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Outline

* Brief overview of EWPT&EWBG
* Recent Progress of EWBG:

+ The tension between the non-observation of CPV and
the requirement of a large CP phase by the EWBG
(EWBG from spontaneous CPV or other exotic physics )

+ The tension between observable stochastic gravitational
wave and a sizable BAU generated by the EWBG (EWBG
at high bubble wall velocity)

+ Progress in the calculation of CPV source term. (The
VEV insertion method)




Matter-antimatter asymmetry of the Universe

* No anti-galaxy was observed

* The abundance of the primordial elements and the height of the CMB power
spectrum depend on the ratio of of baryon to photons
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Baryogenesis via first order EWPT
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Electroweak Baryogenesis

* Generate BAU during the electroweak phase transition
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The fate of the EWBG
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The effective potential in the SM

)= [t (el e G [T g [R5
1€B JEF keG
* Vi The tree-level potential * V. Finite temperature contribution
'\ A e e SURYBYIE
Vet = Vo + Vew + Vr + Vbaisy B R
‘ iR E!
* V., Coleman-Weinberg term * V..o The ring contribution
mzz<h787€> rin T
Vow = g1 : (= mi(h, s,€) {10% - Ci] Vit =5 2 {(m?(h, 5))%/% — (Mf(hys,T))?’/Z}
VI=o(h) = 4(41 2 (m)? [In(5) = 3] + sy (m, + 6mfy )2 [n(mi ) — g]
+ 4(4 )2 (mG +§mz)2[ln(wz-) ] 42(4x )32 (mW)2[1n(_m - é] + 4(4 )2 (mZ)2[l ( - g]

42(4X )12(5 W) [1 (gTZZW)_E] - 4(47r)2(§ Z) [hl(gzt_zz)_i] B free”’

More explicitly: -

W) = s () 2 ()|

EWPT is usually studied + 3L [oxan () + m (%) + 9 ()
in the Landau-gauge! _2-’1’?[2 T (6;32 ) +a($02) + JB(f%ﬂ _ froe”.




Bubble dynamics
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The barrier between the

) The barrier exists at the tree-
symmetric and the broken

phase usually comes from level
the gauge fields Merits:
, ., 1.No mixing with the SM Higgs
Verr (¢, T) = A(T) o C(T)¢" +- -

2.Correlated with the dark
matter

SM Higgs is too héavy to saturate
first order EWPT




Bubble dynamics

2. Strongly first order VS First order
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* First order EWPT: Bubble nucleation
* Strongly first order EWPT: Sphaleron
decoupling inside the bubble
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Bubble dynamics

Critical temperature T

‘/eff (¢symmetri07 T) |TC — Veff (¢brokena T) |TC

Bubble nucleation Temperature T :

tn 00 4
/ PVH(t)dt=/ Cg (2C¥p1> e=5:/T — O(1),
0 T

Quirds, ACTA PHYSICA POLONICA B 2008

r Bubble nucleation rate

PT completed Temperature T :

Vi (t) One-horizon volume

Y Relationships

= IO (1LY

H(T) Hubble constant

Tc>Tn >Td

Vw Bubble wall velocity

f(T) Friction of the universe covered

by the broken phase




Bubble dynamics

4. Bubble nucleation

Bubble nucleation rate per unit time
per unit volume

Euclidean equation of motion

Euclidean action for the solution of EoM

Bounce solution to the EoM

V(z) = —u(T) :1 + tanh (3%)]
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Bubble dynamics

Bubble wall velocity

calculated numerically

Bubble wall width calculated numerically
Released energy to radiation o = A/prag
energy
3
The efficiency factor h=_3 w(&)v?y?E%dE

Latent heat

A:A(V—d—VT)
dt

Vw Relevant to the calculation of

baryon number density generated
I during the EWPT

Relevant to the calculation of stochastic
gravitational wave spectrum emitted
during the EWPT
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Bubble dynamics

supersonic subsonic supersonic

Fluid at rest in front of the Fluid at rest behind the wall

Veypy > Co = V_ >V
wall w § +
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- EoM of the Higgs field: :
i no deflagrations /7 /
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] dd
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Friction term
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Outline

* Brief overview of EWPT&EWBG
* Recent Progress:

+ The tension between the non-observation of CPV and
the requirement of a large CP phase by the EWBG
(EWBG from spontaneous CPV or other exotic physics)

+ The tension between observable stochastic gravitational
wave and a sizable BAU generated by the EWBG (EWBG
at high bubble wall velocity)

+ Progress in the calculation of CPV source term. (The
VEV insertion method)
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Fate of the EWBG

Three Detection methods

LHC

Conventional EWBG mechanism might be found or excluded in the near future
when these three detection methods are combined.

A typical example: Wino-catalyzed EWBG is excluded by the ACME result(intensity
frontier) and the Higgs search results at the LHC(energy frontier).

Questions: Is there a mechanism of electroweak baryogenesis that can escape
from these hunters?
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The tension

The tension between the requirement of a large CP phase by the EWBG and the
non-observation of CPV in EDM experiments

~ LHC my=200 gev
0.4r

=TT Mg=340 GeV
5 - 0.2-

5 oo e e e i
d =3x10" e cm E D M
00 —— '1;0' - '2(|)0' - '2;0' - '3(|)0' %0 ~0-2 —
wieevi T P T —n
Phys.Lett. B673 (2009) 95-100 04
10 Y
*  Wino induced baryon asymmetry was excluded
by the ACME result! 1
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* |s any EWBG that can escape the constraint of
EDM?

Chao, Yandong Liu, 2019
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Our little aim: a EWBG with less signature

Exploring a scenario of electroweak baryogenesis that may escape from the
combined detection of the cosmic, energy and intensity frontiers.

: A two-step phase transition may avoid constraint arising
One observation: .
from Higgs searches at the LHC

S
5 One-step PT SM Higgs is too heavy to " Two-step PT

4 saturate first order EWPT
Broken phase R
Yc:\cond-step
First-step
@ » h
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Symmetric phase ymmetric pnase roKen pnase
The barrier between the The barrier exists at the tree-
symmetric and the broken level
phase usually comes from Merits:
radiative corrections 1.No mixing with the SM Higgs

2.Correlated with the dark
Verr (¢, T) = A(T)¢p* + +C(T)¢* + - - matter
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Our little aim: a EWBG with less signature

Another observation: :zs:sremsts spontaneous CP phase in the scalar singlet

Lemma: 1
3

V= —p*(HTH) + MHTH)? — 44 (ST8) + M\ (STS)? + Mo (HTH)(STS) — —pu%S* + %Ag 4 he

spontaneous CP violation in the
theory of one complex scalar field
may occur only when the related U(1)
is explicitly broken by at least two
spurions whose U(1) charges are
different in magnitude

A possible strategy:

S Two-step PT A
A —_
Second-step o I
Fir - _ l )\1 — )\3 mB —m,
st-step © i2 ACCos | —o m2 —m2f; o, 1 TC
@ > h
] CP conserved
Symmetric phase Broken phase NO constraint of EDM and Higgs search!
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Sketch of the mechanism

Basic description

Sphaleron

* First order EWPT |[Two-step PT

M { *x C&CP Spontaneous CPV

Inelastic scattering
Yukawa mteractlons
< nt R < > nL

sphaleron l

PB
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The model:

SM+ complex scalar singlets

V= —p2(HH)+ NHTH)? — 1%4(57S) + M\ (ST8)2 + M\ (HTH)(STS) — 1@352 + %)\354 +h.c.

Potential: 9

1 __ .
_‘SZNXQLHSIR_I_h'C'

~ZL ~nT, St,+MT,T,+h.c. |TLr: vector-like top quark

Yukawa:

JB(F)(:B)=/Ooodtt21n(1:|:exp{—\/t2-|—$}> Vi = o 2{277, JB[ th] Z n;Jr

JEF

|- e 149

kedG

* Vi The tree-level potential * V.. Finite temperature contribution
Vet = Vo + Vew + Vi + Vpaisy
* V., Coleman-Weinberg term * V..o The ring contribution
2
Vow = 51 hos©) log ™08 v = TS L2 n, )77 - (M2, 7))
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BAU during the EWPT

CP phase the EWPT

EoM for three background
fields:

Bubble wall width:

L2 ~1.35
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BAU during the EWPT

Source term and Transport equations

Transport equation e +v-jlz) = —/d3z/_ d2"Tr[%” (z,2)S<(z,2) — S~ (z,2)2<(2, )
+8<(z,2)X7(z,z) — X<(z, 2)S” (2, z)]

2 o *
Source term: Stop" = —2¢*02¢ / Kk {(eney — #2) ML TCR) | gy len) +n(sR)}

T2Wwrwnr (er —eh)? (e +¢eRr)?

8“Qu — +Fmth; -|- FYt(St + Fy/(st/ —I— 2F363
O*T, = —T'p, Ry — Dy, 8; — Dsds — T'¢6y
+TERE+ TRy + S’
All equations Oty = +Tm Ry —T{RI —T Ry +T¢de— Sean”
o, = —I'm Ry — Iy
8“3;11 — _ngt
O*H, = —Ty,0; —Tby (13)
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BAU during the EWPT

Top Yukawa
np
Relaxation
St hal weak sphaleron
romg sprEeron Yukawa

tR<?§3 Q12
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BAU during the EWPT
Pomainwadecay |

SN - R
St Ating 2 kg oot W ot e

:ﬁ(_l_)N—'_ —N_
BN, +N_

np

“IChao PLB 2019 |

o A(GeV?)
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Another solution: EW symmetry non-restoration

Freeze-out temperature ~130 GeV

> EWBG
Alfredo Glioti, Riccardo Rattazzi and Luca Vecchi, JHEP04(2019)027
2
m A
SM+scalars V =miyH'H + Ag(H'H)® + =5 5% + 72 ()% + AusS"H'H,

N
12

1 3 1 1
s + 5 Am + —g*+ g%+ | T?

my — my(T) = mj + [ 1679 T169 T 1

24+ N 1
m§—>m2(T)=m%-l—[( T ))\s—l-—)\HS T?,

12 3
_ Not natural
Heavy particle N ~ 1000 !
vll'ak ) building papers
||1 & try to quote this
mechanism problem

T (GeV)
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Outline

* Brief overview of EWPT&EWBG
* Recent Progress of EWBG:

+ The tension between the non-observation of CPV and
the requirement of a large CP phase by the
EWBG(EWBG from spontaneous CPV or exotic physics)

+ The tension between observable stochastic gravitational
wave and a sizable BAU generated by the EWBG (EWBG
at high bubble wall velocity)

+ Progress in the calculation of CPV source term. (The
VEV insertion method)
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The “tension”

BAU favors low bubble wall velocity, Gravitational wave favors high wall velocity

BUbee 2 o -5 ﬂ)z( Ko )2<100)% ( ().111)2) )[ 3~8(f/fcoll)2'8 ]
e h*Qeon(f) = 1.67 x 10 (5 1+ a o) “Nomre) [Tes/ s |

S HLN [ e \2 /1003 F\° 7 /2
OO 6...1) =265 10 () (155 ) (7)o (1) [rarr

MHD ) B 4 (ﬂ) ( Fou QX )3/2 <100)% (f/ fen)?
turbulence W (f) = 3:35 x 10 B ) \1+a 0. ) U f) )3 S )

M(y) = MF(x) + (x — )0, M (x)

\ 4

1 82,y = 20Im[M?0, M) [d“y(y — X)X
' (GﬁR(x, VG (v, x) — Geplx, y)GLL<(y,x)>

BAU via the VEV insertion method

Valid in slowly varying

bubble wall background

-3 -2.5 -2 -1.5 -1 -0.5
l0g4o(Vy)

27




Improved transport equations

0.5 T I ! [ ! | ! | ! T T T T T T T T

Fromme, Huber, JHEP 2007
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BAU vs Bubble wall velocity
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CK-s: Improved fluid eq with spin source s, = sign Top triggered EWBG _ ,
. . . g . (pZ) _:::WO?gtep EWPT: y:h(2)t (1 + l%) tr + H.c.,

CK-h: Improved fluid eq with helicity source s, = 2 X sign(p,)

h(z) = —”2” (1 —tanh—LZW), m;(z) = y;h(z) \/1 + 52(z)/ A, Un =5Wn =T,  A=1TeV,
5
h _5W = = — =
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Outline

* Brief overview of EWPT&EWBG
* Recent Progress of EWBG:

+ The tension between the non-observation of CPV and
the requirement of a large CP phase by the EWBG(EWBG
from spontaneous CPV or from exotic physics)

+ The tension between observable stochastic gravitational
wave and a sizable BAU generated by the EWBG (EWBG
at high bubble wall velocity)

+ Progress in the calculation of CPV source term. (The VEV
insertion method)
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A third tension

EWBG via the WKB approximation vs via the “VEV-insertion” method

1 | |
U P — | | :

CK-fluid: Full WKB - /'/ I - J.Cline&Kainulainen, 2020 PRD =
result - // h ~.

- /!: _____
CK-diffusion: WKB — T —
source + VEV-insertion 7,f
diffusion équations; 10° T =
VEV-VEV: Full VEV- B ~
Insertion method; - _
VEV-WKB: VEV- :
insertion source term + P __:g§: g‘;}fd , _
WKB transport E--—-VE.V IVE\S]IOH =
equations. - VEV:WKB :

| | |
0) 0.2 0.4 0.6 1

Vv

w
Conclusion: the VEV-insertion method seems over-estimate the CPV source term.
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Traditional VEV-insertion method

2 2
z=0p@p -ty ar=(
Mp Mig

Kadanoff-Baym equations: Wigner transforming of the Schwinger-Dyson
equation

CTP formalism:

| 1
2ik - 0,G* = —e~  [4* G + [I", G" + —({I1”, G<} — {II<, G~
see Yeling’s talk| ="~ ¢ ([ 1+ ]+2({ b= })>

_ 1 d*k
Left-handed side: —0 ikt (G>(k, x) + G=(k, x)) = — d,(J¥(x))

2 *) Qn)*

d*k
Source term: S, = — [ 2 ([4*,G” + G| + [IT” + II5, G" + {IT”, G<} — {II<, G™})
/1
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Traditional VEV-insertion method

. 2 A aq2
"= - MIJGJJMJI

v

SLL =—2 Jd4yRe [MgR(x)G]?R(xa y)M]%L(y)GEL(ya X) o M]%L(X)G]?R(xa y)MgR(y)GEL(ya x)]

_I_

M2(v) = M2(x) + (x — V)0 M2 Valid in slowly varying
jO) = M0 + (x =)0, M) bubble wall background

S(%PV — 2IM[M20MM2] [d4y(y - X)'u X (GER(X’ y)GfL(y, X) - GI?R(X, y)GLL<(y,x))
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New insight

Marieke Postma, Jorinde ac 2 cb
van de Vis and Graham G(l) IJ 2 ¢ G(O),II (5M )IJ G(O),]J
White, C
: 2 2
arXiv: 2206.01120 G(z) = E (0) N (OM=) ;G (0) ,oM?) ;G (0) T

A4

SO = (M, (G, + G ) + M. (G, + Gi)) + [T + 1T, Gl | + (TP, Gy ) = (11,63 )

Commutation term: Sﬁ)LL = |myp |4prR [(2”L — 1) — 2ng — 1)] =2|myp |4PLPR(”L — ng),

_ DD,
Collision term S(CZ,)LL = <{H>, Gé)} — {IT~, G(>2)}> . 2|m | VLPLPR(”L — Ng) 2
L

= — 2| myg|* pLog(ng — ng)
¢(2) — §(2) G2 —
* SU =S t5¢c =9 11
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Discussion
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