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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 1072 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

v



mixing is possible without violating bounds from the lepton flavor changing processes:
i — ey, L — e conversion, and p — 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This dissertation includes previously published and unpublished co-authored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.



CURRICULUM VITAE

NAME OF AUTHOR: Ricky Fok

GRADUATE AND UNDERGRADUATE SCHOOLS ATTENDED:
University of Oregon, Eugene, Oregon
University of Sydney, Australia

DEGREES AWARDED:
Doctor of Philosophy in Physics, 2011, University of Oregon
Bachelor of Science in Physics, 2003, University of Sydney

AREAS OF SPECIAL INTEREST:
Particle Physics
PROFESSIONAL EXPERIENCE:

Research Assistant,
Theoretical High-Energy Group, University of Oregon, 06/2007 - Current

Teaching Assistant
Univeristy of Oregon, 09/2005 - 06/2007

GRANTS, AWARDS AND HONORS:
Summer Research Scholarship, University of Sydney, 2002/2003

Summer Research Scholarship, University of Sydney, 2003/2004

PUBLICATIONS:

R. Fok and G. D. Kribs,“4 — e in R-symmetric Supersymmetry,” Phys. Rev.
D 82, 035010 (2010) [arXiv:1004.0556 [hep-ph]].

vi



R. Fok and G. D. Kribs, “Four Generations, the Electroweak Phase Transition,
and Supersymmetry,” Phys. Rev. D 78, 075023 (2008) [arXiv:0803.4207]

D. B. Melrose, R. Fok and D. P. Menezes, Mon. Not. Roy. Astron. Soc. 371,
204 (2006) [arXiv:astro-ph/0607553].

Vil



ACKNOWLEDGEMENTS

I would like to thank Graham Kribs for being an excellent advisor. Without his
assistance, I would have been in downtown Chicago asking rich people for change,
rather than performing postdoctoral research in the murder capital of Toronto. I
would also like to thank those who attempted to make this world a better place for

me.

viil



TABLE OF CONTENTS

Chapter Page
[.  INTRODUCTION: THE NEED FOR NEW PHYSICS . ... ... .. 1
1.1.  Electroweak Baryogenesis . . . . . . .. .. ... ... ... .. 3

1.1.1. Conditions for Electroweak Baryogenesis . . . . . . ... .. 3

1.1.2. The 1-loop Effective Potential at Finite Temperature . . .. 5

1.1.3. Electroweak Phase Transition for the Standard Model . . . . 11

1.2. Supersymmetry and the Lepton Flavor Problem . . . . .. .. 14

1.2.1. Supersymmetric Lagrangian . . . . . . . . . . .. ... ... 14

1.2.2. Supersymmetry Breaking . . . . . . ... ... 17

1.2.3. R-parity . . . . . . . 18

1.2.4. Minimal Supersymmetric Standard Model . . . . . . . . .. 19

1.2.5. Lepton Flavor Problem . . . . . . ... ... ... ...... 20

1.3, Quirks . . . .. 21

1.4. Outline . . . .. ... 22

II. FOURTH GENERATION, SUPERSYMMETRY & ELECTROWEAK

BARYOGENESIS . . . . . . ... 24
2.1, Setup . . . .. 26
2.2, Supersymmetry withtang=1. . ... ... ... .. ..... 27
2.3.  Onme-loop Effective Potential . . . . . . ... ... ... .... 30

1X



Chapter Page

2.4. Finite Temperature One-loop Effective Potential . . . . . . . . 32
2.5.  Effects of New Heavy Particles . . . . . . ... ... ... ... 34
2.5.1. Thermal Effects . . . . . . . . .. ... .. ... .. ..... 35
2.5.2. Zero-temperature Effects . . . . .. ... 37
2.6. Lightest Higgs Mass in the 4MSSM . . . . . . .. . ... ... 39
2.7. Results . . . . .. 40
1. u TO e IN R-SYMMETRIC SUPERSYMMETRY . . . . ... ... .. 43
3.1. A Simplified R-symmetric Model . . . . . . ... .. ... ... 45
3.1.1. The Super GIM Mechanism . . .. ... .. ... ... ... 48
3.2.  Experimental Constraints . . . . . . . . ... ... ... .... 49
321 p—=ey . oo 50
3.2.2. p — e Conversion in a Nucleus . . . . .. .. ... ... ... 54
323 = 3€ . . 65
3.3. Implications for Flavor Violation Signals at LHC . . . . . . .. 70
IV. QUIRKONIUM DECAYS . . . . . . . .. . .. 78
4.1. Model and Setup . . . . . ... 80
4.2. Matrix Elements of Bound State Decays . . . ... ... ... 83
4.3. Radiative Transitions . . . . . .. .. .. .. ... ... .. 85
4.3.1..99 . .. 86
4.4. Quirkonium Decays . . . . . . .. ... 86
441 Why 87



Chapter Page

442 WHYH ... 89

4.4.3. WZ . o 90

4.4.4. fufa -~ o o 92

4.5. Branching Ratios and Width Ratios . . . . . . .. .. ... .. 93

4.5.1. Charged Quirkonia . . . . . .. .. .. ... ... ... .. 93

4.5.2. Neutral Quirkonia . . . . . . . .. ... ... ... 94

4.53. 1P 96

45.4. 3Py . .. 96

4.5.5. 3P0 . 96

4.5.6. 3Py . . .., 98

4.6. Discussion and Comparison to Vector-Like Quirkonia . . . . . 98

V. CONCLUSION . . . . s 103

APPENDICES

A. GAUGINO AND SLEPTON STRUCTURE . . . . . ... ... ... 107
B. DECAY RATES OF NEUTRAL QUIRKONIA . . . ... ... ... 109
Bl ff 109

B2, Zrvy oo 110

B3, WHTW™ . . 112

B4, ZZ . . . 114

Bb., ZH . .. . 115

x1



Chapter

xii



LIST OF FIGURES

Figure Page

1.1  The region of convergence for G_(z —y) and G (x —y) in the complex ¢
plane. The crosses on the imaginary axis denotes the points related
by the periodicity condition G4 (t — if,x) = nG_(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 Gy (x —y). . . .. ..o 8

1.2 An illustration of the 1-loop effective Higgs potential at different
temperatures. The zero point energy of the potential at ¢ = 0
has been shifted to be zero. In this case, the electroweak phase
transition occurs at 7, = 99.6 GeV, when a degenerate vacuum is
developed at ¢ # 0. Above that temperature the absolute minimum
of the potential is at ¢ = 0, the electroweak unbroken vacuum.
Notice that there is a potential barrier between the electroweak
symmetric vacuum and the electroweak broken vacuum at 7' = T,
a characteristic feature of first order phase transitions. . . . . . . . 12

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 (yp ~ 4m). . . 28

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 7T, (solid line) and the new effective
potential with an additional heavy fermion (dashed-line), except
that only the thermal contribution, Vrq, 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 V; (solid-line). The net effect shown in
Figure (b) solid-line is that the global minimum at ¢ ~ ¢. decreases
and thus T, increases. . . . . . . . . . . . . ... 32

2.3 This plot shows that the electroweak phase transition order parameter
decreases if a new heavy chiral quark is added to the theory. . . . . 36

xiil



Figure

2.4 Contour plot with the ratio mg/m, fixed, from top to bottom, as
1.05,1.1,1.15,1.2. The masses of the fourth generation quarks are
taken tobeequal. . . . . .. ..o

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
mg/my, from top to bottom, 1.2, 1.1, 1.0, 0.95 with my = my and
ME=TNg. « « « « « o v v e e e e e e e

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 ¢./7T. = 1 while the lower
boundary is determined by mj; = 115 GeV. The dotted and dot-
dashed contours on the left-hand side figure (a) corresponding to
¢c/T. = 1.5,2.0 respectively. The dotted, dot-dashed and dashed
contours on the right-hand side figure (b) correspond to the Higgs
masses my = 150,200, 250 GeV respectively. . . . . . ...

2.7 Same as Fig. 2.6 but we take my/my = 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. . . . . . . . ... . ...

3.1 Feynman diagrams for y — ey corresponding to the amplitudes (a)
Apgin1 and (b) Agine mediated by right-handed slepton flavor mixing.
The diagrams for left-handed slepton flavor mixing are obtained by
swapping L <> R. . . . . . . .

3.2 Regions in parameter space (shaded) that satisfy the y — ey bound for
right-handed slepton mixing. The mass of the heavier slepton is set
to 1.5my, . From light to dark, the shaded areas denote mixing with
sin 20; = 0.1,0.5 and 1, respectively. The funnel regions in the plots
with g = 100,200 GeV is caused by the cancellation between the
amplitudes involving the bino-like and the H 9.like neutralinos. . . .

3.3 Same as Fig. 3.2 but for left-handed slepton mixing. We have restricted
M, < 500 GeV since contributions from wino-like charginos not been
included (see Sec. 3.1. for a discussion). . . . . . ... ... ... L.

X1v

Page

95



Figure

3.4  Schematic diagram illustrating the set of penguin contributions to u — e

3.5

3.6

3.7

3.8

conversion (for f = ¢q) as well as u — 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. . . . . ...

Contributions to the effective vertex from the charge radius operator.

Graph (c) is suppressed by a factor of m? /mi 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. . . . . . . . ..

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, ¢g3, and (b) gives the

term proportional to gz, with Z coupling to H, 9. Only right-handed
slepton flavor mixing diagrams are shown, while left-handed slepton
flavor mixing diagrams are obtained by swapping L <+ R. . . . . . .

The box Feynman diagram for g — 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. . . . . . . .

A plot of the right hand side of Eq. (3.30), 19j4(x, x,vy)/f,(z), where

r = ]\412/mlg1 and y = m?i/ngl' 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 z-axis. . . . . . .. . ... ...

XV

Page



Figure

3.9

3.10

3.11

3.12

3.13

3.14

3.15

3.16

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,
At (blue), @4, (green), |&Zf | (red), and —gZ;* (brown). The
dashed line corresponds to the bound on y — 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
M; regions in these figures|, and where all four amplitudes contribute
significantly [subfigure (c)]. In subfigure (d), the magnetic dipole

amplitude reaches zero near m; ~ 330 GeV. This coincides with

Page

the “funnel” region in the parameter space plot for y — ey, Fig. 3.2(b). 66

Same as Fig. 3.9 but with left-handed slepton mixing instead. The
contours are, .o/ (blue), —g4>. (green), —a/l  (red), and o7}
(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 y — e conversion. This forms the

funnel regions in Fig. 3.12. . . . . . . .. ..o

Allowable regions for ;i — e conversion in a gold nucleus with right-
handed slepton mixing. From light to dark, the shaded areas denote
mixing with sin26; = 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. . .

Same for Fig. 3.11 but with left-handed slepton mixing instead.

Regions of the parameter space that satisfy the u — 3e bound at
different mixing angles of right-handed sleptons. The values of sin 26;
are, from light to dark, 0.1, 0.5, 1. . . . . . . . . ... .. ... ...

Same as Fig. 3.13 but with left-handed slepton mixing. . . . . . . . ..

Regions allowed in the parameter space by combining the three
constraints for right handed sleptons. The constraint from pu — 3e
is always less severe than the other two processes in the parameter
space shown. . . . . . . . ...

Same as Fig. 3.15 but for left handed sleptons. Similar to the right
handed case, the constraint from p — 3e is also less severe than the
other two processes in the parameter space shown.. . . . . . . . ..

xvi

68



Figure Page
4.1 Decay branching ratio of quirkonia in different J¢ states. Solid lines
are with Higgs mass My = 125 GeV, dashed lines with My = 250

4.2 Decay width ratios of quirkonia in different JP¢ states.  For

Figs. (a),(b),(e),(f),(g), solid lines correspond to a Higgs mass My =
125 GeV, while dashed lines correspond to My = 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 My = 125
GeV and My = 250 GeV separately due to the s-channel pole
structure visible in Fig. (d). . . .. .. ... ..o 0oL, 97

4.3 Same as figure 4.2 but for 3P,. . . . . ... 98

4.4 Decay width ratios of quirkonia with vector-like masses in different .J©¢

states. Solid lines correspond to a Higgs mass My = 125 GeV, while
dashed lines correspond to My = 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. . . . . . . 99

4.5 Same as 4.4 but for charged quirkonia. Only the two JFC states
shown here have nontrivial branching ratios. The state 3S; cannot
decay through two-body decays. The 3Py 5 states can only decay
radiatively into S states. . . . . . . . ... L 100

xvil



Table

3.1

3.2

3.3

4.1

LIST OF TABLES

Page

Mass spectrum . . . . ... Lo 74
Leading order production cross sections for squarks and gluinos at the

LHC with /s = 14 TeV in the MRSSM. . . . . .. ... ... ... 74
Decay branching ratios of the particles involved in the cascade decay
N3 — I7l} — [7I""N; given the MRSSM parameters given in

Table 3.1. . . . . . . . 75

Quirk quantum numbers. . . . . ... Lo 81

XVviii



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 = —m¥y¢? + A, (1.1)

where my is the Higgs mass, ¢ is the Higgs field. The VEV, v, measured to be 246
GeV, is

v=1/—=. (1.2)



If we require the theory to be perturbative, then A < 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

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

factor of N, = 3,

Ny}
- A?VPa (13)

om2 =
" 872

where y; ~ 1 is the top yukawa, Ayp is the scale of new physics. Perturbativity
requires m% < dm%. One finds Axp ~ O(TeV). This implies two possibilities.
First, we could allow non-perturbative physics above Ayp. 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..



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)r, group. The anomaly gives a non-zero divergence of the baryon current.

Neg? -
0,5t = 4L pF

B 39727 7 (1.4)

where Ny is the number of fermion generations, and F F can also be written as a

divergence,

Neglecting 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.



vp“ o

FF = 8Meﬂupo (Fa A® — %eabCAgAZA§>. (1.5)

The second term in equation (1.5) is related to the baryon violating process in
vacuum, where £ = 0, while the first term gives no contributions as it is
proportional to the field strength tensor. Consider all field configurations Af
corresponding to zero field strength, and choose the temporal gauge, A = 0. Then,
integrating equation (1.4) over all spacetime gives the change of baryon number from
t = —00 tot = 00,

AB = N;ANcg, (1.6)

where N¢gg is the Chern-Simons number corresponding to the topology of the gauge

field,

3
Negs = —

/d?’xeijkeabcA?A?Az. (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 Fj,, = 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 ANgg = 1 is called the instanton. The unstable
classical solution for the field configuration at the top of barrier with energy Ej,,
is called the sphaleron. At zero temperature, the probability of tunneling through
the potential barrier via the instanton is ~ exp(—4m/ay ) ~ 107162 essentially zero.
However, at finite temperature, the suppression factor is replaced by the Boltzmann

factor, exp(—Espn/T'). From this factor, it is shown in [2] that in order to prevent too



many of the baryons from being washed out, during the electroweak phase transition,
the criterion ¢./T. 2 1, must be satisfied, where ¢, is the VEV of the electroweak
broken vacuum at the temperature 7. where it is degenerate with the symmetric
vacuum. This also implies that the phase transition must be of first order, because
¢c/T. ~ 0 for a second order phase transition.

The Standard Model contains C' and C'P violating interactions, and in principle,
could satisfy the second condition. However, the C'P violation provided by the
Standard Model generally considered to be too small. New physics must be
introduced to produce sufficient C'P 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 T.. 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 7. In comparison to field theory at zero

temperature, the expectation value of operators at zero temperature is replaced by



the grand canonical average of the operators, (O) = Tr(pO), where p is the grand

canonical density operator

b= exp[>_,; BiQi — BH]
Trexp[},; BuiQ: — BH)’

(1.8)

where the trace is over all states in the ensemble, the sum is over all species in
the thermal bath, pu; is the chemical potential of species i, § = 1/T, and H is
the Hamiltonian. One sees that Tr(p) = 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,

Ge(z —y) =0c(a® —y°)Gy(z —y) + 0c(y’ — 2°)G_(z — y), (1.9)

where G (z—y) = (¢(x)p(y)) and Oc(t) is a to-be-determined function with contour
C' in the complex t plane. The retarded Green’s function satisfy G_(z — y) =
G, (y—1x). Using ¢(x) = @ (0, x)e~@H and taking p; = 0, x = 0 for simplicity,

the advanced Green’s function is



Gi(r—y) = % > [(m|é(0)[n)]” expli B (2° — y° +iB)] exp[—iEn(z° —4°)], (1.10)

m,n

where |m) and |n) are the eigenstates of Hamiltonian with eigenvalues FE,, and E,
respectively, and N is the normalization constant of the grand canonical partition
function p. To ensure convergence, we see that —5 < I'm(t) < 0. Therefore, 0 (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

Gy (t—if,x) =nG_(t,x), (1.11)

where n = 41 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 = —ir, 7 € (0,). Write the above as G_(—t + i) = nG_(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 /3. A similar argument holds for the advanced Green’s
function which is valid in the strip (0, —i/3). One can then analytically continue the
Green’s function to the whole complex ¢ plane, with period § 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.



Ret

FIGURE 1.1: The region of convergence for G_(r—y) and G (z—y) in the complex ¢
plane. The crosses on the imaginary axis denotes the points related by the periodicity
condition G, (t — i,x) = nG_(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 (z — 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_/(%)3 N (1.12)

where w, = \/[m and N = a'a is the number operator. Then, consider a state
where n scalars have energy w 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, (afap) = np(wp)d*(q — p) and (aqal) =

[1 4+ ng](wp)d*(q — p), where np is the Bose distribution



1

- eﬁwp——l‘ (113)

np

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

and a thermal term explicitly

Goto =)= [ %p@)e—w-y) 0 — ) s, (114)

where p = 27[0(p°) — 6(—p°)]6(p? —m?). To find the Green’s function in momentum

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

1

G(wn,P) = 55—
(W p) p2+m2+w12

(1.15)

where w; = 2[73~!. This is the Matsubara frequency [8]. The derivation for other

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

—1
p2 +m? + 2l 5712
—1
PP+ m? £ 2+ DB ]
Loop integral % Z / #

n=—0oo

Vertex function —zﬂ(27r)3(5(z li)(53(2 Pi),

Boson propagator

Fermion propagator

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 /;. Also, the phase space volume (27)*



is replaced by [(27)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,

Vers(#,T) = Vo(9,0) + Vi(9,0) + Vr(e, T), (1.16)
where
m? A
Vo(#,0) = —-¢" + 76 (1.17)

is the tree level potential,

V(o0 +0V = g S lmm (lgﬁ—ﬁ - g) - 2m%<¢>m?<v>] (118

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

regularization and the following renormalization conditions:

d(Vy + 6V)
de

d*(Vi +6V)

=0
) d¢2

¢p=v

=0, (1.19)
¢=v

with v = 246 GeV being the zero temperature VEV. The sum is over relevant particle
species with number of degrees of freedom n; (the convention I use here is such that
for a fermion f, ny is negative due to the fermion loop). The field dependent mass
squared for species 7 is m?(¢) = d*V,/d¢?*. Finally, the thermal contribution to the

effective potential is

Zm j:( ;(f)), (1.20)
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where

2 00
Ji (m%(;b)) = / dr x?log {1 + e~ V(@) (1.21)
0

with + for fermions and — for bosons. The functions J4 can be expanded in the limit

where m? /T — 0, where the ¢ dependence on m has been neglected for convenience.

The result is [2]

; m2 7r4+7r2m2 T m? 1m41 m?2 Lo m9 q
(=) = - —+—— T~ Jog—— — an
T2 51272 613 32T 81 T6 )’
(1.22)
m2 Tt mim? 1 m? m2 mb
J*(F) = §E_ﬂﬁ_3_2ﬁlogaﬁ2+0(ﬁ)’ (1.23)

with log a, = 3/2—2yg+2log 4w = 5.4076 and logay = 3/2—2yg+2logm = 2.6351.
The constant term in JL 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
¢c/T. 2 1 [2], where the critical temperature 7, is the temperature at which the

two minima are degenerate, and ¢, is the value of ¢ at the degenerate minimum. In

11
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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 ¢ = 0 has been shifted to be
zero. In this case, the electroweak phase transition occurs at T, = 99.6 GeV, when
a degenerate vacuum is developed at ¢ # 0. Above that temperature the absolute
minimum of the potential is at ¢ = 0, the electroweak unbroken vacuum. Notice
that there is a potential barrier between the electroweak symmetric vacuum and the
electroweak broken vacuum at 7' = T, a characteristic feature of first order phase
transitions.
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the Standard Model, the order parameter ¢./T. can be calculated analytically in the

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

2]
MT
Virs(6.T) = D(I? ~ T)* — B¢ + 2D g1 (1.24)
where
2m3, + m% + 2m?
D= S0 (1.25)
6m3, + 3m3
F=—W_ "2 1.26
12703 ( )
m? — 8 Bv?
Ty = —t—— 1.2
1 4 m%v 4 mQZ 4 mf
MNT)=)\— = (Gmw log e + 3m7 log AT 12m; log A1) (1.29)

where Agp = —2vg + 2logdnr and Ap = —2vg + 2log w. This gives

.  2F
i:WﬂNOmm (1.30)

for Higgs mass m; = 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 {66}, with
a=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 ¢ and fermion
component v is

X = ¢+ V20,0° + 0°F, (1.31)

where F' is an auxiliary field, and 0,1 = e,50%°. Tt 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 ¢. The kinetic terms for ¢ and 1) can be derived from
/ d0XTX, (1.32)

to get derivative terms from the above, write ¢ = ¢(y*) = ¢(x* +ic*0), and expand

in ilc*. Similarly for 1. The supersymmetric Lagrangian is then
10,0 + ipiat o, + FIF. (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 ¢.

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 v, a fermion field and its conjugate

A\, AT, and an auxiliary field D, is
_ _ _ 1 .-
V= 00”00} + 0N — i*ON" + 592921)&, (1.34)

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

superfields are contained in the gauge invariant term

/ d*0Xe?V' T X, (1.35)
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where 7% is a generator of the gauge group. In component form, the above is
1D, +iTa" Dy + FIF +iv/2g(6' 799\ — oro9A) + gofre9D. (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,
ivV2gdTT*A* + 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 D, 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 = 4\ + [468 D* + 2i(0"5")P F2 105 + 407005 DA (1.37)

a’ v

The field strength term can be formed by integrating over W*W®, this term is called

the superpotential.

1 1
/ d292aW“W“+ / d2926—4WT“WT“. (1.38)

In component form, it is

]' a auyv N a — a ]' a a
— 1 FuE +iA?G* DAY + 5D D" (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 = /d40K+ </d29W + hc> (1.40)
If the theory contains n chiral superfields, the i-th auxiliary field FiT is replaced by

i OW(9)
T

(1.41)

its solution to the classical equation of motion, where W (¢) is the superpotential with
all its chiral superfields replaced by its scalar components. Similarly, the auxiliary

field D¢ for a gauge group G is given by

Dg =—ge Y olr"¢n, (1.42)
where ¢g 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 £, on a chiral

superfield. The changes in its components are

56 = V28, (1.43)
8 = V2F + iV20,¢0"¢, (1.44)
5P o= o Yoté. (1.45)

\/5.“

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
urdgrdg, 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 Ry transforms as

X — e B0, (1.46)
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where ¢ is the transformation parameter. Its components transform as,

0 — P62, (1.47)
¢ — e, (1.48)
YO e MBxTya (1.49)
F — ¢ Bx=29p (1.50)

In other words, the scalar component has R-charge Ry and the fermion component
has R-charge Rx —1. A Z, parity, with § = 7 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 ), ug,dr and in the lepton sector L,er. The Higgs
sector contains two chiral superfields, H, and H,, with hypercharges 1/2 and —1/2,

respectively. The MSSM superpotential is [12]

WMSSM = YUQHHUR - YdQHddR — YZLHdeR + /LHqu. (1.51)

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

— scalar masses my¢'¢ for the squarks and sleptons
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— gaugino masses M,A*\* for the bino, wino, and gluino
— trilinear scalar couplings aqubuﬁR, aqudeR and anqﬁdé R

— Higgs masses m%, &% b, + m2 0504 + (bpupa + c.c.)

Electroweak symmetry is broken by having the two Higgs scalars acquiring non-zero
VEVs, (¢.) = v, and (@) = vy, with v2 + v3 = v? = 246 GeV. The ratio between
the two VEVs is parametrized as tan 8 = v, /vy. There exists an upper limit on the

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

ml) < my cos 23, (1.52)

which is below the experimental lower limit [14] m;, 2 115 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 3.

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

—ULMU’LLR — DLMDdR, (153)

where the mass matrices My and Mp are 3 x 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,

gWHULV~, Dy, (1.54)

where V is a 3 x 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,

— 7, Mgl (1.55)

Notice that there is no mass terms involving ;. Diagonalizing the lepton mass
matrix by fixing the phases of v, and [g, the interaction term with the W becomes
gWHoLV'y,l,. We still have the freedom to fix the phase of [; 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 g — ey alone sets an upper limit on the slepton mixing d;; < 1072,

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) x U(1), as well

as a confining gauge group SU(2);. with scale A;. much less than the quirk mass
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mq, Nie < mg. This new confining force is referred as the infracolor force. This
hierarchy between A;. and my 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 \. = mg)l to pop out a virtual quirk
pair. For this process to go on-shell, the flux tube energy over A. must be larger than
2mg. From dimensional analysis, the energy per unit length of the flux tube must
be of order AZ. The flux tube energy integrated over a compton wavelength is then
mg(Nie./mg)? < mg. 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 Zy 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
1 — 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 — vv 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
my = 100 GeV, my = 155 GeV, my = 310 GeV, my = 260 GeV, and m;, = 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 my /my ~ 1.2 as well as my = my 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,u,7), Higgs bosons (the quartic is small), and all
superpartners other than 757172,5’ 172,5172. 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 tang =1

In the limit tan 8 — 1, several aspects of supersymmetry drastically simplify.
From the definition of tan 8 = (H,)/(H,), we see the vevs are equal, v, = vq = v/v/2,

where v = 246 GeV. Yukawa couplings,

_ 2my

= 2.1
Yy v ) ( )

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

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

mt/ b
, ,:2.1(—’ ) , 2.9
Yorb 260 GeV (2:2)
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FIGURE 2.1: An estimate of the cutoff scale of the 4AMSSM 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 (ys ~ 4m).

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 v/2 larger than in a non-supersymmetric model, since the ¢ and b acquire their
mass only through couplings to the up-type and down-type Higgs, respectively. If
tan 8 # 1, either the up-type or down-type Higgs vev is reduced, and thus to hold
the masses of the fermions fixed, one of y;, y,y must increase. The choice tan § = 1
therefore allows the largest possible physical fourth generation fermion masses with
the smallest Yukawa couplings. Since y¢ cannot be arbitrarily large for perturbation
theory to be valid, the parameter choice tan 8 = 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 ~ 4mw. We show this scale as function of fermion mass in Fig. 2.1.

Note that requiring y]%/(élﬂ) < 1, implies yy < 3.5, corresponding to my < 450 GeV;
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we will not consider fermion masses that much exceed this value.
In the limit tan 5 — 1 the Higgs sector also drastically simplifies. The tree-level

potential in the MSSM with tan 5 = 1 is

V= (my, + 1) [H,* + (mi, + 1) | Hg|?

1 2
—(bHPHY + c.c.) + 3 (> +¢7) (|Ho? — |HIP?)". (2.3)

Expand the neutral components as

H? 1 v 1 cosa  sina h
= + — (2.4)
H) V2, V2| _gina cosa H

where the o rotation matrix diagonalizes the Higgs fluctuations (h, H) into mass
eigenstates. In the limit that the second Higgs doublet “decouples” (mjo g g+ >
my,), the mixing angle o — f3, and thus the lightest Higgs is simply h = (H?—HJ). In
this limit the tree-level Higgs potential vanishes, since i corresponds to the excitation
of a D-flat direction.

Since electroweak precision data prefers my /my ~ 1.2, this could be arranged
either by adjusting just these two Yukawa couplings v, /yy = 1.2 or instead adjusting
tan 8 = 1.2. These two scenarios are nearly equivalent for our purposes, and so we
choose to set tan 8 = 1. Notice that even if tan § = 1.2, this would correspond to
the addition of 0.03M% to the (mass)? 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 8 were allowed to vary slightly from 1.

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

that the mass eigenstates of t 1,2 and 1% 1,2 correspond to the gauge eigenstates t LR
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and O/ r,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 ms(As — pu) (where again, tan 5 = 1), this simplification corresponds to
the specific parameter choice Ay = p.

Finally, as we discussed above, the Higgs potential simplifies in the limit
Mmoo, my+, myo > my. 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 8 = 1, loop corrections entirely determine the Higgs
potential. We are interested in the loop corrections to just the scalar fluctuation
¢ = (h+v)/v/2. At one-loop the effective potential for the Higgs is simply determined

from the Coleman-Weinberg potential

Vo= 3 e (1og Mi(9) —) (2.5)

- ft

where M;(¢) are the field-dependent masses, p is the renormalization scale (MS

scheme), and ¢;’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 n, = —12 (for each ¢ =
t,t,0), ng, =ng, =6, nw, =4, nz, =2, ny, =2, ny, =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,

dVi(p=v) 5 _
dv? ¢ =

d./W2 M? 1
- Z 327r2 va( v) <1og ;gv) to- cZ) 0>, (2.6)

AV = —

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

4 2
1+9—< +bg“>]. (2.7)
™ \3 my

Since the fourth generation fermions overwhelmingly dominate the contributions to

mf |pole = mf (M)

the (zero and finite-temperature) effective potential, we take pu = /mpymy, ie.,
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 7, (solid
line) and the new effective potential with an additional heavy fermion (dashed-line),
except that only the thermal contribution, V7, 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 V; (solid-line). The net effect shown in
Figure (b) solid-line is that the global minimum at ¢ ~ ¢, decreases and thus 7,
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
M oe = M(mg), 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+‘/ring (28)
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where

1 Mz2 4
Vi = Z 73 ( = ) T (2.9)
T 3 3
k=W.,Z1,
and
M} = M}4+TI, . (2.11)

The field-dependent fermion and scalar masses are

Mi(¢)? = 2y;¢° (2.12)

Mp(¢)® = Mg + Ms(6)* . (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

Jpr(y?) = /000 dz x* log [1 F exp (_\/W)] . (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 Jp g 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 ¢ — 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 ¢',0,t, their superpartners f’LR,ZN)’L’R,fLR, 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 ¢ = 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, ¢. and T, 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 T, where there are two
degenerate minima V. ;;(0,7.) = Vers(de, Tt) located at ¢ = 0 and ¢ = ¢.. Now add

to this a new particle that satisfies m(¢.)/T. > 1. The phase transition strength
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can be modified via two ways from this new particle. One is through corrections
to the thermal contribution Jg (m?/T?); 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 > T., can be characterized by how they contribute at large field
values ¢ > T and small field values ¢ < 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

where n counts the number of degrees of fermion per boson or fermion with field-
dependent mass M (¢). Clearly, when M (¢) > T', which is equivalent to ¢ > 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
Vrilpsm = —Inleppr—T" (2.16)

where cp p = (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 ¢ = 0
while causing a negligible shift in the potential at ¢ = ¢.. 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 Vog(¢ = 0) = 0 shifts the potential up for all field values, thereby removing
the second minimum at ¢ = ¢., 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 mg/m, 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., ¢ < p,
the dominant contribution is from the quadratic term. Since we choose ;& ~ mg, 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 ¢./T,. 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 mg /mgy, from top
to bottom, 1.2, 1.1, 1.0, 0.95 with my = my and m; = mgy.

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
mg = my, 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 ¢./T..

Ref. [29] estimated that of order ten or more degrees of freedom is needed to
enhance the phase transition sufficiently to achieve ¢./T, 2 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 ¢./T. = 1 while the lower boundary is determined by m;, = 115 GeV.
The dotted and dot-dashed contours on the left-hand side figure (a) corresponding
to ¢./T. = 1.5,2.0 respectively. The dotted, dot-dashed and dashed contours on the
right-hand side figure (b) correspond to the Higgs masses m;, = 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 4AMSSM

Given the parameter choice tan 8 = 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 y;%, even a small splitting between f and f has a very important effect. A one-
loop estimate of the lightest Higgs mass in the 4MSSM can be obtained by taking

d*(Vy + V1) /dp? at ¢ = v. This gives our rough estimate for the Higgs mass

2
m; = Z %%logm—g , (2.17)
=ty
where again v = 246 GeV. In Fig. 2.5 we show Higgs mass plotted against different
my = my masses, where we fixed all squark masses to be equal my = mj = m;. Each
contour has the fourth generation squark-to-quark mass ratio fixed m /my . 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 my 2 300 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

2 1 while the Higgs mass satisfies the LEP

~

order phase transition is strong ¢./7,
bound my;, > 115 GeV. We have computed this for the mass ratio my /my = 1 in
Fig. 2.6 and my /my = 1.2 in Fig. 2.7. In Fig. 2.6(a) we show contours of increasing
¢/ T, illustrating that it is straightforward to obtain values that significantly exceed
¢./T. = 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 m; = 115

GeV.
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FIGURE 2.7: Same as Fig. 2.6 but we take my /my = 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 my/mg). 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 my /mg 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 Ay = p, 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 ¢./T,
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

1 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 ;1 — e processes is particularly restrictive, given the impressive
bounds on p — ey from MEGA [47] and MEG [48]; on u — e conversion from
SINDRUM 1II [49], and to a lesser extent from p — 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), u <> e mixing is
severely constrained by these bounds (e.g. [53-57]). The size of the mixing can be
characterized by the quantity 6%y = dm%y /m? where 6m? is the off-diagonal (12)-
entry appearing in the sfermion mass matrix connecting the X-handed slepton to the
Y-handed slepton, and m? is the average slepton mass. Ref. [57] found &%, < 3x 1075,
while §¢, < 6 x 107 over a scan of the mSUGRA parameter space. Similarly strong
bounds on d%5 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 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,
1 4~ e mixing. Unlike the MSSM, the most important constraint is not necessarily
i — ey. This is easily seen by inspection of the R-symmetric flavor-violating
operators: p — ey requires a chirality-flip via a muon Yukawa coupling, whereas
it — e conversion has no such requirement. We find that y© — e conversion rules
out maximal mixing throughout the right-handed slepton mixing parameter space
for sub-TeV superpartner masses. This is complementary to pu — ey, 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 © — e conversion, and instead u — ey provides
generally the strongest constraint. We also calculated ¢ — 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 g — ev, in Sec. 3.2.1., u — e conversion in Sec. 3.2.2.; and finally, u — 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 LE'V 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)p-triplet scalar that causes a
contribution to the p 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 lf[d and lflu, and so can be ignored.

Itemizing the simplifications, we take:
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. The wino mass, M, is taken to be sufficiently large so as to give negligible
contribution to flavor violating interactions. This simplification means that the

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

. The up-type Higgsino mass i, 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 x 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..)

. 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.

. We assume the slepton mixing is purely in the 2 x 2 flavor space of e, p.
Enlarging this mixing to the full 3 x 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 u <+ e mixing, no further discussion of the

3 x 3 case will be given.

. For our numerical results, we take mj, = 1.5m; . 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 ﬁj—like) and two light
Dirac neutralinos (which are mixtures of H) and B).

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, A2 =m? —m? <« ngl,g' In this limit, it is straightforward to show that the

lo I

contribution to LFV can be expanded in powers of A2, taking the form

A2
sin 26, (M2 + .. ) , (3.1)
SUSY

where Mgysy is typically the largest mass sparticle in the diagram that dominates
the process. There is no A-independent contribution within the parentheses due
to the super GIM mechanism (see the next section). Since sin26; = 2m?2,/A?, one
factor of A? cancels, giving proportionality to the § 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 |m; my,|/m3; o if myc > mg, ,)-

In this chapter, A? is not small, and so using the “§ parameter” is simply not
appropriate. Instead, it is easy to see that in the opposite limit, A% > mlgl, the

contributions to LFV are proportional to simply sin 26, /mlgl. Hence, the relevant

parameters we show in most of our numerical results are bounds on sin 26, 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 26; by ratios of A%,/A2 .

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;
UiTkUkj = 0;;, 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 ngUk# = 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 I, 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(my) be some function that depends on the mass of the sleptons and a be some

quantity that does not depend on my, then

Z UekUkﬂ o+ f mk Z UekUk,Uf mk) (32)

The form of Eq. (3.2) appears when a logarithmic divergent loop integral is
dimensionally regularized, and one finds the 1/e term appearing as a constant term
« 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 my = m, the

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

3.2. Experimental Constraints

There are three y — e conversion processes with experimental bounds: pu — ey,
1 — e conversion, and . — 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 1 — ey 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 p parameter
constraint, and instead included the down-type Higgsino f[g. 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 ;1 — ey, u — e conversion in nuclei and p — 3e.
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With these simplifications, the amplitudes of LFV processes are sensitive to
just two neutralinos, mixtures of B and ng inside the loops. We can also neglect the
contributions due to charginos because the only light chargino is ﬁg—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 LF'V 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. p—ey

The neutrinoless muon decay p — ey occurs through the effective magnetic
dipole moment operator, eo,, F'** i, 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 yu — ey 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 fi-7 mixing with é-f mixing). The effective Lagrangian is

~dip ~dip

Lery = %éawFW(AL P+ A" Pr)p. (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 y — ey corresponding to the amplitudes (a)
Apin1 and (b) Agine 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 Agdip and Afdip, as

(ALina + ALin2) (3.4)

e
2
o]
|
-

=1

S
3>
!

I
1Nl

(Arin1 + ARin2) (3.5)

i=1

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 p — ey branching ratio is given by

48aT3m,

2
BR(p — ey) = G—gu AL+ [AZ 1P (3.6)
a
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with the amplitudes involving a neutralino N; and sleptons [; and I, with the sleptons

mass-ordered as m; < mg,. The amplitudes involving right-handed sleptons are

(Yl)29/2 . fnl(fu) fnl(ﬂﬁzi)
ARim == W(OLM@P COSs QZSID 9[ mlg — mg s (3.7)
R1 lr2
Yig?mny, f2(11)  fa2(@2)
A in R (3 O - O > 9~ . 0~ n. (2 o n 7 7
fein2 2(1672) My sin 6, cos 3 THdLiB cosvrem by mlgR mlgR

(3.8)

where Ag;,1 is the amplitude that involves an external chirality flip of the muon
and Apg;ne involves a flip at the Higgsino vertex. Here Opigo and Op;p are the
Higgsino and bino content of V;, respectively (i.e., the corresponding elements in
the orthogonal matrices that diagonalize the gaugino mass matrix squared), and
Y} =YY = +1. To lowest non-vanishing order in My, the neutralino mixings are

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

cos Bsin 0, Mz jiq
OIB(Md < Ml) = Olﬁg(ud > Ml) WE 2 ) (3'9)
1~ Mg
cos (3 sin 0, Mz M
O, 5(pa > M) = O2f1g(:“d <My) = - 5]\/[2 2Z 1’
1~ Hg
(3.10)

and Oi(é,”g) = 1 in the appropriate limits. The functions f,;(x;), with x; =

mka / ml?m, with j = 1,2, come from integrating over the loops in the diagrams:

foa(x) = ﬁ(l—6x+3x2+2x3—6x21naz), (3.11)
fna() = ﬁ(l—x%r%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

Al — Al upon (Y}l%,mlgm) — (YLl,mlgLi). (3.13)

Inserting the results in Egs. (3.9)-(3.10) into (3.7)-(3.8), we see that to lowest
vanishing order in My, BR(u — e7) is independent of tan /3. 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($)+fn1<%) = % (3.14)
foZ(x)_frﬂ(i) = 0. (3.15)

We are now in a position to discuss the amplitudes in various limits. In the
bino-like limit M; < pq4, one sees that Agy,; dominates, as Ag;po is of order My /jig.

When N; becomes HY-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 B-like case, Arin1, 1S now
suppressed by p2/M3, the same suppression factor appears Agi,2. So the dominant
amplitudes come from the diagrams involving a B-like neutralino exchange. Note
that Age,e has an opposite sign compared to Ags,; 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(u — ey) < 1.2 x 1071
47, 48].

The situation is drastically different in the case of left-handed slepton mixing.
The hypercharge of the left-handed leptons (Y] = —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. p — e Conversion in a Nucleus

The conversion of a muon into an electron can give a qualitatively distinct
bound on u <+ e slepton mixing because there are several types of operators beyond
those that contribute to u — ey. We discuss the operators for 4 — e conversion,
one-by-one, in this section.

The p — 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, §v°q, gv*v°q, and Go*’q have been neglected. This leaves us
with the scalar and vector current, gqg and gy*q, 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 gy — ey bound
for right-handed slepton mixing. The mass of the heavier slepton is set to 1.5m;, .
From light to dark, the shaded areas denote mixing with sin26; = 0.1,0.5 and 1,
respectively. The funnel regions in the plots with py = 100,200 GeV is caused
by the cancellation between the amplitudes involving the bino-like and the H 9.like
neutralinos.
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FIGURE 3.3: Same as Fig. 3.2 but for left-handed slepton mixing. We have restricted
M; < 500 GeV since contributions from wino-like charginos not been included (see
Sec. 3.1. for a discussion).
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for © — 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]

Legg = ) Qq”[ (A Py A PR) + Sio™ by (AL, Pu 4 Ally Pr) | ng

q=u,d

1 S (G + AL PL + (AS + AT Prlugng. (3.16)

q=u,d

2

. L,R
, 1s the momentum transfer, A7

where @, is the quark electric charge, k* ~ —m
and Avd? , correspond to the y-penguin and Z-penguin, respectively, and Agoi R)
corresponds to the box diagram.

The most severe upper bound to date is on the conversion rate ratio with a
gold nucleus BR(p — €)ay = L'(n™ Au — e Au) /T (1~ Aw)capture < 7 x 10713 from
SINDRUM 1T [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

T\e = 4m |, dlp+dﬁ+%ox + @F? + (L < R), (3.17)
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where,

Al = —8—1€A§dipD, (3.18)
Al = Av®), (3.19)
e = —(2ALG A+ AGIVY = (AR + 2455V, (3.20)
G = (27, + Zy)VP (22, + Z,) V™)AL, (3.21)

where Z, = (Zg, + Zg,) /2, with Zy, = I} n — Qsin®0,, I} = 1/2, I = —1/2 for

L,R)

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

L R R
to |'Q{Wdip+£{7 + 4,

box

+ @2, corresponds to slepton mixing in the right-handed

sector, while the second term proportional to &/ + @/ + .45 + e/ |?, corresponds

box
to to slepton mixing in the left-handed sector. The coefficients D and V™™ 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®) = 0.0859,
V") = 0.108 from Ref. [30].

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
i — e conversion (for f = q) as well as u — 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 Ag’R comes from the y-penguin, without a chirality
flip of the leptons. The dominant term is the one involving the B-like neutralino in
the loop, with B 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 ﬁg—like neutralino. The contributions to the effective vertex of the charge radius

is shown in Fig. 3.5. Summing over these contributions give!,

/2 I\N2 . 2
r g°(YE)?sin26; . (M
T = ez oz D\ ) — o mg), (3.22)

l1 51

with

I (z) (2 — 9z + 182% — 112° + 62° In ). (3.23)

Tt

'We have checked that, even when pq = M, the value given by this expression differs to the
exact one by < 1%. So this expression is valid over all ranges of M; and pg. 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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FIGURE 3.5: Contributions to the effective vertex from the charge radius operator.
Graph (c) is suppressed by a factor of m?/m? 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 Aifp is the one that appears in ;o — ey, 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, AQ’R, 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(mi /M?2) 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 8, and in the
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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, @Zzgg, and (b) gives the term proportional to gz, with Z

coupling to I:[g. Only right-handed slepton flavor mixing diagrams are shown, while
left-handed slepton flavor mixing diagrams are obtained by swapping L <> R.

limit M, < My, it scales as cos? 5. The Z-penguin amplitude is

Yi)2g? sin 26; 2
Al = (Vi L 3.24
Z 6472 M2 sin® 0, cos? 0, ”221 i ( )
where
M3 M3, M3, M3
Wij = OLuOle OLz‘QOLijZ %7 ];[J _QORZQOR]QQZ —2le ];[J —(m[1 — ml~2).
mil mzl ml] ml~1
(3.25)
The functions fz(z;, ;) and gz(z;, z;) are?
1 r?Inx; x? Inx;
fz(zi,x;) = Inx;+ P [ e g | (3.26)
VZTiZj |zilnz,  x;lna;
Lx) = — 3.27
gZ(x xj) I’i—.Ij 1—1’1 1—ZL'j ( )

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 gy — 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/MZ gy
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 NN Z coupling, in contrast to N°N¢Z 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,

R _ (YR)g"sin20;[ g (M7 MP mg
Agox - 6477'262771%1 (Y]%) J4 m_l%? m_lgla mlglj - (mil — ml~2), (328)

where
A ) 2?2 In z; x? Inz;
Ja\Zi; Lj, Y -
! (I =z —ay)(wi —y) (1 =) (i — 2) (25 — y)
2]
n yny _ (3.29)

(I —y) (@ —y)(z; —y)

We can compare the box amplitude with A,%’R by approximating V®) ~ V("  giving

Alﬁx _ 9(9’)2j4(x,x,y) d\2 (VI j4(l‘,l’,y)
' AE| = e B a(R) & 107 (3.30)

where x = M{/m? and y = mi/mi. 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 5 = 3 for our analysis. The amplitudes contributing to © — 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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FIGURE 3.8: A plot of the right hand side of Eq. (3.30), 19j4(x, z,y)/f,(z), where
x = M2/m P and y = 2/m~ 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 3, the Z-penguin will be even more
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suppressed, since it is directly proportional to cos? 8 = 1/(1 + tan?3) to lowest
order, in the limit My < Mpy. We show the exclusion plots for y — e conversion in

Figs. 3.11 and 3.12.

3.2.3. pu—3e

Finally, we investigate the decay = — e~ ete™. The diagrams that contribute to
this decay are similar to the process i — e in a nucleus. While the amplitudes for this
decay are not enhanced by nuclear factors as in the case of © — e conversion, there
is a log enhancement proportional to logm,/me, arising from an infrared divergence
cutoff by the electron mass.

All of the diagrams in p — 3e can be obtained from the y — 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 u — 3e for right-handed sleptons is

2 i+1 2 2 2

R (@Y (=)™ MFME T
Biow = 16m2e2 O 201 Z m2 Ui m2 ' m2’ m?k ’ (3.31)

i,k=1 l; l; l; l;
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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, & (blue), 75, (green), [&Z%, | (red),
and —aZJ* (brown). The dashed line corresponds to the bound on 1 — 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 M regions in these figures|, and where all four
amplitudes contribute significantly [subfigure (c¢)]. In subfigure (d), the magnetic
dipole amplitude reaches zero near m; ~ 330 GeV. This coincides with the “funnel”

region in the parameter space plot for u — ey, Fig. 3.2(b).
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FIGURE 3.10: Same as Fig. 3.9 but with left-handed slepton mixing instead. The
contours are, @ (blue), —a4’, (green), —o/% (red), and @} (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 p — e

conversion. This forms the funnel regions in Fig. 3.12.
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FIGURE 3.11: Allowable regions for 4 — e conversion in a gold nucleus with right-
handed slepton mixing. From light to dark, the shaded areas denote mixing with
sin 20; = 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 U; = cos? §; and Uy = sin® ;. The factor (—1)""! comes from the super-GIM

mechanism. The rate for the decay u — 3e is

a’m;, 6. m, 22
Dpmae = 3 t[(AD)? —4ARALy, + (AL,)? <§ log ™ 3)
1 2 4 2 1
2 4 2 8 4
+ gB]ﬁ)xFRR + gA,?FRR -+ gA'}fFRL — gAsdipFRR — gAf/dipFRLL

(3.32)

where Fr, = ASZ! with a = L,R. The quantity Z, is part of the electron-Z
coupling; Z;, = —1/2 + sin?#,, and Zp = sin’f,. The branching ratio of this
process is obtained by dividing the rate by the muon decay rate. Note that the term

proportional to (AL )? is enhanced by the log term, which is divergent in the limit

vdip
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(u — 3e) < 1.0 x 1072 from
SINDRUM [50]. The bounds on the MRSSM parameter space from p — 3e are

weaker than the combined bounds from p — ey and p — 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 d-§ mixing [83]). For sleptons, this opens up the possibility
of observing large p-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 u — 3e bound at
different mixing angles of right-handed sleptons. The values of sin 26; 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, eigenstates is very small, so as to
satisfy the stringent LF'V constraints. One of the most sensitive techniques to search
for p-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

G— qN;; N; — e /7 7 — pt/etN; . (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 20; ~ 1 simultaneous with several-hundred GeV sparticles, and thus, where large
[t > 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 26, = 1. For this region, and given first and second generation squark
masses to be 1 TeV (consistent with what was assumed for the ;1 — 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 M; = 500 GeV, ug =

400 GeV, pu,, = 100 GeV. The mass spectrum is shown in Table 3.1.
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Particle QL,R g N3 ~ B 02 ~ gd NQ ~ I:—,d lL2 lLl N1
Mass (GeV) | 1000 | 1000 502 400 400 270 | 180 | 100

TABLE 3.1: Mass spectrum

Mz (TeV) | g-Gr.r | Gr-Gr | ¢-@" | G-G | o(fb)
1 810 120 50 330 1300
2 36 31 27 1.0 95
3 2.6 11 22 1 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 y/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 6;, 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 — euN;) = 0.14sin” 20;,
BR(Ns — (ee/uu)Ny) = 0.27(sin* 6, + sin* ;). If the gluino mass is 1 TeV, for
example, then the g production leads to a total cross section of about 1 pb. With
maximal slepton mixing, the cross section for opposite sign ey 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
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Decaying particle | Decay modes | Branching ratios
N3 Z Ny 8 x 10~*
Z Ny 0.12
Cywt 0.02
Cw- 0.22
vin 0.19
VD2 0.13
el 0.19 cos? 0,
poli, 0.19sin? 6,
eI, 0.13sin%6,
nls, 0.13 cos?
I Civ 0.11
Nyet 0.88 cos? 6,
Nyt 0.88sin? 6,
I, Civ 0.16
Niet 0.84sin? 6,
Nyt 0.84 cos? 6,

TABLE 3.3: Decay branching ratios of the particles involved in the cascade decay
N3 — 71} — I7I'"T Ny 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§ can decay into l*lNZ, the decay into the same final state for
Nj 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 p — 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 pu — 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);. [15]. (Related ideas were also
considered in Ref. [13].) The infracolor confinement scale, A;., is assumed to be
much smaller than the masses of all quirks. Since the infracolor-string breaking rate
is proportional to exp(—m?/A,), 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 DO 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);., 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 V.

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 pr 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 |(0)[%, while for a P state, [¢/(0)]?. At high orbital
angular momentum L, this wavefunction factor is suppressed. Ref. [15] estimated the
suppression factor in the annihilation probability scaling as (8/L)**!/L, where f3 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
1 — ¢ 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);. 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 A;. < m,, and neglect the infracolor confinement contribution to the quirky

meson masses. The Lagrangian that gives mass to the quirks is simply

L = MNQHu®+ \QH'd" . (4.1)

Despite the abuse of notation (@, u¢, d), we emphasize that our quirks are color
singlets. After electroweak symmetry breaking, the quirks acquire masses My p =

Au.pv. Writing the electroweak doublet as @) = (u,d), we can write the quirks in
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| SUN)ie SU@2), Uy
Q N 2 0
u’ N 1 —1/2
de N 1 +1/2

TABLE 4.1: Quirk quantum numbers.

terms of four-component Dirac spinors U, D

U = D = (4.2)

where U, D have electric charge ¢ = +1/2. The quirky mesons formed from these

objects include

(UU),(DD) neutral mesons (4.3)

(UD), (DU) q = £1 charged mesons . (4.4)

There are two interesting regions of parameter space satisfying the requirement
My p > Aje. One occurs when My > Mp or Mp > My, 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 My ~ Mp. 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 (UU) and (D D) 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 (QQ)
as if it were an exact (UU) or (DD) 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 (QQ) as the
[(UU) 4 (DD)]/v/?2 eigenstate.

The infracolor confining potential in the Coulombic approximation is [16]

Vir) = —=—<, (4.5)

where @ = Cy(N)aye = (N? —1)/(2N)ay.. Analogous to a hydrogen atom, the
Schrodinger 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)]* = 4(%@1(;]\4)3 (4.6)
|Rp(0) = i(i%My, (4.7)



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 = 2mg, with m¢ 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 (s, s2) and momenta (p1, ps):

|B) = [*"1;) = ) (tmss.|jj.)|imss.)

_ \/%/(;ljr(;giﬁlm(Q)[Z<lmssz|jjz>} X
1

ms

1
|:Z<517 57827§|35z>:| ’31p182p2>7 (4~8)

5182

where v is the Schroedinger wavefunction of the bound state. In its rest frame,
p= Q/2+ ¢q, and po = @Q/2 — q, where @ is the 4-momentum of the meson,
and ¢ is the relative 4-momentum of quirks. Then, the quantity (X|iT|s1p1sep2) =

1Usy (p2) M us, (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)(27)'5" (bx — ps). (4.9)

Expanding the above to the lowest non-vanishing order in q, we found the following

decay amplitudes for S and P states,

N

ACS) =\ Rs(0) Tr Ay (~@ + M), (110
ACS) = ([ RO TrLatg (~@ + M), (411)
ACP) = iy RO Trl et (@ + M)+t o)

(4.12)
ACP) = iy/ MLMR;D(O) Tr[%//la (QML? — %) (—Q+ M) - 3.4,

(4.13)
ACP) = i\ o RO — S Qpllaypes(~@ + M), and

(4.14)
ACPY) = iy o ROV o5~ 4 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 .4, = 0.4 /0q* is the derivative of the
matrix element with respect to the relative momentum ¢. The meson polarizations

in the rest frame, e* for spin-1, and e*” for spin-2, are chosen to be
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1

EM - Oa _7__a0a

- ( Y5 % )

e = (0,0,0,1),

i) = Y (IM,18.[27.), (4.16)

M,S.

with J, € {~2,—1,0,1,2}. A factor of v/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 Q* =
(M,0,0,0) in the rest frame, the P and C parities of the bilinear constructed from
the projector appearing in A(*Sy), ¥7°(—@ + M)y%), are — and +, respectively.
Thus JPY = 0F for 1Sy, as expected. One can check that the other amplitudes
give the expected JP¢ using the same procedure. From equations 4.10 to 4.15, we

rederived all of the two body decay rates listed in [126]'.

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]

4 1/8)\°2
I, = §q2aemE2a|(0|r|l)|2 = (—) Qem @i M, (4.17)

'We found a relative sign difference between the two terms in the amplitude A(>P;). We attribute
this to our definition of €923 = 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 ., /a;. and is
negligible. The wavefunctions of the quirkonia, therefore, remains unchanged, and

so does the transition rate.

4.3.1. ¢'¢

As the mesons are color singlets, only ¢ and u channels contribute to the decay
amplitudes of B — ¢'¢’. Then the decay rate should be proportional to that of

B — ~v. A simple calculation shows that, for an SU(N) color gauge group,

N? -1

I'(B—g¢g)=—r
(B—=9d9)= 5z

I'(B — ) (4.18)

aeqQ—rQs,
where eq is the quirk electric charge. Setting N = 3 reproduces the results in [126].
The 35, state cannot decays into ¢'¢’. Its decay into ¢'¢’¢’ for any N is listed in
[112],
(N2 —=1)(N*—-4) o}

e = M2 (72 — 9)|Rs(0)*. (4.19)

LS —g'g'd) =

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 C'P conservation. Here,
we list the partial widths of charged quirky mesons with positive unit electric charge,
ie. Qu — Qp =1, where Q is the electric charge of either the up-type or down-type
quirks. The mass ratio squared R; and the relative velocity f3; s appearing in the

formulas below are defined as

2

m;
Ri = W’ and (420)
Bis = J1+(Ri—R;)?+2R;+R)). (4.21)
respectively.
4.4.1. Wty

The charged quirkonium decay widths into W+ is qualitatively different to the
widths of neutral quirkonia into Z~. There are two reasons for the differences; the
decay into W'~ can go through an s-channel with a W exchange. The corresponding
diagram is absent for Z~; 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 P, g = (vw Fawy®)/2, with ay = vy = 1,

so that the vector and axial-vector contributions from the W current are manifest.
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The partial widths into W'~ are

2
L('Sg = Why) = %(QU +Qp)*(1 = Rw)|Rs(0)],
(4.22)
2
POSE = W) = S (Qy o+ Q)L — RY)IRS(O),
w
(4.23)
DR WH) = S8 (6 (Qu + Qo) (1 - Biy)
w
+uiy (Qu — @p)*Rw (1 — Rw)]|Rp(0) [,
(4.24)
reR W) = eI (Qu - Qo)?
2
Fi @+ Qo (14 ) im0,
- w
(4.25)
3p+ - Naaw | »
LR —Why) = m{aw(l—RW)
U (Qu + Qo) IR0
1— Rw
(4.26)
N 1-R
LCPF = Wty) = afgvj\;m%v w) {a%/v(QU —Qp)*(3+4Rw)
403 (Qu + Qp)*Rw (6 + 3Rw + Riy) | o /o2
. e 208
(4.27)

Interestingly, all but one term in T'(3P;" — WT+) are proportional to either the

hypercharge Y = (Qu + Qp)/2 or the isospin T3y = (Qu — @p)/2 of the quirks.
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4.4.2. WtH

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/v/2
and vector and axial vector couplings by 1/2; a,v — 1/2. This gives a conversion

factor of 1/(2v/2) converting the ZH matrix elements to W H:

1

-
W+H 2\/§

M. (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 WTH as

well. The partial widths are

Nod By 1
0Osg > whH) = DO g ) (4.29)
w
Na{%vﬁWH M2 1

384 mﬁ, (1 - Rw)2(1 - RH - Rw>2

X (SRW[(l — Rw)®>+ Ru(1 — 3Rw))?

rési — WtH) =

+[R%,(1 — 3Ry) —
2Rur(1— R (2 + Ru))(1 — Ru)(1— B2y ﬁsvHW)\RS(oW,

(4.30)
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Nai%vﬁi%vH

r‘ptr—-w~+tH) = RS(0)]? 4.31
( 1 — ) 4M2m12/‘/(1_RH_RW)2‘ P( )’ ) ( )
Rt - WHH) = 0, (4.32)
répf - W+H) = W
Ch" = W) smi, (1 — Ry — Rw)?(1 — Ry )?
ARw A%, —4(1 =Ry — Ru)1\, 0 i
R R"(0
(4.33)
3N 2 5
TGP — WHH) = Ay v ~|R(0)2. (4.34)

4OM2?7”L%V(1 — RH — Rw)
4.4.3. WZ

Notice that double longitudinal modes are allowed from the decay of a charged
quirkonium in the 'Sy state. This is impossible for the neutral quirkonium case,
where it decays into ZZ or WW. To see this, the 'Sy state has J©¢ = 0~F, but
at zero angular momentum, the double longitudinal state has J’¢ = 0**. The
decay into double longitudinal modes for neutral quirkonia in 1Sy is forbidden by
CP conservation. For charged states, the charge parity is irrelevant, and the decay
into double longitudinal mode is allowed by C'P conservation. Naively, one would
expect that the 'Sy decay rate is longitudinal from appearance of the 1/(RzRy)
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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rtsy —wt2z)

résH — wt2z)

r('pPr —wt2)

TGPy —W*2)

rerPr —wt2)

2
NawazBwz 1_ Gy Rz 1
32M?2 Rw 14+ Rw — Ry

8 1
Rs(0)|?
X((l—Rw—Rz)Z+RWRZ>| s,

(4.35)
Nawaz By, 1 {SC%R%
64.M? (1—Rw)?(1 — Rw — Rz)?
1 1
2(1 — —2c 2 4+ =
+ ( RW CWRZ) (RW + RZ)
1
+ (1= Rw — & Rz(14 Ry + Ry))? t|Rs(0)?,
RwRy
(4.36)
NawazBwz (1 + Ry — Rz>2 " (1 — Rw + Rz)2
AM*(1 = Ry — Ry)? Ry Ry
a1 wbis : IR, (0)[2 (4.37)
1— RW - RZ P ) .
Nawckzﬁ%vz 2 2 1o/ 9
1-— 1-—
M4(1 — Ry — RZ)4[ ¢ (1 = Rw + Rz)"|Rp(0)%,
(4.38)
Nawazﬁf/’vz 320%}%22
16M4(1 — Ry — Rz)? | (1 — Rw)?
(2,2 Serfa(lc ) ]
Ry 1— Ry — Ry 1— Ry — Ry
2 2Rw + Rz 2
——2¢t Ry 14+ ——— 2
+RW|:CW Z(+ 1—RW )
2Rw ) 2R, \’
1+ ——M—— —2¢i,(1 —
+( +1_RW_RZ CW( 1—RW)>:|
b P (139
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NOéWoézﬁ3
T 3P+ +Z _ wWZ 161 — 2 1 — 2
Cr = W'2) A0MA(1 — Ry — Ry)* 61 = civ(1 = Fow + Rzl

3
+—[1 — RW + RZ — 4612/‘/Rz]2
Ry
3
3 [t R — Ry — 22, (1— Ry — Ry)? }|R'p<o>|2.

(4.40)

4.4.4. f.fq

Decays into two fermions only proceed via the W s-channel exchange. The

non-zero widths with outgoing fermion masses m, » are

Na%vﬁud (Rl R2 + R2 + 2R1R2 )

r*S; — ud) = |Rs(0)]%,
0 162 R,
(4.41)
- No?yBua2— R — R} — Ry + 2R Ry — RS
LSy —ud) = 48V][\//[2 - El — ];W)2 ———2|Rs(0)],
(4.42)
 Na2Bu2— Ry — R — Ry + 2R Ry — R2
o = S A
(4.43)

where Buq = \/1+ (R, — Ra)? + 2(R, + Ra), and R, 4 = mg 4/ M?. As expected, the
1Sy partial width is proportional to m? /M?, 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(QQ — f), is

. _ QR — )
BR(QQ — f) = S TQ0 > 1) (4.44)

where the sum is over all final states. We presents our results numerically choosing

;e = 0.2 and N = 2.

The charged quirkonium case is particularly simple. As the system is electrically
charged, it cannot decay into ¢’¢’. We ignore the binding energy of the system.
Therefore, the branching ratios are independent of .. 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 W H 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) x U(1) group, with electric charges @, = —Q4 = 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 UD meson. We have checked that
the widths for UD decay are the same.

The branching ratios of different bound states are plotted in Fig. 4.1. For the S
states, the W Z partial width dominates. For P states, radiative transition usually

dominates. For 3P, the WH width becomes larger than the L, 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

S TQQ- )
WRQQ~ 1) = s 557y

(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 3P, state when the Higgs mass is sufficiently large, which

will be discussed below.

4.5.2.1. 1S, and 3$;

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 J©¢ states. Solid lines
are with Higgs mass My = 125 GeV, dashed lines with My = 250 GeV.
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The results for the 3S; 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. 'P,

The width ratios are shown in Fig. 4.2e is dominated by the L, 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. 3P,

The 3 P, state can decay into two quirky-glueballs. The branching ratios exhibit
an interesting feature when the Higgs mass is larger than 2myy,, 2mz and 2M,, where
M; is the top mass. The decay channels WW, ZZ, and tt involves an s-channel
Higgs boson exchange. When the meson mass is near the Higgs mass M ~ My, 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 = My = 250 GeV when the s-
channel Higgs boson is on-shell. The ¢¢ 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. 3P,

The branching ratios for the 3P; state are shown in Fig. 4.2f. The ZH channel

are doubly enhanced and is dominant for M = 700 GeV.
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FIGURE 4.2: Decay width ratios of quirkonia in different JZ¢ states. For
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Figs. (a),(b),(e),(f),(g), solid lines correspond to a Higgs mass My = 125 GeV,
while dashed lines correspond to My =

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
My =125 GeV and My = 250 GeV separately due to the s-channel pole structure
visible in Fig. (d).
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4.5.6. 3P,

Same as the 3Py 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 (2 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 () 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 mass My = 125 GeV, while dashed lines
correspond to My = 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 J¢ states shown
here have nontrivial branching ratios. The state 3S; cannot decay through two-body
decays. The ®Fy; 3 states can only decay radiatively into S states.

in Table 4.1, but now replacing

u‘(N,1,-1/2) _
~ — Q'(N,2,0). (4.46)
d“(N,1,+1/2)
Yukawa couplings, (4.1), are not present, while we can now write the vector-like mass
MQQ' where M = My = Mp. 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 I'(3S; — ff), for neutral
and charged quirkonia. The only diagrams are the s-channel v/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 39, 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 'Sy 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);, 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-« 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-a transition at
large quirkonium masses. The most interesting decay channel is 2P, decay into two
Higgs bosons, which begins to become the dominant decay channel for quirkonium
masses 2 500 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 3P, 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-a
transition and 35, into ¢g. It is interesting to note that for 'Sy, vZ dominates the
vector-like quirkonium decay, whereas vy is dominant for chiral quirkonia. This
is because the primordial electroweak gauge boson W4 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 vZ 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 I, 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 < mg/my < 1.1, where ¢./T, > 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 ¢./T. = 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 u as well as the gaugino
mass parameters M 5.

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 5 = 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 p <+ e mixing in the
MRSSM from the flavor violating processes . — ey, 1 — e conversion, and p — 3e.
Given the simplifications stated in Sec. 3.1., we explored LFV in the MRSSM as a
function of the parameters M, pq, m;, and sin 20; within the sub-TeV range. Given
the heavier slepton mass set to be my, = 1.5m;,, we found that the bound from
1 — 3e is always less severe than the bounds derived from either y — ey or yp — e
conversion.

For right-handed slepton mixing, ;© — 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 p — e, as dominant amplitudes (charge
radius and magnetic dipole) of ;1 — e conversion interfere destructively and opens
up a large region in parameter space that satisfies the experimental bounds. From
Fig. 3.3 for u — e, one sees that maximal mixing is allowed in regions where the bino
mass is ~ 500 GeV at pug = 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 sin®26;. In other words,
the boundary of the allowed regions are contours of constant B Ryouna/ sin? 20;, where

B Ryound 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 sin® 26; = 0.1 is the same as the boundary for the current bound
with sin? 20; = 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 ¢-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);, 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-« 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-a transition at large quirkonium masses. The most
interesting decay channel is ®P, decay into two Higgses, which begins to become
the dominant decay channel for quirkonium masses 2 500 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 3 P; 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-a
transition and 3S; into ¢g. It is interesting to note that for 'Sy, vZ dominates the
vector-like quirkonium decay, whereas vy is dominant for chiral quirkonia. This
is because the primordial electroweak gauge boson W4 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 vZ 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 ¢p and ¢ to the be fermion R-partners of B and f[g, respectively. Then we

form the Dirac bino and Higgsino spinors and their charge conjugates,

o B i,
(5 e () e () )

We can also see that the Dirac spinor N has an R-charge —1, whereas N¢ has an
R-charge +1. The gaugino mass matrix, My, is shown in the mass term below
(NB’ Nfiz)

M, —cosBsinfy M
' peintw itz (PLNB>+h.c. (A.2)

0 " PyNg,

The mass matrix is diagonalized by a bi-orthogonal transformation; the
diagonalized neutralino mass matrix, MY = OFfMyOgr, obey (ME)? =
O My(Mn)'(Or)" = Op(My)" My(Og)", where Oy, g are the orthogonal matrices
that diagonalize the mass matrix. In this definition, the B and ﬁg content of the
i-th neutralino N; are, Op;; and Og;s, respectively.

We consider mixing between selectrons and smuons only, parameterized as

follows:

™

I cosf;  sinf;
— , (A.3)
lo —sint; cos0; it
LR L,R L,R

where [; represents the sleptons in the mass-eigenstate basis.
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Then slepton flavor violation comes from the interaction terms between a

sfermion, f;, a neutralino, N;, and a fermion f;:

_]?zaNi<Uzag [O1aGrLfrs+Orioys fro)) —fEQNf(U;gw [OraGrfrp+Orioyy frsl) +h.c.
(A1)

where Uy, p are the slepton mixing matrices in Eq. (A.3). The coupling constants are

GL7R = \/ﬁglyf(L,R)’ and (A5)
g'mg
= ) A6
v V2M, sin 8, cos 15} (4.6)

The subscript i on the (s)fermion denotes its generation, subscripts L and R
denote the chirality, with a and S being the flavor indices. The hypercharge of a
fermion f is denoted by Y;. From the above interaction terms we see that fr and
f1, have different R-charges; —1 and +1, respectively.

The Z-boson only couples to Higgsinos. The ZN N interaction term is

2COgS Qw ZM[Ni’y“(ORiQORjQPL + OLZ‘QOLJ’QPR)N]‘]. (A?)

One can also write the ZNN coupling in terms of N¢,

9

~Feonty, 2V (O1i2012PL + OO PR)N) (A8)

Examining the neutralino mixing matrix in Eq. (A.2), the lightest gaugino
receives a negative shift, —A < 0, and so the lightest neutralino has mass My, =

g — A < me,, 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 ¢ and j corresponds to the factor (1 — R; — R;)™!, with
R; = m?/M?, and M is the quirkonium mass. An s-channel diagram exchanging

1

particle ¢ corresponds to (1 — Rys)~'.
By =1+ (Ri— R;)? = 2(Ri + R;).

The relative velocity between 7 and j is

B.1. ff

The decays into a fermion-antifermion pair, only the s-channel v, Z and Higgs
diagram contribute. The decay of the 'Sy state requires a chirality flip on the
outgoing fermion line, resulting in the dependence on the fermion mass squared,

M]%, in its decay rate - similar to pseudoscalar decay.
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r(*Sy— ff) = 8Na2 afaQﬁf f|R5( 0, (B.1)

3 = 4NaEM/Bf VrUQ 2
a3
clysty (1= Rz)? }‘RS(O)’Q’ .
r('P—ff) = 0, (B.3)
_ INa? 53
F<3P0 — ff) - 8M2( O‘/Z%H) mf |R, ( )| (B4)
_ 32N
(0P I1) = b + (1 2RI,
(B.5)
FCR— ff) = 0 (B.6)

where M is the quirkonium mass, ay = agy/(cys%,), cw and sy are the cosine
and sine of the Weinberg angle, respectively, a; = T3;/2 and v; = a; — €;5%, are the
axial-vector and vector couplings of the Z to fermion 4, with i = {Q, f} for the quirk
and the outgoing fermion, respectively, R; = m?/M? and 8y = /1 —4Ry is the

relative velocity between the two outgoing fermions.

B.2. Zy

Only the t-channel diagram contributes decays into 2,
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L'(*Sy — Zv)
L3S, — Zv)
L(*P, — Zv)
TPy — Z7v)

TP — Zv)

TP, — Z7)

SNagmazehvy

M2
SNapnazehas

2
3mz,

32Napyozeqag

2,2
M?*m3,

32NaEMaZeQQvé

M*(1 — Ry)
64NO[EMO{Z€2QUC22

M2m2Z(1 - Rz>

64N apyozeyuy

5M2m22(1 - Rz)

(1 - Rz)IRs(0)[,

(1= RZ)|Rs(0)%,

(1= RZ)IRp(0),
(3= Rz)*|Rp(0)P,

(1+ Rz)RZ|Rp(0),

(R} + 3Rz + 6)|Rp(0)]%,

(B.10)

(B.11)

(B.12)

where the definitions of various quantities can be found in the paragraph below (B.6).
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B.3. WrWw~-

F(351 - WHW™) =

rtp—-ww") =

TCPy— WHW™) =

PP — WHW™)

Nai, 83
8M2(1 — 2Ry)
NMQQI%V I?/)V RW(Z - Rw)

48miy (1— 2Ry )?
ARw(5+6Rw) [, o
~ 1-2Ry (GQSW+ e

2
v

5| Rs O, (B.13)

1— Ry,
(B.14)
3N, Bw ,
1
8M2m%,v(1 — 2Ry )2 + Oy
52 2
W R.(0)]2
rar (14 ) o)
(B.15)
NO‘IQ/VBW +1 BI%VRW
1-3R W
4M{}V 1— 2Ry W+1_2RW
31 2
- - —R
2
+1 2 3
0 ]_— W — Rl O 2,
+2Ryy, 1—2RW< 1—QRW> 1— Ry }| P(0)]
(B.16)
Nojy By

1 1 2
2 Q232 B
32m?2, {[32RW + (3 = Biy)] (1 "Ry 1- RZ)

3 — 4Ry 4 2 5{4/‘/ , ,

(B.17)
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- Nagy, B 2Rw B \?
r 3P + — w o w
(P = Wi 4Om%,v(1—2RW)2{(1 1—2RW>

2Rw By B ?
1— W (-
+6Rw (I —2Rw)? 1— 2Ry

2
wer e (1- P
w 1 — 2Ry

b,

(B.18)

where aw = agn/s¥, Bw = 1 — 4Ry is the relative velocity of the two W’s,
e, vq, and ag are the electric charge, vector and axial-vector couplings to the Z of
the quirk, respectively, and Ry = m%,/M?. In B.16, the + corresponds to DD for
+, and UU for —.
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B4. ZZ

L('Sy — ZZ7)
IS, — 22)
(‘P — Z27)

TGP — 22)

TGP — 227)

NG AA

4N (a3) + vg))az B3

2

M2(1_2RZ)2 |RS(0)|a (B.19)

8Naévéa225% Re(0)2 B.90

3m2Z(1—zRZ)2’ sOF, (B-20)
32Na2v3a% 33

L RL(0), (B.21)

M?m2(1 — 2Ry)

N3 Bz [ (490 _ 3= 6Rz  64RZ0G \’
sm?, @ 1—-Ry (1-2Ry)?

3 32R2U2
8R2 o Q
* Z(l—RH (1 —2Rz)?
8(3 —4Rz)(ag — vd)\?
S imo, (B.22)
16N o2 35 2R v¢ 2

16N%B, (( 5 o 4RL \’ 3Ry s o 2Rz \’
Bml QT T oR,2) T 2m2\"@ T T g,

4R 2R?
2 2\2 Z Z / 2
Heh+ ) g (3+ AT 2RZ)2> }]RP(O)\ ,

(B.24)

where 87 = /1 — 4R 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

'Sy — ZH)

(S, — ZH)

r‘p,— ZH)
I(*Py— ZH)

P, — ZH)

IP, — ZH)

B.6. vH

Nagag,M?*B% )
B.2
Im? [Rs(0)[, (B.25)
NO‘QZUCZQBZH 1—- RH + RZ
6m 1 — Ry — Ry
2R; \°  Rz(l1—Ry+Ry p 2 ,
B 9 - Rs(0
1—RZ)+2( 1— R, I — Ry — R, [Rs(0)[7,
(B.26)
2Nv3 a2 33
QzPzH , 5
B.2
MQmQZ(l _ RH . RZ)2|RP(O)’ ) ( 7)
0 (B.28)
2Na%a% 3 R 1 2
QTzFZH 2 Z
— = (1—-Ry+R _
1= s h (2 - )
Ry 1 ﬁ%H 2 , ,
Bl - - R0
+ Z<1_RZ 1— Ry — Ry 4(1_RH_R2)2 | P( )|7
(B.29)
3Na%ao% 33
QzZPzH , 5
Rp(0 B.30
5M?m%(1 — Ry — RZ)4‘ PO, ( )
Ne2agyoz(l — R
F(381—>’}/H) _ QYW EM ZQ( H)|RS(0)|2, <B31)
6m;,
2Ne(? 1
M?ms,
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B.7. HH

NOéQBH 9RH 6 52 2
r 3P HH = Z — H R/ 0 2
(Fo — HH) 32m, (1—RH 1—2RH+(1—2RH)2>| PO
(B.33)
N 2 25
ICp— HH) = a0 _|R}p(0)]. (B.34)

80m% (1 — 2Ry)
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