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1. Introduction

Embracing grand unification, a solution to the electroweak hierarchy problem as well as a
consistent quantum theory of gravity, there is strong motivation from the bottom-up to consider
string theory as UV completion of the SM. At the same time, it is crucial to ensure that the SM
can indeed be consistently incorporated in a concrete realization of string theory and expose the
constraints and predictions that may arise from such a derivation. A particularly advanced setup is
provided by orbifold compactifications of the heterotic string [1-6] which cannot only consistently
host the (supersymmetric) SM [7] but may also shed light on one of its most pressing puzzles
by automatically including family repetition and flavor symmetries [8, 9]. Since a “theory of
everything” has to be, in particular, a theory of flavor, there is a strong motivation to understand the
flavor puzzle of the SM from such a top-down perspective. The purpose of this talk is to present
new progress that has been achieved in consistently deriving the complete flavor symmetry from
concrete string theory models and understand the different sources that contribute to its breaking in
the infrared (IR).

2. Types of discrete flavor symmetries and the eclectic symmetry

The action of the 4D effective N = 1 SUSY theory can schematically be written as (here, K:
Kihler potential, W: Superpotential, x: spacetime, 6: superspace, ® : superfields, 7: modulus)

S= / d*x d*0 d*6 K(T, T, ®, d) +/ d*x >0 W(T, ®) +/ d*x d*OW(T, D) . (1)
There are four categories of possible symmetries that differ by their effect on fields and coordinates:
* “Traditional” flavor symmetries “G yaditiona”> €€ €.8. [10]: ® — p(9)®, g € Gyaditional-
* Modular flavor symmetries “Gmodutar” [11]: (partly cancel between K and W)

aT+b
cT+d

y = (“ Z)GSL(Z,Z), L (cT+d)"p(y)®, T 2)
C

In this case couplings are promoted to modular forms: Y = Y(T),Y (yT) = (¢ T + d)* py (y) Y(T).

* R flavor symmetries “G g’ that differ for fields and their superpartners [12]. (cancel between
W and d%)

* General symmetries of the “CP” type [13, 14]: (partly cancel between K and W and d*x)

aT +b
cT+d

det[7 € GL(2,Z) ] =-1, @ & (T+d)"p()®, T o 3)
All of these symmetries are individually known from bottom-up model building, see [15]. In
explicit top-down constructions we find that all of these arise at the same time in a non-trivially
unified fashion [13, 16-22], that we call the “eclectic” flavor symmetry [17]

Geclectic = Gtraditional U Gmodular U GR U CP. 4)
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3. Origin of the eclectic flavor symmetry in heterotic orbifolds

A new insight is that in the Narain lattice formulation of compactified heterotic string the-
ory [23-25] the complete unified eclectic flavor symmetry can unambiguously derived from the
outer automorphisms [26] of the Narain lattice space group [13, 16]. These outer automorphisms
contain modular transformations, including the well-known T-duality transformation and the so
called mirror symmetry (permutation of different moduli) of string theory, but also symmetries of
the CP-type as well as traditional flavor symmetries and, therefore, naturally yield the unification
shown in Eq. (4). The eclectic transformations also automatically contain the previously manu-
ally derived so-called “space-group selection rules” [27-29] and non-Abelian “traditional” flavor
symmetries [8].

4. The eclectic flavor symmetry of T?/Z3

Let us now focus on a specific example model [30] in which the six extra dimensions of
ten-dimensional heterotic string theory are compactified in such a way that two of them obey the
T2 /75 orbifold geometry. The discussion of this D = 2 subspace involve a Kihler and complex
structure modulus 7" and U, respectively, with the latter being fixed to (U) = exp(27i/3) =: w by the
orbifold action. The outer automorphisms of the corresponding Narain space group yield the full
eclectic group of this setting, which is of order 3888 and given by! [19, 20]

Geclectic = Q(2) = Z?D, with  Q(2) = SG[1944, 3448] . 5)
More specifically, Geclectic cOntains
* a A(54) traditional flavor symmetry,

e the SL(2, Z)r modular symmetry of the 7 modulus, which acts as a I} = T’ finite modular
symmetry on matter fields and their couplings,

*a Z§ discrete R symmetry as remnant of SL(2, Z);;, and
°*a Zg ? CP-like transformation.

These symmetries and their interplay are shown in table 1. Twisted strings localized at the three
fixed points of the T?/Z3 orbifold form three generations of massless matter fields in the effective
IR theory with transformations under the various symmetries summarized in table 2. Explicit
representation matrices of the group generators are shown in the slides of the talk and in our
paper [30]. Examples for complete string theory realizations are known, see [32, 33] and [30, 34],
and we show the derived charge assignment of the SM-like states in one particular example in
table 3.

1Finite groups are denoted by SG [-, -] where the first number is the order of the group and the second their GAP
SmallGroup ID [31].



Anatomy of a top-down approach to discrete and modular flavor symmetry Andreas Trautner

nature outer automorphism
) flavor groups
of symmetry of Narain space group
dul rotation S € SL(2,%Z)r Zy T
modular
rotation T € SL(2,Z)r 3
Q
s translation A 7
8| o ' a@) Q(2)
E traditional translation B 7 A(54) A(54.2.1)
flavor rotation C = S? € SL(2, Z)r 75 T
rotation R € SL.(2,Z)y Z§

Table 1: Eclectic flavor group Q(2) for six-dimensional orbifolds that contain a T2 /73 orbifold sector [19].

matter eclectic flavor group Q(2)
sector || fields modular 77 subgroup traditional A(54) subgroup Z§
®, || irreps | po(S) | po(T) | n_Jliorepr| pr(A) | pr(B) | pr(O) || R
bulk o, 1 1 1 0 1 1 1 +1 0
o, 1 1 1 -1 1 1 1 -1 3
6 Doy || 2701 | p(S) p(T) | -3 32 | p(A) | pB) | +p(C) || 1

Q55 || 2701 | p(S) p(M) |6 31 | p(A) | pB) | -p(C) || -2
02 || @p || 2701 | (p(S) | (p(T)* | -3 || 31 | p(A) | (p(B)* | —p(C)
Doy || 27@1 | ((S)" | (p(T)* | 23| 32 | p(A) | (p(B)* | +p(C) || 5

R 1 1 1 -1 v ] 1 -1 3

potential

Table 2: T’, A(54) and Zg representations of massless matter fields @, with modular weights n in
semi-realistic heterotic orbifold compactifications with a T2 /Z3 sector [18].

t e v q i d H, H; ¢f ¢?

Model A @3 Doy Doy Py Py Dy D9 Dy Doy D

Table 3: Flavor symmetry representations of MSSM quark (g, it d), lepton (¢, €, ), Higgs and flavon fields
(¢.¢) in an example of a consistent string theory configuration with a T2 /73 orbifold sector. Following the
notation of table 2, representations are entirely determined by stating the respective modular weight.

Generic Q(2) compliant super- and Kéhler potentials have been derived in [18] and their
explicit form can be found in [34]. For our example model A,

W= o |(¢0 ) Yo Huiig + (4 ee) YaHad g + (o0 o) Ye Hae (]

(6)
+ (¢°s0v) Yy Hy 7€+ ¢y ge YV 7.

Two important empirical observations can be made in this top-down setting: (i) While matter fields
can have fractional modular weights, they always combine in such a way that all Yukawa couplings
are modular forms of integer weight. (ii) The charge assignments under the eclectic symmetry are
uniquely fixed in one-to-one fashion by the modular weight of a field. The latter also holds for all
other known top-down constructions, see [35-39], and can be conjectured to be a general feature

of top-down models [30].
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Figure 1: Left: Residual symmetries of the eclectic flavor symmetry €(2) in dependence of the modulus
vev (T') in the bulk of the fundamental domain and at symmetry enhanced special points. Right: Flavon vev
induced breaking patterns of the linearly realized unified flavor symmetry 2(2,2) at (T) =i.

5. Sources of eclectic flavor symmetry breaking

The eclectic flavor symmetry is broken by both, the vacuum expectation value (vev) of the
modulus (7') and the vevs of flavon fields. This is unlike in virtually all current bottom-up models
where either one or the other breaking mechanism is implemented. Note that all vevs (T') have
non-trivial stabilizers in the eclectic symmetry that lead to enhancements of the residual traditional
flavor symmetry beyond what has been previously known in the literature. This situation is depicted
in figure 1 (left). For a realistic phenomenology the residual traditional flavor symmetry has to
be further broken by the vevs of flavon fields. On the right of figure 1 we exemplify the possible
breaking patterns induced by different flavon vevs for the particular example of a Z(2, 2) residual
traditional flavor symmetry that arises for (T') = i. Since different residual symmetries are possible
for different sectors of the theory the overall symmetry can be completely broken even though vevs
are typically stabilized at symmetry enhanced points.

6. Possible lessons for consistent bottom-up model building

Given this explicit example of a complete top-down model, the following empirical observations
can be made that might be taken as guidelines for bottom-up constructions: (i) Neither modular
nor traditional flavor symmetries arise alone but they arise as mutualy overlapping parts of the
full eclectic flavor symmetry, including also CP-type and R symmetries. (ii) Modular weights of
matter fields are fractional, while modular weights of (Yukawa) couplings are integer. (iii) Modular
weights are 1 : 1 “locked” to other flavor symmetry representations. (iv) Different sectors of the
theory may have different moduli and/or different residual symmetries allowing for what has been
called “local flavor unification” [13]. If all these features would indeed be confirmed on other UV
complete top-down constructions one may anticipate that in a modern language, the modular flavor
“swampland” may be much bigger than anticipated.
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7. Summary

There are explicit models of compactified heterotic string theory that reproduce in the IR the
MSSM-+eclectic flavor symmetry+flavon fields. The complete eclectic flavor symmetry here can
be unambiguously computed from the outer automorphisms of the Narain space group and it non-
trivially unifies previously discussed traditional, modular, R and CP-type flavor symmetries, see
equation (4). The eclectic flavor symmetry is broken by vacuum expectation values of the moduli
and of the flavon fields. While residual symmetries are common, their breaking and subsequent
approximate nature can help to naturally generate hierarchies in masses and mixing matrix elements.
Further topics to be investigated encompass the inclusion of the extra tori, the question of moduli
stabilization, the computation of the flavon potential, as well as investigating the restrictions on the
Kaéhler potential, see [40, 41], and corresponding corrections to the phenomenological predictions.
A complete fit of this model to the observed SM flavor structure including Kéhler corrections is
underway [34].
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