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Abstract
The nature of dark matter is at present an open question. Assuming the main
component of dark matter consists of weakly interacting massive particles
(WIMPs), directly detecting such particle via a scattering process with an
atomic nucleus would be a strong probe into properties of dark matter. So
far direct detection experiments have not provided a conclusive signal of
dark matter. Traditionally the experiments aim to detect a coherent, spinindependent, elastic scattering signal which is enhanced by the square of the
nuclear mass number. If the coherent channel is for some reason suppressed
for WIMP-nucleus interactions, then spin-dependent interactions become
important.
In this thesis we focus on spin-dependent interactions of WIMPs scattering
off two possible detector nuclei 83 Kr and 125 Te. These nuclei are particularly
interesting for inelastic scattering due to their very low-lying first excited
states. The nuclear structure of the target nuclei was computed within the
nuclear shell model. Our analysis shows that, although the 9.4 keV excited
state of 83 Kr has some kinematical advantages, the obtained elastic and
inelastic scattering event rates do not encourage to build a detector based
on 83 Kr. On the other hand, 125 Te appears to possess nuclear structure very
sensitive to spin-dependent interactions based on the results presented in this
thesis. A detector based on 125 Te might open some new possibilities especially
for inelastic scattering searches.
With increasing size and sensitivity direct detection experiments will soon
become sensitive to coherent scattering of astrophysical neutrinos. This gives
rise to the problem commonly referred to as the neutrino floor, which will
prevent the experiments probing lower WIMP-nucleon cross sections after the
neutrino background becomes visible in the data. In this thesis we present the
first calculations of neutrino-nucleus scattering cross sections in a microscopic
nuclear framework for most of the stable Xe isotopes. We perform the nuclear
structure calculations in the framework of the (proton-neutron) quasiparticle
random-phase approximation ((pn)QRPA) for states of even-mass nuclei
and in the microscopic quasiparticle-phonon model for states of odd-mass
iii

nuclei. We present results for the total cross sections for neutral-current and
charged-current processes as a function of the neutrino energy as well as for
the solar 8 B neutrino and supernova neutrino and antineutrino profiles.
This thesis consists of five publications and an overview part. Articles
I–III discuss WIMPs scattering off 83 Kr and 125 Te and articles IV and V
discuss neutrino-nucleus scattering in context of Xe dark matter detectors. In
the overview part the theoretical formalism and results of all five publications
are drawn together in a coherent and concise manner.
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Chapter 1
Introduction
One of the most pressing current challenges in physics is to solve the problem
of dark matter. From observation of galactic rotation curves [6–9], studies
of structure formation [10, 11], and data from cosmic microwave background
space missions [12, 13], it has become evident that the Universe is dominated
by nonbaryonic cold dark matter (CDM) which outweighs the baryonic matter
component at least fourfold. It is quite unacceptable to be in the dark about
such a huge chunk of our Universe, and the dark matter hunt is running ever
stronger in direct detection experiments.
The leading candidate for CDM is a relic of the big bang, very generally
called the weakly interacting massive particle (WIMP). While acknowledging
the multitude of possible WIMP scenarios [14–19], our analysis is motivated by
the lightest supersymmetric particle (LSP) [20], which despite the null results
of collider searches continues to be an appealing candidate to form the bulk
of dark matter in the Universe. The LSP is thought to interact with normal
atomic nuclei via spin-independent and spin-dependent interactions [21].
The spin-independent interaction should benefit of a coherent enhancement
proportional to the square of the nuclear mass number. Being sensitive to
spin-dependent interactions requires the nucleus to have a non-zero angular
momentum, and for inelastic scattering to be possible, a low first excited
state. As we do not know exactly how WIMPs and nuclei interact, it would be
reasonable to have a target nucleus that is sensitive to both spin-independent
and spin-dependent interactions in the elastic and inelastic channels.
Direct dark matter searches are founded on this idea of detecting the rare
events of dark matter particles colliding with nuclei in the detector. As such,
the experiments need to be run deep underground to minimize background
radiation. The important role of nuclear structure in DM-nucleus scattering
has been recognized for quite some time [21]. Popular target nuclei in current
direct detection experiments include 19 F (PICO [22]), 23 Na (DAMA/LIBRA
1

[23], COSINE [24], KIMS [25]), 29 Si (SuperCDMS [26]) 73 Ge (SuperCDMS,
EDELWEISS [27]) 127 I (DAMA/LIBRA, COSINE, KIMS), and 129,131 Xe
(XENON [28], XMASS [29], LZ [30], PandaX [31]). Other proposed targets
include 83 Kr and 125 Te, which are studied theoretically in this thesis. These
nuclei are especially interesting due to their low first excited states, which
could possibly be exploited via inelastic scattering of WIMPs.
In this thesis we present calculations of nuclear structure factors related to
WIMP-nucleus scattering. The calculations were performed in the framework
of the nuclear shell model. The early calculations of WIMP-nucleus scattering cross sections and event rates [32–34] handled the contribution of the
nucleus within very simple models. In Ref. [35] the interacting boson-fermion
model (IBFM) was used to examine spin-dependent WIMP-nucleus scattering.
Various popular detector nuclei were analyzed in Ref. [36] in the MQPM
(Microscopic Quasiparticle-Phonon Model) and in Refs. [37–44] in the nuclear
shell-model. 125 Te was featured in an older shell-model study [45] but only in
the context of spin-dependent elastic scattering. Progress has also been made
in recent years in incorporating the effect of two-body currents of a chiral
effective field theory approach into the nuclear spin structure functions in Refs.
[41, 42, 44]. The nuclear responses in dark matter direct detection were formulated in a general non-relativistic effective theory in Refs. [46, 47]. In article
[II] of the thesis we discuss the effects of nuclear structure of 83 Kr and 125 Te
in elastic and inelastic scattering via spin-dependent and spin-independent
interactions. In articles [I] and [III], we use the structure functions of article
[II] to compute event rates for WIMP-nucleus scattering off 83 Kr and 125 Te
focusing especially on inelastic scattering to the first excited state.
Direct dark matter detection experiments are expected to soon start seeing
neutrinos as a background, which can in some cases very effectively mimic
the recoil signal of WIMPs [48]. Solar neutrinos provide a constant source
of such background neutrinos, and it is expected that neutrinos from the
8
B decay in the sun will be the first species of neutrinos detected in the
next-generation dark matter detectors [49, 50]. In order to keep searching for
weaker and weaker interacting WIMPs, a way to discriminate between dark
matter and neutrino induced reactions in the detector must be found. The
next-generation multi-ton liquid-xenon detectors (XENONnT, LZ, DARWIN)
are expected to be among the first to hit the solar 8 B neutrino floor.
To that end, in the second part of this thesis we have examined neutrinonucleus scattering off the most abundant xenon isotopes. In article [IV] we
compute total cross sections for neutral-current scattering of solar 8 B neutrinos
and supernova neutrinos off xenon isotopes of mass number A = 128, 129, 130,
131, 132, 134, 136. The computations were performed in the theoretical framework of the quasiparticle random-phase approximation (QRPA) for even-mass
2

nuclei, and in the microscopic quasiparticle-phonon model (MQPM) for oddmass nuclei. The nuclear shell model was used for computation of the coherent
elastic scattering cross sections for comparison with the QRPA results. In
article [V] a similar analysis was performed for charged-current reactions
involving the same xenon targets. The final states of the odd-odd nuclei were
obtained within the proton-neutron QRPA (pnQRPA) formalism.
Similar calculations of neutrino-nucleus scattering cross sections in the
QRPA and MQPM approach have been made for supernova neutrinos scattering off cadmium isotopes in Refs. [51, 52], molybdenum isotopes in Refs.
[53–55], and lead isotopes in Ref. [56]. Recently a calculation of cross sections
of charged-current scattering of supernova neutrinos and solar 8 B neutrinos
off 40 Ar was performed in the nuclear shell model in Ref. [57]. Of the xenon
isotopes, supernova neutrino scattering off 136 Xe has been examined earlier
in Ref. [58], and charged-current reactions of 132 Xe in [59]. In addition,
neutrino-nucleus scattering cross sections have been previously computed for
various nuclei in the nuclear shell model [60–64], QRPA based on Skyrme
forces [56, 61, 65, 66], QRPA with neutron-proton pairing [67–69], a consistent relativistic mean field approach [70, 71], and a hybrid model combining
shell model for the allowed transitions and pnQRPA for forbidden transitions
[72–74]. To our knowledge, this is the first calculation of neutrino-nucleus
scattering cross sections for xenon isotopes other than 132 Xe and 136 Xe, and
our results show some improvement even upon the previously computed cases.
The aim of this thesis is thus on one hand to investigate the potential of
83
Kr and 125 Te to be used to detect spin-dependent WIMP-nucleus interactions,
and to provide predictions of neutrino-nucleus cross sections for xenon targets
which can be useful in accounting for the neutrino floor. The results of this
thesis may be of interest to the CUORE, DUNE, COHERENT, XENON, LZ,
and DARWIN collaborations. The thesis is organized as follows. In Section 2
we introduce the nuclear models used in this work. In Section 3 we outline the
formalism used for WIMP-nucleus scattering and present results for 83 Kr and
125
Te. In Section 4 we discuss neutrinos in the context of dark matter direct
detection and present computed neutrino-nucleus scattering cross sections
for the most abundant xenon isotopes. In Section 5 we summarize the main
results of the thesis.
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Chapter 2
Nuclear models
2.1

Nuclear mean field

Exactly solving the nuclear many-body problem is a formidable task even for
very light nuclei. Tremendous progress is currently made in ab initio nuclear
theories, which attempt to describe the nucleus from first principles. In the
past such calculations were limited to light nuclei and some special cases.
Ab initio calculations applying in-medium similarity renormalization group
methods can at present be performed for open-shell nuclei even up to nuclei
with Z, N = 40 [75]. However, for heavier complex nuclear systems some
simplifying approximations on the nuclear interactions still have to be made.
One such approximation is the nuclear mean field leading to the description
of nuclear shell structure.
Instead of a system consisting of strongly interacting particles we can
consider the nucleons to be mutually weakly interacting but moving in an
external central mean field v(r). The nuclear Hamiltonian of a nucleus of
mass number A can then be written as [76]
"

H =T +V = T +

A
X
i=1

#

"

v(ri ) + V −

A
X
i=1

#

v(ri ) =: HMF + VRES ,

(2.1)

where T is the kinetic energy, V is the potential energy, HMF is the meanfield Hamiltonian and VRES is a so-called residual two-body interaction. The
handling of the mean-field Hamiltonian is straightforward, as its eigenvalue
problem can be reduced to solving one-particle Schrödinger equations. Ideally
the magnitude of the residual interaction should be reduced compared to the
original potential V so that it can be handled as a small perturbation. Thus
the optimal strategy is to choose a mean field that minimizes VRES .
5

The mean-field hamiltonian can be obtained by a variational calculation
through the iterative Hartree-Fock method. However, often a phenomenological potential is used instead. The most typical choice is probably the
Woods-Saxon potential using the Bohr-Mottelson parameterization [77], which
has been fitted to be quite accurate for nuclei close to the line of stability. A
realistic mean field should also account for the Coulomb interaction between
protons and the spin-orbit coupling. Along with the Pauli exclusion principle
the mean-field potential gives rise to the nuclear shell structure with singleparticle orbitals and energies correlating with experimentally observed magic
numbers, i.e., closed shells of protons or neutrons.
Even with the mean-field approximation, the problem of diagonalizing the
full Hamiltonian of Eq. (2.1) grows rapidly with increasing A. To this end,
one must in most cases resort to the approximation of choosing a valence
space of orbitals where nuclear excitations can take place. Outside of this
valence space one has an inert core of filled orbitals of noninteracting nucleons
and an external space of orbitals that are always empty. The approximation
of an inert core is justified for describing the low-lying states of interest to the
problem at hand. After choosing a valence space, one then needs to find an
effective interaction to act as VRES in that valence space. This valence-space
interaction is often found by using a realistic two-body interaction potential
and G-matrix methods [78] and/or by fitting two-body matrix elements to
match experimental data regarding ground and excited-state properties of
several nuclei in the valence space [79].
The nuclear shell model can be applied to nuclei quite close to having
magic numbers of both protons and neutrons. Further away from closed shells,
especially for heavier nuclei, other models must be relied on.

2.2

Quasiparticle random-phase approximation
(QRPA)

Describing nuclei away from closed major shells can be a difficult task for
models attempting to diagonalize the full nuclear Hamiltonian like the nuclear
shell model. Therefore, some approximations need do be made in order to
describe those nuclei reliably. One such approximation is the quasiparticle
mean-field approach. A starting point for the quasiparticle framework is in
the nuclear pairing phenomenon, where pairs of nucleons on a shell tend to
couple to zero angular momentum.
Excited states of an even-even nucleus can be handled within the framework
of the quasiparticle random phase approximation (QRPA). The starting point
6

of a QRPA calculation is in the BCS theory. The BCS theory was first built
by Bardeen, Cooper, and Schrieffer [80] to describe the superconductivity in
metals via the concept of Cooper pairs. An analogue in nuclear physics was
soon found in the nuclear pairing interaction by Bohr, Mottelson, and Pines
[81], and the BCS theory was considered suitable to be applied to nuclear
structure physics. In the following we will present the essentials of the BCS
and QRPA formalisms. We will use the Baranger notation, where α = (a, mα )
and a = (na , la , ja ).
The BCS vacuum is defined as [76]
|BCSi =

Y

(ua − va A†α ) |COREi ,

(2.2)

α>0

where ua and va are variational parameters, |COREi is the inert core, i.e., the
ground state of a doubly magic nucleus, and A†α is the pair creation operator
A†α = c†α c̃†α ,

(2.3)

where c†α denotes the particle creation operator and c̃†α = (−1)ja +mα c†−α . The
BCS vacuum of Eq. (2.2) is the vacuum for quasiparticles defined via the
Bogoliubov-Valatin transformation
a†α =ua c†α + va c̃α ,

(2.4)

ãα =ua c̃α − va c†α ,

(2.5)

where a†α and ãα are the quasiparticle creation and annihilation operators,
respectively.
The coefficients va and ua obtain significance as the occupation and
vacancy amplitudes of the orbital a. They are determined along with the
single-quasiparticle energies from the BCS equations derived from a variational
procedure through minimizing the energy of the BCS ground state |BCSi.
The BCS state lacks good particle number, but the average particle number
is used as a constraint in the variational procedure. The average particle
number at the end of the iterative BCS calculation is required to be equal to
the number of valence particles. This procedure is explained in detail in Ref.
[76].
In the BCS calculation the lowest quasiparticle energy should be equal
to the empirical pairing gap. This is achieved by scaling the interaction
matrix elements by pairing strength parameters Gppair and Gnpair for protons
and neutrons separately. The empirical pairing gap can be computed by using
7

separation energies of the neighboring nuclei as [82]:


1
∆p (A, Z) = (−1)Z+1 Sp (A + 1, Z + 1) − 2Sp (A, Z) + Sp (A − 1, Z − 1) ,
4
(2.6)


1
∆n (A, Z) = (−1)A−Z+1 Sn (A + 1, Z) − 2Sn (A, Z) + Sn (A − 1, Z) . (2.7)
4
This procedure cannot be followed for nuclei with magic numbers of protons
or neutrons. For the magic species of nucleons the value of Gpair = 1.0 is
adopted and the sharp Fermi level of the particle-hole picture is recovered,
i.e., va = 1 and ua = 0 for orbitals below the Fermi level and va = 0 and
ua = 1 for levels above.
Taking the BCS state to be the ground state of an even-even nucleus, the
wave functions of the excited states can be built by adding QRPA phonons.
The basic QRPA excitation (phonon) to a state ω = (Jω , Mω , πω , kω ) can then
be written in terms of the BCS quasiparticles as


X
ω † †
Q†ω =
Nab (Jω ) Xab
[aa ab ]Jω Mω + Yabω [ãa ãb ]Jω Mω ,
(2.8)
a≤b

where

p
1 + δab (−1)Jω
Nab (Jω ) =
(2.9)
1 + δab
is a normalization factor. It should be noted, that the BCS vacuum is not
an exact vacuum for the QRPA phonons, but it can be used as a good
ω
approximation. The amplitudes Xab
and Yabω describing the wave function of
the excited state are solved from the QRPA equation

  ω
 ω
A
B
X
X
,
(2.10)
∗
∗
ω = Eω
−B −A
Y
Yω

where the matrix A is a Tamm-Dankoff matrix and B is the so-called correlation matrix. The elements of the matrices can be written as
Aab,cd (J) =(Ea + Eb )δac δbd + Gpp (ua ub uc ud + va vb vc vd )hab; J|V |cd; Ji

+ Gph Nab (J)Ncd (J) (ua vb uc vd + va ub vc ud )hab−1 ; J|VRES |cd−1 ; Ji

− (−1)jc +jd +J (ua vb vc ud + va ub uc vd )hab−1 ; J|VRES |dc−1 ; Ji ,
(2.11)

and

Bab,cd (J) = − Gpp (ua ub vc vd + va vb uc ud )hab; J|V |cd; Ji

+ Gph Nab (J)Ncd (J) (ua vb vc ud + va ub uc vd )hab−1 ; J|VRES |cd−1 ; Ji

− (−1)jc +jd +J (ua vb uc vd + va ub vc ud )hab−1 ; J|VRES |dc−1 ; Ji ,
(2.12)
8

where the coupled two-particle interaction matrix elements can be written as
X
hab; J|V |cd; Ji = Nab (J)Ncd (J)
(ja mα jb mβ |JM )(jc mα jd mδ |JM )v̄αβγδ .
mα mβ
mγ mδ

(2.13)
In the above v̄αβγδ is the antisymmetrized and normalized two-nucleon interaction matrix element. The particle-hole matrix elements are obtained via
the generalized Pandya transformation as
hab−1 ;J|VRES |cd−1 ; Ji =


X
ja jb J
0
0 −1
0
0
0
−
[Nad (J )Ncb (J )] (2J + 1)
0 had; J |V |cb; J i.
j
j
J
c
d
0
J

In Eqs. (2.11) and (2.12) the interaction matrix elements are scaled
by the particle-particle and particle-hole strength parameters Gpp and Gph ,
respectively. The energies of especially the even-J positive-parity and odd-J
negative-parity phonons are sensitive to the value of Gph . The energy of the
first excited state of each J π is fitted to an experimental value by altering
the value of Gph , if such fit is possible. The energies of 0+ states are also
sensitive to the parameter Gpp . As the first excited 0+ state in the QRPA
calculation is known to be spurious [51, 83], we use the parameters Gph and
Gpp to set the energy of the first excited 0+ to zero and fitting the second
0+ state to the experimental value of the first excited 0+ state. The spurious
first 0+ state is then omitted from all subsequent calculations. The value of
Gpp = 1 was adopted for states of J π =
6 0+ . The two-body interaction matrix
elements of Eqs. (2.11) and (2.12) were derived from the Bonn A one-boson
exchange potential.
We can similarly describe states in the odd-odd neighbors of the eveneven reference nucleus in the proton-neutron QRPA (pnQRPA). The basic
excitation (phonon) of the pnQRPA is similar to Eq. (2.8),
X

ω
ω
Q†ω =
Xpn
[a†p a†n ]Jω Mω + Ypn
[ãp ãn ]Jω Mω ,
(2.14)
pn

and the X and Y amplitudes are solved from a matrix equation identical
to Eq. (2.10) but the matrices A and B are adjusted to the proton-neutron
picture. The (pn)QRPA formalism is derived in greater detail in Ref. [76].
It is also essential to renormalize the particle-particle and particle-hole
interaction matrix elements in the pnQRPA with strength parameters gpp and
gph (lowercase to differentiate from the charge-conserving QRPA). The value
of gph for the 1+ multipole is chosen so that the energy of the Gamow-Teller
9

giant resonance (GTGR) approximately matches an empirical value given
by a formula in Ref. [76]. An experimental value can also be used, but the
energies of the GTGR are not known in many cases. The value of gpp is
important to the half-life of the beta decay of the first 1+ state in odd-odd
nuclei. In Ref. [84] a systematic study found the use of gpp = 0.6 − 0.8
justifiable for mass A = 100 − 136 nuclei and another analysis [85, 86] found
gpp = 0.63 ± 0.17 by studying some select medium-heavy nuclei. In this work
we use gpp = 0.60 for the computation of 1+ states in the pnQRPA, but the
results of this thesis are not very sensitive to the value of this parameter.

2.3

Microscopic quasiparticle-phonon model
(MQPM)

The microscopic quasiparticle-phonon model (MQPM) describes reliably the
odd-mass nuclei based on a QRPA calculation for a neighbouring even-even
reference nucleus. The states of the odd-mass nucleus can be described
by one-quasiparticle excitations from the BCS vacuum, but in the MQPM,
also three-quasiparticle configurations are accounted for. This is achieved
by coupling a single quasiparticle with a QRPA phonon, and the MQPM
excitation operator can be written as [87]
X
X
 † †
k
Γ†k (jm) =
Cnk a†njm +
Daω
aa Qω jm ,
(2.15)
n

a,ω

where Q†ω is the QRPA excitation operator of Eq. (2.8). The MQPM relies
on the same equations-of-motion method as the QRPA and this leads to the
k
MQPM equations for the amplitudes Cnk and Daω
[87]:

  k

 
A
B
C
1 0 Ck
= Ek
,
(2.16)
B| −A0 Dk
0 N Dk
where the matrices A, A0 , and B contain information of the interaction
between two one-quasiparticle states, two quasiparticle-phonon states, and
one-quasiparticle and quasiparticle-phonon states, respectively. The matrix
N is the overlap matrix between two three-quasiparticle states. The MQPM
formalism is derived in detail in Ref. [87]. As mentioned earlier, the QRPA is
known to produce some states that are spurious. In the MQPM calculations
of this work the spurious first excited 0+ state and the first 1− state of the
QRPA have been omitted in the calculations [51, 83, 88, 89].
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Chapter 3
WIMP-nucleus scattering
Normal matter makes up only a rough fifth of all the matter in the Universe. In
addition to normal matter, there exists a whole another dark world consisting
of matter we know very little about. This dark matter has to be nonluminous,
rather slow moving, and very weakly interacting with normal matter. While
it is interesting to speculate on actual dark worlds like structures consisting
for example of the hypothetical mirror matter [90], the current dark matter
paradigm is new type of stable elementary particles which are gravitationally
confined to the vicinity of galaxies. These new particles are generally referred
to as weakly interacting massive particles (WIMPs). Another contender for
dark matter are massive compact halo objects (MACHOs) such as brown
dwarfs, black holes, and neutron stars. There has been a recent interest in
primordial black holes making up the majority of dark matter [91]. In this
work we focus on WIMPs and how they might be detected.
Extensions of the standard model of particle physics often naturally contain
a WIMP that could be a candidate for dark matter. Perhaps the most popular
such candidate is offered within the framework of supersymmetry (SUSY)
[20]. SUSY relies on the existence of a new symmetry between bosonic and
fermionic degrees of freedom. Provided that SUSY particles do not decay to
standard-model particles, the lightest supersymmetric particle (LSP) should
be stable. The LSP in many SUSY models is the lightest neutralino [20],
which is a linear combination of the supersymmetric partners of the photon,
Z boson, and the two neutral Higgs bosons. The neutralino as LSP would be
weakly interacting and stable, and in many models the neutralino has a relic
abundance suitable to be a good candidate for dark matter. This section is
motivated by the idea of neutralino dark matter, but most of the discussion
applies to general WIMPs as well.
How to detect a particle which clearly does not like to be seen? There
are currently three strategies employed in the dark matter hunt. One is
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searching for candidate particles in collider experiments [92]. That particle’s
existence within galaxies would then have to be proven by a different method.
That method can be to look for indirect evidence of dark matter in areas of
supposedly high dark-matter densities, e.g., the centers of galaxies (see Ref.
[93] for a review of indirect dark matter searches). A surplus of gamma rays
has been observed coming from the center of our galaxy [94] and this could
be attributed to dark matter annihilating to known particles. These events
typically happen very far away from Earth, and it is very difficult to say for
certain that an indirect observation is in reality due to dark matter instead
of a mimicing astrophysical source [93].
A real smoking-gun evidence of dark matter in our galaxy would be to
detect a dark-matter particle bumping into an earthbound detector and
producing an observable signal in a laboratory. After ruling out the possibility
of the collisions being caused by a known species of particles, we are left
with discovery of something new. This direct detection of dark matter is the
current prevalent strategy for dark matter detection, supported by collider
searches and indirect evidence.
Typically the direct detection experiments are based on the idea of WIMPs
scattering coherently and elastically off a nucleus in the detector. If by some
mechanism this elastic channel is forbidden, then new detection strategies
need to be focused on. To this end, we examine two new candidates for target
nuclei, 83 Kr and 125 Te, which have unusually low-lying excited states. We
examine the potential of these excited states being used to detect inelastic
scattering of WIMPs.
In this section we outline the theoretical formalism used to model WIMPnucleus scattering and apply it to study elastic and inelastic scattering of
WIMPs off 83 Kr and 125 Te. Underlying assumptions of the WIMP distribution
in our local galactic neighborhood and the characteristic annual modulation
signal in direct detection are also discussed.

3.1

WIMP distribution in our galaxy

Although the nature of dark matter is not known, we have some information
on how it should be distributed within galaxies based on observations. There
are two quantities that we are interested in. Firstly, the density of WIMPs in
our neighborhood sets the scale for the number of possible scattering events
taking place in a given time. Secondly, the velocity distribution of the WIMPs
in part determines the shape of the recoil spectrum. The most commonly used
model is the standard halo model (SHM), which assumes the dark matter to
be distributed in an isothermal sphere, with a Maxwell-Boltzmann velocity
12

distribution
Many estimates of the dark matter density in the neighborhood of the
Sun have been made, see Ref. [95] for a review. The values obtained over
nearly a century of experiments range from (0.0225 ± 0.69) GeV/cm3 to
(2.2 ± 0.56) GeV/cm3 . More recently, the measurements have been converging towards a similar value near 0.3 GeV/cm3 . In this work we adopt the
benchmark value ρ0 = 0.3 GeV/cm3 for the local WIMP density. It should be
noted that some uncertainty remains in the value of the dark matter density.
However, as the value of ρ0 = 0.3GeV/cm3 has been adopted quite universally
across the field, the results presented in this thesis will be widely comparable
to other works.
Adopting the standard halo model, we use a Maxwell-Boltzmann distribution to model the velocity distribution of WIMPs in our galaxy. The velocity
distribution is expressed as
√ −3 −(v+vE )2 /v2
0,
f (v, vE ) =
πv0
e
(3.1)
where v is the WIMP velocity relative to the Earth, vE is the velocity of
the earth relative to the galactic center, and v0 is the speed of the sun with
respect to the galactic center. A sharp cutoff to the distribution is imposed
by the local galactic escape speed vesc . We connect the velocity of the Earth
to the velocity of the Sun by writing
vE = v0 + v 1 ,

(3.2)

where v1 is the velocity of the Earth with respect to the Sun. By writing the
velocity distribution in this form we can analyze the effects of the seasonal
differences in the Earth’s velocity, i.e., annual modulation in dark matter
direct detection (see section 3.2). By aligning our coordinate system so that
b2 points to the galactic north, x
b3 in the direction of the Sun’s velocity, and
x
b1 = x
b2 × x
b3 , we can write
x
v1 = v1 [sin (α)b
x1 − cos (α) cos (γ)b
x2 + cos (α) sin (γ)b
x3 ] ,

(3.3)

where v1 = 30 km/s and γ is the angle between the normal of the ecliptic and
the galactic plane (γ ≈ 29.8◦ ). α is the phase of the Earth’s orbit, i.e., α = 0◦
on June 2 and α = 180◦ on December 2.
In this work we use the standard value of v0 = 220 km/s [96] and a conservative upper limit of vesc = 625km/s [97]. There remain sizable uncertainties
in these parameters, however. The escape speed vesc practically only affects
the tail of the Maxwell-Boltzmann distribution, and even quite large changes
in vesc do not bring about significant changes in our results. However, the
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calculations are somewhat more sensitive to the value of v0 . The value of
v0 has been estimated to lie between (200 ± 20) and (279 ± 33) km/s [98].
Another estimate gives (254 ± 16) km/s [99]. For the local escape velocity,
the RAVE survey gives the estimate vesc = 537+59
−43 km/s [100].

3.2

Annual modulation

As our solar system moves in the galactic dark matter halo, there is an
effective WIMP "wind" flowing through the solar system. Adding to this
the movement of the Earth around the Sun in accordance to Eq. (3.3), it
appears that the WIMP wind should be strongest when the velocities v0 and
v1 are the most parallel (α = 0◦ , in June) and weakest when they are the
most antiparallel (α = 180◦ , December). This is illustrated in Fig. 3.1. We
would thus expect to encounter WIMPs at a higher rate around June than in
December. This effect is known as annual modulation in direct dark matter
detection.

June
v1
v0

December

Figure 3.1. Schematic figure of the relative motion of the Sun and Earth giving
rise to the annual modulation in the dark matter direct detection event rate. In
June the relative motion of the Earth with respect to the Sun is the most aligned
with the velocity of the Sun, while in December the direction of the Earth with
respect to the Sun is the opposite.

Annual modulation can be used as an efficient detection strategy. The
DAMA collaboration has observed an annual modulation in their detector
signal over two decades [23]. At present date the statistical significance of
the DAMA modulation signal is 9.5σ in the energy region of (1–6) keV [23].
However, the modulation has not been unambiguously proven to be due to
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dark matter. The DAMA results appear to be in strong tension with other
experiments that have ruled out the cross section range the DAMA result
would indicate [101, 102]. There is a massive ongoing experimental effort to
verify or nullify the DAMA result in the SABRE collaboration [103]. They
plan to operate two DAMA-like detectors, one on the northern hemisphere
and one on the southern hemisphere. If both detectors were to show similar
annual modulation, then there is little room for the signal to be anything else
but dark matter.
Annual modulation is thus an important characteristic to consider in
WIMP-nucleus scattering. In the following section we will outline the formalism for the WIMP-nucleus scattering event rate, where we have also included
the effects of annual modulation.

3.3

LSP-nucleus scattering

For a detector containing a mass of mdet of the target material, the LSPnucleus total event rate can be expressed as [39]



2 
0
1 A − 2Z
hRi =
D3 +A fS − fS
D4 mdet [kg].
A
(3.4)
Here the nuclear structure and seasonal modulation effects are contained
in the integrated nuclear structure factors Dn , while particle-physics effects
from supersymmetry reside in the scalar and axial-vector form factors fSρ
and fAρ . Furthermore, the interaction between the LSP and the nucleus is
considered either spin-dependent or spin-independent, depending on whether
the spin operator is present. The expression of Eq. (3.4) can thus also be
divided into a spin-dependent part containing the axial-vector terms, and a
spin-independent part containing the scalar terms.
It should be noted that the expression of Eq. (3.4) is an approximation
neglecting the contributions from vector, pseudoscalar, and tensor currents
[38]. The effects of two-body currents predicted in chiral effective field theory
have been studied in detail in Refs. [41, 42, 44]. It appears that the two-body
currents, when accounted for, have a tendency to decrease the axial part of
the current [44]. In this thesis we have only included the effects of one-body
currents, but the inclusion of two-body currents should not affect the main
qualitative conclusions drawn in this work.
Let us look into the integrated nuclear structure factors Dn of Eq. (3.4).
We define what we call a modulation function G as a function of ψ = v/v0
2
fA0

D1 +2fA0 fA1 D2 +

2
fA1

2

15

and ξ = cos θ, the cosine of the angle between v and vE , as
ρ0 σ0
G(ψ, ξ) =
mχ Amp



1
mp b

2

2

e−λ c2 −ψ2 −2λψξ
√
ψe e
,
π v0

(3.5)

1
where ρ0 = 0.3 GeV/cm3 is the local WIMP density, σ0 = 2π
(GF mp )2 ≈
−38
2
0.77 × 10
cm , mp the mass of a proton, GF the Fermi coupling constant,
mχ the LSP mass, b the harmonic oscillator length of the target nucleus, and
λ = vE /v0 . The modulation function by definition contains all the information
of the WIMP velocity distribution, and thus the effects of annual modulation.
Another ingredient entering the Dn factors is a spin structure function

Fρρ0 (u) =

(λ,κ)
X Ω(λ,κ)
(u)Ωρ0 (u)
ρ

Ωρ Ωρ0

λ,κ

,

(3.6)

where
Ωρ = Ωρ(0,1) (0)

(3.7)

are called the static spin matrix elements (SSMEs), and
Ω(λ,κ)
(u)
ρ

=

r



A
X
√
4π
Jf
[Yλ (Ωj ) ⊗ σ]κ jλ ( urj )ωρ (j) Ji .
2Ji + 1
j=1

(3.8)

Here the index j runs over all nucleons in the target nucleus, Yλ is a vector
spherical harmonic, Ωj is a solid angle related to the position of the nucleon,
σ is the spin operator, jλ is a spherical Bessel function, ω0 (j) = 1, and
ω1 (j) = τ3 (j) is the third component of isospin. u is the momentum transfer q
expressed in dimensionless units u = q 2 b2 /2 and it can thus also be written in
terms of the nuclear recoil energy ER as u = Amp b2 ER . Note that the above
definition (3.6) of the SSFs is normalized to unity at zero momentum transfer.
We would like to note that many authors use spin structure functions which
are not normalized in this manner. Our structure functions Fρρ0 relate to the
commonly used Sρρ0 functions [21] simply as
2Ji + 1 2
Ω0 F00 (u) ,
16π
2Ji + 1
S01 (u) =
Ω0 Ω1 F01 (u) ,
8π
2Ji + 1 2
Ω1 F11 (u) .
S11 (u) =
16π
S00 (u) =

16

(3.9)
(3.10)
(3.11)

The integrated nuclear-structure factors of Eq. (3.4) can then be expressed
in terms of Eqs. (3.5), (3.6), and (3.7) as
Z1 ψZmax uZmax
D1 =
G(ψ, ξ)F00 (u)Ω20 dξdψdu ,

(3.12)

Z1 ψZmax uZmax
D2 =
G(ψ, ξ)F01 (u)Ω0 Ω1 dξdψdu ,

(3.13)

Z1 ψZmax uZmax
G(ψ, ξ)F11 (u)Ω21 dξdψdu ,
D3 =

(3.14)

Z1 ψZmax uZmax
D4 =
G(ψ, ξ) |F (u)|2 dξdψdu .

(3.15)

−1 ψmin umin

−1 ψmin umin

−1 ψmin umin

−1 ψmin umin

In the nuclear structure factor of the coherent channel, Eq. (3.15), F (u) is
the nuclear form factor. The limits of integration are set on one hand by
demanding that the speed of the WIMP must be enough to give a recoil
greater than the detector threshold energy Qthr in an elastic collision with
a nucleus in the detector, and on the other hand by demanding that the
WIMPs are gravitationally confined into our galaxy, i.e., their velocity cannot
exceed the local galactic escape velocity vesc . Therefore the limits are

1/2
c Amp Qthr
,
(3.16)
ψmin =
v0
2µ2r
s
v2
v12 2v0 v1
ψmax = −λξ + λ2 ξ 2 + esc
−
1
−
− 2 sin γ cos α ,
(3.17)
v02
v02
v0
(3.18)

umin = Amp Qthr b2 ,
2

(3.19)

umax = 2 (ψµr bv0 /c) ,

where µr is the reduced mass of the WIMP-nucleus system.
The event rate of inelastic scattering looks very similar to the elastic case
and it can be written as
h
2
2 i
hRiinel = fA0 E1 + 2fA0 fA1 E2 + fA1 E3 mdet [kg] ,
(3.20)

where we now label the integrated nuclear structure factors En to distinguish
them from the Dn coefficients of elastic scattering although their definition
17

looks exactly the same, i.e., the definition of Eqs. (3.12)-(3.14) hold for the
corresponding En coefficients. However, SSMEs and SSFs corresponding
to the transition to the excited state must be used and the kinematics are
modified so that the integration limits are different. For a final excited state
of energy E ∗ the limits become
i2
p
1
v2 h
umin = b2 µ2r 20 ψ 2 1 − 1 − Γ/ψ 2 ,
2
c
i2
p
1 2 2 v02 2 h
2
,
umax = b µr 2 ψ 1 + 1 − Γ/ψ
2
c
√
ψmin = Γ ,
s
v12 2v0 v1
v2
−
1
−
− 2 sin γ cos α ,
ψmax = −λξ + λ2 ξ 2 + esc
v02
v02
v0

(3.21)
(3.22)
(3.23)
(3.24)
(3.25)

where
Γ=

2E ∗ c2
.
µr c2 v02

(3.26)

Another way to approach the WIMP-nucleus scattering problem is to
write the spin-dependent elastic scattering differential event rate for a target
of mass mt as [104]
dR0
dER
where

A

ρ0 mt
=
mχ Amp


dt
du





µr
µp

2

=
spin

p

hv 2 imp Ab2 σAspin

√



dt
du

√
2 2
a F11 (u)Ψ0 (a u)
3



,

(3.27)

spin

(3.28)

contains information of the nuclear structure in F11 (u)√and Ψ0 is a function
√
dependent on the velocity distribution. Here a = ( 2µr v0 b)−1 and a u
corresponds to the minimum velocity for a given energy transfer divided by
v0 . The function Ψ0 is defined as Ψ0 (vmin /v0 ) = g(vmin , vE )/v0 , where for the
Maxwell-Boltzmann distribution
Z vmax
1
2
2
g(vmin , vE ) = √
e−(v +2v·vE +vE )/v0 vdvdΩ.
(3.29)
3
( πv0 ) vmin
It should be noted that Eq. (3.27) gives the time-averaged event rate
where the effect of annual modulation is not included. The nuclear static spin
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cross section appearing in Eq. (3.27) can be written as
s
!
2
σ
(N
)
Ω21 σ1 (N )
σ
(N
)
F
(u)
Ω
F
(u)
0
00
01
0 0
+
.
σAspin = 1 + 2sign(a1 a0 )
F11 (u) σ1 (N ) F11 (u) Ω21 σ1 (N )
3
(3.30)
where the amplitudes a0 and a1 depend on the WIMP model and the quark
model for the nucleons [104]. We assume sign(a1 a0 ) = +1 in this work. σ0 (N )
and σ1 (N ) are the isoscalar and isovector elementary nucleon cross sections,
respectively. If the isoscalar nucleon cross section is suppressed, as it is
expected to be in many models [104], equation (3.30) simplifies to
σAspin ≈

Ω21 σ1 (N )
.
3

(3.31)

This way one can factor out the unknown particle physics into the isovector
nucleon cross section, and for non-zero σ0 (N ) also into the ratio σ0 (N )/σ1 (N ),
which can then be used as model parameters to estimate event rates for
WIMP-nucleus scattering. This procedure is followed in articles [I] and
[III] of this thesis. The differential event rate for inelastic scattering to an
excited state of energy Eex is of the same form as Eq. (3.27), but with
kinematics modified similarly as before. One should also use SSMEs and
SSFs corresponding
√ to the transition to2 the
√ excited state in Eq. (3.30) and
substitute ψ0 (a u) → ψ0 (a(u + µr Eex b )/ u) in Eq. (3.28).

3.4

Results

In article [II] we performed nuclear-structure calculations in the nuclear shell
model to investigate WIMP-nucleus scattering off 83 Kr and 125 Te. All shellmodel calculations were made by using the shell-model code NuShellX@MSU
[105]. The calculation for 83 Kr was made using the jj44b effective interaction
[106] in the 28–50 valence space. For 125 Te we used the SN100PN interaction
[78] in the 50–82 valence shell. For 83 Kr we were able to perform the calculation
in the full valence space, but for 125 Te we had to truncate the model space to
keep the matrix dimension in the calculation manageable. Therefore, for 125 Te,
we allowed valence protons to only occupy the π0g9/2 and π1d5 /2 orbitals.
For neutrons we demanded that the ν0g9/2 and ν1d5/2 orbitals are completely
filled, and in addition we set a minimum of six neutrons on the ν0h11/2 orbital.
In Fig. 3.2 we present the computed and experimental energy spectra for
83
Ke and 125 Te. It appears that a problem with negative-parity states exists
in both effective interactions, and negative-parity states are predicted much
lower in energy than in the experimental spectrum. However, the order of the
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positive-parity states of interest is correct in the calculations for both
and 125 Te.
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Figure 3.2. Experimental (Exp.) and shell-model computed (SM) energy levels
of 83 Kr and 125 Te.

We also performed a set of calculations with different model space truncations, in which we noticed that small changes in the truncation do not have a
massive effect on the final LSP-nucleus scattering results. For 83 Kr we also
performed a calculation with a different effective interaction, JUN45 [79]. The
JUN45 interaction reproduced the experimental energy spectrum quite well,
but predicted a vanishingly small M1 transition strength compared to the
experimental value for the transition from the first excited state to the ground
state. In table 3.1 we show the computed and experimental ground-state and
first-excited-state magnetic moments and B(M1) transition strengths from
the first excited state to the ground state for 83 Kr and 125 Te. The results for
83
Kr using the jj44b interaction are in reasonable agreement with experiment,
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as are those for 125 Te. However, the magnetic moments are in general overestimated in magnitude, and the M1 transition strengths underestimated. Similar
accuracy can be expected of our results for WIMP-nucleus scattering. As
the operators involved in inelastic WIMP-nucleus scattering and M1 gamma
transitions, are similar, results obtained for 83 Kr using the JUN45 interaction
could not be trusted and we used the jj44b interaction instead, despite the
poorer energy spectrum reproduction.
Table 3.1. Ground-state and first-excited-state magnetic moments µ (in µN )
and B(M1) transition strengths (in W.u.) from the first excited state to the
ground state of 83 Kr and 125 Te compared between the shell-model calculations
and experiment. For 83 Kr, results for the two interactions jj44b and JUN45 are
listed.

Nucleus
83

Kr

125

Te

Setup

µ(1st exc)

µ(gs)

Experimental -0.970669(3) -0.943(2)
jj44b
-1.412
-1.099
JUN45
-1.457
-1.185
Experimental -0.8885051(4) 0.605(4)
SN100PN
-1.598
0.950

B(M1)
0.00933(4)
0.0028
0.0000
0.0226(4)
0.00564

The static spin matrix elements (SSMEs) for elastic and inelastic scattering
of WIMPs off 83 Kr and 125 Te are given in Table 3.2. We can see that the values
for 125 Te are larger and judging purely by the SSMEs it would already appear
that 125 Te is a more suitable WIMP detector. Moreover, in the coherent
channel 125 Te also benefits of the A2 enhancement due to its larger mass.
Even though 83 Kr has a kinematic advantage of the lower first excited state
in inelastic scattering, this cannot overcome the hindrance provided by the
small SSME.
Table 3.2. Static spin matrix elements for elastic and inelastic LSP-nucleus
scattering off 83 Kr and 125 Te.

Nucleus
83

Kr
Te

125

Ωel
0

Ωel
1

Ωinel
0

Ωinel
1

1.037 -1.018 -0.048 0.044
1.456 -1.502 -0.157 0.196

In Fig. 3.3 we present the spin structure functions for 83 Kr and 125 Te
for elastic scattering, and Fig. 3.4 shows the same for inelastic scattering.
For elastic scattering the SSFs initially fall fast with increasing momentum
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transfer and they follow quite closely the square of the nuclear form factor
at 0 ≤ u ≤ 1. A noteworthy feature is that the SSFs F00 , F01 , and F11 are
nearly equal for elastic scattering. For inelastic scattering the situation is
different, and the different SSFs for both 83 Kr and 125 Te differ somewhat
around u ≈ 1. The SSFs for 125 Te start with an upward slope, which reflects
better sensitivity to the spin-dependent interaction.
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Figure 3.3. Spin structure functions and square of the nuclear form factor for
elastic scattering of WIMPs off 83 Kr (left panel) and 125 Te (right panel).
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Figure 3.4. Spin structure functions for inelastic scattering of WIMPs off
(left panel) and 125 Te (right panel).

83 Kr

We present the Dn coefficients of elastic scattering for 83 Kr and 125 Te in
Figs. 3.5 and 3.6, respectively. The effect of the detector threshold energy
has a large influence on the Dn coefficients, and thus the total event rate of
elastic scattering, as seen in these figures. For 125 Te the coefficients of the
spin-dependent channel are larger than for 83 Kr, but the spin-independent D4
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is larger for 83 Kr than for 125 Te. This is not enough, however, to overcome the
A2 enhancement in the event rate which benefits the heavier 125 Te. Looking
at the Dn coefficients, the largest event rates would be expected for WIMPs
of mass mχ ≈ 30 − 60 GeV, depending on the detector threshold. Annual
modulation is represented by the thickness of the curves, and its amplitude
seems to be of the order of a few percent of the total value of the Dn coefficients,
which should reflect similarly to the total event rate.
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Qthr = 5 keV
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Figure 3.5. Nuclear-structure coefficients Dn of Eqs. (3.12)–(3.15) for elastic
scattering of WIMPs off 83 Kr. The top, middle, and bottom curves were calculated with threshold energies Qthr = 0, 5, 10 keV, respectively. The thickness of the
curves represents the effect of annual modulation. Note that the absolute value
of the coefficient D2 is shown.

The En coefficients of inelastic scattering as a function of the LSP mass
are shown in Figs. 3.7 and 3.8 for 83 Kr and 125 Te, respectively. As can be
seen, the coefficients of 125 Te are almost two orders of magnitude larger than
those of 83 Kr. Also the peak of the graphs is at a higher WIMP mass than for
elastic scattering, roughly 100 GeV for 83 Kr and 150 GeV for 125 Te. Another
important observation is that the amplitude of the annual modulation is more
visible in the inelastic channel. The En coefficients drop rapidly at smaller
LSP masses, but given a sufficiently heavy LSP the nuclear response of 125 Te
could provide new opportunities for WIMP searches.
It should be noted that the above examination only relies on nuclear
physics and assumptions of the dark matter distribution. No assumptions are
made about the WIMP-nucleus couplings, other than that the interaction
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Figure 3.6. The same as Fig. 3.5 for elastic scattering of WIMPs off
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Figure 3.7. Nuclear-structure coefficients En for inelastic scattering of WIMPs
off 83 Kr. The thickness of the curves represents the effect of annual modulation.
Note that the absolute value of the coefficient E2 is shown.
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Figure 3.8. The same as Fig. 3.7 for inelastic scattering of WIMPs off

125 Te.

can be divided into the conventional spin-dependent and spin-independent
parts. The results are thus valid for the LSP, but also essentially for any
WIMP that interacts with matter dominantly through the spin-dependent
and spin-independent channel. To compute the total event rates one also
needs the particle-physics input, which in the case of the LSP means the
fAρ and fSρ coefficients of Eq. (3.4). Some evaluations of these parameters
have been made for several sets of supersymmetric parametrizations in Ref.
[108, 109]. However, most if not all of those SUSY solutions have been made
obsolete by collider searches and direct detection limits.
In article [I] we performed an analysis of spin-dependent WIMP-nucleus
scattering event rates for a 83 Kr target based on the shell-model calculation
described above. Instead of choosing a particle-physics model for WIMPnucleus interactions, the elementary WIMP-nucleon isovector cross section was
taken as an input parameter. The value of σ1 (N ) = 17 fb [110] was adopted
for the spin-dependent WIMP-nucleon isovector cross section. Although the
value of the WIMP-nucleon cross section was inspired by a spin-3/2 Majorana
dark matter candidate, no other commitment to a specific model was made.
In article [I] we assumed the isovector cross section to be dominant, and set
the value of the elementary isoscalar WIMP-nucleon cross section to zero.
We were then able to estimate the spin-dependent differential event rate
with respect to the recoil energy ER for WIMP-nucleus scattering off 83 Kr.
The results are shown in Fig. 3.9 for elastic scattering in panel (a) and
inelastic scattering in panel (b). Note that the spin-independent coherent
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channel has been omitted from this examination. It is quite evident from Fig.
3.9 that the inelastic channel is heavily suppressed compared to the elastic
channel. However, the spectral shape is somewhat different as the inelastic
event rate vanishes at zero recoil energy. The shape of the spectrum could in
principle be used to differentiate between the elastic and inelastic channel.
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Figure 3.9. Differential event rate with respect to the recoil energy ER for
WIMPs of select masses scattering off a 83 Kr target (a) elastically and (b) inelastically. Only spin-dependent scattering is included. The thick solid, solid, dotted,
dashed-dotted, dashed, and loosely dotted lines correspond to WIMP masses of
20, 50, 100, 200, 500, and 1000 GeV, respectively.

The time-averaged total event rate, i.e., the event rate averaged over the
annual modulation for elastic and inelastic scattering of WIMPs off a 83 Kr
target are given in Fig. 3.10 as a function of the WIMP mass. The event
rates for inelastic scattering are much smaller than for elastic scattering, as
was already evident from the differential event rates. Here we note that the
maximum of the event rate happens at WIMP mass of roughly 30 GeV for
elastic scattering and 50 GeV for inelastic scattering. This agrees with the
analysis of the Dn nuclear structure coefficients. Adding a realistic detector
threshold energy for nuclear recoils, the branching ratio to inelastic scattering
would get more favorable, but not significantly so.
Due to the small inelastic scattering event rate for 83 Kr it is difficult to
justify building a krypton detector. Moreover, the krypton used in such
detector needs to be isotopically enriched in 83 Kr and the radioactive 85 Kr
component needs to be minimized. Methods for the isotopic enrichment exist,
but they are costly. Therefore, despite the interesting nuclear structure of
83
Kr, it is probably wiser to look for other targets.
In article [III] we performed similar calculations for event rates of WIMPs
inelastically scattering off 125 Te. We used the same elementary WIMP-nucleon
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Figure 3.10. Time-averaged total event rate as a function of the WIMP mass
for (a) elastic and (b) inelastic scattering off a 83 Kr target . Only spin-dependent
scattering is included. The energy threshold used in the calculation was zero.

isovector cross section as in article [I], i.e., σ1 (N ) = 17 fb. We also assumed a
set of nonvanishing values for the isoscalar cross section for the calculation of
total event rates.
The differential event rates with respect to recoil energy are given in
Fig. 3.11 for (a) elastic scattering and (b) inelastic scattering. Results are
shown for WIMP masses of 20, 50, 100, 200, 500, and 1000 GeV. The elastic
scattering differential event rate is larger than that for 83 Kr at zero energy
transfer, but it also falls faster with increasing ER . The largest contribution to
the elastic scattering event rate comes from small ER , however. The difference
in magnitude between the elastic and inelastic channel is not as large as for
83
Kr. Also for 125 Te the differential event rate extends to a wider range in
ER .
The time-averaged total event rate for 125 Te is given in Fig. 3.12 for (a)
elastic scattering and (b) inelastic scattering. One immediately notices that
the inelastic channel event rate is much higher than that of 83 Kr. Also the
elastic channel event rate is sizable. The elastic scattering event rate peaks at
mWIMP ≈ 30GeV and the inelastic scattering event rate at mWIMP ≈ 200GeV.
For a sufficiently heavy WIMP the branching ratio of inelastic to elastic
scattering is not horribly suppressed.
The experimental feasibility of a Te detector is also discussed briefly in
article [III]. To make the search of inelastic scattering events efficient, one
would have to enrich the Te in the detector to a high percentage of 125 Te.
A method to do this enrichment exists and while it has been utilized to
enrich a sample to 93 % in 130 Te, the same could be done for 125 Te. The
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Figure 3.11. Differential event rate with respect to the nuclear recoil energy ER
for WIMPs of select masses scattering off a 125 Te target (a) elastically and (b)
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CUORE detector in Laboratori Nazionali del Gran Sasso operates a 740 kg
total of TeO2 bolometers, of which roughly 43 kg is 125 Te [111]. A search
of inelastic WIMP-nucleus scattering events would be interesting already
in CUORE data as we predict an event rate of 2.77, 2.61, 2.40, 2.43 kg−1 y−1
for a 50 GeV WIMP and 8.88, 8.31, 7.67, 7.75 kg−1 y−1 for a 100 GeV WIMP
using σ0 /σ1 = 0.014, 0.094, 0.41, 0.53, respectively. A CUORE-like detector
enriched to over 90 % in 125 Te would be very interesting for inelastic WIMPnucleus scattering searches. The detection signal in such detector would
be a combined energy signal from the nuclear recoil and the de-excitation
gamma ray. In principle one could notice the contribution of the inelastic
scattering process in the total number of events as a rise in the measured
energy spectrum at the experimental energy of the first excited state.
We have shown that a detector containing a large amount of 125 Te can
open new opportunities for examining spin-dependent interactions of WIMPs
with nuclei. However, this conclusion relies on several assumptions. To
look for inelastic scattering events, the WIMP needs to be sufficiently heavy,
as discussed above. Tellurium is quite rare and expensive, and to gather
and enrich a large enough sample for a WIMP detector would be a massive
investment. While the results of the present work would imply that a Te
detector would optimally be more sensitive to spin-dependent interactions
than a Xe detector, the theoretical uncertainties involved in the calculations
make it difficult to draw certain conclusions on the matter. Therefore it is
unlikely that a new 125 Te detector will be built to compete with the currently
prevalent large-scale liquid xenon experiments.
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Chapter 4
Neutrinos in dark-matter
detectors
As has been discussed in the previous sections, the main mechanism of dark
matter direct detection is detecting the recoil of a nucleus in an event of
elastic coherent scattering with a dark matter particle. A problem with this
approach emerges, when other particles scatter off the detector via a similar
mechanism. Typical dark matter detectors are located deep underground,
which helps to eliminate most backgrounds. However, the Earth is constantly
bombarded with neutrinos from astrophysical sources which are impossible
to shield against. It has recently been experimentally verified that neutrinos
can scatter off nuclei coherently [107] and a sensitive enough detector is able
to detect the small recoils caused by the light neutrinos.
A problem emerges in direct detection of dark matter when the detectors
become sensitive enough to detect neutrinos. Nuclear recoils caused by
neutrinos are difficult to distinguish from recoils caused by dark matter.
While the event rate of neutrino events can be estimated, there is a sizable
uncertainty in the event rate, and the dark matter event rate should be larger
than that uncertainty to proclaim a detection. To make matters worse, the
recoil spectra for WIMPs and neutrinos are predicted to be similar, especially
for some specific WIMP masses [48]. This problem with the irreducible
neutrino background is referred to as the neutrino floor in dark matter direct
detection.
The neutrino floor is predicted to be reality for the next-generation dark
matter detectors. It is therefore of paramount importance to find a way
through the neutrino floor. While individual events may be indistinguishable,
there might be some other experimental signals that can discriminate between
neutrino and dark matter events. An annual modulation of the recoil event
rate is expected for WIMPs, but the flux of most background neutrinos
31

should be roughly constant in time or have a different phase to the WIMP
modulation. The different time signal of WIMPs and neutrinos in addition to
the spectral data could possibly be used to solve the problem of the neutrino
floor [112]. In an effective-field-theory approach some nonstandard operators
have been shown to give a distinct recoil spectrum for WIMPs [113, 114].
Also directional information of the recoil signal could potentially be used
as astrophysical neutrinos are coming from the direction of their source as
opposed to WIMPs that are distributed in the dark-matter halo of the galaxy
and are likely not coming collectively from a fixed direction [115, 116].
In this section we discuss the most prominent sources of neutrinos affecting
dark matter detectors. We then outline the formalism for neutrino-nucleus
scattering, and compute cross sections of 8 B solar neutrinos and supernova
neutrinos scattering off the most abundant xenon isotopes. Both neutralcurrent and charged-current processes are investigated.

4.1

Background neutrino spectra

Let us look at the most prominent neutrino species to contribute to the
neutrino floor. There are two things one must account for. Firstly, the
neutrinos must have enough energy to give a detectable kick to the detector.
For the next-generation xenon detectors, a reasonable lower limit for threshold
energy is 1 keV. The maximum recoil energy for coherent elastic neutrinonucleus scattering is [48]
ER,max =

2Eν2
,
M + 2Eν

(4.1)

where Eν is the neutrino energy and M is the mass of the nucleus. Therefore
we can neglect all neutrino species with ER,max ≤ 1 keV for a given nucleus.
Secondly, the flux of the neutrinos hitting the Earth has to be considered.
Solar neutrinos have huge fluxes, but most types of solar neutrinos have too
low energies. Atmospheric neutrinos have a wide energy spectrum, but the flux
is several orders of magnitude lower than most of the solar neutrino sources
[117]. The diffuse supernova background neutrinos can also be important,
but their flux is also estimated to be low although the spectrum is not very
well known [118]. Estimates of solar and atmospheric background neutrino
spectra are shown in Fig. 4.1. Solar neutrino spectra for this work were read
from the collection of Ref. [119]. The atmospheric neutrino spectrum in Fig.
4.1 is based on the highest flux evaluated in Ref. [117].
For a liquid Xe detector with mass number A ≈ 130, Eq. (4.1) gives a
minimum neutrino energy of roughly 7.8 MeV to have nuclear recoils of over
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Figure 4.1. Estimates of the solar and atmospheric background neutrino spectra relevant for dark matter direct detection.

1 keV possible. The solar 8 B neutrinos seem to be in a sweet spot of having a
decent portion of their energy spectrum in the desired energy range, but also
have a high flux of roughly 5 × 106 cm2 s−1 [120]. It is expected that the 8 B
peak will be the first neutrinos detected by the dark matter experiments via
a recoil signal [49, 50]. Therefore we have a focus on the 8 B neutrinos in our
neutrino-nucleus scattering calculations.
Another interesting possibility is a supernova happening sufficiently close
in our own galaxy. The neutrinos from a supernova arrive within a rather
short time window, which does not make them a very problematic background
atm
over a long dark matter direct detection experiment, especially given timing
information of scattering events, but such experiments could be able to probe
into some new neutrino physics with the massive flux of energetic supernova
neutrinos. It is noteworthy, that in principle the diffuse supernova background
neutrinos can be detected in very sensitive detectors with long exposure, but
that is out of scope for the next-generation detectors. For now we settle for
investigating neutrinos from nearby observable supernovae.
The energy spectrum of supernova neutrinos can be modeled by using a
two-parameter Fermi-Dirac distribution [121, 122]. The parameters entering
the expression for the distribution are the neutrino temperature Tν and the
so-called pinching parameter αν . We can write the Fermi-Dirac distribution
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as
fFD (Ek ) =

(Ek /Tν )2
1
,
F2 (αν )Tν 1 + eEk /Tν −αν

(4.2)

where the normalization factor F2 (αν ) is given by
Fk (αν ) =

Z

xk dx
.
1 + ex−αν

(4.3)

The temperature and mean energy Ek of neutrinos are equivalent in the sense
that they are related by the expression
hEν i
F3 (αν )
=
.
Tν
F2 (αν )

(4.4)

The plain Fermi-Dirac distribution for a given flavor of neutrinos can be
altered significantly if neutrino mixing is present. In neutral-current processes
this should not affect the total cross section if one sums over all neutrino
flavors. However, in charged-current reactions only the electron neutrinos
and antineutrinos can participate due to the high rest mass of the other
charged leptons. As neutrinos are very likely to go through flavor conversions
in the very dense supernova environment [123], this effect should be taken
into account in the energy spectra for CC scattering. We follow the idea of
Refs. [124, 125] that the mixing problem in supernovae can be reduced to a
two-flavor mixing problem: νe ↔ νx , where νx is a linear combination of the
muon and tau neutrinos.
As described above, the neutrino mixing induces changes to the bare
Fermi-Dirac distribution given by Eq. (4.2). The modified energy profile for
electron neutrinos can be given the form [126]
Fνe = p(Ek )Fν0e (Ek ) + [1 − p(Ek )] Fν0x (Ek )

(4.5)

and for antineutrinos:
Fν̄e = p̄(Ek )Fν̄0e (Ek ) + [1 − p̄(Ek )] Fν̄0x (Ek ).

(4.6)

Here p(Ek ) (p̄(Ek )) denotes the neutrino (antineutrino) survival probability
and Fν0l (Ek ) (Fν̄0l (Ek )) is the bare Fermi-dirac energy distribution of neutrinos
(antineutrinos).
The neutrino and antineutrino survival probabilities were read from Ref.
[126]. In the case of normal neutrino mass hierarchy we have
p(Ek ) = 0,
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(4.7)

and

(
cos2 θ12 , if Ek < Ēs ,
p̄(Ek ) =
0,
if Ek ≥ Ēs ,

(4.8)

where the split energy Ēs is taken to be 18 MeV following Ref. [127]. In the
case of inverted mass hierarchy, the survival probabilities take the form
(
sin2 θ12 , if Ek < Es
p(Ek ) =
(4.9)
0,
if Ek ≥ Es
and
p̄(Ek ) = cos2 θ12 ,

(4.10)

where we use the value Es = 7 MeV read from Ref. [124], and sin2 θ12 =
0.306 (0.312) for normal (inverted) neutrino mass hierarchy [128].

4.2

Neutrino-nucleus scattering

A neutrino can scatter off an atomic nucleus via an exchange of a neutral
Z boson or a charged W boson. These scattering processes are referred to
as neutral-current (NC) and charged-current (CC) channels, respectively.
Neutral-current processes can be written as
νl + (A, Z) → νl0 + (A, Z),
νl + (A, Z) → νl0 + (A, Z)∗ ,

(4.11)
(4.12)

where proton number Z does not change between the initial and final nuclear
state. We label the lepton flavor of the involved neutrino by l = e, µ, τ , and
the same expressions are valid also for antineutrinos ν̄l . The scattering process
can be elastic as in Eq. (4.11), i.e., the nucleus remains in its initial state and
only receives kinetic recoil energy from the neutrino. In inelastic scattering,
Eq. (4.12), in addition to a recoil energy the nucleus is excited to a higher
energy level. Charged-current processes change the charge of the nucleus and
can be written as
νl + (A, Z) → l− + (A, Z + 1)∗ ,
ν̄l + (A, Z) → l+ + (A, Z − 1)∗ ,

(4.13)
(4.14)

where the final state nucleus is usually in some excited state. The NC and
CC scattering processes and kinematics involved are illustrated in Fig. 4.2.
In the figure and in the following discussion we will refer to the four-momenta
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of the incoming and outgoing leptons as kµ and kµ0 . Incoming and outgoing
lepton energies are labeled as Ek and Ek0 . The momentum transferred to the
nucleus is qµ = kµ0 − kµ = pµ − p0µ , where pµ and p0µ are the initial and final
state momenta of the nucleus.
(A, Z)(∗)

ν0

l− /l+

(A, Z ± 1)(∗)

kµ0
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p0µ

kµ0

W±

p0µ

kµ

qµ
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ν

(A, Z)

(A, Z)

νl /ν̄l
(b)

(a)

Figure 4.2. Diagram of (a) neutral-current and (b) charged-current scattering
of a neutrino off a nucleus with mass number A and proton number Z.

The differential cross section for neutral-current scattering to a final state
of energy Eexc is [53]
!
X
d2 σ
G2F |k0 | Ek0 X J
=
σ +
σJ ,
(4.15)
dΩdEexc
π(2Ji + 1) J≥0 CL J≥1 T

where GF is the Fermi coupling constant and Ji is the angular momentum
of the initial nuclear state. The cross section for charged-current scattering
looks similar, but has a few added ingredients [54, 129]:
!
X
X
d2 σ
G2F cos2 θC |k0 | Ek0
J
J
σT ,
=
F (±Zf , Ek0 )
σCL +
dΩdEexc
π(2Ji + 1)
J≥0
J≥1

(4.16)

where F (±Z, Ek0 ) is a Fermi function and θC is the Cabibbo angle. The Fermi
function is used only for relatively low effective momenta, while the modified
effective momentum approach of Ref. [130] is followed to correctly treat the
final-state interactions for higher effective momenta.
J
The Coulomb-longitudinal (σCL
) and transverse (σTJ ) parts of the crosssection formulas (4.15) and (4.16) are defined as
J
σCL
=(1 + a cos θ) |hJf ||MJ (q)||Ji i|2 + (1 + a cos θ − 2b sin2 θ) |hJf ||LJ (q)||Ji i|2
Ek − Ek0
+
(1 + a cos θ + c) × 2Re {hJf ||MJ (q)||Ji i∗ hJf ||LJ (q)||Ji i} ,
q
(4.17)
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and
σTJ = 1 − a cos θ + b sin2 θ
∓

h

|hJf ||TJmag (q)||Ji i|2 + hJf ||TJel (q)||Ji i

2

i


Ek + Ek0
(1 − a cos θ − c) × 2Re hJf ||TJmag (q)||Ji ihJf ||TJel ||Ji i∗ ,
q
(4.18)

where θ is the scattering angle, the minus (plus) sign is taken for neutrinos
(antineutrinos), and
p
(4.19)
a = 1 − (ml /Ek0 )2 ,
b=

a2 Ek Ek0
,
q2

(4.20)

m2l
.
qEk0

(4.21)

and
c=

It is noteworthy that for NC scattering a = 1 and c vanishes as the final-state
lepton mass ml is just the very small neutrino mass, taken to be zero in this
mag
work. The operators MJM (q), LJM (q), TJM
(q), and TJel (q) appearing in
Eqs. (4.17) and (4.18) correspond to the Coulomb, longitudinal, transverse
magnetic, and transverse electric multipole operators, respectively. We assume
that the impulse approximation holds, and we consider these operators as
one-body operators. However, it should be noted that two-body currents
might also be of some importance in neutrino-nucleus scattering.
Here we have presented the most essential ingredients entering the neutrinonucleus scattering cross section. The formalism and the various operators
J
included in the σCL
and σTJ parts are described in further detail in Refs.
[55, 129, 131, 132].

4.3

Results

Motivated by the neutrino-floor problem in large-scale xenon dark-matter
detectors, we have computed cross sections for neutral-current and chargedcurrent neutrino-nucleus scattering processes off the most abundant Xe isotopes. We have made calculations for solar 8 B neutrinos using the energy
spectrum of Ref. [133]. For supernova neutrinos we have used a Fermi-Dirac
distribution with the parameters hEk i, Tν , and αν listed in Table 4.1 for electron (νe ) and muon/tau (νx ) neutrinos and the corresponding antineutrinos.
37

Table 4.1. The values of the parameters entering the Fermi-Dirac distribution,
i.e., the pinching parameter αν (column 3), the average neutrino energy hEk i
(column 4), and neutrino temperature Tν (column 5). Note that different values
of αν were used for neutral-current and charged-current scattering for muon/tau
neutrinos. Parameter values are given for electron and muon/tau (anti)neutrinos
νe , νx (ν̄e , ν̄x ) specified in column 2. The parameter sets were taken from Ref. [83]
for NC scattering and in Ref. [58] for CC scattering.

Scattering

Flavor αν

NC

νe
ν̄e
νx
ν̄x
νe
ν̄e
νx
ν̄x

CC

4.3.1

3.0
3.0
3.0
3.0
3.0
3.0
0.0
0.0

hEk i (MeV)

11.5
13.6
16.3
16.3
11.5
13.6
16.3
16.3

Tν (MeV)
2.88
3.41
5.17
5.17
2.88
3.41
5.17
5.17

Neutral-current processes

In article [IV] we computed cross sections for NC neutrino-nucleus scattering
off 128 Xe, 129 Xe, 130 Xe, 131 Xe, 132 Xe, 134 Xe, and 136 Xe. We performed the
nuclear structure calculations in the QRPA for both coherent elastic scattering
and incoherent inelastic scattering off even-mass isotopes. For the odd-mass
isotopes the MQPM was used. A shell-model calculation was also used
to compute the coherent scattering cross sections for comparison, but the
differences to the QRPA/MQPM results were appreciably small. Here we
therefore only highlight results computed in the quasiparticle schemes.
The total averaged cross sections for the target xenon isotopes are shown
in Fig. 4.3 for coherent elastic scattering (panel (a)) and inelastic scattering
(panel (b)). The cross sections for coherent scattering are sensitive to the
neutrino energy, but not as much as the inelastic scattering cross sections.
The inelastic scattering cross sections for 8 B and νx supernova neutrinos differ
by two orders of magnitude. Our total averaged cross sections for the Xe
isotopes are very similar to those obtained for Cd isotopes in [51]. There does
not seem to be a nuclear structure effect favoring either Xe or Cd over the
other as a neutrino detector.
We present the contributions to the total inelastic scattering cross section
arising from different multipole channels for solar 8 B neutrinos and supernova
electron neutrinos in Fig. 4.4. The results are shown for the even-mass
38

6

8

B
νe
νx

Cross section (10−42 cm2 )

Cross section (10−39 cm2 )

8

4

2

0

200

B
νe
νx

150

100

50

0
128

129

130

131

132

134

136

128

129

130

131

132

134

136

A

A

(b)

(a)

Figure 4.3. The total averaged cross sections of neutrinos scattering via neutral
current (a) coherently and (b) inelastically off the target Xe isotopes. Values for
8 B neutrinos, supernova electron neutrinos and supernova muon/tau neutrinos
are shown in the figure.

Xe and the odd-mass 129 Xe. The leading contribution to NC scattering
is expected to come from the 1+ axial-vector channel, although especially
for the odd-mass isotopes we found large contributions from the vector 0+
multipole channel. One question raised in this work is, whether the MQPM
approach to the cross-section calculations overestimates the contribution of
the 0+ multipole. This behavior has been noticed before in Ref. [51] for
odd-mass Cd isotopes. The 0+ multipole should vanish at the limit of zero
momentum transfer, and therefore the contribution should be small barring
very large neutrino energies. Hence the total cross sections for odd-mass
nuclei were concluded to probably be somewhat overestimated by spurious
contributions from the 0+ multipole. Up to date we have not discovered any
concrete reason for the overestimation, but it might have something to do
with the violated particle number in the quasiparticle scheme.

128

We also investigated the contributions coming from different final states
in the excited nucleus. In even-mass Xe isotopes the scattering process seems
to favor high-lying 1+ states around 5 to 8 MeV. A low-lying 0+ state often
contributes notably to the cross section for the lower-energy solar neutrinos
but to much lesser extent for supernova neutrinos. In odd-mass nuclei we
found a bunch of states around 8 MeV giving a large contribution to supernova
neutrino cross sections, but for the lower energy 8 B neutrinos they had a
much smaller effect in the total cross section.
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Figure 4.4. Contributions to the total averaged cross section of inelastic scattering of supernova electron neutrinos (top row) and solar 8 B neutrinos (bottom
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4.3.2

Charged-current processes

The charged-current processes based on the same Xe targets were studied in
article [V]. Here we computed the wave functions of the involved states in the
pnQRPA formalism for the even-mass nuclei, and MQPM for the odd-mass
nuclei.
We found that Gamow-Teller giant resonance (GTGR) states are very
important in the CC processes A Xe + νe → A Cs + e− for even-mass Xe targets.
This has a hindering effect for the solar 8 B neutrinos, as only the very tail of
the energy spectrum is able to excite the transition to the GTGR. The 0+
isobaric analog state (IAS) is also important in all cases, but often to a lesser
extent than the GTGR. The energy of the IAS is often underestimated in a
pnQRPA calculation [134]. In this work we have set the energy of the IAS to
match a prediction of an empirical formula presented in Ref. [135]. When the
energy of the IAS is corrected, its contribution to the cross section decreases
to a reasonable level, yet it remains significant.
We notice a very strong odd-even effect in the total averaged cross sections
for both neutrinos and antineutrinos. The total cross sections of supernova
electron neutrinos and antineutrinos scattering off the various Xe targets are
presented in Fig. 4.5 in panel (a) and (b), respectively. The effects of neutrino
mixing are not yet included. We notice a roughly four-fold increase in the
cross sections for 129 Xe and 131 Xe compared to their even-mass neighbors.
Interestingly enough, while we discussed a spurious large contribution from
the 0+ multipole in NC reactions, such anomaly does not seem to be present
in our CC calculations. Partly the larger cross sections for the odd-mass
targets can be explained by the smaller Q value of the reaction.
We then include the neutrino flavor conversions into the mix, and the
resulting cross sections are shown in Fig. 4.6. The main result here is
that while the cross sections for neutrinos remain similar regardless whether
the neutrinos have normal or inverted mass hierarchy, the situation is very
different for antineutrinos. For antineutrinos scattering off a Xe target, the
cross sections differ by roughly a factor of two between normal and inverted
hierarchies. Therefore the neutrino mass hierarchy could in principle be
determined by observing supernova antineutrinos in a detector. A similar
observation has been made in Refs. [52] and [57] for Cd and Ar targets,
respectively. Limiting factors to this are the sensitivity of the detector, the
uncertainty of the theoretical prediction, and uncertainties of the neutrino
energy distribution. The effect is slightly dependent on the parameters chosen
for the Fermi-Dirac distribution. Therefore calculations with a wide range
of Fermi-Dirac parameters, more elaborate model for neutrino mixing, and
perhaps also with a range of different nuclear models should be made to make
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Figure 4.5. The total averaged cross sections of charged-current scattering of
(a) neutrinos and (b) antineutrinos off the target Xe isotopes. Neutrino mixing
has not been accounted for. Note the different units on the y-axes of the two
panels.

more reliable conclusions on the feasibility of this strategy.
The contribution of different multipole operators to the total cross sections
of CC scattering are shown in Fig. 4.7 for 128 Xe and 129 Xe targets. Results are
shown for energy spectra of supernova electron neutrinos, solar 8 B neutrinos
and supernova electron antineutrinos. In our results for even-mass targets
the most important multipole for neutrino scattering is 1+ . There are some
smaller contributions to the cross section from the 0+ and 2− multipoles.
Smaller neutrino energy appears to favor the 1+ axial vector channel. The
behavior is rather similar for both even-mass and odd-mass isotopes. For
antineutrinos the situation is different. For even-mass nuclei the dominant
multipole is 1− with a mix of vector and axial-vector contributions. Also
1+ and 2− multipoles give a sizable contribution to the cross section. For
odd-mass nuclei the contributions between 1− and 1+ are almost equal.
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Chapter 5
Summary, conclusions, and
outlook
In this thesis we have examined new candidate nuclei for WIMP direct
detection, namely 83 Kr and 125 Te. We have especially focused on spindependent WIMP-nucleus interactions. We have also computed neutrinonucleus scattering cross sections for 8 B neutrinos and supernova neutrinos
scattering off Xe targets, motivated by the problem of neutrino floor in
direct detection experiments and the neutrino-physics potential of the nextgeneration dark matter detectors.
In article [II] we examine the nuclear structure of 83 Kr and 125 Te and look
how the nuclear structure affects WIMP-nucleus scattering. The nuclearstructure calculations were performed in the framework of the nuclear shell
model. While the kinematic advantages provided by 83 Kr for inelastic scattering initially seemed promising, it became evident in our calculations that
utilizing 83 Kr in a detector would be somewhat unreasonable, as more suitable
candidates exist. We show that 125 Te is one such candidate. The nuclear
structure of 125 Te appears to be very favorable for spin-dependent interactions
compared to other targets for which similar calculations have been performed,
such as 127 I, 129,131 Xe, and 133 Cs.
The conclusions of article [II] are supported by the event-rate estimations
made in articles [I] and [III] for 83 Kr and 125 Te, respectively. In these articles
we also examine the experimental feasibility of each potential new target. In
addition to the small expected event rates for 83 Kr, it would be quite difficult
(although possible) to build a sensitive detector utilizing a Kr target. For Te
on the other hand, the CUORE collaboration has already demonstrated a
working TeO2 bolometer. A similar detector enriched to higher concentrations
of 125 Te would be a very sensitive probe of spin-dependent interactions between
WIMPs and nuclei. That being said, such detector would be very costly,
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and further feasibility studies are required to justify building one. In the
meantime, it might already be interesting to look for inelastic scattering
events in the data of the currently running CUORE experiment.
In articles [IV] and [V] we present computed cross sections of neutralcurrent and charged-current scattering of neutrinos off the most abundant
Xe isotopes (A = 128,129, 130,131, 132,134, 136). The wave functions of the
involved even-even, odd-odd, and even-odd nuclei were computed in the
QRPA, pnQRPA, and MQPM frameworks, respectively. Our calculations
present the first estimates of the cross sections computed in a complete
microscopic framework for isotopes other than 132 Xe (CC) and 136 Xe (NC
and CC), and our results show improvement upon the earlier results for both
cases.
We computed cross sections as a function of the energy of the incoming
neutrino, but we also estimated cross sections for the 8 B solar neutrino energy
spectrum and a Fermi-Dirac distribution was used to estimate cross sections
for typical supernova (anti)neutrinos. For the even-mass isotopes our crosssection predictions are expected to be fairly accurate. For the odd-mass
isotopes an unexpectedly large 0+ multipole contribution was observed in the
neutral-current case. This is possibly due to the particle-number violation in
the quasiparticle scheme, but further investigation is required to solve the
origin of the issue. Therefore, the computed cross-sections for NC scattering
off 129 Xe and 131 Xe are probably somewhat overestimated.
In CC scattering of supernova neutrinos off even-mass xenon nuclei the
high-lying Gamow-Teller giant resonance state and the isobaric analog state
were very important in terms of total cross section. For the less energetic
8
B solar neutrinos the resonance states cannot be populated as strongly.
This gives a relative enhancement to the scattering event rate off odd-mass
nuclei where the most important final states were predicted to be at lower
energies. Also in presence of neutrino mixing, the cross sections of supernovaantineutrinos scattering off xenon nuclei were predicted to be sensitive to the
neutrino mass hierarchy for the model used in this work. The result appears
to be somewhat model dependent, however, and further examination needs
to be done to draw more confident conclusions.
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