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Objectives

Explore unknown regions of the landscape.

Establish realization of standard model features
(gauge group, three families, neutrino masses ...).
[not necessarily all in the same model]

Convince ourselves that the standard model
is indeed a “ground state”.

Discover relations between parameters.

Find A Standard Model ?

Find THE Standard Model ???? 
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Orientifolds
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Closed String Partition Function

P (τ, τ̄) =
∑

ij

χi(τ)Zijχj(τ̄)
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Orientifold Partition Functions
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Orientifold Partition Functions
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Transverse Channel

time

time

boundary state
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Torus CFT:  Type-IIB Gepner Models

c =
3k

k + 2
, k = 1, . . . ,∞

hl,m =
l(l + 2)−m2

4(k + 2)
+

s2

8

168 ways of solving 
∑

i

cki = 9

(l = 0, . . . k; q = −k, . . . k + 2; s = −1, 0, 1, 2)

  (plus field identification)

simple currents4(k + 2)

Spectrum:

Building Blocks:
Minimal N=2 CFT
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Gepner Orientifolds

References

Susskind:2003kw [1] L. Susskind, arXiv:hep-th/0302219.

Schellekens:2006xz [2] A. N. Schellekens, arXiv:physics/0604134.

Denef:2006ad [3] F. Denef and M. R. Douglas, arXiv:hep-th/0602072.

Angelantonj:1996uy [4] C. Angelantonj, M. Bianchi, G. Pradisi, A. Sagnotti and Y. S. Stanev, Phys. Lett. B
385, 96 (1996) [arXiv:hep-th/9606169].

Honecker:2004kb [5] G. Honecker and T. Ott, Phys. Rev. D 70, 126010 (2004) [Erratum-ibid. D 71,
069902 (2005)] [arXiv:hep-th/0404055].

Angelantonj:1996mw [6] C. Angelantonj, M. Bianchi, G. Pradisi, A. Sagnotti and Y. S. Stanev, Phys. Lett. B
387 (1996) 743 [arXiv:hep-th/9607229].

Blumenhagen:1998tj [7] R. Blumenhagen and A. Wisskirchen, Phys. Lett. B 438, 52 (1998)
[arXiv:hep-th/9806131].

Aldazabal:2003ub [8] G. Aldazabal, E. C. Andres, M. Leston and C. Nunez, JHEP 0309, 067 (2003)
[arXiv:hep-th/0307183].

Brunner:2004zd [9] I. Brunner, K. Hori, K. Hosomichi and J. Walcher, arXiv:hep-th/0401137.

Blumenhagen:2004cg [10] R. Blumenhagen and T. Weigand, JHEP 0402 (2004) 041 [arXiv:hep-th/0401148].

Aldazabal:2004by [11] G. Aldazabal, E. C. Andres and J. E. Juknevich, JHEP 0405, 054 (2004)
[arXiv:hep-th/0403262].

Gmeiner:2005vz [12] F. Gmeiner, R. Blumenhagen, G. Honecker, D. Lust and T. Weigand, JHEP 0601
(2006) 004 [arXiv:hep-th/0510170].

Ibanez:2001nd [13] L. E. Ibanez, F. Marchesano and R. Rabadan, “Getting just the standard model at
intersecting branes,” JHEP 0111 (2001) 002 [arXiv:hep-th/0105155].

Fuchs:2000cm [14] J. Fuchs, L. R. Huiszoon, A. N. Schellekens, C. Schweigert and J. Walcher,
“Boundaries, crosscaps and simple currents,” Phys. Lett. B 495 (2000) 427
[arXiv:hep-th/0007174].

Dijkstra:2004ym [15] T. P. T. Dijkstra, L. R. Huiszoon and A. N. Schellekens, “Chiral supersymmetric
standard model spectra from orientifolds of Gepner models,” Phys. Lett. B 609
(2005) 408 [arXiv:hep-th/0403196].

Dijkstra:2004cc [16] T. P. T. Dijkstra, L. R. Huiszoon and A. N. Schellekens, “Supersymmetric standard
model spectra from RCFT orientifolds,” Nucl. Phys. B 710 (2005) 3
[arXiv:hep-th/0411129].

d-review [17] E. Kiritsis, “D-branes in standard model building, gravity and cosmology,” Fortsch.
Phys. 52 (2004) 200 [Phys. Rept. 421 (2005) 105] [arXiv:hep-th/0310001].

– 75 –

Sunday, 2 May 2010



Simple Currents

Sunday, 2 May 2010



Tensoring

Preserve world-sheet susy

Preserve space-time susy (GSO)

Use surviving simple currents to build 
MIPFs

This yields one point in the moduli space of 
a Calabi-Yau manifold
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g D 5 1
g min 2 3
g min 2 3
g min 2 3
g min 2 3
g min 2 3
current 2 10 0 0 0 0
current 2 0 10 0 0 0
current 2 0 0 10 0 0
current 2 0 0 0 10 0
current 2 0 0 0 0 10
current 1 1 1 1 1 1
compute spectrum

Quintic
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NSRg D 5 1
g min 2 3
g min 2 3
g min 2 3
g min 2 3
g min 2 3
current 2 10 0 0 0 0
current 2 0 10 0 0 0
current 2 0 0 10 0 0
current 2 0 0 0 10 0
current 2 0 0 0 0 10
current 1 1 1 1 1 1
compute spectrum

Quintic
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Minimal Models

NSRg D 5 1
g min 2 3
g min 2 3
g min 2 3
g min 2 3
g min 2 3
current 2 10 0 0 0 0
current 2 0 10 0 0 0
current 2 0 0 10 0 0
current 2 0 0 0 10 0
current 2 0 0 0 0 10
current 1 1 1 1 1 1
compute spectrum

Quintic
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W.S. Susy

Minimal Models

NSRg D 5 1
g min 2 3
g min 2 3
g min 2 3
g min 2 3
g min 2 3
current 2 10 0 0 0 0
current 2 0 10 0 0 0
current 2 0 0 10 0 0
current 2 0 0 0 10 0
current 2 0 0 0 0 10
current 1 1 1 1 1 1
compute spectrum

Quintic
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S.T. Susy

W.S. Susy

Minimal Models

NSRg D 5 1
g min 2 3
g min 2 3
g min 2 3
g min 2 3
g min 2 3
current 2 10 0 0 0 0
current 2 0 10 0 0 0
current 2 0 0 10 0 0
current 2 0 0 0 10 0
current 2 0 0 0 0 10
current 1 1 1 1 1 1
compute spectrum

Quintic
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MIPFs*
CFT has a discrete “simple current” group        
Choose a subgroup      of

Choose a rational matrix          obeying

 This defines the torus partition function as

G
H G

Xαβ

Simple current MIPFs are specified by

• A group H that consists of simple currents.3

H =
∏

α ZNα.
The generator of the ZNα will be denoted as Jα;
Then J =

∏

α Jnα
α

• A symmetric matrix Xαβ that obeys

2Xαβ = QJα(Jβ) mod 1, α != β

Xαα = −hJα

NαXαβ ∈ Z for all α,β

Here QJ(a) = h(a) + h(J) − h(Ja), h is the
conformal weight.

Then Zij is the number of currents L ∈ H such that

j = Li

QM(i) + X(M,L) = 0 mod 1

for all M ∈ H. (X(J, J ′) =
∏

α,β nαmβXαβ)
3Satisfying Order x Weight = Integer

QJ(a) = h(a) + h(J)− h(Ja)

Simple current MIPFs are specified by

• A group H that consists of simple currents.3

H =
∏

α ZNα.
The generator of the ZNα will be denoted as Jα;
Then J =

∏

α Jnα
α

• A symmetric matrix Xαβ that obeys

2Xαβ = QJα(Jβ) mod 1, α != β

Xαα = −hJα

NαXαβ ∈ Z for all α,β

Here QJ(a) = h(a) + h(J) − h(Ja), h is the
conformal weight.

Then Zij is the number of currents L ∈ H such that

j = Li

QM(i) + X(M,L) = 0 mod 1

for all M ∈ H. (X(J, J ′) =
∏

α,β nαmβXαβ)
3Satisfying Order x Weight = Integer

Simple current MIPFs are specified by

• A group H that consists of simple currents.3

H =
∏

α ZNα.
The generator of the ZNα will be denoted as Jα;
Then J =

∏

α Jnα
α

• A symmetric matrix Xαβ that obeys

2Xαβ = QJα(Jβ) mod 1, α != β

Xαα = −hJα

NαXαβ ∈ Z for all α,β

Here QJ(a) = h(a) + h(J) − h(Ja), h is the
conformal weight.

Then Zij is the number of currents L ∈ H such that

j = Li

QM(i) + X(M,L) = 0 mod 1

for all M ∈ H. (X(J, J ′) =
∏

α,β nαmβXαβ)
3Satisfying Order x Weight = Integer

*Gato-Rivera, Kreuzer, Schellekens  (1991-1993)
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orientifold Choices*

“Klein bottle current” K  (element of      )

“Crosscap signs” (signs defined on a 
subgroup of     ), satisfying

H

H

Orientifold specification

• A Klein bottle current K. This can be any simple
current that obeys

QI(K) = 0 mod 1 for all I ∈ H, I2 = 0.

• A set of phases βK(J) for all J ∈ H that satisfy

βK(J)βK(J ′) = βK(JJ ′)e2πiX(J,J ′) , J, J ′ ∈ H

with βK(J) = eiπ(hKL−hK)η(K, L), η(K, L) = ±1.
if H has N even factors, there are 2N free signs in
the solution of this equation.
These are called the crosscap signs

— This includes all know RCFT orientifold choices.
— Not all choices are inequivalent.

*Huiszoon, Sousa, Schellekens (1999-2000)
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A MIPF
   (0+2)^2 + (1+3)^2 + (4+6)*(13+15) + (5+7)*(12+14)

 + (8+10)^2 + (9+11)^2 + (12+14)*(5+7) + (13+15)*(4+6)
 + (16+18)*(25+27) + (17+19)*(24+26) + (20+22)^2 + (21+23)^2
 + (24+26)*(17+19) + (25+27)*(16+18) + (28+30)^2 + (29+31)^2
 + (32+34)^2 + (33+35)^2 + (36+38)*(45+47) + (37+39)*(44+46)
 + (40+42)^2 + (41+43)^2 + (44+46)*(37+39) + (45+47)*(36+38)
 + (48+50)*(57+59) + (49+51)*(56+58) + (52+54)^2 + (53+55)^2
 + (56+58)*(49+51) + (57+59)*(48+50) + (60+62)^2 + (61+63)^2

....

 + 2*(2913)*(2915) + 2*(2914)*(2912) + 2*(2915)*(2913)
 + 2*(2916)^2 + 2*(2917)^2 + 2*(2918)^2 + 2*(2919)^2
 + 2*(2920)^2 + 2*(2921)^2 + 2*(2922)^2 + 2*(2923)^2

 + 2*(2924)*(2926) + 2*(2925)*(2927) + 2*(2926)*(2924)
 + 2*(2927)*(2925) + 2*(2928)^2 + 2*(2929)^2 + 2*(2930)^2

 + 2*(2931)^2 + 2*(2932)*(2934) + 2*(2933)*(2935)
 + 2*(2934)*(2932) + 2*(2935)*(2933) + 2*(2936)*(2938)
 + 2*(2937)*(2939) + 2*(2938)*(2936) + 2*(2939)*(2937)

 + 2*(2940)^2 + 2*(2941)^2 + 2*(2942)^2 + 2*(2943)^2
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Boundary coefficients

Crosscap coefficients

Boundaries and Crosscaps*

Boundaries and crosscaps

• Boundary coefficients

R[a,ψa](m,J) =

√

|H|
|Ca||Sa|

ψ∗
a(J)SJ

am

• Crosscap coefficients

U(m,J) =
1

√

|H|

∑

L∈H

η(K, L)PLK,mδJ,0

SJ is the fixed point resolution matrix
Sa is the Stabilizer of a
Ca is the Central Stabilizer (Ca ⊂ Sa ⊂ H)
ψa is a discrete group character of cCa

P =
√

TST 2S
√

T

*Huiszoon, Fuchs, Schellekens, Schweigert, Walcher (2000)

U(m,J) =
1√
|H|

∑

L∈H
eπi(hK−hKL)βK(L)PLK,mδJ,0
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Boundary coefficients

Crosscap coefficients

Boundaries and Crosscaps*

Boundaries and crosscaps

• Boundary coefficients

R[a,ψa](m,J) =

√

|H|
|Ca||Sa|

ψ∗
a(J)SJ

am

• Crosscap coefficients

U(m,J) =
1

√

|H|

∑

L∈H

η(K, L)PLK,mδJ,0

SJ is the fixed point resolution matrix
Sa is the Stabilizer of a
Ca is the Central Stabilizer (Ca ⊂ Sa ⊂ H)
ψa is a discrete group character of cCa

P =
√

TST 2S
√

T

*Huiszoon, Fuchs, Schellekens, Schweigert, Walcher (2000)

U(m,J) =
1√
|H|

∑

L∈H
eπi(hK−hKL)βK(L)PLK,mδJ,0
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Ishibashi States
(0+2)^2 + (1+3)^2 + (4+6)*(13+15) + (5+7)*(12+14)

 + (8+10)^2 + (9+11)^2 + (12+14)*(5+7) + (13+15)*(4+6)

+ 2*(2937)*(2939) + 2*(2938)*(2936) + 2*(2939)*(2937)
 + 2*(2940)^2 + 2*(2941)^2 + 2*(2942)^2 + 2*(2943)^2

.....

Sunday, 2 May 2010



Ishibashi States
(0+2)^2 + (1+3)^2 + (4+6)*(13+15) + (5+7)*(12+14)

 + (8+10)^2 + (9+11)^2 + (12+14)*(5+7) + (13+15)*(4+6)

+ 2*(2937)*(2939) + 2*(2938)*(2936) + 2*(2939)*(2937)
 + 2*(2940)^2 + 2*(2941)^2 + 2*(2942)^2 + 2*(2943)^2

.....
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Ishibashi States
(0+2)^2 + (1+3)^2 + (4+6)*(13+15) + (5+7)*(12+14)

 + (8+10)^2 + (9+11)^2 + (12+14)*(5+7) + (13+15)*(4+6)

+ 2*(2937)*(2939) + 2*(2938)*(2936) + 2*(2939)*(2937)
 + 2*(2940)^2 + 2*(2941)^2 + 2*(2942)^2 + 2*(2943)^2

.....

(m,J) : J ∈ Sm

with QL(m) + X(L, J) = 0 mod 1 for all L ∈ H

Sm : J ∈ H with J ·m = m

(Stabilizer of m)
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Boundary coefficients

Crosscap coefficients

Boundaries and Crosscaps*

Boundaries and crosscaps

• Boundary coefficients

R[a,ψa](m,J) =

√

|H|
|Ca||Sa|

ψ∗
a(J)SJ

am

• Crosscap coefficients

U(m,J) =
1

√

|H|

∑

L∈H

η(K, L)PLK,mδJ,0

SJ is the fixed point resolution matrix
Sa is the Stabilizer of a
Ca is the Central Stabilizer (Ca ⊂ Sa ⊂ H)
ψa is a discrete group character of cCa

P =
√

TST 2S
√

T

*Huiszoon, Fuchs, Schellekens, Schweigert, Walcher (2000)

U(m,J) =
1√
|H|

∑

L∈H
eπi(hK−hKL)βK(L)PLK,mδJ,0
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Boundary coefficients

Crosscap coefficients

Boundaries and Crosscaps*

Boundaries and crosscaps

• Boundary coefficients

R[a,ψa](m,J) =

√

|H|
|Ca||Sa|

ψ∗
a(J)SJ

am

• Crosscap coefficients

U(m,J) =
1

√

|H|

∑

L∈H

η(K, L)PLK,mδJ,0

SJ is the fixed point resolution matrix
Sa is the Stabilizer of a
Ca is the Central Stabilizer (Ca ⊂ Sa ⊂ H)
ψa is a discrete group character of cCa

P =
√

TST 2S
√

T

*Huiszoon, Fuchs, Schellekens, Schweigert, Walcher (2000)

U(m,J) =
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|H|

∑

L∈H
eπi(hK−hKL)βK(L)PLK,mδJ,0
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Boundary States
(0+2)^2 + (1+3)^2 + (4+6)*(13+15) + (5+7)*(12+14)

 + (8+10)^2 + (9+11)^2 + (12+14)*(5+7) + (13+15)*(4+6)

+ 2*(2937)*(2939) + 2*(2938)*(2936) + 2*(2939)*(2937)
 + 2*(2940)^2 + 2*(2941)^2 + 2*(2942)^2 + 2*(2943)^2

.....
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Boundary States
(0+2)^2 + (1+3)^2 + (4+6)*(13+15) + (5+7)*(12+14)

 + (8+10)^2 + (9+11)^2 + (12+14)*(5+7) + (13+15)*(4+6)

+ 2*(2937)*(2939) + 2*(2938)*(2936) + 2*(2939)*(2937)
 + 2*(2940)^2 + 2*(2941)^2 + 2*(2942)^2 + 2*(2943)^2

.....
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Boundary States
(0+2)^2 + (1+3)^2 + (4+6)*(13+15) + (5+7)*(12+14)

 + (8+10)^2 + (9+11)^2 + (12+14)*(5+7) + (13+15)*(4+6)

+ 2*(2937)*(2939) + 2*(2938)*(2936) + 2*(2939)*(2937)
 + 2*(2940)^2 + 2*(2941)^2 + 2*(2942)^2 + 2*(2943)^2

.....

[a,ψa], ψa is a character of the group Ca

Ca is the Central Stabilizer of a

The quantity Fi is called the simple current twist, and the untwisted stabilizer Ui is the subgroup
of Si of currents that have twist 1 with respect to all currents in Si. To combine the results for
automorphisms and extensions, we introduce a modified twist F X

i by

F X
i (K, J) := e2πiX(K,J) Fi(K, J)∗ , (8)

and we define the central stabilizer Ci as

Ci := {J ∈Si |F X
i (K, J) = 1 for all K ∈Si} . (9)

(The prescription (8) is motivated as follows. The modified twist is an alternating bihomomor-
phism i.e. obeys F X

i (J, J) = 1 for all J ∈G. Such bihomomorphisms F X
i of an abelian group G

are in one-to-one correspondence to cohomology classes FX
i in H2(G, U(1)), thus leading to a

cohomological interpretation [27]. In particular, the central stabilizer provides a basis of the
centre of the twisted group algebra CFX

i
Si, which also motivates its name.)

The action (by the fusion product) of the simple currents in G organizes the labels i of
the Ā-theory into orbits. Moreover, in all known cases the boundary degeneracy is correctly
described by the order of the central stabilizer, and hence this is our ansatz for the general
case as well. We then choose the characters of Ci as the degeneracy labels. The boundaries are
therefore given by

a = [i, ψ] , (10)

where i is the label of a representative of a G-orbit, and ψ a character of Ci.

4. The boundary formula

Ishibashi states are nothing but conformal blocks for one-point correlation functions on the disk,
i.e. specific two-point blocks on the sphere. But we can think of the Ishibashi state labelled
by (i, J) also more as a three-point block on the sphere, with insertions i, ic and J . (This
is actually the natural interpretation when one wants to express such Ishibashi states in the
three-dimensional topological picture that was established in [28].) Moreover, already from [1]
it is known that the relation between Ishibashi and boundary states essentially expresses the
effect of a modular S-transformation. Together with the previous observation, it is then natural
to expect that the fixed point resolution matrices SJ appear in the boundary coefficients.

We are therefore ready to write down the following ansatz for the boundary coefficients:

B(i,J),[j,ψ] =

√

|G|
|Sj| |Cj|

α(J) SJ
i,j

√

S0,i

ψ(J)∗ , (11)

where α(J) is a phase to be discussed later, but which must satisfy α(0) = 1. All previously
studied cases are correctly reproduced by the remarkably simple formula (11). We have also
verified that the matrix (11) has a left- and right-inverse, given by (B−1)[j,ψ],(i,J) =S0,i B∗

(i,J),[j,ψ].
This establishes in particular the result that the number of boundaries equals the number of
Ishibashi labels, i.e. “completeness”. This implies rather non-trivial relations involving the
number of orbits of various kinds and the orders of stabilizers.

One can also check that the annuli obtained from (11) possess non-negative integral ex-
pansion coefficients Ai

ab with respect to the Ā-characters χi. (We assume, as usual, that the

6
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6

integers, where Ns is the order of Js. If Ns is odd, RssNs is always even, and hence Xss is
determined. If Ns is even, RssNs may be odd. Then there is no solution for Xss. In that case
the current Js does not belong to the “effective center”, and cannot be used to build modular
invariants. A second case in which 2X = R has no solutions is when Ns is even and NsRst is
odd for some value of t != s. Then there are only non-symmetric invariants. In all other cases
at least one solution exists. If both Ns and Nt are even the off-diagonal element Xst may be
shifted by a half-integer.

3. Ishibashi and boundary labels

The modular invariant Z(G, X) specified by X is to be multiplied with the charge conjugation
matrix. Hence the Ishibashi states correspond to the diagonal elements of Z(G, X), counting
multiplicities. The only currents that can contribute are those that satisfy Ji = i. They form a
group, the stabilizer Si of i. If this group is non-trivial, multiplicities larger than 1 may occur,
possibly leading to Ishibashi label degeneracies. For pure extensions this was analysed in [8,11],
and the conclusion is that the Ishibashi label degeneracy is actually equal to the fixed point
degeneracy. 3 It is natural to extend this result to the general case, and to label the degeneracy
by the currents that cause it. Hence our ansatz for the Ishibashi labels is

m = (i, J); J ∈Si with QK(i) +X(K, J) = 0 mod 1 for all K ∈G . (5)

This ansatz produces also the correct count for pure extension invariants, but the labelling
chosen here is not the same as in [8, 11]. In those papers the dual basis – the characters ψα of
Si – was used for the degeneracy labels. This is not possible for pure automorphisms because
the currents satisfying (5) do not form a group in that case. For pure extensions, the new basis
differs by a Fourier transformation from the old one. This allows us to compute the degeneracy
metric, given the fact that it was diagonal in the old basis. We find

gJ,K
j =

∑

αβ

ψα(J) ψβ(K) δα,β = δJ,Kc

. (6)

Now we turn to the boundary labels. The results for pure extensions and automorphisms
without fixed points is that the boundaries are in one-to-one correspondence with the complete
set of G orbits (of arbitrary monodromy charge). As usual, fixed points lead to degeneracies.
For pure automorphism invariants due to a half-integer spin simple current, the degeneracy
was found to be given by the order of the stabilizer of the orbit, whereas for pure extensions it
is the order of the untwisted stabilizer. The latter is defined as follows [24]. For every simple
current J with fixed points there exists a “fixed point resolution matrix” SJ ; these matrices
can be used to express the unitary modular S-transformation matrix of the extended theory
through quantities of the unextended theory. The matrices SJ are conjectured to be equal to
the modular S-transformation matrices for the J-one-point conformal blocks on the torus, and
are explicitly known for all WZW models [25,24], their simple current extensions [26] and also
for coset conformal field theories. Elements of the matrix SJ whose labels are related by the
action of a simple current K obey

SJ
Ki,j = Fi(K, J) e2πiQK(j) SJ

i,j . (7)
3 This result is non-trivial because the degeneracy in the extended theory is in general not equal to the fixed

point degeneracy, i.e. the order of the stabilizer, but rather to the size of a subgroup, the untwisted stabilizer.

5
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Boundary coefficients

Crosscap coefficients

Boundaries and Crosscaps*

Boundaries and crosscaps

• Boundary coefficients

R[a,ψa](m,J) =

√

|H|
|Ca||Sa|

ψ∗
a(J)SJ

am

• Crosscap coefficients

U(m,J) =
1

√

|H|

∑

L∈H

η(K, L)PLK,mδJ,0

SJ is the fixed point resolution matrix
Sa is the Stabilizer of a
Ca is the Central Stabilizer (Ca ⊂ Sa ⊂ H)
ψa is a discrete group character of cCa

P =
√

TST 2S
√

T

*Huiszoon, Fuchs, Schellekens, Schweigert, Walcher (2000)

U(m,J) =
1√
|H|

∑

L∈H
eπi(hK−hKL)βK(L)PLK,mδJ,0
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The Fixed point resolution matrices

SJ
am

Modular transformation matrices 
of the WZW model WJ

defined by folding the extended 
Dynkin diagram of W by the 
symmetry defined by J

(of a WZW model W)

Schellekens, Yankielowicz (1989)
Fuchs,Schellekens,Schweigert (1995)
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Orbit Lie algebras

does not necessarily have order two) character-valued indices. Clearly, for the trivial automorphism
ω = 1 we recover the ordinary character of the module HΛ.

It is a rather surprising result [2, 1] that the twining character is essentially identical to the
character of some other generalized Kac--Moody algebra ğ, called the orbit Lie algebra. This result
makes the twining characters explicitly computable. In particular, it implies that the coefficients in
the expansion of the twining character are not arbitrary complex numbers, but non-negative integers,
and hence justifies a posteriori the name twining character.

The orbit Lie algebra corresponding to g and its diagram automorphism ω is obtained by a simple
prescription which corresponds to folding the Dynkin diagram of g according to the action of ω̇.
Pictorially we have e.g.:

ğ = G(1)
2 ğ = B̃(2)

5

g = E(1)
6 g = B(1)

6

In formulæ, the orbit Lie algebra is described as follows. Denote by Î a set of representatives in I
for each ω̇-orbit. The Cartan matrix of the orbit Lie algebra is then labelled by the subset

Ĭ := {i∈ Î |
Ni−1
∑

l=0

ai,ω̇li ≤ 0 =⇒
Ni−1
∑

l=0

ai,ω̇li = aii} (3.7)

of Î. For each i∈ Î we define the number

si :=

{

aii/
∑Ni−1

l=0 ai,ω̇li if i∈ Ĭ and aii $= 0 ,

1 otherwise ,
(3.8)

which is either 1 or 2. The Cartan matrix Â = (âij)i,j∈Ĭ of the orbit Lie algebra is then defined by
summing over one index of the Cartan matrix of g:

âij := sj

Nj−1
∑

l=0

ai,ω̇lj . (3.9)

We emphasize that ğ is not constructed as a subalgebra of g; in particular the orbit Lie algebra is
in general not isomorphic to the subalgebra of g that stays fixed under ω. One can also show that
the algebra g and the orbit Lie algebra ğ are 2 of the same type (i.e. simple, affine, indefinite); the
orbit Lie algebra of hyperbolic Lie algebras is hyperbolic as well. A particularly interesting situation

2 except for the order-N automorphisms of sl(N)

4
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makes the twining characters explicitly computable. In particular, it implies that the coefficients in
the expansion of the twining character are not arbitrary complex numbers, but non-negative integers,
and hence justifies a posteriori the name twining character.

The orbit Lie algebra corresponding to g and its diagram automorphism ω is obtained by a simple
prescription which corresponds to folding the Dynkin diagram of g according to the action of ω̇.
Pictorially we have e.g.:
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Orbit Lie algebras
needed for Gepner Models
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Boundary coefficients

Crosscap coefficients

Boundaries and Crosscaps*

Boundaries and crosscaps

• Boundary coefficients
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SJ is the fixed point resolution matrix
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T
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The P-matrix*

P =
√

TST 2S
√

T

T : τ → τ + 1
S : τ → − 1

τ

*Sagnotti, Pradisi, Stanev
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Partition Functions

Closed

Open

• Closed string projection

1

2





∑

ij

χi(τ)Zijχi(τ̄) +
∑

i

Kiχi(2τ)





• Open string projection

1

2





∑

i,a,n

NaNbA
i
abχi(

τ

2
) +

∑

i,a

NaM
i
aχ̂i(

τ

2
+

1

2
)





Na = Chan-Paton Multiplicity

     :  Chan-Paton multiplicityNa
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Coefficients

Klein bottle

Annulus

Moebius

Partition functions

— Klein bottle:

Ki =
∑

m,J,J ′

Si
mU(m,J)g

Ω,m
J,J ′ U(m,J ′)

S0m

— Unoriented Annulus:

Ai
[a,ψa][b,ψb]

=
∑

m,J,J ′

Si
mR[a,ψa](m,J)g

Ω,m
J,J ′ R[b,ψb](m,J ′)

S0m

— Moebius:

M i
[a,ψa]

=
∑

m,J,J ′

P i
mR[a,ψa](m,J)g

Ω,m
J,J ′ U(m,J ′)

S0m

Here gΩ,m is the Ishibashi metric

gΩ,m
J,J ′ =

Sm0

SmK
βK(J)δJ ′,Jc .

Partition functions
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tadpoles & Anomalies
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Tadpole cancellation condition:

Cubic           anomalies cancel

Remaining anomalies by Green-Schwarz 
mechanism

In rare cases, additional conditions for
global anomaly cancellation*

TrF 3

• Tadpoles and Anomalies

Cancellation of massless tadpoles between disk and crosscap

X

b

NbRb(m,J) = 4ηmU(m,J) ,

Determines Chan-Paton multiplicities Nb

Then: purely cubic Tr F 3 anomalies cancel

Remaining ones cancelled by Green-Schwarz terms

Two-point RR-twoform/gauge boson vertices generate masses for anomalous
U(1) and some non-anomalous ones

In these models: B+L massive, Y massless (required), B-L massive or massless

Baryon and Lepton number remain as perturbative symmetries

*Gato-Rivera, Schellekens (2005)

tadpoles & Anomalies
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Abelian Masses

• Tadpoles and Anomalies

Cancellation of massless tadpoles between disk and crosscap

X

b

NbRb(m,J) = 4ηmU(m,J) ,

Determines Chan-Paton multiplicities Nb

Then: purely cubic Tr F 3 anomalies cancel

Remaining ones cancelled by Green-Schwarz terms

Two-point RR-twoform/gauge boson vertices generate masses for anomalous
U(1) and some non-anomalous ones

In these models: B+L massive, Y massless (required), B-L massive or massless

Baryon and Lepton number remain as perturbative symmetries

Green-Schwarz mechanism

RR-axion

• Tadpoles and Anomalies

Cancellation of massless tadpoles between disk and crosscap

X

b

NbRb(m,J) = 4ηmU(m,J) ,

Determines Chan-Paton multiplicities Nb

Then: purely cubic Tr F 3 anomalies cancel

Remaining ones cancelled by Green-Schwarz terms

Two-point RR-twoform/gauge boson vertices generate masses for anomalous
U(1) and some non-anomalous ones

In these models: B+L massive, Y massless (required), B-L massive or massless

Baryon and Lepton number remain as perturbative symmetries

Axion-Vector boson vertex

Generates mass vector bosons of anomalous symmetries

But may also generate mass for non-anomalous ones
(Y, B−L)

(e.g . B + L)
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Scope of the Search

168 Gepner models

5403 MIPFs
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Scope of the Search

168 Gepner models

5403 MIPFs

49322 Orientifolds
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Scope of the Search

168 Gepner models

5403 MIPFs

49322 Orientifolds

45761187347637742772 combinations of 
four boundary labels (brane stacks)
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strategy

SM branes
 (a,b,c,d)
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strategy

SM branes
 (a,b,c,d)

Hidden
Sector
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strategy

SM branes
 (a,b,c,d)

Hidden
Sector
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Search Criteria

U(3) from a single brane

U(2) from a single brane

Quarks and leptons, Y from at most four branes

GCP  ⊃   SU(3) × SU(2) × U(1)

Chiral GCP fermions reduce to quarks, leptons                                  
(plus non-chiral particles) 

No fractionally charged mirror pairs

Massless Y

Require only:
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allowed spectra

3 families + vector-like matter

w.r.t.  SU(3) × SU(2) × U(1)

w.r.t.  GCP    ⊃      SU(3) × SU(2) × U(1)

Anything
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Allowed Features
(Anti)-quarks from anti-symmetric tensors

leptons from anti-symmetric tensors

family symmetries

non-standard Y-charge assignments

Unification (Pati-Salam, (flipped) SU(5), trinification)*

Baryon and/or lepton number violation

....

*a,b,c,d may be identical
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Chan-Paton gauge group

GCP = U(3)a ×
{ U(2)b

Sp(2)b

}
×Gc (×Gd)

Y = αQa + βQb + γQc + δQd + Wc + Wd

Embedding of Y:

Q:  Brane charges (for unitary branes)

W: Traceless generators
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Classification

Distributed over
c and d

Y = (x− 1
3
)Qa + (x− 1

2
)Qb + xQC + (x− 1)QD

{

Allowed values for x

  1/2        Madrid model, Pati-Salam, Flipped SU(5)
   0          (broken) SU(5)
   1          Antoniadis, Kiritsis, Tomaras model
-1/2, 3/2
  any       Trinification (              )   (orientable)x = 1/3
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a d

c

b

(u,d)
(e-,!)

u
c e+

!
c

d
c

Chiral SU(3) x SU(2) x U(1) spectrum:

• Chirality

Chiral with respect to SU(3) × SU(2) × U(1)

3(u, d)L + 3uc
L + 3dc

L + 3(e−, ν)L + 3e+
L

Chiral with respect to Chan-Paton group but not with
respect to SU(3) × SU(2) × U(1)

• 3 Left-handed anti-neutrinos [100%]
• Higgs (w.r.t. U(2)b) [0.3%]
• Mirrors of (u, d) or (e−, ν) (w.r.t. U(2)b) [1.5%]
• SM singlets from hidden sector [12.5%]

Y massless

The Madrid Model

Y =
1
6
Qa −

1
2
Qc −

1
2
Qd

Sunday, 2 May 2010



Results
Searched all MIPFs with < 1750 boundaries
(4557 of 5403 MIPFs)

19345 chirally distinct SM embeddings found 
(out of infinitely many possible ones)

Tadpole conditions solved in 1900 chirally 
distinct cases     

About 213000 non-chirally distinct models in 
database              
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Statistics
Value of x Total

0 24483441

1/2 138837612*

1 30580

-1/2, 3/2 0

any 1250080

*Previous search:   45051902
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Most frequent models
Table 6: The list of 19345 models sorted according to frequency tbl:Freq

nr Total occ. MIPFs Chan-Paton Group spectrum x Solved

1 9801844 648 U(3)× Sp(2)× Sp(6)× U(1) VVVV 1/2 Y!

2 8479808(16227372) 675 U(3)× Sp(2)× Sp(2)× U(1) VVVV 1/2 Y!

3 5775296 821 U(4)× Sp(2)× Sp(6) VVV 1/2 Y!

4 4810698 868 U(4)× Sp(2)× Sp(2) VVV 1/2 Y!

5 4751603 554 U(3)× Sp(2)×O(6)× U(1) VVVV 1/2 Y!

6 4584392 751 U(4)× Sp(2)×O(6) VVV 1/2 Y

7 4509752(9474494) 513 U(3)× Sp(2)×O(2)× U(1) VVVV 1/2 Y!

8 3744864 690 U(4)× Sp(2)×O(2) VVV 1/2 Y!

9 3606292 467 U(3)× Sp(2)× Sp(6)× U(3) VVVV 1/2 Y

10 3308076 340 U(3)× Sp(2)× U(3)× U(1) VVVV 1/2 Y

11 3308076 340 U(3)× Sp(2)× U(3)× U(1) VVVV 1/2 Y

12 3093933 623 U(6)× Sp(2)× Sp(6) VVV 1/2 Y

13 2717632 461 U(3)× Sp(2)× Sp(2)× U(3) VVVV 1/2 Y!

14 2384626 560 U(6)× Sp(2)×O(6) VVV 1/2 Y

15 2253928 669 U(6)× Sp(2)× Sp(2) VVV 1/2 Y!

16 1803909 519 U(6)× Sp(2)×O(2) VVV 1/2 Y!

17 1787210 486 U(4)× Sp(2)× U(3) VVV 1/2 Y

18 1787210 486 U(4)× Sp(2)× U(3) VVV 1/2 Y

19 1676493 517 U(8)× Sp(2)× Sp(6) VVV 1/2 Y

20 1674416 384 U(3)× Sp(2)×O(6)× U(3) VVVV 1/2 Y

21 1642669 360 U(3)× Sp(2)× Sp(6)× U(5) VVVV 1/2 Y

22 1486664 346 U(3)× Sp(2)×O(2)× U(3) VVVV 1/2 Y!

23 1323363 476 U(8)× Sp(2)×O(6) VVV 1/2 Y

24 1135702 350 U(3)× Sp(2)× Sp(2)× U(5) VVVV 1/2 Y!

25 1106616 209 U(3)× Sp(2)× U(3)× U(3) VVVV 1/2 Y

26 1106616 209 U(3)× Sp(2)× U(3)× U(3) VVVV 1/2 Y

27 1050764 532 U(8)× Sp(2)× Sp(2) VVV 1/2 Y

28 956980 421 U(8)× Sp(2)×O(2) VVV 1/2 Y

29 950003 449 U(10)× Sp(2)× Sp(6) VVV 1/2 Y

30 935034 351 U(6)× Sp(2)× U(3) VVV 1/2 Y

31 935034 351 U(6)× Sp(2)× U(3) VVV 1/2 Y

32 910132 51 U(3)× U(2)× Sp(2)×O(1) AAVV 0 Y

33 884977 293 U(3)× Sp(2)× Sp(6)× U(7) VVVV 1/2 Y

34 869428(1096682) 246 U(3)× Sp(2)× U(1)× U(1) VVVV 1/2 Y!

. . .

256 71328 167 U(3)× U(3)× U(3) VVV 1
3

Continued on next page

– 42 –
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16 1803909 519 U(6)× Sp(2)×O(2) VVV 1/2 Y!

17 1787210 486 U(4)× Sp(2)× U(3) VVV 1/2 Y

18 1787210 486 U(4)× Sp(2)× U(3) VVV 1/2 Y

19 1676493 517 U(8)× Sp(2)× Sp(6) VVV 1/2 Y

20 1674416 384 U(3)× Sp(2)×O(6)× U(3) VVVV 1/2 Y

21 1642669 360 U(3)× Sp(2)× Sp(6)× U(5) VVVV 1/2 Y

22 1486664 346 U(3)× Sp(2)×O(2)× U(3) VVVV 1/2 Y!

23 1323363 476 U(8)× Sp(2)×O(6) VVV 1/2 Y

24 1135702 350 U(3)× Sp(2)× Sp(2)× U(5) VVVV 1/2 Y!

25 1106616 209 U(3)× Sp(2)× U(3)× U(3) VVVV 1/2 Y

26 1106616 209 U(3)× Sp(2)× U(3)× U(3) VVVV 1/2 Y

27 1050764 532 U(8)× Sp(2)× Sp(2) VVV 1/2 Y

28 956980 421 U(8)× Sp(2)×O(2) VVV 1/2 Y

29 950003 449 U(10)× Sp(2)× Sp(6) VVV 1/2 Y

30 935034 351 U(6)× Sp(2)× U(3) VVV 1/2 Y

31 935034 351 U(6)× Sp(2)× U(3) VVV 1/2 Y

32 910132 51 U(3)× U(2)× Sp(2)×O(1) AAVV 0 Y

33 884977 293 U(3)× Sp(2)× Sp(6)× U(7) VVVV 1/2 Y

34 869428(1096682) 246 U(3)× Sp(2)× U(1)× U(1) VVVV 1/2 Y!

. . .

256 71328 167 U(3)× U(3)× U(3) VVV 1
3

Continued on next page
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Pati-Salam

Type:       U  S  S 
Dimension   4  2  2
      5 x ( V ,0 ,V ) chirality -3
      3 x ( V ,V ,0 ) chirality 3
      2 x ( Ad,0 ,0 ) chirality 0
      2 x ( 0 ,A ,0 ) chirality 0
      7 x ( 0 ,0 ,A ) chirality 0
      4 x ( A ,0 ,0 ) chirality 0
      2 x ( 0 ,S ,0 ) chirality 0
      5 x ( 0 ,0 ,S ) chirality 0
      7 x ( 0 ,V ,V ) chirality 0

Table 5: The list of 19345 models sorted according to frequency

nr. Total occ. MIPFs Chan-Paton group Spectrum x Solved
1 9785532 647 U(3)× Sp(2)× Sp(6)× U(1) VVVV 1/2 Y!
2 8459664 674 U(3)× Sp(2)× Sp(2)× U(1) VVVV 1/2 Y!
3 5769030 820 U(4)× Sp(2)× Sp(6) VVV 1/2 Y!
4 4801518 867 U(4)× Sp(2)× Sp(2) VVV 1/2 Y!
5 4751603 554 U(3)× Sp(2)×O(6)× U(1) VVVV 1/2 Y!
6 4584392 751 U(4)× Sp(2)×O(6) VVV 1/2 Y
7 4509752 513 U(3)× Sp(2)×O(2)× U(1) VVVV 1/2 Y!
8 3744864 690 U(4)× Sp(2)×O(2) VVV 1/2 Y!
9 3603236 466 U(3)× Sp(2)× Sp(6)× U(3) VVVV 1/2 Y
10 3308076 340 U(3)× Sp(2)× U(3)× U(1) VVVV 1/2 Y
11 3308076 340 U(3)× Sp(2)× U(3)× U(1) VVVV 1/2 Y
12 3091021 622 U(6)× Sp(2)× Sp(6) VVV 1/2 Y
13 2713960 460 U(3)× Sp(2)× Sp(2)× U(3) VVVV 1/2 Y!
14 2384626 560 U(6)× Sp(2)×O(6) VVV 1/2 Y
15 2250118 668 U(6)× Sp(2)× Sp(2) VVV 1/2 Y!
16 1803909 519 U(6)× Sp(2)×O(2) VVV 1/2 Y!
17 1787210 486 U(4)× Sp(2)× U(3) VVV 1/2 Y
18 1787210 486 U(4)× Sp(2)× U(3) VVV 1/2 Y
19 1674989 516 U(8)× Sp(2)× Sp(6) VVV 1/2 Y
20 1674416 384 U(3)× Sp(2)×O(6)× U(3) VVVV 1/2 Y
21 1641845 359 U(3)× Sp(2)× Sp(6)× U(5) VVVV 1/2 Y
22 1486664 346 U(3)× Sp(2)×O(2)× U(3) VVVV 1/2 Y!
23 1323363 476 U(8)× Sp(2)×O(6) VVV 1/2 Y
24 1135044 349 U(3)× Sp(2)× Sp(2)× U(5) VVVV 1/2 Y!
25 1106616 209 U(3)× Sp(2)× U(3)× U(3) VVVV 1/2 Y
26 1106616 209 U(3)× Sp(2)× U(3)× U(3) VVVV 1/2 Y
27 1049176 531 U(8)× Sp(2)× Sp(2) VVV 1/2 Y
28 956980 421 U(8)× Sp(2)×O(2) VVV 1/2 Y
29 949189 448 U(10)× Sp(2)× Sp(6) VVV 1/2 Y
30 935034 351 U(6)× Sp(2)× U(3) VVV 1/2 Y
31 935034 351 U(6)× Sp(2)× U(3) VVV 1/2 Y
32 910132 51 U(3)× U(2)× Sp(2)×O(1) AAVV 0 Y
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SU(5)

      3 x  (A ,0 ,0 ) chirality 3
      11 x  (V ,V ,0 ) chirality -3
      8 x  (S ,0 ,0 ) chirality 0
      3 x  (Ad,0 ,0 ) chirality 0
      1 x  (0 ,A ,0 ) chirality 0
      3 x  (0 ,V ,V ) chirality 0
      8 x  (V ,0 ,V ) chirality 0
      2 x  (0 ,S ,0 ) chirality 0
      4 x  (0 ,0 ,S ) chirality 0
      4 x  (0 ,0 ,A ) chirality 0

Type:       U  O  O 
Dimension   5  1  1

Note: gauge group is just SU(5)!

nr. Total occ. MIPFs Chan-Paton group Spectrum x Solved
161 115466 335 U(4)× U(2)× U(2) VVV 1/2 Y
256 71328 167 U(3)× U(3)× U(3) VVV 1

3

561 23954 26 U(3)× U(2)× U(1) AAS 1/2 Y!
562 23954 26 U(3)× U(2)× U(1) AAS 0 Y!
708 16845 296 U(5)×O(1) AV 0 Y
1296 6432 87 U(3)× U(3)× U(3) VVV * Y
1522 4753 115 U(6)× Sp(2) AV 1/2 Y!
1523 4753 115 U(6)× Sp(2) AV 0 Y!
2157 2381 115 U(6)× Sp(2) AV 1/2 Y!
2348 2062 34 U(5)× U(1) AS 1/2 Y!
2349 2062 34 U(5)× U(1) AS 0 Y!
8118 114 3 U(3)× Sp(2)× U(1) AVS 1/2
8305 108 1 U(3)× Sp(2)× U(1) VVT 1/2
12973 24 1 U(3)× U(3)× U(3) VVV 1/2
17042 6 1 U(3)× U(2)× U(1) AVT 1/2 Y!
19345 1 1 U(5)× U(2)×O(3) ATV 0
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A free field theory model

Type:       U  S  U  U  O
Dimension   3  2  1  1  2
      3 x ( V ,V ,0 ,0 ,0 ) chirality 3
      3 x ( 0 ,0 ,V ,V ,0 ) chirality -3
      2 x ( V ,0 ,V ,0 ,0 ) chirality -2
      2 x ( V ,0 ,V*,0 ,0 ) chirality -2
      2 x ( 0 ,V ,0 ,V ,0 ) chirality 2
      3 x ( V ,0 ,0 ,V ,0 ) chirality -1
      1 x ( V ,0 ,0 ,V*,0 ) chirality -1
      3 x ( 0 ,V ,V ,0 ,0 ) chirality 1
      1 x ( 0 ,0 ,V ,V*,0 ) chirality 1
      4 x ( 0 ,0 ,V ,0 ,V ) chirality 0
      2 x ( A ,0 ,0 ,0 ,0 ) chirality 0
      2 x ( S ,0 ,0 ,0 ,0 ) chirality 0
      2 x ( 0 ,0 ,0 ,A ,0 ) chirality 0
      1 x ( 0 ,0 ,0 ,0 ,A ) chirality 0
      2 x ( 0 ,0 ,0 ,0 ,S ) chirality 0

Gepner model (2,2,2,2,2,2)
(2)=(Ising)×(Free boson)
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Type:       U  S  U  U  U 
Dimension   3  2  1  1  2
      3 x ( V ,V ,0 ,0 ,0 ) chirality 3
      3 x ( 0 ,0 ,V ,V ,0 ) chirality -3
      1 x ( V ,0 ,0 ,V*,0 ) chirality -1
      2 x ( V ,0 ,V ,0 ,0 ) chirality -2
      2 x ( 0 ,V ,0 ,V ,0 ) chirality 2
      3 x ( V ,0 ,0 ,V ,0 ) chirality -1
      3 x ( 0 ,V ,V ,0 ,0 ) chirality 1
      2 x ( V ,0 ,V*,0 ,0 ) chirality -2
      1 x ( 0 ,0 ,V ,V*,0 ) chirality 1
      4 x ( A ,0 ,0 ,0 ,0 ) chirality 0
      2 x ( 0 ,0 ,0 ,S ,0 ) chirality 0

This model was not discovered before because it as 
“masked” by this one from (2,2,2,6,6)

Truly hidden 
hidden sector 

Q
E*
U*
D*
L

  D*+(D+D*)
L+H1+H2

U*
N*

U+U*
E+E*
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Free Fermion Models

(NSR) (D1)9 
(NSR) (D1)7 (Ising)4

(NSR) (D1)5 (Ising)8

(NSR) (D1)3 (Ising)12

The following real and complex free fermion models are accessible

685 MIPFs*
3858 MIPFs*
111604 MIPFs
???   MIPFs

(*) analyzed, yield essentially nothing of interest 

Plus combinations with Gepner models
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Tachyon-free
non-susy models
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Non-supersymmetric Models

S.T. Susy

W.S. Susy

Minimal Models

NSRg D 5 1
g min 2 3
g min 2 3
g min 2 3
g min 2 3
g min 2 3
current 2 10 0 0 0 0
current 2 0 10 0 0 0
current 2 0 0 10 0 0
current 2 0 0 0 10 0
current 2 0 0 0 0 10
current 1 1 1 1 1 1
compute spectrum
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Non-supersymmetric Models

S.T. Susy

W.S. Susy

Minimal Models

NSRg D 5 1
g min 2 3
g min 2 3
g min 2 3
g min 2 3
g min 2 3
current 2 10 0 0 0 0
current 2 0 10 0 0 0
current 2 0 0 10 0 0
current 2 0 0 0 10 0
current 2 0 0 0 0 10
current 1 1 1 1 1 1
compute spectrum
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Non-supersymmetric models

Result:
•Far more possibilities
•Tachyons!

Four ways of removing closed string tachyons

 Chiral algebra extension (non-susy)
 Automorphism MIPF
 Susy MIPF
 Klein Bottle
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Non-supersymmetric models

Result:
•Far more possibilities
•Tachyons!

Four ways of removing closed string tachyons

 Chiral algebra extension (non-susy)
 Automorphism MIPF
 Susy MIPF
 Klein Bottle

✖
✔
✔
✔
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Non-supersymmetric models

Result:
•Far more possibilities
•Tachyons!

Four ways of removing closed string tachyons

 Chiral algebra extension (non-susy)
 Automorphism MIPF
 Susy MIPF
 Klein Bottle

✖
✔
✔
✔

Huge number of possibilities
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Neutrino masses
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a d

c

b

(u,d)
(e-,!)

u
c e+

!
c

d
c

lepto-quark

Higgs

charge 1/2

Madrid model (with hidden sector)
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All these models have three right-handed
neutrinos (required for cubic anomaly cancellation)

In most of these models:
B-L survives as an exact gauge symmetry

Neutrino’s can get Dirac masses, but not Majorana 
masses (both needed for see-saw mechanism).

In a very small* subset, B-L acquires a mass due to axion 
couplings.

(*) 391 out of 213000, all with SU(3)× Sp(2)× U(1)× U(1)

Neutrinos

Sunday, 2 May 2010



B-L Violation

But even then, B-L still survives as a perturbative symmetry.

It may be broken to a discrete subgroup by instantons.

6.1 The instanton scan

Our detailed strategy will become clear along the description of the results. Given a

set of a,b,c,d standard model branes, we must look for additional boundary states M

that satisfy the requirements of a (B−L)-violating instanton. From the internal CFT

point of view this is just another boundary state, differing from 4d spacefilling branes

only in the fully localized 4d spacetime structure. The minimal requirement for such

a boundary state is B − L violation, which means explicitly

IMa − IMa′ − IMd + IMd′ "= 0 (6.1)

It is easy to see that the existence of such an instanton implies (and hence requires) the

existence of a Stückelberg coupling making B−L massive. To see this, consider adding

to the Standard Model configuration a 4d spacefilling braneM (in fact used in Section

5) associated to the boundary state M (RR tadpoles can be avoided by simultaneously

including M antibranes, which will not change the argument). The new sector in

the chiral spectrum charged under the branes M can be obtained by reversing the

argument in Section 5, and is controlled by the intersection numbers of M . From

the above condition it follows that the complete system has mixed U(1)B−L × (GM)2

anomalies, where GM is the Chan-Paton-factor of brane M. These anomalies are

cancelled by a Green-Schwarz mechanism involving a (B − L)-axion bilinear coupling,

which ends up giving a mass to B−L via the Stückelberg mechanism. This coupling is

in fact not sensitive to the presence of the braneM, hence it must have been present

already in the initial model (withoutM).

Hence the existence of a boundary label M that satisfies (6.1) implies that B−L is

massive. Unfortunately the converse is not true: even if B−L has a Stückelberg mass,

this still does not imply the existence of suitable instantons satisfying 6.112 Indeed, in

several models we found not a single boundary state satisfying (6.1).

Note that, since hypercharge must be massless, one can use the reverse argument

and obtain that

IMa − IMa′ − IMc + IMc′ − IMd + IMd′ = 0 (6.2)

12From intuition in geometric compactifications, one expects that there may always exist a D-brane
with the appropriate topological pairings, but there is no guarantee that there is a supersymmetric
representative in that topological sector, and even less that it would have no additional fermion zero
modes. Note also that even if such D-brane instantons exists, there is no guarantee that it will fall in
the scan over RCFT boundary states.

37

This possibility can be explored if the instanton is 
described by a RCFT brane M. 
B-L violation manifests itself as:

IMa = chiral [# (V,V*) - # (V*,V)]   between branes M and a

a’ = boundary conjugate of a
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B-L anomalies

6.1 The instanton scan

Our detailed strategy will become clear along the description of the results. Given a

set of a,b,c,d standard model branes, we must look for additional boundary states M

that satisfy the requirements of a (B−L)-violating instanton. From the internal CFT

point of view this is just another boundary state, differing from 4d spacefilling branes

only in the fully localized 4d spacetime structure. The minimal requirement for such

a boundary state is B − L violation, which means explicitly

IMa − IMa′ − IMd + IMd′ "= 0 (6.1)

It is easy to see that the existence of such an instanton implies (and hence requires) the

existence of a Stückelberg coupling making B−L massive. To see this, consider adding

to the Standard Model configuration a 4d spacefilling braneM (in fact used in Section

5) associated to the boundary state M (RR tadpoles can be avoided by simultaneously

including M antibranes, which will not change the argument). The new sector in

the chiral spectrum charged under the branes M can be obtained by reversing the

argument in Section 5, and is controlled by the intersection numbers of M . From

the above condition it follows that the complete system has mixed U(1)B−L × (GM)2

anomalies, where GM is the Chan-Paton-factor of brane M. These anomalies are

cancelled by a Green-Schwarz mechanism involving a (B − L)-axion bilinear coupling,

which ends up giving a mass to B−L via the Stückelberg mechanism. This coupling is

in fact not sensitive to the presence of the braneM, hence it must have been present

already in the initial model (withoutM).

Hence the existence of a boundary label M that satisfies (6.1) implies that B−L is

massive. Unfortunately the converse is not true: even if B−L has a Stückelberg mass,

this still does not imply the existence of suitable instantons satisfying 6.112 Indeed, in

several models we found not a single boundary state satisfying (6.1).

Note that, since hypercharge must be massless, one can use the reverse argument

and obtain that

IMa − IMa′ − IMc + IMc′ − IMd + IMd′ = 0 (6.2)

12From intuition in geometric compactifications, one expects that there may always exist a D-brane
with the appropriate topological pairings, but there is no guarantee that there is a supersymmetric
representative in that topological sector, and even less that it would have no additional fermion zero
modes. Note also that even if such D-brane instantons exists, there is no guarantee that it will fall in
the scan over RCFT boundary states.

37

Implies a cubic B-L anomaly if M is a “matter” brane
(Chan-Paton multiplicity ≠ 0).

Implies a (B-L)(GM)2 anomaly even if we cancel the 
cubic anomaly

⇒  M cannot be a matter brane:
    non-gauge-theory instanton

⇒  B-L must be massive

(The converse is not true: there are massive B-L models without such 
instanton branes)
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Required zero-modes

The desired neutrino mass term νcνc 

violates c and d brane charge by two units.
To compensate this, we must have

and all other intersections 0.  
(d’ is the boundary conjugate of d)

from U(1) gauge bosons made massive through the Stückelberg mechanism. The kind

of operator we are interested in has the form

W ! e−Sins νRνR (3.5)

where νR is the right-handed neutrino superfield 5. Here Sins transforms under both

U(1)B−L and U(1)R in such a way that the overall operator is gauge invariant. This

operator may be created if the mixed open string sectors lead to fermionic zero modes

αi, γi i=1,2 appropriately charged under the background brane gauge factors. As

we discussed in the previous section, in principle the Chan-Paton symmetry of the

instanton can only be O(1) in order to lead to two uncharged fermion zero modes to

saturate the d2θ 4d superspace integration. On the other hand, as we argued, instantons

with USp(2) or U(1) CP symmetries may also induce the required superpotentials if

there is some additional dynamics getting rid of the extra uncharged zero modes which

in principle appear in instantons with these symmetries. We thus consider all O(1),

USp(2) and U(1) instantons in our discussion.

In order to to get a νR bilinear the intersection numbers of instanton M and d, c

branes must be

IMc = 1 ; IMd = −1 (3.6)

in the USp(2) case,

IMc = 2 ; IMd = −2 (3.7)

in the O(1) case and

IMc = 2 ; IMd = −2 or IMd′ = 2 ; IMc′ = −2 (3.8)

in the U(1) case. Furthermore there must be cubic couplings involving the right-handed

neutrino νa in the ath family and the fermionic zero modes αi, γj

Lcubic ∝ dij
a (αi νaγj) , a = 1, 2, 3 (3.9)

In type IIA geometric compactifications, this coupling arises from open string disk

instantons, see Fig. 3.1. In general (even non-geometric) IIA models (resp. IIB models),

the coefficients dij
a depend on the Kähler (resp. complex structure) moduli, and possibly

on open string moduli. In CFT models (like e.g. in toroidal cases) these quantities

may be in principle explicitly computed.

5 Actually we denote by νR the left-handed νc
L field following the usual (a bit confusing) convention.

18

(*)Blumenhagen, Cvetic, Weigand, hep-th/0609191
      Ibañez, Uranga, hep-th/0609213

Neutrino mass generation by non-gauge theory 
instantons*
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Neutrino-zero mode coupling

D2

D6

D6

!R

"

#

Figure 2: World-sheet disk amplitude inducing a cubic coupling on the D2-brane in-

stanton action. The cubic coupling involves the right-handed neutrinos lying at the

intersection of the c and d∗ D6-branes, and the two instanton fermion zero modes α

and γ from the D2-D6 intersections.

As we have tried to emphasize, the mechanism is rather general, and we only need

to have a semirealistic compactification with the following ingredients:

1) The 4d theory should have the chiral content of the SM and additional right-

handed neutrinos. There should be a gauged U(1)B−L gauge symmetry beyond the

SM, under which the right-handed neutrinos are charged.

2) The U(1)B−L gauge boson should have a Stückelberg mass from a B∧F coupling.

3) The compact manifold should admit D2-instantons yielding the two appropriate

zero modes transforming under U(1)L and U(1)R (but no other symmetries in the

theory) to yield neutrino bilinears.

Then the appropriate Majorana mass term will generically appear (see section 2.3

for some additional discussion on more detailed conditions on the instantons).

Note that the e−SD2 semiclassical factor will provide a suppression factor for this

operator, but this suppression need not be large 5, since in general the field U is not

directly related to the SM gauge coupling constants. Indeed, it is easy to see that U

cannot appear in the gauge kinetic function for the SM gauge fields. The reason is that

U transforms with a shift under an anomaly free U(1). If it also had couplings to the
5One may worry that, if the exponential factor is not small, multiwrapped instantons may con-

tribute with comparable strength, leading to a breakdown of the instanton expansion. However, the

zero mode structure of the instanton is controled by the intersection numbers of the overall cycle class,

thus ensuring that only the single instanton we discuss contributes.

9

The following world-sheet disk is allowed by 
all symmetries

from U(1) gauge bosons made massive through the Stückelberg mechanism. The kind

of operator we are interested in has the form

W ! e−Sins νRνR (3.5)

where νR is the right-handed neutrino superfield 5. Here Sins transforms under both

U(1)B−L and U(1)R in such a way that the overall operator is gauge invariant. This

operator may be created if the mixed open string sectors lead to fermionic zero modes

αi, γi i=1,2 appropriately charged under the background brane gauge factors. As

we discussed in the previous section, in principle the Chan-Paton symmetry of the

instanton can only be O(1) in order to lead to two uncharged fermion zero modes to

saturate the d2θ 4d superspace integration. On the other hand, as we argued, instantons

with USp(2) or U(1) CP symmetries may also induce the required superpotentials if

there is some additional dynamics getting rid of the extra uncharged zero modes which

in principle appear in instantons with these symmetries. We thus consider all O(1),

USp(2) and U(1) instantons in our discussion.

In order to to get a νR bilinear the intersection numbers of instanton M and d, c

branes must be

IMc = 1 ; IMd = −1 (3.6)

in the USp(2) case,

IMc = 2 ; IMd = −2 (3.7)

in the O(1) case and

IMc = 2 ; IMd = −2 or IMd′ = 2 ; IMc′ = −2 (3.8)

in the U(1) case. Furthermore there must be cubic couplings involving the right-handed

neutrino νa in the ath family and the fermionic zero modes αi, γj

Lcubic ∝ dij
a (αi νaγj) , a = 1, 2, 3 (3.9)

In type IIA geometric compactifications, this coupling arises from open string disk

instantons, see Fig. 3.1. In general (even non-geometric) IIA models (resp. IIB models),

the coefficients dij
a depend on the Kähler (resp. complex structure) moduli, and possibly

on open string moduli. In CFT models (like e.g. in toroidal cases) these quantities

may be in principle explicitly computed.

5 Actually we denote by νR the left-handed νc
L field following the usual (a bit confusing) convention.

18
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Zero-mode integrals

Figure 2: Disk amplitude coupling two charged zero modes to νR in the geometrical Type

IIA intersecting brane approach.

These trilinear couplings appear in the instanton action and after integration of the

fermionic zero modes αi, γi one gets a superpotential coupling proportional to

∫
d2α d2γ e−dij

a (αiνaγj) = νaνb ( εijεkld
ik
a djl

b ) (3.10)

yielding a right-handed neutrino mass term. This term is multiplied by the exponential

of the instanton euclidean action so that the final result for the right-handed neutrino

mass (up to a 1-loop prefactor) has the form

MR
ab = Ms( εijεkld

ik
a djl

b ) exp(−VΠM

gs
+ i

∑

r

qM,rar ) (3.11)

For geometric compactifications VΠM is roughly related to the wrapped volume. We

keep the same notation to emphasize that the effect is non-perturbative in gs. In

supersymmetric models the term in the exponential is the linear combination U of

complex structure moduli to which the instanton D-brane couples, as described in the

previous section. As explained, the gauge U(1)c, U(1)d transformation of the bilinear

piece and the e−SD2 factor nicely cancel. Note that from the viewpoint of the 4d SM

effective field theory, the instanton has generated a Majorana neutrino mass violating

B − L. Notice that since this symmetry is non-anomalous, its violation cannot be

associated to a gauge instanton, hence this is a pure string theory instanton effect.

3.3 Flavor and the special case of USp(2) instantons

In order to extract more specific results for the flavor structure of the obtained Majo-

rana mass operator, one needs to know more details about the quantities dij
a coming

from the disk correlators. However in the particular case of USp(2) instantons 6, the

6By this we mean instanton D-branes with USp(2) world-volume gauge symmetry.

19

Additional zero modes yield additional fermionic integrals and
hence no contribution 

Therefore IMa=IMb=IMx=0 (x = Hidden sector), 
and there should be no vector-like zero modes.

There should also be no instanton-instanton zero-modes 
except 2 required by susy.
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instanton types
In orientifold models we can have complex and real branes

Matter brane M Instanton brane M
U(N) U(k)
O(N) Sp(2k)

Sp(2N) O(k)

from U(1) gauge bosons made massive through the Stückelberg mechanism. The kind

of operator we are interested in has the form

W ! e−Sins νRνR (3.5)

where νR is the right-handed neutrino superfield 5. Here Sins transforms under both

U(1)B−L and U(1)R in such a way that the overall operator is gauge invariant. This

operator may be created if the mixed open string sectors lead to fermionic zero modes

αi, γi i=1,2 appropriately charged under the background brane gauge factors. As

we discussed in the previous section, in principle the Chan-Paton symmetry of the

instanton can only be O(1) in order to lead to two uncharged fermion zero modes to

saturate the d2θ 4d superspace integration. On the other hand, as we argued, instantons

with USp(2) or U(1) CP symmetries may also induce the required superpotentials if

there is some additional dynamics getting rid of the extra uncharged zero modes which

in principle appear in instantons with these symmetries. We thus consider all O(1),

USp(2) and U(1) instantons in our discussion.

In order to to get a νR bilinear the intersection numbers of instanton M and d, c

branes must be

IMc = 1 ; IMd = −1 (3.6)

in the USp(2) case,

IMc = 2 ; IMd = −2 (3.7)

in the O(1) case and

IMc = 2 ; IMd = −2 or IMd′ = 2 ; IMc′ = −2 (3.8)

in the U(1) case. Furthermore there must be cubic couplings involving the right-handed

neutrino νa in the ath family and the fermionic zero modes αi, γj

Lcubic ∝ dij
a (αi νaγj) , a = 1, 2, 3 (3.9)

In type IIA geometric compactifications, this coupling arises from open string disk

instantons, see Fig. 3.1. In general (even non-geometric) IIA models (resp. IIB models),

the coefficients dij
a depend on the Kähler (resp. complex structure) moduli, and possibly

on open string moduli. In CFT models (like e.g. in toroidal cases) these quantities

may be in principle explicitly computed.

5 Actually we denote by νR the left-handed νc
L field following the usual (a bit confusing) convention.

18

Possible for:

  U, k=1 or 2
  Sp, k=1
  O, k=1,2
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Universal instanton-
instanton zero-modes

 U(k):    4 Adj
 Sp(2k): 2 A + 2 S
 O(k):    2 A + 2 S

Only O(1) has the required 2 zero modes
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Instanton scan

Can we find such branes M in the 391 models with massive B-L?
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Table 5 – continued from previous page

Tensor MIPF Orientifold Instanton Solution

(2,4,18,28) 17 0

(2,4,22,22) 13 3 S2+!, S2−! Yes!

(2,4,22,22) 13 2 S2+!, S2−! Yes

(2,4,22,22) 13 1 S2+, S2− No

(2,4,22,22) 13 0 S2+, S2− Yes

(2,4,22,22) 31 1 U1+, U1− No

(2,4,22,22) 20 0

(2,4,22,22) 46 0

(2,4,22,22) 49 1 O2+, O2−, O1+, O1− Yes

(2,6,14,14) 1 1 U1+ No

(2,6,14,14) 22 2

(2,6,14,14) 60 2

(2,6,14,14) 64 0

(2,6,14,14) 65 0

(2,6,10,22) 22 2

(2,6,8,38) 16 0

(2,8,8,18) 14 2 S2+!, S2−! Yes

(2,8,8,18) 14 0 S2+!, S2−! No

(2,10,10,10) 52 0 U1+, U1− No

(4,6,6,10) 41 0

(4,4,6,22) 43 0

(6,6,6,6) 18 0

As is clear from the table most instanton solutions are of type S2+ and S2−.

There are a number of orientifolds allowing for such instantons. The other clases

possibly generating right-handed neutrino masses are O1− and U1− which are much

less abundant. There is just one orientifold with O1− instantons for which one can

obtain cancellation of RR tadpoles. On the other hand we have found no orientifold

with U1− instantons and cancellation of tadpoles, see below.

Most models have a hidden sector containing extra boundary states beyond the

SM ones. In the same spirit of imposing chiral conditions first, we should require

that IMh = IMh′ , where h is a hidden sector brane. This is to guarantee that the

40
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A model with S2 instantons

  5 x (V ,V ,0 ,0 ) chirality 3
  3 x (V ,0 ,V ,0 ) chirality -3
  3 x (V ,0 ,V*,0 ) chirality -3
  3 x (0 ,V ,0 ,V ) chirality 3
  5 x (0 ,0 ,V ,V ) chirality -3
  3 x (0 ,0 ,V ,V*) chirality 3
  6 x (V ,0 ,0 ,V )
 18 x (0 ,V ,V ,0 )
  2 x (Ad,0 ,0 ,0 )
  2 x (A ,0 ,0 ,0 )
  2 x (S ,0 ,0 ,0 )
 14 x (0 ,A ,0 ,0 )
  6 x (0 ,S ,0 ,0 )
  9 x (0 ,0 ,Ad,0 )
  6 x (0 ,0 ,A ,0 )
 14 x (0 ,0 ,S ,0 )
  3 x (0 ,0 ,0 ,Ad)
  4 x (0 ,0 ,0 ,A )
  6 x (0 ,0 ,0 ,S )

Gauge group: SU(3) × SU(2) × U(1) × Nothing.
Exactly the correct number of instanton zero modes

(except for 2 universal symmetric tensors)
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sin2(θw) = .5271853
α3

α2
= 3.2320501

A model with S2 instantons

  5 x (V ,V ,0 ,0 ) chirality 3
  3 x (V ,0 ,V ,0 ) chirality -3
  3 x (V ,0 ,V*,0 ) chirality -3
  3 x (0 ,V ,0 ,V ) chirality 3
  5 x (0 ,0 ,V ,V ) chirality -3
  3 x (0 ,0 ,V ,V*) chirality 3
  6 x (V ,0 ,0 ,V )
 18 x (0 ,V ,V ,0 )
  2 x (Ad,0 ,0 ,0 )
  2 x (A ,0 ,0 ,0 )
  2 x (S ,0 ,0 ,0 )
 14 x (0 ,A ,0 ,0 )
  6 x (0 ,S ,0 ,0 )
  9 x (0 ,0 ,Ad,0 )
  6 x (0 ,0 ,A ,0 )
 14 x (0 ,0 ,S ,0 )
  3 x (0 ,0 ,0 ,Ad)
  4 x (0 ,0 ,0 ,A )
  6 x (0 ,0 ,0 ,S )

Gauge group: SU(3) × SU(2) × U(1) × Nothing.
Exactly the correct number of instanton zero modes

(except for 2 universal symmetric tensors)
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Type:       U  S  U  U  U  O  O  U  O  O  O  U  S  S  O  S
Dimension   3  2  1  1  1  2  2  3  1  2  3  1  2  2  2 --
      2 x ( 0 ,0 ,0 ,V ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,V ) chirality 2
      5 x ( V ,0 ,V ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ) chirality -3
      5 x ( 0 ,0 ,V ,V*,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ) chirality 3
     12 x ( 0 ,0 ,V ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,V ) chirality -2
      3 x ( V ,0 ,V*,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ) chirality -3
      3 x ( 0 ,0 ,V ,V ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ) chirality -3
      3 x ( V ,V ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ) chirality 3
      3 x ( 0 ,V ,0 ,V ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ) chirality 3
     25 x ( 0 ,0 ,Ad,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ) chirality 0
      2 x ( A ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ) chirality 0
      4 x ( V ,0 ,0 ,V ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ) chirality 0
      2 x ( 0 ,0 ,0 ,A ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ) chirality 0
     34 x ( 0 ,0 ,A ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ) chirality 0
     14 x ( 0 ,0 ,S ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ) chirality 0
      2 x ( V ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,V ) chirality 0
      2 x ( 0 ,0 ,0 ,V ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,V ,0 ,0 ) chirality 0
      1 x ( Ad,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ) chirality 0
      2 x ( 0 ,S ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ) chirality 0
      1 x ( 0 ,0 ,0 ,Ad,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ) chirality 0
      6 x ( 0 ,0 ,V ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,V ,0 ,0 ) chirality 0
      2 x ( S ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ) chirality 0
      2 x ( 0 ,0 ,0 ,S ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ) chirality 0
      2 x ( 0 ,V ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,V ,0 ,0 ,0 ,0 ) chirality 0
      1 x ( 0 ,V ,0 ,0 ,0 ,0 ,0 ,0 ,V ,0 ,0 ,0 ,0 ,0 ,0 ,0 ) chirality 0
      1 x ( 0 ,V ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,V ,0 ,0 ,0 ,0 ,0 ,0 ) chirality 0
      1 x ( 0 ,V ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,V ,0 ,0 ,0 ,0 ,0 ) chirality 0
      2 x ( V ,0 ,0 ,V*,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ) chirality 0
      2 x ( V ,0 ,0 ,0 ,0 ,0 ,0 ,V ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ) chirality 0
      2 x ( 0 ,0 ,0 ,V ,0 ,0 ,0 ,V ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ) chirality 0
      2 x ( 0 ,0 ,V ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,V ,0 ) chirality 0
      6 x ( 0 ,V ,V ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ) chirality 0
      6 x ( 0 ,0 ,V ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,V ,0 ,0 ,0 ) chirality 0
      2 x ( V ,0 ,0 ,0 ,V ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ) chirality 0
      2 x ( 0 ,0 ,0 ,V ,V ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ) chirality 0
      3 x ( 0 ,0 ,0 ,0 ,S ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ) chirality -1
      3 x ( 0 ,0 ,0 ,0 ,0 ,V ,0 ,0 ,0 ,0 ,0 ,V ,0 ,0 ,0 ,0 ) chirality 1
      1 x ( 0 ,0 ,0 ,0 ,A ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ) chirality -1
      2 x ( 0 ,0 ,0 ,0 ,V ,0 ,V ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ) chirality 2
      1 x ( 0 ,0 ,0 ,0 ,0 ,0 ,0 ,V ,0 ,0 ,0 ,0 ,0 ,0 ,V ,0 ) chirality -1
      1 x ( 0 ,0 ,0 ,0 ,V ,0 ,0 ,0 ,0 ,V ,0 ,0 ,0 ,0 ,0 ,0 ) chirality -1
      1 x ( 0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,V ,0 ,0 ,V ,0 ,0 ,0 ,0 ) chirality 1
      1 x ( 0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,V ,V ,0 ,0 ,0 ,0 ) chirality -1
      1 x ( 0 ,0 ,0 ,0 ,0 ,0 ,V ,0 ,0 ,0 ,0 ,V ,0 ,0 ,0 ,0 ) chirality -1
      1 x ( 0 ,0 ,0 ,0 ,V ,V ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ) chirality -1
      1 x ( 0 ,0 ,0 ,0 ,V ,0 ,0 ,0 ,0 ,0 ,0 ,V ,0 ,0 ,0 ,0 ) chirality 1
      1 x ( 0 ,0 ,0 ,0 ,V ,0 ,0 ,0 ,0 ,0 ,0 ,V*,0 ,0 ,0 ,0 ) chirality -1
      3 x ( 0 ,0 ,0 ,0 ,V ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,V ,0 ) chirality 1
      1 x ( 0 ,0 ,0 ,0 ,0 ,0 ,0 ,V ,0 ,V ,0 ,0 ,0 ,0 ,0 ,0 ) chirality 1
      1 x ( 0 ,0 ,0 ,0 ,0 ,0 ,V ,0 ,V ,0 ,0 ,0 ,0 ,0 ,0 ,0 ) chirality 0
      2 x ( 0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,S ,0 ,0 ,0 ) chirality 0
      2 x ( 0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,S ,0 ,0 ) chirality 0
      3 x ( 0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,S ) chirality 0
      4 x ( 0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,V ,0 ,V ) chirality 0
      1 x ( 0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,A ,0 ) chirality 0
      1 x ( 0 ,0 ,0 ,0 ,Ad,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ) chirality 0
      2 x ( 0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,A ) chirality 0
      1 x ( 0 ,0 ,0 ,0 ,0 ,V ,V ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ) chirality 0
      2 x ( 0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,V ,V ,0 ,0 ,0 ) chirality 0
      1 x ( 0 ,0 ,0 ,0 ,0 ,0 ,V ,0 ,0 ,0 ,0 ,0 ,V ,0 ,0 ,0 ) chirality 0
      2 x ( 0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,V ,V ,0 ) chirality 0
      2 x ( 0 ,0 ,0 ,0 ,V ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,V ,0 ,0 ,0 ) chirality 0
      1 x ( 0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,V ,V ) chirality 0
      2 x ( 0 ,0 ,0 ,0 ,V ,0 ,0 ,V*,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ) chirality 0
      2 x ( 0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,V ,0 ,0 ,V ) chirality 0
      1 x ( 0 ,0 ,0 ,0 ,0 ,V ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,V ,0 ) chirality 0
      2 x ( 0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,V ,0 ,V ,0 ,0 ) chirality 0
      1 x ( 0 ,0 ,0 ,0 ,0 ,V ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,V ) chirality 0
      2 x ( 0 ,0 ,0 ,0 ,V ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,V ,0 ,0 ) chirality 0
      2 x ( 0 ,0 ,0 ,0 ,0 ,0 ,V ,0 ,0 ,0 ,0 ,0 ,0 ,V ,0 ,0 ) chirality 0
      2 x ( 0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,V ,0 ,V ,0 ) chirality 0
      2 x ( 0 ,0 ,0 ,0 ,V ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,V ) chirality 0
      1 x ( 0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,V ,0 ,0 ,0 ,0 ,0 ,V ) chirality 0

The O1 instanton
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Conclusions

 A huge number of tadpole and tachyon
  free models can be built with RCFT orientifolds.
 Many desirable SM features can be realized

but not all at the same time 

 Chiral SM spectrum
 No mirrors
 No adjoints, rank-2 tensors
 No hidden sector
 No hidden-observable massless matter
 Matter free hidden sector
 Exact SU(3)× SU(2) ×U(1)
 O1 instantons
 S2 instantons with correct zero-modes
 .....
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