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“The role of naturalness in the sense of “aesthetic 
beauty” is a powerful guiding principle as they 

[particle physicists] try to construct new theories.” 



… and we all know about our prejudices



Heterotic orbifolds!!! 
Follow the golden rules

Intersecting D-branes, 
so simple, it must be true

F-theory model building: 
it’s geometrically so beautiful.

Free fermionic: 
“I predicted the right top quark mass.”

Heterotic on CY: oldie but goldie?

D-branes at singularities: 
Geometrise the couplings



… but is this better than 
what we already have?



can we be unbiased and compare 
BSM models with the SM?



Motivation
• How much sophistication for models is required? When does it 

make sense to go to higher sophistication in theory space? Can 
we quantify this?


• Simpler question: String model building allows us to study this 
question with precise examples. 
 
 
 
 
 

• Concept used here: Shannon information entropy

good

good
bad

bad

Class A: Class B:



Motivation
• We are looking for the most efficient way of describing 

physical data. This has been an excellent guiding 
principle, leading to e.g. the SM of particle physics and 
the Higgs discovery. The Higgs or other new physics was 
required at LHC energies.


• However, to date we don’t have such a guiding principle. 
One thing is clear, we think that the SM by itself is fine-
tuned. Put differently, we need to have a lot of information 
about the effective field theory to describe physics 
accurately in this language. From information theory this 
is a quite common problem: .bitmap vs .jpeg



The .bitmap vs .jpeg
• The problem is finding an efficient way of representing the data 

(compressing it, i.e. minimising the amount of information/energy 
needed to store an image).


• Is there a connection to new physics (BSM) theories?


• What does for instance SUSY do? It cancels certain 
contributions in the low-energy EFT, but it introduces new 
parameters/fields to do this. It clearly has to be a balance 
between both. But can we quantify where from an information 
theory point of view?


• Let’s consider a simpler example. How can we decide whether 
to choose N or N+1 additional U(1) symmetries?



Toy-examples



Toy examples

• We are interested in a model where couplings among 
fields feature a certain constraint.


• Example 1 (Yukawa):
�1, �2, �3

2 Shannon entropy

The Shannon information content of a particular outcome y in an ensemble is given by1

h(y) = log2
1

p(y)
. (1)

The smaller the probability for an outcome is, the larger the Shannon information content is. The
entropy of an ensemble is given as

H(Y ) =
!

y∈Y

p(y) log2
1

p(y)
. (2)

Can this entropy be useful in model building. Let’s consider the following illustrative examples,
including fields φ1,φ2,φ3 charged under a U(1) symmetries with charges q ∈ {−1, 0, 1} :

1. We are interested in a system which allows for the following coupling structure, motivated
by coupling patterns required for flavour physics model building:

φ1φ2 ✓

φ1φ3 ✓

φ2φ3 ✗

(3)

We would like to compare two systems A and B with one and two U(1) symmetries respec-
tively. Solutions satisfying the above criteria can be parametrised as follows

A U(1)

φ1 q

φ2 −q

φ3 −q

B U(1)1 U(1)2
φ1 q1 q2
φ2 −q1 −q2
φ3 −q1 −q2

(4)

2. For the same systems we are interested in a different coupling structure, motivated by
e.g. avoiding proton decay operators:

φ1φ2 ✗

φ1φ3 ✗

φ2φ3 ✗

(5)

The general charges are given as

A U(1)

φ1 q1
φ2 q2
φ3 q3

B U(1)1 U(1)2
φ1 q11 q12
φ2 q21 q22
φ3 q31 q32

(6)

3. Here we consider two fields and simply want to forbid the coupling between the two fields.
The second system has a ’redundand’ U(1) symmetry which resembles a situation where
consistency conditions fix certain charge assignments (e.g. anomaly cancellation).

A U(1)

φ1 q1
φ2 q2

B U(1)1 U(1)2
φ1 q1 q

φ2 q2 −q

(7)

1I am following the notation in [?].
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2 Shannon entropy

The Shannon information content of a particular outcome y in an ensemble is given by1

h(y) = log2
1

p(y)
. (1)

The smaller the probability for an outcome is, the larger the Shannon information content is. The
entropy of an ensemble is given as

H(Y ) =
!

y∈Y

p(y) log2
1

p(y)
. (2)

Can this entropy be useful in model building. Let’s consider the following illustrative examples,
including fields φ1,φ2,φ3 charged under a U(1) symmetries with charges q ∈ {−1, 0, 1} :

1. We are interested in a system which allows for the following coupling structure, motivated
by coupling patterns required for flavour physics model building:

φ1φ2 ✓

φ1φ3 ✓

φ2φ3 ✗

(3)

We would like to compare two systems A and B with one and two U(1) symmetries respec-
tively. Solutions satisfying the above criteria can be parametrised as follows

A U(1)

φ1 q

φ2 −q

φ3 −q

B U(1)1 U(1)2
φ1 q1 q2
φ2 −q1 −q2
φ3 −q1 −q2

(4)

2. For the same systems we are interested in a different coupling structure, motivated by
e.g. avoiding proton decay operators:

φ1φ2 ✗

φ1φ3 ✗

φ2φ3 ✗

(5)

The general charges are given as

A U(1)

φ1 q1
φ2 q2
φ3 q3

B U(1)1 U(1)2
φ1 q11 q12
φ2 q21 q22
φ3 q31 q32

(6)

3. Here we consider two fields and simply want to forbid the coupling between the two fields.
The second system has a ’redundand’ U(1) symmetry which resembles a situation where
consistency conditions fix certain charge assignments (e.g. anomaly cancellation).

A U(1)

φ1 q1
φ2 q2

B U(1)1 U(1)2
φ1 q1 q

φ2 q2 −q

(7)

1I am following the notation in [?].

3

q 2 {�1, 0, 1}



Toy examples

• We are interested in a model where couplings among 
fields feature a certain constraint.


• Example 2 (proton decay):
�1, �2, �3 q 2 {�1, 0, 1}

2 Shannon entropy

The Shannon information content of a particular outcome y in an ensemble is given by1

h(y) = log2
1

p(y)
. (1)

The smaller the probability for an outcome is, the larger the Shannon information content is. The
entropy of an ensemble is given as

H(Y ) =
!

y∈Y

p(y) log2
1

p(y)
. (2)

Can this entropy be useful in model building. Let’s consider the following illustrative examples,
including fields φ1,φ2,φ3 charged under a U(1) symmetries with charges q ∈ {−1, 0, 1} :

1. We are interested in a system which allows for the following coupling structure, motivated
by coupling patterns required for flavour physics model building:

φ1φ2 ✓

φ1φ3 ✓

φ2φ3 ✗

(3)

We would like to compare two systems A and B with one and two U(1) symmetries respec-
tively. Solutions satisfying the above criteria can be parametrised as follows

A U(1)

φ1 q

φ2 −q

φ3 −q

B U(1)1 U(1)2
φ1 q1 q2
φ2 −q1 −q2
φ3 −q1 −q2

(4)

2. For the same systems we are interested in a different coupling structure, motivated by
e.g. avoiding proton decay operators:

φ1φ2 ✗

φ1φ3 ✗

φ2φ3 ✗

(5)

The general charges are given as

A U(1)

φ1 q1
φ2 q2
φ3 q3

B U(1)1 U(1)2
φ1 q11 q12
φ2 q21 q22
φ3 q31 q32

(6)

3. Here we consider two fields and simply want to forbid the coupling between the two fields.
The second system has a ’redundand’ U(1) symmetry which resembles a situation where
consistency conditions fix certain charge assignments (e.g. anomaly cancellation).

A U(1)

φ1 q1
φ2 q2

B U(1)1 U(1)2
φ1 q1 q

φ2 q2 −q

(7)

1I am following the notation in [?].

3

2 Shannon entropy

The Shannon information content of a particular outcome y in an ensemble is given by1

h(y) = log2
1

p(y)
. (1)

The smaller the probability for an outcome is, the larger the Shannon information content is. The
entropy of an ensemble is given as

H(Y ) =
!

y∈Y

p(y) log2
1

p(y)
. (2)

Can this entropy be useful in model building. Let’s consider the following illustrative examples,
including fields φ1,φ2,φ3 charged under a U(1) symmetries with charges q ∈ {−1, 0, 1} :

1. We are interested in a system which allows for the following coupling structure, motivated
by coupling patterns required for flavour physics model building:

φ1φ2 ✓

φ1φ3 ✓

φ2φ3 ✗

(3)

We would like to compare two systems A and B with one and two U(1) symmetries respec-
tively. Solutions satisfying the above criteria can be parametrised as follows

A U(1)

φ1 q

φ2 −q

φ3 −q

B U(1)1 U(1)2
φ1 q1 q2
φ2 −q1 −q2
φ3 −q1 −q2

(4)

2. For the same systems we are interested in a different coupling structure, motivated by
e.g. avoiding proton decay operators:

φ1φ2 ✗

φ1φ3 ✗

φ2φ3 ✗

(5)

The general charges are given as

A U(1)

φ1 q1
φ2 q2
φ3 q3

B U(1)1 U(1)2
φ1 q11 q12
φ2 q21 q22
φ3 q31 q32

(6)

3. Here we consider two fields and simply want to forbid the coupling between the two fields.
The second system has a ’redundand’ U(1) symmetry which resembles a situation where
consistency conditions fix certain charge assignments (e.g. anomaly cancellation).

A U(1)

φ1 q1
φ2 q2

B U(1)1 U(1)2
φ1 q1 q

φ2 q2 −q

(7)

1I am following the notation in [?].

3



Toy examples
• We are interested in a model where couplings among 

fields feature a certain constraint.


• Example 3 (complexity):

Add 3 examples

q 2 {�1, 0, 1}

2 Shannon entropy

The Shannon information content of a particular outcome y in an ensemble is given by1

h(y) = log2
1

p(y)
. (1)

The smaller the probability for an outcome is, the larger the Shannon information content is. The
entropy of an ensemble is given as

H(Y ) =
!

y∈Y

p(y) log2
1

p(y)
. (2)

Can this entropy be useful in model building. Let’s consider the following illustrative examples,
including fields φ1,φ2,φ3 charged under a U(1) symmetries with charges q ∈ {−1, 0, 1} :

1. We are interested in a system which allows for the following coupling structure, motivated
by coupling patterns required for flavour physics model building:

φ1φ2 ✓

φ1φ3 ✓

φ2φ3 ✗

(3)

We would like to compare two systems A and B with one and two U(1) symmetries respec-
tively. Solutions satisfying the above criteria can be parametrised as follows

A U(1)

φ1 q

φ2 −q

φ3 −q

B U(1)1 U(1)2
φ1 q1 q2
φ2 −q1 −q2
φ3 −q1 −q2

(4)

2. For the same systems we are interested in a different coupling structure, motivated by
e.g. avoiding proton decay operators:

φ1φ2 ✗

φ1φ3 ✗

φ2φ3 ✗

(5)

The general charges are given as

A U(1)

φ1 q1
φ2 q2
φ3 q3

B U(1)1 U(1)2
φ1 q11 q12
φ2 q21 q22
φ3 q31 q32

(6)

3. Here we consider two fields and simply want to forbid the coupling between the two fields.
The second system has a ’redundand’ U(1) symmetry which resembles a situation where
consistency conditions fix certain charge assignments (e.g. anomaly cancellation).

A U(1)

φ1 q1
φ2 q2

B U(1)1 U(1)2
φ1 q1 q

φ2 q2 −q

(7)

1I am following the notation in [?].

3

�1, �2



Probabilities

• Let’s look at the fraction of models which give the desired 
result in all three examples: 
 
 
 

• Example 1: to allow for the desired couplings is easier in 
class A. (less constraints in Class A)


• Example 2: here it is advantageous to have more 
constraints, hence it’s expected that Model 2 is doing better.


• Example 3: we can’t distinguish between the two classes 
based on probability.

Intuitevely, it is clear how these systems behave: In the first case it becomes harder to find
solutions for a good model if we select charges at random. Models with fewer U(1) symmetries
should be preferred. In the second example, it becomes easier to forbid couplings the more U(1)
symmetries we have because every additional U(1) gives new/different constraints on the coupling.
The second system with two U(1) symmetries is preferred. In the third example, the second system
carries more information than in the first while describing the same amount of good models. Put
differently, there is redundand information in the second system and the first system should be
preferred.

First, let’s look at the fraction (probability) of good models in each case pgoodA,B . A simple
calculation reveals

1 2 3

pgoodA 0.07 0.22 0.66
pgoodB 0.01 0.69 0.66

(8)

Our intuition is confirmed for the first two examples. The third example, however, shows that
by simply looking at the probability we cannot distinguish between the two systems. Probability
itself is hence not a satisfactory criterion.

This deficiancy can be avoided by using Shannon entropy. We can calculate the Shannon
entropy associated to good and bad models as follows

Hgood =
!

i∈good

pi log2
1

pi
=

Ngood

N
log2N = pgood log2N (9)

where N denotes the total number of models. We find that the smaller information entropy is
given throughout the examples as

1 2 3

Hgood B A A

Hbad A B A

(10)

where the larger information entropy would lead to the opposite result. The quantity to minimise
is hence the Shannon entropy of the bad models

Hbad = (1− pgood) log2N = log2N −Hgood (11)

This quantity has the right scaling in terms of N and pgood. By minimising this quantity, we
maximise pgood, the amount of good models we obtain in a subset and secondly we minimise
the number of possible models, i.e. less complex models are preferred. We note that the latter
expression in (11) shows the same dependence on the entropy as the free energy. We leave a
detailed discussion of the physical properties of this system to the future.

3 Shannon entropy in F-theory models

We now turn to calculating this entropy in a fruitful patch in the landscape of string models.
It allows to study precisely the Shannon entropies of different classes. Below we summarise the
findings of our analysis.

4 Generalisation and perspective

SK: Is it maybe better to put it here and put the large claims from the introduction into this
section?

4



how to account for the fact that no new 
information is added?



Shannon entropy
• Captures how much information is associated with a 

given outcome: 
 

• Here probability for an outcome p=1/N.

• For an ensemble of multiple events, add up probabilities: 

 
 

• In our situation, this gives a penalty for redundant “theory 
space”:

H(P ) =
X

pi2P

pi log2
1

pi

H(P ) =
#models

N
logN

Shannon 1948

h(p) = log2
1

p



Let’s explore Shannon entropy…



First examples
• We want to minimise H: 

 

• H is a measure for the amount of information in a given 
set. We have two sets: good & bad models. So we want 
to minimise the amount of information in bad models, i.e. 
all (the majority of) the information is in good models.


• For three examples we find:

H(P ) =
#models

N
logN

Intuitevely, it is clear how these systems behave: In the first case it becomes harder to find
solutions for a good model if we select charges at random. Models with fewer U(1) symmetries
should be preferred. In the second example, it becomes easier to forbid couplings the more U(1)
symmetries we have because every additional U(1) gives new/different constraints on the coupling.
The second system with two U(1) symmetries is preferred. In the third example, the second system
carries more information than in the first while describing the same amount of good models. Put
differently, there is redundand information in the second system and the first system should be
preferred.

First, let’s look at the fraction (probability) of good models in each case pgoodA,B . A simple
calculation reveals

1 2 3

pgoodA 0.07 0.22 0.66
pgoodB 0.01 0.69 0.66

(8)

Our intuition is confirmed for the first two examples. The third example, however, shows that
by simply looking at the probability we cannot distinguish between the two systems. Probability
itself is hence not a satisfactory criterion.

This deficiancy can be avoided by using Shannon entropy. We can calculate the Shannon
entropy associated to good and bad models as follows

Hgood =
!

i∈good

pi log2
1

pi
=

Ngood

N
log2N = pgood log2N (9)

where N denotes the total number of models. We find that the smaller information entropy is
given throughout the examples as

1 2 3

Hgood B A A

Hbad A B A

(10)

where the larger information entropy would lead to the opposite result. The quantity to minimise
is hence the Shannon entropy of the bad models

Hbad = (1− pgood) log2N = log2N −Hgood (11)

This quantity has the right scaling in terms of N and pgood. By minimising this quantity, we
maximise pgood, the amount of good models we obtain in a subset and secondly we minimise
the number of possible models, i.e. less complex models are preferred. We note that the latter
expression in (11) shows the same dependence on the entropy as the free energy. We leave a
detailed discussion of the physical properties of this system to the future.

3 Shannon entropy in F-theory models

We now turn to calculating this entropy in a fruitful patch in the landscape of string models.
It allows to study precisely the Shannon entropies of different classes. Below we summarise the
findings of our analysis.

4 Generalisation and perspective

SK: Is it maybe better to put it here and put the large claims from the introduction into this
section?

4



Application to string 
model building



Overview
• When constructing models, we start with a list of desired 

phenomenological properties, e.g.:

• MSSM matter content

• Top-quark Yukawa coupling

• Absence of proton decay operators


• Adding more and more features of the SMs of particle physics and 
cosmology has been a long-standing process in string 
phenomenology.


• To achieve this, our compactifications have become more and more 
elaborate. We often face such a situation:

good

good
bad

Class A: Class B:



This picture in F-theory GUT model building: 
interplay of Yukawa couplings & proton decay

good

good
bad

Class A: Class B:



Why interesting?

• In this sub-class it might guide us to which structures are 
preferred: Yukawa couplings prefer less U(1)s, proton 
decay more U(1)s. Unclear which one to prefer…


• Many questions along the same line can be asked, 
expanding the theory space: flavour model building 
(which groups/vevs), single Higgs vs. multiple Higgs 
models, 3 families, SM gauge group, …



A model building data set

1507.05961



F-theory GUTs
• SU(5) x U(1)N SUSY GUT models


• GUT divisor with matter curves


• Simple description in terms of flux parameters on matter 
curves


• Geometric embedding possible (connection with other 
data sets)


• Phenomenologically interesting models: MSSM spectrum, 
realistic couplings possible via FN-mechanism

Heckman, Vafa; Donagi, Wijnholt, …



Let’s look at data

• Matter curves: N10, N5


• Which flux on matter curves? Chirality flux: M. 
Hypercharge flux: Ntion of hypercharge flux N is parameterized as follows:

SU(5) representation MSSM representation Particle Chirality

(3,2)1/6 Q Ma

10a (3̄,1)�2/3 ū Ma �Na

(1,1)1 ē Ma +Na

5̄i

(3̄,1)1/3 d̄ Mi

(1̄,2)�1/2 L Mi +Ni

(2.1)

The integers M and N have to satisfy basic requirements of realizing the exact MSSM spec-

trum. In this paper we will in particular impose that the spectra are free from exotics. In

addition to placing constraints on the values of M and N , the absence of exotics places a

bound on the number N of distinctly charged 10 and 5̄,

N10  3

N5̄  8 .
(2.2)

To derive these bounds, note that if we were to consider more than three 10s then some of

these must have Ma = 0 as there are only three generations of left-handed quarks. Allowing

a non-zero restriction of hypercharge flux over these allows the presence of either a right-

handed quark or lepton with the wrong chirality for the MSSM spectrum, which results in

the presence of exotics. Likewise, the maximum number of 5̄s is given by the sum of three

generations of left-handed leptons and right-handed quarks, in addition to Hu and Hd.

In addition to the GUT gauge symmetry, we require additional abelian gauge factors,

U(1)↵, ↵ = 1, . . . , A, under which the SU(5) representations 10a and 5̄i carry charges q↵
a
and

q↵
i
, respectively. The type of U(1) charges are determined in terms of the F-theory geometry

and will be the subject of section 2.4. The combined system of FY hypercharge flux breaking

and additional U(1) symmetries implies that there can potentially be mixed MSSM-U(1)

anomalies.

Anomaly cancellation and the requirement of three generations imply the following set of

constraints on the chiralities M , hypercharge flux restriction N and charges q↵ – all sums
PN10

a=1
are over 10 representations,

PN5̄
i=1

over 5̄s, with NR corresponding to the number of

matter multiplets in the representation R with distinct U(1) charge:

(A1.) MSSM anomalies X

i

Mi =
X

a

Ma . (2.3)

8



Let’s look at data

• Matter curves have U(1) charges


• U(1) charges constrained (smooth rational sections):

(01) (0||1)(0|1)

Figure 2: The configurations of fibers for an SU(5) model with one U(1) symmetry. The I5
fiber, realized by the five black lines (corresponding to P1s in the fiber) gives rise to the SU(5)
gauge bosons, and the sections, shown as colored dots corresponding to the zero-section (blue)
and the additional section (yellow), give rise to the additional abelian gauge factor.

– for the reader interested solely in the model building aspects, it is su�cient to understand

that there are three set of charges, labeled by

I(01)
5

, I(0|1)
5

, I(0||1)
5

. (2.33)

and are shown in figure 2. For a given codimension one distribution of sections labeled by

I5 with the superindex indicating the separation between the zero-section (0) and the extra

section (1), it was found in [1] that, for smooth rational sections, the possible charges for 10

and 5̄ matter that can arise in SU(5) F-theory models are as follows5:

I(01)
5

:

(
q10 2 {�3,�2,�1, 0,+1,+2,+3}

q5̄ 2 {�3,�2,�1, 0,+1,+2,+3}

I(0|1)
5

:

(
q10 2 {�12,�7,�2,+3,+8,+13}

q5̄ 2 {�14,�9,�4,+1,+6,+11}

I(0||1)
5

:

(
q10 2 {�9,�4,+1,+6,+11}

q5̄ 2 {�13,�8,�3,+2,+7,+12} .

(2.34)

A natural question is then to determine, whether there are integral solutions for the Ms and

Ns, such that the resulting charge assignments solve anomaly conditions (A1.)�(A5.) and

do not give rise to proton decay.

Finally we should comment on the U(1) charges of GUT singlets, which will play a role

later on in the Froggatt-Nielsen inspired flavor construction. In F-theory SU(5) GUTs, the

singlets arise at the intersection of any two 5̄ curves (as well as two 10s). Hence, we can read

o↵ the singlet charges from the di↵erence of charges

q1ij = q5̄i
� q5̄j

, i 6= j , (2.35)

5For some studies it will be useful to rescale the models in I(01)
5 by 5, so that a uniform treatment is

possible, i.e. that the unit charges is “normalized” to 5.

17
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Consistency conditions
Imposing the following consistency conditions strictly.


• MSSM anomalies:


• U(1)Y-MSSM anomalies:


• U(1)Y-U(1)a-U(1)b anomalies:


• Three generations of quark and leptons:


• Absence of exotics:


• One pair of Higgs doublets:

tion of hypercharge flux N is parameterized as follows:

SU(5) representation MSSM representation Particle Chirality

(3,2)1/6 Q Ma

10a (3̄,1)�2/3 ū Ma �Na

(1,1)1 ē Ma +Na

5̄i

(3̄,1)1/3 d̄ Mi

(1̄,2)�1/2 L Mi +Ni

(2.1)

The integers M and N have to satisfy basic requirements of realizing the exact MSSM spec-

trum. In this paper we will in particular impose that the spectra are free from exotics. In

addition to placing constraints on the values of M and N , the absence of exotics places a

bound on the number N of distinctly charged 10 and 5̄,

N10  3

N5̄  8 .
(2.2)

To derive these bounds, note that if we were to consider more than three 10s then some of

these must have Ma = 0 as there are only three generations of left-handed quarks. Allowing

a non-zero restriction of hypercharge flux over these allows the presence of either a right-

handed quark or lepton with the wrong chirality for the MSSM spectrum, which results in

the presence of exotics. Likewise, the maximum number of 5̄s is given by the sum of three

generations of left-handed leptons and right-handed quarks, in addition to Hu and Hd.

In addition to the GUT gauge symmetry, we require additional abelian gauge factors,

U(1)↵, ↵ = 1, . . . , A, under which the SU(5) representations 10a and 5̄i carry charges q↵
a
and

q↵
i
, respectively. The type of U(1) charges are determined in terms of the F-theory geometry

and will be the subject of section 2.4. The combined system of FY hypercharge flux breaking

and additional U(1) symmetries implies that there can potentially be mixed MSSM-U(1)

anomalies.

Anomaly cancellation and the requirement of three generations imply the following set of

constraints on the chiralities M , hypercharge flux restriction N and charges q↵ – all sums
PN10

a=1
are over 10 representations,

PN5̄
i=1

over 5̄s, with NR corresponding to the number of

matter multiplets in the representation R with distinct U(1) charge:

(A1.) MSSM anomalies X

i

Mi =
X

a

Ma . (2.3)

8

(A2.) Mixed U(1)Y -MSSM anomalies [25–27]

X

i

q↵
i
Ni +

X

a

q↵
a
Na = 0 , ↵ = 1, . . . , A . (2.4)

(A3.) Mixed U(1)Y -U(1)↵-U(1)� anomalies [28]

3
X

a

q↵
a
q�
a
Na +

X

i

q↵
i
q�
i
Ni = 0 , ↵, � = 1, . . . , A . (2.5)
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Size of data set

• after consistency conditions, for a single 10 curve:


• Single U(1): 50 667 models


• Two U(1)s:  330 299 853 models



Couplings

�(4)
ija5̄i5̄j10a

�i5̄i5Hu � �iLiHu

�(5)abci10a10b10c5̄i

µ5Hu 5̄Hd

abi10a10b5i

�i5̄i5̄Hd5Hu5Hu � �iLiHdHuHu

⇢a5̄Hd 5̄Hu10a

C1: 
C2: 
C3: 
C4: 
C5: 
C6: 
C7:

(Yd,L)ab10a5̄b5̄Hd

(Yu)ab10a10b5Hu

Yukawa couplings:

mu : mc : mt ⇠ �8 : �4 : 1

md : ms : mb ⇠ �4 : �2 : 1

mb ⇠ m⌧ ,

me : mµ : m⌧ ⇠ �5 : �2 : 1

+ mixing angles

structure in Yukawas:

Dangerous operators:



Flavour structure
• Froggatt-Nielsen: U(1) symmetries to generate flavour textures, 

tree-level Yukawas plus singlet suppressed sub-leading terms 
(s/Λ)n , e.g.: 
 
 
 

• Some alternatives: flavour structure from non-perturbative effects 
(e.g. Marchesano, Regalado, Zoccarato) or mis-aligned soft-terms


• before our analysis no model that reproduced satisfactory flavour 
charges and constraints on operators from previous slide (cf. 
Dudas Palti 2009)

e.g. FN models with U(1)s: Dreiner, Thormeier (2003); Dudas, Pokorski, Savoy (1995) 

Yd ⇠
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A



A benchmark model
• 2 U(1)’s, 3 10 curves, 4 5 curves 

with the following charges: 
 

• Yukawa charges can be matched to successful FN model: 
 
 
 

• Dangerous operators suppressed:

101 102 103 5Hu 5̄Hd 5̄1 5̄2

(q1(R), q2(R)) (3,�7) (�2,�7) (�7,�7) (14, 14) (6, 6) (�9,�9) (1, 1)

QYu ⇠
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M51 = 0, N51 = 1, 2 or 3

M52 = 3, N52 = �N51

µ : (20, 20)

dim 5: {(�30,�30), (�25,�30), (�20,�30), (�20,�20), (�15,�30), (�15,�20), (�10,�30),

(�10,�20), (�5,�30), (�5,�20), (0,�30), (0,�20), (5,�20), (10,�20)}

others: {(�25,�25), (�20,�25), (�15,�25), (�15,�15), (�10,�15), (�5,�15), (�5,�5),

(0,�15), (0,�5), (5,�15), (5,�5), (5, 5), (10,�5), (15,�5), (15, 15), (25, 25), (35, 35)}



Summary of search

• Easy to find models (up to flavour) with single U(1), flavour 
requires multiple U(1)s and 10s.


• Hence, for the rest let’s just focus on absence of proton 
decay and the presence of a top quark Yukawa coupling.



Shannon entropy
• Good model: top quark coupling allowed, no dangerous 

operator allowed at tree-level.

• Levels of complexity: #5-curves, #U(1)s

• Caveat: multiplicity of a charge configuration. Here 

counting only distinct models.

• Results:

MSSM 
spectrum + 

anomaly 
cancellation

top-quark 
Yukawa

absence of 
proton decay + 

μ-term
Hbad

U(1) 50667 2187

4.3%

206

0.41% 10.79

2 U(1)s 330299853 1705867

0.52%

879634

0.27% 19.56



New look at data set



Information content

• Which desired property is the rarest in the data set? 
Rather than guided by phenomenology (e.g. top-quark 
Yukawa, dim4 proton decay [Golden rules of string 
phenomenology])


• Why useful question? Thought experiment: you want to 
find a word in a which contains the letters A-B-E-R-Z. 
How do you search most effectively for it?



Conclusions
• Tuning in theory vs parameter space can be addressed 

simultaneously in string models.


• Shannon entropy is one way of quantifying both tunings


• Is Shannon entropy the correct quantity (loss function)? 
Explicit relation to entropy in statistical physics.


• This data set is still completely scannable but it’s getting 
larger and it seems useful to think about cleverer ways of 
scanning this data set. Can we use ML to predict/classify 
models with a particular property?



Thank you!


