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Indirect Evidences of DM 

Ω𝐷𝑀h2 = 0.120 ± 0.001
Ω𝑏ℎ2 = 0.0224 ± 0.0001



Direct detection constraints on DM 



Null detection of DM implies a rich dark sector?

SD 

Dark         

Sector   

Radiative 

neutrino 

mass

Leptogenesis Gravitational 

      waves



𝓛𝐷𝑀

00

0
~

00 .].[















++

+++=

iNDiN

chHNYMNNM N

)0,1,1(),1,2,1(),1,2,1( 0

0

0














=−













=

+

−


H

H
H

N

N
Nwhere

Singlet-Doublet mixed Dirac Fermion Dark Matter

0

The DM emerges as a mixture of singlet fermion      and the neutral component of the vector 

like doublet fermion N.  

0

→A vector-like singlet Fermion

N- A vector-like doublet fermion

Odd under a       

symmetry
2Z

S. Bhattacharya, Nirakar Sahoo and N. 

Sahu, PRD93, 2016  [1510.02760]; 

PRD96, 2017  [1704.03417]



After EW phase transition the mass matrix for neutral vector-like fermions is given by
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Singlet-Doublet mixed Dirac Fermion DM
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SINGLET CAKE

DOUBLET CHERRY

The lightest particle  is the      , 

which is candidate of dark matter 

with appropriate mixing angle 

1N

The model contains three independent parameters: 

Δ𝑀 = 𝑀2 − 𝑀1Where 



Relic density of SD-Dirac Fermion DM

Griest and Secklel: PRD 1991

Where

With

annihilation

The relic density can be obtained by solving the relevant Boltzmann equation: 

𝑥 =
𝑀1

𝑇

Independent of singlet-doublet mixing, 

S. Bhattacharya, Purusottam Ghosh, 

Nirakar Sahoo and N. Sahu, 

[1812.06505]



SMNN →11

Annihilation 

processes



Co-annihilation 

processes
SMNN →21



SMNN →−

1

Co-annihilation 

processes



We look for the observed relic abundance in the parameter space 

spanned by sin,, 21

 MMM

Co-annihilation 

processes
SMNN →−+



We assume both singlet and doublet components decouple at the same epoch. This is 

true only  for relatively large singlet-doublet mixing as shown by the following diagram:

𝑀1 = 𝑀𝐷𝑀

Over abundant

Under abundant



Q1. What will happen if SD-mixing is further 

reduced ? 

 Q2. Can we be able to produce required 

dark matter relic ?
Partha Kumar Paul, Sujit Kumar Sahoo and N. Sahu, [arXiv: 2412. 02607 (JCAP2025)]

[arXiv: 2511.14571 (PRD 2026]

The effective cross-section approach fails



Two Boltzmann equations for the dark sector

As the singlet-Doublet mixing is reduced further, the singlet and doublet 

components decouple at different epochs.  The singlet decouple early with a larger 

abundance, while the doublet components decouple at late epochs with a smaller 

abundance. Therefore, one needs two Boltzmann equations for the dark sector 

particles: 𝑁1, 𝑁2, 𝑁±. One equation is not sufficient as                      is 

independent of singlet-doublet mixing. 

Sector-1: 𝑁1 (Dominantly singlet with a little admixture of doublet )  

Sector-2: 𝑁2 (Dominantly doublet with a little admixture of singlet), 𝑁± 

Sector-0: SM particles

SMNN →−+



𝑌1 = Comoving number density of sector-1 particle

𝑌2 = Comoving number density of sector-2 particles

Decay + coscattering



Effect of coscattering and decay on relic density 

10→ 20 processes followed by 22→ 00 process  

Partha Kumar Paul, Sujit Kumar Sahoo and N. Sahu, [arXiv: 2412. 02607 (JCAP2025)]

[arXiv: 2511.14571 (PRD 2026]
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Paul, Sujit Kumar 

Sahoo and N. 

Sahu, [arXiv: 

2412. 02607 

(JCAP2025)]



Without (decay+coscattering) With decay (without coscattering)
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Partha Kumar 

Paul, Sujit Kumar 

Sahoo and N. 

Sahu, [arXiv: 

2412. 02607 

(JCAP2025)]



Q1. What will happen if SD-mixing is further 

reduced ? 

 Q2. Can we be able to produce observed 

dark matter relic ?

Partha Kumar Paul, Sujit Kumar Sahoo and N. Sahu, [arXiv: 2412. 02607]



SD-Dark matter relic by Freeze-in ( sin 𝜃 < 10−6)

In this case the singlet does not equilibrate with the doublet. However, the relic can 

be produced via freeze-in mechanism by including all the scattering processes along 

with the decay and inverse decay. We can solve the same Boltzmann equations with 

the initial conditions: 

For                                     , the DM is over produced. Correct relic density is achieved for the SD-

mixing angle in the range: 



SD-Dark matter relic by super-WIMP mechanism 

If the SD-mixing angle is reduced further, then the productions from scattering 

processes are negligible. However, the DM relic can be established from the decay 

of doublet as:   



DD constraints on model parameters



Summary plot SD-dark matter



Testing the Hypothesis at collider 

via displaced vertex signature…

Small singlet-doublet mixing 





Singlet-Doublet DM in BSM phenomenologies



See also earlier work:

Hep-ph/0510064,  0705.4493,

1109.2604,1505.03867, 

1311.5896, 1603.07387

1602.04788,  1504.07892

1702.07236



In the basis:                            the mass matrix   



Three generations of scalar fields: 𝜙 required 

to realise Majorana masses of neutrinos

See also 

arXiv: 2007.15608

arXiv: 2001.11325

arXiv: 1504.07892







•Published in: JHEP 07 (2026) 264





Singlet-Doublet DM, neutrino mass and Leptogenesis

Majorana mass

Dirac mass

N_1 plays the role of DM while N_2,3 decay 

can give leptogenesis.

Here lepton number is conserved.  Dirac leptogenesis 

arises via the decay of singlet scalar.

arXiv: 2605.04824
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Vector-like Singlet fermion DM

𝓛𝐷𝑀 = ഥ𝝌 𝒊𝜸𝝁𝝏𝝁 − 𝒎𝝌 𝝌 −
𝟏

𝚲
𝑯†𝑯 −

𝒗𝟐

𝟐
ഥ𝝌 𝝌

Allowed zone 

of valid DM

S. Bhattacharya, Purusottam Ghosh, Nirakar Sahoo 

and N. Sahu, [1812.06505]



Vector-like Inert lepton doublet DM

𝓛𝐷𝑀 = ഥ𝑵 𝒊𝜸𝝁𝑫𝝁 − 𝒎𝑵 𝐍

S. Bhattacharya, Purusottam Ghosh, Nirakar Sahoo and N. Sahu, [1812.06505]



Inert lepton 

doublet DM 

alone is ruled out 

by direct search



1200 processes

1100 processes



1200 processes



2200 processes



1020 processes



1020 processes

Decay term



Singlet-Doublet dark matter parameter space in details along with neutrino mass and other BSM 

phenomenologies:

S. Bhattacharya, Nirakar Sahoo and N. Sahu, PRD93, 2016  [1510.02760]

S. Bhattacharya, S Patra, Nirakar Sahoo, N.Sahu, JCAP 1606, 2016 [1601.01569]

S. Bhattacharya,  Nirakar Sahoo and N. Sahu, PRD96, 2017  [1704.03417]

S. Bhattacharya, Purusottam Ghosh, Nirakar Sahoo and N. Sahu, [1812.06505] (Mini review)

M. Dutta, S. Bhattacharya, P. Ghosh and N. Sahu [2009.00885]

D. Borah, M. Dutta, S. Mahapatra & N. Sahu., [2109.02699]

D. Borah, S. Mahapatra & N. Sahu, [2204. 09671]

D. Borah, S. Mahapatra, D. Nanda, S.K. Sahoo & N. Sahu [2310.03721]

Partha Kumar Paul, Sujit Kumar Sahoo and N. Sahu, [arXiv: 2412. 02607]

Partha Kumar Paul, Sujit Kumar Sahoo and N. Sahu  [arXiv: 2511.14571]

UJJal Kumar Dey, Santu Kumar Manna, Partha Kumar Paul, Sujit Kumar Sahoo and N.Sahu  [arXiv: 

2511.19386]

See also earlier works: [hep-th/0501082] , [hep-ph/0510064] , [hep-ph/0705.4493]  [arXiv: 0706.0918], 

[arXiv: 1109.2604], [arXiv: 1311.5896]. [arXiv: 1411.1335], [arXiv: 1504.07892], [arXiv: 1505.03867], 

[arXiv: 1506.04149], [arXiv: 1509.05323]



baryon asymmetry via sphaleron processes. 

CP-violation processes





Published in: JHEP 01 (2025) 159

•

e-Print: 2408.12424 [hep-ph]

https://arxiv.org/abs/2408.12424
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