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Dark Matter Search Strategies

Indirect detection Direct detection Production at LHC
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» The existence of dark matter is confirmed via multiple independent
observations:

» Galactic rotation curves and velocity dispersions.
» Gravitational lensing of galaxy clusters.

» CMB power spectrum.

» Structure formation.

» All of these observations are based on the gravitational interactions
between DM and visible matter.




Dark Matter particle mass range
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— number density is large (boson)
— long wavelength

— coherence within detector
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e Thermally produced in the early universe The neutrino spectrum at all energies

o few keV <m < GeV
e Mixing with SM neutrinos in extension of SM

e keV mass sterile neutrinos are over produced in early universe l 29
|
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CMB flux

Neutrino flux from the proton-proton fusion
inside the sun
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MD(’U% —v?) = 0.5 x 107°Mpc?

in Low-mass region

MD — 2 MV = NE & 2.\ Technological Challenges
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€ recoil due to the absorption of DM by €
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XENON Experiment
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Detection Method in XENON Experiment
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This also frees electrons, which
o © travel up an applied electric field

Dark matter hits
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1\ others, causing a light flash (S1)

S1

-A—'\/"'{ Ty o

A Example signal







The XENON1T Time Projection Chamber (TPC)
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Event Rate and Exclusion region

Event rate in a terrestrial detector

Detector physics Particle/nuclear physics Astrophysics
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Observation of Excess Electronic Recoil Events in XENONIT |
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Minimal dynamical symmetry breaking of the standard model
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Composite Higgs particle

Dynamical Breaking of S U (2) X U(1)

L = Lyinetic + G(\P%tRa)(z%\I’Lz’b)

-Top quark mass 1s generated by the spontaneous breaking
of SM gauge symmetries.

4
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- Analogy to BCS Theory and Quark condensate similar to Cooper Pairs

W. A. Bardeen, C. T. Hill and M. Lindner,, Phys. Rev. D 41 (1990) 1647.
Yoichiro Nambu and G.jona-lasinio. Phys Rev. 122, 345-358 (1961).



my ~ 173 GeV

The effective SM Lagrangian with the bilinear top-quark mass term and

Yukawa coupling to the composite Higgs boson at the low-energy scale m, ~ 126 GeV|
L = Lyinetic + gtO(\IthRH + hC)
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Spontaneous breaking of sterile neutrino PQ symmetry
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Sterile Neutrino Condensate and Composite Bosons (Axion and WIMP)
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Sterile neutrino coupling to SM gauge bosons

Sunset diagrams from four-fermion interactions lead
to effective SM gauge boson couplings to right-handed neutrinos
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Sterile neutrino and charged lepton couplings

LoOGy (gw/\/i)zgv“uf%W; + G# (gw/ﬁ)ﬂfﬂ“uf%Zg + G}, (e)Dfﬂ“Vf%AM + h.c.

At the electroweak scale v = (Grv/2) Y2 a2 246 GeV, Y9z~ 09r #UrX (v/Acut )




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

q>—0
Passarino-Veltman C; = C;(m3;, ¢ mg,mw,ml,ml) L5 Ci(mA, 0,m2; myy, my, my)

functions



Sterile Neutrino Radiative Decay Process
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“Neutrino Dipole Portal”
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Neutrino Magnetic Moments 1s a Property of SM Neutrinos
But Transition Magnetic Moment is Not !!

L 5
N C
P A >
4 ¢
9 s
S 0
/ ) /< | r
2 o N/ \/ "'. \
£ 2= s / " SN N "
// \ “.‘l =% ! _/'
,’ \\ (\_ / 4
“ .‘l <_, /
- /\\ '// \\ / \‘~ // \\ /‘/\ /’/ \\ //\\ / -4 < 2 Y 2 -4
1/ ‘ ’[ 1 17 7, f %

- 3eGpmy,  3Gpmem,
v 3n2\/2  4m2\/2 FB

— . )19 (ny ' | etcov
W, = 3x 10 (_n]\'/le\/) Up S.T. Petcov1976

Kazuo Fujikawa. Jun, 1980



https://inspirehep.net/authors/993651
https://inspirehep.net/authors/1009289

Induce an Effective Transition Magnetic Moment
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S. Shakeri, F. Hajkarim, and S.-S. Xue, JHEP12(2020)194.



Consistency with the SM Precision Measurements

Ftotal — FSM + ol

W decay width re 8y £42x1072GeV
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S.-S. Xue, et al ,Phys. Rev. D 101 (2020) 123016

Contribution to the Photon Vacuum Polarization
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Preserving Astrophysical and Cosmological and Astrophysical Constraints

Accelerated Expansion

In order to be DM life time must be larger than age of Universe
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Sterile Neutrino-Electron Scatterings

N.e — v.€
Incoming Sterile Neutrino N,e — Nye

Nye — vpe (EM Channel)

Outgoing Sterile Neutrino ve.e — Nee

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




Nye — vpe (EM Channel)
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Inelastic scattering of DM from Xenon electrons
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3 different scenarios @

N, N

1) ms, ~ 90 H  pecay SM

Gr ~ O(10~%) NT

WVAE N\NTH
Np and N\ =

2) m’y ~ 90 keV N - Decay SM
Gr ~ O(1079)
3) N& NE and N, Gr~ O(1077) m%y ~ 90 keV

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



e Polarization asymmetry between out going recoil electrons
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Towards Ultimate DM detector — =———l l



Sterile Neutrino DM Relic Density

NeNg < vy
Sterile Neutrinos in Thermal Equilibrium N,N, Vel as
2«3 92 Processes

When I'y = H, sterile neutrinos decouple

10-6 2/3 g.(T) 1/6
Try =~ 21.02 GeV | ——
In - ( Gr ) (86.25)

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



DM Overproduction and Entropy Dilution

Qn — INTNS o4 ( TN )( %29 )
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S.Mahmoudi, S. Shakeri, and S.-S. Xue, Relic Density of Sterile Neutrinos, In preparation 2021.
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Indirect detection

DM->GW, M(R) XX — Y, 49q, --.




Bosonic Dark Matter in Neutron Stars and its Effect on Gravitational Wave Signal

Davood Rafiei Karkevandi!,* Soroush Shakeril:2," Violetta Sagun 3,* and Oleksii Ivanytskyi*®
' ICRANet-Isfahan, Isfahan University of Technology, 84156-83111, Iran
2 Department of Physics, Isfahan University of Technology, Isfahan 84156-83111, Iran
3 CFisUC, Department of Physics, University of Coimbra, 3004-516 Coimbra, Portugal and
* Institute of Theoretical Physics, University of Wroclaw, 50-204 Wroclaw, Poland
(Dated: September 9, 2021)

We study an impact of self-interacting bosonic dark matter (DM) on various observable properties
of neutron stars (NSs). The analysis is performed for asymmetric DM with masses from few MeV
to GeV, the self-coupling constant of order O(1) and various DM fractions. Allowing a mixture
between DM and baryonic matter, the formation of a dense DM core or an extended dark halo have
been explored. We find that both distribution regimes crucially depend on the mass and fraction
of DM for sub-GeV boson masses in the strong coupling regime. From the combined analysis of
the mass-radius relation and the tidal deformability of compact stars including bosonic DM, we set
a stringent constraint on DM fraction. We conclude that observations of 2My NSs together with
A1.4 < 580 constraint, set by LIGO/Virgo Collaboration, favour sub-GeV DM particles with low

fractions below ~ 5%.
arXiv:2109.03801v1




Neutron Stars (NSs) as a Natural Laboratory to Test Fundamental Physics

quark-hybrid traditional neutron star

star

hyperon

star neutron star with

pion condensate

R ~ 10 km
Fe pc ~J 2 - ].Opnuc 7 3
color-superconductin 6 3 — 1 i
strange guark mf:ljttelrg 10~ g/cm (P —_— 2x107" kgm )
(u,d,s quarks) 11 3
10 g/cm
2SC
CFL 14 3
CSL CFL_K'I' 10 g/cm
gOFL  p KO
LOFF - Hydrogen/He
CFL-T L S at¥nos%here

strange star
nucleon star

—

R~ 10 km

[Weber, J. Phys. G 27, 465 (2001)]



The maximum mass for NS and its interior structure

Hydrostatic Equilibrium Equations

Constraints on Equations of State for Neutron Stars
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R[Rha/(Mv)]

Tidal Deformation and Gravitational Wave Signal
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} “Tidal Love Numbers of Neutron Stars”
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o= ). &
/ Ql] t\ lJ\External tidal field

Induced quadrupole moment

Tidal deformability

2 5
At - §k2R
k,: Dimensionless tidal love number

R: radius of star
k, will be calculated by TOV equation, so
it is related to the NS matter and the EoS

S - -.._ﬁ_z(gs
Dimensionless tidal deformability : A = Ve 3 k- v

R and M are the mass and radius of star
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NS mass and Tidal Deformability for a Wide Variety of equation-of-state models.

PRL 119, 161101 (2017)
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GW170817: Observation of Gravitational Waves from a Binary Neutron Star Inspiral

(LIGO Scientific Collaboration and Virgo Collaboration)
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Dark Matter in Neutron Stars
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Dark matter admixed neutron star

Dark matter admixed Neutron

star
Asymmetric DM Self-annihilating DM
l Luminosity and the
effective temperature
Mass - Radius profile
Tidal deformability
DM and BM interact only through
: : : gravitational force
Single fluid DM admixed NS
Two-fluid DM admixed NS U IR
) dps (g + pg)(M + 4xr’p)
Equation of state by d~ r2(1—2M/r)
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DM distribution in NS : DM core or DM halo

DM core

DM halo

RD>RB RB>RD RBzRD



Bosonic Dark Matter and Baryonic Matter

We consider bosonic DM as a complex scalar particles with the self-interaction

otentiz
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Pressure of the system equals to
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where m,, is the DM particle mass.
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Baryon matter EoS

EoS with induced surface tension (IST EoS)
consistent with:

nuclear matter ground state properties,
proton flow data,

heavy-ion collisions data,

astrophysical observations,
tidal deformability constraint from the NS-NS merger (GW170817)
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Effect of DM on Tidal Deformability and GWs
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coupling constant \ = 7, fraction fx = 10%

Tidal forces deform compact
objects in binary systems

e
D.R. Karkevandi, S. Shakeri, V. Sagun, O. Deformation of spacetime

Ivanytskyi, [ArxiV: 2109.03801 ].
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To be appeared in PRD soon away from spherical symmetry
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Constraint on the Fraction and Mass of Bosonic Dark Matter
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We conclude that observations of 2M;, NSs together with Ay 4 < 580 constraint, set by
LIGO/Virgo Collaboration, favour sub-GeV DM particles with low fractions below ~ 5%.

D.R. Karkevandi, S. Shakeri, V. Sagun, O. Ivanytskyi, [ArxiV: 2109.03801 ]. To be appeared in PRD soon
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Big Questions ! . Recent Anomalies

in Particle Physics

The mystery of particle generations XENON1T excess

The Origin of Neutrino Masses
Muon (g-2)
The Mass Hierarchy Problem

MiniBooNe Excess
The Fine-Tuning Problem

-M D
The Strong CP problem LRl ol

The Particle Nature of DM

Occam's razor

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.




Different Anomalies in Particle Physics
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Revisiting the phenomenology of Sterile Neutrinos using our New
Proposed EM vertex
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Xenon Binding Energies [eV]

n\l S D d

O 25.7 12.4 -
4 213.8 163.5 75.6
3 1093.2 958.4 710.7
2 0152.19 4837.7 —
1 33317.4 - -

TABLE I. Binding energies |Egl | leV] of the electrons in xenon
shells (n,l) calculated from



