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CKM vs. PMNS

Quark Mixing Elements Lepton Mixing Elements

 Why these values?
* Are the two related?
* Are they related to masses?



Flavor mixing from flavor symmetry

»The paradigm of flavor symmetry

[Froggatt, Nielsen, Nucl.Phys. B147 (1979) 277-298; Altarelli and Feruglio, Rev. Mod. Phys. 82, 2701
(2010); King and Luhn, Rept. Prog. Phys. 76, 056201 (2013); King, Merle, Morisi, Shimizu and Tanimoto,

New J. Phys. 16, 045018 (2014)...]
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Classification of U, from finite flavor symmetries

The PMNS matrix can take 17 discrete patterns or the trimaximal form
»Only trimaximal mixing can be compatible with data

= .
\/ECOSQ 11 : —\/Esin 0 E;g::ca and Grimus, JHEP 1409, 033
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Upwns = 1 _\/ECOS(Q—E/3) 1 ' 25in(9—7z/3) Holthausen,Lim,Lindner,Phys.Lett.
\ﬂ§ B721 (2013) 61-67 ;
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096010
e testable sum rules: ]
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*Dirac CP phase is conserved sm6 O

[Capozzi, Lisi et al.,Nucl.Phys. B908
(2016) 218-234]
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» Underlying flavor symmetry
Gr= A(6n*) = (Z, X Z,) X S3
-- (;f — Déj‘-l},gﬂ. = (ZQH X Zﬁn) X SE

Gy A(600) DY A(1536)
Examples: 0 +1/15 +11/18 +11/16
sin20,; 0.0288 0.0201 0.0254

» Quark sector: only the Cabibbo mixing angle can be reproduced for
both the triplet and doublet+singlet assignment of left-handed

quarks
cosg. sing. O
Ve =| —SINE. cos@. 0|, 6.~—
0 0 1

[C.S. Lam, Phys.Lett.B656:193-198,2007;

Blum, Hagedorn and Lindner, Phys.Rev. D77 (2008) 076004 ;
Ishimori,King,0Okada,Tanimoto,Phys.Lett. B743 (2015) 172-179 ;
Yao, Ding, Phys.Rev. D92 (2015) no.9, 096010]



Next goal: measure leptonic CP violation
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»Theoretical idea: flavor symmetry - flavor+CP symmetries

—

FIavor symmetry See talks by Morimitsu, Walter, Claudia
"“ Mixing angles+CP phases

[ Grimus et al.,J. Phys. A 20 (1987) L807; Harrison and Scott, Phys. Lett. B 535 (2002) 163; Lindner et al.,
JHEP 1304, 122; Feruglio et al., JHEP 1307, 027 (2013); Ding,King,Luhn,Stuart, JHEP1305,084(2013);
Chen, Fallbacher,Mahanthappa,Ratz and Trautner, Nucl. Phys. B883, 267 (2014)...] 6
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Semi-direct approach to lepton mixing

See talk by Claudia

¢ X H o
charged lepton \?utrlno
Z) x X,
xv = ZVZ-VI— !
072000, = (@) |\l 1p,(9,)%, = +diag(t, -1 1)
U, = 2 R (9)Q

\ 7/

U PMNS — U |Tzv R23 (Q)Qv

» The mixing angles and CP violating phases are predicted in terms
of a single real parameter0< 0 <n
[Feruglio, Hagedorn,Ziegler, JHEP 1307, 027 (2013)] /



Possible mixing patterns from finite flavor and CP symmetries

Only eight kinds of mixing matrices consistent with experimental data
can be obtained up to row and column permutations.

J2sing, g2 J2cosg,
1 7 i ' i
U | — E \/ECOS (Dl — E —e 2 —\/ESIH ¢1 - E R23 (H)QV
L 16

1 eig’l 1 ei¢2
U" =l oe® 1 ofe” Ry (0)Q,

0’ 1 e

[Yao, Ding,Phys.Rev. D94 (2016) no.7, 073006]
R;;(0) Is the rotation matrix in the ij plane

J2e" sin g, 1 J2e" cos g,
y" = % \/Eei(pl COS((DZ +%j 1 - \/Eei(/’l sin ((02 + %) R:(6)Q,
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» All these viable mixing patterns can be obtained from the SU(3) finite

subgroups A(6n2), Dy, Acand 2(168) combined with CP symmetry.

palll R

Cases ,f"(fr:}up series~~_ Minimal flavor group
I, 11, III _;’f A(6n?), Dgn n ‘\“. Sa(Ay for IIT)
IV, V | As, [120, 35], [180, 19] --- As

VI, VIT | X(168), [336, 209], [504,157], - - > (168)

VIII | >~ A(6n2), DY, .7 Sy

»The quark mixing angles and CP phase still can not be explained in this

approach.
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Results collected on the website

1(43)- I1 I11 v \% VI VII VIII

V2 cos ¢, €2 V2sing;
Upins = o5 | —V2sin(p1 — §)  —e v2cos(p1 — §) | S12(6)
Vsn( +3) e VEeos(er 7))

Group ID (1, p2)
(i:_l)s(110)1(131)!(11£)r(ﬁ1_1)1
[648,259] 18 6 18 18 Eﬂ 187 2 i, 1 6
(%ad)r(%}f)v(%aj)
2m 27 27 2r 0w 2 In 2r 4w
ﬁ:z_lls):(ﬁsalo)r ?a ﬁgi(ﬁ}_lazr(ﬁ:_l),
(726,5] (3—';,—‘”3 1) (535,0), (535 97),
3371 331

[1734,5] 17° 17 - ’
(T 17) (G 17), (s 17)s (5 1)

http://staff.ustc.edu.cn/~dinggj/cp_scan.html



Another scheme to predict lepton mixing from flavor and CP

G, XHg

charged Iep‘toy \rleiutrino
7 x X

2V

5 p,(9))%, = +diag(L,~1,-1) \ l l/ 2 0,(0,), = +diag(L,-1,-1)

UI =2, R23 (‘91) Uv — zv R23 (‘92)Qv

N 7/

U PMNS (‘91’ ‘92) — Rsz (‘91)2;r2v I:223 (gz)Qv
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U PMNS (‘91’ ‘92) — R2T3 (91)2T2v R23 (6)2)Qv

» Since the lepton masses are not constrained, permutations of rows
and columns of U,y,s are possible

(0 1 0 (0 0 1) (1 0 0
I:)ZI.2: 1 00 ) P]_3: 0 1 0 y P23: 0O 0 1
o001/ (100 (o010,

» One elementis completely fixed by the residual symmetry

» All mixing angles and CP phases are expressed in terms of two free
parameters 0, ,€[0,m)



A(6n?) flavor group and CP symmetry

» A(6n?) is a non-abelian finite subgroup of SU(3), it is isomorphic to
(Z,%Z,)xS; . Its four generators satisfy:
a’ =b” =(ab)* =1,

c'=d" =1 cd =dc,

aca'=c'd™?, ada’t=c, bch*=d™*, bdbt=c™

»Familiar examples: A(6x1°)=S,, A(6x2°)=S,
»Irreducible representations : 1-dim, 2-dim, 3-dim, 6-dim  77=¢€""

(0 1 0) 0 0 1) n 0 0 1 0 0)
a=|0 0 1|, b=-|0 1 0, ¢c=|0 5" 0|, d=/0 5 O
100 1 0 0) 0 0 1) S

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

* -1 ' [Hagedorn, Meroni and Molinaro, Nucl. Phys. B 891, 499 (2015);
Xp (9)X " =p(9)

Ding,King and Neder, JHEP 1412,007 (2014) ] 14



Predictions for lepton mixing from A(6n?) and CP

We find four independent viable lepton mixing patterns
Case (I): Z2 =237, X, ={c’d™7, bc™7d 7|,

X, ={c’d ™™ berod |

14

YgY

g, _ =7bc
ZZ —Zz

»The lepton mixing matrix is determined to be

[ [coS@,) s, sin g, —c,sing, )

U, =|-ssing, ¢cCe” +ss,c08¢, CS,e”—c,s cose |Q
_ C,Sing,  C,5€% —CS,cos¢, S5, +C,C,Co8¢,

with

X—Yy 3(X—Yy+y—09) ,
= —1, — T depend on residual symmetry
2 0 %) - % ]

C, =C0sf, C,=c0s0,,s =sing,s,=sinb,,0<0,,<rx

15



» Nine independent permutations
U|,1:U|’ UI,2:UIPlZ’ U|,3:U|Pls’
U|,4:P12U|’ UI,5:P12UIPlZ’ UI,6:P12UIP13’
U|,7:P13U|’ UI,8:P13UIP12’ U|,9:P13U|P13’

»Sum rules between Dirac CP phase and mixing angles

. 2 2 2 ) 5 )
U,,:cos"6,cos" 6, =Cos" ¢, U,,:sin“g,cos” 8, =cos” ¢,
e A2 2 2 . ) ) ,
U,g:sIn"6,,c08" 0, =cos” ¢, U, 4:C05" b, C08" O, =C0S" ¢,
2 : 2 2 - 2 2 . 9
U,,:C080., = 2(cos” ¢, —sin“ g, cos” 6,, —sin“ 6,,cos” 6,,8In“ 6,,)
, sin26,,sIn6,,sin 20,,
2 2 2 s~ 2 =2 - 2
U, :c0S5, :_2(005 @, —C0s” 6, cos” 6,, —sin” ,,sin“ 4., SIn“ 6,,)
| sin 26, sin ,, sin 26,
2 in? in? P02 2 2
U, . :cosb, :_2(cos @, —sin“6,sin“ ,, —sin” d,,cos” 4, cos* 6,,)
| sin 26, sin G,,sin 26,
2 2 in?2 . . 2
U, 1086, = 2(cos® ¢, —cos” 8,,sin“ 6,, —sin“ g,,sin“ 6,, cos” 6,,)

sin 26,,sin 8, sin 26,,



Simple example: U, , with ¢ =§,¢2 =0 inn=3

LOF =
: sin2023
'_sin2612 //

Ot fm | 02w | xi., | sint@3 | sinT fyp | SIn®fog | sind | sinag; | sinasg,
0.398 | 0.228 | 0.00143 | 0.0234 0.308 (0.438 0 0 0

Nontrivial CP phases can be achieved from groups with n>4




Case (I1): 2% =72, X, ={C7d_2x_y,be+7d_x_y},

Zzgv _ Z;bcy | Xv _ {Cﬁd 2y+25,abCY+5d 2y+25}

» The PMNS mixing matrix is

(1! c, +/2e's, s, —~/2e":c,
1 — _ . . .
Uy =] s+ J2esc, s, —2(e"cc, +ess,) ss, —v/2(ec,s, —e*c,s,)
c,—/2e'"s, ¢, +v/2(e"c,s, —ecs,) CS, +/2(es,s, +ec.c,)

with ¢, = 37/+2r§x+ y) _— :_35+2r§x+ y)7Z

» Four viable row and column permutations

U||,1 — I:)12U||’ UII,Z — P12UIIPlZ’
U||,3 — F)13U||’ U||,4 — I:)13U||F)12




> Sum rules

t i~ 2 2 s~ 2 2 s~ 2
1-4sin® 6, cos” 8,, —4sin” §,c0s” 6, sIn” 6.,

U,,: COSS = - ing. s |
, 2sin 26,,sin 4,,sin 26,,
U,.,: coso :_1—40052 0, cos” ‘923_4Si”2‘9135in26’128in2‘923
I,2 CP 2sin 26’12 sSin 913 sin 26’23 ,
U coss :_1—4sin2¢9123in2¢923—4sin2913 cos” 0}, C0S° Oy
.3 cp 2sin 26,,sin 6,,sin 26,, |
U. - coss :1_40082 o), sin2923—48in29138in2912 cos” O:s
1,4 - CP

2sin26,,sIn 6,,sIn 20,

test the model at future facilities



Simple example:

@z /m (mod 1)

ﬂ’g,lfi'l' {m{)d l}

I | T IF Midhdo3 i ]
75| 075
= = %
= 05 = 05
= D ]
025} | 4 025f
UE ....... . 05 E
0 0.25 0.5 0.75 1 0 0.25 0.5 (.75 1
0/n 6/
2w | 05 /7 | X2, | sin” fi3 | sin”fio | sinfoy | sind | sinag; | sinag;
0.224 0 9.890 [ 0.0248 | 0.343 0.513 0 0 0




Case (lll): 2} =7 X, = {Cyd‘zx‘y, bCX”d‘X‘y},va =7 X =cd’

»The PMNS mixing matrix is

( C, S, —€%)
1 - - -
U, = et J2ecs, ss,—~/2e%cc, e%s, |Q
LcC,—V2ess, V2, +cs, e
with
2X—=2a+3y+0 2X+a+0
s = Ty Py = — T

N N



» Four independent viable permutations

U|||,1 — I:)12U||| P23’ U|||,2 — I:)12U||| ,
U|||,3 = P12Pl3UIII st’ U|||,4 = P12PlSUIII

»Sum rules
2 s a2 1 2 2 1
U, ,: €cos"f,sIn Hzgza, U, ,: €cos”é,cos 923=§,
U - coss _1-2co0s® g, cos” §,, — 2sin” G,;sin" G, sin” 6,
e = sin 26, sin 6, sin 20, ’
U - coss _1-2co0s’ 4, Sin" Oy, — 2sin” G, sin” ,, cos” O,
1,3 - CP

Sin 26,,sin 0., SIn 20,

testable in future experiments



Example: U, with ¢, =

Z,% =0 in n=2

il
075§

0.5§

0,/n

0.25

{1’31fJ'I {m{)d 1}

0 /m | 63 /w

SII (k94

SIT (¥ q

0.0692 | 0.684

—0.624

—0.453




Predictions for neutrinoless double decay

_ 2 2 = 2 2 i =2 i1(atqy—26cp)
m,, =|m, CoS” &, CoS” 6., + m, SIN“ G, COS” G, “* +m,SIN“ G 7" =

1

Disfavored by 0vg
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Case (IV): Zzg| _ Zscxdx | X| _ {C7d—2x—y’bcx+7d—x—7},

Zzgv :Z;nlz, XV ZabC5d25,
»The PMNS matrix is

B T LI —V2e" )
U, :% 5, +/26'C% e g 26! e ([2e'%s |Q,
\Cl_\/zei(202+(p7)sl C1+\/§e'(202+(p7)81 \/EemZCl/
with @ = 6x+3(r7]/+25) -

»Two independent permutations
UIV,l = Ple IV 1 U|v,2 = I:)12|:)13U \Y

»Sum rules
1—4sin’ *0,, —4sin® 9, cos’ G,,sin’ &
U, ,: cos’@,sin’ (923—2 C0S S,y =~ 10 COS” Oy — 451N 6 2 2,
2 2sIn26,,SIn 6, 81N 20,
1-4sin’g,,sin’ 8,, —4sin’ 6, cos® 4, cos’ &
U, ,: cos®8,cos 923—2 COSOep = — Sin” &, N %o~ L3 = 2,
2 2sIn26,,SIN 6,,SIN 20,



Example of U, with ¢@,=0in n=2

i

60,/n

075§ | |

0.50

0.25§ | |

0.75F

0.25F

Q}ff/ T

S (¥91

Sl (v3q

0.0718




Extending to the quark sector

Left-handed quarks transform as triplet of the group G;

G, xHgp

up quarks down quarks

X, =22,
! p5(9,)Z, = diag(l,-1,-1)

X, =Z,2],
l Z405(9,)2, = £diag(l,~1,-1)

V, :z”Rﬁ(el) Vy =23Ry;(6,)

Verm (6,,6,) = R; (6’)ZTZ R»(6,)

» Four observables: three quark mixing angles+one CP phase are
predicted in terms of two parameters 6, , )7



Predictions for quark mixing from A(6n?) and CP

One viable quark mixing pattern is found up to row and column
permutations

Residual symmetry: 7% = zM¢" x = {C7d‘2"‘7,bcx+7d‘x‘7},

Zzgd _ chydy | Xd _ {Cad —2y—5’bcy+5d—y—5}
»The CKM matrix is determined to be

[ s,sing, |cos g, ! —c,sing, )

Vo =| C,C,8% +555,008¢, —s,Sing, CS,e'” —C,s, COS,
| C,57 —CS,C08¢, Csing,  S5,6" +C,C,Co08¢,

with

0, = A @, = SEENERAY x <— fixed by residual symmetry

N n




» Expressions of mixing parameters

cos’ ¢,

fn 2 o 2 fn 2
sin“ @, =sIn” ¢, cos“6,, SIN“E,., = :
13 ' ? ? 1-sin?¢@,cos’ 6,

2c0s’ 6, sin’ @, + 2sin’ 6, cos® 6, cos’ ¢, — COS ¢, COS @, Sin 26, sin 26,
2—2c0s’ 6,sin’ ¢,

sin® @,, =

Jep = %sin @, Sin 2¢, Sin @, Sin 26, sin 26,
» Two correlations

cos’ @,,sin’ 8, = cos’ ¢,

Jep ® J_r%sin ®,SIN2¢,SING,,SIN G,,.

Experimental data can be accommodated for certain choices of
residual symmetry parameters @, ,



Some viable choices of parameters in n=7

» Quark sector: @,= @, =3n/7

UTfitl

vt i | 658 /w sin f5 sin Ao sin A4 Jop
Our | 0.4867 | 0.4988 0.22252 0.04158 0.00357 3.14615 = 10—
Data 0.22523 £ 0.00065 | 0.0417 £ 0.00057 | 0.00360 £ 0.00012 | (3.109 £+ 0.086) = 10—
> Lepton sector: @;=2n/7, ¢, =n/7 for U, ,
H'fff?r "j'F;'?r Riﬂn sin” 4 sin® @y Sin° foy sin & Sin oy | SN gy
Our | 0.381 | 0.956 | 3.006 0.0238 0.325 0.404 —0.992 | 0.784 0.995
Data 0.0176 — 0.0205 | 0.259 — 0359 | 0374 - 0626 | -1 =1 | —-1—=1|—-1—=1

NOvVA Preliminary

NOvA Preliminary

M-

2
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Summary

® Flavor and CP symmetries broken to Z2xCP in both neutrino and
charged lepton sectors can predict mixing angles and CP phases in

terms of two parameters.

® The quark mixing angles and CP violation phase can also be
accommodated in this approach.

® A unified description of quark and lepton mixing can be achieved,
A(6-7%) = A(294) is a good candidate for flavor symmetry.

® [t is interesting to consider model construction and strong CP
problem.

Thank you for your attention!
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Backup



® Convention for rotation matrices

(cos® singd 0) (cos® 0 siné)
R,(6)=|—-sin@ cosé O R,(0)=| 0 1 0
. 0 0 1) . —sing 0 cosd)

(1 0 0 )
R,(0)=|0 cos@ sing
0 —sind cosd,




predictions for neutrinoless double decay

® 15 example: U,, with ¢ =

1

1071

3

Z,% =0in n=3

Disfavored by 0vgS

10: (kl,k2)=(+9+)a (+9_)

- Disfavored by Cosmol

|=
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® 2" example: U, , with P =00 ==

1071

10°3

10~*

T

in n=2

Disfavored by 0vBg

10: (k1,k2)=(+,4), (+,-)

NO: (k1,kS

Ll ||\|||

10~

1073



1 E 1 1 L L I 1 1 L L L L I | 1 L L L LA I | 1 LI |£
L Disfavored by 0vSf :
10—1 — »/’ Ve
E 10: (ki k)=(+4), (=) _ =T il
-------------- Y 7 e

R

=1 )

p— '” 2

2 T3
— 102 T T T T T T TETT 2 —
1 g
s O
=N -
= 1

S
]_0_3 :_ ] b _:
- (=) 3
- ! > ]
- TS I & ]
I \ I = ]

\ I =
10—4 | | III\III | | IIIIII. [ | IIIIIII [ | 1 1 110l
1074 1073 1072 1071 1

Mmin [eV]

The effective mass m__.>1.3x103eV for IO mass spectrum

ee —



® 4™ example of U, with ¢,=0in n=2

Disfavored by 0vsS

—_
C?
[y
IIIII

1073

L1 ||\|||

1074
1074

1073

10: (kl,k2)=(+7+), (+a_)
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