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:d Baryogenesis in post-Higgs and GW Era

The observation of Higgs@LHC = zhh2mammrtgim ¢ mBETERNN «— X g
and GW@LIGO initiates a new EW . -

era of exploring baryogenesis. baryogenesis s
SFOPT by Higgs could provide
a necessary condition for EW
baryogenesis.

R

Higgs’ deep connections to

cosmology, such as Higgs
inflation, dark matter, and

EW baryogenesis testable by
particle physics experiments and
GW signals.

What is the role of Higgs in the early universe?
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<]r Sakharov (1967): three conditions for baryogenesis

® B FHURIA
o C (FafarHtiE)#0 CP (FBfr-FHAREXSETIR) BIA
o [REAFHERNITE
o NMREFEHNEFME (RKE) FHEAETH, NWASEEFHRITE,
[H,B] =0
o ERGUERF CP TFIE, BMETFHNRNIER=ESENEFEREF, TELUIEREFHIRIR,
I'(X —-YB)=T(X —YB)

o HTES SR NS FECRI RS SRS IRl (wash-out) 34
I'(X - YB)=I(YB— X)
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*Jd EW baryogenesis

A long standing problem 1n particle cosmology is

the origin of baryon asymmetry of the universe.
One beautiful dream:

After discovery of Higegs@LHC & GW @aLIGO, B, 55 B T 404 B DL
EW baryogenesis becomes a testable scenario. (EW Baryogenesis)

SM technically has all the 3 elements for baryogenesis (Sakharov
conditions)

» B violation from anomaly in B+L current;

» C and CP-violation: CKM matrix, but too weak, need new CP-violating
SOUrces;

» Departure from thermal equilibrium: SFOPT with expanding Higgs
bubble wall
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VA, h]

Sphaleron
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:J Sphaleron

o Adler-Bell-Jackiw [ : 2B BRI, EEFKE LY = o,
sge s 2 2 _
® gzﬂ-.E%)th/BfE j:IE1 7%??&*']5%??&6&% y ]B 0 J’i (@WEVWQHV - 3§ﬂ2 F,uvpu V)

AB(1) = AL(t) = ANcs = Ny [Nes (1) = Nes (0)]

£
9672

L phaleron
u; t
w B4 B FIAE 24 L 19%% Sphaleron 44, {8
= B-L =718 — Leptogenesis (see Chao and
by Han’s talks this morning)

Nes(1) =

f d’ xe €. Wi W WS (1)

_(Mu\\ . Ean(D)  Sphaleron ZEXSFRIEEA,
.o ‘r"‘”‘“(aw) M p(‘ir ) R R R B
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*d Electroweak Baryogenesis

BB IERAFIEIIARERMERTI, FEFEARTIFR

Ly = Yilgixrjp + Y;/?Lﬁbm‘f, PtL—>tR 7é Pti—ﬁcR WA 1T 8K T/ 1

R Jx % K12 5 Sphaleron
[CPILy[CPY' = YiX1wid' + Y hnxiid. A =mny — g = —(ng, — ) #0 g ’

\ Bubble wall

False Is slower
yacuum Ccp f 1+fr antileptons
(h) =0 True vacuum blation — antiquarks
ng sph ~ ~ ~ o
~ it - = —ﬂpﬁ Z (3fw, + 3fip, + fie, + fu,)

=T

generations

I'sxe o
! Sphaleron
Uu; II. FS o T4
: A
Bubble Baryon
wall velocity
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J FREIREL CP i

tRERREY CP AR

CKM matrix
provides the
source of CP
violation

92 _ + 92 _(m) (m) g7+
—% AW+ he = _EUL ﬂ/”dL Wi+ h.c.

. ; 1 0 0 c13 0 sy ci2 sz 0
CKM matrix Veru = ULDL- Vokar=| 0 ca  sm 0 1 0 —s512 2 0
0 —s23 c23 —513¢% 0 ez 0 0 1
C12€13 S12€13 s
= | —si2c23 — c12503513¢"®  cracas — s12s23s13¢ sazers .
92 _ + 92 37 1- _ 812523—('12('23513(’"5 —('12(‘23—512('2:5313("5 €23C13
— _ULVCKM’Y”dLW‘u — _dLVCKM’Y#uLWp,
V2 V2
*
g g Veru # Veru
CP 2 7 T — 2 _ % +
— — EdLVCKM’YMULWH — EULVCKM’YMCIJ.LW# .

Jarlskog invariant
J =1Im (V,gVesVEVY) ~ 3 x 1077

Acp ~ (My T ] (mi —m3) T (mi —m3)J sV
i>j i>]
u,c,t d,s,b

Phys. Rev. Lett. 70 (1993) 2833-2836;
Phys. Rev. D50 (1994) 774; Mod. Phys.
Lett. A9 (1994) 795-810; Phys. Rev. D51
(1995) 379-394
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VTR ELRY CP BAA BLASEH baryogenesis!
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*Jd EW baryogenesis
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*Jd EW baryogenesis

Credit:
T. Cohen
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*J EW baryogenesis

Bubble wall
False
vacuum fr+fr
(h) =0
The First Particles, B fr
FPH,
arXiv: 2501.15543 ! Sphaleron

Z)w ‘\\ FS o T4

\
Baryon

Bubble wall is a natural filter Bubble
for baryogenesis wall velocity
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Cross over for my> 75 GeV

From SFOPT for my<75 GeV

fattice VAT T>T. TeTey T<T

simulation V(4 T) 4 Tl b o o ;o
/ ’)

/ ’/

Smooth ,/
transition /
/

SM Higgs Potential

Quantum
tunneling and T: Tcn'tzTEW

. Thermal
fluctuation
/ T < TEW

par ¢
‘ -
EW Vacuum (0g,=v)

EW Vacuum (§pnq=v)

Extension of the Higgs sector is needed to SFOPT for 125 GeV Higgs boson.

We discuss well-motivated extensions (baryogenesis) of Higgs section to realize strong first-order
phase transition (SFOPT) with abundant cosmological effects.
EW phase transition and its GW signals becomes realistic after the discovery of Higgs by LHC

and GW by LIGO.

2026/01/31 Fa Peng Huang, Baryogenesis Revisited: CP Violation and the Dynamics of the Higgs Phase Transition



J (REAEEFRM

TR AR 551
TARE—RIEE!
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*Jd EW baryogenesis

Over the past several decades, many EW baryogenesis models have been ruled out
by collider experiments, EDM searches, and related precision measurements.

See Wei Chao and Chengcheng Han’s talks for recent new progress on the new
baryogenesis models.

To clearly show the general experimental predictions of the EW baryogenesis
models, we take the following two models as benchmark models:

SHYH o - K
_ 150, f Lo sorg+ 1,22 — 1ygt _ L g2
L= Low — yiy SQuitn +He. + 50,80"S + Sp2S? = TAS* — ZkS*(H'H)

2026/01/31 Fa Peng Huang, Baryogenesis Revisited: CP Violation and the Dynamics of the Higgs Phase Transition 17



:d SFOPT and Higgs potential

What is the shape of Higgs Current data tells us nothing but the

potential? quadratic oscillation around the VEV
’s 246 GeV with 125 GeV mass. mass
- L o6 . A
77 / ‘ o Byl S
\~’§\\ R \(h_d’\dff ‘ </) ) 2 1“ /, + 4 /)
\\’/ \Q/" o /\ 1 |
— or Vih) = 5/1“/1“ — I/rJ‘ -+ ;\—';’h(-}

SM Higgs Potential

Produce a SFOPT, large deviation of
Higgs trilinear coupling, and GW

Xinmin Zhang Phys.Rev. D47 (1993) 3065-3067;C. Grojean, G. Servant, J. Well PRD71(2005)036001
D.J.H. Chung, A. J. Long, Lian-tao Wang Phys.Rev. D87(2013) 023509

FPH, et.al, Phys.Rev.D94(2016)n0.4,041702 ; FPH, et.al, Phys.Rev.D93 (2016) n0.10,103515
arXiv:1511.06495, Nima Arkani-Hamed et. al.; PreCDR of CEPC; arXiv: 1811.10545.CDR of CEPC

Fa Peng Huang, Baryogenesis Revisited: CP Violation and the Dynamics of the Higgs Phase Transition
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https://arxiv.org/abs/1811.10545

:d SFOPT and Higgs potential

SM EFT | |
LD —p?|H[* = NH[* + cg|H|°

+ c7O1r + cww Oww + other dimension-six operators

Or(nz)y ~ (0.26cww 4 0.01cpp + 0.04cw g — 0.06¢cy — 0.04cr + 0.74cgg)g

+0.28¢7 4 1.03¢h — 0.76¢%) x 1 TeV? + 0.0165),.

SFOPT produces large 5
modification h
of trilinear Higgs coupling

Taking a general study of the scalar extended models and the composite Higgs
model as examples, we find that the Higgs sextic scenario still works well after
considering all the dim-6 operators and the precise measurements.

C 6 dominates the hZ cross section
deviation

Qing-Hong Cao, FPH, Ke-Pan Xie, Xinmin Zhang, arXiv:1708.0473,

2026/01/31 Fa Peng Huang, Baryogenesis Revisited: CP Violation and the Dynamics of the Higgs Phase Transition 19



:d SFOPT and Higgs potential

One examples Qing-Hong Cao, FPH, Ke-Pan Xie, Xinmin Zhang, arXiv:1708.0473,

‘ . A
6L =D, ® ' DID® — MDD — f(qﬂ‘@)? — MOTOHTH — \y|® - HI?

— X3[(@- H)? 4+ h.c]+ (nu|H|? + na|®[*)(® - H + h.c.),
Using Covariant Derivative Expansion method, the matched dim-6 operators and their
coefficients in the doublet scalar models are obtained:

Dimension-six operator
Oww = g*|HIPW,, W+
Ony = —3(D"W5, )
Ouw = 59" W W W,
Ogg = ¢ |H|* B, B*
Owe = g¢ H'e"HW? B*

oy

Wilson coefficient

cww = —7 =2+ A2)ﬁg

_ 1 5‘_
CQW_(‘W) a0

7
Caw = W 1 Tg‘

$
CBB = WE(Q)‘ +A ) M2

Mg 1
Cwp = —f(m U M7

055 = -3(0"B"")’ P _q(%n_flf

On = 30 HF) o = g Ot + (N + e + 03+ X))y
= %(H*Bpﬂ)z or = ﬁz%p\z )ity
= |HP'|D,HI r = g O + 508+ 93
Os = |H[°

g = T??—I + ﬁg[%/\@ﬂ% + 67}@(/\1 + )\2) - 5(2/\1 + 3/\21))\2 + 3)\1/\% + )\%) 20 4+ o) A2 ]M
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< SFOPT and new Higgs potential

FE55—ZRETRISCHL: Modify the Higgs sector

Daniel J. H. Chung, Andrew J. Long, and Lian-
Tao Wang, Phys.Rev.D 87 (2013) 2, 023509

1. Thermally (BEC) Driven

+u2ecTHn?| [FT0HP] [en]

Effective Potential [ Vg |

Higgs Field [ h|]
IIB. Tree-Level (Non—Ren.) Driven

Effective Potential [ Vg |

Higgs Field [h]

2026/01/31

Effective Potential [ Ve |

Effective Potential [ Vegr |

IIA. Tree—Level (Ren.) Driven

Type. 1

“AL < [ e
6m7+6my, +3my+am Gy, +3m:
cont = i H’Ll Sz H esnt = "‘“3
- _ 3
6m? A2 6m3 A2
8 i1 2t o+ 8 (1 AL
esM + 75,5 (1 me ) esm + gt |1 g
P 3/2
ME X+ Eixpto+ con + 55 2 esnt +6 (%)
QIHI?|X|?
M2\5'\2 +z Aslsit + csM + 53¢ esMm + gs¢"
2¢2 |H|? S|
Ap o A 3
p21S12 + At + osm + 2 2k esnt +2 (242 )
Ans |HI? |52 +
Ly Suiv; + he
% 2X3+ A, o [ A3\ 9
#LDID + Ap(DTD)? + sy + 22312 esnt + 0 2(3
xsHYHDI D + AgtAg—A5)3/2
. e 23EAZAG
A ‘H'D‘
4 + (A3+A;+Ar)ﬂ/2
(As/2)(HTD)? 4 h.c.] 2

Higgs Field [ h |

III. Loop Driven

Type. ITA

AL

105)° - |87+ 5%+ 48"+ SHIHS® + $HIHS?

105 - |35 + Y51 + $HIHS?|

135 D2+ Ap D' + My [HP D + M [HID” + (As/2)[(HTD)? + h.c]

AW

AH, HyN — 5N3 4 rN

AH HpS + ™29

3

. K, . " o 7 -
—)\iHlHQl/;' + Sk I/;I/;V;; + Y,/UHQLL'V;‘

Higgs Field [h]
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] EW SFOPT

Multi-step phase transition g Pl
S A True vacglm
T, = Tron
Tocp
| —) . h
> {H Vocp v
O T¢ EW ) o )
o trn2 MScr  Asca | AHS 4y Wei Liu, Ke-Pan Xie,
Vo(H,S) = = H'H + Au(H'H)" = 2287 4 75874+ == H HS Phys.Rev.D 110 (2024) 11, 115001
® p D
3
0.0 (0,(9)) | . o _,.:-’;./
2nd((h), (9)) ’
2nd 1st 1st
0 Wmoy h o >h T=4—p—2—>
Zizhuo Zhao, Yuefeng Di, Ligong Bian, Rong-Gen Cai, Wei Chao, Huai-Ke Guo, Xiu-fei Li,
JHEP 10 (2023) 158 Phys.Lett.B 849 (2024) 138430
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:d SFOPT and Higgs potential

SFOPT leads to obvious deviation of the i HUH -
tri-linear Higgs coupling v

tri-linear Higgs coupling

LW
I I I I

1 . K 3
[/h hh = — a (1 —+ (Sh. )Ahh'5 At one-loop level, deviation of the + He. F (HTH)

35 -

6, € (0.6,1.5)

The Circular Electron Positron
Collider (CEPC), ILC, FCC-ee can
precisely test this scenario by precise
measurements of the hZ cross

3 section (e- e*——hZ).
0sE "3 SM NNLO hZ cross section recently
e ™ o e e e e T by Lilin Yang, et al 20160 Yu Jia et

A Tx(GeV) at 2016

N N Ohzdn 70 See the works of

/W I o N Lilin Yang, Zhao Li
Ohz,SM .
Yu Jia et.al,
2026/01/31 Fa Peng Huang, Baryogenesis Revisited: CP Violation and the Dynamics of the Higgs Phase Transition 23
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:d SFOPT and Higgs potential

Hints at hadron collider: Modify the invariant i HUH - i
mass distribution of Higgs pair due to ~Ty T Qrilur;
interference effects: r 1 He -2 ( ot H)3

- e A2

gasSEisio) —— — > Two peaks for the baryogenesis scenario, SFOPT requires
o _‘SM‘ —1"2  one peak for the SM.
------- EWB(3,=18=0.1) »> Due to the difficulties to suppress
EWB(5,=15,=0) backgrounds at the LHC, it will be difficult fi3 E ( 0 . 6 1 . 5 )
to completely pin down these anomalous ?

coupling at 14 TeV LHC, even with 3000
ab~! integrated luminosity.
> Exploiting boosted tricks helps to increase

ability to extract the anomalous couplings.
» More precise information may come
from future100 TeV hadron collider, such as I{ 3 E [ S 0 . 4 ] 6 . 3]
SppC, or future lepton collider, such as

4.5

S

w
w

Current constraints from LHC

N
N

o
)]

do/dM,, 1/c (TeV™")
]
o
III\‘\IlllHH‘\III‘\HI'HH‘HII'IHllllH‘\Hl

A T T P

T ——
200 300 400 00 600 700 800 900 1000 CEPC'

i S HEIIIEE R TR
B35 TR SR E
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:J Phase transition GW in a nutshell

e — _ e =
.‘I,J:-%Q,'”(f—r/(') 8.7TG
o Overlanni f d RU\ - _R gu\' + A g;n = 4 ’rlu'
Bubble collision verlapping of soun ! ! . )
i shell
| . . V2
l . \ h,-j(x,t) + 3th-j(x,t) Y hij(X,t) = 167G Hij(X, f))
Shells of rarefaction . @
y ; Shells of compression
Overlapping of sound aniSOtrOpic stress tenor:
shell ' Bubble collision E. Witten, Phys. Rev. D

source of GW 30, 272 (1984)
C. J. Hogan, Phys. Lett.
B 133, 172 (1983);

Detonation mode Deflagration mode M. Kamionkowski, A.
Kosowsky and M. S.

General form IT;; Turner, Phys. Rev. D 49,
2837 (1994))
' (1T
[0:90;¢] EW phase transition
Turbulence GW becomes more
interesting and
i ¥ i g isti
[_ E; E_,— — B; B_,-] rc_:allstlc after the
discovery of
oV, 0, P Higgs by LHC and
GW byv LIGO.

Xiao Wang, FPH, Xinmin Zhang, JCAP05(2020)045

2026/01/31 Fa Peng Huang, Baryogenesis Revisited: CP Violation and the Dynamics of the Higgs Phase Transition 25



:J Phase transition GW in a nutshell

1
characteristic frequency of the GW signal { fs = 72 > H *]

€. — 0. H Ratio of the typical length-scale of the GW sourcing
o Towa TR process (size of the anisotropic stresses) and the
Hubble scale at the generation time

Hz

7 1/6
;_ f _ 1.65 x 10~ (g(T*)) T

100 GeV

FHL 55 AH AR o B R AR S AEmH B 0T, W AE 210 5] 1)
SIS (LISAY K5 B RN X 8]

2026/01/31 Fa Peng Huang, Baryogenesis Revisited: CP Violation and the Dynamics of the Higgs Phase Transition
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*Jd GW experiments

LISA/TianQin/Taiji ~2034

povei T

~
D
134--20“( S
- = ~

i~ ~

=~ - kM

RE"
“Harpe in space”
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*d Phase transition dynamics

Theory: The most important Finite-temperature effective potential
and difficult phase transition Ver(9,T)

parameter for GW, dynamical (8 Tp ‘R*\g

DM, baryogenesis is bubble
(1). Daisy resummation problem: Pawani scheme vs. Arnold scheme

Wall Vel()city Uw (2). Gauge dependence problem: see Michael J. Ramsey-Musolf’s works
(3). No perturbative calculations: lattice calculations
and dim-reduction method: by D. Weir, Michael J. Ramsey-Musolf et.al

*

Experiment: GW Bubble wall velocity C——) Energy budget

experiment is most this talk ), R
sensitive to bubble

S. Hoche, J. Kozaczuk, A."J. Long, J. Turner and Y. Wang F. Giese, T. Konstandin, K. Schmitz and J. van de

wall VelOCity Uw 5 arXivi2007.10343, arXiv:2010.09744
Avi Friedlander, Ian Banta, James M. Cline, David Tucker-  Xjao Wang, FPH and Xinmin Zhang,
_ Smith, arXiv:2009.14295v2 . Phys.Rev.D 103 (2021) 10, 103520
arXiv: 2404.18703 Xiao Wang, FPH, Xinmin Zhang,arXiv:2011.12903 Xiao Wang, Chi Tian, FPH, JCAP 07 (2023) 006
Aidi Yang, FPH Siyu Jiang, FPH, xiao wang, -

Phys.Rev.D 107 (2023) 9, 095005
2026/01/31 Fa Peng Huang, Baryogenesis Revisited: CP Violation and the Dynamics of the Higgs Phase Transition 28



*J Bubble wall is essential (like a filter)

The most essential parameter for
phase transition GW, phase
transition DM, baryogenesis U,

GW detection favor lager Uy,
EW baryogenesis favor smaller Uqy
Dynamical DM is sensitive to Uy,

S. Hoche, J. Kozaczuk, A. J. Long, J. Turner and Y. Wang, arXiv:2007.10343,
Avi Friedlander, lan Banta, James M. Cline, David Tucker-Smith,

arXiv:2009.14295v2

Xiao Wang, FPH, Xinmin Zhang,arXiv:2011.12903
Siyu Jiang, FPH, xiao wang, Phys.Rev.D 107 (2023) 9, 095005

2026/01/31

Deflagration

01 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
Vi

1078

10-9 4

10-10 4

1011 4

h?Qcw

10—12.

10~13 4

1014 4

LISA SNR=5

TianQin SNR=5

10-15 T
1073

405T's

1072 107!
Frequency (Hz)

e = 472 Yy Vo G

7 [ d2hn,(2) fn(z) e 0T/ 4ve v
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:d SFOPT and Higgs potential

Correlate particle collider and GW signals: double
test on Higgs potential from particle to wave

1078 - 7
10~ The cross section could be
107105 measured with an accuracy
> 10—11,\\\ ;,’/ 0f 0.25 % at CEPC.
j,,i,.»f“' Chin.Phys.C 49

= (2025) 123108

10713

(50’}12:2.1%
10714 A=600 GeV

(S()'hZZI 8%
A=650 GeV

10~ 103 10-2 10!

0°
f [Hz] arxiv: 2502.20138
FPH, et.al, Phys.Rev.D94(2016)n0.4,041702 ; FPH, et.al, Phys.Rev.D93 (2016) n0.10,103515

2026/01/31 Fa Peng Huang, Baryogenesis Revisited: CP Violation and the Dynamics of the Higgs Phase Transition 30


https://arxiv.org/abs/2502.20138

*J Model Parameter Reconstruction

: arXiv:2511.02612, Aidi Yang, Chikako
Time Delay Interferometry ™\ — p . timati
: arameter estimation
channel noise of Idegawa, and FPH
TianQin and LISA i .
Fisher matrix
. Simulated . Geometric Machine_ Model
Astrophysical foregrounds — d » parameters —> parameter A
ata . learning -
reconstruction reconstruction
Bayesian nested

Signals from | H|6 sampling
dimensional-six (Polychord)
Higgs model A2 -

Detector Benchmark Atyye [GeV] reconstructed A (Mean + Std) [GeV] 68% CI [GeV] 95% CI [GeV]

LISA BP; 548.31 547.99 + 0.39 [547.54, 548.32] [547.00, 548.57]
BP; 549.02 549.39 + 0.22 [549.16, 549.57] [549.01, 549.90]

BP; 550.16 554.34 + 2.49 [551.36, 556.97] [549.95, 558.69]

TianQin BP; 548.31 548.07 + 0.30 [547.77, 548.33] [547.31, 548.53]
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*Jd EW baryogenesis

Extra CP violation source: Modify the phase of the Higgs sector

k2 (DT
FPH, 0L = —x— Az qLicDuRJ,. +H.c. — P((DT Ik
Phys.Rev.D 93 (2016) 10, 103515 2
2 h[Re ()it + i (2% ) EyPt]
. . 1}2 _ _
which can be rewritten as mh(att + ibty°t).
5+ o an3
L= —Lhi(1+ 6F + 077t t T 9AZm,
v
5 b

CP violation in baryogenesis (this CP

violation source is strongly me(2) = (L1 5 1 i AP h(z) = my(2)]e
constrained by recent EDM data.) v

405T epn i,
T}B — ‘—‘p} /dz )uBL fsph e 4‘]Psp11|z|/(4TJwall)

See Meng Xiao’s talk 412 00an 95T

Large theory uncertainty [5— ~ 0(0 01])
t e
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https://inspirehep.net/authors/1274171

:d Transport equations

Precise calculation of electroweak baryogenesis is

difficult 2 2
:%p(ucj& )tLtR+hc s mbt) = L+l = e

0

Dirac equation for particle state
( L R)d) ]DL, — %(1:’:75)

_ qr _—jwt Ls
o= ()=o) o

(w—1s0,)Ls = mR,, (w+1is0,)Rs =m"Ly
(w4 i50.) - (w — isd) —m*| Ly = 0, |(w — is0)——(w + isd.) — m| Ry = 0
Wt is0:) —(w —isd:) —m"| Ly =0, w —isd:) —(w +isd) —m| Ry =

WKB approximation Ly = w(z)e'd “p(2')d

w + _ 1
p=po+> 2 IR 062), p=sign(p)Ve? —m]? = w=+\/(p+0/22+ ml?— st

6‘”) _ _(m?)? (m*0") ] o — 41 for particle/anti-
2w 2w? ‘

._ . . . . — _ _'_ SSC :
Semi-classical force acting on particles [P ( . particles
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:d Transport equations

The distribution of particles follows the Boltzmann equations - m2e’

. : Vg = F T onSkegpap
(vy0. + Fd, ) f = C[f] j
1

f - B.BITuI(EuI +'U1upz:)_1uv] :{: 1 + 5'f

of ( 2EE.  4EE,

The CP-even perturbations can
determine the bubble wall
velocity which is also essential

James M. Cline, Kimmo Kainulainen,
Phys.Rev.D 101 (2020) 6, 063525

for baryogenesis.
4 M R . . N
— AFARY, @itk FEIE T T FolasmaP oy H i A7 HE ) 742 RN
Ay A [ 1) Morment w=((%) o) o
{ _an | @mpeg, TP oh ) expansion CP-violating

p=f PN e
7)1 = (%) &)
) ! . (%) =) @)y source
KM R#E G HFRFINETHEREHGEKS 5

d . P2 (m) 2 sy
S af) = ((vﬁf)g— 5 a)(f,‘““rﬁfa)7:\70[(f,“+5f;)]:

yeh(z) iy, (1 + ZLZ)> tn + H.c.

a e\ e ey, )0 U C ) g A
A& Tk e 7 g c , 2,
K 422 69flow ansatz L & A At U‘JtL + m‘f Bt ?'UtL o 5CtL = St’ U,‘,b' = (Iuo’,f.a 'U,m')T
wuncation scheme, KA [t gt 45 7 o 8t 44 it / 21 ’
360 5 4 24 R ' Aywy, +mpy Bywe, —0Cy,, = Sp,
J
! Ay, + mi' Bywgy, — 6Cyy = —St,
— HRARNES A, AR B R R R R Uy, Ly J 2¢
H — =
[ #—FTHRAMEHAFEHR. OB ETEARPMAELN HMET ] K Ahu,h + mh‘ Bh Wh 60‘& 0=
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*J CP-violating source

B [R[1E:Bubble wall velocity is essential in EW baryogenesis
low/high bubble wall velocity, thin/thick wall, local/non-local

Precise calculation of EW baryogenesis requires to solve the transport equations

vacuum expectation value insertion approximation (VIA)

D n” v ‘?,11-'I . VIA n.| = ; | / d’i}' '[r(S:’ (I. _\‘J)E{ (J"- )_') + {x > y}) A.RiOttO, Phys.ReV.D53, 5834( 1996),
ing +vwin; — G [1n5] = |Sviai, Nucl. Phys.B518,339(1998).
—{Z < 5} (-mzé)")’
semiclassical (WKB) formalism —vwYuwhsp QEE fo.,
m?(m?)'0" [ f "
! +Uw7wh"p 3 (_ F}{w.ﬁ(u )
A i + ( Q)IB_ i _ CWKB — 1m AE*E; E
N\ m; i\ 1 M. Joyce,T.Prokopec,andN.Turok, Phys.Rev.Lett.75,1695 (1995);
i i S KB ,i

J.M.Cline and K.Kainulainen, Phys.Rev.Lett.85,5519 (2000).

In Phys.Rev.D 101 (2020) 6, 063525, James Cline and Kimmo Kainulainen make a comparison between the
two methods in a given model, they found that the predictions typically differed by factors of 10-40.
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* Bubble wall velocity

Systematically calculation of bubble wall velocity in specific model:

Standard Model (small Higgs mass):

Guy D. Moore,Tomislav Prokopec, How fast can the wall move? A Study of the electroweak phase
transition dynamics, Phys.Rev.D 52 (1995) 7182-7204

Minimal Supersymmetric Standard Model:
P. John, M.G. Schmidt, Do stops slow down electroweak bubble walls?, Nucl.Phys.B 598 (2001) 291-305

Higgs + scalar singlet:
Jonathan Kozaczuk, Bubble Expansion and the Viability of Singlet-Driven Electroweak Baryogenesis,

JHEP 10 (2015) 135
Avi Friedlander, [an Banta, James M. Cline, David Tucker-Smith, Wall speed and shape in singlet-

assisted strong electroweak phase transitions, Phys.Rev.D 103 (2021) 5, 055020
Inert Doublet Model:

Siyu Jiang, FPH, Xiao Wang, Bubble wall velocity during electroweak phase transition in the inert
doublet model, Phys.Rev.D 107 (2023) 9, 095005
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* Bubble wall velocity

The Guy Moore’s method would be invalid at around sound velocity, there are
some other solutions:

New ansatz:
Benoit Laurent, James M. Cline, Phys.Rev.D 102 (2020) 6, 063516

James M. Cline, Avi Friedlander, Dong-Ming He, Kimmo Kainulainen, Benoit Laurent, Phys.Rev.D 103
(2021) 12, 123529

Marek Lewicki, Marco Merchand, Mateusz Zych, JHEP 02 (2022) 017

Benoit Laurent, James M. Cline, Phys.Rev.D 106 (2022) 2, 023501

Stefania De Curtis, Luigi Delle Rose, Andrea Guiggiani, Angel Gil Muyor, Giuliano Panico, JHEP 03
(2022) 163

Higher order corrections in Guy Moore’s ansatz
Glauber C. Dorsch, Stephan J. Huber, Thomas Konstandin, JCAP 04 (2022) 04, 010
Glauber C. Dorsch, Daniel A. Pinto, arXiv:2312.02354

Phenomenological parametrization of friction (friction=nv,,)
Ariel Megevand, et.al, Nucl.Phys.B 820 (2009) 47-74, Nucl.Phys.B 825 (2010) 151-176 ...
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*J Bubble wall velocity

Hydrodynamical backreaction:
Marc Barroso Mancha, Tomislav Prokopec, Bogumila Swiezewska, JHEP 01 (2021) 070
Wen-Yuan A1, Bjorn Garbrecht, Carlos Tamarit, JCAP 03 (2022) 03, 015
Wen-Yuan A1, Benoit Laurent, Jorinde van de Vis, JCAP 07 (2023) 002
Shao-Jiang Wang, Zi-Yan Yuwen, Phys.Rev.D 107 (2023) 2, 023501
Jun-Chen Wang, Zi-Yan Yuwen, Yu-Shi Hao, Shao-Jiang Wang, arXiv:2310.07691
Tomasz Krajewski, Marek Lewicki, Mateusz Zych, Phys.Rev.D 108 (2023) 10, 103523

Bubble wall velocity for ultra-relativistic bubble walls (run-away criterion):
Dietrich Bodeker, Guy D. Moore, JCAP 05 (2009) 009

Dietrich Bodeker, Guy D. Moore, JCAP 05 (2017) 025

Stefan Hoche, Jonathan Kozaczuk, Andrew J. Long, Jessica Turner, Yikun Wang, JCAP 03 (2021) 009
Aleksandr Azatov, Miguel Vanvlasselaer, JCAP 01 (2021) 058

Yann Gouttenoire, Ryusuke Jinno, Filippo Sala, JHEP 05 (2022) 004

Wen-Yuan A1, JCAP 10 (2023) 052
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< CP-violating source

Semiclassical (WKB) formalism vs VEYV insertion approximation (VIA)

WKB: The CP-violation source is
accompanied by CP-violating force

CP even part:
/v determine the bubble
. m?' wall velocity
Ss - 'wiw2_f07
w

(m291)f m29rm2’

fo =

SSCPV = —SVwlw ( (fé - ’waf(g'))

2WW 4wdw,

CP odd part: source of
the CP-violation

VIA: The VIA treats the space-time-
dependent mass term as a perturbation,
which comes down to a Taylor
expansion of the KB equations with the
Higgs vev as expansion parameter.

However, recently, it has been shown that VIA source
vanishes at leading order in the gradient expansion.

S = [*&{21‘&) —i—A(‘] + [H> —i—H(‘,Ah] + {H},A(‘} _ {H*(:A)}

=0
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*Jd EW baryogenesis

Recently, it has been pointed out that the VIA
source terms exactly vanish by performing
correct resummation of 1PI self energy.

EW baryogenesis
with high bubble
wall velocity

CP-violating transport theory for Resummation and cancellation of the VIA source in
electroweak baryogenesis with thermal electroweak baryogenesis
corrections

P.Auclair, C.Caprini, D.Cutting, M.Hindmarsh,
Marieke Postma,® Jorinde van de Vis® and Graham White® 3 H

Department of P University of Jyviskyli, s K.Rummukainen, D.A.Steer and D.J.Weir,

PL 35 (YFL), | 10014, Finland Nikhef, [arXiv:2205.02588]

Helsinki Institute of Physics, University of Helsinki, Science Park 105, 1098 XG Amsterdam, The Netherlands

PL 64, Helsinki 00014, Finland ! ® Deutsches Elektronen-Synchrotron DESY, J.Dahl, M.Hindmarsh, K.Rummukainen and D.J.Weir,
Notkestr. 85, 22607 Hamburg, Germany IarXiv:2112.12013].
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Abstract. We derive CP-violating transport equations for fermions for electroweak baryogen- ABSTRACT: We re-derive the vev-insertion approximation (VIA) source in electroweak

esis from the CTP-formalism including thermal corrections at the one-loop level. We consider
both the V sertion approximation (VIA) and the semiclassical (SC) formalism. We show
that the VIA-method is based on an assumption that leads to an ill-defined source t
1s to ambign
d divergences. We t efully review the derival
> thermal corrections. We pre

baryogenesis. In contrast to the original derivation, we rely solely on l-particle-irreducible
self-energy diagrams. We solve the Green’s function equations both perturbatively and

containing a pinch singularity, whose regularisation by the

resummed over all vev-insertions. The VIA source corresponds to the leading order
contribution in the gradient expansion of the Kadanoff-Baym (KB) equations. We find that
semielassical Boltzmann equations for thermal WKB-quasiparticles with source te up to it vanishes both for bosons and fermions, both in the perturbative and in the resummed
the second order in gradients that contain both dispersive and finite width cor ons. We approach. The non-existence of the source is a result of a cancellation between different
also show that the SC-method reproduces the current div nee equations and that a correct
implementation of the Fick’s law captur cal source term even with conserved
total current &% = 0. Our results show that the V st ambiguons,

but that it does not exist. Finally, we show that the collisional source terms reported earlier KEYWORDS: Baryo-and Leptogenesis, Cosmology of Theories BSM, Early Universe Particle
in the semiclassical literature are also spurious, and vanish in a consistent caleulation. § = ' e ’ ?

including spurious ultraviolet and infra
of the semiclassical formalism and extend it to incl

terms in the KB equations, and persists after resumming the masses.

the semi

A-source term is not

Keywords: baryon asymmetry, cosmological phase transitions, particle physics - cosmology
connection ARXIV EPRINT: 2206.01120

ArXiv ePrint: 2108.08336
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*Jd EW baryogenesis

SEIG R M -

Large enough pretty small

CP-violating source Strong tension . .
5 in most cases CP-violation

for successtul M to avoid strong EDM
EW baryogenesis constraints
de| <4.1x107% ecm

Science 381 (2023) 6653

How to alleviate this tension for successful baryogenesis?
Dynamical CP violation for baryogengesis ?
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*Jd EW baryogenesis

Question: How to alleviate the tension for successful baryogenesis ?

Answer: Dynamical CP-violating source

Negligible
CP-violating source
at current time

Large enough Alleviate by assuming the

CP-violating source CP-violating source is time dependent

for successful . to avoid strong EDM
EW baryogenesis Dynamical/cosmological evolve constraints

> Effective field theory: rpu, zhuoni Qian, Mengchao Zhang,Phys.Rev. D98 (2018) no.1, 015014;FPH,Chong Sheng Li,
Phys. Rev. D 92, 075014 (2015); lots of works

> Renormalizble model: Complex 2HDM,Xiao Wang, FPH, Xinmin Zhang, arXiv: 1909.02978, work in progress with Eibu
Senaha, Xiao Wang in an extended IDM model

Baldes, T. Konstandin and G. Servant, arXiv:1604.04526;1. Baldes, T. Konstandin and G. Servant, JHEP 1612, 073
(2016);S. Bruggisser,T.Konstandin and G. Servant, JCAP 1711, no. 11, 034 (2017)

See Matthew Reece‘s recent study on the dynamical CP-violation.
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* Dynamical CP violation

Evading the EDM constraints — Dynamical CP violation FPH, Zhuoni Qian,
gn Mengchao Zhang,
yn—QrPtr + h.c.
An Phys.Rev.D 98 (2018)

Effective Langrangian

2026/01/31

1,015014

N~ = 1 1 ,., 1 |
L= Lsv — yt%SQL(I)tR +H.e+ EaFLS@“S + 5;1,282 — —AS* - EHSZ(@T@).

4

V H o 1 2 H2 1 22 lA H4 1)\ 4 EHQ 2

tree( 10) - _2“5"-\"1 - 2;“ o+ 4 SM + 1 o+ 4“‘ a .
V(H,0,T) = 2 ;U%*M 2 2 I o 1 4 2 2 4
.0, T) = (DyT" - T)H +(D,T" — 7)0 +Z()\SMH +KkH 0"+ \o”)

1 1
Dy = 32(8/\5“11-1-9 +3¢* + 4y? + 2x/3), D, = 24(2%-1—3)\)
A= (5 PAsm(L+8y), w2 = (14 3,2)
2\sn1 "“”z,\
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* Dynamical CP violation

Taking the effective scenario as a representative example:

. 1 1 1 1
Lon — yt%SQLCDtR +He+ 29,80"S + Jp?? - JAS" — kS (@10)

The singlet and the dim-5 operator can come From many types composite

(S> 1 Higgs model, arXiv:0902.1483 , arXiv:1703.10624 ,arXiv:1704.08911,
J. R. Espinosa, B. Gripaios, T. Konstandin and F. Riva, JCAP 1201, 012 (2012)
® CPV #0 J. M. Cline and K. Kainulainen, JCAP 1301, 012 (2013)
A
Baryogenesis Les
SFOPT—P[ g (%Ws 1o 880
10-15
. / N
O / X
CPV =0 S0 / A
@ > = |7 u-becico AN
@6 < )y
(@) 2N
10715 — N
Phys.Rev. D98 (2018) no.1, 015014 , FPH, Zhuoni Qian, Mengchao Zhang 10 0.001 0-010 0.100 !

f [Hz]
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* Dynamical CP violation

Symmetry breaking Pattern Constraints and predictions in particle physics experiments
(0.0)  (0.(5)) = ((®),0) o
v(Ie) 2v |Dp—Ds Lo = — (—* + = ) S (aft + ibEvyst)
T, mp \| 0 — 20,2 A Av
04 ! — Qg a apy b(]’c; a ajpy
- v = Ty SGLG — LSGLG
2 QQGEVV pr bO{EW g
+ i SEwF A SF,, F".

mulz) = BHE) (14 (14 )52) = ()]

405T

B = 42,9, T

/dz H'BL fsph 6_45 Fsph‘z|f[41:'b)
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*d Dynamical CP violation: C2ZHDM

! |
Zero temperature ;2 g5 12 pld, — (2,010, + he.] + S 0(2181)° + S 0y(81,)?

1
+ A5 (D1D ) (DID,) + Ay (D1 D,) (DD, + k)\s(@{@zﬁ + h.c.] ,

Xiao Wang, FPH*, a0 _ 1 p1+ i o0 _ L p2 + in
1= 2 =
Phys.Rev.D 101 (2020) V2 \ o+ ¢+ i V2 \ vy + G+ ittn
1, 015015
01 = arg[(m3,)*A;] .
0y = arg[miyvviAi] ,

m2, | sin(d; — 62) = v?sin©®cosO | A | sin(d; — 252) .
12

Finite temperature
(bg-’l’) _ L ( p1+im ) q)gf) _ L ( Uep + p2 +1in2 )
V2 \ 5 4 ¢+ ity V2 \ Gy +iiiop + G + it
Evade the

[ ’f:‘l(T - U) = 1y, ﬁg(T == 0) = U3, ’ﬁcp(T - U) = Vcp = U, ’ﬁCB(T - 0) = VUeB = 0, EDM
constraints
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*d Dynamical CP violation: C2ZHDM

mass eigenstates

The coupling
parameters in the
original Lagrangian
can be written as

— 2 2 2 2 _ 2 2
V=4[] + 03+ 05p V5 = A/ U]+ U5, =246 GeV
H; G C1C2 51C2 52
H | =R & |- R =1 —c¢18283 — s103 €103 — $18283  CaS3
H3 C3 —(C159C3 + 51853 —C183 — §159C3 CaC3
1
_ 222 2 2 2 2 22
5o [mlclc2 + m3(c381 + €18283)° + mi(c1c382 — $183)° — p”sin O] ,
v2cos? O
_ 1 2.2 2 2 2 2 2 2052 ©
= —— [m181(22 + ms(cic3 — $18283)° + m3(c3s18e + ¢183)° — pu” cos ] ,
v2sin” ©
1
Ag= ———— m2c2 + m2(s2s2 — 2 + m2(s2c2 — 52 C181
Uzsme)cos@[( 162 5(s583 — c3) 3(s5¢3 3))
2 2 y
1< — 2m4
2 2y .2 2 f Hy
+ (m3 — m3)(cy — s7)s20385] — 2z
2.2 2.2 2.2\ .2 2 2
m3is; + (m3s3 + micg)cs + p1* — 2miy, . o ,
4= ’ = -
2 B= ?)zsze(m'u)
13
—misi — (m3s3 + mici)c + p?
Re(Xs;) = 5 :
v
Im(Xs) = 2¢y [(_ 2 4 22 o 22) +( 2 2) ]
mlAs) = 2 Sn O my MoSy MgCq)C152 msy Mg )5153C3)
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*d Dynamical CP violation: C2ZHDM

potential in the 1, , ) 1. 4

C2HDM Viree(D) = mufvl + M2 (7;2 + P2 + vpp) Re(miy) 0102 + Im(miy)010cp + g)\lfffl
- - Lo 12 "9 [~ N N 1. 5, .

+ g)\z (vg + Uap + U%B) + Z}\gvf (’ug + 5 + U?jp) + Z}\wf (’U% + ’U%p) v = {1, U2, Vop, Von}

1 1
+ ZR@()\;,)??%(@% — Tgp) — EIm(Aﬁ)ﬁfﬁzﬁgp .

2/~ 5. s=WH, 2,
Vew (7)) = i 4;2 Z:n,,.mi(ﬁ) [103; m# (2”) _ 0} C, = 2 - Y
Ver = om2,®1®, + dm2,01d, — [(§Re(m2,) + idIm(m?2,))®Id,y + h.c)]

M@+ oA (0f0,)7 + DX 1) (@)0,) + A(@]0) (@)

+ %[(5126()\5) + i Im(As)) (P! dy)% + h.c]

+ 0T1(G + 01) + 0T(Ca + D2) + 0Tep(tha + Dep) + 0Tep(pe + Ton)-

4 2 4 2
Vi = Z %RFJF (%) + Z ZTanJB (T;—f) Jpip = ]oo dza? log {1 F p*\/m]
F 0
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*d Dynamical CP violation: C2ZHDM

|Vee| [GeV]

0.5

0.0 1

(0,0,0,0)

One-step strong FOPT

FOPT
RN

-~ o~ ~ T—0
(UI:UQJUCP:UCB) ; (UI:UZJO:O)

250

200

-
o
o

"
=)
=]

V&V [GeV]

v

12

2026/01/31

80

T [Gev]

v [GeV] my [GeV] m2 [GeV] my, [GeV] Re(mi,) [GeV?] 6, (2 03 tan®
BP, 246 125.09  356.779  581.460 29939 1.470 0.0223 -0.097 4.17
BP, 246 125.09  603.699  629.564 73628 0.817 3.687 x 1073 -1.557 1.216
BPs 246 125.09  455.834  685.479 85376 0.880  -0.0156 1.568 1.399
BPy 246 125.09  458.834  683.679 85376 0.880  -0.0156 1.568 1.399
BPs 246 125.09  490.698  525.220 20392 0.932 0.0101 -0.514 1.608
BPFs 246 125.09  485.698  530.220 20392 0.932 0.0101 -0.514 1.608
BP; 246 125.09  495.698 525.220 20192 0.932 0.0101 -0.514 1.608
BPg 246 125.09  481.698 533.220 20192 0.932 0.0101 -0.514 1.608

modification of Higgs trilinear coupling and ZH cross section

pattern Ty, [GeV] ¢(Tp)[GeV?]

g « 8

@@one-loop d0(ZH) \

BP,
BP,
BP,
BPy
BP;
BPs
BP;
BP;

1-step
1-step
1-step
1-step
1-step
1-step
1-step

1-step

59.653  6.892 x 107 0.825 0.192 648.04

45.291
25.964
23.644
40.912
36.639
26.529
27.621

4.493 x 107
2.771 x 107
2.714 x 107
2.954 x 107
2.61 x 107
2.121 x 107

2.188 x 107

0.875 0.376 630.77.
0.964 2.149 471.69
0.974 3.060 414.95
0.874 0.372 915.23
0.895 0.510 313.28
0.952 1.509 100.33

0.947 1.325 81.825

\

1.135
1.338
1.677
1.723
1.652
1.672
1.720
1.680

1.816%
2.141%
2.684%
2.737%
2.643%
2.674%
2.752%

2.687%
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*d Dynamical CP violation: C2ZHDM

Two-step strong FOPT
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*d Dynamical CP violation: C2ZHDM

Three-step strong FOPT
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*d Dynamical CP violation: C2ZHDM

® Extra CP-violating source for electroweak baryogenesis can dynamically appear at
finite temperature in the complex two-Higgs doublet model, which might help to
alleviate the strong constraints from the EDM experiments.

® The extra CP-violation can be tested by GW signals in synergy with the collider
signals.

® GW complementary to collider signals can help to pin down the underlying phase
transition dynamics or different phase transition patterns.
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* Bubble assisted baryogenesis

New baryogenesis (leptogenesis) models: Bubble assisted baryogenesis (leptogenesis)

® Mass gain mechanism: Particles gain mass after passing through the bubble wall, and the mass is
much greater than the temperature, causing them to instantaneously deviate from thermal equilibrium,
thus avoiding being washed out.

® Bubble induced conversion or radiation: During the process of particles passing through the
relativistic bubble wall, they can convert into or radiates into superheavy particles, and the subsequent
decays generate baryon asymmetry or lepton asymmetry.

® Bubble collision: Similar to the bubble second one, leptogenesis can be realized through the decays of
sterile (right-handed) neutrinos produced from runaway bubble collisions, thereby enabling high scale
leptogenesis without the need for high reheat temperatures while also naturally suppressing washout
effects.

® Filtered baryogenesis (leptogenesis): Only a small fraction of dark matter particles are energetic
enough to enter the true vacuum bubbles, while the rest are reflected and annihilate away quickly. In
the false vacuum phase, a portal interaction quickly converts the dark sector chiral asymmetry into a
Standard Model lepton asymmetry.
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:Jd Summary and Outlook

» The correlation between GW and
collider signals can make
complementary test on the Higgs
nature, baryogenesis and the
cosmic evolution history around
100 GeV.

» More precise study are needed:
resummation, non-perturbation,
bubble dynamics (wall velocity),
CP-violation source...

» Precise measurements of Higgs
triple coupling and Yukawa
coupling are urgent.

~ NIRRT & EBETERNS = X gy
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