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The Standard Model
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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: Evidence

.In 1932, Oort found that the gravitationai Potential Proviclecl bg the
visible stars was not enouglﬁ to |<<—:el:> the stars bound to the Galactic
Plane. Since the galaxg is stable and not Iosing stars, there has to be
more matter to keep the stars bound to the galaxg.

. The other claim that some mgsterious form of matter (Dark Matter)
must dominate in Galaxg clusters was made bg Fritz Zwickg N 19%%5. He
found that the radial velocities of galaxies in a cluster are almost a
factor of 10 Iarger than expectecJ from the summed mass of all
galaxies in the cluster.

e Vera Rubin and her co”aborators |ater observecl galaxg rotation
curves (1970’s), another astrophgsical evidence suggesting the
presence of Dark Matter.
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Bullet Cluster
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Power spectrum (uK?)
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Dark Matter: 10 Point Test
e Does it match the appropriate relic abundance?
e |s it cold?
e |s it electromagnetic and color neutral?
e |s it consistent with Big Bang Nucleosynthesis? |
e Does it leave stellar evolution unchanged? '
e |s it compatible with constraints on self-interactions?
e |s it consistent with direct dark matter searches?
e |s it compatible with gamma-ray searches?

e |s it compatible with other astrophysical bounds?

e 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

See Bhupai’s ta”<, WGV

s The SM fails to satisig Sakharov’s conditions: insufficient CP violation in
the c]uark sector & Higgs mass Is too large to 5uPPor’c a strong ﬁrst

order electroweak Phase transition (Electroweak Bargogenesis).

+ Additional CP violation in IePton sector (not yet discovered) may Plag 3
role througl'i the mechanism of LePtogenesis (Fukugita & Yanagida
1986).

. Tgpica”g) seesaw models explaining neutrino mass and mIXiNg can also
Plag arole in creating a ]epton asymmetry through out of equilibrium I
Violating decag of heavg Particles, which later gets converted into

bargon asgmmetrg tiirough electroweak sPhalerons.

\ L@Ptogenesis Provicie a common framework to €><Plaiﬂ 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
OQpa =~ 5B

* Although this could bejust a coincidence, it has motivated severa

studies trging to relate their origjns.

* Asymmetric DM, WIMPy Baryogenesis etc are some of the scenarios

PFO DOSGCI SO Far.

» While ADM tightlg relates BAU & DM abundances, the other

scenarios txy to connect their origins within a unified framework.

* Since many neutrino mass models tgPicaHQ accommodate
lePtogenesis, one can also relate neutrino and DM

\ Narendra’s Talk WG 111+V/
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Asgmmetric DM

Zurek, 1508.0%38; Petraki & Volkas, 1305.49%9

s Similarto bargons, there exists an asymmetry in DM as

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

Gelmini,

Hall, 1Lin1987. 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, it the process Proclucing DM asymmetry

dCCOUP

DM ana

es earlg or ditferent asgmmetries are generatecl N

visible sectors, then DM mass can be different

from what this simple relation dictates.
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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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/ See Bhupal’s ta||<, WGV

& ADM

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

. 1
Yy LiHN; + 5 My NiN;

LePtogenesis

» 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.




Leptogenesis & ADM

o The asgmmetrg freezes outat T <L M,

2 The lel:)ton asgmmetrg gets con\/ertecl into bargon
asgmmetrg through electroweak 5Phalerons

(Khlebnikov & Shaposhnikov’&%).
NAB 28 nAL

S 79 s

+ The same right handed neutrinos also generate

liglﬁt neutrino masses tl’wrough Tgpe | seesaw
mechanism —M, = MpMy'M$, Mp = Y (H)
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Tgpe | Seesaw Leptogenesis & ADM

2 TI’]C asgmmetries can bc—‘: calculatecl to be

J‘]| 1 o o o - |
& = . ‘ ‘ 271 A2l 7 sin (200, ) + y1y2 A1 | Azl sin (@ + @ .
X “[2 1()7;.(1/.12 + /\,12) ( l| -| ( \) Y1Y2 l| ._’ ( l \))

M, ] . | |
=~ — (2y7|y2|” sin (2¢;) + y1y2 A1 | A2| sin (¢ + ¢ ,
]\[2 1677(!/{) + /\f) ( 5} ‘.,/.2| ( . 1_) Y1Y2 1| 2‘ ( 1 \))
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2 Depencling on the Yukawa couplings relating the
right handed neutrinos to SM & DM sectors, the

asgmmetry generatecl can be similar or very
ditferent.
a _ 2rsin(2¢;) +sin(¢ + o) . y1|ys]
€, 2r=1sin(2¢,) + sin(¢; + ¢y ) ' e
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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).

2
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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”owingquantitg less than unit9 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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- Other Scenarios

+ There are models where DM is neither asgmmetric nor its

annihilations lead to bargon asgmmetrg.

+ However, the presence of DM can P|39 a role in generating neutrino

mass and bargogencsis.

G the presence of a seesaw mechanism for neutrino mass also can

gencrate DM and bargon asgmmetrg.

* Scotogenic model, Dirac neutrino mass moclel, B violating models,

DM assisted EW E)argogcngesis arc a {:CW O{: SUCh ?rameworks WhCFC

this can hap ben.

o There are other scenarios too which can address these three

PI"OBICITIS simultaneous|9.
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Plenarg talk bﬂ K S Babu

Scotogernc Model £rezoo

» Extension of the SM b}j 35 RHN

& 1 Scalar Doublet, odd under
the a built-in Z, symmetry.

* The liglﬁtest of the Zyodd
Particle, if EM neutral is a DM
candidate.

* Scalar DM resembles inert
doublet DM (hep-Ph/
0603188, 0512090, 0612275,
4-04.5261).

* Lightest RHN DM (1710.03824)

1"((:)1

JDy) = 1Py |F 4 s D 4 — (11 |
) = M

Lo ;(.\1,\ )i; NiN; 4 (Y,,L,du.\f, ; h.«.)

N As
{ /\;q"vq)g. t {?(qlq'”l }l.(.}

Connection to Vacuum Stabilitg
(1501.0%700, 150%.0%085) .
Lepton Portal limit (170%.08674) .
Thermal and Non-thermal source
of IDM (1706.050%4).

Lightest RHN decag as a source
of lePtogenesis (1207.2594,
1308.1840) .
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Leptogenesis In Scotogenic Model

1207.2594

+ Smaller value of A 5 rec]uires Iarger Yukawa hz i for correct neutrino

mass and vice versa.

9 Large YUl(BWB FCSUltS in more WaSl"l~OUtS. Sma” YU‘(BWBS Wl” PFOClUCC

small asgmme’crg.

*» For TeV scale RHN, one requires very small values of A5 to satisfg

neutrino mass ancJ bargon asgmmetrg requirements.

» Such small values of )\ 5 leads to large inelastic scattering of DM, ruled

out bg data.

TeV scale lel:)togenesis s not Possib e for hierarchical RHN.

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

45
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DM Assisted Dirac Leptogenesis

N Sahu et al; 1712.02960

O \/iolating decag of mother Particle creates an cqual and oPPosite
amount of asgmmetrg in left and right sector fermions in the exact B-L

sgmmetrg limit.

o These CP asgmmetries don’t equilibrate due to smallness of neutrino
Dirac mass. The left-sector asgmmetrg then gets converted into Bargon
asgmmetrg througlﬁ sphalerons (Dick, Linclner, Ratz & Wright 2000).

* In the model Presented in 1712.02960, the asymmetry in dark sector

fermion does not survive due to soft sgmmetrg breaking interactions.

o The sgmme’cric Par’t of DM survives due to smallness of dark gauge

interactions.

+ In the non-thermal limit, the DM can be Procluced from the deca9 of the

scalar.
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TeV Scale Bargogenesis & DM

Allahverdi, Dev & Dutta; 1712.02715 |

° 15—-violating interactions through TeV scale color triple’c scalars
X Y=4/3) & singlet Majorana fermion (DM) that couplecl
onlg to RH quarks.

T“L: ry

LD MaiXivuf + Ny Xodid; + — 20y + He)

1]

+ m% | Xa|* + (kinetic terms).

* These interactions can lead to DM clecag % — pte”+ve as

well proton clecag p = Y +et + v, both of which can be

avoided for this mass window My — Me < My < My, + M,

+ | ate time clecay of moduli to X and DM, then then X giving
rise to bargon asgmmetrg ﬁna”g decides the DM~Bargon

coincidence.

47



1
|
1
!
1
1
1
|
1
!
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
v

S
2
S




— ———————— . g

bl

Conclusion

s There are different scenarions (ADM, WI MFy, Others)
that can reiate DM Witl’] bargon asgmmc—:trg.

2 T]’)C exact relation (5trong/ WCB‘() depends upon the

Particular scenario or the model implementation.

+ Such scenarios are more constrained than individual
DM or bargogcnesis models and can have implications
in awide range of exPeriments starting from Particie

Phgsics, cosmoiogg & astrophgsics.
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Future Outlook

* | owscale cogenesis that evades Davidson-lbarra bounds and does not
require unnatural fine-tuned mass sPlitting between masses of RNH (or

clecaging Particle) :

* ProcJuction O1C DM ancl |el:>ton asgmmetrg From a common dc—:cag. | ess free

Parameters.
» Connection to Inflaton?
» Effects of CPT Violation and connection to flavour Phgsics.
. Post~sphaleron bargogenesis and DM?
* Cogenesis through oscillation (ARS Mechanism)?

+ What if DM is an artefact of modified gravity and bargon asgmmetrg isjust
an initial condition (1606.05%4-4)7
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