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Current status of neutrino parameters:

the era of very precise neutrino physics
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® 2 mass squared differences

® 3 sizable mixing angles (one not too well known)
e mild hints of CPV (not robust)

® mild indications in favour of NO (?)
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Neutrino masses

AmZ < Am7% implies at least 3 massive neutrinos.
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Fractional flavour content of massive neutrinos

m1 = Mmin
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Measuring the masses requires:

® the mass scale: Mmin
® the mass ordering.
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Leptonic Mixing and CP-violation

The Pontecorvo-Maki-Nakagawa-Sakata matrix

1 0 0 013 ’
U=1 0 co3 (:::) ?
0 —s23 o3 CPV?
4]
C12 0
—512 @ 0 0 620‘21/2
0 0 1 0 za31/2

03 maximal or close to maximal

~ - 0,5 large but significantly different from maximal

015 quite large: challenge to flavour models

Mixings very different from those in the quark sector
Possibly, large leptonic CPV. This is a fundamental
question, possibly related to the origin of the baryon
asymmetry and to the origin of the flavour structure.




What do we still need to know?

|. What is the nature of neutrinos!?

2. What are the values of the masses? Absolute scale
and the ordering.

3. Is there CP-violation?

4. What are the precise values of mixing angles?

5. Is the standard picture correct? Are there NSI?
Sterile neutrinos! Non-unitarity! Other effects!?

Very exciting experimental programme now
and for the future.
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Evidence beyond the SM

There is evidence that the Standard Model is
incomplete: neutrinos play a key role.

Neutrino
masses

The ultimate goal is to understand
- where do neutrino masses come from!?
- what is the origin of leptonic mixing?




Neutrinos: Open window on Physics BSM

Neutrinos give a hew perspective on physics BSM.

|. Origin of masses 2. Problem of flavour
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Why neutrinos have mass!?
and why are they so much
lighter than the other
fermions?

and why their hierarchy is at
most mild?

Why leptonic
mixing is so

different from
quark mixing?
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Neutrino masses Beyond SM

In the SM, neutrinos do not acquire mass and mix.

Dirac Masses

If we introduce a right-handed neutrino, then an
“ interaction with the Higgs boson emerges.

L = —y,,l_} - f{VR +hec. ——s mp=1yY,v= deiagUT

This term is SU(2) invariant and respects lepton number.

-

V2m, 0.2 eV

~ 1 —12
200 GeV 0

ny the coupling is so small??? Yy ~
ny the leptonic mixing angles are Iarge’

Ny neutrino masses have at most a mild hierarchy?

ny no Majorana mass term for RH neutrinos? We
need to impose L as a fundamental symmetry.

w
w
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Majorana Masses

In order to have an SU(2) invariant Majorana mass term
for neutrinos, it is necessary to introduce a Dimension 5
operator (or to allow new scalar fields, e.g. a triplet):

L-HL-H )v? operator
H TcT
— —I/L Vr PRL 43
M M

—L =\

* °
IR o
H ‘0‘0‘ H

Scalar . Fermion
triplet . triplet
= A P

Minkowski, Yanagida, Glashow, Gell-Mann, Ramond, Slansky, Ma, Mohapatra, Senjanovic,
Magg, Wetterich, Lazarides, Shafi, Schecter,Valle, Hambye...

This term breaks lepton number and induces Majorana
masses and Majorana neutrinos. It can be induced by a
high energy theory (see-saw mechanism).




Neutrino masses BSM:
“vanilla” see saw mechanism type |

% * Introduce a right handed

neutrino N
@g? * |t couples to the Higgs and

I : has a Majorana mass
/4(’ £— VL. H—1/2N-MgN

Symmetry magazine

szfujq 1 GeV?
Mp 101°GeV

0 113p)

T ~ 0.1 eV

m, —

Minkowski; Yanagida; Glashow; Gell-Mann, Ramond, Slansky;
Mohapatra, Senjanovic

As a result, neutrinos can have naturally small masses
and are Majorana particles.

For leptogenesis, see |. Turner’s talk.
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What is the new physics
Jele] (X4

Are there new:
symmetries?
particles?
interactions?



New physics scale? Going to high energy
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@ 68 kton liquid Argon detector

@ Possibility to search for proton decay
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@ 0.5 Mton water-Cherenkov detector (~ 20 x SK)

@ Excellent opportunity to search for proton decay




Going low in energy: Dark sectors

eV keV MeV GeV
G_ow E See-saw models, NuMSM, extended see-saw... )
Sterile nu DM . HNL searches: peak, kinks, decays,
oscillations Leptogenesis

Neutrino play a unique role in searching for Dark Sectors.
L-HNgr (+..NrNs) Neutrino portal
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Have we seen already some glimpses??? If a signal in future,

this would lead to a major change in the BSM paradigm.
See | Klaric’s, A. Titov's talk




From minimality to richness

eV keV MeV GeV TeV Intermediate GUT scale
a scale
g
z nuMSM
Z See-saw type I: 2 RHN
u z See-saw type I: 3 RHN
Extended see-saw:
e.g. inverse see-saw
Loop-mass models
=
I _ R-parity violating
)
g Multiportal dark SUSY GUTs: SO(10)...

sector models
Also: Extra D,...
Two contrasting approaches can be taken:

Minimality: the fewest ingredients -> predictivity
M Richness (theory-motivated): connections, new signatures




What is the new physics
scale? Is it low???

An application of
rich dark sectors

-




A dark sector scenario

We extend the gauge sector via new U(Il)’.
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different from the standard case.

The phenomenology of this type of models can be very



A specific 3-portal model

The Lagrangian is given by

1 .
Lo ESM . ZXMVXMV - S11Y

X, B*
+(D,®)" (DFD) — V(D) — oy |H|? |D°

+ONidUN + DpilDxTp — [(LH)Y DS + UNYLUD,

=, ~ ¥ 1 — ~c = ~
—+ VNYRVDR(I) + §VNMNVN + VDLMXVDR + h.c.

A.Abdullahi, M. Hostert, SP, 2007.11813
The model is anomaly free thanks to the inclusion of two

dark neutrinos with opposite charges. Other possibilities
can also be considered (DM).

We focus on a scale of GeV: Vg, Mz ~ GeV.



New particles

[Z’/A’] :mass mz=1.25 GeV.

Z’ decays predominantly into heavy neutrinos.
B(Z’ — NiNj>/%
44 45 46 55 56 66

@ 11 0.48 1.6(86 1.59

[ N6, N5, N4 ]:with |00s MeV masses.

They decay via the new Z’ into ee and neutrinos.
N6 N5 N5 N4 N4 Ve

The decays are much faster than in the SM.




The MiniBooNE low-E excess

MiniBooNE reports a low-E excess which has increased in

significance in the past couple of years (~30 -> 4.70 ->
4.80).
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T - MicroBooNE and
| - SBN at Fermilab

/8 /@ O\ ©\- They use accelerator

- neutrinos with

’ * L~100-600m and
E~700-800 MeV.

MicroBooNE eventiv. . "X
muon nu scattering AN

P

MicroBooNE detector

BND DATA : RUN 5211 EVENT 12235. FEBRUARY 29, 201e

Accelerator neutrino experiments should provide the
definitive answer and can check both the appearance
and disappearance channels.




First results from MicroBooNE.
- Is the MiniBooNE LEE is due to SM photons!?
1y1p

B NC 1 Resonant A(1232) |
[l NCi s

[ )
[l \C 12 Higher Resonances My take.

MicroBooNE ty1p Data
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Events

N N

MicroBooNE Coll., 2110.00409

Unconstrained Constrained

- Is the MiniBooNE LEE is due to electrons!?

- . MicroBooNE Observed
. = Predicted, no eLEE (x = 0.0)

251 )
- Predicted, w/ eLEE (x = 1.0)

_ Electrons would come from
nu_e scattering, and would
— i signal neutrino oscillations.

AR

00~

204

Events Observed / Predicted (no elLEE)

My take: Most likely not.
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BSM explanations for MB LEE

Due to the WC nature of MB, single electrons can be
mimicked by photons and by electron-positron pairs (if

overlapping or asymmetric).

B  Electrons? Or Photons? ..... Or Neither?

Rich phenomenology developing in recent

years around the possibility of the MiniBooNE Overlapping e”e

excess being due to e’'e” pairs from decays of f <
new exotic particles. \-«1 -
s

Ed
bl

e Decays of new dark gauge bosons (Z)
E. Bertuzzo, S. Jana. P AN. Machado, R Zukanovich Funchal

P. Ballett. S. Pascoli. M. RL I

A Abdullahi. M, Hostert. S Pascoli Phy (L - ) *’3-
= g
’
e General Extended higgs sectors + Decay ‘c, ,}
B. Dutta. S Ghosh. T. Li Phys -
W Abdallah, R. Gandhi, S Roy |

e Decays of leptophilic axion-like particles
C.V.Chang. C. Chen, S Ho. S Tseng | - ,

M. Ross-Lonergan’s talk at Fermilab, 04/10/2021




A viable explanation of the MiniBooNE low-E excess is
provided by the up-scattering of an HNL N in the
detector and its decay into ee nu.

It builds on a decay explanation of
MiniBooNE by S. Gnineko, PRL 103
\ (2009).A similar analysis appeared at
... the same time but with light Z’ by E.
‘ Bertuzzo et al., PRL 121 (2018).

MiniBooNE detector

s N va »Ni
, -

|

P. Ballett, S. Pascoli, M. Ross-Lonergan, PRD 99 (2019)
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mg =74 MeV, ms =146 MeV, mg =220 MeV

150
coh N5 — Ny (178 events)

125 4 + e e v v e | 1€ NS, N6 produced in

coh Ng — Ny (26.90 events)

z 100 - incoh Ng — Ny (53.14 events) UP scatte r|ngs Of beam
£ neutrinos decay in ee and
5 missing energy mimicking
25 A .
- i . the signal.
+
012 014 016 OTS 1:0 1?2
Eis/GeV
A.Abdullahi, M. Hostert, SP. 2007.11813
\ ~ IR Bounds change if additional
. B . - | haway  interactions are allowed,
R P N ) (H N.L. can decay invisibly or
s NN sem|V|§|ny).
. Potentially, strong bounds
- from ND280 in T2K.

0.01 0.05 0.1 0.5 1 2
Mass (GeV)

Ballett, Boschi, SP. 1905.00284 SeeV.Brdar et al,, 2007.1441 1, C.

Arguelles et al., 2205.12273




A host of other signatures

There is a longstanding discrepancy between the
measured value of @y and the theoretical prediction, at
4.2 sigma.

See Keshavarzi, Marciano, Passera, Sirlin.

Aay, = af™ —al] = (274 £ 73) x 1071

Kinetic mixing and light Z’ can explain the anomaly,...

P Fayet, PRD75 (2007), M. Pospelov,PRD8O (2009) 404 myy.ma=3mp . ap =04
l,ll_ 10
VA 1072
7T Thanks to A.Abdullahi g
pt 10+ EES

as far as Z’ decays mainly semi- o
visibly (Z->N N and N decay | *
fast). T [ S B

my [GeV]

A.Abdullahi, M. Hostert, SP,2007.11813 G. Mohlabeng, PRD99 (2019)

E137 Decay




Unique signatures and future tests
The model has key signatures which can be tested.

One can expect displaced vertices, decay chains and unique
- HNL and dark photon phenomenology (typically,
semivisible decays):
- MicroBooNE, T2K ND, DUNE-ND;
- NA62&SHADOWS;
Nu@LHC programme;
NA64;
Bellell and BESIII.
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Neutrinos as a window to Dark sectors???

The dark or hidden sector indicate extensions of the SM
that are below the electroweak scale.

i B
am

Dark sectors can account for neutrino masses, the baryon
asymmetry, dark matter.

This would be a major departure from “traditional” BSM

thinking and open a very exciting experimental landscape.
28




Conclusions

Neutrinos are the most elusive and mysterious of the
known particles. Neutrino masses only particle
physics evidence BSM.

I=

Current status: precise knowledge of most of neutrino
properties. Key questions open (nature, CPV) due to be
answered in the next decade. Thriving experimental
programme.

o

Surprises in store! MiniBooNE LEE remains a puzzle. New
MicroBooNE results point away from sterile neutrinos.
Neutrino4 and BEST anomalies!?

Are neutrinos pointing towards a new understanding of
particles: dark sector?




