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Motivation

NG
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eV scale light neutrino mass

% Measured Dark matter relic
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In a common framework...



Model :

% BSM Model with SM gauge group + Z, symmetry S | ¢ | H | Hy | Ny
H, = L( : ) SM Higgs doj v |11 -
V2 \vg + h Zo | -1 |41 |+1 | -1] -1

EW symmetry breaking
90 — UQO _l_ /0 Real Singlet scalar

Z, = Z, breaking

g —

(s +ia) Complex Singlet scalar

1
V2

H
Hs =
2 ((Ho 4 iAO)/\/i) Inert Doublet

Lightest Z, odd scalar is DM candidate

Np — neutrino mass and leptogenesis
Heavier than the Z, odd scalars



Interaction :

» Scalar potential

Vi= Y 2\ H >+ 4 H Y + A Hy P Hy | + (Hjﬂz) (H;Hl)
i=1,2

/15((H1TH2 hC)

Absent unlike IDM

V, =m2|S|° + A| SI* + m2p* + A,0* + 45, | S|° ¢

T Z [/IH,-S (HjHl) [S1% + Aty <H,~TH1°> Cﬂzl
i=1,2

ey () — H | Mass mixing |

I H,

CP odd and even components

:mAO

'i of H, are degenerate

Vs = —\/2kSTH'H, —\/244,0SH H, + p S* + h .c.

ZLyuk = — YNZ§2NR — Ay@NgNg +h.c.

Z, forbids bare mass of Ny
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% Vv, spontaneously breaks Z, — Z,

1 1 RHN mass generated
% D/ 2kS"HH, +/2'SH H, + SHES? = = @

2 2
0‘ ’A

/I !/ AD

Non-zero k' and mi crucial for mass splitting b/w neutral components of H,

& Sis decoupled, mZ > m? : 1
p S Hy "' HI HI
| \ ‘
_ Ty \2 w
Lo == Asen(H]H)* +h.c. .S
2m4(k* + K#) 4k 9 ,

A5.off =
© m‘é m% Hz Hz




Scalar Mixing

< SM Higgs mixing with the singlet Higgs, (hl) B ( Cor 3a> (h)
2UHUQO)\H1cp h2 o Ca P
tan 2a = 5 5
mj; — m2 Assume s, = ()

< CP-even Dark Scalar mixing

0 , H,\ _ (cosO; —sm6\ (H,
tan 20. = M s /] \sin6@, cosé, H,

5 2 — m?2
mH 0 mS

< CP-odd Dark Scalar mixing

2(k — K)vy A cos@, —sind \ (A,
tanZ@a — 0 — . ’
mg, — mg a sinf, cosf, | \A,




Scalar Mass Spectrum

< SM Higgs and BSM Singlet Higgs

1T 4v4v2Ne
2 2 2 4 (2 2 HY¢\Hy ¢
Mhyhy = o [Mh + My £ (M} — mw)\ : (m?2 — m21)2
(p -
< Z, odd Scalars
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2 _ 2 2 | 2 2 H
mHl 2 5 mH() + ms - (mH() o ms)\ ]‘ I (m%{ B m2)2 '.
_ 0 S -
1] 4(k — K')2v% "
2 _ 2 2 | 2 2 H
L 0 a a



Neutrmo mass @]1-loop 9
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Baryon Asymmetry

Via thermal Leptogenesis

[IM. Fukugita, T. Yanagida]
my=500GeV, m,=0.05eV

> baryon-to-photon ratio : 7z = — Cek; 10°F

> After optimizing over the Casas-lbarra parameters 108;

M 1074 m 1071

1y = 3.8 X 10710(—2 ) ” ="
104 GeV /15,eff 0.1eV 8 06

[T. Hugle, 1804.09660] =

(washout effects from AL = 2 process not included) = 1051
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Theory Constramts

< Vacuum stability: quartic part of potential V, > O (i.e. co-positivity of matrix X )

V, = RTXR, with R = [r*, p*]

Such as

{)\1 >0,A\g >0, )‘f;S | \/)\1)\520}, for o =0 and B8 =

0,

< Perturbative unitarity: Eigen values of the 2 — 2 scalar scattering

matrix

E1 = {2)\1,2)\2,,2)\3,2)\90, A1+ Ay £ \/()\1 — )\2)2 + )\421} < 811

% Electroweak Precision: EW gauge boson self-energy is modified

Sexp = —0.05%0.07 and Texp = 0.00 =

— 0.06, for U =0

[PDG 2024]


https://inspirehep.net/literature/2817040
https://inspirehep.net/literature/214561

Dark Sector Bound

% DM relic density: QA% = 0.1199 + 0.0012

DM DM — SM SM,

Annihilation

co-annihilation

DM DM’ — SM SM

% Direct detection:

DM DM’
DM DM/
-
R (b
, : 1(hs2)
q q q q

* [ndirect detection:
DM DM — hzhz, h2 e )/}/

Additional channels
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* Median 3¢ discovery potential

Power constrained upper limit -
= Unconstrained upper limit
| | | |

Median expected upper limit "3

10°

WIMP Mass [GeV/c?]

Good sensitivity at CTA expected
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Collider Bound 13

» LEP.  ete — HYH—/H;A; M= > 70 GeV JHEP 08 (2007) 026

For |Mp, — Ma,| > 8GeV .7\4}11 < 80 GeV and MAl < 100 GeV 'PRD 2009]

H—I— //:f\/\/\/\/\, Y
% Higgs signal strength:  pi~n = 1.1 20.06  [PDG 2024] A
- ho----- < YHT
\\ :
hmmy = o  Br(h —v7) — cos® o Br(h — vv) e K
T SMBSM(p 5 ) BroM (h — )
Hi(Ar)
< h — inv decay rate: [PDG 2024]
h ———————— ~<

Br(h — invisible) < 0.107

Hi(A)


https://inspirehep.net/literature/2817040
https://inspirehep.net/literature/214561
https://inspirehep.net/literature/2817040
https://inspirehep.net/literature/214561
https://inspirehep.net/literature/745869
https://inspirehep.net/literature/214561
https://inspirehep.net/literature/800275
https://inspirehep.net/literature/214561

Benchmark

No mixing Small mixing

Parameters | Scenario I Scenario I1I Bi-Maximal Maximal Scenario IV
(mpg,/GeV)? | 316232 1,108] [1,108] [1,108] 1,108
(mg/GeV)? | [1,108] (1010, 102°] m3 m3 1,108
k/GeV 0 —mg —[1074, 1] —[1074, 1] 1,109
n/GeV 0(—1) 0 0 [1,10%] 102
v,/ GeV 106 (102, 107] 103 103 104
mp,, /GeV 150 150 150 150 150
A2 0 (1074, 4] (1074, 4] (1074, 4] (1074, 4]
AS 0 (1074, 4] (1074, 4] (1074, 4] (1074, 4]
AH, o 0 0 0 0 0
AH, S 0 (1074, 4] (1074, 4] (1074, 4] (1074, 4]
AH, S (1074, 1] (1074, 4] (104, 4] (1074, 47] (104, 4]
A4 —0.01 —[1074, 47] —[107°, 47] —[107%, 47] —[1074, 4]
A3 0.1 [10~4, 47] AH, S — M AH, S — M\ [10™4, 47]
S0 0 (1074, 4] [10~7,1073] [10~7,1073] (1074, 4]
k' /GeV 0 (0.005,6.2 x 10%] | [0.5 x 107%,0.5] | [0.5 x 107%,0.5] | [0.5,6.2 x 10%]
A, (1072, 4] (104, 4] (1074, 1] (104, 1] (1074, 1]
AHyo 47 (1074, 4] ASe ASp — 4p/v, 0
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[Numerical calculation: SARAH,CalcHEP,MicroOmegas]



Scenario-1 15

% Kk = k' = 0 ( nomixing b/w Dark Scalars)  Neutrino mass is zero

D mH2 < mAz’ mA2 < mHl — mAl: _ - f

e
— H, is singlet like DM H,H, - hh,

*
Is crucial to set observed relic density h
| |
| i
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Scenario-11 e
% Kk # k' # 0 ( small mixing b/w Dark Scalars) Neutrino mass non-zero
o My ,my > my >my: — Apis doublet like DM
‘:‘ ﬂHZQD — O — Inert DOUbIet mOdeI 102 T T T TTTI T T T TTT1 T T1 IIIIA1A1h2|
109
101 My, = 190 GeV,sa = 0
100 > (oLl - 107
% Ay, 7 0: Observed relic can be ' Q7% =0.12 3%
adjusted in the overabundance W R oo BN
regime of IDM via additional channel < 0k \:. PP e A o
AA| = h,h,, which opens up & E.‘ t ,’“ EEAN I
n -3 ‘
wider parameter space . ® o
10~ r
3
10_5 | I lllllll l ] ||||||| ] | llllllI
101 102 103 104
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Scenario-11 1
< 0@, and/or 6, = n/4 ( Maximal mixing b/w Dark Scalars)  Neutrino mass non-zero
» forO0.=0 = nl4 - My = m, = m, if kk' <0, — A, is mixed DM
‘)\AQAQ}Z%‘
102 llljw | |1|5(l)léllv | | IOI lllll | | | llllli
- eV.sa =
S N - 107
i —— e ——— e e ———— 100 :
! L BN .
A2A2 _> h2h2 1‘} CF\]Q 10—1 ‘{;\t};{tﬁf‘k: 5—102
- Can have dominant contribution to the | @ J;f o :
_______annihilation cross section | G P 10!
103 ;
10— v Y, (‘, ] 100
1075 k- | ’ °...‘~q!~ ot | I
101 102 103 104
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Summary

* We proposed Z4 model to explain neutrino mass,

Dark matter and Baryon Asymmetry.

< As a consequence of Z, breaking, a small effective

LNV interaction is generated which is crucial for
neutrino mass generation at one-loop level.

Presence Scalar ¢ gives additional DM
annihilation modes, ID signal and opens up wider
parameter space where DM relic can be adjusted
to observed value.
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