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Summary

We found a compactification of the Fy x Fg
heterotic string with low-energy physics

N =1, d = 4 QFT.

SUB)e x SUR2), xU(l)y x U(1)p_r.
Exact MSSM matter spectrum.

No vector-like pairs (except Higgs).

No exotics, no triplets.

3 + 3 + 13 moduli.

Yukawa couplings and no Higgs u-term.

Gravity, axion-dilaton.
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Lagrangian

Worldsheet fields:
Coordinates X and 2d metric g.

Spacetime data:
10d metric GG, B-field B, and Dilaton .

1
S = d? X
2ma’ /2 V9

X {(gabGW(X) + ieabBW(X)) 0, X 0, X" +

+ o/RCI)(X)}
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Different string theories are connected by
dualities
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Space-time = R x X
6d space X is small, scale ~ 10°GeV.
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Results

Low energy action contains a spin 2
particle.

Space-time must be 9 4+ 1 = 10-dimensional.

Eg x Eg gauge symmetry.

Compactification ansatz:

Space-time = R x X
6d space X is small, scale ~ 10°GeV.

Want to preserve N = 1 supersymmetry
= X is Calabi-Yau.
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Compactification I

So compactify on Calabi-Yau manifold X....

What does the low-energy 4d physicist see?
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So compactify on Calabi-Yau manifold X....

The low-energy 4d physicsisa N =1
supersymmetric field theory with

e graviton and gravitino,
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gauge bosons and gauginos in the adjoint
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Compactification I

So compactify on Calabi-Yau manifold X....

The low-energy 4d physicsisa N =1
supersymmetric field theory with

graviton and gravitino,
dilaton-axion,

gauge bosons and gauginos in the adjoint
of Eg X Eg,

dim H*1(X) complex structure modul,
dim A''(X) Kdhler moduli.

Anomalous unless X = 7°.
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The anomaly can be canceled by a suitable
gauge bundle.

This gives vevs to Eg x E¢ gauge bosons.
= breaks the gauge symmetry.

Distinguish two different effects:

e “Gauge instantons”: connected subgroups
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o “Wilson lines”: discrete subgroups
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The anomaly can be canceled by a suitable
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This gives vevs to Eg x E¢ gauge bosons.
= breaks the gauge symmetry.

Distinguish two different effects:

e “Gauge instantons”: connected subgroups
SU(TZ) C Eg X Eé

o “Wilson lines”: discrete subgroups
Zn C Eg X Eé

Note: Fj is hidden sector.
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o BUIBNLIHBINILA RN .

e SUB)exSUR),xU(l)y xU(1)p_y,
= proton decay suppressed.

o No exotic matter, no vector-like pairs.
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Gauge Instanton

Maximal regular subgroup
SU(4) x Spin(10) C Es:

SU(4)
O—OC—O0 @

Spin(10)
9@

Hence, a SU(4) instanton breaks FEj to
Spin(10).

The adjoint of Fs (fermions in the Fg x FEg
heterotic string) decomposes as

248 = (1,45)®(15,1)$(4,16)5(4,16)5(6, 10)
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Compactify on Calabi-Yau threefold X and
SU(4) gauge bundle (rank 4 vector bundle) V':

N =1, d = 4 graviton and gravitino,
dilaton-axion,

gauge bosons and gauginos in the adjoint
of the unbroken gauge group Spin(10),

gauge bosons and gauginos in the adjoint
of the hidden FEg.

matter fields charged in the Spin(10),

moduli.

More details on the next slide...

A Heterotic Standard Model — University of Pennsylvania Math/Physics Research Group 16 / 54



U Summary

String Theory

Introduction
0 Our Goal
U Gauge Instanton

[0 Compactification I
[0 Compactification II
[0 Wilson Lines

(1 Characters
[0 Wilson Line
Breaking

(1 Wish List

The Calabi-Yau

Vector Bundles

A Heterotic Standard
Model

Superpotential

Fin

Compactification II

248 = (1,45)®(15,1)®(4,16)D(4,16) (6, 10)

A Heterotic Standard Model — University of Pennsylvania Math/Physics Research Group 17 / 54



U Summary

String Theory

Introduction
0 Our Goal
U Gauge Instanton

[0 Compactification I
[0 Compactification II
[0 Wilson Lines

(1 Characters

[0 Wilson Line
Breaking

(1 Wish List

The Calabi-Yau

Vector Bundles

A Heterotic Standard
Model

Superpotential

Fin

Compactification II

248 = (1,45)®(15,1)®(4,16)D(4,16)D(6, 10)

e One 45 = Spin(10) gauge bosons.
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e One 45 = Spin(10) gauge bosons.

lim H'(X, V) matter fields in the 16,
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lim H'(X, A*V) matter fields in the 10,

im H*!(X) complex structure modulli,
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Ancient Lore: Spin(10) GUT with Z3 x Zs
Wilson lines “works”:

16 of Spin(10): Breaks into one family of
quarks and leptons including a
right-handed Neutrino.

16 of Spin(10): Anti-family.

10 = 10 of Spin(10): Higgs and color triplets.
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Ancient Lore: Spin(10) GUT with Z3 x Zs
Wilson lines “works”:

16 of Spin(10): Breaks into one family of
quarks and leptons including a
right-handed Neutrino.

16 of Spin(10): Anti-family.
10 = 10 of Spin(10): Higgs and color triplets.

Compactification scale ~ GUT scale
... but nice way to package representations.
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Characters

G = Zs X Zg = G1 X G

Fix generators g; and ¢».

Characters (=1-d representations): Denote

271

generators by y; and y», where (w = ¢35 )

Xl(gl)

W Xl(gz)
x2(g1) = 1

1
Xz(gz) W

All other characters are products of y; and ys.
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Wilson Line Breaking
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To make use of this group theory, we would like

A Calabi-Yau threefold X with Zs x Zs
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Calabi-Yau
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« X is asimply connected Calabi-Yau
threefold, = (X) = 0.

o Every elliptically fibered Calabi-Yau over a
dPy is such a fiber product.

o dim A" (X) =19 = dim H>'(X)
= Moduli Spdce MKéihler X Mcomplex is
19 + 19-dimensional.
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Group Actions

We classified all 75 x Zs actions on the d P,
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We classified all Z; x Z3 actions on the dPy
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e One 3 + 3 parameter family with a free
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1
(21722723) — (Zla —X2; 5 23)

Resolution is again our Calabi-Yau

~

Blow-up {T6 [(Zs X Zg)} =X

3 + 3 parameter family of orbifolds.
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Moduli Space

~
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16 + 16 Blow-up directions Free Zs x Zs action
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Invariant Cohomology

In the following, only consider the 3 + 3
parameter family with free Z3 x Zs action.

= HP(X) = H"(X)"

3
Hodge diamond A?4(X)=1 3 3 1
3
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Invariant Cohomology

In the following, only consider the 3 + 3

parameter family with free Z3 x Zs action.

= HP(X) = H"(X)"

Hodge diamond A?4(X)=1 3 3 1

pt1(X) = 3-dim. lattice of line bundles.

A Heterotic Standard Model — University of Pennsylvania Math/Physics Research Group

29 / 54



U Summary

String Theory

Introduction

The Calabi-Yau

Vector Bundles

0 Line Bundles

0 Equivariant Line
Bundles

00 The Serre
Construction

U Constructing
Vector Bundles

A Heterotic Standard
Model

Superpotential

Fin

Vector Bundles

A Heterotic Standard Model — University of Pennsylvania Math/Physics Research Group

30/ 54



U Summary

String Theory

Introduction

The Calabi-Yau

Vector Bundles

[1 Line Bundles

0 Equivariant Line
Bundles

[0 The Serre
Construction

U Constructing
Vector Bundles

A Heterotic Standard
Model

Superpotential

Fin

Line Bundles

Rank 1 vector bundles = U(1) gauge bundles.
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Line Bundles

Rank 1 vector bundles = U(1) gauge bundles.
Classified by the first Chern class in

H*(X,2)" = 7°
H%(B;,Z)" = 77
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Line Bundles

Rank 1 vector bundles = U(1) gauge bundles.

Classified by the first Chern class in

HQ()NQZ)G =7’ = (11,72, )
H? (Bz',Z)G =77 = (t;, [;)

Every line bundle is of the form

O)A(:(mlTl T+ T2T2 + $3¢) , L1, L9, T3 € L.
OBz'(ylti =+ y?fl) » Y1, Y2 € /.
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The Serre Construction

R A way to construct many rank 2 vector bundles
String Theory
e on a surface (here: B; and B»).
\T/he Ca;abi'f” o Take two line bundles £, L-.
Dpne e« o An ideal sheaf I (sheaf of functions
Bundles o R . o
vanishing at some fixed points).
[1 Constructin R o
T——— e Define S as an extension
A Heterotic Standard
Model
Superpotential O —_— Ll S S £2 @ [ S O
Fin
o Cayley-Bacharach property = generic

extension is a rank 2 vector bundle.
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Serre Construction

Define rank 2 bundles W, on B;

Note: W, and W, are rank 2 vector bundles on

the base d .
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The Gauge Bundle

Define these two rank 2 vector bundles on X

Vi £ Ox(—71 + 1) @ m (W)
Vo £ O — 1) @ my(Ws)

We define the rank 4 bundle V finally as a
generic extension

00— V) —V—Vy—0
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Spectrum

The massless spectrum

zero modes of Dg,
H' cohomology of the adjoint bundle &,

v/G.
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Have in mind

H (5(’ gg’)G

HY(X, &) =
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The Higgs Sector

For example, focus on the fields in the 10:

N G
H (X  E ) = (lots of other fields) &

® & & D

] ~ G

Xz@Hl(X, /\QV)} ® (1,2,3,0) ®

: ~ G

oo H (X, A)| @ (3,1,-2,-2) @

N 1{ v A2 = —
GoH (X, A7) ®(1,2,-3,0)@

9 1{ 5 A2 G =
X1Xa ® H (X,/\V)} ® (3,1,2,2) .
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Cohomology

The necessary cohomology groups for ) are

H (55 V)
H (5{' VV)

H! (55 /\QV)

3 Reg(G)

0

Hl()?,vl @Vg) =
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Doublet-Triplet Splitting

H' (55; /\QV) = X1X2 B XTX5 D X2 D X5 © 0x1X3

~
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Doublet-Triplet Splitting

il (5(’

Doublets

- — G
Y1x3 @ H! (X, /\Qvﬂ 3

, AQV) = X1X2DXIX5 B X2 D X5

G
X2 & Hl( /\QV)} up Higgs
G
X1X2®H1( /\QV)} 3

_XQ ® H! (X , /\2)/” . down Higgs

and triplets are completely split.
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Summary

Our Heterotic Standard Model has

Three families of quarks and leptons.
Zero anti-families.

1 Higgs—Higgs conjugate pair
(exact MSSM matter spectrum).

No vector-like pairs (except Higgs).
No triplets.

No exotics.

3 4+ 3 + 13 moduli.

Hidden sector.
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Spin(12) gauge group.
4 matter fields in the 12.

6 hidden vector bundle modul..
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The Lagrangian

We do not know the Kahler potential. What
can we learn from the superpotential 1V?

o Higgs u-terms ¢ HH
o Yukawa couplings Q; HQ; + Q;HQ;

Field

Name

¢
H

H
Qi
Qi

Vector bundle moduli

Higgs

Higgs-conjugate

Quarks & leptons of the i-th family
AHti-QZ’
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Superpotential

The cubic terms in the superpotential are
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Superpotential

The cubic terms in the superpotential are
o Higgs u-terms (note: A2V = A?VY)

Hl()N(,V@@VV) ®H1()N(,/\2V> @Hl(f(,A?VV)
— H*(X,05) = C
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Superpotential

The cubic terms in the superpotential are
o Higgs u-terms (note: A2V = A?VY)

Hl()N(,V@@VV) ®H1()N(,/\2V> @Hl(f(,A?VV)
— H*(X,05) = C
e Yukawa couplings
Hl()N(,V) ®H1()N(,V> @Hl()?,A2VV)
C

P (55 055)
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Leray Degrees

Bundle-valued cohomology =
cohomology of bundle-valued differential forms.
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Leray Degrees

Bundle-valued cohomology =
cohomology of bundle-valued differential forms.

Split cohomology according to base & fiber degrees:

Field Cohomology | Fiber 1 Base Fiber 2
Q1, Q1 H (X', V) 1 0 0
Q2, Q3, Q2, Q3 H ()N(, V) 0 0 1
H, H H'(X, A?V) 0 1 0
b1, 05 HY (X, Ve V) 1 0 0
buy .3 HY (X, VRVY) 0 0 1
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Selection Rule

Cubic terms must have degree 1 in
each of the three directions.
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Cubic terms must have degree 1 in
each of the three directions.
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Selection Rule

Cubic terms must have degree 1 in
each of the three directions.

String miracle:
Selection rules without symmetries.

Field Fiber 1 Base Fiber 2
H, H 0 1 0

D1y ..., 03 1 0 0
@1y ..., P13 0 0 1
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Selection Rule

Cubic terms must have degree 1 in
each of the three directions.

String miracle:
Selection rules without symmetries.

Field Fiber 1 Base Fiber 2
H, H 0 1 0

D1y ..., 03 1 0 0
@1y ..., P13 0 0 1

Higgs p-terms ¢; H H are forbidden.
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Yukawa couplings

Field

Fiber 1 Base Fiber 2

Q1, Q1

Q2, @3, Q2, Q3
H, H

1 0 0
0 0 1
0 1 0
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Yukawa couplings

Field

Fiber 1 Base Fiber 2

Q1, Q1

Q2, @3, Q2, Q3
H, H

1 0 0
0 0 1
0 1 0

Yukawa couplings are allowed!

W = Z ()\i Q1HQ; + \; Qz’ﬁQ1)

i=2.3
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Summary

o We found a compactification of the Fg x Ejg
ntroduction heterotic string with low-energy physics

The Calabi-Yau

]
Vector Bundles
A Heterotic Standard °
Model
Superpotential
]
Fin
U Straying ¢
]
]
]
]

N =1, d = 4 QFT.

SUB)e x SUR2), xU(l)y x U(1)p_r.
Exact MSSM matter spectrum.

No vector-like pairs (except Higgs).

No exotics, no triplets.

3 + 3 + 13 moduli.

Yukawa couplings and no Higgs u-term.

Gravity, axion-dilaton.
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Straying

e Nearby Vacua?
ntroduction Slight changes to the bundle data generates

The Calabi-Yau ° 16 . E pairs,

Vector Bundles

ﬁ/{glcfélerotic Standard ° M ore Higgs )

Superpotential

e More color triplets.

Fin
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Straying

Nearby Vacua?
ntroduction Slight changes to the bundle data generates

The Calabi-Yau ° 16 . E pairs,

Vector Bundles

ﬁ/{glcfélerotic Standard ° M ore Higgs .

Superpotential

String Theory

e More color triplets.

Fin

o But: apparently #{Higgs} — #{3} = O(1).
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Straying

Nearby Vacua?

Slight changes to the bundle data generates

16 — 16 pairs.
More Higgs.

More color triplets.

But: apparently #{Higgs} — #{3} = O(1).
Selection rules often forbid mass terms for

vector-like pairs.
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Straying

Nearby Vacua?
Slight changes to the bundle data generates

16 — 16 pairs.
More Higgs.

More color triplets.

But: app

arently #{Higgs} — #{3} = O(1).

Selection rules often forbid mass terms for
vector-like pairs.

Even if t

ey do not, only reliable up to

intermed

iate scale.
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