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Overview

® Introduction: Heterotic Calabi-Yau compactifications
® Heterotic line bundle models

® A standard model data base

® A standard model example

® Phenomenological issues

® Conclusion and outlook
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Introduction

Data to define a heterotic N=1, d=4 Calabi-Yau compacitification:

- A Calabi-Yau 3-fold X

- A stable holomorphic vector bundle V' on X
with structure group G C SU(n) C Ex

- Anomaly condition: ca (V') < co(T'X)

(hidden sector with 5-branes and/or bundle)
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Introduction

Data to define a heterotic N=1, d=4 Calabi-Yau compacitification:

- A Calabi-Yau 3-fold X

- A stable holomorphic vector bundle VV on X N=1, D=4
with structure group G C SU(n) C Ex GUT Model

- Anomaly condition: ca(V) < co(T'X)

(hidden sector with 5-branes and/or bundle)
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Introduction

Data to define a heterotic N=1, d=4 Calabi-Yau compacitification:

- A Calabi-Yau 3-fold X

- A stable holomorphic vector bundle VV on X N=1, D=4
with structure group G C SU(n) C Ex GUT Model

- Anomaly condition: ca(V) < co(T'X)

(hidden sector with 5-branes and/or bundle)

- freely acting symmetry I on X, so X = X/T
IS smooth and non simply-connected

- bundle V' needs to be equivariant so it
descends to a bundle VV on X

- complete bundle V @ W with Wilson line W
to break GUT group
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Introduction

Data to define a heterotic N=1, d=4 Calabi-Yau compacitification:

- A Calabi-Yau 3-fold X

- A stable holomorphic vector bundle V' on X
with structure group G C SU(n) C Ex

- Anomaly condition: ca(V) < co(T'X)

(hidden sector with 5-branes and/or bundle)

- freely acting symmetry I on X, so X = X/T
IS smooth and non simply-connected

- bundle V' needs to be equivariant so it
descends to a bundle V' on X

- complete bundle V @ W with Wilson line W
to break GUT group

N=1, D=4
GUT Model

N=1, D=4
standard-like
model
(hopefully)
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Frequently: structure group G = SU(5) C Eg with commutant =
low energy gauge group SU(5) is used.

2485, — [(1,24) & (5,10) & (5,10) ® (10,5) © (10,5) & (24, 1)] g7 (5)x sU/(5)
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Frequently: structure group G = SU(5) C Eg with commutant =
low energy gauge group SU(5) is used.

2485, — [(1,24) & (5,10) & (5,10) ® (10,5) © (10,5) & (24, 1)] g7 (5)x sU/(5)

— SU(H) 10, 5, 1
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Frequently: structure group G = SU(5) C Eg with commutant =
low energy gauge group SU(5) is used.

2485, — [(1,24) © (5,10) & (5,10) & (10,5) © (10,5) & (24, 1)] g7 (5)x sU/(5)

— SU(5) GUT with matter in 10, 5, 1 (plus mirrors)

Observation: bundle structure groups can (and often do)
split at special loci in moduli space and the low-energy
gauge group enhances. For example:

bundle gauge group
SU(() — S(U4) x U(1)) SU(5) — SU(5) x U(1)

Wednesday, September 14, 2011



Frequently: structure group G = SU(5) C Es With commutant =
low energy gauge group SU(5) is used.

2485, — [(1,24) © (5,10) & (5,10) & (10,5) © (10,5) & (24, 1)] g7 (5)x sU/(5)

— SU(5) GUT with matter in 10, 5, 1 (plus mirrors)

Observation: bundle structure groups can (and often do)
split at special loci in moduli space and the low-energy
gauge group enhances. For example:

bundle gauge group
SU(() — S(U4) x U(1)) SU(5) — SU(5) x U(1)

Here, we study bundles with a "maximal” splitting:

SU(5) — S(U(1)%) SU(5) — SU(5) x U(1)?
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Key features:

@ Gauge fields are Abelian and bundle is a sum of line
bundles -> much easier to handle technically

@ Abelian bundle still carries many of the properties
of the generic non-Abelian bundle

® We have to remember that Abelian bundle usually
resides in a larger, non-Abelian bundle moduli space.
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Heterotic line bundle models

CY manifold X with 11 (X) Kahler parameters t*,
Kahler form J =1t'J;, and freely acting symmetry T".
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Heterotic line bundle models

CY manifold X with 11 (X) Kahler parameters t*,
Kahler form J =1t'J;, and freely acting symmetry T".

Line bundles on X: classified by first Chern class,
L = Ox(k)denotes line bundle with c¢;(L) = k*J;.
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Heterotic line bundle models

CY manifold X with 11 (X) Kahler parameters t*,
Kahler form J =1t'J;, and freely acting symmetry T".

Line bundles on X: classified by first Chern class,
L = Ox(k)denotes line bundle with c¢;(L) = k*J;.

Bundle V with structure group S(U(1)°):

5 5 5
V= Li=POx(ks where c(V)=3 kiJ;=0

a=1 a=1 a=1
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Heterotic line bundle models

CY manifold X with 11 (X) Kahler parameters t*,
Kahler form J =1t'J;, and freely acting symmetry T".

Line bundles on X: classified by first Chern class,
L = Ox(k)denotes line bundle with c¢;(L) = k*J;.

Bundle V with structure group S(U(1)°):

5 5 5
V=P Li=POx(ki) where (V)= kiJi=0
a=1

a=1 a=1

Note: A model is specified by the integer matrix & .
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Recall: 4d gauge group is SU(5) x S(U(1)°) = SU(5) x U(1)*

Label S(U(1)°) representations by integer vectorsq = (¢1,...,¢s)
with identificationq~q iffq—-qeZ(1,1,1,1,1).

4d matter: 10, , 10_¢ , 5o 4, B—c.—eys Lo, —0,s 1—e. 4o, fOT a <D .

Wednesday, September 14, 2011



Recall: 4d gauge group is SU(5) x S(U(1)°) = SU(5) x U(1)*

Label S(U(1)°) representations by integer vectorsq = (¢1,...,¢s)
with identificationq~q iffq—-qeZ(1,1,1,1,1).

4d matter: 10, , 10_¢ , Be. 1e,s B—c.—c;» Lo, —eps 1o, 4o, TOT a < b .

multiplet | S(U(1)°) charge | associated line bundle L | contained in
10e, e, L, Vv
10_,, —e, L Vv
Be,tes e, + € L,® Ly NV
5_c,—e, —e, — € L ® L %
le, —e, €, — €p L,® Ly Vev:

1 _c,te, —e, + €p L7 ® Ly
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Recall: 4d gauge group is SU(5) x S(U(1)°) = SU(5) x U(1)*

Label S(U(1)°) representations by integer vectorsq = (¢1,...,¢s)
with identificationq~q iffq—-qeZ(1,1,1,1,1).

4d matter: 10, , 10_¢ , 5o 4, B—c.—eys Lo, —0,s 1—e. 4o, fOT a <D .

multiplet | S(U(1)°) charge | associated line bundle L | contained in
10e, e, L, Vv
10_,, —e, L Vv
Be,tes e, + € L,® Ly NV
5_c,—e, —e, — € L ® L N2V*
le, —e, €, — €p L, ® L:g Vev:

1 _c,te, —e, + €p L7 ® Ly

families and
mirror families

Wednesday, September 14, 2011



Recall: 4d gauge group is SU(5) x S(U(1)°) = SU(5) x U(1)*

Label S(U(1)°) representations by integer vectorsq = (¢1,...,¢s)
with identificationq~q iffq—-qeZ(1,1,1,1,1).

4d matter: 10, , 10_¢ , 5o 4, B—c.—eys Lo, —0,s 1—e. 4o, fOT a <D .

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

10, e, L, V

10_,, —e, L* % families and
Be, e e, + € Lo ® Ly A2V mirror families
5_c,—e —e, — €p L7 ® Ly A2V *

le,—ep €q — € L,® L} VeV C* bundle

1l e, +te, —€4 1+ € Lg ® Ly Ca_b moduli
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Recall: 4d gauge group is SU(5) x S(U(1)°) = SU(5) x U(1)*

Label S(U(1)°) representations by integer vectorsq = (¢1,...,¢s)
with identificationq~q iffq—-qeZ(1,1,1,1,1).

4d matter: 10, , 10_¢ , 5o 4, B—c.—eys Lo, —0,s 1—e. 4o, fOT a <D .

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

10, e, L, V

10_,, —e, L* V* families and
Be, e e, + € Lo ® Ly A2V mirror families
5 _e,—e, —e, — €y L, ® Lj A2V *

le,—ep €q — € L,® L} VeV C* bundle

1l e, +te, —€q 1 € Lg® Ly Ca_b moduli

Number of each multiplet type obtained from H' (X, L).

Wednesday, September 14, 2011



bundle supersymmetry: D, = kit; — »  (|CH[? — |C[?) =0

b>a

At Abelian locus (C;) =0, so slopes u(L,) = kit =0 .

—> (# linearly independent k, ) < A" (X)
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bundle supersymmetry: D, = kit; — »  (|CH[? — |C[?) =0

b>a

At Abelian locus (C;) =0, so slopes u(L,) = kit =0 .

—> (# linearly independent k, ) < A" (X)

Bundle moduli and moving away from Abelian locus:

0—L,—U—=Ly—0, Ext'(Ly,L,)=H (X,L,®L})> Cas

0Ly —U—L,—0, Ext'(Lg Ly)=H"(X,Ly®L") > Cat
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bundle supersymmetry: D, = kit; — »  (|CH[? — |C[?) =0

b>a

At Abelian locus (C;) =0, so slopes u(L,) = kit =0 .

_)(

-L

T

E linearly independent k, ) < A (X)

Bundle moduli and moving away from Abelian locus:

00— L, —U — Ly, — 0,

00— Ly —U— L, — 0,

<

C:l:

ab

(Ca

t'(Ly, Lo) = HY(X, L, ® L}) > C,

t' (Lo, Ly) 2 H (X, Ly® LX) > C,

>:O — U =L, L

)20 = U is U(2) bundle
L, & Ly is replaced by U
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What happens with additional U(1) symmetries?

—> Basically Green-Schwarz anomalous and massive!
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What happens with additional U(1) symmetries?

—> Basically Green-Schwarz anomalous and massive!

More precisely, U(1) mass matrix is My, = G;;k k] , hence
number of massless U(l)s at Abelian locus is given by

(number of massless U(1)) = 4 — rank(k?)

For all four U(1)s to be massive we need h"'(X)>5 .
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What happens with additional U(1) symmetries?

—> Basically Green-Schwarz anomalous and massive!

More precisely, U(1) mass matrix is M., = G;;k' k] , hence
number of massless U(l)s at Abelian locus is given by

(number of massless U(1)) = 4 — rank(k")

For all four U(1)s to be massive we need h"'(X)>5 .

Models with massless U(1)s are still included. Such U(1)s
can be broken spontaneously when moving away from the
Abelian locus by switching on VEVs <C§?,>.
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A standard model data base

Arena: complete intersection CY manifolds (CICYs)

CICYs defined as common zero locus X = {p, =0} Cc A of
homogeneous polynomials p; in ambient space A= Q). P

Ty

Wednesday, September 14, 2011



A standard model data base

Arena: complete intersection CY manifolds (CICYs)

CICYs defined as common zero locus X = {p, =0} Cc A of
homogeneous polynomials p; in ambient space A= Q). P

Ty

| g
_:[P)Q 3_

for example: quintic X ~ [P*|5| or bi-cubic X ~
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A standard model data base

Arena: complete intersection CY manifolds (CICYs)

CICYs defined as common zero locus X = {p, =0} cA of
homogeneous polynomials p; in ambient space A=), P" .

| g
_]:P)Q 3_

for example: quintic X ~ [P*|5| or bi-cubic X ~

Complete classification of about 8000 spaces
(Hubsch, Green, Lutken, Candelas 1987)

Classification of freely-acting discrete symmetries
(Braun, 2010)

Line bundle cohomology can be computed.
(Anderson, He, Lukas, 2008)
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The search for heterotic line bundle standard models:

® For a given CICY X with symmetry 1’ generate many integer
matrices (k) representing bundles V = &®2_,L,, L, =0Ox(k,) .

® Check that u(L,) = 0 (bundle supersymmetric) and that V'
is equivariant under T" (1 descends to X/I").

® Verify anomaly condition c2(V) < co(TX) (“global” model exists).
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The search for heterotic line bundle standard models:

® For a given CICY X with symmetry 1’ generate many integer
matrices (k) representing bundles V = &®2_,L,, L, =0Ox(k,) .

® Check that u(L,) = 0 (bundle supersymmetric) and that V'
is equivariant under T" (1 descends to X/I").

® Verify anomaly condition ca(V') < c2(T'X) (“global” model exists).

® Require A1 (X, V*) =0 (no 10 mirror families) and h'(X,V) = 3|T
(three 10 families).

— ind(A?V) = ind(V) = =3|I"| (5 chiral asymmetry is three)
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The search for heterotic line bundle standard models:

® For a given CICY X with symmetry 1’ generate many integer
matrices (k) representing bundles V = &®2_,L,, L, =0Ox(k,) .

® Check that u(L,) = 0 (bundle supersymmetric) and that V'
is equivariant under T" (1 descends to X/I").

® Verify anomaly condition ca(V') < c2(T'X) (“global” model exists).

® Require A1 (X, V*) =0 (no 10 mirror families) and h'(X,V) = 3|T
(three 10 families).

— ind(A?V) = ind(V) = =3|I"| (5 chiral asymmetry is three)

® Require ind(L, ® Ly) <0 (no chiral 5) and h'(X,L* @ L}) < ||
(Higgs triplets can be projected out).
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The search for heterotic line bundle standard models:

® For a given CICY X with symmetry 1’ generate many integer
matrices (k) representing bundles V =@®2_,L,, L, = 0Ox(k,) .

® Check that u(L,) = 0 (bundle supersymmetric) and that V'
is equivariant under T" (1 descends to X/I").

® Verify anomaly condition co(V) < c2(TX) (“global” model exists).

® Require A1 (X, V*) =0 (no 10 mirror families) and h'(X,V) = 3|T
(three 10 families).

— ind(A?V) = ind(V) = =3|I"| (5 chiral asymmetry is three)

® Require ind(L, ® Ly) <0 (no chiral 5) and h' (X, L @ L}) < ||
(Higgs triplets can be projected out).

— “heterotic standard model”: SM gauge group (plus U(1)s, massive
or massless), three MSSM families, one or more Higgs doublets,
bundle moduli (SM singlets), no exotics.
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Have scanned CICYs with symmetries and h''1 (X) < 5 (60 spaces).
(—9 -+ hl’l < kz <9 — hl’l) (Anderson, Constantin, Gray, Lukas, Palti, in prep.)

No viable models for h''(X) =1,2,3 (due to bundle supersymmetry)
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Have scanned CICYs with symmetries and h''1 (X) < 5 (60 spaces).
(—9 -+ hl’l < kz <9 — hl’l) (Anderson, Constantin, Gray, Lukas, Palti, in prep.)

No viable models for h''(X) =1,2,3 (due to bundle supersymmetry)

Find het. standard models on 15 CICYs with hl'1(X) =4,5 :

total number 1012

no massless U(1) 283
exact MSSM spectrum 217+
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Have scanned CICYs with symmetries and h''1 (X) < 5 (60 spaces).
(—9 -+ hl’l < kz <9 — hl’l) (Anderson, Constantin, Gray, Lukas, Palti, in prep.)

No viable models for h''(X) =1,2,3 (due to bundle supersymmetry)

Find het. standard models on 15 CICYs with hl'1(X) =4,5 :

total number 1012
no massless U(1) 283
exact MSSM spectrum 217+

Note: This is counting “upstairs” models. One upstairs model is often
valid for more than one symmetry and one choice of Wilson line.

—> Total number of downstairs SMs is O(10000).
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5,37

pl 1 1 0 0

pl O 0 0 2
CICY 6777: pl 0O 0 2 0 Zo

pl 2 0 0 O

p3 111 1),
(1,1,1,0,-1)(1,0,-2,-1,1)(1,-2,0,-1,1)(-1,1,1,1,-1)(-2,0,0,1,0) | (1,1,0,1,-1)(1,0,-1,0,0)(0,0,1,-1,0)(0,-2,-1,0,1)(-2,1,1,0,0)
(1,0,1,1,-1)(1,-1,0,0,0)(0,1,0,-1,0)(0,-1,-2,0,1)(-2,1,1,0,0) (1,0,0,-1,0)(1,-1,-2,0,1)(0,1,1,1,-1)(0,-1,1,0,0)(-2,1,0,0,0)
(1,0,0,-1,0)(1,-2,-1,0,1)(0,1,1,1,-1)(0,1,-1,0,0)(-2,0,1,0,0) (1,1,1,0,-1)(0,1,-1,0,0)(0,0,1,-2,0)(0,-2,-1,1,1)(-1,0,0,1,0)
(1,1,0,1,-1)(0,1,1,-2,0)(0,0,-1,1,0)(0,-2,-1,0,1)(-1,0,1,0,0) (1,1,-1,-1,0)(0,1,1,1,-1)(0,0,-1,-2,1)(0,-2,1,1,0)(-1,0,0,1,0)
(1,1,1,0,-1)(0,1,0,-2,0)(0,-1,1,0,0)(0,-1,-2,1,1)(-1,0,0,1,0) (1,0,1,1,-1)(0,1,1,-2,0)(0,-1,0,1,0)(0,-1,-2,0,1)(-1,1,0,0,0)

) ) ) )

(1,-1,1,-1,0)(0,1,1,1,-1)(0,1,-2,1,0)(0,-1,0,-2,1)(-1,0,0,1,0)
pl 1 1 0 0 o0 \°°
pl O 0 1 1 0
CICY 6890: pl O 0 0 0 2 Zo
pl 0O 0 2 0 O
p4 o111 1),

(1,1,1,0,-1)(1,0,-1,0,0)(1,-2,0,1,0)(-1,1,1,-1,0)(-2,0,-1,0,1)

1,1,1,0,-1)(1,0,-1,0,0)(0,0,1,-2,0)(0,-1,0,1,0)(-2,0,-1,1,1)

1,1,-1,-1,0)(1,0,1,1,-1)(0,0,-1,-2,1)(0,-1,0,1,0)(-2,0,1,1,0)

(
(1,1,0,1,-1)(1,0,1,-2,0)(0,0,-1,1,0)(0,-1,1,0,0)(-2,0,-1,0,1)
(1,1,1,0,-1)(1,-1,1,1,-1)(0,1,-2,-1,1)(0,-2,0,1,0)(-2,1,0,-1,1)

1,1,0,1,-1)(1,-2,1,0,0)(0,1,-1,0,0)(0,0,1,-1,0)(-2,0,-1,0,1)

(1,1,1,0,-1)(1,0,-2,1,0)(0,-2,-1,0,1)(-1,1,1,-1,0)(-1,0,1,0,0)

1,0,1,-2,0)(1,-1,0,0,0)(0,1,1,1,-1)(-1,0,0,1,0)(-1,0,-2,0,1)

(1,0,1,1,-1)(1,-2,0,1,0)(0,1,0,-1,0)(-1,1,1,-1,0)(-1,0,-2,0,1)

)(

)(

)(
(1,0,1,1,-1)(1,0,-1,0,0)(0,1,0,-1,0)(0,-2,1,0,0)(-2,1,-1,0,1)

)( ) )
(1,0,1,1,-1)(1,0,-2,1,0)(0,-1,0,1,0)(-1,1,1,-1,0)(-1,0,0,-2,1)

)( ) (

)( ) (

(1,0,0,-1,0)(1,-2,1,0,0)(0,1,1,1,-1)(-1,1,0,0,0)(-1,0,-2,0,1)

( (
( )
( ),
(1,1,1,0,-1)(1,0,0,-2,0)(0,-1,0,1,0)(-1,0,1,0,0)(-1,0,-2,1,1)
(1,1,1,0,-1)(1,-2,0,1,0)(0,1,0,-1,0)(-1,0,1,0,0)(-1,0,-2,0,1)
( ),
( ),
( )(

(
1,0,1,1,-1)(1,-2,0,0,0)(0,1,0,-1,0)(-1,1,-2,0,1)(-1,0,1,0,0)
1,1,1,0,-1)(0,1,0,-2,0)(0,0,-1,1,0)(0,-2,-1,1,1)(-1,0,1,0,0)

Pl 1 1 5,45
pl 1 1
CICY 7447: pl 11 Lo X 1o
pl 1 1
pl 11 ) 4

(0,1,0,-2,1)(0,1,-2,1,0)(0,0,1,1,-2)(0,-1,1,0,0)(0,-1,0,0,1)

(1,-2,0,0,1)(0,1,-2,0,1)(0,0,1,1,-2)(0,0,1,-1,0)(-1,1,0,0,0)

(
(1,-2,0,0,1)(0,1,0,1,-2)(0,0,1,-2,1)(0,0,-1,0,1)(-1,1,0,1,-1)

(1,-2,-1,1,1)(0,1,1,-2,0)(0,1,-1,0,0)(0,0,1,1,-2)(-1,0,0,0,1)
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5,37

pl 1 1 0 0
pl 0O 0 0 2
CICY 6777: Pl 0O 0 2 0
Pl 2 0 0 O
p3 111 1),

2o

(1,1,1,0,-1)(1,0,-2,-1,1)(1,-2,0,-1,1)(-1,1,1,1,-1)(-2,0,0,1,0)

(1,1,0,1,-1)(1,0.-1.0.0)(0.0.1.-1.0(0.-2.-1,0,1)(-2,1,1,0,0)

(1,0,1,1,-1)(1,-1,0,0,0)(0,1,0,-1,0)(0,-1,-2,0,1)(-2,1,1,0,0) <

1,0,0,-1,0)(1,-1,-2,0,1)(0,1,1,1,-1)(0,-1,1,0,0)(-2,1,0,0,0
(1,1,1,0,-1)(0,I,-T,0,0)(0,0,1,-2,0)(0,-2,-1,1,1)(-1,0,0,1,0)

(1,1,-1,-1,0)(0,1,1,1,-1)(0,0,-1,-2,1)(0,-2,1,1,0)(-1,0,0,1,0)

(1,1,1,0,-1)(0,1,0,-2,0)(0,-1,1,0,0)(0,-1,-2,1,1)(-1,0,0,1,0

(1,0,1,1,-1)(0,1,1,-2,0)(0,-1,0,1,0)(0,-1,-2,0,1)(-1,1,0,0,0)

) )
) ( ( )
(1,0,0,-1,0)(1,-2,-1,0,1)(0,1,1,1,-1)(0,1,-1,0,0)(-2,0,1,0,0)
(1,1,0,1,-1)(0,1,1,-2,0)(0,0,-1,1,0)(0,-2,-1,0,1)(-1,0,1,0,0)
) ( ( ( )

) ) )

(1,-1,1,-1,0)(0,1,1,1,-1)(0,1,-2,1,0)(0,-1,0,-2,1)(-1,0,0,1,0)
pl 1 1 0 0 o0 \°°
pl 0O 0 1 1 0
CICY 6890: pl 0O 0 0 0 2 Zo
pl 0O 0 2 0 O
p4 o111 1),

(1,1,1,0,-1)(1,0,-1,0,0)(1,-2,0,1,0)(-1,1,1,-1,0)(-2,0,-1,0,1)

1,1,1,0,-1)(1,0,-1,0,0)(0,0,1,-2,0)(0,-1,0,1,0)(-2,0,-1,1,1)

1,1,-1,-1,0)(1,0,1,1,-1)(0,0,-1,-2,1)(0,-1,0,1,0)(-2,0,1,1,0)

(
(1,1,0,1,-1)(1,0,1,-2,0)(0,0,-1,1,0)(0,-1,1,0,0)(-2,0,-1,0,1)
(1,1,1,0,-1)(1,-1,1,1,-1)(0,1,-2,-1,1)(0,-2,0,1,0)(-2,1,0,-1,1)

1,1,0,1,-1)(1,-2,1,0,0)(0,1,-1,0,0)(0,0,1,-1,0)(-2,0,-1,0,1)

(1,1,1,0,-1)(1,0,-2,1,0)(0,-2,-1,0,1)(-1,1,1,-1,0)(-1,0,1,0,0)

1,0,1,-2,0)(1,-1,0,0,0)(0,1,1,1,-1)(-1,0,0,1,0)(-1,0,-2,0,1)

1,0,1,1,-1)(1,-2,0,0,0)(0,1,0,-1,0)(-1,1,-2,0,1)(-1,0,1,0,0)

)
)
)
(1,0,1,1,-1)(1,0,-1,0,0)(0,1,0,-1,0)(0,-2,1,0,0)(-2,1,-1,0,1)
)
)
)
)

)
) )
(1,0,1,1,-1)(1,0,-2,1,0)(0,-1,0,1,0)(-1,1,1,-1,0)(-1,0,0,-2,1)
(1,0,1,1,-1)(1,-2,0,1,0)(0,1,0,-1,0)(-1,1,1,-1,0)(-1,0,-2,0,1)
(1,0,0,-1,0)(1,-2,1,0,0)(0,1,1,1,-1)(-1,1,0,0,0)(-1,0,-2,0,1)

( (
( )
( ),
(1,1,1,0,-1)(1,0,0,-2,0)(0,-1,0,1,0)(-1,0,1,0,0)(-1,0,-2,1,1)
(1,1,1,0,-1)(1,-2,0,1,0)(0,1,0,-1,0)(-1,0,1,0,0)(-1,0,-2,0,1)
( ),
( ),
( )(

1,1,1,0,-1)(0,1,0,-2,0)(0,0,-1,1,0)(0,-2,-1,1,1)(-1,0,1,0,0)

Pl 1 1 5,45
pl 1 1
CICY 7447: pl 11 Lo X 1o
pl 1 1
pl 11 ) 4

(1,-2,0,0,1)(0,1,-2,0,1)(0,0,1,1,-2)(0,0,1,-1,0)(-1,1,0,0,0)

(0,1,0,-2,1)(0,1,-2,1,0)(0,0,1,1,-2)(0,-1,1,0,0)(0,-1,0,0,1)
(1,-2,0,0,1)(0,1,0,1,-2)(0,0,1,-2,1)(0,0,-1,0,1)(-1,1,0,1,-1)

(1,-2,-1,1,1)(0,1,1,-2,0)(0,1,-1,0,0)(0,0,1,1,-2)(-1,0,0,0,1)
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A standard model example

L1 = 0x(1,0,0,—1,0), Ly = Ox(1,—1,-2,0,1), Ly = Ox(0,1,1,1, —1)
Ls=0x(0,-1,1,0,0), Ly = Ox(—2,1,0,0,0)
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A standard model example

L1 = 0x(1,0,0,—1,0), Ly = Ox(1,-1,-2,0,1), Ly = Ox(0,1,1,1,—1)
Ly=0x(0,-1,1,0,0), Ls = Ox(-2,1,0,0,0) —> all U(1)s massive
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A standard model example

L1 = 0x(1,0,0,—1,0), Ly = Ox(1,-1,-2,0,1), Ly = Ox(0,1,1,1,—1)
Ly=0x(0,-1,1,0,0), Ls = Ox(-2,1,0,0,0) —> all U(1)s massive

Non-zero cohomologies:

h* (X, L) = (0,4,0,0)

10 h* (X, Ls) = (0,2,0,0)
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A standard model example

L1 = 0x(1,0,0,—1,0), Ly = Ox(1,-1,-2,0,1), Ly = Ox(0,1,1,1,—1)
Ly=0x(0,-1,1,0,0), Ls = Ox(-2,1,0,0,0) —> all U(1)s massive

Non-zero cohomologies:

]_O . h.(Xv LQ) — (0747070) < 10927 1092
" h*(X,Ls) = (0,2,0,0) > 10¢;
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A standard model example

L1 = 0x(1,0,0,—1,0), Ly = Ox(1,-1,-2,0,1), Ly = Ox(0,1,1,1,—1)
Ly=0x(0,-1,1,0,0), Ls = Ox(-2,1,0,0,0) —> all U(1)s massive

Non-zero cohomologies:

h*(X, Ly) = (0,4,0,0) > 10,,, 10,
h*(X,Ls) = (0,2,0,0) > 10¢;

10 :

h®(X, Lo ® Ls) = (0,4,0,0)
D—9: hX,Lis®Ls)=(0,2,0,0)
h*(X,L, ® Ls) = (0,1,1,0)
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A standard model example

L1 = 0x(1,0,0,—1,0), Ly = Ox(1,-1,-2,0,1), Ly = Ox(0,1,1,1,—1)
Ly=0x(0,-1,1,0,0), Ls = Ox(-2,1,0,0,0) —> all U(1)s massive

Non-zero cohomologies:

10 : h*® (Xv LQ) — (07 4,0, O) > 1092’ 1062
" h*(X,Ls) = (0,2,0,0) > 10¢;
B h®(X,Ls ® Ly) = (0,4,0,0) > Beytesr Destes
O5—90: h*X,Ls®Ls)=(0,2,0,0) >  Deytes
° _ = H H,,
h (X, L2 X L5) = (O, 1, ]., O) > 5e2d—|—e57 5—e2—e5
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A standard model example
= 0x(1,0,0,—1,0), Ly = Ox(1,—1,-2,0,1), Ly = Ox(0,1,1,1,—1)
Ly=0x(0,-1,1,0,0), Ls = Ox(-2,1,0,0,0) —> all U(1)s massive

Non-zero cohomologies:

h*(X, Ly) = (0,4,0,0) > 10,,, 10,
h*(X,Ls) = (0,2,0,0) > 10¢;

10 :

h*(X, Ly ® L4) = (0,4,0,0) >
5—5: hX,L,®Ls)=(0,2,0,0) > De,tes
>

h.(X, Lo ® L5) — (07 1, 170) Sg;i—l-%7 511[32 es
h*(X,L; @ L%) = (0,0,4,0)
h*(X,L, ® L) = (0,0,8,0)
;. (X, Ly® L) = (0,4,0,0)
h*(X, Ly ® L%) = (0,12,0,0)
h*(X, Lo @ LE) = (0,11, 3,0)
h*(X, Ly ® LE) = (0,6,0,0)
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A standard model example

= 0x(1,0,0,—1,0), Ly = Ox(1,-1,-2,0,1), Ly = Ox(0,1,1,1,—1)
Ly=0x(0,-1,1,0,0), Ls = Ox(-2,1,0,0,0) —> all U(1)s massive

Non-zero cohomologies:

0 h* (X, Ly) = (0,4,0,0) > 10.,, 10,
" h*(X, Ls) = (0,2,0,0) > 10¢;
B h® (X, L, ® Ly) = (0,4,0,0) > Seytesr Destes
5—95: h*(X,Ls®Ls)=(0,2,0,0) > Beytes
h*(X,L,® Ls) = (0,1,1,0) > 5.4, , 5
h*(X, L, ® L%) = (0,0,4,0) Cl ey,
h'(Xa Ll ®Lg) — (0707870) 02795—91
1 . h.(X7 L2 =Y L;) (0747070) C13792_93
© R*(X,Ly® L%) = (0,12,0,0) Cieseoy
h.(X, L2 ®L*) (O 11 3 O) C5,e2—e57 06,e5—e2
h*(X,Ls® L) = (0,6,0,0) C7 oy —o
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A standard model example

= 0x(1,0,0,—1,0), Ly = Ox(1,-1,-2,0,1), Ly = Ox(0,1,1,1,—1)
Ly=0x(0,-1,1,0,0), Ls = Ox(-2,1,0,0,0) —> all U(1)s massive

Non-zero cohomologies:

10 h®(X,Ls) =(0,4,0,0) > 10¢,, 10,
" h*(X, Ls) = (0,2,0,0) > 10¢;

B h®(X,Ls ® Ly) = (0,4,0,0) > Beytesr Destes

O5—90: h*X,Ls®Ls)=(0,2,0,0) > De,te:
h*(X,L,® Ls) = (0,1,1,0) > 5.4, , 5
h®(X,L, ® L) =(0,0,4,0) Cley—e;
h'(Xa Ll & Lg) — (0707870) 02795—91

*(X,L, ® L} C3,e,—
1 : h.( , Lig & 3) (0747070) 3,e2—es3 € = <CI>

h*(X,L, ® L) = (0,12,0,0) Cle,—e,
h.(Xv Lo ®L*) (O 11,3 O) C5,e2—e57 06,e5—e2
h.(Xv Ly ® Lg) — (0767070) 07,e4—e5

Wednesday, September 14, 2011



Phenomenological issues
S(U(1)°) symmetry restricts operators in 4d theory.

Note: S(U(1)°) non-invariant operators are perturbatively forbidden,
but allowed operators are not necessarily present.
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Phenomenological issues
S(U(1)°) symmetry restricts operators in 4d theory.

Note: S(U(1)°) non-invariant operators are perturbatively forbidden,
but allowed operators are not necessarily present.

@ Dimension four proton decay at Abelian locus

Se,t+eyde.+e,10e, allowed if e, +e,+e.+eq+e;=(1,1,1,1,1)

Forbidden for example.
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Phenomenological issues
S(U(1)°) symmetry restricts operators in 4d theory.

Note: S(U(1)°) non-invariant operators are perturbatively forbidden,
but allowed operators are not necessarily present.

@ Dimension four proton decay at Abelian locus

Se,t+eyde.+e,10e, allowed if e, +e,+e.+eq+e;=(1,1,1,1,1)

Forbidden for example.

@® Dimension four proton decay away from Abelian locus

p(Cr)5510 can be checked explicitly, since all charges known

Again, forbidden for example.

Wednesday, September 14, 2011



Phenomenological issues
S(U(1)°) symmetry restricts operators in 4d theory.

Note: S(U(1)°) non-invariant operators are perturbatively forbidden,
but allowed operators are not necessarily present.

@ Dimension four proton decay at Abelian locus

Se,t+eyde.+e,10e, allowed if e, +e,+e.+eq+e;=(1,1,1,1,1)

Forbidden for example.

@® Dimension four proton decay away from Abelian locus

p(Cr)5510 can be checked explicitly, since all charges known

Again, forbidden for example.

@ Dimension five proton decay

Se,+ey,10e,10¢,10., allowed if e, +tete.+es+er=(1,1,1,1,1)

Ok for example (also with singlet insertions).
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® .- term
H,Hgis singlet, but ferm absent at Abelian locus.

Away from Abelian locus: C;H, H,; forbidden
C;C;H,H; may be allowed

For example: C;CsH,H, allowed, so we need e5¢5 < 1.
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@ 1 - term
H,Hgis singlet, but ferm absent at Abelian locus.
Away from Abelian locus: C;H, H,; forbidden
C;C;H,H; may be allowed

For example: C;CsH,H, allowed, so we need es5¢5 < 1.

® Yukawa couplings
57 10,10, allowed if e, + e, =e.+ ey

= H

5ea+ebgec+ed10ef allowed if e, +e,+e.+e;+er=(1,1,1,1,1)

Away from Abelian locus add singlets -> Froggatt-Nielson
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® .- term
H,Hgis singlet, but ferm absent at Abelian locus.

Away from Abelian locus: C;H, H,; forbidden
C;C;H,H; may be allowed

For example: C;CsH,H, allowed, so we need e5¢5 < 1.

® Yukawa couplings
57 10,10, allowed if e, + e, =e.+ ey

= H

5ea+eb5ec+ed10ef allowed if e, +e,+e.+e;+er=(1,1,1,1,1)

Away from Abelian locus add singlets -> Froggatt-Nielson

€5 1 1
For example: Y¥=| 1 € € |, Y%=

1 € €6

o O O
o O O
o O O

(needs non-perturbative effects)
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Conclusion and outlook

® Heterotic line bundle models on CY manifolds are a useful and
technically accessible arena for string model building.

® We have found 1000+ (upstairs) heterotic standard models on
CICYs with At (X) < 5.

® The S(U(1)°) symmetry restricts the 4d theory and facilitates
phenomenological analysis beyond the computation of the spectrum.
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Conclusion and outlook

® Heterotic line bundle models on CY manifolds are a useful and
technically accessible arena for string model building.

® We have found 1000+ (upstairs) heterotic standard models on
CICYs with At (X) < 5.

® The S(U(1)°) symmetry restricts the 4d theory and facilitates
phenomenological analysis beyond the computation of the spectrum.

@® Better scans (also for toric CYs) will provide even larger sets
of models with the right spectrum: needs detailed analysis of
phenomenology and identification of fully realistic models.

@® Need a better understanding of full, non-Abelian moduli space.

@® Combination with moduli stabilization via bundles.
(Anderson, Gray, Lukas, Ovrut, 2010)
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® Heterotic line bundle models on CY manifolds are a useful and
technically accessible arena for string model building.

® We have found 1000+ (upstairs) heterotic standard models on
CICYs with At (X) < 5.

® The S(U(1)°) symmetry restricts the 4d theory and facilitates
phenomenological analysis beyond the computation of the spectrum.

@® Better scans (also for toric CYs) will provide even larger sets
of models with the right spectrum: needs detailed analysis of
phenomenology and identification of fully realistic models.

@® Need a better understanding of full, non-Abelian moduli space.

@® Combination with moduli stabilization via bundles.

(Anderson, Gray, Lukas, Ovrut, 2010)
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