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PRELIMINARIES

Flavor mixing
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SM fermion mass term

Lm = —fraM! fry+h.c.  chiral < flavor basis
Jra = Uc‘fisz'
fry = beijj mass basis

Lo = —JMI P fp;+h.c. chiral — flavor basis

MDY — g sfws

Flavor < mass biunitary transformation

cc weak interactions



Quarks Leptons

Egc = ﬂLa’y'udLaW/j_ -+ h.c. Léc = ZLa’Y'uVLaW,u_ -+ h.c.
- CKM + 7 PMNS _
= uLi*y“V;j de;Wy" =+ h.c. = ELZ-'y'“UZ-j vriW,, +h.c
VCKM — ulysd [JPMNS _— 70iv
( C12C13 $12C13 8136_255\
PMNS __ - -
U = | —s12¢03 — €12523513€"%  c12c03 — 512523513¢"  523C13

5 5
\ 512803 — c12¢03513€%  —c12813 — 512¢23513¢%  coze13 )
with
cij = COS 97;]'
Sij = Sin 91]

No, 4 an additional diagonal Majorana phase matrix factor!



Neutrino mass term

Assumed Majorana form

1
Lom = —Euc./\/l”u + h.c.

MY complex symmetric matrix in family space

(m1 0 0)
MO =y pmrort = | g mo> 0 |, m; complex
\0 0 mg3)

3 Majorana phases, one overall phase absorvable in v
Two relative Majorana phases

convention: choose mj = real, mo = |mo|e’®2, mz = |m3|e'®3



— additional phase factor matrix to the right in UPMNS:

(1 0 o)

UgPMNS _ ;CKM—form 0 eia72 0
\0 0 &7

Running of neutrino masses & mixing angles
Loop renormalization effects —

coupling strengths g; = g;(t),

t x ln% with @) as running & A as fixed scale, chosen high

True, in particular, of Yukawa couplings — masses.

=



Fermion masses and mixing parameters become functions of ¢t.
Specifically, in the neutrino sector

m; = m;(t),
0;; = 0;;(t),
oy = 6y(1).

Our idea :
Choose some symmetry at a high scale (Q = A, i.e. t = 0)
and see how they look at the laboratory scale (Q = \ ~ TeV).



NEUTRINO FACTFILE
Masses

At least two of the three known light neutrinos are massive!

[[mo]? — |m1]?]Y/2 = /6m2 ~ 0.009 eV

neutrino oscillation

Ima|? — [mo,1|2|1/2 = /|6m3]| ~ 0.05 eV
3
> Imy) < O(1) eV cosmology
i=1
Mixing

U =UPMNS(014,023,013,6,)
012 ~ 34°, O3 ~45°, 013 <12° 4§, =7
lo: 010 = 33.8° — 1.8° 4 2.4° o3 = 45° + 4° .



UPMNS (104 0.6

\0.4 0.6

Mass Pattern

Normal ordering

(0.8 05 <0.2)

0.7

(0.97 0.22 0.003)
cf. VCEM 1500 0.97 0.04

0.7

Solar

\0.01 0.04 0.99 )

Inverted ordering

Im3|? > |mo|? > |m1]|? Im3|? < |m1]? < |mol?



3 patterns
Normal hierarchical (NH) |mq| ~ 0, |ms| ~ 0.009 eV, |m3| ~ 0.05 eV
Inverted hierarchical (IH) im3| ~ 0, |m1| ~ |mo| ~ 0.05 eV

Quasi Degenerate (QD) 0.05 eV < |mq| ~ |mgp| ~|m3| <0.33 eV
Nonhierarchical = {IH QD}

im; + m;|?
Im;|2 — |m|?

RGE from A to )\ controlled by A where A, < 102,

Only nonhierarchical neutrinos have significant RGE effects!



MASS PARAMETRIZATION WITH MAJORANA PHASES

Three real parameters mq, pa, €g

mi1 = |ma1|
mo 3 = |mo3|el®:
im1| = mo(1 — pa)(1 —es) mo, pa, €5 real
Imo| = mo(1 — pa) (1 + €es) mo, es > 0,mp < 0.33eV
ima| = mo(1 + pa) —1<paS1,pa2 0 for NOMMal ordering
dm%z = 4mg(1 — pa)Zes
6m3| = 4m3|pal M=p,' —paZ 0 for Nomal ordering
> i|lmi| = 3mo(1l — %) [T dimensionless no. between
O and 4+ 182.

NH @ mg~0.025eV, pg~1l,eg~1, ~0+4
IH : mp~0.025¢eV, py~—1,eg~1.6x 102, ~0—
QD : 0.025 < mgp<0.33 eV, |py| <.0056,eq>2x107°,|M <182

Nonhierarchical = {IH,QD}.



HIGH SCALE NEUTRINO SYMMETRIES
1 Minakata, Smirnov (2004)
QL
AN 2  Raidal (2004)

. 1 Harrison-Perkins-Scott (2002)

B
M\ 2 King (2005)

1/vV/2 1/v/2 0 2 V2 0

Vekm D 0.~ 12.6°,UM = [ —1/2  1/2  1/y2 ,UTBM:% ~1 V2 V3
1/2 —1/2 1//2 -1 —V/2 V3
l l

993 — 450 — 91\2, 94_\3 =0 993 — 450, 94_\2 — 35.260, 94_\3 =0



QLC1

PMNS __ CKMTrrBM
U — YV CKMI/E

U,=1 basis - U;=U,

QLC2

[JPMNS — UBMTvCKI\/I
- Y

U;=1 basis - U, =U,

TBM1

[JPMNS — [7TBM

Family A4 or S3

0%, = 45°
07, = 0°

TBM2

O T
UPMNS — VCKM UTBI\/I,

where
1 Oc/3 0
VM~ L0031 [V
0 |Val 1
A~ -1 1 0. A~ o
01, =sin™" — — =75 =~ 32.3

00y ~ T — |Vy| == 42.7°




RGE FROM A to A IN MSSM

Generation of Majorana r-mass

Dim 5 operator in SM

o HY( - H 0
O:Cab( 3\( ), <H>:
v/V2
2
—— (My>ab p— Cab;}—/\ v~ 246 GeV

Evolve ¢ from high scale A to laboratory scale X in MSSM.

1-loop contributions from: gauge bosons, gauginos, fermions,
sfermions.

Log-sensitive to A/).



Chankowski & Pokorski (2000, 2002)

MY = T TEMP N
with symmetry properties imposed on MV,

1 Q
1672 A

[ t(\)
Iy = e |— [ ar{6g3(r) + 203 (r) = 6Tr(VY) (")} .

I

oty
exp |— /O dr (YY) (0| .
In the basis with Uf =1, i.e.

(me 0 0 )
M=10 my 0|,
\O0 0 my/




with mZ , neglected,
(10 o0 )
Ixr=10 1 0
\0 0 e A7)

Neglect O(A2). Then

MV’)\ ~ IK

MY — Y — UPMNS,

cf. MI//\ 5 U/\PI\/INS_

Ar = m2(tan? 8+ 1)(8n%v2)~Lind
: §1O_2 for vy /vg =tanpg < 30

N.B. v2 = v2 + ’UCQZ

1o o ) (10 o0 )
01 o0 |MN o1 o [|+02.
\0 0 1- A, \0 0 1- A,

Work in the basis U¢ = I.



Get

0ij = 0+ kijDr a3 =abs+ a230:,6,=diAr upto O(A2).
1 AN N2 1
ki = =sin2607,sin?05, m3 + my)] ~ sin 267, sin? 65, [1—|—c05a2—|—(es) (1—c05a§)]
2 m5|? — ‘ml‘Q e
+0(673
1 |m/\_|_m/\|2 |m/\_|_m/\|2
kos = =sin205; [ cos? 0y, —2 3 sin? 6 L 3
¥ 2 23( 2lmde i o 2 = g
|—/\
~ T5|r12923 [1 4 cos® 67, cos(ab — af) + sin® 67, cos af] —|—p2‘45|n29 sin 265,
+O(9137€s),
1 A Al2 A Al2
kiz = =sin20sin 2023( |ﬂ7\22+ m3| 5 — |m12+ ms| 2)
4 m3[2 — [m5[2  [mg|2 — |m]|
|—/\
~ Esm 207, sin 2055 [cos(ah — af) — cosal] + O(015, €5),
m}| = Ixlm{(1+ md. + 0(A2)), = 0(1),
A A 2 |m/1\ A| A
af = o +a; s+ O(AZ), ar ~ —4 cos 267, sin? 25 sin ab.

|m9‘2 ‘ml‘Q



QLC1
QLC2
TBM1

TBM2
Use 30 allowed ranges

CORRELATED CONSTRAINTS

0i; = 0y + kJ-CT AL 4+ 062, 05A0,, A2),
0i; = 0y + k3D 4+ 0O(- ),
Oij = 0] + koA + O ),
0ij = 0 + ko2 A+ O ).

for neutrino mass and mixing parameters

7 x107° eV2 < dm% < 9.1 x 107> eV?,
1.7 x 1073 eV? < |[6m?| < 3.3 x 1073 eV?,
30° < 012 < 39.2°,
35.5° < 0>3 < 55.5°,
010 < 12°,

Tightest constraints from 6,



mo tan 8 — ap exclusion regions for QLC(1,2), TBM(1,2)
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a» ~m, i.e. m1 >~ —mo at all scales

also supported by leptogenesis (Buchmiller, de Bari, Plumacher).
35.4° QLC1,
32.4° QLC?2,
012 > 91\2 —

35.26° TBM]1,
35.3° TBM?2,

A
Aboz ~ —AT sin 2055(1 — cos 267, cos o).

Pa
For formal - ordering,
42.5° QLC1,
42.7° QLC?2,
623 2 005 =
45° TBM1,

42.5° TBM?2.



013 can discriminate among scenarios!

12

—_
o

8.9° QLC1,
1.6° QLC?2,
9/\ —
13
0° TBM1,
3.1° TBM?2.

Ab13 = 005 — 013 depends on mgtan j3.

oo

12

10

2 // 1% L i
5 6 - B 61 ]

iy [y
2 0 B 3
< @ 4 = T 1
D T QLC2 7 @ | N
2= ] 2 | 13aee ]
ol L RN L] ——————
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M
i tanf} (eV) m tanp (eV)

013 < 6° Will exclude QLC1.

If mjtan3 <2 eV (mjtanB < 1.4 eV), TBM2 will be distinguishable from QLC?2
and TBM1. Await results on 6,3 from DCHOOZ & DBAY.



CONCLUSIONS

e High scale symmetries, QLC (1,2) and TBM (1,2) compatible with data
for nontrivial a>3 in the case of nonhierarchical neutrinos.

e Correlated constraints in the mgtan 3 — a> plane. Specifically need a, ~ T,
I.e. m1 ~ —mo, also supported by leptogenesis.

o Killing predictions

012 > 35.4° QLC1,
012 > 32.4° QLC?2,
1o >35.26°  TBMI,

010 > 35.3° TBM?2.

SNO3 7



o Or3 — 993 correlated to normal or inverted ordering for each scenario.

e (13 can in principle distinguish among the scenarios, DCHOOZ and DBAY
?



