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The baryon asymmetry
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Reasonable agreement between CMB anisotropy, LSS and nucleosynthesis
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The baryon asymmetry
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Why it is interesting

Signal of physics beyond the Standard Model

Might be testable: possible connections to
neutrino physics, electroweak physics (LHC),
gravity waves

If successful, probe the Universe at very early
epochs, like nucleosynthesis does for the age
of the Universe ~ | sec

Why it is problematic

® [t is only one number: different from DM
(direct and indirect detection, collider)
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Sakharov’s conditions

(1967)

® Baryon number violation
® C- and CP-violation

® Out-of-equilibrium




Baryon number violation
[H,B]=0=B=0=B=DB;,=0

C- and CP-violation
C: i— f goesintoi — f
CP (or T): i(r;,pi,si) — f(rs, Pr,Sf) goes into

f(rf7 _pf7 _Sf> — i(ria —Pi, _Si)

Out-of-equilibrium conditions

Brqg (mXT)S/2 exp(—Mx /T)sinh(px /T) and XX — ~y
= pux =0




Baryon and lepton number violation:
already in the SM

The baryon and the lepton asymmetry are accidental
symmetries of the SM at the tree-level:

0, J% = 0,J" =0

They are however anomalous, that is they are violated
at the quantum level:

5 (_QSFGWFEV + Q%fwfw)

If the RHS acquires is vacuum expectation value,
the baryon and the lepton numbers are violated




Sphalerons

(B + L)-violated, but (B — L) conserved

Gauge configurations mediate the the jump from one
vacuum to the other, thus violating the baryon number




At high temperatures sphaleron gauge configurations are thermally
activated and have size fs, ~ 1/(g3T)

Sphaleron




At low temperatures sphaleron gauge configurations are
Boltzmann suppressed and have size ¢, ~ 1/(92(H))

L'
T < My : Vp ~ (&WT)4eXp (_ESP/T) , BEisp ~ MW/92 ~ <H>

Sphalerons are switched off if (H)/T > 1




All popular baryogenesis mechanisms use
SM sphalerons as source of the baryon number violation

Bx Iy, (B—-B

if fermions are present

5Q)

Sphalerons push the system to the equilibrium value of the baryon
number Brq: if there are N particles and M interactions
in equilibrium, there are (N — M )-conserved charges:

N-—-M

Brq = (Qi)

connection to DM?

N\




Generic expression

np _
? i Oz%v ' 5(313 . fNEQ ~ 10 75CP ' fNEQ




Why SM fails
(one reason, among others)




Leptogenesis




See-saw mechanism

My —-c
L = ESM + ( 9 NZNZ + AiaNiLozH + hC)

N; = Right — handed neutrinos (i = 1,2, 3)
L, = Left —handed lepton doublets (o = 1,2, 3)
H = Higgs doublet

Minkowski; Yanagida; Gell-Mann;
Ramond; Slansky; Glashow;
Mohapatra;Senjanovic

low — energy lepton PMNS matrix

Neutrino get light masses and lepton number is violated




Leptogenesis can be
implemented in several ways

Type I: hierarchical RH neutrinos

Type Il and lll: adding extra heavy d.o.f.
which contribute to light neutrino masses

Resonant leptogenesis: almost degenerate
RH neutrinos

Thermal: RH neutrinos generated from
scatterings in the thermal bath

Non-thermal: RH neutrinos generated from
some non-equilibrium event
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Out-of-equilibrium decay scenario

Scatterings

Fukugita and Yanagida
Y
Ny
Yr

Wash-out term from inverse decays
> o TNy — LoH)
H(My)

 \3x10-3eV

D,WID x K=

CP violation in decays

> [T(N1— — LoH) =T (N — Lo H)|
> ID(N1 = LoH) +T(N1— — Lo H)|

one-flavour




dominant N;
thermal N,
zero Ny

1078 b— - : ;
1071 100 100 100* 1072
m; ineV

G.F Giudice, A. Notari, M. Raidal, A.R., A. Strumia, 2004




Upper bound on light neutrino masses
(hierarchical RH neutrinos)

2
IMiAMZ,
T A. Ibarra and S. Davidson, 2002

—
= Tgrmezm

If m mcreases, M, must increase, but at some point
AL = 2 scatterings are in equilibrium, at — n_/l < O 1 5 eV

T =M, >10"(eV/m)’ GeV

_
<
[v]

30 ranges

maximal np / ny

10—10

0.08 0.1 0.12 0.14 0.16

heaviest vimass ms mevV G.F Giudice, A. Notari, M. Raidal,

A.R., A.Strumia, 2004




Flavours are relevant in leptogenesis

How is it possible that the flavour in the, say, tau
flavour is washed out by inverse decays involving
the electron and the muon flavour ?

D

WinY, x —KY, = —(Ke + K,u -+ KT)(YG -+ YM + YT)

When is the one-flavour approximation valid?

* Tau Yukawa coupling induces interactions

in equilibrium at temperatures 10"° GeV
For M, <10 GeV the one single approximation

* At temperatures above 10'> GeV, there 1s not correct and flavours have to be accounted for

1s no notion of flavour : different flavours

are not distinguishable. The only meaningful

flavouris the total lepton (= one -flavour) -, ap.qa s Davidson, F-X. Josse-Michaux, M. Losada and A R., 2006;
E. Nardi,Y. Nir, E. Roulet and ]. Racker, et al., 2006




When flavour effects are included:

Yp Z €a” (My) and not to Zea Zn (mg)
o o I6;

® The baryon asymmetry can be a factor
(10-100) larger

® The upper bound on light neutrino
masses disappears:

- 3Mim
Ca >
8m(H)?




From observing some CP-violation in the
neutrino sector can we conclude that
leptogenesis is at work!?

High energy Low energy
M;(3+0) 4+ A9+ 6) D(3+0)+U(3+3)
18 parameters 9 parameters

18 — 9 = 9 parameters are lost




Use the orthogonal parametrization: A =+vM - R - D,,, - Ul

One-flavour regime:

€1 o Im (Z miR%a>

Flavoured regime:

€, X Im Zm;/Qmi/zUzﬁUapRlep
Bp

If leptonic low-energy CP-violation is present
the CP-violation in leptogenesis is not zero




Leptogenesis from the low-energy Dirac phase

Y5 633812813 sin d| o Jop

0.035 0.04 0.045
| r22, >/

S. Pascoli, S. Petcov and A.R., 2004




The see-saw mechanism is
naturally embedded in SO(10

A

10110
I T j

(913 > 5° 913 ~ 7" T (923 I 450)/3

A 30 discovery of 613 > 8° will imply a given value for 653

P. Di Bari and A.R,, to appear




Leptogenesis and testability

Lepton number violation: direct production
of RH neutrinos (hard)

Lepton number violation: detection of 0v2(3

decays (requires IH or quasi degenerate v’s).

If m measured by cosmology, say ~ 0.2 eV and no

0r20 seen, leptogenesis strongly disfavoured (no Majorana)

If leptonic CP-violation is seen: circumstantial
evidence for leptogenesis

If leptonic CP-violation not seen: leptogenesis
is not ruled out




Electroweak

baryogenesis







CP violation
—left-h. quark number

~  ajydcp fFNEQ(Vwan)

O (107'Y) naturally




V(H,T) = m2(T)H2 — E(T)H> + \(T)H*

e F(T) from boson (thermal) loops

o <TH> ~ % = light Higgs




Electroweak baryogenesis
naturally implemented in the MSSM

e Eixtra CP-violation provided by the phases of in the
chargino and Higgsino sectors

e Bosonic loops provided by light RH stops

e The lightest neutral Higgs can be light enough

e Sphalerons push the baryon number to its equilibrium
value Brq generated by the Higgsino and stop charges

Huet, Nelson; Carena, Quiros, Riotto,Vilja, Wagner, 1999




MSSM baryogenesis window
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M. Carena, G. Nardini,
M. Quiros and C.Wagner,
2009




Electron EDM (one- and two-loop)
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Higgs wall



Electron and Neutron EDMs

1111:145 GeV, 111::290 GeV, u=300 GeV, Qxhz—rescaled
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Electron and Neutron EDMs

1111:145 GeV, 1112:290 GeV, u=300 GeV, thz-rescaled
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Are we ready to test the MSSM EWB scenario?

By
m¢ R.L,L 3

X .fnd‘ica&[as pufe g\c}mp;na\
Me i H;ﬁgs wef] secifen

In the last seven years revision of the baryon asymmetry
prediction by a factor 100-000

Have to solve for Higgs profile

Velocity of the bubble wall (IR modes of gauge bosons and
stops, Landau damping, memory effects)!?




EVB and testability

Light stops with mass mz_ < 127 GeV
Light Higgs with mass m; < 120 GeV
Light Higgsinos and charginos

Large CP-phases induce testable CP-violation
in EDM’s and can test the vast majority
of the parameter space

Gravity wave production




Bubble collisions at MSSM EWPT
generate gravitational waves

T=100 GeV

LIGO

\\.... WD binaries BBOCorr

QGWh2(f*)

M. Maggiore, A. Nicolis
and A.R., 2001 f*




Conclusions

The baryon asymmetry is an indication of

physics beyond the SM
More difficult to test than DM

If leptogenesis, the generation takes
at very high energy scales, but nevert
testable in low-energy experiments (
GUTs vs proton decay)

If EWB, the generation takes place at

dlace
neless

ike

testable energy scales and testable soon at

LHC and/or flavour physics




