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Status of inflation and low-scale SUSY in 2016

Inflation Supersymmetry
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> Plethora of models in the literature. > No SUSY signals at the LHC, so far.
> Particle physics origin rather unclear. > mp~125GeV calls for large f loops.

This talk: Link b/w inflation and supersymmetry. Answer to the question: Why inflation? J
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Status of inflation and low-scale SUSY in 2016

Inflation Supersymmetry
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> Plethora of models in the literature. > No SUSY signals at the LHC, so far.
> Particle physics origin rather unclear. > mp~125GeV calls for large f loops.

This talk: Link b/w inflation and supersymmetry. Answer to the question: Why inflation? J

Let go of SUSY as a solution to the hierarchy problem:

> R parity — stable LSP — dark matter. > Soft masses of @ (10) TeV or larger.
» Unification at AguT ~ 106 GeV. > No gravitino / Polonyi problems.
> UV completion in string theory. > Mediation: solely via gravity (PGM, ...)
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High-scale SUSY breaking as the origin of inflation

Another intriguing possibility in high-scale supersymmetry:

> Spontaneous SUSY results in a nonzero contribution to the vacuum energy density:

(V) =Agusy> Asusy ~ (F) or (D)

Our idea: If Agysy large enough, A§USY may be the vacuum energy driving inflation! J
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Goal of this Talk

High-scale SUSY breaking as the origin of inflation

Another intriguing possibility in high-scale supersymmetry:

> Spontaneous SUSY results in a nonzero contribution to the vacuum energy density:

(V) =Agusy> Asusy ~ (F) or (D)

Our idea: If Agysy large enough, AgUSY may be the vacuum energy driving inflation! J

Consider SUSY breaking via nonzero F-terms: Simplest example: the Polonyi model
[O'Raifeartaigh '75] [Polonyi ‘78]

i A4
> Nonzero vacuum energy density Ag;qy- W=pulo+w

> In global SUSY, flat direction at tree level.
[Ray '06] [Shih '08]
> Flatness of the potential protected by 4
-

SUSY nonrenormalization theorem.
[Grisaru, Siegel & Rocek '79] [Seiberg '93]

A

Nusy == | Fo |?

Potential energy density

Our goal: Realize successful inflation
in the Polonyi model. — Polonyi inflation! J

Flat direction
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Late-time R symmetry breaking

Things are of course not as simple: SUGRA corrections typically spoil slow-roll inflation.

> In SUGRA, the cosmological constant (CC) needs to vanish in the true vacuum:

(V) =|(F)2-3e [(w)[2 L0

» E.g., in the Polonyi model, constant in the superpotential: w — wo = (2 — v/3) 2.
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Late-time R symmetry breaking

Things are of course not as simple: SUGRA corrections typically spoil slow-roll inflation.

> In SUGRA, the cosmological constant (CC) needs to vanish in the true vacuum:

(V) =|(F)2-3e [(w)[2 L0

» E.g., in the Polonyi model, constant in the superpotential: w — wo = (2 — v/3) 2.

Assume unbroken R symmetry in the sector responsible for wy = w = 0 initially.
Assume SUSY and R symmetry are broken dynamically at times fsysy and tg.
Assume there is no other sources of inflation present in the theory.
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Late-time R symmetry breaking

Things are of course not as simple: SUGRA corrections typically spoil slow-roll inflation.
> In SUGRA, the cosmological constant (CC) needs to vanish in the true vacuum:

(V) =|(F)2-3e [(w)[2 L0

» E.g., in the Polonyi model, constant in the superpotential: w — wo = (2 — v/3) 2.

Assume unbroken R symmetry in the sector responsible for wy = w = 0 initially.
Assume SUSY and R symmetry are broken dynamically at times fsysy and tg.
Assume there is no other sources of inflation present in the theory.

lsusy < tr lsusy > tr
w=° <o
k o
> dS, CC > 0, exponential expansion > AdS, CC < 0, finite spatial extent

Universes (feat. SUSY and CC = 0) that are habitable to life are bound to experience
inflation & late-time R symmetry breaking! = Reason for inflation in our cosmic past! J
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Ingredients for successful Polonyi inflation

©® Unbroken R symmetry in the sector responsible for the generation of w C W:

> Assume discrete, anomaly-free R symmetry: Z,@

[Krauss & Wilczek '89] [Ibanez & Ross '91; '92] [Banks & Dine '92] [Ibanez '93]

> Best candidate: Z/?, also allows to solve the y problem in the MSSM.
[Lee, Raby, Ratz, Ross, Schieren, Schmidt-Hoberg & Vaudrevange "11; '11] [Kappl, Petersen, Raby, Ratz, Schieren & Vaudrevange '11]
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Ingredients for successful Polonyi inflation

© Unbroken R symmetry in the sector responsible for the generation of w C W:

> Assume discrete, anomaly-free R symmetry: Z,f,‘

[Krauss & Wilczek '89] [Ibanez & Ross '91; '92] [Banks & Dine '92] [Ibanez '93]

> Best candidate: Z/?, also allows to solve the y problem in the MSSM.
[Lee, Raby, Ratz, Ross, Schieren, Schmidt-Hoberg & Vaudrevange '11; '11] [Kappl, Petersen, Raby, Ratz, Schieren & Vaudrevange '11]

® Strong gauge dynamics accounting for i and w in the Polonyi superpotential:
> UV completion in the context of strongly coupled supersymmetric gauge theories.

> No dimensionful input parameters. All mass scales generated via dim. transmutation:
[Affleck, Dine & Seiberg '84; '84; '85]

Asusy = Aing ~ A
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Ingredients for successful Polonyi inflation

©® Unbroken R symmetry in the sector responsible for the generation of w C W:

> Assume discrete, anomaly-free R symmetry: Z,’j

[Krauss & Wilczek '89] [Ibanez & Ross '91; '92] [Banks & Dine '92] [Ibanez '93]

> Best candidate: ZJ, also allows to solve the 11 problem in the MSSM.

[Lee, Raby, Ratz, Ross, Schieren, Schmidt-Hoberg & Vaudrevange '11; '11] [Kappl, Petersen, Raby, Ratz, Schieren & Vaudrevange '11]

® Strong gauge dynamics accounting for i and w in the Polonyi superpotential:
> UV completion in the context of strongly coupled supersymmetric gauge theories.

> No dimensionful input parameters. All mass scales generated via dim. transmutation:
[Affleck, Dine & Seiberg '84; '84; '85]

Asusy = Aing ~ A

Our work: Minimal example of successful Polonyi inflation & late-time R symmetry breaking

> IYIT model of dynamical SUSY breaking to generate Vip ~ .
> R symmetry breaking via gaugino condensation in a pure SU(2) gauge theory.

> Small inflaton value triggers mass deformation of the R symmetry breaking sector.
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Dynamical realization of Polonyi inflation in strongly coupled gauge theories

Dynamical UV completion of the Polonyi model

Low-energy effective regime of the IYIT model

_ 10 T
< — Full result H High-energy
§ . i regime

_5 10-1 Afe ¥ T
>"" A Inx
Z 107,

g === Ag -==-nnno------ S

]

2 3 o Mesonic
£ 10 x phase
Z Low-energy i transition
g regime i

104 H
1072 107" 100 10 10°

Order parameter x(¢) = @/ @

> SU(2) theory + 4 quarks, 6 singlets.
> Effective superpotential at low energies
2 1 n\2 n
Wer ~ Ko ® [v _E(X ) ] +mpSp X"+

> my > KoV = Keep vacuum energy after
inflation! = No topological defects!

> Plus radiative & gravitational corrections.
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Dynamical realization of Polonyi inflation in strongly coupled gauge theories

Dynamical UV completion of the Polonyi model

Low-energy effective regime of the IYIT model

2

3 > SU(2) theory + 4 quarks, 6 singlets.

— Full result : High-energy

regime
Nex

<

> Effective superpotential at low energies

A Inx

Effective potential Vi_joop(@)/ Vo
=

§ ; 1
B R Wetr >~ Ko P |:V2—§(Xn)2 4+ mp Sy X 4
P
e i ansilon > my > KoV = Keep vacuum energy after
107k < . - inflation! = No topological defects!
10 10 10 10 10°

Order parameter x(¢) = @/ 9. > Plus radiative & gravitational corrections.

R symmetry breaking via gaugino condensation at small inflaton field values
> SU(2) theory + 4 quarks coupled to a singlet “waterfall” field, W > PQ'Q'.
> Render the field P unstable towards the end of inflation, W > oY (v — P?) + B Y3.
» Choose « such that m3 = —a?v3 + 3 H? (@) only becomes negative at late times.

> R symmetry breaking sector turns into pure SYM, W > w ~ (P) A2,

SUSY breaking scale: u? ~ ko v2 ~ kp/A2. R symmetry breaking constant: w ~ (P) A2, J
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Phenomenological implications

Scalar potential driving inflation

2 2 4 4
S PR G DL PR A L Y 2 RO L
vie)=n" |1 Z(Mm) +8(1 2 "3 >(MP1) * +167T2|n¢c

1.30

Mesonic » Potential of FHI: incl. SUGRA and
S e § § loop corrections, in the limit my /» = 0.
S 1.25 transition H H )
g H H [Bastero-Gil, King, Shafi '07]
El > No tadpole term (no odd powers), no
g 1.20
£ dependence on complex phase.
% [Buchmiiller, Covi & Delpine '00]
£ 115 <103
g > Usual slow-roll bound m3,, < 107°H
- | does not apply. In fact, mg/, >~ H.

1.10 . ! [Buchmiller, Domcke, Kamada & K.S. '14]
0.0 0.2 0.4 0.6 0.8 1.0

Polonyi field value @/ Mp

Dynamical realization of F-term hybrid inflation minus all its shortcomings! J
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Phenomenological implications

Inflationary CMB observables
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Yukawa coupling A

Gravitino mass mg, ~ 102 GeV

> A ~ 25107 and 2 ~ 0.968 for natural parameter values: A ~ 2 and & ~ 0.2.
> Similarity / equivalence of scales: A ~ Agyr and H~ mg 5. = r~107°-..107*.
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Dark matter, baryogenesis and electroweak vacuum stability

Thermally produced winos with a fine-tuned mass as dark matter:

> Assume anthropic selection of a fine-tuned wino mass. AMSB + Higgsino loops:

[Ibe, Matsumoto & Yanagida '12] [Hall, Nomura & Shirai '13]

Mwino ~ 3TeV

> Nonthermal relics reach thermal equilibrium. Simple solution to the Polonyi problem!

> Our prediction: neutral/charged winos only sparticles at low energies (detectable!).
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Phenomenological implications

Dark matter, baryogenesis and electroweak vacuum stability

Thermally produced winos with a fine-tuned mass as dark matter:

> Assume anthropic selection of a fine-tuned wino mass. AMSB + Higgsino loops:

[Ibe, Matsumoto & Yanagida '12] [Hall, Nomura & Shirai '13]

Mwino ~ 3TeV

> Nonthermal relics reach thermal equilibrium. Simple solution to the Polonyi problem!

> Our prediction: neutral/charged winos only sparticles at low energies (detectable!).

Reheating via gravitino decay:

> Polonyi inflation is followed by a phase of gravitino domination (nonrelativistic matter).

[Jeong & Takahashi "13]

> Reheating temperature not a free parameter, but fixed by mz /> = mz» (A‘s’bs),

3

193 My
Tin 20.4\/mN 10%GeV,  Typ= MTé
Pl

» Thermal leptogenesis plus moderate resonance effects or nonthermal leptogenesis.
[Fukugita & Yanagida '86] [Pilaftsis '97; Pilaftsis & Underwood '04] [Lazarides & Q. Shafi '91]
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Dark matter, baryogenesis and electroweak vacuum stability

Thermally produced winos with a fine-tuned mass as dark matter:

> Assume anthropic selection of a fine-tuned wino mass. AMSB + Higgsino loops:

[Ibe, Matsumoto & Yanagida '12] [Hall, Nomura & Shirai '13]

Myino ~ 3TeV

> Nonthermal relics reach thermal equilibrium. Simple solution to the Polonyi problem!

> Our prediction: neutral/charged winos only sparticles at low energies (detectable!).

Reheating via gravitino decay:

> Polonyi inflation is followed by a phase of gravitino domination (nonrelativistic matter).

[Jeong & Takahashi "13]

> Reheating temperature not a free parameter, but fixed by mz /> = mz» (A‘s’bs),

3

193 My
Tin zo.4mw 10%GeV,  Typ= MTé
Pl

» Thermal leptogenesis plus moderate resonance effects or nonthermal leptogenesis.
[Fukugita & Yanagida '86] [Pilaftsis '97; Pilaftsis & Underwood '04] [Lazarides & Q. Shafi '91]

Vacuum stability: SUSY prevents Ay < 0 as long as myog < 10213 GeV. Coincidence!?
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A close link between inflation and dynamical SUSY breaking

Observation: High-scale SUSY offers the possibility to unify SUSY breaking and inflation!

> Expansion driven by AgUSY, pseudoflat Polonyi direction acts as the inflaton field.
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A close link between inflation and dynamical SUSY breaking

Observation: High-scale SUSY offers the possibility to unify SUSY breaking and inflation!

> Expansion driven by /\‘éUSY, pseudoflat Polonyi direction acts as the inflaton field.

Our approach: R symmetry breaking at late times to tame dangerous SUGRA corrections.

> Habitable universes with CC = 0 & SUSY undergo inflation. Answer to Why inflation?

Kai Schmitz (MPIK Heidelberg) Polonyi Inflation Theory Seminar | DESY Hamburg | 07/12/16 10/ 11



A close link between inflation and dynamical SUSY breaking

Observation: High-scale SUSY offers the possibility to unify SUSY breaking and inflation!

> Expansion driven by /\gUSY, pseudoflat Polonyi direction acts as the inflaton field.

Our approach: R symmetry breaking at late times to tame dangerous SUGRA corrections.

> Habitable universes with CC = 0 & SUSY undergo inflation. Answer to Why inflation?

Implications: Polonyi inflation, similar to F-term hybrid inflation in the limit mz > = 0.

> No tadpole term in the inflaton potential, no topological defects, no bound on ms .

T 1/2
Hﬁms/z =4 ms/z_ﬁ rAng~1O12GeV(1Or_4)

> Suppose anthropic selection of Ang. = Explanation for large SUSY-breaking scale.

> Wino LSP (DM, only sparticles at low energies), leptogenesis, EW vacuum stability.
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A close link between inflation and dynamical SUSY breaking

Observation: High-scale SUSY offers the possibility to unify SUSY breaking and inflation!

> Expansion driven by /\gUSY, pseudoflat Polonyi direction acts as the inflaton field.

Our approach: R symmetry breaking at late times to tame dangerous SUGRA corrections.

> Habitable universes with CC = 0 & SUSY undergo inflation. Answer to Why inflation?

Implications: Polonyi inflation, similar to F-term hybrid inflation in the limit mg /> = 0.

> No tadpole term in the inflaton potential, no topological defects, no bound on ms .

T 1/2
Hﬁms/z =4 ms/z_ﬁ rAng~1O12GeV(1Or_4)

> Suppose anthropic selection of Ang. = Explanation for large SUSY-breaking scale.

> Wino LSP (DM, only sparticles at low energies), leptogenesis, EW vacuum stability.

Next steps: Seek alternative UV completions of the Polonyi model, W = u?® + w. More
comprehensive study of reheating and low-energy phenomenology. = Lots of work to do!
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Thank you for your attention!
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Supplementary Material
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I ———
Status of supersymmetry in early 2016

Low-scale supersymmetry under pressure:

R B B L L
(] ,ATLAS Preliminary  {s=13Tev,3.2fb™ .
O, 1800F G- K, 0-lepton, ATLAS-CONF-2015-062 ] > No SUSY signals at the LHC, so far.
%ﬁmooi —_— mg O-lepton, ATLAS-CONF-2015-062
S S — g BV AR E » SM Higgs boson mass of a 125GeV calls
MOOE T Bk ss o andvacozooese. for large stop loop corrections.
1200 G- i 2 3b ets, to appear =
E — ga bby 23bje(5 ATLAS-CONF-2015-067 |
1000 -
E E No need to give up on SUSY altogether:
600 == 4 .
S E > R parity — stable LSP — dark matter.
400~ =
s00r 3 > Gauge unification at Agyr ~ 10'® GeV.
| T IR i} PRI L B L ool g
10000 12000 1400 1800 1800 > UV completion of the SM in string theory.
[ATLAS "16] m() [GeV] P 9 y

What if we let go of the notion that SUSY is responsible for stabilizing the EW scale?
> Allow for soft sparticle masses of O (10) TeV and larger.
» No more gravitino / Polonyi problems in cosmology. Less tension from G & FCNCs.
> Simple mediation to the visible sector: solely via gravitational interactions (PGM).

[Giudice, Luty, Murayama & Rattazzi ‘98] [Wells '03; '05] [Arkani-Hamed & Dimopoulos '05] [Ibe, Moroi & Yanagida '07; Ibe & Yanagida '12]
[Arkani-Hamed, Gupta, Kaplan, Weiner & Zorawski '12] [Hall & Nomura '12] [Arvanitaki, Craig, Dimopoulos & Villadoro '13]
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Our starting point for a realistic model of Polonyi inflation

© Unbroken R symmetry in the sector responsible for the generation of w C W:

>

>

We shall assume a discrete, anomaly-free R symmetry: Zﬁ

[Krauss & Wilczek "89] [Ibanez & Ross '91; '92] [Banks & Dine '92] [Ibanez '93]

Global continuous R symmetry U(1)g explicitly broken in quantum gravity.

[Banks & Seiberg "11]

Local continuous R symmetry U(1)g leads to conflicts with anomaly constraints.
[Antoniadis & Knoops '14;'16] [Antoniadis, Ghilencea & Knoops '15]

Discrete R symmetries follow from orbifold compactifications of the heterotic string.
[Font, Ibanez, Nilles, Quevedo '88] [Kobayashi, Raby & Zhang '05]

Best candidate: Z7, also allows to solve the y problem in the MSSM.

[Lee, Raby, Ratz, Ross, Schieren, Schmidt-Hoberg & Vaudrevange '11; '11] [Kappl, Petersen, Raby, Ratz, Schieren & Vaudrevange '11]
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Our starting point for a realistic model of Polonyi inflation

© Unbroken R symmetry in the sector responsible for the generation of w C W:

>

>

>

We shall assume a discrete, anomaly-free R symmetry: Zﬁ

[Krauss & Wilczek "89] [Ibanez & Ross '91; '92] [Banks & Dine '92] [Ibanez '93]

Global continuous R symmetry U(1)g explicitly broken in quantum gravity.

[Banks & Seiberg "11]

Local continuous R symmetry U(1)g leads to conflicts with anomaly constraints.
[Antoniadis & Knoops '14;'16] [Antoniadis, Ghilencea & Knoops '15]

Discrete R symmetries follow from orbifold compactifications of the heterotic string.
[Font, Ibanez, Nilles, Quevedo '88] [Kobayashi, Raby & Zhang '05]

Best candidate: Z7, also allows to solve the y problem in the MSSM.

[Lee, Raby, Ratz, Ross, Schieren, Schmidt-Hoberg & Vaudrevange '11; '11] [Kappl, Petersen, Raby, Ratz, Schieren & Vaudrevange '11]

® Strong gauge dynamics accounting for it and w in the Polonyi superpotential:

>

>

UV completion in the context of strongly coupled supersymmetric gauge theories.

No dimensionful input parameters. All mass scales generated via dim. transmutation:
[Affleck, Dine & Seiberg '84; '84; '85]

Asusy = Aint ~ A

Program: Find UV completion of the Polonyi model, identify flat tree-level direction in global
SUSY, study inflationary potential in dependence of gravitational and radiative corrections. J
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Dynamical Inflation in the IYIT Supersymmetry Breaking Model

Why loop corrections? Inflation in the bare Polonyi model

Study viability of inflation in the original Polonyi model for different choices of K and w:

o
R

)

>
A
o=(9)

Slow-roll parameters € and | n|
=
2

\ Superpotential:

W=pod+w

Kéhler potential (the usual suspects):

€
Kean = |¢|2+ Z ‘¢'|4+

; 1 2__ € 2
102 -2 -1 0 1 2 3 K;El— E(d)idﬁ) T E((bq:cb)f) NI
Polonyi field value @/ Mp
| | Kean €<0) | Kean(€>0) [ KG €= 0) | K (e £0) | K5 (e £0) |
w=w SR SR V— — (Vy<o0 SR
w=0 ns > 1 w— wp? V — —oo (V)y<o (V)y<o

Conclusion: Inflation not feasible in the bare Polonyi model. Need radiative corrections! J

[Ovrut & Steinhardt '83]
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Dynamical SUSY breaking in the IYIT model [ s

[YIT model: Simplest vector-like model of dynamical SUSY breaking. Use to generate !

» Strongly coupled SU(2) SUSY gauge theory with 4 fundamental quark fields W'.
> At low energies, quantum moduli space of degenerate SUSY vacua, spanned by
M1 wly Mi=-M PE(MT) ~ A—zz
4t A 167
> 6 gauge-invariant composite flat directions (“mesons”) subject to deformed constraint.
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Dynamical SUSY breaking in the IYIT model [ s

[YIT model: Simplest vector-like model of dynamical SUSY breaking. Use to generate !

» Strongly coupled SU(2) SUSY gauge theory with 4 fundamental quark fields W'.
> At low energies, quantum moduli space of degenerate SUSY vacua, spanned by
Mie L vy M= i (M) ~ N

4m A ' 1672

> 6 gauge-invariant composite flat directions (“mesons”) subject to deformed constraint.

Break SUSY by introducing appropriate tree-level couplings to 6 singlet fields Zjj in Wiree:

> Lifts the flat directions in moduli space. Pf(M) # 0 no longer compatible with V = 0.

> SUSY broken a la O’'Raifeartaigh by nonvanishing singlet F-terms, Fz ~ A (M) # 0.

Next: Perform some magic and derive the superpotential of hybrid inflation from WIerfIT. J
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F-term hybrid inflation with massive waterfall fields

[Copeland, Liddle, Lyth, Stewart & Wands '94] [Dvali, Shafi & Schaefer '94] [Dimopoulos, Dvali & Rattazzi '97] [Izawa '98]

1 . 1
WIer'fIT ~ 167&,-;(//\2;(//‘/1” — K‘¢¢ V2 - =

— 1 —
5 (207 = S (X? [+ moT =04 my S, X"+

© Transform singlet and meson fields Zy and M7 from SU(4) to SO(6) basis:
> Global SU(4) flavor symmetry if 4} = A8/ 8/. Antisymmetric tensors Zy, MY ~ 6 of SU(4).
> SU(4) = SO(6) => Switch to vectors Sy, X ~ 6 of SO(6) = WET ~ A,/4m S, X2
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F-term hybrid inflation with massive waterfall fields

[Copeland, Liddle, Lyth, Stewart & Wands '94] [Dvali, Shafi & Schaefer '94] [Dimopoulos, Dvali & Rattazzi '97] [Izawa '98]

1 . 1
WIer'fIT ~ 16771')%(//\2“,‘/1” — K‘¢¢ V2 - =

— 1 —
5 (207 = S (X? [+ moT =04 my S, X"+

© Transform singlet and meson fields Zy and M7 from SU(4) to SO(6) basis:
> Global SU(4) flavor symmetry if 4} = A8/ 8/. Antisymmetric tensors Zy, MY ~ 6 of SU(4).
> SU(4) = SO(6) = Switch to vectors Sa, X2 ~ 6 of SO(6) = Wiy o Aa/4m S, X2.

® Include deformed moduli constraint using a Lagrange multiplier field T:

WP~ axT [PF(MT) — A°/167°] , PE(MT) = ] (X?)?
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F-term hybrid inflation with massive waterfall fields

[Copeland, Liddle, Lyth, Stewart & Wands '94] [Dvali, Shafi & Schaefer '94] [Dimopoulos, Dvali & Rattazzi '97] [Izawa '98]

1 . 1
WIer'fIT ~ 16771')%(//\2“,‘/1” — K‘¢¢ V2 - =

— 1 —
5 (:0)2— E(X”)z +meE =0+ my Sy X"+

© Transform singlet and meson fields Zy and M7 from SU(4) to SO(6) basis:
> Global SU(4) flavor symmetry if 4} = A8/ 8/. Antisymmetric tensors Zy, MY ~ 6 of SU(4).
> SU(4) = SO(6) => Switch to vectors Sy, X ~ 6 of SO(6) = WET ~ A,/4m S, X2
® Include deformed moduli constraint using a Lagrange multiplier field T:
WP~ axT [PF(MT) — A°/167°] , PE(MT) = ] (X?)?
@ Determine SUSY-breaking vacuum and shift the X meson by its VEV (assume w.l.o.g. Ag < A,):

X0=(X"+=, (X®)=f(A)N/am, (T)=g(A) (So)
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F-term hybrid inflation with massive waterfall fields

[Copeland, Liddle, Lyth, Stewart & Wands '94] [Dvali, Shafi & Schaefer '94] [Dimopoulos, Dvali & Rattazzi '97] [Izawa '98]

1 . 1
WIer'fIT ~ 16771')%(//\2“,‘/1” — K‘¢¢ V2 - =

— 1 —
5 (207 = S (X? [+ moT =04 my S, X"+

© Transform singlet and meson fields Zy and M7 from SU(4) to SO(6) basis:

> Global SU(4) flavor symmetry if 4} = A8/ 8/. Antisymmetric tensors Zy, MY ~ 6 of SU(4).

> SU(4) = SO(6) => Switch to vectors Sy, X ~ 6 of SO(6) = WET ~ A,/4m S, X2
® Include deformed moduli constraint using a Lagrange multiplier field T:

i i 1
W' = anT [P (M) — A?/167%] (M) = 2 (x7)?
@ Determine SUSY-breaking vacuum and shift the X meson by its VEV (assume w.l.o.g. Ag < A,):
X0=(X)+=0, (X°)=f(A)N/am, (T)=g(2)(So)

O Diagonalize the mass matrix of the SUSY-breaking fields Sy and T:

(@) =AB)- (ST, tanp=g(A)

v~NAN4AT, ke ~A, mo=m/sinB, m=kev=~A/4n N\, mp,=A,/4n A\
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Low-energy effective theory

1 _gv2 1 —
Wilir ~ Ko® VZ_E(:O) _E(X")Z +moXZ0+mpSp X+

> Polonyi field ®: linear combination of the IYIT singlet Sy & the Lagrange multiplier T.
» Mesons =0, X™: SO(6) multiplet of would-be waterfall fields with masses mg, mj.

> my > m= K¢V = Keep vacuum energy density after inflation! = No top. defects!

Low-energy effective theory below the meson mass thresholds m, ~ A:

Wllp~p2e =Py~ A2 /am A

Dynamical UV completion of half the Polonyi model!

> Complex Polonyi scalar ¢ C ®: flat tree-level direction in global SUSY.
» Dynamically generated SUSY-breaking scale: u ~ A1/2 /am A.

However: Now ® couples to massive matter fields =- Radiative corrections! J

Kai Schmitz (MPIK Heidelberg) Polonyi Inflation Theory Seminar | DESY Hamburg | 07/12/16 7/13



Radiative corrections from massive meson loops

Inflaton-dependent mass:

Vi—loop (¢) =
o°p S ng/Ps i @ ¢o

(usual log corrections as in FHI)

10°
S High-ener
= e F Ul result igh-energy . K'q>
= . regime ¢ = —(P e’e , M((p) = 7(1)
S| —— e va V2
g
D Al In x
= A N i Critical field value:
= 102,
5 TN NG A
g. 3 2 Mesonic M((PC) = A’ (PC = 2 Kiq)
E 10” 2 phase
© Low-energy f it
£ regime ; transiton Order parameter:

1074k, ) | . R

1072 107 100 10° 102 x(¢) = 9 _M(9)
Order parameter x(¢) = @/ @, ?)= Pc - A
% mgff @? 0K @ (effective mass around the origin)

> ¢ stabilized around the origin by strong dynamics:

[Chacko, Luty & Ponton '98]

M2 ~ Neir (An) 7522 mP.

€

> Harmless confinement transition at ¢ ~ @.: quark/gluons — mesons, SU(2) — 1.

Kai Schmitz (MPIK Heidelberg) Polonyi Inflation
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Embedding into supergravity

Canonical Kahler potential plus subdominant higher-dimensionful corrections:
K= ¢T¢+§(¢T¢)2+---
> |<1>|4 not forbidden by any symmetry. Expected in low-energy EFT of quantum gravity.
> Introduces Hubble-induced mass: m@ = —3¢ H? (accidental cancellation if € = 0).
> Coefficient € needs to be slightly suppressed to avoid the ) problem in SUGRA.

[Dine, Fischler, Nemeschansky '84] [Coughlan, Holman, Ramond, Ross '84]

Kai Schmitz (MPIK Heidelberg) Polonyi Inflation



Dynamical Inflation in the IYIT Supersymmetry Breaking Model

Emb

edding into supergravity

Canonical K&hler potential plus subdominant higher-dimensionful corrections:

> |<1>|4 not forbidden by any symmetry. Expected in low-energy EFT of quantum gravity.

>

>

K— <|>*‘¢+§(4>T¢)2+

Introduces Hubble-induced mass: mi = —3¢ H? (accidental cancellation if € = 0).

Coefficient € needs to be slightly suppressed to avoid the 17 problem in SUGRA.

[Dine, Fischler, Nemeschansky '84] [Coughlan, Holman, Ramond, Ross '84]

Tota

| scalar potential for the real Polonyi field ¢ in the large-field regime:

4
+M|n£
16712 @

2 2 4
S PR AR R R Ol I A R
vo=s[ 558 )+ (-5 5 ()

>

>

>

>

Same potential as in FHI: incl. SUGRA and loop corrections, in the limit mz, = 0.
[Bastero-Gil, King, Shafi '07]

No tadpole term (no odd powers), no dependence on the complex phase 6 = arg ¢.
[Buchmidiller, Covi & Delpine "00]

Usual slow-roll bound ms /> < 1073H does not apply. In fact, Mg > H in our case.
[Buchmiiller, Domcke, Kamada & K.S. '14]

No waterfall transition, no production of topological defects at the end of inflation.

Dynamical realization of F-term hybrid inflation minus all its shortcomings!

J
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Gaugino condensation in a mass-deformed hidden sector

Simplest possibility for A2 GC in a strongly coupled pure SYM theory. Use to generate w!

[Veneziano & Yankielowicz '82]

Introduce separate SQCD sector with field-dependent quark masses:
Wa=PQQ
> (P) =0: SU(N.) gauge theory with Ny massless flavors and quantum moduli space.
> (P)> A: Integrate out heavy quarks = Pure SYM = Gaugino condensation.

> Obtain gaugino condensation scale 7\eff from RGE matching at mass threshold (P),

wetf — _Ne s R3Ne _ ( pyNs 3NN A= m 8r® 1
R — 167[2 eff » eff _< > ) = lVip; €Xp _TQZ(IV’PI)
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Gaugino condensation in a mass-deformed hidden sector

Simplest possibility for A2 GC in a strongly coupled pure SYM theory. Use to generate w!

[Veneziano & Yankielowicz '82]

Introduce separate SQCD sector with field-dependent quark masses:
Wr=PQ'Q
> (P) =0: SU(N.) gauge theory with Ny massless flavors and quantum moduli space.
> (P)> A: Integrate out heavy quarks = Pure SYM = Gaugino condensation.

> Obtain gaugino condensation scale 7\eff from RGE matching at mass threshold (P),

wetf — _Ne s R3Ne _ ( pyNs 3NN A= m 8r® 1
R — 167[2 eff » eff _< > ) = lVip; €Xp _TQZ(IV’PI)

Constant term in the superpotential:

— 1,6V;2 <P>NI/NC AS*Nf/Nc

> U(1)r — ZJ}, by SU(Nc) instantons in SYM. ZJ§, — Z§ by gaugino condensation.
> Simplest realization (consistent with Zf): N¢ = Nf = 2 (same as in the IYIT sector).
> w controlled by §(Mp;). CC problem deferred to boundary conditions in the UV.
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Waterfall transition at small inflaton field values

How to use this mechanism of R symmetry breaking in the context of Polonyi inflation?
> The field P is stabilized during inflation by its Hubble-induced mass, m3 o< H2.

> Why unstable at small field values? Introduce waterfall superpotential for the field P,

B

6

]
Wp:aY(vg—EPz)_;- Y.

> «, B dimensionless coefficients; vp mass scale, maybe also of dynamical origin.

> Z, parity: [Y] = +1, [P] = —1. Assume suppressed parity-breaking operators.
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Waterfall transition at small inflaton field values

How to use this mechanism of R symmetry breaking in the context of Polonyi inflation?
> The field P is stabilized during inflation by its Hubble-induced mass, m3 o< H2.

> Why unstable at small field values? Introduce waterfall superpotential for the field P,

]
szaY(v,%—EPz)JrgYSer

> «, B dimensionless coefficients; vp mass scale, maybe also of dynamical origin.

> Z, parity: [Y] = +1, [P] = —1. Assume suppressed parity-breaking operators.

Mass eigenstates in global supersymmetry:

ey

b iaﬁVP

yi -
» Choose « such that —2v3 exceeds the Hubble-induced mass only after inflation.

> If @ too small / large, inflation never ends / never takes place. = Anthropic selection?

Our novel approach: Waterfall transition in a separate sector. = Control over {g! J
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Spontaneous R Symmetry Breaking after the End of Inflation

(De)stabilization of the waterfall field P

Total mass of the waterfall scalar p™ in supergravity:
v(e)
mfr () =—aPv5+ Ve +Am? ()
Pl
> Choose o =~ u?/vp/Mpy, so that p~ becomes unstable close to ¢ = 0.
> During inflation, additional stabilization similarly as in standard F-term hybrid inflation,
Fy| n2e
()=

Fy|=av Am? (@) D aly
m}2/+ \/éMIZ,I, | Yl P> ((P) < >

Size and gradient of mf), (@) as a function of ¢ sensitive to noncanonical K&hler potential,
2| p2
|*7|P| V(o) Mo\ V(o)
7 2 7\ 1€ 2
M; Mg, M, My,
> Only means of communication between the SUSY and R symmetry-breaking sectors.

Kinix = €p

> Arrange parameters such that |mp7 | 2 H before and after the waterfall transition.

Induced R symmetry-breaking phase transition at late times as a pure SUGRA effect! J
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Spontaneous R Symmetry Breaking after the End of Inflation

Tuning the cosmological constant to zero

(F=#0 W)y#0
@
/CC =0
SUSY-breaking sector: R symmetry-breaking sector:
1 "
W u2o W~ — (P)A?
u a2 \F)
Required constant in the superpotential: Actual constant in the superpotential:
2
1 6V2 -
Wol“”MP1 w:—iv A?

V3 8n2 7

Match these results by tuning the dynamical scale Ainthe R symmetry-breaking sector:

sﬂzszm)vz
V36V2 vp

w—w = A—)(

Then, late-time R symmetry breaking after inflation resulting in CC = 0! J
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