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Introduction
@0000

The Standard Model (SM) of particle physics

( 22Mev N [ 128Gev N[ 1731Gev ) [ 0 N\

Its current formulation was finalised
in the 70’s and predicted:

@ the W & Z bosons
discovered in 1983
{_ down )| strange J| bottom | photon

@ the top quark Ve Ve Vah

discovered in 1995 e

L v J\ charm J{ top

( aivev N[ svev Y[ 418Gy Y [ 0 )

| gluon

QUARKS

GAUGE BOSONS

LEPTONS

. knledronj \ muon | tau ) kZI:u:mmJ
@ the tau neutrino o T e e
discovered in 2000 G
) ) \ tri J \_ tri AN atri J \Wb°5°"1
@ the Brout-Englert-Higgs mechanism (Eo )
a scalar boson discovered in 2012

Higgs
SCALAR BOSON

VK experiment experiment
JEK: Ask not what your esuntry can do for you - ask what you can do for your eeuntry.
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Introduction
(o] Jelele]

SM and the need to go beyond

What is missing: I I m

 22vev N[ 128Gev N[ 731Gy \ [ 0 N\
@ a suitable Dark Matter candidate
wn
. . E L v J\ charm J| top )| gluon
@ a successful baryogenesis mechanism NN N e
. . 3 (d ) 5
e strong first order phase transition b Q
\_ down )| strange )| bottom )| photon ) g
o sufficient amount of CP violation ° p- < . |4
(%] =
. . . z n muon n <
@ a natural inflation framework oA A JA = A0
w
@ an explanation for the fermion mass " Q@
. " \ tri J \_ tri J\\ atri v, \Wb°s°"1
hierarchy N
eoe
@ a stable electroweak vacuum Higgs

SCALAR BOSON
= beyond the Standard Model

= scalar extensions of the SM
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Introduction
[e]e] Tele]

Scalar extensions of the SM

SM + scalar singlets

@ Dark Matter severely constrained 1 1l L]

SCALAR BOSONS

( 22vev [ 128Gev Y[ 131G Y[ 0 \
@ CP violation not possible " o ° o o
é v U charm J ter ) gluon )
2HDM: SM + a doublet gr N N S YD 9
° @ Q|2
@ Dark Matter constrained & CPV incompatible h Q
\_ down )| strange )| bottom )| photon ) 8
@ CP violation severely constrained & DM PR FNPNNPNE
incompatible g ° ° 2
o kele-:tronJ \ muon J{ tau ) kZlmscmJ V)
N e Y SR Y TR YECETR
3HDM: SM + 2 doublets i G G
-
@ Dark Matter many exotic possibilities emeutrino | | eneutrino ) | rneutrino J | W boson )
125 GeV. \ / \
@ CP violation unbounded dark CP violation @ e @
@ Inflation easily achieved + exotic possibilities \_Higgs )\ Miggs )| _Higgs
o

Bonus: fermion mass hierarchy explanation
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Introduction
[e]e]e] o]

Simplest and best in agreement with observation

Slow roll inflation:
driven by a scalar field (inflaton) slowly rolling down its smooth potential

Inflation

—Q

Potential energy

\
Value of
reheating end inflaton
the universe inflation field

Garcia-Bellido, [arXiv:hep-ph/0303153 [hep-ph]]
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Introduction
0000e

The Higgs inflation model

W>0,A>0 W<0,A>0

V(o)
Vo)

The SM Higgs potential:
V(¢) = —uho'¢ + Ni(0'0)°

6.x107

Introducing a non-minimal
coupling to gravity &:
_gJ f:l.xlﬂ'”
L= \/? [(f¢2 + M§/)R :
+H0u9)" = V(9)] , o,

0 2107741077 6.x1077 8.x1077 Lx1070 12x10710 14x 10710
$(in Mp)

Choudhury, Chakraborty, Pal, [Nucl. Phys. B 880, 155-174 (2014)]
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CP-violating inflation
000000

3HDMs: 3-Higgs doublet models (non c’e due senza tre)

two scalar doublets + the SM Higgs doublet
¢1, P2 P3 =0,

Ivanov, VK, Vdovin, [J. Phys. A 45, 215201 (2012)], Ivanov, Vdovin, [Phys. Rev. D 86, 095030 (2012)]
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CP-violating inflation
0e00000

Zr-symmetric 3HDM with dark CPV

Lagrangian invariant under a Z, symmetry (—, —, +):
b — —1, P2 — —a, SM fields — SM fields, ., — P

and respected by the vacuum (0,0, v):

ht h Gt
_ 1 _ 2 —
O1 =\ hting | 2=\ mting |> Goe = | vihtic®
V2 V2 V2
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CP-violating inflation
0e00000

Zr-symmetric 3HDM with dark CPV

Lagrangian invariant under a Z, symmetry (—, —, +):
b — —1, P2 — —a, SM fields — SM fields, ¢ — Puu

and respected by the vacuum (0,0, v):

ht h Gt
_ 1 _ 2 —
O1 =\ hting | 2=\ mting |> Goe = | vihtic®
V2 V2 V2

Only ¢, can couple to fermions: ¢, = ¢g = e = ¢..,

_L:Yukawa = Yuéiigz(ﬁzu;‘, JPTEE N
+YaQLbadr IR

_ l l
+Y.L ¢eer + hec. LL‘iLLI:,

No contributions to electric dipole moments (EDMs)

VK, King, Moretti, Sokolowska, Rojas, [JHEP 12, 014 (2016)], VK, [Phys. Rev. D 101, 073007 (2020)]
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CP-violating inflation
[e]e] lelelele]

Zr-symmetric 3HDM with dark CPV

The scalar potential: V = Vj + Vz, with
Vo = —pi (o] &) + Ni0]#1)” + N8l oi)(0] &) + Xi(ol ei)(ef o) (i=1,2,3)
which is CP conserving (real parameters),
Vz, = —piia(¢]62) + M(6]2)” + Aa(616..) + Aa(8l.61)* + hc.

which is CP violating (complex parameters).
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CP-violating inflation
[e]e] lelelele]

Z>-symmetric 3HDM with dark CPV

The scalar potential: V = Vj + Vz, with
Vo = —pi (o] &) + Ni0]#1)” + N8l oi)(0] &) + Xi(ol ei)(ef o) (i=1,2,3)
which is CP conserving (real parameters),
Vz, = —piia(¢]62) + M(6]2)” + Aa(616..) + Aa(8l.61)* + hc.
which is CP violating (complex parameters).

The action of the model:

S)= / d“x\/%[— %MifR — D¢ D i — V — <§:|¢,-|2 + G(plen) +h.c.> R]
N—_——

Zp—symmetric

[ The sources of CP violation are A\; = |A;]|e’”t and & = |&4] €.
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CP-violating inflation
[e]e]e] lelele]

The inflationary potential V = V

Fields affecting inflation: ¢; = \/% < 0_ ) . o= % ( 0_ )
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CP-violating inflation
[e]e]e] lelele]

The inflationary potential V = V

0 0
Fields affecting inflation: ¢, = % < - ) , = ( , )
L+ im

Some algebraic gymnastics

I

Potential in the Jordan frame: V(hy,ni, h2) — V(h) = %Xhl“
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CP-violating inflation
[e]e]e] lelele]

The inflationary potential V = V

0 0
Fields affecting inflation: ¢, = % < - ) , = ( , )
L+ im

Some algebraic gymnastics

I

Potential in the Jordan frame: V(hy,ni, h2) — V(h) = %Xhl“

Conformal transformation: h — A =6 Iny/1+7 h2/M2,

~ o~ 4 ~ 2
Potential in the Einstein frame: v (4) = %% (1—e*2*‘/‘/5>

N}
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CP-violating inflation

0000e00

The slow-roll parameters

The inflationary potential:

1. T T T

oF iy =7/3 ]

A — G =n/2

0.2F AR

— G =n/d

T N

A

he sl I 142 1dvV 2 d 2 &2V
The slow-roll parameters: ¢ = : M (w—~) an = M3 =<4
p Mo T aa n Pl 37

1 1 Vv
24712 €y Ml‘;l

The spectral index: As =
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CP-violating inflation
00000e0

Planck constraints in the ns-r plane

10.002

0.25

0.20

0.10

0.05

0.95

Planck TT,TE,EE+lowE
Planck TT,TE,EE+lowE+lensing

% +BK15+BAO

0.96 0.97 0.98 0.99

Tensor to scalar ratio r = 16¢ and the spectral index ns = 1 — 6¢ + 2n

Aghanim et al. [Planck], [Astron. Astrophys. 641, A6 (2020)]
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CP-violating inflation
000000e

Planck constraints on the scalar power spectrum A

As = (3.044 £ 0.014) x 107°

&4 for central value A

30
25
0.17
2.0
0.16
® 15 0.15
0.14
1.0
0.13
0.5
0.0
In Higgs inflation: €| ~4.785 x 10° /Xy = [¢] ~ 10
In RockStar inflation: |éa] ~ 4.785 x 10* NS |€a] ~1/6
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Baryogenesis
[ ele}

Reheating and scalar asymmetries

Instant reheating: the inflaton quickly decays to ¢

¢1\\ , 1) b1 \\ 5 ’,‘f’
~ e ~ P 2‘\\ ’
N . A 4 7
~ z N / A ’
N L N ¢
KX J® N
’ A 7’ \ N
7’ N ’ N / N
, N , N ’ N
’ N v ~ e A
’ N ’ ~ ¢9 AN
4 N ¢1, ¢
@ PYEEW ¢ o= I O=X%

MG sos o< Az and MEEG g o< A
loop * * loop
M¢1¢1_)¢¢O()\1 /2)\2 and M¢;¢f_)¢*¢*0()\1/2>\2

Interference between tree & loop diagrams = unequal ¢ & ¢* numbers

1 ree loo 2 ree loo
Acp |Mf¢>1¢1—>¢¢ + Mg el — ‘M;N{ﬁa&%* + M¢;£;—>¢*¢*
x Im [A1>\2)\3] Im[lz] o —|)\1| |A2| |)\3| sin(61 + 0, + 93) Im[lz]
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Baryogenesis
oeo

Chemical potentials

The asymmetry in particle species i:

N,':I'I,‘—h;:

gT? . 2 for bosons
6 M 1 for fermions

At temperatures after reheating - well before the EWSB

Primordial thermal bath: All Yukawa interactions are in equilibrium:
- = pw W6 " = pw-—p- —po=0
Ho— = ph— W‘uLElL = MW+MuL_MdL:0
Hgo = Ho Wvie, = pw+py — e =0
My > M, Q- 9dv = —ltd, + o + pdp =0
Key s Mo, P Qua ) ug =~ — po+ pug =0
Hugs Hegs Her b-¢er = —pie, + o+ pep =0
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Baryogenesis
ooe

Scalar asymmetry yields baryon asymmetry

Above EWSB critical temperature T¢: 7° = 0 = puw =0

Sphalerons at T > T¢: 2pud, + pu, + pov, = 20w + 3pbu, + po, = 3pbu, + pov, =0

Combining this with Q =0: p,, = _éﬂo

The comoving baryon asymmetry

73 Hu Hw 7 73#0
=— 14 L—|—2—> = ——
Yas 25( T T 6

The lepton number comoving asymmetry

_ T fabu  opw  po) _ 51 T3 o
Y=gy (- R) =% TR

The asymmetry in ¢ will convert to a baryon and a lepton asymmetry.
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A 1-slide Summary

Three scalar doublets:

_ 1 0 1 0
¢’_‘/§(hl+r'rn)’¢ \/i(hz+rr)z) / f(v;,+h;)
Inflaton SM-Higes
The potential:
= —ui(880) + Nl #]6)” + Xi(6]6) (8] 8)) + Nj(6] 6,)(6] 67)
vz, = —ha(8]62) + Ai(6]2)? + Ma(856,)* + Ns(8]61)* + h.c.

W0 ) T

The sources of CP-violation are A1 = |\1|e”t and & = |€4] €%

The action: \

5= / /8] ~ SMER— Dy} DF i~ V- (5,-|4>,-|2 + E(dldn) +h.c.) R]

2,—symmetric

[ , 0 ¢1\ o ,¢
N e N P2~ .
N . N \ .
N 7 N o/
8, K N
, N ¢,/ ~ 62 7 \é
[0 N 1 . — e
- ¢ -y L O=%

CP-violating inflation —3» Baryogenesis
Venus Keus (DIAS) RockStar Baryogenesis

1. T T T T T T T

Summary
[ o)

The inflationary potential:
V(&)= Mo (1 - crﬁ/ﬁ")2

&4 for central value A

0.17
0.16
0.15
0.14

0.13

T00 05 10 15 20 25 30
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Summary
oce

Take home message

SM + scalar singlets
@ Dark Matter severely constrained

@ CP violation not possible

2HDM: SM 4+ a doublet

@ Dark Matter constrained & CPV incompatible

@ CP violation severely constrained & DM incompatible

3HDM: SM 4+ 2 doublets

@ Dark Matter many exotic possibilities
@ CP violation unbounded dark CP violation
@ Inflation easily achieved + exotic possibilities

@ Bonus: fermion mass hierarchy explanation
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BACKUP SLIDES
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Motivation
[ eJelele]

Baryon asymmetry in the universe

Sakharov's conditions for a successful baryogenesis mechanism:

@ B-violation
o C & CP-violation
@ Departure from thermal equilibrium

d’ Vud  Vus  Vub d
s’ | = Ved Ves Ve S
b’ th Vt‘; Vt,b b

[V %V iV 2V = CPV]

316 BANG scaud

ASMME TRy
I 3
ea

Observation %(%l ~ 1072 > 10720 provided by the SM

= New sources of CPV needed.

Venus Keus (DIAS) RockStar Baryogenesis August 12, 2025 20



Motivation
(o] lelele]

Dark Matter

We know it exists because of:

@ galactic rotation curves
o the CMB pattern
‘ e

None of the SM particles
are suitable DM candidates.

= Beyond the SM

Weakly Interacting Massive Particles
(WIMPs)

DM DM — SM SM, DM 4 SM, ...

pair annihilation stable

Venus Keus (DIAS) RockStar Baryogenesis

v(kmls)

100

R(kpc)

jon Curve

Atoms
Dark
4.6% Energy
Dark 71.4%
Matter
24%

August 12, 2025
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Motivation
[e]e] lele]

Inflation: an exponential expansion in the early universe

Explains: generation of primordial density fluctuations seeding structure
formation, the flatness, homogeneity and isotropy of the universe

Venus Keus (DIAS) RockStar Baryogenesis August 12, 2025 22



Motivation
[e]ele] o]

Fermion mass hierarchy in the SM

Fermions

’» Bosons. —‘

Higgs —

First econ First
generation generation generation

Tognark ®
102 .L
Z

w

Bottom quark

. 10!
No explanation for U
10° Q
~ 6 Tau
e my/me~ 10 R
107! .
Muon
e m;/m, ~ 10" | —

@ vp quark
107
[

Electron

Mass (giga-electron-volts)
5

107
Massless
oson

10710 ) i
) @ ciuon

Muon neutrino | Tau neutrino , Photon

1071
[Electron neutring

10712
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Motivation HDM

[e]e]ee] }

The SM electroweak vacuum is not stable

0.10
ool M, =125 GeV ]
’ X 3¢ bands in Higgs
M, =1731£0.7 GeV i
= oo6F \ N potential
= Y ,(My) = 0.1184 = 0.0007
£ \
B 004f
g
8
2
g 002
o
£ 000
£
002
=000 T
100 10° 10° 10 10 102 10" 10'S 10 10%

RGE scale ¢ in GeV
V = —12¢1¢ + A(¢T$)?
= Scalar extensions can stabilise the EW vacuum.

Buttazzo, Degrassi, Giardino, Giudice, Sala, Salvio, Strumia [JHEP 1312, 089 (2013)]
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SM+S
®0

Scalar singlet extension of SM

the SM Higgs doublet + a scalar singlet
0] S

() =

5SS — SM SM, S /A SM SM
—_— —
pair annihilation stable

Venus Keus (DIAS) RockStar Baryogenesis August 12, 2025 25



SM + scalar singlet DM v/, CPV x

DM protected by a Z» symmetry (+, —) from decaying to SM particles.
SM fields — SM fields, ¢ — ¢, S — —S

The Lagrangian and the vacuum are Z; symmetric: (¢) = v, (S) =0

L=Lsy+ = (85)2 m2S52% — AsS* — Apsp?S?

Relic density Direct detection Collider
Indirect detection experiments
DM DM
N 7
v y 7 y
DM\ SM N /DM
N hi“ | BSM RSM_ « 4

s N
DM, o /\ \DM
N N

Tension: all relevant interactions are governed by the same coupling!

Venus Keus (DIAS) RockStar Baryogenesis August 12, 2025 26



2-Higgs doublet models (2HDMs)

the SM Higgs doublet + a scalar doublet
P1 ¢2

G+ H+
o1 = ( htiGO ) o = ( H+iA)
V2 V2

Venus Keus (DIAS) RockStar Baryogenesis August 12, 2025 27



Z>-symmetric 2HDM DM v, CPV x

DM is protected by a Z» symmetry (+, —) from decaying to SM particles:
SM fields — SM ﬁelds, ¢1 — ¢1, P — — o

Z> symmetry: only ¢1 couples to fermions ¢, = ¢pg = pe = 1

_L:Yukawa = Yu@ii02¢zu;\’ T Ydéz(z)dd,‘l? Sl YeZIL(z)ee;? + h.c.

G* +
Z> symmetry respected by the vacuum: ¢1={ 0 |, ¢2= (&)

V2
DM candidate: the lightest neutral particle from the dark doublet
HH — h—SM, HA—Z —SM, HH™ — W* - sSMm

Tension: all scalar interactions are governed by the same coupling!
Gauge couplings are fixed!
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CP-violating 2HDM

Break the Z; symmetry and let the two doublets mix

28 3
¢1 - v1+h0] +ia°1 ) ¢2 - vg+h20+ia20

V2 V2

No Dark Matter candidate!

Mixing doublets means h; (mixtures of h?,z, 3(1)’2) are CP-mixed states
h;

- ~o
.
. N

ol

I . !
'LLLH%"y

contributing to electric dipole moments (EDMs).

CP-violation is very constrained!

VK, King, Moretti, Yagyu, [JHEP 04, 048 (2016)] VK, Koivunen, Tuominen, [JHEP 09, 059 (2018)]
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3HDM
©0000000

3-Higgs doublet models (3HDMs)

two scalar doublets + the SM Higgs doublet
¢1, P2 ¢3

Hy Hy Gt
P11 = <H1+:A1> P2 = <H2+:A2) ; ¢3 = (h+i@°)
V2 V2 V2
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3HDM

0O@000000

Zy-symmetric 3HDM with dark CPV DM v, CPV v

DM is protected by a Z, symmetry (—, —, +):

¢1 — —¢17 (bz — —@2, SM fields — SM ﬁelds, ¢3 — ¢3

Z symmetry respected by the vacuum (0,0, v):

Hf Hy Gt
o=\ Hria |, G2 = | Hytiry | s $3 = | vihtic®
2 V2 V2

Only ¢3 can couple to fermions ¢, = ¢4 = ¢ = ¢3 and h; = h

=Y o w7 i
—Lvukawa = YuQL’UZ¢uuR RN

+ Yy QLbadr IR

- l !
+Y.L ¢eer + h.c. Lﬂw

No contributions to electric dipole moments (EDMs)

VK, [Phys. Rev. D 101, 073007 (2020)]
Venus Keus (DIAS) RockStar Baryogenesis August 12, 2025
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3HDM
00®00000

Zy-symmetric 3HDM with dark CPV DM v, CPV v

DM is protected by a Z, symmetry (—, —, +):

¢1— —d1, g2 — —¢o, SM fields — SM fields, ¢3 — ¢3

Z symmetry respected by the vacuum (0,0, v):

H1+ H; GT
&= m+in | G2 =\ mo+ir, | $3 = | vintic®
V2 V2 V2

DM candidate: the lightest CP-mixed state 51 234 (mixtures of Hi 2, A; )

5 s I S A% S v,v*
h < WVZW\< Ny -i {
St ;oS g v, v* S v, v*

Tension released: the extended dark sector allows for annihilations,
co-annihilations and CP-violation!

VK, King, Moretti, Sokolowska, et al., [JHEP 12, 014 (2016)]
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3HDM

[e]e]e] le]elele)

Current & upcoming experimental probes
New LHC / HL-LHC Plan

o Collider experiments
e 2021: LHC-RUN-III

o 2026: HL-LHC —_— )
e 2028: CEPC :
ONnT
° DM experiments XENON10 XENON100 XENONIT oy
e 2020: XENONnT
e 2022: CTA

@ GW experiments \
] 2027 DECIGO 2005-2007
o 2034: LISA mission

@ Precision experiments
e 2020: (g —2),
e 2020: Advanced ACME
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3HDM
00008000

The inflationary potential V

Charged fields do not affect the inflationary dynamics

s 1 0 1 0
B\ i ) TN i

The part of the potential relevant for inflation
Vo= —2(dl1) — 13(d5¢2) + Mi(dd61)? + Ana(d)2)?
2(]d1) (@] d2) + Nip(] b2) (D] 1) — 13(6] d2) + M (9] 2) + hoc.

The phase freedom allows: 7, -0

Consider a proportional solution: 71 = 81 h1 and hy = B2 hy
with 81(61,04), £2(61,64).

In this limit: ~ V/(h1,m, h) — V(h) = 2 Xh*

with X(91,94751,ﬁ2)-
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The inflationary potential V'

The action in the Jordan frame: V(hy)
B 1 X h

_ 4 Pl e 2% Al

Sj—/d xv/— |: R(l—i—rM%l) 2g Oy h18 h1 4§2]

Conformal transformation and a reparametrised inflaton field:

P =1+7h/My — A=vV6In\/1+7 /M2

The action in the Einstein frame: V()

~ 2
sE:/d“x\ﬁ[MPlR Loz 0,4 0, —%% (1—e2AN5)]

T
L ooi=mp3

-
RN T B S
A back

Venus Keus (DIAS) RockStar Baryogenesis August 12, 2025
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3HDM
00000000

Baryon and lepton number asymmetry details

The comoving baryon asymmetry

n T?
Yag = ?B = aNg (NuL + NUR + NdL + NdR) )
T2
Yag = s (tbuy + fug + £, + Hdg) s
T3 Huy Hw
var = o (s 421
The lepton number comoving asymmetry
n T?
yAL = ?L = aNg (NsL + NsR + NI/L) 5
T2
Var = Z (IerL + fer + /JVL) 5
T2 (b | AW o
= —_— 2 — =
Vat 2s (3 T teT T)
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3HDM
0000000

Baryon and lepton number asymmetry details

Charge density

Q = Ng(QeNep + QeNe, +3QuNy + 3QuNuyg + 3QuNa, + 3QuaNag)
+Qus— Ny— + Qu- Ny —,
Q o< —3peg — pte, + 6wy + 6piug — 3pta, — 3ptag — 24— — Apw
o< 6py, — 6y, — 18uw + 14ug
Density of the third component of isospin
T° = Ng (T Ne, + T Nuy + 375 Ny + 374, Noy ) + Tgo Ngo + T~ Ny + Ty~ Ny,
3 3 9 9
T® o —e Skt ke~ SHa o — fi = 4w

XX —11/,LWo
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