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Abstract: In thistalk, | will discuss constraints on dark matter (DM) from

collider physics, neutron stars and DM halo shapes. Monojet plus missing energy searches at hardron colliders limit DM interactions with quarks
and gluons, which provide a complementary probes of DM to direct detection. Stars can capture ambient DM particles. The captured scalar DM
particles may form a Bose-Einstein condensate, leading to a black hole at the center of the host neutron star that eventually causes its destruction.
The observation of old neutron stars exclude a wide range of the DM-neutron scattering cross-section for the scalar asymmetric DM. In various
well-motivated models, DM has self-interactions which may leave imprints on galactic dynamics. | will discuss an upper bound on DM
self-interaction cross section derived from elliptical DM halo shapes which is about two orders of magnitude stronger than the result from the Bullet
Cluster.
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Outline

A brief infroduction

Astrophysical Evidence, Thermal WIMP, Asymmetric dark matter

Collider constraints on DM-SM coupling

Tevatron, LHC, LEP

ADM accumulation in stars

the Sun, neutron stars

Constraints on DM self-interactions from DM halo
shapes

NGC720, Bullet Cluster
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Evidence For Dark Maﬂ'ei"

@ Rotation curves of galaxies

x .
d =
b - a

-

® Expect v drops beyond luminous region
® Find v is nearly a constant
® The discrepancy is resolved by dark matter

Fritz Zwicky (1933)

modlfy grOVifY? Vera Rubin (1970)
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We Need Dark Matter

@ Large structure formation

® Galaxy formation

@ CMB 3.

@ Gravitational lensing...
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Known and Ugﬁk.n*’o--_wn

® Known properties

/ Cold (Warm)

-/ Stable

/ Non-baryonic

/ Dark 5 | | {
/ Density o s

® Unknown properties

Ea

Spin
Quantum Number
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Theory: Thermal WIMP

(7

v \
ann {rel/

m, =100 GeV, g, =0.23 — Q,=0.2
A remarkable coincidence:

Dark matter and weak scale new physics
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Theory: Thermal WIMP
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Theory: Asymmetric DM

7 3% DARK ENERGY Qﬁﬂ!n
|

Por |

~= ).
[0
® Some mechanism generates DM and anti-DM number
asymmetry. It may connect to the baryon asymmetry.
® DM has a nonzero chemical potential. Usual thermal
WIMP is the symmetric limit.
@ DM is the Dirac fermion or complex scalar.

Nussinov (1985); Kaplan (1992); Kaplan, Luty, Zurek (2009); An, Chen,
Mohapatra, Zhang (2009)...

. o By X
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Theory: Asymmetric DM

7 3% DARK ENERGY Qﬁﬂ!n
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Some mechanism generates DM and anti-DM number
asymmetry. It may connect to the baryon asymmetry.

DM has a nonzero chemical potential. Usual thermal
WIMP is the symmetric limit.

DM is the Dirac fermion or complex scalar.

Nussinov (1985); Kaplan (1992); Kaplan, Luty, Zurek (2009); An, Chen,
Mohapatra, Zhang (2009)...
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ADM Relic Density

..—»—

Early Universe Lai'e Universe

@ In the early Universe, T>>H, boi'h DM and anti-
DM particles populate in the thermal bath.

o If nx ~NB (JU)ZO’W]MPNGX]_O" cms/s

@ Annihilate to hidden sector particles

@ Annihilate to SM particles (collider constraints!)

Page 13/44




Pirsa: 11100052

ADM Relic Density

..—»—

Early Universe . Lafe Universe

@ In the early Universe, T>>H, boi‘h DM and anti-
DM particles populate in the thermal bath.

o If Nx ~NB {(ov) = owrarp ~ 6 x.1072° cm?/s
@ Annihilate to hidden sector particles

@ Annihilate to SM particles (collider constraints!)
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7 3 %o DARK ENERGY
froozo out

|

PDM __
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Direct i Direct

X T SM XK \ 4

P

Relic density, Indirect 'Relic density, I . =t

Negllglble now! Look for accumulation
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An Effective Theory Approach

|Direct
X g SM

s

Collide v¥eaiisdiraints

et

missing energy
+mono-jet

The cutoff scale determines everything!

Goodman, Ibe, Rajarama, Shepherd, Tait, HBY (2010); See also Bai, Fox, Harnik (2010)
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An Effective Theory Approach
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‘missing energy
+mono-jet

The cutoff scale determines everything!

Goodman, Ibe, Rajarama, Shepherd, Tait, HBY (2010); See also Bai, Fox, Harnik (2010)
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An Effective Theory Approach

‘missing energy
+mono-jet

Goodman, Ibe, Rajarama, Shepherd, Tait, HBY (2010); See also Bai, Fox, Harnik (2010)
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An Effective Theory Approach

K ,

Colltde r¥caitsdiraints

Goodman, Ibe, Rajarama, Shepherd, Tait, HBY (2010); See also Bai, Fox, Harnik (2010)
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" Tevatron I .

= - J
SDM/ADM relic density

o7
D8

‘10
Goodman, Ibe, Rajarama, Sheph'erd, Tait, HBY (2010)

© ADM needs to deplete the symmetric component
through annihilation

® Not easy for DM to have right relic density through
these high dimensional operators

(J|H sl on

N Lfaf
TN

T
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e ) I\ +J
SDM/ADM relic density

o7
D8

‘10
Goodman, Ibe, Rajarama, Sheph'erd, Tait, HBY (2010)

© ADM needs to deplete the symmetric component
through annihilation

© Not easy for DM to have right relic density through
these high dimensional operators
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Direct Detection VS. Tevatron

Spin-independent Spin-dependent

For some operators, colliders can do better!
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An Effective Theory Approach

SM

-

Colltde regaisiicaints

missing energy
+mono-jet

The cutoff scale determines everything!

Goodman, Ibe, Rajarama, Shepherd, Tait, HBY (2010); See also Bai, Fox, Harnik (2010)
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LHC at 7 TeV

" LHC Discovery Reach :

For D1,D2,D3,D4 operators

Rajaraman, Shepherd, Tait, Wijangco (2011)
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Fox, Harnik, Kopp, Tsai (2011)

@ Missing energy+mono-photon
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Fox, Harnik, Kopp, Tsai (2011)
©® The Tevatron and LEP set strong constraints on DM-SM
coupling.

The light DM requires a light mediator with the mass much less
than the transverse momentum O(100) GeV in colliders.
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/S. Tevatron
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Spin-independent Spin-dependent

For some operators, colliders can do better!
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ADM Accumulation

@ Typically, there are no annihilation signals. Look
for ADM accumulation.

o Accumulation in the Sun.

Frandsen, Sarkar (2010); Cumberbatch, Guzik, Silk, Watson, West
(2010); Taoso, Iocco, Meynet, Bertone, Eggenberger (2010)

@ Accumulation in neutron stars.

McDermott, HBY, Zurek (2011)
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No Annihilations

Taoso, Iocco, Meynet, Bertone, Eggenberger (2010)

® Captured ADM particles transport heat and reduce the solar temperature.

© The neutrino production rate is sensitive to the solar temperature.
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® Captured ADM particles transport heat and reduce the solar temperature.

@ The neutrino production rate is sensitive to the solar temperature.
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Basics of Neutron stars

@ Mass: ~ 10°7 protons ~ 1.4 Solar Mass

@ Density: ~ 1.4 x 102 kg/m?® ~ 10'® kg/m?

® Escape V: ~ 2 x 10 3¢ ~ 0.6¢

o Temperature: ~ 1.6 x 10" K ~ 10° —10° K

Advantages: high capture rate; fast thermalization; Bose-Einstein condensate
(Bosonic ADM)

These captured ADM particles may form a mini
black hole at the center of neutron stars.
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Basics of Neutron stars

@ Mass: ~ 10°7 protons ~ 1.4 Solar Mass
@ Density: ~ 1.4 x 102 kg/m® ~ 10'® kg/m?>
® Escape V: ~ 2 x 10 3¢ ~ 0.6¢

o Temperature: ~ 1.6 x 10" K ~ 10° —10° K

Advantages: high capture rate; fast thermalization; Bose-Einstein condensate
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ADM in a Neutron Star

Capture (Step 1)
3 x 10 ( “":ln(\:. : ) ( 104 c.'!.'-:' cim? ) ( 2.1 ’I‘l\' “"' cim? ) ( 1O F\.;.,;-_)

My - .3 | 1O=% cim® )
'H(intlc:-\) ( ., )(
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ADM in the thermal state Self-gravitation (Step 3)

SN ¥
i

L& x 107 ( 100 GoV )
‘ \ ey /

(wx)

: A I ET
wu(
3 tn

Pirsa: 11100052 Page 34/44




ADM in a Neutron ‘Star
Capture (Step 1)
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ADM in the thermal state Self-gravitation (Step 3)
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Chandrasekhar Limit

Beyond this limit, the system can collapse to a black hole.
® Fermions: gravity VS. Fermi pressure

‘ GNan? | NS
e § @ Rk _Sn

Nfermz‘o'n. ~ Mpl 0 B - 1051 (lm GeV S

Cha

® Bosons: gravity VS. zero point ener‘gy
B~ _Ca?]"\?'s"n2 8 i
R R
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Baryon accretion Hawking radiation
Hawking wins if the initial black hole mass is less than

MEH ~ 1.2 x 10°7 GeV
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Nearby Old

© But we see many very old pulsars! We can derive a

bound on the ADM-neutron scattering cross

section.
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DM Self-interactions

SelF-in'I'eracfing DM Spergel, Steinhardt (1999); Dave,
Spergel, Steinhardt, Wandelt (2000)

Contact interactions spergel, Steinhardt (1999), Recent ADM
models involving strong dynamics %

Mediated by massless mediators

Feng, Tu, HBY (2008); Ackerman, Buckley, Carroll, Kamionkowski (2008);
Feng, Kaplinghat, Tu, HBY (2009)

Mediated by light massive mediators

Feng, Kaplinghat, HBY (2009); Buckley, Fox (2009); Loeb, Weiner (2010)
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The Bullet C

y ... . S ,-.j_ s '_ ; - W 2 . 2
S 5 . . —24 €CIN

Markevitch, Gonzalez, Clowe, Vikhlinin, =41.8 5¢'10 GV

David, Forman, Jones, Murray, Tucker e

(2003)
initial suggestion simulation
2 2
o cm o cm
TXX e e L By o
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Ellipticity of DM Halos

@ If DM self-interactions are strong enough to
create O(1) velocity change, they can erase
the anisotropy of the DM velocity dispersion
and create spherical halos.

@ There are elliptical galaxies and clusters.

® We consider the well-studied, nearby (about
25 Mpc away) elliptical galaxy NGC720.

v2 ~ (240 km/s)?, px ~ 4 GeV /cm?
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Ellipticity of DM Halos

® We consider the rate to create O(1) velocity
change

P i [ dPv1d%vs f (01) F (V2) (R X Vret0 x x ) (V201 /03)

o Determine the coefficient by comparing with

simulation. o 1
I, 810" years

2 2

IXX oA = AR Ry T
M x g GeV

® About two orders of magnitude S'I'r‘onger‘
than the bound from the Bullet Cluster.
Feng, Kaplinghat, HBY (2009); Lin, HBY, Zurek (in preparation)
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Ellipticity of DM Halos

@ We consider the rate to create O(1) velocity
change

Iy = /d3v1d3v2f(v1)f(vz)(nxvrezdxx)(vﬁez/vg)

@ Determine the coefficient by comparing with

simulation. o 8
L ~E81 0" years

2 2

IXX ol e s A P e
mx g GeV

® About two orders of magnitude sfronger‘
than the bound from the Bullet Cluster.
Feng, Kaplinghat, HBY (2009); Lin, HBY, Zurek (in preparation)
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Summary

® Colliders provide interesting constraints on
DM-SM interactions.

® We can use stars to probe ADM.

@ The ellipticity of DM halos pui:s a strong
constraint on the DM self-interaction cross
section.
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