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Current status of leptonic CPV

Unvns = UIU,  MNS matrix (PDG rep.)
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Current status of leptonic CPV

Unvns = UIU,  MNS matrix (PDG rep.)

1 0 0 C13 0 813€_i5 ci12  S12 0
= 0 C23 593 0 1 0 —S12 C12 0
0 —S93 (a3 —Slgeié 0 C13 0 0 1




Current status of leptonic CPV

Unvns = UIU,  MNS matrix (PDG rep.)

1 0 0 C13 0 813€_i5 ci12  S12 0
= 0 C23 593 0 1 0 —S12 C12 0
0 —S93 (a3 —Slgeié 0 C13 0 0 1

Measure the Dirac phase by comparing P(v, — v.) with P(v, — )




Current status of leptonic CPV  nuFit-6.0, 2410.05380
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Figure 6. 1o and 20 allowed regions (2 dof) for T2K (red shading), NOvA (blue shading) and their
combination (black curves). Contours are defined with respect to the local minimum for 10 (left)
or NO (right). We fix sin? 63 = 0.0222, sin? 015, = 0.31, Am2, = 7.5 x 10~° ¢V* and minimize with
respect to |Am3,|.
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«tDirac phase 0 is still not well measured?

or |

respect to |Am3,|.



Future exp. (T2HK)

HK will be completed in 2027, HK 1 year ~ SK 10 years
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Hyper-K preliminary
True normal ordering (known), Improved systematics
sin°0,,=0.0218+0.0007, sin’0,,=0.528, Am5,=2.509x10"eV?/c*
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HK will be completed in 2027, HK 1 year ~ SK 10 years
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It can find about 30° in 10 years, |sin | > 0.5.




Future exp. (DUNE)
DUNE will be completed in 202x?

- DUNE Sensitivity 7 years (staged)
12— All Systematics 10 years (staged)
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Future exp. (DUNE)
DUNE will be completed in 202x?

- DUNE Sensitivity 7 years (staged)
12— Al Systematics 10 years (staged)

" Normal Ordering = Median of Throws

: sin22913 = 0.088 + 0.003 1o: Variations of
1004 < sin2923 <0.6 statistics, systematics,

and oscillation parameters

o= \Ay?

91 ~0.8-0.6-04-02 0 0.2 0.4 06 0.8 1

Ocp/Tt

45,
DUNE Sensitivity I 7 years (staged)
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Fig. 21 Resolution in degrees for the DUNE measurement of
dcp, as a function of the true value of dcp, for seven (blue),
ten (orange), and fifteen (green) years of exposure. The width
of the band shows the impact of applying an external con-
straint on 013.
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Future exp. (DUNE)
DUNE will be completed in 202x? 4
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PDG representation

General treatment of mixing matrices:
Any unitary matrix — PDG rep. and phases

errr 0 0 e'PrL () 0
U=| 0 e*2 0 |Uppag| 0 e*r2 0
0 0 erLs 0 0 e'Prns

Overall phase trf. can eliminate one of o = 9 parameters



PDG representation

General treatment of mixing matrices:
Any unitary matrix — PDG rep. and phases

For the mixing matrix, Unving = U;fUV
PDG rep. of each fermion will be,

_ FwUerr0 V€
ije — ¢L UV,€@R



PDG representation

General treatment of mixing matrices:
Any unitary matrix — PDG rep. and phases

For the mixing matrix, Unving = U;fUV
PDG rep. of each fermion will be,

_ FwUerr0 V€
ije — ¢L UV,€@R

1 0 0 C13 0 8136_%” C12 s1o 0O
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PDG representation

General treatment of mixing matrices:
Any unitary matrix — PDG rep. and phases

For the mixing matrix, Unving = U;fUV
PDG rep. of each fermion will be,

_ FwUerr0 V€
ije — ¢L UI/,GQR

1 0 0 C13 0 8136—1'5,, C12 s1o 0O
0 ¢ s, 0 1 0 —S19 c19 0.
0 —s, ¢, —813675‘» 0 C13 0 0 1



General treatment of CP phase (history)

 Fritzsch-Xing representation
(neglect two 13 mixings and phases)

Cy Sy O e 0 0 cg —Sq 0
VCKM — U,:;Ud — —Su Cu 0 0 Cq Sgq Sd Cd 0
0O 0 1 0 —s4 ¢4 0O 0 1



General treatment of CP phase (history)

e Fritzsch-Xing representation
(neglect two 13 mixings and phases)

Cy Sy O e 0 0 cg —Sq 0
VCKM — U,:;Ud — —Su Cu 0 0 Cq Sgq Sd Cd 0
0O 0 1 0 —s4 ¢4 0O 0 1

e Sum rule from discrete sym.
(neglect two 13 mixings)

tan 923

CosS 0 = cos 20, + (Sin2 019 — cos® 07,) (1 — cot? fa3 sin 013)] -

sin 2(912 sin (913



PDG representation

Approximation: neglect 1-3 mixing for more hierarchical fermions (u,e)

/1 0 O\ / i3 0 WB Ce  Se O\
S 1

Cr 0 —Se Co 0O

0 0
\0 =5 ¢ ) \=se™ 0 ¢ 0 0 1)

UV =

e




PDG representation

Approximation: neglect 1-3 mixing for more hierarchical fermions (u,e)

/1 0 O\ / i3 0 W‘e Ce  Se O\
S 1

0 c¢- 0 0 —Se Co 0
\0 —sr ¢ ) \=sige™ 0 cfy 0 0 1)

Justification: chiral symmetry of 1st gen. = s13%e ~ me/m 1 ~ 10"-3

UV =

e

Phenomenologically, V| ~ 0.003 < |Ugz| ~ 0.15
Joxkm ~ 3 x 107° < Jyng ~ 0.03



PDG representation

Approximation: neglect 1-3 mixing for more hierarchical fermions (u,e)

/1 0 O\ / i3 0 W‘e Ce  Se O\
S 1

0 c¢- 0 0 —Se Co 0
\0 —sr ¢ ) \=sige™ 0 cfy 0 0 1)

Justification: chiral symmetry of 1st gen. = s13%e ~ me/m 1 ~ 10"-3

UV =

e

Phenomenologically, V| ~ 0.003 < |Ugz| ~ 0.15
Joxkm ~ 3 x 107° < Jyng ~ 0.03

U. ~U,q = s13"e and 0 e can be neglected



PDG representation

Approximation: neglect 1-3 mixing for more hierarchical fermions (u,e)

/1 0 O\ / i3 0 WB Ce  Se O\
UQE 0 ¢ s, 0 1 0 —Se Co 0
\0 =5 ¢ ) \=se™ 0 ¢ 0 0 1)

By merging relative phases and redefining the overall phase
e 0 0
Unns = 59U [ 0 e 0 | Uy,




PDG representation

Approximation: neglect 1-3 mixing for more hierarchical fermions (u,e)

/1 0 O\ / i3 0 WB Ce  Se O\
UQE 0 ¢ s 0 1 0 —Se Ce O
\0 =5 ¢ ) \=se™ 0 ¢ 0 0 1)

By merging relative phases and redefining the overall phase

e 0 0
Uuns = RUST [ 0 €7 0 | UDDYR,
0 0O e %@

= CPV sources are relative phases p,0 and 0 , inU,



Constraints from experiments

By merging the 2-3 mixing of v and e and redefining phases,

Ce —Se 0O et 0 0 C13 0 Slge_w C19 s1o0 0
Uvns = [ se ce O 0  co3  S23 0 1 0 —s12 c12 0O
0 0 1 0 —S23 (€23 —Slgew 0 C13 0 0 1

If st (2-3 mixing of Ue) is small, &~ p— 0, B~ 0,

4 mixing angles (se, sij) and 2 phases a, B = 6 parameters

= s jj are solved by three observed mixing angles



Constraints from experiments

By merging the 2-3 mixing of v and e and redefining phases,

Ce —Se 0O et 0 0 C13 0 Slge_w C19 s1o0 0
Uvns = [ se ce O 0  co3  S23 0 1 0 —s12 c12 0O
0 0 1 0 —S23 (€23 —Slgew 0 C13 0 0 1

fs7 (2-3 mixing of Ue) issmall, a~p—0o, 5~ 0,

4 mixing angles (se, sij) and 2 phases a, B = 6 parameters

= s jj are solved by three observed mixing angles

Uuns analytically written by se and a, B!



For small mixing se, (Sij is the observed mixing angle)

Sa3 cos Bsin(a — )
S13

SIn 0 ~ sin 8 + s, (—

«= 0 isroughly B~ 0 v, NLO is suppressed by se



Ja rl S kOg inv. J=Im [UMQ Ur3 UZS U;(Z] gh;/il.rlsRi;(\)/g’Lett. 55, 1039 (1985).

For small mixing se, (Sij is the observed mixing angle)

So3 cos B sin(a — )
S13

Sin 0 ~ sin 8 + s, (—

«= 0 isroughly B~ 0 v, NLO is suppressed by se

Se = 0.06 Se =0.12
Ewlmum—m'n\g—//wg’ Eqn\wm-—m-—m."ll'q‘\ij./-wg,
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Ja”SkOg in\/- J = Im [UMQUT3UZSU;<2] gh;/iﬂ;ke(\)/.glett. 55, 1039 (1985).
For small mixing se, (Sij is the observed mixing angle)

So3 cos B sin(a — )
513

SINO0 ~ sin B + s, (—

«= 0 isroughly B~ 0 v, NLO is suppressed by se

Se = 0.06 e =0.12
6 S s 6 — ' Y
5 5
4 4
Q 3 Q3

|||||||||||||||
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Ja rl S kOg inv. J=Im [UMQ Ur3 UZS U;(Z] gh;/iﬂ;ke(\)/.glett. 55, 1039 (1985).

For small mixing se, (Sij is the observed mixing angle)

So3 cos B sin(a — )
S13

Sin 0 ~ sin 8 + s, (—

«= 0 isroughly B~ 0 v, NLO is suppressed by se
—— : 6 =013 )
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For small mixing se, (Sij is the observed mixing angle)

Sa3 cos Bsin(a — )
S13

SIn 0 ~ sin 8 + s, (—

«= 0 isroughly B~ 0 v, NLO is suppressed by se

DUNE/T2HK can detect |sin 0 [>0.5 in about 10 years.
For 523/513~ 5 and se~0.1,



For small mixing se, (Sij is the observed mixing angle)

Sa3 cos Bsin(a — )
S13

SIn 0 ~ sin 8 + s, (—

«= 0 isroughly B~ 0 v, NLO is suppressed by se

DUNE/T2HK can detect |sin 0 [>0.5 in about 10 years.
For 523/513~ 5 and se~0.1,

Result (prospects for a probable future) :
Discovery of 0 in 10 yearsleadsto 0 v # 0
1T not discovered, upper bounds imposed 0 v and p, o



Physical understanding:

e’ 0 0
UMNS — UST 0 eia 0 UVO,
0 0 e %@

1. CPV of Ue is ignored.

2. 1T Ue=1, relative phases are erased by redefinition,
so they are suppressed by mixings of Ue
3. 0 ~ 0 v, and the boundary is about 10 years for DUNE/HK.



CKM matrix

neglect the 1-3 mixing for

‘Vubl ™~ mdl/md?) > mU1/m“3 ’ up-quarks appears reasonable.

s, =0.03 s, =0.05 s, =0.08

Ob v Ob v
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CKM matrix

neglect the 1-3 mixing for

‘Vubl ™~ mdl/md3 > mU1/mU3 ’ up-quarks appears reasonable.

s, =0.03 s, =0.05 s, =0.08
4 \
Q. Q3
O i i OE JJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJ
0 1 2 3 4 5 6 0 1 2 3 4 5 6
a a a

If su cos B sin a is not large, the observed 0 ckypy ~ B ~ 0d
34



Middle Summary

1. Almost general analysis of CKM and MNS matrices

- Approximation: neglect 1-3 mixing for more hierarchical fermions (u,e)

- justification: chiral symmetry of 1st gen. = s13%e ~ me/m 1t ~ 10”"-3

2. Interpretation of Dirac CP phase probed by DUNE and TZ2HK

* Result : Discovery of 0 in 10 years leadsto 6 v # 0.
If not discovered, upper bounds imposed 6 v and p, ©

- Understanding : if Ue=1, relative phases are erased, and they are
suppressed by Ue

3. Analysis of general CP phases is important in GUT and leptogenesis.
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What DUNE/HK can verify in the first 10 years:
perturbed u-T reflection symmetry

Arxiv:2504.00365



Ecker, Grimus, Konetschny ‘80,

G erera | |Ze d C P Sy MIm etry Holthausen et al, "12, Feruglio, et al, ‘12

« CP X unitary trf (different from generalised symmetry)

i = Ui

37



Ecker, Grimus, Konetschny ‘80,

G erera | |Ze d C P Sy MIm etry Holthausen et al, 12, Feruglio, et al, ‘12

« CP X unitary trf (different from generalised symmetry)

i = Ui

* U-1 reflection symmetry Harrison & Scott, '02, Grimus & Lavoura ‘02

/1 0 0\ _ o
Tm;T=my,, 7[00 1] — 2=+

\O 1 0) oop = +90°,




u- T reflection symmetry UL

Tm., T =m,, it restricts

a b+1i1c b—1ic
m, = |b+ic d+1f ¢

b—ic g d—1if

) a~heR

39



Harrison & Scott, '02,

U - T reflection symmetry o Lo 0

Tm., T =m,, it restricts

a b+1ic b—1c

m, = |b+ic d+if ¢ a~heeR
b—ic g d—1if

Bi-maximal trf.

L0 0 10 0 10 0
Upm = [0 1/vV2 1/v2], UBMmeJJ_rf;M: 001 0 ]mo|0 1 OF,
0 —1/vV/2 1/v2 0 0 —i 0 0 1
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Harrison & Scott, '02,

U - T reflection symmetry o Lo 0

Tm] T =m,, it restricts
a b+1c b—ic
my, = |b+ic d+if ¢ a~heR
b—ic g d—1if
Bi-maximal trf.
L0 0 1 0 0 1 0 0
Upm = [0 1/vV2 1/v2], UBMmeJJ_rf;M: 001 0 ]mo|0 1 OF,
0 —1/vV2 1/v2 0 0 —i 0 0 ¢

Inversely, 6 23=45" & 0 =%x90° = we can find a basis that satisfies u-rt ref. sym.
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Harrison & Scott, '02,

U - T reflection symmetry o Lo 0

Tm., T =m,, it restricts

a b+1ic b—1c

m, = |b+ic d+if ¢ a~heeR
b—ic g d—1if

Bi-maximal trf.

L0 0 10 0 10 0
Upm = [0 1/vV2 1/v2], UBMmeJJ_rf}M: 001 0 ]mo|0 1 OF,
0 —1/vV/2 1/v2 0 0 —i 0 0 1

Inversely, 6 23=45" & 6 =%x90° = we can find a basis that satisfies y- 7 ref. sym.

How is it understood when 0 deviates from £ r/2?



Perturbation by the charged leptons

u -7 ref. symmetry + hierarchical mass of charged leptons

Me1 * X
Tm, T =m,, menr~ X Mey  * |,

> S > Te3



Perturbation by the charged leptons

u-tref. symmetry + hierarchical mass of charged leptons

Me1 * X
Tm, T =m,, menr~ X Mey  * |,
>k >k Te3

1 0 0 C13 0 8136—7;5,/ C12 s12 0
0 Cy Sy 0 1 0 —S12 C12 0].
0 —s, ¢y —slgeiaV 0 C13 0 0 1

=m/4 =tm/2



Perturbation by the charged leptons

u -7 ref. symmetry + hierarchical mass of charged leptons

Me1 * X
Tm, T =m,, menr~ X Mey  * |,

> S > Te3

1 0 0 C13 0 8136—7;5,/ C12 s12 0
UV=1(0 ¢ s 0 1 0 —s19 c12 0].
0 —s, ¢y _313€i5u 0 C13 0 0 1

=m/4 =+77/2

How these predictions are modified by charged leptons?



Merging of 2-3 mixings in Uning = Ul U,

Merging of 2-3 mixings defines new phases n and y

Cr —S, e 0 C, Sy e'Xcos e'"soq
S~ Cr 0 e % —S, C, —e "sog3 e "Xeog



Merging of 2-3 mixings in Uning = Ul U,

Merging of 2-3 mixings defines new phases n and y

Cr —S, e 0 C, Sy e'Xcos e'"soq
S~ Cr 0 e % —S, C, —e "sog3 e "Xeog

Relation of before and after merging

1 — cos20sin 2Tt 9 The mixing, phase and

9 — 923 s23 are related




Merging of 2-3 mixings in Uning = Ul U,

Merging of 2-3 mixings defines new phases n and y

Cr —S, e 0 C, Sy e'Xcos e'"soq
S~ Cr 0 e % —S, C, —e "sog3 e "Xeog

Relation of before and after merging

1 —|{cos 20 sin 27 9 The mixing, phase and

9 — 923 s23 are related

The shift of s23 from 45° depends on the lepton sector.
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Merging of 2-3 mixings (entire)

By further redefinition of fields,

Ce —Se 0 €i<p_X) 0 0 C13 0 8136_i(5”+77_X) ci12 S1o O
Uuns = | Se Ce O 0 C23  S23 0 1 0 —812 c¢12 0
0 0 1 0 —S23 (23 —313ei(5v+77_X) 0 C13 0 0 1

a=p—Xx, PB=0,+N—X. n—y~2sin2ctanr



Merging of 2-3 mixings (entire)
By further redefinition of fields,
Ce —Se 0 €i<p_X) 0 0 C13 0 8136_i(5”+n_X) ci12 S1o O
UnMnNs = (Se Ce 0) ( 0 C23 823) ( 0 1 0 ) (812 C12 0)
O 0 1 0  —s23 c23 —s13et0v =) C13 0 0 1
a=p—x, P=0+N—X. n-—x~2sin20tant
If Ue is about the CKM matrix, s7<0.1=|n-y|<0.2

Region of B is restrictedto 8= £t m/2£0.2.



The Jarlskog inv. (again)

T

Ad =9

Se=0.03

b1



The Jarlskog inv. (again)

/\5 — n — :|:287-

In most regions, this scenario predicts |sin 0| > 0.95

|sin d |~0.8 only in a special region (se~0.1, a-8 ~ £ 1 /2) -



The Jarlskog inv. (again)

B T B (As35)? B So3 sin(a — 6))
NS =6- - = ist\/1 o ( e

+0.2~=x10° +£0.5~%x30°

Interpretation for the very near future :



The Jarlskog inv. (again)

B T B (As35)? B So3 sin(a — 6))
NS =6- - = ist\/1 o ( e

+0.2~=x10° +£0.5~%x30°

Interpretation for the very near future :

1. 0= £90° £10°

= Explained by 1st term, 2nd term is strongly restricted

2. 0.8<|sin 0 ]<0.95

= The second term is necessary and se is large, a ~0or m
3. |sin 0 1<0.8 (<50° or >130° or )

= This scenario is excluded, about DUNE/HK 5 years



The Jarlskog inv. (again)

Physical understanding:

e 00 s,=m/4
Uans =UT 1 0 e 0 |U), |6,=xm/2
0 0 e %

1. Dirac phase is roughly -Arg[(U )5l
2.2 and 39 gen. (s 7, o) do not have large effects
3. For 1st gen., large se & p ~0 makes smaller 0 the most



Summary (a blueprint for the future)

t |sin 0 |
2027 HK (and DUNE?) completed
2030 1.0 u-1 reflection symmetry
0.9 +perturb.

2032 0.8 ref.sym+perturb. is up to this point
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Summary (a blueprint for the future)

t |sin 0 |
2027 HK (and DUNE?) completed
2030 1.0 u-1 reflection symmetry
0.9 +perturb.
2032 0.8 ref.sym+perturb. is up to this point

(difficult area to take limits?)

2037 0.5 relative phases are more important

ol



That’s all. Thank you!

Request:

Since I’'m not good at listening English,
It would be nice if you ask me slowly!

53



Sack ups



Redefining 2-3 mixing (back up)

The two 2-3 mixings are merged to define new arguments y and 7.
Cr —S; e'? 0 ¢ S\ [e%crc,+e 5.8, e%crs, —e 50, (15)
S+  Cr 0 e —S, Cy e'%s.c, —e 9crs, €'Y9s:s,+e Ycrcy

( ez Mg ) (16)

—e Ys93 e Xegg

- CoCy—r T+ 1SoCy+r CoSy—r T LSoSy+r
—CoSy—7 T 1SeSv+r CoCy—r — 1SoCutr

Relations between these arguments y,n and parameters o, v, T are

c s
tany = tano——, tann = tano - . (17)

18)

From this,

Ce —Se 0 e'P 0 0 C13 0 sy13e s192 0
UMNS = Se Ce 0 0 €/LX623 6277823 0 1 0 —S12 C12 0
0 0 1 0 —e "s93 e "Xcog —8136Z5” 0 C13 0 0 1



Constraints by experiment

Fixes mixing angles by comparing the absolute values

e’ 0 0 C12C13 S12C13 S1ze=%
UL 0 e 0 |U° = |[—512023 — C12S23513¢®  Ciacog — S12523513€  S23Ci3
0 0 e %@ S12593 — C12093513€  —C12893 — S12C23513€°  Ca3C13
C?2,C?
= c13co3 = C13C3, so3 = 4|1 — —222
€13

1(o—
Uz = cesyge@P) — C13523Se ,

We sequentially eliminate of variables



perturbative behavior

For se<<l,
« s723:dependence is small because a and [ is second order

2 2
$23 — SQ3 =+ 0(8137 SeS513, Se) '

* 513: depends only on the phase a-p

s13 = S13 + C135235, cos(a — B) + O(s?).

e 512: Dependence of S is second order and small

s12 ~ S19 + C12C93S, CcOS v .



Critical angle of s13

C
. S
AN0 A
U = cos13 @) — ¢138935,, si3=0 = == -
cS  (C13523

C13523Se

C13523Se

S. 1S less than the critical value S. 1s more than the critical value



