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Cosmic History

Our Universe is expanding.
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For many it was filled with
a hot plasma.
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What caused inflation?

A scalar field “slow-rolling”
toward i+s true vacuum
provides a simple model for
nflation.
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What caused inflation?

A scalar field “slow-rolling”

toward i+s frue Vacuum It is assumed that the cosmos was filled with a
oV > - homogenous scalar field beyond the SW in inflation
provides a simple model for ’
nflation. ¢t x) = ¢(t)

1 -
p = Eqbz + V(¢) Tuflation

P =567~V ($)

Slow-roll inflation
e —
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Big Bang
Singularity

Flat potential
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Quantum Vacuum h :,t

Due to Uncertainty Principle

Ax Ap > T/,

duantum vacuum 1s NOT nothing
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Quantum Vacuum

DPue to Uncertainty Privciple

Ax Ap = 1/,

the dquantum vacuum s
NOT nothing

But, a vast ocean wmade of

Virtual particles

e

. Particle Production

Background field can upgrade
them into actual particles!

Examples of such BG fields:

1) Electric  (Schwinger effect)
2.) Gravitational (Gravitational production)

Actual particles
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Inflation Produces Particles!
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Production




Inflation Produces Particles!

Flat Space: T

Space

Expanding space:

Edwin Schrédinger
(1939)

Particle
Production

Shocked by his discovery,
Schrsdivaer found i+
an alarmiveg phenoimenont




Cosmic Perturbations ,

iMorgs, MB Matte,

Exponential expansion turns ivitial

on|{ ou

actual cosmic perturbations! w &
We are the product of e
quavitum fluctuations in the

K @ very early universe!
<. (Stephen Hawking)

Big Bang
Singularity




Primordial gravitational Waves

IVHCIW.HOVI a.lso predicts Primordial GWs: tiny waves v the fabrics of
"P"‘W“’mw_‘_l GIWS: » the space-time that squeeze and stretch
— e anythivg n their path as they pass by,
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Gravitational Waves

o Vacuum (FWs

hij:O I hi:
o Uupolarizaed
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o Nearly Ganssian
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cosmic Perturbations-gravitational Waves

o TIwflation also redicts
primordial GwWs:
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LiteBIRD Next Generation CMB Experiment




As Vet
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o Observations are in perfect agreement with Inflation.

o The Particle Physics of Inflation is still unknown.

o The Standard models of inflation are based on Scalars.

Universe
: B Moderﬂ
Iuflation Particle Physics: cos‘m,'\c“““c\at‘oﬂ o i '
- a scalar singlet BSM s " CMB
2 0n .5 photon
3]
-Wpolarized, Gavnssian GW & < Primordial

GW:s
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o Observations are in perfect agreement with Inflation.

o The Particle Physics of Inflation is still unknown.

o The Standard models of inflation are based on Scalars.

Iwflation Particle Physics:
- a scalar SM@[@“’ BSWm

-Upolarized, Ganssian GW

Big Bang
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Puzzles of SM & Cosmology

=
) Particle physics of Inflation
A Puzzles of
1) Origin of matter asymmetry Standard Wodel of Particle Physics (SM)
) Origin of Neutrino mass & Cosmology Which need
Physics Beyond SM

V) Particle nature of DM




Matter asymmetric 1010

- = 10%° + 1 G
Universe is highly matter asymmetric

Np== = ~HOEXHIIRE
V' | Statistical fluctuations (Too swmall)
- Twitial condition (due +o inflation)

WMust be produced dynamically, i.e. Barqogenesis by

- Baryon wumber violatiow, |
Sakharov Conditions: - ¢ aud CP vViolation, . SWM Has All, But Too Tiny

- Out of thermal equilibrinm

?.’ Physics Beyond the Standard Modell
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Baryogenesis via Leptogenesis
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Lepton asymmetry s EW SPNAlEroNS — s Daryon asymimetry
AB

o=

Leptogevesis
<
QO
-
9
S
’E_ » B
0 -
=
Qe B




——

Baryogenesis via Leptogenesis
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Baryogenesis via Leptogenesis

Lepton asymmetry s EW SPNAlEroNS — s Daryon asymimetry
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Baryogenesis vid
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Puzzles of SM & Cosmology
X TR

) Particle physics of Inflation

ke Puzzles of
I Origin of ks I Standard Wodel of Particle Physics (SW)
II)  Origin of Neutrino mass & Cosmology Which need
Physics Beyond SWM

V) Particle nature of DM

® Curious cosmological coincidences ng = 0.3 P; and Qpy = 5Qp!

Baryon to Photon Ratio Curvature Power Spectrum in
Today Tuflation




Puzzles of SM & Cosmology
X TR

) Particle physics of Inflation
Puzzles of

I Origin-otai St TE Standard Wodel of Particle Physics (SW)
II)  Origin of Neutrino mass & Cosmology Which need
Physics Beyond SWM

V) Particle nature of DM

® Curious cosmological coincidences ng = 0.3 P; and Qpy = 5Qp!

1. Ad hoc parity violation SWM as a particle physics model

2 Accidental B-L global symmetry also faces some conceptual issues
3. Vacuum Stability problem I
W, | Wg
4. Strong CP problem
%
\
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Why Gauge Fields in Inflation?!

«  Why not?
o Inflation happened at highest energy scales observable!

o Gauge fields are ubiquitous, building blocks of SM & beyond.

A3J13u3

 What do they do in inflation?

Epny < 10™GeV

Comparing to LHC
RENT

Emf 1011 11
Ergc ~




Why Gauge Fields in Inflation?!

«  Why not?
o Inflation happened at highest energy scales observable!

o Gauge fields are ubiquitous, building blocks of SM & beyond.

A3J13u3

 What do they do in inflation?
|.  Can Gauge Fields Contribute to Physics of Inflation?
Vesl

Il. Do they leave an observable signature?
Yes! Robust prediction for GW backaromd,

Ill. How much they can change the cosmic history? _
A lot! Novel mechavisims for Baryo- and Dark-genesis. C;’mpa””g ol
L < 1011 11 %
Eine ~

Epny < 10MGeV




1)

2)

Conformal symmetry of Yang-Mills
gauge field dilutes like Ay~ 1/a

Respecting gauge symmetry

Not to break gauge symmetry explicitly

A.M. & Sheikh-Jabbari, 2011

Adding new terms
to the gauge theory
K

FF)?
384( )

Gange field Ay
(active in inflation)

U

A




Adding new terms

1) Conformal symmetry of Yang-Mills to the gauge theory

gauge field dilutes like Ay~ 1/a K i
— (FF
- _ 384( )
espectin auge symmetr
) P g gauge sy y : or~m1
Not to break gauge symmetry explicitly T FF ¢

3) Spatial isotropy & homogeneity

SU(2) vacuum A, = A
U(1) vacuum A,

[Taf Tb] — s T,

L

A.M. & Sheikh-Jabbari, 2011

- T Spatially 1sotropic .
A; =Q(B)5; A? = Q¢

-
so(3) & su(2) are 1somorphic



SU(2)-Axion Model Building

o Gauge-flation A m, &sheikn-abbari, 2011

4 R 1 2 i [ 2
SGf:jd X\/—g —E_ZF +ﬁ(FF)

e Chromo-natural r.adshead, M. wyman, 2012

R 1 1 A -
Sen = Jd4x\/—_g<—§—ZF2 _§<(au90)2 — u* <1 + COS(%))) —ggoFF>



SU(2)-Axion Model Building

° Gauge_flatlon A. M., & Sheikh-labbari, 2011 Eﬁliiﬁ(E){/l;{r’na%t\r/iog‘i‘;\:;nenidl\/lajeﬂso 2013
1 ﬁ P. Adshead, E. Martinec, M. Wyman 2013
S = jd x\/_<—_ —3ft ﬁ(FF) > + Theoretical issue:
Very larae A ~100!

D. Baumann & L. McAllister 2014
4 R 1 5 1 5 A 0, A
Sen = | d*x\[—g _E_ZF —5 (Oup)- — 1+cos(7 8fg0FF

Inspired by them, several different models with SU(2) fields have been proposed and studied.

e Chromo-natural e aAdshead, M. Wyman, 2012
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9. E.McDonough, S. Alexander, JCAP11 (2018) 030 [arXiv:1806.05684 ]

10. L. Mirzagholi, E. Komatsu, K. D. Lozanov, and Y. Watanabe, [arXiv:2003.04350]

11. Y. Watanabe, E. Komatsu, [arXiv:2004.04350]
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SU(2)-Axion Model Building

. Gauge-ﬂation A. M., & Sheikh-Jabbari, 2011 Ruled-out by the data

ﬁ R. Namba, E. Dimastrogiovanni, M. Peloso 2013
4 R 1 5 K s P. Adshead, E. Martinec, M. Wyman 2013
S =jd x —g|\——=—-F*+—(FF : :
f I\727 1 354 ') + Theoretical issue:

Very larae A ~100!

D. Baumann & L. McAllister 2014

R 1 1 A -
Sen = Jd4x\/—_g<—§—ZF2 —§<(6ug0)2 — u* <1 + COS(%))) —ggoFF>

e Chromo-natural e aAdshead, M. Wyman, 2012

SU(2)-Axion inflation has a very rich phenomenology:  Aichond et 212013

Dimastrogiovanni et. al 2013

o A new mechavisim for generation of Primordial Gravitational Waves a.m.et. al, 2013

C. . . . . . A. M. 2014 & A.M. 2016
o All Sakharov conditions are satisfied i inflation: a vew barvyogenesis mechanisin . caldwellet. al 2017

. . . . . . . M. et. al &
o Particle Production in inflation by Schwivger effect and chiral anomaly 2,,3,’! ;;13 2017 6 2018



SU(2)-Axion Model Building

= Ga uge-ﬂation A. M., & Sheikh-Jabbari, 2011

R 1 _
ng:fdllx\/—_g(—E—ZFzﬂ-%(FF)z) ﬁ)

Theoretical issue:
Very large A ~100!

= Ch romo-natu ral P. Adshead, M. Wyman, 2012
Sen = jd4x\/__ —5—1172—1 (0,0)% — u* 1+COS(£) A FF
o IN\T27 T\ TH 7)) "8 ?

 Minimal Scenario of SU(2)-axion inflation am, 206 f<0 Mpl & A<D

R 1 1 A -
Sam = jd4x\/—_9(—§—11’2 =5 ((u9)* = V() ——§0FF)

8f
Axion WMonodromy /



How to Connect them with the SM?

Let us Bxtend SWM Gange Symmetry by an SU(2)g and couple it to Axion Inflatou!

/

e

* Minimal Scenario of SU(2)-axion inflation am.206 f<04 Mpl & A<01

1
SAszd4x\/_(____F2__(( @)* = V(p) ——<pFF

Axion Monodromy / &

A. M. arXiv: 2012.11516

o Left-Right Symmetric Model + axion!

49441




Left-Right Symmetric Model

e AnSU(2) gauge extension of SM with 3 Right-handed Neutrinos coupled to it.

Minimal Left-Right Symmetric model

Gauge Bosons

(SU(3) X U(1) x SU(2) xSU(2) |
B-L L R

O AR

M/Li

non
oon

Quarks

W

| , ALALAS

Leptons

J. C. Pati and A. Salam, Phys. Rev. D 10, 275-289 (1974) R. N. Mohapatra and J. C. Pati, Phys. Rev. D 11,
2558 (1975) G. Senjanovic and R. N. Mohapatra, Phys. Rev. D 12, 1502 (1975)
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Symmetry Breaking
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Left-Right Symmetric Model

e AnSU(2) gauge extension of SM with 3 Right-handed Neutrinos coupled to it.

Minimal Left-Right Symmetric model

Gauge Bosons

(sU(3) x U(1)x SU(2) xSU(Z)ﬁ

ll
@I
\.

( bi-doublet |
afs ]y B s,

Quarks

H SU(2),, triplet
CALALA

Leptons

SU(2) triplet

1) . J

J. C. Pati and A. Salam, Phys. Rev. D 10, 275-289 (1974) R. N. Mohapatra and J. C. Pati, Phys. Rev. D 11,
2558 (1975) G. Senjanovic and R. N. Mohapatra, Phys. Rev. D 12, 1502 (1975)

— ] SU(2) XSU(2)xU(1)

W W
Lo 7R l Spontaneous (Ag) # 0

Symmetry Breaking Massive
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Minimal Left-Right Symmetric model

Left-Right Symmetric Model

An SU(2) gauge extension of SM with 3 Right-handed Neutrinos coupled to it.

Gauge Bosons

\.

(sU(3) XU(1)x SU(2) xSU(z)“

ll

Quarks

nn

Leptons

@I

el
UALAL A

Higgs sector

bi-doublet |
X
o I

SU(2)R triplet

SU(2) triplet

\. J

(

J. C. Pati and A. Salam, Phys. Rev. D 10, 275-289 (1974) R. N. Mohapatra and J. C. Pati, Phys. Rev. D 11,
2558 (1975) G. Senjanovic and R. N. Mohapatra, Phys. Rev. D 12, 1502 (1975)
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SU(2) XsU(2) x U(1)_

l Spontaneous

Symmetry Breaking
SU(2)L>< U(1)Y

(Ag) # 0
Massive
N, Wi Zpg

Sl

Ad hoc parity violation
Accidental B-L global symmetry
Vacuum Stability problem

Strong CP problem



Left-Right Symmetric Model

e AnSU(2) gauge extension of SM with 3 Right-handed Neutrinos coupled to it.
Higgs sector

( bi-doublet
s ] B soxso,
H SU(2)R triplet
m m m SU(2)L triplet

Gauge Bosons

(sU(3) x U(1)x SU(2) xSU(Z)“

ll
@I

Quarks

Minimal Left-Right Symmetric model
Leptons

.

* Axionis which is coupled to SU(2)g — <
W

A. M. arXiv: 2012.11516




Su(Z)R—axion Inflation

A. M. arXiv

: 2012.11516

Gauge symmetry

-

SU(3)xSU(2) xSU(2)xU(1)

n
=
%2]
>
=
~
=
O
B
—
T
a¥

15t SSB N\

SU(3)xSU(2)xU(1),

Feeble scale

24 SSB

X

*
Weak scale




Gange field Production by Axiow
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Ganae field Production in Inflation

//__\

o SM Gauge fields are diluted by inflation & unimportant , BUT SU(2):
Wk

Gauge field

AsoffinTlaton = s (@O B 2 .
¢ (active in inflation)



SU(2),Gauge Field

* 5AY = BE(t, k)ef (ﬁ)
BY + [k* +§kH]By ~0

effective freduency

aiven by the 27 (¢ = 2’;51?0 \

Vacuum structure

Axion field (@)
(& >0)

/ﬁ]'ull A
Slow=-roll Ap ¥ Parity

(€& <0) /




SU(2).Gauge Field

+ §A% = BE(t, k)ef (k)
B + [k* ¥ EkH]B, ~0

effective frequency
Given by the B (€ = Zia;(p )
Vacuum structure

Axion field (@}
(& >0)

/:h'n/x—mll A
Slow-roll Ap #& Paril

(€& <0) /

For & >0
Short tachyovic growth of B,




Gaugde Field sources Primordial GWs

o §A? (t, E) = B{(t, k)e;—r (E) is governed by
BY +[k* ¥EkH]B, ~0

 That sourced the GWs
RY + [k?- =] hy = H? [1,[B,]

popuvU-4491

e Gravitational waves have two uncorrelated terms

= vac S
hy = hi"+ hi

L S—

Vacuum  Sourced by
GWs Bi
unpolarized Polarized

h¥3¢ = h¥3¢ h3 #hs




Novel Observable Signature: CMB

e The sourced tensor modes is

Equilateral Shape
Highly non-Gaussian.

Agrawal, Fujita, Komatsu 2018

 That can be probe with future
CMB missions., e.g. Litebird

and CMB-54)
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Maresuke Shiraishi, Front. Astron. Space Sci. 2019



Novel Observable Signature: Beyond CMB

1) 10? 107 1O

e Comparison of
sensitivity curves

for LiteBIRD,
Planck, LISA &
BBO.

=
o g
.
-’
~
S
™
~
~—

1017 1~ 10~ ()8
f [Hz]

Thorne, Fujita, Hazumi, Katayama, Komatsu & Shiraishi, 2018



Parity Odd CMB Correlations: TB& EB # 0

Low I
Cosmic < ”
\nflation _ CMB @ —®
e photon

Primordial ; N L
GWs 4 S

Big Bang
Singularity

Sources of Parity violation on CMB:

High [
- Cg8mic Birefringence: axion-photon coupling @ FF /

Gravitational Chern-Simons: axion-graviton coupling @ RR
- SU(2)-axion Inflation: SU(2) field-Graviton coupling

B. Thorne et. al.2018



& Production by SU(2)p
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& Production iv Inflation
————— O S

o Left-handed fermions are diluted by inflation, BUT

o Right-handed fermions are generated by SU(2)gr gauge field:

Wr

VR



& Production in ITnflation
/’-\

o Left-handed fermions are diluted by inflation, BUT Vr
o Right-handed fermions are generated by SU(2)gr gauge field: Wk
The key ngredient is the Chiral anomaly of SU(2)g in inflation: YR
NN\ Wr ;
Vil V, Jh=V, Ji= 1§n2 tr[WW]
Wr

Dipsesihl= = amf(f)HS SW baryons

- SW leptons

+

9
Ainf (SZ)"' (27_[)4 ean RH neutrinos




Quantum Effects in Inflation: common origin for

Baryogenesis & Cold DM M
B 3
e EW Scale I
mez szp W
=
N33 decay at T= my,, & spectator effects <
reshuffle the primordial B and L,
s
N <
M e Reheating =
S B L-Ly, Ly,
O . >
s WR is decoupled & N; Freezes out i
2 S
N : SU(2 1 1 me
o 1st SSB: U(2)px U(1)g~ U(1)y ;
O
s b
S
S e
W =
/w B L wa
Chiral anomaly of Wy in inflation produces B=L
(B—-L,#0)
Wgr CVm
5
VgL 5
W S
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Quarks

Leptons

Baryom £ Parik Matter

Froduction

\ 4

Baryoaenesis
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Geff ) 1
100,

Xinf

{ dreh ]

i
i

(
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This setup prefers Left-Right symmetry breaking scales above my,, = 10'° GeV |
(same as scales suggested by the non-SUSY SO(10) GUT models with intermediate LR symmetry scale.)




Compelling Consequences:

I

Particle physics of Inflation

S~—"

1) Origin of matter asymmetry

1) Origin of Neutrino mass

V) Particle nature of DM

Puezles of Particle Cosmology

® Curious cosmological coincidences ng = 0.3 P; and Qpy = 5Qp!

o What do Gange Fields do in Tuflation? Way be coupled to axion inflaton
o  Does it come with a cosmological signature? Yeslt Chiral, von-Ganssian Ws.

o How Inflaton & its Ganae Field are connected to the SM? Left-Right Symmetric Wodel + axion!

Questions

o (Is there a simple, elementary & minimal set-up that caw solve all the above issues? Vesl)
This Set-up is a complete beyond SM that can solve I-IV & explain @ !




/\/\H’Hma( S€t-upi Baryon & Vark WMatter
—

-Twutlation Particle Physics: a scalar singlet BSW

-Unpolarized, Ganssian GWs

“Baryon asymmetry (BAW): £
CP Violating phases in neutrino sector 25

-Sterile neutrine PW: my, = 0(10)keV & X-ray radiatiov!

SU(2) ~Axion Inflation: ~ . —

-Tuflation Particle Physics (BSWM):
AXlon & 115

-Chiral, non-Gaunssian GWs
- BAU: Spontaneons CP violation i nflation =7 N
- Right nentrinoe PWM:  my, = 0(D)GeV & gamma-ray radioeent |
- Simultaneons Baryow & PW production in inflation pamma-ray
- Explains coincidences among cosmological parameters mp~Pr & Qpp = 5Qp)

“"Aﬂ('.’ jon







