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e Matter—AntiMatter Asymmetry and Leptogenesis

[N. Aghanim et al. [PLANCK Collaboration], Astron. Astrophys. 641 (2020) A®6;
B.D. Fields, K.A. Olive, T.H. Yeh, C. Young, JCAP03 (2020) 010.]

nSMB — "B (6,104 +0.058) x 10710, BBNFD — (6,148 +0.161) x 1010
Ny

Sakharov's conditions for generating the BAU
(from an initially B-symmetric Universe): [A.D. Sakharov, JETP Lett. 5 (1967) 24.]

e B-violating interactions
e C and CP violation (assuming CPT invariance)

e Out-of-equilibrium dynamics
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Popular Scenarios for Baryogenesis:

e Baryogenesis through the decay of a heavy particle
Out-of-equilibrium, B-violating decay of a heavy GUT particle,
e.g. in SO(10).

[M. Yoshimura, PRL41 (1978) 281; S. Dimopoulos and L. Susskind, PRD18 (1978) 4500; . . .
K. S. Babu and R. N. Mohapatra, PRL109 (2012) 091803 ]

e Baryogenesis at the electroweak phase transition
BAU generated by (B + L)-violating sphaleron interactions
at T' ~ T, ~ 140 GeV, through a 1st order phase transition.

[V.A. Kuzmin, V.A. Rubakov, M.E. Shaposhnikov, PLB155 (1985) 36;
MSSM: M. Carena, M. Quirés, C. Wagner '96; K. Rummukainen, M. Laine '98; . . . |

MSSM parameter space squeezed by EDMs and direct LHC searches:
[e.g., T. Cohen, D. E. Morrissey and A. Pierce, PRD86 (2012) 013009; . . . |
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— Baryogenesis through Leptogenesis

Out-of-equilibrium L-violating decays of heavy Majorana neutrinos produce
a net lepton asymmetry, converted into the BAU through (B + L)-violating

sphaleron interactions.
[M. Fukugita, T. Yanagida, PLB174 (1986) 45.]

ot P o pf //(I)T
N; N; .* N; ~ xNZ- * r@_
~L¢ L L¢ l (I;?iviLc
(a) (b) (c)
Bujl = Oujt = i L (— W, W + BB
pJp = OulJy, = 1 Py pv + Db

In-equilibrium sphaleron rates:

120 GeV < T < 10'2 GeV
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— Models of Leptogenesis

e Hierarchical Leptogenesis [M. Fukugita, T. Yanagida, PLB174 (1986) 45.]

Lower mass bound on my, 2 10° GeV
[S. Davidson, A. Ibarra, PLB535 (2002) 25;

W. Buchmiiller, P. Di Bari, M. Pliimacher, Annals Phys. 315 (2005) 305.]

® Resonant Leptogenesis [A.P. and T. Underwood, NPB692 (2004) 303,
and references therein]

e Dirac Leptogenesis [K. Dick, M. Lindner, M. Ratz, D. Wright, PRL84 (2000) 4039.]

e Other scenarios: Non-thermal leptogenesis, Affleck—Dine, spontaneous
leptogenesis, CPT-Violating Leptogenesis . . .

[For a review, see, M. Dine and A. Kusenko, Rev. Mod. Phys. 76 (2004) 1;
N. Mavromatos and S. Sarkar, Eur. Phys. J. C 73 (2013) 2359.]
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e The Flavourdynamics of Leptogenesis

BAU can be generated from and protected in a single lepton flavour:

1

gB o Lenu'aT :

[e.g. J.A. Harvey, M.S. Turner, PRD42 (1990) 3344;
H. Dreiner, G.G. Ross, NPB410 (1993) 188;
J.M. Cline, K. Kainulainen, K.A. Olive, PRD49 (1994) 6394.]

Two sources of flavour effects:

e Heavy-neutrino Yukawa couplings h?

[A.P., PRL95 (2005) 081602 [hep-ph/0408103];
T. Endoh, T. Morozumi and Z. h. Xiong, PTP111 (2004) 123;
A.P., T.E.J. Underwood, PRD72 (2005) 113001; P. Di Bari, NPB727 (2005) 318.]

Modify BAU by many orders of magnitude, e.g. > 10°, in RL models.

e Charged-lepton Yukawa couplings h. , -

[E. Nardi, Y. Nir, J. Racker, E. Roulet, JHEP0601 (2006) 068;
A. Abada, S. Davidson, F. X. Josse-Michaux, M. Losada, A. Riotto, JCAP0604 (2006) 004.]

Modify BAU by up to 1-order of magnitude at T ~ my ~ 10° GeV.

INVISIBLES '22 Leptogenesis and Charged LFV A. PILAFTSIS



e Resonant and Tri-Resonant Leptogenesis

Pt (I: Pl [ )l
NaNa e NOé 2 \\NB 7 TF/
.7 C L ~_rCc ¢ AXNg
(a) (b) (c)

Importance of self-energy effects (when |my, —mpy,| < my,,)
[J. Liu, G. Segré, PRD48 (1993) 4609;
M. Flanz, E. Paschos, U. Sarkar, PLB345 (1995) 248;
L. Covi, E. Roulet, F. Vissani, PLB384 (1996) 169.]

Importance of the heavy-neutrino width effects: 'y,
[A.P., PRD56 (1997) 5431; NPB504 (1997) 61;
A.P. and T. Underwood, NPB692 (2004) 303;
(inspired by A.P., ZPC47 (1990) 95)]
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Variants of Resonant Leptogenesis:

e Soft RL [Y. Grossman, T. Kashti, Y. Nir, E. Roulet, PRL91 (2003) 251801;
G. D’Ambrosio, G. F. Giudice, M. Raidal, PLB575 (2003) 75.]

e Radiati RL [R. Gonzalez Felipe, F. R. Joaquim and B. M. Nobre, PRD70 (2004) 085009;
adiative G. C. Branco, A. J. Buras, S. Jager, S. Uhlig, A. Weiler, JHEP0709 (2007) 004,

G. C. Branco, R. Gonzalez Felipe, M. N. Rebelo, H. Serodio, PRD79 (2009) 093008.]

e Coherent RL (via sterile neutrino oscillations)
[E. K. Akhmedov, V. A. Rubakov, A. Y. Smirnov, PRL81 (1998) 1350;
T. Asaka, M. Shaposhnikov, PLB620 (2005) 17.]
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e The Field-Theory of Resonant Leptogenesis:
[A.P., PRD56 (1997) 5431; NPB504 (1997) 61.]

LSZ-type formalism for mixing and decay of heavy Majorana neutrinos

P
N, Ny .7
(@ X [Sea P () = TN i)
L,

2-N Mixing Model:

_ ([ P—mn, + Z01(P) X12(¥) B
Sap(P) = ( So1(§) P —mn, + 3aa(p) )

[For 3-N mixing, see, A.P., T. Underwood, NPB692 (2004) 303;
P. Candia da Silva, D. Karamitros, T. McKelvey, A.P., arXiv:2206.08352.]
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Effective (Resummed) Neutrino Yukawa Couplings:

Teff(Na — qu)) = hy, u; Pr UN,,

For 2-N mixing:
h _ v B B ’th’/B my, (mNa AQB -+ mNB Aﬁa)
o la o m%\,a — m%\fﬁ + 27 A@g m%\,a
c _ v Lipr ihis mn, (mn, AL + my, Ab,)
la la la m%\[a . m%\rﬁ + QZABBm%Va
Lepton Flavour Asymmetries [A.P., T. Underwood, PRD72 (2005) 113001.]
., 2 2
Onl = FOél - Fal . ’hla‘ — ’hlca
ol = =
l E (Fal + Fgl) <hT h)aa + <hCT hc)aa
=€,/ T
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e’-type CP violation :

L Im (kT hY)2 I'y, ; m%vﬁ
No — (h”Th”)aa(h”Th”)w mn, m%va ’

hl/T hY
Ly, = ( - )85 o,

where

e-type CP violation :

(BT R ) e (71 10735 (%, — 3 )7 + i3 1%,

EN,

Note: ¢y, , have the same sign.
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Resonant conditions for O(1) leptonic asymmetries:
[ A.P., PRD56 (1997) 5431]

1
— MmNy, — TN, ~ §FN1,2

Im (k¥ h")?
= vt v z/Taﬁz/ ~ 1
(h h )aa (h h )55
0 10
é m, = 10 Tev
% L h,=107° h,= 10" (1+)
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— Tri—Resonant

leptonic asymmetries
[P. Candia da Silva, D. Karamitros, T.
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2

a aw aw
b bw bw? |,

C CW C(,d2

with w = exp(i7/3), and a,b,c S 1073 for m, < 0.05 eV.
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e Flavour Covariant Transport Equations

[E. W. Kolb and S. Wolfram, NPB172 (1980) 224.]

— Flavour Diagonal Boltzmann Equations

dn, NaN X! / ny /
aX'<Y

where n, is the number density:

no(T) = ga/(;il))g eXp[— (\/p2+m3—ua(T))/T}

Ja mZT eha(T)/T m,
272 K

and v(X — Y) is the collision term:

Y (X —=Y) = /dﬂ'x dry (2m)* 6 (px — py) e Px/T IM(X = Y)|*.
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— Flavour Diagonal BEs for Leptogenesis
o [A.P., T.E. Underwood, NPB692 (2004) 303; PRD72 (2005) 113001]
Define first

nt = nx/n,y, 2z =my/T, H = HT=my)~ 17 ma / Mpianck

and the short-hands:

—, CPT
w o= (X =Y)+ (X =Y) = ok,
— =, CPT
My = (X =Y) - 4(X=Y) = —dx.
Write down the Boltzmann equations
Hn'y dﬁév o 77(]34\[ N,
k
H n., dén’ nN L;® L;®
T =y (S - 1) o - 577l Z(Wzé@c Li@)
z dz —~ \eq
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AL =1 scatterings involving L, N, and quarks
Ng @ N, . L N, .
>‘E< D4 o

L e u &t QC Q — u

AL = 2 scatterings involving L, ® and N,

A\

h

A 4

L -t
Ng

e 7C
(b)

N il

L . P

N4 X

PR ;

5 b \(b
(d)
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AL = 0 scatterings involving L, ® and N,

Lk /,’¢ Lk}_>___*__¢T Lk—>—--+--qﬂ
NN Ny N
/{ -—— - — C - - =

(a) (b) (c)

Gauge-mediated AL = 1 scatterings

N, -
02

V. L
(b)

No—— -~ --3'
L4

L A~~~ V)
(d '

Na | > L

ot

(I)Jf— - - - —l’\/\/\/\/\,vlu

(f)
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— Order-of-magnitude estimate of the BAU

Flavour-dependent decay width of heavy Majorana neutrino Ng:

m
Ty, = D(N, — Lid) = (Y h?, 8]7\:1

Define the effective wash-out K-factors:

ZNa FNa—>l
H

eff _
Kl p—

Estimate of the BAU (strong wash-out regime):
[F. Deppisch, A.P., PRD83 (2011) 076007.]

. 5lmix
N> ~ —3-107° .
l:;,T Ky min |my /T, , 1.25 In(25 K )|
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Independence of BAU on Initial Conditions

[P. Candia da Silva, D. Karamitros, T. McKelvey, A.P., arXiv:2206.08352.]
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with z = mpy, /7.
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Resonant 7-Genesis

10°

10"

10

10°

10

[A.P., T. Underwood, PRD72 (2005) 113001]
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— Flavour Covariant Rate Equations (Markovian approximation)
[P.S.B. Dev, P. Millington, A.P., D. Teresi, NPB886 (2014) 569.]

i 0 [, 50%) | e — g (¥ )
Hzn’y d[5zj]f — “%in, [gN, QN} j + 20 [Im(6779)]
_ 77%’1 {nN, Tm (6775) }a — ﬁ {577Na Re (V1) }j
Hznfy d[(SZz]zm — [N+ [nne]q o)™+ [5;7;]\,5 ral ™
%{577 Y E e T ﬁ%’}lm - %[577%” (zeeeln ™ = brals™)
e LT R
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— Unified Description of 3 Physically Distinct Phenomena:
[P.S.B. Dev, P. Millington, A.P., D. Teresi, NPB886 (2014) 569.]

e Resonant Mixing between Heavy Neutrinos,
m

o -

through: hy, and hy_in [yDg],", 5 and (07N,

e Coherent Oscillations between Heavy Neutrinos (Amy < my),

N1 «
from {EN, nN} and the rank-4 tensor term % [”y]LVCD]lmaB, yielding:
d N
577L N 3 Im[(hTh)%Q] 2 (m%,l — m%\b) my FN
¢ 2Kz (hth)11 (hTh 2m Ty Im[hth]15) %
(hTh)11 (hTh)a2 (m?\h _ m?\fg)2 + ( N|[;LVTh]1[2| ]12)

with I'y = %(Fg\?l) —|—F§82)>. [Note: Different from the ARS mechanism.]

e Decoherence Effects due to Charged Lepton Yukawa Couplings,

m

from —2 {6, qaec ) + 075K,
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— The effect of varying relativistic dofs on Transport Equations

2 2

7 7y
T) = — gea(T) T, S(T) = —— heg(T) T3
p(T) = 35 9e(T) (T) = 2z heat(T)
0.06 .
—== Gondolo - Gelmini 91
—— Hindmarsh - Philipsen’p5
0.05 -
Sl 0.04 1
"o | &
=[S
0.03-
0.02 -
0.01 -
0.00 ]
102 103 104
T [GeV]
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np X 1010

Modification of the BAU predictions due to varying h.gs(T)
[P. Candia da Silva, D. Karamitros, T. McKelvey, A.P., arXiv:2206.08352.]

14

Gondolo - Gelmini

— Hindmarsh - Philipsen 7

12

15|
heg=const.

nB

/ ——

Gondolo - Gelmini ]

;/ —— Hindmarsh - Philipsen -
| | | Ih]eff — ccl)nst.‘ o B
0 102 10° 103
mpy, |GeV]

Isentropic FRW Universe (ds/dt = —3H s):

d  dsdT d . d

. 1dlnheﬂ:
A _ g5 1% th g, =1 — - 2 leff
dt  dt ds dT heoqy VN On 3 dlnz
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e Charged Lepton Flavour and Number Violation

— Heavy Majorana Neutrinos at the LHC

[A.P., ZPC55 (1992) 275; A. Datta, M. Guchait, A.P., PRD50 (1994) 3195;
J. Kersten, A. Y. Smirnov, PRD76 (2007) 073005;
F. del Aguila, J. A. Aguilar-Saavedra, R. Pittau, JHEP0710 (2007) 047.]

7’ N q N
q q/
q : :
N W= Signal: 2 leptons + 2 jets + no pr
[+

e LNV signatures: pp — eTe™, etut, e" e, e pu ,e 17"

e LFV signatures: pp > etu=, e u™, e 77...

o CP Asymmetries [S. Bray, J.S. Lee, A.P., NPB786 (2007) 95.]
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LHC and Other Constraints: p/N-Sector
[F.F. Deppisch, P.S.B. Dev, A.P., NJP17 (2015) 7.]

DELPHI

een @ Eoas 2 SEswm 00—

FCC—ee

10
MN (G@V)

100
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LHC and Other Constraints: e/N-Sector
[F.F. Deppisch, P.S.B. Dev, A.P., NJP17 (2015) 7.]

0 100
My (GeV)
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- | I I | I a
3 Amy =Ty —— pp->e et W X |
c= = pp->etpt WX |
—=-pp->e e WX
] s s pp>e mWHX |
e E
ol :
— ’0\. _
b _\ o ~ 1
N\
0.1} .
i \ : \. N
- \ ’ a N~
N .
| N N | | | |
0'031.'00 200 300 400 500
my, [GeV]
[S. Bray, J.S. Lee, A.P., NPB786 (2007) 95.]
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g wmm ®

: /_’
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9’05 ; =
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b 04 - Ny c— = pp->et it WTX| 4
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[S. Bray, J.S. Lee, A.P., NPB786 (2007) 95.]
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CP Asymmetries [S. Bray, J.S. Lee, A.P., NPB786 (2007) 95.]

e Lepton Number Violation:

tetW—X) - K —eWtX
Aop(INVD) = Tep = et eWTX) — Kolpp = e"e” WHX).
olpp = etetW=-X)+ Ko(pp = e“e-W+X)
+ + X K S — +X
Aop(INV) = T = e WoX) = Kolpp — e p” WHX).
o(pp — €+M+W X)+ Ko(pp — e~ WHX)
o(pp—eTet W™ X) o(pp—e e WTX)
Rop(LNV) = oc(pp—eTptTW—-X)  o(pp—e pu WTX)

o(pp—eTetW—X) o(pp—e e WTX) "’
Fw—x) W
o(pp—eTutTW—X) o(pp—e pu~WTX)

e Lepton Flavour Violation:

o(pp = et pu” W*X) —o(pp — e ptW*X)

Acp(LNC) =
crl ) o(pp — etu=W=X)+o(pp — e ptW=X) "’
G(pp—>e+,u_Wix) B O'(pp—>e_,u+W:|:X)
Rcp(LNC) = oc(pp—epTWEX) ~ o(pp—etpWEX)

o(pp—etp”W*X) 4 o(pp—e ptWEX) -
o(pp—e - ptTW=EX) ' o(pp—etp-W=X)
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Resonant CP Violation via Heavy Neutrino Mixing

[AP, NPB504 (1997) 61;
S. Bray, J.S. Lee, AP, NPB786 (2007) 95.]

l ™, | ' [ T | T | T
fY Acp(LNV1)
- \ — =— = Acp =
os 1 N SCENARIO 2 AcLNV2)| |
R : Rep(LNV)
- : \\ le: 200 GeV 4
, .

. I I
0 0.1 0.2 0.3 0.4 0.5
Amy  [GeV]
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— Charged LNV and LFV at the Intensity Frontier

e Ov Deca
- ’ AX 5 2.0X + 2
Z Z+2 e .

Half-life for Ov (55 decay:

2
v _ m
TP = |<m2\ Mowss|? Gor

Weak limits on RL models:

|<m0,,55>| ~ |(m")ee| 5 0.015 eV .

Future OvB3 experiments will be sensitive to |(m)| ~ 0.01-0.05 eV, such
as SuperNEMO . . .
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® L — ey [T.P. Cheng, L.F. Li, PRL45 (1980) 1908;
J.G. Korner, A.P., K. Schilcher, PLB300 (1993) 381;
J. Bernabéu, J.G. Korner, A.P., K. Schilcher, PRL71 (1993) 2695.]

w p o Na p Na _
g - € S € Qll/ — Za BZO‘ ;;Oé’
G~ WS WG : - —1
v, Z v, Z v, Z with Biq ~ (Mp),, my,
(a) (b)
7! Na e 2 Na e A B(,u — 6’7) ~ T7- 10_4 |Q€,u‘27
W %_:W— e No ¥ Ng
v, Z v, Z Z for mpyn Z 100 GeV.
(c) (d) (e) :
b G e upNe e hpNe o Compare with
\\»// _13
No ¥ Ng e o B¥P(u — evy) < 4.2 x 10
Z v, 4 v, Z
(f) (g) (h)

MEG sensitivity:

T % B(p—ey) ~ 1077 -10""
W= G~
Vs Z Vs Z
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[A. llakovac, A.P., NPB437 (1995) 491.]

K e p Na o~ p~ Na o~
e e e Nﬁ e e Nﬁ e
(a) (b) (c)
p~ o Na o~ p~ Na o~
WE ess G v gt + (e<+>re”)
e e e e

Npg Ng

(d) (e)

mn =250 GeV: B(u — eee) ~ 1.4-1072xB(u — ey) ~ 1.4x1071 .
Current experimental limit: B®P(y — eee) < 1072 (SINDRUM)

[Mu3E, A. Blondel et al, arXiv:1301.6113 [hep-eX].]
Future proposed sensitivity: B®P(y — eee) ~ 10716
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e Coherent . — e Conversion in Nuclei (55Ti, 2IAu)

p~ Na e~ p~ Na e~
q / q q / q
q q
(a) (b) (c)

[A. llakovac, A.P., PRD80 (2009) 091902;
R. Alonso, M. Dhen, M. B. Gavela, T. Hambye, arXiv:1209.2679.]

po o Na o~ po Na e~

W_g ot G717 1Gt

q q/ I q q q/ q
(d) (e)

mpyn = 250 GeV: Bri(p—e) = 5x B(u— ey).
BT3P (p—e) < 4.3 x1071% ByP(n—e) < Tx1071 .

COMET/PRISM sensitivity: B3P(u—e) ~ 10713 —1071% .
[M. Aoki et al, cLFV at FERMILAB, arXiv:2203.08278.]
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e 1t — ey, 4 — eee and u — e conversion
[A. llakovac, A.P., PRD80 (2009) 091902]

1073
1074~~~ A\,
s 1055k =T 0 RN
= RS
Lo ) A N
3. . e
S 107 A \\‘\\.\\
[ / \’ ’.\.\\
> _8 .7 ~. N
q 10 /‘/ \'\_\ —_ i~
10- UL
\~
10—10 N\
102 103 10% 107 106 107 108
my [GeV]
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e Numerical Estimates

— The Type I+11 Radiative Seesaw Model [A.P., ZPC55 (1992) 275;
P.S.B. Dev, A.P., PRD86 (2012) 113001]
() (@)
Type I: : ;
‘ ¢ ‘ Af—1
[ S X T = —MpMg M
MD <M§ >1/Ryjf2 Mg
_|_
(P) (P) (P) (P)
Type II: ey AL L%Zﬁ_é L p
j - . . gp—k R % I b
I/R VR
A
ML~ loop Aoy M121+3M%M 1 -M?s A//\l—lMT
~ n|—=>
LL 160 M7, Pz ) S TR
Li . . - 1 —1 T 1—loop
ight-neutrino mass matrix:| m, = —MpMgs My + M;;
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Allowed parameter space from cLFV processes and Colliders
[P. Candia da Silva, D. Karamitros, T. McKelvey, A.P., arXiv:2206.08352.]

1 ' T T ] 1073
i Au 1071 . i
%‘ }@kée__7()x _ -2
| \‘~-____ Br(p — ey) = 6.0 x 10714 i
- e e e e e e e e - -5
X E 107"
B \*~ .
~—o _.Bi(,u — eee) = 1016 ~_ 10-6L
____________ ng ;
- — 1077
o &
N 1078
= i —18 =
. TR IS
v —10
np > 6.2 x 10710 I
F 1 Ll Ll Ll 7 10—11;(. N B
200 400 600 800 100C 50 100
mn, [GGV]

Bla ~ (MD)la m]_\fi .

light-to-heavy neutrino mixings

PR I T N T T TN N N NN SO S T
150 200 250 300

mn, [GGV]

Hypothesis: Democratic flavour models based on ~Z3 or ~Z5 symmetries.
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e Conclusions

e Matter—AntiMatter Asymmetry through Resonant Leptogenesis
= O~ dng + dmge + dmg
independent of the initial B-number state of the early Universe.
Complete treatment may enhance BAU by 1-order of magnitude.

e Tri— or Multi-Resonant Leptogenesis offer new possibilities in
building models with observable cLFV and LNV.

e Varying relativistic dofs modify significantly the Transport
Equations and so the BAU predictions for mpn S 100 GeV.

e B(up — evy) ~ 10~ 1% + successful leptogenesis [A.P. '04]
— > 3 RHNs 4+ Non-trivial Flavour Effects.

e Electroweak-Scale Heavy Majorana Neutrinos can give rise to
observable signatures of LNV and CPV at the LHC.
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BACK-UP SLIDES
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e Flavour Covariant Transport Equations

[E. W. Kolb and S. Wolfram, NPB172 (1980) 224.]

— Flavour Diagonal Boltzmann Equations

dn, NaN X! / ny /
aX'<Y

where n, is the number density:

no(T) = ga/(;il))g eXp[— (\/p2+m3—ua(T))/T}

Ja mZT eha(T)/T m,
272 K

and v(X — Y) is the collision term:

Y (X —=Y) = /dﬂ'x dry (2m)* 6 (px — py) e Px/T IM(X = Y)|*.
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— Flavour Diagonal BEs for Leptogenesis
o [A.P., T.E. Underwood, NPB692 (2004) 303; PRD72 (2005) 113001]
Define first

nt = nx/n,y, 2z =my/T, H = HT=my)~ 17 ma / Mpianck

and the short-hands:

—, CPT
w o= (X =Y)+ (X =Y) = ok,
— =, CPT
My = (X =Y) - 4(X=Y) = —dx.
Write down the Boltzmann equations
Hn'y dﬁév o 77(]34\[ N,
k
H n., dén’ nN L;® L;®
T =y (S - 1) o - 577l Z(Wzé@c Li@)
z dz —~ \eq

INVISIBLES '22 Leptogenesis and Charged LFV A. PILAFTSIS



— Order-of-magnitude estimate of the BAU

Flavour-dependent decay width of heavy Majorana neutrino Ng:

m
Ty, = D(N, — Lid) = (Y h?, 8]7\:1

Define the effective wash-out K-factors:

ZNa FNa—>l
H

eff _
Kl p—

Estimate of the BAU (strong wash-out regime):
[F. Deppisch, A.P., PRD83 (2011) 076007.]

. 5lmix
N> ~ —3-107° .
l:;,T Ky min |my /T, , 1.25 In(25 K )|
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Resonant 7-Genesis [A.P., T. Underwood, PRD72 (2005) 113001.]

10°

10™

107

my =500 GeV

107

10

o 107

10°

L | L | L | L | L | L | L | L | L | L L

.
.
e

=
o
o
=
o
H
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Resonant 7-Genesis [A.P., T. Underwood, PRD72 (2005) 113001.]

1 I I I I I I LI I I I I I I LI I I I I -
oL in _ in _ in _ _
10"F == g (Ng=0,n1=0,ny1=0)
N . 1 ; 1 . 3
102F —~=~ ——=ng(ng=10", n/]=-10", ny'=1) 3
= L. ~ i -1 i -1 i =
: Tteeel . N\ T g(ng=-100, 0= 107, nyg=1) 3
10 ™ "o R . ) ; ) . ]
-  \ Mg (N5=107, nf1=-107, nyi=1) 3
10°F S n_ 102 e 102 jin= 1)
S . \""’78(’75" 11, = Mg = 1) 5
Pl ]
<10 [ i
10°F .
10" g
10'8:— e e -_:
107 p
10 .
L1 1 Lol 1 1 [

10 10"
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— Flavour Covariant Quantization

[P.S.B. Dev, P. Millington, A.P., D. Teresi, NPB886 (2014) 569.]

U(NL) ® U(Ny) flavour-invariant Lagrangian:

—I ~ —C
—Ly = W*L ®Npo + Ng o [MN]*" Nrg + Hec.

Under U(NL) ® U(Ny) flavour transformations:

Ly — L, = V;"™ Ly, , L' = (L) - L' =vi L™,
Nro = Nio = U’ Nrg, Np® = (Nra)' = N = U% N7,

L is invariant provided:

M = = ViU by [MN]Y — [MA]Y = U U M)

Quantization rules:

{bu(p,s), b (P’ 8")} =
{aa(k,r), aﬁ(k’,r’)} —

{d"™(p,s), dj(p',s")} = (2m)%P(p —p')6,s 6,
(27T)35(3) (p — p/) 57“7“’ 504[3
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— Flavour Covariant Number Densities and Collision Rates

Flavour-covariant number densities:

-nsLlsg(p>_l "= %<bm(P732) bi(p,s1)) ,
_/r_l’sLlsQ(p)_l "= % <d2f(p7 81) dT,m(pv 82)> )
0018 = 5 (0P ) aa(l )

Flavour-covariant generalization of the collision rates:

4
YN = e = T B
- mi Ki(2) . - .
LCCI)C m f _ N hcm hc B
[fY(N_> )]l o 7_‘_22 167 [ ] Q{[ ]l y

[Wivq)]lmaﬁ — [W(N%L(I))]lmaﬁ + [/Y<N_>Léq)é)]lma57

vl ™ = (N = Le),™ 0 — [y(N — L), 7.
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— Feynman Diagrammatic Representation

Lk’(ka 7") Ll(ka T)
NP(p, s) ﬁ/ L n®(@)nk (k)] — Nu(p.5)
0,7 N : AL
P(q) 2(q)
(L)) L6 (k, 7)]x
Ns(p, s) 4 L () ak (k)" \% N*(p, 5)
hly N ; oy
*%(q) %(q)

— Closed Time Path (CTP) Representation
le.g., P. Millington and A.P., PRD88 (2013) 085000.]
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— Flavour Covariant Rate Equations (Markovian approximation)
[P.S.B. Dev, P. Millington, A.P., D. Teresi, NPB886 (2014) 569.]

i 0 [, 50%) | e — g (¥ )
Hzn’y d[5zj]f — “%in, [gN, QN} j + 20 [Im(6779)]
_ 77%’1 {nN, Tm (6775) }a — ﬁ {577Na Re (V1) }j
Hznfy d[(SZz]zm — [N+ [nne]q o)™+ [5;7;]\,5 ral ™
%{577 Y E e T ﬁ%’}lm - %[577%” (zeeeln ™ = brals™)
e LT R
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— Unified Description of 3 Physically Distinct Phenomena:

e Resonant Mixing between Heavy Neutrinos,
m f3

a -

through: hy, and hy_in [yDg],", 5 and [077),

e Coherent Oscillations between Heavy Neutrinos (Amy < my),

N1 «
from {EN, QN} and the rank-4 tensor term % N1, P yielding:
Snk o~ 3 Im[(hTh)i,] 2 (my, —mg,) mn Ty
(i, = miy)? + (FRphe)

with I'y = %(FS\%) + FESQ)). [INB: Different from the ARS mechanism.]

e Decoherence Effects due to Charged Lepton Yukawa Couplings,

m

from —% {577L, ’ydec}l [5’Ygg§k]
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— Minimal Resonant Leptogenesis Model

[F. Deppisch, A.P., PRD83 (2011) 076007.]

€. ae—?ﬁr/4 ae?ﬁr/4
m;; = myls and mp = UsM €p heim/4 beim/4
V2 \ g emim/amm) g eiln/a—)
Parameters BP1 BP2 BP3
my (GeV) 120 400 5000
Y1 /4 /3 31w /8
Y2 0 0 7T/2
K1 4 x107° 2.4 x 107° 2 x 107*
Ko 2 x 1074 6 x 107° 2 x 107°
a (7.41 — 5.544) x 107" | (4.93 —2.324) x 107° | (4.67 +4.334) x 10~°
b (1.19 — 0.894) x 1072 | (8.04 —3.794¢) x 107° | (7.53 +6.974) x 107?
€e 3.31 x 107® 5.73 x 107° 2.14 x 1077
€, 2.33 x 1077 4.3 x 1077 1.5 x 107°
€r 3.5 x 1077 6.39 x 1077 2.26 x 107°

—> normal hierarchy for light neutrinos: Am?

sol —

7.54x107°eV? , Am2, =

atm

2.44 x 1073 eV? | sin? 615 = 0.308, sin?0s3 = 0.425 , sin’ 03 = 0.0234.
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[P.S.B. Dev, P. Millington, A.P., D. Teresi, NPB886 (2014) 569.]

10_4 = 1 1 1 1 1 P 1 I 1 1 1 1 1 1 | L I L=
3 ' total, 7V =0, 6nk =I 3
= my = 120 GeV 7 Min =" Ollin -
B total, p =0, o175 =0 ]
L

10_5 - +on total, njy =1l 617}, =0 -
= — — Ndiag., piy=n%, onk=0 3
- — N diag., analytic -
107° 3 L diag., iy =1y, 61j;=0 S
~ = . =
53 - - -« - N,Ldiag., n{=nY. 6nk=0 7
+l B -
107" E
107° e

10_9 1 1 1 1 1 1 I 1 1 1 1 1 1 L1 I 1
0.2 Ze 1 10 20

z=my/T
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[P.S.B. Dev, P. Millington, A.P., D. Teresi, NPB886 (2014) 569.]

10_6 T T T — T T 1 T] T T T T 1 ILI I ; T
mpy = 120 GeV — _577‘1'7 |577m|

10—12 1 1 1 1 1 IE 1 I 1 1 1 1 1 1 L1 I 1
0.2 Ze 1 10

Z:mN/T

(\®)
-
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[P.S.B. Dev, P. Millington, A.P., D. Teresi, NPB886 (2014) 569.]

10_5 - 1 1 1 1 1 1 | L I 1 E 1 1 1 1 1 | L I 1 =

: my = 400 GeV otal, 1in=0. o1y :

B total, niv=0, 6nk =0 -

¢ ) total, qﬁzqﬁl, ont:=0

i — +0 . —

107 " — — Nz ey o0

_ — N diag., analytic -

. n L diag., nﬁzqﬁl, onk=0 -

(g 10—7 _ - - == N, Ldiag., n=n, 6n=0

+ = -

107°F =
10~

Z:mN/T
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[P.S.B. Dev, P. Millington, A.P., D. Teresi, NPB886 (2014) 569.]

167755,

Z:mN/T
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[P.S.B. Dev, P. Millington, A.P., D. Teresi, NPB886 (2014) 569.]

E 1 1 1 1 1 | L I 1 1 1 1 1 1 | L I E
- my =5 TeV total, p.=0, onk=I 3
! total, 7Y =0, 7% =0 ]
10_4 = total, iy =n2,, 61j;=0 =
E +on* — — Ndiag., ny=nk, 617},=0 E
B — N diag., analytic 7
-5 -
g 10 S L diag., njy=13q. 61{;=0 E
<§| L - - = = N, Ldiag., ny=na, on;=0
107 E
107" E
10_8 1 1 | 1 L1 I 1 1 1 1 1 1 L1 I
0.2 1 10 20
z=my/T
INVISIBLES '22 Leptogenesis and Charged LFV A. PILAFTSIS



[P.S.B. Dev, P. Millington, A.P., D. Teresi, arXiv:1404.1003.]

10_4 1 1 1 1 1 1 1 1 I 1 1 1 1 1 1 1 1 I 1
my =5 TeV —_— 0, 6777,
-5
10 —_— 0, |onE |
107
1077
_ éﬁgbs
= T 2 B
= 1078

on

Z:mN/T
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[P.S.B. Dev, P. Millington, A.P., D. Teresi, arXiv:1404.1003.]

100' ' L L ! El 1 1 1 rrj T
- . my = 400 GeV -

S
| 107°
>3
s 107
Z S
= 10—10
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— Phenomenological Implications
[P.S.B. Dev, P. Millington, A.P., D. Teresi, arXiv:1404.1003]

Low-energy BP1 BP2 BP3 Experimental
observables my muy my Limit
120 GeV 400 GeV 5 TeV
BR(pw —ey) | 45x 10715 | 1.9x 10713 | 23 x 10717 | < 5.7 x 10713
BR(7 — wy) | 1.2x 10717 | 1.6 x 10718 | 8.1 x 10722 | < 4.4 x 1078
BR(T = ey) | 46 x1071® | 59x 10719 | 3.1 x 10722 | <3.3x 1078
BR(pt —3e) | 1.5x1071¢ | 93 x 107 | 49x 10718 | < 1.0 x 10712
R, 24x 107 [ 29x 10713 | 23x1072° | <6.1 x 10713
RAY,. 3.1x 1071 | 32x 1071 | 5,0 x 107" | <7.0x 107"
R 23x 1071 | 22x 1071 | 43 x 10718 | <4.6 x 10711
(m)(eV) 3.8x107% | 3.8x107% | 3.8x107% | <0.11 —0.25
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e Comparison with Other Methods: &y, [F. Deppisch, A.P., PRD83 (2011) 076007.]

Consider a simple Inverse Seesaw-like Model (1L + 2vg):

[R. N. Mohapatra, PRL56 (1986) 561;
R. N. Mohapatra, J. W. F. Valle, PRD34 (1986) 1642;
P. S. B. Dev and A.P., PRDS6 (2012) 113001.]

0 oy 0
M, = VY M-
0 M puqe™

Heavy neutrino masses:
M1,2 ~ M +

Lepton asymmetry & p;:

Im (h¥T hY)2,
ENy = vt hv vt hv
(h¥T h¥)11 (R¥T hY)ag

freg

—> en, — 0, when p; 9 — 0.

INVISIBLES '22 Leptogenesis and Charged LFV A. PILAFTSIS



L-conserving limits of ey,  [P.S.B. Dev, P. Millington, A.P., D. Teresi, arXiv:1404.1003 ]

U-_I—IEI T T T 1==T I_ll T T T T T T III T T I__

| :—_1 &

— A} g
o= |

=

[:J L

?’ -6 5

= gl {3

— 10} z

—12 1 I Ly ._1{] 1 1]

-12 -10 -8 —b -4 -2 {

r
Lng{GE;r]
Singular regulator: [W. Buchmiiller and M. Pliimacher, PLB431 (1998) 354.]

2 2
|mN1 o mNQ‘ le FN2

R . :
(le —mN2) -+ (leI‘N1 —mN2FN2)

INVISIBLES '22 Leptogenesis and Charged LFV A. PILAFTSIS



Thermal QFT Effects

G. F. Giudice, A. Notari, M. Raidal, A. Riotto and A. Strumia,
Towards a complete theory of thermal leptogenesis in the SM and MSSM,
Nucl. Phys. B685 (2004) 89.

A. De Simone and A. Riotto,
Quantum Boltzmann equations and leptogenesis, JCAP 0708 (2007) 002.

M. Garny, A. Hohenegger, A. Kartavtsev and M. Lindner,
Systematic approach to leptogenesis in nonequilibrium QFT: self-energy
contribution to the CP-violating parameter, Phys. Rev. D81 (2010) 085027.

M. Beneke, B. Garbrecht, C. Fidler, M. Herranen and P. Schwaller,
Flavoured leptogenesis in the CTP formalism, Nucl. Phys. B843 (2011) 177.

A. Anisimov, W. Buchmuller, M. Drewes and S. Mendizabal,
Quantum leptogenesis |, Annals Phys. 326 (2011) 1998.

Perturbative Non-Equilibrium Thermal Field Theory,
P. Millington and A.P., Phys. Rev. D88 (2013) 085009 (102 pages).

INVISIBLES '22 Leptogenesis and Charged LFV A. PILAFTSIS



