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Neutrino mixing: 3v

Neutrino flavor and mass eigenstates are related by
[va) = Uaqi |vi)

Pontecorvo—Maki—Nakagawa—Sakata parametrization of mixing matrix

c12€13 S12€13 size®] [ef 0 0
_ is is i
UpMNs = |S12¢23 — c12513523€' C12Cs3 — S12513523€' C13523 0 e'“2  0f,
is is
s12523 — C12513C23€'%  —C12503 — S12513C23€'° C13C23 0 0 1

where ¢jj = cosfj;, sj =sinfj;, § = dcp.
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Taken from arXiv:2210.11922, Figure 2. Mathematica output
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Mass ordering: my = myightest

Normal mass ordering (NO) Inverted mass ordering (10)
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Taken from https://globalfit.astroparticles.es, updated arXiv:1806.11051, Figure 1
NO or 10 ? (5(}[)750? 923>7T/4OI’923<7T/4?

Dirac or Majorana 7

Am%l >0 \Am§1(32)| >0 013 7& 0
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BM, TB, GR, HG, 613 = 0, early 2010s, (pre)histo
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Golden Ratio Mixing: tg612 =1/, ¢ = (1 + \/5)/2 being the golden ratio.

Based on Biswajit Karmakar talk, link here.
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613 # 0, Daya Bay, RENO (2012)

BM, TB, GR, HG disfavored by non-zero 0;3.
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h Ratio Mixing: tg 0120 = 1/¢ , ¢ = (1 4+ V/5)/2 being the golden

Based on Biswajit Karmakar talk, link here.
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Non-zero 613: Successors of tribimaximal mixing
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Based on Biswajit Karmakar talk, link here.
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mixing schemes, partial ;4 — 7 symmet

Comparing the corresponding elements of the first column of Upyinsg and Uy, -
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Comparing the corresponding elements of the second column of Upying and Uy, -
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In partial p-7 reflection symmetry, the mixing matrix symmetry is given by:
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How to confront the mixing schemes with experimental data ?
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Progress and prospects for precision of oscillation data
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Figure taken form Peter B. Denton talk, link here. Figure taken form Biswajit Karmakar talk, link here.
See also arXiv:2012.12893, Figure 1 and arXiv:2204.08668, Figure 2.1

9137&0(!), 5cp7é0 (?), 023>7T/4 or 923<7T/4 (??).

Prospects for progress in precision.
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NuFIT 5.2 (2022) vs NuFIT 5.3 (2024)

I NuFIT 5.2 (2022) I

[NGFT 53 (2024) ]
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sin? 01 030370013 0270 — 0.341 030320012 0270 - 0.341 sin® 012 030710012 0.275 - 0344 030720412 0.275 - 0344
B2/ 33410 31.31 - 35.74 33.41%573 31.31 — 35.7 bha/” 33661073 3160 — 35.94 33.67+073 31.61 — 35.04
sin® 023 5721508 0.406 — 0.620 0.57820:03% 0.412 = 0.623 sin® 025 0.57253938 0.407 — 0.620 0.57815.53¢ 0412 - 0.623
b3 )° 49.1%19 30.6 — 51.9 495799 30.9 - 52.1 23 /° 49.1719 39.6 — 51.9 e 39.9 — 52.1
sin” 013 0.0220370 00050 0.02029 — 0.02391 | 0.0221970 00050 0.02047 — 0.02396 3 | sin? s 0.022037) 00055 0.02029 — 0.02391 | 0.0221970000%2 002047 — 0.02396
Bis) 854101 810 8.80 85712 8.23 — 8.00 o 3/° 8.54%041 8.10 — 8.80 8.571011 823 - 8.0
Sopf® 197432 108 — 404 286727 192 — 360 dopf® 197458 108 — 404 28613 192 — 360
Ami, 0.21 2 Amiy 7414021 021 5
Tt 6.82 — 8.03 TA*E 6.82 =803 e 741432 6.81 = 8.03 741403 6.81— 8.03
Ami, S11+0028 5 0032 . Amiy 511007 o +o.032 .
TooTowr | F2SUIGER 4242842507 | 24081008 2581 - 2408 Tomeyr | PEOUENGE 42428042507 | 298 TiRE 2581 —2.400
Normal Ordering (best fit) [ Inverted Ordering (A" = 6.4) Normal Ordering (best fit) [Inverted Ordering (Ax* = 9.1)
bip £1a o range LiEa 5 TAnEe bfp £lo 3 range Ea 5 Tange
sin? 612 03035052 fF 02700341 Y 03037502 f 0270 — 0341 ) sin® 612 03077501 0275 — 0344 Y| 03077551 275 — 0.344 )
tha/? 33414078 31.31 — 35.74 33.414078 31.31 — 35.74 b12/° 33.67H073 31.61 — 35.94 33.67107% 3161 — 35.94
sin? f23 045170018 0.408 —+ 0,603 0.56970:03% 0412 — 0.613 sin® 623 0.45475:012 0.411 = 0.606 056870 05% 0.412 = 0.611
b2 /° 42.2+}) 39.7 = 51.0 490419 39.9 = 51 b2a/" 42,34} 39.9 = 511 489409 39.9 514
sin® 013 0.0222570:000%6 [ 0.02052 —+ 0.02395 || 0022237000023 [ 0.02048 — 0.02416 sin’ 13 0.022247 550055 | 0.02047 — 0.02397 || 0.0222275 00057 | 0.02049 — 0.02420
13/ o 5.23 — 891 8571011 8.23 —8.94 b13/° 858011 5.23 = 8.91 857018 823895
Gerf® 232756 144 — 350 276733 194 — 344 der/ 232757 139 — 350 273738 195 — 342
Am3, +0.2 . 0.21 Ami, 741402 ;i 021
o A1#938 6.52 803 T 6.82 503 | a1z 681803 741383 681 5.03
Amg, 070026 = 5 0025 e Amg, 5050020 3% 70027 2 7
Toorowr | T2o0TIRNE 2427 o 42590 f —2as6liR | 2570 - —2.400 ) Tormeym | TRO0SLRE {2420 - 42580 | 2487 | —2.506 - —2.407 )

Szymon Z

Taken from http://www.nu-fit.org, updated arXiv:2007.14792, Table 3.

Since 2022, increase of NO preference over 10.
No noticeable progress in precision for 30 ranges.
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NuFIT tabularized Ax? data sets: 1D, 2D, 3D

http://www.nu-fit.org/?g=node/278

Available data files

We provide one-, two- and three-dimensional Ax? projections for both the analysis without

and Inv Ordering) and including ( and erted Ordering) Super-
Kamiokande atmospheric data. A description of the content of these files and a summary of
the data included in our analysis can be found

NO (with SK atm. data, 1D, minimized), 623 = 48.7° at 1.3 (2nd local minimum, Ax? = 1.71)
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10 (with SK atm. data, 1D, minimized), 03 = 42.4° at 0.70 (2nd local minimum, Ax? = 0.45)
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Presented for Ax? < 9, (with SK atm. data, 2D, minimized).
NO (left panel) and 10 (right panel). Plots based on NuFIT 5.3 data sets.
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NuFIT tabularized Ay? data sets: 3D correlation

Presented for Ax? < 9, (with SK atm. data, 3D, minimized).
NO (left panel) and 10 (right panel). Plots based on NuFIT 5.3 data sets
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The only (most correlated) 3D data sets provided by NuFIT.
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First, construct Ax? function from available (1D, 2D, 3D) correlated data:

NO: Ax?(613,012,6023,5cp, Amd, Am3;),
10:  Ax?(613, 012,023, 6cp, Amdy, Am3,),

Second, insert specific model formulas (model correlations, e.g. TM; or TM3) :

™

'912 1(2)(013)’

™™ ™

Sop P (013,01, P (613), 023),

Third, set Ax? level, (Ax? < 9 comparable with table data, can be any)

™,
CP

™ ™
10:  Ax*(013,0,, @, 023,00p '@, Am3;, Am3,) < 9.

™
NO: Ax*(613,0,, '@, 02,6 ) Am3,, Amd) <9,

Complete NuFIT 5.3 (2024) with SK atmospheric 1D, 2D, 3D minimized data sets are used in
this approach.
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Ax? function in 3D from NuFIT data 1D vs 2D vs 3D

Here presented for Ax? < 9, NO (upper panel) and 10 (lower panel).
Plots based on NuFIT 5.3 data sets with sample intersections.
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Intersections of experimental and model correlations

Here presented for Ax? < 9, NO (left panel) and 10 (right panel):
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TM; and TMs vs partial . — 7 reflection symmetry

TM; and TM3z - 2D projections.
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TM; and TMs - 1D projections

NuFIT, TM; and TMs - 1D projections.

Here presented for Ax? < 9 (30 ranges), NO (upper panel) and 10 (lower panel):
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- preliminary results for mg

Here presented for Ax? < 9, (left panel) and 10 (right panel):
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- preliminary results for mgs

Here presented for Ax? < 9, (left panel) and 10 (right panel):
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Summary

Multidimensional oscillation parameter correlation data raise the construction and testing of
neutrino mixing schemes to a level inaccessible to standard one-dimensional analysis.

With the presented approach, we are able to:
— test models over the full range of parameters at a given Ax? level,
— determine model-specific 30 ranges (and compare with experimental best-fits),

— impose constraints on parameters that are not explicitly present in the mixing schemes
(e.g. neutrino masses in TM1, TMa, partial p — 7 reflection symmetry),

— find tighter, model-dependent constraints on the effective neutrino masses.

Challenges and limitations:
— NuFIT offers data sets up to 3D,

— the complexity of the problem increases with each additional parameter, and therefore the
computational time increases,

— the size of the data sets increases with each additional parameter, which means that the
memory requirements also increase.

The method is general and can be applied to any model providing analytical expressions
involving the neutrino oscillation parameters.
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TM; and TMs - 2D projections
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