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LANDSCAPE
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¢ Landscape remarks
(physics/06041340, Dutch version 1998)

s RCFT orientifolds
(with Huiszoon,Fuchs, Schweigert, Walcher)

2 2003-2004 results

(with Drykstra, Huiszoon)

¢ 20056-2006 results
(with Anastasopoulos, Dijkstra, Kiritsis, hep-th/0605226)
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1984-2006:
A SLOW REVOLUTION

¢ 1984: Hopes for Unification and Uniqueness
56 1985: Calabi-Yau manifolds, Narain Lattices, Orbifolds

5 1986: CY'’s with torsion; Fermionic and Bosonic constructions

2 1987: Gepner models

¢ 1995: M-theory compactifications, F-theory, Orientifolds
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1984-2006:
A SLOW REVOLUTION

1984: Hopes for Unification and Uniqueness

5 1985: Calabi-Yau manifolds, Narain Lattices, Orbifolds

1986: CY'’s with torsion; Fermionic and Bosonic constructions

1987: Gepner models

2003: Non-uniqueness got a name: The Landscape
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(physics/06041340 (1998))

% A landscape of vacua is the only sensible outcome

for a “Theory of Everything”
¢ Therefore: A Success for String Theory

% 4-D Quantum gravity implies that the SM is part
of a huge landscape

A
7 N~

« Fits nicely with some of the great discoveries in the history of
science (heliocentric model, theory of Evolution...)
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(physics/06041340 (1998))

% A landscape of vacua is the only sensible outcome

for a “Theory of Everything”
¢ Therefore: A Success for String Theory

% 4-D Quantum gravity implies that the SM is part
of a huge landscape

s Fits nicely with some of the great discoveries in the history of
science (heliocentric model, theory of Evolution...)

s String Theory has never looked better...

3¢ ...but 1t has never looked harder.
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¢ Explore unknown regions of the landscape

Establish the likelyhood of standard model features
(gauge group, three families, ....)

Convince ourselves that standard model 1s a plausible
vacuum

Understand vacuum statistics
Understand cosmological likelyhood

Understand “anthropicity”
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ORIENTIFOLDS
OF
GEPNER MODELS
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R. Blumenhagen and A. Wisskirchen, Phys. Lett. B 438, 52 (1998)
larXiv:hep-th /9806131].

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

I. Brunner, K. Hori, K. Hosomichi and J. Walcher, arXiv:hep-th/0401137.
R. Blumenhagen and T. Weigand, JHEP 0402 (2004) 041 [arXiv:hep-th/0401148].

G. Aldazabal, E. C. Andres and J. E. Juknevich, JHEP 0405, 054 (2004)
larXiv:hep-th /0403262].
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THE LONG ROAD TO THE CHIRAL
SSM

A

% Angelantonj, Bianchi, Pradisi, Sagnotti, Stanev (1996)
Chiral spectra from Orbifold-Orientifolds

Al

% Aldazabal, Franco, Ibanez, Rabadan, Uranga (2000)
Blumenhagen, Gorlich, Kérs, Liist (2000)

Ibanez, Marchesano, Rabadan (2001)
Non-supersymmetric SM-Spectra with RR tadpole cancellation

% Cvetic, Shiu, Uranga (2001)
Supersymmetric SM-Spectra with chiral exotics

A

A
wn

¢ Blumenhagen, Gérlich, Ott (2002)
Honecker (2003)

Supersymmetric Pati-Salam Spectra with brane recombination

% Dryjkstra, Huiszoon, Schellekens (2004)
Supersymmetric Standard Model (Gepner Orientifolds)

% Honecker, Ott (2004)
Supersymmetric Standard Model (Zs orbifold/orientifold)
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CLOSED STRING PARTITION FUNCTION

P(r,T) = in(T)Zinj(f)

Type 11B
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ORIENTIFOLD PARTITION FUNCTIONS
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ORIENTIFOLD PARTITION FUNCTIONS
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TRANSVERSE CHANNEL

2 boundary state
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GEPNER MODELS

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

168 ways of solving Z =

Spectrum:
HUEE 2 imis s

4(k + 2) g

hl,m T

=0 s g ==Ky ook 2 s =002
(plus field identification)

4(k 4+ 2) simple currents

e
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A

¢ Preserve world-sheet susy

XA

¢ Preserve space-time susy (GSO)

Al

¢ Use surviving simple currents to build

MIPFs

A

¢ This y1elds one point in the moduli space of
a Calabi-Yau manifold
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SELECTING MIPFs AND ORIENTIFOLDS

Each tensor product has a discrete group ¢§
of simple currents: J-a =15

Choose:

{ A subgroup Hof G

3
e~

¢ A rational matrix X, defined on H

¢ An element K of G

—_

—_

% A set of signs Ok(J) dehined on H
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CONDITIONS

[definition: Qj(a) = h(a) + h(J) — h(Ja)]

Nl e 7 foralleFe i

2Xaﬁ — Qja(Jﬁ) mod ]., 87 # 5
Xaa = _hJa
Noiap= €<z for-all-ash

Ol — 0 mod L for alE ecsil e — 1

Br(N)Br(J) = Br (I )X )" e H
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(0+2)72 + (1+3)"2 + (A+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)"2 + (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*

Al

¢ Boundary coefthcients

H]|
R[aﬂﬂa](m ) \/|Ca|8 ‘

¢ Crosscap coethcients

”
~J

Z ek =hrr) g, VBT i O

Um,) = —
VIH| 1

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

NA

R[aawa]

”

Uim,) = —
VIR 1

(m,J

N’

¢ Boundary coefthcients

Ao -
; \/ s oS

¢ Crosscap coethcients

Z ek =hrr) g, VBT 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)72 + 2%(2941)A2 + 2%(2942)A2 + 2%(2943)A2
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ISHIBASHI STATES

{0+2)A2

+ @AQ ek (4+6)+(13+15) iy (5+7>-!-<12+14>
+ (B+10)A2 + (9+1 D2 + (12414)%(5+7) + (15+16)*(4+6)

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

TR

2940

)72 + 2%(2941

R s |

9942

S N

2943

) \D
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ISHIBASHI STATES

{O 2D "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

+ 2%(2937)%(2939) + 2%(2938)%(2936) + 2%(2939)*(2937)
+ 2¢(2940)"2 + 2% (294112 + 2* (2942)72 + 2%([2943)"2

e sl eS8,

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

NA

TR

”

Uim,) = —
VIR 1

¢ Boundary coefthcients

(m,J) \/|Ca'8awa( ) am

¢ Crosscap coethcients

Z ek =hrr) g, VBT i O

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

(0+2)72 + (

+ (8+10D"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

2940072 + 2% (2941)12 + 2%(

9942)A2 1 2%

2939)*(2937)

2943)12
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BOUNDARY STATES

(0+2)72 + (1+3|>’\2 +

+ B+10)"2 + (9+11)A2 + (

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

+ 2%(2940)"2 + 2*#(2941)

446

#(13+15) + (

5+7)*(12+14)

12+14

-::e(5+7) o (|15+15)(4+6)

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

/\2 e 2—:25(

2942)"2 + 2*(2943) "2

a,,.], 1, is a character of the group C,

C, is the Central Stabilizer of a

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

F (K J) 2771X(KJ)F(K J)

Sk

t,J

o E(Ky J) o2miQ K (7) S;)’j '
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BOUNDARIES AND CROSSCAPS*

Al

¢ Boundary coefthcients
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BOUNDARIES AND CROSSCAPS*

Al

¢ Boundary coefthcients

‘H‘ >|< J
R[a,wa](m R, \/|Ca'8 ‘ Sam

”
~J

¢ Crosscap coethcients

Z ek =hrr) g, VBT i O

Um,) = —
VIH| 1

*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, Yankielowiez (1989)
Fuchs,Schellekends, Schwegert (1995)
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BOUNDARIES AND CROSSCAPS*

Al

¢ Boundary coefthcients
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BOUNDARIES AND CROSSCAPS*

Al

¢ Boundary coefthcients

H]|
R[aﬂﬂa](m ) \/|Ca|8 ‘

¢ Crosscap coethcients

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

Um,) = —
VIH| 1

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

-7 oT2q ]

*Sagnottt, Pradwi, Staney




COEFFICIENTS

% Klein bottle

\ '}V

_

oy S Uim,197 5 Um, 1)

L Sorm
3¢ Annulus
' Q,m
A = Z S mlla,pal(m, )9 77 Blp,gnl(m, 1)
[a,va][b,40p] —
m,J,J’ Som

s Moebius

7 PimR[a/‘pa](maJ)g?’}r/LU(maJ’)
Mg =2 5

[a’awa] o>
Tl
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PARTITION FUNCTIONS

—

3¢ Closed

il

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

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

Ng: Chan-Paton multiphicity
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3
— -

¢ Tadpole cancellation condition:
Z NbRb(m,J) o= 477mU(m,J)
b

¢ Cubic TrF° anomalies cancel

”
— -

— -

¢ Remaining anomalies by Green-Schwarz
mechanism

— -

¢ In rare cases, additional conditions for
global anomaly cancellation®

*Gato-Rivera, Schellekens (2005)
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ABELIAN MASSES

Green-Schwarz mechanism

et A AP ALY
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
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SCOPE OF THE SEARCH

¢ 168 Gepner models

¢ 56403 MIPFs

2 49322 Orientifolds
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¢ 168 Gepner models

=

# 5403 MIPFs

f—

2 49322 Orientifolds

5 45761187347637742772 combinations of
four boundary labels (brane stacks)
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SCOPE OF THE SEARCH

¢ 168 Gepner models

¢ 56403 MIPFs

2 49322 Orientifolds

2 45761187347637742772 combinations of

four boundary labels (brane stacks)

Essential to decide what to search for!
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The Madrid model

o

(u,d)

C et
\ l(jc Vcﬁ

a d
Chiral SU(3) x SU(2) x U(1) spectrum:
3(u,d)r + 3u§ + 3d§ + 3(e”,v)r + e}

Y massless Y = éQa £ %QC ¥ %Qd
N=1 Supersymmetry
No tadpoles, global anomalies
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THE HIDDEN SECTOR

lepto-quark
\\\\\\\—_ t)
\) (e7sv)
(u,d) 4
iggs
@ et
e
- C

charge 1/2
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A

¢ Non-chiral (vector-like): no restrictions

¢ CP-chiral, SM-non-chiral: Mirrors, Higgs

pairs or righthanded neutrinos

s SM-chiral: 3 families
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BRANE CONFIGURATIONS

Uio xdp()x U s UE)

Type CP Group B-L

0 U@B) xSp(2) x U(l) x U(l) | massless
| UGB xU@2)xU()xU() | massless
2 U@B) xSp(2) x O(2) x U(l) | massless
3 UB) xU@)x0O@) xU(l) | massless
4 | UB) xSp2) xSp(2) x U(l) | massless
5 U@B) xU@2)xSp(2) x U(l) | massless
6

7

6o b @)sa LiCh) =B ]




STATISTICS

g 45761187347637742772
Total number of 4-stack conﬁguratlons (45.7 x 1019)
Total number scanned 4.37522E+19
45051902

Total number of SM configurations Woloh m i

1649642

Total number of tadpole solutions o R

Total number of distinct solutions 211634

(*) cf. Gmeiner, Blumenhagen,Honecker, Liist, Weigand: “One in a Billion”
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RCFT orientifolds with Standard Model Spectrum

Tim Dijkstra, Lennaert Huiszoon and Bert Schellekens

On this page you can search through all our supersymmetric, tadpole-free D=4, N=1 orientifold vacua with a three family
chiral fermion spectrum identical to that of the Standard Model. They were constructed in a semi-systematic way by
considering orientifolds of all Gepner Models (see Phys.Lett. B609:408-417 and Nucl.Phys.B710:3-57 for more
information). Since the publication of these papers all spectra have been re-analysed and checked for the presence of
global (Witten) anomalies. A few cases (less than 1%) needed correction. All spectra in this database are now free from
global anomalies, and the total number is 210,782, slightly more than reported in these papers.

As explained in referenced articles the standard model gauge group can be realized in different ways (which we call
types). In addition to these factors, the gauge group usually has extra hidden gauge group factors. Chiral states with one
leg in the standard model gauge group are not permitted.

All these models of course have the same chiral spectrum for the standard model gauge group, except for the higgs-
sector of which we do not know how it is realized in nature.

These models then differ in multiplicities of the non-chiral particles, hidden gauge group, higgs sector coupling constants
on the string scale, and others.
To search for your favorite realization you can use the form below to filter our set with an condition. Example:

type==0 && nrHidden<2

You can consult a list of valid field names. Also much more complicated expressions are possible, see the syntax

Filter form

Two output formats are provided. The first only gives the number of answers, the second lists all the spectra satisfying the
search criteria. Be warned that output can be very larae and take up to a minute to compile: at the moment we have
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Two output formats are provided. The first only gives the number of
answers, the second lists all the spectra satisfying the search criteria. Be
warned that output can be very large and take up to a minute to compile;
at the moment we have 210,782 models in the database, which means
you can generate hunderds of MBs of output!

Filter condition

udmir=) && umir==0 & & dmir==0 && enmir==0) & & emir==0) && nmir=={) & &
andj==0 && badj==0 && cadj==0 && dadj==0 &&

an==0 L& ba==0 & & ca==0) & & da==()

&& as==) && bs==) & & ¢cs==& & ds==()

Output format

Summary for each model & /_Filter‘\
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X Sp(2) x U(l) x Sp(6) x Sp(4) x Sp(2)

X Sp(2)

Gauge group: U(3)

Number of representations:

19

chirality 3
chirality -3
chirality 3
chirality -3

e O WY W NN Qe NS P S N Ny v X

~ ~ ~ ~ -~ ~ ~ ~ ~ -~ ~ ~ ~ ~ ~ ~ -~ ~ ~

~ ~ ~ -~ ~ ~ ~ ~ ~ -~ ~ ~ ~ ~ ~ -~ ~ ~ ~

ool ool NoloR==Nel T eoNHNIORONE

~ ~ ~ ~ ~ ~ ~ ~ ~ -~ ~ ~ ~ ~ ~ ~ -~ ~ ~

~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~

~ ~ ~ ~ ~ ~ ~ ~ ~ -~ ~ ~ ~ ~ ~ ~ ~ ~ ~

~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~

e & el § e . iV ™| NGt § Sk | Namy” | g0 Nl Nl O o Y™ S SN it Dl G

KX XXX XXX X XXX XXX XX XX
MO MO ANNNNNAANANNA NN A

Summary :

(2,1/2)+(2*,1/2)

Non-chiral SM matter (Q,U,D,L,E,N):

Higgs:

0

Adjoints:

Symmetric Tensors:

Anti-Symmetric Tensors:

o
< PN
+
-
o W
©
Y
— O -~
L
O
N ~
—
(Q\]
O
—
™
S
(Q\]
o™
o™
~
—
| —_
~ a
™M O
~ -
n
..)n
n o o
Moo=
4 O -AH
@ ~ O
S Q
o ~-
|l @ @©
O —«—
+ O
Q= H
Q N —
= |
o o
O Q
Z O
O
-
0

= .8660246

a3

sin®(0,,) = .3610368
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Standard model type: 6
Number of factors in hidden gauge group: 0
Gauge group: U(3) x Sp(2) x U(1l) x U(1)

Number of representations: 19

S Xl (Ve Vel F0550- 9% chd raTusanies
3 x (v ,0 ,v ,0 ) chirality -3
3 x (v ,0 ,Vv¥,0 ) chirality -3
G GO~ 05V 8 sehiral i tyss
5x (0 ,0 ,vV ,V ) chirality -3
3x (0,0 ,v ,V*) chirality -3
AR o T 80 N § SRS
1504 st C08 SoNE o Vi vy
2583500 (AdiR0T G0 SF0ED)
23 i B M0t Qs
0000000
Higgs: (25, M 2 P ek L/ 2) 5
Non-chiral SM matter (ORUEID) Ald Ft TR S re 0 s *0egs SORTE3 551, #0) 2
Adjoints: 2o ESEOw L F3 ( ) —
Symmetric Tensors: Tl O i3 S111 Hw '5271853
Anti-Symmetric Tensors: 17 Jedl S 302
Lepto-quarks: S F A3 SN 3 230 1 0 ag
Non-SM a,b,c,d) (ORS00 o
Hidden Total dimension) 0 (chirality 0) T 32320501

o
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UNBIASED SEARCH*®
Require only:

¢ U(3) from a single brane

% U(2) from a single brane

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

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

¢ No fractionally charged mirror pairs

2% Massless Y
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Ay
K]

K]\

(Ant1)-quarks from anti-symmetric tensors

Ay
2

K7\

leptons from anti-symmetric tensors

Ay
K]

family symmetries

K]\

Ay
K]

K\

non-standard Y-charge assignments

K\

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

Ay
K]

Baryon and/or lepton number violation

K\

QA
7Ny

A\

\
> -

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

U(2)

Gor =U)e X { gpa,

} X (G e

Embedding of Y:

Y = aQa+ 6Qp +7Qc +0Qq + We + Wy

Q: Brane charges (for unitary branes)

W: Traceless generators
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CLASSIFICATION

1 1}
Y = (2~ 3)Qa+(z—35)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
-1/2, 3/2
any  Trinification (z = 1/3) (orientable)




B3 U(2) x Ut etsld

3 x (V,V*,0,0) (ol
% (¥ 0150 de

3 x (V*,0,0,V) ue

6 x (0,V,V* 0) (e, )+ Hi
3 x (0,V,0,V*) Ho

8. x40,0. ¥V ¥ e’

“D-branes at singularities”




s¢ Searched all MIPFs with < 1750 boundaries
(4557 of 5403 MIPF5s)

¢ 19345 chirally different SM embeddings found

¢ Tadpole conditions solved in 1900 cases
(18 “old” ones)
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STATISTICS

Value of x

0 21303612
1/2 124006839
1 12912
172, 3/2 0
any 1250080

*Previous search: 45051902
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Al

¢ Bottom-Up configuration: any brane
configuration that yields 3 chiral families

A

¢ Top-Down configuration: any such
configuration realized with boundary states

A

¢ String Vacuum: Top-down configuration

with tadpole cancellation (with or without
hidden sector)
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77 Config. | stack ¢ | stack d | Bottom-up | Top-down | Occurrences | Solved
ool S BH BR P NGB C,D A 9 5194 1
B 28 SR C C,D 103441 434 1056708 S
RSN PR R C 10717308 156 428799 24
125 U (6 F 351 0 0 0
{7 A R C,D - 4 1 24 0
B2 . e T C - 2 5 13310
2 BRI 56 D) C,D 34 5 3888 1
28 BRSO C,D 185520 221 2560681 31
B 2= ST HCED C,D Y 7 6473 2
12 S UG C,D 153436 283 3420508 33
2 ST C 10441784 15 4464095 20
e SIS B F 184 0 0 0
Continued on next page

< 3 CP-chiral mirror pairs

< 3 CP-chiral Susy Higgs pairs
< 6 CP-chiral singlets (right-handed neutrinos)
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x | Config. | stack c | stack d | Bottom-up | Top-down | Occurrences | Solved
B2 mUIS ] C - 104 2 229 0
1/2 | USU C,D - 8 1 4881 1
1/2 | USUR | C C,D 54274 31 49859327 19
1/2 | USUR"|'C.D C,D 36 2 858330 2
0 uuuu | CD C,D 5 5 4530 %
0 Uuuuu | C C,D 8355 44 54102 2
0 Uuuuu | D C,D 14 2 4368 0
0 Uuuuu | C C 2890537 I 666631 9
0 Uuuuu | C D 36304 16 6687 0
0 Uuuu C - 200 2 15440 I
0 UUUR | C,D C 3702 39 171485 4
0 UUUR | C C 5161452 289 4467147 32
0 UUUR | D C 8564 22 50748 0
0 UUR C - 58 2 233071 2
0 UURR | C C 24091 IE7 8452983 157
il uuuu | CD C,D 4 I 1144 i
1 Uuuu | C C,D 16 5 10714 0
1 Uuuuu | D C,D 42 3 3328 0
1 uuuu | C D 870 0 0 0
1 UUUR | C,D D 34 1 1024 0
1 UUUR | C D 609 1 640 0
3/ 23 S JULE D 9 0 0 0
3/2 | UUUU | CD D 1 0 0 0
372+ UUUU..-C,-D C 10 0 0 0
3/2 | UUUU | C,D C,D 2 0 0 0
* uvuu | C,D C,D 2 2 5146 1
* Uuvuu | C C,D 10 i 521372 3
* Uuuuu | D C,D l 1 116 0
* Uuuuu | C D 3 1 4 0
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CP-CHIRAL TENSORS

le+09 r I I I I T T T T T
X Tensors s

1e+08'% ;
le+07 ;
le+06
100000 ¢ ;
10000 [
1000 F

100 | 4

]. O ] ] ] ] ] ] ] ] ]
0 100 200 300 400 500 600 700 800 900 1000
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CP-CHIRAL HIGGES
le+08 I I I I I I | T T
: Higgses 3
:'.
le+07 &
++
.|.+
-'|_|-_+
le+06 * =
++
T+
+ +
_:!:I_+
100000 _—H; 3
B
"¥1
10000 | #% -
i E
1ot
M __||__ -:-
1000 ? 7% E_ -
4%
T S 2 -
i e
By o+
L -IH-IH+
10 " =
.H.
- -
+ +
1 ] ] ] ] ] ] ] ] ]
0 100 200 300 400 500 600
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nr Total occ. MIPFs Chan-Paton Group spectrum | x | Solved

1 9801844 648 U(3) x Sp(2) x Sp(6) x U(1) AVEVENEVAS i £ 205 ]
% 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) VVV [ 1/2 | Y!
4 4810698 868 U(4) x Sp(2) x Sp(2) VVV [ 1/2 | Y!
5 4751603 554 U(3) x Sp(2) x O(6) x U(1) NV VNV CL28 Y
6 4584392 751 U(4) x Sp(2) x O(6) VARVEIEL 25 9
i 4509752(9474494) | 513 T XG0 e G &0 ATAYRAVES Rl R |
8 3744864 690 U(4) x Sp(2) x O(2) VARV Al 25 Pl
9 3606292 467 U(3) x Sp(2) x Sp(6) x U(3) AVAYAYA T Pt 8 2
10 3093933 623 U(6) x Sp(2) x Sp(6) N VLSl 27 Y
1 &k 2717632 461 U(3) x Sp(2) x Sp(2) x U(3) VVVV | 1/2 | Y!
194 2384626 560 U(6) x Sp(2) x O(6) ETR R e R B
13 2253928 669 U(6) x Sp(2) x Sp(2) VVV [ 1/2 | Y!
14 1803909 519 FG IS p2)e @2 SR o
15 1676493 NG U(8) x Sp(2) x Sp(6) NENNEE =120 0
16 1674416 384 U(3) x Sp(2) x O(6) x U(3) VVVV | 1/2|Y
I'7 1654086 340 U(3) x Sp(2) x U(3)xTU(1) RV SIC O
18 1654086 340 B8 %3S p(2) X8 )b VVVV | 1/2|Y
19 1642669 360 U(3) x Sp(2) x Sp(6) x U(5) VVANVEVRE SISO 8 g
20 1486664 346 U(3) x Sp(2) x O(2) x U(3) VVVV [ 1/2 | Y!
21 1323363 476 U(8) x Sp(2) x O(6) VVV [ 1/2]Y
22 1135702 350 U(3) x.Sp(2) x Sp(2).x U(5) VRYNEV A el 2 L]
23 1050764 532 U(8) x Sp(2) x Sp(2) VVV [ 1/2 Y
24 956980 421 U(8) x Sp(2) x O(2) AVAYA Y o B A
25 950003 449 U(10) x Sp(2) x Sp(6 VNN 1P 2N
26 910132 a1k U (3IPali2) > Sp@hacicl) AAVV | 0 NG
34 869428(1096682) 246 U@3) x Sp(2) x U(1) x U(1) VVVV | 1/2 | Y!
153 115466 335 U(4) xU(2) x U(2) VAV 124X
P25 71328 167 BN S LR s T3 AVAVAVE LS DR
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MOST FREQUENT MODELS

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

1 9801844 648 U(3) x Sp(2) x Sp(6) x U(1) VVVV | 1/2 | Y!
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) VVV [ 1/2 | Y!
4 4810698 868 U(4) x Sp(2) x Sp(2) VVV [ 1/2 | Y!
5 4751603 554 U(3) x Sp(2) x O(6) x U(1) VVVV | 1/2 | Y!
6 4584392 751 U(4) x Sp(2) x O(6) VARVAEL 25 9
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) VARV Bl 28
9 3606292 467 U(3) x Sp(2) x Sp(6) x U(3) VVVV | 1/2|Y
10 3093933 623 U(6) x Sp(2) x Sp(6) N VLSl 27 Y
11 2717632 461 U(3) x Sp(2) x Sp(2) x U(3) VVVV [ 1/2 | Y!
194 2384626 560 U(6) x Sp(2) x O(6) ETR R e R B
% 2253928 669 U(6) x Sp(2) x Sp(2) VVV [ 1/2 | Y!
14 1803909 519 FG IS p2)e @2 SR o
15 1676493 NG U(8) x Sp(2) x Sp(6) NENNEE =120 0
16 1674416 384 U(3) x Sp(2) x O(6) x U(3) VVVV | 1/2 Y
I'7 1654086 340 U(3) x Sp(2) x U(3)xTU(1) VVVV | 1/2|Y
18 1654086 340 U(3) x Sp(2) x U(3) x U(1) VVVV | 1/2|Y
19 1642669 360 U(3) x Sp(2) x Sp(6) x U(5) VVANVEVRE SISO 8 g
20 1486664 346 U(3) x Sp(2) x O(2) x U(3) VVVV [ 1/2 | Y!
21 1323363 476 U(8) x Sp(2) x O(6) VVV [ 1/2]Y
22 1135702 350 U(3) x.Sp(2) x Sp(2).x U(5) VRYNEV A el 2 L]
23 1050764 532 U(8) x Sp(2) x Sp(2) VVV [ 1/2 Y
24 956980 421 U(8) x Sp(2) x O(2) NVAR L2 Y
25 950003 449 U(10) x Sp(2) x Sp(6 VNN 1P 2N
26 910132 a1k U(3) x U(2) x Sp(2) x O(1) AAVV | 0 NG
34 869428(1096682) 246 U@3) x Sp(2) x U(1) x U(1) VVVV | 1/2 | Y!
153 115466 335 U(4) xU(2) x U(2) VVV [1/2|Y
P25 71328 167 BRRN SE LR - BE(R) AVAVAVE LS DR
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Type: oo 2SS

Dimension 4 2 2
Bty Vo plEy Ve -ehi ra Lirty,
3x (V ,V ,0 ) chirality
2 X (Ad, 0., 0=) “charal ity
Dassten (o R0y el 8 al ety
7 x (0 ,0 ,A ) chirality
Ara(A - FO s lsd)chira i £y
Z2esl (=00 S S0 (D rae i arad =ty
Hanntea(s e SrE e e hilr alert v
T (0N o SN2 Y- ch ra laity
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RS nl O == QST NEL R0 550

a)
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Type: B0 30
Dimension Bl s .

GRS A 0707 0 - clEEra s

52 0 SR (Y VA S0 Wi o T B o ] s 1 oy

X (S L0750 seharratk et

3 x (Ad,0 ,0 ) chirality

19 e 0B S DE 0 o b 5 o s B e

S (0=, NV Vo9 charality

8 x (V ,0 ,V ) chirality

2e8% Qs m0E e e hi a1ty

4 x (0 ,0 ,S ) chirality

4 x (0 ,0 ,A ) chirality

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

Type: U
Dimension 5
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Non-trivial U(1l) anomaly cancellation!
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YUKAWA COUPLINGS

Standard SU(5) couplings

O1 ~ (¥)a¥*Hg , Oz ~ €apyac(°) Y H

U (5) brane charges

1-2+1=0 ==
SU(): no u,c,t couplings
tflipped SU(5): no d,s,b coupings

Possible ways out:
* Higher dimension operators
* Composite condensate with charge 5
* Instantons

Requires additional and implausible dynamics
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THE UNIFICATION DILEMMA

A

¢ Data suggest: Coupling unification™, no fractional charges

Al

¢ Heterotic string: Wrong scale, fractional charges

It

brane models: No unification, fractional charges

Q
wns o =

No prediction for scale

¢ U(H) brane models: Unification, no fractional charges
No prediction for scale

No (u,c,t) Yukawa'’s

* assuming gauginos
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[~

1S Huge number of top-down models

s Still, only small fraction of bottom-up options realized

I~
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s Classification and construction of bottom-up models

Il

¢ Huge number of bottom-up possibilities

Al

CES

N Huge number of top-down models

— .

s Still, only small fraction of bottom-up options realized
s Results dominated by x=1/2
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Al

¢ Huge number of bottom-up possibilities

CES

% Huge number of top-down models

— .

s Still, only small fraction of bottom-up options realized
s Results dominated by x=1/2
% Very clean SU(H)’s....

2

¢ ....But are they good for anything?

Al
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