ORIGIN OF INFLATION
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We mostly Concentrate on CMB
99% of INFLATION papers are HALF complete!!
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CONFUSIONS/CONCLUSIONS

Today 1, 1 = 15 billion years
Life on carh T=3K (1meV)
Salar sys e "
I.eptons Qual'ks Quasars
enT uc,t Guluxy formaution
Epoch of gravimaional colapse
Ver Vo Vi y Sy
Recombination

Relc radiatoa decoaples (CBR)

Matter domination
Onsetof gravitational insadiiy

B B N Nucleosynthesis

Light elements reated - 0, He, | \ t=1second /
| T=1MeV |
| |

|

| -
Quark-hadron transition L t=10_8 |
Hacrons lorm - protons & nzatons l =1 Eea !
| |
' i
l l
| |

!

I H Electroweuk phuase transition || t=10""s l|

Eleckomagnelic & weak nuclear 3
forces become ditiereafated T=10"GeV

SUaSU(2xu[1) - SUR)xU(1)

Photon Gluons

Higgs Boson

+ INFLATON CAN NOT BE AN ARBITRARY FIELD The Parile D sesst

Axions, supersyrmeiry?

Grand unification transition
G -> H -> SU[ASU(2)xu(1)
Inflaton, baryogenesis,

+ QUANTIFYING THE REHEAT TEMPERATURE monopoles, cosmc s¥igs. ot

The Planck epoch
The quantum gravity barrier

+ SUB-PLANCKIAN VEV INFLATIONARY MODELS CAN
GENERATE LARGE TENSOR-TO-SCALAR RATIO
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CONFUSION-1

CMB PERTURBATIONS

EINSTEIN’S GRAVITY +
EQUATION OF STATE,

NoO MODIFICATION OF GR IS REQUIRED AT LOW ENERGIES

YOU MUST EXPLAIN THE RELEVANT DOF.
&
NOT JUST THE EQUATION OF STATE

99% of INFLATION papers are happy with an equation of
\ state argument for reheating, whether they are SM or some other
radiation -- who cares? ( its part of assumption !!
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THE INFLATON VACUUM CANNOT BE
ARBITRARY: IT MUST KNOW OUR

EXISTENCE!
T ]OAO =
§ ]OZO g
9
e 1k
=
=)
17520
=W o
qZ) — Inflation
a
O 10_40 Leptons
3 BBN _
2 2
;glo-éo LHC ;e VO | I
oz I | | ] L Y q H
10-45 10-35 10-25 10-'5 105 105 105 ) W
Time (seconds) —> \

NO HIDDEN RADIATION - ONLY STANDARD MODEL DOF

A.M & ROCHER, PHYS. REPT. (2011), PARTICLE PHYSICS MODELS OF INFLATION & CURVATON
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STANDARD MODEL HIGGS

THE LAST 50-60 E-FOLDINGS OF INFLATION
MUST HAPPEN IN A VISIBLE SECTOR

THE ACTION ? VALIDITY OF EFT ?

M? h,2 1 A
SJ = /d4$\/ { +§

2
R+ 50,hd"h — 7 (h* —v?) }

£~ 5x 104\

EMBEDDING HIGGS INFLATION IN e T
SUGRA DOES NOT HELP 175 f ;

174
INTRODUCES MORE UNKNOWN ;
PARAMETERS M "

GeV 172}

171 |

MSSM HIGGSES WITH D-FLAT 170 Allowed Higgs inflation
DIRECTION CAN OVERCOME e e L e e
124 125 126 127 128 129 130
THESE ISSUES M,
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Starobinsky R + R’ It is utterly INCOMPLETE !

Sq

/d4£13\/ —g[RFl (D)R + RFQ(D)VMVUR’W/ + RILWFg(D)R’U’V + RZF4(|:|)V,/V>\RM>\ ‘

R F5(O)V, VoV, VARM + RE(O)V YV, VAV, R + R, Fr(O)V, V, RAA
RS F3(O)V, VoV, V,R¥WAT + RV Fy(O)V 4,V V, V, VAV, RFA?

Ryvxo Fro(Q)RM™A7 + R i (O)V, Ve R A + Ry vo, Fro(O) VAV, YV, RIPVE

R,lelal F13 (D)vpl v01 vl/l VVVPVGRMVAG _l_ Rﬂlylplal F14 (D)vpl vO’l vVl v,Ul v,uvvvpva R'LWAU

+ + 4+

DR ——
GRAVITY INVOKES OOHIGHER ORDER CORRECTIONS

5= [ ey=g[R+ REOR+ BuFaOR + Ruas FO)R9)

F(O) = Za” n NG = </ —0 (ozR2 -+ ﬁRiV -+ WR(QWW) ‘
Wn-———-——-- ) ‘——-—w
2F71(0) + F(0) + 2F73(0) =0 ] Classical Gravity becomes

Biswas, Gerwick, Koivisto & AM, Phys. Rev. Lett. (2012) (AsymptOtlc Freedom)
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BESIDES... GRAVITY/SUPERGRAVITY YOU NEED TO

INVOKE
wr THE BSM

Grand s'uts)

SUPERSTRIVG
Unification

M-theory heterotic

Gl ‘0'000., E‘i‘.

Type-XA T":-I
0

ﬁﬁo

THOUGHT Of

THIS IS WHAT NATURE_—
CARES FOR !!

Dark
Matter
63%

Neutrinos
10%

Photons
15%

Atoms
12%

13.7 BILLION YEARS AGO

(Universe 380,000 years old)
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SINGLET INFLATON HAS NO PREFERENCE:
BILLION HIDDEN SECTORS VS. 1 SM

Standard 242 72 i H
——s M*( qL)qR

R m————

° NHidden NHidden

Hidden - 0
Gden > N @l 6 Y. hadb
Sector : ;

OVER ABUNDANT DARK MATTER
FROM DIRECT INFLATON DECAY!!
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WHEN DOES THE NOTION OF TEMPERATURE MAKES SENSE
AFTER INFLATION ?

my=10"GeV, a,=10""

51 T T . i | Y
10°° r E zR
Ll e
> 10%7 ¢ | 1
& I
2 109} | :
5 | xmax
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&D ]
) I
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:
1031 l! K 1 A : "
1 100 10* 10° 108 10'°

x [ x;

N\
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x/x;

STANDARD REHEAT
TEMPERATURE SINCE 1980s

90 1/4
T(t) = [sz (). t)] ( . ) JTo My

8m3g.

.57 — /4
’Tmax -~ : MP (F¢>HI)

THIS ASSUMES THERMALIZATION IS
ACHIEVED INSTANTLY AT THE TIME
OF RADIATION DOMINATION

How GOOD THE
ASSUMPTION OF INSTANT
THERMALIZATION IS?
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QUANTIFYING REHEAT TEMPERATURE
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Last 50-60 e-folds MUST happen within a i
Visible Sector

Vﬂ'

("/Q“ ’

MSSM/SM

\

Inflation can happen in Many Many VACUA,
BUT the Lightest states are naturally displaced from their minimum
The lightest states are presumably MSSM/SM

Wednesday, 23 October 13



WHY MSSM ? PREDICTIVE POWER

Visible sector inflation
( e.g. MSSM inflaton )

(P)Reheating

Visible sector d.o.f.
e.g. MSSM —> Precise determination of /'

/ Direct decay
Thermal / non-thermal
leptogenesis, Thermal relics
EW baryogenesis, ...
Affleck-Dine baryogenesis

Q-ball decay Tt > Visible sector
dark matter
(e.g. LSP)
KNOWN COUPLINGS
SUSY BREAKING SCALE IS THE MAIN UNCERTAINTY
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SUSY Flat directions
4 L

Shift symmetry

L H as a Gauge Invariant
() operator minimises the

Potential

He
SUSY is broken
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GAUGE INVARIANT INFLATONS
SU(3) x SU(2), x U(1)y

1 /0
a1 Hu:i(ﬁ) o <¢>

SEL e SLLD sl (sl Ll sy

' T e RO e PR

— s el
LH,Hq : — e

' Ml b o (0>

uudeQd N —
CQQQULHe | 0 |y

QQQ) LH 1H d¢ |_ Allahverdi, Enqvist, Bellido, AM, (PRL, 2006), (JCAP, 2007), Allahverdi, Kusenko, AM, JCAP (200%7),

1 (QQQ)HgHeHge | 2 | /| Allahverdi, Dutta, AM (PRL 2007), Chatterjee, AM, JCAP (2011)




MSSM INFLATON POTENTIAL

~ ~ o~ ~ o~ (I)n
V(udd/LLE) W~AY —— v — Soft SUSY terms ZZ
n>3 p

Point of enhanced
gauge symmetry

Inflection Point

YOU CAN COMPUTE THE POTENTIAL FROM
FIRST PRINCIPLE WITHOUT ASSUMING AD-HOC
INTERACTIONS

HIGHER ORDER CORRECTIONS CAN BE
INCLUDED WITHIN EFFECTIVE FIELD THEORY

“«—— RGE flow —»

(udd/LL¢é)
PLHC Pinfation

POTENTIALS ARE CONSTRUCTED BY SMALL PERTURBATIONS Allahverdi, Enqvist, Garcia-Bellido,
AROUND THE ENHANCED GAUGE SYMMETRY POINT AM, PRL (2006), JCAP (2006)
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CONSTRUCTING A POTENTIAL AT THE
LOWEST ORDER

Ah
V(lel) = —m2|¢\2 6" + 1t (n=3) ¢

V(udd/LLe) INFLATION TAKES PLACE ALWAYS BELOW
PLANCK VEV

Point of enhanced
gauge symmetry

“a—— RGE flow —»

(udd/LLé)
drrc Pinfhation
Allahverdi, Enqvist, Garcia-Bellido, AM, PRL (2006), JCAP (2006), Bueno-Sanchez, Dimopoulos, Lyth, JCAP (2006), Allahverdi,
Kusenko AM, JCAP (2006), Allahverdi, Dutta, AM, PRL (2007)
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LHC & PLANCK JOINT CONSTRAINTS ON INFLATONS

w = \LLeLLe) -\ (udd)(udd) EquaTions can
MS MS SCALE TO INFLATIONARY SCALE
16.0 - T
L &
155 LHC
2 . RULES :
E 150 _
=~ 5 PLANCK
S 145 Pe = 219617080 x 1077
o0 14.0 ¢ :
— : ne = 0.960 + 0.073 1
13.5 : ’
13.0 ¢ L g . L,
0 1 2 3 4 5 6
Log, m p | GeV |

BOEHM, DASILVA, AM & PUKARTAS, PRD (2012),

WANG, PUKARTAS & AM, JCAP (2013)
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CAN MSSM INFLATION
PRODUCE LARGE TENSOR TO
SCALAR RATIO?

0.25

Planck+WP
Planck+WP+highL
Planck+WP+BAO
Natural Inflation

0.20

Power law inflation
Low Scale SSB SUSY

R? Inflation
V x ¢?/3
V x ¢

V x ¢?

V x ¢3
N.=50

0.94 0.96 0.98 1.00 e N.=60
Primordial Tilt (ns)

0.15

Tensor-to-Scalar Ratio (rp.002)
0.10

0.05

0.00
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N=1 SUGRA & MSSM INFLATION
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JCAP (2013)
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Correlation between CMB + Dark mater

3000

2000

1500

my [GCV]

1000

500

tan B=10, Ag=-2mg, H=500 GeV, M2=2000 GeV

stop tachyonic

(around
400 GeV)

/ Large Higgsino

component

( my, = 125 GeV

\ l ;stau LSP

0 500 1000 1500

my; [GeV]

2000

do [10' GeV]

tan B=10, Ay=-2mg, H=500 GeV, M;=2000 GeV

1000 1500 2000 2500 3000
mg [GeV]

Higgs Mass +Dark matter constraint +
CMB for udd Inflaton

Boehm, DaSilva, AM & Pukartas, PRD (2012),

Wang, Pukartas & AM JCAP (2013) (hep-ph/1303.535)
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ONE MORE BSM ... NMSSM

NMSSM: CAN INVOKE SUCCESSFUL ELECTROWEAK
BARYOGENESIS VIA 1ST ORDER PHASE TRANSITION

I Planck |

10
100 F,
1’ -
10% ©
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-
— 4 ns = 0.960 £ 0.073 -
& 3 -
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l s
0 | | [ | |
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HIGGS MASS CONSTRAINT
DARK MATTER CONSTRAINT
1ST ORDER PHASE TRANSITION
INFLATIONARY CONSTRAINT FOR UDD INFLATON

BALASZ+AM+ PUKARTAS + WHITE 1309.5091
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LAST 50-60 E-FOLDS MUST HAPPEN
WITHIN A VISIBLE SECTOR

Pr DARK
il s HIDDEN uv %
— ATTER
PC Pe o k P; RADIATION COMPLETION =
ABUNDANCE

PURE GRAVITY \/ \/ : &y
+SM \/ \/ Required No prediction
STRING \/ \/ \/ No . No
Required

THEORY prediction prediction

HIGGS AT Ll Extra

R |\ v v~ \.? Q;fa':,t,:r Physics

VISIBLE .
Required but

SECTOR, \/ \/ \/ NO within Matter \/
I.E.MSSM " "

STRINGY INFLATION IS STILL HELPFUL BUT
NOT DURING LAST 50-60 E-FOLDS...

R + R? Gravity is utterly incomplete : requires higher derivative terms

Wednesday, 23 October 13



CONFUSION-3

LLARGE TENSOR TO SCALAR
RATIO CAN BE
OBTAINED BY SUB-PLANCKIAN
VEV INFLATION

3 [rk)|f 3 (rk)Y _mk) 1 (o, 14\, . ni(k)  €(k)
25\/0.12 {400(0.12) 2 T2 (sc,.,+ 3)6‘”('“‘) 6 8
L omv(kev(ks) _ab(k.) , ' _ 89|
12 2 M,

PERERr———
INFLECTION POINT INFLATION

BEN-DAYAN, R. BRUSTEIN, JCAP (2009),

HoTcHKISs, AM, SESHADRI, JCAP (2012)

CHOUDHURY, AM, PAL, JCAP (2013), CHOUDHURY, AM, 1306.4496

An accurate bound on tensor-to-scalar ratio and the scale of inflation

Sayantan Choudhury ! and Anupam Mazumdar?
' Physics and Applied Mathematics Unit, Indian Statistical Institute, 203 B.T. Road, Kolkata 700 108, INDIA and
? Consortium for Fundamental Physics, Physics Department, Lancaster University, LA1 4{YB, UK

In this paper we provide an accurate bound on tensor-to-scalar ratio (r) for class of models where
inflation always occurs below the Planck scale, and the field displacement during inflation remains
sub-Planckian.

=4 . v v v '
63107 SHAPE OF THE POTENTIAL :
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3 +
3 1
=55x10°} :
S
> ‘
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45x10° ‘ ‘ _ ‘ :
00 02 04 06 08 10

&(in My )

(a) Shape of the potential. Note the existence of a flat
plateau below the Planck scale.

0}
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(b) The blow up picture of the potential near the
inflection point. Here x = ¢ — ¢y, where ¢ is the
inflection-point.
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"¢" ~“~~~ k,ﬁ" ~“~~~
L’ “a Small tensor -
. Large tensor
No TeV scale SUSY TeV scale SUSY perturbations .
, perturbations
\ 4 l' Ak° -’ I|
Understand new Constrain parameter space 3 '
.0.f. : R (3) TeV scale SUSY .
d.o.f.of BSTVI Physics for TeV scale MSSM Re '.
: inflation from LHC '/ - Construct high scale '
; . R MSSM inflationary '
Construct inflationary : o vacuum below M, ':
vacuum within new BSM : R (without invoking -I
sector (without invoking v oy hidden sectors ) '
hidden sectors) . s :
: (R) Precision SUSY - Connect inflation with .
: cosmology LHC observables v
v
(1) New Chapter - Constrain thermal history (4) No TeV scale SUSY
of the Universe precisely
- MSSM parameter space inflationary vacuum based
. Determine dark for inflation, baryogenesis, on new BSM physics
matter candidate and dark matter = ____.--- (without invoking hidden
R sectors )
- Determine mechanism RBVOlutlﬂnary
for baryogenesis

B.QAD_MAP » Seek new LHC signatures
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Extra Slides




14
7,
Log[ 1
GeV

FIG. 2: The ratio (40m?/A?) as a function of Log[ 4] in the
case of udd flat direction. The curves are for MguT boundary
values my= 150, 200, 250, 300 GeV (respectively from left to
right), and A = 1.6 TeV.

14
7,
Log|[ 1
GeV

FIG. 3: The ratio (40m3/A?) as a function of Log|g] in the
case of udd flat direction. The curves are for MguT boundary

values A,q4=1.6, 1.8, 2.0, 2.2 TeV (respectively from top to
bottom), and m, = 400 GeV.
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IS THERE A
FINE - TUNING ?

m¢¢0714¢()

RG - EQUATIONS

my (100 GeV), A(100 GeV)




PREDICTIONS FROM 10°Y vACUA
EXCESS DARK MATTER

EXCESS GRAVITINOS (1) SETTING UP THE
INITIAL CONDITION FOR A

VISIBLE SECTOR INFLATION
EXCESS DARK RADIATION

7 = VLandscape A VMSSM

N O SoLUTION TO SINGULARITY
PROBLEM

SORRY, NO
DARK
ENERGY !!

FIG. 5: Same as in Fig. for Hialse = 10°my.

- I ‘l ’ \ ‘.
WRBVAVARN ) co-voocicar constant
LTS\
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How ABOUT COSMOLOGICAL SINGULARITY PROBLEM?
STRING THEORY IS IMMATURE TO TACKLE THIS PROBLEM:
ONE REQUIRES CLOSE STRING FIELD THEORY

S, — / dia/~g[RF (O)R + RFy(O)V,,V, R™ + Ry, F3(0)R™ + RYF,(O)V, VAR }
+ RMF5(O)V, VoV, VARM + REs(O)V,V, VAV, R + R\ Fr(O)V,V, R ﬁ
+ RYF(O)V,V,V,V, R 4 RV Fy(O)V,,, V,, V.V, ViV, RFA?
+ Ruure Fro(O)RM A7 + Rf )\ Fiy(O)V, Ve R 4+ Ry e, Fi12(D) VAV Vo RFPVT
+ R,lelal F13(D)VP1 v01 vm VVV,OVURMVAO‘ —|_ R,u11/1p10'1 F14(D)v/01 VJ1 V1/1 vﬂl V,MVI/VPVURLWAU

R ————
GRAVITY INVOKES (X )HIGHER ORDER CORRECTIONS

S [ d'ay=g[R+ RAOR+ RuFoA DR + RuasFs DR
F0) = ian n AL = +/—g(aR’ + BR;, +7R5.) i
mn-——--—-- < -——-——-.d
2F1(0) + Fo(0O) +2F3(0) = 0 2 Classical Gravity becomes
W—— g WEAK in the UV

Biswas, Gerwick, Koivisto & AM, Phys. Rev. Lett.
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SUSY SCALE COULD BE
HIGHER THAN TEV !!

UNDERSTANDING FINE TUNING IS IMPORTANT

IT CAN ONLY BE ADDRESSED WITHIN A CONTEXT

10~ for neutrino mass and 10~** for C.C

NATURE IS FINE TUNED
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FOUR REASONS WHY INFLATION MUST
END IN A VISIBLE SECTOR

BiIG BANG

NUCLEOSYNTHESIS

BARYONIC
ASYMMETRY

OBSERVED DARK
MATTER ABUNDANCE

DARK RADIATION

CQxh?~ 10" (

p———

10° GeV

Tr > pPX

Baryon density €2, h=
0.01 0.02

2 4
Baryon-to-photon ration, .

0.03

Aton,'ts Dark
4.6% E
nerqgy
72%
Dark 4 -
Matter |
23% ;
TODAY
Neutrinos = Dark
10% Matter

| 63%

Photons
15%

Atoms
12%

13.7 BILLION YEARS AGO
(Universe 380,000 years old)

HIDDEN SECTOR INFLATION CAN

EASILY OVERPRODUCE ANY DARK

LONG LIVED SECTOR

YOU REALLY NEED TO SUPPRESS THE BRANCHING RATIO
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What about Dark Matter ?

Concrete predictions can be made ONLY for a WIMP scenario
--> Particle Physics Embedding ( BSM Physics )

aon ,——;__'\'i T _”"'q
P : — 07 2
o \ ; 5> eodlElemsyis
% :Z:; \ lncrcani.ng <ov> i Qh %
gg;g N <(7annv>
E:::E \\~_¢ R'\MM‘P" , superWIMPp
o Vo 4
e; | N, S 107 7 I [ I [ .' I I
| \ | CRESST-II |
o | 0° K
o . \ — 108 - XENON100
1 16 100 1000 ol e o
x=m/T {time =) .ET I o
:;,: lO"() —9 .' ® e
© - ° _$%e 222,
Ferso ™
lo-l lO |2 -—' ." ‘.‘. L ] 4
4L o, LEPs
10714 = e
. 1 LHC » |
N =
& 107 10 15 20 25 30 35 40 45
m*lllGeV]
1072 s
Latest Status on light
0 15 20 25 30 35 40 45 Neutralino Dark Matter

myf [GeV]

Boehm, Dev, AM, Pukartas
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PERHAPS WE CAN NEVER MAKE IT
PREDICTIVE

O
%

Y

ONE HAS TO KNoOow ALL THE HIDDEN
SECTORS, THEN THEY ARE NO LONGER
HIDDEN ANY MORE!!
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JUMBLED ROUTE FOR A
SINGLET/HIDDEN INFLATON

A
INFLATION SCALE § SCALE OF HIDDEN SECTOR ”
: 10°° GeV
HIDDEN SECTORS ?
NON-PERTURBATIVE, PREHEATING
) HIDDEN SECTOR MUST NOT
HARBOR DARK SECTOR
) ?
- HIDDEN SECTORS ?
? 10° GeV
OBSERVABLE SECTOR WE NEED TO KNOW HOW THE HIDDEN SECTORS
ARE COUPLED TO THE OBSERVABLE SECTOR
\ 4

Top-down & Bottom-up approach cicoli, AM, JCAP(2010), PRD (2010)
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EVEN IF THE ORIGIN OF INFLATON
COMES FROM SUSY S(10)

SO(10) —% SU(4)c x SU(2)1 x SU(2)x
X SUB), x SUR); x SUR)g x U(1)p_;
5 SU3)e x SUR)L x U(1)y
™ SUB3)e x U(Dem.

THERE ARE MANY SCALARS
NATURALLY THEIR MASSES/
VEVS ARE ALL AT THE GUT

Contents lists available at ScienceDirect s c A L E ! !
Physics Reports
journal homepage: www.elsevier.com/locate/physrep

NONE OF THEM CAN BE
Particle physics models of inflation and curvaton scenarios MADE TECHNICALLY LIGHT
Anupam Mazumdar®*, Jonathan Rocher¢ To B E AN IN F L A To N
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Attraction Towards Inflection Point

Allahverdi, Dutta & AM, Phys. Rev. D (2008)
FIG. 6: Same as in Fig. (4) for H;, .. = 10*m,.
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Bench-Mark Points for Visible Sector Models of

Inflation & Curvaton

Planck Constraints (1o) MSSM inflation | MSSM Curvaton
Tensor-to-scalar ratio .. ..
r < 0.11 (95% CL) [4] W Negligible, v/ Negligible, v
10°P; = 2.19675:5%5 [2] v v
ns = 0.9603 = 0.073 [2] v v
dng/dInk = —0.0134 + 0.0090 [4] < —0.002, v v
xocal = 2.7+ 5.8 [3] <1,V Constrained, v/
et — _42 475 [3] <1,V Constrained, v/
orth — —25 + 39 [3] <1,V Constrained, v/
Relativistic dof (2] only SM only SM
* r<0.11 Inflection Point for  Saddle Point for
With Hubble-Induced SUGRA Corrections Inflaton Both Inflaton &
Curvaton
Conclusions

Last 50-60 e-folds of Inflation MUST be embedded within a VISIBLE sector

Discovery of B-modes will not only test the Inflationary paradigm but will also
test the structure of Space-Time and perhaps the nature of Quantum Gravity itself
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LAST 50-60 E-FOLDS OF INFLATION
@

SU(5),S0(10), EB6,

TOO MANY HIDDEN A,
SECTORS / MODULI -

5~
SM/MSSM & .’
MOST PREDICTIVE

= ¥ INFLATON \ SUPERSYMMETRY

o 1 g
“susy’ J \v-) DD
Hidden - .
Sector mediator
Cuans @ 1won @ oo D St P §UEY e

Standard particles SUSY particles

CicoLl, AM: SHOW EXPLICITLY HIDDEN SECTORS ARE POPULATED

MORE THAN MSSM/VISIBLE IN STRING COMPACTIFICATION
JCAP(2010), PRD (2011)

AVOID ANY HIDDEN STATE @ INFLATE WITH A MINIMAL CONTENT OF MATTER OF A
VISIBLE SECTOR
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Renormalizable Potential from a Visible Sector

/7

2
v (19]) = %W

Pe = 2.1961 7000 x 10774

Ng — 0.960 £+ 0.073
p———

=10k
log,ph |

Allahverdi, Kusenko & AM,
JCAP (2006)

Hotchkiss, AM & Nadathur,
JCAP (2011)

log,,(m/GeV)

Inflaton is a D-flat direction of MSSM*U(1), i.e. SU(3) x S(2)L x U()y x U(1)p-L

W > hNH,L My 22 el o Dl VA

Inflaton decays into MSSM dof + LSP ( dark matter candidate)

Allahverdi, Dutta & AM, Phys.Rev.Lett. (2007)
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SINGLET /HIDDEN SECTOR INFLATION
& BRANCHING RATIO?

¢

1013 GeV A

A SM SINGLET INFLATION

OBSERVABLE SECTOR HIDDEN SECTOR

10° GeV
HIDDEN SECTORS ALWAYS EXIST BEYOND THE SM

HOW DO WE MAKE SURE THAT INFLATON EXCITES THE
SM QUARKS AND LEPTONS ?

MAZUMDAR & ROCHER, 1001.0993 PHYS. REPT. (2010)
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Inflation + Adiabatic Vacuum

Multipole moment, ¢

— 2 10 50 500 1000 1500 2000 2500
6000 .

3 f Bunch Davis Vacuum:

— 5000 , {

g | ‘r

L 4000 ~ + Quantum modes of Inflaton

© t

- , fluctuations are evolving

S 3000 1 . .

?3 LA A Adiabatically <., .
5 2000 AW

5 000 ‘ J 4 P

o 1 [T J =l ) B

GE) | 1;‘“5' W..'“‘“‘M

. 0 90° 18° 1° 0.2° 0.1° 0.07°

Angular scale

| / e-foldings

—_
’_-- -—-~

e \ ~====--="T7 thisisthe —]
\ I Hubble
\ ! horizon

\ I

re-entering! \ |

\ I
\ /

]
still MJ/\./

frozen into a 2o

background = = <
leaving horizon w this is the
|

causal horizon

= inside horizon %4

—
space

Why is Quantum Gravity so kind towards us?
What is the CMB telling us about the Nature of Gravity in

uv?
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Temperature fluctuations [ / K’ ]

Note

6000

5000

4000

3000

2000

1000

Some Issues about Inflation
Quantization of Space Time

Multipole moment, ¢

2 10 50 500 1000 1500 2000

2500

Do we need to

t 4 o o
., quantize gravity
| to produce this?

0.2°
Angular scale

0.1°

0.07°

May be gravity remains
classical forever

Gravity becomes
Asymptotically Free in
the UV

Biswas, Gerwick, Koivisto & AM,
Phys. Rev. Lett. (2012)

Would we ever see B-mode of Polarization ?

Never: If Gravity is treated Classically

Ashoorioon, Dev & AM (1211.4678)

: B-modes do not require super-Planckian Inflaton VEVs such as Chaotic

Inflection Point Inflation can do so with VeVs below the cut-off

Inflation

Hotchkiss, AM & Nadathur,
JCAP (2012)
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Ever Changing models of Inflation

1980 R*R, OLD, NEW, CHAOTIC, EXTENDED,
SOFT, BRANS-DICKE, SUSY, SUGRA,
THERMAL, EXPONENTIAL, DOUBLE, ....

HYBRID, MUTATED HYBRID, INVERTED
1990 HYBRID, F-TERM, D-TERM, K-TERM,
TOPOLOGICAL, ASSISTED, .....

N - FLATION BRANE, BRANE-CHAOTIC/

- £ A " _ A ! =Y l B D - ™ ‘ ': _ v Q % i d a _' | > A g A N ¢t 9 _'., 1 Vel
i y L N A9, - ¥ ‘:, kO 4 ? A " : Jé’ Jx ‘ ¥ Q [ !f'" | | g p 3' _.»; '!\ ---_ ‘ f,_.]_w\_ - i ‘ \ ]_ N \ g g_f:, :v: e T
1 ¥ b L B =~ ) v > o x e ,‘_ 2 i’ —~T7> T -1 . T r +9 . -




Planck Data: Good Agreements

! ey It is consistent with a SINGLE Inflaton
ez (550) No need for exotic models, except

In(TNL)

7.9

2

Ax fnL O =P, + NP, + (Tnr + gNp)P) + - -

More than one sources of Non-Gaussianity
& — N Al < VTN v < 2800 (@ 95%)

Wang, AM (2013), 1304.6399
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Curvaton & Inflaton from MSSM

Xm ¢3m
1 -
e ; ; T 2 tm M
Inflaton le Poin l :
Py ! aton ( Sadd e'r\ olnt) | The potential at lowest order would be:
| N |
( | \\\ U d 1 8 11
| | N | U+ d + d v ¢ ¢
I [ NG | .- V == A A A .
: : \\ : ¢ V3 (¢) 2M3+ 3M,§+ 4M,?+
| | \I
| | ™ .
| | | \\ 10" 10" 10+ 10% 10% 10% 107 10
Curvaton ( Saddle Point) ' ot 1
Po | | . .\
| I I \ \
| | I \ ™~
| | | \
I I | \
| | | N 05 fos
; Inflation é Radiation t PC — 2196 x 10—9
Hubble exit End of inflation ¢ ends slow roll N
- o~ | c 0wt n. = 0.9603 110t
L+L+8) , _ Mpmi+mg : )
o= , m, =
J/3 3
U( ) 1 2| |2 A\ 0.6 +)‘2|0.|10 1025 41024
g)=— -m_|\0o| —
27 6 M3 M$ fnp =27+17.4
10* |, ) : . . | A 10*
NO Iso-Curvature
o Vo/GeV*
Perturbations
AM & Nadathur, Phys. Rev. Lett. (2012), Wang, Pukartas & AM, (hep-ph/1303.535)
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EXPLAINING OUR UNIVERSE

1 = 1§ billion years
T=3K (1meV)

Today t,
Life on earh

ALMOST SCALE INVARIANCE
GAUSSIAN PERTURBATIONS

Solar syslem

Quasars

Galaxy formation

Epoch ol gravila fonal collapse - - ————

™ - L ——— - . .
Recombination \ I thisis the
Relic radiation decouples (CBR) \ T Hubble
Matter domination .
Onsetolgravitatonalinstabilty ‘ ' horizon
- — et BBN requires
"c. :,?:Z,:en,::;:ed_c_,ﬂ i \ t=1 second / Standard Model |re-entering! \ |
T=1MeV baryons.. \ [
e No evidence of \ /
Quark-hadron transition - . o IS
H adrons form - profons & neurons Hidden radiation /\f\—ll/_\/
still frozen \
Standard \ /

Electroweak phase transition | | _ a1 Model is too
Elecromagnetic & weak nuclear To 1OSGOV Good to be

forces become diflerenfated:
SU(3)xSU(2)xU(1) -» SU(3)xU(1) True

frozen into
background

The Partide Desert
Axions, supersymmefry?

this is the
causal horizon

Grand unification transition
G > H > SU[3)xSU{2)xU(1)
Inflajon, baryogenesis
monogoles, cosmic slrings, elc?

The Planck epoch

The guantum gravily barrier
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MODEL INDEPENDENT ANALYSIS IS NICE TO DESCRIBE
CMB, E.G. NON-GAUSSIANITY, ANOMALIES, FEATURES,
ETC.

BUT YOU NEED TO EMBED THE INFLATON INTERACTIONS
IN A PROPER CONTEXT - DON’T FORGET THAT YOU NEED
TO EXCITE THE SM DOF

Inflaton
Interactions

INTO ACCOUNT

NON- GAUSSIANITY,
MAGNETIC FIELD, ETC.. E.G. CHIRALITY
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BEYOND THE STANDARD MODEL

H. Murayama

& Gm‘ s'ut f)
Uni€ication

SUPERSTRING

M-theory heterotic
@ ‘oloaoq’ EgvEyp

Type-EA Type-l
ye-KA "s.‘om-)

Neutrinos Dark
10 % Matter
63% %
T
Photons
Lk \
BUT THIS IS WHAT
i NATURE CARES FOR !!
70

13.7 BILLION YEARS AGO
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CONFUSION -2: EFFECTIVE FIELD THEORY
FOR INFLATION

MSSM
@ K=I'T+¢'¢+ 6K,

Heavy| 6K = f(¢'¢,1'1), f(I'¢0), f(I'I¢0), f(I9'¢)

‘ W =Wnssm + Wheavy
W) =r g W(I) =M,
pl
K=g¢'¢+ 1T+ -2 gtoI'T \
A4Pl

Ui

Liin = Kij(0,8°)(8"07") = (1 "

)(am)(a“cp*) + 37z (91 10,0)0" 1) + 61" (0.1}

ﬂ@z }
+ (1-+ Ad%{)(éhl)(a“l ).

¢ ’ ' ' Ad" | p|2(n—1)
Vo + (mf,+3(1—a)H2)|d>\2— AN i
) n n=— 1M (ln 3)

, o o\ . o" s 4 2a\ AMo"
V(g) ~{ Vo+ m%+31+a2H‘*) 2—{,4 .+((1+a2————) ——
(¢) < 0 ( @ ( ) | oI ‘nﬂ/fﬁl_ 3 ( ) n n lw;;; 3
‘ ' ¢ 2(n—1)
+hL}+AL'ﬂ_3
k A’ngn 3)

for |I| << Mpy

for u ~ .'Wp[.

MOSTLY PAPERS PLAY AN ARBITRARY GAME HERE - BREAK GLOBAL/LOCAL
INVARIANCE, INTRODUCE GHOSTS & SPURIOUS STATES, ETC.
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