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A mystery and an elegant solution

The baryon-matter asymmetry of the Universe Where is

n
Yy = ?B ~ 8.58x10711

Calling for physics beyond the SM

[_eptogenesis Yanagida et al, Phys.Lett.B 174 (1986) 45-47

* Right-handed neutrino vy, explaining SM neutrino mass VL
* CP-violating decay, I, .oy > T}, 74 2

Lepton asymmetry Y; generated
SM EW sphaleron process partly *
converts Y; — Yp

Solving the baryon mystery via the Iepton dynamics! Vg decays
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Thermal leptogenesis

r>»>m,,,
Vg in equilibrium

Typically described by a set of Boltzmann

equations
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W o o
e o | g H
L o® ¢ ° ) . o ‘
..o 0.0. .. TvaR’
| e, ‘| out-of-eq. decay

10"

\) 107F

10%F

107

-4

10

..,

numerical
analytical

Buchmuller et al, 10"

Annals Phys. 315 (2005) 305-351
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Initial condition

Thermal leptogenesis
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Nonthermal leptogenesis .
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) No thermal washout
Scenarios:

1. Inflaton decay ¢ — vpVy during reheating or preheating
2. Cosmic first-order phase transitions (FOPTs) [this talk]



What is a cosmic FOPT?

Decay of the Universe between two vacuums

Bubble expansion velocity v,

4

¢ =0
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Why can it produce heavy particles with m > T.?
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What is a cosmic FOPT?

Decay of the Universe between two vacuums
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FOPT at T,
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Bubble expansion velocity v,

¢ =0

Why can it produce heavy particles with m > T.?

Plasma frame

If v, = 1, meaning y,, > 1:

Wall-rest frame

The bubble can touch a scaleup to y,, T, > T,
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Bubble-assisted leptogenesis

Previous work:

Mass-gain: ¢pvg Vg Light-to-heavy: ¢y, vp Bubble collisions

Huang and KPX, JHEP 09 (2022) 052 Azatov et al, JHEP 10 (2021) 043 Cataldi et al, JCAP 11 (2024) 047

* New physics scalar ¢ with T, = 107 GeV
* Supercooling T, K w,, and y,, > 1 driven by large vacuum energy
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Bubble-assisted leptogenesis

Previous work:

Mass-gain: ¢pvg Vg Light-to-heavy: ¢y, vp Bubble collisions

Huang and KPX, JHEP 09 (2022) 052 Azatov et al, JHEP 10 (2021) 043 Cataldi et al, JCAP 11 (2024) 047

* New physics scalar ¢ with T, = 107 GeV
* Supercooling T, K w,, and y,, > 1 driven by large vacuum energy

This work:

* The SM Higgs h with an EW phase transition at T, ~ 10% GeV
* NOT a supercooled transition, but with y,, > 1
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Leptogenesis from an EWPT

A first-order EWPT: triggered by physics beyond the SM

See for example Wang et al, Phys.Rev.D 87 (2013) 2, 023509

Bubble nucleation and expansion

Vr(h,T)

———
—_——
—_—
—_——
—_——

EWPT at T,

The Higgs field h

Fatal difficulty

EW sphaleron Og¢ = Hi[c_lf'iCIﬂ [f%i%] Kuzmin et al, Phys.Lett.B 155 (1985) 36
Reaction rate o< e ~8™(h)/(gwT.)
Inside the bubble (h) ~ T,
Suppression x e 7388 =~ 10717 « 1
Y, — Yy forbidden!!

Ke-Pan Xie (¥#7H7), Beihang University



Leptogenesis from an EWPT

A first-order EWPT: triggered by physics beyond the SM

See for example Wang et al, Phys’Rev.D 87Y2013) 2, 023509

To resolve this, we consider an
inverse EWPT:
From (h) + 0 to (h) = 0!

Fatal difficulty
e EW sphaleron Og¢ = Hi[c_lf'lqa [?Z;lgi] Kuzmin et al, Phys.Lett.B 155 (1985) 36

* Reaction rate « e 8™/ (GwT.)

* Inside the bubble (h) ~ T,
 Suppression x ¢7388 =~ 10717 « 1

Y, - Yp forbidden!!
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Vectorlike lepton (VLL)

Color singlet Dirac fermions

F=()~2.m N~1g E~1,

Same charge with £, Pure singlet Same charge with ep

Free particle Lagrangain
F(iy*D, — mg)F + N(iy#d, — my)N + E(iy*D, — mg)E

Gauge kinetic Bare mass term

Yukawa couplings
—Yn, FrRHN, — yn [ HNg — yg, FRHE] — yp F1 HER
After the EWSB: transforming to mass eigenstates
(FO’ N) — (Nli NZ)/ (F_, E) — (El, EZ)
Neutral VLLs Charged VLLs

Sizable yy, . and yg, .: significantly affect the Higgs thermal behavior
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Coupling to the SM Higgs field

Decreasing temperature

T>v

The thermal history

_yNLFRHNL — yNRFLHNR — YELFRHEL — yERFLHER

25
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The inverse EWPT

Not supercooled (T,,; = v,1), but features relativistic bubble walls

Decreasing temperature

T>v
Inverse EWPT (h) =0
my, = 0
Tnl
[
m; =0
TnZ /
Yw = > 1
1-v3
T=0

SM particles aspirated by the bubble, v, = 1

Qua ntitatively Y ~ 300 Azatov et al, JHEP 12 (2024) 056
' I'w
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The 2"d-generation: VLL'
Higgs portal: — yI'VLF}'zI:I'NL' y,(,RﬁiﬁNé — y,gLFéHEi — Vi FIHER

U(1)g_,-breaking: — NL — AyF/HN/
SM lepton interactions. Yo VELEYHN) — Y uS¢F)y — Y o ASP¥HE,
t
SM lepton doublet
a=ce, U T

Reminder:

F' = (53) ~2_1 N ~1p E ~1_

Same charge with #; Pure singlet  Same charge with ep

Ke-Pan Xie (41[H7}), Beihang University
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The 2"d-generation: VLL'
Higgs portal: — yI'VLF}'zI:I'NL' y,(,RﬁiﬁNé — y,gLFéHEi — Vi FIHER
U(1)g_,-breaking: — NL — AyF/HN/
SM lepton interactions. Yo VICYHNG — Y0 use — Y ASPYHER

After EWSB, let Nj = vi, F5° = v3, and N/ - Si, FL’0 - §F

O3x3 mMp  O3x2)\ /vf -
T L v, witha =e, i, T

_E(VL vs S| mp  Oxxx Mg V}g vk and SE, with i = 1,2
Oox3 Mg U St

ml yNR 1 Anv
. N N
1 2 2
Mass matrices m% (yD Mg), M7 =, V2 ,and ;= , V2
yNLv ! L’U O
mF \/'z
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The 2"d-generation: VLL'
Higgs portal: — yI'VLF}'zI:I'NL' y,'VRFL'ﬁN}’Q — y,';LF}'gHEi — Vi FIHER
U(1)g_,-breaking: — NL — AyF/HN/
SM lepton interactions. Yo VICYHNG — Y0 use — Y ASPYHER

After EWSB, let Nj - vz, F° = v3, and N/ - Si, FL’0 - §F

0 m 0 ¢ .
1 3>7<,3 D 3%2 VL v, witha =e, i, T

_E(VL vs S| mp  Oxxx Mg V}g vk and SE, with i = 1,2
Oox3 Mg U St

/
YNV ANV
! R ANZ
B my Un >
v V2 3
Mass matrices m$ (yD ug), Ml =, ,and p;; =

V2 YN,V ANV
L m; N; 0

V2 F 2

Minimal inverse seesaw Xing et al, Phys. Lett. B 679 (2009) 242-248

2 2
* Lightest SM v massless, and m, ~0.1 eVX (mD) ( H ) (Tev)
GeV 0.1 MeV MR

* Near-degenerate heavy Majorana neutrinos y with my ~ Mp, i%
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The 2"d-generation: VLL'

Higgs portal: — yI'VLF}'QI:I'NL' y,(,RﬁiﬁNé
U(1)g_,-breaking: — NL — AyF/HN/
SM lepton interactions. Yo VILYHN), —

Neutrino mass origin

- yéLF;’zH Ep — ye FLHER

Yo i tiFr — Yo AL HER
Cruual for RHN production
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Bubble-assisted leptogenesis

Light-to-heavy transition of £, — E on the wall
Yw ~ 300, €; energy in wall frame ~ 60 TeV

T>v
Inverse EWPT (h) =0
g
2
© YWTnl > mi‘ > Tnl
)

11 £ -
el [Tm Wall frame _ISPHE
)

s
QD ”,4
£ «-”
(] n2 ~
o |
()] ~‘~\\/ 1
~ Z
T=0

Calculated by the Higgs background field theory Bodeker et al, JCAP 05 (2017) 025
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Bubble-assisted leptogenesis

Assuming a mass hierarchy my > myp > my

T>v
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Cascade decays among the vectorlike leptons

Inverse EWPT (h) =0

Cascade decays
E'>FH,FF > NH
—yi, FRHEL — yg FLHER
— yn, FRINL =y FLHNg
(Pseudo-Dirac) N', N’ ~
~ X1,2 (near-degenerate Majorana)

End of the vectorlike lepton decay chain: lightest Majorana y; ,
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Bubble-assisted leptogenesis

m, > Ty, instant decay of y — ¢H /PH* via seesaw vertices

Inverse EWPT (h) =0

T>v

-
-
-
-

T., / TG~ eH) - [(x - ?H)
I'(y > ¢H)+T(x - ¢H)

Decreasing temperature
~
=
'y
i
i
i
i
i

T=0

Active EW sphaleron inside the bubble: Y; — Yz

x far away from equilibrium, no thermal washout effects
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Check list (1)

After the charged VLL production, we want this process

E' 4

Cascade decay (producing y) N' ~ x12
Not the following processes
E' - H F' - H E’
F' X
Annihilation (no y produced) Thermalization

EI

4

(no y produced)

Easy to satisfy, as the 1 = 2 process has larger phase space

Ke-Pan Xie (47 H7), Beihang University
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Check list (2)

For the Majorana RHN y, we want this process

X CP-violating decay from seesaw vertices ~ O(107°)
\ (generating Y, and then Yp)
?

X
Annihilation from yy, ., ~ 0(1)

(no Y; generated)

X —— H

Yukawa enhancement

Not easy to satisfy! Need careful check /~
* The reason of choosing inverse seesaw instead of type-| seesaw
* The reason of first producing E’ and then decaying to y

K The direct production rate of y is too low
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Parameter space

Baryon asymmetry generated
Decay asymmetry x produced via EWPT (inherits from E')

l :
28 nians JmN/Tnz z'%dz’ vy, (2)
exp §—

Yr = — € / /
B 719 fdfcs(Tnl) mt /1, S(my)H(my) 2y,

Y, — Yg factor Fraction of decay Thermal washout, suppressed by my = 20T,,;

;

The the decay products £ & H thermglize, and
experience inverse decay YH —» y - fH”
Need my = 20T,; ~ 4 TeV to suppress this
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Parameter space

Baryon asymmetry generated
Decay asymmetry x produced via EWPT (inherits from E')

; /
28 l g me/T”Z z'%dz’ vy (2)
exp

YB ~ Efdec or / / eq
719 1 $(Th1) "/ Tra s(my)H(my) 2Y,
2071

Fraction of decay Thermal washout, suppressed by my =

Y, — Y factor

 Casas-lbarra: mp = UpMNsm,i/ZR,u_l/zMg, yields oscillation data
~1/2

e CP violation dominated by the new physics phase from u

—unN[N[ /2

Mass eigenstates after EWSB
, 0.00

—0.02F

€1+6€

—0.04F

< —006:

my, [TeV] parameter un [eV] asymmetry
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Conclusion

A novel leptogenesis mechanism realized by the vectorlike leptons via
the Higgs field electroweak phase transition

Inverse
seesaw!

Inverse
1%t-generation: F, N, and E

* Lighter mass mg y g ~ TeV
* Stronger Yukawa yy, ., Vg, . ~ 3
* Inverse EWPT: not supercooled, but y,, > 1

2"%-generation: F’, N', and E’
* Heavier mass mg y g ~ 4 TeV
* Weaker Yukawa Yy, ., Vg, , ~ 1

* |nverse seesaw: neutrino mass origin and nonthermal leptogenesis

Phenomenology: Higgs measurement (e.g., h —» yy, h » t7177), heavy
lepton searches, gravitational waves

Thank you!
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Backup: particle production on the wall

In the wall frame, the E’ flux injected to the bubble interior

d*p p~ 1
= | Gy AP,z (D)
R (271)3 p0 eYw(pl=vwp?)/Tny 1 — TL7ER

J \_ J
Y Y

7; flux hitting the wall Transformation probability

According to background field theory
1 d*k 0 0y 52 2
AP g (P) = szj 500" — k8% (pL — k)M

In the plasma frame, the produced E’ number density

2
nplasma ~ 6.4%10" 7><T3 /111-) (vnl)z 257:111
Eg 0.1)\T ms

The produced y density ni ~ npl,asm with initial Y‘n = nm/s(Tnl)

ERr
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