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String Theory - Anything / Nothing Goes??

Current Status:
» particle physics
» several landscapes of (B)SM vacua (v')

see e.g. talks by Nilles, Faraggi, Ovrut, Palti, Cveti¢, Lukas, Abel

» typically SUSY @ Mstring
» controlled SUSY: gaugino condensate
> ... 7 Fluxes? Polonyi term?
> non-SUSY possible if Mstring ~ O(TeV)
> ...excess of vector-like states ... BSM signatures at colliders?
see e.g. talks by Antoniadis, Liist
» cosmology
» dS vacua?
» complete moduli stabilisation?
» inflationary potentials e.g. with axions?

see e.g. plenary talks by Shiu, Blumenhagen, Partouche, Kallosh, Kiritsis, Cicoli, Quevedo, Marchesano,

Staessens, |bdfiez, Hebecker, Reece + many parallel talks

» mutual consistency??

~+ need to reunite (astro)particle & cosmological considerations
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Motivation cont'd: Anything / Nothing Goes??

Old paradigm in Type Il:
> gravity on closed strings
» gauge sector on D-branes

~ cosmo & particle physics decoupled

But:
» 4D (matter) field theory depends on dilaton & moduli
» moduli stabilisation changes geometry ~~ D-branes affected
» ‘(anti) D-brane uplifting’ used to generate dS vacua
» SUSY mediation (hidden — observable sector) via gravity
» open & closed (pseudo)scalars mix, v's, U(1)'s ...

~> see later
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Motivation cont'd: Technical Challenges & Misconceptions

Technically challenging:
» geometric understanding with fluxes

» control over field theory
for general (CY3) backgrounds (without/with fluxes)

Vast misconception:

» large string landscape does not lead to arbitrary new physics
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BSM Features:
Particle Spectrum
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BSM Features from Type Il String Theory

Group theory on D-branes:

> charges at endpoints of open strings:
(N2, Np), (Adj,) of U(N,) x U(Np)
(N2, Np), (Anti,), (Sym,)
> U(1)massless/massive linear combinations
» SU(5) GUTs
» SU(4) x SU(2). x SUQ2)r v
» SU3) x SU(2). x SURR)r x U(1)g_1vV
» SU(3) x SU(2) x U(1)y v
Cveti¢ et al.; G.H. with Ott, Gmeiner, Ripka, Staessens, Ecker; ...
» U(N) — SO(2N): no spinor reps.
~> very limited choice of gauge groups & reps.

2. UQ2)

U@3)
er,Ngr

Hidden sectors & SM exotics:
» typically small rank, e.g. at most SU(4)
» critical for SUSY via gaugino condensation
» since [, U(N,) C SO(32): hard to hide Gpigden completely

» vector-like exotics can acquire masses
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Intermezzo: Comparison with Heterotic & F-Theory

Heterotic SO(32)
» S-dual to Type |

Heterotic Eg x Eg & F-Theory

> slight enhancement of representations C (Adjg, )

> completely hidden sector v/
> het.: geometric intuition?
>

F-theory: control over field theory for ggtring large??
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Type IIA Example
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Example: D6-Branes on T°/(Z, x Zg x QR)

Why 1A string theory on T°/(Z, x Zg x QR)?

» on orbifolds:
» SUSY (D6-branes) = sLag condition v/
» CFT methods for spectrum v' & interactions (V')
o1
em" - Zk — e27rimvk+nwkzk{ ZZ . \:— 51(]-7 _170) R - Zk N ?k
Ze: w=5(0,1,-1)

» discrete torsion possible due to Zy X Zy subgroup:

<h11)7( 3—|—2X4Z6—|—8Z3 >7<19>
hor / \ lpuk + 2z + 272, +(6+2x4)z, /  \ 19

» many 3-cycles to wrap D6-branes

Gabriele Honecker Type Il model building at the crossroads between (astro)particl



: MSSM on rigid D6-branes on T°/(Z, x Zg x QR)

Ecker, G.H., Staessens ‘15

» MSSM matter of | (SU(3), x USp(2)s x SU(4)n )Uiégypo)Zz; :

< [3,2. )07 +2x (3,1, 1)1 +(3,1,1)%));+3,1,1)% ]

+3x (L2 D0 +2x (12 )L+ L5+ (11,10

=3 [Qu+2xdnrdtur] +3 % [m/i+2xitug+ er]
> Higgses: 3x [(1,2.1)(}! + hc | +2 [(1 2,1){," + hc
» axions: 3 x [T 4 5] =3 x [(1, 1,1){ 4 h.c.}
» SM vector-like states: (5anti, + 4adj, + 5adj,) % (1,1, 1)80) 0
+ [2 « (3,10 + (3., +2x (32, 1,1)%° + h.c.}
+ [3 < (1,1, 1)0% 4 (1,1,1)02! 1 2% (1,1,60) 0" + h.c.]

+3x (1,202 +6x(1,1,8) 00 +3x(1,1,8)] )0 +3x(1,1,4)) )"
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Yukawa Couplings and Masses for Exotics

Matter couplings from D-brane intersections:

Hy,
> eg.: yl(,ijk) QE") . I:Iy)uf?k) 0
off-diagonal ‘ diagonal i
yl(1221) N O(e‘ yL(1121) N 0(6_“2;%3

vo+4vy

yL(l313) -~ O(efT)

v;: volume of T(zl.)

16vo+v3
ooy
312 _ vptlbvy
_yL(l ) ~ (’)(e 48 )
» 3rd generation heavier if v3 < vp

» diagonal terms dominant if v, < b3
~> mild anisotropy phenomenologically favoured

Here: free choice of parameters fits to pheno. acceptable scales
~> fits for gauge couplings along same lines

__w+tvg

- —(3) cd(2) 4(6)
Challenge: large masses from e.g. di' TP dy” ~ O(e™ 712 )




© 1-Loop and the Value of Mqing

Gauge couplings < tuning of volumes:
> tree-level gauge coupling

Vol
/’I’6/ e_q> trF'u,]/FMV —> 70 3 / trFMl/FNV
n 4gstring 4D

on (T2)3/F: Vol = /vivav3

» 1-loop correction via CFT - works on orbifolds only:

SGN,) SUYN,)
j / :
& Mstring &
O O Q @ ~ Tt
D6, D6y, D6, 06
Liist, Stieberger ‘03; Blumenhagen et al. ‘07; Gmeiner, G.H. ‘09
» from A_: vj: Kahler modulus of T2
7 AL(i) (ol )2y il :
1-loop b, _ MTap)lYi 9y (25221 iv;) | vi—oo ]
§}:e(éb fSU(Na)) 2= 472 In{e ¢ n(ivi) ~ v

> Mstring < MguT: tree <+ 1-loop cancellation
~» new avenues for string phenomenology  c.H. Ripka, Staessens ‘12 ...
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Example of Fine Tuning in Gauge Couplings @ 1-Loop

G.H., Koltermann, Staessens: in preparation

MSSM example on T8/(Zo x Zg x QR)

> Vol(M,4) = RMr@rB3) = Lvol(My  4) with Youlla)
ky = 1a E'?Sr SU(N,), USp(2N,)
! 1 2 1 0 ! @ tree level
2 =2 =32 = 710 o2 ree lev
85u3),  85u), S8Usp2, 198Uy

» 1-loop corrections: annulus contributions only
6|0°p 1 v,—>oo ﬁ:l:f
2
850(3),/5U) 424
5|oop 1 Vj—00 7 Vi V2 V3
A

252, 12 24 16

6|oop l Vj—r 00 25 %1 M
g2, 18 ' 72

» degeneracy lifted: > 1

1
SU(3)a,loop g_gU( 4)p,loop
L for G = SU(4), USp(2)

2

> if vo > vy ot
&G .loop tree

Gabriele Honecker
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Generic BSM Features:
Scales & Field Theory
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String Particle Physics and Scales

General insight from Type Il:
> Msting < Mgyt possible
» depends on 1-loop cancellations for gauge couplings

> unisotropic compact directions often pheno. preferred

» fine tuning of SM singlet vevs for Yukawas & massesyector-like
~» further complicated by interplay with cosmological constraints

» discrete Zp C U(1)massive Symmetries

Berasaluce-Gonzalez, Ibédfiez, Soler, Uranga ‘11; G.H., Staessens ‘13

> new particles severely constrained by (N, Nz NcJ, (N.-Adj,),
N Ip) ...

So far:
» all closed string moduli (& dilaton) as free parameters
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Moduli Stabilisation
at the orbifold point
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Twisted Moduli Stabilisation on Orbifolds

Blaszczyk, G.H., Koltermann ‘14-15

I1A language: complex structures couple to D6-branes
> stabilisation by D-terms of U(1) factors (& [ Im(23) # 0)

3
2
froc _ L, 1 frac frac
n;ee = I'I ZZ =My even + Maodd
i=1

5 4
1 LSS (e 4 M 1 MORROIN O
;(Paﬂ1+QaP2+Ua/’3+Vam)+1’;( 2el) + o )+4/Zz:3§:1( el +yheD),

> modulus stabilised if M2, 5 0 contribution (< hy; 72)
> flat direction otherwise
> either: gauge couplings change

» or: particle physics insensitive
models from Ecker, G.H., Staessens ‘14-15

- — - — 12
’ Counting of stabilised complex structure moduli & flat directions with /gD6 e{a bedby o} dependence ‘
€3] [€) ) [€Y) @) (3) (3)
[Zaxzo | o [, 0 T[] Py 1l 12 | 5 1[5 [
[ MSSM | none [ a,c,h [ b, dlfiat ] c,d [ none [[ a,d,h [ none [[ 6 |
[ PST ] none [ a, h [ [byclfiat || [asbscohlfiar | mone [ a,h [ none [[ 4 ]
[ PSU [ none [ h | ah [ a | [bclyar || [a,b,c,hlsit | none || a,h [ none |[[ 7 |
L-R I none hi o a,d, hy o a, d b, clfat hy 2 none a,d none 9
L-R 1l none hy o a,d, hy o a, d b, clfat [a, b, ¢, d, h1 2]fat none a,d, hy > | none 7
L-RIlb_|[ none hio | adMmo| ad b, clfiat la, b, c, dlfiar | [h1,2]fiat a,d hy,2 9
L-R lic none a, d a,d |[b, c, h1 2)fat hy hy a,d, hy hy 10




Twisted Moduli Stabilisation on Orbifolds cont'd

» SM example on T®/(Zy x Zg x QR):
» 6 c.s. expected to be stabilised
» 8 = lpuk + 7z, c.s. flat & decoupled
» 1z, c.s. flat & coupling to USp(2), x U(1)y

(g2 o Voly o Vol? F 1/&l!), behaviour expected)

< interplay with 1-loop corrections to gauge couplings

G.H., Koltermann, Staessens in progress

> twisted Kahler moduli decoupled from particle phyics

Further stabilisation by fluxes:
> backreaction on geometry

> fluxes & chirality per sector exclude each other (4)
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Towards Moduli Stabilisation
by Non-Factorisable Tori
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Towards Model Building on Non-Factorisable Backgrounds

Berasaluce-Gonzilez, G.H., Seifert ‘16, cf. Seifert’s talk on Tuesday

Motivation:
» 3-form flux on T3 x ... geometry

> a priori less closed string moduli

cf. CFT methods "local” RR tapdole cancellation: Blumenhagen, Conlon, Suruliz ‘04
Example: T®/(Zs x QR) with vV = %(1,-2,1)
» possible: (T2)3 or (T3)2 or‘ T3 x Tt x 7—2‘

» 3-cycle geometry rich enough for model building
» (pairwise) symmetries between lattice orientations under QR

> twice as many backgrounds /Blumenhagen et al./: AZAA and A,LAA
» geometric method for generic values of moduli

» new: fractional Lags can be rewritten on (T2)3
~~ CFT methods accessible for spectrum & interactions

Berasaluce-Gonzalez, G.H., Seifert: in progress
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Open String Axions
& Open-Closed Mixing
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Axions in Type Il: from QCD to the Dark Sector

v

closed string axions = partners to Kahler & c.s. moduli
open string axions can carry U(1)pq charge: QCD axion

v

G.H., Staessens ‘13

2, UQ2)

v

limited choice of
(J_ U( ) a/3+U(1)c+U(1) )

U@3)
er, Ny

> U(]-)b with (]-Ant|b)2 or (]‘Antlb) 2
» or U(1)._ with (1¢),
< scalars Ug

> fits into SUSY DFSZ axion model with twice axion charge
‘ V= Ve + + Voot
> in the explicit example on ZQ X Z6 Ecker, G.H., Staessens ‘15

» U(1)pq x Z3 charges ~» Wprsz = 1XH, - E/d + i¥HA, - Hy
» Y also generates other mass terms: W O kdp) dp
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Open & Closed Axion Mixing in Field Theory

v+s(x) e,‘ a(‘f)
V2
> open axion a mixes with closed axion & (+ U(1)massive)

» open string axion a from o =

Mstring 5 +qva strmg a— qV&

massive — > ik (Ymassless — 5
\/ Mstring +q°v \/ strmg + q v

» axion decay constants from dim. reduction:

M2 (qv)2 Mstring qv m2 (qV)2

string string

fo= ’ ﬁw =
(Msztring - (qv) )

2
» For (field theory regime): ¢ =~ Eqjosed, ¥ 2 dopen

~» approximation of purely open string as QCD axion good
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Conclusions & Outlook

» string theory as unification of gravity & QFT very predictive
» Type lI: endpoints of open strings constrain new physics

» need to re-combine particle physics & cosmological issues
natural starting point: open/closed axions

» partial moduli stabilisation by D-branes

> complete moduli stabilisation might be very unattractive

» fits to particle physics data
» slow roll inflation

» plethora of stringy SM & GUT spectra, but missing:
exact field theory results
> tree level Yukawas on T°/T
moduli dependence after deformation ... on generic CY3
> instanton corrections computationally intensive
> reliable results on moduli potentials . ..
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