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What kind of particle physics model lead to supercooling ?
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TAKE HOME : Supercooled phase transitions arises in

presence of FLAT direction, are STRONG and SLOW
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Cosmological consequences of supercooling

1) Large GW spectrum

2) Dilution of relics

3) Relativistic bubble walls

4) High energy particle production

5) Primordial black hole production
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5) Primordial black hole production
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Latent heat: Phase transition rate:
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Conclusion

Supercooled phase transitions arises in presence of FLAT direction

1) Large GW spectrum: large & and small f[/H

2) Dilution of relics due to entropy injection following reheating
3) Relativistic bubble walls because plasma is diluted

4) High energy particle production because relativistic bubble walls

5) Primordial black hole production because expansion of the universe
controlled by low number of randomly nucleated bubbles



Additional slides



Supercooling from a nearly conformal sector

Nearly-conformal dark U(1)p:

1

['tree — _Z (Fpu)z + |Dp(I)|2 T @w,ﬂ/) — (y(I)JL"pR + hC) — ‘/tree(‘q)l)a

‘/tree(lq)‘) — )\l(I)‘él + )‘gbh‘lel(I)lza

1-loop Coleman-Weinberg corrections at T=0:

: 1 d\ 1
V() = ﬂ/\z [IOg (%) 4] : B = dlogd — 82 (12g7 + 122% + 4X;,, — 4y*)

1-loop Dolan-Jackiw corrections at finite-T:

3T4 m2 T 0 3/2
VT(O’, T) = ‘/17:1001) + VDaisy — 02 JB ( T‘Q/) | _m%/ - (m%/ T HV) / ] '




B/H

Supercooling from a nearly conformal sector

Thick-wall formula; Sa

alpha and beta parameters:

10 |

Coleman-Weinberg potential

and M = 0.35¢gp f.

A
v, with A = 7—?
log (7) 9D
AV 4100
o = ~ 2 x 10
prad(Tnuc) g«
- ,,d(S3/T) _
B/H —_— 4 | T dT Tnuc —_— _4

10°F

10%F

QpgH/Qpm

feBH

10—1 -

-
o
&

10—11 L

Landscape of constraints on PBH DM
MpgH [Mo]

My \*
Tnuc ’

S3 /T A
| log/M n T — 4 + M
gT nuc log 7

107° 107° 107" 10 10°



Classes of nearly-conformal models

Weakly-coupled Strongly-coupled




Classes of nearly-conformal models

Weakly-coupled Strongly-coupled

()4




Classes of nearly-conformal models

Weakly-coupled Strongly-coupled

Light-dilaton

4 r1 1] 4 | 1 € |
Vi) = B2 |1og (?)—— V<¢>=g§% 1 (”)




Classes of nearly-conformal models

Weakly-coupled Strongly-coupled

Coleman-Weinberg Light-dilaton

- | e — 0 4 1 €
Vi) = log(?)—— — V=g | (”)




Classes of nearly-conformal models

Weakly-coupled

Coleman-Weinberg

()4

Strongly-coupled

c— 0
«— V(¢)

Warped fifth dimension

Vp) = VIZRM4

(4 + 26)[

Vuv
| — —¥

VIR

(

H

Ho

j

2

+ 0

Light-dilaton

04

— 2
_g)(T




Classes of nearly-conformal models

Weakly-coupled Strongly-coupled

Coleman-Weinberg Light-dilaton

ot (e 1] €7 L, 1 [o\°
V(Cb)—ﬁgT _10g<7)—2_ 4—@ V(¢)—8%4 1_1+€(f>

Warped fifth dimension

o\ 2

V(i) = v2u (4+2€)[1 —VU—V(ﬁ) +6

VIR \ Ho




Consequences on bubble wall velocity|

_—  _ __ __ ___ __ __ —  —  ________— — _ — — -

Bubble wall




e ——— _‘l

;x Consequences on bubble waII velomty

—_———— e ——— e e

Bubble wall

>

€ VVi=cu S



e ——— _‘l

;x Consequences on bubble waII velomty

—_———— e ——— e e

Bubble wall

>

€ VVi=cu S



Consequences on bubble wall velocity|

——— e ——— e e

Bubble wall

>

Lq)friction = }/T3 X Ap * AVvaC = Cyac f4

nuc
Ap =1

Weakly-coupled PT



e ——— __I

1{ Consequnces on bubble waII velomty

—_— e ——— e

Bubble wall

>

€ VVi=cu S

tquriction = }/T3 X Ap

nuc
Ap =1

Weakly-coupled PT

Bodeker&Moore (09’ and 17°)
Azatov+ 20’



e ——— __I

1{ Consequnces on bubble waII velomty

—_— e ——— e

Bubble wall

>

€ VVi=cu S

tquriction = }/T3 X Ap

nuc
Ap =1

Weakly-coupled PT

Bodeker&Moore (09’ and 17°)
Azatov+ 20’

‘@LO =~ Aszz

nuc



e ——— __I

1{ Consequnces on bubble waII velomty

—_— e ——— e

Bubble wall

>

€ VVi=cu S

tquriction = }/T3 X Ap

nuc
Ap =1

Weakly-coupled PT

Bodeker&Moore (09’ and 17°)
Azatov+ 20’

‘@LO =~ Aszz

nuc

‘@NLO = 8w/ AWLT3

nuc



e —_I

1{ Consequnces on bubble waII velomty

e ———— e ——— _— — ———

Bubble wall

>

* A‘/Va(l — Cvac f ’

tquriction = }/T3 X Ap

nuc

Ap =7

Weakly-coupled PT Strongly-coupled PT

Bodeker&Moore (09’ and 17°)
Azatov+ 20’

P o~ Am*T?

nuc

‘@NLO = 8w/ AWLT3

nuc



Bubble wall

g)friction = yTB X Ap

nuc

Ap =7

Weakly-coupled PT Strongly-coupled PT

. Hoeche, Kozaczuk, Long, Turner, Wang 20’
Bodeker&Moore (09’ and 17’) 5 o 274
: Lq)all—order =7 I

Azatov+ 20’ e

P o~ Am-T?

nuc

PuLo = &y AmT,

nuc



Bubble wall

g)friction = yTB X Ap

nuc

Ap =7

Weakly-coupled PT Strongly-coupled PT

: Hoeche, Kozaczuk, Long, Turner, Wang 20’
Bodeker&Moore (09’ and 17°) p

Azatov+ 20’

4
all—order — 7 Tnuc

: Baldes, YG Sala 20’
‘@LO ~ AmZTI%uc ‘@NLO ~ gy AmT3 Vi flux—tube — f nuc

nuc



Bubble wall

g)friction = yTB X Ap

nuc

Ap =7

Weakly-coupled PT Strongly-coupled PT

Hoeche, Kozaczuk, Long, Turner, Wang 20’

Bodeker&Moore (09’ and 17’) — JL@PEE’% -
. all= UucC

Azatov+ 20’ 5 - _
- Baldes, YG, Sala 20’

ngL() ~ Am ZTI%UC ‘@NLO — gwy AWlTr?uc ‘q)ﬂux—tube - f nue
: YG@G, Jinno, Sala 21’
lg)all—order 7f nuc




10 I I—IIIIII" I I\IIIIII I I T T T T I I I

o E
L \_.. - \ - standard -
~ _ 1] 1] i R
T - |- >
\S/ 1 E_ «««««««« \‘\?\, o_b \ Om phase —E
| 4 E o \ s \a :
[ : \< \< \< transition : No line distortion
0 \
C.;; 10~ \ \ Troverlap > Mgetx T

I IIIIIII|

Ll

g = 100 String fragmentation

quarks

107 Nr=4 . N E
 Cg =10 ejected quarks reflected :
| + ]
- Le=f1 _

DIS
1—3 Lol 1 Lo Ll 1 A WA
10~ 1072 1072 10~ 1 10

Thuc! Tstart (=2 Thuc/ Te)

Quark nuggets Witten 1984 Snow ball effect

Filtered DM. 1912.02830

Ping-pong effect

Thermal Squeezeout of DM. 2103.09827


https://arxiv.org/abs/2103.09827

Deep Inelastic Scattering in the Early Universe

7 /T
Hadron energy in plasma (= CMB) frame (E . )= Ed \/prf .
nadron <N hadr0n> <N hadron>

We find dominant scatterers in (p)reheated bath at

qu — ‘pq'l'pq‘ N\/E E‘ ‘\/}/Wpf nuc

Y E%4 T
lterate ‘ Yep = ywp Ywe = % = \/ Ywp ?C
WwC
S ~ Ebath ‘
z E Ywp  E&L Ywpl
had , ~ }/ ~ - i
‘ AR P CP <Nhadr0n> Ecqr%/f <N hadr0n> <N hadr0n>

Ebath ~f ‘

E. . E
\) bath“~hadrons, p
‘ Y DM/ Y nalve X <Nhadr0n>f_2 X <Nhadr0n>

£2

X Yyp &

Tnuc M Pl

for



Strong CP problem

(WIMPs=Weakly-Interacting Massive Particles)

| Dark Matter candidates|

Axion-like Fuzzy Standard Sterile
Dark

Particles Maztter Model v neutrinos

Neutrino oscillations puzzle

QCD

, Light bosons Neutrinos
Axions

Super- Extra-
symmetry dimensions

'Hierarchy problem|

Dark Matter Weak Scale Iliii:; Two motivations for the WIMPs:

Effective

Simplified Field 1) Connection with Hierarchy problem

Models Theory

MDM d 1 TGV, a ~ aweak

Other
Particle

Macroscopic

2) Thermal Dark Matter

Primordial Self- QDMhZ 4.4 % 107%° cm?/s

BHs MaCHOs Superfluid ~ ,
0.1186 (oV)

interacting



1) After a matter era |

( )

Energy density

Scale
factor

Homeopathic DM

Cirelli, Gouttenoire, Petraki, Sala, 2018 DM

Energy density

Supercooled confinement

Baldes, Gouttenoire, Sala, 2020

—

|

|
)

d

Scale
dand factor
3
S
TI’IU.C

N, = log

I

nuc



' Nearly-conformal strong sector
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Deconfined phase

Vdec(T) == CN2T4

Confined phase

Veont(0) = 8304 — 6(6)04

7 Ve
e(0) = g; (7) , 7. <0



V...(0) = g?6* — e(o)c*

_ 2 Ve
Vaee D) = = N1 e(0) = g; (%) , 7 <0

0 T f Y

Creminelli, Nicolis, Rattazi 2001

Super-cooling starts for: 7,  ~f

S

f2
endsfor: 7 .~ c; f Exp—c,—

O



' Nearly-conformal strong sector

Hyp: e strong sector conformally invariant in the UV

* Scale invariance explicitly broken by a slightly
relevant operator ¥ >e 0., [0.]1=4+7y.

06 U Ye
RGL: =Y. € — €=g§ — 1, 7.<0
€

dlogu f

— Scale inv. spontanously broken
— pNGB: the dilation o

o Ve
lOg//t Vconf(g) = 1- (?) g0204




Gravitational Waves from Supercool Phase Transition

Randall Servant hep-ph/0607158,...
Qcw  (HIp) x (HIp)

Bubble size X  Collision time

2
dsS 10

E ~ T — ~ 15

H dr | Ne_fold

Standard 1st order PT

SuPercoolecl PT
BIH ~ 10

BIH ~ 100



Gravitational Waves from Phase Transition

10-6 N=10 mpuyu=8TeV f=2TeV m, =400 GeV

T, =6MeV Tru =180 GeV a =10"" B/H =10 \
‘ LIGO

10 107 1072 1 102
f [HZ]



Nucleation Temperature

Supercooling begins at Tstart ~ f

Bubble nucleation ends SC at Tnuc ~ f CXP (— C —)

Nucleation happens when tunnelling rate ~ Hubble

I(T,.) ~ HXT,.)

uc

S, \2
Bounce action  §, ~ 100 Tunneling rate ' ~ T* (2—4> e >
T



Nucleation Temperature

Composite Sector Supercooling

-1 ' ' —
i — i
10'2E 3
~ .
10'3E
10—4 . . 2 . . . 2 . . .
0.2 0.6 0.8 1.0
my [ f
For small m,_ PT seem to never complete! 5 But then it can be triggered by QCD

Iso Serpico Shimada 1704.04955
von Harling Servant 1711.11554

———3 Catalysed by black holes 7
Gregory, Moss, Withers 15

Mukai&a) Yamada 17



Bubble wall Lorentz factor

1010 LN LN Tt L L
\\

10° "5;\02"e
10°
104
10? N=5

B/H=10 g4 =48 gy = 40 Cyac = 0.01

107 10° 10 10 10° 102

Thuclf




wall

— o—00—0 —
I g q

_—— e —_——

hadronisation

Analogousto eTe” — gg in QCD

Use Pythia with

E&l = |p,+pyl

'"How many hadrons ?

|

|
|

Center of mass frame of gq

Points: Pythia8

Line: eq. (27) [based on 1210.1323]

= L

100 1000  10*  10°
Ecov [GeV] GeV _:’f
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{ DMabundance aftrupercoollng |

Hambge Strumia, Teresi 18 —> Balcles Gouttenoire, Sala Servant 19

Standard Branching ratigtrin £ aamentation
Supercooling quark -> DM g 1rag
| 2 possibilities:  Combinatoric ~ Thermal distrib.
‘ DM: light meson DM: heavy baryon

e.g. BR ~ 2/1\92 BR x exp — mpy,/f



DIS in the 5‘43: result

100;
y 50
Brute force: iterate this ——» 3
. _ 10} Points: Pythiag
Uﬂtll ECM ~ \/TEhadron _f ; .
5 i Line: eq. (27) [based on 1210.1323] |
10 100 1000 10 10°
Ecm [GeV]

Q) fraction of initial hadron energy converted into hadron masses

Y T-Ehadr ECCIQ \/ }/Wpf / Tnuc
SC+string+DIS ™~/ ~ £SC+string (B odron) = — ~ > f
m % P <N hadr0n> <N hadr0n>
CM
}/cquc‘] . .
<Nhadr> Y, SC <Nhadr> SlHlpllﬁ@S!
<N hadr>

12



Supercool Composite DM

1077

107%
(T
—
-5
§ 10
I~
107°
o\ i
-~ Cuac = 0.0° %A\ gg =48 m.=4rmf
BH =10 gq=40 my=02f
10—7 Lol L L1l L1l N

10 10° 10> 10* 10° 10° 107
Mpm = 4t f [TEV]



quark ejected | hadronisation

<—/r= ——e

1. String fragmentation + quark ejection

YDM / YII;Ell\i/[Ve X logn<}/prnu0/f>

2. Deep Inelastic Scattering

lterate

* 3 ‘
R
EN =y = o s 2 N
‘

Ehadron > f T ~ f

|
1‘

qunsequences on DM abundance|

10_3E T ] [ [ T [ [
N
10_45_| .
SN
= g |
-5 L 3
B
~ : :
-\ Deep-Inelastic Scattering -
- 2 _
10_6_ %\\ E
2 |
Cyac = 0.01 %A gg=48 m,=4mf
- BH=10 gg=40 m,=02f
10_7 | IHHHIZI -------13- IHHHI4I IHHHISI IHHHIGI 7
10 10 10 10 10 10 10

Mpwy = 47t f [TeV]



l
. — S —
quark ejected | hadronisation Consequences on DM abundance|
q
1. String fragmentation + quark ejection 1073 T
YDM/YII;Ell\i/[Ve X logn<}/prnu0/f>
10'4§
2. Deep Inelastic Scattering _
(T
lterate . é 107>
* =
Evadron > J T~f g :
v, | z
. | - Cvac = 0.01 %A gg=48 m,=4mrf
- BH=10 gg=40 m,=02f
10—7 Ll N Y

10 10° 10° 10* 10> 10° 10
f f mpm = 47t f [1¥§VQ




| hadronisation

q

100} e

A sof

YD

Ejected quarks give contribution of same order of magnitude

10} Points: Pythia8
5F Line: eq. (27) [based on 1210.1323]
10 100 1000 10* 10
ECM [GGV]

2. Cosmological catapulrt

lterate ‘

5~ Ebath ‘

Ebath ~ f

‘ runaway regime



Bubble wall
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Bubble wall
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Bubble wall

!

< e




Bubble wall

!

hadronisation

00— —0




Interaction quarks ?|

Fosring ~ 7~ X VpTy I huet ~ fIN

Bubble wall

!

< e




Interaction quarks ?|

Fosring ~ 7~ X VpTy I huet ~ fIN

Bubble wall

!

< e




Interaction quarks ?|

Fosring ~ 7~ X VpTy I huet ~ fIN

Bubble wall

!

o— —e—
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Interaction |

Fosring ~ 7~ X VpTy I huet ~ fIN

Bubble wall

!

L == —e—




Interaction quarks ?|

Fq—string ™~ ﬂ-f 2 X prTI?UC > FIIU.CI ~ f/ N

Bubble wall

!

L == —e—




Interaction with ?|

Fq—string ™~ ﬂf 2 X prTI?UC > FHU.CI ~ f/ N

Bubble wall

!




Interaction with ?|

Fq—string ™~ ﬂf 2 X prTI?UC > FHU.CI ~ f/ N

Bubble wall

!




Bubble wall

!




Bubble wall
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Bubble wall

!

< e




Bubble wall

!

hadronisation

00— —0




Interaction quarks ?|

Fosring ~ 7~ X VpTy I huet ~ fIN

Bubble wall

!
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Interaction quarks ?|

Fosring ~ 7~ X VpTy I huet ~ fIN

Bubble wall

!
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Interaction quarks ?|

Fosring ~ 7~ X VpTy I huet ~ fIN

Bubble wall

!

o— —e—
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Interaction |

Fosring ~ 7~ X VpTy I huet ~ fIN

Bubble wall

!

L == —e—




Interaction quarks ?|

Fq—string ™~ ﬂ-f 2 X prTI?UC > FIIU.CI ~ f/ N

Bubble wall

!

L == —e—




Interaction with ?|

Fq—string ™~ ﬂf 2 X prTI?UC > FHU.CI ~ f/ N

Bubble wall

!




Interaction with ?|

Fq—string ™~ ﬂf 2 X prTI?UC > FHU.CI ~ f/ N

Bubble wall

!




