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The Standard Model

The SM has been very successtul in clescribing the

elementary Particles and their interactions except gravitg.

The last missing Piece of the SM, the Higgs boson was
also discovered a few years back at the LHC (2012).

Since then the L HC results have onlg been able to confirm
the validity of the sM again and again, with no convincing

signatures of new Phgsics around the TeV scale.
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Problems in the SM
SM can notexplain the @ @ ( o

observed neutrino mass

and mixing.

SM does not have a dark

matter candidate.

SM can not explain the
observed bargon

asgmmetry
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Dark Matter: Evidences

rotational velecity
(km/s)

50000 100000
distance from center [lght years)

! 00
»
0, 075
y - " R 0, 046
. v - , = 0025 —— — —-
J . ~. . 5 - ' . . ! WMAP 7~year data «
g S Vi TP
. 2 - .\ o o ™ ‘1
- .\ -~ 5 ' - -
-4 e
» ’ 3 f
- \) - r:m : 2
» -, ) ! ‘
. | o 40 , T4
“1 £ b ‘ 68'3?,,2::; 3.9% Ordinary
R © e \EXY. P g Matter/
1 Bilbion Light Years & /
4 i A
: ’ ;‘\
S N/
> ¥/ Y A
B b M \‘ / '
| o ,
- ¥ s

Nultipole moment |

Credits: .
HST, Chandra, DE Survey, WMAR, Planck

’
e S e - SN ——————————————— NS ———




" Dark Matter: 10 Point Test

e Does it match the appropriate relic abundance?
% e |s it cold? |
f e |s it electromagnetic and color neutral? |

e |s it consistent with Big Bang Nucleosynthesis? |

Does it leave stellar evolution unchanged?

——— APt i gD

e |s it compatible with constraints on self-interactions?

Is it consistent with direct dark matter searches?

e p—

. e

4 e |s it compatible with gamma-ray searches?

| e |s it compatible with other astrophysical bounds?

Can it be probed experimentally?

— -,

Taoso, Bertone & Masiero 2008
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Baryon Asgmmetrg of the Universe

s The observed BAU is often quoted

in terms of bargon to Photon ratio

R g 0310
Ty

s The Preciiction for this ratio from
Big Bang Nucleosynthesis (BBN)
agrees well with the observed value
from Cosmic Microwave
Backgrouncl Radiation (CMBR)
measurements (Planck) arXiv:
1502.01589).
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Sakharov’s Conditions

Three basic ingreclients necessary to generate a net

bargon asgmmetrg from an initia”g bargon sgmmctric
Universe (Sakharov1967).

* I‘Sargon Number (B) violation X—-Y+B

o C & CP violation.

B = e By AT Vil

I'(X — qrqr) + T(X = qrqr) # (X =gz +q2) + T'(X — q& + q&)

© DeParture from thermal equilibrium.
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Bargogenesis

s The SM fails to satiacg Sakharov’s conditions: insufficient CP violation in
the c]uark sector & Higgs mass Is too large to suPPor’c a strong ﬁrst

order electroweak Phase transition (Electroweak Bargogenesis).

+ Additional CP violation in IePton sector (not yet discovered) may Plag 3

role througi'i the mechanism of Lel:)togenesis (Fukugita & Yanagida
1986).

. Tgl:)ica”g) seesaw models explaining neutrino mass and mIXiNg can also

Plag a role in creating a ]epton asymmetry through out of equilibrium I
Violating decag of heavg Particles, which later gets converted into

bargon asgmmetrg through electroweak sPhalerons.

\ LePtogenesis Provicies a common framework to exl:)lain neutrino mass,

mixing and bargon asgmmetrg of the Universe.
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Baryogenesis & Dark Matter

+ The observed BAU and DM abundance are of the same order

Qpy = 582p

* Althoug}w this could bejust a coincidence, it has motivated

several studies trg ing to relate their origins.

N Asgmmetric DM, WIMPQ Bargogenesis etc are some of the

scenarios PFOPOSCC‘ SO Far.

o While generic implementations of these scenarios tightly relate
BAU & DM abundances, there exist other iml:)lementations

too where the connections may be Ioose.
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Asgmmetric DM

Zure|<J 1508.0%%8; Petraki & Volkas) 1505.49%9

s Similarto bargons, there exists an asymmetry in DM as

well, both of which have common origin (Nussinov 1985;

Gelmini,

Hall, Lin 1987; Kaplan, Luty, Zurek 2009).

o If theg have similar number densities

Npy — NMpyy ~ N — N g

then ppyp = 5pB implies Mpuy = dmy, = 5 GeV

+ However, i the process Proclucing DM asymmetry

dCCOUP

DM ana

es earlg or ditferent asgmmetries are generatecl N

visible sectors, then DM mass can be ditferent

from what this simple relation dictates.

1
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ADM: Basic Framework

* Asgmmetrg generated in either of the sectors followed

bﬂ transter into the other or simultaneous gencration.

® reeze-out o{: the processes invol\/ecl

>

o If the DM sector was thermalised while asgmmetrg

generation, then the symmetric parts
away lcaving the remnant asgmmetric
clectron—-Positron annihilation before

recombination).

hould annihilate

~art (similar to
H
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Asgmmetry Generation

+ Simultaneous generation: Cogcnesis cig Qut

of Cquilibrium clecag (l:alkowski et al 2011, Arina

R T T

P o i

& Sahu 201 etc.)
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Comments (ADM)

* Apart from c:lecag) cogenesis can occur through AHleck-Dine
mechanisms (1105.4612).

* Electroweak bargogenesis: sphalerons can couple to both
SM & DM (Barr 1992, 0909.2034). (Tight precision

constraints on chiral extensions of SM).

* Darkogenesis: Dark sphalerons generate asgmmetrg in the
dark sector which then gets transfterred to the visible sector

via a connecting sector (1008.1997).
s Hidden sector ADM (1005.1655).

* Wide range of DM masses Possible in all such scenarios.

R s = mana Cal o e i — — : 2 v — —
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Comments (ADM)

Composite ADM (Gudnason, Boucenna,
Kouvaris, Sannino 2006).

KITANO-LOW Model (Kitano & Low 2008).
Hglogenesis Model (Davoudiasl et al 2010).

Xogenesis (Buckleg & Randall 20m).

19
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WH\AF@ Bargo enesis: General Framework

s For wash-out freeze-out to Precede WIMP greeze—-out)
one must have the Fo”owing c]uantitg less than unitg at the

time of wash-out freeze-out.

I“.vas.hom (13) —~ (U\Vashout U) Hz‘ }/icq (‘B)
I'wive () 4(0ann V) Y_ﬁ'q ()Y,

+ This can be made sure for every process washiﬂg out the

baryon asymmetry it

1, Y% ()
Y (@)Y

1. One of the baryon states is heavier than dark matter so < L.

2. The baryon-number-violating coupling is small s0 (0washout V) € (Tann V).

+ The second scenario is ditficult to realise because same

couplings decide both the cross sections.
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Scotogenic Moclel E Ma 2006

Extension of the SM !:)9 % RHN & 1 Scalar Doublet,
odd under the a built-in 7, symmetry.

The |ightest of the 7 odd Particles, if EM neutral is a
DM candidate.

Scalar DM resembles inert doublet DM (hc—:l:%l:)h/
0603188, 0512090, 0612275).
Lightest RHN DM (1710.05824).

Neutrino Mass arises at one~loop level.

R s = mana Cal o e i — — : 2 v — —
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1
mi. = ps + §Aav2,

1 1
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1 1
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Vanilla Leptogenesis N Scotogenic Model

* Rig}]t handed neutrino clecags out of equilibrium (Fukugita &
Yanagicia 1986)

. 1
Yy LiHN; + 5 My NiN;

» CP violation due to Phases in Yukawa couplings Y, leads to a Iepton

asgmmetrg.
3 PN > L, TN, S F
EN, = —
W Nl B,

1

» Atleasttwo N are requirecl to generate an asymmetry due to the
presence of interference between tree and one looP chagrams namelg,
vertex cliagram (l:ukugita & \/anagicla’c‘ié) and self energy cliagram (Liu
& Segre’9§). Forone N, the complex Phase can be rotated away.

25
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Vanilla f_,el:)togenesis In Scotogenic Model

s The asymmetry freezesoutat T < M,

2 J The |epton asgmmetrg gets converted into bargon

asgmmetrg through electroweak spha erons
(Khlebnikov & Shaposhnikov’c‘i& Harvey & Turner’90).

NAB 28 NMAL

S 79 s
o The same riglﬁt handed neutrinos also generate |ig|’1t

neutrino masses at one—-loop, along with scalar dark

matter going inside the looP.
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Vanilla Lel:)togenesis N Scotogenic Model

» Smaller value of A 5 requires |arger Yukawa hz j for correct neutrino mass

and vice versa.

» Large Yukawa FCSUItS iIn more wash~outs. Sma” YU‘(BWEAS Wl” PFOC!UCC sma”

asgmmetrg.

» For TeV scale RHN, one requires very small values of \ sto satis% neutrino

mass and bargon asgmmetrg requirements.

» Such small values of /\5 leads to Iarge inelastic scattering of DM, ruled out

bg data.

* TeV scale leptogenesis is not Possible for hierarchical RHN, unless the
lightest RHN is heavier than 10 TeV (1804.09660).

* Resonant lePtogenesis can work (Pilaftsis 1997, B Dev et al 201%).




Vanilla Leptogenesis in Scotogenic Model
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The requirecl asgmmetrg can be generatecl even i the RHN mass is around tens

of TeV, much lower than the usual bound for tHPC | seesaw: pf; > 107 GeV.
(Davidson & Ibarra 2002)
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~=  Observed relic density . . ~=  Observed relic density
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Summa:y of Results: Minimal Sc:otogenic Model

* [ti1s not Possible to Procluce the correct |<-:|:>tor1
asgmmctrg above the electroweak Phase transition
from scalar DM annihilations while satisggiﬂg correct

DM relic and neutrino mass constraints.

o While correct lel:)ton asgmmetrg requires order one
Yukawa which at the same time rec]uires small A5
from neutrino mass Point of view, DM direct detection

giVCS arl lOWCF bOUﬂCl on

_ 0 Mpwm
Az ~ 1.65 x 107
5 8 (100 kev> (100 GeV)

T N D R T R T T R s TR
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V = i H'H + pin'n + wix"x + 5d [} + ()]

1 1
+p(nTHx + Hinx*) + 5/\H(H"H)2 + +§/\n(77"77)2

+ %)‘X(H X*X)% + Aa(n'n)(HTH) + Xs(n"H)(H'n)

+ A (X" x) (H'H) + A7 (x*x) (n'n)
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BP1
mgr = 4.8902136 TeV, myn = 4.90106233 TeV,m,; = 4.890212 TeV, my; = 4.90105859 TeV,my+ = 4.8929958 TeV,

pin = 4.89 TeV, uy, = 4.89 TeV, p = 234.14 GeV, s = 24.64 GeV, \s = 2.24 x 1073, A5 = 1.53 x 107%,
A = 5.95 x 1075, My =15.02 TeV (k=1,2,3).

BP2
mgr = 4.78171586 TeV,myr = 4.79263107 TeV, m;r = 4.78171462 TeV,my; = 4.79262652 TeV, my: = 4.78405012 TeV,

pin = 4.78 TeV, 1y = 4.79 TeV, u = 212.43 GeV, pa = 27.74 GeV, s = 1.37 x 107%, )5 = 3.48 x 1075,
A = 3.55 x 1074, My =17.79 TeV (k= 1,2,3).




Leptonic Asymmetry

Dark Matter

Leptonic Assymetry (PLANCK)
Dark Matter (PLANCK) ——
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Leptonic Asymmetry

Dark Matter

Leptonic Assymetry (PLANCK)
Dark Matter (PLANCK) ——
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Testabi litg

* Since the Par‘:icle sPectrum of the model remains
heavy) around 5 TeV or more, their direct

Production at 14 TeV LHC remains suPPressecl.

+ The model can however be tested at rare clecag

experiments looking for lel:)ton flavour violation.

* The Prospects at direct/ indirect dark matter

detection experiments remain weak.

R s = mana Cal o e i — — : 2 v — —
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LV Proces
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5.7 x 10713 [25]
3.3 x 107% [39]
4.4 x 1078 [39]
1.0 x 10712 [28]
2.1 x 1078 [41]
2.7 x 1078 [41]
1.8 x 1078 [41]
2.7 x 1078 [41]

6 x 10714 [26]
~ 3 x 1077 [40]
~ 3 x 1079 [40]

~ 10-16 [27]
~ 1079 [40]
~ 1079 [40]
~ 1079 [40]
~ 1079 [40]

4.3 x 10712 [42]
7 x 10713 [43]

p=,Ti— e ,Ti ~ 10718 [35]
L, Au— e ,Au
Al — e, Al

4=, SiC = e, SiC

10715 —10-1®
10714 [32]

arXiv:1512.284-0,1412.2545
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More recent uPclates

s ...Radiative Neutrino Masses, keV-Scale Dark
Matter and Viable Leptogenesis with sub-TeV New
Phgsics, arXiv:1806.06864 (lmplementation of ARS

type leptogcnesis in scotogenic model) .

s Scalar Dark Matter, GUT baryogenesis and
Radiative neutrino mass, arXiv:1806.08204 (GUT
scale leptogenesis ala Fukugita—-\/anagicla In

scotogenic model).

R s = mana Cal o e i — — : 2 v — —
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Conclusion

* Scenarios relating DM and bargon abundance are more
constrained than individual DM or bargogenesis models
and can have implications in awide range of exPeriments

starting from Particle Phgsicsj Cosmologg & astrophgsics.

* |t is so constrained that leptogenesis from DM annihilation

can not be realised in minimal scotogenic model.

» With a minimal extension bg a scalar singlet, scotogenic

model can accommociate SUCCCSSICUI leptogenesis From DM

annihilation while «:eping the scale of lep:ogenesis as low

as s leV that can be Probecl at rare clecag experiments.
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