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Neutrino Historical Background
Neutrino Oscillations
Three-Neutrino Oscillations: Future

Beyond Three-Neutrino Oscillations: Sterile
Neutrinos.

Absolute Neutrino Mass
Astrophysical Neutrinos



Neutrinos — Standard model
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in the Standard Model
Neutrinos interact weakly with matter



Neutrino Historical
Background
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Neutrinos — The beginning

Radioactive § decay

Sl s al - ?m’b’tr]m of Pec 0393
4 Abschrift/15.12.5% ™

Offener Brief an die Qrunpe der Radiocaktiven bei der
Gsuvereins-Tagung zu Tubingen.

Abschrift
Physikalisches Institut

der Eidg. Technischen Hochachule Zirich, L. Des. 1930

Zirich Cloriastrasse

Iiebe Radiocaktive Damen und Herren,

Wie der Ueberbringer dieser Zeilen, den ich ldvollst
snsuhbren bitte, Ihnen des nZheren auseinandersetsen wird, bin ich
angesichts der "falachen" Statistik der Ne und Li.6 Kerne, sowie
des kontimuierlichen beta-Spektrums suf cinen versweifelten Ausieg
verfallen um den "Wechselsats® (1) der Statistik und den Energlesats
su retten. MNimlich die Moglichkeit, es kinnten elektrisch neutrale
Teilochen, die ich Nevtronen nemnen will, in den Kernen existieren,
welghe den Spin 1/2 haben und das Ausachliessungsprinsip befolgen und
‘sheh von lichtquanten musserdem noch dadurch unterscheiden, dass sie
g.nit Lichtgeschwindigkeit laufen. Die Masse der Neutronen

von derselben Orossenordming wie die Elektronermasse sein und
xan- nicht grosser als 0,01 Protonenmasse.- Das kontimuierliche

Spektrum wire dann verstindlich unter der Anmahme, dass beim
boba-Zerfall mit dem hlektron jeweils noch ein Neutron emittiert
Mird, derart, dass die Summe der Energien von Neutron und klektron
konstant ist.

Nun handelt es sich weiter darum, welche Krifte auf die

Neutronen wirken. Das wahrscheinlichste Modell fiir das Neutron scheint

mir sus wellenmechanischen Qriinden (nkheres weiss der Usberbringer
dlour Zoum) dinu su sein, dass das ruhende l'out.ron ein

irt

72X 5., Y +e”

rgetic spectrum -

/ decay

Letter sent to a group of physicists meeting in Tubmgen in December 1930

The introduction of the neutrino was a desperate remedy
for saving energy conservation




Neutrinos — The Poltergeist Project

Almost 30 years later....

Electron Neutrino v,

ANTINEUTRING FROM REACTOR

(1956) Fred Reines and Clyde Cowan build p
the first reactor neutrino experiment /.
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Neutrinos — Muon neutrino

Muon Neutrino v, |
. Beryllium Steel Shield

(1962) Lederman, Schwartz and Steinberger Spark Chamber
the first accelerator neutrino experiment HRIBHE FHale
few muons+
muon?) neutrinos

some decay to
muons+(muon?)
neutrino

T —u +U,
@p+p—pt+n

AGS Neutrino Experiment
They do not see:

Neutrino detector (Spark Chamber)
U, +p—e + - |
I D & n Pion production

i

ccccccc

Steel shield stops strongly interacting particle




Neutrinos — Tau neutrino

Tau Neutrino v,

(2000) In Fermilab the DONUT
collaboration observed for the first time v,

Df - 17+,
vr+n—-17 +X
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Emulsion  1arger
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Scintillating Fiber Tracking (SFT)



Neutrino Sources

darkatheart2.blogspot.com

Solar v's - MeV Atms v's GeV- PeV Extragalactic v's PeV- EeV

Reactor V’s - MeV Accelerator V’s - GeV



Solar neutrinos

Sun net reaction
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Solar neutrinos

| SuperK, SNO
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Gallium = SAGE & Gallex Chlorine = Homestake



Homestake experiment

> A large tank of 600 tons of C,Cl,
(Tetrachloroethylene) located at 1500
m depth in the Homestake Gold Mine in
Lead, South Dakota. Solar neutrinos
detected through inverse beta decay (IB):

37C1 4+, =37 Ar 4e”

» 3’Ar atoms are removed every 60 days by
purging the liquid with %He gas and
collecting them from the gas stream with an
adsorber (Carbon).

Auger electron

The 3’Ar sample (with a half-life of 35 days) LA o
is placed in a proportional counter decayingvia ° = « b Xeray
electron capture: " ] o’-?fﬁ

3TAr +e~ — Cl 41, = Auger electrons °



Solar Neutrino Problem

Gallium experiments (SAGE and GALLEX)

» Solar neutrinos detected via IB decay:

"1Ga +v. = Ge +e—

» After one-month 7!Ge atoms are extracted and placed in a

proportional counter decaying through:

1Ge 4+e~ =" Ga +1v. = Auger electrons

Solar Neutrino Problem:

Rsacr+cgaLLEX = 0.956 -

- (0.04

RHomestake = 0.34 -

- 0.03 v
R = Zexer

theo




Super-Kamiokande Experiment

» Real-time neutrino event detection: energy and direction.
» Sensitive to Boron-8 neutrinos
» Solar neutrinos are detected via neutrino-electron elastic scattering:

Solar neutrino Scattered electron

Atomic electron

The v, — e NC contribution is part of the SuperK signal



Super-Kamiokande Experiment

50 ktons Water —Cherenkov
e dgtectm‘
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The particle start

~—— emitting radiation Bjye glow in reactors
vAt



Super-Kamiokande Experiment

S.Fukada et al., Phys. Rev. Lett. 86 5651-5655, 2001
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From M. A. Thomson sun

Rsuperk = 0.46 =+ 0.02

Solar neutrino deficit confirmation



Sudbury Neutrino Observatory (SNO)

SNO: Water Cherenkov detector at Creighton mine 2 km
underground. Sensitive to Boron-8 neutrinos

s Stainless St



Sudbury Neutrino Observatory (SNO)

Solar neutrinos detected via:

uherenhcﬁ'
Light
l:a @
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Solution of the solar neutrino problem

SNO - ¢Ve

ved — ppe” (CC)

SNO - ¢Ve + 6. 369’51/,”

S50 = bu. + bu,,

Ved — vpn(NC) vee~ — vge (ES)

Esns

- L 68% CLL.

Solar neutrinos
flux compatible

B 687, 95%, 99% C.L

0, (x 10" em 2 57

with the Solar f—
Standard Model - e
_':l_
;0 [ o 68 L
NC(epT) : -J:b::ﬂﬁﬂ%C_L.
% —1.01+012 -¢a~aﬁgfi_u
- - 68%
Q.R. Ahmad PRL89,011301 (2002) T, q“‘ ] | el
0 {}.5 ] 1.5 2 2.5 h} 3.5
b, (x 10" cm™® s1)

This confirms that the neutrinos from the Sun suffers neutrino conversion



Atmospheric neutrinos

|

p,He,...

o, Air nucleus

Pions
(Kaons)

From T.K Gaisser hep-ph/0203272
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Neutrino flux depends on:

* Primary CR Composition

* Hadronic interactions
(CRs+N)

* Solar activity

 Atmosphere modeling

* Geomagnetic field

il
o

10°

Zenith

o

Isotropic flux of
cosmic rays

From Honda et al PRD83,
123001 (2011)

—— HKKM11
HKKMS06

- Bartol

Fluka
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Uncertainty of the absolute v fluxes about 10-30 %



Atmospheric neutrinos

\CosmicFay

From Honda et al PRDS3, High-Energy Muons reach
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Uncertainty about 2 % below 5 GeV



Atmospheric neutrino anomaly

Kam.(sub-GeV)
Kam.(multi-GeV)
IMB-3(sub-GeV)
IMB-3(multi-GeV)
Frejus

Nusex

Soudan-2
Super-K(sub-GeV)
Super-K(multi-GeV)

(1/€)yatal (/@) pc

Double ratio




Atmospheric neutrinos- Super-Kamiokande

Neutrino interaction:

From J. A. Formagagio, G. Zeller,

Quasi-Elastic Scatttering l RMPhysics, 84 (2012) )leep-Inelastic Scatttering
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Super- Kamiokande observed in 1998 the neutrino oscillations -

Atmospheric neutrinos

No oscilation hypothesis
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Neutrino Oscillation
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Neutrino oscillation - basics

(1957) Bruno Pontecorvo Flavour eigenstates Mass eigenstates

suggested ,, _ 5 Ve _ U 1
inspired on Ko — K. Y 2
inspired on Ky — K
V
Va
—LU m3 0 i (Ve [ _ cosf  sinf
- 2F 0 m3 v, ~ \—sinf# cosb
L — Y —— . Interference phase
Lt Va oscVa  Oscillation amplitude /
-\ 2 . 2/ Am?L
Disappearance Pva—wa = 1 —sin” 26 sin ( 1E, 1 Am? = m3 —mj
5 Oscillation Wavelength
2 - 2/ Am~“L TrE,
Appearance Pr/a—w@ = sin”“ 260 sin ( iE, i Lpse = 2222

Experimental setup: |, = source-detector distance F, = neutrino energy



Neutrino oscillation - basics

Double slit interferometer

W)
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Qntnreo_dotoctar dictance — T,

A double slit experiment
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[P ———
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Long-distance Interferometry



Three-flavor neutrino oscillation

Atmospheric UP MNS Solar
Amgl Am%l
r Ve T~
Ve 1 0 0 C13 C12 512 0 1
Vi | = 0 C23 So3 | X 0 1 0 X —S12 (€12 0 1%
UV 0 —S93 €93 —3136_15 0 C13 0 0 1 2
flavour  |BL & atms Reactors & atms & LBL Solar & reactors mass
PMNS =Pontecorvo-Maki-Nakagawa-Sakata LBL = Long Baseline Cijj = COS 0, j Sij = sin 6; j
Still barely known:
Mass hierarchy (ordering) d -CP violation phase
normal hierarchy (NH) inverted hierarchy (IH)
m“—:wg 2 17" APop = P(va = vg) — P(Va — p)
[ ATnzol
o g APgp o sin
Amztm
vA : Vo P(Va — Vﬁ) 75 P(Da — 1’75)
e 1, S 3 when 9 7# nw
Ve Vy Vr




Neutrino oscillations in matter

Neutrino-incoherent scattering is negligible:

lmatter — 105DEarth; Eu =1 GeV

When neutrinos propagate in matter (e, p, n) mostly suffer coherent forward
elastic scattering (e.g its 4-momentum/direction are unchanged) being
affected by an effective potential due to:

S 3

P, )

N F= {\ AL

ve-cc oM vo-NC 27
> 0
N g #
7 Sy R 7 ). T € > N\ ). N. e

-5 4 & : P ol \»l
g N / N

In a medium of electrons non-relativistic, unpolarized and isotropically
distributed this effective potential takes the value:

Ve = \/EGFne = Hyse = Hose + \/EGP”ediag(er)

L. Wolfenstein, PRD 17, 2369 (1978); D 20, 2634 (1979), S. P. Mikheyev, A. Yu Smirnov, SINP. 42 (1986) 913.



Neutrino oscillations in matter

NG _ —14 Y, Pimatt 1
V, = V2Gen, = 3.82 x 10" 4eV(gz) (o) Ve = —55GrN,
ne — electron number density Y, = < ]Y:N Works as global phase (common for all
p n
Pmatter — Matter density flavors)

For constant density:

3
Am3,; L
AFE,,

P vy = sin? 260, sin2( )| 0 — 0y Am? — Am3,

Am? sin® 26 ) > 2 ; ;
Am?sin®20 + (A — Am?Zcos20)%| Amy = \/Am sin” 20 + (A — Am? cos 20)

sin? 20y, =

A =2E,\2Ggn, = 2E,V,

For antineutrinos A — — A



Neutrino oscillations in matter

<\

Am? sin® 20

.2
20y =
P SUM T N 6in? 20 + (A — Am? cos 26)?

sin? 26,,, = 1 resonance point

A=Am?cos20 = 6,, = T (MSW effect). 05}
A/Am2 > 1 = sin? 20,,, — 0 0.4 |
A/Am2 < 1 = sin? 20,, — sin2920 %3

Fake CP, CPT violation (P,_ .., # Pu,—w.)

9—>9M

Matter suppresion

Cos20=0.38

'+ Am?2>0& v -

Am2 <0 &

0 1 2 3

4

A/Am?

The matter effects useful for the determination of Am?



Reactor Neutrinos



Reactor Neutrinos

Nuclear reactors works through fission processes.

An example: _ _
chain reaction

53°U +n — X1+ Xo+ 2n
1 \

94Zfr' 140 C@
i i 10.000 § ——
Neutrino production / ”\ / ’“’\
;.
<~ 1.000 \
92 protons — 98 protons < f \
6 3~ decay — 6 v, per fission E 0.100 & ' \ ]
i ino flux f S \_J
Isotropic neutrino flux for L ook | - |
commercial reactor of 3 GW,, ., mar- . \
0001 Ll
70 80 90 100 110 120 130 140 150 160

20 5
6 x 10 Ve PE€r second Mass number A
C. Bemporad et al,
Stable products hep-ph/0107277



Reactor Antineutrino Production

Antineutrinos mostly coming from the fission of (commercial reactors) :

2350 (58%), 222 Pu(29%), 23%U (8%), 2 Pu(5%)

g
Y, e Reactor Antineutrino Spectrum
TITTTTY LALLM LL L LT T T T
: e = F 7
.................. O A
g ‘B I 239
e ——— Euggl.llﬁiﬂﬂﬂgﬁ? w ) *
e——aalR0o = | 239
[ooooo000d 2.::5U . :> :‘.‘ L‘ - F'Ll
F 238 O
U = @ s w0 241
10" Py a ® s 2if 235pu 239
E 240 il 1h, Y
i Pu v = P N Ulnyy—Ux120| —
3 pu 0 = AN (n:1) |4
|T_ *pyo ‘\\
(T ———— DL DAL LA 1
""""""""""""""""""" it \
poooneaos B . \\x
0% noononoonead r Plaatty e
E noono! ponoaosd OO L1 |/ | T T T T o — R S R
E (mim]
R icess OO T 2 4 6 8
0 50 100 150 200 250 300 350 400 450 500 Ev (MeV)
Days e

Fuel cycI e Xin Qian, Jen-Chieh RPP 82, 036201

C. Bemporad et al, hep-ph/0107277

1.8 MeV : IBD threshold < 30 % of 7,.(2/6)



Reactor Antineutrino Detection

IBD: v, +p—>n-+e”
Delayed signal

The v,energy spectrum n+p—d+v(22MeV) 180 s
-~ 10
- br. ® | o
E g ve \& OIBD C ectic n+Gd— Gd+~(8.0MeV) 30 ps
E T /‘-—\ o ) = Gd-loaded
§.}6 Liquid Scintillator
- % SH %’de
¥ < Y Y
§ E ‘,\—“ § X=-8Mev
el § p 0 ?
(@) S Calculated reactor - =s)\"
£ \\,__ ¥, spectrum | 3
. ”[“ S(10- 8 /s MeV GW,,) s L. Y
Neufr'mos w.vfh E<18 Mel/ T Lop @ 22Mev
’WWVW\,‘\‘I
~_ are not detected £ 1.022 MoV
Courtesy Yifang Wang Prompt signal

From Xin Qian, Jen-Chieh RPP 82, 036201
(Mp+M_)?>—M? % )
By = 7 "7 — 1.806 MeV
P




Physics Goals — Reactor Neutrino Experiments

. o, Ami,L _ o AmZ L + NH
P(0, — ) = 1 — sin® 20,3 sin?(——22") — ¢{5sin? 20,5 sin? (—2—) _H
4F, 4L,
2 2 .2 Am%lL |Am§2|L 3:122 .2 : ‘Am§2’L
— 875 8In” 2613 sin”(——=—) cos( ) £ —=8in” 263 sin(——==—)
4F,, 2F, 2 2F,
2 Am3, ~ O(107%eV?) Am3, ~ O(107%eV?
P(B. — 7.) ~ 1 in2(8Mmgal 32
e e/ ™ ' 4F, Solar scale Atms scale
L —m 1AF DB/RENO/DC
1.2F % LMA (Large Mixing Angle)
E, — MeV
10—*#
(=7
Am? — eV? 5 osh
& A ILL
& : ¥ Savannah River
Zo 0.6 O Bugey
X Rovno
04 @ Goesgen
A Krasnoyark
2 O PaloVerd . .
0 N Choz @ KamLAND With good resolution energy
0.0 L ! ! L We can see AmZ, then
0 10° 100 10" 100 hierarchy terms

Distance to Reactor (m)
From C. Jollet J. Phys.: Conf. Ser. 2156 012005 (2022)



Kamioka Liquid-scintillator ANtineutrino Detector
(KamLAND)

KamLAND experiment is an antineutrino detector at the Kamioka
Observatory, at Gifu, Japan at a depth of 2700 meter water equivalent

underground.
Nuclear Power Plants in Japan
Tokyo Electnc Power Co.- : (Commercial plans, as of December 2006) s i
ey L —r—s Effective baseline
Hokurik Eleciic Power Co ~Shika oy iy , -
Tohoky Electric Power Co.-Onagawa

The A Power Co-Taung

Toheku Elsctric Power Co -Namie -Ocaka
The Karsai Electrc Power Ca. X 0

Totys Sctic Power Co -Futusting Dakch

[ iou] 0] ] 0] 03 I
d

The Kansai Electric Power Co.~Takahama y Tokyo Escire Power Co.-Fukushma Dani

D6 AEEE

The Cugpie B Pover Co-Shmare 4 , The Japen Aamic Power Co.~Tokai Deini

The Kansx Elecenc Power Co-On

The Cugos Bect Powsr Ca.

Ky Becre Power Co-Gerkal | Y N\ .-

Shikoku Electric Power Co.-Ikata

el p—
800 900 1000

World reactors + Research reactors : 0.96% Distance [km]
Korean reactors : 3.2% A medium baseline reactor
experiment

55 Nuclear reactors
From Ichimura Neutrino 2008



Kamioka Liquid-scintillator ANtineutrino Detector
(KamLAND)

e One kton Liquid Scintillator g yr—
L Y
Detector surrounded by 1879 i S Calibration
PMTs -34 % coverage. ) ‘
° 8 Inner Detector % :‘ | . RIRVICch
) Containment Vessel - ',"f ot Ph ltinlier
* 0.5 events per kiloton day. The (18 m diameter) | &4 R Photomultiplier
. ' N -~ Tubes
delayed signal comes from NS & LTINS
hydrogen neutron capture (2.2 [ M @ Buffer Oil
Mev v). A { HHHH St || Nen-Scintillating
LS 1 kton —4< { At Fiducial Volume
A W NS | 11 mdiameter
* The Outer Detector works as a Outer Detector A N AR fi¢w‘r {#> L3 Balloon
cosmic-ray muon veto and 3.9 Kton Waterd | D N 4 (13 m diameter)
shielding from external sources Cherenkov ey W >
of radioactivity. HlHle sl e sladl

From NPB 908 (2016)



Kamioka Liquid-scintillator ANtineutrino Detector
(KamLAND)

L (or secondaries)

Backgrounds

* Geoneutrinos from 238U and 232Th
decay chain.

* °Li/®He (delayed-neutron B-emitters)
produced from cosmic muons (or its
secondaries)spallation.

* Fast neutron (from muons interacting
with nearby rock) — atmospheric
neutrinos.

* 13C(o,n)*®0 reactions from a-decay of
210pg,  daughter of 222Rn. 160
deexcitation  (prompt) and n
(delayed).




KamLAND — Oscillation results

Prompt event energy spectra

® IU“;: :
P 80E- /‘f === Selection efficiency
£ oo i
£ A i
E - .x‘ 1 1 1 1 1 1 1
: i R , —— KamLAND data
. ! : o= no oscillation
250 : ) .
- -+ best-fil osci. B e 1 P
) E . B - ?:E(Eidenlﬁ! : - ll;‘)‘dlll - B(l - f_lwc:jrc .
5 200F : b:i(??_;(‘ nu | ixpectation based on osci. parameters
vy - i : 2 best-fit Geo ¥, .
& i bt 2 bestfitosci. + BG - determined by KamLLAND
s 150 ; + best-fit Geo ¥, =y B
2 100F gz 03¢
= .D -
50F £ i +
S0 A 0.6 + '
I 2 3 4 5 6 71 8 £ oub e
EMY) F = F, — 0.8MeV Z U 4
0.2~
G.-.I....I....I....l....l....l....l....l....l.
ol AND 20 30 40 50 70 80 90 100
-l L km/MeV
- -k /B, ( )
% ]u-d_— - bi:'sli]l-
= >
E L] L]
5 Oscillation pattern
: 95% C.L.
s 99% CLL.
— 99.73% C.I..
- bestfil R,
10" 1 10 20 30 40
laanll:2 AY?

Allowed region neutrino oscillation parameter



Short baselines Reactor experiments

Daya Bay Double Chooz
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From C. Jollet J. Phys.: Conf. Ser. 2156 012005 (2022)
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Physics Goal and measurement method

Ve
¥ T Oscillations observed as
D Ve a deficit of anti-neutrinos
~
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Detector mass 5 | P = 7o) = 1 = sin? (1) sin’ ( o ) Jungsic Park — IBS-CUP seminar
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o L,
o Distance 1200 to 1800 meters

Ny = M X ¢y X 05 X € X Psyyy(Fy, L)

far/near measurements for
o ~ 73 identical detectors reduce

N M L2 systematics uncertainties.
Rates = Ti = (Mi)(L?CL)PS{m(ED,L)

Relatives efficiencies

L.A.Mikaelyan, V.V.Sinev, Phys.Atom.Nucl.63:1002-1006,2000; Yad.Fiz.63N6:1077-1081,2000



v-target (16.5 ton): IBD reactions
volume. 0.1% Gd loaded liquid
scintillator (neutron capture).

y-catcher (30 ton):
pure liquid scintillator
to catch gammas from
IBD outside target.

Non-scintillating buffer
(65 ton): used to shield
the scintillating layers =k
from radioactive sources. \
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al Veto (350 ton): water-

Cherenkov detector layer
to reduce background
gammas, neutrons and
cosmic muons.
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Prompt energy spectra
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Taken from Hyunk Wan Seo — IBS-CUP Seminar
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Oscillation parameter measurements

RENO Daya Bay
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Accelerator Neutrinos



Neutrino Beam

NuMI beamline@Fermilab
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Rules of Thumb

Proton beam basics

The number of pions (secondaries) produced is roughly a function of “proton
power” (or total number of protons on target x proton energy).
The higher energy neutrino beam you want, the higher energy p you need.

Power

Proton Source Experiment Proton plyr Neutrino
Energy (MW) Energy
(GeV) (GeV)

KEK K2K 12 1x1020/4 0.0052 14

FNAL Booster MiniBooNE 8 5 x1020 0.05 1

FNAL MINOS and 120 3-6x1020 0310 3-17

Main Injector NOVA 0.7

CNGS OPERA 400 0.45 x1020 0.48 25

J-PARC T2K 40-50 11x102 02510 | 0.77

0.75

Debbie Harris Invisibles School 2014




Neutrino Production -Target

Grafite target

protons Positive pions yields
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* Hadron production uncertainties in Monte Carlo (MC) — *.* .”‘“
simulations dominate the uncertainties of the O] oo [
neutrino flux predictions (15-20%), affecting the i —— .
precision in the v cross sections measurements o '1 — 10 | .,ime\;;

(o=N/d M), as well.

(a)mt yields.
Main Injector Particle Production - expt

* Non-perturbative QCD interactions difficult to model J. M. Paley et al, arXiv:1404.5882
require experimental data for constraining. MIPP uses the same NuMl target



Neutrino Production — focusing and fluxes

Toroidal B fields . Similar p, but
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Neutrino Off-Axis
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Wide range of pion energies produces
small range of neutrino energies.

Oscillations at a single value
of L/E can be measured by
selecting the appropriate
angle.

A narrow spectrum helps to
reduce the background.
Lower high-energy tail(w/on-
axis) reduces NC and taus
background.




The MINOS Experiment

The MINOS Experiment

Muon -Neutrino energy spectrum at Near Detector
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A. Timmons, arXiv:1511.06178

Far/Near helps to reduce systematics such as: beam flux modeling and neutrino
cross section uncertainties.



The MINOS Experiment

Far detector

e At adepth of 2070 meters-water-
equivalent (705 m).

* 486 steel/scintillator planes.

* Each plane consists of a 2.54 cm thick
sheet of steel and 1 cm sheet of solid
polysterene scintillator.

* 4.0 cm wide strip of scintillators
(95,000 strips).

* Bfield 1.5 Tesla

Taken from J.P. Ochoa doctoral thesis

scintillator .

v beam '
orthogonal
orientations of
strips

Scintillator light collected through
Wavelength shifting fibers

Sampling Calorimeter
(Steel/Scintillator) provides
tracking and energy deposit

High Z materials: smaller showers
that requires finer transverse
segmentation.




MINOS neutrino interactions and
events topology

Neutrino interactions:

F fellp
‘;31.4_
(+) , E1.2
v,(v,) + X = p + X Lo
/ 0.8
v+ X sv+ X ok
_ / S04
£0.2
0
10°
Vu CCEvent NC Event Ve CC Event E, (GeV)

E, = Eghower + P,u,

Muon momentum
resolution 6 % Range
(deposited energy)

And 13 % Curvature (B

* Long muon track + » Short showering » Short event with field ) .
hadronic activity at event, often diffuse typical EM shower
vertex profile

D. Harris Invisibles 2014 NC is the most relevant background for v, CC producing hadron

showers with short tracks.



MINOS: Main results — 3v paradigma

[T 1 L I L I TTTTTTTTI _
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P. Adamson et al, PRL. 125 (2020) 13, 131802

Mass Hierarchy Parameter Best fit

Confidence limits

Normal &?'Liﬂ 240  2.31-2.48 (68% C.L.)
sin” faa 0.43  0.37-0.65 (90% C.L.)
Iverted &?'Léﬂ 245 237252 (68% C.L.)
sin” faa 0.42  0.37-0.65 (90% C.L.)

053 octant degeneracy



The NOVA Experiment

NOvVA
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Falls
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Taken from B. Zamorano Oxford semnar (2015)

Aimed to measure v, — v, and v, — v, channels
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The NOVA Experiment

14 kton Far Detector. Extruded plastic cells filled with liquid scintillator (mineral
oil 5 % pseudocumene). Tracking calorimeter with 65% active mass.

vertical and horizontal for 3D reconstruction

Single cell
. o 1 APD pixel
3D schematic of vertical View from the top Particle 1
NOVvVA particle detector 1
Interaction
Point
Particle 2
- =
Neutrino
g:rrrnilab | ] < ~
= 155m
PVC cell filled with & z v
liquid scinti > -
-
typical o ;7
View from the side Particle 2 charged -~
— particle
‘ T = path
{ - Particle 1
{4 Interaction

Point
Neutrino \ N.e.u'lri.no‘ e - g a
from from -
Fermilab . Fermilab 3 ~

horizontal 6
m
1 meter

Particle 3

32 cells per module Light collected by Wavelenght shifting fiber

i to Avalanche Photo Diod dout
Low Z materials longer E.M showers o Avalanche Photo Diode (readout)

Adapted from Daisy Kalra, arXiv: 1710.02601



The NOVA Experiment

¥ e
L
Diffuse activity from nuclear recoil system

Backgrounds

for v, — v,

Adapted from Erica Smith PoS PANIC2021 (2022) 289

e intrinsic v,.’s in the beam

o v, =V, = v — T — e small since v,’s-energy below 7 threshold
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The NOVA experiment: Main results

—— ey
- Narmal Ordering 90% CL .

- —— NOvA — - MINOS+ 2020 .
3.0 ---- T2K Nature 580 ...-.. lceCube 2018 —
- -- SK 2018 SN -

Parametor Normal ord. Inverted ord.
Uuo LO UO LO

Am3,(107° eV?)  +2.4140.07 +2.39 —2.45 —2.44
sin® O3 0.57t00% 046 0.56 0.46
dcp () 0.821027  0.07 1.52 1.41

M. Acero et al, Phys.Rev.D 106 (2022) 3, 032004

UO — Upper Octant
LO — Lower Octant

Tension between NOVA and T2K
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Three-flavor oscillation parameters global fit

Normal Ordering (best fit)
bfp £la Jo range
sin” 0, 0.30375015 0.270 — 0.341
B12/° 33.4119-75 31.31 —» 35.74
sin? 023 0.451100%8 0.408 — 0.603
B23/° 42.2708 39.7 — 51.0
sin? 03 0.022257 000028 0.02052 — 0.02398
613/° 8.58 011 8.23 » 8.91
dcp/° 232+30 144 — 350
&Wl%] 0.2
ﬁm?f ]
mT.:vﬂ 4250710050 42.427 — +2.590 |

4.0%

155 %

28%

1.0%

NuFIT 5.2 (2022)

Inverted Ordering (Ax? = 6.4)

bfp £1l&

Jo range

01
0.30370015
33.4110-15
0.5695:021

+1.0
49.0719

0.0222370-00058
8.5710-11
276122

0.2
7.4110:2

40025
248610923

0.270 — 0.341
31.31 — 35.74

0.412 — 0.613
39.9 — 51.5

0.02048 — 0.02416
8.23 —» 8.94

194 — 344

6.82 — 8.03

—2.570 — —2.406




End 15t lecture
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