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ut reflection symmetry: a simple CP symmetry example
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ut reflection symmetry: a simple CP symmetry example

ut exchange ut reflection=pt exchange
+canonical CP
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This CP transformation
iIs not a unit matrix.

If the neutrino mass matrix is invariant
under the pt reflection,

T _ *
P23mv P23 o mv 1 T~
neutrino mass terms:  —Vv.C M, vy
It leads to 2
7T T [P. Harrison, W.Scott, Phys.Lett. B547(2002) 219;
O =—1 Ocp =%~ i
4 2 W. Grimus, L. Lavoura,Phys.Lett. B579 (2004)113]

Our motivation: combining flavor symmetry and CP symmetry to
predict both mixing angles and CP phases.



» Definition of generalized CP(GCP) transformation

CP . [W. Grimus et al.,J. Phys. A 20 (1987) L807;
H'?i{j:} — Xﬁ'j‘f}j (IP} G.Branco et al., Rev .Mod .Phys. 84,515(2012).]

X is a unitary matrix.
»Combining GCP with flavor symmetry
"closure" relations have to hold!
CF g

r = X" (zp) \




» Definition of generalized CP(GCP) transformation

B cP X [W. Grimus et al.,J. Phys. A 20 (1987) L807;
H“i{fﬂ} — ij‘r"’qj(IP} G.Branco et al., Rev .Mod .Phys. 84,515(2012).]

X is a unitary matrix.
»Combining GCP with flavor symmetry

"Closure" relations have to hold! [M. Lindner et al., JHEP 1304, 122(2013);

F. Feruglio et al., JHEP 1307, 027 (2013).
op s g ( ).]

» X p* (zp)

plz) Xp (@)X ' =pld), 9.9 €GCGr Xplg)e*(zp)

S ple Do) = Xola)' X ()~



» Definition of generalized CP(GCP) transformation

- cpP X o [W. Grimus et al.,J. Phys. A 20 (1987) L807;
H"*l‘{fr) — i"j“r"’ﬁj(TP} G.Branco et al., Rev .Mod .Phys. 84,515(2012).]

X is a unitary matrix.
»Combining GCP with flavor symmetry

"closure" relations have to hold! [M. Lindner et al., JHEP 1304, 122;
Op p F. Feruglio et al., JHEP 1307, 027 (2013).]

» X p* (zp)

plz) Xp (@)X ' =pld), 9.9 €GCGr Xplg)e*(zp)

” plg ) (x) = Xplg) X p(x) 77, 4

®Further requirement: physical GCP transformations have to map each
representation into the complex conjugate. Mathematically, mapping
induced by X should be class-inverting automorphism g'~g™.

[M. Ratz et al., Nucl.Phys.B 883, 267(2014).]



Group theory of A(6n?)
»A(6n?) is a non-abelian finite subgroup of SU(3), it is isomorphic to
(Z.xZ, )x Sz'ltifou: generators satisfy:
a’ =b’ =(ab)’ =1,
c'=d" =1 cd =dc,
aca =c'd’, ada®=c, bcb*=d™, bdb*=c*

>Familiar examples: A(6x1%)=S;, A(6x2°)=S§,

»Irreducible representations : 1-dim, 2-dim, 3-dim, 6-dim.

(0 1 0 (0 0 1
a=/{0 0 1], b={0 1 0],
10 0 1 0 0
‘n 0 0) 10 0
c=|0 ' 0|, d={0 pn O n=e"""
0 0 1 0 0




» Automorphism group of A(6n?)

vum. €—> Num. = Number of

L class-inverting outer

automorphism.

T Gf GAP-Id D'L'I.t{Gf)

1| A®6) = 5, [6,1] Z

2 | A24) = 5, 124,12] Z 1
4| A(96) 06,64] Zs 1
51 A(150) 1150,5] Z 1

16

A(1536)

[1536,408544632]

7| A(204) [204,7] Ze 1
8 | A(384) 384,568] K, 1
10| A(600) 600,179 Z4 1
11| A(726) [726,5] Z1o 1
13| A(1014) [1014,7] Z1a 1
14| A(1176) [1176,243] Ze 1

Z4XZQ

17

19

A(1734)

A(2166)

[1734,5]

2166,15]

Zlﬁ

ZlS

1

Physical CP transformations are class-inverting outer automorphisms

of the flavor symmetry group.

[M. Lindner et al., JHEP 1304, 122;
M. Ratz et al., Nucl.Phys.B 883, 267(2014).]



» Automorphism group of A(6n?)

Physical CP transformations are class-inverting outer automorphisms
[M. Lindner et al., JHEP 1304, 122;

of the flavor symmetry group.

10

M. Ratz et al., Nucl.Phys.B 883, 267(2014).]

n Gy GAP-Id Out (Gj) nun. €—> Num. = Number of
L | A(6) =5 6.1] Z1 1 class-inverting outer
2 | A(24) = [24,12] Z 1 :
automorphism.
A(96) [96.64] Ao |
e[| | The A (6n) group with 137
m 017 . ) : admits a unique C:Iass inverting
8 | A(384) 384,568 K, 1 | 1outer automorphism (for
o0 [T AGEse) ' I Esest WNZSSINON | another proof: C. Hagedorn et
10 A(600 600,179 Z. 1 .
(500) 000,179 : 'al, arXiv:1408.7118).
11 A(726) [726,5] Zho 1 - -
13] AQ014) [1014,7] Z12 ! | The unique automorphism U is:
14 A(1176) [1176,243] Zg 1
15| A(I350)  [135046] | ZixSa | 0 | : ”
16 | A(1536) | [1536,408544632] | Z, x Z, | 1 ar—a’, br—b er—d, dr—rec.
17 A(1734) [1734,5] 216 1
19| A(2166) 2166,15] Zis 1



» Defining CP transformations compatible with A(6n?)

GCP transformation X (u) for the unique automorphism u:

X (u) pp(a)X] (u) = pr (u(a)) = pr(a?)
X; (u) pt(0)X] (u) = pr (u (b)) = pyr (B)
X, (u) pre(0) X! (w) = pe (u(c)) = pr (d)
X (u) pe(d) Xy (u) = pr (u(d)) = pr (c) _

~ Xr(u):pr(b)

Including inner automorphism, the full GCP transformation is

g € A(6n?)

X, =p,(9),

CP transformations and flavor symmetry transformations are

of the same form in the chosen basis.

11



”"Semi-direct” approach of flavor symmetry with GCP

Neutrinos are Majorana particles.

A(6N?)xH
charged Ieptor/ \neutrmo
UPMNS
G, xHp XHY
G, Abelian

®The LH lepton doublets are assigned to be a A(6n?) triplet 3;

®The lepton mixing arises from the mismatch between two remnant
symmetries, and it is independent of how the remnant symmetries is
dynamically realized(model independent).



Step 1: Constraints from the remnant flavor symmetries

Charged lepton Neutrino
Invariant under | — p,(g,)! Invariant under v — p,(g,)v
ps(9)m'm ps(g))=m'm, g, G ps(9,)m,05(9,)=m,, g, €7,
[,03(9|), mlel}:O |:p3(gv)’ mjmv}zo

Mixing matrices diagonalizing m,, m/m, also diagonalize
ps(9,) and p,(g,) , respectively !

®The remnant flavor symmetry in the neutrino sector is relaxed from K,
to Z,, only one column can be fixed.

[D.Hernandez, A.Smirnov,Phys.Rev.D86 (2012).]



Gy = 25" &, = 75"
0 0
G=A{cd") % 1 |x o | x
1 1
0 0
G = (besdt) _— (Hfz;zx”) L? ks
sin ('H";;QT?T) 1
sin (?ﬂ 1
Gy = (ac*d") % COos (% — %ﬂ-) -\71,:.3. 11V
cos (% — s;‘“'fr) 1
1 0
G = (abctd') é 1 > o | x
—V2 ]
1 0
G = (rf"zbr'-“‘rf) % 1 > % 1
-2 1

Column vector determined by remnant flavor symmetry

Two cases are viable

14



Step 2: including remnant CP symmetry

remnant CP symmetry has to be compatible with remnant flavor symmetry

X 2r (9)X,r = p(9,), 9, €7,

g, = bcEd® || X,p = po(?d=277), X, = po(bd™), v=0,1,2...n—1

Gy = /2 Xor = pe(d®), Xyp = pe(abdd®), v,6=0,1,2...n—1

Step 3: Constructing neutrino mass matrix and extract PMNS matrix



Step 2: including remnant CP symmetry

remnant CP symmetry has to be compatible with remnant flavor symmetry

X 2r (9)X,r = p(9,), 9, €7,

g, = bcEd® || X,p = po(?d=277), X, = po(bd™), v=0,1,2...n—1
Gy = /2 Xor = pe(d®), Xyp = pe(abdd®), v,6=0,1,2...n—1

Step 3: Constructing neutrino mass matrix and extract PMNS matrix
eCase l: (5; = <({.Csdt>. G, = Zb"ﬂxdr: Xpyp = {pr d— M, pe(be™d™" W)}

S2E1 e s mm— e

N\ . .
1 : V2 sin 01 I e'¥2 cosf — fsnlf)cosM €2 sin 6 + /2 cos f cos V1
[;%qu\b = ﬁ Iﬂcos (% 1)I —e'2 cos ) — fsm(ﬂsm(ﬂ ;;1) —e'"25inf) + fcos(ﬂsm(ﬂ )
l\/ﬁcos (% + 1)L _e'¥2 cosf + \/_511195111( +j:.1) €2 sin ) — /2 cos A sin (b + ,,:1)
| S
3 parameters involved |
|
S—X 1 2
o, =—n=0+—m,+t—1, :
n n n | :
2t—s—3(y + X 1 2 2n-1 -1),
@, = (v )7Z:O,—7T,—7T,... 7 mod 27 A S
n n n n

O is a free parameter, it is fixed by the experimental data.



Correlation between 6., and 6,5

2 2 sn 2
3c0s” 6, cos” 6, =2sIn” ¢,

Independent of 0

Di

045

rect test (at JUNO):

0.313<sin* g, <0.344

100

100
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0.8F . 0.8F .
“Q = 1 b=} C I
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‘@ 0.4F | I 1 = 04 I
02k I | — 0.2F il :
B I | 1 ] E | 1 1
0:— . « e . . —: 0-— e sollle 18e . -
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CP phases are not constrained for sufficiently large n.
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Permutation the columns
€' sin f + /2 cos f cos €2 cosf — /2sin 6 cos p; I /25sin ¢, :)

. 1 . |
Uf;fﬂfrs = 7 —e"2sinf + V2 cosfsin (£ — 1) —e"¥2cosf) — /2sinfsin (£ — 1) :\@‘305 (% _95’1):
3\ 2 5ing — V2costisin (5 4+ 1) €2 cost ++/2sinfsin (5 + ¢1) |\/§CDS (§ + 1)

Both 8,5 and 6,5 only depend on the discrete parameter ¢,

sin2023=%i%tan«913\/2—tan26’13 E— -

Direct test:
I- I2I T | T T T T | T T T T | T T T T | -NOIG— T
07 sin? @,, €[0.378,0.406] U [0.594,0.622] NO 30
IO 1le

A
1 1 1 1 1 1 1 1 1 1 1 1 | 1 1
0 20 40 60 80 100

CP phases are also not constrained for very large n.
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oCasell: ¢, = lac’d"y, G, = Zgnfi’? Xor = pe(Ad%)
(
!
!

. . . - -.I . . .
| 't cos — e'?° sin 6 1, e¥*sinf + €% cosf
ULl v = 7 we'?t cos ) — w?e sinf 1 1 | we' sinf + w?e'?s cos b
) - - . | ] : ]
3\ w2eit cos ) — we¥s sin 6 1 "wge‘*‘f’“ sin ) + we'?> cos 6

with
¥ +8+2s 26—y + 2t Trimaximal mixing
®, = T, Qs = T
n n [X.G.He and A.Zee, Phys.Lett.B645(2007)427;
1 2 on—1 Phys.Rev. D84 (2011) 053004]
@,,¢s mod 27=0,—r7,—m,..., T
n n n
Correlation between 6, and 65 -
0Spr T rrrr T OSr——T—TT 7 T T T 7 T T T T [ T T T T [ T T T
045 O Iy oast. Direct test (at JUNO):

04 04 0.339<sin’ 4, <0.343

025 025
po2Ea | TR T T T Y TN TN T NN [N TN N AN 02 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1
0 9 10 15 20 0 20 40 60 80 100
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n 2

eCase lll: G, = (ac’d"), Gy, =25"., Xy = pr(abc’d’)
] —iv/2€%%6 sin @ P 1 : V266 cos 6
PAINS = 73 'E'\/ﬁeif’ﬂ cos(f—Z) '1, \/iei"’gf sin (6 — I)
—iv/2e¥cos (0 + %) 1 1 )~ V2e"esin (6 + I)

Mixing angles(only depend on 6):
1-sin(20+7/6)

sin” 4, =1[1+cos(2«9)], sin® g, = C— Sin® 6,, =
3 2 —c0s(26) 2 —c0s(20)

0 0.2 04 0.6 08 1 0 0.2 04 0.6 08 1

sinf3 sinf, 3
CP phases:
tan oz, =tane,, =0,  [tan o,y = tan(2¢;) |
1 2n-1
(D Both 8, and o, are conserved; @) @ =0—7...——x
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Predictions for neutrinoless double decay (in the limit n - «):
‘(m C12 + M 812e|a21)cl3 +m Sl3el(a3l 25¢p)

T T T 1g T T T
Disfavoured by 0v58 Disfavoured by 0v38
PN I D B _1- PSP - Y IR B
LdsStc e Ldoe T 411U

r Disfavoured by Cosmology\\\

1 11 111
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1 1111
10
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1073

- Disfavoured by Cosmology .

1 11 1 a1l
1072 107!
Myightest [eV]

0
8
k=
107!
3
8
£

107"

r Disfavoured by Cosmology\

1072 107!
Myightest [eV]
IIIII IIIII III II:II‘:-
Disfavoured by 0v35 o
Za

s"
o

= Case (it

1111111
10 1073

r Disfavoured by Cosmology\

1 111
1072

MYyightest [eV]

107!

Difficult to test due to limitation of sensitivity
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Z,xHg

o J/

charged lepton  neutrino charged lepton  neutrino
0

K, xHg

. J

in the new scheme.

nly one row can be fixe
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=)

. J/

charged lepton  neutrino charged lepton  neutrino

Z,xH¢ K, xHg

o S

[
Only one row can be fixed in the new scheme.

eCase lV: G, = ZSCI @ X = ,Or(CTd 2z ’1’) Q. K4 /2,abcY) and X, = pr(cvd2y+2’r)

sin @ + /2e¥8 cos @ sinf — /28 cos 0 269 gin 9
UPMNS ) ! 1 1 — /269 |

cost —\/2e¥5sinf)  cosf +/2e¥5sinf  /2e? cos @



Relation between 8,5 and 6.,

2¢0s° 6,,sin° 0, =1 or  2c0s®8,sin’d,, =cos20,
S, _<— Precisely measure 6,,
osf  [F=E 3 ..f Direct test(at/UNO):  [mm
. {1_4;— ., 04 0.328 <sin” g, <0.359
i 2 O O - RN AT AR AR}

0.25F" 0.25
{]2- L 1 I 1 L 1 L I 1 1 1 1 I L 1 1 1 {}2 1 1 L 1 I 1 1 1 1 I 1 1 L L I 1 L L 1 I L 1 1 1
0 5 10 15 20 “0 20 40 60 80 100

0 20 40 60 80 10C



|sinay; |

sin oz,,| < 0.396

|sinary; |

|mee| [€V]

1 1 1] ' ||'||'||'|'I|' i
) U oYt g
vy - 02F I, |||,::I||I|
L 0 """'-:::HI::.. SERERRARE
I A T T T N T Y T N T T O O - S T TR T TR T T S S |
] 10 15 20 0 20 [}D
n n
l III I I =
Disfavoured by 0vBp

The effective mass is

1 around the 3o lower or
5 Upper bounds for

1 Inverted hierarchy.

10-' CaselV e

‘=/ -
. 2
-
v
-

:Disfavoured by Cosmology
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Summary:

®The predictions of A(6n?) with generalized CP symmetry for lepton
mixing are studied in a model independent way.

®There are only four viable cases. We find the mixing angles are
constrained within certain ranges. Precise measurement of 6., (at JUNO)
and 6,5 can directly test this scenario.

®CP phases are generally predicted to take regular values O, or *+m/2
for small n, while they are usually not constrained for large value of n .

®Exploring the phenomenological predictions for leptogenesis, electric
dipole moments and more phenomena related with CP.

Thank you for your attention!
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Where do we stand?

Taken from NuFIT, arXiv:1409.5439

Normal Ordering (Ax? = 0.97)

Inverted Ordering (best fit)

Any Ordering

bfp =1 3o range bifp £1o Jo range Jo range
0.30475 015 0.270 — 0.344 0.30470005 0.270 — 0.344 0.270 — 0.344

B12/° 33.4810-18 31.29 — 35.01 3348+ 31.29 — 35.91 31.29 — 35.91
sin” faa 0.452F5 032 0.382 — 0.643 0.579+p-022 0.389 — 0.644 0.385 — 0.644
O3 /° 42,3730 38.2 -5 53.3 495455 38.6 — 53.3 8.3 5 53.3
sin’ 03 0.0218 00010 0.0186 — 0.0250 | 0.021970 0016 0.0188 — 0.0251 0.0188 — 0.0251
B13/° 8.5010-20 7.85 — 9.10 8.51+030 7.87 = 0.11 7.87 = 0.11
ocp/° 30672, 0 — 360 254+03 0 — 360 0 — 360

&m% 1 +0.19 +0.19
IR 7.5070 11 7.02 — 8.00 7.507 1% 7.02 — 8.09 7.02 — 8.09

&mﬁg 10,047 40.048 +2.325 — +2.599
oa oz | P2A5TIOGe  +2.317 5 42607 | —2.4407008 —2.500 —» —2.307 | | ToT00 L o a0y
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Inner automorphism o, is defined as

o, :g—hgh™, hgeG,



Fixed vector in the 2" column

€% cos ) — /2 sin f cos 01

V2 sin ¢y
V2 cos (% — 5::?1) —e'%2 sinfl + /2 cos A sin [% — 501_}

1 .
Uppinvsg = T — %2 cos ) — /2 sin A sin {:% —-:;:11)
€1%2 cos f + /2 sin @ sin {% + -:,91)

V2 cos (% - 5:?1)

€192 sin ) 4 /2 cos # cos q )

ei%2 gin f — /2 cos @ sin [% + r,f.il}

1 B | L L L I Ii | | I L L L L I | L L L I L L L L i 1 B I L I L L I L L L L I | L L L I L L L -
WNO o] - WNO Ior] 1
0.8 NO 30| 4 0.8 ‘ NO 3¢ | 4
. o le | ] [ | w0 le |
N E = o i | =
(g ' o~ '
i) D
o~ (@]
£ £
W 0.4_77,7,7,7,7,7,7, ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, 1 v 0.4_7 ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, =
0.2F - 0.2 -
0- L1 1 1 I I;I I L1 1 1 I L1 1 1 I | I I I | 7] 0- I L1 1 1 I L1 1 1 I | I . | I L1 1 1 ]
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
sinZ6;, sinf3

The correct values of 6,,, 6,5 and 6,5 can not be achieved simultaneously.
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