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DISSERTATION ABSTRACT

Ricky Fok

Doctor of Philosophy

Department of Physics

September 2011

Title: Scenarios of Physics Beyond the Standard Model

Approved:
Dr. Graham Kribs

This dissertation discusses three topics on scenarios beyond the Standard Model.

Topic one is the effects from a fourth generation of quarks and leptons on

electroweak baryogenesis in the early universe. The Standard Model is incapable

of electroweak baryogenesis due to an insufficiently strong enough electroweak

phase transition (EWPT) as well as insufficient CP violation. We show that the

presence of heavy fourth generation fermions solves the first problem but requires

additional bosons to be included to stabilize the electroweak vacuum. Introducing

supersymmetric partners of the heavy fermions, we find that the EWPT can be made

strong enough and new sources of CP violation are present.

Topic two relates to the lepton flavor problem in supersymmetry. In the Minimal

Supersymmetric Standard Model (MSSM), the off-diagonal elements in the slepton

mass matrix must be suppressed at the 10−3 level to avoid experimental bounds

from lepton flavor changing processes. This dissertation shows that an enlarged R-

parity can alleviate the lepton flavor problem. An analysis of all sensitive parameters

was performed in the mass range below 1 TeV, and we find that slepton maximal
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mixing is possible without violating bounds from the lepton flavor changing processes:

µ→ eγ, µ→ e conversion, and µ→ 3e.

Topic three is the collider phenomenology of quirky dark matter. In this model,

quirks are particles that are gauged under the electroweak group, as well as a “dark”

color SU(2) group. The hadronization scale of this color group is well below the

quirk masses. As a result, the dark color strings never break. Quirk and anti-

quirk pairs can be produced at the LHC. Once produced, they immediately form

a bound state of high angular momentum. The quirk pair rapidly shed angular

momentum by emitting soft radiation before they annihilate into observable signals.

This dissertation presents the decay branching ratios of quirkonia where quirks obtain

their masses through electroweak symmetry breaking.

This dissertation includes previously published and unpublished co-authored

material.
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CHAPTER I

INTRODUCTION: THE NEED FOR NEW PHYSICS

Even though the Standard Model gives an accurate picture of Nature thus far,

it cannot be the complete description of Nature. The missing piece of the puzzle

is related to the mechanism that generates fermion and gauge boson masses. In

the Standard Model this is achieved by introducing the Higgs scalar. The Higgs

field breaks electroweak symmetry spontaneously, acquiring a non-zero vacuum

expectation value (VEV). The fermions then receive masses via their interactions

with the Higgs field. Even if the Higgs exists, unknown physics must exist at a scale

not far above the electroweak scale for our description to be natural, in the sense of

[1]. This places the Standard Model in a theoretically awkward position; the theory

describing electroweak physics is very likely dependent on unknown physics not far

above the electroweak scale. In the literature, this unnaturalness is usually called

“the Hierarchy Problem”. It can be understood in terms of the perturbativity of the

Higgs sector. Consider the Standard Model Higgs potential,

V = −m2
Hφ

2 + λφ4, (1.1)

where mH is the Higgs mass, φ is the Higgs field. The VEV, v, measured to be 246

GeV, is

v =

√
m2
H

2λ
. (1.2)
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If we require the theory to be perturbative, then λ . O(1), implying the Higgs

mass is less than 350 GeV. However, the Higgs mass receives quantum corrections

from, notably, its interactions with itself and the top quark. At one loop level, with

λ ∼ O(1), the largest contribution comes from the top, due to its color enhancement

factor of Nc = 3,

δm2
H =

Ncy
2
t

8π2
Λ2
NP , (1.3)

where yt ∼ 1 is the top yukawa, ΛNP is the scale of new physics. Perturbativity

requires m2
H . δm2

H . One finds ΛNP ∼ O(TeV). This implies two possibilities.

First, we could allow non-perturbative physics above ΛNP . We will not consider this

scenario. Second, there exists new physics at a scale of order 1 TeV to reduce the size

of loop corrections to the Higgs mass. An example of new physics is supersymmetry,

a symmetry between fermions and bosons. This introduces a bosonic partner to each

fermion, and vice versa. Therefore, for each fermion loop contributing to the Higgs

mass, there is a corresponding bosonic loop (almost) canceling the contribution from

the fermion, rendering the correction small.

This dissertation contains a study of various scenarios of new physics and their

implications on observable phenomena. This chapter reviews the physics that will

be discussed in the following chapters. Section 1.1. presents a mechanism which

generates baryons during the early universe, through an electroweak phase transition.

Section 1.2. gives a brief introduction to supersymmetry and lepton flavor violation.

Section 1.3. discusses the physics of quirks. Then, an outline of the following chapters

is given in section 1.4..
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1.1. Electroweak Baryogenesis

Electroweak baryogenesis is a mechanism to generate baryon number through

the electroweak phase transition in the early universe. It requires many ingredients.

The most relevant to this disseration is: a description of the breaking of electroweak

symmetry as the universe cools down. This involves the calculation of the effective

potential at finite temperature. A detailed review of electroweak baryogenesis is

given in [2]. Here is a summary of the relevant physics for the subsequent sections.

1.1.1. Conditions for Electroweak Baryogenesis

These three conditions, formulated by Sakharov [3], must be satisfied for

electroweak baryogenesis (EWB) to proceed:

– Baryon number violation

– C and CP violation

– Out of thermal equilibrium

Baryon number violation can proceed through the chiral anomaly of the weak

SU(2)L group. The anomaly gives a non-zero divergence of the baryon current.1

∂µj
µ
B =

Nfg
2

32π2
FF̃ , (1.4)

where Nf is the number of fermion generations, and FF̃ can also be written as a

divergence,

1Neglecting the U(1)Y contribution as it does not involve in the baryon number violation process,
since U(1)Y does not contain the axial-vector interaction with fermions which leads to the violation
of baryon number.
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FF̃ = ∂µε
µνρσ

(
F a
νρA

a
σ −

g

3
εabcA

a
νA

b
ρA

c
σ

)
. (1.5)

The second term in equation (1.5) is related to the baryon violating process in

vacuum, where F a
νρ = 0, while the first term gives no contributions as it is

proportional to the field strength tensor. Consider all field configurations Aaµ

corresponding to zero field strength, and choose the temporal gauge, Aa0 = 0. Then,

integrating equation (1.4) over all spacetime gives the change of baryon number from

t = −∞ to t =∞,

∆B = Nf∆NCS, (1.6)

where NCS is the Chern-Simons number corresponding to the topology of the gauge

field,

NCS = − g3

96π2

∫
d3xεijkεabcA

a
iA

b
jA

c
k. (1.7)

Therefore, the topology of the gauge field must change for baryon number violation

to occur. In the space of all gauge field configurations, there are infinite numbers

of degenerate vacua corresponding to Fµν = 0, each with a different Chern-Simons

number. Each vacuum is separated by an energy barrier. In Euclidean spacetime,

the path connecting two vacua with ∆NCS = 1 is called the instanton. The unstable

classical solution for the field configuration at the top of barrier with energy Esph

is called the sphaleron. At zero temperature, the probability of tunneling through

the potential barrier via the instanton is ∼ exp(−4π/αW ) ∼ 10−162, essentially zero.

However, at finite temperature, the suppression factor is replaced by the Boltzmann

factor, exp(−Esph/T ). From this factor, it is shown in [2] that in order to prevent too
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many of the baryons from being washed out, during the electroweak phase transition,

the criterion φc/Tc & 1, must be satisfied, where φc is the VEV of the electroweak

broken vacuum at the temperature Tc where it is degenerate with the symmetric

vacuum. This also implies that the phase transition must be of first order, because

φc/Tc ∼ 0 for a second order phase transition.

The Standard Model contains C and CP violating interactions, and in principle,

could satisfy the second condition. However, the CP violation provided by the

Standard Model generally considered to be too small. New physics must be

introduced to produce sufficient CP violation for electroweak baryogenesis [2].

The third condition, out of thermal equilibrium, can be realized in a first order

phase transition. In this case, there is an energy barrier separating the electroweak

symmetric and broken vacua near the critical tempeature Tc. As a result, the

symmetric vacuum is supercooled, bubbles of electroweak broken vacuum start to

nucleate, and expand throughout the universe during the phase transition. Baryon

number violating processes are out of equilibrium if they occur inside the bubble

walls as they propagate out [4]. In the following sections, it will be shown that the

electroweak phase transition from the Standard Model is too weak to prevent the

washout of baryons, even if a mechanism were present to generate them.

1.1.2. The 1-loop Effective Potential at Finite Temperature

To understand the electroweak phase transition, the behavior of the Higgs

potential at high temperatures must be understood. The formalism of field theory at

finite temperature is discussed in detail in [2, 5]. It describes interactions of particles

with the thermal bath at temperature T . In comparison to field theory at zero

temperature, the expectation value of operators at zero temperature is replaced by
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the grand canonical average of the operators, 〈O〉 = Tr(ρO), where ρ is the grand

canonical density operator

ρ =
exp[

∑
i βµiQi − βH]

Tr exp[
∑

i βµiQi − βH]
, (1.8)

where the trace is over all states in the ensemble, the sum is over all species in

the thermal bath, µi is the chemical potential of species i, β = 1/T , and H is

the Hamiltonian. One sees that Tr(ρ) = 1, as expected. Once 〈O〉 is identified

with the grand canonical average, the generating function and the n-point Green’s

function can be defined analogously to their counterparts at zero temperature. And

the effective potential at finite temperature can be calculated in the same way, only

with modified Feynman rules.

The thermal properties of the theory are manifest in the two-point Green’s

function. Only real scalar fields are considered in the following discussion. For

fermionic fields the formalism is similar and is discussed in [2] – In many cases the

results for fermionic fields differ from the bosonic cases only by a sign. The following

text will keep track of this sign when appropriate.

Separating into the advanced and retarded Green’s functions,

GC(x− y) = θC(x0 − y0)G+(x− y) + θC(y0 − x0)G−(x− y), (1.9)

where G+(x−y) = 〈φ(x)φ(y)〉 and θC(t) is a to-be-determined function with contour

C in the complex t plane. The retarded Green’s function satisfy G−(x − y) =

G+(y− x). Using φ(x) = eix0Hφ(0,x)e−ix0H , and taking µi = 0, x = 0 for simplicity,

the advanced Green’s function is
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G+(x− y) =
1

N

∑
m,n

|〈m|φ(0)|n〉|2 exp[iEm(x0− y0 + iβ)] exp[−iEn(x0− y0)], (1.10)

where |m〉 and |n〉 are the eigenstates of Hamiltonian with eigenvalues Em and En

respectively, and N is the normalization constant of the grand canonical partition

function ρ. To ensure convergence, we see that −β < Im(t) < 0. Therefore, θC(t)

must vanish outside of this range to ensure that the advanced Green’s function

converges for all t. The same analysis can be done for the retarded Green’s function

G−(t) and the result is similar. This is summarized in figure 1.1. In addition,

advanced and retarded Green’s functions are related for both bosonic and fermionic

fields, it is

G+(t− iβ,x) = ηG−(t,x), (1.11)

where η = +1 for bosons, and −1 for fermions. This is the Kubo-Martin-Schwinger

relation [6, 7]. Now, choose a contour C to be on the imaginary axis, and parametrize

t = −iτ , τ ∈ (0, β). Write the above as G−(−t+ iβ) = ηG−(t). Then, one sees that

the retarded Green’s function is symmetric for bosons and anti-periodic for fermions

about the midpoint of 0 and iβ. A similar argument holds for the advanced Green’s

function which is valid in the strip (0,−iβ). One can then analytically continue the

Green’s function to the whole complex t plane, with period β in Euclidean time. As

the observables are proportional to the square of amplitudes, this implies that the

observables return to its original value after a time scale set by the inverse of the

temperature, consistent with thermal equilibrium.
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FIGURE 1.1: The region of convergence for G−(x−y) and G+(x−y) in the complex t
plane. The crosses on the imaginary axis denotes the points related by the periodicity
condition G+(t − iβ,x) = ηG−(t,x). The region of convergence for G−(x − y) is in
the region between the top dashed line and the real axis. The strip below the real
axis is the region of convergence for G+(x− y).

We are now in a position to write the two-point Green’s function in a more

illuminating form and derive the thermal Feynman rules for real scalar fields. First,

expand the scalar field into creation and annihilation operators and define the

Hamiltonian of the system (consisting of n scalar fields in a thermal bath) to be

H =

∫
d3p

(2π)3
ωpN (1.12)

where ωp =
√

p2 +m2 and N = a†a is the number operator. Then, consider a state

where n scalars have energy ω and call this state |n〉. The annihilation and creation

operators act on this state. In this basis, the ensemble averages corresponding to

the number operator N can be computed, 〈a†qap〉 = nB(ωp)δ3(q− p) and 〈aqa†p〉 =

[1 + nB](ωp)δ3(q− p), where nB is the Bose distribution

8



nB =
1

eβωp − 1
. (1.13)

Then the Green’s function can be written in a form that contains a vacuum term

and a thermal term explicitly

GC(x− y) =

∫
d4p

(2π)4
ρ(p)e−ip(x−y)[θC(x0 − y0) + nB(p0)], (1.14)

where ρ = 2π[θ(p0)− θ(−p0)]δ(p2−m2). To find the Green’s function in momentum

space, the contour C is chosen to be on the imaginary axis, it is

G(ωn,p) =
1

p2 +m2 + ω2
l

, (1.15)

where ωl = 2lπβ−1. This is the Matsubara frequency [8]. The derivation for other

modifications to the Feynman rules can be found in [5]. Here is a summary

Boson propagator
−i

p2 +m2 + [2lπβ−1]2

Fermion propagator
−i

p2 +m2 + [(2l + 1)πβ−1]2

Loop integral
i

β

∞∑
n=−∞

∫
d3p

(2π)3

Vertex function −iβ(2π)3δ(
∑
i

li)δ
3(
∑
i

pi),

where the delta functions in the vertex function corresponds to the conservation of

Matsubara frequency and momentum. Comparing to zero temperature Feynman

rules, the loop integral over the temporal component of the loop momentum is

replaced by a sum over Matsubara modes li. Also, the phase space volume (2π)4
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is replaced by β(2π)3. Using this set of modifications to the Feynman rules and

coupling constants from the Lagrangian it is sufficient to calculate the 1-loop effective

potential for the Higgs field at finite temerpature.

Remarkably, the zero temperature and the finite temperature contributions can

be separated in the 1-loop effective potential,

Veff (φ, T ) = V0(φ, 0) + V1(φ, 0) + VT (φ, T ), (1.16)

where

V0(φ, 0) = −m
2

2
φ2 +

λ

4
φ4 (1.17)

is the tree level potential,

V1(φ, 0) + δV =
1

64π2

∑
i

ni

[
m4
i (φ)

(
log

m2
i (φ)

m2
i (v)

− 3

2

)
+ 2m2

i (φ)m2
i (v)

]
(1.18)

is the 1-loop correction term [9] with the counterterms δV determined by the cutoff

regularization and the following renormalization conditions:

d(V1 + δV )

dφ

∣∣∣∣∣
φ=v

= 0,
d2(V1 + δV )

dφ2

∣∣∣∣∣
φ=v

= 0, (1.19)

with v = 246 GeV being the zero temperature VEV. The sum is over relevant particle

species with number of degrees of freedom ni (the convention I use here is such that

for a fermion f , nf is negative due to the fermion loop). The field dependent mass

squared for species i is m2
i (φ) = d2V0/dφ

2. Finally, the thermal contribution to the

effective potential is

VT (φ, T ) =
∑
i

ni
T 4

2π2
J±

(
m2
i (φ)

T 2

)
, (1.20)
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where

J±

(
m2
i (φ)

T 2

)
=

∫ ∞
0

dx x2 log

[
1± e−

√
x2+m2

i (φ)/T 2

]
, (1.21)

with + for fermions and − for bosons. The functions J± can be expanded in the limit

where m2/T → 0, where the φ dependence on m has been neglected for convenience.

The result is [2]

J−

(
m2

T 2

)
= −π

4

45
+
π2

12

m2

T 2
− π

6

m3

T 3
− 1

32

m4

T 4
log

m2

abT 2
+O

(
m6

T 6

)
, and

(1.22)

J+

(
m2

T 2

)
=

7

8

π4

45
− π2

24

m2

T 2
− 1

32

m4

T 4
log

m2

afT 2
+O

(
m6

T 6

)
, (1.23)

with log ab = 3/2−2γE+2 log 4π = 5.4076 and log af = 3/2−2γE+2 log π = 2.6351.

The constant term in J± corresponds to the free energy of a boson or fermion gas,

respectively. Figure 1.2 shows the 1-loop effective potential at different temperatures

for a four generation supersymmetric standard model that will be considered in

chapter III. At zero temperature, the VEV of the Higgs field is fixed at 246 GeV.

At higher temperatures, the VEV becomes smaller, and eventually becomes zero

at sufficiently high temperatures - the electroweak symmetry is restored. This

phenomenon is called symmetry restoration.

1.1.3. Electroweak Phase Transition for the Standard Model

To avoid washout of excess baryons after the electroweak phase transition, the

phase transition must be sufficiently strong. This is parametrized by the criterion

φc/Tc & 1 [2], where the critical temperature Tc is the temperature at which the

two minima are degenerate, and φc is the value of φ at the degenerate minimum. In
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FIGURE 1.2: An illustration of the 1-loop effective Higgs potential at different
temperatures. The zero point energy of the potential at φ = 0 has been shifted to be
zero. In this case, the electroweak phase transition occurs at Tc = 99.6 GeV, when
a degenerate vacuum is developed at φ 6= 0. Above that temperature the absolute
minimum of the potential is at φ = 0, the electroweak unbroken vacuum. Notice
that there is a potential barrier between the electroweak symmetric vacuum and the
electroweak broken vacuum at T = Tc, a characteristic feature of first order phase
transitions.
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the Standard Model, the order parameter φc/Tc can be calculated analytically in the

high temperature limit of the 1-loop potential, equations (1.20) and (1.21), which is

[2]

Veff (φ, T ) = D(T 2 − T 2
0 )φ2 − ETφ3 +

λ(T )

4
φ4, (1.24)

where

D =
2m2

W +m2
Z + 2m2

t

8v2
(1.25)

E =
6m3

W + 3m3
Z

12πv3
(1.26)

B =
3

64π2v4
(2m4

W +m4
Z − 4m4

t ) (1.27)

T 2
0 =

m2
h − 8Bv2

4D
(1.28)

λ(T ) = λ− 1

16π2v4

(
6m4

W log
m2
W

ABT 2
+ 3m4

Z log
m2
Z

ABT 2
− 12m4

t log
m2
t

AFT 2

)
, (1.29)

where AB = −2γE + 2 log 4π and AF = −2γE + 2 log π. This gives

φc
Tc

=
2E

λ(T )
∼ O(0.1), (1.30)

for Higgs mass mh = O(100) GeV. The electroweak phase transition from the

Standard Model is too weak to be able to explain the observed baryon asymmetry

today. In chapter II, we will see how this can be modified by including a fourth

generation of chiral fermions supersymmetry.
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1.2. Supersymmetry and the Lepton Flavor Problem

Supersymmetry is a symmetry that relates the bosonic and fermionic degrees of

freedom. A supersymmetric Lagrangian must contain the same number of bosonic

and fermionic degrees of freedom. Among supersymmetry’s many virtues, weak scale

supersymmetry leads to a solution to the Higgs hierarchy problem; each scalar loop

giving large radiative corrections to the Higgs mass is canceled by a corresponding

fermion loop. This section reviews the structure of a supersymmetric Lagrangian, the

simplest supersymmetric extension of the Standard Model, and a brief review on the

lepton flavor problem. The formalism of supersymmetry in this section follows closely

to the lectures given by N. Arkani-Hamed [10]. Other reviews on supersymmetry

include [11] and [12].

1.2.1. Supersymmetric Lagrangian

In a supersymmetric theory, a field with its corresponding superpartner can be

written in a single superfield. A supersymmetric Lagrangian can be written in terms

of superfields, an element in the superspace. The coordinates of the superspace

can be written in terms of Grassmann numbers and their conjugates {θα, θ̄α}, with

α = 1, 2.

We consider two types of superfields, chiral superfields and vector superfields in

the Wess-Zumino gauge. A chiral superfield X with scalar component φ and fermion

component ψ is

X = φ+
√

2θαψ
α + θ2F, (1.31)

where F is an auxiliary field, and θαψ
α = εαβθ

αψβ. It is replaced by its classical

solution to the equation of motion in the Lagrangian, resulting in interaction terms
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among the scalar φ. The kinetic terms for φ and ψ can be derived from

∫
d4θX†X, (1.32)

to get derivative terms from the above, write φ = φ(yµ) = φ(xµ+ iθσµθ̄), and expand

in iθσµθ̄. Similarly for ψ. The supersymmetric Lagrangian is then

∂µφ†∂µφ+ iψ†σ̄µ∂µψ + F †F. (1.33)

This is called the Wess-Zumino Lagrangian. The auxiliary field F does not have a

kinetic term and it can be ‘integrated out’ and be replaced by its solution to the

classical equation of motion. Then, the F -term F †F can be written as a polynomials

in φ.

In order to include gauge bosons and their interactions to the Lagrangian, vector

superfields must be included. We consider vector superfields in the Wess-Zumino

gauge. A vector superfield, V , with a vector field vµ, a fermion field and its conjugate

λ, λ†, and an auxiliary field D, is

V a = θσµθ̄vaµ + iθ2θ̄λ†a − iθ̄2θλa +
1

2
θ2θ̄2Da, (1.34)

where a is a guage index. The interactions between chiral superfields and vector

superfields are contained in the gauge invariant term

∫
d4θX̄e2gV aτaX, (1.35)
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where τa is a generator of the gauge group. In component form, the above is

|Dµφ|2 + iψ†σ̄µDµψ + F †F + i
√

2g(φ†τaψλa − φτaψ†λ†a) + gφ†τaφDa. (1.36)

The above contains the usual covariant derivatives of the scalar and the fermion,

as well as interaction terms that have no counterparts in the Standard model,

i
√

2gφ†τaψλa + c.c.. These terms describe the interaction between the gaugino,

fermion and sfermion, the superpartner of the fermion. The last term consists of the

auxiliary field Da, which will be integrated out.

All that remains is to find a supersymmetric term that describes the propagation

of gauge bosons. To do this, we need to form a field strength chiral superfield from

the vector superfield. The result is

W a
α = 4iλaα + [4δβαD

a + 2i(σµσ̄ν)βαF
a
µν ]θβ + 4θ2σαα̇Dµλ

aα̇. (1.37)

The field strength term can be formed by integrating over W aW a, this term is called

the superpotential.

∫
d2θ2 1

64
W aW a +

∫
d2θ̄2 1

64
W †aW †a. (1.38)

In component form, it is

−1

4
F a
µνF

aµν + iλ†aσ̄µDµλ
a +

1

2
DaDa. (1.39)

The above includes the kinetic term for the gauge boson and the gauginos, and

a D-term. A supersymmetric fermion mass term can also be included in the
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superpotential. The superpotential for the Minimal Supersymmetric Standard Model

is given in section 1.2.4.. In general, given a superpotential W and a kinetic potential

K, the supersymmetric Lagrangian is given by

LSUSY =

∫
d4θK +

(∫
d2θW + h.c.

)
. (1.40)

If the theory contains n chiral superfields, the i-th auxiliary field F †i is replaced by

F †i = −∂W (φ)

∂φi
, (1.41)

its solution to the classical equation of motion, where W (φ) is the superpotential with

all its chiral superfields replaced by its scalar components. Similarly, the auxiliary

field Da
G for a gauge group G is given by

Da
G = −gG

∑
i

φ†iτ
aφi, (1.42)

where gG is the coupling constant of the gauge group.

1.2.2. Supersymmetry Breaking

As a consequence of supersymmetry, all components within a superfield must

have the same mass. This cannot be true in Nature. For instance, LEP puts a lower

limit of ∼ 100 GeV on the masses of sleptons, and none of them has been discovered.

Therefore, supersymmetry must be broken.
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Consider an infinitesimal SUSY transformation, with parameter ξ, on a chiral

superfield. The changes in its components are

δφ =
√

2ξψ, (1.43)

δψ =
√

2ξF + i
√

2∂µφσ
µξ̄, (1.44)

δF =
1√
2
∂µψσ

µξ̄. (1.45)

In a supersymmetric broken vacuum, the VEV of any one of the above terms can

be non-zero. But only 〈0|F |0〉 can be allowed to be non-zero while preserving Lorentz

invariance. Similarly, a non-zero VEV for the D field results in supersymmetry

breaking.

Supersymmetry breaking must be “soft”. This means radiative corrections do

not induce a quardratically divergent correction to scalar masses. There is a finite

set for soft breaking terms and these are listed below.

1.2.3. R-parity

In a supersymmetric theory, one can write several operators in the superpotential

uRdRdR, leading to baryon and lepton number violation. Such terms can be avoided

by introducing a U(1) R-symmetry on the superfields. Under an R-symmetry

transformation, a chiral superfield X with R-charge RX transforms as

X → e−iRXδX, (1.46)
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where δ is the transformation parameter. Its components transform as,

θα → eiδθα, (1.47)

φ → e−iRXδφ, (1.48)

ψα → e−i(RX−1)δψα, (1.49)

F → e−i(RX−2)δF. (1.50)

In other words, the scalar component has R-charge RX and the fermion component

has R-charge RX−1. A Z2 parity, with δ = π is sufficient to forbid the presence of R-

parity violating operators. In the minimal supersymmetric standard model discussed

below, superfields in the quark and lepton sector have R-charge +1, and in the gauge

and Higgs sector, 0.

1.2.4. Minimal Supersymmetric Standard Model

The Minimal Supersymmetric Standard Model (MSSM) is the simplest

supersymmetric extension of the Standard Model. The chiral superfields in the

MSSM are, in the quark sector Q, uR, dR and in the lepton sector L, eR. The Higgs

sector contains two chiral superfields, Hu and Hd, with hypercharges 1/2 and −1/2,

respectively. The MSSM superpotential is [12]

WMSSM = YuQHuuR − YdQHddR − YlLHdeR + µHuHd. (1.51)

Soft supersymmetry breaking can be achieved by a number of terms. These are

– scalar masses mφφ
†φ for the squarks and sleptons
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– gaugino masses Maλ
aλa for the bino, wino, and gluino

– trilinear scalar couplings auQ̃φuũR, adQ̃φdd̃R and aeL̃φdẽR

– Higgs masses m2
Huφ

∗
uφu +m2

Hdφ
∗
dφd + (bφuφd + c.c.)

Electroweak symmetry is broken by having the two Higgs scalars acquiring non-zero

VEVs, 〈φu〉 = vu and 〈φd〉 = vd, with v2
u + v2

d = v2 = 246 GeV. The ratio between

the two VEVs is parametrized as tan β = vu/vd. There exists an upper limit on the

tree level mass of the lightest netural Higgs, h, in the MSSM

m0
h < mZ cos 2β, (1.52)

which is below the experimental lower limit [14] mh & 115 GeV. Radiative corrections

can relax equation (1.52) so that it is consistent with the experimental bound.

However, it requires heavy squarks as well as large tan β.

1.2.5. Lepton Flavor Problem

Experimental bounds on flavor changing neutral currents (FCNC) in the lepton

sector place severe constraints on lepton mixing. With the absence of right handed

neutrinos, the Standard Model naturally avoids this bound. This can be seen clearly

by comparing the quark and lepton sectors in the Standard Model. The mass terms

in the quark sector are

−ŪLMUuR − D̄LMDdR, (1.53)

where the mass matrices MU and MD are 3 × 3 in family space. To diagonalize

these matrices, we need to fix the phases of all four quark fields by separate unitary

transformations. This leads to unavoidable flavor mixing in the quark sector via the
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interaction with the W boson,

gW µŪLVγµDL, (1.54)

where V is a 3× 3 matrix in flavor space, called the CKM matrix. This matrix is in

general, non-diagonal in the mass eigenstates of the quarks and cannot be rotated

away. Therefore it leads to flavor mixing in the quark sector. In the lepton sector,

however, only one mass term is present,

−ν̄LMLlR. (1.55)

Notice that there is no mass terms involving lL. Diagonalizing the lepton mass

matrix by fixing the phases of νL and lR, the interaction term with the W becomes

gW µν̄LV′γµlL. We still have the freedom to fix the phase of lL to absorb the

mixing matrix V. Therefore, any lepton mixing in the Standard Model is physically

unobservable, and it naturally avoids the experimental bound on lepton mixing.

In the MSSM, sleptons can mix to give significant contributions to FCNCs,

and there are no symmetries to regulate the size of the mixings. The bound on the

branching ratio of µ→ eγ alone sets an upper limit on the slepton mixing δij . 10−3.

This is one manifestation of the supersymmetric flavor problem.

1.3. Quirks

The idea of quirks was first proposed by [13] and more recently, by [15]. A

quirk is a fermion that transforms under the electroweak SU(2) × U(1), as well

as a confining gauge group SU(2)ic with scale Λic much less than the quirk mass
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mQ, Λic � mQ. This new confining force is referred as the infracolor force. This

hierarchy between Λic and mQ is a sufficient condition to ensure that fragmentation

of quirky strings under this confining group does not occur. To see this, consider a

very simplified model, where the flux tube connecting two quirks breaks, transferring

the energy over the quirk compton wavelength λc = m−1
Q to pop out a virtual quirk

pair. For this process to go on-shell, the flux tube energy over λc must be larger than

2mQ. From dimensional analysis, the energy per unit length of the flux tube must

be of order Λ2
ic. The flux tube energy integrated over a compton wavelength is then

mQ(Λic/mQ)2 � mQ. Therefore, quirky strings do not break.

As Standard Model particles do not transform under infracolor, only infracolor

singlets can be produced through Standard Model interactions at colliders. As the

quirky string connecting the pair of quirks cannot fragment, they form a meson with

high angular momentum after being produced. The meson then sheds its angular

momentum by emitting soft radiation before annihilating. The annihilation products

can be reconstructed into resonances corresponding to the quirkonium mass at the

detector.

If the up and down type quirks are very nearly degenerate in mass, quirky

baryons can be a candidate of dark matter [16], and this provides added motivation

for understanding the signals of quirks in colliders.

1.4. Outline

In the previous sections, the motivations for new physics, and the difficulties

faced by the Standard Model and its simplest supersymmetric extension were

discussed. It was shown that the Standard Model itself cannot produce a sufficiently

strong electroweak phase transition to explain the observed baryon asymmetry.
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Furthermore, the mechanism that suppresses the MSSM lepton flavor changing

neutral currents is far from obvious. In the follow chapters, this dissertation will

provide possible solutions to these problems. In chapter II, it will be shown that the

strength of the electroweak phase transition from the inclusion of a fourth generation

of quarks and supersymmetry together is sufficiently strong to explain the observed

baryon asymmetry in the universe. In chapter III, it is shown that by promoting

the Z2 R-parity in the MSSM to a continuous U(1) R-symmetry, the mixing angles

of the sleptons can be of order unity, while evading the severe constraints posed by

µ → e experiments, thus solving the MSSM lepton flavor problem. In chapter IV,

the branching ratios of quirkonium decays are calculated and the decay branching

ratios of quirkonia are shown.

Chapters II, III, and IV include previously published and unpublished co-

authored material with Graham Kribs.
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CHAPTER II

FOURTH GENERATION, SUPERSYMMETRY & ELECTROWEAK

BARYOGENESIS

This work was published in volume 78 of the journal Physical Review D in

October, 2008. Graham Kribs initiated this project; Ricky Fok performed all the

calculation and produced the tables and plots that appear in this chapter.

The origin of the antimatter-matter asymmetry is a deep mystery that remains

unsolved. Conditions that can lead to a dynamical asymmetry between baryons and

anti-baryons were articulated years ago by Sakharov [3]: baryon number violation, C

and CP violation, and out-of-thermal-equilibrium processes. All three conditions are

satisfied by the Standard Model as it passes through the electroweak phase transition.

But, the CP violation is too small [17], and the phase transition is not strongly first-

order (e.g., [2, 4, 18–20]), given the direct search bounds on the Higgs from LEP.

New physics with large CP violation is trivial to introduce into the model; weak

scale supersymmetry is an obvious example (care needs only to be taken to ensure

that induced electric dipole moments are within the experimental bounds). Even

with a new source of CP violation, if the phase transition is not strong enough, any

generated baryon asymmetry will be washed out. New physics that enhances the

first order phase transition, however, is generally much more tricky to achieve.

In the early 1990s it was realized that the electroweak phase transition could

be enhanced by modifying the effective cubic coupling in the thermal potential [18].

Nontrivial modifications of the cubic coupling require additional scalars with order

one couplings to the Higgs. In the minimal supersymmetric standard model (MSSM),
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the scalar superpartners to the top quarks stop can play precisely this role [21–23].

It has long been advocated that the region of MSSM parameter space with a light

stop (and a light Higgs) can yield a strong enough phase transition. Unfortunately,

the combination of direct searches for the Higgs and direct searches for stops have

virtually ruled out this possibility. The remaining parameter space [24] requires a

large hierarchy between the left-handed and right-handed stops to ensure the Higgs

satisfies the LEP bound.

The necessity to go beyond the MSSM as a means to strengthen the first order

phase transition is now widely discussed [25–33]. Several of these ideas add a singlet

field, such as in the NMSSM or nMSSM. Another related idea is to simply cut off

the SM at a low scale, adding the effects of higher dimensional operators [34] (which

can be equivalent to integrating out a singlet).

Yet another interesting possibility, and the one we will focus on in this chapter, is

to add more particles with modestly strong couplings to the Higgs. This was proposed

in [29]; the additional particles have quantum numbers such that they mix with the

MSSM charginos and neutralinos. Heavy particles that receive their mass entirely or

dominantly from electroweak symmetry breaking can have a substantial impact on

the electroweak phase transition. In this chapter we consider a modification to the

MSSM similar in spirit to [29] to enhance the phase transition. Namely, we add a

fourth generation of particles (and sparticles) to the MSSM. Larger couplings to the

Higgs are automatic simply due to the direct search bounds from LEP and Tevatron

on the Yukawa couplings of these new heavy fermions.

A fourth generation has historically been strongly disfavored by the absence of

flavor mixing, the Z → νν̄ constraint, and electroweak precision data (for instance,

see [35]). All of these objections can be straightforwardly overcome, as was recently
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emphasized in [36]. Below we summarize these results in the form of the parameter

space that is allowed. It is interesting that the constraints from electroweak precision

data can be overcome without or with an electroweak scale Majorana mass for the

fourth generation right-handed neutrinos. In the case that a Majorana mass does

indeed exist, lepton number is violated at the electroweak scale, and so scenarios of

baryogenesis that rely on an earlier generation of B−L number (such as leptogenesis)

do not work here [37]. Electroweak baryogenesis is one of the few mechanisms not

sensitive to this source of lepton number violation, and thus becomes even more

interesting to study.

2.1. Setup

We consider a low energy supersymmetric theory with a fourth chiral generation

of matter (the “4MSSM”). A fourth chiral generation of matter does affect

electroweak precision observables. One of the main results of [36] was to show that it

can be made completely consistent with electroweak precision data so long as there

are modest mass splittings between the isospin partners in the quark and lepton

doublets. This splitting causes a modest reduction in S simultaneous with a positive

contribution to T, allowing ensembles of parameters that are within the 68% CL

ellipse of the LEP Electroweak Working Group [38]. For example, the mass spectrum

mν′ = 100 GeV, m`′ = 155 GeV, mt′ = 310 GeV, mb′ = 260 GeV, and mh = 115 GeV

is perfectly acceptable. There is strong sensitivity to the mass differences while only

mild sensitivity to the overall scale of the particles. We will present results for both

the electroweak preferred ratio mt′/mb′ ∼ 1.2 as well as mt′ = mb′ for comparison.

With supersymmetry, there are additional contributions to electroweak precision

observables from superpartners (e.g., [39]). We have not included these contributions
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to optimize the parameter set to match electroweak data, simply because many

more parameters enter the fit that can be freely adjusted without affecting our

results for the electroweak phase transition. We therefore take fourth generation

Yukawa couplings consistent with [36] and take the scalar partner masses to be

equal, eliminating this potential additional contribution to isospin violation.

We will neglect all sub-leading contributions to the zero-temperature and finite

temperature effective potential. Sub-leading for us means couplings smaller than

about 1. We retain, of course, the contributions from gauge bosons. But we

neglect light fermions (u,d,c,s,b,e,µ,τ), Higgs bosons (the quartic is small), and all

superpartners other than t̃′1,2, b̃′1,2, t̃1,2. We also neglect contributions from fourth

generation leptons because the number of degrees of freedom per particle is only 1/3

that of quarks and the bounds on the mass from the non-observation in experiment

are much weaker than for quarks.

2.2. Supersymmetry with tan β = 1

In the limit tan β → 1, several aspects of supersymmetry drastically simplify.

From the definition of tan β ≡ 〈Hu〉/〈Hd〉, we see the vevs are equal, vu = vd = v/
√

2,

where v = 246 GeV. Yukawa couplings,

yf =
2mf

v
, (2.1)

are the same for the up-type and down-type fermions.

In the 4MSSM, the fourth generation quarks have large Yukawa couplings,

yt′,b′ = 2.1
( mt′,b′

260 GeV

)
, (2.2)
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FIGURE 2.1: An estimate of the cutoff scale of the 4MSSM as a function of the
fourth generation fermion mass by running the one-loop RGEs of the quark Yukawas
up to where they encounter a Landau pole (yf ′ ∼ 4π).

where 260 GeV is shown for convenience in comparison to the current direct search

bounds from the Tevatron [40, 41]. Note that these Yukawa couplings are a factor

of
√

2 larger than in a non-supersymmetric model, since the t′ and b′ acquire their

mass only through couplings to the up-type and down-type Higgs, respectively. If

tan β 6= 1, either the up-type or down-type Higgs vev is reduced, and thus to hold

the masses of the fermions fixed, one of yt′ , yb′ must increase. The choice tan β = 1

therefore allows the largest possible physical fourth generation fermion masses with

the smallest Yukawa couplings. Since yf cannot be arbitrarily large for perturbation

theory to be valid, the parameter choice tan β = 1 is really just maximizing the cutoff

scale of the model. Even with this adjustment, the cutoff scale is low. This can be

estimated by running the one-loop renormalization group equations for the Yukawa

couplings up to ∼ 4π. We show this scale as function of fermion mass in Fig. 2.1.

Note that requiring y2
f/(4π) . 1, implies yf . 3.5, corresponding to mf . 450 GeV;
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we will not consider fermion masses that much exceed this value.

In the limit tan β → 1 the Higgs sector also drastically simplifies. The tree-level

potential in the MSSM with tan β = 1 is

V =
(
m2
Hu

+ µ2
)
|H0

u|2 +
(
m2
Hd

+ µ2
)
|H0

d |2

−(bH0
uH

0
d + c.c.) +

1

8

(
g2 + g′2

) (
|H0

u|2 − |H0
d |2
)2
. (2.3)

Expand the neutral components as

 H0
u

H0
d

 =
1√
2

 v

v

+
1√
2

 cosα sinα

− sinα cosα


 h

H

 (2.4)

where the α rotation matrix diagonalizes the Higgs fluctuations (h, H) into mass

eigenstates. In the limit that the second Higgs doublet “decouples” (mA0,H,H± �

mh), the mixing angle α→ β, and thus the lightest Higgs is simply h = (H0
u−H0

d). In

this limit the tree-level Higgs potential vanishes, since h corresponds to the excitation

of a D-flat direction.

Since electroweak precision data prefers mt′/mb′ ' 1.2, this could be arranged

either by adjusting just these two Yukawa couplings yt′/yb′ = 1.2 or instead adjusting

tan β = 1.2. These two scenarios are nearly equivalent for our purposes, and so we

choose to set tan β = 1. Notice that even if tan β = 1.2, this would correspond to

the addition of 0.03M2
Z to the (mass)2 of the Higgs potential. As we will see, the

one-loop contributions will be far larger than this, so it is safe to completely neglect

tree-level contributions even if tan β were allowed to vary slightly from 1.

In addition to taking tan β = 1, we also choose supersymmetric parameters such

that the mass eigenstates of t̃′1,2 and b̃′1,2 correspond to the gauge eigenstates t̃′L,R
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and b̃′L,R. This is done purely to simplify our calculation. It is a rather conservative

approximation, since it is well known that increasing the off-diagonal contribution to

the squark mass matrix leads to an enhancement in the one-loop contribution to the

Higgs mass (e.g., see [42]). We expect that the parameter space with a strong first-

order phase transition will enlarge as this restriction is relaxed. Note that since the

off-diagonal left-right contribution to the up-type and down-type squark mass matrix

is equal to mf (Af − µ) (where again, tan β = 1), this simplification corresponds to

the specific parameter choice Af = µ.

Finally, as we discussed above, the Higgs potential simplifies in the limit

mA0 ,mH± ,mH0 � mh. This is a common assumption in the electroweak phase

transition literature: The calculational advantage is that the low energy theory is

effectively a one-Higgs-doublet model that is drastically simpler to analyze at finite

temperature.

2.3. One-loop Effective Potential

In the 4MSSM with tan β = 1, loop corrections entirely determine the Higgs

potential. We are interested in the loop corrections to just the scalar fluctuation

φ = (h+v)/
√

2. At one-loop the effective potential for the Higgs is simply determined

from the Coleman-Weinberg potential

V1 =
∑
i

ni
64π2

Mi(φ)4

(
log

Mi(φ)2

µ2
− ci

)
(2.5)

where Mi(φ) are the field-dependent masses, µ is the renormalization scale (MS

scheme), and ci’s are constants corresponding to 5/6 for gauge bosons and 3/2 for
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fermions and scalars. The degeneracies per particle are nq = −12 (for each q =

t, t′, b′), nq̃L = nq̃R = 6, nWT
= 4, nZT

= 2, nWL
= 2, nZL

= 1.

Expanding the effective potential as given above, evidently the minimum is not

necessarily located at the proper electroweak breaking scale v = 246 GeV. This is

easily remedied by imposing a renormalization condition on the mass parameter such

that the minimum is enforced to be at v. This amounts to adding the v-dependent

contribution to the effective potential,

∆V = −dV1(φ = v)

dv2
φ2 =

−
∑
i

ni
32π2

M2
i (v)

dM2
i (v)

dv2

(
log

M2
i (v)

µ2
+

1

2
− ci

)
φ2. (2.6)

The masses used in the effective potential are MS masses that differ from the

physical (pole) masses through finite and log-dependent corrections. The running

fermion masses are given at one-loop by

mf |pole = mf (µ)

[
1 +

αs
π

(
4

3
+ log

µ2

m2
f

)]
. (2.7)

Since the fourth generation fermions overwhelmingly dominate the contributions to

the (zero and finite-temperature) effective potential, we take µ =
√
mt′mb′ , i.e.,

the scale of the largest electroweak breaking masses in the problem. This tends to

minimize the higher order corrections to the potential, though are calculations are

not particularly sensitive to the precise choice of renormalization scale.

The running scalar masses also differ from their physical pole masses through

one-loop corrections depending on not only the gluon but also gluino diagrams

[39]. This correction is generally numerically smaller than the correction to the
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FIGURE 2.2: An illustration of the effect of adding one additional heavy fermion
that obtains a mass of 300 GeV entirely from electroweak symmetry breaking. The
figure (a) on the left shows an effective potential at the critical temperature Tc (solid
line) and the new effective potential with an additional heavy fermion (dashed-line),
except that only the thermal contribution, VT1, is included in (a). Figure (b) on the
right shows the the effect of including just the thermal contribution (dashed-line),
identical to Figure (a), and then the effect of including both the thermal contribution
as well as the zero-temperature contribution V1 (solid-line). The net effect shown in
Figure (b) solid-line is that the global minimum at φ ' φc decreases and thus Tc
increases.

fermion mass, typically less than a few %. Moreover, since the correction is gluino

mass-dependent, relating the pole mass to the running mass requires specifying

an otherwise unfixed parameter in our model. We choose instead to simply take

mf̃ ,pole = mf̃ (mf̃ ), thus neglecting the difference between the pole and running mass

for the squarks.

2.4. Finite Temperature One-loop Effective Potential

The finite-temperature contributions to the effective potential are [2, 4, 18–20]

VT = VT1 + Vring (2.8)
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where

VT1 =
∑
i

ni
2π2

Ji

(
M2

i

T 2

)
T 4 (2.9)

Vring = − T

12π

∑
k=WL,ZL

nk
(
M̄3

k −M3
k

)
(2.10)

and

M̄2
k = M2

k + Πk . (2.11)

The field-dependent fermion and scalar masses are

Mf (φ)2 = 2y2
fφ

2 (2.12)

Mf̃ (φ)2 = M2
soft +Mf (φ)2 . (2.13)

Explicit expressions for the thermal masses of the SM gauge bosons can be found in,

e.g., Ref. [43]. The thermal contributions depend on the thermal functions

JB,F (y2) =

∫ ∞
0

dx x2 log
[
1∓ exp

(
−
√
x2 + y2

)]
. (2.14)

Often a high temperature approximation is employed to estimate these integrals.

In our case, due to the large Yukawa couplings, this approximation is generally

not appropriate. Consequently, all computations given below evaluate the thermal

functions JB,F numerically. The ring contribution (2.10) is only relevant for the

longitudinal components of the W and Z. No contributions from scalars are included
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here since the squarks receive a contribution from soft supersymmetry breaking, and

thus they remain heavy in the φ→ 0 limit.

The contributions included in the thermal effective potential are exactly the

same as those included in the zero-temperature effective potential. Namely, we

include t′, b′, t, their superpartners t̃′L,R, b̃
′
L,R, t̃L,R, as well as the transverse and

longitudinal components of W,Z. All other contributions to the finite-temperature

effective potential can be safely neglected.

In the Standard Model, the phase transition becomes second order when the

Higgs mass approaches 70 GeV [44]. Qualitatively, this is because the transverse

modes of W and Z, which drive the first order phase transition in the standard model,

develop a thermal mass from non-perturbative effects. If the transverse thermal

masses are large, they effectively remove the cubic term from the thermal potential

when the effective potential is reset to zero at φ = 0, and the phase transition

becomes second order. In our model, the first order phase transition is mostly driven

by squarks. In fact, when W and Z are neglected in our model, φc and Tc changes

very little and the phase transition remains first order. Therefore, we expect non-

perturbative effects encountered in the standard model have negligible effects in our

calculations.

2.5. Effects of New Heavy Particles

The effects of heavy particles (that receive their mass dominantly from

electroweak symmetry breaking) on the electroweak phase transition can be broadly

characterized as follows. Consider the effective potential at Tc, where there are two

degenerate minima Veff (0, Tc) = Veff (φc, Tc) located at φ = 0 and φ = φc. Now add

to this a new particle that satisfies m(φc)/Tc � 1. The phase transition strength

34



can be modified via two ways from this new particle. One is through corrections

to the thermal contribution JB,F (m2/T 2); the other is through the zero-temperature

Coleman-Weinberg potential.

2.5.1. Thermal Effects

The contributions from bosons and fermions with masses larger than the critical

temperature, m � Tc, can be characterized by how they contribute at large field

values φ � T and small field values φ � T . At large field values, we can take a

low temperature approximation to the thermal effective potential. In this limit, the

contribution from fermions or bosons becomes

VT1|T�m = |n|
(
M(φ)

2πT

)3/2

T 4 exp

[
−M(φ)

T

]
(2.15)

where n counts the number of degrees of fermion per boson or fermion with field-

dependent mass M(φ). Clearly, when M(φ)� T , which is equivalent to φ� T (with

order one or larger Yukawa couplings), the contribution to the effective potential from

fermions or bosons is exponentially suppressed.

At small field values, we can take a high-temperature approximation to the

thermal contribution to the effective potential. The leading order contribution is the

field-independent constant

VT1|T�m = −|n|cB,F
π2

90
T 4 (2.16)

where cB,F = (1, 7/8) for a boson or fermion contribution.
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FIGURE 2.3: This plot shows that the electroweak phase transition order parameter
decreases if a new heavy chiral quark is added to the theory.

The combination of equations (2.15) and (2.16) imply that the introduction of a

heavy fermion or boson causes a substantial negative shift in the potential at φ = 0

while causing a negligible shift in the potential at φ = φc. As an illustration, we show

in Fig. 2.2(a) the effect of adding one additional heavy degree of fermion that obtains

a mass of 300 GeV entirely from electroweak symmetry breaking. Readjusting the

minimum Veff(φ = 0) = 0 shifts the potential up for all field values, thereby removing

the second minimum at φ = φc, and thus restoring electroweak symmetry. We must

lower the temperature further in order to have the second minimum reappear in the

effective potential with the new heavy fermion or boson.
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FIGURE 2.4: Contour plot with the ratio mq̃′/mq′ fixed, from top to bottom, as
1.05, 1.1, 1.15, 1.2. The masses of the fourth generation quarks are taken to be equal.

2.5.2. Zero-temperature Effects

The second effect of heavy bosons and fermions is that they also modify the zero

temperature effective potential. Here, however, the effect of fermions and bosons

is different. There are two contributions whose origin is ultimately the Coleman-

Weinberg potential. One contribution is to the quartic coupling (2.5), while the

second contribution is the quadratic term (2.6). For smaller field values, i.e., φ . µ,

the dominant contribution is from the quadratic term. Since we choose µ ' mq′ , the

log term drops out, giving an overall negative (positive) contribution to the effective

potential from fermions (bosons).

The negative contribution from fermions at modest field values actually

overpowers the effect from the thermal contributions discussed above. This is

illustrated in Fig. 2.2(b). The net result is that introducing new heavy chiral fermions

causes a decrease in φc/Tc as the mass of the fermion is increased. The resulting
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FIGURE 2.5: Contour plot of the lightest Higgs mass as a function of the fourth
generation quark mass. Each contour corresponds to a fixed ratio mq̃′/mq′ , from top
to bottom, 1.2, 1.1, 1.0, 0.95 with mt′ = mb′ and mt̃ = mq̃′ .

decrease in the order parameter of the SM with one additional chiral fermion is

shown in Fig. 2.3.

Adding bosonic contributions cancels the contribution from fermions in the

Coleman-Weinberg potential. This cancellation is one-loop exact in the limit

mf̃ ′ = mf ′ , i.e., no SUSY breaking contribution to the scalar mass. This makes

it clear that we need both heavy fermions and scalars with equal numbers of degrees

of freedom and similar masses to utilize the mechanism of Ref. [29] to lower φc/Tc.

Ref. [29] estimated that of order ten or more degrees of freedom is needed to

enhance the phase transition sufficiently to achieve φc/Tc & 1. A fourth generation

quarks corresponds to adding fifteen degrees of freedom. (We could have equivalently

added degrees of freedom in other ways, such as several pairs of vector-like lepton

doublets that only get mass through the Higgs mechanism. This is anohter interesting

possibility that we will not explore here [45].) We have calculated the strength of
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FIGURE 2.6: The region in the quark/squark mass plane where the electroweak
phase transition is strongly first-order is shown. The regions shown in the left- and
right-hand side figures (a) and (b) are identical: the upper boundary (the solid line) is
determined by φc/Tc = 1 while the lower boundary is determined by mh = 115 GeV.
The dotted and dot-dashed contours on the left-hand side figure (a) corresponding
to φc/Tc = 1.5, 2.0 respectively. The dotted, dot-dashed and dashed contours on the
right-hand side figure (b) correspond to the Higgs masses mh = 150, 200, 250 GeV
respectively.

the phase transition for a range of quark and squark masses. The results are shown

in Fig. 2.4.

2.6. Lightest Higgs Mass in the 4MSSM

Given the parameter choice tan β = 1, the tree-level Higgs potential vanishes,

and thus the lightest Higgs mass also vanishes at leading order. It is well known

that loop corrections from splitting the tops from stops in the Coleman-Weinberg

potential provide large corrections to the tree-level value. In the 4MSSM, we can

split not only the top and stops, but also split the fourth generation quarks from

squarks. Since the one-loop contribution to the Higgs quartic coupling is proportional
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to y4
f , even a small splitting between f and f̃ has a very important effect. A one-

loop estimate of the lightest Higgs mass in the 4MSSM can be obtained by taking

d2(V0 + V1)/dφ2 at φ = v. This gives our rough estimate for the Higgs mass

m2
h =

∑
f=t,t′,b′

3

2π2

m4
f

v2
log

m2
f̃

m2
f

, (2.17)

where again v = 246 GeV. In Fig. 2.5 we show Higgs mass plotted against different

mt′ = mb′ masses, where we fixed all squark masses to be equal mt̃′ = mb̃′ = mt̃. Each

contour has the fourth generation squark-to-quark mass ratio fixed mf̃ ′/mf ′ . Clearly,

when the splitting between the fourth generation squarks and quarks vanishes, there

is an insufficient one-loop contribution from top/stop loops to raise the Higgs mass

much above about 60 GeV. Nevertheless, for even a small splitting between fourth

generation squarks and quarks, one can easily obtain a one-loop contribution to the

Higgs mass that far exceeds the LEP bound so long as mf & 300 GeV.

2.7. Results

Combining our calculation of the phase transition with our calculation of the

Higgs mass, we can find the allowed region in parameter space where the first

order phase transition is strong φc/Tc & 1 while the Higgs mass satisfies the LEP

bound mh > 115 GeV. We have computed this for the mass ratio mt′/mb′ = 1 in

Fig. 2.6 and mt′/mb′ = 1.2 in Fig. 2.7. In Fig. 2.6(a) we show contours of increasing

φc/Tc, illustrating that it is straightforward to obtain values that significantly exceed

φc/Tc = 1. In Fig. 2.6(b) we show contours of increasing Higgs mass, illustrating

that it is also straightforward to to obtain values that significantly exceed mh = 115

GeV.
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FIGURE 2.7: Same as Fig. 2.6 but we take mt′/mb′ = 1.2, as favored by electroweak
precision data The basic shape and size of the region is the same, illustrating that
our results are not particularly sensitive to the heavy fourth generation quark mass
ratios.

Note that our plots are with respect to the pole masses of quarks and squarks

(as well as the ratio mq′/mq̃′). The quantities that enter the effective potential are

MS-renormalized masses, which differ (as we discussed above) for fermion masses.

Since the fermion pole mass is larger than its MS-renormalized counterpart by about

5%, the ratio of pole masses can be as small as 0.95 while the ratio of MS masses is

still larger than one. This is why the fourth generation contributions to the Higgs

mass (2.17) remains positive even when the ratio of pole masses mq′/mq̃′ is smaller

than one.

These results suggest that even though only one-loop approximations for the

effective potential and the Higgs mass calculation were employed, we are not near

any critical boundary, and so a more refined calculation is expected to only modestly

adjust the parameter regions we have shown. For instance, there are several much
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higher precision calculations of the Higgs mass that could be employed; since we

choose Af = µ, the off-diagonal contribution to the squark mass matrix vanished.

This choice of parameters underestimates the Higgs mass that could be obtained

(all other parameters equal), and so we expect that a more exhaustive scan of the

parameter space including the latest two-loop expressions for the Higgs mass will

only relax the constraints we have shown. We expect similar statements also hold

for the thermal effective potential, since again our results show that there are model

parameters where the 4MSSM model has an electroweak phase transition with φc/Tc

that is is far above the critical first-order boundary ' 1.

In the next chapter, a method to suppress unnaturally large slepton flavor mixing

by introducing supersymmetry will be discussed.
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CHAPTER III

µ TO e IN R-SYMMETRIC SUPERSYMMETRY

This work was published in volume 82 of the journal Physical Review D in

August, 2010. Graham Kribs initiated this project; Ricky Fok performed all the

calculation and produced the tables and plots that appear in this chapter.

Lepton flavor violation (LFV) is predicted to occur at an unobservably small rate

in the Standard Model (SM). In low energy supersymmetric theories, new sources

of lepton flavor violation are generic in the soft breaking sector. The experimental

non-observation of µ → e processes is particularly restrictive, given the impressive

bounds on µ → eγ from MEGA [47] and MEG [48]; on µ → e conversion from

SINDRUM II [49], and to a lesser extent from µ→ 3e from SINDRUM [50]. Further

progress is expected from the varied experiments that are ongoing as well as planned

future experiments such as Mu2e [51] and other proposals utilizing Project X at

Fermilab [52].

In the minimal supersymmetric standard model (MSSM), µ ↔ e mixing is

severely constrained by these bounds (e.g. [53–57]). The size of the mixing can be

characterized by the quantity δ`XY ≡ δm2
XY /m

2 where δm2
XY is the off-diagonal (12)-

entry appearing in the sfermion mass matrix connecting the X-handed slepton to the

Y -handed slepton, andm2 is the average slepton mass. Ref. [57] found δ`LR . 3×10−5,

while δ`LL . 6× 10−4 over a scan of the mSUGRA parameter space. Similarly strong

bounds on δ`RR can also be found, though cancellations between diagrams in the

amplitude can in some cases allow for much larger mixing [55–57].
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Recently, a new approach to weak scale supersymmetry that incorporates an

extended R-symmetry [58], suggests large flavor violation in the supersymmetry

breaking parameters may be present without exceeding the flavor-violating bounds.

This is possible for several reasons: R-symmetric supersymmetry has no flavor-

violating LR mixing, solving the worst of the problem trivially. R-symmetric

supersymmetry has Dirac gauginos, and no Majorana masses, removing all

dimension-5 flavor-violating operators. Finally R-symmetric supersymmetry also

has no flavor-conserving LR mixing, and so there are no “large tan β enhanced”

effects. These benefits were found to virtually eliminate constraints on the slepton

flavor mixing [58].

In this chapter we reconsider the constraints on slepton mixing, specifically,

µ ↔ e mixing. Unlike the MSSM, the most important constraint is not necessarily

µ → eγ. This is easily seen by inspection of the R-symmetric flavor-violating

operators: µ → eγ requires a chirality-flip via a muon Yukawa coupling, whereas

µ → e conversion has no such requirement. We find that µ → e conversion rules

out maximal mixing throughout the right-handed slepton mixing parameter space

for sub-TeV superpartner masses. This is complementary to µ → eγ, where we

find cancellations between the bino and Higgsino diagrams, analogous to what was

found before in the MSSM [55–57]. For left-handed slepton mixing, we find possible

cancellations in the amplitudes for µ → e conversion, and instead µ → eγ provides

generally the strongest constraint. We also calculated µ→ 3e and find it provides the

weakest constraint on both left-handed and right-handed slepton mixing throughout

the parameter space we consider.

This chapter is organized in as follows: We review the relevant characteristics of

a model with an extended R-symmetry, and the super GIM mechanism in Sec. 3.1..
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In Sec. 3.2., we begin the discussion of experimental constrains on the parameters

from µ → eγ, in Sec. 3.2.1., µ → e conversion in Sec. 3.2.2., and finally, µ → 3e in

Sec. 3.2.3.. In Sec. 3.3. we briefly discuss implications for slepton flavor violation to

be observed at LHC.

3.1. A Simplified R-symmetric Model

We are interested in analyzing LFV in the minimal R-symmetric standard

model (MRSSM). The gaugino structure of the MRSSM has been studied in detail

in Ref. [59], where the mixings and couplings of the four Dirac neutralinos and

four Dirac charginos are given. Weak scale supersymmetry with Dirac gauginos

is a possibility that was contemplated some time ago [60–62] and more recently

[58, 59, 63–78]. A fully general analysis of LFV in the MRSSM would be a substantial

undertaking. Fortunately, there are several simplifications we can employ to gain a

fairly general understanding of the allowed parameter space of LFV in the MRSSM.

One important restriction is that the Dirac wino cannot be light in the MRSSM,

due to the structure of the wino supersoft operator [63]. Essentially there is an

unavoidable contribution to the vev of the SU(2)L-triplet scalar that causes a

contribution to the ρ parameter that is too large unless the wino is above about

a TeV. Secondly, since there is no coupling between up-type Higgs and leptons, the

contribution from the up-type Higgsino eigenstates is suppressed by the small mixing

between bino or H̃d and H̃u, and so can be ignored.

Itemizing the simplifications, we take:
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1. The wino mass, M2, is taken to be sufficiently large so as to give negligible

contribution to flavor violating interactions. This simplification means that the

ρ-parameter is automatically safe throughout the parameter space we consider.

2. The up-type Higgsino mass µu, is also taken to be large for convenience. Since

the up-type Higgsinos play no role whatsoever in charged lepton flavor-violation

(given also point 1), this is done simply to keep the gaugino sector to a 2 × 2

structure and thus easily understood. (We will, however, consider effects of a

light up-type Higgsino on flavor-violating signals at LHC in Sec. 3.3..)

3. We consider left-handed and right-handed slepton mixing separately. This is

standard practice when considering flavor-violation in the MSSM (e.g., [57]).

We will see that there are qualitative differences between the allowed parameter

space of left-handed and right-handed slepton mixing.

4. We assume the slepton mixing is purely in the 2 × 2 flavor space of e, µ.

Enlarging this mixing to the full 3 × 3 mixing does not qualitatively change

any of our results, and instead simply dilutes the effect of the mixing, while

adding more mixing angles and thus more parameters to the model. Since the

focus of this chapter is to explore µ ↔ e mixing, no further discussion of the

3× 3 case will be given.

5. For our numerical results, we take ml̃2
= 1.5ml̃1

. This seems a far more drastic

assumption than it actually is. Our motivation is to consider slepton flavor

violation when there is essentially no degeneracy among the sleptons, and so

we took the slepton mass ratio to be “order one” but not near one. Taking the

ratio much larger than one does not appreciably increase the flavor violation,
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while taking it smaller causes the super-GIM mechanism to suppress the flavor-

violating signal. Our compromise is the above number.

In Appendix A, we provide more details on the gaugino structure and

flavor-violating interactions as directly relevant to this chapter. With the above

assumptions, there is only one light Dirac chargino (which is H̃±d -like) and two light

Dirac neutralinos (which are mixtures of H̃0
d and B̃).

A few more comments on the slepton mass eigenstate hierarchy are in order.

MSSM analyses of slepton flavor violation have, by necessity of LFV constraints,

concentrated on the case where the mass difference between the different states is

small, ∆2 ≡ m2
l̃2
−m2

l̃1
� m2

l̃1,2
. In this limit, it is straightforward to show that the

contribution to LFV can be expanded in powers of ∆2, taking the form

sin 2θl

(
∆2

M2
SUSY

+ . . .

)
, (3.1)

where MSUSY is typically the largest mass sparticle in the diagram that dominates

the process. There is no ∆-independent contribution within the parentheses due

to the super GIM mechanism (see the next section). Since sin 2θl = 2m2
eµ/∆

2, one

factor of ∆2 cancels, giving proportionality to the δ parameter mentioned in the

introduction and used in many other papers on LFV in the MSSM (at least up to a

possible further suppression of |ml̃1
ml̃2
|/m2

N,C if mN,C � ml̃1,2
).

In this chapter, ∆2 is not small, and so using the “δ parameter” is simply not

appropriate. Instead, it is easy to see that in the opposite limit, ∆2 � m2
l̃1

, the

contributions to LFV are proportional to simply sin 2θl/m
2
l̃1

. Hence, the relevant

parameters we show in most of our numerical results are bounds on sin 2θl as a
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function of the slepton, gaugino, and Higgsino masses. Reducing the splitting can be

roughly approximated by relaxing the constraint on sin 2θl by ratios of ∆2
old/∆

2
new.

3.1.1. The Super GIM Mechanism

The “super-GIM mechanism” – the GIM mechanism [79] applied to flavor in

the superpartner sector – is important in understanding the phenomena of flavor

violation. As is well known, the super-GIM mechanism arises as a consequence

of the unitarity of the slepton mixing matrices that diagonalize the mass matrix;

U †ikUkj = δij, where the sum over repeated indices is performed. This combination of

mixing matrix elements always appears as a prefactor in the calculation of amplitudes

of flavor violating processes. Specifically for our case of slepton flavor violation, we

have U †ekUkµ = 0, corresponding to an incoming muon, and an outgoing electron,

with internal sleptons labeled by k. The sum over k corresponds to summing over

all mass eigenstate sleptons l̃k in the loop. There are two immediate consequences

of the super-GIM mechanism.

First, terms that do not depend on the slepton masses do not contribute. Let

f(mk) be some function that depends on the mass of the sleptons and α be some

quantity that does not depend on mk, then

∑
k

U †ekUkµ[α + f(mk)] =
∑
k

U †ekUkµf(mk). (3.2)

The form of Eq. (3.2) appears when a logarithmic divergent loop integral is

dimensionally regularized, and one finds the 1/ε term appearing as a constant term

α in the above equation. This leads to an important result: the would-be logarithmic

UV divergence in flavor-conserving processes is, in fact, UV finite in flavor-violating
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processes. In this chapter, unless otherwise stated, we will omit the terms in our

expressions that are canceled by the super-GIM mechanism.

The other well known consequence is that, when all the sleptons are degenerate,

there is no flavor violation. This can be seen again in Eq. (3.2) with mk = m, the

sum over all slepton flavors in a flavor-violating process vanishes.

3.2. Experimental Constraints

There are three µ→ e conversion processes with experimental bounds: µ→ eγ,

µ→ e conversion, and µ→ 3e. In this section we present our calculations of the rates

of these processes and present results in terms of a series of contour plots showing

the allowed parameter space.

The rate for µ → eγ was estimated in Ref. [58] in the slepton flavor-violating

mass-insertion approximation with a pure bino and wino and a specific gaugino

hierarchy. In this chapter we have neglected the wino, due to the ρ parameter

constraint, and instead included the down-type Higgsino H̃0
d . Since we have

considered large mixing angles, up to and including maximal mixing, we have

diagonalized the slepton masses explicitly and done our loop calculations involving

the slepton mass eigenstates.

As stated in our simplifications, we have not included contributions from the

wino or up-type Higgsino. We focus on the case where the sleptons and the lighter

neutralinos are in the sub-TeV range where wino contributions can be reasonably

ignored. The up-type Higgsino does not couple to leptons, and we take the light

quark Yukawa couplings to vanish. Thus, the up-type Higgsino does not give a

significant contribution to any of µ→ eγ, µ→ e conversion in nuclei and µ→ 3e.
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With these simplifications, the amplitudes of LFV processes are sensitive to

just two neutralinos, mixtures of B̃ and H̃0
d inside the loops. We can also neglect the

contributions due to charginos because the only light chargino is H̃0
d -like. Hence, all

types of diagrams we consider involving a chargino are suppressed not only by one

power of muon Yukawa, but also one power of either the electron Yukawa, or the tiny

wino content of the light chargino at the lepton-chargino-sneutrino vertex. This also

means that sneutrino mixing does not contribute to LFV processes, and thus the

difference in the amplitudes between left-handed and right-handed slepton mixing

is due solely to the hypercharges and masses of the left-handed and right-handed

charged leptons.

3.2.1. µ→ eγ

The neutrinoless muon decay µ → eγ occurs through the effective magnetic

dipole moment operator, ēσµνF
µνµ, and requires a chirality flip of fermions. There

are no tree level operators that lead to this decay, and the lowest order is at one loop.

In the MRSSM, there are only two types of contributions to the µ→ eγ amplitude:

one where the chirality flip occurs on the external muon line, and the other where

the flip occurs as a result of a muon-smuon-Higgsino vertex proportional to the muon

Yukawa coupling. The diagrams are shown in Fig. 3.1.

We calculated the amplitudes in the mass eigenstate basis of the sleptons and

neutralinos, and as a check we derived the results obtained in Ref. [54] (replacing

their µ̃-τ̃ mixing with ẽ-µ̃ mixing). The effective Lagrangian is

Leff =
mµ

2
ēσµνF

µν(ALγdipPL + ARγdipPR)µ. (3.3)
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(a) Chirality flip on the external muon line. (b) Chirality flip at the Yukawa vertex.

FIGURE 3.1: Feynman diagrams for µ → eγ corresponding to the amplitudes (a)
ARin1 and (b) ARin2 mediated by right-handed slepton flavor mixing. The diagrams
for left-handed slepton flavor mixing are obtained by swapping L↔ R.

We rewrite the amplitudes ALγdip and ARγdip, as

ALγdip =
2∑
i=1

(ALin1 + ALin2) (3.4)

ARγdip =
2∑
i=1

(ARin1 + ARin2) , (3.5)

where the sum is over the i-th neutralinos. The subscripts 1 and 2 denote the

locations of the chirality flip on the muon line and at the muon-slepton-gaugino

vertex, respectively. As we shall see below, for right-handed sleptons there can be

an accidental cancellation between amplitudes involving these diagrams.

The µ→ eγ branching ratio is given by

BR(µ→ eγ) =
48απ3m2

µ

G2
F

[
|ALγdip|2 + |ARγdip|2

]
, (3.6)
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with the amplitudes involving a neutralino Ni and sleptons l̃1 and l̃2 with the sleptons

mass-ordered as ml̃1
< ml̃2

. The amplitudes involving right-handed sleptons are

ARin1 =
(Y l

R)2g′2

3(16π2)
(OLiB̃)2 cos θl̃ sin θl̃

[
fn1(x1i)

m2
l̃R1

− fn1(x2i)

m2
l̃R2

]
, (3.7)

ARin2 =
Y l
Rg
′2mNi

2(16π2)MZ sin θw cos β
ORiH̃0

d
OLiB̃ cos θl̃ sin θl̃

[
fn2(x1i)

m2
l̃R1

− fn2(x2i)

m2
l̃R2

]
,

(3.8)

where ARin1 is the amplitude that involves an external chirality flip of the muon

and ARin2 involves a flip at the Higgsino vertex. Here ORiH̃0
d

and OLiB̃ are the

Higgsino and bino content of Ni, respectively (i.e., the corresponding elements in

the orthogonal matrices that diagonalize the gaugino mass matrix squared), and

Y l
R = Y lc = +1. To lowest non-vanishing order in MZ , the neutralino mixings are

(dropping the subscripts L and R from now on):

O1B̃(µd �M1) = O1H̃0
d
(µd �M1) =

cos β sin θwMZµd
M2

1 − µ2
d

, (3.9)

O2B̃(µd �M1) = O2H̃0
d
(µd �M1) = −cos β sin θwMZM1

M2
1 − µ2

d

,

(3.10)

and Oi(B̃,H̃0
d) = 1 in the appropriate limits. The functions fnj(xi), with xik =

m2
Nk
/m2

l̃Ri
, with j = 1, 2, come from integrating over the loops in the diagrams:

fn1(x) =
1

2(1− x)4
(1− 6x+ 3x2 + 2x3 − 6x2 lnx), (3.11)

fn2(x) =
1

(1− x)3
(1− x2 + 2x lnx). (3.12)
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Finally, the amplitudes for the left-handed sleptons can be obtained from the right-

handed slepton results by doing the replacements

ARγdip → ALγdip upon (Y l
R,m

2
l̃Ri

)→ (Y l
L,m

2
l̃Li

). (3.13)

Inserting the results in Eqs. (3.9)-(3.10) into (3.7)-(3.8), we see that to lowest

vanishing order in MZ , BR(µ → eγ) is independent of tan β. We can also see

explicitly that when the two slepton masses are degenerate, the branching ratio

vanishes, as expected from the super GIM mechanism.

As an aside, it is also straightforward to see what happens to the results when

the mass hierarchy between the slepton and the neutralino are inverted. The loop

functions satisfy the identities,

fn1(x) + fn1

(
1

x

)
=

1

2
, (3.14)

xfn2(x)− fn2

(
1

x

)
= 0. (3.15)

We are now in a position to discuss the amplitudes in various limits. In the

bino-like limit M1 � µd, one sees that AR1n1 dominates, as ARin2 is of order M1/µd.

When N1 becomes H̃0
d -like, there is a cancellation between the amplitudes

involving a chirality flip on the external muon line, and the one with the flip occurring

at the muon Yukawa vertex. The dominant diagram in the B̃-like case, AR1n1, is now

suppressed by µ2
d/M

2
1 , the same suppression factor appears AR1n2. So the dominant

amplitudes come from the diagrams involving a B̃-like neutralino exchange. Note

that AR2n2 has an opposite sign compared to AR2n1 and the total amplitude can

vanish for some choice of parameters.
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In Figs. 3.2(a)-3.2(d), we show the allowed regions in MRSSM parameter space

with right-handed slepton mixing that satisfy the bound BR(µ→ eγ) < 1.2× 10−11

[47, 48].

The situation is drastically different in the case of left-handed slepton mixing.

The hypercharge of the left-handed leptons (Y l
L = −1/2), has an opposite sign to

the right-handed lepton hypercharge, and so the amplitudes interfere constructively,

instead of destructively as in the case of right-handed slepton mixing. This leads

to a more severe bound on the allowable regions in parameter space for left-handed

slepton mixing. This is shown in Figs. 3.3(a)-3.3(d).

3.2.2. µ→ e Conversion in a Nucleus

The conversion of a muon into an electron can give a qualitatively distinct

bound on µ↔ e slepton mixing because there are several types of operators beyond

those that contribute to µ → eγ. We discuss the operators for µ → e conversion,

one-by-one, in this section.

The µ→ e conversion amplitude is dominated by coherent processes, and so we

only took the quark vector currents into account. The operators that contribute to

the incoherent terms, q̄γ5q, q̄γµγ5q, and q̄σµνq have been neglected. This leaves us

with the scalar and vector current, q̄q and q̄γµq, respectively [53].

The only diagram that can contribute to a scalar quark current is the box

diagram. Without left-right mixing of sleptons in the MRSSM, the dominant term,

with bino couplings at each vertex, contains no chirality flip of the quarks, and is

therefore a vector current. We also take the quark current to be non-relativistic to

simplify the calculation involving the magnetic dipole term. Thus, the amplitude
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FIGURE 3.2: Regions in parameter space (shaded) that satisfy the µ → eγ bound
for right-handed slepton mixing. The mass of the heavier slepton is set to 1.5ml̃1

.
From light to dark, the shaded areas denote mixing with sin 2θl̃ = 0.1, 0.5 and 1,
respectively. The funnel regions in the plots with µd = 100, 200 GeV is caused
by the cancellation between the amplitudes involving the bino-like and the H̃0

d -like
neutralinos.
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FIGURE 3.3: Same as Fig. 3.2 but for left-handed slepton mixing. We have restricted
M1 < 500 GeV since contributions from wino-like charginos not been included (see
Sec. 3.1. for a discussion).
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for µ → e conversion is well approximated, for our purposes, by only taking quark

vector currents into account.

The diagrams we consider are the photon penguin, the Z penguin, and the box

diagram shown in Figs. 3.4,3.5,3.6,3.7. We only take the dominant terms of the box

and the Z penguin amplitude into account: that is, the terms involving the bino

coupling at each vertex which does not contain any chirality flips of the external

fermions. The effective Lagrangian at the parton level can be written as [53]

Leff =
∑
q=u,d

−Qqe
2ē

[
γµ(ALγPL + ARγ PR) +

mµ

k2
iσµνkν(A

L
γdipPL + ARγdipPR)

]
µq̄γµq

+ e2
∑
q=u,d

ēγµ[(ALZ + AqLbox)PL + (ARZ + AqRbox)PR]µq̄γµq, (3.16)

where Qq is the quark electric charge, k2 ∼ −m2
µ is the momentum transfer, AL,Rγ,Z

and AL,Rγdip,Z correspond to the γ-penguin and Z-penguin, respectively, and A
q(L,R)
box

corresponds to the box diagram.

The most severe upper bound to date is on the conversion rate ratio with a

gold nucleus BR(µ → e)Au ≡ Γ(µ−Au → e−Au)/Γ(µ−Au)capture < 7 × 10−13 from

SINDRUM II [49]. Because of the large number of protons in the gold nucleus, the

distortion to the muon wave function from a plane wave must be taken into account

when evaluating the overlap between the muon and nucleus wavefunctions. This

has been done in Ref. [80], and we will use their overlap integrals, with the neutron

density determined from pionic atom experiments (method 2 in [80]). Other nuclei

could also be of interest, particularly as a way to distinguish different models [81].

The conversion rate is

Γµ→e = 4m5
µe

4|A L
γdip + A R

γ + A R
box + A R

Z |2 + (L↔ R), (3.17)

57



where,

A L
γdip = − 1

8e
ALγdipD, (3.18)

A R
γ = ARγ V

(p), (3.19)

A R
box = −(2AuRbox + AdRbox)V (p) − (AuRbox + 2AdRbox)V (n), (3.20)

A R
Z = [(2Zu + Zd)V

(p) + (2Zd + Zu)V
(n)]ARZ , (3.21)

where Zq = (ZqR + ZqL)/2, with Zq(L,R)
= IqL,R −Q sin2 θw, IuL = 1/2, IdL = −1/2 for

up and down type quarks, and IqR = 0. The first term in Eq. (3.17), proportional

to |A L
γdip + A R

γ + A R
box + A R

Z |2, corresponds to slepton mixing in the right-handed

sector, while the second term proportional to |A R
γdip +A L

γ +A L
box+A L

Z |2, corresponds

to to slepton mixing in the left-handed sector. The coefficients D and V (p,n) are to

the overlap integrals of the muon and the nucleus for the leptonic dipole and vector

(proton, neutron) operators. We used, for a gold nucleus, D = 0.167, V (p) = 0.0859,

V (n) = 0.108 from Ref. [80].

Now we will discuss each diagram below. We will present the results for both

left- and right-handed slepton mixing. But, for simplicity, we will only discuss the

case of right-handed slepton mixing explicitly. The amplitudes corresponding to left-

handed slepton mixing can be obtained from the right-handed ones by replacing the

appropriate hypercharges and slepton masses. Note that for the Z-penguin, there

is also an additional minus sign after the replacement of hypercharges and slepton

masses.
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FIGURE 3.4: Schematic diagram illustrating the set of penguin contributions to
µ → e conversion (for f = q) as well as µ → 3e (for f = e). The blob in the figure
arises from both charge radius subdiagrams shown in Fig. 3.5, as well as Z penguin
subdiagrams, the dominant ones shown in Fig. 3.6.

3.2.2.1. Charge Radius

The charge radius amplitude AL,Rγ comes from the γ-penguin, without a chirality

flip of the leptons. The dominant term is the one involving the B̃-like neutralino in

the loop, with B̃ coupling at each vertex connecting a lepton. The other terms are

suppressed either by the muon Yukawa or by two powers of the small bino content in

the H̃0
d -like neutralino. The contributions to the effective vertex of the charge radius

is shown in Fig. 3.5. Summing over these contributions give1,

ARγ =
g′2(Y l

R)2

576π2

sin 2θl̃
m2
l̃1

fγ

(
M2

1

m2
l̃1

)
− (ml̃1

→ ml̃2
), (3.22)

with

fγ(x) =
1

1− x4
(2− 9x+ 18x2 − 11x3 + 6x3 lnx). (3.23)

1We have checked that, even when µd = M1, the value given by this expression differs to the
exact one by . 1%. So this expression is valid over all ranges of M1 and µd. The discrepancy
comes from the small mass splitting of the neutralinos when the gaugino and Higgsino masses are
degenerate. We have used the exact expression in our numerical analysis.
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(a) (b) (c)

FIGURE 3.5: Contributions to the effective vertex from the charge radius operator.
Graph (c) is suppressed by a factor of m2

e/m
2
µ compared to (b), and can be ignored

in the limit of vanishing electron mass. Also in this limit, graph (b) exactly cancels
graph (a) for vanishing photon momentum, satisfying the Ward identity. Only right-
handed slepton flavor mixing diagrams are shown, while left-handed slepton flavor
mixing diagrams are obtained by swapping L↔ R.

3.2.2.2. Magnetic Dipole

The magnetic dipole amplitude AL,Rγdip is the one that appears in µ→ eγ, which

was discussed in detail in the last section. For right-handed slepton mixing, the

amplitude of the dipole term is smaller than the charge radius term, AL,Rγ , due to

the destructive interference between amplitudes involving chirality flips at different

locations in the diagram. The situation reverses in the case of left-handed slepton

mixing, where both terms contributes and the magnitude becomes larger than the

charge radius term.

3.2.2.3. Z-penguin

The Z-penguin contribution contains diagrams in Fig. 3.5, with the photon

replaced by the Z boson. The contribution coming from this set of diagrams is

suppressed by O(m2
µ/M

2
Z) compared to the charge radius so is negligible. Then, the

dominant term is the one involving a Higgsino-Higgsino-Z vertex, shown in Fig. 3.6.

We find that the Z-penguin is sub-dominant in a large region of the parameter

space. The Z-penguin is the only amplitude that is sensitive to tan β, and in the
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(a) (b)

FIGURE 3.6: Contributions to the effective vertex from the Z penguin. Diagram
(a) gives the term proportional to fZ in which the Z boson couples to the R-partner
of the down type Higgsino, ψH̃0

d
, and (b) gives the term proportional to gZ , with Z

coupling to H̃0
d . Only right-handed slepton flavor mixing diagrams are shown, while

left-handed slepton flavor mixing diagrams are obtained by swapping L↔ R.

limit MZ �MN , it scales as cos2 β. The Z-penguin amplitude is

ARZ =
(Y l

R)2g′2

64π2

sin 2θl̃
M2

Z sin2 θw cos2 θw

2∑
i,j=1

ωij, (3.24)

where

ωij = OLi1OLj1

[
OLi2OLj2fZ

(
M2

Ni

m2
l̃1

,
M2

Nj

m2
l̃1

)
−2ORi2ORj2gZ

(
M2

Ni

m2
l̃1

,
M2

Nj

m2
l̃1

)]
−(ml̃1

→ ml̃2
).

(3.25)

The functions fZ(xi, xj) and gZ(xi, xj) are2

fZ(xi, xj) = lnxi +
1

xi − xj

[
x2
i lnxi

1− xi
−
x2
j lnxj

1− xj

]
, (3.26)

gZ(xi, xj) =

√
xixj

xi − xj

[
xi lnxi
1− xi

− xj lnxj
1− xj

]
. (3.27)

2Note that the function fZ appears to contain a log term that is asymmetric in the two neutralino
lines in the loop, not as one would expect. But remember that this log term is subtracted by one
containing the heavier slepton mass, and the final result is symmetric in the neutralinos and anti-
symmetric in the sleptons, as expected.
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FIGURE 3.7: The box Feynman diagram for µ → e conversion. Due to the
conservation of R-charges, the chirality of the squarks must be the ones shown in the
diagrams. Only right-handed slepton flavor mixing diagrams are shown, while left-
handed slepton flavor mixing diagrams are obtained by swapping L↔ R everywhere.

Note that the Z-penguin effective vertex does not explicitly depend on 1/M2
SUSY

as in the case of all other amplitudes. This corresponds to an operator of dimension-

4. This is perfectly fine, because the weak symmetry is broken, so the weak current

is not conserved. However, it is required that in the limit of unbroken electroweak

symmetry, this effective vertex vanishes. This is easy to check in the limit MZ → 0.

In this limit, the neutralinos we consider do not mix [c.f., Eq. (A.2)]. But the

amplitude for the Z-penguin contain at least two powers of the neutralino mixing

matrix elements, regardless of whether it is bino-like or Higgsino-like. Therefore this

operator vanishes in the limit MZ → 0, when the electroweak symmetry is unbroken.

For left-handed sleptons, the Z amplitude can be obtained by replacing the

appropriate hypercharges and slepton masses, as well as an additional factor of (−1).

This sign change arises from the NNZ coupling, in contrast to N cN cZ in the case

of right-handed sleptons.
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3.2.2.4. Box Diagram

For the box diagram, the dominant term is the one containing bino couplings

at all four vertices,

AqRbox =
(Y l

R)2g′4 sin 2θl̃
64π2e2m2

l̃1

[
(Y q

R)2j4

(
M2

1

m2
l̃1

,
M2

1

m2
l̃1

,
m2
q̃R

m2
l̃1

)]
− (ml̃1

→ ml̃2
), (3.28)

where

j4(xi, xj, y) =
x2
i lnxi

(1− xi)(xi − xj)(xi − y)
−

x2
j lnxj

(1− xj)(xi − xj)(xj − y)

+
y2 ln y

(1− y)(xi − y)(xj − y)
. (3.29)

We can compare the box amplitude with AL,Rγ by approximating V (p) ' V (n), giving

∣∣∣∣ARboxARγ

∣∣∣∣ =
9(g′)2

e2

j4(x, x, y)

fγ(x)
[3(Y d

R)2 + 3(Y u
R )2] ' 19

j4(x, x, y)

fγ(x)
, (3.30)

where x = M2
1/m

2
l̃1

and y = m2
q̃/m

2
l̃1

. The right hand side is plotted in Fig. 3.8.

We can see that the box can give a large contribution the total amplitude when the

squarks are not far heavier than the sleptons.

3.2.2.5. Numerical Results

We took tan β = 3 for our analysis. The amplitudes contributing to µ → e

conversion in gold are shown in Fig. 3.9 for right-handed slepton mixing, and in

Fig. 3.10 for left-handed slepton mixing. The slepton mixing angles are taken to be

maximal. For comparison, we also drew the line where the experimental bound on
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log
Abox

AΓ

FIGURE 3.8: A plot of the right hand side of Eq. (3.30), 19j4(x, x, y)/fγ(x), where
x = M2

1/m
2
l̃1

and y = m2
q̃/m

2
l̃1

. The contours are y = 1, 10, 25 from top to bottom.
The box amplitude is larger than the electromagnetic term when the contour is above
the x-axis.

the amplitude would be, as if only one amplitude were contributing to the conversion

rate.

For right-handed sleptons, either the charge radius or the box diagram dominate

over other contributions. Each of these amplitudes exceeds the bound alone and they

interfere constructively with each other. Therefore, maximal right-handed slepton

mixing is excluded throughout the parameter space we explore. The magnetic dipole

destructively interferes with the box and the charge radius diagrams, at small slepton

masses before the magnetic dipole vanishes. However, this cancellation is insufficient

to bring the amplitudes below the bound.

In the left-handed slepton mixing case, the box diagram is suppressed by the left-

handed quark hypercharge, and is much smaller. Also, the two largest amplitudes,

the charge radius and the magnetic dipole, destructively interfere with each other,

resulting in the funnel region shown in Fig. 3.12.

For both right-handed and left-handed slepton mixing, the Z-penguin is sub-

dominant. Moreover, for larger values of tan β, the Z-penguin will be even more
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suppressed, since it is directly proportional to cos2 β = 1/(1 + tan2 β) to lowest

order, in the limit MZ �MN . We show the exclusion plots for µ→ e conversion in

Figs. 3.11 and 3.12.

3.2.3. µ→ 3e

Finally, we investigate the decay µ− → e−e+e−. The diagrams that contribute to

this decay are similar to the process µ→ e in a nucleus. While the amplitudes for this

decay are not enhanced by nuclear factors as in the case of µ→ e conversion, there

is a log enhancement proportional to logmµ/me, arising from an infrared divergence

cutoff by the electron mass.

All of the diagrams in µ → 3e can be obtained from the µ → e conversion

diagrams by replacing the quark line by an electron line with outgoing e+ and e−.

All diagrams except the box are the same and will not be discussed here. For the

box, conservation of R-charges enforces that both sleptons in the loop be of the same

“chirality”. The box amplitude for µ→ 3e for right-handed sleptons is

BR
box =

(g′Y R
l )4

16π2e2
sin 2θl̃

2∑
i,k=1

(−1)i+1

m2
l̃i

Ukj4

(
M2

1

m2
l̃i

,
M2

1

m2
l̃i

,
m2
l̃k

m2
l̃i

)
, (3.31)
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(d) M1 = µd = 200 GeV

FIGURE 3.9: The magnitudes of various amplitudes at maximal mixing of right-
handed sleptons with degenerate squark masses of 1 TeV (i.e., the terms in Eq. (3.17)
before taking the square). The contours are, A R

γ (blue), A R
box (green), |A R

γdip| (red),
and−A R

Z (brown). The dashed line corresponds to the bound on µ→ e conversion as
if only one amplitude were contributing. One can see that there are regimes where
only the box and the charge radius amplitudes contribute significantly [subfigures
(a) and (b), especially in the high M1 regions in these figures], and where all four
amplitudes contribute significantly [subfigure (c)]. In subfigure (d), the magnetic
dipole amplitude reaches zero near ml̃1

∼ 330 GeV. This coincides with the “funnel”
region in the parameter space plot for µ→ eγ, Fig. 3.2(b).
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(c) M1 = µd = 100 GeV
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(d) M1 = µd = 200 GeV

FIGURE 3.10: Same as Fig. 3.9 but with left-handed slepton mixing instead. The
contours are, A L

γ (blue), −A L
box (green), −A L

γdip (red), and A L
Z (brown). The

magnetic dipole and the charge radius amplitudes interfere destructively with each
other, opening up a large region in the parameter space that satisfies µ → e
conversion. This forms the funnel regions in Fig. 3.12.
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FIGURE 3.11: Allowable regions for µ→ e conversion in a gold nucleus with right-
handed slepton mixing. From light to dark, the shaded areas denote mixing with
sin 2θl̃ = 0.1, 0.5 respectively. The squark masses are set to be degenerate at 1 TeV.
Note that this completely rules out maximal mixing for right-handed sleptons in the
sub-TeV range.
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FIGURE 3.12: Same for Fig. 3.11 but with left-handed slepton mixing instead.
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where U1 = cos2 θl̃ and U2 = sin2 θl̃. The factor (−1)i+1 comes from the super-GIM

mechanism. The rate for the decay µ→ 3e is

Γµ→3e =
α2m5

µ

32π
[(ARγ )2 − 4ARγA

L
γdip + (ALγdip)2

(
16

3
log

mµ

me

− 22

3

)
+

1

6
(BR

box)2 +
2

3
ARγB

R
box −

4

3
ALγdipB

R
box +

2

3
F 2
RR +

1

3
F 2
RL

+
2

3
BR

boxFRR +
4

3
ARγ FRR +

2

3
ARγ FRL −

8

3
ALγdipFRR −

4

3
ALγdipFRL],

(3.32)

where FRα = ARZZ
l
α, with α = L,R. The quantity Zα is part of the electron-Z

coupling; ZL = −1/2 + sin2 θw, and ZR = sin2 θw. The branching ratio of this

process is obtained by dividing the rate by the muon decay rate. Note that the term

proportional to (ALγdip)2 is enhanced by the log term, which is divergent in the limit

of massless electrons. Our result for this divergent term agrees with [82].

In Figs. 3.13,3.14 we show the bounds on the MRSSM parameter space arising

from satisfying the existing experimental bound BR(µ → 3e) < 1.0 × 10−12 from

SINDRUM [50]. The bounds on the MRSSM parameter space from µ → 3e are

weaker than the combined bounds from µ→ eγ and µ→ e conversion.

3.3. Implications for Flavor Violation Signals at LHC

One of the most interesting implications of the MRSSM is that flavor mixing

could be at or near maximal throughout virtually the entire slepton and squark sector

[58] (save only perhaps for d̃-s̃ mixing [83]). For sleptons, this opens up the possibility

of observing large µ-e mixing at colliders. Slepton mixing at colliders has been

extensively studied [78, 84–102], though analyses have generally been relegated to
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FIGURE 3.13: Regions of the parameter space that satisfy the µ → 3e bound at
different mixing angles of right-handed sleptons. The values of sin 2θl̃ are, from light
to dark, 0.1, 0.5, 1.
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FIGURE 3.14: Same as Fig. 3.13 but with left-handed slepton mixing.
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MSSM scenarios where the splitting between the e,µ eigenstates is very small, so as to

satisfy the stringent LFV constraints. One of the most sensitive techniques to search

for µ-e mixing is through the decay of a heavier neutralino to a lighter one through

an on-shell slepton. This decay can arise at a large rate at the LHC starting with

squark and/or gluino production, where the squark decays to the heavier neutralino

and so on, such as

q̃ → qNi ; Ni → e±/µ±l̃∓ ; l̃∓ → µ∓/e∓Nj . (3.33)

The distinctive kinematic features in this cascade of 2-body decays can be utilized

to extract the mass of the slepton through a kinematic edge (e.g. [103–108]).

In light of the bounds on the MRSSM parameter space that we have found from

LFV processes, it is interesting to consider whether large mixing could still be seen at

the LHC. A detailed collider study is beyond the scope of this chapter, nevertheless

we can use our results to uncover characteristic regions of parameter space where

sin 2θl ∼ 1 simultaneous with several-hundred GeV sparticles, and thus, where large

µ↔ e mixing remains within reach of the LHC.

Closely examining Figs. 3.3(d),3.12(d),3.14(d), we discover one (small) region

in the MRSSM parameter space where the left-handed slepton mixing angle can be

maximal, sin 2θl = 1. For this region, and given first and second generation squark

masses to be 1 TeV (consistent with what was assumed for the µ → e conversion

numerical results), we compute the leading order production cross sections and decay

rates. We take the wino mass and the right-handed slepton masses to be 2 TeV

for simplicity. The other gaugino masses in this region are M1 = 500 GeV, µd =

400 GeV, µu = 100 GeV. The mass spectrum is shown in Table 3.1.
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Particle q̃L,R g̃ N3 ' B̃ C2 ' H̃d N2 ' H̃d l̃L2 l̃L1 N1

Mass (GeV) 1000 1000 502 400 400 270 180 100

TABLE 3.1: Mass spectrum

Mg̃ (TeV) g̃-q̃L,R q̃R-q̃L q̃-q̃∗ g̃-g̃ σ(fb)
1 810 120 50 330 1300
2 36 31 27 1.0 95
3 2.6 11 22 0.007 35

TABLE 3.2: Leading order production cross sections for squarks and gluinos at the
LHC with

√
s = 14 TeV in the MRSSM.

Using MADGRAPH [109], we calculated the leading order squark and gluino

production cross sections at LHC with
√
s = 14 TeV center of mass energy for several

values of the Dirac gluino mass for those production modes allowed by R-symmetry

in Table 3.2. One important observation made in Ref. [78] is that, for gluinos less

than about 2 TeV, associated gluino-squark production gives the largest production

rate of squarks.

The decay rates of the squarks, neutralinos, and charginos, computed using

BRIDGE [110], can also be computed as a function of the mixing angle θl, shown in

Table 3.3. For the particular point we considered, the first two generations of squarks

decay overwhelmingly into the bino-like neutralino, N3. The subsequent cascade

decays into opposite flavor leptons have the rates BR(N3 → eµN1) = 0.14 sin2 2θl,

BR(N3 → (ee/µµ)N1) = 0.27(sin4 θl + sin4 θl). If the gluino mass is 1 TeV, for

example, then the g̃q̃ production leads to a total cross section of about 1 pb. With

maximal slepton mixing, the cross section for opposite sign eµ events is expected to

be of order 100 fb. Extracting this signal from background, particularly given the

potentially problematic technique of flavor-subtraction, remains challenging. (See

74



Decaying particle Decay modes Branching ratios
q̃ qN3 0.99
N3 ZN2 8× 10−4

ZN1 0.12
C−2 W

+ 0.02
C+

1 W
− 0.22

νν̃1 0.19
νν̃2 0.13

e−l̃+L1 0.19 cos2 θl
µ−l̃+L1 0.19 sin2 θl
e−l̃+L2 0.13 sin2 θl
µ−l̃+L2 0.13 cos2 θl

l̃+L1 C+
1 ν̄ 0.11

N1e
+ 0.88 cos2 θl

N1µ
+ 0.88 sin2 θl

l̃+L2 C+
1 ν̄ 0.16

N1e
+ 0.84 sin2 θl

N1µ
+ 0.84 cos2 θl

TABLE 3.3: Decay branching ratios of the particles involved in the cascade decay
N3 → l−l̃+L → l−l′+N1 given the MRSSM parameters given in Table 3.1.

Ref. [78] for a discussion of signal plus background analysis of a non-minimal R-

symmetric model.)

Just as in the MSSM, one can search for the kinematic endpoint in the

invariant mass distribution of the leptons. In the MRSSM, however, the two slepton

mass eigenstates are not near one another, and so two distinct and well-separated

kinematic edges could in principle be extracted. This would be a striking signal

of slepton flavor violation in the MRSSM. Note also that the electric charges of

the leptons in this decay are fixed by the conversation of R-charges. For example,

the anti-neutralino N c
3 can decay into l+l̃−L , the decay into the same final state for

N3 is forbidden. We show the overlapping regions allowed by all constraints in

Figs. 3.15,3.16.
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FIGURE 3.15: Regions allowed in the parameter space by combining the three
constraints for right handed sleptons. The constraint from µ → 3e is always less
severe than the other two processes in the parameter space shown.
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FIGURE 3.16: Same as Fig. 3.15 but for left handed sleptons. Similar to the right
handed case, the constraint from µ → 3e is also less severe than the other two
processes in the parameter space shown.
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CHAPTER IV

QUIRKONIUM DECAYS

This chapter includes unpublished material co-authored with Graham Kribs.

Graham Kribs initiated this project; Ricky Fok performed all the calculation and

produced the tables and plots that appear in this chapter.

Quirks are fermions transforming under the SM gauge group along with a

new strongly-coupled “infracolor” group SU(N)ic [15]. (Related ideas were also

considered in Ref. [13].) The infracolor confinement scale, Λic, is assumed to be

much smaller than the masses of all quirks. Since the infracolor-string breaking rate

is proportional to exp(−m2
q/Λ

2
ic), the infracolor string does not break. Quirk pairs

remain in a bound state even when they are produced with high kinetic energies. This

leads to several interesting collider physics and dark matter applications [15, 16, 111–

120]. (Models with quirks can be considered to be hidden valley models, with the

quirks being the barrier and the quirky glueballs being the light states. Other work

on hidden valley models can be found in [121–123].) Certain kinds of quirks have

already been searched for at the Tevatron by the D0 collaboration [124].

In this chapter, we consider quirks that acquire their mass through electroweak

symmetry breaking. This is unlike the original proposal [15], and was motivated in

part by the suggestion that asymmetric dark matter could arise as baryons made up

of chiral quirks [16]. We do not, however, restrict ourselves to the specific theory or

detailed parameter choices of [16]. Moreover, unlike Ref. [16], we are interested in the

mesons of this theory, specifically, their decay branching ratios. While our results

are general for SU(N)ic, we illustrate our results numerically for the specific choice
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N = 2, which is motivated both by Ref. [16] as well as minimizing the additional

contributions to the electroweak precision observables. Nevertheless, our analytic

results are applicable to mesons in the S and P states for arbitrary N .

At this point we should emphasize that only some aspects of quirky physics can

be calculated (or simulated) with standard collider tools. In general, quirks can be

produced in a standard collider physics process (for us, weak production), but then

the pT of the quirks must be shed before the quirks settle down into a low-angular-

momentum state. This “spin-down” (or “wanga-wanga” [125]) process is in general

non-perturbative, with the resulting radiation dependent on the relative strengths of

infracolor and other couplings of the quirks. After spin-down, the quirks annihilate,

causing quirky mesons to decay. It is solely this last step that is our interest in this

paper.

The annihilation rate of quirky mesons is proportional to the lowest non-

vanishing radial derivative of the meson wavefunction at zero relative quirk

displacement. This is entirely analogous to positronium and quarkonium [126].

For an S state, this is |ψ(0)|2, while for a P state, |ψ′(0)|2. At high orbital

angular momentum L, this wavefunction factor is suppressed. Ref. [15] estimated the

suppression factor in the annihilation probability scaling as (β/L)L+1/L, where β is

the quirk relative velocity and L > 0. Therefore, instead of annihilating immediately,

the mesons will emit soft radiation to shed its angular momentum. The radiation

may be in the form of soft photons [113] that could be detected as rings in the

η − φ plane in colliders. Such signals provide a smoking gun for discovery of quirks.

Quirky glueballs can also be radiatively emitted, but they will most likely escape

the detector before decaying. As the quirky bound state reaches a low angular

momentum state (L ∼ 1), it will ultimately annihilate, and in many cases, producing
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observable signals. Some annihilation branching ratios for certain vector-like quirks

were discussed before in [112].

This chapter is organized as follows. We will describe our quirk model in Sec. 4.1.

We present the formalism to calculate the decay amplitudes in Sec. 4.2. Then, we

present and discuss our results for two-body quirky meson decay in Secs. 4.4. and

4.5. Much of our results for neutral quirkonia can be obtained from earlier results

on heavy quarkonia [126], which we have compared extensively, and thus we relegate

the analytic results in our formalism and notation to Appendix B. We conclude with

a discussion of the comparison between chiral quirkonium decays and vector-like

quirkonium decays in Sec. 4.6.

4.1. Model and Setup

The model we consider is SU(N)ic with two flavors in the representations given

in Table 4.1. This is the generalization of the model of Ref. [16] to N infracolors. We

assume Λic � mq, and neglect the infracolor confinement contribution to the quirky

meson masses. The Lagrangian that gives mass to the quirks is simply

L = λUQHu
c + λdQH

†dc . (4.1)

Despite the abuse of notation (Q, uc, dc), we emphasize that our quirks are color

singlets. After electroweak symmetry breaking, the quirks acquire masses MU,D ≡

λU,Dv. Writing the electroweak doublet as Q = (u, d), we can write the quirks in
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SU(N)ic SU(2)L U(1)Y
Q N 2 0
uc N̄ 1 −1/2
dc N̄ 1 +1/2

TABLE 4.1: Quirk quantum numbers.

terms of four-component Dirac spinors U,D

U =

 u

uc†

 D =

 d

dc†

 (4.2)

where U,D have electric charge q = ±1/2. The quirky mesons formed from these

objects include

(UŪ), (DD̄) neutral mesons (4.3)

(UD̄), (DŪ) q = ±1 charged mesons . (4.4)

There are two interesting regions of parameter space satisfying the requirement

MU,D � Λic. One occurs when MU �MD or MD �MU , such that there is one set of

heavy neutral mesons, one set of intermediate-mass electrically charged mesons, and

one of set of light mesons. In this regime, the heavier mesons generically weak decay

to the lightest mesons (microscopically the heavier quirks are weak decaying into the

lighter quirks) before the quirks themselves have time to annihilate. In this regime,

the relevant annihilation channels consist solely of the lightest neutral mesons.

The second regime, and the main focus of this paper, is when MU 'MD. When

the two flavors of quirks are very nearly degenerate in mass, all of the mesons given

in (4.3) and (4.4) are stable against weak decay. All of the quirk–anti-quirk pairs
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within the mesons therefore annihilate faster than the kinematically-suppressed 3-

body weak decay occurs. This leads to four distinct “towers” of mesons: two sets of

neutral mesons and two sets of (oppositely) charged mesons.

The neutral mesons (UŪ) and (DD̄) can mix with each other through infragluon

box diagrams that are superficially similar to the W -box diagrams within the SM

that lead to mixing among the neutral mesons of QCD. However, unlike QCD,

all of the quirks are heavy, while the gauge bosons being exchanged in the box

diagram are massless. This small mixing is an interesting effect for further study.

Our meson decay rates are invariant under U ↔ D, and we simply compute (QQ̄)

as if it were an exact (UŪ) or (DD̄) eigenstate. In practice, there may be either

a small admixture between these states, in which case the mixing angle cancels out

in our width calculations, or otherwise for maximal mixing, we treat (QQ̄) as the

[(UŪ) + (DD̄)]/
√

2 eigenstate.

The infracolor confining potential in the Coulombic approximation is [16]

V (r) = − ᾱic
r
, (4.5)

where ᾱic ≡ C2(N)αic = (N2 − 1)/(2N)αic. Analogous to a hydrogen atom, the

Schrödinger wave function can be solved analytically. The decay widths we calculate

are proportional to the meson wavefunction when the two constituent quirks overlap.

The wavefunction factors that appear in the decay widths, for S and P states

respectively, are

|RS(0)|2 = 4

(
1

4
ᾱicM

)3

(4.6)

|R′P (0)|2 =
1

24

(
1

4
ᾱicM

)5

, (4.7)
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where M is the mass of the meson.

4.2. Matrix Elements of Bound State Decays

This section reviews the procedures to evaluate the decay amplitudes of different

angular momentum bound states following the method in [127]. We work in the non-

relativistic limit, where the relative momentum of the constituents, q � M , where

M is the mass of the bound state. We also ignore the contribution to the meson mass

from the binding potential, i.e. M = 2mQ, with mQ being the mass of the individual

quirks.

Calculations of the matrix element involving an incoming bound state and an

outgoing free state, 〈X|iT |B〉, are needed to evaluate different bound state decay

rates. This is most conveniently done by writing the bound state as a superposition

of free fermion states with spins (s1, s2) and momenta (p1, p2):

|B〉 = |2s+1lj〉 =
∑
MSz

〈lmssz|jjz〉|lmssz〉

=

√
2

M

∫
d3q

(2π)3
ψlm(q)

[∑
msz

〈lmssz|jjz〉
]
×[∑

s1s2

〈s1,
1

2
, s2,

1

2
|ssz〉

]
|s1p1s2p2〉, (4.8)

where ψ is the Schroedinger wavefunction of the bound state. In its rest frame,

p1 = Q/2 + q, and p2 = Q/2 − q, where Q is the 4-momentum of the meson,

and q is the relative 4-momentum of quirks. Then, the quantity 〈X|iT |s1p1s2p2〉 =

iv̄s2(p2)Mus1(p1) is the usual fermion-antifermion annihilation matrix element into
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the outgoing state f . The amplitude A of a bound state decaying into final state X

is defined in the same way as the matrix element

〈X|iT |B〉 = iA(B)(2π)4δ4(pX − pB). (4.9)

Expanding the above to the lowest non-vanishing order in q, we found the following

decay amplitudes for S and P states,

A(1S0) =

√
N

16πM
RS(0)Tr[M γ5(−Q/ +M)], (4.10)

A(3S1) =

√
N

16πM
RS(0)Tr[M ε/ (−Q/ +M)], (4.11)

A(1P1) = −i
√

3N

4πM
R′P (0)Tr[

1

2
εµM

µγ5(−Q/ +M) + M ε/
Q/

M
γ5],

(4.12)

A(3P0) = i

√
N

4πM
R′P (0)Tr[

1

2
M α

(
QαQ/

M2
− γα

)
(−Q/ +M)− 3M ],

(4.13)

A(3P1) = i

√
3N

8πM
R′P (0)Tr[2M ε/ γ5 − i

2M
εραβδQρMαγβεδ(−Q/ +M)], and

(4.14)

A(3P2) = −i
√

3N

4πM
R′P (0)Tr[

1

2
Mαε

αβγβ(−Q/ +M)], (4.15)

where R(0) and R′(0) are the radial wavefunction of the meson and its derivative

at the origin, respectively. The quantity Mα = ∂M /∂qα is the derivative of the

matrix element with respect to the relative momentum q. The meson polarizations

in the rest frame, εµ for spin-1, and εµν for spin-2, are chosen to be
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εµ∓ = (0,∓ 1√
2
,− i√

2
, 0),

εµL = (0, 0, 0, 1),

εαβJz =
∑
M,Sz

〈1M, 1Sz|2Jz〉, (4.16)

with Jz ∈ {−2,−1, 0, 1, 2}. A factor of
√

2 comes from the fact that the meson is in

its quirky color singlet state. The P and C parities of the above angular momentum

states are manifest in each of the decay amplitudes above. For example, with Qµ =

(M, 0, 0, 0) in the rest frame, the P and C parities of the bilinear constructed from

the projector appearing in A(1S0), ψ̄γ5(−Q/ + M)γ0ψ, are − and +, respectively.

Thus JPC = 0−+ for 1S0, as expected. One can check that the other amplitudes

give the expected JPC using the same procedure. From equations 4.10 to 4.15, we

rederived all of the two body decay rates listed in [126]1.

4.3. Radiative Transitions

In a quirky meson, the binding potential is dominated by the contributions from

the quirky strong interaction. The Lyman alpha transition rate for neutral quirkonia

has been estimated by [16]

ΓLα =
4

9
q2αemE

3
Lα|〈0|r|1〉|2 =

1

4

(
8

81

)2

αemᾱ
4
icM, (4.17)

1We found a relative sign difference between the two terms in the amplitude A(3P1). We attribute
this to our definition of ε0123 = 1.
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where M is the meson mass. Charged quirkonia have the same rate, due to the

fact that the electromagnetic correction to the potential is of order αem/αic and is

negligible. The wavefunctions of the quirkonia, therefore, remains unchanged, and

so does the transition rate.

4.3.1. g′g′

As the mesons are color singlets, only t and u channels contribute to the decay

amplitudes of B → g′g′. Then the decay rate should be proportional to that of

B → γγ. A simple calculation shows that, for an SU(N) color gauge group,

Γ(B → g′g′) =
N2 − 1

4N2
Γ(B → γγ)

∣∣∣∣
αeQ→αs,

(4.18)

where eQ is the quirk electric charge. Setting N = 3 reproduces the results in [126].

The 3S1 state cannot decays into g′g′. Its decay into g′g′g′ for any N is listed in

[112],

Γ(3S1 → g′g′g′) =
(N2 − 1)(N2 − 4)

N2

α3
ic

9πM2
(π2 − 9)|RS(0)|2. (4.19)

This vanishes for SU(2), as three gluons cannot form a color singlet state in this

case.

4.4. Quirkonium Decays

Apart from a color factor of N , decay rates of neutral quirkonia that do not

involve any gluons are the same as listed in [126]. The decay rates of charged

quirkonia will be discussed in this section.
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Charged quirkonia are expected to have larger partial widths than their neutral

counterparts. This is because charged particles do not have a well-defined charge

conjugate parity, hence loosening the constraints posed by CP conservation. Here,

we list the partial widths of charged quirky mesons with positive unit electric charge,

i.e. QU −QD = 1, where Q is the electric charge of either the up-type or down-type

quirks. The mass ratio squared Ri and the relative velocity βi,f appearing in the

formulas below are defined as

Ri =
m2
i

M2
, and (4.20)

βi,j =
√

1 + (Ri −Rj)2 + 2(Ri +Rj), (4.21)

respectively.

4.4.1. W+γ

The charged quirkonium decay widths into W+γ is qualitatively different to the

widths of neutral quirkonia into Zγ. There are two reasons for the differences; the

decay into W+γ can go through an s-channel with a W exchange. The corresponding

diagram is absent for Zγ; the photon does not couple to a electrically neutral Z.

Another reason is that the photon couples to quirks of different electric charges in

the t and u channel diagrams, due to the emission of a charged W . It is illuminating

to write the chiral projection operators as PL,R = (vW∓aWγ5)/2, with aW = vW = 1,

so that the vector and axial-vector contributions from the W current are manifest.
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The partial widths into W+γ are

Γ(1S+
0 → W+γ) =

NααWv
2
W

4M2
(QU +QD)2(1−RW )|RS(0)|2,

(4.22)

Γ(3S+
1 → W+γ) =

NααWa
2
W

12m2
W

(QU +QD)2(1−R2
W )|RS(0)|2,

(4.23)

Γ(1P+
1 → W+γ) =

NααW
M2m2

W

[a2
W (QU +QD)2(1−R2

W )

+v2
W (QU −QD)2RW (1−RW )]|R′P (0)|2,

(4.24)

Γ(3P+
0 → W+γ) =

NααW (1−RW )

M4

[
a2
W (QU −QD)2

+v2
W (QU +QD)2

(
1 +

2

1−RW

)2]
|R′P (0)|2,

(4.25)

Γ(3P+
1 → W+γ) =

NααW
2M2m2

W

[
a2
W (1−RW )

+4v2
W (QU +QD)2R2

W

1 +RW

1−RW

]
|R′P (0)|2,

(4.26)

Γ(3P+
2 → W+γ) =

NααW (1−RW )

10M2m2
W

[
a2
W (QU −QD)2(3 + 4RW )

+
4v2

W (QU +QD)2RW (6 + 3RW +R2
W )

(1−RW )2

]
|R′P (0)|2.

(4.27)

Interestingly, all but one term in Γ(3P+
1 → W+γ) are proportional to either the

hypercharge Y = (QU +QD)/2 or the isospin T3U = (QU −QD)/2 of the quirks.
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4.4.2. W+H

In the limit degenerate quirk masses, their coupling constants to the Higgs boson

are the same. As a consequence, the decay matrix elements has the same form as

that for the decay into ZH, and can be obtained by the replacements gZ → g/
√

2

and vector and axial vector couplings by 1/2; a, v → 1/2. This gives a conversion

factor of 1/(2
√

2) converting the ZH matrix elements to WH:

MW+H =
1

2
√

2
MZH . (4.28)

Therefore, the partial widths into W+H, have exactly the same form as those for

ZH, aside from a factor of 1/8. The analysis for ZH in [126] applies to W+H as

well. The partial widths are

Γ(1S+
0 → W+H) =

Nα2
Wβ

3
WH

32M2

1

R2
W

|RS(0)|2, (4.29)

Γ(3S+
1 → W+H) =

Nα2
WβWH

384

M2

m4
W

1

(1−RW )2(1−RH −RW )2

×
(

8RW [(1−RW )2 +RH(1− 3RW )]2

+[R2
H(1− 3RW )−

2RH(1−RW (2 +RW ))(1−RW )(1−R2
W − β2

WH)]2
)
|RS(0)|2,

(4.30)
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Γ(1P+
1 → W+H) =

Nα2
Wβ

3
WH

4M2m2
W (1−RH −RW )2

|R′P (0)|2, (4.31)

Γ(3P+
0 → W+H) = 0, (4.32)

Γ(3P+
1 → W+H) =

Nα2
WβWH

8m4
W

(
2[1−RH +RW ]2[1 +RW (2−RH +RW )]2

(1−RH −RW )2(1−RW )2

+RW

[
4RW

1−RW

+
β2
WH − 4(1−RH −RW )

(1−RH −RW )2

]2)
|R′P (0)|2,

(4.33)

Γ(3P+
2 → W+H) =

3Nα2
Wβ

5
WH

40M2m2
W (1−RH −RW )4

|R′P (0)|2. (4.34)

4.4.3. WZ

Notice that double longitudinal modes are allowed from the decay of a charged

quirkonium in the 1S0 state. This is impossible for the neutral quirkonium case,

where it decays into ZZ or WW . To see this, the 1S0 state has JPC = 0−+, but

at zero angular momentum, the double longitudinal state has JPC = 0++. The

decay into double longitudinal modes for neutral quirkonia in 1S0 is forbidden by

CP conservation. For charged states, the charge parity is irrelevant, and the decay

into double longitudinal mode is allowed by CP conservation. Naively, one would

expect that the 1S0 decay rate is longitudinal from appearance of the 1/(RZRW )

term. However, this decay width vanishes at large quirkonium mass M because

the diagram with an s-channel Goldstone Boson cancels the other diagrams in this

regime.
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Γ(1S+
0 → W+Z) =

NαWαZβWZ

32M2

(
1− c2

WRZ

RW

1

1 +RW −RZ

)2

×

(
8

(1−RW −RZ)2
+

1

RWRZ

)
|RS(0)|2,

(4.35)

Γ(3S+
1 → W+Z) =

NαWαZβ
3
WZ

64M2

1

(1−RW )2(1−RW −RZ)2

{
8c4
WR

2
Z

+2(1−RW − 2c2
WRZ)2

(
1

RW

+
1

RZ

)
+

1

RWRZ

(1−RW − c2
WRZ(1 +RW +RZ))2

}
|RS(0)|2,

(4.36)

Γ(1P+
1 → W+Z) =

NαWαZβWZ

4M4(1−RW −RZ)2

{
(1 +RW −RZ)2

RW

+
(1−RW +RZ)2

RZ

+4

(
1− c2

Wβ
2
WZ

1−RW −RZ

)2}
|R′P (0)|2, (4.37)

Γ(3P+
0 → W+Z) =

NαWαZβ
3
WZ

M4(1−RW −RZ)4
[1− c2

W (1−RW +RZ)]2|R′P (0)|2,

(4.38)

Γ(3P+
1 → W+Z) =

NαWαZβ
3
WZ

16M4(1−RW −RZ)2

{
32c4

WR
2
Z

(1−RW )2

+
2

RZ

[
1 +

2RZ

1−RW −RZ

−
8c2
WRZ

(
1− RZ

2(1−RW )

)
1−RW −RZ

]2

+
2

RW

[
2c4
WRZ

(
1 +

2RW +RZ

1−RW

)2

+

(
1 +

2RW

1−RW −RZ

− 2c2
W (1− 2RZ

1−RW

)

)2]
}
|R′P (0)|2 (4.39)
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Γ(3P+
2 → W+Z) =

NαWαZβ
3
WZ

40M4(1−RW −RZ)4

{
16[1− c2

W (1−RW +RZ)]2

+
3

RZ

[1−RW +RZ − 4c2
WRZ ]2

+
3

RW

[1 +RW −RZ − 2c2
W (1−RW −RZ)]2

}
|R′P (0)|2.

(4.40)

4.4.4. fuf̄d

Decays into two fermions only proceed via the W+ s-channel exchange. The

non-zero widths with outgoing fermion masses m1,2 are

Γ(1S+
0 → ud̄) =

Nα2
Wβud

16M2

(R1 −R2
1 +R2 + 2R1R2 −R2

2)

R2
W

|RS(0)|2,

(4.41)

Γ(3S+
1 → ud̄) =

Nα2
Wβud

48M2

2−R1 −R2
1 −R2 + 2R1R2 −R2

2

(1−RW )2
|RS(0)|2,

(4.42)

Γ(3P+
1 → ud̄) =

Nα2
Wβud

2M4

2−R1 −R2
1 −R2 + 2R1R2 −R2

2

(1−RW )2
|R′P (0)|2,

(4.43)

where βud =
√

1 + (Ru −Rd)2 + 2(Ru +Rd), and Ru,d = m2
u,d/M

2. As expected, the

1S0 partial width is proportional to m2
f/M

2, corresponding to a chirality flip on the

outgoing fermion line.
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4.5. Branching Ratios and Width Ratios

4.5.1. Charged Quirkonia

The branching ratios of charged quirkonia are presented in this section. Given

a final state f , the branching ratio for f , BR(QQ̄→ f), is

BR(QQ̄→ f) =
Γ(QQ̄→ f)∑
f Γ(QQ̄→ f)

, (4.44)

where the sum is over all final states. We presents our results numerically choosing

αic = 0.2 and N = 2.

The charged quirkonium case is particularly simple. As the system is electrically

charged, it cannot decay into g′g′. We ignore the binding energy of the system.

Therefore, the branching ratios are independent of α′s. The only unknowns are the

masses of the Higgs boson and the quirkonium. Fig. 4.1 shows the decay branching

ratios of charged quirkonium states. For all states, only the WH branching ratio

is sensitive to different values of the Higgs mass. The plots shown for charged

quirkonia here are also applicable to any massive bound states that only decay via

the electroweak SU(2) × U(1) group, with electric charges Qu = −Qd = 1/2. Note

that we only show the summed width over the massless fermions (2 quark pairs,

3 lepton-neutrino pairs), as the widths of all massless fermions are the same (see

Sec. 4.4.4.). Also, we only show the decays for the UD̄ meson. We have checked that

the widths for ŪD decay are the same.

The branching ratios of different bound states are plotted in Fig. 4.1. For the S

states, the WZ partial width dominates. For P states, radiative transition usually

dominates. For 3P1, the WH width becomes larger than the Lα transition width
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when the meson mass is larger than & 600 GeV, provided that the meson is heavier

than the threshold.

4.5.2. Neutral Quirkonia

The results for neutral quirkonia is more complicated than their charged

counterparts. Not only are there more decay channels, but also, in some cases,

the mesons can decay into two quirky glueballs, G′G′. Due to the non-perturbative

nature of the glueball channel, we do not attempt to calculate its decay width.

Instead we present our results in terms of the width ratio

WR(QQ̄→ f) =
Γ(QQ̄→ f)∑

f 6=G′G′ Γ(QQ̄→ f)
, (4.45)

Also, for reasons of clarity, we do not present the plots for the branching ratios

when the Higgs mass deviates from 125 GeV. Unless the final states involve Higgs

bosons, a larger Higgs boson mass would only push the corresponding thresholds

towards higher meson masses, leaving the other branching ratios mostly unchanged

as in the case of charged quirkonia. However, there is a qualitative change in the

branching ratios for the 3P0 state when the Higgs mass is sufficiently large, which

will be discussed below.

4.5.2.1. 1S0 and 3S1

The branching ratios of the S states are shown in Figs. 4.2a-4.2b. Decay into

quirky-glueballs can dominate the branching ratio. The next dominant contributions

are the double transverse WW and ZZ channels.
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FIGURE 4.1: Decay branching ratio of quirkonia in different JPC states. Solid lines
are with Higgs mass MH = 125 GeV, dashed lines with MH = 250 GeV.
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The results for the 3S1 state can be discussed more precisely because the 2-

glueball channel is absent (see Sec. 4.3.1.). For moderate values of M , the double

longitudinal WW mode dominates. Because of Bose symmetry, the two Z’s cannot

be longitudinal simultaneously and the ZZ mode is suppressed.

4.5.3. 1P1

The width ratios are shown in Fig. 4.2e is dominated by the Lα transition

throughout the sub-TeV range. All other widths contain a single enhancement factor,

from either the longitudinal mode or the quirky Yukawa.

4.5.4. 3P0

The 3P0 state can decay into two quirky-glueballs. The branching ratios exhibit

an interesting feature when the Higgs mass is larger than 2mW , 2mZ and 2Mt, where

Mt is the top mass. The decay channels WW , ZZ, and tt̄ involves an s-channel

Higgs boson exchange. When the meson mass is near the Higgs mass M ∼MH , the

widths are enhanced by the s-channel Higgs resonance. This can be seen in Fig. 4.2d.

There, the WW and ZZ widths has a resonance at M = MH = 250 GeV when the s-

channel Higgs boson is on-shell. The tt̄ width does not exhibit this behavior because

at 250 GeV, the decay into two top quarks from a single Higgs boson is forbidden

by kinematics.

4.5.5. 3P1

The branching ratios for the 3P1 state are shown in Fig. 4.2f. The ZH channel

are doubly enhanced and is dominant for M & 700 GeV.
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(d) 3P0,MH = 250 GeV
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FIGURE 4.2: Decay width ratios of quirkonia in different JPC states. For
Figs. (a),(b),(e),(f),(g), solid lines correspond to a Higgs mass MH = 125 GeV,
while dashed lines correspond to MH = 250 GeV. In many instances, there is no
difference between the width ratios for different Higgs masses, and thus the solid lines
overlap the invisible dashed lines. For Figs. (c),(d), we have presented the choices
MH = 125 GeV and MH = 250 GeV separately due to the s-channel pole structure
visible in Fig. (d).
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FIGURE 4.3: Same as figure 4.2 but for 3P2.

4.5.6. 3P2

Same as the 3P0 state, the glueball channel and the radiative transition width

dominates the branching ratios. As these two are of the same magnitude, the

branching ratios are not drastically affected by the magnitude of the two glueball

width. The presence of the glueball width can only reduce the other widths by at

most a factor of ∼ 2. The channels WW , ZZ and HH are doubly enhanced and will

take over the radiative transition at high meson mass (& 1 TeV).

4.6. Discussion and Comparison to Vector-Like Quirkonia

Annihilation rates for the case of vector-like quirks in certain other

representations has been calculated in [112, 120]. There is not a general rule

that relates the decay rates of vector-like quirks to chiral quirks. But in certain

circumstances one can be obtained from the other, and vice versa. In this section,

we will discuss differences and similarities of vector-like and chiral quirk decay rates,

and give examples in cases where the decay rates are related.

We wish to compare our results for chiral quirks to a related theory with vector-

like quirks. The vector-like theory we consider consists of the doublet Q given before
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FIGURE 4.4: Decay width ratios of quirkonia with vector-like masses in different
JPC states. Solid lines correspond to a Higgs massMH = 125 GeV, while dashed lines
correspond to MH = 250 GeV. In many instances, there is no difference between the
width ratios for different Higgs masses, and thus the solid lines overlap the invisible
dashed lines.
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FIGURE 4.5: Same as 4.4 but for charged quirkonia. Only the two JPC states shown
here have nontrivial branching ratios. The state 3S1 cannot decay through two-body
decays. The 3P0,1,3 states can only decay radiatively into S states.

in Table 4.1, but now replacing

 uc(N̄,1,−1/2)

dc(N̄,1,+1/2)

 −→ Q′(N̄,2, 0) . (4.46)

Yukawa couplings, (4.1), are not present, while we can now write the vector-like mass

MQQ′ where M = MU = MD. There are several differences that lead to qualitatively

different decay widths.

First, the coupling of electroweak gauge bosons to left- and right-handed quirks

are the same – the quirk-W/Z coupling is a purely vector interaction, and processes

that proceed through the axial vector coupling in the chiral case are absent for

vector-like quirks. As an example, consider the decay rate Γ(3S1 → ff̄), for neutral

and charged quirkonia. The only diagrams are the s-channel γ/Z or W . In the

neutral case, the only difference that separates vector-like and chiral is the different

axial-vector and vector coupling of the Z. Therefore, the expressions for vector-like

[112] and chiral [126] quirk are the same. For the charged case, the axial-vector and
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vector couplings are not explicitly written in [112], but their rate is 4 times larger

than in the chiral case in [126]. This is because the s-channel W couples to both left

and right handed quirks in the vector-like case, whereas in the chiral case they only

couple to left handed quirks. Therefore, the decay rate into a fermion-antifermion

pair for a charged 3S1 is four times larger than its chiral counterpart.

Second, the quirks do not couple to the Higgs and the corresponding Goldstone

bosons (through the longitudinally polarized electroweak gauge bosons). Virtual

Goldstone bosons can only appear in the s-channel, and since the Goldstone bosons

are pseudoscalars, they only contribute to the 1S0 decay rates. Vector-like quirks, by

contrast, do not have couplings to the Higgs or the Goldstone bosons. In addition,

Goldstone bosons can appear in the final state (appearing as longitidually polarized

electroweak gauge bosons). This leads to qualitatively different decay rates into

gauge bosons for all of the bound states.

For completeness, we present the width and branching ratios of vector-like

quirkonia in Fig. 4.4 for neutral quirkonia and Fig. 4.5 for charged quirkonia. There

are striking differences between the chiral and vector-like cases. The most prominent

feature in the vector-like case is that all decay widths have the same asymptotic

behavior at large quirkonium mass - there are no longitudinal enhancements of W/Z

anywhere. This is expected, as the longitudinal W/Z asymptotes to the respective

Goldstone bosons, which do not couple to the vector-like quirks in u- and t-channel

quirk-exchange diagrams. Also, the trilinear gauge boson coupling appearing in

s-channel gauge boson exchange arises from the electroweak gauge structure of

SU(2)L and has no relation to the electroweak breaking mechanism. Therefore,

one would not expect any enhancements in the decay widths of vector-like quirkonia.

Without longitudinal enhancements, the Lyman-α transition dominates over all P -
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state decays for all quirkonium masses. Whereas in the chiral case, decay channels

that receives longitudinal enhancements can dominate the Lyman-α transition at

large quirkonium masses. The most interesting decay channel is 3P0 decay into two

Higgs bosons, which begins to become the dominant decay channel for quirkonium

masses & 500 GeV. If chiral quirks are colored, quirkonia at low masses are expected

to decay via QCD couplings, i.e. into quarks and gluons. However, neither of these

can be longitudinally enhanced. Therefore, at sufficiently high quirkonium masses,

the 3P1 state would predominantly decay into a di-Higgs boson final state. This is a

striking signal at the LHC!

In the low quirkonium mass regime, the overall behavior of both vector-like

and chiral quirkonia are similar: P -states predominantly decay via the Lyman-α

transition and 3S1 into qq̄. It is interesting to note that for 1S0, γZ dominates the

vector-like quirkonium decay, whereas γγ is dominant for chiral quirkonia. This

is because the primordial electroweak gauge boson W µ
3 couples not just to the left-

handed vector-like quirk, but to the right handed one also! A rough estimate indicates

that this gives a factor of four increase in the γZ rate for the vector-like case. Indeed,

the isospin contribution to the vector coupling of the Z to the quirks for the vector-

like case is twice as much as that for chiral quirks.
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CHAPTER V

CONCLUSION

In chapter II, we have calculated the strength of the electroweak phase transition

in a supersymmetric model with four chiral generations. We find there is an intriguing

region of parameter space, with fourth generation quarks heavier than about 300 GeV

and the squark to quark mass ratio 1 . mq̃′/mq′ . 1.1, where φc/Tc > 1. Within

this region of parameter space we showed the Higgs can be easily heavier than the

LEP bound of about 115 GeV, and the strength of the phase transition can easily

exceed φc/Tc = 1.

This suggests that a viable model of electroweak baryogenesis could indeed be a

low energy supersymmetric model with a fourth generation of chiral fermions. What

we have shown is the the strength of the first order phase transition can be large

enough to prevent the washout of a baryon asymmetry. This model also has several

new sources of CP violation, ubiquitous in low energy supersymmetry, that could be

used to satisfy Sakharov’s CP violation criteria. Examples of sufficient CP violation

that have been employed in other supersymmetric electroweak baryogenesis scenarios

[21–23] include the phase of the Higgsino mass parameter µ as well as the gaugino

mass parameters M1,2.

It is coincidental that the region of parameter space where the first order

transition is strong enough combined with obtaining a large enough Higgs mass

(taking tan β = 1) happens to be just beyond the current Tevatron direct search

bounds [40, 41]. If we are lucky, the Tevatron could begin to see evidence for new

physics in the form of both an extra chiral generation as well as superpartners in the
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very near future. The LHC, however, can easily cover this parameter space. Indeed,

the mechanism to enhance the first order phase transition described here is expected

to be found or ruled out with only modest amount of data from the LHC.

In chapter III, We have calculated the constraints on µ ↔ e mixing in the

MRSSM from the flavor violating processes µ→ eγ, µ→ e conversion, and µ→ 3e.

Given the simplifications stated in Sec. 3.1., we explored LFV in the MRSSM as a

function of the parameters M1, µd,ml̃, and sin 2θl̃ within the sub-TeV range. Given

the heavier slepton mass set to be ml̃2
= 1.5ml̃2

, we found that the bound from

µ → 3e is always less severe than the bounds derived from either µ → eγ or µ → e

conversion.

For right-handed slepton mixing, µ → e conversion in gold nuclei provides the

most severe constraint – it completely rules out maximal mixing (compare Fig. 3.15

with Fig. 3.2). The situation is qualitatively different for left-handed mixing – the

most severe bound in this case comes from µ→ eγ, as dominant amplitudes (charge

radius and magnetic dipole) of µ → e conversion interfere destructively and opens

up a large region in parameter space that satisfies the experimental bounds. From

Fig. 3.3 for µ→ eγ, one sees that maximal mixing is allowed in regions where the bino

mass is ∼ 500 GeV at µd = 200 GeV, with a moderate splitting between sleptons.

The results suggest that the most likely observation of large slepton flavor violation

signals at the LHC will occur in the left-handed sector.

It is interesting to consider how the bounds on slepton flavor mixing angles will

change as the constraints on LFV are strengthened. This is most easily understood

by recognizing that all of our bounds are proportional to sin2 2θl̃. In other words,

the boundary of the allowed regions are contours of constant BRbound/ sin2 2θl̃, where

BRbound is the bound on the branching ratio of a process. In plotting the allowed
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regions of parameter space in the previous sections of the paper, we used of course

the current experimental bound. Suppose that in some future experiment the bounds

are improved, say by a factor of 100. Then, the boundary of the region that satisfy

this new bound for sin2 2θl̃ = 0.1 is the same as the boundary for the current bound

with sin2 2θl̃ = 1.

In chapter IV, we showed that there are striking differences between the chiral

and vector-like cases. The most prominent feature in the vector-like case is that

all decay widths have the same asymptotic behavior at large quirkonium mass -

there are no longitudinal enhancements of W/Z anywhere. This is expected, as

the longitudinal W/Z asymptotes to the respective Goldstone bosons, which do not

couple to the vector-like quirks in u- and t-channel quirk-exchange diagrams. Also,

the trilinear gauge boson coupling appearing in s-channel gauge boson exchange

arises from the electroweak gauge structure of SU(2)L and has no relations to the

electroweak breaking mechanism. Therefore, one would not expect any enhancements

in the decay widths of vector-like quirkonia. Without longitudinal enhancements,

the Lyman-α transition dominate over all P -state decays for all quirkonium masses.

Whereas in the chiral case, decay channels that receives longitudinal enhancements

can dominate the Lyman-α transition at large quirkonium masses. The most

interesting decay channel is 3P0 decay into two Higgses, which begins to become

the dominant decay channel for quirkonium masses & 500 GeV. If chiral quirks

are colored, quirkonia at low masses are expected to decay via QCD couplings, i.e.

into quarks and gluons. However, neither of these can be longitudinally enhanced.

Therefore, at sufficiently high quirkonium masses, the 3P1 state would predominantly

decay into di-Higgses. In other words, we could observe di-Higgs signal from strongly

produced quirkonia at the LHC!
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In the low quirkonium mass regime, the overall behavior of both vector-like

and chiral quirkonia are similar - P -states predominantly decay via the Lyman-α

transition and 3S1 into qq̄. It is interesting to note that for 1S0, γZ dominates the

vector-like quirkonium decay, whereas γγ is dominant for chiral quirkonia. This

is because the primordial electroweak gauge boson W µ
3 couples not just to the left-

handed vector-like quirk, but to the right handed one also. A rough estimate indicates

that this gives a factor of four increase in the γZ rate for the vector-like case. Indeed,

the isospin contribution to the vector coupling of the Z to the quirks for the vector-

like case is twice as much as that for chiral quirks.
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APPENDIX A

GAUGINO AND SLEPTON STRUCTURE

To discuss the neutralino masses and interactions more quantitatively, we define

the ψB and ψH̃d
to the be fermion R-partners of B̃ and H̃0

d , respectively. Then we

form the Dirac bino and Higgsino spinors and their charge conjugates,

NB̃ =

(
ψB
B̃†

)
, NH̃d

=

(
H̃0
d

ψ†
H̃d

)
, N c

B̃
=

(
B̃

ψ†B

)
, N c

H̃d
=

(
ψH̃d

H̃0†
d

)
. (A.1)

We can also see that the Dirac spinor N has an R-charge −1, whereas N c has an

R-charge +1. The gaugino mass matrix, MN , is shown in the mass term below

(N̄B, N̄H̃d
)

 M1 − cos β sin θWMZ

0 µd

(PLNB

PLNH̃d

)
+ h.c. (A.2)

The mass matrix is diagonalized by a bi-orthogonal transformation; the

diagonalized neutralino mass matrix, MD
N = OT

LMNOR, obey (MD
N )2 =

OLMN(MN)T (OL)T = OR(MN)TMN(OR)T , where O(L,R) are the orthogonal matrices

that diagonalize the mass matrix. In this definition, the B̃ and H̃0
d content of the

i-th neutralino Ni are, OLi1 and ORi2, respectively.

We consider mixing between selectrons and smuons only, parameterized as

follows:  l̃1

l̃2


L,R

=

 cos θl̃ sin θl̃

− sin θl̃ cos θl̃


L,R

 ẽ

µ̃


L,R

, (A.3)

where l̃i represents the sleptons in the mass-eigenstate basis.
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Then slepton flavor violation comes from the interaction terms between a

sfermion, f̃i, a neutralino, Ni, and a fermion fi:

−f̃ ∗LαN̄i(U
†
Lαβ[OLi1GLfLβ+ORi2yffRβ])−f̃ ∗RαN̄ c

i (U
†
Rαβ[OLi1GRfRβ+ORi2yffLβ])+h.c.

(A.4)

where UL,R are the slepton mixing matrices in Eq. (A.3). The coupling constants are

GL,R =
√

2g′Yf(L,R)
, and (A.5)

yf =
g′mf√

2MZ sin θw cos β
. (A.6)

The subscript i on the (s)fermion denotes its generation, subscripts L and R

denote the chirality, with α and β being the flavor indices. The hypercharge of a

fermion f is denoted by Yf . From the above interaction terms we see that f̃R and

f̃L have different R-charges; −1 and +1, respectively.

The Z-boson only couples to Higgsinos. The ZNN interaction term is

g

2 cos θw
Zµ[N̄iγ

µ(ORi2ORj2PL +OLi2OLj2PR)Nj]. (A.7)

One can also write the ZNN coupling in terms of N c,

− g

2 cos θw
Zµ[N̄ c

iγ
µ(OLi2OLj2PL +ORi2ORj2PR)N c

j ]. (A.8)

Examining the neutralino mixing matrix in Eq. (A.2), the lightest gaugino

receives a negative shift, −∆ < 0, and so the lightest neutralino has mass MN1 =

µd −∆ < mC1 , and thus the lightest gaugino is a neutralino.
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APPENDIX B

DECAY RATES OF NEUTRAL QUIRKONIA

This appendix summarizes the decay rates of neutral quirkonia. The decay

rates differ with [126] by just a factor of 2/3 due to a different color group. We

also attempt to rewrite the decay rates so that the origins of the terms in the

expression are manifest. In the expressions below, a t-channel quirk exchange

with outgoing particles i and j corresponds to the factor (1 − Ri − Rj)
−1, with

Ri = m2
i /M

2, and M is the quirkonium mass. An s-channel diagram exchanging

particle φ corresponds to (1 − Rφ)−1. The relative velocity between i and j is

βij =
√

1 + (Ri −Rj)2 − 2(Ri +Rj).

B.1. ff̄

The decays into a fermion-antifermion pair, only the s-channel γ, Z and Higgs

diagram contribute. The decay of the 1S0 state requires a chirality flip on the

outgoing fermion line, resulting in the dependence on the fermion mass squared,

M2
f , in its decay rate - similar to pseudoscalar decay.

109



Γ(1S0 → ff̄) = 8Nα2
Za

2
fa

2
Qβf

m2
f

m4
Z

|RS(0)|2, (B.1)

Γ(3S1 → ff̄) =
4Nα2

EMβf
3M2

{
(1 + 2Rf )

(
eQef +

vfvQ
c2
W s

2
W (1−RZ)

)2

+
a2
fv

2
Qβ

2
f

c4
W s

4
W (1−RZ)2

}
|RS(0)|2, (B.2)

Γ(1P1 → ff̄) = 0, (B.3)

Γ(3P0 → ff̄) =
9Nα2

Zβ
3
f

8M2(1−RH)2

m2
f

m4
Z

|R′P (0)|2, (B.4)

Γ(3P1 → ff̄) =
32Nα2

Za
2
Qβf

M4(1−RZ)2
[a2
fβ

2
f + (1 + 2Rf )v

2
f ]|R′P (0)|2,

(B.5)

Γ(3P2 → ff̄) = 0, (B.6)

where M is the quirkonium mass, αZ = αEM/(c
2
W s

2
W ), cW and sW are the cosine

and sine of the Weinberg angle, respectively, ai = T3i/2 and vi = ai − eis2
W are the

axial-vector and vector couplings of the Z to fermion i, with i = {Q, f} for the quirk

and the outgoing fermion, respectively, Rj = m2
j/M

2, and βf =
√

1− 4Rf is the

relative velocity between the two outgoing fermions.

B.2. Zγ

Only the t-channel diagram contributes decays into Zγ,
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Γ(1S0 → Zγ) =
8NαEMαZe

2
Qv

2
Q

M2
(1−RZ)|RS(0)|2, (B.7)

Γ(3S1 → Zγ) =
8NαEMαZe

2
Qa

2
Q

3m2
Z

(1−R2
Z)|RS(0)|2, (B.8)

Γ(1P1 → Zγ) =
32NαEMαZe

2
Qa

2
Q

M2m2
Z

(1−R2
Z)|R′P (0)|2, (B.9)

Γ(3P0 → Zγ) =
32NαEMαZe

2
Qv

2
Q

M4(1−RZ)
(3−RZ)2|R′P (0)|2, (B.10)

Γ(3P1 → Zγ) =
64NαEMαZe

2
Qv

2
Q

M2m2
Z(1−RZ)

(1 +RZ)R2
Z |R′P (0)|2,

(B.11)

Γ(3P2 → Zγ) =
64NαEMαZe

2
Qv

2
Q

5M2m2
Z(1−RZ)

(R2
Z + 3RZ + 6)|R′P (0)|2,

(B.12)

where the definitions of various quantities can be found in the paragraph below (B.6).
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B.3. W+W−

Γ(1S0 → W+W−) =
Nα2

Wβ
3
W

8M2(1− 2RW )2
|RS(0)|2, (B.13)

Γ(3S1 → W+W−) =
NM2α2

Wβ
3
W

48m4
W

{
RW (2−RW )

(1− 2RW )2

−4RW (5 + 6RW )

1− 2RW

(
eQs

2
W +

vQ
1−RZ

)
+4(1 + 20RW + 12R2

W )

(
eQs

2
W +

vQ
1−RZ

)2}
|RS(0)|2,

(B.14)

Γ(1P1 → W+W−) =
3Nα2

WβW
8M2m2

W (1− 2RW )2

{
1 + β2

W

+2RW

(
1 +

β2
W

1− 2RW

)2}
|R′P (0)|2,

(B.15)

Γ(3P0 → W+W−) =
Nα2

WβW
4M4

W

{[
±1

1− 2RW

(
1− 3RW +

β2
WRW

1− 2RW

)

− 3

1−RH

(
1

2
−RW )

]2

+2R2
W

[
±1

1− 2RW

(
1− β2

W

1− 2RW

)
− 3

1−RH

]2}
|R′P (0)|2,

(B.16)

Γ(3P1 → W+W−) =
Nα2

Wβ
3
W

32m2
W

{
[32R2

W + (3− β2
W )]2

(
1

1− 2RW

− 1

1−RZ

)2

+4RW

[(
3− 4RW

(1− 2RW )2
− 4

1−RZ

)2

+
β4
W

(1− 2RW )4

]}
|R′P (0)|2,

(B.17)
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Γ(3P2 → W+W−) =
Nα2

WβW
40m2

W (1− 2RW )2

{(
1− 2RWβ

2
W

1− 2RW

)2

+6RW

[
1− 2RWβ

4
W

(1− 2RW )2
+

(
1− β2

W

1− 2RW

)2
]

+8R2
W

[
6 +

(
1− β2

W

1− 2RW

)2
]}
|R′P (0)|2,

(B.18)

where αW = αEM/s
2
W , βW =

√
1− 4RW is the relative velocity of the two W ’s,

eQ, vQ, and aQ are the electric charge, vector and axial-vector couplings to the Z of

the quirk, respectively, and RW = m2
W/M

2. In B.16, the ± corresponds to DD̄ for

+, and UŪ for −.
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B.4. ZZ

Γ(1S0 → ZZ) =
4N(a2

Q + v2
Q)α2

Zβ
3
Z

M2(1− 2RZ)2
|RS(0)|2, (B.19)

Γ(3S1 → ZZ) =
8Na2

Qv
2
Qα

2
Zβ

5
Z

3m2
Z(1− 2RZ)2

|RS(0)|2, (B.20)

Γ(1P1 → ZZ) =
32Na2

Qv
2
Qα

2
Zβ

3
Z

M2m2
Z(1− 2RZ)2

|R′P (0)|2, (B.21)

Γ(3P0 → ZZ) =
Nα2

ZβZ
8m4

Z

{(
32a2

Q −
3− 6RZ

1−RH

−
64R2

Zv
2
Q

(1− 2RZ)2

)2

+8R2
Z

(
3

1−RH

−
32RZv

2
Q

(1− 2RZ)2

−
8(3− 4RZ)(a2

Q − v2
Q)

(1− 2RZ)2

)2}
|R′P (0)|2, (B.22)

Γ(3P1 → ZZ) =
16Nα2

Zβ
5
Z

M2m2
Z(1− 2RZ)2

(
2RZv

2
Q

1− 2RZ

− a2
Q

)2

|R′P (0)|2, (B.23)

Γ(3P2 → ZZ) =
16Nα2

ZβZ
5m4

Z

{(
a2
Q + v2

Q

4R2
Z

(1− 2RZ)2

)2

+
3RZ

(1− 2RZ)2

(
a2
Q + v2

Q

2RZ

1− 2RZ

)2

+(v2
Q + a2

Q)2 4R2
Z

(1− 2RZ)2

(
3 +

2R2
Z

(1− 2RZ)2

)}
|R′P (0)|2,

(B.24)

where βZ =
√

1− 4RZ is the relative velocity between the Z’s. The definitions of

other quantities can be found below equation B.6.
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B.5. ZH

Γ(1S0 → ZH) =
Nα2

Za
2
QM

2β3
ZH

4m4
Z

|RS(0)|2, (B.25)

Γ(3S1 → ZH) =
Nα2

Zv
2
QβZH

6m2
Z

{(
1−RH +RZ

1−RH −RZ

− 2RZ

1−RZ

)2

+
RZ

2

(
1−RH +RZ

1−RZ

− 2

1−RH −RZ

)2}
|RS(0)|2,

(B.26)

Γ(1P1 → ZH) =
2Nv2

Qα
2
Zβ

3
ZH

M2m2
Z(1−RH −RZ)2

|R′P (0)|2, (B.27)

Γ(3P0 → ZH) = 0, (B.28)

Γ(3P1 → ZH) =
2Na2

Qα
2
ZβZH

m4
Z

{
(1−RH +RZ)2

(
RZ

1−RZ

− 1

1−RH −RZ

)2

+8RZ

(
RZ

1−RZ

− 1

1−RH −RZ

− β2
ZH

4(1−RH −RZ)2

)2}
|R′P (0)|2,

(B.29)

Γ(3P2 → ZH) =
3Na2

Qα
2
Zβ

5
ZH

5M2m2
Z(1−RH −RZ)4

|R′P (0)|2, (B.30)

B.6. γH

Γ(3S1 → γH) =
Ne2

QαEMαZ(1−RH)

6m2
Z

|RS(0)|2, (B.31)

Γ(1P1 → γH) =
2NeQ2αEMαZ(1−RH)

M2m2
Z

|R′P (0)|2. (B.32)
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B.7. HH

Γ(3P0 → HH) =
Nα2

ZβH
32m4

Z

(
9RH

1−RH

− 6

1− 2RH

+
β2
H

(1− 2RH)2

)2

|R′P (0)|2,

(B.33)

Γ(3P2 → HH) =
Nα2

Zβ
5
H

80m4
Z(1− 2RH)4

|R′P (0)|2. (B.34)
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