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• Motivation to Alternative Left-Right Model (ALRM)

•  Neutrinoless double beta  decay in ALRM

• Leptogenesis and Dark matter in ALRM

• Collider Signatures of ALRM

• Summary and conclusion

(0νββ)

Plan of the talk
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The Standard Model (SM) and beyond
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• Theoretical predictions of the Standard Model match experimental searches with great 
accuracy.

• Gauge Structure : 𝒢SM ≡ SU(3)C × SU(2)L × U(1)Y .
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The Standard Model (SM) and beyond
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• There remains unresolved issues within the SM that cannot be adequately addressed :
(a) Origin of small neutrino masses 

(b) Parity violation in low-energy weak interactions
(c) Baryon asymmetry of the universe (BAU)
(d) Dark matter and dark energy and so on…

Indicate the existence of the Beyond SM (BSM) frameworks.   
⇓
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• Theoretical predictions of the Standard Model match experimental searches with great 
accuracy.

• Gauge Structure : 𝒢SM ≡ SU(3)C × SU(2)L × U(1)Y .



5

Neutrinos

Unknowns

A. Dirac or Majorana

B. “Correct” mass generation 

mechanism

C. Absolute mass scale

D. Mass Hierarchy (normal or 

inverted) …..

• Experiments like T2K, NO A, and DUNE are dedicated to study neutrino oscillations and 
the determination of the neutrino mass hierarchies.

ν
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⇓

Courtesy : Frank F. Deppisch, A modern introduction to neutrino physics
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Neutrino mass generation

• In SM, Dirac mass term for neutrinos i.e.,  is not possible as there is no right-handed neutrinos.


• Majorana mass terms i.e.,  is not possible as it violates gauge symmetry. 


• Only non-renormalizable dimension-5 operator in BSM paradigm (constructed out of SM fields) : 
Weinberg operator  (S. Weinberg ’79).

mDν̄LNR

mMν̄c
LνL

∼
κ
Λ

LLHH
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νL

NR NR

×
MR

νL

⟨H⟩ ⟨H⟩

Type-I Seesaw : SM + fermion singlet 

mν = − MDM−1
R MT

D ∼
v2

MR

High Scale Seesaw !!!

Naturally suppressed by large scale !!!

Other types of Seesaw : Type-II and III.↓ ↓
SM + fermion tripletSM + scalar triplet
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Neutrinoless double beta  decay(0νββ)

Chayan Majumdar University College London

• In order to probe Majorana nature of massive neutrinos and LNV signatures, we need to study 
 decay : .0νββ (A, Z ) → (A, Z + 2) + 2e−

Standard Mechanism

(T0ν
1/2)

−1 = G0ν |M0ν |2 (
⟨mββ⟩

me )
2

⟨mββ⟩ = ∑ U2
eimi
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Neutrinoless double beta  decay(0νββ)

 yrs at 90% C.L., Phys. Rev. Lett. 125, 252502


 yrs, Phys. Rev. Lett. 130, 051801  

T 0ν
1/2(

76Ge) > 1.8 × 1026

T 0ν
1/2(

136Xe) > 2.3 × 1026
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⟨mββ⟩ = ∑ U2
eimi



10

Left-Right Symmetric Model (LRSM) 
• Left-Right Symmetric Model (LRSM) is one of the promising approaches as BSM scenario.  

• Gauge Group :  .

• Particle Content : , , 


                                   , ,


                                  , , .


• The right-handed neutrino is the natural new ingredient of LRSM (Pati & Salam’74, Mohapatra 
& Senjanovic’75 and others).


• Left-right (LR) parity breaking scale is related to the generation of neutrino masses.


• The light neutrino masses can be generated via type-I+II seesaw formula.


   

A very high right-handed breaking scale (>  GeV).

𝒢LR ≡ SU(3)C × SU(2)L × SU(2)R × U(1)B−L

QL ≡ (3,2,1,1/3) QR ≡ (3,1,2,1/3)
ℓL ≡ (1,2,1, − 1) ℓR ≡ (1,1,2, − 1)
Φ ≡ (1,2,2,0) ΔL ≡ (1,3,1,2) ΔR ≡ (1,1,3,2)

⇓
1014
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Motivation to ALRM

• LRSM, while quite successful as a BSM scenario, unfortunately suffers from unavoidable flavor-
changing neutral current (FCNC) constraints. 


• Unavoidable FCNCs in fermion-neutral Higgs couplings in conventional LRSMs (Ecker et al.’83, Y. 
Zhang et al.’ 2008).

Chayan Majumdar University College London
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• LRSM, while quite successful as a BSM scenario, unfortunately suffers from unavoidable flavor-
changing neutral current (FCNC) constraints. 


• Unavoidable FCNCs in fermion-neutral Higgs couplings in conventional LRSMs (Ecker et al.’83, Y. 
Zhang et al.’ 2008).
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• Possible remedy : High scale LR breaking  makes framework less interesting phenomenologically !!!


• Need some alternative approach : Low energy fermions belong to 27-representation of fermion 
structure should be rearranged as compared to conventional LRSM  Alternative Left-Right Model 
(ALRM) proposed by Ernest Ma (1987).


• Gauge Group : .

⇒

E6 ⇒
⇒

𝒢ALRM ≡ SU(3)C ⊗ SU(2)L ⊗ SU(2)R′� ⊗ U(1)B−L ⊗ U(1)S

Motivation to ALRM
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    Quark sector : ,                                        


                             .


     Lepton sector : ,


                              .


     Scalar sector : .

QL ≡ (uL

dL) : (3,2,1,1/6,0), QR ≡ (uR

d′ �R) : (3,1,2,1/6, − 1/2)

d′�L : (3,1,1, − 1/3, − 1), dR : (3,1,1, − 1/3,0)

ℓL ≡ (νL
eL) : (1,2,1, − 1/2,0), ℓR ≡ (nR

eR) : (1,1,2, − 1/2,1/2)

nL : (1,1,1,0,1), νR : (1,1,1,0,0)

Φ : (1,2,2,0, − 1/2), χL : (1,2,1,1/2,0), χR : (1,1,2,1/2,1/2)

Particle Content :

Chayan Majumdar University College London
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• Two step symmetry breaking : 


  1. The  acquired by the neutral component of   breaks the  symmetry down to 
, 


  2.  is further broken to the electromagnetic gauge symmetry by the s of the 
bidoublet and left-handed doublet fields.


                                            s : .

vev χR SU(2)R′� ⊗ U(1)B−L
U(1)Y

SU(2)L ⊗ U(1)Y vev

vev ⟨Φ⟩ =
1

2 (0 0
0 v2), ⟨χL,R⟩ =

1

2 ( 0
vL,R)

Chayan Majumdar University College London

    Quark sector : ,                                        


                             .


     Lepton sector : ,


                              .


     Scalar sector : .

QL ≡ (uL

dL) : (3,2,1,1/6,0), QR ≡ (uR

d′ �R) : (3,1,2,1/6, − 1/2)

d′�L : (3,1,1, − 1/3, − 1), dR : (3,1,1, − 1/3,0)

ℓL ≡ (νL
eL) : (1,2,1, − 1/2,0), ℓR ≡ (nR

eR) : (1,1,2, − 1/2,1/2)

nL : (1,1,1,0,1), νR : (1,1,1,0,0)

Φ : (1,2,2,0, − 1/2), χL : (1,2,1,1/2,0), χR : (1,1,2,1/2,1/2)

Particle Content :



15

• This model permits an accessible right-handed breaking scale of a few TeV.


• ALRM can be embedded in complex rank 6 Lie group . It has two maximal subgroups :


                                .


• Without invoking supersymmetry, model can provide two scenarios of DMs with generalised 
lepton number defined either by  (Dark LR model : DLRM) (S. Khalil et al.’2009) 
or by  (Dark LR model 2 : DLRM2) (S. Khalil et al.’2010).


• No FCNC in the Higgs sector  the scalar masses can be light.

E6

SO(10) ⊗ U(1) and SU(3) ⊗ SU(3) ⊗ SU(3)

L = S − T3R′�
L = S + T3R′�

⇒

Advantages :

Chayan Majumdar University College London



Stability of scalar potential

  

 

VH = − μ2
1 Tr [Φ†Φ] − μ2

2 (χ†
L χL + χ†

R χR) +λ1 (Tr [Φ†Φ])
2

+ λ2Tr [Φ̃†Φ] Tr [Φ†Φ̃] +ρ1 [(χ†
L χL)

2
+ (χ†

R χR)
2]

+2ρ2 (χ†
L χL) (χ†

R χR) +2α1Tr [Φ†Φ] (χ†
L χL + χ†

R χR) + 2α2 [χ†
LΦΦ†χL + χ†

RΦ†ΦχR]
+2α3 [χ†

LΦ̃Φ̃†χL + χ†
RΦ̃†Φ̃χR]+μ3 [χ†

LΦχR + χ†
RΦ†χL]

Scalar Potential :

16Chayan Majumdar University College London



Stability of scalar potential

  

 

VH = − μ2
1 Tr [Φ†Φ] − μ2

2 (χ†
L χL + χ†

R χR) +λ1 (Tr [Φ†Φ])
2

+ λ2Tr [Φ̃†Φ] Tr [Φ†Φ̃] +ρ1 [(χ†
L χL)

2
+ (χ†

R χR)
2]

+2ρ2 (χ†
L χL) (χ†

R χR) +2α1Tr [Φ†Φ] (χ†
L χL + χ†

R χR) + 2α2 [χ†
LΦΦ†χL + χ†

RΦ†ΦχR]
+2α3 [χ†

LΦ̃Φ̃†χL + χ†
RΦ̃†Φ̃χR]+μ3 [χ†

LΦχR + χ†
RΦ†χL]

Scalar Potential :

   sector 




                  


λ
⇓

λ1 > 0, λ1 + λ2 > 0

Conditions for stability of scalar potential :
 sector 





             


             


                   

                    


α
⇓

α1 + α2 + λ1 ( ρ1 + ρ2

2 ) > 0

α1 + α3 + λ1 ( ρ1 + ρ2

2 ) > 0

α1 + α2 + λ1ρ1 > 0
α1 + α3 + λ1ρ1 > 0

(α2 − α3) ≥ 0

MF, CM, PP, SS, UAY; JHEP03(2022)065 

   sector 




               


ρ
⇓

ρ1 > 0, ρ1 + ρ2 > 0

17Chayan Majumdar University College London
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Charged Higgs bosons :







 Pseudoscalar boson : 




Here  .

m2
H±

1
= − [v2vL (α2 − α3) +

μ3vR

2 ] v2

v2vL

m2
H±

2
= − [v2vR (α2 − α3) +

μ3vL

2 ] v′ �2

v2vR

m2
A2

= −
μ3vLvR

2v2

1 + v2
2 ( 1

v2
L

+
1
v2

R )
v2 = v2

2 + v2
L, v′ �2 = v2

2 + v2
R

  CP-odd Higgs boson : 


     


   CP-even Higgs boson :  


m2
A1

= 2v2
2 λ2 − (α2 − α3) (v2

L + v2
R) −

μ3vLvR

2v2

m2
H0

1
= m2

A1

m2
H0

2,3
=

1
2 [𝔞 − m2

h ∓ (𝔞 − m2
h)2 + 4 (𝔟 + m2

h (𝔞 − m2
h))]

Masses for the scalars :

       Requirement of non-tachyonic Higgs boson masses :  and .μ3 < 0 α2 = α3

MF, CM, PP, SS, UAY; JHEP03(2022)065 

Chayan Majumdar University College London
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1. It avoids unwanted mixing between .


2. It forbids mixing between  gauge bosons.

d, d′� and νL, nR

WL − WR

The minimisation of the potential ensures ⟨ϕ0
1⟩ = 0

⇓

mu =
Yqv2

2
, md =

Yq
LvL

2
, mℓ =

Yℓv2

2
, mν =

1
mN ( Yℓ

LvL

2 )
2

No liberty to take .vL → 0
⇓

Yukawa interactions :

Fermion Masses :

−ℒY = QLYqΦ̃QR + QLYq
L χLdR + QRYq

R χRd′ �L + LLYℓΦLR + LLYℓ
L χ̃LνR + LRYℓ

R χ̃RνL + h . c .

Chayan Majumdar University College London
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 decay in LRSM0νββ

In usual LRSM with doublet Higgs, 
contributing channels :


1. Standard  mediation,

2. Purely  mediation,

3. Mixed helicity  and  diagrams.

WL − WL

WR − WR

λ η

+ + +(T0ν
1/2)

−1 = G01( |ℳνηL
ν + ℳ′�NηL

N |2 |ℳ′�NηR
N + ℳνηR

ν |2 |ℳ′�λ(ην
λ + ηN

λ ) ℳ′�η(ην
η + ηN

η ) |2 )

Half-life :

Chayan Majumdar University College London
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•  does not couple to usual  rather connects with exotics  No  mediation contribution 
present.


• Absence of  mixing  No mixed helicity  diagram.


• Heavier charged Higgs  relevant for  decay as it connects with quarks and leptons.


•  connects with exotics  not relevant here.

WR νR, dR ⇒ WR

WL − WR ⇒ η

H±
1 0νββ

H±
2 ⇒

 in ALRM0νββ

Chayan Majumdar University College London
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•  does not couple to usual  rather connects with exotics  No  mediation contribution 
present.


• Absence of  mixing  No mixed helicity  diagram.
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•  connects with exotics  not relevant here.

WR νR, dR ⇒ WR

WL − WR ⇒ η

H±
1 0νββ

H±
2 ⇒
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1. Standard vector-vector mediation with  emission.


2. Scalar-Scalar ( ) mediation with   emission (Mohapatra’95, M. Doi et al.’85).


3. Scalar-Scalar ( ) mediation with  emission .                                                     


4. Vector-Scalar ( ) mediation with  emission (Mohapatra’95, K. Babu & Mohapatra’95) .


5. Vector-Scalar ( ) mediation with  emission.

eL − eL

H1 − H1 eR − eR

H1 − H1 eL − eL

WL − H1 eL − eL

WL − H1 eL − eR

Contributions :

Half-life :

(T0ν
1/2)

−1 = G01 |ℳW
νL

ηW
νL

|2 +GR
HH |ℳH

νL
ηH

νL
|2 + GL

HH |ℳH
νR

ηH
νR

|2 +GLL
WH |ℳWH

λ ηWH
λ |2 + GLR

WH |ℳWH
νL

ηWH
νL

|2
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Standard Contribution ( ) mediation with   emissionH1 − H1 eR − eR

Fig.1 :

Chayan Majumdar University College London
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𝒜H1H1
σσ′�,νL

∼
G2

F

g4
L

M4
WL

M4
H1

κ2
ud(Yℓ)2cos2β∑

i (
𝒱νν2

αi mνi

p2
−

𝒱νN2
αi

mNi
)

Standard Contribution ( ) mediation with   emissionH1 − H1 eR − eR

𝒜WLWL
LL,νL

∼ G2
F ∑

i (
𝒱νν2

αi mνi

p2
−

𝒱νN2

αi

mNi
) 1. Both the  quarks are right-handed : 

 

2. Both the  quarks are left-handed : 

3. Mixed case : 

u
κ2

ud = (Yq*)2cos2 β

u
κ2

ud = (Yq
L)2sin2 β

κ2
ud = Yq*Yq

L cos β sin β

tan β =
v2

vL

Fig.1 :

Chayan Majumdar University College London
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( ) mediation with   emissionH1 − H1 eL − eL

Fig.2 :
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( ) mediation with   emissionWL − H1 eL − eL ( ) mediation with   emissionWL − H1 eL − eR

Chayan Majumdar University College London

Fig.3 :
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• Significant contributions : Vector-scalar mediated diagrams.

T0ν
1/2(

76Ge) = 3.6 × 1026 (
MH1

200 GeV )
4

yrs,

T0ν
1/2(

76Xe) = 3.0 × 1026 (
MH1

200 GeV )
4

yrs .

Well within the sensitivity expected by experiments. 
⇓

MF, CM, PP, SS, UAY; PRD 102 (2020) 7, 075020
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• Big Bang Nucleosynthesis (BBN) Deuterium abundance + WMAP data on Cosmic Microwave 
Background (CMB) anisotropies (Aghanim et al.’2020) :


                                                 


•  Dynamical generation of baryon asymmetry : conditions proposed by A. Sakharov (1967) 


(i) Baryon number violation.

(ii) C and CP violation.


(iii) Departure from thermal equilibrium.


• Leptogenesis : Connecting BAU with neutrino mass generation.

  ΔB =
nB − nB̄

nγ
∼ 10−10

→

Baryon asymmetry of universe (BAU)

Chayan Majumdar University College London
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Leptogenesis in ALRM

Chayan Majumdar University College London

• Lepton number violation in this framework : .


• CP-asymmetry is provided by complex Yukawa couplings through interference between tree 
and one-loop diagrams.

NiR → e−
iL(H+

1 ), NiR → e+
iL(H−

1 )
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Leptogenesis in ALRM
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• Lepton number violation in this framework : .


• CP-asymmetry is provided by complex Yukawa couplings through interference between tree 
and one-loop diagrams.

NiR → e−
iL(H+

1 ), NiR → e+
iL(H−

1 )

• Strongly hierarchical scenario i.e., .


• From the required out-of-equilibrium condition, the lower bound on the right-handed neutrino 
mass is  GeV  Not our scenario because we have considered  GeV  !!!

mN1
≪ mN2,3

⇒ ϵv ∼ ϵs

mN1
> 108 ⇒ mN1

= 104
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• Two lightest RHNs have almost degenerate masses  mass limits on RHNs can be significantly 
relaxed (A. Pilaftsis & T.E.Underwood’2004).


• Self-energy diagram will be the dominating one .


• Condition to achieve required BAU in ALRM : 


                            with  .


• Unlike LRSM, right handed neutrino masses are not related to  masses here   mediation 
does not contribute to wash-out efficiency. 

⇒

⇒ ϵs ≫ ϵv

Im [∑α (h*αihαj)∑β (h*βihβj)]
(∑α |hαi |

2 ) (∑β |hβj |
2 )

≃ 10−7 h*αi = (Yℓα*
L )sinβ𝒱NN*

αi

WR ⇒ WR

Resonant Leptogenesis

Chayan Majumdar University College London
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• We assume two right-handed neutrinos  and , which are quasi-degenerate, only contributing 
maximally to leptogenesis. 


• Lepton Asymmetry : . 


• Thus, leptogenesis imposes limits on the phases of the  mixing matrix for right-handed neutrinos.

N1 N2

ϵνN1
s ≃

S2
13C23 (S2

12S13 + C2
12S23) [C23 (S2

12S13 − C2
12S23) + S12C12 (S23 − C2

23S12)]
(S12S13 − C12C23S13)2 (C12S23 + S12C23S13)2 sin δN

Chayan Majumdar University College London
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• We assume two right-handed neutrinos  and , which are quasi-degenerate, only contributing 
maximally to leptogenesis. 


• Lepton Asymmetry : . 
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Different Cases :

(a)  ,       (b)  ,


(c)  ,   (d) , .

Cij ∼ 𝒪(1) ≫ Skl ∼ 𝒪(0.01) ⇒ sinδN ≃ 10−6 Sij ∼ 𝒪(1) ≫ Ckl ∼ 𝒪(0.01) ⇒ sinδN ≃ 10−6

Cij, Sij ∼ 𝒪(0.1) ⇒ sinδN ≃ 10−5 S13 ∼ S23 ∼ 𝒪(0.01) C12 ∼ S12 ∼
1

2
⇒ sinδN ≃ 6 × 10−12
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• We assume two right-handed neutrinos  and , which are quasi-degenerate, only contributing 
maximally to leptogenesis. 


• Lepton Asymmetry : . 


• Thus, leptogenesis imposes limits on the phases of the  mixing matrix for right-handed neutrinos.

N1 N2

ϵνN1
s ≃

S2
13C23 (S2

12S13 + C2
12S23) [C23 (S2

12S13 − C2
12S23) + S12C12 (S23 − C2

23S12)]
(S12S13 − C12C23S13)2 (C12S23 + S12C23S13)2 sin δN
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Different Cases :

(a)  ,       (b)  ,


(c)  ,   (d) , .

Cij ∼ 𝒪(1) ≫ Skl ∼ 𝒪(0.01) ⇒ sinδN ≃ 10−6 Sij ∼ 𝒪(1) ≫ Ckl ∼ 𝒪(0.01) ⇒ sinδN ≃ 10−6

Cij, Sij ∼ 𝒪(0.1) ⇒ sinδN ≃ 10−5 S13 ∼ S23 ∼ 𝒪(0.01) C12 ∼ S12 ∼
1

2
⇒ sinδN ≃ 6 × 10−12

Minuscule Dirac CP phase in RHN sector can generate required leptogenesis to satisfy BAU constraint.
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• The ALRM augmented by the extra   symmetry allows the introduction of the generalised 
lepton number . 


• Similarly, one can introduce a generalised R-parity, similar to the one existing in the supersymmetry, 
defined in a similar way as .


• The odd R-parity particles are as follows: 


                                             Scalar sector :  


                               Fermion sector : the scotinos , and the exotic quarks, 


                                             Gauge sector :  


• The possible DM candidate is either the R-parity odd Higgs boson (scalar or pseudoscalar), or the 
scotino(s), or both .

U(1)S
L = S + T3R

(−1)3B+L+2s

χ±
R , ϕ±

1 , ℜ(ϕ0
1), ℑ(ϕ0

1)

nL, nR d′�L, d′�R

WR

Dark Matter (DM) in ALRM

Chayan Majumdar University College London
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MF, CM, PP, SS, UAY; JHEP12(2022)032 

Chayan Majumdar University College London

Scalar Dark Matter
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Fermion Dark Matter

MF, CM, PP, SS, UAY; JHEP12(2022)032 

• We have light as well as heavy scalar DM or heavy fermion DM in ALRM depending on the 
mass hierarchy of the particles.

Chayan Majumdar University College London
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Collider Signatures

• The scalar dark matter, , could be probed by the production through two exotic quarks 
, followed by the decays into . 


• Even considering that the background can be much larger, this signal can be probed at LHC 
with 300 fb , and would be indicative of exotic  quarks with masses in the TeV range.

H0
1 /A1

pp → d′�d′� bH0
1 /A1

−1 d′�

Chayan Majumdar University College London
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Collider Signatures

• The scalar dark matter, , could be probed by the production through two exotic quarks 
, followed by the branching ratios into . 


• Even considering that the background can be much larger, this signal can be probed at LHC 
with 300 fb , and would be indicative of exotic  quarks with masses in the TeV range.

H0
1 /A1

pp → d′�d′� bH0
1 /A1

−1 d′�

Chayan Majumdar University College London

• The fermion dark matter, , could be produced through . 


• Signals from the fermionic candidates imply the existence of charged Higgs bosons, all with 
masses in the TeV region. This signal can be probed at LHC with 300 fb  as well as 3000 fb  
depends on the parameter choice of the models.

nτ pp → H+
2 H−

2 → nτnττ+τ−

−1 −1

MF, CM, PP, SS, UAY; JHEP12(2022)032 
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• Since the right handed neutrino masses are not related to  masses, there will be new 
signatures as compared to the conventional LRSM. 


• We are analyzing the possibility of discovering signals indicating the presence of a 
charged gauge vector boson at the HE-LHC and HL-LHC.

WR

Chayan Majumdar University College London
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A. 


B. 


C. 


D. 


E.

pp → WRWR → 4j + τ+τ− + MET

pp → WRH±
2 → 2j + τ+τ− + MET

pp → WRWR + WRH±
2 + H+

2 H−
2 → e+e− + MET

pp → WRWR + WRH±
2 + H+

2 H−
2 → τ+τ− + MET

pp → WRWR + WRH±
2 + H+

2 H−
2 → 2j + e− + MET

Processes :

Work in Progress !!!
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• The ALRM is a BSM framework with similar gauge structure of the conventional LRSM, but 
free from the unavoidable FCNC constraints. 


• ALRM can be embedded in  gauge group and allows the light scalar masses.


• This model can generate significant contributions to the  decay through vector-scalar 
(WH) mediation.


• Invoking the resonant leptogenesis, the required CP violation can be easily obtained, even for 
a small Dirac phase in the right-handed neutrino mass mixing matrix. 


• Depending on the mass hierarchy, the model allows either a scalar dark matter (neutral R-
parity odd scalar and pseudoscalar) or a fermion (scotino) dark matter.


• Model allows distinct and interesting detectable signatures in colliders. 

E6

0νββ

Summary 

Chayan Majumdar University College London
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Thank you for your attention! 

Comments, Questions, Suggestions!!!

Chayan Majumdar University College London
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