F‘ Neutrino Oscillations an i

® Massive neutrinos are mixed: ",?--s;:'s::'.'-,f-',:?:- Vo) = Z Ui lvi)
® Mass eigenstates evolve as: i=1
i —ilEit—mp: L
vi(7)) = 7™ [1;(0)). vi(t)) = e Pl 11, (0))
® Exploiting the fact that neutrinos are almost massless:
7722 -
L ~t; E; = \/p +m? ~p; + Yo s (Vo (L 2 ;. €Xp 2él} 1v;(0))

® The amplitude for observing a state & at distance L with initial state ,(5 18 glven by

(vg|va (L Z . exp (—z—L) ZU@ (vjlvi)

® Wthh YlCldS the PI‘ obability: n n 1
2 N fa" o«
Pup(L) = |(alva(D)P = 6ap =43 D Re (£77) sin? S(e; — )L

2 . .—i
5?5 = Ug: Ugi; €; = ng’ i=1 j=i+1
—QZ Z Im ( ?/3 ) sin(e; — €;)
=1 j=i+1

® DISCLAIMER: This calculation, reported almost everywhere, 1s WRONG.
and in that case there can be no oscillation!

® However, the correct calculation with wave packets yields the same result, up to the distance at which wave packets cease
to overlap. The formula is RIGHT, until coherence is lost.

For a correct calculation with wave packets see e.g. Giunti-Kim
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7 Experimental neutrino physics: state of the art
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™7 Experimental neutrino physics: state of the art
il —

1930 1940 1950 1960 1970 1980 1990 2000 2010

2020
N eutrin oS Oscillations, Neutrino Astronomy
Discovery, Beam, ? T ? ? ? A ? ﬁ
Theory EliCitY9 Vﬁ#Ve ----- SK SNO 813 T2K
‘ PV @ SN1987a KamLAND
ﬂ g HomeStake GALLEX IceCube
Oscillations? BOREXino
2= + -5 2
| Am? | = 2.47+0.04 103 eV? Sp=2? (-7/2?) Om?=7.4010.21 10-> eV
— (0]
023=47.5+3.2° 615=8.5620.15° 012=33.6£0.77
1 0 0 cos 013 0 sinfi3e "D cosfio sinfio 0\/1 O 0
U=|0 cosfyz sinbss 0 1 0 —sinfyo cosfio O 0 et 0
0 —sinfo3 cosbas — sinfy3e2 0 cos 013 0 0 1/\0 0 pto2
1 Sol
Atmospheric Reactors L ~ 1 km olar 0v80
Accelerators LBL IBL L ~ 200 k Reactors
L ~ 700 km m L ~ 200 km
Next generation (JUNO, T2HK, DUNE) has sufficient precision o} e e -
for global fits to almost all parameters L
V£V ! |
Combined 12K, Nova, etc analysis may yield an early “detection”
of CP violation phase dp )
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OPEN QUESTIONS and the path to their answers

Dirac vs Majorana (v #v ?) Ov(f

Urmns unitary?

o) 0°?

op OSCILLATIONS

Am?2>07?

U923 maximal? Octant ?

Absolute Mass scale Spectrometers, pUBolometers, EUCLID
CNO from the Sun BOREXino. DONE ! 2020
Astrophysics IceCUBE, KM3Net

Multi-messenger (GW, photons) VIRGO-LIGO + Astronomy

CvB R&D for PTolemy, Euclid, CMB fits
SN (pulse and relics) Borexino, LVD, JUNO, SK, HK, DUNE
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I An active and growing field

PAPERS WITH ‘neutrino’ IN TITLE
1970 - 2020 [inspire.hep]

OSCILLATIONS

GALLEX
SN1987-A

M. Pallavicini

COSMOLOGY
Theta-13
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Introduction to Experimental Neutrino Physics



™7 Artificial and natural neutrino sources G
_ ——————————————————————

® Artificial

® Nuclear Reactors
® Accelerators

® Radioactive sources (in some special cases)

® Natural
¢ Sun
® Atmospheric
secondary from cosmic rays interaction in atmosphere
¢ Cosmic
coming from outside Earth
¢ Geo-neutrinos
from Earth bulk and crust radioactivity
® Diffuse SN (statistical sum of many past SN events)
e SN
only once so far, SN1987a
® Relic (from big bang)
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F‘ Natural neutrino sources

Neutrinos

Anti-Neutrinos =-===-=---

From: arXiv: 1910.11878v3
(Vitagliano, Tamborra, Raffelt)
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c " Neutrino energy ranges

Formaggio and Zeller, hep-ex[1305.7513] _
Extra-Galactic

Galactic

Accelerator

Atmospheric
SuperNova

Cross-Section (mb)

=L =t —L =t - - g
QU QA QU A o 9 g
w » w o ~ 4 =b

1 0—22
10%

1 0-28

10
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™3 Detecting neutrinos: key parameters and processes CRNT
-

@)

Nobs = Nigrg 1’ O(F,)o(E,)e(E,)dE,
Ethr

NOTE: this formula is good for MC simulations.
Real neutrino energy is usually unknown, so
® Eu: lower detection threshold (strongly dependent on technology) data analysis must be done using reconstructed
energy. A complex issue, not covered.

® Nobs : number of detected events above

® Narg: number of targets (electrons, protons, nucler)
Typical value Ny ~ 6 1026 kg1 (e or p)

e T: exposure time (2.7 107 s / y typical up-time)

® ¢: neutrino flux
Sun: ~ at Earth; Reactors: ~ @ 20 m; Accelerators: ~ @ 1000 km

® g: cross section (total for the specific FS)

e ¢: efficiency/acceptance; usually large, but not always

¢ TWO SIGNIFICANT EXAMPLES:

e SOLAR (Borexino, elastic scattering on electrons)

0.7 10~* ¢m?
Nops = [3. 103%e] x [86400 s | x [6 107 em 2571 [ (MeV)Cm ] ~ 50 ev/day
e ACCELERATOR (DUNE, inelastic scattering on Liquid Argon)
M 0.7 10738 E, em? E, M
Ny = 12.10" s]-[1em™2s - e- v ~ 40 107% =
s = [T g7 10727 g | s)-Lem s ¢ [ GeV ] GeV kg
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E Nuclear reactors

® A reactor 1s a powertul source of anti-neutrinos
® Fach U fission yields 200 MeV on average, and 6 V.
¢ Flux: ~ 2.1020 s-1 GW-, isotropic, <E,> = 0.5 MeV

® About ~ 4. 1012 s-1cm-2 for 1 GW at 20 m from the core

® The details of the anti-neutrino spectrum are hard to compute,
and still subject of research

® Dominating process: 235U fission and sub-sequent 3 %100 : L
S 90 b a) V_ interactions in detector [1/(day MeV)]
dCCﬂYS (6 on average) g § b) v_ flux at detector [108/(5 MeV cmz)]
.@9% § 50 E_ ¢)o(E) [10™* cm?]
: ’ 90 100 130} 140 0
98 % -
; . U-233 [ /) M\Pu-239 %\ﬂ‘ 6% ok
g @ s / / Y 65%U | \\U-235 :
/ / \ 35%Pu \ 40
® The flux depends / / \ \ 4% 39 -
on reactor type and 3% \\ \ i 20 [
also on time because : : 2% &
fuel composition o / \ \ m oF
0 -
evolves e N e R I A e

E, (MeV)
Fission products mass number A
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r | Example: KamLAND experiment

® Kamioka Liquid Scintillator Anti-Neutrino Detector

: 34% photo-coverage with
T me e W Weet 1325 177 and 554 207 PMTs

2 flavor neutrino oscillation most sensitive region

1.27Am2[eV2]l[m]) Am? = (1/1.27) - (E[MeV]/Lim]) - (7/2)
EMeV] ~ 3 x 10" °eV”
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c KamLAND detector

Stainless steel tank

Liquid Scintillator

Calibration ~1kton
systemin Electr onics
Rn-fr ee air i H H H H
i | Y/ hut fimmmrre G o
HH HH
Normal
dodecane (C 12H26)

CH: (80%)

CHs
© Pseudocumene
CH: (20%)
Ao
PO (1.36

= +0.03g/1)

on ]
Buf fer Oil (dodecane)
% Vertex resolution

(

~12cm/ VE (vev)
>
y r "y Ener gy resolution
“tga Outer detector : 3.2kton water shie Y
:lg and 225 20"PMT s to detect cosmic  U's) 6.5%/ Emev)
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r‘ ' A neat oscillation experiment

Prompt Event Spectrum

§ 100 =
o 801 =e= Selection efficiency
2 =
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Survival probability

e Data-BG-GeoV,
— Expectation based on osci. parameters
+ determined by KamILAND
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E How to make a neutrino beam

| Neutrino beamline \
Proton 5 Vol Beam
Accelerator ‘ ecay volume | dump

V

Far
Detector

i w— - ol —— - ——
v — w
Target&Horns L +—

lL monitor

A few 100m~ a few km
a few 100km~ a few 1000 km

< o

FIGURE 1. Components of the accelerator neutrino experiment

XXVI International Conference on Neutrino Physics and Astrophysics
AIP Conf. Proc. 1666, 130001-1-130001-6; doi: 10.1063/1.4915579
© 2015 AIP Publishing LLC 978-0-7354-1313-9/530.00
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c " Neutrino beams: examples
CNGS Beam|Line

Helium bags Decay tube Hadron stop Muon detes:tors
, . ‘

/ / \
/‘/ \\ 7 /. A 4 . \

Target Horn / Reflector \\ PP I SPPPPI S, n/K - decay ~ D .

¥ \ / 7 M

PSP PRI IPPS / 7 7 7

400 GeV [ - —ﬂ/ . ;/ 7

— , : . z
— = I=€={= 1 Pion/Kaon | M uc?l_“l_ - 7 7 )

Proton @ | iV ‘ Z 1o

5 Y 2 A1~ Sasso

| 43.35m! ;
| 100m _:

1092m 182m (5m : 67m | 5m |

NuMI Beam Line Absorber Muon Monitors

Target ' \ = | B |
\ Target Hall Decay Plpe H* e v BN VS v R

120 GeV at L = ssgr( 1 | ARG PP (RS0 B AR N

protons S RS o

From #1 : ; 1 ot P "'f_ & X AN

Main Injector Horns < nt e + YW o b U

\¥ : - >
10 m 30 m rd oy o N
675 m Rockl Rockl | Roek.

5

Hadron Monitor 2m 18m  210m

K2K Beam Line Far Detector:
SuperKamiokande

12 GeV
protons

—ia

Al target + horn

Near Detectors

. ><
— '\ 100 m

decay pipe

7T monitor KL monitor
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: D
7 NuMi target ar @
‘ = -
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™7 Focus sing
o ———————————————————

T()> DECAY
TUNNEL

pkickOCB°LO<7°

® “Forward” current: select 77+, and get mainly v,

® “Reversed” current: select 77-, and get mainly v,
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r ON-axis vs OFF-axis: selecting neutrino energy <%

s
v
_ b E
— Ex . T = Diab
u
2 2
plab o m; —m, E
v v 2 2,92
ms 1+ 297,
® OFF-axis there is a strong correlation between neutrino energy and angle
Medium Energy Tune
e A ol conaxis
7 mrad off-axis oo®e
[ — 14 mrad off-axis .t o
8 | S 0=0 - [ —— 21 mrad off-axis e ‘.
60 |- . : . :
° — 6 B .. °
NuMi = :
O

N
()

example of 6 =7 mrad

- 20 =14 mrad 1
2 = ey _

Vu CCevents /kt/ 1E21 POT /0.2 GeV
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- Example: Opera experiment (@ LNGS <L

OPERA Detector ~150000 ECC Bricks = Weight ~1250 ton
GranSasso Undergroud Lab, Italy

T

xlillii- i 4 T
il [ i y
) - ‘ .

Target area Target area
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- Example: Opera experiment at LNGS G

o

Event: 9150054731, 30 May 2009, 10:03 (UTC), YZ projection | 00—
500 L.

s00— L S00— | , : : |
-1000 0 1000 -1000 0 1000

BRICK ID 72693 29570 23543 92217 130577 77152 27972 26670 136759 4838
Channel T=>1lh7t—>3hT—>p17—->1lht=>1ht—>1h7t—>1h7—1h 7 —>3h 7—3h
Zdee (pm) 435 1446 151 406 630 430 652 303 -648 407
phiss (GeV/e) | 0.52  0.31 / 0.55 0.30 0.88 129 046 060 > 0.50
¢ (degrees) | 173 168 /166 151 152 140 143 82 47

pL, (GeV/c) | 047 /069 08 100 024 025 033 / /

pory (GeV/e) | 12 84 28 60 11 27 26 22 67 >63 d d

Quine (mrad) | 41 87 245 137 90 90 98 146 231 83 10 candidates
m (GeV/c?) / 0.80 / 12 >094 / / / 1.2 >094

~ at decay vtx 2 0 0 0 0 1 0 0 0 2

chargea:y / / -1 / / /

/ /
BDT Response| 0.32 -0.06 0.37 0.12 0.35 0.18 -0.25 -0.10 -0.04 -0.03

TABLE IV. Kinematical variables and BDT response for all v, candidates.

Phys.Rev.Lett. 120 (2018) 21, 211801,

s
. 5 6 3
Short flight decay g L
P Bv.
R Ml bkg
11 E --data
Vt IP $ -: ........ Q- | J— | :
.............. > .0 :
DA B e 3 [
Primary Q. -
vertex n :
e @ T ®.... °E
""" o e ‘ -
.................................. ' 11—
< 0 1] . .............. 2
fmmPb ...
“e.. E 60
Visible energy (GeV)
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o o F“
- Example: Noble Liquid Detectors Gt

R

A new, powerful detection technique Initiated at CNGS

é\\ \\ m.i.p. ionization

~ 6000 e-/mm

N\ \% \ Scintillation light yield
5000 e/mm @ 128 nm

© E-drift direction Edrift ~ 500 V/cm
Drifting electrons are moving to transparent wire arrays
oriented in different directions, where signals are recorded.

Wire

Time . .
'/ f};‘ }w *High density
Preamplifier gy ing Amplifier E“ ‘Non-destructive readout
b *Continuously sensitive

*Self-triggering

Low noise Q-amplifier

Continuous waveform recording

*Very good scinfillator: TO
C. Rubbia, 2019
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INFN F'j
Istituto Nazionale di Fisica Nucleare \@

In absence of a magnetic field, the initial m momentum may be determinec
through the reconstruction of multiple Coulomb Sca’r’rer'mg (N\S) in LAr

RMS of 6 deflection of u depends on p, spatial
resolution o and track segmentation

Method tested on g™ g 13.6MeV |1

~103 s’ropping I s <R>=0.99+0.01 Oruss + @IW
: p

from CNGS v - ] 5=0.16:0.01 .

interactions in s . 5

upstream rock, st RG/T’O,MS/ i

comparing PMS = il ued . = -

measured by MS - J * a2

with the °o:”lo.5”'|1"”1.5””z[7' &5 1 2—~§ _,'.{::-..

corrgsmndmg u track length: > 5m ‘—Z .

calorimetric PCAL Used length: 4m ol Jnitiahp from calarimetry ->

0 < . (i‘seV/c)

CAL

~16% resolution has been obtained in the 0.4-4 GeV /¢ momentum

range of interest for the future short/long base-line experiments
C. Rubbia, 2019

Introduction to Experimental Neutrino Physics M. Pallavicini 67/109



Istituto Nazional icleare

(i)

Non destructive, multiple charge readout

Collected charge
A

ionizing track
lonization

electrons
paths

Drift

f\\\\\\\T

d

A

A

Induced current

e

g

[ Edrift .

u-t view v \P /\

E1

v-t view . V . / .

E2 Drift time Drift time

w-t view Edrift = 500 V/cm
For the p=3mm
ICARUS d=3mm
T600 r = 0.1mm

® At FNAL's shallow depth, the T600 will require two additions:
» 3 m concrete overburden to mitigate the c. rays background,

» Particles entering the detector must be removed with a
Cosmic Rays Tagging (CRT) around the full LAr volume

C. Rubbia, 2019

M. Pallavicini
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3 D particle Identification (k+ — y* — e*) at CNGS

- :
: - - |
..c.l”‘rﬂr

wire

Induction |

e, ICARUSEVENT ef| {D\ R
Sl C e
pt 2

i
| ; Collection
K'[AB— pt' [BQ e |CD)

E ™ o Efficient, low mis- "
/f identification, due to i,
K, precise 3D 3
‘,' reconstruction, dE/dx,
' A\ range measurement o\
1) ®stopping power i

&’ = @recognition of
.. secondary particle A S
) 0 12 4 16 18 X

“wzem ppoduction after decay
Inferaction

Hange (¢m)

C. Rubbia, 2019
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® A clear g.e. ve event: p + e. Ev=1.34 GeV Edep = 1.29 GeV
ACollection vView

44 cm

Incoming
heutrino

)
E - 1 21Gey

T,=93 MeV _ f_—r’_(_____ﬁ,___-;d,;;'" Friee e *

R, =7cm O P A e :

T /Rp =132 - | | ol W AR L :
P Induction2 view

MeV/cm
C. Rubbia, 2019 : S
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Coherent elastic neutrino-nucleus scattering (CEVNS)

A neutrino scatters on a nucleus via exchange ofa  * Predictedin 1974 by D. Freedman

Z, and the nucleus recolls as a whole; coherent up

to E,~ 50 MeV o Interesting test of the standard model

T R » Sensifive to non-standard interactions
& g 140;» ax recoil energy is | 4 :
. : f Serhi o Largest cross section in supernovae
Z \ nuclear ; 100 Al dyﬂOmICS
boson repoil s Il on Ge

« Background for future dark matter
experiments

=~ Q 60
- g / A
.j/& "‘;‘ e Sensitive to nuclear physics, neutron
) secondary RO M LV Y WP T e O |

T recois RN LS L SR skin (neutron star radius)

Recoll energy (keV)

scintillation

CEVNS cross section is well calculable in the Standard Model

do G- (N — (1 — 4sin? 6y ) Z)?

. 2 22 e “act of hubris” - D. Freedman
dQ—4ﬂ_2k‘(1+COSQ) 1 E (0

e Need a low threshold detector

CEVNS cross section is large! |0 N .

e Need an intense neutrino source

J. Newby, Neutrino 2020
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First De’rechon of CEVNS with Csl de’rec’ror
Smence

somemag cox

AYAAAS

SPOTTING'A

GHGST

30} Beam OFF
" s |
E 0‘ n }+ *+ * U } | +
S 15 25 35 a5 5 15 25 3 m
60 Number of photoelectrons (PE)
" Beam OFF i my, BeamON
c 45
+ |
3 biddant oot 4 + gt
” E&” S0 B ML RS
oy T | 3 5 : 3 3 1 3 5 3 N

Arrival time (us)
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First working, hand held
neutrino detector -14kg!!!

After 40 years, all the pieces
have finally come together
v Intense Neutrino Source

v Sensitive Detectors

v Mitigation of Backgrounds

Neutrino 2020 Virtual Meeting

M. Pallavicini

INFN \ 7
Istituto Nazionale di Fisica Nucleare \V

1| = Delivered 16 month of data
Data avaslable . -
1.4*1023 (~ 0.22g) POT _—
‘—/ -
_f-//,'
| /—-’l
o
0 s Okt { | Apr 2 A X
10°¢
W=
,/::5;\ CEVNS after First data point
- /AT .
10k P Form factor Correction
" s
/ Na
{";
1Ll[ l LA;AA Al Al lAALAAYAAA'AI AAAAAA 11 Ak od
0 10 20 30 40 50 60 70 80 9

Neutron number

J. Newby, Neutrino 2020

727109



