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ABSTRACT

Dark matter is a prominent and dominant form of matter in the Universe. Yet, despite
various intense efforts, its nongravitational effects have not been observed. In this disser-
tation, we explore the nature of such elusive particles within a supersymmetric SU(3)¢
® SU(2)r QU(1)y gauge theory. Although large regions of parameter space within
supersymmetric models have been excluded by recent results from collider experiments
and direct and indirect dark matter searches, we find that there is a wide range of viable
parameter space once the requirements of minimal flavor violation and mass universal-
ity are relaxed. In particular, we focus on a class of models in which electroweak-scale
Majorana dark matter has interactions with the Standard Model sector via relatively light
charged scalars with large chiral mixing and CP-violation. Our model is shown to lead to
enhanced dark matter pair annihilation, and is constrained by precise measurements of the
lepton dipole moments. We illustrate that our model satisfies all constraints, including the
observed thermal relic density, and investigate prospects for the detection of dark matter
annihilation products. We also examine the effects of chiral mixing and CP-violation on
the variation in the ratio of the flux of monoenergetic photons from annihilation to two
photons relative to that from annihilation to a photon and a Z boson, as well as the helicity
asymmetry in the diphoton final state. We also find the most general spectrum for internal
bremsstrahlung, which interpolates between the regimes dominated by virtual internal
bremsstrahlung and by final state radiation, and that it provides distinctive vy-ray signals,

which could potentially be observed in the near future.
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CHAPTER 1

HIGH ENERGY PHYSICS AND COSMOLOGY

One of the great mysteries in physics is that the majority of the matter content of the
Universe observed by standard cosmology cannot be explained by the standard model of
particle physics. Various studies of cosmology and observations of astrophysical phenom-
ena strongly suggest that the majority of the matter in the Universe is invisible, so-called
“dark matter.”

The nature of dark matter has long been a puzzle in modern physics. It is expected to be
a very long-lived and massive particle that carries no electrical or color charge. Currently
no such particle exists within the Standard Model (SM) of particle physics.

The progress of cosmology provides some insights on what the underlying new physics
should be at a high energy scale beyond the reach of accelerator experiments on Earth,
while progress in particle physics provides more accurate pictures of the early Universe.
The latter even provides various ideas of new physics beyond the SM of particle physics,
which includes supersymmetric gauge theories.

In this chapter, I will briefly discuss our current understanding of particle physics and
cosmology, and then reveal the inconsistency of those successful theories when amalga-
mated together. I will also explain in detail how the existence of cold dark matter has
been established with supporting evidence, which implies an urgent need for new physics,
as well as the ongoing detection strategies for such particles. Next, the supersymmetric
extension of the Standard Model of particle physics is briefly introduced, followed by
a detailed discussion of its implications for particle physics phenomenology, including

probable candidates for dark matter particles, along with their properties.

1.1 The Standard Model of particle physics

Attempts to construct convincing theories that describe high energy phenomena de-

duced from a few fundamental principles have seen great success in modern physics (see,
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for example, Ref. [5,28-31]). The SM of particle physics has been established based on
Lorentz invariance and the gauge principle, in which the forms of interactions among
scalar bosons, chiral fermions, and vector bosons are determined so that they preserve
the local gauge symmetry, then followed by electroweak symmetry breaking due to the
Brout-Englert-Higgs (BEH) mechanism [32, 33].

The SM has withstood strict and meticulous scrutiny for decades. Collider experi-
ments up to the energy scale of 7-8 TeV, as well as measurements of rare processes and
the magnetic moments of the SM leptons show consistency of the SM predictions with
measurements to high precision. The recent discovery of a long-sought particle, the Higgs
boson [34-37], represents the final piece of the SM content.

The SM is a non-Abelian type gauge theory with the group structure SU(3)c @ SU(2)L
Q U(1)y, with the electroweak (EW) gauge SU(2); ® U(1)y spontaneously broken into
U(1)gm by the BEH mechanism, while the gauge group SU(3)c describing chromody-
namics remains unbroken, leaving the eight associated gluons massless. The electroweak

part of the SM Lagrangian is given by
Lgw = ﬁgauge + EHiggs + Lyukawa- (1.1)

The Weinberg-Salam model [38] contains three SU(2);, gauge bosons, W;'2’3, and a U(1)y

gauge boson, B, with kinetic energy terms

1 | . .z
,cgauge:_1 ) W;WW”‘V—ZBWB”"+ Y. iFDF+ ) ifrDfr, (1.2

i=1,2,3 fermions fermions

where

Wi, = 9, W, — 0, W, — ge W/, W

By = 9B, — ,B, (1.3)

are the field strengths of the vector bosons. The SU(2);, doublet fermion F refers to L =
(vper)T and Q = (up dp)T, and the SU(2)y singlet fermion fg refers to eg, ug, and dg,
for three generations. The covariant derivative is given by D, = 9, — ig%i W;', —ig'YB,
for SU(2)1, doublets with weak hypercharge Y, and D, = 9, — ig’YB,, for SU(2)y singlets,
where ¢’ and g are the U(1)y and SU(2);, gauge couplings, respectively.
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The Higgs field, which is a complex scalar SU(2); doublet, ® = (¢+ ¢°)7, enters the

SM in such a way that the Higgs interaction in the electroweak gauge theory is of the form
Lriiggs = (D, @) (DF'®) — v (@, @), (1.4)

with the most general, renormalizable, and SU(2);, gauge invariant scalar potential
V(o o) = 42 )cp*@] +/\‘<I>+<I>‘2. (1.5)

When i is positive, the Higgs field develops a vacuum expectation value (VEV), (¢°) =
v/v/2 = 1/ V/2A, triggering electroweak symmetry breaking (EWSB). Consequently, some
of the gauge bosons acquire mass, mixing into mass eigenstates such as Wff = (W;ll F
iWﬁ)/ﬁ with my = gv/2, Z, = — sin 6By, + cos OWWS with my = /g2 + ¢'*v/2, while
Ay = cosOwB,, +sin QWWS remains massless. Here 0}y is defined by cos 8y = ¢/1/¢2 + ¢’
and sinfy = ¢'/1/g2+ ¢ The Higgs boson itself acquires mass of m;, = /2Av at
tree-level. The value of the EW VEV is determined by v> = 1/v/2Gr ~ (246GeV)? [5],
where Gr is the Fermi constant, which is obtained by the measured muon lifetime 7, !
G%mi/1927r3, in the limit m, < m,,.

The electric charge, the coupling constant to the gauge boson of the U (1)gy subgroup,
also know as the photon, is determined by Q = T° + Y, where T° denotes the z-component
of the isospin.

The electroweak gauge-invariant Yukawa coupling of the Higgs field to the up- and

down- type quarks is
'CYukawa = _)\LIQCI)CuR - AquDdR +h.c, (1.6)

where ®° = —ig?®*. The fermion mass is generated as the Higgs field acquires a VEV,
withmy, 4 = Ay 40/ /2. The tree-level mass of fermions is determined by the magnitude of
the Yukawa coupling constant. The same mechanism can be applied to the charged lepton
interactions with the Higgs field terms, analogous to the down-type quarks. Meanwhile,
due to the absence of its right-handed partner in the SM content, the up-type leptons,
known as neutrinos, remain massless. All the matter content and the gauge force carriers in
the SM are listed in Table 1.1 and Table 1.2, with their charges and masses [5, 34-36, 39, 40].

The upper limits on neutrino masses are measured by tritium decay. The value of the top



Table 1.1. The matter content of the SM.

Flavor | Charge Mass
Ve
Leptons (up type) Vy 0 S2eV
Vr
e 0.511 MeV
Leptons (down type) U +1 < 105.6 MeV
T 1777 MeV
u 2.3707 MeV
Quarks (up type) c +2/3 1.275(25) GeV
t 173.07(52)(72) GeV
d 4.8M03 MeV
Quarks (down type) s -1/3 < 95(5) MeV
b 4.18(3) GeV

Table 1.2. The Higgs boson and the force carriers of the SM.

Boson | Charge Mass
h 0 125.3(4)(5) GeV
Electromagnetic Force 0% 0 0
Weak Force 14% +1 80.376(33) GeV
V4 0 91.2 GeV
Strong Force g 0 0

quark mass is from direct measurements. The mass of the bottom quark is evaluated as
my(MS).

Various meticulous tests of the SM have been conducted, including precise measure-
ments of electroweak parameters, rare decays and the dipole moments of fermionic parti-
cles, up to the energy scale of 7-8 TeV, the highest energies accessible to current accelerator
experiments. Yet the SM still withstands such scrutiny, and there are no unambiguous
hints of new physics beyond it. The recent discovery of the Higgs boson also shows
consistency with the SM.

Assuming that new physics enters at a high scale of 10! GeV and that a Landau pole
below this scale is absent, the two-loop upper bound for the Higgs mass within the SM
is my < 180+ 4 £ 5 GeV [41], where the first error indicates the theoretical uncertainty

and the second error reflects the experimental uncertainty in the measurement of the top
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quark mass. Precision electroweak measurements at the Large Electron-Positron Collider,
or LEP-II, found the 95% confidence level (CL) upper limit for my, to be 158 GeV, with a
lower limit of 114.4 GeV [42] before discovery of the Higgs boson at the Large Hadron
Collider (LHC), which is consistent with the measured value. Note, however, that the
measurements of the Higgs and top quark masses indicate that the electroweak vacuum is
a metastable state [43, 44].

Although it is a successful description of high energy phenomena, the SM possesses
some serious problems. In the SM, as mentioned above, electroweak symmetry is broken
with a single Higgs SU(2);, doublet and the existence of a fundamental scalar field in
the theory leads to quadratic divergences at higher energies due to radiative corrections
involving all species of particles that couple to the Higgs field, requiring a fine tuning
of the high energy parameters. Later we will revisit this issue in more detail. This is a
primary reason why it is expected that there exists new physics which should appear at
some energy between the electroweak scale and the Planck scale mpjanck = (87‘[G)_1/ 2 =
2.4 x 10" GeV, where quantum gravitational effects supposedly become apparent. Precise

tests of the SM have been extensively carried out in the hopes of capturing signals of new

physics.

1.2 The A-CDM model

Precise knowledge of high-energy physics and space-time dynamics are essential to
investigate the evolutionary history of the Universe. Currently, the evolution of the Uni-
verse is most commonly described by the Friedmann-Robertson-Walker cosmology, which
is based on the assumption that space-time dynamics is governed by Einstein’s equations,
and the observations that the Universe’s expansion initiated from the Hot Big Bang, and
that it is almost spatially flat, homogeneous, and isotropic on large scales [45,46]. In terms
of the density parameters, the Friedmann equation, which was derived in 1922, can be

written

K

L= Ol = = ey iz ()

(1.7)

Here the dimensionless density parameter Oyt (f) = p(t)/pc(t) is the ratio of the energy
density contributed by all the components of the Universe, p(t), to the critical density,

pc(t) = 3H?(t)/87G. x denotes the sign of the curvature: the Universe is positively curved
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if xk = +1, negatively curved if x = —1, and flat if xk = 0. The spatial curvature can
be determined from the other parameters in Eq. (1.7). If x is nonzero, Ry is the radius of
curvature of the Universe, as measured at the present moment. a(t) is a scale factor, which
describes how the scale of length evolves in time during the Universe expansion, r(t) =
a(t)r(tg). The scale factor is totally independent of location or direction and normalized
to a(tg) = 1 at the present moment. H(t) = a(t)/a(t) denotes the time evolution of the
Hubble constant, which relates the radial recession velocity, v, of a nearby galaxy moving
away from Earth to its distance, r, known as Hubble’s law: v = Hyr, discovered by Edwin
Hubble in 1929 [47]. The present epoch value Hy = (a/a)—y, is often replaced by a constant
h, defied by Hy = 100k km s~! Mpc~'. The Friedmann equation relates the curvature
of the Universe, described by a(t), x, and Ry, to the energy density of the contents of the
Universe. The total energy density consists of multiple components Oyt = () + O +Qp,
where each (); is the density parameter for matter species, radiation, and the cosmological
constant A in the Universe, respectively. The radiation density consists of that due to
photons and neutrinos, (3, = Q),, + ),. Note that the right hand side of Eq. (1.7) does not
change its sign during the evolution of the Universe. The complete present-epoch state of
the homogeneous Universe can be described by the current-epoch values of all the density
parameters and the Hubble constant.

These parameters also allow one to trace the history of the Universe back, at least
until an epoch where interactions allow interchanges between the densities of the different
species, shortly before Big Bang Nucleosynthesis (BBN). We can rewrite the Friedmann
equation without explicitly including the curvature. In terms of the present-epoch param-

eters, it becomes:

H? (@) (@) 1-Q
_ r,0 + m,0 + QA,O + a2<tt)ot,0’

HE~ ai(t) @) (18)

where again, Q0 = Qo + Q0 + Qpp. During the early stages of expansion, the
radiation term dominates the expansion, where the scale factor grows as a(t) « t/2.
Then over the course of the expansion, it enters the matter-dominated phase, in which
a(t) o t2/3, followed by the curvature-dominated phase. If the Universe continues to
expand forever, the cosmological constant term will dominate the expansion, and the

scale factor will grow exponentially as a(t) o efo!. In the standard cosmological model,
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radiation-matter equality takes place at a scale factor a,,, = 0/ Qo ~ 2.8 x 10~% and
matter-A equality takes place at a,,p = (Qu0/Q A,O)l/ 3~ 0.75.

Models based on these parameters, referred to as A-CDM models, are able to give a
good fit to the complete set of observational data available at present. The spectrum of the
Cosmic Microwave Background Radiation (CMBR), primordial nucleosynthesis, and the
observation of structure formation of the Universe, along with the observation of galaxy
and cluster dynamics have pinned downed the content of the Universe today. Among
them, the most powerful data source for the determination of cosmological parameters is
the CMB.

The CMBR is a powerful tool to investigate the history of the Universe since redshift
z ~ 1100, the epoch when matter decoupled from photons, and has revealed that the
Universe was almost flat, isotropic, and homogenous to a high degree of precision; the
temperature of the CMBR across the sky is remarkably uniform: 6T/T ~ 1.1 x 10~ on
angular scales ranging from 10" to 180°. The radiation density () 0 is accurately measured
directly from the CMB blackbody spectrum, and is determined Q%oh2 = 2.47 x 107° [48],
corresponding to T = 2.7255 £ 0.0006 K.

The CMB anisotropies are also of particular interest. Both the total intensity and two
independent polarization modes are predicted to have anisotropies. The CMB carries a
snapshot of the time of last scattering, often called primary anisotropies. The detailed
pattern of anisotropies, shown in Figure 1.1, depends on all of the cosmological param-
eters, and detailed investigation of the pattern affirms the need for both nonrelativistic
(or cold) dark matter and dark energy in the cosmological model to provide structure
formation that reproduces the observed anisotropies. Such cold dark matter (hereafter,
CDM) comprises, with baryonic matter, the total matter component of the density in the
Universe, (), = Q¢ + Q.

As in Figure 1.1, the anisotropy power spectrum, £({ +1)C} T /27, features a flat plateau
at large angular scales (small /), followed by a series of oscillatory features at higher
angular scales. The first and most prominent peak is at approximately 1° (¢ ~ 220) [49,
50]. These features, know as acoustic peaks, exhibit the oscillations of the photon-baryon
fluid around the era of decoupling. The cause of those peaks is explained as following:

Before recombination, the baryons and photons are tightly coupled, and the perturbations
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Figure 1.1. Seven-year temperature power spectrum, ¢(¢ + 1)C/T /27, from the Wilkinson
Microwave Anisotropy Probe (WMAP) [1]. The curve is the A-CDM model best fit to
the seven-year WMAP data. The gray band represents cosmic variance. The shape of
this curve contains a wealth of information about the history the Universe. Courtesy of
NASA /WMAP Science Team.

oscillate in the potential wells generated primarily by the dark matter perturbations. After
decoupling, the baryons are free to collapse into those potential wells. Since density
perturbations grow only in the matter-dominated epoch, and matter domination starts
earlier in the presence of DM, density perturbations start to grow earlier when DM is
present, therefore allowing an earlier formation of the first galaxies.

Some features of the CMB can be closely related to specific parameters. The sound
horizon at the time of last scattering provides the value of the total energy content of the
Universe: the angular scale of the first peak is found at 1°, which indicates that the spatial
geometry of the Universe is flat, corresponding to an energy density of the Universe being
approximately unity (¢ ~ 1. The relative heights of the peaks probe the baryon density
with high accuracy, O,h? = 0.02226 + 0.00023 [49, 50], which is comparable with the best
quoted errors from the BBN. The BBN limits on the abundance of baryonic matter are

0.021 < Qph?* < 0.024 (95% confidence), which also provide a strong indication that most
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of the mass density of the Universe is in a form other than baryons. Moreover many
other parameters combine to determine the overall shape. Since radiation has the largest
energy density in the Universe before matter-radiation equality, and photons and neutri-
nos are relativistic, they tend to drag DM particles out of small mass overdensities if they
interact with DM during structure formation. Therefore, both the CMB temperature and
polarization power spectra are prominent in determining upper limits of the DM-radiation
scattering cross section. Planck data provide upper bounds of 8 x 10731 (1m, / GeV) ecm? for
the DM-photon interaction, and 2 x 1072%(m,,/ GeV) cm? for the DM-neutrino interaction
at 68% CL [51].

The indirect determination of Hy by the Planck Collaboration found Hy = 67.8 0.9 km
s~ Mpc ! [49,50]. However, there is strong degeneracy of Hy with other parameters, e.g.,
0 and the neutrino mass, and it is in tension with the value measured from the Hubble
Space Telescope Key Project [52]. The most recent derivation suggests that Hy = 72.0 &= 3.0
km s~! Mpc ™! [53]. The determination of these parameters from the CMB presumes a flat
Universe. If the assumption of spatial flatness is lifted, it turns out that the CMB on its
own only weakly constrains the spatial curvature, due to a parameter degeneracy in the
angular-diameter distance. However, inclusion of other data readily removes this. For
instance, adding the usual non-CMB data-sets, such as the distance scale measured by
baryon acoustic oscillations (BAO) in galaxy surveys or Type Ia supernovae, the growth
of structure determined by redshift-space distortions, plus the assumption that the dark
energy is a cosmological constant, yields a 68% confidence constraint on Qx = 1.0002 =
0.0026 [49,50]. Results of this type are normally taken as justifying the restriction to flat
cosmologies.

Currently the most accurate determination of (). comes from global fits of cosmolog-
ical parameters to a variety of observations. For example, using measurements of the
anisotropy of the CMB, including the CMB lensing likelihood, and of the spatial distribu-
tion of galaxies, one finds a density of cold, nonbaryonic matter Qh? = 0.1188 + 0.0010,
and the baryonic matter density, Qph?> = 0.02230 4 0.00014 [49,50]. Some of the key
cosmological parameters of the A-CDM model [48-50, 54] are provided in Table 1.3.

The A-CDM model with spatial flatness gives an excellent fit to observations on large
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Table 1.3. The current density of each mass-energy component of the Universe.

Density
Baryonic matter Q) = 0.02230(14)h 2 = 0.04860(51)
Cold dark matter Q. = 0.1188(10)h 2 = 0.2589(57)
Presureless matter Oy =Qp + QO =0.3089(62)
Dark energy QO = 0.6911(62)
CMB radiation | Q. =2.473 x 10~5(T/2.7255)*h~2 = 5.46(19) x 10~°
Curvature Oior = 1.0002(26) (68%)

scales.! The fact that Oy is measured to be nearly unity in the present epoch leads to
the so-called flatness problem: Rewriting Eq. (1.7) in the early Universe dominated by

radiation and matter as
(1-— Qtot’o)az(t)

1— Qo) =
tOt( ) Qr,0+ﬂ(t)0m,0,

(1.9)

one finds that when the value of () is extrapolated backwards into the time of radiation-
matter equality, the total density parameter is equal to unity with an accuracy |1 — Qyot (fm)| <
2 x 1074, If one extrapolates backward to the Planck time tp = /G =~ 5.4 x 10~**s, where
a(tp) ~ 2 x 10732, one finds an unnaturally strong fine-tuning |1 — Qo (tp)| < 107%0. The
most convincing explanation for the flatness problem is inflationary cosmology, which
postulates a period of accelerated expansion prior to the radiation-dominated era. In that
hypothesis, the rapid expansion can drive Oy sufficiently close to unity, so that |1 — Q|
remains unobservable today.

Inflation also provides an explanation for the magnetic monopole problem, i.e., mag-
netic monopoles have never been observed thus far, even though in the early Universe,
they were supposedly overproduced due to the breakdown of the gauge symmetry of the
Grand Unified Theory into SU(3)c @ SU(2)L Q@ U(1)y.

Additionally, inflationary cosmology provides a simple mechanism for producing pri-
mordial density perturbations that are quite similar to those observed. That is, infla-
tion generates perturbations through the amplification of quantum fluctuations, which
are stretched to astrophysical scales by the rapid expansion. Density perturbations grow

between the matter-dominated and curvature-dominated epochs. If the mass density con-

10n the smallest scales, there remains some controversy concerning the structure of dwarf galaxies and
possible substructure in galaxy halos.
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tributed by the luminous matter were the major contribution to the mass density of the
Universe, the duration of the epoch of structure formation would be very short, thereby
requiring fluctuations in the CMB which would be larger than those observed. The most
attractive scenario of structure formation that is consistent with observations is inflation-
produced adiabatic density perturbations with cold dark matter, which provides the pri-
mordial density inhomogeneities necessary to initiate structure formation resulting in pre-
dictable temperature fluctuations in the CMBR, as shown in Figure 1.1.

Another piece of observational evidence for the existence of dark matter involves galac-
tic dynamics. In the 1970s, Vera Rubin and Kent Ford discovered that rotation curves
of galaxies are flat, which means the circular velocities of clouds of neutral hydrogen in
spiral galaxies, measured as a function of the distance from the center of the galaxy, remain
constant extending as far as they have been measured [55], as illustrated in Figure 1.2 [2].
The luminous disk is distributed no further than about 5 kpc from the center of the galaxy.
If the luminous matter were the only component inside each galaxy, and if stellar motions
obey Newton’s laws, thatis V(r) o< /M(r) /7, the rotation curve is expected to decrease as
r~1/2 outside the luminous disk. Here r denotes the distance from the center of the galaxy,
V(r) is the velocity of the rotational stellar motion at the distance r, and M(r) is the mass
contained inside the disk of radius r. Similar phenomena of flat rotation curves have been
observed for all galaxies studied, including our Milky Way, which strongly suggests that
this is a universal behavior.

The simplest explanation for the observed rotational curves is that galaxies contain far
more mass than the baryonic matter that accounts for the bright stellar objects residing in
the galactic disks. In fact, applying Newton's laws to the motion of galaxies in clusters,
one finds that the mass distribution interior to r grows as M(r) « r at large radii, which
suggests the existence of dark halos around spiral galaxies extending to galactocentric
radii of 200 kpc; i.e., well beyond the optical disc. This applies in particular to the Milky
Way, where both dwarf galaxy satellites and globular clusters probe the outer rotation
curve [56]. The recent study [57] found a discrepancy between the observed rotation curve
and the expected contribution from baryons in our Milky Way, and that the evidence for a
dark component rises above 50 significance. The velocity dispersions of dwarf spheroidal

galaxies imply mass-to-light ratios larger than those observed in our “local” neighborhood
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Figure 1.2. Rotation curve for the bright spiral galaxy NGC 2403 with an adiabatically
contracted halo model (long-dashed line) or initial model (dotted line) [2]. The disk and
gas profiles correspond to the contracted final model. The points are the measured circular
rotation velocities as a function of distance from the center of the galaxy. The dashed
and dotted curves are the contribution to the rotational velocity due to the observed disk
and gas, respectively, and the dot-dash curve is the contribution from the dark halo. The
data-fit residuals AV are shown in the lower part. The observed velocity data (black points)
are from Ref. [3] .

and, while the profiles of individual dwarfs show scatter, strongly suggest the overall dark
matter content [56]. Today, most dynamical estimates are consistent with a value (), ~
0.2-0.3 [56] on cluster scales.

The gravitational influence of DM can also be observed through distortions of an im-

7”7

age, called “gravitational lensing.” The theory of General Relativity predicts that mass
bends space-time, and so it also bends the trace of light. The light from distant objects is
bent towards a region of large mass when it passes by, thus, multiple images of distant
objects may be seen, or, if these images cannot be individually resolved, the background
object may appear brighter, as shown in Figure 1.3. Some of these images may be distorted
or sheared. This effect can be used to uncloak the existence of non-luminous matter.

Lensing measurements confirm the existence of enormous quantities of dark matter both

in galaxies and in clusters of galaxies.
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Figure 1.3. Gravitational lensing in the galaxy cluster Abell S1063 captured by the Hubble
Space Telescope. The huge mass of the cluster distorts and magnifies the light from
galaxies that lie far behind it due to gravitational lensing. Courtesy of NASA, ESA, and ].
Lotz (STScI).

Measuring the mass of each galaxy also revealed that there must be more matter than
luminous matter inside galaxies. In fact, historically, Fritz Zwicky was the first to pro-
pose the idea of dark matter’s existence by the observation of the Coma Cluster [58]. In
studying the Coma Cluster of galaxies, he estimated the total mass of the Coma Clus-
ter by measuring the dispersion in the peculiar velocity of the cluster’s galaxies, which
correlates with the gravitational potential within the cluster. The cluster was treated as
a self-gravitating system of point masses, which follows the steady-state virial theorem.
Zwicky concluded that in order to keep the galaxies in the Coma Cluster from flying apart
into the surrounding voids, the cluster must contain a large amount of “dunkle Materie,”
or dark matter. The recent observation of hot gas in the Coma Cluster, shown in Figure 1.4,
also confirmed the presence of a vast reservoir of dark matter inside. X-rays in the image,
which are emitted from the hot inter-cluster gas due to bremsstrahlung emission and line
emission from highly ionized iron and other heavy elements, can only be explained by a

large dark matter component that provides the gravitational potential well to hold the gas
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Figure 1.4. (a) The optical and (b) the X-ray image of the Coma Cluster (Abell 1656),
containing more than 1000 galaxies. The X-ray image, observed by the ROSAT satel-
lite, indicates the presence of hot gas. Courtesy of (a) Omar Lopez-Cruz & lan Shel-
ton/NOAQO/AURA/NSF and (b) S. L. Snowden USRA, NASA /GSFC.

together. If there were no dark matter to anchor the gas gravitationally, the hot gas would
have expanded beyond the cluster on time scales much shorter than the Hubble time.
Another particularly compelling example is the Bullet Cluster, which recently, on cos-
mological time scales, formed from a collision of two clusters. A recent image of the
Bullet Cluster of galaxies taken by the Chandra X-ray observatory is shown in Figure 1.5.
Here one can see the separation of baryonic matter, mostly consisting of hot gas (in pink),
seen by X-ray emission, and dark matter (in blue), deduced from gravitational lensing. In
the process of the head-to-head collision of the two clusters, the dark matter has passed
through the collision point, indicating that DM self-interactions are indeed weak, while
the baryonic matter in the form of the gas cloud was decelerated due to interactions and
remains in the region at the center of the new cluster, whereas the galaxies in the clusters

proceeded on ballistic trajectories.

1.3 WIMPs

Analyses of structure formation in the Universe indicate that most DM should have
been nonrelativistic at the epoch of galaxy formation. Candidates for nonbaryonic DM

must also satisfy several conditions: (i) they must be stable on cosmological time scales to
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Figure 1.5. The image of the Bullet Cluster (1E 0657-56) of galaxies, in which a cluster
formed out of a collision of two smaller clusters, captured by the Chandra X-ray ob-
servatory. Most of the matter in the clusters (blue) is clearly separate from the normal
matter (pink), giving direct evidence that nearly all of the matter in the clusters is dark.
Courtesy of NASA/CXC/CfA/ M. Markevitch et al. (X-ray); NASA/STScl; ESO WFIL;
Magellan/U. Arizona/ D. Clowe et al. (Lensing Map); NASA /STScl; Magellan/U. Ari-
zona/D. Clowe et al. (Optical).

realize the observed growth of density perturbations; (ii) they must have very weak inter-
actions with the SM sector to be consistent with observations of structure formation and
the absence of electromagnetic radiation emission and absorption; and (iii) they must have
the right relic density to explain the CMB anisotropies and the observations of galaxies
and cluster distributions. Weakly interacting massive particles (WIMPs) are particles with
mass roughly between a few GeV and a few TeV, and with a self-annihilation cross section
of approximately weak strength. Within standard cosmology, their present relic density
can be calculated by assuming that the WIMPs were in thermal and chemical equilibrium
with the plasma of SM particles after inflation. In such conditions, their density would
become Boltzmann-suppressed, ~ exp(—m,/T) at T < m,, and therefore drop out of
thermal equilibrium (dubbed as “freeze out”) once the rate of DM pair annihilation into SM
particles (or vice versa) becomes smaller than the Hubble expansion rate of the Universe.
After freeze out, the comoving WIMP density remains essentially constant; if the Universe
evolved adiabatically after WIMP decoupling, this implies a constant WIMP number to

entropy density ratio. Their present relic density is then approximately given by [59]
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where Tj is the current CMB temperature, mpjanck is the Planck mass, ¢ is the speed of
light, and (o4v) is the thermally averaged total WIMP pair annihilation cross section
into SM particles times the relative velocity of WIMPs in their center of mass system.
WIMPs are expected to have a cross section (04v) near the typical size of weak interaction
cross sections. In that case, where (04v) ~ 1pb-c = 3 x 107%cm®s~!, the standard
thermal freeze-out mechanism yields the qualitatively correct relic density, Q.h? ~ 0.1 [8,
59-63]. Although this is not a necessary condition, this remarkable coincidence, dubbed

the “WIMP miracle,” has drawn huge attention over the years.

1.4 Detection strategies for WIMPs

If most CDM consists of WIMPs, they should be gravitationally trapped inside galax-
ies and should be adequately distributed to account for the observed rotational curves.
WIMPs can be slowed down, captured, and trapped in celestial objects like the Earth or
the Sun, or more massive objects such as neutron stars, thus enhancing their density and
their probability of annihilation. These conditions determine the main features of experi-
mental detection of WIMPs; i.e., probing the interactions of WIMPs with ordinary matter,
known as direct detection, and examining the annihilation products of WIMPs, known
as indirect detection. WIMPs could also be directly produced at particle colliders. Since
DM interacts weakly with ordinary matter, it, if produced, will escape collider detectors.
One possible signature is a single final-state object recoiling against missing (transverse)
energy. Another method of detecting dark matter is by measuring its gravitational effect on
luminous matter. The observations of the motions of stars within galaxies and of galaxies
within clusters, as well as the studies of cosmic history, indicate that there is a significant

amount of dark matter in the Universe.

1.4.1 Direct detection
WIMPs are expected to interact with ordinary matter through elastic scattering on nu-
clei. For WIMP masses in the range of 10 GeV to 10 TeV, typical nuclear recoil energies, Eg,
are of the order of 1 to 100 keV. The expected interaction rates depend on the local WIMP

flux and the interaction cross section. The differential scattering rate per detector and per
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target nucleus averaged over the galactic WIMP velocity distribution can be calculated as

E = NT <7]1X> /U>Umin WUfE(V)d o, (1.11)

where Nt is the number of target nuclei in the detector, f£(v) is the velocity distribution

of WIMPs, usually taken to be Maxwellian with vymg = 155 km s1 and

1 mTER
pr Vo 2

(1.12)

Omin =

where mr is the target nuclei mass, and yr = (1/mr+1/ mx)*l, is the reduced mass of the
target nuclei and the WIMP. The DM density in the “neighborhood” of our solar system
was first estimated as early as 1922 by J. H. Jeans, who analyzed the motion of nearby stars
transverse to the galactic plane [56]. He concluded that in our galactic neighborhood, the
average density of DM must be roughly equal to that of luminous matter (stars, gas, dust).
Remarkably enough, the recent estimate [64] finds a quite similar result for the smooth

component of the local DM density, pe, at the location of the Sun, . = 8.33 kpc:
po = (039 £0.03) - (1.2 £0.2) - (1 & diax) GeV/cm®. (1.13)

The first term on the right-hand side gives the average DM density at a point one solar
distance from the center of our Galaxy. This has been derived by fitting a complete model
of our galaxy to a host of data, including the galactic rotation curve. The second factor
accounts for the fact that the baryons in the galactic disk, in which the solar system is
located, also increase the local DM density [65]. The third factor corrects for possible
deviations from a purely spherical halo, with dyiax < 0.2 [66]. There is, however, a large
systematic uncertainty in the Milky Way dark matter halo density profile (see for example
Ref. [67-69]).

The mean WIMP velocity is approximately 220 km s~ [64] at the location of our solar
system, and the galactic escape velocity is approximately 544 km s~!. The WIMP velocity
distribution is usually assumed to follow a Maxwell-Boltzmann distribution in the galactic
rest frame, shifted into the Earth rest frame. The cross section, 0 (v, Er ), depends on the na-
ture of the interaction between DM and target nuclei. For nonrelativistic Majorana WIMPs,
it includes spin-independent (SI), spin-dependent (SD), anapole, pseudo-scalar-mediated,

and L - S scattering [70]. SI interactions involve scalar currents, while SD interactions



18

involve axial vector currents, the latter existing only if DM carries spin. Due to coherence
effects, the SI cross-section scales approximately as the square of the size of the nucleus,
therefore, heavy nuclei such as Xe are often favored, whereas for SD interactions, the cross
section depends on the nuclear spin factor, and target nuclei often used include F, 73Ge,
127] 129X and 13!Xe,

At low WIMP mass, the sensitivity of detectors drops due to the detector recoil energy
threshold, whereas at high mass, the sensitivity also decreases due to the decrease of the
WIMP flux as 1/m, for a fixed mass density. The sensitivity is best if the WIMP mass is
near that of the recoiling nucleus.

The effect of the motion of the detecter frame with respect to the Galactic frame, vps (1),
is also of interest. Taking into account the motion of the Local Standard of Rest (LSR),
namely the rotation of the Sun around the Galactic Center (GC), visg, the peculiar solar

motion, vz, and the motion of the Earth around the Sun, Vg, one finds

Vobs () = Visr(f) +ve(t) + Vo (t). (1.14)

Within Galactic coordinates where X is the direction to the GC, ¥ the direction of disk
rotation, and 2 the North Galactic Pole, visg = (0,0,0) and vs ~ (11.10,12.24,7.25)
km s~! [71], where @y ~ 220 km s~ ! is the typical mean WIMP velocity. Neglecting the

ellipticity of the Earth’s orbit, the motion of the Earth around the Sun is,
Vo (t) = Vg[ércosw(t —t) + éxsinw(t — t)], (1.15)

where Vi = 29.8 km s™! and t; = 0.218 is the fraction of the year before the Spring
equinox, while é; and é; are the directions of the Earth’s velocity at times t; and t; 4 0.25
years [64]. Because of the motion of the Earth through the DM halo, an annual modulation
is predicted for WIMP signals [72]. The DAMA collaboration has reported results from
a total of 7 years exposure with the LIBRA phase involving 250 kg of target nuclei plus
the earlier 6 years exposure of the original DAMA /Nal experiment with 100 kg of target
nuclei [73,74]. They observe an annual modulation of the signal in the 2 to 6 keVee (keV
electron equivalent) bin, with the period of 1 year and phase with maximum around June
2nd, as expected, at the 9.3¢ level. If interpreted within the standard halo model, two

cases are compatible: (i) a WIMP with m, ~ 50GeV and 0y, ~ 7 x 107° pb; or (i) m, =~
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6-10 GeV range with 0y, ~ 107 pb. Many other experiments, however, exclude both the
high and low mass DAMA /LIBRA scenarios. Both Germanium and Xenon detectors now
exclude the DAMA /LIBRA signal by a large margin under standard assumptions [4].
Figure 1.6 summarizes all recent results, under standard assumptions, illustrating the
limits and positive claims for WIMP scattering cross sections [4], normalized to scattering
on a single nucleon, for SI couplings, as functions of WIMP mass. It also includes the
neutrino background projection for coherent neutrino-nucleus scattering, and a typical
expectation for a supersymmetric model after the LHC Run 1 results [6, 7]. Currently many
experiments exclude both the high and low mass DAMA /LIBRA solutions. As of February
2017, the most stringent limit on the SI cross section is provided by LUX, a 370 kg double
phase Xenon detector, which is currently leading the field for masses above 20 GeV, setting
a limit of 7.6 x 10710 pb for a WIMP mass of 33 GeV [75]. LUX also provides the best limit
for SD WIMPs with pure neutron couplings at all masses [76]. A 300-live-day run is in
progress, allowing an expected improvement in sensitivity by a factor of 5. XENONIT,
the successor to XENON100 is planning to take data soon, and it is expected to overtake
LUX in the coming year, if the backgrounds are kept within specifications. LUX-ZEPLIN
is expected to have sensitivity reaching about 10~!2 pb for a WIMP mass of 500 GeV [77].

1.4.2 Indirect detection

As in the early Universe, ongoing WIMP annihilation is expected at the current epoch,
and the stable annihilation products may be detected; these include neutrinos, gamma
rays, positrons, antiprotons, and antinuclei. These methods are complementary to direct
detection and might make it possible to explore higher masses and different coupling
scenarios. “Smoking gun” signals for indirect detection are: (i) GeV neutrinos coming
from the center of the Sun or Earth, since such high energy neutrinos cannot be produced
by nuclear reactions; and (ii) mono-energetic photons of ~ GeV scale from WIMP anni-
hilation in space, for no astrophysical background events can produce such high energy
mono-energetic y-rays. Both types of signals are also easy to trace back their sources of
production, as they propagate along straight paths through matter.

Upward-going muons from WIMP annihilation can be detected in large neutrino tele-

scopes such as SuperKamiokande (SuperK) and IceCube. The best upper limit for WIMPs
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Figure 1.6. WIMP cross sections (normalized to a single nucleon) for SI coupling versus
mass [4,5]. The DAMA/LIBRA, CDMS-Si and CoGeNT enclosed areas are regions of
interest from possible signal events. For context, the blue shaded region shows a scan
of the parameter space of the pMSSM, a version of the MSSM with 19 parameters, by the
ATLAS collaboration [6,7], which integrates constraints set by LUX and ATLAS Run 1; the
favored region is around 10~ pb and 500 GeV.

with mass below 200 GeV that produce muons in the final state comes from SuperK. For
WIMPs annihilating into bb pairs, the resulting upper limit on the SD scattering cross
section on protons is about 1.5 (2.3) fb for m, = 10 (50) GeV; for WIMPs annihilating
exclusively into T+ 1 pairs, the bounds are about one order of magnitude stronger [78].
Detection of the photon flux from DM annihilations is of particular interest. The dif-
ferential flux of photons from a given angular direction produced by the annihilation of

Majorana DM is
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where dNZ; /dE., is the energy spectrum of photons produced per one annihilation in the
channel with final state f, integrated over a given angular range A(), and along the line of
sight (L.o.s) denoted as s. The functional forms of a DM halo profile, based on numerical
N-body simulations of large-scale structure formation, p(r), have been proposed by vari-
ous astrophysicists. One of the standard forms, proposed by Navarro, Frenk, and White
(NFW) [79] is .

o (1) = ps= (1 + :) , (117)
where 7 is the radial distance from the Galactic Center (GC), rs = 24.42 kpc is a typical scale
radius, and ps = 0.184 GeV cm 3 is a typical scale density, both of which are determined
from dynamical constraints. Although the determination of the NFW profile makes use of
numerical simulation without baryons, whose role is not negligible in the inner Galaxy;, it
has been found to explain the observed rotation curves well [57].

WIMP annihilation in the halo can give rise to a continuous spectrum of gamma-rays
and, at the one-loop level, also to mono-energetic photons from the 4y and yZ channels.
These channels allow one to search for WIMPs for which direct detection experiments have
little sensitivity. The size of this signal depends strongly on the halo model, but is expected
to be most prominent near the Galactic Center, as can be seen in Egs. (1.16) and (1.17). The
central region of our Galaxy hosts a strong TeV point source discovered [80, 81] by the
H.E.S.S. Cherenkov telescope. Moreover, Fermi Large Area Telescope (LAT) data revealed
a new extended source of GeV photons near the Galactic Center above and below the
galactic plane, the so-called “Fermi bubbles” [82], as well as several dozen point sources of
GeV photons in the inner kpc of our Galaxy [83]. These sources are, however, very likely
of astrophysical origin. The presence of these unexpected backgrounds makes it more
difficult to discover WIMPs in this channel.

Analyses of Fermi-LAT data also find an excess of events in the few GeV range from
an extended region around the center of our Galaxy, consistent with several WIMP inter-
pretations [15,84]. A recent analysis by the Fermi-LAT collaboration [83] found evidence
for emission of GeV photons from the inner few degrees around the GC not accounted

for by their modeling of astrophysical sources. The spectrum and the morphology are
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compatible with those expected from annihilating DM particles. In particular, they are best
fit by 30-50 GeV DM particles annihilating into bb with (c4v) ~ 7 x 1072 cm3 s~! [85].
However, the size and spectrum of the fitted “excess” depends strongly on the details
of the fits, and most photons detected from directions around the GC actually originate
from astrophysical foregrounds, which are not precisely understood. As the collaboration
concludes, “a precise physical interpretation of its origin is premature.”

As of February 2017, the best bound on WIMP annihilation into photons in the current
Universe comes from a combination of Fermi-LAT observations of dwarf galaxies [8]. It
excludes WIMPs annihilating either hadronically or into 77~ pairs with the canonical
cross section, needed for thermal relics, if the WIMP mass is below ~ 100 GeV. Current
best limits on DM annihilation from Milky Way dwarf spheroidal galaxies from six years
of Fermi-LAT data [8] are shown in Figure 1.7, which compares constraints on the DM
annihilation cross section for the 777~ channel from Ref. [8] with previously published
constraints from the LAT analysis of the Milky Way halo (3¢ limit) [9], 112 h of observations
of the Galactic Center with H.E.S.S. [10], and 157.9 h of observations of Segue 1 with
MAGIC [11]. Closed contours and the marker with error bars show the best-fit cross
section and mass from several interpretations of the Galactic Center excess [12-15]. To
summarize, Fermi-LAT data provides limits that exclude the thermal relic annihilation
cross section for WIMPs with m, < 100 GeV annihilating to quark and 7-lepton final
states.

Antiparticles arise as additional WIMP annihilation products in the halo. The best
measurements of the antiproton flux come from the PAMELA satellite and the BESS Polar
balloon mission. These data exclude WIMP models that annihilate dominantly into W+
or Z boson pairs; however, largely due to systematic uncertainties; e.g., DM halo model
and electric and magnetic fields within and outside our Galaxy, they do not significantly
constrain conventional WIMP models.

The best measurements of the e* flux at energies of tens to hundreds of GeV come
from AMS-02 [86,87] and PAMELA [88], showing a rise of the positron fraction between
10 and 200 GeV; the AMS-02 data are compatible with a flattening of the positron fraction
at the highest energies. These observations can in principle be explained through WIMP

annihilation. However, this requires cross sections well above that indicated by (c4v)
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Figure 1.7. Comparison of constraints on the DM annihilation cross section for 777~ chan-
nels [8] with previously published constraints from LAT analysis of the Milky Way halo
(30 limit) [9], 112 h of observations of the GC with H.E.S.S. [10], and 157.9 h of observations
of Segue 1 with MAGIC [11]. Closed contours and the marker with error bars show the
best-fit cross section and mass from several interpretations of the GC excess [12-15].

in Eq. (1.10) for a thermal WIMP. Most of the models that resolve this tension have now
been excluded by the stringent bounds from Fermi-LAT and from analyses of the CMB. In
contrast, viable astrophysical explanations for the excess, which include introducing new
primary sources of electrons and positrons; e.g., pulsars [89,90] or a nearby supernova that
exploded about two million years ago [91], have also been suggested.

The high quality of the AMS-02 data on the positron fraction, which does not show any
marked features, also allows one to impose stringent bounds on WIMPs with mass below
300 GeV annihilating directly into leptons [16]. Figure 1.8 shows the upper limits (95%
CL) on the DM annihilation cross section, as derived from the AMS positron fraction, for
various final states [16], WMAP7 (for ¢*¢7) [17-22] and Fermi-LAT dwarf spheroidals (for
putu~ and t"17) [23]. The dotted portions of the curves are potentially affected by solar

modulation. (4v) = 3 x 1072® cm3 s ! is indicated by the gray horizontal line. The

therm

AMS limits are shown for reasonable reference values of the local DM density and energy
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Figure 1.8. The upper limits (95% CL) on the DM annihilation cross section [16], as derived
from the AMS positron fraction, for various final states [16], WMAP7 (for £*¢~) [17-22]
and Fermi-LAT dwarf spheroidals (for y*u~ and t"77) [23]. The dotted portions of the
curves are potentially affected by solar modulation. (040) e, = 3 X 1072° ecm® s71 is
indicated by the gray horizontal line. The AMS limits are shown for reasonable reference
values of the local DM density and energy loss rate, and can vary by a factor of a few,
as indicated by the hatched band (for clarity, this band is only shown around the e*e™
constraint).

loss rate, and can vary by a factor of a few, as indicated by the hatched band (for clarity, this
band is only shown around the e*e™ constraint, but it applies to each annihilation channel).
The AMS data significantly limit light DM models with m, ~ O(10) GeV, particularly

annihilating into eTe™ and u "y~ with thermal relic cross sections.

1.4.3 Collider searches
The interaction between DM and SM particles can also be investigated at collider ex-
periments by directly producing DM particles. The minimal experimental signature of
DM production at a hadron collider consists of an excess of events with a single final-state
object X recoiling against large amounts of missing transverse energy £r. A variety of such
“mono-X" signatures involving jets of hadrons, gauge bosons, top and bottom quarks, as

well as the Higgs boson in the final state, has been examined in LHC Run 1 and 2, as well
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as a second class of Et signatures that arises from the production of “partner” particles
that decay to DM and SM particles [92-94].

In order to interpret the cross section limits obtained from the LHC and the Tevatron
F 1 searches, and to relate these bounds to the constraints derived from direct and indirect
detection, one needs a theory of DM. Effective field theory (EFT) allows one to describe
the DM-SM interactions mediated by all kinematically inaccessible particles in a universal
way [95-97]. The DM-EFT approach allows one to derive stringent bounds on the scale
of new physics, A, that suppresses the higher-dimensional operators. Currently, LHC
experiments have stronger bounds on operators leading to spin-dependent scattering than
direct detection experiments, while direct detection probes are more constraining for spin-
independent scattering for WIMP masses above a few GeV [92]. Similarly the Tevatron
provides the current best limit, particularly for light dark matter, below 5 GeV, and for
spin dependent interactions [97].

EFTs, however, cannot describe correctly the full kinematics of DM production at the
LHC at high energy. To capture some set of signals accurately at LHC energies at Run 2
and beyond, one needs complete DM models that resolve the EFT contact interactions into

single particle s-channel or t-channel exchanges [98].

1.5 The supersymmetric Standard Model

The cosmological arguments stated above imply that evidence for dark matter is com-
pelling in dwarfs, spiral galaxies, and galaxy clusters, as well as at cosmological scales.
However, this is at odds with the description of Nature by the SM of particle physics. For
instance, neutrino species are stable and interact with baryonic matter weakly, but they are,
even if assumed to have finite mass, too light to account for CDM, and therefore give rise to
a considerably different primordial fluctuation spectrum. The Higgs and Z° boson are both
neutral and interact with (light) baryonic matter weakly. They are, however, short-lived to
be candidates for CDM. For these reasons, extension of the SM has been pursued in a vari-
ety of ways. It has been found that the Minimal Supersymmetric Standard Model (MSSM),
which is one of these extensions, naturally accommodates neutral, weakly interacting,
massive and stable particles. This model has been studied extensively since first proposed

circa 1970 [99]. In the following section, I will first introduce a new type of symmetry
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called “supersymmetry” and explain how the models that feature this symmetry are free
from quadratic divergences. Then we will see that the MSSM provides particles that are
suitable WIMPs, called “neutralinos” [63]. Finally I will discuss the phenomenology of

DM within this framework.

1.5.1 Supersymmetry and the hierarchy problem

Supersymmetry (SUSY) relates particles differing by 1/2 unit of spin; e.g., spin-0 scalars
and spin-1/2 fermions or spin-1/2 fermions and spin-1 vector bosons (see for example
Ref. [24, 63,100]). The particles and their superpartners are contained in supermultiplets, and
the particles in the same supermultiplets must share the same mass? and the same gauge
quantum numbers, meaning that the SUSY extension of the SM leads to roughly twice as
many particle species as in the SM alone. Obviously SUSY is not exactly preserved in Na-
ture; as of today, no scalar particle has been discovered with the same mass and quantum
numbers as, for example, the electron. In fact, there are no candidates for supersymmetric
scalar partners for any of the SM fermions in the experimentally observed spectrum. We
will discuss the patterns of SUSY breaking allowed in realistic SUSY gauge theories in
Sec. 1.5.4. As already mentioned, the MSSM provides good candidates for CDM. Another
pleasant feature of the MSSM is that it suggests the unification of the fundamental forces
at a high-energy scale.

A SUSY transformation turns a bosonic state into a fermionic state, and vice versa.
There are two types of supermultiplets relevant for our purposes of constructing realis-
tic models, chiral supermultiplets and gauge supermultiplets. Chiral supermultiplets, & D
(¢, 1, F), consist of a complex scalar field, ¢, a 2-component Weyl fermion field, ¢, and an

auxiliary field, F.3 The free Lagrangian is given by

Liree = —0"¢p*0u¢p + ip'o0,p + F*F, (1.18)

0

where ° = ¢ = 1isthe2 x 2 identity matrix and 7 = —c' fori = 1,2,3 denote the Pauli

matrices. L.ee 18 invariant under the SUSY transformations

2The gauge coupling of the SUSY particle to the Higgs field causes the mass splitting with its superpartner
when EW symmetry is broken.

3The auxiliary fields 7 and D? appear in the Lagrangian with no kinetic energy term, thus they have no
physical contribution. They are introduced to make the Lagrangian consistent when the fields are off-shell
and to make the SUSY gauge transformation linear.
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S = —i(07€" )0y + € F,

6F = —ie'o10,1. (1.19)

Gauge supermultiplets, ® D (A”, A7, D), consist of a massless gauge field with field
strength Fj, = 0,Aj —d/Aj +¢ f”bcAzAﬁ, a 2-component Majorana fermion field, A*,

and a real auxiliary field, D”. The Lagrangian is of the form,

1 . 1
Loauge = — g i F + iAtg DA ;DD (1.20)

where D, A" = d,A" + ¢f ”bcAz)\C. Lgauge is invariant under the SUSY transformations,

i . 1
(S/\Z — m(o—y(ﬂ/e)ﬁéFﬁv + ﬁezxpa/
SAY = b (e*(r A+ At e)
[/ ﬁ H M 4
5D = \1@ (—€'"DyA" + DAt ate) (1.21)

As discussed previously, supersymmetric gauge theories address the fine-tuning prob-
lem for the fundamental scalar particle by providing cancelations of the quadratic diver-
gences at all orders. The MSSM predicts the lightest Higgs mass to be of the same order as
my at tree level, and m%/ISSM < 135 GeV [101] when radiative corrections are included.

Although, in reality, the Higgs mass receives quantum corrections from the virtual
effects of every particle that couples to the Higgs field, including via Yukawa and gauge
couplings and self interactions, the most dominant contribution comes from the Higgs-top
quark interaction due to the large Yukawa coupling (y; ~ m;/174(GeV) =~ 1). Itis
therefore sufficient to consider the effect of Higgs-fermion interactions for our present
purpose. To see how the cancelation of quadratic divergences occurs, consider a simplified
model with a real scalar boson, /, and a Dirac fermion, f, with no gauge interactions. When

electroweak symmetry is spontaneously broken, Egs. (1.4), (1.5) and (1.6) become

Ly = F(id —mp)f + (3,) (3h) — \y/fihff —V(h),
2 2

"3 4 Mg (1.22)

1
V(h) — Em%hZ + 20 87]2
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where ¢ = 9,7" and 7* for u = 0,1, 2,3 are the Dirac matrices. Here 4)0 = (v+ h).ei’7 /2
and v/+/2 ~ 174 GeV. A correction to m? from a loop containing a Dirac fermion f with

mass 1y and with number of color charges n. is

2

A
Amd = —’8y7f;|2nc Aby + (m} — 6m3) In <W‘1;V> +- ] , (1.23)
which shows that if Ayy is taken of order mp,nck, then the Higgs mass receives enormous
corrections, approximately 10> times larger than its required value. This is known as the

7

“hierarchy problem.” Although the SM fermion and gauge boson masses do not have
direct quadratic sensitivity to Ayy, some of them obtain masses from the Higgs field.
Therefore, the mass spectrum of all the SM particles is directly or indirectly sensitive to
the cutoff scale.

Next, consider the effect of the superpartners of a Dirac fermion f, the two massive
complex scalar particles f; with mass m 7 Which couple to the Higgs field with a La-
2

grangian term —A¢ |¢°|?|f:|> and which carry the same SU(3)c gauge quantum number

as f. Then the full Lagrangian density is given as,
' Fl2_ 272 SIRATIT
L= Let 3 |\ 0ufilf =milfil + Aphl fif + 12 fi ) (1.24)
i=12

A radiative correction to the Higgs mass from the scalar quartic term is then

Auv
Amﬁ:fncle%N—:zZméln( >+
1672 =12 fi mﬁ

(1.25)

Adding one-loop corrections from a Dirac fermion and two complex scalars together, we
find
n

Ay = o5 (A = lyg ) Ay + -+ - (1.26)

This cancelation of the quadratic divergence requires that the associated dimensionless
couplings should be related as A7 = ly f\z. It has been found that this cancelation takes
place to all orders in perturbation theory as stated in the perturbative non-renormalization
theorems [102]. We will see later that the condition imposed on the dimensionless cou-

plings actually holds true even when SUSY is not exactly conserved. We can see from

Eq. (1.24) that there is also a scalar cubic term, which contributes logarithmically to the
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correction of the Higgs mass. With these effects included, the one-loop correction turns

2
Am? = 171 2m2n (2UV) _ Y m%ln Auy +---
872 d mf ey I my,

If there is no gauge interaction and SUSY is exactly conserved, m; = /A fvz /2=ysv/ V2=

out to be

(1.27)

mg, which leads to the vanishing of the logarithmicly divergent part as well. In realistic
models, however, there are mass splittings between particles and their superpartners be-
cause supersymmetry is “softly” broken, so the quantum correction is

soft

, (1.28)

where mg is the characteristic mass difference between a SM particle and its superpartner,
and A is the characteristic coupling constant with the Higgs field. This relation implies that
the masses of SUSY particles, especially the superpartners of the top and bottom quarks
and W and B bosons, which give large contributions to the Higgs mass corrections, cannot

be too huge; otherwise we would lose our successful cure for the hierarchy problem.

1.5.2 The construction of the MSSM

Having seen how the MSSM alleviates the hierarchy problem, we now cast our at-
tention to the construction of realistic models of supersymmetric particle physics. The
construction of the SM yields that each of the known fundamental particles is in either
a chiral or gauge supermultiplet and must have a superpartner with spin differing by
1/2 unit. Since only chiral supermultiplets can contain fermions whose left-handed parts
transform differently under the gauge group than their right-handed parts, all of the SM
fermions must be contained in chiral supermultiplets. The left-handed and right-handed
components of the quarks and leptons are separate two-component Weyl spinors with
different gauge transformation properties, consequently, each must have its own complex
scalar partner, called “squark” and “slepton,” respectively, by convention. In general,
superpartners of fermions gain a prefix “s-.” Similar to the construction of matter fields,
all the gauge bosons must be members of massless gauge supermultiplets, and each must
have its own spinor partner, called “gaugino.” In general, superpartners of bosons gain
a suffix “-ino.” All the chiral and gauge supermultiplets carry the same gauge quantum

numbers as in the SM, and the scalar, spinor, and auxiliary fields of the same supermul-



30

tiplet must be in the same representation of the gauge group. The only exception to this
rule is that the MSSM must contain two species of Higgs supermultiplets, rather than one
as is possible in the SM. This is because of the structure of SUSY theories; more precisely,
the demand that the superpotential be a holomorphic* function of complex scalars and
coupling constants, so only the Y = 1/2 Higgs chiral supermultiplet can give mass to
up-type quarks, and only the Y = —1/2 Higgs can give mass to down-type quarks and
charged leptons. The physical SM Higgs boson is therefore a mixture of H) and HY, each

4

of which has its own spinor partner, called “Higgsino.” All of the supermultiplets are
summarized in Tables 1.4 and 1.5, in which all the chiral supermultiplets are defined in
terms of left-handed Weyl spinors, so the conjugates of the right-handed quarks and lep-
tons appear. There are, of course, 3 generations of quark and lepton superfields, denoted
by the subscripti = 1,2, 3.

The most general renormalizable nongauge interactions for chiral supermultiplets al-

lowed in SUSY models are determined by a single holomorphic function of the complex

scalar fields, the superpotential,
1 ij 1 ijk
W = SM79i; + <y didjdpr, (1.29)

where all of the coefficients M" and /¥ are completely determined by the SM. The most

general Lagrangian for chiral supermultiplets is

#In fact, it is the holomorphicity of the superpotential that maintains the absence of quadratic divergences
in radiative corrections to scalar masses in the MSSM to all orders in perturbation because of the perturbative
nonrenormalization theorems [103], even when it is not protected by a symmetry.

Table 1.4. The chiral supermultiplets in the MSSM in gauge eigenstate.

Supermultiplet | Scalar field | Spinor field | SU3)c SU(2)L U(1)y
Quark sector Qi (dpdy) (up dp) 3 2 1/6
(i=1,2,3) i i uh 3 1 -2/3
d; di dh 3 1 1/3
Lepton sector L; (7. er) (ve er) 1 2 —-1/2
(i=1,23) e er er 1 1 1
Higgs sector Hy (H,f HY) (H,; HY 1 2 1/2
H, (HYH;) | (HYH;) 1 2 -1/2




Table 1.5. The gauge supermultiplets in the MSSM in the gauge eigenstate.
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Supermultiplet | Spinor field | Vector field | SU3)c SU(2). U(1)y
SU(3)c g 9 I'4 8 1 0
SU(Z)L wl23 W1,2,3 wl23 1 3 0
U(l)y B B B 1 1 0

L chiral = _D‘u(P*iDM(Pi + ilpﬂﬁ‘uD}llPi + F*I—FZ

1. . 1. w4 1 1, it
= M — S MY — Sy T i — Sy Ty

. 1 .. 1 . .
+ <M” ¢; + Zy”"@fpk) Fi+ <M;;-<p*f + zy;;kqb*fqb*k) F* . (1.30)

and the most general interactions for gauge supermultiplets are

1 . 1
Loauge = —~F&,F*" +iAMatDyA" + SD'D"

4w

— V28(p T i) A" — V2gA™ (W1 T P;) + g(¢* T"¢;) D"

(1.31)

Thus, realistic renormalizable supersymmetric gauge models can be constructed unam-

biguously by adding Lyssm = Lchiral + Lgauge, Which are surely invariant under the

following SUSY transformations,

op;
Oia
OF;
AT

5A‘;,

oD"

= 61/71’

= —i(c"e")uDyugpi + € F;

= —ie' "D, y; + V2g(T¢);e A ™

1

= —=(d"0"€e)uFy, +

2v/2

1
—¢e, D"
V2!

__1 (6*(7},2\“ + /\*”(‘7},6)

V2

i

= — (="' D,A" + DTt

V2

alongside with the gauge transformations,

Al — A+ 9, A"+ gf”bCAi’,AC

A s \® +gfabc/\bAc

Xi — X; +igA"(T"X);,

(1.32)

(1.33)
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for X; = ¢;,;, F;. By eliminating the nonpropagating auxiliary fields F;, F*/, and D”

using their equations of motion and the relations V (¢, ¢*) = F*'F;, we obtain

y o 1 . 1 oo
Lehiral = —D"¢*' Dy + ip"0" Dy — EMU%% - EMz’ijhEUJr]

1 .. 1 o
— Sy pipe — Sy P = V(g ¢7) (134
and

1 .
Lgange = — g Fi " +iAT0" Dy A"

— VAT PN — VIAT (BT — S (9T, (135)
where the scalar field interactions are given by

V(g ¢*) = MiMIp"g; + %M“y}i@@*w*" + %M;}yjklfp*iq)j‘l’k Vg™,
(1.36)
which make possible a variety of gauge and non-gauge interactions.
One of the promising features of the MSSM is that the three gauge couplings apparently
unify at a single energy scale [104]. The one-loop renormalization group (RG) equations

for the SM gauge couplings &, = g2 /47 for g1,3 are
—a, (t) = —7— (1.37)

where t = In(Q/Qp), with Q the RG scale, and (by, by, b3) = (41/10, —19/6, —7) for the SM
and (33/5,1, —3) for the MSSM, where the difference comes from the extra MSSM particles
entering in loops. Here g, are conventionally defined by ¢1 = v/5/3¢’,¢» = gand g3 = gs,°
where g; is the coupling constant of the SU(3)c gauge group. Figure 1.9 compares the RG
evolution of the «, 1 (t) [24], including two-loop effects, in the SM (dashed lines) and the
MSSM (solid lines). Unlike the SM, the MSSM includes just the right particle content®
to ensure that the gauge couplings unify at an energy below the Planck scale, strongly

implying a Grand Unified Theory (GUT), which occurs at Qg ~ 2 x 10'° GeV.

5This normalization is chosen to agree with the canonical covariant derivative for grand unification of the
gauge group SU(3)c ® SU(2)L ® U(1)y into SU(5) or SO(10).

®In the MSSM case, the masses of the supersymmetric particles are treated as a common threshold varied
between 500 GeV and 1.5 TeV.



33

60« 1
50
40

o 30
20

10

TTT T T T T I T T I T T T [T T P T T PP g T T T A T T A [ TP AT T AT T[T I rorts
\
\

%4 "6 8 10 12 14 16 18
Log, ,(Q/GeV)

N
B
(o))

Figure 1.9. The two-loop renormalization group equation of the inverse gauge couplings
2, 1(Q) in the SM (dashed lines) and the MSSM (solid lines) [24], which unify at a scale at
Qcur ~ 2 x 10'® GeV. In the MSSM case, the masses of the supersymmetric particles are
treated as a common threshold varied between 500 GeV and 1.5 TeV, and a3(mz) is varied
between 0.117 and 0.121.

1.5.3 R-parity and the LSP stability

So far we have seen that the MSSM with soft SUSY breaking provides some particle
species that are massive and electrically and color neutral, namely neutralinos and sneu-
trinos. In order to be consistent with cosmological constraints, suitable candidates for the
WIMP must be stable, at least on cosmological scales. In this section, we introduce a new
discrete symmetry, called R-parity, which ensures the stability of the lightest SUSY particle
(LSP), and therefore provides long-lived dark matter candidates.

R-parity is defined as R, = (—1)3B-L)+2 Here B is the baryon number carried by
the chiral supermultiplets Q; (B = +1/3) and iI; and d; (B = —1/3), L is the total lepton
number carried by L; (L = +1) and ¢; (L = —1), and s is the spin of the particle. All
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the SM particles have even R-parity (R, = 1), while all of the SUSY particles have odd
R-parity (R, = —1). Introducing exact R-parity prevents the models from having terms
which violate baryon and lepton number conservation, rather than deliberately removing
those terms by hand. In addition, if R-parity is exactly conserved, then there can be no
mixing between the SM particles and sparticles, and every interaction vertex in the theory
must contain an even number of R, = —1 particles. As a consequence, the reactions such
as Xi <> XjXx (decay), XiX; <> XX (interaction), X;X; <> XX, (annihilation, production),
are allowed, while decays of the single SUSY particle into the SM particles, §; > X;X;, are
forbidden.

1.5.4 Phenomenology of the MSSM
We have seen that general renormalizable supersymmetric gauge models can be con-
structed by Egs. (1.34), (1.35), and (1.36), and that the MSSM can be constructed by adding
the chiral and gauge supermultiplets with the correct gauge quantum numbers, summa-
rized in Tables 1.4 and 1.5. In this section, we discuss the various implications of the new

particles for phenomenology.

1.5.4.1 The Higgs sector and EWSB

We now investigate the phenomenological implications of the MSSM. To get a clear
idea of the nongauge interactions generated by the scalar potential V (¢, ¢*), we will write
down only the terms associated with the neutral Higgs fields and the up-type leptons that
couple to the Higgs field, essentially the top quark. The same argument is applicable for
down-type leptons as well, aside from the replacement of H) with HY. In this case, the

superpotential is just
W = yyfufiHy — nHuHy, (1.38)

and scalar field interaction terms of the neutral Higgs sector and the up-type sfermion

sector are given by

— L = | 2(|HY? + |HY %)
— uyifi fRHY — 0y LR + Ly P (L + [FrIP) HR I
+ yePIfL P fR % (1.39)
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Notice that as mentioned in the argument of the Higgs field instability above, the dimen-
sionless coupling of |f1 r|?|H?|? is indeed ly¢[%, so the vanishing of the quadratic diver-
gence is certainly guaranteed. One also sees that adding terms such as m2|fL|?, m}%| frI%
(arysfLfpHY + hc.), m? ,|HS ,|* and —b(H)H] + h.c.) to the interaction Lagrangian does
not spoil the quadratic divergence cancellation. These terms break SUSY softly, and are
therefore called soft SUSY-breaking terms. We will see that the first two parameters,
namely the soft masses for sfermions, mr and my, and the couplings to the Higgs fields,
ag, determine the mixing angles and CP-violating phases for sfermions, and the last two
parameters, namely the soft masses for the Higgs fields, m,, ; and b, play a crucial roll in
EWSB. In general, unlike the term that exactly conserves SUSY, the SUSY-breaking part
contains many unknown parameters and a considerable amount of arbitrariness which
cannot be deduced from the SM. Constraining such parameters is discussed in detail in
Sec. 1.5.7. Bearing these in mind, we will study the mechanism of EWSB in this section,
and the mass spectrum and mixing angle patterns of the sfermions in Sec. 1.5.4.2.

We now inspect the new scalar quartic interactions associated with the gauge cou-

plings. Again for definiteness we look only at the gauge couplings of U(1)y and SU(2)y.

with the neutral Higgs bosons and up-type sfermions. In this case, the last term of Eq. (1.35)

becomes
2 + 0 = 2
* * H * —x% H rx  [I%
N ([H; HO o [H‘(‘)]+[H2 H] o [Hd] I o ff,gD
a=123 u d L
8/2 1 2 1 2 712 712 2
+ 8 (GIHYE - IR+ YRR + Yl f?) , 1.0)

where f] is the down-type sfermion in the same SU(2). doublet with f;. This can be
simplified as
gauge _ g 02 012 4 [F |2 2
e = & ([HOP o+ HYP + P+ )
g% (1 1 . 2\’
+ - (I8P = SIHIR + YuIRP + Yelf?) . L4

Some of the cross terms induce the mass splitting between f; and fr by EWSB.

The classical scalar potential for the Higgs boson fields in the MSSM is given by

V = (Il +miy, ) (1HS 1P+ [H?) + (Iul® +mi, ) (1Hg P+ [Hy )
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+b(H, H; — HYHY + c.c.)

1 - ’ ‘ .
+ 5 (& + &P ([H P+ [HP — [H? = |Hy )2+ S| B HY — HOH 2. (142)

The terms proportional to |u|? are contributions from the chiral scalar potential, terms

2 0
Hu,d

proportional to the gauge couplings are from D-terms, and terms proportional to m
and b are from the soft SUSY-breaking terms. Here we can set H,, = H; = 0 at the
minimum of the potential, since SU(2);, gauge transformations allow us to choose that the
charged components of the Higgs bosons do not get VEVs, hence, the expression can be

simplified as

V = (|ul? +miy, ) | Hol? + (|| + my, ) | HG? — b(HyHG + c.c.)

1
+ g (&% + &) ([Hul* — [Hgl*)%. (143)

Notice that without negative soft SUSY-breaking mass terms for the Higgs bosons, the
Higgs potential is nonnegative with a minimum at H) = H) = 0. The potential is bounded
from below by the following requirements: (i) the quadratic part of the scalar potential
must be positive along the D-flat directions HS = HY; (ii) one linear combination of H
and Hg must have a negative squared mass near H) = Hg = 0; and (iii) the potential
must have a minimum satisfying (HJ) = v/ V2 and (HY) = v/ V2,and 02 = v? + v3 ~
(246 GeV)?2. One obtains the following conditions necessary for electroweak symmetry

breaking, SU(2)L @ U(1)y — U(1)gpm, to occur,

2b
. (28) —
) = g, 2
[y, — |
my = e M ol (1.44)
1 —sin?(2B)

where tan f = v1/v3. One of the striking traits of the MSSM is that EWSB can be natu-
rally induced as m%{“’d is RG-evolved to negative or small values at the electroweak scale
due to the significant radiative corrections driven by the large Yukawa coupling of the
t-quark [105]. This mechanism is known as radiative electroweak symmetry breaking.
Meanwhile, the sfermions, which receive smaller quantum corrections, do not get VEVs.

Hence, SU(3)c @ U(1)gp is preserved. An example of the RG evolution of the mass

spectrum of sparticles and the Higgs scalars is illustrated [24] in Figure 1.10. Here both
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Figure 1.10. RG evolution of scalar and gaugino mass parameters in the MSSM [24] with
a typical MSUGRA boundary conditions (my = 200 GeV, M;,, = —Ap = 600 GeV,
tanB = 10, and sign(u)= +) imposed at Q = 2 x 10'®GeV. The parameter (u> + m%iu)
runs negative mainly due to the large Yukawa coupling of the ¢ and f, provoking EWSB,
whilst the mass of sleptons and squarks remains positive.

Higgs masses are y/u?+ m3 at Q = 2 x 10'® GeV, whilst all sfermions’ masses are .
The meaning of mg and M;,, will be explained in Sec. 1.5.5. In this case, the mass of
H, becomes negative at the EW-scale, triggering EWSB. When EW symmetry is broken,
the Higgs scalar fields in the MSSM mix to comprise two CP-even neutral scalars, h° and
HY, one CP-odd neutral scalar, A°, and a charged scalar, H +. The light CP-even Higgs
scalar, h°, has properties that resemble those of the minimal SM Higgs boson. At tree level,
the MSSM bounds on the lightest Higgs mass are m;, < mzcos(2B) < myz, and since the
superpotential is not renormalized in perturbation theory, the Higgs mass remains small
even if one includes the radiative corrections [103]. The computations that incorporate
the leading two-loop contributions yield m);, < 135 GeV [101] in the large tan 3 regime for

my = 175GeV and mym;, S (2 TeV)2. The prediction of a relatively light Higgs boson

~
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is associated with the shallow Higgs potential due to the small value of the coefficient in

front of the quartic terms, (g% + ¢’).

1.5.4.2 The sfermions and chiral mixing

Eq. (1.39) gives rise to sfermion mixing, which may provide some important conse-
quences for particle physics phenomenology. This can be seen as follows: when EWSB
occurs, sfermions acquire mass, which, in the chiral-eigenstate basis ( fL fR), is given by

o +A; +m? yi(—po2+ao1)/V2] [
_ psfermion _ [ Fx 7 T A f LL] 1.45
mass [fL fR] [}/f(—ﬂ UZ“‘anl)/\/i f+AfR +71’l ( )

Here my is the fermion mass yfvl/\/i as in the SM, AfLR = m% cos2B(T; — Qsin2 Ow)
denotes the hyperfine splitting due to the gauge interactions of scalar quartic terms in the

D-term contribution, and mr and n; are the soft SUSY-breaking masses for fr and fg,

[ﬂ (1.46)

Changing the basis to the mass eigenstates, we diagonalize the mass matrix with unitary

respectively. Eq. (1.45) can be rewritten as

my+ Ag +mp mf(f 1 cot B)

Esfermlon [ Fx i
mass [foR] mf(af_]/{ COtlB) f+AfR+m

matrices, which can be written generally as
Al [e?rcosa —e sinal [f1
: = |- 1.47
[fz eP2sina e 1 cosa R (147)
Here « is the sfermion mixing angle, since it parametrizes the mixing of f; and f. It is
expected that the third generation of sleptons may have a large mixing angle due to the
large Yukawa coupling, as seen in Eq. (1.46). The sneutrino mass comes from the soft mass

: : 2 2 1.2
and the gauge interactions, mj = mj + ;m? cos 2.

1.5.4.3 The EW gaugino sector
The third and fourth terms in Eq. (1.35) give gaugino-fermion-sfermion interactions,
associated with the gauge interactions. For instance, the interactions of U(1)y gaugino, B,

with sfermions f; r are
— L858 = Vg BT (Yuff fu+ Yefif) + hc. (1.48)

The possible soft SUSY-breaking terms in the gauge interactions are the soft masses for

gauginos (—1M,A"A7), which turn out to play a vital roll in SUSY phenomenology.
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Now we study the mass spectrum of neutralinos. In general, the Higgsinos and elec-
troweak gauginos mix with each other to form neutralinos, X?, and charginos, )(ii, because
of the effect of EWSB. Here we will investigate all terms related to the masses of the
gauginos and Higgsinos. First, from the given superpotential we obtain the mixing terms

of the Higgsinos in the chiral interactions,

W = u(H, H; — HYHY) (1.49)
_pehiral _ g(—ﬁgﬁg +HHy +he.). (1.50)

The SU(2);, @ U(1)y gauge interactions generate the couplings of the Higgs scalars with
Higgsinos with gauginos,
T ~. i TG0l .
— LB — g ¥ ([H;* H' 1 Z {H“} Wi [0 H Y 2 [Ijz] W +h.c.>

70
i=1,2,3 2 Hu 2 Hd

1. gv~0x 1. gx~p=
+v2¢ (ZHS HyB — S Hy QB + h.c.) . (1.51)
Rewriting Eq. (1.51), we get

— L& = \f [Hg*ﬁg(g’g —¢W3) + HY HY(—¢'B + gW?) + h.c.}

V2

+5°8 [Hg*ﬁjf\/* +HY H; W+ h.c.} , (1.52)

where WE = (Wl F iV~V2) /+/2, which is analogous to the charged weak vector in the SM.
Finally the soft SUSY-breaking terms provide
1. ~~ 1 PPy
—Looft = EMlBB + EMZ i:§3 W'W!

1 e 1 fomn
= SMiBB+ oM (w3w3 FWEWT 4 W—w+) . (1.53)

Collecting all of these terms, the mass matrices for the neutralinos and charginos in the

gauge-eigenstate basis (YHT = (E W3 ﬁg ﬁg) and (¢p*)T = (I/~V+ ﬁj W- ﬁd’) are
1, ~ ~ 1 ~ -
~Lmass = 5 (§°) Mpf’ + 2 (9F) My, (1.54)

where, with the Higgs scalar fields replaced by their VEVs, the neutralino mass matrix is
given by

M, 0 —gvu gu
- 0 M, guvu —gu;
MX? — _g/Z)Z gv2 0 —]/l s
g —guv1  —pu 0

(1.55)
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which can be rewritten in terms of the parameters mz, 6y, and p as

M1 0 —mZC5SW mZ55SW
MXQ _ 0 M, mzcpCy  —MzSpCw ' (1.56)
i —mzcﬁsw mzCﬁCW 0 —HU
MmzSgsw ~ —MzSpCw —u 0

The chargino mass matrix is in 2 x 2 block form,

o X
M, = [xT o]' (1.57)

with

X — { M, \@gvz} _ [ M, \@mwcﬁ]. (1.58)

Vagur o Vamwsg  p
Thus the chargino mass spectra are doubly degenerate.

The RG evolution of gaugino soft masses Mj,3 are shown in Figure 1.10. Here all
gauginos’ masses are taken to have the same value M; /; at Q = 2 x 10'® GeV. The meaning
of my and M, /, will be explained in Sec. 1.5.5. In this case, one sees the large separation
of Mj, and M3 at the EW scale. This holds true in the standard cases, as the running
gluino mass grows relatively quickly into the infrared because of the larger QCD couplings

compared to those of the EW gauge.

1.5.4.4 Phenomenology of neutralinos

In the previous section, we have seen that the mass spectrum of neutralinos and charginos
depends on p and the soft SUSY-breaking parameters Mj,3. As the lightest neutralino
can be a favorite candidate for the WIMP/ the variation of the mass spectrum and its
phenomenological implication are of interest. In this section, we discuss how those SUSY
parameters affect the annihilation of neutralinos, and hence the thermal relic density of
CDM.

We have seen that the mass eigenvalues of the neutralino are obtained by diagonalizing
the 4 x 4 matrix, and so the mixture of each eigenstate is obtained by solving quartic
equations, which in general is quite complicated and not intuitive. If we take the limit

in which mz < |u £ M|, | £ M|, then the neutralino mass eigenstates become nearly

’Sneutrinos have also long been considered as WIMP candidates. However the sneutrino LSP scenario
is refuted by the invisible Z width measurements at LEP [106] and the Heidelberg-Moscow direct double
decay experiment [107].
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)((1) ~B (mostly bino) with My = My, X5 ~ W3 (mostly wino) with My & My, and X3,4 ~~
(HS + HY)/+/2 (mostly Higgsino) with my = |u|. Under this condition, the chargino
mass eigenstates consist of x* = W+ (mostly wino) with M= = My and x5 ~ H; or Ide’
(mostly Higgsino) with mg- = |u|.
If the LSP is mostly Higgsino-like, M1, > |u|, the mass difference & between x3, is
very small:
_ 8mZ sin® Oy

~ L 1.
0 M, (1.59)

and the Higgsino-like neutralinos are also degenerate with the Higgsino-like chargino, x5 .
The high degeneracy of the LSP and other SUSY particles leads to efficient annihilation
processes because of the effects known as “coannihilation” [108,109] and “Sommerfeld
enhancement” [110-112]. Therefore, in order for the Higgsino-like neutralino to be the
LSP, it must have a large mass (heavier than a few TeV) so that its relic density is consistent
with the observed value. The same argument also applies to the wino-like neutralino,
whose mass is degenerate with the mostly-wino chargino, xi". This is in tension with our
estimate, that the masses of at least the lightest few superpartners should not be much
greater than the TeV scale in order for the MSSM scalar potential to provide a Higgs VEV
resulting in the observed weak boson masses without fine tuning.

Aside from efficient annihilation due to coannihilation or Sommerfeld Enhancement,
neutral wino and Higgsino states can also couple directly to SM gauge bosons, resulting in
efficient annihilations, and therefore an underabundance of dark matter, unless the pure
wino or Higgsino LSP is relatively heavy. Including the effects from neutralino-chargino
coannihilation, Sommerfeld enhancement, and Sudakov enhancement due to electroweak
radiative corrections to two initial-state neutralinos, one finds Higgsino LSPs must be
heavier than ~ 1.1 TeV and wino LSPs must be heavier than ~ 2.6 TeV for the thermal
relic abundance of each to explain the entirety of the dark matter [113-115].

If, on the other hand, the LSP is a bino-like neutralino, then large sfermion masses
typically lead to a small annihilation cross section, since processes mediated by sfermions
are p-wave suppressed. If, however, the LSP bino and the next-to-lightest SUSY particle
(NLSP), in many cases one of the sleptons or squarks, are degenerate in mass to within
~ 10%, then coannihilation takes place and drastically reduces the relic density [109,

116-119]. Another case of annihilation enhancement is that since the bino is a Majorana
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fermion, if the mass of the bino-like LSP is about half of the mass of the CP-odd neutral
Higgs, m 4, then the Higgs pole resonance takes place to boost the annihilation rate signif-

icantly [108,120,121].

1.5.5 The constrained MSSM
As explained earlier, the most general MSSM contains a vast number of free param-
eters, most of which are from the soft SUSY-breaking terms; careful counting yields 124
independent physical parameters in total, of which 105 are from the SUSY extension [122,
123]. As seen in Eq. (1.38), the most general holomorphic, renormalizable, and R-parity-

conserving superpotential W contains:
(i) A complex Higgsino mass parameter y
(ii) Nine Yukawa couplings
The soft SUSY-breaking sector contains:
(i) Three complex gaugino Majorana mass parameters, M3

i

]'I
where f = Q, 1, d L, e, corresponding to the scalar fields in the chiral supermulti-

(ii) Five diagonal hermitian 3 x 3 matrices of sfermon squared-mass parameters, (m?)

plets, listed in Table 1.4

(iii) Three scalar squared-mass parameters, m%{u/d and b, which appear in the diagonal
Higgs squared-mass terms, mi/d\HS’dF, and a complex off-diagonal Higgs squared-

mass term, —b(HJHY + h.c.)

(iv) Three complex 3 x 3 matrices (af);:, which appear in the holomorphic Higgs-sfermion-
sfermion trilinear interaction terms, <(af)l‘]’ fi f;] Hg,d + h.c.), where f = u, d, e, and

i, j can be different flavor

These new parameters can potentially cause lepton number violation of individual leptons
e, 1, T; unsuppressed flavor-changing neutral currents (FCNCs); and additional CP viola-
tion that is inconsistent with the experimental bounds. The nonobservation of baryon
and lepton number violation such as proton decay and y — ey decay, as well as the

i

absence of FCNCs, places strong constraints on the off-diagonal matrix elements of (m?) j
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and (af)j- [124-128]. Additionally, some combinations of the complex phase of the gaugino
mass parameters, the trilinear parameters, and y must be less than O(1072)-O(1073) to
avoid generating electric dipole moments for the neutrons, electron, and atoms [129-132].

Potential flavor-changing and CP-violating effects in the MSSM are easily evaded if
one assumes “soft SUSY-breaking universality,” an idealized limit in which the sfermion
i
]
space, or flavor-blind. This strongly restricts sfermion mixing among different flavors.

squared-mass matrices (m%); and the trilinear coupling matrices (as)’ are diagonal in flavor
SUSY contributions to FCNC processes will therefore be suppressed. Making the further
assumption that trilinear couplings are each proportional to the corresponding Yukawa
coupling matrix, a = Afys, for f = u,d,e, ensures that only the third family can have
large trilinear couplings. Here, A are often called “A-parameters”. Furthermore, one can
avoid disastrously large CP-violating effects by assuming that the soft SUSY-breaking pa-
rameters do not introduce new complex phases. If one assumes Im(M;3) = Im(A, 4,) =
0, then all flavor-violating and CP-violating transitions are governed by the Cabibbo-
Kobayashi-Maskawa (CKM) matrix [133], and therefore the general structure of FCNC
processes present in the SM is preserved by new physics. These conditions make up the
hypothesis of “minimal flavor violation” (MFV).

The “irrelevancy” or “decoupling” idea, where the sparticle masses are extremely heavy
so that their contributions to flavor-changing and CP-violating diagrams are strongly sup-
pressed, can also address the absence of observations of flavor-changing and CP-violating
processes.

The number of parameters can further be reduced if one assumes a unified field theory
at a high-energy scale. As in the SM, this approach exhibits MFV, which comes from the
nontrivial flavor structure of the trilinear Higgs-fermion Yukawa couplings. Moreover,
the strong implication of GUT suggests that the other MSSM couplings and soft mass
parameters might be unified at the GUT scale Qg as well.

With this line of thought, the soft SUSY-breaking parameters at the high-energy scale

take a particularly simple form:

(m%)é(QGUT) = mj1, m%{u’d(QGUT) = mp, Mi23(Qcur) = Miy2, Auae(Qour) = Ao,
(1.60)

where 1is the 3 x 3 identity matrix in flavor space. The model which imposes mass and tri-
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linear universality conditions is called the constrained Minimal Supersymmetric Standard
Model (CMSSM) and has only 5 free real input parameters: the sign of y, tan p = vy /v, my,
M, /5, and Ap. Additionally, the gravitino mass 113, is also considered as a free parameter
in the CMSSM. However, mj,, is independent of the parameters that govern the mass
spectrum of the superpartners of the SM, and is often assumed implicitly to be irrelevantly
large. We note that the CMSSM is a two-parameter generalization of the model which
assumes gravity-mediated supersymmetry breaking at the Planck scale, often referred to
as the minimal supergravity (mSUGRA) model, which is a real UV-complete fundamental

theory with GUT-scale universality.

1.5.6 Simplified models

It is also possible to probe the MSSM by focusing on a small subset of the super-
symmetric particle spectrum and studying its phenomenology with minimal theoretical
bias. In this simplified model approach, we assume that observables, such as cross sec-
tions, branching ratios and masses, depend only on a few relevant parameters, and thus
provide a framework for studies of supersymmetric phenomena, independently of the
precise details of the theory that govern the supersymmetric parameters. A simplified
model should fulfill the following criteria [98]: (i) it should be simple enough to form a
credible unit within a more complicated model; (ii) it should be complete enough to be
able to describe accurately the relevant physics phenomena; (iii) the Lagrangian should
contain all terms that are renormalizable and consistent with Lorentz invariance, the SM
gauge symmetries, and DM stability; and (iv) the additional interactions should not violate
the exact and approximate accidental global symmetries of the SM. A simplified model
can be understood as a limit of a more general new-physics scenario, where all but the
lightest dark-sector states are integrated out. The physics of such models can therefore
be characterized in terms of a small number of parameters, such as particle masses and

couplings.

1.5.7 Constraints on the MSSM
Weak-scale supersymmetry was motivated as a natural solution to the hierarchy prob-
lem, providing the mechanism of EWSB without a significant fine-tuning of the funda-

mental parameters of the MSSM. In this context, the soft SUSY-breaking masses must be
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generally O(1) TeV or below, which may serve as a constraint on the MSSM parameters.

At present, there is no evidence for weak-scale supersymmetry from the data analyzed
by the LHC experiments. Recent LHC data has ruled out the existence of colored super-
symmetric particles, primarily the gluino and the first two generations of squarks with
mass below ~ 1 TeV [5]. The tension between the present experimental lower limits on
the masses of colored supersymmetric particles and the expectation of weak scale SUSY
was exacerbated by the observed value of the Higgs mass at ~ 125 GeV by the ATLAS and
CMS experiments [34-37, 39, 40].

Additional constraints arise from precision EW observables, which place limits on con-
tributions of virtual supersymmetric particle exchange to a variety of SM processes [134—
136]. There are a number of low-energy measurements that are sensitive to the effects of
new physics through indirect searches via supersymmetric loop effects. Those measure-
ments include myy, sin” 6y, the Z-pole I'z, mjy, and the muon anomalous magnetic moment
ay = (gu —2)/2. Currently the theoretical SM prediction for a, exhibits a deviation at the
level of 3-4 ¢ from the observed value [137]. The present sparticle mass bounds [138],
however, are rendering the SUSY interpretation of ay somewhat dubious in the CMSSM.

The rare decay B; — u' ™ is especially sensitive to supersymmetric loop effects, with
some loop contributions scaling as tan® 8 when tan  >> 1 [139-142]. The observations of
this rare decay mode along with the first observation of B; — u*u~ are compatible with
the predicted SM rates at the 1.20 and 2.20 level, respectively [143]. Increasing pressure is
being placed on models with large tan 8 by the strengthening experimental constraint on
the rate of B; — "y, and in particular, the recent detection by LHCb of B; — u™ u~ with
a value close to the SM prediction [144-146].

In models with extended Higgs sectors, the decays B* — t*v; and B — D"t 1;
may also be relevant since these processes possess tree-level charged Higgs exchange
contributions that can compete with the dominant W-exchange. Measurements by the
Belle Collaboration are consistent with SM expectations [147]. The BaBar Collaboration
measured values of the rates for B —+ D71~ v; and B — D*T~v; that showed a combined
3.40 discrepancy from the SM predictions [148,149]. Subsequent measurements by the
Belle and LHCb Collaborations [150,151] are consistent with the BaBar measurements.

The most recent Belle measurements are also compatible (at the 20 level) with either the



46

SM or a two-Higgs doublet model [151].

The flavor changing neutral current decay b — s is of remarkable theoretical interest
and has been the subject of numerous theoretical investigations [152]. Its total branching
fraction is very sensitive to physics beyond the SM as it may be affected by the presence
of charged Higgs or supersymmetric particles in the loop mediating this transition, which
may lead to substantial deviations from the predicted rate. The present theoretical pre-
diction for the branching fraction within the SM is B(b — s7) = (3.28 +0.33) x 1074, or
(3.73 £0.30) x 10~* [153], depending on a choice for the scale-dependence of the charm
quark mass. The CLEO Collaboration has reported a measurement of the branching frac-
tion B(b — sy) = (3.21£0.43 £0.277073) x 10~*, where the errors are statistical, sys-
tematic, and from theory corrections. This result is in good agreement with the SM pre-
diction. The Belle Collaboration has reported B(b — sy) = (3.55 £ 0.3270377021) x
10—* [154], where, again, the errors are statistical, systematic, and from theory correc-
tions. The BABAR Collaboration has reported B(B — X;v) = (3.88 £0.36 &+ 0.377033) x
10~% [155,156], where the errors are statistical, systematic, and from theory corrections.
None of the deviations from the SM in rare B decays are significant enough to definitively
rule out the SM. The absence of discrepancies in these B-physics observables from their
SM predictions also places useful constraints on the MSSM parameter space [126-128,
157-159].

1.5.8 Viable parameter space in the CMSSM

Currently, much of the low-mass parameter space in the CMSSM has been excluded
by the principal, experimental, phenomenological, and cosmological constraints on SUSY
models [25], which include: (i) the measured cosmological abundance of CDM; (ii) the
strongest upper limit on the spin-independent CDM-nucleon scattering cross section; (iii)
the limits on flavor-changing processes; (iv) the limits from searches for missing-energy
events provided by the LHC experiments ATLAS and CMS; and (v) the measurement of
the properties of the Higgs boson by CMS and ATLAS.

Figure 1.11 displays the interplay of these constraints in the (M5, mp) plane of the
CMSSM for tan B = 10 and 40, and Ag = 2.5mg, assuming p > 0. my, is in general too small

for low Ay, in which case the parameter space is largely excluded. The brown shaded
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Figure 1.11. Viable parameter space [25] in the (M;/, mp) planes of the CMSSM for
Ao = 2.5mp, p > 0 and (a) tan B = 10 or (b) tan B = 40, after the discovery of the Higgs
boson at the LHC. Much of the low-mass parameter space in the CMSSM has been ex-
cluded by the principal, experimental, phenomenological, and cosmological constraints on
SUSY model, which include: (i) the measured cosmological abundance of CDM-nucleon;
(ii) the strongest upper limit on the spin-independent CDM scattering cross section; (iii)
the limits on flavor-changing processes; (iv) the limits from searches for missing-energy
events provided the LHC experiments ATLAS and CMS; and (v) the measurement of the
properties of the Higgs boson by CMS and ATLAS. See the text for the description of each
shading and contour.

region is where the stau (in the lower right) or stop (in the upper left) becomes the LSP or
tachyonic. The regions excluded by b — s7y are shaded green. The LEP chargino exclusion
is shown as a near-vertical dashed black line at small M;/,. Those regions favored by
(g4 — 2) are shaded pink. And those favored by the thermal relic density Q:h? ~ 0.1 are
shaded dark blue.® Contours of m;, are shown as red dash-dotted lines, and the ATLAS
exclusion from the search for events with missing transverse energy (MET) is shown as a
solid purple line. The three green lines apparent in the tan 8 = 40 case are contours of
B(Bs — utyu~)/B(Bs — putu" )sm = 1.65, 1.5, and 1.3, which are the 95% CL upper limit
from LHCb alone, that of LHCb and combined experiments, and the 68% CL upper limit
from LHCD [144-146].

8Note that, here, an enlarged range for the DM density (0.06 < Qch?> < 0.2) is shaded for reasons of
visibility.
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For the tan 8 = 40, Ag = 2.5my case, there is compatibility for M;,, > 1TeV along the
71 coannihilation strip. This region is also compatible with the LHC MET constraint. To the
right of the f; LSP boundary there is a stop coannihilation strip which occurs at relatively
low mj;, when tan 8 = 10 and is in the region excluded by b — sy when tan § = 40. The
MET constraint allows only the upper end of the coannihilation strip close to the %; LSP
boundary. The B; — ptu~ constraint has no impact for low tan 8, but for tan f = 40 its
restriction on the coannihilation strip is stronger than that of the MET constraint. The bulk
region is excluded by the Higgs mass and the rare B decay constraints. In summary, one
can conclude that the parameter space compatible with constraints from the Higgs boson
mass and cosmology is only a very restricted coannihilation region in the large tan f and

Ag case, which is all excluded by rare Bs decay measurements.



CHAPTER 2

NEW BULK REGION

The great advantages of supersymmetric models include the elimination of quadratic
divergences, precision grand unification, and the presence of an acceptable dark mat-
ter candidate. Frameworks such as the CMSSM also elegantly satisfy experimental con-
straints on flavor-changing neutral currents (FCNCs). As of February 2017, the most
recent measurement of the dark matter abundance from the Planck satellite is Q.h? =
0.1188 £ 0.0010 [49, 50].

For the remainder of this dissertation, we consider a scenario in which the requirements
of MFV, vanishing CP-violation, and mass universality are relaxed, specifically focusing
on scenarios with light sleptons. We find a large region of parameter space, analogous
to the original bulk region, for which the lightest neutralino is a thermal relic with an
abundance consistent with that of dark matter. We find that these leptophilic models are
constrained by measurements of the magnetic and electric dipole moments of the electron
and muon, and that these models have interesting signatures at a variety of direct and
indirect detection experiments, including the gamma-ray signals from DM annihilation,
which we explore in the following chapters.

In this chapter, we introduce the model in detail and identify the key relationships
between the parameters of the model: DM mass, slepton masses, mixing angles, and CP-

violating phases.

This chapter is adapted from published articles: Phys. Rev. D 90, 095007 (2014). MSSM Dark Matter and a Light
Slepton Sector: The Incredible Bulk. K. Fukushima, C. Kelso, |. Kumar, P. Sandick, T. Yamamoto. (©Owned by the
authors, published by American Physical Society, 2014. and Phys. Rev. D 94, 015022 (2016). Gamma-Ray Signals
from Dark Matter Annihilation via Charged Mediators. ]. Kumar, P. Sandick, F. Teng, T. Yamamoto. (©Owned by the
authors, published by American Physical Society, 2016. With kind permission of the American Physical Society.
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2.1 Motivation

Recent experimental results from the LHC have placed strong constraints on the masses
of colored superpartners. The MSSM parameter space is also constrained by the measure-
ment of the Higgs boson mass, and the requirement that the properties of the lightest
neutralinos be consistent with dark matter observations. Indeed, as we saw in Sec. 1.5.7,
within the CMSSM and other supersymmetric frameworks in which scalar mass univer-
sality is assumed, constraints from colliders and cosmology are at odds. Although large
regions of the MSSM parameter space are excluded by these combined bounds, leptophilic

versions of the MSSM can survive these constraints.

2.1.1 Annihilation and the relic density of DM
In this section, we discuss the thermal relic DM density, where Majorana DM annihi-
lates primally into a pair of SM fermions, xx — ff. Assuming that dark matter is a thermal
relic, the freeze-out temperature is computed using the best fit solution to the Boltzmann

equation, as in Ref. [56],

§ g1/2n3 xf , (21)

1 [ 45mmelanck<UU>xf 1/2

where m, is the dark matter mass, #pjanck is the Planck mass, (0v) ’ and g, are the thermally-
averaged annihilation cross section and effective number of degrees of freedom, respec-
tively, at freeze-out, and xy = Tr/my, where Ty is the freeze-out temperature. The cold

dark matter relic abundance is then simply [160]

2~ 877 X107 Gev 2
P :
V& o dx (oo).

(2.2)

Since x¢ depends only logarithmically on the annihilation cross section, the relic density is
roughly inversely proportional to (¢v)x,. To obtain a relic density in agreement with the
observed value, one would need (0v) ;- ~ 0.7 pb (see also [161]).

As explained in Sec. 1.5.4.4, if dark matter is electroweak-scale (~ 100 GeV) neutralinos,
they must be dominantly bino-like. However, for bino-like dark matter in the standard
scenarios, there are well-known difficulties in obtaining an annihilation cross section large

enough to sufficiently deplete the dark matter relic density, since processes mediated by
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sfermions are suppressed. If DM annihilation exhibits no s-channel resonances, one can

expand (ov) in powers of x = m, /T [160,162] as
(ov) = co +c1x + O(x?), (2.3)

where ¢ and c; are the velocity-independent s-wave and the velocity-dependent p-wave
contribution, respectively. For Majorana DM annihilation, the s-wave part of the annihi-
lation cross section is chirality-suppressed by a factor ~ mj% / mf(, while the p-wave part of
the cross section is velocity-suppressed by a factor v> ~ 0.1 at freeze-out.

There is, however, a scenario with light sfermions and an electroweak-scale bino-like
neutralino LSP, wherein no special mechanism such as coannihilation or resonance anni-
hilation is necessary to suppress the relic abundance to within the range measured by the
Planck satellite, Q4% = 0.1188 + 0.0010 [49,50]. This has long been termed the “bulk”
region in the CMSSM [108, 163-166], though it has been excluded for some time because it
predicts light squarks and a light CP-even Higgs boson with a low mass mj, < 114 GeV.

But if one departs from the assumption of minimal flavor violation in the slepton sector,
then there can be large mixing of left- and right-handed sleptons, which eliminates the
chirality-suppression. Electroweak-scale bino-like dark matter is therefore a viable option
so long as some sfermions are sufficiently light to mediate the annihilation. We then find a
new allowed “bulk” region in a scenario that constitutes a minimal leptophilic version of

the MSSM.

2.1.2 Collider constraints on the MSSM
Extensive searches for supersymmetric particles, including the lightest supersymmetric
particle (LSP) dark matter candidate, have been carried out using a variety of approaches.
As of February 2017, the absence of any direct production of sfermions at the LHC excludes
gluinos and 1st/2nd generation squarks (if degenerate) with masses S 1 TeV, while the

sbottom and stop must be heavier than ~ 100 GeV [5]. Moreover, the discovery of a

> 0@

~

Standard Model-like Higgs boson with mass mj ~ 125 GeV [39,40] indicates m;
TeV) [167]. If scalar mass universality is assumed, as in the CMSSM [108, 163-165, 168-188],
the absence of supersymmetric particles found at the LHC, the Higgs mass, and the lack
of experimental evidence of deviations from SM expectations for rare decays all force the

sfermion masses to be heavy as well [25,189-195].
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In spite of these tight constraints on the squark masses and the very limited viable
parameter space of the CMSSM, the current data still leave open the possibility of models
that possess relatively light sleptons and an electroweak-scale bino-like LSP, but with much
heavier squarks. Bounds on the masses of sleptons are much weaker than on squark
masses; in particular, the selectron, smuon, and stau need only be heavier than ~ 100
GeV [5].

In this context, we examine a model that relaxes the standard assumptions of mass uni-
versality, minimal flavor violation, and CP-conservation for the slepton sector. Essentially,
the parameters of the SU(3)c-charged sector of the theory and the leptonic sector will be
decoupled; the SU(3)¢ sector will be chosen to ensure consistency with collider searches
and the Higgs mass measurement, while the leptonic sector will provide the annihilation
channels required in order for the lightest neutralino to have a thermal relic density that
agrees with astronomical observations.

Relaxing scalar mass universality allows us to revive scenarios with electroweak-scale
bino-like neutralino dark matter that annihilates via light slepton exchange, while heavy
squarks satisfy all collider constraints and boost the Higgs mass to the range measured
at the LHC. If one relaxes gaugino universality and takes the SU(3)c gaugino field to be
much heavier than the other gaugino and sfermion fields at the unification scale, then
the mass splitting between the electroweakinos and the gluino induces a mass splitting
between the sleptons and squarks [196].

The departure from the assumptions of the CMSSM presented here, however, will
blemish some of the aforementioned advantages of MSSM as a candidate of new physics;
for example, because high-scale universality of soft supersymmetry-breaking mass pa-
rameters is relaxed, FCNC constraints are not automatically satisfied, and a moderate
fine-tuning of soft SUSY-breaking parameters, or a “little hierarchy,” may be introduced.
Even so, given the significant tension with data which exists in much of the parameter
space of the CMSSV, it is quite possible that some of these motivations must indeed be
weakened in any model that can be consistent with observations. The scenario we consider
thus represents a relaxation of the motivated assumptions underlying the CMSSM in a way
which allows one to cleanly reconcile the model with data.

Supersymmetric constructions with spectra similar to those studied here have been
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shown to arise in supergravity grand unification models with gluino-driven radiative
supersymmetry-breaking [196]. A similar mass spectrum can also be obtained in so-called
split-family supersymmetry, where the sfermions of the first two generations are lighter
than those of the third generation. Explicit constructions leading to such spectra are dis-
cussed in Ref. [197] and Ref. [198]. Here, we explore the phenomenology of generic MSSM
scenarios with electroweak-scale bino-like dark matter and light sleptons. We refer to this
scenario as the new bulk region.

This study also serves as a guide for understanding the phenomenology of more gen-

eral models with singlet fermion dark matter that couples to leptons via charged scalars.

2.2 The model and its general features

In the new bulk region, the leading dark matter annihilation channel is yx — ¢1¢~,
through t-channel exchange of sleptons (this scenario is also considered in Ref. [199], and
the ¢ = T scenario is discussed in detail in Ref. [200]). For simplicity, we assume a model in
which the dark matter candidate is a SM gauge singlet Majorana fermion, or pure bino LSP
in MSSM.! We will assume that the only light SUSY particles are the lightest neutralino x
and the sleptons 71 5. Following the notation in Ref. [201], the interaction Lagrangian can
be written as

Ling = Z [Z(géflpL + gé{iﬂPR)XZi + X(gz%:glPR + gglzlPL)EZf] ’ (2.4)

i=12

where Py g, are the chiral projectors and ¢ is a lepton charged under U(1)gy, and ZL( R)
are the charged scalar mediators. We also assume that the dark matter is absolutely stable
because it is the lightest particle charged under an unbroken hidden symmetry, namely
R-parity, and the ZL( R) are also charged under the same symmetry, while the fermion f is
uncharged under the symmetry that stabilizes the dark matter. To ensure that the dark
matter is stable, we assume "y, > m,. However, m, can be either larger or smaller than

m,. The coupling constants are explicitly given as,

L _ 1L . _ * s
8l = V2g'e'2 sinne; = —Ag sina

/

8

R _ —i% %
St = cosa = Aj cosa

V2

1Doping the LSP with some Higgsino content would enhance the annihilation cross section. We do not
consider this case further.
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gézﬂ = —/2g'¢'? cosme; = A cos
R 8 g
2 = “_¢ 'Zsina = Aj sina, (2.5)
8h,0n V2 L
where we will take e; = —1, and the magnitudes of the constants are determined by the

hypercharges of leptons and the U(1) gauge coupling ¢’. The mixing parameter « relates

the slepton mass eigenstates and the chiral eigenstates by
o= fome wl) @
The appearance of the CP-violating phase can be explained in the following way: in
general, the mass matrix in the chiral basis can be diagonalized by a unitary matrix as
Fl] - { el cosw —e'trsin "‘] FL} . 2.7)
12 e '2sina e "Plcosa| | VR
Now noting that any overall phase can be removed by a vectorlike phase rotation of /1 g,

we redefine the scalar fields as

A - e cosa  —e2sina [e?17; 2.8)

Oy~ |eP2sina e P cosa| |e2lg | '
We see that, although the most general matrix relating the scalar mass and chiral eigen-
states contains three complex phases, they can be absorbed by a phase rotation of the chiral

eigenstates, 7 1,8, and the mass eigenstates, 31,2, so that the elements of the unitary matrix

are all real. The condition yields: ¢1 +6; =0, ¢ +6, =0, ¢ — 61 = 0, and ¢; — 6> = 0.

Therefore, choosing 8; = —0, = ¢/2, the expression becomes
. L s
[{1:| _ [cpsa SII’IW:| [ e_.sz ] ' 2.9)
4 sinae  cosa | [e~z/p

The phase ¢ cannot be rotated away any further, and is then absorbed in the coupling
constants.

Note that in the case where « = 0, the Lagrangian in Eq. (2.4) respects a chiral sym-
metry, whereas the presence of nonzero « induces a nonzero divergence for the Noether
current, and therefore breaks the chiral symmetry. If sin2a = 0, the requirement that
the mixing matrix be real only fixes two phases, in which case, the phase ¢ can then be
absorbed into a chiral rotation of the ¢ Lr. Similarly, if m, = 0, then the phase ¢ can be
removed by a chiral rotation of f. As a result, one can deduce that CP-violating effects

must scale as (11, /m,) sin 2.
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Within the MSSM framework, where A; = \ﬁgYLei% and Agp = ﬁgYRe_i%, we are
left with five free parameters for this simplified model: (1, my My, &, ¢) . This scenario
has been considered recently in Ref. [199,200,202]. In the following chapters, we also
briefly consider the possibility of a new heavy fermion, in which case there is an additional
parameter necessary to specify its mass, 1.

Finally, we note that if the left-right slepton mixing angle, «, is large, then one may
potentially generate new charge-breaking vacua. If one demands that the charge-neutral
vacuum be a global minimum, then very tight constraints are imposed on the mixing angle.
But these conditions are weakened if one only requires that the charge-neutral vacuum be
metastable, with a lifetime as long as the age of the universe; even maximal mixing is

consistent with this metastability condition for the range of masses we consider [203].



CHAPTER 3

TWO-BODY ANNIHILATION

In this chapter, we consider the xx — ff cross section! within the model described
in Sec. 2.2. The dominant contribution to xx — ff is from t and u-channel exchange of
sfermions, displayed in Figure 3.1. It is widely known that Majorana DM annihilation into
the fermion pair is inefficient due to chiral suppression. In the following section, we see
how chiral mixing of the sfermion sector lifts this suppression and thus enhances the cross
section.

In the case where my/m, — 0, the cross section for the process xx — ff must scale
with the remaining parameters, including (m,, m Fur M ¢), which break flavor symme-
try. Since the chiral mixing induces a chirality flip, the large value of « enhances the s-wave
annihilation rate. The reason is that since the dark matter is Majorana and the initial state
wave function must be antisymmetric, the s-wave initial state must have the total angular
momentum | = 0. The final state f and f must then have the same helicity, implying that
the f and f arise from different Weyl spinors. The final state is thus not invariant under
chiral flavor symmetries and must vanish in the n¢/m, — 0 limit in the case of MFV.

In the following section, we see this effect explicitly by carrying out the full calculation

of the DM 2-body annihilation cross section.

This chapter is adapted from published articles: Phys. Rev. D 90, 095007 (2014). MSSM Dark Matter and a Light
Slepton Sector: The Incredible Bulk. K. Fukushima, C. Kelso, |. Kumar, P. Sandick, T. Yamamoto. (©Owned by the
authors, published by American Physical Society, 2014. and Phys. Rev. D 94, 015022 (2016). Gamma-Ray Signals
from Dark Matter Annihilation via Charged Mediators. ]. Kumar, P. Sandick, F. Teng, T. Yamamoto. (©Owned by the
authors, published by American Physical Society, 2016. With kind permission of the American Physical Society.

1We denote ff for the final state when the result is generic for any type of fermion, and £+ ¢~ when we
specifically consider leptonic final states.
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Figure 3.1. Feynman diagrams of xx — ff.

3.1 The cross section of xx — ff
In center of mass frame, we can write the spin-averaged cross section as Eq. (4.84) in

Ref. [28]

2
iDMP] -, G

2
spins my +p

Aoy Nc

dcosd T 6471 (m2 + p?)

where N, is the number of colors of final state particles, and where 0 is the angle between

the incoming dark matter and the outgoing Standard Model leptons. Here, }_q,ins | M ? is

the sum
2 2
2 m
Myl = amt (142 ) [(R@E)+ [1- L | (S(E2))?
Pzn‘ o ! < my m? + p?
p?
Fmp ALy — A (14 ) R(E)Er
X
Y My P = (my —m}+p?)(2m3 + p* + p* cos® 0) 23
spins

+(my, — m + p?) (m3 + p* cos” ) (3(E4))?

- ((mf( +p?) (2m3 + m} + p?) + p*(my — m7 + p*) cos? 9) B3,

- (mecmiz + mip® + mi (m3 + p?) + p* (my — m} + p*) cos® 0) (R(E4))?
—6mxmf(mf( +p?)R(E4) s,

Y M2 =4[ =+ p)(R(E2)? + (5 + p?)(S(E2))?] p?

spins
+ [(mf( — mjzf +p?)(1 +cos® 0)E2,
+ (mfC %+ p? o+ (2 — m% + p?) cos? 9) E%,] p?

Y Moy = 4(m2 —m? + p?)p? cos? O(R(Es) )2

spins
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+4(m} + (mfC - mjzc +p?) cos® 0)p*(S(Eq))?, (3:2)

where the subscripts on M are as follows: 1(s) indicates initial and final ] = 0 states; 2(s)
indicates initial and final | = 1 states; 1(p) indicates a ] = 0 initial state and a ] = 1 final
state; and 2(p) indicates a | = 1 initial state and a ] = 0 final state, respectively. Here, we

use the shorthand notation defined by

14 = Z (|g%.f1|2 + |g§§if1|2)q>?' = E ZS;—f q)+
i=1, i=12
=) — 2 o — +
—=1- — Z (‘gfz 1‘ |gff1| ) _i§225ffiq>i
By = Z i n8in® = .Z Dyy®;
i = Z(‘gff1‘2+|gff1| ZZS+ D
i=1 i=1,2
H3- = Z(|gffl|2 |gﬁf1| Z ZSffCID‘
i=1 i=1,2
By = Z g lflgflfl Z Dir®;, (3.3)
with
o = 21 + 21
mf~ —t mi:—u
o = r 1 (3.4)
! mi —t m:—u
fi fi
t and u are customarily defined as
t = m?—mi—2p2+2|p| m%%—pz—mj%cos()
u = mi—my—2p*—2[p| m + p? — m% cos 0, (3.5)
and the products of couplings are defined by
1
+  — (1oL 12 R |2
St = 5 (I8l + skl
- _ 1o R 2
S = 3 (85l ~ 185 F)
_ Rx L
Diii = 8p8fn (3.6)
Since ®;" ~ v, all terms containing E that are multiplied by ®;”, namely, Z3,, &3,

and E4, are p-wave suppressed. In the massless lepton limit, the dominant contribution

comes from M ,); all other contributions are suppressed by v?. In the MSSM, the coupling
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constants can be written as D i j:ngLYR cos & sin &, where the + is chosen fori = 1
and the — for i = 2. In the nonrelativistic limit, ®;" ~ 2/ (mjzr + my ). Therefore, the s-wave

contribution, ¢y, can also be expressed as

m2 1 1 ?
co = N.—Xo*Y?Y2 2 sin? — . 3.7
o = NegWi¥Reostusin®o | Loy = o (3.7)
1

The v2-suppressed contribution,? ¢y, is
1

=N, nﬁ‘g‘* ( (Yf cos’a+ Yfé sin’ "‘)(m% + m;*() (Yf sin*a + Yﬁ cos? oc)(m% + mi)
e 2 2\4 5 v
27 (m% +m3) (2 +m2)
2(Y}+YE) smzuccoszzx(mf mf +m )
+
(mf1 +m2)? (mf2 +m2)?
Y?Y?3 sin? & cos? oc(m?~1 — m%2)2 [ \
+ 2 2\4 2 N4 3mfmf—52m fmf —|-3m
2o+ W+ )
A4 (o ) o+ ) — S+ ) ) | 68)

While Egs. (3.7) and (3.8) are valid in the massless fermion limit, both ¢y and ¢; do depend
on ¢ in terms proportional to . The effect of this, however, is not significant for light SM
leptons. In the subsequent analysis, we will use the full m-dependent forms of ¢y and ¢;.

If sin(2a) is small, then the p-wave term dominates the annihilation cross section,
resulting in roughly a factor of 10 suppression in the cross section at freeze out, and
yielding a negligible annihilation cross section in the current epoch. But if sin(2a) ~ O(1),
then the annihilation cross section can be unsuppressed both at freeze-out and in the
current epoch.

In this analysis, we explore only m, = 100 GeV. If the neutralino mass is smaller, then
lighter sleptons must mediate the annihilations. Scenarios with very light neutralinos with
1GeV < my, < 30 GeV and light sleptons have been explored in Ref. [204] and Ref. [205],
though both allow a nonnegligible Higgsino content for the LSP. They find neutralinos as
light as 15 GeV with ~ 100 GeV sleptons and ~ 200 GeV charginos and next-to-lightest
neutralinos are compatible with all current collider constraints. Since we focus here on

~ 100 GeV dark matter, a more relevant question is how large the LSP mass could be while

2The v?-suppressed terms arise from both the s-wave and p-wave matrix elements, but the s-wave terms
will vanish in the sin(2a) — 0 limit.



60

remaining in the new bulk. We find that if m, ~ m;, then the mediating slepton must
be lighter than ~ 150 GeV, making this a well-defined region with quite small charged
sparticle masses.’

Annihilation from an s-wave initial state can only be relevant to freeze-out (or current
observations) if the mixing terms are large. Since right-handed neutrinos have no hyper-

charge, the only relevant s-wave annihilation channels are those with two charged leptons

in the final state. The s-wave annihilation cross section can be expressed as

) 2
my . 2 2 my 2
co (159 pb) <m> sin (20{) (W m _M W) , (39)
where r; = m%./ mi Assuming my, < my, it is thus clear that ¢y is maximized for

my, > my and sin(2a) = 1, with my ~ my and my, as light as possible. Interestingly,
the maximum annihilation cross section is determined by the mass of the lightest slepton,
and cannot be increased by further decreasing the mass of the lightest neutralino; collider
bounds on the slepton masses thus place a firm bound on the s-wave annihilation cross
section. For the lighter sleptons with mass near 100 GeV and with maximal L-R mixing, the
s-wave annihilation cross section may be O(1) pb, providing a large enough annihilation
rate to account for the dark matter relic density.

If sin(2a) < 1, then the v2-suppressed terms in the matrix element become important.

In this limit,

€1 20 my 2 [ 8(Ytcosta+ Yasinta) (11 + (1/11))
x — (06PP) 100 Gev
7 : (2 r13)’

8 (Yisinta + Ygcosta) (2 + (1/12))
" ( 1/2 | ,—1/2
1)’

Assuming m; < my, itis clear that these v?-suppressed terms are maximized for sina = 1

(3.10)

in the charged lepton annihilation channel, and for cosa = 1 for the neutrino channel.
If my, ~ My, then annihilation to each charged lepton can provide a contribution to the
annihilation cross section of ~ 0.6 pb; thus, we expect that annihilation into the e, y and

channels together can deplete the relic density enough to satisfy observational constraints.

3Note that this conclusion is based specifically on the process xx — ¢ via slepton exchange. If my /m R
1, coannihilation processes may be important, in which case heavier LSPs and heavier sleptons are possible.
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We also note that the contribution of the neutrino channel is suppressed by a factor of 16
relative to the charged lepton channels, due to the hypercharge of the left-handed neutrino.
Thus, sneutrino mediation can only provide a small contribution to the total annihilation
cross section for a viable model. Although these p-wave annihilation channels can play a
significant role in dark matter annihilation at freeze-out, they have negligible impact on
dark matter annihilation in the present epoch.

In the simplified model that we consider here, the only deviation from MFV arises
from the presence of nontrivial mixing of the scalar chiral eigenstates. This requires both a
nontrivial left-right mixing angle « and nondegeneracy of the mass eigenstates (if the mass
eigenstates are degenerate, then a redefinition of the eigenstates is sufficient to absorb the

mixing angle).



CHAPTER 4

GAMMA-RAY SIGNALS

The ongoing annihilations of WIMPs may result in observable cosmic-ray signals, such
as in the cosmic gamma-ray spectrum and/or in the cosmic-ray positron and/or antipro-
ton fraction. Typically, various reactions involving the final state lepton pairs result in an
almost featureless secondary photon spectrum. In the simplified model, we consider, how-
ever, a distinctive feature may be contained in the internal bremsstrahlung (IB) spectrum
and the associated line signals.

The ongoing search for such photon signals of dark matter annihilation involves vari-
ous ground-based and satellite-based experiments. The ground-based atmospheric Cheren-
kov Telescope Array (CTA) [206,207] are most effective for dark matter that is somewhat
heavier than 100 GeV. The Fermi Gamma-Ray Space Telescope, in contrast, is better suited
to study dark matter masses in the range 0.1 to a few hundred GeV, which is the range we
are interested in here. In addition, the future satellite-based experiment GAMMA-400 [208]
is expected to be launched with better energy resolution and sensitivity, making it possible
to distinguish between a sharply peaked IB spectrum and a true line signal.

In this chapter, we outline how we analyze the associated gamma-ray signals that may
be observable in indirect dark matter searches. The processes which we will consider are
XX = YV, XX — vZ,and xx — ffv. All of these processes have been considered in the
past [209-212], but either for special cases or different purposes. Our goal here will be to
consider the most general spectra that can arise for these processes in a simplified model in
which a Majorana fermion dark matter particle couples to a Dirac fermion (which may or

may not be a SM fermion) through the exchange of two charged scalars, with an arbitrary

This chapter is adapted from published articles: Phys. Rev. D 90, 095007 (2014). MSSM Dark Matter and a Light
Slepton Sector: The Incredible Bulk. K. Fukushima, C. Kelso, |. Kumar, P. Sandick, T. Yamamoto. (©Owned by the
authors, published by American Physical Society, 2014. and Phys. Rev. D 94, 015022 (2016). Gamma-Ray Signals
from Dark Matter Annihilation via Charged Mediators. ]. Kumar, P. Sandick, F. Teng, T. Yamamoto. (©Owned by the
authors, published by American Physical Society, 2016. With kind permission of the American Physical Society.
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left-right mixing angle and CP-violating phase.

In particular, we find the most general spectrum for internal bremsstrahlung, which
interpolates between the regimes dominated by virtual internal bremsstrahlung and by
final state radiation. We also examine the effect of the mixing angle and CP-violating phase
on these signals, which raises some intriguing observable signals, including the helicity
asymmetry of the photons in the xx — <77 channel. It has been known for some time
that the photon emission due to inverse Compton scattering and bremsstrahlung in the
Galactic electromagnetic fields (so-called secondary emission) can be a source of gamma-
ray signals, and therefore should be accounted for to reconstruct the observed photon
spectrum. However it heavily depends on modeling of the dark matter distribution and
cosmic-ray propagation, and is not included in this dissertation, since explaining certain
gamma-ray signals from particular regions of galaxies is not our intention.

This chapter is organized as follows: we discuss the general features of the relevant
gamma-ray signals in Sec. 4.1. In Sec. 4.2, we describe the monochromatic line signals,
and present how we analyze the spectrum in detail. In Sec. 4.3, we similarly describe the
general internal bremsstrahlung gamma-ray signature.

We present our numerical results in Sec. 6.6. These include the complete spectrum for
the process xx — ff7 as a function of mixing angle, which interpolates between the hard
regime, dominated by virtual internal bremsstrahlung, and the soft regime, dominated
by soft and collinear final state radiation. The ratio of the cross sections for xyx — 7 to
XX — vZ as a function of mixing angle and CP-violating phase, and the difference in rates
for the production of left-circularly and right-circularly polarized photons via the process

XX — Y7, are also discussed.

4.1 General features
If the cross section for the process xx — ff is not suppressed, it will dominate over
processes such as xx — ffv and xx — 77, vZ, which will be suppressed by factors of
at least apy and a2y, respectively. In this case, prompt gamma-ray signals are sometimes
considered to be less promising from an observational standpoint, because models that
would produce prompt gamma-ray signals large enough to be observed with current or

near future experiments can already be probed by searches for cosmic rays produced by



64

the process xx — ff. However, current exclusion limits based on searches for positrons or
antiprotons are subject to large systematic uncertainties related to assumptions about the
astrophysical backgrounds and propagation of charged particles in our Galaxy; if these
assumptions are weakened, then the exclusion limits from cosmic-ray searches can be
similarly weakened, permitting even the suppressed xx — ff7, 7, and yZ signals to
be relevant. The Feynman diagrams for the two-body annihilation xx — ff and internal
bremsstrahlung xx — ff7 are shown in Figure 4.1, while those for the one-loop process
XX — 77 are shown later in Figure 4.2, where a detailed discussion on this process is
presented.

There are two scenarios in which the xx — ff annihilation cross section is suppressed:
(i) If my > my, then xx — ff is not kinematically allowed.

(ii) If there is minimal flavor violation (MFV), then the cross section for the process xx —

ff is suppressed by a factor (s /m,)?.

In the case where n;/m, > 1, the processes xx — ff, ff7 are forbidden, allowing the
processes xx — Y7y and xx — yZ to be the most important (other processes, such as
XX — ZZ,WTW™ may have similar cross sections but are likely to be less observationally
important compared to a clean gamma-ray signal). This scenario is relevant in the case
where dark matter couples to a new, heavy charged fermion.

The photon spectrum is defined as the photon number per annihilation per energy bin,

and can be broken into a continuum spectrum and a contribution from monochromatic

dN dN dN
E - <dx>cont, - (dx)line ‘ (41)

X%f X : f X—vﬁf X—T+f
if :V\/\AV vy i vy
X f X f X+ f X—;i f

VIB FSR FSR

photons,

2-body Internal Bremsstrahlung
Figure 4.1. Feynman diagrams for two-body annihilation and IB.
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- - -

yan

Figure 4.2. Feynman diagrams that contribute to the one-loop process xx — <<y. Diagrams
with initial and final state particles exchanged are not listed.

In our case, the continuum spectrum comes mainly from IB and other prompt emission

from the final state particles,

4N 1 d (0v)p A (0v);
<dx> cont. B <U [ dx * 12 Ni dx ’ (4.2)

D) tot.

where N; is the number of photons produced in a single annihilation process and the
sum over i includes all higher order prompt emissions, which includes the radiation from
hadronic decay of the final state SM particles. (0v) g is the IB cross section, which will be
described in Sec. 4.3. Note that the spectrum is normalized by (0v),, , the total annihilation
cross section, which includes all possible annihilation channels.

As discussed below, the line spectrum consists of the vy and yZ peaks,

<l§:>nne N <0.v;ann, {2 <UU>W Sx—D+ <UU>VZ O(x = xZ)}, (4.3)

where x7 = E,z/m, as given in Eq. (4.4). These definitions follow Ref. [213].

4.2 Monochromatic gamma-ray line signals
Monochromatic lines in the gamma-ray spectrum arise due to the one-loop annihilation
process xx — X, where X = v, Z, or h. The photon(s) in the final state has (have) energy
my

am, (4.4)

where myx is the mass of the particle X. 1% energy resolution is sufficient to differentiate
vy and yZ lines for m, < 450GeV. In the Galactic Center, the relative velocity between
dark matter particles is v ~ 1073, so the p-wave component of the dark matter annihilation

cross section is suppressed.
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The s-wave (L = 0) component must arise from a spin-singlet initial state (S = 0), since
the dark matter particles are Majorana fermions and must be in a totally antisymmetric
initial state. This state thus necessarily has vanishing total angular momentum (J = 0),
implying that the final state particles must have the same helicity. As a result, only the 7y
and yZ cross sections can develop nonvanishing s-wave components, whilst the leading

vh cross section must be p-wave suppressed and is thus too small to be observed.

4.2.1 The analytic two-photon cross section
The interaction between the fermion, scalar, and photon is given by

Loep = Qe fr'Auf + Y [Q*P AN A, fi fi + (iQef; AFO,f; — cc)], (4.5)

i=1,2

where Q is the electric charge of the fermion and scalar. We denote the momenta of the
two initial state dark matter particles as k1 and kj, and the momenta of the two final state
photons as k3 and k4. Since the annihilation takes place between two dark matter particles

at rest, the momentum configuration is

k1 = k2 =k = (WLX,O,O,O)
ks = (my,my )

ky = (my, —my 1), (4.6)

where the unit vector 7 gives the direction of the photon momentum. Using the spinor

helicity formalism, we choose the polarization vectors as

1 [ks |[7*]ks)
(kaks)
1 (ks [7"| k4]
[keaks]
[k [7"] k3)
(kska)
1 (kg |[y"] k5]
V2 [kska

where the notation follows Ref. [214]. The benefit of this choice is that the inner products

Gg(—l—) = 6‘1 (k3;k4) =

S

eg(—) =€ (ks;ky) =

ey (+) = €l (kyks) =

S-S

eh(—) =€ (kg ks) = 4.7)

between opposite helicity vectors are always zero. Feynman diagrams that contribute to

the amplitude are displayed in Figure 4.2.
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We write the total amplitude A as

. iQZDCEM ﬁ(kl)fy%(kz)
A= 27 (e3-€1) [ 2m,y

} o (h), (4.8)

where agy is the fine structure constant and & = (h3 + hy)/2 such that h = 1 for the
(++) final and h = —1 for the (——) final state. The structure (€3 - €4) (i17°v,) reflects the
s-wave nature of this amplitude, since this factor is nonzero only for the L = 0 initial state
configuration. Then all the contributions from the loop integrals in Figure 4.2 are collected
in o/ (h), which we write as
+ my :
o (h) = 21;1;2 [sfﬁzi - <mx> (R(Dy7) 7+ th(Dfﬁ)/ci)} , (4.9)

here again we use the shorthand notation

1
+ _ L(1,L 2 R |2
Sffi 2 (‘gﬂfl’ +|gfu‘1| )

_ Rx _L
Dii = 8in8in

(4.10)
Because of the term ih(K; — K;) sin ¢, the probabilities of having (++) and (——)
photon final states are not equal (note that Z;, J;, and K, are, in general, complex functions),

which is a potentially measurable effect of CP violation. The coefficients Z;, J;, and K; are

given by
I m? I (m;, my) B 2m}2( Ii(my) mj%(mf —m3 — m?)lg(mi, my)
. =
m? — m? m;+m% —my  (mf—my)(m;+m} —m3)
. 27113C [Il(m]r) — 13(71’11', mf)]
' m? +m?2 — mj%
o 2(m3 — mjzc) Li(my) N 2m? L(mj, my) B 2m2m?, I3 (m;, my)
' m; +m3 —m; m; —m; (m7 — m%) (m? +m% —m?3)
2m?
— ——FF— | b(m;, —Li(m;)|, 4.11

where m; is the mass for the internal scalars (here we have adopted a simplified notation,
mi = mg in the main text). We observe that if m; = my, we have (Z1, 71, K1) = (Zp, J2, K2)
such that the amplitude will not vanish but it will depend neither on the mixing angle «
nor on the CP-violation phase ¢. If the integral Ky — K5 is complex (which is the case for
both the yu and T channels), the amplitudes of the (++) and (——) final states do not have

the same magnitude, which leads to an asymmetry ratio R as presented in Sec. 6.6. Here
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I and I, are the same as 2m§( IE[;l] and Zmilg] in Ref. [210]. They are related to the standard

three-point scalar loop integrals through

I (m,)

2m2 =G [0,0, 4mf(,m§, m3, m?]
I (mg, my) — o [0 m2 2 .2 2 92 412
27’7’12 — L0 [ /mXI _mxr m,,myg, mb] ’ ( . )
X

in which we follow the convention of LoopTools [215]. The analytic expressions for I; 5 3

are
2
1 14/ 1—m2/m2 .
1 [log <1_\/W + it my < 1y
Il(ma) = 2
— [arctan A /mz/;z_l} Mg > My
al My
[ m2 —m?2 +m2 — /I m2 —m? +m2 + /I
I(mg,mp) = | —Lip [ L~ —Lip | 2 X
! I 2m?2 2m?2
(e VR | (mRemd g VA
+Lh 2m?2 +Liz 2m?2
a a
I3(mul mb) = IZ(mb/ ma)r (413)
where
A = (m2—mi— mfc)2 - 4m)2(m%
Ny = (m] —mjy + m3)* + 4mimy . (4.14)

We note that both the Z; and J; terms are contained in the analytic expression in Refs.[209,
210], but the K; term is missing. Finally, we define the square of the total unpolarized

amplitude as

2 1 2 Q4‘X12€M 2
|M| :12 Y A= o2 Yo |l (b)), (4.15)
51,52 h3,h4 h=41
and the total cross section is
1 M Qlagy 2
0y = 3 X 32mm2 = 51270m2 h;ﬂ [/ (1) (4.16)

where the factor 1/2 accounts for the fact that the final state consists of identical particles.

4.2.2 Numerical calculations
To ensure the accuracy of the results presented here, we perform a scan over the pa-

rameter space, conducted as follows. We first generate the analytic amplitudes for both
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xXx — v and xx — yZ using FeynArts [216], including left-right scalar mixing and a
CP-violating phase. The numerical calculation is performed using FormCalc [215]. The
package LoopTools is internally invoked by FormCalc to calculate the loop integrals in-
volved in the amplitudes. However, since our initial state particles are at rest, we have
ki = ko. It is well known that if two external momenta are collinear, the Gram matrix
becomes singular and the tensor loop integrals fail to be linearly independent.! For this
reason, FormCalc breaks down for collinear external momenta, since LoopTools uses pre-
cisely the Gram matrix to derive higher-point and higher-rank integrals.

To circumvent this issue and arrive at a reliable result, we introduce a small relative
velocity, so that the results of LoopTools remain stable. For example, we use a center-of-
mass energy of \/s = 200.01 GeV for m, = 100 GeV in our numerical calculations. We have
checked that the numerical error in the cross section is < 1% for annihilations to both 7y
and ff (with scalar mixing), independent of the model parameters. For p-wave dominant
cross sections, we perform a linear fit with respect to v? to find the coefficients a and b in
the expansion cv = a + bv?. We have also checked that the error is < 1% in this scenario.

Analytic MSSM calculations of the annihilation cross section to ¢y and yZ have been
presented in Ref. [209-211] in the limit of no CP violation, and those expressions are con-
sistent with the ones presented here. However, if ¢ # 0, then the amplitude of the (++)
photon helicity state will be different from that of the (——) state, unlike the ¢ = 0 case.
As we argued previously, the difference in the scattering amplitude is chirally suppressed
by the fermion mass m r

A ~ apm|ALAR| sin(2a) sin @ (:Zf) , (4.17)
X

a term which does not appear previously in the literature.

In order for CP violation to yield differing cross sections for the (++) and (——) final
photon states, it is necessary for my < my. If my > m,, then the CP-violating part of the
amplitude is purely imaginary as a result of the optical theorem, and CP conjugation of the
matrix element is equivalent to complex conjugation. But if m; < my, then the interme-

diate states of the one-loop diagram can go on shell, providing an imaginary component

This leads to the reduction of all the four-point loop integrals that appear in the ¢y amplitude to three-
point scalar loop integrals. For a comprehensive review on the calculation techniques of general tensor loop
integrals, see Ref. [217].
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to the CP-conserving matrix element, which is necessary for a nontrivial asymmetry. On
the other hand, if my > m,, then the only final states that are kinematically allowed are 7y
and yZ. In this kinematic regime, if the couplings A r are large, these final states will be

most easily observable.

4.3 Internal bremsstrahlung
The IB process xx — f f7 can in general produce a steplike feature in the photon spec-
trum at E, ~ m, as a consequence of 3-body kinematics. We can separate the IB amplitude
into two (not gauge invariant) parts as in Ref. [212]: virtual internal bremsstrahlung (VIB)
for the photon attached to the internal scalar propagator and final state radiation (FSR)
for the photon attached to the external fermion lines. The full IB amplitude can then be

written

A = Ay + Apsr - (4.18)

From Ajg, the total differential cross section can be calculated by

2

d <UU>IB - X mf —
ix 520\ 1T 2 (1 x) /d034IAIB! , (4.19)

where d()34 is the integration over the fermions’ direction in the fermion pair center-of-

mass frame, and | Ajp ]2 is the squared amplitude with initial spin averaged and final spin
summed.

The photon spectrum can exhibit different features depending on the degree of chiral
symmetry breaking. If there is no mixing between the scalars associated with the left-
and right-handed fermions, there may be a hard peak at the end of the IB spectrum,
which can be significant if the dark matter and f; are nearly degenerate [213]. This can
be understood as following: if 2-body annihilation xxy — ff is helicity suppressed, the
emission of an additional spin 1 boson from the virtual scalars can lift the suppression.
Therefore, we see the production of a fermion and antifermion with opposite helicities,
arising from the same Weyl spinor, with the remaining angular momentum carried by the
vector boson. This process can be the dominant contribution to the total annihilation in
certain cases, even though it is suppressed by agm and (m, /m f1)8 due to the additional

internal scalar propagator. In contrast, the presence of scalar mixing enhances the 2-body
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annihilation, which enhances the FSR photon collinear to one of the fermions. In this case
FSR dominates IB and the total IB spectrum is fairly flat relative to the case with no mixing.
To illustrate these arguments, we rewrite the total IB amplitude Ajg in terms of three

gauge invariant subamplitudes,

iQe [u<k1>75v<kz>

Ap =5 2m,,

] (Avb + Amix + Any ) (4.20)

where again ki, are the momenta of the two dark matter particles. The first term, Ay,
which refers to chirality flip due to a vector boson, survives in both the massless fermion
limit (my — 0) and the no-mixing limit (¢« = 0). If we denote the photon momentum and
polarization as ks and €5, and the outgoing fermion (antifermion) momentum by k3 4), this
amplitude can be written as

Ay, = i;Lzﬁ(k3) Oi(| g}% f1|2PL — | g]% fl\ZPR)z;(k4). (4.21)
The matrices O; are given by

O — o | Kk —Ks) €5 — €5 (ks — ka) ks (4.22)
1= Ip (Sg—m%)(&;—m%) ’ .

with s3 = (k —k3)? and s4 = (k — k4)%. When m ¢ = 0, the cross section due solely to Ay, is

d(ov)y, Q%apm(1 — x) Z (S‘ >2

dx 64rim2 o, \"ffi
" [ 4x B 2x
(T+p)(I+pi—2x)  (1+p—x)?
() (4 i — 2%) 1+ pi
(T + i — )2 log T —2x) (4.23)

— — (1oL 2
where Sfﬁ. = <|gﬁf1|

fraction.

— ‘g}%ﬂ’Z) /2, ui = m%/mf(, and x = E,/m, is the photon energy

In the limit « = 0, we have Ajg ~ A}, and we recover the well-known result given, for
example, in Ref. [212,218]. Note that if y; ~ 1, the photon spectrum shows a very sharp
peak near x ~ 1. This enhancement arises in the limit where an outgoing fermion becomes
soft; if the dark matter and the scalar are nearly degenerate, then one intermediate scalar

propagator goes on shell. The total cross section in the a, m¢/my — 0 limit is finite:

_ Qapm NS (TN (it
(00), = e '2 (sfﬁ.) {(y,+1)[ c log o 2Li, 2

X i=12
4p; +3 4z —3p;—1 <yi—1>}

! 1 . 4.24

e 2pi VRS (829




72

If 4; — 1 < 1, the combination in the curly brackets approaches a constant, (7/2) — (72/3);
if u; > 1, it behaves as 4/ (15u%).

When a # 0, there is another contribution to the s-wave amplitude arising from mixing,

Amix = 2my ¥ 7(ks) [R(Dy7)7° = iS(Dyp) | (Vi + Si)olky), (4.25)
i=12
where D5 = g?;‘(l gJL;_ Y and the matrices V; and §; are given by
i 1 1
Vi = — =0 kﬂev +
2 KVT5 (kg ‘k5)(S4—m12;) (k4 -k5)(53 —m%)
g = (ks—ki)-es
T (ss— mj%i)(s4 - m%)
ks - €5 ky - €5
+ 5 — . (4.26)

(k3 - ks)(s4 — mﬁ) (ka - ks)(s3 — m%)

The last piece, A, ” is proportional to the fermion mass, m fr

.Amf = —my Z ﬁ(kg)’y55}rﬁ(1}i + Si)v(ky), (4.27)

i=1,2

where S}rﬁ = (| gJL;i f 1>+ g%_ f |2> /2. Both Anix and A, , are contributions to the amplitude
for producing a fermion and antifermion with the same helicity, where the mixing between
Weyl spinors arises from either the nonvanishing mixing angle or the fermion mass term.
Comparing with the separation in Eq. (4.18), we find that Ay, contains the entire Ayp and
part of Apgr, while Apix and A, , receive contributions only from Agsr.

Each term in the matrix element can be written as the contraction of a spinor product,
with some Lorentz structure, and some function of the momenta. Ay}, contains spinor
products with vector and axial vector Lorentz structure. The CP-conserving parts of Amix
contain spinor products with scalar and tensor Lorentz structures, while the CP-violating
parts contain spinor products with pseudoscalar and tensor Lorentz structures. We do
not present the complete differential scattering cross section due to its lengthy expression.
However, the spinor products can be found, for example, in Ref. [219], allowing one to
evaluate the entire expression.

We note also that each of these terms (A, Amix, and A, f) is suppressed at most

by sin2a or mg/my, but not by both. Thus, we expect CP-violating contributions to



73

bremsstrahlung processes to be subleading, as they are doubly suppressed. Indeed, our
explicit calculation verifies that this effect is small.
The lowest order calculation yields a well-known apparent divergence? in the cross
section for emitting soft or collinear photons via final state radiation, arising from a nearly
2

on-shell fermion propagator. In both the soft and collinear limits, we have s3 ~ s, ~ —my,

and the only divergent quantity is

(4.28)

Si+Vi—>—<¢5k5+2k3'€5_k5¢5+2k4'€5) 1

2k3 - ks 2ky - ks m2 +m3

f;

In particular, for the soft limit, we can further neglect the ks in the numerator and get the

correct factorization behavior,

soft ks-es ky-es
A — —Qe <k3 ks - k4'k5> Aoy, (4.29)
where
j u(ky)y’o(k _ — o~
Az = Sy (”( Saad 2)> fi(ks) [R(E2)7° — iS(E)] v(ka). (4.30)
X

This leads to the Sudakov log enhancement of the probability for photon emission from

final state radiation,

Q*apm S s
(V) ~ - log E—tzh log ”szr X (00) 75, (4.31)

where s = 4711?C and we have kept only the leading logarithmic enhancement. The first
logarithm is the soft photon enhancement, which is cut off by E;, the energy threshold of
the photon detector. The second logarithm is the collinear photon enhancement and is cut
off by the mass of the fermion. More generally, if the photon is collinear but not necessarily

soft, we obtain

d{ov)p  Qlapm (1—x)°+1 log s(1—x)

iR = - 2 x (o) 7 (4.32)

from Eq. (4.29), which of course is widely acknowledged as the Weizsidcker-Williams for-
mula. The soft and collinear enhancements thus have little effect on the spectrum as

mg/my — 0and & — 0, in which case (0v)7; — 0. Butif a # 0, then the collinear

2This so-called collinear divergence is not physical, since it disappears once higher order and loop correc-
tions are included.



74

enhancement will have a large effect; one cannot strictly take the m¢/m, — 0 limit, as the
nonzero fermion mass cuts off the collinear divergence.
There has been a variety of past work on the spectrum of the yx — ff+ process, and

this spectrum is well known in two limits:

(i) « = 0, mg/my — 0: This corresponds to the case where the process xx — ff is
suppressed, and the dominant process is xx — ff7, yielding a hard spectrum which
is dominated by A,;,. The soft and collinear emission of photons via FSR has little

effect on the spectrum.

(i) « = O(1), mg/my — 0: In this case, the yx — ff cross section is unsuppressed,
and the dominant contribution to xx — ffy arises from FSR in the soft and collinear
regimes. Here, the details of the interaction are not very important; provided the
XX — ff cross section is unsuppressed, the dominant contribution to xx — ff7

arises from a simple rescaling of the 2 — 2 cross section by the Sudakov log factor.

So how about the spectrum in the regime of intermediate a? How can we interpolate
between these two limits? If the lightest scalar mediator f1, is much lighter than the heavier

scalar, fz, one expects the crossover between these behaviors to occur roughly when
tan® a x |AR/AL|2(mfl /my)*log(my/m3) ~ O(1), (4.33)

which corresponds to the point where the suppression of soft FSR due to the small mixing
angle is roughly canceled by the enhancement for collinear emission. Note that one expects

the hard IB signal to dominate over 2 — 2 scattering provided
tan? & x |AR/AL|2(mf~] /my)t < agm . (4.34)
We present the results of our calculations in Sec. 6.6.

4.3.1 The analytic expression for the IB cross section
In the nonrelativistic (v — 0) and vanishing lepton mass (¢ = my/m, — 0) limits, the

full analytical expression for the IB cross section at the lowest order is given by

_ 1 NR2 Q%aem
d ooy =7 1 | MNE| st B AEHEs, (4.35)

spins
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where E, are the energies of the DM particles, E3 is the energy carried by one of the
outgoing leptons, and Es is that of photon. Defining the outgoing momenta of the leptons,

k3,4, and that of photon, ks, as

3 = |:E3, z/ E?Z) - m% COs 935, A/ E:,Z) - m% sin935,0]
K, = [E4, \/ E3 — m? cos b5, \/ E3 — m? sin by5, O]

ki = [Es, Es,0,0], (4.36)

the spin-averaged matrix is given by

Z‘MNR‘ Z‘M ‘+Z‘M ‘+Z‘M , (4.37)
spins spins spins spins
where
1 2
1 MRl = ¥ !gﬁfllzlggfl\ (D3D4)i(D3Dy)j(ks - ka) [(k3 - ks)* + (ks - ks)?]
spins i,j=1,
1 2
12 M = Z ’ggf1’ !ggfl\ (D3D4)i(D3Dy)j(ks - ks) [(ks - k) + (ks - ks)?]
spins ij=1,
1 NR 2 2 R L* R L* R L* R L*
4 & Mg | = dmy . Z1;2 (gR(gZ,-Zng,-él)%(82]{182]{1) + g(gzjelgziéi)%(gzjmgzjm)>
spins 1,]=1,
x [Ajj + Bij + Cjjl. (4.38)

In the last line, A is due to FSR, B is from interference between FSR and VIB, and C is from

VIB, respectively, each of which are given explicitly by

(ks - ks) [ (ks - ky) | (ks-kq) (k3 - ka)? ]
A = D3;D3i + |1+ -+ -+ D3;Dyi + (3 4
T (kg ks) 2% (ks -ks) ' (kg-ks) = (k3-ks)(ks-ks)| > ( )
B — (ks kDsDa | [ 2" _1) D 2 1\p N
1]—(3'4) 3il/4i (k k) 4]+ m_ 3j +(Z<_>])
Cij = 2(ks - k4)?D3;D4;D3;Dyj, (4.39)

where D; U= (ki — my)? — m% ]? is the propagator of the intermediate slepton. Note also
that all other interference terms of MYR or MNR with MNR vanish.

The integration of Eq. (4.35) over E3 requires special care since the expression above,
Eq. (4.39) in particular, has collinear divergences in the massless lepton limit. To find the

correct integral limits which do not include the singularity, we first rewrite E3 and Es in
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dimensionless variables, x = E3/m,, and y = E5/m,. Working out the 3-body phase space

including the non-zero mass, we find the maximum /minimum of x is

(1-y)2-y) £/ -y)?2-y)?—(1-y) 41 -y)?+ ey
7] ) (4.40)

where y ranges from 0 to 1 — €2.

4.3.2 The IB spectrum from radiative scalar decay
So far, we have discussed the general features of the IB spectrum and cross section for
DM annihilation. In this section, however, we will find the photon spectrum for radiative
decay of a neutral scalar boson into a fermion pair for later use. Here we suppose a

hypothetical neutral scalar boson, ¢, interacts with the SM fermion, f, via,

Line = —8¢ff, (4.41)

where g is the coupling constant. The lowest order decay rate for this process is given by

2 4m2 %
To = -5—m, <1 - 2f> ) (4.42)

where m, is the neutral scalar mass. Note that contrary to the case of DM annihilation, the

photon emission is only due to FSR in this case. The photon spectrum, to lowest order, is

N _ 1dry
dx T dx
QZ‘XEM 4m]2( 7% Xmax
_ — / dx(To+Ti + Ta). (4.43)
47-[ m(p Xmin
Here 7; are defined as
oo |laks) | (aiks) mg (ks - ks)
(k3 -ks) = (ka-ks) = (k3-ks)(ks-ks)
7_ - m2 (4’(3 . k5 — mé) n (4k4 . k5 — mé) B 2(7713, —|—2k3 . k4)
P (ks ks)2 (ks - ks )2 (ks - ks) (ks - ks)
1 1 1
T> = 4m? [ + + ] , 4.44
2= s k)2 T (ks R (ks k) (ks - Ks) (149

where k3 45 are defined by Eq. (4.36), and Xmin and xmax are given by Eq. (4.40).

In the light fermion limit, € < 1,

Y 2 4
Xmin = 1 — Yy + e+ 0(e
Y 4(1-y) )



Y 2 4
Xmax = 1 — e+ 0O(e%),
i1y TO

and we see that the photon multiplicity, at leading order, reduces to

AN Q®apm 2 — 2y + 1> x4y — 1] )
dx — 4m y In| =57 xmm—l—@(e)
2 _ 2 _e2 —
_ Qagm2 -2y +y m‘ € +42(1 y) + 0@,
27 y €

which can be seen in the Weizsidcker-Williams approximation.
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(4.45)

(4.46)



CHAPTER 5

SM LEPTON DIPOLE MOMENTS

Large chiral mixing angle and CP-violating phase induce large dipole moments of
the Standard Model leptons due to chiral symmetry breaking. We find that stringent
constraints on these parameters come from precise measurements of the magnetic dipole
moments of the SM leptons, which also strongly constrain the s-wave annihilation cross

section of DM into lepton pairs.

5.1 A correction to the SM lepton dipole moments
If / is a charged lepton, then the interaction given in Eq. (2.4) will induce a correction
to the lepton dipole moments due to chiral symmetry breaking. The interaction with an
external EM field A, and lepton is, in general, given by a fermion bilinear {I'*¢A,, where

the vertex I'; is characterized by the EM form factors,

Ly = F(qz)’m + M(WZ)vaqV + E(qz)gyqu% + A(”lz)(q27y - 4%)’75/ (5.1)

where F, M, E, and A denote the normal magnetic, anomalous magnetic and electric
dipole, and anapole form factors, respectively. Here the bilinears with ¢, and ¢,,4"7s,
corresponding to anomalous electromagnetic moment operators, are chiral symmetry vio-
lating.

In our scenario, a contribution to the electric or magnetic dipole moments of the Stan-
dard Model leptons can arise from one-loop vertex correction diagrams with the bino and
sleptons running in the loop, as shown in Figure 5.1. Because the dipole moment operators

flip the lepton helicity, the contributions to the dipole moments from the bino-slepton loops

This chapter is adapted from published articles: Phys. Rev. D 90, 095007 (2014). MSSM Dark Matter and a Light
Slepton Sector: The Incredible Bulk. K. Fukushima, C. Kelso, |. Kumar, P. Sandick, T. Yamamoto. (©Owned by the
authors, published by American Physical Society, 2014. and Phys. Rev. D 94, 015022 (2016). Gamma-Ray Signals
from Dark Matter Annihilation via Charged Mediators. ]. Kumar, P. Sandick, F. Teng, T. Yamamoto. (©Owned by the
authors, published by American Physical Society, 2016. With kind permission of the American Physical Society.
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Figure 5.1. Feynman diagram for the one-loop vertex correction.

can be large if L-R slepton mixing is large. But the electric dipole moment can only receive
a non-vanishing contribution if the CP-violating phase ¢ is nonzero.

The expressions for the corrections to the magnetic and electric dipole moments are

2
_ Mty O R+ Mo o+ . B
o = X gz MO QBOD L S QB ()
=1, 4 i=1,2 ?;
2dg mym
= L g2 (D) QpB(ri), (52)
i=1,2 7
where in is the electric charge of biri = mi / m% and
1 2rinr
B(I’) - 2(1_7)2(1+r+1_r>
B 1 , 6r’Inr
B(r) = 12(1_7’)3<1—5r—21’ — 1—r>' (5.3)
B(r) behaves atr ~ 1 as
1 1-r 1 ) ;
~o —(1— —r)?). 4
B(r) T —1—20(1 17 +0((1—r)°) (5.4)

In the limit m;, — 0, the contributions to the anomalous magnetic moment, a4 = (g —

2)/2, and the electric dipole moment, d/ |e|, of the associated lepton due to new physics

are [220]
Aa = M Y| Yg cos ¢ cos a sin a 1 1471+ 2ninn - (Z — 1)
47r2m%1g e 2(1=m)? len L
d my ) . 1 2r1Inrg
el = S g YL YR sin ¢ cos a sin & [2(1—r1)2 (1 +7r1+ 1—r

4
—(Z1 — 22), (55)

wherer; = mfc / m% Since charginos are assumed to be very heavy, diagrams with charginos
1

and sneutrinos in the loop do not contribute.
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5.2 The relation between dipole moments and the
annihilation cross section
Because dark matter annihilation from an L = 0 initial state also requires a lepton
helicity flip, one may relate the s-wave part of the yx — ¢*¢~ annihilation cross section to
induced corrections to the electric and magnetic dipole moments of ¢. In particular, in the

limit where the r; are small, we find

3 2 2myd, ? -2
co ~ 321 |(Aap)” + m, + O(r;)

le|
(Dag)* + ( ((sz)fz (5.6)

1N\2
~ 39 x10'pb 2m‘d‘>

le]

This relation is similar to that found for scalar dark matter, as anticipated in Ref. [221].

However, cp is maximized for r; ~ 1, 7jx; — 0. In this limit, we find

2mydy
co ~ 7271 [(Aag)z - < nr:| E) ] m; >+ O ((1—r;)* orrj)
2 -2
~ 87 x10'pb | (Aa)? + (Z"‘Z‘df > ( é"e ZV) . (5.7)




CHAPTER 6

RESULTS AND CONSTRAINTS ON MODEL

In this chapter, we present the results of calculations discussed in the preceding chap-
ters, and place limits on our model parameter space using observations and experimental
data. We find our model is viable, especially if DM primarily couples to y and/or 7.
The possible observable signatures will also be discussed in this chapter, including the

gamma-ray spectra and the polarization of monochromatic gamma-rays.

6.1 Sparticle mass limits

Null searches for supersymmetric particles imply a lower limit of 780GeV for light
degenerate first and second generation squarks [222]. Constraints on squark masses in
CMSSM are even more stringent, and exclude squarks below 1.7 TeV for certain benchmark
models [222,223]. If we relax some unification constraints imposed in the CMSSM at the
grand unified theory scale, then it has been shown that the MSSM-9 model [224, 225] can
contain a ~ 1TeV Higgsino LSP or a ~ 3TeV wino LSP, which are viable thermal dark
matter candidates satisfying the relic density.

On the other hand, the current limit on the mass of any slepton is much weaker. We
still have the possibility that heavy squarks provide the necessary loop corrections to the
mass of the SM-like Higgs while light sleptons provide the main dark matter annihilation
channel.

The current mass limits for supersymmetric particles are summarized by the Particle
Data Group [5]. The limits (under some minimal assumptions) that the right-handed scalar

particles must satisfy are: selectrons must be heavier than 107 GeV; smuons must be heav-

This chapter is adapted from published articles: Phys. Rev. D 90, 095007 (2014). MSSM Dark Matter and a Light
Slepton Sector: The Incredible Bulk. K. Fukushima, C. Kelso, |. Kumar, P. Sandick, T. Yamamoto. (©Owned by the
authors, published by American Physical Society, 2014. and Phys. Rev. D 94, 015022 (2016). Gamma-Ray Signals
from Dark Matter Annihilation via Charged Mediators. ]. Kumar, P. Sandick, F. Teng, T. Yamamoto. (©Owned by the
authors, published by American Physical Society, 2016. With kind permission of the American Physical Society.
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ier than 94 GeV; staus must be heavier than 82 GeV; and sneutrinos must be heavier than
94 GeV. In addition, the LHC has placed bounds on these particles through searches for
their direct production. Limits on the slepton mass (both left and right handed selectrons
and smuons) are presented by the ATLAS collaboration in Ref. [226]. A left handed slepton
with a mass of 170 GeV to 300 GeV is excluded at 95% CL for a neutralino mass of 100 GeV.
A right-handed slepton is still unconstrained for a neutralino mass of 100 GeV. The CMS
collaboration also performs a similar search with slightly weaker results, although they
only provide limits for the left-handed sleptons [227]. LEP experiments only put a lower
limit at ~ 100 GeV [228-231], while the LHC 8 TeV run has excluded left-handed sleptons
below 310 GeV and right-handed sleptons below 235 GeV, assuming a massless bino LSP
[232,233]. For a massive bino LSP with mass m,, a new allowed region opens up for
sleptons lighter than approximately m, + 80GeV [234,235]. The LHC 14 TeV run has the
potential to push the upper exclusion limit to as high as 900 GeV (for a Higgsino LSP) but
cannot move the lower exclusion limit [236].

Although these constraints are phrased as bounds on scalar superpartners, the lesson
is more general: LHC constraints place tight bounds on colored scalars but weaker bounds
on QCD-neutral scalars. As we are considering significant mixing, these LHC limits can
only be used as guidelines since a dedicated analysis including the effects of mixing would

be required, which is beyond the scope of this work.

6.2 Dipole moment constraints
In Table 6.1, we present the most recent measurements of the anomalous magnetic
moments and electric dipole moments of the SM-charged leptons [5,237-243], along with
the expectations for the anomalous magnetic moments within the SM. The leading order
contributions to the electric dipole moments of the charged leptons within the SM occur
only at more than three loops [244], and are many orders of magnitude below the current

constraints.

The 20 ranges for the anomalous magnetic moments of the SM charged leptons are

—266x1072 < Aa, <0.62x 10712

128x10°" < Ag, <448 x 107"
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Table 6.1. Measured dipole moments for the SM charged leptons and SM expectations.

\ Measured Value \ SM Expectation
ac 1159652180.76(0.27) x 10~ 12 | 1159652181.78(0.06)(0.04)(0.03) (0.77) x 10~ 12
a, 116592091.(54)(33) x 10~ 116591803(1)(42)(26) x 1011
. 117721(5) x 1078 —0.018(0.017)
de/e (—2143.74+25) x 107 ¥ cm
dy/e (—=0.14+0.9) x 107 cm ~0
Re(d./e) (1.15+1.70) x 1077 cm

—0.015 < Aa; < 0.053, (6.1)
while for the electric dipole moments, we have

—354x 10718 < 2med; <571 x10°18

d
~1.82 x 107° < 2m, ?“ <2.03x107° (6.2)

d
—0.00405 < 2m, Re <8T> < 0.00819.

Note that since we assume that the fundamental Lagrangian is CPT-invariant, all dipole
moments are real. The precision of the measurement of the magnetic dipole moment of
the muon may be increased by up to a factor of 4 with data from E821 at Fermilab [5].

In this leptophilic scenario, the squarks, charginos and neutralinos (except the bino)
are all heavy and are chosen to ensure that constraints from the Higgs mass measurement
and direct sparticle searches at the LHC are satisfied. This leaves five relevant parameters
to explore for a given slepton: «, ¢, My, and m,. For each dipole moment corrections
depend only on the superpartners of the particular ¢ (and their associated mixing angles
and CP-violating phases), with no dependence on any other sleptons.

In Figure 6.1 we present the « and ¢ dependence of the new physics contributions to
(a) the anomalous magnetic and (b) electric dipole moments of the muon for a case with
light smuons, with all other sleptons heavy. In this example, m, = 100 GeV, m; = 120
GeV and mp, = 300 GeV. The planes are shaded according to the contribution to (a)
the anomalous magnetic moment of the muon and (b) the electric dipole moment of the
muon. The darker red region in Figure 6.1 (a) is where this model fully accounts for
the measured muon anomalous magnetic moment to 2¢, while in the lighter red shaded

region new physics provides a contribution that is comparable to the measured value in
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Figure 6.1. The dependence of the contribution to (a) the anomalous magnetic and
(b) electric dipole moments of the muon on the smuon L-R mixing angle, «, and the
CP-violating phase, ¢, for m, = 100 GeV, m;, = 120 GeV, and mj, = 300 GeV. (a) The
darker red region is where this model fully accounts for the measured muon anomalous
magnetic moment to 2¢, while the lighter red shaded region provides a contribution that
is comparable to the measured value in magnitude. (b) The electric dipole moment is
unconstrained everywhere in the plane.

magnitude. The contribution to the anomalous magnetic moment vanishes for ¢ = nm/2
for n odd and for &« = nm/2 for integers n. As shown in Figure 6.1 (b), the electric
dipole moment is unconstrained everywhere in the plane, and the shading indicates the
value of the contribution to the muon electric dipole moment, which reaches minima at
(¢,a) = (7/2,t/4) and (371/2,37/4) of 2m,d/|e| ~ —10~7, and maxima at (371/2, 71/4)
and (71/2,37/4) of 2m,d/|e| ~ 10~7. These values are roughly an order of magnitude
below the current sensitivity. The contribution to the electric dipole moment vanishes for
¢ = nmand & = nrt/2 for integers n. The only case in which contributions to both dipole

moments vanish is that of zero mixing.

6.3 Constraints from the DM relic density
As discussed previously, the Planck satellite has very accurately measured the dark

matter abundance to be Q1% = 0.1196 + 0.0031 [51]. This requires the dark matter an-
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nihilation in any particular scenario to be sufficient to ensure that dark matter was not
overproduced in the early Universe. This very restrictive constraint will limit the allowed
parameter space in these models.

For each annihilation channel xyx — (¢, the annihilation cross section depends
only on the superpartners of the particular ¢ (and their associated mixing angle and CP-
violating phase), with no dependence on any other sleptons. As such, we can separately
analyze each channel and simply sum the cross sections to determine the relic density if
more than one channel is relevant.

In Figure 6.2 we present the « and ¢ dependence of (a) the neutralino thermal relic
density and (b) the neutralino annihilation cross section today for a case with light smuons,
with all other sleptons heavy. In this example, m, = 100 GeV, m;, = 120 GeV and m, =
300 GeV.

As expected, the annihilation cross section is maximized near maximal L-R squark
mixing (x = 7/4,37/4) and is almost zero at & = 0, 77, while being nearly independent
of ¢. The slight deviations from these above expectations arise from terms which scale
as my/m,; these terms are significant only for annihilation to the T channel, and even
then amount to roughly a ~ 5% effect. The dependence of the annihilation cross section
on the slepton parameters is largely independent of the choice of final state leptons; the
distinction between annihilation channels arises instead from the experimental constraints
on the slepton masses and the dipole moment corrections.

In Figure 6.2, the thermal relic density is not quite low enough to be within the 2¢c
Planck range for this particular choice of m, and mj, ,, though this could easily be accom-
plished with only a small branching fraction to another final state, such as would occur
if there were also a relatively light stau, or with the addition of a very small Higgsino
content to the LSP. The annihilation cross section today clearly resembles the inverse of the

026 cm3 s~ 1. Neither the relic abundance

thermal relic density, with expected values ~ 1
nor the annihilation cross section today depend strongly on the fermion mass; therefore

these results are approximately valid for all lepton final states.
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Figure 6.2. The dependence of (a) the neutralino relic density and (b) the neutralino
annihilation cross section today on the smuon L-R mixing angle, «, and the CP-violating
phase, @, for my = 100 GeV, m;, = 120 GeV, and m;, = 300 GeV.

6.4 Cosmology and collider constraints

To gain insight into how general these features are, we can marginalize over the rel-
evant masses and examine the constraints on the mixing angle and CP-violating phase.
The three different charged lepton scenarios are shown in Figure 6.3 for the y channel
and Figure 6.4 for the e and T channels. In each case, the greyed regions are excluded
because the relic density would exceed the 20 upper limit measured by Planck. The blue
and red regions are favored by constraints on the electric and magnetic dipole moments,
respectively.

We see from Figures 6.3 and 6.4 that applying the constraints in Egs. (6.1) and (6.2) to
Eq. (5.7), annihilation to muons or taus can play a significant role in dark matter anni-
hilation in the current epoch, whereas for the selectron, there are no regions that satisfy
all three constraints. For muons, constraints on the anomalous magnetic moment force
@ ~ £7m/2. In this case, the corrections to the muon dipole moment are almost entirely
CP-violating, and the contribution to the muon electric dipole moment is maximized at
2my|d, /e| ~ O(1077). As of Feburary 2017, the muon electric dipole moment experiments

are much less constraining than those of the magnetic dipole moment, making this scenario
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Figure 6.3. The favored regions for the angles for u case after marginalizing over the
smuon masses. The greyed regions are excluded because the relic density would exceed
the 20 measured value. The blue (red) show the regions for the angles where at least
one 1y, , My, mass combination produces an electric (magnetic) dipole moment within the
current bounds. For the smuon case, the electric dipole moment is not yet constraining
these models, while the purple shading shows |Aa,| < 4.5 x 107 (the £20 region that
could explain the measured value of the anomalous magnetic moment of the muon).

perfectly viable. For the T channel, constraints on both the electric and magnetic dipole
moments are too weak to be of any relevance. As such, we see that the relic density
constrains a while the dependence of the relevant parameter space on ¢ is largely trivial.

By contrast, we see that the electron channel can be largely ignored for s-wave annihi-
lation; we see that any choice of « and ¢ yielding ¢y ~ 1 pb would lead to a contribution
to either the electric or magnetic dipole moment of the electron far in excess of what could
be consistent with experimental measurements, absent some large fine-tuning with other
new physics contributions. The selectron L-R mixing angle must vanish to one part in 10°
in order to satisfy the dipole moment constraints; that is, if sin(2a) ~ 0, then the dipole
corrections are small.

Therefore, the constraints for each lepton channels can be summarized as follows:

(i) The xx — eTe™ cross section is constrained to be < 1 pb, absent fine-tuning
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Figure 6.4. The favored regions for the angles in the two different slepton cases, (a) for the
selectron and (b) for the stau, after marginalizing over the slepton masses. In each case,
the greyed regions are excluded because the relic density would exceed the 2c- measured
value. The blue (red) show the regions for the angles where at least one my , 1My, Mass
combination produces an electric (magnetic) dipole moment within the current bounds.
For the selectron, there are no regions that satisfy all three constraints, whereas for the
stau, both dipole moments constraints are too weak to provide any limits so the regions
are shaded purple (blue+red).

(ii) The xx — pt ™ cross section is constrained to be < 1 pb, absent fine-tuning, unless
CP violation is close to maximal (¢ ~ 7t/2). This constraint arises because the muon
magnetic dipole moment is much more tightly constrained than its electric dipole
moment. For near-maximal CP violation, the annihilation cross section must be less

than O(100) pb, absent fine-tuning.

(iii) The — 7177 cross section can easily be O(1) pb, or larger. For our purposes, it is
XX y p g purp

unconstrained by dipole moment bounds.

In Figure 6.5, we also examine how these observables depend on the masses of the
smuons. We again choose a dark matter mass of 100 GeV and & = 77/4 + 0.02 (the angle
that minimizes the relic density) and ¢ = /2 — 0.04. Within the grey regions, one of
the smuons would be the LSP. Contours of constant relic density are shown and the red

shading indicates the 20 region that would explain the measured value of the anomalous
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magnetic moment of the muon. For light smuons, the maximum size of the electric dipole
moment would be of order 10~?, which is well below the current limits and is not shown
for clarity. We are thus able to find viable regions of parameter space for the light smuons
that satisfy all constraints (including the relic density) and can even explain the measured

value for the anomalous magnetic moment of the muon.

6.5 Corrections to the SM lepton masses

If the slepton mixing angle « is allowed to be non-zero, then there will be a new
contribution to the mass correction for SM leptons arising from the diagram in Figure 6.6,
with the bino and sleptons running in the loop.

Note that this contribution includes a term which does not scale as the bare lepton
mass, implying that a small lepton mass is no longer technically natural. Essentially, chiral
symmetry no longer protects the fermion mass because it is broken by the scalar mass
mixing term. However, this correction is not logarithmic in the cutoff scale; the leading
contributions from the two diagrams with the two slepton mass eigenstates running in the
loop cancel (analogous to the Glashow-Iliopoulos-Maiani mechanism). This contribution
to the mass correction is then given by

Smy ~ X Re(ApAL) sin(2a) log [ 2 (6.3)
16772 R ’ '

mgl

and leads to a little hierarchy problem with ~ 1% fine-tuning. We make no attempt to
address the flavor or naturalness problems of the SM, however, and thus will not treat
this little hierarchy problem as an obstacle. Similarly, we assume a priori that mixing is
only allowed between sleptons of the same flavor, thus ensuring that no new FCNCs are

induced.

6.6 Indirect detection constraints
The dark matter particles in our models will annihilate primarily to charged leptons (or
neutrinos) leading to possibly detectable signals at indirect detection experiments. Strong
constraints on dark matter annihilation in the current epoch are placed on these models by
gamma-ray searches as well as by the nonobservation of distinct bumps in the otherwise

rising positron fraction. In this section, we mainly focus on gamma-ray signatures.
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Figure 6.5. The dependence of the relic density and anomalous magnetic moment on
the masses of the two smuons for the case of a 100 GeV dark matter particle with
« = 7/4 4 0.02 (the angle that minimizes the relic density) and ¢ = 7/2 — 0.04. The
grey region is disfavored because the smuon would be the LSP. The labeled contours show
the relic density and the red shading indicates the +2¢ region that would explain the
measured value of Aa,. For this scenario, the size of the electric dipole moment would
be of order 10~?, which is well below the current limits and is left off the plot for clarity.

Figure 6.6. Feynman diagram for the mass correction.
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6.6.1 Monoenergetic y-ray searches

In this section we consider the gamma-ray signals arising from the processes xx —
ffv, vy, and yZ in the most general case, including nontrivial fermion mass and non-
trivial left-right mixing and CP-violating phase for the charged mediators. In the fol-
lowing discussion, we will focus on several benchmark models, displayed in Table 6.2.
We take my, = 100GeV, m A= 120GeV, and m h= 450 GeV for models A, B, and C,
which are consistent with a supersymmetric implementation of the Lagrangian in Eq. (2.4),
while m, = 100GeV, m A= 102.5GeV, and m h= 450 GeV for models D and E, which
are explicitly nonsupersymmetric due to the couplings A; g and, in the case of model
E, an additional heavy fermion. Note that for all of these benchmark points, the new
charged particles are fully consistent with constraints from the LHC and LEP. Benchmark
E presents an interesting case, as it contains a new charged fermion with m; = 105GeV.
Such a particle is within the energy reach of the LHC, and one must worry if such a particle
would already be excluded by current data. But LHC sensitivity to new charged particles
depends greatly on the particle decay chains; it is easy to choose a decay scenario for which
f would escape current LHC limits. For example, if the new 105 GeV fermion decayed to a
SM charged lepton and a new ~ 100 GeV invisible scalar, then this charged fermion would
escape detection for the same reason that light sfermions do in the compressed spectrum
scenario. The new invisible scalar need not contribute to dark matter, or even be long lived,
provided its lifetime is long enough to decay outside the detector. We will not focus further
on this particular decay scenario, which we describe only to demonstrate that benchmark
E can be completely consistent with LHC constraints. For models where i/ is even larger,
LHC constraints may be more easily satisfied, without qualitatively changing the analytic

results we obtain.

Table 6.2. Benchmark models considered in the following discussion.

Channel AL AR % @ Marker
A utu~ /2 Star
B ThTo V2Yrg' | V2Yrg' | m/4 | 0 Circle
C /2 Cross
D utu 0.8 0.8 /6 | /2 | Square
D’ 0.75 0.75 Diamond
E | ff, my=105GeV 2 2 /4 | 3rt/4 | Triangle
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In the following subsections, we examine the line signal strengths in the context of dif-
ferent SUSY and non-SUSY models. The search for line signals of dark matter annihilation
has been one of the primary goals of various ground-based and satellite-based experi-
ments. In general, the ground-based atmospheric CTA [206,207] are most effective for
dark matter that is somewhat heavier than 100 GeV. For example, with 500 h of observing
time, CTA will be sensitive to cross sections ~ 107 cm®s~! for dark matter with mass of
~ 300 GeV annihilating to 777~ in the Galactic center region [245]. Due to its much lower
energy threshold, the Fermi Gamma-Ray Space Telescope is better suited to study dark
matter masses in the range 0.1 to a few hundred GeV, which is the range we are interested
in here. For m, < 100 GeV, the Fermi LAT has set a limit on the thermally averaged
annihilation cross section to 7y of (00),, ~ 1072 ~ 107¥cm?®s~! with the 95% CL
containment spanning approximately one order of magnitude using the PASS 8 analysis of
5.8 years of data [26]. However, this limit, as well as any projected sensitivities, is sensitive
to the dark matter profile of the Milky Way halo and may move up or down by about
one order of magnitude for different profiles. We hope that the sensitivity to (cv).,., will
be improved with additional data and/or new technology. Future satellite-based experi-
ments GAMMA-400 [208] and HERD [246] are expected to reach (00),, < 1078cm3s™!
for m,, = 100GeV. In addition, each of these experiments is expected to have energy
resolution of ~ 1%, which is much better than Fermi-LAT’s (~ 10% at 100 GeV), making it
possible to distinguish between a sharply peaked IB spectrum and a true line signal.

We first consider the SUSY case, as in Ref. [202], where f and f are SM leptons and
MSSM sleptons, therefore denoted as ¢ and 7 in this subsection. In Figure 6.7, we display

the cross sections (a) (0v).,., and (b) (0v)., as functions of a for ¢ = 0, 1/2, and 7. Since

7Y
(0v), 7 is only mildly sensitive to the CP-violating phase, ¢, we show the cross section as
a function of ¢ for & = 7/4 in the inset of the right panel. Turning first to the left panel,
we see an increase of (0v), ., by a factor of 6 as « ranges from zero to /4 at ¢ = 7/2
(and as much as a factor of 2 10 over the full range of & shown). For the T channel,
displayed in Figure 6.7, the dependence on ¢ is significant (in contrast to the y channel):

Ata ~ 1t/4, (0v),,. varies by a factor of 2 as ¢ ranges from zero to 7r/2. Turning to the

Y
right panel, we see that there is an increase in (0v),, by about a factor of 16 for a = 77/2

relative to &« = 0. This arises from the fact that Yg = 2Y;: for a = 71/2 (& = 0), the lighter
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scalar mass eigenstate consists entirely of the right-handed (left-handed) component, the
contribution to the cross section of which is proportional to Yfi (Yf). This enhancement is
possible only when the two-body annihilation cross section is suppressed (¢« = nsm/2 for
n odd), and thus the relic abundance of binos is too large. If another mechanism, such as
coannihilation, helped to lower the relic abundance, or if dark matter were nonthermal, it
may be possible for the line signal to be much larger than that suggested by the benchmark
points. As we see in the right panel of Figure 6.7, the dependence of (0v)., on the CP-
violating phase is not as significant as it is for annihilation to <y, even for the T channel.

In Figure 6.8, we display a contour plot of (0v)., with respect to the chiral mixing,

7Y
«, and CP-violating phase, ¢. The regions of parameter space in which the dark matter
is a thermal relic are shaded blue, and, for the y channel, the regions compatible with
the measurement of the muon anomalous magnetic moment are shaded red /magenta (for
the T channel, the dipole moment measurements do not constrain the parameter space).
Benchmarks A, B, and C are also marked.

Unfortunately for the SUSY case, these monochromatic photon signals lie well below
the current experimental sensitivity. Nonetheless, it is worth considering the possibility
of an eventual detection. As discussed in Sec. 4.2, once a statistical excess of these line
signals is observed, and if the dark matter mass lies in the range my < m, < 140GeV
(for Fermi-LAT) or < 450GeV (for GAMMA-400 or HERD), the ratio of the dark matter
annihilation cross section into 7y and yZ will be of significant interest for determining the
nature of the dark matter particle and the theory of physics beyond the SM in which it
resides. Indeed, this ratio does not suffer from astrophysical uncertainties in the dark mat-
ter distribution in our Galaxy [209]. In Ref. [247], a wide range of MSSM parameter space

is examined, and an attempt is made to use the ratio of 2 (0v)., / (0v), , to distinguish

7Y
among coannihilation, funnel, and focus point scenarios in mSUGRA, as well as within
more general MSSM scenarios.

Following the same line of analysis, we plot the annihilation cross section to 7y (left)

and the ratio 2 {(¢v),, / (0v),, (right) as functions of the slepton masses in Figure 6.9 for

7Y
the y (top) and T (middle and bottom) channels for m, = 100 GeV and « = 77/4. In the top
panels, we display the y channel with ¢ = 77/2 and in the middle and lower panels, we

display the tau channel with ¢ = 0 and 77/2, respectively. In the left panels, we display the
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Figure 6.7. The dependence of (a) (¢0v), ., and (b) (¢v),, on a and ¢ for SUSY bino dark
matter with coupling only to T and 7.
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Figure 6.8. The dependence of (0v),, on the slepton mixing angle, «, and the CP-violating
phase, ¢, for (a) the u channel and (b) T channel, for the SUSY case A = 2Ag. In
each plot, the blue stripe indicates the region that satisfies 0.11 < Qh?> < 0.13. In
the u channel plot (left), the light magenta region of our parameter space leads to
128 x 10711 < a, < 448 x 10~ which resolves the issue of the muon anomalous dipole
moment. In the light red region, we have instead —448 x 1071 < a, <128 x 10~ which
neither solves nor exacerbates the discrepancy between the observed muon anomalous
magnetic moment and the SM expectation. For the T channel, the dipole moment mea-
surements do not constrain the parameter space. The red markers (star, circle, and cross)
indicate the positions of our benchmark models (A, B, and C, respectively).
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Figure 6.9. The dependence of the xx — <7 cross section (left) and the ratio
2(0v),, / (0v). ; (right) on the slepton masses for the SUSY case, A, = 2Ag. The black
markers in each plane indicate the positions of our benchmark points. Note that in three
of the plots we have used a log-scaled color function.



96

3

XX — 77 cross sections in units of 1073 cm® s7!, while in the right panels we show the

ratio 2 (0v), ., / (00),7. The parameter space that accommodates thermal relic dark matter

Y
lies between the thick dashed contours that cut diagonally across each plane. As expected,
(0v).,., decreases as the slepton masses increase. Similarly, the ratio 2(cv),. / (0v).

increases as the difference between m; and m;, increases. 2 (o), / (0v), is larger than

7Y
17.0 for ¢ = 0 in the T channel. Although not presented in Figure 6.9, this approximately

holds true for the i channel as well. In the case of ¢ = 7/2,2(0v).,., / (0v), , is greater

Y
than 26 for the y channel and greater than 28 for the T channel. By contrast, in the coanni-
hilation region in mSUGRA, 2 (0v).,., / (00). , ranges from 7-12 (see Figure 5 in Ref. [247]).
It is therefore possible that if both the <y and -y Z lines are observable, the ratio of the signal
strengths could be used to distinguish between, for example, the coannihilation region and
a model similar to the Incredible Bulk. Though these scenarios could, in principle, also be
distinguished by the cosmic-ray signal arising from xx — ¢*¢~, such a signal would be
subject to astrophysical uncertainties and would therefore leave much room for doubt.

In summary, the xx — 7y cross sections increase by a factor of ~ 2 as ¢ varies from

0 to 71/2, as does the the ratio 2 (0v).., / (0v), , (since the xx — 7Z cross section is

7Y
insensitive to the value of ¢). As the slepton masses increase, (0v), ., becomes smaller,

while 2 (00), . / (00), ; increases as the difference between m; and m;, increases.

Y

There are two other scenarios we consider, beyond the Incredible Bulk scenario of
binolike dark matter in the MSSM, in which the monoenergetic gamma-ray line signals
are particularly interesting: f = u (benchmark D), and ms > m, (benchmark E), each
with arbitrary but perturbative couplings. If m; > m,, as in benchmark E, the processes
xx — ff(v) are kinematically forbidden, and the processes xx — 77y, 7Z will be the most
important for indirect detection.

If f = u, as in benchmark D, then the process xx — u" u~ produces few photons or an-
tiprotons through final state decay. As a result, the 2 — 2 cross section is constrained only
by positron searches and dipole moment constraints. Tight constraints on the xx — u*p~
cross section have been presented in the literature based on AMS-02 positron searches [16],

which would require (0v) ., < 1 pb. But these analyses have relatively large systematic

prp
uncertainties arising from assumptions about the sources of astrophysical backgrounds

and propagation effects [248]. A full discussion of these issues is beyond the scope of this



97

work, but it suffices to note that gamma-ray signal arising from the process xx — vy, vZ
is much cleaner than the positron signal arising from the process xx — u*u~, particularly
since the gamma-ray signal can point back to sources which are well understood, such as
dwarf spheroidals. As a result, these gamma-ray signals are of interest even for large a and
AL, where the xx — ptpu~ cross section would be in tension with analyses of AMS-02
electron flux data. Note, however, that this rationale would be less compelling in the case
where f = 7, as in this case, the process xx — 777~ can produce gamma-ray signals from
dwarf spheroidals, arising from hadronic T+ decay.

In Figure 6.10, we show the cross section for the process xx — 77y as a function of a
and ¢ for benchmark E. We see that Fermi line searches [26] tend to constrain models with
large left-right mixing and small CP violation. Note that this is in contrast to the case of
my < my, where larger CP violation tends to lead to a larger (0v), . cross section. Future
experiments with a larger effective area and/or energy resolution could improve on these

sensitivities.

In Figure 6.11 we plot, for the u channel, the asymmetry ratio

o(++) —o(——)

R= o(++)+o(——)

, (6.4)

where o(£+) is the annihilation cross section with two positive or negative helicity final

0V, (x10728cm’/s) for BSM lepton

€ NMH
IS

Figure 6.10. The cross section for the process xx — 7y with m; > m,. Benchmark E is
labeled by the triangle. Here and in the following figures, the Fermi line constraint is taken
as 4 x 1078cm3/s for m, = 100 GeV [26].
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state photons. Note that this ratio is independent of the common scaling of A; and Ag.
As expected, this asymmetry is maximized at large left-right mixing and the maximal
CP-violating phase. At its maximum, the asymmetry is ~ 2%, which is larger than one
might naively expect from the m/m, suppression of the CP-violating term in the matrix
element. This arises because the loop integral relevant for the CP-violating term happens
to be about an order of magnitude larger than the integral which is relevant for the CP-
conserving term in the my < my limit. If we have m 7 > my > my, as in benchmark E,
then R is identically zero, as expected from the optical theorem. The detailed reason is that
beyond the branching point m; = my, all the loop integrals are real, and the amplitudes of
the (++) and (——) final states are conjugate with each other and lead to the same cross
section. See the Appendix for details.

In Figure 6.12 we plot the asymmetry ratio R for Benchmark D, except that we instead
take f = 7. In this case, as expected, the asymmetry is about an order of magnitude larger,
because the m/m, suppression factor is about a factor of 10 larger. Note that the cross
section asymmetry is linear in this suppression factor, since it arises from the interference of
the CP-conserving and CP-violating pieces. Although the asymmetry is more pronounced
in this case than in the case where the fermion is a muon, the couplings A r are also more
tightly constrained in this case due to tight bounds on the process xx — "7~ arising
from Fermi searches for the continuum photons from 7-decay via a neutral pion [8,249].

In particular, we find the most general spectrum for internal bremsstrahlung, which
interpolates between the regimes dominated by virtual internal bremsstrahlung and by
/ (00)

helicity asymmetry in the yx — <y process, each as a function of the mixing angle and

final state radiation. We also examine the variation in the ratio 2 (cv) » and the

Y v

CP-violating phase.

Here, we present our results for the bremsstrahlung and other prompt photon emis-
sions arising from dark matter annihilation to fermions and monochromatic emissions
from annihilation to vy and yZ. By prompt emission, we mean the photons produced
directly at the dark matter annihilation, including, for example, the hadronic decay of the
final state T£. On the other hand, the photon emission due to inverse Compton scattering
and bremsstrahlung in the Galactic electromagnetic fields (so-called secondary emission),

which depends on modeling of the dark matter distribution and cosmic-ray propagation, is
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Figure 6.11. The asymmetry ratio R for the y channel xx — 77 process. The left panel
shows Ag = 2A1, while the right panel shows A; = Ag. Benchmarks A and D are labeled
by the star and square, respectively.
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Figure 6.12. The asymmetry ratio R as in Figure 6.11, but for the T channel, with Ag = 2A;.
Benchmarks B and C are labeled by the circle and cross, respectively.
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not included, since explaining certain gamma-ray signals at particular regions of galaxies
is not our intention.

We would like to make a few general comments regarding the sensitivity of the dark
matter annihilation cross sections into 7y and yZ to scalar chiral mixing and CP violation.
First, both cross sections decrease as the scalar masses increase. Thus, to make a sizable line
signal, we need to have at least one scalar mass not too much heavier than the dark matter.
If they are very degenerate, of course, coannihilations, not considered here, would also
play a role in determining the relic density. Second, the ratio 2 (¢v).,., / (0v), , increases as
the difference between the two scalar masses increases. As a very crude estimate, this ratio
is approximately 2 tan~2 6y ~ 7, which works well at no mixing. However, by varying the
mixing angle and CP-violating phase, we can make it as large as 40 within the MSSM.

The Fermi collaboration has recently released the strongest constraints on dark matter
annihilations to leptons in the GeV to TeV mass range by looking at 25 Milky Way satellite
galaxies [250]. There are currently no planned gamma-ray experiments that would lead to
significant improvements on these indirect detection limits in the channels relevant to our
models. The Gamma-400 satellite will have significantly better angular and energy resolu-
tion than the Fermi LAT, allowing it to perform very sensitive searches for strong spectral
features such as gamma-ray lines [251]. The effective area will be smaller, however, leading
to only minor improvements in the limits in the channels relevant to our models [252].

The prospects for indirect detection of these models are quite good. The sensitivity of
the Fermi telescope to gamma rays from dwarf galaxies [250] is relevant really only for the
case of annihilations to taus: a 100 GeV dark matter particle annihilating with the thermal
cross section to 77t~ would be roughly a factor of 5 above the current Fermi limit. The
improved statistics due to the longer exposure and possible new dwarf galaxies discovered
in the southern hemisphere by upcoming large surveys makes this scenario potentially
detectable. The electron and muon cases are much less optimistic, however, with the
current limits more than an order of magnitude above the thermal cross section. Even the

most optimistic assumptions would put these scenarios just on the edge of detectability.
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6.6.2 Continuum ‘y-ray searches

In Figure 6.13, we plot the continuum photon spectrum for both y and 7 final states
with three different lightest scalar masses. As expected, the & = 0 case produces a hard
spectrum which falls rapidly at low energies. The peak feature is more prominent for
degenerate x and fl Moreover, the normalization of the spectrum remains stable as
mg/my — 0. Once w is large enough, the spectrum flattens due to the enhancement in
emission of soft photons. If the lightest scalar mediator (f;, without loss of generality) is
much lighter than the heavier scalar, one expects the crossover between these behaviors to

occur roughly when
2 2 4 2 /.2
tan“a X [AR/AL| (mfl/mx) log(my /m¥) ~ O(1), (6.5)

which corresponds to the point where the suppression of soft FSR due to the small mixing
angle is roughly canceled by the enhancement for collinear emission. Note that one expects

the hard IB signal to dominate over 2 — 2 scattering provided
tan? & x |)\R/)tL|2(mf~1 /my)* < agm (6.6)

We thus see, for example, that if m, ~ 100 GeV and f = y, then for a choice of parameters
such that the photon spectrum will interpolate between the hard and FSR regimes, the
cross section for xx — ffv with a hard photon will be O(10%) of the xx — ff cross
section. For f = 7, the high energy spectrum behaves in a similar way, but there is an
a-independent bump at the low energy end due to the photons from the hadronic decay
of T*.

To get a better idea of when the peak feature disappears, we plot in Figure 6.14 the ratio
of the photon number in the peak to the total photon number (integrated from x = 0.01
to the cutoff). To find out the peak for each «, we integrate the photon number in a bin of
which the width is 10% of its central value and slide it from x = 0.6 to the cutoff. The peak
corresponds to the maximum photon number found in this process. For f = u, we may
see that the transition happens around a ~ 77/100.

At this point, we would like to clarify the procedure used to obtain the components of
the spectra. As mentioned above, prompt photon emission can also come from the decay

of the charged SM particles produced by dark matter annihilation. The prompt photon
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Dependence of the continuum photon spectrum on a for the process
XX — ff7. The left panels show the y channel and the right show the T channel. The three
71 masses correspond to y1 = 1.01, 1.05, and 1.44. We take A; = (1/v/2)g’, Ar = V/2¢'.
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Figure 6.14. The photon number fraction in the peak of u™u~ 7 final state for three
different lightest scalar masses. The model parameters are the same as in the left panel
of Figure 6.13.

spectrum is usually simulated by event generators such as PYTHIA, which first create the
tinal state phase space for the decay of a hypothetical boson with various branching ratios
into SM particles, then simulate the prompt evolution of the final state, and finally return
the resultant photon spectrum. In particular, the FSR of the decay, as the leading order
contribution, is thus captured by the simulation. But in our calculation of bremsstrahlung,
FSR is necessarily included in order for the calculation to be gauge invariant. Thus, as in
Ref. [212], we must subtract the FSR from the PYTHIA decay spectrum before adding the
bremsstrahlung spectrum.

Moreover, the gamma-ray signals from dark matter annihilation in this scenario are
often crucial to observational strategies, because gamma-ray signals are relatively clean,

and because the direct annihilation process xx — ff is often suppressed.

6.6.3 Constraints from the Fermi-LAT <y-ray search data
In Figure 6.15, we plot the Fermi-LAT exclusion contours for f = p in the (a, ¢)
plane for Benchmark D with Ay = Ag = 0.8 and y; = 1.44 and Benchmark D’ with
AL = Agr = 075 and p; = 1.05. Since the Fermi-LAT analysis searches for photons,
and muon decay produces few photons, this is essentially a search for the xx — ffvy

(for these parameters, the monoenergetic photon final states are subdominant). For the
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Figure 6.15. The total IB cross section for (a) 1 = 1.44and A = Ag = 0.8 and (b) y; = 1.05
and A = Ag = 0.75. Atlarge mixing, both models are constrained by the Fermi continuum
limit; At « ~ 0, 71/2 and 7, the spectrum of (b) is linelike so it is also constrained by the
Fermi line limit. The benchmarks D and D’ are labeled by the square and diamond. The
Fermi continuum limit is taken from Ref. [27].

parameter range displayed, the maximum cross section for xx — pu~ 7y in the (a, ¢)-
plane is ~ 1.4 x 107®cm?/s. For u; = 1.44, the cross section for process xx — pu~ is
(20.9 pb) x sin? 2&. The continuum limit arises from a stacked search of dwarf spheroidals
for photons with E > 1 GeV and follows the analysis of Ref. [27]. Although this is not the
most recent analysis and does not provide the most stringent limit from dwarf spheroidals,
it is applicable here because it makes no assumption about the photon spectrum. Con-

straints are phrased in terms of a particle physics factor, ®pp,

Dpp = % /1 dx (dN> ' (6.7)
87'[1’}172( X dx ) cont.

We take the constraint on ®pp from Ref. [27],
Ppp = 5.0733 x 107 em?s ™! GeV 2.

For the y final state, with small mixing angle, ®pp can be approximated by

~ (00)1p

2 7
87””)(

(6.8)

such that it can be directly translated into an upper limit for (0v);z;. For small «, the IB

spectrum for y; = 1.44 (left panel of Figure 6.15) might just marginally display a linelike
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teature, while for 1 = 1.05 (right panel of Figure 6.15), the spectrum is hard enough that
it can be constrained by the Fermi-LAT line search [26]. The spectral features of both cases

can be understood in light of Figure 6.13.

6.6.4 Constraints from cosmic ray e fraction data

Strong constraints have also been derived from the nonobservation of bumps in the
cosmic ray positron fraction due to dark matter annihilation by the AMS-02 [16]. Although
the rise in the cosmic ray positron fraction remains unexplained, and could itself be due
to dark matter with a mass large enough that a cutoff in the spectrum is not yet observed,
lighter dark matter (S 100 GeV) would produce a bump with a cutoff at the dark matter
mass if the annihilation rate is sufficiently high. Because the data are of extremely high
quality, and no such bumps are observed, a limit on the annihilation cross section can
be derived for any dark matter model. For annihilations of 100 GeV WIMPs to charged
leptons, the constraints are near or even below the nominal thermal annihilation cross

section, (0v) = 3 x 1072® cm® s7!, as shown in Figure 1.8. For annihilations of 100

therm
GeV dark matter particles to u"pu~, (0v) 2 2 x 10726 cm® s7! is excluded. Though it
is certainly possible for our scenario to have escaped detection, a modest improvement
in this constraint may completely exclude our case of light smuons, assuming the only
annihilation channel accessible is xx — utpu~. For light staus, the current constraints
are still a factor of a few above the thermal annihilation cross section, so those models
are viable and will remain so for quite some time. And in all cases, the constraints are
uncertain by a factor of a few in either direction due primarily to the lack of knowledge
about the local density and the energy losses experienced by cosmic rays as they propagate
throughout the Galaxy. Of course, if annihilations proceed to more than one final state,
for example with some nonzero branching fraction to both muons and taus, then the
constraints from indirect detection weaken in proportion to the branching fraction. We

note that the constraints on lepton dipole moments would remain as presented, as they

are not sensitive to the annihilation rate.

6.6.5 Constraints from the CMB power spectrum data
If dark matter particles annihilate at a sufficiently high rate, energy injection from DM

annihilation can alter the recombination history, leading to changes in the temperature and
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polarization power spectra of the CMB. CMB anisotropies offer an opportunity to constrain
the nature of DM [17, 18, 253]. One of the benefits of this indirect detection technique is that
it does not suffer from the astrophysical uncertainties of local signals. Furthermore, CMB
experiments such as Planck can achieve limits on the annihilation cross section that are
relevant for the interpretation of the rise in the cosmic-ray positron fraction at energies
E.+ 2 10GeV observed by the PAMELA, Fermi, and AMS. The Planck data exclude at 95%
confidence level [50] a thermal relic cross section for light WIMPs of mass: m, < 44 GeV
annihilating into eTe™; m, < 16GeV annihilating into u*u~ or bb; and m, < 11GeV
annihilating into T+7~. However, the constraints weaken for larger WIMP masses. For
instance these constraints are still roughly an order of magnitude above a detectable signal
for thermal 100 GeV dark matter annihilating into charged leptons. That analysis also

shows that even a cosmic variance limited CMB experiment would still be a factor of a few

above detection for a thermal 100 GeV dark matter particle.



CHAPTER 7

CONCLUSION

In this dissertation, we have considered a minimal leptophilic version of the MSSM,
in which the parameters of the squark and slepton sector are decoupled. In particular, it
is assumed that the squarks have large masses which are chosen to satisfy experimental
constraints from the Higgs mass measurement, direct collider searches, and rare B decays.
The parameters of the bino-slepton sector can then be chosen to address the now decou-
pled problem of achieving the correct dark matter relic density. The relic density depends
only on the bino and slepton masses and the slepton mixing angle. In this simplified sector,
there arises a new bulk-like region, in which the correct relic density is achieved with bino
dark matter that annihilates through light mediating sleptons. The key region of parameter
space is m, ~ mj ~ 100 GeV, with maximal L-R slepton mixing.

The most relevant constraints on this scenario arise from direct slepton searches, and
from the contribution of bino-slepton loop diagrams to SM lepton dipole moments. In
particular, the only channels for which the dark matter annihilation cross section in the
current epoch could be ~ 1 pb (subject to the above constraints) are Tt~ and u"u~.

Moreover, if (ov) ~ 1 pb, then there must be large CP violation in the smuon

XX H”
sector. p-wave suppressed dark matter annihilation to electrons could be relevant to dark
matter freeze-out, but must be unobservable in the current epoch.

We have also considered the implications of this scenario; in particular, possible gamma-
ray signatures from dark matter annihilation. We have studied the effect of chiral mixing

and a CP-violating phase on the gamma-ray signals from dark matter annihilation into

vy and yZ, as well as the internal bremsstrahlung spectrum associated with dark matter

This chapter is adapted from published articles: Phys. Rev. D 90, 095007 (2014). MSSM Dark Matter and a Light
Slepton Sector: The Incredible Bulk. K. Fukushima, C. Kelso, |. Kumar, P. Sandick, T. Yamamoto. (©Owned by the
authors, published by American Physical Society, 2014. and Phys. Rev. D 94, 015022 (2016). Gamma-Ray Signals
from Dark Matter Annihilation via Charged Mediators. ]. Kumar, P. Sandick, F. Teng, T. Yamamoto. (©Owned by the
authors, published by American Physical Society, 2016. With kind permission of the American Physical Society.
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annihilation into a fermion pair.

We have found that varying the mixing angle results in a prompt photon spectrum
for the process xx — ff7 which interpolates between the standard regimes which are
dominated by either virtual internal bremsstrahlung or soft/collinear final state radiation.
In some regions of parameter space, this deviation from the standard spectrum will be
observable, and can provide a clue as to the relative strength of deviations from minimal
flavor violation in the underlying theory. For the 2 — 3 annihilation process, although the
chiral mixing angle is very important in determining the spectrum, the CP-violating phase
is less so.

On the other hand, the mixing angle and CP-violating phase are both important for
monoenergetic annihilation signals. In particular, varying the mixing angle will change the
relative branching fractions to the final states -y and yZ. For sufficiently large couplings
in the simplified model, this effect could be observed in future experiments with excellent
energy resolution.

Interestingly, a nonvanishing CP-violating phase can result in an asymmetry in the
left- vs. right-circularly polarized photons arising from dark matter annihilation. Cur-
rent gamma-ray instruments are not capable of detecting such polarization for the energy
range of interest. Experimental study of this scenario would require a new strategy. Mo-
noenergetic photon signals from dark matter annihilation are sometimes considered the
ultimate “smoking gun” for indirect detection; it would be interesting to further study the
feasibility of observing the polarization asymmetry in this channel, which is a hallmark of
CP-violation.

We present, for reference, a summary of the dark matter abundance and relevant anni-
hilation cross sections for the benchmarks discussed throughout this dissertation in Ta-
ble 7.1. Here, U. B. and O. B. denote underabundant and overabundant, respectively.
(0v)y is integrated from x = 0.2. Note that all models satisfy the constraints on the
dipole moments of the SM leptons, with the exception of Benchmark A, which does not
exacerbate the problem of the muon anomalous magnetic moment, but also does not
produce the measured value. If ¢ is shifted sightly to 0.497, a,, will fall into the 20 range of
current experimental measurement, while all the other quantities in the table above remain

nearly unchanged. It would be interesting to consider the implications for this scenario if



Table 7.1. Physical quantities derived from our benchmark models.
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Model (00) ps pm (00) g Qch? (o) (00).,7
x10726em3/s | x107%” ecm3/s | (thermal) | x10728cm3/s | x10732cm3/s
A 2.127 4917 0.1156 | 4.256 x 10> 2.89
B 2.010 2.872 0.1212 2.662 x 1073 3.03
C 2.128 3.046 0.1155 4513 x 1073 2.88
D 46.95 108.5 U. B. 8.019 x 102 —
D’ 53.53 124.7 U. B. 0.1355 —
E Forbidden Forbidden O.B. 2.9370 —

AMS-02 were to find evidence for dark matter annihilation to electrons or muons with
(cv) ~ 1 pb, but not to taus or hadronic states, which could be distinguished by the
absence of the associated photons. If interpreted within the framework of the MSSM,
this data would imply that the LSP was largely bino-like, since any significant Higgsino
or wino fraction would result in the production of hadronic final states which would
yield anti-protons. Moreover, if the only final states consistent with the cosmic ray data
were muons and electrons, then we could in fact conclude that the final state consisted of
muons and that the mass of the smuons must be relatively light (O(100)GeV). A large bino
annihilation cross section to electrons would imply light selectrons and L-R mixing, which
is ruled out by the electron electric and magnetic dipole moment bounds (absent some
large fine-tuning). Finally, we could conclude that there was large L-R smuon mixing (in
order to allow such a large annihilation cross section), and large CP-violation (in order to
evade tight bounds from the measurements of the muon magnetic dipole moment).

It is remarkable that so much information could be gleaned about the parameters of the
MSSM in this new bulk scenario with only data from AMS-02, even without new data from
the LHC. But this new bulk region could be sharply probed in the next physics run of the
LHC. If the mass of the lightest slepton can be constrained to be larger than ~ 150 GeV,
then it would not be possible to explain the observed dark matter relic density without

coannihilation in the early Universe, and/or a nontrivial wino/Higgsino fraction.
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