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Note 1: Minimalist overview

Note 2: Few references will be given ... ask for a more complete list
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The matter-antimatter asymmetry of the Universe
Observations:

(a) The Universe is globally asymmetric: the amount of antimatter is
negligible with respect to the amount of matter.

Cosmic rays from the sun.
Planetary probes.
Galactic cosmic rays.

BESS-Polar experiment — ¢ < 1x 10",

Absence of strong y—ray flux from nucleon-antinucleon
annihilations in clusters of Galaxies (like Virgo cluster).

—> Matter and antimatter domains should be larger than 20 Mpc.
|Steigman, 1976

Actually they must be larger than ~ the visible Universe ( cosmic
diffuse ~-ray background ) . [Cohen, De Rujula, Glashow, 1998]
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(b) Baryon density

Big Bang Nucleosynthesis.
The abundances of the light elements D, *He, ‘He, and “Li
depend mainly on one parameter, ng/n.,.

CMB anisotropies.
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The annihilation catastrophe

Nucleons and antinucleons remain in chemical equilibrium until
I'wn < H, which occurs at

Tfo ~ 22 MeV
If the Universe was locally-baryon-symmetric, then
Yo ~ Tx 10720 I

Conclusion: There was a baryon asymmetry at 7' ~ O (10%) MeV.

Origin?
l
initiz;l/cpﬁd)}ffons or dynamic generation
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Sakharov’s conditions
Basic requirements to dynamically generate a baryon asymmetry:

Baryonic number ( B) violation
C and C'P Violation
Departure from thermal equilibrium

In thermal baryogenesis from the decay of a particle with mass M:

H(T=M) . M
: M; /M, couplings) ——
Interaction rates J(Mi/ plings) Mp
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|s baryogenesis possible in the SM?

B violation: Yes — sphalerons (violate B + L but conserve
B — L).

C'violation: Yes
C'P Violation: Not enough —  Jop/T)? ~ 107

Departure from thermal equilibrium:  No — mpy > 114GeV
Implies that the EW phase transition is not strongly first order.

Conclusion: physics beyond the SM is needed to explain the origin of
the cosmic asymmetry.
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Some baryogenesis mechanisms

Electroweak baryogenesis: in the MSSM requires a light stop
(m < 120 GeV), with the other much heavier than 1 TeV, and a
light neutralino (m < 60 GeV). |Carena, Nardini, Quirés, Wagner, 2013

Affleck-Dine mechanism

GUT baryogenesis

Leptogenesis in neutrinos oscillations (vMSM)
Thermal leptogenesis

Split Higgsogenesis: requires no perturbative B or [, just C}f‘
violation in an extended Higgs sector.
[Davidson, Gonzélez Felipe, Serddio, Silva, 2013]
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Motivations for Thermal Leptogenesis
The singlet Majorana neutrinos of the type | seesaw can generate a

lepton asymmetry when decaying in the primitive Universe.

Yg = —K €7 (constant ¢)

28,
i= oY (T > My) ~ 107

€ = € —
- Zm (N; — Hzﬁ) + ~(N; — Hzﬁ)

n = eﬁiczency : 0<n<l.
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1 = 51 > contribution of NV, to ng,,i.
n is maximum for My = M, = 3f w27 ~ 107 eV, defined by

~

the condition (T il m}k .

Furthermore, Y = —x ¢ n can well be O (Y5¥) for GUT scale singlet
neutrinos.
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“Theoretical” developments

Flavour effects
Thermal corrections

Scatterings

“Full” Boltzmann equations (classical Boltzmann equations
without assuming kinetic equilibrium and including all guantum
statistical factors)

QFT out of equilibrium (also in curved space-time)

NLO interaction rate of V. cancellation of infrared divergences
which were cured with thermal masses (confirmed by two groups:
|Salvio, Lodone, Strumia, 2011| and |Laine, Schroder, 2011|)
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Flavour effects
At T < 10** GeV the 7 Yukawa interactions are fast and there are in
general 2 lepton flavour asymmetries evolving ~ independently (or 3).

Leptogenesis withe =>_ ¢, =0 — relevant for models with
small B — L violation (inverse seesaw).

Leptogenesis with the phases of Up,,ns: but model dependent, in
general leptogenesis remains “insensitive” to these phases
[Davidson, Garayoa, Palorini, Rius, 2007].

Evade bound on light neutrino masses m, < 0,15 eV (?)

More predictive models at the TeV scale, e.g. resonant
T-leptogenesis.

Ns-leptogenesis can more easily survive N;-washouts — rescue
some SO(10) models which predict M; <« 10” GeV (leptogenesis
with hierarchical heavy neutrino masses needs M > 10° GeV).
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QFT out of equilibrium

: = A hih
/ A0, B b nF sy ™ < —Len ‘Zév ’Yf\?> =3 S (hTh)i; MiM; / I A it (121)
=N N (RTh); qp
l—| _— — 4 — S
_< —abes N AfN (fa feq+fb£feq)’}’D> X (2 )5((] ki — ko) (2m)"0(k — ko — k3)(pka)
Ev ¥ vt o X [A,(k1)Sp(k2)SY (ks) + Ap(k1)S, (k2) 77 (ks)
_ Ha < E vy (1 —€" Fir) 7W> (C2) — Ay (k1)S,(k2)SE (ks) — Ay (k1)S g (k) S (ks)
T 2, A—8H0" + A, (k1)Sy (k2)S¥ (ks) — Ap(k1)S (ka) S (ks)] .
(a) (b)
£ (2,y) = (W'h)i; (W' h)uk / dus / dn
x [PpL" (w,w)CPRSE (n,w)PLC.SE (n,y)Pr Ag(y,w)A 4 (n, x)
B 4 4 4 +nggk(;ﬁ,w)CPRSg(n,w)PLCYéi(U Y)IPr Ag(y,w)A 4(n, )
Ajk(t’ 4, k) = / de‘1 dez deﬁS 4 PRY§k(x;w)CPRSE;(n,w)PLCYéi(n, y)Pr A< (y,w)Ap(n,x)
x (20)%8(q + k1 + ko) (2m)*6(k + ko — k3) + P L (w,w)CPRSE (n,w)PLCFR (1,y)Pr Ap(y,w)Ag(n, )
. pik ; 7y G pli VA .
x [PrS (t, —ks)CPrSE (t, k) A 4 (¢, k1) +Pry (@ w)CPpSa(mw)PLCTE (my)FPr Arly,w)Bs (o)
ik T +PRYg(m,w)CPRSg(n,w)PLC’yj’(n, JPL Ag(y,w)Ag(n,2)
+ PRL% (t,—k3)CPrSE (t, k) A 4 (t, k1) + Pp S (w,w)CPRSZ (n,w)PLOS] (1,9) P Ag(y,w)Ag(n, @)
+ Pr3" (t,~ks)CPrSE(t ka) Ap(t, k1) + Pp#3 (2, w)CPRST (0, ) PLCFE (n,y)Pr Ag(y,w)A (n, )] .

() (d)

—n.14/51



—n.15/51



Free from the double-counting problem.
Relevant in the weak washout regime.

Very relevant for resonant leptogenesis M; — M; S Ty o
suppression of more than one order of magnitude with respect to
the classical Boltzmann result.

Its interest goes beyond leptogenesis.

See the conference “Non-equilibrium technigues in cosmology
and condensed matter systems” - 11-13 September 2013 DESY
Hamburg
https://indico.desy.de/conferenceDisplay.py?confld=7649
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Variations
Lopp = = (L) H L) — My, = 0*¢i5/A

Three ways to generate it at tree level.

Y - ™ - ™ g

H ~ H H x < H H e fH
o\ »
TN S mL
Li/ \Lj / \
Type | Type | Type Il
Hier. My 2 10° GeV Ma 2 107 GeV Ms, 2 107 GeV
Deg. — — — Ma 2 1,6 TeV My, 2 1,6 TeV

A and X can be produced at colliders through their gauge
interactions. LHC @ 14 TeV and 100 fb~* could reach M ~ 1.2 TeV.
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Radiative seesaw E.g. Inert Doublet Model

H H

Lz’ N Lj

Leptogenesis: Different ways for baryogenesis at the TeV scale
Or no seesaw: Dirac leptogenesis

L-asymmetry in ¢, = — L-asymmetry in ¢y

| (sphal) !
B-asymmetry part stored in Ng until 7' < T4,

Note: This works because neutrino masses are very tiny
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Testabllity

Standard leptogenesis scenarios with hierarchical singlet neutrinos
cannot be proved in foreseeable experiments (M > 10° GeV). But ...
Experimental and observational inputs

Bound oNn Tiepeating S 101°GeV (but difficult to saturate the bound).

Observation of QCD sphalerons in heavy ion collisions at the LHC
(chiral magnetic effect). [Kharzeev,McLerran,Warringa, 2008|

OvG 6 and L violation at colliders.
D i Mo,
Leptonic CP violation.

CLFV and EDMs (could favour or discard some models, e.g. In
SUSY)

SUSY

Be open to surprises, e.g. CPT violation.
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Falsifying Leptogenesis
Ruling out the seesaw mechanism

If neutrino masses are quasi-degenerate or inversely
hierarchical, and |m..| < 10 meV

Other explanation to neutrino masses is found at the LHC
(supersymmetric R-parity violating couplings or L-violating
bilinear terms, leptoquarks, triplet Higgses, new scalar
particles of Zee-Babu models, ...)

Ruling out baryogenesis mechanisms above the electroweak
scale, e.g. by finding at the LHC Wy + N, scalar or fermion triplets
with non-negligible lepton number violating couplings (in all
flavours).

Discovery of a Wy coupled to a N (at the LHC) would rule out
Type-l leptogenesis (for my,, < 10 TeV).
[J. M. Frére, T. Hambye, G. Vertongen, 2008]
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Problems for thermal Baryogenesis at low energy

Example: Type | Leptogenesis

YBf = —K €7 (constant ¢)

28
h= o Y (T > My) ~ 107 ’

. — ZE Z NlﬁHg) (Nlﬁﬁg_)
N . 25’7 Ny — Hlg) + (N, — Hlg)

1
strength of interactions

«

n = efficiency ~
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CP violation in decays

(e) Tree

(f) Vertex

\ ) \
\\-’, h
\ h -
\ h7 h \\
(g) Wave
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Two problems to lower the energy scale

3 A\
€ ~ 2 M, (hierarchical)

167 M2

Connection with light neutrino masses:
Type | seesaw: ¢ ~ =T, (type I seesaw)

3 M
€l < e = =5 (ma —m1) = My 2 10°GeV (< 1)

Some alternatives: Inverse seesaw, radiative seesaws, ...

Even with no connection to neutrino masses:
Washout processes inherent to the existence of CP violation

22,0\ 7
washouts <
> <M2>

large ¢ — large \,» — too much washout at LE — How low?
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Ways to have Baryogenesis at low energy scales

® Mass degeneracy:

I'n,
2 )

1 Im [(ATA)2
When M2 — M1 ~/ - [( )21}

€

Note: However in the type | seesaw the mixing between active and sterile neutrinos is:

mixin mD \/ v«
J M M '

® Three body decays: It's more easy to satisfy the o.e.c.
'T. Hambye, 2002].

% Hierarchy of couplings:

¢ Take \,; as small as necessary.
E.g. \ui ~107"tohave I' ~ H(T = M) for M, = 1 TeV.

¢ Take )\,» much larger to have enough CP violation.

B See also [Fong, Gonzalez-Garcia, Nardi, Peinado, 2013].

1
~N — < —
SN (FA)gg = 2
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Other ways and bounds

L-violating CP asymmetry

M 2
2 1 2 M
e X )\oz2 ﬁ, WaShOUtS X |:)\042 ﬁ?i|
2

1000 i T
500

<

=

%
100 |-
503 5 10 30 50

JR, arXiv:1308.1840]
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L-conserving CP asymmetry

M\ ? 2]
2 1 2 M
€a X Ago (E) , washouts o [)\52 (ﬁ;) ] .
Inverse seesaw

Particle content: SM + v, 5. (singlet fermions).
The mass matrix of the neutral sector in the basis v, v, s IS

[0 mp 0 )
M= miy 0 M

\ 0 MT o

_ m
m, = mpM?’ 1MM_1mlT) ~ Mp (%) (WD) (mp, u << M)

Vr,, S, combine to form quasi-Dirac fermions with mass ~ M.

.. mp m
mixing ~ =7 ~ —
ILI/ —n.27/51



1le+09 —— - SE— T T ]

Bound on M1 [GeV]

—  p2 > Ty, — e < Ty,
[JR, M. Pefia, N. Rius, 2012]

Note: This is for 2 flavors. The bound can be up to a factor ~ 4 smaller for 3 flavors.
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1e+08

le+07

T, [GeV]

1le+06

100000 i+ i :
25 3 ) 10 30
M2/M1
— > Ty, — e < Iy,

Note: The Upper bound on T’.;, from gravitino overproduction can be satisfied
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Massive decay products
In baryogenesis from annihilations, xxy — vu, it Is possible to take
my > m, = Boltzmann suppression o e "/ of the washouts

without reducing the CP asymmetry.

Y. Cui, L. Randall, B. Shuve, 2012],
IN. Bernal, S. Colucci, F-X. Josse-Michaux, JR, L. Ubaldi, 2013]

In decays, e.g. taking a massive Hs in N; — Hy/, like in the inert
doublet model, there are two opposite effects:

- Boltzmann suppression of the washouts (but not as much as for
annihilations, since my, < My).

- Phase space suppression of the CP asymmetry

}  SM+ Hy + N;, with H, and N; odd under a 75
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JR, arXiv:1308.1840]
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Initial thermal density
If the NV; are produced at T' > M, by a process different from the
Yukawa interactions, then \,; can be chosen small enough to have

the N; decay at T' < M,.
= It is possible to have large \.,», and consequently a big ¢, but at

the same time small washouts at the moment the V; start to decay
and produce the BAU.

M min ~ 2500 (2000) GeV  for T, = 140 (80) GeV.

In this way the small neutrino masses, DM, and BAU can be
simultaneously explained at the TeV scale in the inert doublet model,
without degenerate heavy neutrinos or fine tuning among phases.

Note: The interaction that creates the N; must decouple before they decay.
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Almost degenerate neutrinos

0.0l 7

0.001 |

0.0001 £

le-05 |

A MM,

16-06 |

1e-07 |

1e_08 ] ] ] ] i i i ] i i ] ] ] ] ]
250 1000 10000
M, [GeV]

— My—M,y r— smallest Yukawa coupling
— M Y ~ largest Yukawa coupling

dxr<107° . for 250 GeV < M; <4TeV  and
6xr<3x1077, for 250 GeV < M, <1 TeV .
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Conclusions and outlook

There does not seem to be a pressing calculation to be done
(build models only driven by the motivation of testability? Improve
equations of models with too many free parameters?)

Bound on light neutrino masses m, < 7 eV

Striking experimental news would probably come from falsifying
rather than verifying models (although QCD sphalerons, 0v33, ...)

An outstanding model to relate Q2p,, and Qg?

Theoretical “surprises” from QFT out of equilibrium or other type
of corrections?
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High Energy Physics - Phenomenology

Standard Model CP and Baryon Number Violation in
Cold Electroweak Cosmology

E. Shuryak

{Submitfed on 12 Dec 2011)

Contrary to popular beliefs, it is possible to explain Baryonic asymmetry of the Universe
inside the Standard Model, provided inflation ended into a broken phase below the
electroweak transition. Two important ingredients of the solution are multiquanta "Higgs
bags", containing W,Z and top quarks, as well as sphaleron transitions happening inside
these bags. Together, they provide baryon number violation at the level $10%-2..3}%. OQur
recent calculations show that CP violation (due to the usual CKM matrix of quark masses in
the 4-th order) leads to top-antitop population difference in these bags of about $10%{-9}§.
(The numbers mentioned are not yet optimized and simply follow a choice made by some
numerical simulations of the bosonic fields we used as a reference point.)

Download:

* PDF
o Other formats

Current browse context:

hep-ph
< prev | next >
new | recent| 1112

References & Citations

& |[NSPIRE HEP
(refers to | cited by)
= NASA ADS

Bookmark wnatis thss

B¢ < REQDM0S B
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The W-Z-Top Bags wER
e Other formats
Marcos P. Crichigno, Victor V. Flambaum, Michael Yu.Kuchiev, Edward Shuryak

Current browse context:
{Submifed on 3 Jun 2010)

hep-ph
We discuss a new family of multi-guanta bound states in the Standard Model, which exist <prev | next>
due to the mutual Higgs-based attraction of the heaviest members of the SM, namely, NG| reaRn: | 1088

gauge quanta §W 2§ and (antijtop quarks, F\bar t, t §. We use a self-consistent mean-field
approximation, up to a rather large particle number §N§. In this paper we do not focus on
weakly-bound, non-relativistic bound states, but rather on "bags” in which the Higgs VEV is

References & Citations

¢ [NSFIRE HEP
(refers to | cited by)

significantly modified/depleted. The minimal number §N§ above which such states appear e NASA ADS

strongly depends on the ratio of the Higgs mass to the masses of §W, 2 \bar{t}, t §: Fora

light Higgs mass $m_H \sim 50, GeV$ bound states start from $N'sim Q{10)$, but for a BDDkr_ﬁ_?rk A |
"realistic" Higgs mass, $m_H'sim 100%, GeV§, one finds metastable/bound B> o Eﬁﬁ-‘ﬁ@

$W. 2§ bags only for N\sim O{1000)%. We also found that in the latter case pure top bags
disappear for all N, although top quarks can still be well bound to the W-bags. Anticipating
cosmological applications (discussed in a companion paper) of these bags as "doorway
states" for baryosynthesis, we also consider the existence of such metastable bags at finite
temperatures, when SM parameters such as Higgs, gauge and top masses are significantly
modifiad.
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Massive decay products provide an interesting way to lower the
energy scale of baryogenesis.

The inert doublet model can explain simultaneously neutrino
masses, DM and the BAU at the TeV scale, without resorting to
degenerate heavy neutrinos (for initial thermal abundance of N or

with some fine tuning among phases).
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Additional slides ...
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Relevant processes for /V{—Leptogenesis

/ \

\
H \

// H\\
N1 gj Nl
l

(a) Decay and inverse decay (production) of V.

1
Iy, = —(hTh)11 M .

b8
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(c) AL = 1 scatterings mediated by the Higgs.
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€, = €, (vertex) + e, (wave)

‘ 1 Im )\Z )\az<)\T)\) z}
Gé\ofj (VerteX) = 8_7'(' Z f(y]) [ (J)\T)\) - -
J i1

| m [(M;(ATA) i + Mi(ATA)55) A% Aai]
(Wave _8_ g 2 ()\T)\)u

] ’l

with y; = M2/M?  and  f(z) = V(1 — (1 +2)In[(1 + z)/]).

[Covi, Roulet, Vissani, 1996
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Boltzmann equations
Simple unflavored version:

dYN - 1 YN 1
dz  zHs Y D
dy; 1 { (YN 1) Yy ’YD}
- = € eqa VD T eq o
dz zHs YNq YLq 2
with Y, =2 and 2=,
S T
dYx K(z) _ rates
_ Yy — Y with K(2)~ -
dz z Yy N ) (%) H
dY’
d—L = source - washouts
<

Source = CP violation x L violation x departure from eq.
Washouts = asymmetries (Y7) x rates (v).
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The role of m,

It determines the amount of departure from eq. and the intensity of

the washouts.
Reference value given by the equilibrium mass m, :

1" w1 mi

H(T = M) m,’

with  m, ~1.08 x 107% eV

mi > m, — strong washout regime:

¢ Independence from initial conditions.
~ —1

® 1) X 1, (Yz ~ source/wo ~ (edY,?!/dz)/wo ) .

m; < m, — weak washout regime:

e Very dependent on initial conditions.
o fYi=0 — nocnd m?.
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Is leptogenesis possible with ¢ = 07

Flavor effects
Nl — gd H

T > 10'* GeV: The Yukawa interactions of the charged leptons
are out of equilibrium
— {4 1S the only relevant “direction” in flavor space.

T < 10" GeV: The Yukawa interactions of the 7 (and eventually
the 1) are in equilibrium
— they project ¢, into the flavor eigenstates (¢,,/¢,,¢.) —

decoherence

Note: similarly for the antileptons, with N, — ¢/, H
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Boltzmann equations

Define Ya,6 = %YB — Y. (B/3 — L, is conserved by sphalerons)

dYa
dz

-~ f(Z)Ga — YAaKaw(Z) (Oé — 67#77-)7

with z = M, /T, K, = ‘<€a‘€d>‘2

The asymmetries YA evolve (approximately) independently.
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Two types of CP violation

'T(N1—£h) 'T(N1—£h)
(N1 —£lgh) (N1 —£gh)
['(Ny—0,h) T(Ny—Luh)  T(Ni—Z,h) T'(Ny—0,h)
['(N1—£h)
(N1 —>Z£JL)
\T(N1—£7h) JT(N1—£-h)

(8) ly =L, e # 0 (b) € = 0,05 # lg, €a # 0
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Yg_ /€]

IYANE],

0.01 s I - |
0.001
0.0001 }
teos L Lo S BN
0.1 1 10
Z=My/T
— YA, /e — ‘YAM/E/JJ’ — ‘YB—L/EM
e =—¢, K.=01 K,=09 m;=0,01eV
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The relevant set of BE for the case 1o, > 'y, IS

dYn, —1 (Yy,
— €eq _]' /YDl 9
dz sH=z YN1
dYA _1 YNl N,
a — . 1 N . ;
dz sHz {<YJ$? ) €al VYD, zi:%ahyea
lsh’ ¢sh
-3 (i ) o ]} |
BF#a

where z = M, /T, Yx =nx/s,yx = (Yx — Y3)/Y,", and
YAQ — YB/S — YLa-
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Instead, for 1

dYn,
dz
dYn,_w,
dz

dYa,
dz

< Ty,

—1
sHz (
—1
sHz &

—1
sHz

-3

B

Yy!

N>
Yo n

Y,
Yy

fﬁh/
Yo n

Y,
ar - 1) YD:

[yNQ yéa] )

— 1) €al YDy — 7@ hW + 7 [yNg — Yy, ]

lgh
‘3+w@)wawd}-
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M, =107 GeV, (A\A),, = 107

1le+10 T

1e+08
O
LL

ég 1e+06
-

= 10000

= 100
=

1

001 Lot v it
10000 100000  1e+06 1e+07 1e+08 1e+09
T [GeV]
— %/WNz — %/WEFCN
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Light neutrino masses:

2 ,,2 2 ,,2
A5V AbaV

2
Ml -+ ,LLQT22 -+ )\/DZ)\DQU /M2 .

m,;

Taking m; ~ mg,, ~ 0,05 eV, we get
Aot ~107° = 1074, o /My ~107%—107°% N ,~107°—-10"".
Moreover,

Cn, /My ~5x (107* —=107%) = (typically) po < Iy,

For M, > 5 x 10° GeV, and still not considering large fine
tunings related to phase cancellations, it is also possible to have

42 Z FN2'
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