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Abstract

After summarizing the observational evidence of Dark Matter in our Universe and
the status of direct dark matter searches, in this Ph.D thesis we discuss how to
generalize the standard direct detection analysis of Weakly Interacting Massive Par-
ticles(WIMPs) to a wider class of models. The standard direct detection analysis
assumes coherent or spin—dependent WIMP-nucleus interactions from particle and
nuclear physics and a thermalized WIMPs velocity distribution of our halo from as-
trophysics. On the other hand our generalized analysis extends the standard approach
to virtually any WIMP-nucleus interaction allowed by Galilean invariance (implying
possible explicit dependencies of the cross section on the transferred momentum and
the WIMP incoming velocity) and to any velocity distribution. We show that when
our generalized procedure is adopted several WIMP effective scenarios can be found
for which the experimental excesses measured by DAMA, CDMS-Silicon and CRESST
can be interpreted by a Dark Matter signal in agreement with constraints from other

experiments.

CHAPTER |

INTRODUCTION

The most dominant constituent of matter in the universe which is called “Dark Mat-
ter" is non—luminous, non—baryonic and non-relativistic. The existence of the dark
matter emerged from observation evidences and theoretical suggestions.

The first evidence from the virialized motion of the Coma cluster revealed ;ha{non—
luminous matter is_distributed: Furthermore, the dark matter which constitutes 23%
of total density of the universe can be known by astrophysics observations, Cos-
mic Microwave Background Radiation(CMBR) and indirectly Big-Bang Nucleosyn-
thesis(BBN). * ¢(faucdut formakion

The most popular candidate of the dark matter, " Weakly Interacting Massive Par-
ticle" (WIMP), is being measured the mass and cross—section by direct—detectors and
indirect—detectors. Indeed, the Large Hadron Collider(LHC) wants to generate the

WIMPs from the standard model particles.
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B. Evidences from galaxy motion 4

energy dominant cases. The stress—energy tensor which is written in the form as
T} = diag (p, —p, —p, —p) represents the radiation as p = 3p, matter as p = 0 and
the vacuum energy as p = —p due to the fact that 7%, = 0. The latest Plank
data confirm that the total density of the universe is Q = Qpaq + Qu + Q4 = 1,
in the present we can neglect the radiation component due to the fact that the
universe is cold enough. Reported values are Qy = 0.3175, 2, = 0.6825 [6] and

Qu = 0.2735 £ 0.027, Q) = 0.727599[7].

B. Evidences from galaxy motion

In 1933 the proposition by Fritz Zwicky showed the non—luminous particles has to be
imposed to explain the virialized motion of the Coma Cluster[8]. The viral theorem
is that the relation between average value of kinetic energy (") and potential energy
(V) in a system is 2(T") = —(V'). Due to the relation, F.Zwicky result[9] showgyihat
the calculated mass by viral theorem is incompatible with observed luminous galaxies.

In 1970, the Vera C. Rubin and W. Kent Ford[10] observed rotation velocity of
the Andromeda nebula. According to the Newtonian gravity field, the rotation ve-
locity is proportional to 7~'/2. However, the Andromeda nebula does not follow the
proportionality and so it should supplements non—luminous mass which is called dark

halo such as Fig.10 (a) in [10] for explaining the observed data Fig.9 in [10]. The

C. Dark matter candidates 5

Fig.l.1 shows the rotation curves which is represented by [1]. In [1], on the other
hand, the modified Newtonian dynamics(MOND) which is modification of Newtonian
force is no longer proportional to acceleration which was proposed by M. Milgrom[11]
explains the flat rotation curves well. Even the MOND explains the rotational curves
well, however, we will impose the dark halo due to other facts from astronomy obser-
vation.

On the other hand, the gravitational lensing effect and bullet cluster tell the dark
matter existence. The gravitational lensing effect due to distribution of gravitation
potential which can specify the mass of the photon trajectory. Especially, the bullet
cluster gives not only the evidence, but also the property of dark matter which is

collisionless due to a combination of the X-ray images and gravitational lensing.

C. Dark matter candidates

; with
'Lbe’&rk matter is strange phenomenon which can not“explained our knowledge

dﬁthe standard model. There are many suggestions of dark matter such as neu-
trino, supersymmetric dark matter, Kaluza-Klein dark matter, Scalar singlet dark
matter, Q-ball, mirror particles, axions, neutralinos, Strong Interacting Massive Par-
ticles (SIMP), CHArged Massive Particles (CHAMPs), etc. On the other hand when

the Dark Matter is a thermal relic, which is one of the most popular scenarios, is has
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Figure I.1: Examples of rotation curve[l]; the dashed line is for visible components, the

dotted line is for gas and the dash-dot line is for dark halo.

C. Dark matter candidates 7

two bounds of the mass from cosmology, one is suggested by Cowsik-McClelland[12]
m <few eV (Hot dark matter), the other is suggested by Lee-Weinberg[13] . >few
GeV (Cold dark matter). }%Hot dark matter which can be suggested by standard
model, however, is ruled out[14] by structure formation using N—body simulation and
the abundant is not enough due to that €,h* < 0.07. 'hn; éold dark matter which
is called Weakly Interacting Massive Particle (WIMP) is well motivated by follow-
ing properties, stable, no charge, no colour, cold and relic abundance compatible to
observations. The relic abundance ,which relates with freeze out due to Boltzmann

equation in thermal equilibrium which is written as :

dn
Friea 3Hn = —(ov) (n® —nl,), (1.6)

where n is number density, n., is number density in equilibrium, (ov) is annihilation
cross section, gives the cosmological density with respect to the annihilate particles

which is approximately written as for WIMP :

Qh* ~ (o0, (1L7)

where index x is WIMPS.
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CHAPTER |l

ANALYSIS OF DIRECT DETECTION DATA

WIMP direct detection analysis can be calculated by 3 ingredients; experimental
information, astrophysics and particle physics.

Event rate of WIMP in terms of energy can be calculated with[17]:

dR _ o 1@ doys et
dER m\ImX ER // dE’ ), )G(ER E)dl}dE’ (Hl)

0 vmin 2-

e

In Eq(I1.1), e(ER) is fraction of total exposure and effective exposure and the G(Eg, E')
is probability function which covers the uncertainty of detecting energy in detector
are experiment information field. The f(%) which is normalized WIMP velocity distri-

bution around the Earth, and py which is local WIMP density are astrophysics field.

la\\

The last field, particle physics, is in the which gives the cross section between

WIMP and nucleus.

10 v U
Pl o

A. Standard analysis 11

A. Standard analysis

The standard analysis means that the astrophysics and particle physics fields are
assumed by simplest scenario. The simplest scenario assumes the astrophysics as
Maxwellian and the particle physics as that is suggested by non-relativistic limit of
extensions of the Standard Model as Supersymmetry or Extra dimensions. high energy

effective field theory.

(1) Velocity distributions

The distribution of the WIMP in our Halo can be treated as collisionless gravitating
system in stationary state. The density of the WIMPS p(Z), is integrated value of
distribution function of WIMP in phase space f(Z,v,t) with respect to v and the
time dependence term is negligible by the fact that f(:E, ¥,t) = 0 in collisionless case.
The WIMPs are distributed by gravitational potential, ¢, and it follows the Poisson
equation V2¢ = 47Gp where G is the gravitational constant. To find the distribution
function from the density, convenient way is to shift the potential, ¢, such as relative
potential ¥y = —@+ ¢ which ¢ is a constant and will be chosen when %) vanishing at
the boundary of the system. The relative potential also follows the Poisson equation
and we can define a relative energy such as € = —E+ ¢ = ¢)—v?/2. The distribution

function can be presented by relative energy, f(Z,7) = f(€), due to homogeneous

/%J[M) r[“a,v;tg 4 /Hfra.‘a A&Jﬁﬁ]aj(““' c(l/; W MPs



A. Standard analysis 12

and isotropic properties come from the FRW universe model. Therefore, we can find
et e S

the density with respect to distribution function

P
o@) = [ deams(9v/200 =9 (12)
0

then, by the Poisson equation, we can get

¥
1 dpw) _ [ 1), ,
E—dw—_!ml. (11.3)

Using the Abel integration equation, we can find solution of Eq(l1.3) in distribution

function such as
e Ll [ o
"~ VBr2de J Ve=19’

(IL4)

The density of isothermal sphere model which p(r) = por2/r=2 can be written with
variable 1 as

p(¥) = poe=?, (IL5)

where py is local density around the Earth(ref), g is the distance between the Earth
and the Galactic center and the o is a constant. Using Eq(il.4), the distribution

function is
1 ( 3 )% ‘3‘".; f | |
A ) M or |U] < Vese
)= N i (1L.6)

0, otherwise

A. Standard analysis 13

where the o, is WIMP root-mean—square (rms) velocity and the ves is WIMP escape

velocity. Moreover, the N is normalization factor which is written as

Nese = erf(2) — —=ze™™, (IL7)

where z = ves/vp. The 7 is estimated through vector addition by peculiar ve-
locity of the Sun, ¥, galactic rotation velocity, ¥, and the Earth velocity relative
to the Sun .. The velocities are usually assumed by @s = (9,12,7)km/s, ¥, =
(0,230,0)km/s, the Earth mean orbital velocity in orbital direction, v, = 29.8km/s
and vese = 550km/s[18]. Besides, rotation in orbital direction and escape velocity are
suggested that v, = 243 4-20km//s[19], 2224-20km/s[20] and 228 4= 19km/s[21], and
580km /s < vese < 625km/s[22], respectively. The WIMP root-mean-square velocity
is determined by hydrostatic equilibrium which the net force between gravitational
attraction and repulsive force of WIMP pressure in spherical symmetry. According
this, the root-mean—square relates to rotational velocity such that o, = \/m'u(). On
the other hand, according to the bottom—up cold dark matter scenario of structure
formation, the remnants of the merger history of our galaxy embroider non-thermal
components in our galaxy such as “tidal streamns’. Hence, a tidal stream is spa-
tially confined to one direction which the functional form of the velocity distribution

neglecting dispersion is f(7) = (U — Ustream). One of examples of tidal streams,
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A. Standard analysis 16
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Figure IL1: Scattering diagram in Lab frame and center of mass(COM) frame.
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In other word, when the recoil energy fixed, possible WIMP velocity is vy, to infinity.

defined as

(I1.10)

When we neglect the experiment uncertainties, in a simple scattering, an isotropic

WIMP-nucleus cross section is written as :

ddx;\' = UxN(ER)

B = e (IL11)

Here, the o,x(ER) is factorized to 0o F?(qRx), where o is point—like cross section
and F(qRy) is form factor where the transferred momentum, ¢ = \/2myxEg. The
point-like cross section depends on particular dark matter candidates which the most

popular models are scalar and axial-vector coupling. On the other hand, the form

(

A. Standard analysis i

factor takes into account the finite radius of the nucleus Ry due to wavelength of
momentum transfer in WIMP-nucleus collision. For instance, when the target nucleus
is small enough, the point—like cross section is valid, while in the sizable nuclear target

case there is loss of coherence.

(a) SI coupling

The Sl cross section is presented by the effective interaction term ((jq). In this
case, the point-like cross section is written as :
“i,nucleus [pr o+ (A — Z) fn]2

4
3 2
00,81 = — My nucleus (Zfp+ (A= Z) fa]” = Fuucteon 2 2 )
m X,nucleon fp

(1L.12)

where the opycleon is WIMP nucleon(proton or neutron) cross section, Z and A — Z \

are the number of proton and neutron, respectively, and 42 | jeus aNd 83 puctoon 3T€
WIMP-nucleus and nucleon reduced mass, respectively. In addition, f, and f, are
effective couplings to proton and neutron which are usually assumed equal, f, = f;.
The form factor for Sl is calculated by the Fourier transformation of normalized nuclear

mass density p(7) such that

F(q) = /p(F)ei‘T'Fd:’r. (IL.13)
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B. Direct detectors 20

value of the spin which has a tendency to cancel for a large number of nucleons is not

to be compared with spin independent interaction which is proportional to A% and ii)
-

nuclei with an even number of nucleons have very small or vanishing spin—dependent

W

cross sections.

B. Direct detectors

The WIMP direct detection is well motivated to find candidate of GeV—scale WIMP

signals with respect to keV-scale nuclear recoil energy. In the present, running ex-

periments are DAMA[2], KIMS[39], Xenon 10[40], LUX[41], PICO-2L, PICASSO, Me tnte,

COUPP, SIMPLE, CRESST, S CDMS, CDMS-Si, CDMS-Ge, CoGeNT, CDM e i
) : , Super ; i —Ge, CoGeNT, - £ X ENOV 100

Slite and so on. The direct detections measure one or combination of two of three + XMASS

types of signals which are ionization, scintillation and heat—phonon. The ionization

signal is caused by the escape electron from the nucleus when WIMP scattering gives

enough energy. The scintillation signal is caused when the exited electron state due to

WIMP scattering returns to the stable state by emitting a photon. The heat—phonon

signal is caused by temperature vibration due to the vibrating crystal lattice by WIMP Y

scattering. When the ionization or scintillation signals are detected, corresponding

energy is electron equivalent energy, E..(keV,. unit) while the signals is happened

by interaction between nucleus and WIMP which is related with nuclear recoil energy

B. Direct detectors 21

Eg(keV,, unit). The electron equivalent energy is reduced compared to the nuclear
recoil energy by quenching effect and the relation is determined by E,. = Q(ERr)Er
where the Q(ER) is quenching factor. On the other hand, in the heat—phonon signals,
there are no quenched signals, in other words, the electron equivalent and nuclear re-
coil energy are same[42, 43]. The effective efficiency reduces the total exposure due
to cuts applied to lower external and internal backgrounds.

Each measurement has advantage and disadvantage, however, development goal
of the detector is to reduce backgrounds and extend to low threshold energy. Because,
in the standard analysis which is explained before, expected rate of the WIMP in direct
detection is exponentially decreasing due to the form factor, hence it concentrates in
low energy.

We will review experimental informations which is concerned in this thesis in the
following. In particular, the DAMA experiment is explained more than others because
it detects a potential WIMP signal using a method (annual modulation) different
from other experiments.

DAMA is the longest running experiment which collects scintillating signal using
Nal(Tl) crystal during 14 years (7 years DAMA/LIBRA + 7 years DAMA/Nal) with
cumulative exposure 1.33 tonxyr[2]. Especially, DAMA gives annual modulation data
which can discriminate the background. In theory, the signal can be decomposed in

unmodulated and modulated parts due to the Earth revolution around the Sun such

Zlvy Ioao(' W

fXWWs Vs,
LM54 - safe “
e ‘%ry{&xé«j’.%
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Figure I1.2: Experimental residual rate of the single-hit scintillation events measured
by DAMA/LIBRA-phasel in the (2-6) keV .energy interval as a function of the time
(error bar). The superimposed curve is fitting with Sy, cosw (t — o). The dashed lines
correspond to the maximum signal and the dotted lines correspond to the minimum|2]

that :

S = Sp+ Smeosw (t —to), (I1.18)

where the Sy is unmodulated signal, the Sy, is modulate amplitude, the w = 27/T
here the T = 365.25 days and the ¢, = 152.5 day (June 2nd) which gives the
maximum signal as shown in Fig(I.2). The modulated data such as Fig(Il.2), si-
nusoidal assumption well fit from Eq(11.18) with the modulation amplitude S, =
0.0112 + 0.0012cpd/kg/keV corresponding to 9.20 C.L., when unmodulate part is
neglected. Important data for direct detection analysis is the event rate with re-
spect to the recoil energy or electron equivalent energy. The Fig(ll.3) shows that

the residual rate to electron equivalent energy in cpd/kg/keV unit. To interpret the

B. Direct detectors 23
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Figure 11.3: Annual modulate event rate in electron equivalent energy. The energy bin
is 0.5 keV[2]

DAMA event with expected rate from Eq(ll.1), we should know effective exposure
and the quenching factors for sodium and iodine. In DAMA case, the rate is already
normalized to a day and the residual rate has already reduced backgrounds by using
single-hit scintillation events. Reported values of the quenching factors for sodium
and iodine in [44] are Qn, = 0.3 £ 0.01 and @; = 0.09 + 0.01 in energy range
2 to 30 keVeeand in [45] are Qna = 0.4 £ 0.2 in energy range 2 to 40 keV..and
Q1 = 0.05 £ 0.02 in energy range 2 to 20 keV,.. Also, to consider the electron
equivalent energy uncertainty such the G(E, E') in Eq(ll.1), the function is assumed

by Gaussian probability distribution function which can be written as:

1

2
T ey

T 20,0 (E)?

G(E,E') = : (IL.19)
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where dispersion o,.s(E") (Energy resolution) depends on experiment which usual
form is oyes(E') = aV/E' + bE'. The DAMA case, the values are a = 0.448 and b =
0.0091[46]. Indeed, as Fig(11.3), the modulating signals are in the 2 — 4 keV,.range.

Xenon 10 collects combination of ionization electron(S2) and scintillation pho-
ton(S1) signals with Xenon liquid. Result[40] presents the S2 yields which counts
electrons. The WIMP candidate events are presented in recoil energy in 1.4-10
keVy,range which is corresponding to the number of electrons(Fig2 in [40]). The
relation between recoil energy and the number of electron can be found in [47, 48]

which is written as (the parameters are defined in [47])

_ Ne _l fu(k)/€
Q=g =g+ (11.20)

The Xenon 10 result shows with 15 kg—days after background discrimination and the
2, 1E GaR
total number of event-is 23. The energy resolution is used Poisson distribution which
relation is v/ for N events in recoil energy unit such as o, (Eg) = (QuER)™V2.
LUX collects same signals with Xenon 10 during 85.3 days with a fiducial volume
of 118 kg. In first result[41], interest range is 2-30 photoelectron(phe). However, it
focuses on the S1 yield of Xenon liquid. In calculation we adopt null signal while it

can be found the exact signals in Fig4 in [41]. The efficiency is adopted from Fig9

in [41]. The relation between nuclear recoil energy and photoelectron is generally

B. Direct detectors 25

written as[49]

S
V(ER) = Ep x Lsj(ERg) X g XLy (I1.21)

e
For LUX the estimation of the normalization light yield is L, = 8.8phe/keV,.for 122
keV ~y-rays at zero field, so the scintillating quenching factors for electronic S, and for
nuclear recoil S, due to the electronic field are set to one. In addition, the L.;;(ER)
which is scintillation efficiency including the effect of the electric field is presented by
Slide 25 in [50], so to estimate the S1 uncertainty we take the Gaussian distribution
with energy resolution such as o(E) = /nopyr, where the opyr = 0.5phe is finite
average single photoelectron resolution. (It will be explain why S1 uncertainty is
presented in LUX.)

Xenon 100 Experimental information for Xenon 100 is assumed by the two
event scattering with Xenon at S; = 3.3PE, 3.8PE as shown Fig(2) in [51] in the
experimental range 3PE < S; < 30PE for an 224.6kg—days with a fiducial volume of
34kg. Moreover, according to the Eq(11.21), we assumed from [52] as L, = 2.28PE,
Spe = 0.95, See = 0.58 and L.;(ER) is taken from Fig(1). The energy resolution is
same procedure with LUX.

KIMS collects scintillating signal using Csl(TI) crystal. The interested energy
range is 2—4 keV,.and it find null signal with total exposure of 24,524.3 kg—days[39].

The quenching factor of Csl(TI) crystal depends on energy which is presented at Figl3
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in[53]. The efficiency is presented at Figl(a) in [39].

CoGeNT |t gives also annual modulation data [54], while in this thesis we only
consider both the total count rates scattering with Germanium and the background
from Fig(23) of [55] rescaling them to the exposure of 1129 day[56](This reference
presents the raw data) for fiducial volume 0.33kg in the signal range 0.5keV,.<
E,, <2keV,.. The quenching factor is given as Qge = 0.2 X E}'2 by [54] and the
energy resolution is given as gres(E') = 1/69.72 + 0.976(E'/€V) in eV [57]

CDMS-Si Three events, scattering with silicon, are given at Ep =8.2keVy,
9.5keVyrand 12.3keV,in the energy range 7keV,, < Eg <100keV,with exposures of
140.2kg—days[58], while we take 8keV, < Ep <12.5keV, to concentrate the excess.
The efficiency is shown in Fig(1) in [58] energy resolution of silicon is assumed as
Ores(E) = v0.293Z + 0.0562 E [59]. (The energy resolution of silicon has not been
measured while [59] shows germanium energy resolution below 10keVy;.)

SuperCDMS SuperCDMS[60] is low—energy analysis in the energy range 1.6keVy, <
Ep <10keV,with Germanium target. There are 11 observed WIMP candidate from
T2Z1, T2Z2, T5Z2 and T5Z3 detectors with the total exposures of 577kg—days. The
efficiency is shown in Fig(1) in [60] and the energy resolution is same with silicon,
Ores(E) = +/0.293Z + 0.056% E [59).

CDMS-Ge The result is presented by digital format about T1Z2, T1Z5, T2Z3

and T2Z5 detectors from [61]. In particular, in this thesis, we take the T1Z5 de-
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tector which the WIMP candidate event in recoil energy and exposures are given
by [61], while the efficiency is taken from Fig(1) in [61] with the energy range
2keVpr< Ep <100keV,,. Moreover, the energy resolution is assumed as 0.es(E) =
v0.293% + 0.056? E [59).

CDMSlite The energy range is 0.170keVe.< E. <T7keVe, due to voltage—
assisted, with 0.6kg of germanium during 10 live days. The WIMP event in the
electron equivalent energy is given by Fig(1) in [62] while the quenching factor is
adopted the CoGeNT factor. In this analysis, we take the energy resolution as amv=
14keV and the efficiency cut as £q = 0.985 [62].

SIMPLE The SIMPLE experiment[63] uses superheated liquid droplets homo-
geneously distributed in a gel to search for transitions to the gas phase produced by
WIMP scatterings. The nuclear targets are made of C,CLF; (for the nuclear response
function of chlorine, which is not available from [64, 65, 66], we have used a simple
estimation outlined in Eq(111.9)). SIMPLE is a threshold detector, only sensitive to
the minimal deposited energy E, required to trigger the nucleations, and with Eyy
controlled by the pressure of the liquid. The probability that an energy deposition Eg

on the target nucleus T nucleates a droplet is given by:

Egr — E,
Pr(Eg) =1—exp [—a—pM] ,

B (11.22)
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where ar is determined by fitting calibrations with neutron sources. With an exposure
of 6.71 kg day and E,;,=7.8 SIMPLE observed 1 event, consistent to an expected
background of 2.2. This can be converted to an upper bound of 3.16 events using
the Feldman-Cousin method [3]. We use ap=ac=3.6.

CRESST We only focus on scatterings on Tungsten in CaWQ,. To this aim we
select from [67] the 45 events (out of 67) in the W recoil bands of Figs. 7, 9 and
17 in the total energy range 10 keV,,< Ep < 40keV,collected with an exposition
of 730 kg day !. The background in the W band is dominated by lead recoils from
20Po decays, which we model as in Eq(1) of Ref.[67]. When discussing vmn ranges
and the self-consistency checks of we select the signal region 12 keVnr< Ep < 24
keVnr where we optimize the signal/background ratio getting 34 total events vs. a
background of 7.4. As far as the energy resolution is concerned, we use the two
measurements FWHM(E'=3.6 keVnr) = 0.3 keV and FWHM(E'= 64 keVnr) = 1.6
keVnr from [69] to fit the functional form ocrpssr(E') =-0.044240.0904E" in
keVnr (FWHD=2.355%0).

COUPP The COUPP experiment[70] searches for WIMPs using nucleations in
a bubble chamber and is also a threshold detector. In the case of COUPP the target
material is CF31. For each operating threshold used in COUPP the corresponding ex-

posure, expected background, number of measured events and 95% C.L. upper bound

!After submission of the present manuscript new unpublished CRESST data have been
presented in [68] that do not confirm the excess claimed in [67].

b 4
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Ey, (keV) | exposure (kg day) | backgrounds | events | 95% C.L.
7.8 55.8 0.8 2 5.92 %
11 70 0.7 3 8.26 |
15.5 311.7 3 8 12:2

Table I1.1: For each operating threshold used in COUPP we provide the corresponding
exposure, expected background, number of measured events and 95% C.L. upper bound

obtained with the Feldman-Cousin method [3] used in our analysis

obtained with the Feldman-Cousin method [3] used in our analysis are summarized in
Table I1.1. We adopt the nucleation probability (11.22) with ap=ac=0.15, while for
iodine we assume P;=1, corresponding to a; — oo in (11.22).

PICASSO The Picasso experiment([4] is a bubble chamber using C5 F3, operated
with eight energy thresholds. For each of the latter we provide the corresponding
upper bound on the number of events (normalized to events/kg/day) in Table 11.2
(extracted from Fig. 5 of Ref.[4]). We use the nucleation probability of Eq.(11.22)
with ac=ap=5.

PICO-2L The PICO-2L collaboration operated a C3Fy bubble chamber exper-
iment with four energy thresholds. For each of them we provide the corresponding
exposure, number of measured events and 95% C.L. upper bound (conservatively
assuming zero background) used in our analysis in Table I1.3. In particular we con-
servatively chose to use the raw data without the subtraction adopted in [71] which

makes use of time correlations among measured events. We adopt the nucleation

Umits
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C. Direct detection analysis 32

The 7)(Vmin) for unmodulated maxwellian velocity distribution is

7(Tmin) = Nese ( 3 )%

a \2rw?
3 (zmill — &, Tyin + Cl) T Zae—zZ’ Tmin < 2 — @ . (1125)
o §(Ill!ill —-aQ, Z) i 20«’5_22 (2 0 — -Tmin) ; 2T S Tmin <zt+a
0, Tmin > 2+ @
where the z,,;, and « are dimensionless variables which are defined as
2dA Spate
Pt 2= 3Vmin el 3vi0c
Lmin — 211)0 e 21}(] B
Here, the v, is the Earth velocity with respect to the Galactic center.
While, the &(z,y) is defined as
¢= YV far(y) - arf(@)] (11.26)

where the erf(z) is error function which is presented as

x

erf(z) = L /e‘fdy.
s

0
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The unmodulated 7 (vnin) does not consider revolution of the Earth, because the
average velocity is only due to the Sun velocity. However, in the local frame, it
includes an effect due to the revolution of the Earth'which gives time—-dependence.
In particular, modulated data from DAMA experiment is the difference between the
maximum and the minimum signals during a year. Due to the Earth revolution velocity

with respect to time which can be written as [72]
Vioe = |Tioe| =~ 233.5+ 14.4 cos [w (t — to) km/s, (11.27)

where t ~ 125 days, the 7(vyin) can be decomposed to

W=

% Umin
n(Umin) = 770(Umin) <& Tll(Umim t) = 7]('Umin)|,,e=0 + %Aa cos [w (t - t())] )

(11.28)
where the Aax = 14.4 km/s. Moreover, 7, can be determined by a fit to the time—
dependence of the signal, or calculated by difference between 2nd June. and 2nd Dec.

—

which is the maximum and the minimum, respectively. & & 2
s -

(2) Event rate in observed recoil energy

Eq(l1.1) is presented in terms of nuclear recoil energy, thus we need to convert it into

the electron—equivalent energy. Therefore it can be found by change of variable and

€= 0~ 36 days *
g T
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D. Generalized analysis 40

my and m,, of the WIMP, incoming WIMP x with mass mn,, up-scatters to x’ with
mass m,s = m, +J where ¢ is mass splitting. On the other hand, exothermic WIMP
which the incoming metastable WIMP y down-scatters to x’ with mass m, = my+34

with § < 0 [75]. The IDM case the kinematic relation Eq(11.10) can be calculated as

1 mxEr
Vnin = —m—=|5—— +0 Lal)
i m ll‘i,nucleus

The IDM relaxes importance of the threshold because the expected rate is no more
decreasing exponentially due to the form factor. According to the form factor, the
expected rate is concentrated at Er = 0 while IDM case the Ep = 0 when vy, — 00.
In particular, the minimum values vy, in the cases when Ep = |8]fty,nucleus/mn = Ef;

is given by:

2B 5>0
S ks (IL42)

'min
0 ,0 <0.

Moreover, due to the escape velocity limit, the § has upper bound such as

% (I1.43)

6Iimit .

i

D. Generalized analysis 41

(3) Non relativistic Effective Field Theory

The Sl and SD interactions in the standard analysis are motivated by high energy
physics. However, using the model-independent cross section also desirable motiva-
tion of direct detection analysis. For instance, in the momentum dependence case[82],

the event rate can be factorized as

2
dRM _ (@ \" (Gatme\ (dR (I1.44)
dEr ~ \@ 2 +m? dEp)’ ;

where g2 is chosen to normalize, m, is mediator mass and the n is chosen by

operators.
On the other hand, in this thesis the generalized cross section using non—relativistic
effective field theory (EFT) approach[64, 65] is adopted. In this approach, the general

Hamiltonian density is defined as :

15
M=) (1+cm)O;, (I1.45)

i=1

where ; are Hermitian operator when they are constructed out of five three-vectors;

ghe- . Syt Sy, (I1.46)
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CHAPTER IlI

RESULTS

wl

In this chapter, it"will show the new approach which is adopted the generalized
A~

analysis. The results are categorized as IDM with Sl interaction[83], elastic spin—
A~

dependent dark matter[81] and IDM with model-independent cross section based

on the halo-independent method. In particular, the halo-independent method is

dopted

adopt with special mapping in velocity range which corresponds to energy in each

experiments. It implies that, in the result, the basic estimation Eq(I1.38) recast as

_ Joe dvminﬁ(vmm)n[ﬁ;ﬁ; (Vmin) N Nops

Mot stmin] = = S — . (L1
[ lnlmhh“"ﬂ] j; R[E{,E&](Umin) j; R[E( )E;]('Umin)

where [Umin,1, Umin,2] corresponds to energy interval [Ece 1, Ece] where E.1 = Ej —
Ores and Ee 2 = E)+0ves (Eee represents electron equivalent energy due to quenching

effect). Moreover, the notation 7j, and 7, indicates unmodulation and modulation

46

A. IDM with SI interaction

using the halo-independent method 47
T T 7 7 T bal{N) § 108 pr——— P2
— - CDMS-Si
lou | ——_— __ XENON100 _|
— e " Bupercayis
B,
3 2
3 - 3
Z =
o 1077 “
b b
= =
10w
102
200 s 400 600 800
Vo (km/s) V] Vo (km/3)
ot

Figure II1.1: Measurement and bounds for f,/f, = 1. The horizontal line presents
90% C.L. upper bound which are given by null signal. The error bar in x-y axis
presents 90%C.L of excesses. The green data shows DAMA which presents modulation
7;. The black continuous solid line shows the Maxwellian velocity distribution which is
normalized by most constraining upper bound and the red dashed line shows modulated
distribution in the same normalization Left : m, = 8GeV (Only sodium is valid in

DAMA) Right : m, = 100GeV(Only iodine is valid in DAMA)

result, respectively.

o

A. IDM with SI interaction

using the halo-independent method

Following result is applied the IDM, Sl and halo-independent method|[83]. This result

takes into account the DAMA, CoGeNT,CDMS-Si, Xenon100, LUX, Super CDMS,
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Xenon10, CDMS-light and CDMS-Ge experiments. First, we remap experimental
data in the same vy,;, from the DAMA experimental data which has the highest ac-
cumulated statistics. Outside of DAMA data, the mapping follows each experiments
region of interest(ROE). In the elastic case and Sl interaction, the result is shown in
the Fig.(I11.1). On the other hand for inelastic scattering the relation between energy
and v, changes as a function of & due to Eq(Il.41), so if the halo-independent
thecasey
methods is adapted the data need to be rebinned. In some of95€ of the IDM,
taking the given DAMA data without modifications may causea\problemgl when the
Eeo(ER) € [Ei, Eit1]. where the [E;, E;14] is i—th energy range of the DAMA. In
this case, integral of Eq(lIl.1) is disconnected due to overlapping in the v, space.
Therefore, we modify the v, range from the v}, corresponding to Ej, with statis-
tically allowed energy range to avoid overlapping. Furthermore, we define rebinned

DAMA data with respect to a changed vy, range such as
; 1
S,r,?b""mi(Emim Emax) = —Af z AO.L..iEiSm,i: (IH-Z)

where Enin and Ey,y are the minimum and maximum of new energy range, respec-
tively, AE = Eyax — Ewin, Do.L.,iE; is degree of overlapped energy range between

new and i~th energy range of original and S, ; is original data.

On the other hand, to interpret compatibility of results, we can make the smallest

A. IDM with SI interaction
using the halo-independent method 49

possible assumptions such that :

70(Vmin2) < To(Umin,1)  if Vmin2 > Umin,1,

70(Vmin > Vesc) = 0, (I11.3)

Ul ('Umin) < ﬁO('Umin)~

The first is due to the fact that 7 is a decreasing function of vy, Eq(11.23), the
second is due to the fact that the velocity is cut at ve due to that the WIMP bounds
on gravitational potential and the third is due to the fact that 7, is the modulated
part of 79. In this result we assume that the v = 782km/s in the laboratory
rest frame which is the combination of escape velocity in the Galaxy rest frame,
vSalaxy = 550km /s, and the Solar system velocity vy = 232km/s.

In the IDM case, the vy, can BQ havésame energy ranges corresponding to
different energy ranges. The procedure of selection of energy ranges is that when we
choose an energy range E_SIG then map to energy range which give same vy,;, range,

chovees
M_E_SIG as shown Fig(ll1.2). There are two possible chosen while the red range in
Fig(111.2) is not valid due to the fact that the M_E_SIG is not in the ROE. According
to the ranges, it can be considered a self—consistency checking for DAMA which the
data is given by excess. If one energy range ha; excess but the other corresponding
\
energy range is not, it should exclude by':eif ro'ugh[y. Using statistical approach[84],
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Figure I11.2: Relation between vmin and recoil energy with Tungsten in CRESST,
my = 100GeV and § = 75keV. ROE is green solid vertical lines.

we can find that :

ﬁl,l —7:11,2

Voi+o3

at the 95% C.L due to large statistic data of DAMA, where 7, , and 7, , are modu-

Ngpr= < 1.64 (IIL.4)

lated value for a energy range and its mirror range, respectively, and o, and o, are
corresponding deviation from DAMA data. On the other hand, other experiments
excesses which is presented by absolute rates and the statistic is lower than DAMA
are assumed Possonian fluctuation. To check the self-consistency, % Przyborowski
and Wilenski[85] is adopted to check if the two count rates N and N, belong to the

same Poisson distribution. The p—value for the hypothesis A1 /A2 < ¢ with A; and A,

A. IDM with SI interaction
using the halo-independent method 51

the corresponding averaged values of the two Possonians with :

SLE ,efgoo BecRp S1G (Fec) ; (IIL5)
Ao Jo” dEe R\ E SIG (Pee)
is given by :
Nt [ Ny + Ny Ni+N2—n
=) @ (1-£0) , (IIL6)

n=N n

where f(c) =c¢/(1+c). The p>0.0595% C.L..

In this result, the IDM parameter space is analyzed using the parameter ranges:

1 GeV < mpy < 1 TeV, —300 keV < § < 300 keV. (I1L.7)

and considered targets are Sodium (DAMA), lodine (DAMA and KIMS), Germanium
(CDMS-Ge, SuperCDMS, CoGeNT and CDMS-light), Silicon (CDMS-Si), Tungsten
(CRESST) and Xenon (LUX, Xenon100 and Xenon10). In particular, the DAMA is
concerned the second assumption in Eq(l11.3) because the WIMP candidate excess

has to be taken only the gravitational bounding ones.
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DAM A=V

6(keV)
3(keV)

Figure ITL.3: The horizontal solid red hatched areas show kinematically possible ranges
for excesses, DAMA-Na and CDMS-Si in the left and right, respectively. Both figures
inside the dashed lines (thin and thick) are V_DAMA_NA and V_DAMA_CDMS € V_GAL (The
thin and thick are corresponding to vpin (EEQIMA'M) = Vpsc aNd Upyin ( ,2;‘;‘“‘#“) =
Vese, Tespectively) while the solid lines are the range comparing between the DAMA
and LUX (The thin and thick are corresponding to vy (Ell"';lx) = Usin ( RQXMA""“)
and vpin (E‘[#lx) = Wit (ER{:.MA'N&), respectively). The blue shaded regions in left
and right represent allowed region at 95% C.L. due to self consistency checking for
sodium and silicon, respectively. The red closed solid line in right figure is the mapping
the possible region of sodium in the DAMA corresponding to the left. The cross in

overlapped possible region is benchmark in Fig(II1.4)

AL L
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(1) Sodium scattering in DAMA and the CDMS-Si excess

To analyze the kinematically possible range in m,—0 parameter space, we indi-
cate the Upin ranges with V_GAL = [0,Ve], V_DAMA_NA= [pDAMAN2 ;,DAMA,Na
the Upmin range for the DAMA signal assuming scattering on Sodium, and with
V_DAMA_I= [UDAMA’I vPAMA the corresponding one for scattering on lodine. V_LUX

min  Umax
= [vEUX yLUX] represents the range to which LUX is sensitive, while the V_XENON100=
[VXENONI00 1, XENON100] s the same for XENON100. This result is shown in Fig(111.3)
for sodium in DAMA (left) and silicon in CDMS-Si (right). In this result, the re-
gion is taken gravitational bounding, which is V_DAMA_NACV_GAL, and evading the
overlapping with LUX because it gives most upper bound part in the SI WIMP
while, according to the weakness or complication of the halo—independent method
to multi-target, the result of sodium and iodine in the DAMA separating out which
the relation is V_DAMA_NANV_DAMA_I=0 and V_DAMA_INV_GAL=0. To evade, we
can assume that V_LUXNV_DAMA_NA=0 and V_LUX>V_DAMA_NA. In addition, when
excess is constrained by upper bounds, the way to evasion is to shift the upper
bound experiments’ vy, by § due to the fact that the ¢ relates only kinematics.
However, the V_SUPERCDMS= [v}1Pe"CPMS 8uperCDMS) can not be reconciled with

V_DAMA_NA. Therefore, we adopt Isospin violation mechanism(86, 87, 88] which ef-

fective couplings in the Sl cross section, Eq(I1.12), for the proton and neutron can



A. IDM with SI interaction

using the halo-independent method 54
T ) N e |
10-21 | DAMA -
E CDMS-Si
o LUX ]
r XENON10
o= ]
10-22 |- =
Tm E E:i—-—‘ ]
oy —— = ]
B 103 E % 5 —_—
Z 3 E
o E —— 3
(3 E E
S L ]
102 |
[ e
B2 7/
4
-25 |
L0 ) IO v A |

|
0 200 400
Vo (Km/s)

Figure IIL.4: Result of the function 7y and 7; of excesses and bounds, which is rep-
resented with the crossed and flat solid lines, respectively, for the benchmark point
my = 3GeV, § = —T0keV, falfp = —0.79, in Fig(IIL.3). The continuous solid

line(black) is Tmaxwellian With normalization and dashed(red) line is its modulation.
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be suppressed by specific choice of f,/f,. In particular, the SuperCDMS bound
would no longer present using f,/f, ~ —0.79. Also, we repeat the same anal-
ysis for V_CDMS-Si= [vCPMS=Si (,CDMS=Si] o | UX, Xenon100 and SuperCDMS.
In this case also the lIsospin violating mechanism is adopted with same value of
fu/fp =~ —0.79, hence the V_SUPERCDMS can not be reconciled with V_CDMS_Si.
As Fig(I11.4) which shows in vy, — 7 space for the benchmark point m, = 3GeV,
§ = —T0keV, fu/f, =—0.79 in Fig(lll.3), the upper bounds from LUX and Xenon10
are compatible with DAMA and CDMS-Si excesses 7. However, due to the third
assumption in Eq(l11.3), DAMA and CDMS-Si has tension even velocity distribution
is not assumed. Moreover, due to that the continuous solid line(black) is Tmaxwellian
normalized to the most constraining upper bound, Maxwellian distribution is exclude
by CDMS-Si excess in a bit and also the modulated 7;s by the DAMA and Maxwellian

distribution with same normalization which is dashed line(red) do not compatible in

the whole range.

(2) Iodine scattering in DAMA and CRESST

In this section, we will analyze iodine in DAMA and tungsten in CRESST. In the
elastic scattering result as shown in Fig(lll.1), iodine result in DAMA is constrained
by KIMS. However, it can not be solved discrepancy as for sodium in DAMA with

LUX or SuperCDMS since the target of KIMS is same with DAMA. On the other

W
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Figure IIL5: Same as Fig(IIL.3) for iodine in DAMA(left) and tungsten in
CRESST (right).

hand, the tension with other experiments can be alleviated by the isospin violat-
ing mechanism and kinematic relation which the bounds can be shifted to left for
allowing the second condition in Eq(l11.3). Fig(Ill.5) shows the possible regions
for DAMA(left) and CRESST(right) in m, — & parameter space. In the iodine
in DAMA, the whole range in Fig(ll.5) is V_DAMA_NANV_GAL=0 to evade over-
lapping between sodium and iodine while the horizontal solid lines corresponds to
V_DAMA_I C V_GAL. Moreover, shaded areas(light-blue) are forbidden regions by the
self—consistency checking. The +45° oblique solid lines present V_LUX>V_DAMA_I
and the —45° oblique solid lines present V_SUPERCDMS<V_DAMA_I. Moreover, the

boundaries of +45° oblique lines are determined by a combination of two condi-
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YY) = tmin( ™) and Uin(ELYX) = vmin(EDAMAT) and also

‘min ‘max ‘max

tions:  Upyin( ELY
—45° oblique lines are same feature between DAMA and SuperCDMS. In particu-
lar, the overlapping region between horizontal and —45° line are compatible when
we compare only SuperCDMS and DAMA due to the fact that the SuperCDMS up-
per bound is larger than DAMA as shown Fig(lIl.1), while the LUX upper bound
exclude the DAMA when +45° and horizontal lines are not overlapped. Therefore,
the possible region is presented in the closed solid line(red). Moreover, when Xenon
wmlan$
100 is adopted whi?h’ﬁe_énergy range is larger than LUX, the possible range is going
NS NAA
smaller t‘befFig(lll.S) and ,as we will see, the Xenon 100 could not be compatible with
»

DAMA. The left panel in Fig(l11.5) is analyzed with tungsten in CRESST. The hori-

/ Lep P/‘W zontal lines are V_CRESST_WCV_GAL, where V_CRESST_W= [pCRESST:W 1 ORESST, W)

/// ’ ¥ ) Although the other targets calcium and oxygen are not always beyond ., the 'rpoéc
dominant signal is tungsten which is the heaviest target due to Eq(1l.12). More-
over, +45° oblique line presents V_LUX>V_CRESST_W and —45° oblique line presents
V_SUPERCDMS<V_CRESST_W. The shaded area(blue) is forbidden by self—consistency
checking. The boundaries conditions are same with iodine when tungsten substitutes
for iodine. On the other hand, it should be checked with KIMS experiment accord-
ing. According to Fig(lll.1), it could be compatible when the V_KIMS>V_CRESST_W,
where V_KIMS= [vKIMS oKIMS] \which is shown as shaded area (gray) in Fig(lI.5),

while a tension from KIMS can be neglected.  Fig(I11.6) and Fig(l11.7) are result

e
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Figure IIL.6: Result of the function 7l and 7, of excesses and bounds, which is repre-
sented with the crossed and flat solid lines, respectively, for the benchmark points in
the left panel of Fig(IIL5) for f./f, = 1. (a) my =80 GeV, §=120 keV; (b) m, =600
GeV, =110 keV; (c) my =80 GeV, 6=-120 keV; (d) my =600 GeV, 6=-60 keV.
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Figure II1.7: Result of the function 7o and 7; of excesses and bounds, which is repre-
sented with the crossed and flat solid lines, respectively, for the benchmark point in

the right panel of Fig(IIL5) for f./f, =1, m, = 350 GeV, §=45 keV
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Fig(111.9). +45° oblique line(blue) is allowed region for iodine in DAMA and —45°
oblique line(green) is possible region for tungsten in CRESST as shown Fig(lI1.5).
Due to the enhancement of calcium and oxygen in CRESST when f,/f, = —0.689,
parameter space scanning in the case of that those targets V_CRESST_CanV_GAL=0
and V_CRESST_ONV_GAL=0 gives possible ranges which are above the short-dashed
line and long—dashed line, respectively. As the result in vy, — 77 shown in the right
panel in Fig(111.9), DAMA 7j; is marginally accessed by CDMS-Ge, while the upper
bound from KIMS iodine still excludes the DAMA. On the other hand, we calculate

7 of the KIMS experiment using Csl—crystal as

fow AVin) (Vimin) [R{DE‘%I,"E;] (Vmin) + Rﬁ%s,iluzzl](vmin)]

' : (I1L8)
5 i [RIZES, (i) + REGT A )|

=

Since the cesium (A = 133) and iodine (A = 127) atomic number are closed, the
fraction between cesium and iodine is same.

pf;jﬂ”‘% the
(3) Sodium scattering at heavy mass
In heavy mass of WIMP scenario, KIMS and DAMA are incompatible if both domi-
nated by WIMP—lodine scatterings. However, if DAMA is dominated by scattering off
sodium, they can be recoincided. In this scenario, the heavy WIMP mass and different

quenching factor which is given by Qxa = 0.024 x \/ER with fitting of shown Fig(9) in
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Figure IIL.10: Possible region for sodium in wider m, — d range to find region around
the heavy mass

[89] are adopted. In Fig(l11.10) closed line (red) is possible region in combinations of
following conditions, horizontal line present V_DAMA_NACV_GAL, = 45° oblique line
V_SUPERCDMS>V_DAMA_NA, the shaded region (blue) presents forbidden region by
self—consistency checking, and the gray presents V_DAMA_NANV_DAMA_I# 0. On the
other hand, V_LUX<V_DAMA_NA in the parameter ranges Eq(I11.7). Therefore, fraction

of coupling constant is taken as f,/f, = —0.69. The result shown in Fig(Ill.11) is
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Figure II1.11: Result of the function 7y and 7j; of excesses and bounds, which is repre-
sented with the crossed and flat solid lines, respectively, for the benchmark points in
the left panel for fu/f, = —0.689.(a) m, =45 GeV, §=-37 keV; (b) m, =300 GeV,
0=-48 keV.

that incompatibility between DAMA and KIMS ,which we saw in Fig(I11.6), Fig(111.7)
and Fig(111.9), DAMA and DAMA and SuperCDMS which we saw in Fig(Ill.1) is re-

laxed. However, DAMA is excluded by the CDMS-Si (a) or both the CDMS-Si and

the CDMS-Ge(b) in Fig(Ill.11)

(4) Conclusion

In the Inelastic Dark Matter scenario, the halo-model factorization approach used to
compare results from Dark Matter direct detection experiments is more complicated

tpz{t in the elastic case, because in presence of a mass splitting § #0 the mapping

€ &\/um
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between the nuclear recoil energy Er and the minimal velocity vpi, that the incom-
ing WIMP needs to have to deposit Ep becomes more involved than in the elastic
case. For this reason a systematic analysis of IDM where all available data are in-
cluded making use of the factorization property of the halo-model dependence was
still missing so far. In the present thesis we have attempted to address this issue,
introducing some strategies to determine regions in the IDM parameter space where
the tension existing among different experimental results can be (at least partially)
alleviated.

To this aim we have first introduced some internal consistency checks involving the
data of one single experiment, which exploit the fact that, when the same v,,;, range
is mapped in two different energy intervals, the expected correlation can be compared
with the data. Moreover, we have argued that, if a minimal set of assumptions is
adopted for the WIMP velocity distribution, the tension between the putative signal
from an experimental excess and the constraint from a null result can be reduced or
eliminated provided that the two results can be mapped into non—overlapping ranges
of Uyin and if the vy,;, range of the constraint is at higher values compared to that of
the excess. We stress that this latter argument involves exclusively kinematics, and
is valid no matter what the dynamics of the process is.

We have then shown that, in the elastic case, the constraints from XENON100,

LUX and SuperCDMS are the most binding, and argued that this hierarchy among
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Relativistic BFT Nonrelativistic limit 3. 0; Cross section scaling
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Table IT1.2: Relativistic EFT for a Dark Matter fermionic WIMP y having as a low—
energy limit a generalized spin-dependent x-nucleus elastic scattering. Some of the
interaction terms in the second column contain an arbitrary scale mys to ensure correct

dimensionality.

with )27“75)(1Vi0,“,;7"%N or )Ziam,;’,%xl\_/'y"'ysN, as shown in lines 2 and 3 of the
same Table. In Table I11.1 we ordered the models with powers of ¢*: actually, as we
will see in the following, the scaling with q* will be the most relevant property to
interpret our numerical results.

With the exception of line 4 and line 11, all the models of Table I11.2 correspond
to one of the non—relativistic quantum-mechanical operators of Eq(l1.49). This also
holds for the model of line 4 that can be well approximated by Oy. So in the following

we will refer to each of these scenarios with the corresponding O;. On the other hand,

the model of line 11 is given by a superposition of O, and Og with both contributions

B. SD interaction using non-relativistic EFT 71

of the same order. In Section (2) we will conventionally refer to this model as Oys. J

In summary, we conclude that the most general spin—dependent models relevant from
the point of view of the phenomenology of direct detection are seven: Oy, Oz, Oy,
010, O14, Og, Oge.

On the other hand, the given nuclear response functions from [64, 65, 66] is
deficiency in targets(such as Chlorine). Therefore, we adopt usual SD interaction

which is given in terms of the nuclear spin structure function[37] for ¢4 coupling as :

5(¢%) = (¢1)*Swo(q®) + eiSor(@®) + () Su (). (I11.9)

Here the S(q?) is assumed as Gaussian form factor [90] :

S(q? . ;
s((qo)) =e"RM R= (o.ng‘T/3 +2.68 — 0.781/ (AY® — 3.8)2 + 0.2) fm,
(I11.10)
where the point like cross section is :
1(2jr + 1)(jr +1
50) = 2 DI (15 + anfs,)*. (IL11)
T

The identities for Eq(111.9), the WIMP response function, W, for £/ and £” can be
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Figure II1.12: (a) Contour plot in the my—c}/c? plane for the compatibility factor
D defined in Egs. (III.14,I11.15). The constant value D=1 is shown for models O;,
i=6,46,9,10, while a value close to the minimum (D=1.7) is plotted for O4. (b) For

the same models O; the compatibility factor D is minimized as a function of e/ at

fixed m, and plotted against m,.

o o AR

B. SD interaction using non-relativistic EFT T

one can see that the pairs of models Og—046 and Og—O; have the same momentum

dependence, while they differ for the nuclear response function: since, however, as
already pointed out Wy (q?) ~ 2Wxn(g?) the compatibility factor D has very similar
behaviours for the models in each pair ; ii) the tension between DAMA and other
experiments is better alleviated in those models where momentum dependence is
largest: in fact, models Og and Oy, which reach the best compatibility, depend on
momentum through a factor ¢* compared to @Oy and @y, where the dependence is
through ¢? (see again Table 111.2); iv) for m, > 30 GeV the compatibility factor rises
steeply for models O, O46, O and Oy, while no such feature is observed for the
case Oy.

The last two properties can be understood in the following way. If m, < 30
GeV, the WIMP signal in bubble chambers and droplet detectors is dominated by
scatterings off fluorine. In particular, in this m, range in order to deposit recoil en-
ergies above threshold scatterings off iodine in COUPP require v, values beyond
the corresponding range for the DAMA signal, and we make the conservative as-
sumption that in this case the halo function 7 vanishes. Moreover scatterings off
chlorine in SIMPLE are subdominant due to the suppressed nuclear response func-
tion. In this case the transferred momenta ¢ which explain the DAMA modulation

effect for WIMP scatterings off sodium in DAMA are larger than the corresponding

ones off fluorine in COUPP, PICASSO and PICO-2L. For instance, for m,=25 GeV
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one has 285 MeV? < (ghaya)? <570 MeV?, 275 MeV? < (gEoupp)? <470 MeV2,
60 MeV? < (qbicasso)? <470 MeV?, 113 MeV? < (ghico_ar)? S470 MeV2. This
implies that models where the expected detection rate depends on one additional
factor (¢*)", n > 0 such as O;, i = 6,46,9,10 present a relative enhancement of

the expected rate in DAMA compared to that in fluorine detectors, with a conse-

R n
. P 5 < 2 0, = Al
quent relative loss of sensitivity for the latter. An exception to this argument is o7 Du:,m 3 E -
=10 GeV SupercoNs - 10718
SIMPLE, where the ¢? interval for scatterings off fluorine has more overlap with that Py . E 3
o — e GOy
= 3 === cous-Ge
of DAMA, 283 MeV? < gf\iprs <470 MeV2, but which is overall less constraining %10k swee
o F =
than the other detectors due to the lower exposure. On the other hand, for m, > v 107 E Pico-21
= ]
30 GeV scatterings off iodine in COUPP become kinematically allowed, with values E
10720 L E
of the transferred momenta which are much larger than those related to fluorine and 10-2t ]
E | P - B T TS DU S |
200 400 600 800 200 400 600 800
< . _ 2 1 2
sodium. For instance, for m,=35 GeV one has 1850 MeV* < (qcoupp)’ <2350 v, (km/s) v, (km/s)
MeV2. Clearly, this implies a strong enhancement of the expected signal in COUPP
Figure III.13: Measurements and bounds for the function 7 defined in Eq. (II1.13)
for interactions involving an additional dependence on ¢2, with a consequent steep for model Oy (standard spin-dependent interaction) and ¢}=0. (a) m,=10 GeV; (b)

ise of the compatibility factor D, as observed in Fig. Il.12. This effect is not my=30 GeV. The £ determinations for model ©7 would be rescaled by an approximately

common factor ~ 3/2 with respect to the 7 values shown in this figure.
present for the standard spin—dependent interaction O4, whose expected rate has no \/
¢° dependence.
In order to discuss in more detail the phenomenology in Figures 111.13, 111.14 and

111.15 the measurements and bounds for the function 7} obtained using Eq. (11.38) are

plotted as a function of v, In particular, in all these figures we take cf‘/c:, = 0. Fig.
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(3) Conclusions

In this section we have used non-relativistic Effective Field Theory to classify the
most general spin—dependent WIMP-nucleus interactions, and within this class of
models we have discussed the viability of an interpretation of the DAMA modulation
result in terms of a WIMP signal, using a halo—independent approach in which all
dependencies from astrophysics are factorized in a single halo function.

One of the main motivations of the spin—dependent scenario is the fact that the
most stringent bounds on the interpretation of the DAMA effect in terms of WIMP-
nuclei scatterings arise today from detectors using xenon (XENON100, LUX) and
germanium (CDMS) whose spin is mostly originated by an unpaired neutron, while
both sodium and iodine in DAMA have an unpaired proton: if the WIMP effective
coupling to neutrons is suppressed compared to that on protons this class of bounds
can be evaded. In this case the most constraining remaining bounds arise from droplet
detectors (SIMPLE, COUPP) and bubble chambers (PICASSO, PICO-2L) , which all
use nuclear targets (fluorine, chlorine and iodine) with an unpaired proton.

From the phenomenological point of view we found that, although several rela-
tivistic Effective Field Theories can lead to a spin—dependent cross section, in some
cases involving an explicit dependence of the scattering cross section on the WIMP

incoming velocity (see Table I11.2), three main scenarios can be singled out in the

2

i
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non-relativistic limit which (approximately) encompass them all, and that only differ
by their explicit dependence on the transferred momentum, (¢%)", n=0,1,2: using the
notation of Eq.(11.49), they are O,, Oy and O, respectively.

In our quantitative analysis we pointed out that the requirement for a halo—
independent analysis that one target dominates the expected rate is only needed to get
estimations of the halo function from those experiments that observe an excess, but
is not indispensable to get a conservative bound for those reporting a null result. We
achieved this by adopting the procedure to find the minimal halo function 7% (vin)
compatible to the DAMA signal and then use it to calculate expected rates in other
experiments, including droplet detectors and bubble chambers which contain several
target nuclei. Using this approach we also concluded that scatterings on iodine can
be assumed to be below threshold in DAMA as long as m, < 60 GeV, allowing the
factorization of the halo function for sodium and evading the KIMS bound (also using
iodine) in the same WIMP mass range.

In particular, we found that, for m, < 30 GeV and with our assumptions on
7% (Umin), the WIMP signal in bubble chambers and droplet detectors is dominated
by scatterings off fluorine. In this case models where the expected detection rate
depends on one additional factor (¢%)", n > 0 show a relative enhancement of the
expected rate in DAMA compared to that in fluorine detectors, with a consequent

relative loss of sensitivity for the latter, because the transferred momenta ¢ which
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explain the DAMA modulation effect for WIMP scatterings off sodium are larger

than the corresponding ones off fluorine. In this way compatibility between DAMA

and other constraints can be achieved for Og and, to a lesser extent, for Oy, but
W CHAPTER [V
not for the standard spin—dependent scenario Q4. These conclusions are only valid
for a WIMP velocity distribution in the halo Of,wwj »Z Wé[pé CONCLUSION
Maxwellian. On the other hand, for m,, > 30 GeV a strong tension between DAMA * A("/M}ﬁ
A % ey
and COUPP arises for both Og and Oy because scatterings off iodine in COUPP
become kinematically allowed, with values of the transferred momenta which are
much larger than those related to fluorine and sodium. When the standard approach in direct detection of WIMP is adopted the excesses from

DAMA, CDMS-Si and CRESST are excluded by constraints from other experiments. /
However, assumptions such as a Maxwellian velocity distribution, spin-independent
and spin—dependent interaction and elastic scattering, although well motivated are
@onfirmed by observations and may be wrong. Therefore, in this thesis we analyze
i) spin—independent interaction within the halo—independent framework using inelastic
dark matter and ii) elastic scattering of WIMPs with generalized spin—dependent
interactions using non-relativistic effective field theory within the halo-independent
framework. Moreover we also considered isospin violation where the WIMP particle
has different couplings to protons and neutrons.
Our first result, explained in Il A., is that, when the inelastic dark matter scenario

is considered, at low WIMP masses an explanation of the DAMA excess in terms of
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