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Parameters in the 3-flavor Neutrino Paradigm

Neutrino oscillation indicates neutrino mixing and non-zero neutrino mass

» Neutrino flavor states and mass states are connected — s —(m,)’

by a unitary matrix Uppys -
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The global fit result of neutrino mixing parameters

NUFIT 6.0 (2024)

[Estenban et al.,2410.05380]

Normal Ordering (best fit) Inverted Ordering (Ax* = 6.1)
bfp +1o 30 range bfp +1o 30 range

= sin? 65 0.30810-01% 0.275 — 0.345 0.30810-012 0.275 — 0.345
S | 012/° 33.6810 73 31.63 — 35.95 33.6810°73 31.63 — 35.95
=
% sin? a3 0.470%9:917 0.435 — 0.585 0.550+9:912 0.440 —s 0.584
g 023/° 43.3452 41.3 — 49.9 47.9407 41.5 — 49.8
; sin? 6,5 0.0221559-99056  (.02030 — 0.02388 | 0.0223115:5905¢  (.02060 — 0.02409
| 6s/° 8.561011 8.19 — 8.89 8.59101] 8.25 — 8.93
Z | bcr/° o 124 — 364 974+22 201 — 335
o
= Am?

m_ﬁﬁ 7.4910-19 6.92 — 8.05 7.4970-19 6.92 — 8.05

&mgf +0.021 +0.020
W +2.513Z4 019 +2.451 — +2.578 —2.484 7 020 —2.047 — —2.421

NO: m <m,<m,
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IO: m,<m <m,

www.nu-fit.org

» Unknow:
(D Octant of 0., :
0,5 >45° or 0,5 <45°

Scp, Apq AN @34

(3) Mass ordering:
The sign of Am4,



The result of JUNO 59.1 days data

» The Jiangmen Underground Neutrino Observatory |
(JUNO) achieves world-leading precision on the “. st

i ) g |
solar oscillation parameters: ;
e e
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sin’ 6, = 0.3092 +0.0087, . JUNO 2025 i :
- 59.1 days 1l &’%; Z
Am, = (7.5+£0.12) x10°eV? 80T BN (R
_ ) . ] 2013) -
» Comparing with PDG precision: W75
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| eocaos | iunosea oays [REREMI
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The result of JUNO 59.1-days data improved the | ! (2024) so _
precision of sin®g,, and Am_, by a factor of 1.6. D SO
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2025/12/21 [Abusleme et al., 2511.14593]



Flavor and CP symmetries to lepton mixing

> Basic idea:

Relate lepton mixing to how are G; and generalized CP broken

Lepton mixing matrix arises from mismatch of the different
subgroups G,xH., and G, xHY,

Flavor and CP symmetries(horizontal) _

Gauge symmetries(vertical)
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charged leptons

Usually left-handed leptons are assigned to an
irreducible three-dimensional representation of
the flavor symmetry group G..

pF Xp*(g)¢* (Pu)
! p(g")plx) =X p*(9)X Mo (r) TP

[Feruglio et al., 1211.5560;
Lindner et al., 1211.6953;
Chen et al., 1402.0507]

neutrinos

vaHgFJ




Possible choices of residual symmetries

» The breaking of flavor and generalized CP symmetries can lead to the lepton
mixing matrix depends on few free parameters:

g Gy U number of parameters
_ Zn _| KyxCP | _ _ _QBNSPQ, _ _ _|__ __0_ _ _.
{ Zn Zy X CP Qg HTEEEVRZB(Q)PVQV 1 |
Zy x CP | Ky x CP' Q! PLRL(0)%/2,P,Q, |
| Zex CP | Zy x CP' | QP Ry;(6)%) %, Ros(6,) Py Qy ) !
\_ 2 _| KuxCP| _ QIPIULBLOSSPQ_ |~ !
A CP QI PISIS,05(01,6,65)Q,
cP K, x CP QIOY (61,02,03)2]%,Q, 3
Zy Zy x CP | QIPTUL(6,,6)%1%, R (0,) P, Q.

We focus on the mixing patterns with 1 and 2 free parameters.

[Ding et al., 2402.16963]

large groups required

low predictivity

The lepton mixing angles as well as Dirac and Majorana CP phases can be predicted by
residual symmetry, neutrino masses are not constrained except in concrete models.

2025/12/21



Breaking pattern with one parameter

G; X Hgp
charged lepton \1Aeutrino
Z) x X,
X =23,
l l / Gz, =+diag(1,~1,-1)
U, =% RQ U, = Zszs(‘g) PQ,

\

U PMNS (‘9) — QlJr I:)lT ZlTZV R23 (‘9) Pva

» All mixing angles and CP phases are expressed in term of one free parameter 6 € [0, ).
» One column of the lepton mixing matrix is fixed.
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The choices of flavor and CP symmetries

» Asystematical analysis of the discrete flavor group G¢ up to order 2000 find that all
viable mixing patterns with one parameter can be obtained by considering:

A5 % Hcp , 2(168) X HCP | A(6n2) > Hcp [Yao et al.,1606.05610]
» Ac Is the group of even permutations of » X(168) Is a non-Abelian subgroup of SU(3)
five objects, It has two generators S and T- of order 168, it has two generators S and T:
.‘ §°=T>=(ST)’ =1 S?=(ST) =T" =(ST?)* =1
As ‘ » 3-dimensional representation: » 3-dimensional representation:
1 —\/E —\/E 5 =S, S S
3: S :% —~V2 ¢, ¢,-1| T=diagl,m,o?), 3.5 :ﬁ -5, s, s, |, T=diag(w,, o ar),
2 4,-1 -9, S5 S, —§
4, =(1+~/5)12, o, =e"" w, =" s :sinznT7Z

Golden ratio CPand flavor symmetry transformations are of the same form in the chosen basis. .
2025/12/21




A(6n%) group and CP

> A(6n%) is an infinite series of non-Abelian finite subgroup of SU(3), it has four generators
a, b, candd:

a’=b°=(ab)*=1, c¢"=d"=1  cd=dc,
aca't=c'd?, ada’=c, bcbt=d™* bdblt=c?

» 3-dimensional irreducible representations:

010 0 01 7 0 0 1 0 0
a={0 0 1|, b=(-1*/0 1 0|, c={0 7' 0O d=|0 7' O

1 0 0 1 0 0 0 0 1 0 0 7'
n=e"" k=01 1=12,....n-1

HCP CPand flavor symmetry transformations are of the same form in the chosen basis.

2025/12/21



Lepton mixing matrix from A(6n?) and CP

> Lepton mixing matrix from A(6n*)xH,

Case | |G, =(acd"),G, =2, X,, = p,(’d #*7)| s;t,x,y=0,1---n-1

’____

\
( |
| 2sing, : e'” J2cosg, P L g .
I A ¢1:—7Z-1
u' :% I\/ECOS (pl—% :—e“”z —J/2sin gol—% R,,(6)Q,, 2tn ; R.(0)=[0 cosd sind
/:il : @, = —ST (7/+X);;, 0 -singd cosd
n
IW2cos| g+ 2 |1 €2  —2sin| g+ 2
fixed column -6 / 6 : :
———— fixed by residual
. symmetry
Case Il G£:<acsdt>, GV:ZZC/Z, er:pr(Cyd5), s,t,7,6=0,1---n-1
o r—| 0, :;/+5+237Z
1 e_ |1| e_ & n ! cosd 0 sind
U"=—"| we"” | 1 10°"” |R,(0)Q,, _25-y+2t Re(@=| 0 1 0
\/§ il 11 i 9= n ' —sind 0 cosé
S
up to permutation of rows - TM2 10
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Lepton mixing matrix from Az and £(168) with CP

» Lepton mixing matrix from A xH;

Case lI- Gg _ Z;- ’GV _ Z;35T28T3’X =p, (S), Case |\V: Gg _ KA(rST28T3S,TST4),G _ ZZS’ er =p (TSSTZSTS)
|, (/_1—| Golden ratio: ¢, = (1+ J5)12
—I
\/g : \/g¢g : =\
1 : [, 1 1 roer b gl
mo_| g . I _
U I 2\/§¢g : /5 I 2 R;(0)Q,, u'" 2 :¢ 1| ¢g 1 R23(9)Qv,
I I 1 : 1-¢ —¢g
i g 1 1 -
2v54, N2v5 1 V2 up to permutation of rows
- GR2
» Lepton mixing matrix from X(168)xH, TM2
Case V: G,=Z5"°"°.G,=25,X,, = p, Q). r= /
C 2 J3-1 |2e i<"| ~(3+1)e ¢
i Inh 1 2ev) (Bonet |Ra@Q.

2025/12/21 UP tO permutation of rows

3m

I
I 2e 4

2 l 2717 I

11



Viable lepton mixing with one parameter

» Best-fit results of mixing angles and CP phases for all discrete groups with order < 168

» 3o Interval of JUNO: Order | Case | (01,%2) | Oot/7 | Xon [Sin® 12| sin® b1 | sin® Oy | dcp/7 (I?folﬁ) (gféﬂ)
U7 1(=Z,%)]0.9170] 5.308 | 0.318 [0.02215] 0.5 [ 15 0 0
222
" U7 (0,7) [0.1918]11.862 0.341 [0.02208] 0.5 | 1.5 0 0
0.2831<sIn" 6, <0.3353 TM2 G170, 7) [0.3083[11.850| 0.341 |0.02214| 05 | 15 0 0
GRZE> gt — 10.0560] 9.600 | 0.283 10.02217] 0.5 | 1.5 0 0
UV — [0.9053] 6.414 | 0.331 [0.02214] 0.523 | 1 0 0
. UV — [0.9053]11.856| 0.331 [0.02214| 0.477 | 0 0 0
* U’ can accommodate U7 [ — [0.5715[ 8.921 | 0.341 [0.02212] 0.554 [1.331*| 0.161* | 0.559°
experiment data at 3¢ for both | TM2 [V — 10,5746 [13.427| 0.341 [0.02256| 0.450 | 1.652 | 0.837 | 0.439
NO and IO U" 1(—3.5)]0.9166] 3.887 [ 0.318 [0.02235] 0.5 [ L5 0 0]
- UV, can accommodate U (0,7) |0.1915|10.471| 0.341 [0.02227| 05 | 1.5 0 0
’ . 11
experiment a0 for NO | 10 0r) 0 0T on ot os 15 | 0 |
. TtMZ anthR32 are disfavored OV [ — [0.5736] 9.012 | 0.341 |0.02241| 0.551 |1.343°| 0.162" | 0.561°
at more than 3o UV | — [0.5758 13416 0.341 |0.02274| 0.452 | 1.646 | 0.837 | 0.438

[Ding et al.,2512.03809]
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Viable lepton mixing with one parameter

» Precise measurements of mixing angles and CP phase [Ding et al.,2512.03809]

50 T T T T T T T T T 50 T T 1 T T T T T ™ T T T 50 T T T % T T T T T T T ¥ T T 50 T T LA | T T LA | l: T 1 T L T
L i L 1 J - 1 B | E
30| E NOL 5t : NO 301 E O3 sof E 10
- 1 .
2 i - 2 |
° 8 Lo s ° I e
5 ° i N | _10F = 4 _10F ¢ .
g 10 :— e~ (@] ] ] lU: C; ] N'i . ) = ' E Ni E I' : j
~E ° NEE d ] e U = 1= : i e U
1 ° - 5F ® . o 7] o ! 1 1
o 2T i ] ) U]H - o) E Ib J Q L']
H L i rIr
| ° i . v
E ® UHI E @ U '
i e UV .| | IR | oo E N | N P N | R © L"}”
1 B | L. I 7 MPE I [ T R 1 1 1 1 L 1 1L - — — -
.28 0.30 0.32 0.34 0.020 0.021 0.022 0.023 0.024 o UV 0.28 0.30 0.32 0.34 0.020 0.021 0.022 0.023 0.024 ® U;’
in? in2 2 sin?# sin? @
sin® 09 sin® 03 o UV 12 13
50 T 50 OL']‘" T T T S0 T e
) ! £ i g ] 2 . ] i 10 . g | 10
301 | g O HH NO_ 0 E 1T E ]
o E g ® 5] 3 g1 @
10} ® o 4 Zw0F g H < £ 10F o 3 =F 05$ E
4 F °z © ¢ g1 © ~E | T P ~E E‘
[ =] : n . [ =] C . Q N ) )
= 5k ® 1 = 5L o 1 =~ sk 1 = sk -
i i e d
l N I M N I N N n I 1 M N I N M N 3 3 i I N M M I M ) M I 3 " 3 I 3 M M l 'l I L L 1 I L L 1 I-I L III L L %] 1 Il 'l I Il 1 'l I L L L I L 1 1 l‘l 1 I-
0.44 0.48 0.52 0.56 0.0 0.4 0.8 1.2 1.6 2.0 0.44 048 ) 0.52 0.56 -0 0.4 08 1.2 L6 2.0
sin® By dep/m sin” O3 dcp/m

® After 6 years of data collection, JUNO will measure sin?6,, with 1o uncertainty of 0.5% (current 2.8%).
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Example of viable lepton mixing with one parameter

> The minimal group that can realized viable U’ is:

T T

with (¢, ¢,) :(_E’E

J2sing, e'
V2 cos(gol —~ %) —g'%2
V2 cos((p1 +%) e

U'=

1
NE

J

V2 cosg,

1.0 1 1T 1T 1T 1T 1 L sr 1 [ 1 11
- o :_-"
L ) .o‘
0.8 SN
3 0.6 e
=] B r P "
E ! ol .;i
o i . o N
e I~ ] - : . 1
5 0-4_- ‘l : “ |l|
0.2k Do
- 20 : m‘,
ﬁQ'i’.q R T :'- eAY]
0.28 0.30 \c_};l
2025/12/21 sin2 0,

==+ NuFIT
==+ JUNO 59.1d

... JUNO 6y

0.34

—/2sin (gol — %)
-ﬁsin(¢l+g]

Likelihood

1.0

0.8

0.6

0.4

0.2

A(24) =S,

=+ JUNO 59.1d -

.+« JUNO 6y

sin® 0;5

0.34

R23 (0) Qv

> Sum rules

3cos® 8, cos’ O, = 2,
_ (6sin* @, 1) cot 26,

COSOcp = — —
23|n<913\/2—63|n O,

sin? @, ~0.318
sin® 0, =% = C0SO, =0

Maximal CP phase !




Breaking pattern with two parameters

G; xHg [Lu, Ding, 1610.05682,
1806.02301; Li, Lu, Ding,
charged lepton, \ne‘utrino 1706.04576]

Z) xX,

U =2R5()RQ U, =% Ry(6,)RQ,

N\ 7/

U PMNS (6| ) 91/) = QIJr I:)IT R;3 (HI )ZITZV I:Q23 (81/) PVQV

X =2|2|T,
ers(gl)zl = tdiag(1,-1,-1)

X =23,
2 p,(9,)T, =+diag(l,-1,-1)

» All mixing angles and CP phases are expressed in terms of two free parameters
0, and 0, € [0,n)
» One element of the lepton mixing matrix is fixed.

2025/12/21



The flavor and CP symmetries

» Similar as in case of one parameter

L
° L
{5}3 AxH., Z(168)xHz, A®BN?)xH,, + D xHg| [L-t (L~]~z

» The dihedral group D,, Is the symmetry group of a n-sided regular polygon, it has two
enerators R and S
: R" =2 = (RS)? =1

» Irreducible representations : 1-dim, 2-dim
1: R=S=1] 1,: R=1 S=1
1,: R=-1 S=1 1,: R=S=-1 (even n),

2 zij/n 0 0 1 -
2 R=|° ] s= j=01,.. n-1
J 0 eZmJ/n 1 0 2
2025/12/21 ‘ HCP X = p(g)’ g e Dn 16




Lepton mixing matrix from Az and CP

» Breaking patterns from A xH_,

The independent breaking patterns from As; x Hop and the corresponding > matrix

(Z )

(Xfr: Xm')

Y =xI%,

(Z5, ZL5™)
Case VI:

(pr(1), pr(T°ST?ST"S))

YY1 = diag(i, —i, 1) Ugc diag(—1,1, —1)

(. (T3ST2ST?), p.(T3ST2ST3S))

)
YY1 = diag(i, 1,1) Upc diag(1, —1,1)

(25, 217

(pr(1), p,_,.(STQS))

YY1 = diag(1, —1, —i) P312Ugc diag(i, 1, —1)

(or(T°ST2ST?), p,(STS))

vy! = diag(i, 1, 1) Ps1oUgc diag(i, 1, —1)

T4(ST?%)2
(ZZS? Z2 ( ) )

(pr(1), pr(T°ST?ST"S))

E})/T = dl&g(]_) _1: _E) URCPZIB dl&g(’l) ]-a 1)

(pr (T3ST?ST?), p.(T?ST?*ST?S))

Z‘é’f = dl&g(?,, 1? ]-) URCP213 dl&g(?}, 1: 1)

» The lepton mixing matrices reads:

U™ =Q'R'R4(6)Z"Ry(6,)R.Q,

2025/12/21

(4 Y o1
Ue =510, 1 4,
1 -4, -1,

Golden ratio: || @, = (1+ \/g) /2

__\

Fixed

element

A

||—\ Nl NS

N
S

l
l
\

_—_\



Lepton mixing matrix from X(168) and CP

» Breaking patterns from X(168) x H,

Case VII: G, =2, G, =21, X,=pQ), X,=p (T4,

|4

G, =25, G =2"", X, =p (T?ST’ST?), X  =p (T*ST’ST*)

» Two lepton mixing patterns:

> =diag(Le 4,e*)xY" diag(L,e*,e *), Fixed element
=33 -

21 [o(V7+3) Ja(s-v7
— [ 21T

: = \/2(ﬁ+3 J7-1 J2
\/2( 1) 2 _J7-1

_ E
2

2025/12/21 18



Lepton mixing matrix from A(6n2) and CP

> 3 Breaking patterns from A(6n°)xH,

‘———\

The independent breaking patterns from A(6n*) x Heop and the corresponding ¥ matrix (Fixed element |
(ng:' ZZQV) (Xﬂra Xm') _E_:-E;EEH l |
Icos %0_1; —isinp; 0 I I
Case VIII: | (Z5"@" Z5°4") | (pp(c®d=22=2), pp(cPd=2v=P)) VL = —jsing; cosp; 0 I cosgp, |
12 | |
-0 0 e
[ Y 7 — : . '
c®d” abeY o J—2r—a 4 7 l
Case IX: (Z57 %, Z5") | (pe(c®d™79), pp(Pd?*2)) | BIX Z% -1 —V/2¢'¥? 1 I 2 I
—\/5"21(‘01_ - 0 —/2¢1 ! :
Le2, 0 -1 ! |
. T T cn/? 0 T—2% —cv :
CaseX: | (210, Z§") | (pu(cd=22), po(cPd)) s¥= L[ 0 1 N
0 V2t 0 N2,
a,B,7,%y=071---n-1
» Discrete parameters: VI g = x;yﬂ, 0, = 3(X—YI0!—,3)”’
3a+2 30+2 . .
IX: g =" ery)fr, A ery)fr, ~ fixed by residual symmetry
X:¢1=2X+3a—25+7/ﬂ’ 2=_M”-
2025/12/21 n n _ 19




Lepton mixing matrix from D,, and CP

» Breaking patterns from D, xH_,

Residual symmetry: G, = 73R

_ T —
=02, /‘cos%' —ising,
mmmm—) ' =| -ising  cosg,
.0 0

, Xf :{R_ZE+X,SRX},

0 )
0

L, ~1, (
LT

G, =Z>", X ={R*",SR'}

z,,z,=01...,n-1
X:y:O, odd n

X,y=0, n/2. evenn

ei¢2

) ¢ same as in case of A(6n?) and CP

> The same mixing patterns U"*, but with different possible values of discrete parameters

@1 and @,
2 . _ - 1 2 2n-1
AGN)¥Hee o (mod2r) =027 2, 207, PrtHee g (mod2) =0,= 7, 2 x,..., 7,
n n n n n n
3 6 2n—-3
gpz(modZﬁ):O,Hir,H;r ..... 7 3 n, goz(mOdZﬁ):O,%ﬂ,ﬂ,gﬂ, 2| n,
(oz(mod'br):o,%ﬂ,gﬂ ..... 2n_17z, 3fn. ®,(mod27z)=0,7, 21n.

n

n

L0521 1he group order of Dy, is much smaller than that of A(6n2) 2N <K 6n2

20



Numerical results of lepton mixings with two parameters

» Precise measurements of mixing angles and CP phase [Ding et al.,2512.03809]

50 : IEI r — T 50 e 50—
0 T B 1 b B 1 h B 1 1
301 3 i NO_ 301 | NO 301 % % 10 | 30 | 10 ]
= l © o @l 1
e ] ol a (= 1
=] ' g o) wve !
5 .E. 8 | = E v Ei ‘vvv V$D
£10F R m A E, % 1 =1 ap 3 210F : 1 =\F ! E
[~ =} 41 == o 1 1 v ™= F 1 == F 4 v
= _f Vi v 0@ 172 F i e " SN ¢ v 1% | & ] e u”
S ‘vv = § S 7 m UVl S ! 7] 5_— ] @m UV
* ] | ‘ ] A UvHI :' 2] ﬂ. A DI
- 5 \id { v u* L ! | L ! ] v U
Yol ¥ ° v | | ° v
.| T 1 I S | N S N WSRO | IR | MR R oo I N | NS S | R |
=038 0.30 0.32 0.34 0’020 0.021 0.022 0.023 0.024 =T 0.30 0.32 0.34 0'020 0.021 0.022 0.023 0.024
sin? @y, sin? 0,3 sin® 6,5 sin’ 65
50 ———r—r—r———————T———— 50 ———T————— 50 —————————— —— 50 —————T——————————
[ : : NO ] [ g NO I : 10 ] [ El 10 ]
30 £ - 30 éi - 30 £ - 301 éi
) 1
= z! l 0 E 0 £ |
5 A 2 el 5 vV & ! L
& @ 2 a & B
_0F v § 8 1 -w0f gy Vo 10 g wive 4 _w0fF ;5 g1 B v
“Ff 2 = 5! . 2 “F f 5 :
2o é A o ¥ e 8§ e vy = e @ hid = .t e "
R 4 A 7 - % A v N 7] 5 ! .
i b, v a W N é I
| A Vs
‘ 1 1
v 3 Ve A A
v v W :
mi @ 2 | & : !
) S LAy T N B S A T T E U B PR PP I . SR
0.44 0.48 0.52 0.56 bo 0.4 0.8 1.2 1.6 2.0 0.44 0.48 0.52 0.56 bo 0.4 0.8 1.2 1.6 2.0
sin’ O3 depfm sin? By dep/T

» Nearly all two-parameter mixing patterns remain consistent with current NuFIT and
JUNO 59.1-day data.
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Predictions of solar neutrino mixing angle

Likelihood

1.0pr—

0.8

0.6

0.4

0.2

I ""l':!‘;,l I I ] ] ]
Flle
r r S |
A
. ' ==+ NuFIT
' S —
; " --+ JUNO 59.1d T
r " —
r
' . ' oo JUNO 6y
1a N —
"

Likelihood

1.0 _I 1 I 1 I I I I :’:*r;?'?ol 1 I I I 1 1 I 1 1 I
L P R “
- 4 1
L . H =« NuFIT
0.8 ; . _
- ! " -- JUNO 59.1d -
B : e -
' ++ JUNO 6y
- '
0.6F "7 r -
0.4f -
0.2 -
- 20 ¢ -
_ ! ..
0.28 0.30 0.32 0.34
Sill2 9]2

® It is hard to use the predictions
of sin“8,, to distinguish these
mixing patterns.

2025/12/21
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Predictions of atmospheric neutrino mixing angle and CP phase

Likelihood

Likelihood
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[ i1 S : s ]
o [ | I..‘ll'"l L 1 ‘..,-.
0.0 0.5 1.0 1.5 2.0

Likelihood

Likelihood

1.0 _| T T T T 1 T T 1_}]1‘- T T T |_
- ER 10 1
R ==+ NuFIT r % i
0.8} v 7
- .+ DUNE-T2HK v ]
06f 17 % .
04f .
0.2f .
= |""l-
0.60
1.0p .
C 10 ]
08F --. NuFIT ! .
- «+ DUNE-T2HK ,: i
067 R -
04F ; [
02F v
[ 20 . ]
S R 4—,: _ll“:l o ]
0.0 0.5 1.0 1.5 2.0
ﬁr_:P/ﬂ'

® The predictions of sin?6,,
and §.p are narrow and
different among these mixing
patterns.

® Future DUNE and T2HK
experiments can help to test
these mixing patterns.
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Example of viable lepton mixing with two parameters

» Minimal group that can realized viable mixing with non-trivial CP phases is D,

I
with (o, 0,) = (% ,%j Fixed :cos% _ %I

» Sum rule:

c,se”—c,s,cosp, C,Ce?%+s,;S cosp, —S,Sing,

vill - - ~ = 2 in 4. = cos?
Ug™ =Q,. —C, Sin g, S, SINg, ICOS Py Q, » COS 913 sin 923 =C0S ¢
i¢ i¢ _—— -_
s,s,e”+C,C,Ccosp, CSe™—CsS,COSp, C,SIng,
Order | Case |1 | o | O/ | /1 | X2, |sin®6is | sin®6y3 | sin®By3 | dop/m (;‘;1({71) (;:12}1({;’;) mixing angles and CP phase
NO | UYTT | T | £ | 0.0676 | 0.6838 | 4.680 0807 | 0.02223 | 0511 | 1.458" | 0.791* | 0.854° | canbeaccommodated
1.0 [T T T ,r_:'?_“‘l LI N B 1.0 [T T T T T T T 1.0 T T T T T T =, T T ]
E T --- NuFIT - .;‘ '?-' --- NuFIT NO 5 N A NO E
0.8 — 0.8 I R - - 08F --- NuFIT —
B ==+ JUNO 59.1d A - H ‘.o DUNE-T2ZHK .° *, i [ ]
[ ] C H ' ! ] r . DUNE-T2HK .
X - JUNO 6y - ) . : ]
2 06F 7 43 06’7 4 8 oef'? . 5
£ = S iE sin‘ 6,, ~0.51,
= o04f 132 o4af 13 osf .
: 1 ¢ : Ocp ~1.467.
0.2F 4 o2F ]
- 20 ] 20 ; -
:L3.CZ—“ T B R B b B D.E;." Ly I |:
0.28 0.30 0.32 0.34 0.45 0.55 0.60 94
2025/12/21 sin? 0,5 sin® O3




Summary

Case Fixed column Case | Fixed entry
U! \/;(qm ©1, cos(pl -z, cos(apl ))1 Uvi %, %, ﬁ
11 VII 1
U (1 1, 1) U 3
Ui ( / \/_1 / / ) pviI cos 1
u'v 5 ( qaq ng—l 1 U 5
% X 1
U f (1,1, 1) U NG

» We confront the lepton mixing predictions derived using discrete flavor and CP
symmetries with the first JUNO data and the results of latest global neutrino data analysis.

» The JUNO 59.1-day dataset has ruled out part of mixing patterns with one parameter, and
the minimal group that can generate viable predictions is S,,.

» Almost all two-parameter mixing patterns that can accommodate NuFIT and current
JUNO results, the minimal group that can generate viable predictions is D,.

» Future high precision JUNO (6 years), DUNE and T2HK results can test these mixing
patterns. 25
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Backup



Breaking pattern with one parameter

> Flavor and CP transformation:
, >Gl, v, >Gyv, v (X)—iX y°Cv](X)

charged lepton / \1‘eutrino > The invariant of Lagragian:

L=—l.ml —%VICvaL +h.c.

G, xHg

Z) xX,
l | l G'm'mG, =m'm GmG, =m, X'mX, =m
U =2 RQ U, =2 R;(0)P.Q, U'mU =m

UmmU, = h? SR
R T U'GU, =diag(£1,+1,+1)

¥ T i, A, aia, vV
UPMNS(Q):QITPITZITZVRZS(g)PvQV U|G|U,—d|ag(e © e ) X,=%%,

¥'G,z, =+diag(1,-1,-1)

» All mixing angles and CP phases are expressed in

term of one free parameter 6 € [0, ). Takagi factorization

. .. —11f
» One column of the lepton mixing matrix is fixed. Uanns =U1U, 28
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_1’5 b
C12C13 S512€13 513 °¢F
U = W0op 0o p di 1 P2 i3
— | —S12€23 — €12513523¢€ C12C23 — 512513523€ C13523 13%( ,€ 2 ,€ 2 ) ;
10¢> (1Ye:
512823 — C12513C23€ Y —(C12S593 — S12513C23€ ¢ C13Ca3

(1.1)

NuFIT 6.0 (2024)

{0.801 — 0.842  0.519 — 0.580 ‘ 0.142 — 0.155
U w/osKatm 008 — 0.505  0.473 — 0.682  0.649 — 0.764
0.270 — 0.521  0.483 — 0.690  0.628 — 0.746

(0.801 — 0.842  0.519 — 0.580 ‘ 0.142 — 0.155
U |f24 with SK-atm _ 76959570501 0.496 — 0.630 0.652 — 0.756
0.276 — 0.518  0.485 — 0.673  0.637 — 0.743
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