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Production of heavy states with relativistic bubble walls

Outline
» Introduction of phase transitions in the early universe
» Production of heavy particles: [arXiv:2010.02590] with Aleksandr Azatov

» Baryogenesis with relativistic bubble walls: [arXiv:2106.14913] with Aleksandr Azatov and
Wen Yin

» Singlet extension of EWPT with relativistic walls: [arXiv:2205.xxxxx]| with Aleksandr
Azatov, Wen Yin, Sabyasachi Chakraborty and Giulio Barni

Optimistically, we can make all of that!
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Phase transitions in the early universe

Phase transitions in the early universe
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First order phase transition (FOPT) in the early universe

> QFT = landscape of minima = PT

Potential
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First order phase transition (FOPT) in the early universe

> QFT = landscape of minima = PT

Potential

» Potential V(T,) = Vo(¢) + Vinermai(T, &)

T=T"
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First order phase transition (FOPT) in the early universe

> QFT = landscape of minima = PT

Potential

» Potential V(T,) = Vo(¢) + Vinermai(T, &)
> High T: V 5 ¢*T?

=> sym restoration

T=T"
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First order phase transition (FOPT) in the early universe

Potential

» QFT = landscape of minima = PT T-T
» Potential V(T,®) = Vo(d) + Virermal (T, P)
» High T: V D ¢?T? = sym restoration

» FOPT feature a barrier between two vacua and
cooling (T, < T¢)
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Phase transitions

First order phase transition (FOPT) in the early universe

Potential

QFT = landscape of minima = PT . L
Potential V(T,®) = Vo(é) + Vinermai(T, )
High T: V D ¢?T? = sym restoration

FOPT feature a barrier between two vacua and
cooling (T, < T¢)

» Nucleation controlled by bounce solution

vvyyvyy
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M~ T*Exp|—=
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Nucleation and early expansion

» Energy released AV = Driving energy:

Edriving
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Bounce solution
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Nucleation and early expansion

» Energy released AV = Driving energy:

4
Edriving = - § TA VR3

» Surface tension

APiension = 47T0'R2

Bounce solution
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Nucleation and early expansion
» Energy released AV = Driving energy:

4
Edriving - _§7TA VR3
» Surface tension

APiension = 47TO'R2

» Expansion when Riitial > Re ~ o/AV

Bounce solution
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Nucleation and early expansion
» Energy released AV = Driving energy:

4
Edriving = _§7TA VR3
» Surface tension

APiension = 47TO'R2

» Expansion when Riitial > Re ~ o/AV

» Transition starts approximately when one
bubble per Hubble volume, T = Ty

Bounce solution
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Nucleation and early expansion
» Energy released AV = Driving energy:

4
Edriving - _§7TA VR3
» Surface tension

APiension = 47TO'R2

» Expansion when Riitial > Re ~ o/AV

» Transition starts approximately when one
bubble per Hubble volume, T = Ty

» Reheat behind the wall

AV
pr

T, ~(1+ a)1/4Tnuc, a=

Bounce solution
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LProduction of heavy particles

Production of heavy particles

Production of heavy particles

[arXiv:2010.02590] with Aleksandr Azatov
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T

reh

Production of heavy states and wall suppression[2010.02590]:Idea
Scale of the transition and particles involved
CLAIM: transition is dictated by fields M < Thue ~ Vg

because Nyeavy < €7
» ¢ scalar, x light, N heavy:

M/ Thuc

Eint = Yd))ZN + MI\_IN7 M > 7-nuc
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Production of heavy particles

Production of heavy states and wall suppression[2010.02590]:Idea

Scale of the transition and particles involved

CLAIM: transition is dictated by fields M < Toue ~ Vo because Nyeayy oc €M/ Toue

> ¢ scalar, x light, N heavy:  Lins = YOXN + MNN, M > Ty

» Conservation of momentum: Origins

T Treh

L, No wall: /d4xeip'x o (2m)**(p), P =pPn— Py

py=(E,0,0,E)  pu = (E,0,0,VEZ — M?)
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Production of heavy particles

Production of heavy states and wall suppression[2010.02590]:Idea

Scale of the transition and particles involved

CLAIM: transition is dictated by fields M < Toue ~ Vo because Nyeayy oc €M/ Toue

> ¢ scalar, x light, N heavy:  Lins = YOXN + MNN, M > Ty

» Conservation of momentum: Origins

T Treh

L, No wall: /d4xeip'x o (2m)**(p), P =pPn— Py

py = (E,0,0,E)  py=(E,0,0,VEZ— M)
» When no wall and (¢) = vy: X — N forbidden
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Production of heavy particles

Production of heavy states and wall suppression[2010.02590]:Idea

Scale of the transition and particles involved

CLAIM: transition is dictated by fields M < Toue ~ Vo because Nyeayy oc €M/ Toue

> ¢ scalar, x light, N heavy:  Lins = YOXN + MNN, M > Ty

» Conservation of momentum: Origins

L, No wall: /d4xeip'x o (2m)**(p), P =pPn— Py

py = (E,0,0,E) pn = (E,0,0,VE?2 — M?)
» When no wall and (¢) = vy: X — N forbidden
> With wall: p = py — p, not conserved: if E > M, x — N allowed

- - in Ap; L,
/ dxier / (6)(2)e™dz ox (2m)*8*(p1) =5
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Production of heavy states and wall suppression[2010.02590]: computation
Scale of the transition and particles involved
T

T

reh

8/33
CLAIM: transition is dictated by fields M < Thue ~ Vg

because Npeavy < €7

M/TDHC
> Assume very fast wall: 7, =

L_>1
1-v2
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Production of heavy states and wall suppression[2010.02590]: computation
Scale of the transition and particles involved
.

T

reh

8/33
CLAIM: transition is dictated by fields M < Thue ~ Vg

because Npeavy < €7

M/TDHC
> Assume very fast wall: 7, =

» |n the wall frame:

1
V1-v2 >1

Ex ~ px ~ Yup Toue > Vo
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Production of heavy states and wall suppression[2010.02590]: computation
Scale of the transition and particles involved

CLAIM: transition is dictated by fields M < Thue ~ Vg

because Nyeayy oc @M/ Toue
> Assume very fast wall: 7, =

» In the wall frame:

> M~ Y22 x

1

V1-v2 >1

Eyx ~ Py ~ Yuwp Toue > vy
E, [ sinAp,
Ap;

2
Ly _ M?
Aszw> Ap, =E — E2—M2—>E
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Production of heavy particles

Production of heavy states and wall suppression[2010.02590]: computation

Scale of the transition and particles involved

CLAIM: transition is dictated by fields M < Toue ~ Vo because Nyeayy oc @M/ Toue

Tue Ten
> Assume very fast wall: 7, = —2— > 1
V1-v2
L. » In the wall frame: Ey ~ Py ~ Ywp Tauc > Vg

2
2 . v2.,2 Ex | sinAp,Ly, _ . VP MZ
> MR Y X g <—Aszw ) Ap, =E E2 — M? — 3¢

>
P(x = N)~ 6% % O(Ywp Tome — M?Ly), 0=
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Production of heavy particles

Production of heavy states and wall suppression[2010.02590]: computation

Scale of the transition and particles involved

CLAIM: transition is dictated by fields M < Thue ~ Vg because Nyeayy oc @M/ Toue
Touc Ten
> Assume very fast wall: 7, = —2— > 1
V1-v2
L, > In the wall frame: Ey ~ Py ~ Ywp Tauc > Vg

2
inAp;Ly ?
> |M|2zy2vg><f—;;z<sA§fLWL ) Ap, =E—VEE-M?Z X
> Y
P(X — N) ~ 92 X e(’prTnuc - M2LW)7 0 = ﬁ

» Claim WRONG: states with M > T, can become dynamical during PT
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» No wall: transition x — N forbidden by four-momentum conservation
px = (E,0,0, E)

PN = (E,0,0, \ E? — M2)
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» No wall: transition x — N forbidden by four-momentum conservation
px = (E»ana E)

PN = (E,0,0, \% E? — M2)
» with wall: z-momentum conservation broken Ap, # 0

\
x — N allowed if enough energy in wall frame: Ap,L, <1

= Ywp Tue > M?Ly,
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|dea: production of heavy states

» No wall: transition x — N forbidden by four-momentum conservation

py = (E,0,0,E) pn = (E,0,0,/ E2 — M?)
» with wall: z-momentum conservation broken Ap, # 0
U

x — N allowed if enough energy in wall frame: Ap,L, <1 = Yup Thue > M>L,

» Cosmological consequences: 1) Pressure on the bubble wall, 2) Non-thermal DM (1 to 2
splittings), 3) Baryogenesis ...

We focus on Baryogenesis



Relativistic expansion of bubbles in the early universe and baryogenesis 10/33

LBaryogenesis from relativistic walls

Baryogenesis with relativistic walls

Baryogenesis with relativistic walls

[arXiv:2106.14913] with Aleksandr Azatov and Wen Yin
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Baryogenesis
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» B-number violation; B-violating interactions, sphalerons
» CP-violation; physical phase into the yukawa matrix
» Out-of-equilibrium situation; expansion of the universe, first-order phase transition

Electroweak baryogenesis

Xt sphaleron @

=0

Figure: credit:T Konstandin [1302.6713)

Scattering of quarks with CP-violating
yukawas off the slow bubble wall.
B-violation via sphalerons

VS

Leptogenesis

Flgu F€. Credit:T.Konstandin [1302.6713]

Out-of-equilibrium decay of heavy
L-violating RH neutrinos. B-violation via
sphalerons. CP violation_via loops
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Baryogenesis from relativistic walls

CP violation inside the bubble wall
Ingredients: Higgs field H, ¢ scalar, 2 heavy N;, SM SU(2),-fermions L, and x; light fermions

L = ixiPrdxi + iNi@N; — MiN; Ny — YN Prxi — yia(HLy)PrN; + h.c.

B Fx = N)—T(x = Ny) _
T Fx — N)+T(x — N))
N, | N
RN ’ L ) * * hi
] l X ; 2 Za,J,i Im( WI \/inOl-/yal)ImfIS )
: <p> Ei |\/”|2
and
A(X,‘ — Nl)l—loop X
. (hl) 1 Vx M.%
Y Vit arx £ Im[A (0] = = x = T
Z 1Yo sYod X1y Y 16w 1 —x M;

a,J
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Possible baryogenesis in our production setting?

Idea of baryogenesis with relativistic bubble walls

» Qut-of-equilibrium situation; Automatically embedded via the process of production
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Possible baryogenesis in our production setting?

|dea of baryogenesis with relativistic bubble walls

» Qut-of-equilibrium situation; Automatically embedded via the process of production

» CP-violation; CP-violating phase in the yukawas y;, from interference tree-loop level
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Baryogenesis from relativistic walls

Possible baryogenesis in our production setting?

|dea of baryogenesis with relativistic bubble walls
» Qut-of-equilibrium situation; Automatically embedded via the process of production
» CP-violation; CP-violating phase in the yukawas y;, from interference tree-loop level

» B-number violation; sphalerons or B-violating interactions
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Possible baryogenesis in our production setting?

Idea of baryogenesis with relativistic bubble walls

» Qut-of-equilibrium situation; Automatically embedded via the process of production
» CP-violation; CP-violating phase in the yukawas yj,,

» B-number violation; sphalerons and L-violation or B-violating interactions

phase transition induced leptogenesis

mixing

symmetric

asymmetric

unbroken fln'oken .
V,= 0, My V,# 0,My= )\xv ‘W
X fast it
|

X «—> X

Or

BEXX
B‘x}(SM v

o

0 0

EWPT Baryogenesis with relativistic walls

ET) (=i
L ( — <
- [udud’d’] Q-G=3¢
B —5—|fdudd Stow
symmetric asymmetric ch/n" WEEE] ;r:nl:o/'mb
I |udd dd” N

asymmetric

Q
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Two models; phase transition induced leptogenesis

>

production sector

xi Majorana, ¢ scalar, N; Heavy Dirac RHN:
U(1) : L(x) = -1, L(N) =1,L(¢) = 2.

(Yi/(sﬁii)PL/V/ + ;TNIPR(cf)TXi)) —V(0)+Y MR+ Y MiN; N+
il i I

—_———

Majorana mass

al

Z Yat(HLa, sm)PrN;

CP-violation

fast transitions

slow transitions
Decay to SM

N ¥ “ap

asymmetric
Symmetrization DS

X «—> X
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Two models; phase transition induced leptogenesis

>

production sector

» x; Majorana, ¢ scalar, N; Heavy Dirac RHN:
UL(1) : L(x) = =L L(N) =1, L(¢) = 2.

» Production P(x; — Nj) # P(x§ — Nf) x 9,2/

(Yi/(@?i)PLN/ + ;TNIPR(cf)TXi)) —V(0)+Y MR+ Y MiN; N+
il i I

————
Majorana mass

al

Z Yat(HLa, sm)PrN;

CP-violation

fast transitions

slow transitions
Decay to SM

N ¥ “ap

asymmetric
Symmetrization DS

X «—> X
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Baryogenesis from relativistic walls

Two models; phase transition induced leptogenesis

> (Yi/(@?i)PLN/ + ;TNIPR(cf)TXi)) V(B> MdXXi+ Y MININA+ yor(HLa sm)PrN
i I

il al

—_———

production sector Majorana mass CP-violation

» x; Majorana, ¢ scalar, N; Heavy Dirac RHN:
U(1): L(x) = =L, L(N) =1, L(¢) = 2. ome

» Production P(x; — N;) # P(x§ — Nf) x 63

» Separation in light and heavy sector X
S Any = =30 Anyi oc 3 et

slow transitions
I |

fast transitions
Decay to SM

N ¥ “ap

asymmetric

Symmetrization DS

X(—)Xc
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Baryogenesis from relativistic walls

Two models; phase transition induced leptogenesis

> (YH(@E)PLNI + ;TN/PR(cﬁTXi)) V(B> MdXXi+ Y MININA+ yor(HLa sm)PrN
i I

il al
production sector Majorana mass CP-violation
» x; Majorana, ¢ scalar, N; Heavy Dirac RHN:
U(1) - L(x) = —L L(N) = 1, L(¢) = 2. ueeme
» Production P(x; — N;) # P(x§ — Nf) x 63 Corrmmm N S——
» Separation in light and heavy sector x‘ PR BE, r ;

_/ !

T he

_/I(

h ‘/' N h(
I X

Do Any == Anyi oYy 6,119,-2,
» Fast interactions;
1. x > x°: Annihilation in light sector
2. N; — LH: Transfer to SM M X
3. Ny — ¢x: Wash-out MOXE

N 5N I

Xc—\/'l

“a b

SN

Symmetrization DS

asymmetric

X{—)Xc
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Two models; phase transition induced leptogenesis

Ang 62 Thuc 3 |yla|2
Lepton asym produced = —— ~ €1 X —”< X
Y s Z "7 g\ Tren IVial? + | Yil?

il o

» Slow interactions: sphalerons AL — AB

mixing

slow transitions
I |

fast transitions
Decay to SM
|

symmetric

N

|‘v>_(,x

ne NN

..

~a h®

—/lc

RN

Symmetrization DS

asymmetric

X «—> X
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Baryogenesis from relativistic walls

Two models; phase transition induced leptogenesis

Ang 02 Truc 3 |yla|2
Lepton asym produced ~ —— ~ €1 X —”( X
s "7 g\ Tren [YVial? 4 | Yi?

> Slow interactions: sphalerons AL — AB
. . 2YQIY§I(ECQH)(LﬂH) unbroken
> Neutrino masses via >, , 0] ==~ ——— o0

07 >107° = m, = A\, v > 5 x 10° GeV

fast transitions
Decay to SM
|

symmetric

—/lc

asymmetric

*h

Symmetrization DS

X «—> X




Relativistic expansion of bubbles in the early universe and baryogenesis 16 /33
Baryogenesis from relativistic walls

Two models; phase transition induced leptogenesis

Ang 02 Truc 3 |yla|2
Lepton asym produced = —— ~ €1 X —”( X
Y S Z ’ 8+ yial? + [ Yul?

Treh

il o

> Slow interactions: sphalerons AL — AB

. . yarypi(LEH)(LgH)
> Neutrlno masses via 92B—
Zl,a,,ﬂ I my

07 >107° = m, = A\, v > 5 x 10° GeV

fast transitions
Decay to SM

—/ !

\‘\ h¢

» But... Wash-outs from L-violating;

> X
HEL — HLE |= T, < 103 GeV =
- 7515

reh

_/ I°
S "

Symmetrization DS

X «—> X
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Baryogenesis from relativistic walls

Two models; low energy baryogenesis

_ _ 1 .
Lsy + Z Yi(BIH)PLQ+M,;B;B; + yinxP.B; + kndu + 5MX X+m727|77|2.

I=12 —
B-violating

production decay dark sector

» v; Massive majorana, 7 diquark, B; heavy
vectorlike b-like quarks. B(n) =2/3,B(x) = 1.

| dud’d] Q-G =3e
B 75> ududd |/

BXA
:
Q

symmetric

Slow
transitions |

¢ 32 ududd
B

C
“ T judddd | TN
Q Q
Qc asymmetric Qc
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Two models; low energy baryogenesis

_ _ 1 .
Lsy + Z Yi(BIH)PLQ+M,;B;B; + yinxP.B; + kndu + 5MX X+m727|77|2.

1=1,2

» v; Massive majorana, 7 diquark, B; heavy
vectorlike b-like quarks. B(n) =2/3,B(x) = 1.

» CP-violation

production

decay dark sector

——
B-violating

broken ("12

B —<]

an u“du‘dd’
B 75> ududd
asymmetric

¢ 32 ududd
B

75 |udu dd”

- Q
asymmetric c
Q

Q-Q =3¢

e

Slow
transitions |

X
<0
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Two models; low energy baryogenesis

= = 1
Lsw+ > Yi(BIH)PLQ+M,BiB + ymx“PLB + kndu+ >m, X +m3n|*.
I=1,2%/_/ 2

production decay dark sector Y
B-violating

» v; Massive majorana, 7 diquark, B; heavy
vectorlike b-like quarks. B(n) =2/3,B(x) = 1.

. . unbrok brok st x e
» CP-violation a Y } {‘":"""(fiﬂ
. o i
FXA ol o ' N
o - B XA | Wdudd] Q-G =3e
! L Q 5 u“d‘udd 7 Slow

symmetric transitions b

¢ 32 ududd
B

\C
< Q 75 |udu e

X |= b
I
I
I

X
<0

» Production: P(Q — By) # P(Q° — Bf)

Anb = — Z AnB,
!

- Q
asymmetric c
Q

00
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Baryogenesis from relativistic walls

Two models; low energy baryogenesis

_ - 1
Lsw+ Y Yi(BIH)PLQ + MBB; + yimx“PLBj + ki du + 5 M X +m?|nf>.
I=1,2 < —

B-violating

» Fast cascades; 4 channels
wash-out : B — (ddud®u®), B¢ — (d°d“udu)
mixing : B — (d°ducdu®), B¢ — (ddudu)

EXHX ol !
B X o Q-Q' =3¢
Q B 45— |ududd |/ g
transitions
- o 32 - |ududd ) B
I |udu dd” N n

Q
asymmetric Qc
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Two models; low energy baryogenesis

_ — 1
Lsy + Z Yi(BIH)PLQ + M BBy + yimx“P.B + sndu + = m, X x +m,27|7]|2.

2
1=1.2 —
B-violating

» Fast cascades; 4 channels

wash-out : B — (ddudu®), B¢ — (d°d“ucdu)
mixing : B — (d°ducdu®), B¢ — (ddudu)

> Ang = nsp—g — Nsm—g ~ ;;;‘r sM W
2

Q-Q=3
3 0202 |y’ X 2|H|2 Q B g |ududd | ow E'
n X transitions
P T PR T AP A0 | g o 257 e )
/ T Juduata || TR 0

Q
asymmetric Qc
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Baryogenesis from relativistic walls o
Two models; low energy baryogenesis
_ _ 1
Lsw+ Y Yi(BIH)PLQ + MBB; + yimx“PLBj + ki du + 5MXX +m2[nl.
1=1,2 —_—
B-violating
» Fast cascades; 4 channels
wash-out : B — (ddudu®), B¢ — (d°d“ucdu)
mixing : B — (d°ducdu®), B¢ — (ddudu)
2 2|/§|2 Q B — . |«dudd | :
3n0) " 6%¢; x il X 2 e
D T T m) S B o 2 e || T
I |udu dd” N

» Experimental signatures: N N, Flavor, )
collider push: | my ~ my ~ Mg 22 TeV| and Q@
d=bu=t

Q
asymmetric Qc
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Conclusion baryogenesis
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> Production of heavy states far away from equilibrium when v, T > M?/v
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Conclusion baryogenesis
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> Production of heavy states far away from equilibrium when ~,,, T > M? /v
P Interference between tree-loop level diagrams induces CP violation
» 1)high scale PT leptogenesis. Need

10°GeV < v < 10'3GeV,

Ay V
Ywp > 1 X

> 15
Treh ~

(Easy to realise in toy models)
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Baryogenesis from relativistic walls

Conclusion baryogenesis

> Production of heavy states far away from equilibrium when ~,,, T > M? /v
P Interference between tree-loop level diagrams induces CP violation

» 1)high scale PT leptogenesis. Need

AV
Treh

10°GeV < v < 10'3GeV, Yup > 1 > 15 (Easy to realise in toy models)

» 2) Low scale EWBG: Mg ~ M, ~ M, € [2,20] TeV is favored and need for

Ywp > 1 in EWPT =- Difficult!
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Baryogenesis from relativistic walls

Conclusion baryogenesis

> Production of heavy states far away from equilibrium when ~,,, T > M? /v

P Interference between tree-loop level diagrams induces CP violation

A\

1)high scale PT leptogenesis. Need

AV
Treh

10°GeV < v < 10'3GeV, Yup > 1 > 15 (Easy to realise in toy models)

» 2) Low scale EWBG: Mg ~ M, ~ M, € [2,20] TeV is favored and need for

Ywp > 1 in EWPT =- Difficult!

» Question: How can we make EWPT with ultra-fast bubble walls ?
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EWPT with relativistic walls

EWPT with relativistic walls

[arXiv:2205.xxxxx| with Aleksandr Azatov, Wen Yin, Sabyasachi Chakraborty and
Giulio Barni
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Velocity

Final velocity yymX =

21/33
of the wall set b
Vl VMAX y
AV = AP(y

AX)

=
» AV independent of the velocity of the wall

X

determination 'yMA

symmetric
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Velocity

Final velocity yymX =

21/33
of the wall set b
Vl VMAX y
AV = AP(yiX)

=

determination 'yMA

X
» AV independent of the velocity of the wall
> AP(’y%

AX) very difficult to compute in
general and depends on the velocity

symmetric
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Singlet extension of EWPT with relativistic bubble walls

Velocity
Final velocity yMAX = —L__ of the wall set b
Y Ywp /—1 . Y
AV = AP(yiX) = determination yy™

» AV independent of the velocity of the wall

> AP(yyiX) very difficult to compute in
general and depends on the velocity

» Generic method: solve the full coupled
system of Boltzmann equations

1
p'uauﬁ + §8zmi[¢]apzﬁ = C[f;a d)]

symmetric

dv dmile] [ dp 1 .
Wt a2 | erpeE" T
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Primer on pressure in relativistic regime

,d3
APA—>x=/ P p

22/33

fa(p) x Z/dAPA—)XAp
LO pressure [0903.4099]

Am?T?
APo~ Y oy Ami

— .2 2
my = Mp, sym,i

Condition for relativistic wall | AV > P, o

Theories with gauge bosons V[1703.08215]

BaaugeV
auge
APnro ~ Zgi iﬁﬁz Yoo T

WpT
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Primer on pressure in relativistic regime: case of the EWPT

LO pressure:

g’+g?% g’
AP ~ nuchW< 8 T 0 + 1_6) ~ 0.17 T2, vEw-

Condition for relativistic wall | AV > 0.17 T2 v2,,

NLO pressure: [arXiv:2112.07686]: Gouttenoire, Jinno, Sala

KkC(3
A,PEII‘I/;’O ~ |:Z Z/agaﬂc CabC:| i—(?’ ) x aMZ(VEW)’YWp T’?UC

abc

Terminal velocity

nuc

40 GeV>3<ﬂ

AV — APLO = APNLO = ’ytermlnal ~ 50 x ( V4
EW
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Intuition on supercooling and ultra-relativistic walls

» Only thing we need is long supercooling
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Intuition on supercooling and ultra-relativistic walls

» Only thing we need is long supercooling
» Problem of EWPT:

2 A
Vtree = _%IF +

T2 TH
— 4 SN
g Vi o - o

= Tin X few X my,
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Intuition on supercooling and ultra-relativistic walls

24/33

» Only thing we need is long supercooling
» Problem of EWPT:

2 212 3
My Ay Th TR
Vtree - 2 h + 4h 5 VT(h) X % ]_27r

» With a singlet S with a Z, symmetry ?

= Tin X few X my,
”7/21 2 )\ 4 ”,2 2 )\S 4 )\hs
V(h,S) = —7h +Zh —TSS +IS +

Abs 2,2
2Sh,
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A

Model studied: singlet extension with a Z, and patterns

2 2
_Mhyp A Mg Asca Ans ooy
V(h,S) = 2h—i-4h 45+45+25h
» Mixing scenario:(0,0) — (vew, vs # 0): strong bounds on mixing angle from colliders.
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Model studied: singlet extension with a Z, and patterns

A

2 2 )\s A <
V(h,S) = —%/ﬁ +oht - %52 + 25+

2
» Mixing scenario:(0,0) — (vew, vs # 0): strong bounds on mixing angle from colliders.
» Spectator singlet: (0,0) — (vew,0): unlikely to produce ultra-relativistic walls.

S2K?

Criterion for relativistic: AV > APl Touc)s Pret( Toue) = C x T2, VA
—~—~ —_———
E released

pressure at LO

2 2 2.2
mp(T)= -2+ Cx T2 = T2, =70 pup=| B > AV
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Singlet extension of EWPT with relativistic bubble walls

Model studied: singlet extension with a Z, and patterns

Ay m§2 )‘54
—h—TS+4S

2
Ahs
V(h,S) = —%h%r - h

52h2

» Mixing scenario:(0,0) — (vew, vs # 0): strong bounds on mixing angle from colliders.
» Spectator singlet: (0,0) — (vew,0): unlikely to produce ultra-relativistic walls.

Criterion for relativistic: AV > APra( Thuc)s Pret( Toue) = C x T2, VEw
—_———
E released pressure at LO
2 m/27 2 2 m% min MyVEw
meﬁ(T)z—T—i-CxT :>Tmm=i rel:T>AV

SOPT

> Two-steps PT: | (0,0) 2275 (0, vs) 225 (vew, 0)

In the second PT:

A
mgﬂ(T):—%Jr% V24 Cx T2
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Scan of parameter space

MMAX ~ \/Vew TaueYw = 700 GeV x

v,/100GeV

2.4

2.2

2.0

M;(vew,0) [GeV]

40 GeV
Tnuc

10 62.5 80 90 110 125
NO PT
i
SOPT

AV 1/8

4
Vew

e/ 100GV

T/ 100GV

Towe Mg =125 GeV

55.5 62.5 65.5 70 74 -

0.20

0.10

0.05

0.20

0.10

0.05

0.02

2M, <

36 038 040 042 044 0.46
Ans

e my = 150 GeV

-

2My < M),
0.45 0.50 0.55 0.60 0.65 —
Ahs

MMAX < [1,20] TeV
[m] = =

v, =198
v, =199
vy = 200
vs = 205
ve =210
ve =215
vg = 220
vy =165
vy = 168
vy =170
vy = 180
vy =190
vy = 200
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» In singlet extension, spectator singlet DO NOT allow relativistic walls
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» In singlet extension, spectator singlet DO NOT allow relativistic walls

» Second transition is FOPT and has relativistic walls in a sizable region of parameter space
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Conclusion ultra-relativistic EWPT

27/33

» In singlet extension, spectator singlet DO NOT allow relativistic walls

» Second transition is FOPT and has relativistic walls in a sizable region of parameter space

» Ultra-relativistic walls exist in a tuned region of parameter space when My ~ 70 — 100 GeV
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Back-up

Back-up
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Scale of the transition and particles involved

Production of heavy states and wall suppression[2010.02590]

Claim: transition is dictated by fields M < Tpue ~ Virans

because Nyeayy oc €M/ Taue

» Adiabatic transition AplL > 1

M2L,,
T ST s 7T
light to light x — x’ only
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Production of heavy states and wall suppression[2010.02590]

Scale of the transition and particles involved
Claim: transition is dictated by fields M < Thue ~ Virans because Nyeayy oc €M/ Taue

» Adiabatic transition AplL > 1

M2L,,

= < <

T
light to light x — x’ only

» non-adiabatic transition Apl <1

M?L,,

Ywp > T

light to heavy x — N unsuppressed
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Falkowski and No bubble wall production

Production of heavy states during the collision of bubbles. arXiv:1211.5615

» Can be non thermal DM: arXiv:1211.5615
» Or make a barygenesis mechanism: arXiv 1608.00583

Necessary ingredients
» Portal coupling similar to ours.
» Runaway bubble (otherwise, energy dissipated in the plasma): not operative in EWPT.
» Elastic collision (restoration of the false vacuum in between the bubble)
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Constraints and experimental signatures on the EWBG proposed

1. Neutron-anti-neutron oscillations: baryon number violation by 2 units

K0 NS
;- ——ucd°dudd = W wededudd =  Smy_p~ Mfff?f’x O wbiyi)?

Current bounds on this mixing mass are of order 6m;_, < 10732
Ao 2 10°GeV (M, my) = 10°GeV

2. Flavor violation: Need to couple strongly only to tg, br
3. Contribution to electron EDM:

2 2
de me(yY:) ( 21 > 3% 10-33 x <10TeV> om
e (4m) Nepm Neom

while experimental bound is |de| < 1.1 x 107%%cm - e
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Comparison with proposal in arXiv:2106.15602

Baryogenesis with relativistic walls by Baldes et al. arXiv:2106.15602
> Relativistic walls v, > 1

2
» scalar model AL = —%¢2h2 + %& with production of heavy scalar ¢

> ¢ in (3,1,2/3) of the SM and AL = yy¢:drdi + yuidiNgu§ with physics phase in y’
» CP and B violation in decay ¢ — bb

Al MG mechanism @

(@)=0 b
Ma=~0 57 _-
70/

AV mechanism

(8)#0
Ma» T,

b )
(o}
7 My>T, )

u]
8
I
i
it
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Full expression
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PT leptogenesis: CP violation in production—+decay
ng—ng 28 135((3)gy 5 (hl)
T g X Snig, 29 ;Im Y1 Y] Yasysy)Imf)
3
% 2 M Ea chzll2
W Z ‘yal‘ Thren Za [Yar 241 Y]
EWPT baryogenesis: CP violation in production+decay
AnBaryon ~ 135<(3 Z yl|2 8b
s 8m "yi?
xIm(YIny,*yJ)< 2]

Ivi]?

Tnuc)3
X _
+ |YI|2 8% < Tren
ATm[f)| m >
+ éﬁ_
[Yi[?
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