Neutrino masses



Neutrino masses are small

Neutrino have masses (oscillations)

Natural scale of fermion masses: (H) = 174 GeV

Why my / (H) < 10-127

Must have a different origin than me / (H) = 0.3 x 10-5

quantitatively larger hierarchy

family independent

compelling understanding available
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Neutrino masses in QED + QCD

+ Elementary L-handed fermions (1 family) d dc u u e e v
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- Most general invariant mass terms: mgd“d + m,uu + m.e‘e + 7yy

- Both charged leptons and neutrinos are equally allowed to get a mass term
(although of different type)



Neutrino masses in the SM

- Elementary L-handed fermions Q)
SUB) 3
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Y 1/6

« Most general invariant mass terms: none

mq — )\dv

- After EWSB My = AU m, =0

Me = AU
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a SM success
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*my=0 inthe SMis a nice starting point but

*myz0  needs extra ingredients

general compelling

_ _ understanding of the
* 2 main options: smallness of my

1. the new ingredients live at M » Mz (example: see-saw)

2. the new ingredients live at M = Mz (example: Dirac neutrinos)




Option 1: M » M7



Theoreme (reminder)

* The effect of any high scale [M » Mz]1 physies Lresponsible for
neutrino masses] can be described at Low € by effective interactions
Lnvolving only light LsMI dofs and symmetries (wo need to know
the wmicroscopic theory and dofs) suppressed by M

* Example: SM interactions can be described at € « Mz, by effective
Fermi interaction involving only light fermions



Neutrino masses
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« Compelling:

« An elegant, economical, and model-independent understanding of
the smallness of neutrino masses in terms of the heaviness of the
scale at which L is violated.

- What makes neutrinos special?

- They are the only fermions in the SM for which a mass does not
arise (after EWSB) from a renormalisable interaction with the Higgs
fields. They turn out to be Majorana.

- BUT:

-« Could not v have a light ve partner as all other SM fermions?









"Right-handed” neutrinos

(

) Zi ( Z ) 5 SU(3)c x SU(2)w x U(L)y

ST

MV LH — m, = A v (like the other fermions)

ve IS @ SM singlet and can therefore be heavy

M C. . G . 5
Lug D —EV % (unlike the other fermions)



Neutrino masses in the SM + v¢

- Elementary L-handed fermions Qi
SUEB) 3
SU@) 2
Y 1/6
- Most general invariant mass terms: My 1287
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exercise

C C M/I’ c., . C
oL

— =
0%

e.o.m. (neglect kinetic term): 0

Leog(L;, H) =7
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Theoreme (reminder)

The effect of any high scale [M » Mz 1 physics [responsible for
neutrino masses] can be described at Low € by effective interactions
tnvolving only Light [sM1 dofs and sy mmeetries (no need to know
the microscopic theory and dofs) suppressed by M

Example: SM interactions can be described at € « Mz, by effective
Fermi interaction involving only light fermions

If the higher € theory is known, the specific form of the NR
remnants can be derived

If the higher € theory ts unknown: 1) model-independent
paraweterization of NP, il) the experimental determination of
effective interactions tells us about the microscopie theory

° e.9.: Fermi gamow-Teller Swdarshan-Marshak tnteraction

_ _ Gr - _
1T otpsT athy wh 7;%7“(1 — ¥5)V2th3Vu (1l — 75)1hs wp SM
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Possible (tree level) origins of -
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See-saw type I
S: SM singlet

See-saw type III
T: SU(2). triplet, Y =0

See-saw type II
T: SU(2). triplet, Y =1

VL —>— ¢ VL
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Option 2: M = Mz



Example: Dirac neutrinos

Lepton number is “exactly” conserved: hjj = O
Neutrino masses then need an L = -1 neutrino v¢
NI @ Lac

D ;c L e

In the SM:

Lot — XNpCL. H + \ZeSh, HWGEAUC) SR C) [' + Hie.

[/ 1958 17 1 St
RSNy x 05 oA Gl - &), D jc 3.
=m;V;v; +mgeie; +miusu; s mgadid;  +he+.
IR WA TORBRE o B} it 39D U _ U

Needs L and AN < 10-1: why?



Low scale lepton number violation

@ singlet neutrino mass M < v (EW scale)
o effective description not sound anymore

a L= 10-¢ (M /V)l/z



Low-scale origin of L-violation (1)

@ TeV-scale see-saw
@ v with M = TeV

i 1
& Probe v¢ through AV°LH: m, = —mp—mp, mp = (H)

N\ 1/2 AL AT
eM~Tev:~A:@~10—6( & ) ( )

(H) 0.05eV TeV
too small for LHC
1
@ Unless 1 » 107 + cancellations in m, = —m7, 77D

(2 or more v¢s)

@ “magical”, e.g.: m, = 0 + corrections if

mfj = anf;mo, Mg = Diag(M;...M,), ZaiMn =0

@ natural, e.g.:

LeyLy,Lr,(vg)1 =N have L =1, (vr)2=N'has L = -1



Low-scale origin of L-violation (2)

@ (Rp-violating) supersymmetry

@ Supersymmetry does not guarantee (accidental) L (or B)
conservation, unlike the SM: Hy = L

W = )\;{7 SQJH +/\7Ljde3Hd+)\7J zL Hig+ pH, Hyg

+ Npusd§dy 4+ N LiQjdy, + Nijr Li Ljey, 4 pi Hy L

Loofe = ALUSQ Hy + AL d;Q Hy + AféLiHy + BuH, Hy

17 1 Z_]L

Amucdcdc - A’]kLszdC + AgjpLiLié§ + (Bu)H, L,

+m5QTQ + (i ‘HTL + h.c.) + gaugino masses

@ L and B violating terms controlled by Rp = (-1)3(B-L}+2s
@ A small Rp breaking:

@ induces (hij/A)LiLjHH, with A ='m, h < small Rp breaking
@ makes the LSP unstable (could be any susy partner)



Majorana o Dirac”?



Dirac vs Majorana at the particle level

QFT: each particle p corresponds to an antiparticle p (CPT)

Particle and antiparticle have same mass, spin (opposite
helicities if m = 0), opposite conserved charges

CPT does not forbid p = p; however this cannot happen if the
particle is charged or, if s # O, massless

If Q =0 and m # O a fermion can coincide with its antiparticle
(Majorana fermion) or be independent of it (Dirac fermion)

Neutrinos are the only known fermions that can be Majorana
or Dirac, all other known fermions are Dirac

The mass term of a Majorana fermion violates all charges
carried by the fermion

If neutrinos are Majorana, lepton number is violated



Dirac vs Majorana at the particle level

@ m=0
@ the helicity is an invariant of a 1-particle state (1 dof)
@ neutrino particles have 1 dof

@ CC interactions only produce | —) and |7 +) (L chirality)

@ m#0

@ helicity depends on the reference frame, one particle states
have 2 dofs corresponding to two opposite helicities

Ma@jisoana: v —

)
v +V Qﬁ —)
not observed

vV v (R chirality, small mass)




Dirac vs Majorana at the field level

v; “L” fermions
g e
Most general mass term: %%%‘

m;; symmetric

P

m
iy

“*Majorana”
breaks any charge of ¢

example: ¢ = v
m # O allowed by QED+QCD
breaks lepton number



Dirac vs Majorana at the field level

;  “L” fermions P, P°
My m m
Most general mass term: %@bmj MQ@DC + mapY
QO —~— 7 %(_/
“*Majorana” “Dirac”

m;; Symmetric
Q) + Q4e) =
(all charged SM

(e.g. Dirac neutrino mass term: m gV,

V=T Y =ug e.g. electczroninass term: megrey,
needs vp WE=CRE Y =)
does not break lepton number)



Dirac vs Majorana in the interaction

* The difference shows up only in the m # 0 case:

e Dirac (m=0)

vp|0) = v =) vp|0) = |7 +)
* Majorana (m = 0)

vr|0) = |v—) vr|0) = v +)

% In oscillations, once the O(m/E) terms have been neglected:
 the helicity does not play a role
 there is no L-violation

 oscillation formulae are identical for Dirac and Majorana v’s



Dirac vs Majorana (particle content)

* The difference shows up only in the m # 0 case:
e Dirac (m = 0)

vL|0) = lv =)+0 (m/E) [v+) vp|0) = [7+)+0 (m/E) |V —)
 Majorana (m = 0)
DEI0) = [y =)+ O (m/E) v +)  vg|o) = [pH)+O (m/E) v -)

% In oscillations, once the O(m/E) terms can be neglected:
 the helicity does not play a role
 there is no L-violation

 oscillation formulae are identical for Dirac and Majorana v’s



Ov23 decay

neutrinoless P € §

Violates lepton number
Needs Majorana neuvtrinos



(A, Z) — (A, Z 4+ 2) + 2

2
Mee = UZ,mp, = 13

e

Ov2[3 decay

FCX‘”%mV2«Q>2

e.g.: °Ge — Se 4 2¢e~

2 2 2 2 2i3
(mycis + masise™ ) + mgsise g
_GON__
UEYE) |
2v2p= — — .
& centinuum with end peint at Q-velue
ov2p= _
apeak at Q-value, enlarged by det. res. 0.

Depevwls on
- Phases

- Dlrac vs Ma\jommx

- Nuclear matrix elemeents

0.4 0 (M ) 10

sum electron energy / Q

Imee| < O (1) x 0.2eV (Heidelberg-Moscow) — O (1) x 0.01 eV (Genius)



|| IIIIIH-.

2 (eV)



Neutrino masses are small

What'else dorswre (Kot ?)

Natural scale of fermion masses: (H) = 174 GeV
Why my / (H) < 10-127
Must have a different origin than me / (H) = 0.3 x 10-5

quantitatively larger hierarchy
family independent

compelling understanding available
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Neutrino (lepton) flavour parameters



« Quark sector

f )
U— / u /

. - a /
Jenaqa = Wiry dir =¥@~ju;ﬂ“ djr, )

 Lepton sector, including neutrino masses (Majorana for definitess)

2

.7 E— / / / /
5 ViLViL + MiGEREL =| 5 VigVir, e, € pCiL

W =g oyMe.. =
]c’]ep = ViL7 €iL = U] zL’Y j




Physical flavour parameters in the lepton sector

My, :
: S R .
9 Vi Vi, + Me, € REIL Jelep = U’Lg ey ViL
e 1
Uis e'2 standard par. e’
e’l,’)’g 67’6
unphysical physical
(Majorana)

9 = 3 + 3+1 + 2



Physical flavour parameters in the lepton sector

m L . e 3 ,UT
Vi Vi, + Me,; €3 REGL ]c,lep

5 =U;je.7"v;L

(mea m,ua Ty Myqyy Myyy, Myg, (9237 9127 9137 57 , ﬁ]

C12C13 $12€13 s13e % 1500 Sl
i 7 a :
= | —s12C23 — c12523513€" C12C23 — $12593513€" 523C13 B e Sl
2 5 :
$12523 — €12C23513S" —C12823 — S12€235135"°  C23C13 0 0 ¢

0 < 023,012,013 < g, 0 <0 <2m, U <o 0%



Standard labeling of eigenstates

0 < Ami, < |Am3;| uniquely defines the labeling ( Sm2 = R >

Am?, > 0 by definition; Am3; can have both signs  \ Am” &~ Amgy = Ami,

Am3ss; > 0 e.g.. Amss < 0 e.g.:
3 m1 < M2 < M3 2 mi & mz > ms
(hierarchical) 1 (inverse
normal M1 % M2 & ms hierarchical)
(degenerate) inverted mi & mz ¥ ms
M1 % M2 < M3 (degenerate)
(neither)




p

om

Am?|

Mlightest

@7
£i sign(Am?)
:.‘.', { “v | ’;-.. 023 913, 5 »

i (Am; = mzj - mi)

om? = Ami, <« |AmZs| = AmZ; = Ami; = Am? = (Am2, + Am?,)/2
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(A“"Q 2.4%x 107 3%eV? @ '1c'°\ & A
|Am*| & 2.4 s 3 sign (Am?) > 0 preferred at 3¢
om? ~ 0.73 x 1074 eV? @, =~ 33° ; :

(.5’\/371"/'2 + 15%
013 =~ 8°
\ y € J
(" 9 ; A
|Mee| = |U2my,| < O (1) x 0.2€V double-beta decay

('n"z,T*/"r‘z.)”,, — |l,-",.:.11|‘2-1'7'1.3:_ < (2 o\"')‘2 beta decay

Z m,. < 0.7eV (priors) cosmology
\_ J
£ )

Guidelines for theory:

\_

ém?/|Am?| ~ 0.03 < 1

m,, <K 174 GeV
O3 ~ 45°(= 45°7)
012 ~ 330 ?é 450

013 not so small

normal ordering?

large CP-violation?
J

[Capozzi Marrone Lisi Palazzo arXiv:1804.09678]
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