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The Standard Model today...

Quite a few fundamental particles

⇒ explain a lot of phenomena

Discovery of the Higgs boson:

⇒ last great success within the SM

The picture might appear complete...

G. Aad et al. (ATLAS coll.), Phys. Rev. D 90 052004 (2014)

...however

in addition to particle physics

a) dark matter

b) baryon asymmetry in the universe...

S. Biondini (VSI) COMPOSE-IT 27/10 3 / 25



The Standard Model today...

Quite a few fundamental particles

⇒ explain a lot of phenomena

Discovery of the Higgs boson:

⇒ last great success within the SM

The picture might appear complete...

G. Aad et al. (ATLAS coll.), Phys. Rev. D 90 052004 (2014)

...however

in addition to particle physics

a) dark matter

b) baryon asymmetry in the universe...

S. Biondini (VSI) COMPOSE-IT 27/10 3 / 25



Evidence for an early universe

Pioneering work by Gamow, Alpher and Herman

nucleosynthetic processing of the H, D, 3H... in a dense and hot environment

Phys. Rev 70 (1946), Phys. Rev 70 (1948), Phys. Rev 74 (1948)

transition from a plasma of baryons, electrons and γ’s → gas of atoms and free

electromagnetic radiation
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An earlier universe?

inflationary

Gorbunov and Rubakov (World Scientific 2011)
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Baryogenesis via Leptogenesis

Baryon Asymmetry in the Universe

The Universe shows a matter-antimatter asymmetry at many scales

To make this statement quantitative (CMB and BBN)

ηB = nB−nB̄

nγ
= (6.09± 0.06)× 10−10

Planck Collab. 2015 Results XIII (2016)

When and how? M.S. Turner (1986), A. Riotto (2011)

the asymmetry had to be there in the early stage (before BBN):

B + B̄ → 2γ ⇒ ηB ∼ 10−18

the observed baryon asymmetry as an initial condition

⇒ diluted and washed-out after the inflationary epoch

Dynamical generation of ηB : Baryogenesis

1) Rigorous formulation in QFT

2) Early universe: interplay with thermal field theory
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Baryogenesis via Leptogenesis

Basics of Baryogenesis

Sakharov conditions, A. D. Sakharov (1967)

1) B violation: V → Ba + X and V → B̄a + X

2) C and CP violation:

Γ(V → Ba + X ) 6= Γ(V → B̄a + X )

3) Out-of-equilibrium process: an arrow in time, otherwise

〈Ba(t)〉T = 〈Ba(0)〉T
Provided by the Universe expansion

For T < M the heavy particle is out-of-equilibrium

In the Standard Model

CP phases are to small: Jarlskog invariant ∼ 10−20, C. Jarlskog (1985)

Electroweak Baryogenesis with first order transition: mh < 80 GeV
P. B. Arnold and O. Espinosa (1993), K. Kajantie, M. Laine, K. Rummukainen, and M. E. Shaposhnikov (1997)

⇒ the value mh ' 125 GeV disfavours the model
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Baryogenesis via Leptogenesis

Baryogenesis via Leptogenesis

At high temperatures, T ≥ 100 GeV V. A. Kuzmin, V.A. Rubakov and M. E. Shaposhnikov (1985)

⇒ B and L are connected by the sphalerons transitions: ηB =
αsph

αsph−1ηL

Appealing framework: Leptogenesis M. Fukugita and T. Yanagida (1986)

Add right-handed neutrinos ψ = νR + νcR

L = LSM + 1
2 ψ̄I

(
i /∂ −MI

)
ψI − FfI L̄f φ̃PRψI − F ∗fI ψ̄IPLφ̃

†Lf

Explain the smallness of SM neutrinos via seesaw (type-I): mν ∼ v 2 |FI |2
MI

Provide the ingredients for the matter-antimatter asymmetry

Γ(νR,I → `f + X ) 6= Γ(νR,I → ¯̀
f + X )

νR,I

ℓf

φ

νR,I νR,I

φ

ℓf

νR,J
νR,J

ℓf

φ
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Baryogenesis via Leptogenesis

Heavy neutrinos in a thermal bath

In-medium interactions

T 6= 0

1) Neutrino decay width
A. Salvio, P. Lodone and A. Strumia (2011),
M. Laine and Y. Schroder (2012), M. Laine (2013)

Γ = Γ(νR,I → `f + X ) + Γ(νR,I → ¯̀
f + X )

2) CP asymmetry
M. Garny, A. Hohenegger and A. Kartavtsev (2010),
B. Garbrecht, M. Herranen (2011)

ε =
Γ(νR,I→`f +X )−Γ(νR,I→ ¯̀

f +X )

Γ(νR,I→`f +X )+Γ(νR,I→ ¯̀
f +X )

dnN
dt

+ 3HnN = −
(
nN
neq

N

− 1

)
γN , γN ∝ Γ

dnL
dt

+ 3HnL =

[
ε

(
nN
neq

N

− 1

)
− nL

2neq

L

]
γN , H =

T 2

MPl

√
8π3geff

90
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Baryogenesis via Leptogenesis

Strong Wash-out

The out-of-equilibrium provided by H (universe expansion)

Decay parameter for the wash-out

K1 =
Γ

(T=0)
1

H(T = M1)
=

M1

(
F †F

)
11

8π1.66
√
g∗

M2
1

MPl

=
m̃1

m∗

where we may define

m̃ =
(
F †F

)
11

v2

M1
, effective neutrino mass

m∗ = 8π 1.66
√
g∗ v2

MPl
' 1.1× 10−3 eV Cfr. P. di Bari and M. Garny

Because m̃ ' msol =
√

∆m2
sol ' 0.009 ⇒ K ≈ 10

1) Majorana neutrinos tracks almost the equilibrium distribution

2) The final lepton asymmetry is produced in a non-relativistic regime
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Baryogenesis via Leptogenesis

CP asymmetries in heavy neutrino decays

Interference between tree and one-loop diagrams: ∼ (F ∗I FJ)2

νR,I

ℓf

φ

νR,I νR,I

φ

ℓf

νR,J
νR,J

ℓf

φ

εI =

∑
f Γ(νR,I → `f + X )− Γ(νR,I → ¯̀

f + X )∑
f Γ(νR,I → `f + X ) + Γ(νR,I → ¯̀

f + X )
∝ Im(Aloop)Im

[
(F ∗I FJ)2

]

CP asymmetry and heavy neutrino mass spectrum

hierarchical spectrum: M1 � Mi ⇒ εindirect = 2εdirect M1 ≥ 109GeV

L. Covi, E. Roulet and F. Vissani (1996), S. Davidson and A. Ibarra (2002)

degenerate spectrum: M1 ≈ M2, and if ∆ = M2 −M1 ∼ |Γ1 − Γ2| M ≈ 103GeV

⇒ Resonant case: εindirect � εdirect A. Pilaftisis (1997), W. Buchmüller and M. Plümacher (1998)
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Leptogenesis with composite Neutrinos

Composite Heavy Neutrinos (GI)

two options for accommodating composite neutrinos,

we choose mirror model L∗TR,I = (ν∗R,I , e
∗
R,I )

Lmir =
1

2Λ
L̄L,ασ

µν

(
f gτ aW a

µν + f ′ g ′
Y

2
Bµν

)
L∗R,I + h.c . ,

more explicit form with electroweak currents

Lgauge = LSM +
1

2
N̄∗I i /∂N

∗
I −

MI

2
N̄∗I N

∗
I +

g√
2Λ

[
f̃αI ēασ

µν∂µW
−
ν PRN

∗
I + h.c.

]
+

g̃

2Λ

[
f̃αI ν̄ασ

µν∂µZνPRN
∗
I + h.c.

]
+ . . .

Our choice f = f ′, g̃Zµ ≡ gW 3
µ − g ′Bµ

Alternative choice: f = −f ′, g̃ Z̄µ ≡ gW 3
µ + g ′Bµ (photon)
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Leptogenesis with composite Neutrinos

Diagrams: gauge interactions

f̃αI is now a complex coupling (no effects at LO)

same topology of standard seesaw leptogensis with RH neutrinos

N∗
I N∗

J

ℓα
b)a)

N∗
I

ℓα

N∗
J

d)

N∗
I

ℓα

N∗
J

c)

ℓα

N∗
I
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νR,I

ℓf

φ

νR,I νR,I

φ

ℓf

νR,J
νR,J

ℓf

φ

Leptogenesis with composite neutrinos

use the same techniques for calculations

DIFFERENCE: assume T are such that N∗ is the relevant d.o.f.

⇒ no phase transition to sub-constituents
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Leptogenesis with composite Neutrinos

Composite Heavy Neutrinos (CI)

Before Zhuridov 1604.07740

the contact interaction Lagrangian is (dimension-6 operator)

Lcont =
g 2
∗

2Λ2
jµjµ ,

with g 2
∗ = 4π and the vector current is

jµ = ηLψ̄Lγ
µψL + η′Lψ̄

∗
Lγ

µψ∗L + η′′L ψ̄
∗
Lγ

µψL + h.c .+ (L→ R) ,

only one coupling can be made complex η′′L (η′′R )

Lcontact = LSM +
1

2
N̄∗I i /∂N

∗
I −

MI

2
N̄∗I N

∗
I +

g 2
∗

2Λ2

[
η̃αI ψ̄γµPRψ

′ ¯̀
αγ

µPRN
∗
I + h.c.

]
+ . . . ,

a) b) c)
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Leptogenesis with composite Neutrinos

Washout rates N∗ leptogenesis

key ingredients KI , εI , Y∆B '
135ζ(3)

4π4geff

Csph ε1
2

K1 zoutJ(zout)2
,

Decay widths

Γgauge

I ,α =
(g ′2 + 3g 2)

32π

(
M∗I
Λ

)2

|f̃Iα|2M∗I , Γcontact
I ,α =

Nf

1536

g 4
∗

π3

(
M∗I
Λ

)4

|η̃Iα|2M∗I

KI =
ΓI

H(T = M∗)
=



|f̃I |2

1.66
√
geff

g ′2 + 3g 2

32π

MPl

M∗I

(
M∗I
Λ

)2

|η̃|2

1.66
√
geff

g 4
∗ Nf

1536π3

MPl

M∗I

(
M∗I
Λ

)4
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Λ
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100 101 102
101

102

103

104

very large washout requires large ε

difference with standard leptogenesis

|FIα| versus g2
∗ |ηαI |, g |fαI |
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Leptogenesis with composite Neutrinos

Results for GI: rough estimate

we considered only inverse decays as washout terms

N∗
I

ℓ̄α ℓ̄β

ℓα

ψ

ψ̄′

Z(W )

Z(W )

only the degenerate case can be consistent with YB

10-2 10-1 100 101 102
10-18

10-15
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Leptogenesis with composite Neutrinos

A closer look at leptogenesis with CI

ℓ

q̄′

q ℓ̄

q̄′

q

ℓ ℓ̄

CI preferred in experimental analyses for larger couplings/higher exclusion limits

same (M,Λ) smaller washouts than GI [also preferred low-mass leptogenesis]
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M1 � Mi with ∆L = 1 scatterings and inverse

decays

absent 1/s scaling, cut-off in the EFT for s

γ i
σ =

T

32π4
gagb

∫ Λ̄2

smin

ds s3/2K1(
√
s/T )σ′(s)

use the unitarity estimate Λ>∼
√

s/3
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Leptogenesis with composite Neutrinos

Hierarchical case

CP asymmetry, washout and final B-asymmetry

εcont, h
1,α = 2Nc

g 4
∗

1536π3

(
M1

Λ

)4∑
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Mi

Im [(η̃∗1 η̃i )(η̃∗α1η̃αi )]
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+ · · ·

K1 =
ḡ 4
∗
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M∗1
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.
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Y∆B ' 4.34× 10−2 1

zoutJ(zout)2

M1

MPl

∑
i=2,3

|ηi |2 sin(2φi )

(
M1

Mi

)

M1 ≈ 109 TeV with Mi/M1 = 10, |ηi |2 = 1, sin(2φi ) = 0.5 and zout ≈ 10− 30
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Leptogenesis with composite Neutrinos

Nearly degenerate case

εdege

I =
Ncg

4
∗
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(
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)4
Im(η̃∗I η̃J )2
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Conclusions and Outlook

Conclusions and Outlook

Composite models for fermions are a viable BSM scenario (M∗,Λ, f , η)

Composite Majorana neutrinos: L-violation and heavy particles

N∗ good candidates for baryogenesis via leptogenesis

Gauge and contact interactions

rather strong washout factors (even for |f | = 0.1 and |η| = 0.1)

GI : K = 106 ⇒ Λ ≈ 50 TeV and M ≈ 3 TeV,

CI : K = 106 ⇒ Λ ≈ 450 TeV and M ≈ 3 TeV

mainly due to the effective couplings g 2 ∼ 1 or g∗ ∼ 4π and f , η

only resonant leptogenesis can provide

1 large asymmetries ε ≈ 1

2 ⇒ successful matter-antimatter generation at low M∗
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Conclusions and Outlook

Conclusion and Outlook (GI)

10-2 10-1 100 101 102
10-18

10-15

10-12

10-9

10-6

M ≈ 1− 10TeV , |f̃ | ≈ 0.1

Λ ∈ [200− 1000]TeV

⇒ out from LHC

⇒ most likely out from future colliders

our study comprises only decays and inverse decays shows

M1 = M2 + ∆ with ∆� M1: successful baryogenesis

ν

W+
µ

W−
µ
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Conclusions and Outlook

More on non Abelian and gluons...

non abelian terms for gg → Q∗q

g2
s is not much smaller than g2

∗

pdf for gluons is larger than quarks!
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Conclusions and Outlook

Conclusion and Outlook II

Contact interactions: also here |η| = 0.1

viable leptogenesis at low-mass scale via resonant enhancement

we considered washout from scatterings and inverse decays

FCC-100 TeV

HE(LHC)-27 TeV

HL(LHC)-14 TeV
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M ≈∈ [1− 10]TeV

g 2
∗ = 4π (|η̃| = 1) and ḡ 2

∗ = 4π× 10−1

Λ ∈ [40, 230] TeV and Λ ∈ [11, 70]

Wishes and questions

sensitivity to low M∗ high Λ (???)

how much the exp. limits are affected

by |η| < 1 (???)
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Conclusions and Outlook

More on baryo-leptogenesis

the only source of CP violation in the SM: phase in the CKM matrix

B ' α4
WT 3

s
δCP ' 10−8δCP

The CP vanishes when two quarks with the same charge have degenerate
mass

ACP = (m2
t −m2

c)(m2
c −m2

u)...(m2
s −m2

d)J

By dimensional analysis (TC ≡ temperature of the electroweak phase
transition)

δCP '
ACP

T 12
C

' 10−20
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Conclusions and Outlook

B and L number: not violated at tree level, anomalous at quantum level

→ changes in the vacua of the non-abelian theory

T < TEW :
ΓB+L

V
=∼ e−

MW
αkT

T ≥ TEW :
ΓB+L

V
= α5 lnα−1T 4

P. Arnold and L. D. McLerren (1987)

P. Arnold, D. Son and L. G. Yaffe (1997)

D. Bodeker (1999)

the relation for baryon (B), lepton (L) and B − L asymmetry is given by

ηB = αsphηB−L =
αsph

αsph − 1
ηL

In the SM with three generation of leptons and quark and one Higgs doublet

αsph =
28

79
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