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trino Mixing Matrix

> Neutrinos have mass and the different flavors can mix

Super-Kamiokande Collaboration, Y. Fukuda et al., “Evidence for oscillation of atmospheric neutrinos,”
Phys. Rev. Lett. 81 (1998) 1562-1567, hep-ex/9807003

SNO Collaboration, Q. R. Ahmad et al., “Direct evidence for neutrino flavor transformation from
neutral-current interactions in the Sudbury Neutrino Observatory,” Phys. Rev. Lett. 89 (2002) 011301,
nucl-ex/0204008

> Charged lepton and neutrino mass matrices cannot be
simultaneously diagonalized

A

My = DM DYy, M, = UM, UL

> Pontecorvo-Maki-Nakagawa-Sakata matrix
B. Pontecorvo, “Mesonium and antimesonium,” Sov. Phys. JETP 6 (1957) 429

Z. Maki, M. Nakagawa, and S. Sakata, “Remarks on the unified model of elementary particles,” Prog.
Theor. Phys. 28 (1962) 870-880
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http://www.arXiv.org/abs/hep-ex/9807003
http://www.arXiv.org/abs/nucl-ex/0204008

Neutrino Mixing Matrix

What we know about the mixing angles . ..

1 0 O cas O 67'6513 cip s12 0
UPMNS = (0 3 523> 0 1 0 <-S12 c12 0)
0 -53 23 -e¥s130 a3 0 01

c12€13 s12€13 size” "0
— i i
-C23512—513523C12€'0 C23C12— 51352351280 $23C13

sp3s12—S13623€12€"0 ~sp3C10—S13C03512€"0  C3013

T. Schwetz, M. Tortola, and J. Valle, “Where we are on 613: addendum to 'Global neutrino data and recent
reactor fluxes: status of three-flavour oscillation parameters’,” New J.Phys. 13 (2011) 109401, 1108.1376

’ Parameter ‘ Best Fit 1o range 30 range
012 33.96° | 33.02° — 35.0° | 31.31° — 36.87°
023 46.15° | 42.13° — 49.6° | 38.65° — 53.13°
013 6.55° 5.13° —8.13° | 1.81° —10.78°
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http://www.arXiv.org/abs/1108.1376

Tribimaximal Mixing

> Until recently, our best guess was tribimaximal mixing (TBM)

P. F. Harrison, D. H. Perkins, and W. G. Scott, “Tri-bimaximal mixing and the neutrino oscillation data,”
Phys. Lett. B530 (2002) 167, hep-ph/0202074

o 2/3 1/V/3 0
Upmns = Unps = | -1/V6  1/V3 -1/V2
-1/V6 1/V3 132

— 012 = 35.260, 6‘23 = 450, 913 =0°
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http://www.arXiv.org/abs/1108.1376
http://www.arXiv.org/abs/1203.1669
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Tribimaximal Mixing

> Until recently, our best guess was tribimaximal mixing (TBM)

P. F. Harrison, D. H. Perkins, and W. G. Scott, “Tri-bimaximal mixing and the neutrino oscillation data,”
Phys. Lett. B530 (2002) 167, hep-ph/0202074

o 2/3 1/V/3 0
Upmns = Unps = | -1/V6  1/V3 -1/V2
-1/V6 1/V3 132

— 912 = 35.260, 6‘23 = 450, 913 =0°

> Agreement still quite good for 615, 023, but 013 = 0° excluded @50

Schwetz et al, 1108.1376, DAYA-BAY Collaboration, 1203.1669, RENO Collaboration, 1204.0626

| Parameter | Tribimaximal [ Global fit 1o | Daya Bay [ Reno | |

012 35.26° 33.02° — 35.0° - - 4
03 45.00° 42.13° — 49.6° - - v
013 0.00° 5.13° — 8.13° 8.8° 9.8° | X
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http://www.arXiv.org/abs/hep-ph/0202074
http://www.arXiv.org/abs/1108.1376
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Post-Daya Bay Confusion

> Regular patter Upyins is suggestive of a family symmetry

- 2/3 1/V3 0 2
Upmns = Unps = | -1/v6 1/V3 -1/v2]| ~ |1
-1/V6 1/V3 0 1/V2 1

._.._.,_.
=)

> Daya bay and Reno rule out tribimaximal Mixing
> What are our options?

e Give up family symmetries!

e Look for groups that give 613 # 0°

R. d. A. Toorop, F. Feruglio, and C. Hagedorn, “Discrete Flavour Symmetries in Light of T2K,”
Phys.Lett. BT03 (2011) 447-451, 1107.3486

o Keep TBM and calculate higher corrections — This talk!
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http://www.arXiv.org/abs/1107.3486

Discrete Flavor Symmetries

> Introduce relations between families of quarks and leptons

Family Symmetry (horizontal)
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Discrete Flavor Symmetries

> Introduce relations between families of quarks and leptons

> But which discrete group do we take for the family symmetry?

Family Symmetry (horizontal)
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Discrete Flavor Symmetries

K. M. Parattu and A. Wingerter, “Tribimaximal Mixing From Small Groups,” Phys.Rev. D84 (2011) 013011,
1012.2842

> Neutrino mixing angles in a general class of A4 X Z3 models

B

(a) The 5528 bins that are > 1. (b) The 1287 bins that are > 1000.
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http://www.arXiv.org/abs/1012.2842

Discrete Flavor Symmetries

K. M. Parattu and A. Wingerter, “Tribimaximal Mixing From Small Groups,” Phys.Rev. D84 (2011) 013011,
1012.2842

> In a recent publication we had scanned 76 discrete groups

Number of Models
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Discrete Flavor Symmetries

K. M. Parattu and A. Wingerter, “Tribimaximal Mixing From Small Groups,” Phys.Rev. D84 (2011) 013011,
1012.2842

> In a recent publication we had scanned 76 discrete groups

> Most papers concentrate on Ay X Z,, n > 3

Number of Models

Altarelli/Feruglio
and most others
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Discrete Flavor Symmetries

K. M. Parattu and A. Wingerter, “Tribimaximal Mixing From Small Groups,” Phys.Rev. D84 (2011) 013011,
1012.2842

> In a recent publication we had scanned 76 discrete groups
> Most papers concentrate on Ay X Z,, n > 3
> A(96) gives 013 # 0° but is large

Number of Models

Adelhart Toorop et al

Altarelli/Feruglio
and most others
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Discrete Flavor Symmetries

K. M. Parattu and A. Wingerter, “Tribimaximal Mixing From Small Groups,” Phys.Rev. D84 (2011) 013011,
1012.2842

> In a recent publication we had scanned 76 discrete groups

> Most papers concentrate on Ay X Z,, n > 3

> A(96) gives 613 # 0° but is large

> We identified smallest group with TBM — Higher order corrections!

Number of Models

Our Model Adelhart Toorop et al

Altarelli/Feruglio
and most others
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http://www.arXiv.org/abs/1012.2842

Discrete Flavor Symmetries

C. Luhn, K. M. Parattu, A. Wingerter, work in progress

©® Symmetries of the model
SU(2). x U(1)y x Tz x U(1)r

@ Particle content and charges

[ Field [ SU@).x U@y | T [ U(1)r |
L (2,-1) 3 1
e 1, 2) 1 1
1 (1,2 1 1
T (1, 2) 17| 1
ha (2, 1) 1 0
ha (2,-1) 1 0
D) 3 0
o ao %[ o]

© Breaking the family symmetry
<<)0> :(Vsmvtpvvsﬁ)y <¢> :(V@7070)

Akin Wingerter, LPSC Grenoble



All you need to know about T7

Tensor Products

1x1=1
1x1 =1/
IXIII:III
1x3=3
1x3 =3
1 x1 =1
1 x1” =1
1" x3=3
1 x3 =3
1”)(1”:1’
1" x3=3
lll><3l:3l

3x3=3+3"+3

3x3 =1+1+1"43+3
3 x3 =2x3+3
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x~3, y~3 z~3

Bxay + 3V3eys + 3vV3xy
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S
+
[N
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x~3 y~3 z~3
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Our T7 Model at Leading Order

> Terms that are invariant, have 2 leptons and mass dimension <5 or 6:

12
N2

2

W:}/e/\

um+m%mm+%fum+n

- LLhuhu4—y2%%LLhuhu
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Our T7 Model at Leading Order

> Terms that are invariant, have 2 leptons and mass dimension <5 or 6:

W = yorLehy + Yk Lthy + yo % Lrhy + y1 55

3'®39101=(1+1"+1"+3+3')®1®1 =1+1"+1"+3+3’

LLhyh, + yz%LLhL,hu
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Our T7 Model at Leading Order

> Terms that are invariant, have 2 leptons and mass dimension <5 or 6:

4 12

Aum+mfmm+%fum+n

A A

3'®39101=(1+1"+1"+3+3')®1®1 =1+1"+1"+3+3’

W=y, LLhyh, + yz%LLhuhu

> Contract family indices (need to know Clebsch-Gordan coefficients):
1 ~ 1 ~ 1 ~
yeg\/ngehdSDI + Yeg\/gL2ehd802 + yeg\/gbe’?d%
1 ~ 1 ~ 1 ~
+ Y3 V3Liphy@s + yu3V3LopthaBr + vu3V3Lsphao

1 _ 1 - 1 ~
+ yT§\/§L1Thds02 + yTg\/ngThd% + yTg\/§L3Thd<,01
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Our T7 Model at Leading Order

> Terms that are invariant, have 2 leptons and mass dimension <5 or 6:

2

W:}/e/\

um+m%mm+%%um+n%

3'®39101=(1+1"+1"+3+3')®1®1 =1+1"+1"+3+3’

LLhyh, + yz%LLhuhu

> Contract family indices (need to know Clebsch-Gordan coefficients):
}/e%\/ngehdle + Ye%\/gL2ehd§52 + Ye%ﬁL3ehd§53
413 VBLitha®s + 3 V3lohaB + i3 V3Lsuhes
+ yr%\@Lﬂhd@z + }/T%\@Lﬂhd% + )’T%\@Lﬂhd%
> Contract SU(2), indices and substitute vevs (¢) = (v3,0,0), etc:

1 1 1
yegx/gvdv;, L(12)e + yﬂgx/gvdv(; LgZ)p + yTgx/gvdm; LgQ)T
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Our T7 Model at Leading Order

> Mass matrices

e u T L(ll) L(Zl) Lgl)
L2 (ye 0 0 . 8 (Voypv, +2nvs —3V2pv, —3V2pev,
Moo= 210y 0| M=o O J10a, vy 2+ 2
L<32) 0 0 y L(31) 7%\f2y2v¢ 7%\/§y2v¥, +2y1vp \/Eysz
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Our T7 Model at Leading Order

> Mass matrices

e u T L(ll) L(Zl) Lgl)
L2 (ye 0 0 . 8 (Voypv, +2nvs —3V2pv, —3V2pev,
Moo= 210y 0| M=o O J10a, vy 2+ 2
L<32) 0 0 y L(31) 7%\f2y2v¢ 7%\/§y2v¥, +2y1vp \/Eysz

> Singular value decomposition

My = DMy DY, M, = UM, UL
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Our T7 Model at Leading Order

> Mass matrices

e u T L(ll) Lgl) Lgl)
2 (v 0 0 o W(vaates -Lv2A -1v2A
M == x 1210 y 0] M=gpx O 14 VIA  —1V2A+2B
\o o0 y O\ ~IveA  -LvaA+2B V2A

> Singular value decomposition
My = DMy DY, M, = UM, UL

> Neutrino mixing matrix

0 0 1\ /2/vV6 -1/V3 0 2/V6 -1/V3 0
Upmns = DLU} = (0 1 o) (1/¢6 -1/V3 .1/\@) e‘”“*:““(uﬁs -1/V3 .1/ﬁ)
100 1/v/6 -1/v/3  1/V2 1/V6 -1/V3 1/V2

Formdiagonalizable! Mixing matrix does not depend on A, B, masses do!
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Our T7 Model at Leading Order

> Mass matrices
e u T L(ll) Lgl) Lgl)

2 (v 0 0 . W (veates -lv24A -1v2A
Me=-2x 1210 v 0], M=gkx ]| -1y24 VA —1\2A+42B
P\ 0y O\ —1vaa -1v3A+28 VEA

> Singular value decomposition
My = DMy DY, M, = UM, UL

> Neutrino mixing matrix

0 0 1\ /2/v6 -1/V3 0 2/V6 -1/V3 0
Upmns = DLU} = (0 1 o) (1/%3 -1/V3 .1/ﬁ> e‘“**:““(uw; -1/V3 .1/ﬁ)
100 1/vV6 -1/vV3 1/V2 1/V6 -1/V3 1/V2

Formdiagonalizable! Mixing matrix does not depend on A, B, masses do!

> Mixing angles: 615 = 35.26°, 6,3 = 45°, 613 =0° Tribimaximal ¢/
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Next-to-Leading-Order Corrections

> Remember leading-order superpotential:

> Terms that are invariant, have 2 leptons and mass dimension <5 or 6:
k2
A A2

¥ @311 = (1+1'+17+3+3)R101 = 1+1'+1"+3+3'

W:yeiLehd +yu%l_p,hd +yTELThd +n

. LLhyhy + y;%LLhuhu

> Superpotential with two flavon fields (massdim <6 or 7)

Yelehg@+ Clehgoo+ Cglehgo @+ Colehy @@+ Ciglehyhghgd
Yulphg @+ Colphgpe+ Calphgod+ Calphg @@+ CsLphyhghg@
yrLlthg G+ CGrlmhyoo+ CGglrhy o+ ColThy@ @+ ColThyhghy@
nLLhhe e LUhbo Gt Loy e+ Ll by e+ GoLLhh E2

@ Achieved 613 ~ 3.5°, pushing for higher values

@ Pick only contributions that change 6013
— Introduce Ng and/or A for renormalizable UV completion

Akin Wingerter, LPSC Grenoble



Vacuum Stabilization

>

>

>

>

Mechanism of vacuum stabilization still lurking in dark

How do we realize

() = (Vs Vs ¥s), (B) = (v,0,0) 7

Use supersymmetry: F-term equations relate flavon vevs

Not straightforward. Either

need to set some terms to zero, or
impose a symmetry to do so, or
spacially separate flavons in extra dimensions, or

introduce more flavons.
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Conclusions

@ We started from TBM and NLO corrections give 613 # 0°

@ Model is very economical:
o Family symmetry T7 is second-smallest group w/3-dim irreps
o No extra (shaping) symmetries, i.e. no extra U(1) or Zy

e Only 2 flavon fields

@ Model is very predictive:
e TBM is good prediction for 615, 623
e NLO corrections push 013 into 30 band and 615, 63 stable

e Corrections come from two sources, we need one contribution:
— Renormalizable realization w/type | and/or type Il seesaw

@ Vacuum stabilization kind of a headache
— Either more symmetry or more flavons
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