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Current Neutrino Oscillation Data
v-Parameters Lower Limit | Best Value | Upper Limit
(20) (20)
Am3,; (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°)

si n2 923 (923)

0.366 (37.2°)

0.466 (43.0°)

0.602 (50.9°)

sin2 4913 (4913)

0 (0°)

0.016 (7.3°)

0.036 (10.9°)

ides
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Approximating Symmetry

Evidence of ;; — 7 Symmetry at Low Energy |

@ Two small deviations (20 level):
—7.8° < 63 — 45° < 5.9°, 0 < 613 < 10.9°

with Best Fitted Value: 053 — 45° = —2.0°, 63 = 7.3°.

@ pu—7 Symmetric Limit as Good Oth Order Approximation:

923 S 4507 913 = OO'
corresponding to mass matrix with Zero Dirac CP Phase:

A B B
MO = C D
C
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Assignment

Model Assignment at Zeroth Order |

@ Minimal Seesaw & p — 7 and CP Symmetries:
1

7@ = 1| oo ( 1)
uT ] uT 1

° TOmpT? =mp & TEMRTE = Mg:

a a
mp=1|b c|, Mg = <m22 m23>
c b m23 Mg33
with all elements being REAL.

@ Seesaw Mass Matrix for light neutrinos (M4

= Mmoo E= m23):
2a> a(b+c) a(b+c)
M. M. M.,
0 -1._.7T b+c z b—c)? b+c z b—c)?
M,(,)%mDMR mp = %[(/\/u) Jr(/\/1,)} [(/\/u) *(M,)}
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Assignment

Common pu—7 & CP Soft Breaking ]

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

@ So, y — 7 breaking should be Small and Simultaneously
generates dp = ;1 — 7 & Dirac CP broken by a Common
Origin.

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

@ Conjecture: ;1 — 7 & CP Symmetries are Softly broken
from a Common Origin which is Uniquely determined as:

1 R ”723>
Mg = m - _
e g2 (R 1-— Ce"“) < moo

Note: ;1 — 7 & CP Recover with ( — 0.
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Assignment

The Consequence: Main Predictions J

0 05(= b3 — 45°) & Ox(= 013)

o Common Origin & Linear = 0, oc dy;
o Once 6,3 well measured = Predict 6;3!

o Dirac CP Phase 6p & Majorana CP Phases

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

o Normal Hierarchy with m; = 0.

o Fully reconstructed mass spectrum = M,;
o Vice Versa.
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Solving Low Energy Parameters

Expanding Mass Matrix M, |
Expanding the mass matrix M,, in terms of r & ( up to Linear
Order:
M, = MO + MO + O(r2, r¢, ¢?)
with:
Yo _ (=02 (0 3 jl) i an Overall Phase
Y 2-X)My 1 (No Physical Consequence)
o , (2 — X)2a? (2 =X)L = X)b £ cfa (2= X)b+ (L~ X)cla smd) 5m((1})) 6m((9117_)
M = __ = — = m m
v (2 — X)2Myg [(1 = X)b + c] (1 [li(zr(b(;rf)x;]zx be Smpu i @T—

wherer=1-R & X = %e’w and My is the Zeroth-Order of
the Lightest Eigenvalue of Mg:

M1o = rMp;
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Solving Low Energy Parameters
Reconstruction of Light Neutrino Mass MatrixJ

Note: Majorana Neutrino’'s mass matrix is Symmetric:

Mee Mgy Mer m
J— * M —
M, = V*D, VT = My, myr | with D, = my
merr m3

where: v = U"UU,

U// — diag(eial, eio@’ el’()é3)’
U' = diag(e'®, e, e/%);
CsCix —G5@x —sxei5D
U = SsCy — cssasxe_i‘SD CsCa I sssasxe_i(SD —S,Cx
55 4F cscasxe*"‘gD CsS,y — sscasxe*"‘sd CoCx

(Ox = 613,05 = 012,05, = 023)

Note: of the Six Rephasing Phases, only Five are Independent.
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Solving Low Energy Parameters

Reconstructed Mass Matrix Elements )

Mee = e 21 [c2c2my + s2c2im, + s2e™ 2% my],

m,, = e 2% [(85Cs — €5525x€'%°)2 My + (CsCa + SsSasx€®?)2 My + s2c2im;)

m.,. = e~ 2% [(555a + csc‘.isxe"‘sf’)2r~n1 + (€552 — ssc‘.qsxe"‘sf’)2r~n2 + cfcfr?;ﬂ,

My = ) [, (5060 o507y — ssCx(Ca + 55,5872 g
+s55ccxe 00 ]

m,, = e i(ontas) [cscx(sssa—&—cscasxe"‘sf’)rﬁl—sscx(cssa—sscasxe"‘sl’)ﬁv2
—CaSxCxe 0P 513] ,

m,, = e i(aatas) [(ssca — Cs525x€°P (555, + CsCasyce™®P)my

i6 60\ 7= D
+ (CsCa + S5525x€"°P)(Cs5a — SsCasxe'*P) My — SaCaCh ),
with m; = m;e 2%,
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Solving Low Energy Parameters

Perturbation Parameters in Reconstructed M,,J

o From:
(b—c)?

O = 2o -1
(2 — X)Msp

1
we can get Two Vanishing Mass Eigenvalues:

m1:m2:0

@ Normal Hierarchy = Nonzero mj:
my
y=— O(I’, C)
m3
@ Besides:
. 6m3

(5376)(,2 = 7375(1[ (6, = CEJ 4F ¢3)
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Solving Low Energy Parameters

Expanding Reconstructed Mass Matrix |

Ml/ ~ MI(/O) + Ml(/l)
with:
00 0 (5m£}9) 6m$2 (5mc(elr)
1 _
Ml(,o):§m3oe’2"‘2° 1 -1/, MM = Smis)  Smiy)
1 (5m(717)

Note: Overall CP Phase (No Physical Consequences!!!)

For Linear Order:

omll) = myysle2i(®10—9%23),
1 = y
6m£},)‘ _ Emme—zmzo [Csze’z’“’?"’y 4z 426, — 2,-552}
1 — 0
6m£_17)_ = Emgoefz“'Y20 {c§e72'<p23y +z— 28, — 21'6&3}
1 L . .
(1 _ —i(@g+aing) —2i¢ —is
Smep = 5mie 10720 {*cssse By te Déx}
1 L » )
1 _ —i(ag+a —2i¢ —id
6m(e7_) = pmaoe (T10+720) {7cssse By —e D(SX]
1 — .
) = Lmue (e omy 2w + 5w
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Predictions e
Solutions: Lower Limit on 643 ]
@ Zeroth-Order: )
0 2(b—c) 2itso r 2—X
m = m = m = -
OO 2 = X)Mao] 12— X]

Overall CP Phase (No Physical Consequence!)
@ Linear Order:

. VYSsC
o = 1/4
2[¢? — 4r(cosdp + 4r?]
5. = —/yCs oS Op(

2[¢? — 4r¢cosdp + 4r2]1/4
o Correlations:

tanfs _
e = |0x| = tang |8,|
cos dp
@ Solar Mixing Angle 6; Dictated by Dirac Mass Matrix
mp: . 9 \/ia
anfs = —
° b+c

Will be elaborated later.
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Predictions

Correlation between 03 & 03 |
. tanfs
Ox = _—~S()
COS 0p
77 ‘ ]
. ;
5 Double Chooz # % 20 L O cean
. RENO ]
2f ]
" |
| —.1I.O - _‘5 ‘ é

623— 450
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Low Energy Observables

Jarlskog Invariant J |
J= 2 sin? 205 sin dpdy + O (()3, Ox0a, ()g)
7
of -

013

1 1 1 1 1 1 1
-0.02 -0.01
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Origin of Matter

Origin of Matter: Baryon Asymmetry via
Leptogenesis

@ The Universe contains 4% Matter:
M8~ N8 _ (6.21+0.16) x 1010

where n, is Photon Number Density & ng is Baryon Number
Density.

nB =

9 Leptogenesis Mechanism generates 7g from Lepton Asymmetry
Y, via Sphaleron Interactions which violate B + L but preserve
B —L: € & 3¢
g = FNE*L = fFN[ = 7E:‘{f€f
where £ = (8Ng + 4Ny)/(22Ng + 13Ny) = 28/79 for SM, and
f = NIF¢/N> is the Dilution Factor.

9 Efficiency Factor:

1y
& 0.55 x 10-3eV

with ™; = (M5 mp)11/M; (Mp = mpVR).

my )”6 3.3 x 10~ 3eV
+ - _—
m;
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CP Asymmetry Parameter

CP Asymmetry Parameter ¢; ]

@ CP Asymmetry Parameter ¢;: N . 2
T[Ny — tH] = T[Ny — PHY] 1 (M2) Sm { [(mDmD)lJ }
(#bo),,

T T[Ny — CH] + T[Ny — CH]  4mv2 \ My
Complex mp differs I[N; — ¢H| from I'[N; — (H*].
9 In Minimally Extended SM (Heavy Majorana Neutrinos):

F(X)X{1(1+X2)|n (1;)(2) R 1—1x2} %+O(%>

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

€1

@ In Current Model:
sy 3 (4y — /¢2 — 4r€ cosdp + 4r2
47rv? 128 (¢ — 4r¢ cosdp + 4r?)
where mj3 is obtained by RG-running m3; from Mz to

Leptogenesis Scale.
Hong-Jian He Talk @ ITP
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Prediction of Leptogenesis for Baryon Asymmetry
Prediction of Leptogenesis - 75/M; J

—_—\ 2
2 _ar - )
NS 375*_ m3M; 3 <4y V6 4r cos 6p + 4r )

- o 2
< = 4r cos dp — sin 6p ¢
My 4f T am2 | 128 (C2 — 4r cosép + 4r2) ( b — ¢)sindp

1072

(@

iR
%
Q
=
g oot 4 NS
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Prediction of Leptogenesis for Baryon Asymmetry

Prediction of Leptogenesis - Lower Limit of Mlj

- 4f 4mv? 128(4r% — 4r¢ cos 5p + ¢2) B > 178y
1= o= - 3 o 7
3¢ kemg 3 {4)’ _ y/4’2 Iy wep— Cz} (4rcos dp — ¢)sindpC
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Constrains of Leptogenesis on Low Energy Observables

Upper Limit on Leptogenesis Scale M,

b— 2
M, = %g 1015GeV
m3

1016 L

1013 _
0 100 200 300 400 500
|b—c| (GeV)
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Constrains of Leptogenesis on Low Energy Observables

Lower Bound on 643

M 4f 4mv? 128(4r2 — 4r( cos 5p + ¢2) ng
1= 57

3¢ rem3 4 {4): - \/4r2 — 4r¢ cos dp + 2

}2 (4rcos 5p — ¢)sin dp¢2

< 101 Gev

6
‘5 Double Chooz

623— 450
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Conjecture

fs Determined by mp |

o As we have seen:
V2a
b+c
which holds before and after soft breaking!

tanfs = —

o Fully Determined by mp:

mp =

0O T o
S 0O o

@ Not Affected by —7 and CP symmetry breaking in Mg!

» Protected or Accidental ?

Hong-Jian He Talk @ ITP
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Conjecture

New Hidden Symmetry Dictating 0, )

@ O 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;

@ It only applies on mp, not Mg.

TimD = mp
o Can be realized by:
n — Tsi, N =N
@ Also respected by light neutrino’s mass matrix M,:
TIM,T,=M,
which is Independent of Mg.
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Representation

Representation of the Hidden Symmetry |

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

o Diagonalization Scheme:
ViIM,V =D,

@ The effect of transformation is just a Diagonal
Rephasing:

viTIM, T,V =d,D,d, = d,V"M,Vd,
with d? = /3 which constrains d, = diag(+, +, +).
o General consequence:
T.V=Vd, = T,=VdVI

Hong-Jian He Talk @ ITP
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Representation

Representaion of the Hidden Symmetry J
@ Two Nontrivial Independent possibilities of d,:
—1 1

dl(ll) e 1 5 d£2) = 1

1 —1

@ Mixing matrix with 0, parameterized in terms of k:

k —2 0
2irk2 \/2/J(rk2 .
V(K)= | vare  Jaere) V2
1 k 1
2+k2 2(2+k2) V2

@ Two Independent symmetry transformations:

L (2K 2k 2k 1
Ts = 5 _k2 2k k> =2 s TMT = 1
+ 2k -2 K2 1

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

@ Oscillation Data strongly support i — 7 symmetry as a
Good Approximate Flavor Symmetry.

@ The i — 7 symmetry predicts (023, 013) = (45°,0°) &
Vanishing Dirac CP Phase.

@ Conjecture: both ;1 — 7 and CP are Softly Broken by a
Common Origin in Mg.

@ With this conceptually Simple and Attractive
construction, ;3 is Correlated with 053
(Lower Bound on |0x| / 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 2, dictating solar mixing angle 6;,.
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Thank You

Thank You!
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Spare Slides - CP Phase Constrained by Leptogenesis
Constrained CP Phase iy, by Leptogenesis |
o
B 3¢ mazMy 3 (4y — \/CZ — 4r{ cosdp +4r2) . L
Vl = Eﬁf piy 128 (2 — 4r¢ cosdp & 472) (4r cos 6p — ¢)sindp ¢
o ng >0 = (4rcosdp —()sindp >0
4 1,202 2
_ y=C 0 3 462, .
r= = |cosdp *+ 16 5 —sin“dp = C2¥7\sm09\

/x x op
~ 4 ‘\
AN

w0 %

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

Constrained CP Phase op v.s. J |
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RGE

RG Running Effect |

@ Low Energy Observables R6E High Energy Observables
@ Only mass eigenvalues are obviously affected:

m; (1) = x (1, pro) mj (o)
@ which can be expressed as:

1

t
0

X (1, po) ~ exp [

@ For leptogenesis: mj;(My) = x(Mi, Mz)m;j(Mz)
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RGE

RG Running Effect )
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