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

𝑈 =

𝒄𝟏𝟐𝒄𝟏𝟑 𝒔𝟏𝟐𝒄𝟏𝟑 𝑠13𝑒
−𝑖𝛿𝐶𝑃

−𝑠12𝑐23 − 𝑐12𝑠13𝑠23𝑒
𝑖𝛿𝐶𝑃 𝑐12𝑐23 − 𝑠12𝑠13𝑠23𝑒

𝑖𝛿𝐶𝑃 𝑐13𝑠23
𝑠12𝑠23 − 𝑐12𝑠13𝑐23𝑒

𝑖𝛿𝐶𝑃 −𝑐12𝑠23 − 𝑠12𝑠13𝑐23𝑒
𝑖𝛿𝐶𝑃 𝑐13𝑐23

• First row is determined by 𝜽𝟏𝟐 and 𝜽𝟏𝟑, 𝟏𝝈 range at the sub-percent level  

• Both from reactor experiments such as Daya Bay & JUNO

Standard parametrization of lepton mixing matrix

[NuFIT 6.1]

[PDG 2025]

𝑈 3𝜎 =
𝟎. 𝟖𝟏𝟎 → 𝟎. 𝟖𝟑𝟒 𝟎. 𝟓𝟑𝟐 → 𝟎. 𝟓𝟔𝟖 0.144 → 0.156
0.259 → 0.498 0.514 → 0.678 0.652 → 0.756
0.280 → 0.512 0.488 → 0.659 0.637 → 0.743

𝜽𝟏𝟐 & 𝜽𝟏𝟑

𝜽𝟐𝟑 & 𝜹𝑪𝑷 𝜽𝟐𝟑 & 𝜽𝟏𝟑

𝜽𝟏𝟑
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Underlying mechanism of 𝜽𝟏𝟐 and neutrino mixing : flavor symmetry
Symmetry is an efficient tool for reducing number of free parameters

 Flavor symmetry:  relating three families tau-family e-family muon-family

5

Flavor symmetry(horizontal)

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

Lepton mixing arises from the mismatch between the residual subgroups 𝑮𝒍 and  𝑮𝝂

neutrinocharged lepton

fG

lG G

PMNSU

⟨Φ𝑙⟩ ⟨Φ𝜈⟩

model independent



Patterns of flavor symmetry breaking and lepton mixing

①Lepton mixing is fully determined by flavor symmetry 𝐺𝑓, i.e. 𝑮𝒍 > 𝒁𝟐 & 𝑮 𝝂 > 𝒁𝟐

   

   

2 cos 1 2 sin
1

2 cos / 3 1 2 sin / 3
3

2 cos / 3 1 2 sin / 3

U

 

   

   

 
 
   
 
   
 



𝜗: discrete, fixed by groups 𝐺𝑓, 𝐺𝑙, 𝐺𝜈

• Larger groups required, for example |Gf|=648 for Majorana neutrinos

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

• Dirac CP phase δCP is conserved: sinδCP=0
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• Lepton mixing angles: 
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JUNO 3𝝈 𝟎. 𝟐𝟖𝟑𝟏 ≤ 𝐬𝐢𝐧𝟐𝜽𝟏𝟐 ≤ 𝟎. 𝟑𝟑𝟓𝟑

NuFIT
v6.1  3𝝈

𝟎. 𝟐𝟖𝟗𝟑 ≤ 𝐬𝐢𝐧𝟐𝜽𝟏𝟐 ≤ 𝟎. 𝟑𝟐𝟗𝟓

𝟎. 𝟒𝟑𝟓 ≤ 𝐬𝐢𝐧𝟐𝜽𝟐𝟑 ≤ 𝟎. 𝟓𝟖𝟒





𝑈 = 𝑈∘ 𝜃12
∘ , 𝜃13

∘ , 𝜃23
∘ , 𝛿∘ 𝑈𝑖𝑗 𝜃𝑖𝑗

𝜈 , 𝛿𝑖𝑗
𝜈

fixed by residual symmetries free rotation in the ij-plane 

②Lepton mixing is partially determined by flavor symmetry 𝐺𝑓, i.e. 𝑮𝒍 > 𝐙𝟐 & 𝑮 𝝂 = 𝒁𝟐

two free parameters: 𝜽𝒊𝒋
𝝂 , 𝜹𝒊𝒋

𝝂

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

TM1: TM2:

Sum rules:

[Costa, King, 2307.13895; D. Zhang, 2511.15654; X.G. He, 2511.15978….]

[Xing, Zhou,
hep-ph/0607302]
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TM2 is 
disfavored by 
JUNO

[Petcov, Titov, 1804.00182,2511.19408]

Before the first JUNO 
measurement

After the first JUNO 
measurement

TM1 TM2
TM1

TM2

TM1

TM1
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𝛿𝐶𝑃 is less constrained



Combine flavor symmetry with generalized CP symmetry

* 1( ) ( )X g X g  

"closure" relations have to hold!

[Feruglio, Hagedorn, Ziegler, 1211.5560; Holthausen, Lindner, Schmidt,1211.6953; Chen, Fallbacher, et al., 1402.0507] 9

DUNE

Flavor symmetry

CP symmetry

mixing angles

CP phases

 Flavor symmetry from CP symmetry

𝜑 𝑥


𝑋𝜑∗(𝑥)


𝑋𝑋∗𝜑 𝑥 = 𝜌 𝑔 𝜑 𝑥 , 𝑔 ∈ 𝐺𝑓



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

[Ding,Valle,2402.16963]

Flavor and CP symmetry to lepton mixing

 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 IO. 
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Lepton mixing with one parameter from flavor&CP symmetry breaking

[Feruglio et al., 1211.5560, Ding et al., 
1303.6180]

• Lepton mixing matrix is determined up to row and column permutations 𝑃𝑙 and 𝑃𝜈 , and one 
column of mixing matrix is fixed by residual symmetry.

• All mixing angles and CP phases depend on a single real parameter 𝜃 ∈ [0, 𝜋)

neutrinocharged lepton

Cf PG H
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† ( ) diag(1,

,

1, 1)

TX

g

  

  

  

     
3

†

3( ) diag( , , )e
ii i
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𝑄𝜈: CP parity of neutrinos



 Lepton mixing matrix from 𝚫(𝟔𝒏𝟐)𝑯𝑪𝑷

Case I:
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Letpon mixing patterns of one free parameter

𝐺𝑙 = 𝑍3
𝑎𝑐𝑠𝑑𝑡 , 𝐺𝜈 = 𝑍2

𝑏𝑐𝑥𝑑𝑥 , 𝑋𝜈 = 𝑐𝛾𝑑−2𝑥−𝛾 , 𝑠, 𝑡, 𝑥, 𝛾 = 0,1, , … , 𝑛 − 1

Case II: 𝐺𝑙 = 𝑍3
𝑎𝑐𝑠𝑑𝑡 , 𝐺𝜈 = 𝑍2

𝑐𝑛/2 , 𝑋𝜈 = 𝑐𝛾𝑑𝛿 , 𝑠, 𝑡, 𝛾, 𝛿 = 0,1, , … , 𝑛 − 1

Discrete  parameters: 1 2 3 4

2 3( ) 2 2 2
, , ,

s x t s x s t

n n n n
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       
   

3cos2𝜃12cos
2𝜃13 = 2sin2𝜑1

cos𝛿𝐶𝑃 ≈
3cos2𝜃12 − 2 cot2𝜃23

3sin2𝜃12sin𝜃13

3sin2𝜃12cos
2𝜃13 = 1

cos𝛿𝐶𝑃 =
cos2𝜃13cot2𝜃23

3cos2𝜃13 − 1 sin𝜃13
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 Lepton mixing matrix from 𝚺(𝟏𝟔𝟖)𝑯𝑪𝑷

 Lepton mixing matrix from 𝐀𝟓𝑯𝑪𝑷

Case III: 𝐺𝑙 = 𝑍5
𝑇 , 𝐺𝜈 = 𝑍2

𝑇3𝑆𝑇2𝑆𝑇3 , 𝑋𝜈 = 𝑆 Case IV: 𝐺𝑙 = 𝐾4
(𝑆𝑇2𝑆𝑇3𝑆, 𝑇𝑆𝑇4)

, 𝐺𝜈 = 𝑍2
𝑆, 𝑋𝜈 = 𝑇3𝑆𝑇2𝑆𝑇3

Case V: 𝐺𝑙 = 𝑍3
𝑆𝑇4𝑆𝑇2𝑆, 𝐺𝜈 = 𝑍2

𝑆, 𝑋𝜈 =1

𝜑 = arctan 2 − 7 ≈ −0.183𝜋
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3 − 𝜙𝑔

5cos2𝜃13

𝛿𝐶𝑃 = ±
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2
,

𝛼21, 𝛼31 = 0, 𝜋

GR2
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2𝜃13 = 1

cos𝛿𝐶𝑃 =
cos2𝜃13cot2𝜃23

3cos2𝜃13 − 1 sin𝜃13

TM2

cos2𝜃12 =
1 + 𝜙𝑔

4cos2𝜃13
𝛿𝐶𝑃, 𝛼21, 𝛼31 = 0, 𝜋
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Viable lepton mixing with one parameter

 Best-fit results of mixing angles and CP phases for all discrete groups |𝑮𝒇| ≤ 𝟏𝟔𝟖

• 3𝜎 interval of JUNO:
2

120.2831 sin 0.3353 

• 𝑼𝑰 can accommodate 
experiment data at 3𝜎 for 
both NO and IO

[Ding,Li,Lu,Petcov,2512.03809]

• 𝑼𝟏,𝟐
𝑰𝑽 can only be compatible 

with experiment data at 3𝜎
for NO

• 𝑼𝟏,𝟐
𝑰𝑰 and 𝑼𝟏,𝟐

𝑽 predict TM2,

they are disfavored at more 
than 3𝜎 by JUNO 

• 𝑼𝑰𝑰𝑰 predicts GR2, which 
marginally agrees with JUNO 
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Survey of symmetry predictions with one parameters

[Ding,Li,Lu,Petcov,2512.03809]

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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TM1

maximal 𝜃23 and 𝛿𝐶𝑃

A viable example with one parameter

 The minimal group that can realize viable lepton mixing is Δ 24 ≅ 𝑆4

1 22 3

2
0

3 3

1 1
( )

6 3 2

1 1

6 3 2

( , )
2 2

I

i

i
U R

i

 
 

 
 

 
 

   
 
 
 






 

sin2𝜃12 = 1 −
2

3cos2𝜃13
≈ 0.318,

𝜃23 =
𝜋

4
, 𝛿𝐶𝑃 = ±

𝜋

2
,

𝛼21, 𝛼31 = 0, 𝜋

[Xing, Zhou,hep-ph/0607302]

Potentially ruled out by 
JUNO 6y
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[Lu, Ding, 1610.05682, 
1806.02301; Li, Lu, Ding, 
1706.04576; Lu, Ding, 
1901.07414]

• Arbitrary row and column permutations 𝑃𝑙 and 𝑃𝜈. Residual symmetries fix one entry to 

be (Σ𝑙
†Σ𝜈)11

• All mixing angles and CP phases are expressed in terms of two free angles 𝜃𝑙,𝜈 ∈ [0, 𝜋)

neutrinocharged lepton
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3

Lepton mixing with two parameters from flavor&CP symmetry breaking
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Survey of symmetry predictions with two free parameters

[Ding,Li,Lu,Petcov,2512.03809]

A number of two-parameter mixing patterns are consistent with JUNO’s first results and NuFIT.

 Best fit values of mixing angles and CP phase
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Predictions for solar neutrino mixing angle

It is hard to use the predictions 
of sin2𝜃12 to distinguish these 
mixing patterns. 
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Predictions for atmospheric neutrino mixing angle and CP phase

• The predictions of sin2𝜃23
and 𝛿𝐶𝑃 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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 The minimal group that can yield viable mixing with non-trivial CP phases is 𝑫𝟒

A viable example with two parameters

2cos2𝜃13 sin
2𝜃23 = 1

sin2𝜃12 ≈ 0.307, sin2𝜃13 ≈ 0.02223, sin2𝜃23 ≈ 0.511,

𝛿𝐶𝑃 ≈ 1.458𝜋, 𝛼21 ≈ 0.791𝜋 mod 𝜋 , 𝛼31 ≈ 0.854𝜋 (mod 𝜋)

At the best fit point 𝜃𝑙≈ 0.0676𝜋, 𝜃𝜈 ≈ 0.684𝜋,

• No sharp 
prediction 
for 𝜃12

• 𝜃23 > 45∘,
𝛿𝐶𝑃 ∼ 1.5𝜋

21
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Summary

 Flavor and CP symmetries can strongly constrain lepton mixing in a model-independent way.

 The synergy of high precision  JUNO, DUNE and T2HK data can provide an exhaustive 
evidence for the origin of neutrino mixing. 22

• One-parameter mixing patterns enforced by 𝐺𝑙 = 𝑍𝑛, 𝐺𝜈 = 𝑍2 × 𝐶𝑃

―One column of the mixing matrix is fixed by residual symmetry 

―The minimal viable flavor symmetry is 𝑺𝟒

―The first JUNO results have already ruled out some of them 

• Two-parameter mixing patterns enforced by 𝐺𝑙 = 𝑍2 × 𝐶𝑃, 𝐺𝜈 = 𝑍2 × 𝐶𝑃

―One entry of the mixing matrix is fixed by residual symmetry 

―The minimal viable flavor symmetry is 𝑫𝟒



Backup
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5A

The choices of flavor and CP symmetries

2

5 (168) (6, , )CP CP CPA H H n H 

 A systematical analysis of the discrete flavor group 𝐺𝑓 up to order 2000 found that all viable mixing 

patterns with one parameter can be obtained by considering: 

[Yao, Ding,1606.05610]

 𝐴5 ≅ Γ5 is the group of even permutations of 
five objects, 
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 Σ 168 ≅ Γ7 is a non-Abelian subgroup of 
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• 3-dim representation • 3-dim representation

• CP symmetry 𝐻𝐶𝑃: 𝑿𝒓 = 𝝆𝒓 𝒈 , 𝑔 ∈ 𝐴5 or Σ(168)

CP transformations are of the same form as flavor symmetry transformations 
in the chosen basis 24



 Δ 6𝑛2 , 𝑛 ∈ is an infinite series of non-Abelian finite subgroup of 𝑆𝑈(3), it is isomorphic to 

𝑍𝑛 × 𝑍𝑛 𝑆3 with the multiplication rules:
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• 3-dim irreducible representations: [Escobar,Luhn,2008]

• 𝑯𝑪𝑷: CP and  flavor symmetry transformations are of the same form

― 𝑛 = 1, Δ 6 ≅ 𝑆3 → symmetry of 𝐞𝐪𝐮𝐢𝐥𝐚𝐭𝐞𝐫𝐚𝐥 𝐭𝐫𝐢𝐚𝐧𝐠𝐥𝐞

― 𝑛 = 2, Δ 24 ≅ 𝑆4 → symmetry of 𝐜𝐮𝐛𝐞

25



Dihedral group Dn

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

2 2( ) 1nR S RS   R rotation, S reflection

Irreducible representations : 1-dim, 2-dim
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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 𝑨𝟓𝑯𝑪𝑷 into 𝒁𝟐
𝒈𝒍 × 𝑿𝒍 in charged lepton and 𝒁𝟐

𝒈𝝂 × 𝑿𝝂 in neutrino
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Case VI:

fixed element

𝜙𝑔

2
1

2
1

2𝜙𝑔

 Independent b𝐫𝐞𝐚𝐤𝐢𝐧𝐠 𝐩𝐚𝐭𝐭𝐞𝐫𝐧𝐬 𝐨𝐟 𝚺(𝟏𝟔𝟖) 𝑯𝑪𝑷

Case VII:

𝐺𝑙 , 𝑋𝑙 = 𝑍2
𝑆, 1 , 𝐺𝜈 , 𝑋𝜈 = {𝑍2

𝑇2𝑆𝑇5 , 𝑇4 } → Σ1
𝑉𝐼𝐼 = diag(1, 𝑒−

𝜋𝑖
4 , 𝑒

𝜋𝑖
4 )Σ2

𝑉𝐼𝐼diag(1, 𝑒
𝜋𝑖
4 , 𝑒−

𝜋𝑖
4 )

𝐺𝑙 , 𝑋𝑙 = 𝑍2
𝑆, 𝑇2𝑆𝑇5𝑆𝑇2 , 𝐺𝜈 , 𝑋𝜈 = {𝑍2

𝑇2𝑆𝑇5 , 𝑇4𝑆𝑇5𝑆𝑇4} → Σ2
𝑉𝐼𝐼 =

1

4

−2 2(3 + 7) 2(3 − 7)

2(3 + 7) 7 − 1 2

2(3 − 7) 2 − 7 − 1One element is 
𝟏

𝟐
in the (21), (22), (31) or (32) entry  27
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 Independent b𝐫𝐞𝐚𝐤𝐢𝐧𝐠 𝐩𝐚𝐭𝐭𝐞𝐫𝐧𝐬 𝐨𝐟 𝚫(𝟔𝒏𝟐)𝑯𝑪𝑷

𝛼, 𝛽, 𝛾, 𝑥, 𝑦 = 0,1, … , 𝑛 − 1

Discrete residual 
symmetry parameters:

cos𝜑1Case VIII:

Case IX:

Case X:

1

2

1

2

fixed element

𝜑1 =
𝑥 − 𝑦

𝑛
𝜋, 𝜑2=

3(𝑥 − 𝑦 + 𝛼 − 𝛽)

𝑛
𝜋,

𝜑3 =
3𝛼 + 2(𝑥 + 𝑦)

𝑛
𝜋, 𝜑4 = −

3𝛽 + 2 𝑥 + 𝑦

𝑛
𝜋,

𝜑5 =
2𝑥 + 3𝛼 − 2𝛽 + 𝛾

𝑛
𝜋, 𝜑6 = −

2𝑥 + 𝛽 + 𝛾

𝑛
𝜋

The mixing pattern ΣVIII can also be obtained from the dihedral group 𝐷𝑛𝐻𝐶𝑃
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0𝜈𝛽𝛽 decay is the most promising probe of neutrino nature: Majorana vs. Dirac. The decay 
amplitude is proportional to the effective neutrino mass 

Implication for the 𝟎𝝂𝜷𝜷 decays

𝑚𝑒𝑒 = |𝑐12
2 𝑐13

2 𝑚1 + 𝑠12
2 𝑐13

2 𝑒𝑖𝛼21𝑚2 + 𝑠13
2 𝑒𝑖𝛼31𝑚3|

 The lower boundaries of 𝑚𝑒𝑒 strongly depend on solar parameters Δ𝑚21
2 and 𝜃12, 

whose uncertainties will be largely resolved by JUNO

[Ge,Kong,Lindner,Pinheiro, 2511.15391; 
Ding, Kumar, Nath, Srivastava, Valle, 2511.22689] 29


