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Dark Matter

A Ordinary matter
contribute only 4%
of the total energy of
the universe

A The bulk of the
universe Is made up
of dark matter and
dark energy




Evidences for Dark Matter

A Rotation curve cRasand
A The observed stars e
and galaxies move e
faster than luminous o
objects can support. [ S
F. Zwicky (1933) " % ' Ma3rostioncuve
i , 3 (fig. 1)




Evidences for DarkMatter

A The Bullet Cluster

A Two clusters of galaxies
moving away from each
other after collision.

A Red region
(visible)C ordinary
matter (hot gas)

A Blue region
(invisible)C more gravity
(dark matter)

A However,

clams itis

Incompatible with  UCDM
model




Evidences for Dark Matter

A Cosmic Microwave
Background Radiation
(CMBR)

A CMBR is almost
perfect black body
radiation with
T=2.728K

A Isotropic with
anisotropy at the level
of 107( -5)

A CMB power spectrum
shows

Q) = 4%

Qpym = 23%

-QDE = 73%



Dark Matter

A All the evidences for DM are via
gravitational interaction

A We do not know the nature of DM

A If DM is WIMP, it allows the particle
physics explanation, direct/indirect
detection, and its creation at LHC
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Relic density

A Boltzmann eq. I 30 = (o0} (n2 - ()

N 71 n- —

dt
_ 3/2
ntl — g (ITET) E—m,-“'T‘
2w

A Introduce Y

n ] neq o
Y=- |, Y%= — SZQ’/’TQQ*IB/45

A Conservation of entropy  sa® =constant
n+3Hn=sY

A The Boltzmann eq. becomes
sY = —(ov)s”® (Y? — (Y1)?)



ANow introduce a variable x: = 2
ay (ov)s

—_— — 2 eq\2
= = (V" = (Y)°)

A For heavy WIMP, we can expand
(ov) = a+bv*) + O((v*)) ~a+6 b/x

A Then in terms of A=Y — Y.
l A = —yel _ f(2) A2V + A)

f(z)=" 7;({,* m Mp; (a+6b/x) 72
)




A Now we can solve the Boltzmann eq.

_ yeo oo
A= — ST for x < xp
A= —f(x)A% for 2> ap.

AThe currentrelic density 5 .

y 1=,/ TZ; Mp; m x5 (a+3b/zp)

px = mxnyxy = MmMxSoYoec sg = 2889.2 em ™3
0 p? o 10T X 10°GeV ! xp 1
VXN = .
X ﬂ[pg v/ [« ({'I. -+ qgl}/if:‘)

A The freeze-out temperature
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WIMP DM Searches

DM Pair Creation
(Colliders)
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Direct Detection

A The event # of WIMP -nucleon scattering
per unit time, per unit detector mass

R ~ no{v)/my
= (po/mymn)vf1(v)(do/d|q|*) dlq|* dv

f1(v) 1s the distribution of speeds relative to the detector [filv)dv =1
MIZ = 2m v*(1 — cos0*%) @* scattering angle in the CM frame

Iqlz/ (2my) = (mfv*/my)(1 — cos 0%)  m, = mym, /(my + m,)

do C

dig = OFaFlah = F(O) =1

4m



dR  aggpo * f1(©)
do ZWmEFZ(Q).[ v

Umin = (Q}nw/(sz))lp’l

Umaz == 650 km/s, the galactic escape velocity.

t’:I‘I‘I:'li:ri

The FF is a Fourier tranf. of the nucleus distribution function:

FA(Q):fe_inPA(X) d>x Fa(0) =1

Cnorm S i )
r) =
Pa(T) T exp((r — Ra)/a) Fermi distribution function

Woods-Saxon form factor

a=0.52 fm.
Rs=1.23A"3_0.6 fm



Effective operators for direct
detection
Av=107( -3), gq(max)=100MeV
A Cross section is calculated g=0 limit

A For Sl (spin-independent) cross section
(Majorana DM)

— — S1|2 \ v
ES] — )LNqu vf}( vaUfN |AH| = 64[.-"'-.NMX MHJ‘

4405 2
o3l = Tx(xpz + (A —2))



Effective operators for direct
detection

A For Dirac DM
Lr=ANeVyVyUNUN +ANoVy Vuly UNYH YN

AN = AN.e :2t AN.o +: WIMP, -: anti-WIMP
A Scalar DM

Ls=2iNeMydpyd3 UNUN + iAo (dpdy s — by Ity )UN VYN
A Vector DM

Ly = 2}~N.EM;{AXMA§$NWN T ;»N,DII(A;&GHA}{-H - AiaHA;&)ENVH&N



WIMP-quark scattering

Operators for WIMP-quark interactions.

WIMP spin Even operators Odd operators
st 0 2My Gy % Vot i(Budy &} — by 0ud})Vay* vy
1/2 Yy by Vg Wy Yy Yyt
1 2My Ay u Ay Vgt +irgo (A duAy.a — Ay *duAe)VaVua

: 2
A L
|H31|2 — 54( (e —;!q‘ﬂ} Mxmq)

—— y - Nﬁ
(NImgqwrgIN) = f¥My M0 = 2 fa ke
qg=1.6

fP=0033, fP=0023,  fP=o026,

2
fé"=§(12

i)
fi =0.042, " =0.018, f'=0.26. 9<3

AN.,o = Z flﬁq:'*q.a

q=u.d

with fy, =2, fy =1, f) =1, f) =2.



Indirect Detection

A Proportional to DM annihilation rate

4 /O%?E\J
A Galactic center, Center of Sun(Earth) may
be good place to look for DM
annihilation signals.

A Observed flux

dN; 1 ,
P;(¢, E) = ov / dsp? (r(s, )
‘ dE 4mmy Jline of sight |

spectrum of photon (neutrino)



Evidences for Dark Matter

A Cosmic Ray Searches
A PAMELA satellite observed striking increase in
the positron spectrum
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FermiLAT
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HESS
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Indirect Detection

Gamma-ray lines in the Fermi-LAT data?
C. Weniger
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Figure 1: Left panel: ROI Regd from Weniger [2012], optimized for large S/N in case of slightly contracted profile.
Right panel: Gamma-ray flux measured within that ROI by Fermi-LAT. An excess of events around 130 GeV 1is clearly
visible in the data. We show the fits to the data in the energy range 80-210 GeV. For direct comparison we show a
very hard spectrum with super-exponential cut-off (left dotted line; ~ E ' exp|[—(E /20 GeV)?]) and the ICS emission
from mono-energetic 230 GeV electrons at the Galactic center (dashed), both with arbitrary normalization.

If confirmed, it may be a clear signal for 130 GeV DM.



Hidden Sector DM and Higgs Portal

A One possible WIMP DM scenario is the
frameworkof r HIi dden [BVect or

A DM may be singlet under the SM gauge
group C hidden

A Hidden sector is generic in SUSY or
superstring models



Hidden Sector DM and Higgs Portal

A The renormalizable Higgs can mediate
the interaction between the SM and
hidden sector

ﬂ AL = ~MpyoH'HO'® w



DM physics

A GIM-type cancellation occurs in the DM annihilation
and scattering cross section

()

01;,02; 5
O ann,el X Z : ?’2 C O for degenerate Higgs




Direct detection

A XENON100(2012)



