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Introduction

WIMP dark matter

Typical weak-scale cross section for self-scattering

o1 ~ 1073%cm?

DM elastic scattering cross section must be

o1 ~ lem?(mx/g) =~ 2x10~2*cm?(myx / GeV)

Weak-scale cross section too small to affect structure formation

Invoke strong self-interaction in dark matter particles?
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Cusp/Core Anomaly

Collisionless cold dark matter halos in dwarfs
Appears to be centrally cuspy in simulations
Observations exhibit cored profiles

Image of galaxy F568-3 superposed on Via Lactea CDM simulation of
MW-sized halo
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Cusp/Core Anomaly

o Galactic rotation curves
@ Cluster observations
Prospective resolutions
@ Include baryonic feedback mechanisms that steepen the inner profile
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Cusp/Core Anomaly

Self-interaction in collisional DM makes halos rounder, less dense at center

M, =4.2x10" M

Collisionless CDM

Self—interacting DM
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From simulations by Rocha et al., 2013
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Missing Satellites Problem

Simulations predict orders of magnitude of more dwarf galaxies than
observation

N

i
% Sculptor

Yniguez et al. (2013), Garrison-Kimmel et al. (2014)
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Missing Satellites Problem

Bullock (2013)
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Missing Satellites Problem

Potential solution

@ Star formation suppressed due to photo-ionization and heating. Up to
5-20 times of the known dwarfs may have gone undetected because of
luminosity bias, limited sky coverage, surface brightness limits etc.

o Tidal stripping and supernova feedback may have destroyed the
subhaloes

e New DM physics (SIDM, WDM)
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“Too Big to Fail”

Problem within the Milky Way
Subhaloes too massive to host observed bright satellites!
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“Too Big to Fail”

Problem is not limited to the Milky Way!
Extragalactic observations

Twofold trouble with the hosts

@ Dwarfs are hosted by less massive halos than predicted by CCDM
simulations

@ If smaller halos are allowed to host them observations come up with
higher galactic number density

Three problems are linked: A Common Resolution?
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“Too Big to Fail”

Hosts are too massive to be accommodated into the galactic rotation curve
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“Too Big to Fail”

Possible way-outs
@ Feedback from star formation and supernovae, ram pressure and tidal
stripping in hosts
@ Uncertainty in MW halo mass
@ Statistical uncertainties in formation of MW-sized halos

@ New DM physics

Baryonic feedback mechanisms are not enough to fix the abundance of
halos or the galactic rotation curves (projected masses)

Time to look into new possibilities on the dark matter front?
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Alternatives

What are the viable routes out of the messy small-scale anomalies?

Collisional self-interacting DM candidate: e.g. hidden dark matter
(with dark gauge boson as mediators: scalars, dark photons)

Warm dark matter candidate: e.g. decaying 7.1 keV sterile neutrinos

Both offer resolutions to problems with the small-scale structure without

violating astrophysical bounds
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Dark Matter Candidate and Mediators

Yukawa potential at work:

ay ¢
V(r)=+"2e"

Dark fine structure constant ax = g&/4m

Interactions

Line = gxX1uXp vector mediator
Lint = gx XX scalar mediator

Scalar interactions: purely attractive
Vector interactions: both attractive and repulsive

Scattering

Repulsive: xx — xx
Attractive: xx — XX
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Mometum-transfer cross section

Transfer Cross Section
or = [dQ(1 — cos) 42
@ Weighted by fractional longitudinal momentum transfer

@ Regulates forward scattering divergence

Viscosity Cross Section
ov = [dQsin?04g

@ Weighted by energy transfer in the transverse direction

@ Regulates forward and backward scattering divergence evenly

Difference between o1 and oy will be small
Angular dependence in full scale N-body simulation is taken care of
through angular information in g—g

ot widely used in DM literature
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Born regime

The Born limit: % <1

Cross section calculated perturbatively in ax

For both attractive and repulsive potential

Born __ 8ma2 m2v? m%v?
o7 = X(/og(l + =5 ) - mi—&—xmitﬂ)

2 32
. . = . do __ s my
Differential cross section: ;& = (TR (1 cost) o)
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Classical regime

The classical limit: % >1
Cross-sections computed in the non-perturbative regime

For attractive potential

4 82In(1 + 1) p<107t
¢
oS = § B2 R2)(1+1.561%%) 1071 < B S 10°
¢
(InB+1-3%in18)2 B2 10°

For repulsive potential
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Classical regime

Differential cross section

For 5 <1

do . oT
dQ 7 4rx
@ Remains approximately constant

Forg =21
o do ~ o
dQ ~ miv“sm“g

@ Approaches Rutherford scattering formula
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Resonant regime

Onset of both quantum mechanical and non-perturbative effects

Regime is defined by

mg

A significant chunk of the parameter space!

No analytic formula for o7
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Resonant regime

o1 computed by solving the Schroedinger equation using partial wave
analysis

Velocity dependence within the resonant regime

Curves parametrized with axmx/my

For attractive potential
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Resonant regime

For repulsive potential
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Tulin et al., 2013

The analytic path

The Hulthen potential
V(r) = +oxlesr

1—e—9°"
Serves as an excellent approximation to the Yukawa potential
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Resonant regime

The analytic path

Transfer cross-section in Hulthen potential:

Hulthen __ 16w _: .2
oT = WSI” 50

Differential cross-section:

where

()
% = arg(Fyrny)
with k¥ ~1.6 and

2

j 2
Imxv axmy _ Mxv .
1+ 2Kkmy + rmg a2 attractive

. 2.2
imxv - [axmy myv .
1+ 2y == /Tm(p + rr repulsive
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The resonant regime

A comparison

between the numerical and analytic results
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The resonant regime

108 10°
£ oo AR < 10
3 i 3
LR CHHEE 7w
I E | v
Ng 1 ' Ng 1
§ 102 & 02
. = 107
104 Attractive (@=107%) . Repulsive (@=10"%)
10 10 1073 1072 107! 10 107 107 1073 1072 107!
my/my mgjmy

Tulin et al., 2013

Oindrila Ghosh (IMSc) SIDM: Dark Force and Beyo



Phenomenology

Transfer cross-section

Cross section averaged over relative velocities of incoming DM
_ d3v —102/42
(o1) = f (27”)(2))3/29 2v"/ 0o (v)

Uses exponential weight

v — most probable velocity

Similarly, the thermally averaged cross section in non-relativistic limit is
dv —102/02

OanV) = | mmgmze 2V /o0

( an > f (27”]3)3/2 an

vy — 2/XX

where xx = mx/Tx and DM temperature Tx is Tx = T2/ Ty
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Phenomenology

Light mediators — Enhancement

Thermally averaged enhanced cross section

Multiply the Sommerfeld enhancement factor S with the tree level
cross-section (0,,v) to get o,V

3/2
(Tam) = 3= [ S(oanv)irecv?e " Ady

0.1

0.01

& 0001 &
0.001
107
10
107
0.1 1 10 100 1000 10t 0.1 1 10 100 1000 10t
my (GeV) my (GeV)

Tulin et al., 2013
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Parameter space

For symmetric dark matter (both X and X abundance) we use
or = (03" +05)/2

For asymmetric dark matter (purely X or X) scattering is repulsive

Symmetric dark matter Asymmetric dark matter (ay=10"2)

104+
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Tulin et al., 2012
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Cluster collisions

Collision between galactic clusters

Hot, diffuse gas

visible inXrays Dark matter

found via gravitational lensing

(Stars in) galaxies
visible in optical

Harvey et al., 2015
72 collisions studied including major and minor mergers

@ Confirms the existence of dark mass at 7.6¢ significance
@ Poses strong hints towards nongravitational self-interaction in DM

Oindrila Ghosh (IMSc) SIDM: Dark Force and Beyond May 26, 2015



Cluster collisions

Oindrila Ghosh (IMSc) SIDM: Dark Force and Beyond May 26, 2015 30/ 37



Clu collision

Hubble Space Telescope: optical imaging
Chandra Observatory data: x-ray imaging

30 systems picked within the redshift 0.2<z<0.6 + 2 systems at z>0.8
Contains 72 pieces of substructure

bs|
(galaxies-dark matter)

a1

(galaxies-gas)
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Observed offset between various components of substructure [kpc]

Harvey et al., 2015
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Making a case for self-interaction

Mean DM lag

(0s/) = —5.8 £ 8.2kpc in the direction of motion
(6pr) = —1.8 £ 7.0kpc perpendicularly
Constraints on interaction cross section

Limits derived from Bullet cluster collision

o Test for drag — opy/m<1.25cm?/g[68% CL]
o Test for mass loss — opp/m<0.7cm?/g[68% CL]

9 gal)
Define dimensionless 3 = ‘55’ =B{1- G[M]

HST and Chandra observation on colliding clusters

Fractional lag of DM relative to gas () = —0.04 £ 0.07[68% CL]

o opm/m = —0.251342cm?/g[68%CL, two — tailed]
o opp/m<0.47cm?/g[95%CL, one — tailed]

Oindrila Ghosh (IMSc) SIDM: Dark Force and Beyond May 26, 2015 32 /37



Detection prospects

If charged both under hidden gauge group U’(1) and the Standard Model,
dark matter can couple to SM through the mediator

Spin-independent/dependent effective coupling cross section

Sl —24 2.,.2 (30MeV\4, ax
oy~ 107 cm Xfeff(7m¢ X162

Sl —24 2. 2 (30MeV \4 myx .
oyn ~ 107 em xesq ( g ) X565y Symmetric DM

asymmetric DM

Direct detection constraints via LUX and XENON1T

Attempt at looking into indirect detection prospects.

Line searches with Fermi-LAT, antimatter fraction from AMS-02 etc.

Collider searches in the light of LHC
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Conclusion

Conclusion
@ Astrophysical observations DOES NOT exclude Hidden Dark Matter
@ Favours light DM in self-interacting framework
@ Indicates long-range interaction

e Emphasizes light mediator (Yukawa scalars, not-so-massive vector
bosons)

Possibilities

@ Employing tighter astrophysical bounds to narrow down on
self-interaction

@ N-body simulations to investigate the accuracy of complementarity

@ Prospective limits from detectors to confine the parameter space
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The End
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