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e Standard Model (SM): QCD + electroweak (EW) transition separated

® Crossover transitions’: no gravitational wave (GW) emission

, Electroweak Big Bang
~ 10°GeV  Symmetry Breaking ~ 100MeV  Nucleosynthesis

Inflation + ~ 100 GeV Quark-Hadron ~ 1 MeV
Preheating Transition

1Kajantie et al. [1996]; Aoki et al. [2006] 2
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® Scale-invariant SM extensions: EW transition delayed?

® Possible outcome: strong first-order QCD phase transition

Electroweak
Symmetry Breaking ~ 100 MeV

>

~ 9 Quark-Hadron
Transition

2|so, Serpico, Shimada [2017]; von Harling, Servant [2017] 3 Figure: ESA-C. Vijoux
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‘/'SM(H) — _ILLQHQ _I_ )\[—‘[H4 — VCCSM(H7 (D> — _)\p®2H2 _I_ )\HH4 _I_ )\(I)(D4

e Higgs portal coupling to BSM scalar charged under new gauge symmetry (e.g. U(1)g_7,)
e Dynamical generation of all mass scales!

e Dark matter (DM) candidates, baryogenesis, GW signatures, ...
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e Field content: SM + scalar @ + Z' gauge boson (+ sterile neutrinos)

m, =1TeV, g, =10 3
V1 Z OB! L

e Radiative corrections break U(1)g; | symmetry

3
64" 2

- mz!(! )2

| 5
Vl-I00p (I ) = mZ!(! )4 lOg | 2 | 6

e Scalar takes vacuum expectation value (VEV)

3 | | | | |
0 100000 200000 300000 400000 500000 60000C
l [GeV]

3e.g. Iso, Okada, Orikasa [2009]
4Coleman, Weinberg [1973] 5



Emergence of EW scale. e
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® Requirement: portal term must reproduce electroweak scale

| . my 2 "=y (@—m8 —— ¢

*"Py,2 — P
2" T 2 2gs.

2
Hsm

® Only two free input parameters

e Scale of EW symmetry breaking set by new physics!

0 IH" = vy # Vv
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w1y Mp=1TeV,gg =107
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log (Tp/GeV)
-1.5-05 05 1.5 25 35 45 5.5

e | arge parameter space where EWPT delayed

to TQCD

e QCD chiral phase transition occurs first!

0.1;-./ L et

3.0 35 40 45 50 55 6.0
log,o(mz /GeV)

Figure: Marzo, Marzola, Vaskonen [2018]
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Quarks remain massless at | cp

First-order chiral quark-hadron transition®

| = 1g@' # 0

|

Generates mass term via Higgs portal in CC

potential

SPisarski, Wilczek [1984]; Brown, Butler, Chen et al. [1990] 9
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QCD transition can trigger the exit from supercooling.

— ]
>
Hadrons 8
(qq) # 0 ~ 0
O
o
— 11
T
= 121 —— without QCD
-—— with QCD
| | . . . .
'35 100000 200000 300000 400000 500000 60000C

| [GeV]
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Only input: scale of new physics [ applies to various new physics models

Thermal inRation :

Energy density

Exit from supercooling

Radiation domination :

Ti TQCD! 100 MeV

11
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1. How does supercooling affect the QCD dynamics?

2. Is the resulting GW background detectable?
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e Employ different effective theories of QCD:

1. Nambu—Jona-Lasinio (NJL) modelé: quark-based model

uoneu|
reway |

L. = @l ! mg +2GTr ®  + Gp (det!'+h .c)

i =g (! 's)g

TQCD

6Nambu, Jona-Lasinio [1961]; Klevansky [1996]; Kunihiro [1990]
"Fukushima [2004]; Fukushima, Skokov [2017]
12 8Haas, Stiele, Braun, Pawlowski, Schaffner-Bielich [2013]
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e Employ different effective theories of QCD:

uoneyuj
reway |

2. PNJL’: NJL + Polyakov loop lattice thermodynamics

| ) .
TQCD V,, (,T)= T* 1 :—Zla(T)!2+ HT)In 1! 612+8131 314

6Nambu, Jona-Lasinio [1961]; Klevansky [1996]; Kunihiro [1990]
"Fukushima [2004]; Fukushima, Skokov [2017]
12 8Haas, Stiele, Braun, Pawlowski, Schaffner-Bielich [2013]
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e Employ different effective theories of QCD:

uoneyuj
reway |

TQCD

3. Improved PNJLS8: temperature rescaling of PNJL to include

quark backreaction

Vglue (!1tglue) — VYI\/I (|1 tYM (tglue))
T4 TS

6Nambu, Jona-Lasinio [1961]; Klevansky [1996]; Kunihiro [1990]
"Fukushima [2004]; Fukushima, Skokov [2017]
12 8Haas, Stiele, Braun, Pawlowski, Schaffner-Bielich [2013]
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uoneyuj
reway |

TQCD
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uonejjuj
leway |

TQCD
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Percolation temperature. SO
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® Solve bounce equations of motion of chiral condensate

uoneu|
reway |

e Compute hadronic bubble nucleation rate

® Percolation temperature: probability for point to remain in false vacuum

P=¢'ll1 07

13
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® Solve bounce equations of motion of chiral condensate

R
E 3

o X8
E H
¢ e Compute hadronic bubble nucleation rate
I
N
G

T ® Percolation temperature: probability for point to remain in false vacuum
P

P=¢'ll1 07

13



Percolation temperature. SO
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e Compute average bubble separation at collision

1051 | |
1 ' :
T / / 3 : :
AT T3 o dT I'(T) —1(T) 10%- | |
Re=ng = Ip) =7 7© ' | &
T T4 H(T) : : o
= 10°1 =) | 3
~— Vo1 I g
X [ [
il N =
0% 41 2
® Related to inverse transition timescale® : — NJL : =
104 | |—— PNJL
5 : = Improved PNJL :
L R = 100 —1— . .J . :
R, 109 102 104 106 108

T |GeV)

9L ewicki, Vaskonen [2023] 14



Observational prospects. SO
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Enhanced GW amplitude for large I

NJL PNJL Improved PNJL

- GW,0

2]

L 10 16

15
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Classically conformal SM extensions: dynamical generation of all mass scales.

Period of thermal inflation in early Universe.

QCD-induced exit from supercooling: strong chiral phase transition.

Enhancement of strongly coupled dark sector PTs?

16
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V(H) ="y H* +y,(qa) H

Higgs potential inside
bubblel0 destabilized

V(H,!=0)

b VH,QCD | 100 MeV
H

10]so, Serpico, Shimada [2017]; von Harling, Servant [2017] 18



Bounce action. T
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10 L e Employ fitting templat
| | == Improved PNJL mploy fitling tempilate
m—— PNJL .
e Numerical i b T
_ T (T
e,
Uy 10
e False vacuum decay rate
" x exp —i
1¢ ( 1)

0970 0975 0980 0985 0.990 0.995 1.000
T/T .

19
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10°- i e
N .
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10 18. : * %
1
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i 11 A Nucleation A |
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e Percolatio . l,_f
10 - 3
. - 3 3 MAREET “ T é‘
m=2 "I all 0.34 10" ) NEE
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10 eeee T 210" GeV % :
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0.975 0.980 0.985 0.990 0.995 1.000
11Ellis, Lewicki, No [2018] 20 T/T.



Gravitational wave amplitude. R
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BSM-induced thermal inflation 10 7——, ,
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GWs — Frequency dependence. LR
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Meson fields. T
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® Introduce auxiliary meson fields

—4G(W) = (%+i&) |, +2(ay+i$,) T?

™ Scalar singlet acquires VEV %+ O during ' SB

23



Tree-level potential. T
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Only scalar singlet %~ (0Q) can acquire VEV

Chiral limit
(my, — 0)

VO (Y&, ad,, $a) — VO (Y = io/% — GD %

3G 16G3

24
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® |ncorporate effects at one-loop order

VML (04 o ! d*plIndet (# p — M(%)

N - 4
.~

e UV divergent

® Nonrenormalizable

A

Install hard 3D momentum cutoff:  d'p—  dp,, d’p
| 0

25
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2 A2 —
Ve, 1n\/1+(M/!A) 1

\/1 + (Mg A2) + 1]

—~

Breaks chiral symmetry

Three model parameters: G, G, A — fitted to reproduce meson properties

260
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® Thermal corrections due to interaction with thermal bath

Vi (% «—T, dp In1 +e—Er/T] x MT+ ...

Restores chiral symmetry at large temperatures | > [,cp

27



