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Abstract

Neutrino oscillation data strongly support u—7 symmetry as a good approximate flavor symmetry
of the neutrino sector, which has to appear in any viable theory for neutrino mass-generation. The
pi—7 breaking is not only small, but also the source of Dirac CP-violation. We conjecture that both
discrete p—7 and CP symmetries are fundamental symmetries of the seesaw Lagrangian (respected

by interaction terms), and they are only softly broken, arising from a common origin via a unique
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Motivations
°

Experimental Data

Current Neutrino Oscillation Data

v-Parameters Lower Limit | Best Value Upper Limit
(20) (20)
Am; (10-%eV?) 7.31 7.67 8.01
|Am3,| (10~3eV?) 2.19 2.39 2.66

sin2 912 (912)

0.278 (31.8°)

0.312 (34.0°)

0.352 (36.4°)

sin2 023 (923)

0.366 (37.2°)

0.466 (43.0°)

0.602 (50.9°)

sin2 013 (913)

0 (0°)

0.016 (7.3°)

0.036 (10.9°)
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Motivations
°

Approximating Symmetry

Evidence of 1 — 7 Symmetry at Low Energy |

@ Two small deviations (20 level):

—7.8° < 3 — 45° < 5.9° 0 < 613 < 10.9°
with Best Fit Value: 053 — 45° = —2.0° & 6013 = 7.3°.

@ Zeroth Order Approximation:

023 — 4507 013 — OO.

with Vanishing Dirac CP Phase & p — 7 Symmetric Mass

Matrix:
A B B
M©) = C D
C
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Lagrangian, Symmetry & Breaking

Construction & Predictions
0000

Leptogenesis & Minimal Seesaw )

(*]
(*]

Baryon Asymmetry = Leptogenesis = Seesaw
Minimal Seesaw = SM + Two Heavy Majorana
Neutrinos

NT = (N, N;)
Lagrangian associated with Neutrino Masses:
L=-LY®lg — LY, ON + %J\/’ TMRrCN
Mg is Soft & High

Dirac Mass Term:

mp = Yy<¢>

® is the ordinary SM Higgs Doublet, NO CP!

Shao-Feng Ge, TUHEP; Nanchang, 2010-4-18 Puzzles of Neutrino Mixing and Anti-Matter



Construction & Predictions
0000

Lagrangian, Symmetry & Breaking

Model Assighnment at Zeroth Order )
@ Minimal Seesaw & p — 7 & CP Symmetries:
1
TG _ 1 @) _ ( 1)
nT Nt 1
1
° TOmpT: =mp & TEAMTE = Mg:
a a m -
mp = b c 5 MR = <m22 m23>
c b 23 33

with all elements being REAL.

@ Seesaw Mass Matrix for light neutrinos (M = moy + mp3):

2a° a(b+c) a(b+c)
M+ M\ M\
0) -1_T 1 [(b+e)® | (b—c) (btc)® _ (b=¢)
M(y)"\’mDMRmD: §{Mi+Mf} %{/vu - M,}
1 [ (b+c)? b—c)?
2 {(MT) + (Mf) }
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Construction & Predictions
0080

Lagrangian, Symmetry & Breaking

Common p — 7 & CP Soft Breaking |

@ Approximate p — 7 symmetry @ Zeroth-Order =
vanishing 613 & Dirac CP Phase dp;

@ So, u — T breaking should be Small & Simultaneously
generates 0p = p — 7 & Dirac CP broken by a Common
Origin.

@ Natural & Simple, so Tempting, to expect a Common
Origin for all CP Phases;

@ Conjecture: i — 7 & CP Symmetries are Softly broken
from a Common Origin which is Uniquely determined as:

1 R m23>
R = > (R . C) ( e

Note: © — 7 & CP Recover with ¢ — 0.
o Hard Symmetry Breaking? (Another paper in preparation)
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Construction & Predictions
oooe

Lagrangian, Symmetry & Breaking

Expected Consequences )

o §,(= O3 — 45°) & 6y(= 613)

o Common Origin & Linear = §, o dy;

o Once 6053 well measured = Predict 073!
o Dirac CP Phase dp & Majorana CP Phases

o Common Origin = Correlated,;
o Once Dirac CP Phase dp is measured = J & Mee;
o Vice Versa, Constrains from Leptogenesis.

o Normal Hierarchy with m; = 0.

o Fully reconstructed mass spectrum = Mgg;
o Vice Versa.
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Construction & Predictions
®0

Solving Low Energy Parameters

Neutrino Mass Matrix from Seesaw J
Expanding the mass matrix M,, in terms of r & ¢ up to Linear
Order:

M, = mpMg'md = MY + M) 1+ O(r2, r¢, 2)

with:
Mo _ (e’ (0 0 _°1> " an Overall Phase
Y e—xm? 1 (No Physical Consequence)
, (2-X)22 2-X)[1-Xbica (2—X)b+(1—X)ca sm® 6mG) om
MO = ——— [(@=Xb+c?  (1-X)b+e)?+ X | = smily, Sma)
(2 = X)2Mmy b+ (1 — X)c? smit)

wherer=1—-R & X = %ei“’ and M(IO) is the Zeroth-Order of
the Lightest Eigenvalue of MRg:

M(IO) =r M22
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Construction & Predictions
oe

Solving Low Energy Parameters

Expanding Reconstructed Mass Matrix )

M, = V:D, Vi, ~ MY + MY

with:
. 00 0 sm®  smS)  smb)
M) = > mgge 2% 1 -1, MP= dmiy)  dmi)
1 ) m(Tlr)

Note: Overall CP Phase (No Physical Consequences!!!)
For Linear Order:

sm) = mypse” (@10 ¢23)),
1 it i
(Smﬁ‘l’})" = 5m30672/0‘20 [c52672'9)23y +z+25, — 21'552}
1 _ .
Em(:}, = 5m305_2'020 {csze_z'qb”y +2z— 285 — 2/'663]
1 U . .
1 _ = S —2ig¢ —id
5m(e;2 = zmme i(@10+a20) {765556 P23y 47! DEX]
1 S y .
1 = + —2i¢ —is
5m£,2 _ E’"BUE i(@10+a20) {—CSSSE By, — =0 D(;x}
1 _ .
Emﬁfz, = 5m305_2”120 {csze_z'quy — z+i(son + 553)]
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Construction & Predictions
®00

Predictions
Solutions & Predictions |
@ Zeroth-Order:
myg = my =0 m _72(b—c)2 62"53"—L72_X
10 = myo =0, 307|(2—X)/\/710|’ “TR=X|
Overall CP Phase (No Physical Consequence!)
@ Linear Order: A NZXs
2[¢? — 4r{cosdp + 4r2]1/4
—./y¢Cs cosp(
0 = 1/4
2[¢? —4r¢cosdp +4r?]
o Correlations:
tan 6.
6,(:7(:22—6;5&. = 8] > tan6|d.]

s Solar Mixing Angle 6; Dictated by Dirac Mass Matrix

mp: \/ia

tan Oy = —
. b+c
Will be elaborated later.
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Construction & Predictions

Predictions
Correlation between 6.3 & 0,3 |
tan O
Oy = ——
X cosdp -

6 ]
5 ' Double Chooz ]
: RENO ]
_ Ar 7
<, DaaBay ]
t DayaBay (future) 1
2 7
1f ]
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Construction & Predictions

Predictions
Correlation between 6.3 & 0,3 )
tan O
O = =———=
X cosdp -

6 L ]
55 DoubIeChooz":'-,-, . el ]
[ R . ]
| RENO ¥ ]
4‘5 < =
<, DayaBay i
t DayaBay (future) 1
) i Y Sk . ¥ il 3
1f ]
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Leptogenesis
°

Baryon Asymmetry

Leptogenesis )
@ The Universe contains 4% Matter:
ne = "Bn;"ﬁ — (6.21+0.16) x 10710
where n, is Photon Nu%ber Density & ng is Baryon Number

Density.

@ Leptogenesis Mechanism generates 7ng from Lepton Asymmetry
Y, via Sphaleron Interactions which violate B + L but preserve

B - L: € if €\ f 3¢
=N - = = —
nB £l B-L foL 4f’if€f

where £ = (8N + 4Nu)/(22Ng + 13Ny) = 28/79 for SM, and
f = NZ¢/NZ is the Dilution Factor.
o Efficiency Factor:
e iy M0 33 x10 %V
e N (0.55 < 103eV> L
with m; = (MmLmp)11/M; (Mp = mpVg).
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Leptogenesis
(1)

CP Asymmetry Parameter

CP Asymmetry Parameter ¢; |
@ CP Asymmetry Parameter ¢;: 5 e 2
T[N - 6H - TN — HY] 1 Myy S™ { [(m) D)lz} }
D= TN = eH TN — EHY] am2 (E) ('?'E'?'D)u

Complex mp differs T[N; — ¢H] from T[Ny — £H*].
@ In Minimally Extended SM (Heavy Majorana Neutrinos):

2
F(x)zx[17(1+x2)ln<lizx )+ l_lxz} :—%+O(Xi3>

The expansion applies for x = M,/M; > 5.

@ In Current Model:
My 3 (4y — /C2 — 4r¢ cosdp + 4r2
4rv? 128 (¢2 — 4r¢cosdp + 4r?)

where mj3 is obtained by RG-running m3; from Mz to
Leptogenesis Scale.

2
) (4rcosdp—C)sindp ¢?

€1 =
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Leptogenesis

oe
CP Asymmetry Parameter
Lower Bound on 63 )
o af any? 128(4|'2 — 4r¢ cos dp + CZ) B < 1(]15GeV
1= = - =
RT3 fay o condg 1 2] (eor0 s doc?
7 T T — T T T T T T T T
6F o

013

- Daya Bay (future)
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Hidden Symmetry
[ 1]

Conjecture

0; Determined by mp |

@ As we have seen:

V2a
“b+c
which holds before and after soft breaking!

tan 05 =

@ Fully Determined by mp:

mp =

0O T o
S 0O o

o Not Affect by p — 7 and CP symmetry breaking in Mg!

» Protected or Accident?
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Hidden Symmetry
oe

Conjecture

Extra Z, Symmetry |
@ 6O is Solely determined by mp;
@ Soft symmetry breaking comes from Mg, mp is not
affect;
o If extra symmetry exists, it shouldn’t be affected by soft
breaking;
o It only applies on mp, not Mg.

TImD = Mmp
o Can be realized by:

v — TSVL, N — N

©

Also respected by light neutrino’s mass matrix M, :
TIM,T,=M,
which is Independent of Mpg.
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Hidden Symmetry
°0

Representation

Representation of the Extra Symmetry |

@ Neutrino mass matrix Invariant under transformation:
TIM, T, = M,

@ Diagonalization Scheme:
Vim,V =D,

@ The effect of transformation is just a Diagonal
Rephasing:
viTIM, T,V =d,D,d, = d,V"M,Vd,
with d? = I3 which constrains d, = diag(+, &, +).
o General consequence:
T.V=Vd = T,=VdV!
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Hidden Symmetry
oe

Representation

Representaion of the Extra Symmetry ]
@ Two Nontrivial Independent possibilities of d,:
=il 1
dﬁl) = 1 ) d£2) = 1
1 =1
@ Mixing matrix with 0, parameterized in terms of k:
k —V2
2{rk2 \/2;rk2 91
V(k) = 2+k? 20+k2) V2
1 k 1
V2t L\ perke) V2

@ Two Independent symmetry transformations:

L (2K 2k 2k 1
T.—— | 2t #2 -2 T, — 1
s 2 ) ur
24K\ o o k2 1

T, is 3D Representation of ;1 — 7 symmetry.
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Summary
.

Summary
Summary |
@ Oscillation Data strongly support p — 7 symmetry as a

Good Approximate Flavor Symmetry.
@ The p — 7 symmetry predicts (023,013) = (45°,0°) &
Vanishing Dirac CP Phase.
@ Conjecture: both p — 7 and CP are Softly Broken by a
Common Origin in Mg.
@ With this conceptually Simple and Attractive
construction, 613 is Correlated with 053
(Lower Bound on |dx| / Upper Bound on |d,|).
Strong supports for up-coming experiments.
@ Predictions on Baryon Asymmetry through leptogenesis.
@ Constrain by leptogenesis scale: Lower Bound on 6;3.
o Extra Z, dictating solar mixing angle 0;,.
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Summary
.

Thank You

Thank You!
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Spare Slides - Reconstruction of Low Energy Neutrino Mass

Reconstruction of Light Neutrino Mass MatrixJ

Note: Majorana Neutrino's mass matrix is Symmetric:

Mee Mgy Mer mq
M, = V*D,V = My  Myr with D, = my
Mmerr m3
i ! /
where: V. = UUU,
U// = diag(e'al, elozz’ eloz3)’
/ : i i i .
U = diag(e'®,e?2, e'%);
CsCx —SsCy —sxe’5D
_ —is —i6
U = SsCy — CsS35x€~ P CsCy + SsSa5¢€~ %P —s,0x

6.8 e Es T . —gead i ge
(0x = 013,05 = 012,0, = 6023)

Note: of the Six Rephasing Phases, only Five are Independent.
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Spare Slides - Reconstruction of Low Energy Neutrino Mass

Reconstructed Mass Matrix Elements )

me, = e 2 [c2c2my + s2c2m, + sie 2% my],

m,., e 2% [(ssca — Cs525¢€0P)2 My + (CsCa + S5525¢€'°P )2 My + sacoms),

m_ = e 2% [(sssa + CsCa5x€'9P )2y + (CsSa — SsCasxe™P)2 M, + cicims],

me,, = e i(entar) [cscx(ssca— cssasxe"‘s")rwnzl —sscx(csca + sssasxe"‘sl’)rwn2
+5,5,Ce 19D ms],

m,. = e i(ontas) [cscx(sssa+cscasxe"‘sf’)ﬁh—sscx(cssa—sscasxe"‘s")rwn2
—Ca5cCee 100 ms],

m,, e (ortas) [(ssca = cssasxe"(sf’)(sssa + cscasxe"‘sf’)Fn1

+ (CsCa + 55525¢€"°P)(CsSa — SsCa5x€P) My — SaCaC2im3),

with m; = m;e 2%,
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Spare Slides - Reconstruction of Low Energy Neutrino Mass

Tiny Variables of Reconstructed Mass Matrix )

o From:
(b—c) °

/\/]l(/o) S S
(2 - Xx)m 1

we can get Two Vanishing Mass Eigenvalues:

m1:m2:0

@ Normal Hierarchy = Nonzero m:

_m
y:m3 O(F7C)

@ Besides: 5
02,0x,2 = —m3>5ai (@i = o + ¢3)
m3
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Spare Slides - Prediction of Leptogenesis for Baryon Asymmetry

Prediction of Leptogenesis - 175/M;

.
_ 2 _ 2]
MzMy 3 <4y \/C 4r¢ cos 6p + 4r
K

am® 128 (¢2 — 4r¢ cosbp + 4r2)

(4rcosdp — ¢)sindp C2

ng 3¢
My 4f
10—22
10—23
T 102
- 10
9
=
s 10 25
=

10-26

10~ 27
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Spare Slides - Prediction of Leptogenesis for Baryon Asymmetry

Prediction of Leptogenesis - Lower Limit of I\/IU

af 4my? 128(4r2 — 4r¢ cos 8p + ¢2
0 = ™ ( ¢ p+¢%) n8 > 1083Gev

1= 22— 3 — 52
3¢ kymg 3 [4y _ a2 ar¢ cosdp & C2] (4rcos 6p — ¢)sindp¢
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Motivations Construction & Predictions Leptogenesis Hidden Symmetry Summary

Spare Slides - Constrains of Leptogenesis on Low Energy Observables

Upper Limit on Leptogenesis Scale M, )

PRV
My = L= pt5Gey
m3

1016 L

1015 L

M (GeV)

1014 L / 4

1013 K I
0 100 200 300 400 500

|b—c| (GeV)
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Spare
Low Energy Observables

Jarlskog Invariant J )

1
J = 7 sin” 265 sin 6pd, + O (53, 8.3, 53)
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Spare
Low Energy Observables

0v23 Decay Observable |Me| )

Mee ~ m3 /sty? + 252 cos 2(8p — $23)yd2 + (82 — 2s2y262)
T

08

20

S5/
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Spare
Low Energy Observables

Constrained Jarlskog Invariant J ]
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Spare
Low Energy Observables

Constrained 023 Decay Observable M, )

8
6 . .
L ‘: o
&4 :
2, |
- (b)
O | | | |

2.0 25 3.0 35
Mee (MEV)
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Spare
Spare Slides - CP Phase Constrained by Leptogenesis

Constrained CP Phase dp by Leptogenesis |

o
2
7. 3(4y — \/CZ —4rCcosop + 4r2
ne _ 3K, (= v =arcesiprt42) (4rcos 6y — ¢) sin &p 2
My Af  4mv2 128 (¢2 — 4r¢ cosSp + 4r2)
o ng >0 = (4rcosdp —()sindp >0
4 22 2
S . 4 .
r:g cosdp =+ —syf —sin®dp = §2—2—X\sm69\
2 16 &% %

@ These two inequalities will lead to:
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Spare
Spare Slides - CP Phase Constrained by Leptogenesis

Constrained CP Phase Jp v.s. J )

001 Bz Y é
£ |

~ 000

~001}

002}
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Spare
Spare Slides - CP Phase Constrained by Leptogenesis

Constrained CP Phase dp v.s. Mg )

35

3035k

Mee (MeV)
W

% @

(%)

255 o A‘eh

20 7
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Spare
Spare Slides - RGE

RG Running Effect ]

@ Low Energy Observables 26E High Energy Observables
@ Only mass eigenvalues are obviously affected:

mj(p) = x (1, po)mj(po)

@ which can be expressed as:
1 t
0

@ For leptogenesis: m;(My) = x(M1, Mz)m;j(Mz)
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Spare
Spare Slides - RGE

RG Running Effect |

1.35F
1.30 "
1.25¢

£lg 120/

on(,u):

115}
110}

1.05}

1.00 ¢ : : ‘ ‘
100 10° 108 10% 10

w(GeV) [My=115GeV]
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