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Neutrinos: some historical perspective

1930: “Neutrino" hypothesis by Pauli to explain missing energy in beta decay
(later called neutrinos by Fermi).

1956: Neutrino Discovery by C. Cowan and F. Reines.
Reactor neutrinos with subsequent 7, p —+ n e™, and ete™ — v~

1958: Neutrino oscillation hypothesis by Pontecorvo.

1962: Discovery of the Muon Neutrino by L. M. Lederman, M. Schwartz, and
J. Steinberger at Brookhaven National Laboratory 7~ — u*v,, v,N — u~ N’
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Neutrinos: some historical perspective

1930: “Neutrino" hypothesis by Pauli to explain missing energy in beta decay
(later called neutrinos by Fermi).

1956: Neutrino Discovery by C. Cowan and F. Reines.
Reactor neutrinos with subsequent 7, p — n e™, and ete™ — v

1958: Neutrino oscillation hypothesis by Pontecorvo.

1962: Discovery of the Muon Neutrino by L. M. Lederman, M. Schwartz, and

J. Steinberger at Brookhaven National Laboratory n* — p*v,, v,N — p~ N’
1968: Solar Neutrino Problem (R. Davis and J. N. Bahcall)

86: Atmospheric Neutrino Anomaly.

1998: Discovery of Atmospheric Neutrino Oscillations by Super-Kamiokande in Japan.
v,+ HxO - p= X, ve+ H:O0 - e X

2000: Discovery of Tau Neutrino by DONUT at Fermilab.
(*) 2001: Confirmation of solar neutrino oscillations by Sudbury Neutrino Observatory.

—
O

2002: Rediscovery of the disappearance of (laboratory produced) muon neutrinos by K2K
KEK to Kamioka).

—~

W
Most of these discoveries were based on

neutrino charged current interactions (with the exception of (*))
S.Gori 17,



The neutrino un-answered questions

aka, why are neutrinos interesting

. * What is the origin of neutrino masses? :
. % Are neutrinos Dirac or Majorana? i.e. are neutrinos their own antiparticle? :
. s Do neutrino interactions violate the CP symmetry? :

. % What are the values of the neutrino masses and mixing angles? Inverted or
i normal hierarchy?

* Baryon asymmetry of the Universe — explained through leptogenesis?
. % Is Dark Matter a new yet-to-be-discovered neutrino (keV sterile neutrinos)?
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The neutrino un-answered questions

aka, why are neutrinos interesting

. * What is the origin of neutrino masses?
. s Are neutrinos Dirac or Majorana? i.e. are neutrinos their own antiparticle?
. s Do neutrino interactions violate the CP symmetry?

. % What are the values of the neutrino masses and mixing angles? Inverted or
i normal hierarchy?

* Baryon asymmetry of the Universe — explained through leptogenesis?
. % Is Dark Matter a new yet-to-be-discovered neutrino (keV sterile neutrinos)?

In general, neutrinos are among the least known particles
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Determining the origin of neutrino masses

FERMIONS :  Why are neutrinos so light?
1000 . : Do they receive mass through the Higgs mechanism or is
v, «® e i there another mechanism responsible for their masses?
[ J :
E e . : Muon :
= 105 Quarks E.Iectron
2
>
107°
Neutrinos ™ '

% In general, the Standard Model neutrinos cannot have a mass if we do not
add any extra ingredient

%k Neutrino oscillations tell us that neutrinos have a mass and that lepton flavor

number L is not a good symmetry
S.Gori 4



Mass in GeV/c?

.........

Determining the origin of neutrino masses

FERMIONS :  Why are neutrinos so light?

1000 . . Do they receive mass through the Higgs mechanism or is

o1 * e i there another mechanism responsible for their masses?

. °q : T\/Iuon
o Quarks Electron : 3 Dirac neutrinos: (Lepton number conserving model)

. L£,=Y,LHNgp+hc., Y,=0(10"1)
107°
Neutrinos ™ :
o | i %k Majorana neutrinos: (Lepton number violating model)
I . L, = %(LH)(LH) + h.c., % ~ 10715 GeV !

for example, in Type-| see saw:

_ Y 2v?
Majorana condition £, = (Y,LHNg + h.c.) + MNrNgr, m, =0O ( = )

M
= ‘ particle and antiparticle are the same

% In general, the Standard Model neutrinos cannot have a mass if we do not
add any extra ingredient

%k Neutrino oscillations tell us that neutrinos have a mass and that lepton flavor
number L is not a good symmetry
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Neutrino masses and mixings, Dirac neutrinos

Different neutrino flavor, f, mix: Loc = __( * Day"L3)W, + h.c.

V) =3 Uil V2

—1i0
1 Ci13 Size” "’ C12 S12
U = Ca3  Sa23 X 1 X —S12 Ci2
0 1
—S23 Ca3 —S13€ Ci13
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Neutrlno masses and mixings, Dirac neutrinos

> b " Lco = ——( VoY EB)W + h.c.
vl) = Z Uailvi) V2
............................................. 'I, . 1 C13 S13 € 0 C12 S12
U = Coz Soz | X 1 X | —Si12 Ci2
—S23 Ca3 —S13 et Ci13 1

. We do not know if the PMNS matrix, U,
. contains a new source of CP violation

Value from PDG

Parameter
NO 1[0
012 (33.417073)° same
623 (49.1773)° (49.579:3)°
013 (8.54701,)°  (8.575511)°

Future prospects on 6:
6=(0 + 7)9, 6=(90 + 22)0
after 10 years of Hyper-K run
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Neutrino masses and mixings, Dirac neutrinos

leferent neutrino flavor, f, mix:

" Lcc = —E( 3aPaY€3)W, + h.c.
wl) =) Udilvi)
............................................. SRR B (1 C1a 513 e~ Cla Sz
U = Ca3 Sog X 1 X —Si12 Ci2
—S23 Ca3 —s13 € Ci13 1

§We do not know if normal or inverted ordering: We do not know if the PMNS matrix, U,

. i contains a new source of CP violation
normal (NO) inverted (10)

2 2 V 1
B — (1)) (m,) o Parametor alue from PDG
sol
flayor (m) me— O —
eigenstates: Oro (8341%573)°  same
. 05 (49.149)°  (49.5409)°
(Am’) o 613 (8.54+011y° (g 57+012)0
V” (Am®),gy Am2 /(10— eV?) |  7.417038 same
v Am2,/(10~3eV?) | 2.43770028  _9 498+0032
Future prospects on 6:
E— e (m.,)° _ _
am,, 2 6=(0 = 7)9, 6=(90 = 22)°
e— ()’ (1m)” s — after 10 years of Hyper-K run



The absolute scale of neutrino masses

Neutrino oscillations give information on the neutrino mass splitting, but not on
the absolute scale:

Y m; > 0.1(0.059) eV, IO(NO)

FERMIONS
1000
°
°
~ Y [ ]
§ 0.1 P e lau
8 °q Muon
)
c 5| Quarks Electron
« 1077
©
>
107°
Neutrinos ™
1013 I I

l,
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The absolute scale of neutrino masses

Neutrino oscillations give information on the neutrino mass splitting, but not on

the absolute scale:
Y m; > 0.1(0.059) eV, IO(NO)

FERMIONS

1000
The absolute scale receives constraints from: N . .
< 0.1 ) e lau
Laboratory experiments: 3 .y | Muor
. . c uarks ectron
KATRIN has produced the tightest constraints to date, from 5 10 Flect
measuring the endpoint of the tritium 3-decay spectrum. =
2406.13516 e B
talk b
3H — 3He e U, m, < 0.45 eV Heyn;’ 10-13 ' I
Limits on muon and tau neutrino masses are much weaker D
(~190keV and ~18.2 MeV from pion and tau decays) .

Cosmology: 2404.03002
for the ACDM model, DESI BAO + CMB: Z m; < 0.072 eV |\ onever
1 Green, Meyers, 2407.07878
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Majorana neutrin0S? Neutrinoless double beta decay

c — (Y:jEiHNR,j n h.c.) n MNR,z'NR,i hypothesis: no appreciable :

mixing with sterile neutrinos :

1 C13 s13 e~ C12  S12 et
U= c23 823 | X 1 X | —812 €12 X ein?
—S23 Ca23 —s13 €% C13 1 1
: — ~— _J
: 6 degrees of freedom: 3 angles and 3 phases Majorana phases
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Majorana neutrinos? Neutrinoless double beta decay

u — (YJJLiHNR,j —+ h.c.) —+ MNR,’iNR,i hypothesis: no appreciable :

mixing with sterile neutrinos :

1 C13 s13 e~ C12  S12 et
U= c23 823 | X 1 X | —812 €12 X ein?
—S23 Ca23 —s13 €% C13 1 1
: — ~— _J
: 6 degrees of freedom: 3 angles and 3 phases Majorana phases

If we define Mg = ‘Z m; U

=1
Neutrino less double beta decay:

(A, Z) = (A, Z + 2) + 2e~
lepton number violating (LNV) process N,Z N,Z+2

rate = 1/T1/2 = (Mee)?
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Majorana neutrinos? Neutrinoless double beta decay

L, = (YJJLiHNR,j + h.c.) + MNg;Ng. hypothesis: no appreciable :

mixing with sterile neutrinos :

1 C13 s13 e~ C12  S12 et
U= c23 823 | X 1 X | —812 €12 X ein?
—Sa3  Cag —s513 €% C13 1 1
. 6 degrees of freedom: 3 angles and 3 phases Majoraag phases

If we define Mg = |Z m; U

1=1

Neutrino less double beta decay:
(A, Z) = (A, Z + 2) + 2e~ S
lepton number violating (LNV) process Nz .\'.z+2\

rate = 1/T1/2 = (Mee)?

_ (uncertainty coming from
* Current experimental bound: m.. < (28 — 122) meV nuclear matrix element)

corresponding to half-time, T12: 3.8 x 1026 years! KamLAND-Zen, 2406.11438

* Future prospects: half-time ~ O(1028 years) :{> (5-20) meV in ~10 years
S.Gori LEGEND-1000, 2107.11462: nEXO, 1805.11142; CUPID, 1907.09376 7



The challenge of neutrinoless double beta decay

3
—_ ) U2
mee pr— mz ei
1=1

If we discover neutrinoless

double beta decay,
==) LNV Majorana neutrinos @,

S.Gori 8



The challenge of neutrinoless double beta decay

2
e

\

3
Mee = | m; U,
0.100 ———————————m | current ;
0.050 ' bound
0.016.... future
0.010}
> 0005 If we discover neutrinoless
Q : i
— - s double beta decay,
& ' ==) LNV Majorana neutrinos
0.001}
4t
>-x10 : If we keep setting limits on
neutrinoless double beta decay,
1 %104 i i ==) inconclusive
10° 10 0.001 0.010 0.100 (at least for the case of NO)

my [eV]

Regions obtained scanning over the 9
free parameters in their experimental
range
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The challenge of neutrinoless double beta decay

3
— ) U2
mee pr— mz ei
=1

0.100 ——————————————m|current
0.050 | bound
0.016.... future
0.010}
> 0005 If we discover neutrinoless
2 R double beta decay, m
X - NO ==) LNV Majorana neutrinos \\‘Q?}
0.001¢
—4f
5.x10 : If we keep setting limits on
neutrinoless double beta decay,
1:X00 050+ 00601 0.010 0100

my [eV]

Regions obtained scanning over the 9
free parameters in their experimental
range

S.Gori

==) inconclusive
(at least for the case of NO) Q" 5

Other ways to determine
Majorana vs. Dirac?

T —




Invariants

1 C13 S13 e—i"

id
—Sg23 Co3 —Si13€ Ci3

This quantities are NOT basis invariant

. Dirac phase = CPV phase that
. can be measured in lepton

. number conserving

. processes.

. Majorana phase = CPV phase
. that can only be measured in
. lepton number violating

. processes.

S.Gori Dery, SG, Grossman, Ligeti, 2406.18647



Invariants

1 C13 S13 €

id
—Sg23 Co3 —Si13€ Ci3 1 1

This quantities are NOT basis invariant

Dirac phase = CPV phase that We can define the basis invariant quantities:
can be measured in lepton taig; = Ua«iUﬁch’:jUEi s Saij = Ua.,;UC’:j
i number conserving , . . . .

: % 4 (3+1) invariants in the case of Dirac neutrinos
: processes.

_ {|t82€3|, |t€383|7 |t,u2e3|9 ‘IID = arg(tu2e3)}
: Majorana phase = CPV phase ! i
. that can only be measured in : * +2 phases in the case of Majorana neutrinos
lepton number violating {12, Po3} = {(pi‘z, (1)33}, (1,3 — al‘g(Smﬁj)
: processes. P

Total number of physical parameters:
3 angles and 3 phases (1+2)

....................................................................................................................................................

S.Gori Dery, SG, Grossman, Ligeti, 2406.18647 9



Invariants

1 C13 S13 €

id
—Sg23 Co3 —Si13€ Ci3 1 1

This quantities are NOT basis invariant

Dirac phase = CPV phase that We can define the basis invariant quantities:
. can be measured in lepton - taipy = Ua,iUﬁjU;‘jU[’;i s Saij = Ua.,;UC’:j
: number conserving =

. processes * 4 (3+1) invariants in the case of Dirac neutrinos

_ {lte2e3|a |te3e3|7 |t,u2e3|7 ‘IID = arg(twe.‘s)}
: Majorana phase = CPV phase ! i
. that can only be measured in : * +2 phases in the case of Majorana neutrinos

lepton number violating {P12, Paz} = {PS,, 5.}, ‘I’?; = arg(sai;)
: processes. P

Total number of physical parameters:
3 angles and 3 phases (1+2)

....................................................................................................................................................

Up = arg(cizcese” ™ — 812823813)
In terms of the original phases: < &, N — Mo

Po3 M2 + 0
Observation: area of lepton unitary triangles = —|t,.2.3| sin ¥ p
S.Gori Dery, SG, Grossman, Ligeti, 2406.18647 9



S.Gori

Generalizing mee

5P
]
? a”B e {e’ /‘1" T} (I)IJ

arg(tais;)

3
| Z m; UaiUpgi
=1

Z m? |Uai|2|UBz’|2 + ZZ m;m; IUaanjUﬁiUle COS (2(1).113' + 5;;.‘3 -+ 658)

1<J

Dery, SG, Grossman, Ligeti, 2406.18647

<I>fJ = arg(Seij)

10



Generalizing mee

3 5;;./3 = arg(taig;)
Map = | Z m; UaiUﬁi ’ (1918 S {8, M T} (I)'ij — (I);j — al‘g(seij)
=1
— Z m? |Ua7'|2|U,31|2 + 2 Z m;m; |UazUaJUﬁzUﬁJ| COS (2‘1’,‘_‘}' -+ 5%6 + (sg.e)
7 i<j
u d
Observations: \g/
%k Any rate of lepton number violating processes is — ¢
proportional to the corresponding (mag)? _ Xv=v
W——

For example, the rate for p- — e+ is proportional to (mye)? /K
u d

S.Gori Dery, SG, Grossman, Ligeti, 2406.18647 10



Generalizing mee

6?-[3 = arg (taiﬁj)

. a,ﬁ 6 {e, I’L’ T} (I)ij = (I)j] — areg ( (_11)

3
Map = |ZmaniUﬁz’

- Z m; |Uai|*|Upi|* + 22 mim; |UaiUa;jUpiUgj| cos (295 + 677 + 5ﬁe)

i<j (%)

u d
Observations: \\g/

%k Any rate of lepton number violating processes is
proportional to the corresponding (mqg)?

For example, the rate for p- — e+ is proportional to (mye)? /1?\
u d

* Sensitivity to each of the Majorana phases, ©i, scales as
the corresponding product of masses, mim; ()

*k Any one element of the Mag is in itself independent of the Dirac phase

mia =),m 1,2|Uaz| |Uﬂz|2 + 2m1ma|Ua1Ua2Up1Upgs| cos (287, ) : q)‘.’.ﬂ _ D2 + o7 .
we can choose a basis such that: + 2mam3|UasUasUpaUsps| cos (205%) e 2 i

+ 2mym3|Ua1UasUp1Ugs| cos (2055 + 2@57)

S.Gori Dery, SG, Grossman, Ligeti, 2406.18647 10



Observables and bounds

Experimental bounds: Lepton number and flavor violating processes
1.2 x 1071 (1.7(8.2) x 10~2)(4.2 x 10°) R
(Mag) < 50 @. 4 % 103) GeV Spread of 14 orders

. of magnitude
2.0 X 104 ..................................................................
updated from Rodejohann, Zuber, 0011050
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Observables and bounds

Experimental bounds: Lepton number and flavor violating processes
1.2 x 1071 (1.7(8.2) x 10-2)(4.2 x 10%) R
(Map) < 50 (14x 10°)| Gev | Spreadof 14 orders

. of magnitude
2.0 X 104 ..................................................................
updated from Rodejohann, Zuber, 0011050

Additional possible tests from other

(Mee) Ov33 KamLAND-Zen meson decays like

) _ N B, - Mr putp™
(mey) | Ti+p~ —>Ca+e SINDRUM \
m Kt —>snautpt NAG62 -
(1) bl Mu2e + COMET will improve the bound
(me,) | etp > veetrTX HERA on the rate by ~4 orders of magnitude.
(Mmu-) | etp = DeptrtX HERA Rates are small though:

tp — DTt Tt X HERA M)
(m.-) ep = UeT™ T ~ 3 % 10-22 K u2)| |M|2

. _ Mg nuclear matrix
Experimental prospects for searching for Ov[33- element

decay are incomparably better because the
number of potentially OvpB3-decaying nuclei is
much much larger than the particles used for
setting the other bounds.

S.Gori 11



Observables and bounds

Experimental bounds: Lepton number and flavor violating processes
1.2 x 1010 (1.7(8.2) x 10~2)(4.2 x 10?) R
(Map) < 50 (14x 10°)| Gev | Spreadof 14 orders

. of magnitude
2.0 X 104 ..................................................................
updated from Rodejohann, Zuber, 0011050

Additional possible tests from other

(Mee) Ov33 KamLAND-Zen meson decays like
. _ n B, - Mnr pu ™
(mey) | Ti+p~ —>Ca+e SINDRUM \
Kt - wptpt NAG62 -
(M) TRrRE Mu2e + COMET will improve the bound
(me.) | e'p = veetrtX HERA on the rate by ~4 orders of magnitude.
(Mmu-) | etp = DeptrtX HERA Rates are small though:
- 5 ot ot m,.)|?
(m-r) ep > U.TTTTX HERA ~ 3 % 10—22 |<+)I|M|2
_ ™M_  nuclear matrix
Experimental prospects for searching for Ov[33- element
decay are incomparably better because the
number of potentially OvpB3-decaying nuclei is .
much much larger than the particles used for Any correlation between
setting the other bounds. different elements of mqp?

S.Gori 11



The single phase limit

Normal hierarchy Inverted hierarchy
’ : Vo=V Vo=V
Let’s define {v,, va, V,} such that: 0=73 Vo= v,
Vo = Vs

our f \ usual

convention — convention
in the m; — 0O limit:

mg |Uaol*|Upol” oMo |Uaol[Uso|
m3 |Ua2|?|Up2|?  ma2 |Uaz||Up2|
Only one Majorana phase enters
independently on the values of a3

m?2 ;& m2 |Ups|? |Uga|* |1+ cos (202, 4 055 + 053

L S.Gori 12




The single phase limit

Normal hierarchy

y . Vo=V Vo=V

Let’s define {v,, va, V,} such that: 0=73 Vo= v,
Vo = Vs

V, = Vg

V= Vy
our f \ usual

convention — convention

in the m; — 0 limit:
2 2 2
m;, |Uao|”|Ugo
mys = My |Uas|® [Ug2|* |1+

m32 |Uaz2|?|Upz2|?

# all mqp are correlated

These relations are independent on the exact
absolute scale of neutrino masses, as long as
M| << Mo, M2 (Simkovic et al. for 10, 1210.1306)

L S.Gori

Inverted hierarchy

Mo |Uao||Ugo|

cos (2P, + 625 + 65 ]
ma |Uaz||Ug2| ( 2 1T 03

Only one Majorana phase enters

independently on the values of a3
0.100 -

single pha<sg

0.050 . - ]
10
\_ I

0.010
0.005

single pha<sg

@

Mee [€V]

Dery, SG, Grossman,
Ligeti, 2406.18647

0.001
5.x10™*

1.x107*

10-5 0.001 0.010 0.100

m, [eV] _ 12

1074




Determining the Majorana phase through mee

NO
o 0.020 ,

0.014 | Single phase limit| | 0.0025 I_‘ Single phase limit l16x10°
. o002 [ Fullrange | Wm <2:107e oqo-s | Fullrange |
- 100015 ] 0.015¢ 8.x10°© :
10.001 ] I 1
— 0.010 . — 45108
3 0008 .. o SO j
- 1.0 =05 00 05 1.0 1 o 0.0100 -05 00 05 1.6 -
()] L i [0} I b
£ 0.006 1 g
0.004:— . 0.005 i ]
0.002 = - |
oo ™M/ A . . . . ... ... 0000l ™
-1.0 0.5 0.0 0.5 1.0 -1.0 -0.5 0.0 0.5 1.0
Cos[2®;,] Cos[2d,;]

Dery, SG, Grossman, Ligeti, 2406.18647

From here we conclude that there must be a correlation between mee
and all the other elements mqg

S.Gori 13



0.03¢

Predicting mye from mee

6 ~ 900

0.03F

Regions obtained scanning over

inverted 3 ooz 3 002 the 9 free parameters in their
hierarchy ¢ g experimental range and
001 001 considering two possible
‘I;ge_[_:;iﬂz,;gfw ‘I;;E_[—:.i4;r;(;.047r] measurements
] 0%.02 0.03 0.04 0.05 0%.02 0.03 0.04 0.05 for 6 at Huper_K or DUNE:
Mee [eV] Mee [eV] 6=(O + 7)0, 6=(90 + 22)0
(b) (c)
0.01 NO 0.01 NO
my <2107 eV my <2107 eV
0.008 0.008!
normal 3. 00061 g 0.006
hlerarchy S 0004/ £ 0.004}
0.002r  y,c[-0.65x,—0.417] 0.002r  y,e[—0.047,0.047]
(0 = 90°+22°) (6 = 0x7°)
06.0015 0.0025 0.0035 %6.0015 0.0025 0.0035
Mee (V] Mege [eV]
Dery, SG, Grossman, Ligeti, 2406.18647
S.Gori
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A no-loose theorem?

Dery, SG, Grossman, Ligeti, 2406.18647

0.100 0.100
Myy .
With the present status of
0.010¢ < 0010 measurement of the parameters
- = of the PMNS matrix + neutrino
R g 00 mass splitting, mMye and Mee
€ m 6, Am;” at cenlral values cannot be simultaneously = 0
9 _a| [ varied within 10 .
"7 o, Am? at contral values 1077F = varied within 20 (even in the case of normal
NO NO hierarchy)
0T " 0 o001 0,100 107 00001 0001 001 01
m; [eV] m, [eV]
In principle, LNV processes should be
detectable, if neutrinos are Majorana
S.Gori
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A no-loose theorem?

Dery, SG, Grossman, Ligeti, 2406.18647

0.100 -

0.100¢
. With the present status of
0.010¢ = 0010¢ measurement of the parameters
- = of the PMNS matrix + neutrino
500 § 0001} mass splitting, mMue and Mee
g€ | ®6 Amatcentral values cannot be simultaneously = 0
B _a| [ varied within 10 )
"07F g, am? at contral values ; 10°77F 1 varied within 20 (even in the case of normal
NO NO hierarchy)
10-5 . . 4 ! 1073 TR T T T R
1075 1074 0.001 0.010 0.100 0.0001 0.001 0.01 01
m; [eV] u m, [eV]
In principle, LNV processes should be Very challenging to test
detectable, if neutrinos are Majorana these values, using the bounds
we saw earlier.
7 X 1074 eV, central values Astrophysical bounds?
Mee + Mye > work in progress with Dery,
2 X 10~%eV, 1o ranges Grossman, Ligeti
Much larger effects in models with additional
interactions (e.g., Graf et al., 2010.15109, Berryman
et al., 1611.00032, ...)
S.Gori
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A no-loose theorem?

Dery, SG, Grossman, Ligeti, 2406.18647

0.100 0.100
Myy
0.010¢ 0.010¢
=
2
= py
) g
g 0001} £ 0.001
S 3
g

107%
6;, Am? at central values

NO

1075 1074 0.001

m 6;, Am;? at central values
4 [ varied within 10
F [0 varied within 20

—
<

NO
10-5 1 1 L L 1 L L ain 1 I RN
0.100 0.0001 0.001 0.01 01
m, [eV]

In principle, LNV processes should be
detectable, if neutrinos are Majorana

Mee + Mye >

7 X 10~4eV, central values

2 X 107%eV, 1o ranges

Much larger effect
interactions (e.g., G
et al., 1611.00032, ...)

S.Gori

s in models with additional
raf et al., 2010.15109, Berryman

With the present status of
measurement of the parameters
of the PMNS matrix + neutrino
mass splitting, mye and Mee
cannot be simultaneously = 0
(even in the case of normal
hierarchy)

Similarly, for the other elements:
0. 100 gr—r—rrrrrr——r—rr e

0.010}

Mmeg [eV]

0.001}

107 i
F 6, Am? at central values |
- |
NO i,

100 — i i L
10-% 104 0.001 0.010 0.100
m; [eV] 15
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Conclusions & Outlook

The nature of neutrino masses (Dirac vs. Majorana) is a
fundamental open question.

Neutrinoless double beta decay experiments (mee) test

@

one of the two Majorana phases. They can

* discover the Majorana nature of neutrinos
* rule out the Majorana nature in the particular case of inverted ordering

* pe not conclusive in the case of normal ordering if no observation

What about the 2nd Majorana phase?
(M,e depends on the 2nd phase if m is not too light)

Present neutrino oscillation measurements imply that there are no regions where
Mee and m,,. both vanish. More precise oscillation measurements are needed.

=) The Majorana nature of neutrinos could in principle be ruled out by
the non-observation of both mee and mye (from p- = e+ transitions) .
NO-lOOSG theorem fOI’ the dlSCOVGI’y .............................................................

of Majorana neutrinos Phenomenolp gically
i challenging!




Explicit expressions for mee and mye

(single phase limit)

m2, =) m? |Ual* + 2mam, |Ues|*|Ueol?
1

4-fold ambiguity
COS 2@20 {@20’ mT — @20, —@209 @20 - W}
—— I
~—

m>, =Y m; |Udil*|Uuil? + 2mamy [UeaUeoUpaU,uo| cos (2@, + 845

vV‘old ambiguity
For example:
10

m, <1072 eV

sin 2®y, sin 65
0.03}

¥,e[~0.65x,—0.417]
(6 = 90°+22°)
0.02 0.03

Mee [€V]
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0.04 0.05

Backup



