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Neutrino Masses
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Origin of Neutrino Masses

15t Generation | 2"9 Generation | 3'9 Generation
ur\ Uur CL\ CRr L\ tr
uarks:
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er eRr 1274 IR TL TR

» Standard Model extension: vg = Dirac mass Lagrangian
Zb ~ mpVLVR

» This is Standard Model physics, because mp is generated by the
standard Higgs mechanism through the Yukawa Lagrangian:

Symmetry
e

A~ yTLCTDUR YVUIVR = mp~yv=y246GeV

Breaking
» Extremely small Yukawa couplings are needed to get mp < 1eV:

y$107H
It is considered unnatural, unless there is a protecting BSM symmetry.
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Beyond the Standard Model

» The introduction of vg leads us beyond the Standard Model because
they can have the Majorana mass Lagrangian

SN ~ mrugur  singlet under SM symmetries!

» This is beyond the Standard Model because mg is not generated by the

Higgs mechanism of the Standard Model = new BSM physics is
required.

» The Majorana mass Lagrangian can be avoided by imposing lepton
number conservation which should anyway be explained by some physics
beyond the Standard Model.

» Dirac mass Lagrangian: mpvvg

L(v) = L(vgr) = +1 = Lepton number conservation

> Majorana mass Lagrangian: mg vgrg vh =Crg! =Cyd (vh)T

L(vg) = —L(vr) = Lepton number violation |AL| = 2

» A Majorana mass Lagrangian for v, is forbidden by the symmetries of
the Standard Model
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No Majorana Neutrino Mass in the SM

» Majorana Mass Lagrangian for SM v;:  ZM~my viv, = —v] CTy,

» Eigenvalues of the weak isospin /, of its third component /3, of the hypercharge
Y and of the charge Q of the lepton and Higgs multiplets:

I Kb |Y|Q=5h+%

1/2 0

lepton doublet L= - 1/2 / -1
0 ~1/2 -1
lepton singlet IR 0 0 |-2 -1
1/2 1

Higgs doublet ®(x) = o+ (x) 1/2 / +1
o(x) -1/2 0

» v/ CTy has s =1and Y = —2 — needed Y = 2 Higgs triplet (I=1,
L =-1)

» Compare with Dirac Mass Lagrangian « 7gy, with 5 =1/2 and Y = -1
balanced by ¢g — v with 5 = —1/2 and Y = +1
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Dirac-Majorana Mass Lagrangian

» One-Generation Dirac-Majorana mass Lagrangian:

D+M __ D R
gmass - "gmass + gmass

_ _ 1 — _
= —mD(l/LI/R—I—I/RI/L)—EmR(V,‘i,VR+VRV,%)

1 — 0 mp vy 1 — 0 mp vy
=—— (v vp LYy —=(ve v
2 ( L R) <mD mg VR 2 ( L R) mp mg I/;F;,
» Since the Dirac mass mp couples v; and vg, these chiral fields are not
mass eigenstates.

> To get the mass eigenstate fields that describe the physical massive
neutrinos we need to diagonalize the Dirac-Majorana mass Lagrangian.
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» Dirac-Majorana mass Lagrangian:
1 — 0 m v
D+M — D L
Xm:gs =3 (yf I/R) <mD mR> (’43) +H.c.

1___
In matrix form: . #P4M — —5 Nf M N +H.c.

mass

with N, = (ZL) and M= (n? ZD>
R D R

Vi

» Diagonalization: N; =Un; with n = .
2L

mass

1 —
LM = —5n UTMUn,+H.c.

UTI\/IU—<ng)1 n(1)> with real my >0
2

D+M __
"E’ﬂmass =5 § my VkL VkL + VkL VkL = E my Vi Vi
k=1, k 1,2

Uk = Uk + Vg @ —> Massive neutrinos are Majorana!
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» The treatment can be generalized to three generations with the same
conlusion:

The Dirac-Majorana mass Lagrangian implies Majorana massive neutrinos!

» A definition of a total lepton number for the Majorana massive neutrino
field vy is forbidden by the Majorana constraint:

A T

» We can still assign a lepton number to vy in the SM limit:

L(I/kL) =41 = L(VISL) =-1

» The conservation of this lepton number is violated by the Majorana
mass Lagrangian:

1 _
L = 3 Z mi (v v + UL vy) =
K

> Best process to find |AL| = 2: Neutrinoless Double-/3 Decay
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Seesaw Mechanism

1, 0
LOIM _ _Z (U 7g) MDA (L) 4 Hee
2 Vp

mp Mg

mpg can be arbitrarily large (not protected by SM symmetries)

mpg ~ scale of new physics beyond Standard Model = mg > mp

2
. L 0 m m
diagonalization of D — m,~—2L2 my >~ mg
mp Mg mgr

natural explanation of smallness
of light neutrino masses

N a massive neutrinos are Majorana =

l/z—i(yL—uf) N~vr+vp

seesaw mechanism

3-GEN =- effective low-energy 3-v mixing
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Majorana Neutrinos

There are compelling arguments in favor of Majorana Neutrinos:
» A Majorana field is simpler than a Dirac field:
» A Majorana field corresponds to the fundamental spinor representation of
the Lorentz group.
» A Dirac field is made of two Majorana fields degenerate in mass.
Therefore, if there is no additional constraint (as L conservation), a
neutral elementary particle as the neutrino is naturally Majorana.

» The seesaw mechanism if v is introduced to generate neutrino masses.

» A general Effective Field Theory argument from high-energy new physics:

L =% O 7
swl-i-M 5+M2 6+ -

» 5. Majorana neutrino masses (Lepton number violation and 35y, decay).

Os = (L) (®TL7) L= (Zt) ¢= (é‘;)

> Ug: Baryon number violation (proton decay), neutrino Non-Standard
Interactions (NSI), neutrino magnetic moments.
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» The only SU(2); x U(1)y invariant dim-5 Lagrangian term that can be
constructed with SM fields:

2 -8 [(08) (6715) + (178 (31 1,)]

» Electroweak Symmetry Breaking:

6 — iy & EW Symmetry i <V + H(X)>

Breaking \/§ 0
> & EW Symmetry gM 1 85 V2 (— c +7 )
oo T = —— vLvp +ufug
Breaking mass 2 M L L
2
. . 5V
» Majorana neutrino mass: m= g/\/l
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V2 v

» General Seesaw Mechanism: moe —=v—

MM

natural explanation of the strong suppression of neutrino masses with
respect to the electroweak scale

> Example: M ~ 10% GeV (GUT scale)

v~ 102GV — ﬁwlo—w — m~10"2eV
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Effective Low-Energy 3 Majorana Mixing

3
Vo = E Uakvk for a=-e pu,m with |vg =g
k=1

Standard Parameterization of Mixing Matrix (as CKM)

C12€13 s12C13 size~ 013 1 0 0
U= —S1203—Cio8x3513€/013 CloCr3—S125p3513€/013 $3€13 0 et 0
i5 i5 ix

S12523—C12023513€'°13  —C1o53— 512023513613 €23€13 0 0 er31

Cab =C0sVUap  Sap=sinty 0 <1, < 0 < 013, A21, A1 < 27

N3

3 Mixing Angles: J12, V23, ¥13

OSCILLATION 1 CPV Dirac Phase: 13

PARAMETERS 2 independent Am?; = m? — m?: Am3,, Am3;

2 CPV Majorana Phases: A1, A31 <= | |AL| = 2| processes
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Neutrino Mass Ordering

m? ‘ Ve v, vy ‘ m?
V3 2]
C— Am%OL <——
31
>
Amirm Amiry
2]
——> A 5
141 V3
Normal Ordering Inverted Ordering
Am3, > Am2, >0 Am2, < Am2, <0
m3; > Am3z; > M3y < AM3y <

absolute scale is not determined by neutrino oscillation data
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Neutrinoless Double-Beta Decay

Mass excess (MeV)
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» Semi-empirical Bethe-Weizsacker mass formula (liquid drop model):
M = Zm, + Nm, — Eg(Z,N) <« Binding Energy
Z(Z-1 N - Z)?
Es(Z,N) = ayA — agA?/3 — ac Z2(z-1) an =2y +6p(Z, N)

Al/3 A
» Pairing term due to spin-coupling:

apA®  if both Z and N are even (A is even)

6p(Z,N) =< —apA*® if both Z and N are odd (A is even)
0 if Ais odd
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Two-Neutrino Double-8 Decay: AL =0

N(AZ) > N(AZ+2)+e +e i o m
+ Ve + Ve S —
Ve
(TEh) ™t = Go [ Moy |?
7
second order weak interaction S e
process W

in the Standard Model

Neutrinoless Double-5 Decay: AL =2

N(AZ) > N(AZ+2)+e +e

(T2/5) "t = Gou [Moy|? [mgs|?

effective
Majorana  |mgg| = Z U2, my
mass k

d
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d

> First vertex (below): leptonic CC current in 5 and (/3 decay:

JP() = &)y (1= ) ve(x) = D &(x) (1 = 5) Uekv(x)
k
> &(x) creates e~ as needed

P (1 —7s5) vk(x) = 2k (x) destroys v4 as needed (and creates kg)

> Second vertex (above): jﬁ(f))T(x) = ka(x) UZev (L —7s) e(x) 7
k
> Does not work, because e(x) destroys e~ and creates e™

P> We need to rearrange j/(fa)(x) that contains the needed e~ creation operator
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» Charge conjugation: Pe = C@T e = —yTCl

ct=ct
» Charge-conjugation matrix: nyMT cl= —7, and cT=-—
Crd Cl =15

> Second vertex: the same j(B)( ) as in the first vertex:
JP () = &(x) (1 = 75) ve(x) = [60x)u (1 = 75) ve(x)]”
= vl () (1 )ne (x)
= — vl (x)cfc(1-) cTcchTcaT(X)
== vE(x) (1= 5) Y€ ka Uek (1 = 75) vu€(x)
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d

d

, u
> First vertex (below): j/(ﬁ)(x) = ZE(X)% (1 —5) Uekvi(x)
k

> &(x) creates e~ as needed
P> (1 — v5) vk(x) destroys 4 as needed (and creates Dkg)

» Second vertex (above): Z Vi (x)Uek (1 — 75) vu€°(x)

Obviously the properties of this version of JL )(x) are the same as those

ofj,gﬁ)(x) in the first vertex:
> e°(x) creates e as needed
> 5(x) (1 —9s) = vip(x) creates 4z as needed (and destroys v )
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d

» Leptonic tensor in the 83y, amplitude:
A ==Y 8(x)7u (1 = 75) Uektie ()P (v) Uej (1 = 75) 1e(y)
kij

> Vk(x)VT.C(y) gives a propagator only if v4(x) and vf(x) are the same
field: k = and VJ-C =v; < massive Majorana neutrinos!

» Propagator for Majorana massive neutrinos:

O T [mi()VE ()] 10) = (O] Tl ()71 10}y
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» The propagator (0| T[vk(x)7k(y)] |0) is the same as for a Dirac field:

4 m )
(Ol Tk (x)7k(¥)] [0) = lim i / (dp PEme ip(xy)

e—0 2m)4 p2 —m3 +ie
» Leptonic tensor:

4
A zk: ng/ (gﬂl;e(x)’m (1=1s) pp —t m? (1 =5)mwe(y)e ~ip(x=y)

» Numerator: (1 —75)p(1 —5) = p(1+5)(1 —95) =0 = needed!
» Denominator: for light massive neutrinos m; < p?

p>1/R with R~ 1.2AY3fm

A<200 = RS7fm = p 2 30MeV > my
» Therefore, my in the denominator can be neglected and we obtain:

e—ip-(x=y)
;w X Z U kmk/ ) ( )V/L (1 - 75)’Yuec(y) pi

p2

mgp
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Effective Majorana Neutrino Mass

2
Mpp = Z Uek my
k

complex Ugx = possible cancellations

mgg = |Ue1|2 my + |U62|2 el mo + |Ue3|2 elos ms3

Qp = 2/\2
Im(ms]
U6237713
mpag
as
UZms
Qi
UtenLl Re [mgg]

a3 = 2 ()\3 — 513)

Im[mgg]

2,
Uc‘dr g
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90% C.L. Experimental Bounds

BB~ decay experiment T2 Iyl mggs [eV]
38Ca — 25Ti ELEGANT-VI >1.4x102  <6.6—31
Heidelberg-Moscow > 1.9 x 10®® < 0.23 — 0.67
IGEX >1.6x10% <0.25-0.73
32Ge — §iSe Majorana >48x10%5 < 0.20 - 0.43
GERDA >8.0x10% <0.12-0.26
§25e — S2Kr NEMO-3 >1.0x10% <1.8-47
10Mo — %Ru  NEMO-3 >2.1x10® <0.32-0.88
17Cd — 11%Sn  Solotvina >17x10% <15-25
12%8Te — 128Xe  CUORICINO >1.1x108 <72-18
13Te — 130Xe  CUORE >1.5x10% <0.11—0.52
EXO >1.1x10%® <0.17 - 0.49
BaXe 5B L AND-Zen >1.1x10% <0.06—0.16
1ONd — 29Sm  NEMO-3 >21x10® <26-10
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[mggl [eV]

r ‘ NSM QRPA “ IBM-2 ¢ EDF v PHFB

__NEMO-3
r CUORICINO ]
10 e [ —NEMGSD
r Solotvina 1
1 F NEMO-3 ; E
L CUPID § ]
[ = ]
3 CUORE EXO 4
GERDA ﬁi K-ZEN
K E -
107" F — T @ E
T

T T T T T T T T
48 76, 82 100, 116, 128 130 136 150
2Ca 520e 245€ Mo 48Cd e e saXe soNd

-2
Imss| = (GOV Moy [ T10/2>

C. Giunti — Theory and Phenomenology of Neutrinoless Double-Beta Decay — CCEPP Summer School 2021 — 25/39



Light-v Exchange in a Nucleus [Tf};]“ = G(Z,N) Mo, > m},

Phase-space factor Nuclear matrix element

“Traditional” part of matrix element:

2
_ MGT _ 8v mF 2
MOV_MOV g%M0v+... X g,

with

MET = (F| ZH(r,-,) oi-ojtT )+ ...
Iy

Mo, =(F1 > H(m) e 1)+ ...
i
H(r) = g/ dq_sm—qr roughly o 1/r
nr o q+E-(E+Ep)/2

Corrections are from “forbidden” terms, weak nucleon form factors, many-body
currents, other effects of high-energy physics that depend on framework.

[Jonathan Engel @ Mini Workshop: Nuclear Theory of Neutrinoless Double-Beta Decay, 22 July 2020]
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https://indico.fnal.gov/event/43806/

Recent Values

Light-v-Exchange Matrix Elements

Significant spread. And all
the models may miss
important physics.

Uncertainty hard to
quantify.

[Jonathan Engel @ Mini Workshop: Nuclear Theory of Neutrinoless Double-Beta Decay,
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https://indico.fnal.gov/event/43806/

The Way Forward: Ab Initio Nuclear Theory
Starts with chiral effective field theory.

Nucleons, pions sufficient below chiral-symmetry breaking scale.

2N Force

3N Force 4N Force
LO

(@Q/A)°

NLO
(Q/A)?

NNLO
(Q/A))?

N’LO
(Q/A)*

MO

48Ca: Ab-Inito Ov Matrix Elements vs. Older Ones

2.0
154
104 Ab initio _ ==
054 ——
0.04
) 4 & Ly By
b, U, %, %, o Y Y %,
0, iy v £4 Ty g,y
& .~ 4 4, 2,
e, %, %
Q) k7
U

[Jonathan Engel @ Mini Workshop: Nuclear Theory of Neutrinoless Double-Beta Decay, 22 July 2020]
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https://indico.fnal.gov/event/43806/

(3 decays (e~ capture) challenge for nuclear theory

10— L = 1o -
1 4 This work
08k —o77 ] [ Shell model
3‘ 6 ==  Aq4 247 g=1
B = E i P //"
5 0.4 £ —— q=075(3)
S i y
0.2 s
= 1
0. s @ LG5 P08 @S o@gd%o@a V'
%0 0.2 0.4 0.6 0.8 1.0 B}/
T(GT) Th. § W=
Martinez-Pinedo et al. PRC53 2602(1996) ot : z !

|Mg;| theory (unquenched)
(F] Z[gA o 1T |I), [oi7] ~ 0.70y7  Gysbersetal. Nature Phys. 15 428 (2019)
i

Ab initio calculations including
meson-exchange currents
do not need any “quenching”

Phenomenological models
need o7 “quenching”

[Javier Menendez @ Mini Workshop: Nuclear Theory of Neutrinoless Double-Beta Decay, 22 July 2020]
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Predictions from Neutrino Oscillations

mgg = ’Ue1|2 my + |U62|2 el mo + |Ue3|2 els ms3

L LA | T T L SRR | T T
r|Normal Ordering ! r|Inverted Ordering 4

— m Quasi-Degenerate, —m Quasi-Degenerate,
1R = 1R —_m E
o —m, i F i
[ —_—m i [ — ™ ]
L { = L ,
-1 L - 2 -1 L -
L 1oL Py ]
am 1B g ]
ma 1 g [ my ]
L 4 %) L 4

£

o | | -2 | -
10725 = ] L i
i m; ] ; mg ]
| Normal Hierarchy | | /nverted Hierarchy |

10—3 ol ol ool 10—3 ol ool ol

107° 1072 107 1 107° 107° 107! 1

Lightest mass: my [eV] Lightest mass: m3 [eV]

2 2 2 2 2 2 2 2 2 2

my; = m; + Amy = m; + Amg m;=m3—Am3; =m3+ Amy

2 _ 2 2 _ 2 2 2 _ 2 2 2 2

m3 = my +Am3; = mj + Amy my; = my + Amy; >~ m3 + Amy
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[eV]

Mpp

mgg = [Ue1|> my + |Uea|? €92 mo + |Ues|? €93 m3

T

o' pomet e |
1072 4
107 1
— 10 |
— 20 ||
— 30
1 04 nl |
107 1072 1072 107! 1
Mmin [eV]

» Quasi-Degenerate:

2 2
52'(912 sa2

‘mﬁg‘ >~ m, 1

» Inverted Hierarchy:
mas| = \/AmE(1 = 3,52,

» Normal Hierarchy:
Imgs| = [str\/ AmE + esfs\/Amy|
~ |2.7 4+ 1.2/ x 1073 eV

> |If |m55| S 10_2 eV

¢

Normal Spectrum
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NUFIT 4.1 (2019)

FroTrT T T T T

Status of mz and mgg

LA B R AL L

e Results of the global fit of oscil-
lation data can be projected onto
mgp and mpgs as a function of light-
est v mass my (or ), m;);

R

e no neutrino ordering assumed:
both cases considered on equal
footing = 10 region disfavored S R T
at Ay?> = 6.2 by oscillation data
(growing to Ay? = 10.4 if Super-K
atmospheric data also included);

wl vl vl

T

Ll PERRRTTTT BRI, | L L

e extension of my; regions domi-
nated by unknown 7; = flat y? val-
ley closed by steep walls = 1o, I 1 T

imi 10° 107 10
20, 30, ... ranges very similar. - £ [oV]

[Michele Maltoni @ Mini Workshop: Particle Theory of Neutrinoless Double-Beta Decay, 15 July 2020]
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Impact of osc. parameters

e Uncertainty on Am3, and Am3, has
negligible impact on the extension of
the 11, and 1, regions;

e uncertainty on 6,3 marginally affect 4,
and is irrelevant for n;

o the only oscillation parameter whose
precision has a visible (albeit small) im-
pact on 5 and s ranges is 6;;

= the present phenomenological picture
will not be significantly affected by fu-
ture improvements in the determina-
tion of the oscillation parameters, ex-
cept for what concerns the neutrino

mass ordering.

AL L L

[ olam=0

LS AL

LNO

IR R

LALLL LU L

LARLLL L e aa

[ &ol6,,]=0

LR ALY

NO

I R

L

T

[ &ol6,1=0

T

LNO

I A M

107 10"

m, [eV]

10°

il ol ol ol

Bl ol ol 1

[Michele Maltoni @ Mini Workshop: Particle Theory of Neutrinoless Double-Beta Decay, 15 July 2020]
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If mee and neutrino masses are
measured with sufficient
precision, then it may be  However, this requires also a very

possible to establish CPV due  precise determination of NME.
to Majorana phases.

[Silvia Pascoli @ Mini Workshop: Particle Theory of Neutrinoless Double-Beta Decay, 15 July 2020]
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[Silvia Pascoli @ Mini Workshop: Particle Theory of Neutrinoless Double-Beta Decay, 15 July 2020]
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TeV Scale LNV: 0Ovpp-Decay & Colliders
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[Michael Ramsey-Musolf @ Mini Workshop: Particle Theory of Neutrinoless Double-Beta Decay, 15 July 2020]
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BB, Decay < Majorana Neutrino Mass

» |mpgg| can vanish because of unfortunate cancellations among the vy, s,
v3 contributions or because neutrinos are Dirac particles.

» However, 3y, decay can be generated by another BSM mechanism.

» In this case, Majorana masses are generated by radiative corrections:
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[Schechter, Valle, PRD 25 (1982) 2951; Takasugi, PLB 149 (1984) 372]

1
» Majorana Mass Lagrangian: | ZM = —3 mboxz UgiUgkVjtviy + H.c.
Jok

» Very small four-loop diagram contribution: mpe, ~ 10%% eV
[Duerr, Lindner, Merle, arXiv:1105.0901]
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Conclusions

It is likely that light neutrinos are Majorana particles and generate 5030,
decay through mgg.

Unfortunate cancellations among the light massive neutrino
contributions can suppress |mgg.

BB, decay can also be generated by heavy Majorana neutrinos or other
BSM physics.

In any case finding (350, decay is important for:

> Finding total Lepton number violation (JAL| = 2) (BSM physics).
» Establishing the Majorana nature of neutrinos (BSM physics).

On the other hand, even if 35y, decay is not found, it is very difficult to
prove experimentally that neutrinos are Dirac particles, because
» A Dirac neutrino is equivalent to 2 Majorana neutrinos with the same mass.

» |t is impossible to prove experimentally that the mass splitting is exactly
zero.
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