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BASED ON WORK WITH:

«  Huiszoon, Fuchs, Schweigert and Walcher [ Formalism |
Phys.Lett.B495:427-434,2000

¢ Huiszoon, Dijkstra [SM Search]

Phys.Lett.B609:408-417,2005, Nucl.Phys.B710:3-57,2005

¢ Anastasopoulos, Dykstra, Kiritsis [SM Search]

Nucl.Phys.B759:83-146,2006

¢ Ibafiez, Uranga [ Majorana masses from instantons|
(hep-th/ 07 yyzzz)

% Gato-Rivera [ Tachyon-free non-susy strings]
(hep-th/07yyzzz)

A
AN

%, [Free CFT models]
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Explore unknown regions of the landscape.

S

s¢ Establish realization of standard model features

(gauge group, three families, neutrino masses ...).
[not necessarily all in the same model]

s¢ Convince ourselves that the standard model
1s indeed a “ground state”.

s¢ Discover relations between parameters.
¢ Find A Standard Model ?

2% Find THE Standard Model ?7?77?7?
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ORIENTIFOLDS
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CLOSED STRING PARTITION FUNCTION

Dlre) = e ) ZialT

]
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ORIENTIFOLD PARTITION FUNCTIONS
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ORIENTIFOLD PARTITION FUNCTIONS
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ORIENTIFOLD PARTITION FUNCTIONS
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TRANSVERSE CHANNEL

&

l 2 boundary state
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TORUS CFT: TYPE-IIB GEPNER MODELS

Building Blocks: 3 Sk
Minimal N=2 CFT SO Lo

k=il 700

168 ways of solving Z Ep e

Spectrum:
I(I+2)—m? s°
him = |

’ 4(k + 2) 3

b= g ==Ky ook E2: 0 s = =0T D)
(plus field 1dentification)

4(k 4+ 2) simple currents
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SIMPLE CURRENTS




A

¢ Preserve world-sheet susy

XA

2t Preserve space-time susy (GSO)

Al

¢ Use surviving simple currents to build

MIPFs

A

s« Thas y1elds one point in the moduli space of
a Calabi-Yau manifold
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Minimal Models
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QUINTIC
gD 51 NSR

Minimal Models

W.S. Susy

current 1 1 1 1 1 1
compute spectrum
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QUINTIC

g D51

NSR

Minimal Models

W.S. Susy

BRI S.T. Susy

compute spectrum
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MIPFS*

%¢ CFT has a discrete “simple current” grou
P group

Choose a subgroup ‘H of G

¢ Choose a rational matrix X3 obeying

I =)« Jg ) mod s aiseis
P )
NG e e s ol tor-all dueD
Qsla) = ha) +h(J) — h(Ja)
¢ This defines the torus partition function as

Z;; 1s the number of currents L € H such that

e < I
Qum(i) + X(M,L) = 0mod]1 for all M € H.

*Galo-Rivera, Kreuzer; Schellekens (1991-1995)
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ORIENTIFOLD CHOICES*™

¢ “Klein bottle current” K (element of H )

Al

s “Crosscap signs” (signs defined on a

subgroup of H), satistying

Brc(N)Bx(J') = B (J TN X T g T e H

*Hutszoon, Sousa, Schellekens (1999-2000)
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(0+2)"2 + (1+3)"2 + (4+6)*(13+15) + (6+7)*(12+14)
+ (8+10)"2 + (9+1 D)2 + (12+14)*(56+7) + (13+15)*(4+6)
+ (16+18)*(256+27) + (17+19)*(24+26) + (20+22)"2 + (21+23)"2
+ (24+26)*(17+19) + (26+27)*(16+18) + (28+30)"2 + (29+31)"2
+ (32+34)"2 + (33+35)"2 + (36+38)*(45+47) + (37+39)*(44+46)
+ (A0+42)12 + (A1+43)"2 + (44+46)* (37 +39) + (45+47)*(36+38)
+ (48+560)*(67+569) + (49+51)*(66+58) + (62+54)"2 + (63+55)"2
+ (66+58)*(49+51) + (67+569)*(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)72 + 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)72 + 2%(2941)"2 + 2%(2942) 2 + 2%(2943)"2
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BOUNDARIES AND CROSSCAPS*

3
— e
~

¢ Boundary coethcients

H|
Bja,pa)(m,7) = \/|Ca|5 ‘

¢ Crosscap coethcients

”
—_— .
N

Z ek =hrr) g, BT i O

Uim,5) = —
Vo E et

*Hutszoon, Fuchs, Schellekens, Schwergert, Walcher (2000)
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BOUNDARIES AND CROSSCAPS*

3
— e

R[aawa]

”
—_— .

Uim,5) = —
Vo E et

(m,J

N’

¢ Boundary coethcients

Ao =
: \/ s

¢ Crosscap coethcients

Z ek =hrr) g, BT i O

*Hutszoon, Fuchs, Schellekens, Schwergert, Walcher (2000)
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ISHIBASHI STATES

(0+2)72 + (1+3)"2 + (A+6)*(13+15) + (6+7)*(12+14)
+ (8+10)"2 + (9+1D)"2 + (12+14)*(5+7) + (13+15)*(4+6)

+ 2%(2937)%(2939) + 2%(2938)%(2936) + 2%(2939)*(2937)
+ 2%(2940)12 + 2%(2941)A2 + 2%(2942)A2 + 2%(2943)A2

Sunday, 2 May 2010



ISHIBASHI STATES

{0+2)A2

+ @AQ ek (4+6)+(13+15) iy (5+7>-!-<12+14>
+ (B+10)A2 + (9+1 D)2 + (12+14)%(5+7) + (15+16)*(4+6)

+ 2%(2937)%(2939) + 2%(2938)%(2936) + 2%(2939)*(2937)

TR

2940

)72 + 2%(2941

R s |

92942

Sl N

2943

) \D
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ISHIBASHI STATES

{O 2)"2 + (1 3}’\2 + (4+6)*(13+15) + (6+7)*(12+14)
+ (8+10)"2 + (9+1D)"2 + (12+14)*(5+7) + (13+15)*(4+6)

e B

+ 2%(2937)%(2939) + 2%(2938)%(2936) + 2%(2939)*(2937)
+ 2%(2940)12 + 2% (2941)"2 + 2%(2942)72 + 2*(2943)12

e sl eS8,

with Qr(m) + X(L,J) =0mod 1 for all L € H
S e Howitho - =m:=1m
(Stabilizer of m)
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BOUNDARIES AND CROSSCAPS*

3
— e
~

¢ Boundary coethcients

H|
Bja,pa)(m,7) = \/|Ca|5 ‘

¢ Crosscap coethcients

”
—_— .
N

Z ek =hrr) g, BT i O

Uim,5) = —
Vo E et

*Hutszoon, Fuchs, Schellekens, Schwergert, Walcher (2000)
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BOUNDARIES AND CROSSCAPS*

3
— e

¢ Boundary coethcients

% J
R[a,¢a:(m,J) = \/|Ca'8awa(‘])sam

”
—_— .

¢ Crosscap coethcients

Z ek =hrr) g, BT i O

Uim,5) = —
Vo E et

*Hutszoon, Fuchs, Schellekens, Schwergert, Walcher (2000)

Sunday, 2 May 2010



BOUNDARY STATES

(0+2)72 + (1+3)"2 + (A+6)*(13+15) + (6+7)*(12+14)
+ (8+10)"2 + (9+1D)"2 + (12+14)*(5+7) + (13+15)*(4+6)

+ 2%(2937)%(2939) + 2%(2938)%(2936) + 2%(2939)*(2937)
+ 2%(2940)12 + 2%(2941)A2 + 2%(2942)A2 + 2%(2943)A2
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BOUNDARY STATES

(0+2)72 + (

+ (8+10)"2 + (9+11

T

9937)%(2939) + 2%
+ 2«}(-

(

1+3)"2 + (4+6)*(13+15) + (6+7)*(

12+14)

A2 + (12+14)*(5+7) + (13+15)*(4+6)

(2938)*(2936) + 2%

2940)72 + 2% (2941) 12 + 2%(

9949)A2 1 2%

2939)*(2937)

2943)"2
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BOUNDARY STATES

(0+2)2 + (

+ (8+10)72 + (9+11

et )

a,1q),

9937)*(2939) + 2*
4 9

(2940)

1+3)"2 + (4+6)*(13+15) + (6+7)*(

12+14)

A2+ (I2+14)*(6+7) + (13+15)*(4+6)

(2938) *(2936) + 2%(

2940)"2 + 2%(2941)72 + 2%(

2942) "2 + 2%(

2939)*(2937)

C, is the Central Stabilizer of a

2943)"2

Y, 1s a character of the group C,

C. = {JGS”F?:X(K, J)=1 for all K € §;}

FX(K,J) =

Sk

t,J

2771X(K J) F, (K J)

— Fy(K, J) o2miQ K (7) ng ‘
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BOUNDARIES AND CROSSCAPS*

3
— e
~

¢ Boundary coethcients

H|
Bja,pa)(m,7) = \/|Ca|5 ‘

¢ Crosscap coethcients

”
—_— .
N

Z ek =hrr) g, BT i O

Uim,5) = —
Vo E et

*Hutszoon, Fuchs, Schellekens, Schwergert, Walcher (2000)
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BOUNDARIES AND CROSSCAPS*

3
— e
~

¢ Boundary coethcients

‘H‘ >|< J
R[a,wa](m R, \/|Ca|8 ‘ Sam

”
—_— .
~J

¢ Crosscap coethcients

Z ek =hrr) g, BT i O

Uim,5) = —
Vo E et

*Hutszoon, Fuchs, Schellekens, Schwergert, Walcher (2000)
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S: (of a WZW model W)

Modular transformation matrices

of the WZW model WY

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

Schellekens, Yankielowrez (1989)
Fuchs,Schellekends, Schwegert (1995)
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ORBIT LIE ALGEBRAS

=G\ e é:o
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ORBIT LIE ALGEBRAS




ORBIT LIE ALGEBRAS

NEEDED FOR GEPNER MODELS




BOUNDARIES AND CROSSCAPS*

3
— e
~

¢ Boundary coethcients

H|
Bja,pa)(m,7) = \/|Ca|5 ‘

¢ Crosscap coethcients

”
—_— .
N

Z ek =hrr) g, BT i O

Uim,5) = —
Vo E et

*Hutszoon, Fuchs, Schellekens, Schwergert, Walcher (2000)
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BOUNDARIES AND CROSSCAPS*

3
— e
~

¢ Boundary coethcients

H|
Bja,pa)(m,7) = \/|Ca|5 ‘

¢ Crosscap coethcients

”
—_— .
~J

Z ek =hrr) g, (LYPLE.mbOJ.0

Uim,5) = —
Vo E et

*Hutszoon, Fuchs, Schellekens, Schwergert, Walcher (2000)
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THE P-MATRIX*

-7 oT2q

*Sagnottt, Pradwti, Staney




PARTITION FUNCTIONS

3¢ Closed

—

il

9 Z Xi(T)Zijx:(T) + Z Kixi(27)

¢ Open
1 ; s e e
5 > N.NyA abXi(5) + > N.M aXil5 +3)

Ng: Chan-Paton multiphicity
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COEFFICIENTS

s¢ Klein bottle

L=

7 Z SimU(m,J)g?,’;/%U(m,J’)

L Som

”
e

3¢ Annulus

O b T o v

Afa gl lo,e] = Z Som’
375

5« Moebius

—
—

; B R o 9 e
M == Z o

[a’awa] >
Tl
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TADPOLES & ANOMALIES
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TADPOLES & ANOMALIES

Na
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TADPOLES & ANOMALIES
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I

¢ Tadpole cancellation condition:
> NoRym, 5y = 41mU (1)
b

« Cubic TrF? anomalies cancel

N/

N/

I

* Remaining anomalies by Green-Schwarz

A/

mechanism

VA

¢ In rare cases, additional conditions for

A/

global anomaly cancellation®

*Gato-Rivera, Schellekens (2005)
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ABELIAN MASSES

Green-Schwarz mechanism

e A APV Y
RR-axion

Axion-Vector boson vertex

Generates mass vector bosons of anomalous symmetries
(e.g. B+ L)
But may also generate mass for non-anomalous ones

(Y,B—L)
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SCOPE OF THE SEARCH




SCOPE OF THE SEARCH

¢ 168 Gepner models
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SCOPE OF THE SEARCH

¢ 168 Gepner models

¢ 56403 MIPFs
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SCOPE OF THE SEARCH

¢ 168 Gepner models

2 5403 MIPFs

2 49322 Orientifolds

Sunday, 2 May 2010



¢ 168 Gepner models

=

#5403 MIPF's

fa—

2 49322 Orientifolds

5 45761187347637742772 combinations of
four boundary labels (brane stacks)
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STRATEGY




STRATEGY




STRATEGY




STRATEGY




SEARCH CRITERIA
Require only:

¢ U(3) from a single brane

¢ U(2) from a single brane

¢ Quarks and leptons, Y from at most four branes
% Gep D SU(3) x SU(2) x U(1)

2t Chiral Gcp fermions reduce to quarks, leptons
(plus non-chiral particles)

¢ No fractionally charged mirror pairs

2% Massless Y

Sunday, 2 May 2010



ALLOWED SPECTRA

w.r.t. SU(3) x SU(2) x U(1)

3 families + vector-like matter

w.rt. Gep D SU@3B) x SU(2) x U(l)

Anything

Sunday, 2 May 2010



A

¢ (Ant1)-quarks from anti-symmetric tensors

A

2t leptons from anti-symmetric tensors

K

Al

2t family symmetries

K

A

¢ non-standard Y-charge assignments

K

¢ Unification (Pati-Salam, (flipped) SU(6), trinification)*

A

¢ Baryon and/or lepton number violation

A
Ny

A\l

\
> -

*a,b,c,d may be 1dentical
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Chan-Paton gauge group

U(2)

Gor =U(B)a X { g o0

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

Y = aQq+ 0Qp +7CQc +0Qq + We + Wy

Q: Brane charges (for unitary branes)

W: Traceless generators
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CLASSIFICATION

1 I
Y = (2~ 3)Qa+(z—5)Q +2Qc +(z ~1)Qp
H/-—/
Distributed over
c and d

Allowed values for x

1/2 Madrid model, Pati-Salam, Flipped SU(5)
0 (broken) SU(5)
1 Antoniadis, Kiritsis, Tomaras model
= 125712
any  Trinification (z = 1/3) (orientable)




THE MADRID MODEL

\K b
\) (e7sv)
(u,d)
u® e
W : Vcﬁ
- C
a d

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

3(u,d)r + 3u§ + 3d§ + 3(e”,v)r + e}

1 1
_Qc o §Qd

Y massless Y = éQa =

Sunday, 2 May 2010



¢ Searched all MIPFs with < 1750 boundaries

(4557 of 5403 MIPFs)

2 19345 chirally distinct SM embeddings found

(out of infinitely many possible ones)

¢ Tadpole conditions solved in 1900 chirally

distinct cases

¢ About 213000 r20/2-chirally distinct models 1n

database

Sunday, 2 May 2010



STATISTICS

Value of x

0 24483441
1/2 138837612
1 30580
172, 3/2 0
any 1250080

*Previous search: 45051902
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MOST FREQUENT MODELS

nr Total occ. MIPF's Chan-Paton Group | spectrum | x | Solved
1 9801844 648 U(3) x Sp(2) x Sp(6) x U(1) AYATAVRYS Sy v
2 8479808(16227372) | 675 U(3) x Sp(2) xSp(2) x U(1) VVVV | 1/2 | Y!
3 5775296 821 U(4) x Sp(2) x Sp(6) VVV | 1/2 | Y!
4 4810698 868 U(4) x Sp(2) x Sp(2) VVNVEELE 252
B 4751603 554 U(3) x Sp(2) x O(6) x U(1) VVVV | 1/2 | Y!
6 4584392 frojl U(4) x Sp(2) x O(6) VVV [ 1/2|Y
0 4509752(9474494) | 513 U(3) xSp(2) x O(2) x U(1) VAR e ] BT,
8 3744864 690 U(4) x Sp(2) x O(2) VVV | 1/2 | Y!
9 3606292 467 U(3) x Sp(2) x Sp(6) x U(3) VVVV | 1/2 | Y
10 3308076 340 CHBI>@Sp( 2 et APt L VVVV | 1/2|Y
11 3308076 340 U(3) x Sp(2) x U(3) x U(1) NAVAVA el 28 B8V
12 3093933 623 U(6) x Sp(2) x Sp(6) NEVAVES M 20 O
13 2717632 461 U(3) x Sp(2) x Sp(2) x U(3) VVVV | 1/2 | Y!
14 2384626 560 U(6) x Sp(2) x O(6) MATATE O P
15 2253928 669 U(6) x Sp(2) x Sp(2) AATAVE RS PO
16 1803909 519 U(6) x Sp(2) x O(2) NAVEVE e/
17 1787210 486 U(4) x Sp(2) x U(3) B VR el S0
18 1787210 486 U(4) x Sp(2) x U(3) VVV | 1/2|Y
19 1676493 517 U(8) x Sp(2) x Sp(6) VVV | 1/2|Y
20 1674416 384 U(3) x Sp(2) x O(6) x U(3) VVVV | 1/2 | Y
21 1642669 360 OB eSS 2. Sp(BHel (5) NVAVEVEVESTY Dt Y
2D 1486664 346 EL(Bliex SpE2) = ORMPEL( 3] BVAVAYAVE RSV e )
3 1323363 476 U(8) x Sp(2) x O(6) VVV [ 1/2]Y
24 1135702 350 U(3) x Sp(2) x.Sp(2) x U(5) VVVV | 1/2 | Y!
25 1106616 209 U(3) x Sp(2) x U(3) x U(3) VVVV | 1/2 | Y
26 1106616 209 U(3) x Sp(2) x U(3) x U(3) SEVEVETE S RS G
Wy 1050764 541 U(8) x Sp(2) x Sp(2) VVRVE =l I e
28 956980 421 U(8) x.Sp(2) x O(2) VVV | 1/2 Y
29 950003 449 U(10) x Sp(2) x Sp(6) VVV | 1/2|Y
30 935034 ol U(6) x Sp(2) x U(3) VVV |1/2|Y
31 935034 351 U(6) x Sp(2) x U(3) VVV | 1/2|Y
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MOST FREQUENT MODELS

nr Total occ. MIPF's Chan-Paton Group | spectrum | x | Solved
1 9801844 648 U(3) x Sp(2) x Sp(6) x U(1) SYATAVRYS Slyvs
2 8479808(16227372) | 675 U(3) x Sp(2) x Sp(2) x U(1) VVVV | 1/2 | Y!
3 5775296 821 U(4) x Sp(2) x Sp(6) NENRVE il 2 ol
4 4810698 868 U(4) x Sp(2) x Sp(2) VAV R 25
5 4751603 554 U(3) x Sp(2) x O(6) x U(1) VVVV | 1/2 | Y!
6 4584392 sl U(4) x Sp(2) x O(6) N 24 1
i 4509752(9474494) | 513 U(3) x Sp(2) x O(2) x U(1) VVVV | 1/2 | Y!
8 3744864 690 U(4) x Sp(2) x O(2) VARSI RIb A S
9 3606292 467 U(3) x Sp(2) x Sp(6) x U(3) VVVV | 1/2 | Y
10 3308076 340 CHBI>@Sp( 2 et APt L VVVV | 1/2|Y
11 3308076 340 U(3) x Sp(2) x U(3) x U(1) NAVAVA el 28 B8V
12 3093933 623 U(6) x Sp(2) x Sp(6) NEVAVES M 20 O
13 2717632 461 U(3) x Sp(2) x Sp(2) x U(3) VVVV | 1/2 | Y!
14 2384626 560 U(6) x Sp(2) x O(6) MATATE O P
15 2253928 669 U(6) x Sp(2) x Sp(2) VRVl = Sl 2 YA
16 1803909 519 U(6) x Sp(2) x O(2) NAVEVE e/
17 1787210 486 U(4) x Sp(2) x U(3) B VR el S0
18 1787210 486 U(4) x Sp(2) x U(3) VVV | 1/2|Y
19 1676493 517 U(8) x Sp(2) x Sp(6) VVV | 1/2|Y
20 1674416 384 U(3) x Sp(2) x O(6) x U(3) VVVV | 1/2 | Y
21 1642669 360 OB eSS 2. Sp(BHel (5) NVAVEVEVESTY Dt Y
2D 1486664 346 EL(Bliex SpE2) = ORMPEL( 3] BVAVAYAVE RSV e )
3 1323363 476 U(8) x Sp(2) x O(6) VVV [ 1/2]Y
24 1135702 350 U(3) x Sp(2) x.Sp(2) x U(5) VVVV | 1/2 | Y!
25 1106616 209 U(3) x Sp(2) x U(3) x U(3) AVATAVATEII PR G
26 1106616 209 U(3) x Sp(2) x U(3) x U(3) SEVEVETE S RS G
Wy 1050764 541 U(8) x Sp(2) x Sp(2) VVRVE =l I e
28 956980 421 U(8) x.Sp(2) x O(2) VAV 126 e
29 950003 449 U(10) x Sp(2) x Sp(6) VVV |1/2|Y
30 935034 ol U(6) x Sp(2) x U(3) VVV |1/2|Y
31 935034 351 U(6) x Sp(2) x U(3) VIV (2= 10 Y
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4 | 4801518 | 867 | U(4) x Sp(2) x Sp(2) e

Type: o SEss

Dimension Lwisd 552
St Vo 05 Ve)e-chiral iye =3
g Vany V. plis)e eha raslerties
2 x ( Ad,0 ,0 ) chirality O
ey o o O o e O B o) s B U b o v )
7x (0 ,0 ,A ) chirality O
4 x (A ,0 ,0 ) chirality O
2e30 (008 =7 0- L rehisraid =ty *0
STl R T Ot P il o o Lty - B s b Ve ()
T 300N o SN2 Y ch ra lai oyl
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| 708 | 16845 1296 | U(5) x O(1) AV [0 Y

Type: Uu O O

Dimension St s
Jeae PR CAsE 0 Cals s el Iara I yaed
11 x (Vv ,vV ,0 ) chirality -3
8=x (S ;05,0 ) wchina 't Evaa0
3 x (Ad,0 ,0 ) chirality O
1 x (0 ,A ,0 ) chirality 0
X (0 NV, Ve chara BrEy-=0
8 x (V ,0 ,V ) chirality 0
23 X (0 S 052) _oh iy alst s
4 x (0 ,0 ,S ) chirality O
4 x (0 ,0 ,A ) chirality O

Note: gauge group is just SU(5)!
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Dimension

chirality 3
chirality -3
chirality -2
chirality -2
chirality 2
chirality -1
chirality -1
chirality 1
chirality 1
chirality 0
chirality 0
chirality 0
chirality 0
chirality 0
chirality 0

o, e e, Ly e AT gy |y oG N Y G s O e S s W

/0
0
0
0
0
0
0
0
0
\Y
0
0
0
A
S

O DO O ANt SN O R ENE

L SRR UL YRR Sl SRS N N AN L T e T Bl SR TS LU A
*

O A S &0V SN B L RIS NG e

LR L5 54 %

L ~ ~ L ~ ~ L ~ ~ L ~ ~

L

~ ~ L ~ ~ L ~ ~ -~ ~ ~ L L ~

S 0n Do S IS UOHON O AR Ul IGN D

aget” | uaget? | Ml 3 g’ Nuages” - Naget”s a2 et L ages” LB ANauss 2 st Sl i ues (i et % = Nuat” Sl et

KX XX XXX XX XX X X XX
MO ANANNMAHMAFNNN AN

Gepner model (2,2,2,2,2,2)
(2)=(Ising) x(Free boson)
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This model was not discovered before because it as

“masked” by this one from (2,2,2,6,6)

Type: U e Un U U

Dimension BE e e )
SaaEa 0. o0 0 ) chiral ity <3 Q
HEete (GRS (e oy e r0 s chh g sty =3 B
EEsemEaN, 0.0 705,V %, 08 chirality =1 U*
el aale Ny 00, Ve, 0570 - ) achiralitys—2 D*
PR o N O v i VSl S Wl 1 o i~ W o by o T L
S A0 502 N 0= chiral yEy: =1 D*+(D+D¥)
B (e a0 N a0 0 e hiral Tyl L+Hi+Ho
2. X N 205 R, 0, 00 Jechirality =2 15
R0 0 Vo A0 ) chipalityisl N#*
4 x (A ,0 ,0 ,0 ,0 ) chirality O Bl
2o ietec 200 A0 2550 O e hiral b yes0 ke

Truly hidden

hidden sector
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FREE FERMION MODELS

The following real and complex free fermion models are accessible

(NSR) (D))’ 685 MIPFs*
(NSR) (D1)” (Ising)* 3858 MIPFs*
(NSR) (Dj)° (Ising)® 111604 MIPFs
(NSR) (D)’ (Ising)'? 77?7 MIPFs

Plus combinations with Gepner models

(*) analyzed, yield essentially nothing of interest
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Holistic Wellness
with Tachyons

TACHYON-FREE
NON-SUSY MODELS




NON-SUPERSYMMETRIC MODELS

g D51

NSR

Minimal Models

W.S. Susy

BRI S.T. Susy

compute spectrum
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NON-SUPERSYMMETRIC MODELS

g D51

NSR

Minimal Models

W.S. Susy

compute spectrum
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NON-SUPERSYMMETRIC MODELS

Result:
e Far more possibilities

e 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:
e Far more possibilities

e Tachyons!

Four ways of removing closed string tachyons

¢ Chiral algebra extension (non-susy) ¢¢
¢ Automorphism MIPF

¢ Susy MIPF

¢ Klein Bottle
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Result:
e Far more possibilities

e 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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Madrid model (with hidden sector)

lepto-quark

\) (e7»v)
< i Higgs
w ;
- C

).

(@)
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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-LL acquires a mass due to axion

couplings.

(*) 391 out of 213000, all with SU(3)x Sp(2)x U(1)x U(1)
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But even then, B-L still survives as a perturbative symmetry.

It may be broken to a discrete subgroup by instantons.

This possibility can be explored if the instanton 1s
described by a RCFT brane M.

B-L. violation manifests itself as:
Inga — Iagar — Ipga + Ippar £ 0

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

a’ = boundary conjugate of a
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B-LL ANOMALIES

i = o= b == 0

Implies a cubic B-LL anomaly if M 1s a “matter” brane

(Chan-Paton multiplicity # 0).

= M cannot be a matter brane:
non-gauge-theory tnstanton

Implies a (B-L) (Gm)? anomaly even if we cancel the
cubic anomaly

= B-L mudst be massive

(The converse is not true: there are massive B-LL models without such
instanton branes)
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REQUIRED ZERO-MODES

Neutrino mass generation by non-gauge theory
instantons®

The desired neutrino mass term veve
violates ¢ and d brane charge by two units.
To compensate this, we must have

Infe =25 Iypa=—2 or Iyg =2 Iye = —2

and all other intersections 0.

(d’ 1s the boundary conjugate of d)

(*) Blumenhagen, Cvetic, Wetgand, hep-th/0609191
lbaiiez, Uranga, hep-th/0609215
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NEUTRINO-ZERO MODE COUPLING

The following world-sheet disk 1s allowed by

all symmetries
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S D e DR N e ik 771
/d adye (Qar®y5) = Vs ( €€md, dy )

Additional zero modes yield additional fermionic integrals and
hence no contribution

Therefore Ima=Imb=1mx=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) Sp(2k)
Sp(2N) O(k)

]Mc:27 Iyig = =2 or ]Md’zz; Inpe = =2

Possible for:

Q@ U, k=1or?2
¢ Sp, k=1
Q@ O, k=1,2
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UNIVERSAL INSTANTON-
INSTANTON ZERO-MODES

QU®L): 4 Adj
2Sp(2k): 2 A +2S
20k): 2A+2S

Only O(1) has the required 2 zero modes
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INSTANTON SCAN

Can we find such branes M 1n the 391 models with massive B-L.?
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Tensor MIPF | Orientifold | Instanton Solution
(2,4,18,28) | 17 0

(2180500 (TS 3 S Sl Yes!
(Rl 200 e N 2 SanES D] Yes
(222 2900513 1 SR SO, No
A 2082 2 =TS 0 SRRSO Yes
(@R 2222383 i s Tz No
2R =20 0

(2B e 0

(RAE2989 215 G 1 02,027, O Ol= " [ Yes
(9 G o 2 L B A i EAsT No
(2,6,14,14) | 22 %

(2,6,14,14) | 60 2

(2,6,14,14) | 64 0

(2,6,14,14) | 65 0

(265022551522 2

(2,6,8,38) 16 0

(2,8,8,18) 14 2 Sl SO Yes
(2,8,8,18) 14 0 Silbe o No
(2,10,10,10) | 52 0 GRS No
(4,6,6,10) 41 0

(4,4,6,22) 43 0

(6,6,6,6) 18 0
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Gauge group: SU(3) x SU(2) x U(1) x Nothing.
Exactly the correct number of instanton zero modes

(except for 2 universal symmetric tensors)
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Gauge group: SU(3) x SU(2) x U(1) x Nothing.
Exactly the correct number of instanton zero modes
(except for 2 universal symmetric tensors)
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THE O1 INSTANTON
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Dimension
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& A huge number of tadpole and tachyon
free models can be built with RCFT orientifolds.
& Many desirable SM features can be realized

@ Chiral SM spectrum

@ No mirrors

@ No adjoints, rank-2 tensors

@ No hidden sector

@ No hidden-observable massless matter
@ Matter free hidden sector

@ Exact SU3)x SU(2) xU(1)

@ O] instantons

@ S2 instantons with correct zero-modes

but not all at the same time
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