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[Caveat: | assume BICEPZ is basically correct.]
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Talk Plan

1. What did BICEPZ find? What Is
B-mode”? How can we explain 1t?
2. Inflation does the job!
3. Implications of BICEP?Z
1. For particle physics
2. For cosmology
4. Conclusions



What did BICEP2 find?



NASA/WMAP Science Team
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Planck distribution of CMB
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Our Universe was in equilibrium.



CMB photons are characterized by

. Energy (or temperature scalar
2. Polarization vector

direction of oscillation
of electric field vector €




CMB temperature sky




Temperature fluctuations [ K? ]

Multipole moment, ¢

CMB anisotropy angular power spectrum
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CMB polarization




Polarization 1s due to quadrupole anisotropy
around electrons.

Quadrupole
Anisotropy

Thomson

N g L Seattering

[.inear
Polarization

(Taken from W. Hu's webpage)



|/_
B0 O pao S

mode and B-mode are exchanged by rotating the
polarization vector by 45 degrees.




Perturbations of spacetime

Flat FRW Universe:

ds® = —dt* + a(t)?6;;dx"da’

+ small perturbations

ds® = —(1 + 2A)dt* — 2aB;dtdx" + a* (8;; + 2H.0;; + 2Hr;;) dx*dx’

The perturbations can be decomposed Into
three types.

1. Scalar ds?=—(1+2®)dt®> +a?(1+2¥)dx?* inflaton
2. Vector
3. Tensor ds?= —dt? + q? (655 + hi;) drtdr? GW



Scalar perturbations Tensor perturbations
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Density (scalar) perturbations generate only
--mode.

—————#k




Scalar perturbations

E-mode ONLY

Tensor perturbations

Rotation
by 45 deg.

BOTH E-mode
and B-mode



B-mode, B-mode, and B-mod
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OK, B-mode. So what?



Inflation is by far the most plausible explanation
for the observed primordial B-mode polarization,
If true.




Can we extrapolate the decelerated expansion
back to the very beginning of the Universe?




Inflation

: a phase of the exponential expansion.

- Inflation can solve the horizon
and flatness problems.

One way to realize the inflation is the slow-
roll inflation.

5 = £
V| &7




Scalar mode

ds® = —(1 + 2®)dt* + a*(1 + 2¥)dx?

O

It is due to fluctuations in time
Induced by the inflaton’s
quantum fluctuation.
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Tensor mode
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Observation vs Theory

Scalar mode
Prn =
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What can we say about inflation?



It's GUT-scale inflation!

Ving = (2.1 x 10" GeV)* (o= )

1
Hiys~1.0x 10" G V( 4 )2,
f 5 "Y' \0.16



[t's l[arge-field inflation!

he Inflaton excursion exceeds the Planck scalel

After o |
b
> Inritarion
o — 2= Mp
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r\z [N
Lyth bound: A¢ 2 8 M (—) (—)
vth bound: 30 Z 8MP53) \50) L res




Various large-field inflation models

Quadratic chaotic inflation

Linde "83

1
V — §m2q§2

m~2x 10 GeV  ¢e0 ~ 16Mp

Natu ral inflatiOn Freese et al, "90

SIED)




Polynomial chaotic inflation

Nakayama, FT, Yanagida 1303.7315
cf. Croon, Ellis, Mavromatos 1303.6253
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Various large-field inflation models
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Various large-field inflation models

Running Kinetic inflation - o220

Nakayama, FT 1008.2956, 1008.4467, 1403.4132

= (1+£¢%)(09)° — V(9)

Higgs chaotic inflation is possible.

L= 1(1+£hz)( Oh)? —

1 2 ~ 19 The transition takes place
* Lo 5 Ah h=h /2 at the intermediate scale.
AXion monOdromy inflatiOn Silverstein, Westphal, 0803.3085

McAllister, Silverstein, Westphal, 0808.0706
V = pu’¢d+ A* cos (f )
a




Tensor-to-scalar ratio (rp.o02)
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Various values of (ns, r) are also possible.

e.g. Multi-natural inflation
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Tension between BICEPZ2 and Planck
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Tension between BICEPZ2 and Planck
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The tensor mode also contributes to the
temperature fluctuations at large scales.



Implications of
BICEP?Z



Implications of BICEPZ

IT true, the

=(®

EPZ results have SIGNIFICANT

Impacts on particle physics and cosmology.

They can be broadly classified into the
two categories.

1. GUT-scale large-field inflation

2. Tension with Planck and others



GUT-scale, large-field inflation

- Inflation model building in sugra/string
- Shift symmetry is likely. String axion? Higgs? RH sneutrino?

. High reheating temperature: 1z 2 10° GeV

- Thermal leptogenesis more likely than before.
- Baryogenesis, dark matter, unwanted relics
- Symmetry restoration is probable.

. The inflaton mass is about m ~ 10'° GeV .
- Related to SUSY breaking scale or RH neutrino mass?
- Too large isocurvature perturbations.

- The QCD axion less likely? PQ symmetry restoration?



Tension between BICEP2 and Planck

.- Deviation from power-law density perturbations
Pr(k)

- Running of spectral index
- Sharp cut-off at large scales.

~ast roll
~alse vacuum decay

. Suppression at small scales

Dark radiation,
not dark matter,
. neutrino mass.

.- Anti-correlation between

tensor and scalar

\

m——

Prn ks 1
power-law

negative running

sharp cut-off spectral index

k

Pr(k)

power-law
Suppression
Nmall scales




Implications for particle physics

Let me start with general observations, ana
then go to more model-dependent Issues.

Because the inflation scale Is high,

. Tris also high. Tr > 10° GeV

€.9. —F 9 Ao » F~ L ~O (1 —100) GeV
Tr ~ 109—10 GeV

Thermal leptogenesis Is likely.



Implication

s for particle physics

Let me start with general observations, ana
then go to more model-dependent Issues.

Because the inflation scale Is high,

. Tris also high. Tg 2 10° GeV

. unwanted

relics can be copiously produced.

(a) gravitinos can be produced thermally

and non-t

nermally.

(b) the Inf

aton may decay into hidden sector.

(c) topological defects associated with SSB.



Implications for particle physics

Let me start with general observations, ana
then go to more model-dependent Issues.

Because the inflation scale Is high,

. Tris also high. Tg 2 10° GeV

- unwanted relics can be copiously produced.

- large 1socurvature perturbations are
generated. e.g. QCD axion

Higaki, Jeong, FT, 1403.4186, Marsh et al, 1403.4216, Visinelli, Gondolo, 1403.4594



What can we say about SUSY breaking
from BICEP2?



In any case, there appears a new mass scale

™Minf — 1013 GeV

So guestion Is whether
m3/2 > 1013 GeV

or

m3/2 < 1013 GGV ,



There appeared papers which argue for SUSY
around the inflaton mass scale ~ 10'3GeV or below.

lbanez and Valenzuela 1403.6081, Hall, Nomura, Shirai 1403.8138, Fan, Jain Ozsoy 1404.1914

126 GeV Higgs mass OK

- Gauge coupling unification OK
Vv
4.

Is it good for anyth

Modull stabilizatior

f moduli=inflaton,

inflaton. 1
Stable modulistabige et Vv o i




What if m3/2 <107 GeV?



Kawasaki, Yamaguchi, Yanagida, hep-ph/0004243 ,hep-ph/0011104

To have a good control over the inflaton field values greater than
the Planck scale, we impose a shift symmetry;

» — ¢ +1C,
which Is explicitly broken by the superpotential.
1
Kint = c(¢ +¢) + 5 (6 + ¢)* + X" — k| X|* + -
Winf — mX¢7

Vugra = X ((D,,;W)Kﬁ (D, W)* — 3|W|2) .

¢ = V2Im[¢]

even for ¢ > M,



Z2 or not Z27

One can impose a Z2 symmetry on the inflaton and X.

/2. @ — —@ X -5 -X

-t 1
Kint = {04 + 5 (8 + )2 + [X[* — KIX[* + -+
Winf = qub,

he Z2> symmetry affects the inflaton decays, while
It hardly affects the inflaton dynamics.



K=c¢+o")+--- mwlp (K;)=c=0(1)

- Pro

The Inflaton automatically decays into the visible sector
W/O IntrOdUC”’]g ad hOC Coupllngs Endo, Kawasaki, FT, Yanagida, hep-ph/0607170

Endo, FT, Yanagida,hep-ph/0701042

/b fomwgﬁ

¢ quijk y /K Xj ¢ <¢>

g~ = = Y

- N b, P )
"oo00000> g g




K=cp+¢")+-- wlhp (K;)=c=0()

Pro

The Inflaton automatically decays into the visible sector

W/O IntrOdUC”’]g ad hOC Coupllngs Endo, Kawasaki, FT, Yanagida, hep-ph/0607170
Endo, FT, Yanagida,nep-ph/0701042
3
m

I' ~ W’ TR ~/ 109 GeV high enough for thermal leptogenesis
P

Con

The Inflaton decays into hidden sectors, producing
TOO many graVItanS Endo, Hamaguchi, FT, 06

Nakamura, Yamaguchi, 06

m3 Kawasaki, FT, Yanagida, 06
P(¢ — 21/)3/2) ~J W Dine, Kitano, Morisse, Shirman, 06
P Endo, FT, Yanagida, 06, 07



Grawtlno productlon in chaotlc mflatlon w/o Zz

Nakayama FT, Yanaglda 1404.2472

Let us add a SUSY breaking field z;

2 ‘2‘4 12m2
K:Kinf+|2| A2 9 m; o A2/'
W = Wing + p?z + Wo, (2 >~2f< 3,:2)22 ﬂ:sz,

There are various sources for gravitino production;

- Thermal production

- Non-thermal production

nflaton decays into gravitinos
nflaton decays into z.

he z coherent osclllations.




Gravitino production in chaotic inflation w/o Z>

Let us add a SUSY breaking field z;

4
_ 2 ‘Z‘ 12m?2
L 2 N ms /o ’ M3y
W = Wing + p22 + W, (o = 2vB (2] T2y

There are various sources for gravitino production;

__ v (th) (¢) (2)
Y32 = Y3/2 + Y3/2 + Y3/2°

( m2 T 0.42
min |2 X 10_12 1 + J ( R ) . : for TR z msusy,
Y3(/t;) ~ [ ( 3m§/2 1019°GeV /7 g45(T3/2)
L0 for TR < msusy,
(@) _ 3Tk 20(® — 22) 4+ 4T (@ — 21 v o 2 Px

3/2 — ) 3/2 —



m, |GeV]

107° 10 10° 10° 10'° 10'°
ms3 /2 |GeV| Nakayama, FT, Yanagida,1404.2472

( )m3/2 < 16eV
consistent with

3 allowed regions: (i) ms/2 =10 —1000TeV' 56 cey Higgs.
(iii) m3 /2 2 >10%% GeV



K= (0+oy+ - wp (Ky)=0

- Pro

Non-thermal gravitino production is forbidden.

. Con(?)
Reheating the visible sector is non-trivial.

It Z2 symmetry is unbroken, one needs to assign
the Z2 charge on the SM and their SUSY partners;
otherwise the inflaton will be stable.
Or, Z2 must be broken.




What is the Z2 symmetry, under which SM particles
are charged?

It could be the matter parity!

Then, the inflaton i1s one of the matter fields of
mass about 10'3GeV---.

It’s right-handed sneutrino!
W = ®LH, isthen allowed.

(-)(-)
r (LHu)Z Neutrino mass is a low-E
™~ M conseqguence of the inflaton!




Murayama, Nakayama, FT, Yanagida,1404.3857

We impose an approximate shift symmetry on one of Ni

1
K = [Ni|* +Nof? + 5 (N3 + N3)* + -+

1
W = S MiNiN; + hiaNiLoH,

with m 0 0
M= 0 0 M
0O M 0
The inflaton is ¢ = v2ImN;
1. 9 9

All the other directions can be stabilized during inflation.



- The model explains why the inflaton mass is
about 1013GeV; it is the RH neutrino scale.

- The seesaw mechanism for light neutrino
masses works.

High reheating temperature.

2

[~ oM Tp~ gr 27/ TMp ~ 10" GeV

- Thermal leptogenesis by N1 works successfully.

No non-thermal gravitino production, but many
gravitinos from thermal scatterings.

R-parity (matter parity) violation for mss2 > 30TeV
or light gravitinos with mild entropy production, or ms;2 < 16eV.



The shift symmetry must be broken by the neutrino Yukawa
couplings for successful inflation, and hs, ~ 0.1 Is
suggested by the neutrino mass & seesaw.

1
W D Ny (iMNg + h2aLaHu> + h3o N3 Lo H,

- Tunneling may solve the tension

between BICEPZ2 and Planck
Bousso et al,1404.2278
Fereivogel et al, 1404.2274

- P

~ 15Mp

Sheutrino as a portal to the mother Universe.



AXion Isocurvature perturbations

Adiabatic perturbation [socurvature perturbation

photon P photon

M J\/\/‘\/\

DM/baryon DM/baryon
X X
Ps
o= < 0.041 (95%CL)
Pr

(Planck+WMAP polarization)



The QCD axion is a plausible candidate for
DM with isocurvature perturbations.

a 9
— (9 S 1Y%
L ( f)327rG G




Isocurvature constraint on Hinf

Hinf /GeV

107 pr———rreer e

108 F

10°

10°
10° F
10" F
107!

102

1073 b—

107 |

10* F
10° |

100 F

Anharmonic
effects

10°

o

fa/G€V

Kobayashi, Kurematsu, FT, 1304.0922



Solutions

Restoration of Peccel-Quinn symmetry during
iInflation.

- Axions are produced from domain walls and
axion DM is possible for fa = 1010GeV.

Hiramatsu, Kawasaki, Saikawa and Sekiguchi, 1202.5851,1207.3166




Solutions

- Restoration of Peccei-Quinn symmetry during

iInflation.

- Axions are produced from domain walls and
axion DM is possible for fa = 1010GeV.

Hiramatsu, Kawasaki, Saikawa and Sekiguchi, 1202.5851,1207.3166

- Super-Planckian saxion field value during
iInflation. (Saxion could be the inflaton)



Hinf /GeV

—
——
+ —_—
—
—_—
- —_—

o

fa/G€V

1014 '1615 ' 1616

Higaki, Jeong, FT, 1403.4186



Solutions

- Restoration of Peccei-Quinn symmetry during
iInflation.

- Axions are produced from domain walls and
axion DM is possible for fa = 1010GeV.

Hiramatsu, Kawasaki, Saikawa and Sekiguchi, 1202.5851,1207.3166

- Super-Planckian saxion field value during
iInflation. (Saxion could be the inflaton)
Heavy axions during inflation. m2 > H2 .

1

- Stronger QCD during inflation  Jeong, Fr 13048131
—nhanced explicit PQ breaking Higaki, Jeong, FT, 14034186
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In this figure, running of ns is assumed.
Why?
Because there is a tension, otherwise.
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Running spectral index

It the spectral index depends on scales, the tension can
be relaxed. But it is difficult to generate a large running.

dlnPC
dlnk

= —24€* + 16en — 2¢

Spectral index ns—1= ~ 21 — b€

Running of dng
spectral index  dlnk

M2 I\ 2 7 1Y 71!
€ = p(z>,7y V,{ M4VV.

20 \ Vv P V2



1.15¢

o0

dn_/dink

—0.060r

01 02 03 04 05
T0.002

Chen, Huang, Zhao, 1404.3467

ng ~ 1

dn g

Tk —0.02 ~ —0.03

Bda g _eco g o ) caicy 20 B Lo _posae
- A g

are needed to reconcile the
tension.

But, then inflation ends soon
and in general Ne < 30.

Easther and Peiris, astro-ph/0604214

(a constant running is assumed)



Large-field inflation with modulations

: Kobayashi, FT, 1011.3988
Let us add small modulations to the Czerny, Kobayashi, FT. 1403.4589
iInflaton potential.

§
V(8) = Vo(6) + Vinoa(d), “

satisfying

Vo(@)| > |Vinod(d),
o@D > |Vimoa(d)|-
Vo' (@) S Vinoa(®)l, Y.
Vo' (9)] < |Vimoa(9)l. 7

Then the spectral index and its running are significantly
affected by modulations, while the inflaton dynamics and
the normalization of density perturbations are hardly affected.



Large-field inflation with modulations

: Kobayashi, FT, 1011.3988
Let us add small modulations to the Czerny, Kobayashi, FT. 1403.4589

iInflaton potential.

P

I\

> In k




Large-field inflation with modulations

: Kobayashi, FT, 1011.3988
Let us add small modulations to the Czerny, Kobayashi, FT. 1403.4589

iInflaton potential.
”

/\

dng/dInk
A

’
s’
”s
”s
7
7’
s
rd
rd
%
s
p
7’
s
s
s’
’
’,
’
s’
s
Fy
”’s
(4
\ / —
b,
7
7’
s
s
’
s’
’
’s
A
s’
/
P
. > (D

” J

’ ‘
” ]

/
7’
s

Such small modulations are built-in feature of the multi-natural
Inflation model.



Sterile neutrinos/HDM/dark radation

LambdaCDM + Sterile neutrino
Neff ~ 1

m,. ~ leV,

1 |

ACDM+r: CMB+BAO
ACDM+r+v_: CMB+BAO

ACDM+r+vy,: CMB+BAO+BICEP2

0.950 0.975

1.000

1.025

Neff

5.0

4.5

4.0

3.5

1 | 1
ACDM+r+v,: CMB+BAO+other
ACDM+r+v,: CMB+BAO+other+BICEP2 -

eff
v, sterile

Zhang, Li, Zhang, 1403.7028



Conclusions

- If true, the BICEP?Z results have SIGNIFICANT impacts
on particle physics and cosmology.

- GUT-scale inflation with super-Planckian field values
- What is the inflaton? How can we keep the potential
form?
- Reheating, baryogenesis, dark matter.
- Too large isocurvature of QCD axion.
. Symmetry restoration?
- Tension between BICEP2 and Planck.
- Unusual features in the density perturbations?
- Dark radiation, hot dark matter, neutrino mass?
nitial condition for the inflation?
- False vacuum decay, fast roll, etc.




