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e Summary of 1% lecture

WILHELMS-UNIVERSITAT
MONSTER

There is compelling evidence on all astrophysical scales

(rotation curve of galaxies, gravitational lensing, CMB, structure formation, ..)
for non-baryonic dark matter

5 times more than baryonic matter !

Possible candidates are many:

presently top candidates:

WIMPs (weakly interaction massive particle)
twice motivitated by WIMP miracle

very light axions

keV neutrinos

Christian Weinheimer Dark Matter, Astroteilchenschule, 2014 2



— ——wsmswe  EXperimental search for WIMPs |

MONSTER

a) At accelerators: D 3

p+tp— ... —>...+~a+>~<
p X

Indirect detection by missing mass+momentum

Not really a proof of WIMPs being the
Dark Matter of the universe

AMMA-RAY LaRGE AREA SPAcE TELESCOPE

b) WIMP annihilation in the universe:

~

X+ A ... — .. tVv+V X X

— ...ty ty

Y X

Search for neutrinos or gammas from large
mass accumulations (center of galaxy, sun, ..)
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— ——wsmswe  EXperimental search for WIMPs |

MONSTER

a) At accelerators:

. I
No indication for new particles ye .

T

P+p— ... —>...+a+y

Indirect detection by missing mass+momentum
Not really a proof of WIMPs being the
Dark Matter of the universe

AMMA-RAY LARGE AREA SPacE TELESCOPE

b) WIMP annihilation in the universe:

~

X+t HA ... — ... tv+tyv

— ...ty +y ﬁClaimed lepton or positron €xce

be also explained purely by astro
(e.g. pulsars)

sscan |\
p hy SiCS g e e

21l Canverier (b

Search for neutrinos or gammas from large
mass accumulations (center of galaxy, sun, ..)

L 4
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Christian Weinheimer Dark Matter, Astroteilchenschule, 2014°6,



z Positron excess by PAMELA,

— Wi latest results by AMS-II
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z Experimental search for WIMPs II:

:ILL:SE-;.:&RS-UNNERSITKT Direct detection
c) Direct WIMP detection — search for nuclear recoil: X><:X
~ V
> H,h 2°%q
~ nuclear e

\ L]
nucleus ‘\‘recon

mediated by H, h, Z, or q exchange.

Effectively a scalar spin-independent (Sl)
or spin-dependent (SD) interaction

In principle even 6 couplings (+ 2 interference terms) to nuclear d.o.f.
possible (arXiv:1308.6288)
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— T e e DIF@Ct versus indirect searches

MONSTER
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Nothing found yet, but region of SUSY is being attacked !
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e Theoretical WIMP cross section

WILHELMS-UNIVERSITAT

connected to experimental rate limit

I
1) elastic WIMP-quark interaction: o(Xx +q9— X+q)

theory/models

'“'“f_' Y “\ T " '. MARAN eg XPT
2) elastic = oW+ N —=Xx+N)
WIMP- nuclear model
nucleon B distribution of
. L i scattering objects:
interaction: S v Formfactors
3) elastic WIMP-nucleus interaction:  o(y + A — x + A) astrophysics of
WIMP halo:
po, V’ f(V)
: : dR  _ - particle physics: m
4) theoretical recoil energy spectrum: —(X +A—xy+ A) %
dE, material &
st o detector
AR e d’R roperties
5) detected . Sheiidane ————=—(XN+A—> X+ A) PP
recoil SR dSy dSy
spectrum: 7 _
¥ Reviews:
Jungmann, Kamionkowski and Griest, Phys. Rep. 267 (1996) 195

Levin and Smith, Astroparticle Phys. 6 (1996) 87
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e MONSTER

myg : mass of the WIMP
myx : mass of the nucleon
mya : mass of the nucleus
s - TN
[y = —= . reduced mass
myg + ma
E,. : recoil energy

Relativitistic kinematics:
qQ’ =quq¢" and Q" =-q
But here non-relativitistic case (my > E, and my* > |q?):

q2 — q*?

often used : () = L,
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— —— .., WIMP velocity distribution

e MONSTER

““)Z * Assume a local 3-dim. Maxwellian WIMP velocity distribution:
]- i1 faid
— 2 3. —u* fu 3 : _
. . \ f(ﬁ')dv—ﬂaﬂvg-e oo @y | with vy = 220 km/s

Remark : G'-U:%*U{] = //ff(ff)dgv:l

f Turn this into a 1-dim. velocity distribution by assuming radial symmetry:
+oo ptoo ptoo 0o 2. v/
f / f(0) d*v =4rm ] —— g dv

-0 J—oo J—mc 0 3/2 g

e S
/{] N

=f1(v)

dv

—_

Velocity dispersion ©

% 3
v = (v*) :]u v? fi(v) dv = 5 vy

= U—‘/EUD—QTUk_m
2 S
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— —— WESTFALISCHE
WILHELMS-UNIVERSITAT
s M UNSTER

Astrophysics

e

Christian Weinheimer

X L WIMP halo

f

Earth rotates around sun with velocity
v, (t) = v, - cos(wt + @) with

Velocity of earth w.r.t. center of Milkyway

Up(t) = e + ve(t) with /(Ug,7.) = 60°

Sun rotates around center of Milkyway with velocity

S

UE=3Uk—m and — =1yr
S w
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— Kinematic relations

MONSTER

e
Describe elastic scattering in the center of mass system CMS with relative velocity v.

The center of mass moving with a velocity v, is defined such, that the two momenta in CMS are

equal (assume nucleus at rest in lab system)

mg - (V—vs) =p =ma - Vs
my

myg +ma

= p=ma - V5= -v momentum in CMS

= Vg =0 -

Momentum transfer

— — —

q=p; —py with pi| = \pf\ =p =, -v (elastic scattering)

CMS scattering angle 6*
9*
= p-sin —

2 2

9*
= q2:4-p2-sin2§:Q-pg-(l—cosﬁ*):Q-prg-vg-(l—cosﬁ*)

Recoil energy

2 22 ERE
Er: q :/J’ Y (1—(’,0‘39*) = 0<Er§ a Y
2 ma ma ma
dq-
=2-m
dFE, A
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E— —— WESTFALISCHE NUCIQar reCOiI energy Er

WILHELMS-UNIVERSITAT
e MONSTER

in 0" order:

Elastic scattering of a scalar (spin-independent) interaction: assume s-wave scattering

= angular distribution is uniformly distributed in the variable cos 8* within interval [—1, 1]

= for a given WIMP velocity v the recoil energy E, is uniformly distributed in interval [0, M]

T4

. 2. 2 2
Wlth Er, max —

e 4

Just to get a first estimate on the size of the recoil energy

Let us assume myg = 100 GeV =my (= p, =50 GeV)

and #*=90° and v=vy~0.7-10""
(50 GeV)? - (0.7 -1072)?
100 GeV

= E, = (1 =c0s90°) =25 GeV-0.5-10"° =125 keV
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— — wewusen . Scattering probability and cross section

e MONSTER

Basic relation between cross section ¢ and interaction probabilty P and incoming flux density j

P=3j-0 with 5: n - v

incoming particle density incoming particle velocity

With Nt target objects

Nf = j-0-Npr=n-v-0- Ny
My , . ‘
= n-v-o0-—— with My being the total target mass, e.g. 34 kg of fid. vol.

M

Remark: This relation is only valid for non-opaque targets, i.e. dimensions < mean free path, which
is usually fulfilled in weak interactions

The incoming WIMP density is given by the local (dark) matter density and the WIMP mass

n=n; ="
my

, 1
= J XN oK —
%
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— — wfl.s::fnl;lss-cuﬂnivens;‘rm ReCOi I S peCtru m

e MONSTER

Usually we are interested in the interaction reate per mass unit R

Nrp Mp 1 n-v-o  pg-v-0
— =MV —— = —

My ma My may My

R =

.mA

The WIMP velocity v is not fixed but follows a velocity distribution.
We first neglect the velocity of the earth #(#) and assume a radial symmetric velocity distribution for Slmp“flCatIOn

f1(v) over which we have to integrate assume here VE = 0
R= [dR= /p“ - fl ©) gy

derivation can be
We assume that the scalar coherent elastic cross section does not depend on the velocity of the WIMP re peated with VE # 0

(0 = 0¢) except for loss of coherence for higher energies, which we will consider later by introducing

in O™ order:
assume s-wave
scattering

a form factor.

Then we consider a differential rate dR for a defined velocity in the range [v, v + dv]

dR _po-v-o- fi(v)
dv My - Mp

We are interested in the differential rate also in terms of the recoil energy E,. Since for a giving

velocity a scalar elastic interaction results in a uniform distribution of the recoil energy E, in the

_ 2.ute?
my

interval [0, E,, . We just dov1do L by Ey ax =

d*R _ pveo-filv)  po-o- fi(v)

dvdE, mg-mp- By opax  2-mg-v-p?

Integrating over the velocity distribution yields

dR Po- 0 1 Po- 0 1
. — . v d-) _ =
dEr 2-mg - p1,? v fiv) dt 2 2 )

SN v
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z Increasing g?: loss off coherence

WILHELMS-UNIVERSITAT
MUNSTER —> Form faCtors
ANANANANANANANE de Broglie wave length of the
R I A R exchanged particle A.=h/q
Long wavelength: Short wavelength:
nucleus seen as one object sub-structure of nucleus is resolved

We now consider the loss of coherence for larger ¢ by introducing the Formfactor F(g?)

o(q*) = o0 F*(¢°)

In low g2 approximation the Formfactor is nothing
than the Fouriertransform of the spatial distribution of the scattering objects,

e.g. the charge distribution for EM interaction
(which corresponds inside a nucleon to the weak charge (isospin) distribution
for weak interactions from eN versus vN deep inelastic scattering)

— F(g?) has to be calculated by nuclear physics !
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E— EE— WESTFALISCHE
WILHELMS-UNIVERSITAT Form faCto rs
MUNSTER
Ladungsverteilung p(r) Formfaktor F(q) Beispiel
punktfsrmig konstant Elektron Ladungsverteilung f(r) Formfaktor F(g®)
| Punkt 8(r)/4m 1 konstant
-2
exponentiell (¢®/8m) - exp (—ar) '[1 + ¢%/ a252) Dipol
exponentiell | Dipol Proton GauB (@*/27)"" -exp(~a®r?/2) | exp (—g?/2a%K?) Gaub
' homogene Cflirr<R 3o (sina — acosa) Zillierend
Kugel Ofirr>R ‘mit o= |g|R/k oserieren
gauBformig gaubformig 8Li —
- - 4 19)
- N1, 7
— ’ |
—
homogene oszillierend _— | \
Kugel ~ compare to / |
- interference pattern
behind slit | \
Kugel mit verwaschene 0, ~ \
diffusem Ranszillation -
' ~
~ |' \
~ AL TAA "
-~ ~ -0.01C 0.010.02 sin 9
T — Iql —t — ;K_N;)
picture from Demtroder,

pictures from Povh, Rith, Scholtz, Zetsche, Teilchen und Kerne, Springer

Christian Weinheimer

Experimentalphysik, Band 2, Springer
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T e Spin-independent and spin-dependent

—noumsUnveRsmAr cross sections

R ——————————
WIMP-nucleus spin-independent (SI) and spin-dependent (SD) cross sections

4 , .
oost = — i’ (2 fo+ (A= 2) fo)
4
= .Uir2 ' f2 - A® for Jo=In
vis
2
Ly
= ONgSI- : ;A
mJN
2
4 my - My , 4 , .
ONSI — ; ) (m) : fQ — ; T??IQ\I . f2 for my > MN
322 J+1 S(q)
00,SD = - 7 (ap - (Sp) + an - (Sn))g ' %

with  S(q) = ag - Soo(q) + a7 - S11(q) + ao - a1 - Sox(q)

with (S,) ((S,)) being the expectation values of the spin content of the protons (neutrons) in the

nucleus and with the spin form factors Sj
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— T westrRuISCHE Expected recoil spectrum |

WILHELMS-UNIVERSITAT
e MONSTER

Evaluate (1/v) The intergral does not range from 0 to oo because there is a lower velocity limit

Umin $0 create a recoil of E,

37 -
U min

There is also a maximum velocity Vmax = Vese With 498 km/s < vese < 608 km/s (PDG2012), which

1s less important

With still the simplification vy = 0

]_ Uhmax ]_ Umax ]_ _1.3? LY KU[H _1. Umax VA
(=) =f - fi(v) dv —f T v = —=— ] v V% dy
:'...—'T I ! ﬁ ! ﬁ ?..'T[] 'Un-l in

Umin J VUmin 4 U 0
Vs ('S

'—1 'U _UZ"(U B —1 'Ug _.sz.uz 2 —p2 f’“z
— 3 . — o= 3 . | — 2 s P 0 = — = g mind “ 0

m v I I

\/_ 0 Vmin \/_ 0 Uimin \/_ 0
Eypmp
2 2-;.:.‘.2-?_'2
= e o

The recoil spectrum gets:

.E‘r-mA
- z2 .2
T

dR _pn-an-Fz(qg)_ 1 ﬂn*ﬂ'n‘Fz(qz)

2opg
— ) = e #

dE., 2-my -, v T My« [+ Vg
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el T RO Expected recoil spectra I

e MONSTER

1 SN L L B = F o T + T 7 T 7T T 3
= : £ OF a5 : c
S0 \ ~10 : b= IN ' S
2 SN 4 RE 1 ~" ,
iy B y . = r H"“ﬂ-_ . . €
a . 3 20 TN 2
e = S 2 E > ~—~_ 40 h Ry . Q-
S \ 0 ] - S ] [SB=R%)
e - | i | T i =08
z v | ~ T N T Q0 -8 D
e S N I N E 0o1E \“‘\ H\ 2eR
g K | \ = ___:_m\\u_\: e | ~.. 80 c ‘2,;) 9
Pl 160 ™ T S 160 o . £5¢g
3 i N | ~ \ \\ = &
PO T B T . . \ \ \ \ R L1 TN W S N S_— o o
00015 10 20 30 4c 0-0015 It fi{ﬂv 3G 40 5 'g o
Q (keV) Q (kev) B Q _DC>_=
. . — — - Q-
various m , m, = mg,, 0, = 4 10-36 cm?2 various m,, m, =40 GeV, o, =4 10 36 cm?2 _
1 ey but we can assume o, ~ A? S
E‘\ Levin and Smith, 3 , 0 -
10-1 ) - RiQeh) [eounts/kg/day] . -
E Astroparticle Phys. i 0010, reduction because I~
il 6(1996) 87 1 ol of form factor - S
1n—!E 4:(;;\ :I | - (e - L:)
= f Vf ] enhancement " g 2
) ‘f" ‘j because of 000 ll .g D.
103 E ih ' i 00 ~ A2 mm-i"'--—--___ 5 o) TDJ
| \ | - 4z
101 1: %\ 1104 - — K g 8
: o iIE : ) = o P
*"E  with intreasing A s e SD5
" it ] - - {th [keV] =W 5
wal L . . . C b 0 10 20 ] 10 o .2
5 65 &5 0.7 1 T8 1A ] o LA

gqlm
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E— —— WESTFALISCHE Summary Of 2nd IeCture

WILHELMS-UNIVERSITAT
e MONSTER

4 )

Expected nuclear recoil spectrum is a feature-less exponentially
falling spectrum

4R _ oo FAG) (1) m oo FAGY) | mapd
d b, 2-mg - A -

v VT emg - e - g

Including earth movement around sun leads to a annual modulation
of the rate and the spectrum

Require experimental threshold of O(10 keV) !

Larger nucleus mass is preferred, since scalar coherent interaction (Sl)
scales with A2, but then smaller recoil energies !

\ J
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