
Direct and Indirect  Probes for Dark Matter : from 
Recoil Electrons to Gravitational Waves

 Soroush Shakeri
Isfahan University of Technology (IUT)

S. Shakeri, F. Hajkarim, and S.-S. Xue, JHEP12(2020)194.
D.R. Karkevandi, S. Shakeri, V. Sagun, O. Ivanytskyi, [ArxiV: 2109.03801 ]. To be appeared in PRD soon

https://arxiv.org/abs/2109.03801




DM->GW, M(R)







??http://physics.ipm.ac.ir/conferences/irchep/prog.jsp#ZareiCome back to this !!!!







Elastic Scattering

Technological Challenges 
in Low-mass region

recoil due to the absorption of DM by e− e−

Inelastic Scattering



Low-mass (Sub-GeV) DM detectors

 superconducting nanowire single-photon 
detector (SNSPD)

silicon-based charge-coupled device
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https://science.purdue.edu/xenon1t/



Event Rate and Exclusion region 
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?HINT OF dm?

Observation of Excess Electronic Recoil Events in XENON1T

?





W. A. Bardeen, C. T. Hill and M. Lindner,, Phys. Rev. D 41 (1990) 1647.

Minimal dynamical symmetry breaking of the standard model

-Top quark mass is generated by the spontaneous breaking
of SM gauge symmetries.

Composite Higgs particle

Dynamical Breaking of SU(2) × U(1)

Yoichiro Nambu and G.jona-lasinio. Phys Rev. 122, 345-358 (1961).

- Analogy to BCS Theory and Quark condensate similar to Cooper Pairs



S.-S. Xue, Phys. Lett. B 721 (2013) 347, S.-S. Xue, Phys. Lett. B 727 (2013) 308,
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New Physics at TeV Scale

?

The effective SM Lagrangian with the bilinear top-quark mass term and
Yukawa coupling to the composite Higgs boson at the low-energy scale

https://arxiv.org/abs/1605.01266


Spontaneous breaking of sterile neutrino PQ symmetry

Respect to Global PQ chiral symmetry

Only sterile neutrinos carry PQ charge

The SSB of                     

leads to the generation of Massive Scalar Boson

Sterile Neutrino Majorana Masses

Pseudoscalar Axion,



S.-S. Xue, Hierarchy spectrum of SM fermions: from top quark to electron neutrino, JHEP 11 (2016) 072
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UV
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Estimation 
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Sterile Neutrino Condensate and Composite Bosons (Axion and WIMP) 

S.-S. Xue, Spontaneous Peccei-Quinn symmetry breaking renders sterile neutrino, axion and boson to be 
candidates for dark matter particles, [ArXiv:2012.04648]



Sterile neutrino coupling to SM gauge bosons

Sunset diagrams from four-fermion interactions lead 
to effective SM gauge boson couplings to right-handed neutrinos



At the electroweak scale

γ

γ



Introducing a New EM Effective vertex  
for Sterile Neutrino - SM Neutrino 

Passarino-Veltman  
functions

qμ

1PI vertex



 Sterile Neutrino Radiative Decay Process

 At low energy scale  (Zero momentum transfer limit)



V. Brdar, A. Greljo, J. Kopp, and T. Opferkuch, JCAP 01, 039, (2021)

Active-Sterile Neutrino Transition Magnetic Moments

“Neutrino Dipole Portal”

P. Coloma, P. A. Machado, I. Martinez-Soler and I. M. Shoemaker, Physical Review Letters 119 (2017) .
G. Magill, R. Plestid, M. Pospelov and Y.-D. Tsai, D, Phys. Rev. D 98 (2018) 115015



Neutrino Magnetic Moments is a Property of SM Neutrinos
But Transition Magnetic Moment is Not !! 

NOTE

S.T. Petcov1976
Kazuo Fujikawa. Jun, 1980 
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Induce an Effective Transition Magnetic Moment

S. Shakeri, F. Hajkarim, and S.-S. Xue, JHEP12(2020)194.
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Consistency with the SM Precision Measurements 

 W decay width

SM  Fine-Structure 
constant

δ ΓW ≤ 4.2 × 10−2GeV

Contribution to the Photon Vacuum Polarization

 S.-S. Xue, et al ,Phys. Rev. D 101 (2020) 123016

NR
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Preserving Astrophysical and Cosmological and Astrophysical Constraints 

Induce an effective transition magnetic moment

In order to be DM life time must be larger than age of Universe

>

<

<

S. Shakeri, F. Hajkarim, and S.-S. Xue, Shedding new light on sterile 
neutrinos from xenon1t experiment, JHEP 2020 (Dec, 2020).



Inelastic

Inelastic

Elastic

Inelastic

S. Shakeri, F. Hajkarim, and S.-S. Xue, Shedding new light on sterile neutrinos from xenon1t 
experiment, JHEP 2020 (Dec, 2020).









3 different scenarios 

DM :

DM :

Decay SM

Decay SM

DM :

1)

2)

3)

Regarding the XENON1T electron recoil data, there is a degeneracy between three scenarios.



• Polarization asymmetry between out going recoil electrons

The scattering via charged lepton coupling leads to asymmetry 
between left- and right-handed recoil electrons

1) 2)

Towards Ultimate DM detector



Sterile Neutrino DM Relic Density

Sterile Neutrinos in Thermal Equilibrium    
             Processes

Sterile Neutrinos Decay Process

S.Mahmoudi, S. Shakeri, and S.-S. Xue, Relic Density of Sterile Neutrinos, In preparation  2021.



DM Overproduction and Entropy Dilution

?

Planck 2018

Entropy Dilution can be generated by Decaying             and/or  N2

N1 = DM

N3

S.Mahmoudi, S. Shakeri, and S.-S. Xue, Relic Density of Sterile Neutrinos, In preparation  2021.
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Allowed 

.Ne = DM Nμ = Diluter
BBN Constraint
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 Neutron Stars (NSs) as a Natural Laboratory to Test Fundamental Physics



R. C. Tolman, Phys. Rev. 55, 364 (1939). ,J. R. Oppenheimer and G. M. Volkoff, Phys. Rev. 55, 374 (1939).

Ozel & ¨ Freire (2016);

Tolman- Oppenheimer -Volkoff (TOV) Eqs.

EoS M-R

The maximum mass for NS and its interior structure



Gen.Rel.Grav. 53 (2021) 3, 27  2004.02527

Induced quadrupole moment

External tidal field

Tidal deformability

 

 

Gravitational Wave Phase in Frequency Domain

 

Tidal Deformation and Gravitational Wave Signal 

https://arxiv.org/abs/2004.02527


NS mass and Tidal Deformability for a Wide Variety of equation-of-state models.

	 	 	 	 Gen.Rel.Grav. 53 (2021) 3, 27 • e-Print: 2004.02527
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DARK MATTER ACCUMULATION REGIMESDark Matter in Neutron Stars

Accumulation of DM 
by a star or a NS 

during its life time



Dark matter admixed neutron star                                                                                                                                                                             

Dark matter admixed Neutron 
star

Asymmetric DM

Mass - Radius profile  
Tidal deformability

Self-annihilating DM

Luminosity and the 
effective temperature

Chris Kouvaris, Phys.Rev.D77:023006,2008 
M.A. Perez-Garcıa and J. Silk, Phys. Lett. B 711, 6 (2012). 

Single fluid DM admixed NS  

Two-fluid DM admixed NS  

Equation of state by 
considering DM-Baryonic matter 

interaction

G. Panotopoulos and I. Lopes, Phys.Rev.D 96 (2017) 8, 083004  
Abdul Quddus, et al. J.Phys.G 47 (2020) 9, 095202 
Arpan Das, et al. Phys. Rev. D 99, 043016 (2019)

DM and BM interact only through 
gravitational force

EoS for BM and EoS for DM



DM distribution in NS : DM core or DM halo



Bosonic Dark Matter and Baryonic Matter
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Black solid line : Only BM (without DM)
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Effect of DM on Tidal Deformability and GWs

https://arxiv.org/abs/2109.03801


 Constraint on the Fraction and Mass of Bosonic Dark Matter
from combined GWs + M
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Big Questions !

The mystery of particle generations

The Particle Nature of DM 

The Origin of Neutrino Masses 

The Strong CP problem

The Mass Hierarchy Problem 

Recent Anomalies 
 in Particle Physics

XENON1T excess

Muon (g-2)

B-Meson Decay

MiniBooNe Excess
The Fine-Tuning Problem

 Among competing hypotheses, the one with the fewest
assumptions should be selected

Physicists should be skeptical about models that add complexity for the sole reason of 
satisfying constraints from previous searches.

Occam's razor 



 FermiLab : g-2 muon and

FermiLab : MiniBooNe Anomaly

 B meson anomaly LHCb

Different Anomalies in Particle Physics

B. Abi et al. (Muon g-2), Phys. Rev. Lett. 126 , 141801 (2021), 

 MiniBooNE collaboration, Phys. Rev. Lett. 121 (2018) 221801 [1805.12028].

. R. Aaij et al. [LHCb], [arXiv:2103.11769 [hep-ex]]. 
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Revisiting the phenomenology of Sterile Neutrinos using our New 
Proposed EM vertex 

Peter Ballett, Matheus Hostert, Silvia Pascoli, et al, Phys. Rev. D 100, 055012 (2019)

https://arxiv.org/search/hep-ph?searchtype=author&query=Schwetz%2C+T
https://arxiv.org/search/hep-ph?searchtype=author&query=Zhou%2C+A
https://arxiv.org/search/hep-ph?searchtype=author&query=Zhu%2C+J
https://arxiv.org/search/hep-ph?searchtype=author&query=Vergani%2C+S
https://arxiv.org/search/hep-ph?searchtype=author&query=Kamp%2C+N+W
https://arxiv.org/search/hep-ph?searchtype=author&query=Ballett%2C+P
https://arxiv.org/search/hep-ph?searchtype=author&query=Hostert%2C+M
https://arxiv.org/search/hep-ph?searchtype=author&query=Pascoli%2C+S



