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String Phenomenology

® The Standard Model

a Particular 4D Quantum Gauge Field Theory
* Ggtq = SU(3) x SU(2) x U(1)
+ 3x [ (3.2)1 + (311 +(B.1) 2 +(L2) 3+ (1,1 +(L1)]
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String Phenomenology

® The Standard Model

a Particular 4D Quantum Gauge Field Theory
* Ggtq = SU(3) x SU(2) x U(1)
+ 3x [ (3.2)1 + (311 +(B.1) 2 +(L2) 3+ (1,1 +(L1)]

® Superstring Phenomenology
* Find a String Vacuum with the structure of the (SUSY) SM

* Strings in 10D seen as particles in 4D

® ComPaCUfy Het E8 Str‘ings [Candelas-Horowitz-Strominger-Witten '85]
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Outline-

1.
Heterotic Calabi-Yau models

2. BASIC STRUCTURE
Group theoretical analysis

3. GEOMETRY HUNT
A partial no-go argument for simplest cases

4. DIsSCcuUussION
Generalisation and interpretation
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Compactification Ingredients

® Low-Energy Theory

4D Models, upon compactifying the internal geometry

e SUSY Geometry

* A CY threefold X
* A holomorphic, slope-poly-stable vector bundle \/ over X
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Conventional Model Building

® (Gauge group reduction
* Bundle Structure Group,e.g. ¢ = SU(5)
Es — H=SU(5), GUT

* Further break by Wilson-line if 7 (X) # ¢
H— Ggtqa = SU(3) x SU(2) x U(1)
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Conventional Model Building

® (Gauge group reduction

* Bundle Structure Group,e.g. ¢ = SU(5)
Es — H=SU(5), GUT

* Further break by Wilson-line if 7 (X) # ¢
H— Ggtqa = SU(3) x SU(2) x U(1)

® Massless matter

Branching of 248 under G X ‘H C Ejg

(1,24) @ (5,10) ® (5,10) @® (10,5) ® (10,5) @ (24,1)
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Introduction

Conventional Model Building

® (Gauge group reduction
* Bundle Structure Group,e.g. ¢ = SU(5)

Es — H=SU(5), GUT Majority of known
CY three-folds are
* Further break by Wilson-line if 7 (X) # ¢ simply-connected

H— Gsta = SU(3) x SU(2) x U(1) Highly restrictive

® Massless matter
e Ind(V) =-3

® Heterotic SM Study

[Braun-He-Ovrut-Pantev ’05, Bouchard-Donagi '05, Anderson-Gray-He-Lukas '09,
Braun-Candelas-Davies '|10, Anderson-Constantin-Gray-Lukas-Palti "l |-13, ¢ ¢« ... ]
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CY3 Zoo and 71

® Complete intersection CYs in a multi-pro;.

* Common zero locus of homogeneous polynomials in @, P""
 Classification ~ 8000 [Candelas, Dale, Lutken, Schimmrigk "88]
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CY3 Zoo and 71

® Complete intersection CYs in a multi-pro;.

* Common zero locus of homogeneous polynomials in @, P""
 Classification ~ 8000 [Candelas, Dale, Lutken, Schimmrigk "88]

a\| simply-connected ( cf. discrete free actions classified [Braun '10] )

® Hypersurface CYs in a toric variety

» Zero locus of a single homogeneous polynomial

* Classification ~ 500 million [Kreuzer-Skarke "90]

* Exactly 16 are non-simply-connected

® A priori no reasons to give them all up...
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Basic Structure

Direct Path to the SM Group

® Structure Group
- G=SU(6) -+ H =SU(3) x SU(2)

+ G=S(][ Uma)) - - - % =8SU(3) x SU(2) x S(U1)")

(cf.) [Blumenhagen, Honecker, Moster, Reinbacher, Weigand ’05-06]

V=P W. with tk(W,) = na
a=—1
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Basic Structure

Direct Path to the SM Group

® Structure Group
- G=SU(6) -+ H =SU(3) x SU(2)

+ G=S(][ Uma)) - - - % =8SU(3) x SU(2) x S(U1)")

(cf.) [Blumenhagen, Honecker, Moster, Reinbacher, Weigand ’05-06]

V=P W. with tk(W,) = na
a=—1

® Massless matter

248, — (3,1,1)® (1,8,1) ® (1,1,35) ® (1,3,15)d
(1,3,15) ® (2,3,6) ® (2,3,6) d (2,1, 20)
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Basic Structure

Direct Path to the SM Group

® Structure Group
- G=SU(6) -+ H =SU(3) x SU(2)

+ G=S(][ Uma)) - - - % =8SU(3) x SU(2) x S(U1)")

(cf.) [Blumenhagen, Honecker, Moster, Reinbacher, Weigand ’05-06]

V=P W. with tk(W,) = na
a=—1

® Massless matter

. (SU(B) X SU(Q))Q ’ a ) | ) a (1’2)e(z.+eb"'ec
Range ’ e.., b ...0la<b<ec

' Particle { 2aby Oa, Labes, Hapes Ha,b,c |
Line bundle Q) L Lo ® Ly @ L,
Contained in D V* AV

where 9 = (g1, ,qs) denotes the S(U(1)") charges



Basic Structure

Direct Path to the SM Group

® Structure Group
- G=SU(6) -+ H =SU(3) x SU(2)

+ G=S(][ Uma)) - - - % =8SU(3) x SU(2) x S(U1)")

(cf.) [Blumenhagen, Honecker, Moster, Reinbacher, Weigand ’05-06]

V=P W. with tk(W,) = na
a=—1

® Massless matter

 (SU(3) x SU(2))q ‘
' Range | a, yeu. 0

Particle by Oa, _‘ ’
| Line bundle Lo ® L} o @ L ’ Lo ® Ly @ L,
Contained in RV* A3V

' Hypercharge [ 2, 1 2/3, —4/3 | 1/ -1, -1, 1
where 9 = (g1, ,qs) denotes the S(U(1)") charges




Basic Structure

Embedding of hypercharge

e U(l)y C S(U(1)")
* Embedding vector, y = (y1, -+ ,¥y¢)
» Hypercharge of a multiplet F Y (F) =y - q(F)
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Basic Structure

Embedding of hypercharge

e U(l)y C S(U(1)")
* Embedding vector, y = (y1, -+ ,¥y¢)
» Hypercharge of a multiplet F Y (F) =y - q(F)

® Constraints on the embedding
* Fix the U(l)-charge freedomby n-y =0 (n=(ny,---,ny))

S
.. D
* U(1)y normalisation, E NaYy-s = 2

a=1
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Embedding of hypercharge

e U(l)y C S(U(1)")
* Embedding vector, y = (y1, -+ ,¥y¢)
» Hypercharge of a multiplet F Y (F) =y - q(F)

® Constraints on the embedding
* Fix the U(l)-charge freedomby n-y =0 (n=(ny,---,ny))

f
5
* U(1)y normalisation, Znayg =3

a=1

* Correct hypercharge assignment for the SM particles
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Basic Structure

Embedding of hypercharge

e U(l)y C S(U(1)")
* Embedding vector, y = (y1, -+ ,¥y¢)
» Hypercharge of a multiplet F Y (F) =y - q(F)

® Constraints on the embedding

* Fix the U(l)-charge freedomby n-y =0 (n=(ny,---,ny))
f

5
. L] [ ] 2 =
U(1)y normalisation, aE:1naya =3

* Correct hypercharge assignment for the SM particles

f
* Masslessness, Zyacl(Wa) =0

a=1
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Basic Structure

Classification of the embedding vectors

Classification

splitting type n | allowed y vectors

(4,1,1) (1/3,1/3.—5/3)
(3,2,1 (31135743}, (—2/3,1/3,4/3)

)
(2,2,2) no solution

(3, 1

2 1

1,1,1) /313 1/3—5/3), (—2/3,1/3,1/3,4/3)
(2.2.1,1) | (3:3/3,1/3,—5/3), (1/3,~2/3,~2/3,4/3)
(2,1,1,1,1) —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)
(L1 L1 L,1) | (/3373573173 1/3,1/3),(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), . . .
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Basic Structure

Classification of the embedding vectors

Classification

splitting type n | allowed y vectors
| . (1/3:1/3—5/3)

/3:1/3—5/3), (—2/3,1/3,4/3)

no solution

(173,113, 1/3,—5/3), (~2/3,1/3,1/3,4/3)

(1/3,3/3:1/3,—5/3), (1/3,~2/3,~2/3,4/3)
—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)
(L1 L1 L,1) | (/3373573173 1/3,1/3),(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), . . .

Remark
* Embedding vectors with a reduced structure group are crossed out
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Basic Structure

Classification of the embedding vectors

Classification

splitting type n | allowed y vectors

(1/3,1/3,—5/3)
(/3 1/3—5/3), (—2/3,1/3,4/3)

no solution

(73173 4/3—5/3), (=2/3,1/3,1/3,4/3)

(/3:4/3:4/3;,—5/3), (1/3,-2/3, ~2/3,4/3)
573, (1/3,—2/3,—2/3,—2/3,4/3), (-2/3,—2/3,1/3,1/3,4/3)
(0/6 7/6 2/3 —1/6, 1/3) (=5/21,—17/21,—11/21,1/3,31/21)

C(LL1,1L,1,1) | @3 33—6/3:1/3:1/3:1/3),(1/3,4/3,-2/3,-2/3,-2/3,1/3)
(1/3,5/6,—17/6,—1/6,—2/3,5/6),(1/3,7/12,-17/12,1/12,-5/12,5/6) . ..

Remark
* Embedding vectors with a reduced structure group are crossed out

* Infinite family of embeddings found for the Abelian split case
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Basic Structure

At the level of group theory, hypercharge flux provides with a
valid alternative, by which the conventional gauge unification

persists and all the SM matters are made to have the correct
hypercharges.
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Basic Structure

At the level of group theory, hypercharge flux provides with a
valid alternative, by which the conventional gauge unification

persists and all the SM matters are made to have the correct
hypercharges.

What about at the level of string geometries?

Start by the simplest split type, n = (1,1,1,1,1,1)
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Geometry Hunt

Index Constraints

® [ndex Constraints for the Abelian Split, & L.

* Three-family quarks

Y Ind(L,) = -3

a:yqe=1/3

> Ind(L, ® Lp) = —3

a<b:yq —I—yb:2/3

> Ind(Le ® Ly) = -3
a<bys+yp=4/3
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Geometry Hunt

Index Constraints

® [ndex Constraints for the Abelian Split, & L.

* Three-family quarks * No exotic-Y quarks
Ind(L,) =0
Y Ind(L,) = -3
a:ya=1/3 if y, #1/3

Ind(L, ® Ly) =0
Z Ind(L, ® L) = -3 || it a < b and
a<b:y,+yp=2/3 Ya + Yb 7& 2/3, —4/3

> Ind(Le ® Ly) = -3

a<bys+yp=4/3
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Geometry Hunt

Index Constraints

® [ndex Constraints for the Abelian Split, & L.

* Three-family quarks * No exotic-Y quarks * No exotic-Y leptons
I d La — O I d La L LC p— O
Y Ind(L,) = -3 nd(La) nd(Lq ® Ly ® Le)
a:ya=1/3 if y, #1/3 it a <b < cand

ya+yb+yc#_1,1

Ind(L, ® Ly) =0
Z Ind(L, ® L) = =3 it a < b and Ind(L, ® L;) =0
a<b:yat+yy=2/3 Yo +Yp 7 2/3, —4/3 if y, —yp # 0, £2

' Ind(L,®Ly) = -3

a<b:ys+yp,=4/3
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Geometry Hunt

Index Constraints

® [ndex Constraints for the Abelian Split, & L.

* Three-family quarks * No exotic-Y quarks * No exotic-Y leptons
]: (1 -l;Cl — () :I (1 -l;CL _l; -l;CZ p— ()
Y Ind(L,) = -3 nd(La) nd(Lq ® Ly ® Le)
a:ya=1/3 if y, #1/3 it a <b < cand

Yo + Y +Yec # —1,1

Ind(L, ® Ly) =0
Z Ind(L, ® L) = =3 it a < b and Ind(L, ® L;) =0
a<b:yat+yy=2/3 Yo +Yp 7 2/3, —4/3 if y, —yp # 0, £2

* No mirror quarks
> Ind(Le ® Ly) = -3

a<b:ya+yp=4/3 Ind(L,) <0 Ind(L, ® Ly) <0

Tuesday, August 25, 15



Geometry Hunt

Parametrisation of the geometry

Geometry Label

ci(Ly) =7, € H*(X,Z) fora=1,---,6; co(X) € H*X,Z)
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® Geometry Label

ci(Ly) =7, € H*(X,Z) fora=1,---,6; co(X) € H*X,Z)

Two of the I';’s can be eliminated due

6
(a) to the SU-structure group; Z Ty, =0

a=1 6 ;
(b) to the masslessness of the hypercharge U(1); Z Yoy = 0

a=1
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® Geometry Label

ci(Ly) =x, € H*(X,Z) fora=1,---,6: co(X) € H*(X,Z)
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(a) to the SU-structure group; Z Ty, =0
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Geometry Hunt

Parametrisation of the geometry

® Geometry Label

ci(Ly) =24 € HA(X,Z) fora =1, --[4; co(X) € HY(X,Z)

Two of the I';’s can be eliminated due

6
(a) to the SU-structure group; Z Ty, =0

a=1 6 ;
(b) to the masslessness of the hypercharge U(1); Z Yoy = 0

a=1
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Geometry Hunt

Parametrisation of the geometry

® Geometry Label

ci(Ly) =24 € HA(X,Z) fora =1, --[4; co(X) € HY(X,Z)

Two of the I';’s can be eliminated due

6
(a) to the SU-structure group; Z Ty, =0

a=1 6 ;
(b) to the masslessness of the hypercharge U(1); Z Yoy = 0

a=1

® Diophantine Variables

Xabe =ETq - Tp - Te; Ly =xq-co(X) fora,bje=1,--- .4
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1 1
Ind(L,) = Exi + 5% co(X)

1 1
IIld(La X Lb) p— E(Ia —+ ZIZ‘b)S -+ E(ﬂfa -+ CIJb) . CQ(X)

|

1
Ind(L, ® Ly ® L.) = é(aza Ty + T.)

1 |
Ind(L, ® L}) = g(aza — $b)3 + E(%’ — xp) - C2(X)
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1 1
Ind(L,) = Exi + 5% co(X)

1 1
IIld(La X Lb) p— E(Ia —+ ZIZ‘b)S -+ E(ﬂfa -+ CIJb) . CQ(X)

|

1
Ind(L, ® Ly ® L.) = é(aza Ty + Tc)

1 |
Ind(L, ® L}) = g(aza — $b)3 + E(%’ — xp) - C2(X)

Xabe =ETq - Tp - Te; Ly =xq-co(X) fora,bye=1,--- .4
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* Three-family quarks * No exotic-Y quarks < No exotic-Y leptons

Ind(L,) =0 Ind(L, ® Ly ® L.) =0
Z IIld(La) _ _3 Il ( ) 11 ( & Ly & )
a:ya=1/3 if y, #1/3 it a <b< cand
Ya T Yb + Ye 7£ —1,1
Ind(L, ® Ly) =0
d  Ind(Le®Ly) =-3 || if a <band Ind(L, ® Ly) =0
a<biyatys=2/3 Ya + Yo # 2/3,—4/3 if Yo —yp 7 0, £2

* No mirror quarks
»  Ind(Le ® Lp) = -3

a<b:y,+yp=4/3 Ind(La) < 0 Ind(La X Lb) < 0
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* Three-family quarks * No exotic-Y quarks < No exotic-Y leptons

Ind(L,) =0 Ind(L, ® Ly ® L.) =0
Z IIld(La) _ _3 Il ( ) 11 ( & Ly & )
a:ya=1/3 if y, #1/3 it a <b< cand
Ya T Yb + Ye 7£ —1,1
Ind(L, ® Ly) =0
d  Ind(Le®Ly) =-3 || if a <band Ind(L, ® Ly) =0
a<biyatys=2/3 Ya + Yo # 2/3,—4/3 if Yo —yp 7 0, £2

* No mirror quarks
»  Ind(Le ® Lp) = -3

a<b:y,+yp=4/3 Ind(La) < 0 Ind(La X Lb) < 0

Each of the embedding vectors, Y, gives rise to
a Linear Diophantine system on the 24 variables,

Xabe =ETq - Tp - Te; Ly =xq-co(X) fora,bye=1,--- .4
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Geometry Hunt
FAILURE?

® A No-Go

* The Diophantine system does not have a solution
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Geometry Hunt
FAILURE?

® A No-Go

* The Diophantine system does not have a solution if the
embedding of U(1)y into S(U(1)) is such that
- gauge unification holds exactly
- hypercharge boson is massless
- SM particles have the right hypercharges and multiplicities
- no exotic particles arise

® Robustness of the No-Go

* Does not rely on any particular (class of) CYs
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Geometry Hunt

Relaxing the requirement

® Evading the no-go!
* What if the gauge unification condition, Zya = ,holds

approximately, within 5%! o
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Geometry Hunt

Relaxing the requirement

® Evading the no-go!
* What if the gauge unification condition, Zya = ,holds

approximately, within 5%! o

6
* With % Z SOT (re)classify the viable embeddings

and solve for the Diophantine system!

* No embedding survives except for

( ! + 5)
y 9 73 9 3

) ,

Lo =
Q| =
Qo | =
Lo =

where |a| < 0.288---
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Geometry Hunt

Relaxing the requirement - what remains

® The surviving case

, 1111 1 5 .
] * — —_ = = = — — _— < .
Embedding: y (3,3,3,3 a, 3 +a, 3) with |o] < 0.288

* The SM spectrum is highly restricted:

ind(Ly) = ind(L2) = ind(L3)

ind(L; ® L4) = ind(L2 ® L4) = ind(L3 ® L4)

ind(Ls ® Lg)

ind(L4 ® Ls ® Lg) = —ind(L; ® Ly ® L3)
ind(L; ® L}) =ind(Ls ® L) = ind(L3 ® L)) =
ind(L; ® L3) = —ind(L2 ® L]) = 2 — X112
ind(L; ® L3) = —ind(L3 ® L]) = 2 4+ X111 + X112
ind(Lo ® L3) = —ind(L3 ® L3) = 6 — X712 + X229

Q1, Q2, Q3
uy 4, U224, U3 4
3(1513

3‘LHL5J3

€14, €24, €34
‘913 or SEJ
5;1;3()r E*Ll
Sa,3 or 532

-1
-1
-3
-3
-1

N R 2 I
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Geometry Hunt

Relaxing the requirement - what remains

® The surviving case

, 1111 1 5 .
] * — —_ = = = — — _— < .
Embedding: y (3,3,3,3 a, 3 +a, 3) with |o] < 0.288

* The SM spectrum is highly restricted:

ind(Ly) = ind(L2) = ind(L3)

ind(L; ® L4) = ind(L2 ® L4) = ind(L3 ® L4)

ind(Ls ® Lg)

ind(L4 ® Ls ® Lg) = —ind(L; ® Ly ® L3)
ind(L; ® L}) =ind(Ls ® L) = ind(L3 ® L)) =
ind(L; ® L3) = —ind(L2 ® L]) = 2 — X112
ind(L; ® L3) = —ind(L3 ® L]) = 2 4+ X111 + X112
ind(Lo ® L3) = —ind(L3 ® L3) = 6 — X712 + X229

Q1, Q2, Q3
uy 4, U224, U3 4
3(1513

3‘LHL5J3

€14, €24, €34
‘913 or SEJ
5;1;3()r E*Ll
Sa,3 or 532

-1
-1
-3
-3
-1

N R 2 I

* Any geometries realising the above!

Tuesday, August 25, 15



Geometry Hunt

Relaxing the requirement - what remains

® The surviving case

, 1111 1 5 .
] * — —_ = = = — — _— < .
Embedding: y (3,3,3,3 a, 3 +a, 3) with |o] < 0.288

* The SM spectrum is highly restricted:

ind(Ly) = ind(L2) = ind(L3)

ind(L; ® L4) = ind(L2 ® L4) = ind(L3 ® L4)

ind(Ls ® Lg)

ind(L4 ® Ls ® Lg) = —ind(L; ® Ly ® L3)
ind(L; ® L}) =ind(Ls ® L) = ind(L3 ® L)) =
ind(L; ® L3) = —ind(L2 ® L]) = 2 — X112
ind(L; ® L3) = —ind(L3 ® L]) = 2 4+ X111 + X112
ind(Lo ® L3) = —ind(L3 ® L3) = 6 — X712 + X229

Q1, Q2, Q3
uy 4, U224, U3 4
3(1513

3‘LHL5J3

€14, €24, €34
‘913 or SEJ
5;1;3()r E*Ll
Sa,3 or 532

-1
-1
-3
-3
-1

N R 2 I

* Any geometries realising the above!
- NO for CICYs
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Geometry Hunt

Relaxing the requirement - what remains

® The surviving case

, 1111 1 5 .
] * — —_ = = = — — _— < .
Embedding: y (3,3,3,3 a, 3 +a, 3) with |o] < 0.288

* The SM spectrum is highly restricted:

ind(Ly) = ind(L2) = ind(L3)

ind(L; ® L4) = ind(L2 ® L4) = ind(L3 ® L4)

ind(Ls ® Lg)

ind(L4 ® Ls ® Lg) = —ind(L; ® Ly ® L3)
ind(L; ® L}) =ind(Ls ® L) = ind(L3 ® L)) =
ind(L; ® L3) = —ind(L2 ® L]) = 2 — X112
ind(L; ® L3) = —ind(L3 ® L]) = 2 4+ X111 + X112
ind(Lo ® L3) = —ind(L3 ® L3) = 6 — X712 + X229

Q1, Q2, Q3
uy 4, U224, U3 4
3(1513

3‘LHL5J3

€14, €24, €34
‘913 or SEJ
5;1;3()r E*Ll
Sa,3 or 532

-1
-1
-3
-3
-1

N R 2 I

* Any geometries realising the above!
- NO for CICYs; unclear in general.
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Discussion

Generalisation and Interpretation

® Other split types are as much forbidden as the Abelian
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to the heterotic CY SMs
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Bundle Polystability

Definition

* Slope of a vector bundleV,

* Vis stable if all / C V (with 0 < rkF < 7kV) satisfy

1
T]CV X

cA(V)ANwAw

=: (V)

u(F) < u(V)

* Vis polystable if V = 69 V; for stable Vi’s with u(V) = u(V;)

i=1




Extra |
Bundle Polystability

® Definition

* Slope of a vector bundleV,

1

N—"

* Vis stable if all 7 C 'V (with 0 < rkF < rkV) satisfy | u(F) < p(V

* Vis polystable if V = 69 V; for stable Vi’s with u(V) = u(V;)

i=1

® Polystability test is difficult in general, but ...
» Line bundle, L = Ox (k) is stable
* Line-bundle sum, V' = E} L, = 69 Ox (k) is polystable iff

a=1 a=1
M(OX (ka)) =0, Va

Tuesday, August 25, 15



Extra |l
Extending the No-Go

® Splitting Principle
*let 7: £ — M bea C° complex vector bundle of rank n
over a manifold M.
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Extra |l
Extending the No-Go

® Splitting Principle
*let 7: £ — M bea C° complex vector bundle of rank n
over a manifold M. One can construct a split manifold, F'(£),
and amap o : F(E) — M such that:
. o ' E=L1&--- 8L,
i.oc": H* (M) — H*(F(FE))

° Extended No-Go
. V= @wa on X, while o'W, = @Lal on F(V)

* By havmg the non-Abelian entries in y split equally into the
Abelian counterparts, the No-Go extends in an obvious manner.

Tuesday, August 25, 15



