CP violation in light neutrino oscillations and heavy neutrino decays
a general and explicit connection

Zhi-zhong Xing
[IHEP Beijing]

CP violation i @

=Y. Y -
¢ 1‘” * & Mr. Seesaw

ZZX, 2406.01142

Neutrino Frontiers at the Galileo Galilei Institute — Focus Week 1—5 July 2024, Arcetri, Firenze



Killing two birds with one stone? 1

¢ There are many mechanisms/models on the origin of tiny neutrino masses
on the market (see, e.g., ZZX, Phys. Rept. 854 (2020) 1—147)

¢ Which do you like to buy? Waiting for the best offer?

The best offer is the canonical seesaw

¢ Butin 1996 Wilfried Buchmiiller and Michael Pliimacher made
a very strong statement: “There is NO direct connection between
the CP violation and generation mixing at high and low energies”
(hep-ph/9608308). Is this conclusion really valid?




¢ Why is seesaw most convincing
¢ The flavor structure of seesaw
¢ The J-invariant in v-oscillations

¢ CP violation in heavy N-decays



A way out of the SM —— seesaw? 3

¢ Fundamentals of the electroweak SM structure — reasons for zero v-mass:
¢ The Lorentz invariance B
¢ Local SU(2), xU(1), gauge symmetries
¢ The Higgs mechanism
¢ Renormalizability (no d > 5 operators) _

Plus economical particle content:
= e No right-handed neutrino fields
e Only one Higgs doublet
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¢ The most convincing UV mechanism = canonical seesaw «

fully consistent with the SMEFT spirit, most natural/economical
extension of the SM. Bonus: Leptogenesis, SO(10) GUT-friendly...



Three key issues of the seesaw 4

¢ Right-handed neutrino fields are not the mirror counterparts of the left-handed ones

That is true, my love!

A\ You may call me

\ heavy neutrinos

| or heavy neutral leptons
both sound strange!

Itis said thatIwas .. no mirror
weightless at birth, ° 0
and it was you who KL
fed me up a bit.
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Dear kid, let me give you mass on behalf of God

¢ Yukawa interactions — the Higgs fields play a crucial role, as they do in generating

masses for the charged fermions in the SM. T 2
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¢ The Majorana nature of massive neutrinos: 7} (V)
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N and N© may have sel/f-interactions, respecting
all the fundamental symmetries of the SM.

Gell-Mann’s totalitarian principle (1956)
Everything not forbidden is compulsory!




How seesaw works? 5

The seesaw mechanism formally works far above the Fermi scale, before SSB (ZZX, 2301.10461):
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The basis transformation related to the origin of active Majorana neutrino masses even before SSB:

Ut ( 0 Yu¢0*> U* = (Du 0 ) working _|:Dy = Diag{m,,my,ms} light

0 Dy

T 0% masses:
Y, ¢ My
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6 X 6 mass matrix

Dy = Diag{M,, M, M} heavy

Integrating out the heavy degrees of freedom:
(H)?
My,
Consistent with the dim-5 Weinberg operator!
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If you can untie Weinberg’s knot, you will find new heavy Majorana neutrinos at a superhigh scale.



¢ Why is seesaw most convincing
¢ The flavor structure of seesaw
¢ The J-invariant in v-oscillations

¢ CP violation in heavy N-decays



A way out of the unknown flavor structure

/

A block parametrization of
active-sterile flavor mixing
in the seesaw framework:

¢+ reflects salient features
of the seesaw dynamics

¢ offers generic + explicit
expressions of observables
using the Euler-like angles
and phases (ZzX, 1110.0083)

The weak charged-current
interactions of leptons:

U =AU,: the PMNS matrix;
R : an analogue for heavy.

The new physics sector The SM sector

Higgs field

Right-handed
neutrino fields i
+
self interactions

Left-handed
neutrino fields

Yukawa interactions /

after gauge symmetry breaking, the active neutrinos acquire their tiny masses via the seesaw
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Original vs derivational seesaw parameters 8
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You may calculate everything that can in principle be measured, in terms of 18 seesaw parameters.



Two kinds of CP violation 0

+ 3-flavor v-oscillations are established ¢ Cosmic CPV is already established.
and a 2¢ hint for CPV is achieved. oo 107
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¢ Why is seesaw most convincing
¢ The flavor structure of seesaw
¢ The J-invariant in v-oscillations

¢ CP violation in heavy N-decays



A bridge between light and heavy 11

¢ The exact seesaw formula — a bridge between the original and derivational flavor parameters:

UD,U" + RDyR" =0

N
7

M, = U,D,UF = (iA"'R) Dy (14 'R)"

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

¢ The Jariskog invariant of CP violation in v-oscillations: -

D, = Diag{m,,m,,my}

oy = lmm (Uo>m' (UO)/jqj' (Uo):;i/ (U());i} - Dy = Diag{M,, My, M}
, . A, = m?2—m2
(e, B) run cyclically over (e, i, 7), (i,4") run cyclically over (1,2, 3) T ¢ ¢

¢ On the one hand, we use the

light degrees of freedom to get T, =

the relation (22X, 2306.02362)

m [(M,A),,, (M, M), (M, M) ]

el I Te
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JAVIVAVSVAVIER: already measured

¢ On the other hand, we use the original seesaw-related - §i, 815 S8

parameters to calculate the same quantity /in the leading

- - - - —1 ~ ~ ~
order approximation of A-1R, because the non-unitarity ~ AR ~ S54  Sos  Sog

of U characterized by R = 0 has been well constrained by

precision measurements (M. Blennow et al, 2306.01040) _ S34 S35 S3g



Is this approximation really safe? 12

¢ Of course, one may use the non-unitary PMNS matrix N
U = AU, to define the more general Jar/skog invariants aB = Im (U Uﬁ’& U ’UB'L)
to describe CP violation in neutrino oscillations. But one
can show that their leading terms are the same, coming

(a, B) run cyclically over (e, 1, 7)

from the unitarity limit (22X, 1110.0083): (4,4") run cyclically over (1,2, 3)
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How many terms to be calculated? 13

¢ Let us classify the analytical results in terms of 3
the products of heavy Majorana neutrino masses. I, = Z $iidu = Iy, (U, k=4,5,6)

f f f =1

tm | (M,M]),, (M, M), (M,M]),] _,
CPV from 2-family or (and) 3-family interferences (M, M), Z Z M M 1557589,
=4 k
Term 6 0 0: AMS. MS. M >< e
Term 510: MMy, MM, MEMy, M2 Mg, MGM,, M{M; x| (M,M]) ZZM M, 11,5554
Term 4 2 0: MiMZ2, MPIMZ, MAMZ, MAMZ, MiM?, MIMZ e
Term 33 0: MJMS, MM, MM V| (M,M]) Z Z MM, 1,855,
Term 4 1 1: MM Mg, MIM Mg, MMM v j=4 k=4
Term 3 2 1: NS MZM,, M{MZM,, M2M? Mg, MEMEM,, MEMZ M., MMM,
Term 2 2 2: N2 M2M2
M3 Mz M v a, %5
¢ There are totally 6 independent original CP-violating ra, = J,, — d,- Z ~
phases in the canonical seesaw mechanism, measuring B=8.—6 ( foy. ;
7 \

the inter-family interference effects in all processes of

T2
heavy and light Majorana neutrinos. Y = 046 — 0y > 3)



So we arrive at ... (1) 14

¢ The general and explicit expression of the Tas + Tyo + Ty1q + Taoq + Tooo
Jarlskog invariant in the seesaw mechanism J, = AAA
is a linear combination of the above 5 terms: 21731732

¢ The two 2-family interference terms are:

3
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7 7’

)
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_ SiaSis (,_gmsz,,,3 S: n49 ;5) sin 2qv. :l un CyCll(faﬂy over
i=1 L, 2 ang 3

— term{4 — 5, 5—=6; a, — 5-::} - term{4 —6,5—=>4; a, — "}*‘i}

3
Ty = MEMZ (Il — | Is ) [Z siusissiasys (MiLushy — M3Issshs) sin (o cri,)]

=1

+ tcrm{4 — 9, 5 —=6; a; — [3’3} + term{il — 6,5 —=>4; o — ’yt-}

Switching off the 34 heavy neutrino species “6”, we can immediately ‘ 9 combinations of 3
arrive at the results in the minimal seesaw case (ZZX, 2306.02362): original CPV phases



So we arrive at ... (2) 15

¢ The simplest 3-family interference term is obtained as follows:

3
oA 2 [ 2 . 2
Tyrn = My M Mgl 51459453, [ — 514524534 E S5 {Si’G $in 2 (o 4 i) — Sing sin 2 (a; + ’“/i”)}
i=1
- : in (20; + v + V) — S in (a; + v + 27;)
14 — Siny) [ ST Sing S (200 + Yy + V) — 876858 s S (O + Vi
3
E SiaSisSug (St + Sny) [5’ 1586 SIN (VG — By + Yin ) — Sy6Sums SIN (G — B + ﬂ/i,)}
=1
3
+ E SiaSinsSing (Siy + Sia) [9 15 S SIN (O — Bor + Yin ) — SpgSims SN (Qu — B + “/i,)}
=1

+ Z 29z4 Sl 556 9 ir4 + s 114) |:9 /rS G SIH ( — 6 —+ A/lu) 83'/683'//5 Siﬂ (a/i/r — 61' + A/i/) }

+ term{ ,5.6) = (5,4,6); (o, B;, 7)) = — (o, ;. B;) } Theterms T, + T,,, are very
complicated and can be found
+ term { (4?576) —(6,5,4); (a;, By 7)) = — (5, a, %) in ZZX, 2406.01142.



Counting the phase combinations (1) 16

¢ After a very tedious survey of all terms of the Jariskog invariant, we find 240 linear combinations
of the 6 original seesaw phase parameters — 72 of them:

sinay, sina,, sinag;  sinfg;, sinf,, sinf;;  sinvy,  sinvy,  sins:

sin 2ar,  sin2an,.  sin2ay; sin23,, sin2f,, sin2f8;; sin2y,, sin27y,, sin2y;;

sin (o + ay),  sin(ay+ay), sin(ag+ay);  sin(G,+0y),  sin(Gy,+ 55), sin(6;+ 5);
sin (v, + %) , sin (v, + 73) . sin (v5 +7,) 3
sin (o — ),  sin(ay, —ay), sin(ay;—ay); sin(f, —06,), sin(8,—pF5), sin(f;—6;);
sin (v, —7,),  sin(yy —y),  sin(yy —v);

sin (o + 3y),  sin(a;+ 06;), sin(ay,+5,), sin(a,+0;), sin(ag+6,), sin(ay+ 5y);
sin (o +7,),  sin(a; +7v),  sin(ay,+7v), sin(ay,+7v;), sin(ay+v), sin(ay+7,);
sin (0, + ),  sin(8y, +73), sin(fy,+7v), sin(fy,+7v3), sin(By4+7),  sin(fy+7);

sin2 (o + Gy), sin2(ay + f;), sin2(ay+ 5y), sin2(ay,+ G;), sin2(as+ 0,), sin2(as+ 5y);
sin2 (ay +7,), sin2(ay +73), sin2(ay,+7), sin2(a, +7v,), sin2(ag;+v), sin2(ag+7,);
sin2 () +7,), sin2(8, +7v3), sin2(8, +7v), sin2(8,+7v,), sin2(8;4+ 7). sin2(8y+ 7);



Counting the phase combinations (2)

¢ Of 240 linear combinations of the 6 original seesaw phase parameters — 60 of them:

sin (20, — 08,) ,
sin (20 — 7).
sin (26, — o) ,
SIn (27, — ay) ,
Y — )

sin (o + a, + 2/,)
sin (v, + oy +20,) ,
sin (0, 4+ G5 + 2a,)
sin (7, + 7, + 2ay) .
Sin (7, + 73 + 20y .

SiIl (Oél + ,62 + ﬁ/;}) s
sin (o, + 3, + 75)

sin (2@1 — 0B,),

sin (2

sin

Sin

sin (ay + g + 27, ) ;

SIn

(e,
(
sin (3, + (3 + 27,
(
sin (

)
Y1+ /2+25)
Vo T ”/3+28)

sin (ay + 05 + 7).
sin (c; + 6y +7) -

sin (2a, — 5, ,
( ) in (2 5),  sin (200 — ),
( ) ( 5), sin (26, —ay),
Sin (281 — ”/2) ,  sin (2»61 - “/:3) , sin (252 - ”/1) .
( ) in ( ). (27, —ay).
in (2 ) ( ) (27, — B1).

+Q2+2/3)=

sin (2042 — ),

sin (2@3 — 08y,

sin (o 4+ B4 4+ 74)



Counting the phase combinations (3) 18

¢ Of 240 linear combinations of the 6 original seesaw phase parameters — 54 of them:

sin (o + @y — f35) . sin
sin (oz1 +ag — ), sin(ay,+as—F;), sin(ay+ag—7G,),
LRy — ), sin(og + oy — 7)), sin(o; +ay, — ),

SiIl (Oél + 062 - —|_ 052 /63) ) SiIl (O{l —|_ Oég - ) 5
Bs)

sin (a1 + g — 3y),

(v
(
(
n (o
)i sin (5 |
sin [3 +[53 ay), sin (8 + [y — 052)7 sin
sin 6 +[33—041), sin (B + B3 — ), Sm(ﬁ + 33 —ay); sin
(3, .
in (3,
n (7,
in (7,
n (7,
in (



Counting the phase combinations (4) 19

l ¢ Of 240 linear combinations of the 6 original seesaw phase parameters — 54 of them:
sin (ay + By — ), sin(ay + Gy — ), sin
sin
sin

sin



¢ Why is seesaw most convincing
¢ The flavor structure of seesaw
¢ The J-invariant in v-oscillations

¢ CP violation in heavy N-decays



CPV in heavy Majorana neutrino decays 21

¢ The flavor-dependent CP-violating asymmetries in LNV decays of heavy Majorana neutrinos:

1 ‘ h_
- H)Q Z |Rﬁj‘2 ; { U Im a; R, Z: [ _ (-T;;j) + (R R;h) ((rkj)]] }
3

¢ Baryogenesis via leptogenesis in the early Universe:

<10 ng > ny,
A net Iepton number asymmetry V2 <T= . Pl = i
A2 GL\] ~ . ) B L
( A 10 in equilibrium
= 4 X \\x ’ l
= Z Fiatsa % K & :74’\ ~ i ng < ny,
sphaleron-induced (B-L)-conserving (7 ep!:’QQEITE/SIS PNy ny,
process in thermal equilibrium X ) 7 ‘\;’\
5) e
TLB - B Np = ¢ n
Yz = = —cY}, | A net baryon number asymmetry B™ .1t
S c=28/79




How many phase combinations? 22

¢ A flavor-dependent CP-violating asymmetry of the first (j = 4) heavy Majorana neutrino decays:

1 ‘ 3 '
de T 8m(H)I,, {*1;62514515 lf(i'sat) ; SiaSissin (o) + ;) + ((254) |:824SZJ sin (o, — ay)

3
+ 834845 8in (g — o) | | — MEsyys (x 48680 (7, + ;)
534535 ¢ Q3 14516 | € (Z64) i4S8i6 ST T

T i=1
The formulas for “5” and “6”
+ C(:I;G‘i) [624526 SN (71— %) + 834856510 (1 — 75) ]] } can be similarly written out
1 3
Eap = > My's5y855 | €(254) Z SigSis S (g + ) + ((254) [314315 sin (ory — @)
8w (H)?1,, —

f ;

+ 534835 810 (0 — ) ]] — Mg's94596 lf(irm) Z SiaSie SN (72 + ;)

i=1

The formulas for “5” and “6”
can be similarly written out.

+ ((764) [514516 Sin (Y — Y1) + 834836 Sin (7 — 73) ]] }



How many phase combinations? 23

¢ A flavor-dependent CP-violating asymmetry of the first (j = 4) heavy Majorana neutrino decays:

1 ; ’ |
Ear = ST(H2I,, {ﬂ"fr5534535 [E(TM) Z SiaSis sin (az + ;) + ((25) [514315 sin (a3 — a,)

T i=1
+ 894895 810 (003 — ) ]] — Mg 534836 [f (T64) Z SiaSie SN (3 + ;)

t

+ C(-’Bﬁa) [914916 sin (’Y — ’"/1) + 824596 Sm( — T2 )]

can be similarly written out.

] } The formulas for “'5” and “6”

¢ The fIavor-independent CP-violating asymmetry ¢, = €4, + &4, T €4, , for example:

2[ Z Z Yig @tl[uf% E(w54) 85505 s (@ + ) — MEE(64) 55656 511 (7; + ’“sf)]
Hlmte t t

¢ Totally 27 linear combinations of the 6 original
seesaw phase parameters in CP violation of three  sin (o, + ;) , sin (3, + 3./), sin (v, = v,/
heavy Majorana neutrino decays ( ;, i = 1,2,3):

m
I




The connection can be more direct! 24

¢ The analytical results obtained above imply that the CP-violating asymmetries can be expressed
as a linear combinations of the sines of the 6 original seesaw phase parameters:

(C’(’ﬁ sin a; + Cfﬁ sin 5?:)

ja

(C’” sin ov; + C; sin 3,

-~ -~
I Mu | MW
= =

It's then straightforward to extract the coefficients from the formulas of CP violating asymmetries.

¢+ In comparison, the achieved result of the Jarlskog invariant implies that it can also be expressed
as a linear combinations of the sines of the 6 original seesaw phase parameters:

3
J, = Z (Cm- sin «v; + Cﬁi sin @)

It is straightforward to extract the lengthy coefficients fromthe 7;; + 7,, + 7,,, + T5,, + T,,, terms,
but the expressions are so complicated that they cannot be presented here.



Concluding remark (1) 25

¢ Extending the SM framework in a way that is as natural and economical as possible,
we have argued that the canonical seesaw mechanism is most convincing to give mass
to the active neutrinos. It is fully consistent with the spirit of Weinberg’s EFT and thus
should be located in the landscape of neutrino physics.

UV theory a land
(seesaw) Swampian
A Energy scale ——— conjecture:

J

effective neutrino models
at low energies

Cumrun Vafa 2005




Concluding remark (2) 26

¢ The new era of precision measurements, as characterized by JUNO, DUNE and T2HK,
is coming. It is high time to experimentally test the canonical seesaw in a systematical
and model-independent way at low energies.

¢+ This becomes possible, with the help of a complete Euler-like block parametrization
of the seesaw flavor structure, since it makes analytical calculations of all observables
possible. The present talk give a PoC example by clarifying the Buchmiiller-Pliimacher
claim. For the first time, we have shown that a direct, explicit and model-independent
connection exists between CP violation at high and low energy scales.

¢ A take-home message: to really test the seesaw, you should calculate everything by
using the original seesaw parameters instead of the derivational ones or a mixture.

¢ We are trying to calculate all the light degrees of freedom along this line of thought.
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