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@ FOPT: Why?

© Simplest BSM extension of the SM: What & Why?

@ Ultrarelativistic EWPT

©@ EW Baryogenesis



FOPT: What?

Relativistic expansion of bubbles & EW Baryogenesis



FOPT: What?

Hot PT: A FOPT can occur when two minima
are separated by a barrier

I~ T4e_s3/T, Euclidean action

_ Relativistic expansion of bubbles & EW Baryogenesis

4/25



FOPT: What?

Hot PT: A FOPT can occur when two minima
are separated by a barrier

I~ T4e_s3/T, Euclidean action

Solution w/ O(d) spherical symm.
minimal action = d=o(r), r=VT12+ 22 = Bubbles!
: \
6 S~ /
Sy
R —
0
0 5 (@)=0 4/25
_ r Relativistic expansion of bubbles & EW Baryogenesis \ _



FOPT: Bubble dynamic

time =

AV \

N é
nucleated e - ™~ ”
bubble friction (Py=0v
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Relativistic expansion of bubbles & EW Baryogenesis
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FOPT: Bubble dynamic (General case)

Equilibrium velocity of the bubbles (or runaway), vi,**

w

, is setted by

AV = AP (yx)

w
@ AV is independent on the velocity of the wall

@ AP (v ) very difficult to compute in general and depends on the velocity
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FOPT: Bubble dynamic (General case)

Equilibrium velocity of the bubbles (or runaway), vi,**

w

, is setted by

AV = AP (yx)

w

@ AV is independent on the velocity of the wall

o AP(~1#) very difficult to compute in general and depends on the velocity

w
0021 — I“/l1(v+,Tl,) 7[
=== May(vw, Tp)
0.00
GENERAL CASE: solve coupled differential system = /
s -0.02
1 o d
proufi + iazmi [010p. fi = C[fi, @] —0.04 T
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Figure: Friction acting on the bubble expansion.
[2102.12490]
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FOPT: Bubble dynamic (General case)

Equilibrium velocity of the bubbles (or runaway), vi,*

X

, is setted by

AV = AP (yx)

@ AV is independent on the velocity of the wall

@ AP (v ) very difficult to compute in general and depends on the velocity

0.02{ — Mi(vy,T4) 71
Relativistic case (7, > 1) - Mi(viy, Ty)
0.00
e . . J
— 0 (ballistic regime),  fi > f; S o0
aver T -
Do+ do =0 -0.04 e
o “ -
d ~0%% 02 0.4 06 0.8 1.0
p Pz eq Z/d]PAeXApz Vi
Figure: Friction acting on the bubble expansion.
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L
FOPT: Bubble dynamic (’Yw > 1) [JCAP05(2009)009] & [JCAP05(2017)025]: Bodeker, Moore

Relativistic regime — simple computation:
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FOPT: Bubble dynamic (’Yw > 1) [JCAP05(2000)009] & [JCAP05(2017)025]: Bodeker, Moore

Relativistic regime — simple computation: v
. . +———/(¢) = v, Broken
@ recoil of particles getting mass passing through the wall

Am7, 2 2 2
A,PLO ~ Z Ci 24 Tnuc7 Amz =My bro = My symm
i (¢p) =0, Symm

2
My
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FOPT: Bubble dynamic (7w > 1) [JCAP05(2009)009] & [JCAP05(2017)025]: Bodeker, Moore

Relativistic regime — simple computation: v
+———/(¢) = v, Broken
@ recoil of particles getting mass passing through the wall

Am?
1 2 2 _ 2 2
24 Tnuc7 Ami - mi,bro - mi,symm
(¢p) =0, Symm

@ Transition radiation emission from soft vector bosons

2
my,

APLO ~ Z C;

9i
— 1672
K3

APnro ~ Py iYwTo e

(@) =0, Symm

| The less Ty, the more ~,,.




FOPT: Bubble dynamic (7, > 1)

Relativistic regime — simple computation:

@ recoil of particles getting mass passing through the wall

A'PLO ~ Z Cz Z Tr?uca Am

2 2
zbro_m

=m 1,symm

@ Transition radiation emission from soft vector bosons

APwio~ 3 13;2

2 3
g my,iYw Tnuc

WKB not consistent
Weaknesses:

Longitudinal pol. not properly considered

Relativistic expansion of bubbles & EW Baryogenesis

[JCAP05(2009)009] & [JCAP05(2017)025]: Bodeker, Moore

(¢) = v, Broken

2
mi,

(¢) =0, Symm



FOPT: Bubble dynamic (7, > 1)

Relativistic regime — simple computation:

Q@ recoil of particles getting mass passing through the wall

’LT2

nuc?’

A’PLO ~ Z Cz

Amf =

2

2
mi,bro

= My symm

@ Transition radiation emission from soft vector bosons

APnro ~ Z

2

[2308.xxxxx]

g mV iTw TI?IIC

Relativistic expansion of bubbles & EW Baryogenesis

[JCAP05(2009)009] & [JCAP05(2017)025]: Bodeker, Moore

{¢) = v, Broken

2
My

(¢p) =0, Symm



FOPT: Why?

Relativistic expansion of bubbles & EW Baryogenesis



R S O O A b T
FO PT Why? [JCAP01(2021)058]: Azatov, Vanvlasselaer

@ Heavy states can be produced if the walls are ultra-relativistic (y > 1)



R S O O A b T
FO PT Why? [JCAP01(2021)058]: Azatov, Vanvlasselaer

@ Heavy states can be produced if the walls are ultra-relativistic (y > 1)

Plasma particle hitting the DW (= Higgs at rest)

{¢) = v, Broken
Wall frame: py = (7v7,0,0,7T) py = (me,0,0,0)

v > -— > N
Vs~ My ~\/4Tmy > my, T - O ”
(¢p) =0, Symm
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R S O O A b T
FO PT Why? [JCAP01(2021)058]: Azatov, Vanvlasselaer

@ Heavy states can be produced if the walls are ultra-relativistic (y > 1)

Plasma particle hitting the DW (= Higgs at rest)

(¢) = v, Broken
Wall frame: py = (7v7,0,0,7T) py = (me,0,0,0)

v > -— > N
Vs~ My ~\/4Tmy > my, T - O -
(¢) =0, Symm

Applications:
o Heavy DM production
e FOPTs + C/CP—violating & B—violating interactions w/ heavy states = Baryogenesis



Ultrarelativistic FOPTs
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Relativistic FOPT Aim [JHEP 10 (2022) 017]: Azatov, GB, Chackraborty, Vanvlasselaer, Yin

|Aim: find general features for relativistic FOPT & explicit relativistic EWPT
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Relativistic FO PT: Aim [JHEP 10 (2022) 017]: Azatov, GB, Chackraborty, Vanvlasselaer, Yin

|Aim: find general features for relativistic FOPT & explicit relativistic EWPT

o Well-known that in SM all the PT are 2"¢ order
o simplest extension of the SM with FOPT: SM+ real Z; singlet.

2 2 >\s by s
Vo(H, s) = ——h(H*H) +AHIH)? - 43 &+ Tt ; s2(HIH)?
Higgs potential real singlet mixing

@ Already studied in detail but previous studies not focused on relativistic bubbles.
(usual EW Baryogenesis required slow bubbles)



Relativistic EWPT: 1—step PT

(0,0) = (vew, 0)

4
3
z T > Terie T < T
[&)
g 2
>
1
of o — -
0 1 2 3 0 1 2 3 4
h/100 GeV h/100 GeV

min ~v

[Tk, 2 0(100) GV — 7, SO

(10) |

/100 GV

T > Tain

57100 GV

[JHEP 10 (2022) 017]: Azatov, GB, Chackraborty, Vanvlasselaer, Yin

T < Terit

2
/100 GeV

Relativistic expansion of bubbles & EW Baryogenesis

3

2 3 4
/100 GeV

+  Collider constraints on Higgs-scalar mixing




Relativistic EWPT: 2—step PT

[JHEP 10 (2022) 017]: Azatov, GB, Chackraborty, Vanvlasselaer, Yin
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Relativistic expansion of bubbles & EW Baryogenesis



EWPT: Bounce action [JHEP 10 (2022) 017]: Azatov, GB, Chackraborty, Vanvlasselaer, Yin

Euclidean action S5/T
contains all the info
about the PT

14/25



L
EWPT: Bounce action

Euclidean action S5/T
contains all the info
about the PT

Y

We built our own code
for the computation of
S3/T

5/100GeV

2.0

1.5

1.0°

0.5

0.0

[JHEP 10 (2022) 017]: Azatov, GB, Chackraborty, Vanvlasselaer, Yin

Contour plot for V,¢¢(h,s, T)
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_ Relativistic expansion of bubbles & EW Baryogenesis

Relat|V|St|C EWPT Para meter scan [JHEP 10 (2022) 017]: Azatov, GB, Chackraborty, Vanvlasselaer, Yin

Ms (’UEw, 0) [GGV]

2.4

|

I.  SOPT: there is never a barrier separating the \
two minima \
2.2 \I

1I.  FOPT

/17, Ultrarelativistic FOPT

v5/100GeV
[\
<

1.8¢
IV.  No PT: the system remains stuck in the FV /i \

and never nucleates SOPT\\‘

1.61

35.6 65.5 85.5 102. 116. 128. 139.

<=
collider bounds
h — ss forbidden

NO PT




L
Results for mg = 125 GeV

Mg(’UEw, 0) [GGV]

35.6 65.5

85.5 102. 116. 128.
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Relativistic expansion of bubbles & EW Baryogenesis
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[JHEP 10 (2022) 017]: Azatov, GB, Chackraborty, Vanvlasselaer, Yin
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Baryogenesis

18/25

Relativistic expansion of bubbles & EW Baryogenesis _



Baryogenesis: Sakharov Conditions

@ B—violating interactions or sphaleron
e ('/CP—violating interactions due to physical phases in Yukawa matrices
@ Out-of-equilibrium states: possibly produced during the expansion of the Universe or FOPTs

| Electroweak Baryogenesis | Leptogenesis

sphaleron ¢ ¢ ¢
—_— (
@
V.
N14/ + M ,j\ + N x|
p D)
VS \\ @ \ \\
¢’l ¢1‘ @\‘
Figure: from [1302.6713] Figure: from [1302.6713]
@ Scattering of quarks with C'P—violating Yukawas @ Out-of-equilibrium decay of heavy L—violating
off the (slow) bubble wall. RH neutrinos.
@ B-—violation via sphalerons @ B-—violation via sphalerons.
@ (C'P—violation via loops 19/25



EWBG Vla relathlstlc Wa”s [JHEP10(2021)043]: Azatov, Vanvlasselaer, Yin

1
Field content: SM + 2 By (vectorlike b—like quarks) + Majorana y + colored scalar n w/ Q(n) = 3

with Y7, y; : CP — violating

_ _ _ 1
—L = —Lsy + MBrBr + Y (BrH)PLQ +yin" Br Prx + kn°du + EmXXCX +m?[n|®

i dark sector deca:
By production Y B—violating

20/25



EWBG via relativistic walls

Field content: SM + 2 By (vectorlike b—like quarks) + Majorana y + colored scalar n w/ Q(n) = 3

with Y7, y; : CP — violating

[JHEP10(2021)043]: Azatov, Vanvlasselaer, Yin

1

_ _ _ 1
—L = —Lsy +MB;Br + Y (BrH)PLQ + yrn* Br Prx + xn°du + meXcX +m?[n|®

By production

dark sector decay

B—violating
Fast xé‘f‘:
transitions’ d
@ B(n) =2/3, B(x)=1 [ } &
B_/’( ég
BEXA <)
B XA 32 - [ddudd] Q-G =3¢
Q BW- Gdudd | gew
asymmetric transitions b
. ch ududd
2 ve o mjuaddd | TN
\ J
+€
()c asymmetric' Qc
Q > Q



EWBG V|a relatl\“stlc Wa”s [JHEP10(2021)043]: Azatov, Vanvlasselaer, Yin

1

Field content: SM + 2 By (vectorlike b—like quarks) + Majorana x + colored scalar n w/ Q(n) = =
with Y7, y; : CP — violating

_ _ _ 1
—L = —Lsy +MB;Br + Y (BrH)PLQ + yrn* Br Prx + xn°du + meXcX +m?[n|®

i k
By production dark sector decay B—violating
unbroken | // broken o r<EE
o B(’r])=2/3, B(X)=1 V=0 V=0 ! 3

B —< 2
20&El% @
3 [ du'dd]| Q-Q'=3¢
B — ,|ddudd |,

@ M(Q — By) # M(Q° — BY) then collision of BXH
b—quarks with bubbles produce asymmetry in B XA

By, By Q
Z(nBI—nBc)_ Zelqnb——(nb—nbc) o

0; = b — B mixing angle, e; = asymm. due to O+

slow
transitions |

ch ududd
75> ludu dd”

X

o
\ g

\

— Q
asymmetric o
Q




EWBG V|a relatl\“stlc Wa”s [JHEP10(2021)043]: Azatov, Vanvlasselaer, Yin

1

Field content: SM + 2 By (vectorlike b—like quarks) + Majorana x + colored scalar n w/ Q(n) = =
with Y7, y; : CP — violating

_ _ _ 1
—L = —Lsy +MB;Br + Y (BrH)PLQ + yrn* Br Prx + xn°du + meXcX +m?[n|®

i k
By production dark sector decay B—violating
unbroken | // broken o r<EE
o B(’r])=2/3, B(X)=1 V=0 V=0 ! 3

B —< 2
20&El% @
3 [ du'dd]| Q-Q'=3¢
B — ,|ddudd |,

@ M(Q — By) # M(Q° — BY) then collision of BXH
b—quarks with bubbles produce asymmetry in B XA

By, By Q
Z(nBI—nBc)_ Zelqnb——(nb—nbc) o

0; = b — B mixing angle, e; = asymm. due to O+

slow
transitions |

ch ududd
75> ludu dd”

X

o
\ g

\

= Q
asymmetric - Qc
@ (' P—violation via loop

@ B—violation by my, 2 units



EWBG V|a relatl\“stlc Wa”s [JHEP10(2021)043]: Azatov, Vanvlasselaer, Yin

1
Field content: SM + 2 B (vectorlike b—like quarks) + Majorana x + colored scalar n w/ Q(n) = 3
with Yr,y; : CP — violating .

- - ) = : 1 : o
—L=—Lgsy +MBBr+Y(BrH)PLQ +yin"BrPrx + kndu+ Em,\//\f('/\f +m,‘)]\r]\2

By production dark sector decay v
B —violating

21/25



EWBG V|a relatl\“stlc Wa”s [JHEP10(2021)043]: Azatov, Vanvlasselaer, Yin
Yryr
Yr Yr
1) Asymmetry in By production:
(hy !
b ! B; = Miree ~ Y
OIS [MP = [Miee + Mo
I , N N s e(en) develops an imaginary part due
b "B ! X \ BI:> Mi-toop EJ:YJnyI = to interference
G| !
. _ Ml B - M(b = Br) 25, Im(YiY ysy;)imf5"

M(b— B)+ M(b— By) Y7 ]2

o P — Relathsic sxpansion of bubbles & EW Baryogeneshs T



EWBG V|a relatl\“stlc Wa”s [JHEP10(2021)043]: Azatov, Vanvlasselaer, Yin

]
Field content: SM + 2 B (vectorlike b—like quarks) + Majorana x + colored scalar n w/ Q(n) = 3

with Y7,y; : CP — violating

, 1 o
L Lsy + MiBrBr + Y (BrH)PLQ +yin*BrPrx + kndu 3/1/\\’\ Fma|n|”

n

. N——
By production dark sector decay o )
B —violating

2) Asymmetry in B; decay:

B; 7 - X = Miree ~ y}k
~-=—<h n |M|2: |Mtree+M1|2
i > / develops an imaginary part due
4 \ / B ~ YV (bh) .
B; ,' b ‘l B ! x = Moo ; 157V 11 to interference
X X (bh)
o N 2> Im(Y/ Yy yp)Imfy

decay B |y1|2 21/25



EWBG via relativistic walls [JHEP10(2021)043]: Azatov, Vanvlasselaer, Yin

Field content: SM + 2 B (vectorlike b—like quarks) + Majorana x + colored scalar n w/ Q(n) = -
5]
with Y7,y; : CP — violating
D D l
—L=—Lsy+MBByr+ Y (BrH)PLQ +ym* BrPrx + kndu + ,,,,\\ X +m? \ 7|2
B production dark sector decay \—\’—/
B —violating
Baryon asymmetry: (6; = mixing angle, €°* = €1 + €7decay) Decay chains .
" ]
Anpg lnq 23 p2tot BR(By — i) BR(n - ud) Q |8 //<d¢
= ny07er X T xn°~) X U I D />. b
s 3 s(Tren) 33 Orer ~ i o | B 4;‘
nB; —nBc decay back of decay back of —> > I
I c Vg
Br — xn n — ud o N xe be j|
wall uc
dc
wash —out : By — buducd*
Bt — beucdud
B, —bh
asymmetry: B, — beucducde
Bfﬁbudud
22/25



EWBG via relativistic walls

Yr,ur

Yr Y1

Baryon asymmetry: (6; = mixing angle, €°* = €1 + €7decay)

Ang _ 1ng — 002 tot
5 =3 s(To) . 23”1;91610 x BR(Br — xn°) x BR(n — ud)

decay back of
n — ud

decay back of

I—nBC S
Br — xn

I

MB,x,n > 30

wash-out from slow transitions (bn— x, nb—n°b°):
reh

Relativistic expansion of bubbles & EW Baryogenesis

[JHEP10(2021)043]: Azatov, Vanvlasselaer, Yin

Decay chains

[* |°

3 c
o d c b ©
wall u
dc

wash —out : By — buducd*
Bt — beucdud
B, — bh

asymmetry: B, — beucducde
Bf — budud



Constralnts [JHEP10(2021)043]: Azatov, Vanvlasselaer, Yin

_ exp.
15 uededeudd — dmpn S 10733 GeV — My 2 10° GeV
nn

Weaker bound if new particles couples only to the

@ Neutron oscillations:

37 generation.

@ FCNC: absent at tree level for 7, but loop effects (strongly) constraint ndu coupling.

2 Gimb 1 —26 exp —22
° dq ~ Im[yI]]ﬁTAQ ~ 6 x 10 cm |dq | S 1.2 x 10 cm
© EDMs: ) EbM
e e Y — exT _
.%N%N:ﬂlo #em |dE™P| < 1.1 x 10" %cm - e
m
. . -3 Tren
. eak ™ ~~
@ Gravitational Waves: SGWB peaked at f, 10 G VmHz
(§]
Q Direct production @ collider: mrcp Z 2 TeV LPC = lightest colored particle

Upshot: Model favored for Mp ~ m, ~ m, € [2,20] TeV|




Relativistic EWPT: Conclusion

Ms(”EW; O) [GGV]
35.6 65.5 85.5 102. 116. 128.

@ It has been studied in detail an explicit relativistic

v, [GeV]

— 220
— 215
210
— 205
— 203
— 200
— 195
— 190
— 180
— 170

realisation of the EWPT focusing on
ultra—relativistic parameter space. 10
5
z
E
e walls Lorentz factor /" ~ 10° Ty
maximal mass of heavy states M, € [2,10] TeV ﬁ 1
0.5
@ This model can account for EW Baryogenesis
0.1

[JHEP10(2021)043]

Relativistic expansion of bubbles & EW Baryogenesis

0.3

0

/\hs

7

/[~

0.8

0.9

[JHEP 10 (2022) 017]: Azatov, GB, Chackraborty, Vanvlasselaer, Yin
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Thanks for your attention!
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Backup slides
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Why emission of vector bosons?
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Vertex interactions [JCAP05(2017)025]: Bodeker, Moore

L . - a(p) — b(k)c(p—k) [V
In the relativistic regime the friction can be computed as
5= VpS
1
2,
d p pz eq Z/dpa*)b cApz F — VpF 4g CQ[R]P’“L
V ViV
. S —=VLS
where b is soft and
F — VLF
E
/ dPy e ~ / 2k, / dr M@= boP, v =t vy
¢ Fo PV 2GRS+ md)
The matrix element is related to the interaction via T
V= FF 2g2T[R];(ki +mi)
M(a = b,c) = /dz Xa(2)x5(2)XE(2)V (2), V(%) : vertex S s vy
. - . F -+ SF (k2 + 4m?
Soft singularity in = matters! — emission of vector bosons! v (kL dma)
588 AZp?




Finite temperature effective potential

29/25



EWPT: Effective potential

[JHEP 10 (2022) 017]: Azatov, GB, Chackraborty, Vanvlasselaer, Yin

field-dependent masses

/—/H
Vet (B, 3,T) = Vo(h,s) + Y VCW< (h, s) +11; (T)) +Vr <m$(h, s) + 11,(T), T)
tree-level i€SM
1—loop quantum corr. thermal corr.
4 2
° Vcw(mg((]ﬁ)) = (—]_)Figi [722—7(2) <log (72?(%?)) _ g) + 2m12(¢)m12(’1)¢):| (on-shell ren. scheme)
2 F, 9i 4 mi(¢) r 2
o Vr(mi(g)) = (-1)" o 2T JB/F T2 JB/F = /da: 2? log [lq:exp{—\/a:Q-i-yz}]
0
@ Thermal masses from Daisy Resummation (TFD): II;(T) = ¢, T
Scalar: ,(T) = TZ<J%J: + gl/(j % + % + 2:) , (T) = TZ(A(I)l )I> ,
Gauge: ni(T) = T%iag(%gz, 1((12 + g}’z)) . nl(r)y=o,
30/25
_ Relativistic expansion of bubbles & EW Baryogenesis _



Conditions for 2—step phase transition
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L
Relativistic EWPT: 2—5tep PT [JHEP 10 (2022) 017]: Azatov, GB, Chackraborty, Vanvlasselaer, Yin

mexican-hat potential
N

high T 2 2 2 2 A
2—step PT: Vig(h,5,T) & [~k ey T2 ) h? 4 —2hpt (= o 72 ) 24 s gy Zhs 22
4 Svgw 4 8v? 4
mﬁﬁ(T) mixing
@ Correct vacuum at T = 0: m?v? < mivay,
@ first step (0,0) “25" (0,v, # 0): we need Ty > Ty o [cs < cn]
@ second step (0, v, # 0) FORT (vEw,0): first order if there is a potential barrier in h—direction,
i.e.
>’V > (0 -y robar _ m%z — Ahsv?
3h2 vs,h—0 40h

Ans controls the size of the barrier — (0,v;) local minimum even at 7' =0



Bounce action

33/25

Relativistic expansion of bubbles & EW Baryogenesis _



EWPT: Bounce action (II)

v, =170 GeV, m, =125 GeV/

[JHEP 10 (2022) 017]: Azatov, GB, Chackraborty, Vanvlasselaer, Yin

v, =205 GeV, m, = 125 GeV

500 T
500
‘ Mis 500 displacement
) — 0700 f the fals
100 barrierat T =0 . very ot Tye 400 ;z:utmﬂ ‘
nucleation governed — 0.69 400" achieved by 300
by first minimum — 0630 second minimum
. 300 — o |, 200 ~ 4Log(T/H)
S = 3007 100
%3 — 0.66 (;;
200 — 064 0.02 0.03 0.04
— 0.62 200
100 — 0.6
) S — 058 100~ R 1
) - A barrier disappears o ‘ barrier disappears
02 04 06 08 Lo 00 01 02 03 04 05 06 07

T/100 GeV

T/100 GeV

Lowest nucleation temperature Ty ~ 1 GeV!

Relativistic expansion of bubbles & EW Baryogenesis

Ans
0.424267

0.424266
0.424
0.423
0.42
0.4155
0.405

0.397
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2D Tunneling
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2D Tunneling [JHEP 10 (2022) 017]: Azatov, GB, Chackraborty, Vanvlasselaer, Yin

2¢ d—1dp¢ = - [
E M . —_— —_— 10
0 dr? r o dr VViel
- dé st
lim ¢(r) =FV, de =0
r—oo dr,_,
ol
Difficult to solve, so we can disentagle "
parallel/perpendicular directions parametrising the path as 47
() = (h.s(1) |
h 2
ds(h
Curvilinear abscissa (2D): z(h) = / 1+ jh’ )> dn’ 0 ‘
P2 414 hev 0 5 10 15 20 25
SA 81‘/[(;_5;,(95)] undershoot/overshoot problem in 1D h

dr? dr

T
27 2
%ggx) (fl—f) =V . V]py(x)] can be thought as a force field deforming the path



Daisy resummation
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Daisy resummation

. : , " D>0
D = superficial degree of divergence of a Feynman diagram (G) — G ~
T D<O0
o CW+thermal correction = 1—loop resummation
@ In FTQFT w/ massive scalar there are two scales: m & T = large ratio T'/m must be
resummed

@ Daisy resummation takes into account n—loops contribution to the mass

meg(T) = mé(T) +IL(T)

T2 =  [IT)=AT%+ ... FD procedure
I(T) = \T? TFD procedure

@ Still missing (but negligible if o < 1)
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e, O
Heavy particles production

through the wall

[JHEP 10 (2022) 017]: Azatov, GB, Chackraborty, Vanvlasselaer, Yin

If 7, > 1 non zero probability of production of heavy particles, P(light — heavy) # 0:
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Heavy particles production
through the wall

[JHEP 10 (2022) 017]: Azatov, GB, Chackraborty, Vanvlasselaer, Yin

If 7, > 1 non zero probability of production of heavy particles, P(light — heavy) # 0:

@ Fermionic transition: £ > —yhNy — MyNN

- (h) = v, Broken
x: light, N: heavy, h = h 4+ v

12
2.2 X z

v >
P(x = N)~ ‘1342 0(p- — MK L) [P ~ Yoo Toc]
N (hy =0, Symm

A 1
@ Scalars emission: £ D —%‘bqﬁth — §M£¢2
¢: heavy, h = h +v

PN N

1 >\h¢v

~ 2
P(h - ¢¢) ~ our2 Mz 6(pz - M¢Lw)

_ Relativistic expansion of bubbles & EW Baryogenesis



Heavy Scalars emission
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Heavy Scalars emission (1)

Q: Transition dictated by fields w/ My < Thue ~ 06?7 = | Nheavy ~ €

Symmetric Broken

[JCAP01(2021)058]: Azatov, Vanvlasselaer

_Md)/Tnuc

@ Toy model w/ ¢ heavy:

)‘hd)

_Li’nt h2¢2 + - m ¢2 M¢ > Thuc

@ Kinematics in the wall-frame
= (E,o,o, \/ E2 — mg)
= ((1 —)E,0,0, \/(1 —x)2E? — k% — M;)

p? = (xE 0,0, /22E2 — k% — Mg)

when no wall h — ¢¢ forbidden.

@ In presence of the wall sz,i is no longer conserved:
i
h — ¢¢ allowed.
2 2
Md> + k7

® Ap, =p; —pj +0i~ 2E,



Heavy Scalars emISSIOn (”) [JCAP01(2021)058]: Azatov, Vanvlasselaer

reh @ Matrix element M:
M= /dz Xa(2)x5 (2)x5 (2)V (2), V(z) : vertex
(P @ WKB approximation

~ P25 e ’ 2 pa(2
¢ x(z) =~ 220 p(/od p=( ))

@ Assuming a linear wall:

h(z) = vi (G(z) 4 O(Ly — 2) — 1) +00(z — Luw)

2 .2 .
|./Vl|2 ~ >‘h¢z (smoz)Q7 o LuwAp
(=0 ApzZ a 2

Symmetric
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e, O
Heavy Scalars emISSIOn (l I I) [JCAP01(2021)058]: Azatov, Vanvlasselaer

@ In the wall frame: Ej, ~ pj, ~ vypThue > v

reh @ Transition probability P(h — ¢¢) = /dPh_>2¢|M(h — 2¢)?
¢ )‘iw}i sin(Ap, L) 2
Plh = ¢¢) ~ 2Am Mz < Ap-Lu >

wall shape effect*
¢ AP0 Oy Twe — M2 L)

* = assuming a linear wall profile

|States w/ My > Tpye can become dynamical during the PT|

Symmetric

.. . T,
Broken Efficient production: My < M,,q, ~ % ~ /Yo Tpuclh)
w



Heavy Fermion transition

45/25



Heavy Ferm|on tranS|t|On (I) [JCAP01(2021)058]: Azatov, Vanvlasselaer

Q: Transition dictated by fields w/ M < Thye ~ v5? = Nheavy ~ e~ M/Tnue

T e ! T @ Toy model w/ x light, N heavy:
/ —Lint = Y¢XN + MNN, M > Tnuc
@ In the x frame

pX:(Ezo»(]’E) pN:(E’0707 \/ EZ_M2)

when no wall x — N forbidden.

@ In presence of the wall E Dz,i is no longer conserved:

k2
x — N allowed.
M2
® Ap. =p —py~ 25,

Symmetric
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Heavy Fermion transition (I1)

Q: Transition dictated by fields w/ M < Tyhye ~ vg?

[JCAP01(2021)058]: Azatov, Vanvlasselaer

_M/Tnuc

= Nheavy ™~ €

e In the wall frame: E, ~ pl ~ yuThuc > vy

o Transition probability P(h — ¢@) = / a0l M(h — 26)|

v, ’
/
Tnuc / Treh
/
1
] P ) Y2v3S
] X — N)=
X | N M2
> T > —02
| Apy Ly —0
\ —

sin(Ap.Ly)\ >
Ap, Ly,

wall shape effect*

O(Vw Thue — M(iLw)

* = assuming a linear wall profile, # = mixing angle

V=0 |States w/ M > T, can become dynamical during the PT|

(@)=0

Symmetric

.. . U)T’I’LUC
Efficient production: M < M4, ~ WT ~ VYT hue(P)

_ Relativistic expansion of bubbles & EW Baryogenesis



Heavy DM production
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e, O
Heavy DM production via

Bubble Expansion (BE)

[JHEP 10 (2022) 017]: Azatov, GB, Chackraborty, Vanvlasselaer, Yin

After h transition the abundance of massive ¢, i is
nt w2 [ Lp e
BE T 4y (2m)* po
2,2
~ 2 )\h¢v 'T3
T 24p? M3

(p7 Tnuc) : P(h — ¢¢)

M3
Fp l_ 27wV Thuc

+O0(1/7w)

2 ¢ emission, back to plasma frame, incident flux, transition probability

After redshifting to today

A2 v ) T 3 M?
QidY 2 & 5.4 10° he ( ) ( ““C> exp |- O
BE.¢ M¢g*,s (Treh) 1GeV Treh P 2'Yw'UTnuc

49/25



L
DM production vs observations [JHEP 10 (2022) 017]: Azatov, GB, Chackraborty, Vanvlasselaer, Yin

today ;2 _ ~today; 2 today ;2
Qe p? = QLI K2 4 QI K2 & 0.1

50/25



DM prod uction vs observations [JHEP 10 (2022) 017]: Azatov, GB, Chackraborty, Vanvlasselaer, Yin

vy = 205 [GeV], m, = 125 [GeV

1.0l d O L p I., - N Al
Qe h? = QUEYH + QRS h? ~ 0.1 SeoniT" { brodced
© Inside the isocontours DM is under-produced, < Ans
outside is over-produced. g 1|— 0424
o0
@ Upper curve: DM production dominated by 3 1 — 0.4242
BE.
) _ s 1 |— 0.42424
© Lower curve: DM production dominated by -1 Overproduced DM
FO. I\ My ~1-4TeV ]
@ Vertical line: thermal production after Sv— w/out Boltzmann suppr.
reheating. 30 35 40 45 50 55 60

Log,,M,;/GeV



