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The Big problem: Flavor puzzle

Who ordered this observed pattern?

Normal Ordering (Ax? = 0.6) Inverted Ordering (best fit)
bp 1o 30 range bfp 1o 30 range
£ | sin’ 01 0.307+9:012 0.275 - 0.345 0.308+5:01% 0.275 = 0.345
b o1l 0011
g | 0/ 33.687070 31.63 — 35.95 33.68707% 31.63 — 35.95
5
| sin 5 0.561+5012 0.430 — 0.596 0.562+0912 0.437 — 0.597
£ o 485457 41.0 - 50.5 48.6%57 414 - 506
5
2 | sin® 01 0.02195+5:000%8  0.02023 — 0.02376 | 0.022245:999%¢  0.02053 — 0.02397
5| 0w/ 8527011 8.18 — 8.87 8581511 8.24 - 891
2
E | dop/® 177453 96 — 422 285125 201 — 348
&
2 2
e mﬁ"é‘w 74955313 6.92 — 8.05 7.49%918 6.92 — 8.05
2
”ﬁ;"“g/; +2.534100%8 42463 — +2.606 | —2.510%002  —2.584 — —2.438
Normal Ordering (best fit) Tnverted Ordering (Ax” = 6.1)
bp 1o 30 range bfp 10 30 range
g | sin’ 0 0.308+9:012 0.275 - 0.345 0.308+5:012 0.275 — 0.345
% 612/° 33.687073 31.63 — 35.95 33.68507% 31.63 — 35.95
B
Z | sin®6s 0.470+5:017 0.435 — 0.585 0.550+0-012 0.440 — 0.584
)
é 023/° 43.315% 41.3 - 49.9 47.9%57 415 — 49.8
; sin? 015 0.02215+3:99956  0.02030 — 0.02388 | 0.022313:399%8  0.02060 — 0.02409
2] 0w 8567011 8.19 — 8.89 8597011 8.25 — 8.93
Z | ser/® 212%38 124 — 364 274122 201 — 335
g am
= 749339 6.92 — 8.05 7.494019 6.92 — 8.05
1075 eV
Am?
10711":/2 +25131000 42451 - 42578 | —2484%00% 2547 — —2.421

Nufit 6.1

Weinberg once identified the flavor pattern as the mystery he most wanted to see solved.

( Focus here: the neutrino sector)
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A solution: Zeros in m,

Who ordered this observed pattern?

Assuming ... v % 0 0
m,jl — 0 = m, = |0 x
* O % *

Zero minor Zero texture

Zeros lead to correlations
012, 023, 013, dcp, M1, N2, M1, M2, M3

* : Non-Zero element

If the predicted correlations naturally reproduce the observed flavor pattern,
they may reveal an underlying mechanism behind the flavor puzzle.

( Other special structures are possible)
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Flavor symmetry as the Origins of Zeros

What is the underlying mechanism?

Flavor symmetry

Example: U(l)Lu—Lt

Field U(l)LH—LT

Le ée Ne 0
Leptons L, e, N, +1

L e _u —1
Scalar 10) +1
m, = —mpM~m5 (Type-I seesaw)

0 0 A-UEW KerVy  Mr 0
Dirac mass Majorana mass

A VEW 0 0 Mee  KepVp  Ker¥g
mp = 0 AMUEW 0 M = ReuU¢ 0 Mu’r

Flavor symmetry breaking (¢) = v,

“Two-Zero Minor”
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Outline

Who ordered this observed pattern?
Flavor symmetry

*x  k % 0 0 =
m;lz*O* m, =10 % x
x % 0 * ok ok

Zero minor Zero texture

1. Zero minors/textures are constrained (review)
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Most are excluded by oscillation data
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Most structures are inconsistent with oscillation data

(notation 2004.05622 and 0708.2423)
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Cosmology strongly constrains the remaining cases
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Zero texture
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Dashed : Inverted Ordering
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Cosmology strongly constrains the remaining cases
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Zero textures/minors are strongly constrained

0 0 = 0 % * *oxox Xox X
Ao o x|, Ay : B Ari|x x 0 A2:
£ % o 0 0 % 3 * 00 20
* 0 x * 0 ko x ¥ 0% x 0
By By : ; By Ba Bs
* %

Most structure are inconsistent with oscillation data

and

Most surviving structures are severely constrained by cosmology
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Outline

Flavor symmetry
as the origin of flavor pattern

Zero minor Zero texture

Flavor symmetry cannot be the origin of flavor pattern?

2. Exact zeros are not expected from UV-complete model perspective
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Revisiting “Zeros”

Are texture zeros and minor zeros radiatively stable?

Example: Uy, L,

)\e'UEW 0 0 M. RepUgp KerUg¢
mp = 0 )‘/LUEW 0 M = RepUg 0 MMT
0 0 )\TUEW Rer ’Uip M/M- 0

Majorana mass
Flavor symmetry breaking (¢) - Ve

Radiative corrections turns 0 into small nhonzero entries, €
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Example UV Model

0 0 A-UEW KerVy M- 0

SM + 3 RH Neutrino + SSB scalar + U(1),-r, Field U)z,-L.
L. & N, 0
— AT = \/ Leptons L, e, N, +1
L=Lsv+ Ly z + Z 1N, 6" D Ny H N
b=e,u,T L e, 3 -1
— Y XL¢N,H +he. Scalar ¢ +1
ezehuﬂ- .:.
1 o = = = = = =
— gMeeNeNe = My Ny N- — KeuNe Ny — KerNeN, ¢! + h.c.
__.:" . m, = —mDMlglm
' A
AevEw 0 0 Mee  KepVg  Kervg . Kook ok
mp = 0 )‘NUEW 0 M = RepUg 0 MI“' m," = * 0 x*
x % 0

Dirac mass Majorana mass
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RGE and Threshold Effects

What about Thre§hold Effect ?

H H

\ RGE

/ \ /“\ /\

RGE(SM) preserves zeros

Sy b LH S ) HLH
A ! A

~ 1014GeV
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Relevant diagrams
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and charged yukawa interaction
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Outline

Flavor symmetry
as the origin of flavor pattern

% S S
m, L—x 0 *|+ € x
x 0 x €
NV WV
tree radiative

3. Soft breaking effects relax the cosmological constraints
( SM + 3 RH Neutrino + SSB scalar + UL, -, )
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Impact on );; m;

T T
My > 104 GeV —
My > 1011 GeV ——
M, > 10§ GeV
My > 10° GeV
M, > 103 GeV 7
tree — — -

cosmology

preliminary

| | | | | | |
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A: sym — (nosym)

M;: Lightest RHN mass
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| loop I—
0.4 tree o
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2
523 M, > 10'1GeV
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Conclusions

Flavor symmetry

S Can be the origin of flavor pattern
TR — 04 f
M; > 10% GeV
M, > 10° GeV
M; > 10° GeV 3| 0.35
B —
— 03 +
x k% x % % Soms |
m;l *x 0 x| 4+1x € =« oz Lt
s * x 0 * % 6/ 015 [ — o
—— | -~ -~ - al observed 53,
! tree radlatlve “Il().12 (),‘11 l).‘lLi (l.‘lé%
0.3 0.35 0.4

L I I
0.52 0.54 0.56 0.58

* : Non-Zero element

1. Exact zeros are broken radiatively

0.5
53

2. Soft breaking effect modify the prediction

3. Neutrino physics provides a probe of flavor symmetry
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Bottom up analysis

minor breaking is introduced in K = M, k
KO = (M), K=K {)\AK, M, =K,
~ M, - M|
AN . - i F _
: I preliminary A is fixed by -5 =01
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Dashed : Exact zero (tree level)
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Which observables are important?
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Some structure can not explain 8,3 > 45 or < 45
écp determination is important because of correlations of model prediction

Of course, ordering is most important
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Two-loop?

k k b S
m, !t = 0 x|+ € *

* 0 x €

tree radiative

Leading order is One-loop
0 and € are very different

Two-loop is Next leading order, which is negligible since it is smaller than LO ( one-loop)
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Large-log?

X ok * *
m, !t = 0 x|+ € *
x 0 x €
_J
WV WV
tree radiative
log (Z—Zz) are appear in the ¢

The coupling is small, but the effect is logarithmically enhanced

Is RGE improvement needed?
€ has an O(1) % uncertainty when alog ~ 0.1
€ is Leading order, so that our result is not badly affected by RGE
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E 3 E 3 %k %k
m, !t = 0 x|+ € *
x 0 x €
_J
WV '
tree radiative

some zero texture/minors are constrained by 0vBp
But € is One-loop level, so that its evaluation is model dependent.

Flavor violating decay process are also important (e.g. 2511.08679)
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