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Neutrino Fluxes

@ Solar neutrinos (v):
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¢ Geo-neutrinos (;e):
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(® Reactor neutrinos (;e):
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Solar Neutrino Fluxes

Reaction type  Fluxes (cm™s™) to" o Renisino!Spectrum)(210) E
pp— ‘H+e +v, pp  5.97(1+0.006) x 10" Lo 3
pep — "H+v pep 1.41(1+0.011) x 10° i: : ’_:B;? ;J:B; 3
Hep — ‘He +e'+v, hep 7.90(1:0.015) x 10° ﬁ i al H ]
"Bee — Li+v. Be  5.07(150006)x10° | 5 T B 3
®B — ®Be*+ e +v_ °B 5.94(1+0.011) x 10° ) i: //i E
PN — BCt+e'+v_ N 2.88(1+0.015) x 10° 10° i hep —»£15.5% 3
PO—"N+e'+v. "0 2.15(1+0.17-0.16)x10® i: ] /I/E// o E
"F—"O+e"+v_ YF  5.82(1+0.19-0.17)x10° o Newtrino Fnergy in Mev 10:0

, . L Standard Solar MoOdel (SSM): BPS 2008
RPP-2016, Neutrino mass, mixing and oscillations . .
http://pdg.Ibl.gov/2017/reviews/rpp2016-rev-neutrino-mixing.pdf C. Pena—Garay and A.M. Serenelli, arXiv:0811.2424
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Solar Neutrino Experiments

¢ Radio-chemical detection: Homestake(Cl-Ar), Gallex, GNO, SAGE (Ga-Ge)

¢ Water Cherenkov detectors: Kamiokande(K), Super-K, SNO
© Scintilator detectors: KamLAND, Borexino

e
o

Homestake expriment: Newtrine \
100 000 galons (380 m®) of C.Cl, Nucleue (ﬁ‘l -Q Electron

Ve+37C| 9 37Ar. * e-(814 ke\/) Muon or Electr-:ln\ VpA ')HEX
16a>™Ge (233 keV)

ve —>ve’

Cherenkov light Cherenkov light
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Solar Neutrino Problem

Radio-chemical experiments (Homestake, Gallex, GNO, SAGE):
Deficit of solar-v_ with respect to SSM predictions.

=m i "'Ga — "'Ge (SNU)
&
L I I T T GALLEX 77.5 i‘6.2j73
6ol 4 Vol I GNO 62.9727+2.5
Al LT U N s GNO+GALLEX 69.3+4.1+3.6
4 T {lellle +3.1 +2.6
s ||e I ! ! 1 i L L] SAGE 65'4—3.0 -2.8
2 T i
It I } } +8.1
o1 l “ J' l + SSM [PPS08(GS)] 127.9'%
A A A A A
1970 1orya1eyE 198z 0SB 90, Tt Results from "Ga — "'Ge experiments and

the prediction of the SSM [BPS08(GS)]
SNU (Solar Neutrino Unit):

Results from Homestake (¥Cl— *’Ar) experiments 36
10™ v-captures per atom per second.
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Neutrino Oscillations

2v — mixing:

Mixing of flavor neutrinos (v , vB) with massive neutrino states (v, v,)

'va:um.\/l. a=e,u i=1,2

cost sin6 v (x)=cos®v,(x)+sin®v,(x)
-sin® cos6

Bruno Pontekorvo

P - survival(disappearance) probabilit
Neutrino propagation: Pom + Pa = 1 Paa r(l PPb o )P y
- appearance probability

ap
2
Ami, L
2 . 2 - 2 12
PQB(G,Amm,L,EV):sm 20 sin”( )
A%
2 0#0
Oscillation parameters: 0 , AN n,, Conditions: ) ) )
Amy,=my—m;#0
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Evidence for Neutrino Oscillations
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Super-K Collaboration (Y. Fukuda et al), Phys.Rev.Lett. 81 (1998) 1562 -1 0 1
Evidence for oscillation of atmospheric neutrinos cosine zenith
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Neutrino Oscillations: 3v Flavors

3 neutrino case:

Vo= MO”- Vl- PMNS matrix

u,,=U
PMNS (Pontecorvo-Maki—Nakagawa Sakata)

ol
a=e,u,t i=1,2,3

id

Uy U Ugs 10 0 Ci3 0 e s i S 0

U pans = Uy Uy Ups|— 0y 55X 0 1 0 [X|=s, ¢, O

_id

Ugp Uy U] |0 =Sy Csf |-es;; 00 ¢ 0 0 1

c.=cos®. s.=smn®. 2 2 2
ij ij ij ij = —

®, 0, 0, Ocp Amy,=Amy—Am;,

. . . < 2 2 2
Oscillation parameters: +Amr,=ms—m-

2 2 2
Ams,, Amy, Am;,

N
(Neutrino Mass Hierarchy, NMH)

P(VM—M/T):Sinz(Z 0,,)cos"(0,;)sin’(Am3, L,/4E.)

(ignoring A mél , O and matter effects)
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Oscillation Experiments

Solar(v ) and reactor(;e):

2
A m 21 s 12 Homestake, Gallex, GNO, SAGE
Super-K, SNO
KamLAND, Borexino

2 y
s, O, Ams,, 0,

Reactor(ce): Atmospheric neutrinos(v , v ):
Double Chooz, Daya Bay, Super-K, MACRG;FAIN IS aiReE
RENO IceCube/DeepCore

= ) Accelerator beams (vu):

CERN: CNGS(Opera € ki)
FNAL: MINOS, NOvA
KEK: K2K s
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Solar Neutrino Oscillations: SNO and KamLAND
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Solar-v flux:
Good agreement
with SSM.

KamLAND:

Measurement of:
® Am *?
] (ES) 12 12
“ ve+2H(D)—>p+p+e‘ (CC)
¢ v+'HD)—»p+n+v_  (NC)
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Measurement of @13

3 x 20 tons target
mass at far site _ .

Daya Bay: Powerful reactor by mountains

L I L L il I L 1 il I L L il I L 1 il I L L L I L L 1 I L L L
06 0.8 1 1.2 14 16 1.8 2
Weighted Baseline [km]

P =

aya B

R=Observed/Expected(no osc) curve measured
In the Daya Bay experiment*

i e
Total Tunnel length

~ 3000 m
The Daya Bay experiment. DOU BLE -
Sin22913 =0.092 + 0.016(stat) = 0.005(syst)* (YFE&_J
13

RENO: 0.113 + 0.013(stat) = 0.019(syst) 0.109 + 0.030(stat) + 0.025(syst)

* Daya Bay Collaboration (F.P. An et al.), Phys.Rev.Lett. 108 (2012), 171803
Observation of electron-antineutrino disappearance at Daya Bay
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Neutrino Oscillation with Accelerator v-Beams

CERN to Gran Sasso Neutrino Beam
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Neutrino Telescopes: ANTARES and IceCube

lceCube Lab
\‘-R-' T leeTop
Nl gl it i gy 81 Stations
s0me— -__'_—'_-:_-_;'f;"_-'_ _____ 324 optical sensors
lceCube Array
86 sirings including 8 DeepCore strings
5160 aplical sensors
o8 oy &
o Y Amanda Il Array
™ f&b e 1450mL l {precursor o leeCube)
4 ¢ [ gl L o | DeepCore
| L g ! l 8 strings-spacing optimized for lower energies
| - “ | 480 oplical sensors
‘ : EE i
<1 T - My g ; Eifiel Tower
[ 1}"‘ : = ' * 324 m
e .. 2450 m (
\ 2820 m i = P s
- | = X
: i T mi
s e e = e~
I -
[\% | A ; I
T
IceCube DOM

© ANTARES Collaboration, Phys. Lett. , B714 (2012) 224-230
Measurement of Atmospheric Neutrino Oscillations with the ANTARES Neutrino Telescope

¢ IceCube Collaboration, Phys. Rev. D91 (2015) , 072004

Determining neutrino oscillation parameters from atmospheric muon neutrino disappearance
with three years of IceCube DeepCore data
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Neutrino Oscillation Parameters

Parameter NMH | Best fit' | 1o range' RPP-2016 Unit
Sm” 737 | 7.21-754 7.53 +0.18 10° eV?
Sin’® 297 | 281-314 3.07°%° 10"

NH 2.50 2.46 — 2.54 2.45 + 0.05
Am’ H 246 | 2.42-251 252 +0.05 10° eV*
NH 4.37 4.17 — 4.70 5.1+0.4
SIn'e,, 569 | 428—491® | 5004 10"
5.18 —5.97
NH 2.14 | 2.05-2.25
SURCH 218 | 2.06-227 210£0.11 10*
Sm’=Am;, Am’=Am:,

' F. Capozzi, E. Lisic, A. Marrone, D. Montaninoe, A. Palazzod, 1.Phys. B908 (2016) 218
Neutrino masses and mixings: Status of known and unknown 3v parameters
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Neutrino Mass Hierarchy

Normal hierarchy Inverted hierarchy Unknown v-oscillation parameters:
m?| T vs v, e |m?  Neutrino mass hierarchy, CP-phase, Octant of O,
’ A’rn’gnl
v1 I NMH 1) Normal Hierarchy (NH): m>m,
2
At 2) Inverted Hierarchy (IH): m<m
W Ve A2 3 2
0 I/M atm
N N Vr
vz : T :
Am?,, \ Neutrino oscillations in matter:
e e MSW effect and parametric enhancement.
1 -0 [ ! | J ! ! | ! |
0.83 cos@,=-0.6 Neutrino oscillations
~ probabilities with the
?i: 0.6 matter effects (IMSW)
5 0.4 for V.7V, and
ol VoV
00N N\ o R e : " 2 . Solid lines:  NH

Dashed lines: IH

E. Akhmedov, S. Razzaque and A. Yu. Smirnov, JHEP 1302 (2013) 082
Mass hierarchy, 2-3 mixing and CP-phase with Huge Atmospheric Neutrino Detectors
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Probing the Neutrino Mass Hierarchy

W = NPT [PINGU 1 yr] Smeared t
e R no sys
20 +03 — 5% syst.
18} —-- 10% syst.
161 +0.6 20 — - 2.E |
i —~ [ O =U. 5
14} ® f oy = (m/E) )
! +0.4 o F P
S 12¢ =
(?JJ - < 10F ]
] Q [
< 10 +02 & |
8 : & s ]
I _ A A ]
6' {] 0 | :
4 5 0
[ -0.2
2l
10 208 D06 04 o2 o Significance .Of NMH determination
cos vs. exposure time. Different curves
‘ correspond to different systematic
Neutrino oscillogram obtained after smearing u(vu) uncertainties

events in the (EV-COSH;(}} plane with 0 =0.2E and 0 =
(mp /EV)I/Z
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The KM3NeT/ORCA Project

Cities and Sites
of KM3NeT
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Granada
o [ ]
Catania @

Rabat
[ d
L4 Oujda

® Marrakesh

1 KM3NeT/ARCA
2 KM3NeT/ORCA

KM3NeT 2.0

www.km3net.org

KM3NeT DOM

KM3NeT Collaboration (S. Adrian-Martinez, S), ].Phys. G43 (2016) 084001
Letter of intent for KM3NeT 2.0 [arXiv: 1601.07459]
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KM3NeT/ORCA
Oscillation Reseach in
with Cosmics in Abyss

(~50 kt ~ 2 x SK)
(~3 kt ~ MINOS)

ORCA neutrino detector
at a depth of 2575 m
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KM3NeT/ORCA Simulations
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Reconstructed vLL and v_events.

KM3NeT/ORCA simulation chain includes:
v-interactions (Genie), simulation of detector response (KM3Sim), simulation of
the optical background, trigger simulation.
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KM3NeT/ORCA Sensitivity to NMH

KM3NeT/ORCA neutrino mass hierarchy sensitivity for a detector wit 9m vertical spacing.
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Left plot: NMH dependency on © , for two values §_, for 3 years of operation time.

Right: NMH significance evolution over time for two selected valuesof 6,
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Summary and Outlook

¢ Atmospheric, accelerator, solar and reactor neutrino experiments have
provided compelling evidence for the neutrino oscillations.

¢ Neutrino oscillation parameters: PMNS mixing angles ® ,® ,, ©,, and
squared mass differences Am232 and Am221 are measured and defined.
¢ Neutrino oscillation parameters NMH(neutrino mass hierarchy), 6_,and

octant of ® , are still undefined from the current experiments.

¢ Neutrino oscillation parameters (including NHM, ©  octant, 5_) will be

defined with high a precision in the future experimental projects such as
JUNO, DUVE, KM3NeT/ORCA, Hyper-K, INO, IceCube/PINGU.
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