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Status of leptonic physics before 1998

* Three charged leptons (e, U, T)

* Two neutrinos discovered (Ve, vu). vi discovered in 2000 (DONUT)
* Hints for a third neutrino from the invisible decay width of the
Z-boson decay and BBN

* No indication for lepton flavor violation
* No indication for lepton number violation

,Clep — szlDL] + iélePeRj — yejqu)eRj + h.c

VOLUME 19, NUMBER 21 PHYSICAL REVIEW LETTERS 20 NOVEMBER 1967

A MODEL OF LEPTONS*

Steven Weinberg¥
Laboratory for Nuclear Science and Physics Department,
Massachusetts Institute of Technology, Cambridge, Massachusetts
(Received 17 October 1967)



The discovery of neutrino flavor oscillations

VOLUME 81, NUMBER 8 PHYSICAL REVIEW LETTERS 24 AuGusT 1998

Evidence for Oscillation of Atmospheric Neutrinos
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Necessity to add new terms to the Lagrangian, violating leptonic
flavor and leading to neutrino masses

Yv ijfj (I)VR]' Total lepton number conserved

AL — N7 — =, = c :
Aj (LiH)(HTLj) Total lepton number violated




Status of neutrino oscillations today
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Lessons learned:

Esteban et al 24

* Neutrino masses are in the sub-eV range
* Leptonic mixing angles are sizable

* The neutrino mass hierarchy is mild Ams,/Am3, ~ 33

Any model of neutrino masses should accommodate these three facts
simultaneously, and preferably without tunings.



Which neutrino mass: Dirac or Majorana?

A smoking gun for Majorana neutrinos: neutrinoless double beta decay

The nuclear process (A,Z) — (A,Z+2)+e—+e is predicted to occur
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Which neutrino mass: Dirac or Majorana?

* A smoking gun for Dirac neutrinos? Neutrino charge

* [f neutrinos are their own antiparticles, their electric charge must be zero.
Not necessary if neutrinos are Dirac particles (no gauge anomalies)

v CHARGE
VALUE (units: electron charge) CL% DOCUMENT ID TECN  COMMENT
<3.7 x 10—12 90 T2 GNINENKO 07 RVUE Nuclear reactor
<2 x10- 14 73 RAFFELT 99 ASTR Red giant luminosity
<6 x10—14 74 RAFFELT 99 ASTR Solar cooling
<4 x1074 75 BABU 04 RVUE BEBC beam dump
<3 x1074 7®pDAVIDSON 91 RVUE SLAC e~ beam dump
<2 x10—15 7T BARBIELLINI 87 ASTR SN 1987A
<1 x10—13 78 BERNSTEIN 63 ASTR Solar energy losses

* Indirect limits of the neutrino charge from neutron decay n — per,

n CHARGE
VALUE {1(]_21 e) DOCUMENT 1D TECN COMMENT
— 0.4+ 1.1 24 BAUMANN 88 Cold n deflection

e o ¢ \We do not use the following data for averages, fits, limits, etc. o o @

15 +22 25 GAEHLER 82 CNTR Cold n deflection



The theorist's perspective

From the phenomenological and experimental points of view, Majorana
and Dirac neutrino masses are both possible.

However, there are some theoretical arguments in favor of Majorana masses:

e It 1s the simplest possibility compatible with the gauge symmetry.

For Dirac neutrinos, a Majorana mass term for the right-handed neutrinos
must be forbidden by imposing a new symmetry (total lepton number).

e They automatically lead to an electrically neutral neutrino
Majorana neutrinos can not have an electric charge.

e Majorana masses might be the key to understand the differences
between quark and neutrino parameters.

Quarks are Dirac fermions, and present MeV-GeV scale masses, small
mixing angles, and large mass hierarchies.



How to generate Majorana neutrino masses

Need to combine two lepton doublets and two Higgs doublets.

(2x2)x(2x2) = (3+1)x(3+1) = Bx3)+(3x1)+(1x3)+(1x1) Ma’98
——

5+3+1
(Li®)1(L;P)s (LiL;j)3(PP); (Li®)3(L;®)s
A \ /
N N
Triplet
Singlet scalar Trip l.e t
fermlon fermion
Oin  — ~ ~
Lo ——14 (L@)(@TL;?) +h.c.

A

The operators can be generated at tree level or at one (or several) loops. @



Tree level

Majorana neutrino mass

'd
. N /
Triplet
scalar
Singlet Triplet
fermion fermion
Type I seesaw Type 1l seesaw Type 111 seesaw
Minkowski"77 Mohapatra,Senjanovic¢ 80 Foot. Lew. He. Joshi ‘89
Yanagida’79 Schechter, Valle’80 ’ T 9

Gell-Mann, Ramond, Slansky’80



Type | seesaw

Probably the most popular option: simple and elegant.

1
—L DO v Mpre + EL’E{ﬂJﬂ{VR + h.c.

| REL

1
—,C D) EIT’LMHI/E

M, = —MpM,,' M},
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Type | seesaw

Probably the most popular option: simple and elegant.
11—
—L D v Mprg + EvgﬂfIMvR + h.c.

1 inVIM > ;'?'LJD

1
—£ D) EIT’LMHI/E

M, = —=MpM,,;"Mj ~ ©O(0.1eV) Which Mar,Mp?
Mp ~ 100 GeV

10}

0.01}
My~ 1014 GeV

105}
: Grand Unification
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Type | seesaw

Probably the most popular option: simple and elegant.

1
—L D v Mprg + EvgﬂfIMvR + h.c.

1 My > Mp

1
—£ D EIT’LMHI/E

M, = —=MpM,,;"Mj ~ ©O(0.1eV) Which Mar,Mp?

10§
0.01}

10-5
Approximate lepton
number conservation. 19-8|
Pseudo-Dirac neutrinos M~ 0

10—11 . . o u ;
10714 10-8 0.01 10* 1010 1016




Type | seesaw

Probably the most popular option: simple and elegant.

1
—L D v Mprg + EvgﬂfIMvR + h.c.

1 My > Mp

1
—£ D EIT’LMHI/E

M, = —=MpM,,;"Mj ~ ©O(0.1eV) Which Mar,Mp?

10 Mp ~ 1 GeV

0.01}

ol My~ 10° -1010 GeV

Baryogenesis
10_85

10—11 . u u o ;
10-14 1078 0.01 104 1010 1016
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Type | seesaw

Probably the most popular option: simple and elegant.

1
—L D v Mprg + EL’EJJMI/R + h.c.

1 My > Mp

1
—L: D EIT’LMHI/E

M, = —=MpM,,;"Mj ~ ©O(0.1eV) Which Mar,Mp?

10}
| _ Right-handed neutrinos
Mp ~ 104 GeV &
0.01F o kinematically accessible
to collider experiments

10~5}

| My~ 1TeV

14
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Type | seesaw

Probably the most popular option: simple and elegant.

1
—L D v Mprg + EvgﬂfIMvR + h.c.

| R

1
—£ D) EIT’LMHI/E

M, = —=MpM,,;"Mj ~ ©O(0.1eV) Which Mar,Mp?
10%

0.01}

107>

Sterile neutrino 107°°

My ~
dark matter u~TkeV

1071 : : - - -
107 107%  0.01 104 101 10



Generating neutrino masses from “existing’’ scales

Mass scales in the Standard Model (extended with gravity)

e(
e Higgs vacuum expectation value (H") = 174 GeV
e Planck mass Mp = 1.2 x 10'Y GeV

16



Generating neutrino masses from “existing’’ scales

Mass scales in the Standard Model (extended with gravity)

() ¢uum

e Higgs vacuum expectation value (H") = 174 GeV
e Planck mass Mp = 1.2 x 10" GeV <

IRHN, M =0  Dirac neutrinos (requires very small Yukawas)

Y2 <HO>2
Mp

IRHN, M ~ Mp  mg ~ <10 %eV

Barbieri, Ellis, Gaillard "80

Too small to explain oscillation experiments

17



Generating neutrino masses from “existing’ scales

2RHN, M; = 0, My = 0 Dirac neutrinos (requires very small Yukawas)

2RHN, My ~ Mp, My ~ Mp mg, a5 S 107 %eV Too small

ORHN, My = 0, My ~ Mp Moy a0, ~ Y1 (H) — 32 (H)?

Pseudo-Dirac pair, with masses typically
too large (unless small Yukawas).

18



Generating neutrino masses from “existing’’ scales

2RHN, M; = 0, My = 0 Dirac neutrinos (requires very small Yukawas)

2RHN, My ~ Mp, My ~ Mp mg, a5 S 107 %eV Too small

ORHN, My = 0, My ~ Mp Moy a0, ~ Y1 (H) — 32 (H)?

Pseudo-Dirac pair, with masses typically
too large (unless small Yukawas).

The importance of quantum effects

Ibarra, Strobl, Toma "18



Generating the neutrino mass hierarchy

Possible to accommodate anything (enough freedom at high energies).
But at what price?

Naive expectation for the mass hierarchy (neglect mixing angles)
me 9 My
mi y? Mo

20



Generating the neutrino mass hierarchy

Possible to accommodate anything (enough freedom at high energies).
But at what price?

Naive expectation for the mass hierarchy (neglect mixing angles)
ma |, va My
my oyt My ™

Very mild Very strong hierarchy
hierarchies in RH masses
Y1=X2 M, M,~yi:y;

M =M,

21



Generating the neutrino mass hierarchy

Possible to accommodate anything (enough freedom at high energies).
But at what price?

Naive expectation for the mass hierarchy (neglect mixing angles)

m‘Z !Jz Ml 6
my Y1 MZ
Very mild Very strong hierarchy
hierarchies in RH masses
V1=V, M, :M,~y::y,
M =M,

1080 -

Y1 - ys = 1:300
wl Strong tuning A : M, = 1: 90000




A possible fix: an extended Higgs sector?

: 1 _ o~ - f
Introduce a second Higgs doublet: — £ ° = EH.?;(Z LiiIJa)(fIJ'gZEj) + h.c.
\ /
\ /
\ /
(I)]‘\ /'(D] |Y;,l|2’U2
1 ms3 =
> % - 2Mmaj
L; 11 L;
‘1)_1.\\\___//‘1)1_ 5 B 21,1 27
A m 1 ‘)\5‘U ‘YQ‘Q ‘Y.U Yu ‘ 10?, Mﬂ'laj
P P9 2 — T. —
2 v 2
‘\ /’ 167 M ma,j ‘Yul‘ mpy
- - - =
L & T

Two mass scales generated, with a single RH neutrino

mo ‘/\5| ‘}/;2'2 M. maj Grimus, Neufeld *99
— | = 5 T2 log ~ (.2 Ibarra, Simonetto *11
ms3 ST ‘Y;} mpy

Minimal model (1IRHN, 2HDM), generates naturally a mild hierarchy
The “Standard” minimal model (2RHN, 1HDM), does not.

23




Tests of the seesaw

Challenging!

1) In most scenarios, the fermion singlets are very weakly coupled or
are very heavy. Direct tests not viable:

- 500 GeV Linear Collider needs 100 MW
- 1012 GeV Linear Collider needs 1011 MW
- Annual power consumption in the world: 107 MW

24



Tests of the seesaw

Challenging!

1) In most scenarios, the fermion singlets are very weakly coupled or
are very heavy. Direct tests not viable:
- 500 GeV Linear Collider needs 100 MW

- 1012 GeV Linear Collider needs 1011 MW
- Annual power consumption in the world: 107 MW

2) The seesaw Lagrangian contains many free parameters.
For three generations of right-handed neutrinos

The high energy theory, spanned by {Y,, Mr}, contains 18 parameters
The low energy theory, spanned by{/M, }, contains 9 parameters

Little predictivity
25




Right-handed neutrinos at the laboratory?

Naively, “light” right-handed
neutrinos imply small Yukawas.
Signals very suppressed

001l Mp ~ 104 GeV

103

My~ 1TeV

10°8

10~ 11 " " e - N
10-14 1078 0.01 10 1010 1016

Consider instead two fermion singlets , forming a pseudo-Dirac pair

1
—L D yVLHNl + M NSN1 + 2,uNCNQ + h.c.

J O J
Y Y
preserves L violates L
2/ 170\ 2
_ yl/ <H > 13 99
m, = [ Inverse seesaw
M?

Proportional to the order parameter of the lepton number breaking ()

If © < M, neutrino masses can be small, while keeping the Yukawgs
sizable.



Right-handed neutrinos at the laboratory?

359 b7 (13 TeV)
II'I| III||I|__:

- CMS
L 95% CL upper limit

W+ ol
VFT E(I} 1072 ;— ................ ........................................ —;

- Observed ——— DELPHI prompt

Vx|

===+ Expected — L3 ]
| - 68% expected ----- EWPD |

95% expected —— ATLAS 8 TeV

o CMS coll.’18

10_5 :I_'.. ..... CMS 13 TeV trilepton
= | I . | 1 1 1 1 | I R |
10° 10°
m, (GeV)

1g

0.01
107*
¥§, 107°
1078

Alekhin et al. ‘15,
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Right-handed neutrinos at the laboratory?

Charged current interactions predicted in the model.

, e“hv ms . . [ma
1.-"(. 1 —_ — ( Llln, :5 + (] L‘I,rt 2 )
V2M; V ma +my ms

Normal Hierarchy

Bip=—se-+ypi x 10

I 15y 30 S T NN SN

Mi(Ge¥) AT Molinaro, Petcov ‘11
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Radiative
Majorana neutrino mass

Neutrino mass generated at the N-loop level:

The scale of new physics can be lower than 1n the tree level models,
and even be at the reach of experimental searches.



One loop neutrino masses

\\ f’

N/

v,

”~ Y

/ \
: — —l
/ \ N ,
—_— ] \ /
N =

A 7’ ~
| ! A\
— —

Ma’'98

32



One loop neutrino masses: a concrete topology

|
Y
“/"l"\"
/ \
i)_‘_(X_'_Z,D_‘_‘L_j
A
o
L ¢ | X Y Ui W
SUB)c | 1 1 | ¢ a n q
Uly || =1/2 1/2 | ¢ —q+1/2 ¢ —¢+1/2

(g3 and gy either 1 or 3) 33



One loop neutrino masses: a concrete topology

34



One loop neutrino masses: a concrete topology

Zee model '80

35



One loop neutrino masses: a concrete topology

b Supersymmetry with
’ ‘ R-parity violation

_9__L_(_.*_.>_I_.+_ Hall, Suzuki '83

SUB)e | 1 1] 1
su2, | 2 2| 2 1
Uy |[-1/2 1/2|-1/2 1 -1/2 1

L; ¢erj L; e€rj 36



One loop neutrino masses: a concrete topology

Dcﬁr""* “Q D Supersymmetry with
R-parity violation

—"_'_(—)f'—)'—l—@—- Hall, Suzuki '83

__,-"'

SU()e | 1
SU2. | 2 22 1 2 1
Uly | —-1/2 1/2|1/6 1/3 1/6 1/3

Qi  dri @Q; dgq 37



Two loop neutrino masses

Many more topologies!
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Two loop neutrino masses

One example: Zee-Babu model (1998)

PRl BN
w | N -

/ lk“ \
_'_I_n_l\_
| |
¢0| |¢0

Two new fields:

o*: singly charged singlet scalar
k**: doubly charged singlet scalar
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Three loop neutrino masses
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 Cepedello etal’19
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Three loop neutrino masses

Many many more topologies!

DT SO A
AR e S8 o
O G X gro
oD
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Three loop neutrino masses

One example: Krauss-Nasri-Trodden model (2003)

S1t /’-;&_\’h"‘\sﬁ
STl NS N
/ \ \

Three new fields:

St
SHE
NR

: singly charged singlet scalar
: singly charged singlet scalar

: neutral singlet fermion

42



A connection to the dark matter puzzle?

Right-handed neutrinos are excellent dark matter candidates.
Signatures from the decay v, — Vg7

10

10”7
-8

10 5- /

107 |

N o
R
ST R N=
[ 2
1012 } “:i’
1013 | ‘:§
14 | B
s 10 " 50
m, [keV] Abazajian’17

Possible fixes: 1) Postulate another production mechanism
2) Impose stability (e.g. by a Z2> symmetry)
(However, incompatible with type-I seesaw)
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A connection to the dark matter puzzle?

In radiative neutrino mass models, the particles in the loop could carry new
Quantum numbers.

A simple example: scotogenic model Tao’96, Ma’06

(I)\ ,(I)
N\ /7
\ /
,_..V...\
n n
Lo o N L

Two new fields, both odd under a Z2 symmetry.

Lo )
= ﬁ (770 + iA()) . The lightest among the three neutral
particles 1s a good dark matter candidate

X

./
X as thermal relic disfavored by the non-observations of y — ey

44
770, AY viable candidates



A connection to the dark matter puzzle?

Strong constraints on the inert doublet model from direct and
indirect dark matter searches

02— ———rrrry = 10-2F 1 . ARREREE =

10—23;
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10-28}- .
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0:5 | 1 5 10 ElD
Mo (TeV)
Garcia-Cely et al’15

Other radiative models contain dark matter candidates allowed by

current experiments, and potentially testable in the future.




Concluding remarks

e The origin of the fermion masses 1s still an open question

e [t 1s likely that the mechanism of generation of neutrino masses
is different to the one generating quark and charged lepton masses.
Experiments should tell.

e Many clever 1deas to generate small neutrino masses. However,
among all the models proposed, only one 1s correct, at most.
How to pin down the correct model? Biggest challenge in this subfield.

e Possible interconnection to other open problems in Fundamental Physics
(dark matter, matter-antimatter asymmetry, strong CP problem,
hierarchy problem...). Also, possible signals in flavor physics,
collider experiments, beam-dump experiments...

Colossal challenge but not hopeless.
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