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Dark matter, or missing mass in our universe, is indicated
in....

Galactic rotation curves

Anisotropy in the Cosmic Microwave
Background Radiation

Structure formation

Gravitational lensing in bullet clusters etc.....

Observation of photons, excess positrons, excess
in galactic antiproton/proton ratio....
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Galactic rotation: the first evidence of dark matter...

mv2/r = GMm/r2
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Bullet cluster: hint that dark matter is made of particles...
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Proposed particle dark matter scenarios constrained
by/expected to be reflected in...

Relic density (unaccounted mass)
(For thermal DM, Boltzmann transport equation
⇒ Constraint on the rate of its annihilation
⇒ Constraint on new model parameter space)

Light element abundance

Various other astro-cosmo data
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The most convincing proof lies in...

Direct search experiments–
scattering of ubiquitous dark matter with
nucleons

Signals at particle colliders
as missing energy/momentum if a WIMP-type
DM particle is produced
⇒ Reconstruction attempts via

mT2,mcT ,
√
ŝmin,...)
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ŝmin,...)

Biswarup Mukhopadhyaya Regional Centre for Accelerator-based Particle Physics Harish-Chandra Research Institute Allahabad, IndiaLOOKING FOR DARK MATTER: USUAL AND UNUSUAL WAYS



As of now, we have....

And a spinless particle (the Higgs boson?)
+
A theory called the ‘standard model’ explaining three of the
four fundamental forces (electromagnetic, strong, weak)
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On the theoretical side....

Nothing known that fits into the role of DM
⇒ Scenarios beyond the standard model

suggested

Something that does not decay into lighter
particles.

Some unknown symmetry, resulting in a
conserved quantum number, dictating

The nature of scattering in direct detection
experiments

Pair-production of DM particles at colliders
(if they are produced at all !)
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Weakly interacting dark matter: a typical direct search
set-up...
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The most recent searches done with this detector...
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Various ways of looking for dark matter...
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Particle physics scenarios:
conventional and unconventional...

Common expectation: some discrete symmetries
⇒ SUSY, UED, Little Higgs withT-parity, Inert
Higgs Doublet....

All expected to lead to invisible signals in
colliders

Exception:
Feebly Interacting Massive Particles (FIMP)
rather than
Weakly Interacting Massive Particles(WIMP)
A possible consequence: accelerator signals not
as missing energy/momentum
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There can be scenarios, where....

DM-related issues face some twist for certain
particle spectra
⇒ Change in the basic paradigm for

formulating/probing new physics

Example:

The DM candidate has very feeble interaction
with the rest of the spectrum, so that

It does not thermalise

Direct detection suppressed
The signal is NOT missing energy/momentum at collider
experiments, but something new
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Example: The minimal SUSY standard model with ν̃R

A ν̃R can be the DM candidate, with a charged
particle (say, τ̃R) as the next-to-lightest SUSY
particle (NLSP)

ν̃R interacts with every other particle via
neutrino Yulawa coupling:
' 10−13 if neutrinos have Dirac mass only
ν̃R is a FIMP

The ν̃R never thermalises, but is produced from
the frozen-out NLSP, and also from freeze-in
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Example: The minimal SUSY standard model with ν̃R

At colliders, one notices not missing energy but
stable charged tracks due to the NLSP

Relaxed constraints on mSUGRA-type SUSY
S. Banerjee, G. Belanger, BM, P. Serpico (2016)
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Non-SUSY scenarios with similar phenomenology....

General accompanying features:

A Z2 symmetry (say), the DM particle as the
lightest Z2-odd one, and
a next-to-lightest odd particle (NLOP)
(charged for similar effects)

Interaction terms + spectrum
which slows down the decay
NLOP → DM particle
BBN-safe NLOP lifetime

DM production via NLOP freeze-out
+ DM freeze-in
Compatibility with direct search constraints
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An example....

A. Ghosh, T. Mondal, BM, JHEP (2017)

Type-3 seesaw mechanism requires at least two fermion
triplets (Y = 0)

Suppose there is a third triplet , odd under a Z2

(Σ+,Σ0,Σ−)

Σ0 can be a DM candidate, but only with trans-TeV mass
E. Ma and D. Suematsu (2009)

Mixture with an RH singlet νs generates DM at low masses
as well
M. Hirsch et al. (2013), A. Chaudhuri, S. Rakshit, BM (2015)

A tiny Σ0 component ⇒ a singlet-dominated DM
⇒ The DM can be non-thermal
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...

The triplet-singlet mixing may be driven by
dim-5 terms like

L5 = αΣνs

Λ Φ†Σ̄3RΦνcsR + αΣνs

Λ Φ†Σ̄c
3RΦνsR +

ανs

Λ Φ†Φν̄sRν
c
sR + αΣ

Λ Φ†Σ̄3RΣc
3RΦ + h.c.

If DM candidate = χ = (.)Σ0 + (.)νs ,
Decays like η+ → χ1 is very slow for
Λ ' 1014 GeV
(η+ = Σ+ + Σ−c)

Consequences:
(a) No direct search constraint
(b) η+ NLOP ⇒ long-lived massive charged
track signals
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Additional constraint compared to the ν̃R-LSP case....

Freeze-in of the χ in addition to η+ freeze-out

Consequence: Constraints in the plane
Λ - Mη+ −Mχ
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Freeze-in:

dYNLOP

dx = −
√

π
45G

g
1/2
∗ MΣ

x2 〈σvMol〉
(Y 2

NLOP − Y eq2
NLOP)−

√
45
π3G

x
2
√
geff M2

Σ
〈Γ〉YNLOP

dYχ
dx =

√
45
π3G

x
2
√
geff M2

Σ
〈 Γ 〉YNLOP

Yχ = 45
(4π4)1.66

gΣ MPl Γ
M2

Σ heff
√
geff

∫ xf

x=0 K1(x)x3dx

x =
Mχ

T

Ωχh
2 ' 2.8× 108 ×

(
Mνs

GeV

)
Yχ(x →∞)
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The effects of freeze-in constraints....
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LHC reach....
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Both single-and double-track events expected:
(via both pp →W ∗ → Σ±Σ0 and pp → Z ∗ → Σ+Σ−)
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Dark matter without Z2: just small couplings?

Often the Z2-like symmetry carries little other motivation.
Could it be that the DM candidate (and some others in
the same category) just have ultra-feeble couplings?

A suggestion: the DM candidate just has ultra-small
Yukawa couplings...
M. Garny, A. Ibarra, D. Tran, C. Weniger (2011), M.
Gustafsson, T. Hambye, T. Scarna (2013), G. Arcadi, L.
Covi, F. Dradi (2013, 2014).......

Such models often have at least one electroweak singlet
(scalar/fermion), and some new particles with gauge
charges, to ensure a production mechanism for DM

Small Yukawas ⇒ The DM particle decays very slowly
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A candidate scenario has to ensure several things.....

Lifetime of any dark sector particle >∼ 1026s

Proper fulfilment of neutrino data/constraints
LHC data on Higgs, if the scenario has feebly
interacting scalars
Proper annihilation channel(s)
DM decay product flux consistent with data
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An interesting complementarity...

If the DM candidate is weakly interacting and
>∼ TeV /c2 in mass, the LHC is unlikely to see

it

Even lighter DM particles may be inaccessible in
some scenarios

However, their annihilation in some galaxies
⇒ electron-positron pairs
⇒ Spiralling motion under galactic magnetic

fields
⇒ Radio synchrotron signals
Useful sources: dwarf spheroidal galaxies (dSph)
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An interesting complementarity...

dSph’s have high DM density
Low star formation rates minimise backgrounds
from astrophysical processes

Various radiative processes affect the radiated
flux
Required: high resolution telescopes
A good option: The Square km Array (SKA)
Telescope

Signals for mDM ' 5− 8 TeV can be seen in
SKA - 1
(A. Kar, S. Mitra, BM, T. Roy Choudhury,
2018)
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From A. Kar et al., arXiv:1808.05793,
PRD Rap. Com.
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Conclusion: None!!!

THANK YOU
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