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Neutrino mass origin?

Q—> appealing explanation: seesaw mechanism

L—> 3 basic seesaw models —> leptogenesis
Right-handed singlet: Scalar triplet: Fermion triplet:
(type-l seesaw) (type-ll seesaw) (type-lll seesaw)
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. ' Foot, Lew, He, Joshi; Ma; Ma, Roy; T.H., Lin,
Minkowski; Gellman, Ramon, Slansky; Magg, Wetterich; Lazarides, Shafi; Notari, Papucci, Strumia; Bajc, Nemevsek,
Yanagida;Glashow; Mohapatra, Senjanovic Mohapatra, Senjanovic; Schechter, Valle Senjanovic; Dorsner, Fileviez-Perez;....

Q_‘> requires experimental breakthrough on top of the v mass matrix
measurements



Lepton Flavour Violating processes =~ <—(L conserving)

E—

L-> W — ey, T — Wy, T — ey, u— eee, T — lll, 4 — e atomic conversion, ...

L6 = Y]:f,WYN (LH)P(HL) —=> T'(n — ey) x Yy M—Z
N N
m, ~ YnN i Y v?
s " : N\
if Yy ~1, m, =0.1eV it My ~1TeV, m, =0.1eV
e.g. requires My ~ 10'* GeV e.g. requires Yy ~ 107°
0 : 0
4 My
I'(u — ey) o< Yy —7 very suppressed!!
My,

( m,, violate L
but not necessarily: inverse seesaw models

--------------------- A | FV conserve L



Approximately L conserving framework

L—> assume a L conserving setup with not too large My ~ 100 GeV — 100 TeV

and large Yukawas Yy ~ 1072 — 1

U

Br(u — ey) ~ 10~ ~ experimental upper limit

m, =0 <4€—— no L violation

L—> assume L is broken by a small perturbation 1t and/orY”

{} neutrino masses directly proport.
to a small source of L violation 1
and/or Y rather than inversely
proport. to a large mass /M



Approximately L conserving type-| seesaw model

L—> example withn Nyand n No: Ly, = +1, Ly, = —1

“inverse seesaw’’ as in
N[ VL 0 My <«— Mohapatra,Valle '86
Gonzalez-Garcia,Valle ‘89
Branco, Grimus, Lavoura ’89
Kersten, Smirnov '07
Abada, Biggio, Bonnet,
Gavela, T.H.07
/\—> if Yy is large, M not too high:

Br(u — ey) ~ 107! ~ experimental upper limit

m, =0 <4&— no L violation



Approximately L conserving type-| seesaw model

Q—}> example withn Nyand n No: Ly, = +1, Ly, = —1

“inverse seesaw’ as in

N, Y- 0 My < Mohapatra,VaIIg 86 |
Gonzalez-Garcia,Valle ‘89
Branco, Grimus, Lavoura ’89
T Kersten, Smirnov '07

soft L breaking Abada, Biggio, Bonnet,
Gavela, T.H.'07

L}> if Yy is large, My not too high:

Br(u — ey) ~ 107! ~ experimental upper limit

14

m, = —Yr M2

YN’U ~ 0.1eV



Approximately L conserving type-| seesaw model

L—> example withn Nyand n No: Ly, = +1, Ly, = —1

hard L breaking

VL N1 NZ
VL v
0 Yn \/_ Y \/_ Branco, Grimus, Lavoura 89, ...,
Ny Y\ % 0 \[4\ &« Kersten, Smirnov 07¢; Blanchet, Asaka 08’,
. 0 2 Ve 0 Abada, Biggio, Bonnet, Gavela, TH 07’
2 “VAN . TH, Gavela, Hernandez, Hernandez 09’,

L> if Yy is large, M not too high:

Br(u — ey) ~ 107! ~ experimental upper limit



If we observe some lepton flavour viol. processes: seesaw!?

k—> would be the striking sign of new physics at a nearby scale and a
very strong hint for the seesaw but not necessarily a proof at all:
many models can lead to it and in general the dim. 6 coefficients are not known

But ways out do exist:

O In models where several processes are related to a smgle i ¢ coefficient

type-lll seesaw: Br(u—ey) = 1.3-107% Br(u —eee) =3.1-107*. Rr—°
Br(tr — py) = 13-107%-Br(t — ppp) =2.1-107% - Br(t™ — e etp")
Br(r —ey) = 13-107°-Br(t —eee) =2.1-107°-Br(t~ — p pute)

L—\> proportional to the c'j_ coefficient:

v* 1
|€eu| — §|YTMT M Y2|ue 1.1- 10_4 . .

s and similarly for
€| = %!YTMT g Y2l S 15107 type-l and type-l|

2 seesaw models

11
ol = — V= Y re $2.4-1077



If we observe some lepton flavour viol. processes: seesaw!?

induced operators can be determined from the flavour
structure of the lowest dimension flavour structure

L> originally assumed in the quark sector to allow for
new low scale physics without flavour changing problems
for leptons the context is 7 : we do have an evidence
for new physics (neutrino masses) but the effect is so

tiny that the new physics associated is not expected

to bring any flavour changing problem —=> no need

for MFV to avoid flavour violation but yet would
lead to predictivity

L> all dim-6 induced processes could be

predicted up to an overall normalization
from the knowledge of 11,



Minimal Flavour Violation in lepton sector

Cirigliano, Grinstein, Isidori, Wise 05’

® |) Large flavour violation with small L violation: a hierarchy between L-viol.

scale A n and flavour-viol.
scale Ap: Ay >> Ap

® 2) The flavour structure of the dim-6 coefficients fixed by the dim-5 one

"4 e

minimal setup: quadratically extended setup: linearly
Cd=6 X Cd=5 Cd=5 Cd=6 X Cd=5
an explicit UV realization: an explicit UV realization:
type-Il seesaw model type-l seesaw model with

2 extra assumptions: My oc I

and no CP violation so that
1 1 1
T T
Cd:6 == Y —YN = —F YNYN = — Cd:5
Nz M?, My



A seesaw model automatically of the MFV type: the type-ll model

see e.g. TH, Gavela, Hernandez, Hernandez 09’
'\—> of minimal setup type:
® |) Neutrino masses: H._ < H
HA
\Y/ /III m |
BMa A d=5 9V A iy
| Cij A
/\ o Y MR v?
'}’j},
L L
® 2) Flavour changing L conserving processes
L L
Vi |
‘A —> Cijkl = M2 Y Yak o< ¢ 7 ey
) A
L L

and there is effectively a separation of scale: Ap ~ Ma <> Ay ~ Mi/,uA



MFV in type-l model! The simplest realization

B. Gavela, TH, D. Hernandez and P. Hernandez, |HEP 09’

k—> There exists a particularly minimal and predictive MFV type-| seesaw model!

A model with 2 right-handed neutrinos: Ly, = +1, Ly, = —1

VL N1 N2
Vi 0 YN % 0 |
Nl Yvd 0 M, —> s =Yy 3z

hard L breaking

Vi Ny N2
Vi 0 Y v Y/ v Cd=5 = — m_;
TVe TN ; H2
Ny Y\ - |95} M N $ = Y]:\? ——5 YN
/ \/é MN
N Yv— My 2 1 1
S R 0
N N

\ soft L breaking
Q—> separation of scales: Ap ~ My <« Apy ~ M3y /o, My/)Y'



The simplest MFV type-| model

—

Q—> counting of parameters in the pure hard case:

My — 1real + 1 phase — 1 real
Yy — 3 real + 3 phases — 3 real

«— 1 normalizat.

«— 1 normalizat. + 2 flavour param.
Yy — 3real 4+ 3 phases — 3 real + 2 phases

T

rephasing N1, Ny and the 3 L;

— 1 normalizat. 4+ 2 flavour param. + 2 phases

to be compared with the m,;; matrix from 2 N’s:

m,, — 2 real v masses «— 1 normalizat. 4+ 1 flavour param.

0;; — 3 real mixing angles «— 3 flavour param.

0,a0 — 1 CKM + 1 Majorana phase «— 2 phases

——> the full flavour structure of the model can be reconstructed from m,,;;!

——> the full flavour structure of dim-6 effects can be reconstructed!

L—> this remains true in the full hard + soft case too



Predictions

— =

B. Gavela, TH, D. Hernandez and P. Hernandez, JHEP 09’

0137 67 v

s

in terms of the 3 unknown parameters of m,;; :

o F(,u — G’Y) Bey Normal Normal
I'(pw — ev,ve) er L= a0
3
gggggg =n/4
B = [(1 — ey) ) o=
er — F _ ]
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Leptogenesis in approximately L conserving seesaw models???

S.Blanchet, TH and F-X. Josse-Michaux, JCAP 10°
k—> at first sight very difficult:

® leptogenesis at low scale: M ~ TeV

® large Yy = 'y >>> H|r=pr,y, = the N are in deep thermal equilibrium

e L broken by a small perturbation => we would expect suppression of CP-asym.

Q—> at second sight: leptogenesis appears to be generically
successful in these models



Apparent contradiction in approximate L models

A/MN ~ TeV
L> to saturate Br(iu — ev)gzp < 1.2-107" we need Yy ~ 10— (1=2)

U

FTOT
N
H(T = My)

U

Nj 2 are in deep thermal equilibrium

U

huge 7 suppression expected: n ~ 10~

U

forget about successful leptogen.

~ 108

L> this is what we get from usual Boltzmann equations



Apparent contradiction in approximate L models

7 D) . Y = (nl o nl_)/s
Usual” Boltzmann equations

z
S dYL B < YN 1) YD YL YD 9 YL fygflf:_;he”
> dz N H(

z dz vEe T=DMy) 2vP? H(T=My) ~yP? H(T=My)

My
T

4 A
each decay produces a AL = 5NT

each inverse decay produces a AL = —¢y

if more [ than [ :more [H — N inverse decays than [H* — N
if more [ than [ :more | H — N — [ H* processes than [H* — N — | H

full

= 5N( - 1) ' 1D —2 Yo | Yar—
yE? H(T = My) ~ yFQ H(T = My)

~ 6N( Yy —1>- REE _ : REE

- YE@ H(T = My) 2vPQ H(T = My)

L_» YD _ IV Ki®) EQ ()

huge washout



Apparent contradiction in approximate L models

Lﬁ; but with Yy ~ 10”172 suppose Y3 = p11 = pio =0

v v

TOT
FN

~ 108 i |
(T = M) L is conserved!

—> how comes a decay could washout a L asymmetry
if there is no L violation in the model??



Solution of the apparent contradiction

\\\\ //// \\\\ //// \\\ Nl //// \\\\ ////
/—N—\ + /—x—\ + /—x—\ . /»—x—\ +h.c. =
L L L L L L L L T

4

on-shell part:
inverse decay of /V;
# 0 even if L conser.

Blanchet, TH, Josse-Michaux |0°

proper calculation of the AL = 2 scattering contribution

4

on-shell part:
inverse decay of Ny resonance part always omitted <—
My, ~ Mn,

# 0 even if L conser. # 0 even if L conser.

if L conser.

interference term: gives also a S
especially if

My — M, _shell __ VD 267
0 = <<1 = :
Moy — M
§ = 2F]T\,OT S>> 1 —p Xl o %}\ —» huge washout
1

usual inverse decay term



Naturalness of small mass splitting in approximate L models

L—» automatic in approximate L models!

VL N1 NZ
i — ip
VL 0 Y\' E YNE Iy v
2 — Vi M

Ny Y:"\”Y % 231 :\[:\Y ::> 0 = [ror - [roT

o small L violating perturbations

y

protected by L symmetry



CP-asymmetry in approximate L models

Blanchet, TH, Josse-Michaux |0

L3> for My ~ TeV a large asymmetry can be obtained only through resonance

{

the condition to have a resonance of the CP asymmetry
is the same as to avoid washout: a small mass splitting

U

in the approximate L setup not only the numerator of the CP asymmetry

Yol? [ . pape 25 Im(YBYé*ei(b)
€la = €20 = — S111 ¢ + fself
2uM Zﬁ, Y5 |2

as — aq 5§1 1

(CLQ — a1)2 -+ (\/a@CQ — \/CL101>2 o 2(5\/6

f self —

—> despite that the CP-asymmetry is suppressed by the small L-violating
entries one gets a large enough CP-asym if: 2Re(vyv%)/|v?| << 6 = 22—

TOT
'y

<<1



Summing up: results on @ — ey imposing successful leptogenesis

e approximately L conserving seesaw models can lead to large flavour violation in agreement

with small m,,

- a large washout of the L asymmetry can be avoided despite the

N are in deep thermal equilibrium: requires a small enough mass splitting
- a small mass splitting is a prediction of the model

- a large enough CP-asymmetry is obtained through
resonance from the same small mass splitting

Blanchet, TH,

uz (GeV)

Josse-Michaux 10

Logip Br(u— & )

e
, V<l
. /8/7
10? //9 '-_
/11 ’
o
10*7/
_-15/12‘
’,/13
108
9 10 11 12 13

Zp

Logip Br(u— e )

/_‘12/"13 <4— normal hierarchy

10°F 11 5

F 10 7

¥ P 1z

L 8 14

o o
1023 /// 3 <& inverted hierarchy

It My = 250 GeV
10:_ 8 = o = O

I 013 = 10°
{os Tt 1wt 100 5

)

—> an observable ;1 — ey process is compatible with successful leptogenesis (without SUSY)



Backup



The 3 leptogenesis ingredients

® |) The CP-asymmetry: «— averaged AL produced per N decay

I'(N;, — LyH) —T'(N; — L H*
5Ni:Z(—>k)(—>k)

: %
—> CP-violation from 2 one-loop diagrams: e
Ni N
H*\\
vertex diagram self-energy diagram
\ v
= ey = — 3 X ImYovan Y YY) My [1 — (14 M?Vj)log(l + M?”) ¢ My OT%, — My) }
M 8w - Dk [Yovik]? My MY, My, " (MR, — ME;)? + T3 MR,

v v

can be effective only  can be effective for My ~ 1TeV
for My > 10% GeV if My, ~ My, (resonance)



The 3 leptogenesis ingredients

® 2) The efficiency 7: Lo EN, - (nNZN :
S S T>>MN7;

n~1 <« out-of-equilibrium

n <<1 <« thermal equilibrium

YN =nn/s

L—> can be obtained integrating the Boltzmann equations: Yy, = (m — ny) /s

M
z = —
T
f dYN _ (1 o YN ) ) YD D _ rroT Ki(z) nEQ(z)
z dz yre/ H(T = My) H(T = My) ~ H(T = My)) Ka(2) ¥
sdyp -(ﬂ—l)- YD o YL YaL=2
2 dz Yo\yEe H(T=My) °yF? H(T =My)
T A
each decay produces a AL = ey

each inverse decay produces a AL = —¢y

if more [ than [:more | H — N — [ H* processes than [H* — N — | H

—> main condition to avoid an efficiency suppression: T',°" < H(T = My)




The 3 leptogenesis ingredients

@ 3) The L to B conversion from SM sphalerons:

Lb above the EW scale B+L violating but B-L conserving

SM sphalerons are in thermal equilibrium

—> put B+L to ~ 0 but conserving B-L:

(B+L)pin ~ 0

Lin
(B o L)an — (B - L)In e Brin ~ —Lpin ~ —TI
BIn = 0 {L
np o tme Lo m
8_25_2nN8T>>MN

— =(8.824+0.23)-10"  wMaAP



3 nus +3 N DFV case

3)

NOOO@OO
N%OOOObO
O OO O T
o OO v O O

SO oOoTTT OO

(e, Vy, Vry N,

o O O O O O



Details on delta L=2 scattering calculation:

D D 2
TN, 1+35\/E 2 9 TN« 20
o =214+ 20\c— oY _ N
TAL=20 4 ( +20ye 1+5\ﬁ+52+ ¥ 1) 4 1+ +/cd+ o2
K = K & T K.

« “ 14 /b + 62

- . 1
L = lNz ﬁNz — (hz’a NZ¢T fLa + §MZN7,NZC + hC) 3 (Z — 17 2; a = e, U, T)

1

: i 2 2 T
1 (- o — 11\ / : o1 2
hla ~ —e (9=2)/2 (1 + —> e ¢Ya — Ya )\ — p
\/§ ] 4M,LL | Sln OZ ILLM

2

h Le—i(¢+>\)/2 i 1 M% - M% oY 4+ Y’-
T2 _ AMp “ e



