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defining data for GUT:

® Calabi-Yau 3-fold X
5

® vector bundle V = 69 L, — X, with structure

a=1

group S(U(1)°) c SU(5) C Exg

consistency condition:

® bundle supersymmetry: y(L,) = c1(Ly) NJ N J =0

® anomaly cancellation: c3(V) < co(TX)

GUT breaking:

® freely-acting symmetry I'on X

® ['-equivariant structure on V and Wilson line
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. . . results in GUT models with gauge group
SU(5) x S(U(1)7)e— VPically
anomalous

. . .. and matter multiplets

]-Oaa ]-Oaa D by 5a,b7 ]-a,b — Sa,b

Y

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

multiplet | S(U(1)°) charge | associated line bundle L | contained in
10,, €a L, v «— = 3|
families and 0 . e L e -— —
mirror families 75— . + e L. Ly N2V = 30
5_c,—e, —€e, — €p L7 ® Ly %
bundle le,—e, e, — €p L, ® L} VeV
moduli S | 1-c,te, —€, + € Lg® Ly

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

including Wilson line.
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Abelian locus:

V' is a line bundle sum or, equivalently, (S) =0

Two methods to study model away from the Abelian locus:

® Switch on VEVs, (S) # 0, in the 4-dim. theory.

® Construct non-Abelian bundles V which split into
line bundle sum V" at specific locus in moduli space.

(Anderson, Gray, Ovrut, 10)

Would like to explore both methods, particularly in relation to
three further phenomenological requirements:
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dim. 4 proton decay dim. 5 proton decay

Phenomenologically we need:

® small Higgs mass, u(S) ~ 0
® stable proton, \(S),k(S) ~ 0
® Yukawa hierarchy in Y4 (8), Y% ()

These are moduli-dependent requirements!
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U(1) symmetries constrain 4d theory and may help:

® [, - problem

:LL(S) = o T+ :ul,ozSa -+ /LQ,QBSQSB T an(savT)

e NG ™~

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

® proton stability: U(1)s may forbid dangerous operators

® Yukawa couplings:

Yye(S) = YO + V1) 8%+ 4 V(P (S, T)

]?CK
pattern determined by U(l)s -> non-perturbative
Froggatt-Nielsen mechanism O(exp(=T))

Here focus on perturbative terms.
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An example and the tetra-quadric

(From standard model data base at:
http://www-thphys.physics.ox.ac.uk/projects/CalabiYau/linebundlemodels/index.html )

Pl |2
. Pl 2 .
® ftetra-quadric CY: X = pl | o wWith Zo X Zo Symmetry
e ]Pl 2 —

® line bundle sum: V = @2:1 L,

L1 =0x(-1,0,0,1) , Ly=Ox(-1,-3,2,2)
Ly =0x(0,1,—1,0) , Ls=0Ox(1,1,-1,-1)
L1 =0x(1,1,0,—2)

® spectrum: 102, 102, 105, 52 4, 545, Ba.5, Has, Has

3121,3151,5123,3124, 153


http://www-thphys.physics.ox.ac.uk/projects/CalabiYau/linebundlemodels/index.html
http://www-thphys.physics.ox.ac.uk/projects/CalabiYau/linebundlemodels/index.html
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e superpofential: W = \iHo5(QY us + Qsuy?) + pails) LY A Ho s
At Abelian locus: - V = @2:1 L, , group S(U(1)°)

- rank2 up Yukawa matrix

- proton stable

- massless pair of Higgs doublets

Expectation away from Abelian locus: l

Non-Abelian, (12 4) =0: -V — V =U & L4, group S(U(4) ><

- rank 2 up Yukawa matrix
- proton remains stable
- Higgs pair remains massless

Non-Abelian, (124) #0: - V — V, group SU(5)
- rank 2 up Yukawa matrix
- proton still stable
- Higgs becomes massive
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Schematic structure of moduli space:

L2404 a1 (52 £ 0
SU(5), Higgs massive (?)

massless Higgs doublets expected

Proton stable (and structure of Yukawa matrix preserved)
everywhere, due to symmetry enhancement at Abelian locus.
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Exploring the bundle moduli space

Check fate of Higgs by constructing non-Abelian bundle

Recall: L,
Ly

OX(_la 07 07 1) ’ 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 @ L3 ® L4 define extension

0—Vi—V —Vy—0

Compute #5 = h*(X, A2V = {
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2) Monads

0 —V-—B 50— 0

1~ —tfof 1|1 1 11
0-1 —1f 111 1 L
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L, Ly LsL, Ls
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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~ols 2ol o o CN;

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

Ly Lo LsLy Ls

f~ $(0.2,0,0) f(/0,2,0,0) 0 J 0 0
0 0 fa012) f001,3) f0002) fooos

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 |




Summary of the SU(4) x Ux (1) model:

® Ux(l) — Up_r(1)

® /.-term forbidden

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

® 5101010 operators still absent, due to symmetry
enhancement at Abelian locus



Summary of the SU(4) x Ux (1) model:

® Ux(l) — Up_r(1)

® /.-term forbidden

® dangerous dim. 4 terms forbidden by Ug_ (1)

® 5101010 operators still absent, due to symmetry
enhancement at Abelian locus

Main messages:

® “Unexpected” absences of operators can help with proton
stability.
® Finding models with a massless Higgs everywhere in
moduli space is non-trivial -> examples in the data base.
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GUT breaking with hypercharge flux (Blumenhagen, Honecker, Weigand, 05

Blumenhagen, Moster, Weigand, 06)

Q: Can we construct a heterotic standard model without
Wilson lines but “built-in" gauge unification?

embedding: SUy (2) x SU.(3) x SU(6) C FEg

bundle: V =U; &--- ® Uy with structure group

S(U(ny) x---xU(ng)) C SU(6)

splitting types: n =(6), (5,1), (4,2), (3,3), (4,1,1), (3,2,1), (2,2,2),
(3,1,1,1), (2,2,1,1), (2,1,1,1,1), (1,1,1,1,1,1) .

low-energy gauge group: SUyy (2) x SU.(3) x S(U(1)"/) D Uy (1)

hypercharge embedding: y = (Y1,---,Ys)



spectrum:

(SU(Q) X SU(3)>Q (17 1)ea_eb (17 3)_ea_eb (17 )ea+eb (27 3)ea (27 3)_e (27 1)ea+eb+ec
range a,b=1,...,6 | a<b a<b a=1,. a=1,. a<b<c
partide €a,b; Sa,,b da,,b7 aa,b da,ba Uqg,b Qa Qa La,b,c; Ha,b,m I:Ia,,b,c
bundle Us @ Uy U; @Uy U, @ Uy U, ur U, ® U, ® U,

N2UY N2, N2 U, @ Uy,

U, ® /\2Ub, /\3Ua

contained in VeV % % % V* A3V
hypercharge Ya — Yb —Ya — Yb Ya + Yo Ya —Ya Ya + Yb + e
phys. hypercharge | 2, 0 —2/3,4/3 | 2/3, —4/3 | 1/3 —1/3 -1, -1, 1




spectrum:

f
unification condition: Znayg =
a=1

(SU(Q) X SU(3)>q (17 1)ea_eb (17 3)_ea_eb (17 3)ea+eb (27 3)ea (27 )_ea (27 1)ea+eb+ec
range a,b=1,...,6 | a<b a<b a=1, a=1,. a<b<c
partide €a,b; Sa,,b da,,b7 aa,,b da,ba Uqg,b Qa Qa La,b,Ca a,b,cs Ha,b,c
bundle Us @ Uy U; @Uy U, @ Uy U, ur U, ® U, ® U,

N2UY N2, N2 U, @ Uy,

U, @ N*Uy, N3U,
contained in VeV A2V N2V % V* %
hypercharge Ya — Yb —Ya — Yb Ya + Yo Ya —Ya Ya + Yb + e
phys. hypercharge || 2, 0 —2/3, 4/3 2/3, —4/3 | 1/3 —1/3 -1, —1, 1
10




spectrum:

(SU(Q) X SU(3)>q (17 1)ea_eb (17 3)_ea_eb (17 3>ea+eb (27 3>ea (27 )_ea (27 1)ea+eb+ec
range a,b=1,...,6 | a<b a<b a=1,...6 | a=1,...6 |a<b<c
partide €a,b; Sa,b da,ba aa,b da,ba Uqg,b Qa Qa La,b,Ca Ha,b,c: Ha,b,c
bundle Us @ Uy U; @Uy U, @ Uy U, ur U, ® U, ® U,

N2UY N2, N2 U, @ Uy,

U, @ N*Uy, N3U,
contained in VeV % % % V* A3V
hypercharge Ya — Yb —Ya — Yb Ya + Yo Ya —Ya Ya + Yb + e
phys. hypercharge || 2, 0 —2/3, 4/3 2/3, —4/3 | 1/3 —1/3 -1, —1, 1
unification condition: Znaya ~ 3

a=1

1. step, group theory:

What are the allowed y-vectors satisfying the unification condition
and giving the correct hypercharges for a family (and at least one

choice of S(U(1)"/) charges)?



Answer:

splitting type n

allowed y vectors

(47 17 1) %17%7_17%7%7%‘)
(37 2, 1) %17%7_17%7%7%—}7 <_2/37 1/37 4/3)
(2,2,2) no solution
(3,1,1,1) 1/3-1/3. (—2/3,1/3,1/3,4/3)
(2,2,1,1) 1/3.1/3. . (1/3,-2/3,-2/3,4/3)
(27 1,1,1, 1) (_17%7_17%7_17%7_17%7%7%}7 (1/37 _2/37 _2/37 _2/37 4/3)7 (_2/37 _2/37 1/37 1/37 4/3)
(5/6,—7/6,—2/3,—1/6,1/3), (=5/21, —17/21, —11/21,1/3,31/21)
(17 1,1,1,1, 1) %17%7_17%7%7%7_17%7_17%%—}7(1/37 4/37 _2/37 _2/37 _2/37 1/3)

(1/3,5/6,—7/6,—1/6,—2/3,5/6),(1/3,7/12, —17/12,1/12, —5/12,5/6), . ..




Answer:

splitting type n | allowed y vectors

(47 17 1) %17%7_17%7%7%‘)

(3.2,1) | 0533573, (—2/3,1/3,4/3)
(2,2,2) no solution

(3717171) %17%7_17%7_17%7%7%—)7 (_2/371/371/374/3)
(2,2, 1,1) | 34343573, (1/3,-2/3,-2/3,4/3)

(2,1,1,1,1) | &333333—5/3), (1/3,-2/3,-2/3,-2/3,4/3), (-2/3,-2/3,1/3,1/3,4/3)
(5/6,—7/6,—2/3,—-1/6,1/3), (=5/21, —17/21, —11/21,1/3,31/21)

(LLLL1L1) | G333—5/34334/3:4/3),(1/3,4/3,-2/3,-2/3,-2/3,1/3)

(1/3,5/6,—7/6,—1/6,—2/3,5/6),(1/3,7/12, —17/12,1/12, —5/12,5/6), . . .

2. step, geometry:

Can we find a CY and a bundle which leads to a standard model
with hypercharge flux for one of the above y-vectors?



Answer:

splitting type n

allowed y vectors

(47171) %17%7_17%7%7%‘)
(37271) %17%7_17%7%7%—}7 (_2/371/374/3)
(2,2,2) no solution
(3717 171) %17%7_17%7_17%7%7%—)7 (_2/371/371/374/3)
(2,2, 1,1) | 34343573, (1/3,-2/3,-2/3,4/3)
@ LLLL) | /3343 /3—5/3), (1/3,~2/3.~2/3,—2/3,4/3), (~2/3,~2/3,1/3,1/3,4/3)
(5/6,—-7/6,—2/3,—1/6,1/3), (=5/21, —17/21,—11/21,1/3,31/21)
(L L1, 1,1 1) | 3835737 1/3:3/3:4/8),(1/3,4/3, —2/3, -2/3,-2/3,1/3)

(1/3,5/6,—7/6,—1/6,—2/3,5/6),(1/3,7/12, —17/12,1/12, —5/12,5/6), . . .

2. step, geometry:

Can we find a CY and a bundle which leads to a standard model
with hypercharge flux for one of the above y-vectors?

No!

(Large computer scan for Abelian case finds no viable model.)
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No-go theorem schematically, for Abelian case:

® choose Y-vector from above classification

® write indices in terms of Xuv. = ¢1(La)c1(Ly)er (Le)

and Z, = c1(La)c2(TX), e.q. ind(L,) = £ Xaaa + 1524

® impose physical constraints on indices, e.q. ), nd(La) = —3
a:yq,=1/3

® climinate two c¢1(Lg) using > c¢i(L,) =0 and
S yac1(Ly) =0 (hypercharge massless).

® Solve the resulting linear system for X ,;., Z,

This linear system has no solution for any y - vector above!
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What about approximate unification so that Za | MaYa = 5

within 5% ?

More embeddings allowed but only one cannot be excluded by
the no-go theorem:

with a very specific pattern of indices

ind(L1) = ind(L2) = ind(Ls
ind(Ll & L4) = ind(LQ 24 L4) 11’1d(L3 ® Ly

)=-1 —  Q1, Q2, Q3

) =
ind(Ls ® Lg) = —3 — 3ds6

) =

) =

-1 —  u14, uz4, uz4

ind(L4 ® Ly ® L6) —lnd(Ll ® Lo @ L3 -3 — 3Luss
ind(L; ® Ly) =ind(Le ® L)) = ind(L3 ® L} -1 —  e14,€24, €34



What about approximate unification so that Z‘f | Naly ™ 10

within 5% ?

More embeddings allowed but only one cannot be excluded by
the no-go theorem:

with a very specific pattern of indices

ind(L1) = ind(L2) = ind(Ls
ind(L1 & L4) = ind(L2 24 L4) md(L3 ® Ly

)=-1 —  Q1, Q2, Q3

) =
ind(Ls ® Lg) = —3 — 3ds6

) =

) =

-1 —  u14, uz4, uz4

ind(L4 ® Ly ® L6) —lnd(Ll ® Lo @ L3 -3 — 3Luss
ind(L; ® Ly) =ind(Le ® L)) = ind(L3 ® L} -1 —  e14,€24, €34

We do not know if explicit models for this case can be found.
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Conclusions and outlook

® We can continue line bundle models into the non-Abelian part of
the moduli space, both by continuation along flat directions in the
4d theory and by explicit bundle constructions.

® Keeping a light Higgs pair everywhere in moduli space is
non-trivial but we now have examples with this feature.
Symmetry enhancement helps to control the mu-term.

® Additional symmetries at the Abelian locus can lead to
“unexpected” absences of operators and stabilize the proton.

® Heterotic CY models with hypercharge flux are over-constrained:
Geometries with the right properties do not exist.

Thoanks

® GUTs are good.



