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Motivation

What can the modulus scalar 7 do in cosmology?
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What can the modulus scalar 7 do in cosmology?

Be responsible for inflation — 7 as the inflaton?
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Motivation

What can the modulus scalar 7 do in cosmology?

Be responsible for inflation — 7 as the inflaton?
Abe, Higaki, Kaneko, Kobayashi, Otsuka, 2303.02947 Kobayashi, Nitta, Urakawa, 1604.02995

Ding, Jiang, Zhao, 2405.06497 Casas, Ibanez, 2407.12081
King, Wang, 2405.08924 Kallosh, Linde, 2408.05203
Ding, Jiang, Xu, Zhao, 2411.18603 2411.07552
Aoki, Otsuka, Yanagita, 2504.01622 2412.19324

Have connection to dark matter?

Kobayashi, Okada, Orikasa, 2111.05674
Baur, Chen, Knapp-Perez, Ramos-Sanchez, 2409.02178

Lead to gravitational waves (from modular domain walls)?
King, Wang, Zhou, 2411.04900

What about baryogenesis (not via leptogenesis)?
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Motivation

CP violation is a necessary
ingredient for baryogengesis
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Motivation
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CP violation is a necessary
ingredient for baryogengesis

T=1Tp+17T;

T —>CP — 7T
CP R R
*
T— T8 <
CP
T — 1

Tr can be the only source of
(spontaneous) CP violation
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Motivation
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CP violation is a necessary
ingredient for baryogengesis

T=1Tp+17T;

T —>CP — 7T
CP R R
*
T— T8 <
CP
T — 1

Tr can be the only source of
(spontaneous) CP violation

Can the cosmological evolution

of 7(¢) generate
the baryon asymmetry?



EFT for spontaneous CP violation
Lot = Lyin — VIH, 7)

- [Yu(’[) QUH + Y,(r) ODH* + Y,(r) LEH* + Y,(7) LNH + %M(’L‘) NN + h.c.

2 2 2
83 = 82 ~ 8y &
+ cp(7) 0, 7JE + Ox(7 G G + 0,(t We WH + 0, (t Y YH¥
zP: P2 0,7 Tp + 50 5 5 Gl 2D 0 e e
Particle number currents J, = wol'y w ={0,U,D,L,E,N}

Jy=i(H'0,H - HoH')
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EFT for spontaneous CP violation
Lot = Lyin — VIH, 7)

- [Yu(’[) QUH + Y,(r) ODH* + Y,(r) LEH* + Y,(7) LNH + %M(’L‘) NN + h.c.

2 2 2

+ ) cp(t) 0, Ih + 00 3 G4 GM + 002 5 Wi W 4 el(f)

— Wi Y,y

2ﬂv

Particle number currents J, = wol'y w ={0,U,D,L,E,N}
Jy=i(H'0,H - HoH')

cp(7) can be removed by 7-dependent field redefinition

P — €"Dp  with Pp(7) = J dt’' cp(1’)

Yu(T) — o(Potdyton) Yu(T) Yd(T) — XPotdp—tn) Yd(T)
Ye(T) — ei(QbL‘HbE_d)H) Ye(T) YU(T) — ei(¢L+¢N+¢H) YV(T)

03(7) = 03(1) = Noot g + by + pp)  02(7) = 05(0) = Ny g + @)
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Modular invariance

+b
LT P Lct+d) P, V(@) = (cr+ DNY(D)
ct+d
a b
<C d) e SL(2.2)
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Modular invariance

at+ b
T — , P> (ct+d)*P, Y(1) = (ct + d)Y(7)
ct+d
a b
<C d> e SL(2,2)
10,7]° i W'Dy | D H|
gkin — h2 : - — —+ - + h.c. + - - —
(—it + i7)? 2 (=it + it) (—it + i7)ku
D =0 +ik Ot D P dY %D P
=0,t1 : —>(ct+d) ™"
w4tz 4 ( Dy
i W'Dy | 0,7 _
—— +ho. = —— | 6",y — k,— R vty
2 (—it+ D) Q27 27

Each fermion couples to CP-breaking 7, proportionally to its modular weight kw
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Modular invariance and SUSY

Minimal Kahler potential

X0
K =—h’In(—ir +i7) + Y’ :
b

—iT + iT)ke

Superfieldstand ® =Q, U, D, L, E, N, H,, H,
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Modular invariance and SUSY

Minimal Kahler potential

X0
K=—h’In(=it+ 1)+ ) ————
~ (—it+ IT)ko

Superfieldstand ® =Q, U, D, L, E, N, H,, H,

Going to components...

i az i _ i i ~1\!
J
P > LK gDy +h : _'"ﬂa kaTR -ﬂ_
: — K Y50 .C. = Yo — O
kin " le ,,}/f (2T[)k‘l’ Y W 27] yo'y

The same structure as in the previous slide
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Generation of the baryon asymmetry

Number asymmetry

. L 3 Hp _J 1/6 fermion
AP_nP_nP_CspindPT ?’ Cspin = {1/3 boson
Up is chemical potential
Baryon asymmetry
N, T?
gen Hp —
Np = 3 <2AQ_AU_AD>=Ta MB=3<2ﬂQ_ﬂU—ﬂD>
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Generation of the baryon asymmetry

Number asymmetry

{ 1/6 fermion

e 3 e =
Ap=np—np=CoindpI” =20 Cpin =19 /3 poson

T
Up is chemical potential

Baryon asymmetry

N o A ) T =3(2
Np = 3 O KRy —A~Ap) = 6 Hp = Ho — Ky — Kp

Chemical potentials are sourced by
O current couplings ¢p(7)
O Yukawas Yp(7)

o theta terms 6, 5(7)
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Generation of the baryon asymmetry

O Current terms Cohen, Kaplan, PLB 199 (1987) 251
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Generation of the baryon asymmetry

O Current terms Cohen, Kaplan, PLB 199 (1987) 251
cp0,tJ, = pp T with Up = CpT
O Yukawas and Majorana mass
Yp=|Yple®%, M= |M|el
Rephasing-invariant combinations:

py = (d@Yu/dT +cot+ oyt CH) T, Py, = (a’HYd/dT +cp+cp— cH> T

€ v

Uy = (d@Ye/dT + ¢+ cp— CH) T, Uy = <d@YV/dT + ¢+ oy + CH) T

py = (dOy/dr + 2cy)

Arsenii Titov (Padova) FLASY 2025, Rome, 04/07/2025



Generation of the baryon asymmetry

O Current terms Cohen, Kaplan, PLB 199 (1987) 251

cp0,tJ, = pp T with Up = CpT
O Yukawas and Majorana mass
Yp=|Ypler, M= |M|el
Rephasing-invariant combinations:

py = (d@Yu/dT +cot+ oyt CH) T, Py, = (a’@yd/df +cp+cp— cH> T

Uy = (d@Ye/df + ¢+ cp— CH) T, py = (a’@yy/dr + ¢+ oy + CH) T

O Theta terms (weak and strong sphalerons)

'i', //lS3 — [_d93/dT + Ngen <2CQ + CU + CD) T

g, = [—d@z/dl' + Ny <3cQ + cL>
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Generation of the baryon asymmetry

O Current terms Cohen, Kaplan, PLB 199 (1987) 251

cp0,tJ, = pp T with Up = CpT
O Yukawas and Majorana mass
Yp=|Ypler, M= |M|el
Rephasing-invariant combinations:

py = (d@Yu/dT +cot+ oyt CH) T, Py, = <d9Yd/dT +cp+cp— cH> T

Uy = (d@Ye/df + ¢+ cp— CH) T, py = (a’@yy/df + ¢+ oy + CH) T

O Theta terms (weak and strong sphalerons)

'i', //lS3 — [_dQS/dT + Ngen <2CQ + CU + CD) T

g, = [—d@z/dl' + Ny <3cQ + cL>

In the basis where cp(7) = 0:
(ﬂyp — éypa Hs = — éi)

FLASY 2025, Rome, 04/07/2025
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Evolution equations

Number asymmetries Ap = 1, — 1 obey the following egs (assuming Ny, = 1

Ay+3HAy=—-Sy — S,

Ap+3HAp =—Sy, — S5
Ap+3HA,=—Sy — Sy —38g — 28
Ap+3HA, = -8y —Sg — 285,
Ap+3HAp =-S5y

Ay +3HAy=—Sy + Sy + Sy — 2809

All §; in the r.h.s. associated to the interaction I (Yukawas, weak/strong
sphalerons, or AL = 2 interactions) have a common structure:

S; =y X (combination of up involved in I and /A,)/T

CI rate per unit vqume) Cdefined on the previous inde)

)



Evolution equations

O Terms induced by Yukawas

Ho T Hy + Hyg — Hy, Ho T Up — Uy — Hy,
SYu = 7y, T ) SYd =71y, T

Mt Mg — By — Hy, Hpt Uy + Uy — Hy
SYe =7y, T ’ SYU = Yy, T

Neglecting masses, yy = |Y, T4, vy, @ | Y, I°T*, etc. (2 — 2 interactions)
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Evolution equations

O Terms induced by Yukawas

Ho T Hy + Hyg — Hy, Ho T Up — Uy — Hy,
SYu = 7y, T ) SYd = 7y, T

Mt Mg — By — Hy, Hpt Uy + Uy — Hy
SYe =7y, T ) SYU =7y, T
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Evolution equations

O Terms induced by Yukawas

Ho T Hy + Hyg — Hy, Ho T Up — Uy — Hy,
SYu = 7y, T ) SYd = 7y, T

Mt Mg — By — Hy, Hpt Uy + Uy — Hy
SYe = 7y, T ) SYU =7y, T

Neglecting masses, yy =~ |Y, |2T4, vy, @ | Y, |2T4, etc. (2 — 2 interactions)

O Terms induced by weak and strong sphalerons

© Term induced by AL = 2 interactions

2 (ML + ﬂH) — MLLHH

SaL=2 = YAL=2 T where HLLHH = 2/41@ — Hu

This term requires a dedicated discussion




Thermal equilibrium for different interactions

2
yI(Tdec) Tdec
l—‘I(Tdec) = ~ H(Tdec) ~
Tgec Mp,
1016
- 2 Sphalerons Up Yukawas Down Yukawas Lepton Yukawas AL =2_
- 10+ 2 SMEFT-
O -3 ]
g 107} ° !
2 10F-+ SEEEEEEEEEEEEEE - BN -
2 10%- = -
= - E i
& 100 - -
A

4L SUG) SU@)  yr - Ye Yu = X Ys Yo Yo Yo Ye M, 7

Interaction

Arsenii Titov (Padova) FLASY 2025, Rome, 04/07/2025 12



Lepton-number-violating interactions

O Weinberg operator
2

1
—(LH)* with A = L ~6x10“Gev for m, = My, = 0.05 eV
2\ m

v

~TO/AN? = T > A*/M, ~ 102 Gev
Yw Pl

Arsenii Titov (Padova) FLASY 2025, Rome, 04/07/2025 13



Lepton-number-violating interactions

O Heavy Majorana neutrino

1 Y
A M
_ Y, |°M
yy dominated by on-shell N « LH, LH* decays with ', = "
’ T

. 2y —

T
: — _ 2 _ _ 2
NO withm, < m, =my,=1/Amy <K my, =Ny, = \/ | Amg; |

I m 256 dSMV2
o~ —, ny = ~ 23 meV
H 1 3MP]
O N, that mediates m.,, 2 m. is in thermal equilibrium for 0.1 M ST S 10M

< m. is out of equilibrium for any T

O N, that mediates m ,, <



Equilibrium solutions

AP = (0 and H =0 almost equivalentto §; =0 separately

Lepton Yukawa ELH : My, = Mg+ Hp — HE

Down-quark Yukawa DQOH : Hy = Hp + Ho — Py

Up-quark Yukawa UQH : My = Hy + Ho + Uy

SU(3), sphalerons : ps, = Noen(Cpg + py + pp)

SU(2); sphalerons : ps, = Noen(Bp + Hy)

AL = 2 interactions: Mrrpm = 24 + 2y

U(1)y conservation : 0 = Noen(Ho — 2py + pp — g, + ) + 2y

Neglecting < Y¢, Yy, We get a good approximation:
Yy, S 7s; Ty,

é )

o 72,uYu + 9,uY 70 28 19
Hp_; = 11 79 15399;/:0an 33 1 1 IMS3J

.

Baryon asymmetry is sourced by a time dependence of the phases of Yukawas
(even of the lepton Yukawa only) and of the sphalerons

Arsenii Titov (Padova) FLASY 2025, Rome, 04/07/2025
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Solving the evolution equations

d pp_;

dinT T

O py_; freezes at a value use, ~

60 Yar—> Mp_1 — Hp_p
237 HT3 T

~ pp! (Tye.), where Ty, is the decoupling

temperature of AL = 2 interactions

o SM equilibration conditions imply

_ 7, dec
Hp 79 Hp-L
g ng 15 up A
CAnldgy T
. \) T dSM )

This ratio remains constant and the current entropy density is s ~ 7.04 n

Y

(,uB ~ T at decoupling)

Arsenii Titov (Padova) FLASY 2025, Rome, 04/07/2025
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Time evolution of 7

Assuming 7; = 0,

Arsenii Titov (Padova)

%+3Hi=—m72<f—rf>

tlt~ —m?/3H it H(T)> m,

Maximal 7~ m_ when H ~m_

-

.

d )
np < :uBe—CL < Tdec

I’l}, Tdec M Pl )

T,.. = 100 Gev

o(T) =1+ (7, — 7)

T Jl/4<

my

2H(T)

)

li ]1/4<

FLASY 2025, Rome, 04/07/2025

iy

2H(T))

)

Similarly to cohen, Kaplan, PLB 199 (1987) 251
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Modular baryogenesis at 7 ~ 10!! GeV

AL = 2 interactions decouple at T;.. ~ 10! Gev

m_~H~T? [My ~ 10 TeV

dec

1

=1 > =+

m. = 10*° GeV, M = 10'? GeV, Y, « E4 (1), M = Mym

1-5\ T T T T TTTTT T T TTTTTI T I T TTTTIT T T TTTTI 102t T T TTTTTT TTTTTT \ I T TTTTTI T \
| T B 7
Ho i i us/T c% 10! = . “‘f‘v“‘\uﬁvﬂ‘\v‘/ \\V;f; 1 T
= - ]
up-/T ; i Il
~ O L |
3 1 hol g — %
I | | | I N IR ol T g \ — T
— ‘= L u
fffffff u/T ] Y\ ——Sue)
O
***** ur/T £ 10! - 5 SU@)
fffff /T - ] —AL=2
I ] T pal/T B M
_0'5\ | I | | I | | [ | [ | 10—2\ T [y i | \HHH| [ [ R
10° 10' 10" 10"2 10" 10° 10' 10 10"2 10" 10"
Temperature in GeV Temperature in GeV
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Modular baryogenesis at 7 > 10!! GeV

Teu $0.003Mp  m, S Tgy/Mp ~ 101 GeV  ng/n, ~ Tyy/Mp ~ 107

Fast AL = 2 interactions can partially wash-out the baryon asymmetry

1

=1 > Tp=—

m, = 10" GeV, M = 10°* GeV, Y, « E4 (1), it = My

2“ | R | Cr ‘ }‘“ e ‘ CTTTT 1027 T TTTTTI T TTTTTI T TTTTTIT TTT TRITTTT I \\\HH;
I wr 7 i
1 R 10" = =
- ug/T E = 4 0 T
= L
us-L/T ;* B — Y,
= /T 2 I | —y,
N P N 7 = g
SUIE 0 ; L .
O C ]
S N\ e, o4 nulT o - ] Ye
— oy
8 — _
-\ AT pp/T S - ] = SUE)
F Q
,,,,, T = ~ — 2
-1 ur/ E 10! - \ - SU?2)
-\ f 1 ue/T - N\ . AL=2
,,,,, ug/T | w \ \
_2 L Ll Ll R ULl L 102 ¢ L1l Lo B i \|\\HHH
101! 1012 1013 1014 1015 10'° 10" 102 103 10
Temperature in GeV Temperature in GeV
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Modular baryogenesis at 7 > 10!! GeV

Ten < 0.003 M,

m, S Tay/Mp ~ 101° Gev

Fast AL = 2 interactions can partially wash-out the baryon asymmetry

m, = 102 GeV,

M,

7;

10" Gev, M,

2\\\ [T TTTTI [T TTTTI [T TTTTI T j/ T
- |
|
/
/
|- /'
/
/'/
/
4
/
\
|

Y/

| 1|
I
y ‘ﬂ‘ ‘/,/ 3 |
Ry J\ \ |
e A |

- ’Mw

\\\\\\\\\\\\\\\

~~~~~
>,

10° 1010 oM 1012 1013

1014

Temperature in GeV

Arsenii Titov (Padova)

1015

1

14.2 ~ ~
10 GeV, niy = Mgy, My = My, Y, < E4 (1)

Interaction rates y/HT>

102 = [T TTTTTIT \ [ TTTTI [T TTTTTIT [T \ T H‘H—i
101 - \ u\‘u |
1 = =
107! = -
N M, M, \-
10—2 [N | | \\HH| \\ [ R [ R \\ [EA N
10° 1010 10! 102 103 104

Temperature in GeV

FLASY 2025, Rome, 04/07/2025
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Summary and conclusions

Baryogenesis can arise from the cosmological evolution of a CP-breaking
modulus scalar 7, either during the Big Bang or around the end of inflation

o EFT with Yukawas Y(7), theta terms 6, 5(7) and derivative current couplings ¢p(7)

O Majorana mass M of N breaks L, while weak sphalerons break B + L

O Cosmological evolution of 7 (possibly from a CP-conserving point to a CP-violating
minimum of its potential) induces time variation of 6y, and ¢, 5 which source

chemical potentials

o Chemical potentials obey time evolution equations

Arsenii Titov (Padova) FLASY 2025, Rome, 04/07/2025
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Summary and conclusions

Two regimes of modular baryogenesis

O tevolvesat T .. ~ 10'" GeV when AL = 2 interactions go out of equilibrium

m.~H~ T2 My ~ 10 TeV and ngin, ~ Ty Mp; ~ 10~10

dec

(a heavier 7 is expected, since its mass is not protected by a shift symmetry)

O 7 evolves at higher T'~ Tpyy < 0.003 Mp, GeV
m, ~ H ~ Tz /Mp ~ 10! GeV

ngin, ~ Tpy/Mp) ~ 107 is partially washed-out by AL = 2 interactions

Arsenii Titov (Padova) FLASY 2025, Rome, 04/07/2025 22



Backup slides

Arsenii Titov (Padova) FLASY 2025, Rome, 04/07/2025

23



Baryon asymmetry of the Universe

n="2""F _ (6.15+0.15) x 10710

n,

Sakharov conditions (assume CPT invariance) Sakharov, JETP Lett. 5 (1967) 24
1. Baryon number B violation
2. C and CP violation

3. Interactions out of thermal equilibrium

Spontaneous baryogenesis Cohen, Kaplan, PLB 199 (1987) 251
(CPT violation at finite 7) NPB 308 (1988) 913

1. B violation
2. Spontaneous

3. Interactions in thermal equilibrium

Arsenii Titov (Padova) FLASY 2025, Rome, 04/07/2025 24



Spontaneous baryogenesis and axiogenesis

O Spontaneous baryogenesis Cohen, Kaplan, PLB 199 (1987) 251; NPB 308 (1988) 913

Z 20,0 Jg spontaneously and softly broken U(1)g

O Axion baryogenesis (“axiogenesis”) Co, Harigaya, 1910.02080

” .
Z 2D0,a Joo ~ spontaneously and explicitly broken U(1)pq

m,, is protected by a shift symmetry, and axion baryogenesis is operative at

ng/n, ~ T/Mp, is too small

Unlike a pseudo-Goldstone boson, 7 can be arbitrarily heavy and features well-

motivated CP-violating couplings that break shift symmetry and contribute to
baryogenesis

Arsenii Titov (Padova) FLASY 2025, Rome, 04/07/2025 25



Fields and their quantum numbers

Fields spin | U(1)y SU(2);, SUB3).,| L B |d
U = ug 1/2 | -2 1 3 0 —313
D =dpg 1/2 : 1 3 0 —5|3
Q= (u,d;) 1/2 : 2 3 0 3|6
E =ep 1/2 1 1 1 1 01
N =vpg 1/2 0 1 1 01
L= (v epL) 1/2 | —2 2 1 1 0|2
H=(0,v+h/vV2) 0 1 2 1 0 012

Arsenii Titov (Padova)

FLASY 2025, Rome, 04/07/2025
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Global U(1)

Particles P carry U(1) charges ¢gp

The VEV f of complex scalar S = %ei% with charge g breaks U(1) spontaneously
2

a = a(x) is a Nambu-Goldstone boson
Y (@)QUH = ¢S™9%w'is QUH ~ with  qoun = 4o + qu + qu

jIP a dp aua . .
We can make Yukawasrealby P > e /P = 2——]1/; and no CP violation
P

qs |

Alternatively, we can introduce a covariant-like derivative:
0 .a
0,P > D,P=0,P+ Lt
qs |

O At least two complex scalars are needed to break CP spontaneously

O Global symmetries are expected to be broken by quantum gravity



Local U(1)

N f
Two complex scalars S, = ~L¢'7 and S, = 2

'7‘2 with charges ¢, and ¢,
NG N

Y(Sl,Sz) QUH — <C151_QQUH/QS1 4+ CzSZ_qQUH/QS2> QUH

- a
Gauge transformation S; — ¢'%S; with @ = — — removes ¢, but leaves ©
qs,J101 + 4s, />0, qs,f201 — s )10,
a=-— 7 - T=— 7 : fz\/q§1f12+q§2f22

ds, - ds./ m?
L = |y €Xp quUH 22 + Y, €Xp s QUH - =k
as i f 2

lq UH™
CO s b f




Solving the evolution equations

dPSM
d dt
Psmt Py =
H? = , = —do\(T)T*
M2 Psm = 3 dsmll)
d d d
— =H - —
dt dIna dinT
P dInT T

Arsenii Titov (Padova)

dg d pg Vv, HLt Hg— Hg— Hy,
6 dinT T HT3 T

d pp_; 66 Yar— M1 — ﬂggL

dinT T 237 HT3 T

L zﬁﬂdec @_ 15 wug
B q97B-L s A4m2dgy T
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