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CONTENT OF THE LECTURE

» Neutrino oscillations discovery and parameter determination
» latest results for "standard" neutrino oscillations

» hints of sterile neutrinos



STEFANIA BORDONI (CERN) 3

THE SOLAR PROBLEM

X112 | -
o il
» The sun produce a very intense flux of ve < 1 } Theory
S
208 - .
= G
. . . a s d
» Several experiments with different s061 ] :
09!
techniques measured a clear deficit wrt 204 L ppv ; S K g ]
" e
the theory prediction Soa | Be gy BV ]
» radiochemical sources ol : . .
10 ! Energylﬁ\/IeV)

» Cherenkov

Total Rates: Standard Model vs. Experiment
Bahcall-Pinsonneault 98

o |

» About 2/3 of ve are missing! e z o




S. BORDONI (CERN) 4

ATMOSPHERIC NEUTRINOS ANOMALY

» Atmospheric neutrinos come from the interaction
of primary cosmic rays with the atmosphere

from T. Kajita (Neutrino 2016)
» Neutrino comes from pion and muon decay

Kamiokande (1988:92',94l) e
cosmic IMB-3 (1991,92) — i
0 05 1 15
(1/e) goral (/e )y

from Kamiokande Paper in 1988
K. Hirata et al, Phys.Lett.B 205 (1988) 416.

Paper conclusion: “We are unable to explain the
» ratio well known and expected to be data as the result of systematic detector effects or
uncertainties in the atmospheric neutrino fluxes.
2:1 but observed ~1 Some as-yet-unaccounted-for physics such as
neutrino oscillations might explain the data.”

» 1/2 of v, are missing!
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NEUTRINO OSCILLATION: THE DISCOVERY

» Super-Kamiokande concluded that the

Presented at Neutrino Conference in 1998

observed angle dependent deficit on -
atmospheric neutrinos gave evidence of Zenith ang‘ﬁ dep e{';e’;fe& V)
neutrino oscillations A
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NEUTRINO OSCILLATION: THE DISCOVERY  tesetcurensinaeemet it e i

s12 b ‘ -
8 : \ill Vy i
e;/ 1 : I ] Il Theory
» Final measurement of Solar neutrinos by the 2.l Lsnored ]
SNO experiment (2000): 1 kton of heavy water E% ' oo — |
seen by ~10k PMTs Z | I |
204 - !m S | .

o) - FENO CC
L. 'g F hase N B
» Sensitive to CC, ES and NC 302 ot veonly |

- © SNO Phase II (D,0+NaCl)
- + SNO Phase III (D,0+ He) L
-1

» CC: only 1/3 of expected flux 10 Enerey MeV)
electron neutrinos are only ~1/3 of the total flux!

o

» NC : no deficit observed!

» Solar neutrinos emitted by the sun as v, reach

e
-
- ..
.
.
.y
-

the Earth as mixture of v, v, and v; : Oscillations!

» Deficit explanation: solar v, energies < 10 MeV:
CC for v, and v;are forbidden (E < M ;)

C D o 68% CL.
C I ¢, 68% CL.
s | 0p. 68% CL.

' ' l '
3 35

LS 3 2.5 c
Electron neutrinos 9. (x 10°cm? s

0.5

muon and tau neutrinos ¢, (x 10°cm? s
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NOBEL PRIZE

20135 Nobel Prize in Physics to Takaaki Kajita and Arthur B. McDonald for the
discovery of neutrino oscillations

edish Acader has dec

2015 N OBEL PRIZE IN. PHYSICS
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3 NEUTRINO OSCILLATIONS ciy = cosy

Si; = sin 0,

Ve c12  s12 0 1
I/,u — —S12 C12 0 V9
U, 0 0 1 V3

atmospheric, accelerator accelerator, reactor solar, reactor

\

3 mixing angles, 2 squared mass
difference, 1 complex phase (oc¢p)

3 Flavour states 3 Mass states

. M1 #M2#IMa3
more than15 years of experimental efforts
Parameters Experiment signal
|IAmoq[2 =M% - m?q| | Sz solar and reactor P(ve = Vyr)
|[Am32 = |m?3-m?| | 923 | atmospheric and accelerator | P = vu) & Py, — vr)
S reactor and accelerator P(v, — v.) & P(0o — D)
Scp accelerator Py, — ve)
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from NuFit 2016

THE KNOWNS AND THE UNKNOWNS

Solar parameters

_ L o SNO , SK, BOREXINO,
010 = 33.6 = 0.8 . Pve = vius) GALLEX, SAGE..

Amgl — -|-(7,5 + (),2) « 10" %eV?2 J P(ve = ve) KamLAND

- .
0o = (38 — 50)°(30) . ‘t\tmups(lilb1 in:)paramezrriiokande, SK, IMB,
K2K, MINOS, T2K, NOvA
IAmZ,| ~ (2.5 £0.4) x 107 %eV? = P(v, = vr) (Opera)
)
13 = 8.440.2° e P& B ouible Choo
_J P(vy — ve) T2K, NOVA

ocp = [07 277] T2K, NOVA
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from NuFit 2016

THE KNOWNS AND THE UNKNOWNS

Solar parameters

_ n 0 SNO , SK, BOREXINO,
010 = 33.6 = 0.8 > Plve = vir) GALLEX, SAGE..

Amgl — -|-(7,5 + (),2) « 10" %eV?2 J P(ve = ve) KamLAND

)  Atmospheric parameters

O23 = (38 — 50)°(30)| Octant . Plu, — v,) Kamiokande, SK, IMB,
K2K, MINOS, T2K, NOVA
IAmZ,| ~ (2.5 £0.4) x 107 %eV? = P(v, = vr) (Opera)
Mass Hierarchy =
13 = 8.440.2° e > B ouible Choo
_ P(v, = ve) T2K, NOVA
ocp = [07 277] T2K, NOVA

CP violation
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THE KNOWNS AND THE UNKNOWNS

Accelerator- based experiments

L
Plv, »v,)~1- (0054 615 sin? 2055 +sin? 2913|sin2 Hggl) sin? Am%l 7
P(v, = v.) ~ |sin®2013 | x|sin? a3 o« sin'z[lg;)g)m
—asind | X sin20;25in 2013802093  x sin AZRES Si“%<11:;)>ﬁ]
+acosd X sin20158in26013s8in2033 X cos A Sian] Sin ((11__;)>A] matter
+0(a?) / effects
o = Amgl ~ i A = Am%lL b= 2\/§GF2N6E

M. Freund, Phys.Rev. D64 (2001) 053003

Reactor- based experiments

P(Pe — I_/c) =1 —|cos” 013 sin? 2014 sin” Aoy

— sin? 2013 (COS2 012 sin? Az + sin? 012 sin? A32)
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HOW DO WE MEASURE o¢p?

neutrino
» 6cpcan be measured only by accelerator-based | B | — Normai hierarchy L=295Kkm, sin226,5=0.1
LBL experiment. Reactor experiments do NOT | 085 |{ - - - \nverted hierarchy 5= 0
have access to this parameter | 8= 1/2n

O=n
» The measurement is (in principle) simple: looking

for a different behaviour (shape and
normalisation) between neutrino and anti-
neutrino oscillations

e.g.if dcp=": anti-neutrino

» 0,z :noCPviolation P(v, 2ve) = P(VlJ —;e)

L=295km, sin<20,3=0.1

» -7/2 :enhance P(v, =v.) suppress P(v, =ve) 8=0
o= 1/2n

o=Nn

» +r/2 :suppress P(v, =ve) enhance P(v, = ve)

» Matter effects, if significative, make the
measurement more complicate

» Scpstrongly correlated with 613. 6cp can be
extracted using reactor constraints
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Am~

HOW DO WE MEASURE THE MASS HIERARCHY? | R e
Two approaches : ‘ f i
Oscillation interference: Matter effect:

Spectral distortion on medium baseline
reactor experiment (3% effect)

v/anti-v oscillations enhanced depending
from the MH (need LBL)

P(#, — .) = 1 — cos” B3 sin? 201 sin® Ay;

— Sin2 2913 (COS2 012 SiIl2 A31 + Sin2 012 Sin2 A32)

292G pN.E + forv
Am? - for anti-v

, Normal Hierarchy Inverted Hierarchy
arxiv:1507.05613v2

3 06 T 010 B 2012
= 06: ------- Non oscillation ,>\ 0.12 X
g r ; ‘ —— 0, oscillation Sy Sy
= 0.5 Normal hierarchy a a
+ * ierarchs
£ : Inverted hier: 0.08 0.08
0.4 e
- 0.06 fis 0.06 =2 %
.-_ | I ) n
0'3: 0.04 ocos gl - 2
0.2 0.02 0.02
0.1 - = 0 0
0— N T B T
10 15 20 25 30
L/E (km/MeV)

NOVA, DUNE, HK ..

JUNO
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EFFECT ON OSCILLATIONS MEASUREMENTS

P(V,) vs. P(v,) for sin®(26,,) = 1

= - NOVA o
o N é |Am,,2| =2.3210~ eV
0.08 sinzizeﬂ) = 0.095
- sin?(26,,) = 1.00
0.07 Considering:
0.06 » no matter effects
0.05 | » no CP violation
0.04 | o » maximal mixing (6,,=45°)
0.03
0.02 ©co6=0
o =m/2
Od=m
0.01 5 = 3n/2
0 i 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1
0 0.02 0.04 0.06 0.08

P(v,)
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EFFECT ON OSCILLATIONS MEASUREMENTS

0.09

P(v,)

0.08

0.07

0.06

0.05

0.04

0.03

0.02

0.01

P(V,) vs. P(v,) for sin®(26,,) = 1

NOvVA
|Am;2| = 2.32 107 eV?
sin’(26,,) = 0.095
sin%(26,,) = 1.00

L O 7

- Q)b b@\\(\//

. KOS ®

r ® \(\A ‘b'%%,// > &6Q}\

- Q,’ o"é\%@o

i SO

C 2 .’

C Am < 0 R4

:_ // N

L /Amz >0 N

-0 38=0

[ e 5=7/2

- O0d=m

- ® 5 =3m/2

i 1 1 1 I 1 1 1 I 1 1 1 l 1 1 1 l 1
0 0.02 0.04 0.06 0.08

Considering:

» Matter effect @ move measurement
wrt diagonal

» CP violation & move the
measurement along one ellipse

15
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EFFECT ON OSCILLATIONS MEASUREMENTS

P(v,)
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P(\Te) vs. P(v,) for sin2(2623) =0.97
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NOVA
|Am. 2| = 2.32 10~ eV?
sin’(26,,) = 0.095

. 2
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Considering:

>

Matter effect: move measurement wrt
diagonal

CP violation : move the measurement
along one ellipse

Octant : move measurement on the
other diagonal
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ANALYSIS STRATEGY

» Estimation of the flux is complicated for both accelerator and reactor experiments

» Big uncertainties to take into account (e.g. number of 3-decay from fission
products for reactors, hadron production for beams..)

» 2 detectors:

» Near Detector : estimate the incoming neutrino flux before the oscillation occurs

» Far Detector : measure the distortions due to oscillations

NB: Depending on where the detector are located, the ia 26,701 § E=dMoV

1
experiment can be sensible to different parameters - A\, KamLAND
=

06 P(v, - v,) = 1-sin’26, sin’ L

A
= 4E
E 04 |

e.g. Reactor experiments :

' . o . 3 Hierarche
» if short baseline (~ few km), sensitivity to Am?,;mand 943 V-2 et

0 1
0.1 1 10 100 1000

L(km)

» if long baseline (~100s km) sensitivity to Am?.,;and 912



REACTOR EXPERIMENTS
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CURRENT REACTOR EXPERIMENTS

2012: not only Higgs boson discovery..

year of reactor experiments: measurement of the last mixing angle 943

8.5 Double
GW,, M m 8t near 8t far m Chooz

aon
o

16t far m RENO
— “ . 2x20t near | Dava
. 4x20t far . Bay

GW,
‘ . 2x20t near |l

Near
detectors

RENO Far

Electron antineutrino
survival probability

|

Daya Bay Far

Effective baselines
| e 1050 M -ee—>

o TABOTE »cimp
vrr 1650 M ---—
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CURRENT REACTOR EXPERIMENTS: DAYA-BAY

» First experiment measuring 613 and

WO

rld leading

March 2012 :

013 20 with a significance of 5.2¢

0.95

Phys.Rev.Lett. 108:171803 (2012)

l'l'll'l"llll

Illl'lllll

jllljlllljll l

i 1 1 |

N saaflasals
0 02 04 06 08 1

12 14 16 18 2
Weighted Baseline [km]

Daya Bay Layout

Far Hall
1540 m from Ling Ao |

¥ 1910 m from Daya Bay & :
324 m overburden B

<% ;

Ling Ao Near Hall B35S
8 470 m from Ling Ao |
i 558 m from Ling Ao Il

¥ 100 m overburden ‘

rig > T

3 Underground
Experimental Halls

sl ] > Ling Ao | Cores
" Daya Bay Near Hall [
% 363 m from Daya Bay

93 m overburden ' ; m 17.4 GWy, power
A= " m 8 operating detectors

m 160 t total target mass
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CURRENT REACTOR EXPERIMENTS: DAYA-BAY

World's most precise determination of Am?,. and 943

Prompt energy (MeV)

sin%2013 = [8.41+0.27 (s’ra’r.)’_ro.19(sys’r.)]xlO'2
Am?e. = [2.50+0.06(stat.)+0.06(syst.)]x103 eV?
v2/ndf = 232.6/263

g
o
———

Am? (eV?x107?)
b
=

2 - . . . .
005 0.06  0.07 008 0.09 010  0.11 0.12

still statistics

dominated!
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CURRENT REACTOR EXPERIMENTS

RENO Double Chooz

presented at Neutrino 2016 presented at CERN, September 2016

6F 3 Rt = 1. S oD Data
= Daya B + — Rate+Spectrum— Al ——
W 4E \ ayi%_ ay /T Rate-orﬁy = y QU | No oscillation 2 1
< » £ Double Chooz ot = 1.3 ND Best fit: sin “26,, = 0.123 3
= — \_/I —— = "~ | [ | Systematic uncertainty
E e Rate+Spectrum e ! -
= L + Rate-only - 1.1E =
O 3F 1 S 1.1} :
A [C199.7%C.L. ] pa :
- - 195.5% C.L. - -~ 1.0
S 2.5 I 68.3% C.L. E 0. 9of
fg 3 23_ 0.8f :
< E 0.7 Double Chooz Preliminary
[ 50 1 L Far + Near (362.974 and 257.959 days)
2 RENO 500 days : 0.6}
I (ST R S WS N ST 0 5f | | | :
0 0.05 . 02.1 0.15 2 42 6 it 1 2 3 4 5 6 7 8
sin°29), AX Visible Energy (MeV)
.2
sin”26,, =0.082 £0.009(stat.) + 0.006(syst.) sin2(2013)R*$=(0.11610.017)

[FD-1:ND®FD-I]

Am?,| = 2,627 (stat.) "y 3 (syst.) (x107eV?)

X2/ ndf: 97.5 / 76
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SUMMARY OF THE 6,5 MEASUREMENTS

23

Experiment Value
Daya Bay nGd Ho- 0.0841+£0.0033
RENO nGd i 0.08240.010
Daya Bay nH —e— 0.07140.011
D-CHOOZ nGd+nH o—i 0.119+0.016
RENO nH o 0.086-+0.019
D-CHOOZ nH o 0.09570 a5
T2K o 0.10015:01
VINOS NH 0.05119:038

IH o 0.09370 039

0.02 0.04 0.06 0.08

Sin2 2913

0.1 0.12 0.14

from Daya-Bay CERN seminar, Feb 2017



ACCELERATOR-BASED
EXPERIMENTS
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LBL EXPERIMENTS : MINOS / MINOS+ %*

» Long baseline accelerator experiment in US 2003 - 2016

» baseline ~ 735 km
» on axis, <E,> = 2 GeV (MINOS), <E,> = 6-7 GeV (MINOS+) FEHaS

» data in both neutrino and anti-neutrino modes

(. ~ ~ 8]
N [=)) Co S

~
[\

Co

Protons per week ( x 10'%)
N S

BN

2

2005/040 7

Total NuMI protons 560\kW!

I Lov E[eg)atetlzols | | | \ _]
E Zogl I:‘neErg) ;e uIrino: y%‘ 25

. [ NOvA neutri o]
Antineutrinos yad! ,

IIII TTTTTTTTTTT]TTT IIIIIIIIIII

= I I

\
J \III

2006/09/20

2 008/02/1 2

2009/07/06

2010/11/28
Date

2012/04/21

>

<€

MINOS

2013/09/13

Total Protons ( x 10%°)

0
2015/02/05 2016/06/29

<

)
MINOS+

25

Medium E
\
Simulated v Beam
% I 5.4 kton, 6 x 10°° POT
(5 1000~
~ - _
2 MINOS+
[ — NOvA
d>> i
o s00- MINOS
(&) L Preliminary
o i E
=3
0o 5 10 15 — 20
Medium E E, (GeV)
14 mrad
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LBL EXPERIMENTS : MINOS / MINOS+ %

Latest MINOS+ results: combining MINOS+ and MINOS data

2_ I I I I | I I I I | T T | T T | | ]

’ 8:— —— MINOS, MINOS+ data Far Detector -

"~ —— MINOS, MINOS+ combined fit -

2 1.6 16,71 x10% POT v,-mode MINOS =
O 1.4 336x10* POT v,-mode MINOS -
© L 5.80 x10% POT v,-mode MINOS+ .
s 1.2 + + —
8 1: = rs +—0— +
O _ E —
Z — 4-_*___-0- +“" _+_ -
o 0.8F +- =
o u B
5 06 - —
o B MINOS+ Preliminary .
0.4 -
0.2 =

0: I | | Lvvoa oo | n

0 5 10 15 20 30 5

Reconstructed v, Energy (GeV)

0

r r 1.+ 11 11 1 1
3.0 48.67 kt-yr atmospheric v —
- MINOS: v, disappearance + v, appearance -
| POT: 10.71x10” v,-mode, 3.36 x10*° ¥,-mode
| MINOS+: v, disappearance |
POT: 5.80 x10%° v,-mode
2.5 —
A~ B -
N
> L -
q) ~ - -
™ - - -
@) | Normal hierarchy . . ~
N = L L | B
o Inverted hierarchy
M - -
E - - |mE EHEEEEEN -~ ~ .
3 I -
-2.5- m
- MINOS+ Preliminary -
- 3¢ Best fit =658% C.L.
MINOS 90% C.L.
-3.0 == PRL 112, 191801 (2014) =90% C.L.
| I P I T SR T N TR T TR SR NN S SR SR R |
0.3 0.4 0.5 0.6 0.7

o
SIN“0,,

26
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LBL EXPERIMENTS : T2K x2Kk\

» LBL experimentin Japan since 2010
» baseline ~300km

» first experiment with off-axis technique. <E,> = 0.6 GeV

» data collected in both neutrino and anti-neutrino modes

» Kinematic approach

Total Accumulated POT for Physics
B v-Mode Beam Power
x 1 020 B V-Mode Beam Power

unl Run2 - Run3 Rund - Run53 Run6 ‘Run7 RunB

Il N

1300

Accumulated POT

S . S . ; o e — 200

100

2
N2
[=2)
@
__ &
= 2
x 3
5 2
=5
o =5
a g
E =
S E
o £
m g
g
5
=

B, B
| ",
b B

— o [N
SN L ANXONLENNO

‘_QJSI_IIII!III|III|I|Il|II|III!IIIlIII|III I

1 i} ...I..mm..]. 1 sabusnsana ! 1 ..mu.im.mu.i il Loananunll I 1 ‘mu..m.lmm.m.l 1 1 L s aam "
2010 2012 2012 2013 2014 2016 20160
Dec/31 Jan/01 Dec/31 Dec/31 Dec/31 Jan/01 Dec/31

23 January 2010 - 19 January 2017 v mode POT: 10.68x102° (58%)

POT total: 18.29x1029 _ ¥ mode POT: 7.62x102° (42%)
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LBL EXPERIMENTS : T2K T2k

Events

Ratio

Events

Ratio

%'1"
80

TOF—|H 5z B S T— - — Best-Fit
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) l L LB l LB AL ! Ll "' '.! LA
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: Prediction

== Data
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- 8
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’K Runl 7g puhmm nr\
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~— Best-Fit
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5 6 T 8

Events
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A 4 ' Ll L4 L4 ' N
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lllllllllllllll

200 400 600 i

Reconstrucled Momentum [MeV/c]
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- Best-Fit
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d‘f!‘]"llll ‘I T
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600 800
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LBL EXPERIMENTS : T2K x2Kk\

» Joint neutrino anti-neutrino analysis

» Extraction of constraints on écp from v, appearance results

» Reactor constraints on 6,5 can be used to resolve the
degeneracy with this parameter

World’s leading measurement on 0,3

-3
agpll—

3 6}~ T2K Run1-7 v 90% CL

— T2K Run1-7 v 90% CL

ITI ]II ]ll ]Tl ] 1 ] 1

3 B

N
TTrr?

. &
- o

2l

A

L I L ' I '

T2K Run1-7 v 68% CL

T2K Runi-7 Vv 68% CL

4

B

n

" P | giagtiie— ) thy "
1.8, Y T T
sinZ0

I
S

A l L
0.6
or sin’0
23 23

I
0.7

Maximal mixing
favoured

-2 A InLL

Ocp (radians)

14

12

29

arXivlhep-ex] 1701.00432

3 ]
F 68%CL (-2AIn L =2.3) -
B — 90%CL (-(2AInL=4.61) ]

B *  Best-fit N
1= PDG 2015 -
0 - — Normal Ordering
- Inverted Ordering A
B|= =
_3 __ 111 I 11 . 1 'I L 11 ' 1 I 11 1 1 I 11 I__r

0 0.01 O 02 O 03 0 04 0 05 0.06 0.07 0.08
- 2

sin” 0,
T | T T T T | T T T T T | ]

Allowed 90% CL —

— Normal Ordering N
Inverted Ordering N

700000000000

//

7// ///y//ﬂ’//}§%7y//1/x/y/'//% T TTTT] |__

7

il

iy

\1\\ 1 1 1

-3 -2 -1 0 1 2 3

Ocp (radians)
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LBL EXPERIMENTS : NOVA <

ANV

» Long baseline accelerator experiment in US started in 2013

» baseline ~ 810 km

Extruded PVC cells filled with
11M liters of scintillator
instrumented with

» Using off-axis technique. <E,> = 2 GeV Jhifting fiber and APDS

» calorimetric approach

Far detector:
14-kton, fine-grained,

» results on only neutrino mode so far. Anti-neutrino runs just | 1econ,in
2, ow-Z, highly-active
started! 2 52800 chamnels

Near detector:

0.3-kton version of
14 the same

700

E . . | : 8 - channels
S First Analysis Total Exposure - i 20,000 channel
S 600 [—eeeeeeeeee s RRAIUERSRIR ceenneennee s T LT TR g —12 3

3 2.74x102° POT-equiv. 6.05x10%° POT-equivgg: ,. 1 = 2

T BO0 [ BRI TRETPRITRRERE N S —10 3

© . . . b — o

-g . . * > — o

S 400 [ttt it IR e RN SN —8 =

S < L g FRER . . P - =

5 300 == : QR R e gl s 6

o ‘ ;! ‘ et ey, o e c e .:.::'Z...;'.. DRI A+ I .

dh) Uk §- ‘ ':‘" . -“ . t. ._'._' . :2. [)- _'::_:;_ 3"_\_._ '.'" g - ': _______________ ] E. :.: . i,ﬂ . ... o. T b _—_
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LBL EXPERIMENTS : NOVA .~

6 T M\ T | T T T T | T T T T | T T T AI T T T T

o 19 NOVA 6.05x10% POT-equiv. ]
"g B —— -
= B —+— Data 7
re) - -
8 = Best fit prediction —e— -
9 | Rl AR B R I L ISTLIIL ORI IELREEE ) GRLLEL Aol SERTLRILEE .
o]

~— — -1
d -

8 = o— -
C 05 i
> N -
= —1-
= | _
ke B 7
-E O _l—.—l ---------------------------------------------------------- = = = o—
m B L1

{ :

o
—_
N
w
N
(€]

Reconstructed neutrino energy (GeV)

78 events observed at FD
430 +/- 30 expected w/ no oscillation

NOVA Preliminary
———
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I | I

35 NOVA 6.05x10%° POT-equiv. n

B Normal Hierarchy 7]

i —— 90% C.L. NOvA 2016 |

‘% L e 90% C.L. NOVA 2015 |

c? B ‘.---.'.. i

o — —]

o8 | ]
S

< 25— _

2 _I 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 I_

0.3 0.4 . 0.25 0.6 0.7
sin 623

Best Fit (in NH):

|Am3,| =2.67£0.12 x 107 2eV?

sin® fa3 = 0.407005(0.637003)

Maximal mixing excluded at 2.5¢
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LBL EXPERIMENTS : NOVA

20

-
(&)

-
o

&)

-
:

>

ANV

NOVA Preliminary

[~ 0.75 < CVN < 0.87

| NH
: -4- FD Data

| — Best Fit Prediction

—{ Total Background
Cosmic Background

6.05x10°° POT equiv.

1 2

0.87 < CVN < 0.95

T

3

1 2 3

095 < CVN < 1

1

1 2

w

Reconstructed neutrino energy (GeV)

33 events observed

8.2 +/- 0.8 expected background

Ve appearance signal @ > 8o

Total events

NOVA Preliminary

40

NOVAFD
6.05x10?° POT equiv.

' 5ir?0,,=0.4-0.6

20/ :
- == Data (+10) -
10F — NH E
: | CE=H 5
8CP £ cxroals
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SOME COMPARISONS

Latest results of T2K Latest results of NOVA and IceCube
ﬂ(.\ 3.6_| T T 1 | T 11 | | L | T 11 | | L | T 11 | L 1T 1T 1 T I_
B 68%CL (-2 A In L=2.3) E a
% L —90%CL (-2AInL=4.61) . ,,:23
o 3.2 — *  T2K best-fit /\ E 3 ‘ i ‘ 7
= ) e 3 gl = 1C2017 [NH] (this work) - SKIV 2015 [NH]
=~ - - ' MINOS w/atm [NH]) NOvA 2016 [NH]
ST - 36 . T2K 2016 [NH] — 1C2014 [NH]
E T = 34 90% CL contours
< 26 - % 3.2
- ] T, 30
241 g =28
- _ “H 26
2'2: . ﬁ 2.4
2 Super-K MINOS+ J 2.2|
1.8 | | | | T2K| Nole | | — ?Z IceCube Preliminary _ . PG
03 035 04 045 05 055 06 065 07 =y O RS

sin” 0,
arXiv[hep-ex] 1701.00432 presented at APS meeting 2017



WHAT'S NEXT?
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FUTURE REACTOR EXPERIMENT ? :

» JUNO: New reactor experiment in China: anti-v, from Daya Bay power plant

» 20 kton of liquid scintillator with wide physics program

» MH determination towards oscillation interference

» big challenge in calorimetry! Need energy resolution better than 3% (6m°/Am” ~3%)

» Data taking foreseen for > 2020

Am? .(}.e. penod5

plastic scintillator stripes

llllllllll

“atmospheric”
oscillations

inactive buffer volume
water or mineral oil

35
top muon veto 30
25
20

photosensors 15
17,000 PMTs (20%)

£

-----=- Non oscillation
g’ r —— 6, oscillation
3 0.5 i —— Normal hierarchy
< 4 k

—— Inverted hierarchy

neutrino target
20kt of liquid scinitllator (LAB) | 5

Illlllllllllllj-(‘ﬂ-l-itli-l-l‘rbill1°l-l°l-i

“t Mass Hierarchy

ey SRR NN EREAE NN N E e

outer muon veto 0 ” > 3 4 5 ol T
water Cherenkov detector L/E (ki

Energy Visible (MeV) |

-
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FUTURE LONG BASELINE EXPERIMENTS

DUNE

* 4 modules Liquid Ar-TPC ~10kton each
e SURF, Homestake mine (US) ~2400mwe

® On-axis beam from Fermilab (1.2-2.4 MW) ‘ e Off-axis beam from Tokai (1.3 MW)

| o baseline ~300km (1100km if T2HKK)
| o <E,> ~0.6GeV

e baseline ~1300km
® <Ev> NSGeV

For more details refer
to DUNE CDR

HYPER-KAMIOKANDE

e 2 water Cherenkov of ~260 ton each

e Tochibora, near Kamioka (Japan),~1750mwe
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FUTURE LONG BASELINE EXPERIMENT
DUNE HYPER-KAMIOKANDE

i S A G I N L L LA DO N (L B UL UL R T _,.:J T ] ' I -
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0.1~ —8§,=210°NH
0.05- [ :
0,05 -
0 I M ! : _
5 1 £ 8 & & & 7 # Ll e
E, (GeV) 0 0.5 | 1.5 2 2.5 3
E, (GeV)
Mass Ordering Sensitivity CP Violation Sensitivity CP violation sensitivity Mass ordering sensitivity
[ DUNE Sensitivity (Staged) 0 5, =2 V2 DUNE sensitivity (Staged) @ o, -2 - Normal mass hierarchy HK 2ank staging 10 years 8r
12}—Normal Ordering [ 100% of 5, values | Normal Ordering [ 50% of 5, values N sin22813:0,1 R -
- sin’20,, = 0.085 = 0.003 Nominal Analysis L sin’20,, = 0.085 = 0.003 @ 75% of 5, values - 6in%0,,=05 J E 7=
[ sin’0,,=0.441:0002 AF oo 8,5 & 0,, unconstrained 10|sin,, = 0.441 = 0.042 Nominal Analysis e g - 2
10 : ------ 6,5 & 6,, unconstrained | g. 5__
L B [+ i 5
[ - = o rS
8 i 1 8% y
i N Sl T S A Sy A S ) é aF
o s M 1 % i 1yrs
............................................. | s i i
tf Nt | 1
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HOW MANY NEUTRINOS?
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3 FAMILIES OR MORE?

» LEP measurements of the invisible Z° width
are consistent with 3 families of light
neutrinos

» If other neutrinos exist, they should be
“sterile" : not coupling with the Z boson

» The only way to detect sterile neutrinos is
towards the possible missing to active
neutrinos

from Symmetry magazine

r"‘ )

"

Ghad [nb]

30

20

ALEPH
DELPHI
L3
OPAL

| § average measurements,
error bars increased //
by factor 10
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THE EARLY HISTORY: ve APPEARANCE AT 1Tm/MeV

.

LSND (1993 -1998) baseline 30 m (L/E ~ m/MeV) &

» excess in the anti-v, = anti-ve compatible with Am? = 0.2 eV?
KARMEN (1993 -1998) baseline 18 m (L/E ~ m/MeV)  _

» very similar experiment to LSND ;‘E

» no excess in the anti-v, = anti-ve )
Bugey (80's-90’s) baseline 15, 40 and 95 m

» reactor experiment

» no excess in the anti-ve = anti-ve

17.5;

12.5 *

40

-
§)]
—T

—

TR
0.4 06 08 1 1.2 1.4

L/E, (meters/MeV)

L LSND (99% CL)
- LSND (90% CL)

KARMEN2 (90% CL)

Bugey (90% CL)]
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STERILE NEUTRINGS

» The LSND anomaly (i.e. possible short baseline oscillations) suggest a third independent
Am? ~ 1 eV’

41

» This might be explained by introducing 4th neutrino but it should be sterile

» notinteraction via weak force or too massive for the Z to decay to (not visible at LEP)

» mixing with the active neutrinos

» large mass splitting (Am?) ~ 1 eV?

V4

V3

Vh

Vl

L8

Ami; O (1eV?)

Am3, O (10-3eV2)

JAm3; O(105eV?)

how many sterile? 1,2 ....N?

» Different models exist to introduce
sterile neutrinos : 3+1, 1+3, 3+2, 1+3+1..

» focussing here on the simplest model:
3+1
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STERILE NEUTRINGS

» Considering the 3+1 model. Because of the large mass splitting (1eV?), the
other neutrino masses appear degenerate

4 Am241 ~ Am243 ~ Am224

» approximation to 2 neutrino flavour-mixing

. . Am2. L |
PfBL(_) ~ sin? 2043 sin® ( 41 sin® 20a5 = 4| Uaa|*|Usal®
Va—V3 4E
LBL (usual PMNS matrix) Ama L\
PSBL 1 — sin 20 sin’ ( e ) 612 2000 = 4 Unal? (1~ | Unaf?)
( Uel Ue2 Ue3 Ue4 \ VO‘_H/O‘

U, U, Ul U,a
u 7 " u OIS , DIS

Uri Uz Urs||Ursa $in2 20 e ~ 4| Uea|? sin2 219, ~ 4| U, 4|2

\ Usl U52 Us3 Us4 )

4 )
SBL Vy — Ve APP
sin® 20e;, = 4| Uea|?|Upa]? ~ 7 sin® 200 sin® 29,
courtesy of C. Giunti \[Okada, Yasuda, IJMPA 12 (1997) 3669; Bilenky, CG, Grimus, EPJC 1 (1998) 247])
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[ L.snD 90% cL
[ Lsnp 992 cL
---+ KARMEN2 90% CL |
— 68% :
— 90%

ve APPEARANCE AT 1m/MeV TR

MiniBooNE (2002 -2012) baseline 541 m : L/E ~m/MeV 10;
» designed to address the LSND anomaly e

— 5%
— 99%

» excess in both v, = v and anti-v, = anti-ve compatible to the
LSND results

10 F

» MiniBooNE compatibility is marginal and other experiments - Antineutrino

exclude large part of LSND region.

bt N R | NS S W |

107 102 107

'n2281
sl

i |

Not conclusive measurements! Phys. Rev. Lett 110, 161801 (2013)

° a L ' ] T T
= | < _
g 2 Antineutrino g <
> 1 . . ] : S :
. @ 10f |+ Anti neutrino mode: 11.3 20 POT ol e cARUSSTLCL -
2 Neutrino mode: 6.7e20P0T  os i - :
~ 25 _
[ - 0.6 . -
3 f{ * — 1
T 2 0.4 1 - ;
w L — X
a5 o= .
1.5 i
1 10 12 1415 30 107 F
E." (GeV - . .
. ' Neutrino:
0.5 - "
10.2 ] e
0.2 - . . . . 1 0'3 1,0-2 1 0—1 1

EX® (GeV)
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Phys. Rev. D 83, 073006

(@—dI)/ oL

0.6 0.7 0.8 0.9 q 1.1 1.2 1.3 1.4
[T T T T T T T T T T T T TR I T T T[T T T T [ TTT T T T [T]
ve DISAPPEARANCE AT Tm/MeV B
RQVNO83_35 —t— 0.92 +0.01 =0.07
ROVNO88_2S — : 0.94 :0.01 +0.07
R t t : ﬂ h b | | t d : ROVNO88_1S »—:ljl—< 0.95 0.01 +0.07
» Reactor neutrino Tluxes have been recalculated in | :
ROVNO88_2| i 0.93 +0.01 +0.06
20'] 'I ROVNOgS_1| »—u—-—4 i 0.90 +0.01 +0.06
SRP-I : »—a:*»—i 1.00 +0.01 =0.04
SRP- e g 0.94 =0.01 =0.03
. . 1
» With the new flux almost all short base reaction :
o . |
have deficits! the so called: reactor anomaly .
ILL . 1 0.79 =0.06 =0.05
Goesgen-ll ——feit— 0.91 +0.04 +0.05
%%emsgen-ll l-:——AJ—i 0.97 +0.02 =0.06
015 PhyS Rev. C 84, 024617 %%emsgen-l I ., :: 0.95 +0.02 =+0.06
r our result T ] nggogrsyS I 5 : g 0.86 =0.11 =0.04
I 1101.2663 T — T ] Bugey3 F—gm—il 0.94 +0.01 =0.04
0'10f —_— IITL inversion T Bugey-3/4 }__:‘__i | 0.93 =0.00 =0.04
simple f—shape — 149m : 1
, | S |
0.05+ .;P. —_ 0T T - ; ;
L + o
: n EF =" - : '-b-l i 0.927 =0.023
0-00§ — . | } : ] |||||||||||||||||||E|||I||||||||||||||||||||||
r 7 0.6 0.7 0.8 0.9 1 1.1 1.2 1.3 1.4
[ ‘ VMeasured / VExpected, NEW
~0.055 3 4 5 6 7 8

Ravg= 0.927 % 0.023




STEFANIA BORDONI (CERN)

ve DISAPPEARANCE AT >1m/MeV

» GALLEX and SAGE experiment (solar neutrino experiments) using

radioactive sources °>'Cr and 3’Ar for calibration purpose

e~ +°1Cr = 51V+ve,

e+ Ar - 'Cl+v,,

» detection technique as for solar neutrinos

ve+'Ga — ""Ge + e

» Number of measured events about 2.9¢

smaller than expected R=0.84 + 0.05

Gallium data using Frekers et al PLB11

45

||||||||||||||||III|IIII
| | |
| | |
| | |
Gallex ' Cr | | p——e :
ARRERER NN
| | |
51 | | |
Gallex ~ Cr | ¢ |
RRRNRSE AN
| | |
51 I I| I 1
SAGE ~ Cr | i e !
RRRNRSE AN
| | |
SAGE YAr H—e—+— |
ARRERER NN
| | |
IIII|IIII|IIII|IIII|IIII

05 06 07 08 09
observed / expected

1

1.1
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ve DISAPPEARANCE AT Tm/MeV

» But other experiments did NOT observe any anomaly..

PRD 91, 051102(R) (2015)

102 = , T T o — =
A \ I 5
N N\ -

> - 95% CL N . i Z

P \ | |

~ 10F : § ~ : 3

= F \ ' =
N O - NN
E _ g S
4 B NN

=y R =

B - > .

10" E — Gallium allowed T2K excluded =

= v.-C excluded ]

~  — Reactors allowed N Sun v excluded :

10_2 2 1 | | | | |

107 10 1

. 2
sin” 20,
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SHORT SUMMARY

Some short baseline experiments reported
» hints in ve (ve) appearance

» hints in ve disappearance

Reminder: ve DIS v, DIS
sin 20¢e ~ 4| Ues|? sin? 219, ~ 4| U4

|

/

4 )

v, — Ve APP
sin? 20¢,, = 4]Ue4\2]UM4\2 ~ %sin2 21 oo SIN? 29,

k[Okada, Yasuda, [JMPA 12 (1997) 3669; Bilenky, CG, Grimus, EPJC 1 (1998) 247])

Appearance signal require both ve and v, disappearance!

Appearance signal is quadratically suppressed

what about v, disappearance ?

47
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SHORT SUMMARY

» No anomaly observed in(\_/k)J disappearance channel so far..

10" arXiv:1607.01176 [hep-ex]
: 102 f—T— =
— 10.56x10” POT N
vy mode
10
10° | 1
> <
s > .
\o—t 9/ -1 “_.,’.‘ b .
™~ g 05;10 Excluded region
“ 107! <
: 1072
. .
—— [ceCube 90% CL E ——— MINOS data 90% C.L.  —==seeeeco., ovee -
| 90% CLsensitivity [ 10fe, ™~ 1 [ == MINOS data 95% C.L. C”'\"/ﬂ:
| (68%and 95%) | | 10° i;p:s-l;o 9:9; i.l.. f
Ropp ot .. (2013) : CCFR 90% C.L.
Y | Collin et al. (2016) | B SciBooNE + MiniBooNE 90% C.L.
10— ) - I_‘l Ea— 0 10.4 Lo sl RN | L1 11
10 10 10 10-3 10-2 10-1 1

sin’ 20,, Sin2(924)
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SOME LATEST RESULTS

PRL 117, 151802 (2016)
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WHAT'S NEXT ? @ accelerator experiments

» Short Baseline Program (SBND) at the Booster Beam at Fermilab

» 3 LAr detector on the same beam line at 3 different distances: definitive test of the
LSND anomaly

» Complementary measurements on SBL muon disappearance

A Proposal for a Three Detector . : - B 4 E ‘ Active | 102 :
Short-Baseline Neutrino Oscillation Program veter : oe 2 - a ' Pl
in the Fermilab Booster Neutrino Beam - 1 ; TE00, 6.60+20 POT (600m)
Submitted FNAL PAC January 2015 N "-u! MicroBooNE, 1.32e+21 POT (470m)
i e L L SEND, 6.68+20 POT (100m)
= - v mode, CC Events
- Reconstructed Energy
— | — B80% Ve Eﬂhhm
“"}' i Stat., X-Sec., Flux, Cosmics, Dirt
© v, Only Fit
~ 1
ol = —90% CL
& C —3aCL
< C ---5a CL
- 50
10" mmLsnDsocL
i _ | C [ LSND 99% CL
‘lb L. CTR = - { : LSIDMFI
| ) S - - | - & Glohal Bun(mxv1maﬂn)
AEERED | . .L‘? | %5 Gilobal Fit 90% CL (arXiv:1303.3011)
. A— » Gilobal Best Fit (arXiv:1308.5280)
| ‘ AW : - === Giobal Fit 90% CL (arXiv:1308 5288)
Far Detector e . ,'L Near Detector 10—2 ” 11 11 Illll-3 |1 11 lllll-2 | l]llll-1 11 1 11l

sin“2 6,

SBN proposal arxiv:1503.01520
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WHAT'S NEXT ? @ reactor experiments

» Very short baseline reactor experiment (5 and 20 m)

» detection based on energy spectrum distortion as a function of the distance

» extended and (highly) segmented detector to measure relative distortion among cells
of the same detector

» independent from reactor flux estimations

» challenging experiment for bkg control (y, n, y) because on surface

° 1 1w 1w 10 100 L(m)

51
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SHORT BASELINE REACTOR EXPERIMENT

from N.Bowden (Neutrino 2016)

Experiment Reactor Overburden Detection Segmentation Optical Particle ID
Power/Fuel (mwe) Material Readout Capability

DANSS -~ — & 3000 MW ~50 Inhomogeneous | 2D, ~5mm WLS fibers. Topology only
(Russia) H ~~ LEU fuel PS & Gd sheets
NEOS : 2800 MW ~20 Homogeneous none Direct double | recoil PSD only
(South Korea) LEU fuel Gd-doped LS ended PMT
nulat 40 MW few Homogeneous Quasi-3D, 5cm, | Direct PMT Topology, recoil
(USA) 23U fuel ®Li doped PS 3-axis Opt. Latt & capture PSD
Neutrino4 ! E 100 MW ~10 Homogeneous 2D, ~10cm Direct single | Topology only
(Russia) :* ) L;: 23U fuel Gd-doped LS ended PMT
PROSPECT 85 MW few Homogeneous 2D, 15cm Direct double | Topology, recoil
(USA) 23U fuel 6Li-doped LS ended PMT & capture PSD
Solid ,. 72 MW ~10 Inhomogeneous | Quasi-3D, 5cm | WLS fibers topology,
(UK Fr Bel US) 230 fuel ®LiznS & PS multiplex capture PSD
Chandler 72 MW ~10 Inhomogeneous | Quasi-3D, 5cm, | Direct PMT/ topology,
(USA) 23U fuel ®LiznS & PS 2-axis Opt. Latt | WLS Scint. capture PSD
Stereo 57 MW ~15 Homogeneous 1D, 25cm Direct single recoil PSD
(France) 23U fuel Gd-doped LS ended PMT
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CONCLUSIONS

» breakthrough in neutrino physics with the oscillation discovery

» Impressive knowledge acquired in the last 20 years of the oscillation
mechanism and the parameter measurement

» New generation of experiments will continue to improve our understanding

» Several anomalies have been reported to the standard 3-neutrino mixing

» Definitive measurements expected in the close future
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THANKS!



