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Inflation

Explains the flatness and homogeneity of the universe

Explains the origin of structure

COST: Mechanism is sensitive to Planck scale effects.
Easily ruined by “irrelevant” corrections (77 problem)

Sensitive to initial conditions (patch problem)

Wednesday, May 5, 2010



The 7) Problem

Single field slow roll inflation:
$5 [ d'ay/=g(0,60"6 - V(9)
Inflation = Quasi-de Sitter

H? =~ V(¢)/3MZ ~ Vo/3M

60 e-folds of quasi-de Sitter requires

/
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The 7 Problem

Given some V(¢) with n=M)— <1

Vig) = V(o) + V()

More generally, if V O Oa—y—

(Opa)=¢cV - np~c

Inflation sensitive to dimension 5 & 6
Planck suppressed operators (at least)



UV Completions
?

Planck sensitivity of 7] =« Need UV Completion

Global symmetries ?
Forbid dimension 5 & 6 operators that violate symmetry

Black hole evaporation
violates global symmetries

Existence of symmetry

requires UV completion A‘//
/ ? charge out
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Renormalization
Energy Scale of Inflation A]nf U Mpl

energy

Mpl
UV Cufoff

RG Flow

, (conformal dynamics)

- 1Y End RG flow

Funchoniof Energy Scale

P055|ble Solu’rlon

c(Mpi) ~ O(1)

BUT
Hiag C(Alnf) SH1 1

Parhcle physncs RG used fo explaln 1072 to 10 24
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Field Theory “Solution”

Plan: Suppress dim 6 operators by coupling to a CFT

Inflaton acquires anomalous dimension 7

RSl Pl

Goal: Suppress all dangerous operators

Requirement: No “exotic” field theories
Only phenomena found in the SM
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Recipe
RG on it's own is not enough

To eliminate all O(1) contributions to 7

we wull need

0 Approxumm‘e Global Symmefry (mﬂa’ron s PNGB):
',' Zio symmetry* (liminate dim 5)

Couplings that genemfe RG (suppress dim 6) ,

* Z2 not necessary in some strongly coupled models



Outline

o Concrete SUSY model
® Failure modes for general models

O Non-SUSY extensions
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The SUSY 7) Problem

In SUGRA: V = GK/M§1

K*D,WDyW

3

W
M,

F-term vacuum energy drives inflation: DxW ~ ¢~

V:04[1

K(¢,¢") = ¢'¢

b ¢¢2T e } Copeland et al.
MF
= s A

Cannot be suppressed by RG (tied to kinetic terms)

Can be cancelled (fine tuned solution)
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Shift Symmetries and PNGBs
Shift symmetry eliminate SUGRA term, e.g.

Arkani-Hamed et al.; Kaplan & Weiner

K(p,0") = (¢ + ¢")? —» No mass for Im(¢)

Arises naturally in SSB: & = fe?? K = dTd — f2e2r

l.e. a Goldstone nboson coupled to
gravity is a Goldstone boson

Mass only generated by explicit
symmetry breaking

Use PNGB as inflaton (need approx. symm)
Only need to suppress symmelTy operators
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A Simple Model

)\21 (D + ®)9? + XX (¢° — v7)

Arkani-Hamed et al.; Kaplan & Weiner

W = X\oS(®P — ) A

& =(f+p)et Inflates when
BT pe p =0

Still more dangerous Kahler potential tferms

. XTX
Dim 5 c; D, ele:
M,
' R AL ¢
Dim 6 (ko®'® + k1% + ko ®?) BN
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Discrete Symmetries

Dimension 5 operators give LARGE 7]

To suppress with RG flow: (

~ > 1 : Inflaton is strongly coupled / composite

Forbid with exact Zo where &; — —®;

W = X0(@8 — £2) + "1(® + Bppd + a0 — v7)

b P — -, —P Wy ==l

UV completions allow exact discrete symmeftries
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Coupling to CFT

SU(N.) with Ny =3N.—k flavors
Coupﬁng

WCFT—ylz@ Qi® + 1 Z cz;,czjmmZQszmm Z ON,+iQ;

=N =t

{Qi, Q:} — {—Qi, +Q:} {Q;,Q;} ={ +Q;, —Q;} {Qk, Ok} —{ +Qx, +9k}
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Non-Renormalization
Want dangerous couplings to flow to ZERO

)
-

¥ 4#7 e # 0 )\(1)4 e )\* (1)4

o
Need to know the fixed point, not just dimensions

Cant generate U(1) charged operators: <I>2 <I§2 o1 P

Werr = 47 QiQ,;® + S QR Qi® + M Qr Qn + mb O EH

Corrections must respect global symmetry

(yifyl)n(qﬂq))m Il (yzyz) “(@T D)

Only non-zero couplings are U(1) invariant!
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Model Parameters

i A e~ (62 ) ) f ; ( E ) i ,
: G 4 grild| g
. 2 M} b M,

; £ A'/Dynamical Scale

A

27
| An~2, (%) 51072

TER AR
SR LN | L N i R AT Coupled to CFT

A IS a free parameter i
e d = 11" mass of flavors

Lofs of room for RG

AN 0.1
Y T log [()/107)

i U(1) Breaking

AInf 4 )\1/2
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Anomalous Dimensions

Need to compute the dimensions of &2 &2 &Td

/d492(u)q>fcl> + Z ()07

Only contribution from i 10log Z

2 0 log i

Can be computed exactly using A-maximization

INTRILIGATOR & WECHT

Bibose iy e gle dhiad

| SRR _1_ : 96V, mea T o
BT 16 (8+3N.)23 -z o Na.
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Weak Coupling

k

e 1
N. <K

y_2 yf SNC ol Nf
872 812 N;N.N;

Weak Coupling

8 D Nch

1 - Loop | Exact

L e 3 i
LR H e laly
e=5 (&) roa|| »-3(x) o0 5
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Comparison to Flavor in AMSB

Approximate flavor symmetry explains K/B physics, etc.

BSM physics: new sources of flavor violation

e.g. Anomaly Mediation Randall & Sundrum; Luty & Sundrum
X PN

) Fyx ~ 10% GeV

/ d'0Q)] Qj(

gl
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Beyond the Model

General requirements for model builders

#1: Radiatively Stable Model
where inflaton is a PNGB

#2: Check model has a Zo
that forbids dim 5

#3: Couple inflaton to CFT
| Make sure not to break approx. symm!! |
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Failure Modes
Can RG improve any model without SUGRA mass?

No.
E.g. Linear Superpotential W = g°®
PTP)2
VD) — o* + 0(04( 4) ) SUGRA terms cancel
Mpl
Add K = ®T® OTD? + h.c.) A O P
Mpl ( ) Mgl ( )

Try to suppress cs with RG flow
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Linear Superpotential
Couple inflaton to CFT as before

When (®) >m K~ Z(®/A)OTd
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Failure Modes
I. Inflating in "CFT" is difficult

Introduces fractions powers into potential,

X
eo ° V V T TR ,y
g — X ( A)
Small field: € << ] =mmelp |V =V + f (X )

Lesson: Must separate Vo from CFT
OR
Inflate after decoupling from CFT
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Failure Modes

II. CFT can (re)generate dangerous operators

X not coupled to CFT, e.q.
(:DQ ’
740 iy CFT cant generate X

M, Flows to zero

X IS coupled to CFT, e.qg. CET At
generate

/d49XTX Does NOT flow to zero

Lesson: Operators dont flow to zero unless
Involve fields NOT coupled to CFT

OR
Forbidden by Symmetry
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Non-SUSY Models

SUSY makes radiative stability easy
Still possible without SUSY

e.g. Arkani-Hamed et al.; Kaplan & Weiner

Assume a radiatively stable model (inflaton ¢ )

V given such that 1 <1 & ek 1

Can add curvature couplings:
e / d*zy/—g R[ciMpi(¢ + ¢7) + c2(¢® + ¢™) + a9

2
. . : V il € Cl
During inflation: R ~ = ra e
Mpl T 1)~ C2 T+ C3
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RG Flow

Want to suppress curvature couplings with RG

Problem: Gravity also coupled to CFT
graw’rons
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Eliminating Curvature Couplings

RG flow will not suppress all curvature couplings

, 8u¢m“¢ = EquW Conformally Invariant

R(¢* + ¢1?) May or may not run to zero

Solution: #1 Inflaton a PNSB, ¢ = fe'¥

(Conformal Coupling is invariant)

#2 Find Z, that forbids M, R(¢! + ¢)

#3 Add U(1) invariant coupling to CFT
(U(1) breaking couplings flow to zero)
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Comments on Model Building

Focus on SUSY models

¢ i
K5O+ W~ S(¢p— f*) + p°X
pl
Planck slop Approximate Symm.
Hard to compute Holomorphic

So far, no explanation of origin of symmetry
UV completion may be fine tuned
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Comments on Model Building

Approach #1 : look for UV completion of field theory

Standard Model has approximates symmeitries
e.g. Baryon / Lepton number

Reason: Gauge invariance forbids breaking terms
with dim < 6
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Summary

Approach to 1) problem
Both SUSY and Non-SUSY examples

#1: Radiatively Stable Model
where inflaton is a PNGB

#2: Check model has a Z»-
that forbids dim 5

#3: Couple inflaton to CFT
I Make sure not to break approx. symm!! |
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