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Experimental values and Open questions

Global fit analysis including the Daya Bay and RENO results
D. V. Forero, M. Tortola, J. W. F. Valle ArXiV: 1205.4018.

Parameter best-fit (+1o) 30
Am? [107° V7] 7.62+0.19 7.12 - 8.20
2.537908 2.26 - 2.77
A 2 10—3 V2 —0.10
|Am| [ Vi -(2.40791%)  -(2.15-2.68)
sin” 012 0.32019915 0.27 - 0.37

0.49%5>
ASER
in 0ss 0.0267%9%% 0.015-0.036
0.0277%9%% 0.016-0.037

Open Questions in Neutrino Physics

sin? 0a3 0.39-0.64

Normal Inverted
o Majorana or Dirac?
m} —— Vo — m3
o Absolute values of neutrino masses A m?
o Hierarchy (normal my < mz < ms or
inverted ms < my < my)
m3 — —
o CP-phases: d, az1 and a1 el . sy db 8
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GUT:

discrete symmetry:

SU(5)

T’

x SU(5), Unified picture of quarks and leptons
x possibly leads to sizeable 013

* treats quarks and lepton mixing simultaneously
* can allow spinorial unitary irreducible reps

* “geometrical” CP violation

* corrections to Urgm via lepton sector

V23 V13 0
V1/6 /13 —/1]2] ,

1/6 /1/3 1/2

UTBM =

Unified model of flavour

@ Model based on SU(5) ® T’

o In this model sin? 613 22 0.02

Aurora Meroni (SISSA)
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Discrete symmetry: the group T’

o T’ is the Double-valued group of T ~ A; (even permutations of 4 objects)

@ inequivalent UIRs : 1,113 + 2.2" 2"
—_—— ——

TBM for Neutrinos 241 assignments for q and ¢
o Complex CG coefficients when spinorial UIRs are involved !

Clebsch-Gordan coefficients can be complex = geometrical origin of CP violation!

_ (a+i) / !
X1 X1 X1X5 — X2X1 2 (a 2 o)
X & ! =\——F——7) & X1Xq
2/ 2(21) 2/ 221 V2 1 —ixax}

3

ux
X1 (1 + i)xgup + xqug (1 + i)xgu3 + xyup (1 + i)xguy + xqu3
(X2)2 ® uz ~ [((1 — i)xqu3z — xquy 2 ® (1 — i)xguy — xpup o & (1 — i)xqup — xau3 o
u3

M.-C. Chen, K.T. Mahanthappa Phys.Lett. B652 (2007)
F. Feruglio, C. Hagedorn, Y. Lin, L. Merlo, Nucl.Phys. B775 (2007)
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Conventions and Assignments: Matter and Higgs fields

Fundamental Symmetries SU(5) ® T’ (SUSY!)
Shaping symmetry Z1:® Z3 @ ZZ2 Q@ Zs
U(1)r  Continuous version of the usual R-parity
Matter Content  10(Q, u®, e). : ten-plets into (T1,72) ~2, T3~ 1
5(d°,£). : five-plets into (F1,F2,F3) ~ 3
Three Heavy RH Majorana N, (N1, N2, N3) ~ 3
light active neutrinos via Type | See-Saw

Higgs sector: copies of 5, 5 and 24 assigned to 1, 1"
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Conventions and assignments: Flavon fields

up and down quark sector (¢} ~ (')

o)+ @~ whx(3)

= O O —

(@) ~ (¢} o , singlets e.g. ({')
1
in the v sector  (§) = [1] &, (p)=po, (B)=po
1

Flavons fields take all real vevs when T’ is broken!

Flavon Alignment problem < “driving fields” (S,, S¢, Dg, ...)
for example in the neutrino sector

D, . "
We o5 = Wé (5269 + &peo +€p69) + S (§2 — Mgz) +S, (p2 + 57— Mg) .
§i=& #0 if po=—po

S. Antusch, S. King, C. Luhn, M. Spinrath ArXiv: 1103.5930
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Yukawa couplings: Effective Operators - arXiv: 1205.5241

RL convention, i.e. —L = Kyf?,f,{H + H.c.

(1—ia, by 0
Y, = i by & (1+i)d | ,
0 (1+i)du €u
(L+i)ag iby O —3(1+i)ag (1—i)by 0
Yd = (1 — I) bd Cd 0 and Ye = 6i b; 6Cd 0
0 0 dy 0 0 -3d,

S. Antusch, M. Spinrath arXiv:0902.4644

Vel ~ |22
d
e |6iby| | by e ;o
012 = E s bd 0 5 (bd — 0.9 bd)
1 0.9
013 = —=01, = —0°
13 72 12 2

Talk by M. Spinrath

D. Marzocca, S. T. Petcov, A. Romanino, M. Spinrath arXiv:1108.0614

Antusch, Maurer arXiv:1107.3728
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Fit Results

xY?/dof = 2.76

FL0r i

O —e—@ ® @ ‘ o ©

CKM ,CKM
s b u c t M MeMockm

A. M., S. T. Petcov, M. Spinrath arXiv:1205.5241
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Neutrino Sector: Description

Wo = MNNE + NNQap + Aap) + 2 (NF)1 (HE p)r + 22 (NF )2 (HE )

RH Majorana Mass Mg

3

2Z + X
—Z
—Z

Mg =

Aurora Meroni (SISSA)

1
=1
1

—Z
27
—Z+ X

507

Dirac Yukawa coupling Mp

(o) =po, (P)=po

_z 1 0 0\ ,
—Z+X|, Mp=|0 0 1 %
D7 01 0

X, Z and p’ are real parameters

Mg is form diagonalizable

UZem Mg Ursm = Diag(3Z + X, X,3Z — X)

SU(5) X T’ with large 613

Warsaw, Planck 2012 9 /17



Neutrino Sector: Masses for Light Neutrinos

Diagonal Majorana Mass Matrix

3Z+X 0 0 1+ ae?le? 0 0
0 X 0 — |1X| 0 e 2 0
0 0 32-X 0 0 |1—ae?|e’

a=|3Z/X| >0, ¢=arg(Z)— arg(X)

¢i =0,m

Light neutrino Majorana mass term via type | see-saw mechanism:
M, = —M} Mg* Mp = U; Diag (m1, mz2, m3) U}

U, =i Ursw Diag (e‘¢1/2,e‘¢2/2,ei¢3/2)

P\ 1
"”':<K> W i=123 mi>0
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Neutrino Sector: Imput Parameters for Light Masses

(remember : >0 cos¢ = +£1!)

1 AN 4o cos ¢
Am3 = Ama = —— <—) - - .
* ATIXE\A) [Ttaef|l-aep

forcos¢ = +1 mass spectrum with NO
forcos¢ = —1 mass spectrum with 10

2 2 1 P\* a(a+2cosg)
anty=anb = (§) e

r—Lmé—l (a+2cos ) (1 —2acos¢ + a?) = 0.032 + 0.006
C|Ami] 4 - ' '
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Neutrino Spectrum NO m; < mp < m3 - arXiv: 1205.5241

NO Solution A NO Solution B

m Y 444 x107° eV m =~ 5.89x10 > eV
m X 977 x10 36V my = 1.05x1072eV
ms =~ 489 x10 2 eV ms = 4.90x1072 eV
RH Majorana Ny: Mz < Ma < My RH Majorana Nx: M3 < M2 < M
My /Ms = 11.0 My /Ms = 8.33
Ma/Ms = 5.0. Mo/ Ms = 4.67.
%ovoso Eoiozo |
ED.OZU é"‘0015
L0015 g :

r
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Neutrino Spectrum 10 m3 < my < my - arXiv: 1205.5241

m = 5.17x 10726V
mpy = 524 x10°2eV
ms = 174x1072eV

RH Majorana Ny: My = My < M3
My /M, = 1.014

Ms/M, = 3.01.

oo20f -

0.015] : Seeeas,

0.020 0.025 0.030 0.035 0.040 0.045 0.050
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Charged lepton correction to Urgy, angles and phases - arXiv: 1205.5241

UM = UL Uy, UeL = diag(1,€'%, 1) Riz(052), Uy = Urem Q

e*iﬁT1 efiﬂTz sin 63, e_i("_efl’)/z
Uppe© = V6 V3 V2
* * *
612 = arcsin(1/v/3) + v2/8(05)? =7~ Loe,
013 = 052/ V2 Br = 27 — 265, + ¢
023 = m/4 — 1/4(61,)° B2 =21 + 01> + ¢3 — ¢2
Quantity  Experiment (20 ranges) Model
sin® 012 0.275 — 0.342 0.340
sin? fa3 0.36 — 0.60 0.490
sin” 613 0.015 - 0.032 0.020
1) - 84.3°
b1 - 337.1° + ¢3
B2 - 11.5° + ¢3 - ¢2
Jep - 0.0324
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Predictions for Mass spectrum and $80vDecay - arXiv: 1205.5241

NO Solution A NO Solution B

3
ka =6.31x 1072 eV
k=1

|<m>| =4.90 x107> eV |<m>| =7.95 x 1073 eV

me = 6.54 x 1072 eV

NE

>~
||

1

3
Z me =12.1 x 1072 eV
k=1

|l<m>| =217 x107% &V
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Conclusions - arXiv: 1205.5241

@ We construct a unified model of flavor with large 613
based on S(5) ® T’ with type | See-Saw

o T’ leads to TBM in the neutrino sector 4 corrections
coming from the charged lepton sector

o Geometrical CP violation via CGs of the T’ group

o Essential ingredient: real flavon vev alignment

o Predictions:
o sin? 013 ~ 0.02
o 62 7/2 —0.450¢ ~ 84.3°
o Neutrino mass spectra: NO and 10 possible

e unambiguous predictions for S30v-Decay |<m>|

Aurora Meroni (SISSA) SU(5) X T’ with large 643 Warsaw, Planck 2012 16 / 17
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Discrete symmetry: UIRs of the group T’

e T’ is the Double-valued group of T ~ A; (even permutations of 4 objects)

@ inequivalent UIRs : 1,1,1”.3 + 2,2 2"
S—_— ~——
TBM for Neutrinos  2+1 assignments for q and ¢

o Complex CG coefficients when spinorial UIRs are involved !

© 3 generators: s> =r, rF=t=(st)® =e, rt=tr

1 0 0 1 0 0 11 2w 2w?
3: r=(0 1 0], t=|0 w 0 |, s=3 2w? -1 2w
0 0 1 0 0 u? 2w 2w -1

where 1+ w + w? = 0 conventionally.

1 ® rp = er 1 ® 1/(1//) — 1/(1//)y 1/ ® 1/(1//) — 1//(1), 1/(1//) ® 1// — 1(1/)
2 ® 1/(1//) — 2/(2//)’ 2/ ® 1/(1//) — 2//(2)v 2/ ® 1/(1//) — 2(2/)
22)222") =183, 2@2)2(2") =183, 2’2 x2'2)=1a3
31'(1")=3, 32=20232", 302(2")=22")02"12)a22)
303=10101"0363

T’ group: Clebsch-Gordan series TP @ T'9 =T9®TP. Here TP =1,2,3

Aurora Meroni (SISSA) SU(5) X T’ with large 613 Warsaw, Planck 2012 19 / 17



Table of Charge Assignments: Matter and Higgs fields

Ts Ta F N HY HY HY AY B R Ay Hay o
Sy(5) 0 10 51 5 5 5 5 5 5 5 24 24
7 1233 1 1 1 1 1 1 1" 1" 1/
Ul)p 1 111 0 0 0 O O 0O 0O 0 O
zy, 2119 8 8 2 9 3 6 3 0 3
zZ 4 026 0 4 0 1 4 T T 4 2
Zy 7 6 20 2 6 4 1 1 5 7 4 0
Zg 0 522 0 0 6 0 0 6 6 4 2
Z 5 010 2 5 2 2 0 2 2 0 0
Zg 2 310 2 5 2 5 0 2 2 0 0
Za 3 300 2 0 2 0 1 1 0 0 1
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Wy, = ys3H{ szy”( Tat)a HO (T3t )20 ”%(Tau?”)a(Hé”é')v(Taﬂ'/)s

+ 2 (Tab)e (O (B (Tad ) + 25 (Tad)l)ar HOTC (Tad)ar)er

WY”—Y”((H“ F)30)1 (H3a Ta)1r + y”((qﬁr)z/H;; 2 (¢ (ASVF)s)2

L2 (T i Yar (B Yoot Yo (B Yar + 222 (F Yo (¢ D)€ Ta)a

YL (P (0 P (T e
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