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Outline of the talk:

Ultraviolat (UV) and Infrared (IR )physics is connected via RGE flow.
Complementarity between Lab and Cosmic observables.
Inflation and Scalar Field Models of Inflation.

Particle Models: Higgs Inflation

vyvyvVvyyvyy

Particle Model: Creating an Inflection-point

P Creating an Inflection-point via RGE.
P Complementary Probes via CMB & Light Dark Sector Experiments.

v

Various model-building: dark matter, neutrinos & conformal models.

» Conclusion



History of the Universe

e Primordial Gravitational VWaves

quantum-gravity era

Big Bang plus ety inflation
1073 seconds .

Big Bang plus cosmic microwave background

1073° seconds?

Big Bang plus
380000 years

Big Bang plus
14 billion years
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Inflation: Motivations

» Cosmic Inflation, characterised as quasi-de Sitter expansion is invoked to solve
the problems of Big Bang Cosmology:
» Horizon Problem.
P Flatness Problem.
P Origin of Primordial density fluctuations seen in CMB.
P Monopole problem.
P Others...

» Slow-roll Inflation:

P A scalar field inflaton rolling down a potential.
P This potential needs to be flat from CMB constraints.



GW

Planck 2018 and Constraints

Constraints on scalar and tensor perturbations
from the PLANCK satellite

Observational constraints : Theoretical predictions :
+0.063 -6 ([ (”)2
Ac(kg) = 2137750567 x 1077, A= ar2e \Mg)
ns = 0.968+ 0.006, n-1 = MW, o g
. 11, N 2 (H)? _dnak)
r < 0 » Aplk) = fZ(M(,)' np =~ EES ~ —2e,
ko = 0.002Mpc™ . .- A,,(.A)Zml(: —8np)
(TT+lowP-lensing) ac(k)

Attractor models like
Starobinsky model
fit the data well.

" Planck 2015 results. XX
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Scalar Field with Slow-roll

Single Scalar Field: Slow Roll Inflation Scenario

{e. Inl, Y <1

Slow Roll Inflation Slow Roll
. . Vi)
M3 (VN2 22 -
(p) = 2"' (T) »? < V(p) e
. v Slow Roll
(o) = ‘”12"( v )
. oy
L'Z(O) = ‘\[14’ V2 ) \ Reheating q)|
s @
To solve the

Observables

ro= 1Ge

1 — Ge + 25

2472 M} € lko=0.002 Mpe—?

horizon problem

Planck 2015 Measurements
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Non-minimally Coupled Inflaton

Non-minimal Quartic Inflation: simple & successful scenario

See, for example,

Action in Jordan Frame NO, Rehman & Shafi, PRD 82 (2010) 04352

[s,, = [ dov=a |- O + 50 0,0) 0.0) - v./<o>]].

e Non-minimal gravitational coupling

f(#) = (1 + £¢?)|with a real parameter £ > 0,

e Quartic coupling dominates during inflation

1
Vi(o) = 1 Ag?

¢ can be the Standard Model Higgs field or any other scalar field.
Slides (N Okada).
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Non-minimally Coupled Higgs Inflaton

Non-minimal Quartic Inflation: simple & successful scenario

See, for example,

Action in Jordan Frame NO, Rehman & Shafi, PRD 82 (2010) 04352

[s,, = / d*z\/—g {*%-t‘(@)n + %g’”’ (8,0) (0,¢) — V,,(o)]].

e Non-minimal gravitational coupling

f(#) = (1 + £¢?)|with a real parameter £ > 0,

e Quartic coupling dominates during inflation

1
Vi(o) = 1 Ag?

¢ can be the Standard Model Higgs field or any other scalar field.
Slides (N Okada).
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Quartic Higgs Inflation

Inflationary Predictions VS Planck 2018 results

13 do /M, ¢e/M,| ns r a(107%) A
0 22.1  2.83 [0.951 0.262 —8.06 [1.43x 1073
0.00333|| 22.00 2.79 |0.961 0.1 —7.03 [3.79 x 107

0.00642|| 21.85 2.76 [0.963 0.064 —7.50 [3.79 x 10~*3
0.0689 || 18.9 2.30 [0.967 0.01 —5.44 [6.69 x 1072
1 8.52  1.00 |0.968 0.00346 —5.25 [4.62 x 107°
10 2.89  0.337 |0.968 0.00301 —5.24 |4.01 x 10~®

» Only one free parameter £ decides the scenario.

> CMB can be satisfied as long as ¢ > O(1072).

» No direct sensitivity to particle model-building and laboratory observables as any
scalar with such a potential can be the inflaton.

Q: Can we have a scenario be one-to-correspondence between particle properties like
coupling & mass and CMB values ? Or else, lots of degeneracies in cosmology. In the
similar spirit as DM relic density, or the baryon asymmetry particle physics models 7
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Inflection-point Inflation

> Inflection-point Inflation is a small-field (¢; < Mp;) inflationary scenario where
the scalar field potential is expanded around a point-of-inflection M in its plane.

» Conditions for inflection-point: V’/(¢;) ~ 0.. V" (¢;) ~0..

Potential expansion around the inflection-point

, v , Vi ‘
V(@) = Vo + Vi(gp — M) + (¢ — M)* + Tj‘(o - M)®

4.%x10716 ! Ji
I
3.%x 1074 i /
= | ( 0
S axaow ] M=
= L )
I _
16 T ]
1.X 10 - ‘
0 —'/'/ !
00 02 04 06 08 10 12 14

S/M

Idea is to make the cubic term dominate in the potential !
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E——
Inflection-point Analysis for PLANCK Data

Summary of Inflection-point inflation analysis:

Constraint on Potential to satisfy Planck 2015 inflationary measurements

3 -\ 3/2 —
~ 061 (M) (o M=o
Mp MH N=60; n, =0.9655
M2 VO[T 0t AR =2195%10-
~ —1.725><1(r—’(7) (W)
11{ P . Free Parameters:
~ 0.989x1()*7(;)L;,“’2 Vo, M
;\[P

Model-independent Prediction for the Running of the Spectral Index
Planck 2015

, _ 4 (60)° —
ﬁ:fﬁ:‘f)—f-l-l'—““” (Tﬂ [a = ~0.0057 £0.0071

* The future experiments can reduce the error to £0.002.
(Abazajian et. al. , arXiv:1309.5381)
* Hence this prediction can be tested in the future.

Slides (D Raut).
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BSM Model

With such an analysis in hand, let us now ask the following:
> We stick to quartic potential (only re-normalizable term in QFT sense).
> Can the SM Higgs play such a role ?

»> Can in any BSM Higgs motivated from neutrino, dark matter, axion or flavor
models play such a role ?

» Will there be complementarity between CMB & Laboratory observables ?
We start with a very generic U(1)x quartic Higgs potenial.
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Inflection-point Analysis for PLANCK Data

U(1)z, Model

Minimal Gauged B-L(Baryon-Lepton) Extension of Standard Model

* Gauge Anomaly Free: aTT/¢ NTT/¢ T
3 generation of right handed i St (';)v S (—)}f. { (Ui L (l)if—f,
Neutrinos (N)). (/; 3 2 +UU +l;f3
; . 2/ .
« B Higgs Field : p 'f" 1 +"‘.,; H/’-{
Breaks B-L gauge symmetry. (/’” 3 1 =1/3 1 +1/3
[ -1/2 -
B-L Symmetry Breaking: 'ln' ! 2 12 l
Generates Z' boson mass and |-\ R 1 1 0 -1 |
Majorana mass for N,. (;{ 1 1 -1 —1
[ED*QZ‘ NN 1 } H] 1 2 121 0
le | 1 1 0 [ 2 |
* See-Saw Mechanism
» Mass Spectrum : [“f.\'n . \%Y\'f'mu mg = 2gupy,, ’”;‘_}, = ;'\"ffl.}
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Inflection-point Analysis for PLANCK Data

U(L)x Model (5u(3).xSU(2). <ULy xU(L)y) uet),,

u(1) «
* Generalization of the minimal B-L model.
U(1)y is defined as a linear combination of
U(L)y and U()g - Uiy
SUB). SU@), U(L)y [U(L)x = Qyay + Qp-prq | Perameterization
(]}, 3 2 J./[i (l/[))f” + .l/ Jrg e =1
up |3 1 2/3 ()/ijr”+ (1/3)x TH (Free)
dy | 3 1 =13 (=1/3)zm +(1/3)
g1 1 2 -2 (=1/2)ap — 29 —
& }g 1 1 *1 (—”.J'“ — A&y BL |I1T1It
; xy=0
H 1 2 —.l/_) (—l/g),!'”
N1 T 0 - ULy limit;
¢ 1 1 0 +2rg Xy = 0O
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Inflection-point Analysis for PLANCK Data

U(1), Higgs/Inflaton Potential
RG improved U(1), Higgs/Inflaton potential: 17 (&) = ll Ao () ¢

Constraint on U(l)x couplings for a successful inflection-point inflation

MY’
Ap(M) =~ 4,77(1><1|)—"'(UP) : ‘YUH232"‘0,\*(;\1)
4 ( 1511 x 1072 MY
gx (M, xg) ~ : - 176 (_) :
(93 + 2562y + 1642,2)"" \ Mp
4.x 10716 /]
M=M

~ —16 =
3.%x10 X, =0

Free Parameters:
Xy .M

2.x 10718

Vig)/ M*

1.x 1071 / -
- |

00 02 04 06 08 10 12 14
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Expanding the potential:

Vi 1 .

F = —L[].-jn“ T ﬁ_-.' _Jl.

1 1

— = (12X, + T + M3,

TERS P2 do!

II- |. 3 r
1—: = (200 + 268, + 10ME, + M?5] ).

1

By = T (200% — (48¢° — 6Y*)A + 96¢° — 3Y*)

» Simplified assumptions taken: Yukawa degenracy.

» Gauge coupling and Yukawa coupling cancel each other and creates the
inflection-point.

» Gauge and Yukawa couplings themselves do not run so much.

» Logarithimic-corrected RGE-improved Higgs potential responsible for cosmic
inflation.



GW

Inflection-point Analysis for PLANCK Data

As the quartic reaches the very small value to satisfy the CMB constraint, due the
inflection-point conditions imposed from the Yukawa and gauge coupling cancelling
each other, the flattened inflationary potential is generated.

2.x1078
410716 !
15%107" ‘
- 3.x107'° !
s -13 = :
5 1.x10 @ 2.% 10716 :
5.%x107 - 16 ‘
. 1.x107" ]
0 0 !
0001 00 02 04 06 08 10 12 14

#M

» Inflation basically imposes boundary conditions on particle physics model.
» Similar to the MPP principle (Nielsen & Froggart) for the Higgs.

» Small gauge coupling required. Cannot be done with the SM Higgs. But any dark
sector works.

» Laboratory phenomenology for the particle model becomes very predictive.
Ghoshal (2021).
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Inflection-point Analysis for PLANCK Data

Constraint on Low Energy Observables
Low Energy Observables evaluated at VEV

Inflection-point condition leads to a relation between low energy observables!

my
— ~ 08,  (mz>my)

Mmzr
2/3
T S MAT 916
~ Q0L X 1078 — | (87 + 2362y + 1642y) " ln
mzr 1[P
Free Parameters

XH' M, my

Raut slides (2016)
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Inflection-point Analysis for PLANCK Data

Decay of Inflaton and Reheating

* O decays into the SM particle
= Themalization of decay products recreates Standard Big Bang Scenario.

1/4
Reheating |, __ 100 BBN Constraint
Temperature [j r = 0.55 ( 75 ToMp Ty > 1 MeV

Inflaton being very light, it can only decay through SM Hi couplin

9 )

212 212 2
V=g (H"H - %) + e (qmp - L}‘) (”w[ _ ’%) ([phb _ 'T\)

‘E;,(mo.i) ~ B (Th(m ”)] M| = ( ,“"7’{_)9

Up UX
Additional Constraint

my(xp. M, mg)

m
P =(—2) ¢
Free Parameters: ('”u)
E , XH' M y Mz { <1

Raut slides (2016)
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Inflection-point Analysis for PLANCK Data

Collider Z’ Phenomenology

Z’ boson direct search : [PP — 7+ X = (T +4\r]
Heavy Neutrino search via displaced vertex: (Vh) w
Y= E3
M B‘_.rf

—
S
2 2

The partial decay width of heavy Iy ~ ¥2 (ﬁ) M~ Mp~
neutrinos is suppressed by See-Saw M M

mechanism.

Kinematic Constraint: Non-degenerate Yukawa

, . T
=Y — |2 0.029
mzrz > 4 my? mz/myt =3 \mg )
| Batell, Pospelov and Shuve, JHEP 1608 (2016) 052 | -

Raut slides [Pheno (2017)]



GW

Inflection-point Analysis for PLANCK Data

B-L: ( x, =0) |Low Mass Z’ [ Batell, Pospelov and Shuve, JHEP 1608 (2016) 052 |

We re-interpret the gauge coupling terms of M/M,

500 T / 500
HL-LHC / LHC
200 \ p
Z 00F Lgp Z
F ol SNNLHE| T
"I HL-LHC (3/ab)

201 g =05, 01, 001

0.05 0.1 05 1. 5. 0.05 0.1 05 1 5

M/Mp M/Mp

» Constraints on the parameter space from current and future colliders.

» Diagonal lines are for re-heating temperatures 1 MeV for mixing various angles &.
The region on the right is ruled out due to BBN constraints.

> Inflection-point scale M and Higgs vev are the free parameter of the model; rest
are all related via RGE running.



GW

Dark Matter

What about Dark Matter candidate 7
» Condition for inflection-point dictates gauge coupling to be very very small.
» Freeze-in Z’-portal dark matter.

Model Content:

SU(3). SU2), Uy |U()p-r

4| 3 2 41/6| +1/3
ul| 8 1 +2/3| +1/3
dy| 3 1 1/3| +1/3
gl 1 z 1/2 1
Vi1 1 i 1
| 1 1 1 1
H| 1 2 12| 0
el 1 1 i 2
(1 1 i Q

¢ is a dark vector-like fermion is the dark matter candidate.

Lon = LAN + guy (Zie), | > (B — L)y fvf + Qcly™¢

Ghoshal (2021)
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Dark Matter

What about Dark Matter candidate ?
» Condition for inflection-point dictates gauge coupling to be very very small.
» Freeze-in Z'-portal dark matter.

Model Content:

SU(3). SU2)y, ULy |U(l) g1

AR 2 16| +1/3
uh| 3 1 +2/3| +1/3
a8 1 143 +1/3
g 1 2 1/2 1
Ni| 1 1 i 1
eh| 1 1 1 1
H| 1 2 1zl 0
o] 1 1 i 2
¢ 1 1 il Q

Loy = LAN + gar (Zoc), | Y (B — L) fv f + Qv
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Dark Matter

Dark Matter Relic Density:

. ar -
ol — ffv = :{[—R\_Q;:’J’rn.a".'ﬁsr.-

(O:qpL)? e
a(({ = Zgrlp)v = Qcgns) (]u el l) B

s

Collider Searches:

0.001 . , — , -
[ oo Amiinton A
'—_“qi LHEL ?n_.‘ E-“i/“"
107 T -
Bt Mark L[ o e )
i
2 107 E
2 10
1076
-7 1 1 n
g1 005 0.0 0.50 1
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Inflaton Hunt

Inflaton Hunt (no gauge extension: SM + sterile neutrinos)

1 N . Y
B = 1oz (120007 — 65" + 83, + 2002 ).
T

| 2Aprgpmguy

V2 (m3 —m?)

‘IM 6.0x10™*

55%107

= 3 tan™

5.0x107*

45x107

4.0%x10°*
0.25 0.30 0.35 040 045 0.50

0.2 0.5 1 2
mg (GeV) mg (GeV)
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Conformal Model

We want to construct a conformal model where no scales are present at the tree-level.
In the IR, Seesaw Scale and EW Scale is generated via Coleman-Weinberg.
Inflection-point Inflation happens in the UV. All determined by the RGE.

V(H,¢) = Mu|H[* = Ao |H*|6]* + Ao|o|*.
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Conformal Model

The Model Content:

The B-L Extended Model
Field Group Coupling
Zgr U(l)p-r 9BL

TABLE I. New gauge sector of the model

Field  Spin U(1)p

o 0 2
YLr 3 1
Ng H 1

TABLE II. New scalars and fermions in the model

V(H,8) = Mg H[* = Ao |H2|62 + Ago|*
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Conformal Model: RGE

RGE:

dggL 1 ( 12 L) )
& = 2+ ) g
do  16m2\ - 3)9BL
dyj 1 2 yrtow o vriow | 1 w2 2, .2 . o 2
b5 = F(hum?.‘ +Y (E (Z) ’—'ﬁ,—*fh) — 12gp, + Y[ ))
n'q[_ 5 1 low 2 y 3 ) »
O——= = Byt uL| 5 iyt YR | — 1295, + UL
Ao - 2 B B }
dyp 1 1 row 2 ) ) ) ’
e 69ELYR + Ur 3 SVl u | - 1205+ ui ) ]
pro” 2002+ 960, — [ DVt yf il | A (23 ¥/ 2+ 207 + 203 — a8, 1H)
r/'ﬂ BL j L JR » | = ] AL AR IBL ]
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Conformal Model

RGE:

100
10
N !
=4 108
g | <
8 1072
10712
10
‘0\’_*, - o 1%
10° 10t 10 o 0
u(GeV)
FIG. 2

Left Panel: RG running of all the couplings for

pr = 44.85 TeV) against u. Right Panel: RG running of A,

the benchmark point (M = 1 Mp,

against p. Note the abrupt drop of

Ay to negative value at the threshold. We have chosen negligible Y = 10~y for this work.
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Conformal Model

a !}. o .I :I) o 5 .i\:.(I. . 2‘!:‘ . 3 I.‘; . -:I:!; ’ .d.IJ
May, [TeV] MiM

o.oot =

FlG. 4. Left Panel: The diagonal jagged solid Line s the wpper bownd on the B-L gawge coupling

| (ATLAS-CONF-2019-001).  The

as a function of Zgy, mass, from the ATLAS final result [

horizontal lines correspond to the anflection-peind geale M G507 My (dashed), Mp (dotted) and

0.0 Mp (dot-dashed) vespectively © This corresponds to myzg, lower bownds to be 16§ Tel,

S50 GeVoand 360 GeV, respectively. The vertical solid line and the vertical thick dashed line

corvespond Lo mg 3 L3 and 850 eV orespectively, the lower it for theovetical consistency
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Conclusions:

» UV is connected to the IR via the RGE.

» Complementary probes of BSM models via light dark sector experimental
searches and CMB.

»> SM Higgs cannot be play such a role as the gauge coupling is too high. But can
be done in any dark BSM U(1)x or SU(N)x sector.

» For Type-l seesaw neutrino models we showed the collider and CMB
complementarity, for freeze-in dark matter.

» We showed conformal models where radiative symmetry-breaking generates EW
scale and Seesaw scale in the IR via Coleman-Weinberg and achieve
inflection-point inflation in the UV via RGE.

» We showed how to construct gauged-free extensions where inflection point is
achieved. In this case actual light inflaton hunt is possible via light scalar decay
searches. Old idea by Berzukov & Gorbunov.

» Plethora of particle physics model-building directions possible now involving dark
sector and CMB, now that we have one-to-one correspondence between particle
property and CMB.
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Generic Inflection-point Condition for SU(N) Theory:

Gauge-Yukawa-Higgs Theory:

11, 1 2n
B = — N,—- 21
B g (3 6 3)’

3 N2
By = YY'Y +Yir(Y'Y) - Y
b = w(SyYyevarey) -5t Sy

By = —2tr(Y'Y YY)

3(N, — 1)(N2+2N, - 2) ,
K g
AN?

2_
_% Ag?+4AMtr(YTY) +4 (N, +4) Az) :

[

3(N. — 1)(N2+2N.—2) s

yi=
8N2
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Names of experiments

Dark Matter Relic Density:

04 05 0.7 1.0 1.3 my (Tev]

\\ ——— ~
——— ~
v~ Planck 2018 (1> 0.064)

05 10 20 5.0
my [GeV]




Thank You
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Outline of talk:

» UV & IR is connected via RGE.

» Complementarity between Lab versus Cosmic Observables.
» Stochastic Gravitational Waves from Cosmological Phase Transitions

P Peccei-Quinn Phase Transition & Gravitational Waves.

P Conformal Invariance & TAF as a direction of UV-completion.
P Predictions in UV-complete Axion model.

P Predictions with Conformal Symmetry Breaking.

» Predictions on the GW detectors sensitivity map.
Recent NanoGrav GW detection.

v

» Conclusion



History of the Universe

e Primordial Gravitational VWaves

quantum-gravity era

Big Bang plus ety inflation
1073 seconds .

Big Bang plus cosmic microwave background

1073° seconds?

Big Bang plus
380000 years

Big Bang plus
14 billion years
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Gravitational Waves

> Gravitational Waves (GW) first detected in 2016.

» New Window into the Early Universe.

»> New Probes of Particle Phenomenology beyond TeV (LHC scale).
>

>

Robust predictions of GW signatures from UV-completion conditions.

Sources of GW of cosmological origin & corresponding GW spectrum:

Inflation: Primordial GW.

Inflation: Secondary GW.

Strong First-order Phase Transition.
Re-heating.

Graviton bremsstrahlung.
Topological Defects.

Oscillon.

Primordial BH-induced GW.

VYVVVYYVYYVYY

» Strong CP Problem dictates U(1)pgp symmetry breaking.
Peccei-Quinn Phase Transition.
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GW - - A Primer

perturbations of the background metric:  ds? = a?(7)(n,, + hy (%, 7))dzHdz”
A LN

scale factor: cosmological expansion background metric GwW

governed by linearized Einstein equation (th = ah;;, TT - gauge)

/ "
~n [,a a \ - . i
hy; (k) + | — | hij(k,7) = 16w Gall;(k,T) source: anisotropic
\ a ) —_— stress-energy tensor
N’ source term from 4T,

k < aH : hi; ~ const.
) Y dE [ e P (R gmik(r—e)
a useful plane wave expansion:  hg; (z.7) = Y 3 [TRhe () T7) e;(R)e
P=f,x Yoo 4% - )

transfer function , expansion coefficients , polarization tensor P = +, x
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GW - - Cosmic String

Topological defects like cosmic strings give rise to scale invariant GW spectrum.

W oPTA /Y Lsa 1

/
10°% 10°% 107 1 107 108
frequency (Hz)
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GW - - Primordial and Scalar Induced Secondary GW

Secondary Tensor Spectrum induced by first-order scalar perturbation via mixing.
Can be tuned to generate high amplitude in high frequency regions.

k (Mpc)
10° 10 10" 10" 10
T : T T T
EMBL2: PULSARS
1070\ WMAP3 bound: bt
scalar-induced only uGoll
| R ] 12013
LISA
(20137
AP bound
ouna:
Qc,w(f) primordial only
15 " oasn
10 inflation: primordial tensors
o
BBO Corr
(20307)
scalar-induced tensors
20 | e e e me s mmEmE—————————
10
1 1 1 1 1
10" 10" 10° 10” 10°
Frequency (Hz)

Baumann (2007)
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GW - - (P)-reheating

Production during inflaton oscillating in FRW background.

1e-5 | BBN bound
N .
— ms pulsar
= 1e-10}
E
o
c
GUT inflation .~
1e-15 |
¢ (CMB bound)
162075 165

LIGO: 1

Hybrid

Hybrid

Figuera (2007)

Te+5

1e+10
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GW - - Graviton Bremmstrahlung

Inflaton radiating away gravitons forming Stochastic GW background.

102 10 10 103 10° 103 10° 10° 102 105

1 00 g\ﬂ HH ﬂ|1 "H ||F|1 H|'|1 "VT1 Wl{ ”W1 ”WH "W1 m” HWW Hl” ||U1‘.H\|1 \HH H]H IHH WH HH WIH "TH HH HH ||VT1 L | 100
aLIGo(O) —;
10 ? —=107°
/r -
SKA /‘/ =
10- | /uco —10°°
\/ E
\ g
g 10 ' 107
10-1 é 10-12
107! <1071

10-18 m HHJ HIJ ||\J ||\|J ou ||\|J \HIJ \HHJ HI\IJ muJ \HI\J H\HJ HI\IJ IIHJ H\IJ HHJ HnJ IIHJ H\IJ HHJ \mJ IIHJ HIJ HIJ ||\|J ouF 1018
10-2 10 10 10° 10° 10° 10° 10° 10'> 10

f[Hz]

Nakayama (2018)
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GW - - (P)-reheating

Typical GW spectrum from thermal first-order phase transition:

10°F 0 0001 0010 0.100 1 1

fiHz]

Huang (2018)
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Phase Transition

 QFT at finite temperature = symmetry restoration

o For first order PT

Need barrier here T»Te
® PT occurs at T /

H Potential energy /

/
GWS - - . S / /
\.\\ /
® Not in SM! Possible in AN /
; \ /
BSM scenarios . / T=0

Schwaller (Amsterdam (2019))
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Phase Transition

Phase Transitions:
> Bubbles nucleate and grow.
» Expand in plasma.
» Bubbles and fronts collide - - violent process.
> Sound Waves left behind in thermal plasma.
>

Turbulence, damping.
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Phase Transition GW - Parameter Dependence

> Total GW energy budget from 3 sources
2 2 2 2
h*Qew = h"Q¢ + h"Qsw + A" Qb

Depends on two important parameters:

4
@ Vacuum energy density: a = 22 with Prad = g,,7r2T—*
Prad 30
® (Inverse) Bubble nucleation rate: /5 _ 1 [ d*SE (T)
* dT?
» T=T4

-2 —1 -1
2 B 2 B ) 2 ( B )
W20, o (E) . h2Qsw (H—* . W o (4

>

The bubble nucleation rate per unit volume at a finite temperature is given by

T(T) = Tye=ST) ne Tye= eI
| 2

Other important parameter: bubble wall speed v,,, efficiency factors.
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Bounce Action Ss:

2 d3
4 . =
Pb + V5o, T)+Z dd) Gy 2E; S0 =0

m V1(¢): gradient of finite-T effective potential

» 5fi(k, x): deviation from equilibrium phase
space density of ith species

» m;: effective mass of ith species
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Phase Transition GW - Parameter Dependence

New PL\\/s’lg cake V

1078

/ — Qe

— 0

1077 4 turh

L —— Total
10-10 T’ (T LISA sensitivity
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Schwaller (Amsterdam, 2019)
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Axion

Strong CP Problem:

3272 / d*z Gy, G 0+ Arg[Det(yuya)] < 107'°

Axion solution:
a o« [Peccei-Quinn 77
ilelel Weinberg-Wilczek '78]

a\xr _ 1 2
a(z) L= (0ua) + e

* PQWW axion:
Axion identified with the phase of the Higgs in a 2HDM

(fa~ Vew was quickly ruled out long ago) ~ [recee. Quinn

Weinberg (1978) W)\(zek (1978)]
The need to require fo > Vew: “invisible axion”

* DSFZ Axion: SM quarks and Higgs charged under PQ.

Requires 2HDM + 1 scalar singlet. SM leptons can also be charged
e, Fischler; Srednicki (1981), Zhitnitsky (1980)]

* KSVZ axion (or QCD axion, or hadronic axion)
All SM fields are neutral under PQ. QCD anomaly is induced by

new quarks, vectorlike under the SM, chiral under PQ
[Kim (1979), Shifman, Vainshtein, Saknarov (1980)]
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Axion as Dark Matter

* Aslongas Aqep <T < fq:
U(1)rq broken only spontaneously, ‘
ma=0, <Qo” = eﬂfn ~ fc

* Assoonas T~ Aqep
U(1)rq explicit breaking (instanton effects)
mMa(T) turns on. When mq(T) > H ~ 10 eV,
<ag> —> 0 and starts oscillating undamped

a +f%§(f,ﬂ77n ) fasin ( ) =0

* Energy stored in oscillations behaves as CDM

V(a)

a
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Axion Pheno

» Axion or ALP couplings to SM particles are always suppressed by inverse powers
of U(1)pq symmetry breaking scale f,.

» Phenomenological scalar with complex singlet scalar ¢:
1
V2
> Spontaneous breaking of U(1) may lead to strong first-order phase transition at

the f, scale & generate GW signals to be detected at the current and future
detectors.

O(x) = —=(fa+ ¢(x))e 0/ % 1)
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Phase Transition GW - Finite Temperature

Vi, T) = Volo) + Vow() + Vr(o, T),

. , , . . 1 \2
® Treelevel: Vo = —u®[H|* + M H|" + x|®*|H|* + Xa (@E - —fj)
Xa 2 gyl s 2] /1
S (o8- 12)+ [5 - ?] (302 + 363+ 626
+,\[1 W +liciia GT
2 2 0 +—

. s m? (o
o Onedoop:  Vew (6) = Z( 1) 647“’) [log% fc!] ,

. . ) g T m? (¢)
@ Finite-temperature: Vi (¢,T) = Z(—l) nip—sTar (e ) -

@ Temperature-dependent mass terms:

I, (T) = Oe,, (T) = (993 + 3¢ + 1207 + 24X + 4k) T?,

%I'-‘

I (T) = (k+2X) T,

L

[Dolan, Jackiw (PRD 74] Arnold, Espinosa (PRD '93); Curtin, Meade, Ramani (EPJC "18)]
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Phase Transition GW - sensitivity

h*Qew

1 fi(Gev)
—7 =

h?Qgy

10t 10°
fiHz)

Figure 4. The detection prospects for the GW experiments TianQin [27], Taiji [28], LISA [29, 30],
ALIA [31], MAGTS [32], DECIGO [33], BBO [34], aLICO [37], aLIGO+ [38], ET [36] and CE [35],
and the curves of GW strength h?Qqw(f) as functions of the three parameters f,, & and A, in the
ALP model. In the upper panel, we have fixed f, = 10° GeV and x = 1.0 and varied A, from 0.001
to 0.2; in the lower left panel f, = 10° GeV and A, = 0.001, with & varying from 1.0 to 6.00; in the
lower right panel & = 1.0 and X, = 0.001, with f, between 10* GeV and 10° GeV.

Dev et. al. (2019)
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Phase Transition GW - Parameter Dependence

Dev et. al. (2019)
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KSVZ Axion

- KSVZ axion:

U()eg : X —» e X

Ax (X2 — f2/2)? + (yXQQ° + h.c.)

No massless bosons coupling to X while Peccei-Quinn symmetry is restored.
Fermion contribution to Vg contributes is negatively.
Finite temperature corrected potential is of the form m(T)IX|2 4+ A(T)|X|*.

PQ phase transition is of second-order in the minimal case.

vVvyVvyYVvyy

In order of make strong first-order phase transition (PT), and thus enhanced GW,
we go to supercooling regime. This requires PT to last long enough.

This means 5—73’ ~ constant — scale invariant.

Break PQ symmetry radiatively.

vy

» Or, break non-minimally like strong coupling regime, non-perturbative,
extra-dimension etc. (See Delle Rosse (2019) & Von Harling (2019).)
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Conformal Symmetry Breaking

Due to conformal symmetry-breaking, the flat direction is lifted at 1-loop when
ﬂ)\ 4 (oa 1
Ver = =0 (log(— — -)),
i = o lo(F — )

where < o >= f,.

anf(g)

one-loop

_5A|11f4/16
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Conformal Symmetry Breaking

Strong super-cooling enhances GW signals:

10725 1 s L L A
aE

107 ¢
04 LIGO 5
107é &0 A0

=== pH=5
10'145 prad - =+ BH=16

Lol Lol

AL L Lol L L Lol
100 10! 102 108 104
f [Hez]

delle Rosse et. al. (2019), von Harling et. al. (2019)
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Total Asymptotic Freedom Principle

v

No scales are fundamental are nature, all scales that we observe are generated
dynamically: 1-loop or via non-perturbative physics.

» Gravitational Corrections not included. For re-normalizabable theories of gravity
like Quadratic Gravity or non-local gravity, all corrections are softened in the UV.

v

Still suffers from Landau poles.

v

Total Asymptotic Freedom (TAF) as a direction for UV completion of particle
physics. All couplings flow to zero in the UV.

No Landau poles in theory.
Theory valid and perturbative upto infinite energy scales.

For U(1)pgq, simplest possibility to replace by SU(2),.

vVvyVvyy

Generic conditions for TAF already studied in several places [Giudice (2014),
Holdom (2015), Pelaggi (2015)].

Low energy spectrum of the theory contains extra dark photon on top of the SM.
All masses of extra quarks and scalars are expressed in terms of the free parameter f;.
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Phase Transition GW - Parameter Dependence

Renormalization Group Equations of the parameters:

dg® 11

4 1
= —bg* b= —Ch(Q) — - S2(F) — =5:(S
di 9" 32() 32() 62():

29 dy? o (92 . 992
== = gyt — o
by=-7-4, =y

2 2
and b, = %, t= %, where g is arbritrary energy scale.
A is the extra contributions from scalars and fermions in the theory.

=2 =2 ~2
2 g; 2 Ja ; ] A
2W)="% £0=" FO="0 A0
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Phase Transition GW - Parameter Dependence

Axion potential:

Vy = —m2Tr(ATA) + M T2 (AT A) + A |Tr(AA) 2,

RGEs of A, and ); are % = f;, and %2 = f3,, where

51(0,9,0) = a8+ A1 (84 + 647 — 1262) + 10X+ 83 3y

3 2 2, 3 4
(g, y, A) = ng + Az (12)\1 + 6y — 1293) +6X; + §y4.

X and A are used inter-changeably for denoting the radial part of the axion field.
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Phase Transition GW - Parameter Dependence

0844

06 |

0 20 40 60 80 100 120
02

Gauge and Yukawa couplings

00

t =100 = p = 10190 GeV.



GW

Phase Transition GW - Parameter Dependence

Some values for satisfying TAF principle.

A n,. | unstable vacuum | stable vacuum
28/3| 1 | (0.219,-3.25) (1.70,—0.965)
s |2 (0.268,-3.27) (1.73, —0.986)
3 | (0.344, —3.30) (1.77,—1.02)
4 | (0.469, —3.34) (1.84,—1.08)
5 | (0.722,—3.42) (1.97, —1.20)
s | 6] (1.50,-3.49) (2.34, —1.70)
26/3| 1 | (0.185,—1.06) (0.593, —0.362)
g |2 (0.237,-1.07) (0.619, —0.389)
s |3 (0.314,-1.08) (0.656, —0.435)
| 4| (0.447,-1.08) (0.712, —0.528)
8 | 1](0.182,—0.601) | (0.365—0.255)
|2 (0.236,—0.599) | (0.387,—0.294)
3 | (0.324,—0.570) | (0.411,—0.376)

Figure: Values of (/\~1, ):2) satisfying TAF condition. n. is the number of vector-like Dirac fermions
in the adjoint of SU(2),.

Salvio et. al. (2020)
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e
Phase Transition GW - Parameter Dependence

Predictions for some benchmark values.

10* f= 10° GeV ‘/-\\‘
— £, = 10" GeV 1*,'-\“\\
1000 AN
i A\
i W
- ! W
e A
X 100 BBO W
= CE ‘\‘“
DECIGO “.\
W
10 - E b
aLIGO W
aLIGO+ ““\y
1\ 3%
L\ AU
100 10* 100 102
Imposing conformal symmetry on the axion potential leaves us with only 2 free
parameters, thereby very predictive.
Ghoshal et. al. (2020)
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Predictions on the GW spectrum

) T T T
107" |- BBN bound on the integrated GW spectrum

10710}

= LISA
1015 BBO
A CE

= DECIGO
= ET
10720 aLIGO g
— alIGO+ | .~

Qaw h?

- g,=091, f,=12%x10°GeV |
A e 2,=097, f, = 10" GeV
2s=096, f, =12 x 10" GeV

10725+

1

0.001 0.100 10 1000 105
f/Hz

Ghoshal et. al. (2020)
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Conclusion: PQ Phase Transition & Gravitational Waves

v

Complementarity between the Sky and the Lab via RGE.
GW detectors will be probing the pre-BBN era.

UV completion of axion (or any BSM) particle models is insensitive to laboratory
or astrophysics searches but predictable in early universe dynamics.

GW from strong first-order Peccei-Quinn phase transitions will be testable in near
future.

Conformal symmetry breaking makes PQ phase transition very very strong due to
supercooling.

TAF Principle predicts very characteristic & verifiable GW spectrum.

Gravitational Wave era invites us to dare to imagine, propose and test UV
completions of Quantum Field Theory and Gravity !
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Percolation Criterion for PT to end

D= ME1fe = 1021, (0.)
where ‘

p i N[y ‘

e (/ m)' "

(e elso requires that the physical velume of the false vacuum be decreasing significantly
inside of one Hubble tine [41, 94-97)

1 e a
WP :
o & H-TdTw L (D3)
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NanoGrav GW Detection

NanoGrav recently detected GW events. Many cosmic sources have been proposed.
The GW spectrum nicely fits cosmic strings origin hypothesis.

1x109 - 5

%107 "~ 12107
oxio Lox 107} o

A ~ Z soxio
& = L
vz b
2100 S coxi0-of
%

2x107  3.x107 Lx10 * 2x10* 2x10° 5.x10° 1x10™ 2.x 107

ST riz]

Figurc 1. Cosmic string spectra (solid bluc curves) together with our fitted power laws for Cp =
4x 107", und Gu = 1071°. The green dashed lines show the resulls of wumnerically fitting the curves,
whale the orange hmes result from the symple logarithmic derwative m Eq. (9.3). The than grey hnes
indicate the frequency range of interest that was used in the NANOGrau linear fit

= Sx1071 Log,otse

= 2.0
—9.5

2 ~100

g

-1 ~105
—110

spectral index )

Ellis (2020)
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