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Introduction: Heterotic line bundle models
Data to define a heterotic line bundle model we need:

- A Calabi-Yau 3-fold X

- A line bundle sumV =L; & ---® Ls on X,
c1(V) =0, so structure group is
S(U(1)°*) c SU(5) C Ex
- vanishing slopes (L) = ¢1(Ly) A J? =0
- Anomaly:  (TX) — (V) — (V) = [C]
in practice: co(V) < ca(T'X)
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N=1, D=4 GUT with
gauge group
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Introduction: Heterotic line bundle models

Data to define a heterotic line bundle model we need:

- A Calabi-Yau 3-fold X

- A line bundle sumV =L; & ---® Ls on X,
c1(V) =0, so structure group is
S(U(1)°*) c SU(5) C Ex
- vanishing slopes (L) = ¢1(Ly) A J? =0
- Anomaly:  (TX) — (V) — (V) = [C]
in practice: co(V) < ca(T'X)

- freely acting symmetry l'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 with
gauge group
SU(5) x S(U(1)°)
and matter in
10,10,5,5,1
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Introduction: Heterotic line bundle models
Data to define a heterotic line bundle model we need:

- A Calabi-Yau 3-fold X
- A line bundle sumV =L ®---® Ls on X, N=1, D=4 GUT with

c1(V) =0, so structure group is gauge group
S(U(1)°) c SU(5) C Fx SU(5) x S(U(1)°)
- vanishing slopes 1i(Ly) = c1(Lg) A J2 =0 and mafter in
- Anomaly:  (TX) — (V) — (V) = [C] 10,10,5,5,1

in practice: co(V) < ca(T'X)

- freely acting symmetry l'on X, so X = X/T

IS smooth and non simply-connected standard-like model

- bundle V needs to be equivariant so it (hopefully) with
descends fo a bundle V on X gauge group

~ 5
- complete bundle V& W with Wilson line W Gsm x S(U(1)%)
to break GUT group

Saturday, November 23, 2013



The associated 4d GUT theories:
Gauge group SU(5) x S(U(1)°)
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The associated 4d GUT theories: typically
4« anomalous

Gauge group SU(5) x S(U(1)°)
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The associated 4d GUT theories: typically
4« anomalous

Gauge group SU(5) x S(U(1)°)

ma'l-".er mUI'I-lple"-s: 100,7 ]-_00,7 5a,b7 5a7b7 ]-a,,b:Sa
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The associated 4d GUT theories: typically
4« anomalous

Gauge group SU(5) x S(U(1)°)

maﬂ'er mulflplef52 100,7 ]-_00,7 5a,b7 ga’by 1a7b:Sa

multiplet | S(U(1)°) charge | associated line bundle L | contained in
10, e, L, V
10_,, —e, L V*

Be, ey e, + e L, ® Ly N2V
5_e,—e, —e, — € L, ® Lj A2V *
le,—e, e, — €p L, ® Lj Vev®

1 _c,+e, —e, + €p LY & Ly
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The associated 4d GUT theories:

Gauge group SU(5) x S(U(1)°)

typically

<« anomalous

maﬂ'er mUI'I-lple'l-s: 100,7 1_()@7 5a,b7 5a7b7 1a7b:SOé

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

10, e, L, V
Famlhes Clnd ]-_O—ea —e, LZ 1/ *
mirror families [75 0. + o L. L, N2V

5_e,—e, —e, — € L, ® Lj A2V*

]-ea—eb €a — € L, ® L:(I; Vev®

1 ¢, +te, —e, + €p LZ ® Ly

«— = 3|T|

<
= =3[

Saturday, November 23, 2013



The associated 4d GUT theories: typically

4« anomalous
Gauge group SU(5) x S(U(1)°)

maﬂ'er mUI'I-lple'l-s: 100,7 ]-_Oc“ 5a,b7 Sa,by ]-a,b:SOé

multiplet | S(U(1)°) charge | associated line bundle L | contained in
10, €a L, % «— = 3|[|
families and 0 . e, L e «— —
mirror families Be. o, 0. + o L. L, N2V I> 30
5_e,—e, —e, — € L, ® Lj A2V *
bundle le,—e, e, — €p Lo ® Ly Vev:
moduli S | 1 e.te, —€q + e L} ® Ly
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The associated 4d GUT theories:

Gauge group SU(5) x S(U(1)°)

typically
4« anomalous

ma'l-".er mUI'I-lple"-s: 100,7 ]-_00,7 5a,b7 5a7b7 ]-a,,b:Sa

families and
mirror families

bundle
moduli S

multiplet | S(U(1)°) charge | associated line bundle L | contained in
10, e, L, V
10_,, —e, L V*
Be,tey e, + € L, ® Ly A2V
5_e,—e, —e, — € L, ® Lj A2V *
le,—e, €q — € Lo ® Ly Vev:

1 _c,+e, —e, + €p LY & Ly

«— = 3|T|
«— =0

= =3[

Number of each multiplet type obtained from H'(X,L).
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The associated 4d GUT theories:

Gauge group SU(5) x S(U(1)°)

typically
4« anomalous

maﬂ'er mUI'I-lple"-s: 100,7 ]-_00,7 5a,b7 ga’by 1a7b:SOé

families and
mirror families

bundle
moduli S

multiplet | S(U(1)°) charge | associated line bundle L | contained in
10¢, e, L, V
10_,, —e, L %

Be, ey e, + e L, ® Ly N2V
5_e,—e —e, — €p L, ® Ly A2V *
le,—e, e, — €p L, ® Lj Vev®

1 _c,+e, —e, + €p LY & Ly

«— = 3|T|
— =0
= = 3T

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

Can lead to standard models after taking quotient by
freely-acting symmetry and adding Wilson line.
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The associated 4d GUT theories:

Gauge group SU(5) x S(U(1)°)

typically

<« anomalous

maﬂ'er mUI'I-lple"-s: 100,7 ]-_00,7 5a,b7 5a7b7 1a7b:SOé

families and
mirror families

bundle
moduli S

multiplet | S(U(1)°) charge | associated line bundle L | contained in
10¢, e, L, V
10_,, —e, L %

Be, ey e, + e L, ® Ly N2V
5_e,—e —e, — €p L, ® Ly A2V *
le,—e, e, — €p L, ® Lj Vev®

1 _c,+e, —e, + €p LY & Ly

«— = 3|T|
— =0
= = 3T

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

Can lead to standard models after taking quotient by
freely-acting symmetry and adding Wilson line.

(Y =0 : line bundle model, (S*) # 0: non-Abelian bundle
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U(1) symmetries constrain 4d theory, e.g. superpotential:

W= u(S)HH + Y P (S)H5"107 + V(") (5)10°107 + - - -
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U(1) symmetries constrain 4d theory, e.g. superpotential:
W= u(S)HH + Y P (S)H5"107 + V(") (5)10°107 + - - -

M(S) = o T :ul,ozsa -+ MQ,QBSQSB T T :unp(SavT)
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U(1) symmetries constrain 4d theory, e.g. superpotential:
W =pu(S)HH + Y, (S)H5"107 + Y (S)10710% + - - -
M(S) = o T :ul,ozsa -+ MQ,QBSQSB T T :unp(SavT)

O/Y
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U(1) symmetries constrain 4d theory, e.g. superpotential:
W= u(S)HH + Y P (S)H5"107 + V(") (5)10°107 + - - -

M(S) = o T :ul,ozsa -+ MQ,QBSQSB T :unp(SavT)

1

= () = ( for vector-
like H, H
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U(1) symmetries constrain 4d theory, e.g. superpotential:
W= u(S)HH + Y P (S)H5"107 + V(") (5)10°107 + - - -

M(S) = o T :ul,ozsa -+ MQ,QBSQSB T :unp(SavT)
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=0 = ( for vector- generically =0 ->
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U(1) symmetries constrain 4d theory, e.g. superpotential:
W= u(S)HH + Y P (S)H5"107 + V(") (5)10°107 + - - -

M(S) = o T :ul,ozsa -+ MQ,QBSQSB T :unp(SavT)

e NG ™~

= 0 = ( for vector- generically =0 -> non-perturbative
like H, H Kim-Nilles mechanism  O(exp(—T))
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U(1) symmetries constrain 4d theory, e.g. superpotential:
W= u(S)HH + Y P (S)H5"107 + V(") (5)10°107 + - - -

M(S) = o T :ul,ozsa -+ MQ,QBSQSB T :unp(SavT)

e NG ™~

= 0 = ( for vector- generically =0 -> non-perturbative
like H, H Kim-Nilles mechanism  O(exp(—T))

Ype(S) =Y + V1) 8% 4.+ V(P (S*,T)

pqg,&
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U(1) symmetries constrain 4d theory, e.g. superpotential:
W= u(S)HH + Y P (S)H5"107 + V(") (5)10°107 + - - -

M(S) = o T :ul,ozsa -+ MQ,QBSQSB T :unp(SavT)

e NG ™~

= 0 = ( for vector- generically =0 -> non-perturbative
like H, H Kim-Nilles mechanism  O(exp(—T))
Yye(S) = YO + V() 8%+ 4 V(P (S, T)

pq,&

N/

pattern determined by U(l)s ->
Froggatt-Nielsen mechanism
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U(1) symmetries constrain 4d theory, e.g. superpotential:
W= u(S)HH + Y P (S)H5"107 + V(") (5)10°107 + - - -

M(S) = o T :ul,ozsa -+ MQ,QBSQSB T :unp(SavT)

e NG ™~

= 0 = ( for vector- generically =0 -> non-perturbative
like H, H Kim-Nilles mechanism  O(exp(—T))
Vog(S) = Yyg) + Vg™ - + ViP5, T)
N\
pattern determined by U(1)s -> non-perturbative

Froggatt-Nielsen mechanism O(exp(—T))
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U(1) symmetries constrain 4d theory, e.g. superpotential:
W= u(S)HH + Y P (S)H5"107 + V(") (5)10°107 + - - -

M(S) = o T :ul,ozsa -+ MQ,QBSQSB T T :unp(SavT)

e NG ™~

= 0 = ( for vector- generically =0 -> non-perturbative
like H, H Kim-Nilles mechanism  O(exp(—T))
Ypqe(S) = Yp((?) T Yp(ql,)asa T Yp(;m(sa’T)
N/
pattern determined by U(1)s -> non-perturbative
Froggatt-Nielsen mechanism O(exp(—T))

Two ways to explore non-Abelian bundles:
® VEVs (S%) £ (0, spontaneously breaks U(1)s

® Construct non-Abelian bundles which “split” to line bundle sum
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Arena: complete intersection CY manifolds (CICYs)

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

Mo

S i
for example: quintic X ~ |[P*|5| or bi-cubic X ~ EI;Q g
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Arena: complete intersection CY manifolds (CICYs)

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

Mo

P2 3
for example: quintic X ~ [P*|5] or bi-cubic X ~ | 55 | |

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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Arena: complete intersection CY manifolds (CICYs)

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

Mo

P2 3
for example: quintic X ~ [P*|5] or bi-cubic X ~ | 55 | |

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)

Focus on favourable Cicys: Hlﬂl(X) = Span(J;| x)
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Arena: complete intersection CY manifolds (CICYs)

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

Mo

P2 | 3]« J
—_ 4 : " !
for example: quintic X ~ [P4|5] or bi-cubic X ~ P2 | 3|« J;

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)

Focus on favourable Cicys: Hlﬂl(X) = Span(J;| x)
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Line bundles on CY manifolds

Line bundles, L, are classified by their first Chern class:
Cl(L) — kZJ@ : ke Z

Write L = Ox (k) where k = (k') is an integer vector.
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Line bundles on CY manifolds

Line bundles, L, are classified by their first Chern class:
Cl(L) — kZJZ : ke Z
Write L = Ox (k) where k = (k') is an integer vector.

Rank 5 line bundle sum:

V=P 0Ox(k,) a(V)~Y k,=0

Described by h'*'(X) x 5 integer matrix (k)
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Line bundles on CY manifolds

Line bundles, L, are classified by their first Chern class:
Cl(L) — kZJZ : ke Z
Write L = Ox (k) where k = (k') is an integer vector.

Rank 5 line bundle sum:

V= @coX a(V)~ Yk, =0

a=1

Described by hl!(X) x 5 integer matrix (k)

No a priori bounds on &, so for —ky.x <kl < kna.x We have

a —

™~ (kaax =+ 1) h(X) line bundle sums V
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Last year:

Scan for favourable Cicys with h''(X) <5 (60 spaces) and

krax = 2,3 —  ~ 10 bundles
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Last year:

Scan for favourable Cicys with h''(X) <5 (60 spaces) and

koax = 2,3  —— ~ 10 bundles

200 viable SU(5) GUT models leading to
about 2000 standard models™
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Last year:

Scan for favourable Cicys with h''(X) <5 (60 spaces) and

koax = 2,3  —— ~ 10 bundles

200 viable SU(5) GUT models leading to
about 2000 standard models™

These models and their details are available at:

http://www-thphys.physics.ox.ac.uk /projects/CalabiYau/linebundlemodels/index.html
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http://www-thphys.physics.ox.ac.uk/projects/CalabiYau/linebundlemodels/index.html
http://www-thphys.physics.ox.ac.uk/projects/CalabiYau/linebundlemodels/index.html

Last year:

Scan for favourable Cicys with h''(X) <5 (60 spaces) and

koax = 2,3  —— ~ 10 bundles

200 viable SU(5) GUT models leading to
about 2000 standard models™

These models and their details are available at:

http://www-thphys.physics.ox.ac.uk /projects/CalabiYau/linebundlemodels/index.html

*standard model: SM gauge group times (anomalous) U(1)s, exact MSSM
matter spectrum, one or more pairs of Higgs doublets, no exotics charged
under standard model group.
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An exhaustive scan over favourable Cicys

Aim: Find all viable line bundle SU(5) GUT models (and later all
standard models) on favourable Cicys with freely-acting symmetries.

Saturday, November 23, 2013



An exhaustive scan over favourable Cicys

Aim: Find all viable line bundle SU(5) GUT models (and later all
standard models) on favourable Cicys with freely-acting symmetries.

Requires scanning over 68 Cicys with h"'(X) < 6 and

k.. ~10 — ~ 10*° bundles
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An exhaustive scan over favourable Cicys

Aim: Find all viable line bundle SU(5) GUT models (and later all
standard models) on favourable Cicys with freely-acting symmetries.

Requires scanning over 68 Cicys with h"'(X) < 6 and

ko..~10 — ~ 10*° bundles

Feasible because some constraints can be checked while line
bundle sum is built up, e.g if

h'(X,L) > 3|T

we do not need to consider line bundle L (too many families).
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How do we know we have found all viable models?

Scan over all (k') with |k’ | < kmax and find number of viable
models as a function of k. .« :
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How do we know we have found all viable models?

Scan over all (k') with |k’ | < kmax and find number of viable
models as a function of k. .« :

Table 6: Number of models as a function of kmaes on CICYs with hY1(X) = 6. Total
number of models: 41036

X, [T b =1 | k=2 | k=3 | k=d | b =5 | k=6 | km=7 | km=8 | km=o | ™
11, 12, 13

3413, 3 0 2278 | 2897 | 2906 | 2906 | 2906

4190, 2 1 766 1175 | 1243 | 1246 | 1247 | 1249 | 1249 | 1249

5273, 2 29 4895 | 7149 | 7738 | 7799 | 7810 | 7810 | 7810

5302, 2 0 4314 | 5978 | 6360 | 6369 | 6369 | 6369

5302, 4 0 11705 | 16988 | 17687 | 17793 | 17838 | 17868 | 17868 | 17868

5425, 2 0 2381 | 3083 | 3305 | 3337 | 3337 | 3337

5958, 2 0 148 224 240 253 253 253

6655, 5 0 92 178 189 194 194 198 201 202 203

6738, 2 1 2733 | 4116 | 4346 | 4386 | 4393 | 4399 | 4399 | 4399

Saturday, November 23, 2013




Number of consistent SU(5) GUT models with correct indices:

(X))

4

5

6

total

H#models

0

552

21731

41036

63325
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Number of consistent SU(5) GUT models with correct indices:

hl,l(X) | p) 3 4 5 6 total

#models | 0 0 6 552 | 21731 {41036 | 63325

After demanding absence of 10 and presence of 5 — 5 pair:

34989 models

Saturday, November 23, 2013



Number of consistent SU(5) GUT models with correct indices:

hl,l(X) | p) 3 4 5 6 total

#models | 0 0 6 552 | 21731 {41036 | 63325

After demanding absence of 10 and presence of 5 — 5 pair:

34989 models
Available at:

http://www-thphys.physics.ox.ac.uk/projects/CalabiYau/linebundlemodels/index.html
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Number of consistent SU(5) GUT models with correct indices:

hl,l(X) | p) 3 4 5 6 total

#models | 0 0 6 552 | 21731 {41036 | 63325

After demanding absence of 10 and presence of 5 — 5 pair:

34989 models
Available at:

http://www-thphys.physics.ox.ac.uk/projects/CalabiYau/linebundlemodels/index.html

Roughly, a factor 10 more models per CY for each
additional Kahler parameter!
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Number of consistent SU(5) GUT models with correct indices:

hl,l(X) | p) 3 4 5 6 total

#models | 0 0 6 552 | 21731 {41036 | 63325

After demanding absence of 10 and presence of 5 — 5 pair:

34989 models
Available at:

http://www-thphys.physics.ox.ac.uk/projects/CalabiYau/linebundlemodels/index.html

Roughly, a factor 10 more models per CY for each
additional Kahler parameter!

Have started a similar programme on CY manifolds defined in
toric 4-folds (Kreuzer-Skarke list) -> Chuang Suns talk
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An example

CY data: = cicy 7862, Symmetry 3
2

2
2
2
nX)=-128 h"'X)=4 h?'(X)=68 co(TX) = {24, 24, 24, 24}
K:12t1t2t3+12t1t2t4+12t1t3t4+12t2t3t4

symmetry: 3 order: 4

Abelian: True block diagonal: True factors: {2, 2}

O OO OO =+ 0O O

i1 0 0 0O 0O O O O 010

O -10 0 0 0 0O 1 00

O 01 0O OO OO O 0O

: . O 0 0-10 0 0O 0O 0 1
Action on coordlnates:{ 0000 100010looo
O 0 00 0-100 O 0O

O 0 0000 1O 00O

O 0 000 0 0 -1 00O

Action on polynomials: {(1), (1)}
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An example

CY data: = cicy 7862, Symmetry 3
2

x-|;| «<— CY: tetra-quadric in P! x P* x P! x P!
2

nX)=-128 h"'X)=4 h?'(X)=68 co(TX) = {24, 24, 24, 24}

K = 12t1 t2t3+12t1 t2t4+12t1 t3t4+12t2t3t4
symmetry: 3 order: 4

Abelian: True block diagonal: True factors: {2, 2}

1 0 0O 0O OO OO 01 0O0O0O0OO0ODO
O -1 0 0 0 0 OO 1 00 0O0O0O0O0O
O 01 0 0 0 0 O O 001 0O0OO0ODO
Action on coordinates:{g 8 8 _01 (1) 8 g 8 | 8 8 (1) 8 g ? 8 8 }
O 0 0O 0O0O-1 0O O 0O0OO1O0OO0ODO
O 0 0O OO 0O 1 O O OO0 OOOU O 1
O 0 0o 0O OO 0 -1 O 0O0OOOO0T11TDO

Action on polynomials: {(1), (1)}
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An example

CY data: = cicy 7862, Symmetry 3
2

x-|;| «<— CY: tetra-quadric in P! x P* x P! x P!
2

nX)=-128 W00 =4 h¥(x)=68 cxTX) = (24,24,24,24) «<—— topological data
K:12t1t2t3+12t1t2t4+12t1t3t4+12t2t3t4

symmetry: 3 order: 4

Abelian: True block diagonal: True factors: {2, 2}

1 0 0O 0O OO OO 01 0O0O0O0OO0ODO
O -1 0 0 0 0 OO 1 00 0O0O0O0O0O
O 01 0 0 0 0 O O 001 0O0OO0ODO
Action on coordinates:{g 8 8 _01 ? 8 g 8 | 8 8 (1) 8 g ? 8 8 }
O 0 0O 0O0O-1 0O O 0O0OO1O0OO0ODO
O 0 0O OO 0O 1 O O OO0 OOOU O 1
O 0 0o 0O OO 0 -1 O 0O0OOOO0T11TDO

Action on polynomials: {(1), (1)}
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An example

CY data: = cicy 7862, Symmetry 3
2

x-|;| «<— CY: tetra-quadric in P! x P* x P! x P!
2

nX)=-128 W00 =4 h¥(x)=68 cxTX) = (24,24,24,24) «<—— topological data
K:12t1t2t3+12t1t2t4+12t1t3t4+12t2t3t4 — VOlume

symmetry: 3 order: 4

Abelian: True block diagonal: True factors: {2, 2}

1 0 0O 0O OO OO 01 0O0O0O0OO0ODO
O -1 0 0 0 0 OO 1 00 0O0O0O0O0O
O 01 0 0 0 0 O O 001 0O0OO0ODO
Action on coordinates:{g 8 8 _01 ? 8 g 8 | 8 8 (1) 8 g (1) 8 8 }
O 0 0O 0O0O-1 0O O 0O0OO1O0OO0ODO
O 0 0O OO 0O 1 O O OO0 OOOU O 1
O 0 0o 0O OO 0 -1 O 0O0OOOO0T11TDO

Action on polynomials: {(1), (1)}
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An example

CY data: = cicy 7862, Symmetry 3
2

x=|,| «<—— CY: tetra-quadric in P! x P' x P! x P!

D NN

% =-128 hM00=4 h¥0=68 c(TX) = (24,24,24,24) «—— Topological data
K:12t1t2t3+12t1t2t4+12t1t3t4+12t2t3t4 — VOlume

symmetry: 3 order: 4

Abelian: True block diagonal: True factors: {2, 2}

1 0 0O 0O OO OO 01 0O0O0O0OO0ODO
O -10 O O O O O 1 00 0O0O0O0O
O 01 0 0 0 0 O O 001 0O0OO0ODO
Action on coordinates:{g 8 8 _01 ? 8 g 8 | 8 8 (1) 8 g (1) 8 8 }
O 0 0O 0O0O-1 0O O 0O0OO1O0OO0ODO
O 0 0O OO 0O 1 O O OO0 OOOU O 1
O 0 0o 0O OO 0 -1 O 0O0OOOO0T11TDO

Action on polynomials: {(1), (1)}

N/

Lo X Lo genera’rors
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bundle data:

m Basic properties

standard model? True massless U(1):

-1 -1 0
i 0O -3 1

Vika=l g o gy

1 2 0 -1
Cohomology of V:
Lo = {-1,-3,2, 2}
Ls = {1,1,0, -2}
LoxL, = {0,-2,1,1)
LoxLs = {0, -2, 2, 0}
Lixls = (2,2, -1, -3}
LixL," = {0,3, -2, -1}
LixLs" = {-2,-1,0,3)
LoxLs® = {-1,-4,3,2}
LoxL,” = {-2, -4, 3, 3}
LsxLs® = {-1,0,-1,2}

Wilson line: {{0, 0}, {0, 1}}

-2

h[L>]
h[Ls]
h[LoxLy]
h[LoxLs]
h[LsxLs]
h{LyxLy"]
hIL;xLs"]
h[LoxLs']
hiLoxLs"]
h[LsxLs"]

{0,8,0,0)
{0, 4, 0, 0}
{0, 4, 0, 0}
{0, 3, 3,0}
{0, 8, 0, 0}
{0, 0, 12, 0}
{0,0,12,0}
{0, 20, 0, 0}
{0,12,0, 0}
{0,0,4,0)

h[L2,R]
h[Ls,R]
h[LoxLg,R]
h[LzxLs,R]
h[LyxLs,R]
h[LsxLy",R]
h[LyxLs",R]
h[LaxLs",R]
h[LaxLs",R]
h[LsxLs",R]

number of 5 5 pairs: 3 c,(V) = {24, 8, 20, 12}

{{0,0,0,0}, {2, 2, 2, 2}, {0, 0, O, 0}, {O, O, O, 0}
{{0,0,0,0},{1,1,1, 1}, {0, 0, 0, 0}, {O, O, O, O}}
{{0,0,0,04,{1,1,1, 1}, {0, 0,0, 0}, {O, O, O, O}}
{{0,0,0,0},{0,1,1,1}, {0, 1, 1,1}, {0, O, O, O}}
{{0,0,0,0}, {2, 2, 2, 2}, {0, 0, O, O}, {O, O, O, O}}
{{0, 0, 0, 0}, {0, 0, 0, 0}, {3, 3, 3, 3}, {0, O, O, O}}
{{0, 0, 0, 0}, {0, 0, 0, 0}, {3, 3, 3, 3}, {0, O, O, O}}
{{0, 0, 0,0}, {5, 5, 5, 5}, {0, 0, 0, O}, {O, O, O, O}}
{{0, 0, 0, 0}, {3, 3, 3, 3}, {0, 0, O, O}, {0, O, O, O}}
{{0,0,0,0},1{0,0,0,0}, {1,1,1,1},{0, 0, O, O}}

Equivariant structure: {{0, 0}, {0, 0}, {0, 0}, {0, 0}, {0, O}} Higgs pairs: 1

Downstairs SpeCtrum: {2 102, 105, 52’4, 254,5, H2,5, ﬁ2’5, 3 8271, 3 85’1, 5 82’3, 3 82,4, 85’3} PhyS HIggS {H2’5, ﬁ2’5}

Transfer format: {{6, 1,1, 4,6, 5,9,9,8,10,1, 7,17}, {6, 6, -1, -1, -1, —-1}}

k(YY) = (2, 21 rk(Y@)) = {0, 0} dim. 4 operators absent: {True, True} dim. 5 operators absent: {True, True}
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bundle data:

m Basic properties

standard model? True massless U(1): 1 number of 5 5 pairs: 3 c»(V) = {24, 8, 20, 12}

4 -1 0 1 1
0 -3 1 1 1

O P integer matrix defining line bundle sum

1 2 0 -1 -2

Cohomology of V:

Lo = {-1,-3,2,2} h{Ls] = {0, 8,0, 0} h[L,,R] = {{0,0,0,0},{2,2,2,2},{0,0,0,0}, {0, 0,0, 0}}
Lg = {1,1,0, -2} h{Ls] = {0,4,0,0} h[Ls,R] = {{0,0,0,0},{1,1,1,1},{0, 0,0, 0}, {0, O, O, O}}
LoxL, = {0,-2,1,1} h[L,xLs] = {0, 4,0, 0} h[L,xL4,R] = {{0,0,0,0},{1,1,1,1},{0,0,0,0},{0,0, 0, 0}}
LoxLs = {0, -2, 2, 0} h{L,xLs] = {0, 3, 3, 0} h[L,xLs,R] = {{0,0,0,0},{0,1,1,1},{0,1,1,1},{0,0,0, 0}}
LyxLs = {2,2,-1, -3} h[LyxLs] = {0, 8,0, 0} h[LsxLs,R] = {{0,0,0,0}{2,2,2,2},{0,0,0,0}, {0, 0,0, 0}}

LixL,* = {0, 3, -2, -1} h[LixL,"] = {0, 0, 12, 0} hiL;xL,",R] = {{0, 0,0, 0}, {0, 0,0, 0}, {3, 3,3, 3}, {0,0,0, 0}}
LixLs® = {-2,-1,0, 3} h[LixLs"] = {0,0,12,0} hiL;xLs",R] = {{0, 0,0, 0}, {0, 0,0, 0}, {3, 3,3, 3}, {0, 0,0, 0}}
LoxLs® = {-1, -4, 3, 2} h[LoxL3"] = {0, 20,0, 0} h[L,xL3",R] = {{0, 0,0, 0}, {5, 5,5, 5}, {0, 0, 0, 0}, {0, O, O, O}}
LoxLy® = (-2, -4, 8, 3} h[LoxLs"] = {0,12,0, 0} h[L,xLs",R] = {{0, 0,0, 0}, {3, 3,3, 3},{0,0,0, 0}, {0, 0, 0, 0}}
LaxLs® = {-1,0, -1, 2} h[LsxLs"] = {0, 0, 4, 0} h[LsxLs",R] = {{0, 0,0, 0}, {0, 0,0, 0}, {1, 1,1, 1}, {0, 0, 0, O}}

Wilson line: {{0, 0}, {0, 1}} Equivariant structure: {{0, 0}, {0, 0}, {0, 0}, {0, 0}, {0, O}} Higgs pairs: 1

Downstairs Spectrum: {2 102, 105, 52,4, 254,5, H2,5, ﬁ2,5, 3 82’1, 3 85,1, 5 82’3, 3 82’4, 85,3} PhyS HIggS {H2,5, ﬁ2,5}

Transfer format: {{6, 1,1, 4,6, 5,9,9,8,10,1, 7,17}, {6, 6, -1, -1, -1, —-1}}

k(YY) = (2, 21 rk(Y@)) = {0, 0} dim. 4 operators absent: {True, True} dim. 5 operators absent: {True, True}
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bundle data:

m Basic properties

standard model? True massless U(1): 1 number of 5 5 pairs: 3 c»(V) = {24, 8, 20, 12}

4 -1 0 1 1
0 -3 1 1 1

O P integer matrix defining line bundle sum

1 2 0 -1 -2

Cohomology of V:

Lo = {-1,-3,2,2} h{Ls] = {0, 8,0, 0} h[L,,R] = {{0,0,0,0},{2,2,2,2},{0,0,0,0}, {0, 0,0, 0}}
Lg = {1,1,0, -2} h{Ls] = {0,4,0,0} h[Ls,R] = {{0,0,0,0},{1,1,1,1},{0, 0,0, 0}, {0, O, O, O}}
LoxL, = {0,-2,1,1} h[L,xLs] = {0, 4,0, 0} h[L,xL4,R] = {{0,0,0,0},{1,1,1,1},{0,0,0,0},{0,0, 0, 0}}
LoxLs = {0, -2, 2, 0} h{L,xLs] = {0, 3, 3, 0} h[L,xLs,R] = {{0,0,0,0},{0,1,1,1},{0,1,1,1},{0,0,0, 0}}
LyxLs = {2,2,-1, -3} h[LyxLs] = {0, 8,0, 0} h[LsxLs,R] = {{0,0,0,0}{2,2,2,2},{0,0,0,0}, {0, 0,0, 0}}

LixL,* = {0, 3, -2, -1} h[LixL,"] = {0, 0, 12, 0} hiL;xL,",R] = {{0, 0,0, 0}, {0, 0,0, 0}, {3, 3,3, 3}, {0,0,0, 0}}
LixLs® = {-2,-1,0, 3} h[LixLs"] = {0,0,12,0} hiL;xLs",R] = {{0, 0,0, 0}, {0, 0,0, 0}, {3, 3,3, 3}, {0, 0,0, 0}}
LoxLs® = {-1, -4, 3, 2} h[LoxL3"] = {0, 20,0, 0} h[L,xL3",R] = {{0, 0,0, 0}, {5, 5,5, 5}, {0, 0, 0, 0}, {0, O, O, O}}
LoxLy® = (-2, -4, 8, 3} h[LoxLs"] = {0,12,0, 0} h[L,xLs",R] = {{0, 0,0, 0}, {3, 3,3, 3},{0,0,0, 0}, {0, 0, 0, 0}}
LaxLs® = {-1,0, -1, 2} h[LsxLs"] = {0, 0, 4, 0} h[LsxLs",R] = {{0, 0,0, 0}, {0, 0,0, 0}, {1, 1,1, 1}, {0, 0, 0, O}}

Wilson line: {{0, 0}, {0, 1}} Equivariant structure: {{0, 0}, {0, 0}, {0, 0}, {0, 0}, {0, O}} Higgs pairs: 1

Downstairs SpeCtrum: {2 102, 105, 52,4, 254,5, H2,5, ﬁ2,5, 3 82’1, 3 S5,1, 5 82’3, 3 82’4, 85,3} PhyS HIggS {H2,5, ﬁ2,5}

Transfer format: {{6, 1,1, 4,6,5,9,9, 8,10, 1, 7 , 16,6, -1, -1, -1, -1}}

k(YY) = (2, 2} rk(YP)) = {0, 0} di operators absent: {True, True} dim. 5 operators absent: {True, True}

spectrum: 105, 105, 105, 52 4, 545, D45, Has, Hos

3121, 3151, 01l23,3124, 153
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allowed operators:

m Operators
basic superpotential terms:

_ (0) (0) (1)
H10°10% YY =|(0) (0) (1)
(1) (1) (0)
(0) (0) (0)
H5"109: Y(d):[(O) (0) (0)]
(0) (0) (0)

HH: u =1

Wiing = (0}

R—parity violating terms in superpotential:

0
HLP: o= So4
So4

10°5°5": A = {{{{0}, {0}, {0}, {{0}, {0}, {04}, {{O}, {0}, {O}}}, {{{0}, {0}, {O}}, {{O}, {0}, {O}}, {{O}, {0}, {O}}}, {{{O}, {0}, {O}}, {{O}, {0}, {O}}, {{O}, {O}, {O}}}}

Dimension 5 operators in superpotential:

5°10910"10°%: A' = {{{{{0}, {0}, {0}}, {{O}, {0}, {01}, {{0}, {0}, {O}}}, {{{0}, {0}, {O}}, {0}, {0}, {O}}, {{O}, {0}, {O}}}, {{{O}, {0}, {O}}, {{O}, {0}, {O}}, {{O}, {0}, {O}}}},
{{{{0}, {0}, {O}}, {{O}, {0}, {O}}, {{0}, {0}, {O}}}, {{{O}, {0}, {O}}, {{O}, {0}, {O}}, {{O}, {0}, {O}}}, {{{O}, {0}, {O}}, {{0}, {0}, {O}}, {{O}, {0}, {O}}}}, {{{{O}, {O}, {O}}, {{O},

D—-terms:

At tp+atita—4tot, — 4ty
_ 16t th— At ta +4toty At ty +4tot, — 16151,
Fl-terms: K' « = At bty + At tg— Aoty + 41ty
—8tt, + 813ty
“Btity—dtits—Atotg+ At t, +Att, +8laty

~S518%51 -S54 S's 1

3 S2,1 ST2,1 +S23 ST2,3 +S24 ST2,4
singlet D-terms: q,5S“S = ~S,5S1,5-S555STs3
~S548"24

Ss.1 ST5.1 +Ss53 ST5.3
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allowed operators:

m Operators

basic superpotential terms:

_ (0) (0) (1)

H10P10%: Y¥ =|(0) (0) (1) T— rank 2
(1) (1) (0)
(0) (0) (0)

H5"109: Y“’):[(m (0) (0)]
(0) (0) (0)

HH: u = (1)

Wsing:{o}

R—parity violating terms in superpotential:

0
HLP: o= So4
So4

10°5°5": A = {{{{0}, {0}, {0}, {{0}, {0}, {04}, {{O}, {0}, {O}}}, {{{0}, {0}, {O}}, {{O}, {0}, {O}}, {{O}, {0}, {O}}}, {{{O}, {0}, {O}}, {{O}, {0}, {O}}, {{O}, {O}, {O}}}}

Dimension 5 operators in superpotential:

5°10910"10°%: A' = {{{{{0}, {0}, {0}}, {{O}, {0}, {01}, {{0}, {0}, {O}}}, {{{0}, {0}, {O}}, {0}, {0}, {O}}, {{O}, {0}, {O}}}, {{{O}, {0}, {O}}, {{O}, {0}, {O}}, {{O}, {0}, {O}}}},
{{{{0}, {0}, {O}}, {{O}, {0}, {O}}, {{0}, {0}, {O}}}, {{{O}, {0}, {O}}, {{O}, {0}, {O}}, {{O}, {0}, {O}}}, {{{O}, {0}, {O}}, {{0}, {0}, {O}}, {{O}, {0}, {O}}}}, {{{{O}, {O}, {O}}, {{O},

D—-terms:

At tp+atita—4tot, — 4ty
_ 16t th— At ta +4toty At ty +4tot, — 16151,
Fl-terms: K' « = At bty + At tg— Aoty + 41ty
—8tt, + 813ty
“Btity—dtits—Atotg+ At t, +Att, +8laty

~S518%51 -S54 S's 1

3 S2,1 ST2,1 +S23 STz,s +S24 ST2,4
singlet D-terms: q,5S“S = ~S,5S1,5-S555STs3
~S548"24

Ss.1 ST5.1 +Ss53 ST5.3
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allowed operators:

m Operators

basic superpotential terms:

_ (0) (0) (1)

H10°10%: Y(“>=[<o> (0) m] D I'"Cll"lk 2
(1) (1) (0)
(0) (0) (0)

H5" 100 Y<d):[<0> (0) (0)] — rank O
(0) (0) (0)

HH: u = (1)

Wsing:{o}

R—parity violating terms in superpotential:

0
HLP: o= So4
So4

10°5°5": A = {{{{0}, {0}, {0}, {{0}, {0}, {04}, {{O}, {0}, {O}}}, {{{0}, {0}, {O}}, {{O}, {0}, {O}}, {{O}, {0}, {O}}}, {{{O}, {0}, {O}}, {{O}, {0}, {O}}, {{O}, {O}, {O}}}}

Dimension 5 operators in superpotential:

5°10910"10°%: A' = {{{{{0}, {0}, {0}}, {{O}, {0}, {01}, {{0}, {0}, {O}}}, {{{0}, {0}, {O}}, {0}, {0}, {O}}, {{O}, {0}, {O}}}, {{{O}, {0}, {O}}, {{O}, {0}, {O}}, {{O}, {0}, {O}}}},
{{{{0}, {0}, {O}}, {{O}, {0}, {O}}, {{0}, {0}, {O}}}, {{{O}, {0}, {O}}, {{O}, {0}, {O}}, {{O}, {0}, {O}}}, {{{O}, {0}, {O}}, {{0}, {0}, {O}}, {{O}, {0}, {O}}}}, {{{{O}, {O}, {O}}, {{O},

D—-terms:

At tp+atita—4tot, — 4ty
_ 16t th— At ta +4toty At ty +4tot, — 16151,
Fl-terms: K' « = At bty + At tg— Aoty + 41ty
—8tt, + 813ty
“Btity—dtits—Atotg+ At t, +Att, +8laty

~S518%51 -S54 S's 1

3 S2,1 ST2,1 +S23 STz,s +S24 ST2,4
singlet D-terms: q,5S“S = ~S,5S1,5-S555STs3
~S548"24

Ss.1 ST5.1 +Ss53 ST5.3
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allowed operators:

m Operators
basic superpotential terms:

(0) (0) (1)

H10P109: Y(“)=[<0> (0) m] < I"Cll"lk 2
(1) (1) (0)

(0) (0) (0)

H5"109: Y<d):[<0> (0) (0)] e rank 0,
(0) (0) (0)

Wi = <— (L—-term vanishes

Wiing = (0}

R—parity violating terms in superpotential:

0
HLP: o= So4
So4

10°5°5": A = {{{{0}, {0}, {0}, {{0}, {0}, {04}, {{O}, {0}, {O}}}, {{{0}, {0}, {O}}, {{O}, {0}, {O}}, {{O}, {0}, {O}}}, {{{O}, {0}, {O}}, {{O}, {0}, {O}}, {{O}, {O}, {O}}}}

Dimension 5 operators in superpotential:

5°10910"10°%: A' = {{{{{0}, {0}, {0}}, {{O}, {0}, {01}, {{0}, {0}, {O}}}, {{{0}, {0}, {O}}, {0}, {0}, {O}}, {{O}, {0}, {O}}}, {{{O}, {0}, {O}}, {{O}, {0}, {O}}, {{O}, {0}, {O}}}},
{{{{0}, {0}, {O}}, {{O}, {0}, {O}}, {{0}, {0}, {O}}}, {{{O}, {0}, {O}}, {{O}, {0}, {O}}, {{O}, {0}, {O}}}, {{{O}, {0}, {O}}, {{0}, {0}, {O}}, {{O}, {0}, {O}}}}, {{{{O}, {O}, {O}}, {{O},

D—-terms:

At tp+atita—4tot, — 4ty
_ 16t th— At ta +4toty At ty +4tot, — 16151,
Fl-terms: K' « = At bty + At tg— Aoty + 41ty
—8tt, + 813ty
“Btity—dtits—Atotg+ At t, +Att, +8laty

~S518%51 -S54 S's 1

3 S2,1 ST2,1 +S23 ST2,3 +S24 ST2,4
singlet D-terms: q,5S“S = ~S,5S1,5-S555STs3
~S548"24

Ss.1 ST5.1 +Ss53 ST5.3
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allowed operators:

m Operators
basic superpotential terms:

(0) (0) (1)

H10P109: Y(“)=[<0> (0) m] < I"Cll"lk 2
(1) (1) (0)

(0) (0) (0)

H5"109: Y<d):[<0> (0) (0)] < mnk O
(0) (0) (0)

Wi = <— (L—-term vanishes

Wiing = (0}

R—parity violating terms in superpotential:

0

HP: p=|% | «— zero for (12 4) = 0, non-zero otherwise

So4

10°5°5": A = {{{{0}, {0}, {0}, {{0}, {0}, {04}, {{O}, {0}, {O}}}, {{{0}, {0}, {O}}, {{O}, {0}, {O}}, {{O}, {0}, {O}}}, {{{O}, {0}, {O}}, {{O}, {0}, {O}}, {{O}, {O}, {O}}}}

Dimension 5 operators in superpotential:

5°10910"10°%: A' = {{{{{0}, {0}, {0}}, {{O}, {0}, {01}, {{0}, {0}, {O}}}, {{{0}, {0}, {O}}, {0}, {0}, {O}}, {{O}, {0}, {O}}}, {{{O}, {0}, {O}}, {{O}, {0}, {O}}, {{O}, {0}, {O}}}},
{{{{0}, {0}, {O}}, {{O}, {0}, {O}}, {{0}, {0}, {O}}}, {{{O}, {0}, {O}}, {{O}, {0}, {O}}, {{O}, {0}, {O}}}, {{{O}, {0}, {O}}, {{0}, {0}, {O}}, {{O}, {0}, {O}}}}, {{{{O}, {O}, {O}}, {{O},

D—-terms:

At tp+atita—4tot, — 4ty
_ 16t th— At ta +4toty At ty +4tot, — 16151,
Fl-terms: K' « = At bty + At tg— Aoty + 41ty
~8tt, +8i3ty
Bty —Atits— Aoty + 4t ty+Att, + 81ty

~S518%51 -S54 S's 1

— 32,1 ST2,1 + 32,3 ST2,3 + S2,4 ST2,4
singlet D—terms: qaaS"gﬂ = ~S53S%,3-S53STs53
~S548"24

Ss.1 ST5.1 +Ss53 ST5.3
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allowed operators:

m Operators
basic superpotential terms:

(0) (0) (1)

H10P109: Y(“)=[<0> (0) m] < I"Cll"lk 2
(1) (1) (0)

(0) (0) (0)

H5P109: Y(d)=[(0) (0) (0)] «— T’Cll"lk 0,
(0) (0) (0)

Wi = <— (L—-term vanishes

Wiing = (0}

R—parity violating terms in superpotential:

0
H p. — 1S . °
i p-5|  «—zero for (12,4) = 0, non-zero otherwise
2,4
10P575": A = ({{(0}, (0}, (O}, ({0}, (0}, (O}, ({0}, (O}, (O}}}, ({0}, (O}, (O}, ({0}, (O}, (O}}, {(O}, (O}, (O}}}, {{{O}, (O}, (O}, ({0}, (O}, (O}}, ({0}, (O}, (O}
Dimension 5 operators in superpotential: PI"OfO n
5°10910710%: A" = ({{((0}, {0}, (O}, ({0}, {0}, (O}, ({0}, (O}, {O}}}, ({0}, (O}, {O}}, ({0}, O}, {O}}, ({0}, {0}, (O}, ({{O}, (O}, O}, {(O}, {0}, {O}}, (O}, (O}, (O}, S'I-ab le

{{{{0}, {0}, {O}}, {{O}, {0}, {O}}, {{0}, {0}, {O}}}, {{{O}, {0}, {O}}, {{O}, {0}, {O}}, {{O}, {0}, {O}}}, {{{O}, {0}, {O}}, {{0}, {0}, {O}}, {{O}, {0}, {O}}}}, {{{{O}, {O}, {O}}, {{O},

D—-terms:

At tp+atita—4tot, — 4ty
_ 16t th— At ta +4toty At ty +4tot, — 16151,
Fl-terms: K' « = At bty + At tg— Aoty + 41ty
~8tt, +8i3ty
Bty —Atits— Aoty + 4t ty+Att, + 81ty

~S518%51 -S54 S's 1

3 S2,1 ST2,1 +S23 ST2,3 +S24 ST2,4
singlet D-terms: q,5S“S = ~S,5S1,5-S555STs3
~S548"24

Ss.1 ST5.1 +Ss53 ST5.3
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Continuation to non-Abelian bundles

Superpot. for example: W = )\iﬁzj(Qgi)U@ + Q5ugi ) + pazlg 4)L§1 )5ﬁ

SingleTs for example: 3 12’1, 315,1, 512,3, 3 1274, 15,3
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Continuation to non-Abelian bundles

Superpot. for example: W = )\iﬁzﬁ(Qgi)% + Q5u§i ) + pmlg 4)Lfl )5ﬁ

Singlefs for examplez 3 12’1, 315,1, 512,3, 3 12,4, 15,3

Suggests: massless Higgs doublet pair throughout moduli space
as long as (15 4) = 0.

Saturday, November 23, 2013



Continuation to non-Abelian bundles

Superpot. for example: W = )\iﬁQ’l{)(Qgi)Uﬁ + Q5u§i ) + pmlg 4)Lfl %ﬁ

Singlefs for example: 3 12’1, 315,1, 512,3, 3 12,4, 15,3

Suggests: massless Higgs doublet pair throughout moduli space
as long as (15 4) = 0.

What happens to bundle when singlets are switched on?

® All singlet VEVs non-zero:  V =@>_, L, —V
S(U(1)°) — SU(5)

Saturday, November 23, 2013



Continuation to non-Abelian bundles

Superpot. for example: W = )\iF275(Q§i)U5 + Q5u§i ) + pmlg 4)L %F

SingleTs for example: 3 12’1, 315,1, 512,3, 3 12,4, 15,3
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What happens to bundle when singlets are switched on?
® All singlet VEVs non-zero:  V =@>_, L, —V
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Continuation to non-Abelian bundles

Superpot. for example: W = )\iF275(Q§i)U5 + Q5u§i ) + pmlg 4)L %F

SingleTs for example: 3 12’1, 315,1, 512,3, 3 12,4, 15,3

Suggests: massless Higgs doublet pair throughout moduli space
as long as (15 ,4) = 0.

What happens to bundle when singlets are switched on?

® All singlet VEVs non-zero:  V =@>_, L, —V
S(U(1)°) — SU(5)

®(15,4) =0, others non-zero: V = @2:1 L, — V=U®& Ly

S(U(1)%) — SU(4) x Ux (1)
Up (1)<
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Schematic structure of moduli space:

(12,4) 4
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Schematic structure of moduli space:

(12,4) 4

all (S £ 0:

Saturday, November 23, 2013



Schematic structure of moduli space:

(12,4) 4

all (S £ 0:

massless Higgs doublets expected
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Check fate of Higgs by constructing non-Abelian bundle

RQCG“Z Ll OX(_]-ijojl) , L2 — OX(_17_37272) ) L3 — OX(O717_17O)
Li = Ox(1,1,-1,-1) , Ly = Ox(1,1,0,—2)
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Check fate of Higgs by constructing non-Abelian bundle

Recall: 1,
Ly

OX(_]-aO?O?l) ) L2
Ox(1,1,-1,—1) , Ls

Ox(~1,-3,2,2) , Ly = Ox(0,1,—1,0)
Ox(1,1,0,—2)

1) Extension bundles

For Vi =Lo® Ly, Vo = L1 ® L3y D L, define extension

0—Vi—V —Vy—0
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Check fate of Higgs by constructing non-Abelian bundle

Recall: 1,
Ly

OX(_]-a()?O?l) ) L2
Ox(1,1,-1,—1) , Ls

Ox(-1,-3,2,2) , Ly = 0Ox(0,1,—1,0)
Ox(1,1,0,—2)

1) Extension bundles

For Vi =Ly @ Ly, Vo = L1 ® L3 P L, define extension
0—Vi—V —Vy—0

3 for <12 4> =0

Compute #5 = h*(X,\*V) = { 0 for (lyg)#0
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2) Monads

1 —1 -1

0
1
2 -1 -1

0 —1 -1

0

2
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2) Monads
0 —-V-—B-L 0 0

=1 =1 flof 11 1 1
0f—1 —1ff 1| 1 1 1 1
BN022—1—100 CNQ
[ 12 2of-1f o o 9

N O = =
L |

Ly Lo LslL4 Ls
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2) Monads

0 —V-—B 50— 0

1~ —tfof 1|1 1 11
0-1 —1f 111 1 L
Beolla 2faftfo o CNQ()
1ff2 2fof-1fo0 o 2 9

Ly Lo LsLy Ls

I Jo121)  J0,2,00) f(/(),z’o,()) 0 0 0 0
fei01) O 0 fao12) o013 fo002 fooos
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2) Monads

0 —V—B -1 C— 0

-1 l—=1 =1 {lofl 2f 1 1 ;)
oll—1 —1 1 1 1 1 X
BN022—1—100 CN2
| 12 2] of-1]f o0 o )

Ll LQ L3L4 L5

f o~ 0.2,0,0) f(,o,z,o,()) 0 U 0 0
0 0 f(1,0>1,2) f(0,0,1,3) f(0,0,0,2) f(/o,o,o,z)

bundle splits if zero

N D = =
L |
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2) Monads

0 —-vVv-—8B-L0c o0

=1 -1 =1 of 1f 1 1 1
Of-1 =1 ff 1| 1f 1 1

B~lols olila]o o CN;

|12 2|0f-1ff 0 o0 2

Ly Lo LsLy Ls

f~ F0.2.0,0 f(/o,z,o,o) 0 J 0 0
0 0 f(1,0>1,2) f(0,0,1,3) f(0,0,0,2) f(/0,0,0,2)

bundle splits if zero

~

We can show for (154) =0, V =U @ Ly:

® bundle V is supersymmetric

o #5=hr%X,AV)=3

N O = =
L |
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Features of the SU(4) x Ux (1) model:

e Ux(l) — Up_r(1)

® /.-term forbidden

® dangerous dim. 4 terms forbidden by Upg_; (1)

® 5101010 operators still absent, due to existence of
line bundle locus

Saturday, November 23, 2013



Conclusions and outlook

® We can "mass-produce” heterotic CY standard models from line
bundles. 2000 models have been found from 200 GUT models.

® We have found all viable line bundle GUT models on favourable
Cicys with freely-acting symmetries: 35000 models

® These models will lead to a large number of standard models
which will form the starting point for a detfailed phenom. analysis.

® Higgs can be kept light away from the line bundle locus.

® We can study the non-Abelian continuation of line bundle models:
“Unexpected” absences of operators due to line bundle locus.

® What is the total number of string standard models?
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Thownks
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