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Why neutrinos are so interesting?

Neutrinos play a key role in several physics sectors:

» Particle physics: neutrino oscillations are the only (up to
now) experimental hint pointing towards physics beyond the
Standard Model (SM)

First steps beyond EWV scale, new particles? ...

» Cosmology:important role during the Big Bang, could they

explain the matter/antimatter asymmetry?
Leptogenesis, Large Scale Structure...

» Astrophysics: they are the most abundant particles in the
Universe, and they rule the life and death of the stars.They
can be carriers of information from very far away!

Neutrino astronomy, direct test of stellar evolution...

Unexpected particle still surprising us
A bottom-up story! From phenomenology to theory
Starting from the neutrino particle itself...




The “desperate remedy”

The neutrino was postulated by Wolfgang Pauli in 1930 as a
“desperate remedy”’ to explain the continuous [-ray spectrum
via a 3-body decay, rather than the expected 2-body decay

2-body decay Al
—> monochromatic ! BUT
electrons! 2t  experi
51 continuous'spectrum! |
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Visible decay products:

n—>p+e-

Beta-particle
energy

Violation of energy conservation (Bohr!) !?
NO!
Pauli postulates the right reaction:

n2>ptet+v,
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Neutrino properties

The neutrino from the [3-decay:

* must be very light, possibly massless:
(sometimes, the electron takes all the energy in the decay)

* must be electrically neutral:
(charge conservation in beta decay)

* is produced along with an electron:
(they can’t be made on their own...)

* must interact very rarely:
(it always escapes the detector without being seen)

1933 Fermi: theory of weak

interactions (point-like)
—— R —> neutrino created together
with the charged lepton

Tempo

Fermi’s theory still stands! (Parity violation added in the 50’)

\

Properties
> still valid!
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LA RICERCA SCIENTIFICA

ED IL PROGRESSO TECNICO NELL' ECONOMIA NAZIONALE

Tentativo di una teoria dell’ emissione
dei raggi “beta”

Nets dol prof. ENRICO FERMI

l__hnupto: Teoriz della emissione dei raggi P delie sostanze radioattive, fondata sul-

Fipotesi che gli electroni emessi dai nucle: non esistano prima della disintegrazione

ma vengano formati, insieme ad un neatring, in modo analogo alla formazione di

un quanto di luce che accompagna un salto quantico di un atomo. Confronto della
teoria con Yesperienza



Neutrino history

“l have done a terrible thing today by proposing a particle that cannot be detected;
it is something that no theorist should ever do.” (Pauli)

After the calculation of v interaction length ~ some light years of lead!
“[...] one obviously would never be able to see a neutrino” (Bethe & Peierls, 1934)

» Luckily they were wrong... we can observe neutrinos e.g.
via the inverse [3-decay (Fermi theory): same reaction as the
production one, but “reversed” (Pontecorvo, 1955)

— +
V.+ p2nte

» Cowan & Reines (1956): (anti) neutrino observation!



Neutrinos in the Standard Model

* Only weak interactions: that’s why they are so “elusive”
—> to detect them we need a very large and massive detector

and a powerful source of neutrinos!

* Neutrinos are produced in weak interactions together
with their charged lepton:

Ve Yu b - 4= 0 A DELPHI
e [ T — qg=—1 "4

From LEP: N, =2.984 + 0.008
only 3 “light” neutrinos (m, < M,/2) 20¢
couple with the Z 5]

—> 3 v flavors, i.e. 3 lepton families

Before direct detection of v_.! (DONUT, 2000) 5—
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Two Basic Interactions

Charged Current Neutral Current

Most interactions are limited to two basic type of interactions:
A charge W= is exchanged: Charged Current Exchange
A neutral Z° is exchanged: Neutral Current Exchange

All neutrino reactions involve some version of these two exchanges.



Neutrinos in the SM

Experimentally: weak interactions are not mirror-symmetric (P maximally violated)
(Wu, 1957):

* In the SM, neutrinos are created in chiral interactions (maximal parity violating in V-A
chiral structure)

* The weak gauge bosons W+ act on left-handed doublets (CC interactions)
v is left-handed (LH) (1957-58, Helicity of neutrinos = -1) proton
anti-v is right-handed (RH) L

In the SM, only LH fields couple with W and Z bosons >>>\
SU(2), x U(I) theory

wdd B-decay

neuron

RH fields are idle
= RH neutrinos cannot be created in weak interactions (as LH anti-neutrinos)
— So v do not participate in the Higgs mechanism:

in the SM neutrinos are massless!

The two component explanation (Lee &Yang,’50s) was so convincing that created a prejudice...

Drell:“[...] The success of the Standard Model was too dear to give up.”
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Such interactions are chiral ( = not mirror-symmetric):

Neutrinos are created in

a left-handed (LH) state v

Anti-nus are created in —_—

a right-handed (RH) state v

Neutrinos couldn't see themselves in a mirror... like vampires!



For massless neutrinos: handedness is a constant of motion

V.

V:

2 independent d.o.f.: massless ("Weyl”) 2-spinor

n
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But: massive v can develop the “"wrong” handedness at O(m/E)
(the Dirac equation mixes RH and LH states for m,,#0):

B vadiuin v

® O(m/E)
If these 4 d.o.f. are independent: massive ("Dirac™) 4-spinor
[ Distinction between neutrinos and antineutrinos, as for
electrically charged fermions. Can define a “lepton number”]

V.

V:
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But, for neutral fermions, 2 components might be identical !

® O(m/E) @

V.

V: ® O(m/E)

Massive ("Majorana™) 4-spinor with 2 independent d.o.f.

[No distinction between neutrinos and antineutrinos, up to a phase:
A *very* neutral particle: no electric charge, no leptonic number...]




Exercise 1. Define the electron neutrino as the neutral particle
emitted in B+ decay, and the electron antineutrino as the neutral

particle emitted in 3- decay. Reactions which have been observed:
Ve +tn—p+te Vet+tp—mn+e’
while the following reactions have not been observed:

Ve +N —p+e zfe—l—p—>'re,—|—e+

If neutrinos and antineutrinos are different (Dirac case), that's
easy to understand. Try to understand the same (non)observations
in the case of Majorana neutrinos.
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Summary of options for neutrino spinor field:

m=0, V= YR massless field
Weyl: or ¥ =y with 2 d.o.f.
mz0, Y =Yp+9Ys =9° massive field
Majorana: or 1/) — qj)L + wi - 1’/;3 with 2 d.o.f.
mz0, - massive field
Dirac: Y =Yr+YLF Yo with 4 d.o.f.
Conjugation operator: wc =C (T,b) = i’}’z?,b* . wantiparticle — C(wparticle)

Appendix: Majorana masses and "see-saw" mechanism to explain their smallness

Experiments: A unique experimental handle >



Neutrinoless double beta decay: (A,Z) > (A,Z+2)+2e

d(n) U(p) M‘ _\ [::-: fransition
wL'l. f'J (1"
A - e — N r“[;:'f'I —
N — T —
(")
L e [_1+]
w‘{ B 1_

d(n) u(p) Ge a5 e

Can occur only for Majorana neutrinos. Intuitive picture:

1) A RH antineutrino is emitted at point "A" together with an electron
2) If it is massive, at O(m/E) it develops a LH component (not possible if Weyl)

3) If neutrino=antineutrino, this component is a LH neutrino (not possible if Dirac)
4) The LH (Majorana) neutrino is absorbed at "B" where a 2nd electron is emitted

[EW part is "simple”. Nuclear physics part is rather complicated and uncertain.]
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The “neutrino puzzle™: beginning

... but some experimental facts came unexpected:
the “solar neutrino problem”

Studying the “solar neutrinos” produced in the nuclear fusion in the Sun,
predicted by the Standard Solar Model (SSM, Bahcall):

The Homestake Chlorine
experiment SICl+ v, > 3"Ar + e

(Ray Davis, 600 ton chlorine tank)

(1968, Davis and Bahcall experiment)

Measured flux was only one third the predicted value !

R = Data/SSM =0.33 £ 0.01

Neutrino deficit!




The “neutrino puzzle”

Deficit confirmed by other experiments, with different techniques:

Radiochemical experiments: Gallex/GNO and SAGE 71Gg + V, —> 1Ge + e
R = Data/SSM = 0.56 *+ 0.05

Water Cherenkov: Kamiokande
R = Data/SSM =0.46 +0.13

“solar neutrino problem”: three possible explanations:

v Solar neutrino flux is wrong? NO! Helioseismology independently confirmed the SSM
v" Experimental errors? NO! All the following experiments confirmed the deficit

v" Something happens to neutrinos along their travel... YES!

Already in 1969: neutrino flavor oscillation proposed by Pontecorvo & Gribov!
But very few physicists took the idea seriously at that time...



Neutrino anomaly complicate the “neutrino puzzle”

In the ‘70s, GUT theories predicted the proton decay with measurable livetime
> 7,=103°"2years

Proton could decay in (for instance) p>e*nv,

Underground Detectors: 103 m3, and mass 1kt (=103' p)

Main background : Atmospheric neutrinos interacting inside the experlment
Water Cherenkov Experiments (IMB, Kamiokande) ‘ 3

Tracking calorimeters (NUSEX, Fréjus, KGF)

Result: NO p decay ! But some anomalies on the
neutrino measurement! IMB

Kamiokande

(Japan)
1000ton !



The recipes for the evaluation of the
atmospheric neutrino flux

+ +
The g @
. Cosmic Rays —
Nowirino ¢ p.He.ctc. pe v,
S

fluzx

air molecules

We cannot measure the flux
of Incoming neutrincs.

We have to rely on Monte Cato... Experiments

identify the v flavor

through the lepton

produced in v—CC
interaction

The flux Monte Carlos:

s Flux of primary cosmics
from atmospheric expts

s Secondary production from accelerator expts

» (Gecmagnetic effects are included

s “1-dimensional® model
o Nuclear effectas are not mduded

s Datector position is assumed to be sea level




Mim sciurces ?_Lf atmosEherlc neutrinos: “Atmospheric” e
m, K- >u +VM(VM)
+ —
e+ vy (V) + VH(V'“)
P, He, Fe ...

For energies E < 2 GeV most pions and
muons decay before reaching the Earth:

v, +V, N

V., +V,

At higher energies most muons reach
the Earth before decaying:

V. +V , L
increasing with E
LR D ( g )
V. + V,q
Experiment examine the ratio-of ratios Actually th
(the production systematics cancels) croally tney measure
(H-Iike )S ( tracks )
: ingle- Single
_ (Vu/Ve )oata 4P e\ elike tigevs:  SSHOWErS.Z orong evis
( V}J/Ve )MC (no 0sc.) I|‘||ke tracks )
e-like 7 mc showers J uc

Water Cherenkov Tracking Detectors



Atmospheric neutrino anomaly

Summary of results since the mid 1980's:

. <,U /e >Data Double ratio between the number of
R'= detected and expected v and v,
Lple v
1 1 1 1 1 1
1.4}
- | R’ = (iv/e)para /(12/€)mc
. No osc. |
R’ 1.0 !
f 0
¥
e + + Sub-GaV
0.4 R eLater oMﬁi-Gev
© N < K &
0.2F ’l?} \%g, QQ‘Q’@ ‘\\36’ (,)O\) %\}Q
1 1 1 1 1 1
Water Calorimeters

Cherenkov



First result on the ple ratio (1988)

Data | MC

prediction

e-like (~CCv,) | 93 88.5

plike (~CCv,) | 85 144.0

“We are unable to explain the data as the
result of systematic detector effects or

Kamiokande uncertainties in the atmospheric neutrino
luxes. Some as-yet-unaccounted-for physics
(3000ton Water Ch. ~1000ton fid. Vol.) J Is-yet-unaccounted-for phy:
such as neutrino oscillations might explain
the data.”

2.87 kton*year

Phys.Lett.B 205 (1988) 416.

Neutrino deficit in solar and atmospheric sectors:
where are the missing neutrinos!?




Neutrino oscillations

“Neutrinos have a multiple personality disorder” (Bahcall)

* The origin of the personality disorder is a quantum mechanical process called
neutrino oscillations

* The weak interaction state is a coherent superposition of three mass eigenstates
—> constructive interference between wave packets

* Typical quantum mechanical phenomenon: deal with a probability

r Neutrinos are created or annihilated as WLI. eigenstates

Ve> 9

V1>,

Vu> )
Vo>,

V1;> =Weak Interactions (WI) eigenstates

V3> =Mass (Hamiltonian) eigenstates

t Neutrinos propagate as a superposition of mass eigenstates

Vv mass # v weak
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Analogy with a two-slit interference experiment in vacuum:

PRZ)

~
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' &

JSJJ‘\ /
N VUV j CQL:_\%

This is the simplest case (only 2 neutrinos involved, no interactions
with matter). It shows that, if neutrinos are massive and mixed
(like quarks), then flavor is not a good quantum number during

propagation. Indeed, it changes (“oscillates”) significantly over
a distance L (=At) dictated by the uncertainty relation:

m? — ms?

1 ~ AEAt ~ 2
25




L = —leB”’“’ — lt-r(Wm,W””) — %ﬁ?‘(Gmx GH) (U(1), SU(2) and SU(3) gauge terms

4 8
+(v,er) a"iD, (:i’ ) + éro”iDyer + vrotiD,vr + (h.c.) (lepton dynamical term)
2 [ _ o
—£ (D, €)M e +egrM (:L )] (electron, muon, tauon mass term)
b I
21 _ _
—£ (—€r,7r) 0" M"vp + v MY T ( UiL )] (neutrino mass term)
v
+(uy,,dy)é"iD,, (;E ) + apotiD,up + drotiD,dg + (h.c.) (quark dynamical term)
2 [ - T
—£ (g, dr) oM g + dpMo (EL )w (down, strange, bottom mass term)
U L
2 - . _ —d
—£ (—dp,up) " M"ug + apM ot ( udL )] (up, charmed, top mass term)
v L
+(D, @)D" ¢ — mj [pd — v*/2]*/ 207, (Higgs dynamical and mass term)

where

/m.0 0 m,_ 0 0 m, 0 0 mg 0 0
Mﬂ:UfT(o my, 0 )U;;, M"zUET( 0 my, 0 )Uj;, M“:Uf*(o m, 0 )U;, _1fd=UfT(0 ms 0 )Ug
0 0 m, 0 0 m,_ 0 0 my 0 0 myg

ey =Ufer, epr=Uger, v;=Ulyy, Vh=U%vg, u;=Ulur, up=Upug, d,=Uld,, dp=UZdp,

et s et s vi_ s vi. oy ut s uf s df df g
ep,=U;'er,, er=Upep, vp=U;'v, vpr=Ug'vp, ur=U; u;, urg=Uxr'up, dr=U;'d;, dp=Upgdp



A guestion for you

Why, If neutrinos and quarks are so similar,
we do not study “quark oscillations™?



Exercise 2. Prove that a neutrino created with flavor a can develop a
different flavor B with a periodical oscillation probability in L/E:

Amfj L

. 2 . 9
P(vy — vg) = 4sin 0 cos® 0 sin (B. Pontecorvo)

4F
Amplitude / \ Phase difference

(vanishes for 8=0 or n/2) (vanishes for degenerate masses)

Note : This is the flavor “"appearance” probability.
The flavor "disappearance” probability is the complement to 1.

Exercise 3. The oscillation effect depends on the difference of (squared)
masses, not on the absolute masses. Why?

o 4 Ch h Am?L _ 1967 Am? L GeV
Exercise 4 . Show that: —=— = 1. eV? km B




Neutrino mixing

Weak eigenstates v,, v, v, are not mass eigenstates
- The weak state does not have a definite mass, otherwise there would be no oscillation

They are linear superpositions of mass eigenstates v{, V,Vv3 with masses m;, m,, m;

Vo) =iZUai\Vi> 12123 (et

U, : unitary mixing matrix (CKM-like)

‘Vi>:§\/ia‘va> Via :(Uai)*

Even if the idea was old (Pontecorvo, 1957; Maki, Nakagawa, Sakata, 1962 ), the prediction
came from proposal of neutrino oscillation to explain the experimental deficits



Neutrino oscillations: observation modes

Appearance Mode

R 2 |

"Appearance Experimenis”

: a0 Ve e
Detect vg (B # @) atdistance L from source

_._'___,__l__‘___‘__

Neutrino source: Vo

Appearance probability Pa,B

A "Disappearance Experiment” observes

fewer  y \/ H
e

than expected

tfﬂfi"ﬁs‘fu

Disappearance Mode

Neutrino source: v,

Measure v, flux at distance L from source

Disappearance probability ‘(IZM =1-— Zg;ﬂ

—mn pra
~ v beam
Near detector: Far detector :

oD
v source  measure Vv flux measure Jyq




Three neutrino mixing

The problem of “missing neutrinos” can be resolved if neutrinos have mass:
—> The interference pattern varies along the travelling path with different ratio of
the flavors at any particular point.

1 0 o) ¢, O s
=0 C, S, 0 1
0 =S CxA-$ @ 0

Atmospheric Reactor

0 Vs xdiag(ei*'2, ei@22 | |)

1) \V3/ (Majorana
phase)

The complex three neutrino mixture can be resolved in two sectors:
atmospheric and solar neutrino oscillations are nearly decoupled
(0,5 is small and two of the mass states are very close compared to the third

Phenomenon described by:
3 angles + | CP phase + 2 (signed) Am? (+ 2 Majorana phases)



Two flavor approximation:

P(v 2 v;) = f(6, Am? L/E))

Historical note:
Once the prejudice on massless
neutrinos was undermined, another
theoretical prejudice (due to analogy
with quark mixing):

—>small mixing angles!

(Experiments looking to large Am?2-small 6,
instead of small dm?2-large 0)

Mazs states

Firat

Second
) .
Va

‘Weak states
Firat Sacond

| ¥ cogl =nB 7V
mi 1 I:\,E} = (_'amﬁ }(vil
8! g * - Z
S by
Pura ‘i'u Fura ‘Uu Fura ‘Uu
V2
sl N A NS ) A A Fi Az
N o o o N,
vy
I -
a Tima,
Source
A" v W
I A A A

PV, —Vg) + PV, =V}

[=]
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Distanca, X =cf

.thnhinymmv i= atill v

1 u



1898 Discovery of neutrir oscillations
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Super-Kamiokade detector

50,000 ton water Cherenkov detector
(22,500 ton fiducial volume)

00000 o Lig = R
v p X AN

91
000600
O

1L — { = o
. —— 4 3 2 - 45
, 1A £ i e
: vt

& Hiueme e 11200 PMT(Innerdetector)

1900 PMT(Outer detector)

39m 1000m underground

1SEEN SERKE

BT B COGNEC RAY RESTARCH UNISERET™Y OF TOXYD



AtmMOeSpPhERC NeULneG eVents i SK

*Both CCv, and v, (+NC)

Y
FC (fully contained) — “Need particle identification to separate
veand v,
Ve N

— Outer detector
Single Cherenkov (no signal)
ring electron-like @ Single o \
event ‘ Cherenkov \
S | ring muon-

like event

Time(ns)
< 958
® 958 963

Color:

¢ 1003-1008
¢ 1008-1013
® 1013-1018
® 1018-1023
® 1023-1028

>1028

MUON
HEUTRINO

- ————Sesenls s TILON

500 1000 1500 2000 500 1000 1500 2000

Times (ns) Times (ns)



Zenith angle
dependence is
the smoking gun:
different path L

—> different
oscillation phase

Discovering Mass

The farther neulrinos tracel, the more time they haoee to osdllate. B
comparing the raio of Assvors of newtrinos coming "up” through the Esrth
to tho=se coming from owerhead, pheyesicists determn ined thak neurines
a=cillake , which neutrinags can anly da if they hase mass.

SUPER EAMICEANDE DETEF TR

Czcillating
heutHhos

Meulrinos conlinue on
the trajectoryand bagin
to osdllake s they

pa=sthrough the esrth

COENIG PRy

Thee cosmnic e hitsthe
earth's atnosphers,
making o spray of
secandary partices,
some of which decay
ihkd hEutHhos

A COET G Ry
= alby 5 proton)
N Space

Aneutring srikes another

alame ntary patticle inthe

datechor tank . The inkeraction
iz recorded and analyzed by
! scjentists to dentify both the
-t flwor of the neuring and its
fight path.

Eartht
atmosphare

Cne cycle aof an osdllating neutino
a= it passes through earth
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Super-K

@Neutrino98

Fully-Contained, 1-ring events

+ Partially-Contained events

SK concluded that the observed
zenith angle dependent deficit (and
the other supporting data) gave
evidence for neutrino oscillations.

Zenith ang(e dependence
(Multi-GeV)
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Super-K atmospheric neutrino data now.

Super-K-1+11+111 (2806 days (173kton = yr) for FC+PC, 3109 days for up-p)

>
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MAC RO At the Gran Sasso underground Lab, under 3600 m.w.e.

/?3%

\

 Large acceptance (—=10000 m-?sr for an isotropic
flux)

- Low downgoing m rate (—~10°of the surface rate )

e ~600 tons of liquid scintillator to measure T.O.F.
(time resolution ~500psec)

e ~20000 m?2 of streamer tubes (3cm cells) for
tracking (angular resolution < 1°)
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muon flux (10 13 em 25 1sr1)

MACRO: Zenith Angle Distributions

7 | | 100 T T T
»  MACRO data B |
6L oo .. 80 U £ g ID + UGS
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g” 5 S Am® - L
g + P, , =1-sin"20-sin"|1.27 ——
o 98 + I | u¥u Ev
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The 1998 revolution

' [
101 |
SOUDAN 2
(\; 10 MACRO ____-]
o -3 ‘-‘.,.....‘:.‘;j_-_-.:_.__
c 10
<
104 .
10 ' ' I |
0 0.2 0.4 0.6 0.8 1.0
sin® 20

v, 2 v, bestfit parameters

SOUDAN2 Am?2=5.2103eV?2 ; sin220 =1
MACRO Am?=2.3103eV2 : sin220 =1
SuperK  Am?=25103eV? ; sin?20 =1

NO OSCILLATION HYPOTHESIS RULED OUT BY ~50c



Why not v, 2 v!

Apollonio et al., CHOOZ Coll.,

SK Phys.Lett.B466,415
600 F—— T e o
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The CHOQOZ experiment excluded this area in the parameter plot
= v, 7 Vv, oscillations are not responsible of the atmospheric neutrino deficit



Long Baseline Accelerator Experiments

i) confirm atmospheric neutrino oscillation S
ii) precision measurements of oscillation parameters
S
K2K (KEK to Kamioka beam ) Baseline 250 km & 7
Near Detector and Far Detector (SuperK) <E,,>~1GeV
Ratio=measured/expected <1 = Am,.>=2.8 103 eV?

MINOS on NuMI beam from Fnal to Soudan Baseline 735 km

<E,>~3 GeV (L.E)
Near Detector (1kt), Far Detector (5.5kt)
Ratio=measured/expected<1 = Am232:2.41 103 eV?

v,, disappearance = 0,; Am,,*

Appearance experiments

CNGS beam from CERN to Gran Sasso Baseline 732 km
Opera, Icarus-T600 at LNGS <E,>~17 GeV

Appearance of v_in v, beam
T2K (Tokai To Kamioka) Baseline 295 km

<E,>~0.6 GeV
“Off axis” Super-beam, O(MW)
Vg appearance > Determine 013



How to make a conventional neutrino beam

Target

Absorber Muon Monitors

120 GeV
protons

> —
From # 5
Main Injector H o

Decay Pipe v \ | ,\

Protons

——

T t Hall
arget Ha » .
10 m 30m
Hadron Monitor/ m
TE;K TE,K;(U) vl'l' ,%Ve
: fﬁ" —_— T =
Do Let them 1.1
(maybe bend) Shielding

decay




K2K/Minos: confirm atmospheric
oscillations with a v, beam

Soudan g

l]ulnlllD Q

Madison

Ek2k ~1GeV=> L~250 km
ENumi ~3GeV => L~750 km

v, spectrum o 1.4_ Am?
% 1 2 spectrum ratio
Unoscillated = \/
. & [ +
20 6+ +++
L -
= 0.4 +
o -
0.2- y
eebepeodes © 00 . Monte Carlo
Formilab 4 6 8 10 I I I I
. 2 4 6 8 10
Visible energy (GeV) Visible energy (GeV)



Near = Far detector concept

MINQOS
Identical
magnetized-iron -
scintillator calorimeters

Near detector 920t

SciFi/Water target

SciBar detector
K2 K Muon chamber
!
Two different LEEALLELESE
Water Cherenkoy To Super-Kamiokand

technologies: e Ches |
Water & [ron Ybem + A — T

Slaledl D¢

i

>

/




Atmospheric Oscillations confirmed MINOS (2013)

events/0.2GeV

- p— — — —

[++] o N sy [+)] ®
A o~ i

(2]
T

L E P e b Dam e e imm o e |

o N 4
—

AP 107 eVF)

{ FD Data L | Neutrino b‘ea‘m‘(1|0.l71l><|1O‘2°‘P(‘)+)I R

====n NoOsC, 2 i contained-vertex v, i

4 —— BestFit L 1.5 | —— MINOS data ~

L | — Best fit oscillations |

= | 1

K2K (2006) & .ok H ll :

y v, disappedrance N :

AN 1 Z | 1

5 o 05| .

i © N |

,.".. m 1

b, PN} ool

2

-
N

o 2 4 6 8 10
Reconstructed v, Energy (GeV)

3.5
7. B8 klon-years Almasphenic
536 = 107 POT % -enhanced beam
10,71 = 107 POT + ~gdomingted beam
3.0 et
J'-J-‘
f
2.5 L"-H
= MRS B0% T e
MINOS 58%
- Bypear-K LE 90%:
2.0 — Super-K Zenith 8% .
== T b * MIMNGS Best Fit

MINOS final result (2013, arXiv:hep-ex/1304.6335)
v, disappearance

[Am?| = 241 *0009 _ x |03 V2
) sin2(20) = 0.950 10035
sin2(20) > 0.890 (90% C.L.)

0.80 i0.85 0.90 0.95
sirr{20)

100 Precise atmospheric oscillation parameter determination!


http://arxiv.org/abs/1304.6335

Appearance 2
Maximize the number of

L 3
L
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; - - X
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) Citta del.\‘lnhcnr_\.o <P — 0 05
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| CNGS beam: tuned for ERCEREIEEEFIIFE 3m50
E (GeV)
v_-appearance at LNGS

17.7 GeV

:& N
y L\

730 km

Emilia-Ron, ~gna
Monte-@ginrmm
Monte-Prato
Monte-Giovo

of Gran Sasso

Aless..ndria
Firenze

Toscanc

Emilius
\emonte

:

0.87 %

11.4km 5
Teione = 2.44 Msec &
flight = 24 . X 2.1 %

— T~ T 7 neutrinobeam ——>

v, prompt Negligible




First v_ candidate

daughter

T2 p (2 n° 1) candidate




THE KNOWNS AND THE UNKNOWNS

f1o = 33.6 £0.8°

Ams; = +(7.54£0.2) x 107°eV?

923 = (38 — 50)0(30) Octant

|Am2,| ~ (2.5 +0.4) x 107 3eV?

Mass Hierarchy

05 = 8.4 4 0.2°

ocp = 0,27

CP violation

from NuUFit 2016

Solar parameters

P(v. »v,,)  SNO, SK, BOREXINO,
‘ GALLEX, SAGE..

P(ve — ve) KamLAND
Atmospheric parameters
P(vy — 1) Kamiokande, SK, IMB,
K2K, MINOS, T2K, NOVA
P{D‘p — !JT} {Oper‘d)

P(ire — ve) Daya-Bay, RENO,

Double Chooz

Plvy — ve) T2K, NOvA

T2K, NOvA



THE KNOWNS AND THE UNKNOWNS

Accelerator- based experiments

L
P(v, — vy,) ~ 1 — (cos® 013 sin® 2053 +fsin” zﬁmlsm? 63)) sin amglﬁ
2 2
P ) ~ oo o .
x sin 2619 sin 2613 sin 2653 x sin AZHES dm[(ll__:)}&]
sinzA] sini[l—m}f'_\.] matter

+acosd X sin26198in 2013 sin2fp3 X cos A— ==

effects
_Hr:)( &2) / (
Am3, 1 A= Ami L 2v2GpN.E

a2
Am3g,

~ 30 = T 4E AmZ,

M. Freund, Phys.Rev. D&4 (2001) 053003

s il =

Reactor- based experiments

P, = v.) =1 —sin2 26,2 sin* Ag;

— sin? 2013 ('.E:l‘;)!‘.ﬁ2 f12 sin? Az + sin® ) sin? ﬂgg)



HOW DO WE MEASURE 6¢p?

» 6cpcan be measured only by accelerator-based

LBL experiment. Reactor experiments do NOT
have access to this parameter

» The measurement is (in principle) simple: looking

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

e.g.ifdcp=":
» 0,7 :noCPviolation P(v, =v.)= P(Tp —ve)
» -x/2 :enhance P(v, =v.) suppress P(V_p —V,)

» +x/2 :suppress P(v, 2v,) enhance P(\Z—'\Z)

» Matter effects, if significative, make the

measurement more complicate

» ocpstrongly correlated with 13. écp can be

extracted using reactor constraints

neutrino B

— Normal wa L=295km. 5|n229‘3:0_1
- - - Inverted hierarchy

"""""

anti-neutrino

L=295km, $in?28,5=0.1




Am”

3 solar | 2
HOW DO WE MEASURE THE MASS HIERARCHY? |
. Am?% Am?y)
i l . _"I.l't]:
Two approaches: i 3
- - - ‘i
Oscillation interference: | Matter effect:
Spectral distortion on medium baseline |} v/anti-v oscillations enhanced depending
reactor experiment (3% effect) from the MH (need LBL)
P(p. — 1) = 1 — cos* @13 8in” 202 sin”® Az i WICrN,E +forv
— sin® 263 (cos® 12 sin® Agy + sin® 619 sin® Agg) A== Am? - for anti-v
_ Normal Hierarchy Inverted Hierarchy
B arxiv:1507.05613v2
] - Iom oscillaion ‘ h ? o2
E' — 8, aseillarion - o1
5 —— Mormal hicrorchy @
3. Inverted hiegr—"- 008
.08
\‘- 004
. 002
: ~ e I o e
- L E, (GaV)
15 20 5 30
’ LIE (knbieV) _ NOvVA, DUNE, HK ..



Fresh results from Moriond 2017

NOVA on 0,,



NuMI Off-axis v, Appearance Experiment

* Long-baseline, two-detector
v oscillation experiment Ash River

* Looks forv, in v, NuMI beam
* 14 mrad off-axis

« 2 liquid scintillator detectors
 FD (14 kton), ND (0.3 kton) owa Fermilab
* Cooled APD readout (live)
« Appearance & disappearance
« Exotics, non-beam...

@ Filip Jediny - NOVA neutrino experiment 7
O vA



Beam Power per calendar hour (kW)

Beam status

Data from Feb 6, 2014 - May 2, 2016
» Achieved the 700kW design goal (750 kW)

700 T —
First Analysis Total Exposure _

(=100 [ P T LS e i o PEEEEOEREEPIOEE AL prrme e s —
2.74x102° POT-equiv. 6.05x102° POT-equiv. -

500 enmemerenmenneaeeeeceeeneen LK . .. ... —
ETTV N S trRPPPERT RSP EECEELIIPIRSEETETOTTICOCPPPPRRPRRREY | 7 RTEIRTTCLEITTTEICPRRRIES —]
300 . T 11+ 25 RN _:
200 RERE s S —
100 L ;."- "'::': ::'- '..: R '-?f:'r_:'_ """""" e GEEEELEEEELEET p‘i """""""""""""""""""""" —:
0 . i - e 3 . e 1n* S =

12/3114 07/02115 01/01/16 07/0116

Switched to RHC (v,) Feb 20th 2017

vy —> vy Phys.Rev.D93.051104
vp—> Ve : PRL.116.151806

Filip Jediny - NOvA neutrino experiment

14
12

10

Total Protons (E20)



Why off-axis?

NuMI Off-axis v, Appearance

&

The choice of a 14 mrad off-axis
position from the NuMI beam for
the NOVA detector, allows for a
narrow band beam which in
conjunction with topology of final
state particles, allows one to
more easily reject potential
backgrounds

& &

v, CCevents / kt/ 1E21 POT /0.2 GeV
8
S

—— On axis =

— 7V mrad
— 14 mrad
21 mrad

The peak of the beam coincides
with the oscillation maximum for

v, appearance at 810km distance

@ Filip Jediny - NOvA neutrino experiment
L v

10



The NOVA detectors

e 65% active detectors §

» Each plane 0.17 X,
Great for e vs H?_ﬂ

=

To 1 APD pixel

4

Far Detector
14 kton
60mx156 mx 156 m

928 layers L
344 064 cells >

Sl led with 9 ktons of

eldl ey ccd with A-shifting

ear Detector
0.3 kton

14.3 m x 4 SN
m
e
)
@ Filip Jediny - NOVA neutrino experiment 11



_NQvA Neutr_ino Event Topol_ogies

-
/nm\ _ Vv, CC

rrrrrr

1111111111

>< | v.cc

>"< 1 NC

Filip Jediny - NOvA neutrino experiment 13
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v, disappearance results

20 L L e B B A L L B
« 473 £ 30 events ~ —— Prediction + NOVA 6.05x10%° POT-squiv. |
predicted in the r[]1-osyst.range i
. . 15| =----- Max. mix. pred. ]
absence of oscillations - _.Backgiounds = - ]
| —4— Data ' |
« 78 events observed f::'; w—_+ B
. = = |
« 82 events predicted @ | ]
at the best fit point sl ]
— including 3.7 beam bkg - T .
— 2.9 cosmic induced o N O SR L E ool dudrial \
o Q15E E
o R e L B e €
2 505F -
C O ,E “é
0 5
Reconstructed neutrino energy (GeV)
Filip Jediny - NOvA neutrino experiment 19



V, dlsappearance results

Normal Hlerarchy 90 CL

3.2
NOVA 6.05x1 02“ POT
Y T2K 2014

MINOS 2014

------------------------

5:III|III|III|III|III|III|I

26
EOF oV NG A
S 24
22 e iaaam=eT -
2.0 53 —5% 5% 7
sin’6,,
20 _ 9op : =3 2
Am3y| = 2.67£0.11 x 107 7eV
sin® O3 = 0.40419:039(0.62410-922) disfavored at 2.6 o

Filip Jediny - NOvA neutrino experiment 20



[ 4 AN

VvV, appearance analysis

~30% more efficient than previous PID

4 energy bins, 3 PID bins

Observe 33 events on a background of 8.2 + 0.8

0,5 to reactor experiments
Joint fit with v, spectrum

Events /0.5 GeV

20

15

10

' ! ' ! |
" 0.75<CVN <0.87
- NH
6.05x10% POT equiv.

1 2

Filip Jediny - NOvA neutrino experiment

e
087 <CVN <095

-4 FD Data
— Best Fit
B Background

3 1 2 3
Reconstructed energy (G

1 T I T T
095 <CVN <1

1 2 3
eV)

24



Vv, appearance results

0.7

« 2 degenerate best fit points:
— NH, 6.,= 1.48n

sin20,, = 0.404 £
— NH, 8., = 0.74n .
Sin2923 = 0.623 0.3
* Inverted hierarchy slightly °
disfavored - Ax2 = 0.47 i —
« Lower octant in the IH is m“-"‘f
disfavored at 93% CL £ 05
. arXiv:1703.03328 miomeomee
0 TE_'? 63'3 3?1 27
@ Filip Jediny - NOvA neutrino experiment o 25
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Outlook

« RHC anti-neutrino running from February 2017

« Run 50% neutrino,

50% anti-neutrino past 2018

— 3o sensitivity to maximal mixing of 8,5 in 2018

— 20 sensitivity to mass hierarchy and 8,5 octant in 2018-19

Norgmal b(:PZE-";m:m EH—D 403 N OVA S|mU |aTiD n
Amz,=2.5x10™eV", sin“f,=0.022

NOvA joint va+v, ! -
5‘_ S Max. mmng -
- ----- Hierarchy §
L af - Qgt,an:t___._.__ R St SRS i -
g | ——CPV e
< 3l SRR R -
o —_ ]
= PUrE ]
o ol T _.-.-—-"’"'"""—-F__
(7] e ——— ’
i RV __,.....--"' — = a 7
| A ]
- ....-"f 2016 analysm techmqueE with prc:qected:
- / | systematlc uncertalnty Irnprovements .

0 2016 2[)18 2020 2022 2-‘;124

fa 4.8 LUSN

Filip Jediny - NOvA neutrino experiment
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Fresh results from Moriond 2017

T2K on o¢p



T2K experiment
Super-Kamiokande

Mt. Noguchi-Goro
2924 m
Mt. Ikeno-Yaina _ AN o / A

—
-

1360m | D b S

i A £ : water equiv. l 1700 m

- S

P

Neutrino beam '

ey
| 400 mev unac [

P Sy '

F T2K Neutﬂn Beamline |

Barrel ECAL

» Off-axis detector
| : ND280

50 kt Water Cherenkov detector
(Fiducial 22.5 kt) @ underground
(2700 m water equivalent)

Events on the beam timing are selected using GPS.

On-axis detector
: INGRID




J-PARC neutrino beam

Narrow band beam by off-axis method.
v-beam and v-beam can be switched by changing the field polarity of horns.

Neutrino flux is estimated from beam MC using the hadron production of 30
GeV p-C measured by CERN NA61/SHINE experiment, etc.

|-PARC Super-K

10GeY

decay volume

proton bean

sin 26, = 1.0
sur"i-‘l ;=01
_"111"] ___13(]0 eV’

target & 3horns |
beam dump
muon monitor
On-axis ND (INGRID)
—_

v-beam

Flux {/em®/50MeV/1{F p.ot)
Flux |j.-"c|11!-'ﬁlH".'k.“u-'-'HI’1 p.ot)

8 10 ] B 10
E, {GeV) E, (G=V)




T2K data-taking status

T2K has been taking physics data from Jan. 2010.
From 2014, v-beam data are also produced.

Beam quality is stable for entire run period.

Today’s result is based on data up to May, 2016.
— v-beam data: 7.482x102° POT (Protons-On-Target)

v-beam data: 7.471x10%° POT

As of Mar 8%, beam power for physics run is ~470kW.
Accumulated POT for T2K exceeds 2x1021 POT.

Total Accumulated POT for Physics =188 L T T 0 ' ' 3
v-Mode Beam Power E}-gé T -T"““-“"*“"“-#-_FE
x 10°° V-Mode Beam Power 22t . Horn250KA | E 3
~ 24Runl Run2 Rund  Rund Run5 Runb Run7  Rung < |5,4cEventrate __ : 3
o = | = |E g.g Horn 22555[!’(“!:& i 3
17 T i - S0EBE — 4 oo i 3
& ! Today’s result 450 X | S04t am- rene— N
= 2Uc ' e ' i = = —+ : E
?; " [ € e = _ "_4:][ g E“'S. HOrlznn‘taI heam dlrec’uc:-n | ~ MUMON: _
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Observed SK neutrino event candidates

* Oscillation parameter is determined by fitting 5 event categories
simultaneously. New event same’i

'-----------------
v,/v, CC-QE in v-beam v,/v, CC-QE in v-beam v,/v, CC-1mt in v-beam

iy T ™3
45 T2ZK Run 1-7 preliminary — No oscillation
il - » Data

' Best-fit

135 events
observed

events

2K Run 1-7 preliminary No uscillationf g g4sp TZK Run 1-7 preliminary No oscillation
« Data u 4 « Data

£ 32 events Bestrt M- .. 5 events Best-fit

.~ observed .| observed

Number of

=) 4 L

A E o
Mumber of events

Lo

. . K’ -
- [ g .
Ty T e T A U ] 3
PR TOANL AR i o o e WP P T
i 25 3

i 1K [} ) 4 6 0.8 1.2

Sy -

Reconstructed Neutrino Energy (GeV) Reconstructed Neotrino Eneray (GeV') Reconstructed Neutrino Energy (GeV)

v,/v, CC-QE in v-beam v,/v, CC-QE in v-beam Expected “
_ T2K Run 1-7 preliminary No oscillation , -‘ [ZK Run 1-7 preliminary No oscillation # Of o -1.6 0

+ Data « Data

Best-fit Best-fit v‘w-"'f# CC-QE 135.8 135.5
4 events @v-beam vy, CC-QE 28.7 24.2
 observed v/7,CCIn 31 27

'-'ii'i'Ei'i'Hi

\

nt

] 66 events
rLl- observed

Number of events
Mumber of ev

-LL_
LI T L T

SR s G e [ v/v,CC-QE 642 64.1

BE | 15 2 35 3 B R B (TR ¥ B : Mv-beam
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Results on oscillation parameters

 T2K results consistent with the max.

oscillation (sin“4,;=0.5).

MINOSH
Super-K

—~
ks
P
-
o
-
—_
o
—_
e
[ Bni]
-
=
=

ET2K Runl-7 preliminary

03 035 04 045 05

Super-K: PoS ICRC2015 (2015) 1062
Minos+: Neutrino 2014

NOvA : ICHEP2016

IceCube DeepCore: Phys.Rev, D91 (2015)

' T
65 CL
— S0%CL

*  T2K hest-fitH
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Normal Hierarchy J
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055 06 065 07

sin” 6,
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072004
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Obtained results on CP

Constrain 0,; with the results by reactor exp.

CP-conservation hypothesis (sino-,=0) is excluded
with 90% CL.

Confidence interval (90 %CL): NH -2.978 ~ -0.467 [rad]
IH -1.466 ~-1.272 [rad]

T2K Runl-7 preliminary

— Normal ----2 AlnL_, (90% CL)

S)
=

— Inverted

7

I 2 3
Ocp (radians)




T2K-1l1 (Running time extension)

* T2K proposes to collect 20 X 10?1 POT data to
search for evidence of CP violation in the lepton
sector with 3o sensitivity. (arxiv:1609.04111 [hep-ex))

— J-PARC PAC recognizes the scientific merit and gave

stage-1 status in 2016.

45
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A 1% to exclude sin
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o
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I T T L
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T2K-1l1 (Running time extension)

* T2K proposes to collect 20 X 10?1 POT data to
search for evidence of CP violation in the lepton
sector with 3o sensitivity. (arxiv:1609.04111 [hep-ex))

— J-PARC PAC recognizes the scientific merit and gave

stage-1 status in 2016.
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Fresh results from Moriond 2017

Double Chooz on 6,



INTRODUCTION (1)

» Reactor oscillation experiments aim at the measurement of 8i3 through the observation of ve = V.
transition according to the oscillation probability:

2
[ P(, — ) ~ 1 — sin?(26,3) sin? (A;LE?L)]

I~
Tﬁl
= 0.
* The use of two detectors allows 5
=0.
to measure the flux before and =
after the oscillation to cancel out 2 0.
the associated systematics. a
0.
Dominated
0
10 10
Length (km) [at E~3MeV]

* The advantages of this measurement with respect to long baseline oscillation experiments is a clean
measurement of 6;3since:

|. Itis a disappearance experiment, therefore insensitive to the value of the 8-CP phase.
2. It has a short baseline (order of | km) and it is therefore insensitive to matter effects.

3. The dependence on Am?,, is very weak : O (Am?2,;/AmZ3)).
AMeregaglia (IPHC) B P2

(B



INTRODUCTION (2)

* The reactor measurement is complementary with respect to the long baseline oscillation
experiments.

* The combination of the two results in hints of maximal CP violation.

Marrone et al. - Neutrino2016
LBL Acc + Solar + KL + SBL Reactors
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Double Chooz OVERVIEW

Near detector
Distance: ~400 m
Overburden: ~120 m.w.e. flat topology

Data taking since December 2014 %

g s i I . ; Far detector
WS ‘%\Nj LT Distance: ~1050 m

; .1-:.‘ Sy LY

2 reactors
=W Pu=4.25GW each

A Meregaglia (IPHC) 2



NEUTRINO DETECTION

(arbitrary units)

- - Emitted spectrum

»»»»» Cross-section

—— Detected spectrum

"5 6 7 8 9

E, (MeV)

* Neutrinos are observed via Inverse Beta Decay (IBD):

[ Ve+p—=e*+n )

* The signal signature is given by a twofold coincidence:

|. Prompt photons from e* ionisation and annihilation (1-8
MeV).

2. Delayed photons from n capture on Gadolinium (~8 MeV) or
H (2.2 MeV).

3. Time correlation: At ~30 us for Gd and At ~200 us for H.

4. Space correlation (< Im).

The energy spectrum is a convolution of flux and cross section
(threshold at 1.8 MeV).

The prompt energy is related to ve energy:

( Epromp=Ev-Tn-0.8 MeV )

The survival probability depends on E, therefore we have a
measurement of 63 using rate and spectral deformation.

A Meregaglia (IPHC)



FIT AN

D RESULT

information is used)

~——j—— FDI Dala
s No osclilation
————— Besttit sin 26, =0.119

The fit is done comparing FD-l, FD-Il and ND data to the Monte Carlo (prediction + BG).
Correlation of systematics errors are included in the fit as well as energy non linearities.

BG rate and shapes are estimated by data (Li BG rate is not constrained in the fit and only shape

ND

—— oo T FD-I
siisecsisuisss Mo asplliation o S | PSS No oscitiation e
Bost Nit: sin 25, = 0119 Best fit: ain “20,, = 2.119
[T singee 1.2| [ single y y
- Supprossod systemabic uncortamty

+
+T

Double Chooz Preliminary
l 1 1 1

Far + Near (818.18 and 257.959 live days)

0.7
!

Observation / No-oscillation prediction
(=1

1 2 3 4 S 6
Visible Energy (MeV)

Observation / No-oscillation prediction
(=

Far + Near (318.18 and 257.959 live days)

REd

Far + Near (818.18 and 257.959 live days)

Observation / No-oscillation prediction
-

7 8 1 2

Double Chooz Praliminary 0.7F Double Chooz Praliminary
| 1 ! 1 | 1 1
3 4 5 6 7 8 1 2 3 4q 5 3 7 8
Visible Energy (MeV) Visible Energy (MeV)

T —

sin?(20,;) = 0.119 £ 0.016 (stat.+syst.) (x2/dof = 236.2/114)

°Li (B-n)
Correlated

259 +061
254010

255+023
251+005

11.11 £2.96
2077 £ 043

14412
2085+ 0.31

A Meregaglia (IPHC)



EXTRAPOLATION

Phys.Rev.Lett. 108
1

w

,\3 - ® Double Chooz Prelimi ,,((:ERNv inar Sep.2016) | —»—— Signal statistics
* With the multi detector analysis| Z2s;
e : a F vs.Rev. D86 MD ~—e— Reactor flux
(Gd+H) the statistics is no more a | £ Lo & (012052008 upp1st0 > s (DI ND relati
SRy 2 - 014) 086  |g8D(Gd) IBDH+GdY ~~ 6. ux = reiative
limiting factor. | 5 °F GRS B0ad) B0HGa) | he)
155 3 i = ~%- Flux (FD-1- FD-Il relative)
* The largest systematics comes from 1= GEp ESION
detection systematics: the uncertainty b - Detection (FD-Il - ND relative)
on the proton number in the GC - ® | —e— Background

limits the sensitivity to 0.76% whereas % 200 400 600 800

-~ BG (after oscillation fit)
if we consider only the neutrino i

target the detection systematics is

. DC Sensitivity
0.3%. = 0.020 , - .
& s DC-IV @ CERN Configuration
) ) s o018\ -today'sresult -
* With a reduction on the proton e : Improved Proton# Uncertainty
: 016
number uncertainty we could reach oo E
a sensitivity < 0.0l (work in 0.014 R R e D —
i _ I nominal running : —
progr'eSS). 0.012| ~I*(3yeafsND‘FB) ........... —
0.008 : : : =
U SNNTUN' (PN NP MU U WU (S W SR SE—r
2 4 6 8 16
Time since MD dala-taking start (years)
e —

A Meregaglia (IPHC) 17



Fresh results from Moriond 2017

Global fits



A

Ay

3-flavour mixing - global fit as of fall 2016

precision at 30:

,'5 _I TTT | WTTT | TTTT |I:,| TTT | T TTT ril TTTT TTTT T III:-II T T T T LI I|I | LI TTTT T
i "a, ‘ \ | * well determined
L i i I f
e | \ | parameters
i i | \
sk Vo | / 2 2
'-:::3 / \ 01203 Am, |Am 5
| 111 | 111 | 5“: || | I | | L1 \I}l {I 1 11 | | I | | I\“r}'cl 1
0.2 025 0.3 0.35 04 B5 7 7.5 8 85 ao1s o.02 0.025 oo3
sin’ 8, A.I'I"I; [10° eV’] sin” 0,
15 |||||'| | TTTT | TTTT | TTrT T ||||||II|I||||||||||II||II|III TTTTT ||||||||||||||||| - *
AR 1F LA AAM KA [ T open issues:
r ', ° I x/ \-\ — N P _ ‘
NI 32 7 ael ] 1B\ 1 0,3 octant/maximality
- : I R ] .
S A R A B A N \ 1 ®mass ordering
R AN N N N R I \ pi
B \/\\ [ N S m ] L \ r/ * Ocp: preference for
N \ § \J A S~ o °
| 1111 | | |/1 1 | 1111 | 1111 | | 11 | 111 | 111 1 1 111 | 11 Il | 111 11111 | 11111 | L1 i\"l 1 111
003 04 05 08 07 -28-26 24 -22 22 24 58 250 90 180 270 380 IBO < 6CF < 360
sin” @, Ama, [10°ev®] amd, Bep

NuFIT 3.0, Esteban et al.

, 1611.01514 www.nu-fit.org

www.nu-fit.org

T. Schwetz (@ Moriond EW, 2017

[



CP phase from present data

1AM T T T T T T T T T T T T T 171

A\

_Illlllllllllll_h-_l

| T T 1T 360
— NO -
— 10

300 dE

2401 —FE

o [ 1C
v 180 U T

120 4 -

60 =l -

0

| | Illl‘III:

o] Dl
04 0O ;5 06 0ng 04 05 06 07
- sine,, singazﬂ

90 180 270 360 0
o

® best fit at Ocp =~ 270°
e correlations with 0,3
e CP conservation allowed at 70% CL (NO), 97% CL (1O)

e Ocp = 90° disfavoured with A;(z =~ 6 (14) for NO (10)

T. Schwetz (@ Moriond EW, 2017
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Sensitivity from reactor - accelerator complementarity

1 T

= T I I
— i -'\__ ] Ve I_"'e
& . x\ I Mass hierarchy | Normal Inverted | Normal Inverted
051 ‘- s scp=—m/2 | (28.8) 25.5 (6.0) 6.5
I Sop=0 212 21.2 6.0 7.4
K Sop=T/2 197 @ | 7 G4
T | ] dop=£m 24.2 216 6.8 74
I | Y A e Ao ] Data 32 4
35 | = o
i \ e T2K coll., K. Duffy, NuPhys2016, London
1 “006 008 oa
sin’(0,,)
e ,lucky* fluctuation in T2K?
e significance may grow slower than sqrt-N
* significant progress on CP expected in the long term (DUNE, T2HK)
8

T. Schwetz (@ Moriond EW, 2017 &IT

[



Neutrino mass spectrum

for inverted ordering and/or 03 > 45°

lepton mixing is very different from quarks

mass [eV]
=)

2

<

—
=
(=]

DI
r

=
N

10

i
=

I
-
=

.

charged fermions
|
o

I
=

!

< .
neutrinos
|
=

|
—
=

generation

T. Schwetz (@ Moriond EW, 2017

Inl-bail2
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Mass ordering and 6,,

15 _I | I'TT | | T TT T TT LY L |_
- i CL from MC study of LBL and reactor data:
10 — —
o, i i dcPirue | NO/2nd Oct. I0/1st Oct. 10/2nd Oct.
S - 0° 62% 01% 28%
5 - 180° 56% 89% 32%
L - 270° 70% 83% 27%
L | I\ / | I | ] (Gaussian 72% 94% 46%

0.7 -
SIF‘I Hzg

* preferred octant depends on MO, poor sensitivity to octant

* results from global fit for normal vs inverted: A;(z

13

T. Schwetz (@ Moriond EVY, 2017
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Sterile neutrinos



LSND

[PRL 75 (1995) 2650; PRC 54 (1996) 2685; PRL 77 (1996) 3082; PRD 64 (2001) 112007]

Uy —> Ve 20MeV < E < 52.8MeV

» Well-known and pure source of 7,

t rest
a [ p + target — 1+ 2 - v,
o 17.5
h
£ 15
S + n _
@ 725 fL ——— e T Ve TV,
A at rest
0 - L~30m

Ve +p—n+e”

Well-known detection process of i/,

S e T » ~ 3.80 excess

ﬂ e e _0_

04 06 08 1 12 14 » But signal not seen by KARMEN at
L/E, (meters/MeV) [ ~ 18 m with the same method
[PRD 65 (2002) 112001]

C. Giunti — Oscillations Beyond Three-Neutrino Mixing — Moriond EW 2017 — 24 March 2017 — 3/23



102 T T TTT

ﬂ':; ;
N:} 5
z
e
<1 10 —
I e
_]_
10k
- W 90% (L L<23)
F99% (L L <4.6)
10 -2 | | |
107 107 10" 1

sin” 26

AmZg >3 x107%eV? > Amiry ~ 2.5 x 1072eV? > Améy,

C. Giunti — Oscillations Beyond Three-Neutrino Mixing — Moriond EW 2017 — 24 March 2017 — 4,23



Events / MeV

>

>

>

>

MiniBooNE
L ~541m 200 MeV < E < 3GeV

Vy — Ve [PRL 102 (2009) 101802 Vy — Ve [PRL 110 (2013) 161801]
I 3
- e Data = i
2-5:? g v fromp g 12r Antineutrino
C B v, from 2 - «  Data (stat err.) :
2 { LSND signal . v, from K’ Wotor + LEND signal O v, from i~ E
- ' I« misid | I:lx.,,fmmltu
= sl [ =R :
1.5 I dirt E;:Nr
I other ]
1 Total Background 08 1 . Syst. Error 1
0.4 —H .
0.5 o I:!:‘_‘_I—g—\ i _
0.2 0.4 0.6 0.8 1 1.2 1.4 15 3. 0.0 !
EE.!E (GeV) 0.2 0.4 0.6 0.8 1.0 1.2 1.4 E?E {GE;‘E}.{]
Purpose: check LSND signal. » LSND signal: £ > 475 MeV.
Different L and E. » Agreement with LSND signal?
Similar L/E (oscillations). » CP violation?
No money, no Near Detector. » Low-energy anomaly!

C. Giunti — Oscillations Beyond Three-Neutrino Mixing — Moriond EW 2017 — 24 March 2017 — 5/23



Gallium Anomaly
Gallium Radioactive Source Experiments: GALLEX and SAGE

V. Sources: e~ +°1Cr — V41, e +3Ar = 3Cl+ 1.
E ~0.75 MeV E ~ 0.81 MeV
Test of Solar . Detection: Ve L M Ga — "NGe+ e™
- ] 1.
T & GALLEX SAGE : u
Cr1 Cr ]
_ 2 t
3
Z GALLEX saAGE
""‘--Eh- o [ ] [ ] Cr2 Ar
g o E
> o
I
iy Sam®, 110 1)
° T . ; \\jfi%:'i:‘r"
- R=0.84+0.05
d‘ T E -
~ 2.90 deficit
<L>GALLEX =19m <L>5AGE = 0.6m [SAGE, PRC 73 (2006) 045805; PRC 80 (2009) 015807;
Laveder et al, Nucl.Phys.Proc.Suppl. 168 (2007) 344,
2 2 2 . MPLA 22 (2007) 2499, PRD 78 (2008) 073009,
Amig 2 1eV™ > Amjry > AmsoL PRC 83 (2011) 065504]

C. Giunti — Oscillations Beyond Three-Neutrino Mixing — Moriond EW 2017 — 24 March 2017 — 6,23



1.20

T T T T T T T T I T T T T T T T T I T T T T T T T I
—&— Bugey-4 —— RovnoB88 —— Gosgen —— Krasnoyarsk —+— Nucifer
—— Rovno91 —+— Bugey-3 —— ILL —&— SRP

o I
o
Q E
2 o f

o E
S
o E[E-4MeV—sin20,,- 01
Q0 H
S f — ﬁmi1=ﬂ.1 eV’

. — g.my:r;}.ﬁevz
o E — ami=10ev?
[\-... E T T T M| L L L L M| L ! ! L MR
o

1 10 10° 10°

L [m]
Amzs > 0.5eV? > Am; Am?Z
mgg < U.oeV™ 2> AMpry > AMgo
C. Giunti — Oscillations Beyond Three-Neutrino Mixing — Moriond EW 2017 — 24 March 2017 — 8,23




Beyond Three-Neutrino Mixing: Sterile Neutrinos

m

V4 Vs,
2 2
Amég <-—— 2 1eV
/3
Amiey <~—— ~25x10%eV?
%
2 Amig, - ~74x10%eV?
Ve Vy Uz

Terminology: a eV-scale sterile neutrino
means: a eV-scale massive neutrino which is mainly sterile

C. Giunti — Oscillations Beyond Three-MNeutrine Mixing — Moriond EW 2017 — 24 March 2017 — 11/23



Effective 341 SBL Oscillation Probabilities

Appearance (a # j3) Disappearance

Am? L 2
'L{)?FL{—J ~ sin? PAVIN sin? ( M ) F{’E’FL{_J ~ 1 —sin%21,, sin’ (Amua’_)

Vo —rg 4E Vo —Va / 4E

sin® 20,5 = 4|U,a|?|Usal? sin° 20 a0 = 4| Una|® (1 — |Uasl?)

» CP violation is not observable in SBL
experiments!

» Observable in LBL accelerator exp.
sensitive to &m%TM [de Gouvea et al, PRD 91 (2015)

SBL
053005, PRD 92 (2015) 073012, arXiv:1605.09376; Palazzo et al, PRD
» 6 mixing angles 01 (2015) 073017, PLB 757 (2016) 142; Gandhi et al, JHEP 1511
» 3 Dirac CP phases (2015) 0309] and solar exp. sensitive to &m%OL

C. Giunti — Oscillations Beyond Three-MNeutrine Mixing — Moriond EW 2017 — 24 March 2017 — 13/23



The Race for . and 7. Disappearance

103 T I T T TTTT T T T T T III T IIIIDI_IIII 103 T T I T T TTTT T T IIIIIII T IIIDI'IIII
—__ CeSOX shape (95% CL) veDis+p — DANSS (1yr, 95% CL) veDis+p
—— CeSOKX rate (95% CL) — G 1 —— Neutrino—4 (1yr, 95% CL) — G
—— CeSO0OX rate+shape (95% CL) — 2 H —— PROSPECT phase 1 (3yr, 3a) )
—— BEST (1q) g H --- PROSPECT phase 2 (3yr, 3a) 3a
—— |soDAR@KamLAND (5yr, 3a) —— SoLiD phase 1 (1yr, 95% CL)
10° H — IsoDAR@C-ADS (5yr, 3a) —— = 10 H --- SoLiD phase 2 (3yr, 30) =
—— KATRIN (90% CL) - ] i — STEREO (1yr, 85% CL) ]
= i = i
LR LR
10 = 10 E
R E o E
£ C E C
< i < i
1 E 1 E
107! : 107! :
1072 1072 107" 1 1072 1072 107" 1
Sin“29,, sin“29,,

144 =
BSSEShTOFGf”ZSEEfQLﬁ'ﬁivie,(g&ﬁpzﬁfE] DANSS (Kalinin, Russia) L >~ 10-12m [arXiv:1606.02896]

BEST (Baksan, Russia) 1 Cr — v Neutrino-4 (RIAR, Russia) L ~ 6-11m [JETP 121 (2015) 578]
L ~ 5-12m [PRD 93 (2016) 073002] PROSPECT (ORNL, USA) L ~ 7-12m [arXiv:1512.02202]

SolLid (SCK-CEN, Belgium) L ~ 5-8m [arXiv:1510.07835]
IsoDAR@KamLAND (Kamioka, J
8li — e L ~16m Ear;?i;n.ggi;g] STEREO (ILL, France) L ~ 8-12m [arXiv:1602.00568]

3 - ISOPAR@C_ADS (Guangdong, China) KATRIN (Karlsruhe, Germany) 3H — 76 [Drexlin@NOW2016]
Li — 7e L~ 15m [JHEP 1601 (2016) 004]

C. Giunti — Oscillations Beyond Three-MNeutrine Mixing — Moriond EW 2017 — 24 March 2017 — 16/23



v, — Ve and v, — V. Appearance

102 = T T T T T T1 I T
- 99% CL ]
B —— LSND |
- —— MiniBooNE R
i —— KABMEN H
— NOMAD
10 - —— BNL-E776
- —— |CARUS [
- —— OPERA 1
— i /|
} | -
D
1 &
o o E
- n
< :
107" F
i V= Ve
| e 90% CL ]
|| == Q5% CL i
99% CL
10—2 T T | | IIII| 1 | 1 1 IIII| 1 1 1 | 11 11
10°° 1072 107" 1

Sf”EEﬂEM
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v, and 7, Disappearance

T T T T T T T 1 | __'_‘_‘__-) T T T T T T
10
N._I B
=
Q,
N —
IS
a 1
B 99% CL/
| —— CDHSW:v, (1984)
— ATM:v, +¥y
| —— SciBooME-MiniBosNE: v, (2012)
—— SciBooNE-MiniBooNE: v, (2012)
—— MINOS: v, CC+NC (2016}
] —— leeCube: v, +v, (2016) %li_ﬁ
10_ 1 1 1 1 1 1 1 1 | 1 | 1 1 1 1
-2 —1
10 10 1

.2
sin 213”lLl
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[eV¥]

2
41

Am

341 Appearance-Disappearance Tension

-

sin? 200 e ~ 4|Ue4\2
(.

-

ve DIS

|

~.

vy — Ve APP
sin® 20 oy, = 4| Uea|?|Upa|* =~ % sin® 20 e sin® 20,

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

v, DIS
sin? 20y =~ 4| UM\?

-

10 ——rrrm

PrGlo17

| — 1
— 2

3o

3o
— v, Dis

— v, Dis ||

— Dis
— App

107"
107* 10°

107
. 3
sin“2tg,

>

>

V,, — Ve Is quadratically suppressed!

PrGlol7 = Pragmatic Global Fit 2017
[Gariazzo, CG, Laveder, Li, arXiv:1703.00860]
Axdo = 46.5 = = 6.00 anomaly
Best Fit:  Am2, = 1.7eV?
|Ueg|* = 0.019  |U,4/* = 0.015

\2n/NDF = 594.8/579 = GoF = 32%
\5c/NDFpg = 7.4/2 = GoFpg = 3%

Similar tension in 3+2, 3+3, ..., 3+N;
[CG, Zavanin, MPLA 31 (2015) 1650003]
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>

>

>

Conclusions

Exciting indications of light sterile neutrinos at the eV scale:
» LSND 7, — 7. signal.

» Gallium . disappearance.

» Reactor 7, disappearance.

Vigorous experimental program to check conclusively in a few years:

» 1. and 7/, disappearance with reactors and radioactive sources.
> 1, — Ve transitions with accelerator neutrinos.
» v, disappearance with accelerator neutrinos.

Independent tests through effect of my in F-decay and 75y, -decay.

Cosmology: strong tension with AN, =1 and mg ~ 1eV. |t may be
solved by a non-standard cosmological mechanism.

Possibilities for the next years:

» Reactor and source experiments v/, and 7, observe SBL oscillations: big
excitement and explosion of the field.

» Otherwise: still marginal interest to check the LSND appearance signal.

» In any case the possibility of the existence of sterile neutrinos related to
New Physics beyond the Standard Model will continue to be studied (e.g
keV sterile neutrinos).



Fresh results from Moriond 2017

MINQOS+ on sterile vs



IVIINOS Detectors

Far Detector Near Detector

Soudan o

DuhllhC <

MN

Mz |(||\un

IL

- 735 km from target
- 705 m underground

- 5.4 ktons

| km from target
|04 m underground

980 tons

+  On-axis long-baseline neutrino oscillation experiment
+ Functionally equivalent detectors

+ Magnetized steel tracking sampling calorimeters



Protons per week (x1018)
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Small

Am?y,

Large

Probability

Probability

Probability

4-Flavor Oscillations at MIINOS
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e Small Am?4,
- Oscillations at the FD

* Medium Am?,
- Rapid oscillations at the FD

* Large Am?y
- Large oscillations at the ND



MINOS 4-Flavor Analysis

* Fit oscillated Far-over-Near MC
energy spectrum ratio directly to

Far-over-Near data energy
spectrum ratio

* Fit the CC and NC spectra
simultaneously to determine
023, 024, B34, Am?23, and Am?y

* Fix 013, 014, 024,and 014 to zero
(insensitive to these terms)

* The systematics are included
through a covariance matrix

Far-over-Near ratio (x10®)

D....1....2....3....4....5 —_— .“J. _ .15. _ IEUIS{]IZI-D
os— ' ' " —os
[ AmZ, = 2.37 x107 eV? .

0 5__sin2{923]| = 0.41 ~|— 1 Tos
[ AmZ, = 7.54 x10° eV? T 7]

L sin’(8,,) = 0.022
D.4_— 04
D'ETI‘ CC selection %2
ﬂ'_ﬁ:_:”I::::=::::=::”=::::= —t—t—t :: —— : ; : '_DE

- —+— MINOS data .
0.5 ;_ Three-flavor simulation _;Dﬁ
0.4 :_ Best-fit simulation, 3+1 model _: 0.4

; Systematic uncertainty | ;
0.2F H —t— o2
0.1 NC selection o.1

n i || il II 14 III id i II Ll II i i i i I i i 'l i I i i i i I i I i ]

0 1 2 3 4 5 10 15 20 30 40

Reconstructed energy (GeV)



vu Disappearance Limit
P.Adamson et al. [MINOS Collaboration], Phys. Rev. Lett. 117, 151803 (2016)

102: | | IIIIII| I I In. \{Illl
= R
- 10.56x10%° POT MINOS %
v, mode
10
1E
Qo -
> =
L I
— 10 00 Tl e
|
{] | _
21 _
10 E - —MINOS 90% C.L. 3
- —lceCube 90% C.L. =
- [TOSuper-K 90% C.L. .
i CDHS 90% C.L. 7
103 | CCFR90% C.L. —
E Il SciBooNE + MiniBooNE 90% C.L. 3
- DKopp etal. (2013) 90% C.L. .
[ M Gariazzo et al. (2016) 90% C.L. ]
10-}1 1 1 IIIIII| 1 1 IIIIII| 1 1 L1 1 Ll
a _ _
10 10° 10" 1
2
sin“(6,,)

|) J. Kopp, P. Machado, M. Maltoni, T. Schwetz, |JHEP 1305:050 (2013)

Global Fits: 2) S. Gariazzo, C. Giunti, M. Laveder, Y.F. Li, E.M. Zavanin, |. Phys. G 43,033001 (2016) 10
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Combination with v. Disappearance
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The Daya Bay Experiment
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Daya Bay ve Disappearance Limit

FPAnetal [Da}*a Bay Collaboration], Phys Rev.Lett. 117, 151802 (2016)
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Combined - 90% C.L.

P.Adamson et al. [Daya Bay and MINQOS Collaborations], Phys. Rev. Lett. 1 I 7, 51801 (2016)
90% C.L. Allowed
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New Fitting Technique

New: fit two detector energy spectra simultaneously
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Fresh results from Moriond 2017

lceCube one sterile vs



Neutrino oscillations with atmospheric neutrinos

@ Several baselines available

» L/E dependency on oscillation
» Many orders of magnitude in E

@ IceCube:

» See clear v, disappearance

» Look for distortions in regular
oscillations = sterile neutrino
searches

J. P A. M. de André, for IceCube Rencontres de Moriond 2017

up-going v [ie. cos(ez)=-1, L=1.3 10* km]

1.0 M

v, effects ?

IIIlIIlJJIIIlllIJJIIIlIJJ|IIIl

_v, disappearanc

L ANEEN

I
< < <

—V,:

< < <
= @©

T Vxr V1
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EORAN NS

2
10 10 true E, (GeV)
@ IceCube not (very) sensitive to:

» Neutrino mass ordering, dcp, Ve appearance

24 March 2017
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Sterile Neutrino Signatures in lceCube

1,“
@ Signature LE: distortion in v, 1/ l ‘ l“l
disappearance 3 WiV
» At 10-100 GeV 08 s8N, 21
» Sensitive to v, <+ vs <> v "
» Not sensitive to Am? S, e
« “Averaged out effect 1. 4 s a0 grenao
—  sin®fy; = 0.05, sin® 3 = 0.05
N — wio
1’0 I:nergy[GeJ]OO Energy (GeV)
@ Signature HE: new v, - -
disappearance maxima .
» At0.5-10 TeV B - :
» Sensitive to v, <> vs S g E
» Sensitive to Am? @ b =
» Resonant enhancement from fuh 10° 10° 3

matter effects

s h|gh|y SenS|t|Ve to 0 -1.0 -0.8 —0.6“;“(1){1—0.2 0.0 O.ZCOS etrue—l.o -0.8 —O.Gm—s’(i)'.i -0.2 0.0 0.2
N z [
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lceCube

50m
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IceCube Array
86 strings including
8 DeepCore strings

;" 5160 optical sensors

[..
I
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DeepCore

8 strings-spacing optimized
for lower energies

480 optical sensors

.;-‘

Eiffel Tower
324 m

e

@ Instrument 1 Gton of ice

@ Optimized for TeV-PeV neutrinos

» Astrophysical v discovered!
» Sensitive to the vs HE signature

@ Atit's center: DeepCore

» ~10 Mton region with
denser instrumentation
= lower E threshold
= study neutrino oscillations
= sensitive to the vs LE signature
» Surrounding detector used as
active veto against atmospheric u

J. P A. M. de André, for IceCube Rencontres de Moriond 2017



Events in IceCube

@ .. produce long tracks in detector = use that to categorize events
» At high energy: 1° pointing accuracy for track-likes — know L well

Track-like events: mainly v, CC events Cascade-like events

color — hit time
size — hit charge
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Results from HE sterile search

@ Result compatible with no-sterile hypothesis = set new limit
» Only using 1 year of data, statistics limited — more to come

101

10%¢

Am2 JeV?

10_1;
|| = IceCube 90% CL
90% CL sensitivity

— (68% and 95%) :8
Kopp et al. (2013) "z,

mmmm (Collin et al. (2016) :E
ey 1
1072 10~ 107
sin” 20,

J. P. A. M. de André, for lceCube Rencontres de Moriond 2017



lceCube-DeepCore: LE Sterile Neutrino result

@ Result compatible with no-sterile hypothesis
@ Limits comparable to those of SK
» Strong limits on |U, 4|2, not accessible from HE v search

0.30 ey
+ SK (2015), 90 % C.L.
- SK (2015), 99 % C.L.
R = |ceCube (2016), 90 % C.L. |1
ALO'Z _________ === |ceCube (2016), 99 % C.L.
c:g. 0.20 IceCube preliminary
- 0.15 Submitted to journal and
= to arXiv:1702.05160
ﬁ 0.10
= 0.05
(0.0() e e
102 - 10t
|UM|‘J = 8in” fyy - cos® By

J. P A. M. de André, for IceCube Rencontres de Moriond 2017 24 March 2017 16/18



Fresh results from Moriond 2017

VSB reactors on sterile vs



There are several ~3¢ indications of 4™ neutrino

LSND MiniBoone: Ve appearance Indication of a sterile neutrino

SAGE and GALEX v, deficit - O ~1eVe
and BALEA V, deticl Sin228,, ~0.1 (wait for C.Giunti talk)
Reactor Vv, deficit

=> Short range neutrino oscillations
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G. Mention et al. Phys Rev D 83 073006 (2011)

Reactor models do not describe well neutrino spectrum
Measurements at one distance are not sufficient!



Many reactor experiments plan to search for sterile neutrino
(only 2 in this talk. Aurelie Bonhomme will present Stereo at YSF4 )

Table from N.Bowden at 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
ussia =g ue sheets
(Russia) . iﬁ LEU fuel PS 8 Gd sh
NEOS 2800 MW ~20 Homogeneous | none Direct double | recoil PSD only
outh Korea ue -dope ende
(South Korea) LEU fuel Gd-doped LS ded PMT
nuLat 40 MW few Homogeneous | Quasi-3D, S5ecm, | Direct PMT | Topology, recoil
ue i dope -axis Opt. Latt capture
USA U fuel "lidoped PS | 3-axis Opt. L & PSD
Neutrinod 100 MW ~10 Homogeneous | 2D, ~10cm Directsingle | Topology only
ussia ue -dope ende
(Russia) B fuel Gd-doped LS ded PMT
PROSPECT 85 MW few Homogeneous | 2D, 15cm Direct double | Topology, recoil
(USA) U fuel "Li-doped LS ended PMT | & capture PSD
SolLid 72 MW ~10 Inhomogeneous | Quasi-30, 5em | WLS fibers topology,
(UK Fr Bel US) U fuel Lizns & PS multiplex capture PSD
Chandler 72 MW ~10 Inhomogeneous | Quasi-3D, 5cm, | Direct PMT/ | topology,
(USA) U fuel LiznS & PS 2-axis Opt. Latt | WLSScint. | capture PSD
Stereo 57 MW ~15 Homogeneous | 1D, 25cm Direct single | recoil PSD
(France) B fuel Gd-doped LS ended PMT
2




Preliminary results

Exclusion region was calculated using Gaussian CLs=CL*/CL®*" method
Cls <1-a forms a CLs region (X.Qian et al. arXiv:1407.5052/v2 [hep-ex])
CLs method is more conservative than usual Confidence Interval method

Systematics studies include variations in:

-Burning profile in reactor core 10¢
-Energy resolution o F
-Level of cosmics background Er
-Energy intervals used in fit

Systematics is small ’

A large fraction of allowed

parameter region is excluded FHHH

by preliminary DANSS results

using only ratio of e+ spectrum .| DANSS Preliminary
at different L 1075 o5%cL

~ Compilation of allowed regions
-DANSS plans to collect 3 times more - from arxiv:1512.02202
data by Summer and to include into ~ See talk C.Giunti for new regions
analysis all available now data 102 . | il |
-Detector calibration and systematics 102 10" sin2p 1
studies will be continued
-More elaborated analysis methods will be used 11

=> much better sensitivity



Note on confidence regions



Confidence interval from the confidence belt

The region between u,(6) and v 4 &) is called the confidence belt.

]
] ] L
Find points where observed
estimate intersects the T U [ b
confidence belt. 2 |
//'
For every point 4, if it were true, the data would fall in its 1 Fk /
acceptance region with probability 1 — «
If the data fell in that region, the pointd would be in the o b
interval [9_, 6, ] 0
So the interval[f—, #+] covers the true value with probability 1 — a 0 1 2 |3 4 5
.. : : 8
This gives the confidence interval [a, b] —

Confidence level = 1 — o — = probability for the interval to
cover true value of the parameter (holds for any possible true 6).



Confidence Intervals In practice
The recipe to find the interval [a, b] boils down to solving

o0 . . ®.@) —~ ~
o :/ g(Q;Q)dQZﬁ 9(8:a) do,

ua((:?) Oobs
v (9) ~ ~ gobs ~ ~ o
3 = /6 9(9;9)d9:/ g@:0)dd. |
— 00 — 00 a .n )
E‘% ] a o, @) ‘% 1 F éc:-b:ns b ©
05 0hH F I .
B\
0 0 5 0 0 1 2 3 4 5
4] 8

— a IS hypothetical value of &such that P(§ > 0,,..) = .

— b is hypothetical value of @such that P(9 < 0,,¢) = 3.




Confidence intervals by inverting a test

Confidence intervals for a parameter & can be found by
defining a test of the hypothesized value & (do this for all &):

Specify values of the data that are ‘disfavoured’ by 4
(critical region) such that P(data in critical region) < y
for a prespecified ¥, e.g., 0.05 or 0.1.

If data observed in the critical region, reject the value 6.
Now invert the test to define a confidence interval as:

set of &values that would not be rejected in a test of
size ¥ (confidence level Is1 —y).

The interval will cover the true value of & with probability > 1 — .

Equivalent to confidence belt construction; confidence belt is
acceptance region of a test.



Approximate confidence intervals/regions
from the likelihood function

Suppose we test parameter value(s) 8 = (6,, ..., 6,) using the ratio

)\(9):% 0<\B) <1

Lower A(#) means worse agreement between data and
hypothesized 8. Equivalently, usually define

te = —21n \(6)

so higher t, means worse agreement between @ and the data.

p-value of @ therefore Po = / f(tg|0)dtg
t ,ODE
o ™ need pdf



Confidence region from Wilks” theorem

Wilks’ theorem says (in large-sample limit and providing
certain conditions hold...)

hi-square dist. with # d.o.f. =
to|0) ~ \2 ¢ |
/(t6]6) ~ Xn # of components in 8 = (6,, ..., 6,).

Assuming this holds, the p-value Is
Pe — 1 — Fxﬁ(tﬂ)
To find boundary of confidence region set p, = a and solve for t,:

to = F 5 (1 —a)

Recall also tg = —21In




Statistical tests for a non-established signal
(1.e. a “search™)

Consider a parameter x proportional to the rate of a signal
process whose existence is not yet established.

Suppose the model for the data includes both m and a set of
nuisance parameters 6.

To test hypothetical values of «, use profile likelihood ratio:

/ maximizes L for
specified u

K maximize L



Neutrino Oscillations
The QM probability is:

1.27TAm2L
P(v, — v,) = sin?(26) sin ( m ]

E

L is the distance (km), F is the energy
in GeV and Am? = |m? — m3| is (EV/CE)E.
The result is plotted in the
Am? vs. sin?(26) plane
The goal is the search for an v, excess
(the signal) over the normal v, back-

ground.
The data are usually a bin content, the

signal n; a and the backg. b;.
The exnected number of event is:

1.27Am?L
Hirge = F | O¢ sin 2(26) sin® z

The frequentist test is

) i — b —
—z,(ﬁ pi)’

9
a;



The acceptance zone for no oscillations (Hypothesis)

10°g if the experiment
- falls here, we
i can reject the
! hypothesis with
ol | 90%cL
2 §
s - -
v F -
Nﬂ p— =
<10 3 E
J. IIIII L1 IIIIIII L1 Illllll 1 Ll
107 0 . 10" 1
sin~(20)

FIG. 11. Calculation of the confidence region for an example of
the toy model in which sin’(26)=0. The 90% confidence region is
the area to the left of the curve.
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