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Needs  some basic explanations 
Meta-stable Vacuum in SM 

Muon-(g-2) anomaly 

Non-zero neutrino Mass 

Indirect evidence of Dark Matter 

Needs extra 
scalars for 

stability Seesaw with some heavy 
particles 

Needs extra 
charged scalar 

or fermion 

Needs extra 
neutral  scalar or 

fermion that does 
not decay



Stability bounds
• Higgs couples to fermions via Yukawa couplings


• At low field values the top quark  contribution is important


• The solution takes a form,                                 ,  where at some point we hit            , leading 
instability to Higgs potential


• In the Coleman-Weinberg’s effective potential  approach the RG-improved potential can 
be written as 


• Where  assimilates  the loop effects λeff
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Stability of the potential

Meta-stabilityStability Instability

More  negative  λeff
G. Isidori et. al.: NPB 609 (2001) 387



Status of SM

Within the uncertainty of top mass we are in 

a metastable vacuum 

Degrassi et. al. :JHEP 1208, 098 (2012) 



What is the rescue?



• Any scalar extension of SM will enhance  the vacuum stability due to positive 
quantum correction to 


• Singlet extensions are widely studied 


• We  will consider Inert Higgs doublet (Type-I) and Inert Triplet (Y=0) models 


• Both the extra SU(2) doublet  and triplet  are odd under   and provide 
the much needed dark matter candidate


• Inert Higgs doublet:


• New Higgs bosons   are predicted


• The lightest neutral one can be a dark matter candidate 

λeff

(Φ2) (T) Z2

A, H, H±

Addition of scalars: Inert doublet and Inert Triplet

Gonderinger et al., Costa et al., Haba et al.,

 Barger et al., Khan et al. Baek et al. 

  is  odd,  does not get vevΦ2 Z2

PB, Shilpa Jangid: Eur.Phys.J.C 80 (2020) 8, 715 



Addition of scalars: Inert Triplet
• Inert Triplet model: SM is extended  odd with a Y=0, SU(2) Triplet 


• We have  extra Higgs bosons which are degenerated at  the  tree-level


• Breaks by a quantum  mass splitting of 


•   is dark matter candidate


•   predicts displaced pion charged track with ~ cm decay length which 
can be detected at the LHC

Z2 T

T0, T±

Δm = (mT± − mT0) ≃ 166 MeV

T0

T± → π±T0

   odd,  does not get vevZ2

Cirelli et al.: NPB753 (2006) 178

PB, Shilpa Jangid: Eur.Phys.J.C 80 (2020) 8, 715 



Addition of scalar makes EW vacuum stable
• Unlike fermions, addition of the scalars make the potential more stable 


• The RG-improved effective potential  gets contributions from IDM/ITM as


• The effective potential in the SM Higgs direction can be written as 


• The  gets positive contributions from extra scalars which  counters the 
negative effect of the top quark 

λeff

PB, Shilpa Jangid: Eur.Phys.J.C 80 (2020) 8, 715 



• At one-loop   gets contributions from IDM/ITM and stabilise the vacuum


• Higher  are constrained from perturbativity 

• Models with Type-I, III Seesaw fermions are severely constraints and need extra 

scalar to stabilise the potential 

λh = λ1

λi

Addition of scalar makes EW vacuum stable

IDM ITM

λi≠1 = 0.010 λi≠1 = 0.060

λi≠1 = 0.068

λi≠1 = 0.100

Mostly  in the stable 
regions 

PB, Shilpa Jangid: EJC 80 (2020) 8, 715 

Type-I PB, Shilpa Jangid, Bhupal Dev, Arjun Kumar: JHEP 08 (2020) 154  →
Type-III PB, Shilpa Jangid, Manimal Mitra: JHEP 02 (2021) 075  →

With  stability λi( ↑ ) ( ↓ )



Any  special  scalar is  more motivated ?


🤔



Muon-(g-2):Type-X 2HDM
• The Type-X model is a unique option to explain the muon-(g − 2) anomaly


• Muon-(g-2) measurement at FNAL has            discrepancy  with the SM  value 


•  A light scalar that couples with lepton can contribute with an 


   enhanced  Yukawa coupling 


• The light pseudoscalar and light charged Higgs boson can still be allowed for 
Type X

≃ tan β

4.2σ

FNAL: PRL126(2021)141801

Broggio, Chun, Passera, Patel,Vempati: JHEP 1411 (2014) 058

Chun et al.: PLB779 (2018) 201-205,PLB774 (2017) 20-25 , JHEP 1511 (2015) 099,



Muon-(g-2): Type-X 2HDM
•   does not put bounds on the charged  Higgs mass for 


• Type-X at large , being hadrophobic is illusive at the LHC  


•  is unaffected for 


• Strong constraints come from the  lepton universality on 


•  region is allowed


• But in a simple extension we don’t have the dark matter 


• A  scalar dark matter extension with Type-X 2HD can essentially  address the issue of 
Dark Matter 


• A light charged Higgs  of Type-X can have  interesting  phenomenology with  inverse 
seesaw mechanism  

B → Xs γ tan β > 2

tan β

Bs → μ+μ− mA ≳ 15 GeV
tan β
mH±

mA ≲ 70 GeV, tan β ≲ 65
Abe et. al. : 1504.07-59, 

Cao et. al. : 0909.5148

Krawczyk et. al. :  0410248

PB, Eung Jin Chun, Rusa Mandal: JHEP 08 (2019) 169 

PB, Eung Jin Chun, Rusa Mandal: PLB 779 (2018) 201-205  



A  scalar  extension of Type-X 2HDM

to address  the issue of dark matter



• A large parameter space of Type-X 2HDM allowed  within   



• A  light  pseudoscalar  is still a  possible  scenario 


• We introduce a  scalar dark  matter  with  odd symmetry of  which 
stabilises it


•  


• The nucleonic scattering and self-annihilation  are featured separately by 
individual couplings of dark matter to the two Higgs doublets.

tan β > 30 and mA < < mH, mH± ∼ 200 − 400 GeV

S Z2 S → − S

Type-X 2HD with a scalar Dark Matter

DM 
self 

Coupling

Higgs-DM 
couplings

PB, Rusa Mandal, Eung Jin Chun

Phys.Lett. B779 (2018) 201-205 



•  can  be adjusted to obtain the correct relic which is via 



•  is strongly constrained by the direct DM detection 

• The spin-independent (SI) nucleonic cross-section of the DM is given by

κ1
SS → AA, ττ, HH, H±H∓

κ2

Type-X 2HD with a scalar Dark Matter

Correct DM relic

Excluded by 
FermiLat

PB, Rusa Mandal, Eung Jin Chun

Phys.Lett. B779 (2018) 201-205 



• For  the combined coupling is dominated simply by  


• Thus strongly it is  constrained as in the SM Higgs-portal scenario

tβ > > 1 and mH > mh, κ2

Type-X 2HD with a scalar Dark Matter
t �
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<latexit sha1_base64="ytpZ/veVKTvVmjU9rvj3O5McXsI="></latexit>

PB, Rusa Mandal, Eung Jin Chun

Phys.Lett. B779 (2018) 201-205 



Can we address the neutrino 
mass generation with Type-X?



Type-X in Inverse Seesaw
• We can add a Type-X two-Higgs doublet along with two right-handed Majorana 

neutrinos 


• After EWSB, the neutrino mass spectrum looks like 


• Where                               for Type-X  respectively


• In the basis of                   the neutrino  mass matrix looks like

(′￼)

PB, Rusa Mandal, Eung Jin Chun

JHEP 1908 (2019) 169



Inverse Type-I Seesaw with Type-X
• We work in the SM limit of the theory where 


• In Type-X: 


• In the high  region  and   modes  are enhanced


• It can have a light pseudoscalar 

sin(β − α) → 1

tan β H± → ℓ±NR NR → A νL

SM 
lepton like 
coupling

Enhanced at 
high tanβ

mA ⇠ 50GeV
<latexit sha1_base64="dzYV3IH6TSN/GxtUVAGy0L1mhB0=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARXEhJqqLLigsFNxXsA5oQJtNJO3RmEmYmQold+CtuXCji1t9w5984bbPQ1gMXDufcy733hAmjSjvOt1VYWFxaXimultbWNza37O2dpopTiUkDxyyW7RApwqggDU01I+1EEsRDRlrh4Grstx6IVDQW93qYEJ+jnqARxUgbKbD3eHDpKcrhmQO9Y+hJnl2T5iiwy07FmQDOEzcnZZCjHthfXjfGKSdCY4aU6rhOov0MSU0xI6OSlyqSIDxAPdIxVCBOlJ9N7h/BQ6N0YRRLU0LDifp7IkNcqSEPTSdHuq9mvbH4n9dJdXThZ1QkqSYCTxdFKYM6huMwYJdKgjUbGoKwpOZWiPtIIqxNZCUTgjv78jxpVivuSaV6d1qu3eZxFME+OABHwAXnoAZuQB00AAaP4Bm8gjfryXqx3q2PaWvBymd2wR9Ynz/qiZTI</latexit>

PB, Rusa Mandal, Eung Jin Chun

JHEP 1908 (2019) 169



• The charged Higgs boson has been search via                 decay modes


• The Type-X  charged  Higgs production is low due to reduced couplings with the 

quarks at high 


• The  Type-X  charged  Higgs remains illusive and can be light also


• The Type-X charged Higgs mostly decays into   


• For collider study the chosen benchmark points have 
 

tan β

AW± and ℓ±NR

mH± ∼ 250 GeV and mA ∼ 200, 100, 50 GeV

Inverse Type-I Seesaw with Type-X
⌫ ⌧, t b

<latexit sha1_base64="5RkqYX6mFmRiBk/i5AYJGArHZsM=">AAAB/XicdVDLSgMxFM3UV62v+ti5CRbBRSmTKrbdFdwIbirYB3RKyaRpG5rJDMkdoZbir7hxoYhb/8Odf2OmraCiB244nHMv9+b4kRQGXPfDSS0tr6yupdczG5tb2zvZ3b2GCWPNeJ2FMtQtnxouheJ1ECB5K9KcBr7kTX90kfjNW66NCNUNjCPeCehAib5gFKzUzR54Kvby2AMa2zePwZbfzebcguu6hBCcEFI6dy2pVMpFUsYksSxyaIFaN/vu9UIWB1wBk9SYNnEj6EyoBsEkn2a82PCIshEd8LaligbcdCaz66f42Co93A+1LQV4pn6fmNDAmHHg286AwtD89hLxL68dQ7/cmQgVxcAVmy/qxxJDiJMocE9ozkCOLaFMC3srZkOqKQMbWMaG8PVT/D9pFAvktFC8PstVrxZxpNEhOkIniKASqqJLVEN1xNAdekBP6Nm5dx6dF+d13ppyFjP76Aect08MeZO1</latexit>

PB, Rusa Mandal, Eung Jin Chun

JHEP 1908 (2019) 169



• We look into  the associate  pseudoscalar production 


•                                    are looked into at the LHC


• For light pseudo scalar  final states are looked into via  decay


• The inverse seesaw Yukawa coupling is shown to be probed down to  at 
HL-LHC with 3000 fb−1 

4τ + X N → A ν

YN ∼ 0.2

Final states at the LHC 

2⌧ + 2` and 2⌧ + 3`
<latexit sha1_base64="r/sz7E4L6O4q8UnlszTHE8zZ+Zw=">AAACDnicbZDLSsNAFIYnXmu9RV26GSwFQSlJKuiy4EZwU8FeoAllMpm2Q2cmYWYilNAncOOruHGhiFvX7nwbJ20W2npg4OP/z+HM+cOEUaUd59taWV1b39gsbZW3d3b39u2Dw7aKU4lJC8cslt0QKcKoIC1NNSPdRBLEQ0Y64fg69zsPRCoai3s9SUjA0VDQAcVIG6lvVz1fo/TM8wlj/jn0Jc+QiKYG5was507frjg1Z1ZwGdwCKqCoZt/+8qMYp5wIjRlSquc6iQ4yJDXFjEzLfqpIgvAYDUnPoECcqCCbnTOFVaNEcBBL84SGM/X3RIa4UhMemk6O9Egtern4n9dL9eAqyKhIUk0Eni8apAzqGObZwIhKgjWbGEBYUvNXiEdIIqxNgmUTgrt48jK0vZpbr3l3F5XGbRFHCRyDE3AKXHAJGuAGNEELYPAInsEreLOerBfr3fqYt65YxcwR+FPW5w+ko5qd</latexit>

PB, Rusa Mandal, Eung Jin Chun

JHEP 1908 (2019) 169



Drop Type-X

 and focus more  on


 the interplay of Dark matter and neutrino

Freeze-out via RHN



Type-I Seesaw with B-L gauge extension
• We introduce three SM right-handed neutrinos and two SM singlet scalars which 

are charged under  an extended gauge group of  


• Type-I Seesaw also generates small neutrino mass

U(1)B−L

B-L scalar RHN

Scalar DM

PB, EungJin Chun, Rusa Mandal: 

 PRD 97 (2018) no.1, 015001 



• We assume vanishing  mixing between 


     


• The dominant  annihilation modes


• The yields for DM and  RHN are governed 

 by the  Boltzmann equations 


•  is the equilibrium number density  of RHN

h, S0

⟹ cos α ∼ 1

Yeq
N

PB, EungJin Chun, Rusa Mandal: 

 PRD 97 (2018) no.1, 015001 

Higgs portal dark matter in  with RHNU(1)B−L



•  is in blue 


•  is in  brown


• The late decay effect of 

  RHN is visible  

YΦDM

YN

Higgs portal dark matter in  with RHNU(1)B−L
ΓN = 10−10 GeV ΓN = 10−15 GeV

ΓN = 10−18 GeV ΓN = 0 GeV

ΓN ≲ 10−18 GeV



• The RHN decay effect is visible for  for 


• Thus one neutrino can be very light and one has to rely on the loop induced 
mass generation

YN ≲ 10−8 mN ∼ 100 GeV

Higgs portal dark matter in  with RHNU(1)B−L
Without the RHN decay effect

Decay effects of 
RHN

RHN is in 
thermal 

equilibrium 

PB, EungJin Chun, Rusa Mandal: 

 PRD 97 (2018) no.1, 015001 



• Dominant decay modes  are 


• Thus from  and RHN decays we expect displaced di- and tri-lepton 
signatures along with dispaclced jets

N → W±ℓ∓, Zν, hν

pp − > NiNi

Displaced decay signature of RHN

PB, EungJin Chun, Rusa Mandal: 

 PRD 97 (2018) no.1, 015001 



Right-handed neutrino portal



 Right-Handed Neutrino portal Dark Matter 
•   The RHN as a portal to DM was suggested in a simple setup assuming the 

coupling among RHN, fermion   and scalar 


• Both   and  can be dark matter candidate and for the stability of a DM 
candidate, we assign  odd for both of them


• Unlike ,  does not couple  to  SM  Higgs 

χ ϕ

χ ϕ
Z2

ϕ χ H

Type-I  
Seesaw term RHN portal 

DM



• We have to consider the three coupled 
Boltzmann equations


• RHN decay width affects freeze-out 

 Right-Handed Neutrino portal Dark Matter 

PB, Rusa Mandal, Eung Jin Chun, Farinaldo  Queiroz

PLB788 (2019) 530-534 

ΓN = 10−10 GeV ΓN = 10−15 GeV

ΓN = 10−20 GeV ΓN = 0 GeV



Loop induced Higgs-DM coupling
• No tree-level coupling of the fermionic DM to the Higgs boson 


• How to detect  a fermonic Dark  Matter  ?


• However, an effective coupling   is generated at one-loop


• This influences the SI nucleonic cross-sections 

h − χ − χ

PB, Rusa Mandal, Eung Jin Chun, Farinaldo  Queiroz

PLB788 (2019) 530-534 



• XENON1T experiment excludes  for 


• XENONnT can rule out such values of  for 

|λ2κ | ≥ 𝒪(1) mχ ≤ 150 GeV

|λ2κ | ≥ 𝒪(1) mχ ≤ 600 GeV

Loop induced Higgs-DM coupling

PB, Rusa Mandal, Eung Jin Chun, Farinaldo  Queiroz

PLB788 (2019) 530-534 



Can we have freeze-in with  ?λNχϕ



Freeze-in via RHN
• We consider the same RHN portal DM scenario  via 


• What happens if the Yukawas are  very small?


• Can the RHN portal  can generate the Freeze-in scenario?


• We assume their initial number density were zero, where SM fields  were in 
equilibrium 


• The mass terms would be  , respectively for 


• Due to the feeble  coupling of  , we assume the  other two RHNs will  generate 
the desired  neutrino masses and mixings 


•  are kept  odd for the stability of the Dark Matter and both of them are 
suitable candidate

λNχϕ

mχ, mN, mϕ χ, N, ϕ

yν

χ, ϕ Z2

Higgs portal 
coupling

PB, Rusa Mandal, Eung Jin Chun

JCAP 08 (2020) 019 



• We assume , thus  is a primary dark matter candidate


• However, if  is long-lived, it can serve as decaying dark matter 


• The dynamics is determined by the three parameters 


• The decay rates should be smaller than the  expansion of the universe



  for 


• The desired relic  can be obtained via solving the 
coupled  Boltzmann  equations involving 


• We considered  three  different scenarios while studying  the freeze-in case, 
however here we focus  only on  Scenario1  and Scenario3

mχ < mϕ χ

ϕ

yν, κ, and λ

Γ < H(T) ∼ T2/MPl

⟹ yν ≲ 10−7, κ ≲ 10−7 and yνλ ≲ 10−7 mχ, N, ϕ ∼ 1 TeV

Ωh2 = 0.1199 ± 0.0022
χ, N, ϕ

Freeze-in via RHN

PB, Rusa Mandal, Eung Jin Chun

JCAP 08 (2020) 019 



• Dark sector is produced via Higgs portal 
process   with sizeable 


• The dark matter  is then produced via 



•   is possible via the mixing of 
RHN and SM neutrino and  proportional 
to  (scenarios )


• Initially  is dominant 


• Subsequently   
take over

hh → ϕϕ κ

χ
ϕ → χN, χν or ϕϕ → χχ

ϕ → χν

|yνλ |2 1b, 1c

NN → χχ

ϕ → χN, χν or ϕϕ → χχ

Freeze-in via RHN: Scenario1

PB, Rusa Mandal, Eung Jin Chun

JCAP 08 (2020) 019 



• Here RHN is heavy  enough to allow 


•   is sufficiently large  to produce RHN


•   becomes irrelevant  and can take smaller values 


•  is crucial in determining the decay lifetime of 


• For , a suitable choice of  makes  very long lived viz. 
 for BP 3a and 3b, respectively

N → χϕ

yν

κ

λ ϕ and N

κ = 10−12 λ ϕ
τϕ ≃ 1 × 1010 s and 4.1 × 1012 s

Freeze-in via RHN: Scenario3

PB, Rusa Mandal, Eung Jin Chun

JCAP 08 (2020) 019 



•   is around  the matter-radiation equality time 


•  dominates  initially for  production


• Later  takes  over enforcing same density 


  of    for long time


• Finally late decay mode  determines 


  relic of 

τϕ ( ∼ 1012 s)

hh → ϕϕ ϕ

N → χϕ
ϕ, χ

ϕ → χν
χ

Scenario3: Decaying  dark  matter

PB, Rusa Mandal, Eung Jin Chun

JCAP 08 (2020) 019 



•  decay  width  is proportional to 


• This leads to a very late decay of  to energetic neutrinos


• Which broadens the experimental scopes of the DM searches


• Depending on   three situations can occur  


1. :  is the legitimate dark matter and the energetic neutrinos 
produced from the decay of  are red-shifted away for 

 (matter-radiation equality time)


2.  (Age of the Universe):  behaves  like a decaying 
dark matter and has disappeared by now but the produced neutrinos can be 
detected  at the neutrino  experiments 


3. :  is a decaying DM, and the energetic neutrino production puts 
stringent limit on

ϕ → χν |yνλ |2

ϕ

τϕ

1 s ≲ τϕ ≲ teq χ
ϕ

τϕ ≪ teq = 5.11 × 104 yrs
teq ≲ τϕ ≪ t0 = 13.87 Gyrs ϕ

τϕ ≳ τ0 ϕ

Energetic neutrinos from the dark sector



• The electron  (anti)neutrino  fluxes for  BPs and the constraints from DSNB at  
KamLAND , SK  and atmospheric data from SK  and IceCube 


• Scenario-1b and Scenario-3a are allowed whereas Scenario-3b is ruled out

Scenario3:  Decaying Dark Matter and neutrino detector

PB, Rusa Mandal, Eung Jin Chun

JCAP 08 (2020) 019 



Conclusions
• Extra scalar are highly motivated for the stability of  the Electroweak vacuum


• It can provide the much  needed dark matter and explanation to muon-(g-2)


• In particular Type-X 2DHM has an advantage  


• Models with Seesaw with  relatively large Yukawa have  potential  problem with  stability,  
which can be  restored via addition of scalars


• Compressed spectrum in case  of ITM, can be probed via displaced charged track at the 
LHC


• Neutrino portal DM via  can have both freeze-out and  freeze-in  scenarios 


• Decaying dark matter signatures can be caught at the neutrino detectors  like SuperK 
and IceCube experiments

λNχϕ




