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 The disappearance v, /v, experiments
— the reactor experiment

, , e , + constrains from solar data
— the radioactive artificial source experiment

* The disappearance v /v, experiments
— the accelerator experiment (MINOS/MINOS+) + constrains from atmospheric data

- LSND and the latest results from MiniBoone
 Global analysis

* Future prospective




THE 3 flavor STANDARD SCENARIO

The Standard Model of neutrino oscillations solved the solar anomalies

Pontecorvo- Maki —-Nakagawa —Sakata matrix
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THE 3 flavor OSCILLATIONS
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If L/E >10 km/MeV

If L/E = 1-2 km/MeV

* SOLAR DATA onv, Am?,,

Each experiment is sensitive to a L/E region

* ATMOSPHERIC DATAonv, Am?;,

* REACTOR and ACCELERATOR experiments for the matrix elements (mixing angles): 0,




THE ANOMALIES

| the anomalies at short baseline:
» GalleX, SAGE 1.9m -0.6m
Deficit
» Reactors 10-100 m bl
» LSND 30 m
Am2, =5x107 ; sin %26,,) = 0.8 U » MiniBoone 540 m Appearance
0.2 — 2 -3 2
Amy=2x107 ; sin (26,4) = 0.1 . .
- cannot be explained by the same matrix
0 ol Ll : L
10" 1 10 L/E (km/MeV) ‘
3 flavor standard oscillations does not
occur at short baseline! %ﬁ:: :
The new hypothesis: other oscillations?...other neutrinos? o x
* This time the neutrino must be sterile (not week interaction) 3 ’E;ﬁ%m@%’ﬁ“‘ \.
* The PNMS matrix is not unitary !? ___4_/‘?“"?" = 29840 = 0.0082

Eermn (GeV)




THE NEW HYPOTHESIS

° ° ‘l
Which experimental tests? The new matrix 3+n x 3+n (Ug U, Ug IE.; l
U= Un Up U Lg'#-i f

The Short Base Line approximation Un Un Us Ux
lu,_Usl U_'il UJJ U.ﬂ)

no oscillations due to the standard 3 flavor
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The Long Base Line approximation

the effect of the sterile neutrino can be seen as a global flux reduction

5 2 5 5 2
pLBL3+2 _ [ _ 12 ool 12 12 cos(24 _AmgL
Va—¥a Z |Uﬂt| + 2 |U.|:[1| + Z |U&;| |Uﬂ3| CDS{ {Iﬁ.;]} t;fjij =
i=3

i=3 =3 AE




v, DISAPPEARANCE: the radioactive source experiments

. o o 3

Radioactive source %1Cr 37Ar ‘Cr Ar 1991-1997

) EkeV]| 747 752 427 432 [ 811 813

in GALLEX and SAGE detectors BR. | 08163 00849 0.0895 00093 0902 0.098
3/ 500keV [=1.9m 0.6 m
5/ 1T5keV The cross section changed during the

T1 71 —
e v. + ' "Ga— ""Ge+te years!
' e
3o } 32 keV
g ' From Bahlcall cross section

os(*'Cr) = 58.1 x 10~* cm?

The ratio between observed and expected events 7, _ (. 15~

The values depend on the cross section
to larger cross section
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RpF 0-93-0 11 0. 7q+n :ll 0. g?‘-n 12 0. 77+n 07 0. 84:1 05 £ i

o+0.13 0. 1.13 0.1 0.0
Rae 083700 om0 0ot omsTl e (F1CE) — 55.3 x 106 c?

0gs(3TAr) = 66.2 x 1076 cm?

with




v, DISAPPEARANCE: the radioactive source experiments

The final results

—0.94£0.11 4(Cr) = 0.93 £0.12
GALLEX. { Ri(Cr) =094 %0 SAGE: { R3(Cr) =0.93 £ 0
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Fitting the 4 values with the same flux: 95% CL
[T 10+ ligl

rmin = 0.8470051,  Ax?_, =8.72 (2.950)




v, DISAPPEARANCE: the reactor experiments

Many experiments observing v, from reactor at short ~ Fission reactors release about 100 v, GW s
distance: E = few MeV and L <100 m from beta decay of fission product 23°U, 23°Pu,
| 241py and #8U

Reactor code for flux estimation . . . .
The emitted antineutrino spectra is

First generation: Bugey and others Siot(Ey) kaSa(Eu}
observed a ratio smaller than 1 summed on the fuel composition

(different for each experiment!)
A typical WWER-1000

Latest results: RENO, DANSS, NEOS, Daya Bay

Independent on the flux /N:uon veto ,n\ reactor building
] plates
Near/Far detector comparison! D
. . . Reservoirs with
New codes for fluxes for distinguish A | rechnclogical liquies
. . N
the ISOtOpe Ps‘;'ifé“eld s A c%rf-izof th::;eactor:_
New analysis fixed and free flux pastic pe o 3aEmh s m
New results in the future | = it = it goar —
PROSPECT- STEREO \ﬁiﬁ&&% \




V. DISAPPEARANCE:

the reactor experiments

First generation results...
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10!} 5
NO visible : B
dependence on L . --II
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» | e
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The neutrino flux uncertainties is not included in the bars

|bﬁer-1|2

ﬂ‘mil ﬂmgl thy 015 sznin (GOF) *&X?iﬂ (CL) ﬁxﬁmc (CL)

SBLR
SBLR+gal

046 087 0.2 0.13 53.0/(76-4) (95%
046 087 0.2 0.14 60.2/(80-4) (90%)

5.3 (93%)  14.3 (99.3%)
3.8 (85%)  17.8 (99.9%




v, DISAPPEARANCE: the reactor experiments

Second generation experiments: results independent on the neutrino flux

DANSS movable detector NEOS normalized to Daya-Bay flux
atL=10.7mand L=12.7m 0 I .

i

| global reactor best fit
DANSS best fit — — —
DAMNSS data —e— 0.9 I 1 L L 1

0.55 1 1 1 ! 1 1 2 3 4 5 6 7 B 9

[ T SR IR Prompt Energy [Me
Prompt Energy [MeV] P gy [MeV]

1.05

=1

=J

o
I

0.95

©
&

Ratio Down/Up
o
=)
Data/Prediction

global reactor best fit

NEOS+DB best fit — — —

NIIEGS data +—+—
1

o
o
I

Am3, = 1.78 eV?, sin® 614 = 0.013

&mil = 1.32 ¢V?, sin? 614 = 0.012 for DANSS

No oscillation hypothesis discarded at 3.3 o in the free flux analysis (free normalization of the 4 main comp.)
and at 3.5 o in the fixed flux analysis




v, DISAPPEARANCE: the reactor experiments

Second era experiments: flux composition study 2016-2017

RENO Daya Bay Double CHOOZ:
observed a bump at 5 MeV

3 Underground :
Experimental Halls

It is not due to sterile neutrino | e ' SRS :
It is a flux feature suggesting that the flux is not completely By | P ko

aya

underStOOd ! “ - ‘_ : 3.\‘; AL 7 . 363m from Daya Bay |
Y mmn- - 98'm overburden

Daya-Bay:
by using the time evolution of the observed measurements of the individual neutrino
reactor anti-neutrino spectra and the known fluxes from the two most important fissible
evolution of the reactor fuel composition isotopes 23°U and 23°Pu

* The anomaly stems mainly from 23U and not for 23°Pu
e the hypothesis no-oscillation and free neutrino flux normalization is preferred at 2.7 o versus the flux
prediction and sterile neutrino hypothesis
- small tension with the global reactor data!




v, DISAPPEARANCE: all reactor experiments

10
>
L
T
-
<]
10~

. 95%(2d0f) <l
(--

NEOS #+

Daya Bu?—;—fl;

All

ree
‘All fixed

+ Reactor Old free | Old fixed

T Y T—
JE 8 -

- -l.‘f':a:

fr———

Old and new reactor anomaly quite in agreement

Tension between DANS - NEOS and Daya Bay
data

The conclusion does not depend on the flux

The sterile neutrino hypothesis became less strong but it is not excluded!




v, DISAPPEARANCE: other constrains

Solar neutrinos:
* v, survival probability constrainon U, (6,, and 6;,)

* Neutral Current data sensible to v, = v, oscillation

03} Am a=10 V2 0.3
both the sterile neutrino and 05t 025}
the 6,; oscillation results in a global &
. o 02r2 = 027
flux reduction S &
s uJ51§ o 0.15}
Am3;  Am3; fixed 7ol ' 7o

005

 95%
10-3

10-* 107!
Ues|?

complementarity between short baseline and Long BaseLine
0,; is not dependent on the sterile oscillation and can be fixed!




v, DISAPPEARANCE: the GLOBAL ANALYSIS

Gallex + Reactor + Solar
)
Analysis Am3, [eV?] |UZ Xain/dof  Ax?(no-osc) significance  — [
DANSS+NEOS 1.3 0.00964 74.4/(84 —2) 13.6 3.30 s :
all reactor (flux-free) 1.3 0.00887 185.8/(233 —5) 11.5 290 N | .
all reactor (Aux-fixed) 1.3 0.00964 196.0/(233—3)  15.5 3.50 £ : Cis
V. disap. (fux-free) 1.3 0.00901 542.9/(594—8)  13.4 3.20 < :
—] - ~ - l
v, disap. (flux-fixed) 1.3 0.0102 552.8/(594 — 6) 17.5 3.80 % ajjlu
: =1 :
I | — 51 \\SK+DC:
. . . —— w l : +1C
An hint for the sterile exists! e T BT




v, DISAPPEARANCE: introduction

o Am3, L
4F

o Am3, L

PIPLAL = 1 — 4|0 [*(1 = |Upa?) sin = 1 sin? 26, sin =2

Accelerator neutrino:

= MINOS and MINOS+ comparison between FAR and NEAR
in both the Charge Current U,;.-,al

Short and Long Base Line!

and  Neutral Current [7_,

- MiniBoone

Short base Line

Atmospheric neutrino:
— Super-Kamiokande

The sterile neutrino influence the normalization effect on P survival U4
but the e events and mu events have a correlated error... Long Base Line!

— lceCube
with matter effect: independent on Ups




Vu DISAPPEARANCE: MINOS and MINOS+ | INc;v;\'Faroam&}%g;@ml

=& “MINOS-Far Diteetor(Seudan, MN)—

\ =

Ratio between far and near spectrum

MINOS and MINOS+ 7 GeV

(energy higher than the maximal disappearance of

3 flavor)
* the sterile-driven oscillations are seen as an energy-dependent modification to Ao';’g}3;§§§eg:§e;;“;2;‘_°
the FD spectra g MO Chicago

* the oscillation have a wavelength comparable to or shorter than the energy resolution of

the detector so are seen as a deficit in the event rate, constant in energy

* oscillations occur in the ND along with rapid oscillations averaging in the FD 10'

21— 2 b a B
Near: 1 Km  Amiy ~ 1-100eV The oscillation pattern 2
Far: 735 km Am? ~1073-107" eV’ could be observed 5

o FD oscill
0OSCl

Two data sets: CC channel and NC channel e .

| U,ml |2




v, DISAPPEARANCE:

MINOS and MINOS+ data

10° Events / GeV

Ratio to 3-Flavor

Charge Current data set

and

Neutral Current data set

L] T I L L] L L] | T L3 L L] I T T L L] i L L] L Ll | T L3 L L] I T L] L L] I Ll T L] L3
10.56x10° POTMINOS {1 |} 4
[ 58010 POT MINOS+ | [ 4 MINOS & MINOS+ | —
6 - data 1 &
] — 3+1flavor fit 4 %
] | 2
Far Detector MNear Detector 1 @
CC selection i CC selection ], "m"
I 1 [ | )
J { F <
S TS 20 30 40 O 10 20 a0 40
" 1 | |
L 1.4
1l X
i ]
=
o
o
'
o
22
o]
i |
4 } B
P | MNP RN B S Y

30 40 0 10 20 30 40

10.56x10" POT MINOS
5.80:10°° POT MINOS+ ]

Far Detector
NC selection 7

10° Events / GeV

05 & MINOS+
- MIN
data

=== 3flavor prediction |
— 3+1-flavor fit

Near Detector J

NC selection

ABD [ SjusA3 Ol

Ratio to 3-Flavor

0.

Jt'-3‘-"';'31:I'E 0} U!iEH |

40 0

20
Reconstructed Energy (GeV)

No deviation from 3 flavors

20 a0

Reconstructed Energy (GeV)




v, DISAPPEARANCE: MINOS and MINOS+

Charge current

Am3, L
P(v, - v,) ~ 1 —sin’ 2925in2 ( TE} ) 10°

T g

o E 10.56x10°° POT MINOS 3

5.80x10” POT MINOS+ ]

— sin? 26, sin? 41 . 102 Vemode ~

. 4F S 3
constrain on 6,, - :
10 3

< F :

Neutral current > ik 4
Pye=1—=P (v, —vs) = ;

ﬂmi L QE 1{]_‘:? ?:

~ 1 — cos® 014 cos® 034 sin® 265, sin? ( 4&1 ) < o 3

Amz2, L 1072 5|

— sin? Bay sinZ 26-- sin? 31 ‘ 3

sin” fs4 sin” 2655 sin B ( :

1 . : ) . (Am3, L 10°F  —MiNOS & MINOS+ data 90% C.L. 3

+§ Sin 04 sin HMIH 203 sin ( 2F ) [ 90% C L. Sensitivity (1o and 20) .

10_4 il R TTI | L sl i
10~ 1073 1072 107" 1

constrainon 8, (/) sin%(6,,)




v, DISAPPEARANCE: MiniBoone data

L=541 m from aans —Hﬂliﬁunﬂigﬁ anfinewirino data 10% ¢
proton target (BNB) " . e bttt :
E=200-1600 MeV i 1500 [Ee— — T
1000 - — N—" B
- | E =
111 = P B 1L | <
° 1 (o) i R T ._-I-_ 1L - v. 80% o
Energy resolution 11% oF — : _EEEEE_EEHE 0% gt sensiiviy
1.5 = Amt=0.5eV?, EI‘I?[EE] =1.0 B best fit: (17.50, 0.16) with 32 of 12.72, y2(null) of 17.78
= aCL , CDHS
In neutrino and anti- e A 00V s 2105 [ ES0iGL excided, GO
: 13 [ ] 10' - : :
neutrino modes : -
o 12F ' ;
& 1.12— | l 11 i
The dominant systematics: 1B l 4 N | ‘ 10L
* CC-1m background contamination osf- | ! A T f
* the neutrino flux (production of asg 7: i
pions from p-Be interactions) o 02 04 08 08 1 12 14 16 18 - 4|
« CCQE cross section uncertainties reconstructed Ev(AE) (G=V) E MiniBooNE v, 90% C.L. sensitivity
~ — MiniBooNE v, 90% C.L. limit
The x2 between data and null hypothesis is 17.78 /16 (34% prob.) w0l .hge{foi:glec?fafd%éé?:x o sasacia eTio=e

consistent with no oscillation at 90% C.L. 102 100 3
sin?(26)




v, DISAPPEARANCE: IceCube

Active-sterile neutrino enhanced by MSW effect in matter:
resonance at TeV high energy atmospheric neutrino IceCube

MSW effect: v_ > v, oscillations in matter where the mass eigenstates are different

The resonance condition depends on the sign of Am?, density of the medium and

neutrino energy
1

0.9
0.8
For instance for solar neutrino 07 PP
> 06 + {e pep tg
T os
om” cos 20> o~ cos 205 2
= s — == 2 MeV. - 04 1-Lsin® 24,
zﬁGFN{] 15 > ID-]] f:v 03 ) )
0.2 Vacuum dominated sm’ i,
0.1 region Matter enhanced
0 i .., ,  region
102 10° 10*
Energy (keV)




v, DISAPPEARANCE:! global analyis

IceCube searches for a maximal oscillation at TeV energies 2017
5 ¢/em? Am? Am?2. sin® 260
Fres = 5.3 TeV x (%) (1 ;é) AEres ~ ;}qu = small resonance width
23 e -

If Am?,, >0 the resonance is expected in the antineutrino mode

The effect was not observed BUT how much is the sensitivity?

* |ceCube cannot distinguish on an event-by event basis the
neutrino/antineutrino
* Systematic uncertainties

Super-Kamiokande and DeepCore for v at GeV energies:

Constrains:
* onU,asglobal suppression of P,
* on U, zenith dependence of P




CONSTRAIN ON U;

Urs controls the weight of the o

oscillation between v, - v-and v, — v.
at the atmospheric scale

Pye=1-P(v, = vg)

Am?, L
~1—cos*fy sin2 265, sin? ( TE} )

Am3, L
- 2 -2 31 ¢
£ 28 ‘
(o 2y (S35 ) (
1 Am32, L
+§ sin doy sin Os4 €in 265,)sin 26055 sin (2_31)

* from solar neutrino matter effect SNO

* from MINOS+ NC

* from atmospheric neutrino from neutral
current

from atmospheric neutrino

U,4> < 0.13(0.17) at 90% (99%) CL.




v, DISAPPEARANCE:! global analyis

99% CL
. 2 dof
101
=) (=) (=) ]
—_ Vel Vp— Ve
?;, i Fixed Fluxes)]
=B R
— 10°¢
MINOS T st
< MINOS-{ R
-1
- (=) .
10 - v,—disap DC+SK
- combined LIC
1072 107!
|Up4|2

No anomaly was observed!

From direct searches (MINOS an MiniBoone) and from indirect searches
a big space of parameters is excluded!




LSND

Liquid Scintillator Neutrino Detector searching for v, /v,

L=35m
E=30 MeV

800 MeV proton beam

water target
beamstop

Beam Excess

\ 4

Cerenkov

Neutron
capture on H

v.,p—e n cross section well known

17.5¢

1993-1998

~10%
5
® Beam Excess “‘% -
B pv,—v,en ot
p(ve')n 5 10
I 2 other .
1k
-1F
10 ¢
e -0 90% (L -L<23)
e A G o 3 : 99% (Lmax-L < 4_6)
e 3« b o o T 0 o0 | g 10-2 L | ~
0.8 1 1.2 1'4 bttt :3..774 LA L L LLLL -,2,, e iestdemiiaielofinls -_l SIS s
10 10 10 1
L/E, (meters/MeV) sin” 20
v
- o Am3 L . L, Am2 L
JF:E}?’L*J:} = ri|.'[f1m1.‘[f£,4|2 sin? —21— — gin? EH“E sin? ——ai=

4FE

T 4




MiniBoone

MiniBoone: L=541 m E=0.5 GeV from Booster Neutrino Beam at Fermilab

.........
...............
----------------
................

e o -

Decay region e
(antineutrino mode) 1T __50my g Dirt ~500m

Detector:
12 m diameter sphere filled with 818 tons of pure mineral oil (CH2) and 1520 8-inch PMTs)
directed Cherenkov light and isotropic scintillation light

PRD 82, 092005 (2010

. CCnxn'

15 years of data acquisition QE 081802 2009)
PRD 81, | PRD 83,
. 99200? 052007 (2011)
Beam stability at 2% CCQE events o
032301 (2008) N, CC
”C C«?‘/. (?‘0
Energy range 200 MeV< Ev < 1250 MeV o
o 78,




MiniBoone

Particle identification Background from:

thanks to the Cherenkov light * v, from K+
* v,from muon decay in 50 m

Muon, / / / , * External event background
vndup €6 * NCnreconstructed as v,
11
' * NC->Ay
Electro o i i
'y, Wrong sign neutrino
VeNDep

Example U, appearance signal and background

Multi-ring (e.g. n*-»
gf"( !."g// ™ - Charged-current fo NSRRI o b, NCEvent v, |. Neutral-current
M events typically \/ events typically
P ‘ signal events background events
AN LTS ’ W ’
n n <v\”/ - Can use out-going - no way to tag the
' lepton to tag A n, neutrino flavor
neutrino flavor n P P p
“appearance” signal “appearance” background

No identification between electron and photon




MiniBoone

MC studies Data selection:

Muon subtraction

win® st

m,, distribution Energy distributionof v, i} ; |
E | | i g qu’ T T I ! __ L
800 f— — w | v, CCQE . [
] +dat ] b
B— — predictio |
aon|— N E =0.15 =01 =008 @ 005 01 015 02 :‘iﬁ,ﬂ-&: C15 =01 =005 0 085 01 I.ii. B2 Q. I'.
] s . Pion subtraction m,,, subtraction
l - 1 P ] i
1 o= & it (d)
IR D — 1 4
u: """"" | fﬁ\W"M """‘””"‘"ﬁ-‘\#ﬂf: 1;E_“"';L"""'“"""‘“"“”’-"""";""-'*“'“‘ﬁ*i*i+'+'+;ﬂ+4f{*'|~'+}ﬁf{{{i}'+ﬁi'% of
i 00 50 rocs FI] mms[lla\l";]m Oy 0.5 3 5 z is E,“[Gw]: sof

B 0 e a0 nos 01 045 02 025 03 4355 07065 0 005 01 045 02 025 03
IniL i) InfL L.}




MiniBoone

Latest results:

both in neutrino and antineutrino mode

= Fr T r r rr ] rrrJrrrq1rr | LI |
g_ 'Datﬂ{ﬁtﬂlﬂ“} = o | rrr|rrr | rr &t rrrrrr [t 111
% 5_—{— [ v, from " Eﬁ 18 . 20
t | O v, from K &8 C —e— v 12.84x107 POT
E i = v, from K" o 16 20
A= I =° misid o 14: —m— ¥ 11.27107 POT
[ — R F
I dirt 8 1o
[ other @ 4F
3 + ——— Constr. Syst. Error -

IIlII]IIIlIIIllIIIIlIIIlIIu

IIII III|III|III.|IIIIIIIIIIIlIIIlIIIlIIIII

5
|
14 3.0 : ! - : : : 3.0
Eo" (GeV) E% (GeV)
POT Excess significance
Neutrino 12.84 x 10 381.2 + 85.2 4.8 _
Antineutrino  1127x10°° 793 4 986 4.5 excess of v, /v, is observed!
Combined 6.1




LNSD and MiniBoone

Comparison with LNSD

the two experiments have different neutrino energies, neutrino fluxes, reconstruction algorithm, backgrounds
and systematic uncertainties.
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The significance of the combined LSND (3.8c) and MiniBooNE
(4.8 0) excesses is 6.1 0




new global fit

° ] 02 I|I | LR I rrr il 2 = T LLL I rrrrrm I rrrrr
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Best fit: 102 """'4 - """'_2 » 1072 """'4 L """'{ 1
The big value for sin?(20) 10 10 10 sin?20 10 10 10 sir?20
suggest that 3+1 is not the - (Am?,sin? 20) = (0.037 eVZ,0.958) (Am?,sin® 20) = (0.041 eV?,0.958)
right scenario x%/ndf = 10.0/6.6 (prob = 15.4%) x?/ndf = 19.5/15.4 (prob = 20.1%)




OPERA

OPERA experiment is based on nuclear emulsion detector

Long baseline experiment
forv, 2v,

E= 20 GeV from CNGS beam
L=730 km

Sensitivity for Am2>0.01 eV?

For sterile neutrino analysis:

v, from CC

The statistic is low but
observed

was
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COMBINIG ALL TOGETHER

10!

Amj, [eV?]
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z —68% CL :
w« [ —90% CL
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95%, 99% CL i
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All o1, OPERA
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Both probe to the same range of Am?_,, but at different mixing angle

_ 1
LSND and MiniBoonesszB



COMBINIG ALL TOGETHER
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The sterile neutrino cannot
explain all channels together!?
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no anomaly is found in any disappearance data set




THE GLOBAL ANALYSIS

__Combining alltogether... 99.73% CL
Analysis Am2, [eV?] U] |U ] 2, fdof GOF yi. PG 2 dof
appearance (DaR) 0.573 YU PU P =697 x 1073 80.8/67 3.3% ]
appearance (DiF) 0.559  A|Ua|Uu|* =631 = 107%  79.1/—
', disapp 2x 1073 0.12 C0.039 D 1468.9/497  81% —
Reactor fluxes fixed at predicted value + quoted uncertainties %
¥, disapp 1.3 0.1 — 552.8/588  85% o
Global (DiF) 6.03 0.2 0.1 1127/ — 25.7 2.6 x 1078 E J’tPP'HﬂIﬂ“FE 1
Global (DaR) 599  0.21 0.12 1141/1159  64% 28.9 5.3 x 107 (=i ]
Reactor fluxes floating freely ':::‘n
Ve disapp 1.3 0.095 542.9/586  90% T
Global (DiF) 6.1 0.20 1121/— 29.6 3.7 x 10~7 'D'EF“FPFSLIE“‘:E
Global (DaR) 6.0 0.22 1134/1157 68% 321 1.1 x 1077 10-! T Fined Fhunes

1074 1073 10~ 107!

There is a strong tension

$in? 26,

The tension does not depend on:
DaR or DIF events for LNSD
Free or fixed flux for reactor experiments

sterile neutrino models fail to simultaneously account for all channels and data set!...This is robust!




THE GLOBAL ANALYSIS: conclusions

Is there any chance to reconcile? l
e Each of these anomalies can be individually i Xoin globel_Xovinapp Xapp Xonindisapp Mdisapp Xb/dof PG
. . . (lobal 1120.9 79.1 11.9 1012.2 17.7 26/2 3.71x 10-7
explained by sterile neutrinos Removing asomalons dats sts
w/o LSND 10(mM9.2 6.8 128 1012.2 0.1 129/2 1.6 x 10~
w/o MiniBooNE 10122 40.7 5.3 047.2 16.1 24.4/2 52 x 10~
» sterile neutrinos still succeed in simultaneously  w/o reactors 9251 791 122 8338 81 203/2 38x107°
.. . w/o gallinm 1116.0 79.1 13.8 1003.1 0.1 33.9/2 44x10°"
explaining groups of anomalies Removing constraints
- - H w/o IeeCube 0208 79.1 11.9 #2124 17.5 204/2 42 x 107
Sharmg the same oscillation channel w/o MINOS(+) 1052.1 791 156 9486 894  245/2 47 x107°
w/o MB disapp 10549  79.1 147  947.2 139  28.7/2 6.0 x 107
. . . w/o CDHS 1104.8 79.1 11.9 097.5 16.3 282/2 ThHx 107
* The sterile neutrino for the v, channel is not Removing classes of data
com pIeter excluded V. dis vs app 628.6 791 0.8 542.9 5.8 6.6/2 3.6 x 1072
v, dis vs app 5647 791 120 4689 47 167/2 23x107%
V', dis + solar vs app ~ 884.4 791 139 7817 9.7  23.6/2 T4x1075

* The sterile neutrino as explanation for the
appearance is excluded at 4.7 o level

or it is background or it is new physics!!




MORE STERILE NEUTRINOS?

T T I T T L I T L T [ L T T I T T L) | i L T | L) T T I 1

= u -]

. . . o 1.8 — —

> With 1 sterile neutrino E L e v, 12.84x10° POT ]
P = AU SFIUul sin® ¢y, - —a— ,: 11.27x10° POT 1

for large energy P’ drops as 1/E? .?; 1.22— —i
1= —

0.8 =

The MiniBoone excess is sharper! (1/E?) 06 =
0.4 X

» with 2 sterile neutrino a better description of o2k 3
the MiniBoone low energy data can be achieved UE -
. . _u-z :_ 1 L I 1 L 'l I L 'l 1 |. 'l 1 L I 1 L 1 J L 'l 1 |. L 1 I _.:

BUT the same APP/DIS tension is not solved!! 02 04 06 08 1 12 14 3.0

quadratic suppression of the V, > V., oscillation amplitudes by constraints on the elements Uei and Upi (i = 4)
from disappearance data remains equally true in scenarios with more than one eV-scale mass states.

3+ N do no present substantial advantages over the 3+1 model




DO NOT FORGET THE COSMOLOGY

Limits:
on number of neutrino species

* If thermalized in the early Universe they contribute Neff (the number of relativistic degrees
of freedom)
* There might be some hints for additional species coming mainly from CMB data.
Depending on which additional cosmological data are used, Neff values ranging from
330502 to  3.6200730 (95% CL)
* Constraints from Big Bang Nucleosynthesis on Neff.

on neutrino mass

* The sterile neutrino might give a large contribution to the sum of neutrino masses,
which is constrained to be below around 0.5 eV.
* From galaxy clustering and structure formation and from Cosmic Microwave Background
disfavor >0.3 eV!

e However how far one would need to deviate from the ACDM model in order to

accommodate the sterile neutrino at eV scale remains under discussion




THE SHORT BASE LINE PROGRAM AT Fermilab

Short Baseline Near detector
(SBND)
SBND is a 112 ton active volume
liquid argon time projection

— chamber(LArTPC).

MiniBooNE ':'“"°:§°")E v : The detector is currently in the
ratin : . . .
ol ’ design phase and shortly it will be
ready to run.

Short Baseline Far detector Intermediate detector

Icarus MicroBoone 170 ton LAr a0 6.66520 POT fo0m) M+
760 ton LAr investigate the low energy excess events, oS oo 71 e 2

600, 65420 POT (600m) W, measure a suite of low energy neutrino

Signal: { An® =043 eV %, sin? 26, =0.013) EEK -,
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THE SHORT BASE LINE PROGRAM AT Fermilab

1025 1025 vmode, CC Events T el
- T600, 6.6e+20 POT (600m) " Stat, Flux, Cross Section Uncerts. R -
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P ———— 0CL
10—1 - SoCL
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E  EZILSND
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o Global Best Fit (arXiv:1308.5288)
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For clarifying both the appearance and the disappearance channels!



OTHER EXPERIMENTS

SOLID and CHANDLER experiments

New detectors new segmented detector:
Fzns s°i'l“""'°' e optically isolated cubes readout by fibers
/ /scm for more energy resolution and better background rejection
PVT R ' +
Scintillator v /
el som~, .,/ Sem and reactor (BR2) with a compact core (~50 cm)

|

Reflective wrapping

New sources
IsoDAR
Cyclotron proton beam to continuously produce 8Li
which decay beta producing v,

nuSTORM
for producing a well characterized beam of
v, andVv, (or v, andv,)

It is very difficult to produce a kCi artificial source Our SOX would have been important!




CONCLUSIONS

v, disappearance experimental data suggest Am3, =~ 1.3 eV? and |U.| & 0.1

v, disappearance experimental results are strong in tension with the
: here the sterile neutrino hypothesis can be discarded

If all these results are confirmed: new physics is necessary

BUT new experimental results are necessary and ...

30 level

4.5 o level




...THE STORY CONTINUES!




