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What we can compute

Q@ Exact perturbative string spectra
Q@ 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

Q Moduli stabilization
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Q@ Closed % Z Xi(T)Zijxi(T) + Z Kix:(27)
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1,a,M

Primary field label (finite range)
Boundary label (finite range)
Character

. Chan-Paton (CP) Multiplicity
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BOUNDARIES AND CROSSCAPS

Q@ Boundary coefficients
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Cardy (1989)
Sagnottt, Pradwi, Staney (~1995)
Huiszoon, Fuchs, Schellekens, Schwecgert, Walcher (2000)




ALGEBRAIC CHOICES

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

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

Pioneering work:

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

) Bianchi, Sagnotti (1989-1991)

Standard Model Searches:

D) Dijkstra, Huiszoon, Schellekens, Nucl.Phys.B710:3-57,2005
Anastasopoulos, Dijkstra, Kiritsis, Schellekens, Nucl.Phys.B759:83-146,2006
(2) Kiritsis, Lennek, Schellekens, JHEP 0902:030,20009.




SM REALIZATION

3 tamilies
+ anything vector-like

Anything that cancels the tadpoles
(not always needed)

Fully vector-like
(not always present)

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




CONSISTENCY CONDITIONS

@ Tadpole cancellation

@ Absence of axion mixing for Y

Q@ 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)




DHS RESULTS

(2004-2005)

Huiszoon, Dijkstra, Schellekens



210000 distinct tadpole-tfree spectra found

(without chiral exotics, but distinguished by non-chiral exotics)




Best imaginable result:

The exact MSSM spectrum
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B-L Massive (axion mixing)

Gauge group:

Exactly SU(3)xSU(2)xU(1)
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ADKS RESULTS

(2005-2006)

Anastasopoulos, Dyjkstra, Kiritsis, Schellekens



Require only:

Q@ U(3) from a single brane

@ U(2) from a single brane

>

uarks and leptons, Y from at most four branes

QO
o

@ Gep D SU3) x SUR2) x U(])

Q@ Chiral Gep fermions reduce to quarks, leptons
(plus non-chiral particles)

Q@ Massless Y




CHAN-PATON GROUP

U(2)s
Sp(Q)b

& = U(3), X {

} X GC (>< Gd)
Embedding of Y:

Y =alQ,+ 08Qy + Q.+ 0Qq+ W.+ W4

Q: Brane charges (for unitary branes)

W: Traceless generators




CLASSIFICATION

o %)Qﬁ (@~ 5)@ +2Qc + (x — 1)Qp

H,_/

Distributed over
c and d

Allowed values tor x

172 Madrid model, Pati-Salam, Flipped SU(5)
0 (broken) SU(5)

1 Antoniadis, Kiritsis, Tomaras model

> ARG )

any Trinification (x = 1/3) (orientable)




@ 19345 chirally distinct spectra
(19 of Madrid type)

@ 1900 distinct ones with tadpole solutions




@ 19345 chirally distinct spectra
(19 of Madrid type)

@ 1900 distinct ones with tadpole solutions
(= 1900 dwstinct hep-th papers)




STATISTICS

Value of x

24483441

158857612

505680

A 6 0

any 1250080
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A CURIOSITY

Gauge group SUB)x SU(2) x U(1) x [ U(2)Hidden) ]
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Total occ.

Chan-Paton Group

spectrum

Solved
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Total occ.

Chan-Paton Group

Spectrum

Solved
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GUTS VvS. STRINGS

Heterotic (affine level 1) + Naturally (16)'s of SO(10) or 27’s of E6

— No adjoints
— Wrong scale
— Fractional charges

Heterotic (higher level)

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

Orientifolds (X=1 / 2) + Scale adjustable
— No coupling unification
— No SU(5), SO(10)
— Higher representations allowed
— Half-integer charges often present

Orientifolds (x=0)

+ Standard SU(5) GUT possible
(adjoint breaking, no fractional charges)
— Statistically challenged

— Higher reps allowed (15)
= 04 & 1%
F theory ; — No top Yukawa’s perturbatively




MODEL NR. 617

Gauge group is just SU(S)!

O(1) U5 O1 O1
3x (A0 ) chirality 3
11 x (V ) chirality -3
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Gauge group is SU(S) x U(l)

R U5 Ul

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

' r
Massless U(1) No hidden sector!

Allows flipped SU(5)
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MODEL NR. 6580

Spectrum
(without tadpole cancellation)

chirality -2
chirality 1
chirality 3
chirality -1

Massive U(1)



|

:‘Rﬁassive‘[J(l)

NR. 6580

Spectrum
(without tadpole cancellation)

chirality -2
chirality 1
chirality 3
chirality -1

+ NOTHING!

(no adjoints, mirrors,
non-chiral matter)




NR. 6580

Spectrum
(without tadpole cancellation)

chirality -2
chirality 1
chirality 3
chirality -1

+ NOTHING!

(no adjoints, mirrors,

non-chiral matter)

|

:‘Rﬁassive‘[J(l)

(but also no Higgs)




MODEL NR. 14861

Spectrum
(without tadpole cancellation)

chirality
chirality
chirality
chirality
chirality
chirality

Massive U(1)




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

Candidates Allowing chiral Allowing only non-
(configurations prior to OH matter Chiral OH matter('*‘)

tadpole cancellation)

15499 % 521 %
16845 —> { 641 — {10

B 27 1l g

508 ¥
64

k332

(*) as in all previous work with Dijkstra et. al., Anastasopoulos et. al




Top quark Yukawa coupling 1s forbidden by U(5) brane charge

conservation.

(10) (5) (5H) bottom quark masses: charge preserved*

(10)(10)(51) top quark mass: charges violated

May be generated by stringy/exotic instantons

(Blumenhagen, Cvetic, Liist, Richter, Wetgand)
(More recent work on instantons: See Richter and Ibafiez, ref. [18-65])

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




(18] R. Blumenhagen, M. Cveti¢, and T. Weigand, “Spacetime instanton
corrections in 4D string vacua - the seesaw mechanism for D-brane
models,” Nucl. Phys. B771 (2007) 113142, hep-th/0609191.

[19] M. Haack, D. Krefl, D. Liist, A. Van Proeyen, and M. Zagermann,
“Gaugino condensates and D-terms from D7-branes,” JHEP 01 (2007) 078,
hep-th/0609211.

[20] L. E. Ibdnez and A. M. Uranga, “Neutrino Majorana masses from string
theory instanton effects,” JHEP 03 (2007) 052, hep-th/0609213.
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and quiver gauge theories,” JHEP 05 (2007) 024, hep-th/0610003.

[22] S. A. Abel and M. D. Goodsell, “Realistic Yukawa couplings through
instantons in intersecting brane worlds,” JHEP 10 (2007) 034,
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FOR COMPARISON:
NEUTRINO

MASSES




Possible in “Madrid” models with massive B-L.
(391 out of the set of 200.000)

The desired neutrino mass term Vveve

violates ¢ and d brane charge by two units.

To compensate this, we must have
Infe =25 Iyya=—2 or Iyag =2 Iye = —2

and all other intersections 0.

(d’ 1s the boundary conjugate of d)

(*) Blumenhagen, Cvetic, Weigand, Nucl.Phys.B771:115-192,2007
lbaiiez, Uranga, JHEP 0705:052,2007

Studied for Gepner orientifolds in

lbaiiez, Schellekens, Uranga, JHEP 0706:011,2007




NEUTRINO-ZERO MODE COUPLING

The following world-sheet disk 1s allowed by

all symmetries
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Additional zero modes yield additional fermionic
integrals and hence nullity the contribution

Theretore 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.




UNIVERSAL INSTANTON-
INSTANTON ZERO-MODES

* U (k): 4 Ad}

Only O(1) has the required 2 zero modes
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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 ...

a

... the instanton associated with that brane can generate the missing
couplings.
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THE BOTTOM OF THE BARREL

2004: 200.000 SM spectra, 18 chiral types.
2006: 19000 chiral types.

(with Dijkstra, Huiszoon)

(with Anastasopoulos,Dijkstra, Kiritsis)

Neutrino masses: No perfect solution found.
(with Ibafiez, Uranga)

Free Fermion Orientifolds: No solution.
(with Kiritsis, Lennek)

Tachyon-free non-susy strings: No SM.
(with Gato-Rivera)

Yukawa couplings from instantons: solution, but
Wlth Chiral eXOtiCS. (with Kiritsis, Lennek)




CONCLUSIONS

Q@ RCEFT orientifolds have proved to be a powerful
probe of the orientifold landscape.

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

Q@ We are reaching the end of statistics with RCFT.

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




