Universiteit Leiden

New conservation law
in low scale leptogenesis

Shintaro Eijima (Leiden Univ.)

Based on: SE and Mikhail Shaposhnikov, PLB 771 (2017) 288-296

COSMO-18, August 30, 2018 @ Daejeon, Korea



Neutrino Minimal Standard Model (vVMSM)
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SM + 3 right-handed neutrinos with M < O(100) GeV

Heavy Neutral Leptons (HNLs)

Ny *Dark matter
mass ~ O(10)keV
Yukawa couplings ~ O(10™19)

N5 , N3 =Non-zero neutrino masses
by Seesaw mechanism

nnnnn

Leptons

Three General tions
of Matter (Fermions) spin %2

*Baryon asymmetry of the universe (BAU)

by Baryogenesis via neutrino oscillations

Masses are in GeV range and quasi-degenerate

Yukawa couplings ~ O(10™7)
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Baryogenesis via neutrino oscillations

Interactions of HNLs are out-of-equilibrium due to the small Yukawa couplings

HNL oscillations : Flavor transitions of left-handed leptons :
Y .
NI NJ / Y N \
> i > l' > \
Lo H_P‘#R
La Ny Ny Lg

Lepton asymmetries are generated by CP

violation in neutrino Yukawa couplings ['(La — Lg) # U'(La — Lp)

Effective lepton number conservation dueto M < T leads A, ~ —AN

Asymmetry in left-handed lepton sector

AL —
— I > 71
AN —

Asymmetry in right-handed neutrino sector TS_Fl ~ (130 GeV) ™!
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Baryogenesis via neutrino oscillations

[Akhemedov, Rubakov, Smirnov ("98)] [Asaka, Shaposhnikov ('05)]

Interactions of HNLs are out-of-equilibrium due to the small Yukawa couplings

HNL oscillations : Flavor transitions of left-handed leptons :
<¢ - - < @
N] NJ / , AN .
> : > l' > \
L, $
a La Ny Ny Lg

Lepton asymmetries are generated by CP

violation in neutrino Yukawa caunlings F(La — Lﬁ) # F(La — LB)

Sphaleron freeze-out
Effective lepton number ¢ 28 leads AL ~ —AN
. AB =——AL
Asymmetry in left-handed 79
AL [Khlebnikov, Shaposhnikov(’'88)]
— I > T—l
YO = (8.677 £ 0.054) x 107!
AN v [<P|anck coIIaborat)ion ("15)] —>
Asymmetry in right-hande —> Zn,,a/s ~ 10710 k(130 GeV)™!
o Iukainen, Tranberg ('14)]




Problem : DM production

Allowed parameter space of the lightest HNL

10 Upper bound on the mixing
from X-ray observation
100
107 Abundance of DM
N§ 10 T - Produced by scattering
Z 10 with SM particles through
o 4 = neutrino mixing

[Dodelson, Widrow ("94)]

Lepton asymmetry
induces the resonant
production  [shi, Fuller ('99)]

Lower bound on the 10
mass from structure )

. 10 L L | | L
formation 10° 10’ 107

M, 7 keV [Laine, Shaposhnikov ('08)]

[Boyarsky, Lesgourgues, Ruchayskiy, Viel ('09)]

The resonant production requires large lepton asymmetries, n,_/s 2 107°,
at Tpm ~ O(100)MeV, and only N273 can be their source.
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Problem : Late-time leptogenesis

Late-time leptogenesis for the resonant dark matter production

Even after the sphaleron freeze-out the lepton asymmetry generation can continue.
The generated asymmetries are washed out when HNLs come into equilibrium.

How can we tackle this problem?

Equilibrium
v | ?
AL N \i\ﬁSh-OUt of asymmetries ”"j
= s = —s 7"
Tsp T =~ (0(10) GeV) ™ out & (O(1) GeV) ™! Tp3, & (O(100) MeV) ™
< Higgs phase >

One idea :
HNL oscillations and decays at T' < 1oyt

New idea :
Protection of asymmetries generated at 7' > I;,, due to a conservation law!
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Kinetic equations in the Higgs phase

To treat coherent and incoherent processes at the same time

P11 P12 ) {Diagonalelements:occupation numbers

Matrix of density : p = _ _
P21 P22 Off-diagonal elements : correlations

For HNLs and anti-HNLs (2x2 matrix)

dpn . 1 1 .
—~ = —i[Hn,pn] = 5 {Tnson = 03} — 5D { %Apua}
dt 2 2 ~
Oscillation Production and Destruction Communication (back-reaction)

dp_ . * 1 * e 1 —Ye’ i

For lepton asymmetries Apy, (Oé = €,V T)

Damping Communication (back-reaction)

dA U = ok
p = = _FI/aAIOVa _|_ Tr[Fyosz] o Tr[FVosz]

dt

All terms in the equations are described only by parameters in the theory
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Effective Hamiltonian and production rates

Effective Hamiltonian

Hy = Ho + Hy, Ty =4 > Y ) VN, Luo =74 + 7= harhi
Ho — AMMU 3 o « ) I
0= EN ! F% = _fY—i-Y—iJ—\,[a + Y- Y—J\,[oz FV@ — ——/Y—l-Y—}lf,a + V—Y—V,a
H] =h+ZY'|]\",a +h—ZY—C¥’
o
- Coefficients - Matrices of yukawa couplings ——
_ 2(®)’Ev(En +K)(En +Ev)’ v _ [ hashis  —hashi,
KEnN(4(En + Ev)? + y2) T\ —hgahts,  heoht, |
2
_ 2(®) EV(EN—k)(zEN—Zv)’ N haoh?
KEN(4(EN —Ev)* + y7) - —hg2h ha3h
2(®)V2E,(EN + k) vy yV :< ha3h —ha2hy; )
Y+ T KENG(EN + Ev2 +72)° TN\ Chgsht,  haght,
(0 )2 Ev(En — k), vy o haah?,  —ha2hy,
B kEN(4(EN — EU)Z -+ )/1)2) ’ Y _hth:(z a3h
Ex=Vk+M2 E,=k—-0g

Production and back-reaction rates
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Effective Hamiltonian and production rates

Effective Hamiltonian Production and back-reaction rates
Hy = Ho + Hy, Ty =4 > Y ) VN, T, = (74 + 7)) harhly
Ho — AMMU 3 o « ) I
0= EN ! F% — _f}/—i-Y—i]—\,[a -+ = Y—J\,[oz Fl/a - __/7+Y—}If,a -+ ’Y—Y—U,oz
Hi=hy) Y¥, #h > vYN .
o (04
- Coefficients - Matrices of yukawa couplings ——
_ 2U®VEy(En + ) (En +Ev) o[ hashls —hashi,
KEN(4(EN + Ev)? + v T8\ —hgohts  heaht,

2(®)2E,(EN —k)(Ey — Ey)

" KENA(EN —E)2+7y2) Subscripts “+” and “-” correspond to
, fermion number conserving and
V== 2(P)TEv(EN + )y , violating contributions, respectively.
KEN(A(EN + Ev)? +v2)
_ 2®YEL(En — k)Y o ( hazht, —hazh23>
~ " KkEN(A(En — Ey)2+92) %\ ~hashy,  hashis )7

En = VK2 + M2 E,=k—bf
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New conservation law

Combinations of leptonic asymmetries for HNLs and active flavors [shaposhnikov (108)]

i A3k
AN = b/ 53 (PN = /)
Ly =ANF AL where - o
l e
When total lepton number is conserved AL ~ —AN
—> L+ # O, L_ =0

From the derived kinetic equations = =

dly dL— Iy =T, +T_ -

If I'y (I'_) doesn’t come into equilibrium, L, (L_) is a conserved number!

In such a case generated asymmetries can potentially survive from the wash-
out up to smaller temperatures even if HNLs are equilibrated.



Thermalization of HNLs
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Interactionrate: I'n=T++T1_,

Ty=yr ) YV,
(04
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Impact on the dark matter production

I_/H>1 I'y/H S O(1)

HNLs must be thermalized. for M <2 GeV and X, ~ 1
No conservation of L _

Effective conservation of L

Protection of lepton
asymmetries from wash-out.

Further before the thermalization
of HNLs I, /H gets close to unity.

Good condition to generate a
large L, .

This conservation law can be new
solution of problem in the
resonant DM production!
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(LAY LAY)
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Summary

In the vMISM the heavier heavy neutral leptons have to generate lepton
asymmetries not only for the baryon asymmetry of the universe but also for
the resonant production of the lightest HNL as dark matter.

We found HNLs can potentially generate the late-time lepton asymmetries
due to the protection from wash-out induced by new conservation law.

Quantitative analysis for both baryogenesis and late-time leptogenesis requires
numerical parameter scanning, which will be performed in future work.






DM production

Produced by scattering with SM particles through neutrino mixing

J— >

e ] X N1
Ve e
W— el
e s

vV €

I

Resonant production
o1

Ty ~ 02, (1T, ~ 02, (1GZT>  ©3(T) ~ >
(1+ 2 0m.1) (1)) +63

g 16G2 Tr2T4
b(p,T) = m;p@ + cos® Ow) 360

c(T) = 3\/§GF(1 + 4sin® 0w ) (n,. —ny, )

—

2
When |1+ MpQ (b(p, T) £ ¢c(T))| =~ 0 the mixing is enhanced
1

—> The level crossing between v and /V; leads the rapid transition



Derivation of kinetic equations

Lagrangian in Pseudo-Dirac basis : ¥ = Ny + Ng
L=Lsy+Vid,y*W — MUY + Ly,
AM o — _ e
Lint = —T(‘I"I’ + W) — (hg2 (P)Vq W + he3(P) VW™ +h.c),
—> Interaction with left-handed 1/, HNL oscillation and lepton number violation

HNL field Fermion numbers of creation operators.

d*k 1 plus, particles  minus, anti-particles

—ik-x T ik-x
U= e o ;[aa (kyug (ke ** 4 bl (kyvy (k)e'* ]

a' (), b (k)  a' k), b (k)

The density matrix can treat coherent and incoherent processes simultaneously.

P : density matrix operator of complete system

Tr[aTF (kyay(k)p] Tr[ai (k)yb_(k)p]
Te[b (k)as (k)p] Te[b' (k)b (k)p]



Derivation of kinetic equations

Time derivative of number density
Number density : ¥ =Tr[Q] p]

iQ? =Tr ([H, QiO]P) ; Number density operator: Q?

H>M

Total Hamiltonian: H= Hy + Hip + int

H, :quadratic partincluding HNLs and active neutrinos

Hin: : corresponding to Lin

H>M

it - SM interactions

an’}” can be accounted for by modification of neutrino energy with the

thermal potential b7, and interaction rate v .

Computing commutators with Ha + Hiyt perturbatively in the second order
in yukawa couplings and first order in AM we derived the kinetic equations.



Fermion number violation effects

o n

- Coefficients +” processes
_ 2(®)?Ev(En +R)(En + Ev) / B @ (K) by (—k) e~ I ENFEWE.
+ KEN(4(EN + Ey)?% + )/1)2) , h*z b}:(—k) af (k) pi(ENFEV
2(®)%Ey (En — k) (EN — Ey) N "
T TKENGA(EN —EnZ+y2) v Y
2(®)2E, (EN + k) / N ‘ "
YT KEN@EN + 2 +7D) — = —
y_ = 2<(D>2E v(EN —k)py (a) Fermion number conserving process
|_ KENA(En — E)?+v2)
v

a»n

-” processes
o3 A+ (k) b, (k)" e HEN=EWE

hys by (k) ai(k) el (EN—Ev)t,

N
N/

A

>

Z\

—

(b) Fermion number violating process

Fermion number violating effects are obtained automatically!



Improved kinetic equations

To make more realistically the coefficients are modified by adding contributions
from “direct” processes (non-vanishing processes for (®) — 0 )

Y= T KEnG(En —En? 1 72)

Higgs phase i Symmetric phase
T2 2(®)?E,(EN +k)(En + Ey) : T?
hy =K(mp)— : e hy = —,
" (mh)Sk N KEN(4(EN + Ev)% + v2) ! T8k
1
- 2(®)?E, (En + k)py - 1
direct 1
= ’ —_Iml_[ ’
eV T ENAEN + En2 +y2) — Ve= gy MR
. 1 1
yirect — K(my) —Im T + V. !
o[<\>] Ultra-relativistic limit
3 !
’C(mh):m/dppsz(lfh)(l + fo(En)), (®) — 0
: |
m? 1
1 mﬁTl 14 e  %T !
Vph = n
PR EN 327k 1_6_%(“%) i
1
2(®)2E,(Ey —k)(Ey — E '
_ (P)“Ey(EN )(21\1 21))’ : ho—o
KEN(4(EN — Ev)= 4+ v2) !
1
2(D)2E, (En —k)yy i
— y_ =0,
1



Conserved quantum number

d>k §
(zmg ha2hyo (PN 11— PR 11)
+ hotha?,(pN 22 — PR.22)
— 2Re(ha2hy3) (Repn, 12 — Repy 1)

+ ZIm(haZh 3)(11‘1‘1,01\] 12 + Il‘l‘le 12)

12
— (ha2hly + hashlys) ©ap [ 3

]

d d3k «
EL_ —_2 (2—7r)§y_ Z ha2hy, (ON.11 — PR.11)

o

+ hashgs3(ON.22 — P 22)
— 2Re(hg2hyy3) (Repn 12 — Repg 1)
+ 2Im(ha2hy3) (Impon 12 + Impg ,)

12Ag
+ (hoz2h(>;2 + ha3h23) Wap |: ff):| ]




Yukawa coupling constants from seesaw

From the seesaw mass matrix M, = —(®)?F M]\_/I1 FT the yukawa coupling
constants in mass basis are

F = (i/(®))U D} Q D3,

(3x2 matrix)

— D = diag(yv/My, /Mz) = diag(yv/Mn — AM, /My + AM)
( C12C13 . S$12C13 . s1ze” " )
-U = —C23812 — $23C12513€" C23C12 — S23812513€""  S23C13
823812 — C23C12813€" —823C12 — C23512513€""  C23C13
1 0 O
% ( 0 e 0 ) F x exp(Imw) = X (Imw > 0)
0 0 1 F < exp(—Imw) = X! (Imw < 0)
0 0
- Q= ( cos.w sin w ) 1 |
(e.g. NH) —E€sinw Ecosw For = hay[Uk1r, ﬁ ( )

W :complex parameter

v 0sc. is guaranteed as long as this parameterization is relevant.

£ =41




