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Leptogenesis

a class of recipes, that use majorana neutrino mass models to
generate the matter excess

I what matter excess?

I required ingredients ?

I a simple seesaw model
I how it works...
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Preambule

1. about What the stars (and us) are made @ of v)
H baryons
not worry about lepton asymmetry : (isdetected) COSMIC
Neutrino Background.so how to measure asym???
2. | am made of baryons(defn) ... observation... all matter
we see is made of baryons (not anti-baryons)

3. quantify as(s;' 7n.o)

r]B r]E

=386 10 ° gh?' (853 0:11) 10 !
0

Yg

PLANCK

) Question : where did that excess come from ?
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Where did the matter excess come from ?

1. the U(niverse) is matter-anti-matter symmetric ?
= islands of particles and anti-particles
X no! not see s from annihilation

2. U was born that way...
X no! After birth of U, there was in ation

i (only theory explaining coherent temperature uctuations
in microwave background that arrive from causally
disconnected regions today...)

' 60 e-folds ination Vy! > 100V,

(ne nz)! 10 *(ng ng), s from of in ation...

3. created/generated/cooked after in ation...
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Three ingredients to prepare in the early U (old russiampegci

. . . . Sakharo\
1. B violation :if Universe Starts in state ohg ng = 0, neeoT
B toevolvetongs ng 6 0

2. C and CP violation :..particles need to behave di erently
from anti-particles.
Present in the SM quarks, observed in Kaons and Bs,
searched for in leptons.T2K, future expts)

3. out-of-thermal-equilibrium..equilibrium = static.

generation = dynamical process
No asym.s in un-conserved quantum #s in equilibrium
From end in ation! BBN, Universe is an expanding,
cooling thermal bath, so non-equilibrium from :

I slow interactions : it u = age of Universe

( int H)
I phase transitions :
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ingredient 1 : Does the SM conseB&

B, L are global symmetries of the SM Lagrangign (
doublets,e; u; d singlets)

Lsw 0Bq; B ; "He ; gfu ; gHd

so, classically, there are conserved currents,Baadd L are
conserved. (S8 + L andB L are conserved.)

Good proton appears stable , > 1063 yrs (¢ 10% yrs).

But the SMdoes notconserveB + L...

In QFT, there is the axial anomaly...

...anomalously, the fermion current associated to a dakssi
symmetry is not conserved.

see Polyakov,
Gauge Fields + Strings,
6.3=qualitative e ects of instantons
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ingredient 1 : the SMloes notconserveB + L
B + L is anomalous. Formally, for one generatiocflour ) :

X - AR = 1 A A

@C )+e( Hrem@ a)l gpwhi *
U@

singlets

where integrating the RHS over space-time counts winding
number of the SU(2) gauge eld con guration.

) Field con gurations of non-zero winding number are
sources of a doublet lepton and three (for colour) doublet

quarks for each generation.

Left- handed fermions
e

' thanks to V Rubakov
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SM B+L violation : rates 't Hooft
Kuzmin Rubakov+
Shaposhnikov

At T = 0 is tunneling proceg&om winding # to next,
instanton) : / e 8=9°

At0O< T < my , can climb over the barrier :
e ™ T T < My
Bl 5T T >my

) fast SMB+L atT > my
g«. > Hformy < T < 102 GeVv

SM B+L called sphalerons

) if produce a lepton asym, sphalerons partially transform
to a baryon asym.!!

???SMB+Lis B = L= 3 (= N;). No proton decay???
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Summary of preliminaries : A Baryon excess today :

Want to make a baryon excessYg after in ation, that
corresponds today to 1 baryon per 18 s.

Three required ingredients: , CP, TE .
Present in SM, but hard to combine to give big enough asym
Ye

Cold EW baryogen ? ? Tranberg et al

) evidence for physics Beyond the Standard Model (BSM)

One observation to t, many new parameters...

) prefer BSM motivated by other data m
seesaw ! (uses non-pert. SMB+L )
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Type 1 seesaw, one generation
Add to SM a singlelN with all renorm. interactions :

+ 0 M__
LUK = ho(Ta) H e+ (4;8) HH N + 7N°N+ h:c:

lep HO
- - M_—
MeE ER +mp N +§N°N+ h:c:
) neutrino mass matrix :
— 0 Mp c
R NC L
) mp M N (¢ (V9
m2

) eigenvectors : | with m , N with mass M

D
M
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The type | seesaw, 3 generations Minkowski, Yanagida

Gell-Mann Ramond Slansky

add 3 singIeN to the SMin charged lepton andN mass bases:

L=Lgy+ JN;°  H %NJMJNE add 18 parameters :

at low scale, foM  mp = v, light mass diagtaite M:
18 - 3 (" phases) in

L —»——X— X —X—<— | 9 parameters :

mip; M2; M
NA 1 2 3

6 in Uyns

[m]: MlTVZ

hh: M 10° GeVv

106 M Tev 05ev

for

natural m m, but N hard to detect ?
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The type | seesaw + Higgs mass

add 3 singIeN to the SMin charged lepton and N mass bases.

L = I—SM+ JNJ‘ H %N_\]MJNE
at low scale, Higgs mass contribution

for M > 10" GeV > v? tuning problem

(? adding particles to cancel 1 loop? Need symmetry to cancel 2 loop ?)

) do seesaw witv, < 1¢° GeV ?
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a low-scale tree model detectable at the LHC : the inversasee

add two singletdN; S per generation to the SM Va'_l_e_
L=Lswt N H NMS 3S&°

Dirac mass betweeN and S, small Majorana mass f@.

For = 0, lepton number conserved, L=1 farN; S, and

m = 0 To check in 1-gen : mass matrix is

30 1
0 mp O E

T NS 4m 0 MHS5@N A
0O M 0 S°

determinant vanishes.
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massive | in inverse seesaw

add two singletdN; S per generation to the SM
L=Lsw+t N H NMS 3S&°
Dirac mass betweeN and S, small Majorana mass f@.
For 6 0 mp < M,

2 30 1
0 mp O (L:

T NS 4m 0 MS@N A
0 M s¢

determinant = m3 ) masseM;M;m3 = M?
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diagrammatic | mass in inverse seesaw

add two singletdN; S per generation to the SM
L=Lsu+ N° H NMS IS &°

Dirac mass betweeN and S, small Majorana mass f@.

at low scale, light mass matrix

\Y; M M Y
L —»—% X X *— L
N S N
m] = MIM?! TvZ :05ev

for 001,M TeV,) 10 keV
Naturally smalim , andN @ TeV withO(1) yukawas
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Leptogenesis in the type 1 seesaw : usually a Fairy Tﬂgﬂggﬁ‘nﬁﬁ""gdﬁ

Covi et al
] ] Branco et al
Once upon a time, a Universe was born. Giudice et a
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Leptogenesis in the type 1 seesaw : usually a Fairy Téfgoa vanagie

Covi et al
Branco et al
Giudice et a

Once upon a time, a Universe was born.

At the christening of the Universe,the fairies give the Stard
Model and the Seesaw (heavy steflg with L masses an€CP
interactions) to the Universe.

The adventure begins after in ationary expansion of the \émse :
1 If its hot enough, a population dil;s appear(they like heat).

2 The temperature drops beloM, N population decays away.

3 Inthe CP andL interactions of theN, an asymmetry in SM
leptons is created.
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Leptogenesis in the type 1 seesaw : usually a Fairy Téfgoa vanagie

Covi et al
Branco et al
Giudice et a

If this asymmetry can escape the big bad wolf of thermal
equilibrium...

18/28



Leptogenesis in the type 1 seesaw : usually a Fairy Téfgoa vanagie

Covi et al
. . Branco et al
Once upon a time, a Universe was born. Giudice et a

At the christening of the Universe,the fairies give the Stard
Model and the Seesaw (heavy steflg with L masses an€CP
interactions) to the Universe.

The adventure begins after in ationary expansion of the \émse :
1 If its hot enough, a population diis appear(they like heat).

2 The temperature drops beloM, N population decays away.

3 Inthe CP andL interactions of theN, an asymmetry in SM
leptons is created.

4 If asymmetry escapes the wolf of thermal equilibrium...

5 the lepton asym gets partially reprocessed to a baryon asym b
non-perturbativeB + L -violating SM processes ( sphalerons)
And the Universe lived happily ever after, containing many
photons. And for every 1®photons, there were 6 extra
baryons (wrt anti-baryons).
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Does it work ? Calculate something ?

Recipe : calculate suppression factor for each Sakharov
condition, multiply together to geYg :

s S e % Lcp T 103 (want 10 '°)

s gn, =leptonasymindecgy = TE process/

TE + dynamics :

Suppose aff > My, a density T2 is produced.

Later, Lepton asym produced @P N decays, survives if not
washed out by Inverse Decays = survives after ID out of equil :

[ y]llMle M1=T < 101-2
8 Ml

(! N)' decay®€ Mi=T =

FractionN remaining atT \p when ID turn o :
H
(NP ")

Ny ' Mi=T
- I e 1
n ( ID)
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Estimate , the CP asymmetry in decays Kolb+Wolfram,
NPB '80, Appendix

Recall (in S-matrix) CP :h” jS{Ni'h “"jSjNi = h “jSjNi,(” = anti- )
In leptogenesis, neddP ;L interactions ofN,...for instance :

_ (NPT (N )
| (NE )+ (NE )
fraction N decays producing excess lepton

(recallN; = N,)

Z
[

\

X

N, —%—"»—. N |

Just try to calculate ; ?
asym at tree loop,if CP from complex cplingnd
on-shell particles in the |0Qﬂ)vergences cancel in di, need Im part of

Feynman param integrtn)
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Ioops, unitarity and all that.(estimate , no loop caln)

Can use unitarity and CPT invariance of S-matrix to estimate
from tree amplitudes.
ConsideM;  Mayg3, asym fromCP ;L decays oN; :

e TR DAL

[m ]
V2
N 1+>— . + N;
1 2 3 mm™\M M
— M — 10 ©
1 g 2 8 V2 10°GeV
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EstimateYpg

Recalls gn, =leptonasymin decay = TE process/) :
n n 1
B S B @ Ler e 10 3 (want 10 *°)
H M1
10 ®—10 °
10°GeV

for My M3, needM; > 10° GeV to obtain su cient

i 2 2
(?but give m mg; ?)
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do leptogenesis witMy < 10" GeV ?

ForM, M;, resonantly enhance...upto < 1=8 !
but need decays before Electroweak PT (to prot from
sphalerons)... and ID out-of-equil :

o eMT(N! “)<H ) M > 10T,

Fairy tale works for degeN, for M, > TeV
(but are M;  TeV any more detectable than M,  10° GeV ?)
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Asaka + Shaposhnikov

MSM : type 1 seesaw below 100 GeV gives BAU and DM --

thesis Canetti

ingredients SM +

6 :
Np.3 : 100 MeV< Mas < 10 Gev, M < 10 "€V Yei ou

keV Yg;NOT pm
Yukawas3 give 2 light SM neutrinos via seesaw

N; : M;  keV. WDM candidate.
feebly couplednegligeable contributionm . sy)

scenario :

Population ofN,.3 produced via Yukawas before EPT
Produce L! Yg via oscillations oN,.3; su before EPT
Produce L > 10 ° via osc. and decay ®f,; after EPT
Can produce su cient distribution o, via osc.

tests
No.3 : beam dump, SHIP
N, as DM : X-rays from DM decay, WDM bounds (depend on momentum

distribution)
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How does asym generation work ? (very simpli ed!)

latT < TeV (recal < 10 7), produceN,; N3 via Yukawa

interaction N°

2 Ny; N3 oscillate (almost degenerate)

3 back to | via

at g ose» 1,2,3 arecoherent so CPV from - M?2- gives

avour asyms in | (to small

*lepton number in'. + Ngr is conservedtactually, Loy+ helicity of

Np)

from osc! EwpT,asymsin_ seed asymsiN ! asyms

in L (enough asym)

...works also in detailed calculations with all available

technology...

(eg also include lepton number violating interactions)
Teresi Hambye

Eijima + Shaposhnikov
Ghiglieri+ Laine
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U2=Tr[ M 2]
arXiv :1208.4607
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Summary

Leptogenesiss a class of recipes, that use majorana neutrino
mass models to generate the matter excess. The model
generates a lepton asymmetry (before the Electroweak Phase
Transition), and the non-perturbative SM B+L violn

reprocesses it to a baryon excess.
? e cient, to use the BSM for m to generate the Baryon Asym.
? using SM B+L violn ( B = L = 3) avoids proton lifetime bound

? it works ...rather well, for a wide range of parameters
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