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Introduction



Baryon v.s. antibaryon 4
I

Baryon Antibaryon

proton (B = +1) antiproton (B = —-1)
neutron (B =+1) antineutron (B = —1)

m We find baryons mostly, not antibaryons !
o Existence of antiproton

In cosmicrays, p+p—>p+p+p+p
At TEVATRON, p +p -»X

m Asymmetry between baryons and antibaryons in our Universe

How large ???
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Baryon Asymmetry of the Universe (BAU) 10
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Baryogenesis

m Inflation sets baryon number B =0
- non-zero B must be generated after the inflation

Baryogenesis

s Conditions for baryogenesis: Sakharov (1967)

(1) Baryon number B is violated
(2) C and CP symmetries are violated

(3) Out of thermal equilibrium
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BAU and lepton number violation

m B and L in the Standard Model

o B and L are accidental symmetries of SM Lagrangian

o B and L are broken by non-perturbative effects,
but (B — L) is conserved.

o At high temperatures, B and L violations are very rapid.

m Initial value (B — L), is distributed to SM particles
for high temperatures

m Not on

r

.

28
~ 7

=5 (B — 1)

J

source of BAU
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Baryogenesis in the Standard Model 8

m B and L violations
o Sphaleron for T>100GeV

m CP violation
o 1 CP phase in the quark-mixing (CKM) matrix

Jep(mE — mB(mf — mPH(mZ — mi(mj — mZ)(mj — mg)(mi —mg)

CPV~ = ~10-19
Tgiy
- too small
s Out of equilibrium [Kajantie, Laine, Rummukainen, Shaposhnikov]

o Strong first order phase transition if m, < 72 GeV
- not satisfied [ We have to go J

beyond the SM !
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Right-handed neutrinos 9
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BAU and
right-handed
neutrinos



Neutrino properties

L
m Mixing angles and mass squared differences are measured very
precisely
sin 6;, = 0.308%0015 Am3, = (7.497019)x107° eV? (NH case)
sin? 0,3 = 0.44079-043 Am3, = (2.52610059)x1073 eV?

sin® 0,3 = 0.021637 050072  Gonzalez-Garcia, Maltoni and Schwetz
(v-fit, August ‘16)

m Unknown properties

o Absolute masses of neutrinos (m, jigntest ¢ Mass ordering ?)

o CP violations (Dirac phase ? Majorana phase(s) ?)

o Dirac or Majorana fermions
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Extension by RH neutrinos v,

Minkowski 77
T — M, — . Yanagida ‘79
[5L = lVR(?ﬂ]/ﬂVR -FLv, D _TMVRVR +h.c. Gell-Mann, Ramond, Slansky ‘79

Glashow ‘79

m Seesaw mechanism (M, = F(®) K My,)

—— (0 M,\(v S— (M, 0 (v
L=Lavol O e M lipe=La v M "t he.
2 M: M, v, 2 0 M, )\ N

o Light active neutrinos v

e Mass MV:_ I’I;MLMD (MV << MD)
M

— smallness of neutrino masses is naturally explained

o Heavy Neutral Leptons (Heavy Neutrinos) N (N =~ v;)
e Mass My = M,;; and mixing ® = My /My,
mixing in CC current V; = U v + @ N°¢
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Yukawa Coupling and Mass of HNL

m, My
(D)
T o, = 5x1071 GeV

F =

Seesaw
does | 5 | |
not .

1010 107 10° 10° 101 10" 1020
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Mixing and Mass of HNL

2
O =32=m, m =5x1071 Gev
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Range of parameter space

]
Direct search e
|
. Too large
107 |1 neutrino Yukawa
Cosmology '
oo couplings

1071

(o]

5 10°13

1072

102

1 1 1

10-3() !
1 10% 10* 10° 10® 10'° 10' 10'* 10'¢ 10'8
M, [GeV]
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Baryogenesis regions

TA, Tsuyuki ‘15

(Akhmedov, Rubakov, Smirnov ‘98,
TA, Shaposhnikov ‘05)
\N ]

Resonant Leptogenesis

5 10715 (Pilaftsis ‘97, Pilaftjsis, Underwood ‘05)
1020 Leptogenesis
(Fukugita, Yanagida ‘86)
10-25
107

1 10% 10* 10° 10® 10'° 10'% 10'* 10 10'8
M, [GeV]
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Baryogenesis via
leptogenesis



LeptOgeneSiS [Fukugita, Yanagida '86]
]
m Attractive idea:

o Heavy right-handed neutrinos for the seesaw mechanism
can provide the mechanism for generating lepton
asymmetry .

m Decay of right-handed neutrino N,
TNy » Ly + @) —=T(Ny = Ly + P)
¢ (N, > L, + ®) + (N, = L, + ®)

o If CP is violated,
€1, Can be non-zero and lepton number can be generated
- source of BAU !
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BAU via Leptogenesis

"B _ "N1 o . % 0.35 x n +—| Efficiency factor |

S S

i SM
| Number of N; ~ 1072 e

k> - " dominant N,

[ CP asymmetry « M, 2 10t] P —

' r zero N,
- U = 1010Gey
[ Sphaleron conversion ] | 1= |
0 100 10 10¢ 102

m; meV
mi = Flzvz/Ml
[Giudice et al 03]
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Lower Bound on Mass M,
[ ]

[Giudice et al ‘03]

SM
10 ¢ —
—nB . “‘}H |
x €1 x My e ﬁ\
S ]
l E 1012 | \“zem Ny
< 100} an
\__ _thermal Ny
8 | T~ . !
Lower bound on mass 1) ~ dominant X
10°

2.4 x 10? GeV if Ny has zero

My > 4.9 x 10%GeV if Nj has thermal initial abundancy
1.7 x 107" GeV if Ny has dominant
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Resonant leptogenesis (5 (hdenwood 04

m Resonant production of lepton asymmetry occurs
If right-handed neutrinos are quasi-degenerate

TNy > Ly + ®) —=T(N; > L, + ®)

TIN5 L+ ®) +T(N;, = L, + D)
AM < MN N; N, ,” " N, - N -t L _* 0
———¢ N; A A
AM = MZ — Ml 4.+‘_\\ Le g \ L” “;\\},:J_ Lt
My = (Mz+My)/2
My
€1 X AM 2 (for AM? > O0(MyTy))

huge enhancement

— Leptogenesis is possible even for M; « 10° GeV

Note that M; = 10? GeV in this case in order to convert lepton asymmetry
into baryon asymmetry by EW sphaleron process (T = 10% GeV)
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BAU and CPV in neutrino sector 22

I
m Neutrino Yukawa couplings

M, = =M} My §iag Mp Casas, Ibarra (‘01)

|

L 1/2 1/2
F= (@) UMv,diag ( MN,diag
In mixing matrix U In mixing matrix Q
of active neutrinos of RH neutrinos
Dirac phase 6 Phase(s) for vg

Majorana phase(s) n (n')

These phases are essential for BAU !
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BAU vs Dirac and Majorana phases 23

Degenerate right-handed neutrinos with M; = 103GeV

NH Contour of Y, IH Contour of Y
2.0* \ i 2.0’ i

--> impact on Ovpp decay TA, Yoshida [arXiv:1812.11323]

(See Yoshida-san’'s talk.)
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Baryogenesis regions

TA, Tsuyuki ‘15

(Akhmedov, Rubakov, Smirnov ‘98,
TA, Shaposhnikov ‘05)
\N ]

Resonant Leptogenesis

5 10715 (Pilaftsis ‘97, Pilaftjsis, Underwood ‘05)
1020 Leptogenesis
(Fukugita, Yanagida ‘86)
10-25
107

1 10% 10* 10° 10® 10'° 10'% 10'* 10 10'8
M, [GeV]
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Baryogenesis via Neutrino Oscillation 25

]
Akhmedov, Rubakov, Smirnov ('98) / TA, Shaposhnikov (‘05)
Shaposhnikov ('08), Canetti, Shaposhnikov (‘10)
TA, Ishida (‘10), Canetti, Drewes, Shaposhnikov ('12), TA, Eijima, Ishida (‘12)
Canetti, Drewes, Shaposhnikov (‘12), Canetti, Drewes, Frossard, Shaposhnikov (‘12)

Oscillation startsatT7,..~(My, M 1/3
- osc™ (Mo My AM) Medium effects

NZ //’ ‘\\
<: VN——FTF N I . \ N
UE

o Asymmetries are generated since evolution rates of L, and
L, are different due to CPV

- oy
-~ ~
7’/ N

La S / \
Lo ! N, O Ny \ L
- *

~
7

\ 4
\
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AM,,[eV]

Baryogenesis Region

Region accounting for nTB = (8.55-9.00)x10~*

Canetti, Shaposhnikov ‘10

61 e ——— ]
107 IH
1000 £

4
0.001 |
0%,

0.001 0.01 0.1 1 10

M[GeV]

{ =
>
)
—_

P2
S

10
10°
10°
10*
10°
10
10!
10°
107!
1072
107
107

10

TA, Eijima ‘13

N\
I IIIIIII| I IIIIIII| I IIIIIII| L 111

1

102 100 10°

My [GeV]

107

[ My > 2.1 MeV (NH)

My > 0.7 MeV (IH) ]

Takehiko Asaka (Niigata Univ.)

2019/04/10



Baryogenesis region

s Range of mixing angle

NH
104 E
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106 |

107 |
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Dirac phase é and baryogenesis via oscillation ER
[ ]

TA, Ishida (‘10)
0=0 o=n/4 NH o 032 4=0 o=n/4 =+l
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10

————————————————————————————————————————

—-—
o

BAU v;(10™"

BAU v 10"
UL I | L
1 1 1 I 1 1 1

-10
5 CL 111 AEEE EEEE. TN o K11 N S B R A A N AN A
0 0.5 1 1.5 2 0 . 0.05 0.1 0.15 0.2
Dirac phase/ SING,; sine,)
C,.C s.C s.e )1 0 0
12413 12%13 13
U _ . 7o) . i i .
PMNS — Cp381, = 8536,55€ C3Cy = 85,38,55€ S2C13 e Q=| cosw —sinw
i0 io 1 .
S35, T C5€,55€ T8,3C, T Cp38,55€ €€ §sma) fCOSG)

Takehiko Asaka (Niigata Univ.) 2019/04/10



BAU and CPV in neutrino sector

m [2K and NOVA indicate CPV in neutrino sector

T2K, PRL 121, 171802 (‘18)

T2K Runl-8

30_—*' I N

25f— — Normal —f

205 — Inverted 1 Non-zero Dirac phase

NN ]

S - 5. T ( 371)
(o= __ — ~A —— OT' P
5 15F 2 2
N AN

10

SE\L

s

d
I
\®)

Important step to understand baryogenesis by RH neutrinos !
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Search for HNL (vy)



Search for Heavy Neutral Leptons

s Production by meson decays
Kt—->e*N, Kt-> u*tN,..
o Peak search experiments
e Measure E, in K™ > e N sprock /80

2

mé — m2 — Mz

| D—
€ ZmK

o Beam dump experiments

Kt -et™N

events

K+

Kt -setN

[

—>etv

N—\>£+€‘v+c.c.

target
CERN (80¢m)
decay funnel

PS191 19 GeV ] (L9 1m)
profons ,

iron shield
{5m)

l

o —— -—— -

\

\ detector pit

\\ (17mx 10 m)

% ‘ . beam axis

R S —

i0m
———

, ____earth (65m)

—

p-to BEBC (827m)
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Search for HNLs at T2K ™ Fiime, Watanabe [T

]
| Production of N ' [ Detection of N l
Kt - T+ N I -
g - N- {4+ 4y
ND280
Decay volume —>
Beam dump
K'—e"Noe'(ee've) K*>u"N-u*(ee*v,) K*'—>p"N-u*(u™e'v,)
L 0.86x10%7 POT \
: 1071 - 1073
\t 10~ 107
\.. PS191 & o
\\ 7 1 0—8 \7 1 0—8 |
> S 10-° (ot 10~
1021POT V = 61.25m3(9m?3)
-10 -10 -10 | ]
10700 01 02 03 04 0. 10700 01 02 03 04 o 10700 01 02 03 04 05
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Search for heavy neutrinos with the T2K near detector ND280 B
]

Qe 107 e T g

°® i S R R B B T2K, profiling ]

e ollaboration ool

E \ —— PSI91 (3-body) E

NS ]

. . E e, T B
arXiv:1902.07598v1 [hep-ex] 20 Feb 2019 e
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[o\ ) !llll!llll!llll!lllllllllllllllllll: MN[MCV/CZ]
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\_/
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FIG. 5. 90% upper limits on the mixing element U? as 10’53\—\
a function of heavy neutrino mass using the single-channel i \\’_ 1
approach, considering only the contribution from K* — 10k .
e*N,N — e*nT, with the three methods A, B and C. The TR
limits are compared to the ones of PS191 experiment [0, 7]. My [MeV/e’]

FIG. 6. 90% upper limits on the mixing elements U2 (top), Uﬁ
(middle), U? (bottom) as a function of heavy neutrino mass,
obtained with the combined approach. The blue solid lines
are obtained after marginalisation over the two other mixing
elements. In the top plot, the additional blue dashed line
corresponds to the case where profiling is used (U;‘i =U2= 0).
The limits are compared to the ones of other experiments:
PS191 [0, 7], E949 [5], CHARM [27].
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Limits on mixing of HNL EN

—
m Limits on mixing O,

Deppisch, Dey, Pilaftsis ‘15
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Baryogenesis region

s Range of mixing angle
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Summary 36
]
s Neutrinos may provide the mechanism for
generating the matter-antimatter asymmetry of the
universe

s Conventional seesaw scenario (M>10°GeV)
[Seesaw + Leptogenesis]
- natural framework of SUSY GUT ---
- EXp. test for RH neutrinos is impossible

s Connection can be obtained even with M<102GeV
[Seesaw + Baryogenesis via RH neutrino osc.]
- Such RH neutrinos might be tested!
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