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The Standard Model

Gauge group:

SU(3)C X SU(2)L X U(l)y

Particle content:

Q|32 || L] (1,2 H|(1,2n
0| (314 || (L) || H|(@1,2)4
d | (3,1)ys || 7| (1,1)0
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Why Are We Not Happy With the Standard Model?

(i) Too many free parameters

Gauge sector: 3 couplings g’, g, g3 3
Quark sector: 6 masses, 3 mixing angles, 1 CP phase 10

Lepton sector: 6 masses, 3 mixing angles and 1-3 phases 10

Higgs sector: Quartic coupling A and vev v 2
0 parameter of QCD 1
26
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Why Are We Not Happy With the Standard Model?

(i) Structure of gauge symmetry

? ? ?

SU@3)e xSU(2). xU(L)y ¢ SU(5) ¢ SO(10) ¢ E¢ ¢ Eg

Why 3 different coupling constants g’, g, g37

(iii) Structure of family multiplets

(213 + Glas + (L2 + Gl)ys + (121 + (L1)o = 16

Q ] e d L 1%
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Why Are We Not Happy With the Standard Model?

(iv) Repetition of Families

Why is the pattern for 1 generation replicated 3 times?

Elementary
Particles

tujc|t
% uwp fcham | top
dls|b

e down [strange] bottom || glien

electron} muon !
neutrino neutring f neutrino) Z bosa

eju|T||W

electron§ muon tau v boson

| Il ]
Three Families of Matter

o0

Force Carriers

Leptons Quarks
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Why Are We Not Happy With the Standard Model?

(v) Mass Hierarchies and Yukawa Textures

up-quark mass ~ 2 x 1073 GeV <  top-quark mass ~ 172.3 GeV
Yukawa coupling of top ~ 1, but why are the other quarks so light?

Minimal mixing in quark sector

Vid Vs Vb 0.97 0.22 0.00
VCKM = Vcd Vcs Vcb ~ 0.22 0.97 0.04
Vie Vis Vu 0.00 0.04 0.99
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Why Are We Not Happy With the Standard Model?

(vi) Light neutrinos and texture of Yukawa couplings

Why are neutrinos so light?

Am2~1072-105eV, Y. m, <2eV

Maximal mixing in lepton sector

Uesr Uer Ues 0.8 05 0.0
Upmns = Ua Uwp Ug ~ -04 0.6 0.7
U U Uss 04 -06 0.7

Akin Wingerter, LPSC Grenoble



Why Are We Not Happy With the Standard Model?

> And many other problems/shortcomings:

Hierarchy problem, dark matter, dark energy,
quantum gravity, baryon asymmetry, charge quantization, ...

> QOur work addresses the questions:
@ Number of parameters in the SM — (i)
@ Repetition of families — (iv)
@ Light neutrinos and form of Upnng — (Vi)
> There are cross-connections to:
@ Mass hierarchies and form of Ucky — (V)
@ Grand Unification (see-saw scale) — (ii) and (iii)

@ Baryon asymmetry (leptogenesis)
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Horizontal Symmetries

> Introduce relations between families of quarks and leptons

Family Symmetry (horizontal)

—_—

Elementary
Particles

Force Carriers

Leptons Quarks

I Il 1]
Three Families of Matter

Gauge Symmetries (vertical)
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Neutrino Mixing Matrix

What we know about the mixing angles . ..

c2€13 ) s12€13 size
UpMNs = | -cossiz—sizsascize’® coscio—sizsazsine™®  sycis
$13512—-S13C23C12€"0 ~sr3C1r—s13E3512€” Co3C13

10 0 ciz 0 e g3 ci2 s12 0
= <0 3 523> 0 1 0 <—S12 c12 0)
0 -s23 €23 -e%s530  ci3 0 01

T. Schwetz, M. A. Tortola, and J. W. F. Valle, “Three-flavour neutrino oscillation update,”
New J. Phys. 10 (2008) 113011, 0808.2016.

] Angle ‘ lo 20 30

012 | 32.46° — 34.82° | 31.31° — 36.27° | 30.00° — 37.47°
03 | 41.565° — 49.02° | 38.65° — 52.54° | 36.87° — 54.94°
013 0.00° — 9.28° 0.00° — 11.54° | 0.00° — 13.69°
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http://www.arXiv.org/abs/0808.2016

Harrison-Perkins-Scott Matrix

Presently our best guess ...

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.

2/3 1/v/3 0
Uaps = | -1/v6 1/V/3 -1/V2
-1/V6 1/3V3 1/V2

Suggestive of an underlying symmetry ...

Some groups that have been considered in the literature:

Review: G. Altarelli and F. Feruglio, “Discrete Flavor Symmetries and Models of Neutrino Mixing,” 1002.0211.
S3, Ds, D7, As As, T, Sa, (G x G)xy, G, G %, G, PSLy(7)

~> As a paradigm, we will consider a model with A; x (3 symmetry and
then generalize it to other symmetry groups
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http://www.arXiv.org/abs/hep-ph/0202074
http://www.arXiv.org/abs/1002.0211

Altarelli-Feruglio Model Revisited

G. Altarelli and F. Feruglio, “Tri-Bimaximal Neutrino Mixing, A4 and the Modular Symmetry,”
Nucl. Phys. B741 (2006) 215-235, hep-ph/0512103.
©® Symmetries of the model

SU(2)L X U(l)y X U(].)R X A4 X C3

@ Particle content and charges

[ Field [[ SUQR). x U)y [ UWr [ A [ G [[Ax G

()L
L (2,-1) 1 3 |w 3
e 1, 2) 1 1| 1
P 1, 2) 1 17| W2 1@
T 1, 2) 1 1 | W? 10
hy (2, 1) 0 1|1 1
hy (2,-1) 0 1|1 1
or (1, 0) 0 3 |1 3
¥s (1, 0) 0 3 |w 3
£ (1, 0) 0 1 1”

© Breaking the family symmetry
o1 = (vr,vr,vr), s =(vs5,0,0), = v,
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http://www.arXiv.org/abs/hep-ph/0512103

Group Information from GAP

The GAP Group, “GAP — Groups, Algorithms, and Programming, Version 4.4.12.”, http://www.gap-system.org
“GAP is a system for computational discrete algebra, with particular
emphasis on Computational Group Theory.”

group := SmallGroup(36,11);;
Display(StructureDescription(group));
chartab := Irr(group);;
Display(chartab);
SizesConjugacyClasses(CharacterTable (group)) ;
LoadPackage ("repsn");;
for i in [1..Size(chartab)] do

rep := IrreducibleAffordingRepresentation(chartabl[i]);

for el in Elements(group) do

Display(el-rep);

od;

od;
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Group Information from GAP

The GAP Group, “GAP — Groups, Algorithms, and Programming, Version 4.4.12.”, http://www.gap-system.org
“GAP is a system for computational discrete algebra, with particular
emphasis on Computational Group Theory.”

group := SmallGroup(36,11);;
Display(StructureDescription(group));
chartab := Irr(group);;
Display(chartab);
SizesConjugacyClasses(CharacterTable (group)) ;
LoadPackage ("repsn");;
for i in [1..Size(chartab)] do
rep := IrreducibleAffordingRepresentation(chartabl[i]);
for el in Elements(group) do
Display(el-rep);
od;
od;

> Specify the group that we will work with
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Group Information from GAP

The GAP Group, “GAP — Groups, Algorithms, and Programming, Version 4.4.12.”, http://www.gap-system.org
“GAP is a system for computational discrete algebra, with particular
emphasis on Computational Group Theory.”

group := SmallGroup(36,11);;
Display (StructureDescription(group));
chartab := Irr(group);;
Display(chartab);
SizesConjugacyClasses(CharacterTable (group)) ;
LoadPackage ("repsn");;
for i in [1..Size(chartab)] do
rep := IrreducibleAffordingRepresentation(chartabl[i]);
for el in Elements(group) do
Display(el-rep);
od;
od;

> The “human readable” name of the group
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Group Information from GAP

The GAP Group, “GAP — Groups, Algorithms, and Programming, Version 4.4.12.”, http://www.gap-system.org
“GAP is a system for computational discrete algebra, with particular
emphasis on Computational Group Theory.”

group := SmallGroup(36,11);;
Display(StructureDescription(group));
chartab := Irr(group);;
Display(chartab);
SizesConjugacyClasses(CharacterTable (group)) ;
LoadPackage ("repsn");;
for i in [1..Size(chartab)] do

rep := IrreducibleAffordingRepresentation(chartabl[i]);

for el in Elements(group) do

Display(el-rep);

od;

od;

> The character table
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Group Information from GAP

The GAP Group, “GAP — Groups, Algorithms, and Programming, Version 4.4.12.”, http://www.gap-system.org
“GAP is a system for computational discrete algebra, with particular
emphasis on Computational Group Theory.”

group := SmallGroup(36,11);;
Display (StructureDescription(group)) ;
chartab := Irr(group);;
Display(chartab);
SizesConjugacyClasses(CharacterTable(group)) ;
LoadPackage ("repsn") ; ;
for i in [1..Size(chartab)] do
rep := IrreducibleAffordingRepresentation(chartabl[i]);
for el in Elements(group) do
Display(el-rep);
od;
od;

> Dimensions of the conjugacy classes
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Group Information from GAP

The GAP Group, “GAP — Groups, Algorithms, and Programming, Version 4.4.12.”, http://www.gap-system.org
“GAP is a system for computational discrete algebra, with particular
emphasis on Computational Group Theory.”

group := SmallGroup(36,11);;
Display(StructureDescription(group));
chartab := Irr(group);;
Display(chartab);
SizesConjugacyClasses(CharacterTable (group)) ;
LoadPackage ("repsn");;
for i in [1..Size(chartab)] do
rep := IrreducibleAffordingRepresentation(chartablil);
for el in Elements(group) do
Display(el-rep);
od;
od;

> The matrices for the representations
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http://www.gap-system.org

The Character Table of Az X C3

Ki Kb Ks Ky Ks Ko K7 Kg Ky Ko Ku K12
1 1 1 1 1 1 1 1 1 1 1 1 1
1/ 1 1 w? 1 1 W w w? W w w w
1”7 |1 1 w 1 1 w W w wo ow? W? w?
111 W1 1 w w1 1 w o w1 w
111 o 1 1 W w 1 1 w2 ow 1 w?
10 |1 w? W2 1 w w w w? 1 1 w w?
1911 »w w 1 w? W W w 1 1 w? w
1M |1 W ow 1 w 1 W ow w2 ow w? 1
1@ |1 w  w? 1 w1 w w? woow w 1
3 3 0 3 -1 0 0 3 -1 0 O -1 0
3 3 0 3w -1 0 0 3w w 0 O 14w 0
3 /3 0 3w -1 0 0 3w 14w 0 0 w 0

w = e2™/3 is the primitive third root of unity
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Decomposition of Tensor Products

From the character table and the dimensions of the conjugacy classes:

11=1
1®10) = 10)
13 =3

1’ @1@ =1
1 ®3=3"

17 1@ = 10
1 ®3=3

1" 15) — 1(8)
llll ® 3/ — 3/
13® 1M — 177
1) @ 16) — 1(6)
10 @3 =3
19 @3 =3

10 g3=3

10 g3 =3

11 =1/

1010 — 16
3/ _ 37

1’ @16 =10

1"®3 =3

1 ® 1(5) =1/

17 @3 =3

1" @ 1(6) — 177
1" @ 3" =3
1@ 216 —10)
106) & 1(6) — 1
15 ®37 =3
1(6) ® 3 =3
1(7) ® 3 =3"
18 ®37 =3

393=1+1"+1% 1253
3®311:11+1(5)+1(8)+2®3//
¥ R3 =1+1""+1% 1203

1 ® 1[/ — 1//
110 =10
1/ ® 1/ — lII

1/ 10 = 19
1V®3”" =3
17 10 — 1)
17 93" =3

1" 1M — 1(6)
1(4) ® 1(4) — 1/
1M 93=3

16) 1M — 14
106) & 1(6) — 1(5)
1(6) ® 3 _3
10 37 =3

1 ® 1/// — 1"’
101® - 10

o1’ =1
1 ® 1M — g7
1”917 =1

1 1M =10)
1" 91" = 14
177 ® 1(8) -1/
13 10) = 1/
14 @37 =3’
16) ¢ 1) — 17
10) 1M — 1/
1M 1M =10
168) 1@ — 1M

393 =17+10 410 4203
33 =1 +16) £16) Lo g3
3 @37 =17 +10 10 L 20 3"

191@ =14
1®3=3
o1 = 1(8)
1 ©16) =106
1 @1/ = 1M
1 10 —1®
17 ® 1(4) -1
llll

-3
18 g 10) — 1M
19 g 37 = 37
10) @ 3 =3
1(6) ® 1(8) — 1777
10 1@ =1
18 g3 =3"
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Decomposition of Tensor Products

From the character table and the dimensions of the conjugacy classes:

11=1
1®10) = 10)
13 =3

1’ @1@ =1
1 ®3=3"

17 1@ = 10
1 ®3=3

1" 15) — 1(8)
llll ® 3/ — 3/
13® 1M — 177
1) @ 16) — 1(6)
10 @3 =3
19 @3 =3

1M g3=3

18 @3/ =3

11 =1
110 = 106
3/ _ 37
1’ @16 =10
1"®3 =3
1 ® 1(5) =1/
17 @3 =3
1" @ 1(6) — 177
1" @ 3" =3
1@ 216 —10)
106) & 1(6) — 1
15 ®37 =3
1(6) ® 3 =3
1(7) ® 3 =3"
18 ®37 =3

3@3=1+1""+1® 123
3®311:11+1(5)+1(8)+2®3//
33 =1+1"+1® 123

1 ® 1[/ — 1//
110 =10
1/ ® 1/ — lII

1/ 10 = 19
1V®3”" =3
17 10 — 1)
17 93" =3

1" 1M — 1(6)
1(4) ® 1(4) — 1/
1M 93=3

16) 1M — 14
106) & 1(6) — 1(5)
1(6) ® 3 _3
10 37 =3

1 ® 1/// — 1"’
101® - 10

o1’ =1
1 ® 1M — g7
1”917 =1

1 1M =10)
1" 91" = 14
177 ® 1(8) -1/
13 10) = 1/
14 @37 =3’
16) ¢ 1) — 17
10) 1M — 1/
1M 1M =10
168) 1@ — 1M

393 =17 +10 110 L og 3/
3/83/:1/+1(5)+1(8)+2®3//
3 @37 =17 +10 10 L 20 3"

191@ =14
1®3=3
o1 = 1(8)
1 ©16) =106
1 @1/ = 1M
1 10 —1®
17 ® 1(4) -1
llll

-3
18 g 10) — 1M
19 g 37 = 37
10) @ 3 =3
1(6) ® 1(8) — 1777
10 1@ =1
18 g3 =3"
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Invariant Lagrangian

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

LLh,h,ps, LLh,h,& Lehgor, Lphgor, LThygor
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Invariant Lagrangian

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

LLhuhuﬁ,Os, LLhuhuf, Lehd<pT, L/ihdSOT, L’Thd<p7'

3’®3'@1@1@3':(1'+1<5>+1<s)+2 X 3")®3':2 x1+2x17 +2x1® 173
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Invariant Lagrangian

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

LLhuhuﬁ,Os, LLhuhuf, Lehd<pT, L/ihdSOT, L’Thd<p7'

3’®3'@1@1@3':(1'+1<5>+1<s)+2 X 3")®3':2 x1+2x17 +2x1® 173

> Contract family indices:

%Lz L3 hy hy ¢$,1+%L3 Ly hy hy LPS,Z‘F%Ll Ly hy hy 905,3+%L1 Ly hy hy §

+dlo Lo by hy €+LeLs Ly hy by €
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Invariant Lagrangian

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

LLhuhuﬁ,Os, LLhuhuf, Lehd<pT, L/ihdSOT, L’Thd<p7'

3’®3'@1@1@3':(1'+1<5>+1<s)+2 X 3")®3':2 x1+2x17 +2x1® 173

> Contract family indices:

15 L3 hy by ps 1+ L3 L1 hy hy s 2+ -1 L1 Lo hy hy 905,3+%L1 Ly hy hy §

V3 V3 V3
+dlo Lo by hy €+LeLs Ly hy by €

> Contract SU(2) indices and substitute vevs {ps) = (vs,0,0), etc:

%Lgl) Lg ) Vu Vy vs+%L(ll) Lgl) Vy Vy v5+% Lgl) Lg) Vy Vy v5+ L(l) L( Vy Vy Ve
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Finally, the Mixing Angles

> Mass matrices

e
2
1P (-
2
M@Jr = Lg) '%
L(2) _1
3 V3
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Finally, the Mixing Angles

> Mass matrices

e L - OIS
(2 1 1 1 1
MO AT s o o
. 1 1 _,a
Me=L'| -5 35 25| M=0" 0 & &
1@\ .1 1 1 Lo 0 1 1
3 V3 2v3 2v3 3 3 V3

> Singular value decomposition: My = DMy D,T?, M, = ULI\/I,,U;;

0.0000 -0.7071 -0.7071
UL = | -1.0000 0.0000 0.0000
0.0000 0.7071 -0.7071

0.5738—i0.0636 -0.2319+4i 0.5287 -0.3420—i 0.4652

D (70<5774+i 0.0000 -0.5774+i0.0000 -0.5774-+i0.0000 )
L =
0.5731—i0.0702 -0.3474—i0.4612 -0.2257+i 0.5314
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Finally, the Mixing Angles

> Mass matrices

e L - (oo Lgl)
(2) 1 1 1 1
MO AT s o o
EICON I U B _
Me=L'| -5 35 25| M=0" 0 & &
L(2) 1 1 1 L(l) 0 1 1
3 V3 2V3 23 3 3 V3

> Singular value decomposition: My = DMy D,T?, M, = ULI\/I,,U,T?

0.0000 -0.7071 -0.7071
. = | -1.0000 0.0000 0.0000
0.0000 0.7071 -0.7071

0.5738—i0.0636 -0.2319+4i 0.5287 -0.3420—i 0.4652

D (70<5774+i 0.0000 -0.5774+i0.0000 -0.5774-+i0.0000 )
L =
0.5731—i0.0702 -0.3474—i0.4612 -0.2257+i 0.5314

> Neutrino mixing matrix: Upyns = DLUE (needs rephasing)
0.8165 +/0.0000 0.5774 4+ /0.0000 0.0000 + /0.0000
Upvns = | 0.4058 —i0.0449 -0.5738 +i0.0636 0.0778 + /0.7028
0.4052 — i 0.0497 -0.5731+/0.0702 -0.0860 — /0.7019

> Mixing angles: 61p = 35.26, 03 = 45.00, 6;3 = 0.00 Tribimaximal v/
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Finally, the Mixing Angles

> Mass matrices

e L - (oo Lgl)
(2) 1 1 1 1
MO AT s o o
EICON I U B _
Me=L'| -5 35 25| M=0" 0 & &
L(2) 1 1 1 L(l) 0 1 1
3 V3 2V3 23 3 3 V3

> Singular value decomposition: My = DMy D,T?, M, = ULI\/I,,U,T?

0.0000 -0.7071 -0.7071
. = | -1.0000 0.0000 0.0000
0.0000 0.7071 -0.7071

0.5738—i0.0636 -0.2319+4i 0.5287 -0.3420—i 0.4652

D (70<5774+i 0.0000 -0.5774+i0.0000 -0.5774-+i0.0000 )
L =
0.5731—i0.0702 -0.3474—i0.4612 -0.2257+i 0.5314

> Neutrino mixing matrix: Upyns = DLUE (needs rephasing)
0.8165 0.5774 0.0000
|Upmns| = | 0.4082 0.5774 0.7071
0.4082 0.5774 0.7071

> Mixing angles: 61p = 35.26, 03 = 45.00, 6;3 = 0.00 Tribimaximal v/
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Finally, the Mixing Angles

> Mass matrices

e L - (oo Lgl)
(2) 1 1 1 1
MO AT s o o
EICON I U B _
Me=L'| -5 35 25| M=0" 0 & &
L(2) 1 1 1 L(l) 0 1 1
3 V3 2V3 23 3 3 V3

> Singular value decomposition: My = DMy D,T?, M, = ULI\/I,,U;;

0.0000 -0.7071 -0.7071
. = | -1.0000 0.0000 0.0000
0.0000 0.7071 -0.7071

0.5738—i0.0636 -0.2319+4i 0.5287 -0.3420—i 0.4652

D (70<5774+i 0.0000 -0.5774+i0.0000 -0.5774-+i0.0000 )
L =
0.5731—i0.0702 -0.3474—i0.4612 -0.2257+i 0.5314

> Neutrino mixing matrix: Upyns = DLU{ (needs rephasing)

2/3 1/V/3 0
[Upmns| = [ 1/v6  1/V3 1/V2
1/vV6 1/V/3 1/V2

> Mixing angles: 61p = 35.26, 03 = 45.00, 6;3 = 0.00 Tribimaximal v/
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What is the Bottom Line?

@ We used the Altarelli-Feruglio model only as a paradigm

@ The analysis is completely independent of the family
symmetry

@ GAP gives us all the relevant information about the group
o Complexity of group is hereby irrelevant

@ We use Python to interact w/GAP and do symbolic
manipulations

@ From symmetry to lagrangian to mixing angles takes less than
1 second per model (checking all vacua!)
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Where Do We Go From Here?

@ Generalize family symmetry:
AyxC3 — 1048 groups of order <100 — 90 w/3-dim irreps
@ Keep same particle content:

L7 e7 l”’? T? hu7 hd7 @T? 8057 5

© Generalize family charge assignments:

(L, e, 11,7, hyy ha, 07, 95,€) — (3,1/,18) 16) 1.1 3 37 17)

@ Generalize symmetry breaking patterns:
<¢T> = (*7*7*)7 <()05> = (*7*7*)7 <§> = (*7*7*)



Scanning for the Models

—————{ Choose group G; calculate CG-coefficients

@ Consider Ay x G3

@ 14,594,580 different family
charge assignments (particles
w/same gauge/R-symmetry

Find invariant terms with 2 leptons;
couplings LL, Le, Ly, Lt present?
- charges are considered
identical)
Contract discrete symmetry in- Kknown
dices; Lagrangian already known?

@ Computer takes 17 hours (3
GHz Intel Xeon) ~ Distribute
job to 17 machines and get

results in 1 hour

Assign discrete charges to
No more charges Loe.t, 7 hu, ha, o705, €

new Lagrangian

Remember Lagrangian;
contract SU(2) indices

Repeat choosing vevs; Charged
lepton mass matrix singular?
no
Calculate neutrino mass matrix; calculate
Upaixs and Euler angles; write to file

Akin Wingerter, LPSC Grenoble

No vevs left

@ 39,900 different Lagrangians

@ Plus results for 75 more groups!




Results for Ay X C3

> We consider 2 models equivalent, if their Lagrangians are the
same after contracting the family indices, but before the vevs are
substituted

> In this sense, we have 39,900 inequivalent models/Lagrangians

> 22,932 models have non-singular charged lepton and neutrino
mass matrices:

My = D_Mys DY, M, = UM, UL, Upains = DU

> 4,481 consistent w/experiment at 3o level (19.5%)
> 4,233 are tribimaximal (18.5%)

> Probably largest set of viable neutrino models ever constructed!
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Most Likely Mixing Angles

o. 0. 0
016
g 0.20 g o4 g 015
2 2 0.12] s
% 0.15] z 2
: o
£ 0.10] £ 2
g § 0.06 H
g 5 5 0.05
& 0.05] & 0.04) &
002
o A il s 000 000
%0710 20 30 40 50 60 70 80 90 %0710 20 30 40 50 60 70 80 90 010 20 30 40 50 60 70 80 90
12 3 13

(a) Number of models that give 6j with no constraints on the other 2 angles.
Each histogram has 15,992,118 entries.

o. o o
0.40) 0.35)
go3s 2% 3 030)
S 030 s s
Z Z 03 2 025
S 0.25] o
s 3 £ 020
& & 3
§ 0.20) g
g £ 02| 2o01s
§ 0.15] g
7 o g 0.1
3 0.10] 501 010
0.05] 0.05|
o i Al o L m a o o L .
10 20 30 40 50 60 70 80 90 10 20 30 40 50 60 70 80 90 10 20 30 40 50 60 70 80 90
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(b) Number of models that give 6; with the other 2 angles restricted to their
30 interval. The histograms have 838,289, 148,886 and 225,844 entries, respec-
tively.
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Correlation Between Pairs of Mixing Angles

7o ST ¥
0,

(c) Number of models that give 8;; and 6, with no constraint on the remaining
angle. Each histogram has 15,768,810 entries.

(d) Number of models that give 0;; and 0m, with the remaining angle restricted
to its 3o interval. The histograms have 2,591,752, 4,060,640 and 1,214,874
entries, respectively.
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Correlation Between All Mixing Angles

(e) The 12,230 bins that are > 1. (f) The 1,586 bins that are > 1000.
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Are We Looking Under the Lamppost?

4 = LAV NN
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Small Groups

Arthur Cayley (1821-1895) is the first to systematically construct
groups; in 1854, he determined all groups of order 4 and 6 ...
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Small Groups

The first few of the 1048 groups of order < 100
v = U(n) and v = SU(n) for n=2,3

’ GAP ID ‘ Group ‘ 3 ‘ U@3) ‘ U(2) ‘ U(2)xU(1) ‘ Aq ‘

[1,1] 1

[2,1] G

[3,1] G

[4,1] (o

[4,2] Gx G

(5.1] Gs

[6,1] S; v v
[6,2] Go

[7.1] G

8,1] G
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Small Groups

The first few of the 1048 groups of order < 100
v = U(n) and v = SU(n) for n=2,3

’ GAP ID ‘ Group ‘ 3 ‘ U@3) ‘ U(2) ‘ U(2)xU(1) ‘ Aq ‘
[8,2] G x G
[8,3] D, v v
(8,4] Qs
[8,5] GxGxG
[9,1] G
[9,2] Gx G
[10,1] Ds v v
[10,2] Cio
[11,1] Ci1
[12,1] Gx, G
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Small Groups

The first few of the 1048 groups of order < 100
v = U(n) and v = SU(n) for n=2,3

’ GAP ID ‘ Group ‘ 3 ‘ u(@3) ‘ u(2) ‘ U(2)xU(1) ‘ Aq ‘
[12,2] Ci2
[12,3] Ay 4 (4
[12,4] Dg v 4
[12,5] G x G
[13,1] Ci3
[14,1] Dy v v
[14,2] Cia
[15,1] Cis
[16,1] | Ci6
[16,2] Gy x Gy
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All Models
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> 76 of 90 groups can be scanned in less than 60 days
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All Models

> 76 of 90 groups can be scanned in less than 60 days

> 9 groups (12%) only have singular mass matrices

> 44 groups (58%) can accomodate models consistent at 30
> 38 groups (50%) have tribimaximal models

> Smallest group that can produce TBM: (21,1) = T

> Largest fraction of TBM models: $(39,1) = T3.
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Conclusions

@ Constructed thousands of new models of tribimaximal mixing

18.5% of all A4 x Z3 models are TBM. Encouraging!
Prediction for 013: If Ay and 013 < 12° ~ 613 =0°
Prediction for §: 0°

Correlations between mixing angles: Fix two, predict the third

@ Constructed specific models
o 013 # 0 possible: 015 >~ 34°, 0,3 ~ 41° and 613 ~ 5°
o Altarelli-Feruglio model works with Z,: Ay x Z, ~ ¥(24)
o TBM possible for T7, 2(24), T13, T14, A(48), Tlg,

o Is Ay special? Are TBM and A4 connected?

e 50% of the 76 groups we scanned can accomodate TBM
e Metacyclic group Ti3 has larger fraction of TBM models
o Smallest group w/TBM is T

@ GAP as a new tool for model builders

Akin Wingerter, LPSC Grenoble
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