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No-Scale Inflation

Cosmological inflation is the early period of accelerated expansion, a ~ e/’

1l
s= [ dtav=g [56)@8% )
ds? = dt? — a(t)?dx?
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é+3Hp+ V'(p) =0
a\? h2
H = (;) = % <¢2 + V(¢))
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No-Scale Inflation
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Cosmological inflation is the early period of accelerated expansion, a ~ e
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No-Scale Inflation
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No-Scale Inflation

Why isn't this it?
The observed Ag requires m =~ 10~°Mp ! What is ¢ then?

For elementary ¢, flatness of the potential will be destroyed by radiative corrections

Unnatural initial conditions (homogeneity in ~ 10® Hubble radii before inflation)
(Dalianis, Farakos 1502.01246)
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No-Scale Inflation

Why isn't this it?
The observed Ag requires m =~ 10~°Mp ! What is ¢ then?
For elementary ¢, flatness of the potential will be destroyed by radiative corrections

Unnatural initial conditions (homogeneity in ~ 10® Hubble radii before inflation)
(Dalianis, Farakos 1502.01246)

Naturalness through (super)symmetry!

[t is the (single) extension of Poincaré symmetry, which connects bosons and fermions
{QDHQE}:{QGHQB}:O? {QQ)QQ}:QJ:(&PH7

@|Boson) = |Fermion), @ |Fermion) = |Boson)

Particles are arranged in irreps of the superalgebra (supermultiplets)

Chiral superfields: matter (Higgs) + susy partners @ D (¢, ¥, F)
Vector superfields: gauge bosons + susy partners  V* D (A, A%, D%)
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No-Scale Inflation

Why isn't this it?
The observed Ag requires m =~ 10~°Mp ! What is ¢ then?
For elementary ¢, flatness of the potential will be destroyed by radiative corrections

Unnatural initial conditions (homogeneity in ~ 10® Hubble radii before inflation)
(Dalianis, Farakos 1502.01246)

Naturalness through (super)symmetry!
[t is the (single) extension of Poincaré symmetry, which connects bosons and fermions
{QDHQﬁ}:{@d?QB}:O? {QQ)QQ}:QJSQPH7

@|Boson) = |Fermion), @ |Fermion) = |Boson)

Radiative corrections are multiplicative

Am? ~ A? = (—)A?
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No-Scale Inflation

Local supersymmetry = supersymmetry + gravity = supergravity

i B v ~
G = 5 TCN i VY5 Dptho

The coupling of supergravity to matter is in general complicated ®
For chiral fields it is determined by the (real) Kahler potential K(®, ®) and the (holomorphic)

superpotential W(®) through
G=K+In|W?>.

Coupling to gauge fields is determined by the gauge kinetic function fu(®).

In the global limit (Mp — 00), renormalizable theories have quadratic K, cubic W and
fab = dub-

°"(Cremmer, Ferrara, Girardello & Van Proeyen, 1983)
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No-Scale Inflation
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Local supersymmetry = supersymmetry + gravity = supergravity
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No-Scale Inflation

Local supersymmetry = supersymmetry + gravity = supergravity
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No-Scale Inflation

Local supersymmetry = supersymmetry + gravity = supergravity
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No-Scale Inflation

Local supersymmetry = supersymmetry + gravity = supergravity
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No-Scale Inflation

Consider no-scale SU(N, 1)/SU(N) x U(1) supergravity ®

= 1 n
K_3ln<T+ ngzw ) o

oo(Cremmer, Ferrara, Kounnas & Nanopoulos, 1983)
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No-Scale Inflation

Consider no-scale SU(N, 1)/SU(N) x U(1) supergravity
= ] g
K=-3In <T+ - §Xi:|¢i| ) T

® Itisthe EFT of orbifold compactifications of strings%

no-scale
supergravity O
low energy physics, E < Mp E < Mp string dynamics, E 2> Mp

® Asliding gravitino mass, 77123/2 = (T + T) 3. Soft susy-breaking parameters are
radiatively determined
mO:A:BZO, m1/29é0

o (Witten, 1985)
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No-Scale Inflation

Global-like potential, V = €**/3| W%, Minimum for W =0 = V5 =0.
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No-Scale Inflation

Global-like potential, V = e2/3| W2 Minimum for W' =0 = V5 =0.

With cubic W, no-scale inflation —  Starobinsky-like inflation i

Cecotti, 1987 Ellis, Nanopoulos, Olive, 2013
2 3
W= V3m¢(T —1/2) W=m e_
2 3V3

_ 1 /278
Re T = 2° ¢ = V/3tanh(z/V6)

v

W= V3me (1+¢/V3) (T—1/2)
¢ = \/gtanh(a:/\/g)

% (conjectured)
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No-Scale Inflation

* Global-like potential, V = e*5/3| W2, Minimum for W =0 = V,=0.

® With cubic W, no-scale inflation — Starobinsky-like inflation

Ellis, MG, Nanopoulos, Olive, 1405.027 |

K=-3In(T+ T) + ﬂ
(T T
W= V3mg¢(T —1/2)

1 _ /273 i
T= e + —«
2 V6
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Flipped SU(5)

Supersymmetry improves Grand Unification. We choose Flipped SU(5)°°:

‘Regular’ SU(5)

Flipped SU(5)

18 = (0, 1)) > {d% Q,v°}. ,
‘P :1 9 {uC7Q’eC}i - (7 ) { N Q }’L
- = fi:(57_3)i = {U7L}¢,

®; =8 > {dL}, . p
e 1; 61:(175)1 > {6 }17
¢ H=(10,1),
Y=24 =

H:(10>_1)7
. h=(5,-2)
h:5 i 77 )

h=(5,2)

SU(5) = SU(3) ¢ x SU2), x U1)y

s SUB)e x UM

SU(B) x U(1)x — SU(3)¢ x SU2)L x U(l)y
e SU(3) e

i
Y— T24 = \/ﬁdlag(Q, 27 2, _3, _3)

il i
Y = ——T: —
it 24+5QX

%(Bam 1982; Derendinger; Kim & Nanopoulos, 1984)

Marcos A. G. Garcia.  ICN seminar | 1/01/2018

12/28



Flipped SU(5)

Zo-symmetric (H — —H) superpotential%
W = AV FiFih + N Fifih 4 \Jfils h + \a HHh + \s HHA
+ AEFHpo + Aoshhdo + AN Padpde + 1™ dats

with ¢o, . . . , ¢3 singlets.

No-scale Kahler potential

w\»—x

K:—3ln{T+ (|¢a| 1P+ i+ hh+ R R+ FIF+ H H+ HTH)}

D-term fon SM singlets

3 5e12)?
Viowae = (6t + gy ) (1% + 195 - 1751

ntoniadis, Ellis, Hagelin anopoulos,
% (Antoniadis, Ellis, Hagelin & Nanopoulos, 1987
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Flipped SU(5)

Zo-symmetric (H — —H) superpotential%
W = AV FiFih + N Fifih 4 \Jfils h + \a HHh + \s HHA
+ A" FiHpa + MNhhpa + A" batrde + 1 daths

with ¢o, . . . , ¢3 singlets.

No-scale Kahler potential

K=-3In {T—&—

w\»—\

(Iqbal + P+ f+ ' h+ R+ PP+ H HS HTH)}

D-term fon SM singlets

3 5e12)?
Viowae = (6t + gy ) (1 + 195 - 175

—_——
GUT broken along flat-direction

/7€ \
(V) =

°"(Antoniadis, Ellis, Hagelin & Nanopoulos, 1987)
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Flipped SU(5)

o az(Msz2) = az(Mz2)
= as(Msz) = 0.0374

£ as Ed SO(10)?

25 1 e Eap]
a1 (M3z) a5(Mzz) ' ax(Mza)

g ] !

log(A) — Mso Ms,

® Yukawa unification:  fu(Ms2) = f,, (Ms2)
¢ Doublet-triplet SM Higgs splitting: HHh = (vg)dghs; notfor ha

® No dimension 5 proton decay operators (Li, Nanopoulos & Walker, 1003.2570)

M: i 0.0374 \?

ar, (0 35 32

=4.6 x 10

T(p—em) X X (1016 Ge\/> X (OL5(M32)> yrs
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No-Scale Flipped Inflation

Case [: segregated inflaton

Let S = ¢o be the inflaton. If other singlets don't vanish, potential will be deformed,

—2K/3ﬂ == Wb gKVV W
e 9% Xb: (3 aWp+ Wap

WP =307 +2 (17 +3X399) s+ 3> Ao,

K Jrk

W° = m(S—8%/V3) +68 A% +3> A0,
& Jrk

Wab = 2,E’/a.b ot 65\8 OabA_g‘i’ 6 Z 5\8 abj QEJ

J]

If 1°® and A3 are simultaneously diagonalizable, and S = ¢, then
¢i=0

during inflation
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No-Scale Flipped Inflation

Case |: segregated inflaton
S &

With
plieam /2eell N3 — = m 35/57
then 5 3
V= 1m2 (l—e_V2/33> ; s=+6tanh™'(S/V/3)

No isocurvature:

O 14 e 2 K|S — S VAR 4~ SmPeVEBssi L s B
8¢16¢] 3 g 8 i)
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No-Scale Flipped Inflation

Ifonly u® = diag (m/2, ", 4*, 1) , MN” < Ag¥ < p' < Mcur

V= ng (1 - e—\/ﬁs)2 + 81 m sinh*(s/V/6) (tanh(s/\@) — 1) Z [#;1(/\2077)2 + h.c.l
VY

Planck+BKP+BAO

10710 10!

10°12

0.005

0.955 0.960 0.965 0.970 0.975 0.980 0.985 0.990

ng
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No-Scale Flipped Inflation

With A% ~ 1%~ Ay, AJ9S ~ ¥~ Ay

Marcos A. G. Garcia.

\/gAf €V2/3S

iinNA A7 AV~
(Bi)int ~ A1/A2 7 il

- 95% 68% BKP+BAO

0.960 0.965 0.970 0.975 0.980 0.985  0.990

ns
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No-Scale Flipped Inflation

Full numerical

68% Planck+BKP+BAO 95% 68% Planck+BKP+BAO

-6.0

logy 1
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No-Scale Flipped Inflation

Perturbed initial conditions

2 . g 5 OV
NN ATENE B R

7%& sinh(1/2/3 s) (of + (15‘7)2 s (D},)‘)>

Generic initial conditionsat V ~ 1

(MG, Nagaraj & Nanopoulos, upcoming) 0.10

100 1000

Marcos A. G. Garcia.  ICN seminar | 1/01/2018
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From now on we assume A5 # 0 and A9 = 0 (most interesting case)

i#£ 1
1 0 () K vj
‘Cgrllla)ss v (vi ve ) Ag“(h) 0 A (H) vi | +he.
0 X3 (D o

Ul 2 (70 (;&7(1};)))2

may ~ % [ VI @e(H)?]
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From now on we assume A5 # 0 and A9 = 0 (most interesting case)

f= 1l

1 A 0 AL (h) 0 Y1
== ve 3 [AMw ) AoHy | | e | +he
2 0 AYH) m

my, =3 [mi \/m2 + (2)\é°<H))2} X
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Decay of the segregated inflaton. 8 = (.S, ¥°) mixing angle

) il i o 2
T(s — Lifw) = ['(s = Lihy) ~ ngmﬂmm B
T
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Decay of the segregated inflaton. 8 = (.S, ¥°) mixing angle

['(s — Lihy) = T'(s — L;hy)

i o 2
1A sind) =

8r Ny _
Light gravitino produced in thermalized plasma%
g m . N
8 r J\%2 Yy
O Shdts > s
o)
%
g Xaso
LSP dark matter
Dol (EL2
+ = |37 sinld| 2.7 < NP (M)
BBN s

% (Ellis, MG, Nanopoulos, Olive & Peloso, 1512.05701)
Marcos A. G. Garcia.  ICN seminar | 1/01/2018
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Reheating

Decay of the segregated inflaton. 6 = (S, ) mixing angle

. i A gin 012
T L B sy Ty S |2;$|le i
s

_2 _9
—9 m 26| (H)
s <3 SSUE GeV) (10—3 06 Gev ) v

e
2,1 -

My, >~ [6m"|Z =~ 9 x 10 3eV
2,1 =5

My ~ |[Am?|2 ~5x 107" eV P

Am?
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p1/4a h k 1
N.=In[ =2 _1In E +7ln(
( V3aoHy ) ( ao Ho ) 4 M4 pena

= 3wint Preh )
+ In{ —
) 12(1 2F 'U}int) (pend

In(-1)
aH
S .
N Present horizon scale Lambda
Matter
R
&@
&
f’i
%,
%
)
o)
S
e
Ina

(Liddle & Leach, astro-ph/0305263)
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e 95% 68% Planck+BKP+BAO
Tren (GeV)
10° 10? 10* 10° 10° 10" 10" o

40,953

\ e
101 10-2
Ellis, MG, Nanopoulos & Olive, |505.06986
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Decay of the non-segregated inflaton

1.8
t(x107)

"WM i \j

1.5204 1.5208 5212 1.5482 1.5486 1.5490 1.5494

t(x107)
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Localized, non-adiabatic events

stochastic particle production

Brownian-motion inspired methods

(Amin & Baumann, 1512.02637)
(Amin, MG, Xie & Wen, 1706.02319)

(MG et.al, upcoming)
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Whatever happened to the GUT-breaking field?
Vi o %mz (1 il 67,/2/33) + m 6\/2/33‘~C| el

= SU(5) x U(1)x broken dfter inflation
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Whatever happened to the GUT-breaking field?
Vi o %mz (1 g e—,/2/3s) + m e‘/2/3s\~°| el

= SU(5) x U(1)x broken dfter inflation

Asymptotic freedom of SU(5) takes care of this! ® P (A)(Ce— Cp — Cy) ~ 4

Q condensates decouple
1

QO1 ‘2 v ,6,

Ac ~ 1077 Mgyt 3 QO2

’ %o

%o, ‘ﬁ %o, J

o,

°"(Kogut, 1983; Campbell, Ellis, Hagelin, Nanopoulos & Olive, 1987)
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1-loop T-dependent effective potential

F,f,¢a

F, f ba

Tieh > Ac =  adiabatic evolution of ® until |ma| > Te

A = 8x 103272 (gd¢,>1/4<915/4>< (@) )( 10 TeV )1/2
i 1,2,3,7\ 43/4 dec 5x 101 GeV ) \mi ., 5 /Imal
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Baryogenesis

Leptogenesis from inflaton decays, s — L l~zu, L ha

nrL TR
s Af m

ny, —ilil 2 _o (43/4 2 915/4 A dec
— ~3.8x 10" 6fA A
. X fAL 2,376 (gd<1> ) Greh 915/4 (

L (3107 GeV) M7 ge.5./[ma |\ /2 m
(®) 10 TeV 3 x 1013GeV

Close to the EW phase transition L — B through sphaleron interactions
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A=-0.1,A =2, u>0

Planck
+

dark matter
+
leptogenesis
+
neutrino masses
+
flavor
+
Higgs mass
+
LHC
+

(Ellis, Nanopoulos & Olive, 1310.4770; Li, Maxin & Nanopoulos, 1705.07973)
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Conclusion

The no-scale flipped SU(5) x U(1) framework is capable of satisfying the many
different types of constraints, from CMB measurements to neutrino masses

Significant flexibility — take as proof-of-concept

Many interesting open questions (no-scale < Starobinsky-like, initial conditions,
stochastic preheating, ...)

Not the only working model (SO(10) in Ellis, MG, Nanopoulos & Olive,
1609.05849)
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Conclusion

The no-scale flipped SU(5) x U(1) framework is capable of satisfying the many
different types of constraints, from CMB measurements to neutrino masses

Significant flexibility — take as proof-of-concept

Many interesting open questions (no-scale < Starobinsky-like, initial conditions,
stochastic preheating, ...)

Not the only working model (SO(10) in Ellis, MG, Nanopoulos & Olive,
1609.05849)

Thank you
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