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Neutrinos



Neutrino oscillations (PMNS matrix)

L. Berns
atmospheric reactor solar
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normal ordering (NO) inverted ordering (10)
Open questions: ‘

HIJ m :

o value of Op = if sin §cp # 0, CP violation

e sign of Am;!2 (mass ordering)

» is 653 maximal? octant? (i.e. 6, < - or 6,3 > 7)

Credit: JUNO Collaboration / JGU-Mainz

« Latest measurements from T2K

Super-Kamiokande
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Mixing in matter (PDG 2020)

The instantaneous mass eigenstates in matter, /", are the eigenstates of the Hamiltonian H in
(14.56) for a fixed value of z, and they are related to the interaction basis by

v=U(x)vm. (14.59)

The corresponding instantaneous eigenvalues of H are y;(x)?/(2E) with p;(x) being the instanta-
neous effective neutrino masses.

Let us take for simplicity a neutrino state which is an admixture of only two neutrino species
V) and |vg), so the two instantaneous mass eigenstates in matter v{* and 3" have instantaneous
effective neutrino masses
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and U(z) is a 2x2 rotation matrix with the instantaneous mixing angle in matter given by

Am? sin 26
tan Qﬁ.m — . (1461)
In the Egs.(14.60) and (14.61) A is
A=2E(\V,—-V3), (14.62)

and its sign depends on depends on the composition of the medium and on the flavour composition
of the neutrino state considered. From the expressions above we see that for a given sign of A the
mixing angle in matter is larger(smaller) than in vacuum if this last one is in the first (second)
octant. We see that the symmetry about 45 degrees which existing in vacuum oscillations between
two neutrino states is broken by the matter potential in propagation in a medium. The expressions
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Anti-neutrino mode e-like candidates

Mass ordering

U, VS. U, appearance

T2K Runl-10 Preliminary

_I T T T 1 T T T T T I T T T T I T T T T I T T T T I T T T T I T T T T I T I_
24— - —sin’e,, = 045,050,055, 060 —|
C S — Am, = 2.49x107 eV* .
2E S e --o-Am)=-246407 eV 7
C e ; i .
20 m, —
18- ~ -
16 - o S;:: =T b —
C ] S;:: = +m/2 ]
4 O &._=0 s
HE . 5= 2 .
A 63% syst er. at best-fit -
12 C v Best-fit _
[ - Data (68% stat emr.) ]
10 | | | | | | | L4
50 60 70 80 a0 100 110 120
Neutrino mode e-like candidates
QOctant

gin® sz < 0.5 sin®faz > 0.5 | Sum

NO I:&Trr%__, = 0) (0.195 0.613 (0.808

IO [ﬂ.rnf_j < 0) 0.034 (0.158 0.192

Sum 0.229 0.771 1.000

24

Bi-event plot illustrates origin
of data constraints.

Best-fit §p around

maximal CP-violation —%

Weak preference for
Normal ordering

with Bayes factor 4.2
= Pnxu/Pry

Weak preference for
upper octant

with Bayes factor 3.4
=P J,n e



Measurement of 6.p

* Measurement based on v, anti-v, disapperance and v, anti-v, appearance

T2K Preliminary
- | ’ | | | SR~ Comparison of results between NOVA and T2K
- —— Normal ordering 1
- Inverted ordering ] Comparison of released contours (not joint fit)
2”__ _ L_ Berns MOvA results: A, Hmmel (2020) Zenodo, T2K Prelim nary
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* In checks for biases caused by xsec model choices, Combination of the results by the experiments
left (right) 90% CI edge moves at most by 0.073 (0.080) ongoing

Weak preference of normal ordering

e Most of the present data from solar, atmospheric, reactor and accelerator experiments
are well explained by the 3v oscillation hypothesis. The three-neutrino scenario is nowa-
days well proven and robust; M. Maltoni




Open issues in 3v oscillations

— CPviolation: tension on ¢, between T2K and
NOVA for the case of normal ordering (NO);

— Mass ordering: due to such tension, long-
standing hints in favor of NO is now reduced;

— #h3 octant: still no clue on deviation of 6,3 from
maximal, and (if so) in which direction;

o future experiments expected to shed light;
f,? can New Physics play a role in their task?

NOwA
TIK ] F
0350 —- NOwA + TIK iE E
i R T T [ R TR ] C L

Ll 150 70 48] 0 il 180 27 240

M. Maltoni

Non standard neutrino-matter interactions

In 8,, a new region (LMA-D) appears. And a 8, —
mass ordering degeneracy, to be solved by
coherent scattering experiments

Michele Maltoni <michele.maltoni@csic.es>

Moriono EW 2021, 24/03/2021



Coherent elastic neutrino-nucleus scattering (CEVNS)

“Coherent effect of a weak neutral current”,

“Isotopic and chiral structure of neutral current”,
V.Kopeliovich, L. Frankfurt, ZhETF. Pis. Red., v.19 n.4 (1974)

Predicted in D. Freedman, PRD v.9, n.5 (1974)
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Neutrino Energy (MeV)

Nucleus Tnaz, keV (Ey, =5 MeV) | The, keV (E, =30 MeV)
e 4.44 159.0
BNa 2.32 23.2
WAr 1.33 47.9
"Ge 0.72 25.9
(s 0.40 14.4




CEVNS coherent elastic v-nucleus scattering
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The main goal is to look for
new physics using coherent
elastic v—nucleus scattering

CEvNS search and study experiments around the world

A. Konovalov

COHERENT @%Qﬁl{ RIDGE . cgyNs consistent with the SM

- National Laboratory
Measurement of sin?6W  (+10%)



See PRD96 11 115007
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" Oscillation Data
B Csl 2020
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LMA-Dark solution is in tension with the Csl[Na] CEVNS measurement



Neutrino Mass

Karlsruhe Tritium Neutrino Experiment (KATRIN)

B-decay

M. Schldsser

> Moriond ‘21
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Results

Ongoing campaigns M. Schiosser
x10/’
_20F h
o Source temp. (30K — 80K) g
s T — better control on .
§ 151 source plasma .
g I
2 [ 27 data set ]
o 1.0 1715 data set —
2 T - Tl -
s _~~~ Shifting of filter plane -
E 0.5~ — reduced ]
o T 22 days background by 50%
0 0;___ / 31 days >100 days _
el ' 1 ' - Ll Ly l
May-Jun Mar-May Sep-Nov Spring  May-Jul Sep-Dec
2018 2019 2019 202() 2020 2020

«  Combining 1st and 29 data sets:

New limit from KATRIN

m, < 0.8eV(90% CL)

J

- Expected to reach 0.2 eV exclusion sensitivity after the 5 years of
planned data taking



Reactor Antineutrino Anomaly

M. Licciardi
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Neutrinoless Double-3 decay
J. Huang
. Ov 33 Decay Search in Germanium Detectors
« Neutrinoless double-3 decay | /
— Disentangle whether > 5Ge — Se + 2e-
. . » source is also detector, high efficiency
neutrinos are Dirac or . : .
) ] P best energy resolution and lowest background index in all
Majorana particles Ouf38 decay experiments
— Related to the neutrino » commercial technology, modest cryogenic requirements
mass Final GERDA RESUltS, PRL 125 (2020), 252502
2 X é+:‘}{ L e ) . Prior to analysis cuts I After analysis culs
> 2 > u da v 2 > u - Qgp | ‘
W oy W e g 10" Wy Fwedry AL et s e
Ve i o :
T T
e - . .
B ._«.54 B .,_«.SN 2000 2200 2400 2600
V\f}_ﬁ erﬁ _ 10 -
> ) > L d - ) > ] -: === Background best fit and 68% C L. interval :
. f 0-2 B 905 C.L. T, 2 lower limit (1.8 % 10°® yr) 2
« Searched in many 3 .
experiments ERUA’ l
—  MAJORANA 104 L || ‘ ‘ ||| ” | |
1950 2000 . _.‘luﬁu_ 2104 2150
—_ GERDA |'.|'H:|a._.:r'lh1.\-"]
' - = 26 0
— CUORE > world’s best half-life limit: T, ,, > 1.8 x 10 yr at 90% C.L.

(mgs < 79-180 meV)
» world’s lowest background: B = 5.2 x 10~ 4 cts/(keV kg yr)

— CUPID

LEGEND-200: physics data taking is expected to start in late 2021
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< CUORE o

> Bkg : (1.38 + 0.07) NETE ckky
> No evidence of Ovf3

T,,>3.2x 105y (90% C.l.)
m < 0.075-0.350 eV (90% C.l.)

> Physics results about 130Te Ovpp and 2v[3p
released (ground and excited states)

> Raw exposure exceeded 1 ton yr in 2020
> Updated results on Ovfp to be released shortly

> Data taking continues smoothly, on track to
collect 5 years livetime

| rr'{: wﬂw?
iCUPfD |\/|o :
N5 IOOMOO

f‘,

» 5& N < = ‘

e

ST, > 1510 yr, 90% C. 1.
mpp < (0.31 — 0.54) eV

* The best limit on 0v2[3 decay of 1°°Mo with exposure of 1Mo
only of 1.19 kgxyr, among 4 best sensitivities to mgg in the world!

* The most precise half-life measurement for the 2v2[3 decay of 1°°Mo
within LUMINEU R&D

* Li,1%Mo0O, scintillating bolometers technology was chosen for
ton-scale CUPID experiment with an extremely low background index

(10 counts/keV/kg/yr) and high discovery potential (mg;~4-8 meV)

I A. Zolotarova I




The Sun’s engine

First detection of solar CNO neutrinos at Borexino

¢ The solar environment is extreme!

G. Settanta

e A single photon produced in the core needs ~10° years to reach the surface, neutrinos do not!

* 2 mechanisms can burn Hydrogen into Helium:
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Solar neutrino flux [cm? s
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Detection principle:

Vv — e elastic scattering




First detection of solar CNO neutrinos at Borexino

* The metallicity of a star is defined as the relative content
of elements heavier then He

*  Within the SSM, one can distinguish among high (HZ) and

low (LZ) metallicity scenarios.

* Metallicity is linked to the way sound waves propagate in

the Sun

Indirect constraints

* CNO fluxis really sensitive to solar core metallicity
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Observation of CNO flux at 5 sigma
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lcecube HE neutrino events [ stutamd

-! UNIVERSITY OF COPENHAUNN Tom Stuttand -]

The Glashow resonance

« Resonant production of on-shell W boson expected in v, — e~
interactions when s = M,

« Requires a 6.3 PeV ¥, for an e~ at rest
« Beyond reach of terrestrial accelerators, but not astrophysical ones.
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v? UNIVERSITY OF COPENHAUEN Tom Stutard 10

e g arXiv:2011.03561
Identifying astro v, s
+ First identification of astrophysical v,
« 2 events found in 7.5 yrs (expect 1.5 + 0.8 background)
« Identified via double bang topoloQy [ e b~ o, beges — Dot wih bigims + b, 0w
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Vlatiere noire

- We see its effects but we do not know its origin

Particles?

Celestial objects?

Modified gravity?

Does it interact with the standard matter only with gravity?

- Wide research program to try to detect it:

Directly or indirectly
Direct searches

* specific dark matter experiments or at colliders



XENON, XENON1T

P. Di Gangi

Dual phase XENON TPC, immersed in a 700 t water tank to veto muons

Best limits on DM- nucleon cross section in most of the mass range

1 fonne-year

Total exposure for the main WIMP searc
1.3 t fiducial LXe mass
278.8 live days (Nov 2016 - Feb 2018)

S2-only Migdal
b
S2-only NR \

S1-S2 3-fold NR

DM-nucleon cross-section [cm?]
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Excess observed in ER

P. Di Gangi

- Low energy excess in electron recoil

T — T
— 214p} e G 1251
BSKp 136y 13mye

~— Materials 1335 e e Tolal

—— Solar v — Bmgr I dawa
f\ 232 + 15 285
Events in [1, 7] keV expected observed
o O

76 + 2 events/(t-y-keV)
Fitted background in [1, 30] keV

Events/(t-y-keV)

100 125 150
Energy [keV]

Background
model

& JCAP04(2016)027
fit to data:

very good across
most of the
energy range

[1, 210] keV

Search in 1 t LXe fiducial mass and 226.9 live days




Possible interpretations

. Could be still New Physics but also Tritium BG P. Di Gangi

3.20¢ TRITIUM BACKGROUND

Fitted concentration: (6.2+2.0) x 10"2*> mol/mol *H/Xe

We don’t expect that much *H from liquid purity . . =
3

Very difficult to confirm or exclude such a tiny abundance Solar axions + (unconstrained) °H fit

ABC axi:_m .
3.40 SOLAR AXIONS 57Fe axion

-- Primakoff axion |
? Non-null coupling to electrons - ABC and/or Primakoff

* Strong tension with astrophysical constraints
¢ Axions+°H favoured over *H-only at 2.1 ¢

3.2c NEUTRINO MAGNETIC MOMENT .,

i, =[1.4,2.9] x 1011 g

i, > 105 would imply neutrinos to be Majorana fermions
! Tension with astrophysical constraints

events/(t-y-keV)

3.06 BOSONIC DARK MATTER Energy [keV]

1 Including pseudo-scalar (ALPS) and vector (dark
photons) bosons

| Most restrictive constraints to date set

+  Should be possible to disentangle between New Physics and BG

hypothesis soon With more data from XENONRNT! Also detailed theory discussion by M. Fairbain .




ADMX (Axion Dark Matter eXperiment)

* Axions could provide a solution to two distinct - A Cosmological Abundance
problems few .
: Q. ~ (Jf_)
— Dark matter properties 2 m
Df the aXIon {Athermal Production Mechanism)
— Strong CP problem (why nEDM is so small)
= Mass and Couplings Coupling to Photons
—~  The Axion Haloscope
Northwest C. Boutan Generically: Ma ~ gaij ~ ¢ Photon coupling g5, = 25
- epends o M 0.94KSVZ
3 Amplify Digitize oy s Mg < 10%7ev | | - & g - { 0.13DFS7
""I'- F IEV OF pev) (oo coupled) a ”11,-
o 3 This axion lineshape
Power Spectrum has been exaggerated,
- hi:ar?;igpnﬂmto:;?sa C,;avity Frequency (GHz)
Y xf_’i{ﬂn l\ in a single digitization 10 10
o, T . An axion detaction
o, g ’I requires a very cold
& | \ experiment and an
Axion to phatan i | A — ullra_lnw nms,a
production T lrsce:ver«:ham. 0

Freguency

Unknown axion mass
requires a tunable resonator

B- Field

HEYETAL

10 5

* Scan over frequency to probe different
masses

* Results from 100 MHz scan in 2020

Axion Coupling gayy (GeV™*)

-
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107"

10 10°

. . 10" I | o
Plan to scan up to 4 GHz in the next year or two Axion Mass (eV)



Annual modulation in dark matter interaction rate

Total Rate

Dark matter halo

F.’II
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SABRE (LNGS)

COSINE-100 (Y2L)
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Evenis / { 10 days )

ANAIS-112

- M. L. Sarsa
Check DAMA/Libra modulation result innsizsissuEnziiinlinninsnE RN
— The data of DAMA/LIBRA (Nal(Tl) i AL A A A A A A A A A A A
scintillator) favour the presence of a ’
modulation at 12.90 CL (2.46 ton x yr) =
in the 2-6 keV energy region T )

— Not confirmed by other experiments
Aim at Model Independent confirmation or refutation is mandatory using same target

Results from; Canfranc Underground Laboratory, @SPAIN (under 2450 m.w.e.) taking data since
August 2017

|1 -8 ] ke “_:_‘_ [2= 6] ke _—
107 1 % 15000 F i w L e e ———— i . F i
o ey | S S = T R my——— N - 5! s re incompatle ith DAMA/LISRA
z £3 o ] - s resulf of 3.3 and 2.6 o in [1-6] and [2:6]
E 13000 E%-,_ c::— -— — “5':::"'5 ¥ kE‘i‘l EI'IEFQT legiﬂrﬁ
8~ amn iy
12000 E ooesl— | ;-1':.!-'; -‘.':. s . .
! Rl * Sensifivity is at 2.5 and 2.7 o in [1-6] and
P B . Ly el [2-6] keV energy regions
Fi] 4K} E20 B0 1CHKR [4] 200 400 600 00 1000
days after August 3, 2017 (days) days after August 3, 2017 (days)

Some words of caution before refuting the results of DAMA/Libra:
= response of the two detectors to the energy depositions from dark matter particles could be different
= Scintillation produced by nuclear recoils is quenched with respect to electron recoils (used for calibration)
= Today still too many uncertainties in the QF values and dependences for Nal

= QF has been measured for different quality crystals, results will appear soon



Primordial BH as Dark Matter

S. Clesse

- Can they account for the totality of the DM in the universe?

- Astro/cosmo limits could be evaded if Primordial Black Holes
(PBH) are grouped in clusters
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Dark matter at Belle 2

« Two searches based on 0.2-0.4 fb1 of the 2018 pilot run
— New light gauge boson Z’ coupling only to 2"¥ and 3 generation of leptons

(Ln — Lt model):
— Axion-Like Particles a = yy

| G. De Pietro |

ALP-strahlung
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« The limits are the most restrictive to date for 0.2 <m_ <1 GeV



Dark Matter at the LHC

' Y ATLAS
Many different searches AT
Mono Higgs to bb

J. Alimena

candidate
- CMS:VBFH = yyp
S. Argyropoulos
:
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produced in association with a Z boson & ~x g —
For SM-like 125 GeV H boson: gluon fusion , tanB=1
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Observed 95% CL limits 0.034 0.046 0.029
on B(H—= y7y)

No signal found yet and exclusion limits derived ] 20f
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Publicité
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Bonus slides



lcecube Glashow resonnance event

Tom Stuttard 7

Nature 591, 220-224 (2021)

.’ UNIVIERSITY OF COPENHAGEN

Early light from muons

* Light observed ahead of main shower front
+ Likely due to muons escaping the shower (travelling at c, rather than c/n)
+ Expected in hadronic decay of W-

L}

* Leading muon reconstructed as ~26 GeV
« Consistent with simulation expectation

c DOM 54, string 67 d DOM 58, string 67
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SNS facility at ORNL 3

search

Bunches of ~1 GeV protons on the Proton bunch time profile with Total neutrino flux of
Hg target with 60 Hz frequency FWHM of ~350 ns 4.3-10" cm?*s1 gt 20m
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Physics with COHERENT detectors

- Hg TARGET

20 m of steel, concrete and
* gravel with no voids in the
2  CONCRETEAND GRAVEL direction of the target
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Non-standard neutrino interactions

Weak mixing angle

Accelerator-produced dark matter

Multiple detectors

Sterile oscillations

complement each other in

Neutrino magnetic moment

a chase for rich physics

Nuclear form factors

Inelastic CC/NC cross-section for supernova

Inelastic CC/NC cross-section for weak physics




