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Preliminary statistics: 65 years of v-physics
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mm) 2012

NEUTRINOS

1933
B-decay EFT

1957
parity violation

1967
standard model

1973
neutral current
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v-oscillations

> 28 000 Papers




We have known quite a lot ....

Normal Ordering (best fit) Inverted Ordering (Ax? = 7.1)
bfp £1o 30 range bfp £1lo 30 range
sin? 612 0.30470°015 0.269 — 0.343 0.30410°015 0.269 — 0.343
£ | 612/ 33.441977 31.27 — 35.86 33.4510-78 31.27 — 35.87
ge
2 | sin® fas 0.573 70 050 0.415 — 0.616 0.5751 0 019 0.419 — 0.617
V)
< | O23/ 49.2799 40.1 — 51.7 49.3794 40.3 — 51.8
wn
Q
% sin? 0,3 0.0221975-00962  ,02032 — 0.02410 | 0.0223875:59063  0.02052 — 0.02428
i | 013 / 8.571012 8.20 — 8.93 8.60175 12 8.24 — 8.96
E Scp/° 197+27 120 — 369 2827126 193 — 352
Am%1 +0.21 +0.21
T 7.4270-21 6.82 — 8.04 7.42+0-21 6.82 — 8.04
Amge +0.026 +0.028

A global fit by 1. Esteban et al (2007.14792); also by F. Capozzi et al (2107.00532).

Experimental open questions: absolute neutrino mass, mass ordering;
CP violation in oscillations; Majorana nature (phases); extra species...

Theoretical open questions: flavor structures of massive neutrinos, ....
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Accelerator/atmospheric: terrestrial matter effects play crucial roles.

Am3, F2V2 Gy N,E , Vv, ,DUNE HK, ...

Normal mass ordering is favored over the inverted one at the 3¢ level.

Reactor (JUNO): Optimum baseline at the valley of Am?, oscillations,

corrected by fine structures of Am;, oscillations.
L. Zhan, Y.F. Wang,

60 km I 3
il DwaBay —— N JUNO’sidea j, cao, L.J. Wen 08
Near Site E 0.6 JETN
] _ O A Non oscillation
- l var Site ;’3_" ; ' —— 6, oscillation
_#d % = 05 —— Normal hierarchy
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PHYSICAL REVIEW D VOLUME 17, NUMBER 9 1 MAY 1978

Neutrino oscillations in matter

L. Wolfenstein
Carnegie-Mellon University, Pittsburgh, Pennsylvania 15213
(Received 6 October 1977; revised manuscript received 5 December 1977)

The effect of coherent forward scattering must be taken into account when considering the oscillations of
neutrinos traveling through matter. In particular, for the case of massless neutrinos for which vacuum
oscillations cannot occur, oscillations can occur in matter if the neutral current has an off-diagonal piece
connecting different neutrino types. Applications discussed are solar neutrinos and a proposed experiment
involving transmission of neutrinos through 1000 km of rock.

87 am indebted to Dr. Daniel Wyler for pointing out the
importance of the charged-current terms.

Ref. [8]
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Lincoln Wolfenstem (2004): I think I have Iearnt as much from all my
students as they have learnt from me.
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In vacuum the evolution of three neutrino mass eigenstates with time
2

d vy 2 1 (™ : v, Vq

1& vy | = Hy | vy | H{):ﬁ ms ] v, =U | v,
Vs Vs ms V_ Vs

In the flavor basis the evolutionof  ; [ "e Ve

three neutrino flavors is described id— v, | =UHU" | v,

by the Schroedinger-like equation: V_ v

Propagating ina medium, neutrinos may have CC and NC interactions

| - forward 70 electron

T scattering replaced

N 9, [=1-] b
N?ﬂ%ﬂﬁ?ﬁ% pZoton
or
Ve cc e Ve NC Ve

neutron



1.4 YIRRSARIE 9T - BMIREWE (2)

In this case the effective Hamiltonian with a matter potential is

Ve Ve
H_ =UHU"+ 0 + Vae
from electron from neutron
The NC contributions from electrons Vee = +V2 Gy N,
and protons cancel each other, since 1
we stay with normal matter: Ve = ———=Gg
V2
N, = N, 1 L
Vi = —FEGFNP (1 — 4sin QW)
& The NC term is universal for three |
neutrino flavors, and henceitcanbe |yc. — — G N (1 _ Asin2 gw)
neglected in the standard case. V2

« When an antineutrino beam is taken into consideration, the CC and
NC terms flip their signs, and simultaneously the flavor mixing matrix
U needs to be complex conjugated.

+« The NC term should not be ignored if sterile neutrinos are included.



1.4 PIRERRTT - BIRENE (3)

% The effective Hamiltonian for neutrino oscillations in a medium ----
matter effects are from the CC-induced coherent forward scattering.

Ve > > ey An antineutrino Y,
A neutrino
beam, +a W
e ’ >
_ ’ i} N
| m% 0 O A0O0O | m% 0 0
H —— U 2 Al = ~ 2 VT
m = 3% 0 ms O2 + 1000 o 0 m3 0
I 0 0 mj3 000 | 0 0 m3
in vacuum correction in matter

% Using the effective quantities defined in matter, one may write out
neutrino oscillation probabilities in the same form as in vacuum!



1.4 YIRRSARITE T - PRIFTERZEEG)

The effective Hamiltonian for two-flavor neutrinos in vacuum/matter:

. cosf  sinf m? 0 cost) —sinb
H, = —
Y 2F
—sinf)  cost 0 m3 sinff  cosf
. cos)  sind mi 0 cosfl —sinf
H, = —
o 2F - . - .
—sinf)  cost 0 m3 sinf/  cos®
, m? +m2 — Am?cos 20 + 4/2G N E Am? sin 260
- 4E
Am? sin 26 m? + m3 + Am? cos 26

The 2-flavor approximation is good for solar or atmospheric neutrinos



1.4 PIREMNE - BNREASREERE
Effective neutrino mass-squared difference & mixing angle in matter:
A2 sin 20 = Am? sin 26

m? +m2 + Am? cos 20 = m? + m2 + Am? cos 26

m? + 13 — Am? cos 20 = m? + m2 — Am? cos 20 + 412Gy N, E

The matter density changes

2

1.27TAm"L ) for solar neutrinos to travel
E from the core to the surface

P(v, = v,). = sin?20sin? (LQM"%QI’) (”J) _ ( cos f Siﬂé) (I%))
e w/m 5 —

‘I/H> —sinf cos® |75)

P(v, = v,), = sin® 20 sin’ (

Am’ = \/ (Am2 cos 260 — 2V/2 GFNQE)Q + (Am?2sin 20)°| exercise: discuss
_ 2 extreme cases:
Am? sin 20 T

Am?cos 20 — 2v/2 GyN.E 0= 5 Ty

tan 20 =




1.4 YIRERIE 7T : MSWILHRSIN
1L NUOVO CIMENTO Vor. 9C, N. 1 Gennaio-Febbraio 1986

Resonant Amplification of v Oscillations in Matter
and Solar-Neutrino Spectroscopy.

S. P. MiIKHEYEV and A. YU. SMIRNOV

Institute for Nuclear Research of Academy of Sciences
60th October Anniversary prosp. 7a, Moscow 117 342,

(ricevuto il 3 Maggio 1985) ~ Am? sin 20
tan 20 =

}875Phys. Lett. BifIE ! Am? cos 20 — 2v/2 Gy N E
G.T. ZatsepinFHLERARIMETL LA (MRET . SWEIE ; MANT , SRES ! )

Summary, — For small mixing angles 6 the amplification of v oscil-
lations in matter has the resonance form (resonance in neutrino energy
or matter density). In the Sun resonance effeet results in nontrivial

changing (suppression) of v-flux for a wide range of neutrino param-
eters Am?2= (3-10-%--10-8) (eV)?2, 8in220 > 1074,

It is very hard to understand why Wolfenstein ignored the resonance.
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Neutrino Energy [MeV]

1 :l | | | | | | [ | | | | | | | [ | I:
= 0,5 >~ 34° =
— Vacuum dominant _
— 1 .
— Plv,—>v,)~1- 5 sin” 20, —]
— pp 7]
= Be -
- ¢ pep T
- 1 { | g ]
E ® T -
— ¢ .
— o .
f_ Matter dominant —;
= Beryllium v's ~ 56% Py, = 1) = (v Jun) | = sin 0,
- Boronv's ~ 32% Z

0 _l | | | | | | 1 1 | | | | | | | 1 1 | I_

107t 1 10
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In the two-flavor approximation, the effective |,; (0) ~ 6 x 10% cm™
Hamiltonian of solar neutrinos is: =

Am3, [—cos26,, sin 26 V26 N,(r) 0 ns b

sin 291212 COS 292] i l % 0] Ml st 2 =]

/4 / ERiEPH
RiFRES

7.6x107° eV* 0.75x10™ eV*/MeV (atr =0) £3%37? |

%eff —

Be-7 v's: E~ 0.862 MeV. The vacuum term P, —v) ~ 1-— 1.9 o
is dominant. The survival probability on the | ¢ "/ ~ g M V2
earth is (for theta_12 ~ 34° ): ~ (.56

B-8 v's: E~ 6 to 7 MeV. The matter term is dominant. The produced v
is roughly v_e ~ v_2 (for V>0). The v-propagation from the center to
the outer edge of the Sun is approximately adiabatic. Thatis why it
keeps to be v_2 on the way to the surface (for theta_12 ~ 34° ):

vy) = sinb,|v,) +cosO,|v,)|  |P(y, = v,) = |(v|m)|* =sin® 6, ~ 0.32
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Chinese Physics C Vol. 40, No. 9 (2016) 091001

Terrestrial matter effects on reactor antineutrino oscillations at JUNO
or RENO-50: how small is small?

Yu-feng Li(Z=£)D  Yi-fang Wang(TNf75)?  Zhi-zhong Xing(Ji i)

! Institute of High Energy Physics, Chinese Academy of Sciences, Beijing 100049, China
2 School of Physical Sciences, University of Chinese Academy of Sciences, Beijing 100049, China

Abstract: We have carefully examined, in both analytical and numerical ways, how small the terrestrial matter
effects can be in a given medium-baseline reactor antineutrino oscillation experiment like JUNO or RENO-50. Taking
the forthcoming JUNO experiment as an example, we show that the inclusion of terrestrial matter effects may reduce
the sensitivity of the neutrino mass ordering measurement by Axiio ~ 0.6, and a neglect of such effects may shift the
best-fit values of the flavor mixing angle 6,5 and the neutrino mass-squared difference Ay, by about 1o to 20 in the
future data analysis. In addition, a preliminary estimate indicates that a 20 sensitivity of establishing the terrestrial
matter effects can be achieved for about 10 years of data taking at JUNO with the help of a suitable near detector
implementation.

PEREMRD , AREMREFHENTS ;| WESHBLI1%ZE , SiIMREEES

Am3, ~ Am3, + Acos20,, , ~ 24
21 21 12 sin® 26, ~ sin®20,, (1 BN 2912)
21

- 1
Amgl ~ Am§1 + §A (1 + cos 26,5)

~ A
_ 1 c0s20,, ~ cos20,, + ——sin*20,, ,
Az, ~ Am3, + §A (1 —cos20,,) - 2 Am .

where A = 2v/2 GpN,E is the matter parameter and A/Am3, ~ 1.05 x 1072 x E/ (4 MeV) x 7.5 x
10~° eV?/Am2, by taking p ~ 2.6 g/cm® as a typical matter density of the Earth’s crust [7] H
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The 3 X 3 unitary PMNS neutrino mixing matrix can be parametrized:

(Ve\ (Uel Ue2 Ue3\ (Vl\
v, | = U#1 UuZ Uﬂ3 v,
U/T}L L(]TI UTQ U’r3} U/3}L
1 0 0 613 0 8136_?:5 (312 812 0 eip 0 0
U — 0 623 823 O ' ]. 0 _812 C12 0 0 e?)o- 0
0 —Sg3 Co3 /) \—5.36° 0 cq3 0 01/\0 01
—id i
€12¢13 ; S12€13 ; 513€ e” 0.0
-_ 1 1 10
— | —S12C23 — 012313523“?(S C12C23 — 512513923°€ . C13523 0”0
) /
512923 — €12513C23€  TC129923 7 912913C23¢  C13C23 0 01

¢

(1,2) mixing sensitive to solar v-oscillations;

¢ (1,3) mixing sensitive to short-baseline reactor anti-v-oscillations;
(2,3) mixing sensitive to atmospheric v-oscillations.

¢

¢
¢

Dirac phase 5 sensitive to long-baseline accelerator v-oscillations;
Majorana phases o and o sensitive to lepton number violation.
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Quark mixing: hierarchy!
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Lepton mixing: anarchy?
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Comparison: neutrino-neutrino and neutrino-antineutrino
oscillation experiments.

Q
> > > —
(JS\‘ Vf Vi PH\) vi \71

W W W W
neutrino —» neutrino  neutrino — antineutrino

3 _ 3 _
A=DV Ve ™ A= ézvakvﬂkmke—fkt
k=1 k=1

Feasible and successful today! Unfeasible, a hope tomorrow?

Sensitivity to
CP-violating
phase(s):
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2.1 Weinberg'’s paper in 1967

VoLuME 19, NUMBER 21 PHYSICAL REVIEW LETTERS 20 NOVEMBER 1967

o A MODEL OF LEPTONS*
3’6?& Steven Weinbergf
. even Weinber
Z g

Laboratory for Nuclear Science and Physics Department,
Massachusetts Institute of Technology, Cambridge, Massachusetts
(Received 17 October 1967)

Theoretical ingredients: it’s got what it matters ( HAif{E£ )

aan
, w

Leptons
q),
=
.

My style is usually not to propose specific models that will lead to specific
experimental predictions, but rather to interpret in a broad way what is going
on and make very general remarks, like with the development of the point of
view associated with effective field theory ---- Weinberg 2021 @CERN Courier



2.1 Possible ways to go out

All v's are massless in the SM, a result of the model’s simple structure:
--=-=- SU(2)_LXU(1)_Y gauge symmetry and Lorentz invariance;
Fundamentals of the model, mandatory for consistency of a QFT.
---- Economical particle content:
No right-handed neutrinos, and only one Higgs doublet.
---- Mandatory renormalizability:
No dimension = 5 operators.

To generate v-masses, which of the above constraints can be relaxed?
--- The gauge symmetry and Lorentz invariance

should not be abandoned. VVV

--- The particle content is extendable. N

--- The renormalizability requirement \\?

can be abandoned. =
Open a new window for S

going beyond the SM. w-,wt, z0 HO



2.1 Objecting to Weinberg’s razor

Albert Einstein: Everything should be made as simple as possible, but
not simpler!

3 leptons
maximal P violation g R
= QAN
(uL — Up 7E gluon
d ) d E e U T
L R
%% ) 5
(V@L> d— k:: phpton
€1, - Cn :% Higgs$poson
e Theoretically unnatural
e Experimentally natural
cut off 7
physical
parameters
weak bosons
| | * The least cost to * In this way testability
6? ca|-11"’s i i 6 : generate v-mass is will be completely lost,
s ) a Yukawa coupling and theoretically uneasy




2.1 How hard to confirm Yukawa interactions?

1075 1 ) # 3" generation fermions
<E,?‘ (6\\‘\ ¢ 2" generation fermions
K/ @

ICHEP2020 35.9-137 fb™' (13 TeV)
B A EES 8 E8RAg) ESEmaRa)) = IIIIIIIt ‘L
2 'Y CMS Preliminary Uz
© - .
o - my, =125.38 GeV T i
2 10k .
(@)] F - =
£ i . :
s | b .-~ |
S 102k e —.
L) - o8 ;
>
ks e ¢ Vector bosons
T

b o SM Higgs boson 1

104 PV :
e

2 Y. NI 4t

particle mass (GeV)

Three remarks:

The ambition to measure the electron
Yukawa coupling through resonant s-

channel Higgs production (D. d’Enterria
et al, arXiv: 2107.02686)

w
o

e* Yukawa limits. e'e’— H, (s = 125 GeV

10

Sm spread (MeV)

SM

oy, <0.5y,
oy, <0.25y,

Yo = V2m, /v =2.9-10"°

1 2 34567 10 20 30 100 _gOO
gint (ab )

* Fermion masses: primarily stem from tree-level Yukawa interactions in SM.
* Neutrino Yukawa interactions: no hope to directly test them in any manner.

* Flavor mixing: a mismatch between the Yukawa and CC gauge interactions,
should originate at the same time as fermion masses.



2.2 Majorana is more natural

* The simplest way to extend the SM is to introduce the right-handed
neutrino fields and write out a Dirac mass term.

Dirac [— = wT)-ws enfs-5)  T-HUE)HM(3 ) 2
mass (LY I Nr — Mp =Y, (H)

fﬂ

Y y ot -,..

Murray Gell-Mann: everything J? Wy ez (Vo oY ‘.l

not forbidden is compulsory! f TT”BE Awbli L,*
Majorana |1 (—— "
mass ViV fe M‘.’” ‘”ﬂ \

It is lepton-number-violating. mass state: antineutrino= neutrlno
In the SM, L and B are violated by instantons, only B — L is conserved.

_ 1 1 0 M ¢
—L, .y = U, MyNg + 5( R)SMg Ny + hec. = i[VL (Ng)¢] (Mg ME) (ljj\i ] + h.c.
P. Minkowski 1977, N_ T T 2 1T
T. Yanagida 1979... M, >~ —Mp Mg Mp = —(H)"Y My Y,
* Such a seesaw picture is consistent with the o - LHH
unique operator proposed by Weinberg (1979) " A




2.2 Seesaw Is arguably in the landscape

The swampland Energy scale Natural seesaws from
conjecture a fundamental theory

Effective low-energy
v-mass models

Cumrun Vafa 2005

Neutron Beta Decay

Neutron ﬂ Proton
- d
Fermi p
Initial n ) GF ) o Final l WEII‘Iberg
state g e~ Electron
Gr B 92
v V2 B 8M3, Ve Electron
antineutrino

Gp ~ 1.166 x 107> GeV ? gauge seesaw g~ 0.65 My ~80.4 GeV



2.2 Majorana nature and exact seesaw

Diagonalize the 6x6 Majorana neutrino mass matrix by a 6x6 unitary matrix:

U R t 0 M 7R\ D0 Majorana mass states: /1/1\
D _ %
(o) o) Gsor) = (ool [
L [ V_} n (VL/) _ | Y3
D, = Diag{ml,mz,m3}, D, = Diag{M ,M,, M3} (NR)C_ Ny %1
—— 2
(Ng)eMp (1)" = [(NR)TCMSCV_LT]T = 7, Mp Ny V)= \N?J

The exact seesaw relation between T T
light and heavy Majorana neutrinos UD,U” =—-RDyR

Three flavor states are /1, 2 N, | |
linear combinations of v,| =U || +R[N, e FRATY
L L L

six mass states (LFV): \, Vs N,
T UUT+ RR' =1
* The standard weak charged-current interactions: i
U (x) — €%l (x)
g Y1 Nl / ib ./
L= (e g DU w| +R[N | | W, +he v, () = e¥v, ()
V2 ) \N,) Junv

U = light v mixing; R = light-heavy v mixing. B’



2.3 Active-sterile neutrino mixing

¢ An Euler-like parametrization of active-sterile v mixing (ZZX, 2008)

@ (V,) (V)
= |V 14
A 2
1% 14
“l=u|’
9 Vx V4
g
9 Vy Vs
/)]
\V_J \V¢ )
3 angles

3 phases

(V) 3

- - Q
sterile active V,| @
I O\(A R U, 0 vy | @
— «Q
0 U(’) S BI\0 [ v,| 8
interplay Vs gr

l l V) @

O560460 5 093030, 3angles

()36()26()16()35()25()15()34()24()14

9 mixing angles, 9 CP-violating phases

¢ The PMNS active neutrino mixing matrix:

3 phases

for explicit
expression

e-prints:
0709.2220
and
1110.0083

the portal

U = AU, (weak cc).

¢ The active-sterile neutrino mixing matrix: /X (weak cc).

¢ The PMNS sterile neutrino mixing matrix: [/ = UO’ B (sterile).



2.3 Lepton flavor violation

¢ Neutrino oscillations are the only established evidence of vLFV:
AN SN N T BB R E P 78 Ul DT WA S G iV A K G I I e 26 == NS 7 55
KJZ, DLE il o 81 7 22 I UK X 3

YR PR e HAKE JiiE 1y 2%
AT 2 ~1MeV  ~15x 108km ~ 1071 eV?
KA Vs Vyn Vs 7, ~ 1 GeV ~ 10* km ~ 10~% eV?
Fe NVHE CRg B2 v, ~ 1 MeV ~ 1 km ~ 1073 eV?2
S VHE CRIEZE) v, ~ 1 MeV ~ 10% km ~ 1074 eV?2
Ik gs R REZe) Vs U, ~ 1 GeV ~ 1 km ~1eV2

gy CKRZO Vir Vs ~1GeV  ~100km ~ 107 eV

¢ Charged-lepton flavor violation (cLFV) has never been observed:

% _ % _ An example

wUL Y Uy e uoORL N R, €

The PMNS unitarity is slightly violated due to active-sterile v mixing.




2.3 Radiative decays of charged leptons

(3~ —a +7)
F([J’——MT—N—E + vg)

f(ﬁ_—ﬂm_—l—’}/) =

2

2
M2
Z UJBE Y ]\42 + z RGERBZG’Y J"/[I?V

¢ In the limit of M, > M, , we are left with
2
3 1 m; 1 —
T a ~ —% E LU —= 4+ = ——ER-R*-

2
3 1 m:
— cm U U* 1 - 1
81 z_;a ﬁ*( 2 M?) ’
¢ Switching off heavy degrees of freedom, we are left with
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Z Pt M2,
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em

| 2
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. 3
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327r

em

- 327T
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2.3 Example: unitarity polygons and cLFV

¢ A natural seesaw will lead to slight violation of the PMNS unitarity!

a few typical topologies of the apex:

Q- @@@@

-
-

Ua2Ups
UpiUbr + UpoUsy + UpsUss = Z R R}, cLFV Constraints on
the PMNS unitarity:
(a,8) = (e,p), (p,7) or (7€) - e . - . 5
Y U Unl =) RuR;| <220 %10
B (u‘ — e + ’y) < 4.2x 1071 1231 Z?
B(r~—e +7) <33x10°° * > U U5 =D R,R:| < 146 x 1077
B 1=1 1=1

(77— p +7) <44x10°°

¢ ZZX, D. Zhang, 2009.09717
¢ D. Zhang, S. Zhou, 2102.04954

—

ZR R*| < 1.70 x 1072

1=1



2.3 Lepton-number-violating Ov2p3 decays

* Lepton number violation (neutrinoless double-beta decays):

S
=T =T =
D

Y Y

Y

&.&.‘:

Y

S

{u
d|P
\u
R, . _
<]\§ ] _

Q&.&.

d D https.://margherit
\ amorotti.com/

=5

u ettore-majorana

* In most cases the contribution of heavy Majorana neutrinos to 0v243

is negligible in the canonical type-one seesaw.
ZZX, arXiv:0907.3014; W. Rodejohann, 0912.3388.

UD,U" = —RD\yR"

3
2
FOVZ[:? o § R Ui —
i=1

3 2

R
MiZﬁT(A,M)

i=1 [

Z M.R>

1 + —T(A M)”

I

* There’re many different lepton-number-violating scenarios for 0v2p.



2.3 The 0v2p effective neutrino mass

* A Ov2[ decay may occur if massive B OV O | —2 9
v's have the Majorana nature, as first /2 = (G™) ’M ’ {m)ce |
pointed out by Furry in 1939. e
Initial state Final state
N(n, p) N(n, p) =——= N(n—2,p+2)+ 2e Nn—2,p+2)
| |

Nuclear physics

helicity matching

-

Lepton number

@=mm violation
particle physics

Electron

Vi), o |Vi>—% T E@ ‘V¢>+%
m; e
|Vi>R X |Vi>+% - EZ ‘Vi>_% Electron

Zmz et
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2.3 The Schechter-Valle theorem

* Joseph Schechter and Jose Valle suggested a
theorem in June 1982: if a O0v2[ decay happens,
there must be an effective Majorana mass term.

The reverse is also true.

d
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d u | .
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blackbox _€ AN IR
hidden v's emerge S .
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> >
¢ u | 7
< W
d

Boris Kayser 3xF Majorana fJ{#iZ245

e There are three sentences in this box.
e Exactly two of them are false.
e Neutrinos are Majorana particles.
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2.3 How about the other effective masses?

Without information on the nature of massive neutrinos (Majorana or
not) and all the CP-violating phases, one will have no way to establish
a full theory of v masses and flavor mixing. Give 0Ov2f a chance!

%Theorles ?
m) ep

(m (m),
Bottom-up (Emm Ty (M) ) Top-down

m) (m) .z (M),
|_l7n‘ aff — ZTn’L o) BL

Experiments

Within about 10 years, after both the neutrino mass ordering and the
Dirac CP-violating phase are measured, one has to try all the possible
ways to determine the absolute mass scale and two Majorana phases.



2.3 Hopeless to see other effective v masses?

There are many LNV processes, but none of them are observable? -

Example

decay rates

_ 4o 2
suppressed LB, = mra”f7) o [(m)ag|” =

> (mU,Us)

1=1

B(B, —nte e ) <23x107° (CL=90%) History tells us: the fool didn’t
BB, »nte pu7)<1.5x 1077 (CL=90%) know it's impossible, so he did
BB, -7ty p ) <40x10? (CL=95%) it and sometimes succeeded...



2.4 A role of heavy neutrino in the Universe?

About 230 million years ago, the earliest dinosaurs appeared on the
Earth, and they mysteriously disappeared about 65 million years ago.
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Heavy Majorana neutrinos, if they once existed, might have had the
same experience in the early Universe: their disappearance ledto'the
appearance of a baryonic matter world (M. Fukugita, T. Yanagida 1986).



2.4 Thermal leptogenesis

* Lepton-number-violating & CP-violating decays of heavy neutrinos:

(a)

(b)

* GivenM; > M, > M, =T > 10'* GeV,
the CP-violating asymmetry responsible

for unflavored leptogenesis is

Y TN, =Ly +H)—T (N, =0, +H)]

EIE

84

TR
mw@ﬂnjn @

hn@ﬂﬁ)

Y TNy =Ly +H)+T (N, =0, +H)]

2—

13

M.

]

heavy Majorana neutrino masses

equilibrium temperature 77

unflavored

1012 GeV
7 flavor

10° GeV
M +T flavors

10° GeV

€ +u + T flavors



2.4 Is this CPV related to low-energy CPV?

* Yes, but in general this relation is NOT direct and transparent.

_ 5 -
21 m (YY)
1~ — ] Z 7 ~ in the early Universe
167 (};I ‘;;;) : M,
11 i |
M, ~ —MyM;"ML = —(HY*Y Mz'Y" at the seesaw scale
neutrino masses + flavor mixing * A direct relation is possible
(renormalization-group equations) in some very specific models.
* * - 2 AmEZL
P(v, = vg) = 8,5 — 4> |Re (U,Ug;Us;Up;) sin v

Am?. L

* * . Jt -
+2 ) |Im (U,;Ug;Us;Up,) sin ¥ at low energies




2.4 Baryon number asymmetry

B — L-conserving sphaleron interaction — baryon number asymmetry.

nB’equilibrium = C (nB o nL) ’equilibrium = —¢C nL’initial
Blequilibrium ¢ (TLE - nf) equilibrium o nf initial
nB A
102 GeV < T < 10'2 GeV N Rl
_ o £ 4 nB — nL
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~\~\
o e V //
/"&\x nB ! nL
/ . ’
leptogenesis S np
- y, s
>
s \~~
~
C
ng = n
c—1
c = 28/79 ’

N3 - BERHIEGIEZEPIBREEMNFE (IRF . R8RZMfEA+1),



2.4 How to test leptogenesis?

The Big Separation

Universe Anti-Universe

Hitoshi Murayama’s archaeological arguments (2002):
e Electroweak baryogenesis is proved to be wrong;

e CP violation is observed in neutrino oscillations;

e Neutrinos are verified to be the Majorana fermion.




Concluding remarks

You may use any degrees of

sub-eV freedo!n you like to des_»cribe

ti a physical system, but if you
active use the wrong ones, you will
neutrinos

be sorry — S. Weinberg 83.

keV
sterile

\ , heutrinos

TeV

\ Majorana
~—”  heutrinos

Bottom-Up Way

Although nature commences with reason and
ends in experience, it is necessary for us to do the
opposite, thatis, to commence with experience
and from this to proceed to investigate the reason




