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Sakharov's condition (67 sakharov) *-- necessary condition for the BAU.

~

" 1. B-violation
2. C & CP-violation
3. Deviation from thermal equilibrium

Heavy particle decay in B/C&CP-violating way easily satisfies this condition.

e.g.) GUT gauge boson/Higgs boson decay

("/78 Yoshimura, /8 Dimopoulous & Suskind, 79 Toussaint+, '79 Weinberg, 79 Barr+, )

Well-motivated model.
We have understood the origin of the matter-antimatter asymmetry of the Universe,
though difficult to prove it experimentally---?
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Sakharov's condition (67 sakharov) *-- necessary condition for the BAU.

~

" 1. B-violation
2. C & CP-violation
3. Deviation from thermal equilibrium

Heavy particle decay in B/C&CP-violating way easily satisfies this condition.

e.g.) GUT gauge boson/Higgs boson decay

("/78 Yoshimura, /8 Dimopoulous & Suskind, 79 Toussaint+, '79 Weinberg, 79 Barr+, )

Well-motivated model.
We have understood the origin of the matter-antimatter asymmetry of the Universe,
though difficult to prove it experimentally---?

The story Is hot so simple.
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Electroweak sphaleron s kinkhamer & Manton)

-+ washes out B4+L asymmetry (ss kuzmin, Rubakov & Shaposhnikov).
killed SU(5) GUT baryogenesis.

E
I\ Options thus far:
- Generate B-L asymmetry (much) before EWSB.
- Generate B(+L) asymmetry after EWSB
Nes | _
ANcg < AB = AL First option:--:
need to violate B-L asymmetry,
B 4 o
/) L0 exact (non-anomalous) symmetry of the SM.
/aeron .
Sphae‘rﬂ B= -% L
— —c-;32>— e

Courtesy: H. Oide



— — . —— —
Electroweak sphaleron (s4 kinkhamer & Manton)

-+ washes out B4+L asymmetry (ss kuzmin, Rubakov & Shaposhnikov).
killed SU(5) GUT baryogenesis.

E
I\ Options thus far:
- Generate B-L asymmetry (much) before EWSB.
- Generate B(+L) asymmetry after EWSB
Nes | _
ANes < AB = AL First option--:
need to violate B-L asymmetry,
B
/ B0 exact (hon-anomalous) symmetry of the SM.
Sph| B”L Right-handed neutrinos can be naturally introduced.
_‘/\_/"-)...' ........... > . (Leptogenesis; '86 Fukugita & Yanagida)
eptegeness e B But BAU from their decay needs severe conditions
i on the CP-violation and right-handed neutrino mass.

(See e.g., '0Ob Buchmuller, Di Bari, & Plumacher)
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An Issue In the B+L washout by EW sphalerons.

It completes when the electron Yukawa gets in equilibrium @ 7' < 100TeV

(92 Campbell+)
Approx. conserved guantities prevents from the completion of washout.

@lower temp., the SM has only B/3-Li as a global conserved quantities
@higher temp., many other global conserved quantities appear, depending on temp.

Weinberg op.
o _|—Tveak sph.
T[GeV] Ve Vs Yd Vs Ysb Y Ve Ve Vb WS 85
strong sph.
(v) (10°,10°) qe v v v v v v v v v v v
tau muon electron (1v) (10°,10%) de 42B,-B,—B; Qu—d 4 4 4 4 4 4 v v v
i)  (10°,10"") ¢, Gp-B,-B,  Qu-a  qa- 98-, 4y v 4 4 4 v o/
top charm up (11) (1011=12 1013) de 92B,-B,—-B, Qu—d dd- dB,-B, P Qu—c q+ 9d-b 4B 4 4
bottom strange - |down (1) (103, 10") de  928-B,-B,  Qu-d  9d- q8,-B, 9 Gu-c 9= Ga-b qs q v

1017 | 1615 | 1613 | 10111' 169 | 167 | 165 | 10°
T [GeV] |
Equilibrium temperature of Yukawa/sphalerons (‘21 Domcke, KK+)

(Figure from 20 Domcke+)
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List of conserved quantities at several temperature regime
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An Issue In the B+L washout by EW sphalerons.

It completes when the electron Yukawa gets in equilibrium @ 7' < 100TeV

~a _ (92 Campbell+)
Approx. conserved guantities prevents from the completion of washout.

p )
@10\ Something can be implemented after the generation of asymmetry

@Ni¢ with B-L=0, before the completion of washout for net B generation. 3 ©N temp
- J

Weinberg op.
___l—Tveaksph.

t h T(GeV] Ve Yds Yd Vs Ysb Yu Ye Y Vb WS SS v,

strong sph.

oo (V) (10°,10°) de v v v v v v v v v v v

tau muon electron (1v) (10°,10%) qe 42B,-B,—B; Qu—d 4 v 4 4 4 4 v v v

(i11) (10°,10'1-12) de 42B,-B,—B, qu—d qa- 4B,-B, 9y 4 4 4 v 4 4

top charm up (ii) (1()11—12, 1()13) q, 42B,—-B,—B; qu—d qq- 4B,-B, qu Qu—c d+ qa-b 4B 4 v

bottom strange - |down (1) (10", 10%) de  92B-B,-B,  Qu-d  qa- q8,-8, G Qu-c 9= Ga-p qs q 4

1017 | 1615 | 1613 | 10111' 169 | 167 | 165 | 10°
T [GeV] |
Equilibrium temperature of Yukawa/sphalerons (‘21 Domcke, KK+)

(Figure from 20 Domcke+)
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List of conserved quantities at several temperature regime




Once Initial asymmetry Is generated by a "genesis” mechanism,
one can determine the conserved charges and evolution of each particle asymmetries
redistributed in a la Turner & Harvey ('90)’s way.

= Z Sic e fi . chemical potential for each particle
C

Yukawa: Mugp = UHy T+ Hurp

i HcC . chemical potential for conserved charge

Sphaleron: 3Ny » g+ >  p=0 Lo, : chemical potential for approx. conserved
q [

HolSs Z Sacpc charge, such as B or B+L
C

28 1ni
From this calculation we obtain the well-known formula #B = 7—9MB_L

after the electron Yukawa equilibration.
== T —
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Once we introduce the right-handed neutrinos,
the way how asymmetries are redistributed changes.

We might expect the L asymmetry Is induced.

(also see '02 Fukugita & Yanagida)
New equilibrium condition:

ML, t HH = KN?,

When the right-handed neutrinos are almost massless,
the L-violating effect should not be relevant.
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Once we introduce the right-handed neutrinos,
the way how asymmetries are redistributed changes.

We might expect the L asymmetry Is induced.

(also see '02 Fukugita & Yanagida)
New equilibrium condition:

Ui, — HUH = MN}'% % O when T ~ my,

When the right-handed neutrinos become massive,
the L-violating effects should be effective.

At this point, A, = B/3 — L; are not conserved charge.

(0t=-Lo + H)
o = Y Sactic 0= > Sactic+ ) Sana, pa, = Y SoA. Sackc
C C#A, i a

' ¥ . : . We name it
B-L asymmetry is induced In the system (and fixed quickly)! .. .. DroGess.
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Once we introduce the rioht-handed neutrinos.

.the V I'p_1 [GeV] |Indexa He M2B,-B,~Bs Mu-d Hd—s HB1-B; Hu Hu-c Mt Hd—b HB Mu|HA,;
W | (10%10%) || ep7 | -3 X X X X X X X X X X| X
(v)| (106,109) e T | —io 0 -5 X X X X X X X X| X uced
i) | (10%,1011712) || )|, ¢ | 1222250 0 -1z g2 123 ldaceool X X X X|32 '
i o208y | AL L g R g e 4 8 x8 gita & Yanagida)
Newe O (o) | g | == g 4 SR s ]
,uLa—l—,uH:,uN;:% % O when T ~ my,
When the right-handed neutrinos become massive,
the L-violating effects should be effective.
At this point, A, = B/3 — L; are not conserved charge.
(o =Ly + H)
—1
o = Y Sactic 0= >  Sactc+ Y San.pa, pa, = Y SoA. Sackc
C C#£A, i C
We name it

B-L asymmetry is induced Iin the system (and fixed quickly)! B e i Drocss
= —— =
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The way how B and L asymmetry is redistributed

Lepton number L

A genesis mechanism —
Sphaleron wash-out —

Wash-in leptogenesis —

Sphaleron wash-out —
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I'~Mpy,  =—te—eeaa. Wash-in leptogenesis | = = = =

(If relevant charges survive)

T ~ 10°GeV

- | Electron Yukawa equilibration |= =

T ~ 130GeV —f— ----- Sap -
~sphaleron freezeout

Baryon number B

(21 Domcke, KK+)

Time
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Advantages of wash-in leptogenesis

- Sakharov’s condition does not have to be satisfied simultaneously.

C&CP-violation/Deviation from equilibrium: asymmetry genesis @high temp.
(hot have to be B-L)

B-L violation: Right-handed neutrino decoupling @ T ~ m .,
# RHN sector does not have to violate C & CP.

- Depending on the initial asymmetries, wash-in works with relatively light RHNs.

can be consistent with naturalness my, <10°GeV (Vissani bound ('98))

and also the neutrino option (17 Brivio & Trott)

c.f.) The vanilla leptogenesis requires mn, = 10°GeV (Davidson-Ibarra bound ('02))
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Applications/Realizations

- SU(5) GUT baryogenesis from the GUT Higgs decay

B+L but not B-L asymmetry is generated.
Wash-in helps to avoid the sphaleron washout.
Lowest RHN mass for the wash-in depends on the decay ratio of the GUT Higgs.

- Axion inflation

oY, Y coupling generate both B+L asym. and hypermagnetic helicity through chiral anomaly.
They can annihilate each other at a later time.
Wash-in prevents from the complete cancellation of B+L and helicity.

Final baryon asymmetry is the summation of the B+L with wash-in
and hypermagnetic helicity decay at EWSB. (Domcke, KK+, in prep.)

(See also F. Uchida’s talk)
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Summary

- Wash-in leptogenesis is a new framework for baryogenesis.

- It uses the redistribution of the asymmetries with the RHN mass term,
between the asymmetry generation and completion of would-be sphaleron washout.

- The idea is based on the fact that the Sakharov’s condition does not have to be
satisfied simultaneously.

- Relatively light RHN can be useful, consistent with naturalness problem
and neutrino option.

- SU(5) GUT baryogenesis and baryogenesis from axion inflation is rescued,
but the idea does not have to be limited to these examples.
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