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Outline

● DM Self-Interaction (SIDM) as possible solution

 1.  CDM Small Scale Potential Problems

 3. Velocity Dependent SIDM (vdSIDM) 
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2. Probing SIDM with Neutrino Telescopes 
● enhanced ν flux from DM annihilation

● estimate ν flux in IceCube and Current constraints on SIDM 

● vdSIDM model

● Neutrino Telescopes sensitivity do vdSIDM



Collisionless CDM 

 Extremely successful  at large scales

 CDM simulations fit very well large scale 
observations
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CDM Potential Problems 
 at small scale structure formation

NFW ⟶

 Core / Cusp	
CDM: too much DM ~ few Kpc	

Majority of gal rot curves: better fit by 
cored profile

 Too Big to Fail - Missing 
Satellites	

9 “classic" massive SIM DM subhalos⇔
CDM simulations predict too much mass	

in halos and subhalos central regions 4

Weinberg et al. ,  Proc. Nat. Acad. Sci. 112 (2014)	
Data: F568-3 (SSDS)



Self Interacting Dark Matter 

SIDM solves Small Scale Potential Problems

(Spergel and P. Steinhardt, PRL 84, 2000)

���

m�
= 8⇥ 10�(25�22) cm2/GeV

= 4.5� 450 cm2/g

DM scatters before reaching center of galaxy
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SIDM Qualitative Effects on Halo Structure:  

energy exchange!
isotropic velocity distribution!
limited sub-halo destruction



SIDM Simulations 
CDM and SIDM 

simulations

● constant density cores: 
much reduced central density

● subhalo content is modestly 
reduced
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(M. Rocha et al., MNRAS 430, 2013)

Dwarf Cores

Elbert, Bullock et al.,   MNRAS 453 (2015)

DM halos surface densities  	
(A.Peter et al., MNRAS 430, 2013)

 Milky Way Dwarfs Kinematics	
(Zavala et al., MNRAS 431, 2013)	

Xray image and lensing contour



SIDM Constraints 

 Bullet Cluster	
(S. Randall et al., ApJ 679, 2008)	

Xray image and lensing contour

���

m�
< 1.25 cm2/g
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SIDM will be effective if	
0.1 <

���

m�
< 1 cm2/g



Probing SIDM with neutrinos
Self-Interaction enhances DM capture in the Sun 

ν flux from DM annihilation will also be enhanced 

Independently probe SI interesting σ𝛘𝛘 /m𝛘𝛘  region

1. determine enhanced ν flux (simulation)	
2. compare predictions with IceCube results
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SIDM enhances DM Capture

Equilibrium among capture and annihilation rates	

 => maximum annihilation rate  

Ṅ = �C + ��� � �A

Ṅ = �C +CSN� �CAN2
�

SIDM enhances capture in the Sun but not in the Earth	
SI elastic scattering ejects DM from Earth	

(Zentner, PRD 80, 2009)

�A =
CAN2

2
= f(�C,���)



SIDM Capture Enhancement

Expedites time scale for capture and annihilation equilibrium  

m� = 500 GeV



Enhanced Neutrino Flux

Capture ⬆ 	

 Annihilation rate  ⬆	
𝛎 flux ⬆

Annihilation Channels: 

�� ! W+W�

⌧+ ⌧�

�� ! bb

Annihilation Channels: 

M𝛘 : 20 GeV → 5 TeV

IceCube Results:	
 Winter High (E𝛎 > 95 GeV)	

 Winter Low (E𝛎 ≤ 95 GeV)	
Summer Low	



ν production and propagation

- Monte Carlo Simulation:   WIMPSIM code

(M. Blennow, J. Edsjo, T. Ohlsson 	
 JCAP 01 2008)

=> CC and NC interactions

=> ν oscillations

- Output:  νμ  flux           at the detector

- Number of μ at given angular region Ω at IceCube:

N⌫ = �
A

t
exp

Z

Ethr

d�⌫µ

dE⌫
A

e↵

(E)dEμ



 Angular Smearing

IceCube’s angular resolution: ~ 4o for 100 GeV 𝛎	
Energy Dependent:  increases (decreases) for lower 

(higher) energies (M. Danninger - PhD Thesis) 

M𝛘 = 50 GeV M𝛘 = 1000 GeV



 Energy Spectrum at Detector

IceCube-79 	
effective area:

115
66
31
10

1.4

bb:
_

4.3
2.4
1.1
0.4

0.05

texp = 150 daysm� = 800GeV

WW:



 IceCube-79 DM Search

● 317 data taking days (June 2010 - May 2011)

● Deep Core data: summer + lower energies

𝚿 => angle 
between 

reconstructed 
track and 

direction of the 
Sun

Simulated 1 TeV  WW←

50 GeV  WW ←

Results are consistent with atmospheric bckgrd

IceCube coll. (PRL 110 - 2013)



 IceCube-79 DM Search
IceCube-79 results

Models which predict more events can be excluded



 Probing SIDM models
W+ W- / 𝝉+𝝉-   -  Spin Independent

Bullet Cluster
Halo Shapes

--- SIDM too low
--- LUX (to the left or 

between lines)

Region above 
blue curve:	
excluded at 

90% CL
 I.A.,D. Robertson, C.P Los Heros	

JCAP 02 (2014) 17



bb   -  Spin Independent
_

- weaker limits	
- independently 
confirms bullet 

results



 SIDM Constraints from IceCube

● SIDM is severely constrained if annihilates into WW
���

m�
< 0.6 cm2/g if h�vi = 3⇥ 10�26cm3/s

���

m�
< 0.1 cm2/g if h�vi = 1⇥ 10�27cm3/s

most SIDM effective models are ruled out

● bb analysis independently confirms bullet cluster results
_

SIDM can solve CDM potential small scale problems if: 	
Annihilation produces lower energy neutrinos	

Self-scattering is velocity dependent

I.A, C. P. de Los Heros & Denis S. Robertson JCAP 02, 2014
19



 vdSIDM Enhances DM Capture and Annihilation

Ṅ = �C + ��� � �A

�(vrel) ! Sommerfeld enhanced

�A ! ||
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Why velocity dependent SIDM?

● Clusters: v ~1000 Km/s; 
���

m�
< 0.47 cm2/g

● Dwarfs: v ~10 Km/s; 0.1� 0.5  ���

m�
 10� 50 cm2/g

��� / ���(vrel)



 vdSIDM Model 
 Tulin, Yu & Zurek	

PRD 87 (2013)

 DM Elastic Scattering
Lint = g� ��µ ��µ

� ⌘  DM Fermion � ⌘ vector mediator

 Self Interaction DM Annihilation
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 vdSIDM Model 

 Parameters: 

 Assuming  ΩDM is set by thermal freeze-out
22

↵� =
g�

4⇡
, m� , m�

 to solve small scale problems 	
(Tulin, Yu, Zurek - PRD 87 (2013))

m� ⇠ 1� 100MeV



 Coupling to SM 
 Kaplinghat,  Tulin &  Yu  	

PRD 89 (2014)

𝝓 mediator couples to SM through 𝜸 or Z mixing

L
mix

=
✏�
2
�⌫µF

µ⌫ + m2

Z

✏
Z

�µZ
µ

✏p = ✏� + 0.05✏Z

✏n = �0.6 ✏Z

Lint = e�µ (✏pp�
µp + ✏nn�

µn)

✏� and ✏Z << 1

DM - nucleon scattering
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η = εn / εp ≠ 1 => isospin violation  
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 Capture in the Sun 

 Scattering with Sun’s Nuclei

�C / n� nN ��N

��N(q2 = 0) = 16⇡↵em↵�

µ2
�N

m2
�

h
✏pZ + ✏n (A� Z)2

i

is about same order as momentum transferm� ⇠ 1� 100MeV

suppression factor:

��N = ��N (q2 = 0) ⇥
m4

�⇣
m2

� + q2
⌘2
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 Capture in the Sun 

 DM Self Scattering

non relativistic limit => Yukawa potential
V(r) = ±↵�

r
exp(�m�r) � ! attractive (��)

+ ! repulsive (�� or ��)

 Tulin, Yu & Zurek	
PRD 87 (2013)

—— attractive	
- - - repulsive
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 Capture with vdSIDM 

Sommerfeld effect does not play a crucial role 	
=> v ~ 1400 km/s

self capture!
contribution
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 Annihilation in the Sun 

�A =
1

2
< �Av > Ve↵

< �Av >=
1

2

✓
m�

⇡T�

◆3/2 Z
S(�av)

treev2e
�m�v2

4T� dv

S ≡ Sommerfeld enhancement

A
nn

ih
ila

tio
n 

X
S

Annihilation Channel: 

�� ! �� ! 2⌫l 2⌫l

Branching Ratio: 
BR(✏� = ✏Z) =

6

7

BR(✏� = 0, ✏Z) = 1
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 Annihilation with vdSIDM 

Sommerfeld effect plays a significant role
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ν Production and Propagation  

𝝓 lifetime is important  

Standard Wimp:  ν 
production in Sun’s core

vdSIDMS:  ν production 
not necessarily in the core

⌧� = 1 s

✓
10�10

✏Z

◆2 ⇣ m�

10MeV

⌘

Further enhances expected 
neutrino signal for some values of 

parameter space
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ν Production point is determined 
based on 𝝓 decay probability

From there on: ν are propagated to 
detector  
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vdSIDM Probes at ν Telescopes  
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ν  at IceCube / DeepCore and Pingu𝛍

IceCube-DeepCore DM data collection:  texp = 532 days	
(3 austral years) IceCube Coll. - Astropart. Phys. 35 (2012) 	

Sensitivity to VdSIDM

(Same texp for Pingu)

• Number of signal events:

3 samples:             m𝟀 < 50 GeV => only DeepCore

m𝟀 > 500 GeV => full IceCube

500 < m𝟀 < 50 GeV => combined analysis

+ Pingu
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ν  at IceCube / DeepCore and Pingu

• Number of background events:

Honda et al.,  PRD 92 (2015)

• Detector’s effective areas and acceptance angles 

𝚿 depends on energy	
10 and 2.8o as reference 
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Results

Pingu IceCube / DeepCore
 Denis Robertson, IA	

JCAP 1802 (2018)
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Results

Pingu IceCube / DeepCore
 Denis Robertson, IA	

JCAP 1802 (2018)
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● SIDM is severely constrained if annihilates into WW

Conclusions  

● SIDM annihilation into bb confirms bullet cluster results 
_

I.A, C. P. de Los Heros & Denis S. Robertson JCAP 02, 2014

● IceCube / DeepCore can probe vdSIDM with data 
already collected

★ for εz = 10-9 sensitivity covers almost all interesting region	
PINGU will cover remaining parameter space

 ★ for εz = 10-8 sensitivity decreases, but m𝟀 > 70GeV can be probed 

● IceCube / DeepCore are competitive with possible 
DD results and drastically better in the case of isospin 

violation
Denis Robertson, IA, JCAP 1802, 2018


