Leptogenesis

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

» what matter excess ?
» required ingredients ?
» a simple seesaw model

» how it works...
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Preambule

1. about "What the stars (and us) are made of” (5% of U)
~ H ~ baryons
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~ H ~ baryons
not worry about lepton asymmetry : is (undetected) Cosmic Neutrino
Backgrou nd ...so how to measure asym?777?

2. 1 am made of baryons(defn) ... observation... all matter we see is made of
baryons (not anti-baryons)

3. quantify as (sp =~ 7n, o)

ng — ng
s 0

Ys =3.86 x 107°Qgh® ~ (8.53 +0.11) x 107!
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1. about "What the stars (and us) are made of” (5% of U)
~ H ~ baryons
not worry about lepton asymmetry : is (undetected) Cosmic Neutrino
Backgrou nd ...so how to measure asym?777?

2. 1 am made of baryons(defn) ... observation... all matter we see is made of
baryons (not anti-baryons)

3. quantify as (sp =~ 7n, o)

ng — ng
s 0

Ys =3.86 x 107°Qgh® ~ (8.53 +0.11) x 107!

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 7
= islands of particles and anti-particles
no! not see ~ys from annihilation
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1. the U(niverse) is matter-anti-matter symmetric 7
= islands of particles and anti-particles
no! not see s from annihilation

2. U was born that way...
X no! After birth of U, there was “inflation”

» (only theory explaining coherent temperature fluctuations in microwave
background that arrive from causally disconnected regions today...)
> 60 e-folds” inflation = V, —> 10°°V,

(ng — ng) — 1099 (ng — ng), s from p of inflation...
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Where did the matter excess come from ?

1. the U(niverse) is matter-anti-matter symmetric 7
= islands of particles and anti-particles
no! not see s from annihilation

2. U was born that way...
X no! After birth of U, there was “inflation”

» (only theory explaining coherent temperature fluctuations in microwave
background that arrive from causally disconnected regions today...)
> “60 e-folds" inflation = Vy —> 10%°Vy

(ng — ng) — 1099 (ng — ng), s from p of inflation...

3. created/generated/cooked after inflation...
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Three ingredients to prepare in the early U (useful for organising caln)

Sakharov
1. B violation : if Universe starts in state of ng — nz = 0, need B" to evolve to

ng—ng #0
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2. C and CP violation : ...particles need to behave differently from

anti-particles.
Present in the SM quarks, observed in Kaons and Bs, searched for in

leptons (...T2K future expts)
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Three ingredients to prepare in the early U (useful for organising caln)

Sakharov
1. B violation : if Universe starts in state of ng — nz = 0, need B" to evolve to

ng—ng #0

2. C and CP violation : ...particles need to behave differently 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 inflation — BBN, Universe is an expanding, cooling thermal
bath, so non-equilibrium from :
» slow interactions : Ti,; > Ty = age of Universe ([in: < H)
» phase transitions :
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ingredient 1 : the SM does not conserve B + L

B + L is anomalous. Formally, for one generation(« colour ) :

_ _ 1 —~
S 0 Fu) + 0 (Tuh) + 0" (G ua) X g5 Wil WA,
sU(2)

singlets

where integrating the RHS over space-time counts “winding number” of the
SU(2) gauge field configuration.

= Field configurations of non-zero winding number are sources of a doublet
lepton and three (for colour) doublet quarks for each generation.
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ingredient 1 : the SM does not conserve B + L

B + L is anomalous. Formally, for one generation(« colour ) :

_ _ 1 —~
S 0 Fu) + 0 (Tuh) + 0" (G ua) X g5 Wil WA,
sU(2)

singlets

where integrating the RHS over space-time counts “winding number” of the
SU(2) gauge field configuration.

= Field configurations 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 process (from winding # to next, “instanton”) : [ e—87/g*

e_’"W/T T < mpy

At 0 < T < my , can climb over the barrier : I'M ~ ST T > my

= fast SM B#L at T > my

Mgy > Hfor my < T < 10%2 GeV

SM B:+L called “sphalerons”

= if produce a lepton asym, “sphalerons” partially transform to a baryon
asym. !

* %% SM B#Lis AB = AL =3 (= Nf). No proton decay ! x x x
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Summary of preliminaries : A Baryon excess today :

e Want to make a baryon excess = Yp after inflation, that corresponds today to
~ 1 baryon per 1010 ~s.

e Three required ingredients : B° , CP , PE .
Present in SM, but hard to combine to give big enough asym Yg

Cold EW baryogen ? ? Tranberg et al

= evidence for physics Beyond the Standard Model (BSM)
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Summary of preliminaries : A Baryon excess today :

e Want to make a baryon excess = Yp after inflation, that corresponds today to
~ 1 baryon per 1010 ~s.

e Three required ingredients : B° , CP , PE .
Present in SM, but hard to combine to give big enough asym Yg

Cold EW baryogen ? ? Tranberg et al

= evidence for physics Beyond the Standard Model (BSM)
One observation to fit, many new parameters...

= prefer BSM motivated by other data < m, < seesaw !
(uses non-pert. SM Bx1.)

Focus here on leptogenesis in seesaw model with My = 10° GeV
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The type | seesaw Minkowski, Yanagida
Gell-Mann Ramond Slansky

e add 3 singlet N to the SM in charged lepton and N mass bases, at scale > M; :

add 18 parameters :

EZESM—i—)\aJNJfa-d)—%EMJNJC My, M2, M3
18 - 3 (¢ phases) in A

M; unknown (g v = (¢°)), and Majorana (K’ ). CP in A, € C.
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Minkowski, Yanagida
The type | seesaw Gell-Mann Ramond Slansky

e add 3 singlet N to the SM in charged lepton and N mass bases, at scale > M; :
add 18 parameters :
L=Lsm+ AasNilo - ¢ — FN;M;NS My, Mz, M3
18 - 3 (¢ phases) in A
M, unknown (kv = (¢°)), and Majorana (K ). €P in A, € C.

e at low scale, for M > mp = Av, light v mass matrix

vAA My vBA
» AV4 <

Via > AN < vip
9 parameters :
NA my, mz, m3
6 in Uyns
[m)] = AM7IATV2

A~ hy 'y M~ 101 GeV

for o 107, M ~10 GeV

i

.05 eV

“natural’ m, < ms : m, x A2, and M > v allowed.
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Minkowski, Yanagida
The type | seesaw Gell-Mann Ramond Slansky

e add 3 singlet N to the SM in charged lepton and N mass bases, at scale > M; :

add 18 parameters :

L=Lsm+ AasNilo - ¢ — FN;M;NS My, Mz, Ms
18 - 3 (¢ phases) in A

M, unknown (g v = (¢°)), and Majorana (£ ). CP in A, € C.

e at low scale, Higgs mass contribution

T 3

2 AL, o m, M}’

D D e Bl
I

for M 2 10" GeV > v?  tuning problem

(7 adding particles to cancel 1 loop...but higher loop ? Need symmetry to cancel > 2
loop 7)

= do seesaw with M, < 108 GeV?

(NB, in this talk, ¢ = Higgs, H = Hubble)
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Leptogenesis in the type 1 seesaw : usually a Fairy Tale Fukugita Yanagida
Buchmuller et al

Covi et al
Branco et al
Giudice et al

Once upon a time, a Universe was born.
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Leptogenesis in the type 1 seesaw : usually a Fairy Tale Fukugita Yanagida
Buchmuller et al

Covi et al
Branco et al
Giudice et al

Once upon a time, a Universe was born.

At the christening of the Universe,the fairies give the Standard Model and the
Seesaw (heavy sterile N; with ¥ masses and CP interactions) to the Universe.
The adventure begins after inflationary expansion of the Universe :

1 Assuming its hot enough, a population of Ns appear—they like the heat.

2 As the temperature drops below M, the N population decays away.

3 In the CP ¥ interactions of the N/, an asym. in SM leptons is created.
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Leptogenesis in the type 1 seesaw : usually a Fairy Tale Fukugita Yanagida
Buchmuller et al

Covi et al
Once upon a time, a Universe was born. Brad“iz‘e’ o Z:
At the christening of the Universe,the fairies give the Standard Model and “he
Seesaw (heavy sterile N; with &' masses and CP interactions) to the Universe.
The adventure begins after inflationary expansion of the Universe :
1 Assuming its hot enough, a population of Ns appear—they like the heat.
2 As the temperature drops below M, the N population decays away.
3 In the CP K interactions of the N, an asym. in SM leptons is created.

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

5 the lepton asym gets partially reprocessed to a baryon asym by
non-perturbative B + L -violating SM processes (“sphalerons”)

And the Universe lived happily ever after, containing many photons. And for
every 109 photons, there were 6 extra baryons (wrt anti-baryons).
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Estimate something : E + dynamics
Suppose My < Ma 3, Trepeat > My ~ 10°GeV
Recipe : calculate suppression factor for each Sakharov condition, multiply

together to get Yp :
ng — ng 1

s 38«

s ~ g.ny, ¢ = lepton asym in decay, n ~PE process

er.cpnTe ~ 107 3ep (want 1071°)

No Boltzmann Eqns because

1.( time...)

2. Boltzmann lived before Planck : BE in the early U are a classical approx at
p > nucleus, E > colliders...should start from QFT and derive them.
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Estimate something : E + dynamics

Suppose My < Ma 3, Trepear > My ~ 10°GeV qa\/t
1 produce a population of Nis, via e.g. (gl, — Nitg) »
Get thermal density ny ~ n, if My S T, and Tproq < 7 : | NN
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Estimate something : E + dynamics
Suppose My < Ma 3, Trepear > My ~ 10°GeV

a3 t
\/
1 produce a population of Nis, via e.g. (gl, — Nitg) ‘

Get thermal density ny ~ n, if My S T, and Tproq < 7 : l//:\i N
WX T3 h2)2 1072 A2 10T
rp,od ~ovn ~ T2 ? ~ 7-(2 T>H~ My , = 7T2 > —mp/

Suppose satisfied...
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Estimate something : E + dynamics

Suppose My < Ma 3, Treheat > M1 ~ 10°GeV Q3\/t
1 produce a population of Nis, via e.g. (gl, — Nitg) »
Get thermal density ny ~ n, if M1 £ T, and Tpod < 7u : IA N

X2 T3 p2a? 107? X 10T
Mprod ~ovn~ - — ~ T > H e~ , = —= >
T2 72 2 Mpy 2 Mol | 1_p,

Suppose satisfied...
2 Lepton asym is produced in N int. (eg decays) if there is CP ; can survive
after inverse processes(eg decays) ="washout” become rare enough

[AAT]12 My T 1072

r N) = T gocaye” /T =
(Pl — N) decay € ar P
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Estimate something : E + dynamics

Suppose My < Ma 3, Treheat > M1 ~ 10°GeV qg\/t
1 produce a population of Nis, via e.g. (gl,, — Ntg) »
Get thermal density ny >~ n, if M1 S T, and Tpog < 70 : [//\\ N

X2 T3 h2A2 1072 X2 10T
Mprod ~ovn ~ —S-— ~ LT > H ~ 0 , —>0—
T2 72 2 mpy, 2 Mpi | r—py

Suppose satisfied...
2 Lepton asym is produced in N int. (eg decays) if there is CP ; can survive
after inverse processes(eg decays) ="washout” become rare enough

¥ 2
Fo(6f — N) ~ rdecaye—Ml/T _ [ANT]11 My eM/T 10T
8w mp

At temperature T, when Inverse Decays turn off,
H

,;_I’:I(Ta) = eiMl/Tn =~ m can calculate this
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Estimate something : E + dynamics

Suppose My < Ma 3, Treheat > M1 ~ 10°GeV qg\/t
1 produce a population of Nis, via e.g. (gl,, — Ntg) »
Get thermal density ny >~ n, if M1 S T, and Tpog < 70 : [//\\ N

X2 T3 h2A2 1072 X2 10T
Mprod ~ovn ~ —S-— ~ LT > H ~ 0 , —>0—
T2 72 2 mpy, 2 Mpi | r—py

Suppose satisfied...
2 Lepton asym is produced in N int. (eg decays) if there is CP ; can survive
after inverse processes(eg decays) ="washout” become rare enough

_ MM o M/T 1077
8w mp
At temperature T, when Inverse Decays turn off,

F,D(M — N) ~ Fdecaye_Ml/T

H
,;_N(Ta) ~ e M/ Ta TN = 729) can calculate this
Y e
so (1/3is from SM B+L , s ~ g.ny, €, is lepton asym in decay)
. = 1 Ta H
w ~3 ZGQ nl;(n ) . 10736? (want 10710)
w My

10/14



Estimate ¢, the CP and L asymmetry in decays
Recall (in S-matrix) CP : (¢l|S|N) — (¢f|S|N) = (¢¢|S|N), ( 7 =anti-n)
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Estimate ¢, the CP and L asymmetry in decays
Recall (in S-matrix) CP : (¢l|S|N) — (¢f|S|N) = (¢¢|S|N), ( 7 =anti-n)

In leptogenesis, need CP ¥ interactions of N,...for instance :
finite temp :Beneke etal 10
_ r(NI_>¢€a) — r(NI%(ZZa)
! F(N,—>¢€)+F(N, —>Q_5Z)
~ fraction N decays producing excess lepton

(recall N; = Nj)
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Estimate ¢, the CP and L asymmetry in decays
Recall (in S-matrix) CP : (¢l|S|N) — (¢f|S|N) = (¢¢|S|N), ( 7 =anti-n)

In leptogenesis, need CP ¥ interactions of N,...for instance :

finite temp :Beneke etal 10

r(NI _>¢€a) — r(/\_ll %(Zza)

(recall N; = Nj)

- F(N,—>¢€)+F(N, —>Q_5Z)
~ fraction N decays producing excess lepton

Just try to calculate €1 7

® no asym at tree

e asym at tree X loop, if &P from complex cpling and on-shell particles in the
loop (divergences cancel in diff, need Im part of Feynman param integrtn)
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CP , complex couplings, loops unitarity and all that...(estimate €, no loop caln)
1 the S-matrix S =1+ T is CPT invariant Kolb+Wolfram,

- NPB '80, Appendix
(@LISIN) = (N|S|¢t) (= (9t|STIN)")
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CP , complex couplings, loops unitarity and all that...(estimate €, no loop caln)
1 the S-matrix S =1+ T is CPT invariant Kolb+Wolfram,

o NPB '80, Appendix
(@l|S|N) = (N|S|pt) (= (pt|STIN)*)
and unitary : §§T=1=(1+iT)(1—iTT)

= iT—iTI+TTI =0

= (@ TIN) — (| TTIN) + (¢€| TT|N) = 0

(G TINY? = [l TTIN) — i(pl| TTINY(N| TTT|pe)
+i(N|T|0) (| TTT|N) + ...
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CP , complex couplings, loops unitarity and all that...(estimate €, no loop caln)
1 the S-matrix S =1+ T is CPT invariant Kolb+Wolfram,

- NPB '80, Appendix
(@lSIN) = (N|S|ot) (= (ot|STIN)¥)
and unitary : §§T=1=(1+iT)(1—iTT)

= iT—iTI+TTI =0

= (@ TIN) — (| TTIN) + (¢€| TT|N) = 0

{OUTIN? = (@ TTN)? — i@t THNY(N| TT[ot)
+i(N|T|¢€)(d| TTT|N)Y + ...
2 We are interested in a CP asymmetry :
eoc [ dn (|6t TIN)P — @I TIN) )
SO (this formula exact, if | kept 2s and sums; [ dl1 = phase space )
€ fdl'llm{<¢€|TT|N><N|TTT|¢€>}

= need complex cplings, and on-shell particles in a loop
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Estimating ¢ for hierarchical N,
Consider simple case : My < M, 3. Suppose lepton asym generated in CP ¥/
decays of Ny :

o F(Ny— ply) — T(Ny— @ly)
! [(Ny— ¢0)+T (N — @)

(NB, no intermediate Nj because cplg combo real)

(recall N1 = /\_Il)
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Estimating e for hierarchical N,

Consider simple case : My < M, 3. Suppose lepton asym generated in CP ¥/

decays of Ny :
o TN 6ta) = TR~ 3T.)
o= F(N1—>¢€)+F(l\_ll —>(;_5Z)

(recall Ny = Ny)

[Klag ~ _[m:l(m

Mg g, X Nl s
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Estimating e for hierarchical N,

Consider simple case : My < M, 3. Suppose lepton asym generated in CP ¥/

decays of Ny :
r(Nl—>¢€a) — r(/\_ll _>¢_)Za)

(0%

) V) — oL N = NV
€ F(Ny— @) +T(N; — ol) (recall Ny = Aly)
[K/]mﬁ ~ [m:#
¢
¢> Y ¢ ,
Ny X5y X Ny oo Aa +N1)\;$, .

Recall

re ~ tm{ (@0 TIN) (M| T30 @0 T or) )
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Estimating ¢ for hierarchical N,

Consider simple case : My < M, 3. Suppose lepton asym generated in CP ¥/

decays of Ny :

r(Nl_>¢€a) - r(/\_ll %(Zza)
F(Ny — @) +T (N — f)

1

(recall Ny = Ny)

N; %H’*)\ ea X Ny

Recall
Fe ~ Im{ @0 TIN)" (N TI30) (30 T |o0) }
Fe /dﬂlm{M*(N%W)M(N%¢€)M(W—>¢€)}

Im{X\x*}
87| A2

€1
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Estimating e for hierarchical N,

Consider simple case : My < M, 3. Suppose lepton asym generated in CP ¥/

decays of Ny :
r(Nl—>¢€a) — r(/\_ll —)Q;Za)

(0%

) V) — oL N = NV
€ F(Ny— @) +T(N; — ol) (recall Ny = Aly)
[K/]wﬁ ~ [m:#
¢
¢> y) ¢ ,
Ny X5y X Ny oo Aa +N1A;$, .

Recall
re ~ im{ @0 TIN)"(N| T[50) (30 T'|o0) }
e /dnlm{M*(N—>W)M(N—>¢5)M(w—>¢z)}

Im{\\x*} 3 my¥M, 10-6 My

< 2 107°
87| \? 8r V2 109GeV

ElNM

so for My < Ma 3, need M; 2 10° GeV to obtain sufficient €
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Maybe want My < 10° GeV ? Leptogenesis with lighter N;...

1. M; ~ M, < resonantly enhance € ... up to € S 1.
2. at lower T, age of Universe is longer, takes more care to get
out-of-equilibrium...
3. need to generate L asym before Electroweak PT (to profit from
sphalerons)...
= leptogenesis via N, decay/scattering works for degen N, down to M, ~ TeV

For even lighter M), can make asym by coherent oscillations and scatterings of
N;...
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Summary

Leptogenesis is 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.
* efficient, to use the BSM for m, to generate the Baryon Asym.
* using SM B+L violn (AB = AL = 3) avoids proton lifetime bound

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