4. Dark Matter Candidates

Dark Matter Candidates

Carry masses
Stable
Neutral
Non-Baryonic
Cold



Dark Matter Candidates

a) MACHO X
— Baryonic
b) Neutrinos X
— Too small masses
— Against structure formation
c) Axion o
— Satisfy all the conditions
— Produced non-thermally in the early universe
d) WIMPs o)
— Satisfy all the conditions
— Produced thermally in the early universe

— Cross section <~ DM density
¢ Weak scale interaction

e) Others

MACHO

* invisible starts in halo (Baryonic)
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MACHO

e Historical ref) ‘Gravitational Micro-lensing by the Galactic Halo’, B.
Paczynski, Astop.J, 304, 1 (1986).
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Remember the garavitational Lensing
(Gravitational Lensing D<)

* For point source/mass

- Dy, AGM(0)
b=0-al)=0- 5 "5 2
! _\/ Das 4GM(05) I (Image)
P\ DDy &2
H M(6) > M
92
ﬂ =V — 7E O: Einstein Radius N
02_69_0%:0 ....... Des....... Dd ............

two solutions,

One inside of O,

1
ei = §(ﬂ + \/62 + 40%) One outside of 0;
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Amplification(1& )

* Solid AngleDZE = BESDZE, _ 0do
HENE 2 (Amplification: u) 4% " Bap
/3:9_% A ds = (1+ (05/0)*)do
_6do 6df
YT BdB T 00— (05/0))(1+ (05/6)%))d6
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Amplification(1& )
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Amplification(1& %)

* Amplification u
— e+ | = 2 0

* Sourceh\Einstein Radius [Z#HDHEE(P=0,) = u=1
w=117+0.17=1.34

 SourceH Einstein Radius RIZHAHEZIZIL, EHE
(. 1.34 kY RE<7E5,
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Amplification

B. Paczynski, Astop.J, 304, 1 (1986)
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Impact Parameter

i 0.1 d: Impact
- 02 d/Rg=0.1,0.2, ... parameter
S -10,11,12
o o 013<log(134) )/ |
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2 18 -1 -5 0. % 1 18 2 amplification

o _ [ Da 4GM * L=t R/
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tangential velocity
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2
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Amplification

B _ [4GM DyDys \/4GM
Ry =0D,; = =3 D. = Dsa(l —a), a=
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Optical Depth

* A chance seeing a micro-lensing event

1 dw :solid angle
T = an(Dd)TFHE dV= 0w D42 dDy
5(,0 N(D4): number density

o _ [ Das AGM Solid AnglelZEinstein Ring/H®
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Optical depth toward LMC

* Depend on the halo model
* T e=4.7x107

MACHOIE &
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Early Results from MACHO Proj.

—————-MACHO Proj.
blue 1 a i

Ref) MACHO Proj., C.Alcok et al., Nature 365, 621 (1993)
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* 1.27 m telescope at Mt. Stromlo in Australia (0.5 deg? of F.0.V.)
* Monitoring 1.8 million stars in LMC (12 k images); Optical depth of LMA: 5x 10~/
* One candidate: Amax = 6.86, t = 33.9+0.26 days
=» Mass: 0.03 Mg~0.5 Mg
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Ref) EROS, E.Aubourg et al., Nature 365, 623 (1993)
4 180 F Blue

s A Early Results from EROS
o 1] 'M A " "

200 £
205 £

Magnitude

—1 * EROS Lasilla in Chile (ESO)
1&0;_ T N o o .
‘m ,” M\ ) ;M 1) 5°x5° Schmidt plate

mf o 2) 1°x0.4° CCD

. Time (day9 * Monitored 3 million stars in
y | 3 years
Bk, " | \u} i } .

A J I‘Wr} 'y |+ Two candidates:

il $ - — t=2742 d; Amp(mag) 1.0+0.1
: IZZ ﬂU 1 J — t=3043 d; Amp(mag) 1.2+0.2
“' |U! RN A = 2.55mae

SR
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MACHO Project

5.7 years obseration
Standard Halo Model % ? ° 119 M|”|On stars

;E, 1« Found 13 (Category A)
e H °  to 17 candidates

: ! %« Time scale 34-230

gemo * * 7 dayS

. § = * Optical depth for
ozl A (no Imec halg) B,(no Ilmc halg) 2<t<400

0 02 04 06 08 0 02 04 06 038
— 7.400 — +0.4 -7
T, 0 =1.2"%,,x10

[ A(mchalo) | B (Ime hajo) |

f f
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EROS (Experience de Resherche
d’Objets Sombres) p

http://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 deg?)

e EROS-II (July 1996- Feb 2003)
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EROS-II

* 850 k images processed
e 55 M stars monitored in LMC and SMC (55 kpc)
e 7 M Bright starts are analyzed

12/02/07 Y. suzuki @5 BISHE () 19

Signal and Backgrounds

Candidate EROS-2 star Reros (B—R)eros  Original ref. Status

EROSI-LMC-1  Im058-2k-21915 18.75 0.34 Aubourg et al. (1993) 2nd variation (Tisserand 2004) (Figure 9)
EROS1-LMC-2  Im043-6m- 9377 B-S 19.32  -0.04 Aubourg et al. (1993) 2nd variation (Lasserre et al. 2000)
EROS2-LMC-3  1m034-61-20493 20.90 0.61 Lasserre et al. (2000) 2nd variation (Tisserand 2004)
EROS2-LMC-4  1Im018-6n-23236 19.10 1.87 Lasserre et al. (2000) 2nd variation (Milsztajn et al. 2001)
EROS2-LMC-5 1m015-3n-22431 B-S 19.17 0.14 Milsztajn et al. (2001) Supernova (Tisserand 2004)
EROS2-LMC-6  Im067-5m-14700 21.01 0.63 Milsztajn et al. (2001) Supernova (Tisserand 2004)
EROS2-LMC-7  Im070-3n-23389 21.00 0.76 Milsztajn et al. (2001) Supernova (Tisserand 2004)
EROS2-SMC-1  sm005-4m-5761 B-S 18.13 -0.13 Palanque-D. et al. (1998)  Fig. 7

EROS2-SMC-2 sm001-61-13221 B-S 19.56 0.44 Afonso et al. (2003a) long period variable (Tisserand 2004)
EROS2-SMC-3  sm001-6n-16904 B-S 19.31 0.59 Afonso et al. (2003a) long period variable (Tisserand 2004)
EROS2-SMC-4 sm002-7m-21331 B-S 1948 0.32 Afonso et al. (2003a) long period variable (Tisserand 2004)

* 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.

12/02/07 Y. suzuki @3RI (2X) 20



‘ Candidates follow-up . longer baselie ( + 3 yrs)

*EROS 1 —LMC#1: (Be star)
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Supernovae : B

.Eiiiii
i

R et ol "1*”’-"".-

n "o ln |ﬂ oo %0 oo AL

Medband nbmeswres 199

= ~ 20 SN found with low S/N,
with asymmetric light curves
= Better photometry — refined cut : \
Elimination of the 3 remaining
EROS2-LMC candidates

oo |- $ i
R i‘_ d
e i
= e
- #5 f

The EROS Collaboation
f—L[?SZt“in CEA-DAPNIA TAUPO5, September 2005
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Results (MACHO & ERQOS)

EROS Coll., P.Tisserand et al., A&A, 469,387 (2007)

T I I T I

I T T I

0.4
D
5 MACHO
- r 95% cl -
<
0.2 EROS-2 + EROS-1 -
J upper limit (95% cl)

| I | | \"----;' |
0-0 g -6 -4 -2 0 2

logM= 2log({tg)/70d)

Solid line: f =1, /4.7x107 @95% C.L.

for no observed events in EROS LMC data.
Dashed line: f =T, ./4.7x107 @95% C.L.
for one observed event in EROS SMC data.

by assuming T ., pai0 = 1.4 Tjme

12/02/07

e Limit on f (LMC)
— 2% at 102 M
—5%at0.4 M
—8%atl1 M
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NeutrinoldDark MatterH®
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eutrinos

e Za—K)/IREIDFER
S DB ITEEOVOE =3 0.05eVEL E

case

Two neutrino ( Va)
Ve

_ (Cos@ sinf )(v1 )
-sin6  cos® J\ V2

P(v,—Vvg) = sin°20sin*(1.27 Am?L/E)

1.0
0.8
0.6
0.4
0.2

0.0 T
102 107!

A’ L/4ATE

Am?=m,2- m,2(eV?)

L (km): Neutrino flight
length

E (GeV): Neutrino
energy

| mETEAOE2EO=1—k
J/DEEED2F

Three Neutrinos

Ve
mixing: j :u
T

U‘l.'1 UIZ U‘[3
flgvor mass
eigenstates eigenstates

Ue1 Ue2 Ue3 X;
)=(Up-| Up2 UPSX V3)

* Am,; >> Am,,
* Small 0,

= 12-mixing & 23-mixingH XX decoupleLTL VS,

1 0

0

Uai =(0 Cxn Spn

-ié

Atmospheric v

Long Base Line Ex
(6,5: maximal?)

Ci3 0 313;‘:"_'.‘s €, Sp 0
0 1 0 -S, ¢, 0
, Lo o0 1

Reactor Solarv

Long Base Line Ex Reactor LBLE
(6,5: indication) (6,,: large)



Discovery of Neutrino Oscillation

e 1998: Atmospheric Neutrino Oscillation
(Super-Kamiokande)
— Asymmetry in zenith angle distribution
— v, deficits (up-going)

* 2001: Solar Neutrino Oscillation (SNO multi-GeV pufike + PC
+Super-Kamiokande) s 6,
— SNO: charged current v, s
— SK: Electron Scattering %ve+0.15(vu+vt) 1

7~ —SNO

5
i

. B & 8 = 8 8 B &8 2 B
T e

12/02/07

Atmospheric and Solar neutrinos

« R&K=a—hM)/ DB :v, - v, EIDHRED
Am?=2.4x103 eV?,sin220=1.0
hosc= ~300km @E =1GeV

* KE=a1—F)/ DB :v, -V,  FEIDIRE
Am2=8x10" eV?, sin220=0.88
Losc= ~10%km @E,=0.01GeV
(BIRILF—ROKREBE=1—F)/[ETYERE)
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Mass difference and mixing
> 10 years after the discovery

Am,,2 =7.58*02L . x10° eV?
sinZ0,, = 0.31%0:02 .
Am,;2 =2.43*013 . x 103 eV?
=2.19*014  _x 103 eV2
sin%0,; = 0.51*0:05 |

0.01<sin26,,<0.04

12/02/07
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Normal Hierarchy

[

A 4

VeV, Yy
T
B

(~ 3%MDFEE)
(~ 7% DFEE)
(~ 5% DFEE)
(~ 6%DFEE)
(~14%DFEE)

Y. Suzuki @4FAIFEE (FRK)

Am,,;

§Am,,

el

[KamLAND]

[ K EvRER]
[MINOS]
[SuperK]
[SuperK]

[T2K]

29

Inverted Hierarchy

Vo |
V1

V3

Am,; >> Am,,

« H7p<EHL—DIE m >0.05 eV (Am2~0.003eV?)
1200 W DHEBRLTUONIE, BEIFEEEFYEAEYRSTEHE N 50



Neutrinos

c BF=a—N)/OLEREBE=IE, F)FOLD
RN—AEREMNSHIENDLITLVS, <3 eV

« DMETMNZ=a2—M)/THA=OIZIX. BE=E
DR 47 eV/2 L ETH S,
- BE0HBMAEATARYLEL,
— B —=OI3—DIFAD—ETH5,

* Hot dark matter(Z7%&5,

END



5. Axion and Axion Like Particles

References

The Strong CP Problem and Axions, R.D.
Peccei, hep-ph/0607268v1(2006)

CAST results and Axion Review, T. Geralis

AXIONS: RECENT SEARCHES AND NEW LIMITS,
G. G. Rafelt, arXiv:hep-ph/0504152v2 (2005)

Microwave cavity searches for dark-matter
axions, R. Brandley et at., Rev. Mod. Phys. 75,
777 (2003)



Strong CP Problem

1) QCD allows cp V|olat|ng interaction

0 E-M counterpart: FM,,F‘“’
_ « opy
EQCD = ..... 5 G G > E. B o
327’(’ € E: vector, B: axial vector

2) Contradict by stringent limit on the electric dipole
moment
€

d, = —80
My, My +mqg Agep

u 1 ~
MulTtd ~ 10" %9¢ - cm

Experimental limit (neutron EDM):
d,<2.9x10% e cm (B#HFlE—27%?)
= |6] <101

Why O term is so small.=» Strong CP Problem !!

Resolve Strong CP Problem

* One solution

— Introduce global U,4(1) symmetry, broken at some
large energy scale, f, (Pecci-Quinn)

— =» Strong CP problem—> dynamically resolved

— Axion must exist: corresponding to pseudo Mambu-
Goldstone Boson (Weinberg, Wilczek)

fama 7z 1012GeV>
fo 142 fa
f,: axion decay constant or PQ scale

f,=93MeV: nt decay constant
z=m,/my = 0.56 (but, 0.3~0.7)

mg =

= 6pueV <



Axion-photon Interaction

Loy = — 4 9ar@

1

Ga~y —

(87

2 f

a

FuF" = g4yaE - B
pv Gay @

1.95 (typical)
E
N

E,N model dependent value
— For DFSZ model = E/N = 8/3

— But any value, not known

Free parameters, m,and g,,,, : linear, but ‘broad band’

0 E,/c E,/c E,/c
v — | ~Eefe 0 B By
—F_ /c B = 0
12/02/07 Z/ Y Y. Suzoki- o B8 (21K)
a gay
-7
":\ 10 T T TTTTT T TTTIT T II"IIIIll T ||||l%
> ! .
> i 3
3 : ]
5 o i )
o 10 = Lazarus et a/l,‘ //—g
[ SOLAX, COSME SAY ]
- _pawA_____________ VAl
-9
10 E Tokyo helioscope J E
_10: CAST 2003 \,M%N
10 - = globular clusters
CAST prospects
10" &o“"s) =
v‘.Po“
-12— 1 1 |||||I| 1 IIIII 1 ||||III 1 ||||| 1 l|||||I| L
10
10° 10" 10° 10%* 107 1 10
maxion(ev)
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F
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* Atypical
range (best-
motivated)
for g,, for a
given m,

In principle,
g,, can take
any value.



Invisible Axion

1012GeV)
fa

 Symmetry breaking @ Electro-Weak scale (100
GeV) was excluded by

— Accelerator experiments for no observation of axion
with mass ~ 100 keV

— ~ 100 keV < f, ~ 100 GeV

* |nvisible axion: DFSZ, KSVZ models
— Breaking scale much higher
— Coupling extremely small

me = 6ueV (

Astrophysical Constraints

 Stellar evolution
— Limits energy loss by axion emission
* Neutrinos from SN1987A
— Duration of a few seconds
— Indicates cooling primarily by neutrinos

— Limits axion coupling and mass

=» gives upper limits on coupling and mass



Relic Abundance

* Invisible axions
— Cosmological abundance increases if mass reduces
— Good candidate for Cold Dark Matter

7/6 2
Q, = (0.5 ~ 3.0) (655\/) (%)

£ 6 107\ 2
Q, = (0.5 ~ 3.0) <m -

* Gives lower bounds on coupling and mass
— Qo ~ 0.22
— m, <10 eV =» Over closure of the Universe
— m, ~ 10® eV: lower bound

— For example, axions with m_ ~ 10> eV is a good
candidate for CDM

Cold Axions?

* DM need to be non-relativistic before the
structure formation

— T, >2.7K=2x10*eV
— Thermal axions with m_ ~ 10 eV is relativistic
* Axions produced at the QCD phase transition
— Axion momenta: P, =108 eV
— Surrounding plasma temperature: T, = 1 GeV

— REf) Ipser, J., and P. Sikivie, 1983, Phys. Rev. Lett. 50, 925.



Open Window
Astrophysical Constraints

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

5 10 15 20
1 10 10 10 10 £ (GeV)
k| I I I m, (eV)

10° 1 | 10'-j 10°1¢

AR

Red giants

Accelerator Sn 1987a Cosmology
searches :
Open Axion
mass range
10605 eV < ma < 103t 2) gV
12/02/07 Y. Suzuki @ BRI (RTK) 1"

Production and detection

* Production: Primakoff effect

B)? 2[,
e 4B e (L
14 a m4 4w

r - (157) (%)

q=k, —k,=m,> 2w
IfqL<1,thenP, s, =(g,,BL/2)

* Detection : Conversion in B-field (Inverse process)

Ze

E=m D HFIZZEH: (1lev=1.2um?)
lueV=12m1l  S>A=0(1m) - O(100MHz)
1meV = - A=0(1mm) - O(100GHz)

12/02/07 V. Suzuki @45 BISEE (S K) 12



Axion Search Experiments

Slide form: L.J. Rosenberg, TAUP2009

Laboratory
(“laser”)

Dark matter

Solar
Y. Suzuki @45 5BIzEE (RK)

Solar Axion

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

Primakoff conversion of thermal photons +
fluctuating electro/magnetic field+Solar Model

Flux at the earth

2
— 11 Ja~y -2 1
O = 3.67 x 10 ([1010G€V]_1) cm”°s

Average energy: 4.2 keV ~<E_ >

12/02/07 Y. Suzuki @%FRIEERE (RK) 14



Solar Axion Spectra

Solar Axion Spectra - 2004 Solar Model

T T T
Numerical Output &
| o

o - N W ~ o, [©> BN @
T T T T T T T T

0 5 4 6 8 10 12 14

Ao, (E,/keV)3

2
— 3.821 x 10'° (%) em ™25 eV ™!

dE, [1010GeV

12/02/07 Y. Suzuki @45 RI5EE (GRK)

CAST

* History
— BNL(1992)
— Tokyo Axion Helioscope (2002)
— CERN Axion Solar Telescope (CAST)

* CERN Axion Solar Telescope (Helioscope)
— (ref) hep-ex/0411033v2 (July 27, 2011)
* Detector:
— Convert to X-rays in 9.5 Tesla field
— Decommissioned LHC superconducting magnet at 1.8 K
— 9.26 m long magnet (two bores)
— D=6cm
— Cross sectional area: 2 x 14.5 cm?

12/02/07 Y. Suzuki @45 BI5E% (TK)

(eFa/1.103keV _ 1)

15
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Conversion Probability in a Laboratory

In B-field in vacuum

Py = (garB/q)*sin*(qL/2)
L: path length, g=m_?/2E, : axion-photon
momentum difference

* For gL << 1 : axion-photon oscillation length
exceeds L

> Py = (g0 BL/2)

Expected X-ray flux

* By using the axion flux from the sun and the
conversion probability:

O, = 0.51cm = 2d"! Jay LN (BY
T [1010GeV] 1 9.26m 9.0T




Higher mass

* For gL>1 =2 momentum mismatch

=>» Add a buffer gas = refractive (effective)
photon mass m, (plasma frequency)

- 2 2
q=|mz2-m,2|/2E,
* For m, ~m, restore the rate: coherent
conversion

* 0.1eV<m, <5eV(0.1-300atm)
* Counting rate: 10> ~ 10 sec

12/02/07 Y. Suzuki @45 BIEESE (FRK)

CAST

Rotating plat form(V: +8°, H: +40°)
Observation 1.5 hours at sunset and sunrise
each nearly all the year

Rest of the time: background measurements
Tracking accuracy: 1 arc minutes

19
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X-Ray 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 ), MicroMegas (Phase Il)

Results

* Phase | (2003-2004)
— m, : up to 0.02 eV (best sensitivity)
— 8oy < 8.8X 1011 GeV! @ 95% C.L.

— Surpassing the astrophysical limit of the Horizontal Branch
stars evolution

* Phase Il (2005-2006)
— Ma > 0.02: axion-photon coherence is lost in vacuum.

— Insert refractive gas to restore:
* “He up to 0.39 eV to 13.4 mbar
* 3Heupto 1.2 eV to 135.6 mbar

* July27’s paper
8apy <1.16 x 107% GeV* @ 95% C.L.
m,<0.02 eV



Phase-| results

Time Projection Chamber (TPC) Smaller MICROMEGAS gaseous chamber

N x10% N x10°
">’ .E > 3F (In
£ U £ =
= of -:o 15— i‘
i Jﬁ+ H, 3?% :HJ

A5E 2E

0 1— 2 3 4

6
Energy (keV)

o
€
3
o
(8]

6 7
Energy (keV)

12/02/07 X-ray mijrror, system.with CCD 23

Axion-photon coupling vs axion mass

SR IR LN I YA A FA ] * Limit achieved by the
i Ik / CAST experiment

! (combined result of the
{* | CAST-I and 4He part of
g ~ CAST-II)

g, (Gev

|
2

-9
10 * The yellow band

represents typical
theoretical models with
|E/N - 1.95]| in the
range 0.07-7 while the
green solid line
corresponds to the case
when E/N=0s
assumed.

* The red dashed line
shows prospects for the
3He run

Tokyo helioscope o

T T T TTTT
IIIIIII|

-10 e e .
10 - > HB stars
C CAST phasel v

N\
&

IIIIIII|

n

g}“’
B O
&

HDM
1

1011 1 IlllIIII || lllllll | Illlllll [

10° 10* 10 1 10
2/02/07 01 Mayien(€Y)
1 / / Y. Suzuki @4 I SHER (= K) 24



Tokyo/SUMICO

* Best limit
— 8oy <5.6-13.4 x 1010 GeV! @ 95% C.L.
for 0.84 eV <m, < leV

Axion Dark Matter Detection

e MassDEaH]:106~103 eV |

axion

(P.Sikivie)

 Micro Wave Cavity [CHIGEIRENEIZZE M ITSH
 AxionlZ&kYcavity I MDEnergyHM &N
* E,=m, +m, (%/2
B= 103 for halo axions



Micro Wave Cavity

\ 2
ag,

L
77|V BopaC o -Min(Q1.Q0)

P,=

7% oz

— -26
=0.5% 10 w( 036

500 liter;

v l Pa
5 %1072 g/cm3 ’

" my
S ), .0
X(vw (GHz >)M‘“‘Q’ 'Ca)

2
]

d*x E - B,
14

v: volume of the cavity

Bo: magnetic-field strength

Q,: cavity’s loaded quality factor
(Q)

Q,: quality factor of axion signal

( the ratio of axion energy to
energy spread)

p,: density of galactic axions on
the earth

C: mode dependent form factor
B,: static magnetic field,
E,(x)exp(imt): oscillating electric
field of the cavity mode

€: dielectric constant

B{Z)Vj dPxelE,|? ADMXZEER D /AT A—R(Q=10%)ZF L \Nd &
) P, ~3x102W @ m_=3ueV

ADMX Experiment

e Axion Dark Matter Experiment

* Several cavities; Different and tunable
resonant frequencies (axion masses)

Look for m, =~ ueV



ADMX Experiment

B=7.6T, Physical temp. 1.3K
* V=200litre, Cavity Q=2x10°

e Cavity form factor C =0.69

* HFET amp+Heterodyne

* Noise power ~103W/125Hz
(10 W/ VHz #H% )

Swept RF | Analyzer *

signal source

O

I:nmev'orH FFT ||::>°""

G anepoke ANBRHEREE >3~9x102 W
4+ Y '
T~ E-field probe 2 3 3
(variable coupling) % 008 T
LN :
g l [¥~Microwave cavity § — T -:l-
o s ]
Qo = 0.04 1 <
S \\Twngmdl g . E
+ S 3 0021 T
\—/‘l:' 50cm & 0 1
) - 1
FIG. 4. Schematic of the U.S. search apparatus. From Aszt 0.02 : E
et al., 2001. a o 1
S.Astalos et al, PRD64(2001)092003 T oomt M N SN L} i
12/02/07 Y. Suzuki @518 (RX) 29
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Stepping motors

Vacuum Pump <=

_I..-I Cryostat vessel

Magnet support

' :// Cavity LHe reservoir
| 3 ( Magnet LHe reservoir
N 4 FIG. 6. The resonant cavity viewed from above with the top
A ange removed. The cavity is a right circular cylinder of diam-
) T ; fl d. Thy ity i ight circul linder of di
5 — r T I 1.3K J-T refrigerator eter 50 cm and depth 1 m. An alumina tuning rod is at the
b} /| / upper right, a copper tuning rod is at the lower left. From
=] + AT / Cavity vacuum chamber  Asztalos et al., 2001.
f; o //; // Amplifiers & . .
A -1l -~ fo\
[ 1= __— Tuning mechanism 5 P
L1 Q -10. ,l‘l "0'
[ ] | Mi - e / b
— Ticrowave Cavity @ /
s g 15
H S v \
. . . 3 / \
H-i++—— Dielectric tuning rod 2 rd .
I a -20. /_.! ¢
/ 7™ Metal tuning rod .2 Py I
k<t -~ .
'_1 | & A ! ! ! M
789.58 789.60 789.62 789.64 789.66 789.68
Superconducting magne Frequency (MHZ)

12 }ﬂ@/@](color online). Sketch of the AQM@%’%’P%%(EJ{) 30



ADMX Experiment

MAGE
REJECT 10, 7MH. MIXFR

MIXER %1

High resolution channel

35kHz AF [125Hz BIN |
L FFT

@@ > I \
A i :
|: 1
1 |

First Local
ﬁ MAGI Osclllator

RF-IF Programmable
Mixer  Autenuator

Trenrsos MW > é

1st First
IF Signal
Amp Sampler

JL

Crystal
Bandpass
Filter

Second Local
Oscillator
; )
— " oUT
Second 2nd  IF-AF
Signal IF Mixer
Sampler Amp.

12/02/07 Y. Suzuki @45 BIEESE (FRK)

Spectrum data

Normalized Trace

-0.014

0.03 ' ' ; '
20000 25000 30000 35000 40000 45000

Frequency (Hz)

FIG. 18. A single trace after correcting for the receiver response

31

Data with artificial axion peak

125Hz bin height (dimensionless)

1 1
— T T T T

25000

30000 35000 40000 45000

Frequency (Hz)

by the equivalent circuit model of the amplifier, transmission line, artificial single bin axion peak.

and cavity interaction.

12/02/07 Y. suzuki @45 BIE% (FTX)

FIG. 20. A single trace from the raw data with an overlaid

32



ADMX (Medium Resolution) DFEER

10-14
10-16
Oawz
mg?
[GeV'2 ]
eVz This .32 1 1 PR T S B W
‘ ———
1018 Work T3 4 sers010 20
3 mg(peV)
3 F
F DFSZ :
'o.zo A 1 L L A
29 3.0 3.1 3.2 33
malpeV)
12/02/07 Y. Suzuki @ B (LK)

END

12/02/07 Y. suzuki @45 BIE% (FTX)
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6. WIMPs Dark Matter

12/02/07 Y. Suzuki @45 RIS (=K MIE)

6. WIMPs Dark Matter

a) Overview
1. Relic abundance

b) Direct Interactions
1. Scattering Cross section
2. Spectrum
3. Seasonal Variation

c) Annihilation processes

12/02/07 Y. Suzuki @445 BIEE (RAME)



6-a) Overview

e WIMPs Dark Matter

— Satisfies all the requirements
* Carry masses
 Stable
* Neutral
* Non-Baryonic
 Cold

— My =0.01~1TeV
— DM®Relic abundanceh weak scalef~&E B =255,

— WIMPsDIEFHEL TDSUSYAEABIZH S,
s ZRFHRMIZELE A

12/02/07 Y. Suzuki @45 RIS (TR IE)

Relic Abundance

» Ref) SUSY Dark Matter, G.Jungman et al., Phys.
Reports, 267, 195 (1996).

» Ref) Cal. of Relic Densities in the early
universe, Nucl. Phys. B310, 693 (1988)

12/02/07 Y. Suzuki @445 BIEE (RAME)



Relic abundance (Essence® &)

€d: number density of X in thermal equilibrium

'nX.
d3

eq_

— g: internal freedom
— fip): FD or BE distribution [exp((e-u)/T)*1]?, e=(p2+m?2)1/2

T>>m, (BRI, &)
¢(3) 1 : Bose-Einstein

€q ~ 2"/ 3
" =9 2 I x [ 3/4 : Fermi-Dirac
t(3)=1.202....: T—42—EA%

T<<m, (FEAB > 5mEY) Boltzman suppressed:
3/2 3 o &. thermal equilibriumZiis .
mXT _ﬂ = s £/ s
n<l ~ g ( ) e~ T (FH DEIRA slowDFF)
X 2T n, & - 0 = no relic WIMPs

5%

nX @r /f
. EEJJE( F'aﬁ?’%ﬁﬁ > (F8 %1 Em B : m=0)
/dp — /47TE2dE n = Y ENE
0 272
Bose fIFDIZHE: x=E/(kT)ELT

o0 2d
/ ; xl =21¢(3)  ¢(3) =1.202056903....
o €

o0 3
x>dx s -
/ = Energy density D B (Z{E5
0

f(E)

2

_¢B) 3 _ T 1
— = (kT) 3 Uposon — 30 (kT)



Fermi RIFDIZE:

x™ x" 2x™

e* —1 e*+1 T2 ]

DMIZERS T S

/OO x"dx /°° x"dx _/Oo 2z"dr 1 o ndt
o e“—1 Jo er+1 J, e@—1 27 [, et -1

ED—EHEABEFRCES

/OO r"dr . 1 /Oo x"dx
0o erT+1 2" ) Jo e* —1

-T. B (1—21”) M SFeremifi FOBEHRED.,

3 7
N fermion = anosona Ufermion — guboson
Freeze out

X — <1l — yx

Equilibrium in high temperature

T>mX

T<mX

Number density of x drops exponentially, then
The rate for the annihilation, I'=<o,v>n, drops

below the expansion rate: I'<H
Then X's cease to annihilate, fall out of equilibrium.

Dark Matter freeze out !



MFHDEERFEHICEITORE

dZ;X +3Hn, = — < o,v > [(ny)? — (n%)?]
H = a/a: Hubble expansion rate
a: scale factor of the Universe
<o,v>: thermal average of the annihilation
cross section; v: average velocity
n,: actual number density of x
n,*%:  number density in the thermal equilibrium

A FHDEERFEHICSITORE

dnx

dt
* Early times: H «c T% n, oc T?
— Right hand side is dominant

+3Hn, = — < o,v > [(ny)? — (n%)?]

H T4
<g>2+5:8ncp
a a 3
— Expansion is slow and thermal equilibrium
I'<H:

— Right hand side = 0 nFAa’ EHL.
dn /dt =-3Aa*6 =-3H
-> n,~ a3 : freeze out i/t =-3Aaa =3Hn,



Freeze out

Fig. from Kolb and Turner, The early Universe

o | 1 I(T)=H(Ty
- — After T,
i Inereasing <o,v> j => n =constant in co-moving
b N S 3 volume
] ] — T,~m, /20
: . \L ! e ['=n <O'AV>=H h\gs re“q
) S ] density&<0Av>03FfH%73‘5
F 3 FD,
L L3 If<o,v>is larger, WIMPS

x=m/T (time ) stay in equilibrium longer

The dashed curves are the actual .
abundance, and the solid curve is the 9 a smaller relic

equilibrium abundance abundance when freeze out

Weak Scale

Approximate Solution
My My 3 x 10%"cm3sec!
pch? <0, >

* Independent of the WIMP mass, but by the
annihilation cross section

* v at freeze-out ~ appreciable fraction of c

Q, =

2T B—1
e = 5~1028 GeV2 < ‘ 3 ><210 (cm®s™)
4 x 10-2%(GeV~ - cm?) x 3 x 101%(cm - s~ 1)

* Weak scale intera%tions: dimension&H

(8

8 _ .
o ~ ~ 10 hc =200 MeV+-fm
weak 2 =2 x 10 GeV+*cm
weak
a  ~0(0.01)

M, ea ~ O(100 GeV)



WIMPs mass and abundance

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

102§ T~ T T T T ] T T T T l T T T T [ T T T T é
10tk 1 E
1g = =
;T P11k
: % "% :‘ (1;
£10-! % ﬂ L 4 H
) e 3 oy -J; -"‘. L=
el Ry AN, % e o ]
- v g R A n o e
- % ATy ot o
o B A A
g R ERE T BRI
i ; Bl R T - e ]
10—3 = £ . * }‘ 0 -
C !: :‘
10—4 1 1 1 1 I 1 1 1 1 I 1 1 1 1 l 1 1 ® 1 l 1 1 I’ 1 l 1 1 1 1
0 50 100 150 200 250 300
12/02/07 m(GeV) | ¢, e (amE)

* Ref: SUSY

SUSY

e SUSY modelslZ
&5, WIMP
mass vs
Cosmological
abundance

 Spikeld. /\T
A—ZDEY A
D ANAERZEHD
T. YERERR

— Dark SUSY, P. Gandolo et al., astro-ph/0406204,
JCAP0407(2004)008 (J. of Cosmology and
Astroparticle physics)

— SUSY Dark Matter, Jungman et al., Phys. Rep. 267,

195 (1996)

12/02/07

Y. Suzuki @4FRIFER CR K
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% : Neutralino

Linear combination of the super-partners of
the neutral gauge bosons and neutral
Higgsinos. N - N N
55? = a;1 B + aiQWB + ai3H? -+ CL¢4H§
Lightest(LSP): %? =X

=» Dark Matter Candidate

—~— ~

cf. Charginos: 56/7,_ = U W™ + UZ-QHl_

~

Y = Vi W+ + Vi H

3R 5371 . Density

Maxwell distribution
— Vdispersion =270 km

Density
— 0.4 GeV/cm?3

Rotation velocity @around the sun
— 220 km

HhEk MDvelocity
—(220+ 12 £ 15) km



6-b) Direct Interactions

* Ref) R.W.Schnee, arXiv:1101.5205v1

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

e Ref) Kurylov and Kamiokowski, Phys. Rev. D69,
063503 (2004)

Scattering Cross Sections

doya(q) _ 1‘A“L:UMAF%@
dq? Tv2 4p2 02

. oxA(q): WIMP-Nucleus cross section
* F%(q): form factor, u,=M,M,/(M,+M,): reduced mass

32G% % J +1
J

* see ref) Kurylov and Kamiokowski, Phys. Rev. D69, 063503 (2004)

* At zero momentum transfer € form factor

 f, f,(a, a,): effective spin independent (dependent) couplings

* <S,.,>=<Al|S, | A>: expectation values of the proton (neutron)
spins within nucleus

* <S§>=<S >=1/2 for free nucleon

#02 jototal nuclear spin

4 2
ooca = LAZf, + (A= D) fal? + (ap < Sp > +an < Sy >)?



Spin Independent (SI) Cross Section

44 5  32GZu% J+1 5
00000 = Az (A=) 2+ AT T D < S, > fan < Sy >)?

* For f =f, (for many cases), S| WIMP-nucleus o;

"y
_ A £2 42
OOxA,SI_ T an
* Introducing Sl cross section on a single nucleon; o,
2
FA 42
O-OxA,SI — 081 2 A
i
4,u2 2
— nJsn
0SI —
T

» O is used for comparisons.
» Ogps~(Ua%/u,?) A =» Advantage of larger A
» For A=50, u,?/u,? = 625 = SI WIMP nucleus > WIMP nucleon x~10°

Spin Dependent (SD) Cross Section

32G% % J + 1
O0xA,SD — ;ILLA 7 (ap < Sp > t+an < Sn >)2
« SIEAFRIZLT,
2
B pe 4 J+1 5
O0xA,SDp = 0SDp H% 377 < S, >
2
B pa 4 J+1 5
O0xA,SDn — 0SDn ,UJ% § 7 < Sn >
B 24,u12)G%a12) _ 24p2G%a?
0SDp = T O0SDn = =



Spin Dependent (SD) Cross Section

Contribution of nucleons with opposite spins
cancel

— —> Total SD cross section depends on the net spin
of the nucleus

Even numbers of protons in nuclei

— = no sensitivity to SD interactions on proton

Even numbers of neutrons in nuclei

— = no sensitivity to SD interactions on neutron

12/02/07

Y. Suzuki @%FRIEER CRKMIE)

R.W.Schnee, arXiv:1101.5205v1

Table 1.

Sensitivity

Values of the atomic number Z, the total nuclear spin J, and the expec-

tation values of the proton and neutron spins within the nucleus (S, ) for various
nuclei with odd numbers of protons or neutrons, leading to the relative sensitivities
to spin-dependent interactions shown, from Refs. 5,43 and the references contained

therein.
Odd 4(Sp)2(J+1)  4(Sp)2(J+1)
Nucleus Z  Nue. J (Sp) (Sn) 3J 3J
g 9 p 1/2 0477 -0.004 9.1x10~1 6.4x10~°
2Na 11 p 3/2 0.248  0.020 1.3x1071 8.9x10~4
27TAl 13 p 5/2 -0.343  0.030 2.2x10~1 1.7x10—3
20g; 14 n 1/2 -0002 0.130 1.6x10~5 16.8x10~2]
35C1 17 p 3/2 -0.083  0.004 1.5x10—2 3.6x10—5
K 19 p 3/2 -0.180  0.050 7.2x10~2 5.6x103
BGe 32 n 9/2 0.030 0.378 1.5x10—3 [2.3x10—1]
BNb 41 p 9/2  0.460  0.080 3.4x10~ 1 1.0x10~2
125Te 52 n 1/2  0.001  0.287 4.0x10—6 3.3x10~!
127] 53 p 5/2 0.309 0075 [1.8x10~1] 1.0x10—2
129%e 54 n 1/2  0.028  0.359 3.1x1073 5.2x10~1
12/02/07 131Xe 54 n  3/2 -0.009 -%052_(2;*%@\1.8“0—4 1.2x10~1
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Recoil Spectrum

(Initially consider the case of zero momentum transfer)
* E;:recoil energy of mass A (Lab. Frame)
* E=MN%/2: WIMPDEE) TR JLF—(Lab. Frame)

B — Eor (1 2(:08 6)
* 0: scattering angle of WIMP (CM frame)
44142 4M, M 4
MMy~ (M + Ma)?
M, My
(Mx + MA)

T

ta (reduced mass) =

Recoil Spectrum

(1 —cosH)

ER — E@'T @EIEEE

¢ LabRTOEEZDEZEE: FBILRIZBITAEEERD
FFDREICLLREMNORE-EDRDEEEZMAS,

/ mo mi1vi + mMoVo
V1 = v +
mi1 + Mo mi + mo
/ mi mi1vy + mMoVo
Vo = — Ung +
mi1 -+ mo mi + mo

BEFEICEH: WIREEE
mao
mi + mg

Py = pvng + (P1 + P2)

Py = —pvng + (p1 + P2)

mi1 + mso



Recoil Spectrum

Ep = B =0 o
le
2 2 2
o by IPal” = |pwo]” + [pol” = 2pv||pvlcosy
1
o (mavr)? = 2|pv[*(1 = cosx)
0, /X e1q 9
A 0 B lmszz 4p lm 5 (1 — cosy)
2 R T mam, 20X 2
4P dm,my
T = =
myma  (my +ma)?
- m2vy
A —m1+m2(p1+p2)—>ml+m2
OB = (p1 +Pp2) — puvi

mi + mo

Jarget 81t P,=0 = |v,| =v:BIZAREL

Recoil Spectrum

ER:EZ_T(l—COSG) - 41142 _ AM My

2 MXMA (MX +MA)2
e r<l| -.~(I\/IX+MA)2- 4M. M, = (MX—MA)2 >0 ]
* r=1for M. =M,
— BEHRECHErecoil energyldiz KE LS,
* Energy Range E;:0~rE,

— Emax € Galactic escape velocity: E,,=M. v

— E.Z1EY =T ABD. &/ energy, velocity:
* E,;,= Ex/r ( head on (6=mr))
* Voin = (2Emin/|\/lx)1/2 = (ZER/(rl\/lx))l/2

2/2

esc



Rate

dR dR(E;
* Differential rate: 4 (E(ER)) = E(ir )

: R.W.Schnee, arXiv:1101.5205v1

drR Differential rate dR/dE; ~ @) contribution::
o, * dR(E) IX. O~rE, I2—#IZH &
i dE.~ (. dR(E)[Area) ZrE [ & TEo1=1
[ @hiﬁ’—]‘_ﬁdR(Ei)/(rEi)
% _2 o dR(E)
Er .F; ; - Recoil = Initial [ZZ#2
dEg Er ER:
o dR () /EW dR(E;)
- \L&R) = ...
Rate
N,
AR = = ngovf(V)d* T

* N,,/A : target number in unit volume
* ny=p,/M,: WIMPs number density
p, = 0.3 GeV/cm? (typical)
e ovdt:interactionindVin dt
 WIMP velocities follow Maxwellian distribution

* Ignore earth’s velocity and escape velocity (for
illustrative purpose)



Navo —\ 13— dR _ Bmae dR(Ei)
AR = =~ noov f(V)d 1}\7 dER R>—/Em Er Maxwell &S5 7
2 abo 42 02
Ry = — Noov - v
0= "z a4 07 fv) ﬁvéexp< v%)
EBL,
dR > dR(E;) /OO 1 NZ RO ( v2>
— (Eg) = = Ry Y= —. ——)d
dER( R) /Emm Ez"l” Eomin T(%Mxvz) 2 Vo 7'('1)8 °xp 3 v
dR R 2
—(Er) = 1—02/ e ud
dER 7“(§Mx170> Vmin 20
— &e—ER/EOT RAR—2
EQT’
* E= MXVOZ/Z most probable WIMP incident energy
[Vmin = (2Emin/Mx)1/2 = (2ER/(er))1/2 ]
12/02/07 Y. Suzuki @45 RIS (=K MIE) 29

BT E

o0 2 %)
/ e B gy — Y0 v /0
Umin 2 Umin
2
(Y 2
= —Oe_vmin /’U2
0
2
E
v% -

12/02/07 Y. Suzuki @445 BIEE (RAME) 30



Rate

En) = -2 r/Eor
B, PR = B

o FIJ<E>=E,r € /xf(x)dx //f(x)dx
— <Ex> = E = (1/2)Myv,? only if My = M,
— For My = M,=100GeV,

V,=220km/s
<Eq> = (1/2)*(100x10%/(3x108)2) » 220x103~ 27 keV

e Ry= %szonoavo : total rate for kg-tday?

1 p 100GeV/2\ [ o
Ry X (A) (0.3G6V/02-cm3> ( M, ) <1pb) events/ g/day

=> Per nucleon®Mld . BELF 106

=> Sl(nucleon)% . 10*cm2&9 4 & Sl(nucleus) > 1038cm?2= 102pb
= A~100&L T 10* events/kg/day

12/02/07 Y. Suzuki @¥FRIEE EXME) .
_ Apa®  AM My
i MMy~ (M, + My)?
pa® (reduced mass) = (]Vyfﬁf}f‘)
X

* Effect on <Ez> of WIMP mass My
2MAU8

E =rky =
S ER TR0 AN My )?

* M2 if M, << M,
* constant if M., >> M,

* Escape velocity: v, .~ 540 km/s

—  Ref) RAVE servey, M.C.Smith et al., Mon. Not. Roy. Astron. Soc. 379, 755 (2007), astro-ph/1002.1912
— Cut off energy:

* Enax =T (1/2)M, v > ~ 100 keV (for 50GeV)

* If My is smaller, then cut off energy is lower
— Emax =(Vesc/VO)2<ER> ~ 6 <Eg>

o € <Ex>=rEy=r(1/2)Myv,?

12/02/07 Y. Suzuki @45 BB (GRAME) 32



Spectrum Shape

10° , , * Form factor included
Ge 10 GeV . g
—cev || * Significant cut off
-1 — ol .
10 ey effect in low mass due
—— 1000 GeV to escape velocity

e Spectrum shape 2>
similar in high mass

\  Number density effect
can be clearly be seen
between 100 and 1000

0 Zb 40 6I() 80 100 G eV
Recoil Energy (keV)

107}

Interaction Rate (arb. v.)

—
<

12/02/07 V. suzuki @IS BIEE (HAME) 33

Correct formula with v; and v,

RIDDEFIZE>TIZEY,
— Ref) Lewin and Smith, Astropart. Phys. 6,87 (1996)
For v, (Er) < V... — Ve

dR Ro UO\/_ Umin T VB \ orf Umin —VE \| o Vese/ Vo
dER Eor | 4vg Vo Yo

Forv,, vE <Vin(Eg) < Vg + Ve

dR ~ UO[ Uesc _erf Umin — VE . Vese + VE — Umin e_vgsc/vg
dER Eor qug Vo o 2UE

erf(x / —t? dt
RV

Further approximated (no cut off energy, E,_,) to the exponential:
dR R C,=0.75,¢,=0.56,c,/c,=1.3
(ER) o —— 0 2 eC2 Er/Eor 30 % increase of the interaction rate
dEgr

Enr by the earth’s motion
12/02/07 0 Y. Suzuki @5 BIFESER CRKIE) 34




Accuracy of the exponential

0.05 T T : : 0.75
— pxact
—— exponential
0.04 residuals x 100 || 0.7+
|
003}
o 065 B
A t
o 0.02F g
é § 0.6f
0011 &
\ = 055t
0 L
0.5t
-001¢
, . . . 0.45 - -
0027, 40 60 80 100 10' 10° 10° 10
Recoil Energy (keV) WIMP Mass (GeV)
12/02/07 V. Suzuki @513 (SAMIE) 35

Earth’s Velocity

t —152.5
365.25

VE ~ 233 + 15 X cos (277 > km/s

1. HEKDNERICKSHZFETEE) (15km/s) DAITE
2. HBRKODEEN(E CygnusD A [Al(<233km/s>) THHH il
BRODEEIZ K DHRecoil ¢ Z5TAHIELVHEELH D

AR 1 Ry VE COSY — Upin \
— X" ———eXp | —
dRdcosvy 2 Egr Vo

12/02/07 Y. Suzuki @445 BIEE (RAME) 36



Form factor for Spin Independent (SI)
interactions

* Form factor
— Momentum dependent part of the interaction
— Fourier transform of the scattering sit positions.

F(T) = / Lap(T)e'TT

* Woods-Saxon form
v’ good approximation for spin-independent interactions
v’ Fourier transform of a solid sphere of radius r,, with a
skin thickness s (t: 10% -90%)

S[Sin(qrn) _ qrncos(qrn)] 6—(q3)2/s
(grn)?

|

9 - - _

1 F(q) =
j

| AN

_______

Form factor for spin dependent (SD)
Interactions

* Difficult/complicated situation

 First approximation: thin shell of valence
nucleons

sin(qry, )
qTn

* Need detailed nuclear-physics calculations

F(q) =



Direct Detection Experiments

- RITE

6-c) Annihilation and Propagation Processes
for indirect search experiments

e Annihilation : to produce the amounts of
matter and antimatter

e But antimatter is scarce in the universe
— Antimatter < Dark Matter signal (possibility)
— Matter and y =» Backgrounds + Dark Matter signal



Relevant processes

* Annihilation = Flux (Many steps)

1. Probability of the pair annihilation
— 1/2(p, (x)/m, )20,V

2. Production rate of observable particles
1. Branching ratio of two-body final state
2. Hadronization and Decay

3. Propagation in the galactic magnetic fields
(charged particles)

—> CR flux at the Sun’s location
4. Effect of solar modulation (Charged particles)

Charged Particles

Production Processes:

e For p, D
xXx — qi, Wtw—,2°Z2° wtH-,Z°H°, H'H"
* Fore*

Add "I in addition to the above channels.

e*e” final state gives monochromatic e*, but
negligible and smeared through the propagations



Propagation

Leaky Box Model

* CR production rate and CR escape rate = constant
* CRs are well mixed in the Galaxy: no anisotropy

— Valid only for stable CR’s

e very simple with only one parameter
— average path length, L, or residence time, T
* exp(-x/L) or exp(-t/t)
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Propagation

Diffusion Model

: Diff. Coeff.
: Gas density

0.2~0.3 kpc : Diff. Coeff.

: Gas density

: Diff. Coeff.
: Gas density

12/02/07 V. suzuki @IS RIS (RAMIE) 44



Propagation

Energy Loss during the propagation

* p, D :no-energy loss

e e*:energy loss due to
— Inverse Compton on star light and CMB
— Synchrotron radiation

* Solar Modulation

— Larger effect for low energy particles
— Less effect around a few GeV peaks

Gamma rays

* Galaxy is transparent for y-rays
— Except:
* galactic center (massive blackhole)

* High energy and very distant y :absorption by starlight
and infrared photons

* Source: i’ in the fragmentation and decay
processes

e But nt” are also come from other astrophysical
processes: a limiting factor to identify DM



Continuum energy spectrum

0.010

! Dol TN e
* Some difference .| : '
between Dark g oo
Matter signal and o
Backgrounds
75600\’D51
A oo n DM DM—>pup ]
_%l 1075
12/02/07 V. Suzuki @IS (R AME) E [MeV}

Monochromatic y

* XX =2 YY, XX =2 YZ production
— Gives monochromaticy : because v, ~ 107
*E~my
* E,~m, (1-mz/4m ?)
- m, >m,/2
— M, =50 GeV > E, = 8.6 GeV, 100GeV = 79.2 GeV

— Lower rate, but
* Higgsino like neutralino Z, <0.01 with higer mass 2 500 GeV

Gaugino fraction: Zg — ‘a11|2 + ‘a12‘2
X = allg =+ alQWB + a13f~[? =+ a14f18
= ov ~ 1028 cm3s! (maximum expectation)
(ref) L. Bergstrom et al., Astroparticle physics 9, 137 (1998)
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Calculated cross section (SUSY)

i . XX 2

o~ 10 En E TTTT T T T T

T 3 o 2 :
E L E w L
E w 1 22
.E 1 .'3 1 é“
‘; ' i ; 0’ i
-
3 :
2t w? L
10 =
3 —E -3 o
0 = [ LU
™ é 0
s f <F
wo o
-6 E -6 :
10 3 10 E

07 i 0’ i ' l L

10° 10’ o 102 10° 0!
Neutralino mass (GeV) Neutralino mass (GeV)
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Halo model dependence

(1) :
P fay U+ (rfaye] =07

e a:coreradius

— Fory =0, scale of the “~ constant density” core of halo
* Need to know

— R,: galactocentric distance @ sun

— Po: halo density @RO

Isothermal distribution  Sp-profile 2 2 0
3 0.2 Astro-ph/p708176
3 0.4 Astro-ph/p708176

Navarrow et al. NFW profile (Cuspy) 3 1  Astrophys.J. 426, 563 (1996)
12/02/07 Y. Suzuki @45 RI5E % (RAME)

Kravtsov et al. Ka-profile

Kravtsov et al. Kb-profile

e NN



Monochromatic y flux

o) = o [ A0dw)

line of sight

* N, =2foryy 2> yy 0
* N, =1foryy > 2y 1/,
* 1 : direction to the b
observation from /) x ,
. sun Galactic center
galactic center Ro

r2 =12+ R,2 - 2IR,cosy

Monochromatic y flux

_ Nyvo 9
O v IO
li of sight

» Separate ‘cross section + WIMPs mass’ and
‘halo model’

N vo 10GeV
10=29¢m3s—1 M,

TW) = 8.51kpc <0.3G61//cm3>2 / PP (D)

line of sight

2
®. (1) ~1.87 x 1071 ( ) J(p) em™?s tsrt

Flux enhancement factor
Halo Model dependent



e Maximum flux

=» Direction of the
galactic center

* NWF model (CUSO)
=» Order of magnitude

J(p)

J(y)

10°

10

L. Bergstrom et al./Astroparticle Physics 9 (1998) 137-162
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