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INTRODUCTION

 Baryogenesis via Leptogenesis

- Due to (B-L)-conserving and (B+L)-violating process makes

Lepton asymmetry —Baryon asymmetry

- Neutrino physics can show Its footprints.

 Affleck-Dine mechanism
- scalar field dynamics in SUSY: CPV in SUSY breaking parameters

- Along LHu direction: lepton number generation
— light neutrino mass required <10 eV, neutrinoless double beta decay
 Varying PQ scale
- PQ scale ~ M, during leptogenesis but fa~ 10712 GeV afterwards

— neutrino mass ~10* eV, suppress axion isocurvature



INTRODUCTION

 Dine-Fischler-Srednicki-Zhitnitsky model
- SUSY DFSZ model provides strong CP solution, mu-term, also RHN mass

- Dilution from saxion decay determines final lepton(baryon) asymmetry

- suppress unwanted lepton number violation during saxion oscillation
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BARYON ASYMME TRY

Baryon Asymmetry of the Universe:

ng -
observed: —= ~1071Y |
S symmetric Ny Ty

£ uni ng Nj _
cf) if universe were !B _ "B 1-18

* Inflation dilutes all pre-existing particles.

* We need a source of B asym. dfter inflation.

Sakharov’s conditions:

* B violation
« C & CP violation

* departure from thermal equilibrium



B & L VIOLATION

* In the SM, baryon & lepton number are (accidental) symmetry
at the tree-level.

* Due to chiral nature of leptons & quarks, B & L have anomalies
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» At quantum level, (B-L) 1s conserved but (B+L) is violated.
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' ' Figure from hep-ph/02 12305

(B+L) violating vacuum transition



B & L VIOLATION

* At high temperature,

(B+L) violating transition
via thermal fluctuation

[\ “sphaleron”
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Figure from hep-ph/02 12305

» (B+L) violating interaction Is in thermal equilibrium for
100 GeV < T < Ty, ~ 10" GeV

* L number can be transferred into B number and vice versa.



LEP TOGENESIS

* Number for asymmetry
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_ 9_T3 Bu; + O ((5%)3) , fermions ,
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» chemical potentials in equilibrium (SM)

frgi — pm = Mg = 05 flgi + g — fuy = 05 fliy — fiir — flej = 0 (Yukawa)

> (uqi + 2ftui — Pai — Hai — Hei + J\fo“H> =0 (2.Y=0)
Z (Bpqi + pui) =0 (SU(2) inst.)
> (2hgi — frui — prai) =0 (QCD inst.)
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* equations can be expressed by
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He = 6Nf+3m’ Hd = 6Nf+3'ul’ Hu = 6Nf+3m’
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LEP TOGENESIS

« B & L relations

B = Z (2ptgi + fhui + 1di) (B = CS(B — L); L = (CS — 1)(3 — L)\
Li = 2ui+pei, L= L cs = (8Ny+4)/(22Ns + 13)
Z’ N y
* Non-zero B & L are generated if (B-L)#0 in equilibrium
B
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* (B-L) violation

B=C(B-1L)
(equilibrium)

Figure from hep-ph/02 12305



Q: How do we generate (B-L)#0 in the early
universe?



THERMAL LEPTO.

Fukugita, Yanagida; Luty; Campbell, Davidson,
Olive; Buchmuller, Di Bari, Plumacher (02, 02)

Decay of thermally produced RHN:
it T > my, N is abundantly produced.
WhenT < mpy (out-of-equilibrium decay), V4 o

. . . 1
it decays through neutrino coupling. WS SMiNiN; + hiaNi Lo H,

CPV in coupling produces asymmetry
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requires (naively) Tr 2 1.5 x 10° GeV for enough N production




GRAVITINO PROBLEM

Gravitino problem: o
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AFFLECK-DINE

For a review, Dine, Kusenko (03)

» Scalar field with B (or L) number,
L = [0,¢> —m?|¢|* j = i(¢ 0" — 90" ¢")
» small quartic couplings
L1 =Mo" +ed’¢" +6¢" +cc. B LF (for complex couplings)

* Eq. of motion

) e H<m ¢ = (m(f)o3/4 sin(mt) (radiation)
o+3Hp+ — =0 — 5
¢ (m(;) sin(mt) (matter)
If ¢ = ¢, is real
Im(e + §)¢>
¢; =ay m2(<7;:t)§;b40 sin(mt + d,.) (radiation)
. : 2, 5
bi +3H i+ m ¢ ~ Im(e +0)9; " a Im(e2+ )90 sin(mt + 6,,,) (matter)
m?(mt)
° 1
Baryon number |, _,, W8t oo o
m(mt)3/2
4
m Im(e + )¢, sin(d,,) (matter)

m(mt)?



POTENTIAL

Complex quartic kicks scalar field to
phase direction

Q: How do we get large initial value?



SUSY BREAKING BY INFLATION

Dine, Randall, Thomas (95, 96)

* Large vacuum energy during inflation breaks SUSY

- SUSY breaking potential arises and ~H>>m
Vi D euH?|¢|?

negative cH Is possible In non-minimal Kahler potential

- Together with ¢* or ¢° terms in F-term potential,

V= —H"g|" -




POTENTIAL

When H>>m, scalar field stays at
the potential minimum

¢o ~ VHM

/

Or When H~m, scalar field starts
oscillation

%




AD LEPTOGENESIS

Affleck, Dine; Dine, Randall, Thomas (95, 96)

TO reahze AD meChar’Hsm’ we need Murayama, Yanagida; Gherghetta, Kolda, Martin
* light scalar (flat direction) carrying B or L number

» small B (or L) and CP violating quartic potential

In SUSY model,
+ LHu direction is flat (in SUSY limit) — m=(3) z.=(})

* quartic can be generated

Wo o (LH)(LiH) e 7Y (0 6t b he) Y CF

2M; SM
N\

inked to (lightest) neutrino mass

’U2

my1 ~ —

M



AD LEPTOGENESIS

Affleck, Dine; Dine, Randall, Thomas (95, 96)
Murayama, Yanagida; Gherghetta, Kolda, Martin

AD mechanism via LH,;:

W o S (LH) L) —— W= L
Vi = 4M2 0[° (F-term potential)
Vsp = mj|¢|* + m;X;Y (am¢®* + h.c.) (soft SUSY breaking)
Vir = —enH?0 + Si(and* +he)  (Hubbleinduced SUSY breaking)
negative mass?
w5~ /M Large VEV for H > my

initial amplitude

= %(gb*gb ) EqQ. of motion: 7L +3Hng = mQSX;YIm(am¢4)

n,  MTr [ msusy|am|
—e 5
s 12M2 ( Hose ) ph

dph = sin(4 arg ¢p+arg a,)



AD LEPTOGENESIS
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» Successful leptogenesis requires m,; ~ 1077 eV

Am3; 2 74x107° eV2, |Am3]| =25 x 1073 eV?
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AD LEPTOGENESIS WITH PQ

 Scale of M (RHN mass) can be generated by PQ breaking

M X|Y|Z| N

1
Wap = QAXNN —|—yVNLHu, WPQ — nZ(XY — f2) + M Hqu, PQ|—-2[2|0] 1

L10|0j0|-1

once X has large vev (~f)

1y2(LH,)?
— WAD,eff — _5 X .

* AD leptogenesis works with M~<X>

PQ breaking determines RHN mass; lepton number & light
neutrino mMass

np M*TR (msoft|am|> 5 y,%(Hu>2 ’02
ph =

— ~0.029 — ~
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AD LEPTOGENESIS WITH PQ

* What if PQ scale 1s dynamical?
<X>AD > <X>novv ~ f

* [LHu flat direction 1s “flatter’”, AD works more efficiently with
large inrtial  ¢o ~ v/ HM,

—4 12
M, = 7.2 x 10%CeV (10 eV) (10 Gev) (ﬁ) |
My f Mp (scale for AD mechanism)

npg M*TR MMgoft, ‘am|
— ~0.029 o)
s M2 ( Hose ) ph

B Th 1074 eV 1012 GeV X\
~ 3.6 x 10785 -
3.6 > 107" 0pn (107 GeV) ( oy ) ( 7 ) (Mp)

* |t PQ scale during AD ~ Mp and becomes f afterwards,

AD leptogenesis is possible for sizable neutrino mass
~10-4 eV



POTENTIAL

* Hubble Induced potential realizes such a scenario.

b
K = |XP+ Y+ |Z)7 +|I)” + —5 | I)?|1 X%,
MP

W = nZ(XY — f?), N
V = K/Mp (D WK D:W* — i|W|2

U — o(XIPHY2)/M3 772\XY B f2‘2 n | Fr|?
1+ b X |2/ M2

(<X> = (1— 1/b)1/2M9 for  [Fil*/Mp > m3,, (H? > m3,,)
b > 1

* When H~m3p, PQ field (saxion) starts oscillation with
amplitude Mp.

= saxion-dominated universe after reheating

) [: inflaton



POTENTIAL

- Along flat direction XY = f?

H > ms /2 H ~ ms/2

"saxion oscillation”



SAXION OSCILLATION

» Saxion osclllates along XY = f2

YA

When X'is very small,

1 y5(LH,)? -
WAD,eff = —§yy()\X ) i valid?

v
Xog~ Mp N

7

v




SAXION OSCILLATION

» DFSZ plays a role

2

2 ¢8
_ H, H 9. | ¢
W, Mp d > Vegr D M]% e
1/2
N S LA

During saxion oscillation, AD field  ¢f_, ~ meMi(mx/my)? > mx
RHN mass is much larger than soft mass scale

1y2(LHy)? oo
WAD,eﬂ’ = —§yy()\X ) , s valid




SAXION OSCILLATION

» Lepton number violation during saxion oscillation
(after AD works)

2
y;/ TNgoft

4
X Im(ame”).

nr, +3Hnp =

When X is small, it could make large Lepton number change

Y,
Mp mx

2 1/2
DFSZ prevents X from being too small  Xpin / (g“w)

- [otal Lepton number change s

2
(AnL) Yy PH=my  MX <1
nyg H~my A mXMp mg

for mx <mg «—— neccessary for AD before saxion oscillation



SAXION DECAY

« Saxion osc. with ~Mp dominates the Universe.

* Saxion decay Is determined by

2
9uY
= H,H
W, My d
2
g,uf
X ~Y ~ ~
f — Sy

il P(O‘—)Qﬁ)ﬁﬁ(%) My
» Saxion decay dilutes generated lepton number

1 Xo\° 4
-T 1
8 R(Mp) 37,

(dilution factor)

A = max

ng 0 1074 eV /102 GeV\” / Xo \ ' /90\"* / & My \1/2
w2 o110k 10725y, =) (=) (72 ( )
S my1 fa Mp gx TeV 10 TeV

L(msax)-dependent!



AXION ISOCURVATURE

PQ Is broken during inflation and never restored

* |socurvature pert.

H, :
2 inf
PSCDM = (WXinf‘ga )

N 1.19
= () (k) Qb2 ~ 01802 [ Jo/NDW
al 0.180, 1012 GeV

* Planck constraint

1012 GeV\ " [ Xie
Hine <7 x 1018 Gev ! ( ) ( = )
o fa/NpW Mp

Xint ~ Mp > f, — accommodates most of inflation models
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SUMMARY

» Simple AD leptogenesis along LHu requires very light neutrino.

* It AD leptogenesis works with varying PQ scale, successtul
leptogenesis Is possible with (relatively) large neutrino mass.

* Non-minimal Kahler for a PQ field realizes varying PQ scale.

» DFSZ i1s good to suppress unwanted L violation during saxion
oscillation; Saxion decay determines the final BAU.

* Axion Isocurvature I1s suppressed.
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Figure from Phys. Rev. Lett. 117, 082503 (2016)



