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Abstract: Supersymmetry plays a fundamental role in the radiative stability of many inflationary models. & nbsp;l will explain how supersymmetry
and naturalness require additional scalar degrees of freedom with masses on the order of the inflationary Hubble scale. & nbsp;These fields lead to
distinctive non-gaussian signatures that may be observable in both the CMB and large scale structure.
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Inflation

Explains observed features of cosmological data

Universe on largest scales:

Homogeneous Isotropic

Ry
Ut T L

Flat
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Inflation

Explains observed features of cosmological data

Fluctuations are:

6000
. = 5000 g
® Scale Invariant = |
e Adiabatic = %0
- 2000 |
e Gaussian = 1000 |
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Inflation

A sufficient definition to explain data:

~60 e-folds of quasi de Sitter with 7~ > \Hl

e.g. Can be achieved via slow roll inflation
— 1 DAY y
L= 50,0p0"p — V()

2

C ,.‘f)
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€ — _ﬁl\jl.;l 7) < 1 ) = < 1

What protects the flathess of the potential?
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Supersymmetry

Protects inflaton potential

@ _'l"- - ;..\
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Without SUSY, models are typically baroque
Motivates SUSY at energy scale of inflation

No less motivated if SUSY is absent at the weak scale
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Supersymmetry

Protects inflaton potential

Bty |

4 : . 2 5 ., ..

i h @ ._Auv, ¢ ~ finite
/ R ;

P

SUSY is broken (at least) at the Hubble scale

need fine tuning
or more symmetry

SUSY 77 problem : mi ~ FH?

SUSY drastically simplifies the problem
(but does not solve it)
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Supersymmetry

Inflaton is a REAL scalar

A
V() 1L SUSY uses complex scalars
A
| SUSY “predicts’ at least
one extra light(ish) scalar
H —F— Inflaton partner / gravity mediated mas
VN4l —31— Inflaton

mass spectrum
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Supersymmetry

Protects inflaton potential

Gty |

'V : ' 2 ., ..

b (9 ('f) ._A[IV (f) —~ j[llllt(‘,
f - - ‘J' 1
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SUSY is broken (at least) at the Hubble scale

need fine tuning
or more symmetry

SUSY 7] problem : 'rn,gb ~ 2

SUSY drastically simplifies the problem
(but does not solve it)
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Supersymmetry

Inflaton is a REAL scalar

V(o) LA SUSY uses complex scalars

11/2
) - R )
| SUSY “predicts’ at least

one extra light(ish) scalar

H —

Inflaton partner / gravity mediated masses

Inflaton

JITH —
mass spectrum
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Can we ““detect’ these extra species?
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Non-Gaussianity

N-point functions contain lots of information

E.g.: 3-point function of curvature perturbation (

Rotation + Translation Invariance
(Choy Chn Choy = (27)° Be (b, ko, k3)07 (kg + ko + ki)

Scale Invariance
1 L

Be(ky, ko, ky) = FBC(41'1=4172e 1) : =,
'3

—
.
o

o

Function of 2 variables
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Non-Gaussianity

N-point functions contain lots of information

E.g.: 3-point function of curvature perturbation (

Rotation + Translation Invariance
(Choy Chn Chony = (2m)° B¢ (ks ko, k3)07 (kg + ko + ki)

Scale Invariance
1 L

Be(ky, ko, ky) = FBC(J'laJ-".Ze 1) : =z,
3

—_—
.
o

o

Function of 2 variables
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Squeezed Limit

Three point function sensitive to # of fields

(Ck1CkaCha)|by—0 ~—— 114, —0
/_’ g ks
In single field inflation (Cr, CroCry)lr, 0 X 7~ Creminelli ecal.
1
ldea: ds® = —dt® + a(t)?e?*Sdxi = —dt* + a(t)?dzs

Constant ¢ is not physical

Physical Quantities (¢, V2¢ x k2¢
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Squeezed Limit

Three point function sensitive to # of fields

‘ 1
(CPY 1o X Ta > 1 : Multiple light scalars

VWhat more might we learn?

Symmetries < > I[nteractions
Senatore & Zaldarriaga

Measure detailed “shape” : requires high signal to noise

What do we learn from the scaling itself?
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Quasi-Single Field Inflation

Chen & Wang

Hubble mass fields lead to unique signatures

eg. L D 0?’Co +m2c? + nuo?

1 m=
<Q.;>1\'1—>() X }‘,(}- Yy — — _I_ \/
1

Squeezed limit measures the mass'

1l < o < 3 is natural in SUSY
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The Supersymmetric
EFT of Inflation
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SUSY and Inflation

Basic Ingredients

. Inflation requires positive vacuum energy

Positive vacuum energy breaks SUSY

Creminelli et al. :

2. Inflation breaks time translations
Cheung et al.
Inflation must end so we need a clock

Goldstone boson = local fluctuations of clock

Goldstone is eaten ( = —Hw
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SUSY and Inflation

Basic Ingredients

Inflation requires positive vacuum energy

V' (¢) F-term breaking: |F'x|? = 3M>H~?

pl

X =+ O, + O°Fx x is typically heavy

/2
Y-

i

- + 6 Y —+ (7’2 7 "'i\'
1 %

Integrate out & : X =

/(ﬂf)X'l'X + [/ (izf)(\/gﬂfle)X +- 11.(7.:|
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SUSY and Inflation

Basic Ingredients
Inflation brealkks time translations

{Q2.Q} 21 P,
Time. Translations » SWUJSY

Lorentz breaking: & = ...05"00,,¢» — 05 0¢)(t)

Write this in general as

DO D Ot OM | H |20, t — O OM | H |12

e.g. for slow roll \/51\[1)1H1/2 = ¢
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SUSY and Inflation

Basic Ingredients
Inflation brealkks time translations

{Q.Q} 2t P,
Time Transltations » SILIJSY

Lorentz breaking: & = ...00"00,, ¢ — 050 (t)

Write this in general as

DO D Ot OM | H |20, t — OOM | H |2

e.g. for slow roll ﬂﬂ[l)lﬂl/z = ¢
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SUSY and Inflation

Basic Ingredients
Inflation brealks time translations

{Q2.Q} 21 P,
Time. Translations » SWUJSY

Lorentz breaking: & = ...05"00,,¢» — 05 0¢p(t)

Write this in general as

DO D Ot OM | H |20, t — O OM | H |12

e.g. for slow roll \/§AII)1H1/2 = ¢
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e.g.
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SUSY and Inflation

Basic Ingredients

Inflation spontaneously breaks time translations

X%,
Include goldstone of time translation breaking 7w ~ ——
D

'

Always appears as @ = ¢ + m Cheung etal.

t —t+ &(t, x)

» © is invariant !
T — T — &(t,x)

D = o + ip(t + 7) + B0, (a + ip(t + 71')) T

o is our extra scalar!
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Scalar Masses
Mass for O generated by SUSY breaking

In Field Theory - Self-interactions generate small mass

“ {) y i .) 5 .) g .)
m2o? ~ —,_(72 A“ < ]\I]fl — m- ~ H < H~

Coupled to Gravity - Curvature of space-time breaks SUSY

Yo2 ~ H252
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Curvature Perturbations

During Inflation - Goldstone “‘eaten’

Higgs mechanism - ( ~ —H 7w + ...
In single field, T is conserved outside the horizon

After Inflation - Multi-field effects

( ~aHm + bo(x) + co?(x) + ...

Non-conservation of T is local in real space

Senatore & Zaldarriaga
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Quasi-Single Field Inflation

Chen & Wang

L = 4"\_11‘;‘)1.116),,_?()”7? - %(’),,(T(’)“rr + miTo + mco® + o’

Aing term

- a3
Plel P= e <H
£
1Z]
vig >€ o

treat mixing perturbatively
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Quasi-Single Field Inflation

Chen & Wang
Basic ldea

Massless field Mixing M

Oph
G A >€ F
@D
i term
Only derivative interactions Interactions unconstrained
Line = M*77 Line = po
c.8- it — 4 7T c.8. int — (O

Massive fluctuations converted into curvature!

o— Hm =
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Quasi-Single Field Inflation

Chen & Wang
Basic Idea

Massless field Mixing e e

Oph
L et o >€ 3
(@)
: term
Only derivative interactions Interactions unconstrained
Linge = M*77 Line = o
c.8- it — A4 7T c.8. int — O

Massive fluctuations converted into curvature!

o— Hm = _
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Quasi-Single Field Inflation

Chen & Wang

L = 4-"\11‘—)‘)11_1('),,_?()”# -} %(’),,(T(’)“rr + mirTo + mco® + o’

Aing term

. 3
Pitee £ 1\1],’1'1"11/3 < H
L
121
7T >¢ o

treat mixing perturbatively
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Quasi-Single Field Inflation

Chen & Wang

L = 4-"\1[‘;)‘111('),,_?()”? - %(’),,(T(’)“rr + mirTo +mco? + o’

mass tOFI‘T/

3 /e 9 rre
o~ HE “(—7) "2/ o= \/I i !Hz

Fluctuations decay outside the horizon
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Quasi-Single Field Inflation
Chen & Wang
Tri-spectrum

<

oy Ll e
TNLN( HJA lN[_](NL>> JNL

Four point function enhanced
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Quasi-Single Field Inflation

Chen & Wang
L = 4-"\11‘;)‘111('),,_71’()“? - %(’),,(T(’)“(T + mlrTo + mco? + po?
WWhy scale invariant?

Scale invariance is about shift symmetry: ¢t — ¢ + ¢

(or equivalently w™ — 71+ ¢ )

Action preserves this symmetry

Symmetry also broken at the end of inflation 1) = 7)cna

o — 7 conversion happens during inflation
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Quasi-Single Field Inflation

Chen & Wang
L = :\1[“3111('),,_71’6)“7? -} %(’),,(T(’)“rr + mirwo +mco? + po?
WWhy scale invariant?

Scale invariance is about shift symmetry: ¢t — ¢ + ¢

(or equivalently w™ — 71+ ¢ )

Action preserves this symmetry

Symmetry also broken at the end of inflation 1) = 7)cna

o — 7t conversion happens during inflation
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Quasi-Single Field Inflation

.. Cl & VWV
Squeezed Limit e e

3
: ' k 5 —
<<3>kl_"() ~ A;-'fl}i;;g (A:;lg )< Y~ A:T/é_l_“

Local shape e e — o (A;l—l)(f_l)ifﬂ—u
=

|
= | O
|
T3
N
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Signatures of SUSY
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Supersymmetric QSFI
(b ([)'i')’-'

3

| .
PH + P13
(P + )" A

0L (D 4 D)2
/ ( 2 { | )= Ay 1
& hH2
D D / /
m= ~ - P = — | — ——
A, M= A3

Generates p7mw.o

1
(c O, 7O + 00, 00"0)

Includes interactions
4\ 1]

These interactions generate [, < |
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Supersymmetric QSFI
! (D + PT)°

| I"OL(Pp + P2 - P+ )3 4 —
/( 5 (P + P %Al( -+ )%Aj

D . 4 yi
m= ~ H~ 0= — | = —
A M= A3

Generates p7w.0o
. . l ‘ Y ‘ IRy
Includes interactions A—(O‘(),,_?r,.() Te + 00, 00"0)
1

These interactions generate [N, < 1
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Variations on QSFI

Include extra chiral field

Lrg = / d-*eK(q) + ®NH)2(ZT + =T) + A (2 >3
. 1

(/-)2 /

Ka“(t + m)oH"(t + w)o — pr.c Mixing term
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Variations on QSFI

e.g. - Include extra chiral field

‘ 1 5 ; 1 . s
Lyp = / d%?X((b + dPH2(Z + 7)) + A—(z + Ty
. 1§

e

| S ERON » El
_O-()IJ,O-();LO- —— .f.NL ~ [

=
A1 =

H3 A, C

Squeezed limit unchanged
or(x)0, o5(x)0Mos(x)

Still have local coupling to long mode
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Variations on QSFI

Other possibilities?

ST <\ Large N L | SUISsY N i 1
o : Requirements:
T I v ¥
e « Naturally large NG
()° i ‘o Squeezed limit
(f7)" T ot oy v
() A - Only interactions with both:
lfl-l \ \)
l',‘;-l‘\ TR 4_;
(#) A ot Al . v v - R and
() aa.! atAaAa! v v '
A
()" At ot a v v " i - Uau)(fal 8
(F£) LA ot LA v v '
(4" (49" A %A v v
() ()" a )7 a v v
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Observations
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Non-Gaussianity

Two complimentary approaches

CMB Large scale structure

VWMAP SDSS
Planck BOSS, DES, LSST, ...
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Non-Gaussianity

3 Point Function

Primordial

(AT (O)AT (02)AT(03)) " (C(R1)C(R2)C (k)

Measure In

<C}\T| CAT-_g CA;> = (QW)';BC(AI b ;‘:2* ]‘.'.'5)()‘:;(1(1 + k2 + k:f)

S/N enhance by projecting data onto templates
Ry
k3

S(wi.w2) = Be(wy, w2, 1)ajas T1,2 =

Peaks where S/N is concentrated
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Non-Gaussianity

Squeezed Limit

ki -0=x1 — 0,20 — 1
1
QSFl : B(ky, ko, ky) — o as k1 — 0O
Bl
‘¢ LB Rl 1
Squeezed *“‘shape” : S(xi1,x2) — ———= as x; — 0
.'I,'l
Dominates S/N: 2= @
Interesting range: l < «
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‘Non-Gaussianity in LSS

- - "-; 5'3?‘5:;’,:"":- "g‘:‘

P S I; _:‘ q«'f’"“" - C .

A AR N Galaxy Clustering
- : s ¥ 4

3

Local Non-Gaussianity v

D — (I)g(;lf) + ,]CNL(I);%("I")

Matter power Oks ~ Ok, (g)(1 + SNLPK,)

spectrum > : o JNL _
p <(S‘AT_‘. (:I:)> e .f(I)]\?NLO-S e ) o8
' k7
. . . bfNL -
Scale dependent bias  9},.,16 ~ OfNL P ~ =—0
Dalal et al. k<
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g Galaxy Clustering

3

Local Non-Gaussianity v

D — (I)g(;lf) + ,]CNL(I);%("I")

Matter power Oks ~ Ok, (g)(1 + INLPK,)

spectrum > : i SNL _
p <(S‘AT_‘. (:I:)> = .f(I)]\SNLO-S e ) o8
' k7
: - . bfNL -
Scale dependent bias  9},.,16 ~ OfNL P ~ =0
Dalal et al. k<
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Galaxy Clustering

Probes the squeezed limit

(C(h1)C hn)C(Rg)) — —

as ki — 0O
kg

. : bf . :
(Onhalo(k)o(—k)) — A)({lill' (6(k)O(—kKk)) as kK — O

Measurable for interesting range : « > 1
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Galaxy Clustering

Probes the squeezed limit

(R )C n)C(Rig)) — —

as ki — 0O
ke

} ) bf )
(Onhalo(k)o(—k)) — A)iljll' (6(k)O(—kKk)) as kK — O

Measurable for interesting range : « > 1
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Summary

CMB + LSS will measure
squeezed limit(s)

Scaling in squeezed limit determines mass of extra fields

Hubble mass particles are a
generic feature of SUSY inflation

Quasi-local N.G. arises naturally
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