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Also relevant: recent work with  Abhishek Dubey, Mudit Jain, Sven Krippendorf, Doddy Marsh, Fernando Quevedo.
Keir Rogers, Elijah Sheridan, ...
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1. Introduction: Strings, the Universe, and all that

Based on reviews:

“Flux Compactifications” (hep-th/o610102) by M. Douglas, and S. Kachru
“Inflation and String 1heory” (1404.2601) by D. Baumann, and L.. McAllister
“1ASI 2025 Lectures on de Sitter vacua™ (2512.17095) by L. McAllister, and A. Schachner
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T'he Big Open Problems

Hierarchy problems

Nature of Dark Matter o e
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Not obvious where to go from here from the “bottom-up™: https://github.com/cajohare/AxionLimits
* SMis “complete™: internally consistent up to very high energies
* Dark matter mass almost completely unconstrained + small Yukawas.
* Fine tuning issues in SM and ACDM (by definition) UV-sensitive neutrino masses,
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Compelling (in principle-)alternative route:
e Start with UV-complete quantum gravity (like string theory)

* Work outits predictions (with statistical error bars)

o i ' Y
(ompare with experiment! Nobody knows how to do this presently!

LOOKIN G UNDER THE. LAMPPOST

The String Phenomenology Paradigm

YEOH,

LOST YOUR | LoST THEM OVER
KEYS? THERE. BLUT THE

LIGHTS BETTER HERE

Though our understanding of string theory is incomplete, we can
approximate the “quantum gravity prior” for low energy

observables by studying weakly coupled corners of string theory.

Sketchplanations




String Theory in a Nutshell

time time

worldsheet

Basicidea: replace partcles by 1d strings... 5 worldline

Three major consequences:

1) string vibrations are particle species

11) 1nteractions are non-local and universal

3d space — gd space

ii1) no anomalies requires extra dimensions
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String Theory in a Nutshell

time

worldsheet

Basicidea: replace partcles by 1d strings... 5 worldline

Ixcitations of string — infinite tower of states with increasing M?

Atlow energies — restrict to massless states

metric : gy, scalar: ¢ p-forms: C, fermions
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String Theory at low energies

Three-pointstring scattering — leading-order 1oD action for massless d.o.f.

SO — Mlzoj{e_z‘p(R +4((3gb)2) + 2 a,|F,. \2+ } v | g| di%
p

Higher-point scattering leads to further corrections to this action ...

Double perturbative expansion:
® loop corrections — string coupling g, = e?
® o corrections — higher-derivative terms like R*

Gross, Witten 1986; Gross, Sloan 1987; .. ;

Green, Gutperle, Vanhove 1997;

Liu, Minasian, Savelli, AS 2022, 2025; R M%O(a’)3j {e_2¢( [1 +- 62¢]R4 + ... } v | g| di%

Kim, AS work 1n progress
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To obtain four-dimensional Universe from string theory

— compactily ten-dimensional theory on 61 compact space

This 1s achieved through so-called Kaluza-Klein reductions
Kaluza 1921

— let us begin with simple toy example flen doee
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Kaluza-Klein reductions

Toy model: 5-dimensional gravity+U(1) gauge theory compactified on a circle S’

S = J(R(S) 2;FM\,FMV) V-G dx

Expand fields in Fourier eigenmodes ~ e*™% on §1

Gss5(x,y) = ¢p(x) + Z @, (x) e 0 As(x,y) = a(x) dA(y) + higher KK-modes R13 % ¢!
k>0

Higher Kaluza-Klein (KK) modes like ¢, are massive
(A4 +0;Gs5) =0 = Ayp=Qak)’ g, Ayp(x) =0

— at low energies, only keep the massless modes

o (x) (called modulus) parametrises the size of extra dimension Vol(S1) ~ 1/¢(x)

o axion-like particle a(x) with shift symmetry a(x) = a(x) + ¢ from 5d gauge symmetry A — A 4+ dA
17



Kaluza-Klein reductions

Reducing the action on S! to 4D leads to

6¢h2
- n IS 1\
JFMNFMN\/—Gdsx — J£¢IfhyF””4:ﬁ{da)2>,/—g d*x +
o7 SR
A’ K’

r 27
ROVTG =[R2

Couplings in 4D are determined by field values of ¢

— “no lree” parameters

— need mechanism to fix value of modulus ¢ (size of S1)

Modulistabilisation: generate potential for ¢

“fixing” modulus at a minimum.

Higher-dimensional gravity contains

deformation modes of extra dimensions

To all orders in perturbation theory: massless
axionwith f~ 1/¢

v

Aside: potenaal from non-perturbative instantons

o0

Via,$) =~ ) c,e7™ (1 - cos(ka))

k=1
Naturally light at weak coupling ¢ > 1

— excellent candidate for dark matter!
e.g. Svrcek, Witten "06



String compactifications to four dimensions

Choice of 6D compact manifold — Calabi-Yau (CY) manifolds X

Candelas, Horowitz, Strominger, Witten 1985

Mo = (AdS,, R, dS,) xE9¢

a2 2 Ya 2 There exists Ricci-flat metric on X
[T e vk e z (288 _,
Tk Za za % o\ B ) =

Ne——

Calabi 1954, Yau 1978

Alternatives: break SUSY at

A. the compactification scale €.g. de Tuca, Silverstein, Torroba ‘21

B. UlCSH’ngSCalCI €.g. Dixon, Harvey ’'86, Ginsparg, Vafa 87, .. , Raucci, Tomasiello ‘25
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Deformations of CY metrics

Givena GY metric g, what are the deformations og that preserve R, (g + 0g) = 07

Two™ types of deformations

“There are usually many

representatives for each type, see later!




The 4D EFT

The resulting 4D EFT corresponds to /" = 17 supergravity in terms of

e complexscalars®’ € {T,z, ...}
“strictly speaking, reduction on CY leads to

e real Kihler potential K ((I)I , 61_ ) N =2, butwe will break itto A4 = 1 later

e holomorphic superpotential W(®')

|
| .
|
$

1 B B
IR Mj[d“x, /=8 <5R<4> — K;7(0,@)(0"®") — M, Vi (@', D) + )

For the purposes of this talk, the relevant terms in the action are

F-term scalar potential F-terms Kihler metric

V,=eK(KIDWD,W—-3|W*) , DW=oW+ @KW , K;j=0goeK

24



2. The Vacuum Problem:

1 he Challenge of Stabilising Lxtra Dimensions

The 4D EFT contains additional light fields — the moduli of X — which

* are massless at leading order,
e allect cosmological evolution, and

* can mediate fifth forces, which are tightly constrained experimentally.

25



Vacua in String Theory

A tachyon-free, isolated, 4d Stringvacuum 1S Notto be confused with vacuum solutions R,, = Oto Einstein’s equations!

a solution of the equations of motion such that H

2 .
® m~ > (O forall spin-less fields A string vacuum generally includes sources of

® 3 spatial dimensions are large stress-energy R, # 0, see later!

Usually no worldsheet description ™ for such solutions, so instead
— CGompute 10D EFT order by order in the o and g_expansion

— Seek solution to EOM at weak coupling (weakly-curved X at g, << 1)

“recent progress in finding worldsheet descriptions of
string vacua from string field theory: Cho, Kim 2311.04959
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Vacua in String Theory

A ta(:hy()ll-fl'ee, isolated, 4d Stringvacullm 1S Notto be confused with vacuum solutions R,, = Oto Einstein’s equations!

a solution of the equations of motion such that H

2 .
® m~ > (O forall spin-less fields A string vacuum generally includes sources of

® 3 spatial dimensions are large stress-energy R, # 0, see later!

Usually no worldsheet description ™ for such solutions, so instead
— CGompute 10D EFT order by order in the o and g_expansion

— Seek solution to EOM at weak coupling (weakly-curved X at g, < 1)

The solutions to the roD) EOMs correspond to critical o 3 ,
Vie=e™KY DWD;W -3 |W
points of ascalar potential in the 4D EFT! F=F ( . W )
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Systematics ol string corrections

2512.17095 McAllister, AS

The supersymmetric 4D EFT receives corrections in g, and o

W@Y) = ) gM@)' W, (@Y K@, &Y =) gl'@)'K,, (P4, &)

m,n

W protected by non-renormalisation theorem: K recetves corrections at all orders in perturbation theory
Won(®) =0 m.n>0 V=2 V=2 =1 V=1
K = Kijee + 0K o + 0K, 77+ 0K, oo + 0K S

e.g. Burgess, Escoda, Quevedo hep-th/0510213

We compute K at “leading-order” incorporating all “known™ effects

1 . (X 1 [Becker et al. hep-th/0204254,
Kl() = — 210g Nk tlt]tk C( ))(( ) | Z ,/Vq <Li3<(—1)y.q€_2ﬂq.t> -+ ) Robles-Llana et al. hep-th/0612027,
o 6 7 4(2m)3 2(27)> qe (%) 0707.0838, Grimm 0705.3253]

J'R4 d1%y o J%(X)Rd4x G()pakumar_Vafa mvariants ‘/Vq [Gopakumar, Vafa hep-th/9809187]
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Dine-Seiberg vs. Dirac

Dine-Seiberg problem: Avoided by introducing fluxes F as generalised electromagnetic charges!

No non-trivial solutions to EOMs at weak Coupllng! Giddings, Kachru, Polchinski (GKP) hep-th/0105097

Dine, Seiberg: 1985

— are quantised F € Z* Components of -

e — constrained by Gauls law | | F\ | <0 J’ P J’ o
. quantum effects ~ classical = strong coupling — induce stress-energy R, ~ (F 2)/41/ T .. 3d > 3d ’

II. intermediate regime = needs extra sources

[11. large volume = arbitrarily weak coupling

—
. I F...
see e.q. McAllister, Ouevedo 2310.20559 Letus compute the 4D scalar potential in terms of

15— B
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T'ypes of vacua and the superpotenual

Vi = eK(KY DWD;W —3|W|*)

SUSY vacua: D;W = () non-SUSY vacua: D,W # 0 for some @'
—> AdSwith (V) = — 3(eX| W|*) — dSwith (V) > 0 possible!

— need to compute © the superpotential W

W(z,T) = Wyy(2) + W, (2, T)

* focus on a single complex structure and Kihler

modulus z, T, usually many more, see later!

WﬂuX(Z) — CZ3Z3 + a222 + a2+ dy T Z Nq ezﬂi 1<

9
a;, N, € Q determined by topologyand fluxes F € 7"
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T'ypes of vacua and the superpotenual

Vi = eK(KY DWD;W - 3| W|*)

SUSY vacua: D;W = () non-SUSY vacua: D,W # 0 for some @'
—> AdSwith (V) = — 3(eX| W|*) — dSwith (V;,) > 0 possible!
— need to compute © the superpotential W g

Wz, T) = Wyy(2) + Wi (2, T)

00
: _ —2rmT
Wﬂux(z) — Cl3Z3 + ClzZZ + a2+ dy T Z Nq eZm 1< Wnp(za T) — Z Am(Z)G
m=1

q __ . .
a, Nq € Q determined by topology and fluxes F € 7k Non-perturbative effects from D-branes wrapping cycles
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3. Towards de Sitter solutions:

Ingredients for Candidate de Sitter Vacua

Goal: assemble tools for constructing explicit string vacual

choices of X choices of F

39



The Geometric Toolkit

hypersurfaces in toric varieties

,-"/ N\ / \ '-.\‘..\ \ ',
/o « O » \ O \ o/
/."j;,_,/ 4 \ \/ \\.’ .\_‘ , /
. .

3 la 1b Ac

e .
. 3 [
0 \\\

Ga 6Gb

473,800,776 reflexive polytopes in four dimensions

Kreuzer, Skarke hep-th/0002240

How do we construct and compute

(topological) CY data in practice?

¢

%

A

--------I..>»

polytope triangulations

Demirtas, Rios-Tascon,
McAllister 2211.03823

40

R

— largest class of known CY's realised as

Construct toric varieties from combinatorial data

Batyrev alg-geom/9310003




CY selection and the lamppost effect

Every growing database of Calabi-Yau geometrie
from which we can efficiently sample! w

S
C
Demirtas,

This 1s a lamppost, but already
huge search space!

LOOKIN G UNDER THE. LAMPPOST

YEOH,
| LOST THEM OVER
THERE. BLUT THE
LIGHTS BETTER HERE

«5K€.{Chp\3nat onsS

Rios-Tascon,

MacFadden,

< 10%°° Calabi-Yau threefolds

McAllister 2008.01730

Orevkov, Stepniczka 2602.16909

Optimisation in geometric landscape

Genetic Algorithms

13
log10(f/GeV)

14

15

MacFadden,

AS,

Sheridan:

2405.08871]

GA Generation



Back to the Vacuum Problem

For given CY X, how can we construct solutions with p,,,. > 07

Vi = eK(KY DWD;W - 3| W|*)

Plan: find SUSY minimum D,W = D;W = 0 and break SUSY afterwards!

Wi (2) = a3z’ + a,2* + a,z + ay + Z N, 2714z
q

43



SUSY Vacua — concretely

For experts, this 1s KKLT

Kachru, Kallosh, Linde,
Trivedi hep-th/0301240

[fwe can find F € Z* such that a; = 0 (Diophantine problem!), then we can fix z

Wiux(2) = a32° —E 62222-116112:{ ay+ ) N,e”% — D W =0sothat | Wy| < 1 with Wy = (W)
-=" all q

The remaining Kiahler modulus 7" 1s fixed at leading order as

Self-consistent:

o0
Wiz, T) = Z A (e~ _, D;W =0florT ~ 2%: l()g< | W, ‘_1 ) Perturbative control T > 1
m=1 achieved for | W, | < 1!

At the end of the day, one obtains ...
SUSY CC problem: Solutions with

. : _ K 2
= SUSY AdS minimum with p,,. = — 3(e™ | W|") Pune ~ — 1()_122M];l have been found, but see later!

Demirtas, Kim, McAllister, Moritz: 2107.09064
wip MacFadden, McAllister, Moritz, Nally, AS



SUSY breaking and uplift

Locally:
. dsg = dr* + r*ds;3

"
Zef| 203 anti-D3

A redshifted anti-Dg brane in a warped throat breaks SUSY and can

S vacuum.

uplift an AdS vacuum to a candidate ¢

[Klebanov, Strassler hep-th/0007191]

[GKP hep-th/0105097]

[Kachru, Pearson, Verlinde (KPV) hep-th/0112197]

V=Vp+V,, sothat(V)>0atdV=0

For experts, this 1s KKLT
Kachru, Kallosh, Linde,

Trivedi hep-th/0301240

To get p,,. > 0, weneed to break SUSY *and

change our setup in some regards!

Schematic of possibilities

=== SUSY AdS

— Non-SUSY AdS
- e Sitter
Runaway

Scalar potential

Volume

* Alternative approach e.g. F'-term uplifting from F

[Saltman, Silverstein hep-th/0402135]

[Hebecker, Lust, AS, Schreyer 2512.17995]



SUSY breaking and uplift

For experts, this 1s KKLT

Kachru, Kallosh, Linde,
Trivedi hep-th/0301240

To get p,,. > 0, weneed to break SUSY *and

change our setup in some regards!

Locally:
Sef ‘\\ ds62 =dr’ + FZdSSZ
: Schematic of possibiliti
e2Ar |Zcf|2/3 “anti-Dg - chematic of poss es __-SUSYAdS
The main difficulty 1s achieving | V.| ~ Vup ina — NomSUSY Ads

Runaway

discrete, finite landscape of EFT's!

A redshifted anti-D3 brane

E \
) . E |
uplift an AdS vacuum to a candidate dS vacuum. Sof 1 \ P e —
| ’
L ———————— T EEE——————, \ //
[Klebanov, Strassler hep-th/0007191] v
\
[GKP hep-th/0105097] v’
[Kachru, Pearson, Verlinde (KPV) hep-th/0112197] Volume

V=Vp+V,, sothat(V)>0atdV=0

* Alternative approach e.g. F'-term uplifting from F

[Saltman, Silverstein hep-th/0402135]

[Hebecker, Lust, AS, Schreyer 2512.17995]
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4. Explicit Vacuum Constructions:

Computable Corners of the Landscape

Based on
24006.13751 (Phys.Rev.D 111 (2025) 8, 086015) with .. McAllister, J. Moritz, R. Nally
work in progress with N. Macladden, L. McAllister, J. Moritz, R. Nally
work in progress with I'. Compagnin, N. MacFadden, L. McAllister, J. Moritz, R. Nally
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Challenges in the search for fully explicit models

Let us try to implement this mechanism in a fully explicit example ...

... but thisis hard!

One"c}oes not simpl}; walk into Morcor. -

the landscape.

A. Need to choose suitable X = notany “works™ (right now)
“Number of moduli fields are counted by

topological (Hodge) numbers 274(X) B. h?9(X) ~ O(100)" = 0V = 0 high-dimensional optimisation problem

C. computational control = strong constraints on the solution

This requires dedicated computational software development ...
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Automation in String Compactifications

Given a GY X, how do we numerically solve optimisation problems?

We developed dedicated software tools to automate

A. the computation of objective functions (i.e. K, W),

B. minimisation routines for general EF'1 inputs, and

C. the control analysis of solutions under varying constraints.

Composable Transformation Functions
| « Justin time (JIT) compilation W

oo
=
& H G
£ —» Auto Vectorization
o s
&, Auto differentiation f(x+Ax)- f(x)
‘x Ax-0 AX
* Auto Parallelization h=-
E—
Bradbury et al. (2008)

Beyond backpropagation: JAX's
symbolic power unlocks new frontiers
In scientific computing

Zekun Sh
Senior Product Manager Researcher

Developers googleblog
53

AS work 1n progress

Timing for evaluating V

102 Implementation  h1.2(x5)
® Mathematica — 2

Python —— 4
101 e JAXiit
® JAX jit, vmap

10! 10? 10° 104
#Points

Dubey, Krippendorf, AS 2306.06160



Auvntomation i Strino Comnactifications

hl2=2
44 Qp3 = 148, #vac.=8.7e+05 Qpz =124, #vac.=7.8e+05 Qp3z =136, #vac.f8.4e+05 Qp3 = 132, #vac.=9.0e+05
2
£
40 -1.0
hl2=3
Qpiz =104, #vac.=7.1e+05 Qpz =120, #vac.=1.5e+06
10 -0.8
We develope s
§ /
A. theco R dCud
R X JA WITH JAX
B minin 45 Qpz = 128, #vac.=1.2e+06 Qp3 = 124, #vac.=1.8e+05 Qp3 = 148, #vac.=5.2e+05 Qpz = 104, #vac.=9.4e+05 0.4 é: =
_ e gress
C. theco 2 o
- ={).2
-10
hl2=5 , )
g Q0156 s -21e405 JAXVacua enables large-scale studies of entire ensembles of EFTs. o
o A E B Ebelt, Krippendorf, AS 2307.15749
e § -10 N " — B i
e j =10 0 10 ~10 0 10 ~10 0 10 ~10 0 10
U Re(Wo) Re(Wo) Re(Wo) Re(Wy)
L — T ——————— C — e ——————— #Points
Bradbury et al. (2008) Developers googleblog Dubey, Krippendorf, AS 2306.06160
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The search tor dS vacua

2406.13751 McAllister, Moritz, Nally, AS

Target: Find first concrete examples of de Sitter vacua in string

theory as envisioned by KKLT 20 years ago.

[Kachru, Kallosh,

Schematic of possibilities
. . . 1
Linde, Trivedi hep-th/0301240] : ——- SUSY AdS
| - =P Plenty:( —— Non-SUSY AdS
'| —— de Sitter
|| -~ Runaway
'S || " > coe o
(-
Q | ¢
5 |
o |
5 |
O 0 1
. n
£ (A)dSpoint (T,) SHEE SEEE

Volume

Our data is publicly available on GitHub:

https://github.com/ AndreasSchachner/kklt_de_sitter_vacua
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4001 -

2406.13751 McAllister, Moritz,

3001
1 Ny

h1,2

| SRR * -
%N The scan ™ over 4D reflexive polytopes!
1OOj ;’" Kreuzer, Skarke hep-th/0002240
O" | PR TN R
0 100 200 300 400 500
4
}21,1 ,*
4
The scan leads to the following Lo’
\ 4
e #(Yswith conifolds: 416 _e” -
. _} . ‘
e #consistent I with SUSY AdS: 90.457.494 )
- -

 #upliftable solutions: 24,510 === ===~

“we only looked at 202,703 out of 473,800,776 4D rellexive polytopes

Nally, AS

10~

10—10
- ™ "."

s "10-12

10~
10—18

A}

10—15

The search for vacua

“» “uplifaable” | Vi | ~V,

10-12 10~° 10°° 10-3




The search for vacua

4001 -

200) 2 2406.13751 McAllister, Moritz, Nally, AS
h 1,2 |
200+ Aenie e
The scan™ over 4D reflexive polytopes! e
100? Kreuzer, Skarke hep-th/0002240 < !
1010 - % o S — ] .
T 200 Fl~ Vi
.t None of the numbers stated here should bee understood as
p-° 10-2 109
being exhaustive! This 1s the best we could do back in 2024...
- T ———— .
The scan leads to the following Lo’ - Sl 25
. . s . 2 . -m = -> .o df?;z?é;,
* #(Ys with conifolds: 416 e _.-mT R/ Sh et -2.0
. - . . —"— Eo -4 2 Seits ¥ % -.zm
o #consistent F with SUSY AdS: 90.457.494 PR A 0 i g
=" - 10-5 SNl e - 1.0
o #upliftable solutions: 24,510 == =====" . g, <04 _
10 0.5
W, < 0.1
107
10714 107 107 1072 10°° 1074

“we only looked at 202,703 out of 473,800,776 4D rellexive polytopes 59



A Candidate de Sitter vacuum

Here is an explicit example of a de Sitter candidate vacaum with * 2! = 150, h%! = 8 and

g =0.0657 W,=0

0115

2406.13751 McAllister,

g M =1.051

Potental before and alter uplift:

Example 1: Scalar potential

= = anti-de Sitter
— (e Sitter

34 36 38 44

48 50

60

Moritz,

Nally,

7= 2.882x 107°

107 5

AS

“158 x 2 = 316-dimensional
optimisation problem!

Vis =+ 1.937 x 1077 M}

The vacuum is [ree of tachyons!

Example 1: Moduli masses

10° 3
10° 3

104 3

mA/H

103 3

102 5

] &
10133

109

¢ Kahler moduli
+ Complex structure moduli

#*
-+
.

i

e
<<<<<<<<<<(<<<<<<((<(<«
(<<((((((((((((((((((<<<<<<<<<s<<<<<<<<<<(((((«(((((((((((<<<<<<<<<((«(«(«<<<<<(<«<««««<«‘
R
'«(((((((((((«(((«
’ ««(«(««(«(«(s
« («(«(«\(««(

6
<<<<<<<<«««««««««6«««
O
(«é«««(«‘
G
q
&

«

50 100 150 200 250 300




Control analysis and convergence tests

2406.13751 McAllister, Moritz, Nally, AS

We need to ensure that we incorporate all relevant corrections in the EFT...

— —2rn q-t
E, =N nq

WN ~ 2 ‘/Vq (F . q) le (62711' Nz> Convergence of Kahler potential Pfaffian prefact()rs *
q-p=N
W (T)=Y A2 Ap=4/%2—=Xn
Convergence of flux superpotential np o D D n (4r)2 D
1074 "o D
1o ., We setny, = 1, but checked that solutions survive for
10715
107> < np < 10
g 10-21 b
= o negative slope = convergence = control!
10733 .
10-% n “ Computing A, or i, in actual examples has so
10-45 L, . . . . . o . far remained out of reach, see however
0 120 30 4050 Contributions from worldsheet instantons
[Kim 2107.09779, 2301.03602]
. ’ —2nq-t [Jefferson, Kim 2211.00210]
Flux Ko Y g (Lis(e2t) + ) , .
u pOtentlal qEM(X) [Alexandrov et al. 2204.02981]
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T'he leading order EFT

2406.13751 McAllister, Moritz, Nally, AS

Our vacua “live” at leading order in string perturbation theory (including all known

corrections), but are potentially vulnerable to unknown corrections.

Kl ~ Ktree K(a’)3 + KWSI , Til.o. ~ Titree éTi(a/)z n 5TiWSI

.0.

For the moment, we ignore
* string loop corrections, especially A/ = 1 corrections

* o' corrections to the KPV potential for the anti-D3 brane

[Junghans 2201.03572]
° [ (Hebecker), Schreyer, Venken 2208.02826, 2212.07437]

[Compagnin, Kim, AS, Schreyer work 1n progress]

Locally:
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T'he leading order EFT

2406.13751 McAllister, Moritz, Nally, AS

Our vacua “live” at leading order in string perturbation theory (including all known

corrections), but are potentially vulnerable to unknown corrections.

We are laying the groundwork for future investigations in which all

corrections can be consistently accounted for. Even if the current solutions

For the m . .
OF e i cease to exist, there are new solutions to be found!

* string loop corrections, especially A/ = 1 corrections

* o' corrections to the KPV potential for the anti-D3 brane N Locally:
[Jungh 22 Lef s, ds? = dr® + r*ds?
ghans 01.03572] . 6 5
° [ (Hebecker), Schreyer, Venken 2208.02826, 2212.07437] A /3 “‘ ]
o e~k | 7, anti-D3

[Compagnin, Kim, AS, Schreyer work 1n progress]
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Foven smaller CCs with SUSY

wip MacFadden, McAllister, Moritz, R. Nally, AS
Previously p,. ~ — 10_122er§l

Demirtas et al 2107.090064

Recall: choose F. e 7" such that a;, = 0, then
For SUSY vacua, Dg/W = 0 we simply have

Wi (@) = 4z’ £ &2l ¥ dy+ Y N, 16
) =ay7’ +d 2+ ay+ e ~ K 2 =
flux 3——__2 -1_..0. q <V>N—3€ ‘WO‘ WO_<WﬂuX>
—
Improving upon search algorithms for suitable F 1o | odd
| = even
| pvac‘ S 10719 M; | Best even solution so far

—96 p 74
~—107% M

107 1

Count

Iiven smaller plays double role here:

10* 1

Uncertainty over precise flux quantisation conditions

-700 -600 -500 -400 -300 =200 -100 0

could imply that F € 2Z* needs to be even.

l0g10 (Wo)

[Frey, Polchinski hep-th/0201029]
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Foven smaller CCs with SUSY

R. Nally, AS

wip MacFadden, McAllister, Moritz,

These solutions are sate against perturbative corrections
K- K+g AK = (V) ~ =3eK|W,|*(1 + O(g,))

e.g. 2512.17095 McAllister, AS

These solution
* solve the SUSY CC problem
e cxplain how alarge (4D SUSY) Universe can arise in a theory

with a small fundamental length scale

o cxhibitscale separation R_ ., ~ Ml%/\/ | Py | >V

SUSY Universes much bigger than strings, but mostly “empty™ ...

75

Count

10° -

107 1

10* -

-700 -600 -500 -400 -300 =200 -100 0
l0g10 (Wo)

L —— N ———

Could open new approaches
to the actual CC problem!

L e—




Fine tuning in QG?

- a==" ° Mechanism is intrinsically tied to
%ZZMZ Cl() Z Nq eZﬂ'IQZ CC C. y ed
~ea quantum gravity!
q I

Exact cancellation of polynomial terms due to

 f{lux quantisation (thanks Dirac), and

e compactness of internal manifold!

Philosophical question: Is this how nature works — with polynomial

contributions canceling, leaving exponentials to dominate?




26.28 A

26.26 -

26.24 -

)

26.22 -

26.20 -

Chains of AdS vacua

wip Compagnin, MacFadden, McAllister, Moritz, R. Nally, AS
In the classical theory — chains of AdS vacua In the quantum theory — intricate landscape
r b -1.0
‘..‘
O
: 3 -1.3
o
© o
° - -2.0
. . Homotopy type analysis 12
A &P ﬁ B
o o ® :
° . . Add quantum corrections
. . i K — K+ eoK -3.0
(o]
(o]
0000 ° -3.5
-6.65 —6.60 —6.55 , -6.50 —6.45 —-6.40  —6.35 SO S L /1 R Ha B e
|
Highly interesting vacuum structures! |
Coleman, De Luccia 1980,
—> tunnelling and vacuum selection in explicit setups? -+ Jonnson, rarfors 2005
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Summary

5 - Example 1: Scalar potential

= = anti-de Sitter
— de Sitter

1.  Wehave come along way since the early days of the string landscape: ideas that once

felt like fantasy, such as KKL'T compactifications, are now moving to our fingertips.

2.  Whatonce looked out of reach 1s now computable: explicit candidate de Sitter

constructions in string theory are no longer just a dream scenario.

3. Even under this lamppost, the storyis far from complete: the computable corner

explored here likely contains many more candidate vacua still waiting to be found.

4. Thenextfrontieris computational control: the geometries are increasingly explicit,

but the decisive quantum corrections are still the bottleneck. 100 8

0 100 200 300 400 500
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T'hank you!
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Summary of Candidate de Sitter vacua

2406.13751 McAllister, Moritz, Nally, AS

ID| A2 | BV | M| K gs W gsM |zt Vo

150 | 16 | £ | 0.0657 | 0.0115 | 1.051 | 2.822x107% | +1.937x10~"

150 | 16 % 0.0571 | 0.00490 | 0.913 | 7.934x107° | +1.692x 10~

150 | 18 | 22 [ 0.0442 | 0.0222 | 0.796 | 8.730x1078 | +4.983x 10719

11

93 |20 | i | 0.0404 | 0.0539 | 0.808 | 1.965x107° | +2.341x107%

93 | 16 | 2 | 0.0466 | 0.0304 | 0.746 | 8.703x10~7 | +2.113x107'

Ot x|l W DN -
vl Ot Co| o | ©o
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T'he leading order EFT

2406.13751 McAllister, Moritz, Nally, AS

The leading order potenual is defined by

V=Vp+V, , Vi = eK<K]j DWD;W - 3| W|2) , Vip = VEV , W(z,7,T) = Wyy(2,7) + Wy, (2, 7, T)

We work in the leading-order EFT where the Kéhler potental and Kéhler coordinates are given by

"2 Genus-zero Gopakumar-Vafa invariants ./ can be
KI-O- ~ Ktree T K(Ol’)3 T KWSI ? TiLQ ~ Titree + 5Ti(a) + 5TZWSI “" comiuted using CYTools. :
:f [Gopakumar, Vafa hep-th/9809187]
Here the tree level o’ and worldsheet instanton (WSI) corrections amount O e
K,. = —2log éxijk figih Cf’)z%(f) > 21 -y, <Li3<(— 1)V°qe—2wt) +27q - t L12<(— 1)%qe—2”q't)> ,
| Qrp  20x7 A |
1 . D. 1 "
(27) qeM(X) v X
See 1n particular:
For the moment, we igIlOI’@ [Becker et al. hep-th/0204254]
[Robles-Llana et al. hep-th/0612027, 0707.0838]
* string loop corrections, especially A/ = 1 corrections [Grimm 0705.3253]

* a' corrections to the KPV potential for the anti-D3 brane as derived in
¢ [Junghans 2201.03572, (Hebecker), Schreyer, Venken 2208.02826, 2212.07437]
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