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Preface

Dark Matter (DM) is a mysterious massive source that occupies about 85 % of the matter
components in our universe. One of the most promising DM candidates is Weakly Interacting
Massive Particle (WIMP), which interacts with the ordinary matter and is thermalized in
the early hot universe. Electroweakly-charged DM candidates, in particular, are well-studied
because these candidates often appear in scenarios motivated to solve hierarchy problems such
as theories with supersymmetry and extra-dimension. These candidates are directly related
to physics beyond the Standard Model (SM). Therefore, identifying DM quantum numbers
should be crucial hints not only to narrow down the theoretical possibility for DM interactions
but also to probe the physics behind DM. One interesting scenario for DM identification is
the discrimination of spin-1/2 and spin-1 signatures predicted from the SU(2), triplet DM
with Y = 0, which corresponds to the Wino DM (spin-1/2) in the Minimal Supersymmeric
SM and the Kaluza-Klein electroweak boson (spin-1) in the extra-dimensional scenario.

In this thesis, electroweakly interacting spin-1 DM and its experimental signatures are
studied to investigate the possibility to discriminate DM spin in the above scenarios. We use
the simplified model that realizes the essential features of DM candidates in extra-dimensional
setups. We focus on DM annihilation processes to determine the viable range to obtain
correct DM thermal relic abundance and the achievable region in the next-generation DM
indirect detection. It is well-known that the electroweak potential relevantly affects the
non-relativistic (NR) DM annihilation cross section, which is called the Sommerfeld effect.
To include this effect, we derive the NR effective theory to describe DM pair annihilation.
Solving the Schrodinger equations for two-body states composed of DM multiplets, we numer-
ically obtained the predictions on DM annihilation cross sections including the Sommerfeld
effect. We studied the DM annihilation in the early universe to evaluate predictions on DM
thermal relic abundance. Due to the difference in spin-statistics, signs of the @) = 1 two-
body state potentials are different between spin-1/2 and spin-1 DM system: A spin-1/2 DM
pair have the attractive potential, while a spin-1 DM pair feels repulsive potential. Since
spin-1 DM may have J = 2 partial wave cross section, where .J is the total spin of two-body
states, the larger annihilation cross section is predicted compared to the spin-1/2 DM can-
didate. In our leading order calculation, the correct thermal relic abundance is predicted by
mpum =~ 3.1 TeV (mpy 2 3.4 TeV) for the spin-1/2 (spin-1) DM candidate. We studied the
monochromatic gamma-ray signatures and reveal the current constraint and the achievable
region in the future gamma-ray observation. We also found that the heavier neutral spin-1
particle (Z'), which is often associated with spin-1 DM theory, may play an important role
in DM identification. If spin-1 DM pair may annihilate into Z’ and a photon, the separable
two monochromatic peaks are predicted in the photon energy spectrum. The peak loca-
tions are determined by masses of spin-1 DM and Z’, and thus we can reconstruct the mass
spectrum in this theory. Considering the energy resolution, we specified the region where
separable two peaks may be probed in the Cherenkov Telescope Array. Our analysis of the
simplified model is straightforwardly applicable for extra-dimensional theories that predict
electroweakly interacting spin-1 DM candidates, which will be completed in our future work.
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1 Introduction

Since the lack of gravitational source in the clusters of galaxies is pointed out in the 1930s [,
2], we have found overwhelming evidence of dark matter (DM). The various astrophysical ob-
servations such as the rotational curves of the galaxies [3, 4] imply existence of DM indirectly.
These experiments suggest the following qualitative features of DM:

e DM should be electrically neutral because we can not directly detect it in astrophysical
observations.

e DM should behave as a matter component in the structure formation of galaxies, which
is called cold DM, to be consistent with the numerical n-body simulation.

e DM is stable or sufficiently long-lived to survive in the current universe.

Besides, we know one more quantitative fact on DM. Assuming a specific cosmological model,
we can determine the ratio of the DM energy density in our universe by observing the Cosmic
Microwave Background (CMB). According to the latest analysis assuming the ACDM model
by the Planck collaboration [6], DM is a dominant matter content and occupies a quarter of
the energy density in the universe. There is no suitable candidate that satisfies all the above
conditions in the Standard Model (SM) of particle physics, and thus we need to extend the
framework to explain the mysterious matter component.

One interesting possibility is that DM is embedded in a theoretical framework of physics
beyond the SM (BSM), which is motivated to solve problems in the SM framework. Various
DM candidates, indeed, are proposed and studied in various contexts. If we obtain signals
of DM in upcoming experiments, the next step should be an identification of DM from these
various candidates. To archive this goal, it is essential to reveal the distinctive signatures from
each DM candidate. Understanding the nature of DM could provide significant information
on an underlying physics. In particular, it could give implications for other mysteries in our
universe such as the matter-antimatter asymmetry and the origin of neutrino masses.

One of the most promising DM candidates is Weakly Interacting Massive Particle (WIMP),
and its thermal history is called WIMP scenario. In this scenario, DM is assumed to have
interactions with ordinary matter and to be thermalized in the SM plasma in the early uni-
verse. Once we put this assumption, DM physics is independent of the initial conditions of
the universe, such as mechanisms of inflation and reheating, and thus this scenario is highly
predictable. The theoretical predictions can be tested through the various interaction chan-
nels such as scattering, annihilation, and production processes. These experimental searches
would also be powerful tools for DM identification.

Electroweakly interacting DM is one attractive class of WIMPs where DM mainly interacts
with the SM particles through electroweak couplings. The minimal framework to study this
hypothesis is to introduce one multiplet charged under the SU(2); symmetry, which is called
Minimal DM scenario. We may systematically assign the electroweak charges such that
electrically neutral component presents in the new multiplet. DM masses that achieve the
correct DM energy density is determined for each DM multiplet, which is about O(1) TeV
range. In this scenario, therefore, all we have to specify is DM spin to write down the



interaction theory between DM and the SM particles. The phenomenology has been studied
in many contexts [B, [, R], mainly focused on the spin-0 and spin-1/2 DM scenarios. The
most nontrivial question in this electroweakly interacting DM hypothesis is how to realize
electroweak charge and DM stability at the same time. It is because O(1) TeV DM with
electroweak decaying channels are not thermally abundant in the current universe due to
the short lifetime. This question is addressed in some BSM scenarios that naturally provide
discrete symmetry that stabilizes electroweakly interacting DM candidates. One example is
a theory with supersymmetry (SUSY). In this scenario, all the particles associate partners
with different spin-statistics. The simplest model is the Minimal Supersymmetric extension
of the Standard Model (MSSM) where all the SM matter fields are promoted to the chiral
superfields, and the gauge fields are promoted to the vector superfields, respectively. We
can define the discrete symmetry called R-parity that is depending on the baryon number,
the lepton number, and the spin of the particles [9]. The most remarkable feature of this
discrete symmetry is that all the SM fields turn out to be even while the superpartner is odd.
If this symmetry is exact, therefore, the Lightest Superpartner of the SM fields (LSP) can
be a stable DM candidate. The spectrum depends on the parameters in the model but one
popular benchmark candidate is the Wino DM. The Wino DM is the SU(2), triplet Majorana
fermion (spin-1/2) and a superpartner of the SU(2), gauge bosons. Through the electroweak
interactions, we may achieve the correct DM abundance with about 3 TeV DM mass. Another
example is a theory with extra-dimensions. The simplest extra-dimensional model is called
the Universal Extra-Dimension (UED) where the SM fields propagate in the five dimensional
spacetime with the flat metric. To realize the chiral theory with extra-dimensions, the five
dimensional coordinate y is compactified as the circle with the identification of the point
y = —y, which is called the orbifold compactification. After this compactification, the discrete
symmetry called Kaluza Klein parity (KK-parity) remains. Under this parity symmetry,
all the SM particles are even and associate the infinite number of particles with the same
quantum numbers such as spin and the charge of the SM symmetry. These particles are
called the Kaluza Klein partner (KK partner). If the Lightest KK-parity odd particle (LKP)
is electrically neutral, then it may be a stable DM candidate. Which spectrum turns out
to be the LKP is depending on the parameters in the theory but one interesting possibility
is that the LKP is the KK partner of the electroweak bosons. In this case, DM is SU(2),
triplet vector (spin-1). This minimal model and its phenomenologies are studied in Ref. [I0,
[0, 12, 3]

In the coming decades, the next-generation DM experiments such as the XENONnT,
LZ, DARWIN, and Cherenkov Telescope Array (CTA) plan to upgrade their experimental
sensitivities. The electroweakly interacting DM predicts the signals that can be explored by
these experiments. Therefore, we expect to obtain further information about electroweakly
interacting DM. As mentioned above, some electroweakly interacting DM candidates directly
relate to the BSM scenarios. We may obtain remarkable implications on a theory behind
DM if we may specify the quantum numbers of DM, such as the electroweak charge and spin,
through the experimental tests.

One of the most important scenarios is the spin separation of the SU(2), triplet DM
with spin-1/2 and spin-1, which corresponds to the separation of the Wino DM (spin-1/2)



and the KK electroweak boson DM (spin-1). One powerful tool for spin discrimination is a
collider experiment where we can produce the BSM particles directly. However, if these DM
candidates have exact odd-parity and thus, DM only appears in pair production processes.
Consequently, TeV scale DM is difficult to produce even in the current Large Hadron Collider
(LHC) experiment. Besides, the viable searching channel is an event with large missing
energy, and thus we may not extract relevant information on DM spin from final states.
Other than the collider experiments, we may infer the DM features from direct and indirect
detection experiments where we try to observe the DM signals in the Milky-way galaxies.
However, the spin-discrimination is again a challenging issue. The averaged velocity of DM
in the current universe is totally non-relativistic (NR), and thus spin-dependent features tend
to decouple from low energy signatures.

In this thesis, we study the pair annihilation processes of DM and reveal the differences
caused by DM spin. In particular, we will consider the following two annihilation processes:

(1) Annihilation of DM multiplets in the early universe to determine the prediction of DM
energy density.

(2) DM pair annihilation processes in the current universe that may be probed by astro-
physical observation such as a gamma-ray search.

There are three reasons why we consider the annihilation channels to discriminate spin-1/2
and spin-1 DM candidates: First, DM is distributed with the NR velocity, and thus the
interaction processes are dominated by the s-wave contributions. This means that, in the
NR limit, the spin-statics directly determine the symmetricity of a wave function for a pair of
DM multiplets. Spin-1/2 and spin-1 DM candidates follow different spin-statistics and have
different numbers of spin degrees of freedom, which causes viable differences in the predicted
annihilation cross section between DM multiplets. Second, as shown in (1), the current DM
energy density is one of the most important predictions because we may specify the feasible
DM mass range to explain the correct DM energy density following the WIMP scenario. If
spin dependence is relevant in the annihilation cross section, we may have a finite gap of DM
mass that can achieve the correct abundance. Third, as shown in (2), signals from DM pair
annihilation are promising searching channels of electroweakly interacting DM. We focus on
the line gamma-ray channels in this thesis because this channel provides striking DM signals
due to the following reasons: If a TeV scale DM has annihilation channels into more than
one photon, it predicts the line-like peak in the photon energy spectrum. The peak location
is determined by masses of DM and final state particles. Since there is no astrophysical
background source that predicts the line gamma-ray monochromatic peak in the expected
energy range, it is easy to search TeV scale DM signatures. Moreover, we may reconstruct
the mass spectrum of DM from the energy value of a monochromatic peak. We may have
a great chance to probe gamma-ray from DM annihilation in next-generation gamma-ray
observation such as Cherenkov Telescope Array (CTA), which is sensitive for a photon with
O(1) TeV or higher energy. Specifying the DM mass and DM annihilation cross section in
light of gamma-ray search, we may discriminate spin-1/2 and spin-1 DM candidates and may
narrow down possibilities of DM theories.



Since a DM pair annihilates with NR relative velocity in its center mass frame, perturba-
tive calculations may break down due to the effects of electroweak potential. The electroweak
potential force gets effectively larger in the NR limit of DM multiplets and distorts the wave
function of DM two-body states from the plane wave profile. This effect is called the Som-
merfeld effect, which is originally proposed for the Coulomb potential by Sommerfeld and is
applied to the Wino DM system with the electroweak potential [T4]. The potential induced
by the W boson exchanging processes realizes mixing between electrically neutral DM states,
and thus DM can annihilate into photons without loop suppression. We have to construct
NR effective theory to systematically include electroweak potential effects in the evaluation
of annihilation cross sections. The NR effective theories for spin-0 and spin-1/2 DM are
already completed in contexts of the supersymmetric DM and the Minimal DM. We may
apply the same procedures for spin-1 DM to construct an effective theory. Precise evaluation
of DM annihilation cross section in each theory is crucial to conclude the possibility of DM
spin discrimination in the next-generation gamma-ray observation. This is our motivation to
study the Sommerfeld effects in spin-1 DM systems with electroweak interactions.

This thesis is organized as follows: In Sec. B, We briefly show fundamental physics on
DM such as observational evidence. Then, focusing on WIMP DM candidate, we review
the standard thermal history called WIMP scenario and how to solve the time evolution
of WIMP in the expanding universe. In Sec. B, we review electroweakly interacting DM
candidates, in which we discuss the possibility of discrimination between spin-1/2 and spin-
1 DM with SU(2); triplet and Y = 0 interactions. These DM candidates correspond to
simplified models of the Wino DM and the KK electroweak boson DM. Section @ is devoted
to showing a formalism to describe NR DM pair annihilation including electroweak potential
forces. We briefly review matching procedures to construct a NR effective field theory and
show results for the spin-1 DM system, which is one of the main results of this thesis. In
Sec. B and Sec. B, we apply this formalism to evaluate the current DM energy density and the
annihilation cross section into photons, respectively. We show the parameter regions where
we may explain the correct DM energy density. We also specify regions where we expect
signatures in the CTA experiments considering the uncertainty of the local DM density. We
devote Sec. [ to give our conclusions. Throughout this thesis, we use the natural unit where
h=c=1.



2 WIMP Dark matter and its thermal history

We accumulated overwhelming evidence that suggest the existence of DM in our universe.
The various possibilities of DM are proposed in various contexts. One interesting possibility is
that DM is an unknown elementary particle. Besides, if DM couples to the SM particles and
is thermalized in the early universe, we may obtain predictions that are less dependent on the
initial conditions of the universe. Solving the Boltzmann equation for the DM number density,
we may derive a prediction on the current DM energy density. Requiring the predicted value
to realize the observed DM energy density, we may constrain the parameters in DM theory.
In Sec. 271, we briefly review DM evidence, which is pointed out in a wide range of the
cosmological scale. One of the most popular DM candidates is WIMP. We review the thermal
history of WIMP and summarize how to solve the time evolution of DM energy density. In
Sec. Z2, we show a more dedicated treatment of solving DM density evolution assuming
the degenerated parity-odd particles in the system. The derived formulas are necessary to
discuss the electroweakly interacting DM system where we have a nearly degenerated parity-
odd spectrum.

2.1 Dark Matter evidence and WIMP hypothesis

DM evidence is discovered in various independent astrophysical observables of various cos-
mological scales. First, the total mass of the cluster can be estimated from the visible source
in the astrophysical observation where the missing mass in our universe is discovered .
The DM existence in our universe was first claimed by Zwicky [?] through the analysis of the
dynamical mass of the Coma galaxy cluster.

Second, the rotation curves of spiral galaxies also imply a missing gravitational source [3,
4]. The spiral velocities are measured through the Doppler shift of Hydrogen 21 cm line
observations. Applying the Newton’s gravitational law for the spiral galaxy, the circular
speed v, is estimated to be

Ve = , (2.1)

where GG is the gravitational constant and M. is the mass in the range of radius r. The
observed velocity is flat in large r that is outside of the visible disc. This fact implies an
invisible massive source also exists around the visible disc to keep v, to be constant.

Third, DM existence is also essential to explain structure formation. The most successful
mechanism for structure formation is gravitational instability. In this mechanism, small initial
density fluctuations evolve by gravitational forces, which is crucial to realize structures such
as galaxies and galaxy clusters. Since the baryon component, which corresponds to the SM
particles, tightly couples to photons, perturbation of baryons can not grow fast enough to form
observed structures in our galaxy. On the other hand, the DM component does not couple
to photons due to the neutrality, and thus a power-low growth of perturbations is possible.
Therefore, DM provides a density fluctuation that the baryon component can follow after the
photon decoupling. This is one of the greatest reasons why DM is an essential component



in our universe. Assuming this mechanism of the gravitational structure formation, we may
determine the energy density of DM in the current universe. In the Planck observation,
the CMB angular power spectrum is observed precisely. Since the baryon and DM density
affects the oscillation of the photon, the energy density of each component in the universe is
determined to realize the observed CMB data. In particular, they assume the AC'DM model
where three major components of the universe, cosmological constant (A), cold DM (CDM),
and baryon, is assumed. According to the latest result [5], we obtain

Qpmh?® = 0.120 £ 0.001, (2.2)

where €lpyr is the density parameter of the universe and h is the Hubble parameter. This
observational fact put an important constraint when we study DM physics since this is only
the quantitative information that we know about DM.

As long as we can reach the correct value of DM energy density shown in Eq. (22), the
properties of DM are unknown. Therefore, we have vast possibilities in DM mass and DM
interactions with the SM particles. One of the most promising DM candidates is WIMPs.
This DM candidate has GeV to TeV DM mass range and ~ O(1) pb cross section with the
SM particles. The standard thermal history of WIMP is called WIMP scenario, which is
frequently applied in many contexts of WIMP DM studies.

In this scenario, we assume that DM interacts with the SM particles and is thermalized in
the early universe. The time evolution of DM number density is described by the Boltzmann
equation.

Z—Z +3Hn = 2/dH ClE], (2.3)
where n denotes the DM number density and H denotes the Hubble parameters. The factor
of three in the second term on the left hand side (LHS) is originated from the number of
spatial dimensions. The right hand side (RHS) is called a collision term. If there is no
collision effect, the number density is conserved in the time evolution of n. Let us consider
the situation where we have the number changing processes, X +Y +--- > A+ B+ ---.
The collision term has the following form.

2 / dIIC[E] = /dHXdHdeAdHB 2 (px APy b —Pa— P — )
) [fafs o (T )0+ ) [ Moaseoxir

—Ixfy (L fa) (£ ) Mxsysosarpe?|, (2.4)

where f; (1 = X,Y,--- | A, B, ---) denotes distribution functions for each particle species. The
factors of f; are for initial particles. The factors of (1 &+ f;) are for final particles where the
positive and negative signs are for the Boson and Fermion, respectively. To discuss the more
specific situation for DM systems, we focus on the two-to-two process, X + X — A + B,
where X and X denote a DM and an anti-DM. To simplify the Boltzmann equation, We
assume the following assumptions, which can be widely applied to WIMP system.
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e All the particles are in the kinetic equilibrium. We take the classical limit for the
distribution function.

[exp <M> — 1} B (for Boson)

kT . .. E. — .
fi _ classical limit exp (_ ;C TM'L) (<< 1)7
-1 B
[exp <%> + 1} (for Fermion)

(2.5)
where F; and p; are the energy and chemical potential for ¢-th particle, respectively.

e The process is invariant under the time-reversal.

|MXX—>AB|2 = |MAB—>XX|2 = |/\/l|2 (2.6)

e DM number is equal to the anti-DM number, n, = ny.

e The final particles are in the thermal equilibrium, and thus number density is expressed
as na(p) ~ neAq(B).

Under these assumptions, we may obtain a simpler expression of the Boltzmann equation.

d
—Z;( +3Hnx = — (ov) (n_%( — (ni?)2> : (2.7)
We define
mT % —m
eq __ dgp _kEiT o gim3 m\ —1 % N gi (?) e T (m > T)’ ,
= | geptie = 5w ) el = (2.8)
ﬂ—) a g3
= (m < T),

where g¢; denotes the internal degree of freedom for i-th particle and K, (x) denotes the
modified Bessel function. We also introduce a thermalized velocity weighted cross section as
defined below.

o= | 5 25 [ [ 2

Ex + Ex
x (2m)*6*(px + px — pa — pB)|M|? exp <—%> . (209)

The time evolution of nx is obtained by solving Eq. (222). For the numerical evaluation,
it is more convenient to change the variables into x = m/T where m denotes DM mass and
T denotes the temperature of the thermal bath. We define yield for DM as a function of x.

Yi(z) = 2%, (2.10)

S



where s denotes the total entropy density
s = Z Si, (2.11)
i

and s; as the entropy density for the ¢-th particle as defined below.

8; = %, (2.12)
where p; and p; denote internal energy and pressure for the i-th component, respectively.
For the relativistic particles, we can further simplify this expression by using the equation of

state, p; = p;/3, and obtain the following expressions.

1 (Boson)
4p; 2w
i = o 0T} , 2.13
i=gr = 590 (2.13)

¢ (Fermion)

where T; denotes the temperature of the i-th particle. It is convenient to introduce the
effective degrees of freedom for the total entropy density g.s and the total energy density g..

gs(T) >~ > g (%)3+£ > o (;)3 (2.14)

i:Boson i:Fermion
T\' 7 T\
oM~ Y 4 <?> Y (?) | (2.15)
i:Boson i:Fermion

Using these expressions, the total entropy density s can be expressed as the function of the
temperature of photons, 7'
272

= .. (T)T3. 2.1
s = (1) (2.16)

Finally, Eq. (2Z2) can be expressed as the differential equation of the yield, Yx(z).

T (g ) e (R -0, 217)

where we introduce the yield at the thermal equilibrium, Y{*(z) as defined below.

< 45
Yl (z) = DV T _9x zie ™, (2.18)

s 2tV 8 g.(x)

where we assume m > T to approximate DM number density. If we assume the radiation
dominant universe, the Hubble constant, H, is expressed as follows.

g.(T) ™ m?
p




We can solve Eq. (E211) by giving g.s as a function of 7.
To read out the rough picture for the time evolution of DM number density, let us ap-
proximate g,s to be constant and neglect the derivative of g, in Eq. (2217).

(}%)2 _ 1] , (2.20)

where we define the annihilation rate of DM as I'x = (ov) nx. From this approximated equa-
tion, we find the following behaviors of ny in each epoch of the thermal history. First, in the
early universe, we have plenty rate of all the interaction channels, production, annihilation,
and scattering processes for DM. Therefore, the yield of DM is expressed in the form of a
thermal equilibrium state, Yy ~ Y¢?, and the RHS of Eq. (2220) is negligible. Consequently,
if the effect of the cosmic expansion is also negligible, the DM number density is approxi-
mately fixed to be a constant value. Second, as the temperature of the thermal bath gets
decreased, it becomes more difficult to produce a pair of DM from the SM particles due to
the lack of thermal energy. After DM production processes are forbidden kinematically, pair
annihilation processes of DM only occur and decrease the number density of DM. As long
as we have rapid scattering processes between DM and particles in the thermal bath, DM
number density is expressed in the thermal equilibrium state. Therefore, the yield of DM
decreases exponentially as the temperature decreases. Third, DM annihilation processes are
forbidden if the cosmic expansion gets relevant and DM can not find an annihilation partner.
After closing both production and annihilation processes, DM number density per comoving
volume turns out to be constant. This succeeding thermal history of DM is called freeze-out,
and the thermally abundant DM is called thermal relic abundance. We may estimate when
the freeze-out occurs by comparing the typical time scale for DM pair annihilation ~ 1/T"x
and the cosmic age, ~ 1/H. Therefore, the condition for DM annihilation processes to be
negligible is expressed below.

T dYX PX

~

Y& de ~ H

Ix/H < 1. (2.21)

This condition implies that the RHS of Eq. (E220) gets negligible and yield is again fixed to the
constant value. The temperature where the freeze-out occurs, Tt,, can be roughly estimated
by reading out where I'y/H =~ 1 is realized. We need to solve Eq. (EXI4) numerically to
precisely determine the DM number density in the current universe, which is one of the most
important predictions of WIMP hypothesis.

2.2 Coannihilation

In the previous section, we gave general formalism to evaluate thermal relic abundance fol-
lowing the freeze-out mechanism. If we have a nearly degenerated mass spectrum in the DM
system, the evaluation of the thermal relic abundance is affected by not only DM but also
the heavier components. This effect is called coannihilation [T5]. In particular, if the mass
difference between DM and a heavier component is smaller than the freeze-out temperature
of DM, the heavier component is still abundant in the thermal bath. Consequently, the



heavier component may also affect the number density of parity-odd particles, and the DM
annihilation rate gets effectively increased. In this section, we review the general formalism
to evaluate the thermal relic abundance in the system with viable coannihilation effects.
Let us consider the system with Z-odd charge, {x'} (i = 1,2,---,n). This discrete
symmetry stabilizes the lightest Zs-odd particle and realizes a stable DM candidate. We
assign the label i so that m; < my < --- < m,, and thus DM is x'. To simplify the notation,
we use m = my to express DM mass. We also assume that y* has interaction channels with
the SM particles. The relevant interactions conserving the Z, symmetry are listed below.

X' — XX, (2.22)
X' X = X, (2.23)
Y = X' XX/, (2.24)

where X and X’ denote the appropriate combination of the SM particles. Once we determine
X, the other X’ is automatically fixed depending on each interaction theory of DM. Thanks
to the decay processes in Eq. (ZZ24), all the heavier components x7(j > 1) finally decay to
the lightest component y'. Therefore, all we have to follow is the total number density n to
evaluate the thermal relic abundance of DM.

n=>y n, (2.25)

where n; denotes the number density of y'.
We obtain the following Boltzmann equation for the ¢-th component by including the
processes shown in Eqs. (222)-(2224) on the RHS.

d?’LZ‘
dt

+3Hn; = — Z [(Uijw (nin; — nfqn§q>
5,X
+ (<a§jv> ninx — <U;‘i7f> njnx)

+ Dyglns — )] (2.26)

where we introduce the following notation.

oy =o'y — XX'), (2.27)
o =o(X'X = X' X'), (2.28)
;=T = ¥ XX). (2.29)

We assume that the SM particles are in the thermal equilibrium and relativistic at the freeze-
out temperature. To obtain the Boltzmann equation for total number density, n, we take
summation over ¢ for Eq. (ZZZ8) on both sides and obtain the following equation.

dn N oq o
T 3Hn = — Z Z (gijv) (nin; —ni*n3?), (2.30)

i=1 j=1
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where we define

(0370) = (4%)3/ i / dvdmv® (0,50 exp (-%2) | (2.31)

Note that the second and third terms on the RHS of Eq. (2228) do not change the total number
density, and thus these terms do not contribute to Eq. (2230). Besides, the symmetric part
of o;; only contributes to the equation. Since we assume the SM particle is relativistic near
the freeze-out point, the number density of ! is exponentially suppressed compared to that
of the SM particles. Therefore, the processes in Eq. (2223), which thermalizes x?, are more
relevant than the processes in Eq. (Z222). Consequently, we can approximately express the
number density of y; as n; ~ n;?. For later convenience, we define the ratio of the number
density.

= n; _ gi(1+ Az‘)%e*‘mi7 (2.32)

ned Jeft

where ¢; denotes the internal degrees of freedom for x*. We also introduce the following
variables.

A =TT (2.33)
m
Gett = Zgi(l +A)zemmA (2.34)
=1

Using the above expressions, we express Eq. (2230) as shown below.

— +3Hn = — (oegv) (n* — nzq) , (2.35)

where effects of the coannihilation are imprinted in the effective annihilation cross section
Oeff -

(Oefrv) = Z Z (0i0) 157 (2.36)

i=1 j=1
_nn<..%1 AN (1+ A —2(A + A 937
—E:E:Uzﬂﬁgzﬁ( +A)2(1+ Aj)2 exp [—z(Ai + ;)] (2.37)
i=1 j=1 e

The physical meaning of r; is stated below: If we have T < m; — m, the ratio r; for i > 1 is
exponentially suppressed. This suppression represents the thermal decoupling of the heavier
components. In the limit of high temperature, all the heavier components decouple from the
thermal bath, and we obtain the following converged values.

get — g1,  (internal degrees of freedom for DM) (2.38)
1 fori=1,
e { 0 fori> 1. (2:39)
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Therefore, we recover the results for DM annihilation cross section without degenerated
spectrum and obtain the same Boltzmann equation derived in the previous section.

Before we move to the next section, we mention concrete situations where the coannihi-
lation effects get viable. In this thesis, we consider spin-1/2 and spin-1 DM systems with the
SU(2),, triplet and Y = 0 electroweak interactions and study the possibility to discriminate
these signatures. DM candidate corresponds to the neutral component of the SU(2), mul-
tiplet. We have typically O(100) MeV for the mass splitting between the neutral and the
charged components originated from the electroweak radiative corrections. Another source
of mass splitting is the higher dimensional operators that are suppressed by the cutoff scale.
In particular, nonzero contributions to the mass splitting only appear from the operator that
breaks SU(2) ., symmetry after the SM Higgs develop the Vacuum Expectation Values (VEV).
The lowest operators are dimension seven for spin-1/2 DM and dimension eight for spin-1
DM, respectively. If we assume the cutoff scale is higher than (O(10) TeV, the contribution
from the higher dimensional operators get irrelevant and the electroweak radiative corrections
dominate the mass splitting. Since the value of mass splitting is much smaller than the TeV
scale DM mass, which is expected to reach the correct value of thermal relic abundance, the
coannihilation effects are efficiently switched on. In Sec. B, we will evaluate oo in the system
of electroweakly interacting DM.

12



3 Electroweakly interacting spin-1 DM

As reviewed in the previous section, the crucial constraint for the WIMP DM model is the
thermal relic abundance. There are various possibilities on DM mass and interactions with
the ordinary matter as long as the observationally fixed value Qh% = 0.120£0.001 is realized.
We note that the velocity-weighted annihilation cross section for DM, (ov), is the crucial
parameter to characterize the prediction of DM abundance. To realize the observed DM
energy density through the freeze-out scenario, we need the following value for the cross
section.

(ov) ~ 3 x 10720 cm?/s, (3.1)

which is called the canonical cross section.

Electroweakly interacting DM is one of the promising and most studied WIMP theories.
These DM candidates interact with the SM particles mainly through electroweak interactions.
Under this assumption, we may estimate the DM annihilation cross section through a simple
dimensional analysis.

25

~ 3.2
O (32)

where ay is the fine structure constant of the SU(2); gauge group, and we assume that DM
mass, mpy, is the typical energy scale for DM annihilation processes. Requiring this cross
section to be equal to the canonical cross section, we obtain the typical value for DM mass,

mpum =~ O(100) GeV,  for as ~ 0.03, (3.3)

and obtain the accidental coincidence of the scale and mass which are both typical for elec-
troweak theory in the SM. This fact is called WIMP miracle, which is one of the greatest
motivations to consider electroweakly interacting DM.

Although this electroweakly interacting DM hypothesis is simple and works well following
the standard WIMP framework, we have one more nontrivial question: how to stabilize DM
candidates with electroweak interactions. If we have no stabilization mechanism for TeV
scale DM with electroweak interactions, DM may not survive in the current universe due to
the short lifetime. One may simply assume the discrete symmetry for the dark sector. Some
theoretical frameworks, motivated to solve the hierarchy problem, provide both DM stability
and electroweak interactions for DM at the same time.

One possibility to stabilize electroweakly interacting DM is the R-parity in the super-
symmetric scenario. The MSSM is the minimal supersymmetric model that realizes the SM
spectrum at low energy. In this model, all the SM matter fields are extended to the chi-
ral superfield while gauge bosons are promoted to the vector superfields. The Wino is the
spin-1/2 superpartner of the SU(2), gauge bosons in the vector superfield. Therefore, its
electroweak charge is identical to that of gauge bosons, SU(2), triplet with Y = 0. If the
neutral component of the spin-1/2 triplet is the LSP, it may be a stable DM candidate and is
called the Wino DM. Since the Wino DM has no Higgs coupling at the tree-level, electroweak
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channels dominate interactions between the Wino DM and the SM particles. The tree-level
mass m for electrically neutral and charged components are degenerated at the tree-level
due to the triplet features. This degeneracy is broken by the radiative corrections between
electroweak multiplets, and nonzero mass splitting is induced. This mass splitting, dm, is
calculated at the two-loop level [I6, 17, IR], and obtained as dm ~ 170 MeV in the limit of
m > myy. This Wino DM scenario is one of the most studied WIMP DM candidates.

Another framework to stabilize electroweakly interacting DM is the KK-parity in extra-
dimensional theories. Concrete models that predict electroweakly interacting spin-1 DM,
which has the non-abelian vector couplings with electroweak bosons, are proposed. We will
review this latter stabilization mechanism in the rest of this section. In Sec. B, we review
extra-dimensional theory and spin-1 DM candidates that are stabilized by the KK-parity. We
also summarize properties of spin-1 DM such as couplings for spin-1 DM and mass spectrum
in each model. In Sec. B2, we introduce a simplified spin-1 DM model that realizes essential
features of KK electroweak boson DM of the extra-dimensional theory.

The goal of this work is to compare the predictions from the spin-1/2 and spin-1 DM
candidates that have the SU(2) triplet and Y = 0 electroweak interaction. This comparison
corresponds to the discrimination between the Wino DM and the KK electroweak boson
DM. Let us add comments on the significance to discuss the discrimination of these scenar-
ios: The Wino DM is indeed embedded in the neutralino DM, which is the mixing of the
electrically neutral spin-1/2 fields, in a more general framework in the MSSM. The lightest
spectrum can be the LSP DM candidate. In this sense, the Wino DM is a special limit of the
general neutralino DM scenario where the LSP has purely SU(2); triplet features. There-
fore, phenomenological studies focusing on the Wino DM are not enough. We have to study
more general neutralino DM to conclude the possibility of discrimination between spin-1/2
DM candidate predicted in supersymmetric scenarios and spin-1 DM in extra-dimensional
theories. Still, it is worth focusing on the Wino DM and the KK electroweak boson DM as
benchmark scenarios to discuss separations. This is because discrimination between these
DM candidates are highly non-trivial due to the same electroweak interactions with SU(2),
triplet and Y = 0. It is essential to extract the spin-dependent features and signatures of
these theories. In Sec. B, we will discuss further how to detect spin-dependence in experi-
mental observables.

3.1 Spin-1 DM candidate in extra-dimensional theory

If we have extra-dimensions, they should be compactified with the appropriate procedures
so that we can not observe the higher dimensions. The procedures to construct a concrete
model with extra-dimension(s) are summarized below.

1. Fix the number of extra-dimension(s)
2. Determine the metric for extra-coordinate(s)
3. Choose how to compactify extra-dimension(s)

4. Assign boundary conditions for each field to desire appropriate spectrum

14



Throughout this thesis, we focus on five dimensional theories: four ordinary dimensions
({z*} (= 0,1,2,3) to express these coordinates) and one extra dimension (y to express
this coordinate). This is a minimal choice to realize a discrete symmetry originated from a
geometric reflection of an extra-dimension. We also discuss some possibilities for metric of
an extra-dimension. The simplest choice is a flat metric for the fifth coordinate, which is
often mentioned as universal.

d*s = d*z + d*y. (3.4)

We may also consider a curved extra-dimension. The most well-studied setup is a warped
metric. The warped metric is parameterized by the warp factor, k, which has mass dimen-
sion 1.

d*s = d*x 4+ eV d?y. (3.5)

Using this warped metric, some models are constructed to address the hierarchy problems [19].
The geometric symmetry is different between the flat and curved metric, and thus the discrete
symmetries are realized by the different mechanisms. The difference also appears in the mass
spectrum through the possibly large boundary terms as discussed in Sec. B2 and Sec. B7123.

The way of compactification is also important to realize the desired spectrum in low
energy. The most nontrivial part is to realize chiral fermions. Besides, compactifications
crucially determine the residual symmetry for the four dimensional theory. We may find a
discrete symmetry that stabilizes a DM candidate. We review the above possibilities of model
construction using simple toy models with an extra-dimension and summarize distinctive
properties in each setup.

3.1.1 Universal Extra-Dimension

Let us start from the simplest example, which is called the universal extra dimension. In
this setup, we consider a five dimensional theory with a flat metric shown in Eq. (B4). The
geometry of the fifth coordinate is orbifold, S*/Zy, where Z5 means the identification of the
point with y and —y. In other words, we require the theory to respect the parity symmetry
under the y — —y. This discrete symmetry is called y-parity, In Fig. 0, we show the fifth
coordinate with the orbifold compactification. After this identification, the fifth coordinate
is mapped on the line segment of length . = 7 R. We have two boundaries on this line, y = 0
and y = wR, which are called fized points. Each point is transformed into itself under the
symmetry transformation of y — —y. These boundaries violate the translation invariance on
the fifth coordinate, which is originally guaranteed by the flatness of extra-dimension.

The discrete symmetry is found in this setup with orbifold compactification in the fol-
lowing way. Since the fifth dimension is S, we have the following periodicity around the
extra-dimensional coordinate.

y~y+21R. (3.6)

This is nothing but a U(1) symmetry, and this symmetry is exact before orbifolding. The
fifth momentum is discretized due to this periodic boundary condition, and five dimensional
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= 0 (Fixed point)

y = =& (Middle point)
— [

y = 7R (Fixed point)
Figure 1: The fifth coordinate with the orbifold compactification.

fields are expanded into each mode, which is called KK mode, with momentum n/R (n =
0,1,2,---). The conserved quantum number exists associated with the U(1) symmetry if
the translation invariance is exact. This conserved number is called KK number. We have
the discrete symmetry even after orbifolding, which corresponds to the invariance under the
translation of 7R in the y-direction. Expressing this translation within the domain of the
fifth coordinate, y € [0,7R], this translation is equivalence to the flip of the line segment
about its center at y = 7R /2.

y— TR —y, (3.7)

where we use the invariance under the y — —y and y — y + 27 R. Note that we should
assume the equivalent boundary localized interactions on two branes to maintain this KK
parity exactly since y = 0 and y = mR are exchanged with each other.

Respecting the above symmetries, we can expand the y-dependence of each field. The
scalar field of five dimensional theory, ®(z,y) is expressed as shown below.

5 _ R
SR (g, Z¢+ z) £ —\/%%{¢$)(x)+\/§z¢@cos (y RQTL)}, (3.8)

R
K (3 Z¢ \/;Zqﬁ(n sm< I n) (3.9)
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where we use the following complete sets to expand y dependence.

10w = o= (3.10)
2 y— T8
Py = —p 008 ( 7 2 n) (n=1,2,3,--+), (3.11)

_ R
fin)(y):\/%sin <y = n) (n=1,2,3--). (3.12)

The normalization factors are fixed to satisfy the following conditions.

TR

0

TR
/ dy ™™ =5, (m,n=1,2,3--") (3.14)
0

TR
/ dyfim ™ = o. (m=0,1,2,--- and n=1,2,3,---) (3.15)
0

Under the symmetry transformation shown in Eq. (B77), ¢$ ) transforms in the following way.
o (0) = 201 (x). (3.16)

The zero mode gbgf) , which is constant, obviously transforms as even fields. We also note
that these parity assignments directly correspond to the choice of boundary conditions for
the fifth coordinate as found in Egs. (B38)-(8M). If we have no boundary localized terms, we
obtain two types of natural boundary conditions by requiring that all the boundary terms
vanish. In particular, we can choose ¢, or ¢_ by switching these boundary conditions.

o\ ()

quﬁ(_n) (z)

=0, (Neumann boundary condition) (3.17)
0,mR

= 0. (Dirichlet boundary condition) (3.18)
0,mR

Since the four dimensional Lagrangian is obtained after performing the y integral, the coeffi-
cients {¢£_f )} correspond to the four dimensional fields. Therefore, the KK-parity is nothing
but the Zy-parity realization for the four dimensional fields as shown in Eq. (B18). We also
note that the KK number is conserved in all the interactions of the four dimensional theory
due to the orthogonal relation between { fin)}.

The higher KK modes with n > 1 acquire O(n/R) mass from the kinetic term of the fifth
component, while the zero mode does not. Therefore, we have a mass gap characterized by
~ 1/R between zero mode and higher KK modes. Making use of this property, we identify
the SM particles as zero modes in the KK expansion of each five dimensional field to realize
the observed SM spectrum in low energy while higher KK modes tend to decouple from the
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low energy physics. Since a zero mode only exists in KK-even modes, we may switch on and
off each field to realize the observed spectrum by choosing boundary conditions.

The SM spectrum realization in the flat five dimensional theory is proposed and studied
in Ref. [20]. In this model, all the SM fields are promoted to the field in a five dimensional
theory. We prepare field contents and assign appropriate boundary conditions to realize the
SM spectrum. For the scalar sector, we assign the Neumann boundary condition to realize a
zero mode for the SM Higgs.

VTR

For gauge fields, we assign different boundary conditions for = 0,1, 2,3 components and
y component. The y component behaves as the Lorentz scalar under the SO(1,3) Lorentz
transformation and is eaten by the KK modes with n > 1 through the Higgs mechanism
in the five dimensional theory. Therefore, we only have a zero mode as a physical degree
of freedom. We switch off the zero mode by assigning the Dirichlet boundary condition to
avoid extra scalar degrees of freedom in the low energy. The Neumann boundary condition is
assigned for p = 0,1, 2,3 components to realize zero modes that behave as the Lorentz four
vectors. Imposing the above boundary conditions, we obtain the following expression for the
gauge field.

H(z,y) = ! {H(O)(:E)—i—\/ii[{(")cos (%)}, (3.19)

Ay (z,y) = \/71r_R {Ag)) () + \/5% AL") cos (%) } , (3.20)

As(z,y) = Z_:Ag’”(x)\/% sin (%) . (3.21)

The physical degrees of freedoms are AEL") and the KK modes with n > 1 acquire masses of
O(n/R).

In the five dimensional theory, we need to consider vector like fermions to realize the
fermion mass term. To show this fact, we write down the kinetic term for a fermion field in
the fifth dimensional theory. The five dimensional Gamma matrices are expressed as shown
below.

¥, vy =29M¥ (M,N =0,1,2,3,%) (3.22)
We choose the following four-times-four representation as shown below.
" = A~ I =iv°, (3.23)

where
0 ot —1 0
L 5
I'* = (a“ 0), I* = ( 0 2.1), (3.24)
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where we define 0# = (1,0"). The fermion fields are also expressed in four component spinor
representations. From Eq. (BZ2), we are no longer able to perform the chiral projection for
the five dimensional fermion. We use ~° for the chiral projection in the four dimensional
theory using Pr = (1 ++°)/2 and P, = (1 —~°)/2. However, in the five dimensional theory,
we need 7° to realize the Clifford algebras and can not define the projection operator into
two different chiralities. In other words, the kinetic terms can not be decomposed into the
left-hand field and the right-hand field. This can be shown by using the following notation
for the four component fermion.

U(z,y) = (g}igz;) : (3.25)

and the kinetic term is decomposed into the following expression.

Vi =1phid, 0" pp + 0,0 + VhL — ¢l o g. (3.26)

We find the left-handed and right-handed fermions are coupled in the last two terms, which is
necessary to realize the fifth kinetic terms. The SM is a chiral theory where left-handed field
and right-handed field are assigned to the different gauge assignments. To realize the chiral
fermion in the five dimensional theory, the following two methods are often discussed: (1)
introducing chiral fermions on boundaries and (2) imposing the orbifold compactification.
Both of these methods break the five dimensional Lorentz invariance. If we choose the
latter solution, we may realize the KK-parity by requiring the equivalent boundary terms on
boundaries. Besides, we can switch off and on zero modes by assigning appropriate boundary
conditions, which is crucial to realize four dimensional chiral fermions from five dimensional
theories. In particular, we introduce vector like fermion fields, corresponding to each of the
SM fermions, and assign the Neumann (Dirichlet) boundary condition for the fermion with
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correct (wrong) chirality. Under this setup, we obtain the following expressions.

1 0 . n ny
Qz,y) = Ny {PLQ( )(x) + ﬂ; PrQ™ cos (§>}

+ Z PRQ(") (x)\/%sin (%) , (3.27)

+ Z PLU(”)(a:)\/%sin (%) : (3.28)

VTR
+ Z Prd™ (x)\/gsin (%) , (3.29)

where indices of generations are implicit and f7(fg) denotes the left-handed (right-handed)
fermion field.

We omit the boundary localized term in the above argument. However, we need to include
the boundary localized term in the orbifold theory because the coefficients of boundary
localized terms receive the infinite loop corrections. In Ref. [21], one-loop calculations in the
five dimensional Yukawa theory are performed, and they showed the boundary interactions
acquire divergent corrections. This result implies that the boundary localized terms are
necessary to renormalize couplings, and thus it is inconsistent NOT to include these boundary
terms in the orbifold theory. These parameters are incalculable and treated as free parameters
in the theory, which also receive the corrections from the physics beyond the cut off scale
as well as the calculable radiative corrections. Therefore, it is worth discussing the physical
effects of the boundary localized terms. As mentioned above, if we have nonzero boundary
localized terms, the translation invariance for the fifth direction is broken. Therefore, these
boundary terms cause the KK number violation. However, if the boundary localized terms
are suppressed by some mechanism the KK number conservation can be the approximate
symietry.

In the analysis called Minimal Universal Extra Dimension (MUED), it is assumed that
the boundary localized terms respect the reflection symmetry about the middle point of the
line segment. Under this setup, we have the exact KK-parity symmetry, and thus the LKP
turns out to be a stable DM candidate. It is also assumed that we have no boundary localized
term at the cutoff scale, which is a free parameter in this setup, and all the boundary localized
terms are induced through the renormalization group evolution. Consequently, boundary lo-

d(z,y) = ! {PRd(O) () + \/ii Prd™ cos (%) }
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calized terms always appear with loop suppression factors and the KK number conservation
is still good symmetry. In this MUED approach, the radiative corrections are well-defined
and calculable without cutoff dependence. The point is that the finite mass corrections are
only induced by the non-local effects, which have nonzero winding numbers around the com-
pactified finite fifth dimension. Therefore, we obtain the finite loop amplitude by subtracting
the corresponding amplitude in uncompactified theory. This subtraction formula is proposed
by Ref. [22], and the mass splitting for the SM spectrum in the MUED model is calculated
at the one-loop level. According to their analysis, the KK photon turns out to be the LKP
and stable DM candidate. Therefore, the DM candidate in the MUED approach has no
electroweak interactions.

3.1.2 Minimal Universal Extra-Dimension

This situation drastically changes if we consider relatively large boundary localized terms
as pointed out in Ref. [0]. To demonstrate the effects of boundary localized terms on the
mass spectrum, let us consider a simple scalar theory with relatively large boundary localized
terms.

S = Shulk + Sbound; (3.30)
where
1
&M:§/fﬂm%m@—m%ﬂ, (3.31)
1
&szé/ﬁ%@@N%ﬁM@—n&WH&w+5@—an. (3.32)

In Eq. (B32), we introduced dimension full parameters, ry (mass dimension —1) and m?
(mass dimension 1), to characterize the boundary localized terms. Due to the finite fifth
dimension, the boundary contributions are induced by the partial integral. We obtain the
following equation of motion,

(O—-924+m?*)® =0, (3.33)

and boundary conditions.
(05 — rod — mj}) (I)’y:o =0, (3.34)
(%+%D+m@MFM:0 (3.35)

We expand the field using a complete set of functions.

oi(x) = o (@) /1" (). (3.36)
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1/R=1 TeV, m=0.5TeV, m2=0
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Figure 2: Plots of quantization conditions with nonzero boundary terms. The solution corre-
sponds to the intersection of black and colored curves. The green, blue, and red curves show
RHSs of zero modes (n = 0), even modes (n > 1), and odd modes (n > 1) in each panel.
The intersections with the black dashed line in each panel show the UED solutions where we
switch off all the boundary localized terms. In the upper panel, we fix m? = 0 and change
the value of r4. The black dotted, black dashed, and black solid curves show the RHS of
Eq. (B339) with re = 0, R, and 4R, respectively. In the lower panel, we fix ro = 0 and change
the value of m?. The black dotted, black dashed, and black solid curves show the RHS of
Eq. (839) with m? = 0,1/R, and 4/R, respectively.
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If we expand the trigonometric function to expand the y dependence,” we obtain the following
relation from Eq. (B233).

M2 (")2 2 (3.37)
=(=) =m, —m .
n R n )

where m,, denotes the mass eigenvalue of the four dimensional Proca equation for the n-th
KK mode.

(O+m2) @™ (z) =0. (3.38)
The quantization conditions in Eq. (B234) and Eq. (B=33) give the following constraint on m,,.

, ) —M,, tan (#275) = (even)
rem; — My = (3.39)
M, cot (M) - (odd)

Since we consider relatively large boundary localized terms, we can not treat these parameters
perturbatively. Consequently, quantization conditions are altered, which also affects the mass
spectrum for the four dimensional fields.

In Fig. B, we show the plots of the LHS and the RHS of the quantization conditions with
nonzero boundary kinetic terms. In each panel, the solution corresponds to the intersection
of black and colored curves. The black curves show the LHS. The green, blue, and red curves
show the RHS of zero modes (n = 0), even modes (n > 1), and odd modes (n > 1) in each
panel, respectively. If we switch off all the boundary localized terms, the LHS turns to be
zero as shown in the black dashed lines in each panel, which corresponds to the UED case.
Therefore, the intersections with the black dashed lines show the UED solutions. In the
upper panel, we fix m? = 0 and change the value of rg. The black dotted, black dashed, and
black solid curves show the RHS of Eq. (8239) with r¢ = 0, R, and 4R, respectively. In the
lower panel, we fix ry = 0 and change the value of m7. The black dotted, black dashed, and
black solid curves show the RHS of Eq. (839) with m? = 0,1/R, and 4/ R, respectively. If we
take a limit of m? — 0, the solutions saturate to be m,, = 0,1/R,2/R,--- in the UED case.
Due to the trigonometric profile, the RHSs for n = 0 (even) and n = 1 (odd) modes have
different behaviors. Consequently, we obtain the anomalously lighter mass for the lightest
zero mode and the first KK mode compared with the second KK mode and higher modes.

The solutions of m,, and their dependence on the boundary localized terms are shown in
Fig. B. The UED limit for m,, are shown by gray horizontal lines in each panel. We take
1/R =1 TeV,m = 0.5 TeV, and m} = 0 in the upper figure and shows rg-dependence of
my. The boundary localized kinetic terms cause the drastic change of the mass splitting due
to the trigonometric profiles. We take 1/R =1 TeV,m = 0.5 TeV, and re = 0 in the lower
figure and shows m?-dependence of m,,. The boundary localized mass terms cause almost
the overall shift since the LHS is shifted perpendicular to the y-axis. From this discussion

!The KK number conservation is broken if we introduce the large boundary localized term. Therefore,
another choice of the functional basis is the hyperbolic functions to expand the even and odd function { fj(:)}
as discussed in Ref. [I0].
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Figure 3: Plots of m,, in the non-MUED approach. The green solid, blue dashed, and red
dotted curves show the zero mode, 1st KK mode, and 2nd KK mode, respectively. In the
upper panel, we fix m? = 0 and change the value of 74 on the z-axis. In the lower panel, we
fix r¢ = 0 and change the value of m? on the z-axis.
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using the simple toy model, we find the mass spectrum will be drastically changed from
the UED scenario if we introduce boundary localized terms. In particular, the boundary
localized kinetic term may realize an anomalously lighter first KK mass compared with the
UED results.

We also note that the mass spectrum is not taken to be completely free even though we
take the arbitrary values of the boundary localized parameters. The most remarkable feature
is a mass relation between the first KK mode and the second KK mode. As can be seen from
Fig. B, the first KK mass can be even lighter than zero mode mass in the UED setup while
the second KK mass is bounded by the first KK mass in the UED setup. Consequently, we
have m®*d) > 2m1s% in the whole range of plots in this non-MUED scenario.

According to Ref. [10], the KK mode for the electroweak neutral boson may be LKP if we
consider the large boundary localized term for the electroweak bosons. The KK parity is still
exact symmetry by assuming the same boundary localized term on each boundary. Therefore,
this first KK electroweak boson can be a stable spin-1 DM candidate with the electroweak
couplings of SU(2), triplet. The model construction and the dedicated phenomenological
studies are done by Ref. [I2]. The KK number violation may be significant in this non-
MUED scenario since we consider relatively large boundary localized terms.

3.1.3 Warped Extra-Dimension

Let us consider one more example to construct the extra-dimensional DM model with the
curved metric. In this case, the translation symmetry in the y axis does not exist from the
beginning. However, we are still able to realize the KK-parity in this curved extra-dimension
case such as the warped extra-dimension model. Note that the KK-parity is originated from
the geometric reflection symmetry about the middle point of extra dimensional coordinate.
To realize this symmetry, the symmetric warped metric is considered in Ref. [19].

d*s = d?x + e~ 2%y, (3.40)

In particular, the extra-dimensional coordinate is on y € [—L, L] and symmetric under re-
flection about y = 0. Since this theory respects the reflection symmetry, we realize the
discrete symmetry corresponding to the KK parity in the UED model as long as we assume
the boundary localized terms are the same at the boundary point, y = —L and y = L. To
illustrate the effects of the boundary localized term in this setup, we review the abelian gauge
theory following Ref. [I9].

L

1

L= _/d4$/Ld3/v—g4—92 FMNFMN—FQTU\/FHVFW,(S(y)
- 5

+ 2rig F*F,,0(y — L) 4+ 2rig F* F,,6(y + L) |, (3.41)

where we define Fy;n = 0y Ay — OnvAp. The determinant of the metric shown in Eq. (B=20)
is denoted by ¢, and thus we can express \/—g as follows.

V=g =d"(lyl). (3.42)
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where we introduce a warp factor a(y) = e *. We also introduce g5 as a gauge coupling

(mass dimension —1/2) of the five dimensional theory. This action is invariant under y — —y.
Using this reflection symmetry about y = 0, we can rewrite Eq. (B21) as shown below.?

L
1
L=— /d4x/ dy\/ _gﬁ [FMNFMN + 27’UvFuVFW,5(y) (343)
0 5
4 2R L 8(y — L)] , (3.44)

where the factor of 1/2 comes from the integral of y D [—L,0] is absorbed in the squared
gauge coupling, gs*> = g2/2. This action reduced to the single-slice AdS; with the gauge
coupling g5 = ¢5/v/2. We again expand the five dimensional gauge field using the complete
set of the function.

Au(a) =Y AR (@) 17 (). (3.45)

The FM¥ is defined as below.
FW = F,,g™g” = Fpgnp“n””a_4(|y|), (3.46)
FI® = Frg™g™ = Fpen na™*(Jy]), (3.47)

Using these definition, we obtain the following equation of motion.

0, (20,1 (y)) + m2 S (y) = 0. (3.48)

The orthogonal relation is modified by the boundary localized terms.

L

d_; dy [1+ 2ruvd(y) + 2rmd(y — L)) f"(y) f* (y) = G, (3.49)
0

where the indices for + are implicit. This condition realizes the canonical kinetic term for
the four dimensional gauge field. The boundary conditions are obtained as below.

e L9, (L) = mZrin f{ (L), (3.50)
0, f3(0) = —m?2 1oy f17(0), (3.51)
£0) =0, (3.52)

where we impose the Neumann boundary condition for I = R to realize the zero mode while
we have two choices for the boundary condition for L = 0. We use (—+) and (++) to
express the parity of the wave function profiles on (y = 0,y = +L) under y — —y, which are

2The Chern-Simons term is Zy odd if exist in five dimensional theory. Therefore, this violation term
may affect the stability of LKP [23]. The Chern-Simons term could arise in the presence of brane-localized
anomalies as studied in Ref. [24]. In the analysis of Ref. [[9], they assume that all the brane-localized
anomalies cancel.
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Table 1: Summary table of the DM candidate, mass spectrum, and the KK number conser-
vation in each extra-dimensional DM model.

Scenario DM candidate mass spectrum | KK number

MUED first KK mode for photon md) ~ 2mIsH) | conserved

non-MUED || eg. first KK mode for electroweak boson | m®*® > 2m{st) | violated

Warped eg. first KK mode for electroweak boson | m®*® < 2mUst) | violated

determined by the continuity condition. We obtain two towers of modes corresponding to
(—+) and (+4) modes, which are KK-odd and KK-even, respectively. We have a massless
mode for (++) tower realized independent of the boundary localized terms. Besides, we have
two interlacing mass spectra that is originated from both (—+) and (4+4) modes. These
modes start at ~ mgx = ke *F. In the limit of g < 1/k, we can read out the following
approximated mass spectrum for the lightest even and odd modes, respectively.

9 2

ml_ ~ k‘/r’_IRm%{K, (353)
9 ruv + TR + L 2 9

~ ) 3.54

1+ rov + L k‘TIRmKK ( )

The mass relation is obtained depending on the boundary parameters.

mi+ 1+ TR

. 3.55
mq_ ryv + L ( )

which guarantees that mi, = m;_. The mass splitting between these modes is controlled by
the boundary kinetic terms. In particular, the value of rg compared to L tunes, in principle,
arbitrary values of mass splitting. From this fact, we have wider possibilities in the mass
spectrum depending on the boundary localized terms than the case in the non-MUED setup.
The mass spectrum is no longer equally separated by 1/R, and we may have m®) < 2y,(1st
depending on the boundary localized terms. Besides, we have no KK number conservation
from the beginning in this setup, and there is no reason to consider the suppressed boundary
localized terms.

In Table M, we summarize the features of the spin-1 DM candidates in each extra-
dimensional scenario. An electroweakly interacting spin-1 DM candidate is predicted in both
non-MUED and warped extra-dimension cases, but mass relations differ due to the difference
in quantization conditions. For the warped extra-dimension, we may have m®*d) < 2y (st)
and the KK number violation. If these conditions are satisfied at the same time, we may
have new annihilation channels for a pair of first KK modes into zero mode and the second
KK mode as shown in Fig. @. We will consider phenomenological implications of this possible
new annihilation channel in the succeeding sections.
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Figure 4: Examples for spin-1 DM annihilation diagrams into two vectors. The upper diagram
shows annihilation into 4y (zero mode + zero mode) where the KK number is conserved.
The lower diagram shows annihilation into vZ’ (zero mode + second KK mode), which we
need my < 2my and the KK number violation.

Since we have wide possibilities in the mass spectrum, it is useful to perform the simplified
model analysis to reveal the phenomenology of spin-1 DM as general as possible. In the next
section, we introduce the spin-1 DM models that realize a similar spectrum as theories with
an extra-dimension. We will also review relations and correspondence between our simplified
model and the extra-dimensional model.

3.2 Non-abelian vector DM model

As revealed in Sec. B2, the mass spectrum and the interaction channels depend on the
setup of extra-dimensional models such as the metric and the boundary localized terms.
Since these variables directly affect the quantization condition of extra dimensions that give
physical mass spectrum. There are various possibilities for DM candidates as listed in Table .
One interesting possibility is that the first KK mode for the electroweak boson turns out to
be LKP, which appears in the non-MUED and the warped metric models. DM candidate
is SU(2),, triplet spin-1 particle in this case, and thus electroweak features may crucially
determine the procedure to test this scenario. The value of DM mass where we reach the
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correct thermal relic abundance tends to be heavier since non-abelian vector electroweak
interactions realize a larger number of DM annihilation channels. Throughout this thesis,
we will focus on the possibility that the first KK mode for the electroweak bosons is a stable
DM candidate.

We have two stabilization mechanisms for electroweakly interacting DM: R-parity in
the supersymmetric scenario and KK-parity in the extra-dimensional scenario. We may
construct models making use of each mechanism and have two DM candidates with the same
electroweak interactions but with different spins, the Wino DM (spin-1/2) and electroweak
KK boson (spin-1). Tt is important to discriminate the signatures from two DM candidates
because these candidates are directly related to the scenarios where we can address the SM
hierarchy problems.

For the spin-1 DM scenario, the mass relation between the first KK mode and the second
KK mode is important to reveal phenomenology. Annihilation modes into not only the SM
particles but also the final states including a second KK particle will be predicted if we
have m®d > m0s) and the KK number violation. This situation will be realized in the
warped extra dimension. DM annihilation processes are crucial to determine the thermal
relic prediction and the annihilation signatures in the current universe. To reveal the non-
abelian vector DM features as general as possible, we use a simplified model that realizes the
following features for DM predicted in a five dimensional setup.

e 7, parity assignment for physical spectrum
e SU(2)y triplet spin-1 particles
e general mass spectrum for spin-1 particles

The simplest model, non-abelian spin-1 DM, is proposed in Ref. [25], which is constructed
by the inspired method of the deconstructing dimension [26, 27]. This method realizes
the mass spectrum of a five dimensional theory in the setup of four dimensional theory.
In particular, we consider the theory with many direct products of gauge symmetries and
impose the exchange symmetry between the gauge groups, which realizes the parity symmetry
corresponding to the KK parity in extra-dimensional theories. The original formalism chooses
the non-linear representation for the scalar fields, and thus the theory is not renormalizable.
Our model, on the other hand, is renormalizable since the linear representation is applied
for the scalar fields. We can still realize a similar mass spectrum as five dimensional setups
through the spontaneous symmetry breaking in the scalar sector. Consequently, we have
Z5-odd physical spectra in the electroweak vector sector, which corresponds to the KK DM
candidate in the context of the extra-dimensional theory.

3.3 Simplified model of spin-1 DM in extra-dimensional theory

Let us show the detailed setup of the electroweakly interacting vector DM model proposed
in Ref. [25]. The gauge symmetry is extended into

SU(3).x SU(2)ox SU(2)1x SU(2)2x U(1)y, (3.56)
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where SU(3). and U(1)y corresponds to the color and hypercharge symmetry in the SM.
Note that SU(2);, symmetry in the SM is promoted into the three direct products of SU(2)
gauge groups. The gauge bosons for SU(2)p, SU(2);, SU(2)2, and U(1)y are denoted as
We,., Wi, W5, and B, respectively (a = 1,2,3). The gauge couplings for each symmetry
are denoted as ¢o, g1, g2, and ¢’, respectively. In Table B, we summarize the matter fields
and Higgs fields. Each fermion field corresponds to the SM fermion with the same SU(3).
and U(1)y charge assignment. To reduce the extended electroweak symmetry, we introduce
bi-fundamental scalar fields, ®; (j = 1,2), expressed as two-by-two matrices. The real
conditions are imposed for ®; to reduce the degrees of freedom.

% 0 1
;= —ePje, where €= <_1 0) : (3.57)

Thanks to this condition, each of ®; contains four real degrees of freedom. The gauge
transformations for ®; and H are expressed below.

Oy Upg®, U], Dy = Up®oU] H s U H, (3.58)

where U,, denote the two-by-two matrices for the gauge transformation of SU(2),, symmetry
(n=0,1,2) and 0y denotes the phase of the U(1)y symmetry. We further impose a discrete
symmetry under the following transformation.

d, l—)@g, b, '—>q)1, W(?ur—>Wa

2

a a
WQM — WOM,

(3.59)

where all the other fields remain unchanged. This transformation is equivalent to the ex-
change of SU(2)y and SU(2),, and thus this discrete symmetry requires go = ¢».
The Lagrangian for the extended bosonic sector is shown below.

2 3

1 , L o

LD = BuB™ = % Wh, W
=0 a=1

1 1
+ D, H'D"H + 5TrD,;IﬁD,@I + §T1"D“¢>§DH<I>2
- ‘/scalara (360)

where Vicaar is the scalar potential.
Vieatar =m>HTH +m2 [Tr (@}@1) Ty (@5%)}
A+ 0 | (1 (2121)) "+ (10 (o))
+ Mo HUH [Tr (@10)) + Tr (040,)] + A Tr (0], ) T (@fe,) . (3.61)

We assume the following vacuum expectation values (VEVs) to realize the U(1),,, symmetry
in the low energy.

@) = (@) = = (0 ), m=(4). (3.62)
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Table 2: The matter and Higgs fields and their gauge charges. The generation indices for
the matter fields are implicit.

field spin | SU(3). SU(2)g SU(2); SU(2): U(1)y
aw % 3 1 2 1 :
UR : 3 1 1 1 2
dr : 3 1 1 1 —3
lp 3 1 1 2 1 -1
eR 3 1 1 1 1 —1
H 0 1 1 2 1 !
o 0 1 2 2 1 0
d 0 1 1 2 2 0

where we assume the hierarchy between these VEVs, vg > v, throughout our analysis. We
define component fields around the VEVs.

vo+oj+im? . ]
—s i imy
®J = . U<1>+Ujf’i7’r? ? H = ’U+O’3—i7‘rg . (363)
i V2 V2

The diagonal and the same VEVs for both ®; and &, are important to realize the desired low
energy spectrum. Thanks to the diagonal structure, we still have the residual SU(2)xU(1)y
gauge symmetry after ®; and ®; develop the nonzero VEVs. The corresponding gauge
transformation is shown below.

o, — UDUT, Py — UD,UT, Hw— e UH, (3.64)

where U is a two-by-two matrix for the SU(2) gauge transformation. This SU(2) transforma-
tion corresponds to the SU(2)yx SU(2);x SU(2)y transformation with Uy = Uy = Uy = U.
This SU(2) is regarded as the SU(2), in the SM and simply called the SU(2), in the following
discussion. The SU(2),x U(1)y symmetry is broken by (H) to the U(1),, symmetry.

After all the Higgs fields develop nonzero VEVs, we still have the exchange symmetry
since we assume the same VEVs for ®; and &, fields. The discrete symmetry transformations
after the symmetry breaking are shown below.

01— 09, 09 — 01, Wg/t — WQGM, WQGM — Woau. (365)

We find out a Z, parity from this residual discrete symmetry by anti-symmetrizing the
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exchanged fields.

01— 02
hp = , 3.66
Vo = w (3.67)
0 V2 )
ye = Wi W, (3.68)
[T ) .
V2
where
wl W2
Wﬁz _ W T Wy (n=0,2). (3.69)

These fields are eigenstates of the U(1).,, charge.® These states acquire (—1) factors under
the transformation in Eq. (B63) and correspond to the odd fields. All the other states remain
unchanged and correspond to the even fields. This is nothing but a Z, parity assignment
for all the physical spectrum in our model. Note that the Z-odd states are automatically
mass eigenstates since the mass mixing terms with other states are forbidden by Lorentz
symmetry, U(1)e, symmetry, and Z, parity.

We refer to Zs-odd spin-1 particles, V° and V*, as V-particles. The V-particles are
approximately regarded as the spin-1 triplet of SU(2), and have degenerated masses at the
tree-level.

2,2
90:‘1’ =m2. (3.70)
The electroweak radiative corrections break this degeneracy, which makes the charged com-
ponent slightly heavier than the neutral one. We find the following value for mass splitting
at the one-loop level.

2 2
Mmyo = My+ =

Imy = my+ —my, ~ 168 MeV. (3.71)

We want to focus on the spin-1 DM scenario to study the low energy phenomenology corre-
sponding to the DM candidate from extra-dimensional setups and assume hp is heavier than
V0. Consequently, V? is the lightest Z,-odd particle and our stable spin-1 DM candidate.

3.3.1 Physical spectrum

The physical spectra can be read out by diagonalizing the mass matrices. We obtain the
following mass eigenstates in the Higgs sector.

hp 1 0 0 %~ O\ [o
h | =(0 sing, cos¢y \/Li \/Li 0] {o2]- (3.72)
h 0 cos¢, —singy 0 0 1 o3

3The U(1).y, symmetry generator is expressed as Q = T3 + 17 + Ts + Y where T3 denote the third
generators of SU(2),, (n=0,1,2).
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We take the scalar masses, {my, mu, mp,}, and the mixing angle, ¢;, as input parameters.

The dimensionless couplings of V.. can be expressed in these input parameters.

2 a2 2 2
__ MM}, €OS” dp A mj, Sin” Py

A )
20?2
sin ¢y, cos @p, , 4 9
Ao = — —F——(mj, — my),
h® 2\/51)?}@ ( h h)
\ mj sin® ¢, + mj, cos® ¢, +mj,
T 1602, ’
\ mj sin® ¢y, + mi, cos® ¢y, — mj |
12 — 8?}% .
For the charged gauge bosons, we obtain
vE 10 0 % 0 =%\ (W
Wj =10 cos¢py singy (1) 1 (1) Wi,
W= 0 —singy cosdy 5 0 5 W,
where
m2. —m? . m2, — m?
CoS . = M, sin ¢4 = 1/2[/—1;:

mwl - mW mwl - mW

The masses of charged Zs-even vectors are obtained as

1
miy =g { giv* + (g2 + 2903 — \/ —4gigivvg + [g7v” + (95 + 291)v3]

2

1
2 [
My =g

For the neutral gauge bosons, we obtain

0 1 L 3
& e e &
=1 9% 9 9% 9, W,
4 0 1 0 B
Z;U' (JJZ/ UJZ/ CL)Z/ WZ/ BH
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{QW + (g5 + 297 )03 + \/ —4g3g7v2vg + [g7v? + (g5 + 297)v3)]

}
|

9

(3.73)

(3.74)
(3.75)

(3.76)

(3.77)

(3.78)

(3.79)

(3.80)

(3.81)



where

2 1 1\ ?
W= cosdo+ J0 sin o, (3.83)

96 + 2919’ 2(95 + 291)
1 €90 \/591 .
Wy =————=——C0S g — ————— Sil Py, (3.84)
9 + 2919’ V95 + 291
/ 2 2 2
wh =— eV + 21 COS ¢y, (3.85)

9091

oS Po — ———=—
\/%+%l %+%w
Wy = \/_91 ————— 0S¢y — S bo, (3.87)

VR 27 96 + 2919’
VR +2
B VI (3.88)

[
z gog1

sin ¢y, (3.86)

We define ¢, that satisfies the following relation.

2.2 12 3 ../
95919 2 _ V290489’ 2 : . 2
1 22250V (g2 t297) Y (cos ¢y —sin gbo) _ (cos ¢ —sin gbo) (mZ 0 )

4 sin gy €os ¢ singg  €os ¢ 0 m%

4 _x/ﬁgog?g’ p2  9at290) v 2910
e(95+297) (95+297)

(3.89)

3.3.2 Couplings of V-particles

We show the couplings of the V-particles in the limit of ve > v to evaluate the V-particle
annihilation processes. The vector triple couplings are shown below.

— = —
LD igx+y-z {(x: oy )zt (v 92 X+ (200X ) Y] (3.90)
where

Iw+v-vo = Gv+w-vo = gw, (3.91)

g
Jwrrv-vo = Jy+wr-vo = gvtv-z/ = 2—W =9z, (3.92)

mg, - 1

my
gv+v-4 = €, (3.93)
Iv+v-z = gwlw - 3.94)

We define sy = sin 6y, and ¢y = cos 0y where 6y, is the Weinberg angle. We also define gz
in Eq. (B792) to characterize the couplings between the V-particles and the Z;-even vectors,
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W' and Z’'. We have two types of vector quartic couplings,

LD CYyig-w+ X, Y, Z, W, (26797 — g™ g7 — g7 ™) (3.95)
+ Oy + zowo X;YJ_ZEWVO (g™g°" + g™ ™" — 29" "),
where
V-vew-w+ = Oy 912/% (3.96)
cn cn 1
w-w+yoyo = Ly-wryoyo = 5912/[/7 (3.97)
cn 1
V-vtzz = 59%4/012/{/7 (3.98)
o2
Cy+y-aa = 5 (3.99)
Cv+v-az = egwew, (3.100)
Cv+v-az = €9z, (3.101)
Vevizz 2 gwew gz (3.102)

The V-particles have the Higgs coupling as well as above electroweak couplings. The
triple couplings are expressed as

LD gsb (V; V4 VIV (3.103)
d=h,h’

The couplings are expressed as shown below.

Qm%/) sin ¢y,
= ; 3.104
o (20) 22 (3.10)
Qm%/) cos ¢y,
, ~ , 3.105
9h ( va V2 ( )

where ¢y, is the mixing angle between Zs-even Higgs bosons as introduced in Sec. Bz31. The
quadratic couplings are given as

1

01,0
VMV “) , (3.106)
where

C¢>1¢2 = 941902 (¢17 ¢2 = h> h/) (3107)

3.3.3 Parameters and Constraints

The parameters in the Lagrangian in Eq. (860) are summarized below.

{907 g1, g/7 m27 m?{), /\7 )\Cba )‘h<I’7)‘12}- (3108)
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We choose the following input parameters for our phenomenological study.
{e, mz, v, mp, mz, My, Mp, Mp,, O} - (3.109)

The first four parameters are already fixed by the experiments, while the last five parameters
are free. Our spin-1 DM candidate has not only electroweak interactions but also Higgs
interactions. Couplings between V-particles and Zs-even Higgs are proportional to mixing
angle factors shown in Eq. (B0H) and Eq. (B0114). The Higgs exchange channels are already
probed by the latest direct detection experiment, and we obtain the following bound to evade
the direct detection constraints [25].

dn 0.1 (3.110)

Throughout our discussion, therefore, we take the small ¢ regime and the SM Higgs coupling
with the V-particles are suppressed by the small mixing factor, sin ¢,. Although we do not
specify the values of m, and my,, in the following discussion, we assume these scalar masses
are in the TeV scale to focus on the phenomenological aspects resulting from the electroweak
interactions. The constraints on these parameters in the scalar sector are studied in Ref. [25].
For later convenience, we introduce gy as defined below.

( 2 + L >1/2 (3.111)
gW = — — . .
9% 9

This coupling corresponds to the SU(2), gauge coupling approximately, and we obtain gy ~
0.65, which is the same value as the SU(2), gauge coupling in the SM, in the limit of v > v.

We assume vg > v throughout our study, and it is useful to derive the approximated
forms for the physical values in this limit. For my, and my, we obtain

My ~ %, (3.112)
mwr = Mgy, (3.113)

and thus we easily obtain the correct value of my,. The gauge couplings, go and ¢y, are
expressed as

mz 1
90 V29w —= , (3.114)
my m2
Mz _1q
my,
Va4
g1 ~gw—=. (3.115)
my

These couplings are constrained by the perturbative unitarity bounds. We obtain the follow-
ing constraints in the high energy regime [28].

167
i < 4| —= ~4.53 1 =0,1). 3.116
<\ =0 (3.116)
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From these bounds, we can narrow down the viable range of the mass ratio, Z—i’ If we take
gw ~ 0.65, we obtain

1.02 < 2 < 6.97. (3.117)
my

More detailed explanations of our model are given in Ref. [25].

It is worth mentioning the relation between the spectrum of extra-dimensional models
and our renormalized model. We immediately find the following mass ratio between my, and
mz from Eq. (B114) and Eq. (B113).

/ 2g>
U AN =Y (3.118)
my 90

Noting that the Zy-odd V-particles (Za-even my/) correspond to the first (second) KK mode
in the extra-dimensional model. The relation of my < my is trivially followed from this
expression. Comparing with Eq. (8553) and Eq. (BI1R), the mass ratio between the first KK
and the second KK modes are characterized by the boundary localized terms {rg,ryy} in
the extra-dimensional and by the gauge couplings {go, g1} in our model, respectively. We
may realize the general mass spectrum for the vector sector by taking arbitrary values of gy
and g;, which are independent parameters. Let us mention two limits of the coupling values.
If we take gy < ¢1, the mass splitting gets larger. This limit corresponds to the warped
metric model where the IR modes are localized around y = £, because a larger coupling
indicates the lower cutoff scale of the theory. If we take gy > g1, the mass splitting gets
degenerated, which corresponds to the warped metric setup where the IR modes are localized
around the symmetric point y = 0. The corresponding extra-dimensional models are studied
in Ref. [19]. In Sec. 632, we will study the distinctive signatures predicted from the later
degenerated region, myz ~ my .
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4 Non-relativistic effective field theory for spin-1 DM

V- v+
V- v+

VO VO VO VO
Figure 5: The philosophy of the effective field theory approach.

In the non-relativistic (NR) DM pair annihilation with the electroweak interactions, the
electroweak potential gets effectively large, which is called the Sommerfeld effect. In this
region, perturbative calculations of the annihilation cross section break down, and we have
to use the distorted wave function profiles for a DM pair in order to include the potential
force. The distortion is represented as a factor, which is called the Sommerfeld factor, in the
final formula of DM annihilation cross section.

We take the effective field theoretical approach and perform the matching to determine
the effective couplings so that the effective operators realize the non-relativistic amplitudes
of the full theory. The philosophy of the effective field theory approach is shown in Fig. B. In
the full theory, we calculate the scattering amplitudes, which is evaluated in the appropriate
regime. These results are described by the effective action. A effective coupling, which is
denoted by the black box in the figure, is determined to realize the same amplitude of the
full theory through the matching procedures. In particular, we take the non-relativistic limit
and focus on the region where mpy 2 O(1) TeV > my. In this limit, the electroweak
forces mediated by W/Z boson and v are imprinted in the potential between a pair of DM
multiplets. The W, Z boson form the Yukawa potential while the photon form the Coulomb
potential. Although the Yukawa potentials are exponentially suppressed for r 2 1/mw,z,
the wave function of a heavy DM, which is typically localized r < 1/mpy, feels effectively
long-range potential force. One of the most important features is that this potential force
may mix the two-body states with the same quantum numbers. In particular, as shown
in Fig. B, the W boson exchanging process mixes VV? and V-V*. Therefore, the VOV°
state may annihilate into electrically neutral vectors such as photon and Z boson through
this mixing via potential effects. This mixing effect plays a crucial role to search the DM
annihilation signatures in the current universe.

These effects caused by the electroweak potential are crucial for our spin-1 DM because
the DM mass should be my 2 O(1) TeV to explain the correct DM relic abundance which
is the same as other electroweak interacting DM with other spins. In this region, the W
and Z bosons effectively form the long-range force potential for the V-particles. This implies
we have the sizable Sommerfeld enhancement in the DM annihilation processes such as the
evaluation of the thermal relic abundance and the predicted DM annihilation cross section
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in the current universe. In particular, the monochromatic gamma-ray line from the DM
annihilation is an excellent probe. This is our motivation to study the annihilation process
of our spin-1 DM including the Sommerfeld effects.

In Sec. B0, we review how to construct the NR effective field theory in the quantum
electrodynamics (QED). We also clarify the condition where viable Sommerfeld effects are
expected in electroweakly interacting DM systems by taking the analogy of electrodynamics.
In Sec. B2, we derive the effective action for electroweakly interacting spin-1 DM with triplet-
like features and show the matching procedure to determine the effective coefficients from
the full theory. The formulas of the DM annihilation cross section are derived including
the electroweak potential force in Sec. B=3. We will apply the derived formalism to the SM
thermal relic evaluation in Sec. B and the DM annihilation signatures in Sec. B, respectively.

4.1 Sommerfeld effect

The importance of the (effectively) long-range electroweak potential in DM pair annihilation
is found by taking the analogy with the annihilation of positronium. We may derive the
condition where the perturbative calculation breaks down and the Sommerfeld effects get
viable in annihilation processes. To demonstrate the essential part to construct the effec-
tive theory, we will start from the review of the non-relativistic quantum electrodynamics
(NRQED). The discussion in this abelian gauge theory is straightforwardly applied to elec-
troweakly interacting DM systems. In Sec. BT, we review NRQED and estimate each
operator in the power-counting regime of the velocity expansion. In Sec. 172, we derive the
effective action of NRQED systematically following the power-counting laws of the relative
velocity. In Sec. B173, we estimate the higher order corrections induced from the electromag-
netic forces and find when these corrections get relevant. We also apply the discussions for
annihilation processes of electroweakly interacting DM where we generalize the framework of
electromagnetism to the electroweak theory.

4.1.1 Non-relativistic quantum electrodynamics

We first review NRQED, which is the effective field theory for the QED in the low energy
regime. We follow Ref. [29] where the non-relativistic quantum chromodynamics (NRQCD)

in the quarkonium system is studied to construct the NR effective theory with the presence
of the gauge fields. The building blocks of NRQED are summarized below.

e NR fermion with a nonzero electrical charge (1)
e Electric field (E)
e Magnetic field (B)

Requiring the desired symmetry in the NR system, we may systematically construct operators
using the above building blocks. The coefficient of each operator is determined to realize QED
calculations in the NR limit according to the standard procedure to construct the effective
field theory. All the processes in NRQED are estimated by the following variables:
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e A fermion mass, M
e A relative velocity for two fermions, v

Since we are taking the NR regime, the relative velocity is treated as a perturbative parame-
ter, v < 1, the higher order corrections of v get irrelevant.? Each building block of NRQED,
and thus each operator, is characterized by a certain order of M and v, which is consistent
with all the fundamental laws in the NR system. These laws provide a way to estimate the
order of physical processes. We have to consider a complete set of operators that contains
sufficiently higher order corrections of v to describe each physical process with the required
accuracy.

The NR regime to construct NRQED is described in terms of the typical momentum of
fermion fields, p, and its kinetic energy, K. These observables are characterized by using v
and M.

p~ Muv, K ~ Muv% (4.1)

Orders of other operators are also determined by the field equations in the NR system.

Let us consider the fermion (1) and anti-fermion system (x) such as the positronium
system as a concrete application for NRQED. We will apply the same discussion to the
electroweakly interacting DM system. focusing on DM pair annihilation processes. In the
positronium-like system, the expectation value of the fermion number density operator is
nearly one.

/ Bty ~ 1. (4.2)

Noting that the fermions are localized within Az ~ 1/p by the uncertainty principle, we may
read out the typical order of fermion field.

Y~ p2. (4.3)

The master equation for NR fermions is the Schrodinger equation.

. D?
(th + W) W =0, (4.4)

where D, and D denote covariant derivatives for time and spatial coordinates, respectively.
The kinetic energy is the expectation value of the second term in the equation.

/ d%@b*%@b ~ K, (4.5)

4Note that we also have aem as a perturbative parameter in QED calculation, which is the same order as
v in NRQED power-counting rules. We will discuss in Sec. 123 that QED loop corrections appear as the
power of aep /v and thus perturbative calculations break down if aem < .

~
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and we obtain

D ~p~ Mu. (4.6)
From Eq. (E4), we obtain
D?
D, ~ — ~ K. 4.7
" aM .7

The order counting for gauge fields can be read out from the Schrodinger equation with the
existence of the gauge field. If we take the Coulomb gauge, which is the suitable gauge to
describe the NR QED processes, the scalar potential, ¢, is dominant compared with the
vector potential, A. The field equations in this gauge are expressed as shown below.

Viep = -l 4 - (4.8)
(0} = V*)eA = G—J\;WW +2pVep+ - - -, (4.9)

where ellipsis denotes the sub-leading terms in the NR expansion. The typical order of scalar
potential is obtained as follows.

2
ep ~ Z%pB ~e’p ~ K. (4.10)

The last result is obtained by noting that the Schrédinger equation with the electromagnetic
field is expressed as shown below.

(zat —ep+ %) ~ 0. (4.11)

Therefore, we may read out the order of gauge coupling, e. In particular, the QED fine
structure constant, a.,, is estimated as shown below.

em = 7 ™~ U. 4.12
Qo = - ~ (4.12)
Since the second term of LHS in Eq. (B9) is relevant, we obtain the following estimation for
eA.
2
eA ~ psz ~ vK. (4.13)

The orders of electromagnetic fields are derived below.

eE = —Ved+ -~ M (4.14)
eB =V x (eA) + --- ~ M*v*, (4.15)

The above power-counting rule is summarized in Table B, which corresponds to TABLE I in
Ref. [29] for the NRQCD system.
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Table 3: The power-counting rule for each operator in NRQED. The same table for the
NRQCD, such as the quarkonium system, is summarized in TABLE T of Ref. [29].

Operator Order of estimate Description

Y (Mv)3/? Fermion field

X (Mv)3/2 Anti-fermion field

D; Muv? Gauge covariant time derivative
D Mo Gauge covariant spatial derivative
ed Mov? Scalar potential

cA M3 Vector potential

eE M?3 Electric field

eB M?p* Magnetic field

4.1.2 Effective interaction of NRQED

We derive effective interaction terms for NRQED. The time evolution of the NRQED system
is described by the Schrodinger equation. described by the following leading order action.

Sy = / d*zt(x) (iDt - %) U(z). (4.16)

These interactions are the order of O(v®) in the power-counting rules summarized in Table B.
We may write down all the possible interactions by requiring the following symmetry, which
an original relativistic QED system respects in the NR limit.

e (Gauge invariance

e Rotational invariance

e Charge conjugation invariance
e Parity invariance

e Unitarity

The relevant interaction terms are characterized by lower powers of v in the of NR expansion.
The bilinear form of fermions, which is suppressed by v? relative to the leading order
interactions, are obtained as follows.

&
»Cbilinear - ME¢TD4¢

+ 24 D - (¢E) - (¢E) - D] ¢

M?2
+ %wa -[D x (¢E) — (¢E) x D] ¢
+ C—]\;lﬂa -(eB) Y, (4.17)
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where o denotes the spin operator. We show the interaction terms focusing on the particle
sector. We may derive the effective couplings for x straightforwardly from the requirement
of the charge conjugation invariance. The parity-odd intrinsic electric dipole moment inter-
action, 1To - (eE)1, is not allowed because the parity invariance is required. The effective
coefficients are denoted by ¢; (1 = 1,2, 3,4) starting at the zeroth order of the relative veloc-
ity. The interaction relating to the higher order of time derivatives, such as ¥ (iD;)?, can
be redefined as the first term of Eq. (B2I7) using the zeroth order Schrédinger equation.
Besides, we also have contact interaction terms between fermion and anti-fermion.

‘Ccontact = %WX Xde + %W‘J’X XTaw (418)
These interactions have no counterpart in the relativistic theory and are induced at the loop
level. This means that the effective coefficients, d; (i = 1,2), are the order of O(a? ) ~ v*.
These interaction terms, therefore, are suppressed by v® compared with the leading order
terms. The annihilation and creation of (anti-)particles are described by these terms if the
coefficients have the nonzero imaginary part. The nonzero imaginary part breaks down
the unitarity requirement in the construction of effective field theory, but these effects are
consistently induced from the QED loop effects. In particular, the imaginary part of the
coefficient d; is derived to realize the imaginary part of the amplitude calculated by QED in
the NR limit. Since these terms are the leading order effects to describe the annihilation and
creation of (anti-)particles, we have to include these higher order terms of O(v) to describe
these phenomena. The imaginary part of the forward scattering amplitude is related to the
cross section through the optical theorem. We will apply the same matching procedures
in Sec. B2 for the NR system of electroweakly interacting spin-1 DM. Before moving to the
spin-1 DM system, we show that the perturbative calculation will fail with the presence of the
(effectively) long-range potential. This fact can be found by estimating the loop diagrams in
the power-counting rule. We may straightforwardly generalize this fact to the electroweakly
interacting DM system.

4.1.3 Threshold singularity of loop corrections

We review the threshold singularity, which appears in the positronium-like system in the
NRQED framework. This singularity is related to a ladder diagram shown in Fig. B. The
left panel shows an electron-positron annihilation process into two photons. This diagram
schematically shows the importance of the higher order corrections in the annihilation pro-
cesses. We can estimate each QED corrections, which is depicted in red color in Fig. B,
by using the power-counting law and find the condition where the perturbative expansion
of the cross section by ag, brakes down. A fermion propagator corresponds to an inverse
of the Schrédinger operator, (i0; — %)*1, and thus we estimate each fermion propagator
as ~ 1/K. A photon propagator corresponds to an inverse of the wave equation operator,
(0?2 —V?)~1. Since spatial derivatives are more relevant than time derivatives in the NRQED
power-counting law, a photon propagator scales as ~ 1/p?. Applying these scaling laws, we

43



’ ~ e ,\,\N"JV XO\X— ; M7
7% 7%% W% W%é

s e 7 x+ M

et Yy XO Y

(a) e"et — 2+ (b) X~ X+ — 2y

Figure 6: Ladder diagrams for annihilation processes into two photons. We show (a) electron-
positron annihilation as an example of NRQED processes and (b) pair annihilation of an
electroweakly interacting DM, respectively.

estimate the order of each QED loop correction as below.

ae d3¢
(QED loop) ~ / o ok -e? - (NR fermion propagator)? - (NR photon propagator)

T (27

1\ 1

~Y . . 3 . —_— - —

= Cen KP <K ) Pp?

- Gen (4.19)
v

This estimation immediately implies that higher order loop correction may be enhanced by
a factor of ey /v in the NR limit, v < @ep. A ladder amplitude with n-th loop corrections
scales as

iM ~ Qo - (O‘;m)n. (4.20)

Therefore, we obtain the following condition where the perturbative expansion of a.,, breaks
down.

Qem S0, (4.21)

~

which is known as a threshold singularity. In this region, we need to perform resummation
of the ladder diagrams in Fig. B.

In the system of an electroweakly interacting DM, we have a similar situation as that
in NRQED system. The NR annihilation processes of the electroweakly interacting DM are
important to investigate in various contexts. The annihilation of DM multiplets in the early
universe is important to evaluate the thermal relic abundance. A DM pair annihilation in
the current universe is necessary to probe DM signatures through astrophysical observation.
Evaluating the annihilation cross sections in the NR limit is, therefore, relevant for DM
physics. We may construct the NR effective theory for electroweakly interacting DM in the
same procedures as those of NRQED. We may find a similar power-counting regime and
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estimate the electroweak corrections. In particular, we have to know the order of the propa-
gator for both NR DM and electroweak bosons to estimate the electroweak loop corrections
shown in diagram (b) of Fig. B. The momentum p of this annihilation process is estimated
as p = mpyv ~ my, and thus the relative velocity is v ~ my /mpys. The kinetic energy K
is, therefore, estimated as K = mpyv? ~ m%,v/mDM. Note that an initial DM pair nearly
satisfies the on-shell conditions, and the loop momentum for DM is typically a scale of DM
mass, mpy. Therefore, the propagator of DM scales as ~ 1/mpy.? On the other hand, W
boson in the loop has small momentum transfer and a propagator of W boson can be char-
acterized as ~ 1/m¥,. Using these estimations, we may derive the order of each electroweak
loop correction in the same manner as that in QED.

(Electroweak loop) ~ / Z—f: (533 - 4ral - (propagator of DM)? - (propagator of W boson)
3 Mpym 2 1
ot (22) L
~ if;v (4.22)

This is the same estimation as that in the NRQED system with replacing v to my /mpa,
and we obtain the condition where perturbative calculations broke down in the electroweakly
interacting DM system.

« 1

2 < .
Y

mw mpm

(4.23)

This condition tells us a physical intuition why the perturbative calculations no longer work:
The LHS of Eq. (B223) expresses the typical range for the Yukawa force induced by W
boson while the RHS expresses the typical range where DM wave functions are localized.
Therefore, the condition of Eq. (B223) can be restated as the condition where DM wave
function is localized within the range of electroweak potential. If this condition is satisfied,
a wave function for DM is distorted from plane wave profiles due to the significant potential
force. This effect is called the Sommerfeld effect. To derive the annihilation cross section
including this effect, we have to use the distorted plane wave profile. In the final formula,
this distortion of the wave function is expressed as the Sommerfeld factor. We will review,
in Sec. B2, the derivation of annihilation cross section including the Sommerfeld effects by
constructing the NR effective theory of electroweakly interacting DM system.

4.2 Formalism

We show the effective action of the NR effective theory for spin-1 DM. The building block of
effective action is two-body states that are composed of elementary particles. In Sec. B2,
we will introduce the general framework for NR electroweakly interacting spin-1 theory and

SInteractions between spin-1 DM and electroweak bosons are derivative couplings where a derivative also
scales as ~ mpys, and thus the scaling is the same as the spin-1/2 DM case.
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show the effective action in terms of two-body states. We decompose two-body states into
each partial wave mode for the later convenience to solve the Schrodinger equations. In
Sec. 22, we show the potential for SU(2),, triplet spin-1 theory with Y = 0. In Sec. B=23,
we give the potential for the spin-1/2 system with the same electroweak charge and compare
results with those in the spin-1 system.

4.2.1 Derivation of effective action

The DM annihilation processes including the Sommerfeld effects are studied in many contexts
of the spin-1/2 DM system with electroweak interactions [14, [7]. The method to derive the
effective action is systematically summarized in Ref. [30, B1] We use the same method to
derive the effective theory for the spin-1 DM system with electroweak couplings. In particular,
we will focus on the SU(2), triplet and Y = 0 spin-1 DM throughout this thesis, which
corresponds to the electroweakly charged KK DM in the extra-dimensional scenario. The
formalism is straightforwardly applicable to spin-1 DM system with more general interactions.
The asymptotic field operators of V-particles are expressed below.

0 : d3p 1 A —ip-x A ip-x  Ax
xr) = E a e ' + at(p)e?®e , 4.24

@=3 [ 5% ;E[ PR D) (425)

Z / T PG TR e)] . (12

We introduce the physical polarization vectors, eﬁ (p) (A =1,2,3), which satisfy the following
transverse condition,

p'e,(p) =0, (4.27)
and the orthogonal relation.

er(p)eP(p) = =647, (4.28)

The annihilation and creation operators satisfy the canonical commutation relations.

[a”(p), " (p')] = (27)°6°(p — p') 677, (4.29)
(b4 (p), b"1(p")] = (27)%0*(p — p')6"7, (4.30)
[d*(p), d”1(p')] = (27)*6*(p — p/)647. (4.31)

The NR two-body effective action for V-particles are derived by performing the NR expan-
sion for these operators and integrating out the large momentum modes. Since the zeroth
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component of the polarization tensor is sub-leading in the NR limit, we leave the spatial
components (i = 1,2, 3) for the V-particle operators.

VO(z) = ;n A () 4 e Al )] (4.32)
V L
V.o (z) ~ 21 _e’im"t&-(x) + eim"tD;r(w)] , (4.33)
my L
Vi(z) ~ ! _e_im‘/tDi(at) + e"m‘/tb’j(:ﬂ)} , (4.34)
2mv L
where we define
3 d3p )
Aa) =3 [ S Hatmle el ), (4.39
) (2m)
3
d3p ,
Bi(x) = / b (p e_”"'”cef1 D), 4.36
0 =3 [ G we el ) (4.36)
Di(z) = 3 / . d*(p)e”""€\(p) (4.37)
07 ) Tt T |

We also express one particle states for NR V-particles with momentum p and polarization

A.

V% p, A) = V2mya™(p) |0), (4.38)
V7ip, A) ~ V2my b (p) |0) (4.39)
}Vﬂp, A) ~ V2myd(p) |0) . (4.40)

The effective action is expressed in the two-body states composed of the NR V-particle
operators. If we focus on the leading-order effects in the NR limit, the orbital momentum
and spin angular momentum are conserved independently. This is because the potential at
the NR leading-order has a spherically symmetric form. Consequently, the total spin angular
momentum, J, and z-component of the spin angular momentum, .J,, are good quantum
numbers. The electric charge is also conserved in each process. Therefore, the effective
action is decomposed into each partial wave mode and diagonalized in the electric charge.

It is convenient to change the space-time coordinates into the center of mass coordinate,
R = (R° R), and the relative coordinate, 7.

x+y
2 )

R =t, R= r=x—uy, (4.41)

where x and y denote spatial coordinates of two elementary particles. The effective action
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is obtained in the decomposed form into each partial wave state.

2 2 . 0.
Se = Z{ / d*Rd*r o5 KzaRo + Vi + V?‘) — Vig=o(r) +¢§rg2053(r)} X

4m m
T \% \%

+ Z d4Rd3T qu,JzT Za + V?% + Vg —V ( >+ gFJ(53( ) ¢Jan
Q RO Q\Tr 12 Qo (T 0 ,

Q=+1,42 dmy — my
(4.42)

where r = |r| and J = 0, 1,2 with |.J,| < J. For electrically neutral two-body states, we have
two states composed of V-V* or VOV and thus the potential for = 0 two-body states
is a two-by-two matrix form. We will show the explicit form for V' and I" in Sec. 224, We
introduce the ) = 0 two-body fields as defined below.

J,J.
yJz R ,r,)
o} = (95 )y 4.4
s = (%) (1.43
Each component is defined as
& (R,r) = Bi(R", R+7r/2) S;”* D;(R", R —r/2) (J=0,1,2), (4.44)
1
VAR T) = —A(R R+71/2) S AR, R-7/2) (J=0,2), (4.45)

V2

where the upper and lower components correspond to V-V+ and VOV, respectively. For
electrically charged states, we define

o5 (Rr) = B(R", R+1/2) S A;(R°, R—r/2) (J=0,1,2), (4.46)

o575 (R, v) = Di(R°, R+7/2) S;" A;(R", R —r/2) (J=0,1,2), (4.47)

L% J(R,7) = %&(RO, R+r/2) S2 Bi(RSR—1/2) (J=0,2) (4.48)
1

Gl (R,T) = EDARO, R+7/2) 8" DyR, R—7/2) (J=0,2). (4.49)

In the above definition, we introduce the basis of three-by-three matrices.

&I — ngsz (i,j =1,2,3), (4.50)
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[ — (1) (1) 8 (4.51)
V3 \o 01

) 00 —1 L (0 Q0 ) 0 0 -1

Shl = 00 —i|, S*=—|-i 00|, St'==10 0 i |, (452
1i 0 2\0 0 0 1 —i 0
1 i 0 0 0 -1 1 0 0

§2,2:% i —1 0], G2l _ 0 0 —il, g20_i 0 -1 0},
0 0 0 1 —i 0 6\o o0 2

A 00 1 ) (1 =i 0

$21—Z-(o 0o —il, 52:—225 —i -1 0]. (4.53)
1 —i 0 0 0 0

These matrices satisfy the following orthogonal relation.
Tr [SJ’JZSJ/’J;*} = (—1)‘76‘7‘]/5‘]2‘];, (4.54)

These matrices play a role to decompose two elementary operators into irreducible decom-
posed two-body operators. Note that 57+ is symmetric matrices for J = 0,2 while anti-
symmetric for J = 1. We have no gb]l\’,Jz and gbgfﬁ because these states are composed of
two identical particles. The spin-angular momentum J is conserved as long as we focus on
the NR leading order contributions. Therefore, in our leading order calculations, the J =1
contributions only arise in the annihilation of V=V+ and V°VF. For the thermal relic eval-
uation, the electrically charged components also contribute to change DM number density
before decoupling from the thermal bath. On the other hand, the initial state of DM is
fixed to be VOV to study DM annihilation signatures in the current universe because the
charged components VT have already decoupled. The normalization factors in Eqs. (B24)-
(B29) are fixed to realize the canonical weights for the two-body propagators. The two-body
propagator of qﬁ‘é"]z is defined as the time-ordered product.

BP Bk —i( P2 )royipR
plretnonoln) - 5t S o

where 0(R") is the Heaviside step function. This expression is obtained by substituting
the explicit forms of gb({ijz and qb({:JZT and using the canonical commutation relation between
them.® The definition of gb]‘{’,‘]z and gbgéfﬂ has another normalization factor of 1/v/2 because

these two-body states are composed of two identical particles.

5Note that (S77=)t = (=1)7(87/=)* because it is symmetric for .J = 0,2 but anti-symmetric for J = 1.
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4.2.2 Two-body potential for the non-abelian vector DM system

The leading-order expressions for the real part of the potential, V', are shown below.

25my — oSy B Qo e m2T B V2w
N T r T
Vooo(r) = . (4.56)
\/§a2e—mwr 0
r
Qge” mwr
Vomu(r) = 25—, (457)
2 2 _—mgr

VQ:ig(r) _ QS + Qacyyye , (4.58)

r

where ay = g3, /47 corresponds to the SU(2), fine structure constant in non-abelian vector
DM model. These potentials are read out from the NR scattering amplitudes of V-particles.
The derivation is shown in Appendix BT As mentioned above, the potential for Q =
0 two-body states has a two-by-two matrix form. The off-diagonal elements induced by
the W boson exchanging processes mix the ¢o and ¢y states, which realizes a sizable DM
annihilation cross section into neutral vector bosons such as a photon and Z boson. In
the above expressions, we focus on the potential induced by electroweak bosons. Compared
with these contributions, the other channels are sub-leading due to the following reasons:
The Higgs exchange contributions are suppressed by small ¢,. The W’ and Z’ exchange
contributions are exponentially suppressed by my~ and myz. The contributions from the
vector quadratic couplings are suppressed by 1/m?,.

The imaginary part of the potential, I/ , is derived by operator matching between the
two-body operators and the calculations of the loop amplitudes of the V-particles. We may
derive I' from the perturbative annihilation cross section of V-particles relating the forward
scattering amplitude and the annihilation cross section through the optical theorem.” The
detailed derivation is given in Appendix A=A, As discussed in Sec. B3, a perturbative
expansion by sy breaks down for the TeV scale DM scenario. The cross section formula
including the Sommerfeld effects is derived in Sec. E23.%

For the thermal relic evaluation discussed in Sec. B, we need to treat all the annihilation
modes of V-particles including longitudinal contributions of the final massive vectors. We will
postpone to giving master formulas to express all the leading order perturbative annihilation
cross section until Sec. bB2Z2 where the same matching procedures are applied to derive T'.
Here we give rather simpler results focusing on the line gamma-ray studies, which is more
useful for the comparison with the results in the spin-1/2 system. The annihilation channels
into more than one primary photon, v.X, contribute to the narrow spectral line where X
denotes neutral particles that may appear in the final state. This monochromatic channel

"We choose the factor of 9/2 in Eq. (EZ32) so that the (1,1)-component of I'V is equal to the tree-level
spin-averaged velocity-weighted annihilation cross sections of V=V T with J. For spin-1/2 DM system, we
have to replace 9/2 — 2 to hold the same cross section formulas.

8See Eq. (E9H).
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is easy to separate with the astrophysical background and is expected to be a smoking-
gun signal from DM annihilation. In particular, we focus on X = v, 7, 7' and derive I'
induced from these channels. We have to calculate the one-loop forward scattering amplitudes
with XX’ = ~v, Z~, Z'~y for the intermediate states to derive the corresponding I['/. The
annihilation modes into hy and h’y induce J = 1 partial wave contributions only, which
is irrelevant to DM annihilation in the current universe.? Noting that a photon has only
the transverse modes, all the longitudinal contributions vanish. Therefore, we may safely
take the massless limit of the SM particles in the final states. We decompose [/ into each
contribution of the intermediate state, X X’ as denoted by I'y,. The leading order results
are shown below where we omit the SM masses for the final states.

[7=0 = g%f (ng 8) , (4.59)
M= i—?;—of (ng 8) : (4.60)
)0 = %77%% (QC%BS%V 8) , (4.61)
1) = %;—Og (26%65% 8) : (4.62)
(0= 2 -2 (). (4.63
[}2= %O‘;—%u —12)(6+ 31z +1%) (SgV 8) : (4.64)

where rz = m?%,/4m?,, and gz is defined in Eq. (B3392).

4.2.3 Two-body potential for Wino DM system

To compare with the spin-1 DM system, we show the result of two-body potential in the
Wino DM system, which the leading order result is derived in Ref. [37] including @ # 0
two-body states.

Sy — ags%,v _ agc%,{/e*mzr _ \/Eage*mw’"
R r r r
Vo=o(r) = , (4.65)
B \/§a2€—mw'r 0
r
o emeT‘
Vooui(r) = ———— R (4.66)

a8, + ol e meT

Vo=ua(r) = (4.67)

r

9These channels contribute to thermal relic evaluation where electrically charged components are also
relevant. We will show the formulas of V-particle annihilation cross section into scalar and vector particles
in Eqgs. (B59)-(51D).
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The leading-order results is the same as that of the SU(2), triplet spin-1/2 DM except for
the potential for () = +1 two-body states where overall signs are opposite. In particular, the
potential is repulsive for spin-1 DM while attractive for spin-1/2 DM. The imaginary part of
the potential is shown below.

19— 1o (5’5 ?) , (4.68)
I)zh = %%’f (4.69)
Ty = %%Of (4.70)
Tys = %%‘f (4.71)
Tohs = %%% (4.72)

where we sum over all the final states with neglecting masses of the SM particles. The partial
contributions from vy and Z~ channels are shown below.

2 4
sg=0 _ T sy 0
= ( 0 0) > (4.73)
oo T3 (st 0
Iyt = 722 ( WOW 0) : (4.74)

In the spin-1/2 DM system, we have two variations in two-body states with (@, J) = (0,0),
do ~x xT and ¢n ~ x°x°. Therefore, the potential has a two-by-two matrix form. This is
the same situation as the case of the spin-1 system. The diagonal component of I" corresponds
to the velocity-weighted spin-averaged annihilation cross section in our matching procedure.
In particular, I'1; corresponds to the tree-level total annihilation cross section of y~x* while
I'92/2 corresponds to that of x°y°.™

Let us mention the electroweak higher order corrections in our analysis. For the spin-1/2
DM, the Sudakov log corrections [33, B4, B5, B6, 37| and the one-loop correction for the real
part of the potential [38] are precisely evaluated in the context of the Wino DM study. In our
spin-1 DM system, those potentially large corrections have not been evaluated yet, and thus
our predictions have the uncertainty of O(1) factors. We focus on the leading-order results in
both DM systems to show the comparison. Although the electroweak corrections also induce
spin-dependence in signatures, these effects are sub-leading compared to the leading order
results.

Before we show the procedure to evaluate DM annihilation processes including these
potential effects, we remark the differences in effective action between spin-1 DM and spin-
1/2 DM system focusing on the line gamma-ray channels. First, the Sommerfeld enhancement
factor is approximately the same in both systems since we have the same V and the mass

OFactor of 1/2 comes from the fact that the x"x° state is composed of identical particles.
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splitting at the leading-order. Consequently, we have the same resonance structures as those
in the Wino system. Second, if we compare the annihilation cross section into vy and Zv, a
cross section value of spin-1 DM are larger than that of spin-1/2 DM by 38/9 ~ 4.22... ™
This is because spin-1 DM forms both J = 0 and J = 2 partial wave states while spin-1/2
DM forms only the J = 0 state. Third, our spin-1 DM may have a new annihilation mode
into Z'~ If this new channel is kinematically opened, the associated photon also contributes
to a monochromatic peak. Besides, the photon energy is determined by my and my. We
will study this topic in detail in Sec. B2.

4.3 Cross section formulas

We review how to evaluate the Sommerfeld factor and derive formulas for DM annihilation
cross section. Let us consider a scattering process of x'x? — x*x* where X* denotes DM
multiplet. The following derivation can be applied to arbitrary DM spin by adjusting a
spin-dependent factor. DM annihilation processes are described by two-body states. We
start from the Schwinger-Dyson equation for the Green functions of the two-body states.
This equation is derived by using equal time commutation relation for two-body states and
equations of motion.

KzaRo + % + %2> — Vo(r) + igl“dg(r)} (0| Tou(R, 79l (R, )| 0)

= i6*(R — R)*(r — ') 6pa, (4.75)

where m denotes DM mass and ¢, (¢;) denotes a two-body state composed of the components
of the DM multiplet x*x? (x*x*). The factor of N in front of I' denotes degrees of spin states.

[ 4, (spin-1/2)
N _{ 9. (spin-1) (4.76)

This Green function describes the process of ¢,(R,7) — ¢(R',7'), and the corresponding
scattering process of components (¢, )x’(t,y) — x*(t,2')x*(t,y’). The coordinate R =
(R°, R) denote the center mass coordinate and r denotes the relative coordinate of DM
multiplets as defined in Eq. (B221). We also define R’ and 7’ in the same manner. The
imaginary part for the diagonal component of this Green function, <0 ‘ T oyl ‘ 0>, relates
with the total annihilation cross section of x*y?. We expand the Green functions into each
partial wave mode.

dP* _.oipp 2041 :
<0‘T¢b(R/>""/)¢l(Ra T) ‘0> = /WG PR R)Z . PZ(COSV)(—Z)GI()?Z)(T/>7”),
¢

(4.77)

HFor the vy (Z7) channel, for example, we simply add the values in Eq. (£559) and Eq. (E560) (Eq. (2551)
and Eq. (E02)) to compare with spin-1/2 results shown in Eq. (B223). This is because the real part of the
potential is the same for both J = 0 and J = 2 states in the spin-1 system.
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where v denotes the relative angle between r and r’. The NR kinetic energy for a DM pair
is denoted by E as defined below.

P mu?
E=p'— — = 4.78
dm 4 ( )
where v denotes the relative velocity between a DM pair. The NR kinetic energies for the
heavier components are expressed by subtracting the mass differences from E, F — (m; +

m; — 2m). Substituting Eq. (E271) into Eq. (273), we obtain

No(r) Géf’e)(rl, ") = d(r—r1")

2 72

1 d  +1)

o 2

— E4V(r) =il Spa (4.79)

mr dr? mr
Throughout our analysis, we focus on the s-wave annihilation processes (¢ = 0), which
give leading order contributions in the NR limit. Therefore, the total angular momentum,
J, is equal to the total spin angular momentum, S. The leading order potential terms
are spherically symmetric, and thus J is conserved in annihilation processes. We also have
conservation of the total electric charge, (). Consequently, the Green function is expressed
in the diagonal form of each eigenstate for () and J. To simplify the differential equation,
we introduce

= 1
G (') = nga(rlu r), (4.80)
and obtain
1 d2 . N(;(T’) / /
s E+V(r)—il v Goa (T 1) = 0(1 — ") Opar (4.81)

The cross section is expressed by the imaginary part of the solution. We obtain the leading
order solution in the perturbative expansion of ay as shown below.™

iNm?

9ba (1" 7) |1cading —order = S lg=(r") - T - gZ(r)]ba. (4.82)

In the above expression, we introduce the solution of the following equation.

1 d
_Eﬁ — E + V(r) g>ab(7"> = O7 (483)
with the following boundary conditions.

g<ba(r - 0) - (5ba7 (484)
g<ba(r = 0) = (outgoing mode only). (4.85)

We impose different profiles depending on each potential. The short-range Yukawa potential
damps at r — oo, and thus the solution behaves as the outgoing plane wave. For the long-
range Coulomb potential, the asymptotic profile is also determined by solving the Schrodinger

12The real part of the potential is O(az) while the imaginary part is O(a3).
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equation in Eq. (B283). In particular, we put the following condition as the asymptotic
behavior.

dpa(E,) etVmber, (short-range potential)

g>ba(r) = A (4.86)
dya(E,) eVmEure'2/mE, cs2vim br), (long-range potential)

where F, and £} denote the NR kinetic energy of ¢, and ¢, respectively. Since we can not
take r — 0o in numerical calculations, we impose these asymptotic behaviors in a sufficiently
large value of r (= r¢) so that the numerical solutions turn to be independent of ;. The
distortion from the asymptotic (modified) plane wave profile is expressed by dp,(E,), which
is called the Sommerfeld factor.

For @) = 0 two-body sector, we have matrix form of the Green function and the kinematical
accessibility of an off-diagonal process is nontrivial. This property is already imprinted in
the above boundary conditions. Let us consider the DM process of x'x? — x*x*. If we have
2m < my + my, this scattering channel is kinematically closed for

mv2

E, = 4 (mg +my —2m) < 0. (4.87)

In this region, the exponential factor eV " damps the asymptotic solution at r — oo.
This behavior is consistent with the kinematical suppression of this annihilation mode. This
property is automatically encoded in the boundary condition in Eq. (E=88). We introduce
M;; (M) to denote the total mass of initial (final) states. The general relation between
initial and final relative velocities is expressed as

4 4k?
Vi = Vie — m (M — Mi;) = PR (4.88)

From this relation, we may obtain the general expression for /mFEj, as shown below.

2 _ y
JmEy, =k = \/m(mv’“f _ My = My ) (4.89)

4 m

We find £ is pure imaginary for movg,/4 < My, — M;;. Therefore, we have the exponential
damping of the solution, ~ e~*I" for r — oo, which is also consistent with the above discus-
sion. We solve the equation numerically and obtain the Sommerfeld factors as a function of
the relative velocity for the initial state, v;;. This effect gets viable in the NR region, v;; < 1,
since the potential energy becomes relevant compared with the kinetic energy, F ~ mvfj /4,
in the Schrodinger equations. On the other hand, the enhancement factors converge to 1
for v;; > 1. Consequently, we can recover the perturbative cross section obtained by the
Born approximation if we replace the Sommerfeld factor with 1. Through the optical theo-
rem, ImGE=0(y' r) is related to the s-wave spin-averaged and velocity weighted annihilation
cross section, (¢,0), and we obtain the following formula.

o 2T . E2\? [ ) _ .

(Tal) 4 wave = Ca -5 lim (E — —) / drdr’ sinkr - Im [rr'GE=0 (', r)] - sinkr”,

0

K2 g2 m? “
E

(4.90)
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where we do not take summation over a, and o, describes the annihilation cross section of
bq ~ X"x?!. We introduce a pre-factor ¢, as defined below.

2, for initial states composed of two identical particles
Co = : (4.91)
1. otherwise
If we substitute the leading order solution given in Eq. (A282), we obtain
m? k2 \° i
(Uav)s—wave|leadingorder = Ca ﬁ Egnlii (E B ﬁ) [A(k> I A (k>]aa ) (492)
E2
where we define
Apa (k) = / dr sin kr[gs(7)]pa- (4.93)
0

The asymptotic behavior r — oo is important to evaluate Ay, (k). Substituting Eq. (E=G)
into Eq. (E93), we obtain™

A (k) =~ / dr - dp,(F) eVIMET i ko
0

— () x (—%) E% (4.94)

Using this approximated form, we express the annihilation cross section as below.

(Ta?) 4 wave = Ca Z dop(E) Ty d.(E). (No summation for a) (4.95)
b,c

In particular, the velocity-weighted annihilation cross section for partial annihilation pro-
cesses, VOV? — X X' are expressed using the notation introduced in Sec. BE222.™

@) xx =y Y (M) doalB) dip(E), (4.96)

o8 J,J:

2
where ¢ = 2 for the initial states composed of identical particles. We introduce E ~ TV rel

as the NR kinetic energy of the V-particles, and d.s(F) (o, 8 = 1,2) as the Sommerfeld
enhancement factor. We numerically obtain d,s(E) by solving the Schrdodinger equation
following the method described above.

13We assume Im(v/mE) > 0 to obtain this result. This assumption is consistent with the asymptotic
behavior shown in Eq (E=H) for the process with M;; < My,. See the discussion below Eq. (E2X1).

14YWe have to choose the appropriate value of coupling constants at the typical scale of each process. We
use the couplings at the my scale for the potential in solving the Schrodinger equation, while we use the
couplings at DM mass for '}y, in Eq. (E798).
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5 Thermal relic evaluation

We evaluate thermal relic abundance predicted in the electroweakly interacting DM system.
The DM thermal relic abundance is one of the most important predictions in WIMP scenario
because we can infer one constraint on the DM theory by requiring to realize the value
determined in the Planck experiments, Qh? ~ 0.12. DM annihilation channels and cross
section differ in each theory. Therefore, specifying the viable DM mass region for the WIMP
scenario is the first step of DM identification.

In order to evaluate thermal relic abundance, we have to derive all the relevant annihila-
tion cross section formulas for DM multiplet. Besides, we need to numerically evaluate the
Sommerfeld factors for all the two-body states. We compare predictions between spin-1/2 and
spin-1 DM and discuss possibilities for discrimination. The derived formulas in this section
are also applied to study gamma-ray signatures discussed in Sec. B. In Sec. b, we classify
all the annihilation diagrams of V-particles systematically. Through this classification, we
specify the relevant modes to evaluate the DM abundance. The cross section formulas are
summarized in Sec. b2, In Sec. b33, we show the numerical result of thermal relic evaluation.

5.1 Classification of annihilation diagrams

To collect all the leading-order contributions, we categorize annihilation diagrams of spin-1
DM by the following features.

(1) Initial states
(2) Final states
(3) Topology of diagrams

The initial and final states are characterized by the particle spices and the total spin angular
momentum. We introduce labels for categorization in Sec. bl and write down all the
possible combinations of each label in Sec. B2

5.1.1 Labels for categorization

First, we define labels of the initial state particles. As revealed in Sec. B3, we have nearly
degenerated Zy-odd spin-1 particles, V° and V¥ in our spin-1 DM system.™ If the mass
splitting between the V-particles, dm, is comparable with the temperature in the thermal
bath, the coannihilation effects are viable. To evaluate the DM thermal relic abundance, we
need to calculate the annihilation cross section of V-particles.™ Pairs of V-particles, which

15We assume mp, > my to focus on the spin-1 DM scenario, and thus hp has nothing to do with the
thermal relic evaluation. This relation is always achieved by choosing the parameters in the scalar sector.

16The scattering between V-particles and the decay of V* into V° do not directly reduce the total number
of V-particles. Although these processes are assumed to occur with sufficient rate, we do not have to calculate
explicitly.
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are denoted by V1 V5, are written down below.
ViVo = {VOVO V-V VOVF VFIVFL (5.1)

We also classify each initial state by the total spin angular momentum, Jiiia = 0, 1,2 for
the later convenience. Each initial state mode is specified by (V1 Va, Jinitial)-
Second, we define the labels to express the final state particles.

X3X4 = {¢3¢47¢3‘/47f3f4;‘/3‘/4}7 (52)

where ¢;, f; and V; (i = 3,4) denote final state particles with spin-0, 1, and 2, respectively.
The final states are composed of all parity-even particles due to the Zs-charge conservation.
Each final state is also classified by the total angular momentum, Jg,. = 0, 1, 2, and specified
by (X3X4, Jﬁnal)-

Third, the annihilation diagrams for V-particles are classified into the following two classes
of the topology.

e Topology s

The diagrams of the s-channel are classified into this class. These classes of diagrams
are further labeled by the intermediate states. We use ¢ for spin-0 mediators and use
X for spin-1 mediators, respectively. Therefore, each s-channel diagram is assigned by
the labels of s-¢ or s-X.

e Topology tud

The diagrams of t-channel, u-channel, and quadratic channel are classified into this
class. We have nonzero amplitude in specific partial wave modes after adding up the
three channels if we focus on NR leading order contributions.

All the partial wave annihilation modes of V-particles are specified by the following labels.
(‘/1‘/27 Jinitial)‘([TOpOIOgY]7 X3X47 Jﬁna1)7 (53)

where [Topology] = s-p,s-X for the topology s, and [Topology] = tud for the topology
tud. Once we assign these labels to each annihilation mode, we treat all the contributions
systematically. Besides, possible annihilation channels are efficiently constrained due to the
physical reasons by decomposing into each partial wave mode. For instance, we focus on the
s-wave contribution throughout our analysis, and thus the total spin angular momentum is
conserved.

Jinitial = Jﬁnal =J (54)

This constraint drastically reduces the number of possible annihilation modes in the par-
tial wave basis. We also have p-wave or higher contributions if we include the relativistic
corrections, which is sub-leading to the s-wave contribution in the NR limit.
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5.1.2 Possible annihilation modes

(5-¢, ¢3¢, J = 0) (s-p, ¢3Vi, J = 0)
b3 K2 b3 )I\I\/\IJJ Vi
@ K
" N v " e v
(8_90: f3f47 J = 0) (S-CP, ‘/3‘/47 J = 0)
f3 fa

=

V3WV4
iso
Wm%

i Va
(5-X, ¢3s, J = 0) (s-X,¢3Vi, J = 0,1)
¢3\ ‘ ¢4 ¢3‘ ‘/21
ﬁii‘;
Vi Va Vi Va
(s-X, f3f1,J =0,1) (s-X, V3V, J =0,1)
f3 fa Vs Vi
;g .
Vi Va Vi Va

Figure 7: Annihilation diagrams of V-particles categorized with the topology s.
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(tU47 ¢)3¢47 J = 0)
&5 b4 ¢3 ¢4 ¢3\ ‘¢4

N ’ ~ -7
N ’ ~ . -
N—1 s 4 7S

Vi Vo Vi Va Vi Va

(tUA’ ¢3V;;, J= 07 1)

o3 Vi ¢3\ MVz;
Vi Vi Va
(tud, V3Vy, J = 0,1,2)
Vs :}{ Vi Vs Vi Vs Vi
Vi Va2 Vi Vs Vi Vs

Figure 8: Annihilation diagrams of V-particles with the topology tu4.

We write down all the possible labels defined in Eq. (B33). Only the limited combinations of
labels are consistent with the conservation laws of the total electric charge, (), and the total
spin angular momentum, J.

e Possible initial states

We have the following combinations of two V-particles where all the possible values of
J are shown.

(Vi, V2, J) = J=0,2),

(v°
(V- v+ =0,1,2),
(VOVF,J =0,1,2),
(VFVF, J=0,2). (5.5)

We do not have J = 1 state for VOV? and VFVT as long as we are focusing on the s-wave
contribution due to the following reasons: Note that these states are composed of the
two identical particles with Bose statics whose total wave function must be symmetric
under the exchange of two wave functions. Since the s-wave spatial wave function is
symmetric under the exchange of two V-particles, the spin wave function should be also
symmetric under the exchange. Therefore, J = 1 states are forbidden by the wrong
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spin-statics. If we consider the relativistic corrections, the J = 1 contributions appear
even for VOV? and VTV T states.

Possible final states with the topology s

The diagrams with the topology s are categorized into the eight types of diagrams as
shown in Fig. [@. All the possible labels are listed below.

([Class]-[intermediate state], [final state], J) = (s-p, p3¢4, J = 0),
(5-0, 93Vy, J = 0),
(5-0, f3fa, J = 0),
(50, V34, J = 0),
(5-X, 304, J = 0, 1),
(5-X, 3Vy, J = 0,1),

(5-X, f3fa, J = 0,1),
(s-X,V3Vy, J =0,1), (5.6)

where ¢ = h, h/ denote the intermediate spin-0 particles and X = v, Z, W, Z', W' denote
the intermediate spin-1 particles.™ We have no final states with .J = 2 for the topology
s since we do not have spin-2 mediators.

Possible final states with the topology tu4

The diagrams with the topology tu4 have three possibilities in the final state parti-
cles, @304, ¢3Vy, and V3V.™ In Fig. B, we show these three types by specifying the
corresponding diagrams. The following combinations of labels are possible.

([Class], [final state], Jana) = (tud, ¢34, J = 0,1,2),
(tU4> ¢3V;l7 J = 07 17 2)7
(tud, V3V, J =0,1,2). (5.7)
Note that final state particles have nonzero momentum, and thus the total angular

momentum J acquires contributions not only from the spin angular momentum but
also the orbital angular momentum.™

In Table @, we classify the initial and final states for each total angular momentum J. The
states with the same J are allowed to have nonzero annihilation amplitude due to the total
spin angular momentum conservation in the s-wave contribution. Thanks to this constraint,
we can reduce the number of annihilation modes we have to consider.

1"We only have .J = 1 contribution for X = « since a photon has only transverse modes. On the other hand,
we have both J = 0 and J = 1 contribution from massive bosons since these particles have a longitudinal
mode corresponding to the NG boson.

18We have no annihilation mode into fermions for topology tu4 at the tree-level because we do not have
Z9-0dd fermions.

19As shown in Sec. B2, nonzero cross sections are obtained only for specific values of J due to the
(anti)symmetricity of the amplitudes.
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Table 4: Possible combination of the initial and final states where X35.X, represents all the
possible final states introduced in Eq. (B22).

angular momentum | initial state | final state
J=0 (VoV©.0) (s-p, X3X4,0) with ¢ = h, W
(V=VT,0) | (s-X, X3X4,0) with X = Z W, Z' W’ (longitudinal)
(VOVT,0) | (tud, ¢364,0)
(VFVF0) | (tud, ¢3V4,0)
(tud, V3V, 0)
J=1 (V=VH 1) | (s-X, X3X4,1) with X =, Z, W, Z' /W' (transverse)
(VOVF 1) | (tud, 5V, 1)
(tud, V3Vi, 1)
J=2 (VOO 2) (tud, P3¢y, 2)
(V=VT,2) | (tud, ¢3V4,2)
(VOVF 2) | (tud, V3Vy,2)
(VIVT,2)
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5.2 Summary of annihilation modes

Combining initial and final states in the same row of Table B, we can systematically obtain
all the possible annihilation modes of the V-particles. In Sec. 221, we write down the anni-
hilation modes by specifying the particle species in intermediate and final states. Focusing
on the leading order contributions, we show the master formulas of the annihilation cross
section in Sec. b=,

5.2.1 All the possible modes

All the possible annihilation modes are summarized in Table B-B. The first column shows
the labels indicating each mode, the second column shows possible intermediate and final
states, and the third column shows descriptions for each mode, respectively. We specified
the leading order (LO) contributions in these columns as remarked by red characters. We
also show the reasons for suppression in the cross section for the sub-leading modes, which
depends both on the model parameters and on the specific limit. The detailed explanations
of each mode are listed below. These explanations are cited in Table B-R.

b The neutral vector triple couplings are forbidden at the tree-level.

# The neutral vector quadratic couplings are forbidden at the tree-level.
* This mode may be kinematically allowed depending on my: (=~ my-).
A\ This mode may be kinematically allowed depending on my,.

% The final states composed of two heavier Zy-even vectors (eg. W'W', W'Z', Z'Z") are
forbidden kinematically since we have myz y» > my in our setup.

& A longitudinal mode of a massive boson contributes to this J = 0 mode, while a photon
only has transverse modes and does not contribute.

& The transverse modes of massive bosons may only contribute to this J = 1 mode.

¢ In order to realize J = 0 modes, a final massive vector must have a longitudinal
polarization that corresponds to the Nambu-Goldstone (NG) boson. Since we have
no tree-level coupling of neutral NG bosons such as V—-V+-7Z and V—-V+-7%", these
modes are suppressed by O((v/vg)?).

¢ We have tree-level couplings of charged NG bosons such as VO-VF-z" and VO-VF-7"V',
and thus these modes do not have O((v/vg)?) suppression. However, these modes are
proportional to the initial DM momentum and sub-leading in the NR limit.

O If the final states are composed of two identical Bosons, J = 1 states are forbidden in
the s-wave contributions due to the spin-statistics.
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The following facts can be read out from these tables: We found the s-channel diagrams
are all sub-leading due to the sin ¢, suppression and momentum suppression in the NR limit,
respectively. Lacking the s-channel annihilation modes, the annihilation modes into fermion
pairs do not contribute to the leading order effects. This is because we do not have the
Z3-0dd fermion in our framework. Consequently, we can focus on the following final states

in the leading order calculation.
{(tud, o3y, J), (tud, p3Vy, J), (tud, V3Vy, J)}. (5.8)

We will perform a more detailed classification of the annihilation modes and show the cross
section formulas in Sec. =22,

Table 5: Possible annihilation modes for VOV? (J = 0,2). The J = 1 modes are forbidden
in the s-wave contribution due to the spin-statics.

label intermediate/final state | description
(VOVO 0)-(s-¢, X3X4,0) | o =h,N/X3X, Suppressed by (v/vg)? and (sin 2¢;,)?
(VOVO 0)-(s-X, X3X4,0) | — No contribution at the tree—level|7
hh Suppressed by (sin ¢ )?
(VOVY0)-(tud, ¢3¢4,0) hh' Suppressed by (sin 2¢y,)%*
hh LO if kinematically allowed®
(VOVY 0)-(tud, ¢p3V4,0) | — No contribution at the tree-level’
WFW=* LO
VOV 0)-(tud, ViV3.0) W-Ww* wW-wt LO if kinematically allowed™
W'=w'* z2'7' Kinematically forbidden*

0l B VAV R VAN

No contribution at the tree—levelbtT

hh Suppressed by (sin ¢ )?
(VOV0,0)-(tud, ¢p3¢4,2) || hi' Suppressed by (sin 2¢y,)24
h'h LO if kinematically allowed®
WFW* LO
VOV 9)-(tud, Vi3 2) W-w* W-wt LO if kinematically allowed™
W=w't z2'7' Kinematically forbidden*

0l e VAV R VANV

No contribution at the tree—levelbﬁ
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Table 6: Possible annihilation modes for V-V* (J =0, 1, 2).

label

intermediate / final state

description

(V_v+7 0)_<S_§07 X3X47 O)

Y= h7 h//X3X4

Suppressed by (v/vg)? and (sin 2¢;,)?

(v_v+7 0)_<S_X7 X3X47 0)

X = Z, Z/‘/X3X4

No direct emission of NG boson*

and sub-leading in NR limit

(VZVT, 0)-(tud, ¢3¢4,0)

hh Suppressed by (sin ¢,)*
hh' Suppressed by (sin 2¢y,)%*
h'h LO if kinematically allowed®

(V=V*,0)-(tud, ¢3Vy,0)

hWZ, W Z W W7

No direct emission of NG boson*

(V_V+7 O)'<tu4? ‘/3‘/47 O)

WIEW=E vy, vZ,ZZ

LO

W-W', W-W+,~2', 22

LO if kinematically allowed ™

W/— W/+ , Z/ Z/

Kinematically forbidden*

(VﬁVJra 1)_(S_X7 X3X47 1)

X = e Za Z/*/X3X4

Sub-leading in NR limit

V-V 1)(tud, bV 1) hy,hZ hZ' Suppressed by (sin ¢y,)?
N~,WNZ hZ' LO if kinematically allowed®
WFW= LO
W-W'+, W=+ LO if kinematically allowed™
(V=VT,1)-(tud, V3V, 1) vy, 27 Forbidden by the spin statistics"
VAR VAN VA Sub-leading in NR limit
W-w'+, 7'z’ Kinematically forbidden*

(V=VT,2)-(tud, V3V},2)

WIW* yy,vZ, 27

LO

W-W', W=W+,~2', 22

LO if kinematically allowed ™

W'-W,2'7'

Kinematically forbidden*
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Table 7: Possible annihilation modes from VOVF(J =0, 1,2).

label

intermediate / final state

description

(VOV:F’ 0)_(8_907 X3X4a 0)

Y = h, h//X3X4

Suppressed by (v/vg)? and (sin 2¢;,)?

(VOV$, 0)—(S—X, )(3)(47 0)

X =W, W4/ XX,

We have direct emission of NG boson

but sub-leading in NR limit®

hW, hW' Suppressed by (sin ¢p,)?
(VOVF,0)-(tud, 633, 0) ppressed by (s o)
KW, hW' LO if kinematically allowed®
YWF, ZWF LO

(vov:F? 0)_<tu47 ‘/3‘/47 O)

NW'F, ZWF, ZWF

LO if kinematically allowed ®

Z'W'F

Kinematically forbidden*

(VOVT, 1)-(s-X, X3X4,1)

X =W, W*/X;X,

Sub-leading in NR limit

(VOVF, 1)-(tud, ¢5Vi, 1)

rW, hRW'

Suppressed by (sin ¢y,)?

W, KW'

LO if kinematically allowed®

(VOVF, 1)-(tud, V3V, 1)

NWF, ZWF, Z'WF,

Sub-leading in NR limit

ZWF

Kinematically forbidden*

(VOVTF, 2)-(tud, V3V, 2)

NWF, ZWF, ZWF,

LO

YW'F, ZW'F

LO if kinematically allowed*

ZW'F

Kinematically forbidden*

5.2.2 Master formulas of annihilation cross section

We show formulas of spin-averaged perturbative annihilation cross section between V-particles
focusing on the leading order effects. In Table O, we summarize the channels that may in-
duce the leading order effects. The first column shows the label of each mode, the second
column shows the relevant diagrams, the third column shows the definition of the types for
the cross section formulas, and the fourth column shows the factors of couplings in the cross
sections, respectively. We use the definitions for the scalar-vector couplings and the vector
triple couplings shown in Sec. BZ3. We use the relations between quadratic couplings and

triple couplings to simplify the cross section formulas.

There are nine labels of leading order channels divided into four types, Type-A, -B, -C,
and -D, which label the cross section formulas. The formulas for the spin-averaged cross
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Table 8:  Possible annihilation modes from VFV¥(J = 0,2). The J = 1 modes are forbidden
in the s-wave contribution due to the spin-statistics. We only have two vector final states
since we lack charged scalars in our spectrum. The final states with two fermions are not
allowed since we have no doubly charged mediator.

label intermediate/final state | description
WTW+ LO

(VIVT,0)-(tud, V5V, 0) | WFW'*F LO if kinematically allowed™
W'FW'F Kinematically forbidden*
WTW+ LO

(VTVTF, 2)-(tud, V5V4,2) | WFIW'F LO if kinematically allowed *
W'FW'F Kinematically forbidden*

section, which is divided by 1/9, are derived as follows.

J=0 (PS) o [40md — 2mE(m2 4+ m32) + (m2 — m3)?)?
(00 ypen = O, (5.10)
J=2 (PS) - [16my, — 8m3 (m3 4+ m3) + (m3 — m3)*’
- _ . (coupling) - . (511
(o I)Type'A 36m?, (coupling) 120ms, (4m2, — m3 — m3)? ( )
J=0,2
(UUrel)Type_B =0, (5.12)
J=1 (PS) . 1 2 m2\?
(0Vrel)pypen = T08m? (coupling) - ( Tm? —md = mi) - m_%i
x [16my, — 8mi (m3 4+ m3) + (m3 — mj)?], (5.13)
J (PS) , =
(0Vrel) pypec = o2 (coupling) - [M7|2,  (for J =0,2) (5.14)
v
(Uvrd)i:ple_c =Y, (5.15)
PS =
(UUTEl)éype-D — % - (coupling) - |IM7|2,  (for J =0,1,2) (5.16)
v

where m;(i = 3,4) denote the masses of final state particles and (coupling) represents the
factors shown in the fourth column of Table B. The phase space in the center mass frame is
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Annihilation modes and topology of the diagrams that may induce the leading
order effects. We categorize these modes into four types, Type-A, -B, -C, and -D.

label of mode diagrams Type couplings
(VOVO J)-(tud, ¢3cy, J) 4-, t-, u-channel | Type-A gzs 93)4

(V=VH, D)-(tud, ¢3éy, J) 4-, t-, u-channel | Type-A ggsgil

(V=VT, J)-(tud, ¢3VP,J) | t-, u-channel Type-B gﬁsgfﬁv,vf
(VOVF, J)-(tud, ¢3V,7,J) | t-, u-channel Type-B 935391241+v—vo
(VOVO I)-(tud, V5 V,7 J) || 4-, t-, u-channel | Type-C 912/3+V*V09x2/+v4—\/0
(V=VT, D)-(tud, Vo V5, J) || 4-, t-channel Type-D g‘Q/3+V*V0gX2/+V4_V0
(V=VT, D)-(tud, VRV J) || 4-, t-, u-channel | Type-C g\2/+V—V30g\2/+V—V40
(VOVF, J)-(tud, VQV,",J) || 4-, u-channel Type-D g‘2/+V_V30gX2/4+V*V0
(VFVE, D)-(tud, V;FV,T J) || 4-, t-, u-channel | Type-C 9‘2/3+V7Vog‘2/4+vao

given below.

2(m3 +m3) N m2 —m2\”
s s ’
where ¢34 = 1/2 for the final states composed of two identical particles and otherwise ¢34 = 1.
In the NR limit of the initial V-particles, we have s ~ 4m?.

To express the cross section for Type-C and Type-D, we introduce the following squared
amplitudes which are taken averaged for polarization indices and cos @ dependence.

(PS) = Cg4/dH34 = % 1-— (517)
8T

] (<) (5.15)

2_ 1 T2 12
= 5/ dcos@ZL/\/l

where the sum over a,b is taken over physical polarization for the final vectors. The most
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general expressions are shown below.

- 2 1
MI=0|" —
’ 192m8, (4m} — m3 — m3)?
X [18432mlv2 — 15360m10 (m2 + m2) + 128m%, (37m + 37m? + 82m2m?2)
— 640m$, (mj + mi)3 + 32my, (m§ +mf 4 2mim3 + 2mim$ + 10mzmy)
+m2m2 (m2 — mz)4] , (5.19)
_— 2
o= > _ 16my (i +md) — 8my (g + mif — dmmd) + (mf + mi) (mg —mi)” o0
24mi, (4m? — m% — m3) T
MI=2 2 _ 1
480m¥, (4m3, — m3 — m3)?
X [49152m%,2 — 18432m1 (m2 + m2) + 256m% (2m + 2m? + 149m2m?2)
+ 128m$, (mg +m$ — 18mgm3 — 18m§m3)
+ 32mi, (m§ +m§ — 31mim? — 31mimS + 88m§mi)
+ 24mimim4® (mj3 — mi)2 (m3 4+ m3) +mimj (m3 — mi)ﬂ . (5.21)

The comments on these derived formulas are summarized below: First, we obtain nonzero
results for the specific partial wave modes due to the following reasons. For Type-A, the
amplitude turns to be symmetric under two initial V' —particles after adding all the diagrams.
Therefore, we have no J = 1 contribution. For Type-B, J = 0,2 modes are exactly canceled
between t-channel and u-channel, and only J = 1 cross section remains nonzero. Although
both Type-C and Type-D have two vector states in initial and final states, we obtain different
formulas. The difference comes from the variations of the diagrams and the vector quadratic
couplings. For Type-C, the J = 1 contribution vanishes after adding up all the diagrams
while the J = 0,2 contribution remains nonzero. For Type-D, on the other hand, we obtain
nonzero cross sections for J = 0, 1,2 in general.

Second, we can apply Egs. (B12)-(618) even for the channels including photons in the
final state. For the photon channels, we have to omit the longitudinal contributions from
the polarization sum, which is automatically done by taking a massless limit of a final vector
mass. In Eq. (613) for Type-B mode, the longitudinal contributions are all canceled in the
final results. This is because a longitudinal mode corresponds to the NG boson contribution
of a final state vector, which can not form J = 1 states with the scalar particle. Therefore,
Eq. (613) can be applied for photon channels by taking my, — 0. In Egs. (BT4)-(518)
for Type-C and Type-D, we have nonzero contributions from the longitudinal modes in the
final forms but all these longitudinal contributions are proportional to masses of final vector
particles. Therefore, we can apply Eqgs. (514)-(6108) for photon channels by taking a massless
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limit of final vectors. We may derive these formulas for photon channels directly by switching
off the longitudinal polarization.

5.2.3 Perturbative cross section

In Figs. B-I8, we plot perturbative results of the spin-averaged cross section for the relevant
annihilation modes of V-particles as functions of DM mass. We changed the mass ratio
between DM and Z,-even vector (scalar), mz /my (myp/my), to show the parameter de-
pendence. The scalar mixing angle is fixed to be ¢, = 0.1 in all panels.™ The parameters
are shown on the upper sides of each panel. Since we fix the ratio mz /my and my /my
in these plots, the dominant parts of the spin-averaged annihilation cross sections scale as
o 1/m? for all the modes except for Type-D two vector channels with J = 1, which appear
in Fig. I and Fig. I3. This is because the cross sections of these channels are proportional
to the squared masses of the final state vectors, m2m? (See Eq. (B24)). Each channel is
kinematically allowed for 2my > mg + my4. Therefore, these annihilation cross sections into
the SM vectors scale higher negative order of my. The cross section may depend on my
through couplings. In Fig. [U, we plot the scalar-vector couplings, g, (¢ = h,h’), and the
vector triple coupling for Z’ and W', gz. The scalar-vector couplings are normalized by DM
mass to show the dimensionless values. These couplings are enhanced for the degenerated
region, my =~ my, and thus the associated annihilation channels may get relevant.

In Fig. B, we show the annihilation cross section for V°V? (J = 0). We have five an-
nihilation modes {hh, hh', h'h', WW, WW'}. The annihilation modes into the SM Higgs are
suppressed by small ¢, while the h’A’ mode may give leading order contribution if kine-
matically allowed. The scalar states get more relevant for my /my ~ 1 due to the en-
hancement of the scalar-vector couplings. In all panels, two vector channels dominate the
cross section. The WW' mode is larger for myz /my ~ 1 due to the enhancement of gz .
After decoupling of the WW' channel, the WW channel dominates the cross section. Fig-
ure MM shows the VOV?(J = 2) annihilation cross sections into {hh, hi/, I/, WW, WW'}.
The behaviors are the same as described in Fig. 8. In Fig. [, we show the annihilation
cross section for V-V™* (J = 0) into {hh, hb', B WW WW' yy,vZ, ZZ,~vZ', ZZ'} where
final states of two neutral vectors newly appear compared with Fig. 8. The V-V state
may annihilate into J = 1 states as shown in Fig. [2. we have eight annihilation modes
into {hvy,hZ, hZ' W'y, NWZ,NZ' WW, WW'}. The 'V, modes (V, = v, Z, Z') may dominate
cross section because we have no ¢y suppression. After decoupling of these A’V modes, the
hV,; modes get dominant. The cross sections for the two vector states are highly suppressed
by m?, and sub-leading in all the panels. In Fig. [3, we show V-V (J = 2) annihilation
cross section into {WW, WW' yy,~vZ,ZZ,~Z', ZZ'}. In Fig. [, we show VOV~ (J = 0) an-
nihilation cross section into {yW, ZW,yW', Z'W, ZW'}. In Fig. I3, we show V'V~ (J = 1)
annihilation cross section into {hW, W'W, hW' ZW, Z'W, ZW'}. The annihilation modes in-
cluding W and yW' vanish since J = 1 contributions vanish in the massless limit of the
final vector mass. The Z'W and ZW' modes almost degenerate in the figure. In Fig. I8,

20 Although the SM Higgs channels are not the leading order due to the small ¢; suppression, we show
these modes in the figures to show the irrelevance to the other channels.
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we show VOV~ (J = 2) annihilation into {yW, ZW,yW' Z'W,ZW'}. In Fig. [, we show
V=V ~(J = 0) annihilation into {WW, WW'}. In Fig. I8, we show V-V~ (J = 2) annihila-
tion into {WW, WIW'}.

5.3 Evaluation of thermal relic abundance

The DM thermal relic abundance is numerically evaluated by solving the Boltzmann equa-
tions as reviewed in Sec. 1. Since we have degenerated spectrum of the Zs-odd particles
in the electroweakly interacting DM system, coannihilation effects, which are reviewed in
Sec. 232, get viable to evaluate the correct abundance. We apply the general formulas to
the concrete models. We derive the effective cross section predicted in the Wino system and
non-abelian vector DM system and compare the results.

5.3.1 Effective annihilation cross section for Wino DM

The effective annihilation cross section of DM multiplets is expressed as shown below.
OcffU = Z Z O'l'j'U 7’1'7’]', (522)
(]

where i = 0, —, + denotes the label of each component field and r; is defined in Eq. (2232).”
In this system, we have

Ay =0, (5.23)
A —a, 5.24)
m
9o =9- = g+ = 2, (5.25)

where dm denotes a mass splitting in SU(2),, triplet of spin-1/2. The explicit forms of geg
and r; are shown below.

Gt () =2+ 4 <1 + %) ’ exp {—x%n} : (5.26)
2
ro(z) = (@) (5.27)
om )3 exp [~
(@) = () = 2O e et (5.28)

geff(x)

which all depend on the temperature through the z dependence.

We show the plots of ges(z), 7o(x), and ry(z) in Fig. 20. The black solid, red dashed,
and blue dot-dashed curves show ges, 7o, and r, respectively. From this figure, we read out
the following behavior.

21In Sec. B=3, we use the label of two-body state, a, to express each partial wave mode of ov. In this
section, we explicitly show labels of component fields, @, and J. See Eq. (5229).
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e For T'>> dm (x < 1/AL), all the components participate in the annihilation processes.
Therefore, we have r; ~ 1/3 (i = 0, +£) for all the component fields and geg ~ 6.

e For T ~ dm (x ~ 1/A.), the number density of charged components, =, is suppressed
compared with that of neutral components, x°. This fact is reflected in 7 as the
exponential suppression. The effective degree of freedom drops to geg ~ 2 due to the
decoupling of the charged components.

e For T < om (x> 1/AL), we have g ~ 1, r1 ~ 0 and geg ~ 2.

Since we have the conservation of (@, J), o;;v is divided into the following partial contri-
butions.

o= Y > (o50)%7. (5.29)

Q=0,1,2 J=0,1

At the tree-level, we obtain the following results.

2

—0 J— yiyes
(o000) =70 = 22, (5.30)
—0J— —0J— 3Tl
(0 0)@=0T=0 — (5, 1)@=0=0 _ 5%_04227 (5.31)
m
0 o 25 T
(0-40)97 = = (04 _0)@=*=1 = 3. QW;’ (5.32)
Q=1,J=0 __ Q=1,J=0 __ 1 WO‘%
(050v) = (00+v) =5 (5.33)
_ g 25 o
(9300) 7= = (020) 2= =3 S22, (5:34)
2
—9 J— o T T
(0__0)9=27=0 = (5, 0)@=27=0 = —m22. (5.35)

The above cross sections are related to the imaginary part of the two-body potential through
matching. We multiply the factor of two for ;v where initial states are composed of two
identical particles. The factors of three for J = 1 mode come from the summation over
J, =0,%1.

These tree-level expressions are modified due to the NR potential force by the Sommerfeld
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factors.

07— T
(UOO’U)Q_O’J_O = m—;Doo(E), (536)
Q=0,0=0 __ Q=0,0=0 _ WO‘%
(0-+v) — (04-) —-5;;la_+<E>, (5.37)
25
(0_40)@=0I=1 = (5, _)Q@=0I=1 = 3. e W% |d(Q 0.J=1)2 (5.38)

2
Q=1,J=0 _ (O_OJFU)Qzl,J:O _ E@M(Q:LJ:O)F

(7200) 5 , (5.30)
1= 1= 25
(0200)9=1=1 = (0ge0)@=17=1 = 3. o 7T0422 \d (Q=1,J= 1)‘ (5.40)
m
(- 0)920 = (g @20 = T8 @20 (5.41)

We define the following functions to express the Sommerfeld factors for ) = 0, J = 0 modes
where the Schrodinger equation is expected in a two-by-two matrix form.

0,J=0 0,J= 0 *(Q=0,J= 0 0,J= 0 0,J=0 0,J=0
DOO( >—3|d0%)2 —+ )| +\/_d(]g —+ 0(()%0 +\/_d0%)200 OOQ—l- )+2|d0§00 )|27
(5.42)

0,J=0 0,J= 0 * =0,J= O 0,J= 0 OJ 0 0,J=0
D_(B) = 3]d 9270 + v2d 9270 a Q0= 4 v2d @0 a0 4 2a @O
(5.43)

For the other modes, we simply attached the squared factor of the Sommerfeld factors where
labels of the component fields are implicit. In the relativistic limit, v;; — 1, we have the
following converged values for each factor.

Doo(E) — 2, (for Q@ = 0,J = 0 with x°x" initial state) (5.44)
D_(F) — 3, (for @ =0,J = 0 with x~x7 initial state) (5.45)
|d @D 2E) -1, (otherwise) (5.46)

and thus we reproduce the tree-level results shown in Eqs. (5230)-(A535).

The Sommerfeld factors and the effective cross sections are calculated numerically as a
function of . We use the mathematica module to solve the differential equations. In Fig. &I,
we show the Sommerfeld factors for each partial wave mode. We take m = 2.8 TeV and
dm = 170 MeV as benchmark values. We consider the scattering process, x'x? — x*x’, and
express these factors as the function of relative velocity between initial two particles, v = v;;.
For (Q,J) = (0,0) mode, we show Dy (F) and D_, (F) in the left and right panels in the
first row, respectively. For the other modes, we plot the squared Sommerfeld factors. The
converged values are shown as the horizontal dashed black lines in each plot. In the plot of
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x°x?, we have the singular behavior for Dgy(E) around v ~ /8 m/m. This is because the
charged states are not achievable kinematically if the mass splitting is larger than the kinetic
energy. This value is shown as the black vertical dashed line. We have the repulsive potential
for the state with @) = 2, J = 0, and thus the Sommerfeld factor gives suppression for v < 1.

In Fig. 22, we show the effective cross section in the Wino DM system. We show the
perturbative result in the top panel and show the result in the Sommerfeld effect in the center
panel. The black curves show (oegv) in each panel. The orange dashed and red dot-dashed
curves show the partial contributions of (@, J) = (0,0),0,0 and (0,0),-,+, respectively.”? The
red dashed curve shows (@, J) = (0, 1) contribution. The blue dashed, blue dot-dashed, and
green dashed curves show the contributions from states with (@, J) = (1,0), (1,1), and (2,0),
respectively. After the decoupling of the charged components, x 2 1/AL, (oegv) converges
to the value of (@, J) = (0,0),0,0 mode. In the bottom panel, we show the comparison of
results without and with Sommerfeld effects. The green dashed curve shows the perturbative
result and the red dot-dashed curve shows the result including the Sommerfeld effect. We
find a large discrepancy between these two results for the NR region m /T > 1 where the
potential force effectively affects the DM annihilation.

5.3.2 Effective annihilation cross section for non-abelian vector DM

In the SU(2),, triplet spin-1 system, we have

Ag =0, (5.47)
)
A=A, =" (5.48)
my
9o =9- =g+ = 3. (5.49)
The explicit forms of g.¢ and r; are shown below.
3
0 2 )
et () = 3+ 6 (1 + ﬂ) exp {—xﬂ} , (5.50)
mys my
3
ro(x) = , 5.01
O( ) geff(x) ( )
3(1+ %)% exp [—x%]
r_(r) =ry(r) = 5.52
() = () e (552)

We show the plots of geg(x), ro(z), and ro(z) in Fig. Z3. The black solid, red dashed, and
blue dot-dashed curves show geg, 79, and r4, respectively. In this vector DM case, we have
Gt =~ 3 for x > 1.

We decompose the cross section into partial modes.

0V = Z Z (030)97, (5.53)

Q=0,1,2 J=0,1,2

22 ower subscription denotes the initial state.
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where 7,7 = 0, £. At the tree-level, we have the following expressions.

(000v) =070 = 2. (T4 + T70), (5.54)

(0000) 9702 = 2.5 . (T2 + T072), (5.55)
(0 40) 97070 = (04 _0) =" = (Tgy” + 570, (5.56)
(0 40) 970" = (04 0) T =3 (Dgy' + T, (5.57)
(01 0)@="=2 = (04 0)="=2 =5 (T4 +T77%), (5.58)
(0500) 97770 = (a050) =70 = (g + T70), (5.59)
(0500) 9= = (g050) 7T =3 (T +T277), (5.60)
(0500) 9772 = (a050) 72 =5 (T +T277), (5.61)
(0 0)977=0 = (0,1 0)@™/70 = 2. (T + T7°), (5.62)
(0- )92 = (04 0)9™>/ 2 = 2.5 Iy + T772), (5.63

We multiply the factor of two for o;;0. The factors of five for J = 2 contributions come from
the summation over J, = 0, +1, +2.

Including the Sommerfeld effect, we have to attach the Sommerfeld factors for each an-
nihilation mode.

(0000)?=07=" = 2 (5" + T47) Dy (B, (5.64)

(0000)@=07=2 = 2.5 (T2 + T472) DI (B, (5.65)
(0-40)9709=0 = (g, _v)@=0I=0 — (D40 + T4 DY (), (5.66)
(0-40)9707=1 = (g, _v)@=07=1 =3 (D45} + T4~ D/F(B), (5.67)
(0-40)9709=2 = (g, _v)@=07=2 = 5. (5?4 T47) DI3(E), (5.68)
(000) =720 = (g050) 170 = (D0 + T570)|a(@=17=0P, (5.69)
(0500) == = (0450) @171 = 3. (T4 + D) [d@=/=DP2, (5.70)
(0500)37H9=2 = (0450) 172 = 5 - (D42 + T572)[d @22, (5.71)
(0-_0)977=0 = (g, 0)@=27=0 = 2 (L) + T470)|d@=27=0)P, (5.72)

(0--0)972772 = (04 0) 972 = 2.5 (Tg” + Ty ) |d 9772, (5.73)

where we define the functions D, (E) and D  (E) in the same manner as defined in Eqs. (522),
(623) to express the Sommerfeld factors for @ = 0 modes.
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In Fig. P4, we show the Sommerfeld factors for each partial wave mode. We consider
the scattering processes, V?VJ — VFV* as the function of relative velocity for the initial
two-body state v = v;; . We take my = 2.8 TeV, dmy = 170 MeV, and myz = 1.5 my as
benchmark values to compare with spin-1/2 result. The left column shows the results for
J = 0 mode, and the right column shows the results for J = 2 mode. We have almost the
same plots for J = 0,1,2. For ) = 0 and () = 2 modes, we have the same real part of the
potential both in the Wino system and the vector DM system, and thus we obtain almost the
same Sommerfeld factors. For () = 1 mode, on the other hand, we obtain the opposite sign
compared with the potential of the Wino DM system. Consequently, we have the repulsive
potential not only for () = 2 but also for ) = 1 modes. For these cases, the Sommerfeld
factor gives suppression in the NR region.

In Fig. 23, we show (o.gv) with and without the Sommerfeld factors in the vector DM
system. We show the tree-level result in the top panel and show the result with the Som-
merfeld effect in the center panel. The black curves show (oegv) in each panel. The orange
dashed, orange dot-dashed, red dashed, and red dot-dashed curves show the partial contri-
butions from (@, J) = (0,0)yoy0, (0,2)y0y0, (0,0)y-y+, and (0,2)y-y+ respectively. The
blue dashed, blue dot-dashed, green dashed, and green dot-dashed curves show the partial
contributions from (@, J) = (1,0),(1,2),(2,0), and (2, 2), respectively. After the decoupling
of the charged components, © ~ 1/AL, (o.gv) converges to partial cross contribution from
VOV9 annihilation cross section. In the bottom panel, we show the comparison of the results
without and with the Sommerfeld effect. The green dashed curve shows the perturbative re-
sult without the Sommerfeld factor and the red dot-dashed curve shows the result including
the Sommerfeld factor.

The thermal relic abundance of DM is derived from the current value of the yield.

o my Ypm(Tp)
PME T e

; (5.74)
where p. is the critical density of the universe, which is taken from Ref. [89], and Tj is the
temperature of the current universe determined in the CMB observations [40].

pe = 1.05368 x 107°h* GeV - cm ™3, (5.75)
Ty = 2.7255 £ 0.0006 K, (5.76)

where h is the Hubble parameter.

We numerically evaluate the value of Ypy(7h) by solving the Boltzmann equation. In
Fig. 20, we compare the predicted value of Qh? in SU(2); triplet spin-1/2 and spin-1 DM
system. The green and red lines show the result without and with the Sommerfeld effects.
The dashed lines show the result for the Wino DM (spin-1/2) and the solid lines for Vector
DM (spin-1). The darker (lighter) gray regions show the value of Qh? in the 1o(20) level
determined in the Planck observation [5].

The predicted value of Qh? depends on DM spin mainly for the following two reasons:
First, the potential for ) = 1 two-body states have opposite signs between the spin-1/2
DM and the spin-1 DM system. The spin-1/2 DM system has the attractive potential and
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Table 10: The DM masses to realize the correct value of Qh? for each DM system.

Wino DM (spin-1/2) Vector DM (spin-1)

6.4 TeV  (mg /my = 1.25)
3.1 TeV 4.6 TeV  (mg/my = 1.5)
3.8 TeV  (my /my = 1.75)
3.4 TeV  (mg/my = 2.5)

the Sommerfeld effects turn out to enhance the cross section. In the non relativistic region,
Vel < 1, the Sommerfeld factor converges to |d|> ~ O(10) as shown in Fig. Z0. The spin-1
DM system has the repulsive potential, which causes suppression. The Sommerfeld factor,
therefore, converges to |d|? ~ 0.1 for v,q < 1 with mz/my = 1.5 as shown in Fig. 24.
Consequently, in the spin-1 DM system, the () = 1 states are irrelevant in the DM annihilation
in the early universe as well as the () = 2 states. Due to this decoupling of the () = 1 states
for x ~ 1, the deviation from the tree-level result gets smaller in the spin-1 DM system.

Second, V-particles predict the larger annihilation cross section compared with the Wino
DM multiplet. If we compare the annihilation cross section into the same SM particle pair
such as vy mode, the cross section of V-particles are larger by 38/9, which realize the larger
value of (o.gv). Besides, V-particles have new annihilation channels into Zs-even vectors
such as W’ and Z’ if kinematically allowed. Therefore, the effective cross section for the V-
particles strongly depends on the mass ratio mz /my. We show this dependence by taking
mz /my = 1.25, 1.5, 1.75, and 2.5 in the upper left, upper right, lower left, and lower right
panels of Fig. 22, respectively. We also plot the ratio of Qh? without and with the Sommerfeld
effects. The dashed blue and solid blue curves show the result for the Wino DM (spin-1/2)
and the Vector DM (spin-1), respectively. This ratio in spin-1 DM is almost independent of
the value of mz /my. This is because the my /my only change the tree-level annihilation
cross section, which is canceled in the ratio of tree-level and result with the Sommerfeld
effects. We have numerically checked this fact and show the plot taking mz /my = 1.5.

If DM is a single component, the DM mass is constrained by the observed value in
the Planck experiments. The DM masses to realize the correct value of Qh? for each DM
system are summarized in Table. . Due to the difference in the predicted annihilation cross
section, we obtain the finite mass gap between predictions from spin-1/2 DM and spin-1 DM.
In particular, the value of myz /my is crucial parameter to tune the predicted value of Qh2.
This is because Z’ or W’ may appear in the final state if kinematically allowed, and we obtain
the larger annihilation cross section. Besides, the coupling between V-particles and Z’/W’
are enhanced for mz /my ~ 1 as shown in 4. The viable parameter region is, therefore,
separated by 0.3 TeV scale DM, which corresponds to ~ 10 % of TeV scale DM. Therefore,
interesting DM mass regions are separately predicted for spin-1/2 and spin-1 DM through
the freeze-out mechanism.
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One interesting possibility is that we may test this prediction through the monochromatic
gamma-ray search in upcoming observations where we may reconstruct the DM mass from the
exotic peak location in the gamma-ray energy spectrum. In the current and future gamma-
ray observation, we expect the energy resolution is expected to be 10 % for TeV scale DM
mass. Therefore, we may separate spin of electroweakly interacting DM through the possible
signals in future experiments. We will give a detailed study of this direction in Sec. B.
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Figure 9: Spin-averaged annihilation cross section of VOV(J = 0).
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Figure 11: Spin-averaged annihilation cross section of V-V (J = 0).
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Figure 12: Spin-averaged annihilation cross section of V-V *(J = 1). The WIWW mode is
irrelevant and does not appear in all the panels.
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Figure 14: Spin-averaged annihilation cross section of VOV~ (J = 0). All the annihilation
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Figure 15: Spin-averaged annihilation cross section of VOV ~(J = 1). The ZW mode is
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Figure 16:
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Figure 17: Spin-averaged annihilation cross section of V-V~ (J = 0). All the annihilation
modes are independent of my, and thus we fix my = 2.5my as a benchmark value.
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Figure 19:  Plots of g,/my, gw/my, and gz as functions of my which are defined in
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Figure 22: The = dependence of the effective cross section in the Wino system. We show the
perturbative result in the top panel and show the result with the Sommerfeld effect in the
center panel. We take m = 2.8 TeV and dm = 170 MeV as benchmark values. In the bottom
panel, we show the comparison of the results without and with the Sommerfeld effect.
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m=2.8 TeV, 6m=170 MeV (Spin-1)
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Figure 23: Coannihilation factors for SU(2), triplet spin-1 DM candidate. The black solid,
red dashed, and blue dot-dashed curves show g.g, 79, and 4, respectively.
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Figure 24: The relative velocity v dependence of the Sommerfeld enhancement factors in the
non-abelian vector DM system. We take my = 2.8 TeV, dmy = 170 MeV, and mz = 1.5 my
as a benchmark value. See the caption of Fig. 21 for details.
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m=2.8 TeV, 6m=170 MeV (Spin-1,Tree-level)
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Figure 25: The x dependence of the effective cross section in the vector DM system. We take
my = 2.8 TeV, dmy = 170 MeV, and mz = 1.5 my as benchmark values to compare with
spin-1/2 system. We show the tree-level result in the top panel and show the result with the
Sommerfeld effect in the center panel. In the bottom panel, we show the comparison of the
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mz/my=1.25 for Vector DM mz/my=1.5 for Vector DM
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Figure 26: The comparison of DM thermal relic abundance in unit of Qh% The dashed
lines show the result for the Wino DM (spin-1/2) and the solid lines for Vector DM (spin-1).
The green and red lines show the result without and with the Sommerfeld effects. We take
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panels, respectively.
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Figure 27: The ratio of Qh? without and with the Sommerfeld effects. The dashed blue and
solid blue lines show the results for the Wino DM (spin-1/2) and the Vector DM (spin-1),
respectively. The ratio for the spin-1 DM system is almost independent of a value of my /my,
and we take my /my = 1.5 as a benchmark value.
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6 Gamma-ray signatures and DM spin discrimination

We will discuss how to discriminate spin-1/2 and spin-1 DM candidates with SU(2),, triplet
and Y = 0 interactions. In Sec. B, we briefly review the DM indirect detection approach.
The monochromatic gamma-ray search is one of the most promising channels to search DM
annihilation signatures. We also show the way to derive the experimental constraints on
the theoretical prediction of DM annihilation cross section and review current and future
observations. In Sec. B2, we derive the constraint on the DM annihilation line cross section
in light of the current experimental data. We also reveal the parameter region that will be
tested in future gamma-ray observation.

6.1 Gamma-ray from DM annihilation
6.1.1 Indirect detection approach

The experimental target in the DM indirect detection is the annihilation or decay signals
from DM pair annihilation processes. As reviewed in Sec. I, we assume the interaction
between DM and the SM particles in the WIMP hypothesis, and the DM annihilation cross
section should be (ov) ~ 1072 c¢m?/s to reach the correct DM abundance through the
freeze-out mechanism. DM annihilation processes may happen in the current universe even
after the freeze-out epoch, which may be probed in the astrophysical observation. This
is a fundamental idea of the indirect detection experiment. In this approach, DM signals
correspond to the excess from the expected background of the astrophysical source. If we
observe data that is consistent with the standard prediction, the upper bound on (ov) is
derived. Therefore, controlling the astrophysical background is crucial. Although this is a
challenging task, the canonical cross section in the WIMP scenario can be directly tested.

In Fig. P8, we show the schematic picture for the indirect detection of DM annihilation
processes. DM may have a variety of annihilation channels such as electroweak bosons and a
pair of quarks. The dominant DM annihilation or decaying channels differ in each DM theory.
What we may observe in the observation are fragments of particles in DM annihilation.

As pointed out in Ref. [#1]], including electroweak corrections in the final states is crucial
especially to predict the low energy spectrum. The point is that the electroweak radiative
corrections do not cancel and have the Sudakov double log corrections, ~ aslog?(s/m%,).
This double log structure cancels in the QED processes if we sum over the soft final states
inclusively, which are almost degenerated with the hard indices. In the QCD processes,
initial states are color singlet states, and thus the soft singularities also cancel out due to
the inclusive summation of the color indices. These facts are known as the Bloch-Nordsieck
theorem [42, 43, A4]. In the electroweak processes, on the other hand, initial states have fixed
electroweak charges. Therefore, the soft corrections do not compensate with each other known
as the violation of the Bloch-Nordsieck theorem, as pointed out in Ref. [45]. The situation
is the same in DM annihilation processes, especially for electroweakly charged DM. Since
the initial DM pair is non-relativistic, the center mass energy /s ~ 2mpy is much larger
than my assuming mpy 2 O(1) TeV. The soft electroweak corrections to the final state

~Y

legs are enhanced by the Sudakov double log corrections. After the primary processes, the
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energy is distributed into a large number of stable particles produced through electroweak
corrections. Consequently, the low energy spectrum (< 100 GeV) is enhanced. All the
particles charged under SU(2),xU(1)y may appear, in principle, in the final spectrum. Note
that these final leg corrections are calculated independently from the primary annihilation
processes, which are included in numerical code released in [46], while the primary channels
in DM pair annihilation depend on each DM theory. The following representative primary
states are considered.

charged lepton pair: efe;,ehen, nipur, nhpn, 7T THTR,
neutral lepton pair: v.ve, v,v,, Vv, r,
quark pair: ¢q, cé, bb, tt,
massless vectors: v, gg,
massive vectors: W/ W, W/ W, Z,Z;, ZrZr,

scalar pair: hh,

where ¢ = u,d, s denotes light quarks and Vi (V1) denotes the transverse (longitudinal)
polarization for massive vector V. These primary states experience parton showers and
hadronization. These processes are calculated by the Monte Carlo simulation programs such
as PYTHIA [47] and HERWIG [4]].

Comparing the theoretical predictions and the observed astrophysical data, we may per-
form the DM signatures as the unexpected excess from the background. Various searching
channels are proposed and studied.

e Antiprotons were suggested by [49, b] for the sensitive channels to excess originated
from DM annihilation. The more systematical study is given by [61, 62, 53]

e Positrons were studied in [49, 651, 52, 54|
e Antideuterons were studied in [b3, b6, 57|

e Gamma-ray was first studied as DM searching channel in [68; 59, 60] and revisited by
(61,

For the electrically charged channels, well-studied targets are the antimatter such as
positron and antiproton as listed above. The greatest advantage of focusing on the antiparti-
cles is to suppress the abundance of the background. For instance, the antiproton-proton flux
ratio is < 107" in the 1 — 100 GeV region [61], and thus the antiproton channel is sensitive to
the small exotic injection from DM annihilation or decay. The antimatter signals are searched
by the magnetic spectrometer such as the PAMELA experiment [62, 63] and the AMS-02
experiments [64], which are sensitive to the GeV to TeV mass range of DM. The magnetic
spectrometer identifies the electric charge, energy, and momentum of the cosmic-ray. The
electrically charged final particles are affected by the magnetic fields in Milky Way galaxy,
called galactic transport, and thus it is important to trace the propagation in the diffusion
disc. The uncertainty in the galactic transport is one of the main sources of uncertainty in
the standard prediction for the cosmic-ray [65].
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Figure 28: Indirect detection of DM annihilation processes. The fragments are stable
particles such as a photon, neutrino, electron and their anti-particles.

The electrically neutral channels, such as neutrino and gamma-ray, propagate without
suffering the uncertainty of the galactic transport. Therefore, we may choose the targets
to search DM signals in each strategy. For the gamma-ray channel, one of the most effi-
cient target region is the Galactic Center (GC) region. The most DM-dense circumstance
is realized in the GC region because DM is gravitationally trapped and distributes with the
high density. Since the gamma-ray flux from a DM pair annihilation is proportional to the
squared DM density, the GC region is the suitable region to search the gamma-ray signals.
The observed gamma-ray spectrum is composed of two parts: One is the continuum spectrum
induced from the quarks, heavy charged leptons, and electroweak bosons. These particles
emit the secondary photon through inverse Compton scatterings and bremsstrahlung of elec-
trons. This continuum spectrum is predicted up to DM mass where all the annihilation
channels kinematically vanish. The other one is the line spectrum associated with the pri-
mary photon emission. This narrow spectrum is predicted by the final state of X where X
denotes a neutral particle such as v and Z. These line signatures are broadened by the addi-
tional photon emissions from the final state radiation in the charged modes and the virtual
bremsstrahlung [66, 67]. In the succeeding section, we give theoretical formalism to derive
constraints on DM theories from the observational gamma-ray search.

6.1.2 Monochromatic gamma-ray search

The photon flux from a DM pair annihilation is given by

4P (o) dN
—(F,,AQ) = —
dEV( A% 8rm? dE,

(E,) - J(AQ), (6.1)

where (ov) denotes the velocity weighted DM annihilation cross section and dN/dE., denotes
the energy spectrum for the number of photons. For a DM annihilation channel into two
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photons, the dN/dE., is constrained to be

dN
d_Ey(E’Y) =2X 5(mDM — E,y), (62)

and thus the narrow peak at E, >~ mpys is predicted. The astrophysical properties are all

included in J(AQ), which is called J-factor [68].

J(AQ) = /A ) /L | dsd0 g (r(s.0)). (6.3)

The squared DM density is integrated along with the line of sight (LOS) for fixed solid angle
AS. The variable r for DM density is defined as

r=(r2 +s* — 2rescos «9)%, (6.4)

where s denotes the distance along the LOS, 6 denotes the angle between the direction of
the GC and observation, and rs = 8.5 kpc denotes the distance from the GC [BY].

The High Energy Stereoscopic System (H.E.S.S.) is the imaging air Cherenkov array,
which is released the latest gamma-ray search in the GC region [70]. In this analysis, the
constraint on DM annihilation cross section is derived from ten years of observation taken
by the initial four telescopes. The large photon statistics are realized, and thus the wide
sensitivity of DM mass, 300 GeV-70 TeV, is covered.

In the H.E.S.S analysis, the event selection and reconstruction are performed by the
advanced semi-analytical shower model technique developed in Ref. [71]. This technique is
based on x? comparison of the observed shower images, which are images of photons induced
electromagnetic shower in the camera, with calculated shower images from a model of the
Cherenkov light distribution in electromagnetic showers. The Cherenkov light distribution
of a shower is characterized by the longitudinal, lateral, and angular distributions of charged
particles in the shower, which are derived from Monte Carlo simulations and parametrized
to realize analytical description. The contribution of the night sky background noise is also
treated by modeling its camera images in every pixel and performing a detailed statistical
analysis. To observe the GC region, it is important to mitigate this background because the
night sky noise may affect the normalization of the signal and background region exposure
through the systematic effects in the event acceptance [72, [73]. This technique enables us
to reconstruct the energy value and the direction of each event, and the energy resolution,
AE,/E,, has a root mean square of 10 % above 300 GeV DM mass.

The signal and background events are separated by comparing the two separated regions.
The DM annihilation signals are searched in the region of interest (ROIs), the annuli with
inner radii of 0.3°-0.9° in radial distance from the GC. These regions are named the ON
region. Some regions are excluded from the ON regions to avoid the astrophysical very-
high-energy (VHE, E, 2 100 GeV) gamma-ray source. In the analysis of Ref. [70], a region
with +0.3° for the Galactic latitude and £1° for the Galactic longitude is eliminated to
avoid the contamination of the VHE gamma-ray source observed by the previous H.E.S.S
observations such as the super massive black hole Sagittarius A*[[/4, /5], the supernova and
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pulsar wind nebula G0.9 + 0.1 [76], and a diffuse emission extending along the Galactic
plane [[7, I78, 79]. A disk region with 0.4° is also excluded to avoid the supernova remnant
named HESS J1745-303 [R0]. An OFF region is defined symmetrically to the ON regions with
respect to each observational pointing position and is observed with the same acceptance and
observational conditions. See Fig. 1 in Ref. [[/0] for the schematic picture showing how to
choose ON and OFF regions. The values of the J-factor differ between ON and OFF regions
due to the location relative to the GC. If we assume the cusped Einasto profiles, the value
for the ON region is larger by 3.5 than the OFF region.

The two dimensional (2D) binned Poisson maximum likelihood analysis is performed for
the signal search. The spectral and spatial features of DM annihilation signals are exploited
in this method. FEach event is divided by the value of observed gamma-ray energy and
spatial information. The whole energy region, 300 GeV-70 TeV, is divided into 60 bins on
a logarithmic scale. The ON region is divided into seven regions of annuli of 0.1° and each
annulus has different value of the J-factor. The numerical values, assuming cusped profiles,
are listed in TABLE I of Ref. [81]. There is no statistically significant excess in the ON region
compared with the OFF region, and thus we obtain the upper bound on the monochromatic
flux, ®, from DM annihilation for each energy bin. This upper bound on (ov) is also obtained
since the differential flux is proportional to (ov). If we assume the final state particles have
negligible masses compared to DM mass, we obtain E, ~ mpy. This relation enables us to
draw the excluded region on the mpy vs ® ((ov)) plane as shown in Ref. [70], see the left
(right) panel of Fig. 2.

The CTA is next-generation imaging Air Cherenkov Array, which is sensitive to higher
energy regions. The Observatory is distributed to two places, La Palma in the northern
hemisphere and Chile in the southern hemisphere. The greatest feature of the CTA is that
different sizes of telescopes will be constructed to maximize the sensitivity. We have three
types of telescopes in the CTA.

e The 4 m Small-Sized Telescope (SST) covering 2 TeV - 200 TeV
e The 12 m Medium-Sized Telescope (MST) covering 100 GeV - 10 TeV
e The 23 m Large-Sized Telescope (LST) covering 20 GeV - 2 TeV

The SSTs are only sensitive to the high energy region due to the limitation of area. and thus
the low- and mid- energy region will be covered by LST and MST. The northern hemisphere
array will be composed of the four LST, fifteen MST, and MAGIC. Since there is no SST,
which is important to observe the high energy region, this array will focus on the energy
range of 20 GeV to 10 TeV. The southern hemisphere array will be composed of the four
LST, twenty-five MST, and seventy SST. To increase sensitivity in the high energy region, it
is important to increase the number of SST to enlarge their effective area as much as possible.
The full range of energy sensitivity 20 GeV to 200 TeV is realized in this southern array. The
GC region is observed by this southern array. Compared to the H.E.S.S. experiment, the
differential flux sensitivity of the CTA will be improved by an order of magnitude. Besides,
the energy sensitivity will be pushed up by an order of magnitude. The CTA experiments
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may observe sufficient numbers of events since its effective area (after gamma-ray/hadron
separation cuts) will reach ~ O(1) km? for a large gamma-ray energy region. Therefore, the
sensitivity tend to be saturated for the long time observation.

6.2 Monochromatic gamma-ray search of electroweakly interact-
ing DM

We study the gamma-ray line signatures from electroweakly interacting DM and compare the
predictions of spin-1/2 and spin-1 DM. We study signatures of monochromatic gamma-ray
lines in the GC region. Since predicted flux is proportional to the squared DM density, the
derived constraints highly depend on the density profiles. We take some benchmark profiles
to show this uncertainty in our result.

6.2.1 Line cross section

The latest analysis for the gamma-ray line signals from DM annihilation is performed by the
H.E.S.S. collaboration using the ten years of data for the gamma-ray observation in the GC
region [70]. In our model, we have three annihilation modes involving the gamma-ray line
signals, {y7v, Z~, Z'v}. The annihilation cross section formulas are derived in Sec. =22 and
Sec. 3. For the vv/Z~ modes, the photon energy is approximately equivalent to the DM
mass, IV, ~ my, where we take the NR limit for the initial DM pair and neglect m . For the
Z'y mode, we can not neglect mz because my must be heavier than my, see Eq. (BI17).
The photon energy in the Z’~ annihilation mode depends on both my and my:.

my\ _
E,~my(1- mr ) = my — AE., (6.5)
where AE, = m% /(4my). If the Z'y mode is kinematically allowed, mz < 2my, we

may observe the double-peak gamma-ray spectrum at £, ~ my — AE, and E, ~ my.
To distinguish between these two peaks, AE,/my should be larger than the instrumental
energy resolution. In the H.E.S.S. experiment, the energy resolution is about 10 % for
mpum 2 300 GeV in gamma-ray observation. Our interesting region, to search double peak
signatures, is specified below.

1.02< 2 9o

- , (6.6)

where the lower and upper values come from the gy perturbative unitarity and the kinematical
suppression of the Z’~v annihilation mode, respectively. The condition to discriminate between
two peaks, % 2 0.1, is always satisfied if we focus on this region. Therefore, we can
discriminate the gamma-ray peak originated from the yv/Z~ modes and the peak from the
Z'~v mode. This double-peak gamma-ray spectrum is an outstanding signal of our DM model,
and we can read out the values of my and my from this double-peak spectrum.”

Z3Similar signals are predicted in the context of the extra-dimensional models. See Ref. [82] for the
discussion in a model with six-dimensions.
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We define the line cross section, which contributes to the monochromatic gamma-ray line
signal. We introduce two types of line cross sections that predict final photon energies.

1

(avrel)gg‘fm = (0Vrel) ., + 3 (oVrel) 7, Energy peak: E., ~ my, (6.7)
i 1 my,
<0Urel>;§ =35 (OVrel) 51, Energy peak: E, >~ my (1 — 4m%/>' (6.8)

We derive the excluded region by using the experimental bound shown in Fig. 6 of Ref. [70].
In their analysis, all the masses for final state particles are assumed to be negligible, and thus
we can directly compare these constraints with <O-Urel>}yl:ez,y‘ We can also derive a constraint
on (avrd}lg@ by noting that the horizontal axis of Fig. 6 in Ref. [[/]] corresponds to E,. These

constraints are derived by assuming these three cuspy DM density profiles as defined below.

e Einasto profile [82] /Einasto2 profile [46]

PEinasto(T) = ps €Xp {—O% ((é) . 1)} : (6.9)

e Navarro-Frenk-White (NFW) profile [S3]

pxrw (1) = ps (TL (1 + ;>2> h : (6.10)

In Table. [, we summarize the parameters for the cuspy DM density profiles used in Ref. [70].
Another choice is the cored DM density profile. The core radius, r., depends on the model
of baryonic physics, and cores extending to r. ~ 5 kpc can potentially be obtained [84]. The
cored Einasto profile is defined as shown below.

— pEinasto(T) for r > Te,
p(r> B { pEinasto<Tc) for r < Te, (61]_)

where pginasto(r) is defined in Eq. (63). For the cored profile, ps is chosen to realize the
value of the local DM density. We show the current excluded region with the cusped DM
density profiles assumed in the analysis of the H.E.S.S. collaboration [70]. The sensitivity of
the H.E.S.S. experiment is studied for the cored profiles in Ref. [85], which is focusing on the
pure Wino DM search.” From this study, the upper bound on the line cross section will be
weakened by a factor of O(10 — 100) if we use the cored DM density profile.

6.2.2 Constraint from gamma-ray line signatures

We compare the predicted line cross section between our spin-1 DM and the Wino DM system.

In Fig. 29, we show the predicted value of <Jvrel)5:?27 and experimental upper bounds. The

24See the left panel of Fig. 7 in Ref. [83].
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Table 11: The cuspy DM density profiles used in Ref. [[70].

Profiles Einasto [82] NFW [83] Einasto2 [d6]
ps [GeVem 7] | 0.079 0.307 0.033
ry [kpc] 20.0 21.0 28.4
o 0.17 - 0.17

solid (dashed) black curve shows the line cross section including the Sommerfeld effects for
our spin-1 DM (the pure Wino DM). The green region with a solid boundary is the excluded
region by the H.E.S.S. observation [70] for the Einasto profile [82]. We also show green
dashed and green dotted curves as the upper limits on the cross section for the cusped NFW
profile [83] and the Einasto2 profile [46], respectively. Since our spin-1 DM and the Wino DM
have the SU(2), triplet features, the Sommerfeld resonance structures are almost the same.
The line cross section for the spin-1 DM is larger than that for the Wino DM by 38/9, and
thus we obtain more severe constraints on the spin-1 DM. We find the following excluded
regions for our spin-1 DM depending on the DM density profiles.®

e Einasto profile

300 GeV < my < 14.4 TeV  (Excluded region 1), (6.12)
16.5 TeV < my < 22.9 TeV  (Excluded region 2), (6.13)
33.8 TeV < my < 37.5 TeV  (Excluded region 3). (6.14)

e Cusped NFW profile

300 GeV < my < 12.5 TeV  (Excluded region 1), (6.15)

17.9 TeV < my < 22.2 TeV  (Excluded region 2), (6.16)

34.8 TeV < my < 36.7 TeV  (Excluded region 3). (6.17)
e Einasto2 profile

300 GeV < my < 11.7 TeV  (Excluded region 1), (6.18)

18.6 TeV < my < 21.6 TeV  (Excluded region 2), (6.19)

35.0 TeV < my < 36.1 TeV  (Excluded region 3). (6.20)

The lower value of 300 GeV comes from the limitation for the energy resolution in the H.E.S.S
experiment. Let us again note that these bounds are weakened by O(10 — 100) if we choose
cored DM density profiles.

251f we take mys ~ my, the parameter region in Fig. B0 may be constrained by the perturbative unitarity
bounds on the scalar couplings, which is studied in our previous collaboration [25]. We can evade these
unitarity bounds by taking sufficiently small values of ¢, and my:.
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Figure 29: The comparison of the line cross sections between our spin-1 DM and the Wino

DM. The solid (dashed) black curve shows <0Urel>};2(fzfy for our model (pure Wino). The green
shaded region shows the constraint from the H.E.S.S. observation in the GC region [70] for
the Einasto profile [82]. The green dotted and green dashed curves show the upper limit for
the NF'W profile [83] and Einasto2 profile [46], respectively. The upper bound is expected
to be weakened by a factor of @O(10 — 100) for the cored DM density profile. Reprinted from

[?], Copyright 2021, The Authors licensed under CC-BY 4.0.

In Fig. B0, we show the current bound on the line cross section by the H.E.S.S. observation
for the Einasto DM density profiles [82] focusing on the region in Eq. (E8). The green regions
are excluded by (Uvrel>:2?27 shown in Eqs. (E12)-(64). These green regions are extended
for my /my > 2 where the annihilation into Z’y is forbidden kinematically. The blue region

is excluded by <avrel>1;,li. The black solid, dashed, dot-dashed, and dotted contours show

the predicted value of (Uvrd)lzh?i for 10724, 1072°, 1072°, and 107%" in the unit of cm3/s,
respectively. The red solid lines show the gy contours. In Fig. B1l, we show the constraints for
the NF'W [83], and Einasto2 DM density profiles [46]. The derived constraints depend on the
DM density profiles. The blue excluded regions from <a’urel>1;,l§ give stronger constraints for
my ~ my . This is due to we have the enhancement factor in the coupling of Z’, g5/, defined
in Eq. (B3792). Note that go gets larger in the same region, and thus we expect relatively large
higher-order correction for our perturbative calculations.

We have a further chance to explore the parameter region in the upcoming CTA ex-
periment [8G, 87]. The prospect sensitivity for the line gamma-ray signals is studied by
Ref. [88] for the Wino and Higgsino DM. In Fig. B2, we show the current bound and sensi-
tivity expected in the CTA. The green region is excluded by the H.E.S.S. observation for the
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Figure 30: The current bound on the line cross section by the H.E.S.S. observation assuming

the Einasto profile [82]. The green regions are excluded by <0Ure1>52?27 while the blue regions

are excluded by (Jvrel>g?f/. The black solid, dashed, dot-dashed, and dotted contours show
the predicted value of (avrd)lzir}j for 10724, 1072°, 1072°, and 107%7 in the unit of cm3/s,
respectively. The red solid lines show the gy contours. Reprinted from [?], Copyright 2021,

The Authors licensed under CC-BY 4.0.

cusped Einasto2 profile shown in the lower panel of Fig. BI. We use the prospect derived in
Ref. [88] to show the CTA sensitivity. The orange region with the dashed boundary shows
the most conservative sensitivity assuming the core radius, r. = 5 kpc, and we will obtain
my 2 25.3 TeV as the prospect bound. The whole parameter region in Fig. B2 will be covered
if we take . < 2 kpc.

As found from this figure, we may probe gamma-ray signatures from spin-1 DM. If we
choose cusped DM density profiles, DM mass region for my < 10 TeV is already excluded.
If we choose cored DM profiles, on the other hand, we may find the viable parameter regions
where we may achieve the correct value of Qh%. Compared with the Wino DM, we only
expect one peak at E, ~ mpy. In this discrimination between these two DM models,
therefore, a double peak spectrum will be a distinctive signature for spin-1 DM. Besides, we
may reconstruct not only DM mass but also Z’ mass from the peak locations. If we may
detect Z' mass through this double peak search, we may perform the consistency check such
as Z' search in High Luminosity LHC [RY] as studied in our previous work [25].
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Figure 31: The constraints on the line cross section for the different DM density profiles.
The upper and lower panels show the constraints for the NFW profile [83] and the Einasto2

profile [46], respectively. Descriptions for each plot are given in the caption of Fig. BO.
Reprinted from [?], Copyright 2021, The Authors licensed under CC-BY 4.0.
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Figure 32: The current bound from the H.E.S.S. observation and the prospect in the CTA.
The green region is excluded by the H.E.S.S. collaboration for the Einasto2 profile [46] shown
in the lower panel of Fig. BI. The orange region with the dashed boundary is the prospect
sensitivity in the CTA for the cored Einasto profile with r. = 5 kpc, which is the most
conservative one studied in Ref. [88]. If we take r. < 2 kpe, the prospect sensitivity will
cover the whole region of this figure. Reprinted from [?], Copyright 2021, The Authors
licensed under CC-BY 4.0.

105



7 Conclusions

The electroweakly-charged DM is one of the most promising DM candidates and predicts
possible signals in the next-generation DM searches such as XENONnT, LZ, and CTA ex-
periments. These experiments will provide an unprecedented chance to obtain DM signatures
from these candidates. Preparing for this exciting era, the possibility of the model construc-
tion for the electroweakly-charged DM is systematically studied mainly focused on the spin-0
and spin-1/2 scenarios.

Since our goal is not only to obtain the DM signatures but also to identify DM theory, sig-
nal discrimination between various DM candidates is an essential issue. Determination of the
quantum numbers of DM, such as spin and electroweak charges, is important. In particular,
DM spin is one of the most fundamental quantum numbers that determine DM physics. To
discriminate DM spin from the experimental data, we need to study DM phenomenologies,
determine the interesting parameter region, and specify spin-dependent features from the
observables.

The most nontrivial discrimination is a comparison between DM candidates that have the
same interactions but with different spins. One interesting separation is discrimination be-
tween electroweakly interacting DM candidates predicted from a supersymmetric theory and
a theory with extra-dimension. In these two scenarios, discrete symmetry to stabilize DM,
such as R-parity and KK-parity, are realized. The lightest parity-odd particle is stabilized
and stable DM candidate. Several DM candidates appear depending on each model, and
electroweakly interacting DM with the same SU(2),, triplet and Y = 0 interaction appear in
both of these scenarios, the Wino DM (spin-1/2 DM) and the KK electroweak boson DM
(spin-1 DM). Since these DM candidates are directly related to BSM scenarios, we may obtain
implications on the physics behind DM by discriminating signatures from spin-1/2 and spin-1
DM candidates. However, DM spin determination is highly nontrivial in this case. This is
because spin-dependent features tend to decouple from the low energy signatures. We need
to carefully study predictions in each model and extract non-decoupling spin-dependent fea-
tures. Although spin-1/2 DM phenomenologies are studied in detail in contexts of the Wino
DM study, spin-1 DM phenomenologies are only studied in some benchmark models. In par-
ticular, we have wide varieties of the spectrum of KK modes, which may crucially determine
phenomenologies. If the second KK mode may appear in the final states of DM annihilation,
we have new annihilation modes, which realize an effectively larger annihilation cross section
for DM.

In this thesis, phenomenologies of electroweakly interacting spin-1 DM are studied. We
use a simplified renormalizable model of spin-1 DM to reveal phenomenologies of elec-
troweakly interacting DM candidates in an extra-dimensional setup with assuming as a gen-
eral mass spectrum as possible. In this model, DM interacts with the SM electroweak vectors
through SU(2), triplet and Y = 0 non-abelian vector couplings. Therefore, the electroweak
interaction may dominate DM physics, and similar features are realized in the spin-1/2 DM
system such as the nearly degenerated mass spectrum and the electroweak forces between
DM multiplet. Comparing predictions between spin-1/2 and spin-1 DM system, DM spin
discrimination is discussed by focusing on a benchmark scenario, which corresponds to dis-
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crimination between the Wino DM and the KK electroweak boson DM.

In this system, the electroweak potential force plays an important role to evaluate pre-
dictions on DM annihilation, which is known as the Sommerfeld effects. To describe the
DM annihilation processes, the NR effective field theory for electroweakly interacting spin-1
DM system is derived following the method systematically formulated in the spin-1/2 DM
system. The matching procedure and formalism in this thesis are applicable for the spin-1
DM with arbitrary electroweak charges. We applied our general formalism for the SU(2),
triplet DM system and compare our results with the prediction in the spin-1/2 DM system,
with SU(2), triplet and Y = 0 interactions, derived in the previous studies at the leading
order in the NR limit.

In order to specify the relevant annihilation processes, we systematically listed up spin-
1 DM annihilation modes, which are classified by the initial states, final states, and the
topology of the diagrams. We specify the leading order contributions. The general formulas
for these leading order annihilation cross sections are also derived. Including the effects of
the degenerated charged spectrum and the Sommerfeld effects, we numerically solved the
Boltzmann equation and evaluated the DM thermal relic abundance for spin-1 DM. The
spin-1 DM has an effectively larger annihilation cross section compared with that of spin-1/2
DM due to the larger number of DM spin. Consequently, DM thermal relic abundance is
predicted in the heavier DM mass region compared with the spin-1/2 scenario. We also found
that the Zs-even heavier vectors such as Z’ and W’ in the spin-1 DM system realize the new
DM annihilation channels if kinematically allowed. These modes affect the DM abundance
depending on the mass ratio between Z’ and spin-1 DM, my /my. In particular, if we take
mz /my = 1.5, then the correct abundance is predicted with 4.6 TeV in the spin-1 system.
This value is larger than the spin-1/2 DM prediction by 15 %.

We compared the DM signals in the indirect detection experiments in order to conclude
the possibility of DM spin discrimination in our benchmark comparison. In particular, we
reveal the testable region of monochromatic gamma-ray line signatures from electroweakly
interacting spin-1 DM in the CTA experiments. We found spin-1 DM predicts the larger
cross section by roughly a factor of 38/9 at the leading order due to the larger number
of spin states. Besides, an interesting possibility is seen: our spin-1 DM may predict the
separable two peaks in the photon energy spectrum. The one peak originates from the ~~
and Z+ final states, while the other peak arises from the Z’v state where Z’ is the heavier
parity-even neutral vector in our spectrum. The double peak spectrum can be probed in
the CTA, wherein both the DM and Z’ mass can be reconstructed from the peak locations.
Since the mass relation between spin-1 DM and Z’ would be predictable in extra-dimensional
DM models, we revealed the possibility to test these scenarios by studying the counterpart
of this signal in the extra-dimensional theory. Our analysis in the simplified renormalizable
model of spin-1 DM can be applied straightforwardly to the extra-dimensional setup, which
corresponds to the more realistic scenario to realize DM stability and electroweak interaction
for DM at the same time. We are going to extend our study in this direction in our future
collaboration.
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A Derivation of effective action

We give the derivation of the effective action shown in Sec. .

A.1 Real part of potential

V- v+ V- v+t V- VT
AN k k‘/ S ,\/\"N\NJ
Z, w w
by~ Nyt po Vo Vo Vo
time p b
VO V:I: V:i: V:i: V:I: V:i:
VO V:l: V:I: V:I: V:I: V:I:

Figure 33: The relevant tree-level diagrams to derive the real part of the potential. The
diagrams for V-V — VoV? mode are implicit.

The real part of the potential is obtained from the amplitudes of the V-particles evaluated
in the NR limit. We focus on the electroweak scattering processes which give the leading-
order corrections. The corresponding diagrams are shown in Fig. B3. We comment about
other contributions which are sub-leading to the electroweak corrections. The exchanges of
the Higgs bosons, h and A/, and heavy Zs-even vector bosons, W' and Z’, also induce the
real part of the potential. The h exchange contribution is suppressed by small ¢;,. The b/,
W' and Z' exchange contributions are exponentially suppressed by masses. In our model,
V-particles have the vector quadratic couplings, which are suppressed by 1/m?..
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In the NR limit, we obtain the following amplitude at the leading-order.

2

2 2
N Q=0 i 2 € 9w w * NN
iMy "~ idmy, (]p p—p + P pP+ m2Z) ei(p)e; (K)e;(p')e; (K),

2
,MQ:02.4 2 9w . (Ve (0 e (K
My my, |p_p,|2+m124/€(1))62( )@(p)%( )

oiv q(p)E?(kUEj(p36j(k)),

lp — K[> +miy
Q==+1 2 9‘24/
iMy,  ~ —idm ip)es(k)e;(pes (K,
W vm_ﬂp+m%(mz(h@)ﬂ)
Q=42 L9 e’ 9124/012/1/ * INETY,
M o it | (2 = )l (M ()6 ()
2 2 2

€ gWCW ) * (LN () e*
+Hpomr Jeil)er (F)e;(0)e;

lp— K[> +m

(A.2)

(A.3)

(@I (A.4)

where MCZQW and M‘C,QV are induced from the neutral and charged boson exchange processes,
respectively, and contribute to the two-body state with a total charge @) = 0,£1,+2. The
labels of the polarization are implicit. From these amplitudes, we read out the effective action
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composed of the NR V-particle operators, which are defined in Eqs. (E=33)-(2=37).

2 2 =
— QoS + Qacye
Se0 = /d4Rd3r 2 2w

mzr

X [BJ(RO, R+7/2) B(R,R+r/2) ] [D}(RO, R—r/2) DR, R - r/2)}

+ {/d‘*Rdi”rﬂ
x [AZT(RO,R+7~/2) B@-(RO,RJrr/Z)] [A}(RO,R—T/Q) Dj<RO,R—r/2)]

+ h.c.}, (A.5)

—mwr

SGE = / d'Rd*r—2°

r

X { [B}(RO, R+7/2) A(R, R+ 7/2) ] [A;(RO, R—r/2) B;(R",R — r/z)]

+ | DI(R". R +7/2) AR, R+7/2) | [A}(R", R~ 7/2) D;(R", R~ r/2)] }

(A.6)

mzr

_ —1 982, + aaciye”
Q=%+2 _ 4 1 33 2°wW 2w
Seit _/deTT .

X { [BJ(RO, R+7/2) B{R",R+7/2) ] [B;(RO, R—r/2) B;(R",R — r/2)]

+ [DI(R', R+ 7/2) DR, R+-7/2) | [DI(R', R~ 7/2) D;(R", R~ r/2)| }
(A7)

We want to express the two-body effective action in the decomposed form into each partial
wave mode. We reform the SO(3) vector indices, ¢ and j, by using the Fierz identity for
Grassmann-even operators.

Sisre = D _(—1)SF=ESEE (14 k 0=1,2,3), (A.8)

J,Js

where SZ?]]-’JZ is defined in Egs. (E221)-(E53). After the decomposition, we can express the

effective action in terms of the two-body states in Eqs. (B24)-(823). We obtain V as given
in Eq. (B53).
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A.2 Imaginary part of potential
A.2.1 Matching procedure

To derive the imaginary part of the potential, I, we perform the operator matching be-
tween the two-body field operators and the calculations of the one-loop amplitudes of the
V-particles. Since we focus on the annihilation modes into the neutral vectors, the (1,1)-
component of I/ only has the nonzero value. Therefore, we can use the optical theorem to
calculate the imaginary part of the one-loop amplitude.

ImM|é*V+—>XX’—>V*V+ = 2m%, (Uvrel>éfv+—>XX' (XX/ =, 47, Z/7)7 (A.9)

where the LHS denotes the imaginary part of the forward scattering amplitude for V-V+ —
X X' — V-V* with J which is expressed by (I'} ,)11. On the RHS, <UUrel>éfv+—>XX/ denotes
the partial wave annihilation cross section of V-V — X X’ for the initial state with J. In the
evaluation of the annihilation cross section, we only leave the leading-order terms in the NR
limit and take the massless limit for all the SM particles in the final states while we leave the
masses of Z’. We derive I'/ through the above procedure as summarized in Eqs. (6259)- (E54).
In the succeeding section, we show how to determine f% as a demonstration.

A.2.2 Derivation of fiv

(1) 4-coupling diagram (2) t-channel diagram (3) u-channel diagram
YNk ke ey Y gl v e 2l
V= V-
oy- + - + - +
dov vy vt v v

p-— D+
Figure 34: The tree-level diagrams which contribute to V-V * — v annihilation.

We show the derivation of F% as a concrete example. We can focus on the nonzero

~

component, (F%)H. First, we calculate the velocity-weighted annihilation cross section for
V-Vt — ~v. The tree-level diagrams in the unitarity gauge are shown in Fig. Bd. The
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amplitudes that correspond to each diagram are obtained as follows.
iMy =ie* (g 6" + g7 9" — 26" g7 )eo (p-)ep(p1 )€, (k1 )€y (Ka), (A.10)
. . ao o uo o, po —1 4a4p
My =tel(p- + @)"9" + (—p- — k1)%g"" + (k1 — q)°g" —(ga - )
, =iel(p+0)"g" + ( ol (e

< ie[(q — p1)" 9% + (—q — k2)?g"" + (k2 + p+)° 9% les (- )ep (1 )€, (k1) e (k2) (A11)

. . —i 404
Mu: _ v oo —p_ —k o Vo ko — o va w3 —
M el 400+ o= R = ] (g0 = )

xiel(q — p)*g" + (= — k1) g% + (k1 + p+)° 97 )eo (=)o (04 ) €5 (K ) €5 (R2),
(A.12)

where ¢ = p_ — ky and ¢ = p_ — ko.

In the NR limit for the initial V-particles, the zeroth components of the polarization
vectors are sub-leading, and we focus on the spatial component, €;(p_)e;(p4). We decompose
the amplitude into each partial wave contribution by replacing the initial state polarization
vectors with S;]j?‘]z defined in Egs. (E51)-(E53).

Ei<p_)6j(p+) — SngJZ. (Alg)
Note that SZ-‘;’JZ is symmetric matrices for J = 0,2 and anti-symmetric for J = 1. Thanks to

these properties, the amplitudes in the center-of-mass frame are obtained in the decomposed
form, M7=,

[ 2
MO =2¢2 4ef(k:1)5?]?06;(k32) — €/ (k1)er (ko) (S?Z-’O - m—Qk?jS;);;Ok’k)] ; (A.14)
L v
M= =0, (A.15)
[ 2
MQ’JZ :262 46?(]{1)822;&6;(]{32) + 6:<k1)6j(k2)m_2kjsj2];Jz kk:| 5 (A16)
L v

where |J,| < J, and k; denotes the spatial components of k; u We use SZ»’JZ = 0 to obtain
the above result. The polarization vectors for the photons are given by

1 Fcost 1 + cosd
e (k)=—2| —i |, k) =— | —i |, (A.17)
\/5 +sinf \/§ :Fsin@

where 6 is the scattering angle for the photon with its momentum k;.
After taking the sum over the final state spins, the squared amplitudes can be expressed
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as follow.

D IMOOP = 24, (A.18)
final
> MM =0, (J. = 0,+1), (A.19)
final
48¢e*sin* 0, (J.=0)
Z | M= 2 16e* sin? 0(3 + cos 26), (J, = +1) (A.20)
final 8e*(1 + 6 cos? § + cos 0). (J, = £2)
We obtain the cross section for each partial wave mode.
2
T
<O.Urel>‘J/ 2/-%%77 = Gm_%fs%/v; (A21)
(OVrel) =1+ Ly = 0, (A.22)
_ 32 T2
(ova) )22 = ——Zs%,. (A.23)
V-Vt—oyy 5 m%/ w

The spin-averaged total cross section is obtained by adding up all the partial wave cross
sections.

tot 38 a2
) s (A.24)
VEVEE 9 m2,

This cross section is larger than that of the Wino DM by a factor of %. For the Z~v mode,
we take the massless limit of the Z boson, and the calculation procedure is the same. For
the Z’~ mode, we do not neglect my/, and the longitudinal mode also contributes to the final
result.

Next, we calculate the imaginary part of the forward scattering amplitude using the two-
body effective action shown in Eq. (B22). Namely, we use the following coupling to calculate
the ~~ contribution to ImM.

eﬁoz FJ )11 / d*R ¢271(R,0) %77 (R, 0). (A.25)

Using this coupling, we obtain
Irn'/\/l|\J/*V*—)'y'y—)V*V'ﬁL = Zm%/ ’ 9(]?1:{7)11’ (A26)
Comparing with (A9), we can determine (f%)n as shown below.
27r0(§ 5

. 1 J 3w, W2
(F'y'y)ll = § <O-UT61>V*V+—WW = O’ (A27)

32ma3 4
45 mi Sw-

This result is summarized in Eqs. (B59)-(B%0). We can also determine I';., and I'j,, in the
same procedure.
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B Amplitude decomposed into partial waves

We obtain the amplitudes for each type (type-A, -B, -C, and -D) where overall factors of

couplings, shown in the fourth column of Table B, are factorized.

IO _ 3 L 4 N k-S77= .k 4
Type-A 2m2  4m? —m2 —m? m? Am?2 — m2 —m?’
v v 3 1 v v 3 1
MJZI,JZ — O
Type-A )
MJ:27JZ - k * SJ7JZ * k 4
Type-A mi, 4mi —mi —m3’
M =0, (forJ=0,2)
Type-B
_ 4 m2
My=H" = k-S™ (k)] | — —4 ),
b Type-B  4dmi, —m3 — mi[ ¢ (k)] mi,

M =2x M= (for J=0,2)
Type-C

J=1,J,

M(Ib - O,
Type-C
J,J g T

My =Mz (for J=0,1,2)

Type-D
where

M — { [—4|k|2 my, TrSH7= 5o 5b
ab — Lor,

msmny

k- SM . ea(ky) k- SM= (k)
5bL -
my ms
+ [Ea(k’g) . SJ’JZ . Gb(k’4)]
o [(my + Eg)(my + Ey) + [k[P] + (my, — m3)(my, — mi)

6aL

2
my,
2

X
2 2 2
dmg, — m3 — mj

—Alk - 57 K] e (hs) M ()

+ TrS”= €8 (ks)e™ (ky)

+ [e*(k3) - S77= - eb(k4)]}, (for J =0,2)
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MJ 1,J _ [Ea(kg) . SJ,JZ . Eb(k'4)]

2{mi [(my + Es)(my + Ey) + [k[’] + (mi, — m3)(mi, —mi)}

~3].
my, (4mi, — m3 — m3)

(B.10)

In the above expressions, we introduce the momentum, k, and the energy of the final state
particles in the center mass frame, E;(i = 3,4), respectively.

V16mi, — 8m2 (m3 + m3) + (m3 — m3)?

| = i | (B.11)
16 4 8 2 (_ 2 2 2 232

By = \/ my, mi( TZ;;'/’ mg) + (m3 — mj) 7 (B.12)
16 4 8 2 2 2 2 2\2

B, = \/ 16m7, mv(mjmvm4) + (m3 —mj) ‘ (B.13)

We take the average for the scattering angle 6 to obtain the cross section We also add up all
the polarization for the final state particles.
For Type-A, we obtain the following squared amplitude.

Type-A ‘ = 9

e — 1 1 . 2
| M = —/_ldcose)./\/l%’;,]pe_A’ , (B.14)

where

3 [40m{ — 2m3 (m3 +m3) + (m3 — m})?’

‘MTpr A = 48m%/(4m%/ _ m% _ mi)Q ) (B15)

‘MType A = O (B16)

‘./\/l 3 [16mv —8m¥(mi +m3) + (m3 — mﬁ)Q]2 (B.17)
Typeal = 120m8, (4m?, — m3 — m3)? ' '

We obtain the same result for J, = 0, 1.
For Type-B, we need to add up all the polarization label (b = £,L). and obtain the
following squared amplitude.

2

_ 1 J=1,J.
‘MTypeB :5/ dcos@ Z ‘MbType_B

b==,L

1 1 ’ m3 \* 16m}, — 8m} (m3 + m3) + (mj — m3)?
3 \4m2 —mi —m3

where we obtain the same result for J, = 0, 1.
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For Type-C and Type-D, the amplitude is expressed in /\/l‘”z defined in Egs. (BX9)-(B10).
After adding up all the polarlzatlon label (a,b = +, L)® and performing the cosf integral,
we obtain the following results.

\/w?—l deost 3o ||
=5 cos

a,b==%,L

(I.] < J) (B.19)

The explicit forms are shown below for each J.

2
2,,,2 4 2 2)2
(6m2 —m2 —m?2)? M3y (32mv — (m3 —mj) >

2
M=) — B.20
‘ . 6my, ,192mf, (dmy, —mi — m3)? . (B.20)
(ab)=(%),(+.F) (a,b)=(L,L)
B 1
192m8, (4m?2, — m3 — m3)?
x [18432m — 15360m1? (m2 + m2) + 128m% (37m? + 37m? + 82m2m2)
— 640m?, (m% + mi) + 32my, (mg +m§ 4 2mSm3 + 2m3m§ + 10m§mi)
+m2m2 (m2 — mg)‘*} (B.21)
m3,maqa<m
N 6+ O(1/mi), (B.22)
‘Mle ‘2 _ 4dmim mimd (4m% +m2 —m?2)®  mim?2 (4m? — m2 + m2)’
3my, (4mi, —m3 — mi)i 12my, (4mi, —m3 — mZ)QJ 12m$, (4m3 — m3 — mi)i
(avb):(i"’i)’(i’$) (a,b)=(L, %) (a,b)=(%,L)
(B.23)
o [16m, (3 + ) — 8 o+ o — o)+ (o — ) (o + )
- 2
12m$ (4m¥ — m3 — m?)
(B.24)
1 m2m2 (m2 2
12 my,

26The applicability of Type-B, -C, and -D formulas for photon channels are discussed after Eq. (B=Z8).
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‘MJ:Q 2 1

15m? (4m2, — m2 — m2)?

X [1536m8V — T68mS, (m2 + m2) + 16m?, (Tm + Tm? + 38m2m2)

2 (6 6 4,2 2,4 4,4 2,6 6,2 8 8
—8my, (m3 + my + 9mamy + 9m3m4) + 42mamy — 8mzmy, — 8mgmy + ms + my

(&

/

(ab)=(5),(,F)

o (16, — 4 (3 — 2m13) + m3md — )
20mb, (4m2, — m2 — m32)?
(a,b);,(L,:I:)

2 4 2 2 2 2,2 412

20mS, (4m2 — m32 — m2)”

J/

v~

(a,b)=(=,L)

2
2,2 2 22 4
mymy | (m3 —mj)” — SOmV]

- 5 5 Y (B.26)
480m§, (4mi — m3 — mj) )
(a,b)=(L,L)
B 1
480m3, (4m?% — m% — m2)*
x [4915zmlv2 — 18432m1 (m2 + m2) + 256m% (2m + 2m? + 149m2m?2)
+128m$, (m§ + m§ — 18mymj — 18m3my)
+ 32m7, (mg +mf — 31mSm3 — 31m3m§ + 88m§mi)
+ 24mimim4? (m§ — mi)z (mg + mi) + mim] (m§ — mi)4] (B.27)
e eltviziay (B.28)

5

where we show the polarizations of the final vectors in the first line. We also show the leading
order behaviors for ms, my < my in the last lines.

Note that we only add up the transverse modes for final states including photons. This
manipulation is automatically incorporated in the above formulas as explained below. For the
Type-B formula, shown in Eq. (BIR), the longitudinal contributions are canceled. For the
Type-C and Type-D formulas, shown in Eqs. (B20)-(B=228), the longitudinal contributions

in | M2 vanish if we take the massless limit of final vectors. Therefore, all these formulas
for annihilation cross sections can be applied even for the photon channels by taking the
massless limit of m3 or/and my. This point is also mentioned in Sec. B222. The cross section
formulas are expressed using the above expressions and the final results are summarized in
Egs. (B9)-(51M).

The relevance of each partial mode is determined by | M-|2 for Type-D annihilation modes
where we have nonzero contributions from all the J = 0, 1,2 partial modes. In Fig. B3, we
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show |MJ |2 as functions of the final vector mass, my. The red solid, blue dashed, and black
dotted curves show J = 0, J = 1, and J = 2, respectively. We take my = 4 TeV in all
panels. In the upper left panel, we take ms = 80.4 GeV (< my), and thus we obtain the
converged values shown in Egs. (B22)-(B28) for my4 < my. In the upper right and lower
panels, we take mg = 4 TeV and 6 TeV, respectively. In these cases, mg is comparable to
my, and we obtain the following asymptotic values for my << my, .

m2
5 % ( - ;ﬁ%>a (J-::O)
‘MJ SR (J=1) (B.29)
Lz 12 406). (J=2)

For our interesting region, 1 < mgs/my < 2, the J = 0 (J = 2) contributions decrease
(increase) for larger ms/my. The J = 1 contributions are proportional to m? and negligible
for my <€ my-.

my=4 TeV, m3=80.4 GeV my=4 TeV, m3=4 TeV
=l L] OOy g
0.1} | ;
J 0.100} ]
1074} ] -
i - s P
= g7l T | Sooott -
o 10
101l ] ,T" . . . .
50 100 5001000 5000 10 50 100 5001000
my [GeV] my [GeV]
mv=4 TeV, ms =6 TeV
10 ISP L Ly
0.100 o
o> el — J=0
‘E ooott T4 e J=1
............. J=2
1050 7
5 10 50 100 5001000
my [GeV]

Figure 35: Plots for |M7|? as functions of the final vector mass. The red solid, blue dashed,
and black dotted curves show J =0, J =1, and J = 2, respectively.
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