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Local model building:

* Choice of singularity

* Standard Model gauge group

Berenstein, Pinansky:

* Spectrum of 3 chiral families hep-th/0610104

 Non-chiral matter

* Global anomalous U(1)’s

 Hierarchies in Yukawas

o

Global aspects:

Compact Calabi-Yau manifold X

* Flux background

* D-brane and O-plane configuration
* Tadpole cancellation

e Moduli stabilisation in de Sitter minima

Previous global constructions:
Dolan, Krippendorf, Maharana, Quevedo: 1002.1790
Dolan, Krippendorf, Quevedo: 1106.6039
Cicoli, Krippendorf, Mayrhofer, Quevedo, Valandro: 1206.5237, 1304.0022, 1304.2771
Cicoli, Klevers, Krippendorf, Mayrhofer, Quevedo, Valandro: 1312.0014
Cicoli, Garcia Etxebarria, Mayrhofer, Quevedo, Shukla, Valandro: 1706.06128
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Local model building:

* Choice of singularity

e Standard Model gauge group

Berenstein, Pinansky:

* Spectrum of 3 chiral families hep-th/0610104

 Non-chiral matter

* Global anomalous U(1)’s

 Hierarchies in Yukawas

D3

What type of singularity?

_ Attractive features of D-branes at dP, singularities:
del Pezzo surfaces: n

Complex 2-dimensional Fano surfaces, i.e., projective algebraic surfaces A. Huge variety of gauge theories from a single D3 brane

with ample anti-canonical divisor class —K - C > 0 for every curve C. B. Oriented quiver always comes with 2 anomalous U(1)’s

We distinguish P! x P! or dP ding to P? bl t n points.
° QISHNgUIS o &y, COTTESPONGIng 1o oW Up at 7 poInts C. Chiral spectrum from intersections of 2- and 4-cycles

. To a point shrinkable 4-cycle must be of
TOday' del Pezzo type by Grauter’s criterion
dP§ smgularlty as simplest setup Se6 6.9, Cordova: 09102955
to give rise to exact MSSM locally! Malyshev, Verlinde:0711.2451

Wijnholt: hep-th/0703047
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Unoriented quivers from D3-branes at dP; singularities

Geometric description of local model in the large volume limit:
Fractional branes F; :

Bound states of several
D-branes supported on cycles

Deform Kahler structure

Spectrum of open strings from quiver diagrams: small curvature »
' itv!
decoupling gravity! o5 =
See for example:

Wijnholt: hep-th/0212021

U(NZ) @ > @ U(Nj) M Chiral multiplet iIn bi-fundamental of U(]Vl) X U(]V]) Verlinde, Wijnholt: hep-th/0508089

N, copies of a fractional brane F;
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Unoriented quivers from D3-branes at dP; singularities

Geometric description of local model in the large volume limit:

Bound states of several
D-branes supported on cycles

Deform Kahler structure

> D7
Spectrum of open strings from small c:rvature @
decoupling gravity! o5 > o
U(N:) (1) N; copies of a fractional brane £,
See for example:
U(N;) 1 > y U(N;) Chiral multiplet in bi-fundamental of U(N;) X U(N;) Verlir:/:jhér,w\]/:/)iljtr;:3?;2&:585238089

dPs quiver diagram:

Orientifolded dP5 quiver diagram:

Orientifold involution:

1< 1%, 22 3+ 8

U(N3) 47, 55, 66

For details on orientifolded quivers:

The Standard Model Franco, Hanany, Krefl, Park,
Uranga, Vegh: 0707.0298

o : : :
quiver itself is unoriented! Garcia Etxebarria, Heidenreich,

Wrase: 1210.7799
U(Nﬁ) U(N5) Berenstein, Pinansky: hep-th/0610104

Wijnholt: hep-th/0703047
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Higgsing the dP; quiver gauge theory

Missing features:

A. Chiral spectrum with 3 families
B. Standard Model gauge group

C. Non-chiral matter
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Andreas Schachner

Higgsing the dP; quiver gauge theory

Missing features:

A. Chiral spectrum with 3 families
B. Standard Model gauge group

C. Non-chiral matter

All of the above is achieved by turning
on VEVs for bi-fundamental fields!

iggsng (7 (4
Bound states of

fractional branes

13

Interpretation:

* Fractional brane perspective: bound states of fractional branes

(F,,...Fy} > {F,,F;,F,,F,,F,,Fy)

 Geometrically: partial resolution of singularity

SUSY 2021, 27th of August 2021



Original quiver

U(4)  U(6)

. Bound state F/, . Free fractional brane
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Original quiver

Higgsed quiver

Turn on VEVs: U(2)

a1§;0 blgo...
(Xiz)=] 0ag--- |, (Xu)=[00ba--- |,

U4) U6

. Bound state F/, . Free fractional brane

prN % ~— o 2 A I i Rea PNl A MBI A M e a2 — Rlciin e S,

G =(U(6) x U4+ N) x U4+ M) x U(4))? = H = (U(2) x U(N) x U(M))? |
- Breaking pattern confirmed by computing mass matrix for gauge bosons!
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Original quiver

U4) U6

. Bound state F/, Free fractional brane

Andreas Schachner

Higgsed quiver

Turn on VEVs: U(2)

alo... b10
<X13> — 0 ag - -- , <X14> — 0 b2 ,
0&3"' 0b3 U(N)

0dy -

Ocl

 G=(UB)xUA4+N)xU4+M)xU4)* = H=(U@2) xUN) x UM))?
Breaking pattern confirmed by computing mass matrix for gauge bosons!

Higgsed, orientifolded quiver
USp(2)

ForN=3,M = 1:8SUSY
Left-Right symmetric model

Pati, Salam: Phys. Rev. D10 (1974) 275 USp(Q)
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Original quiver

Higgsed quiver

Turn on VEVs: U(2)

alo... b]O
<X13> — 0 ag - - , <X14> — 0 b2 ,
0a3... 0b3 U(N)

0dy ---

001

Free fractional brane

G=(U6)xU4+N)xU4+ M) xU4)* - H=(U@2) x UN) x UM))?
Breaking pattern confirmed by computing mass matrix for gauge bosons!

Minimal Quiver Standard Model: Higgsed, orientifolded quiver

SU(2) Anastasopoulos et al.: hep-th/0605226 USp(2)
Berenstein, Pinansky: hep-th/0610104

Conventional Higgsing
SUQRX Uy = ULy v

See e.g. Heckman, Vafa,
Verlinde, Wijnholt: 0711.0387

For N =3, M = 1: SUSY
Left-Right symmetric model

Pati, Salam: Phys. Rev. D10 (1974) 275 USp(2)
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Local model building:

* Choice of singularity

* Standard Model gauge group

Berenstein, Pinansky:

* Spectrum of 3 chiral families hep-th/0610104

 Non-chiral matter

* Global anomalous U(1)’s

 Hierarchies in Yukawas

S

Global aspects:

« Compact Calabi-Yau manifold X

* Flux background

* D-brane and O-plane configuration
* Tadpole cancellation

e Moduli stabilisation in de Sitter minima
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The search for a global model in the KS database

For a del Pezzo divisor D, of type dP,

3
DS = ksss= 9 —n 9
X3 X3

D2D; <0 Vi#s

Necessary condition to ensure

Diagonality condition for dPs
kSSS k

s1] —

4-cycle volume becomes complete square

(kssi ti )2

881 kssj 4 i,j

1 o
= — kgt =
Ts o '8t 2 Koo

Refer to diagonal dP,

correct singularity structure! divisor D, as ddP, divisor
. C : K - Skarke:
We looked at the divisor structure of CY geometries in the Kreuzer-Skarke (KS) database with Wl <5 h;e;ifr?/roc?og; 460
Rt || Poly* | Geom* || dPy | dPyor | dPy | dP3 | dP4 | dP5 | dPg | dP7 | dPg bl || Poly* | Geom* || ddPg | dFy ddP,, ddPg | ddP7 | ddPg NIVS
Fo (ncy) <n< (ddP, > 1)
1 5 5 0 0 0 0 0 0 0 0 0 1 5 5 0 0 0 0 0 0 0
2 36 39 9 4 0 0 0 0 2 4 5 2 36 39 9 2 0 2 4 5 22
3 243 305 513 88 4 4 2 9 20 62 64 3 243 305 090 16 0 16 37 34 132
4 1185 2000 304 767 146 | 135 | 52 | 175 | 213 | 566 | 506 4 1185 | 2000 304 | 140 0 97 210 126 750
5 4897 | 13494 || 2107 | 6518 | 1960 | 2094 | 880 | 2005 | 2011 | 4358 | 3837 5 4897 | 13494 || 2107 | 901 0 486 731 374 4104

Distinct favourable
polytopes and geometries

Kreuzer-Skarke ddP, conjecture:

Calabi-Yau threefolds arising from fine, regular, star
triangulations of 4d reflexive polytopes in the Kreuzer-Skarke

database do not exhibit diagonal dP, divisors with 1 <n <5

Andreas Schachner 19

Further checks of ~300.000 distinct geometries at
6 < h'! < 40 with CYTools confirm this trend!

Demirtas, McAllister,
Rios-Tascon: 2008.01730
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Let us focus on specific model with (hz’1 , hl’l) = (52,4)

Global model construction

Euler characteristic

X = —96

Stanley-Reisner ideal

HY1 HYz Il 15 I3 T4 ZIs5 Ie g I8 9

4 4 1 0 0 0 2 2 1 1 1

2 2 0 1 0 0 1 1 0 0 1

2 2 0 0 1 0 1 1 0 1 0

2 2 0 0 0 1 1 1 1 0 0
NdPy; dPs dPs dPs SD1 SD1 SD2 SD2 SD2

~ We take the singular limit 7, — 0
- which gives rise to a dP5 singularity!

Andreas Schachner

20

Construction plan:
- CY threefolds as complete intersections of -
2 equations in a 5-dimensional toric space

SR = {213, T2%4, T2T9, T3T4, T4T7, T1T7T9, TIT5T6TR, T1T5TETTLR, T1T5TETITLY )
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Global model construction

Euler characteristic
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Stanley-Reisner ideal
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2 2 0 1 0 0 1 1 0 0 1
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We take the singular limit 7, — 0
which gives rise to a dP5 singularity!

Andreas Schachner

Orientifold involution

o .

Single O7-plane on

Iy — — XI5

21

Construction plan:
- CY threefolds as complete intersections of
2 equations in a 5-dimensional toric space

Dy =2Dy — Dy — D3 — Dy

SR = {213, T2%4, T2T9, T3T4, T4T7, T1T7T9, TIT5T6TR, T1T5TETTLR, T1T5TETITLY )

- We checked that the local model can indeed
be embedded as well as that the global and
local involutions are consistent! |

SUSY 2021, 27th of August 2021



Let us focus on specific model with (hz’1 , hl’l) = (52,4)

Euler characteristic

Global model construction

Construction plan:

H4Yl H4Y2 ‘”11 xo2 3;)3 ‘%4 3;5 9;6 317 xf :1;19 X = —96 CY threefolds as complete intersections of
2 2 0 1 0 0 1 1 0 0 1 2 equations in a 5-dimensional toric space
2 2 0 0 1 0 1 1 0 1 0 Stanley-Reisner ideal
2 2 0 o o 1 1 1 1 0 0

NdP;; dP; dP; dPs; SDI SDI SD2 SD2 SD2 SR = {2273, Taka, T2T9, T3T4, T4TT, TITTLY, LIT5TELS, L1T5T6LTLS, T1T5T6LLLY |

Orientifold involution Single O7-plane on

We checked that the local model can indeed
be embedded as well as that the global and

local involutions are consistent!

We take the singular limit 7, — 0
which gives rise to a dP; singularity! oo

Iy — — XI5

Ds = 2Dy, — Dy — D3 — Dy

D-brane and T-brane setup:

A. D3-branes on additional dPs divisors for non-perturbative effects

D3-brane

B. D7-branes to cancel D7-tadpole induced by O7-plane

D3-brane

D3-branes on dP;s divisors at x; = 0
and x, = 0 for non-perturbative effects

Andreas Schachner 22 SUSY 2021, 27th of August 2021



Global model construction

Let us focus on specific model with (h>!, k11 = (52,4) Euler characteristic

Construction plan:

We take the singular limit 7, — 0 Orientifold involution

which gives rise to a dP; singularity! o . Iyt —Is

D3-brane

D3-brane

D3-branes on dP; divisors at x; = 0 and ‘ '

Stack of 4 4 image
D7s D7s

x, = 0 for non-perturbative effects

Stack of 4 D7-branes (plus their 4 images) wrapping x5 = 0
with SO(8) gauge group and flux

1
}':F—B:(nb——)Db+(n2—§)D2 nb,n2€Z'

Andreas Schachner 23

Single O7-plane on

Ds = 2Dy, — Dy — D3 — Dy

H4Y 1 H4Y - Jf :%2 3(33 32)4 3325 9;6 317 ‘%18 :1319 X = —96 CY threefolds as complete intersections of
2 2 0 1 0 0 1 1 0 0 1 2 equations in a 5-dimensional toric space
g K 0 o 1 0 1 1 0 1 0 Stanley-Reisner ideal
2 2 0 0 0 1 1 1 1 0 0

NdP;» dP; dP: dP: SDI SDI SD2 SD2 SD2 SR = {x2x3, T2T4, T2T9, T3T4, T4T7, T1T7TY, TIT5TEL8, T1T5TETTLY, T1T5TETITY |

We checked that the local model can indeed
be embedded as well as that the global and
local involutions are consistent!

D-brane and T-brane setup:

A. D3-branes on additional dPs divisors for non-perturbative effects

B. D7-branes to cancel D7-tadpole induced by O7-plane

SUSY 2021, 27th of August 2021



Global model construction

Let us focus on specific model with (h>!, k11 = (52,4)

Euler characteristic

HY; | HY, 1 9 3 T4 s g T 8 9
4 4 1 0 0 0 2 2 1 1 1
2 2 0 1 0 0 1 1 0 0 1
2 2 0 0 1 0 1 1 0 1 0
2 2 0 0 0 1 1 1 1 0 0

NdPi7; dPs dPs dPs; SD1 SD1 SD2 SD2 SD2

D3-brane

D3-brane

D3-branes on dP; divisors at x; = 0 and
x, = 0 for non-perturbative effects

X = —96

Stanley-Reisner ideal

CY threefolds as complete intersections of
2 equations in a 5-dimensional toric space

SR = {x2x3, T2x4, T2X9, T3T4, TaX7, TITTLY, T3IT5L6T8, T1T5TELTLY, L1L5TELRLY |

Orientifold involution

Stack of 4
D7s

O . ITp — —XI5

4 image
D7s

Single O7-plane on

We checked that the local model can indeed
be embedded as well as that the

Ds = 2Dy, — Dy — D3 — Dy

Andreas Schachner

Stack of 4 D7-branes (plus their 4 images) wrapping x5 = 0
with SO(8) gauge group and flux

D-brane and T-brane setup:

A. D3-branes on additional dPj divisors for non-perturbative effects

B. D7-branes to cancel D7-tadpole induced by O7-plane

Flux breaks SO(8) to U(4) with Fayet-lliopoulos (Fl) terms

1 to —)0\

= FNJ >
41y D7 9%

(2np — 1)ty

"v Non-vanishing Fl-term implies we have to switch on
- VEV for adjoint complex scalar ® living on D7 stack

.FZF—BZ(’I’L()——

o

2

7’L2—§

1
)P

Ny, Mo € 7.

24

— T-brane background
~ Gicoli, Quevedo, Valandro: 1512.04558
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Moduli stabilisation

(a')’-corrected Kihler potential Superpotential with a; = 2x
_ _ X) (3 _
K=-In(S+8)-In(—i [ QAQ)—2In v+§ + Ko (= X(X)¢(3) W= [ G3ANQ + Aze “3T3+WQ(X,U)
Q 3 3/2
X 2 2(27)° gs X
Complex structure moduli Kahler moduli Quiver Flux Non-perturbative Quiver
. 3/2 4 3/2 32 1

V =dim, d3T3 dyty’ 5 d1=d3 =dy = 3v/2 Supersymmetric minima at leading order in the volume O(V_z)

Full D/F-term scalar potential for bulk and quiver: VFFIUX _ VFqlliVGI' _ Vsuiver _ ll))ulk — 0

V = VFFlux 4 VFquiver 4 Vlc)luiver 1 VBUH{ 4 V}%VS 4 Vvs i

Stabilises complex structure and open string moduli
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Moduli stabilisation

(a')’-corrected Kahler potential Superpotential with a; = 2z
_ _ X)C(3 —asT:
K—ln(S+S)ln<i/QAQ>21n <V+C>+KQ ¢ = X )‘<(3/)2 W—/GngJrA:ae B+ Wo(X,U)
JX 2 2(2m)3 g5’ ~ JX
Complex structure moduli Kahler moduli Quiver Flux Non-perturbative Quiver
3/2 3/2 3/2 1
di7m." " —dsrs’ " — daT di =da=dy = ——

V=dr 37, A ’ ! ’ ! 3\@ Supersymmetric minima at leading order in the volume O( )

Full D/F-term scalar potential for bulk and quiver: Ve Flux _ 17 Fquiver —V BUiVQY . Blﬂk 0

V — VFluX 4 VFquiver 4 Vlc)luiver 4 Vbulk VLVS + ‘/soft

Stabilises complex structure and open string moduli

Total scalar potential for Kahler moduli Vacuum energy at non-SUSY LVS minima
K 2 1/3 I |
efes , F WO 1 1 / Kes 2 : — :
Viot = (sz - L 7 | ) Fup = ( ) ~0.1822 = (V1) o — Wo FapV'? =" 27di (1 — 4ei)
2 Re(S5) V ) dm \ dy 18Re(S) V3 |7 ™ da; (1 — €;)?
From T-brane - 1=3 =
background!

Balasubramanian, Berglund,
Conditions for LVS minima Conlon, Quevedo: hep-th/0502058

Y — 3dzﬁ( 46%) |WO| p®iTi €; — 1
4a;(1 —¢)  |A;] Lo damy

a37T3—a4Ty ag‘A3’d4 1 — €3 1 — 464 \/7'74

© B a4‘A4’d31—463 1—64 \/7'_3

4
g _ Z dz(l — 46&') 3/2 B 16.Fup V1/3

> (1—¢)2 27

Minkowski minima | >

S
L2

(1 —€;)? T

At the Minkowski minimum, the
volume is not exponentially large,

but grows like (b1 — 2)?

Z"‘: di(1 — 4e;)(1 — 166) 372
1=3

1=3

: B 1 27d; ( 462) |
, <V>M1nk. — Jrg,p (Z da, (1 _ 62)2 \/—) i

1=3
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Numerical analysis for |As| = |As| = | A4

Minkowski minima, mass spectrum and SUSY breaking

Ts — T3 — T4

Minasian, Pugh,
Savelli: 1506.06756

Andreas Schachner

Xeff = X(X) +2/XDZO’)7

gs [Wol/|As| | (7s) (V) [Wol/|As| (Ts) V)
0.10 || 3.57-107% | 3.23 | 115.6 || 2.88-1079 | 4.42 | 188.6
0.05 || 2.22-10~1 | 5.98 | 301.1 || 1.05-107' | 8.35 | 503.2
0.03 || 3.72-10723 | 9.63 | 626.4 || 8.38-1073* | 13.59 | 1057.4
0.02 || 1.79-1073° | 14.21 | 1131.3 || 1.61-10=°1 | 20.15 | 1919.3
0.01 {| 1.21-1077 | 27.94 | 3145.2 || 6.85-10719 | 39.82 | 5363.7

Xepr = — S0 ¥y =—96

27

At the Minkowski minimum:

Wol _ das ( 27d3 \° (L)m o—a [¢/(4d5))2/3
|A3| - 3d3 2a3.7:up 4d3

Tuning in W, is model dependent and avoided
for gaugino condensation or Wil > 4

Small W, could be achieved via
A. explicit solutions Demirtas et al.: 1912.10047

B. stochastic search optimisation Cole, AS, Shiu: 1907.10072

SUSY 2021, 27th of August 2021



Minkowski minima, mass spectrum and SUSY breaking

Numerical analysis for |A;| = |A3| = |A4] Ts =73 = T4 At the Minkowski minimum:

3
gs || IWol/|4s| | (m) | (V) (Wol/[As| | (7s) | (V) | Mo ~ mgjo ~ |Wo|M,/V (Wo|  4daz [ 27d3 ¢ \*3 —a3 [¢/(4d3)]2/3
A 3ds \ 2asF, 4d
0.10 || 357-106 | 3.23 | 115.6 | 2.88-10~° | 4.42 | 188.6 | m3/2 ~ 10'°GeV 43| 3 \ s up )
0.05 || 2.22-1071 | 598 | 301.1 || 1.05-107'° | 8.35 | 503.2 | Mg ~ 1 TeV
Tuning in W, is model dependent and avoided
0.03 || 3.72-1072 | 9.63 | 626.4 || 8.38-1073* | 13.59 | 1057.4 . . 1.1
Soft for gaugino condensationor A" > 4
0.02 || 1.79-10735 | 14.21 | 1131.3 || 1.61-1075! | 20.15 | 1919.3 OTf MMAsses
below LHC scales . _
0.01 || 1.21-10"72 | 27.94 | 3145.2 || 6.85-1071% | 39.82 | 5363.7 Small W;, could be achieved via
_ A. explicit solutions Demirtas et al.: 1912.10047
Xefr = — 56 x =—96 | o
B. stochastic search optimisation Cole, AS, Shiu: 1907.10072
Field Name Mass SUSY broken spontaneously through non-vanishing hidden sector F-terms:
Fts» s fpla s ms3 /2
~ ~ ~ ~ M ) N FUO‘ ~
dPs modulus T2, P2 M T T T 3/2 V
cx str moduli Ua ~ M3 /2 Threshold corrections to the gauge kinetic function for orientifolded singularities amount to
: T T Conlon, Palti: 0906.1920, 0907.1362
dilaton S ~ m3/2 D, — T;ew — T9 — (X ln V F an— 0 — F 2 ~ Oémg/Q on O&mgni Pedro: 1003.0388
blow-up cycles | 73,74 ~ Mg Breaks sequestering effects and hence one obtains soft masses M, ~ M3 /2~ |W0|Mp /V
blow-up axions | p3, p4 ~ M3 /9
volume modulus Th ~ M3 /9 / VA%
volume axion Ob ~ M, e~V
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Conclusions

Summary:

Standard Model quiver from a single D3-brane at dP;s singularity

Explicit construction of compact CY threefolds

Consistent global embedding with tadpole cancellation etc.

Moduli stabilisation in de Sitter minimum from T-brane uplift

Future directions:

Systematic study of models with dP, >5

* Local orientifold action on exceptional collections

Models with many Kahler moduli A1 > 4
Combine with model for inflation
* Gaugino condensation and additional uplifting sources

Concluding remark

P Py S s S P

- These types of constructions are the most explicit models with moduli

IS = -~ e

- stabilisation in de Sitter minima and a realisation of the Standard Model
‘ (and inflationary cosmology) in string theory compactifications!
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Thank you!

Andreas Schachner 30 SUSY 2021, 27th of August 2021



