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The standard model from string theory: Where are we?

Getting the right (supersymmetric) field content &
gauge unification: 1

Proton stability: dim. 4 operators [, dim. 5 operators 7]
light Higgs, mu-problem: [7]

calculating Yukawa couplings: holomorphic [, physical [7]
moduli stabilisation, susy breaking: 7] . . . [

realistic Yukawa couplings: Y]
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Heterotic Calabi-Yau model building

10-dim. effective (N=1) supergravity:

gravity multiplet SYM multiplet
(915, ¥71) (A1, x) € Es X Es

l Background for compactification: l
6d manifold X vector bundle V' — X

(Gmn) (Am)

l Resulting 4d N=1 theory: J'

(9> ¥y, moduli) (A, x, matter fields)
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What determines the background for compactification?

6d manifold vector bundle
X < 4

metric g,,n connection A,,
Rab:RC—LE:O Fab:Fa_:
Fap = g Fp =

Yau's ’rheoremji j: Donaldson,
Uhlenbeck, Yau
X compl., Kahler V" holomorphic,
c1(X) =0 X CY poly-stable

plus anomaly cancelation: cho(V) — cho(TX) = [W]

-> heterotic vacuum is determined by a Calabi-Yau 3-fold X
and a holomorphic, poly-stable vector bundle V on X.
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Given(X,V), how is the 4-dim. theory obtained?

a) 4d gauge group: Choose structure group SU(5) C Eg forV

Breaks L5 to low-energy gauge group
(commutant of SU(5) within Es ) — SU(5)

—> gauge unification

b) 4d matter multiplets:

248, — [(1,24) @ (5,10) & (5,10) ¢ (10,5) & (10,

S

e) (Q,u,e) (sz E) ( )

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

bundle
moduli
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c) Multiplicity of 4d matter multiplets:

. #10 — #10 = ind(V) ! w_ g
First pass: 45 45— ind(A2V) [

Full spectrum from bundle cohomology, e.g.:

#10 = h'(X,V), #T10=h'(X,V*)

d) Breaking of GUT group to standard model group:

Wilson-line (flat bundle) in hyper-charge direction

Preserves index (chiral asymmetry) for matter fields,
but allows for vector-like pairs and split multiplets (Higgs)

In practice: X — X/T', V — X descends to V — X/TI'



For many years is was difficult to construct models, due
to technical problems with vector bundles on CY manifolds.

How can (quasi-realistic) models be constructed?
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Line bundle standard models

Focus on bundles with Abelian structure group.

\XHW yae

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

V= €9L

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

Line bundles are classified by their first Chern class:

ci(Ly) =k'J; < Lg=0x(ky)
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. . . results in GUT models with gauge group

SU(5) x S(U(1)7)e— YPically
anomalous

. . .. and matter multiplets

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

multiplet | S(U(1)°) charge | associated line bundle L | contained in
10, eq L, v «— = 3|T|
families and 0 . e L e «— —
mirror families Be. o, 0. + L. L, N2V I> 30
5 e, o —e, — ey, L*® L} N2V*
bundle le, e, e, — ey L,® L} VeV
moduli S | 1-c.+te, —e, + ey L; ® Ly

Can lead to standard models after taking I'- quotient and
including Wilson line.



The additional U(1) symmetries are relevant in a number of ways:

® They constrain the low-energy theory, in particular:

® Together with bundle moduli singlets, they generate
Yukawa-textures (Frogatt-Nielsen)

e They can forbid dim. 4/5 operators inducing proton decay
® They can help to solve the i - problem

® Line bundles can help stabilise modull
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Search for SU(5) line bundle models

Arena: complete intersection CYs (with ht! < 6)

line bundles: described by h''! x 5 integer matrices

Scan over ~ 10*° models, imposing consistency and correct
number of chiral families leads fto:

hl,l(X)

6

total

#models

0 6 552 | 21731

41036

63325

Roughly, a factor 10 more models per CY for each

additional Kahler parameter!
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After demanding absence of 10 and presence of 5 — 5 pair:
34989 SU(5) GUT models

Available at:

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

So far we have further analyzed of those:

~ 200 GUT models leading to ~ 2000 standard models™

*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.



The standard model example

CY data: = cicy 7862, Symmetry 3
2

2
2
2
nX)=-128 h''X)=4 h?'(X)=68 cx(TX) = {24, 24, 24, 24}
K= 121:1 t2t3+12t1 t2t4+12t1 t3t4+12t2t3t4

symmetry: 3 order: 4

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

O OO oo - 0 o

i 0 0 0O O O OO 010

O -10 O O 0 0O 1 0O

O 01 0 0O 0O OO O 0O

: . O 0 0O-10 O OO O 0 1
Action on coordlnates:{ 0000 1410001"looo
O 0 0O 0O0O-10O0 O 0O

O 0 0O OO0 1 O 0 0O

O 0 0O 0O OO 0 -1 0 0O

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

OO -+ OO0 O O o
O OO0 -+ O 0O O O
- O O O O O O O
O -+ OO0 O O o o
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The standard model example

CY data: = cicy 7862, Symmetry 3
2

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

X =-128 hM0=4 K00=68 cx(TX) - (24,24,24,24p «—— topological data
K:121:1t2t3+12t1t2t4+12t1t3t4+12t2t3t4 — VOlume

symmetry: 3 order: 4

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

1 0 0O 0O OO O O 01 0O0O0O0O0GO
O -1 0 0 OO OO 1 000 O0O0OGO
O 01 0 O 0 O O O 0OO0O10O0OO0ODO
Action on coordinates:{g 8 8 _01 (1) g 8 8 | 8 8 ; 8 8 (13 8 8 }
O 0 0O 0O O-10 O O 0OO0OO1O0O0OTP O
O 0 0O OO O1T O O OO0OOOOT O 1
O 0 0O OO O 0 -1 O 0O0OOOT1TO

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

N/

Lo X 42 generators



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

O Y P 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

O Y P 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 mnk 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)

H10P10%: Y(“)=[<0> (0) (1)] — rank 2
(1) (1) (0)
(0) (0) (0)

H5"109: Y(d)=[(0) (0) <0>] e f'Cll"lk 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)

H10P10°: Y(“)=[(0) (0) (1)] «—— rank 2
(1) (1) (0)

(0) (0) (0)

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

Wi 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
s p=|o| «— zero for (12 4) = 0, non-zero otherwise
2,4
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




What about more detailed properties, i.e. Yukawa couplings?



Yukawa couplings

Holomorphic Yukawa couplings:

)\(Vl,VQ,Vg):/ Q/\Vl/\VQ/\VB ViGHl(XaEi)
X



Yukawa couplings

Holomorphic Yukawa couplings:
)\(yl,ug,ug):/ QANvy Ave Avs v; € H (X, E;)
X

Holomorphic Yukawa couplings are independent of representative:

Ay + 5E1a1, Vo + 5E2a2, V3 + 5E3a3) = A1, V9, V3)

Can be computed without knowing Ricci-flat metric



Yukawa couplings

Holomorphic Yukawa couplings:
)\(yl,v2,ug):/ QANvy Ave Avs v; € H (X, E;)
X

Holomorphic Yukawa couplings are independent of representative:

Ay + 5E1a1, Vo + 5E2a2, V3 + 5E3a3) = A1, V9, V3)

Can be computed without knowing Ricci-flat metric

Physical Yukawa couplings depend on normalization:

1
(V,L-,,ui) I:/ M,;/\*Ei,ui:—/ J/\J/\Vi/\(H,ai)
X 2 X



Yukawa couplings

Holomorphic Yukawa couplings:
)\(yl,ug,ug):/ QANvy Ave Avs v; € H (X, E;)
X

Holomorphic Yukawa couplings are independent of representative:

Ay + 5E1a1, Vo + 5E2a2, V3 + 5E3a3) = A1, V9, V3)

Can be computed without knowing Ricci-flat metric

Physical Yukawa couplings depend on normalization:
1
(Vi,,ui) Z:/ Vi/\v_kEi,uz' - —/ J/\J/\Vi /N\ (Hﬂz)
X 2 X

Requires harmonic representative and Ricci-flat metric



Yukawa unification?

Consider, for example, SU(5) GUT with I' = Z, and down-Yukawa:



Yukawa unification?

Consider, for example, SU(5) GUT with I' = Z, and down-Yukawa:

upstairs: 6 families

8}
Z 57 51107
I,J=1



Yukawa unification?

Consider, for example, SU(5) GUT with I' = Z, and down-Yukawa:

upstairs: 6 families downstairs: 3families

- MY HA Q)
6 zgl
Z 57 51107

hJ=1 - Z MO HL e

1,7=1



Yukawa unification?

Consider, for example, SU(5) GUT with I' = Z, and down-Yukawa:

upstairs: 6 families downstairs: 3families

- Z MY HAQ?

6 1,7=1
S As5H 51107
hJ=1 - Z MO HL e
1,7=1

Wilson line described by I'-representations X2, X3 satisfying
X5 ® X3 = 1. For ' = Zy we have x2 = (1) and x3 = (0).






A(1,0)

)



(0)

A(1,0)

)










A and A4 are (in general) unrelated!



A and A4 are (in general) unrelated!

This holds for any symmetry I" and all types of Yukawa couplings.



In heterotic GUT models with Wilson line breaking
Yukawa unification in the traditional sense (i.e. enforced
by the GUT symmetry) never arises.



In heterotic GUT models with Wilson line breaking
Yukawa unification in the traditional sense (i.e. enforced
by the GUT symmetry) never arises.

Yukawa unification may arise from additional symmetries
which constraints the upstairs Yukawa couplings Ay .



Example: up-Yukawa couplings on tetra-quadric

Relevant line bundles for up-Yukawa coupling:

Kl — L; X L; 3 55{5 ﬁl — /£3_2Q(0,2,_2,0)d53
KQ = L5 4 102 ﬁQ = /1;2R 171,0’_2)d54
Kg — L2 8 105 W = /431_3/{2_ S(_g)_&o)o)dil N\ dEQ



Example: up-Yukawa couplings on tetra-quadric

Relevant line bundles for up-Yukawa coupling:

Ky =L;® L 3 55{5 U= K§2Q(0,2,—2,0)d53

KQ = L5 4 102 ﬁQ = /122R 171,0’_2)d54

Kg — L2 8 105 W = /431_3/{2_ S(_g)_&o)o)dzl N\ dZQ
where

Q = q+q2+ g

R = rog+riz1 +roze +1r3z129

_ _9 _ _ _ _ 9 _
S = 8o+ s122 + 275 + 832:23 + 8421 + S52122 + S62125 + 872123



holomorphic Yukawa couplings:

1
AMQ,R,S) == 3Q5R§ d*zd'z




holomorphic Yukawa couplings:

T Jot KYKIKSKS

1
AQ, R, S) —/ QRS2d4zd4Z

273
3 13qor0s0 + 3907154 + qor2S1 + qor3Ss + q1ros1 + qir1S5+

Q17252 + q17356 + q2r0S2 + Q27156 + 3G2r253 + 3q2r3 st



holomorphic Yukawa couplings:

1
AMQ,R,S) == 3Q5R§ d*zd'z

273
= 3 13qor0s0 + 3907154 + qor2S1 + qor3Ss + q1ros1 + qir1S5+

Q17252 + q17356 + q2r0S2 + Q27156 + 3G2r253 + 3q2r3 st

After taking quotient by I' = Z5 x Z5 and adding Wilson line:

5[0 00
)\(“):§ 0 0 1
0 1 0



A vanishing theorem

For X C A=P" x ... x P"™ each one-form v; is described by a
p;-form on the ambient space A, where i =1,2,3.

If p1+p2+p3 <dim(A) then A(vy,v9,v3) = 0.



A vanishing theorem

For X C A=P" x ... x P"™ each one-form v; is described by a
p;-form on the ambient space A, where i =1,2,3.

If p1+p2+p3 <dim(A) then A(vy,v9,v3) = 0.

This is a ftopological vanishing with no apparent explanation by
a symmetry in the 4d theory.



What about physical Yukawa couplings?

VEHl(X,Ox(kl,kQ,kg,O)) (kl < =2, k27k320)



What about physical Yukawa couplings?

VEHl(X,OX(kl,kQ,kg,O)) (kl < —2, k27k320)

= vHD ~ e 2a |ka||za|2‘P(Z)‘2d21 A dZ2



What about physical Yukawa couplings?

VEHl(X,OX(kl,kQ,kg,O)) (kl < =2, k27k320)

= vHD ~e 2 |ka||za|2‘P(Z)‘2d21 A dZ2

For large flux integrand localised -> normalization can be computed
approximately without knowing Ricci-flat metric.



What about physical Yukawa couplings?

VEHl(X,Ox(kl,kQ,kg,O)) (kl < =2, k27k320)

= vHD ~e 2 |ka||za|2‘P(Z)‘2d21 A dZ2

For large flux integrand localised -> normalization can be computed
approximately without knowing Ricci-flat metric.

|



What about physical Yukawa couplings?

VEHl(X,OX(kl,kQ,kg,O)) (kl < =2, k27k320)

= vHD ~e 2 |ka||za|2‘P(Z)‘2d21 A dZ2

For large flux integrand localised -> normalization can be computed
approximately without knowing Ricci-flat metric.



Conclusion

e We can now systematically search for and construct heterotic
models with the correct low-energy spectrum.

e We find 10 times more such models for At (X) — ALL(X) + 1

e It is unclear if this continues until A (X) ~ 500.
Large h'''(X)are a computational challenge due to the
growing number of bundles.

e Anomalous U(l) symmetries constrain the low-energy theory
and can help to solve physical problems, e.g. proton stability.

¢ The underlying GUT symmetry of heterotic model does not
lead to Yukawa unification.



e Yukawa couplings have unexpected topological vanishing
properties.

e We can work out holomorphic Yukawa couplings, and there
is progress in calculating the matter field Kahler potential
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