Twuflation, Origin of Matter
R | e Asymmetry, and GW Backgronnd

CMB

Azadelh Malek-Nejad
CERN

Modern
Universe B

Copernicus Webinar



Coswmic Hls‘l’om

/\




° ° ._JE _@
Cosmlic History = 5;{ g =
7o) N =+ S
2 \/\AL'L] N Ui
= (- N & S|
: . : S T A S 1

Our Universe 1s too simple, § =

too symmetric at
very large scales!

‘ -
w
.

pavr

A

LY
.
’

CMB is vearly
homogenons & isotropic

.
/

hwmbns buvg big
SoIMIUS -

S e
Ay fluctuation -




Cosm iC | }’]'ﬂation Guth Phys. Rev. D23 (1981)

Linde Phys. Lett. B 108 (1982)

A period of expovential
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What caused inflation?

A scalar field “slow-rolling”

eosald) s <R A It is assumed that the cosmos was filled with a
PVIARGLTTES Y . homogenous scalar field beyond the SM in inflation
provides a simple wmodel for ’
inflation. d(t,x) = ¢(b)

1 -
p = EgbZ + V(Qb) Twuflation

P =347~V ($)

Slow-roll inflation
® \

Flot potential

Big Bang
Singularity




Quantum Fluctuations
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Quantum Vadacuum h #

Pue o Uncertainty Privciple
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Quanhtum Vacuum

DPue to Uncertainty Privciple

Ax Ap = 1/,

the dquantum vacuum is
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

BG field




Inflation Produces Particles!

Flat Space: o,

Expanding space:

Particle
Productiov




Inflation Produces Particles!

Flat Space:

Space

\VACAAWN

Expanding space:

Edwin Schrédinger
(1939)

Particle
Production

Shocked by his discovery,
Schrsdinaer found i+
an alarmivg phenomenon!




Ccosmic Perturbations

Exponential expansion turns ivitial
AUANTUM VACUAN ﬂmcmaﬂoms nto

* actual cosmic perturbations!

We are the product of
qmammvm fluctuations in the
& very early universe!

(Stephen Hawking)

Big Bang
Singularity
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Primordial gravitational wWaves

Tuflation also predicts
primordial Gws:

" e - I
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Primordial GwWs: tiny waves in the fabrics of
the space-time that squeeze and stretch
anything in their path as they pass by.
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|nflatl

Big Bang
Singularitv




Gravitational Waves

o Vacuum GWs

hij=0 — h_|_=

Circular polarizations

Modern

. CMB Universe
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Gravitational Waves

o Vacuum GWs

hij=0 = hy=
o Uupolarizaed
2 _ 2 . O
<| |“>= <] |“> Circular polarizations
1 Aodern
o Nearly Gaunssian e
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Cosmic Perturbations-agravitational Waves

o Iwflation also redicts
primmordial Gws:

hl]=0 —) hiz hiaC

o Unpolarizaed
<| W PEs= <) h A >

fll} Primordi

GwWs

Big Bang
Singularity

o Nearly Ganssian

o CWMB polarization

Primordial
CMB
Polarization

LiteBIRD Next Generation CMB Experiment




Puzzles of SM & Cosmology
& TR

WModern cosmology remarkably successful from BBN until today!
But the physics before BBN is still much less certainl

BSMT | BBN--> Today
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Puzzles of SM & Cosmology

i
) Particle physics of Inflation
o Puzzles of
1) Origin of matter asymmetry Standard Wodel of Particle Plhysics (SW)
l)  Origin of Neutrino mass & Cosmology Which need
Physics Beyond SM

V) Particle nature of DM




Puzzles of SM & Cosmology
& TN

) Particle physics of Inflation

e = Puzzles of
I Grigin-or gttt I, Standard Model of Particle Physics (SM)
1) Origin of Neutrino mass & Cosimology Which need
Physics Beyond SM

V) Particle nature of DM

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

[n3= £ 8 ~6 10710
Ny

PBarqon to PhotonRatio Curvature Power Spectrum v
Today TIwflation




Puzzles of SM & Cosmology
& T

) Particle physics of Inflation
Puzzles of

1y Origin of mateRee TS Standard Model of Particle Physics (SM)
1) Origin of Neutrino mass & Cosimology Which need
Physics Beyond SM

V) Particle nature of DM

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

1. Ad hoc parity violation SW as a particle physics model
. also faces some conceptual issues
2. Accidental B-L global symmetry

e ev
3. Vacuum Stability problem w,

5
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Observations are in perfect agreement with Inflation.

The Particle Physics of Inflation is still unknown.

The Standard models of inflation are based on Scalars.

Tutlation Particle Physics:  a scalar singlet BSWM

Primordial Gravitational Waves

Unpolarized, Ganssian

Big Bang
Singularity

CMB

Modern Universe

CMB
photon

Primordial
GWs



As Vet
P

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.
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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.

ASi1au3j

« What do they do in inflation?

Epny < 101%GeV

Comparing to LHC

Einf - q011py 2
Erge ~ tey,




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.

« 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 GwW backgrouwd.

Ill. How much they can change the cosmic history?
A lotl Novel mechanisms for Baryo- and Dark-genesis.

Emf g0t nn BEEEE
Eigc ~



T) Axion-inflation & gange fields
(wow‘ﬁbeliaw)
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Gauge fields given by Yang-Mills

dilutes like radiation

A,~1/a

Gauge fields coupled to inflaton
are generated in inflation.

£
8f

(Axion fields are naturally
conpled to gange fields.)

FF Q Axion

Gange field Ay
(active in inflation)

U

A




Gauge fields given by Yang-Mills
dilutes like radiation A,~1/a

Spatial isotropy & homogeneity
U(1) vacuum A4,

A; =Q)5; T

P

A.M. & Sheikh-Jabbari, 2011

Gauge fields coupled to inflaton
are generated 1n inflation.

A o .
g FF @ Axion

(Axion fields are naturally
conpled to gange fields.)

SU(2) vacuum A, = A; T,
[Tq, Typ] = [ cEe T,

Spatially 1sotropic
Az

A} = Q6] ,
Al ‘

/S
so(3) & su(2) are 1somorphic



How SU(2) restores isotropy?

Let us work in temporal gauge, A, = 0.

Rotation

SU(2) VEV, 4, = A% T,

U Rotation

U(1) vacuum A4,
A; = Q)67

= Q()6}

A.M. and M. M. Sheikh-Jabbari, 2011



How SU(2) restores isotropy?

Let us work in temporal gauge, A, = 0.
Rotation

U(1) vacuum A,
A; = Q)57
SUR)VEV, 4, =4, T, (PrE s Gange Transformation
= Q(t)6;

A.M. and M. M. Sheikh-Jabbari, 2011

Isomorphy of so(3) & su(2) algebras



SU(2) Gauge fields and Initial Anisotropies

* SU(2) gauge fields are FRW friendly: (respect isotropy & homogeneity)

Az(t):{ a(t)s¢ p=i

* How stable 1s the 1sotropic ansatz against initial anisotropies, 1.e. Bianchi

Al (t) =+

punoJsyoeg
21d0.4105]

( 0 u=~0 Anisotroples v gange field




SU(2) Gauge fields and Initial Anisotropies

* SU(2) gauge fields are FRW friendly: (respect isotropy & homogeneity)
a

t) = :

u () a(t)éd u=i

* How stable 1s the 1sotropic ansatz against initial anisotropies, 1.e. Bianchi

|. Wolfson, A. M., T. Murata, E. Komatsu, T. Kobayashi arXiv:2105.06259

Axion is only coupled to the isotropic part of the gauge field,

Anisotropic part decays like radiation and

Isotropic Solution 1s the
Attractor! e

A. M. and M.M. Sheikh-Jabbari, J. Soda, 2012
A. M. and E. Erfani, 2013

punoJsyoeg

21d0J105]|



SU(2)-Axion Model Building

° Gauge—flation A. M., & Sheikh-Jabbari, 2011

e Chromo-natural e adshead, M. wyman, 2012
AP— jd4x\/__ _5_1 (a )2_ 4 1+COS(£) _le_i FI‘;‘?

Friction

Natural inflation

K. Freese, J. A. Frieman and A. V. Olinto 1990



SU(2)-Axion Model Building

e Gauge-flation A. M., & Sheikh-Jabbari, 2011 Ruled-out by the data
8
1 ﬁ R. N;mhba,dE.EDli\r/wlﬁas’,ctrogiol\\//?nvr:/i, M. Pezlgig 2013
P. Adshead, E. Martinec, M. Wyman
Sor = | d*xy=g (-~ —>F2 + — (FF o
¢ f . ( = 384( ) ) + Theoretical issue:
Very larae A ~100!

D. Baumann & L. McAllister 2014
R 1 1, | A ~
— d4 — _ 2 _ 4 . R »
j X +/ g( > 2((%0) U (1+cos(f >> 4F 8f(pFF>

Twspired by them, several different models with SU(2) fields have beewn proposed & studied.

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



An incomplete list of Different Realizations of the SU(2)-Axion Inflation:

1. A. M. and M. M. Sheikh-Jabbari, Phys. Rev. D 84:043515, 2011 [arXiv:1102.1513]

2. P. Adshead, M. Wyman, Phys. Rev. Lett.(2012) [arXiv:1202.2366]

A. M. JHEP 07 (2016) 104 [arXiv:1604.03327]

C. M. Nieto and Y. Rodriguez Mod. Phys. Lett. A31 (2016) [arXiv:1602.07197]

E. Dimastrogiovanni, M. Fasiello, and T. Fujita JCAP 1701 (2017) [arXiv:1608.04216]

P. Adshead, E. Martinec, E. I. Sfakianakis, and M. Wyman JHEP 12 (2016) 137 [arXiv:1609.04025]

P. Adshead and E. I. Sfakianakis JHEP 08 (2017) 130 [arXiv:1705.03024]

R. R. Caldwell and C. Devulder Phys. Rev. D97 (2018) [arXiv:1706.03765]

3N G I IR A Il

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]

12. J. Holland, I. Zavala, G. Tasinato, [arXiv:2009.00653]

13.  A.M. SU(2)R —axion inflation [arXiv:2012.11516]

14. Oksana larygina, Evangelos I. Sfakianakis, [arXiv:2105.06972]

15. T. Fujita, Nakatsuka, K. Mukaida, & K. Murai [arXiv:2110.03228]




SU(2)-Axion Model Building

e Gauge—flation A. M., & Sheikh-Jabbari, 2011 E(S[@f‘ffg bt\{ :W/ dl\f‘;flﬁ -
ﬁ .Namba, E. Dimastrogiovanni, M. Peloso
1 5 P. Adshead, E. Martinec, M. Wyman 2013
26f = jd x\/_<__ gt ﬁ(FF) ) + Theoretical issue:
Very larae A ~100!

D. Baumann & L. McAllister 2014

R 1 1 A
:jd4x\/__g<_§_ZF2_§<(aﬂ¢)2_ﬂ4(1+cos(%>> 8f(pFF>

SU(2)-Axion inflation has a very rich phenomenology: P. Adshead et. al 2013

Dimastrogiovanni et. al 2013

o A vew mechanism for geveration of Primordial Gravitational waves —A-M-et.al, 2013

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

A. M. 2014 & A.M. 2016

o All Sakharov conditions are satisfied v nflation: a new baryogenesis mechanisin | Lol et 2l 2017

o Particle Production in inflation by Schwinger effect and chiral anomaly E'I\Lﬂci’:;r;‘g““ﬁ'\'\l’\';li fomatsu 20

A.M. 2021 Domcke et al 2019, A.M. 2019



SU(2)-Axion Model Building

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

4 R 1 2 6 L\ 2
SGf:jd X\—9 —E—ZF +@(FF)

¢ Ch romo-natu ral P. Adshead, M. Wyman, 2012
Scn = | d* ! 11«“2 ! 9,0)% —u*l1 ’ ! FF
cn = XN=g\ =5 2F =3 (Oup)° —u +COS(7) —gw

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

R 1 1 A -
Sam = Jd4x\/—_g(—§—z((é‘ﬂ<p)2 _V(‘P)) _ZFZ _gprF)

Axion WMonodromy or any mechanism that gives a flat potential



TT) Coswic Perturbations

/ \ =
Axion field perturbations 8¢ S
Decomposition of fluctuation Vector
Metric perturbations — 0Guy e
The only teuserial modes are in the metric, ie, Gws! [ h;;=0

Primordial GWs are sourceless



TT) Coswic Perturbations

/ e~ =
Axion field perturbations 8¢
Scalar
| ‘ " [ .
Metric  perturbations ) e Decomposition of fluctuation \ector
Tensor
+
hij -

The perturbed gange field has a tensorial which sources Gws!



New Tensorial mode in SU(2) Gauge Field
. 514? — (B+ (t, k)eiJ;-(/_{)) + B (t, k)el;(l_c))) 51-0' Circular polarizations

2 I
BY + [k? © 8ckH +-=H*-=—]B, ~0
\ ]

popur-+Aory.
papuoy-+o

. Y
effective fredquency

2
(8 and — are aiven by BG) : : :
2 %9 B, s avnew tewsorial mode v

the perturbed SU(2) gange field!

A.M. & Sheikh-Jabbari, 2011




New Tensorial mode in SU(2) Gauge Field
. 6/1? = (B, (t, k)el-"]'- (E) + B_ (¢, k)ei;. (]_é)) 5]_61 Circular polarizations

2 I
BY + [k? © 8ckH +-=H*-=—]B, ~0
\ ]

popUOU-FUDIA.
popUvU-+4971

effective ﬁf@d‘\memcq

( 8- awnd 7;[1_22 are aiven by BG)

B s avew tensorial mode v
Vacuum structure

Aion field (@ the perturbed SU(2) gauge field!
ORI / (56 > 0) A.M. & Sheikh-Jabbari, 2011

/

/.Slow—roll A (55114?)
Slow—w/ Parity

(0c <0) /




New Tensorial mode in SU(2) Gauge Field

' (7 ‘FOI/’ 5C >0
e SAYG = + = a
647 = (B (tK)ej(k) + B (¢ k)ei; (k) §; Short taclhvonic growth of B,
I 2 mz 2 a” ~ e y e
Bi N [{C 5ij_[ ’ ?7—[ ] ?l] Bi ~0 ; H ) 3 —(2_\2/5)“5C
: Y WA g ~ —— e
effective freduency BT on? ¢

2 . .
(8¢ and == are given by BE) Particle Production
A. M. and E. Komatsu, 2018

Vacuum structure

Axion field (@)
' (0¢ > 0)

/

/ .Slow—roll/-\ (651/1?)
Slow—lﬁ/ Parity

(5C < O) //



Gauge Field sources Primordial GwWs

o SA = (B, (¢, k)efi(k) + B_ (¢t k)ej; (k)) 67
» The field equation: BY + [k* = §ckH +§7-[2 -a—] B, =0 |

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

e Gravitational waves have two uncorrelated terms

_ hvac S

= hi*“+ hji
Vacuum  Sourced by
GWs Bi

unpolarized Polarized
h¥%¢ = h¥¢ h$ 2 hS




Networks of GWs Detectors

GEO600
43, (600m)

> LIGO-Hanfard ET5 3N
(4 km) 10 km

-\ VIRGO
(3 km) _

LIGO-Livingston
(4 km)

l™

-

Network of laser interferometer detectors of GWs on Earth (left) & in the sky (right)



Sensitivity curves on evergy density of GWs

Detection of this background is an excellent target for all GW experiments across at least 21 decades in frequencies.
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SNR 1-10 sensitivity bands

Il Power law integrated
B Peak integrated

Frequency (Hz)

10—1 10~2
Frequency (Hz)

P. Campeti, E. Komatsu, D. Poletti, C. Baccigalupi 2021 J. Garcia-Bellido, H. Murayama, and G. White 2021



Novel Observable Signature: CMB

e The sourced tensor modes is

Highly non-Gaussian. Equilateral Shape
E,=0,4,—-0,4,—ig|A,A,]

Self-interaction

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



Parity Odd CMB Correlations: TB& EB # 0
Sources of Parity violation on CMB:

- Cosmic Birefringence: axion-photon coupling @ FF > High
< > CMB Z
Modern
EW phase CMB Universe photon

o Sﬁ.uc transition

— —— T ¥ ; ..f--'._

Big Bang
Singularity

. f Low |

- SU(2)-axion Inflation: SU(2) field-Graviton coupling

- Gravitational Chern-Simons: axion-graviton coupling ¢ RR

B. Thorne et. al.2018



Parity Odd CMB Correlations: TB & EB # 0
Sources of Parity violation on CMB:

axion-photon coupling (@ FF' '

GW: Vacuum R Inflation {r = 0.004%
GW: S_U(%J + R” Inflation

- Cosmic Birefringence (7 — 0.3 deg)
New Physics Total
Lensed B mode
SPTpol
BICEP/Keck Array

e
o
W

Jmﬁ
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=
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| —
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D
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o

Standard

0.00003

B-

2 1000 2000
Multipole, ¢

E. Komatsu Nature Rev. Phys. 4 (#022) 7, 452-469

SU(2) field -Graviton coupling

axion-graviton coupling (9 RR

B. Thorne et. al.2018
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A New Class of Tuflation Models

(closer +o Particle Physics) B R e 2012
Axion-inflation and gange fields (won-Abelian)

Particle Production

Inflation

In Axion-Inflation

CMB

Modern IS

Universe




A New Class of Twuflation Models

(OIOSGY‘ +0o Particle 'PVNS‘OS) A. M., & Sheikh-Jabbari, 2011

Inflation

CMB

Modern i

Universe

P. Adshead, M. Wyman, 2012

Axion-inflation and gange fields (won-Abelian)
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= Az Particle Production J
.- In Axion-Inflation Au
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A New Class of Twuflation Models

(OIOSGY‘ +0o Particle 'PVNS‘OS) A. M., & Sheikh-Jabbari, 2011

Inflation

CMB

Modern i

Universe

P. Adshead, M. Wyman, 2012

Axion-inflation and gange fields (won-Abelian)

R~ e
Particle Production LI)
In Axion-Inflation Au

Fcrvmows

: Gange
A new mechanism

for Fermion Production in

Tuflation!
¢ ®*<
A

6T0C "'V

6T0T AOUEZOT “IN'Y “lloySezi



A New Class of Twuflation Models

(OIOSGV +o Particle ?VNS]GS) A. M., & Sheikh-Jabbari, 2011

Inflation

CMB

Modern i

Universe

P. Adshead, M. Wyman, 2012

Axion-inflation and gange fields (won-Abelian)

- - R R S
. A, Particle Production LI)
. In Axion-Inflation Au

Fermions
. Gange
Xlow
fields

6T0C "'V

6T0T AOUEZOT “IN'Y “lloySezi



A New Class of Twuflation Models

A. M., & Sheikh-Jabbari, 2011

(0[056}" +o Particle 'FVI\{SiOS) P. Adshead, M. Wyman, 2012

Inflation

CMB

Modern i

Universe

P—=—ae=n
: = S A Particle Production LI)
. 1 In Axion-Inflation Au

Axion-inflation and gange fields (won-Abelian)

:
. A(Agﬁ

GWs 5

A u 2

” ®-----< :}QQQQ o
Ay 5

€TOT |e 12 luuenoldonsewld  g1oz AOURZOT “IN'Y ‘lloy3eznn

w Sourced GWs:
Clmml & Non-Ganssian
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A New Class of Tuflation Models

(0[056}" +o Particle 'FVI\{SiOS) P. Adshead, M. Wyman, 2012

. e Axion-inflation and gange fields (won-Abelian)
Inflation ' > = 7 ’ ___________________________________ s>
<SS = T Particle Production l-I) R
| - In Axion-Inflation g
N N el >
. ange =\
Xiov =
Modern | :’ 7 & 5
Universe A '5 % -;
Vacnam GWs: 5. Sourced GWws: é Z

Clmml & Non-Ganssian




TV) Embedding axion-inflation i

Lef+-Right Symmetric Models
-l i

(How +o Connect Inflaton +o SM?) |
Wy

Left-Right Symmetric
WModel (LRSWM) %

LRSM: the minimal beyond SM
with
SU(2)_R Gauge Symmetry
& Right-handed Neutrinos

Axion-Inflation

for-



/ P~
(How o Cowmect Tuflaton +o SWM?)

TV) Embedding axion-inflation i
Left-Right Symmetric WModels

‘ ‘ Left- 12@141» Symmetric
-Iwfl
Axion-Tuflation WModel (LRSWM)

LRSM: the minimal beyond SM
with
SU(2)_R Gauge Symmetry
& Right-handed Neutrinos

A.M. 2021
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How to Connect it to the SM?

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

o Left-Right Symmetric Model + axion! W W/
L R =3

SU(2) X SU(2) x U(1),7—> SU(2),x U(1), +
Left-Right Symmetric SM Left-handed Weak force

* Minimal Scenario of SU(2)-axion inflation am, 206 f<04 Wpl & A<D
Sam = Jd‘*xx/—_g BT E —1((0 9)* = V() —iq)Fﬁ
A 2 4 2\ H 8f
Axion Wonodromy or any mechavisi that gives a fiot potential L

A. M. arXiv: 2012.11516
A.M. arXiv:2103.14611




Left-Right Symmetric Model

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

Minimal Left-Right Symmetric model

Gauge Bosons

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

Lol
]
| ) LALALAS

Quarks

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)

— ] SU(2) XSU(2)xU(1)

W, W
LR l Spontaneous

> Symmetry Breaking
D SU(2) xU(1),
'\ L

A9




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) XU(1) x SU(2) ><SU(2)j

LWl
@ E
\

( bi-doublet )
afs ]y B sexso,
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H SU(2). triplet
CALALA

Leptons

SU(2) triplet

= \_ J
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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) XU(1)x SU(2) ><SU(2)j

( bi-doublet )
S X
aEnE (@ -,
l l |
T
Ak
SU(2) triplet
\ CALALA) 2, il

Quarks

Leptons

. y
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)

1. Ad hoc parity violation
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Symmetry Breaking Massive 3. Vacuum Stability problem
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Gange field Production v Inflation

//_\

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

Gange
fields

W

b Gauge field
Axion inflaton ~ ¢ ®- ~ (active in inflation)

W




SUu(2),Gauge Field For &> 0

Short tachvovic growth of B,

» 5A? = B(t, k)e; (k) + BE(t, k)e; (k)
BY + [k* +EkH]B, ~0

effective frequency
Given by the Ba (¢ = Zj}a;p )
Vacuum structure

Axion field (@)
/(€ >0)

//ﬁroll A
Slow—w/ Parity

(& <0) /




& Production in Inflation
/’\

o Left-handed fermions are diluted by inflation, BUT
o Right-handed fermions are generated by SU(2)g gauge field:

s

Yr

ol
=



& Production in

Twflation

e L T —"

o Left-handed fermions are diluted by inflation, BUT Vr
o Right-handed fermions are generated by SU(2)g gauge field: Wk
The key ingredient is the Chiral anomaly of SU(2)g in inflation: YR
NN Wi ;
Vo Jg V, Ji= Y, Jh= 1‘Zﬂ2 tr[WW]
Wr ng = Ny, = Ay p(E)H3 S baryons % -
Aip (&)~ g e?™ RH M6(J/rl+rmos

(2m)*
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V. Jg L= SM leptons + RH neutrinos
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Ganae fields are expected +o contribute to physics of axion inflation.

Compelling Consequences:

—

This Set-up is a complete BSM that can solve T-IV:

) Particle physics of Inflation

1) Origin of matter asymmetry

1) Origin of Neutrino mass

Puezles of Particle Cosmology

V) Particle nature of DM



Ganae fields are expected +o contribute v physics of axion inflation.

Compelling Consequences:

—

This Set-up is a complete BSM that can solve T-IV:

) Particle physics of Inflation

1) Origin of matter asymmetry

1) Origin of Neutrino mass

V) Particle nature of DM

Puezles of Particle Cosmology

T+ provides a deep connection between inflation, baryogenesis & DW,

So naturally explains cosmological coincidences ng = 0.3 P; and Qpy = 5Qp!




Ganae fields are expected +o contribute v physics of axion inflation.

Compelling Consequences:

—

This Set-up is a complete BSM that can solve T-IV:

) Particle physics of Inflation

1) Origin of matter asymmetry

1) Origin of Neutrino mass

V) Particle nature of DM

Puezles of Particle Cosmology

T+ provides a deep connection between inflation, baryogenesis & DW,

So naturally explains cosmological coincidences ng = 0.3 P; and Qpy = 5Qp!

T+ comes with a cosmological smoking guw on Primordial Gws.










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.)
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Novel Observable Signature: Beyond CMB

Detection of this background is an excellent target for all GW experiments
across at least 21 decades in frequencies.

P. Campeti, E. Komatsu, D. Poletti, C. Baccigalupi 2020

New Ph Qs’ws
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