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Abstract

We examine the potential for the Large Hadron Collider to discover new physics related to strong
dynamics, both within the non-perturbative regime of QCD and also due to possible extensions of
the Standard Model involving new QCD-charged particles or new strong gauge groups. We first
examine a phenomenological model of the QCD static potential, and determine that it predicts
the existence of a bbbb tetraquark state with a narrow resonance in the four lepton channel at the
LHC. We next examine a class of models where scalar dark matter couples to the Standard Model
via QCD gluons and explore the signatures of QCD-charged mediators of such interactions. We
conclude that mediator-specific searches can greatly improve the sensitivity of the LHC to this
class of models. Next, we explore a model of new strong dynamics by introducing an additional
SU(N) x U(1) gauge symmetry under which SU(5)gur-embedded matter content is charged. We
explore the discovery potential of such a model as well as the features that distinguish it from other
vector-like SU(N) theories. Finally, we present an improved search method for discovering heavy
supersymmetric top partners at the 13 TeV LHC in the kinematic regime with merged top jets.



1 Introduction

The Standard Model of particle physics is a theory describing three of the four known fundamental
forces in the universe and categorizes all known elementary particles. The theory was developed
throughout the second half of the 20th century, culminating in the current formulation which
combines quantum chromodynamics with electroweak theory. It has been an incredibly successful
model, including successfully predicting the existences of the top quark (discovered at the Fermilab
Tevatron Collider in 1995 [1L[2]), the tau neutrino (discovered at the Fermilab DONUT experiment
in 2000 [3]), and the Higgs boson (discovered at CERN’s Large Hadron Collider in 2012 [4l[5]). The
Large Hadron Collider is currently probing the validity of the Standard Model at center of mass

energies up to 13 TeV, the highest collider energies in history.

However, despite the tremendous success of the Standard Model it is considered incomplete due
to both current experimental observations and theoretical considerations. Consequently, there
are many proposed extensions to the Standard Model that offer resolution of these issues. Many
of the proposed extensions involve strong interactions, either by introducing additional SU(3)c-
charged matter content or by extending the Standard Model gauge group to include new strong
gauge symmetries. In this dissertation, we examine the potential for the Large Hadron Collider to
discover new strong dynamics physics, both within the non-perturbative regime of Standard Model

quantum chromodynamics and also possible extensions including new strong dynamics.

This dissertation proceeds as follows. The remainder of this chapter provides a brief overview of the
Standard Model, its limitations, and a few popular extensions. Chapter 2] describes a model of the
non-perturbative effective potential of quantum chromodynamics and demonstrates its prediction
of heavy tetraquark bound states. Chapter B examines the search for dark matter at the Large
Hadron Collider within the framework of effective field theories, focusing on interactions between
dark matter and gluons. Chapter [ discusses extensions of the Standard Model with new strong
dynamics, focusing on a TeV-scale theory with new chiral matter. Chapter [l examines the state of

searches for the supersymmetric partner of the top quark at the Large Hadron Collider.



Gauge Bosons (Spin 1) | Representation Fermions (Spin %) Representation
G Color (8,1,0) Qr Left-handed quarks (3,2, %)
Wlf Weak isospin (1, 3, 0) u}, | Right-handed u-type quarks (3,1, %)
B, Hypercharge (1, 1,0) dj | Right-handed d-type quarks (3,1, —%)
Scalar Bosons (Spin 0) | Representation || L} Left-handed leptons (1, 2, —%)
H Higgs field (1, 2, %) eh Right-handed electrons (1,1,-1)

Table 1: Vector boson, scalar boson, and Weyl fermion content of the SM including their represen-
tations under the gauge group SU(3)c x SU(2)r x U(1)y. Hypercharge normalization is chosen
such that the electric charge is Q = T2+ Y. i = 1,2, 3 runs over the three generations of fermions.

1.1 The Standard Model

The Standard Model (SM) describes the strong, weak, and electromagnetic forces within the frame-

work of a quantum field theory. It is an SU(3)c x SU(2)r x U(1)y gauge theory, and all known

elementary particles are categorized under representations of this gauge group. The field content

of the SM consists of spin-one vector bosons, spin one-half chiral fermions, and a spin-zero scalar

field, and is shown in Table[Il This theory has been extensively tested, proving to be robust under

the scrutiny of experiments probing up to TeV energy scales.

The full Lagrangian of the SM can be succinctly summarized by

where

L gauge

Liemion = Q1ilDQ} +Thilpuly + dildd, + TyilpLE +ehilbel |

£SM = ﬁgauge + ﬁformion + ﬁHiggs + ﬁYukawa )

1
_ZGe qenv _

4

I |
SW W — BB

Litiges = (D, H) (D"H) + p*H'H — N(HTH)?,

£Yukawa =

~yIQLH ), — ] QuH, — yI T Hej, + be..

Eq. @) contains the gauge kinetic terms, Eq. ([B]) contains the fermion kinetic terms, Eq. () contains



the Higgs kinetic term and potential, and Eq. (B]) contains the terms coupling the fermions to the
Higgs field. Fy, are the gauge field strength tensors, ) = 4D, are the covariant derivatives
appropriate for each fermion’s gauge representation, y*/ are the Yukawa coupling matrices, and
H¢ = io9 H* is the charge conjugate of the Higgs field. There are 18 free perturbative parameters in
the SM that are fixed by experiment. They are the three gauge couplings, nine Yukawa couplings,
three CKM mixing angles, one CKM CP-violating phase, the Higgs boson mass, and the Higgs
vacuum expectation value (VEV). There is one additional free non-perturbative parameter, 6qcp,

which is briefly discussed in Section

Electroweak Symmetry Breaking

The breaking of the SU(2)r x U(1)y electroweak gauge symmetry to U(1)gy occurs when the

Higgs field H acquires a VEV. The Higgs scalar potential,

V(H) = —p>H'H + N(H'H)?, (6)
has a stable minimum at
2 2
atgy=H = %Ew
(i) =L = (7)

for 2, A > 0. In unitary gauge, we can shift to the minimum of the potential by letting

0
H— — , ®)
\/5 h 4+ vgw

where h is a real scalar field. The Higgs potential then takes the form

1
V(h) = §m%h2 + Aogw h3 + 2}# : (9)

where m% =242 = 2\ U}%W is the mass of the real scalar Higgs boson. This spontaneously breaks the

weak isospin and hypercharge symmetries, SU(2);, x U(1)y — U(1)gm, leaving one combination,



the electromagnetic gauge symmetry, unbroken.

From Goldstone’s theorem, there are three residual massless Goldstone bosons. In unitary gauge,
one can see that the Goldstone bosons are “eaten” by the weak gauge fields, providing them an

additional massive degree of freedom. The eigenstates of the massive vector bosons are

1 . 1

Wy = 7 (WaFiW3), miy = ZU}%nga (10)
1 1

Z, = (92W3 - ngH) ) m2Z = _U}2EJW (9% +9§) ) (11)
1 g% +g% 1 4

where g1 and go are the gauge couplings for U(1)y and SU(2)r, respectively. Similarly, the Yukawa
couplings between the fermions and the Higgs field generate Dirac masses for the fermions, with

masses My, = VEw ¥/ V2.

Quantum Chromodynamics

After electroweak symmetry breaking, the spectrum of the SM consists of massive Dirac fermions
— up-type quarks, down-type quarks, and electrons, charged under the unbroken SU(3)c x U(1)gm
gauge symmetry — as well as massless neutrinos. Quantum Chromodynamics (QCD) is an SU(3)
non-Abelian gauge symmetry, characterized by its infrared (IR) confining behavior. The one-loop

QCD beta function is

_ dgs g3 (2
Blgs) = dlogp 1672 <3nf 11) ’ (12)

where g, is the QCD gauge coupling and n ¢ is the number of quark flavors with masses mg S pu. For
ny < 16, the beta function is negative, such that the coupling becomes weaker as the energy scale
increases, known as asymptotic freedom. Conversely, the coupling gets larger at smaller energies,

ultimately becoming non-perturbative. The QCD gauge coupling running is shown in Figure [Il

In a classical field theory, the absence of a mass scale in the theory implies a conformal symmetry.
However, the dependence of the gauge coupling on energy in a quantum theory suggests that

this conformal symmetry is anomalous. The dimensionless coupling diverges at a scale A and a
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Figure 1: Value of the QCD coupling, as = g2 /4, as a function of energy. Various experimentally
determined values are shown at their natural energy scale. The central black line shows the coupling
running for the world average value. (Figure from Ref. [6].)

mass scale spontaneously arrises in the theory, known as dimensional transmutation. For QCD, the
coupling diverges in the IR, and the scale of divergence is Aqcp ~ 150 MeV. This gives rise to quark
confinement, resulting in multiquark states (hadrons) that are described only non-perturbatively

within the QCD framework.

Chiral Symmetry Breaking

At low energies, QCD contains only the lightest quarks — up and down — with masses m,, = 2.3 MeV
and mg = 4.8 MeV in the MS scheme at a renormalization scale of 2 GeV [6]. The theory contains

an approximate SU(2)r x SU(2)g global chiral symmetry, characterized by the transformation

YR = — exp(—iOLr-T)VLR- (13)

L.R

Dirac mass terms, m ) = m (EyﬁR + ER¢L), explicitly break this symmetry. Before electroweak

symmetry breaking, these terms are forbidden by the SU(2)r x U(1)y gauge symmetry. After



the electroweak symmetry breaks to U(1)gm, the terms are no longer forbidden and the Higgs
mechanism generates such masses. However, for the lightest fermions chiral symmetry remains an

approximate symmetry of the system.

The very low spectrum of QCD is made up of hadrons, bound states of quarks. This occurs due to
the nonperturbative behavior of QCD at low energeis, when the quark condensates develop a non-
zero VEV, (1)), The condensates spontaneously break the global chiral symmetry to a vectoral
isospin symmetry, SU(2)r, x SU(2)r — SU(2)y. From Goldstone’s theorem, there would then be
three massless Goldstone bosons, the pions 7+ and 7°. However, the non-zero masses of the up and
down quarks explicitly break this symmetry, and the pions are instead massive pseudo-Goldstone

bosons.

If ones includes the next lightest quark in the QCD spectrum, the strange quark with mass mg =
95 MeV (MS scheme, u = 2 GeV), the chiral symmetry and its symmetry breaking pattern is
extended to SU(3)r x SU(3)r — SU(3)y. This theory then describes eight pseudo-Goldstone

bosons — the three pions, four kaons, and the eta meson.

Chiral Perturbation Theory

As discussed above, at low energies the degrees of freedom in QCD are hadrons rather than quarks
and gluons. However, because QCD becomes non-perturbative at those scales, the tools for analytic
solutions are limited. A typical approach is instead to develop an effective theory of hadrons which
satisfies all the symmetries of the system, but whose coefficients must be determined by experiment,
known as Chiral Perturbation Theory (ChiPT). We demonstrate some of the relevant properties of

ChiPT below for the two-quark system where pions are the only remaining degrees of freedom.

We begin with a non-linear parameterization of the pion fields,

. 0 +
U= exp (i7 -/ fr) = exp | + f” ﬁﬂo , (14)
™ 27 —7



where f is the pion decay constant. At lowest order, the Lagrangian is

2 J2By
Lr > 5 T [DUDMUT | 4 T2 T (U + U] (15)

where By is a constant and m,, is the u, d quark mass matrix. Expanding the second term gives us

the bare pion masses in terms of the parameters of the effective theory,

m2 = (my +mgq)By . (16)
The mass splitting between 7° and 7% is mainly due to QED radiative corrections, and is estimated
to be

3e2
(5m72r = mfri —m? 2

~
~

™~ 1672 (17)

where e is the QED coupling constant and A = 4xf, is the chiral symmetry breaking scale. A

subdominant contribution also arises from the difference in bare quark masses.

Charged pions decay through the weak interactions, predominantly through =+ — ¢* 1. In fact,
due to helicity suppression charged pions decay predominantly to muons with a branching fraction
B(rt — ptv,) = 0.999877. Neutral pions, however, decay primarily through triangle anomaly

0

diagrams involving virtual nucleons into two photons, 7’ — ~~, with a branching fraction of

B(n% — v~v) = 0.98823.

Anomaly Cancellation

Gauge anomalies in a quantum field theory arise at one-loop order due to diagrams such as Fig. 2,
and lead to negative-norm states which are inconsistent with statistical mechanics. In order to avoid
such a catastrophe, the sum of all such diagrams must cancel. An example of anomaly cancellation

is shown below for a single generation of SM chiral fermions with hyperchages Y;. Left-handed
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Figure 2: Representative Feynman diagrams contributing to gauge anomalies in the SM. Anomalies
with a single external SU(2) or SU(3) vertex vanish due to tr[t?] = 0 or tr[7’] = 0, and diagrams
with three external SU(2) vertices vanish because {0,067/} = 26%. Diagrams with three external
SU(3) vertices vanish because the QCD couplings are left-right symmetric.

fermions contribute a (—1) relative to right-handed fermions, leading to the cancellation conditions

U1y, Uy, U(1)y] : +3Y) +3Y) +Y2 —6Y3 —2YP =0, (18)
[U(1)y,SU(2)1,SU(2)L] : —3Yy, — Y1, =0, (19)
[U(1)y,SU(3)¢, SU(3)c] - + Yy, + Y, —2Yg, =0, (20)
[U(1)y,grav.,grav.] : +3Yy, +3Yy, + Y., —6Yg, —2Y;, =0, (21)

Up to an overall normalization, the unique solution is the hypercharge values shown in Table[Il The
gauge anomaly is a chiral anomaly, and so any chiral theory like the SM must ensure such cancel-
lations. In theories with purely vector-like fermions such as QCD, the gauge anomaly cancellation

is automatically satisfied.

1.2 Limitations of the Standard Model

Despite the many successes of the SM, it is an incomplete theory. Perhaps the most obvious
omission is gravity, which is not incorporated into the theory. Although gravity is by far the
weakest known force, the quantum effects of gravity are expected to be non-negligible at energy
scales around Mp; ~ 10" GeV. However, attempting to describe gravitational interactions within
the framework of a quantum field theory results in a non-renormalizable theory that is, therefore,

not predictive. Dark energy, which accounts for 68% of the total energy of the observable universe



in the Standard Model of Cosmology (ACDM), is not accounted for within the SM. This energy is
believed to drive the observed accelerating expansion of the universe. However, the SM prediction

for the cosmological constant is up to 120 orders of magnitude larger than the value obtained using

ACDM [1.

Baryon asymmetry, the observation that there is more baryonic than antibaryonic matter in the
universe, is also not explained within the SM. Electroweak baryogenesis requires that electroweak
symmetry breaking be a first-order phase transition, which requires a lighter Higgs boson than
the observed mpy = 125 GeV. Additionally, the CP violation in the CKM matrix is not enough
to account for the observed amount of baryon asymmetry. Theoretically, there are additional

complications. Within QCD, another term is allowed by the gauge symmetry which violates CP,

2
959qeD 0 ~
Lacp D —ng=gs P GG (22)
where Go# = %e“” P7GY,. This term would contribute to the neutron electric dipole moment

(EDM) d,,, which is currently constrained to be |d,,| < 3.0x10726 e-cm [§]. As there is no symmetry
to prevent such a term in the SM, requiring such a small (or zero) free parameter represents a fine

tuning problem, and is known as the strong CP problem.

The SM does not include right-handed neutrinos, which would be completely sterile under its
SU3)c x SU(2), x U(1l)y gauge group. Correspondingly, neutrinos do not obtain masses via
the Higgs mechanism and remain massless. However, there is now abundant evidence of neutrino
oscillations (see, e.g., Ref. [9] and references therein), which occur when their flavor eigenstates differ
from their mass eigenstates and thus require massive neutrinos. Measuring the neutrino masses,
their mixing, and the amount of CP violation in the neutrino sector is an active area of research.

It is currently an open question whether neutrinos are primarily Dirac or Majorana fermions.

Dark Matter

Observations of galactic rotation curves, anisotropies in the cosmic microwave background (CMB),

and galaxy collisions like the Bullet Cluster all suggest that the majority of matter in our universe
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68.3% Dark Energy

26.8% Dark Matter

Figure 3: Mass-energy distribution of the observed universe according to the Standard Model of
Cosmology.

is non-luminous (see, e.g., Ref. [10] for a recent review). The most widely accepted explanation is
the existence of non-baryonic dark matter (DM) which does not interact electromagnetically and
must interact with SM particles with tiny cross sections. DM makes up 27% of the mass-energy
of the observable universe and 84.5% of the matter. The mass-energy density distribution in the

observable universe is shown in Figure Bl The SM, however, does not appear to contain a viable

DM candidate.

It is an open question whether the DM particle density was created in thermal equilibrium in
the early universe, or arose because of a phase transition. Asymmetric DM is a class of models
where their relic abundance is generated due to a particle-antiparticle asymmetry similar to baryon
asymmetry. On the other hand, thermal DM is in equilibrium with the SM in the early universe.
The DM must be long-lived to have a stable relic abundance, but it can be created or destroyed

pairwise via processes such as

XX < Y, (23)

where x is the DM particle. As the universe cools, the thermal energy becomes insufficient to

pair-produce new DM, and the back-reaction freezes out. As the DM density declines, the Hubble

'Ref. [I1] proposes a scenario where DM may be explained within the framework of QCD.
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expansion of the universe prevents DM particles from finding one another, and a stable particle

density is obtained.

An appealing coincidence is uncovered when one examines the cross-section for the process in
Eq. ([23)) required to produce the present-day DM relic abundance. This requirement is (ocv) ~ 1 pb,
which is the expected interaction scale for particles interacting under the weak force with masses
my = O(100 GeV) and with the expected DM velocitiy spectrum, (v) ~ 0.2¢. This coincidence,
known as the “WIMP miracle,” has motivated a great deal of experimental searches for such

particles. However, there is as of yet no conclusive observation of a WIMP-scale DM particle [12].

The Electroweak Hierarchy Problem

Last, a large theoretical motivation driving high energy theory and experiments for the last several
decades has been the electroweak hierarchy problem. Unlike classical field theory, in a quantum
field theory particles receive radiative corrections to their masses. For fermions, the corrections go

as

2

Sy X ——m log <—A%V> (24)
W 0 )
1672 mé

where mg is the bare mass and we have used a momentum cutoff regulator. Ayy is interpreted as
the energy scale at which the effective theory becomes invalid. Even if Ayy = Mpj, the corrections
to fermion masses are small. It can be said that chiral symmetry is protecting the fermion masses,
as setting mg — 0 restores an exact symmetry of the system and the corrections to fermion masses

are of the order of the symmetry-breaking scale m.
On the other hand, scalar fields receive corrections of the form
y? 2

mj, o 162 Apy (25)

and are thus quadratically sensitive to the scale of new physics. Scalar masses are not protected by

any enhanced symmetry as mg — 0. The dominant Feynman diagram contributing to corrections
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Figure 4: Representative Feynman diagrams contributing to the mass corrections for fermions (left)
and scalars (right).

to the Higgs mass is shown in Figure @l This is the problem that plagues physicists about the
Higgs boson, the only fundamental scalar in the SM. Since we observe the Higgs boson mass to
be mjy = 125 GeV, there must either be a very fine cancellation between it’s bare mass and its
radiative corrections, m% = m% + 5m% = (125 GeV)?, which is fine-tuned for Ayy = Mpy, or the
SM must break down near the electroweak scale, Ayy ~ O(TeV). The belief that the electroweak
hierarchy problem must be resolved around the TeV scale helped to motivate, in part, the design

goals of the LHC.

1.3 Extensions of the Standard Model

Due to the shortcomings of the SM listed in the previous section, there have been many proposals
to extend physics beyond the SM (BSM). The simplest extensions attempt to add one or more new
particles to the SM in order to explain phenomenon such as DM or neutrino masses. New gauge
symmetries and hidden sectors have been proposed which lead to vastly different phenomenology.
Theories such as supersymmetry (SUSY), extra dimensions, and partial compositeness can attempt
to resolve the electroweak hierarchy problem. Grand unified theories (GUTs) suggest that the
electroweak and strong forces may unify at high scales, and present a stepping stone toward a
complete theory of everything. Supergravity and string theory attempt to incorporate gravity into

a quantum framework. This is by no means an exhaustive list.

An important consequence of many of the above theories is the prediction of new physics near
the TeV energy scale, which is currently being probed. There exists a symbiotic relationship

between high-energy theory and experiment, with theory able to help guide and shape the future
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of high-energy experiments while the feedback from such experiments helps to inform and shape
the theoretical landscape. Below, we will give a brief introduction to a few of the theories of BSM

physics that are relevant to this dissertation.

Grand Unification

The fact that electric charge is quantized is of fundamental importance to the existence of the
universe as we know it, and yet there is no explanation for this fact within QED. If, however, all
the forces unified into a single gauge symmetry with one unified coupling, this would necessarily
be true. Additionally, the three SM gauge couplings run close to a unified value at high energies,
providing tantalizing evidence for GUTs. The first GUT was proposed by Howard Georgei and
Sheldon Glashow in 1974 [I3]. It suggests an embedding of the SM into a single SU (5) gauge group.
The gauge group is then spontaneously broken into the SM gauge group SU(3)c x SU(2)r x U(1)y
gauge group at the scale Mgyt, where the SM couplings diverge from their unified value. Although
the simplest SU(5) GUT model can be excluded from limits on proton decay, it can serve as an

informative introduction to the topic.

Similar to the Higgs mechanism for electroweak symmetry breaking discussed in Sec. [[.T], symmetry
breaking in the Georgi-Glashow model occurs when a heavy scalar in the adjoint representation of
SU(5) develops a VEV, with the symmetry breaking pattern SU(5)gur — SU(3)c x SU(2)r %
U(1)y. The SU(5)gur gauge field breaks as

24 — (8,1,0) & (1,3,0) & (1,1,0) & (3,2,—-5/6) & (3,2,5/6), (26)

where the first three fields are the SM gauge bosons. The left-handed fermions of the SM (e.g.

ur, = u%) fit into three generations of 5 ® 10, which break as

5 — (3,1,1/3) @ (1,2,—-1/2), (27)

10 — (3,2,1/6) & (3,1,-2/3) & (1,1,1), (28)

and gives the fermion content of Table [l The SM Higgs doublet is embedded into a fundamental
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Chiral Superfields Spin 0 Spin 1/2 | Representation
Q | (g, dy) | (ug, dp) (3,2, %)
Squarks, quarks | . t _ )
(3 generations) | “ UR UR (3,1, -3)
d s df, (3,1, 4
Sleptons, leptons | L (vr, er) (v, en)” (1, 2, —%)
(3 generations) - & e; (1,1, 1)
HU (HJ_7 HS)T (ﬁlzli_’ ﬁg)T (17 27 %)
Higgs, higgsinos L
Hq | (Hy, Hp)" | (Hy, H)" | (1,2, —3)
Vector Superfields Spin 1/2 Spin 1 Representation
Gluino, gluon Ge G\ (8,1,0)
Winos, W bosons Wi WJ (1, 3,0)
Bino, B boson B B, (1,1,0)

Table 2: Field content of the MSSM and their representation under the gauge group SU(3)c X
SU(2)r xU(1)y. Hypercharge normalization is chosen such that the electric charge is Q = T3+4Y.
The bar on the u, d, € is part of our naming convention and does not denote conjugation.

5 of SU(5). The additional Higgs states form a color-triplet scalar, which mediates baryon and

lepton number violation and thus must be heavy [14].

Supersymmetry

SUSY is a proposed extension to the SM that includes an additional global symmetry relating
bosons and fermions. The explicit symmetry guarantees that the superpartners of the SM fields
(spin-0 squarks and sleptons for SM fermions and spin-1/2 higgsinos and gauginos for SM bosons)
share the same masses and non-spin quantum numbers as their SM counterparts. SUSY is a
well-motivated candidate for BSM physics for several reasons: it naturally alleviates the hierarchy
problem and potentially includes a DM candidate as discussed in Sec. [[L.2] and can unify the SM
gauge couplings as discussed in the previous subsection. However, since we have not observed any
additional fields differing from the SM fields by only their spin, SUSY must be at best a broken
symmetry. Thus, the masses of the superpartners may be heavier than their SM counterparts,

while still offering solutions to many of the formerly-mentioned SM issues.
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Figure 5: Representative Feynman diagrams contributing to Higgs mass corrections in SUSY. The
first two diagrams are quadratically divergent, while the third is logarithmically divergent.

The Minimal Supersymmetric Standard Model (MSSM) is so-named because it contains the minimal
amount of additional matter content to supersymmetrize the SM. The field content is shown in
Table 2l This more than doubles the matter content of the SM. In particular, there must be an
additional Higgs doublet superfield, both because holomorphic requirements dictate that a single
Higgs field can not couple to both the up- and down-type quarks and leptons, and also because
the addition of only a single higgsino would introduce a gauge anomaly. The superpotential thus

contains the terms

Wassm = Uyy Q@ Hy + dysQ Hy +€y. L Hy + p Hy, Hy, (29)

where y are 3 x 3 matrices. Expanding the matter content to incorporate SUSY and including new

parameters to break it, the MSSM introduces O(100) new free parameters compared to the SM.

Additional terms are allowed in the MSSM superpotential from gauge symmetry alone, which are

MUdd+MdQL+NseLL+xLH,. (30)

Such terms, however, violate baryon or lepton number, and when taken together lead to phe-
nomenologically unacceptable processes such as proton decay. To avoid this, an additional Z,
symmetry, R-parity, is introduced under which the superfields transform as H,, H; — H,, Hy
and Q,w, d, L, e — — (Q, a,d, L, E). Under R-parity all SM fields have parity 4+1 while all their
superpartners have parity —1. Not only does this symmetry forbid the above terms, but if R-parity

is an exact symmetry it also protects the lightest supersymmetric particle from decay. The lightest
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Figure 6: Extrapolation of the running coupling constants for the SM (dashed) and the MSSM
(Sohd) with a umversal SUSY Scale of Msysy = 1 TeV. The couplings are az = ¢2/(4n), as =

g5/ (47), and aq = (1/5/3 g1)?/(4n)

SUSY particle should interact only weakly, and so the theory also predicts a likely WIMP-scale
DM candidate.

As a consequence of SUSY, the electroweak hierarchy problem is naturally resolved as long as
the scale of SUSY is near the electroweak scale. Because SUSY is a chiral theory, the scalar
superpartners inherit the same chiral symmetry protection as their fermionic counterparts. Using
a momentum cutoff regulator, corrections to scalar masses such as the Higgs boson in an unbroken
SUSY theory are

Mgl /\s

2 _
6mh—

where the first term is the contribution from a Weyl fermion with coupling A, the second term is
the contribution from complex scalar loops with coupling Ag, and the relative minus sign between
the first and second terms is due to the closed fermion loop. The Feynman diagrams leading to

Eq. Bl are the first two shown in Figure Bl The quadratic divergences are exactly cancelled for
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[A f\2 = A\g, which is guaranteed for SUSY superpartners. However, when SUSY is broken additional
contributions from diagrams like the third in Fig. [B] create logarithmically divergent corrections to
the Higgs mass proportionate to the SUSY-breaking masses mg. In this way, the Higgs field is still

sensitive to the masses of the heaviest SUSY scalars.

Finally, it is interesting to note that SUSY can dramatically improve the unification of the three SM
gauge couplings. The addition of the spectrum of SUSY partners at the scale Mgysy modifies the
running couplings of the SU(3)c x SU(2) x U(1)y gauge group. The one-loop running couplings
are shown in Fig. [ for the SM and the MSSM. The MSSM predicts a unification scale of around

MGUT ~ 1016 GeV.
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2 Heavy Tetraquarks

QCD is the primary example of strong dynamics within the SM. As an unbroken SU(3) gauge
symmetry, QCD confines at low scales and is responsible for the majority of the visible mass in
our universe. However, at low energies the coupling becomes strong and perturbation theory, the
primary method of calculation within the SM, breaks down. In order to study the low-energy
spectrum of hadrons, we turn to either phenomenological models or computationally-expensive
Lattice QCD methods. Historically, a great deal of effort was spent to develop and test models
of the low-energy QCD effective potential. The short-distance behavior of QCD can be described
using a 1/r Coulomb-like potential, while the long-distance behavior is best described by a potential
linear in r. Models incorporating such behavior have been used extensively to study the spectrum

of mesons and baryons.

Recently, signatures of potentially exotic hadrons with four quarks have been observed (e.g. Refs. [15-
[18]). In each case, the signals are best described by hadrons consisting of at least some light quarks.
In these situations, the 1/r Coulomb-like potential dominates the interactions. On the other hand,
exotic mesons consisting of purely heavy quarks are ideally suited to probe the linear behavior
of the QCD potential. In this chapter, we examine a Lattice-motivated phenomenological model
of the QCD static potential particularly suited to heavy quark systems where the full multi-body
dynamics become important. We use this model to predict the ground state binding energy of a

bbbb system. The main body of this chapter has been reproduced from Ref. [19].

2.1 Introduction

In the seminal work of Ref. [20], Applequist and Politzer interpreted heavy quark bound states as
positronium-like atoms subject to non-relativistic quantum mechanics calculations. In this context,
the spectroscopy of quarkonia can be well understood by solving Schrodinger’s equation based on
the static potential between two heavy quarks [2IH23] mediated by the asymptotically-free QCD

interaction. Ever since, two-body heavy quark systems have been used to understand the long
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distance behavior of QCD.

Multi-quark states arose as an explanation for the observed spectrum of hadrons in the 1960’s.
This now universally-accepted picture of mesons (baryons) as two- (three-)quark states has been
hugely successful, and suggests that the mass of ordinary matter can be explained by the binding
energy between quarks. More recently, enormous progress has been made both theoretically and
experimentally in our understanding of four-quark states containing at least one light quark [24125].
On the other hand, four-quark states containing only heavy quarks have not been directly confirmed
by experimental searches. With new data from CMS, ATLAS, and LHCDb at the LHC, a multi-quark
state containing only bottom and/or charm quarks is very likely to be tested. From the theoretical
side, such heavy quark states provide a unique environment to examine the non-relativistic QCD
effective potential of many-body systems. In this chapter, we concentrate on a potential tetraquark

state comprised of two b and two b quarks.

In QED, the equivalent system is the di-positronium molecule (Psy), first postulated by Wheeler in
1946 [26]. Using the variational method, the binding energy against dissociation into two positron-
ium atoms is calculated to be 0.435 eV [27H29], which is around 3.2% of the binding energy of two
positronium atoms. However, it wasn’t until 2007 that the use of positron traps and accumulators
led to the experimental confirmation of the Psy molecular state [30]. For the neutral positron-
ium atoms, the electric dipole-dipole interaction can be used to generate the splitting between the
ground and excited states. After the standard quantum mechanical perturbative calculation, the

additional binding energy can be interpreted in terms of a R~% London-Van der Waals force [31].

For QCD, there is no equivalent chromo-electric dipole interaction for a color-neutral meson, but one
still has the transition-dipole interaction from color-neutral state to color-octet state. Depending
on the relation between the inter-meson distance and intra-meson binding energy, second-order
perturbative calculations reveal a similar R~% London-Van der Waals force [32,[33] or an R~
Casimir-Polder force [34H36]. As emphasized in Ref. [32], the Van der Waals force arises at leading
order in g and depends only on the geometric ratio of inter-meson and intra-meson binding energies.

In the heavy quark limit where the QCD effective potential is Coulomb-like, one can use the Van
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der Waals force to calculate the additional inter-meson binding energy and obtain a ratio of O(1%)
of the total intra-meson binding energy, similar to the Pso case. For bottom quarks with finite

mass, one should also include a long-range linear contribution to the potential [37].

Several methods have been proposed in the literature to calculate the energies of tetraquark systems
comprised of purely heavy quarks. One could, for example, rely on the QCD sum rule method as
in Ref. [38]. However, the small separation between quarks in the four-b system requires the
use of higher-derivative moments to reliably estimate the non-perturbative bound state physics,
which in turn calls into question the convergence of the perturbative expansion for such moments.
Even for the two-b system, this approach can become less trustable than the similar charmonium
calculations [39]. A separate approach is to treat the bb(bb) system as a composite diquark bound
state and then calculate the inter-diquark binding energy [40,41]. However, this simplified approach
turns out to be inadequate as the average distance between the two diquarks is comparable to the

separation between their constituent quarks, necessitating a complete four-body calculation.

Here, we adopt a phenomenological potential with its parameters determined by fitting to the two-
body bb spectrum and verified by lattice simulation. We then numerically solve the Schrodinger
equation to obtain the ground state energy and approximate wave function for the four-b tetraquark.
After that, we discuss spin-dependent (SD) corrections and obtain a final estimate for the ground

state mass.

2.2 QCD Static Potential

For a two-body ¢g system, the Cornell potential V(r) = —4a,/(3r) + r/a® has been widely used
to understand bottomonia and charmonia spectroscopy [22,23]. The —1/r Coulomb term is under-
stood simply as the spin-independent contribution from one-gluon exchange. The 7/a? linear term
is the long-range contribution due to QCD confinement. When one extends this phenomenological
potential to many-body system, all flux-tube configurations must be checked to minimize the static
potential. For three-body systems like baryons, lattice QCD calculations predict that only two

flux-tube configurations matter; which one to choose depends on whether an interior angle of the
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Figure 7: Left panel: the flip-flop configuration of disconnected di-mesons. Right panel: the
butterfly configuration with two connected diquarks. The two middle connecting points are chosen
to minimize the total path.

triangle formed by the three quarks is greater than 120° [42].

For the four-body system there are in general three relevant configurations, with the flux-tubes
reconfiguring in such a way as to minimize the total potential. The first two configurations, which
in combination is sometimes referred to as the “flip-flop” configuration, is shown in the left panel
of Fig.[1l Depending on the relative distance between (113, 724) and (r14,723), one has the di-meson
configuration of either (bibs,babs) or (b1by,bobs). The third, so-called “butterfly” configuration,
is shown in the right panel of Fig. [[l This is the diquark-diquark configuration with two bottom
quarks, b; and by, forming a color-anti-triplet (or less-favored sextet), and the two anti-bottom
quarks, bs and by, forming a color-triplet. For the butterfly configuration, the middle two connecting

points should be chosen to minimize the total flux-tube length.

The effective potential for the di-meson system is either

: 4o 1 1 1
di-meson __ s
Visay =~ 3 (r—lg + r—24> + g (113 +724) (32)

or V(Cllzrgg)son, which differs only by exchanging b3 <> bs. The flip-flop potential is defined as the

minimum of the two di-meson configurations for any four-particle phase space and is given by

flip-flop — . .; di-meson di-meson
4 = min | Vizan s Vi) ] (33)
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The effective potential for the butterfly configuration is

1 1 1 1 2 1 1 1
phuttery — % ([ — 4 )T ) L (34)
3 \ri3 T4 T3 T4 3 \T12 T a

Here, Ly, is the minimum value of the total flux-tube length for all possible connecting points in
the right panel of Fig.[[l The formula for the sextet diquark configuration is obtained by replacing
the coefficients (—1/3,—2/3) by (—=5/6,1/3). As the sextet configuration has both attractive and
repulsive Coulomb forces, it generically leads to a larger potential energy and thus will not con-
tribute to the ground state energy calculation. The total four-quark potential is defined to be the

minimum of the three possible configurations and is given by

V4Q = min <Vﬂip—ﬂ0p’ Vbutterﬂy) ) (35)

There is a priori no reason to expect that the two potential parameters, a; and 1/a, should have
the same values for four-quark states as in two-quark states. Fortunately, the lattice QCD studies
of Ref. [43] find consistency in this approach for a large set of four-quark spatial configurations.
Therefore, we will use fitted values of a; and 1/a from the two-body quarkonia spectrum to calculate

the solution to the four-body Schrédinger equation and obtain the ground state energy.

2.3 Diffusion Monte Carlo

There are a plethora of ways to calculate the energy levels of many-body non-relativistic systems.
For the four-lepton di-positronium molecule, variational methods with a very large amount of
trial functions have been used to accurately obtain the ground state energy [27H29]. Minimizing
the Hamiltonian for so many variational parameters, however, can be extremely computationally
expensive (see Ref. [44] for a recent attempt). For our numerical calculation, we will instead adopt
the more efficient but perhaps less accurate Diffusion Monte Carlo (DMC) method (see Ref. [45] for
an introduction). To test the numerical calculation, we successfully reproduced the binding energy

for the di-positronium molecule.
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The central idea behind the DMC method is to replace real time by an imaginary time and adjust
the guessed ground state energy based on the behavior of the wave function. The time-dependent
wave function evolves as > e~*EntW, (F), where E,, and U, () are the true energy eigenvalues and
eigenfunctions of the Hamiltonian, respectively. Scaling the energy eigenvalues F,, by a constant
guessed value I, makes no physical change to wave function. Thus, after making the substitutions
E, — B, — E, and t — —it, the evolution of the wave function becomes Y e~ (Fn=Fa)™¥, (7).
When E, = Ej, only the ground state wave function will be stable while the excited states will
diffuse away. If E, > Ej, the wave function will diverge, while for £, < Ejy even the ground state
will diffuse away. By adjusting the value of F, based on the behavior of the wave function, we are

able to obtain the correct ground state energy.

Practically, the wave function in the DMC algorithm is represented by random walks of many
particles in phase space. To observe the behavior of the wave function with respect to £, a “birth-
death” mechanism is implemented such that when E, is too large, the particles will replicate
themselves to increase the total number of particles, and vise versa. For each step, the algorithm
adjusts E, based on the change in the total number of particles until it converges to the ground

state energy Ejy. The stabilized walker distribution then gives us the ground state wave function.

For the system at hand, we also need to find L, for the butterfly configuration. This is similar to
the well-known Fermat and Torricelli problem to link three points with a minimal network, which
is a special case of the Steiner tree problem in mathematics. The added connecting points in the
middle are known as Steiner points, and the original points are called terminals. In two-dimensional
space, the Steiner tree problem has an analytical solution, however it is still an NP-complete problem
in higher dimensions. To find the positions of the two Steiner points the Steiner configuration for the
two vertices in the right panel of Fig. [7] we adopt Smith’s algorithm [46]. This iterative algorithm
determines an equation for each Steiner point, &, from summing all possible links surrounding it to
both terminals and other Steiner points: ij—linked(fl(ci—i—l) - f§i+1))/|f,(j) - :T:gl)| = 0. Here, fg-i) is

the position of point j after the i-th iteration. Usually after only 20 iterations this algorithm gives

a solution that matches the true solution to a very high precision.
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Figure 8: The ground-state energy for three different static potentials using Benchmark-I of Eq. (36])
as a function of an effective numerical running parameter k. The lower panel shows the ratios of
binding energy difference for the flip-flop and flip-flop+butterfly configurations over the dissociated
di-meson binding energy.

2.4 Spin-Independent Binding Energy

To calculate the tetraquark mass, we will adopt two sets of benchmark parameters for my, as and

1/a,

BM-I: mp =479 GeV, o, =0.38, a=243 GeV !, (36)
BM-IT: mp =517 GeV, o, =0.36, a=2.34 GeV !,
Both of them can provide a good fit to the bottomonium spectra [22123], although the second

one requires a universal shift of energy levels of around —0.77 GeV, to take into account that the

dynamic bottom-quark mass could be different from the bare heavy quark mass.

To check the stability of our numerical calculation, we fix the DMC parameters—initial particle

number, time step, and simulation length—and modify the total potential by an overall factor of
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Benchmark-I | Benchmark-II
Ey/2 (di-meson) 9.455 GeV 9.460 GeV
AFE (flip-flop) —52 MeV —51 MeV
AFE (flip-flop+butterfly) | —80 MeV —79 MeV

Table 3: Additional binding energy for the two benchmark parameter sets of Eq. (34]).

k. This is equivalent to scaling the reduced mass and ground state energy while keeping numerical
running conditions fixed. In dimensionless units, the binding energy is anticipated to scale as &2,
which is clear from Fig. Bl Furthermore, the ratio of additional binding energy, AFE, over the di-
meson binding energy, Ey, for the flip-flop and flip-flop+butterfly potentials should be independent
of k, which is also approximately true up to small numerical fluctuations. From the lower panel of

Fig. B it is clear that the flip-flop and flip-flop+butterfly configurations account for an additional

20% and 30% binding energy, respectively.

In Table Bl we show the additional binding energy due to the different four-particle effective poten-
tial configurations. Within the error of our calculation, we have found that an additional ~ 50 MeV
and ~ 80 MeV of binding energy can be attributed to the flip-flop or flip-flop+butterfly configu-
rations. The total binding energy for the flip-flop+butterfly configuration is around 330 MeV for
BM-I and 300 MeV for BM-II (without accounting for the constant energy shift of —0.77 x 2 GeV).
These binding energies are large enough to suggest that the four b state should be treated as a true

tetraquark system rather than a weakly-coupled molecular system.

Before we move on to discuss the spin-dependent corrections, we show the wave functions for the
tetra-quark state. To generate the wave functions in Fig. [0 and simplify the multiple-dimension
numerical integration, we have treated the wave-function as approximately flat in 715 and r34 and
kept the remaining three variables: r13, r14 and a relative angle between them. In the upper panel
of Fig. @ we show the squared wave function times 7%, for different static potentials, while in the
lower panel we show the value of the squared wave function near the origin. One can see that the

squared wave function for the flip-flop+butterfly potential is around 0.59 of the value for dissociated
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Figure 9: The squared wave function in terms of 73 for different static potentials using benchmark-I

of Eq. (39).

di-meson configuration at the origin. There is only around 5% difference between the flip-flop and
flip-flop+butterfly squared wave functions. We also note that because of the symmetries b3 <+ by

and by <> b, the wave functions are identical when plotted in terms of 714, 793 or r94.

2.5 Spin-Dependent Corrections

For a two particle system, short-range spin-dependent interactions contain a local §-function force [47,

4g]

2
Hsp D ACyay ———— 3 - 5247 6(r12) (37)
3 mimo
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with AC5 as the difference of quadratic Casimir. For the four particle system, we anticipate the
ground state spatial wave function to be predominantly S-wave so additional corrections propor-
tional to L - S should be negligible. From Fig. [@ it is apparent that the wave function for the
flip-flop configuration closely approximates the wave function for the flip-flop + butterfly configu-
ration. Thus, to implement the SD correction for the 07T tetraquark, we will focus on the flip-flop

configuration.

The general ground state wave function for the flip-flop di-meson configuration is

v { ¥(r13) ¥(ras) @ |(b1b3)1(b2bs)1) @ ng’g)z; for Ry , (38)

Y(r14) 1(r23) @ | (b1ba)1 (babs)1) ® X535 for Ro.

Here, Ry represents the region with V(%r;j)son < V((ﬁrgg)son and otherwise for Ro; (6153)1 represents

the color-singlet contraction of b; and bsz. The product of the spatial and color wave functions is
symmetric under the interchange of b; <> by and b3 <> by, so the spin-zero wave functions should

be

0,0 1
Xy = +5 (0165 — bbh) (bhb} — b3b)) (39)

0,0 1
Xiagh = — 5 (016 — bybh) (bhby — bibl) (40)

The relative minus between the above two terms is necessary to satisfy the Pauli exclusion principle,

and provides the lowest ground state energy after hyperfine splitting.

Calculating the matrix element (¥|Hgp|¥), the spin-dependent correction for the 07" ground state

is approximately

4as(p)

AEsp = — 3 % [42(r13 = 0) + ¥*(ro4 = 0)]
b

~ —145 + 30 MeV (41)

for BM-I with as(2myp) ~ 0.2. The result for BM-II is similar. The symmetries b; <+ by and
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bz <+ by imply that the contributions of Ry and Ry to the matrix element are the same, and thus
we double the expression for region R; in our calculation. Here, the relative error is taken to be
O(as) =~ 20% [49] and should only be used as guidance from the theoretical calculation. Altogether,

the energy for the ground state 0™ mode is

M(0T1) = 18.69 + 0.03 GeV, (42)

which is below the energy thresholds of 2M (1) = 18.798 GeV and 2M[Y(15)] = 18.920 GeV.

2.6 Discussion

For the di-positronium molecule, the leading decay channel comes from ete™ annihilation, giving
Psy — 2y + eTe™ [50]. Similarly, the leading decay channel for the four-b tetraquark ground state
is 07+t — 29 + bb. The decay width is O(10 MeV) and is comparable to the decay width of 7,. It
can also decay into one on-shell and one off-shell T(1.5) via spin rearrangement [51], providing a
possible four-lepton final state resonance: 07+ — T(15)Y(18)* — ¢+~ ¢T¢~ with ¢ as e, u, on top

of the continuous double Y(1S5) background [52].

Within the framework of our calculation, one could also calculate heavier states including spin-
one and spin-two excitations. The detailed mass spectrum requires one to calculate the spatial
excitation energy as well as the full wave-functions in terms of all degrees of freedom. These are
conceptually straightforward, but numerically complicated. Furthermore, one could also apply
our calculation procedure to other four-heavy quark system like cécé and cébb. For instance, the
ground state, 01, of ccee is estimated to be 5.97 £ 0.04 GeV, using benchmark-I in Eq. (B8] with
me = 1.37 GeV and a4(2m.) ~ 0.25 for the spin-dependent correction. While this is below twice
the J/W¥ mass, it is unclear within the calculation’s uncertainty if the ground state will be below
twice the 7. mass, 2M (n.) = 5.966 GeV. Similar to the four-b state, this ground state could have
a decay mode of 07T — W(1S)¥(1S)* — £+¢~¢T¢~. However, if the decay channel to two on-shell
7y is open the branching ratio to this four-lepton final state may be significantly smaller than in

the four-b case.
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In summary, based on the static potential of the flux-tube model for four heavy quark interactions
we have used a diffusion Monte Carlo algorithm to numerically solve the many-body non-relativistic
Schrodinger equation. We have found a ground state, 07", with a mass of 18.69 4 0.03 GeV, which
is approximately 100 MeV below twice the mass of 7, expected for a disassociated di-meson ground
state. Our calculation predicts the existence of an observable new state made of purely non-
relativistic heavy quarks, whose discovery can help further our understanding of QCD long-range

forces.



30

Indirect

AN

SM DM

Direct

SM DM

Y

Collider

Figure 10: A representation of interactions between DM and the SM. The blue arrows show the
direction of time flow for the different types of experimental searches.

3 Chromo-Rayleigh Interactions of Dark Matter

As discussed in Sec. [[L2] the existence of DM is well-established. One of the primary mysteries
surrounding DM is what, if any, non-gravitational interactions it has with the SM. There are
three primary ways we search for such interactions: direct detection experiments look for evidence
of DM-nucleon scattering, indirect detection experiments look for astronomical evidence of DM
annihilating into SM particles, and collider searches aim to directly produce DM via high-energy
collisions of SM particles. A representative Feynman diagram showing the relationship between
these three strategies is shown in Fig. It is an open question as to what interactions complete

the bubble in the diagram.

Interactions between WIMP-scale DM and nucleons have been extensively searched for by terrestrial
direct detection experiments, however there has yet to be any conclusive evidence for DM-nucleon
interactions. Recent limits on the DM-nucleon cross section from direct detection experiments are
shown in Fig. [Tl As can be seen, the interaction cross section has become increasingly constrained
for typical DM masses of m,, 2 10 GeV. For lighter DM, however, the recoil energy of the nucleons in
direct detection experiments is likely below the detector thresholds, and the constraints are weaker.

In this regime, collider searches may provide better sensitivity to DM than direct detection searches.
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Figure 11: Limits on the wimp-nucleon spin-independent cross section as a function of DM mass.
The DAMA/LIBRA, CDMS-Si, and CoGeNT shaded regions represent potential signals. These
regions, however, appear to be excluded from various other experiments. This figure was reproduced
from Ref. [6].

The mechanism for interaction between DM and SM fields is important for predicting the ex-
pected sensitivity of the LHC. The LHC, as a proton-proton collider, is especially sensitive to new
QCD-charged particles. Although DM must be color-neutral, interactions with new QCD-charged
particles provide direct portal to DM production at the LHC. In this chapter, we explore the
constraints on DM interactions with QCD gluons, first within the framework of an effective field
theory and then with a simple UV-complete model where DM interacts with new heavy QCD-
charged fields. The main body of this chapter has been reproduced from Ref. [53], and reflects the

state of the field at the time of its publishing.
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3.1 Introduction

Although there is no doubt that DM interacts gravitationally both among itself and with SM par-
ticles, we still have no convincing evidence for other dark matter interactions. Among the three
forces in the SM, DM can not have order-one couplings under the electroweak forces. Otherwise, it
will either emit photons or scatter off nuclei with a too-large cross section in direct detection experi-
ments. Suppressed couplings to the Z boson or the Higgs boson will be probed further in upcoming
dark matter experiments [54]. For QCD interactions, the DM particle can not have a color charge
due to confinement. If, instead, it is a QCD composite particle, the hadronic bound states should
have a large interaction strength with SM pions and thus have a large scattering cross section with
nucleons. This type of dark matter can not penetrate the Earth to reach detectors in underground
direct detection experiments, but satellite-based X-ray quantum calorimetry experiments impose

stringent bounds on the scenario [55].

Another way for dark matter to interact with gluons is through effective contact interactions, com-
parable to photon—molecule Rayleigh interactions. Introducing such higher-dimensional effective
operators to describe dark matter chromo-Rayleigh interactions is then independent of whether the
dark matter is elementary or composite. For instance, in supersymmetric models the neutralino can
couple to two gluons via a stop—top quark loop. In extra-dimensional models, a similar loop from
the top quark and its Kaluza-Klein mode can generate the effective chromo-Rayleigh dark matter
interaction [56]. Composite dark matter models can also generate chromo-Rayleigh interactions,
with strengths typically suppressed by the composite scale [57]. In this chapter, we perform a
generic study on dark matter chromo-Rayleigh interactions. We pay particular attention to collider
searches and the potential signatures associated with chromo-Rayleigh interactions. This study is
similar to searches for electrical Rayleigh interactions of dark matter in Ref. [58,59], where the

electrically charged particles can be searched for directly at the LHC.

For simplicity, we choose the dark matter particle to be a complex scaler denoted as X. We study
two types of dimension-six interactions: XX G2 and (X X - Xtx T) Gé, where G is the QCD field

tensor. For direct detection searches, the first operator provides spin-independent scattering while
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the second operator provides spin-dependent and momentum-suppressed scattering. For collider
searches, the SM-independent signature is a mono-jet plus missing transverse energy. Taking into
account the well-known limitations of such searches [60H77], we introduce simplified models to UV-
complete these two operators. Collider signatures owing to such UV-completions depend strongly
on how the colored mediators decay. We discuss several possible signatures, including multi-jets

and pair-produced di-jet resonances with missing transverse energy.

3.2 Contact Interactions

Our model consists of a complex scalar dark matter field, X, which is a singlet under the SM
gauge group. We introduce the following two C P-conserving, dimension six operators coupling

dark matter to the gluon field

cRayleigh Qs 1
Ol _ mX XGZVGQ;,LV , (43)
O;Rayleigh _ LE(XX _ XTXT)GZVéa . (44)
47 A5

where A; is the cutoff scale and G* = %E’W of Ggﬁ is the dual gluon field strength tensor. The
overall operator normalization accounts for a loop factor. In order for X to be stable, we impose a
Z5 symmetry under which X is odd. Based on these two effective operators, we first calculate the

thermal relic abundance, direct detection cross sections, and collider constraints.

Thermal Relic Abundance

Depending on the UV physics, the dark matter sector could be more complicated than just one state.
Therefore, the dark matter thermal relic abundance calculation based entirely on the operators in
Egs. @3) and (4) can only provide a guidance for the potential parameter space in Mx and A; for
thermal dark matter. For the first operator, we have the dark matter self-annihilation rate from

the process XX — GG as

(o0} (X1 X~ GG)| = % [_s My

N —
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to leading order in the dark matter’s relative velocity v expansion. Here, the overall factor of 1/2
is due to the relic density being comprised of particles and antiparticles. For the second operator,
we have the annihilation rate from the process X X[XTXT] — G G, in terms of components with

X = (XR+iX[)/\/§, as

OZ2 2
(o) (XpX; = GG)] = % [F ]‘X_ﬂ _ (46)

DO =

The dark matter relic abundance is inversely proportional to the annihilation rate and has a formula
Qxh? ~ 1.07x10° GeV ' 2 /(\/g* My s) with g* as the number of relativistic degrees of freedom at
the freeze-out temperature and is taken to be 86.25 and the Planck scale is M = 1.22 109 GeV.
The freeze-out temperature zp is given by xp = In[0.059 MMxs/(y/¢* xF)] with g = 2 and is
typically O(20).

Direct Detection

leigh . .
For the first operator OfRay 8% we can use the matrix element of G}, G*M inside a nucleon to

derive the dark matter coupling to two nucleons. The trace anomaly of the QCD energy-momentum

tensor implies [78]79]

g

2
20z

i (NIN) = (N] 3 i+ +

) G2, G M| NY, (47)
1<i<ng

where " = —(11—2ns/3)a? /4r is the beta function at leading order, ns is the number of quarks,
and ~ is the anomalous dimension of the quark field. So, at leading order in ay and keeping only

ny = 3 light quarks, we have

8 1 - 8
(NG, G |N) = <o my | ——(N|my T+ madd +m3s|N) = 1| = - m [(Fa + fa+ £) = 1]
N

(48)

Recent Lattice QCD updates of the calculation for the strange quark matrix element has f,, + fq+

fs = 0.08570:9%2 [80]. In our numerical calculation, we will use (NlasG, G |N) ~ —2.56my.
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The formula of the scattering cross section is then calculated to be

2,4

SI k~my
, 49
TXN 41 A (my + Mx)? (49)

with & = 2(f, + fa+ fs — 1) & —0.20.

For the second operator, OgRaleigh, we need to know the matrix element of GG inside a nucleon.

This matrix element is related to the anomalous divergence of the iso-singlet axial current operator

by

_ n ~ . _
> M Wiyrsi) = ﬁas GO, G+ Y 2imiyst) - (50)

i=1,ny i=1,
In the large-N. and chiral limit and using the relation (N|wivsu + divsd + 3iyss|N) = 0, one

finds [S1IHS3]
<p g_;Gzyéapu|p> = 389 MeV = NpMyp <n|%Gzyéauu|n> = —2MeV = MMy, (51)

where the dimensionless parameters are 7, ~ 0.41 and 7, ~ —0.0021 (the instanton calculation
in Ref. [84] obtained dramatically different numbers). The large difference between 7, and 7,
indicates a large isospin violation for pseudo-scalar coupling to nucleons. One can then use the

matrix elements to translate Oy to the interaction between dark matter and nucleons, giving

2inn my

o (XX - XTX") NiysN . (52)
2

In the non-relativistic limit, one has NiysN =~ 2i7 - § with ¢ as the exchange momentum of the
scattering process and § as the spin of a nucleon. So, for this interaction, we have both spin-
dependent and momentum-suppressed scattering. The spin-dependent differential scattering cross

section is

SD 2,2 2
doxy _ NInMmy q

dcos  2mA} (my + Mx)?'
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My (GeV) | Ay (GeV) | Ay (GeV)
1 130 170
10 120 180
100 120 180
200 110 160
400 90 130

Table 4: The collider constraints on the cutoff of the effective operators for different dark matter
masses at 90% CL. The mono-jet analysis with EX > 500 GeV from the CMS collaboration in
Ref. [89] has been used.

For My ~ 100 GeV, a small cutoff scale of Ay ~ 100 GeV, and a typical exchange momentum of
q~ xav ~ 100 MeV, the spin-dependent scattering cross section of dark matter off a proton is

10~7 pb. This is far below the current direct detection experimental bound [S5,86].

Collider Constraints

For the two operators considered here, the universal signature at the LHC is that of a mono-jet
plus missing transverse energy [87,88]. For fermion dark matter coupling to two gluons, both
the CMS [89] and ATLAS [90] collaborations have imposed limits on the cutoffs of the effective
operators. To estimate the constraints on our scalar dark matter case, we use FeynRules m to
generate a model file for MadGraph [92]. We then use Pythia [93] to shower and hadronize the
parton-level events. Finally, we use PGS [94] to cluster hadrons into jets and simulate detector

effects.

Following the same analysis procedure from the CMS collaboration in Ref. [89] at 8 TeV and
with 19.7 fb~! luminosity, we have found that imposing a cut on the missing transverse energy
EJHJiSS > 500 GeV (or requiring less than 164 signal events) provides the strongest bounds for a
wide range of dark matter masses. We show the constraints on the cutoffs of the effective operators
in Table @ for different dark matter masses. The constraints stay constant for light dark matter
below 100 GeV and become weaker as one increases the dark matter mass beyond around 100

GeV. One can also see that for heavier dark matter beyond 200 GeV, the constraints become much
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weaker such that the cutoff is even below My, which indicates a breakdown of the perturbative

description of the effective field theory.

3.3 Simplified UV-Completion Models

As already can be seen from Table [, the constraints on the cutoffs of the contact operators from
the mono-jet searches are not that stringent. For a 100 GeV dark matter particle, the constrained
cutoff is just comparable to the dark matter mass. This calls for UV-completed models to reduce
the uncertainties from an effective field theory description. In this section, we consider several
classes of models to illustrate that collider signatures beyond the mono-jet may provide a more

sensitive probe of dark matter chromo-Rayleigh interactions.

Introducing only X and its allowed couplings to the SM under the dark Z; symmetry, the renor-

malization interactions are

Lx D9, XT0MX — MEXTX — )\TX(XTX)Q ~\uxX'XH'H, (54)
where H is the SM Higgs doublet and we choose a positive quartic coupling of Ax > 0. After
electroweak symmetry breaking, X receives a contribution to its mass from the Higgs mechanism
and is assumed to have a positive mass of M)2< =M 3? + v2Xgx /2, where v is the Higgs vacuum
expectation value. Similar to the Higgs-portal dark matter models, the SM Higgs boson can decay
into two dark matter particles for Mx < M}y /2. At 7 TeV and 8 TeV LHC, the searches for the
Higgs boson invisible decays have constrained the invisible branching ratio to be less than 0.28 at
95% C.L. [95.96], which can be translated into a bound on Ay x as Ay x < 0.015 for a light dark

matter mass.

Given the effective coupling of the Higgs boson with two gluons in the SM, one automatically
generates the dark matter-gluon coupling of Eq. (43]). The additional introduction of a color-
neutral pseudo-scalar, which appears for instance in two-Higgs-doublet-portal dark matter models,

can generate the dark matter chromo-Rayleigh interaction of Eq. (4] (see e.g. Refs. [T2L[7397,08]).
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As the existing search strategies for the Higgs-portal and pseudo-scalar-portal dark matter cover
this class of UV-completions [95], we consider two other ways to UV-complete the chromo-Rayleigh

dark matter interactions with more novel collider signatures.

QCD-charged Particle Mediation for O;Rayleigh

In this subsection, we examine a class of models with additional QCD-charged scalars to generate
the effective chromo-Rayleigh interaction of (’)fRayleigh. For specificity’s sake, we introduce a real
color-octet and electroweak-singlet scalar, |4 G¢; with a = 1,--- ,8 and a mass of Mg,,, which, for
example, appears in the Renormalizable Coloron Model (ReCoM) [99L[100]. The scalar Lagrangian

for this theory is

1 a a 1 a Ma )‘G a a )\HG a cya
Loy 2 5 DGy DG — §MgH uGH — HGH)? — 5 Ch WH'H
)‘XG a a
- 2 H HXTX + ﬁeven(odd) ) (55)

where D), is the covariant derivative. Lqyen(oaa) is specific to the identification of Gy as even (odd)

under the dark Zo symmetry,

Leven = _ﬂGdach%GI;IG?{ 5 (56)

Lodd = —nxcd™GHGHGH(X + XT), (57)

with d?¢ the totally symmetric SU(3)qcp tensor. The scalar octet G also receives a contribution
to its mass from the Higgs mechanism, which is Mé b= gH +v2Aga/2. We note that a large value
of Agg /MC2¥H can modify the effective interaction of the Higgs boson coupling to two gluons [T01-
[105]. Using the limits from the LHC Run 1 [106], the limit is |Mq,, /v Acu| 2 1.9v.

At one-loop level, the effective operator can be generated through the diagrams in Fig. 12| and has

2A similar analysis can be performed for other QCD representations.
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X G X G

Figure 12: Representative loop diagrams for generating (’)fRayleigh via colored scalar loops.

the following calculated form

(r) DX O

oy oxtxap,a, (58)
H

where the form factor F'(7), with 7 = (p; +p2)2/(4M(2;H), is one in the limit 7 — 0. Here, p; and ps
are the gluon momenta pointing to the vertex. In the limit that Mg, > Myx and with small gluon
momenta much below |p; + pa|, one can match the colored particle mass to the effective operator

cutoff defined in Eq. (@3) to obtain

8
2 2

For this class of UV-complete models, one can also work out the collider constraints. Depending on
whether the color-octet is odd or even under the dark matter Z5, one has different decay channels
for G%. If it is Zs-even, the cubic self-interaction of Leven can make Gy unstable. This introduces
the decay of Gy into two gluons at one loop with a width of [99L107]

1503 g,

7T2 2

Zy-even G can be pair-produced at the LHC from their QCD interactions, which then decay into
paired dijets. Following the same reinterpretation of the experimental data as in Ref. [I08], we find

that the current searches for paired dijet resonances at the 8 TeV LHC have set a constraint on its
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mass of [109]

Mg, 2 520 GeV, for Zs-even Gy , (61)

where we have only included the QCD productions.

If Gy is Z9-0dd, the dark matter particle X has to appear in the G g decay products. The operators
mediating G g decaying to X first occur at the dimension six level and contain the following two

parity-conserving operators

D,G%0,X G @ XHQ 1"
H Alj2 + .C., T -+ h.C. . (62)
1 1
Here, t* with a =1,2,--- ,8 are the SU(3)qcp generators. For the second operator, we have only

included the top quark by assuming that the coupling is proportional to the quark mass. Using the

equation of motion, D,G** = —g, qy"t%q, the first decay-inducing operator becomes
s Ga o, X gyt (63)
a2 G0 X @t

As a result, the decay channels of the colored state Gy are mainly Gy — Xgq. For each flavor,

the three-body decay width is calculated to be

2

_ 9s
NGy = Xqq) = ——+—
329Nl
1/2 3/2
) /(MGH—MX)2 elis 2m? - 4m? / My + (Mg, —5)> —2M3% (ME, + ) /
4mg S s MC%'H
(64)

Choosing gs = 1.1, Mg, = 500 GeV, Mx = 10 GeV, A} =1 TeV, and neglecting the quark mass,

I' = 0.0002 GeV for each flavor and G can decay promptly for collider studies.

From the above assumptions, the collider signature for pair-produced Zs-odd Gy contains 45 +

ErTniss, tt+ 25 + ErTniss and 2t + 2t + E}mss. Generically, the top-quark rich final state can be easily
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searched for at the LHC. So, we concentrate on the first operator in Eq. (62)) and derivate a more
conservative bound based mainly on the 45 + Efln«liss final state. Following the analysis in Ref. [I10]
at the 8 TeV LHC with 19.5 fb~!, we find that the set of cuts with 300 < H, < 450 GeV,
800 < Hr < 1000 GeV, 3 < Njes < 5 with pr(j) > 50 GeV and |n| < 2.5 provide the best
constraint. For Mg, = 600 GeV and My = 10 GeV, we have Br(Gy — 2j + X) = 97.5% and
Br(Gy — tt + X) = 2.5%. The production cross section at the 8 TeV LHC after this set of cuts
is approximately 1.9fb x K with a K-factor of 1.8 [I1I]. This amounts to a total of 65.4 events at
19.5 fb=1, which is very close to the allowed number of signal events (65.6 from Ref. [I10]) at 90%
C.L. So, for a large mass splitting between the color-octet state G and the dark matter X, the

current LHC bound is

Mg, 2 600 GeV, for Z5-odd G . (65)

Independent of how G decays, we have set a constraint on the Gz mass to be above 500-600 GeV.
Using the relation in Eq. (B9]), this constraint translates to a limit on the effective cutoff scale of
Ay 2 1.5 — 1.7 TeV for Axg = 1, which is far more stringent than the limits in Table [ set from
the mono-jet search. To compare with the limits from direct detection experiments, we show the
reinterpreted collider limits using A; > 1.7 TeV for the first chromo-Rayleigh interaction in the left
panel of Fig. I8 The left panel of Fig. [[8 shows a comparison between the limits on the scattering

cross section 0§(IN obtained from direct detection, monojet, and 45 + EX searches.

QCD-charged Particle Mediation for Og<»'eigh

(’);Raylelgh, we introduce a pair of vector-like fermions, which appear in

To UV-complete the operator
a wide range of new physics models like the Kaluza-Klein fermions in the universal extra dimensional
model [I12] or the top partners in the little Higgs model with T-parity [113]. We fix the quantum

numbers of these fermions to be the same as ug for later convenience. The Lagrangian for this
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Figure 13: Representative loop diagrams for generating O, via colored fermion loop.

sector is then

Ly > 1/}1 (Z]D mwl) 1+ 7/}2 (Z]D m1/12) <)‘1/11(2)@Lﬁ1/11(2) + h.C.)
—y1 (X + XT) (@toa + Batr) — o (X = XT) (Brstin + Pyrst) - (66)

To conserve the dark Z, symmetry, one of the fermion triplets must be Zs-odd while the other
is Zg-even. Only the Z5-even fermion has an allowed Yukawa coupling with the SM Higgs boson.
Using the freedom of field redefinitions of ¢ and 5, one can keep the first coupling, 1, to be a
real number while the second coupling, ys, may in general be complex. We choose 15 to be a real
number to satisfy CP symmetry. In terms of the components, X = (Xg + i X7)/v/2, we have the

interactions

LD —V2y1 Xg (P12 + ath1) — V2i X1 (y2 17509 + Y2 haysihr) - (67)

To preserve C' and P, one has Xg to be C-even and P-even, and X; to be C-even and P-odd. In

terms of Xp and X, we have the effective operator

OcRaylelgh

XoX G4 a/u/
27TA2 rX1GY,C (68)

which conserves both C' and P.

At one-loop level, one has the box diagrams in Fig. [[3] to generate the effective operator OCRaylelgh

In the heavy particle limit with my,, my, > Mx,, Mx,, we have the matching condition (see
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Appendix [AT] for a more detailed calculation)

_ 2 Ty Ty

A2
2 ly192|

(69)
For this specific UV-completion model, the first chromo-Rayleigh interaction can also be generated,

since it does not break any discrete symmetries.

If Im(y1y2) # 0, the Lagrangian in Eq. (67]) is P-conserving but C-breaking, so C'P is also broken.H

The lowest dimensional effective operator that is C'-odd and P-even is at dimension-10, for instance

XrX; dabc(DuGgﬁ)(D,,Gb v O‘)éc B further suppressed by powers of the cutoff scale. If parity was
a

broken, lower-dimensional operators like Xp X Gy, G**" could be generated with a stringent bound

from the neutron electric dipole moment.

As mentioned before, in order to conserve the dark Zs symmetry the two fields, 1 and 5, should
have opposite dark parity. Fixing the mass relation m,, > my,, we have two cases. The case A
has Zs-even 1 and Zs-odd 19 and the case B has Zs-even 19 and Zs-odd 1. For both cases,
we introduce the following dimension-5 operator to mediate the Zs-even particle decaying into two

jets,

2 ~
B i g Gl (70)
2

Here, i = 1(2) for case A(B). As a result of this decay mode, the unstable particle 1; behaves as a
dijet resonance at colliders. One could also consider other potential decay channels by introducing
the electroweak dipole moment operator, which has a clearer signature at colliders. The Yukawa
operator with a coefficient, Ay,, in Eq. (G6) can also mediate the Zj-even 1); decaying to one up
quark plus Z or h. The constraint on the mass of Zs-even 1); is above between 720 GeV and 920
GeV for different branching fractions [I15]. In our study, we will assume a negligible value of Ay,

and concentrate on the more challenging fully-hadronic channel.

3For a complex y2 with C'P-violating interactions, one may wonder about generating the Weinberg operator [114],
fachszl;p G°*”. We note that the P conservation forbids the generation of the effective Weinberg operator.
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Figure 14: Left panel: constraints on the cutoff of the effective operator OgRaylelgh for case A with

Zo-even 1 and Zs-odd 9. Right panel: constraints for case B with Z5-odd 1 and Zs-even 1.

For case A with a Zs-even 11, the collider signature of v is pair-produced dijet resonances. The

2 500 GeV. Although

~

searches at the 8 TeV LHC have set a constraint on its mass [109] as 1,
the signature is interesting by itself, the discovery of this dijet resonance can not prove that dark
matter has been produced at colliders. For the Zs-odd 1o particle, the decay channel is ¥y —
X + 11 — X + 2j. Depending on the mass splitting of ¥1 and )9, one has 11 to be off-shell for
My, — My, < Mx and on-shell for my, —my, > My. For the off-shell intermediate 1)1 case, this
signature is very similar to the SUSY squark searches with a heavy gluino [I10], except with a
larger production cross section than a single flavor squark. For dark matter mass Mx < 100 GeV,
the constraint on the vy mass is my, 2 850 GeV, assuming that the signal acceptance is similar
to the squark one [I10]. For a heavy dark matter mass close to 290 GeV, the constraint becomes
weaker and is my, 2 500 GeV. Using the conversion formula in Eq. (69), we show the constraints
from 45 + EX55 on the effective cutoff for different dark matter masses in the left panel of Fig. [4]

by setting my, = my, — Mx and y1y2 = 1.

For the on-shell 11 case, the signature is more interesting with a pair of dijet resonances plus a
large E{Fiss. The relevant production Feynman diagram is shown in the left panel of Fig. We
perform a detailed collider study for this interesting signature in Section B3l As a comparison, in
the left panel of Fig. [l we show the interpreted constrains for My < 100 GeV on the matched

~

cutoff from Eq. (69) for both the 8 TeV LHC with 19.5 fb~! and the 14 TeV LHC with 100 fb~!.
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Figure 15: Le_ft panel: the representive Feynman diagram for the process of pp — 12109 -
X414+ X4+, - XXT4+45. Right panel: the tree-level production cross sections of pp — ¥a1)s.

One can see a clear improvement on constraining this effective chromo-Rayleigh interaction from a

dedicated search beyond the simple mono-jet signature.

For case B with Z5-odd 1 and Z5-even 15, the searches for pair-produced dijet resonances provide

= 500 GeV. The decay of 11 needs to go through an off-shell 1o via 1 —

~

a constraint of my,
X + 5 — X + 2j. Applying the SUSY squark searches with a heavy gluino [I10], the constraint

on the 11 mass is my, > my, 2 850 GeV for Mx < 100 GeV and my, 2 500 GeV for Mx close to

~

290 GeV. In the right panel of Fig.[I4] we show the reinterpreted constraints on the effective cutoff

for y1yo = 1.

Pair-produced Dijet Resonances plus E;’iss

In this section, we perform a detailed collider study for the process of pp — Wathe — X + 11 + X1+
Y1 — XXT 4+ 45. The collider signature is pair-produced dijet resonances plus missing transverse
energy. In the left panel of Fig. [[5] we show the Feynman diagram for this process. The QCD
production cross sections for ¥g1)5 at the LHC are the same as vector-like ¢t/ [I16]. We show the
tree-level production cross sections, calculated using MadGraph [92], in the right panel of Fig.
In the following analysis, we will ignore the signal K-factor because we will use tree-level cross

sections for backgrounds.

*One might expect the overall significance in the later analysis to be increased by a factor of ~ 1.2 — 1.3 due to
the inclusion of NLO effects.
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Figure 16: Left panel: the distributions of the fraction of events as a function of Amgijet/Mavg
for the signal of (my,,my,) = (600,900) GeV and the summed background. Right panel: the
averaged dijet invariant mass distributions for the signal and various backgrounds, after the cut of
Amdijet/mavg < 0.4.

The main SM background comes from Z/W¥ + n jets with Z — v and leptonic decays of W*.
After comparing the results from matching parton showers and matrix elements [117], we have
found that the background of parton-level Z/W¥ + 4 jets with pr(j) > 120 GeV provides a good
estimation of total Z/W* + n jets background for the 8 TeV LHC. Therefore, we use Z/W* + 4
jets as an approximation to save simulation time. There also exist additional, sub-dominant semi-

leptonic tt backgrounds, which will be kept in our analysis.

Starting from the 8 TeV LHC with 19.5 fb~!, we choose the model point (m., , my,) = (600,900) GeV
as a benchmark to optimize our cuts on kinematic variables. We choose the basic cuts on the jet and
missing transverse momenta to be pr(j;) > 140 GeV and E{p”iss > 275 GeV and required at least
four jets satisfying the jet pr cut in the final state. To reduce the ¢t and W*+jets backgrounds,
we also veto events containing a lepton with py(¢) > 20 GeV. Since our signal has a pair of dijet
resonances with the same mass, we choose the combination among three possible dijet pairs with
the smallest dijet invariant mass difference, Amgije;. To further reduce the SM background, we
show the event fraction histogram distribution in terms of the variable Amgijer/Mavg in the left
panel of Fig. Signal events prefer a smaller value of dijet invariant mass difference than back-
ground events. As a result, we impose a cut on this variable with Amgjjet [Mayg < 0.4 to further

increase the discovery sensitivity. In the right panel of Fig. [I6 we show the averaged dijet invariant
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Figure 17: Left panel: the signal significance S/v/B for different model points with the cuts
optimized for (my,,my,) = (600,900) GeV and Mx = 10 GeV at the 8 TeV LHC with 19.5 fb~L.
The red dashed line is the extrapolated 90% C.L. exclusion curve. The black dashed line has
My, = My, + Mx. Right panel: the same as the left panel but for 14 TeV with 100 fb~! and the
set of cuts for the combined benchmark points (1, ,my,) = (900, 1800) GeV and (900, 1500) GeV
with My = 10 GeV.

mass distribution for the signal and backgrounds. Since the signal events mainly distribute around
the 11 particle mass, we also impose one additional cut with |mavg — my, | < 0.1my, to further
improve the sensitivity. With the above cuts, we show the values of S/ V/B for different mass points
in the left panel of Fig. Il At 90% C.L., our simulated results show that the model point of
(M, Mapy) = (650,950) GeV can be covered, which corresponds to Ay 2 1.1 TeV. Once again we

see a dramatic improvement relative to the standard mono-jet signature.

At the 14 TeV LHC with 100 fb~!, we choose two benchmark points with My = 10 GeV and
(M, Myy) = (900,1800) [(900,1500)] GeV. To optimize the discovery sensitivity, we choose
the following set of cuts: at least four jets with pr(j) > 200 GeV; ERS > 900 [600] GeV;
AmMmagijet/Mavg < 0.4 [0.3]; |Mavg — my,| < 0.1my,. The signal significances, S/V/B, for differ-
ent model points are shown in the right panel of Fig. [T taking the larger S/v/B value from

between the two benchmark points. We show the combined 90% C.L. exclusion contour in the
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red dashed line, which has the lower right region covered by the set of cuts for (900,1800) GeV
and the upper right region by (900, 1500) GeV. At 90% C.L., one can see that the model point of

(M, s My ) = (950, 1800) GeV can be excluded, which corresponds to Ay 2 1.8 TeV.

3.4 Comparison to the Direct Detection Limits

To compare with the constraints from direct detection experiments, we show the interpreted dark
matter-nucleon scattering cross sections from the LHC mono-jet, 45 + E5 and paired dijet+ EHiss
searches in Fig. In the left panel, we show the spin-independent scattering cross section including
the constraints from the LUX collaboration [89]. Compared to the direct detection limits, the
constraints from the LHC are not strong for heavier dark matter masses, but are more stringent
for a light dark matter mass below around 5 GeV. Compared to the limits from mono-jet searches,
the 45 + E{,‘}iss signature is definitely a more sensitive channel for constraining the spin-independent

scattering cross section from the first chromo-Rayleigh interaction, XX G, G M.

In the right panel of Fig. I8, we show the interpreted collider constrains for the second operator,
(XX - XTX T)waé“’“’ . Here, we only show the dark matter-proton scattering cross section,
since it has a larger value than dark matter-neutron one for the same dark matter mass. For the
interpreted limits from collider searches and because of the additional momentum suppression with
q =~ pxav, we fix the dark matter velocity to be v = 1072 and choose a typical target nucleus
mass m4 = 100 GeV in Eq. (B3)). Compared to the constraints from direct detection experiments,
the collider searches obviously provide a more sensitive probe of this type of dark matter chromo-

Rayleigh interactions.

3.5 Discussion

One advantage of introducing simplified models is that the relevant model is complete from the
renormalizability point of view. There is no worry about trusting theoretical descriptions of the
collider limits like in the effective operator approach. On the other hand, the simplified models

typically contain more model parameters and make the comparison with the results from dark
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Figure 18: Left panel: the constraints on the dark matter spin-independent scattering cross
sections from the LHC mono-jet [89] and 1rnulti—jet+E2n«liss [110] searches at the 8 TeV LHC with
~ 20 fb~! and the LUX direct detection experiment [I18]. Right panel: the same as the left one
but for spin-dependent dark matter-proton scattering cross sections from the LHC, SIMPLE [119],
PICASSO [120], PICO-2L [121], IceCube [122] and Super-K [123]. The scattering cross section is
suppressed by both the spin-dependent scattering and the exchanging momenta.

matter direct or indirect detection less model-independent. For the simplified models studied
here, the collider signatures highly depend on how the QCD charged particles decay. For the first
operator, the color-octet scalar can decay into two gluons or two quarks plus the dark matter
particle. For the second operator, the two color-triplet fermions could have many other possible
decay channels beyond the ones in this chapter. For instance, one could replace the operator in
Eq. [Q) by 1; Lo u RE’“’ , which can lead to the decay of 1) — u+~/Z. The final collider signature
could be 2j + 2v(Z) + EXsS with or without a pair of j + v(Z) resonances. To cover the majority
of simplified models for dark matter chromo-Rayleigh interactions, one should search for a wide

range of potential signatures.

In conclusion, we have studied simplified models to UV-complete the chromo-Rayleigh interactions
of dark matter. For the first operator, a new color-octet scalar particle could be in reach of the
LHC. It may decay into just two jets or two jets plus missing transverse energy. The 8 TeV
LHC can already constrain this color-octet scalar mass to be above 500-600 GeV, which can be
translated into a constraint on the cutoff of the effective operator to be above 1.5-1.7 TeV. For the

second operator, two QCD-charged fermions are predicted for the simplified model in this chapter.
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A collider study of pair-produced dijet resonances plus missing energy at the 14 TeV LHC can
constrain the geometric mean of the two fermion masses above around 800 GeV, which can be

interpreted as a bound on the effective operator cutoff above around 1.8 TeV.
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4 A Strongly Coupled Chiral Gauge Theory

In December 2015, both the CMS and ATLAS experiments at the LHC reported a significant
excess of events at 750 GeV in the diphoton channel [1241[125]. The relatively large production
cross section (o ~ 4.6 fb) likely required strong dynamics to explain, and the possibility that this
was the first signature of a SM-neutral pion from some new strongly interacting sector was explored
in great detail. However, new data recorded in 2016 contained no such excess above the expected
SM background [126]127]. The observed events for 2015 and 2016 from the ATLAS collaboration
is shown in Fig. For a review of the vanishing 750 GeV excess including a comprehensive list

of references, see Ref. [128].

This one-time 750 GeV resonance inspired a great deal of theoretical effort examining the possibility
of new strong dynamics existing at the TeV scale. In this chapter, we explore the ramifications
of extending the SM to include a sector containing a new confining SU(N;,) gauge symmetry. We
find that in order to combine such a sector with several other proposed extensions of the SM, the
introduction of an additional gauge symmetry is required, under which the new fermionic fields are
chiral. To examine the phenomenological ramifications of such a theory, we introduce a new sector,
charged under an SU(N,) x U(1) gauge symmetry, with the new fields imbedded in complete

SU(5)gut representations. The main body of this chapter has been reproduced from Ref. [129].

4.1 Introduction

One of the simplest extensions of BSM physics is the introduction of new fermions in vector-like
representations of the SM gauge group, which automatically satisfy the gauge anomaly cancellation
conditions discussed in Sec. [Tl The dynamics of the new fermions are drastically different if they
are charged under a new confining non-Abelian gauge group. Condensation spontaneously breaks
the chiral symmetry of the fermions and massless Nambu-Goldstone boson (NGB) modes manifest
which potentially couple to SM gauge bosons via triangle anomalies [I30]. The fermions must

have an explicitly chiral symmetry breaking mass m in order to lift the NGB’s masses and avoid
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Figure 19: Diphoton events recorded by the ATLAS experiment in 2015 (left) and combined results
from 2015 and 2016 (right). Images are reproduced from Refs. [I125] and [127], respectively.

additional massless degrees of freedom.

If the confinement scale A is in the range probed by the LHC, the NGB modes are accessible only
if m < A. If the fermion masses are heavy, m > A, the lightest degree of freedom will instead be a
spin-zero glueball that is nearly decoupled from the SM even if the fermions are charged under the
SM gauge groups. Although technically natural, there is no a priori reason to expect the fermion
masses to be lighter than the confinement scale. This problem is even more acute in models that
place the constituent fermions in representations of a Grand Unified Theory (GUT) gauge group.
The fermion masses are then generally set by a combination of vector-like mass terms and couplings

to the GUT-breaking sector as

MY —y Pos ), (71)

with (®94) ~ O(Mgur). In order for the resulting fermion masses to be close to but below the
confinement scale, these two contributions must either have very small coefficients, or cancel out
very finely to arrange a TeV-scale mass. While this is true in GUT models, it can also be the

case for example in models of right-handed neutrinos. Technical naturalness protects the fermion
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masses from large loop corrections, but they can still receive large contributions to their masses

when coupled to any singlet which acquires a large VEV.

The SM QCD sector evades this puzzle and indeed has non-decoupled pions close to the scale of
strong dynamics. The puzzle is resolved through a combination of factors: small Yukawa couplings,
but also a chiral gauge symmetry structure. It is therefore plausible that the new strong dynamics
sector operates in a similar way. Since the fermions cannot be chiral under the GUT gauge group
and be consistent with constraints on a chiral fourth generation [I31HI35], they can only be chiral
under a new gauge group. For simplicity, we study the case where this new gauge group is a U(1)’
Abelian group. If the fermions are charged under this additional gauge group, then the terms
of Eq. ([{I)) are forbidden without additional insertions of a U(1)-breaking VEV. Given a U(1)'-
breaking sector near the scale A, the lightest composite particles will also be near A and will have
large couplings to the SM. While there is still a coincidence of scales, it is far less acute. The
fermion masses will no longer be near the GUT scale, but rather the scale at which the hierarchy

problem is ultimately resolved.

In this chapter, we consider a model with an SU(Ny) (big-color) confining gauge group and a U(1)’
Abelian group. We also take the fermions in the big-color sector (big-quarks) to transform as
fundamentals of an SU(5)guT symmetry. H Their charge under the Abelian group is chiral, such
that the big-quark masses will be forbidden without additional structure. To give the big-quarks
mass, we introduce a scalar ¢ charged under U(1)" that couples to the big-quarks. It develops a
VEV through its coupling to the confining sector, lifting the big-pion masses to be close to, but
below, the mass of . In this way, we construct a chiral model that not only has an experimentally-

accessible spectrum, but also that alleviates the tension caused by the coincidence of scales.

The addition of the Abelian gauge group with chiral structure has important and interesting phe-
nomenological consequences. In particular, there is an additional massive Z’ gauge boson coupling

to the big-quarks and mixing with the SM ~ and Z. This opens new decay modes for the big-pions,

5Tt is challenging to unify all of SU(5)cut, SU(Ny), and U(1)" together due to anomaly cancellation. Given the
SM fermion charges and gauge coupling running, SU(5)cuT unification has additional motivation from experimental
data.
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SU(Ny) SU(B)gur  U(L)
( Lo Y1 L> Ny 5 T
(Vi vP2) N 5 0
(vE, vB) N 5 a0
(vEe vBe) M 5 g
P 1 1 Q@ —q

Table 5: Field content of a chiral model with a confining QCD-like gauge group SU(Ny) and U(1)'.
Here, ¢1 # q2. The SM model fermions are neutral under U(1)" and are not listed here. The U(1)’
charge assignment shown here to achieve anomaly cancellation is not unique; one may also assign
charges of g2 and ¢ for v 1, and 12 g, respectively.

as well as the possibility of direct production of the Z’. The chiral structure also leads to additional
accidentally approximate discrete and continuous symmetries that lead to three-body decays and

potentially long-lived particles.

4.2 The Chiral Composite Pseudoscalar Model

As described above, we study a model with a confining gauge group SU (V) with a confinement
scale Ay at O(TeV). We introduce big-quarks charged under both the SM gauge group and SU (Ny).
Due to the electroweak constraints mentioned above, the big-quarks cannot be chiral under the SM
gauge group, so we introduce an Abelian U(1)" gauge symmetry with chiral charges. In order
for the U(1)" group to be gauge anomaly-free, we must have two sets of big-quarks. The chiral
structure of the charges prevents large quark mass contributions from UV scales such as the GUT
scale. As in the SM, we introduce a scalar field ¢ charged under U(1) that can develop a VEV
to spontaneously break U(1)" and give a mass to the corresponding gauge boson Z’. We show the

content of our model as well as the gauge symmetries in Table [l

The new fermions, 112, transform as fundamentals or anti-fundamentals under the SU(5)gur
gauge group. In terms of the SM gauge interactions, [SU(3)c, SU(2)w ]y (1), , We separate them

into the QCD color-triplet i = (3,1)_; /3 and weak-doublet PP = (1,2) /2, and similarly for ts.
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To have both the SU(N,) and SU(3). gauge couplings asymptotically free in the UV, we require
2 < Nj < 5. The case with N, = 2 differs from the other allowed values because it has enhanced
global symmetry due to the fact that the fundamental representation of SU(2) is pseudo-real. [ It
also requires the choice of ga2(q1) for 12 1,(12 r) to forbid bare mass terms of the form 1/1{ 1 Ciar
with C as the charge-conjugation operator. The remainder of this chapter will focus on the cases

with 3 < N < 5.

The U(1) charge for the scalar field ¢ is chosen such that it can have renormalizable interactions
with the big-quarks in this model. Because of chirality under the additional U (1)’ gauge symmetry,
there are no bare big-quark masses. On the other hand, the complex scalar field ¢ can have Yukawa

couplings to some of new fermions. The allowed renormalizable Yukawa interactions are
r T, =r .t p b p T 7T T D «75D D h 79
Yukawa 2 —Y1 PUIL VIR — YT PUILYVIR — Yo P VarVor— Y3 ¢ Yo Psr+ he  (72)

For simplicity, we choose identical, real Yukawa couplings such that le = sz =y and y{) = y;) =

yp. The most general renormalizable potential for ¢ is
V(p) =ml ™o + A (9"0)? + Aon "0 H'H . (73)

with H the Higgs doublet in the SM. The Yukawa coupling of A\,; can potentially modify the SM

Higgs boson properties by introducing additional decay channels. In light of the good agreement of

the Higgs boson properties with the SM, there could be a stringent constraint on A,,. Absorbing
2

the electroweak VEV correction, we define a new mass for the ¢ field as mg, = m?p + Aph Vi /2

with vpw = 246 GeV.

If m?o < 0, similar to the Higgs field in the SM, the scalar field can develop a non-zero VEV

In the case where N, = 2, the global symmetry breaking pattern would be SU(20) x U(1), — Sp(20) and we
would expect (399 - 210) + 1 = 190 PNGB’s. The decomposition is 190 = 4x 24+3x (10+10)+15+15+1+1+1+1.
Additionally, the N, = 2 case has a perturbative infrared fixed point and is likely to have an approximate conformal
symmetry in the IR [136].

"There is some debate about whether N, = 3 with Ny = 10 is inside the conformal window [I37-T141]. In the
later part of this chapter, we assume confinement for N, = 3 and Ny = 10.
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independent of the strong dynamics sector. For A, = 0, the VEV is (¢) = (—mi/)\@)l/z/\/i,
which could be far above the TeV scale. For this case, we need to have small Yukawa couplings,
y1,D, to have small big-pion masses. The situation is very similar to the light flavors in the SM
QCD sector, except that for the new Z’ gauge boson to be within the low energy spectrum below
around 1 TeV its gauge coupling should be small. However, if mi > 0 the situation is even more
interesting. Because the big-quark condensate can generate a tadpole term for ¢ through the
Yukawa interactions, ¢ can still develop a VEV, which is triggered by the SU(N;,) confinement
scale Ay. As a result, the Z’ gauge boson mass should be related to and likely below Aj. Some
big-pions could decay into this Z’, which could be a smoking gun to test our model. In this chapter,

we will mainly concentrate on the case with m?o > 0.

Symmetry Breaking and Counting PNGB'’s

At the confinement scale of A, = O(TeV), the gauge coupling of SU(N,) becomes large such that
the bi-fermion operator develops a nonzero VEV. For a weak U (1)’ gauge interaction H, following the
vacuum alignment argument in Ref. [142], we anticipate the fermion condensate to spontaneously
break the U(1)’ gauge symmetry but preserve the SU(5)gur symmetry. Defining Qr, = (¢1,1, ¥2.1.)

and similarly for the right-handed fermions, one has

3

— A
(QrQr) = F;Q Ly = 47 f o, (74)

which spontaneously breaks the U(1)" gauge symmetry. After Q;Qr develops a VEV, the existence
of a tadpole potential term for ¢ also generates a nonzero VEV defined as (p) = v,,/v/2, which also

breaks U(1). Specifically, we can write the bare fermion mass matrix Q; Mg (p)Qr as

yrels 0 0 0
0 yp 2 0 0
Mq(p) = (75)
0 0 yr (,D* Hg 0
0 0 0 yp ¢* Ia

8The gauge coupling ¢’ should be smaller than 0.35(0.28) for N, = 3(5) to have its Landau pole below the GUT
scale; see Appendix [B.21
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Using a non-linear parametrization for the big-pions, we have

2i TAHA>

@LQR = <@LQR> U= A\ flg[ exXp ( 7
I

(76)

with the big-pion generators normalized such that Tr[TAT 5] = %5‘43. Thus, the full potential for

the scalar field ¢ and the big-pions is
V(p,T) =2 0" + Ao(0°0)? — Ay AT [MQ U+Ut Mg} . (77)

In the limit of fij < my,, the VEV for ¢ induced by the fermion condensation is

v, 2M ff o A} fir
=2 _ 2 1 2 .
() 7 2 (Byr+2yp) |1 + O A(Byr +2yp) 0 (78)

After fields develop their VEV’s, the spontaneous global symmetry breaking pattern is
SU(10)p x SU(10)r x U(1)y x U(1), — SU(10)y x U(1)y, (79)

where we have ignored the U(1)4 symmetry that is broken by the SU(N,) instanton effects. Alto-

gether we anticipate a total of 100 pseudo Nambu-Goldstone bosons (PNGBs), the big-pions.

In addition to these continuous global symmetries, our model contains two approximate discrete
symmetries. Before turning on SM and U(1)" gauge interactions, one can identify the following two

transformations:

P ppP P © — oF, Z, = —7, TAAY — TAANC = —(T4 A, (80)

Ga: 1P = (0 P) =i ("), g ® = (0 P) = i (i ) o = ", Z, = — 2. (81)

Here, C denotes charge conjugation and the SM gauge fields are denoted by Af}. All SM fermions
are invariant under both discrete transformations. The first symmetry, F,,, is just a simple matter
parity and is a good symmetry when ylf’D = sz P Under it, the SM gauge fields transform as

by charge conjugation. The SM fermion electroweak gauge interactions explicitly break P,,. The
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second discrete symmetry, G4, is a new G-parity for the new strong dynamics sector [143HI46].
Because ¢1F’LD(R) has a different absolute U(1)" charge from 1/)2T ’E(L), the U(1) gauge interaction

explicitly breaks this discrete symmetry.

Decomposing the 100 PNGB’s into [SU(5)qur x U(1)']7 a representations, we have
(10x10—1)+1= 245" +2457 + 104514, + 10_gy—q, + 15gptqy + 15—go—qn + 15~ + 157, (82)

where 10(10) and 15(15) are not eigenstates of the discrete symmetries. Decomposing SU (5)cur X
U(1)" into representations of SM gauge groups [SU(3)c, SU(2)w ]y 1)y v 1y, We have 249 = (8, 1)o,0+
(3,2) 5760+ (3,2)5/60 1 (1,3)0,0+ (1, 10,0, 10(g5141) = (1, D1getar + B 1) —2/3.00101 T (3, 2)1/6.00+a1
and 15(g,44:) = (1,3) 100401 + (3,2)1/6,90+q1 + (6:1)—2/3,go4+¢,- The big-pions charged under the SM
and U(1)" gauge groups become massive after gauge quantum corrections. We present a calculation
of their masses later. Of the remaining four gauge singlets, (1,1)g, three of them are odd under
both P,, and G4, while the remaining one is even under both parities. We label the parity-even

singlet as II; ,, whose generator is

with T4 =

1
4 21/30

(L)gg : 1L diag(213, —31, 213, -3 1) . (83)

This parity-even singlet will be the lightest state in the spectrum that couples through triangle

anomalies to the SM gauge bosons. The other three parity-odd states are

1

Lo : I, with T'B = diag(213, =31y, —215,315),
(1,0 15 530 g(213 2 3,315)
1
I, with 7T'¢=—diag(Is,—Is),
1C’ m g( 5 5)
. 1 .
o1 with = — (’ng + ¢r +i¢r) . (84)

V2

One linear combination of II;, and ¢; will be eaten by the Z' and become its longitudinal compo-
nent. For the remaining three gauge singlet PNGB’s, the Yukawa couplings in Eq. (72]) explicitly

break global U(1)’s associated with the PNGB’s, making all gauge singlet PNGB’s massive.
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4.3 The Big-Pion Spectrum

We first calculate the gauge singlet PNGB spectrum. We expand Eq. (77)) and find that the (1, 1)8: (J)r

singlet II , has no mass mixing with other states; its mass is given by

mnlA =

v (3+2R,)(2 +3R,), (85)

VS, 33 73
— (3 2 ~

with Ry, = yp/yr. For the three (1,1), singlets, we note that the linear combination of II;, and
¢r eaten by Z’ is given by its mixing term with Z’ via
LOd (g — qg)Z,; o+ (% b1 +V5 frn ch> =g (g1 — @) vz Zy, 0" (sin bz ¢ + cosfz Iy, )
(86)
with v%/ = 1)?0 +95 flgl and sinfz = v,/vz. The Z' gauge boson mass is related to the combined
VEV from fermion condensation and the VEV of ¢, and is

mz =¢'lqr — qrlvz = ¢’ law — qrl\/5 f{ + V2. (87)

Defining the orthogonal combination to the one eaten by the Z’ as ¢, = cos0z ¢; — sinfy I,

we find the square of the mass mixing matrix in the basis of (II;,, ¢/1)T to be

/ w Uy Ay M vz Ay HlB
(HlB’ qb[) 4v3 (yp —y1) 2 i ) -
Bp vy m (14 ) o

The rotation matrix from the flavor basis to the mass-eigenstate basis, defined as II;, and <;~5’I, is

calculated to be

ITy | cosn — sinn L, (89)

h sinn  cosn o1
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Big-pions m%gc(ni)

1_IlA

(8,1)0,0, (3,1)—2/3,g5+q1 (6,1)—2/3 g +-qn ﬁ
(1,3)0.05 (1,3)1,00401> (L, V1,040 %
(3,2) 576,05 (3,2)1/6.401 54(41:5%)

Table 6: The bare big-quark mass contributions to various gauge charged big-pion masses.

with n ~ 4\/§ Ag fri (yr — yp)/ m?p. The corresponding state masses are

2 A?lflgl 2 2 2 2 A?lflgl
mH16:40yTyD ma , m&I:mw—|—8(3yT—|—2yD) ma . (90)

For the gauge charged big-pions, we can use the electromagnetic correction to 7% in the SM to

estimate the radiative corrections from gauge interactions to the big-pion masses. Specifically, we

use [130]

Co(ri) oy (fu) ff Am2

Am? =
i=1,2,3,72' alfr) E

(91)

with Am?2 = mfri — mfro and fr = 93 MeV. This formula may not work for non-QCD-like strong
dynamics. Additional uncertainties on our spectrum calculation would apply in this case. Here,
Cy(r;) is the quadratic Casimir of the representation r; under the SM i’th and Z’ gauge groups.
To calculate the bare big-quark mass contribution to big-pion masses, we use the Dashen formula

1
fi

2 _
Mjip =

@I AT, Mg }}Q) . (92)
The results of various gauge charged big-pion masses are shown in Table [Gl

Searches for diphoton resonances put the strongest constraints on the model parameters [1261[127].
To discuss the features of this spectrum, we choose a benchmark mass of m,, = 1.5 TeV for 11 ,.
The ATLAS and CMS collaborations place constraints on the diphoton production cross section

for a 1.5 TeV scalar at ~ 0.2 fb, so we target a production cross section of o = 0.1 fb, which fixes



61

4500F 5 450¢ 4500F == e e e e e e e =] 450
E E EEEE— [rememsssssssssssssssssssssasseameeea———— E
40007 3 400¢ === IIy, 4000+ 5 400¢
3500 1350 == I, 3500 4350¢
3000 L T T LT LI LTI T oo === 8,Do0 3000f 1300c
8 2500E ] 250( = 300 2500 - 250c
v’/ BT T T T e —————— — (1,3)(1'1) e il
@ N ] E ]
m . , — |- -
S 2000 - 200¢ — (3, D231 2000~ - 200¢
= [ ] L ]
1800 - 180c
E T ——————— 180 ===+ (6,D)23 i ]
16001 1 160¢ 3 1600~ - 160¢
e e e e e - === (39560 e e ——————————
14007 === === mr e i me e -1 140¢ 1400} 1 140¢
— BAwen | 7 |smemememememmememem e ———
12000 1120 3.2wen 1200- - 120c
L | 1 L J
1000 100¢ L. Day 1000 100C
-
Np=3 No=5

Figure 20: Big-pion mass spectrum for mi, , = 1500 GeV and g’(mnlA) = 0.2. The values of fi
used here give a 0.1 fb diphoton cross section for each NV}, value.

the value of the big-pion decay constant at fr; = (1040, 1380,1730) GeV for N, = (3,4,5). Then
there is only one additional independent combination of Yukawa couplings which we take to be
Ry = yp/yr. As a further benchmark choice, we fix the values of R, for different N}, by choosing
an identical boundary condition with yp = yr at the GUT scale. As shown in Appendix [B.3]
the ratio R, is insensitive to the actual boundary values and ranges from 0.51 for N, = 3 to
0.36 for IV, = 5. Fixing the preferred R, values and adding bare big-quark mass and gauge loop
contributions to the big-pion masses together, we show the benchmark mass spectra in Fig.
for N, = 3 and N, = 5. From Fig. 20, one can see that II;, is not the lightest big-pion in the
spectrum; the gauge singlet big-pion IT;, and the big-pion only charged under U(1)y and U(1)’
are slightly lighter than 1500 GeV. The heaviest big-pion is the color-sextet and has a mass from
about 3.1 TeV (NN, = 3) to 4.5 TeV (N, = 5). Following that is the color-octet big-pion with an
almost degenerate mass. The radiative corrections from gauge interactions are very important. For
instance, the fraction of the QCD-gauge-loop contribution to the color-octet big-pion mass square
is around 63% for N, = 3 and 80% for N, = 5. The CP-odd state qz~51 and its CP-even partner
¢r, both of which have much heavier masses, are not shown in Fig. For a fixed value of R,
and requiring no Landau pole for the Yukawa coupling y1 below the GUT scale, we have an upper

bound on the mass parameter m, < (23,36,52) TeV for N, = (3,4,5), after fixing m,, and fi
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to our benchmark choices.

4.4 Properties of Z’

As shown in Eq. 81), the Z’ mass is related to the chiral symmetry breaking scale of the new
strong dynamics sector. For a weak gauge coupling of ¢’ on the order of electromagnetic interaction
strength, the Z’ mass is anticipated to be ~ 500 GeV for fy fitting our benchmark parameters.
There are no tree-level interactions of the Z’ with SM particles. At loop-level, we have found that
the kinetic mixing of the Z’ with SM hypercharge gauge boson determines its interactions with the
SM and decay properties. The relevant kinetic mixing term is defined as

sin

> XB,, 7 (93)

pv s

Lo e Lo oo
£2 BB ~ 12,7 ~

in the flavor basis. The mixing parameter sin x is scale-dependent. Above the GUT scale, yp = yr
and Tr(Ty Tz/) = 0, so this coefficient is zero. Below the GUT scale, due to different coupling
running of yp and yr (see Appendix [B.3]), a non-zero value of sin x is generated from a vacuum

polarization “bubble digram” with B and Z' as external fields. At one-loop, the resulting mixing

angle is [147]

siny = 8 (4, 4 gy @_?) | (94)
In Appendix [B.4l we diagonalize both the kinetic and mass mixings of the Z’, v and Z boson
system. Various decay branching ratios of the Z’ are shown in the left panel of Fig. Il For the
benchmark point of ¢’ = 0.2, Ny = 4 and fr; = 1380 GeV, the Z’ mass is mz = 620 GeV and its
width is 'y =~ 164 keV. For a lighter Z’ below around 50 GeV, the Z’ has similar couplings to SM
fermions as the SM photon, while for a heavier mass above about 200 GeV, the Z’ behaves more
like a hypercharge gauge boson. Unless its mass is close to the SM Z boson value, the leptonic
branching ratio of this Z’ is a factor of 4 — 5 larger than the SM Z boson. For the benchmark point

of my = 620 GeV, the leptonic branching ratio of the Z’ is 25%.
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Figure 21: Left panel: the decay branching ratios of Z’ to SM particles. Right panel: 95% CL
exclusion limits on Z’ kinetic mixing as a function of mass for different Nj.

In the right panel of Fig. Il we show the bounds on the mass and kinetic mixing of a Z’ boson
from precision measurements of SM observables [I48]. Low mass Z’ bosons are most strongly
constrained by the muon anomalous magnetic moment [149] and BaBar searches for dark gauge
bosons in four-lepton final states [150], whereas high mass Z’ bosons are constrained by ete™ collider
measurements [I51]. Not shown are additional narrow-Z’ enhanced constraints from various ete™
experiments where my =~ /s that do not affect our conclusion. We conclude that our model

parameter region is unconstrained by low-energy experiments.

4.5 Properties of Big-Pions

Starting with II;,, we list the most relevant interactions for all big-pions in our model spectrum.
Since the triangle anomaly mediated interactions become the leading interactions for the big-pions
with real representations under the SM and U (1)’ gauge groups, we first introduce a general formula
for these types of interactions. Additional higher-dimensional operators are required to induce

decays of the QCD triplet and sextet, as well as U(1)y or U(1)" charged big-pions.

For big-pions charged under real representations of SM gauge group, the general form for the

triangle anomaly mediated interaction is

ga 9B Ny

C A B JABC
T4 fy P I Fy,, Fop d , (95)

£anomaly D)
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Types | Aga Ay Azy Azz Aww Az,  Aziz
=T 2 2
Couplings | —g? % ez Bhw 3 Stw) g2 Ohy ZStW) e? % e2 5ge —bStywge

Table 7: The coefficients of II; , triangle anomaly interactions with two gauge bosons as defined by
Ny/(16v/30 72 fi1) Axy Iy, ewjaﬁX‘“’Yaﬁ. Here, tyy = tan 6y, and Oy is the Weinberg angle.

where the group structure constant is d*8¢ = 2Tr [Tc {TA, T8 }] Here, the normalization for

the big-pion generators is canonical with Tr[TCT CI] =

%500,. The SM gauge group generators are

reducible and have 10 x 10 representations as T4 = diag(t4, —t4*), with Tr(TAT?) = 647, in the

space of the big-pions.

Properties of Parity-Even II, ,

Using the general triangle anomaly interaction formula Eq. (O5l), we have interactions for II;
which is even under both the P,, and G discrete symmetries, shown in Table [l Based on the

interactions of II;, with gauge bosons, we calculate its various partial widths. For instance, one

has
8Nb2 g mH1
(I, — =—— 4
(M= 99) =355 16275 2
49N et mHl
LI, = 9y7) =

270 x 162 70 f2°

2 1223 NS
25N; g e“myy, (1_ mZ,> |

60 x 16275 f2 mi, |

P(HlA — Z”y) =

(96)

There also exist additional interactions of II;, with other big-pions. For instance, the following

charge radius transition operator

/

62fH

o+ H1A a”Hlﬁ (97)

s
can mediate a sub-dominant decay of IT;, into (off-shell) TI;, and Z".

Numerically, we show the various branching ratios and the total width of II; , in Table Bl for a fixed

gauge coupling of ¢’ = 0.2 with a corresponding Z’ mass of 620 GeV. We can see that the branching
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Mode g9 vy A 77 WW 7'y gy
Branching ratio | 0.90 | 0.0046 | 0.0082 | 0.021 | 0.065 | 0.0025 | 0.0008
2 2
Ttot 137 MeV (%) (@#)

Table 8: The branching ratios and total width for II;, with a mass of 1500 GeV. For decays
involving the massive Z’ gauge boson, ¢’ = 0.2 and my ~ 620 GeV for fij = 1380 GeV and
Ny =4.

ratio into Z’+ is comparable to the diphoton one. Depending on the subsequent decays of the Z’,

one could search for Z’v resonances to confirm this model.

Experimental signatures of this model may first appear in the diphoton channel. Using its couplings
to two gluons and two photons, we compute the production cross section for gg — Iy, — 7, which
in the narrow width approximation is given by o(gg — I, , — vv) = 0(g99 — II; ) xBr(Il; , — vv),
with

2 4,,4
Nygsmm,, =«

7199 > 1) = 55 Germa 12 5

§(3 —mi, ). (98)

Here, § means the center-of-mass energy of partons. Integrating this cross section with the
MSTW2008 NNLO central parton distribution function set [I52] and an NNLO K-factor of 2.5 [153]
for a 1500 GeV big-pion at the 13 TeV LHC, we have the required fi as

B N\ [ 0.1fb \'?
fir = 1380 GeV (T) (J 5 Br) . (99)

In Fig. B2] we show the diphoton rate as a function of fr for different big-colors N,. The decay
constants fitting our benchmark diphoton cross section of 0.1 fb range from roughly 1 TeV to 1.7
TeV, so the related confinement scale Ay ~ 47 fip varies from 13 TeV to 22 TeV. The heavier states
including vector pp, ap mesons and baryons are heavy and unlikely to be probed by the LHC Run
2. The baryons in our model either decay via higher dimension operators or are stable and form a

component of the dark matter. We don’t explore their properties in detail in this chapter.
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Figure 22: The diphoton rate as a function of fiy for different V. The shaded region shows the
exclusion limit from the ATLAS diphoton search at our benchmark mass of 1.5 TeV [127].

In our chiral composite model, IT; , decays to Z’y with a similar branching fraction to 4. For our
benchmark point with ¢’ = 0.2 and mz = 620 GeV, the production cross section times branching

ratio of the final state of £T¢~ is
g\
olpp —1I,) x Br(Ily, — Z'y) x Br(Z' = (T417) ~ <0—2> x 0.013 fb, (100)

at the 13 TeV LHC. While this channel is unlikely to provide the first hints of new physics from
this model, observation of such a decay mode serves as a key indicator of new chiral dynamics in

the big-color sector.

Properties of Parity-odd II;,

A single parity-odd big-pion, Il;,, cannot couple to two gauge bosons because of the discrete
symmetries. From a box diagram at one loop, we expect it to couple to three gauge bosons. For
instance, one can have the following dimension-9 operator

2/
G 9s 9 ~ /
G Tom pyad ol Ol G5 0,277 (101)
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and similar interactions with the W and B gauge bosons. So, the leading decay channel of IT; 5 18
I, — 99Z'. The dimension-7 operator like HIBGZpéng;/w can be shown to be zero. There also

exist operators containing two II; B’S, for instance

T fz Iy, Iy, G, G (102)
with ch coming from the strong dynamics and of order unity. This operator provides the dominant
interaction for producing II;, at the LHC. For ch =1, fr = 1040 GeV, and mi, = 1400 GeV,
the production cross section of pp — Iy 11;, is 0.005 fb at the 13 TeV LHC, which is unlikely to
be observed at the LHC Run 2. After both II;,’s decay, we have a very interesting signature with

four jets plus one or two leptonic Z'.

Properties of Parity-even Color-octet Ilg

The parity-even color-octet can also couple to two SM gauge bosons through triangle anomalies.
Because of the QCD gauge invariance, it couples to two gluons or one gluon plus one hypercharge

boson. After electroweak symmetry breaking, the relevant interactions are

1 Nyg? o b 2v2 Ny gs e -
£anomaly D 7 327_‘_2;,1_[ d* Hg etvP le G;U - 732 2f1‘[ Hg etvr GZV F
2V2 Ny g, etw Nogs g’ ,
—— = TP G 7 — V2 g e G, Z,, . 103
Ty Ty 8 py “po f32 2 (103)
After summing color factors, the partial widths of IIg are given by
25 Nb gs mn «Q
I'(Ilg — ==__°7% 8 Il — = Iy —
(Tls — g9) T30 %1627 /2 ° (Tls — g) o (Tls — g9) ,
Sat? 2
Iy — gZ) = —X T (Ilg — gg), I(llg = gZ') = —=5 T'(Ilg — gg) . (104)
15 o 595

Numerically, we show the various decay branching ratios and the total width in Table @

At the LHC, the color-octet big-pion can be singly produced from two gluons. The parton-level
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Mode 99 | 92" | gv 97

Branching ratio | 0.91 | 0.038 | 0.042 | 0.013
2 2
ot 1.45 GeV (%) (@#)

Table 9: The branching ratios and total width for IIg with mass 3580 GeV. For decays involving
the massive Z’ gauge boson, ¢’ = 0.2 was used. All phase space and polarization factors have been
neglected here due to the large IIg mass.

production cross section is

25 NZgimp, = )

o(gg — Ilg) = Zm §5(§ — mi) - (105)

It is also interesting to compare the above formula to the color-singlet production in Eq. (O8]). The

ratio of the two cross sections is

olgg —Ts) _ 25 miy, (3 — mip,) (106)
o(gg—1;,) 4 m%lA o(s — m%lA) '

which is independent of fi1 and Ny.

Integrating this parton-level cross section with the MSTW2008 NNLO central parton distribution
function set and an NNLO K-factor of 3.0 [I54] for the benchmark mass 3580 GeV (fi; ~ 1380
GeV and N, = 4) color-octet at the 13 TeV LHC, we find o(gg — IIs — gZ’) ~ 0.05fb for ¢’ = 0.2.
For different masses, we show the color-octet single production cross section times branching ratio
in Fig. 23] for gy (left panel) and g7’ (right panel). As already studied in Ref. [I55], the dijet and
jet plus photon resonance searches have already imposed stringent constraints on the color-octet
production cross sections. However, color-octet pions from the benchmark points considered here

are unconstrained by such searches.

Different from the pure vector-like models in Ref. [I55], one can also search for the color-octet
big-pion as a three-body resonance of j¢T/~ with a mass between 3 TeV to 4.3 TeV. The signal

cross section times branching ratio is 0.013 fb for a 3580 GeV color-octet pion which, while unlikely
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Figure 23: Color-octet big-pion IIg = (8,1)g single production cross-section times its branching
ratio to gy (left panel) and gZ’ (right panel) as a function of mass at the 13 TeV LHC. This
color-octet big-pion is even under both parities, namely (P,,,G4) = (+,+). An NNLO K-factor of
3.0 was used [154].

to be observed in the near future, provides a relatively clean signal for high luminosity LHC. The
color-octet big-pions can also be pair produced via their QCD interactions (see Refs. [99,[100L156]
for similar phenomenology studies). The leading discovery channel is a pair of dijet resonances, but

the semi-weak decays of one octet big-pion into gy and gZ’ should be visible as well.

Properties of Parity-Odd Color-Octet II3%¢

The discrete-symmetry-odd color-octet big-pion H‘gdd can decay into three gauge bosons via the

following dimension-7 operator

2 1 /
GG 959 b dda ~b A ' aGB 9s9v 9 dd = /
s TEERAY fremgeee Gy, GRr zt s T6n2 fir A2 Y g Gy, B, 2" (107)

Furthermore, it can also decay into the lighter discrete-symmetry-odd singlet I, via the dimension-

6 operators

2
Gc 9 b dd b GB Y9s 9y dd
ng 1671-; flgl dabe H(S) a ng ij G , Cgﬁ 71671'2 flgl H(S) a Hl/j GZV B* , (108)
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which should provide the leading decaying channels H‘gdd — I, + 2g/gv/gZ. Similarly, H‘gdd can

also decay into II;, via

/
}57 16%:29132 ngidenn,, Gy, 2", (109)
It

which provides the subdominant decay channel 11344 — TI; , g 7.

At the 13 TeV LHC, H‘gdd could be pair-produced via its QCD interactions. The tree-level produc-
tion cross section is around 2.3 x 1074(7.8 x 107%) fb for a 3.0(3.6) TeV 11394, which is too small

to be observed at the LHC.

Properties of Weak Triplets IT3 and II3%¢

The discrete-symmetry-even weak-triplet II3 contains both electric charged big-pions H§ and a

neutral big-pion Hg. Through the triangle anomaly, they can couple to two gauge bosons via

Nb e _ —
£anomaly D+ \/57 euupa (H;,— W;u/ + H3 W;jl_/)(e chf - etW chr - g/ Z;)U)

327‘(’2 SW fn
Nb 62 pvpo 770 -1
+V2 S2n2T € 119 [(tw) — tw) Zuw Fpo + Fuw Foo — Zy Zo ) (110)
Nyde _
V2 ﬁ 0 T (Fpuy Zh + it Zyus Zy) -

We show numerical values for the various branching ratios in Table [I0] for the benchmark model
point with a mass of 970 GeV. At the LHC, the weak-triplet big-pions can be singly produced from
vector-boson fusion with two forward jets and small cross sections. They can also be produced in
pairs from their weak interactions. While the weak triplets are unlikely to be observed at the LHC,

a future 100 TeV collider could be capable of probing these states.

For the discrete-symmetry-odd weak-triplet Hgdd and similar to the color-octet case, the leading

decaying operators are

2
oWB € odd i i v oWz
c — < 1II I, W' B* c
3B 1672 sy e I 3 AT ’ 34

eq

S a— i LCU ) P A AL 111
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9 decay | vy | ZZ | Zy Z'vy | Z2'Z T decay | Why | WEZ w*z'
Br 0.28 | 0.28 | 0.204 | 0.057 | 0.179 Br 0.579 | 0.186 0.236
2 2 2 2
o | e (o (o) | [ oy (5 ()

Table 10: The decay branching ratios and total width for I1$ (left panel) and Hgt (right panel) with
a mass of 1960 GeV. For decays involving the massive Z’' gauge boson, ¢’ = 0.2 was used.

So, the main decay channels for the charged states are Hgddi — HlBWiZ/V and I, ,W*Z'.

Additional UV Interactions of Complex Big-Pions

Additional interactions in the UV physics are required to make the big-pions with complex rep-
resentations under SM gauge groups decay [I57]. In general, there are two classes of operators,
depending on whether additional ¢ insertions are needed or not. If we write down such operators
in a GUT-preserving form, then the gauge structure of the operator is fixed. The big-pions with
complex SM representations can come from either the decomposition of 5 x 5 (and 5 x 5 which we
neglect as it can be treated analogously by conjugation) or 5 x 5. To allow all complex big-pions
to decay, we need to introduce operators in which the SM fields transform as 10, 15 and 24. The
10 can come from 5 x 5 or 5 x 10. Both cases lead to one big-pion that decays as a leptoquark and
one big-pion that decays as a diquark. The 15 must come from a product of 5 x 5 SM fermions,
such that the (6,1)_o /3.q1+q2 decays as down-type diquarks, while the (3,2); /6.q1+q2 Dehaves as a
leptoquark. The QCD-neutral complex big-pions decay to leptons. The operator with SM fields
in a 24 can come from a 5 x 5 or a 10 x 10. In either case, it decays as a diquark. For complex
big-pions that also have U(1)" charge, additional insertions of the ¢ field are required. If we choose
q1 = 1 and ¢ = 0, then only one insertion is required and the UV operators inducing the decays
are dimension-7. In order to have (3,2)_j /6,0 decay, one also needs to add a dimension-6 operator
without ¢ insertion. For example, one could introduce decays for all complex big-pions with the
following operators,

©* oV 15, PL5; Yoty T Ao By PRTA5
A3 ’ A2 ’
1 2

(112)
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Big-Pion Decay Modes Big-Pion Decay Modes
I, 99, VY, Zy, ZZ, WW, Z'~, Z'Z (6,1)—2/3, qotar di-quark
Iy, 997’ (1,3)1, gotn di-lepton
(8, Dgs 99, 97, 9%, 92" (1, 1)1, o401 di-lepton
(8, oo i,(99,9v.9%), 1, g2’ (3,1)_2/3,g+q: | di-quark, leptoquark
(1,3)57{ W, WZ, vy, vZ, ZZ,~Z', ZZ', W Z' (3,2)—5/6,0 leptoquark
(1,3)o0 | (W, WZ,yy, 22, Z~), Iy ,(WZ' 2", ZZ") (3,2)1/6, go+q. | di-quark, leptoquark

Table 11: A summary of all big-pion decays. Left: big-pions in real representations with collider
prompt decay modes. Right: big-pions in complex representations which may live long enough to
be collider stable.

where i, j are indices of SU(5) and we suppress Lorentz and flavor indices. The new particles
required to UV-complete the above two operators may change gauge coupling running if they are

not SU(5) singlets.

These operators break the discrete symmetries of the theory and so induce decays for both even
and odd big-pions. To have these big-pions decay before Big Bang Nucleosynthesis (~ 1 s), we
estimate that the cutoff scales should be less than O(10” GeV) and O(10'° GeV), for A; and A,
respectively. If the abundance of the complex big-pions is small, their lifetime could be longer and
leads to weaker constraints on cutoffs [I58]. Searches for stopped long-lived particles at the 8 TeV
LHC place a bound on the color triplet mass of to be above around 470 GeV, for a wide range of
decay times, 107%s < 7 < 10*s [159]. Similarly for the color sextet, the bound is that the mass
should be above around 690 GeV. Furthermore, for 7 above O(10 ns), the searches for long-lived
charged particles have imposed a more stringent bound, which requires the color triplet complex
scalar mass above around 900 GeV [I60]. This constraint can be easily satisfied in our model,
as can be seen in Fig. Since the colored big-pions in our model are much heavier, we do not
anticipate any constraints coming from these bounds. We show the summary table of all big-pion

decays in Table [I1l
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4.6 Discussion

In this chapter we have examined signatures of a chiral composite model in the context of LHC Run
2 discovery. To avoid spoiling the unification of the SM gauge couplings we require that the new
matter content be embedded in complete SU(5) GUT representations. The chiral structure is then
necessitated by the desire to explain the small masses of the constituent fermions relative to the
GUT scale. While recent searches for diphoton resonances by ATLAS and CMS have placed strong
constraints on the production cross section of the lightest state coupling to SM gauge bosons, we
find that regions of parameter space exist where diphoton signatures would be observable by the
end of Run 2. For the benchmark choice of mi,, = 1.5 TeV and fir = 1380 GeV for N, = 4, a
production cross section times branching ratio to two photons of ¢ X Br ~ 0.1 fb could be observable

in the near future.

The model also predicts a rich spectrum of pseudo-scalars accompanying the potential digamma
resonance. Among the unique features of this model, it predicts two very interesting decay channels
involving the Z’ gauge boson. One is the decay of II; , to Z'v and the other is the decay of the
color-octet big-pion to gZ’. For our benchmark model point with ¢’ = 0.2 and myz = 620 GeV, the
Z' has roughly a 25% branching fraction to a di-lepton final state, giving signatures of £T¢~v or
¢T¢~j. If a scalar resonance is confirmed in the future, these signals could be considered smoking

gun signatures for chiral composite models.
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5 Heavy Stop Searches at the LHC

In this chapter, we focus exclusively on searches for the SUSY partner of the top quark, the stop,
at the LHC. Searches for SUSY at the TeV energy scale are motivated in part by its solution to
the electroweak hierarchy problem, as outlined in Section [[.3l Because the top quark provides
the largest correction to the Higgs mass due to its O(1) Yukawa coupling, it is anticipated that
the stop should be among the lightest SM-charged SUSY particles in the spectrum. Experimental
confirmation of the stop is therefore vital to confirming if SUSY indeed provides a solution to the

electroweak hierarchy problem. The main body of this chapter has been reproduced from Ref. [161].

5.1 Introduction

While the discovery of the Higgs boson [162,[163] was a major success for the Standard Model,
open theoretical questions remain. If the Higgs boson is an elementary scalar field, the stability
of the electroweak scale against radiative corrections is not understood, since fields of this type
receive quadratically divergent corrections to their mass-squared. Of the proposed solutions to this
well known hierarchy problem, one of the best motivated is SUSY, where every SM fermion(boson)
is complemented with a superpartner boson(fermion). Elementary scalar masses are protected
because a cancellation occurs between the quadratically divergent correction coming from loops
with SM particles and their corresponding superpartners enforced by the enlarged symmetry of
the model. Nevertheless, SUSY must be broken in order to be consistent with non-observation of

superpartners to date. This breaking lifts the superpartner masses to a relatively high scale set by

the SUSY breaking sector and messenger mass [164165].

As the superpartners become more massive, the expected mass of elementary scalars goes up and
fine-tuning is likely required to explain light scalars. Since the Higgs boson receives the largest
correction to its mass from a loop involving top quarks, the most important SUSY particle for
protecting the Higgs boson mass is the superpartner of the top quark—the top squark or stop [166],

[167]. In the MSSM, the electroweak scale is dominantly set by stop masses and mixing, in addition
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to the tree level mass scales in the superpotential and soft SUSY breaking potential. Thus, the
natural expectation is that the lightest third generation squarks should be observable at the Large
Hadron Collider (LHC), since the mass scales that set the electroweak scale in the MSSM must
not be too far away from the observed electroweak scale in order to avoid large amounts of fine
tuning. While a considerable amount of natural MSSM parameter space has been excluded by
the most recent results from the LHC [168],[169], viable regions remain, such as the compressed
region [I70HI78]. These regions are likely difficult to achieve in a top down SUSY breaking model.

Here, we accept some fine tuning and focus on a new method to search for pair-produced stops
with a mass near 1 TeV which decay to top quarks and light neutralinos, a scenario which has not
yet been excluded by the LHC Run 2. We assume the neutralino to be the lightest supersymmetric
particle (LSP) with a mass around 100 GeV, which also makes it a possible thermal relic weakly
interacting massive particle (WIMP) dark matter candidate. The signal that our new method will
be applicable to is ft + P (see Ref. [I79HI84] for earlier studies of two hadronic tops), where
the tops decay hadronically and the missing transverse energy Jf'p comes from the two neutralinos
which leave the detector. Currently, for searches with two hadronic tops, the ATLAS collaboration
has imposed a constraint which requires the stop mass to be above 820 GeV with 13.3 fb~! of
integrated luminosity, assuming 100% decay branching for the channel ¢ — ¢ Yo [185] and a light
neutralino mass below around 200 GeV. Similarly, the CMS collaboration has obtained a limit of
860 GeV with 12.9 fb~! data [I86]. As the Er cut is increased to optimize for heavier stops, it
becomes increasingly likely that the two tops in the decay have a small angular separation and that

the signals of their decay products overlap in the detectors.

We develop a new boosted top tagging procedure that recovers merged top jets, which we call
“Merged Top Tagger.” Our starting point is the well-known HEPTopTagger algorithm [179]187].
Rather than simply trying to find a single combination of subjets in a fat jet that looks like a top,
the algorithm searches through various combinatoric possibilities in an attempt to find a total of
two top-like groups of subjets. Further sensitivity is gained by using the new information of both

tops’ kinematics to construct and cut on the Mpo variable [I88]. Based on simulations we have
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performed, our strategy shows a 50% improvement in S/B and slight improvement in discovery

sensitivity for 1.2 TeV stops decaying to tops and 100 GeV detector-stable neutralinos.

5.2 Motivation for Merged Top-Jets

For the region of parameter space with mg; — mg, > my, the top quark is boosted and the three
partons from the top quark decay are collimated. In similar scenarios with boosted top quarks,
both collaborations at the LHC have opted to reconstruct events using jet-substructure techniques
such as top-tagging. Assuming conservation of R-parity, the two neutralinos in the final state will
be stable and contribute significantly to the total missing transverse energy, fp. Because of this
fact, imposing a large Fp cut is a very efficient way to increase the signal over background ratio.
However, we find that imposing a large Fr cut isolates the sub-region of phase space of the signal
where the neutralinos are approximately aligned to provide large F, resulting in the tops (which
recoil off the neutralino momenta) also being approximately aligned. Because the pair-produced
stops are not very relativistic, the top and neutralino pairs end up approximately back to back.
As a result, one should anticipate that a significant fraction of signal events will have geometric
overlapping between the six partons from two hadronic tops, a scenario we call merged top-jets.
The schematic picture of the region of phase space for signal events under discussion is shown in
Fig. The subject of this chapter will be a new search strategy for the merged top-jets case, with

the goal of improving the discovery potential of stops at the LHC.

To quantitatively understand the fraction of signal events with two merged tops, we first study the
signal events at the parton level. Throughout this chapter, we will assume benchmark masses of
my = 1.2 TeV and m; = 100 GeV, and Br(t — ¢ + Y) = 100%. The lightest stop mass is chosen
to be close to the reach of the LHC Run 2 with 100 fb~!. In our simulation, we have the stop to
be mainly right-handed, although our later kinematic analysis is insensitive to this choice (for the
detailed analysis for left-handed and right-handed stops, see Ref. [I89]). In the left panel of Fig. 25]
we define a measure to demonstrate the alignment of the two tops as the cut on Jr is increased.

To show this, we define AR, 4 as the minimum geometrical separation among all pairs with one
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Figure 24: The schematic plot of the region of phase space for signal events with a large cut on
FEr. To provide large P, the neutralino momenta must approximately align. This also results
in alignment of the tops, which recoil off the sum of the neutralino momenta. When performing
jet-substructure analysis with a large value of the jet clustering parameter R, the six partons from
the two hadronic tops are likely to be included in a single fat jet.

parton from the top and one parton from the anti-top. Then we define max(A Ruyax,tt, ARpyax i)
as the maximum separation among all pairs with two partons belonging only to the top or anti-
top. The ratio of these two quantities, AR, 47 / max(ARmax,it, ARyax i7), Will be small when the
smallest distance between one parton from the top and one parton from the anti-top is smaller than
the largest distance between partons in the same top or anti-top, which is the aligned or merged
scenario. As a result, we expect the event distribution of this measure to shift to smaller values as
the cut on the missing transverse energy is increased, and this expectation is confirmed in the left

panel of Fig.

When two partons from the top and anti-top are geometrically close to each other, the standard
jet-substructure analysis to tag boosted top-jets becomes problematic. This is because the large
fat-jet analysis employed frequently fails to isolate the two tops in separate fat jets. To demonstrate
this issue at parton level, we apply the Cambridge/Aachen clustering algorithm [190] with R = 1.5

to the signal events and count the number of partons belonging to the top or anti-top contained in
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Figure 25: Left panel: The fraction of signal events as a function of a variable (see text for
definition) which measures the overlapping of partons from the two tops: a smaller value means a
larger overlap. Right panel: The distribution of partons in a R = 1.5 Cambridge/Aachen fat jet
and pr > 200 GeV. Not shown are the negligible fractions of events with 1+5 and 1+2+3.

each fat jet. In the right panel of Fig. 23] one can see that the fully merged 0+6 case (all partons
in one fat jet) and the partially merged 244 case (2 partons in one fat jet, 4 partons in another)
account for 54.7% of the events, with the separated 3+3 case accounting for 45.2% of the events.
The 145 and 14243 cases are extremely sub-dominant due to the fat jet definition including a

transverse momentum cut of pp > 200 GeV.

It is now clear that the standard jet-substructure analysis is not optimal for reconstructing our
signal events after a large F'm cut, since standard top taggers (which assume well isolated tops by
only searching for one top tag per fat jet) frequently fail to tag two tops in the fully or partially
merged cases which constitute a majority of our signal events after a large Fr cut. To fully recover
the signal kinematics and define additional transverse-mass variables like Mpo, it is important to
resolve and tag the two top-jets with high efficiency. In next section of this chapter, we develop
a search strategy based on the HEPTopTagger [I7T9[187] algorithm and check the improvement of

signal over background after the particle-level simulations.
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5.3 The Merged Top Tagger Algorithm

Having established our motivation for tagging two merged top-jets, we now develop a jet-substructure
based algorithm to reconstruct both boosted hadronic tops for the signal and background. Our
algorithm for tagging two merged top-jets is based on the existing top-tagging algorithm of HEP-
TopTagger in Ref. [179], although it can also be implemented using other top-tagging methods
such as N-subjettiness [I91]. Before discussing our algorithm, we briefly summarize the features
of HEPTopTagger. By default, HEPTopTagger takes a single fat jet as an input, on which it will
perform a mass drop [192] operation to obtain a list of the relevant hard substructure. It then
iterates through all pairings of three hard subjets and filters [192] each triplet in order to define the
triplet mass. It then keeps only the triplet which has a filtered mass closest to the top mass my.
This single remaining triplet is then required to pass additional mass constraints which ensures the
triplet does not behave like a QCD event and that it satisfies some top and W gauge boson mass

constraints.

For our signal events, after a large Jp cut, the two top-jets have a significant probability of being
merged, and the original HEPTopTagger algorithm becomes less efficient. This is because the
original HEPTopTagger algorithm can find at most one top per fat jet, even in the case where the
input fat jet contains two tops. Furthermore, even in the one top per fat jet case, the original
algorithm will fail when the triplet with the best filtered mass fails the mass criteria, even though
there may exist other triplets with filtered masses still not that far away from the top quark mass,
but a better chance to pass all mass criteria. To address those issues, we introduce the following

“Merged Top Tagger” algorithm with an aim to tag two merged top-jets:

1. Using the Cambridge/Aachen algorithm with R = 1.5, identify initial fat jets with pp(J) >
200 GeV.

2. For the leading pr fat jet, find all hard subjets using a mass drop criterion: when undoing the
last clustering of the jet j, into two subjets ji, jo with mj;, > m,,, we require m;, < 0.8 m;

to keep j; and j3. Otherwise, we keep only j;. For each subjet j;, we further de-cluster it
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until its jet mass is 30 GeV or below.

3. ITterate through all pairings of three hard subjets (HSJ triplets) found in Step 2: first, fil-
ter them with resolution Rpgier = min(0.3,AR;;/2). Next, use the five hardest filtered
constituents and calculate the triplet mass mgiereq (for less than five filtered constituents

use all of them). Keep all HSJ triplets which satisfy my_ .. < Magltered < M4y, (Default:

min

my_. = 140 GeV and my,_, = 250 GeV).

min

4. For each HSJ triplet saved from Step 3, re-cluster the five filtered constituents into exactly
three subjets j1, j2, j3, ordered by prp. If the masses (mq2, my3, mes) satisfy one of the

following three criteria, save the filtered HSJ triplet as a top candidate:

m m
0.2 < arctan <£> <1.3 and Roin < R Ruiax ,
mi2 mi23
mis 2 ma3 2 mis 2 ma3
R2. 1+<—> <1—< ) < R? 1+<—> and > (.35,
i mig mi23 A mig mi23
mi2 2 ma3 2 mi2 2 ma3
R2. 1+<—> <1—< ) < R? 1+<—> and > 0.35.
i mi3 m123 e mi3 m123

with Ruyin = (1 — fw) X Mw/my and Rpax = (1 + fw) x My /my (we will choose the value
fw = 0.5 [193] to increase signal efficiencies). The number 0.35 is chosen to help remove

QCD events. The above selection criteria are identical to HEPTopTagger [I79].

5. If there is more than one top candidate from Step 4, check all two pairings of top candidates
and keep any for which their HSJ triplets share no subjets (unique pairs). If only one unique
pair is found, return it as two tagged tops. If more than one unique pair is found, return the
pair of top candidates which minimizes the quantity [, 4 cq = M| + 700, g1erea — M| @S

tagged tops. Otherwise, continue to Step 6.

Up to this point, the modified HEPTopTagger algorithm has only been extended to deal with the
fully merged case when two tops are contained within a single fat jet. To deal with the partially
merged case when some partons from the first top are clustered into the fat jet of the second top,

we also introduce the following steps to capture particles in the vicinity of the leading fat jet, which
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we accomplish by removing the particles belong to the leading top candidate(s) and reclustering

the event. Specifically, we extend the algorithm in the following way:

6. If at least one top candidate exists from Step 4, remove the particles associated with one top
candidate from the final state particles. The remaining particles are then reclustered using
the same Cambridge/Aachen algorithm with R = 1.5. For the leading pr fat jet found after
this reclustering (if any), repeat the above Steps 2-4 to identify more top candidates. Of all
top candidates found in the reclustered fat jet, keep the one which has a filtered mass closest
to my (if any), and pair it with the top candidate before the new reclustering procedure. For
the cases with more than one top candidate from Step 4, perform this procedure on all of
them, and return the pair which minimizes the quantity |[m.j, ¢...cq — M| + 700, g1rerea — 7]

as tagged tops. If no top candidate pairs are found, continue to Step 7.

7. If the two leading pr fat jets from the initial event clustering have not both already been
analyzed, repeat Steps 2-6 on the next leading initial fat jet by pr, if it exists. If no initial
fat jets remain or if the two leading pr initial fat jets have already been analyzed, then the
algorithm has failed to tag two tops. Of all the top candidates from the leading pr initial fat
jet, return the one that minimizes |my,, ., — m¢| as a single tagged top. If there are no top
candidates in the leading pp initial fat jet, use the next leading pp initial fat jet. If there are

no top candidates in any initial fat jet, the algorithm has failed to tag a single top.

Not only does our modified algorithm allow two tops to be tagged in the fully and partially merged
cases, it also finds the combination of hard subjets such that both tops are as close to the true top
mass as possible. To quantify the improvement our algorithm offers for tagging merged top-jets,

we define the following efficiency parameter

Events with > 2 top tags in Jprange

Eny>2 (Eprange) = : (113)

All events in Jprange

which we can use to gauge the relative performance of our modified algorithm versus the original

HEPTopTagger algorithm over different ranges of missing transverse energy. According to our
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Signal tt + jets tt+ 27
Algorithm | B > 400 GeV | B > 800 GeV || Br > 400 GeV | Er > 800 GeV || Bp > 400 GeV | Er > 800 GeV
Original 18% 14% 6.0% 7.1% 8.4% 11%
Modified 48% 55% 18% 26% 23% 11%
Ratio 2.6 3.9 3.0 3.6 2.8 3.6

Table 12: The efficiencies, £n,>2, to tag two top-jets using the original HEPTopTagger and our
Merged Top Tagger. The signal events have m; = 1.2 TeV and mg = 100 GeV. Only the dominant
backgrounds are shown here for comparison.

hypothesis, a larger cut on Jp should increase the number of merged top signal events, pushing more
signal events into the region where the original algorithm cannot tag two tops. As a result, we expect
the ability of the modified algorithm to tag two tops to increase relative to the original algorithm
for higher missing energy windows, an expectation which is confirmed in Table Also shown in
Table[I2 are the two top-tagging efficiencies for the two leading backgrounds, ¢t + jets (one hadronic
top and one leptonic top) and ¢ + Z (two hadronic tops, Z decays to two neutrinos). Having
discussed the tagging efficiency for our new algorithm, we turn now to estimate the improvement

for the signal over background ratio and the signal discovery significance.

5.4 Estimation of Discovery Significance

In this section, we estimate the discovery sensitivity of stops in the fully-hadronic channel at the
LHC Run 2 with 100 fb~!. The details of our numerical simulations are presented in Appendix[C.1l
After the application of a large cut on missing transverse energy, we find the leading backgrounds
are tt + jets (one leptonic top and one hadronic top) and ¢t + Z (two hadronic tops, Z decays to

two neutrinos). The basic cuts to select events impose the following requirements:

(a) Missing energy Fr > 400 GeV.
(b) Using our modified algorithm, require at least two top-tagged jets with pp(J) > 200 GeV.
(c) At least two anti-kp, R = 0.4 b-tagged jets with pp above 30 GeV.

(d) Veto events with isolated leptons with pr, > 15 GeV and || < 2.4.
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Figure 26: Left panel: The normalized event distributions in Jp for the signal and leading
backgrounds after basic cuts. Right panel: Same as the left but in terms of M%. The signal has
mg = 1.2 TeV and mg = 100 GeV.

For simplicity, we have implemented a b-tagging efficiency of 0.8 (mistag efficiency of 0.2 for charm
quarks and 0.05 for light quarks and gluon) [I85,[194] in our simulation. One could also perform
direct b-tagging on the subjets of the fat jets as in Ref. [I93]. Here, the main requirement of our
simplistic and conservative b-tagging approach is to sufficiently reduce the W/Z + jets backgrounds

by requiring two b-tags in the event.

After the basic cuts, we note two powerful kinematical variables which are useful for reducing
backgrounds. The most obvious one is J, which is shown in the left panel of Fig. The other
variable is the transverse mass associated with the b-jets and Fp, which has already been adopted

by both CMS [I86] and ATLAS [185]. It is given by
M’If‘ = min[MT(ﬁblaET)7MT(ﬁb27ET)] : (114)

The transverse mass is defined as Mt (py,, E’T) = 2pf’f' Er[1 — cos (¢, — ¢ #)); where ¢y, and ¢y,
are the azimuthal angles of the b-jet and ET. In the right panel of Fig. 26 we show the signal
and background distributions for this variable. As one can see, the tt + jets background has an
endpoint around the top quark mass, so requiring a sufficiently large Mfll can dramatically reduce
this background. We also note that the tail of the M% distribution for ¢t + jets comes from mis-

tagged b-jets, which do not come from top quark decays and therefore are not subject to this
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Figure 27: Distributions for M% after the optimized cuts of F'p > 800 GeV and M% > 240 GeV
for a 1.2 TeV stop mass.

kinematic cutoff.

With our new tagging algorithm, one can define additional kinematic variables based on the two
top quarks in the final state. With the large missing transverse energy at hand, one natural choice
is the Mmro-like variable. Specifically for events with two tops and missing transverse energy, one

can define the following M, variable as [I88,195196]

Miy =ming | max|Mr(G, 5), Mr (i, 53| ¢ (115)
PEA+PE=Po,

In Fig. 27, we show the distribution for M% for both the signal and leading backgrounds. The
signal event distribution has a peak feature with an end-point of around 1.2 TeV, which can be
easily understood from the stop mass and the large missing energy cut of Fp > 800 GeV. The
tt + Z background has a similar distribution to the signal events and behaves as an irreducible
background. For the ¢t + jets background, two peak structures appear in the distribution. The
peak at higher values is similar to the signal region of phase space with two top-jets moving in the

same direction, while the peak at lower values is due to the region of phase space where one top-jet
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Modified top-tagging | after basic cuts | Fr > 800 GeV | M4 > 240 GeV M% > 500 GeV | events (100 fb~1)

signal 0.17 b 0.084 fb 0.081 fb 0.080 fb 8.0
Tt + jets 4.66 b 0.090 fb 9.8 x 1073 fb 7.8 x 1073 fb 0.78
tt+ 2 0.17 fb 0.010 fb 9.1 x 1073 fb 8.8 x 1073 fb 0.88
Z + jets 0.024 fb 1.3 x 1073 fb 1.0 x 1072 b 1.0 x 1073 b 0.1
W + jets 6.4 x 1073 fb 0.2 x 1073 fb 0.2 x 1073 fb 0.2 x 1073 fb 0.02

S/B =4.5

oy, = 4.2

Table 13: Signal and background cross sections after cuts using our modified algorithm at the
/s = 13 TeV LHC. The choice of cuts is optimized to increase oy, in Eq. (IIG). Here, we have
mg = 1.2 TeV and mg = 100 GeV.

approximately aligns with the missing transverse momentum, leading to a smaller transverse mass.

Imposing a lower limit cut on M% can therefore reduce the tt + jets background.

Using the kinematic variables outlined above, we perform an optimization of cuts to increase the
expected signal discovery significance. Since we expect small numbers of signal and background

events, we use the following expected log likelihood discovery significance

B
B+5S)|’ (116)

oLL = \/—2 {S—F(B—FS)log
which approaches S/v/B for large signal and background. After optimizing the cuts on the three
variables fr, M% and M%, we show the cut-flow of events in Table[I3] which shows that requiring
two top-jets from our modified tagging algorithm along with the rest of the basic cuts already
reduces the dominant #¢ + jets background substantially. The cuts on F and M% are still the most
efficient for increasing S/B. As a result, large values of S/B and oy, are obtained. The chosen
model parameter with m; = 1.2 TeV and mg = 100 GeV will be tested at the LHC Run 2 with
100 tb~1.

To compare to a search using the original HEPTopTagger algorithm, we replace part (b) of the

basic cuts by
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Original top-tagging | after basic cuts | Fp > 800 GeV | M2 > 260 GeV | events (100 fbh~1)

signal 0.24 tb 0.11 fb 0.10 b 10.0
tt + jets 13.6 b 0.19 fb 0.0174 fb 1.74
tt+2 0.443 fb 0.016 tb 0.014 fb 1.35
Z + jets 0.164 fb 3.2 x 1073 fb 1.6 x 1073 b 0.16
W + jets 0.047 fb 1.2 x 1072 fb 0.6 x 1073 fb 0.06

S/B = 3.0

oy, = 4.1

Table 14: The same as Table [I3] but based on the original HEPTopTagger algorithm.

(b’) Require at least one top-tagged jet with pr(J) > 200 GeV based on the original HEPTop-

Tagger algorithm,

and show the cut-flow of signal and backgrounds in Table[Id Comparing the results from Table [I3]
and Table [[4] one can see that our modified top-tagging algorithm yields an obvious improvement

for S/B and a mild increase for opr,.

5.5 Discussion

We note that the signal acceptance obtained when requiring two top tagged jets is not that high
compared to the original HEPTopTagger algorithm with the requirement of only one top tagged
jet. This is simply due to the fact that a non-negligible fraction of top quarks from 1.2 TeV stop
decays are not boosted. These events can have the partons from top decays well separated from
each other. For instance, the b-hadron could be well separated from the hadronic W and may not
have enough transverse momentum to satisfy the fat jet pr > 200 GeV requirement. In principle,
one could include those events with an ordinary b-jet that does not belong to any fat jet. With a
simple implementation, we have found the signal acceptance can be further increased by around
13% with a slightly smaller value of S/B = 4.4, but slightly larger value of o1;, = 4.4. If one
wants to further increase the discovery sensitivity, one should combine events with boosted and

non-boosted top quarks [186].

In addition, our algorithm should be validated with a full detector simulation before use. The
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simplified approach to detector effects, as well as to b-tagging, adopted in this work is justified
by the fact that the dominant smearing of jet kinematics is coming from QCD physics, but there
is some effect of calorimetric smearing as well. Our work demonstrates the gains to be had by
adopting our algorithm even neglecting these effects and knowing that the final projections for

discovery sensitivity are an estimation.

In this chapter, we have concentrated on simplified models with stops and neutralinos. However,
the key observation illustrated in Fig. 24]is general and could be applied to other models, under the
condition that a sizeable cut on the missing transverse energy prefers to have the visible particles
collimated. One possible example is pair-produced gluinos with off-shell squark mediated decay,
g — j77Xo. The four jets in the final state could merge into a single fat jet after a sufficiently
large cut on Fp. A similar jet-substructure based analysis is therefore ideal to improve the signal

discovery significance.

In summary, we have identified a new and interesting region of phase space for the heavy stop
plus light neutralino model. The subset of signal events with large missing transverse momentum
has a region of phase space where the partons coming from the decay of the two hadronic top
quarks have a large overlapping. We have developed a jet-substructure based algorithm to identify
these two merged or semi-merged hadronic tops. Based on our estimation of signal discovery
significance with only statistical errors, we have found that our algorithm can dramatically increase
S/B by 50% and yield a mild increase in the discovery significance. It is also important to point
out that our new algorithm is ideal for use with additional kinematic variables which require the
complete reconstruction of the two hadronic top momenta to further increase S/B and the discovery
significance. A stop mass of 1.2 TeV and a light neutralino will be concretely tested at the LHC
Run 2 with 100 fb~1.
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6 Conclusion

In this dissertation, we have examined the phenomenological consequences of strong dynamics
within the frameworks of QCD and BSM physics. From a model of the low-energy QCD effective
potential, we determined that an undetected bound state of bbbb heavy quarks is predicted to exist
with a mass of 18.69 & 0.03 GeV and with a detectable decay mode of 07+ — ¥(15)¥(159)* —
0t0— 00—, Separately, we examined the potential to observe dark matter interacting via QCD
gluons at the LHC within the context of effective field theory. An important distinction is made
in that the effective operator description of such interactions is likely to break down at the energy
scales probed at the 8 TeV LHC, which is even more crucial to the current LHC energy scale of
13 TeV. Our conclusion that UV-completions of such operators lead to vastly different discovery

modes is still relevant for current searches in an expanded dark matter program at the LHC.

We next examined a class of BSM physics models that includes a new unbroken SU(N') gauge group.
We point out that in many non-supersymmetric models of BSM physics, vector-like masses, while
natural, are likely to be fine-tuned without a symmetry protecting them like the chiral symmetry
of the Standard Model. To examine the consequences of this new symmetry, we introduced an
additional U(1)" gauge group. Like the QCD pions, one of the first signatures of such models
could be a resonance to two gauge bosons. The chiral symmetry breaking structure predicts a rich
spectrum of new particles, and searching for a heavy Z’ gauge boson with an enhanced leptonic
branching fraction can distinguish this class of models from others. Finally, within the framework
of SUSY we examined the current searches for stops and found that in the heavy mass regime
new search strategies are likely to be needed. By identifying a significant regime of phase space
with a final state of two merged top-jets and large missing transverse energy, we presented a new

algorithm to identify merged tops which lead to an increase in discovery potential for heavy stops.
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A Chromo-Rayleigh Dark Matter

A.1 Loop Level Calculations for the Coefficient of (’);Ray leigh

Starting from the Lagrangian in Eq. (67)), we match the coefficient for (’);Rayleigh at one-loop level.

Other than the two Feynman diagrams in Fig. [[3] we also have another four diagrams in Fig.
and Fig.

Summing the two diagrams in Fig. [[3] we have the matrix element as

iMy =4ig2y1yo Tr[tt)e,. (p1)ew (p2)
y / d*q Tr[(d +ma)y" (g — p, +ma)V (¢ — K1 — Ko +ma)y°(¢ — Ky +m1)]
( .

2m)* [¢? = m3)l(q — p1)? = m3)[(q — k1 — k2)? — m3][(q — k1)? — m7]

(117)
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In the heavy fermion limit, we have a simplified version of the matrix element as

92Y192
472

My =1

—m$ + 2mim3 log (m?/m3) + mlmgl (118)

§%e € P
u(pl) u(p2) P1pP2o [ mg(m% — m%)?)

The two diagrams in Fig. 2§ have a similar answer as i My = iMj(my <> mgy). The two digrams in

Fig. 29 has a summed matrix as

2

0, (p1)ew (p2) € P71 pp2o

{m1m2 [2m3 — m3) — (m} + m3) log (m3/m3)] } |

212 (m? —m3)3
(119)
Add all diagrams together, we have the summed matrix element
iMy 4+ iMy + M3 = 7472?3;11/;2 6%, (p1)ew (p2) € p1ypac - (120)
To match to the coefficient of O;Rayleigh, one has
asy1yz 2 (121)

7Tm1m2_7TA%'
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B Chiral Composite Model

B.1 Light Elementary Scalar Field

The model presented above includes a chiral symmetry-breaking scalar whose mass is expected to
be out of reach of near-future experiments. Here we present a brief discussion of models where
the real component of the scalar ¢ field is light. The strong SU(Np) is demoted to a global flavor
symmetry, and mi < 0 such that the scalar field develops a non-zero VEV via the Higgs mechanism.

For Ay = 0, we have
()= 2= [-2. (122)

Expanding about the minimum, ¢ = (v, + ¢ +i¢r)/v/2, the imaginary component ¢y is eaten by

the Z’ gauge boson and the remaining scalar degree of freedom has mass

A, 02 m2
My = \/% =\ -5 (123)

We set the real scalar ¢ to be at the benchmark mass of 1.5 TeV, and require a cross section

o(pp — ¢r — v7v) ~ 0.1 fb. The gluon fusion production cross section is given by

6l9g = 6r) ~ ot =GR 3(8 = mi). (124)

and the branching fraction to two photons is approximately Br(¢r — v7) ~ 202/3a? = 4 x 1073,
Using the MSTW2008 NLO PDFs [152] and including a K-factor of 2.5, we find the diphoton

production cross section to be

1 TeV\? [ N\ ?
0(pp—>¢R—>w)%0-73fb><< UeV> <Tb> : (125)
©

Requiring a phenomenologically-motivated cross section of 0.1 fb, we anticipate v, ~ 2 —3 TeV for

Ny =3 —-5.
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Figure 30: One loop runnings of y for the elementary scalar model, for 47 (1.5 TeV) = 3 (1.5 TeV).
The dots show the approximate value at which the Yukawa couplings become non-perturbative.

The bare fermion masses are given by my, , = Y120,/ V2. The strongest bounds come from the
QCD triplet masses, which are constrained to be m,r 2 1 TeV [197] for )T mixed with the bottom
quark. For N, = 4 and le’D = yg D = yT,D, this requires a Yukawa coupling yt 2 0.5. Requiring
these relatively large Yukawa couplings at m,, leads to Landau poles below the GUT scale in models
with our matter content. For N, = 4, the coupling becomes non-perturbative (y > 47 /\/2N;) at

O(107 GeV). Fig. Bl shows the Yukawa coupling running for N, = 3,4, 5.

Furthermore, the tree level coupling ¢rZ’'Z" will dominate the decay processes unless it is kine-
matically forbidden, which provides the additional constraint myz: > mg, /2. The Z’' mass is given
by

2

mz =g | — 2| ve =4 a1 — ¢ —)\—@- (126)
)

For Nj, = 4, this suggests values of the U(1)" gauge coupling of ¢’ |g1 — ¢2| 2 0.28 at mg,.
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B.2 U(1)’ Gauge Coupling Running
The one-loop beta function for the U(1)" gauge coupling running is

dg'

dlog i = A(d) 167r2 Z qu ' (127)

for complex scalars s and Weyl fermions f. For the matter content given in Table Bl we have

13
/ g 1 2 2 2 2
=—|= — Ny =(2 2 . 12
Bl9) =162 [3(q1 ¢2)" + 5Ny 2 (201 + %)} (128)
Solving this equation, we find
— — | (g — 1 — . 129
g/Q(MGUT) g/2 (M) 8772 |:3 (Ql q2) + 3 (Ql + q2) og L ( )

To have the Landau pole occur at or below Mgyt ~ 3 x 106 GeV, we need to have (for g = 1

and g2 = 0)
2.76
"1 TeV) < ———, 130
JATV)S o, (130)
which is
g (1 TeV) < (0.35,0.31,0.28) for Ny =(3,4,5). (131)
B.3 Doublet and Triplet Yukawa Coupling Running
The beta functions for the doublet and triplet Yukawa couplings are
dyr  yr |3 Ny
2 2 2 2
i Z 5 2 132
HgE = 1602 (27T 2 3yt + 2yD) —3C3 g3 | (132)
dyp  yp |3 Ny
2 2
a2~ 16m2 ok 7(3% +2up) —3C5 g5 | (133)
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Figure 31: The running of yp/yr as a function of energy scale p. Boundary condition is chosen to
be yD(AGUT)/yT(AGUT) =1 with AquT ~ 3 % 10'6 GeV.

where Ny = 2N,; C} = 4/3 is the quadratic Casimir of SU(3).; C} = 3/2 is the quadratic Casimir
of SU(2)w; the sub-leading gauge interactions are neglected. We impose the GUT scale boundary
condition that yp(Agur) = yr(Agur) = yo. However, the running of the ratio R, = yp/yr is
nearly independent of the value of 3. To see this, we re-write the differential equations for yt and

yp in terms of R, and yr as follows

dR R 3
T [Z yr(Ry — 1) +3(C5 9: - C3 95)] : (134)
dyr yr [3 Ny
2 2 2 2 F 2
ayr _ S Ny o702 X
a d,uz 167T2 4yT+ 2 yT(3+ Ry) 3C3 gs| > ( 35)

where the new GUT scale boundary conditions are Ry(Agur) = yp(Agur)/yr(Agur) = 1 and
yr(Acur) = yo. We see that the initial running for R, does not depend on the value of yo; it
is determined only by the GUT scale gauge couplings. Numerical integration of these equations
is shown in Fig. BIl The numerical values for yp/yr at p = 1.5 TeV are shown in Table

Additionally, to avoid a Landau pole at or before i = Aqut ~ 3 x 106 GeV, we require

yr(p = 1.5TeV) < (0.54,0.50,0.49) (N, = 3,4,5). (136)



95

Ny 3 4 5

U2 (4=15TeV) | 0.51 | 0.44 | 0.36

Table 15: Numerical values for the ratios of the doublet and triplet Yukawa couplings at u = 1.5 TeV
generated from a GUT scale boundary condition of yp(Agur)/yr(Acur) = 1.

B.4 Z’ Kinetic Mixing and Decay

Gauge Kinetic Mixing

To leading order in the gauge kinetic mixing parameter y, the process of diagonalizing the field
strengths, and then resulting gauge boson mass terms after all symmetry breaking yields the fol-

lowing linear combinations for the gauge bosons [198]

~

Au:Au—xcwsianu—chcosﬁZL, (137)
Zu: (cos& + x swsiné) Z, + (x swcos & —siné) ZL, (138)
Zl, = sin Zy, + cos€ Z),, (139)
where
2x sw
tan 2§ = (140)

1 — (g /mhz)*
Decay of the Z’ Gauge Boson to Standard Model Fermions

After diagonalization of the gauge boson kinetic and mass terms, we find that the Z’ gauge boson

has a milli-charge coupling to the SM neutral current, given as

g2
eV = st [O220 T + (sw ew Ouzr — sty Oz22)) T 2, (141)
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with
Oaz = —x cw cos, Ozz = x swcosé —sin. (142)

Inserting the Standard Model fermion current, the part of the Lagrangian relevant for Z’ decay can

be cast in a familiar form

Ly D %u}w(sv — & W7, (143)
cw
with the vector and axial milli-couplings defined as

Ev = (T° = 2Qs3y) O 27 +2Q sw cwOaz Ea=T*Oyy. (144)

From this, we find that the Z’ decay width to Standard Model fermions is

_ 2
I(Z = o) = 487{202 (EL +E3)my . (145)
w

Decay of the Z’ Gauge Boson to Zh and W+W —

If the Z’ gauge boson is heavy enough, there are also decay channels for 2/ — Zhand Z' — WTW .
The decay to Zh comes from the hZZ vertex in the Standard Model, which has a coupling of
Jhzz = m2Z /vEw, where vpw = 246 GeV is the electroweak VEV. After diagonalization of the

gauge boson kinetic and mass terms, we have the following term in the Lagrangian
Ly D ghzz (2x swcos28 —sin28) h Z, 2" = ghzz h 2, 2™, (146)
at O(x), which allows the decay Z' — Z h. The decay width is [199]
2
_ Ihzz Mz

0(Z = Zh)= = 1,72, r2) [A(1,r%,r7) + 127%] | (147)
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where ry; = my/my, v, = my/my, and Ma, b, ¢) = a®+b*+c? —2ab—2ac—2bc. The Z' — WHW =
decay is mediated by the WW A and WIW Z vertices in the Standard Model, which have couplings

of gywwa = e and gwwyz = ecot Oyy. The Z' boson will therefore couple to W+W ™~ with strength

gwwz = e [cot Oy (swycosE —sing) — ey cosE] = —ecot Oy sin €, (148)

which leads to a decay width of [200]

2 4
0(Z — WHW~) = ng1v922f mz <mZ > (1= 47232 (142002 +120%,) . (149)
s my

where ryy = my /my.
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C Heavy Stops

C.1 Simulation Details

We use MadGraph5_aMC@NLO [201] package to simulate all parton level events. Showering of the par-
ton level events was done in Pythia8 [93]. After showering, a 0.1 x 0.1 detector granularization was
applied for particles in the final state, which were then analyzed and clustered using FastJet [202].
For the signal, we simulated 50000 events at a center-of-mass energy of 13 TeV. We assume a
K-factor of 1.5 for the signal production cross section [203]. The desired signal topology where
the stops decay with a branching ratio of 100% to tops and neutralinos, with the tops decaying
hadronically, was forced in the simulation. All other parameters in the signal simulation were left

at their default values.

For all background events, we simulate events at a center-of-mass energy of 13 TeV, using the
default SM model file, with default model values. For the ¢t + jets background, we simulated
4.975 x 107 events. We used an unmatched sample involving 2 jets, which we checked the variable
distributions for a matched sample after the final cuts. We assume a K-factor of 1.3 [20I]. The
desired semi-leptonic background topology where one top decays leptonically (without taus) and
the other hadronically was forced in the simulation. All other parameters in the ¢t +jets simulation
were left at their default values, except for imposing a generator level cut requiring the missing
transverse energy (sum of the neutrino momenta) to be above 200 GeV. For the ¢t + Z background,
we simulated 7.5x 10° events. The desired background topology where both tops decay hadronically
and the Z boson decays to neutrinos was forced in the simulation. All other parameters in the
1t + Z simulation were left at their default values, except requiring a baseline cut of > 200 GeV.
For the Z + jets background, we simulated 3.75 x 107 events. The desired background topology
where the Z boson decays to neutrinos was forced in the simulation. All other parameters in the
Z +3j simulation were left at their default values, except requiring fp > 200 GeV. For the W + jets
background, we simulated 4.975 x 107 events. The desired background topology where the W boson

decays to (v or v, where ¢ does not include taus, was forced in the simulation. All other parameters



in the W + 3j simulation were left at their default values, except a cut of Fp > 200 GeV.
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