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Current experimental data on the neutrino parameters are in good agreement with tribimaximal mixing
and may indicate the presence of an underlying family symmetry. For 76 flavor groups, we perform a
systematic scan for models: The particle content is that of the standard model plus up to three flavon fields,
and the effective Lagrangian contains all terms of mass dimension = 6. We find that 44 groups can
accommodate models that are consistent with experiment at 30, and 38 groups can have models that are
tribimaximal. For A, X Z3, T7, and T;3 we look at correlations between the mixing angles and make a
prediction for 3 that will be testable in the near future. We present the details of a model with 6, =
33.9°, 6,3 = 40.9°, ;3 = 5.1° to show that the recent tentative hints of a nonzero 6,3 can easily be
accommodated. The smallest group for which we find tribimaximal mixing is 7. We argue that 7; and 7’3
are as suited to produce tribimaximal mixing as A4 and should therefore be considered on equal footing. In
the appendixes, we present some new mathematical methods and results that may prove useful for future

model building efforts.
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L. INTRODUCTION

Neutrino physics is a fast developing field. The past
decade has seen the discovery of neutrino masses [1,2]
and ever improving measurements of the neutrino mixing
matrix Upyns [3,4]. Our growing knowledge of the neu-
trino parameters [5,6] has almost raised more questions
than it has answered: Why are neutrinos so light? Why are
two of the mixing angles large and one vanishingly small?
Why is Uppns so different from Ucky [7]7 These are some
of the questions that any model for the neutrino sector
needs to address.

Experimental data suggest that the mixing angles are in
good agreement with tribimaximal mixing (TBM) [8,9].
The very form of the Harrison-Perkins-Scott matrix Ugpg
is suggestive of an underlying family symmetry between
the three generations of leptons. In the past years, much
effort has been vested in finding a family symmetry that
would naturally lead to tribimaximal mixing, and to that
end, some 20 odd groups have been the subject of model
building efforts (see Refs. [10—12] and references therein).

It has been argued that A, is particularly relevant for
producing tribimaximal mixing [13—-16], and by the num-
ber of publications (see e.g. Table 2 in Ref. [10]), it is
certainly the most popular discrete symmetry used for
model building. That is why we start out by following
the same path to construct all A, X Z; models with up to
three flavon fields, where the lepton doublet L transforms
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as a triplet. We find 22 932 inequivalent models, of which
4481 (19.5%) give mixing angles that are consistent with
experiment at 30, and 4233 (18.5%) that are tribimaximal.
Restricting 6, and 65 to their respective 3¢ intervals, we
obtain an interesting prediction for 6;;3 whose value is
currently not known with very high precision: By far, the
most likely value is 613 = 0°, and there are extremely few
models for 0°$60,; < 12°. We also present a model where
all three mixing angles, 6, = 33.9°, 6,3 = 40.9°, and
613 = 5.1°, lie in their respective 1o intervals to show
that it is possible to accommodate the recent tentative hints
of a nonzero 6,5 [6,17,18].

Next we explore whether A, is really special or we are
looking for tribimaximal models ‘“under the lamppost.”
There are 1048 groups with less than or equal to 100
elements, and 90 of them have a three-dimensional irre-
ducible representation. For 76 groups, we construct all
models with up to three flavon fields, where the lepton
doublet L transforms in a three-dimensional irreducible
representation. For the remaining 14 groups, a systematic
scan would simply take too long. We find 44 groups (58%)
that can accommodate models which are consistent with
experiment at the 3¢ level, and 38 groups (50%) that can
produce tribimaximal mixing. The smallest group for
which we find tribimaximal mixing is 75, and the group
with the largest fraction of tribimaximal models is 75.
Incidentally, for 75 (and the other metacyclic groups) the
set of tribimaximal models and the set of 30 models
are almost identical, and this may be pointing towards a
profound connection between 73 and tribimaximal
mixing that is more pronounced as compared to A,4. For a
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recent publication that uses 75 for model building, see
Ref. [19].

A systematic scan of discrete Abelian family symmetries
has been performed before [20]. Our analysis is comple-
mentary in the sense that we only consider non-Abelian
flavor groups that can have three-dimensional irreducible
representations.

For our analysis, the computer algebra program GAP
[21] played a central role. We used GAP to obtain the
character table, the dimension of the conjugacy classes,
and the explicit form of the representation matrices for the
76 groups that we considered in this publication. In
contrast to e.g. solving renormalization group equations,
the use of computers for algebraic and group theoretic
operations is not widespread (a notable exception is
Ref. [22]). We strongly advocate the use of the Small
Groups Library [23] which collects, in one place, and
provides easy access to all finite groups of order at most
2000 (except 1024).

In the appendixes we present some new developments
and mathematical background information relevant for
model building with discrete symmetries.

In Appendix A, we list the 90 groups of order less than or
equal to 100 that have a three-dimensional irreducible
representation. For each group, we indicate whether it is
a subset of U(3), U(2), or U(2) X U(1) and, at the same
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For comparing our results from Sec. IV to experiment, we
used Refs. [5,6,17]. In Table I, we summarize the relevant
information for the reader’s convenience.

The solar and atmospheric neutrino mixing angles,
61, and 6,3, are relatively well determined. 6,3, on the
other hand, effectively only has an upper bound. The
experimental data are consistent with 653 being zero, as
e.g. in exact tribimaximal mixing. If ;3 = 0°, the Dirac
phase loses physical significance. Currently, there are pos-
sible hints for a nonzero 65 [6,17,18]. A new generation of
neutrino experiments will probe sin’6,; down to about
1072 [17].

TABLE I. The leptonic mixing angles from the global fit to
data from Ref. [6] (first table, left column).

Parameter Mean value 1o range 30 range
01> 34.4° 33.4°-35.4° 31.5°-37.6°
053 42.8° 39.9°-47.5° 35.5°-53.5°
013 5.6° 2.9°-8.6° 0°-12.5°
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time, check whether it contains A, as a subgroup. Because
of its length, the full list of the 1048 groups of order at most
100 is presented in a separate file [24].

In Appendix B we give the full details on how we
generated the 1048 groups and compiled the tables in
Appendix A and Ref. [24]. We elaborate on some disagree-
ment that we have with the existing literature.

In Appendix C, we discuss an algorithm due to
van den Broek and Cornwell [25] for calculating the
Clebsch-Gordan coefficients (CGCs) for any finite group.
This allows us to construct the group invariants or, more
generally, contract the family indices in the Lagrangian
without referring to heuristic constructions as is common
practice in the current literature.

II. EXPERIMENTAL CONSTRAINTS

The leptonic mixing matrix Upyns 1S generally parame-
trized by three angles, 6,5, 0,3, 63, and one Dirac phase, o
[26]. If the neutrinos are Majorana particles, there are two
extra phases, ¢ and ¢,, that do not affect neutrino oscil-
lation phenomena [27] and are likely to remain uncon-
strained in the near future. In this paper, we use the
standard parametrization [26] of Upyns except for the
definition of the Majorana phases, where we follow
Ref. [28]:

$12€13 size”!
s L . 4
C12Co3 = S1281353€" €13823 diag(e'?1, e'%2, 1). (1
_ _ is
C12823 = S12813C23€ C13C23

III. A PARADIGM: A4 X Z3 FAMILY SYMMETRY
WITH THREE FLAVON FIELDS

To illustrate our general approach, we will choose
Ay X Z5 as the family symmetry and reproduce the results
of the now classic paper by Altarelli and Feruglio [16].
Here and in the following we will use the alternate notation
C, for Z,. Note that we could have taken any of the
439 820 models that we will be constructing in Sec. IV,
but considering a model that is already well known has the
advantage of a clearer presentation of our methodology by
stressing the differences to other approaches.

The following lines of GAP code give us information on
the group A4 X Cj:

group := SmallGroup(36, 11);;

Display (StructureDescription (group));

chartab := Irr(group);;

Display(chartab);

SizesConjugacyClasses (CharacterTable(group));
LoadPackage(“‘repsn”);;

for i in [1..Size(chartab)] do

~N NN R WD =
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8 rep := IrreducibleAffordingRepresentation(chartab[i]);
9 for el in Elements(group) do

10 Display(el “rep);

11 od;

12 od;

These lines can be entered directly at the GAP prompt or
saved in a file and executed automatically as explained
later. Line 1 defines the group in terms of its GAPID (see
Appendix B 1). Lines 4 and 5 display the character table
and the dimensions of the conjugacy classes, respectively.
Finally, lines 612 give the explicit form of the matrices for
all elements and for all representations of the group.

The first column of the character table gives the dimen-
sions of the representations. We follow the common prac-
tice of denoting the representations by their dimensions
and using primes or numbers to distinguish different rep-
resentations of the same dimension:

1, 1, 17, 1" 1(4)’ 1(5)’ 1(6)’ 1(7)’ 1(8),
3 3 3. (2)

Note that we deviate from the notation of Ref. [16], where
the transformation properties of the representation under
the factor subgroups are indicated, e.g. 3 ® w, where w
is the primitive third root of unity. The reason why we
choose another notation is that we would like to deal with
all groups on equal footing. It is easy to establish the
connection between the two notations by comparing the
representation matrices of A4 and A4 X Cj, e.g. for the 3:
The first, third, and fourth generators of A, X C; are
identical to the three generators of A4, and the second
generator generates Cz. The explicit form for the genera-
tors of A, and A; X Cj can be obtained by running the GAP
script on the preceding page with the GAPIDs [12,3] and
[36,11], respectively. We can now easily identify 3 ~3 ®
1,3 ~3® w,3" ~ 3® w?. The other cases are handled in
a completely analogous way (see Table II for the complete
list). Strictly speaking, though, making this connection is
not necessary.

The particle content of the model is given in Table II. In
the following we list the terms that (i) are invariant under
the standard model gauge symmetry, (ii) contain exactly
two leptons, (iii) have mass dimension smaller than or
equal to six, and (iv) are at most linear in the flavon vacuum
expectation values (vevs):

LLh,h,¢g5, LLh,h,¢&, Lehyor, Luhger, LThyor.
(3)

To check invariance under the family symmetry we need
the decomposition of tensor products into irreducible rep-
resentations (see e.g. Ref. [29]) that is readily obtained
from the character table and the dimensions of the conju-
gacy classes. For example, for the first term in Eq. (3) we
have
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TABLE II. Particle content and charges for the model given in
Ref. [16]. The last column gives the family symmetry charges in
our notation. In Ref. [16], there is an evident typo in the charge
assignments to u and 7 in Sec. 4 as compared to Sec. 3 in the
same publication.

Field SUQ), X U(1)y Ay C; Ay X Cy
L 2, -1 3 w 3
e ,2) 1 w? 1
m ,?2) 1/ w? 1®
T 1,2 1 w? 1®
h, @2 1 1 1
hy 2, -1 1 1 1
or 1, 0) 3 1 3
©g 1, 0) 3 1) 3
£ 1, 0) 1 w 1/

303010103 =1'+159+1® +2x3)®3
=2X1+2X1"+2x1% +7x3.
“4)

The tensor product contains two singlets and thus there are
two ways to contract the family indices to obtain invariant
combinations. To do this, however, we need to know the
Clebsch-Gordan coefficients for A4, X Cs, and to our sur-
prise, the general method for the calculation of Clebsch-
Gordan coefficients for any finite symmetry group is not
well known. That is why we have dedicated Appendix C to
discussing an algorithm [25] for the calculation of
Clebsch-Gordan coefficients for finite groups. The
first term in Eq. (3) after contracting the family indices
becomes

1
LsiLih,h, @5,

N

1 1
L\Lyh,h, @53 +—=LLih,h,¢

"5 7

1 1
b LyLyh by & + —LaLsh,h, & 5
Nchcat 3 Nchtas 3 (5)

After contracting the SU(2) indices and substituting the
vevs

1
—=LyL3h,h,p5, +

3

Py = (h?y =0,

<§DT> = (UT’ vr, UT)’

() = v (hg) =,
(ps) = (v5,0,0), (&) =g
(6)
Eq. (5) reads
LL(ZI)L(;)UUUHUS + iL(II)L(II)vauvf

V3 V3

1 1
L(zl)L(zl)vuvuvg + —Lgl)Lgl)vuvuvg. @)

v Vg
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Following these steps for all the terms in Eq. (3) yields the
mass matrices for the charged leptons and the neutrinos:

PHYSICAL REVIEW D 84, 013011 (2011)

Here, M denotes the cutoff scale of the theory, and
suppresses the operators of mass dimension 5 and 6. In
the case of Eq. (8), the bi-unitary transformations that

- ¢ | H | Tl diagonalize the charged lepton and neutrino mass matrices
v L' (~5%5 5 ~ & are independent of the Yukawa couplings, which we have
Mo+ = T, L(22) — 71? ﬁ; 213 , therefore not indicated. The singular value decomposition
M LY\ -1 1 1 (here in the special case where the number of rows is equal
3 NN N ) to the number of columns)
L(ll) L(zl) Lgl)
L0(% o o Me = DMyDy, M, =UM,U; )
M. = Vulu Lgl) 30 ve g .
v M2 2 NENE) allows us to express the mass matrices as a product of a
Lgl) 0 % —f unitary matrix, a diagonal matrix with non-negative real
23 B . . .
numbers on the diagonal, and another unitary matrix where
—0.5774 + i0.0000 —0.5774 + i0.0000 —0.5774 + i0.0000
Dy =| 05738 —i0.0636 —0.2319 + i0.5287 —0.3420 — i0.4652 |,

\ 0.5731 —i0.0702 —0.3474 — i0.4612 —0.2257 + i0.5314 (10)

/ 0.0000 —0.7071 —0.7071

U, =] —1.0000 0.0000  0.0000

\ 0.0000 07071 —0.7071

The neutrino mixing matrix is, by definition,
0.8165 + i0.0000  0.5774 + i0.0000  0.0000 + i0.0000
Upnvns = DLUI = (0.4058 —i0.0449 —0.5738 +i0.0636  0.0778 + i0.7028 ) (11)
0.4052 — i0.0497 —0.5731 +i0.0702 —0.0860 — i0.7019

To extract the mixing angles and phases, we use the
explicit formulas presented in Ref. [28] and obtain
0, = 35.26°,

0, = 45.00°, 0,3 = 0.00°,

(12)

which is tribimaximal mixing.

Several remarks are in order. In contrast to Ref. [16],
where the matrices for the generators in the three-
dimensional representation were wisely chosen so that
M+ is diagonal, our choice for the generators leads to a
nondiagonal charged lepton mass matrix; see Eq. (8). We
have checked that after changing to a basis where M+ is
diagonal (which corresponds to a redefinition of the
charged lepton fields), our expressions for the
Lagrangian, the mass matrices, and Upyng coincide with
those in Ref. [16], and the same is true for the vevs. Our
generators T, T,, T3 of A, are connected to those of
Ref. [16] by S+ T,7, 'T; and T > T>.

We have written PYTHON programs that interact with
GAP to get the generators, the character table, the dimen-
sions of the conjugacy classes, and the explicit form of the
matrices for all representations. From this, our code builds
the Lagrangian that is invariant under all the symmetries,
breaks the family symmetry, collects the terms that

contribute to the charged lepton and neutrino mass matri-
ces, and finally calculates the mixing matrix, the mixing
angles, and the phases.

In Sec. IV, we present the results of our systematic scan
for A4 X Cj, and finally in Sec. V, we discuss the results for
all 76 flavor groups with special emphasis on the metacy-
clic groups 75 and T'5.

IV. SYSTEMATIC SCAN OF A4 X Z;

We will now discuss the results that we obtained from
the systematic scan of family symmetries, charge assign-
ments, and vacuum configurations. We refer the reader also
to Table III, where some of the results of this section are
summarized.

It is important to stress that we are not specifically
searching for tribimaximal mixing, but constructing all
models for a given symmetry group (with the qualifications
detailed in Sec. IVA).

We will only list inequivalent models: We consider
two models to be equivalent, if their Lagrangians after
contracting the family indices, but before symmetry
breaking, are equal. In the plots, however, the data points
correspond to vacua, and some may correspond to the same
Lagrangian.
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Since we will be discussing many different groups that
may not all have a standard name, we will use their GAPIDs,
and e.g. denote A, X C; by (%(36, 11). The correspondence
between the GAPIDs and the groups is given in Table III.

A. Particle content and family charge assignments

In Fig. 1 we show the flowchart of our systematic scan.
The particles and their standard model charges are listed in
the first two columns of Table II and will not be reproduced
here. To avoid any misunderstandings, we emphasize that
from now on ¢ is on the same footing as ¢ and ¢g, and
that its naming is simply a relic from earlier sections. The
flavon fields may transform in any representation, and we
scan over all possible vevs that have either O or 1 in each
entry.

We restrict ourselves to such models where the lepton
doublet L transforms in a three-dimensional representa-
tion, and e, w, 7 transform in one-dimensional representa-
tions of the family symmetry. Plausible as this may sound,
there is no physics reason for that, but rather without these
assumptions the number of family charge assignments
quickly grows too large to allow for a systematic scan.

Regarding the Higgs sector, we will assume that there
are exactly two fields. For one thing, we have supersym-
metric models in mind that require an even number of

Choose group G; cal-
culate CG-coefficients

Assign discrete charges to
L, e, p, 7, hu ha, pr, 05, €

No more charges

Find invariant terms with 2 leptons; no
couplings LL, Le, Ly, LT present?

yes

Contract discrete symmetry in- known
dices; Lagrangian already known?

new Lagrangian

Remember Lagrangian;
contract SU(2) indices

Repeat choosing vevs; Charged No vevs left

lepton mass matrix singular?

no

Calculate neutrino mass ma-
trix; calculate Upyns and
Euler angles; write to file

Next vev

FIG. 1 (color online). Systematic scan for models with family
symmetry G and up to three flavon fields.
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Higgses. For another, more than two Higgs fields would
spoil the unification of the gauge couplings. Thus, &, hy
are assigned any one-dimensional representation.

B. Models for A, X Z;

We will start with the results for the “classic” group
&(36,11) = A4 X C3. The 14594580 family charge as-
signments to L, e, w, 7, hy,, hg, o7, @5, & give 39900
inequivalent Lagrangians out of which 22932 have non-
singular charged lepton and neutrino mass matrices.

In this set, we find 4233 models of tribimaximal mixing
(18.5%). For a given model, there may exist more than one
vacuum configuration that leads to TBM (e.g. six vevs for
the model in Sec. III), and we have not counted them
separately. In the 30 range there are 4481 models
(19.5%). We find no models that lie in the 1o range,
because 63 = 0° is excluded at 1o (cf. Table I). This
fact is nicely illustrated in the third plot of Fig. 2(b): The
1o range, represented by the green band, is empty.

Figure 2 shows the distribution of the mixing angles 6,,
6,3, and 03, where we are now counting the vacua and not
the models. The reason for this is that for one and the same
Lagrangian, the values of the mixing angles will, in gen-
eral, depend on the choice of vacuum. The histograms in
Fig. 2(a) have 15992118 entries, reflecting the fact that
for each of the 39900 inequivalent Lagrangians, we are
looping over 8 to 512 vacua, depending on the dimensions
of the irreducible representations (irreps) assigned to the
flavon fields.

The area of each histogram has been normalized to 1 and
the bin width is 1°, so the y axis gives the percentage of
vacua that produce the angles on the x axis. The green and
yellow bands correspond to the 1o and 30 ranges, respec-
tively (cf. Table I). In Fig. 2(a), we simply count the
number of times that a given angle is reproduced, irrespec-
tive of the values that the two other angles may take. For
example, from the first histogram we can read off that 7.6%
of the vacua give a value for 6, that is consistent with
experiment at 3o, where 6,3 and 65 can take any values.

Now we investigate whether we can obtain some pre-
dictions by introducing priors. In Fig. 2(b) we have re-
stricted two of the angles to their 3¢ intervals and plotted
the third one. As a consequence, the numbers of entries in
the histograms are not equal.

The most striking difference between Figs. 2(a) and 2(b)
is that now the most likely value for 6,5 is 45° and it lies in
the 1o interval. Furthermore, the number of vacua in the
experimentally disfavored region has decreased signifi-
cantly, and 58% of the vacua are in the 3¢ interval.

For 63, values near 90° are now excluded, and the 3o
interval is almost depopulated except for ;3 = 0° and
some very few models with 8,3 # 0°. Since 6,3 = 0° is
now by far the most likely value, this can be interpreted as
a strong hint for 63 to be 0° (at leading order) based on
current experimental data and the theoretical assumption of
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(b) Number of vacua that give §;; with the other 2 angles restricted to their 3¢ interval. The histograms
have 838289, 148886 and 225844 entries, respectively.

FIG. 2 (color online).

Number of vacua with family symmetry &(36, 11) = A, X C; that give the mixing angles denoted on the x

axis. The area of the histograms is normalized to 1 and the bin width is 1. The green and yellow (dark and light gray) bands correspond

to the 1o and 30 ranges, respectively.

an Ay X Z; family symmetry. We find that 38% of the
vacua are in the 3o interval.

For 6,,, the most likely value is still 0°, but 35° is now
the third most likely angle. Clearly, the experimental data
on 6,3 and 63 are pushing us in the right direction. 11% of
the vacua are in the 3¢ interval.

It is an interesting observation that the effect of our
restricting two out of three angles to their 3o interval
was such that the preference of the data for the experimen-
tally allowed ranges became much more pronounced. This
is an unexpected and nontrivial result and may further
testify to the phenomenological viability of A,.

To learn more about the correlation of the angles and
how priors may affect them, in Fig. 3 we present the
distribution of two out of three angles, respectively. The
color bar on the right-hand side of each figure gives
the correspondence between the colors in the plots and
the logarithm to base 10 of the number of vacua with the
angles 6;; and 6,,, on the x and y axes, respectively.

In Fig. 3(a), each two-dimensional histogram has
15992 118 entries which correspond to the full set of vacua
that we had also previously considered in Fig. 2(a). In
analogy to Fig. 2(a), we have imposed no constraints on
the third angle which is not plotted. From the first plot, we
cannot read off much, except that there exist certain ‘“‘hot
spots” (e.g. 61, = 0° and 6,3 = 45°) that correspond to
large numbers of vacua, and that the regions near the lower
corners are, by comparison, less populated. In the second

and third plots, we see that there are considerably fewer
models for 81, = 70° and 6,3 = 75°, respectively. In the
case of the second plot, this holds even for much lower
values of 61, = 35°, given that 6,5 is not larger than ~15°
or near 0°.

In Fig. 3(b), we present the same correlations as in
Fig. 3(a), but this time, we have required that the third
angle be in its 3¢ interval. As a consequence, the numbers
of entries in the histograms are not equal. We have used the
same normalization of the color bars in Figs. 3(a) and 3(b)
to facilitate comparisons between them.

Considering the first plot, we can see that most vacua lie
in a band 6, = 30°-60°, whereas this effect becomes less
pronounced for 6,3 = 15°-30°. For 6,3 =~ 45°, values of
61, = 0°,35°,55°,90° are favored (red bins in plot).

The second plot clearly shows that ;, = 70° and, to a
lesser extent, #;, = 10° are disfavored. For 6, =~
10°=70°, a band of 63 = 0°-10° that widens with in-
creasing 6, is sparsely populated, but note that for
6,3 = 0° and 0, = 45°, there is one of the highest counts
of vacua in the plot as indicated by the red bins. This is
consistent with our previous observation from Fig. 2(b)
that 6,3 = 0° is preferred, but that otherwise the region
6,3 = 10° is disfavored.

In the third plot we again observe a band structure 6,3 =
15°-60° where most of the vacua are concentrated, and
find that 63 = 10° and 63 = 80° are disfavored.
The combination 6,3 =45° and 6,3 = 0°, however, is
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(b) Number of vacua that give 6;; and 6,,, with the remaining angle restricted to its 3¢ interval. The
histograms have 2941000, 3675600 and 1057170 entries, respectively.

FIG. 3 (color online).

Logarithmic plot of the number of vacua with family symmetry &(36, 11) = A, X Cj that give the mixing

angles denoted on the axes. The bin width on both axes is 1. The base of the logarithm is 10, and the color map on the right side of each

plot gives the exponents.

not preferred. As indicated by the red bins, the most likely
combination of angles lies elsewhere.

Ideally, to give a graphical representation of the full
information on the angles and their correlations, we would
create a three-dimensional histogram with 61,, 6,3, and 03
on the axes, and plot the number of vacua along a fourth
dimension. Since this is not feasible, we present a plot in
three dimensions, where the color of the data points in-
dicates the number of vacua.

In Fig. 4(a), each point represents a bin in a three-
dimensional histogram: If there is at least one vacuum
that produces the angles (0,,, 613, 6,3), we set a point at
the respective coordinates. The bin width on each axisis 1,
and in total there are 90 X 90 X 90 bins, of which 5528 are
not empty. The color of the point denotes the logarithm to
base 10 of the number of vacua that give the respective
angles, where the colors from blue to red (dark to light
gray) correspond to an increasing number of vacua. We
have not displayed the color map for the plots, since we
find it difficult to extract quantitative information from the
three-dimensional representation and rather use it as a
means of uncovering correlations between the angles and
the qualitative features of A, as a symmetry group.

In Fig. 4(b), we display only those 1287 bins that have
more than 1000 entries. This removes much of the clutter-
ing and gives a clearer picture regarding where the most

likely vacua are concentrated. One immediate observation
is that the parameter space for (6,, 6,3, ,3) is not uni-
formly populated: There are very few vacua for 6, =
60°-90°; low and high values of 63 are disfavored
(except 613 = 0°); and rotating Fig. 4(b) to view it from
different perspectives, we see that most of the vacua are
concentrated in a volume 6, =~ 10°-60°, 6,3 =~ 20°-70°,
013 2 150-

Considering the 6,,—6,; plane of Fig. 4(b) that corre-
sponds to 63 = 0°, we find that 6,, = 6,3 = 45° are the
most likely values (see red points), which is in agreement
with the first plot in Fig. 3(a).

Regrettably, we fail to see any preference for tribimax-
imal mixing or the experimentally allowed values. Without
putting in at least some priors, the best we can do is set
approximate upper and lower bounds on the angles.

It is also worth mentioning that TBM can be realized
with the smaller flavor group (24, 13) = A, X C,, where
the C; factor of the model in Ref. [16] has been replaced by
a C,. As we will see from Fig. 5 in Sec. VA, it is the second
smallest discrete group for which we find TBM.

C. A model with 6,3 ~ 5°

Recently some analyses have reported on possible hints
of a nonzero 63 [6,17,18]. A model with 0°$6,; =< 8.6°

013011-7
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(a) The 5,528 bins that are > 1.

FIG. 4 (color online).

PHYSICAL REVIEW D 84, 013011 (2011)

(b) The 1,287 bins that are > 1000.

Number of vacua that give 6,, 6,3, 613. Each point corresponds to a bin in the three-dimensional histogram

that has at least one entry. The bin width is 1. The color of the points (from blue to red/dark to light gray) corresponds to the logarithm
to base 10 of the number of vacua (from lower to higher). The color map is the same as in Fig. 3.

that lies in the 1o interval is easily constructed. For the
family symmetry, we take (36, 11) = A4 X C; and as-
sign the family charges (L, e, u, 7, hy, hy, @7, @5, &) ~
(3, 1,19,17,1,17,19,37 3"). When the flavon fields
acquire vevs along the directions (p7) = (1), {@g) =
(1,0, 1), (¢) = (1, 1, 1), we obtain the mixing angles 6, =
33.9°, 0,3 = 40.9°, and 63 = 5.1° that all lie in the 1o
interval of the experimentally determined values.
Incidentally, we have chosen the model in such a way as
to produce a 65 that is close to the present best-fit value of
Ref. [6] with the modified Gallium cross section.

V. RESULTS FOR 76 FLAVOR GROUPS

In the list of all groups of order = 100 [24], we find 90
groups which have a three-dimensional representation (see
Table I1I). For 14 groups, a systematic scan would take more
than 60 days. In this section, we present the results for those
76 groups that can be analyzed in a reasonable time.

A. Tribimaximal and experimentally allowed models

One main result of our analysis is that we have found
thousands of new models that give exact tribimaximal
mixing. Figure 5 shows the number of inequivalent models
(not vacua) for the 76 groups specified before. The red bars
indicate the fraction of Lagrangians for which at least one
choice of vevs leads to tribimaximal mixing, and the green
bars give the number of models that lie in the 3¢ interval of
the measured angles. The correspondence between the
GAPIDs on the x axis and the full name of the group is
given in Table III, where we also list the exact numbers of
models that may be difficult to read off from the graph.

The conspicuous gaps in Fig. 5 are a consequence of our
criterion that the mass matrices be nonsingular; i.e. we do
not consider such cases where any of the neutrinos (or
charged leptons) are massless.

Out of the 76 groups that we scanned, nine (12%) have
only singular mass matrices. We see that 44 groups (58%)

10°

-
o
S

Number of Models

FIG. 5 (color online).

The number of models per symmetry group. On the x axis, we label the flavor symmetry @ by its GAPID,

cf. Table II1. The red and blue labels on the x axis indicate that ¢ D A, and g C U(3), respectively, whereas green signifies that both
conditions are satisfied simultaneously. Along the y axis, the blue bars give the number of Lagrangians that lead to nonsingular mass
matrices. The green bars indicates the number of models that lie within the 3¢ interval, and the red bars finally give the number of
models for which at least one vacuum configuration gives tribimaximal mixing. If the colors are not visible, please refer to Table III
which contains the same information.
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lie in the 3¢ interval, and 38 (50%) are even tribimaximal
(for at least one vacuum configuration, respectively). Only
for 23 groups (30%) we could not find any vacuum con-
figuration that satisfies the experimental limits. Note,
though, that despite being very general, our scan is not
fully comprehensive, since (i) we assume that the lepton
doublet transforms in a triplet, and (ii) we do not scan over
all possible vevs. Owing to this fact, there may exist even
more viable models than we have identified.

The smallest group for which we find TBM is
(21, 1) = T;. Note that we do not have any additional
Abelian factors Z,,, as is the case with many A, models in
the literature. In this sense, we have identified 75 as the
minimal flavor symmetry that can produce TBM.
Incidentally, T is the smallest group after A, that has a
three-dimensional irreducible representation. We will take
a closer look at 75 in Sec. V B.

An interesting observation from Fig. 5 is that for nine
groups the models with TBM are identical to those that are
consistent with experiment at 30; i.e. the green bars
are completely covered by the red ones: &(21,1) =
T;, &39,1)=T;35, &(483)=A(48), &(57,1)=T)o,
&(75,2)=A(75), &(78,2) =Ty, &(84,11), &(93,1)=
T5, and $(96,3) (see also Table III). Five of these
nine groups belong to the T series of SU(3) subgroups
[30].

PHYSICAL REVIEW D 84, 013011 (2011)

B. The flavor group 7,

As mentioned before, 7; [31-33] is the smallest group
for which we find tribimaximal mixing.

In Fig. 6 we show for &(21, 1) = T the distribution of
the mixing angles. If we use the experimental data on two
of the angles and plot the multiplicity of the third one, we
find that 6,, = 35° is the second-most likely angle to be
produced, and the only one within the 3¢ interval. For 6,3,
we obtain a unique prediction 0,3 = 45°. As for 03, the
value 0° is both the most likely angle and the only one
attained within the 3o interval.

Remarkably, the 30 bands in Fig. 6(b) are completely
depopulated except for the values corresponding to exact
tribimaximal mixing. In this sense one can say that in light
of the experimental data, assuming a 7, family symmetry
predicts TBM.

As one can see from Table III, for 75 the number of
experimentally allowed models coincides with the number
of tribimaximal ones. This is a slightly weaker statement
than the one made in the previous paragraph, since we list a
model as TBM or experimentally allowed, if there exists at
least one vacuum configuration for which this is true.
These vacua need not be the same, and there may exist
others for which the model is neither allowed nor TBM. In
contrast, Fig. 6(b) shows that, independently of the choice
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(a) Number of vacua that give #;; with no constraints on the other 2 angles.
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(b) Number of vacua that give 6,; with the other 2 angles restricted to their 3¢ interval.

FIG. 6 (color online).

(o 013

Number of vacua with family symmetry &(21, 1) = T that give the mixing angles denoted on the x axis. The

area of the histograms is normalized to 1 and the bin width is 1. The green and yellow bands correspond to the 10 and 30 ranges,

respectively.
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of vacuum, requiring the mixing angles to be in the 3o
bands automatically leads to tribimaximal mixing.

The other plots relating to 7; can be found in Sec. 2 of
Ref. [34].

C. The flavor group T3

Let us now turn our attention to (39, 1) = T}3. One
reason why this group stands out is that 59% of its models
are tribimaximal (see Table III). As compared to e.g.
A, X C5 with 18.5%, this is a much larger fraction.

Again, as was the case for 7,, any model that has a
vacuum for which the mixing angles are consistent with
experiment at the 3o level also allows for TBM to be
realized (see Table III).

From Fig. 7(b) we see that the correlation between the
family symmetry 7’5 and tribimaximal mixing is almost as
strong as in the case of T5. Contrary to the case of 7, not
every vacuum that is consistent with experiment leads to
TBM; i.e. we can find some vacua in the 30 band that are
not tribimaximal, but this is mainly a consequence of the
large errors on 605. Remarkably, all three histograms in
Fig. 7(b) peak at values corresponding to tribimaximal
mixing.

The other plots relating to 75 can be found in Sec. 9 of
Ref. [34].

PHYSICAL REVIEW D 84, 013011 (2011)

D. The other flavor groups

In Ref. [34] we present the graphs (analogous to those in
Sec. IV) for all 67 flavor groups that have nonsingular mass
matrices (cf. Sec. VA). Since a detailed discussion of the
results for all groups is beyond the scope of the present
publication, we will limit ourselves to some qualitative
observations.

From the discussion in the previous sections, one may
get the impression that realizing TBM is not too difficult as
long as one scans over a large enough fraction of the
parameter space. Figure 1(b) of Ref. [34] for $(12,3) =
A4, however, shows that there are groups for which the
experimentally determined mixing angles cannot be repro-
duced within their 3¢ error bands. Other examples with a
larger flavor group are [34] (48, 30) or $(96, 65). Of
course, this statement depends on the assumptions that we
used to constrain the Lagrangian, e.g. the number of flavon
fields.

T,5 is, by far, not the only group with the remarkable
property that restricting two of the angles to their respec-
tive 3¢ intervals predicts the third one in the sense that it is
the most likely value. Other examples are [34] (57, 1) =
Ty9, &(75,2) = A(75), and $(93, 1) = Tj,.

In analogy to 7, there exist other groups for which
restricting all three angles to their respective 3o intervals
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(b) Number of vacua that give 6;; with the other 2 angles restricted to their 3¢ interval.

FIG. 7 (color online).

Number of vacua with family symmetry (39, 1) = T that give the mixing angles denoted on the x axis. The

area of the histograms is normalized to 1 and the bin width is 1. The green and yellow bands correspond to the 10 and 30 ranges,

respectively.
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almost always leads to TBM, e.g. $(48,31), &(60,9),
(&(72, 25). In contrast to T, however, there are a few vacua
in the 3¢ interval that do not realize TBM.

From Fig. 21(a) of Ref. [34], for (36, 3) we see that
there exist groups that predict a uniform distribution of the
mixing angles so that, in comparison, the distribution for
Ay X Cs (see Fig. 4) clearly shows some preference for
certain regions of the parameter space.

E. Is there a connection between A, and
tribimaximal mixing?

To explore the connection between tribimaximal mixing
and A4, we have color coded the group names on the x axis
of Fig. 5. Blue, red, and green bars correspond to ¢ C U(3),
g D A, and Ay, C g C U(3), respectively. The same infor-
mation is summarized in Table III. Of the 76 groups, 35
contain A, as a subgroup, but only for 16 out of these 35
groups we can find vacua that give models of tribimaximal
mixing. It is conceivable, though, that one may find TBM
models for the other groups, if one introduces more than
three flavon fields.

We find four groups, (84, 9), (5(96, 198), (96, 201),
and (96, 202), that are not subsets of U(3) nor do they
contain an A, subgroup; nevertheless, they can accommo-
date models of tribimaximal mixing.

In light of these facts, it is difficult to maintain that A4 is
special with regard to realizing tribimaximal mixing. We
strongly advocate not neglecting other promising groups,
especially 757 and T'3.

VI. CONCLUSIONS

In this publication we scanned 76 groups and con-
structed a total of 439820 Lagrangians, out of which
59019 were consistent with experiment and 31 137 were
tribimaximal. The large set of viable models allowed us to
look at correlations between the mixing angles and make a
prediction for €3 that will be measured in upcoming
experiments.

We have presented an explicit model with 6,3 = 5.1° to
show that the recent tentative hints of a nonzero 6,5 can be
accommodated. We found tribimaximal mixing in 38 fla-
vor groups; most of these groups had not been considered
for model building before. We hope that the calculational
tools and methods that we have outlined will be useful for
future model building efforts.

We would like to emphasize that we do not advocate a
probabilistic approach to model building along the lines of
the landscape idea in string theory. Rather, we are trying to
maximize our chances of finding the correct model(s) by
starting out with a large set that reproduces the mixing
angles within the current experimental limits. In the future,
we plan to take this analysis several steps further and look
at the generation of mass hierarchies and the vacuum
alignment problem, and finally include the quark sector.
Invariably, each step will drastically reduce the number of

PHYSICAL REVIEW D 84, 013011 (2011)

models, and the goal is to find at least one that passes all
criteria.

On the other hand, for answering the question as to
whether any discrete flavor group is inherently connected
to tribimaximal mixing, a probabilistic approach may be
useful: The easier tribimaximal mixing can be realized in a
given group, the more pronounced the connection is. In this
sense, A4 fares well, but 7; and 7|5 should be considered to
be on equal footing, if not more promising.
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APPENDIX A: LIST OF GROUPS OF
ORDER AT MOST 100

Very few groups have been given dedicated names by
the mathematicians and physicists who studied them.
Examples are the cyclic groups C,, the symmetric groups
S,, the alternating groups A,, and the dihedral groups
D,,. The vast majority are described by their substructure
and a “prescription” of how to put these parts together to
form the full group: the direct product, the semidirect
product, and the short exact sequence. The reader who is
unfamiliar with any of these concepts may refer to e.g.
Ref. [35].

Since the list of 1048 groups of order = 100 is too long
to include in the present publication, we have made it
available for download [24]. For details on the generation
of this list, see Appendix B.

The list of the 90 groups of order = 100 that have a
three-dimensional irreducible representation and that we
have systematically scanned for viable models of lepton
flavor is given in Table III.
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TABLE III. The 90 groups of order = 100 that have a three-dimensional irreducible representation. For details, refer to
Appendix A 2.

GAPID Group U; U, Uy« Ay Models 30 TBM
[12, 3] Ay v X X v 90 0 0
[21, 1] Cyx,Cs v X X X 108 36 36
[24, 3] SL(2, 3) 4 4 v X 135 0 0
[24, 12] Sy 4 X X v 0 0 0
[24, 13] Cy, X Ay v X X v 2034 344 288
[27, 3] (C3 X C3)x,C5 V4 X X X 34992 2430 0
(27, 4] Cyx,Cs v X X X 34992 4536 0
[36, 3] (Cy X Cy)x,Cy v X X X 53535 10621 3459
[36, 11] Cy X Ay 4 X X v 22932 4481 4233
(39, 1] C13%,Cs 4 X X X 288 171 171
[42, 2] Cy X (Cy%,C3) v X X X 2682 445 273
[48, 3] (Cy X Cy)x,Cy V4 X X v 270 90 90
[48, 28] SL(2,3) = G— C, 4 v v X 0 0 0
[48, 29] GL(2, 3) 4 v v X 0 0 0
(48, 30] A, Cy v/ X X v/ 48 0 0
[48, 31] Cy X Ay v X X v 14937 2864 2712
[48, 32] C, X SL(2,3) v X v X 2052 344 288
[48, 33] SL(2, 3)x,C, 4 v v X 2052 344 288
(48, 48] C, X S, v X X v/ 16 0

[48, 49] Cy X Cy X Ay X X X v 5805 640 561
[48, 50] (Cy X Cy X Cy X Cy)x,C3 X X X v 189 0

[54, 8] ((C3 X C3)x,C3)x,C, 4 X X X 0 0 0
(54, 10] C, X ((C3 X C3)x,C3) v/ X X X — — —
(54, 11] Cy X (Cox,C3) v/ X X X — — —
[57, 1] C19%,Cs V4 X X X 405 198 198
(60, 5] As v/ X X v 0 0 0
[60, 9] Cs X Ay v X X v 11575 2063 1983
[63, 1] Cyx,Cy v X X X 24345 3792 795
[63, 3] C3 X (C7x,Cs) V4 X X X 15246 2483 1863
(72, 3] 04%,Co Vs v/ Vs X 18714 3272 1344
[72, 15] ((Cy X C)x,Co)x, Cy X X X X 0 0 0
[72, 16] Cy X ((Cy X Cy)%,Cy) v X X X — — —
[72, 25] C; X SL(2,3) v v v X 18105 3441 3261
[72, 42] C3 X Sy v X X v 108 0 0
[72, 43] (C3 X Ag)»,C, X X X v/ 0 0 0
[72, 44] Ay X 85 X X X v 2451 399 336
[72, 47] Co X Ay v/ X X v/ — — —
(75, 2] (Cs X Cs5)x,Cy 4 X X X 477 234 234
[78, 2] C, X (C13%,C3) v/ X X X 2541 810 810
[81, 3] (Cy X C3)x,C5 X X X X — — —
(81, 4] Cyx,Cy X X X X — — —
(81, 6] Cy17,Cs v/ X X X — — —
[81, 7] (C3 X C3 X C3)%,C5 v X X X 24329 1296 0
[81, 8] (Cy X C3)x,C5 v X X X 32416 1782 0
(81, 9] (Cy X C3)x,Cy 4 X X X 32076 1782 0
[81, 10] (C3 X C3) = G— (C3 X C3) v X X X 20736 1161 0
[81, 12] C3 X ((C3 X C3)x,C5) X X X X — — —
[81, 13] C3 X (Cyx,Cs) X X X X — — —
(81, 14] (Cy X C3)x,C3 v X X X — — _
(84, 2] Cy X (C1%,C3) v/ X X X 4752 714 567
(84, 9] Cy X Cy X (C2,C3) X X X X 2136 366 306
[84, 10] C; X Ay v X X v — — —
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TABLE 1II. (Continued)

GAPID Group Us U, Usxq Ay Models 30 TBM
[84, 11] (C1q X C)x,Cs v X X v 678 192 192
[93, 1] C31x,C5 V4 X X X 507 249 249
[96, 3] ((Cy X C)x1,Ca)x, Cq X X X v 324 90 90
[96, 64] ((Cy X Cy)x,C3)x,Cy v X X v 0 0 0
[96, 65] Ay, Cy v X X v 138 0 0
[96, 66] SL(2, 3)x,C,4 v X v X 48 0 0
[96, 67] SL(2, 3)x,C4 V4 v v X 48 0 0
[96, 68] Cy X ((C4 X C4)x,Cs) v X X v 3648 939 876
[96, 69] C, X SL(2, 3) v X ve4 X 6637 1002 936
[96, 70] ((Cy X Cy X Cy X C3)x,C3)x,Cy X X X v 2433 399 336
[96, 71] ((Cy X Cy)x,C3)x,Cy X X X v 2433 399 336
[96, 72] ((Cq X Cy)x,C3)x,Cy X X X v 2433 399 336
[96, 73] Cg X Ay v X X v — — —
[96, 74] ((Cg X Cy)x,Cy)x, Cy V4 v v X 3884 678 630
[96, 185] Agx, Q03 X X X v 16 0 0
[96, 186] Cy X Sy v X X v 113 0 0
[96, 187] (Cy X 8%, C, X X X v 16 0 0
[96, 188] SL(2,3) — G — C,) v X v X 14 0 0
[96, 189] C, X GL(2, 3) v X v X 14 0 0
[96, 190] (Cy X SL(2,3))x,C, X X X X 16 0 0
[96, 191] SL(2,3) = G — Cy)x,C, X X X X 16 0 0
[96, 192] SL(2,3) = G — Cp)x,Cy v v v X 14 0 0
[96, 193] (SL(2, 3)x,C3)x,C, X X X X 16 0 0
[96, 194] Cy X (A%, Cy) X X X v 118 0 0
[96, 195] (Cy X Cy X Ax,Cy X X X v 16 0 0
[96, 196] Cy X Cy X Ay X X X v — — —
[96, 197] D, X A, X X X v 5202 558 486
[96, 198] C, X C, X SL(2, 3) X X X X 1347 224 198
[96, 199] Qg X Ay X X X v 5187 558 486
[96, 200] Cy X (SL(2,3)x,C,) v X v X 1332 224 198
[96, 201] (SL(2, 3)x,C3)x, C, X X X X 5202 558 486
[96, 202] (Cy X SL(2, 3))x,C, X X X X 5202 558 486
[96, 203] (Cy X Cy X Qg)x,C5 X X X v 189 0 0
[96, 204] ((Cy X Dy)»,Cy)x,Cs X X X v 189 0 0
[96, 226] Cy, X Cy X8, X X X v 42 0 0
[96, 227] ((Cy X €y X €y X Cy)x,C3)x,Cy X X X v 0 0 0
[96, 228] Cy X Cy X Cy X Ay X X X v — — —
[96, 229] Cy X ((Cy X Cy X Cy X Cy)x,Cs) X X X v 4779 853 720

1. Notation and conventions

Our notation follows the GAP Reference Manual, p. 356
[36], with the following exceptions. We denote the direct
product by “X” and the semidirect by Nx K, where N is
normal. Beware that this convention is not unique and that
the symbol “x,,”” may point the other way. In writing short
exact sequences like 1 — N — G — Q — 1, we will omit
the leading and trailing trivial groups in order to make our
notation more compact.

We denote the dihedral group of a regular n-gon by D,,,
and not by D,,, as some authors prefer to do. C,, or Z,, is
the cyclic group of order n. S, and A, are the symmetric

and alternating groups, respectively. Q, and Qg are the
quaternion and octonion groups, respectively. SL(n, p) is
the special linear group over a finite field, i.e. the set of all
n X n matrices with determinant 1 and values from a field
of order p.

To facilitate the comparison with the existing literature,
we give in Appendix A 3 a nonexhaustive list of alternative
names for some of the groups considered in our analysis.

Many of the groups that we consider do not have specific
names, and we will refer to them by their GAPIDs. &(m, n)
will denote the group that is generated in GAP by the
command SmallGroup (m, n).
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TABLE IV. Some aliases for the groups in Table III. The first and second columns give the GAPID and the group names displayed by
GAP, respectively. The third column shows one or more alternative names that are in common use in the physics and mathematics
literature. The fourth column, finally, gives a short description of the group, where appropriate.

GAPID Group Other names Description
[12, 3] Ay A(12), T Tetrahedral group
21, 1] Cx,Cs T,

[24, 3] SL(2, 3) T Double cover of Ay
[24, 12] Sy A(24), O Octahedral group
[24, 13] Cy, X Ay 3(24) Pyritohedral group
[27, 3] (C3 X C3)x,Cs A(27)

39, 1] C13%0,Cs Tis

[42, 2] Cy X (Cy%,C3) Tha

48, 3] (Cy X C)x,Cs A(48)

[48, 28] SL(2,3) = G— C, Double cover of Sy
(54, 8] ((C5 X C3)%,C3)x,C A(54)

[57, 1] Ciox,C3 Ty

[60, 5] As 2.(60), 1 Icosahedral group
[63, 3] C3 X (Cx,C3) Ty

75, 2] (Cs X Cs)x,Cs A(75)

[78, 2] Cy X (C3%,C3) T

[81, 7] (C3 X C3 X C3)%,Cs 3(81)

[84, 2] Cy X (Cx,C3) Ty

[93, 1] C31%,C5 Ty

[96, 64] ((C4 X Cy)x, C3), C, A(96)

2. The list of 90 groups

In Table III, we list the 90 groups of order = 100 that
have a three-dimensional irreducible representation.

The first column gives the GAPID, which is a label that
uniquely identifies the group in GAP. The first number in the
square brackets is the order of the group, and the second
number simply enumerates different groups of the same
order. The GAPIDs of the 14 groups that require more than
60 days of computer time are indicated by a dash in the
seventh to ninth columns.

The second column gives the name of the group. If two
or more groups by the same name are isomorphic, we list
only one. For the conventions we used in naming the
groups and for a nonexhaustive compilation of alternative
names common in the physics and mathematics literature,
see Appendixes A 1 and A 3, respectively.

The third column indicates whether the group G is a
subgroup of U(3). If G is in SU(3), a double check mark is
shown, otherwise a single one.

The fourth and fifth columns indicate whether G is in
U(2) or U(2) X U(1), respectively (single check mark). If
G is in SU(2) or SU(2) X U(1), respectively, there is a
double check mark.

The sixth column indicates whether G contains A, as a
subgroup.

The seventh column gives the total number of inequiva-
lent models, and the eighth and ninth columns show the
number of models that have vacua with mixing angles that
lie in the 30 interval or are tribimaximal, respectively.

3. Alternative names for some small groups

In Table IV we list some alternative names for the
groups that we have considered in this publication
(cf. Table III). To compile this list, we have made use of
Refs. [10-12,22,30,37-39].

APPENDIX B: CONSTRUCTION OF
THE GROUPS OF ORDER AT
MOST 100

We will first describe how to generate all groups of order
= 100 in GAP. Then we will determine which groups have a
three-dimensional irrep and/or are a subgroup of U(3) or
SU(3). We include this information because there seems to
be a clear preference in model building for continuous or
discrete subgroups of U(3) or SU(3).

1. Generating the groups

The following lines of code generate the list of all
groups of order = 100 using the Small Groups Library
[23] in GAP:

1 SizeScreen( [ 500, ] );

groups := AllSmallGroups([1..100]);;
for g in groups do
Display(StructureDescription(g));
Display(IdGroup(g));

chartab := Irr(g);;

for i in [1..Size(chartab)] do
Print(chartabl[i][1], ©“ );

[c<BEN Be UV, IE E NS N ]
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9 od;

10 Print(“\n”");
11 od;

12 time;

These lines can be entered directly at the GAP prompt. In
the following we assume that the preceding lines have been
saved in a file named smallgroups.gap that is then loaded
and automatically executed (see line 1 below):

1 gap > Read(“smallgroups.gap”);
2 1

3 [1, 1]

4 1

5 C2

6 (2, 1]

7 11

8 C3

9 [3, 1]

1

0 111

We only display the first few lines of output (lines 2—10
above). For each group, there are three lines of output
corresponding to lines 4, 5, 8 in the GAP code. For a
nontrivial example, see lines 5-7 in the output. Line 5
displays the human-readable name of the group, line 6
gives its GAPID which uniquely identifies the group and
which we will use as input for other GAP commands, and
line 7 gives the first column of the character table, i.e. the
dimensions of the irreps [29].

We find 1048 groups of order = 100 which we list in a
separate file that we have made available for download
[24]. The first two columns of this list summarize the
information we have obtained in this section.

2. Groups that are subgroups of SU(3) or U(3)

Next we determine which of these groups are subgroups
of U(3) or SU(3). If a group g is (isomorphic to) a subgroup
of U(3), there is a one-to-one correspondence between its
elements and matrices of U(3). These matrices furnish a
three-dimensional faithful representation of g that is not
necessarily irreducible. Conversely, if g has a three-
dimensional, faithful representation, then g is a subgroup
of U(3): For finite groups, every representation is equiva-
lent to a unitary representation [29], so the representation
matrices are elements of U(3). By faithfulness, the repre-
sentation p is a one-to-one mapping between @ and the
image of p in U(3). By virtue of p being a group
homomorphism, Imp inherits the group properties from
g, and consequently Imp C U(3) is a group that is iso-
morphic to g. Finally, whether g lies in SU(3) can be
verified by checking the determinant of representation
matrices, since equivalent representations have the same
determinant.

The kernel of the representation is given by Kerp=
{g € glchar(g)=char(1)} [40], and thus a three-dimensional
representation p is faithful, iff 1 is the only element
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whose character is 3. For each of the 1048 groups generated
in Appendix B 1, we calculate the character table. Below is
the output for Ay:

gap > g := SmallGroup(12, 3);;

gap > Display(StructureDescription(g));
A4

gap > chartab = Irr(g);;

gap > Display(chartab);

[[L,1,1,11],

[ 1,E(3)2, 1,EQ) ],

[1,E@3), LE@)2],

[3,0, —1,0]]

O 01N Lt A Wi~

On line 1, we specify the group by entering its
GAPID [12,3]; see Table III. Lines 6-9 give its character
table, where E(3) = exp2ri/3 denotes the primitive third
root of unity. The first column gives the dimensions of the
representations: 1, 1/, 17, 3. On line 9 corresponding to 3,
there is only one character equal to 3, so 3 is faithful. This
proves that A4 is a subgroup of U(3). The representation
matrices can be found by using the REPSN package [41]
in GAP:

gap > LoadPackage(repsn);;
gap > foriin[1..Size(chartab)]do
>Display(Irreducible AffordingRepresentation(chartab[i]));
>od;
Pegs([f1, £2, £3]) — >[[[1]], [[1]], [[1]]]
Pegs([f1, 2, £3]) — >[[[E(3)2]], [[1]], [[1]]]
Pegs([f1, £2, £3]) — >[[[EG3)]], [[11] [[1]]]
Pees((f1, £2, £3]) — >[[[0, 1,01, [0, 0, 1], [1, 0, 0],
[[-1,0,0][0,1,0],[0,0, —1]],
0 [[—1,0,0][0,—1,0][0,0, 1]]]

— 0 00 1 O\ L W

Lines 8, 9, 10, respectively, correspond to the represen-
tation matrices of the generators f1, {2, f3 of A, for the
three-dimensional irrep. Their determinants are all 1, and
thus A, is a subgroup of SU(3).

In other cases, when there is no faithful, irreducible
three-dimensional representation, we have to consider the
reducible ones. If A, B are two representations, then
char(A @ B) = char(A) + char(B); i.e. we obtain the char-
acter of A ® B by adding the rows in the character table that
correspond to A and B. For a given group, we consider all
direct sums that are three dimensional and calculate their
characters. For each direct sum, the first element of
the character will be 3, corresponding to the dimension
of the representation. If there is more than one 3, we
conclude that the direct sum is not faithful. If we cannot
find any direct sum that is faithful, we conclude that g is
not isomorphic to a subgroup of U(3).

Assume that we can find a three-dimensional faithful,
reducible representation, thereby proving that q is a
subgroup of U(3). The representation matrices are block
diagonal, and each submatrix is unitary. There are two
cases: All submatrices are 1 X 1, or one is 2 X 2 and
the other is 1 X 1. In the former case, the representation
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matrices are diagonal and commute; thus g = 7, X Z, X
Z, C U(1)" for some n < 3. In the latter case, we consider
the canonical embedding of the submatrices into U(3) (i.e.
by extending the submatrix by the identity matrix to match
the dimensions). Every representation matrix can be
uniquely written as a product of these embedded subma-
trices, and the submatrices corresponding to different
blocks trivially commute. This establishes that g is iso-
morphic to a subgroup of U(2) X U(1).

We have implemented the above algorithm in a GAP
script. The results have been summarized in Ref. [24]
and made available for download.

3. Comparing our results to the existing
literature

We have compared our results to the existing literature
on SU(3) subgroups [12,22,30,37-39]. Identifying the
groups is not always straightforward, since they may ap-
pear under different names in different contexts; e.g. A4 is
listed as A(12) in Ref. [38] and as part of the C series in
Ref. [37].

In Table 1 of Ref. [24] we list all groups of order at most
100 and for each group indicate whether it is a subgroup of
U(3), SU(3), U(2), SU2), U(2) X U(1), or SU(2) X U(1),
respectively.

We find that the groups in our list that are subgroups of
SU@3) but not of U(2) X U(l) agree with those in
Refs. [30,38,39] except in the following cases: According
to Ref. [30], the groups (42, 2), (78, 2), (84, 2) are in
SU(3), but our analysis along the lines of Appendix B 2
shows that they are only in U(3), not in SU(3).

Reference [12] only explicitly lists groups that are not
direct products with cyclic factors, and thus does not con-
sider the groups in question, but according to Theorem I1.2
in the same publication, these groups are in U(3), so we
have agreement.

Also, the groups &(36, 11), &(72,42), &(81,9), and
$(84,11) were not listed in Refs. [30,38,39], but we
have verified that these groups are indeed in SU(3).
&(81,9) and (84, 11) are part of the C series as given
in Ref. [37]. This has already been pointed out by Ref. [12].
The groups $(36, 11) and (5(72, 42) have not been explic-
itly listed in Ref. [12], but the discussion following
Theorem I1.2 in the same publication makes it clear that
these groups are in SU(3).

Reference [12], Sec. II.1, makes the observation that a
finite subgroup of U(3) is not in U(2) or U(1), if and only
if it has a faithful three-dimensional irreducible represen-
tation. In our analysis, we find counterexamples: For
instance, the group &(16,3) C U(3) is not in U(2) and
has no three-dimensional irreducible representation. The
reason is that the existence of a reducible and faithful
three-dimensional representation is already sufficient
for being a subgroup of U(3). For more details, see
Appendix B 2.
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For generating the A(3n%) series, we have used the
generators from Table 1 in Ref. [38] with j =1 and
k=0 (also see Ref. [42]). Note that if we take some
arbitrary integers j and k, the representation may not be
faithful and thus will not generate [a subgroup of U(3) that
is isomorphic to] A(3n2). Also note that in Ref. [38] the
generators for 3(360) generate a group of order 1080
which is a nonsplit extension' of Ag by Cs, and not Ag.
We agree with Ref. [37], which lists the same group as
2(3609).

4. Groups that contain A4 as a subgroup

Since many publications in the past have highlighted A4
and its connection to tribimaximal mixing, we find it useful
to list the groups that contain A, as a subgroup:

LoadPackage(‘‘sonata’’);
for n in [1..100] do
for g in AllSmallGroups(n) do
sg = Subgroups(g);
if "A4" in List(sg, x — >StructureDescription(x)) then
Print(IdGroup(g),“\n™*);
fi;
od;
UnloadSmallGroupsData();
0 od;

— O 00 1 O\ L B~ W DN

For every n from 1 to 100 (line 2), we generate all groups
of order n (line 3). For each such group, we determine its
subgroups (line 4) and check whether A, is one of them
(line 5). If the answer is positive, we print the GAPID of the
respective group (line 6). On a technical note, since the
number of subgroups becomes large, we need to increase
the default memory allocation for GAP. The results are
presented in the last column of Table 1 in Ref. [24].

APPENDIX C: CLEBSCH-GORDAN
COEFFICIENTS FOR FINITE GROUPS

Currently, it is general practice to construct the CGCs
for the various groups that are studied in physics on a case-
by-case basis using heuristic methods. It is clear that such
an approach becomes cumbersome, if one considers more
than one group or if the number of irreducible representa-
tions is large. Also, for automating the steps from the
choice of the family symmetry to finding the invariant
Lagrangian to calculating the mixing angles and phases,
we need a systematic way of deriving the CGCs that does
not rely on the specifics of the group under consideration.

An algorithm due to van den Broek and Cornwell [25]
solves this problem in full generality: Given the character
table and the explicit form of the unitary representation

"We are indebted to Patrick Otto Ludl for pointing out that it is
not the direct product of Ag and C; as we had incorrectly
identified in the first version of this publication due to a mis-
interpretation of the GAP output.
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matrices, it calculates the CGCs for any finite group. We
have implemented this algorithm in PYTHON to automati-
cally generate the CGCs for any finite group. We get the
character table and the representation matrices from GAP
that we have interfaced with our PYTHON programs to
achieve a high level of automation.

We performed several checks to ascertain that the CGCs
are calculated correctly. For one thing, we have compared
our output to the (comparatively few) results that exist in
the literature (see Ref. [22] and references therein). For
another, we have checked, for all 90 groups in Table III and

PHYSICAL REVIEW D 84, 013011 (2011)

for all irreducible representations p, ¢, that contractions
with the CGCs, namely, C;;p;q;, transform like the
terms on the right-hand side of the tensor product decom-
position p ® ¢ (note that this is the defining property for
CGCs).

We find complete agreement except for As. The problem
can be traced back to the fact that the representation
matrices for As provided by GAP are not unitary. After
choosing unitary representation matrices, the algorithm
also gives the correct CGCs for this remaining case.
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