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1970's: particles — strings
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80-90's: 5 theories of superstrings (+branes)
supergravedad 11D quantum consistency

(no anomalies, “ghosts”, tachyons):

heterotica, —
Loreron Tipo TIA

* graviton included ®

* gauge bosons ©
Tipo IIB * supersymmetry OO

* 10 dimensions
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Heterotic String

10D

SUSY (rather suera) N =1 — chirality v/
gauge bosons

e ©

Es x Eg D EG, SO(IO), SU(5),SU(4) X SU(Q)L X SU(Q)R,QS]\[\/
dualities with
heterotic SO(32), type IIB, F-theory,...

only closed strings (no D-branas)
— couplings are computable (not free parameters) !!
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Where do we go to 7

@ SM = QCD (SU(3)) + EW (SU(2)xU(1)y)
@ 3 generations of quarks and leptons + Higgs(es)

@ (semi)realistic textures

0.974 0.225 0.0039
Veky = 0.23 1.02 0.04
0.008 0.038 0.88

@ family symmetries 77
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Orbifold compactifications

1D Zs orbifold in 5D
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Very small smgular space R < 1mm — inaccessible!!

Kaluza, Klein (1920s)
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Orbifold compactifications

2D Z orbifolds in 6D

s &)
s O
Ny
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Orbifold compactifications

6D ZgIl orbifold in 10D
r. &

\Z?)XZQ

1 x 3 x 4 = 12 equivalent fixed points
Degeneracy lifted by Wilson lines: 12 — 6,4,3,2,1
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String on orbifolds

local twisted states

o)
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free states (‘bulk’)
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String on orbifolds

local gauge group

o)

<
3<

Gap = N local gauge groups
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String on orbifolds

local twisted matter

o)

35

bulk matter

4D gauge bosons
4D gravity multiplet
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String on orbifolds

2 generations

o)

35

SU@3)e x SU2)r x U(L)y x U(1)p—r X Ghidden
3rd generation + 2 Higgses

Lebedev,Nilles,SR-S,Ratz,Vaudrevange (2006-2008)
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Couplings in orbifolds

In QFT
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Couplings in orbifolds

In QFT
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Couplings in orbifolds

In heterotic orbifolds (via instantons)
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Couplings in orbifolds

In heterotic orbifolds (via instantons)

@ Selection rules

@ 'Space group’ invariance: strings can combine
@ Poincaré invariance
© Gauge invariance, instanton existence,...

Kobayashi, Raby, Zhang (2004); Kobayashi, Parameswaran, SR-S, Zavala (2011)
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Couplings in orbifolds

In heterotic orbifolds (via instantons)

@ Selection rules

© 'Space group’ invariance: strings can combine
@ Poincaré invariance
© Gauge invariance, instanton existence,...

Kobayashi, Raby, Zhang (2004); Kobayashi, Parameswaran, SR-S, Zavala (2011)
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Family symmetries

@ ‘Space group’ invariance — D,
@ Poincaré invariance: SO(6) — Znp,

@ Degeneracy of states ——  non-abelian symmetries

a0
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Family symmetries

@ ‘Space group’ invariance — D,
@ Poincaré invariance: SO(6) — Znp,
@ Degeneracy of states ——  non-abelian symmetries

a0
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Family symmetries

@ ‘Space group’ invariance — D,
@ Poincaré invariance: SO(6) — Znp,
@ Degeneracy of states ——  non-abelian symmetries

a0

5 —  Sox (Zgx
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Family symmetries

@ ‘Space group’ invariance — D,
@ Poincaré invariance: SO(6) — Znp,

@ Degeneracy of states ——  non-abelian symmetries

a0

— SQ[X (ZQX ZQ)
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Family symmetries

@ ‘Space group’ invariance — D,
@ Poincaré invariance: SO(6) — Znp,

@ Degeneracy of states ——  non-abelian symmetries

a0

— SQ[X (ZQX ZQ) =Dy
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D, family symmetry

Irreducible representations: 2, 17+, 1t~ 1= 17—

@ 2 : (1st gen., 2nd gen.), (s1,52), ..., (S49, S50)
@ 17" 3rd gen., hu,hd, 851, -.45570

Nontrivial doublet product = mixing between first two generations

Yo' (si) yy'(si) 0 Yy (si) yi*(si) O
Y= vi?(si) wil(si) 0 Yo=| wit(si) wyi'(si) 0
0 0 1 0 0 y33(si)
yikde ,(5i) are computable (cr techniques) ©

s; parameters, must be fixed dynamically!
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D4 symmetry breakdown

To fix s;, compute W, K and impose N =1
= [F;, =0 and D=0

J
some s; ~ 0(0.01) — O(1)
D, spontaneously broken ~ ®©

Yn'(si) ya’(si) € yi't(s) yii(si) e
Vo= wvit(si) vai(si) ¢ Vo= | vi'(si) yi(s)) ¢
6// 6/// 1 E” 5/// 933 (51)
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Quark masses

@ Quark sector of a particular model

0.0316 0.0316 0.0085
Y, ~ 0.0316 0.031  0.00841
0.0183 0.0183 1.14437

0.00048 0.00066 6.2 x 10~7
Yo ~ 0.00066 0.00048 1.0 x 107
0.00009 0.00004 0.036

)

)

[Yde| ~  diag(0.0003, 0.063, 1.14)
Y8~ diag(0.0002, 0.001, 0.036) .

semirealistic quark masses! ©)

Lebedev,Raby,SR-S (2011)
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Mass mixing

@ Matrix de CKM

0.99  0.05 0.0003
ViR, = 0.05 0.99 0.01
0.0008 0.01  0.98

but
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Mass mixing

@ Matrix de CKM

0.99  0.05 0.0003
ViR, = 0.05 0.99 0.01
0.0008 0.01  0.98

but
0.974 0.225 0.0039
Vé}c(pM = 0.23 1.02 0.04
0.008 0.038 0.88
but close!
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To conclude

@ All ingredients to study textures in heterotic orbifolds v
@ Models with the exact matter content of SM v

@ Semirealistic quark/lepton masses v’
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To conclude

(]

All ingredients to study textures in heterotic orbifolds v

Models with the exact matter content of SM v

(]

Semirealistic quark/lepton masses v

Close but not quite there ©

POSSIb/e dangerous FCNC @ Raby,SR-S,Lebedev in progress...
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