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Three phases in the story

everything looks great !

® trapped with “something" in the middle

® end! ?!
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Why LVS ?7?

In general, K and WW can have several corrections induced from various sources,

K=Ko+ K, +Kg, +..., W=Wo+Wi=+W:=2+ ...

Effects of string loop-corrections [Berg, Haack, Kors|, [Cicoli, Conlon, Quevedo],
[Berg, Haack, Pajer], [Berg, Haack, Kang, Sjors], [Haack, Kang].

Effects of o’-corrections [Becker, Becker, Haack, Louis|, [Grimm, Savelli,
Weissenbacher], [Bonetti, Weissenbacher], [Minasian, Pugh, Savelli].

® Higher derivatives (F'#)-corrections to scalar potential [Ciupke, Louis, Westphal].

Time evolution of the knowledge of these unknown corrections has been quite uncertain.
® And issue of viability !

® [Extentions of “No scale structure" [von Gersdorff, Hebecker]|, [Berg,Haack,
Kors], [Cicoli,Conlon,Quevedo], [Pedro, Rummel,Westphal], ....... !

Attractive features of LVS:

® The CY volume V is dynamically stabilized to exponetially large values, and

works as a good expansion parameter, e.g. in Vs, Vg, Vpa, ..

Controlled breaking of the (sub-)leading order symmetries = step-by-step
computations with analytic (or at least numerical) control; good for moduli
stabilization, creating some mass hierarchies, useful e.g. for single field inflation.

Useful control over (un)known o’ and gs corrections ?
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LVS flat directions and reduced Moduli space

Underlying logic and the detailed insights behind the LVS:
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How to make the leading order terms in each of the three pieces compete 77

Julv 04. 2018 Strineg Phenomenoloecv-2018. Warsaw. — »D. 4/20



LVS flat directions and reduced Moduli space

Requirements for LVS vacua:
1. X has negative Euler number x(X) < 0.

2. X features at least one divisor Ds which supports non-perturbative effects and
can be made ‘small’, i.e. the CY volume V does not become zero or negative
when 75 — 0.

3. The element K55 of the inverse Kihler metric scales as (for V >> 7'3/2 ~ é)
K®5 ~ AV /75, A~ 0O(1)

Diagonal divisor Dg: Fssi kssj = ksss Ksi; Vi,

L (kssit’)” = “ddP”.

1 . 1 : :
Ts = = ki t't) = kosit’ kssit? =
s 9 s1] s 581 EXY] Vass

LVS vacua is generically determined by:

38 _ 3 x(X)(3) Z _3/2 Vo me 2 WO VIO aimas i1
= o) ~ /= ‘ oy Ml

22(2m)3g.3/2

— Reduced moduli space M, with dim(M,.) = (b1 —ns —1).
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A snapshot of Fiber Inflation [Cicoli, Burgess, Quevedo’08]

The CYs used for this class of models are so-called ‘weak’ swiss-cheese CYs which have

V:’YbTb\/T__'YSTS/Qa W:WO+A36_GSTS-

The direction in the (7, — 7¢)-plane orthogonal to the overall volume V is still flat and

is lifted by two-types of string-loop corrections.

: : CFkk L . :
KK-type string-loop corrections: Kgf = gs ZZ ‘55— can arise via KK string

exchange among non-intersecting stacks of D3/D7-brane and O3/O7-planes.

cv
. : L b : L
Winding-type string-loop corrections: K7, = ZZ Vi can arise via winding

exchange between stacks of D7/07 intersecting along a non-contractible 1-cycle.

After extended no-scale, the leading order 7y dependent terms in the scalar potential:

1.5x107° -

gs |Wol? [ A Ao A3 Ty
= 2 T =5 |
T3 VTF V

2 2 3
= \/§¢:(Tf>e\/§@, €~ §n2,r~6(n3—1)2;

Ps ~23x 1072, N, ~ 60, ns ~ 0.96, r ~ 0.007.

Global embeddings 777
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Strategy and minimal requirements

® Searching for some K3-fibred CY threefolds with A'! = 3 and having a diagonal
del-Pezzo divisor (to support LVS).

Choice of involutions, tadpole cancellations, and Brane-setting.

Ensuring that the possible brane settings have enough structure (being parallel or
intersecting) to generate “appropriate" string-loop corrections.

Incorporating the effects of recently proposed higher derivative corrections.

Moduli stabilization and Inflationary dynamics along with the numerics to fit the
values without violating the assumptions made.

Chiral global embedding: repeating above steps with appropriate and consistent
choice of fluxes using some K 3-fibred CY threefolds with A1! > 3 and having a
shrinkable del-Pezzo.

® Kaihler cone conditions and size of the reduced moduli space.

We investigated all the CY3 with A1 = 3 by considering all the 244 polytopes of the
Kreuzer-Skarke list using the CY database [Altman, Gray, He, Jejjala, Nelson].
® 4 of CYs = 526 in which there are 305 distinct geometries.

® K3-fibred along with at least one diagonal dP: # of CYs = 43.
Thanks to [Oguiso’ 92]'s theorem.
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Minimal global embedding: [Cicoli, Muia, PS’16]

Let us consider a CY threefold defined by a hypersurface with the following Toric data,

CY Hyp. 1 o T3 T4 Ts5 6 T7
6 0 0 1 1 1 0 3
8 0 1 1 1 0 1 4
8 1 0 1 0 1 1 4
dPs NdPig SD2 NdPi5 NdPi3 K3 SD1
SR = {xixs, x1x6X7, T2T3T4, T2TEXTT, TITLTS }

with (h%1 AL1) = (99, 3), Euler number x = —192, and the volume form being,

3 Ty T 2 3/2 JT
is f_ V2T ; ts = —V2/Ts, ty = oy, =V
6 6 3 6./Tr 3
Involution, tadpole cancellations and Brane setting: Involution ¢ : x3 — —x3

V:9tftg+

D7 tadpole :  8[07] =8[D3] =8[D2] +8[Ds5], D7 not on top of O7
Aux Nos | x(O7) Na (x(Da) + x(Dg))
D3 tadpole: N Ngange = —— E
adpole D3 + + Ngauge 1 + 1 + 13
5 35  8(16+13
= -+ —+ (16 +13) =9 some space for background fluxes.

4 12 48
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Curves at the intersection of two divisors

Dy | Dy | Ds | D | Ds | D | D- O7ﬂD5:P1, O7ﬂD2=T2, D> N D5
D1 || Co T2 T2 Co 0 0 Ca

Dy || T2 | Pt | T2 | 2P | Co | O | C4 W Js VVO2 cV
Dy || T2 | T2 | Co | P' | P' | Co | Cus VgS:_2 o E N3 4

3 N
Dy || Co | 2P | Pt | 6P | P! | C2 | C5 87 i v ti
Ds 0 Co P! Pl | 4P' | Co | C5 2 1 OW oW W
Dg 0 0 Ca Ca Co 1] Cio = —9 (gs ) ‘W(;‘ |: 1 _|_ 2 + 3
D7 Cy Cy C14 Cs Cs Cio | Cs2 81 V 6 ty (ts +6 tb) 2 (tf - tb)

The KK loop-corrections and F*_corrections, are given as:

2 3/2
VKK _ 2 (9 W¢ (C?K) (CFE) 21y . 6C‘£<K 275 n C;{K 2Ts
95 — 9Is 8w /) V2 4712 72)2 C’?K T¢ C’?K Tf ’

+
f
A | W, 4H7; tt
I1;(D;) = c2(CY)AND;, and Vps = | 0|4 [Ciupke, Louis, Westphal]
cYy v
o (95 AW 24 8232 36 77 102 /s
P =" \&r) Bl T Ty Ty T v |
gs' "V LTS f

AW?2 k k
Vint = M—QOVQ Cas + e 2k¢ —4e™ 2 + Ry eF? + Ry 67@) ,

J

where k = %, Cas = 3 — R1 — R to obtain a Minkowski (or slightly dS) vacuum.
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Inflationary dynamics

For gs = 0.1 and V = 102, Ry = 10~ and with reasonable choices of the underlying
parameters Cw = 90, C’?K = 65, C’g(K = 0.58 we have,

----------- R, =0
Ry=7x107*
Ry =15x1073

_ H?
Ro ns r [Wo RY 0=1%

0 0.964 0.007 5.7 0 0.167
7-10"4 0.970  0.008 6.1 1.5-1073 0.169
1.5-1073 0.977 0.012 6.7 2.7-1073 0.171

X(CY)¢(3) _
— X ey = 0.465

and ¢ = 293%\) = 0.0074 < 1. Also (Tf) ~ 60.4 > (1s) =~ 2.9, so that the

corrections proportional to (7s)/7¢ can be self-consistently justified to be

® Control over o’ expansion: Using x(CY) = —192, £ =

neglected.

® Shift in x (Savelli's et al), Xer := X(CY) + Xsnitt = x(CY) + 2fCY D},.. We
find that the sign of xeg remains the same as of that of y, and also the inclusion
of such effects is small; e.g. {x = —192, £ = 0.465, { = 0.0074} changes into
Xeff = —190, e = 0.460, (g = 0.0073}.
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A concrete example of the “weaker' swiss-cheese

Let us consider the following toric data for a Calabi Yau threefold which produces a
volume form of kind V = ~1 /71 T2 T3 — V2 73/2,

1 9 3 T4 x5 z6 T7 xR
4] o 0 0 1 1 0o 0 2
4] o 0 1 0 0 1 0 2
4| o 1 0 0 0 o 1 2
8| 1 0 0 1 0 1 1 a4
dP; NdP;; NdP,, K3 NdPy K3 K3
SR = {x124, z126, 1277, T227, T3T6, T4T5T8, T2LIT5TS }

with (h%1, A1) = (98,4) and Euler number x = —188. This corresponds to polytope
ID #1206 in the database of [Altman, Gray, He, Jejjala, Nelson].

®  The Intersection Polynomial and volume form:
3
I3 =2D}+ 2Dy Dg D7 =V =4 4 2tatety = Y00 L2
® Useful for chiral global embedding of fibre inflation by using appropriate fluxes.
o

Gauge fluxes =—> 74 ~ 76, and back to the fibre inflation.
[Cicoli, Ciupke, Diaz, Guidetti, Muia, PS'17]. (see Guidetti's talk)
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Looks nice so far, BUT 1!!

New challenge from the Kahler cone conditions: % <O(1) InV

%

2.)(10—11 ;
1.5x107"" -
1.x107" |

5.x1 —12;

Relevance of Kahler cone and some estimates:

b Ty /T 2 73
V:gtftg+_t§: b f—\/_’rs; a,b>0.
2 6 V2a 3D

One type of Kaehler cone conditions which appear in concrete model can be given as:

aTs VbV Ts
ts <0, tr+ts>0 tp+ts>0 =— <T1r < + —
° frts b b I~ 2 3

V2 Ts 3
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Modified checklist
® (Chiral) Global Embedding:

K 3-fibred CY with diagonal del-Pezzo \/
tadpole cancellations \/

generation of ‘appropriate’ string-loop corrections to drive inflation \/
moduli stabilization leading to V ~ 103 with Wy ~ O(1) and controlled

B NhoE

values of Cy4, needed to match the COBE normalization \/

5. a chiral visible sector (though not MSSM-like) is realized \/

Higher derivative effects are delicate, and can be useful or dangerous !

® New challenge from the Kahler cone conditions: % <O(1) InV
p

1. V ~ 103 with Wy ~ O(1), which turns out to be needed to match the COBE
normalization, does not result in sufficient inflaton field range, i.e. this does not

lead to sufficient e-foldings to drive inflation.
2. V> 5x 10* can result in sufficient inflaton field range to drive inflation BUT

the COBE normalization conditions are not met for A ~ 10~ 3.
3. If one increases Wy to match the COBE with V > 5 x 10* then higher derivative

effects are dangerous for A ~ 1073; For A < 10~% things are okay \/
4. If one increases Cy, (which involves a factor of g2) to match the COBE with

VY > 5 x 10% then Vgs = Vivg, i.e. single field approximation ?

Only approximate Kahler cone is known, hope for improvements !
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Inflaton range [Cicoli, Ciupke, Mayrhofer, PS’18]

We consider the reduced moduli space of all the LVS models realized with
CY orientifolds having h''1 = 3, and one superpotential contribution:

Reduced moduli space (M) _

Leading order moduli stabilization:

V(i) = Vo, Ts = T0

<

Kahler cone restrictions:

fC'J>O, Vol(./\/lr)szr *1, .

Geometry/size of the (reduced) moduli space depend on the (reduced) metric and the
Kahler cone conditions (KCC): While metric can be read-off from the intersection
tensor, KCC can only be approximated:

Ma 2D Mx OMn <= KaCKx CKn <= Vol(My,,) < Vol(M,) < Vol (Mn,).

Estimates for M 4 = Mg~ and otherwise. In most of the cases, one has the following

analytic field range:
y & Tmin =a70 < 7 < f1(Vo,70) = Tmax ,

where a > 0 and f; is a homogeneous function of degree 1 in the 4-cycle moduli that is

strictly positive for all Vg > 0 and 9 > 0.
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Scanning results for LVS using CY threefolds with At = 3

Classification of models with LVS flat directions:
3/2 3/2

® ngap = 2, nksr = 0 leading to: V= 047'5/2 — B17s; — B2 Tss (SSC)
® nddp = 1, nkzr = 1 leading to: V=« Tf Tp — 5’7'3/2 (KS—ﬁbered)
® ngap =1, nkss = 0 leading to:

(i). V= fs2(m1,72) — 573/2 (Structureless)

(ii). V= 047’5/2 — b1 7'3/2 — Ba (71 7s +v27)%?  (SSC-like)

Here aa > 0, Bs = % \/ %, v1 > 0, 72 > 0 and ds degree of the del-Pezzo divisor Dg.

Note that the combination v1 Ds + 2 D, does not correspond to a smooth divisor, and
so there is no choice of basis of smooth divisors where V takes the standard strong

Swiss cheese (SSC) form.

htl | ney | novs % ngdap =1 | ngap =2 | ngap =3
2 39 22 56.4% 22 — —
305 132 43.3% 93 39 —
4 1997 749 37.5% 464 261 24

R | ney | nivs SSC | K3 fibred | SSC-like | Structureless
3 305 132 39 43 36 14
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Compactness of the reduced moduli space

Computation of the reduced moduli space size via restricting the moduli space metric:

82K 1 82K Tmax
d 2 _ . d d ) -th L= 2 — = — 9 A pm— d .
s gij d7;dT; Wi gij 8TZ BTj 5 87'7; 87’3’ Qb / Sr

Tmin
Except for the structureless case, the CY examples in all the other three classes of LVS
examples, one can analytically estimate the size of reduce modli space M,.:

o SSC 3 1 3/2
-
dsg = P2 t0ie 572 dr?2 with e= 9 <L 1.
WVoVT \ 14 B1e+ B2 T &
2 . 3/4 B2
AP = —+/1+ B1 € Arcsinh .
P VI ( \/vo<1+ﬁle>)
® K 3-fibred:
3 V3 f1(Vo, 10)
2 __ 2 _ )
dsr—p(l—i—BE)dT, A¢—7 1+5€ ln( a7 )

%
fl(Vo,To)ZbV§/3+(’)(e), fl(VO’TO):b\/—TO_O'

® SSC: similar as the first case.

® Structureless: Numerical tests show the compactness.
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Some numerical estimates for g, = 0.1

Both large field as well as small field inflation are possible

Vo SSC K3 fibred | SSC-like | structureless
(Mp) | (M) (Mp) (Mp)
10 | 0.58 2.27 0.43 0.57
(Vol (M4 ) 104 | 0.67 3.62 0.55 0.80
10° | 0.76 4.98 0.62 0.97
103 | 0.71 2.47 0.70 0.57
(Vol (Mn ) 10* | 0.81 3.81 0.82 0.80
10° | 0.91 5.17 0.89 0.97
103 | 1.44 3.31 0.87 1.48
max(Vol (M4 ,)) | 10* | 1.91 5.29 1.38 2.41
10° | 2.38 7.29 1.87 2.79
, A 5\ 1 dim M)
Conjecture : ﬁp <0O(1) InV, Vol(M,) < {ln (T)} :
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Field range for g, = 0.1 and three sets of CY volume V

35
30"
25

20"

] SSC

[0 K3 fibred
[ SSC-like
[0 structureless

5 1.0‘ ‘1.5 2.0 25 3.0 Aqb

0.5

30

20|

Ad ol

50|
40|
30}

20

‘4 5 6 7 Aqb
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Field range for three sets of string-coupling ¢, and volume V

gs=01, =10’ gs=01, =10* gs=01, =10
30¢ 20F
201
25¢
20¢ 15} 15¢
151 10! 101
10t
50 5
—| I | ——
ol | 0 — ‘
2.0 25 3.0 35 30 35 40 45 50 55 45 50 55 6.0 65 7.0 7.5
_ A _ _ a5
gs=0.2, =10° gs=0.2, =10 gs=0.2, =10
20} 20¢ 20}
15} 15} 15}
10} 10} 101
5 5t 5
I 1 —!
0 e L0 | ‘ | | 0 | ‘ | |
25 30 35 40 45 40 45 50 55 60 65 5 6 7 8
_ _ 403 _ V1 _ _4n5
gs=0.3, =10 9s=0.3, =10 9s=0.3, =10
20} 201k 20¢
15} 151 15[
10} 101 10¢
5 5 L 5
 — T 1 — — —
0 ! : -0 I ‘ | L0 —— ‘ | I
30 35 40 45 50 40 45 50 55 6.0 65 7.0 6 7 8 9
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Conclusions and outlook

® Phase 1: (Chiral) Global Embedding
1. K3-fibred CY with diagonal del-Pezzo \/
tadpole cancellations \/

2
3. generation of ‘appropriate’ string-loop corrections to drive inflation \/
4. moduli stabilization leading to V ~ 103 with Wy ~ O(1) and controlled

values of C4, needed to match the COBE normalization \/

® Phase 2:
1. a chiral visible sector (though not MSSM-like) is realized \/
2. higher derivative effects are delicate, and can be useful or dangerous !

® Phase 3: some improvement in the Kahler cone approximations, enough ?7.

® Other possible solutions:
1. To explore the curvaton possibility
2. Multi-field analysis to seek ‘new’ vacua besides LSV 77
3. Reuvisit the higher derivative effects to get a complete story 77
4. Back-reaction and stretching of the Kahler cone [Landete, Shiu '18]?77

Thanks for the attention !
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