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1. Introduction

Cosmological observations
(1) Relic density
WMAP (2001—, NASA)
Q, h? = 0.112670:005
(x: CDM)

Qyx = px/Pec
h ~ 0.7 (Ho = 100 h km/s/Mpc)

MSSM: x = lightest neutralino

—— Strong constraint
on the MSSM
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(11) Direct detection

http://dmtools.berkeley.edu.
Gaitskell&Mandi

Weakly Interacting
Massive Particle (WIMP)

XP — XP

. 2 .
Cross—section [cm”] (normalised to nucleon)

2

WIMP Mass [GeV]

Upper bounds on the cross sections
Spin-independent interaction: o, (SI) < 10~° pb
Spin-dependent interaction: o,,(SD) < 1 pb
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2. Theoretical framework

® Relevant parameters

gaugino mass

Higgsino mass

Higgs mass

sfermion mass

scalar trilinear

%( EE + ﬁ//aﬁ//a + gaga)

ﬁlﬁz —+ h.c.
(|1H1|* + |H2|?) + - - -
— = (H3)/(HY), |A|?

Gif? + 0 (B2 + -

{;(73LH2 + 51263LH1 + ?R?Zg;:Hl
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® Soft SYUSY parameters at Q@ = Mcur (= 2 x 106 GeV)
2 __ 2 __ 2 2 __
scalars  mg = mZ = my, =My, =
gauginos M; = My = Mg =
trilinear Aup,e = “oYuD,E

® RGE: Mgour — Mz

sfermions , Higgses

mHl

Radiative EW symmetry breaking
My = Mo > 0 at Mgur
—>m§IiggS <0atmy

m2Z . 'rn2H1 —m%_Iz tan? 3 _
2 tan? 3—1

— 4 + 1 parameters

Dark matter constraint on SUSY parameter space — p.6



3. Relic density of the neutralino

Boltzmann eq. :  “* + 3Hn, = — (n2 — nea?)

Interaction rate

I' ~ nov
Neq ~ €~ ™1 (T <« m)

Increasing <o,v>

Expansion rate
H ~ T?/Mp; (RD)

' > H: thermal

\
1 5 I' < H: decoupled

x=m/T (time -)

Kolb—Turner (freeze OUt)

10-%
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Accur ate calculation

1. All the contributions to o = o (xx — all)
‘al’ = ff, WtW~—,ZZ, H°H°, HYH~, ZH?, W+ HT

2. Exact formula for (ov) Gondolo-Gelmini (1991)
+— expansion (ov) = a + bx, x =T/m,,

3. Accurate treatment of Boltzmann eq,.
+— approximate solution

px < 1/ [ dx{ov), xy = T§/my ~ 1/20

4. Coannihilation (xx’ — -, xX'x' = +++,+++) Griest-Seckel (1991)
X/: VK= (;1, Xil:1 X(z)1 . ) Mizuta—Yamaguchi (1993)

levant f <1.1 o
Frelevant 10r mx' oL mx enhanced
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Cross section o(xx — all)

Process s-channel |t & u-channel
XX — ff f1-6
xX — hh,hH, HH h, H X714
hA, HA A, Z X(1)—4
AA h, H X(1)—4
HtH- | h H, Z X1
XX — WTW ™= h, H, Z xf2
ZZ h, H X34
xxX = Zh,ZH A, Z X7 4
ZA h, H XV _4
W*HF | h H, A
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Thermal average (ov)

[ 1] Exact formula Gondolo—Germini
f d3p1d3p2 e_El/Te_Ez/T (1991)

f d3p1d3p2 e—El/T —E>/T
1

— SmATK3(™R) 47%)9( \/_(8—4m2)K1(

4m?2 (1+e€)
~ / ds o-F(s)
4

2
my

D

')

[ 2] Expansion
:a,—l—b{l}‘, w:T/mX

a=w(m), b= —%(wa — w')|3:4m§<, w(s) = ﬁ\/s(s — 4m2)o(s)
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X

Exact vs Expansion

Naively, “expansion” should converge quickly,

because F'(s) decays quickly.
However, this is not necessarily true

when o varies rapidly with s.

e.g. near resonance,
threshold of new channel

Griest—Seckel (1991)

I
resonance at
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I(x;) (fb)

= 500 GeV, m, = 400 GeV, A, = A, = 600 GeV, u =

~
0
By
~—
—~
<3}

4 X
~
=

I(x;) (fb)

108 108
104 0. 104
108 102
102 102
10t

100

10t

10-2

10-3

—-500 GeV

VV, VH can be
dominant for large
mx.
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() expansion / () exact

tanf = 10, m, = 500 GeV, m, = 400 GeV, A, = A, = 600 GeV, u = —500 GeV
10% .,
excluded excluded
allowed allowed ___

10!

Large error over
sizable range of m,,

100 200 300 400 100 200 300 400
m, (GeV) m, (GeV)
Figure 4: The ratio Qeyp/Qexact (2) and the relic density Q, A% (b) for the same choicq
of parameters as in Fig. 1. The solid (dotted) curves are allowed (excluded) by
current experimental constraints. In window (a) the relic aboundance in both cases
is computed by solving Eq. (3) iteratively and using Eq. (4). In window (b) we show
(), h* is computed using our numerical code. The band between the two horizonta
dashed lines corresponds to the cosmologically favoured range 0.1 < Q,A* < 0.3.
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Coannithilation  ciestsecre oo

If NLSP (') is nearly degenerate with LSP (1m,» < 1.1m,),

then x’ is as abundant as x at Ty = 5X.

— 70X = ST L ghouid be included.
o(xX'x' = Ff’) (f, f': SM particles)

xf < X' f’is much faster than xx < ff’.

T T
Reaction rate
Ixf ™~ NMxNfOxf Txx ™~ MxNxOxx

~ Oy f exp (— ) ~ Oxx €XP (— T )
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Boltzmann eq. with coannihilation

Replacements

{ Ny, —> M=) _ N,
eqn
(ov) — (Oerv) =), i.j <0'zjvw>neq ned
.

‘fl—? +3Hn = —(oeg v)(n? — ngq

e CMSSM:
X' = 71, X3y x2
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Reduction of ©2, h* via coannihilations

tanf=10, A,=0, u>0

Q,h?>0.3

Am = Mz, — My

0.1<0Q h?<0.2

with coannihilation

m, ,=500 GeV
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Effect of coannihilations

T.N.—Roszkowski—Ruiz (JHEP0207)

tanf=10, A,=0, u>0
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Allowed regions (tan 8 = 10)

. | Roszkowski—Ruiz—-T.N. (JHEP0108)
tanf=10 m,=175 GeV, m, =4.25 GeV

"\0.1<Qxh2<0_2

— Strong constraint
(Allowed ‘line’)
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Allowed regions (tan 8 = 50)

Roszkowski—Ruiz—-T.N. (JHEP0108)

tanf=950 m,=175 GeV, m,=4.25 GeV

WMAP
— allowed ‘line’
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Allowed range of m,,

Enl=10,p>0

my, =114 GeV
m,_-::l.lﬂﬂ.'.e\'
tan3 = 10
p>0

g—2_
.--"""""-'

0 0 40 500 a0 T E00 00 oo

My ':.G'E"r:l

B WMAP (10)

=35, u<0
1100 T L

L]

myps (GreV)

wall=10, po

my, =114 GeV

i

tan8 = 10
pn <0

g A0 W0 408 S 0 TR0 800 900 00

m; (GeY)

tanff =50, p=0

Jale il E 010 1]

m,; (GeV)
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Mass upper boundsfrom WMAP

m,, <,500 GeV
for tan 830

m (GeV)

Coannihilation region

m, =~ Mz,

Stau is light !

(er, pgr NOt much heavier)

:—u,
ﬂr
v
&
E
-
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4. Direct detection of the neutralino

X X X X X X Goodman-Witten
\/0 q (1985)
z _l_  H,, ‘l‘ . Griest (1988)
q q q /\q q q Ellis—Flores (1988)

Drees—Nojiri (1993)
Lot = dg(XY*v5x) (@7uY59) + F4(XX)(a9)

U (plaglp). (plgyuvsqlp): input
hadronic Lagrangian

Lo = dp(XY*v5X) (DY Y5P) + [ (XX) (DDP)
where
_ (p) (p)
= ¥ nap. st Y Y o
qg—u.,d,s qg—u,d,s q=c,b, t
12 4 My MMyp
— — _szj ’ —= ;“g y Hp = My +mMp
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S| cross section

0.025 < Qh2 < 1

mo < 1TeV
m1/2 < ]_TeV

|A| < 3TeV
1.8 < tan 3 < 25

os1 ~ 10~7 pb for m, ~ 100 GeV
ost =~ 10~ pb for m, ~1TeV

S
<
T
5
(=
£
o
E
7]
[=
]
[
7]
L
&
W
]
[}
L

L'j:

WIMFE Ma= (LeV)
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Sengitivity of future detection

tan3 =5 tan 8 = 50

200 MS0 60D SO 10D 1ME0 oo S 1100 DAO0 1100 DE0D 300

Ml iGeV) M, GV
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General M SSM

Kim—T.N.—Roszkowski—Ruiz (JHEP0212)

UKDMC (Xe)

EDELWEISS

excluded

Eby 8= =-)“| by (g-2),

gdt lo

-
'ﬁ

|

|

|

|
od=mn”

excluded if u<1 TeV

|
|

paT indep. lower limit
I

500 600 100 8OO 900 1000

m, (GeV)

10712 pb < os1<10~% pb
(general MSSM)
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5. Effect of CP violation

® CP violating phases

My = |Mi|exp(¢0n,), p = |p|exp(z6,)
(Mg, Ag: real)

® Gaugino mass relations
: |M1| — gtan2 Hw|M2|

® Scalar—pseudoscalar mixing Pilaftsis (1998)
iInduces S—PS mixing at one-loop level.
0
( H \ o1
Hg — OH §b2
\ H ) 4

Dark matter constraint on SUSY parameter space — p.26



Bino-like L SP

mA _ 500 Ge \' m, = 500 GeV, m; = 300 GeV, A, = 300 GeV, u = 200 GeV, M, = 150 GeV, GUT-like

10-3

m ; = 300 GeV ti;ﬁéi
A; = 300 GeV
pn = 200 GeV
M = 150 GeV
GUT-like
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ma = 500 GeV
ms = 800 GeV
Ay = 800 GeV
pn = 200 GeV
Mo = 300 GeV
GUT-like

Mixed LSP

m, = 500 GeV, my = 800 GeV, A, = 800 GeV, u = 200 GeV, M, = 300 GeV, GUT-like
10-3

tang=10
tanB=30 — — -
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6. Conclusions

Neutralino () dark matter in the CMSSM

* Relic density 2, h? in the CMSSM
—

e Direct detection of the neutralino
WMAP constraint implies

os1 ~ 10~7 pb for m, =~ 100 GeV
~ 10~!! pb for m, =~ 1 TeV
(gereral MSSM: 10~ 12 pb <.o51<,10~ pb)

o Effect of supersymmetric CP-violating phases
(Onr, , 0,)
— Strong phase dependence of Q, h?
— WMAP allowed region for nonvanishing CP
phases
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