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Starting point:  From worldline
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e world sheet susy to avoid tachyons
e consistent only in 10 space-time dimensions
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many subtleties after quantisation, including:
e world sheet susy to avoid tachyons
e consistent only in 10 space-time dimensions

e five different types

but basically:
n=0 — observed particles

/, 2
um: am” =n & /Z .
spectrum { n#0 — supermassive

massless modes contain graviton (closed strings)
and gauge fields (open strings)
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e String theory contains extended objects of all dimensions
-> p-branes

e 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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4) SU(3)xSU(2)xU(1) representation structure

one standard model family:

d L Q) u e

SU@3) x SU(2) xU(1) : (3,1)2/3P(1,2)_1 D (3,2)_1/3® (3,1)_4/3 D (1,1)2
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one standard model family:

SU()XSU()XU 6/3 D 32 1/3

Which group mEfi :

contains the

spinor of SO(10) ﬂE7 :

in its adjoint?

Eg!
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Ebg O—O—g-O-O-O-BZ{
. 00doon

Eg o—o—g-o-lzi
E5 = SO(10) o-o-g-gg{
Ey = SU(5) o—o—gi

By = SU(3) x SU(2) 00 0

Exceptional gauge groups and Eg in particular are prevalent
in string theory -> representation structure of known particles
can be accounted for:



5) The Higgs multiplet

SU3) x SU(2) x U(1) : (1,2)_,



5) The Higgs multiplet

B T

SUB) x SU2)xU1) : (1,2)_1 & (3,1)s,



5) The Higgs multiplet

SU3) x.SU2):x U(l) :




5) The Higgs multiplet

SU3) x.SU2):x U(l) :

How can the Higgs be reconciled with unification?
-> heavy mass to triplet, "doublet-triplet” splitting



5) The Higgs multiplet

SU(3) x SU(2) x U(1)

i
) (DR =

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 ftriplet
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What is the main problem?

Large degeneracy of vacua through choice in compactification:
— structure of 4d theory
topology:
—— algebraic geometry
Q @ —— couplings in 4d theory
I b
moduls — differential geometry

Leads to close relation between geometry and field theory.

How do we find the “right” vacuum?

e 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.
x = 2(ht!t — h?1) is plotted horizontally and h'! + h?! is plotted vertically.
The oblique axes bound the region h't > 0, %! > 0.

(from P. Candelas et al., 0706.3134)
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Model building
.. . in the context of the Es x Ejs heterotic string:

6d manifold vector bundle
X < V
metric gon connection A,,
consistency: Fap = Hap = Fap = Fap =
Ral—) — gabFaj) — O
, Donaldson
Yaus th '
aus theorem i Uhlenbeck, Yau

X complex, Kahler, ¢;(X) =0  V holomorphic, poly-stable
<— X CY manifold

-> heterotic vacuum determined by a pair (X, V)
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Which gauge group (structure group) for the bundle V'?

SU(5) x SU(5) C Eq

/o N\

structure group 4d gauge group

2485, — [(1,24) & (5,10) @ (5,10) ¢ (10, 5) $ (10,

S

e) (Q,u,e) (dvv z) ( )

(24,1)]su(s)xsu(s)

bundle
modulli
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ind(V)

#ﬁ o #10 1o _ 37
ind(A2V) [

First pass: 45 — 45

Fortunately, for all SU(5)bundles, ind(V)) = ind(A*V)

Full spectrum from bundle cohomology, e.qg.:

#10=h'(X,V), #10=h'(X,V*)

In practice use structure group S(U(1)°) C SU(5)so that

5
V=(Ls,, L,=0x(k,)

a=1

is a sum of five line bundles, specified by integer vectors k, .



. . . results in GUT models with gauge group

SU(5) x S(U(1)%)«— Vpically
anomalous



. . . results in GUT models with gauge group

SU(5) x S(U(1)%)«— Vpically
anomalous

. . . .and matter multiplets

]—Oaa ]-Oaa D by 5a,b7 ]-a,b — Sa,b

Y



. . . results in GUT models with gauge group

SU(5) x S(U(1)%)e—

. . .. and matter multiplets

]-Oaa ]-Oaa D by 5a,b7 ]-a,b — Sa,b

.. . with multiplicities b1 (X, L) :

Y

typically
anomalous

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

e, e, e, + e L, ® Ly A2V

5 e, o, —e, — ey L@ L} N2V*
le, e, e, — €y L,® Lj VeV*

1 e,+e, —€, + € L, ® Ly




. . . results in GUT models with gauge group
SU(5) x S(U(1)%)«— Vpically
anomalous

. . .. and matter multiplets

]-Oaa ]-Oaa D by 5a,b7 ]-a,b — Sa,b

Y

... with multiplicities h!(X, L) :

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

10, e Ly v <=3l
families and 0 . e, L e «— —
mirror families 75 " . 1 e L. L, N2V >3

5 e, o, —e, — ey L@ L} N2V*

le,—e, €, — € Lo ® L;'-; VeV*

1 ¢, te, —€, + €y L7 ® Ly




. . . results in GUT models with gauge group
SU(5) x S(U(1)%)«— Vpically
anomalous

. . .. and matter multiplets

]—Oaa ]-Oaa D by 5a,b7 ]-a,b — Sa,b

Y

... with multiplicities h!(X, L) :

multiplet | S(U(1)°) charge | associated line bundle L | contained in
10, e Lo Vv «— = 3|
families and 0 . e, L e «— —
mirror families Be. 1o, . 1 e L. L, N2V > 30
5 e, o, —e, — ey L@ L} N2V*
bundle le, o, e, — € L,® L; Vv
moduli S% [ 1_c, e, —€q + € L; ® Ly




. . . results in GUT models with gauge group

typically

5 e
SU(5) x S(U(1)”) anomalous

. . .. and matter multiplets

]-Oaa ]-Oaa D by 5a,b7 ]-a,b — Sa,b

Y

.. . with multiplicities b1 (X, L) :

multiplet | S(U(1)°) charge | associated line bundle L | contained in
10, e Lo Vv «— = 3|
families and 0 . e, L e «— —
mirror families Be. 1o, . 1 e L. L, N2V > 30
5 e, o, —e, — ey L@ L} N2V*
bundle le, e, e, — € L,® L} Vv
moduli S [ 1_c.+e, —eq + e L @ Ly

Can lead to standard models after taking I'- quotient and

including Wilson line.



The standard model of particle physics from string theory
An example:

CY datfa: = cicy 7862, Symmetry 3
2

2
2
2
nX)=-128 h"'X)=4 h?'(X)=68 cx(TX) = {24, 24, 24, 24}
K:121:1t2t3+12t1t2t4+12t1t3t4+12t2t3t4

symmetry: 3 order: 4

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

i1 0 0 0O OO O O 01 0O0O0O0O00O0
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O 01 0O OO OO O 00O0O1O0O0OO00O
Actiononcoordinates:{g g 8_01 ? 8 8 8 , 8 8 (1) 8 8 (1) 8 8}
O 0 00O O-10 O O 0O0O0OO0O1TO0O0O0DO0
O 0 0O 0OO0O 1 O O 0O0O0OOO0OTO 01
O 0 0O OO0 0 -1 O 0O0O0OO0OOO0OT1TDO

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

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

Vikal=l o 5 1 1 0

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, O, O}}
L5 = {11 11 07 _2} h[LS] = {01 45 0’ O} h[LSJR] = {{O’ 01 01 0}! {15 1’ 15 1}1 {01 Os O’ O}’ {O’ 01 Os 0}}
LoxL, = {0,-2,1,1} h[Lo,xLs] = {0, 4,0, 0} h[LoxL4,R] = {{0,0,0,0},{1,1,1,1},{0,0,0,0},{0,0,0, 0}}
LoxLs = {0, -2, 2, 0} h[lLoxLs] = {0, 3, 3, 0} h[L,xLs,R] = {{0,0,0,0},{0,1,1,1},{0,1,1,1},{0,0,0, 0}}
L4XL5 = {2l 2’ _1’ _3} h[L4XL5] = {01 8’ O’ O} h[L4XL5’R] = {{O’ 01 O’ 0}’ {2! 2’ 21 2}1 {01 O’ O’ O}, {O’ 01 O’ 0}}

LixLy* = {0, 3, -2, -1} h[LyxL,"] = {0,0,12,0} h[L;xL,",R] = {{0,0,0, 0}, {0, 0,0, 0}, {3, 3, 3, 3}, {0, 0, 0, O}}
LixLs* = {-2,-1,0, 3} h[LyxLs"] = {0,0,12,0} h[L,xLs",R] = {{0,0,0, 0}, {0, 0, 0, 0}, {3, 3, 3, 3}, {0, 0, 0, O}}
LoxLs® = {-1,-4,3, 2} h[LoxL3"] = {0, 20, 0, 0} h[L,xL3",R] = {{0,0,0, 0}, {5, 5, 5, 5}, {0, O, O, 0}, {0, O, O, O}}
LoxLs® = (-2, -4, 3, 3} h[LoxL,"] = {0,12,0, 0} hiL,xLs",R] = {{0,0,0,0}, {3, 3, 3, 3},{0,0,0,0}, {0, 0,0, 0}}
LsxLs® = {-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, 0}} Higgs pairs: 1

Downstairs spectrum: {2 105, 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, 2} rk(Y?P)) = {0, 0} dim. 4 operators absent: {True, True} dim. 5 operators absent: {True, True}



bundle data:

m Basic properties

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

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

ViKasl g 5 4y 0| < integer matrix defining line bundle sum

1 2 0 -1 -2

Cohomology of V:

Lo = {-1,-8,2,2} h[Ls] = {0, 8,0, 0} h[L,,R] = {{0,0,0,0}, {2, 2, 2, 2}, {0, O, O, 0}, {0, O, O, 0}}
Ls = {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, 0}}
LoxL, = {0,-2,1,1} h[LoxLs] = {0, 4,0, 0} h[LoxL4,R] = ¢{{0,0,0,0},{1,1,1,1},{0,0,0, 0}, {0, 0,0, O}}
LoxLs = {0,-2,2,0)} h[LoxLs] = {0, 3,3, 0} h[L,xLg,R] = ¢{{0,0,0,0},{0,1,1,1},{0,1,1,1},{0,0,0,0}}
LyxLsg = {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}}

LixLy* = {0, 3, -2, -1} h[LyxL,"] = {0,0,12,0} h[L;xL,",R] = {{0,0,0, 0}, {0, 0,0, 0}, {3, 3, 3, 3}, {0, 0, 0, O}}
LixLs* = {-2,-1,0, 3} h[LyxLs"] = {0,0,12,0} h[L,xLs",R] = {{0,0,0, 0}, {0, 0, 0, 0}, {3, 3, 3, 3}, {0, 0, 0, O}}
LoxLs® = {-1,-4,3, 2} h[LoxL3"] = {0, 20, 0, 0} h[L,xL3",R] = {{0,0,0, 0}, {5, 5, 5, 5}, {0, O, O, 0}, {0, O, O, O}}
LoxLs® = (-2, -4, 3, 3} h[LoxL,"] = {0,12,0, 0} hiL,xLs",R] = {{0,0,0,0}, {3, 3, 3, 3},{0,0,0,0}, {0, 0,0, 0}}
LsxLs® = {-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, 0}} 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, 2} rk(Y?P)) = {0, 0} dim. 4 operators absent: {True, True} dim. 5 operators absent: {True, True}



bundle data:

m Basic properties

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

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

ViKasl g 5 4y 0| < integer matrix defining line bundle sum

1 2 0 -1 -2

Cohomology of V:

Lo = {-1,-8,2,2} h[Ls] = {0, 8,0, 0} h[L,,R] = {{0,0,0,0}, {2, 2, 2, 2}, {0, O, O, 0}, {0, O, O, 0}}
Ls = {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, 0}}
LoxL, = {0,-2,1,1} h[LoxLs] = {0, 4,0, 0} h[LoxL4,R] = ¢{{0,0,0,0},{1,1,1,1},{0,0,0, 0}, {0, 0,0, O}}
LoxLs = {0,-2,2,0)} h[LoxLs] = {0, 3,3, 0} h[L,xLg,R] = ¢{{0,0,0,0},{0,1,1,1},{0,1,1,1},{0,0,0,0}}
LyxLsg = {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}}

LixLy* = {0, 3, -2, -1} h[LyxL,"] = {0,0,12,0} h[L;xL,",R] = {{0,0,0, 0}, {0, 0,0, 0}, {3, 3, 3, 3}, {0, 0, 0, O}}
LixLs* = {-2,-1,0, 3} h[LyxLs"] = {0,0,12,0} h[L,xLs",R] = {{0,0,0, 0}, {0, 0, 0, 0}, {3, 3, 3, 3}, {0, 0, 0, O}}
LoxLs® = {-1,-4,3, 2} h[LoxL3"] = {0, 20, 0, 0} h[L,xL3",R] = {{0,0,0, 0}, {5, 5, 5, 5}, {0, O, O, 0}, {0, O, O, O}}
LoxLs® = (-2, -4, 3, 3} h[LoxL,"] = {0,12,0, 0} hiL,xLs",R] = {{0,0,0,0}, {3, 3, 3, 3},{0,0,0,0}, {0, 0,0, 0}}
LsxLs® = {-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, 0}} 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, ZA7}, {6, 6, -1, -1, -1, -1}}

k(YWY = (2, 2} rk(Y@)) = {0, 0} di operators absent: {True, True} dim. 5 operators absent: {True, True}

spectrum: 105, 102, 105, 52 4, 545, B4 5, Has, Has

3121, 3151, 01l23,3124, 153



allowed operators:

m Operators
basic superpotential terms:

_ (0) (0) (1)
H10P10%: 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:

10°575": A = {{{{0}, {0}, {0}, {{O}, {0}, {0}, {{O}, {0}, {O}}}, {{{O}, {0}, {O}}, {{O}, {0}, {O}}, {{0}, {0}, {O}}}, {{{O}, {0}, {O}}, {0}, {0}, {O}}, {{O}, {O}, {O}}}}

Dimension 5 operators in superpotential:

5°1091010%: 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}}, {{0}, {0}, {O}}}},
{{{{0}, {0}, {0}}, {{O}, {0}, {O}}, {{0}, {0}, {O}}}, {{{O}, {0}, {O}}, {{O}, {0}, {O}}, {0}, {0}, {O}}}, {{{O}, {0}, {O}}, {{0}, {0}, {O}}, {{O}, {0}, {O}}}}, {{{{O}, {0}, {O}}, {{O},

D—-terms:

Aty ty+4t tg—dtoty —41tty
_ 16t to— At ta+4toty— At ty +4tot, — 16151,
Fl—terms: K 4« = At + At ts— Aot +4A1tgt,
—8tto+815t,
—Btitp—Atits Aoty +4t ty+Att, + 81ty

~S5,1St51 -S54 S's s
3 S2,1 ST2,1 +S23 ST2,3 +S24 SJr2,4
singlet D—terms: q,,S“S = ~S23S8753-S53Ss3
—-S24 ST2,4
S5.1S"5.1+S53S"s3




allowed operators:

m Operators

basic superpotential terms:

_ (0) (0) (1)

H10P10% Y¥ =[(0) (0) (1) | e rank 2
(1) (1) (0)
(0) (0) (0)

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

HH: u = (1)

Wsing:{O}

R—parity violating terms in superpotential:

10°575": A = {{{{0}, {0}, {0}, {{O}, {0}, {0}, {{O}, {0}, {O}}}, {{{O}, {0}, {O}}, {{O}, {0}, {O}}, {{0}, {0}, {O}}}, {{{O}, {0}, {O}}, {0}, {0}, {O}}, {{O}, {O}, {O}}}}

Dimension 5 operators in superpotential:

5°1091010%: 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}}, {{0}, {0}, {O}}}},
{{{{0}, {0}, {0}}, {{O}, {0}, {O}}, {{0}, {0}, {O}}}, {{{O}, {0}, {O}}, {{O}, {0}, {O}}, {0}, {0}, {O}}}, {{{O}, {0}, {O}}, {{0}, {0}, {O}}, {{O}, {0}, {O}}}}, {{{{O}, {0}, {O}}, {{O},

D—-terms:

Aty ty+4t tg—dtoty —41tty
_ 16t to— At ta+4toty— At ty +4tot, — 16151,
Fl—terms: K 4« = At + At ts— Aot +4A1tgt,
—8tto+815t,
Bty -4t t—Atoty + 4t + 41t + 815ty

~S5,1St51 -S54 S's s
3 S2,1 ST2,1 +S23 ST2,3 +S24 SJr2,4
singlet D—terms: q,,S“S = ~S23S8753-S53Ss3
—-S24 ST2,4
S5.1S"5.1+S53S"s3




allowed operators:

m Operators

basic superpotential terms:

_ (0) (0) (1)

H10P109: Y(“)=[(0) (0) m] — rank 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:

10°575": A = {{{{0}, {0}, {0}, {{O}, {0}, {0}, {{O}, {0}, {O}}}, {{{O}, {0}, {O}}, {{O}, {0}, {O}}, {{0}, {0}, {O}}}, {{{O}, {0}, {O}}, {0}, {0}, {O}}, {{O}, {O}, {O}}}}

Dimension 5 operators in superpotential:

5°1091010%: 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}}, {{0}, {0}, {O}}}},
{{{{0}, {0}, {0}}, {{O}, {0}, {O}}, {{0}, {0}, {O}}}, {{{O}, {0}, {O}}, {{O}, {0}, {O}}, {0}, {0}, {O}}}, {{{O}, {0}, {O}}, {{0}, {0}, {O}}, {{O}, {0}, {O}}}}, {{{{O}, {0}, {O}}, {{O},

D—-terms:

Aty ty+4t tg—dtoty —41tty
_ 16t to— At ta+4toty— At ty +4tot, — 16151,
Fl—terms: K 4« = At + At ts— Aot +4A1tgt,
—8tto+815t,
Bty -4t t—Atoty + 4t + 41t + 815ty

~S5,1St51 -S54 S's s
3 S2,1 SJr2,1 +S23 ST2,3 +S24 SJr2,4
singlet D—terms: q,,S“S = ~S23S8753-S53Ss3
—-S24 ST2,4
S5.1S"5.1+S53S"s3




allowed operators:

m Operators
basic superpotential terms:

(0) (0) (1)

H10°10%: Y(“)=[(0) (0) (1)] «—— rank 2
(1) (1) (0)

(0) (0) (0)

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

WA u=m  <— [L—-Term vanishes

Wiing = {0}

R—parity violating terms in superpotential:

10°575": A = {{{{0}, {0}, {0}, {{O}, {0}, {0}, {{O}, {0}, {O}}}, {{{O}, {0}, {O}}, {{O}, {0}, {O}}, {{0}, {0}, {O}}}, {{{O}, {0}, {O}}, {0}, {0}, {O}}, {{O}, {O}, {O}}}}

Dimension 5 operators in superpotential:

5°1091010%: 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}}, {{0}, {0}, {O}}}},
{{{{0}, {0}, {0}}, {{O}, {0}, {O}}, {{0}, {0}, {O}}}, {{{O}, {0}, {O}}, {{O}, {0}, {O}}, {0}, {0}, {O}}}, {{{O}, {0}, {O}}, {{0}, {0}, {O}}, {{O}, {0}, {O}}}}, {{{{O}, {0}, {O}}, {{O},

D—-terms:

Aty ty+4t tg—dtoty —41tty
_ 16t to— At ta+4toty— At ty +4tot, — 16151,
Fl—terms: K 4« = At + At ts— Aot +4A1tgt,
—8tto+815t,
Bty -4t t—Atoty + 4t + 41t + 815ty

~S5,1St51 -S54 S's s
3 S2,1 ST2,1 +S23 ST2,3 +S24 SJr2,4
singlet D—terms: q,,S“S = ~S23S8753-S53Ss3
—-S24 ST2,4
S5.1S"5.1+S53S"s3




allowed operators:

m Operators
basic superpotential terms:

(0) (0) (1)

H10°10%: Y(“)=[(0) (0) m] «—— rank 2
(1) (1) (0)

(0) (0) (0)

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

Wi u=m  «— (L—-term vanishes

Wiing = {0}

R—parity violating terms in superpotential:

0

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

So4

10°575": A = {{{{0}, {0}, {0}, {{O}, {0}, {0}, {{O}, {0}, {O}}}, {{{O}, {0}, {O}}, {{O}, {0}, {O}}, {{0}, {0}, {O}}}, {{{O}, {0}, {O}}, {0}, {0}, {O}}, {{O}, {O}, {O}}}}

Dimension 5 operators in superpotential:

5°1091010%: 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}}, {{0}, {0}, {O}}}},
{{{{0}, {0}, {0}}, {{O}, {0}, {O}}, {{0}, {0}, {O}}}, {{{O}, {0}, {O}}, {{O}, {0}, {O}}, {0}, {0}, {O}}}, {{{O}, {0}, {O}}, {{0}, {0}, {O}}, {{O}, {0}, {O}}}}, {{{{O}, {0}, {O}}, {{O},

D—-terms:

Aty ty+4t tg—dtoty —41tty
_ 16t to— At ta+4toty— At ty +4tot, — 16151,
Fl—terms: K 4« = At + At ts— Aot +4A1tgt,
—8tto+815t,
Bty -4t t—Atoty + 4t + 41t + 815ty

-S4 ST2,1 - S5,1 ST
3 S2,1 ST2,1 +S23 ST2,3 +S24 ST2,4
singlet D—terms: q,,S“S = ~S23S8753-S53Ss3
—-S24 ST2,4
S5.1S"5.1+S53S"s3




allowed operators:

m Operators
basic superpotential terms:

(0) (0) (1)

H10°10%: Y(“)=[(0) (0) m] «—— rank 2
(1) (1) (0)

(0) (0) (0)

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

Wi u=m  «— (L—-term vanishes

Wiing = {0}

R—parity violating terms in superpotential:

0
i o= 15| «—zero for (124) = 0, non-zero otherwise
S2,4
10°5'5: A = {{{{0}, {0}, {03}, {{O}, {0}, {O}}, {{O}, {0}, {O}}}, {{{O}, {0}, {O}}, {{O}, {0}, {O}}, {{O}, {0}, {O}}}, {{{O}, {O}, {O}}, {{O}, {0}, {O}}, {{O}, {O}, {O}}}}
Dimension 5 operators in superpotential: PI"OfO n
5°10910"10%: 1A'= {{{{0}, {0}, {0}}, {0}, {0}, {O}}, {{O}, {O}, {O}}}, {{{O}, {0}, {O}}, {{O}, {O}, {O}}, {{O}, {0}, {O}}}, {{{O}, {O}, {O}}, {{O}, {0}, {O}}, {{O}, {O}, {O}}}}, S'I.ab le

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

D—-terms:

Aty ty+4t tg—dtoty —41tty
_ 16t to— At ta+4toty— At ty +4tot, — 16151,
Fl—terms: K 4« = At + At ts— Aot +4A1tgt,
—8tto+815t,
Bty -4t t—Atoty + 4t + 41t + 815ty

-S4 ST2,1 - S5,1 ST
3 S2,1 ST2,1 +S23 ST2,3 +S24 ST2,4
singlet D—terms: q,,S“S = ~S23S8753-S53Ss3
—-S24 ST2,4
S5.1S"5.1+S53S"s3




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.



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.

68 Cicys with h11(X) <6



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.

68 Cicys with pb1(X) <6

Requires scanning over ~ 100 bundles (F;)



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

hl’l(X)

6

total

#models

552

21731

41036

63325




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

hl’l(X)

3 4

5

6

total

#models

6 552

21731

41036

63325

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

34989 models




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

hit(X) | 2 3 4 5 6 total

#models | 0 0 6 552 | 21731 4103663325

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



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

hit(X) | 2 3 4 5 6 total

#models | 0 0 6 552 | 21731 4103663325

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!



Conclusion

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

e 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:

¢ What is the number of string standard models?
e Details of moduli stabilisation and supersymmetry breaking.

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

e How to go beyond CY manifolds: G2 manifolds, G-structure
manifolds, non-geometric compactifications, . . .

-> much of the required mathematics not yet available



Open problems:

¢ What is the number of string standard models?
e Details of moduli stabilisation and supersymmetry breaking.

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

e 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 fo select a specific topology?






hantks



