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• Self-interaction coupling    

Dark matter bound state

• DM charged under a new force
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�
finite range of interaction

• Introduce a massive mediator    

V(r ) = ± ! !

r e! m " r

• Bound state formation condition

• Non-relativistic limit, Yukawa potential

g!

Mediator wavelength Bohr radius
1

m !
> 2

! " m "

Prefer strong self-interaction

g! ø!" µ !# µ
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Vector
Scalar
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• tie        with

Small scale structure
Core-cusp problem

⇢NFW(r) = ⇢s
r
rs

(1+ r
rs

)2

In Cold Dark Matter (CDM) models, collionless halo density profile follows

Inner few kpc region,
Observation ⇢ ⇠ const

Diversity of rotation curves

Oman et al. 1504.01437

Navarro, Frenk, White   
9611107, 0504097

⇢ ⇠ 1/rCDM prediction 

SIDM generate core structure by thermalizing the inner region  
through energy transfer in          scattering.�-�

• Similar Vmax

• Diverse curves at few kpc

SIDM
⇢� �Baryon

• reduce central density

Tulin, Yu 1705.02358
Review on SIDM
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SIDM at galaxy & clusters

Kaplinghat, Tulin, Yu  
PRL(2016)

Dwarfs  
LSB galaxies   

Galaxy clusters

velocity dependence for SIDM to work in both scales

� ⇠ 1
vrel

vrel ⇠ 102 km/s �
m�

= 1 cm2

g

vrel ⇠ 103 km/s
�

m�
= 0.1 cm2

g
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Cluster constrain on constant cross section



Velocity dependence in SIDM

The mediator propagator :

�

�

�

�

�

Momentum transfer in DM scattering :

This indicates a light mediator model:

1
q2�m2

�

m�

m�
⇠ vrel

c ⇠ 10! 3

q2 ! m2
! |!vrel |2

(1 ! cos " )
2

• Self-interaction energy scale determined by dark matter velocity distribution 
• Suppression from large vrel
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Huo, Kaplinghat, Pan, Yu  
1709.09717

SIDM parameter space
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3 parameters  
to describe self-interaction

{ m! , m" , ! ! }

1 parameter in SIDM

m! -m" Þxed by velocity dependence

! ! determined by "

! ! = 1 / 137
repulsive force model Kaplinghat, Tulin, Yu  

PRL(2016)
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Decay length = 2 m
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Condition: 
mediator wavelength be larger  
than Bohr radius

Form bound state in  
most SIDM space

Bound state formation in SIDM model

V(r ) = ± ! !

r e! m " r

Yukawa potential
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LHC search for bound state

• Pair-produced DM form bound state in the non-relativistic limit. 
• Bound state annihilation decay into a pair of mediator    .

Elor, Liu, Slatyer, Soreq  1801.07723

Tsai, Wang, Zhao  1511.07433
An, Echenard, Pospelov, Zhang 1510.05020

!

!

SM

SM

"

"

Lepton ! jets
Displaced

B

• In     rest frame, two mediators are back-to-back with boost from  

E! ! mB / 2 = m"

B

!
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Model

Oq̄q�̄� = mq q̄�
5q�̄�5�

vhM2
⇤

Production operator

• Pseudoscalar coupling, weak direct detection bound.

�

�

q

q̄

Kinetic mixing: ✏
2F

µ⌫F 0
µ⌫

Dark photon model
✏eQf f̄�µf�µ

field redefinition 

! ! ! øf f =
" 2 e2 Q 2

f m !

12# [1 ! ( 2m f

m !
)2]

1
2 [1 +

2m 2
f

m 2
!

]

suppression  could be a long-lived particle !! 2

m� = 20 MeV, ✏ = 10�4
c⌧0 = 0.4 mm

c⌧lab ' O(1) m

• Yukawa coupling from UV completion of the Higgs sector.
•        as a new EFT scale.M⇤

Example: 
! ! GeV/m !
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In general light mediator models,  
there’s more freedom in      value! !
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Production

wave function overlap |! (0)|2 = ! 3
! m3

! / 8"M pp! B =
!

1
m !

! (0)M pp! ø!!

~fb production rate at the LHC

mB ! 2m!

! pp! B = ! (3)
48
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! m2

B

M4
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q y2

qL øqq(" )

is the PDF with COM energy ! = m 2
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s
L øqq(! )

bound state mass
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DLJ search of dark photon
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ATLAS-CONF-2016-042

• Scan Muon trigger for                  in HCAL, first find a hard    

Look for displaced decay in the detector volume

Cone%of%opening%angle%ΔR%

J%%TYPE0%L%!"#"$%&'(""

Cone%of%opening%angle%ΔR%

J%%TYPE1%L%L	J	Type1		

Cone%of%opening%angle%ΔR%

!"#
$%&'(#
)&'(#
%*#

J%%TYPE2%L%L	J	Type2		

|! ! | ! 1.5 1.5 ! |! ! | ! 2.4
" " e+ e� barrel: 2.2 # 3.7 [m]; P=0.7 endcap: 4.3 # 6.0 [m]; P=0.5
" " µ+ µ� barrel: 2.2 # 6.0 [m]; P=0.5 endcap: 4.3 # 10.0 [m]; P=0.6

DV location and efficiency in our simulation

! ! µµ
• CAL Ratio trigger for                  in HCAL, find jet-like object! ! ee

µ

SM background free
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Put constrain on         by 
assuming 10 DLJ events.

M !

Bound on EFT
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close to beam dump EXP limit
m� ' 20 MeV ! ! 10! 4

Trigger first 
The second     should satisfy 

p!
T ! 20 GeV

|! ! | ! 2.4
! Rø!!

1,2 ! 0.5
p!

T ! 30 GeV

Kinematic cuts

!
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Decay length in SIDM

Decay length = 2 m
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2 m is near the location of HCAL, 
SIDM DLJs have larger efficiencies.

decay length

d ! E !

m !

12!
e2 " 2 m !

m !

! 2 m 2
"

dependence

E! ! m"

!
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Dark photon searches

US Cosmic Visions 
1707.04591Potential to probe this region
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Summary

• Dark matter self-interaction mediated by light    
provides an explanation to astrophysical observations.   

• Large parameter space for SIDM bound state 
formation. 

• Long-lived      decay could be detected in displaced 
lepton jet search. 

• New strategy to probe dark photon and dark matter 
spectrum. 

�

�
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Thank you
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Backup
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No significant difference, the signal kinematics mostly determined by          scale. M B
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Constraints from mono-b searches
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