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1 Bubble dynamic ,
friction & terminal velocity
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plasma particlesimpler . hitting the well

The luost relevant contributions to the friction one the following

① Recoil of the particles getting won passing lhiough the well
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2 In presence of mixing between light and heavy particles
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3 In
presence of gouge boson which geiu won during PT
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if AV > AP+◦+ the bubbles Vector bosons poitecipetiug the PT
.

will keep accelerating untie the Equating friction end driving
collision thineway I force gives terminal 8W
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NOTE the hoeitt factor Vmax can be computed equating the surface energy
of the bubble to the gain in the potential energy

hit RI timer 5 = 4-311-12*3 ( AV - Pro)

Truex = REG (AV- Pro)
we can find the critical looting extremity the action

Re - ¥ ⇒ 8mn = 37%4 - ¥ )



2 Why : stochastic GW background & application

It bubbles collide they can produce a stochastic GW background
from

1. bubble collision } } / % .

<
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2 ② ~
Gw

2. sound waves ,

t.la?iF
3. turbulence

typical sensitivityRaw ^ curve

⇒ primordial fits could ☒typical GW
signal

be observed soon (if they exist) if

We can produce heavy states if the well are ultra- relativistic

Py ≈ HT, 0, 0,8T) P∅=@ ∅
, 0,0, °)

B- MN - 8TH → web
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Applications
particle hitting the DW

1.Heavy DM production CDW = Higgs at rest)
2. FOPT + CKP - violating &

B- violating interaction w/ heavy states ⇒ Bongogenesis



3 Vltuubevistic FOPT : Zz red singlet extension of the SM

Ain : find general features for relativistic FOPT

& explicit realisation of relativistic EWPT.

Well known that all the PT in the SM are 2ⁿᵈ order
,

we consider the simplest extension of the SM V4 FOPT

⇒ Smt real 22 singlet 1×57%7
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Finite temp . the dive potential
It can be computed in diHaut ways

a) From Euclidean PI Coupectifiug time of 13--14
suturing over Matsubara Wooler

b) Quantum corrections + free energy of relativistic massive particles
field - dependent even
-
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ghost compensating teens
.
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The thermal Mosses in the TFD procedure ore Tilt)=ciT?

In 1=(%- +0¥ + ¥ + F- + 1¥)T '
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diag / ¥82 , ¥184 gig / IgT=o
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other
,
more refined

,
rekuuotiae schemes are
Gap equations

• Portia Dressing -18mi = .IT?#VcieMitSmi4tjE;Vtlui+smi.t ) ]
• Optimized Partial During [ Piecewise JB# V4 Gop equations]



1- Step is 2- step

• 10,0 ) 2 ⑨Ew
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(well studied
,
and Id )

Relativistic bubble ore unlikely
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Veit / his.tl ≈ 1-ME +cut)h't Migrey h
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What we need for 2- step PT (with I. GPT & 2. FOPT)

1 Correct vacuum at 1=-0 : Miri < Mirren

2 first step 10,0)
"Pto (0,4--10) Is> =/ ◦

> In> ⇒ ¥¥µ◦, > ° ]



This can
he obtained easily playing w/ themed mosses

since ↳ < Cn
.

3 second step (QVs⇔)ᵗ% Head :
it is 1ˢᵗ order if there is a

potential bonier in h - direction

Welt
2h2

> ° ' TNB = that -tnsrsz
Ucn

t.us controls the site of the bonier , and if -1ns > %%
then the FV (0,0s) is a local iminium ever at 1=-0

.



4 Computation of 531T

The Euclidean action hit
curtains all the iufos
we need to study the

PT
.

The PT does not follow

a straight line ,
need

to develop our code
.

Algorithm
we split the 2D coupled ears
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linn DM = FV
toss

along the parallel and perpendicular direction .

In order to do this
we can guess a path , Ég(his)

,
poueuietiite it of (t.fHK-lh.SN )

,

then we can introduce the curvilinear abscissa

✗ 1h1 -- f
"

1+1%1! "/ ' dh
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HFV

then the €0M v4 the guessed path becomes

ᵈ¥r+¥¥r=2×V -110gal Id tending v4

overshoot/Undershoot method/ ditz 1%11=1%-10*11



The second eg Can be seen as a condition that the bona

solution hos to satisfy and Ceu be thought as e. force field

acting on the path

Ñ=d¥&¥ I:P - ñsv¥gM
Once we computed the bona according to
our guessed path ,

we modify the guessed

path according to Ñ and we iteratively
do so until the path is no longer
modified

.

Features of 531T

In computing the Euclidean alien we found 3 different behaviour

1 the bonier disappears @ 1=-0

2 the bonier ueueiiseveu@T-o.i.e. the Fu is e. local uiuiuw @ 1=-0

③ Sane as ② but the FV @ 1=-0 is displaced frae its high- T
vein

""

②•① Since the bonier disappears @ 1=-0

the PT hos to Complete before TNB
bud 531T → 0

,
so ↑ → 1

.

③ 4
,

- ↳ tu TH
2 Since the bonier llureiuy even @ F- o

'
tat some point the temp . don't play T*

Ily role ,
then 53 1-→

• const and

ceuzeqnlutly 531T F→f

3 In this case we found that in a certain region of our parameter
space at sufficiently low temp. the action starts to be constant



as long as T is decreasing , but at some point e cancellation
happens between the mixing end the CW potential from the

top and the Fv shift a bit
.

This shift cause a sudden decrease of the action
,
thot

in Seine lose could allow the system to woke the Pt
.

Iu there con we can achieve nucleation temperatures
as low as I GeV, leading to Vw up to 105

.

NOTE (Cancellation @ 1=-01
very

low T

There is aJET where purely polynomial
potential has no local euiuiun at Cavs /

,
the FV

but the effect from the CK contribution of the
top field does the job

only e log contribution
vote L - 3M¥¥l_ log Mich ) could hone caused e shik

Mt Ew) of the ream
,

not opeliueuiol
pot.

then the FV Shift towards a neweuiuium@Hvn.Vst80s ) .

We can see that the Mitrione are nearer
,
so less

path to do in field spew . It is for this reason that

53 decreases
.



5 Parameter saw & result

• Regions of the son µ, = 125 GeV]

I. SOPT: there is never a bonier

separating the two vuiuiue

I. FOPT (w/ out rel . Wells )

II. Vltreulelivistic FOPT

18mi increasing -1ns a fixed vs )

IV. NO PT : the system remains

stuck in the Fu and never
Wilhoite

.

NOTE super fine toned region between 1-
" '3--0 Curve and

"

NO PT
"

curve

bins ~ 0110-4
,

10
" smaller than the full region

b Maximal mass produced Mnuex ≈ Vw Tuna VEW

Works for

Mgtrevyo / ~ to-1100GeV



6 Application to DM production & EN Bongo genesis

In the orkurplieu of e FOPT w/ ✗Enid → 1 the production of heavy
particles during plosive - bubble -well collision can be uolited

1. Fermionic tvuntien dint > - Y h Ñ9 - Mu ÑN

where qi light , N: heavy
,

h=Ñtv

P (9 → N ) ≥
Y'v2

µñ 0k Tuna - Mi tu ) 047 - Mai Lw)

2. Scalar transition Lint > - -1¥ khz + {MPH h=ñ to

Plh -44) ≈ I⇔ ×%i¥ Okw Tun - Moilw )
Now we will apply result for bubble velocity to DM model building
• Scaler DM coupled w/ Higgs

We online heavy salon $ coupled to SM Vie Higgs portee

Lpm = £124T - ≤ Mei # _ -10¥ 4242

where the DM field an be stebiciied imposing e 24 sgmw .
After the Higgs transition the abundance of massive ∅

,
m¥

,
is

given by
/

emission of 2$

MIE ≈ 2

rwvw / %¥p ¥ fn (Pitino) - Plh > ∅H [wall rest frame]

This strongly depends on the density of the Higgs field audible

at the nucleation temperature , fnlp.tw) . The relevant parameter
will be the ratio

Matese
¥÷n¥ t

since as soon as M¥A > i we hove the usual Boltzmann suppression
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Here we hove

f-n(P , Tmo) = /expfrw (En - rwPtʰ ) ] - I /
"

= expfrw (En - rwPtʰ ) ]True True

Eh = Pi +PI

and the presence of the 0-1 . -1 that changes a bit the things

t↑ÉP¥fn(P ,Tando# - M∅% / = fd¥d;÷ . e-
rw "
"P" - "Pi

Tun

gpf Mitt

= t.dz?-2ktR-Yw-=.).Tngfe-rwk-owIPitwcO(p+-MoiH
41T

=
- ¥. .TmÉ,

¥ ""
-1 Earn + ¥ E-T.it

Vul- Vul = Vw -WE > Krw 1- Vw = 1- a- "ri = Er,
Tuk

[ ¥ .

2mi + t . zr . ari ] e-
¥2M

=

iii. vi.

M2/m•¥¥vw !.tt#;i-...s/=Vw.Tuuexp--arwr.-uif + OH:)

After red shifting to today the stable produced edbandana takes the torn

•* , / =

µ ∅ N'¥ 9*3%3
Poti

. ( •(teh)
3

R¥%ᵗ h
'
=

Pa

Pc 1h2 9.*
.

Huh /Tien
Moi

= 5.4 . 105 ( that JewMol %.sc/-uh ) ) ( IET / (F%Pé
" rewtune

Pc = 1.054 - to
-Sti GeV an-3

,
GET ≈ 3.94

,
To≥ 0,24 MeV



This expression has to be supplemented WI Fo contribution

which is produced before the phone transition r⇔=P÷(%+%÷,P
I,ÉYh_ 0.1 . (Tmc )

}

. 1211M¥, , )
"

Pari Marinko -- Man . Yasmin
Trek

≈ ME
- a

due to the brief stage of inflation during the PT.

Then

today todayh2+bÉ%Yh so 0.1
'¥It

, tot
= D-t.BE of

Features of the plot ¥É!*É "

1. Inside the Iso contours under- produced Man 1- liter

outside the isoceutowy over -produced. W/out B. suppression

2. Upper curve : DM production dominated

by BE . Stephen due

to the fact thatexp-l-MHZKE-wtuikt.inall the region

3. Lower curve : DM production dominated

by FO

4. Vertical line connecting the two :
thermal production after reheating .

⇒ So in general the awoke predicts large overproduction of DM in BE

unless Bdttiuouu '

suppression plays a hole .

NOTI Can s be DM ? (No!)

suppose very precise 74 ,
after PT T- hoGeu , the singlet is in themed g. then twee

to

R%ÉY b' ≈ 0.1 )
" (M (0%01) ' but -1ns - 0.3-0.6

100 GeV



b Singlet portal DM

DM ceupliuy V4 Singlet patel

Lint > - ¥42s ' + { Moin Pls-F) ≈ /+4¥)%⇔ Olrntmc - Miki )

Here dilteuuuaw.tt . previous case is that the singlet in the
Iv is iuomve

,
then Boltzmann suppression ploys en

important role
.

This mokes a shift to the left in the plot .

C tenner mediated DM

Here we ceuridh a ikonbntluiieuic DM particle in the Symon . phone, so
by definition it does not sulfur train Boltzmann suppression .

f- Isn + Y*THN + MNÑN 1- YDMÑX ∅

L.lt : lepton , Higgs doublet

Ni vector - like neutral fermion (singlet under SM) ( heavy)
✗ i furrier } ≥, add } DM sector
di sudor

DM sector

the production mechanism : L
p,

>N
dot > ✗ ∅

• LH SM

Pta (L → N ) ≈ Hirai
Mai

Oku Tune - Mnilv )

then unstable heavy N eauulote behind the wall v4

NÉE = ¥ Veto
pep

-

w
/ %¥p ¥

.

✗

ftp.tmc/O(Pt-Mv4rew)-~YFQ--wTw3
,
e-

""
zrwreutunc

211-2Mi
t 0 Hrw)



then the abundance of ✗
,
∅ after the tneuritisieu is suppressed

by

Yai
M∅ = Mx ≈

yori + y£
NÉE

Yim Yi real two e-
"%wk=uTmc

=

Yori 1- YI 211-2 Mnt

and the final relic adbuuoheew red shifted to today reads

today hi ≈ 1. g. 108 Yim 4£
☐
"*

y☐i+y£
. 2m¥ CEI ) / Y;÷df;÷Yéⁿ%wr⇔Tmc

For the fate- out we have $10 → LHLH by neglecting co-annihilation
.

The boss section is highly phone space suppressed
Mithun %-)

"

too→ KAYLA
-

(1611-2) 41T Mµʰ

then the oolbuuohaoe today is

10

DÉÉth= 103
' Hilmi

teh (6TEur 14pm 4*1
"

the total density is the sum of the two
.

This scenario leads to

the ohh production of DM unless Matt ≤ to GeV .

NOII Valid only for heavy DM candidates which do not go back
to

equilibrium after the PT
.

Otherwise we need to take

tune /Trent out from the estimate
.

Let us how iuvehifok the regime v4 M∅≈Mx
, precisely 1M$ -MxkM∅k .

when the co - annihilation takes place .
In this case we here

$ Yan
N

y*
*

Ft • *[
_
/YDmY*)2
hit Mnf ×

•

4mn I

Therefore we hove



today
hi ~ 0.1K¥ - %¥ui¥%TD-

∅,FQCu

tuning all of this we find that
become possible to reproduce the
observed DM abundance

.

BE tends to overproduce the DM

and the relic abundance from BE

Can be reproduced iff
exp -1 - Mñlzrnvewtunc] starts playing e
hole in supposing DM ulic density .

NOTE

L phase space
& You N Ya

•

11mn
•

It
↳→ wut

≈ !YDM - 4*12
✗ Mx Mnf )

"

"MN ¥
L

$ YÉm µ #
It

then for the abundance

she =
MY "°

~ ¥,Pc /h '

since Ya - ¥" 7+0.

Mpe Ma
'

<
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7- Conclusions

1. First explicit realisation of ultra relativistic FOPT for

EWB oryogeuen's & DM production

2. Singlet extension of SM V4 2 step PT

(0,0 )
↳*
o( 0,0s )

"*
d New ,o )

3. Twc Os low as 1-2 GeV

h . Mechanism buost efficient for Ms Crew
,
01 v70 -100GW

It will be probed by HL - LHC


