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spectrum: ↵0m2
= n 2 Z

⇢
n = 0 ! observed particles

n 6= 0 ! supermassive

but basically: 

massless modes contain graviton (closed strings)

and gauge fields (open strings)
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• String theory contains extended objects of all dimensions

   -> p-branes 

• spectrum of these objects leads to relations between  
 string theories -> dualities
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Is it relevant to particle physics?
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5) The Higgs multiplet

How can the Higgs be reconciled with unification?

-> heavy mass to triplet, “doublet-triplet” splitting

Works nicely in string theory: topological reason for light doublet 
and heavy triplet
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What is the main problem?

Large degeneracy of vacua through choice in compactification:

moduli: 

topology: 
structure of 4d theory

algebraic geometry

couplings in 4d theory

differential geometry

Leads to close relation between geometry and field theory.

How do we find the ``right” vacuum?

• moduli: presumably fixed dynamically  

•topology: currently, we can only explore the possible choices
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Figure 1: A plot of the Hodge numbers of the Kreuzer–Skarke list.
� = 2(h11 � h21) is plotted horizontally and h11 + h21 is plotted vertically.
The oblique axes bound the region h11 � 0, h21 � 0.

by the construction of manifolds as hypersurfaces in toric varieties following the methods

introduced by Batyrev [11]. In a tour de force of computer calculation [12,13] Kreuzer and

Skarke compiled a list of all four-dimensional reflexive polyhedra, each of which corresponds

to a family of anticanonical hypersurface Calabi–Yau manifolds in the corresponding toric

variety. The list runs to almost 500,000,000 polyhedra and gives rise to some 30,000 distinct

pairs of Hodge numbers1 which we plot in Figure 1.

For comparison we include a plot in Figure 2 of the Hodge numbers of the 263 distinct

pairs of Hodge numbers for the CICY’s plotted to the same scale. This is something of a

1It is not known how many of these manifolds are distinct. Manifolds with distinct Hodge numbers
are certainly distinct, however the converse is not true in general, so the number of distinct manifolds is
somewhere between 30,000 and 500,000,000. For the CICY’s there are 264 pairs of Hodge numbers and
roughly 8,000 manifolds. For this case it is known [14] that at least 2590 of the manifolds are distinct as
classical manifolds.

2

(from P. Candelas et al., 0706.3134)



-960 -480 0 480 960

100

200

300

400

500

-960 -480 0 480 960

100

200

300

400

500

Figure 1: A plot of the Hodge numbers of the Kreuzer–Skarke list.
� = 2(h11 � h21) is plotted horizontally and h11 + h21 is plotted vertically.
The oblique axes bound the region h11 � 0, h21 � 0.

by the construction of manifolds as hypersurfaces in toric varieties following the methods

introduced by Batyrev [11]. In a tour de force of computer calculation [12,13] Kreuzer and

Skarke compiled a list of all four-dimensional reflexive polyhedra, each of which corresponds

to a family of anticanonical hypersurface Calabi–Yau manifolds in the corresponding toric

variety. The list runs to almost 500,000,000 polyhedra and gives rise to some 30,000 distinct

pairs of Hodge numbers1 which we plot in Figure 1.

For comparison we include a plot in Figure 2 of the Hodge numbers of the 263 distinct

pairs of Hodge numbers for the CICY’s plotted to the same scale. This is something of a

1It is not known how many of these manifolds are distinct. Manifolds with distinct Hodge numbers
are certainly distinct, however the converse is not true in general, so the number of distinct manifolds is
somewhere between 30,000 and 500,000,000. For the CICY’s there are 264 pairs of Hodge numbers and
roughly 8,000 manifolds. For this case it is known [14] that at least 2590 of the manifolds are distinct as
classical manifolds.

2

-960 -480 0 480 960

100

200

300

400

500

-960 -480 0 480 960

100

200

300

400

500

Figure 2: A plot of the 264 distinct pairs of Hodge Numbers for the CICY’s.

cautionary tale showing what can happen when a seemingly large class of manifolds turns

out to be rather special.

The Kreuzer–Skarke list, vast though it is, does not exhaust all possibilities. An obvious

extension is to include the possibility of higher codimension corresponding to the case of

more than one polynomial in a toric variety of higher dimension; these one might term

toric CICY’s. A correspondence with lattice polyhedra that generalizes the construction of

Batyrev for the case of a single polynomial has been given by Batyrev and Borisov [15]. Two

simple examples of such manifolds will appear later and it is worth writing one of them here

to explain the notation and to give an idea of the immense number of possible members of

this class. Consider the manifold that is denoted by

P
✓

1 1 1 1 1 1 0

1 1 0 0 0 0 1

◆

3 3

3 0

�

.

The first matrix is the weight matrix and the second one is the degree matrix. Each col-

umn of the weight matrix corresponds to a coordinate: so in this case we have coordinates

3

(from P. Candelas et al., 0706.3134)
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Rab = Rāb̄ = 0consistency:

X complex, Kahler, c1(X) = 0

() X CY manifold

Yau’s theorem l

V holomorphic, poly-stable

Donaldson,

Uhlenbeck, Yaul

Fab = Fāb̄ = 0

gab̄Fab̄ = 0



Model building
. . . in the context of the           heterotic string: E8 ⇥ E8

6d manifold

X

metric gmn

vector bundle

 � V

connection Am

Rab = Rāb̄ = 0consistency:

-> heterotic vacuum determined by a pair (X,V )

X complex, Kahler, c1(X) = 0

() X CY manifold

Yau’s theorem l

V holomorphic, poly-stable
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SU(5)⇥ SU(5) ⇢ E8

structure group 4d gauge group
In this work, we focus on SU(5) principal bundles breaking E8 to an SU(5) GUT symmetry in 4-dimensions

via,

248E8
→ [(1,24)⊕ (5,10)⊕ (5,10)⊕ (10,5) ⊕ (10,5)⊕ (24,1)]SU(5)×SU(5) (A.3)

Thus, we must construct the associated vector bundles with fiber-dimensions corresponding the 5,5,10,10,24

representations (see Table 2).

Beginning with the fundamental 5-representation, for the vector bundles constructed in this work, we will

check here that there are no obstructions, such as the one described above, which would prevent the sum of five

line bundles,
⊕

a La, from having structure group S
(
U(1)⊗5

)
.

We will outline in the following paragraphs a set of tools for determining the structure groups of rank n

holomorphic vector bundles with structure group H ⊂ U(n) and c1(V ) = 0. We will focus on distinguishing

the groups SU(n), Sp(2n) and SO(n). The exceptional sub-groups of E8 will not arise in the dimensions of

representation in consideration here and we will omit them from this discussion.

A.2 Chern Classes and Structure Groups

The first and most important ingredient we have in determining the structure group of a vector bundle is its

topology. As a simple example, consider the following direct sums of two line bundles on a threefold X

V L1 ⊕ L2 L⊕ L L⊕ L∗

H U(1)× U(1) U(1)× U(1) or U(1) S[U(1) × U(1)] = U(1)
(A.4)

For the first sum of line bundles, c1(L1) ̸= c1(L2) implies that for all possible connections on this sum, the

structure group is U(1)×U(1). However, for the sum of two identical line bundles with the same first Chern class,

L⊕ L, there is some flexibility in the choice of connection. For generic, independent, U(1)-valued connections,

the structure group likewise is generic, that is, U(1) × U(1). For this topology, however, a non-generic choice

is also available, and by choosing the two connections ∇1 = ∇2, the structure group is simply U(1). Finally, in

the last example, the sum of a line bundle and its dual, the only structure group compatible with the reducible

connection and vanishing trace condition is the diagonal U(1) ⊂ SU(2).

For phenomenology we require that the low energy GUT symmetry in 4-dimensions is SU(5) times possible

U(1) factors. So long as the commutant of H is of this form, SU(5) × S(U(1)5) ⊂ E8, the Green-Schwarz

Mechanism will guarantee that the U(1) symmetries are generically massive (see [37,38]). Just as in the case of

two line bundles described above, here we must guarantee that the topology of our sum does not force a smaller

sub-group than S
(
U(1)⊗5

)
in such a way that the commutant contains other non-Abelian factors beyond SU(5).

For example, if the sum of 5 line bundles satisfies

c1(L1) + c1(L2) + c1(L3) = 0 , c1(L4) + c1(L5) = 0 (A.5)

then structure group is H = S
(
U(1)⊗3

)
× S

(
U(1)⊗2

)
≃ U(1)⊗3, but its commutant in E8 is SU(6) × U(1)⊗3

which would not be suitable for model-building. Thus, in the scans outlined in the main body of the text, we

23
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the last example, the sum of a line bundle and its dual, the only structure group compatible with the reducible

connection and vanishing trace condition is the diagonal U(1) ⊂ SU(2).

For phenomenology we require that the low energy GUT symmetry in 4-dimensions is SU(5) times possible
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. . . results in GUT models with gauge group

SU(5)⇥ S(U(1)5)
typically

anomalous

. . . and matter multiplets

10a, 10a, 5a,b, 5̄a,b, 1a,b = Sa,b

multiplet S(U(1)5) charge associated line bundle L contained in

10ea
ea La V

1̄0−ea
−ea L∗

a V ∗

5̄ea+eb
ea + eb La ⊗ Lb ∧2V

5−ea−eb
−ea − eb L∗

a ⊗ L∗

b ∧2V ∗

1ea−eb
ea − eb La ⊗ L∗

b V ⊗ V ∗

1−ea+eb
−ea + eb L∗

a ⊗ Lb

Table 1: Multiplet content, charges and associated line bundles of the SU(5) × S(U(1)5) GUT

theory. The indices a, b, . . . are in the range 1, . . . , 5 and ea denotes the standard five-dimensional

unit vector in the ath direction. The number of each type of multiplet is obtained from the first

cohomology, H1(X,L), of the associated line bundle L.

The further breaking of the GUT theory to the standard model proceeds in the standard way via Wilson

lines. For the bundle V to descend to the quotient Calabi-Yau manifold, X/Γ, it has to be equivariant under

the symmetry Γ [39], a property which can be explicitly checked for line bundles using the methods described in

Ref. [12]. Note that for an equivariant line bundle, L, the cohomology groups Hi(X,L) form representations

under the group Γ. A Wilson line on the quotient, pointing into the standard hypercharge direction then

breaks the GUT group into the standard model group times the massive S(U(1)5) symmetry. Let us consider

a standard model multiplet with Wilson line representation RW which originates from a GUT multiplet with

associated line bundle, L. The number of these multiplets can be computed from the Γ invariant part of

H1(X,L)⊗RW . In essence, once the GUT multiplet content is known, computing the particle content after

Wilson line breaking is a matter of applying representation theory of the finite group Γ.

3 Additional U(1) symmetries and Green-Schwarz mechanism

We turn now to the fate of the four additional U(1) symmetries in S(U(1)5) ∼= U(1)4 which arise in our

models. The Green-Schwarz mechanism in heterotic theories has been understood for many years (see [40]

and [26,41–43] for some recent papers on the subject). It is known that Abelian factors in the bundle structure

group give rise to a gauging of certain axion shift symmetries in the four dimensional effective theory. In our

context, for each line bundle, La, in V , the Kähler axions, χi, the supersymmetric partners of the Kähler

moduli, ti, acquire the following transformation4

δχi = −ci1(La)ηa , (3.5)

with transformation parameter ηa. Note that, from Eq. (2.2), only four of these transformation, corresponding

to the four U(1) symmetries, are independent. Each such transformation leads to a D-term which schematically

reads

Da =
µ(La)

κ
−
∑

I

QaI |CI |
2 . (3.6)

Here, κ = dijktitjtk is the Kähler moduli space pre-potential with the triple intersection numbers dijk of X

and CI are matter fields and bundle moduli with charges QaI under S(U(1)5). The slope, µ(La), of the line

bundle La is defined as

µ(La) = ci1(La)κi with κi = dijkt
jtk . (3.7)

4The equations below receive a one loop correction due to a non-trivial shift of the dilatonic and M5-brane axions. This has been

explicitly studied in Ref. [26,42] but will be neglected in the present context as it does not affect our discussion.
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the symmetry Γ [39], a property which can be explicitly checked for line bundles using the methods described in

Ref. [12]. Note that for an equivariant line bundle, L, the cohomology groups Hi(X,L) form representations

under the group Γ. A Wilson line on the quotient, pointing into the standard hypercharge direction then

breaks the GUT group into the standard model group times the massive S(U(1)5) symmetry. Let us consider

a standard model multiplet with Wilson line representation RW which originates from a GUT multiplet with

associated line bundle, L. The number of these multiplets can be computed from the Γ invariant part of

H1(X,L)⊗RW . In essence, once the GUT multiplet content is known, computing the particle content after

Wilson line breaking is a matter of applying representation theory of the finite group Γ.

3 Additional U(1) symmetries and Green-Schwarz mechanism

We turn now to the fate of the four additional U(1) symmetries in S(U(1)5) ∼= U(1)4 which arise in our

models. The Green-Schwarz mechanism in heterotic theories has been understood for many years (see [40]

and [26,41–43] for some recent papers on the subject). It is known that Abelian factors in the bundle structure

group give rise to a gauging of certain axion shift symmetries in the four dimensional effective theory. In our

context, for each line bundle, La, in V , the Kähler axions, χi, the supersymmetric partners of the Kähler

moduli, ti, acquire the following transformation4

δχi = −ci1(La)ηa , (3.5)

with transformation parameter ηa. Note that, from Eq. (2.2), only four of these transformation, corresponding

to the four U(1) symmetries, are independent. Each such transformation leads to a D-term which schematically

reads

Da =
µ(La)

κ
−
∑

I

QaI |CI |
2 . (3.6)

Here, κ = dijktitjtk is the Kähler moduli space pre-potential with the triple intersection numbers dijk of X

and CI are matter fields and bundle moduli with charges QaI under S(U(1)5). The slope, µ(La), of the line

bundle La is defined as

µ(La) = ci1(La)κi with κi = dijkt
jtk . (3.7)

4The equations below receive a one loop correction due to a non-trivial shift of the dilatonic and M5-brane axions. This has been

explicitly studied in Ref. [26,42] but will be neglected in the present context as it does not affect our discussion.
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. . . results in GUT models with gauge group

SU(5)⇥ S(U(1)5)
typically

anomalous

. . . and matter multiplets

10a, 10a, 5a,b, 5̄a,b, 1a,b = Sa,b

families and

mirror families

= 3|�|
= 0

� 3|�|

bundle

moduli S↵

multiplet S(U(1)5) charge associated line bundle L contained in

10ea
ea La V

1̄0−ea
−ea L∗

a V ∗

5̄ea+eb
ea + eb La ⊗ Lb ∧2V

5−ea−eb
−ea − eb L∗

a ⊗ L∗

b ∧2V ∗

1ea−eb
ea − eb La ⊗ L∗

b V ⊗ V ∗

1−ea+eb
−ea + eb L∗

a ⊗ Lb

Table 1: Multiplet content, charges and associated line bundles of the SU(5) × S(U(1)5) GUT

theory. The indices a, b, . . . are in the range 1, . . . , 5 and ea denotes the standard five-dimensional

unit vector in the ath direction. The number of each type of multiplet is obtained from the first

cohomology, H1(X,L), of the associated line bundle L.

The further breaking of the GUT theory to the standard model proceeds in the standard way via Wilson

lines. For the bundle V to descend to the quotient Calabi-Yau manifold, X/Γ, it has to be equivariant under

the symmetry Γ [39], a property which can be explicitly checked for line bundles using the methods described in

Ref. [12]. Note that for an equivariant line bundle, L, the cohomology groups Hi(X,L) form representations

under the group Γ. A Wilson line on the quotient, pointing into the standard hypercharge direction then

breaks the GUT group into the standard model group times the massive S(U(1)5) symmetry. Let us consider

a standard model multiplet with Wilson line representation RW which originates from a GUT multiplet with

associated line bundle, L. The number of these multiplets can be computed from the Γ invariant part of

H1(X,L)⊗RW . In essence, once the GUT multiplet content is known, computing the particle content after

Wilson line breaking is a matter of applying representation theory of the finite group Γ.

3 Additional U(1) symmetries and Green-Schwarz mechanism

We turn now to the fate of the four additional U(1) symmetries in S(U(1)5) ∼= U(1)4 which arise in our

models. The Green-Schwarz mechanism in heterotic theories has been understood for many years (see [40]

and [26,41–43] for some recent papers on the subject). It is known that Abelian factors in the bundle structure

group give rise to a gauging of certain axion shift symmetries in the four dimensional effective theory. In our

context, for each line bundle, La, in V , the Kähler axions, χi, the supersymmetric partners of the Kähler

moduli, ti, acquire the following transformation4

δχi = −ci1(La)ηa , (3.5)

with transformation parameter ηa. Note that, from Eq. (2.2), only four of these transformation, corresponding

to the four U(1) symmetries, are independent. Each such transformation leads to a D-term which schematically

reads

Da =
µ(La)

κ
−
∑

I

QaI |CI |
2 . (3.6)

Here, κ = dijktitjtk is the Kähler moduli space pre-potential with the triple intersection numbers dijk of X

and CI are matter fields and bundle moduli with charges QaI under S(U(1)5). The slope, µ(La), of the line

bundle La is defined as

µ(La) = ci1(La)κi with κi = dijkt
jtk . (3.7)

4The equations below receive a one loop correction due to a non-trivial shift of the dilatonic and M5-brane axions. This has been

explicitly studied in Ref. [26,42] but will be neglected in the present context as it does not affect our discussion.
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An example:
CY data: ü Cicy 7862,  Symmetry 3

X =

2
2
2
2

hHXL = -128 h1,1HXL = 4 h2,1HXL = 68 c2HTXL = 824, 24, 24, 24<

k = 12 t1 t2 t3+12 t1 t2 t4+12 t1 t3 t4+12 t2 t3 t4

symmetry: 3 order: 4

Abelian: True block diagonal: True factors: 82, 2<

Action on coordinates: :

1 0 0 0 0 0 0 0
0 -1 0 0 0 0 0 0
0 0 1 0 0 0 0 0
0 0 0 -1 0 0 0 0
0 0 0 0 1 0 0 0
0 0 0 0 0 -1 0 0
0 0 0 0 0 0 1 0
0 0 0 0 0 0 0 -1

,

0 1 0 0 0 0 0 0
1 0 0 0 0 0 0 0
0 0 0 1 0 0 0 0
0 0 1 0 0 0 0 0
0 0 0 0 0 1 0 0
0 0 0 0 1 0 0 0
0 0 0 0 0 0 0 1
0 0 0 0 0 0 1 0

>

Action on polynomials: 8H 1 L, H 1 L<

The standard model of particle physics from string theory



An example:
CY data: ü Cicy 7862,  Symmetry 3

X =

2
2
2
2

hHXL = -128 h1,1HXL = 4 h2,1HXL = 68 c2HTXL = 824, 24, 24, 24<

k = 12 t1 t2 t3+12 t1 t2 t4+12 t1 t3 t4+12 t2 t3 t4

symmetry: 3 order: 4

Abelian: True block diagonal: True factors: 82, 2<

Action on coordinates: :

1 0 0 0 0 0 0 0
0 -1 0 0 0 0 0 0
0 0 1 0 0 0 0 0
0 0 0 -1 0 0 0 0
0 0 0 0 1 0 0 0
0 0 0 0 0 -1 0 0
0 0 0 0 0 0 1 0
0 0 0 0 0 0 0 -1

,

0 1 0 0 0 0 0 0
1 0 0 0 0 0 0 0
0 0 0 1 0 0 0 0
0 0 1 0 0 0 0 0
0 0 0 0 0 1 0 0
0 0 0 0 1 0 0 0
0 0 0 0 0 0 0 1
0 0 0 0 0 0 1 0

>

Action on polynomials: 8H 1 L, H 1 L<

CY: tetra-quadric in P1 ⇥ P1 ⇥ P1 ⇥ P1

The standard model of particle physics from string theory



An example:
CY data: ü Cicy 7862,  Symmetry 3

X =

2
2
2
2

hHXL = -128 h1,1HXL = 4 h2,1HXL = 68 c2HTXL = 824, 24, 24, 24<

k = 12 t1 t2 t3+12 t1 t2 t4+12 t1 t3 t4+12 t2 t3 t4

symmetry: 3 order: 4

Abelian: True block diagonal: True factors: 82, 2<

Action on coordinates: :

1 0 0 0 0 0 0 0
0 -1 0 0 0 0 0 0
0 0 1 0 0 0 0 0
0 0 0 -1 0 0 0 0
0 0 0 0 1 0 0 0
0 0 0 0 0 -1 0 0
0 0 0 0 0 0 1 0
0 0 0 0 0 0 0 -1

,

0 1 0 0 0 0 0 0
1 0 0 0 0 0 0 0
0 0 0 1 0 0 0 0
0 0 1 0 0 0 0 0
0 0 0 0 0 1 0 0
0 0 0 0 1 0 0 0
0 0 0 0 0 0 0 1
0 0 0 0 0 0 1 0

>

Action on polynomials: 8H 1 L, H 1 L<

CY: tetra-quadric in P1 ⇥ P1 ⇥ P1 ⇥ P1

topological data

The standard model of particle physics from string theory



An example:
CY data: ü Cicy 7862,  Symmetry 3

X =

2
2
2
2

hHXL = -128 h1,1HXL = 4 h2,1HXL = 68 c2HTXL = 824, 24, 24, 24<

k = 12 t1 t2 t3+12 t1 t2 t4+12 t1 t3 t4+12 t2 t3 t4

symmetry: 3 order: 4

Abelian: True block diagonal: True factors: 82, 2<

Action on coordinates: :

1 0 0 0 0 0 0 0
0 -1 0 0 0 0 0 0
0 0 1 0 0 0 0 0
0 0 0 -1 0 0 0 0
0 0 0 0 1 0 0 0
0 0 0 0 0 -1 0 0
0 0 0 0 0 0 1 0
0 0 0 0 0 0 0 -1

,

0 1 0 0 0 0 0 0
1 0 0 0 0 0 0 0
0 0 0 1 0 0 0 0
0 0 1 0 0 0 0 0
0 0 0 0 0 1 0 0
0 0 0 0 1 0 0 0
0 0 0 0 0 0 0 1
0 0 0 0 0 0 1 0

>

Action on polynomials: 8H 1 L, H 1 L<

CY: tetra-quadric in P1 ⇥ P1 ⇥ P1 ⇥ P1

topological data
volume

The standard model of particle physics from string theory



An example:
CY data: ü Cicy 7862,  Symmetry 3

X =

2
2
2
2

hHXL = -128 h1,1HXL = 4 h2,1HXL = 68 c2HTXL = 824, 24, 24, 24<

k = 12 t1 t2 t3+12 t1 t2 t4+12 t1 t3 t4+12 t2 t3 t4

symmetry: 3 order: 4

Abelian: True block diagonal: True factors: 82, 2<

Action on coordinates: :

1 0 0 0 0 0 0 0
0 -1 0 0 0 0 0 0
0 0 1 0 0 0 0 0
0 0 0 -1 0 0 0 0
0 0 0 0 1 0 0 0
0 0 0 0 0 -1 0 0
0 0 0 0 0 0 1 0
0 0 0 0 0 0 0 -1

,

0 1 0 0 0 0 0 0
1 0 0 0 0 0 0 0
0 0 0 1 0 0 0 0
0 0 1 0 0 0 0 0
0 0 0 0 0 1 0 0
0 0 0 0 1 0 0 0
0 0 0 0 0 0 0 1
0 0 0 0 0 0 1 0

>

Action on polynomials: 8H 1 L, H 1 L<

CY: tetra-quadric in P1 ⇥ P1 ⇥ P1 ⇥ P1

topological data
volume

Z2 ⇥ Z2 generators

The standard model of particle physics from string theory



bundle data: 

Z2 xZ2 models with non-zero up Yukawa rank and dim 4 proton decay operators forbidden at Abelian locus
In[52]:= l4sel = Quiet@Select@l4models, HYuRank ê. ÒL@@2DD > 0 && HDim4ProtonQ ê. ÒL@@1DD ã True &DD;

In[53]:= Length@l4selD

Out[53]= 4

In[54]:= For@i = 1, i § Length@l4selD, i++, PrintLineModel@l4sel@@iDD, OutFormat Ø "full"DD

ü Model number 1,   Identifier {7862, 4, 3}
ü Basic properties

standard model? True massless UH1L: 1 number of 5 5 pairs: 3 c2HVL = 824, 8, 20, 12<

V: HkiaL =

-1 -1 0 1 1
0 -3 1 1 1
0 2 -1 -1 0
1 2 0 -1 -2

Cohomology of V:

L2 = 8-1, -3, 2, 2< h@L2D = 80, 8, 0, 0< h@L2,RD = 880, 0, 0, 0<, 82, 2, 2, 2<, 80, 0, 0, 0<, 80, 0, 0, 0<<
L5 = 81, 1, 0, -2< h@L5D = 80, 4, 0, 0< h@L5,RD = 880, 0, 0, 0<, 81, 1, 1, 1<, 80, 0, 0, 0<, 80, 0, 0, 0<<
L2µL4 = 80, -2, 1, 1< h@L2µL4D = 80, 4, 0, 0< h@L2µL4,RD = 880, 0, 0, 0<, 81, 1, 1, 1<, 80, 0, 0, 0<, 80, 0, 0, 0<<
L2µL5 = 80, -2, 2, 0< h@L2µL5D = 80, 3, 3, 0< h@L2µL5,RD = 880, 0, 0, 0<, 80, 1, 1, 1<, 80, 1, 1, 1<, 80, 0, 0, 0<<
L4µL5 = 82, 2, -1, -3< h@L4µL5D = 80, 8, 0, 0< h@L4µL5,RD = 880, 0, 0, 0<, 82, 2, 2, 2<, 80, 0, 0, 0<, 80, 0, 0, 0<<
L1µL2* = 80, 3, -2, -1< h@L1µL2*D = 80, 0, 12, 0< h@L1µL2*,RD = 880, 0, 0, 0<, 80, 0, 0, 0<, 83, 3, 3, 3<, 80, 0, 0, 0<<
L1µL5* = 8-2, -1, 0, 3< h@L1µL5*D = 80, 0, 12, 0< h@L1µL5*,RD = 880, 0, 0, 0<, 80, 0, 0, 0<, 83, 3, 3, 3<, 80, 0, 0, 0<<
L2µL3* = 8-1, -4, 3, 2< h@L2µL3*D = 80, 20, 0, 0< h@L2µL3*,RD = 880, 0, 0, 0<, 85, 5, 5, 5<, 80, 0, 0, 0<, 80, 0, 0, 0<<
L2µL4* = 8-2, -4, 3, 3< h@L2µL4*D = 80, 12, 0, 0< h@L2µL4*,RD = 880, 0, 0, 0<, 83, 3, 3, 3<, 80, 0, 0, 0<, 80, 0, 0, 0<<
L3µL5* = 8-1, 0, -1, 2< h@L3µL5*D = 80, 0, 4, 0< h@L3µL5*,RD = 880, 0, 0, 0<, 80, 0, 0, 0<, 81, 1, 1, 1<, 80, 0, 0, 0<<

Wilson line: 880, 0<, 80, 1<< Equivariant structure: 880, 0<, 80, 0<, 80, 0<, 80, 0<, 80, 0<< Higgs pairs: 1

Downstairs spectrum: :2 102, 105, 52,4, 2 54,5, H2,5, H2,5, 3 S2,1, 3 S5,1, 5 S2,3, 3 S2,4, S5,3> Phys. Higgs: :H2,5, H2,5>

Transfer format: 886, 1, 1, 4, 6, 5, 9, 9, 8, 10, 1, 7, 17<, 86, 6, -1, -1, -1, -1<<

rkHYHuLL = 82, 2< rkHYHdLLL = 80, 0< dim. 4 operators absent: 8True, True< dim. 5 operators absent: 8True, True<

ü Operators
basic superpotential terms:

H10p10q: YHuL =
H 0 L H 0 L H 1 L

H 0 L H 0 L H 1 L

H 1 L H 1 L H 0 L

H5p10q: YHdL =
H 0 L H 0 L H 0 L

H 0 L H 0 L H 0 L

H 0 L H 0 L H 0 L

HH: m = 81<

Wsing = 80<

R-parity violating terms in superpotential:

HLp: r =

0
S2,4
S2,4

10p5q5r: l = 88880<, 80<, 80<<, 880<, 80<, 80<<, 880<, 80<, 80<<<, 8880<, 80<, 80<<, 880<, 80<, 80<<, 880<, 80<, 80<<<, 8880<, 80<, 80<<, 880<, 80<, 80<<, 880<, 80<, 80<<<<

Dimension 5 operators in superpotential:

5p10q10r10s: l' = 888880<, 80<, 80<<, 880<, 80<, 80<<, 880<, 80<, 80<<<, 8880<, 80<, 80<<, 880<, 80<, 80<<, 880<, 80<, 80<<<, 8880<, 80<, 80<<, 880<, 80<, 80<<, 880<, 80<, 80<<<<,
88880<, 80<, 80<<, 880<, 80<, 80<<, 880<, 80<, 80<<<, 8880<, 80<, 80<<, 880<, 80<, 80<<, 880<, 80<, 80<<<, 8880<, 80<, 80<<, 880<, 80<, 80<<, 880<, 80<, 80<<<<, 88880<, 80<, 80<<, 880<, 80<, 80<<, 880<, 80<, 80<<<, 8880<, 80<, 80<<, 880<, 80<, 80<<, 880<, 80<, 80<<<, 8880<, 80<, 80<<, 880<, 80<, 80<<, 880<, 80<, 80<<<<<

D-terms:

FI-terms: kiaki =

4 t1 t2 + 4 t1 t3 - 4 t2 t4 - 4 t3 t4
16 t1 t2 - 4 t1 t3 + 4 t2 t3 - 4 t1 t4 + 4 t2 t4 - 16 t3 t4

-4 t1 t2 + 4 t1 t3 - 4 t2 t4 + 4 t3 t4
-8 t1 t2 + 8 t3 t4

-8 t1 t2 - 4 t1 t3 - 4 t2 t3 + 4 t1 t4 + 4 t2 t4 + 8 t3 t4

singlet D-terms: qaaSaS
b
=

-S2,1 S†2,1 -S5,1 S†5,1
S2,1 S†2,1 +S2,3 S†2,3 +S2,4 S†2,4

-S2,3 S†2,3 -S5,3 S†5,3
-S2,4 S†2,4

S5,1 S†5,1 +S5,3 S†5,3

Kinetic terms:

GM term: m
è
= 80<

5p5q †: KH5L = 9981<, 9S2,1 S†5,1, S2,3 S†5,3=, 9S2,1 S†5,1, S2,3 S†5,3==, 99S5,1 S†2,1, S5,3 S†2,3=, 81<, 81<=, 99S5,1 S†2,1, S5,3 S†2,3=, 81<, 81<==

10p10q †: KH10L = 9981<, 81<, 9S5,1 S†2,1, S5,3 S†2,3==, 981<, 81<, 9S5,1 S†2,1, S5,3 S†2,3==, 99S2,1 S†5,1, S2,3 S†5,3=, 9S2,1 S†5,1, S2,3 S†5,3=, 81<==

LpH†: r
`
=

9S2,4 S5,1 S†2,1, S2,4 S5,3 S†2,3=
9S2,4=
9S2,4=



bundle data: 

Z2 xZ2 models with non-zero up Yukawa rank and dim 4 proton decay operators forbidden at Abelian locus
In[52]:= l4sel = Quiet@Select@l4models, HYuRank ê. ÒL@@2DD > 0 && HDim4ProtonQ ê. ÒL@@1DD ã True &DD;

In[53]:= Length@l4selD

Out[53]= 4

In[54]:= For@i = 1, i § Length@l4selD, i++, PrintLineModel@l4sel@@iDD, OutFormat Ø "full"DD

ü Model number 1,   Identifier {7862, 4, 3}
ü Basic properties

standard model? True massless UH1L: 1 number of 5 5 pairs: 3 c2HVL = 824, 8, 20, 12<

V: HkiaL =

-1 -1 0 1 1
0 -3 1 1 1
0 2 -1 -1 0
1 2 0 -1 -2

Cohomology of V:

L2 = 8-1, -3, 2, 2< h@L2D = 80, 8, 0, 0< h@L2,RD = 880, 0, 0, 0<, 82, 2, 2, 2<, 80, 0, 0, 0<, 80, 0, 0, 0<<
L5 = 81, 1, 0, -2< h@L5D = 80, 4, 0, 0< h@L5,RD = 880, 0, 0, 0<, 81, 1, 1, 1<, 80, 0, 0, 0<, 80, 0, 0, 0<<
L2µL4 = 80, -2, 1, 1< h@L2µL4D = 80, 4, 0, 0< h@L2µL4,RD = 880, 0, 0, 0<, 81, 1, 1, 1<, 80, 0, 0, 0<, 80, 0, 0, 0<<
L2µL5 = 80, -2, 2, 0< h@L2µL5D = 80, 3, 3, 0< h@L2µL5,RD = 880, 0, 0, 0<, 80, 1, 1, 1<, 80, 1, 1, 1<, 80, 0, 0, 0<<
L4µL5 = 82, 2, -1, -3< h@L4µL5D = 80, 8, 0, 0< h@L4µL5,RD = 880, 0, 0, 0<, 82, 2, 2, 2<, 80, 0, 0, 0<, 80, 0, 0, 0<<
L1µL2* = 80, 3, -2, -1< h@L1µL2*D = 80, 0, 12, 0< h@L1µL2*,RD = 880, 0, 0, 0<, 80, 0, 0, 0<, 83, 3, 3, 3<, 80, 0, 0, 0<<
L1µL5* = 8-2, -1, 0, 3< h@L1µL5*D = 80, 0, 12, 0< h@L1µL5*,RD = 880, 0, 0, 0<, 80, 0, 0, 0<, 83, 3, 3, 3<, 80, 0, 0, 0<<
L2µL3* = 8-1, -4, 3, 2< h@L2µL3*D = 80, 20, 0, 0< h@L2µL3*,RD = 880, 0, 0, 0<, 85, 5, 5, 5<, 80, 0, 0, 0<, 80, 0, 0, 0<<
L2µL4* = 8-2, -4, 3, 3< h@L2µL4*D = 80, 12, 0, 0< h@L2µL4*,RD = 880, 0, 0, 0<, 83, 3, 3, 3<, 80, 0, 0, 0<, 80, 0, 0, 0<<
L3µL5* = 8-1, 0, -1, 2< h@L3µL5*D = 80, 0, 4, 0< h@L3µL5*,RD = 880, 0, 0, 0<, 80, 0, 0, 0<, 81, 1, 1, 1<, 80, 0, 0, 0<<

Wilson line: 880, 0<, 80, 1<< Equivariant structure: 880, 0<, 80, 0<, 80, 0<, 80, 0<, 80, 0<< Higgs pairs: 1

Downstairs spectrum: :2 102, 105, 52,4, 2 54,5, H2,5, H2,5, 3 S2,1, 3 S5,1, 5 S2,3, 3 S2,4, S5,3> Phys. Higgs: :H2,5, H2,5>

Transfer format: 886, 1, 1, 4, 6, 5, 9, 9, 8, 10, 1, 7, 17<, 86, 6, -1, -1, -1, -1<<

rkHYHuLL = 82, 2< rkHYHdLLL = 80, 0< dim. 4 operators absent: 8True, True< dim. 5 operators absent: 8True, True<

ü Operators
basic superpotential terms:

H10p10q: YHuL =
H 0 L H 0 L H 1 L

H 0 L H 0 L H 1 L

H 1 L H 1 L H 0 L

H5p10q: YHdL =
H 0 L H 0 L H 0 L

H 0 L H 0 L H 0 L

H 0 L H 0 L H 0 L

HH: m = 81<

Wsing = 80<

R-parity violating terms in superpotential:

HLp: r =

0
S2,4
S2,4

10p5q5r: l = 88880<, 80<, 80<<, 880<, 80<, 80<<, 880<, 80<, 80<<<, 8880<, 80<, 80<<, 880<, 80<, 80<<, 880<, 80<, 80<<<, 8880<, 80<, 80<<, 880<, 80<, 80<<, 880<, 80<, 80<<<<

Dimension 5 operators in superpotential:

5p10q10r10s: l' = 888880<, 80<, 80<<, 880<, 80<, 80<<, 880<, 80<, 80<<<, 8880<, 80<, 80<<, 880<, 80<, 80<<, 880<, 80<, 80<<<, 8880<, 80<, 80<<, 880<, 80<, 80<<, 880<, 80<, 80<<<<,
88880<, 80<, 80<<, 880<, 80<, 80<<, 880<, 80<, 80<<<, 8880<, 80<, 80<<, 880<, 80<, 80<<, 880<, 80<, 80<<<, 8880<, 80<, 80<<, 880<, 80<, 80<<, 880<, 80<, 80<<<<, 88880<, 80<, 80<<, 880<, 80<, 80<<, 880<, 80<, 80<<<, 8880<, 80<, 80<<, 880<, 80<, 80<<, 880<, 80<, 80<<<, 8880<, 80<, 80<<, 880<, 80<, 80<<, 880<, 80<, 80<<<<<

D-terms:

FI-terms: kiaki =

4 t1 t2 + 4 t1 t3 - 4 t2 t4 - 4 t3 t4
16 t1 t2 - 4 t1 t3 + 4 t2 t3 - 4 t1 t4 + 4 t2 t4 - 16 t3 t4

-4 t1 t2 + 4 t1 t3 - 4 t2 t4 + 4 t3 t4
-8 t1 t2 + 8 t3 t4

-8 t1 t2 - 4 t1 t3 - 4 t2 t3 + 4 t1 t4 + 4 t2 t4 + 8 t3 t4

singlet D-terms: qaaSaS
b
=

-S2,1 S†2,1 -S5,1 S†5,1
S2,1 S†2,1 +S2,3 S†2,3 +S2,4 S†2,4

-S2,3 S†2,3 -S5,3 S†5,3
-S2,4 S†2,4

S5,1 S†5,1 +S5,3 S†5,3

Kinetic terms:

GM term: m
è
= 80<

5p5q †: KH5L = 9981<, 9S2,1 S†5,1, S2,3 S†5,3=, 9S2,1 S†5,1, S2,3 S†5,3==, 99S5,1 S†2,1, S5,3 S†2,3=, 81<, 81<=, 99S5,1 S†2,1, S5,3 S†2,3=, 81<, 81<==

10p10q †: KH10L = 9981<, 81<, 9S5,1 S†2,1, S5,3 S†2,3==, 981<, 81<, 9S5,1 S†2,1, S5,3 S†2,3==, 99S2,1 S†5,1, S2,3 S†5,3=, 9S2,1 S†5,1, S2,3 S†5,3=, 81<==

LpH†: r
`
=

9S2,4 S5,1 S†2,1, S2,4 S5,3 S†2,3=
9S2,4=
9S2,4=

integer matrix defining line bundle sum



bundle data: 

Z2 xZ2 models with non-zero up Yukawa rank and dim 4 proton decay operators forbidden at Abelian locus
In[52]:= l4sel = Quiet@Select@l4models, HYuRank ê. ÒL@@2DD > 0 && HDim4ProtonQ ê. ÒL@@1DD ã True &DD;

In[53]:= Length@l4selD

Out[53]= 4

In[54]:= For@i = 1, i § Length@l4selD, i++, PrintLineModel@l4sel@@iDD, OutFormat Ø "full"DD

ü Model number 1,   Identifier {7862, 4, 3}
ü Basic properties

standard model? True massless UH1L: 1 number of 5 5 pairs: 3 c2HVL = 824, 8, 20, 12<

V: HkiaL =

-1 -1 0 1 1
0 -3 1 1 1
0 2 -1 -1 0
1 2 0 -1 -2

Cohomology of V:

L2 = 8-1, -3, 2, 2< h@L2D = 80, 8, 0, 0< h@L2,RD = 880, 0, 0, 0<, 82, 2, 2, 2<, 80, 0, 0, 0<, 80, 0, 0, 0<<
L5 = 81, 1, 0, -2< h@L5D = 80, 4, 0, 0< h@L5,RD = 880, 0, 0, 0<, 81, 1, 1, 1<, 80, 0, 0, 0<, 80, 0, 0, 0<<
L2µL4 = 80, -2, 1, 1< h@L2µL4D = 80, 4, 0, 0< h@L2µL4,RD = 880, 0, 0, 0<, 81, 1, 1, 1<, 80, 0, 0, 0<, 80, 0, 0, 0<<
L2µL5 = 80, -2, 2, 0< h@L2µL5D = 80, 3, 3, 0< h@L2µL5,RD = 880, 0, 0, 0<, 80, 1, 1, 1<, 80, 1, 1, 1<, 80, 0, 0, 0<<
L4µL5 = 82, 2, -1, -3< h@L4µL5D = 80, 8, 0, 0< h@L4µL5,RD = 880, 0, 0, 0<, 82, 2, 2, 2<, 80, 0, 0, 0<, 80, 0, 0, 0<<
L1µL2* = 80, 3, -2, -1< h@L1µL2*D = 80, 0, 12, 0< h@L1µL2*,RD = 880, 0, 0, 0<, 80, 0, 0, 0<, 83, 3, 3, 3<, 80, 0, 0, 0<<
L1µL5* = 8-2, -1, 0, 3< h@L1µL5*D = 80, 0, 12, 0< h@L1µL5*,RD = 880, 0, 0, 0<, 80, 0, 0, 0<, 83, 3, 3, 3<, 80, 0, 0, 0<<
L2µL3* = 8-1, -4, 3, 2< h@L2µL3*D = 80, 20, 0, 0< h@L2µL3*,RD = 880, 0, 0, 0<, 85, 5, 5, 5<, 80, 0, 0, 0<, 80, 0, 0, 0<<
L2µL4* = 8-2, -4, 3, 3< h@L2µL4*D = 80, 12, 0, 0< h@L2µL4*,RD = 880, 0, 0, 0<, 83, 3, 3, 3<, 80, 0, 0, 0<, 80, 0, 0, 0<<
L3µL5* = 8-1, 0, -1, 2< h@L3µL5*D = 80, 0, 4, 0< h@L3µL5*,RD = 880, 0, 0, 0<, 80, 0, 0, 0<, 81, 1, 1, 1<, 80, 0, 0, 0<<

Wilson line: 880, 0<, 80, 1<< Equivariant structure: 880, 0<, 80, 0<, 80, 0<, 80, 0<, 80, 0<< Higgs pairs: 1

Downstairs spectrum: :2 102, 105, 52,4, 2 54,5, H2,5, H2,5, 3 S2,1, 3 S5,1, 5 S2,3, 3 S2,4, S5,3> Phys. Higgs: :H2,5, H2,5>

Transfer format: 886, 1, 1, 4, 6, 5, 9, 9, 8, 10, 1, 7, 17<, 86, 6, -1, -1, -1, -1<<

rkHYHuLL = 82, 2< rkHYHdLLL = 80, 0< dim. 4 operators absent: 8True, True< dim. 5 operators absent: 8True, True<

ü Operators
basic superpotential terms:

H10p10q: YHuL =
H 0 L H 0 L H 1 L

H 0 L H 0 L H 1 L

H 1 L H 1 L H 0 L

H5p10q: YHdL =
H 0 L H 0 L H 0 L

H 0 L H 0 L H 0 L

H 0 L H 0 L H 0 L

HH: m = 81<

Wsing = 80<

R-parity violating terms in superpotential:

HLp: r =

0
S2,4
S2,4

10p5q5r: l = 88880<, 80<, 80<<, 880<, 80<, 80<<, 880<, 80<, 80<<<, 8880<, 80<, 80<<, 880<, 80<, 80<<, 880<, 80<, 80<<<, 8880<, 80<, 80<<, 880<, 80<, 80<<, 880<, 80<, 80<<<<

Dimension 5 operators in superpotential:

5p10q10r10s: l' = 888880<, 80<, 80<<, 880<, 80<, 80<<, 880<, 80<, 80<<<, 8880<, 80<, 80<<, 880<, 80<, 80<<, 880<, 80<, 80<<<, 8880<, 80<, 80<<, 880<, 80<, 80<<, 880<, 80<, 80<<<<,
88880<, 80<, 80<<, 880<, 80<, 80<<, 880<, 80<, 80<<<, 8880<, 80<, 80<<, 880<, 80<, 80<<, 880<, 80<, 80<<<, 8880<, 80<, 80<<, 880<, 80<, 80<<, 880<, 80<, 80<<<<, 88880<, 80<, 80<<, 880<, 80<, 80<<, 880<, 80<, 80<<<, 8880<, 80<, 80<<, 880<, 80<, 80<<, 880<, 80<, 80<<<, 8880<, 80<, 80<<, 880<, 80<, 80<<, 880<, 80<, 80<<<<<

D-terms:

FI-terms: kiaki =

4 t1 t2 + 4 t1 t3 - 4 t2 t4 - 4 t3 t4
16 t1 t2 - 4 t1 t3 + 4 t2 t3 - 4 t1 t4 + 4 t2 t4 - 16 t3 t4

-4 t1 t2 + 4 t1 t3 - 4 t2 t4 + 4 t3 t4
-8 t1 t2 + 8 t3 t4

-8 t1 t2 - 4 t1 t3 - 4 t2 t3 + 4 t1 t4 + 4 t2 t4 + 8 t3 t4

singlet D-terms: qaaSaS
b
=

-S2,1 S†2,1 -S5,1 S†5,1
S2,1 S†2,1 +S2,3 S†2,3 +S2,4 S†2,4

-S2,3 S†2,3 -S5,3 S†5,3
-S2,4 S†2,4

S5,1 S†5,1 +S5,3 S†5,3

Kinetic terms:

GM term: m
è
= 80<

5p5q †: KH5L = 9981<, 9S2,1 S†5,1, S2,3 S†5,3=, 9S2,1 S†5,1, S2,3 S†5,3==, 99S5,1 S†2,1, S5,3 S†2,3=, 81<, 81<=, 99S5,1 S†2,1, S5,3 S†2,3=, 81<, 81<==

10p10q †: KH10L = 9981<, 81<, 9S5,1 S†2,1, S5,3 S†2,3==, 981<, 81<, 9S5,1 S†2,1, S5,3 S†2,3==, 99S2,1 S†5,1, S2,3 S†5,3=, 9S2,1 S†5,1, S2,3 S†5,3=, 81<==

LpH†: r
`
=

9S2,4 S5,1 S†2,1, S2,4 S5,3 S†2,3=
9S2,4=
9S2,4=

integer matrix defining line bundle sum

spectrum: 102, 102, 105, 52,4, 54,5, 54,5

312,1, 315,1, 512,3, 312,4, 15,3

, H2,5, H̄2,5



Z2 xZ2 models with non-zero up Yukawa rank and dim 4 proton decay operators forbidden at Abelian locus
In[52]:= l4sel = Quiet@Select@l4models, HYuRank ê. ÒL@@2DD > 0 && HDim4ProtonQ ê. ÒL@@1DD ã True &DD;

In[53]:= Length@l4selD

Out[53]= 4

In[54]:= For@i = 1, i § Length@l4selD, i++, PrintLineModel@l4sel@@iDD, OutFormat Ø "full"DD

ü Model number 1,   Identifier {7862, 4, 3}
ü Basic properties

standard model? True massless UH1L: 1 number of 5 5 pairs: 3 c2HVL = 824, 8, 20, 12<

V: HkiaL =

-1 -1 0 1 1
0 -3 1 1 1
0 2 -1 -1 0
1 2 0 -1 -2

Cohomology of V:

L2 = 8-1, -3, 2, 2< h@L2D = 80, 8, 0, 0< h@L2,RD = 880, 0, 0, 0<, 82, 2, 2, 2<, 80, 0, 0, 0<, 80, 0, 0, 0<<
L5 = 81, 1, 0, -2< h@L5D = 80, 4, 0, 0< h@L5,RD = 880, 0, 0, 0<, 81, 1, 1, 1<, 80, 0, 0, 0<, 80, 0, 0, 0<<
L2µL4 = 80, -2, 1, 1< h@L2µL4D = 80, 4, 0, 0< h@L2µL4,RD = 880, 0, 0, 0<, 81, 1, 1, 1<, 80, 0, 0, 0<, 80, 0, 0, 0<<
L2µL5 = 80, -2, 2, 0< h@L2µL5D = 80, 3, 3, 0< h@L2µL5,RD = 880, 0, 0, 0<, 80, 1, 1, 1<, 80, 1, 1, 1<, 80, 0, 0, 0<<
L4µL5 = 82, 2, -1, -3< h@L4µL5D = 80, 8, 0, 0< h@L4µL5,RD = 880, 0, 0, 0<, 82, 2, 2, 2<, 80, 0, 0, 0<, 80, 0, 0, 0<<
L1µL2* = 80, 3, -2, -1< h@L1µL2*D = 80, 0, 12, 0< h@L1µL2*,RD = 880, 0, 0, 0<, 80, 0, 0, 0<, 83, 3, 3, 3<, 80, 0, 0, 0<<
L1µL5* = 8-2, -1, 0, 3< h@L1µL5*D = 80, 0, 12, 0< h@L1µL5*,RD = 880, 0, 0, 0<, 80, 0, 0, 0<, 83, 3, 3, 3<, 80, 0, 0, 0<<
L2µL3* = 8-1, -4, 3, 2< h@L2µL3*D = 80, 20, 0, 0< h@L2µL3*,RD = 880, 0, 0, 0<, 85, 5, 5, 5<, 80, 0, 0, 0<, 80, 0, 0, 0<<
L2µL4* = 8-2, -4, 3, 3< h@L2µL4*D = 80, 12, 0, 0< h@L2µL4*,RD = 880, 0, 0, 0<, 83, 3, 3, 3<, 80, 0, 0, 0<, 80, 0, 0, 0<<
L3µL5* = 8-1, 0, -1, 2< h@L3µL5*D = 80, 0, 4, 0< h@L3µL5*,RD = 880, 0, 0, 0<, 80, 0, 0, 0<, 81, 1, 1, 1<, 80, 0, 0, 0<<

Wilson line: 880, 0<, 80, 1<< Equivariant structure: 880, 0<, 80, 0<, 80, 0<, 80, 0<, 80, 0<< Higgs pairs: 1

Downstairs spectrum: :2 102, 105, 52,4, 2 54,5, H2,5, H2,5, 3 S2,1, 3 S5,1, 5 S2,3, 3 S2,4, S5,3> Phys. Higgs: :H2,5, H2,5>

Transfer format: 886, 1, 1, 4, 6, 5, 9, 9, 8, 10, 1, 7, 17<, 86, 6, -1, -1, -1, -1<<

rkHYHuLL = 82, 2< rkHYHdLLL = 80, 0< dim. 4 operators absent: 8True, True< dim. 5 operators absent: 8True, True<

ü Operators
basic superpotential terms:

H10p10q: YHuL =
H 0 L H 0 L H 1 L

H 0 L H 0 L H 1 L

H 1 L H 1 L H 0 L

H5p10q: YHdL =
H 0 L H 0 L H 0 L

H 0 L H 0 L H 0 L

H 0 L H 0 L H 0 L

HH: m = 81<

Wsing = 80<

R-parity violating terms in superpotential:

HLp: r =

0
S2,4
S2,4

10p5q5r: l = 88880<, 80<, 80<<, 880<, 80<, 80<<, 880<, 80<, 80<<<, 8880<, 80<, 80<<, 880<, 80<, 80<<, 880<, 80<, 80<<<, 8880<, 80<, 80<<, 880<, 80<, 80<<, 880<, 80<, 80<<<<

Dimension 5 operators in superpotential:

5p10q10r10s: l' = 888880<, 80<, 80<<, 880<, 80<, 80<<, 880<, 80<, 80<<<, 8880<, 80<, 80<<, 880<, 80<, 80<<, 880<, 80<, 80<<<, 8880<, 80<, 80<<, 880<, 80<, 80<<, 880<, 80<, 80<<<<,
88880<, 80<, 80<<, 880<, 80<, 80<<, 880<, 80<, 80<<<, 8880<, 80<, 80<<, 880<, 80<, 80<<, 880<, 80<, 80<<<, 8880<, 80<, 80<<, 880<, 80<, 80<<, 880<, 80<, 80<<<<, 88880<, 80<, 80<<, 880<, 80<, 80<<, 880<, 80<, 80<<<, 8880<, 80<, 80<<, 880<, 80<, 80<<, 880<, 80<, 80<<<, 8880<, 80<, 80<<, 880<, 80<, 80<<, 880<, 80<, 80<<<<<

D-terms:

FI-terms: kiaki =

4 t1 t2 + 4 t1 t3 - 4 t2 t4 - 4 t3 t4
16 t1 t2 - 4 t1 t3 + 4 t2 t3 - 4 t1 t4 + 4 t2 t4 - 16 t3 t4

-4 t1 t2 + 4 t1 t3 - 4 t2 t4 + 4 t3 t4
-8 t1 t2 + 8 t3 t4

-8 t1 t2 - 4 t1 t3 - 4 t2 t3 + 4 t1 t4 + 4 t2 t4 + 8 t3 t4

singlet D-terms: qaaSaS
b
=

-S2,1 S†2,1 -S5,1 S†5,1
S2,1 S†2,1 +S2,3 S†2,3 +S2,4 S†2,4

-S2,3 S†2,3 -S5,3 S†5,3
-S2,4 S†2,4

S5,1 S†5,1 +S5,3 S†5,3

Kinetic terms:

GM term: m
è
= 80<

5p5q †: KH5L = 9981<, 9S2,1 S†5,1, S2,3 S†5,3=, 9S2,1 S†5,1, S2,3 S†5,3==, 99S5,1 S†2,1, S5,3 S†2,3=, 81<, 81<=, 99S5,1 S†2,1, S5,3 S†2,3=, 81<, 81<==

10p10q †: KH10L = 9981<, 81<, 9S5,1 S†2,1, S5,3 S†2,3==, 981<, 81<, 9S5,1 S†2,1, S5,3 S†2,3==, 99S2,1 S†5,1, S2,3 S†5,3=, 9S2,1 S†5,1, S2,3 S†5,3=, 81<==

LpH†: r
`
=

9S2,4 S5,1 S†2,1, S2,4 S5,3 S†2,3=
9S2,4=
9S2,4=

allowed operators: 



Z2 xZ2 models with non-zero up Yukawa rank and dim 4 proton decay operators forbidden at Abelian locus
In[52]:= l4sel = Quiet@Select@l4models, HYuRank ê. ÒL@@2DD > 0 && HDim4ProtonQ ê. ÒL@@1DD ã True &DD;

In[53]:= Length@l4selD

Out[53]= 4

In[54]:= For@i = 1, i § Length@l4selD, i++, PrintLineModel@l4sel@@iDD, OutFormat Ø "full"DD

ü Model number 1,   Identifier {7862, 4, 3}
ü Basic properties

standard model? True massless UH1L: 1 number of 5 5 pairs: 3 c2HVL = 824, 8, 20, 12<

V: HkiaL =

-1 -1 0 1 1
0 -3 1 1 1
0 2 -1 -1 0
1 2 0 -1 -2

Cohomology of V:

L2 = 8-1, -3, 2, 2< h@L2D = 80, 8, 0, 0< h@L2,RD = 880, 0, 0, 0<, 82, 2, 2, 2<, 80, 0, 0, 0<, 80, 0, 0, 0<<
L5 = 81, 1, 0, -2< h@L5D = 80, 4, 0, 0< h@L5,RD = 880, 0, 0, 0<, 81, 1, 1, 1<, 80, 0, 0, 0<, 80, 0, 0, 0<<
L2µL4 = 80, -2, 1, 1< h@L2µL4D = 80, 4, 0, 0< h@L2µL4,RD = 880, 0, 0, 0<, 81, 1, 1, 1<, 80, 0, 0, 0<, 80, 0, 0, 0<<
L2µL5 = 80, -2, 2, 0< h@L2µL5D = 80, 3, 3, 0< h@L2µL5,RD = 880, 0, 0, 0<, 80, 1, 1, 1<, 80, 1, 1, 1<, 80, 0, 0, 0<<
L4µL5 = 82, 2, -1, -3< h@L4µL5D = 80, 8, 0, 0< h@L4µL5,RD = 880, 0, 0, 0<, 82, 2, 2, 2<, 80, 0, 0, 0<, 80, 0, 0, 0<<
L1µL2* = 80, 3, -2, -1< h@L1µL2*D = 80, 0, 12, 0< h@L1µL2*,RD = 880, 0, 0, 0<, 80, 0, 0, 0<, 83, 3, 3, 3<, 80, 0, 0, 0<<
L1µL5* = 8-2, -1, 0, 3< h@L1µL5*D = 80, 0, 12, 0< h@L1µL5*,RD = 880, 0, 0, 0<, 80, 0, 0, 0<, 83, 3, 3, 3<, 80, 0, 0, 0<<
L2µL3* = 8-1, -4, 3, 2< h@L2µL3*D = 80, 20, 0, 0< h@L2µL3*,RD = 880, 0, 0, 0<, 85, 5, 5, 5<, 80, 0, 0, 0<, 80, 0, 0, 0<<
L2µL4* = 8-2, -4, 3, 3< h@L2µL4*D = 80, 12, 0, 0< h@L2µL4*,RD = 880, 0, 0, 0<, 83, 3, 3, 3<, 80, 0, 0, 0<, 80, 0, 0, 0<<
L3µL5* = 8-1, 0, -1, 2< h@L3µL5*D = 80, 0, 4, 0< h@L3µL5*,RD = 880, 0, 0, 0<, 80, 0, 0, 0<, 81, 1, 1, 1<, 80, 0, 0, 0<<

Wilson line: 880, 0<, 80, 1<< Equivariant structure: 880, 0<, 80, 0<, 80, 0<, 80, 0<, 80, 0<< Higgs pairs: 1

Downstairs spectrum: :2 102, 105, 52,4, 2 54,5, H2,5, H2,5, 3 S2,1, 3 S5,1, 5 S2,3, 3 S2,4, S5,3> Phys. Higgs: :H2,5, H2,5>

Transfer format: 886, 1, 1, 4, 6, 5, 9, 9, 8, 10, 1, 7, 17<, 86, 6, -1, -1, -1, -1<<

rkHYHuLL = 82, 2< rkHYHdLLL = 80, 0< dim. 4 operators absent: 8True, True< dim. 5 operators absent: 8True, True<

ü Operators
basic superpotential terms:

H10p10q: YHuL =
H 0 L H 0 L H 1 L

H 0 L H 0 L H 1 L

H 1 L H 1 L H 0 L

H5p10q: YHdL =
H 0 L H 0 L H 0 L

H 0 L H 0 L H 0 L

H 0 L H 0 L H 0 L

HH: m = 81<

Wsing = 80<

R-parity violating terms in superpotential:

HLp: r =

0
S2,4
S2,4

10p5q5r: l = 88880<, 80<, 80<<, 880<, 80<, 80<<, 880<, 80<, 80<<<, 8880<, 80<, 80<<, 880<, 80<, 80<<, 880<, 80<, 80<<<, 8880<, 80<, 80<<, 880<, 80<, 80<<, 880<, 80<, 80<<<<

Dimension 5 operators in superpotential:

5p10q10r10s: l' = 888880<, 80<, 80<<, 880<, 80<, 80<<, 880<, 80<, 80<<<, 8880<, 80<, 80<<, 880<, 80<, 80<<, 880<, 80<, 80<<<, 8880<, 80<, 80<<, 880<, 80<, 80<<, 880<, 80<, 80<<<<,
88880<, 80<, 80<<, 880<, 80<, 80<<, 880<, 80<, 80<<<, 8880<, 80<, 80<<, 880<, 80<, 80<<, 880<, 80<, 80<<<, 8880<, 80<, 80<<, 880<, 80<, 80<<, 880<, 80<, 80<<<<, 88880<, 80<, 80<<, 880<, 80<, 80<<, 880<, 80<, 80<<<, 8880<, 80<, 80<<, 880<, 80<, 80<<, 880<, 80<, 80<<<, 8880<, 80<, 80<<, 880<, 80<, 80<<, 880<, 80<, 80<<<<<

D-terms:

FI-terms: kiaki =

4 t1 t2 + 4 t1 t3 - 4 t2 t4 - 4 t3 t4
16 t1 t2 - 4 t1 t3 + 4 t2 t3 - 4 t1 t4 + 4 t2 t4 - 16 t3 t4

-4 t1 t2 + 4 t1 t3 - 4 t2 t4 + 4 t3 t4
-8 t1 t2 + 8 t3 t4

-8 t1 t2 - 4 t1 t3 - 4 t2 t3 + 4 t1 t4 + 4 t2 t4 + 8 t3 t4

singlet D-terms: qaaSaS
b
=

-S2,1 S†2,1 -S5,1 S†5,1
S2,1 S†2,1 +S2,3 S†2,3 +S2,4 S†2,4

-S2,3 S†2,3 -S5,3 S†5,3
-S2,4 S†2,4

S5,1 S†5,1 +S5,3 S†5,3

Kinetic terms:

GM term: m
è
= 80<

5p5q †: KH5L = 9981<, 9S2,1 S†5,1, S2,3 S†5,3=, 9S2,1 S†5,1, S2,3 S†5,3==, 99S5,1 S†2,1, S5,3 S†2,3=, 81<, 81<=, 99S5,1 S†2,1, S5,3 S†2,3=, 81<, 81<==

10p10q †: KH10L = 9981<, 81<, 9S5,1 S†2,1, S5,3 S†2,3==, 981<, 81<, 9S5,1 S†2,1, S5,3 S†2,3==, 99S2,1 S†5,1, S2,3 S†5,3=, 9S2,1 S†5,1, S2,3 S†5,3=, 81<==

LpH†: r
`
=

9S2,4 S5,1 S†2,1, S2,4 S5,3 S†2,3=
9S2,4=
9S2,4=

rank 2 

allowed operators: 



Z2 xZ2 models with non-zero up Yukawa rank and dim 4 proton decay operators forbidden at Abelian locus
In[52]:= l4sel = Quiet@Select@l4models, HYuRank ê. ÒL@@2DD > 0 && HDim4ProtonQ ê. ÒL@@1DD ã True &DD;

In[53]:= Length@l4selD

Out[53]= 4

In[54]:= For@i = 1, i § Length@l4selD, i++, PrintLineModel@l4sel@@iDD, OutFormat Ø "full"DD

ü Model number 1,   Identifier {7862, 4, 3}
ü Basic properties

standard model? True massless UH1L: 1 number of 5 5 pairs: 3 c2HVL = 824, 8, 20, 12<

V: HkiaL =

-1 -1 0 1 1
0 -3 1 1 1
0 2 -1 -1 0
1 2 0 -1 -2

Cohomology of V:

L2 = 8-1, -3, 2, 2< h@L2D = 80, 8, 0, 0< h@L2,RD = 880, 0, 0, 0<, 82, 2, 2, 2<, 80, 0, 0, 0<, 80, 0, 0, 0<<
L5 = 81, 1, 0, -2< h@L5D = 80, 4, 0, 0< h@L5,RD = 880, 0, 0, 0<, 81, 1, 1, 1<, 80, 0, 0, 0<, 80, 0, 0, 0<<
L2µL4 = 80, -2, 1, 1< h@L2µL4D = 80, 4, 0, 0< h@L2µL4,RD = 880, 0, 0, 0<, 81, 1, 1, 1<, 80, 0, 0, 0<, 80, 0, 0, 0<<
L2µL5 = 80, -2, 2, 0< h@L2µL5D = 80, 3, 3, 0< h@L2µL5,RD = 880, 0, 0, 0<, 80, 1, 1, 1<, 80, 1, 1, 1<, 80, 0, 0, 0<<
L4µL5 = 82, 2, -1, -3< h@L4µL5D = 80, 8, 0, 0< h@L4µL5,RD = 880, 0, 0, 0<, 82, 2, 2, 2<, 80, 0, 0, 0<, 80, 0, 0, 0<<
L1µL2* = 80, 3, -2, -1< h@L1µL2*D = 80, 0, 12, 0< h@L1µL2*,RD = 880, 0, 0, 0<, 80, 0, 0, 0<, 83, 3, 3, 3<, 80, 0, 0, 0<<
L1µL5* = 8-2, -1, 0, 3< h@L1µL5*D = 80, 0, 12, 0< h@L1µL5*,RD = 880, 0, 0, 0<, 80, 0, 0, 0<, 83, 3, 3, 3<, 80, 0, 0, 0<<
L2µL3* = 8-1, -4, 3, 2< h@L2µL3*D = 80, 20, 0, 0< h@L2µL3*,RD = 880, 0, 0, 0<, 85, 5, 5, 5<, 80, 0, 0, 0<, 80, 0, 0, 0<<
L2µL4* = 8-2, -4, 3, 3< h@L2µL4*D = 80, 12, 0, 0< h@L2µL4*,RD = 880, 0, 0, 0<, 83, 3, 3, 3<, 80, 0, 0, 0<, 80, 0, 0, 0<<
L3µL5* = 8-1, 0, -1, 2< h@L3µL5*D = 80, 0, 4, 0< h@L3µL5*,RD = 880, 0, 0, 0<, 80, 0, 0, 0<, 81, 1, 1, 1<, 80, 0, 0, 0<<

Wilson line: 880, 0<, 80, 1<< Equivariant structure: 880, 0<, 80, 0<, 80, 0<, 80, 0<, 80, 0<< Higgs pairs: 1

Downstairs spectrum: :2 102, 105, 52,4, 2 54,5, H2,5, H2,5, 3 S2,1, 3 S5,1, 5 S2,3, 3 S2,4, S5,3> Phys. Higgs: :H2,5, H2,5>

Transfer format: 886, 1, 1, 4, 6, 5, 9, 9, 8, 10, 1, 7, 17<, 86, 6, -1, -1, -1, -1<<

rkHYHuLL = 82, 2< rkHYHdLLL = 80, 0< dim. 4 operators absent: 8True, True< dim. 5 operators absent: 8True, True<

ü Operators
basic superpotential terms:

H10p10q: YHuL =
H 0 L H 0 L H 1 L

H 0 L H 0 L H 1 L

H 1 L H 1 L H 0 L

H5p10q: YHdL =
H 0 L H 0 L H 0 L

H 0 L H 0 L H 0 L

H 0 L H 0 L H 0 L

HH: m = 81<

Wsing = 80<

R-parity violating terms in superpotential:

HLp: r =

0
S2,4
S2,4

10p5q5r: l = 88880<, 80<, 80<<, 880<, 80<, 80<<, 880<, 80<, 80<<<, 8880<, 80<, 80<<, 880<, 80<, 80<<, 880<, 80<, 80<<<, 8880<, 80<, 80<<, 880<, 80<, 80<<, 880<, 80<, 80<<<<

Dimension 5 operators in superpotential:

5p10q10r10s: l' = 888880<, 80<, 80<<, 880<, 80<, 80<<, 880<, 80<, 80<<<, 8880<, 80<, 80<<, 880<, 80<, 80<<, 880<, 80<, 80<<<, 8880<, 80<, 80<<, 880<, 80<, 80<<, 880<, 80<, 80<<<<,
88880<, 80<, 80<<, 880<, 80<, 80<<, 880<, 80<, 80<<<, 8880<, 80<, 80<<, 880<, 80<, 80<<, 880<, 80<, 80<<<, 8880<, 80<, 80<<, 880<, 80<, 80<<, 880<, 80<, 80<<<<, 88880<, 80<, 80<<, 880<, 80<, 80<<, 880<, 80<, 80<<<, 8880<, 80<, 80<<, 880<, 80<, 80<<, 880<, 80<, 80<<<, 8880<, 80<, 80<<, 880<, 80<, 80<<, 880<, 80<, 80<<<<<

D-terms:

FI-terms: kiaki =

4 t1 t2 + 4 t1 t3 - 4 t2 t4 - 4 t3 t4
16 t1 t2 - 4 t1 t3 + 4 t2 t3 - 4 t1 t4 + 4 t2 t4 - 16 t3 t4

-4 t1 t2 + 4 t1 t3 - 4 t2 t4 + 4 t3 t4
-8 t1 t2 + 8 t3 t4

-8 t1 t2 - 4 t1 t3 - 4 t2 t3 + 4 t1 t4 + 4 t2 t4 + 8 t3 t4

singlet D-terms: qaaSaS
b
=

-S2,1 S†2,1 -S5,1 S†5,1
S2,1 S†2,1 +S2,3 S†2,3 +S2,4 S†2,4

-S2,3 S†2,3 -S5,3 S†5,3
-S2,4 S†2,4

S5,1 S†5,1 +S5,3 S†5,3

Kinetic terms:

GM term: m
è
= 80<

5p5q †: KH5L = 9981<, 9S2,1 S†5,1, S2,3 S†5,3=, 9S2,1 S†5,1, S2,3 S†5,3==, 99S5,1 S†2,1, S5,3 S†2,3=, 81<, 81<=, 99S5,1 S†2,1, S5,3 S†2,3=, 81<, 81<==

10p10q †: KH10L = 9981<, 81<, 9S5,1 S†2,1, S5,3 S†2,3==, 981<, 81<, 9S5,1 S†2,1, S5,3 S†2,3==, 99S2,1 S†5,1, S2,3 S†5,3=, 9S2,1 S†5,1, S2,3 S†5,3=, 81<==

LpH†: r
`
=

9S2,4 S5,1 S†2,1, S2,4 S5,3 S†2,3=
9S2,4=
9S2,4=

rank 2 

rank 0 

allowed operators: 



Z2 xZ2 models with non-zero up Yukawa rank and dim 4 proton decay operators forbidden at Abelian locus
In[52]:= l4sel = Quiet@Select@l4models, HYuRank ê. ÒL@@2DD > 0 && HDim4ProtonQ ê. ÒL@@1DD ã True &DD;

In[53]:= Length@l4selD

Out[53]= 4

In[54]:= For@i = 1, i § Length@l4selD, i++, PrintLineModel@l4sel@@iDD, OutFormat Ø "full"DD

ü Model number 1,   Identifier {7862, 4, 3}
ü Basic properties

standard model? True massless UH1L: 1 number of 5 5 pairs: 3 c2HVL = 824, 8, 20, 12<

V: HkiaL =

-1 -1 0 1 1
0 -3 1 1 1
0 2 -1 -1 0
1 2 0 -1 -2

Cohomology of V:

L2 = 8-1, -3, 2, 2< h@L2D = 80, 8, 0, 0< h@L2,RD = 880, 0, 0, 0<, 82, 2, 2, 2<, 80, 0, 0, 0<, 80, 0, 0, 0<<
L5 = 81, 1, 0, -2< h@L5D = 80, 4, 0, 0< h@L5,RD = 880, 0, 0, 0<, 81, 1, 1, 1<, 80, 0, 0, 0<, 80, 0, 0, 0<<
L2µL4 = 80, -2, 1, 1< h@L2µL4D = 80, 4, 0, 0< h@L2µL4,RD = 880, 0, 0, 0<, 81, 1, 1, 1<, 80, 0, 0, 0<, 80, 0, 0, 0<<
L2µL5 = 80, -2, 2, 0< h@L2µL5D = 80, 3, 3, 0< h@L2µL5,RD = 880, 0, 0, 0<, 80, 1, 1, 1<, 80, 1, 1, 1<, 80, 0, 0, 0<<
L4µL5 = 82, 2, -1, -3< h@L4µL5D = 80, 8, 0, 0< h@L4µL5,RD = 880, 0, 0, 0<, 82, 2, 2, 2<, 80, 0, 0, 0<, 80, 0, 0, 0<<
L1µL2* = 80, 3, -2, -1< h@L1µL2*D = 80, 0, 12, 0< h@L1µL2*,RD = 880, 0, 0, 0<, 80, 0, 0, 0<, 83, 3, 3, 3<, 80, 0, 0, 0<<
L1µL5* = 8-2, -1, 0, 3< h@L1µL5*D = 80, 0, 12, 0< h@L1µL5*,RD = 880, 0, 0, 0<, 80, 0, 0, 0<, 83, 3, 3, 3<, 80, 0, 0, 0<<
L2µL3* = 8-1, -4, 3, 2< h@L2µL3*D = 80, 20, 0, 0< h@L2µL3*,RD = 880, 0, 0, 0<, 85, 5, 5, 5<, 80, 0, 0, 0<, 80, 0, 0, 0<<
L2µL4* = 8-2, -4, 3, 3< h@L2µL4*D = 80, 12, 0, 0< h@L2µL4*,RD = 880, 0, 0, 0<, 83, 3, 3, 3<, 80, 0, 0, 0<, 80, 0, 0, 0<<
L3µL5* = 8-1, 0, -1, 2< h@L3µL5*D = 80, 0, 4, 0< h@L3µL5*,RD = 880, 0, 0, 0<, 80, 0, 0, 0<, 81, 1, 1, 1<, 80, 0, 0, 0<<

Wilson line: 880, 0<, 80, 1<< Equivariant structure: 880, 0<, 80, 0<, 80, 0<, 80, 0<, 80, 0<< Higgs pairs: 1

Downstairs spectrum: :2 102, 105, 52,4, 2 54,5, H2,5, H2,5, 3 S2,1, 3 S5,1, 5 S2,3, 3 S2,4, S5,3> Phys. Higgs: :H2,5, H2,5>

Transfer format: 886, 1, 1, 4, 6, 5, 9, 9, 8, 10, 1, 7, 17<, 86, 6, -1, -1, -1, -1<<

rkHYHuLL = 82, 2< rkHYHdLLL = 80, 0< dim. 4 operators absent: 8True, True< dim. 5 operators absent: 8True, True<

ü Operators
basic superpotential terms:

H10p10q: YHuL =
H 0 L H 0 L H 1 L

H 0 L H 0 L H 1 L

H 1 L H 1 L H 0 L

H5p10q: YHdL =
H 0 L H 0 L H 0 L

H 0 L H 0 L H 0 L

H 0 L H 0 L H 0 L

HH: m = 81<

Wsing = 80<

R-parity violating terms in superpotential:

HLp: r =

0
S2,4
S2,4

10p5q5r: l = 88880<, 80<, 80<<, 880<, 80<, 80<<, 880<, 80<, 80<<<, 8880<, 80<, 80<<, 880<, 80<, 80<<, 880<, 80<, 80<<<, 8880<, 80<, 80<<, 880<, 80<, 80<<, 880<, 80<, 80<<<<

Dimension 5 operators in superpotential:

5p10q10r10s: l' = 888880<, 80<, 80<<, 880<, 80<, 80<<, 880<, 80<, 80<<<, 8880<, 80<, 80<<, 880<, 80<, 80<<, 880<, 80<, 80<<<, 8880<, 80<, 80<<, 880<, 80<, 80<<, 880<, 80<, 80<<<<,
88880<, 80<, 80<<, 880<, 80<, 80<<, 880<, 80<, 80<<<, 8880<, 80<, 80<<, 880<, 80<, 80<<, 880<, 80<, 80<<<, 8880<, 80<, 80<<, 880<, 80<, 80<<, 880<, 80<, 80<<<<, 88880<, 80<, 80<<, 880<, 80<, 80<<, 880<, 80<, 80<<<, 8880<, 80<, 80<<, 880<, 80<, 80<<, 880<, 80<, 80<<<, 8880<, 80<, 80<<, 880<, 80<, 80<<, 880<, 80<, 80<<<<<

D-terms:

FI-terms: kiaki =

4 t1 t2 + 4 t1 t3 - 4 t2 t4 - 4 t3 t4
16 t1 t2 - 4 t1 t3 + 4 t2 t3 - 4 t1 t4 + 4 t2 t4 - 16 t3 t4

-4 t1 t2 + 4 t1 t3 - 4 t2 t4 + 4 t3 t4
-8 t1 t2 + 8 t3 t4

-8 t1 t2 - 4 t1 t3 - 4 t2 t3 + 4 t1 t4 + 4 t2 t4 + 8 t3 t4

singlet D-terms: qaaSaS
b
=

-S2,1 S†2,1 -S5,1 S†5,1
S2,1 S†2,1 +S2,3 S†2,3 +S2,4 S†2,4

-S2,3 S†2,3 -S5,3 S†5,3
-S2,4 S†2,4

S5,1 S†5,1 +S5,3 S†5,3

Kinetic terms:

GM term: m
è
= 80<

5p5q †: KH5L = 9981<, 9S2,1 S†5,1, S2,3 S†5,3=, 9S2,1 S†5,1, S2,3 S†5,3==, 99S5,1 S†2,1, S5,3 S†2,3=, 81<, 81<=, 99S5,1 S†2,1, S5,3 S†2,3=, 81<, 81<==

10p10q †: KH10L = 9981<, 81<, 9S5,1 S†2,1, S5,3 S†2,3==, 981<, 81<, 9S5,1 S†2,1, S5,3 S†2,3==, 99S2,1 S†5,1, S2,3 S†5,3=, 9S2,1 S†5,1, S2,3 S†5,3=, 81<==

LpH†: r
`
=

9S2,4 S5,1 S†2,1, S2,4 S5,3 S†2,3=
9S2,4=
9S2,4=

rank 2 

rank 0 
µ-term vanishes

allowed operators: 



Z2 xZ2 models with non-zero up Yukawa rank and dim 4 proton decay operators forbidden at Abelian locus
In[52]:= l4sel = Quiet@Select@l4models, HYuRank ê. ÒL@@2DD > 0 && HDim4ProtonQ ê. ÒL@@1DD ã True &DD;

In[53]:= Length@l4selD

Out[53]= 4

In[54]:= For@i = 1, i § Length@l4selD, i++, PrintLineModel@l4sel@@iDD, OutFormat Ø "full"DD

ü Model number 1,   Identifier {7862, 4, 3}
ü Basic properties

standard model? True massless UH1L: 1 number of 5 5 pairs: 3 c2HVL = 824, 8, 20, 12<

V: HkiaL =

-1 -1 0 1 1
0 -3 1 1 1
0 2 -1 -1 0
1 2 0 -1 -2

Cohomology of V:

L2 = 8-1, -3, 2, 2< h@L2D = 80, 8, 0, 0< h@L2,RD = 880, 0, 0, 0<, 82, 2, 2, 2<, 80, 0, 0, 0<, 80, 0, 0, 0<<
L5 = 81, 1, 0, -2< h@L5D = 80, 4, 0, 0< h@L5,RD = 880, 0, 0, 0<, 81, 1, 1, 1<, 80, 0, 0, 0<, 80, 0, 0, 0<<
L2µL4 = 80, -2, 1, 1< h@L2µL4D = 80, 4, 0, 0< h@L2µL4,RD = 880, 0, 0, 0<, 81, 1, 1, 1<, 80, 0, 0, 0<, 80, 0, 0, 0<<
L2µL5 = 80, -2, 2, 0< h@L2µL5D = 80, 3, 3, 0< h@L2µL5,RD = 880, 0, 0, 0<, 80, 1, 1, 1<, 80, 1, 1, 1<, 80, 0, 0, 0<<
L4µL5 = 82, 2, -1, -3< h@L4µL5D = 80, 8, 0, 0< h@L4µL5,RD = 880, 0, 0, 0<, 82, 2, 2, 2<, 80, 0, 0, 0<, 80, 0, 0, 0<<
L1µL2* = 80, 3, -2, -1< h@L1µL2*D = 80, 0, 12, 0< h@L1µL2*,RD = 880, 0, 0, 0<, 80, 0, 0, 0<, 83, 3, 3, 3<, 80, 0, 0, 0<<
L1µL5* = 8-2, -1, 0, 3< h@L1µL5*D = 80, 0, 12, 0< h@L1µL5*,RD = 880, 0, 0, 0<, 80, 0, 0, 0<, 83, 3, 3, 3<, 80, 0, 0, 0<<
L2µL3* = 8-1, -4, 3, 2< h@L2µL3*D = 80, 20, 0, 0< h@L2µL3*,RD = 880, 0, 0, 0<, 85, 5, 5, 5<, 80, 0, 0, 0<, 80, 0, 0, 0<<
L2µL4* = 8-2, -4, 3, 3< h@L2µL4*D = 80, 12, 0, 0< h@L2µL4*,RD = 880, 0, 0, 0<, 83, 3, 3, 3<, 80, 0, 0, 0<, 80, 0, 0, 0<<
L3µL5* = 8-1, 0, -1, 2< h@L3µL5*D = 80, 0, 4, 0< h@L3µL5*,RD = 880, 0, 0, 0<, 80, 0, 0, 0<, 81, 1, 1, 1<, 80, 0, 0, 0<<

Wilson line: 880, 0<, 80, 1<< Equivariant structure: 880, 0<, 80, 0<, 80, 0<, 80, 0<, 80, 0<< Higgs pairs: 1

Downstairs spectrum: :2 102, 105, 52,4, 2 54,5, H2,5, H2,5, 3 S2,1, 3 S5,1, 5 S2,3, 3 S2,4, S5,3> Phys. Higgs: :H2,5, H2,5>

Transfer format: 886, 1, 1, 4, 6, 5, 9, 9, 8, 10, 1, 7, 17<, 86, 6, -1, -1, -1, -1<<

rkHYHuLL = 82, 2< rkHYHdLLL = 80, 0< dim. 4 operators absent: 8True, True< dim. 5 operators absent: 8True, True<

ü Operators
basic superpotential terms:

H10p10q: YHuL =
H 0 L H 0 L H 1 L

H 0 L H 0 L H 1 L

H 1 L H 1 L H 0 L

H5p10q: YHdL =
H 0 L H 0 L H 0 L

H 0 L H 0 L H 0 L

H 0 L H 0 L H 0 L

HH: m = 81<

Wsing = 80<

R-parity violating terms in superpotential:

HLp: r =

0
S2,4
S2,4

10p5q5r: l = 88880<, 80<, 80<<, 880<, 80<, 80<<, 880<, 80<, 80<<<, 8880<, 80<, 80<<, 880<, 80<, 80<<, 880<, 80<, 80<<<, 8880<, 80<, 80<<, 880<, 80<, 80<<, 880<, 80<, 80<<<<

Dimension 5 operators in superpotential:

5p10q10r10s: l' = 888880<, 80<, 80<<, 880<, 80<, 80<<, 880<, 80<, 80<<<, 8880<, 80<, 80<<, 880<, 80<, 80<<, 880<, 80<, 80<<<, 8880<, 80<, 80<<, 880<, 80<, 80<<, 880<, 80<, 80<<<<,
88880<, 80<, 80<<, 880<, 80<, 80<<, 880<, 80<, 80<<<, 8880<, 80<, 80<<, 880<, 80<, 80<<, 880<, 80<, 80<<<, 8880<, 80<, 80<<, 880<, 80<, 80<<, 880<, 80<, 80<<<<, 88880<, 80<, 80<<, 880<, 80<, 80<<, 880<, 80<, 80<<<, 8880<, 80<, 80<<, 880<, 80<, 80<<, 880<, 80<, 80<<<, 8880<, 80<, 80<<, 880<, 80<, 80<<, 880<, 80<, 80<<<<<

D-terms:

FI-terms: kiaki =

4 t1 t2 + 4 t1 t3 - 4 t2 t4 - 4 t3 t4
16 t1 t2 - 4 t1 t3 + 4 t2 t3 - 4 t1 t4 + 4 t2 t4 - 16 t3 t4

-4 t1 t2 + 4 t1 t3 - 4 t2 t4 + 4 t3 t4
-8 t1 t2 + 8 t3 t4

-8 t1 t2 - 4 t1 t3 - 4 t2 t3 + 4 t1 t4 + 4 t2 t4 + 8 t3 t4

singlet D-terms: qaaSaS
b
=

-S2,1 S†2,1 -S5,1 S†5,1
S2,1 S†2,1 +S2,3 S†2,3 +S2,4 S†2,4

-S2,3 S†2,3 -S5,3 S†5,3
-S2,4 S†2,4

S5,1 S†5,1 +S5,3 S†5,3

Kinetic terms:

GM term: m
è
= 80<

5p5q †: KH5L = 9981<, 9S2,1 S†5,1, S2,3 S†5,3=, 9S2,1 S†5,1, S2,3 S†5,3==, 99S5,1 S†2,1, S5,3 S†2,3=, 81<, 81<=, 99S5,1 S†2,1, S5,3 S†2,3=, 81<, 81<==

10p10q †: KH10L = 9981<, 81<, 9S5,1 S†2,1, S5,3 S†2,3==, 981<, 81<, 9S5,1 S†2,1, S5,3 S†2,3==, 99S2,1 S†5,1, S2,3 S†5,3=, 9S2,1 S†5,1, S2,3 S†5,3=, 81<==

LpH†: r
`
=

9S2,4 S5,1 S†2,1, S2,4 S5,3 S†2,3=
9S2,4=
9S2,4=

rank 2 

rank 0 
µ-term vanishes

zero for            , non-zero otherwise h12,4i = 0

allowed operators: 



Z2 xZ2 models with non-zero up Yukawa rank and dim 4 proton decay operators forbidden at Abelian locus
In[52]:= l4sel = Quiet@Select@l4models, HYuRank ê. ÒL@@2DD > 0 && HDim4ProtonQ ê. ÒL@@1DD ã True &DD;

In[53]:= Length@l4selD

Out[53]= 4

In[54]:= For@i = 1, i § Length@l4selD, i++, PrintLineModel@l4sel@@iDD, OutFormat Ø "full"DD

ü Model number 1,   Identifier {7862, 4, 3}
ü Basic properties

standard model? True massless UH1L: 1 number of 5 5 pairs: 3 c2HVL = 824, 8, 20, 12<

V: HkiaL =

-1 -1 0 1 1
0 -3 1 1 1
0 2 -1 -1 0
1 2 0 -1 -2

Cohomology of V:

L2 = 8-1, -3, 2, 2< h@L2D = 80, 8, 0, 0< h@L2,RD = 880, 0, 0, 0<, 82, 2, 2, 2<, 80, 0, 0, 0<, 80, 0, 0, 0<<
L5 = 81, 1, 0, -2< h@L5D = 80, 4, 0, 0< h@L5,RD = 880, 0, 0, 0<, 81, 1, 1, 1<, 80, 0, 0, 0<, 80, 0, 0, 0<<
L2µL4 = 80, -2, 1, 1< h@L2µL4D = 80, 4, 0, 0< h@L2µL4,RD = 880, 0, 0, 0<, 81, 1, 1, 1<, 80, 0, 0, 0<, 80, 0, 0, 0<<
L2µL5 = 80, -2, 2, 0< h@L2µL5D = 80, 3, 3, 0< h@L2µL5,RD = 880, 0, 0, 0<, 80, 1, 1, 1<, 80, 1, 1, 1<, 80, 0, 0, 0<<
L4µL5 = 82, 2, -1, -3< h@L4µL5D = 80, 8, 0, 0< h@L4µL5,RD = 880, 0, 0, 0<, 82, 2, 2, 2<, 80, 0, 0, 0<, 80, 0, 0, 0<<
L1µL2* = 80, 3, -2, -1< h@L1µL2*D = 80, 0, 12, 0< h@L1µL2*,RD = 880, 0, 0, 0<, 80, 0, 0, 0<, 83, 3, 3, 3<, 80, 0, 0, 0<<
L1µL5* = 8-2, -1, 0, 3< h@L1µL5*D = 80, 0, 12, 0< h@L1µL5*,RD = 880, 0, 0, 0<, 80, 0, 0, 0<, 83, 3, 3, 3<, 80, 0, 0, 0<<
L2µL3* = 8-1, -4, 3, 2< h@L2µL3*D = 80, 20, 0, 0< h@L2µL3*,RD = 880, 0, 0, 0<, 85, 5, 5, 5<, 80, 0, 0, 0<, 80, 0, 0, 0<<
L2µL4* = 8-2, -4, 3, 3< h@L2µL4*D = 80, 12, 0, 0< h@L2µL4*,RD = 880, 0, 0, 0<, 83, 3, 3, 3<, 80, 0, 0, 0<, 80, 0, 0, 0<<
L3µL5* = 8-1, 0, -1, 2< h@L3µL5*D = 80, 0, 4, 0< h@L3µL5*,RD = 880, 0, 0, 0<, 80, 0, 0, 0<, 81, 1, 1, 1<, 80, 0, 0, 0<<

Wilson line: 880, 0<, 80, 1<< Equivariant structure: 880, 0<, 80, 0<, 80, 0<, 80, 0<, 80, 0<< Higgs pairs: 1

Downstairs spectrum: :2 102, 105, 52,4, 2 54,5, H2,5, H2,5, 3 S2,1, 3 S5,1, 5 S2,3, 3 S2,4, S5,3> Phys. Higgs: :H2,5, H2,5>

Transfer format: 886, 1, 1, 4, 6, 5, 9, 9, 8, 10, 1, 7, 17<, 86, 6, -1, -1, -1, -1<<

rkHYHuLL = 82, 2< rkHYHdLLL = 80, 0< dim. 4 operators absent: 8True, True< dim. 5 operators absent: 8True, True<

ü Operators
basic superpotential terms:

H10p10q: YHuL =
H 0 L H 0 L H 1 L

H 0 L H 0 L H 1 L

H 1 L H 1 L H 0 L

H5p10q: YHdL =
H 0 L H 0 L H 0 L

H 0 L H 0 L H 0 L

H 0 L H 0 L H 0 L

HH: m = 81<

Wsing = 80<

R-parity violating terms in superpotential:

HLp: r =

0
S2,4
S2,4

10p5q5r: l = 88880<, 80<, 80<<, 880<, 80<, 80<<, 880<, 80<, 80<<<, 8880<, 80<, 80<<, 880<, 80<, 80<<, 880<, 80<, 80<<<, 8880<, 80<, 80<<, 880<, 80<, 80<<, 880<, 80<, 80<<<<

Dimension 5 operators in superpotential:

5p10q10r10s: l' = 888880<, 80<, 80<<, 880<, 80<, 80<<, 880<, 80<, 80<<<, 8880<, 80<, 80<<, 880<, 80<, 80<<, 880<, 80<, 80<<<, 8880<, 80<, 80<<, 880<, 80<, 80<<, 880<, 80<, 80<<<<,
88880<, 80<, 80<<, 880<, 80<, 80<<, 880<, 80<, 80<<<, 8880<, 80<, 80<<, 880<, 80<, 80<<, 880<, 80<, 80<<<, 8880<, 80<, 80<<, 880<, 80<, 80<<, 880<, 80<, 80<<<<, 88880<, 80<, 80<<, 880<, 80<, 80<<, 880<, 80<, 80<<<, 8880<, 80<, 80<<, 880<, 80<, 80<<, 880<, 80<, 80<<<, 8880<, 80<, 80<<, 880<, 80<, 80<<, 880<, 80<, 80<<<<<

D-terms:

FI-terms: kiaki =

4 t1 t2 + 4 t1 t3 - 4 t2 t4 - 4 t3 t4
16 t1 t2 - 4 t1 t3 + 4 t2 t3 - 4 t1 t4 + 4 t2 t4 - 16 t3 t4

-4 t1 t2 + 4 t1 t3 - 4 t2 t4 + 4 t3 t4
-8 t1 t2 + 8 t3 t4

-8 t1 t2 - 4 t1 t3 - 4 t2 t3 + 4 t1 t4 + 4 t2 t4 + 8 t3 t4

singlet D-terms: qaaSaS
b
=

-S2,1 S†2,1 -S5,1 S†5,1
S2,1 S†2,1 +S2,3 S†2,3 +S2,4 S†2,4

-S2,3 S†2,3 -S5,3 S†5,3
-S2,4 S†2,4

S5,1 S†5,1 +S5,3 S†5,3

Kinetic terms:

GM term: m
è
= 80<

5p5q †: KH5L = 9981<, 9S2,1 S†5,1, S2,3 S†5,3=, 9S2,1 S†5,1, S2,3 S†5,3==, 99S5,1 S†2,1, S5,3 S†2,3=, 81<, 81<=, 99S5,1 S†2,1, S5,3 S†2,3=, 81<, 81<==

10p10q †: KH10L = 9981<, 81<, 9S5,1 S†2,1, S5,3 S†2,3==, 981<, 81<, 9S5,1 S†2,1, S5,3 S†2,3==, 99S2,1 S†5,1, S2,3 S†5,3=, 9S2,1 S†5,1, S2,3 S†5,3=, 81<==

LpH†: r
`
=

9S2,4 S5,1 S†2,1, S2,4 S5,3 S†2,3=
9S2,4=
9S2,4=

rank 2 

rank 0 
µ-term vanishes

zero for            , non-zero otherwise h12,4i = 0

proton

stable 

allowed operators: 
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Requires scanning over         bundles  ⇠ 1040 (kia)
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Roughly, a factor 10 more models per CY for each

additional Kahler parameter!



Conclusion

• String theory has all generic ingredients to account for 
 observed particle physics.

• Detailed model building now allows construction of models with 
 the correct spectrum.

• Finer details, such as the values of Yukawa couplings, are within  
 reach but a fully realistic model has yet to be found.

• Possible string physics beyond the standard model includes  
 supersymmetry, additional U(1) gauge symmetries, axions,  
 SM singlets, . . . Details depend on model. 



Open problems:

• Details of moduli stabilisation and supersymmetry breaking.

• Many hard mathematical problems related to computation of  
 couplings for CY compactifications.

• What is the number of string standard models?

• How to go beyond CY manifolds: G2 manifolds, G-structure 
 manifolds, non-geometric compactifications, . . .  
 -> much of the required mathematics not yet available
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• How to go beyond CY manifolds: G2 manifolds, G-structure 
 manifolds, non-geometric compactifications, . . .  
 -> much of the required mathematics not yet available

Is the choice of topology arbitrary or will string theory  
provide a mechanism to select a specific topology?





Thanks


