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Motivation: experimental 1

¢+ 3-flavor neutrino oscillations firmly established;
and 2c evidence for CP violation recently achieved
(T2K, 2303.03222).

¢ Almost an 100% baryon-antibaryon asymmetry
of the Universe already established: the cosmic CP
violation (n ~ 6.12 X 10-10),
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Motivation: theoretical )

¢ The most natural + economical way to have tiny neutrino

masses — seesaw (Minkowski 1977, Yanagida 1979, ...):

¢ Add R-handed neutrinos (N) IQ > 60

¢ Allow v-Yukawa interactions I1Q > 90

+ Allow for N-self-interactions IQ > 130 as E. Majorana

¢ A bonus of seesaw: LNV + CPV decays of heavy Majorana
neutrinos — leptogenesis (Fukugita, Yanagida 1986).

¢ One-loop CPV in heavy Majorana neutrino decays
¢ A net lepton-antilepton asymmetry via CPV
¢+ The baryogenesis from leptogenesis

¢ One stone kills two birds: how is the CPV of leptogenesis
connected to that in neutrino oscillations?

¢+ No direct connection in general (Buchmueller, Pluemacher 1998)
+ May have direct correlation in very special models (many papers)
¢ My target: to establish the general + explicit links between them




¢ Seesaw + leptogenesis
¢ A full parameterization
¢ Jariskog CPV invariant
¢ CPV in heavy N decays



Formal seesaw: heavy neutrino decays 4

¢ The canonical seesaw mechanism formally works at an energy scale far above the Fermi scale:

- — ~ 1 2ZX, 2203.14185
~Liopton = b Yill by + T Y, H Ny + 5 (N Mg N + hic. ( )
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¢ The basis transformation related to LNV / CPV decays of heavy Majorana neutrinos before SSB:
¢ — 1 T
UO’TMRU' = Dy f{ = U(;TNR ; Dy = Dlag{MhMQaMg} , N' = (N1 N, .N;)

lepton

In the mass basis, heavy neutrinos decay via Yukawa interactions (all SM particles are massless):
_ o~ 1 —
_Elepton = gL }/EHZR + gL yI/HNE,{ + 5 (NP’{)CDJV'NP,{ + h.c. yv = YUU(I]*
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Formal seesaw: light neutrino masses 5

¢ The canonical seesaw mechanism formally works at an energy scale far above the Fermi scale:

- — ~ 1 2ZX, 2203.14185
~Liopton = b Yill by + T Y, H Ny + 5 (N Mg N + hic. ( )

o i———( 0 v\ ] o
— lL Y”RT‘FO + 5 [VL (A‘R)C} (YTéU* \ ) ]\? + b, }/}lﬁg‘;+ o Z]_, nyvﬁ? + h.c.
v Y R R

¢ The basis transformation related to the origin of active Majorana neutrino masses before SSB:

lepton

Ut 0 Yu¢0* U* = Du 0 working _|: D, = Diag{ml, M3, m3}
YT My 0 Dy masses: Dy = Diag{M,, M,, M}
v v Up )¢ Up )€
0 M, LCHUT LC | (1) _>UT(L)
ML My (V) (NVRr) Ng Ny
6 x 6 mass matrix flavor states mass states , flavor states mass states

Observation (1): There is a mismatch between the bases of heavy neutrino masses and decays;
Observation (2): The formal seesaw mechanism works before SSB, and it keeps valid after SSB.



Weak charged-current interactions 6

‘ ¢ A block diagonalization of the active-sterile neutrino flavor mixing in the seesaw mechanism:
I 0\ (A R\ (U, O “AA'+ RR" = BB+ SST =1

U =
0 UyJ\S B)J\0 I < AST+ RB' = ATR+ STB=0

 ATA+STS =B B+RR=1

sterile interplay active

¢ Relation between flavor and mass states:
v, = Ubj+ R(NR)®, Ng=5"(4) +U"Np mass { = (v w)
in which [/ = AU,, U’ = U}B and S’ = U}SU, state | N/ = N N, N,)'

¢ Weak charged-current interactions (in the basis of flavor = mass states of charged leptons):

i vy N, ] The correlations:
—L.. = % (e p 1) Y| Ulvy| +R| N, W, +he | UUHRR =1
T vy ). T N,/ | UD,UT + RDyR"

neutrino oscillations <—— light heavy ——> thermal leptogenesis

=0



A full Euler-like parametrization

/

¢ A full Euler-like parametrization of the 6 x 6 unitary mixing matrix (ZzZX, 0709.2220; 1110.0083):

sterile active
I 0 A R U, O
U=
0 U] S B 0 I
e° . 9
3:‘;‘?:@6”" l interplay l o 0%?&
056046045 l 093030, **

036 026016035 025015 034024014

9 mixing angles, 9 CP-violating phases
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00 0 0 ¢, §, 0000
00 0 0 =8, ¢, 00 00
10 0o o o |0 0 1000
01 0 0 2710 0O 01 00
0 0 c5 85 0O 0 0010
00_§56656 O O 0 0 0 1
0 00 0 c, 00 &, 00
0 00 O 1 0 0 00
ce 0 0 s o |0 01 000
0 10 0 475, 00 ¢, 00
0O 01 0 0O 00 0 1 0
~53 0 0 cy 0 00 0 01

¢ The 3 x 3 unitary flavor mixing matrix for three active neutrinos:

C12C13 §79C13
Uy = | —812003 — C12513533  C1aCa3 — 872813553
19593 — C19813Ca3  —C1aS9g — S12513C03
in which ¢;; = cost;; and 5, = e'%i sin 0,;

S13 the unitary sterik’e flavor mixing
C13553 Yo
can be gotten by replacements:
C13Co3 12 <+ 45, 13 <> 46 and 23 <> 56



The active-sterile interplay matrices (1)

¢ These two matrices enter the weak charged-current interactions:

(
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\
(
R =
\

C14€15C 16

—C14C15516%26 T €14515%25C 26
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A
—814524C55C¢
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~C14C 1551626536 T C1a315925526536
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—C14515C25535C36 T 814524C25526536
A Ak A Ak A Ak
T514524525935C36 — 514€24534C35C34

sk
514€15C 16
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A
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The active-sterile interplay matrices (2)

9

¢ These two matrices have nothing to do with currently known observables:

(
B =

\

(
S =

C14C24C34
01404534535 T C14524525C35
A* A
—814515C25C35
Ak ~ Ak A Ak A
—C14C24334C35536 T C14524575535534
Ak A A%k A A% A
—C14594C25526C36 T 514515C2553553¢
T514515525526C36 — 514€15516C26C36
T514€24C34
8.,y 808 + 8,808,
14€24534535 T S14504

25€35
—C14515C5C35

A ’\* a

~ Ask ~ ~A Ak
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A /\* A A
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A mismatch between mass and decay states 10

¢

L 4

¢

With the block diagonalization of the seesaw flavor structure, we obtain

Y, = RDy |1 — (B7'SA7'R)"| U —S5B apy, = RD,, [I _ (BlsAlR)T} U

My =U'|Dy — (B™'SA™'R) Dy (B™'SA™'R)"| U™

t

<— texture reconstruction

Ni = (U™ [Ng = S™(11)] = (B*) ™" [N — U S™(1v1)°] <— abasis mismatch

1 1

mass states for seesaw to work

Nl Nl
N2 — (B*)—l .A/’Q o U(;TS,*
N3 N?)

Vy
Vy

Vs

mass states for heavy neutrino decays

Electroweak precision measurements and
neutrino oscillation data put a stringent
constraint on the non-unitarity of the
PMNS matrix U — it is below or far
below 1%, implying A B= I.

Dy = B|Dy— (B7'SATR) Dy (B™'SA™'R)"| B

Although the mismatch is negligibly small in the canonical case, it is conceptually interesting!



A bridge between light and heavy 11

¢ The exact seesaw formula — a bridge between the original and derivational flavor parameters:
. 4— . oA T
UD,U" + RDyR" =0 > |M, =U,D, Ul = (iA'R)Dy (1A 'R)

Degrees of freedom (mass + mixing angle + CPV phase): 3 + 3 + 3 (derivational) <— 3 + 9 + 6 (original)

¢ To calculate the Jariskog invariant of CP violation in the

active neutrino oscillations, which is defined by D, = Dlag{ml, My m3}

X . ~ D, = Diag{M,, M,, M
jzeamZ%k {Uo) (UO)ﬁj(UO)aj(UO)Bi} N 1ag{ ! 2 3}
_.ZXTnszEETng _‘Tng

¢ On the one hand, we use the light degrees of freedom to obtain the relation:

Im [(MVMD (MUMJ)W (M,,MJ)TJ = J,Ams3, Amg, Amg,

ep
— 3* §* §*
¢ On the other hand, we use the original seesaw-related 14 °15 °16
parameters tq calc_ulate the same quantity in the leading AR ~ §;4 §;5 §;6
order approximation of A-1R.
oSk Sk ot

But here, we switch off one heavy neutrino for simplicity. 534 S35 S36



The result in the minimal seesaw 12

¢ The minimal seesaw framework with only 2 heavy Majorana neutrinos — a benchmark scenario
¢ Consequences: (1) only 2 massive light (active) neutrinos; (2) only 2 CPV phases in the unitary PMNS matrix.

¢ Parameter counting: Original — 2 masses + 6 mixing angles + 3 CPV phases;
Derivational — 2 masses + 3 mixing angles + 2 CPV phases.

| (M, M]),,, (M), (M,M]), | = Cy [Cusin2a + Cysin28 + C, sin2y
+C,ipsin(a+ B) + Cgysin (B +7) 4+ C,,,sin(y + )
¢ Coefficients +Copsin (@ — ) + Cp_ysin (B —7) + O, _sin(y — @)] = J,Amg; Am3 Am3,

Co = M7 My [ 514 (520 + 530) + s34 (510 + 535) + s34 (535 + 520)

— 2514815594895 COS (= p) — 2554895534835 COS (B—7)— 2514815834835 COS (v — Q)]

C, = M1M25%45§5 (5?),4535 - 534355) Cotrp = M{M3814515524525 (3%4335 534515 + 534525 5245%5)

Cy = M1M25§4535 (3?4535 - 3345?5) Capy = M My854595834535 (5%4535 5%4515 + 324315 314335)

C’y = N[1M25§45§5 (3343%5 - 5%4535) C’y—l—a = M M,581,815534535 (334315 514325 + 334525 324535)

¢ Conclusion: Cop = [MQ (514 + s34 + S34) s34 — M; (515 + 555 + 535) :235} 514515524525
low seesaw scale Cy_y = [M7 (sTy + 534 + 534) 514 — M3 (575 + 535 + 535) 515 524505534535
J, < L) a, B, C, o= [M12 (314 + s, + 334) s34 — M3 (315 + 555 + 335) 535} 514515534535



CPV in heavy Majorana neutrino decays 13

¢ The flavor-dependent CP-violating asymmetries in LNV decays of heavy Majorana neutrinos:
TN, > 6, +H)—T(N, = {, +H)
D MW, = Ly +H) +T(N, = €, + H)] ”\/‘/I/Mg

(e

o

1

N 8w(yzyy)ﬁ§{lm[(ys)m<y) (VID) €50 + (V2) o (00) oy OI0) )| }

where ¢(x;;) = /T3 {141/ (1= ay,) + (Ut ag) In [/ (L4 ag) |0 Cla) =1/ (1 —a5)

¢+ Baryogenesis via leptogenesis in the early Universe s o ng
¢ A net lepton number asymmet g <T= Np =N
P y oy PC/V ~ XOZ Get ~ in equilibrium | = .
YL = = Z Kiafia @ F H) N;“’\ g ng < Ny,
/(/[ ) leptogenesié ] s / ' .
sphaleron-induced (B-L)-conserving ep‘/pget/e/SlS ‘j,«;’\ L,
process in thermal equilibrium A e
g — 'y | n —\ € n
Y = = —cY}, | A net baryon number asymmetry B— .t
S c=28/79




CPV in 1st heavy Majorana neutrino decays 14

‘ ¢+ The CP-violating asymmetries in LNV decays of the first heavy Majorana neutrino:
_ M12314315
‘ 8 (¢Y)? (5%4 + 5%4 + 5%4)
+ 25, C(29) [324325 sin (o — 3) + 834535 sin (a0 — ) H
_ M12324325
Mo 8w ()2 (s34 4 s34+ 534)
+ 29, C () [314315 sin (8 — «) + s34835sin (8 — 7) H
_ M7 554545
T 8w (%)% (s34 + s34 + S34)
+ 24, ((5;) [314315 Sin (7 — av) + 84855 sin (v — ) ]]

€1 [37215(3721) [514515 SIN 20 + S94 895 SIN (a4 B) + 34535 SIN (a+7) }

€1 [37215(3721) [514515 sin (o + 3) + 894595 SID 23 4 83,535 sin (5 + ) }

€ [5‘3215(1‘21) [514515 Sin (v +77) + S94595 I (5 + 7) + 534835 SIn 2’7]

M?2z,,&(x
— 1 2215( 31) o 514515 sin 200 + 85,555 sIn 28 + 3,535 sin 2
87T<¢ > (514 + S54 T 534)

+ 2514815594595 Sin (o + 5) + 2514815534535 SIN (Oﬂ + ) + 2894595534535 sin (B + ’Y) }

£, = +



CPV in 2"d heavy Majorana neutrino decays 15

¢ The CP-violating asymmetries in LNV decays of the second heavy Majorana neutrino:

M22314315 { . . _
Eo, = — x xT Sq48=SIN 200 + §5,85= SIN (¢ + + Sq48q= SIN (0 +
2e 87’('(@0)2(8%54— 535 +s§5) 125( 12)[ 14515 24525 ( 5) 34535 ( ’Y)]

+215C(T15) [524325 sin (o — ) + 534535 sin (@ — ) ]]

2
M5 S94595

Ey, = — T T S 4S=SIN (v + 3) + So,So-SIN 23 + So 8- S10 (5 +
24 87T<¢0>2(8%5—|—S%5 —|—8§5){ 125( 12)[ 14<15 ( 6) 2425 6 3435 (B 7)]

+3312C(5512) [514515 sin (ﬁ — Of) + 534835 81N (5 — ’Y) ]]
M22534535

Eo. = — x T1o) |S1481s SIN (@ + ) 4+ SS9 80: SIN (5 + ) + Sa,82- SIN 2
27 8W(¢0)2(sf5+s§5+s§5){ 12€( 12)[ 14515 ( ) 24925 (B+7) 314935 ﬂ

+215C(T15) [314315 Sin (7 — @) + Syy8q58in (7 — f3) H

_ M3z 15€(1),)
8m(¢Y)? (3%5 + 335 + 3%5)
+ 2514515594595 SIN (@ + B) + 2514515534535 SIN (@ + ) + 259595534535 5in (5 + ) }

_ 2 2 2 2 2 2
£y = [314315 sin 2ar + 85,555 SN 23 + 55, 55- sin 27



A summary of the phase dependence

16

¢ The Jarlskog invariant and the CPV asymmetries depend on three independent CPV phases:

20 20 2y |la+pB8 B+y a+y|la—p -7 v—a«

J, v Y Vv v vV v vV v
fe |V v vV v v
€14 v v v v v

€1, v Vv v vV v
£ v ooV Vv v Vv

Eop Vv 4 vV Vv Vv
Eau v v Vv v vV

Ear vV v v v Vv
£ v ooV A v v

¢+ A more straightforward correlation between the two CPV observables needs some assumptions.



Concluding remarks 17

¢ The canonical seesaw mechanism is the most natural and economical mechanism to produce tiny
Majorana neutrino masses and interpret the cosmological matter-antimatter asymmetry by thermal
leptogenesis mechanism, but all these only work qualitatively.

¢ For the first time, we have derived the generic + explicit expressions of the Jariskog invariant for
light neutrino oscillations in terms of the original seesaw flavor parameters, and of CP asymmetries
for heavy neutrino decays. Then their connections become transparent.

¢ A full numerical exploration of the seesaw parameter space can be done, using a good computer.
And some constraints will be available once CPV in neutrino oscillations is measured.
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