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What’s the matter with matter?

/ many cosmology
talks start here:
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What’s the matter with matter?

many cosmology
talks start here:

‘ Dark Matte
%
Nonluminous

Matter 3.6%
Luminous Matter
0.4%

Dark Energy
73%

Although, we've measured the amount
of ordinary (baryonic) matter ...

-

don’t understand
\@ of the Umverse!/

1007

.

CMB anisotropies tells us
the cosmological energy
fraction in baryons

Oyh? = 0.0224 + 0.0001

[Planck (2018)]
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for baryogenesis studies,
we conventionally use the
baryon-to-entropy ratio

(0.879 + 0.004) x 10~

~

10

)

.. we still don’t know why there’s any matter at all.

baryogenesis = an event that we think occurred
in the early universe and gave rise to the excess
of matter over antimatter
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A simple & testable
baryogenesis scenario



gravitational particle ¢ \ / ) inflationary grav waves

production sets up
nonthermal leptogenesis

A simple & testable
baryogenesis scenario



Baryogenesis scenario: LG from CGPP

(1) Type-I seesaw

heavy Majorana neutrinos: N;, Ny, N;

interaction with SM: % = —Yij€apLa,iN; P} + h.c.

appealing features: light vmasses, GUT embedding
possible generalizations: Type-II or Type-III seesaw

(4) Stiff phase

(2) Cosmological gravitational particle production

(5) Reheating

(3) Nonthermal leptogenesis

Kobayashi, Yamaguchi, & Yokoyama (2010)

Hashiba & Yokoyama (2019)

different implementations Berr?a! & Fohg (2021)
of LG from CGPP ) Co, Mambmm, & Olive (2022)
Fujikara, Hashiba, & Yokoyama )

Barman, Clery, Co, Mambrini, & Olive )

)

Flores & Perez-Gonzalez

2022
2022
2024

o
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Baryogenesis scenario: LG from CGPP

(1) Type-I seesaw
heavy Majorana neutrinos: N;, Ny, N;
interaction with SM: % = —Yij€apLa,iN; P} + h.c.
appealing features: light vmasses, GUT embedding
possible generalizations: Type-II or Type-III seesaw

(4) Stiff phase

(2) Cosmological gravitational particle production

CGPP = particles are created by the expansion of the
universe during inflation & at the end of inflation

preferred parameters: M; ~ H, < Hipr < My < M;

typically: 103 particles per Hubble volume [see next slides]

(5) Reheating

(3) Nonthermal leptogenesis
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Baryogenesis scenario: LG from CGPP

(1) Type-I seesaw
heavy Majorana neutrinos: N;, Ny, N;
interaction with SM: % = —Yij€apLa,iN; P} + h.c.
appealing features: light vmasses, GUT embedding
possible generalizations: Type-II or Type-III seesaw

(4) Stiff phase

inflation is followed by a
phase with w ~ 1

e.g., SUSY flat direction

(2) Cosmological gravitational particle production

CGPP = particles are created by the expansion of the
universe during inflation & at the end of inflation

preferred parameters: M; ~ H, < Hipr < My < M;

typically: 103 particles per Hubble volume [see next slides]

(5) Reheating

(3) Nonthermal leptogenesis

LG = CP-violating decays of out-of-equilibrium Ny’s
create a lepton asymmetry & sphalerons convert to B

Kobayashi, Yamaguchi, & Yokoyama
Hashiba & Yokoyama

Bernal & Fong (

Co, Mambrini, & Olive
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Baryogenesis scenario: LG from CGPP

(1) Type-I seesaw
heavy Majorana neutrinos: Nj, Ny, Ns
interaction with SM: % = —Yij€apLa,iN; P} + h.c.
appealing features: light vmasses, GUT embedding
possible generalizations: Type-II or Type-III seesaw

(4) Stiff phase

inflation is followed by a
phase with w ~ 1

e.g., SUSY flat direction

(2) Cosmological gravitational particle production

CGPP = particles are created by the expansion of the
universe during inflation & at the end of inflation

preferred parameters: My ~ H, < Hijyy < My < M3

typically: 103 particles per Hubble volume [see next slides]

(5) Reheating

inflaton’s energy is
converted into radiation

e.g., irruption

(3) Nonthermal leptogenesis

LG = CP-violating decays of out-of-equilibrium Ny’s
create a lepton asymmetry & sphalerons convert to B

Kobayashi, Yamaguchi, & Yokoyama
Hashiba & Yokoyama

different implementations Bernal & Fong (

of LG from CGPP Co, Mambrini, & Olive

Fujikara, Hashiba, & Yokoyama
Barman, Clery, Co, Mambrini, & Olive
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What do we predict for the BAU?

initial N; abundance (comes from cGpp]

[a?’ TLN} init

CP-violating decays to leptons

Yap2i | Br(Ny — Lo ;®p) — Br(Ny — Lo, ®p)]

EabZi[Br(Nl — La,z'(I)b) -+ BI‘(Nl — La,z'(I)b)]

3

predicted B-number

28
a’(t)ng(t) = —g € [a’ny

} init

predicted B-to-entropy

28 . TruH. o3 NR [a® 1 N Jinit
79° 4M2, a3 3

Yg =
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What do we predict for the BAU?

initial N; abundance (comes from cGpe] upper bound ierarchical spectrum)
3 3 Mym, 4 My
a“ny|. . = ~ 9.86 x 10
[ N} init |€| < €orI 8T U2 8 1013 GeV
CP-violating decays to leptons stiff phase after inflation
o 12
. D) — . s =V :
__ ZaZi[Br(Ny = Loi®) — Br(Ny = Lo,®y)] w22V L ey V(o)
EabZi[Br(Nl — La,z'(I)b) -+ BI‘(Nl — La,z'(I)b)] %ng + V(¢)
predicted B-number
BAU prediction
a’(t)ng(t) = 28 e [a*nn], . —c M
79 init Yg ~ (1 x 10719 =
10_181)1 1013 GeV
predicted B-to-entropy ) . 2/ Ty \7 @l /Jad HE )
v _ 28 - TruHe 3w NR [a@®n N init 1013 GeV /) \ 10° GeV 103 Y,
° T 797 aMg, a3 H?
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Some details

[more in backups, if you want to ask]



Cosmological gravitational particle production

original work: Parker (1969, 70)
fermions: Chung et. al. (2011)
. . . review: Kolb & AL (2023)
Dirac equatlon 11 an
expanding Universe

Kination GPP : Majorana Fermion

1i U/A,k; _ CLMN k uA,k 3I| T T T ||3/|2||| T T T T T T .
dn \uBk k  —aMy ) \upk 1073 e 0.01(My/H,) )

........ 0.015 6—3MN/H6

comoving number density 2104
of N;’s that are produced e

3

Bk E

3 _ 2 2 I~
a nN = /(27_‘_)3 (|ﬁk£,+| + |5k,—| ) RS

<
e
Ll

model for background spacetime:
inflation + kination

10_6—_I| | | R R | | I R | =
V(g) = 3mi¢* forg >0 102 107! 10

— 0 for ¢ < 0 My /H.
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Evolution of densities via Boltzmann eqns

Boltzmann equations

$nn 4+ 3Hny = —(ny —ni) [T+ 202 (ov)1]
eq
Ay +3Hny = el (ny —nSd) — g —L-T
g

—2n ny(ov)1 — dning (ov)s

across the viable parameter
space, inverse decays &
washout are negligible

. M =1 x 108GeV, Try = 6.4 x 10°GeV, ¢ = —¢ep;, Yl =10710
10 — T T T T T T T T T T T T T 1
10°F ' ' ~
|
1071~ | ~
= inflation | kination radiation
1073} h‘ -
|
10741 ] : N
1075 i i _
107} i | |
|
I = | — a’s./a’s -
10—8 | i - Y]\(;GPP _
10721 i _ Y]\l?oltzmann ]
I obs
1010 17 N R — yiQ | < Vg
| |
10_11 — I —_— YB : ]
10-12 | | L | | | | | | | | . |
10721071 10 10! 10* 10 10* 10° 10° 107 10%® 107 10'° 101T1 102 10'3 10™
t/te tRH/te
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Viable parameters
& predictions



Yg =

10+

103

My (GeV) with H, = My

—§ € M e3WNrHE m ~ (1 . 10_10) —€ My
My, acH? : 10~ tepr / \ 1013 GeV /) \ 1013 GeV

B rjon ,’,,
= rodu¢ E 7
- etma;\ ? o d Q’(AOQ ,, ;
[ YB ﬁYO hejc a]\ p‘f ,” -
- o pon s ; 5
= \% YB {Y \% \g 7 \E ,,,’_
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| © v P :
[ - - P : , : 5
| \Q ,/? /\ 60 ,,,/ ]
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: ,/’,aﬂﬂ/ae ,,”? /\Q/q/ 69 :

L/”| | | /’I’ | ; I I L’ : | |

3 X 1012 1013 3 % 1013

He ’ TRH ! [CLSnN]init/ag)Hg
10° GeV 103

Plasma too hot at reheating.
Inverse decay creates N;'s.
Nonthermal LG not viable.

Kination phase is too long.
Inflaton field fluctuations
would dominate & terminate
kination after ~10 e-foldings.

Eroncel et. al. (2025)
Inflationary GW too strong.

white triangle = just right!



Summary & Discussion



Summary & Discussion

summary

« A simple & testable scenario for
baryogenesis: LG from CGPP

« Some abundance of heavy Majorana

neutrinos are invariably produced at the
end of inflation due to gravity alone

« Their CPV+OOE decays produce lepton
number that leads to a baryon asymmetry

- Ifinflation is followed by a stiff phase
(e.g., kination), the predicted baryon
asymmetry can match the observed BAU

discussion

Since N’s arise gravitationally via CGPP,
high-scale inflation is required to achieve
a sufficient abundance

High-scale inflation predicts strong
primordial gravitational wave radiation

This baryogenesis scenario brings a
welcome element of falsifyability

If future observations push the upper
bound on r below 103, it would severely
constrain our scenario
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“A universal bound on the duration of a kination era”

t Inflation

2 %
0 . .
c : : Kl
o - ;
o - :fl
23 1.1' ~.@: u
z ]
oL iro g VT
B s
~= Super-horizon

fluctuations

a a a Scale
Uend KD RD NL factor a

Eroncel, Gouttenoire, Sato, Servant, & Simakachorn (2501.17226)

homogeneous inflaton ~ a
inflaton fluctuations ~ a*

Fluctuations dominate
within~ 10 e-foldings,
and kination gives way
to radiation domination.

- 2.099! 10 °
Pr (ki)
+0.5Inng(kkp )

Nkp ! 99+0.5In

"k
+0.5(1" ns(kkp ))In %
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“A universal bound on the duration

of a kination era”

Eroncel, Gouttenoire, Sato, Servant, & Simakachorn (2501.17226)

I%_‘—l‘l‘l'mm_l—l‘rTm] U 11 1 T 1 11 11 1 1 1 T T 11
3 -
A 14 - Lt N\ 2 H Al r
Se - e === Starobinsky (r ~ 0.003):====="" 2 B ") omogeneous intlaton ~ a
L . . . 4
= n AN.¢ bound from tensor modes & \2 inflaton fluctuations ~ a
2 ( i 4 assuming r = 0.036 7 ’: Q . .
= = Fluctuations dominate
”CT‘D 1$ - % g‘lucpuaés.lon kY’ . o within~ 10 e-foldings,
O B s work)een S T TN and kination gives way
g TR L teiels e % @ to radiation domination.
% . grarobi®® =
S oMb | e ' 2.099! 10 °
E e Nwo | 9.9+0.5In
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Temperature after kination Trp [GeV]
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Davidson-Ibarra bound

Yukawa interaction

og/ﬂint — _yijeabza,iNj(I)Z + h.c.

Decay channels

La.,I ! b n n L - +1

|
Nito gl v L= g1

Total decay rate
b =(yy )uMn/8

CP-violation parameter

: EabEi[Br(Nl — La,iq)b) — BI‘(N1 — La,z’q)b)]

ZabEi[Br(Nl — La,iq)b) -+ BI‘(Nl — La zq)b)]

)

Gravity'’s Gift

If the spectrum is hierarchical

3 1 ’ M 1
| =1 Im 21_
16" (YY )11 =2 3 vy )3 M

Meanwhile, seesaw mass relation
m,; ! y2V2/M N

In combination:

3 MNmV —4 MN
<ep = ~ 9.86 x 10
N 8 ( 1013 Gev>

may be interesting to
explore nonhierarchical N’s
I resonant enhancement?

2002

Hamaguchi, Murayama, & Yanagida )
2002)
)
)

Davidson & Ibarra
2003
2003

Buchmuller, Di Bari, & Plumacher
Hambye, Lin, Notari, Papacci, & Strumia

e —
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CGPP details

QFT in curved spacetime: Majorana spinor

a homogeneous & isotropic spacetime

SI (x), (0] =  dxe L@IA 1 v igE ey 1y @
(ds)? =(dt)?! a(t)?|dx|? L AL L M

expansion is driven by inflaton field mode function EOM

" ) %!@+V(!) ii UA K _ alM N k UA K
S - M2 dn \uB i k —aMpy ) \uB k

| dne 0 it o

! — — = . .
!_'+3H!U+V(!)—O Id! #'-k iu!e 2i! 0 #
inflaton rolls down a potential a2kHM T 4 o —

| 9.9 h= I = d! k+a(|#5 MN

V(9) = 3mie® for >0 2(k2 + 22My) !"
=0 for p <0 :
average occupation number

lj =10Mpy s £
m ! 2" 10 GeV a’ny =2 I|![n |":_p(#)|2

He! 1" 10" GeV
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Boltzmann equations

reactions involving N, and leptons

. Nt Lai+1yp
decay: | N, | B, + 9,
CLai +!p! Ny

iInverse decay: 2.+ 8.1 N
n Eai b - 1

# Lo +1p" B + 9y
" L = * 2 scattering: g La + Ly, " B+ ¥y
| 2

ai t Bp; " 1o+ ly
W — . Npg+ Lg;! !Wb! SM + SM
L = + 1 scattering: Ny+ B, 1 | ,b | SM + SM

transport coefficients

we adopted the rates & cross sections

from Buchmuller , DiBari, & plasma of SM particles with

PlumacherOs Leptogenesis for 1/ 4
He/ 2!

Pedestrians (hep -ph/0401240) Te ! O
at the end of inflation

thermal environment

we suppose that CGPP creates a

number density of lepton number

ne! ai nog, Ng,,

Boltzmann equations

Iny+3Hny = —(ny —n3H) [T+ 2n? (ov)1]
eq
%m_ +3Hn, = EF(nN — n‘j\?) — nLn—LF
ng

—2n nn(ov)1 — dning (ov)g

take away

scattering & inverse decay
are negligible across the
viable parameter space
(i.e., the white triangle)
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Why is the stiff phase needed?

Q

>,
The essential idea: g
O
NN [a3NnN Jinit ... smallerTgy for the sameagry O ifw=0
Yg ! I 53 largerw implies I for th a >
S agy TRH smalleragy Tor the same ry E) smaller T,
8 for same agy
@
ifw=1
. . . . . l l > i
Varying the equation of state between inflation & reheating N ! timet
arH
3
Vg = _28 c TruH. eBwNRH [a nN]init
79 4]\4}2)1 a3 H?3
“ "/(])- 5 N 10! 23()(."/U | oL7u M N oL7u He oL7u TRH 0(7Fé3nN ]lnlt /a 2Hg oL W = O
oL o0 1'p o0 013 GeV o0 013 GeV GeV '
#/%9" 10' 17&/’6!! &/’b (YN &/’b &/2/?3- nN]lmt la? H3& _1/3
Ye !  0f 208 o &%013 GeV &%013 Gev&) 0% 0% o g ' VT
8" % 1gn 10 13 N 1570 1oy ¥ 3157fa%ny Jint fadH3 w=2/3
" . T 1] 13 13 109 Gev 3 ’ -
$ % | &%OI '. DI &%0 GeV &%O GeV &% _I]_.O Ge& 1%a3n I /aO H . &
1 O " 10 10 Il RH N linit W = 1
' 10" 11y, 1013 Gev 1013 Gev  10° Gev 10" 3 ’
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