plane; an additional analysis is presented which optimizes the

reach for compressed spectra. Section 6.4 summarizes the implications of the analysis on

future accelerator and detector design, and discusses the implications of the mass sensitivity

for fine-tuning.

The results presented here rely on events generated at parton level with MadGraph5 [79],

showered with Pythia6 [112], and processed using Delphes [155] and the Snowmass com-

bined detector card [199]. The stop signals are normalized to the NLL + NLO cross sections

computed in [200]. The Snowmass background samples [157] were used, augmented by a

high statistics HT -binned QCD sample generated for this study.

6.2 Boosted Tops at 100 TeV

Signal events in the stop-neutralino Simplified Model include pair-produced stops (t̃) that

decay promptly into a top quark and a stable neutralino (χ̃0
1). Under the assumption that

the stops are produced at rest, the boost of the top quark is given by

γt =
mt̃

2mt

(
1−

m2
χ̃0
1
−m2

t

m2
t̃

)
(6.1)

and the resulting top jet has a typical size of ∆R ∼ 1/γt ∼ mt/p
t
T .

The left panel of of Fig. 6.1 shows the pT distribution of the leading top quark for three

different stop masses (assuming a massless neutralino). For stops with a mass of a few TeV

or higher, the tops from the stop decay are highly boosted with pT ≫ mt. The right panel

of Fig. 6.1 shows the mean distance between the W boson and the b from the decay of the
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top as a function of mt̃ and mχ̃0
1
.

Given that the jet radius chosen for this study is ∆R = 0.5, the top will on average

be contained within a single jet. Stop searches at a 100 TeV collider will therefore have to

probe a kinematic regime not accessible to the 14 TeV LHC, where the top pT relevant for

most searches is less than a TeV.
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Figure 6.1: The pT distribution of the leading top quark for mt̃ = 2, 6, 10 TeV assuming
mχ̃0

1
= 1 GeV [left]. The average size of top jets from stop decays as a function of mt̃ and

mχ̃0
1
[right].

One possible tool for separating signal from background is to tag these highly boosted

tops. Note that top taggers constructed for LHC energies are optimized for large radius

jets with ∆R ≈ 1.0 − 1.5 (for a review, see [31]). It is therefore interesting to understand

if existing algorithms are suitable for events at 100 TeV. If the top tagger depends on an

intrinsic angular scale, for example the Johns Hopkins top tagger [26], then the choices

appropriate for tagging boosted tops at the LHC will need to be reconsidered. In contrast,

the HEP top tagger [201] does not make any assumption about the angular separation of

the top decay products.

Given the magnitude of the boost being considered, separating the individual con-

stituents of the top decay requires detector granularities higher than presently available in

hadronic calorimeters. For example, a 5 TeV top jet falls within a cone size of roughly ∆R ≈
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0.07, while the typical size of a calorimeter cell at ATLAS is ∆η×∆φ ∼ O
(
0.1× 0.1

)
[202].

In order to understand this effect quantitatively, we generated a sample of t t and QCD

events at
√
s = 100 TeV, with a minimum generator-level pT cut on the leading top at

500 GeV or 5000 GeV. The hadron-level events were passed through a FASTJET [84, 85]

based code. This framework was validated against the results in [201] using a sample of

14 TeV events. In order to investigate the impact of finite calorimeter resolution, a simple

pixelation was applied by summing particle energies within square cells whose widths were

allowed to vary from 0 to 0.1. The events were then clustered using the Cambridge/Aachen

algorithm [203, 204], where ∆R = 1.5 (0.5) was taken for pT > 500 (5000) GeV. The HEP

top tagger was applied to the leading two jets in order to determine the efficiency for tagging

a top jet and the probability of mis-tagging a QCD jet. The results are shown in Fig. 6.2,

where top-tagging is found to be insensitive to the detector granularity for 500 GeV top

jets, but with a cell width & 0.02 is significantly degraded for 5 TeV top jets.

The jet radius changes approximately as the inverse of the top pT , ∆R ∼ mt/p
t
T , so in

most of the parameter space of interest for this simplified model, this toy study demonstrates

that a much finer calorimeter segmentation than that used for LHC detectors will be needed

to exploit substructure techniques at higher-energy colliders. On the other hand, tracking

systems have much finer granularity than is needed by the HEP top tagger, so it would be

interesting to explore a Particle Flow or a purely track-based approach. We leave this for

future studies.

Instead, we consider an alternative strategy with less sensitivity to the detector response.

When a highly-boosted top decays leptonically, or when the resulting b (or even c) quark

decay yields a lepton, it is very likely that the lepton(s) will be collinear with the top

jet. Requiring a hard lepton inside a jet can therefore be used to tag boosted tops [24].

Tagging a top jet by a muon is similar to leptonic b-tagging techniques implemented at

the Tevatron [205–210] and at the LHC [119, 211–213]. By definition these leptons will

not be isolated from nearby tracks or calorimeter activity, removing a common handle for

rejecting fake leptons. For simplicity we therefore only consider the case where a muon is
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Figure 6.2: HEP top tagger performance for jets with pT > 500 GeV [left] and > 5 TeV
[right]. The red solid curve shows the tagging efficiency for top quarks, and the blue dashed
curve shows the mis-tag rate for light-flavor QCD jets.

collinear with a jet, and assume that a layered detector design similar to that employed

by LHC experiments will provide adequate rejection of fake muons. Rejection of fake

electrons without the use of an isolation requirement is more detector-dependent, and is

not considered here.

Figure 6.3 shows the probability of finding a 200 GeV muon within a ∆R < 0.5 cone

of the leading jet as a function of the leading jet pT for several signal and background

samples.2 The signal efficiency for this requirement is roughly 15%, compared to t t+W/Z

efficiencies of 3%, t t efficiencies of about 2% and QCD efficiencies around 0.4%.

For the t t background, the top quarks constitute only ∼ 60% to the total jet pT in the

highly boosted regime, indicating a significant contribution from additional QCD radiation.

This leads to a lower efficiency for t t than in signal events, where more of the total pT is

carried by top jets.

Our results in this section ignore the impact of any additional p p interactions (pile-up)

in the event. However, we expect pile-up would only degrade the performances of hadronic

taggers compared to the muon-in-jet requirement. Furthermore, it has been shown [214,215]

2Due to the structure of the Snowmass detector card, we are using generator level muons when computing
the muon-in-jet requirement. This procedure was validated against a dedicated sample that was produced
with no lepton isolation requirements imposed, thereby giving detector level muons inside jets.
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Figure 6.3: Efficiency for finding a µ± with pT > 200 GeV within ∆R < 0.5 of the leading
jet for three choices of stop mass, along with the t t+W/Z, t t and QCD backgrounds.

that minimum bias events do not change dramatically going from ∼ 10 TeV to ∼ 100 TeV. A

larger difference between the LHC and this machine will arise from changes in instantaneous

luminosity and/or bunch spacing. If they are within a factor of a few of those at the

LHC, it is not inconceivable that a Particle Flow based subtraction scheme could make the

performances of substructure techniques (almost) pile-up independent at a 100 TeV collider.

6.3 Search Strategy and Results

In the previous section we discussed some general aspects of searches with boosted tops

at 100 TeV. Here we propose a detailed analysis strategy that utilizes the muon-in-jet

requirement, and we show the expected discovery reach and 95% C.L. exclusion sensitivity.

In addition, we provide an alternative cut-flow that relies on isolated leptons in order to

increase sensitivity in the compressed region where mt̃ −mχ̃0
1
≈ mt.

6.3.1 Heavy Stops and Light Neutralinos

We make the following requirements:
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1. At least two anti-kT jets [11] with cone parameter ∆R = 0.5 and kinematic cuts:

|η| < 2.5 and pT > 1000 GeV.

2. At least one muon with pTµ > 200 GeV contained within a ∆R = 0.5 cone centered

around one of the leading two jets.

3. Events with at least one isolated lepton with pT > 35 GeV and |η| < 2.5 are rejected.

The isolation criterion demands the total pT of all particles within a ∆R < 0.5 cone

around the lepton to be less than 10% of its pT .

4. ∆φ/ET J
> 1.0, where ∆φ/ET J

is the smallest |∆φ| between /ET and any jet with pT >

200 GeV and |η| < 2.5.

5. /ET > 3, 3.5 or 4 TeV. Out of the three choices, the cut is chosen for each mass point

by optimizing the expected exclusion.

After imposing a muon-in-jet requirement on the background, the selected sample is

composed mainly of boosted heavy quarks. The neutrinos and muons resulting from their

decays will be highly collimated and the total /ET will tend to be aligned with the jet

momenta. Therefore it is useful to impose an angular ∆φ cut between the /ET and all the

jets. For q q, the maximum angle between each neutrino and the final q jet will be of order

mq/pT . After a stringent ∆φ cut, the remaining background is then boosted t t+X events.

In particular, t t+W/Z is the dominant background in the signal region.

The /ET and ∆φ/ET J
distributions after all other cuts are applied are shown in Fig. 6.4.

The low /ET region is mostly dominated by QCD, whereas the high /ET tail is dominated

by t t+ Z (Z → ν ν).

The results of the cut-flow with /ET > 4 TeV for the background and three signal

mass points are shown in Table 6.1 without uncertainties. We note that corrections for

electroweak radiation of W or Z bosons within high-pT jets (e.g. in QCD dijets) could lead

to muon-in-jet signatures, and at a high-energy machine these corrections can be large [216].

We expect that the ∆φ requirement will highly suppress such contributions as it already

does in events where the W or Z is produced in the matrix element, but this should be

verified in future studies.
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Figure 6.4: The /ET [left] and ∆φ/ET J
[right] distributions after all other cuts described in

Section 6.3.1 have been applied, for 3000 fb−1 of integrated luminosity.

As a baseline, we choose the relative background and signal uncertainty to be 20%, and

an integrated luminosity of 3000 fb−1. However, it is useful to explore the reach of this

future collider for different choices of systematics and integrated luminosities, especially to

study the impact of potential accelerator and detector designs. In Sec. 6.3.4 we therefore

show results for a range of integrated luminosities (with appropriate adjustments to the

final /ET cut for optimization). In Sec. 6.3.5, we present discovery and exclusion reaches for

different choices of systematic uncertainties.

Cuts
Signal

(

mt̃, mχ̃0

1

)

(GeV)
tt̄+W/Z tt̄+ j single t W/Z + j QCD

(4000, 1) (6000, 1) (8000, 1)

Njet ≥ 2 4.8× 103 5.3× 102 8.0× 101 1.6× 106 5.1× 107 5.4× 106 6.3× 107 2.8× 109

Nµ ≥ 1 9.1× 102 1.2× 102 2.1× 101 1.6× 105 4.3× 106 3.4× 105 5.3× 105 2.3× 107

isolated l± veto 9.1× 102 1.2× 102 2.1× 101 1.5× 105 4.1× 106 3.2× 105 5.3× 105 2.3× 107

∆φ/ET J > 1.0 5.0× 102 6.5× 101 1.2× 101 7.6× 103 1.6× 105 1.4× 104 3.3× 104 1.1× 106

/ET > 4.0 TeV 1.5× 101 1.7× 101 7.2 2.9 5.0× 10−1 6.1× 10−1 1.5× 10−1 1.2× 10−3

Table 6.1: Background and signal yields for the heavy stops cut-flow in Section 6.3.1, assuming 3000 fb−1

of integrated luminosity. Single t includes events with an extra W/Z.
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6.3.2 Compressed Spectra

As the neutralino mass approaches the stop mass, both the /ET and the top pT are reduced.

By relaxing some of the cuts in the previous section and trading the muon-in-jet requirement

for an isolated lepton requirement, sensitivity to this region of parameter space can be

improved. Our cut-flow targeting the compressed region is:

1. At least two anti-kT jets with cone parameter ∆R = 0.5. The kinematic requirements

|η| < 2.5 and pT > 500 GeV are imposed.

2. Two isolated leptons (either electrons or muons) with pT l > 35 GeV. A lepton satisfies

the isolation cut when the total pT of all particles in a cone of ∆R = 0.5 around the

lepton is less than 10% of its pT .

3. /ET > 2 TeV.

4. ∆φ/ET J, l
> 1.0, where ∆φ/ET J, l

is the smallest |∆φ| between /ET and any jet with

pT > 200 GeV and |η| < 2.5, and any isolated lepton with pT l > 35 GeV and |η| < 2.5

These requirements yield increased sensitivity for mt̃ . 3 TeV close to the diagonal of the

(mt̃ , mχ̃0
1
) plane. Table 6.2 gives the results of this cut flow for the background and three

signal mass points. Note that the /ET > 2 TeV requirement implicitly relies on the presence

of extra QCD radiation in association with the signal. This implies some uncertainty on

initial-state radiation that we assume is covered by the systematic uncertainties applied on

the signal samples. Note that this cut-flow is much more sensitive to detector and machine

details than the previous one. We therefore present it only as a a proof of principle that

going to higher energies does not necessarily imply sacrificing sensitivity to compressed, i.e.

soft, physics.

Including pile-up could have an important effect on the results for the compressed re-

gion. An estimate for the energy deposited in a cone of radius 0.5 at
√
s = 100 TeV is

≈ 200 GeV
(

L
1034 cm−2 s−1

)
[214, 215]. Most of this energy can be subtracted using com-

mon pile-up suppression techniques, so it is reasonable to expect small modifications to jet

physics given the pT thresholds relevant for the models considered here. The only possible
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exception is the ∆φ requirement, which would be affected by resolution effects. We veri-

fied that raising the jet pT threshold to 500 GeV does not considerably impact our reach,

giving us confidence that the impact of pile-up on the jet requirements will remain small.

However, lepton isolation may suffer more significantly, which would impact the results for

the compressed scenarios. Studies of such effects would require detailed assumptions of the

detector performance, and thus we leave them for future work.

Cuts
Signal

(

mt̃, mχ̃0

1

)

(GeV)
tt̄+W/Z tt̄+ j single t W/Z + j QCD

(2000, 1500) (3000, 2500) (4000, 3500)

Njet ≥ 2 2.0× 105 2.6× 104 5.0× 103 3.9× 107 1.8× 109 2× 108 1.6× 109 9.4× 1010

Nℓ ≥ 2 1.1× 103 1.6× 102 3.6× 101 4.1× 105 1.2× 107 1.1× 106 1.2× 104 7.6× 101

|∆φ/ET J, l| > 1.0 4.6× 102 7.1× 101 1.7× 101 4.1× 105 1.2× 106 1.1× 106 5× 102 0

/ET > 2 TeV 6.8 5.3 2.9 1.2 3.6× 10−2 4.5× 10−1 0 0

Table 6.2: Background and signal yields for the compressed spectra cut-flow in Section 6.3.2, assuming
3000 fb−1 of integrated luminosity. Single t includes events with an extra W/Z.

6.3.3 Results

Figure 6.5 shows the exclusion and discovery potential utilizing the cut-flows discussed in

the previous section. Results are presented in the stop-neutralino mass plane assuming sys-

tematic uncertainties of 20% on the background and signal yields. The discovery potential

and mass reach are shown in Sec. 6.3.4-6.3.5 for different choices of integrated luminosities

and systematic uncertainties.

The exclusion is obtained using CLs statistics, where the background and signal are

modeled as Poisson distributions. A signal point is rejected for CLs < 0.05. Alternatively, a

signal is discovered when the CLs for the background only hypothesis is less than ∼ 3×10−7,

corresponding to 5σ. The expected exclusion limits and ±1σ contours are computed using

ROOSTATS [217].

Stops with masses up to ≈ 5.5 TeV can be discovered when the neutralino is mass-

less, assuming 3000 fb−1 of integrated luminosity. The exclusion reach is ≈ 8 TeV, which
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corresponds to ∼ 100 signal events before cuts. Note that this agrees with the estimate

obtained by extrapolating the number of excluded signal events at
√
s = 8 TeV [218]. Since

we optimized for exclusion as opposed to discovery, there is a gap between the discovery

contours of the two different search strategies.

The searches proposed here also have good discriminating power away from the massless

neutralino limit. A 1.5 TeV stop could be discovered in the compressed region of parameter

space. It is possible to exclude neutralino masses up to 2 TeV in most of the parameter

space.

All of the results presented here have been obtained with very minimal cut-flows that do

not rely on b-tagging or jet substructure techniques. Additional refinements should increase

the search sensitivity, at the price of making assumptions on the future detector design.
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Figure 6.5: Projected discovery potential [left] and exclusion limits [right] for 3000 fb−1

of total integrated luminosity. At each signal point, the significance is obtained by taking
the smaller CLs between the heavy stop and compressed spectra search strategies, and
converting CLs to number of σ’s. The blue and black contours (dotted) are the expected
(±1σ) exclusions/discovery contours using the heavy stop and compressed spectra searches.

6.3.4 Different Luminosities

An open question in the design for the 100 TeV proton-proton collider is the luminosity that

is necessary to take full advantage of the high center of mass energy. As cross sections fall
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with increased center of mass energy, one should expect that higher energy colliders require

more integrated luminosity to fulfill their potential. The necessary luminosity typically

scales quadratically with the center of mass energy, meaning that one should expect that

the 100 TeV proton-proton collider would need roughly 50 times the luminosity of the LHC

at 14 TeV.

This section shows the scaling of our search strategy as a function of the number of

collected events. As the luminosity changes, we re-optimize the /ET cut. For integrated

luminosities of 300 fb−1, a /ET cut of 3 TeV is chosen. For 30000 fb−1, a /ET cut of 5 or

6 TeV is chosen, depending on the mass point. Table 6.3 lists the number of background

events for the heavy stop search and these two choices of luminosity and /ET cut. Figure 6.6

(6.7) shows the expected CLs discovery and exclusion for 300 (30000) fb−1 of integrated

luminosity. For 300 fb−1, the discovery potential is limited, but we obtain a 3σ evidence in

the bulk of the parameter space. With 30000 fb−1, stops of 8 (10) TeV could be discovered

(excluded), a clear improvement over the 3000 fb−1 result.

Assuming a constant systematics of 20% for both signal and background, if we model

the mass reach as a function of luminosity as

1

n(L) =
d logmt̃ 2σ(L)

d logL (6.2)

then we find n ≃ 7 in the 300 fb−1 to 3000 fb−1 range of luminosities and n ≃ 10 in the

3000 fb−1 to 30000 fb−1 range. This indicates that the 100 TeV collider is still gaining

significant reach at 3000 fb−1 and running out reach at 30000 fb−1. Reaching a higher

integrated luminosity implies running at higher instantaneous luminosity, with potential

implications for detector performance that we do not consider here. However, we expect

that improvements in detector design and pile-up mitigation strategies will minimize any

loss of sensitivity from harsher running conditions.

6.3.5 Different Systematics

This section explores how the exclusion and discovery potential changes as a function of

systematic uncertainty. For the results in Sec. 6.3.3 a systematic uncertainty of ǫsys =



88

(GeV)
t
~m

2000 4000 6000 8000

(G
e
V

)
1

0
χ∼

m

0

2000

4000

6000

8000

S
ig

n
if
ic

a
n
c
e

1

10
Boosted Top

DiscoverysCL

= 100 TeVs

-1
dt = 300 fbL∫

= 20%sys,bkgε

= 20%sys,sigε

(GeV)
t
~m

2000 4000 6000 8000

(G
e

V
)

1

0
χ∼

m

0

2000

4000

6000

8000

(f
b

)
σ

E
x
c
lu

d
e

d
 

-410

-3
10

-210

-110

1
Boosted Top

ExclusionsCL

= 100 TeVs

-1
dt = 300 fbL∫

= 20%sys,bkgε

= 20%sys,sigε

Figure 6.6: Discovery [left] and exclusion [right] limits with an integrated luminosity of 300
fb−1. Only the heavy stop search is shown.
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Figure 6.7: Discovery [left] and exclusion [right] limits with an integrated luminosity of
30000 fb−1. Only the heavy stop search is shown.

Luminosity (fb−1),
/ET cut (GeV)

Signal
(

mt̃, mχ̃0

1

)

(GeV)
tt̄+W/Z tt̄+ j single t W/Z + j QCD

(6000, 1) (8000, 1) (10000, 1)

300, 3000 4.5 1.0 2.2× 10−1 1.3 3.1× 10−1 3.5× 10−1 1.5× 10−2 1.9× 10−4

3000, 4000 2.1× 101 7.2 1.8 3.4 5× 10−1 6.1× 10−1 1.5× 10−1 1.2× 10−3

30000, 6000 1.6× 101 2.3× 101 9.3 4.3 1.2× 10−1 3.8× 10−1 0 6.9× 10−3

Table 6.3: Background and signal yields for three different choices of luminosity and three different heavy
stop search signal regions. Single t includes events with an extra W/Z.
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20% for both background and signal was assumed. The signal regions proposed in this

chapter yield O(5) events for both background and signal when the masses are chosen at

the edge of the exclusion reach. Figure 6.8 illustrates how the exclusion changes as the

signal (background) uncertainty in the left (right) panel is increased from 20% to 50%.

The exclusion is robust against changes in background systematics. A change in signal

uncertainty results in a modest shift of the limits, since the signal hypothesis becomes

harder to exclude when marginalized over larger systematics.
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Figure 6.8: Expected exclusion limit with background and signal errors fixed to
(εsys,bkg, εsys,sig) = (20%, 50%) [left]. Expected exclusion limit with (εsys,bkg, εsys,sig) =
(50%, 20%) [right].

Figure 6.8 shows the same for the discovery potential. The expected discovery changes

modestly as the systematic uncertainty on the signal is increased. However, when the back-

ground systematic uncertainty is increased to 50%, discovery becomes impossible with 3000

fb−1; only 3σ evidence is possible in the bulk of the parameter space. A larger background

systematic uncertainty implies that it is harder to reject the background hypothesis, so a

precise understanding of the backgrounds will be crucial for discovery.

6.4 Conclusions

In this chapter we propose a robust search strategy targeting stops that decay to a top

quark and a stable neutral particle at a 100 TeV proton-proton collider. A 5.5 (8) TeV stop
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Figure 6.9: Discovery potential with background and signal errors fixed to
(εsys,bkg, εsys,sig) = (20%, 50%) [left]. Discovery potential with systematics
(εsys,bkg, εsys,sig) = (50%, 20%) [right].

could be discovered (excluded) at such a machine with 3000 fb−1 of integrated luminosity.

Such an exclusion would have a deep impact on our understanding of electroweak fine-

tuning. In the Minimal SUSY SM (MSSM), the tuning of the electroweak scale, ∆−1,

receives a large contribution from the SUSY breaking parameters in the stop sector. A

rough estimate of the minimum contribution to the Higgs mass parameter yields [188]:

(
∆−1

2× 10−4

)
≈
(
10 TeV

mt̃

)2

sin2 β

(
log(Λ/TeV)

5

)−1

, (6.3)

where Λ is the SUSY breaking scale and tanβ = vu/vd the ratio of the two Higgs doublets

vacuum expectation values. A 100 TeV proton collider clearly has the potential to impact

our understanding of electroweak naturalness to an unprecedented degree.

However stop masses approaching 10 TeV are above the typical range motivated by

fine-tuning considerations. Nonetheless, this range of masses could be the consequence of

the Higgs mass being so far above mZ . In the MSSM, the Higgs quartic coupling must

receive sizable radiative corrections to raise the Higgs boson mass from mZ to the observed

value. The largest of these contributions arise from the top sector and comes in two forms.

In the effective theory below the stop mass, the first is the contribution from the top quark

and is logarithmically enhanced by the running from the mass of the top squark down to
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the top quark. The second contribution is given by the A-terms which at low energies

can be viewed as finite threshold corrections. In order to have top squarks with masses

in the range accessible by the LHC14, there need to be sizable A-terms. However, many

calculable frameworks for coupling a SUSY breaking sector to the visible sector result in

suppressed A-terms, e.g. gauge mediation [219], anomaly mediation [220,221], and gaugino

mediation [222]. These classes of theories are the ones that have the best solutions for the

SUSY flavor problem and hence are amongst the most favored. In the absence of sizable

A-terms, only the logarithmically enhanced top quark contributions are left to raise the

Higgs mass which results in top squarks with masses in the range 6 TeV . mt̃ . 10 TeV

at the 2σ level (for large tanβ and small values of µ) [223]. These masses are outside the

reach of the LHC14, but discoverable at a 100 TeV collider. Frequently the top squarks are

amongst the lighter colored superpartners, meaning that it is possible that supersymmetry

will be above the reach of the LHC14. This observation provides motivation for building

another energy frontier machine, even in the case where no new physics is found at the

LHC14.

Beyond the theory motivation, the lessons of this study can be generalized to a wide

class of searches for boosted top quarks signatures. In particular, there are important

implications for future detector design. For example, a granularity of ∆φ×∆η ≈ 0.02×0.02

is needed if hadronic substructure techniques are going to be effective. This requirement

might be relaxed by relying on tracking information incorporated into a more complicated

reconstruction algorithm such as Particle Flow. On the other hand, requiring a muon within

a jet is a simple and robust way to exploit the qualitative differences between new physics

and SM backgrounds that does not require detector improvements beyond what the LHC

can do today.

Furthermore we have shown that it would be desirable to achieve higher integrated lu-

minosity than presently used in 100 TeV studies. The current benchmark of 3000 fb−1 [169–

176] does not saturate the physics reach of this machine. The ideal integrated luminosity

would be 10000− 30000 fb−1.
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Designing searches for heavy stops yields a concrete example of how a 100 TeV collider is

qualitatively different from the LHC. The new energy regime that this machine will explore

is so far above the electroweak scale as to render traditional search strategies ineffective. On

the other hand, this makes the analyst’s job easier since signals and backgrounds become

more qualitatively different. This is exemplified by the sensitivity that can be derived using

the simple cut-flows presented in this work.



Chapter 7

Higgs Portal Above Threshold

7.1 Introduction

The discovery of the Higgs boson [3,93] provides unprecedented opportunities in the search

for physics beyond the Standard Model (SM). More than any other state in the Standard

Model, the Higgs is a sensitive barometer of new physics. Perhaps the most familiar op-

portunity involves Higgs couplings; the rigidity of electroweak symmetry breaking in the

Standard Model uniquely determines the interactions of the SM Higgs, such that any de-

viations in couplings would be an unambiguous indication of new physics. But the Higgs

also provides an entirely new gateway to physics beyond the Standard Model thanks to the

low dimension of the operator |H|2: it admits new marginal or relevant operators of the

form |H|2O, where O is a gauge-invariant operator with ∆O . 2. The classic example is

O = φ2 were φ is neutral under the SM but enjoys a Z2 symmetry [133,224–227]. This Higgs

Portal provides an entirely new avenue to access physics beyond the Standard Model. Such

portals are motivated not only on purely pragmatic grounds as one of only two possible

marginal couplings between the SM and SM-singlet states, but also on theoretical grounds

in diverse scenarios relating to dark matter, electroweak baryogenesis, and solutions to the

gauge hierarchy problem. Now that the Higgs boson has been discovered, the exploration

of possible Higgs Portals and their signatures has become a high priority at the LHC and

93
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future colliders.

In this chapter we consider the scalar Higgs Portal consisting of

L = LSM − 1

2
∂µφ∂

µφ− 1

2
M2φ2 − cφ|H|2φ2 (7.1)

where H is the SM-like Higgs doublet and φ is a scalar neutral under the Standard Model.1

We have taken φ to be a real scalar, but it could equally well be a complex scalar and

carry charges under additional gauge sectors. The coupling cφ can take arbitrary values,

but in Higgs Portals motivated by baryogenesis or naturalness, cφ is often O(1). The φ field

may also possess self-couplings relevant for baryogenesis or couplings to additional states

in the hidden sector, but these are in general irrelevant to determining how well the portal

coupling of (7.1) can be probed directly to discover or exclude the scalar φ.

There are many cases in which φ is relatively easy to detect. If φ acquires a vacuum

expectation value then Higgs-singlet mixing can leave direct signals in Higgs couplings

and the production and decay of a heavy Higgs state [133], both of which may be probed

effectively at the LHC and future e+e− machines. Far more challenging is the scenario

where the φ respects an unbroken Z2 symmetry, φ → −φ, in which case there is no Higgs-

singlet mixing and the couplings of the Higgs are unaltered at tree level. After electroweak

symmetry breaking the theory consists of

L = LSM − 1

2
∂µφ∂

µφ− 1

2
m2
φφ

2 − cφvhφ
2 − 1

2
cφh

2φ2 (7.2)

where m2
φ =M2 + cφv

2 in units where v = 246 GeV. The Higgs Portal coupling is the only

connection between φ and the Standard Model, and so the only available production mode

at colliders is φφ production via the Higgs boson. By assumption φ has no SM decay modes

and appears as missing energy in collider detectors. Discovering or excluding such a Higgs

Portal at pp machines requires focusing on Higgs associated production modes in order to

identify the missing energy signal.2

1In this work we will neglect other “portal” couplings to fermions or vector bosons neutral under the
Standard Model. Such interactions are irrelevant (and in the case of vector bosons, not even gauge invariant)
and should often be properly treated by integrating in additional states.

2Throughout we will take cφ as a free parameter with values up to rough perturbative bounds at the
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When mφ < mh/2 this scenario may be very efficiently probed via the Higgs invisible

width [108,228–232], since the Higgs can decay on-shell into φ pairs and the smallness of the

SM Higgs width ensures the rate for pp→ h+X → φφ+X is large for a wide range of cφ.

When mφ > mh/2, however, the Higgs cannot decay on-shell to φφ, and φ pair production

instead proceeds through an off-shell Higgs, pp→ h∗ +X → φφ+X. The cross section for

this process is then suppressed by an additional factor of |cφ|2 as well as two-body phase

space, leading to a rapidly diminishing rate and extremely challenging prospects at the

LHC. Nonetheless, this may be the only avenue for discovering or excluding Higgs Portals

above the kinematic threshold for production via an on-shell Higgs boson.

In this chapter we seek to determine the prospects for exclusion or discovery of φ at

the LHC and future colliders when mφ > mh/2. For simplicity we focus on
√
s = 14 TeV

at the LHC and
√
s = 100 TeV at a future pp collider; the sensitivity at lepton colliders

was studied extensively in [233]. Although the possibility of probing Higgs Portal states

via an off-shell Higgs was identified even before Higgs discovery [228, 229], collider studies

to date have been somewhat limited. In [234] the state of existing limits was established

by reinterpretation of LHC searches for invisible Higgs decays at
√
s = 8 TeV in terms

of vector boson fusion, gluon associated production, and Z associated production via an

off-shell Higgs, along with limited projections for
√
s = 14 TeV. Sensitivity to the novel

H-Higgsstrahlung mode has been studied at
√
s = 8 & 14 TeV [235], while sensitivity at

√
s = 100 TeV has been broached in a limited study of vector boson fusion production [236].

Further study at
√
s = 14 & 100 TeV is strongly motivated, both to help optimize future

searches at the LHC and to establish the physics case for a future hadron collider.

The most promising channel at pp colliders is vector boson fusion (VBF) production of

φ pairs via an off-shell Higgs boson, leading to a signal with two forward jets and miss-

ing energy. Ancillary channels sensitive to the missing energy signal include gluon fusion

production (ggH) with an associated jet, tt̄ associated production (ttH), Z-Higgsstrahlung

relevant scale. However we do not consider RG effects which may also be interesting for constraining large
couplings by requiring the absence of Landau poles, as these depend sensitively on additional dynamics in
the hidden sector.
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(ZH), and the novel H-Higgsstrahlung (HH) channel giving rise to mono-Higgs plus missing

energy [235]. Each has relative virtues. The cross section for ggH production is largest at

√
s = 14, 100 TeV but the additional jet requirement and kinematic separation of signal

from background reduces signal significance. The ttH cross section is significantly smaller

but grows substantially at 100 TeV, and the tt̄+�ET final state has already proven sensitive

to invisible decays of the Higgs boson at 8 TeV [237]. The cross section for ZH production

is among the smallest of the modes and not well separated from the Z + νν backgrounds,

rendering it less promising. The h+�ET signature of HH production is particularly interest-

ing, as it directly probes the Higgs Portal interaction, but preliminary study at
√
s = 8, 14

TeV [235] suggests far less sensitivity than the VBF mode [234].3 Consequently, the

balance of production cross section and background separation provided by VBF render it

the most promising of the channels, but for completeness in this work we will consider the

prospects of VBF, ggH, and ttH searches at
√
s = 14 and 100 TeV.

Note there is also a complementary, indirect means of probing this scenario through its

impact on precision Higgs coupling measurements. The interaction (7.1) leads to shifts in the

Higgs-Z coupling relative to the Standard Model that may be probed through measurements

of the Zh production cross section at future e+e− colliders [238, 239]. Precision on δσZh

is expected to approach the level of ∼ 0.32% at 1σ at circular e+e− colliders such as

CEPC/TLEP [240]. A particularly interesting question is whether significant deviations in

σZh at an e+e− collider may be followed by conclusive evidence for (7.1) at a future pp

collider.

This chapter is organized as follows: We begin in Section 7.2 by reviewing three moti-

vated scenarios for physics beyond the Standard Model giving rise to Higgs Portal interac-

tions. This helps to motivate regions of the Higgs Portal parameter space that might be

probed by direct searches. In Section 7.3 we outline our procedure for simulating Higgs

Portal searches at the LHC and future colliders in vector boson fusion, gluon associated

production, and tt̄ associated production. In Section 7.4 we present the exclusion and dis-

3The interpretation of [235] for cφ > 1,mφ . v is also unclear, as in this regime the mono-Higgs final state
accumulates comparable contributions from both single and double insertions of the Higgs Portal interaction.
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covery reach for searches at
√
s = 14 TeV and 100 TeV and discuss the implications for

motivated new physics scenarios. We conclude in Section 7.5 and reserve some of the details

of our electroweak baryogenesis parameterization for Section 7.6.

7.2 New physics through the Higgs Portal

Although the Higgs Portal is motivated purely as a leading operator through which generic

new physics might couple to the Standard Model, there are a variety of specific scenarios

for physics beyond the Standard Model (BSM) in which Higgs Portal couplings feature

prominently. These scenarios provide a motivated range of masses and couplings against

which we can benchmark the reach of Higgs Portal searches at the LHC and future colliders.

7.2.1 Electroweak baryogenesis

A particularly motivated scenario for Higgs Portal interactions arises in models of baryo-

genesis aimed at generating the observed asymmetry between baryons and anti-baryons.

The Standard Model famously contains the ingredients necessary for baryogenesis to occur

in principle during the electroweak phase transition, realizing the scenario of electroweak

baryogenesis (EWBG). However, while the ingredients are present for electroweak baryo-

genesis to occur in principle, in practice the parameters of the Standard Model are such

that the electroweak phase transition is too weak to realize the necessary departure from

equilibrium [241]. The phase transition may be rendered sufficiently first-order if the Higgs

couples strongly to additional light degrees of freedom, potentially connecting the Higgs

Portal to EWBG.

The general story of electroweak baryogenesis is well known. In the early universe, one

expects electroweak symmetry to be restored at high temperature [242,243]. The net baryon

number is zero as any deviation will be washed out by electroweak sphalerons, which are

unsuppressed in the unbroken phase. As the temperature cools to near the critical temper-

ature Tc, the unbroken and broken phase become roughly degenerate. Bubbles of broken

electroweak symmetry begin to form. With sufficient CP violation [244], interactions with
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surrounding particles will produce a net baryon number [245–249]. Within the bubble, elec-

troweak symmetry is broken and sphaleron transition rates are highly suppressed, such that

the generated baryon asymmetry is maintained. This requires the Boltzmann suppression

for the sphaleron to be sufficiently high [250]

e−∆Esphaleron/Tc . e−10 (7.3)

Since it is generally difficult to compute the sphaleron energy, one typically approximates

the baryon asymmetry condition by computing the thermal potential and demanding [243]

φ(Tc)

Tc
& 1.0 (7.4)

where φ(Tc) ≡ vc is the vacuum expectation of the Higgs field in the broken phase at the

critical temperature. Despite the fact that equation (7.4) is gauge dependent, we will use it

as a leading order estimate, since even a careful result will still require two-loop calculations

in order to be reliable [250].

In the Standard Model itself, the electroweak phase transition is not strong enough

to satisfy the condition (7.4), requiring BSM states [251–257] or corrections to the SM

EFT [258] to alter the Standard Model effective potential and render the phase transition

strongly first-order. To properly influence the effective potential, the new states must be

light (in order to be relevant during the electroweak phase transition) and relatively strongly

coupled to the Higgs boson (in order to substantially alter the thermal potential). This

raises the tantalizing prospect of discovering or falsifying electroweak baryogenesis through

direct searches at colliders. If the new states possess Standard Model quantum numbers,

they may be readily detected through either direct searches or indirect effects on Higgs

couplings [259,260]. But singlet scalars coupling through the Higgs portal are also a viable

candidate, with correspondingly weaker prospects for direct and indirect probes. In this

respect it is particularly worthwhile to study the sensitivity of the LHC and future colliders

to singlet-assisted electroweak baryogenesis.

The parameter space of singlet-assisted electroweak baryogenesis was recently considered

in detail in [236] (see also [133,259,261–267]), and we will largely follow their discussion here.
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There are two possibilities for singlet-assisted electroweak baryogenesis, corresponding to a

single-step and a double-step phase transition, respectively. The single-step phase transition

proceeds purely along the Higgs direction, where the role of the singlet(s) is to correct the

Higgs effective potential to render the electroweak phase transition strongly first-order.

Alternately, if M2 < 0, the universe can first undergo a transition to a vacuum along the

singlet direction and then proceed to the EWSB vacuum. This amounts to a tree-level

modification of the Higgs potential and can lead to an arbitrarily strong first-order phase

transition. At the level of the Higgs Portal model in (7.1),M2 < 0 corresponds to a runaway

direction, but this may be stabilized by a quartic coupling of the form λφ4 and the strength

of the phase transition dialed by adjusting λ. A third possibility is for a one-step phase

transition to proceed via thermal effects as in the MSSM, but this occurs strictly in the

two-step regime.

We illustrate the viable parameter space of EWBG in the Higgs Portal model in Fig. 7.1.

A two-step transition may occur in the region corresponding to M2 < 0 (i.e., cφv
2 > m2

φ),

with the proper ordering of the singlet vacuum and EWPT vacuum achieved by dialing the

quartic λ. For modest negative values of M2 this two-step transition is under perturbative

control, but far in the M2 < 0 region this requires nonperturbatively large λ where we

lack control but cannot definitely rule out EWBG. In the region with M2 > 0 we plot

contours of vc/Tc as a function of cφ and mφ, allowing that EWBG may occur in regions

with vc/Tc & 0.6 given unknown details of baryogenesis during the phase transition. We

reserve some details of our calculation in this region for Section 7.6. Our results for this

region are in good agreement with the results presented in [236]. This provides a strongly

motivated target for direct searches for Higgs Portal states at the LHC and future colliders.

7.2.2 Dark matter

Throughout this work we assume that φ is charged under an approximate Z2 such that it is

stable on collider timescales. However if the Z2 symmetry is exact the Higgs Portal furnishes

a dark matter candidate [224–227, 268], adding further motivation to collider searches for
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the Higgs Portal above threshold. Higgs Portal dark matter is very predictive in the sense

that if φ is required to provide the entirety of the observed dark matter abundance and this

abundance arises thermally, then for a given mφ the required coupling cφ is determined.

This is shown in Fig. 7.2, where it can be seen that requiring the observed DM abundance

leads to relatively small couplings.4 If φ only accounts for some fraction of the dark matter,

or if it is produced non-thermally in the early Universe from e.g. late decays of some other

field, then this requires larger couplings.

Although it only communicates with the SM via the Higgs sector, current direct detec-

tion experiments are already sensitive to Higgs Portal dark matter. In the dashed line of

Fig. 7.2 the current bounds on cφ from the LUX experiment [269] are shown assuming that

φ comprises the entirety of the observed DM abundance. Such a scenario typically requires

either late-time dilution of the DM abundance to ameliorate over-production due to small

couplings, or alternatively late-time DM production to counteract the over-annihilation of

DM due to large couplings.5 However, if only a standard thermal history is assumed with

no entropy release or DM production below temperatures T ∼ mφ/20 then regions where

φ under-annihilates and is overproduced are excluded by observations. In regions where

it over-annihilates and comprises only some subcomponent of the DM the direct detection

constraints must be re-weighted to account for the reduced abundance and it must be as-

sumed that some other field makes up the total of the DM abundance. In this case, with

only the assumption of a standard thermal history, the direct detection constraints become

weaker, as shown in the solid line of Fig. 7.2.

The complementarity of direct detection and collider probes of Higgs Portal DM can

be understood from some simple scaling arguments. For mφ < mh the DM annihilates

through an s-channel Higgs. Thus 〈σv〉 ∝ c2φ and Ωφh
2 ∝ c−2

φ . The direct detection cross

section scales as σn ∝ c2φ. Taking the product of this cross section with the relic density and

assuming a standard thermal history in this mass range leads to overall direct detection

rates (RDD = σn × ρTH/ρ0) which are largely insensitive to the coupling RDD ∝ c0φ.

4This relic abundance has been calculated using the formulae of [266].
5We have used the effective Higgs nucleon coupling fN = 0.29 as found in [270,271].
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Figure 7.3: The DM-nucleon scattering cross section weighted by the fractional relic density
predicted by a standard thermal history RDD = σn × ρTH/ρ0 as a function of the Higgs
portal coupling cφ for a variety of masses from 100 GeV < mφ < 500 GeV in steps of 25 GeV.
Masses mφ < 2mh are shown in solid black and mφ > 2mh in dashed red. Regions where
DM is over-produced are not shown. This demonstrates that direct detection predictions for
the Higgs portal with a standard thermal history only depend very weakly on the coupling
and exclusions stronger than σn < O(1×10−45cm2) typically exclude the Higgs portal with a
standard thermal history independent of the coupling. The suppression with large coupling
is shown whenever the φ+ φ→ h+ h starts to dominate when kinematically accessible.

have 〈σv〉 ∝ c4φ in the limit of large cφ. Now taking the product of thermal abundance and

direct detection cross section we have RDD ∝ c−2
φ . Thus the suppression of relic density can

overcome the enhancement of scattering cross section and a standard thermal history leads

to smaller direct detection rates for larger couplings, as demonstrated in Fig. 7.3 . On the

other hand, the collider cross sections scale as c2φ, with the exception of mono-Higgs signals

which scale as a polynomial up to c4φ.

Thus we are led to a strong sense of complementarity between direct detection and

collider probes of the Higgs Portal.

• If the Z2 symmetry is exact and a saturation of the observed DM density is assumed

(which may require a non-thermal history), then direct detection probes are likely to

be most sensitive.

• If the Z2 symmetry is exact and a standard thermal history is assumed then in regions
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where Ωφ ≤ ΩDM colliders and direct detection experiments are likely to be comple-

mentary probes, sensitive to different parameter regions due to a different scaling

behavior with the portal coupling cφ.

• If the Z2 symmetry is approximate and only stabilizes φ on the timescale τ & 10−8s

but is allowed to decay in the early Universe, or if the Z2 symmetry is exact but φ

has hidden sector decays to other neutral states then colliders are the only probes of

the Higgs Portal coupling, above or below threshold.

The Higgs Portal ties together aspects of cosmology and collider physics, allowing for

very different probes of this coupling depending on the symmetry structure, mass, and

thermal history of the Universe. This interplay strongly motivates exploring the Higgs

Portal over the widest mass range achievable.

7.2.3 Neutral naturalness

Electroweak naturalness provides another motivation for the existence of neutral weak-scale

scalars with large Higgs Portal couplings. Although most solutions to the hierarchy problem

involve new states charged under the Standard Model, it is entirely possible that the weak

scale is protected by additional degrees of freedom that are neutral under the Standard

Model and couple exclusively through the Higgs Portal. Such states arise in the mirror

twin Higgs [125] and orbifold Higgs [272] models, and more generally are consistent with a

bottom-up approach to naturalness [239].

A concrete, UV-complete realization of a Higgs Portal scenario relating to electroweak

naturalness arises in the supersymmetric completion of the twin Higgs [125,273,274]. Here

the weak scale enjoys double protection from the approximate global symmetry of the twin

Higgs mechanism as well as spontaneously broken supersymmetry. The role of the top

partner is shared among the conventional supersymmetric partners of the top quark (the

t̃L, t̃R), the SM-neutral fermionic top partners of the twin Higgs (the t′, t̄′), and the scalar

superpartners of the t′s (the t̃′L, t̃
′
R). Both the t′ and the t̃′ are pure singlets under the

Standard Model and couple uniquely through the Higgs Portal. In particular, the scalars t̃′



105

inherit a coupling to the physical SM-like Higgs h precisely of the form

L ⊃ |yt|2vh(|t̃′L|2 + |t̃′R|2) +
1

2
|yt|2h2(|t̃′L|2 + |t̃′R|2) +O(v2/f2) (7.5)

where f ≫ v is the order parameter of global symmetry breaking in the twin Higgs. Here

the sign of the coupling corresponds to double protection; the t̃′ serve to compensate for

radiative corrections coming from the t̃ and t′. The t̃′L,R comprise six complex scalars in

total, each with O(y2t ) Higgs Portal coupling. If these states are approximately degenerate,

then from the perspective of collider phenomenology this is equivalent to one real scalar

with |cφ| =
√
3|yt|2 ∼ 1.7. Although the detailed naturalness of this scenario depends on

the mass scales of the t̃, t′, and t̃′, in general naturalness favors the t̃′ as close to the weak

scale as possible.

7.3 Searching for the Higgs Portal at pp colliders

Having motivated the parameter space for Higgs Portal interactions in a variety of scenarios,

we now turn to pp-collider studies for the Higgs Portal model (7.1) in various channels of

interest at
√
s = 14 & 100 TeV. In this section we describe our collider simulation for

searches involving vector boson fusion, monojet, and tt̄ associated production, reserving a

discussion of the results for Section 7.4.

For the signal events, we implement the model in FeynRules, setting mh = 125 GeV.

Events are then generated at leading order using MadGraph5 v1.5.8 [79], fixing cφ = 1 and

varying values of mφ. We infer results for cφ 6= 1 subsequently, by rescaling the signal cross

section by |cφ|2. We also simulate the primary backgrounds in MadGraph5. For both signal

and backgrounds, the events are showered and hadronized using Pythia 8.186 [154], tune

4C. Detector simulation is performed using Delphes v3.1.2 with the default CMS detector

card (for 14 TeV) and the Snowmass detector card [199] (for 100 TeV). Jets are clustered

using the anti-kT algorithm [11], as implemented in FastJet v3.0.6 [85], with a cone size

of R = 0.5. All jets are required to have pTj > 30 GeV. The lepton isolation criterion in

Delphes is defined as RelIso ≡ pconeT /pTℓ < 0.1, where pconeT is the sum of hadronic pT
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within a cone of R = 0.3 of the lepton. A minimal pT cut of 10 GeV is applied for all

leptons.

7.3.1 The Higgs Portal in �ET +vector boson fusion

We begin with vector boson fusion, which we expect will be the primary discovery channel

for scalars coupling through the Higgs Portal. The topology for this process is identical

to that of an invisibly-decaying Higgs produced via vector boson fusion, save that now the

intermediate Higgs is pushed off-shell. The final state is φφjj with forward jets, while the

primary backgrounds to this process are Z+jets, W+jets, tt̄ + jets, and QCD multijets.

For this search we simulate Zjj and Wjj matched up to one additional jet and tt̄ matched

up to two additional jets. We do not simulate QCD multijets due to the usual challenges

of reliably simulating multijet production, but we adopt a cut flow designed to minimize

QCD multijet backgrounds.

After requiring at least two jets in the event, we apply the following baseline cuts

pTj1(2) > 50GeV |ηj1(2) | < 4.7 (7.6)

ηj1ηj2 < 0 |ηj1 − ηj2 | > 4.2 (7.7)

In addition to these cuts, we veto events containing an isolated e± or µ±, using the isolation

requirement as defined earlier. We also apply a central-jet veto by vetoing events containing

a third jet with pTj > 30 GeV and min ηj1,2 < ηj3 < max ηj1,2 . To isolate the signal, we

apply both a dijet invariant mass cut and a �ET cut:

√
(pj1 + pj1)

2 > M∗
jj �ET > �E∗

T (7.8)

Here, M∗
jj and �E∗

T are partially optimized values for the dijet invariant mass and �ET cuts,

chosen at each value of mφ, so as to maximize S/
√
B. Finally, a cut on the azimuthal angle

between �ET and jets is imposed by demanding |∆φ�ET ,j | > 0.5. This cut has negligible

effects on the results in our case, but is included to ensure that QCD backgrounds are

sufficiently suppressed in realistic scenarios.



107

h∗

φ

g

g g

φ

Figure 7.4: An example of the loop processes contributing to the �ET + j signal from gluon
associated production at hadron colliders.

For
√
s = 14 TeV we attempt to account for the anticipated effects of pileup. We

simulate pile-up events by overlaying Na soft-QCD events, drawn from a Poisson distri-

bution with mean 〈N〉PU = 100, for each event a. The soft-QCD events are generated in

Pythia 8.186 [154]. We find that the inclusion of pileup in this manner roughly decreases

the significance by a factor of 2− 3 across different values of mφ. Given that the expected

pileup and performance of jet-grooming algorithms is entirely unknown for future colliders,

we do not estimate the effects of pileup at
√
s = 100 TeV.

7.3.2 The Higgs Portal in �ET + j associated production

Next, we consider the sensitivity of searches for the Higgs Portal in the j + �ET channel

via gluon fusion with an associated jet. A sample diagram for this channel is depicted in

Fig. 7.4. Although this channel sets a sub-leading limit at
√
s = 8 TeV [234], the increasing

gluon partonic luminosity at higher center-of-mass energies makes it a promising channel

for future colliders. The primary backgrounds for this process are again Z+jets, W+jets,

tt̄ + jets, and QCD multijets. Here we simulate Zj and Wj matched up to one additional

jet and tt̄ matched up to two additional jets, and again do not simulate QCD multijets but

adopt a cut flow designed to minimize this background.

As
√
s ≫ 2mt for the majority of signal events, the HEFT calculation of gg → gh∗ →

gφφ (which is accurate only to lowest order in 1/m2
t ) is not valid. To correct for this we per-

form a pT -dependent reweighting of signal events generated using the HEFT in MadGraph5.6
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Figure 7.5: The ratio of the differential cross section for j +�ET for the full one-loop result
relative to the HEFT result at 14 and 100 TeV for a variety of singlet scalar masses. When
pT ∼ 2mt there can be an O(1) enhancement due to the top mass threshold in the loop. At
higher pT > 2mT the HEFT calculation may overestimate the signal rate significantly.

For the reweighting factor the differential cross section for gg → gφφ was calculated from

the cross section for gg → gh∗ using the factorization of phase space due to the scalar Higgs

propagator

dσL,EFTgg→gφφ(mφ)

dpT
=

∫ ∞

4m2
φ

c2φ
8π2

v2

(s̃−m2
h)

2

√

1−
4m2

φ

s̃

dσL,EFTgg→gh∗

dpT
d
√
s̃ , (7.9)

where the superscripts ‘L’ and ‘EFT’ denote the one loop and EFT cross sections and

v = 246 GeV. These parton-level cross sections were convoluted with the MSTW pdfs [8]

to determine the proton-proton differential cross section. In a given pT -bin the reweighting

factor is defined as

R(pmin
T , pmax

T ,mφ) =

∫ pmax
T

pmin
T

dpT
dσL

pp→gφφ(mφ)

dpT

∫ pmax
T

pmin
T

dpT
dσEFT

pp→gφφ(mφ)

dpT

(7.10)

The EFT cross section σEFTgg→gh∗ was calculated using the results of [277, 278] and the cross

section incorporating the full loop functions, σLgg→gh∗ , was calculated using the FeynArts,

FormCalc, and LoopTools suite of packages [279, 280]. The renormalization and fac-

torization scales were set to the partonic CM energy. In the limit of small partonic CM

energy it was checked that the partonic EFT and loop calculations match as expected. As

demonstrated in Fig. 7.5, for high CM energies the EFT may overestimate the cross section

6For other recent approaches to this problem, see [275,276].
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significantly, thus the suppression factor is significant. Also, when processes at
√
s ∼ 2mt

contribute significantly to the signal phase space the EFT calculation may underestimate

the signal by O(10’s%).

To investigate the search sensitivity in this channel, we require at least one jet in the

event and apply the following cuts to signal and background at
√
s = 14, 100 TeV:

pTj1 > 110GeV |ηj1 | < 2.4 �ET > 300GeV (7.11)

The restrictive ηj1 cut is chosen pragmatically to expedite the calculation of re-weighting

factors, and in practice could be relaxed. Since we do not have enough computational power

for generating enough QCD background events, we include an additional jet veto analogous

to the ones applied in CMS monojet searches [281]. A second jet with pTj2 > 30 GeV is

allowed as long as ∆Rj1,j2 < 2.4, otherwise the event is vetoed. Events containing additional

jets with pTj > 30 GeV are vetoed, as are events containing an isolated lepton candidate.

It is possible that QCD multi-jet backgrounds at
√
s = 100 TeV will favor harder �ET cuts

than those applied here, but reliable simulation of such backgrounds is beyond the capacity

of this study.

To compensate for inadequacies in the HEFT approximation in the event generation,

we finally apply the appropriate re-weighting factors as defined in (7.10). Due to the

relatively rapid fall-off of the jet pT spectrum in the re-weighted signal events, no meaningful

improvement of signal significance can be obtained from applying harder pT and �ET cuts

to the simulated backgrounds as a function of mφ.

7.3.3 The Higgs Portal in �ET + tt̄ associated production

Finally, we consider the sensitivity of searches for the Higgs Portal in the tt̄+�ET channel.

This channel sets a promising limit on invisible Higgs decays at
√
s = 8 TeV [237], suggesting

it may potentially be interesting in future Higgs Portal searches at the LHC and beyond.

The dominant backgrounds in this channel are expected to be tt̄+jets and W+jets. To

improve statistics, we separately simulate semi-leptonic and di-leptonic decays for the tt̄

background matched up to two additional jets, while we simulate leptonic Wjj matched up
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do not include pileup estimates, as the operating parameters and efficacy of jet-grooming

algorithms are entirely unknown. The reach of the VBF search is in fairly good agreement

with the simplified analysis in [236], with a modest reduction in sensitivity due to the

additional backgrounds considered here. Surprisingly, at
√
s = 100 TeV the monojet search

exhibits more comparable sensitivity to the VBF search for mφ . 200 GeV, due in part

to the effects of increased gluon PDF luminosity and the relatively low jet pT cuts relative

to the center of mass energy. We caution that some of this sensitivity may be an artifact

of our fixed-order calculation for the monojet signal, and furthermore neglects possible

contributions from QCD multijet backgrounds that may be appreciable in this case. On the

other hand, we have not included a K-factor for gluon fusion associated production, which

would further enhance sensitivity. On the whole, our results suggest that the monojet

+ missing energy channel may be useful at
√
s = 100 TeV and warrants further study.

In contrast, the tt̄ associated production search demonstrates relatively poor sensitivity,

though there is substantial room for improvement through the use of more sophisticated

discriminating variables such as hadronic chi-square [195].

To estimate the reach of a concerted Higgs Portal search program, we present the ap-

proximate combined reach of VBF, monojet, and tt̄ searches at
√
s = 14 and 100 TeV in

Fig. 7.9. We obtain the combination by adding the significance of the VBF, monojet, and

tt̄ channels in quadrature, neglecting possible correlations between the two channels.

7.4.1 Implications for new physics

Although any reach in the Higgs Portal parameter space is valuable, it is useful to compare

the exclusion and discovery reach of searches for Higgs Portal states at pp colliders to the

range of masses and couplings motivated by the BSM scenarios discussed in Section 7.2. In

Fig. 7.10 the combined reach at 100 TeV for both 3 and 30 ab−1 is shown relative to both

the reach of Higgs coupling measurements at a circular e+e− collider and the motivated

parameter space for electroweak baryogenesis, dark matter, and neutral naturalness.

In the case of singlet-assisted electroweak baryogenesis, the combined 2σ exclusion reach
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experiments, this also suggests that direct evidence for Higgs Portal states may be obtained

through searches at colliders.

In the case of neutral naturalness, the 2σ exclusion reach extends out to neutral top

partners with mφ ∼ 300 GeV with 30 ab−1 at
√
s = 100 TeV. This corresponds to a fine-

tuning of the weak scale on the order of 30% from the neutral top partners alone [272], and

in complete models with neutral top partners the fine-tuning is expected to be considerably

worse. Considering that this scenario represents the worst-case scenario for electroweak

naturalness (from the perspective of collider signatures), pushing naturalness to the 30%

level in this case represents an impressive achievement.

Finally, we can compare the combined reach at 100 TeV to the sensitivity of indirect

probes of the Higgs Portal via shifts in the Zh production cross section. The leading order

shift due to (7.1) is [238,239]

δσZh =
|cφ|2
8π2

v2

m2
h

(
1 +

1

4
√
τφ(τφ − 1)

log

[
1− 2τφ − 2

√
τφ(τφ − 1)

1− 2τφ + 2
√
τφ(τφ − 1)

])
(7.14)

where τφ = m2
h/4m

2
φ and δσZh = (σZh − σSMZh )/σ

SM
Zh . In Fig. 7.10 we compare the 2σ

reach at a future e + e− machine such as CEPC/TLEP to the 2σ exclusion reach and 5σ

discovery reach at a 100 TeV ppmachine, with an eye towards determining whether observed

deviations in the Zh cross section may lead to the discovery of new singlet states. We use the

Snowmass projections for TLEP sensitivity at
√
s = 240 GeV [240]. The 2σ exclusion reach

of a 100 TeV machine is comparable to the equivalent reach at a circular e+e− throughout

the parameter space under consideration, with direct searches performing better at small

couplings and Zh precision performing better at larger coupings. Compellingly, we find

that the 5σ discovery reach at a 100 TeV pp machine with 30 ab−1 also exceeds the 2σ

reach at a circular e+e− collider up to mφ ∼ 200 GeV, making a 100 TeV pp machine a

powerful tool for direct discovery of a high-mass Higgs Portal in the event of suggestive

hints in precision Higgs coupling measurements. Moreover, it implies that for mφ . 200

GeV, a 100 TeV machine is capable of discovering a high-mass Higgs Portal even in the

absence of suggestive deviations in precision Higgs measurements.
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7.5 Conclusions

The discovery of the Higgs boson brings forth qualitatively new opportunities in the search

for physics beyond the Standard Model. The Higgs Portal is one of the most salient such

opportunities. While efforts so far have focused on the production of Higgs Portal states

through the decay of an on-shell Higgs, the complementary case of producing heavier states

via an off-shell Higgs is relatively unexplored. In this chapter we have commenced the

systematic study of sensitivity to Higgs Portal states above threshold at both the LHC and

potential future 100 TeV colliders. We have considered optimized searches in a variety of

associated production modes, including vector boson fusion, gluon associated production,

and tt̄ associated production. We have taken particular care to correctly treat the effects of

departure from the EFT limit in gluon associated production by appropriately re-weighting

the results of leading-order HEFT Monte Carlo simulation.

Although the reach at 14 TeV is necessarily limited, there is nonetheless sufficient sen-

sitivity to warrant optimized searches for heavy Higgs Portal states at Run 2. Searches

at 100 TeV have the potential to substantially explore the Higgs Portal in regions of pa-

rameter space strongly motivated by physics beyond the Standard Model. In particular,

regions motivated by dark matter, electroweak baryogenesis, and neutral naturalness can

be effectively covered by searches for off-shell associated production of the Higgs. At the

level of our analysis, the most promising channel appears to be vector boson fusion, but

gluon- and tt̄-associated production may also contribute substantial significance. The per-

formance of mono-Higgs searches at 100 TeV, which we have omitted here, warrants further

study. Searches in these channels also have the potential to directly discover or exclude

Higgs Portal explanations of possible deviations in precision Higgs coupling measurements.

7.6 Electroweak Baryogenesis

In this Section we sketch the details of our calculation of the viable parameter space for

singlet-assisted electroweak baryogenesis. We work in the Lorentz gauge, where the gauge
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fixing parameter is ξ = 1. The one-loop potential will include physical particles as well as

goldstone bosons. The thermal potential is given by

V (h, T ) = Vtree + VCW + Vthermal + Vresum (7.15)

where Vtree = −µ2h2/2 + λh2/4. VCW is the one-loop zero temperature Coleman-Weinberg

potential given by

VCW =
∑

i

(−1)F

64π2
m4
i (h)

(
log

m2
i (h)

m2
i (v)

− 3

2
+

2m2
i (v)

m2
i (h)

)
(7.16)

where the sum is over all degrees of freedom. The thermal potential is given by

Vthermal = T 4
∑

i

JF,B(mi(h)/T ) = T 4
∑

i

(−1)F

2π2

∫ ∞

0
dx x2 log

[
1− (−1)F e

√
x2+m2

i (h)/T
2
]

(7.17)

In practical calculations, we expand the thermal integral JF,B(x) up to order x6 in the small

x limit matched to bessel functions at large x. At larger temperature, there are infrared

divergences that need to be resummed. The leading order resummed term is given by

Vresum(h, T ) =
∑

i∈Boson

T

2π
Tr
[
m3
i (h) + Π

3/2
i − (m2

i (h) + Πi)
3/2
]

(7.18)

where Πi are the thermal masses. They are non-zero only for the higgs boson, goldstone,

longitudinal gauge bosons and the φ scalar. The Πi are given by

Πh = ΠGoldstone = T 2

(
3

16
g2 +

1

16
g′2 +

1

4
y2t +

1

2
λ+

1

12
cφ

)
(7.19)

ΠS =
T 2

3
cφ ΠWL

= T 2 11

6
g2 ΠBL

= T 2 11

6
g′2 .



Part IV

Final Conclusion

In this thesis, we have reviewed the Standard Model and covered many topics in collider

physics. In Part I, we reviewed the basics of the SM and collider physics at the LHC. We

saw how the SM describes all the matter we see and its electroweak and strong interactions.

We also saw how the theory has an unnatural tuning, which leads us to suspect that there

may be new physics discoverable by collider experiments. The Large Hadron Collider is the

machine that has been charged with the task of discovering such new physics. In Part II,

we studied many scenarios that could lead to new physics hidden under traditional search

strategies. We saw how new physics can defy conventional assumptions. For example,

the �~ET may be absent in supersymmetry. New physics in the Higgs sector could lead to

displaced vertices. Dark matter could lead to �~ET correlated with jet momentum. In all

of these cases, new effective search strategies can be developed. Finally, in Part III, we

studied the performance of future 100 TeV colliders in stops and higgs portal searches.

In both cases, 100 TeV results offer significant improvements over projected 14 TeV LHC

performances. With the starting of the 14 TeV LHC run, there is great potential for physics

discoveries. Nature may once again surprise us with unexpected signals, and it is imperative

that we seize all the available opportunities to find these signals. There may still be physics

undercover at the LHC, awaiting the right analysis and proper interpretation.
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