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Outline:

® Motivation and remnant symmetries of neutrino
mass matrix

® Reconstruction of PMNS matrix from remnant CP
transformations

® Phenomenological implications

® Summary
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Classification of U,,,,s from finite flavor symmetries

The PMNS matrix can take 16 discrete patterns or the trimaximal form.
»Only trimaximal mixing can be compatible with data
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»Underlying flavor symmetry group
Gy = A(6n?) = (Z, x Z,) x Sy
or G = A'(18n?) =2 (Z,, X Z3,) % S3

G, A(600) A’ (648) A(1536)
Example: 9 +1/15 +1/18 +1/16
5in%0,, 0.0288 0.0201 0.0254

The order of the flavor symmetry group is somewhat large!



»Underlying flavor symmetry group
Gf = A(6ﬂ2) = (Zn X Zn) X .83
or Gy = A'(18n?) =2 (Z,, x Zsn) X S3

G, A(600) A’ (648) A(1536)
Example: 9 +1/15 +11/18 +1/16
sin20, 0.0288 0.0201 0.0254

The order of the flavor symmetry group is somewhat large!

Q: do we have other approach of predicting lepton mixing
parameters including CP phases ?

Top-down

Our method:




Remnant symmetries of lepton mass matrices

1 1 )

- - : T T-1
Majorana neutrinos: £ =—Lm| +§VLC m,v, +h.c. m

Flavor basis: m, :diag(me,mﬂ,m7)1 m, :U;MNSdiag(ml’m2’m3)UIIMNS

»Residual flavor symmetries > Residual CP symmetries

Invariant under v, =G v, Invariant under v, (x) = iX, y°Cv (x,)
T . %
m —> X mX =m

X, =Upmsdiag (21, £1, £1)U gy

.
m -G mG =m

G, =Upmsdiag (£1, £1, £1)U S



Remnant symmetries of lepton mass matrices

1 1 )

- - : T T-1
Majorana neutrinos: £ =—Lm| —|—§VLC m,v, +h.c. m

Flavor basis: m, :diag(me,mﬂ,m7)1 m, :U;MNSdiag(ml’m2’m3)UIJ3rMNS

»Residual flavor symmetries > Residual CP symmetries

Invariant under v, =G v, Invariant under v, (x) = iX, y°Cv (x,)
T *
m —> X mX =m

X, =Upmsdiag (21, £1, £1)U gy

.
m -G mG =m

G, =Upmsdiag (£1, £1, £1)U S

®Disregarding an overall “-1” factor, there are essentially four solutions
for G, and X,

G =Ugpns dU s, [C. S. Lam, Phys. Lett. B 656, 193 (2007)]

X:=U e UL o, 121,234 [F Feruglio et al., JHEP 1307, 027 (2013)]
with

d, =diag(1,-1-1), d, =diag(-11,-1),d, =diag(-1,-11), d, =diag(%11)



> G’=1 GG,;=G,G =G, fori= j=k=4m Klein group
®0Only three of X, are independent

X, = X! > symmetric, Xi=X XX, i#j#m=n



> G’=1 GG,;=G,G =G, fori= j=k=4m Klein group
®0Only three of X, are independent
X, = X! > symmetric, Xi=X XX, i#j#m=n
® Consistency relations between residual flavor and CP symmetries
X,G, =G,X; for i,j=1234

®Generating residual flavor symmetry from residual CP symmetry

V() ni—jt» 1.X; *‘”[ 3;; [lpjllr—P} X; 1 ()

(X, X:=X,X)=X,X"=X,X; =G,
X X=X, X5 =X, X} =X,X} =G,
X, X=X, X=X, X =X,X, =G,
X X] = X, X0 = XX = X, X[ =G, =

| CP symmetry is more general than flavor symmetry, and it can
- constrain the values of the Majorana phases.



Reconstruction of PMNS matrix from remnant CP symmetries

»Four (or three) remnant CP transformations preserved

Both lepton mixing angles and CP phases are completely $
determined by the assumed remnant CP.



Reconstruction of PMNS matrix from remnant CP symmetries

»Four (or three) remnant CP transformations preserved
Both lepton mixing angles and CP phases are completely $

determined by the assumed remnant CP.
» Two remnant CP transformations preserved
XT =X XD =Xoo, Xo Xt =X X5 (X X5 =1
R1 R1? R2 R2? R1“*R2 R27"“R1? ( R1 RZ) T
® Z, residual flavor symmetry:
G, = XR1X;2 = XR2X;1 — XRl,RZGR = GRXRl,RZ
® parameterization: Gy fixes one column of the PMNS matrix

[ cosp ) T
v, =| singpcos ¢ > Ge=2uw L

\sin gosin ¢) [D.Hernandez, A.Smirnov,Phys.Rev.D86 (2012)]




I T I T Ix. T
Xg =€V, +E72VV, +€7°V,V,

Ix T Ix T Ix T
Xe, =G X =€V, —€72V,V, —€7°V,V,
with
sincos p singsin p
V, =| —=SIng@sin p—CoS@CoS@CcoS p |, V,=| SIN@PCOS p—COS@COS¢@Sin p
COS @SIn p — COS @Sin @ Cos p —C0S ¢ COS p —COS @Singsin p
.. T . %
® PMNS matrix: XeiroM, Xpipo =M,

::> UPMNS rLr2Y puns = diag (il 1, i1)

(1

::> Upyns =2| 0

up to permutations of rows and columns. | €N be determined by 0.

% =(Vy,V,, Vv, ) diag(e
Q, =dlag(\/i1,x/i1,\/il)

0
cosi}

0 )
sin @

0 —sIind cos 0

|1</2 IK‘/2 I, /2
1 2 ’e 3 ),

IThe lepton mixing matrix
0 : and therefore all mixing

' parameters depend on only
'one free parameter 6, which

X, =22' > Takagi factorization



»0One remnant CP transformation preserved
T
Xpr = Kpy

® parameterization: X, =e"v\V, +e"2v,v, +e"v,v]

II(/Z |/</2 I, /2
1 2 ’e 3 )

Takagi factorization: Xp, =2X', £ =(v,,V,,V,)diag(e

® PMNS matrix : xglm X =M

::> U, owis X rilY puns = diag (J—r]-’ +1], il)
|::> Upuns = 205,50,

where O35 is a generic real orthogonal matrix.

iThe lepton mixing matrix is determined up to an arbitrary real :
| orthogonal matrix which can be parameterized by three rotation :

|
| angles ;



Phenomenological implications

> First column fixed for two remnant CP

————\

C’ COSQ | sin ¢ 0 /1 0 0 )

UPMstlsin¢cos¢: —Ccos@cos¢y sing ||0 cosp sinp
{\singosin@' —cosgpsing —cos¢g J\O —sinp cosp )

(¢%” 0 0 )1 O 0
x| 0 €% 0 ||0 cos@ sind |Q,
0 0 e {0 —sind cosd)

®Correlation among mixing parameters
2 2 2
cos® 6, cos” 6, =Cos” @

fn 2 2 fin 2 fn 2 2 fA 2
c0s 20,,(—sin” 6, +cos” g, sin“ 6,,) + cos 2¢4(sin” 8., + cos” 6, Sin” ,,)

COSOcp = : : ,
sin 26, sin 26,,sin G,
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®Condition of vanishing or maximal Dirac CP
K,=k; Of 0=0,7/2,7,37n/2<sino,, =0
T T 37
For x,=x,x7m, ¢=—, p=0,—, 7w or —
4 2 2
2 s a2
: COs” @siIn : : :
sin® g, =———— gp ,  sin’ @, =sin’ dsin® ¢,
1-sIin“@sin“ @
: 1
sin® 0,, = o0 oS 5., =0, tana, =tana,, =tan(x,—x,)
16



»Second column fixed for two remnant CP
(0 I'— Cosp | sinp Y(cosp 0 —sinp)
=| SIing 1SIn (pcos¢: —COS @ COS ¢ 0 1 0

I - - - -
_ 1 _
 —COS¢ \sm(psm@ cosgsing )isinp 0 cosp )

(%2 0 )cos® 0 —sind)
x| 0 e 0 0 1 0 |Q

ix, /2

L 0 0 e )ksine 0 cosé )

U PMNS

®Correlation among mixing parameters

sin® @, cos’ 6, = cos® ¢

cos 28,,(cos” 8, —sin® 8, sin” ;) — cos 2¢(cos” G, +sin® 6, sin’ 4,,)
sin 26,, sin 26,,sin6,,

COSOcp =
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®Condition of vanishing or maximal Dirac CP
K,=k, Of 0=0,7/2,7,3n/2<sind,, =0
37
For xk, =k, * , ¢—— =02, ror =
4 2 2
i cos’ : i
sin® @, = 8 P —,  sin® @, =cos” Gsin® g,
1-cos® @sin @
: 1 :
sin® 0, = o cos S, =Sina, =0, tana,, =—tan(x, —«;)
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> Third column fixed for two remnant CP

[ sing 0 :—€o§¢_\}/ cosp sinp 0)
Uouns =| —COS@COS@  Sing :singocos¢: —sinp cosp O
| —COS@sing —COS¢ \s_in_goiirl@\ 0 0 1)

("2 0 0 )(cos@® sing O)
x| 0 e®* 0 ||-sin@ cosd O0|Q,
00 el 0 0 1)

sin® @, =cos’ @, sin®6,, =cos’ ¢ = 0.4497 < ¢ <0.4567, 0.2047 <$<0.287x

®Condition of maximal Dirac CP

3
For x,=x,*m, p:O,%,ﬂor—ﬂ

COSO.p =SINar,, =0, tan o,, = —tan(x, —x;)



Predictions for neutrinoless double decay :

ee|
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Myjghtest [€V]

The predictions for the IH case are within the sensitivity of future
OvPBB decay experiments.
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»Single remnant CP
(Vl,V2 , V3 ) dlag (ei/(1/2 ’ ei/c2/2 ’ ei/c3/2)c)3><3 QV

U PMNS

Usually the measured values of the lepton mixing angles can be easily
obtained by choosing the three parameters in O,,,.

® Conserved Dirac CP

(e 0 0
Xe=| 0 e 0
\ 0 0 e™
® Maximal Dirac CP
(ei’(a O O \
X.=| 0 0 e*"
L 0 e®™ O )

\

= SIN Oy =SINa,, =SINa,, =0

J

: 1 : :
= sin® o, = COSJp =SiNa,, =Sina,, =0

[P. Harrison, W.Scott, Phys.Lett. B547(2002) 219;
W. Grimus, L. Lavoura,Phys.Lett. B579 (2004)113]

This is the p— t reflection symmetry.



Predictions for neutrinoless double decay :

Myjghtest [€V]
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The predictions for IH case can be tested in near future.



Summary:

®The neutrino mass matrix generally admits four (three independent)
remnant CP transformations which can be derived from the measured
lepton mixing parameters, and vice versa lepton mixing matrix can be
reconstructed from the remnant CP symmetries.

LAl # of remnant CP transformations | # of free parameters in Upyns

3,4 0
2 1
1 3

® CP symmetry can constrain the lepton flavor mixing more efficiently
than flavor symmetry.
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Summary:

®The neutrino mass matrix generally admits four (three independent)
remnant CP transformations which can be derived from the measured
lepton mixing parameters, and vice versa lepton mixing matrix can be
reconstructed from the remnant CP symmetries.

LAl # of remnant CP transformations | # of free parameters in Upyns

3,4 0
2 1
1 3

® CP symmetry can constrain the lepton flavor mixing more efficiently
than flavor symmetry.

Thank you for your attention!
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