Dark Matter and WIMPy
Baryogenesis in Scotogenic
Model
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Problems In the SM

» oM cannot explain the

observed neutrino mass EL— . S =
17 . . Seems to & . E
and mixin | peave J MKTTER - F

s oM does not have a dark
matter candidate.

s oM cannot explain the
observed baryon
asymmetry




Alms of this work

We show how those 3 problems can be resolved in a model.

For the generation of tiny neutrino masses, we consider
“Scotogenic Model” where neutrino masses are radiatively
generated at 1-loop.

Scotogenic model contains dark matter candidate.

But, vanilla leptogenesis is not viable in scotogenic model and it

can not explain why dark matter and baryon abundances are close
to each other.

We show how baryon asymmetry and dark matter can be
accommodated through the mechanism of WIMPyY baryogenesis
In Scotogenic model.



why WIMPy Baryogenesis 7

(Cui, Randall & Shuve '11)

- Motivated by the fact that the observed BAU and DM
abundance are of the same order

> |t makes WIMP DM abundance related with Baryon Asymmetry.

- WIMP annihilation satisfies Sakharov conditions
- WIMP annihilation violate B or L.
- WIMP couplings to SM violate CP.

— (Cooling of the Universe provides the departure from thermal
equilibrium.



WIMPyY Baryogenesis: General Framework

e (Generation of baryon asymmetry through DM X annihilation
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« Requiring the wash—-out process to freeze out before WIMP freezes out,
the final asymmetry iIs
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Scotogenic Model E. Ma 2006

Extension of the SM by 3 RHN & 1 Scalar Doublet, odd under Z,
symmetry.

No tree level neutrino masses but they are radiatively generated at
1-loep:

The lightest Z, odd neutral particle can be a DM candidate.
Scalar DM resembles inert Doublet DM (hep-ph/0603188,0512090,0612275).

Lightest RHN DM (arxiv:1710.03824).



Scotogenic Model
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Scotogenic Model

1— loop neutrino mass :
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Seesaw scale is reduced by 3;1;2 and M, can be O(TeV)



Dark Matters in Scotogenic Model

e Lightest heavy RH neutrino (Ma ‘06, Ahriche, Jueid, Nasri, ‘17)

3x10"%0¢cm3s—1

QNthN

<O_N1N1—>LZUT>
— Direct detection : for S| scattering
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— N; with 10 < M<K 700 GeV can satisty the relic abundance
— it can be probed at LHC with 300 fb~1! (arXiv:1710.03824)

* 1np Can be a dark matter
e |t resembles inert Doublet DM (hep—ph/0603188, 0512090, 0612275)

— The tfact that n; must be slightly heavier is a natural condition

for coannihilation
- MryNMray — LL dominant contributions to relic abundance.



Relic density of Scalar Doublet Dark Matter

~=  Observed relic density | ~=  (Observed relic density
AM;; =AM, =50GeV 5 —  AMyy=AM,=5GeV

100 100
Mpy [GeV] My (GeV]

There exist 2 distinct mass regions for tiny mass spliiting satisftying
the correct DM relic abundance



WIMPy Leptogenesis in Scotogenic Model

« We propose that the (co—)annihilation of scalar DM can produce a
lepton number asymmetry

(nPSnR.I)

e Simultaneously achieved both Relic density of DM and baryon
asymmetry



WIMPy Leptogenesis in Scotogenic Model

Solving Boltzmann EQs.
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Numerical Analysis for Minimal Scotogenic Model

We implement the model in SARAH 4 and extract the thermally

averaged annihilation rates from MicrOMEGAS 4.3 while solving
BE.

In order to implement the constraints from neutrino mass and
MixXing angles, we use the Casas—Ibarra parameterization and
use SPheno 3.1.

We include dark matter direct detection constraints arising from

/ boson mediated process ngn - n; n

Considering the typical kinetic energy of dark matter to be 100
keV, one can torbid such scattering if § = m,, —m,, > 100 keV.



Results for Minimal Scotogenic Model

My € {10 TeV : 1000 TeV }

50 100 500 1000
T, (GeV)

As e {107 :0.1); 1, € {10°: 10% GeV? _ 8 DM is overproduced
?\.3=?\.4=0.5; 12 Sinq] =10. ;
my = 0.001 eV

All points satistying § = m,, —m,, > 100 keV
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Results for Minimal Scotogenic Model

It IS not possible to produce the correct lepton asymmetry above
the electroweak phase transition from scalar DM annihilation
while satistying correct DM relic, neutrino mass constraints, and

DM direct detection mediated by Z boson.

While correct lepton asymmetry requires order one Yukawa which
at the same time requires small from neutrino mass point of

view, DM direct detection gives an lower bound on 3.

Ae =~ 1.65 x 1077
: (100keV) (1OOGeV)



Minimal Extension of Scotogenic Model

We extend the scotogenic model by introducing a complex singlet
scalar which results in the scalar potential

V =ugHH + pin™n + pixx + - u4[)(2+()() ]

1

1
> A QX0 + AT (HTH) + 25 (" H) (H )

A ) HTH) + 20 ) (™)

The motive behind the extension is to decouple DM mass splitting
from the generation of neutrino masses so that we could resolve
the tension between tiny neutrino mass and the constraint coming
from the inelastic scattering mediated by Z boson.



Mass spectrum

Thanks to the trilinear term, n can mix with y.

| 2 g)
mI?I i /IHvzv mnzi — ﬂzz I 5141/’2 M2 ﬂr] 7n (14 T /IS)V /2

RIF i \/5

uvly/2

e + Agv2I2 = g

2 4 2 2 ) 2 2100
Yy XM, (cos Opmygr — Mge  SIN“Opmge  my  COS”Gmy,

(my)l-jz - n n
; 1672 mq%{‘,—M,% Mk2 mq%f—M,g M,? m= —M,?

(7

2 SR 2
y L Ormy, : My
M? még —M: M;




Numerical results

We could find parameter space achieving both relic density and
pbaryon asymmetry by solving BEs.

T BPT

My = 4.89 TeV,m¢§ = 490 TeV,md)i = 4.89 TeV,m(pé = 490 TeV,md)i = 4.89 TeV,/x,7 = 4.897el,

[, =4897TeV,u = 234.14GeV,u, = 24.64GeV, Ay = 2.24 X 1073,25 = 1.53 x 107*, 14 = 5.95 x 1073,

M, = 15.02 TeW(k = 1,2,3)
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MyR = 4.78TeV,m
1

4.79 TeV,m 4.78 TeV,m 4.79TeV,my+ = 4.787TeV u, = 4.787Tel,

T s PF ~
W, =4.79TeV,u = 212.43GeV,u, = 27.74GeV, 1, = 1.37 x 107, 15 = 3.48 x 1075, 15 = 3.55 x 1074,

M, = 17.79 TeW(k = 1,2,3).




Prediction of Y as a function of T

Y, | (PLANCK)
Yoy (PLANCK) ———




Probing our scenario

> olnce the particle spectrum of the model remains heavy,
around 5 TeV or more, their direct production at the 14
TeV LHC remains suppressed.

- The prospects at the direct/indirect dark matter detection
experiments remain weak.

s 1he model can be probed by rare decay experiments
concerned with the lepton flavour violation.



Direct Detection

arXiv:1705.06655
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Collider Detection
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Lepton Flavor Violation in Scotogenic Model

arXivi1312.2840,1412.2545



Lepton Flavor Violation in Scotogenic Model

LFV Process Present Bound | Future Sensitivity
i — ey 57x10-13 [25] | 6 x 1014 [26]
T — ey | 33x 1078 [39] | ~3x107° [40]
= uy | 44x 1078 [39] | ~3x 1079 [40]
i — eee 1.0x 1012 28] | ~ 10-16 [27]
T — WLl 2.1 x 1078 [41] 40
e ptpm | 27x1078 [41] 140]

T- S uee” 1.8 x 1078 [41]
T — eee 2.7 x 1078 [41]
u,Tise,Ti |4.3x107'2 [42]
p ,Au—e ,Au | 7x 1071 [43]
u-, Al - e~ Al
4, SiC - e, SiC |

arXivi1312.2840,1412.2545



Predictions of relic density vs. LFV

Mpm (GeV) Mpm (GeV)

10'2 2 4 M 2 2 2 1 0'2 ol o ol 4 4 r g r
10° 10° 10* 10° 102 10" 109 10 10® 107 10® 10° 10* 10° 102 10" 10° 10’
r(”‘ >e .r)/rexp(p' >e 7) r(p' -> 3e )/rexp(u o 39)




Conclusion

» ocenarios relating DM and baryon abundance are more
constrained than individual DM or baryogenesis models and have
Implications in a wide range of experiments starting from particle
physics, cosmology & astrophysics.

» We show here the WIMPy baryogenesis cannot be realized in
minimal scotogenic model.

» With a minimal extension by a scalar singlet, scotogenic model
can accommodate successful leptogenesis from DM annihilation
while keeping the scale of leptogenesis as low as 5 TeV
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