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Neutrino mass
and mixing

O Neutrinos have tiny masses (much less than electron)

O Neutrinos mix a lot (unlike the quarks)
00 Up to 9 new params: 3 masses, 3 angles, 3 phases
O Origin of mass and mixing is unknown
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Neutrino mass basis

Charged lepton mass basis
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PMNS mixing matrix
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Muon Neutrino Oscillations
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Global Fits

Pre-NOvVA/T2K)
30 ranges

= [39.6°,51.9°] Octant?
= =7 45°? Max Mix?

f1o = [31.31°, 35.74°]
SiIl2 6)12 - %7 352607 TBM?

5= [0°,44°] &
0°7 180°7
CPC?

108°, 360°]
270°7
Max CPV?

NUFIT 5.2 (2022)

Normal Ordering (best fit)

Inverted Ordering (Ax? = 2.3)

10-3 eV?

bfp 1o 30 range bfp 1o 30 range
sin? 015 0.3031 0013 0.270 — 0.341 0.3031 0013 0.270 — 0.341
av) . .
S| Oi2/° 33.417575 31.31 — 35.74 33.417575 31.31 — 35.74
)
E sin? 03 0.5727 0 055 0.406 — 0.620 0.578 0 05 0.412 — 0.623
% | 023/° 49.1719 39.6 — 51.9 49.570% 39.9 — 52.1
=
% | sin® 03 0.0220277°9902% 11 0.02029 — 0.02391 || 0.0221979-09059  0.02047 — 0.02396
= | 6150 8.5410 15 8.19 — 8.89 8.571012 8.23 — 8.90
=
2 | dopt 197132 108 — 404 286127 192 — 360
= Am3
T Ziﬂ 7.411921 6.82 — 8.03 7.411921 6.82 — 8.03
Amge +0.028 +0.032
vz | P2OMIonyy 42428 5 42597 | 24981005 2581 — —2.408
Normal Ordering (best fit) Inverted Ordering (Ax? = 6.4)
bifp 1o 30 range bip 1o 30 range
sin? 012 0.30310°015 0.270 — 0.341 0.30310017 0.270 — 0.341
g | 012/ 33.417975 31.31 — 35.74 33.417975 31.31 — 35.74
o)
2 | sin® 2 0.45175 016 0.408 — 0.603 0.5697 0 05 0.412 — 0.613
>
S | 023/° 422711 39.7 — 51.0 49.0719 39.9 — 51.5
AN
o
% sin? 613 0.0222510-00056  0.02052 — 0.02398 | 0.0222375:99058  (.02048 — 0.02416
x 013/° 8.5810 11 8.23 — 8.91 8.5710 1] 8.23 — 8.94
= | dep/° 2327130 144 — 350 276122 194 — 344
=
Am%l +0.21 +0.21
TR 7.4170:21 6.82 — 8.03 7.4170:21 6.82 — 8.03
Am%z 4+0.026 4+0.025
+2.50710926 19497 — +2.590 | —2.48612025 2,570 — —2.406




A 4 3 i . A " AN .‘. P e A ) ~,':.,. .
. {11 - B RN AR SREZE LR
.;"1':\ : -3 -4 . » [ | n : ) 2 ¢ ’
PR ¥ ' &2 0,021 03 13
A D ) : ...' w4 » ' B T p BT R M AN
o O 2P NSE '3 SRR TR y TR IINE
) > 2l ’ " 4 ey . .Y . ) ERIIEET R
S 2 '.'-..‘ : _" : : b.l" ; < ¢ ’ » : ." :
. -\:{ 3 AT B 3 . 4 ’ . ;:-
BN ELA -v;‘ e 4 s ™ s £ 4 : $ | ! 4 o .
: J r - v ' >
. ) . 2 N r 4 BB . B _
RPN 3 ) ' ' ’ ) -
. 25 ) - s : 3 .
21 5 Y f™f N | _ . A B
e .
: I | > .
. 2 : . : ]
' » . 3 5
9 ] 3

0.803 — 0.845
U[/0SKAm 1 933 5 0.505
NUFit 5.2 0.262 — 0.525

Symmetry
cah enforce




Non-Abelian Family Symmetry
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Some Simple Symmetrical Examples
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All these patterns involve so they need to be corrected




S.F.K. and C.Luhn, 1301.1340

Why is 0, predicted to be zero!
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Why is 0, predicted to be zero!

a Diagonal charged lepton B Group G a Klein neutrino symmetry
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How to switch on 05!

O Group G
generators
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How to switch on 05!

O Group G
generators
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How to switch on 05!

O Group G
generators
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Solar Sum Rule Predictions

S|n2923 V D ]- BM
M 0.405 S111 912 [ \/5
- o5
Hl 0.620
e
Vp)
o)
O
: . lo
O ————— —
10— 77—
: Sin2623 4 J— 1 GRa Sin“0x; vV _— ¢ GRDb
- Sree tan 07, 3 S cos 07y = 5
0.5- 05 , - o5
- W o0.620 * " Ho620
T I
8 0.0%
O
-05- ]
10 1o
_10 ‘ ‘ T I | R T o T
027 028 029 0. 031 032 033 034 027 028 0. 0.30 0.31 0.32 0.33 0.34

Corrected e SOlar angle Sin’6:0)



RG corrections to GRa solar sum rule
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How to switch on 05!
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How to switch on 05!
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Atmospheric Sum Rule Predictions
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Future Prospects
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Conclusions

0 Mixing sum rules are relics of simple PMNS matrices enforced by remnant
symmetry which allows non-zero sin 6, and predicts cos o (not 0)

0 Solar sum rules from charged lepton corrections to simple PMNS matrices

g Atmospheric sum rules from first/second column of simple PMNS matrix

0 RG corrections can be small (NH) or large (2HDM, large tan /5 )

O Future precision expts will test sum rules and the symmetry approach
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