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d,; has been measured
Global Picture

Exclusion of non-zero 6,, A consistent picture
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013 summary

IwWo extreme {]SSUH’]PﬁOﬂS on reactor ﬁUXES.'

® use fluxes from Huber, | 106.0687 without SBL
reactor data

sin? A3 = 0.025 4+ 0.0023 ;3 = (9.27042)°  sin® 26,3 = 0.099 £ 0.009

® |eave react flux free and include SBL data
sin? #13 = 0.023 £ 0.0023 #13 = (8.670735)° sin’26:3 = 0.088 £ 0.009

T. Schwetz




Quark mixing  the Cabibbo -Kobayashi-Maskawa (CKM) matrix Veg,
lepton mixing  the Pontecorvo -Maki-Nakawaga-Sakata (PMNS) matrix Upyns

{j — r r 4 - T T r— -1
L= —%LL*‘_ a I""C‘-I{I\,IDLHJ - %EL‘} “Upmns N W " +H.C.,
V2 V2

Up = [riL.t'L.fL..,,}T. Dy = (ffL.HL.F;rL.,.,)T. E; = (t'L.,UL.TL...,)T. and Ny = (v1,v0,1, ...

For n-generations, V = Vs or Uppygng 18 an nox noumitary matrix.

‘JT

A commonly used form of mixing matrix for three generations of fermions 18 given by

12€13 512€13 S13€
7 . R . E R 111 .
V= —si2c03 — c12823513€" 12003 — S12823813€"" 523013
14 S S 1 B
S12523 — €12023813€°  —C12523 — S12023513¢€  €23C13
where s;; = sinf,;; and c¢;; = cosf;; are the mixing angles and 4 1s the CP violating phase.

If neutrinos are of Majorana type, for the PMNS matrix one should include an additional diagonal

matrix with two Majorana phases diag(e"1/#, ¢'*2/%,1) multiplied to the matrix from right in the above.

Neutrinos masses, mi, mz, ma.




Forero et al, arXiv:1205.4018

best fit £1o
Am3, [107%eV?]| 7.62 £0.19 7.27-8.01 7.12-8.20

parameter

2.53104% 2.34 — 2.69 2.2

. . ¢
Am3, [107%eV?
o | ] —(2.4019°10) | —(2.25 — 2.59) | —(2.15 — 2.68)

sin? 5 0.32075012 0.29-0.35 0.27-0.37
0.49700% 0.41-0.62

sin? faq 0.39-0.64

0.531000 0.42-0.62

0.0267506% | 0.019-0.033 0.015-0.036

0.02710001 | 0.020-0.034 | 0.016-0.037 Fogli et al, arXiv:1205.3204
: : .
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Results of the global 3 oscillation analysis, in terms of best-fit values and allowed 1, 2 and 3¢ ranges for the J»
mass-mixing parameters. We remind that Am? is defined herein as m3 — (m5 + m3)/2, with + Am* for NH and —Am?* for TH.

Parameter Best fit 1o range 20 range 3o range
dm? /107" eV? (NH or IH) 7.54 7.32 - 7.80 7.15 - 8.00 6.99 -~ 8.18
sin #12/10~1 (NH or TH) 2.07 2.01 - 3.25 2.75 — 3.42 2.50 - 3.50
Am?/107* eV? (NH) 243 2.33 - 2.49 2.27 - 2.55 2.10 - 2.62
Am?/107* eV? (IH) 242 2.31 - 2.49 2.26 - 2.53 2,17 - 2.61
sin? #42/10~2 (NH) 241 2.16 — 2.66 1.03 - 2.00 1.60 - 3.13
sin? #13/10~2 (IH) 2.44 2.19 - 2.67 1.94 - 2.1 1.71 - 3.15
sin? fa3/10~1 (NH) 2.86 3.65 — 4.10 3.48 — 4.48 231 - 6.37
sin? fa3 /10~ (IH) 2.02 3.70 — 4.31 3.53 — 4.84 @ 5.43 — 6.41 2.35 - 6.63
d/m (NH) 1.08 0.77 — 1.36

d/m (IH) 1.00 0.83 — 1.47




| NuFIT 1.0 (2012) |

Free Fluxes

RSBL

Huber Fluxes. no RSBL
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Neutrino oscillations

1 0 0 c13 0 sy3e7% C12
U= 0 93 893 0 1 0 — 519
0 —s23 co3 —s13€"° 0 cy3 0

Remaining unknowns in the 3-flavor picture

Masses

2 2 - 2
my, Mz, M3<—> Amlgj ‘Am23|, S%gn(&m23)? g
4 v ? ?

Angles 6'12? 923: 913:

(plus Majorana phases)

Known to good precisions




v, Appearance
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Possible way of measuring mass hierarchy and CP phase




Need to find out whether neutrinos are
Dirac or Majorana particles.

BB Decay Experiments

BB mass (eV)
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Majorana GERDA

Thomas Jefferson National Accelerator Facility




Absolute neutrino mass measurement
Kartrin experiment: sensitivity 0.2 eV

Tritium Source Transport Section

Tritium decays, releasing an electron
and an anti-electron-neutrino.
While the neutrino escapes
undetected, the electron starts its
journey to the detector.

‘I\IIE’ + HST 4+ SN-Ia
CMB + HST + SN-Ia + BAO
CMB + HST + SN-Ia +~ BAO + L

Electrons are guided
towards the spectrometer
by magnetic fields.

Tritium has to be pumped
out to provide tritium free
spectrometers.

Pre- and Main Spectrometer Detector

The electron energy is analyzed
by applying an electrostatic
retarding potential.

Electrons are only transmitted
if their kinetic energy is
sufficiently high.

bounds on ¥ = miy 4+ ms -+ mia.

At the end of their
journey, the electrons are
counted at the detector.
Their rate varies with the
spectrometer potential
and hence gives an
integrated B-spectrum.

T. Kajino, talk On 7t for
more on cosmology and
astrophysics



Theory before and after Daya-Bay/Reno results

Before: popular mixing -The Tribimaximal Mixing
Harrison, Perkins, Scott (2002) , Z-Z. Xing (2002), He& Zee (2003)

The mixing pattern is consistent, within 20, with the tri-bimaximal mixing

I tri—bi —

A4 a promising model (Ma&Ranjasekara, 2001) and realizations
(Altarelli&Feruglio 2005, Babu&He 2005). Later many realizations: S4,

D3, S3, D4, D7, A5, T,0754¢ d{(8Crehb)(
Altarelli&Feruglio for review. (H. Lam; Mohapatra et al), T.
Mahanthanpa&M-C. Chen; Frampton&Kephart; Y-L Wu , e.



Af ter: Need toj ;have

Modification to tri-bimaximal mixing pattern need to be
made. (Keum&He&Volkas; He&Zee, 2006).
In fact, more generically, A4 symmetry leads to




A 4 realization Tov&He&Zee arXiv:1208.1062

Hint of how to get tri-bimaximal mixing from: Vpyyg = I--"il--"[, L

_ 1 1
N O i
If Vy=Uw=—=[1 ww Vo= 01 0
\/d ; 2 ' 1 " 1
1w w 7% 0 3
@ ~ (2 —%;3,0) and the lepton doublets £ ~ (2,—%;3.,—{-1) . Consider the
2 ! () interactions
Vg 7? . a’f: ﬁdim--.’: = Clol T CL'OIJ -+ lefolff -+ 6303 + h.c.
r W W glm/b
y Forinre = -~ A where:
then Vpyrvg % i o | o
Wowt el O, = (8]0} + B}@] + 0]81) (816, + £ats + £a8s) |
vV V2 Op = (2|®] + w L8} + w BLPL) (4101 + w £ols + wlyls) ,
Oy = (B1®] + w BL O] + w* L) (£14) + wloly + wlls) ,
where w* = 1. Up to some phases rotation, the above is the tri-bimaximal mixing! 05 = (2}@}, 2}, 2{®}) - (als, £st1, :2) -

Consider the case ¢z = 0 and (®9) = (®]) # (®9). Defining for convenience the overall
scale of the VEVs and the small splitting as

a=3(8"?, &= (8))’—(a)")* (V.8)

5101 T cleOp T CJ_-'JDI-'" = [QCL + (Cl T LLJ*CIF T QJCJ_"-')J] glfl
+ [ac, + (€1 + ¢y + ¢11)8] €28,
-+ [acl T (Cl - Wy +w*61~}5] fafg . (Vg)

The perturbation by § recovers a neutrino mass matrix in the form of Eq. (V.1) with:
e =i (cy —cn)d . (V.10)




Other variations: Ahn et al, M-C. Chen; Z-Z Xing et al; B-
Q. Maetal; S. Kimé

Simple modifications: keeping one of the column
or a row unchanged. Albright&Rodejohan, 2008; He&Zee, 2011

One of the Columns in Vrp unchanged

Leaving one of the columns in Vi unchanged, we have the three possibilities:

cosT sinT 0 COS T 0 sinTe®

Ve=Vig| —sint cost 0 | , VP =Vip 0 1 0

U U ]. - E'tiﬂ Tﬂ_iﬁ U cOS T
0 0
cosT  sinTe®

inTe—i®  cosT
0 —sin7Te™ cos87




Tri-bimximal at higher scales?
Baub and He, arxiv:0507217(hep-ph): A susy A4 model

T [P & ”r:hr e l . , .
one-loop RGE T _ ., (MIYY. + ( }":_T]’:.':ITEU N
dint 327 voe / L

leading to the entries Mig03(1 —€) and Mag(1 — 2¢)

€ = Y2In(Mgyr/ Mgy ) /3272

Inverted hierarchy Normal hierarchy

Susy model, Yg ~O(1), Ues for inverted hierarchy, can be as large a 0.1,
with RG effects!



Many other matrix form come back

An interesting coincidence:
d= ME2

Vewns = UViws ViV ,
B-Q. Ma et al: Ramond et al.; King et al.€

Bi-Maximal Mixing
(Barger, Pakvasa, Weiler, Whisnant)

Tetra Maximal Mixing z-z Xing




Texture Zeros

Neutrino mass matrix symmetric, more than two zeros, cannot fit data.

Araki et al., arXiv:1203.4951

0.5 0 05
cos &
A, (normal spectrum).
sin?f),; and cosd for case Ay (normal spectry

veen sin” ;5 and

The relation between sin” 633 and cos é for case C (normal spectrum).



Anarchy neutrino mass matrix

Anarchy (or accidental hierarchy):
No structure in the neutrino sector

See-Saw:
m,~m™-Tm
produces hierarchy r peaks at ~ 0.1
from random m, M : \

could fit the data on r seesaw

- r~Am?2_/Am?2 ..~ 1/30 Dicac [ :

All mixing angles T Majorana |
should be not too Iarge . i =

10—= 10—1

not too small

Predicts 6,; near old :
bound and i a flat sin® distrib. --> peaked sin220

0, sizably non maximal 2|
successful!

But what is the theory? No understandlng at all!




André de Gouvéa Morthwestern

Final Thoughts

The Anarchy Hypothesis fits the lepton mixing data very well.

This does NOT mean that the Anarchy Hypothesis is true. It just means
that the data are unable to falsify it. This statement is most likely to
remain true for the foreseeable future.

The Anarchy Hypothesis may or may not fit the data “better” than
different Order Hypotheses. 1 certainly hope that any worthwhile Order
Hypothesis fits the data better than the Anarchy Hypothesis — after all,
this is what Order Hypotheses are built to do! Comparisons, however, are

Very tl"iCk}'! [Altarelli, next talk]

The “Havor problem” has been around for 40 years or so. It has frustrated
generations of particle physicists. I am not implying that we don't need to
worry about flavor in the lepton mixing sector. Symmetry models, however,
have the “burden of proof.” They need to do better than the Anarchy
Hypothesis. Qualitatively better!

tember 18, 2012




CP violation?

u t he s ayngpontasenods CP phase responsible
for Vpyuns @and V- Lu-Hsing Tsai& He 2011

Predicts: J = 0.02

Postulating in KM parametrization phase | 90 degree, also
for PMNS, then using modules of elements fix all

parameters. Ma&zhang
Predicts: J = 0.0345

Anarchy prediction
Haba&Murayama




Group theoretical considerations correlate mixing angles

2+ cos(2r(m — n)/N) + v3sin(2r(m — n)/N)

R T
sin” 3 = ‘
0

e Ishimori&Kobayashi,
arxiv:1201.3429,

Based on Z*3 NxZ3

sin® 6y = 1 — -

The Dirac CP phase is always vanishing. When N = 8, the smallest |U.3| is obtained as

Ues| = \/ (2~ V2+V3)/6,

which 1s about 0.107. In this case, we ﬂnn::

Henandez & | |
S : 001 002 003 004 :::_{Jﬁm1 %5 000 001 002 003 004 t:r_::::isiu_l 013
Mmirnov,

» relations between mix eters. Shown are sin”#ygy (left

arxiv:1204.0445 ) iy (i pa) . o e o i (1

The curves in the right panel correspond to § = 0 (thick), 7/4
(dashed), /2 (dotted)

Still, no idea about underlying theory!



Theoretical Models

Loop generation

rabidnn sz

H H
1 1

A 4 A 4

Type II seesaw ¥, ®5:(1,3,41)
"
Mohapatra & anovic (1980) A
Schechter & 1980)
azarides, Sh Wetterich (1081) L L

LL

Loff =

HH R
M T Mw g

Zee, 1985, Babu 1988

Provide understand why neutrino masses are
small, but no information about mixing!



Without flavor symmetries, the mixing
pattern cannot be completely fixed.

Models with symmetries have been
discussed earlier.

One can also try to see If some other
physical reasons can also make some

models predictive. There are models of
this kind.



Zee model without additional large hierarchy in Yukawa couplings

SM Higgs H, add: h* and a new doublet G. if coupling f, is zero, the
model is ruled out by data. If Keep both f (h* coupling) and f,, but
assum the elements of each are the same order of magnitudes, keep
only f m?z and f,mgterms (neglect terms proportlonal to f m?, £)2.

and M, = A[(fm* + m*f1) — —— fmf“-' + f5 mfh)),

He,

He and Majee, 2011 A= “‘111( 67 }!O*’}( Ug,f U ) (l(m v tan | )’)

zye? Tz
Tz 0

(vl +)/2 = )

where a is the absolute value of the 11 entry My, My = —2Avm, [ f3¢/cos,

z is the absolute value of 13 entry M3 divided by a M1z = Afm.(m, —vf3" /cosf),

x = |f*"|/|f°7| is the absolute value of the ratio of Ma3 to Mi3, and y = |Mas|/xa with
My = —2Avm, f*" fo¥ /cosp.

One can choose a convention where all the above parameters are real except fj.
i6
We will write it as fy' e®.




Rank 2. Predicts one neutrino mass to be zero. Only
Inverted mass hierarchy can fit data

Parameter

dm? /10 5eV?

Am?/10-3eV?2

Siﬂgglg

sin’ Bog

81112913

Best fit

7.58

2.35

0.312

0.42

0.025

lo range

7.32 - 7.80

2.26 - 247

0.296 - 0.329

0.39 - 0.50

0.018 - 0.032

20 range

7.16 - 7.99

2.17 - 2.57

0.280 - 0.347

0.36 - 0.60

0.012 - 0.041

3o range

6.99 - 8.18

2.06 - 2.67

0.265 - 0.364

0.34 - 0.64

0.005 - 0.050

2

The two mass-square differences are defined as ém? = mg — m% and Am? = m% — {m%

These best-fit values of the mass matrix parameters are:

r = 02550, y=4.1000, z=1.7900,a=0.017 eV, &= 180°,

corresponding out puts for the mixing angles and mass-squared differences are given as

sin®fi9 = 0.3163, sin®fog = 0.4033, sin®6;3 = 0.0256,
om? = 7.51 x 107%V? Am? = —2.36 x 107% V2.




SO(10)Grand Unification

SO(10) Yukawa couplings: 165(Y10105 + Yi361265 + Y1201204)16F

Model has only 11 real parameters plus 7 phases

Babu, Mohapatra (1993) Bertolini, Frigerio, Malinsky (2004)
Fukuyama, Okada (2002) Babu, Macesanu (2005)

Bajc, Melfo, Senjanovic, Vissani (2004) Bertolini, Malinsky, Schwetz (2006)
Fukuyama, llakovac, Kikuchi, Meljanac, Okada (2004) Dutta, Mimura, Mohapatra (2007)

Aulakh et al (2004) Bajc, Dorsner, Nemevsek



0.05 . 0.125 0.15

.2
sin 2613

in22013 and CP violating phase &y
K.S. Babu and C. Macesanu (2005




Joshipura&Patel: arXiv: 1102.5148

Non-SUSY Minimal S)(10) r-

Type-1

Type-11

< ®/Qarg= @/ <R

Observables

Fitted value

pull

Fitted value

pull

M,

My
Ty

g

T

my,
M,
( Am? )
ﬁmg!m
sin 87,
sin 83,
sin 84
sin® 3;.‘,
sin® 3;”
sin® 32”
A7)
s
oy [°]
a[°]

TR{L)

0.000810163
0.0208009
0.999667
0.000495023

0.237348
T3.9427
0.000469652
0.0991466
1.68558
0.030526

0.224651
0.0420499
0.00349369
0.323245
0.435096
0.0244287
69.5262
318.465
21.5053
215.128
5.62 x 10714

0.68T161
0.198354
0.00831657
0.0751133
0.0670883
0.0154941

0.127968

0.0464044
0.0392946
0.0974312
0.148134
0.369178

0.0314447

0.00101285
0.0225915
1.08201
0.000507336
0.237T096
T74.3006
0.000469652
0.0991466
1.68558
0.0297114

(0.224499
0.0421308
0.00353053
0.3108
0.113306
0.0176863
69.2051
14.5386
345.645
141.905
2.09 x 10710

0.264898
0.08449582
2.05031
0.13668
0.0598882
0.075144

0.235285

0.0916848
0.103004
0.03894979
0.610792
T.02461

0.128759

Lo

are predictions of the respective solutions.

0.710777 ||

TABLE VII. Best fit solutions for fermion masses and mixing obtained assuming the type-1 and
type-11 seesaw dominance in the minimal non-SUSY S0(10) model. Various observables and their

pulls at the minimum are shown. All the masses shown are in GeV units. The bold faced quantities

54.1197




Minimal SUSY SO(10

0.1
1.04724 |

0.163272 (. 17

0.116314 0. 8 (. 0.01

313 0.0702755 0. 0. 0.0779176
0.0311676 0.172792 0 437 0. 8

337.171
147.364 151.912 61.702 9 56
)1 6.0 x 1071 T 9.1 x 1071
TABLE 11. Best fit solutions for fermi and mixing obtained assuming the type-11 seesaw
dominance in the minimal SUSY SO(10} n ]. Pulls of various vables and predicti

obtained at the minimum are shown 51X ferent data sets.




