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The first result of JUNO 59.1 days data
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Status of lepton mixing matrix

Standard parametrization of lepton mixing matrix

_is
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S12523 — €12513C23€ —C12523 — $12513C23€ C13C23

012 & 013 013
' : \ ‘ \
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* First row is determined by 81, and 03, 16 range at the sub-percent level

* Both from reactor experiments such as Daya Bay & JUNO



Underlying mechanism of @4, and neutrino mixing : flavor symmetry

Symmetry is an efficient tool for reducing number of free parameters

» Flavor symmetry: relating three families <:> muon-family [Ke= tau-family

Flavor symmetry(horizontal)

charged lepton neutrino
(D) (Dy)

o G, model independent

N\ 7

Lepton mixing arises from the mismatch between the residual subgroups G; and G,,

S(@)LiHer, — Y5 (@) ITHHTL, + .

Gauge symmetry(vertical)

[Reviews: Feruglio,Romanino, 1912.06028, Rev. Mod. Phys.; Ding, King, 2311.09282, Rept. Prog. Phys.;
Ding,Valle, 2402.16963, Phys. Rept.] 5



Patterns of flavor symmetry breaking and lepton mixing

(DLepton mixing is fully determined by flavor symmetry Gr,le.Gq; > 72, &G, > Z,

\/Ecoss
U :i —ﬁcos(&l—;r/S)
J3
—\Ecos(9+7z/3)

—J/2sin g
J2sin(9-713)
J2sin(9+713)

U discrete, fixed by groups Gy, G, G,

* Lepton mixing angles:

sin® @, =sec” 0, /3~0.341,

sin® 0,, = %i%tan 6?13\/2—tan2 6,,=0.605 or 0.395

* Dirac CP phase 6, is conserved: sind,=0

[Lindner et al., 1212.2411; King, Neder, Stuart,
1305.3200; Fonseca, Grimus, 1405.3678;Yao,
Ding, 1505.03798; Ding,Valle,2402.16963 ....]

NuFIT  0.2893 < sin’0,, < 0.3295
v6.1 36 0 .435 < sin20,; < 0.584

* Larger groups required, for example |G| =648 for Majorana neutrinos



(2)Lepton mixing is partially determined by flavor symmetry Gr,ie.G; > 2, &G, = Z,

U= U°(01,,013,023,6°)U;; (92’]-, 8ij two free parameters: 8}, &;;

fixed by residual symmetries] [ free rotation in the jj-plane ]

Only one column of the lepton mixing matrix is determined by flavor symmetry breaking

1
( 2 x x X V3 X
T™M1: [J = 1 X X TM2: [] = X ﬁ X
V6 1
1 X = | X
[Xing, Zhou, \ — % X X V3
hep-ph/0607302] \IVL \U/
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12 2 _
3 cos? 015 cos? O3 = 2, 3sin” f19 cos 013 = 1.
Sum rules: (5sin? 015 — 1) cot 2643 cos 203 cot 2023
cos dcp = : COSOcp = — —
28111(913\/2 — 6sin” 03 \ 8111(913\/2 — 3sin” 043

[Costa, King, 2307.13895; D. Zhang, 2511.15654; X.G. He, 2511.15978....]
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Combine flavor symmetry with generalized CP symmetry

NO, IO (IC23 w/o SK-atm)
===z== NO, IO (IC24 with SK-atm) NuFIT 6.1 (2025)
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op P closure” relations have to hold!
@(x) — Xp*(Px) — XX"¢ (x) = p(g)¢ (x), g € Gf CP g
» Xp*(Px)
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1 () Xp (@)X  =p(g°) Xplg) ¥ (Px)
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[Feruglio, Hagedorn, Ziegler, 1211.5560; Holthausen, Lindner, Schmidt,1211.6953; Chen, Fallbacher, et al., 1402.0507] 9



Flavor and CP symmetry to lepton mixing

» Flavor + CP symmetries have rich symmetry breaking patterns, and the resulting lepton mixing
matrix is determined up to few continuous free parameters.

Gy x HLp | G, x H.p U # parameters
Zn Kyx CP QIPTYIY, P,Q, 0 notviable
"z, | mxcop QI PTSIS, Ros(0) P,Q, 1 A
Zyx CP | K;xCP' Q!PT RL(6)%/%, P,Q, :
Zy,x CP | Zyx CP | QIPTRL(6)%I%,Ras(6,)P,Q, ) |
e | KixCP | QIFTULG)SINRQ | T .
z, CP QI PIS]S,05(01, 63, 05)Q,
cP | KyxCP QIOT(0,. 0,055, 0, 3 low predictivity
Zs Zy x CP | QIPTUL(6,,0)8S, Ry3(6,)P.Q,

[Ding,Valle,2402.16963]

» The lepton mixing angles as well as Dirac and Majorana CP phases can be predicted by residual
symmetry, neutrino masses can be either NO or |0.



Lepton mixing with one parameter from flavor&CP symmetry breaking

[Feruglio et al., 1211.5560, Ding et al.,

1303.6180]
charged Iepty Yutrino
g
Z',n=3 75 x X,
K, X =z,
> p,(9,)Z, = diag(e™, e, e )|<\ Z)0,(9,)%, = +diag(l,-1,-1)
Z PQI UV :zv R23(9)QV

U ouins (0) = Q;r I:)|T2|TZV R,s (0) PVQV Q,: CP parity of neutrinos

Lepton mixing matrix is determined up to row and column permutations P; and P,, and one
column of mixing matrix is fixed by residual symmetry.

All mixing angles and CP phases depend on a single real parameter 6 € [0, )
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Letpon mixing patterns of one free parameter

> Lepton mixing matrix from A(6n?)xH p

st X Aa4X — —
Casel: G, =284 ,G, =724 X, =c¥d™2*77, s,t,x,y=0,1,,....,n—1

J2sing, e V2cosg, 3c05%601,c05%8,3 = 2sin®q,
U' = | V2 cos o 2 —J2sin| o, -Z | |R,(0) |::> (3c0s26;, — 2)cot20,5
J3 6 6 COSOcp = : _
3sin264,sin04
J2 cos gpl+% e  —/2sin ¢1+%
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e'% g 3sin?6,,c0s%0,3 = 1
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@€ W€ \/3c0526,3 — 1 sinf; 5
TM2
, S—X 2t—s—3(y + X +0+25 20 —y+ 2t
Discrete parameters: ¢, ZTﬂ, @, = n(y )7T, @5 Z?/Tﬂ', @, = / T

n




» Lepton mixing matrix from A xHp

2 3 4
Caselll: G, = ZL,G, = z1°STST° x =§  CaselV: G =KO' > >"1)6, =75, X, = T3ST?ST?

¢g 8 § 3zi
_j [ 0 2e? —(/3+1e*
\/g 2 . 3 — ¢g v 1 B 3zi
sin“04, = > U -7 2¢ 7  (J3-De* |R,(O)
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= | —_——
2x/§¢g J2 | Scp = -|_E
t-,
[ 1
i — 21,031 = 0,7
\ 2459, V2
. .GRZ . 29 — 1+ ¢g
» Lepton mixing matrix from £(168) xHp €05 P12 = 0520,
Ocp, 01,31 = 0,7

Case V: G, = Z5T"ST*S 6, = 75 X, =1

—i Pq ]_' o
V5 Py 3Sin2912C082913 =1
11 1 ')g_ _i
u'™ =1i 2\/§¢g = > R,5(O) I:> COS5CP _ C052913C0t2923
I 1 5 1 \/3C052913 —1 Sin913
254, 2J5 2

TM2 @ = arctan(2 —V7) =~ —0.183n



Viable lepton mixing with one parameter

» Best-fit results of mixing angles and CP phases for all discrete groups |G¢| < 168
* 3o interval of JUNO:

0.2831 < sin? 912 <0.3353 Order | Case | (¢1, 92) | Op/7 | X2i |sin® 6y | sin® 0,5 [sin? Oy | dop/m (;;51201({7;) (z‘z)lé?;)
U7 [(=Z,%)[0.9170] 5.308 | 0.318 |0.02215| 05 | 15 0 0
o 11l UIT[(0,7) |0.1918]11.862] 0.341 |0.02208] 0.5 | 1.5 0 0
U" can accommodate o Eo,wg 0.3083 | 11.850| 0.341 [0.02214] 05 | 15 | 0 0
experiment data at 30 for NO gt — 10.0560] 9.600 | 0.283 [0.02217| 0.5 | 1.5 0 0
both NO and IO UV — 0.9053] 6.414 | 0.331 |0.02214] 0.523 | 1 0 0
UV — [0.0053[11.856| 0.331 [0.02214] 0.477 | 0 0 0
- U1", can only be compatible UV | — |05715 8.921 | 0.341 [0.02212| 0.554 |1.331°| 0.161° | 0.559°
with experiment data at 3¢ UY | — [0.5746[13.427] 0.341 [0.02256| 0.450 | 1.652 | 0.837 | 0.439
for NO UT [(—%,%)[0.9166] 3.837 | 0.318 |0.02235] 0.5 | 1.5 0 0
UTT [ (0,7) |0.1015]10.471| 0.341 [0.02227| 05 | L5 0 0
. UM predicts GR2, which 1o | 037 (0,m) [0.3085]10.471] 0.341 [0.02227| 05 | L5 0 0
. ) UTTT| — [0.0563] 8.188 | 0.283 [0.02236] 0.5 | 1.5 0 0
marginally agrees with JUNO UV | — (05736 9.012 | 0.341 |0.02241| 0.551 |1.343*| 0.162° | 0.561°
UY | — [0.5758|13.416] 0.341 [0.02274| 0.452 | 1.646 | 0.837 | 0.438

. Ufz and U'{)z predict TM2,
they are disfavored at more

than 30 by JUNO [Ding,Li,Lu,Petcov,2512.03809]



Survey of symmetry predictions with one parameters

Some patterns compatible with NuFIT 6.0 are exclude by JUNO first result.
6 years of running of JUNO can exclude these one-parameter mixing patterns.
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A viable example with one parameter

» The minimal group that can realize viable lepton mixingis A(24) = S,
TM1 [Xing, Zhou,hep-ph/0607302]
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Lepton mixing with two parameters from flavor&CP symmetry breaking

X Hp [Lu, Ding, 1610.05682,
1806.02301; Li, Lu, Ding,

. 1706.04576; Lu, Ding,
charged Ieptoy \“e“tr'"o 1901.07414]

Z)' x X, Z) xX,
X|=z|z-|r, _2 ZT

2?“pe,(g.)E.—+di<':19(1,—1,—1)‘\ > (g, )z - +diag(1,~1,-1)

U, :2|R23(‘9|)P|Q| U =X Rzg(gv)

|4 14

U(6.6,) =Q'R Ry (6)ZZ,Ry(6,)P.Q,

* Arbitrary row and column permutations P; and P,. Residual symmetries fix one entry to
.I_
be (2, 2)11

* All mixing angles and CP phases are expressed in terms of two free angles 0, ,, € [0, ) .



Survey of symmetry predictions with two free parameters

» Best fit values of mixing angles and CP phase [Ding,Li,Lu,Petcov,2512.03809]
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A number of two-parameter mixing patterns are consistent with JUNO'’s first results and NuFIT.
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Predictions for solar neutrino mixing angle

Likelihood
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Predictions for atmospheric neutrino mixing angle and CP phase
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The predictions of sin®6,
and O.p are narrow and
different among these
mixing patterns.

The synergy of JUNO,
DUNE and T2HK data can
provide an exhaustive test
of discrete flavor and CP
symmetries.
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A viable example with two parameters

» The minimal group that can yield viable mixing with non-trivial CP phases is D4
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Sinzelz =~ 0307, Sin2013 =~ 002223, Sin2023 =~ 0511,
Scp = 1.458m, a1 = 0.791m (mod ), a3 = 0.854m (mod )
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0.8 QT 7 0.8p- : B ~ 0.8 ==+« NuFIT [ -
- P --- JUNO 59.1d s i ... DUNE-T2HK ,* °, . - AT .
C : ", ] : H . s i C « DUNE-T2HK ! *: :} i
C T .. JUNO 8y [ 3 ] . Y -
2 06F e ~ 2 o6f 4 2 o6} Py -
=) B B oo 1 2 B 1 ¢ B F 1
£ ' \ 1= 1= A .
E C o D W 1= [ =N\ : 1% K Dot ]

i = - 1Y T z -
= 04 SN 15 04 SN 4 = o4 S -_
B ' r : - LA : '. R *J : [ ‘ - \‘ i
- -~ .O - -
C cod Pt LN i [ . ) i S )
0.2F S P \ N 4 o2f : 1 o2f P A
- . - - * . = . - - o .
S, , : : . . 20 m B 20 2 m v
',l:_):EI: L L 1 j TR T T 1] S AU N Y N 'Lll L PRI
0.45 50 0.55 060 00 0.5 1.0 W 20
Sin2 912 Sll’]2 623 6CP/“-

* No sharp
prediction
for 645

¢ 823 > 4‘50,
5CP ~ 1.5
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Summary

Case Fixed column Case | Fixed entry
: . NS .
Ul \/g (sin 1, cos(pr — §).cos(p1 + F)) uvi % % ﬁ
1 1 T VIl 1
U 7 (1,1,1) . U 3
I 1 ®, ¢ VIII
U ( Toag” \ 2057 m) v COS 1
i 0y~ 1 1) AN
v 1 X 1

» Flavor and CP symmetries can strongly constrain lepton mixing in a model-independent way.
* One-parameter mixing patterns enforced by G; = Z,,,G, = Z, X CP

—One column of the mixing matrix is fixed by residual symmetry
—The minimal viable flavor symmetry is S,
—The first JUNO results have already ruled out some of them
* Two-parameter mixing patterns enforced by G; = Z, X CP,G,, = Z, X CP

—One entry of the mixing matrix is fixed by residual symmetry
—The minimal viable flavor symmetry is D,

» The synergy of high precision JUNO, DUNE and T2HK data can provide an exhaustive
evidence for the origin of neutrino mixing.
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The choices of flavor and CP symmetries

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

A5 q HCP’ 2(168) X HCP’ A(6n2) X HCP [Yao, Ding,1606.05610]

» Az = It is the group of even permutations of

» X%(168) = I'; is a non-Abelian subgroup of
five objects,

SU(3) of order 168,

2 5 3
§?=T°=(ST)’ =1 ,@Q S2 = (ST)® =T7 = (ST?)" =1
* 3-dim representation \0

NN 3-dim representation
1 ) —S —S S
3: S=—| 2 - ~1|, T=diag(, ., o), S
J5 24, 9k 5, ) 3. =2 -s, s, -s,| T=diag(e,, o’ o),
2 ¢4-1 -4 J7
_ 3 =S, =5
4, =(1+~/5)12, w5 =e"" | _
= 27il7 Sn:S|n

* CPsymmetry Hep: X, = p,(g), g € As or £(168)

CP transformations are of the same form as flavor symmetry transformations
in the chosen basis




> A(6n%),n €N is an infinite series of non-Abelian finite subgroup of SU(3), it is isomorphic to
(Z,, X Z,,) x S5 with the multiplication rules:

a3:b2:(ab)2:l S3Z<a,b>
Cn:dn:]_, Cd :dC’ ZnXZn=<C,d>
acat=c'd?, ada‘=c, bch*=d™?, bdbt=c™ X

—n =1, A(6) = S; - symmetry of equilateral triangle

—n =2, A(24) = S, - symmetry of cube

* 3-dimirreducible representations: [Escobar,Luhn,2008]
0 10 0 n 0 O 1 0 0
a=(0 0 1 . b=—|0 , C= 0 77—1 0 ’ d=10 7 0 | nEeZﬁi/n
1 00 1 0 0 1 0 0 n*

* Hp: CPand flavor symmetry transformations are of the same form
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Dihedral group D,

»The dihedral group D, is the symmetry group of a n-sided regular polygon, it has two
generators R and S

R"=5°=(RS)’ =1 R =2 rotation, S =2 reflection

identity rotations reflections
bad . * bod b b
"r-r 11"-. -J__.-' .-"'-._ _,-"r:- .."'w-. .r.-":. E 1'-.___ ._I_-".r 1'-._ _r"f ."'-.._'_

.-”; L ‘-11"-1 .,.-"f. ) .1-1"-1_ _l_.-f';’. I 1 J-.f"f. _I -l.hx'*._ ,.-’;r A --T.H'x_ _I'II:I. (\ | .x.x.xx.

o . "0 e o : o0 1 L
I 2 3 4 5 6
»Irreducible representations : 1-dim, 2-dim
1: R=S=], 1,: R=1 S=1

,: R=-1,S=1 1,: R=S=-1 (even n),

| e27zij/n O O 1 - n—l
2.1 R= i | S = , j=0,1,...,[—}
0 e 1 O 2

CP and flavor symmetry transformations are of the same form in this basis.
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Letpon mixing patterns with two free parameters

> Breaking of A;xH¢p into Z7' X X in charged lepton and Z3" X X, in neutrino

fixed element
(79, X} (78, X} > =3y,
{erw -T*“;*TESTL“;‘} {Z5,1} By = diag(i, —i,1) Upc diag(=1,1,-1) |[]1 g
2 o ) {Zﬁg._THSTESTH} »Y!T = diag(4,1,1) Uge diag(1, —1,1) || 7
Case VI: {ZTESTH Wg} {251}  |BY" = diag(1, -1, —i) PyiaUgc diag(i,1,—1)|[] [
S {25, 17°ST?ST3}| XY! = diag(i, 1,1) Ps1oUgc diag(i, 1,—1) ||| 2
{Z:f*{.s-';r'ﬂji TE*G'T?G‘TﬁC;} {ZES.,I} E‘” = diag(1, —1, —2) Ugc Pa13 diag(i, 1, 1) ] 1
? O T T Z8 s sy BV = diag(i, 1, 1) Uge Pays diag(i, 1,1) B 20,
- g
1 ¢g 1/¢g 1 ¢g = (1+\/§)/2
» Independent breaking patterns of £(168) H p Ug = /¢, 1 —¢,
1 -, -1i¢,
2 5 TL’l Tl Tl Tl
— {6, X} =1{25,1}, {G,, X,} ={ZI5T",T*} - 2V = diag(1,e 4,e %)z} diag(1,e4,e” %)
Case VII: - - \/2(3+\/7) \/2(3_\/7)
(G, X} = (235, T2STSST?), {Gy, X} = {2557, TSTSST*) —» w2 ey V71 vz
One element is E in the (21), (22), (31) or (32) entry |26 —V7) V2 —V7 -1

27



> Independent breaking patterns of A(6n?)xHcp

{z§.X,} (7. X} > =33,
cosw; —ising; 0O
Case VIII: {Zhr'l-".-iy :_:"ﬁ'd—ﬂy—_ﬁ'} {ZhrIdT fnd—Q.r—n:} EVIII - —1 sin V1 COS (P U
0 0 e'¥?
1 — /2ei¥a —1
Case IX {Zgabcy? clﬁdi‘.y—l—iﬁ} {ZSCICP_._C&QT_EI_Q} EIX _ 1 —1 o \/_E?'[P‘l 1
2e'¥s [] —ﬁei"”““
*Pe —1
Case X: {Z_’iit-‘”f"‘:"j [-:;'ﬁd“f} {Z:Esca‘dm | End—Em—a} ? eive 1
0 f 2e'¥s
a By, x,y=01,..,n—1
( X—y 3(x—y+a—p)
P1 = n T, Q2= n )
Discrete residual ] _3at2(x+y) 3B+ 2(x+y)
symmetry parameters: P3 = n m, ¢4 = - ,
2x +3a—20+vy 2x+p +vy
Qs = n, P = — n
\ n n

The mixing pattern 2 V1!

can also be obtained from the dihedral group D,, X H-p

ixed element

COSQ4
1
2
1

V2
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Implication for the Ovff decays

» 0vB B decay is the most promising probe of neutrino nature: Majorana vs. Dirac. The decay
amplitude is proportional to the effective neutrino mass

> The lower boundaries of |(m,,)| strongly depend on solar parameters Am%, and 0,5,

[(Mee)| = |circismy + sfpcizet¥2im, + sfze®3ims|

whose uncertainties will be largely resolved by JUNO
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[Ge,Kong,Lindner,Pinheiro, 2511.15391;
Ding, Kumar, Nath, Srivastava, Valle, 2511.22689]
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