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Summary



I No primordial antimatter significantly exists in the present universe.

T All particles should come in particle-antiparticle pairs.

T An initial matter-antimatter asymmetry cannot survive after inflation.

We need a dynamical baryogenesis mechanism!




It CPT (C — charge conjugation, P — parity, T — time reversal.) 1s invariant, any successful
baryogenesis mechanisms should satisfy the Sakharov conditions (Sakharov 67'):

T baryon number nonconservation,
T C and CP violation,

T departure from equilibrium.
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Both of the baryon (5) and lepton (L) numbers are violated by quantum effects in the
standard model ('t Hooft. 767.). The transition of the baryon and lepton numbers from one
vacuum to the next vacuum is

2
. . —ar 95
du"”; — du‘”f - m"_.l"g

2 E,u,zf,:u:r

Tr(WHW»)y = AB=AL=N,;, A(B—-L)=0.

At zero temperature, the baryon and lepton number violating processes via a tunneling
between the topologically distinct vacua are highly suppressed. However, such sphaleron
processes could become efficient during the temperatures near and above the electroweak
phase transition (Kuzmin, Rubakov, Shaposhnikov, 85°.),

100GeV < T < 10*? GeV .



In the standard model, the sphaleron processes, the CKM phase and the electroweak
phase transition can fulfill all of the three Sakharov conditions to realize an electroweak

baryogenesis scenario (e.z. Morrissey, Ramsey-Musolf, 12°.).

Unfortunately, the baryon asymmetry induced by the electroweak baryogenesis in the
standard model 1s too small to explain the observed value.

I The electroweak phase transition should be strongly first-order to avoid the washout of
the induced baryon asymmetry. This requires the Higgs boson lighter than about m; < 40
GeV, which i1s much lower than the experimental value m; = 125 GeV.

I Even if the electroweak phase transition 1s strongly first-order, the induced baryon
asymmetry can only arrive at the order of n, = O(10-29).

We need a baryogenesis beyond the standard model!



The seesaw extension of the standard model is very at-
tractive since it can provide a natural way to suppress the
neutrino masses, meanwhile, accommodate a leptogene-
sis mechanism to generate the cosmic baryon asymmetry.
In the usual seesaw-leptogenesis scenarios, the generating
scales of the neutrino masses and the baryon asymmetry
are determined by the masses of same particles. In other
words, a high-scale leptogenesis will not allow a low-scale
neutrino mass generation.

M. Fukugita and T. Yanagida, Phys. Lett. B 174, 45 (1986).

The existence of non-baryonic dark matter poses an-
other challenge to particle physics and cosmology. The
dark matter particle may also play an essential role in
the generation of the neutrino masses and even the pro-
duction of the baryon asymmetry

L. M. Kraﬁss, S. Nasr-i-., and M. 'I’roddcn,.Ph}fs, Rev. D 67, [}85[}H2~(2{l{}3}.

E. Ma, Phys. Rev. D 73, 077301 (2006).



In this talk | will show

* A high-scale leptogenesis can be allowed even if
we expect to realize a neutrino mass generation
at the TeV scale. In this scenario the dark matter
particle plays an essential role.

 This idea can be modified to accommodate a
high-scale baryogenesis with an observable
neutron-antineutron oscillation and a testable
dark matter.

* An Inflationary baryogenesis/leptogenesis can
be achieved.



High-scale leptogenesis with
testable neutrino mass
generation and dark matter

* A model for one-loop neutrino mass and
dark matter

* A model for three-loop neutrino mass and
dark matter

* A model for radiative type-Il seesaw and
minimal inelastic dark matter



A model for one-loop neutrino
mass and dark matter
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My =100 5 =100 p, , = 10" GeV,
Ma, =100pp, 4 =100p, , =107 GeV,
sind = 0.016.

en, =6x107°, K =0.015, np=6.1x10"".

2
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DM mass: My = 2.4TeV.

. . i AR F
DM-nucleon scattering cross section: og; = 1.3 x 107" cm?.

M. Cirelli, N. Fornengo, and A. Strumia, Nucl. Phys. B 753, 178 (2006).



A model for three-loop neutrino
mass and dark matter
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L5 —r(5T€)? + He. with & = - Krauss-Nasri-Trodden model

L.M. Krauss, S. Nasri, and M. Trodden, Phys. Rev. D 67, 085002 (2003).

The neutrinos can obtain their Majorana masses at three-loop level.

The lightest one of the Majorana fermions N; can be a stable dark matter particle.
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A model for radiative type-Il seesaw
and minimal inelastic dark matter
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Minimal inelastic dark matter
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The lighter Majorana fermion y; can keep stable to
leave a relic density in the present universe. Since the
charged fermion &* and the Majorana fermions Yy ,
are highly quasi-degenerate, not only the annihilations
of the lightest x; but also the annihilations and co-
annihilations involving the heavier £ and y, should be
taken into account to calculate the relic density.

In the case the gauge interactions dominate the annihi-
lations and co-annihilations, ones find the stable y, can
serve as the DM particle if its mass has a fixed value,

‘Mx = 1.2TeV.
1

This can be achieved by assuming that the Higgs triplet
A has a mass close to or heavier than the DM mass so
that its contributions to the DM annihilations and co-
annihilations are highly suppressed. Clearly, this is the
case of the minimal DM scenario.

M. Cirelli, N. Fornengo, and A. Strumia, Nucl. Phys. B 753, 178 (2006).



Due to the small VEV v, < 2.2GeV and then the
specific rotation angle 3 ~ /4, the spin-dependent and
elastic scattering of the DM particle y; off the nucleon
will be far below the experimental sensitivities. As for the
spin-independent and elastic scattering, its cross section
can be computed at one-loop level,

o1 ~ 3 x 107 cm?.
M. Cirelli, N. Fornengo, and A. Strumia, Nucl. Phys. B 753, 178 (2006).

Furthermore, the DM particle y, and its heavier part-
ner x, now have a spin-independent and inelastic scat-
tering off the nucleon at tree level. When the x; — x5
mass split disappears, the cross section can arrive at

M, , AM

v 0o

D. Tucker-Smith and N. Weiner,
Phys. Rev. D 64, 043502 (2001).
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G. Jungman, M. Kamionkowskib, and K. Griestd, Phys. Rept. 267, 195 (1996).
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Radiative type-ll seesaw
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A type-II seesaw can be tested at the LHC if the related
Higgs triplet has a small VEV v, < 107 GeV.

P. Fileviez Perez, T. Han, G. Huang, T. Li, and K. Wang, Phys. Rev. D 78, 015018 (2008).
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Thermal leptogenesis
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Inflationary leptogenesis

The real scalar o7 can realize an inflation.

R. Kallosh, A. Linde, and A. Westphal, Phys. Rev. D 90, 023534 (2014).
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High-scale Baryogenesis with
Testable Neutron-antineutron
Oscillation and Dark Matter

* A model for one-loop neutron-antineutron
osclillation and dark matter



A model for one-loop neutron-
antineutron oscillation and dark matter
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Dark Matter
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Ad?[Ad™)] is the down-quark matrix element in a proton(neutron).
(Sp)((S,)) is the expectation value of the spin content of the proton group in the nucleus.

J is the total nucleus spin.
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Neutron-antineutron Oscillation
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Baryogenesis
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In the Majorana neutrino case, we assume the baryon asymmetry
will be produced after the lepton-number-violating interactions
for generating the neutrino mass matrix m, decouple at a very

high temperature, M. Fukugita, T. Yanagida, Phys. Rev. D 42, 1285 (1990).

0.04eV?

Tr(ml,my)

T = 102 GeV

For the Dirac neutrinos, their mass generation conserves the lep-
ton number so that it will not affect the produced baryon asym-
metry at all.



Thermal baryogenesis
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Inflationary baryogenesis

The real scalar o, can realize a inflation.

R. Kallosh, A. Linde, and A. Westphal, Phys. Rev. D 90, 023534 (2014).
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Summary

A successful leptogenesis can be realized at
a very high scale even if the neutrino mass
generation Is expected to verify at colliders.

An observable neutron-antineutron oscillation
can allow a high-scale baryogenesis.

In these scenarios, the dark matter particle
plays an essential role.

Such high-scale baryogenesis/leptogenesis
can come from the inflaton decay.






