[ssues and Prospects in

DIRECT DARK MATTER DETECTION*

J.D. Vergados
University of Ioannina,

Ioannina, Greece.
* Work supported in part by:
MRTN-CT-2006-035863 (UniverseNet)

BNL Seminar Nov. 10/2010



PLENTY OF EVIDENCE
FOR THE EXISTENCE OF
DARK MATTER

> Gravitational effects around galaxies

> The observation of the collision of two
alaxy clusters (to-day 3.5410° ly away
rom us, 24 10° ly apart)

> Cosmological Observations, confirmed by
WMAP, of the dorninance of darx matter
in tne universe (togetner witn dark
2nergy)
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Dark Matter exists!
What is the nature of dark matter?

J

J

It is not known. However:

It possesses gravitational interactions (from the rotation
curves)

No other Iongl range interaction is allowed. Otherwise it would
have formed “atoms” and , hence, stars etc. So

It is electrically neutral

It does not interact strongly (if it did, it should have already
been detected)

It may (hopefully!) posses sorne very weak interaction L
WIMPs (Weakly Interacting Massive Particles)
Tnis will depend on the assumed theory

Such an interaction may be exploited for its direct detection

The smallness of the strength of such an interaction and its
low energy makes its direct detection extremely difficult. So we
nave to seex for its special signatures, if any.
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The Direct Detection of Dark Matter

> Is crucial to both particle physics and cosmology

> The standard experiments attempt to measure the
energy of the recoiling nucleus

> These experiments are very difficult since the
recoiling nucleus signature cannot be distinguished
from that of the background

> The backgrounds are formidable, since the sought
counting rates are extremely low

> So ingenious experimental approaches are needed

exploiting any characteristic signatures of the
reaction

BNL Seminar Nov. 10/2010



DARK MATTER (WIMP) CANDIDATES

> The axion:  10®%eV<m, <103eV
> The neutrino: It is not dominant. It is not cold, not CDM.
> Supersymmetric particles. Many possibilities:

i) s-verpivo: More or less Excluded on the basis of results of
underground experiments and accelerator experiments (LEP)

ii) Gravitino: Interesting possibility, but not directly detectable
iii) Axino: Interesting, but not directly detectable
iv) A Majorana ferrmion, the neutralino or LSP
(Lignhtest Supersyrnmetric Particle): A linear
combination of the 2 neutral gauginos and the 2
neutral Higgsinos. MOST FAVORITE CANDIDATE!
> Particles from Universal Extra Dimension Theories (e.g. Kaluza-
Klein WIMPs)
> The Ligntest Tecnnibaryon, LTB (Gudnason-Kouvaris-Sannino)
> Secluded Dark matter Mediated by a very light gauge boson

(introduced to explain the e*,e- excess in cosmic rays)
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I: Essential Physics Ingredients

> A particle model for WIMPs. It must vield the
amplitude at the quark level. The most crucial
element of any theory.

- Many theoretical models
- The most favored scenario is provided by R
parity conserving Supersymmetry (LSP)

>Ib : A model for the nucleon (going

from the quark to the nucleon level is
NOT TRIVIAL)

-Ic : Some nuclear physics input.
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IT:The WIMP Velocity Distribution and density

> 1) Conventional: Isothermal models. Such as

Maxwell-Boltzmann (syrmetric or axially symretric)
with characteristic velocity equal to the sun’s velocit
around the center of the galaxy, U yg= Uy = 220 km//s,
and escape velocity u... =2.84U,, put in by hand.

> 2) From halo rmodels employing Eddington’s approach:
Start with density p=p(r). Solve Poisson’s eq. to get

® =0(r) U p=p(®D)

1) bounded distribution f(r,v) (JDV-Owen)
W1t leads approximate axially syrnmetric M-B

> 3) Axially syrnmetric velocity distributions extracted
from realistic halo densities via simulations Tszllis
type functions (Hansen, Host and JDV)
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A. The standard not directional Total
event rate for the coherent mode

> The nurnber of events during tirme t is given by:

R ~16010"" t pl0) m YACR gg,ﬂ feon (A, pr(A))
T 1y 0.3GeVem— 1Kg 280kms—1 10—° pb A
with

Feon (A, gir (A)) — 100G eV [#Tm] -

A% teon (1 + Reopcosar
.o .It'l!“il"l:-_p]] hl: & ]

Where:

>\, is the reduced mass of the nucleus-WIMP system

> ten, heon depend on nuclear physics, |, and the velocity distribution
> p(0): the local WIMP density=0.3 GeV/cm3

@°,, : the WIMP-nucleon cross section. It is computed in a particle modlel.
It can also be extracted from the data once f,, (A,m,) is known
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The coherent event rate as a function of the

WIMP rnass for a light target, A=32, (a) and
a heavy target, A=131, (b) for o, =107pb

} I'-"'I | II"I
T =L
| | y I .
N B SR
AL |
[, i MEi .
b i - |
""-J.j-;. " "-I. L
- g
S| A I3 :‘a
A4 A -.
E | H‘*-u E '
A | 2 .
."l: ., ' %,
o | ‘ I ---
S S S S TS, VRN B SR L o - P
iy 101 BA| ] ot asm g 100 200 W A 500
(E] (km]
m, — GeV

BNL Seminar Nov. 10/2010



Extraction of the coherent nucleon cross
section from the data (CDMS II, arXiv
0912.3592 [astro-pn])
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Extraction of the coherent nucleon cross section
from the data (Xenon100, arXiv 1005.0380 [astro-ph])
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FIG. 5: 90% confidence limit on the spin-independent elastic
WIMMP-nucleon cross section (solid line)., together with the
best limit to date from CDMS (dashed) [13], expectations
from a theoretical model [14], and the areas (90% CL) favored
by CoGeNT (green) [15] and DAMA (blue/red) [16].
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Novel approaches: Exploitation of
other signatures of the reaction

> The modulation effect: The seasonal, due to the
motion of the Earth, dependence of the rate.

> Asymmetry measurements in directional
experiments (the direction of the recoiling
nucleus must also be measured).

> Detection of other particles ﬁelectrons, X-rays),
produced during the LSP-nucleus collision

> The excitation of the nucleus (in some cases ,
e.g. heavy WIMP etc, that this is realistic) and
detection of the subsequently emitted de-
excitation y rays.

o Transitions to excited WIMP states
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Seasonal Dependence of the Rate
(The modulation effect)

VE = vz + Ui sinaX — cosacosy ¥ + cosa siny Z | (20)

where o is phase of the earth’s orbital motion. The LSP velocity distribution

d — earth
une 30 km/s
l!"rlIEI.Jr'I
-
220 km/is
60° December
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THE MODULATION EFFECT
(continued)

oR=F, (1+n cosa)

a is the phase of the Earth
(a=0 around June 3nd)

>h=rnodulation amplitude.
> R, =time averaged rate.
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The modulation amplitude as a function of the WIMP

mass for a light target, A=32, (a) and a heavy
target, A=131, (b). Note the change in sign in (b).

0.03}

0,025 ;

0.02}

0.0225 .

0.0z 'j"”?
0.0175

0.015 'U-le

0.0125 -0.m2f

100 200 300 i 0 ' -0.03

o o '

(a) (b)
m, — GeV

BNL Seminar Nov. 10/2010



Extraction of all the elementary cross
sections from the data, i.e. the rates R

H =

p0) m /(v2)
100 GeV m,, ¥
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The previous equation for a number
of targets A, becomes

The above equation in the case of many targets the constraint on the nucleon cross sections can be
cast in the form:

ol + Ry, ((Q ]? sD (Qﬂ] 55+?mbmﬂﬂf’l ED\/ 5D>=S_4” =1 ()

where Q;'“ and ﬂf* are the proton and neutron components of the nuclear spin ME associted with
the target A;. The quantities R 4. are caleulable kinematical functions which depend on the target
and the WIMP mass, while S4. depends on the target, the WIMP mass and the observed event
rate, if and when it becomes available. The o°!, r:rpS D and r:r,f D" are the the unknown elementary
nucleon cross sections, while 0 represents the phase netween the corresponding nucleon amplitudes.
The last four quantities can be calculated in a given paricle model or given enough targets they can

be extreted from the data.
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It is adequate to consider one target with
dominant proton component, e.g. A,='°F, one
with a dominant neutron component, e.g.
A;="3Ge, and one with both, e.g. A,=1%1.

Then the solutions attain simple analytic form.
5] R
4 Ry o) =S

4R, ((n;}s)%gﬂ) 4,

i 4Ry, ((Qﬁi)zﬂpsﬂ t (Qﬁl)gﬂﬁﬂ +2cosd Qﬁiﬂﬂi \/gff : \/’Jﬁﬂ =)
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Preliminary Results (Canoni, JDV, Gomez).

Using the current Exp. limits: R(73Ge)= R(12’I)=1 kg y!
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Theoretical Results (canoni, JDV,Gomez):
Constrained minimal SUSY Standard model
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Figure 4. Neutralino-nucleon cross sections as a function of the neutralino mass in the constrained minimal supersymmetric
standard model with Ay =0, p > 0, mg < 4000 GeV, my 5 < 1500 GeV, tan § = 10 and tan § = 50. The column on right is
the ratio of the SD amplitudes. The points satisfy the WMAP 3o bound 0.094 < Qh* < 0.128 [18] on the relic density. The
blue points are for tan 3 = 10, the turquoise ones for tan 7 = 50. The red curve is the XENON100 upper limit on the SI cross
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B. The directional event rate

(The direction of recoil is also observed)

> The calculation will proceed in two steps:

> A) In a direction fixed in galactic coordinates:

-The directional event rate will show an
asymmetry due to the sun’s motion around the

galaxy.
-Due to the Earth’s annual motion it will show a
modulation with very characteristic signature

> B) The direction of observation fixed in the lab.

-Then Diurnal variation due to the rotation of
the Earth BNL Seminar  Nov. 10/2010



For Directional Experiments. A peak in
the direction opposite to the Sun’s velocity
(Courtesy of Anne Green)

The apparent WIMP flux Time variation of event rate
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The directional event rate
(The direction of recoil is observed)

dRg;r \ _ p(0) m m

ol 1 My AR v

do(u, ; .
flv.vg) 7l v) 1 & iz — ©.8)d> v

/ w.g (wv.g)
"I.:'I.,_,E::. d 2T pwebeo

@ 15 the energy in dimensionless units.

L 0 L
u= —(gh)? = Am,Qb% = u = @y = ——— =~ 4.1 % 10 A3 Kev
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The factor of 1,/27 appears, gince we are using the same cross section as in the

non directional
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The directional event rate
(The direction of recoil is observed)

= [e,,€,,e.) = (sinBcos d,sin Osin §, cos B,
> The event rate in a direction fixed in the galactic frame is:

Ryir=(k/2n)Ry[1+hcos(a-a,,)]
> R, is the average usual (non-dir) rate
> a the phase of the Earth (as usual)

> h ., is the modulation amplitude (it strongly depends on the
direction of observation)

> a ., is the shift in the phase of the Earth (it strongly depends on
the direction of observation)

> K/2n is the reduction factor (it depends on the direction of
observation , but it is independent of the angle ®). This factor
becomes k, after integrating over ®.

> K, hand a, depend only slightly on SUSY parameters and |,
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The parameter k vs the polar angle ©
in the case of A=32; m, =10 GeV; Symmetric M-B

Definite Sense Sense not distinguished

B — radians
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The parameter k vs the polar angle ©
in the case of A=32;m, =100 GeV;Symmetric M-B

Definite Sense Sense not distinguished

B — radians
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The parameter k vs the polar angle ©
in the case of A=131;m, =10 GeV;Symmetric M-B

Definite Sense Sense not distinguished

B — radians
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The parameter k vs the polar angle ©
in the case of A=131;m, =100GeV;Symmetric M-B

Definite Sense Sense not distinguished

8 — radians
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From the celestial

to galactic coordinates

z in the direction of sun, x in the radial direction
(outwards), y perpendicular to the galactic plane.

A wvector oriented by (@, §) in the laboratory is given in the galactic frame by a

unit vector with components:
1y —D. 8GR cosx cosd — (0,198 sinc cosd 4+ 0.456 =in &
T — D055 cosccosd 4+ 0873 csinacord + 0,433 =in &
= D494 cosccosd — 0,445 8ina cosd + 0.747 =in &
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The Diurnal variation of the rate in
Directional Experiments

> We have seen that:

> the parameters k and h., depend on the direction of
observation relative to the sun’s velocity

> In a directional experirment the direction of
observation is fixed with respect to the earth.

> Due to the rotation of the Earth during the day this
direction points in different parts of the galactic sky.
So the rate becomes time dependent. It will show a
periodic dependence.
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The rate depends on ©. © depends
on time due to the earth’s rotation

raclians

el

FI1G. 18 Due to the divrnal motion of the Earth different angles 8 in galactic coordinates are sampled as
the earth rotates. The angle 8 seanned by the direction of cbservation is shown for various inclinations 4.
The intermediate thickness, the shart dash. the long dash, the fine line, the long-short dash, the short-long-
short dash and the thick line correspond to inclinatiom & = —x /2, =3/ 10, —a/ 10,0, /10, 3x /10 and /2
respectively. We ses that, for negative melinations, the angle & can fake values near o, e, opposite to the
directicn of the sun's velocity, where the rate attains its maxirmom,
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Diurnal variation of the Event Rate for a light
target. WIMP mass 10 GeV (top) and 100 GeV (bo_ttom)
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Diurnal variation of the Event Rate for a heavy target.
WIMP mass 10 GeV (top) and 100 GeV (bottom)
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CONCLUSIONS: Non-directional recoil
EXDS
> The direct WIMP detection experiments have

made impressive progress. They have reached
sensitivities of 107 pb

> Given experimental results on a least three odd
mass targets, all three nucleon cross sections

(coherent, proton spin and neutron spin)
can be extracted from the data.
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CONCLUSIONS: Non-directional recoil Exps

ITa. The Modulation Amplitude h.
A good signature but:

- It depends on two unknown parameters,
the LSP mass and the velocity distribution

> [t is small, less than 2%.

> Its sign is also uncertain. It is positive for
light targets. For heavy targets it is
ositive for light WIMPs and negative for
eavy WIMPs
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CONCLUSIONS: Non directional Exps.
IIb. Electron production during LSP-
nucleus collisions

> During the neutralino-nucleus collisions, electrons may
be kicked off the atom

> Electrons can be identified easier than nuclear recoils
(Needed: low threshold (~0.25keV) TPC detectors)

» The brancning ratio for this process depends on the
atomic number, the tnresnold energies and the LSP
rmass.

> For a threshold energy of 0.25 keV the ionization
event rate in the case of a heavy target can exceed
the rate for recoils by an order of magnitude.

> Detection of hard X-rays (30 keV) searns feasible
(branching about 4%)
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CONCLUSIONS: III. directional Exps

> A useful parameter is k the reduction factor
relative to the non directional rate

> Kk strongly depends on the polar angle © ( the
angle between the direction of observation and
the sun’s velocity)

> k=1 in the most favored direction (©=n in MB)

> The modulation in a plane perpendicular to the
sun’s velocity can be quite large (up to 40%).
The time of the maximum depends on the
direction of observation.
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CONCLUSIONS: III. directional Exps
(continued)

> As the Earth rotates the angle between the direction
of observation and the sun’s velocity is changing.
Thus:

> The event rate (k ) exhibits a periodic variation with a
period of 24 hours.

> The form of the variation depends on the WIMP mass

> The amplitude of this variation depends on the
inclination of the line of observation. It can be quite
large for negative inclinations.

> The variation persists even if the sense of direction is
not known, but the effect is smaller

> The experiments are hard, but the rewards are high ...
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COMMON WISDOM!

Are Physicists optimists or Don Quixotes?
Once the wise Mullah Nasrudin was seen

Evidently in the hope of transforming the lake into gold.
When his fellow villagers teased him:

-Mullah! You surely are wasting your time!

He sternly replied:

-Imagine, though, that it works!

(Such a reward!)
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>THE END



Slicing the Pie of the Cosmos WMAPS:
Qe =0.24+0.02, Q, =0.72+0.04,
(2, =0.042x0.003
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II LSP Velocity Distributions and density

Conventional: Isothermal models
o (1) Maxwell-Boltzmann (symmetric or axially symmmetric)

with characteristic velocity equal to the sun’s velocity around the center of
the galaxy, u yg= Uy, = 220 km/s,

and escape velocity u,...=2.84u, put in by hand.
> (2) Modification of M-B characteristic velocity v, following the
interaction of dark matter with dark energy:
Uy = NUp, U =N2.84 y, , n>1
(Tetradis, Feassler and JDV )

> Halow models employing Eddington’s approach: Start with density
p=p(r). Solve Poisson’s equation to get ©® =O(r) O

p=p(®) L distribution f(r,v) (JDV-Owen)

WAlso vield approxirate axially symrrtric M-B
- Axially symmetric velocity distributions extracted from realistic halo
densities via simulations Tsallis type functions (Hansen, Host and JDV)
o> Other non-tnerrnal models:
-Caustic rings (Sikivie , JDV), WIMP's in bournd orbits etc
-Sgr Dwarf galaxy ®anisotropic flux, (Green & Spooner)
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The Eddington approach

As we have seen in the introduction the matter distribution can be given(Vergados &

Owen 2007) as follows
dM = 2x f(P(r),v,.. ;) dr dy d=z v, dv, du,. (1)
where the function f the distribution function, which depends on r through the potential

Pir) and the tangential and radial wvelocities v, and v,.. We will limit ourselves in
spherically symmetric systems. Then the density of matter p(|r|) satisfies the equation:

dp = 2% f{P(|r|), v, vr) vy doy do, (2)
The distribution is a function of the total energy:

e The energy E is $&(r) + % Then

1‘2

p(r) = ax [ f( @) + 5
This is an integral equation of the Abel tyvpe. It can be inverted to vield:
V2 d 0  dd dp

Vo2do = 4 f: f(E)/2(E — ®)dE (3)

B = 4
FUE) Am2 dFE Jg /& — Edd (4)
The above equation can be rewritten as:
1 L AP d? 1 el
fE)= ———— ‘Z — 2| oo (5)
2272 |Je /O — E dd vV —E d®

In order to proceed it is necessary to know the density as a function of the potential.
In practice only in few cases this can be done analvtically. This, however, is not
a problem, since this function can be given parametrically by the set (p(r), ©(r))
with the position r as a parameter. The potential ®(r) for a given density p(r) is
obtained by solving Poisson’s equation.
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Velocity distribution obtained in the
Eddington approach

NFW Halo Density profile Axially symmetric M-B
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The parameter n. vs the polar angle ©
in the cas rA-32 m,=100 GeV

One sense (Le L), Botn semvs F{J Jnr)
By,

8 — radians
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The phase a_, vs the polar angle
in the case of A=32; m, =100 GeV
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From the celestial
to galactic coordinates

The galactic frame is defined by

 the galactic pole with ascention o« = 12k 517 235.2829 and
f i
inclination § = 4279 7 42.01
F F
e the galactic center at e = 177 45™ 37.224° , 6§ = —¢28" 56 10.23 )

Thu=s the galactic unit vectore can be expressced in terms= of the celestial ones=:

§j — —0.868: — 0.1987 |+ 0.456k
(Ealactic axis)
#F — — & — 0.055i 4+ 0.8735 4+ 0.483k
(radially out towards the sun)
F—=d W U — 0.4947 — 0.44567 + 0.747k

direction of the sun's motion

Mote i1 our system the x-axis is opposite to the s-axis n=sed by the astronomers.
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The circular path in the galactic system

=05
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0n.s

F1G. 19 The circular path kllowed by the point of the divection of observation as s=en in the galactic system
clue Lo the Earih's rotation for variows inclinations 8. The galactic axis s indicabed upeviard. For the path
nobation =e= Fig. LE
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Differential Event rate
(time averaged) Form factor not included
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Modulated differential event Rate
(Form factor not included)
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NON RECOIL MEASUREMENTS

> (z1) Measurement of lonization electrons
prodlt lced d actly during the WINMP-
nucleus collisions
> (b) Measurement of nard X-rays following
the de-excitation of the atom in (a)
> (c) Excitation of the Nucleus and
observation of the de-excitation y rays
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Relative rate for electron ionization
(there are Z electrons in an atom!)

28 =0 —
(al | (=)
= 0
e, Ar_
o E,=0.2 keV 20 4 E, =02 kaV
crC ] - - E,=0.4 keV - - - Em=-::.4 ::3
E @ - - E_ =06 keV - E, =06
";_-r Ew .5
M 16 S r
e
- e —— —— — = - = — =
———————————— (| S
1.0 -
12
___________ 0.5
E_
- 0.0 .
0 50 (s8] 50 200 250 [ 40 20 =0 =0
m_ [GeV] m_ [GeW]
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Detection of hard X-rays

> After the ionization there is a probability for a K
or L hole

> This hole de-excites via emitting X-rays or Auger
electrons.

> the fraction of X-rays per recoil is:
Oy(ne) /0; = by(0,,/0;) with g,,/0, the relative

ionization rate per orbit and b, tne
fluoraescence ratio (deterrined experimentally)
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The K X-ray BR in WIMP interactions in 132 Xe for
masses: LO30GeY, M®100GeY, H®300GeY

Ky Byl 0 Byl [P, PRl e,

Kp N3 OBE 0008 00500 00643
Ky N3 05T 0060 0106 (0119
kg 30 04 00047 00305 (030
Ko 34 004 0000 0007 00077
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Excitation of the nucleus;
The average WIMP energy Is:
> <T,>=40 keV n* (m,/100GeY)
0Ty max®™ 215 keV n? (m,/100GeV). Thus

> m, = 000GeV, n=2 U
<T,>=0.8 MeV, T, .= 4 MeV

o So excitation of tne nucleus appears
possiple in exotic models witn very neavy
WINMPs
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Unfortunately,
Not all available energy is exploitable!

> For ground to ground transitions (q®@momentum, Q © energy)

A, M Amy, \ 3
= 2 X _pg¢ Q = A 1 P 322 a
4 Amg + AL BE , @ “1MMp ( —+ AT~ ) B-Eg= , B vie

(Am, + My)
M

X

+A-/24m Q8. =0, B=v/c (1)

where § = v/c with v the wimp velocity, & the cosine of the angle between the oncoming WIMP
and the outgomg mucleus and A the excitation energv of the nuclear state,

> Both are peaked around €=1
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-~

oil energy in @\/ as a function of the WIMP velocity, in the
case C rr\— 127. Elastic scattering on tne Je ft and transitions to tne
A=50 keV excited state on the rignt. Shown for WIMP masses in

the 100, 200, 500, 1000 and 1500 GeV. <¢B>=103
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500} s / 500}
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The average nuclear recoil energy:
A=127; A=50 eV (left), A=30 keV (rignht)

<TA> (keV) <Th> (keV)
70 |
100}
60t
a0t

60
30t

20 40

: : - — Mx-2GeV
200 400 600 800 1000

Mi->GeV

200 400 600 800 1000
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BR for transitions to the first excited
state at 50 keV of I vs LSP rnass (Ejiri;
Quentin, Strottrnan and JDV) Relative to nucleon
recoil. Quenching not included in the recoil

i) Left ® E,, =0 keV ii) Right ® E, =10 keV

"-'“I,‘; --._____M-_\ .12 III(
u.ulh H-\-\_\ v ||
_— ”"'\ . 0. 08 T
1 0.013 1 —
e ' - L o.0s T
i u.|u: - M ——
11] 11]
.04
B.nil
0.0z
T T ET T
nloog ' 100 150 00 250 100

mrsp — (Gel’)
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CONCLUSIONS: Electron production
during LSP-nucleus collisions

> During the neutralino-nucleus collisions, electrons may
be kicked off the atom

> Electrons can be identified easier than nuclear recoils
(Needed: low threshold (~0.25keV) TPC detectors)

» The brancning ratio for this process depends on the
atomic number, the tnresnold energies and the LSP
rmass.

> For a threshold energy of 0.25 keV the ionization
event rate in the case of a heavy target can exceed
the rate for recoils by an order of magnitude.

> Detection of hard X-rays searns more feasible
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COMMON WISDOM!

Are Physicists optimists or Don Quixotes?
Once the wise Mullah Nasrudin was seen

Evidently in the hope of transforming the lake into gold.
When his fellow villagers teased him:

-Mullah! You surely are wasting your time!

He sternly replied:

-Imagine, though, that it works!

(Such a reward!)
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>THE END



Technlques for direct WIMP detection

ni ion I

 Targets: Ge, Si, CdTe — Usmg coherent elastlc-
(v) Energy per e/h pair 1-5 eV =2 tt ﬁ_- l '
NR energy collection eff. 10-30% Sca erl ng OIT huUC el

~ Sensitivity (HEMT JFET, TES) < 1 eV
~ IGEX (4 keV), HDMS,
~ GENIUS (3.5 keV)

phonon

Bolometers
Targets: Ge, Si, Al,03, TeO:2
- (y) Energy per phonon ~meV

_ Scintillators
'---':Targets Nal, Xe, Ar,Ne
() Energy per pho’ton ~15 eV

~ NR energy collection eff. 1-3% NR energy col. eff. (th.) ~100%

~ Light gain 2-8 phe/keV Sensitivity (TES) << 1 keV
Sensitivity (PMTS) ~1 keV ' (FWHM 4.5 eV @ 6 keV x-rays)
ZEPLIN I (2 keV), NAIAD (4 keV) CRESST-I (0.6 keV),

DAMA (2 ke

Following Araujo

, DEAP, CLEAN, XMASS (5 keV) CUORICINO, CUORE (5 keV)
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Techmques for direct WIMP detectlon

All hybrld techmques have >99% elastic
_n___uclear recoil discrimination at 10keV NR

Light & Ionisation Detectors
e PMTs for both channel readout
Targets: L(Noble Gases)
. ZEPLIN, XENON, WARP, ArDM, SIGN
- mildly cryogenic (-100 C)

o,

Light & Heat Bolometers
TES/NTD for L & H channels

= Targets: CaWOs, BGO, Al2Os
= CRESST, ROSEBUD
=~ even more cryogenic (~10 mK)

. Heat & Ionisation Bolometers
ZIP[NTD for Q & H channels
Targets Ge,Si

I CDMS, EDELWEISS, SCDMS, EURECA
cryogenic (<50 mK)
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Another view (ApPEC 19/10/06)

Blue SUSY calculations (parameters on top)

Ty LA A e e o m ME— - S - - S —— . . - .
tamf—dsS, A —A 1 Te\ e =1 j

Lz — f5-

—_ ;‘ I 2006 (CDWS)

! expectation 2007/05

e

1o-= | 10-10 gt

1w :

1

= = = = 1 I | = LN 1 | F% i i iL_B | - | L1 = | | - |- B
T e o =1 e | =i ol | L = | Il s, e 2 e =ian ToCEd
m, (Gel)
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A: Conversion of the energy of the
recoiling nucleus into detectable
form (light, heat, ionization etc.)

> The WIMP is non relativistic,< B>=103,
O

o\ s
(T2 = 5DkeVlODGeV

> With few exceptions, it cannot excite the nucleus. It only scatters off elastically:
X" (Po) + (A, 2)(0) — X" (Po — ) + (4, Z)(q)

> Measuring the energy of the recoiling nucleus is extremely hard:
-Low event rate (much less than 10 per Kg of target per year are expected).
-Bothersome backgrounds (the signal is not very characteristic).
-Threshold effects.
-Quenching factors.
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If we could see Dark Matter

Luminous
matter
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Slicing the Pie of the Cosmos WMAP3:
Qeop =0.24+0.02, Q, =0.72+0.04,
Qh =0.042:|:0.003

— MACHOS = fff"f"ﬁ
= ‘Normal’ material

= - e R — ——

Dark Energy...

Galactic X-ray emission i

Cosmic microwave [__
background radiation

| Motion within our
Motion of b4 Galaxy l;

distant quas

: Big Bang

= 1 Nucleosynthesis

| Motion of | . .. .. :
Gravitational lensing
= Galaxy Clustel EiEat

Luminous Baryonic (-0.5%)

O
2 € 2
MOthHS Qf : Baryonic Dark Matter (-3.5%)
@)

Galaxys

Non baryonic Dark Matter (~23%)
Dark Energy (=73%)

o=
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‘1he positron excess In the nignh energy
region of the PAMELA Experiment (red

dots) with predictions of secondary positron production
Nature 458:607-609,2009 ; arXiv:0810.4995 (astro-ph)

—
‘@ L4 -
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L= oL —
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- - - ks S ]
j— . .-‘-*.. " 1 —
e —— =B " 1 &y g = =
=cm el ol ol cewep b B O RN ]
s s e orel Pl s, P, Mo G0 T DT .l_
e e e (e, Helor seel Fres ssies ek BETUECE | —
i=s  Felbrwrde sl s ek 356 E RS .
e ekl Eewrey dpd BT B o) B =
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http://xxx.lanl.gov/abs/0810.4995

A Theoretical Scenario

> To explain these data the following a scenario
is proposed involving a new gauge boson X
with mass around 1 GeV, which:

> Does not directly couple to hadrons
> Couples to leptons
> Couples to the photon
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Implications
on Direct Dark Matter Searches
Crucial: The mixing parameter K




A:Model II: Non-standard mass
mixing M? (the order is (A, X p Z,)

Stueckelberg model (1938); Cors & Nath (2004
> Massless Mediator: k=cos(8,,)(m,/m, )

> Massive Mediator: k=- cos(B,,)(m,/m, )

| 0] (] '::'flf'l'ﬁ‘”.':f' My My -'llm fjf'E

E=1010), M My My Jn"i. I

NI _.|1 i 4 '|1,I.'Ef'2
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B:Model I: Non-standard kinetic
mixing K (the order is (A, X, Z,)

> Massive mediator only: k=€ cos(6,,)

[

”’%{ ]

| m'i |

——
=
"
=

————

]

—
B

ko= -comsly 1 esinfhy M
\ I comfy | ;' \
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The proton-WIMP cross section
for a massless mediator

1 . . S . Th
dJ:E,g{_ f’] p— (T s )™
d3p’  d3qg ~ i .
(Z27)7%8(p — P —a)27s( T — T — T'q)

(27r)3 (2r)3
where 3 is thhe WINE velocity and
s(3F) = 1 for a WINP which is a Dirac Fermion, while
s(/F) = 3% in case it is MNMajorana particle.
( The NMajorana fermion does not possess electromagnetic
properties. Hence only the ~y,vs of the WINMP-X
interaction contributes).

ITn the above eguation p’'. p are the momenta of thhe initial
MYVINIE and the final WINMEP and and g the momentiairrm

transfer to the nucleon. T = p= /2, , T = (p")=2 /20,
and T, = g2 /2,
g = 2p,.0E ~= 2my,vEg , A, = Zmp'ugc‘_fz

where je,. 1s the WINP-nmnucleon reduaced mass and

0O =< & =< 1 i1s the angle between the oncoming WINE and
the outzoing nucleon.
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The proton-WIMP cross section
for a massless mediator

After the integrations we finally get:

s(3) e 1 dTy

2
e T €I

The above expression exhibits, of course, the infra red

da =

divergence. For a Majorana neutrino is independent of
the velocity.

We will impose a low energyv cut off given by the energy
threshold FEp ;"j—l, where A is the mass number of the
target.

o s(B)a 1 2 Am

n
Jp-"‘i-u-'

G2 2 (ﬂlp}z (9) Eyn
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Incorporating the Limits from WIMP
searches (CDMSII &XENON10): 0<10 pb

1 > A

v :
op R 5 CDNE (g ) Et,: (Majorana)
or
Amn.
op =~ 1.6 x 10° pb (g,x)~ gl =
En

(independent of the WIMP welocity)
Now notice

e The event rate scales with Z2 rather than .42

e A threshold value must be selected

In our calculations we will use
= Ea
o A bBkel

R , — 3 x 10_?
TN T PO03T By 0 OO

BNL Seminar Nov. 10/2010



Constrains on model II parameters

> Feldman-Liu-Nath from cosmic ray experiments
m, /my = (1-0.5) X10%
> Direct Expenments (Majorana WIMPs).

For Eiypn =5 keV and a Ge target we obtain
g ] == 1.6 x 10— 19 (Majorana)

This leads to the bound:

TrE
Y —« 5.7 =% 1010

T N
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Incorporating the Limits from WIMP
searches (CDMSII &XENON10): 0<10 pb

The case of a IDirac WINIE.

N owAr

1 e 1 2 Ay

P = 323 rgz O TE,,

To constrain it from the experimental data
1 ¥ 1 = Arre,
Tp —> S Op P~ 32 — o (172502 (G re) FEern

But for a NMaxwell- Boltzmann distribution

~ . >
32 — G2 =

¥ 1 Arre
~ - 3 10° 2 y 2
G_P > > {ﬂlp}z {g}f_""t{'} Etfl,

The cross section < o, — 1s determined as before.
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Event rates for the Iodine target

Secluded, massless mediator
Standard CDM; E,;=5.0 Ey; = 5.0 keV

Fa
J
1
I
, \
; L
) 1
i \l\. q
| &
| %
‘xﬂ i
| 4
........................... I I T T S S
100 M i 4ix) 50 00 i (i 4im S
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The Ratio Rate(E, )/Rate(E . )

WIMP masses 10, 50, 100, 200, 500 GeV (from bottorn to top as on left panel )

Secluded WIMP
Standard WIMP E,;,, =0 E. .. =5keV E,,.+=0.038 keV

1.0
(LB
(i
0.4

027
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Limits fromm WIMP Searches
for Massive Mediator

In the case of massive mediator no cut off 1s needed.
N owr

1G?T&'EMH2ﬂ'Dﬂf'm_2
75
Y

i.l:
o = 1.2 x 10° pb s(3)x2 [ 1112 )
TrE »-
Taking
32 = 32 = 1072 | sy = My

for Dirac (Majorana) WINMP from the experimental
limits we get:

=<3 1077 (3 x 10— %)
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Constraining the models I and II

From the limit on & we obtain for Dirac (Majorana)
WIMP the bounds:

€<3.0x107"(3.x107%), Model I

Very Stringent indeed.

(the limit from muon g — 2 yields € < 3 x 107%) .
my
T s

< 1.6 x 107°(1.6 x 1077) , Model II

This 1s quite stringent, but less so than the massive
mediator case.
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Unconventional WIMP searches

Detection of Electrons directly
produced from the exotic Boson:

- \
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Unconventional WIMP searches

Detection of very low energy Electrons directly
produced from the exotic Boson:

o The initial electron is bound

> The momentum transfer is small g=2m_pB§ (2000 times
smaller than for a nucleon). There maybe a
compensation coming from the fact that it is bound)

> Detecting low energy electrons may be advantageous
compared to nuclear recoils

> Theoretically it relies on fewer model assumptions

J
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The differential Cross Section

1 Asrer - d3p dEp?’
) — _ =0 — (=)
“ 5{"8] F e () (2)3 (27)3
(272 2mws(T — T — T — b}rﬁ-,ﬂ =, p" + pre — )

where pe. & are the momenturm and bindings energy of the
imitial electromn and o, ¢ [Z, ]‘::l-..;_.,::l the bhbound electron wf inm
mommentuam space. By defining

-,

P — P P b — (i TTZ =

_— - E— -b: ....}i.: - — - L _—
g - » Pe > p—— ﬂlx.t‘;‘ P - 77 Pe

we et

- 4 ’
deor — s(3) ?Tf [gx}g 12 dardE g dagdry
Fi TIL 5

F(BgE —+ (AN/2)g® + b + 22 /2)p7, (Z, (Vg2 + 2gan + x2))

The integration over £ can trivially be domne asing the
enceresy conserving o functiomn. The integrations over o
and 7 can also be done analytically for hyvdrogenic w.f.
svielding a function (o).

T he differential cross section can be cast i thhe forrn:

do _ s(3) , - ( ) (gx) 4(&535@{1{;—] gy —

A1y 32
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Cross Sections for:
a=a, my =1GeV, m =100GeV, Z=1

8.x107%]
7.x104]
Bl
> 40 |
E 10t
b 4107

33104

0 T :
Eo [eV]

F1G. 2: a) Predictions for do/dE! as 8 function of the efected electron energy £7. The target iz
as=umed hydrogenic atom with £=1.3,6 (fram top Lo battom | in the ground state. by The total
croEs section ag a function of threshold energy. We assume a Dirac WIMF and variows parameters
taken from ki, 23,
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Event Rates for:
a=a, my =1GeV, m =100GeV, Z=1

= - -
]

E 10 B IIIIE
0 :--"'-_ i
E_l'_: 1 é:.i
E 0.001 % |
! _ TR
: P
5 1051 ::1 |:|.l:|1;

Tl 95 m 01 i 10 100 .00 5 o | 0 100
E.’ [8V] Ey, [8V]

F1G. 3: a) Differential event rate of Dirac WIMF scattered off hydrogen (Z=1, A=1] targel
electrons per vear per Kar as a function of efected electron energy £ in eV, Three different WIMFP
masses have been assumed @ omy = 10, 100, 1000 Gel', from top to bottom, respectivelv. b) The
tatal event rate az a function of the experimental threshold energy for m,, = 100 GeV, Other input
parameters are taken fram R, 2.3,
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Differential Event Rates for electron
detection from secluded WIMPS

E! [eV] < ais > levents /kgr target/year/eV] ‘

unmod. mod. H
0.1 0.30 0.02 0.07
1 0.85 0.07 0.08
10 0.35 0.03 0.09
100 8.29 x 10— 8.01 x 10—° 0.10
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Detector Requirements

Detector Requirements resolution and low threshold. To

achieve this one needs

e Single electron efficiency.
this 1s achieved with gaseous detectors reaching
very-high gains

( in order to cope with electronic noise).

e Large drift volumes and operation at high pressure
(like the HELLAZ prototypes).

e Versatility of target material: various gases from the
lightest (H2) to heaviest (Xe).
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The SACLAY Sphere

(I. giomataris et al, JINST 3 (2008) P09007; arXiv:0807.2802.)

[t looks realistic to soon have

o A spherical TPC of § meter radiv.

¢ Under a presstre of ) bes,

0 Filled with 80% Ar and 207 sbutane (C, ;)=
o 212 Ke of Hydropen
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An optimist’s view
With
> a threshold of 10 =V

> a=a , (EM X boson - electron coupling often
employed in the analysis of the PAMELA data)
and m,=1GeVY

> one gets 9 events per Kg of target per year
> The SCALAY sphere

One expects 500 events per year
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Point of Caution

> The limit on g, -2 impses the constraint

> a/(my)2<6x103 a/(m )2

> which means only 1.5 x 10 events per
year
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Let us fall back to the photon

> Like the standard WIMP searches. Only Replace
the proton by an electron

> The massless mediator is the most important.

> Since the electron is bound there is no infra
red divergence, but the mormentum tranfer can
be quite low yielding sorne enhancement
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Massless mediator scattering electrons

g 1 3) Lo , 2 d’p’ dPpl
F = — 51 | - | - )
3 A (p — p)° FX [2?1‘:]3 I:E?TJS

(2m)32rm8(T — T' — T. — b)pa o(Z, P’ + Pa — P)

where pe, & are the momentum and binding energv of the
initial electron and ¢, ¢ (Z, pe) the bound electron wf in

momentum space. By defining

)
P — P ; N - v 172 ~ N N
q — '.-pE;:—'.-b: :-")"": E._,Esz.q:.']’;.':pe.
2. e T 1T
we et
1 < dmar . ! 1
do = —s(3)——(gx~ )< 2 dxrd€ qzdgd?}
o] T g ComZ2

=

5(Bag + (A/2)a® + b+ 22 /2)¢7, ((Z, (Va? + 2qen + 22))
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Cross Sections for:
m,=100GeV, Z=1, k= 1010

. 41
m_,ﬁ-l G 10
A i 2 i0H
'-.H' |:|'5-E' v
E 1 “E“I}:iﬂl‘”
i R
g e
1i.'l.|._iI B
g
o 1Al
0o 0 1 0 100 1000 g 0f 02 05 10 20 &0 100
E,! [aV] Es, V]
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Differential Event Rates
m,=100GeV, Z=1, K=1010

Ea' [eV]

0.01

- | s Hgr year per ¢\

& _k —k -
i i—= i—r i
1 1 1 1 =
H OB 3 R u

dR
dE,

001 04 1 10 106 1000 qpd
E,' [aV]
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For a massless mediator

With
> a threshold of 10 =V
> k=1010
> one gets 5 events per Kg of target per year
> The SCALAY sphere
One expects 250 events per year

BNL Seminar Nov. 10/2010



Unconventional WIMP searches:
Detection of elec
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The positron excess in the high energy
region of the PAMELA Experiment

Nature 458:607-609,2009 ;

arXiv:0810.4995 (astro-ph)

E T 1 L 1 1 1 LI T | 1 1 LI 2 : : :
2 0.4r n ‘g 03
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o L — 0.2F
L 1 Ve : | 3
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— | =
o l % f - o
S [ + e | =
c ' o Muller & Tang 1987~ c
0 u MASS 1989 - =]
5 [ _ ' 2
@ i TS0 o
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E | @ HEATO4:85 4 | c
0 ® CAPRICEDS o
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7] O AMSS8 =
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S ® PAMELA
| Ll 1 Lol 1 Ll 0.01 | | 1
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Energy (GeV)

FIG. 3: PAMELA positron fraction with other experimental data. The positron fraction
measured by the PAMELA experiment compared with other recent experimental data[24, 20, 30,

31, 32, 33, 34, 35]. One standard deviation error bars are shown, If not visible, they le inside the

data points.

10 100
Energy (GeV)

FIG. 4: PAMELA positron fraction with theoretical models. The PAMELA positron
fraction compared with theoretical model. The solid line shows a caleulation by Moskalenko &

Strong[39] for pure secondary production of positrons during the propagation of cosmic-rays in the

galaocy. One standard deviation ercor bars are shown. If not visible, they lie inside the data points.
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http://xxx.lanl.gov/abs/0810.4995

LSP Velocity Distributions

> Conventional: Isothermal models
(1) Maxwell-Boltzmann (symmetric or axially symmetric)

with characteristic velocity equal to the sun’s velocity around the center of
the galaxy, u yg= Uy, = 220 km/s,

and escape velocity u,...=2.84u, put in by hand.
(2) Modification of M-B characteristic velocity u,g following the
interaction of dark matter with dark energy:
Uy = NUp, U =N2.84 y, , n>1
(Tetradis, Feassler and JDV )
> Adiabatic rodels employing Eddington’s approach:
p(r)Od(r) ¥ f(r,v) (JDV-Owen)
> Axdally symretric velocity distriputions extracted from realistic nalo
densities via sirnulations @ Tsallis type functions (rlansen, rlost and JDY)
> Otner non-tnerral models:
-Caustic rings (Sikivie , JDV), WIMP’s in bound orpits etc
-Sgr Dwarf galaxy ®anisotropic flux, (Green & Spooner)

C

C

BNL Seminar Nov. 10/2010



Tsallis type functions (for radial and
Tangential components) OMB as q#k1

—_—

frlg,o,v] = Nig, o) (1 E; = 3:::;2) =

> Adopt: q=3/4 (Normalized in one dirmension)

1 q — 1 2 2\ T+
r = = 1 —
U 2w (2 — g) ( 2(g — 2) (‘Tt) )

> Adopt: q=5/3 (Normalized in two dirmensions)
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I: MB and Tsallis functions. 5_1_ &
Asymmetry B (Hansen, Host and JDV)

) gTmma )

_5(1_':3.-!3:'5:' i . 4
fars(o) = = \/1‘5-5 fmble,8r0)= (1= B

%/ 1\ [0 [ )
—_— — — — f:: "E::: —
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IT: Velocity distribution obtained in
the Eddington approach

NFW Halo Density profile Axially symmetric M-B

25|
20! 20

15/

10
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IT Asyrmetric Velocity Distribution
From Realistic Density Profiles
In the Eddington Approach

> It can be fitted to an Axially Symretric M-B
Velocity Distribution

> The asyrmmetry parameter B is linked to the
angular mornentum of DM fluid
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The event rate for the coherent
mocle

> The number of events during time t is given by:

R ~16010"" t pl0) m YACR gg,ﬂ feon (A, pr(A))
T 1y 0.3GeVem— 1Kg 280kms—1 10—° pb A
with

Teon <L, tr ["rj-]::l -

1003 eV [ fhr ()
(1)

m— ] A7 teon (1 + ReahCOSO)
x

Where:
> t.ndepends on nuclear physics, the WIMP mass and the velocity distribution
> p(0): the local WIMP density=0.3 GeV/cm?.

a@°,, : the WIMP-nucleon cross section. It is computed in a particle mocdel.

It can be extracted from the data once f.,, (A,m,) is known
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Ia: t.,, for a light target. Q. =0 (top),
SkeV (bottom); MB ©®Left, Tsallis form
©® Right (asymmetry shown in both )
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Ib:t,.,, for medium target. Q. =0 (top),
10keV (bottom); MB ©®Left, Tsallis form
©® Right (asymmetry shown in both)
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I[Ic:The time averaged event rate for a medium-
heavy target vs WIMP mass (zero threshold)
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I1d:The time averaged event rate for a
medium-heavy target vs WIMP mass
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I[Ie:The time averaged event rate for a light
target vs WIMP mass (zero threshold)

Event rate—— per kg-y foraw = 107" pb

100 200 300 400 500
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[If: The time averaged event rate for a
light target vs WIMP mass
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Novel approaches: Exploitation of
other signatures of the reaction

> The modulation effect: The seasonal, due to the
motion of the Earth, dependence of the rate.

> Asymmetry measurements in directional
experiments (the direction of the recoiling
nucleus must also be measured).

> Detection of other particles Selectrons, X-rays),
produced during the LSP-nucleus collision

> The excitation of the nucleus (in some cases ,
heavy WIMP etc, that this is realistic) and
detection of the subsequently emitted de-
excitation y rays.
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THE MODULATION EFFECT*
(continued)

o> R=R, (1+n cosa)

(a=0 around June 3nd)

> h=modulation amplitude.
> R, =average rate.

> *n=2 corresponds to calculations with non
standard M-B (Tetradis, Faeesler and JDV)
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Ia:h,for medium target. Q. =0 (top),
10 keV (bottom); MB ®Left, Tsallis
form®Right (asymmetry shown in both )
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Ib:h., for a light target. Q.. =0 (top),
SkeV (bottormn); MB ©Left, Tsallis
form®Right (asymmetry shown in both )
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The directional event rate

(The direction of recoil is observed)
> The calculation will proceed in two steps:
> A) In a direction fixed in galactic coordinates:

-Due to the motion of the sun the directional
event rate will show an asymmetry due to the
sun’s rotion around the galaxy.

-Due to the Earth’s annual motion it will show a
modulation with very characteristic signature

> B) In a direction of observation fixed in the lab.

-Then Diurnal variation due to the rotation of
the Earth BNL Seminar Nov. 10/2010



The directional event rate*
(The direction of recoil is observed)

> The event rate in a direction fixed in the galactic frame is:
Ryir=(k/2n)Ry[1+h,cos(a-a,,n)]

> R, is the average usual (non-dir) rate

> a the phase of the Earth (as usual)

> h ., is the modulation amplitude (it strongly depends on the
direction of observation)

> a ., is the shift in the phase of the Earth (it strongly depends on
the direction of observation)

> Kk/2n is the reduction factor (it depends on the direction of
observation). This factor becomes k, after integrating over @,
since Kk is independent of the angle ®.

> K, hand a, depend only slightly on SUSY parameters and |,
> * Calculations by Faessler and JDV
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The parameter k vs the polar angle ©
in the case of A=32; m, =10 GeV
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The parameter k vs the polar angle ©
in the case of A=32; m,=100 GeV
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The parameter k vs the polar angle ©
in the case of A=127; m,=10 GeV

definite sense oth senses
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The parameter k vs the polar angle ©
in the case of A=127; m,=100 GeV
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The parameter h , vs the polar angle
in the case of A—32 m,=100 GeV

One sense (Left), Both ser ses (Rignt)
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The phase a_, vs the polar angle
in the case of A=32; m, =100 GeV
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From the celestial
to galactic coordinates

The galactic frame is defined by the galactic pole

with ascention a = 12" 51" 26.282° and inclination
d = +27° 7 42.017 and the galactic center at o —
177 4™ 37.224°% | § = —(28° 56" 10.23") . Thus the

calactic unit vectors can be expressed Iin terms of the

celestial ones:

i=—0.8687 — 0.1987 + 0.456k (galactic axis)

§ = 0.055: + 0.8737 + 0.4R34%

_:'E‘:

(radially out towards the sun)
EFe—F > ) = 0.4947 — 0.4457 + 0.747k
(the sun’s direction of motion) (0.1)

Note in our system the x-axis 1s opposite to the s-axas
used byv the astronomers.
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From the celestial
to galactic coordinates

Note in our system the xX-axis is opposite to the s-axis
used by the astronomers. Thus a vector oriented by
(v, d) in the laboratory is given in the galactic frame by

a unit vector with components:

(y\ (—0.868 cosacosd — 0.198 sin v cos & + 0.456 sin cﬁl\

| = | 0.055cosaacosd + 0.873sinacosd + 0.4831 sind

\::) \0.494 cosacosd — 0.445 sinacosd + 0.747 sin 4 )
(0.2)
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The Diurnal variation of the rate in
Directional Experiments

> We have seen that:

> the parameters k and h., depend on the direction of
observation relative to the sun’s velocity

> In a directional experirment the direction of
observation is fixed with respect to the earth.

> Due to the rotation of the Earth during the day this
direction points in different parts of the galactic sky.
So the rate becomes time dependent. It will show a
periodic dependence.
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The circular path in the galactic system

=05

00
0n.s

F1G. 19 The circular path kllowed by the point of the divection of observation as s=en in the galactic system
clue Lo the Earih's rotation for variows inclinations 8. The galactic axis s indicabed upeviard. For the path
nobation =e= Fig. LE
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The rate depends on ©. © depends
on time due to the earth’s rotation

raclians

el

FI1G. 18 Due to the divrnal motion of the Earth different angles 8 in galactic coordinates are sampled as
the earth rotates. The angle 8 seanned by the direction of cbservation is shown for various inclinations 4.
The intermediate thickness, the shart dash. the long dash, the fine line, the long-short dash, the short-long-
short dash and the thick line correspond to inclinatiom & = —x /2, =3/ 10, —a/ 10,0, /10, 3x /10 and /2
respectively. We ses that, for negative melinations, the angle & can fake values near o, e, opposite to the
directicn of the sun's velocity, where the rate attains its maxirmom,
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Diurnal Variation of the rate (k)
CS, Target & Fully Directional

WIMP MASS 10 GeV WIMP MASS 100 GeV
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Diurnal Variation of the rate (k)
Iodine Target & Fully Directional

WIMP MASS 10 GeV WIMP MASS 100 GeV
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Diurnal Variation of the rate (k)
CS, Target&. partly Directional

WIMP MASS 10 GeV WIMP MASS 100 GeV
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Diurnal Variation of the rate (k)
Iodine Target& partly Directional

WIMP MASS 10 GeV WIMP MASS 100 GeV
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NON RECOIL MEASUREMENTS

> (z1) Measurement of lonization electrons
prodlt lced d actly during the WINMP-
nucleus collisions
> (b) Measurement of nard X-rays following
the de-excitation of the atom in (a)
> (c) Excitation of the Nucleus and
observation of the de-excitation y rays
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Relative rate for electron ionization
(there are Z electrons in an atom!)

28 =0 —
(al | (=)
= 0
e, Ar_
o E,=0.2 keV 20 4 E, =02 kaV
crC ] - - E,=0.4 keV - - - Em=-::.4 ::3
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Detection of hard X-rays

> After the ionization there is a probability for a K
or L hole

> This hole de-excites via emitting X-rays or Auger
electrons.

> the fraction of X-rays per recoil is:
Oy(ne) /0; = by(0,,/0;) with g,,/0, the relative

ionization rate per orbit and b, tne
fluoraescence ratio (deterrined experimentally)
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The K X-ray BR in WIMP interactions in 132 Xe for
masses: LO30GeY, M®100GeY, H®300GeY

Ky Byl 0 Byl [P, PRl e,

Kp N3 OBE 0008 00500 00643
Ky N3 05T 0060 0106 (0119
kg 30 04 00047 00305 (030
Ko 34 004 0000 0007 00077
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Excitation of the nucleus;
The average WIMP energy Is:
> <T,>=40 keV n* (m,/100GeY)
0Ty max®™ 215 keV n? (m,/100GeV). Thus

> m, = 000GeV, n=2 U
<T,>=0.8 MeV, T, .= 4 MeV

o So excitation of tne nucleus appears
possiple in exotic models witn very neavy
WINMPs
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Unfortunately,
Not all available energy is exploitable!

> For ground to ground transitions (q®@momentum, Q © energy)

A, M Amy, \ 3
= 2 X _pg¢ Q = A 1 P 322 a
4 Amg + AL BE , @ “1MMp ( —+ AT~ ) B-Eg= , B vie

(Am, + My)
M

X

+A-/24m Q8. =0, B=v/c (1)

where § = v/c with v the wimp velocity, & the cosine of the angle between the oncoming WIMP
and the outgomg mucleus and A the excitation energv of the nuclear state,

> Both are peaked around €=1
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-~

oil energy in @\/ as a function of the WIMP velocity, in the
case C rr\— 127. Elastic scattering on tne Je ft and transitions to tne
A=50 keV excited state on the rignt. Shown for WIMP masses in

the 100, 200, 500, 1000 and 1500 GeV. <¢B>=103
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The average nuclear recoil energy:
A=127; A=50 eV (left), A=30 keV (rignht)

<TA> (keV) <Th> (keV)
70 |
100}
60t
a0t
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30t

20 40
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Mi->GeV

200 400 600 800 1000
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BR for transitions to the first excited
state at 50 keV of I vs LSP rnass (Ejiri;
Quentin, Strottrnan and JDV) Relative to nucleon
recoil. Quenching not included in the recoil

i) Left ® E,, =0 keV ii) Right ® E, =10 keV
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CONCLUSIONS: Non-directional

> The modulation amplitude h is small less than 2% and depends

J

J

on the LSP mass.

It depends on tnhe velocity distripution

Its sign is also uncertain. For both M-B and Realistic
distributions in the case of heavy WIMPS it is positive for light

systems and negative for intermediate and heavy nuclei. A
good signature.

It may increase as the energy cut off remains big (as in the
DAMA experiment), but at the expense of the number of
counts. The DAMA experiment maybe consistent with the other
experiments, if the spin interaction dorninates. Then their
cog?_ous plot should rmove elsewhere (with the spin proton cross
section).

The modulation is reduced in fancy, but perhaps unrealistic,
velocity distributions resulting from the coupling of dark matter
to dark energy or in adiabatic models
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CONCLUSIONS: directional Exps

> k (the reduction factor) is small. k=1 in the rmost
favored direction (©=n in MB)

> The modulation armplitude in the most favored
direction is 0.02<h_<0.1 (bigger than in non-
directional case) depending on the WIMP mass.

> In the perpendicular plane (x=0.3) h., is much bigger:

| h,| =0.3 (60% difference betwean maximum and
minimurn). Both its magnitude and its sign depend on
the azymouthal angle ®. A spectacular signal. Cannot
be rimicked by other seasonal effects.
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CONCLUSIONS: Electron production
during LSP-nucleus collisions

> During the neutralino-nucleus collisions, electrons may
be kicked off the atom

> Electrons can be identified easier than nuclear recoils
(Needed: low threshold (~0.25keV) TPC detectors)

» The brancning ratio for this process depends on the
atomic number, the tnresnold energies and the LSP
rmass.

> For a threshold energy of 0.25 keV the ionization
event rate in the case of a heavy target can exceed
the rate for recoils by an order of magnitude.

> Detection of hard X-rays searns more feasible
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COMMON WISDOM!

Are Physicists optimists or Don Quixotes?
Once the wise Mullah Nasrudin was seen

Evidently in the hope of transforming the lake into gold.
When his fellow villagers teased him:

-Mullah! You surely are wasting your time!

He sternly replied:

-Imagine, though, that it works!

(Such a reward!)
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>THE END



Technlques for direct WIMP detection

ni ion I

 Targets: Ge, Si, CdTe — Usmg coherent elastlc-
(v) Energy per e/h pair 1-5 eV =2 tt ﬁ_- l '
NR energy collection eff. 10-30% Sca erl ng OIT huUC el

~ Sensitivity (HEMT JFET, TES) < 1 eV
~ IGEX (4 keV), HDMS,
~ GENIUS (3.5 keV)

phonon

Bolometers
Targets: Ge, Si, Al,03, TeO:2
- (y) Energy per phonon ~meV

_ Scintillators
'---':Targets Nal, Xe, Ar,Ne
() Energy per pho’ton ~15 eV

~ NR energy collection eff. 1-3% NR energy col. eff. (th.) ~100%

~ Light gain 2-8 phe/keV Sensitivity (TES) << 1 keV
Sensitivity (PMTS) ~1 keV ' (FWHM 4.5 eV @ 6 keV x-rays)
ZEPLIN I (2 keV), NAIAD (4 keV) CRESST-I (0.6 keV),

DAMA (2 ke

Following Araujo

, DEAP, CLEAN, XMASS (5 keV) CUORICINO, CUORE (5 keV)
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Techmques for direct WIMP detectlon

All hybrld techmques have >99% elastic
_n___uclear recoil discrimination at 10keV NR

Light & Ionisation Detectors
e PMTs for both channel readout
Targets: L(Noble Gases)
. ZEPLIN, XENON, WARP, ArDM, SIGN
- mildly cryogenic (-100 C)

o,

Light & Heat Bolometers
TES/NTD for L & H channels

= Targets: CaWOs, BGO, Al2Os
= CRESST, ROSEBUD
=~ even more cryogenic (~10 mK)

. Heat & Ionisation Bolometers
ZIP[NTD for Q & H channels
Targets Ge,Si

I CDMS, EDELWEISS, SCDMS, EURECA
cryogenic (<50 mK)
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Another view (ApPEC 19/10/06)

Blue SUSY calculations (parameters on top)
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A: Conversion of the energy of the
recoiling nucleus into detectable
form (light, heat, ionization etc.)

> The WIMP is non relativistic,< B>=103,
O

o\ s
(T2 = 5DkeVlODGeV

> With few exceptions, it cannot excite the nucleus. It only scatters off elastically:
X" (Po) + (A, 2)(0) — X" (Po — ) + (4, Z)(q)

> Measuring the energy of the recoiling nucleus is extremely hard:
-Low event rate (much less than 10 per Kg of target per year are expected).
-Bothersome backgrounds (the signal is not very characteristic).
-Threshold effects.
-Quenching factors.
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If we could see Dark Matter

Luminous
matter
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Slicing the Pie of the Cosmos WMAP3:
Qeop =0.24+0.02, Q, =0.72+0.04,
Qh =0.042:|:0.003

— MACHOS = fff"f"ﬁ
= ‘Normal’ material

= - e R — ——

Dark Energy...

Galactic X-ray emission i

Cosmic microwave [__
background radiation

| Motion within our
Motion of b4 Galaxy l;

distant quas

: Big Bang

= 1 Nucleosynthesis

| Motion of | . .. .. :
Gravitational lensing
= Galaxy Clustel EiEat

Luminous Baryonic (-0.5%)

O
2 € 2
MOthHS Qf : Baryonic Dark Matter (-3.5%)
@)

Galaxys

Non baryonic Dark Matter (~23%)
Dark Energy (=73%)

o=
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