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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.

In this talk (see [10] for an earlier version), we present new progress achieved in consistently
deriving the complete flavor symmetry from concrete string theory models, including the role of
the different sources that can contribute to the flavor symmetry breaking in the infrared (IR). As
a proof of principle, we present the first consistent string theory derived model that gives rise to
potentially realistic low-energy flavor phenomenology [11]. The example is a heterotic string theory
compactified on a T2/Z3 manifold. Our results show that this model provides a successful fit to
all available experimental data while giving rise to concrete predictions for so-far undetermined
parameters. Corrections from the Kähler potential turn out to be instrumental in obtaining a
successful simultaneous fit to quark and lepton data. While in our effective description there are
still more parameters than observables, this gives a proof of principle of the existence of consistent
global explanations of flavor in the quark and lepton sector from a top-down perspective. In the
end we will also point out possible lessons for bottom-up flavor model building and important open
problems.

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,  :
Kähler potential,, : Superpotential, G: spacetime, \: superspace, Φ : superfields, ) : modulus)

S =
∫

34G 32\ 32\̄  (), )̄ ,Φ, Φ̄) +
∫

34G 32\ , (),Φ) +
∫

34G 32\̄ ,̄ ()̄ , Φ̄) . (1)

There are four categories of possible symmetries that differ by their effect on fields and coordinates:

• “Traditional” flavor symmetries “� traditional”, see e.g. [12]: Φ ↦→ d(g)Φ , g ∈ � traditional.

• Modular flavor symmetries “�modular” [13]: (partly cancel between  and,)

W :=

(
0 1

2 3

)
∈ SL(2,Z) , Φ

W
↦−→ (2 ) + 3)=d(W)Φ , )

W
↦−→ 0 ) + 1

2 ) + 3 . (2)

In this case couplings are promoted tomodular forms: . = . ()),. (W)) = (2 ) + 3):. d. (W). ()).

• R flavor symmetries “�'” that differ for fields and their superpartners [14] (cancel between
, and 32\).
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• General symmetries of the “CP” type [15, 16]: (partly cancel between  and, and 34G)

det [ W̄ ∈ GL(2,Z) ] = −1 , Φ
W̄
↦−→ (2)̄ + 3)=d(W̄)Φ̄ , )

W̄
↦−→ 0)̄ + 1

2)̄ + 3
. (3)

All of these symmetries are individually known from bottom-up model building, see [17]. In
explicit top-down constructions we find that all of these arise at the same time in a non-trivially
unified fashion [15, 18–24], that we call the “eclectic” flavor symmetry [19]

�eclectic = � traditional ∪ �modular ∪ �R ∪ CP . (4)

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 [25–27] the complete unified eclectic flavor symmetry can unambiguously derived from the
outer automorphisms [28] of the Narain lattice space group [15, 18]. 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” [29–31] and non-Abelian “traditional” flavor
symmetries [8].

4. The eclectic flavor symmetry ofT2/Z3

Let us now focus on a specific example model [32] in which the six extra dimensions of
ten-dimensional heterotic string theory are compactified in such a way that two of them obey the
T

2/Z3 orbifold geometry. The discussion of this � = 2 subspace involve a Kähler and complex
structure modulus ) and*, respectively, with the latter being fixed to 〈*〉 = exp(2ci/3) =: l 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 by1 [21, 22]

�eclectic = Ω(2) o ZCP2 , with Ω(2) � SG[1944, 3448] . (5)

More specifically, �eclectic contains

• a Δ(54) traditional flavor symmetry,

• the SL(2,Z)) modular symmetry of the ) modulus, which acts as a Γ′3 � )
′ finite modular

symmetry on matter fields and their couplings,

• a Z'9 discrete R symmetry as remnant of SL(2,Z)* , and

• a ZCP2 CP-like transformation.

1Finite groups are denoted by SG [·, ·] where the first number is the order of the group and the second their GAP
SmallGroup ID [33].
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nature outer automorphism
flavor groups

of symmetry of Narain space group

ec
le
ct
ic

modular
rotation S ∈ SL(2,Z)) Z4

) ′

Ω(2)

rotation T ∈ SL(2,Z)) Z3

translation A Z3
Δ(27)

Δ(54)
Δ′(54, 2, 1)traditional translation B Z3

flavor rotation C = S2 ∈ SL(2,Z)) Z
'
2

rotation R ∈ SL(2,Z)* Z
'
9

Table 1: Eclectic flavor groupΩ(2) for six-dimensional orbifolds that contain aT2/Z3 orbifold sector [21].

These symmetries and their interplay are shown in table 1. Twisted strings localized at the three
fixed points of the T2/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 the
papers [11, 32]. Examples for complete string theory realizations are known, see [34, 35] and
[11, 32], and we show the derived charge assignment of the SM-like states in one particular example
in table 3.

sector
matter eclectic flavor group Ω(2)
fields modular ) ′ subgroup traditional Δ(54) subgroup Z

'
9

Φ= irrep s ds (S) ds (T) = irrep r dr (A) dr (B) dr (C) '

bulk Φ0 1 1 1 0 1 1 1 +1 0
Φ−1 1 1 1 −1 1′ 1 1 −1 3

\ Φ−2/3 2′ ⊕ 1 d(S) d(T) −2/3 32 d(A) d(B) +d(C) 1
Φ−5/3 2′ ⊕ 1 d(S) d(T) −5/3 31 d(A) d(B) −d(C) −2

\2 Φ−1/3 2′′ ⊕ 1 (d(S))∗ (d(T))∗ −1/3 3̄1 d(A) (d(B))∗ −d(C) 2
Φ+2/3 2′′ ⊕ 1 (d(S))∗ (d(T))∗ +2/3 3̄2 d(A) (d(B))∗ +d(C) 5

super-
, 1 1 1 −1 1′ 1 1 −1 3

potential

Table 2: ) ′, Δ(54) and Z'9 representations of massless matter fields Φ= with modular weights = in
semi-realistic heterotic orbifold compactifications with a T2/Z3 sector [20].

Generic Ω(2) compliant super- and Kähler potentials have been derived in [20] and their
explicit form can be found in [11]. For our example model A,

, = q0
[(
q0

u iu

)
.u �u D̄ @ +

(
q0

d ie

)
.d �d 3̄ @ +

(
q0

e ie

)
.ℓ �d 4̄ ℓ

]
+

(
q0ia

)
.a �u ā ℓ + q0

M ie.M ā ā .
(6)

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
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ℓ 4̄ ā @ D̄ 3̄ �D �3 if q0
f

Model A Φ−2/3 Φ−2/3 Φ−2/3 Φ−2/3 Φ−2/3 Φ−2/3 Φ0 Φ0 Φ−2/3 Φ0

Table 3: Flavor symmetry representations of MSSM quark (@, D̄, 3̄), lepton (ℓ, 4̄, ā), Higgs and flavon fields
(i,q) in an example of a consistent string theory configuration with a T2/Z3 orbifold sector. Following the
notation of table 2, representations are entirely determined by stating the respective modular weight. The
complete gauge symmetry and field content of the string derived model, incl. exotic vector-like fields and
others which are irrelevant for this analysis, is given in [11, Appendix C].

Figure 1: Residual symmetries of the eclectic flavor symmetry Ω(2) in dependence of the modulus VEV
〈)〉 in the bulk of the fundamental domain and at symmetry enhanced special points. The point 〈)〉 = i∞ is
dual (equivalent by a modular transformation) to the highlighted point 〈)〉 = 1.

other known top-down constructions, see [36–40], and can be conjectured to be a general feature
of top-down models [32].

5. Sources of eclectic flavor symmetry breaking

The eclectic flavor symmetry is broken by both, the vacuum expectation value (VEV) of the
modulus 〈)〉 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 〈)〉 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. For a realistic phenomenology the residual traditional flavor symmetry has to be further
broken by the VEVs of flavon fields. In figure 2 we show the possible breaking of the residual flavor
symmetry � (3, 2, 1) at 〈)〉 = i∞ by differently (mis-)aligned VEVs of different flavons [32]. Since
different residual symmetries are possible for different sectors of the theory, the overall symmetry
can be completely broken even if moduli and VEVs would be stabilized at symmetry enhanced
points. In a model with a single modulus and only one type of flavon we can achieve complete
flavor symmetry breaking by misaligning their VEVs slightly away from the symmetry enhanced
points.
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Figure 2: Possible flavon VEV induced breaking patterns of the linearly realized unified flavor symmetry
� (3, 2, 1) at 〈)〉 = i∞ or 〈)〉 = 1. In red we highlight the breaking path we follow in our specific example
model and misaligned flavons of the type Φ−2/3.

In our specific example model A we follow one specific breaking path that we selected by hand
in order to successfully reproduce the experimental data. The path is illustrated in red in figure 2
and in more detail in figure 3. Our model has only flavons of typeΦ−2/3 which transform as 32 under
the traditional flavor symmetry Δ(54) as can be inferred from table 2. We parametrize the effective
(dimensionless) flavon VEVs and the misaligned modulus VEV as

〈ĩ32〉 = (_1, _2, 1) , n := e2ci〈) 〉 . (7)

Exact alignment of the flavon and modulus to the symmetry enhanced point would give rise to a
Z
(2)
3 × Z

(3)
3 residual symmetry, with factors

Z
(2)
3 ⊂ � traditional generated by d32,i∞(ABA2) =

©«
l 0 0
0 l2 0
0 0 1

ª®®¬ , (8)

Z
(3)
3 ⊂ �modular generated by d32,i∞(T) =

©«
l2 0 0
0 1 0
0 0 1

ª®®¬ . (9)

The stepwise breaking of these symmetries, see figure 3, gives rise to technically natural small
parameters

n, _1 � _2 � 1 , (10)

which will allow to analytically control our mass and mixing hierarchies.
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Ω(2) � (3, 2, 1) Z
(2)
3 × Z

(3)
3 Z

(3)
3

∅

∅

〈)〉 = i∞ 〈ĩ〉 =
©«
0
0
1

ª®®¬ 〈ĩ〉 =
©«

0
_2

1

ª®®¬ n = e2ci〈) 〉 ≠ 0

〈ĩ〉 =
©«
_1

_2

1

ª®®¬

Figure 3: Breakdown pattern of the eclectic flavor symmetry Ω(2) of aT2/Z3 orbifold model triggered by
the VEVs of the modulus ) and (dimensionless) flavons ĩ. All flavons transform in the 32 representation of
Δ(54), see table 2.

6. Mass matrices

For model A all terms in the superpotential (6) have the generic structure

Φ0 . . .Φ0 .̂
(1) ())Φ(1)−2/3 Φ

(2)
−2/3 Φ

(3)
−2/3 . (11)

Schematically, this is given by

“singlet flavon(s) ×modular form × triplet matter × triplet matter × triplet flavon” . (12)

Hence, the resulting mass matrices for quarks, charged leptons and neutrinos can all be written
as [20, 22] (

Φ
(1)
−2/3

)T
"

(
), 2,Φ

(3)
−2/3

)
Φ
(2)
−2/3 , (13)

with

"

(
), 2,Φ

(3)
−2/3

)
= 2

©«

.̂2()) - −.̂1())√
2

/ −.̂1())√
2
.

−.̂1())√
2

/ .̂2()). −.̂1())√
2

-

−.̂1())√
2
. −.̂1())√

2
- .̂2()) /

ª®®®®®®®®¬
. (14)

Here we have parametrized the effective flavon as Φ(3)−2/3 ≡ (-,., /), and used the modular form

.̂ (1) ()) ≡
(
.̂1())
.̂2())

)
≡ 1
[())

(
−3
√

2 [3(3))
3[3(3)) + [3()/3)

)
, (15)

where [ is the Dedekind function. In the vicinity of the symmetry enhanced points discussed above
the mass matrices all take the form

" (〈)〉,Λ, 〈ĩ〉) = Λ
©«

_1 3 n1/3 3_2 n
1/3

3 n1/3 _2 3_1 n
1/3

3_2 n
1/3 3_1 n

1/3 1

ª®®¬ + O(n) . (16)

The exact values of the parameters _1,2 and the overall scale Λ are different for the different sectors,
but this shows the analytic control over the hierarchical entries in the mass matrices.
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7. Numerical analysis: fit to data

To give a proof of existence of functioning top-down models we fit the parameters of our model
to the observed data in lepton and quark sectors. As input, we take the mass ratios and 1f errors for
charged lepton masses, quark masses and quark mixings at the GUT scale, see e.g. [41], assuming
RGE running with benchmark parameters tan V = 10, "SUSY = 10TeV, and [̄1 = 0.09375, as is
common practice in bottom up constructions [13, 42, 43]. The data on the lepton mixing was taken
from the global analysis NuFITv5.1 [44] including the full dependence of Δj2 profiles. While the
leptonic mixing parameters are given at the low scale, the correction from RGE running in our
type-I seesaw scenario is expected to be smaller than the experimental errors, see e.g. [45], such
that we ignore the effect of running for those.

We define a j2 function

j2(G) :=
∑
8

`8,exp − `8,model(G)
f8

, (17)

where `exp and f are experimental best-fit value and 1f error, while `model is the model prediction.
In order to fix the free parameters of our model we numerically minimize j2 using lmfit [46].
Subsequently we explore each minimum with the Markov-Chain-Monte-Carlo sampler emcee [47].

7.1 Lepton sector

For the fit to the lepton sector there are effectively only 7 parameters given by

G =
{
Re 〈)〉, Im 〈)〉, 〈ĩe,1〉, 〈ĩe,2〉, 〈ĩa,1〉, 〈ĩa,2〉, Λa

}
. (18)

The best-fit results are shown in table 4. The fit is bimodal as clearly seen in figure 4, which also
shows the best-fit point for the expectation value of the modulus. The corresponding values of the
experimental parameters and their best-fit values in our model are collected in table 5. The fit to
the data is only successfully possible if

1. atmospheric mixing lies in the lower octant \ℓ23 < 45◦,

2. neutrino masses obey a normal ordering with masses at 1f predicted to be 3.9 meV < <1 <

4.9 meV, 9.5 meV < <2 < 9.9 meV, 50.1 meV < <3 < 50.5 meV, and,

3. the Majorana phases are close to the CP conserving values [1,2 ≈ c.

These can be considered predictions of this scenario. The corresponding posteriors are shown in
figure 5 together also with the allowed effective neutrino mass for 0aVV-decay on the lower right.
Gray-shaded areas are excluded by KamLAND-Zen [48] or cosmology [49, 50]. Future generations
of 0aVV-decay experiments such as CUPD-1T [51] are expected to probe the available parameter
space. The model does not constrain the CP violating phase XℓCP better than the combined
experimental information.
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right green region left green region

parameter best-fit value 1f interval best-fit value 1f interval

Re 〈)〉 0.02279 0.01345→ 0.03087 −0.04283 −0.05416→ −0.02926
Im 〈)〉 3.195 3.191→ 3.199 3.139 3.135→ 3.142
〈ĩe,1〉 −4.069 · 10−5 −4.321 · 10−5 → −3.947 · 10−5 2.311 · 10−5 2.196 · 10−5 → 2.414 · 10−5

〈ĩe,2〉 0.05833 0.05793→ 0.05876 0.05826 0.05792→ 0.05863
〈ĩa,1〉 0.001224 0.001201→ 0.001248 −0.001274 −0.001304→ −0.001248
〈ĩa,2〉 −0.9857 −1.0128→ −0.9408 0.9829 0.9433→ 1.0122
Λa [eV] 0.05629 0.05442→ 0.05888 0.05591 0.05408→ 0.05850

j2 0.08 0.45

Table 4: Best-fit values for the free model parameters in the lepton sector and their corresponding 1f
intervals for the two best-fit regions (green) also visible in figure 4.

Figure 4: Regions in the fundamental domain of Γ(3) that yield fits for 〈)〉 with j2 ≤ 25. The green,
yellow, and orange regions show the 1, 2, and 3f confidence intervals. The best-fit value of the model lies
in the upper right green region.

7.2 Simultaneous fit to the quark sector and importance of Kähler corrections

Next, we extend our fit to the quark sector. As visibile from the superpotential (6), the up-
type quark Yukawa couplings include an additional flavon triplet iu while the down-type Yukawa
couplings share the flavon triplet of the charged leptons ie (this is a specific feature of this model A
and cannot be changed as it is determined by the underlying string theory). Since the structure of
the mass matrices is tightly fixed, see equation (14), this implies that at leading order in the EFT,
masses of charged leptons and down-type quarks would only differ by their overall scale, which
contradicts experimental observation. However, this is only a leading order statement, and the
superpotential (6), in principle, is subject to corrections originating from a non-canonical Kähler
potential. Including these corrections allows us to obtain a successful fit to quark and lepton sector
simultaneously.

Kähler corrections have usually not been taken into account in bottom-up constructions even
though they are unconstrained there [52] and, therefore, potentially destabilize predictions. Unlike
in pure modular flavor theories, the traditional flavor symmetry present in the full eclectic picture

9
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model experiment

observable best fit 1f interval 3f interval best fit 1f interval 3f interval

<e/<` 0.00473 0.00470→ 0.00477 0.00462→ 0.00485 0.00474 0.00470→ 0.00478 0.00462→ 0.00486
<`/<g 0.0586 0.0581→ 0.0590 0.0572→ 0.0600 0.0586 0.0581→ 0.0590 0.0572→ 0.0600

sin2 \12 0.303 0.294→ 0.315 0.275→ 0.335 0.304 0.292→ 0.316 0.269→ 0.343
sin2 \13 0.02254 0.02189→ 0.02304 0.02065→ 0.02424 0.02246 0.02184→ 0.02308 0.02060→ 0.02435
sin2 \23 0.449 0.436→ 0.468 0.414→ 0.593 0.450 0.434→ 0.469 0.408→ 0.603

XℓCP/c 1.28 1.15→ 1.47 0.81→ 1.94 1.28 1.14→ 1.48 0.80→ 1.94
[1/c mod 1 0.029 0.018→ 0.048 −0.031→ 0.090 - - -
[2/c mod 1 0.994 0.992→ 0.998 0.935→ 1.004 - - -
�CP −0.026 −0.033→ −0.015 −0.035→ 0.019 −0.026 −0.033→ −0.016 −0.033→ 0.000
�max
CP 0.0335 0.0330→ 0.0341 0.0318→ 0.0352 0.0336 0.0329→ 0.0341 0.0317→ 0.0353

Δ<2
21/10−5 [eV2] 7.39 7.35→ 7.49 7.21→ 7.65 7.42 7.22→ 7.63 6.82→ 8.04

Δ<2
31/10−3 [eV2] 2.508 2.488→ 2.534 2.437→ 2.587 2.521 2.483→ 2.537 2.430→ 2.593

<1 [eV] 0.0042 0.0039→ 0.0049 0.0034→ 0.0131 < 0.037 - -
<2 [eV] 0.0095 0.0095→ 0.0099 0.0092→ 0.0157 - - -
<3 [eV] 0.0504 0.0501→ 0.0505 0.0496→ 0.0519 - - -∑
8 <8 [eV] 0.0641 0.0636→ 0.0652 0.0628→ 0.0806 < 0.120 - -

<VV [eV] 0.0055 0.0045→ 0.0064 0.0040→ 0.0145 < 0.036 - -
<V [eV] 0.0099 0.0097→ 0.0102 0.0094→ 0.0159 < 0.8 - -

j2 0.08

Table 5: Lepton sector best-fit values of our model compared to the experimental data.

Figure 5: Best fit points of our model and projections on experimentally observable parameters of the lepton
sector, see text for details.
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allows one to keep control of the Kähler potential. In particular,  is canonical at leading order [20].
As discussed in detail in [11], there are considerable off-diagonal corrections to the Kähler metric
at next-to-leading order if flavons develop VEVs that break the traditional flavor symmetry.

While Kähler corrections, in principle, can affect both lepton and quark sectors, we only take
into account the Kähler corrections to quarks, for simplicity, and ignore the corrections to the lepton
sector. This is not worse than the common assumption of total absence of these corrections in
bottom-up constructions. In any case, it is conceivable that the inclusion of additional parameters
would only make our fit better, not worse. For the quark sector of model A the corrections are
essential and must be included to obtain a good fit.

The following discussion of Kähler corrections is specific to model A. Schematically, the
corrections at leading order (LO) and next-to-leading order (NLO) are given by [11]

 LO ⊃ − log(−i) + i)̄) +
∑
Φ

[
(−i) + i)̄)−2/3 + (−i) + i)̄)1/3 |.̂ (1) ()) |2

]
|Φ|2 , (19)

 NLO ⊃
∑
Ψ,i

[
(−i) + i)̄)−4/3

∑
0

|Ψi |21,0 + (−i) + i)̄)−1/3
∑
0

|.̂ (1) ())Ψi |21,0

]
. (20)

For a given quark flavor 5 = {u, d, q},

 
( 5 )
8 9
≈ j ( 5 )

[
X8 9 + _ ( 5 )ieff

(
�
( 5 )
8 9
+ ^ ( 5 )ieff �

( 5 )
8 9

)]
, (21)

with flavor space structures � = �(i,)) and � = �(i,)) that are fixed by group theory but depend
on all flavon fields. We can define “effective flavons” such that∑

i

_
( 5 )
i �8 9 (i) =: _ ( 5 )ieff �8 9 (ĩ

(�, 5 )
eff ) ≡ _ ( 5 )ieff �

( 5 )
8 9

, (22)∑
i

_
( 5 )
i ^

( 5 )
i �8 9 (i) =: _ ( 5 )ieff ^

( 5 )
ieff �8 9 (ĩ

(�, 5 )
eff ) ≡ _ ( 5 )ieff ^

( 5 )
ieff �

( 5 )
8 9

. (23)

The tilde here is used once we took the scale out of the flavon directions

ĩ
(�,�)
eff := i (�,�)eff /Λ

i
(�,�)
eff

such that ĩ
(�,�)
eff :=

(
ĩ
(�,�)
eff,1 , ĩ

(�,�)
eff,2 , 1

)T
. (24)

Finally, we can define the parameters

U
( 5 )
8

:=
√
_
( 5 )
ieff 〈ĩ

(�, 5 )
eff,8 〉 , V

( 5 )
8

:=
√
_
( 5 )
ieff 〈ĩ

(�, 5 )
eff,8 〉 , (25)

and one can show that

_
( 5 )
ieff �

( 5 )
8 9

= U
( 5 )
8

U
( 5 )
9

, _
( 5 )
ieff �

( 5 )
8 9
≈ V ( 5 )

8
V
( 5 )
9

. (26)

The parameters U 5
8
and V 5

8
represent a good measure of the size of the Kähler corrections.

Altogether, the parameters of the quark sector are given by the components of the up-type
flavon triplet

〈ĩu〉 =
(
〈ĩu,1〉 exp

(
i〈ou,1〉

)
, 〈ĩu,2〉 exp

(
i〈ou,2〉

)
, 1

)
, (27)

and the Kähler corrections additionally introduce 9 parameters U 5
8
, 9 V 5

8
and 3 ^ 5ieff . To reduce the

number of parameters we impose the constraints:

11
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• ^ 5ieff = 1 for all 5 ∈ {u, d, q},

• U 5
8
= V

5

8
for all 5 and 8 ∈ {1, 2, 3}, and

• all U 5
8
∈ R.

We recall that the philosophy here is not to scan the full parameter space but to identify a region
in the parameter space that agrees with realistic phenomenology in the first place. Including the
constraints we arrive at a total of 13 quark parameters that we include in our fit of both, leptons and
quarks.

The resulting best-fit values are collected in table 6. The magnitude of all required Kähler
corrections satisfies U 5

8
< 1. The modulus VEV 〈)〉 and the VEVs of the charged lepton and

neutrino flavons 〈ĩe,8〉 and 〈ĩa,8〉 stay at the values obtained in the exclusive lepton fit, see table 5.
Table 6b shows our best fit compared to the experimental input values of quark and lepton parameters.
The best fit function to all fermion mass ratios, mixing angles and CP phases yields j2 = 0.11.
Even though the quark sector fit is not predictive we have fulfilled our goal to show that the eclectic
scenario arising from a string compactification can fit the observed data well.

8. Possible lessons for consistent bottom-up model building

Given an explicit example of a complete top-downmodel, wemake some empirical observations
that might be taken as useful guidelines for bottom-up constructions: (i) Neither modular nor
traditional flavor symmetries arise alone. They arise as mutualy overlapping parts of the full
eclectic flavor symmetry, including also CP-type and R symmetries, see (4). (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. This holds true
for all known top-down constructions [36–40] and might be conjectured to be a general feature
of top-down models [32]. (iv) Different sectors of the theory may have different moduli and/or
different residual symmetries allowing for what has been called “local flavor unification” [15]. 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.

9. Important open problems

We stress directions in which our discussion can be generalized and important open problems.
The additional compact dimensions in string theory may give rise to non-trivially interlinked
extra tori with additional moduli, giving rise to metaplectic groups and their corresponding flavor
symmetries [53–55]. Also, it would be important to investigate other consistent string configurations
for possibly realistic eclectic flavor scenarios to get a grasp of the “size of the realistic ‘landscape’ ”.

Note also that for the sake of our discussion we have taken VEVs of the flavon fields as well
as the size of the Kähler corrections as free parameters of our model. However, in a full string
model the computation of the flavon potential and the dynamic stabilization of their VEVs are in
principle achievable. The same is true for the full constraints on the Kähler potential, see [39, 52],

12
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parameter best-fit value

Im 〈)〉 3.195
Re 〈)〉 0.02279
〈ĩu,1〉 2.0332 · 10−4

〈ou,1〉 1.6481
〈ĩu,2〉 6.3011 · 10−2

〈ou,2〉 −1.5983
〈ĩe,1〉 −4.069 · 10−5

〈ĩe,2〉 5.833 · 10−2

〈ĩa,1〉 1.224 · 10−3

〈ĩa,2〉 −0.9857

su
pe
rp
ot
en
tia

l

Λa [eV] 0.05629

Uu
1 −0.94917
Uu

2 0.0016906
Uu

3 0.31472
Ud

1 0.95067
Ud

2 0.0077533
Ud

3 0.30283
U

q
1 −0.96952
U

q
2 −0.20501

K
äh
le
rp

ot
en
tia

l

U
q
3 0.041643

(a)

observable model best fit exp. best fit exp. 1f interval

<u/<c 0.00193 0.00193 0.00133→ 0.00253
<c/<t 0.00280 0.00282 0.00270→ 0.00294
<d/<s 0.0505 0.0505 0.0443→ 0.0567
<s/<b 0.0182 0.0182 0.0172→ 0.0192

o12 [deg] 13.03 13.03 12.98→ 13.07
o13 [deg] 0.200 0.200 0.193→ 0.207
o23 [deg] 2.30 2.30 2.26→ 2.34

qu
ar
k
se
ct
or

X
q
CP [deg] 69.2 69.2 66.1→ 72.3

<e/<` 0.00473 0.00474 0.00470→ 0.00478
<`/<g 0.0586 0.0586 0.0581→ 0.0590

sin2 \12 0.303 0.304 0.292→ 0.316
sin2 \13 0.0225 0.0225 0.0218→ 0.0231
sin2 \23 0.449 0.450 0.434→ 0.469

XℓCP/c 1.28 1.28 1.14→ 1.48
[1/c 0.029 - -
[2/c 0.994 - -
�CP −0.026 −0.026 −0.033→ −0.016
�max
CP 0.0335 0.0336 0.0329→ 0.0341

Δ<2
21/10−5 [eV2] 7.39 7.42 7.22→ 7.63

Δ<2
31/10−3 [eV2] 2.521 2.510 2.483→ 2.537

<1 [eV] 0.0042 <0.037 -
<2 [eV] 0.0095 - -
<3 [eV] 0.0504 - -∑
8 <8 [eV] 0.0641 <0.120 -
<VV [eV] 0.0055 <0.036 -

le
pt
on

se
ct
or

<V [eV] 0.0099 <0.8 -

j2 0.11

(b)

Table 6: Best fit results of our model in a simultaneous fit to quark and lepton sectors. (a) Best-fit values for
the free model parameters. The lepton sector and modulus parameters agree with the one of the exclusively
leptonic fit shown in table 4. (b) Best fit points of our model as compared to experimentally determined
parameters.

including the computation of the potential of ) which corresponds to the “evergreen” problem of
moduli stabilization, in the present context see [56] and references therein. All these tasks have not
been solved so far and also remain as open questions for our model.

Finally, note that while our investigation here was focused on the flavor structure, the framework
we work in has successfully been shown in many earlier influential works to be capable of a realistic
phenomenology also with respect to many other questions of particle physics and cosmology.
Examples include grand unification with symmetry based explanations for proton stability and the
suppression of the `-term, mechanisms for supersymmetry breakdown and a successful solution to
the hierarchy problem, an origin of dark matter etc., see references in [11]. It may be attractive to
complete our construction also in the extension to other relevant phenomenological questions, such

13
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as identifying the cause of inflation, or the origin of the baryon asymmetry of the Universe.

10. 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 andmixingmatrix elements.
This allows analytic control over the generated hierarchies.

Here we have identified one example of a heterotic string theory model compactified onT2/Z3

that can give rise to a realistic flavor structure of quark and lepton sectors. To show this, we
have derived the super- and Kähler potential and identified vacuua that give rise to non-linearly
realized symmetries which allow to protect potentially realistic hierarchical flavor structures. Using
the parameters of the effective superpotential, the non-canonical Kähler potential, as well as the
vacuum expectation values of flavons and the ) moduli field, we have performed a simultaneous
fit to all experimentally determined quark and lepton sector parameters. All observables can be
accommodated and several to date undetermined parameters in the lepton sector are predicted by
the fit. Nontheless, we stress that our goal was not primarily the derivation of these predictions
(which are likely very model specific) but to demonstrate as a proof of principle that a realistic SM
flavor structure can be obtained in the tightly symmetry constrained and predictive framework of
UV complete string theory models. Further topics to be investigated encompass the inclusion of the
extra tori, the question of the computation of the flavon potential, as well as moduli stabilization.
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