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COMBINE theory and experiment

THEORY == COMBINE <= EXPERIMENT

basic concept

A(xi) = g(x, )
!

X2 (X1y vy Xy ooy Xy o0y Xn)

Szymon Zigba, University of Silesia (US) Zagreb, July 3, 2026



COMBINE theory and experiment

for neutrinos: eg. mixing scheme relations + "full range” x2 correlated
data

a minimal dataset: x2(613, 612, 623, 6cp)

or better, a dataset with masses:

sin2 912 = ....

!

X?(013, 012, 023, 6cp, Amy, Am3y)

T

cosdcp = ....

Szymon Zigba, University of Silesia (US) Zagreb, July 3, 2026



3v oscillations and masses, My = Mijghtest

Normal mass ordering (NO)
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Illustration of neutrino oscillations. The ex-

pected flavor composition of the reactor neutrino flux, for
neutrinos of 4 MeV energy used as an example, is plotted as

a function of distance to the reactor cores. [arXiv:1503.01059

Inverted mass ordering (10)
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Taken from https://globalfit.astroparticles.es,
updated arXiv:1806.11051, Figure 1

NO or IO ?

Ym; < 0.12 eV at 95% CL from Planck (CMB)

University of Silesia (US)



3v mixing

Neutrino flavor and mass eigenstates are related by
[va) = Uailvi)
Pontecorvo—Maki—-Nakagawa—Sakata parametrization of mixing matrix

si3e~ 10 el 0 0

c12€13 _ s12€13 ) (
UpniNs = | —s12623 — Cras13523€™®  coe3 — sosizsze’®  cizsys 0 e 0],
s1253 — C1o813623€’0  —ciosp3 — spesizeze’® iz 0 0 1

where cjj = cosfj;, sj =sinfj;, § = dcp.
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arXiv:2204.08668, Figure 2.1
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https://zenodo.org/records/6692337
https://arxiv.org/abs/2204.08668

Neutrino masses and mixing puzzle

Dirac or Majorana ? (3 + n)v, n=07
NO or 10 ? Miightest 7 0 7
flavor symmetry 7 mixing scheme 7
f>3 octant ?
dcp #07
Ym; < 0.12eV  «— this we know from Planck at 95% CL.

130 this we know from reactor experiments, e.g. Daya Bay.

Experimental data indicate that dcp # 0 and NO are favored.

Szymon Zigba, University of Silesia (US) Zagreb, July 3, 2026



Closer

look at NuFIT data

NUFIT 6.1 (2025)

NUFIT 5.3 (2024)
Normal Ordering (best fit) Tnverted Ordering (Ax® — 2.3) <) Normal Ordering (best fit) Toverted Ordering (Ax® — L3) <3
bip 10 30 range bip £10 30 range Oip =10 30 range bip £17 30 range
sin® 012 03070013 0.275 — 0.344 0.307F5 013 0.275 — 0.344 sin? 01z 0.3088700000 0.2803 — 03205 0.3088%0 0000 0.2893 — 0.3205
B2/ 33664073 31.60 — 35.91 33,6707} 3161 > 35.91 O1s/° 33,7670 47 32.51 > 35.03 51+ 35.03
sin” fg 057270088 0.407 — 0.620 0.578F5 088 0.412 — 0.623 sin? fzz 047070017 0.432 = 0.587 0.555%5 1% 0.437 — 0.590
623/° 191135 39.6 — 51.9 195195 30.9 521 b3 /° 327188, 41.11 = 50.02 48151972 41.40 = 50.21
g sin? f13 0.02203795005  0.02029 — 0.02301 0.02047 — 0.02306 2 sin? 0.022491 590057 0.02070 — 0.02420  0.022617 599055 0.02091 — 0.02433
% | bus/® 8541001 8.19 — 8.89 8.23 5 8.90 013/ 862701 8.27 = 8.95 865701 8.31 = 8.97
2 3 108 — 404 286127 192 = 360 dep/° 20775 111 105 283+2 202 -5 347
TALTGZ 6.81 = 8.03 AL 6.81 = 8.03 ”ﬁ;"f{,z 7.236 - T.823 7537HG 00 7.236 — 7.822
SO0 o984 19507 —24987008 o581 - —2.409 Mﬁ"”:(,z }2.521+002 2451 2302 235007902 2560 - 2,130
Normal Ordering (best (it) Tiverted Ordering (Ax° = 9.1) <3 Normal Ordering (best fit) Tnverted Ordering (A — 5.9) &
bfp 1o o range bip £lg 30 range O =10 30 range bip £17 3o range
sin? 81y 0.30750013 0.275 —» 0.344 0.307H:012 0.275 — 0.344 sin® 012 0.3088 50067 0.2893 — 0.3295 0.3088 150067 0.2893 = 0.3295
B12/° 33.67157% 31.61 —» 35.01 33.67197% 3161 - 35.91 O12/° 33.767047 4 — 35.03 3767047 32.54 = 35.03
sin? b2y 045450010 0.411 = 0.606 056875048 0.412 = 0.611 sin g 0,470/ 9817 0.435 = 0.584 05505042 0.439 = 0584
2 | s/ 4231510 39.9 — 511 489199 39.9 — 514 baa/° 13.2070.%% 41.27 - 49.86 47.90703% 1151 -+ 49.83
£ | sinth 0.022247950058  0.02047 — 0.02397 000007 0.02049 — 0.02420 S sin®fg 0.02248150005 0.02064 — 0.02418  0.0226225:00057  0.02003 — 0.02441
g 013/” 8581041 8.23 = 8.91 71511 — 8.95 SRy, 86204 8.26 — 8.95 865011 8.32 = 8.99
2 | der/ 232188 139 — 350 27313 195 - 342 Z ber/® 212738 125 — 365 203 — 335
capsna o , y 2 ami 004 [ —— - -
TAITG3 6.51 803 681803 Lot o 0% 7.236 - 7.823 7.236 - 7.822
2
“250510038 42426 — +2.586 —2.566 — —2.407 m-f\% 4251150025 42450 > £2576 —2.483700% 2547 = —2.421
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Global fit available data files (data sets)

1. NuFIT (1D, 2D + single 3D data set)

http://www.nu-fit.org
Home
v6.1: Three-neutrino fit based on data available in
November 2025

www.nu-fit.org

2. x? profiles from Valencia neutrino global fit (1D, 2D data sets)
https://globalfit.astroparticles.es

NEUTRINO
G Lo BAL x? profiles
S

E NEUTRINO
BAL FIT
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http://www.nu-fit.org/?q=node/309##label85
https://globalfit.astroparticles.es/2018/09/24/chi2-profiles/

1D profiles of oscillation parameters, 30 ranges, b

NO
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2D and 3D profiles, correlated data, NuFIT v6

7 3
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Currently, up to 3D datasets are available.

Szymon Zigba, University of Silesia (US) Zagreb, July 3, 20



Mathematica output based on NuFIT v6.0 datasets.

nlssel= {{"", "sin?e,3=0.57", "am},;=0.00255 eV", "5:,=290°"},
{"x*", deltachisq["NO"] [{"T23"}][5.7], deltachisq["NO"] [{"DMA"}][2.55], deltachisq["NO"][{"DCP"}][290]}} // TableForm
$in%623-0.57  4m3,-0.00255 eV?  5p=290°

2 2.7163 3.07873 2sm0 «— treated independently, each x? ~ 3

51n’6,3=0.57 A 4m},=0.00255 eV}, {"x’", deltachisq["NO"] [{"T23", "DMA"}][5.7, 2.55]}} // TableForm

51n26,3=0.57 m3,=0.00255 eV?
¥  4.68546 —

I= {{"", "am3;=0.00255 eV’ A 6cp=290°"}, {"x’", deltachisq["NO"][{"DMA", "DCP"}][2.55, 290]}} // TableForm

ableFor

m3,=0.00255 eV A 5cp=290 aye D)
2 7.56033 «— composition of two, x“ ~ 5 to 13
o= {{"", "sin’6,3=0.57 A 6cp=290°"}, {"x’", deltachisq["NO"] [{"T23", "DCP"}][5.7, 290]}} // TableForm
ableForm:
$1n2623-0.57 A 5¢p=290
X 13.454 —

690)= {{"", "sin’623=0.57 A Am};=0.00255 eV’ A 6c;=290°"}, {"x’", deltachisq["NO"] [{"T23", "DMA", "DCP"}][5.7, 2.55, 290]}} // TableForm
TableForm=
5in26,3-0.57 m},=0.00255 eV? A 5cp=290

e 1ras « composition of three, \? ~ 17

Insight into the x? value is crucial to confront theory with exp.

Szymon Zigba, University of Silesia (US) Zagreb, July 3, 2



Extend to full range.

To extend the number of random variables we introduce conservative estimations:

i (X1, ..y Xi) = max {XQ(Xl, oy Xkt Xy 1, - Xi), k€ {1...;}} .

and in the context of neutrino parameters e.g.

Xoxt (013, Am3y, Scp) = max {xRurrr (Am3y, 60p) Xrurrr (013, 50 ), XRrurrr (013, Am3y) |

Tested against complete minimized NuFIT data sets, both mass orderings, that
2 2 ;
X (X150 Xi) 2 maX{X (X1 o0y X1, X1, -, Xi), k€ {1~~’}}<
Example NuFIT data test:

x2(023, Am3y, dcp) > max {X2(Am§1,5cp)7x2(923, scp), X2 (023, Am§1)}

17.5 > max{7.6,13.5,4.7} < numbers taken from slide 11

due to ">" underestimation (13.5 < 17.5) = no risk of excluding allowed region
(volume).

Szymon Zigba, University of Silesia (US) Zagreb, July 3, 2026



Reduce.

To reduce the number of random variables, we carry out projections:
2 Xty X1, X Xn) = min {x*(X1, ..., Xe = Xo) f
chd( Ly ooy Ak—15 ANk41s 005 ")7m|n X ( 1y ooy Ak = Xy eony '1) or any Xy ¢ .
and in the context of neutrino parameters e.g.

x2q (023,013, 5cp) = min {X2(9237 613, 6012,0cp) for any 912} .

Tested against complete minimized NuFIT data sets, both mass orderings, that
X2 (X1, ooy Xk—1, X415 -, Xn) = min {X2(X1= ey Xk = Xk, -0y Xn) for any Xk} :
Example:

XXurrr(6cp) = min {xRuprr (623, 5cp) for any 623} .

A full (6D) correlated data from global fit (experiment) would further constrain the results.

The extension formula may still be useful due to numerical complexity and memory
requirements of 4D-6D data sets.

Szymon Zigba, University of Silesia (US) Zagreb, July 3, 2026



Reconstructed x? volumes from NuFIT (v5.3) 1D and 2D data vs 3D data

Here presented for x2 < 9, NO (upper panel) and 10 (lower panel).
max(...) extension formula (slide 12) applied to 1D and 2D data to reconstruct the 3D valume

1D data only (30 ranges) 2D correlated data only 3D correlated data
24 ! 6 sin%6;3 /107" 24 ! 6 sin%6y3 /107" 24 ! 6 sin’6y; /107"
oy 107067, o o 1076V — 1072, | S

26

360

-24 4 sin?6y3 /107 -24 4 sin®6y3 /107! -24 4 sin’6;3/107"
s amZ, /107 V2 s amZ, /107 eV? s
25 25
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Reconstructed x? volumes from NuFIT (v6.1) 1D and 2D data vs 3D data

Here presented for x> < 9, NO (upper panel) and 10 (lower panel).
max(...) extension formula (slide 12) applied to 1D and 2D data to reconstruct the 3D volume

1D data only (30 ranges) 2D correlated data only 3D correlated data
7 7 7
247 6 sin’8y; /107" 24 6 sin’g,;/107" 24 6 sin’@,3/10°"
5 5 5
ami /100 eV?, > K am3 /100ev?, - 4 amd, /102, > A
3 3 3
26 26 26
360 360 360
270 270 270 l’
180 180 180 -
&/ Bep/° &/
%0 90 %0
0 0 0
3 3 3
-24 4 sin%8y /107" -24 4 5in%6y; /107" -24 4 5in’gy; /107"
am2, /107 eV? 5 am2, /107 ev? s Am3, /109 eV? 4
-25 ¢ -25 6 -25 ¢
7 7 7
26 -26 26
360 360 360 ~
270 270 S 270
180 180 180
&/ &p/° &/
%0 %0 %0
0 0 0
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Alternatives for max(...) estimation

X?(013, 012, 023, 6cp, Am3,, Am2;) from global fit (could be without masses)

The NuFIT collaboration performing a global analysis of neutrino oscillation data provides
one-dimensional y2 projections for sin’ 0;; and 0 ﬂ49]. We denote them as \f(z,) i1=1,2,3,4,
where x; are components of ¥ = (sin2 019, sin? 013, sin® B3, 0). Using these projections, we
construct an approximate global x? function as

4
arXiv:1804.00182 NGEDPPHEDN (4.1)
i=1

Given the distinct experimental sensitivities, we construct the total y? function as the sum of
individual contributions from the solar, reactor, and atmospheric sectors, namely,

,XQ = ,Xgolar [912 (p) ~A’"§1 (P)] + Xitmos [023 (p) -3m§z (P)] + X?xeactor (013 (P)] (19)

arXiv:2511.15654

Zagreb, July 3, 2026
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Decompose example max(...) estimation

max(...) formula at the end always return unchanged NuFIT x? value
(except needed interpolation to join the discrete data points - no
extrapolation).

Xoxi (013, Am3;, cp)

is estimated by

XzNuFIT(Amglv dcp)
max XzNuFIT(9137 dcp)
X2NuFIT(913’ Am%l)

The maximum is taken after checking each x? value of global fit available
subsets of parameters.

Szymon Zigba, University of Silesia (US) Zagreb, July 3, 2026 17 /42



613 # 0, Daya Bay, RENO (2012)

BM, TB, GR, HG disfavored by non-zero 0;3.

—is
c12c13 s s12€13 N !
UpMNs = | —s12¢23 — cras13523€’ c12c3 — ssi3sse’ P
s1253 — Cc12513¢23€" —c1253 — s12s13023€" a3

013 #0° 4 023 = 45°

010 = 45°, 510 =1/V2 012 = 35,26°, 510 =

61p = 30°, 510 =1/2

Bimaximal Mixing Tribimaximal Mixing

Hexagonal Mixing
1 1 3 1
— - 0 1 7 5 0
2 2 4 2
_‘{ \l[ 1 3 __1 V3 _ 1
2 22 e 22 22 V2
% ,% L 1 1 V3 1
V2 V3 V2 22 22 V2

olden Ratio Mixing: tg 012 = 1/¢ , ¢ = (1 4+ V/5)/2 being the golden ratio:

Szymon Zigba, University of Silesia (US)

Zagreb, July 3, 2



Non-zero #13: Successors of tribimaximal mixing

2 1 2 1
T v 0 = < 0.15
Ve \{g 1 Ve 3 1
B R cRcl RSl R Bl
Ve V3 V2 Ve V3 V2
2 1
- * * * — *
o %
infses) = Sin[8.64Pi /180 s A « « _ |« M .
Sin[8.64Pi/180) 72 ‘UTMll \{E ’ |UTM2‘ \{g 5
outisesl= ©.149535 v * * * e *
outlessl= 0.0223608
2 <0 50 o—iv 7]
V6 V3 V3
U |-l S0 30y S —iv _ S0
My V6 30 V2 ] v
_ 1 L0 _ s v 20 o—iv 4 0
L V6 V3 V2 V3 V24
r 2¢c9 1 250 —iv 7
) Ve i \{g 59\/E i )
U — | %0 4 s v L 320 —iv _ S0
TM3 s T VaS V3 35 T2
0 4 s Gy L 20 o—iv . 6
L V6 2 V3 V2
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Mixing-schemes structure: TM; and TM,, partial u-7

Flavor and mass mixing:

Ve Uer Ue2 Ues V1
vp| = |Uun Upz Ups 12
Vr Ut Urz Urs v3

TM; and TMs mixing-schemes structure

2 1
—= *x  x * == %
NG V3
[Urm, | = | = * = [Urm, | = |+ &= =*
TM; /6 > TM> /3
1« x L«
NG V3
Partial p-7 (p1-71, p2-72) reflection symmetry mixing structure:
[Uual = 1Ur1l, |Up2| = [Ural.
TM; variant of more general p1-71 TM> variant of more general p2-72

Szymon Zigba, University of Silesia (US) Zagreb, July 3, 2026



TM; and TM; mixing schemes, partial @ — 7 symmetry

Comparing the corresponding elements of the first column of Upyins and Uy, -
™ 1-3s2
|Uel|2 = 5122‘:%3 =2/3 R (4T : 5%2 = 7123:
3 —3s35
(1 —5s%)(2s3; — 1)

4513523\ / 2(1 — 35123)(1 — $§3)

Comparing the corresponding elements of the second column of Upyns and Uy, -

U2 =[UnP=1/6  : 50M(013,03) : cosdop =

™ 1
|U82‘2 = 51226%3 =1/3 to Oy 2(613) : s122 = )
3—3s33
2 —4s2)(2s2, — 1
|Uu2‘2 = ‘UTz‘Q = 1/3 : 5—Cr£/|2(913,923) : cosdcp = — ( 13)( 23 )

45135034/ (2 — 35123)(1 — 5223)

In partial p-7 reflection symmetry, the mixing matrix symmetry is given by:

2 222 _ 2
} 2, —s2)(c2,s2, — s
[Upa| = |Ur1] : 5“5; 7-1(9137912,923) ;. cosdcp = (25 — 593)(Cia%3 — =io)
4c12512623523513
2 22 _ 22
_ C — S C: — 57, S:
Vo] = [Ural  + 6E27%(015,010,005)  : cosdcp = (c25 — 35)(cia — SiaS13).
4cr251223523513

Szymon Zigba, University of Silesia (US) Zagreb, July 3, 2026



Summary of relations arising from mixing-schemes structure

TM; TM,
2
52 1-3s13 $2 —
12 7 3352 12 7 3-3s2,

2 2
(1—5s73)(2s53—1)

2 2
(2—4s73)(2s93—1)

cosdcp = cosdcp = —
4513523 \/2(1*3533)(1*5223) 4513523 \/(273553)(175223)
pl—71 U2 — 72
2 _2y2 2 2 2 _2y2_ 22
cosdop = (22D —sp) cosdop = (=2 —5p%;)

4c12512€23523513

4c12512€23523513

How to confront the mixing schemes with experimental data ?

Szymon Zigba, University of Silesia (US)

Zagreb, July 3, 2026




Confronting mixing schemes with oscillation data (examples)

NO 10
1.5 THEORY 1.5]
£ k
1.0 1.0
o <
05 EXPERIMENT 05
aTM, 10,2030 aTM, -10.20.30
WM, % bost-ft T, o best-iit
0.0 0.0
0.2 0.3 04 05 0.6 0.7 0.8 0.2 03 04 0.5 0.6 0.7 0.8
20 T 20T T
1.5] — —
5 ] ]
B0 — N
© ] ]
05 ] ]
ool Bl b b el oL ]
0.35 040 045 050 055 060 065 035 040 045 050 055 080 085

sin'e sinte EETT07TE0]
= Next, we will combine theory with experiment which are flashed
independently on the plots.
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COMBINE correlated data and mixing-scheme relations

THEORY EXPERIMENT
Y Y
MIXING SCHEME OSCILLATION PARAMTERS
RELATIONS CORRELATIONS
Y Y

COMBINE <= EXTEND TO FULL RANGE

Szymon Zigba, University of Silesia (US) Zagreb, July 3, 2026 24 /42



Combining example

TM; mixing relations + extended to full range correlated data, example:

1—3sin? 613

. 2 _
sin“ 012 = 373 570,5

!

x2(013, 012, 023, 6cp, Am3,, Am?y)

(1-5sin? 013)(2sin3; —1)
4siny3 sin 023\/2(1—3 sin? 013)(1—sin? H23)

cosdcp =

In mixing schemes some parameter values are determined by other
parameters values

For any choice of parameters, the equations for these parame-
ters must be solved first.

NO and 10 need to be treated separately.

Szymon Zigba, University of Silesia (US) Zagreb, July 3, 2026 25 /42



Intersections of correlated data and mixing-scheme relations

Ax? <9, NO (left panel) and 10 (right panel) (

TM;1
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24

sin‘e /107 6
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s
swtes/100 g
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e
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.
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NuFIT v5.3 + 012(913) relation):

TMa

sin/10% 26
24

singa /100 6

n2-12

sin; /102 26
24

22

sineys /107 o

3D projections of 4D intersections for partial p-7 reflection symmetry.
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Impact of correlated data on model’s predictions (NuFIT v6.0

THEORY AND EXPERIMENT

FLASHED

270
5180
$
90
1.9 22 25
sin’6,5 /1072
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5180
$
90
1.9 22

Szymon Zigl

25
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, University of Silesia (US)

270
<7 INDEPEDENTLY £
T™: N
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Impact of correlated data on model’s predictions (NuFIT v6.0

THEORY AND EXPERIMENT

FLASHED
<7 INDEPEDENTLY

TM1

270
5180
$
90
35 45 55 65
sin’6y5 /107!
270
5180
$
90
35 45

COMBINED —=>

THEORY AND EXPERIMENT
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TM2

dcp/°

Szymon Zigl
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COMBINED —=>

NO, x2 <9

sin’6y3 /107!

Zagreb, July 3, 2026

6.5

270
5180
RS
90
35 45 55 6.5
sin®6y3 /107"
270
N
180
90
3.5 4.5 5.5




Extracted ranges of model’s parameters from correlated data (NuFIT v

82 84 86 88 32 33 34 35 36 69 7.1 7.3 75 7.7 7.9 8.1
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old) e) 1) \ /
e
4
v N
1
42 44 46 48 50 150 200 250 300 350 246 249 252 255 258
6y I° bcpl® Am3, 1107 eV?

Szymon Zigba,

University

I NUFIT best-fit
[ NUFIT local-fit

1 NuFIT 6.0

O] T™; (w/ correlations)
] TM; (w/ correlations)
[ w1-11 (w/ correlations)
[ p2-72 (w/ correlations)

X2 TMy =28, TMy =81, pl —71 =21, u2 — 72 =28
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Extracted ranges of model’s parameters from correlated data (NuFIT v

' 30 (3’ <9)
4
1
I . 1 T 1 T 1 INUFIT best-fit
82 84 86 88 32 33 34 35 36 69 71 73 75 7.7 7.9 81 | NuFITlocal-fit

e CINUFIT 6.0

old) Nl \/ e ) \ / O ™™, (w/ correlations)
1 TM; (w/ correlations)
[ w1-11 (w/ correlations)

X 4 . [ p2-72 (w/ correlations)
1
—r—————_— : ) o T )
— : — ] I T ¥ T ]
L T ¥ ) : —r— ) I ¥ 0
T —0 =" T T ) = T 1
42 44 46 48 50 200 250 300 -2.55 -2.52 -2.49 -2.46 -2.43
O3 1° Scp l° Am3, 11073 eV?

X2 TMp =09, TMy =81, ul — 71 =0.1, u2 — 72 =1.5
Zagreb, July 3, 2026
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Mixing schemes x2 .

Results for NuFIT 6.0 data sets (w/ atmospheric v/)

T™; TM, pl-71 W2-12
X2, NO 28 8.1 2.1 2.8
10 0.9 8.1 0.1 1.5

Results for NuFIT 6.1 data sets (w/ atmospheric v/)

TM; TM; pl-rl (2-72
X% NO 39 215 24 32
0 19 215 0.1 1.6

JUNO results change numbers, not preferences.
Can we minimize x2?

We can confront the constrains coming from mixing schemes
to global-fit data.

Szymon Zigba, University of Silesia (US) Zagreb, July 3, 2026 31/42



Extra parameter example

X2(613, 012, 023, 6cp, Amdy, Am3;) <9,
2

_ [ 2 2 2 2
mg = \/mo + Amj; ci3sty + Ams; sz,
52 _ 1—35%3
12 7 3-3s2, 0

(1-5s%)(2s2,—1)
4513523\/2(1735%3)(175223) ’

cosdcp =

Szymon Zigba, University of Silesia (US) Zagreb, July 3, 2026



Extra parameters example mgs(mg), TMy, NO, x? < 9

X2(013, 012,623, 6cp, Am3, Am3;) < 9,

_ 2 2 gi2(a1—dc > 72 2 i2(a—dc
mgs = |mocfsciye™ 1 0cP) 4 \/mg + Am, cfysiye(20cr)

2 2 2
++/ my + Am31513| ,

2 1—35123
512 = 373,

(1*55123)(25223*1)
4513523\/2(1—3553)(1—5223) ’

cosdcp =

O<a1,a2<27r.

Zagreb, July 3, 2026
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Phenomenological predictions: mg and mgs (NuFIT v6.0)

1 ™, (w/ correlations)

e e
mg /1073 eV

myl eV
Solution of eqgs from slides 32 and 33

Szymon Zigba, University of Silesia (US)

10- — NUFIT (w/o correlations)

Zagreb, July 3, 2026
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Summary

Multidimensional correlated datasets on neutrino oscillation parameters allows for confronting
the theoretical models with experimental data

With the presented approach, we

find xfm.n "floor” for the model
test TM1, TM; and partial pu-7 mixing-schemes over the full range of parameters at a
given x? level

some parameters are exceptionally constrained (for NuFIT v6.0)

o O1o for TM7 and TM»,

o 923 for TM2,

e Jcp for all considered mixing-schemes,

o Am3; and Amj 4, for TM,
TMy is outside the reasonable x2 . value (for NuFIT v6.1)
find tighter, model-dependent constraints on the effective neutrino masses
potentially could be used for x? estimation in SO(3) parametrization

The method is general and can be applied to any model providing mixing-scheme re-
lations in the form analytical expressions involving the neutrino oscillation parameters.

Szymon Zigba, University of Silesia (US) Zagreb, July 3, 2026 35/42



Thank you
for your attention.

Szymon Zigba, University of Silesia (US) Zagreb, July 3, 2026 36 /42



3v mixing

9 9
6 NO 10 NO 10
=, F4
out[656] Out[584]=
"

40 45 50 40 45 50
NuFIT v5.3 NuEITve.o 40 45 50 40 45 50
(2024) Bz /° 623 /° (2025) bo3 /° b23 /°
lese)- {deltachisq[#]1[({"T13"}1[0] & /@ ("NO", "IO"}, ini585]= {deltachisq[#] [{"T13"}][0] & /@ {"NO", "IO"},

deltachisq(#]({"DCP"}][8] & /@ {"NO", "I0"}} deltachisq[#] [{"DCP"}][0] & /@ {"NO", "IO"}}

outlsss]= {{1674.27, 1664.84}, {11.0731, 14.4343)) out[s8s]= {{1774.37, 1768.02}, {8.03189, 19.3677}}

Left: Mathematica output based on NuFIT v5.3 data (2024). Right: Mathematica output based on NuFIT v6.0 data (2025).

NO

7 Y, . [ U.
©.800 » 0.843  0.519 - 0.580  0.143 - 0.155 £ ® Yoo £ &2 O
©.354 5 0.461 0.533 - 0.620  0.635 - 0.769
10.277 - 0.485  0.589 - 0.616  ©0.620 - 0.759 |

Vg Vs L 17 Uy 1793 Uys
(0.800 » 0.843  0.519 - 0.580  0.143 - 0.156

A ® Vi Uy Uy Us
©.288 > 0.479  0.567 - 0.606  0.635 - 0.772 Via Ve
10.246 » 0.527 0.585 » 0.603  0.616 - 0.759 (a) CKM quark flavor mixing (b) PMNS lepton flavor mixing
Left: Mixing matrix (|[UppyNs|) ranges in 30, NuFIT v5.3. Right: Taken from arXiv:2210.11922, Figure 2.
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https://arxiv.org/abs/2210.11922

Flavor symmetries and mixing-schemes
G
SU(3) !

A(96) s4 A5

i I N\

PSLy(T) A(96) SO(3
’ ’ ’ | | ) | BT mixing TB (BM) GR mixing
at LO mixing at LO at LO
N ., . | T broken U broken S,U broken
o7 .
Leen ] [= ] [s ][] AT N
Charged TMI or TM2 General HO
f mixing corrections
A correftlons
ive - Solar Sum Atmospheric No Sum
arXiv:1301.1340 S.F. King, C. Luhn‘ [ Rules ] [Sum RUles ] [ Rules
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270

dcp/°
®
o
*

90

NO, Ax’<9
- NUFIT

B NUFIT + TM,
* NUFIT best-fit g NyFIT + TM,
3.5 4.5

55 6.5
Sin2923 / 10_1

Szymon Zigba, University of Silesia (US)

Experiment / Theory / Combined at x? < 9 (NuFIT v6.0)

; —
%180
«w
90r NO, Ax<9
- NuFIT o NuFIT + TM,
* NUFIT best-fit - g NyFIT + T,
1.9 22

25
sin2913 / 10_2
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Experiment / Theory / Combined at x? < 9 (NuFIT v6.0)

270
2180
90 NO, Ax®<9

-~ NuFIT O NUFIT + pi-11

* NUFIT best-fit o NuFIT + p2-12

1.9 2.2

25
sin2913 / 1072

Szymon Zigba, University of Silesia (US)

ocp/°

270

90

10, Ax?<9

= NuFIT O NUuFIT + pi-11

o NUFIT best-fit o NuFIT + F2—T2

1.9 2.2

25
Sin2913 / 1072
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Effective neutrino mass

Effective electron neutrino mass:

Coom2 2 2 2 2 2

2 _ 2 2 2 52 2, 2 o _ JNO: +Am21513512+Am3£513’
M7y = Cj3C1o,M7 + Cj357,M5 + Sjam3 =

B 13C12M7 + C13512M; + S3mM3 10 _A 2 A 2

: m5, ci3 ¢ty — m3e‘:13

Effective Majorana mass:

mgg = ‘Zm,U
i

2 2 i2ag 2 2 _i2ap 2 _—i25cp
micizcire + macizspre + m3size

2 A 2
NO: mg 5123c2 el2lea=dcp) 1+ Amzz c13s ei2(a=dcp) + , [1 4+ m23£ 5123
Mo ™
10: m _ AmdAmd, c2.c2 e2(o1—d¢cp) 4 [1 — Ami, c2.s2 ei2(@a—dcp) 4 &2
: 0 mZ 1312 m2 C13712 13

Here mp=m; (m3) and £ =1 (2) in Am%l for NO (10).

Szymon Zigba, University of Silesia (US)
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Neutrino mass

10°

Planck TT,TE,EE+lowE+lensing+BAO
2020

Project 8
«— Future

«Highest NME
Lowest NME-

nEXO
KATRIN Future
— «— Future
S
)
Z
g 10 — / lowestym; | 7 fio 1
W
=2  lowesttm; | N0 ________[OOOEEENOET «Highest NME
Future cosmology Lowest NME->
KATRIN KamLAND-Zen
2021 — 2023
1073 1072 107 1072 1071 1073 1072 107!
Mightest / (€V) mg/ (eV) mgg / (eV)

Planck: ZI. m; < 0.12 eV, 95% CL, arXiv:1807.06209
KATRIN: mg < 0.8 eV, 90% CL, arXiv:2105.08533

KamLAND-Zen: mgg < (0.036 to) 0.156 eV, 90% CL, arXiv:2203.02139

Szymon Zigba, University of Silesia (US) Zagreb, July 3, 2026



