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BT in the SM
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BT in the SM
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BT in the SM
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BT in the SM

Bt in a thermal bath ( 7;0> there can be transitions due 2o
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BT in the SM
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Kelddion betioeen B and L
4 S yMMeZ‘r/e\S
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Kelddion betioeen B and L
4 S yMMeZ‘I‘/e\S
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cOap/ /nﬁ\s -+ nonr —-perz‘aréaf Ve Sp/ld/ elron proceé SesS

2
. get ABT? 4ype, e Ber ALT
I].B o HE o 6 / i Li 6 # a/ehél‘zty

/. eplon

AB = Z(zluoh T Hu; + :udi) AL = Z AL; = Z(zluli + :uei)

1 1
Zherral e?a// /Ar/a/y/ > re/alions dMon3 [im ‘5

8 Ny -

AB=c,A(B-L) AL=(c;—1)A(B-1L) & = 551

(B-1L) @ end of Lepfogeneér\f eorl! delerrnine B aéymmefry Z‘oa/ay



Keladion beteoeer B and L
4 S yMMeZ‘I‘/eS
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Need For & apd E2

£ C and CP conserved => processes 1vol) \//ng
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Minimal SeesSdew Z.agrangian : on/y add & necttrinos o SM

Lxg =:LPL+:RVR+1:NrdNg

SM lepton doublets SM lepton singlets R neutrino singlets

New Physics Scale
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Majorana Mass

S 2 1 1 2 Matrix for light
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Minimal SeesSdew Laﬁranﬁian : on/y add & necttrinos o SM

Lxg =:LPL+:RVR+1:NrdNg

SM lepton doublets SM lepton singlets R neutrino singlets

New Physics Scale

__ __ ~ 1__—
Ly =-L®y,R-L®yl Ny — 5 Nr Mg Nf; +hec.

Majorana Mass
2 1 1 2
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A 2 YN Mg IN neutrinos

. Vieldtes L (B-L1)

2. May choose /\/,(‘\5 Zo Md,ée /V/( rea/ => YN eor !/
have phases (violates CP)
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Ful/£ill all 3 Sd/%é arov ‘5 Conditions C ﬁ(éé(g/ia, Yanagiz‘a CAR
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. 3 Weaty XY nectrinos (N
2. M << M,y M, ( Alerarchical)
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Mirisrc/ Z.efz(ogehe\f 1S

. 3 Weaty XY nectrinos (N
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2. 7 T(N; - ®1,) AT (N, — &' 1,)
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7o compute baryon asyrmmetry
. eva/uate CP asyrmmelry
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7o compute baryon asyrmmetry
. eva/uate CP asyrmmelry
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7o compute baryon asyrmmetry
. eva/uate CP asyrmmelry

) o TNy —@1,) -T'(Ny — &
B > TNy —=®1,)+T'(N; — P

€1

1)
1,

2. 5 olVe Bo/ ZZ/V/dnn E?aaf ron Co COMﬁaZ‘e wd\S/’lan‘

of Che /epfon QSymmeZ‘ry g — g*2772 T3
45
1

N g ~ 106 (SM)
Y AL

3. comvert /. epZ‘on aS ymmez‘ry 1l o Bdryon aS yMMeZ‘ry
np — HE

YAB — — CSYA(B—L) — _CSYAL ~ (10_3 — 10_4) €1

S



CP A Symmez‘ry

4 Z Cree—/eve/ I’ 1S /‘ea/ So

Ftree(Nl — l(I)) — Ftree(Nl HT(I)Jr) — |Y‘2 Ml
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Cree /level/ and 1-/. ocop CLO/?Z‘I‘/‘AL(Z‘/O/?S




CP A Symmez‘ry

For Yierarchical Newtrinos M << M2 << M3

3 1 M
§ " Im )2, 1
K7 \yyﬂll et ((yy )11) M;

%/owe\/er M 2 M2 we can have resSorant

enhianc ement of the / epz“on @S ymmefry /e
resonant / epfogeneé 1S CA/aftsis ) Underioood]

) (Mlz — MJZ)MIFNJ
(M{ — M{)? + MR,

( >// ne !l rino MAS S 5ca/e C.arn Ae of’ 7;\/ order
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In e?a// ' OrieUnt no nel as ymmez‘ry

{?L{// /‘Ar/‘é(m /‘5 Md/‘nz(d/‘hea/ Ay
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Zr e?a// 'O no nel as yMMeZ‘ ry do not »odi~ % N
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/\/ OoON —-e?a// /‘Ar/‘é(m 1S prO\//‘a/ea/ A}/ Z‘/?e ex/?ané ron of Z‘/’le

é/ IiversSe ‘
e)(pané ron rale

For T'C7T) < 77 ~ 1.2 \/3* 72/ Moy

Border/ine occers when 1= ¥/ |7”= M

Production rdZ‘e

7”OZ‘Q/ a/ecay rate
I'p=>» Taa=>» T(Ny — &, ®77,) =
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Define 2 pardMeZ‘erS of the order of »7 0 Y

* 2 2
M=) Moo = 2 M, 2M2 P
8%

84

8Tv2

= 2 M2

I,

H(T=M;)~1x10%eV

'Z can be Shoeon thad m > m('/)
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MQS howt SCenaI‘/OS

52‘)‘0/73 washowd Scenario I'pb >H (ffl > m*)

@ 7T~ M, thermral dens /z‘y rs oblaned NN; ™~ Iy

arny asS y/y//y/eZ‘ry M Md,éeS 1S washed ot

@7 <M M's start 2o decay

@Tq o D éa -+ () JEEY Nl 30 ou Of.’ e?a//iér/am

1

@7 < 7 ., M ‘s a/ecay owtd of e?a///éh‘am

m Mo >
nn, (To) m, M7 Moo =)

Ko ™

NN, (T > > Ml) - m,,.,
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I'b >H (rﬁ>m*)

Irtermediale tashowtd Scenario T
My o < m*)

@ 7 /\4, Zherral dens /Z‘y 1S Oéfd/‘nea/ NN 1 7 Il7

AQCQLZ Se of /. d/‘ﬁe C ol P/ /‘/735 o ot hﬁ r £} / AVOrS
Vai 5 small  anti-asymmelry produced — €q11y

@7 <M M s start 2o decay
asymmelry produced €ally

/owwest order / epZ‘on QSyMMeZ‘ry Varn S /1@5
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I'b >H (rﬁ>m*)

Irtermediale tashowtd Scenario T
My o < m*)

@ 7 /\4, Zherral dens /Z‘y 1S Oéfd/‘nea/ an ~J Il7

because of large couplings to other Flaors
}/a. 1S SMQ/ / arts —-aéymmeZ‘ry /proa/ac@a/ — €q n7

@7 <M M s start 2o decay
asymmelry produced €ally

/owwest order / epZ‘on aéy/y//yzefry varn ShHes
beit a small part of anti-asymmetry washed ot

before decay Maa n,

m N ~ ~
* Koy ~ Moo (m>m,, my, <m,)
m.,




MQS howt SCenaI‘/OS

wWeak tashout Scenario I'p <H (m < m,)
Mg, < Mmy)

Z‘/7eer/ dens /‘Z‘y 1S rnot oAZ‘dl‘nea/
asS proa/acz‘ion IS not efficient @ T ~ /\4,

1 m
~ nv

nNn, ~~ I‘prodﬁan m
*




MQS howt SCenaI‘/OS

A)edé washowtd Scenario FD <E/ (fh < m*)
Mg, < Mmy)

Z‘/7eer/ dens /‘Z‘y 1S rnot oAZ‘dl‘nea/
asS proa/acz‘ion IS not efficient @ T ~ /\4,
1 m

nN, ~~ I‘prodﬁnq/ ~ m I~
*
asS before

/owwest order / epZ‘on aS yMMeZ‘ry varn ShHes
beit a small part of anti-asymmetry washed ot

Im, .

before a/ecay

6()é:n-Nl
1.,

(M < m,, My, <m,)




Bo/ Z Z a0 ffadf/oné

Z.epZ‘on aéymmefry 1S a res wlt of COmpeZ‘/‘Z‘/‘on

dIlNl

D-+S
dz
modity Bl /

abundanc e nL — 2(118 . nZ)

an _ anl )

dIlL

— €1 D(an — an) WHB L

dz / /

Sowurce of as /111 HY woashowd Zerr

accounts for a’eCCZyS / ac.counts for accounts For all

IWerSe a’eddy\s IA L = 5caz‘z‘er/n3 processess

FD I1W
D= _—— _ W
Hz w Hz




Dynamica/ Generalion of ny, and yz_y

Cu). Buchnitiller]



Davidson-Tbarra Bownd

Casas—-TLbarra Pararelrizalion

1
Yai = ;(\/ Dy R /D, U

Dl\/[ — diag(Ml, h/_[27 MS) DV — dlag(mV1 » Iy, ml/3)

RTR=RR' =1

3 1\/Il Za mViIm(R%i)
107 V2 Za m,/i Rli‘z

€1 —

‘€1|<€DI_ 3 M;y Amazltm

167 v m,, + m,,




Davidson—Tbarra

3 Ml Amztm

167 v m,, + m,,

Yap(oo) > YRHEP ~ 10710

0.1eV
M4 < © > k> 10° GeV

m,, -+ m,,

M; > 10° GeV m,, < 0.1eV

N dorinales CO/?Z‘I‘/AL(Z‘/O/? o /. epfogeneé 1S
M <L M2, M3 unflavor regme 7 > 10 GeV




Flavor & Ffectds

F/. avor effeclds can p/ dy /'Mporfdnf role 1» /epf oseneél‘é

Depenc//‘nﬁ on 11X ad the s cale of / epfogene\s 1S Che interactions
medialed Ay chargea/ —/\ eplons Yukacoa COé{p/ /n~95 are 1n oF out of

Enter E?a///ér/am "~/

e?a///ér/am

yv2T/(47) ~ /g*T?/Mpr, T ~10'? GeV
y2T/(47) ~ /g T?/Mpr, T ~ 10° GeV

@ 7 2107 Ge\V all owt oF e?a// ' bricin: /. eplons are ind!r S Z/ngafé hable
For 7 < 107 GeV flavor effects need 2o be taken into accowunt

‘ S/‘nﬁ/ e ﬁ avor 4 fproX/‘MdZ‘/‘on ) 1S not \/d/ /d 1 h fﬁ/‘é CasSe

CAHbada et a/., Nardi et al., Di Bari et /., Antush et a/., Pilaftsis etc.]



Healy Newtrinos Flaor

flavor effects

dete 2o Ny N2, N3
M 2=2M) Yekacoa cOap//ngs

10° L

1F
M3z=2M2 10 L

10°F

— T,y (3 lEpion flavours)
— — = =T, (NO flavour effects)

L I LI I LIl I LI | LI I L1l | LI l LI I L | LI I LIl I LI I LI I |

| | lllllll. | L1

1c’
z=M\/7  CA. Plaftsis]




Setant e Bolt zriann

5?4( al1ons

Feindamental Problesr in 2ArsS dreat ment:

|. Bo/tzriann E?aaz‘/on5 are Classical

2. Collision Termns are 7=0 S-rmatrix elesrrents
which imvolve guartusrt inlerferences
3. Time evolution showld be treated guantun
mechamcally
Neco developments: guarturn Boldzmann
E?aaf jons based on Closed-Time-Palh

LOrPIG) ISP T Buchmiiller, Di Bari, Plumacher, Strumia et



