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What we can compute

Exact perturbative string spectra
Gauge couplings in rational points
RCFT instanton corrections

What we can’t do (yet)

Compute Yukawa couplings
Compute couplings to moduli
Perturbations around rational points
Moduli stabilization
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Orientifold
Partition Functions

Closed

Open

• Closed string projection
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Na = Chan-Paton Multiplicity

i : Primary field label (finite range)
a : Boundary label (finite range)
χi : Character
Na : Chan-Paton (CP) Multiplicity
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Coefficients
Klein bottle

Annulus

Moebius

Partition functions

— Klein bottle:
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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

U(m,J) =
1√
|H|

∑

L∈H
eπi(hK−hKL)βK(L)PLK,mδJ,0

Cardy (1989)
Sagnotti, Pradisi, Stanev (~1995)
Huiszoon, Fuchs, Schellekens, Schweigert, Walcher (2000)
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Algebraic choices

Basic CFT (N=2 tensor “Gepner Models”(1), free fermions(2)...) 

Chiral algebra extension
May imply space-time symmetry (e.g. Susy: GSO projection).
But this is optional!
Reduces number of characters.

Modular Invariant Partition Function (MIPF)
May imply bulk symmetry (e.g Susy), not respected by all boundaries.
Defines the set of boundary states
(Sagnotti-Pradisi-Stanev completeness condition)

Orientifold choice

(1) Dijkstra, Huiszoon, Schellekens, Nucl.Phys.B710:3-57,2005 
    Anastasopoulos, Dijkstra, Kiritsis, Schellekens, Nucl.Phys.B759:83-146,2006
(2) Kiritsis, Lennek, Schellekens, JHEP 0902:030,2009.

(1) Angelantonj, Bianchi, Pradisi, Sagnotti, Stanev,  Phys. Lett. B 387 (1996) 743 
    Blumenhagen, Wisskirchen,  Phys. Lett. B 438, 52 (1998), ....
(2)  Bianchi, Sagnotti (1989-1991)

Pioneering work:

Standard Model Searches:

Sunday, 2 May 2010



SM realization

SM “branes”
(3 or 4)

Hidden

Anything that cancels the tadpoles 
(not always needed)

Fully vector-like
(not always present)

3 families 
+ anything vector-like

Vector-like: mass allowed by SU(3) × SU(2) × U(1)
Fully vector-like: mass allowed by all gauge symmetries
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Consistency conditions

Tadpole cancellation

Absence of axion mixing for Y

Global anomalies*

(Same as for all other orientifold models)

(*) “Probe Branes”  A.M. Uranga Nucl. Phys. B598, 225 (2001)
       B. Gato-Rivera and A.N Schellekens   Phys. Lett. B632, 728 (2006)
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DHS RESULTS
(2004-2005)

Dijkstra, Huiszoon, Schellekens
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SM =

a d

c

b

(u,d)
(e-,!)

u
c e+

!
c

d
c

210000 distinct tadpole-free spectra found

(without chiral exotics, but distinguished by non-chiral exotics)
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Best imaginable result:

The exact MSSM spectrum
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Gauge group: U(3) x Sp(2) x U(1) x U(1)

  7 x (V ,V ,0 ,0 ) chirality 3
  3 x (V ,0 ,V ,0 ) chirality -3
  3 x (V ,0 ,V*,0 ) chirality -3
  9 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 )
 10 x (0 ,V ,V ,0 )
  2 x (Ad,0 ,0 ,0 )
  2 x (A ,0 ,0 ,0 )
  6 x (S ,0 ,0 ,0 )
 14 x (0 ,A ,0 ,0 )
 10 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:
Exactly SU(3)×SU(2)×U(1)

No hidden sector
B-L Massive (axion mixing)

Q
U
D
L
E

H
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cf. Gmeiner et. al.
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Dijkstra, Huiszoon, Schellekens, Nucl.Phys.B710:3-57,2005
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ADKS RESULTS
(2005-2006)

Anastasopoulos, Dijkstra, Kiritsis, Schellekens
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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) 

Massless Y

Require only:
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Chan-Paton 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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Results

19345 chirally distinct spectra
(19 of Madrid type)

1900 distinct ones with tadpole solutions
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Results

19345 chirally distinct spectra
(19 of Madrid type)

1900 distinct ones with tadpole solutions
(≈ 1900 distinct hep-th papers)
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Statistics
Value of x Total

0 24483441

1/2 138837612

1 30580

-1/2, 3/2 0

any 1250080
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A curiosity

Q
E*
U*
D*
L

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

U*
N*

U+U*
E+E*

Gauge group  SU(3)× SU(2) × U(1) × [ U(2)Hidden)]

U3 S2 U1 U1 U2
      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 ) 
      2 x ( 0  ,0  ,0  ,S  ,0 ) 
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A curiosity

Truly hidden 
hidden sector 

Q
E*
U*
D*
L

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

U*
N*

U+U*
E+E*

Gauge group  SU(3)× SU(2) × U(1) × [ U(2)Hidden)]

U3 S2 U1 U1 U2
      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 ) 
      2 x ( 0  ,0  ,0  ,S  ,0 ) 
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A curiosity

Q
E*
U*
D*
L

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

U*
N*

U+U*
E+E*

Gauge group  SU(3)× SU(2) × U(1) × [ U(2)Hidden)]

Free-field realization with (2)6 Gepner model
(Kiritsis, Schellekens, Tsulaia,  arXiv:0809.0083)

U3 S2 U1 U1 U2
      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 ) 
      2 x ( 0  ,0  ,0  ,S  ,0 ) 
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Most frequent models
tensor and “T” that both occur. Column 6 gives the value of x, and the last column

indicates if a solution to the tadpole conditions was found (“Y”), and if a solution

was found without additional branes (“Y!”).

Table 6: The list of 19345 models sorted according to frequency

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

11 2717632 461 U(3)× Sp(2)× Sp(2)× U(3) VVVV 1/2 Y!

12 2384626 560 U(6)× Sp(2)×O(6) VVV 1/2 Y

13 2253928 669 U(6)× Sp(2)× Sp(2) VVV 1/2 Y!

14 1803909 519 U(6)× Sp(2)×O(2) VVV 1/2 Y!

15 1676493 517 U(8)× Sp(2)× Sp(6) VVV 1/2 Y

16 1674416 384 U(3)× Sp(2)×O(6)× U(3) VVVV 1/2 Y

17 1654086 340 U(3)× Sp(2)× U(3)× U(1) VVVV 1/2 Y

18 1654086 340 U(3)× Sp(2)× U(3)× U(1) VVVV 1/2 Y

19 1642669 360 U(3)× Sp(2)× Sp(6)× U(5) VVVV 1/2 Y

20 1486664 346 U(3)× Sp(2)×O(2)× U(3) VVVV 1/2 Y!

21 1323363 476 U(8)× Sp(2)×O(6) VVV 1/2 Y

22 1135702 350 U(3)× Sp(2)× Sp(2)× U(5) VVVV 1/2 Y!

23 1050764 532 U(8)× Sp(2)× Sp(2) VVV 1/2 Y

24 956980 421 U(8)× Sp(2)×O(2) VVV 1/2 Y

25 950003 449 U(10)× Sp(2)× Sp(6) VVV 1/2 Y

26 910132 51 U(3)× U(2)× Sp(2)×O(1) AAVV 0 Y

. . .

30 869428(1096682) 246 U(3)× Sp(2)× U(1)× U(1) VVVV 1/2 Y!

153 115466 335 U(4)× U(2)× U(2) VVV 1/2 Y

225 71328 167 U(3)× U(3)× U(3) VVV 1/3

303 47664 18 U(3)× U(2)× U(1)× U(1) AAVA 1/2 Y

304 47664 18 U(3)× U(2)× U(1)× U(1) AAVA 0 Y

343 40922(49794) 63 U(3)× Sp(2)× U(1)× U(1) VVVV 1/2 Y!

Continued on next page
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Curiosities

Table 6 – continued from previous page

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

411 31000 17 U(3)× U(2)× U(1)× U(1) AAVA 0 Y

417 30396 26 U(3)× U(2)× U(1)× U(1) AAVS 0 Y

495 23544 14 U(3)× U(2)× U(1)× U(1) AAVS 0

509 22156 17 U(3)× U(2)× U(1)× U(1) AAVS 0 Y

519 21468 13 U(3)× U(2)× U(1)× U(1) AAVA 0 Y

543 20176(*) 38 U(3)× U(2)× U(1)× U(1) VVVV 1/2 Y

617 16845 296 U(5)×O(1) AV 0 Y

671 14744(*) 29 U(3)× U(2)× U(1)× U(1) VVVV 1/2

761 12067 26 U(3)× U(2)× U(1) AAS 1/2 Y!

762 12067 26 U(3)× U(2)× U(1) AAS 0 Y!

1024 7466 7 U(3)× U(2)× U(2)× U(1) VAAV 1

1125 6432 87 U(3)× U(3)× U(3) VVV * Y

1201 5764(*) 20 U(3)× U(2)× U(1)× U(1) VVVV 1/2

1356 5856(*) 10 U(3)× U(2)× U(1)× U(1) VVVV 1/2 Y

1725 2864 14 U(3)× U(2)× U(1)× U(1) VVVV 1/2 Y

1886 2381 115 U(6)× Sp(2) AV 1/2 Y!

1887 2381 115 U(6)× Sp(2) AV 0 Y!

1888 2381 115 U(6)× Sp(2) AV 1/2 Y!

2624 1248 3 U(3)× U(2)× U(2)× U(3) VAAV 1

2753 1136 74 U(5)× U(1) AS 0 Y

2880 1049 34 U(5)× U(1) AS 1/2 Y!

2881 1049 34 U(5)× U(1) AS 0 Y!

2807 1096(*) 8 U(3)× U(2)× U(1)× U(1) VVVV 1/2

2919 1024 2 U(3)× U(2)× U(2)×O(3) VAAV 1

4485 400(*) 2 U(3)× U(2)× U(1)× U(1) VVVV 1/2

4727 352 3 U(3)× U(2)× U(1)× U(1) VVVV 1/2

4825 332 20 U(4)× U(2)× U(2) VAS 1/2 Y!

4902 320(*) 1 U(3)× U(2)× U(1)× U(1) VVVV 1/2 Y

4996 304 30 U(3)× Sp(2)× U(1)× U(1) VVVV 1/2 Y

6993 128(**) 1 U(3)× U(2)× U(2)× U(1) VVVV 1/2

7053 124 4 U(3)× U(2)× U(2)× U(1) VASV 1/2 Y!

7242 116(**) 4 U(3)× U(2)× U(2)× U(1) VVVV 1/2

7280 114 3 U(3)× Sp(2)× U(1) AVS 1/2

7464 108 1 U(3)× Sp(2)× U(1) VVT 1/2

7905 96(*) 1 U(3)× U(2)× U(1)× U(1) VVVV 1/2

8747 68(**) 3 U(3)× U(2)× U(1)× U(1) VVVV 1/2

8773 68 4 U(3)× U(2)× U(1)× U(1) VVVV 1/2

Continued on next page
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Table 6 – continued from previous page

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

411 31000 17 U(3)× U(2)× U(1)× U(1) AAVA 0 Y

417 30396 26 U(3)× U(2)× U(1)× U(1) AAVS 0 Y

495 23544 14 U(3)× U(2)× U(1)× U(1) AAVS 0

509 22156 17 U(3)× U(2)× U(1)× U(1) AAVS 0 Y

519 21468 13 U(3)× U(2)× U(1)× U(1) AAVA 0 Y

543 20176(*) 38 U(3)× U(2)× U(1)× U(1) VVVV 1/2 Y

617 16845 296 U(5)×O(1) AV 0 Y

671 14744(*) 29 U(3)× U(2)× U(1)× U(1) VVVV 1/2

761 12067 26 U(3)× U(2)× U(1) AAS 1/2 Y!

762 12067 26 U(3)× U(2)× U(1) AAS 0 Y!

1024 7466 7 U(3)× U(2)× U(2)× U(1) VAAV 1

1125 6432 87 U(3)× U(3)× U(3) VVV * Y

1201 5764(*) 20 U(3)× U(2)× U(1)× U(1) VVVV 1/2

1356 5856(*) 10 U(3)× U(2)× U(1)× U(1) VVVV 1/2 Y

1725 2864 14 U(3)× U(2)× U(1)× U(1) VVVV 1/2 Y

1886 2381 115 U(6)× Sp(2) AV 1/2 Y!

1887 2381 115 U(6)× Sp(2) AV 0 Y!

1888 2381 115 U(6)× Sp(2) AV 1/2 Y!

2624 1248 3 U(3)× U(2)× U(2)× U(3) VAAV 1

2753 1136 74 U(5)× U(1) AS 0 Y

2880 1049 34 U(5)× U(1) AS 1/2 Y!

2881 1049 34 U(5)× U(1) AS 0 Y!

2807 1096(*) 8 U(3)× U(2)× U(1)× U(1) VVVV 1/2

2919 1024 2 U(3)× U(2)× U(2)×O(3) VAAV 1

4485 400(*) 2 U(3)× U(2)× U(1)× U(1) VVVV 1/2

4727 352 3 U(3)× U(2)× U(1)× U(1) VVVV 1/2

4825 332 20 U(4)× U(2)× U(2) VAS 1/2 Y!

4902 320(*) 1 U(3)× U(2)× U(1)× U(1) VVVV 1/2 Y

4996 304 30 U(3)× Sp(2)× U(1)× U(1) VVVV 1/2 Y

6993 128(**) 1 U(3)× U(2)× U(2)× U(1) VVVV 1/2

7053 124 4 U(3)× U(2)× U(2)× U(1) VASV 1/2 Y!

7242 116(**) 4 U(3)× U(2)× U(2)× U(1) VVVV 1/2

7280 114 3 U(3)× Sp(2)× U(1) AVS 1/2

7464 108 1 U(3)× Sp(2)× U(1) VVT 1/2

7905 96(*) 1 U(3)× U(2)× U(1)× U(1) VVVV 1/2

8747 68(**) 3 U(3)× U(2)× U(1)× U(1) VVVV 1/2

8773 68 4 U(3)× U(2)× U(1)× U(1) VVVV 1/2
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Table 6 – continued from previous page

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

411 31000 17 U(3)× U(2)× U(1)× U(1) AAVA 0 Y

417 30396 26 U(3)× U(2)× U(1)× U(1) AAVS 0 Y

495 23544 14 U(3)× U(2)× U(1)× U(1) AAVS 0

509 22156 17 U(3)× U(2)× U(1)× U(1) AAVS 0 Y

519 21468 13 U(3)× U(2)× U(1)× U(1) AAVA 0 Y

543 20176(*) 38 U(3)× U(2)× U(1)× U(1) VVVV 1/2 Y

617 16845 296 U(5)×O(1) AV 0 Y

671 14744(*) 29 U(3)× U(2)× U(1)× U(1) VVVV 1/2

761 12067 26 U(3)× U(2)× U(1) AAS 1/2 Y!

762 12067 26 U(3)× U(2)× U(1) AAS 0 Y!

1024 7466 7 U(3)× U(2)× U(2)× U(1) VAAV 1

1125 6432 87 U(3)× U(3)× U(3) VVV * Y

1201 5764(*) 20 U(3)× U(2)× U(1)× U(1) VVVV 1/2

1356 5856(*) 10 U(3)× U(2)× U(1)× U(1) VVVV 1/2 Y

1725 2864 14 U(3)× U(2)× U(1)× U(1) VVVV 1/2 Y

1886 2381 115 U(6)× Sp(2) AV 1/2 Y!

1887 2381 115 U(6)× Sp(2) AV 0 Y!

1888 2381 115 U(6)× Sp(2) AV 1/2 Y!

2624 1248 3 U(3)× U(2)× U(2)× U(3) VAAV 1

2753 1136 74 U(5)× U(1) AS 0 Y

2880 1049 34 U(5)× U(1) AS 1/2 Y!

2881 1049 34 U(5)× U(1) AS 0 Y!

2807 1096(*) 8 U(3)× U(2)× U(1)× U(1) VVVV 1/2

2919 1024 2 U(3)× U(2)× U(2)×O(3) VAAV 1

4485 400(*) 2 U(3)× U(2)× U(1)× U(1) VVVV 1/2

4727 352 3 U(3)× U(2)× U(1)× U(1) VVVV 1/2

4825 332 20 U(4)× U(2)× U(2) VAS 1/2 Y!

4902 320(*) 1 U(3)× U(2)× U(1)× U(1) VVVV 1/2 Y

4996 304 30 U(3)× Sp(2)× U(1)× U(1) VVVV 1/2 Y

6580 146 18 U(5)× U(1) AS 0

6993 128(**) 1 U(3)× U(2)× U(2)× U(1) VVVV 1/2

7053 124 4 U(3)× U(2)× U(2)× U(1) VASV 1/2 Y!

7242 116(**) 4 U(3)× U(2)× U(2)× U(1) VVVV 1/2

7280 114 3 U(3)× Sp(2)× U(1) AVS 1/2

7464 108 1 U(3)× Sp(2)× U(1) VVT 1/2

7905 96(*) 1 U(3)× U(2)× U(1)× U(1) VVVV 1/2

8747 68(**) 3 U(3)× U(2)× U(1)× U(1) VVVV 1/2

Continued on next page
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Table 6 – continued from previous page

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

8773 68 4 U(3)× U(2)× U(1)× U(1) VVVV 1/2

11347 32(**) 1 U(3)× U(2)× U(1)× U(1) VVVV 1/2

11462 32(*) 1 U(3)× U(2)× U(1)× U(1) VVVV 1/2

12327 24 1 U(3)× U(3)× U(3) VVV 1/2

14861 12 2 U(5)× U(1) AS 0

15824 8 1 U(3)× U(2)× U(1)× U(1) VVVV 0

15846 8 1 U(3)× U(2)× U(1)× U(1) VVVV 1/2

16674 6 1 U(3)× U(2)× U(1) AVT 1/2 Y!

17055 4 1 U(3)× U(2)× U(1)× U(1) VVVV *

19345 1 1 U(5)× U(2)×O(3) ATV 0

The first 25 models are all relatives of the U(3)×Sp(2)×U(1)×U(1) models that

dominated the search results of [12]. The variations include replacing the third factor

by O(2) or Sp(2), absorbing the family multiplicity of some of the quarks or leptons in

the Chan-Paton multiplicities of the c and d branes, unifying the baryon and lepton

brane to get a Pati-Salam-like structure, and other brane unifications. Models 17

and 18 occur with the same frequency because they are closely related. They only

differ by a traceless generator diag(1
3 ,

1
3 ,−

2
3) from the U(3) factor contributing to Y ,

changing the distribution of some quarks and leptons. There are several other cases of

closely related models with identical frequencies, and one such set, nrs. 1886 . . . 1888

will be discussed in more detail in section 6.5. In the bottom part of the table we

display several lines of special interest, which will be discussed in more detail below.

Entry nr. 26 in the table is the first one that cannot be viewed as a relative of

the “Madrid model”. It has x = 0 and three anti-symmetric tensors on the QCD

and the weak brane. It can be viewed as a broken SU(5) model.

There exist several infinite series of models. In the top of the list one can observe

the beginning of the series U(2n) × Sp(2) × G, n > 2, where G can be O(2), O(6),

Sp(2) or Sp(6), with a chiral spectrum consisting of 6
Nc

(V, 0, V ) + 3(V, V, 0).

In column 2 we indicate between parentheses if a certain type of model was

searched for in [12], and how often it was found. It is interesting to compare this

with table (1). Observe that the number of four-stack configurations we consider in

the present paper is considerably smaller than in [12], but nevertheless we recover

a large fraction of the standard model configurations of that paper. For example,

in [12], 2.8× 1015 configurations of type USUS were examined, in the present paper

only 26× 1014, ten times less. Nevertheless, we have already found about half of the

standard model configurations. This is because the number of brane configurations

is dominated by cases with a large number of branes, but very few standard model
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GUTS

(with M. Lennek, E. Kiritsis)
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• Heterotic (affine level 1)

• Heterotic (higher level)

• Orientifolds (x=1/2)

• Orientifolds (x=0)

• F-theory?

• ....

GUTs vs. Strings

+ Naturally (16)’s of SO(10) or 27’s of E6
−  No adjoints
−  Wrong scale
−  Fractional charges

+ Adjoint breaking, no fractional charges
− Statistically challenged
− Higher representations allowed

+ Scale adjustable
− No coupling unification
− No SU(5), SO(10)
− Higher representations allowed
− Half-integer charges often present

+ Standard SU(5) GUT possible
  (adjoint breaking, no fractional charges)
− Statistically challenged
− Higher reps allowed (15)
− No top Yukawa’s perturbatively
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model nr. 617

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

Gauge group is just SU(5)!

U5 O1 O1U(5)

(10)

(5*)

Hidden sector

O(1)
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model nr. 2880

     11 x ( 0 ,S ) chirality 3
      3 x ( A ,0 ) chirality 3
      5 x ( V ,V ) chirality -3
      8 x ( S ,0 ) chirality 0
      9 x ( Ad,0 ) chirality 0
      5 x ( 0 ,Ad) chirality 0
      4 x ( 0 ,A ) chirality 0
     12 x ( V ,V*) chirality 0

U5 U1U(5)

(10)

(5*)

Gauge group is SU(5) × U(1)

U(1)

Massless U(1)
Allows flipped SU(5)

No hidden sector!
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model nr. 2753

      7 x ( 0 ,S ,0 ,0 ,0 ,0 ,0 ,0 ,0 ) chirality 3
      3 x ( A ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ) chirality 3
      3 x ( V ,V ,0 ,0 ,0 ,0 ,0 ,0 ,0 ) chirality -3
      2 x ( S ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ) chirality 0
      2 x ( 0 ,A ,0 ,0 ,0 ,0 ,0 ,0 ,0 ) chirality 0
      3 x ( Ad,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ) chirality 0
      2 x ( 0 ,Ad,0 ,0 ,0 ,0 ,0 ,0 ,0 ) chirality 0
      4 x ( 0 ,V ,0 ,0 ,V ,0 ,0 ,0 ,0 ) chirality 0
      2 x ( V ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,V*) chirality 0
      4 x ( V ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,V ) chirality 0
      2 x ( V ,0 ,0 ,0 ,0 ,V ,0 ,0 ,0 ) chirality 0
      2 x ( V ,0 ,0 ,0 ,0 ,0 ,V ,0 ,0 ) chirality 0
      2 x ( V ,0 ,0 ,0 ,0 ,0 ,0 ,V*,0 ) chirality 0
      2 x ( V ,V*,0 ,0 ,0 ,0 ,0 ,0 ,0 ) chirality 0
      2 x ( 0 ,V ,0 ,0 ,0 ,0 ,0 ,0 ,V*) chirality 0
      3 x ( 0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,A ) chirality -1
      1 x ( 0 ,0 ,0 ,0 ,0 ,0 ,0 ,S ,0 ) chirality 1
      1 x ( 0 ,0 ,0 ,V ,V ,0 ,0 ,0 ,0 ) chirality 1
      3 x ( 0 ,0 ,0 ,0 ,0 ,0 ,V ,0 ,V ) chirality 1
      2 x ( 0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,S ) chirality -2
      1 x ( 0 ,0 ,V ,0 ,0 ,V ,0 ,0 ,0 ) chirality 1
      1 x ( 0 ,0 ,0 ,V ,0 ,V ,0 ,0 ,0 ) chirality -1
      1 x ( 0 ,0 ,0 ,0 ,0 ,A ,0 ,0 ,0 ) chirality -1
      5 x ( 0 ,0 ,0 ,0 ,0 ,0 ,0 ,A ,0 ) chirality -1
      1 x ( 0 ,0 ,0 ,0 ,V ,V ,0 ,0 ,0 ) chirality -1
      3 x ( 0 ,0 ,0 ,0 ,0 ,0 ,0 ,V ,V ) chirality 1
      2 x ( 0 ,0 ,0 ,0 ,0 ,0 ,0 ,V ,V*) chirality 2
      2 x ( 0 ,0 ,0 ,0 ,V ,0 ,0 ,0 ,V ) chirality 2
      1 x ( 0 ,0 ,V ,0 ,0 ,0 ,0 ,V ,0 ) chirality 1
      1 x ( 0 ,0 ,0 ,V ,0 ,0 ,V ,0 ,0 ) chirality 1
      1 x ( 0 ,0 ,0 ,V ,0 ,0 ,0 ,V ,0 ) chirality -1
      1 x ( 0 ,0 ,0 ,0 ,0 ,V ,V ,0 ,0 ) chirality 1
      1 x ( 0 ,0 ,0 ,0 ,0 ,V ,0 ,V ,0 ) chirality -1
      3 x ( 0 ,0 ,0 ,0 ,V ,0 ,0 ,V ,0 ) chirality -3
      6 x ( 0 ,0 ,0 ,0 ,0 ,0 ,V ,V ,0 ) chirality 0
      1 x ( 0 ,0 ,0 ,0 ,S ,0 ,0 ,0 ,0 ) chirality 0
      1 x ( 0 ,0 ,0 ,0 ,0 ,0 ,A ,0 ,0 ) chirality 0
      2 x ( 0 ,0 ,0 ,0 ,0 ,0 ,0 ,Ad,0 ) chirality 0
      2 x ( 0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,Ad) chirality 0
      1 x ( 0 ,0 ,0 ,0 ,0 ,0 ,S ,0 ,0 ) chirality 0

U5 U1 O2 U2 O2 U5 S4 U1 U1

U(5)

(10)

(5*)

Hidden sector

U(1)

Massive U(1)
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model nr. 6580

U(5)

(10)

(5*)

U(1)

Massive U(1)

U  U 
5  1

         2 x ( V ,V ) chirality -2
        1 x ( 0 ,S ) chirality 1
        3 x ( A ,0 ) chirality 3

         1 x ( V ,V*) chirality -1
        

Spectrum 
(without tadpole cancellation)
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model nr. 6580

U(5)

(10)

(5*)

U(1)

Massive U(1)

U  U 
5  1

         2 x ( V ,V ) chirality -2
        1 x ( 0 ,S ) chirality 1
        3 x ( A ,0 ) chirality 3

         1 x ( V ,V*) chirality -1
        

Spectrum 
(without tadpole cancellation)

+ NOTHING!
(no adjoints, mirrors,

non-chiral matter)
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model nr. 6580

U(5)

(10)

(5*)

U(1)

Massive U(1)

U  U 
5  1

         2 x ( V ,V ) chirality -2
        1 x ( 0 ,S ) chirality 1
        3 x ( A ,0 ) chirality 3

         1 x ( V ,V*) chirality -1
        

Spectrum 
(without tadpole cancellation)

+ NOTHING!
(no adjoints, mirrors,

non-chiral matter)

(but also no Higgs)
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model nr. 14861

U(5)

(10)

(5*)

U(1)

Massive U(1)

Spectrum 
(without tadpole cancellation)

      3 x ( A ,0 ) chirality 3
     15 x ( 0 ,S ) chirality 9

       6 x ( V ,V ) chirality -6
      5 x ( V ,V*) chirality 3
      1 x ( Ad,0 ) chirality 0
      4 x ( 0 ,Ad) chirality 0

U  U
5  1
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All tadpole solutions for the U(5) × O(1) models 

16845
15499 ✖
641     ✔
705     ?

{ {
521     ✖
109     ✔
11       ?

{
508     ✖
64       ✔
133     ?

Candidates
(configurations prior to 

tadpole cancellation)

Allowing chiral
 OH matter

Allowing only non-
chiral OH matter(*)

(*) as in all previous work with Dijkstra et. al., Anastasopoulos et. al 
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Yukawa couplings
Top quark Yukawa coupling is forbidden by U(5) brane charge 

conservation.

                                       bottom quark masses: charge preserved*

                                       top quark mass: charges violated

May be generated by stringy/exotic instantons
(Blumenhagen, Cvetic, Lüst, Richter, Weigand)
(More recent work on instantons: See Richter and Ibañez, ref. [18-65])

(*) forbidden by O(1) charge in the U(5) × O(1) models

(10)(5̄)(5̄H)

(10)(10)(5H)
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[31] S. Antusch, L. E. Ibáñez, and T. Macri, “Neutrino Masses and Mixings
from String Theory Instantons,” JHEP 09 (2007) 087,
arXiv:0706.2132 [hep-ph].

[32] R. Blumenhagen, M. Cvetič, D. Lüst, R. Richter, and T. Weigand,
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Neutrino mass generation 
by instantons*

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.
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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.
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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.
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Additional zero modes yield additional fermionic 
integrals and hence nullify the 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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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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The O1 instanton
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 --
      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
      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
      2 x ( 0 ,0 ,0 ,V ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,V ) chirality 2
     12 x ( 0 ,0 ,V ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,V ) chirality -2
      1 x ( 0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,V ,0 ,0 ,0 ,0 ,0 ,V ) 
      2 x ( 0 ,0 ,0 ,0 ,V ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,V ) 
      1 x ( 0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,V ,V ) 
      2 x ( 0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,V ,0 ,0 ,V ) 
      1 x ( 0 ,0 ,0 ,0 ,0 ,V ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,V ) 
      3 x ( 0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,S ) 
      4 x ( 0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,V ,0 ,V ) 
      2 x ( 0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,A ) 
      2 x ( V ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,V ) 
      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
      2 x ( 0 ,0 ,0 ,V ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,V ,0 ,0 ) 
      1 x ( Ad,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ) 
      2 x ( 0 ,S ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ) 
      1 x ( 0 ,0 ,0 ,Ad,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ) 
      6 x ( 0 ,0 ,V ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,V ,0 ,0 ) 
      1 x ( 0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,A ,0 ) 
      1 x ( 0 ,0 ,0 ,0 ,Ad,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ) 
      2 x ( 0 ,0 ,0 ,0 ,V ,0 ,0 ,V*,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ) 
      2 x ( S ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ) 
      2 x ( 0 ,0 ,0 ,S ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ) 
      6 x ( 0 ,0 ,V ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,V ,0 ,0 ,0 ) 
      2 x ( 0 ,V ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,V ,0 ,0 ,0 ,0 ) 
      1 x ( 0 ,0 ,0 ,0 ,0 ,V ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,V ,0 ) 
     25 x ( 0 ,0 ,Ad,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ) 
      2 x ( A ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ) 
      4 x ( V ,0 ,0 ,V ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ) 
      2 x ( 0 ,0 ,0 ,A ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ) 
     34 x ( 0 ,0 ,A ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ) 
     14 x ( 0 ,0 ,S ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ) 
      2 x ( 0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,V ,0 ,V ,0 ,0 ) 
      1 x ( 0 ,V ,0 ,0 ,0 ,0 ,0 ,0 ,V ,0 ,0 ,0 ,0 ,0 ,0 ,0 ) 
      1 x ( 0 ,V ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,V ,0 ,0 ,0 ,0 ,0 ,0 ) 
      1 x ( 0 ,V ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,V ,0 ,0 ,0 ,0 ,0 ) 
      2 x ( V ,0 ,0 ,V*,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ) 
      2 x ( V ,0 ,0 ,0 ,0 ,0 ,0 ,V ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ) 
      2 x ( 0 ,0 ,0 ,V ,0 ,0 ,0 ,V ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ) 
      2 x ( 0 ,0 ,V ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,V ,0 ) 
      6 x ( 0 ,V ,V ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ) 
      2 x ( V ,0 ,0 ,0 ,V ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ) 
      2 x ( 0 ,0 ,0 ,V ,V ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ) 
      1 x ( 0 ,0 ,0 ,0 ,0 ,0 ,V ,0 ,V ,0 ,0 ,0 ,0 ,0 ,0 ,0 ) 
      2 x ( 0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,S ,0 ,0 ,0 ) 
      2 x ( 0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,S ,0 ,0 ) 
      1 x ( 0 ,0 ,0 ,0 ,0 ,V ,V ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ) 
      2 x ( 0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,V ,V ,0 ,0 ,0 ) 
      1 x ( 0 ,0 ,0 ,0 ,0 ,0 ,V ,0 ,0 ,0 ,0 ,0 ,V ,0 ,0 ,0 ) 
      2 x ( 0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,V ,V ,0 ) 
      2 x ( 0 ,0 ,0 ,0 ,V ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,V ,0 ,0 ,0 ) 
      2 x ( 0 ,0 ,0 ,0 ,V ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,V ,0 ,0 ) 
      2 x ( 0 ,0 ,0 ,0 ,0 ,0 ,V ,0 ,0 ,0 ,0 ,0 ,0 ,V ,0 ,0 ) 
      2 x ( 0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,V ,0 ,V ,0 ) 
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Back to Yukawa couplings...
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Find a brane (boundary state) with the right zero mode structure, so that in
combination with the following perturbatively allowed disk amplitudes ... 

... the instanton associated with that brane can generate the missing 
couplings. 

a aa

a a b

(10) (10) H
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Instantons

| 3.5× 106 || 1.1× 106 || 6.1× 105 |

| 4.9× 105 || 1.5× 105 || 4.8× 104 |

| 2.1× 105 || 5.5× 104 || 4.5× 104 |

| 7.0× 104 |

Nr. Models U1 S2 O1 Zeromodes
OK Solutions

617 16845 12889 0

2753 1136 84 6

2881 1049 30 0

6580 146 9680 8092 73 0

14861 12 1190 504 0 0 0
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U  U  O  U  O  U  O  O  O  O  O  S 
5  1  1  1  3  1  2  4  2  2  1 --

        5 x ( 0 ,S ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ) chirality 3
        5 x ( A ,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 ) chirality -3
        1 x ( 0 ,V ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,V ) chirality 1

         1 x ( V ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,V ) chirality -1
        2 x ( V ,V*,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ) chirality 0
        1 x ( V ,0 ,0 ,0 ,0 ,0 ,0 ,V ,0 ,0 ,0 ,0 ) chirality 1
        1 x ( V ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,V ,0 ,0 ) chirality 1

         2 x ( V ,0 ,0 ,0 ,0 ,0 ,V ,0 ,0 ,0 ,0 ,0 ) chirality -2
         3 x ( 0 ,V ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,V ,0 ,0 ) chirality -1             
        1 x ( 0 ,V ,0 ,0 ,0 ,0 ,V ,0 ,0 ,0 ,0 ,0 ) chirality 1

         2 x ( V ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,V ,0 ) chirality -2
        2 x ( S ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ) chirality 0
        4 x ( 0 ,A ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ) chirality 0
        6 x ( Ad,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ) chirality 0
        4 x ( 0 ,V ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,V ,0 ) chirality 0
        2 x ( 0 ,Ad,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ) chirality 0
        2 x ( 0 ,V ,0 ,0 ,0 ,0 ,0 ,V ,0 ,0 ,0 ,0 ) chirality 0
        4 x ( 0 ,V ,0 ,0 ,0 ,V ,0 ,0 ,0 ,0 ,0 ,0 ) chirality 0
        2 x ( 0 ,V ,0 ,0 ,0 ,0 ,0 ,0 ,V ,0 ,0 ,0 ) chirality 0

         1 x ( 0 ,0 ,0 ,0 ,0 ,S ,0 ,0 ,0 ,0 ,0 ,0 ) chirality -1
        1 x ( 0 ,0 ,0 ,0 ,0 ,A ,0 ,0 ,0 ,0 ,0 ,0 ) chirality 1
        1 x ( 0 ,0 ,0 ,0 ,0 ,V ,V ,0 ,0 ,0 ,0 ,0 ) chirality 1
        1 x ( 0 ,0 ,0 ,0 ,0 ,V ,0 ,V ,0 ,0 ,0 ,0 ) chirality 1

         1 x ( 0 ,0 ,0 ,V ,0 ,0 ,0 ,0 ,V ,0 ,0 ,0 ) chirality -1
        1 x ( 0 ,0 ,0 ,0 ,0 ,V ,0 ,0 ,V ,0 ,0 ,0 ) chirality 1
        1 x ( 0 ,0 ,0 ,V ,0 ,0 ,0 ,0 ,0 ,V ,0 ,0 ) chirality 1
        1 x ( 0 ,0 ,0 ,0 ,0 ,V ,0 ,0 ,0 ,V ,0 ,0 ) chirality 1

         2 x ( 0 ,0 ,0 ,0 ,0 ,V ,0 ,0 ,0 ,0 ,V ,0 ) chirality -2
        2 x ( 0 ,0 ,0 ,0 ,V ,V ,0 ,0 ,0 ,0 ,0 ,0 ) chirality 0
        1 x ( 0 ,0 ,V ,0 ,V ,0 ,0 ,0 ,0 ,0 ,0 ,0 ) chirality 0
        2 x ( 0 ,0 ,0 ,V ,0 ,V*,0 ,0 ,0 ,0 ,0 ,0 ) chirality 0
        1 x ( 0 ,0 ,0 ,0 ,A ,0 ,0 ,0 ,0 ,0 ,0 ,0 ) chirality 0
        1 x ( 0 ,0 ,0 ,0 ,0 ,Ad,0 ,0 ,0 ,0 ,0 ,0 ) chirality 0
        1 x ( 0 ,0 ,0 ,0 ,0 ,0 ,S ,0 ,0 ,0 ,0 ,0 ) chirality 0
        1 x ( 0 ,0 ,0 ,0 ,0 ,0 ,V ,V ,0 ,0 ,0 ,0 ) chirality 0
        1 x ( 0 ,0 ,0 ,0 ,0 ,0 ,0 ,S ,0 ,0 ,0 ,0 ) chirality 0
        2 x ( 0 ,0 ,V ,0 ,0 ,0 ,V ,0 ,0 ,0 ,0 ,0 ) chirality 0
        2 x ( 0 ,0 ,0 ,0 ,V ,0 ,V ,0 ,0 ,0 ,0 ,0 ) chirality 0
        2 x ( 0 ,0 ,0 ,0 ,V ,0 ,0 ,V ,0 ,0 ,0 ,0 ) chirality 0
        1 x ( 0 ,0 ,V ,0 ,0 ,0 ,0 ,0 ,V ,0 ,0 ,0 ) chirality 0
        1 x ( 0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,S ,0 ,0 ,0 ) chirality 0
        1 x ( 0 ,0 ,0 ,0 ,0 ,0 ,0 ,V ,V ,0 ,0 ,0 ) chirality 0
        1 x ( 0 ,0 ,0 ,0 ,V ,0 ,0 ,0 ,0 ,0 ,V ,0 ) chirality 0
        1 x ( 0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,A ,0 ,0 ) chirality 0
        2 x ( 0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,V ,V ,0 ) chirality 0
        2 x ( 0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,A ,0 ) chirality 0
        2 x ( 0 ,0 ,0 ,0 ,0 ,0 ,0 ,V ,0 ,0 ,V ,0 ) chirality 0
        1 x ( 0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,V ,0 ,V ,0 ) chirality 0
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U  U  O  U  O  U  O  O  O  O  O  S 
5  1  1  1  3  1  2  4  2  2  1 --

        5 x ( 0 ,S ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ) chirality 3
        5 x ( A ,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 ) chirality -3
        1 x ( 0 ,V ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,V ) chirality 1

         1 x ( V ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,V ) chirality -1
        2 x ( V ,V*,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ) chirality 0
        1 x ( V ,0 ,0 ,0 ,0 ,0 ,0 ,V ,0 ,0 ,0 ,0 ) chirality 1
        1 x ( V ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,V ,0 ,0 ) chirality 1

         2 x ( V ,0 ,0 ,0 ,0 ,0 ,V ,0 ,0 ,0 ,0 ,0 ) chirality -2
         3 x ( 0 ,V ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,V ,0 ,0 ) chirality -1             
        1 x ( 0 ,V ,0 ,0 ,0 ,0 ,V ,0 ,0 ,0 ,0 ,0 ) chirality 1

         2 x ( V ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,V ,0 ) chirality -2
        2 x ( S ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ) chirality 0
        4 x ( 0 ,A ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ) chirality 0
        6 x ( Ad,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ) chirality 0
        4 x ( 0 ,V ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,V ,0 ) chirality 0
        2 x ( 0 ,Ad,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ) chirality 0
        2 x ( 0 ,V ,0 ,0 ,0 ,0 ,0 ,V ,0 ,0 ,0 ,0 ) chirality 0
        4 x ( 0 ,V ,0 ,0 ,0 ,V ,0 ,0 ,0 ,0 ,0 ,0 ) chirality 0
        2 x ( 0 ,V ,0 ,0 ,0 ,0 ,0 ,0 ,V ,0 ,0 ,0 ) chirality 0

         1 x ( 0 ,0 ,0 ,0 ,0 ,S ,0 ,0 ,0 ,0 ,0 ,0 ) chirality -1
        1 x ( 0 ,0 ,0 ,0 ,0 ,A ,0 ,0 ,0 ,0 ,0 ,0 ) chirality 1
        1 x ( 0 ,0 ,0 ,0 ,0 ,V ,V ,0 ,0 ,0 ,0 ,0 ) chirality 1
        1 x ( 0 ,0 ,0 ,0 ,0 ,V ,0 ,V ,0 ,0 ,0 ,0 ) chirality 1

         1 x ( 0 ,0 ,0 ,V ,0 ,0 ,0 ,0 ,V ,0 ,0 ,0 ) chirality -1
        1 x ( 0 ,0 ,0 ,0 ,0 ,V ,0 ,0 ,V ,0 ,0 ,0 ) chirality 1
        1 x ( 0 ,0 ,0 ,V ,0 ,0 ,0 ,0 ,0 ,V ,0 ,0 ) chirality 1
        1 x ( 0 ,0 ,0 ,0 ,0 ,V ,0 ,0 ,0 ,V ,0 ,0 ) chirality 1

         2 x ( 0 ,0 ,0 ,0 ,0 ,V ,0 ,0 ,0 ,0 ,V ,0 ) chirality -2
        2 x ( 0 ,0 ,0 ,0 ,V ,V ,0 ,0 ,0 ,0 ,0 ,0 ) chirality 0
        1 x ( 0 ,0 ,V ,0 ,V ,0 ,0 ,0 ,0 ,0 ,0 ,0 ) chirality 0
        2 x ( 0 ,0 ,0 ,V ,0 ,V*,0 ,0 ,0 ,0 ,0 ,0 ) chirality 0
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The bottom of the barrel

• 2004: 200.000 SM spectra, 18 chiral types.

• 2006: 19000 chiral types.

• Neutrino masses: No perfect solution found.

• Free Fermion Orientifolds: No solution.

• Tachyon-free non-susy strings: No SM.

• Yukawa couplings from instantons: solution, but 
with chiral exotics.

(with Dijkstra, Huiszoon)

(with Anastasopoulos,Dijkstra, Kiritsis)

(with Ibañez, Uranga)

(with Kiritsis, Lennek)

(with Gato-Rivera)

(with Kiritsis, Lennek)

Sunday, 2 May 2010



Conclusions

RCFT orientifolds have proved to be a powerful
probe of the orientifold landscape.

In general “richer” than free field theory based
methods.

We are reaching the end of statistics with RCFT.

A lesson: don’t focus too much on 3 families?
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