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Sakharov, 1967

Baryon number violation
C and CP violation
Out of thermal equilibrium
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*Introduction-
Out of thermal equilibrium: First order EWPT
(+some BSM)
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First order EWPT: Bubble wall velocity

(with certain BSM)

Non-relativistic bubble walls Relativistic bubble walls
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Conditions for relativistic wall are clear.

Non-relativistic bubble walls . Relativistic bubble walls (with certain BSM)
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Conditions for relativistic wall are clear.

Non-relativistic bubble walls ® Relativistic bubble walls - (with certain BSM)
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2. Out of thermal equilibrium
by ultra-relativistic bubble-wall

Azatov, Barni, Chakraborty, Vanvlasselaer and WY 2101.05721, 2207.02230


https://arxiv.org/abs/2101.05721
https://arxiv.org/abs/2207.02230

Ultra-relativistic bubeeLzJ:SM+S’C_J

Azatov, Barni, Chakraborty, Vanvlasselaer and WY,2207.02230 V('H,S) _ ('HT’H) +)\(7{T’H) -nfsz )\gg ‘('HT'H 4
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0.4155 0.448 0.412 0.379 18 130 17.7 No
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0.424267 | 0.335 0.016 0.014 1.3-10° | 44 6.3 Yes




Bubble wall& EVWVHIFARK

Pressure: AV=V,,..— V. .




HXTFHAVE TORFERQ@EDFRIER

3=—MBB—Y¢BPLQ+}Z.C.+V(¢) M2Y<¢>

wall frame (5¢)2 4+ V(¢)

E~yT, (e.g.~107°GeV)

Bubble Wall




HXTFHAVE TORFERQ@EDFRIER

Azatov and Vanvlasselaer, 2010.02590
See QFT treatment in Azatov, Vanvlasselaer, WY, 2106.14913
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3. CP violation
via ultra-relativistic bubble wall



CP violating particle production
via relativistic bubble wall e%(pansion

Azatov, Vanvlasselaer, WY, 2106.14913



Particle production at 1loop level

Azatov, Vanvlasselaer, WY, 2106.14913
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CP violation via relativistic wall expansmn

tov, Vanvlasselaer, Wy, 2106.14913

X U (pugy(p)Y;

(275 (p, — p»sze—’ZAchﬁwau(z)

( <BI ‘ Q>tree

l <BI‘ Q> ‘lloop D, (27T)35(3)(pf o pi) sze_iZApZ¢wall(Z)

X L‘tB,(pf)th(Pi) Z y;k V¥l
J

3 2
Np — Np ~ GCPVTnuCH

O
O

-0

4% Im(Y,Yiy,yi)nf .y

=P |y = AT mOIDID 00 | 4 )
" 7151 |

2 2 2\2 2002
L MM, \/(M, — m? + m2)? — 4m>M;
321 M7 — M2 M?

ImLf,,] = (M7 + m2 = m?)




A ba ryog e n es I S m Od el Azatov, Vanvlasselaer, Wy, 2106.14913
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Short summary-CPV

. Ultra-relativistic bubble wallDiz&.
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4. Baryon numbper violation
via broken phase sphaleron



The only baryon number violating process in the SM
IS via anomaly. It is inefficient at low temperatures.

1672
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Cr, L

Kazuki Sakurai’s slide TUNNELING @ T=0

Yoshimura-san'’s slide, 09

People usually assume that the reheating temperature
(the beginning of big-bang cosmology) is larger than 100GeV.
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The sphaleron-induced high-energy collision in the
broken phase has been studied in the context of

cosmic-ray/collider experiments.

e.g.00 — 70 + 3L + n,Z + nyW + n,H Pioneered by Ringwald ’90, Espinosa 90
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e T but still under debate
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Pessimistic case: sphaleron ZGWIXRILF—TIHIRY 21E8 (IS EHE

# No flavor, proton decay, neutron oscillation [H&8
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Conclusions
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Bubble wall velocity, hon-relativistic

Benoit Laurent, James M. Cline, 2204.13120+ Singlet extension Ariel M'egevand, Alejandro D. S"anchez, arXiv:0908.3663

1.4

the energy-momentum tensor conservation + the non-linear Boltzmann equation

than detonations. Nevertheless, for models with extra bosons, which
give a strongly first-order phase transition, the deflagration velocity

is in general quite high, 0.1 < v,, < 0.6. Therefore, such phase transi-
tions may produce an important signal of gravitational waves. On the
other hand, models with extra fermions which are strongly coupled to

the Higgs boson may provide a strongly first-order phase transition

and small velocities, 1072 < v,, < 107!, as required by electroweak
baryogenesis.

c.f. EWBG, v, <0.1

60 80 100 120 140 160
1R

ms (GeV) EEDETEDEHL LV?
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iFl:¢, p-> XXH 0] gE, Heavy Higgs portal DM

Azatov, Vanvlasselaer, WY 2101.05721

5L = — (i |+ mE )
T 2 D DM/ DM

Ppom

b P
AT
\¢¢¢¢

Bubble Wall

PpoMm




FODMDFENELLED S,

'..‘:.Z)) !((\ me = 125 [((\

1 1 I L] 1 3 L) L ] L] ,‘ 13 L L *&@%%.
Al T I T s @y X .

] ' ] ] ] |

" Excluded b

g Under—

. XENONIT " sproduced P ] i
0.5 : -Bubble-expansion
. j .Super-cooling
o N Y -Freeze-out
< -0. -1 a9, .
= 77 |~ %421 | .Freeze-in
= _1o0l 1| — 0.4242
| | | — 042424 | Higgs portal DMI1FFEH]
=19 Overproduced DM ]

ICXENONNT, Darwin
CTATERREIgE, +EK

30 35 40 45 50 55 6.0 Azatov, Vanvlasselaer, WY 2101.05721
Log,, M, /GeV Azatov, Barni, Chakraborty, Vanvlasselaer and WY,2207.02230
WE104Y4e /) TN




GW from FOPT with
relativistic bubble wall

A.~Azatov, M.~Vanvlasselaer and WY, 2101.05721
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https://arxiv.org/abs/2101.05721

Heavy Higgs portal DM Is compatible

5L = — (i |+ mE )
T 2 D DM/ DM

Azatov, Vanvlasselaer, WY 2101.05721
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Parameter region assuming M; > m, > m,

1 x’IOS:
5x104_

Azatov, Vanvlasselaer, WY, 2106.14913

Green: slow enough n nbar oscillation

Assuming general flavor structure
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(special flavor structure is required)
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Heavy Higgs portal DM Is compatible

5L = — (i |+ mE )
T 2 D DM/ DM

Azatov, Vanvlasselaer, WY 2101.05721
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Comparison with the other calculations

» Qur results reproduce the results of original Bodeker-Moore paper
1703.08215 i.e. LO pressure PL0 oc T2AM?, PNLO oc v T3AM

» Calculations of 2005.10875 and 2010.08013 find the pressure scaling
P o v2, but these calculations assume local thermal equillibrium |,
not applicable for ultra-relativistc bubbles.

» 2005.10875 for ultra-relativistic bubbles “ballistic limit” reproduces
LO result of Bodeker-Moore

The calculation of 2007.10343 (Hoeche et al) found PVEO o« 42 T% in
disagreement with our result as well as original BM paper

Taken from Azatov’s slide



Comments/questions on 2007.10343

[PNLO ~ #awy? T* + #agepy* T* ?]

» Pressure is independent of order parameter, in the limit of zero
symmetry breaking when there Is no electroweak symmetry breaking

VE\/\/%O, 7)#07

Physics intuition tells us that P — 0 in this limit.

» Calculation ignores the bubble wall width effects, however this is

motivated only if the momentum transfer is less than | Ap, < L™,

but the pressure in (2007.10343) is dominated by the momentum

transfers of order OéffyT, which can be much larger than

[~1 ~ VEW .
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