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Neutrino oscillations

First introduced by Bruno Pontecorvo in 1957

Neutrinos are produced in flavor eigenstates Ve, v, V- that
are linear combination of mass eigenstates v1, vz, V3

Neutrinos propagate as mass eigenstates

At the detection a flavor eigenstate is detected — it can be
different from the one that was produced

g

source _propagation detector

Ve producedina V1.23 travel at different Different
mixture of V123 speed because they have mixture of vi,2.3
different masses — — U fromvyis
interference detected

P(ve = v,) = sin®(Am?, )
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Super-Kamiokande (1998)

Fully Contained (FC)

e .y

Isotropic flux of :
COSMIcC rays :
: 0

Multi-GeV p-liké+ PC UpThrough p
5068 Events 5475 Events

divided into v-like and v-like subsampley,
Dominated by vV oscillations

Neutrino oscillations!
2015 Nobel prize!

Discovery of neutrino oscillations: The Vv, vary according to the
direction (i.e. distance from the source). The vV, are constant

Favorite scenario: V, =V




Solar neutrinos

]

-Gives v, energy spectrum well
-Weak dlrectlon sensitivity o« 1-1/3cos(6
- v only.

1970 {1971 [I972 (1873|1974 1975197611977 19781979

Average over several decades:

* Average (1970~1994) : 2.56 1+ 0.16,,, + 0.16,,
* Ratio(data/SSM) =0.33%0.3

- Equal cross section for all v types

-Measure total 8B v flux from the sun.

Charged-Current

Ve B S
® Cherenkov electron

neutrino deuteron \ :
protons

Neutral-Current
®

/ neutrino
®
\ neutron
®)

neutrino deuteron

proton

The Sun is a source of electron neutrinos

Several experiments since the sixties were sensitive to the
Charged Current interactions

All consistently observed a deficit with respect to the
expected neutrino flux

SNO (2002): also sensitive to Neutral Current (v +v +v.)



SNO results (2002)

Solar neutrino problem
solved by SNO

Observe a lower flux of
CC only but the expected
flux of NC!

Ve OScillate into a mixing
of Ve, Vyu, Vt

Charged current — only ve —
deficit of ~2/3

Neutral current — ve, vy, v+ —
expected flux

Neutrino oscillations!
2015 Nobel prize!




Artificial sources of neutrinos

Neutrino oscillations discovered with solar and atmospheric neutrinos
Great sources of neutrinos — they come for free, just need to build a detector
Ideal for discoveries (span several ranges of Am?)

Cannot be tuned — you take whatever it’s produced — Not the best
sources for precision measurements

Reactors — reactor spectrum is fixed but the distance can be tuned
(KamLAND for 012, DayaBay/DChooz/RENO for 013, JUNO for Mass Ordering)

Accelerators — can tune neutrino and the distance
Well defined L/E = maximize oscillation probability (knowing Am?2)
Sensitive to 5 oscillation parameters (0623, 013, Am?223, dcp and mass ordering)

Can alternatively produce beam of v, or v, — study CP violation

Plog v sin®(Ami, L/ )



Neutrino mixing ~ 2011
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How to measure 643

Reactors (DChooz, RENO, Daya Bay)

v’ Disappearance of Ve P(Ve = Ve)
v Ve produced in nuclear reactors
v Neutrino energy few MeV

v/ Distance L ~ | km

v Signature: disappearance of the Ve
produced in the reactor — depends on 0,3

P(0, — U.) =1 — sin*20135in*A13
— c08%0135in°260155in° A1

Simple dependence on 613 (and
Am31?

Accelerators (T2K, Nova):

v/ Appearance experiment: P(vy = Ve)
v/ Vi, neutrino beam

v/ Neutrino energy ~1 GeV

v/ Distance L >~ 300 km
v Signature: ve appearance in v, beam
v Degeneracy of 013, dcp, Ssign of Am?

1st order — 013

220 .
P(v, — v,) ~ sin® 6 szzz 1 sin2((A — DA
(Vu ) A1) ((A-1)A)
-+ aA@) sin(A) sinl AA) sin((1 — A)A)
8lcp LA .
ozA 7 cos(A) sin(AA) sin((1 — A)A)
2( N )2 Jcp— CPV term
02 COS (923A81n 012 gin2 (AA) A depends on
A2 the sign of Am?

A = Ama322LI4E o = |Ama22|/|Am242| ~1/30



013 measurements

Accelerators measured 013 through ve appearance (T2K 2013, NOvA 2015)

Most precise measurement from reactors (Daya Bay and RENO in 2012)

EH3
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Neutrino mixing today
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Main questions

Several question in neutrinos physics still to = | st [
be addressed
To Do

Most of them are accessible to accelerators Thetal3

Why mixing so large with respect to CKM? eSS
= 923 maximal? Theta23 octant

Which is the hierarchy of neutrino masses? e

Absolute mass

Is CP violated in the leptonic sector?

Majorana or Dirac?

NEW PHYSICS?

-~

(m,)

(ml)' (m})‘l

normal hierarchy inverted hierarchy




Neutrino beams

Decay Volume

- pions
~<— muons
-— neutrinos

MuonJMonitor

Accelerate protons and strike a target producing pions,
kaons

The hadrons enter a system of magnetic horns where
they are selected in charge and focused — mostly * or -

The hadrons enter a decay tunnel where they decay into
neutrinos (t* = Ut + vy)

At the end of the decay tunnel a beam dump stops all the
particles that are not neutrinos
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Off-axis technique

Off-axis technique allows to
increase the intensity of the beam
for at the desired L/E

Maximise the oscillation probability,

minimising the backgrounds from On-axis: E, proportional at P
high energy neutrinos Off-axis: different P contribute to the same E,
NOvVA (14 mrad off axis) T2K (2.5° off axis)

sin’20,,= 1.0
Am?, =24 x 107 eV?

2

— On axis e« ‘
— 7mrad * o m OA 0.0°
- 14 mrad .. %OAZ-OO

3

21 mrad 7z SN 0A2.5°

v, CC events / kt/ 1E21 POT /0.2 GeV
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Physics case: v, disappearance

Produce a beam of vy, 2 most of the neutrinos goes into v
— undetectable at T2K or NOVA energies

But we can do a precise measurement of v, disappearance
that at first order depends on 023 and Am?223

atm

2
P(VM = V”) ~]1— sin2(2923) Sin2 (meL)

v,+V, Quasielastic CC Events

18x10%° POT v Run -

ol without oscillajions
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Physics case: ve appearance

When T2K and NOvVA were designed their main goal was to
search for ve appearance

Now that we know that 013 is different from zero the main goals
of these experiments is to search for subleading effects

Ve appearance —

Ve appearance — 0O :
e APP L Ocp and Mass ordering

—— Total
---- Signal v,, — v,

— < Signal v, — Vv,
SICILE Beam v, + Vv,

i} 2.5° Off-axis v, flux
— 8,=0°,NH, v

—— 8,,=270° NH, v
=== §,=0°, NH, ¥

Osc. Prob

8,;=270°, NH, ¥

Reconstructed Energy (GeV)
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Degeneracies

CPV term

+4512013(C12C23 ‘|‘ 512323513 2012023512323513 COS 5) Sin2 AQl

8013513523 1E, (1—2513) COSA32 SIHA31 .. Matter effects

+8013513523W§1( — 2573) - sin® Agy, & distance

NOvA: dcp effect 220% T2K: 6cp effect +30%
MH effect ~30%

L=810 km, §=3m/2
sin®6,3=0.01

v,V

NH: solid

[H: dashed

g



Degeneracies

Py, = v.) =4 52, " -sin® Agy Lead|ng term -> 913
+8013512513523(012023 COS(S 512513523) COS A32 - sin A31 - sin Agl
CPV term —8013012023512513 1 -viln Agg - sin Agl - Sin A21
—|—451213(01223 —l— 512323813 2012023512323513 CcOoS 5) sin? Aoy
855, - a’E (1-25%) cos Ay sinAy | Matter effects

+8013513SQ3—Am§1( — 2573) - sin® Agi, 5. X distance

T2K(HK) almost no MH —> NOVA sensitive to MH and CPV DUNE breaks the degeneracy
~ clean Measurement of CPV but with some degeneracies between MH and CPV

Am2,| =2.4x10° eV? H NOVA | Am?,|=2.4x107 eV? N3l 1 Amd =2.4x107 eV?
sin’(20,;) = 1 | (810 km) - in(28,,) = 1 7§ (1300 km){ sin%(20,,) =1
sin’(26,;) = 0.09 o6f T sin’(20,,)=0.09 o . sin’(26,;)=0.09

Am’,<0

001 002 003 004 005 006 007 008 ’ 001 002 003 004 005 0.06 007 008 ’ 001 002 003 004 005 006 007 008
P(v,—v,) P(v,—V,)

increasing baseline




Cerenkov
radiation o,
cone

Vi B

Muon Muon
neutrino

-

Electron Electron

neutrino  shower

The Cerenkov radiation
from a muon produced
by a muon neutrino event

yields a well defined circular S
ring in the photomultiplier L — 29 5 k m

detector bank,

The Cerenkov radiation

from the electron shower
| | ~
E, ~ 600 MeV

| neutrino event produces

| multiple cones and
therefore a diffuse ring
in the detector array.

Super-Kamiokande: 22.5 J-PARC accelerator:

kt fiducial volume water . esign power: 75

C’herergov detector

&1 i

0 kW
3y |

UA1 Magnet Yoke

Fine-Grain
Detectors

N

POD

Barrel ECAL



e

PCV extrusion +
liquid scintillator:
Ideal for electron
Identification

« FD: 14 kton, 810km from
source.

\b
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Common ingredients

Flux prediction (NAG1/SHINE for T2K, MIPP for
NOVA)

Cross-section models

Near Detector analyses but used in very different
ways

Far detector vu and ve selections

Joint oscillation fits

21



Flux prediction

"NA61 Target"

position
\

"Downstream"
position

ToF-R
MTPC-R

Main uncertainty is the hadron-production
cross-section

This can be measured by dedicated
experiments, such as NA61/SHINE for T2K

Same proton energy, same target, measure
double differential cross-section for hadrons
production

<10% uncertainty on neutrino fluxes, hope to
go below 5% with more data
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2 4 6 8 10 12 14
p [GeV/c)

60 < 6 < 80 mrad 60 < 6 < 80 mrad
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300;
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160x10° 60 < 6 < 80 mrad
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d*n/(dpdb) ((radGeVic)) ] d’n/(dpde) [(radGeVi/c))
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— Hadron Interactions

—— p Beam Profile & Off-axis Angle
— Horn Current & Field

—— Horn & Target Alignment

0.2} 3 ®xE,, Arb. Norm.

—— Material Modeling
Number of Protons

— NA61 2009 Data
--- NA61 2007 Data




Cross-section models

12K (700 MeV) — dominated by quasi-elastic processes (+ 2p2h) —
look at lepton momentum and angle to reconstruct neutrino energy

NOVA (~2 GeV) - dominated by CC interactions with pion
production = need to measure also the hadronic part

- = CCQE-like CC resonant — CC inclusive
cCtt ----CCDIS
CC coherent

- = CCQOE-like CC resonant — CCinclusive
CCQE cCCin* ----CC DIS
CC coherent

w

o ot
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Vv, o/E, (10°® cm?/nucleon/GeV
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Muon Ring

B Y - R TR - 1]
- P - . -l
SR ul

ine-Grain

W 1
A ,("t‘o‘v\‘uw‘ \‘”
’ﬁe‘f‘ecm‘ﬂ

SO

:
o e s e s e i 2 L RN

Magnetized ND — distinguish v , o .
Not magnetized FD — distinguish v from v

from v
Cherenkov effect & most of the time only

TPC for 3D track reconstruction the lepton is reconstructed — energy
and PID of all the charge particles reconstructed assuming QE interactions

Carbon and water target SURtomwatergtanget

. 4 t acceptance
Mostly forward going acceptance
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500 1000 1500
Reco Muon Track Length (cm)

(~3% resolution)

Diffuse activity from
nuclear recoil system

=
©
e
w
c
<]
3
2
§
w

(~15% resolution)

Same technology near and far — but different size and so different acceptance

Identical detector — easier to extrapolate near to far?

Higher energy @ Cannot assume QE interaction and need to reconstruct all the
energy produced in a neutrino interaction

Calorimetric energy reconstruction — Difficult to disentangle cross-section from
detector effects

Both detectors are not magnetised =& no measurements of the wrong-sign component

295

2000 |



4

v Hadron production (NA61

< S

T2K oscillation analysis

Flux prediction:
Proton beam
measurement

and others external data)

ND280 measurements:
vy and v, selections to
constrain flux and cross-
sections

Neutrino interactions:
Interaction models
External cross-section

data

26

Prediction at the Far Detector:
v Combine flux, cross section and ND280
to predict the expected events at SK

Extract oscillation parameters!

Super-Kamiokande measurements:
v Select CC v, and ve candidates after
the oscillations




ND280 selection

Select charged current muon neutrino interactions in the tracker (FGD)
Use TPCs to reconstruct momentum, charge and particle ID

Further subdivide the sample according to the number of pions (0, 1,
>1)

ND280 is a magnetized detector — lepton charge reconstruction to
distinguish v, from v, interactions

7 samples per FGD are used in the near detector fit (CCOr, CC11 and
CCNnn v-mode, CC1Track and CCNTrack for p+ and p- in v-mode)

FGD

data data data
il IJ- //. | .L\'\
u ”//’ Vu u JLap u A MU u | \
e il \/ (O i \/ i
’ Y, »a : / /
% s < s |
~ - . W P Tmetc " H
] y i | =t
p N & N ! \\ /< — -
| N N { b r““’::{?-—ji
n \\

TPC



ND280 constraints

Flux parameters

<)

EventsX 100 Me Vi)

w= [Data

v coos

v cc2pamn
Bvccres1x A
Bvcccohiz 4
B ccome:
. v NC modes
.V modes

-~
.
-
-
=
~
=
-
-
A
-
=
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Data / Sam

+ After ND280 constraint

PRELIMINARY

Data / Sam

Neutrino Energy (GeV)

PRELIMINARY

Flux and cross-section parameters |

| - | Prefit
— mostly concentrated to the Or + Posti
component of the cross-section | |

Different samples selected at ND280

Adjust flux and cross-section ool el e s s s s g s o e v
parameters to predict spectra at SK i

BeRPA_B

BeRPA_U
CA5

MARES
ISO_BKG

BeRPA_E
numu

pF_C
nue
nuebar_numubar

NC_1gamma

NC_other_near

BeRPA_A
BeRPA_D
CC_DIS
CC_Coh_C
NC_Coh

norm_nubar

CC_Coh_O
NC_other_far

2p2h_shape_C

2p2h_norm_nu
2p2h_shape_O

2p2h
2p2h_normCtoO
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Reduction of systematics

Final systematics pending T2K Run1-8 Preliminar Final systematics pending T2K Run1i-8 Preliminar

p—
(@)W o]

Events per bin
o

Events per bin
N

[a—
O

Slightly increase the predicted number of events at SK — due to the
small excess of events in ND280

Errors are reduced from ~15% to ~4-7% thanks to the Near Detector fit

M-like e-like H-like e-like
v-mode v-mode v-mode v-mode

_ 13.9 % 15.9 % 1.7 % 13.7 %

L e e [



NOvA oscillation analysis

Near to Far extrapolation

— ND Data 2.74x10%° FD POT-equiv.
— Base Simulation 1.66x10?° ND POT
— Data-Driven Prediction

AneZ {l

1 o2 3 4 50 040 =2 40 0 1 o2 3 4
ND Estimated Energy (GeV) ND Events/GeV F/N Ratio P(v,—v,) FD Events/GeV FD Estimated Energy (GeV)

Simpler than T2K, profiting of the two ~identical detectors

Erec spectra at ND — Etrue spectra at ND — Far to Near
ratio —» Etrue spectra at FD — Erec spectra at FD

But not so simple!
30



NOvVA event selection

NOvVA far detector is operated on-surface so cosmics constitutes an important
source of background

Continouos development of reconstruction algorithm to reduce the cosmic
background and select clean samples of 1 and e

NOVA Preliminary

— Total Predicted
—4$— Cosmic Background
- Beam Background

Events /0.1 GeV

o
o

1 i 4
Reoonstructe% Neutrino Energy (GeV)

>

o

c
2
O
“—
N}

o
F

NOVA Preliminary —— 2017 analysis

— Total Predicted

—4— Cosmic Background ‘ 201 6 anaIVSis

- Beam Background

2 3 4
True Neutrino Energy (GeV)

Events /0.1 GeV

A

1 3 4
Reoonstructe% Neutrino Energy (GeV)




NOvVA energy reconstruction

NOvA Preliminary o NOvA Preliminary

- Simulated Selected Events ) Simulated Selected Events
~——— Simulated Background e Simulated Background
—4— Data —4— Data
(] Shape-only 1-o syst. range ) [ Shape-only 1-o syst. range
ND area norm., 8.09 x 10 POT - I ND area norm., 8.09 x 10 POT
Data mean: 0.58 GeV Data mean: 1.32 GeV
MC mean: 0.59 GeV MC mean: 1.31 GeV

EresNSO% ' | Eres~3%

—— - = —

1 15 2 2.5 1 2 3 4
Hadronic Energy (GeV) Reconstructed Muon Energy (GeV)

Reconstructed energy combines Enad and Ey,

— Silmulated Seleclted Events
——— Simulated Background
=3 Shape-only -0 syst. range Observed ND spectrum is converted into

ND area norm., 8.09 x 10°° POT

Data mean: 1.74 GeV , true and then extrapolated to far

_ MC mean: 1.74 GeV

=
—
o

0.1

It might be more difficult to distinguish
between detector and cross-section effects
— if it’s a detector effect far/near ratio is
Reconstructed Neutrino Energy (GeV) unchanged, if it’s a cross-section effects
should also affect the far/near ratio!

Events /0.1 GeV
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New NOvA analysis

Do something more refined to separate detector from cross-section
effects by separating the sample in different bins of hadronic energy

The far to near ratio is then propagated independently for each bin

Quantile 4

Quantile 3

Quantile 2

Quantile 1

2
Reconstructed N

3 4
eutrino Energy (GeV)

Events/0.1 GeV

Events/0.1 GeV

: Quantile 3
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NOVA Preliminary

NOvA Normal Hierarchy

8.85x10%° POT-equiv. — Previous best fit

[]1-o syst. range
---- Max. mix. pred.
----- Background

Eres ~6 %

Quantile 1
best resolution

NOVA Preliminary

NOvA Normal Hierarchy

8.85x10*° POT-equiv. — Previous best fi

[]1-0 syst. range
=== Max. mix. pred.
---- Background

Eres~10%

1 2 3 4
Reconstructed Neutrino Energy (GeV)

Events/0.1 GeV

Events/0.1 GeV

" Quantile 4

NOVA Preliminary

NOvA Normal Hierarchy

8.85x10*° POT-equiv. — Previous best fit

[]1-o syst. range
---- Max. mix. pred.

---- Background

Eres ~ 8%

Quantile 2

NOVA Preliminary

NOvA Normal Hierarchy

8.85 10%° POT-equiv. — Previous best fit

[]1- syst range
+=+= Max. mix. pred.
---- Background

Eres~ 1 2%

worst resolution

3  E— ry 5
Reconstructed Neutrino Energy (GeV)




Oscillation analysis

Both collaborations now do a full joint analysis
T2K: Ve, ;e, Vu and ;u

NOvA: ve and vy = antineutrinos samples coming soon

_}
Nor N — expected events

- SK (= SK SK SK /nSK (= M — observed events
_ln(L) = Z . (0,]5} g ln[Mi /N (O’ﬁ)] o — oscillation
parameters

p — other nuisance

o YYAOZ i YYApZ )1Ap;  parameters

7

In order to make the presentation clearer I’ll show first v,
disappearance (023, Am23) and then appearance (613, Ocp,
Mass Ordering) results
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T2K Far Detector event selection

MC exp New SK selection Old SK selection
Candidate Candidate

Purity
s | 1% | 65 | @
69 | 7% | s

;

Purity
1%
72 %

1
2
v-mode p-like LR 268.7 68 %

Select single-ring events at SK
Separate them according to their PID in p-like and e-like

New optimisation of the selection allowed to increase
by ~30% the statistics



T2K v, disappearance

—4— Run5-7 Data
(7.56x10*° POT)

¢
U-like mmiin
— - vl‘ cc QE
v,+V, CC non-QE
v-mode gz
NC
MC w/ T2K+DB bestfit

—4— Runl-8 Data
(14.73x10” POT)

[ v. CCQE

B v, CCQE

[ v,+V, CCnon-QE

[ v.+v.cc

(e

MC w/ T2K+DB bestfit

Number of events/100 MeV

U-like
v-mode

>
=
=
S
p—
S~
Z
=
)
>
)
et
]
—
23
§
Z

1000 2000 3000
1000 2000 3000
Reconstructed v energy (MeV) Reconstructed v energy (MeV)

Final systematics pending T2K Run 1'8 Pl‘elimll’lary
x10~

----- Normal - 68CL

. . —— Normal - 90CL

v-mode p-like 240 : ¥ Bestfit ... Inverted - 68CL
—— Inverted - 90CL

v-mode p-like _ 63.1 2. TR

Results still preliminary — we are doing
careful job to finalise the systematics
uncertainties

Plan to publish within the next month
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NOvVA v, disappearance

Some (mild) tension between T2K and
NOvA with NOvVA old analysis

Claim to exclude maximal mixing at 2.6c

| while T2K is compatible with maximal
03 035 04 045 05 055 06 065 07 miXing NOVA Preliminary

.2
sin” 0,,

12 NOVA Normal Hierarchy

Dat
8.85x10%° POT-equiv. ~4-Data

— Prediction

[ ]1-0 syst. range
-----Beam bkg.
All Quantiles Cosmic bkg.

Also global fits prefer non-maximal 023

>
[}
)
.
o
S
2]
-
c
[}
>
L

New analysis from NOvA with more stat.
and new method for Near to Far
extrapolation show that they are now
compatible with maximal mixing! T JointAnalyss, 8.85x107 POT ety

== v, Analysis, PRL.118.151802  __._

Approaching T2K level of precision.. is 023
maximal?
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How to be sure

In T2K we developed a
procedure to test the robustness
of our limits against model
dependencies

Change cross-section model
and produce expected spectra
at near and far detector

Fit ND with our nominal model
and propagate constraints to FD

Check effect on oscillation
parameters

If difference is large account for
it in the systematics evaluations
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—— Alternative 2p2h

Events per bin
S

0.6 0.8 | 1.2
E cco (GeV)

NEm'O(B 2p-2h non-A Variation Study — 90% Confidence Level

-~ 68% Confidence Level

" —— Nominal Prediction

—— 2p-2h non-A Variation

—— Nominal Prediction

—— 2p-2h non-A Variation
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T2K e-like selection

MC expected Number of events

O0CP=-m/2 oCP=0 O0CP=+1/2 OoCP=n

OCP gives ~20% asymmetry in the event rate

v-mode Signal/Background ~4.4 at ocp=-1/2

—4— Runl-8 Data
(14.73x10% POT)
B Osc.v. CC
B Osc.v, CC
[Jvyuv,cc

—4— Run3-7 Data

(7.56x10" POT)
B Osc.v. cC
B Osc.v. CC
CJvuv.cc
[ Beamv ¥, CC
Cne

MC w| T2K+DB bestfit

' ' (14.73x10%° POT)

B Osc.v, CC
B Osc.v. CC
[Jvysv,.ccC
] Beamv ¥, CC
NC
MC w/ T2K+DB bestfit

MC w/ T2K+DB bestfit
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Number of events/125 MeV
Number of events/125 MeV

500 1000

Reconstructed v energy (MeV) Reconstructed v energy (MeV) Reconstructed v energy (MeV)




T2K appearance

MC expected Number of events

OCP=-1/2 oCP=0 OCP=+11/2

023 — ve and ve appearance

ofge () o — 2
probabilities are affected in the NO (A M3, > 0)
same way ‘ —10 (A m3, <0)

00 =0
Ocp = -m/2 = maximize ve appearance, - A Sep =T0/2

minimize ve (~30%) ° 2‘“’ ﬂ; /2
' A Ocp =T

dcp = /2 = maximize ve appearance,
minimize ve (~30%)

Normal hierarchy = same as ocp=-m/
2 but smaller effect in T2K (~10%)

O'Q?.OQ 0.03 0.04 005 0.06 0.07 0.08 0.09

P(v, = v,)
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(013, Ocp)

without reactor with reactor

T2K Runl-8 P‘reliminar ina) systematics pending T2K Runl-8 Preliminar
e Normal - 68CL Normal - 68CL
¥ Best fit —— Normal - 90CL . —— Normal - 90CL
PDG 2016 Inverted - 68CL ¥ Best fit Inverted - 68CL
—— Inverted - 90CL —— Inverted - 90CL

~
2]
a
3]
oy
g
<
a4
—
Ay
O
2]

Final systematics
pending

Without reactor constraints: sin20413 compatible with the one

measured by reactors. Prefer values of dcp in the region
around -1/2

With reactor constraints: stronger preference for values of
Ocp ~ -Tt/2

As expected given the observed number of e-like events in v

and vy mode
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T2K ocp measurement

Normal hierarchy Inverted hierarchy

oz | -
amosm | -
[-2.98,-0.60] [-1.53,-1.19]

T2K Runl-8 Preliminar

—Normal wWIth reactors

--- Inverted — Normal
— Inverted
l' \\\‘
I' ‘\
J’ .
I, Y
' A

dcp (Radians)

? Our data prefer values of dcp~-1/2 mostly driven by the large
number of events observed in the e-like sample in v-mode

?  Feldman-Cousins method used to define confidence intervals
for 0cp = CP conserving vallizes (0,m) excluded at 20



NOvVA ve selection

NOVA Preliminary

: lowPID ~  Mid.PID = HighPID T
Convolutional neural | D : 2
network (CVN) to select e- M Tota Baukground $

[ ] Cosmic Background

like events

Signhal/Background of 2.3
at ocp=-1/2 (31/2)

NOVA Simulation 123 4 1234 1234
Reconstructed Neutrino Energy (GeV)

Events / 8.85 x 10

NOVA FD sin“20,,=0.082

. 20 sin®6, —o 43-0.60
8018.85x10°" POT eq. Signal events

(9% systematic uncertaint

NH, 37/2, | IH, /2,

48 20

Background by component
(= 10% systematic uncertainty):

Total events expected

—— |H: Am?2 : ] - Beam v, "u cc m

20.5



NOvVA appearance results

NOvVA Preliminary

NOVA Preliminary

NOVA Preliminary

NOVA FD — NH Upper octant
8.85x10%° POT equiv. - - NH Lower octant

— IH Upper octant
- -'|H Lower octant*

G
O
QO
-
©
O
=
c
R
0p)

Also NOvA prefer values of 0CP ~ -1t/2 (or
3/21t) that maximise ve appearance

Also prefer normal ordering — exclude
inverted ordering at almost 20 for all the
values of dcp

No antineutrino data yet
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T2K/NOvVA comparison

Final systematics pending T2K Run ]. —8 Preliminar NOVA Simulation

NOvA FD sin’20,,=0.082
9.49x10°° POT (v) sin0,,=0.47,0.56
3018.1x10%° POT (v)

N
%))

IH

— sin® 0,,=0.50 3
AmM;,=-2.51x10"eV?

— sin® 0,,=045
—— sin? 0,,=0.55
— Am3, =2.46x10" eVZc*
—--- Am?, = -2.44x10” e V!
dep=m
dcp=+m/2

o)

[ ] NH
O 8.=0

°

0)

AM2,=+2.45x10°eV?
dcp=-m/2
Data (stat. errors only)
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Neutrino mode 1Re candidates
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Total events - antineutrino mode
N
o

2017 best fit
prediction

80
Total events - neutrino mode

Both experiments see a large appearance of ve & Compatible with maximal CP
violation !

Both are still statistically limited!
More data will help

NOvA antineutrino data, summer 2018!
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The future

T2K and NOvA are both seeing appearance rates compatible with normal ordering
and ocp~-n/2 — This would be the luckiest combination in order to measure both!

NOvVA is most sensitive to MO and will release first results with v this summer!

T2K will double its statistics in v by this summer and have 3o sensitivity to CPV if
enough data will be collected

The two collaborations are also working towards a combined analysis (~2021)

N
o

20x10°" POT w/ eff. stat. improvements (no sys. errors)

20x10°' POT w/ eff. stat. improvements & 2016 sys. errors

Normal §_..=37/2, sin°6,_=0.500 ' '
—— 7.8x10°' POT (no sys. errors) =2 4(: 103eV? n2232 =0.082 NOVA Simulation
7.8x10%' POT w/ 2016 sys. errors. AmE,=2.45x107eV?, si 6,5=0-

Current 90%
Confidence Interval

—
1$))

NOVA joint ve+v,

V)

[$))

o
Il
o
o
Q
£
®
S
3 10F 30
o
X
)
o)
(oY
=
<

0500 100

Significance (o

- All projected beam intensity
- and analysis improvements




vy disappearance

More data will also allow precise measurements of
the disappearance parameters

Investigate if 023 is really maximal or not!

Normal Hierarchy 90% C.L.
—— NOVA 8.85x10%° POT-equiv.
T2K 2016 —— POT by 2014,90% C.L = Stat. only

MINOS 2014 — 7.8x10%' POT, 90% C.L
) —— 20x10%' POT w/improvement, 90% C.L

- = = Systematics

Joint analysis




T2K and the ND280 upgrade

Barrel ECal | POD ECal

|_|I|,

Horizontal TPC I,
|
Scintillator target
i

: 1l
Horizontal TPC - 0 ‘ )
' -1 -08 <06 <04 =02 0 02 04 06 08 1
true cos 6

(il

2 Goal of the upgrade project: replace the POD with an
horizontal totally active target and 2 horizontal TPCs by 2021

2 Currently working on R&D and prototypes + simulations

ILC TPC MM

Horizontal TPC with &
resistiye MicroMegas [

Horixontal

i

i

= Micromegas

[Ln]

¥

800




Longer term future

NOvA and T2K will continue to take data, leading the search for dcp
until 2026 — more than 3 o for both, 0CP and Mass Ordering

Then 2 next-generation LBL experiments will come online: DUNE (US)
and Hyper-K (Japan)

| don’t have time to discuss them today.. but they will collect thousands
of neutrino mteractlons — >5 O'fO

Hyper-Kam lokan de o

Normal ordering

DUNE Sensitivity [] 7 years (staged)

Normal Ordering
sin?20,, = 0.085 = 0.003 [ 10 years (staged)

0,4 NuFit 2016 (90% C.L. range) -=---- sin0,, = 0.441 = 0.042

347 15

24.5 12.6

3 142 302

0.03 0.02 13.5 30.8



Conclusions

Neutrino oscillations have entered the precision era

Long-Baseline experiments are the best experiments to precise
measure oscillation parameters, investigating sub-leading order
effects

T2K and NOvA are currently seeing (very) first hints of dcp~-n/2, mass
ordering ~ normal and 623 ~ maximal

Fully compatible results with two very different experiments
Still statistically limited & more data will come in the next years

We hope to have 30 measurements for 5CP and MO with the
currently running experiments

Precision measurements and 50 discovery of 0CP will need a next
generation of experiments & DUNE and Hyper-K
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Neutrino cross sections

At T2K energies the dominant contributions to the cross section
are quasi-elastic

Other contributions with production of pions in the final state are
also important

Need to take into account nuclear effects (2p-2h, FSI that might
lead to pion absorption, ...)

New parametrisation of the cross-section modelling

2p2h = bias the energy reconstruction
= 60

G/ Z [fo/GeV

0.4 0.6 0.8 1
Eqe = 600 MeV

™ Total LA Random Phase
CCQE+RPA v p p
- 2p2h A-enhanced &  Approximation = change Q?

- 2p2h not-
P ot dependency of the x-sec

—_
o
5
S
=
S
5
40 &
(@)
Q
2

1.5 2 2.5
reconstructed energy [GeV]




SEVCHERE-LREWAE

N
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1 95.4% Credible Interval
mmm 90% Credible Interval
mmmm 68% Credible Interval

1 95.4% Credible Interval
mmm 90% Credible Interval

mmm 68% Credible Interval

T2K Run 1-8 preliminary T2K Run 1-8 preliminary
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Posterior probability density

1 08 06 04 02 0 02 04 06 08 1

sin(dp)

Dependence of the dcp exclusion on the prior (flat in 0cp or sin(dce)) — CP conserving values
outside 94.5% Credible Intervals

From posterior probability weak preference for NH and second octant (as for the frequentist
analysis)

Sin2023<0.5 sin2023>0.5 Sum




Towards T2K-I|

T2K was originally approved to
collect 7.8x1021 pot T2K-Il Protons-On-Target Request

(4]

Integrated Delivered Protons [10°'POT)

Driven by sensitivity to 013

MR Power Supply upgrade

MR Beam Power [kW]

Proposal for an extended run

n

T2K-Il = 20x1021 pot

©

SK will also be upgraded with
Gadolinium — start preparation work
in June 201 8 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027

JFY
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To reach such statistics (and be ready for HK) we will upgrade
the Main Ring power supply to reach 1.3 MW operations

Signal Signal | Beam CC | Beam CC
True d0cp | Total | v, = ve | Uy — Ve Ve + U, Vy + Uy NC

ymode |0 [ 4546 3163 | 38 | 72 | 18 [305
ve sample 305
7-mode 133
7 sample 133




New SK selection

Cherenkov Smaller Towall

Wall Cut [cm]

fiTQun
- Cut
N

PMTs
250 300 350

Larger Towall Towall Cut [cm]

B CCQE
- CCnQE
B CCMisID

ENC
B Entering

Towall [cm] Towall [cm]

Accepted Events Rejected Events




OCP exclusion

The exclusion of CP
conserving values is stronger
than the expected sensitivity

Is it reasonable?

We run many toys for different

oscillation parameters with
statistical and systematics
variation & NH and dcp=-1t/2

30% of the experiments
exclude ocp=0 at >20

20% of the experiments
exclude ocp=n at >20
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10 68.27% of toys MC
95.45% of toys MC
-2 AInL_, (20 CL)
— Data

Normal Hierarchy

cri

1 68.27% of toys MC
95.45% of toys MC
-2 AInL_, (20 CL)

Inverted Hierarchy,




NOVA Preliminary NOVA Preliminary

NOvA Normal Hierarchy —-Deain NOvA Normal Hierarchy b
8.85x10°° POT-equiv. @ 20 . a
" S — Prediction 885x10° POT-equiv. — Prediction
[J1-0 syst. range [J1-0 syst. range
Quantile 1 ---- Beam bkg. ---- Beam bkg.
best resolution Cosmic bkg. Quantile 2 Cosmic bkg.

Events/0.1 GeV
Events/0.1 GeV

< 5

NOVA Preliminary

OvA Preliminary

NOvA Normal Hierarchy

NOvA Normal Hierarch
4|~ 8.85x10%° POT-equiv. == Unie y

— Prediction 8.85x10° POT-equjy. ~+-Data
[11-0 syst. range — Prediction

--- Beam bkg. [J1-o syst range
3 Quantile 3 Cosmic bkg. Quantile 4 Beam‘bkg.
worst resolution Cosmic bkg.

Events/0.1 GeV
Events/0.1 GeV
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Abs. Calibration

Cross Sections

Normalization
Abs. E, Scale

Rel. Calibration
Neutrino Flux
Rel. E, Scale

Scintillation Model
Value of o,
Total syst. error

Statistical error

NOvA systematics

——

-50 _ o
Uncertainty on sin“6,,, (x1

0*

)

Abs. Calibration
Rel. Calibration
Cross Sections
Value of o,
Normalization
Abs. E, Scale
Scintillation Model
Neutrino Flux

Rel. E, Scale
Total syst. error

Statistical error

-0.05
Uncertainty on

0
Am2, (x10°

| e—

0.05
eV?)

Total Expectation Total Cosmic Neutral Other
Observed at Best Fit | Background Current Beam

All Q

Events 9.24

5.82 2.50 0.96

58



OUI’ p reVi ous resu |t* : Our rejection of maximal mixing has moved from 2.60 to 0.80. This
change in the character of our result comes from a few key changes
2.60 which I'll break down below.

New simulation & Calibration:
~1.80

New selection and analysis:
~0.50

Full dataset: Full dataset™
~ O . 4 O 0 '8 o *Feldman-cousins corrected significance.
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NOvVA Preliminary

LowPID  Mid.PID - HighPID l/ I

e selection

-t
N

[ signal v, CC
[ beam v, CC
Il NC
B v, CC

v, CC
I v, CC
[[77] cosmic

Peripheral

Basic Quality cuts

Events /8.85 x 10?° POT-equiv
S

Preselection cuts

e e S
2 3 4
Reconstructed Neutrino Energ

CVN and BDT cut

Core sample Peripheral sample
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