
4.#Dark#Ma)er#Candidates�
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Dark#Ma)er#Candidates�

•  Carry#masses#
•  Stable#
•  Neutral#
•  Non<Baryonic#
•  Cold#
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Dark#Ma)er#Candidates�
a)  MACHO # #X#

–  Baryonic#
b)  Neutrinos # #X#

–  Too#small#masses#
–  Against#structure#formaGon#

c)  Axion # # #○#
–  SaGsfy#all#the#condiGons#
–  Produced#non<thermally#in#the#early#universe#

d)  WIMPs# # #○#
–  SaGsfy#all#the#condiGons#
–  Produced#thermally#in#the#early#universe # # ##
–  Cross#secGon#!#DM#density#

•  Weak#scale#interacGon#
e)  Others#
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MACHO#�
•  #invisible#starts#in#halo#(Baryonic)#

h)p://rikanet2.jst.go.jp/contents/cp0320/images/F05010001.jpg#12/02/07� n�Y.#Suzuki#@A�TMµ
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MACHO�

•  Historical#ref)#‘GravitaGonal#Micro<lensing#by#the#GalacGc#Halo’,#B.#
Paczynski,#Astop.J,#304,#1#(1986).#

•  «�®±5d��100���5µO7#¶�
S?���u����Z[��^<halo�
MACHO�Micro<lensing�:�u5���{
S?�P#

$bFµS?N¶�

"µ)¶«�®±d(O7#¶#

v�
v�

v�
v�v� v� MACHOs#in#Halo�

12/02/07� o�Y.#Suzuki#@A�TMµ
"¶�

Remember#the#garavitaGonal#Lensing#
(GravitaGonal#Lensing�I|¶�

two#soluGons,�

•  For#point#source/mass�

M(θ)#"#M�

θE:#Einstein#Radius�

One##inside#of#θE#
One##outside#of#θE�
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AmplificaGon(��)�

•  Solid#Angle�-t#i4�~�-,#
�.BµAmplificaGon:#µ¶����

z��

u#=#βθE<1##�y}vµθE���uβ�?����¶�
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AmplificaGon(��)�
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AmplificaGon(��)�

•  AmplificaGon#µ�

u=β/θE�

•  Source{Einstein#Radius#�w��|(β=θE)t##u=1#
#µ#=#1.17#+#0.17#=#1.34#

•  Source{Einstein#Radius#��w��|��u��B
�u1.34��"|}��v�
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AmplificaGon�

•  Time#variaGon#of#the#
amplificaGon#

•  t0#=#tE=#RE/v#
–  v#is#the#relaGve#

tangenGal#velocity�

Impact#Parameter#
d/RE=#0.1,#0.2,#…#
####…,1.0,#1.1,#1.2�

0.1�
0.2�

0.13=log(1.34)�

B.#Paczynski,#Astop.J,#304,#1#(1986)�

A¹
i�
�
B
�

RE�

u�
t=0�

v�
d:#Impact#
#####parameter�

tE#=#RE/v�
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AmplificaGon�

V]&(M)� ��6`�

10� 237#####d�

1� ##75#####d�

0.1� ##24#####d�

10<2� ####7.5##d�

10<4# ##18#####hr�

10<6� #####1.8#hr�

10<8� ###10.8#min�
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OpGcal#Depth�
•  A#chance#seeing#a#micro<lensing#event#
� δω##:#solid#angle#

dV=#δω#Dd
2#dDd#

N(Dd):#number#density#
#

Solid#Angle�Einstein#Ring{#
x}��x�zv#

X#=#Dd/Ds#
dx#=#dDd/Ds�
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OpGcal#depth#toward#LMC�

•  Depend#on#the#halo#model#
•  τLMC#=#4.7#x#10<7�
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MACHO2G�

•  ���=_����x#
•  �²>�8K�6`�(��(C#
•  ��O7#�(���/�z����x´�

•  ��©£��®±¥	U#
– _�9u�R��!�5#
– 35uW35�
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Early#Results#from#MACHO#Proj.�

•  1.27#m#telescope#at#Mt.#Stromlo#in#Australia#(0.5#deg2#of#F.o.V.)#
•  Monitoring#1.8#million#stars#in#LMC#(12#k#images);#OpGcal#depth#of#LMA:#5x#10<7#
•  One#candidate:#Amax#=#6.86,#t#=#33.9±0.26#days#

&##Mass:#0.03#M$∼0.5#M$�

Ref)#MACHO#Proj.,#C.Alcok#et#al.,#Nature#365,#621#(1993)#� MACHO#Proj.�
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Early#Results#from#EROS�

•  EROS#La#silla#in#Chile#(ESO)#
1)  5ox5o#Schmidt#plate#
2)  1ox0.4o#CCD#
•  Monitored#3#million#stars#in#
3#years#

•  Two#candidates:#
–  t=27±2#d;#Amp(mag)#1.0±0.1#
–  t=30±3#d;#Amp(mag)#1.2±0.2#

Ref)#EROS,#E.Aubourg#et#al.,#Nature#365,#623#(1993)#�

A#=#2.5Δmag�

12/02/07� kp�Y.#Suzuki#@A�TMµ
"¶�



MACHO#Project�

•  5.7#years#obseraGon#
•  11.9#Million#stars#
•  Found#13#(Category#A)#
to#17#candidates#

•  Time#scale#34<230#
days#

•  OpGcal#depth#for#
2<t<400#
–  τ2400#=#1.2+0.4<0.1#x#10<7�

Standard#Halo#Model�
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EROS#(Experience#de#Resherche#
d’Objets#Sombres)�

h)p://en.wikipedia.org/wiki/
File:Observatoire_de_LaSilla_depuis_la_route_de_Las_Campanas.jpg�

•  Marly#1m#telescope#at#La#Silla#(Chille)#[ESO:#
European#Southern#Observatory]##

•  2#Cameras,#2x8#CCDs#Wide#field#(1#deg2)#
•  EROS<II#(July#1996<#Feb#2003)�
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EROS<II�

•  850#k#images#processed#
•  55#M#stars#monitored#in#LMC#and#SMC#(55#kpc)#
•  7#M#Bright#starts#are#analyzed#
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Signal#and#Backgrounds�

•  The#11#events#of#EROS#in#the#past#and#
present.#All#candidates#except#EROS2<SMC<1#
have#been#eliminated#as#variable#stars#or#as#
supernovae.�
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Results#(MACHO#&#EROS)�

•  Limit#on#f#(LMC)#
– 2%#at#10<2#M#
– 5%#at#0.4#M#
– 8%#at#1#M#

•  Solid#line:#f#=#τlmc/4.7x10<7#@95%#C.L.#
#####for#no#observed#events#in#EROS#LMC#data.#
•  Dashed#line:#f#=#τlmc/4.7x10<7#@95%#C.L.#
#####for#one#observed#event#in#EROS#SMC#data.#
#####by#assuming#τsmc<halo#=#1.4#τlmc#

EROS#Coll.,#P.Tisserand#et#al.,#A&A,#469,387#(2007)�
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Neutrino�Dark#Ma)erz�
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Neutrinos�

•  ¦³¤¯¨1��H:#
#→t*�}��1Df�ν�V]�#0.05#eV��#

Two&neutrino&

case&

να &(" )"= (" cosθ&
νβ&

sinθ&
- sinθ& cosθ& )"

ν1 &
ν2&(" )"

P(να→νβ)$=$sin22θ$sin2(1.27Δm2L/E)$$

?&�|���·D�¦³¤
¯¨�V]-�·��

Δm2 = m2
2 - m1

2 (eV2)!
L (km): Neutrino flight 
length!
E (GeV): Neutrino 
energy!
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#Three#Neutrinos�
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•  Δm23$>>$Δm12$
•  Small$θ13$
##12<mixing#�i23<mixing{��decouple��x�v�
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Discovery&of&Neutrino&Oscilla?on�

•  1998:#Atmospheric&Neutrino&Oscilla?on#
#(Super:Kamiokande)#
–  Asymmetry#in#zenith#angle#distribuGon#
–  νµ#deficits#(up<going)#

•  2001:#Solar&Neutrino&Oscilla?on#(SNO
+Super:Kamiokande)#
–  SNO:#charged#current###"νe#
–  SK:#Electron#Sca)ering#"νe+0.15(νµ+ντ)#

SuperOK� SNO�
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Atmospheric#and#Solar#neutrinos�

•  ";¦³¤¯¨�1�¹νµ&–&ντ  `�1�tt&&
&&&&&&&&&Δm2&

=&2.4×10
O3
&eV

2
,
&
sin

2
2θ=1.0&&&

tttλosc=&∼300km&@Eν=1GeV&&&

&
&

•  $b¦³¤¯¨�1�¹ν
e
&–&νµ, τ&`�1�t&

tttΔm2
=8×10

O5
&eV

2
,&sin

2
2θ=0.88&

&&&&&&&&&Losc=&∼102km&@Eν=0.01GeV&

(h�§°�³��$b¦³¤¯¨�@V1�¶&

&
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Mass#difference#and#mixing#
>#10#years#axer#the#discovery�

Δm
12

2
& &=&7.58

+0.21

O0.20
&x&10

O5
&eV

2
&(~&3%�E/)tt[KamLAND]�

&sin
2θ

12
&=&0.31

+0.02

O0.02
& & &(~&7%�E/)tt[�$bν'g]�

Δm
23

2
& &=&2.43

+0.13

O0.13
&x&10

O3
&eV

2
&(~&5%�E/)tt[MINOS]�

& &=&2.19
+0.14

O0.13
&x&10

O3
&eV

2
&(~&6%�E/)tt[SuperK]�

&sin
2θ

23
&=&0.51

+0.05

O0.07
& & &(~14%�E/)&&&&&[SuperK]�

0.01<sin
2θ

13
<0.04& & & & & & & & &&&&&[T2K]�

�
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c+�

•  *�}�����imν>0.05#eV#(Δm2∼0.003eV2)#
•  3ν{LY��x��uV]�V]-���z��"|}���xv�

ν1!
ν2!

ν3!

νµ& ντ&m
as

s!

ν
e&

  Δm
23
&>>&Δm

12&

Normal&Hierarchy&

ν1!
ν2!

ν3!
νµ& ντ&ν

e&

Inverted&Hierarchy&

Δm23�
�

Δm12�
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Neutrinos�

•  e%¦³¤¯¨��aV]�u¤¯¢�¬�
ª³ , z��a{�x�x�vº¸ieV#

•  DM��{¦³¤¯¨�w�����uV]
�J�{#47#eV/c2#0Q�w�v#
– V]�J�{����X��xv#
– ¡³�« ³�����\�w�v#

•  Hot#dark#ma)er���v#
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END�

12/02/07� ml�Y.#Suzuki#@A�TMµ
"¶�



5.#Axion#and#Axion#Like#Par0cles�

12/02/07� '�Y.#Suzuki#@��"!D��E�

References�

•  The#Strong#CP#Problem#and#Axions,#R.D.#
Peccei,#hepEph/0607268v1(2006)#

•  CAST#results#and#Axion#Review,#T.#Geralis#
•  AXIONS:#RECENT#SEARCHES#AND#NEW#LIMITS,#
G.#G.#Rafelt,#arXiv:hepEph/0504152v2#(2005)#

•  Microwave#cavity#searches#for#darkEma]er#
axions,#R.#Brandley#et#at.,#Rev.#Mod.#Phys.#75,#
777#(2003)�
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Strong#CP#Problem�

1)#QCD#allows#CP#viola0ng#interac0on#

2)#Contradict#by#stringent#limit#on#the#electric#dipole#
moment�

Experimental#limit#(neutron#EDM):#
dn#<#2.9#x#10+26#e�cm#(��8CFG�IE#
!#|θ|#<#10E11#

Why#θ#term#is#so#small#!#Strong#CP#Problem#!!�

EEM#counterpart:#
! EBB#
"#E:#vector,#B:#axial#vector�

12/02/07� )�Y.#Suzuki#@��"!D��E�

Resolve#Strong#CP#Problem�

•  One#solu0on#
–  Introduce#global#UPQ(1)#symmetry,#broken#at#some#
large#energy#scale,#fa#(PecciEQuinn)#

– !#Strong#CP#problem##dynamically#resolved#
– Axion#must#exist:#corresponding#to#pseudo#MambuE
Goldstone#Boson##(Weinberg,#Wilczek)#

fa:#axion#decay#constant#or#PQ#scale#
fπ=#93MeV:#π#decay#constant#
z=mu/md#≈#0.56#(but,#0.3∼0.7)�

12/02/07� *�Y.#Suzuki#@��"!D��E�



AxionEphoton#Interac0on#�

E,N#model#dependent#value#
–  For#DFSZ#model###E/N#=#8/3#
–  But#any#value,#not#known�

1.95#(typical)�

Free#parameters,#ma#and#gγγa#:#linear,#but#‘broad#band’#�

12/02/07� +�Y.#Suzuki#@��"!D��E�

ma#vs#gaγ�
•  A#typical#
range#(bestE
mo0vated)#
for#gaγ#for#a#
given#ma#

•  In#principle,#
gaγ#can#take#
any#value.#�
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Invisible#Axion�

•  Symmetry#breaking#@#ElectroEWeak#scale#(100#
GeV)#was#excluded#by#
– Accelerator#experiments#for#no#observa0on#of#axion#
with#mass#∼#100#keV#

–  ∼#100#keV#$#fa#∼#100#GeV##
•  Invisible#axion:#DFSZ,#KSVZ#models#
–  Breaking#scale#much#higher#
–  Coupling#extremely#small#

12/02/07� -�Y.#Suzuki#@��"!D��E�

Astrophysical#Constraints�

•  Stellar#evolu0on#
– Limits#energy#loss#by#axion#emission#

•  Neutrinos#from#SN1987A#
– Dura0on#of#a#few#seconds#
–  Indicates#cooling#primarily#by#neutrinos#
– Limits#axion#coupling#and#mass#

!#gives#upper#limits#on#coupling#and#mass�
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Relic#Abundance�
•  Invisible#axions#
–  Cosmological#abundance#increases#if#mass#reduces#
– Good#candidate#for#Cold#Dark#Ma]er#

•  Gives#lower#bounds#on#coupling#and#mass#
– ΩCDM#∼ 0.22#
– ma#<10E6#eV#!#Over#closure#of#the#Universe#
– ma#∼ 10E6#eV:#lower#bound#
–  For#example,#axions#with#ma#∼ 10E5#eV#is#a#good#
candidate#for#CDM##

12/02/07� /�Y.#Suzuki#@��"!D��E�

Cold#Axions?�

•  DM#need#to#be#nonErela0vis0c#before#the#
structure#forma0on#
– Tst#>#2.7K#=#2x10E4#eV#
– Thermal#axions#with#ma#∼ 10E5#eV#is#rela0vis0c#

•  Axions#produced#at#the#QCD#phase#transi0on#
– Axion#momenta:#Pa#=#10E8#eV#
– Surrounding#plasma#temperature:#T1#=#1#GeV#
– Ref)#Ipser,#J.,#and#P.#Sikivie,#1983,#Phys.#Rev.#Le].#50,#925.�
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Open#Window#
Astrophysical#Constraints�

R.#Brandley#et#at.,#Rev.#Mod.#Phys.#75,#777#(2003)�

10E(6#to#5)#eV#<#ma#<#10E(3#to#2)#eV�
12/02/07� ''�Y.#Suzuki#@��"!D��E�

Produc0on#and#detec0on�

•  Produc0on:#Primakoff#effect#

•  Detec0on#:#Conversion#in#BEfield##(Inverse#process)#

q#=#kγ#–#ka#≈#ma
2#/2ω'

If#qL#≤#1,#then#Pγγ#a#=#(gaγBL/2)2'

E=ma7��6��:#(1eV=1.2µmE1)#
#1#µeV#=#1.2#mE1 ###λ=O(1m)# ###O(100MHz)#
#1meV#=# # # ###λ=O(1mm) ###O(100GHz)�
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Axion#Search#Experiments�

12/02/07� ')�

Slide#form:#L.J.#Rosenberg,#TAUP2009�

Y.#Suzuki#@��"!D��E�

Solar#Axion�

•  Search#for#keV#axions#produced#in#the#sun#(not#
DM)#

•  Primakoff#conversion#of#thermal#photons#+#
fluctua0ng#electro/magne0c#field+Solar#Model#

•  Flux#at#the#earth#
#
#
•  Average#energy:#4.2#keV#∼#<Esun>�

12/02/07� '*�Y.#Suzuki#@��"!D��E�



Solar#Axion#Spectra�

12/02/07� '+�Y.#Suzuki#@��"!D��E�

CAST�
•  History#

–  BNL(1992)#
–  Tokyo#Axion#Helioscope#(2002)#
–  CERN#Axion#Solar#Telescope#(CAST)#

•  CERN#Axion#Solar#Telescope#(Helioscope)#
–  (ref)#hepEex/0411033v2#(July#27,#2011)#

•  Detector:#
–  Convert#to#XErays#in#9.5#Tesla#field#
–  Decommissioned#LHC#superconduc0ng#magnet#at#1.8#K#
–  9.26#m#long#magnet#(two#bores)#
–  D=#6cm#
–  Cross#sec0onal#area:#2#x#14.5#cm2##

12/02/07� ',�Y.#Suzuki#@��"!D��E�



Conversion#Probability#in#a#Laboratory�

•  In#BEfield#in#vacuum#

•  L:#path#length,#q=ma
2/2Ea#:#axionEphoton#

momentum#difference#
•  For#qL#<<#1#:#axionEphoton#oscilla0on#length#
exceeds#L#

!##

12/02/07� '-�Y.#Suzuki#@��"!D��E�

Expected#XEray#flux�

•  By#using#the#axion#flux#from#the#sun#and#the#
conversion#probability:#
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Higher#mass�

•  For#qL#>1###momentum#mismatch#
! Add#a#buffer#gas###refrac0ve#(effec0ve)##
photon#mass#mγ##(plasma#frequency)#
# # # # #q#=#|mγ

2#–#ma
2#|/2Ea#

•  For#ma#∼#mγ#restore#the#rate:#coherent#
conversion#

•  0.1#eV#≤#ma#≤#5#eV#(0.1#–#300#atm)#
•  Coun0ng#rate:#10E5#∼#10#secE1�

12/02/07� '/�Y.#Suzuki#@��"!D��E�

CAST�
•  Rota0ng#plat#form(V:#±8o,#H:#±40o)#
•  Observa0on#1.5#hours#at#sunset#and#sunrise#
each#nearly#all#the#year#

•  Rest#of#the#0me:#background#measurements#
•  Tracking#accuracy:#1#arc#minutes�
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XERay#detector�

•  Detectors#at#both#ends#of#magnet#
– Sunrise#side:#MicroMEGAS#(Micro#Mesh#Gaseous#
Structure),#pnCCD#(fully#depleted)#and#forcusing#
device#(ABRIXAS:#S/N#improve#by#factor#200)#

– Sunset#size:#TPC#(Phase#I),#MicroMegas#(Phase#II)#

12/02/07� ('�Y.#Suzuki#@��"!D��E�

Results�
•  Phase#I#(2003E2004)#

–  ma#:#up#to#0.02#eV#(best#sensi0vity)#
–  gaγγ#<#8.8#x#10E11#GeVE1#@#95%#C.L.#
–  Surpassing#the#astrophysical#limit#of#the#Horizontal#Branch#
stars#evolu0on#

•  Phase#II#(2005E2006)#
– Ma#>#0.02:#axionEphoton#coherence#is#lost#in#vacuum.#
–  Insert#refrac0ve#gas#to#restore:##

•  4He#up#to#0.39#eV#to#13.4#mbar#
•  3He#up#to#1.2#eV#to#135.6#mbar#

•  July27’s#paper#
# #gaγγ#<#1.16#x#10E10#GeVE1#@#95%#C.L.#
# #ma#<#0.02#eV#
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PhaseEI#results�

12/02/07� ()�Y.#Suzuki#@��"!D��E�

AxionEphoton#coupling#vs#axion#mass�
•  Limit#achieved#by#the#

CAST#experiment#
(combined#result#of#the#
CASTEI#and#4He#part#of#
CASTEII)#

•  The#yellow#band#
represents#typical#
theore0cal#models#with#
|E/N#−#1.95|#in#the#
range#0.07–7#while#the#
green#solid#line#
corresponds#to#the#case#
when#E/N#=#0#is#
assumed.##

•  The#red#dashed#line#
shows#prospects#for#the#
3He#run�
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Tokyo/SUMICO�

•  Best#limit#
– gaγγ#<#5.6E13.4#x#10E10#GeVE1#@#95%#C.L.#

#for#0.84#eV#<#ma#<#1eV#

12/02/07� (+�Y.#Suzuki#@��"!D��E�

Axion#Dark#Ma]er#Detec0on�

•  Mass7��H10E6∼10E3#eV#

(P.Sikivie)#

�GT#

axion#

•  Micro#Wave#Cavity#6�5��#=24;#
•  Axion69:cavity�7Energy3�
#
•  Ea#=#ma#+ma#β2/2#

'β=#10E3#for#halo#axions�
12/02/07� (,�Y.#Suzuki#@��"!D��E�



Micro#Wave#Cavity�
•  v:#volume#of#the#cavity#
•  B0:#magne0cEfield#strength#
•  QL:#cavity’s#loaded#quality#factor#

(Q)#
•  Qa:#quality#factor#of#axion#signal#

(#the#ra0o#of#axion#energy#to#
energy#spread)#

•  ρa:#density#of#galac0c#axions#on#
the#earth#

•  C:#mode#dependent#form#factor#
•  B0:#sta0c#magne0c#field,#
•  Eω(x)exp(iωt):#oscilla0ng#electric#

field##of#the#cavity#mode#
•  ε:#dielectric#constant�

ADMX�$7?A@C>(QL=105)=1<;5#
Pa##~#3×10E22#W#@#ma=3µeV#

12/02/07� (-�Y.#Suzuki#@��"!D��E�

ADMX#Experiment�

•  Axion#Dark#Ma]er#Experiment#
•  Several#cavi0es;#Different#and#tunable#
resonant#frequencies#(axion#masses)#

•  Look#for#ma#=#∼ µeV�

12/02/07� (.�Y.#Suzuki#@��"!D��E�



ADMX#Experiment#�

50cm#

10
0c
m
#

#�	����#>3~9×10E23#W#

S.Astalos#et#al,#PRD64(2001)092003#

•  B=7.6T,#Physical#temp.#1.3K#
•  V=200litre,#Cavity#Q=2×105#
•  Cavity#form#factor#C#=0.69#
•  HFET#amp+Heterodyne#
•  Noise#power#~10E13W/125Hz#
000D10E14#W/#√Hz0��%E�

12/02/07� (/�Y.#Suzuki#@��"!D��E�
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ADMX#Experiment#�
High#resolu0on#channel#

12/02/07� )'�Y.#Suzuki#@��"!D��E�

Spectrum#data#
Data# Data#with#ar0ficial#axion#peak#
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ADMX#(Medium#Resolu0on)7 ��
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END�
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6.#WIMPs#Dark#Ma-er�

12/02/07� r�Y.#Suzuki#@I�_V²�%HK³�

6.#WIMPs#Dark#Ma-er�

a)  Overview#
1.#Relic#abundance#

b) Direct#InteracAons#
1.  Sca-ering#Cross#secAon#
2.  Spectrum#
3.  Seasonal#VariaAon#

c)  AnnihilaAon#processes#
#

12/02/07� s�Y.#Suzuki#@I�_V²�%HK³�



6La)#Overview�
•  WIMPs#Dark#Ma-er#
–  SaAsfies#all#the#requirements#

•  Carry#masses#
•  Stable#
•  Neutral#
•  NonLBaryonic#
•  Cold#

– Mχ#=#0.01#∼#1#TeV#
– DM�Relic#abundance�weak#scale��eg��¡}#
– WIMPs��Y����SUSY�5¢�~¡}#

•  US&^M��o�#

12/02/07� t�Y.#Suzuki#@I�_V²�%HK³�

Relic#Abundance�

•  Ref)#SUSY#Dark#Ma-er,#G.Jungman#et#al.,#Phys.#
Reports,#267,#195#(1996).#

•  Ref)#Cal.#of#Relic#DensiAes#in#the#early#
universe,#Nucl.#Phys.#B310,#693#(1988)�
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Relic#abundance#(Essence��³p�
•  nχeq:#number#density#of#χ#in#thermal#equilibrium#

–  g:#internal#freedom#
–  f(p):#FD#or#BE#distribuAon{[exp((εLµ)/T)±1]L1#,#ε=(p2+m2)1/2#

T(>>(mχ ((O-^M|nE>³�

T(<<(mχ ((kO-^M³� Boltzman#suppressed:#
���|thermal#equilibrium��|#
(()�X4�slow�>³#
nχeq#!#0##"#no#relic#WIMPs�

ζ(3) = 1.202…. :#¨±©±i;�

12/02/07� v�Y.#Suzuki#@I�_V²�%HK³�

�W�

•  d�g�i�¡P�(O-^M:#m=0)�

Bose#S&�#�¶{x=E/(kT)����

Energy#density�>����

12/02/07� w�Y.#Suzuki#@I�_V²�%HK³�



�W�

Fermi#S&�#�¶�

��b¤P��¡�

0b�lN��b���P�#

6��|;{{{{{{{{��FeremiS&�#��C�¡}�

12/02/07� x�Y.#Suzuki#@I�_V²�%HK³�

Freeze#out�

•  Equilibrium#in#high#temperature�
T#>#mχ�

T#<#mχ�

•  Number#density#of#χ#drops#exponenAally,#then#
•  The# rate# for# the# annihilaAon,# Γ=<σAv>nχ# drops#
below#the#expansion#rate:#Γ#<#H#

•  Then#χ's#cease#to#annihilate,#fall#out#of#equilibrium.#
•  Dark#Ma-er#freeze#out#!#

12/02/07� y�Y.#Suzuki#@I�_V²�%HK³�



S&;�X4()���¡L/�

#############:#Hubble#expansion#rate#
a:#############scale#factor#of#the#Universe#
<σAv>:####thermal#average#of#the#annihilaAon#######
################cross#secAon;#v:#average#velocity#
nχ :##########actual#number#density#of#χ#
nχeq#:#######number#density#in#the#thermal#equilibrium�

12/02/07� z�Y.#Suzuki#@I�_V²�%HK³�

S&;�X4()���¡L/�

•  Early#Ames:##
– Right#hand#side#is#dominant#
– Expansion#is#slow#and#thermal#equilibrium#

•  Γ#<#H:##
– Right#hand#side#≈#0#
###"#nχ#∼#a-3//:#freeze#out#

nχ=Aa-3{���|#
dnχ/dt/=/-3Aa-4å/=-3Hnχ/�

12/02/07� rq�

H� T4�
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Freeze#out�

•  Γ(Tf)#=#H(Tf)#
–  Aper#Tf#
"#nχ=constant#in#coLmoving#
volume#
–  Tf#∼#mχ/20#

•  Γ=nχ<σAv>=H#��|relic#
density�<σAv>�i�D
�¡}#

•  If#<σAv>#is#larger,#WIMPs#
stay#in#equilibrium#longer#
#"#a#smaller#relic#
abundance#when#freeze#out#

Fig.#from#Kolb#and#Turner,#The#early#Universe�

The#dashed#curves#are#the#actual#
abundance,#and#the#solid#curve#is#the#
equilibrium#abundance�

12/02/07� rr�Y.#Suzuki#@I�_V²�%HK³�

Weak#Scale�

•  Independent#of#the#WIMP#mass,#but#by#the#
annihilaAon#cross#secAon#

•  v#at#freezeLout#∼#appreciable#fracAon#of#c#
•  "#σ∼10L8#GeVL2#
#

•  Weak#scale#interacAons:#

Approximate#SoluAon�

#ħc#=#200#MeV°fm#
#######=#2#x#10L14#GeV°cm�

α       ∼ Ο(0.01))
mweak#∼#Ο(100#GeV)�

dimension�£��
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WIMPs#mass#and#abundance�

•  SUSY#models�
�¡|WIMP#
mass#vs#
Cosmological#
abundance#

•  Spike�|«®
±©�� <
�	GM���
�|HKM8�
���}�

Jungman#et#al.,#Phys.#Rep.#267,#195#(1996)�

12/02/07� rt�Y.#Suzuki#@I�_V²�%HK³�

SUSY�

•  Ref:#SUSY#
– Dark#SUSY,#P.#Gandolo#et#al.,#astroLph/0406204,#
JCAP0407(2004)008#(J.#of#Cosmology#and#
AstroparAcle#physics)#

– SUSY#Dark#Ma-er,#Jungman#et#al.,#Phys.#Rep.#267,#
195#(1996)�

�

12/02/07� ru�Y.#Suzuki#@I�_V²�%HK³�



χ :#Neutralino�

•  Linear#combinaAon#of#the#superLpartners#of#
the#neutral#gauge#bosons#and#neutral#
Higgsinos.#

•  Lightest(LSP):##
#"#Dark#Ma-er#Candidate#

#
#######cf.#Charginos:###

12/02/07� rv�Y.#Suzuki#@I�_V²�%HK³�

c3�1|Density�

•  Maxwell#distribuAon#
– vdispersion#=#270#km#

•  Density#
– 0.4#GeV/cm3#

•  RotaAon#velocity#@around#the#sun#
– 220#km#

•  !J�velocity#
–  (220#+#12#±#15)#km#

12/02/07� rw�Y.#Suzuki#@I�_V²�%HK³�



6Lb)#Direct#InteracAons�

•  Ref)#R.W.Schnee,#arXiv:1101.5205v1#
•  Ref)#Lewin#and#Smith,#Astropart.#Phys.#6,87#
(1996)#

•  Ref)#Kurylov#and#Kamiokowski,#Phys.#Rev.#D69,#
063503#(2004)�

12/02/07� rx�Y.#Suzuki#@I�_V²�%HK³�

Sca-ering#Cross#SecAons#�

•  σχA(q):#WIMPLNucleus#cross#secAon#
•  F2(q):#form#factor,#µA=MχMA/(Mχ+MA):#reduced#mass�

•  see#ref)#Kurylov#and#Kamiokowski,#Phys.#Rev.#D69,#063503#(2004)#
•  At#zero#momentum#transfer###form#factor#
•  fp,#fn#(ap,#an):#effecAve#spin#independent#(dependent)#couplings#
•  <Sp,n>=<A|Sp,n|A>:#expectaAon#values#of#the#proton#(neutron)#

spins#within#nucleus#
•  <Sp>=<Sn>=1/2#for#free#nucleon#
•  J:#total#nuclear#spin�12/02/07� ry�Y.#Suzuki#@I�_V²�%HK³�



Spin#Independent#(SI)#Cross#SecAon�

•  For#fp≈fn#(for#many#cases),#SI#WIMPLnucleus#σ;�

$  σSI#is#used#for#comparisons.#
$  σ0χA,SI#∼(µA

2/µn
2)#A2#"#Advantage#of#larger#A#

$  For#A=50,#µA
2/µn

2#=#625#!#SI#WIMP#nucleus#>#WIMP#nucleon#x∼105�

•  Introducing#SI#cross#secAon#on#a#single#nucleon;#σSI�

12/02/07� rz�Y.#Suzuki#@I�_V²�%HK³�

Spin#Dependent#(SD)#Cross#SecAon�

•  SI��@���|#

12/02/07� sq�Y.#Suzuki#@I�_V²�%HK³�



Spin#Dependent#(SD)#Cross#SecAon�

•  ContribuAon#of#nucleons#with#opposite#spins#
cancel#
– !#Total#SD#cross#secAon#depends#on#the#net#spin#
of#the#nucleus#

•  Even#numbers#of#protons#in#nuclei#
– !#no#sensiAvity#to#SD#interacAons#on#proton#

•  Even#numbers#of#neutrons#in#nuclei#
– !#no#sensiAvity#to#SD#interacAons#on#neutron#

12/02/07� sr�Y.#Suzuki#@I�_V²�%HK³�

SensiAvity�
R.W.Schnee,#arXiv:1101.5205v1�
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Recoil#Spectrum�

(IniAally#consider#the#case#of#zero#momentum#transfer)#
•  ER#:#recoil#energy#of#mass#A#(Lab.#Frame)#
•  Ei#=#Mχv2/2:#WIMP�d�¥ª¯¦±(Lab.#Frame)#
#
#

•  θ:#sca-ering#angle#of#WIMP#(CM#frame)#
�

12/02/07� st�Y.#Suzuki#@I�_V²�%HK³�

Recoil#Spectrum�

•  LabT��:�5�c3¶{f7T���¡:�5�
S&�c3�LabT��Z�f7T�c3¤��¡}�

�]=�

d�g�$9¶pµ�9Q`g�
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Recoil#Spectrum�

C�

�]=�

O�A� B�

C�

P1’� P2’�
n0�

Target#jB{P2=0{"p|v1|#=#v#:#B�����
�

χ�θ1� θ1�

12/02/07� sv�Y.#Suzuki#@I�_V²�%HK³�

Recoil#Spectrum�

•  r#≤#1#[#####(Mχ+MA)2L#4MχMA#=#(Mχ–MA)2#≥0#]#
•  r=1#for#Mχ=MA##
– `g���>recoil#energy�?%¤�¡}#

•  Energy##Range{ER:#0#∼#rEi#
–  Emax%#GalacAc#escape#velocity:#Emax=Mχvesc2/2#
–  ER¤� ��G�|?.energy,#velocity¶#

•  Emin#=#ER/r#²phead#on#(θ=π))#
•  vmin#=#(2Emin/Mχ)1/2#=#(2ER/(rMχ))1/2#

##

12/02/07� sw�Y.#Suzuki#@I�_V²�%HK³�



Rate�

•  DifferenAal#rate:�
 ¶{R.W.Schnee,#arXiv:1101.5205v1#

Emin�

DifferenAal#rate#dR/dER#��pcontribuAon::#
•  #dR(Ei)#�|0∼rEi#��@�,�#

#dER��|dR(Ei)[Area]¤rEi[h�]�����
��,�:dR(Ei)/(rEi)�

dER�

12/02/07� sx�

Recoil#!#IniAal#�$9�

Y.#Suzuki#@I�_V²�%HK³�

Rate�

•  Navo/A#:#target#number#in#unit#volume#
•  n0=#ρχ/Mχ:#WIMPs#number#density#

)ρχ#=#0.3#GeV/cm3#(typical)#
•  σv#dt:#interacAon#in#dV#in#dt#
•  WIMP#velociAes#follow#Maxwellian#distribuAon#
•  Ignore#earth’s#velocity#and#escape#velocity#(for#
illustraAve#purpose)�
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Rate�

•  E0#=#Mχv02/2#most#probable#WIMP#incident#energy#
#[#vmin#=#(2Emin/Mχ)1/2#=#(2ER/(rMχ))1/2##]#

���|�

Maxwell�c��1�

12/02/07� sz�

A¬±§�

Y.#Suzuki#@I�_V²�%HK³�

\Q�
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Rate�

•  2"#<ER>#=#E0r#######xf(x)dx#/##f(x)dx#
– <ER>#=#E0#=#(1/2)Mχv02#only#if#Mχ#=#MA#

– For#Mχ#=#MA=100GeV,#

#<ER>#=#(1/2)°(100x109/(3x108)2)°220x103�27#keV#
•  ##################################:#total#rate#for#kgL1dayL1#

V0=220km/s�

12/02/07� tr�

" Per#nucleon���|���µ´6�#
" SI(nucleon)¤|10L44cm2��¡�#SI(nucleus)#!10L38cm2=#10L2pb#
" A∼100���#10L4#events/kg/day#�

Y.#Suzuki#@I�_V²�%HK³�

Rate�

•  Effect#on#<ER>#of#WIMP#mass#Mχ)

•  Mχ
2# # # #if#Mχ#<<#MA#

•  #constant ## #if#Mχ#>>#MA#

•  Escape#velocity:#vesc∼#540#km/s##
–  Ref)#RAVE#servey,#M.C.Smith#et#al.,#Mon.#Not.#Roy.#Astron.#Soc.#379,#755#(2007),#astroLph/1002.1912#

–  Cut#off#energy:#
•  Emax#=#r#(1/2)Mχvesc2#∼#100#keV#(for#50GeV)#
•  If#Mχ#is#smaller,#then#cut#off#energy#is#lower#

–  Emax#=(vesc/v0)2<ER>#∼#6#<ER>#
•  ##<ER>=#rE0=r(1/2)Mχv02�12/02/07� ts�Y.#Suzuki#@I�_V²�%HK³�



Spectrum#Shape�

•  Form#factor#included#
•  Significant#cut#off#
effect#in#low#mass#due#
to#escape#velocity#

•  Spectrum#shape#!#
similar#in#high#mass#

•  Number#density#effect#
can#be#clearly#be#seen#
between#100#and#1000#
GeV�

12/02/07� tt�Y.#Suzuki#@I�_V²�%HK³�

Correct#formula#with#vE#and#vesc�
•  
��>��������}#

–  Ref)#Lewin#and#Smith,#Astropart.#Phys.#6,87#(1996)#

�For/vmin(ER)/</vesc/–/vE//

For/vesc/–/vE/</vmin(ER)/</vesc/+/vE///

Further#approximated#(no#cut#off#energy,#Emax)#to#the#exponenAal:�
C1#≈#0.75,#c2#≈#0.56,#c1/c2#=1.3#
30#%#increase#of#the#interacAon#rate#
by#the#earth’s#moAon#
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Accuracy#of#the#exponenAal#
approximaAon�

12/02/07� tv�Y.#Suzuki#@I�_V²�%HK³�

Earth’s#Velocity�

1.  !J��a��¡'R$�²15km/s³�F*#
2.  !J�d��pCygnus�<�(<233km/s>)�~¡��!
J�d���¡Recoil[pψ#¤\¢����+m�~¡#

12/02/07� tw�Y.#Suzuki#@I�_V²�%HK³�



Form#factor#for#Spin#Independent#(SI)#
interacAons�

•  Form#factor#
– Momentum#dependent#part#of#the#interacAon#
–  Fourier#transform#of#the#sca-ering#sit#posiAons.�

•  WoodsLSaxon#form#
&  good#approximaAon#for#spinLindependent#interacAons#
&  Fourier#transform#of#a#solid#sphere#of#radius#rn,#with#a#

skin#thickness#s#(t:#10%#L90%)#

12/02/07� tx�Y.#Suzuki#@I�_V²�%HK³�

Form#factor#for#spin#dependent#(SD)#
interacAons�

•  Difficult/complicated#situaAon#
•  First#approximaAon:#thin#shell#of#valence#
nucleons#

•  Need#detailed#nuclearLphysics#calculaAons�
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Direct#DetecAon#Experiments�

•  5���

12/02/07� tz�Y.#Suzuki#@I�_V²�%HK³�

6Lc)#AnnihilaAon#and#PropagaAon##Processes#
for#indirect#search#experiments�

•  AnnihilaAon#:#to#produce#the#amounts#of#
ma-er#and#anAma-er#

•  But#anAma-er#is#scarce#in#the#universe#
– AnAma-er#'#Dark#Ma-er#signal#(possibility)#
– Ma-er#and#γ#"#Backgrounds#+#Dark#Ma-er#signal#

#
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Relevant#processes�
•  AnnihilaAon#!#Flux#(Many#steps)#
1.  Probability#of#the#pair#annihilaAon#
–  1/2(ρχ(x)/mχ)2σannv#

2.  ProducAon#rate#of#observable#parAcles#
1.  Branching#raAo#of#twoLbody#final#state#
2.  HadronizaAon#and#Decay#

3.  PropagaAon#in#the#galacAc#magneAc#fields#
(charged#parAcles)##
#!#CR#flux#at#the#Sun’s#locaAon#

4. #Effect#of#solar#modulaAon#(Charged#parAcles)#

12/02/07� ur�Y.#Suzuki#@I�_V²�%HK³�

ProducAon#Processes:#
•  For#

•  For#e+/
Add#l+l-##in#addiAon#to#the#above#channels.#
e+e-#final#state#gives#monochromaAc#e+,#but#
negligible#and#smeared#through#the#propagaAons#

Charged#ParAcles�
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PropagaAon�

•  CR#producAon#rate##and#CR#escape#rate#!#constant#
•  CRs#are#well#mixed#in#the#Galaxy:#no#anisotropy#
– Valid#only#for#stable#CR’s#

•  very#simple##with#only#one#parameter##
–  average#path#length,#L,#or#residence#Ame,#τ##

•  exp(Lx/L#)##or##exp(Lt/τ#)�

12/02/07� ut�

Leaky(Box(Model�

Gas#density: # #uniform#
CR#sources: # #uniform#
CR#density: # #uniform###�

Y.#Suzuki#@I�_V²�%HK³�

PropagaAon�

12/02/07� uu�

Diffusion(Model�

0.2∼0.3(kpc�

2∼3(kpc�

2∼3(kpc�

Dd(:(Diff.(Coeff.(
nd(:(Gas(density(�

Dh(:(Diff.(Coeff.(
nh(:(Gas(density(�

Dh(:(Diff.(Coeff.(
nh(:(Gas(density(�

Solar(system�

Halo�

Halo�

Disk�

Y.#Suzuki#@I�_V²�%HK³�



PropagaAon�

Energy#Loss#during#the#propagaAon#
•  ###########:#noLenergy#loss#
•  e+#:#energy#loss#due#to##
–  Inverse#Compton#on#star#light#and#CMB#
– Synchrotron#radiaAon##

•  Solar#ModulaAon#
– Larger#effect#for#low#energy#parAcles�
– Less#effect#around#a#few#GeV#peaks#
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Gamma#rays�

•  Galaxy#is#transparent#for#γLrays#
– Except:##

•  galacAc#center#(massive#blackhole)#
•  High#energy#and#very#distant#γ#:absorpAon#by#starlight#
and#infrared#photons#

•  Source:#π0#in#the#fragmentaAon#and#decay#
processes#

•  But#π0#are#also#come#from#other#astrophysical#
processes:#a#limiAng#factor#to#idenAfy#DM#

#
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ConAnuum#energy#spectrum�

•  π0#!#2γ)
•  Some#difference#
between#Dark#
Ma-er#signal#and#
Backgrounds#

12/02/07� ux�

E#[MeV}�

E#[MeV}�
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MonochromaAc#γ�
•  χχ !#γγ,#χχ !#γZ#producAon##
– Gives#monochromaAc#γ#:##because#vχ#~#10L3#

•  Eγ ∼#mχ)

•  Eγ ∼#mχ (1#–#mz
2/4mχ

2)#
–  mχ#>#mz/2#
– Mχ =#50#GeV#!#Eγ =#8.6#GeV,#100GeV#!#79.2#GeV#

–  Lower#rate,#but#
•  Higgsino#like#neutralino#Zg#<0.01#with#higer#mass#≥#500#GeV#

#Gaugino#fracAon:##

"#σv ∼#10L28#cm3sL1##(maximum#expectaAon)#

(ref)#L.#Bergstrom#et#al.,#AstroparAcle#physics#9,#137#(1998)#
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Calculated#cross#secAon#(SUSY)�

χχ !#γZ#� χχ !#γγ�
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Halo#model#dependence�

•  a:#core#radius#
–  For#γ#=#0,#scale#of#the#“∼ constant#density”#core#of#halo#

•  Need#to#know#
–  R0:#galactocentric#distance#@#sun#
–  ρ0:#halo#density#@R0#�

α β� γ� references�
Isothermal#distribuAon� SpLprofile� 2� 2� 0�

Kravtsov#et#al.� KaLprofile� 2� 3� 0.2� AstroLph/p708176�

Kravtsov#et#al.� KbLprofile� 2� 3� 0.4� AstroLph/p708176�

Navarrow#et#al.� NFW#profile#(Cuspy)� 1� 3� 1� Astrophys.#J.#426,#563#(1996)�
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MonochromaAc#γ flux�

•  Nγ#=#2#for#χχ#!#γγ#
•  Nγ#=#1#for#χχ#!#Zγ)
•  ψ : direcAon#to#the#
observaAon#from#
galacAc#center#

R0�*�
R0�

r�

GalacAc#center�sun�

r2#=#l2#+#R02#–#2lR0cosψ�

O�
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MonochromaAc#γ flux�

•  Separate#‘cross#secAon#+#WIMPs#mass’#and#
‘halo#model’�

Flux#enhancement#factor�
Halo#Model#dependent#
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J(ψ)�

•  Maximum#flux#
"#DirecAon#of#the#
galacAc#center#
•  NWF#model#(CUSO)#
"Order#of#magnitude#
enhancement�

R0�

R0#=#8.5#kpc�
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END�
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