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Outlook:

€ Neutrino Oscillation (PMNS Matrix)
& T2K experiment and main results obtained in 2013-2014
* Physics goals and description of experimental setup

* Results of Ve appearance and vy disappearance

¥ V, analysis motivations

€«
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« Signal extraction with likelihood ratio fit
* Evaluation of systematics uncertainties
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Neutrino mixing (PMNS*)

Ve Uel UeZ Ue,3 141
Vr i U‘Tl U1'2 U7'3 _ V3

“atmospheric V” “V from accelerators and reactors” “solar v”
(Super-K, K2K,T2K, MINOS) (T2K, MINOS (SNO, Super-K, KaimLAND)
sin22%73 > 0.95 (90% C.L.) Daya Bay RENO, Double Chooz) sin?232 = 0.857 + 0.024
sin233 = 0.098 £ 0.013

cij = cos(8), sij = sin(6)

Bcp = ?
accessible only from accelerators neutrinos

* Pontecorvo-Maki-Nakagawa-Sakata 4



T2K: Goal di fisica

T2K is sensitive to:

L . . Am2. L
P(v, = v,) = sin®26;3sin? f,3sin’ ==

¢ in the v hannel
913 € dcp in the Ve appearance channe +(termine CPV) + (termine MSW) + . ..

2
P(v, > v,) =~1—sin®203sin? A—TZ};"—L
€ 023 e Am?y; in the v, disappearance

channel +(termini sub-leading)

Measurement of 0,3 (0,3)
® Direct measurement of V,— V. appearance (and V,— V. appearance)
® up to 30 level of significance can be achieved for V. appearance
& Precise measurement of atmospheric parameters 0,3, Am?y;
® 0y3 = 45°45° (T2K can distinguish the octant)
€ Initial measurement of 8,
® up to 2.50 level of significance can be achieved
X-section measurement in the GeV region @ ND280
Exotics: sterile neutrinos and sub-leading effects

[ec vec




The T2K experiment

near detectors (280 m)
INGRID (on-axis)
ND280 (off-axis)

Far detector (295 km)
SK (off-axis)
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: . B w1 &The effect of neutrino oscillation is
T2K is the first T Honoe ] o
. . S Zoars - maximized
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ND280 (off-axis)

ND280 (Off-axis Near Detector @ 280 m from the target)

Measure of the un-oscillated neutrino spectrum

Measure of intrinsic beam contamination

Study of T1° production in NC events

Exclusive x-section measurements below |GeV

Constraint x-section and flux systematic uncertainties at SK

€ ~€c €0 “€c €0

The UAT/NOMAD magnet produce a magnetic field of 0.2 T.
The SMRD (installed in the magnet joke): modules of plastic scintillators able to reconstruct high angle M, cosmic

rays and “sand muons”events.

SMRD
UA1 Magnet Yoke

Tracker:
-~ 2 FGD: X-Y planes of scintillator
bars used as a target for Vv
interactions and able to track
charged particles.

3 TPC: able to perform 3D

POD
(no- Downstream

detector) o ECAL
noid Coil

.———___>

Beam Barrel ECAL

tracking, measure of charge,
momentum and dE/dx of charged
particles.




Super-Kamiokande (“off-axis”

Beam Direction

7 7 \7{:\. \ \\ X
N\, \,
\ ( . .
= N ¢ 50 kton water Cherenkov detector (25 kton Fiducial
@« = / s Control room - | volume)
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T2K highlights 2014
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Phys. Rev. Lett. 112 (2014) 0618025 (™ e A
. . . . . 4 © 03 035 04 045 05 055 06 0.65. 70.7 01 2 3 4
¢ For the first time the Ve appearance is observed in a high sin’(0,,)  -2AmnL
purity Vu beam Ph)’S. Rev. Lett. 112 (20 | 4) 181801
€ 9,3%0 opens the door to the measurement of ¢p The best worldwide measurement of
€ T2K is the first experiment able to reject some values of 053!

8¢, with 90% C.L. y



arbitrary unit

Vy analysis motivations

€ To achieve a precise measurement of the oscillation parameters, the systematic uncertainties must
be reduced as much as possible

€ The main systematic uncertainties on the oscillation analyses are:

® flux uncertainty at SK
® neutrino x-section models

€ The BANFF fit currently uses only the vy, sample

2000~ 5in*20,, = 0.1 w/o ND280 fit

Bl w/ ND28Ofit 1 & As a consequence, some systematic errors like the anti-
NuMu flux uncertainty andoz /0, are slightly or not

reduced.

sin’20,,= 1.0

Am2, = 2.4x107 eV?
(Normal hierarchy)
Oep=0

1500

1000~ 3010 10 p.o..

& The measurement of anti-nu is useful to reduce these
systematic uncertainties = analysis used in the BANFF

fit since 2014

500

Expected number of signal+background events

& Main analysis at ND280 in anti-neutrino beam mode data
taking to measure dcp (since 2014)

€ Run 5 in anti-nu beam mode: 4-24 June 2014.
Accumulated statistic: ~5 x10'° POT

€ Run 6 data taking in anti-nu beam mode since 26
October 2014 10



Vy analysis in
neutrino beam mode



Data and MC samples

Rep=3.52s 3.252>3.04s 2.56s 2.48s

x1019 > 50kW >145kW >190kW >235kW
n ’)
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| W@i In this analysis | used the official T2K Monte Carlo production and the whole amount of data
1} collected in the period 2010-2013 (Run|+Run2+Run3+Run4)

|
M € Whole statistic used: 6.57x%102° POT.




Vy selection criteria
7, it
-
p X

At the T2K energy (0.6GeV), in 95% of cases, the most energetic positive particle produced in a anti-
NuMu CC interaction is the p* => p* MUST BE SELECTED TO STUDY THE ANTI-NUMU (~4%

beam component)

# Cut Cut Name Cut Description
| Bunch Cut In defined Bunch
C 2 FGD FV Origin of the track selected in FV
.‘_g 3 TPC track quality | Tracks with the first TPC segment with more than 18 nodes
Q
,;_é 4 Positive tracks The selected track must be positive
5 TPC veto Veto on backwards events or coming from POD or Magnet
6 TPCPID p* selection: 0.1< Ly < 0.7 (if p < 500MeV => Lmp > 0.9)
.g 7 | track events | FGD-TPC matching in the event
L
E. 8 Has ECAL info Selection of events with the selected track in ECAL
9 ECAL PID MIP-EM LLR < -10 && MIP-PION LLR < -5

Selection of the Highest

Momentum Positive Track
(HMPT)

M* identification



Selection of vy, CC interactions using the tracker

Result after the pre-selection:

Entries 597672 | Entries 62168
o10000FTTTTTTTTTTTTTTTTTTTTTTTT] Mean 728.9 | Mean 748.8
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E i Data
o 8000_ . mu-

i [ e
N— ] pi-
S~
175] mut
3 6000 e
$= B pit
LIQ.J R = Er

4000 other

no truth
200 ﬁ‘ —
§ G I 3 Y ' § e e l 1111 ]
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The selected sample is dominated by V| interactions and moreover the TPC PID alone cannot
select ¥ with an acceptable purity.

— muons Entries 142688 | Entries 15809
/'c)\ I6OOil T I TTTT I TTT1T I TTT1T l TTr 1T I Meﬂn ]278 Meiln l292
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Entries

Selection of v, CC interactions using the ECal

€ In order to select p+ with a higher purity than the one obtained using the TPC PID alone,
the ECal PID must be used. The ND280 ECal corresponds to ~10.6 Xo and ~IA. Thus it is
possible to identify and reject the amount of showering protons and pions in the ECal.

P Entries 30024 | Entries 3084 Entries 30024 | Entries 3084
E rorT L B " T] Mean -11.23 | Mean -10.2 qv_j 900 - ror o ' Il Mean -3.431 [ Mean -3.31
400 — RMS 21.75 | RMS 21.54 O - RMS 12.06 | RMS 12.03
= Integral 2374 | Integral 2225 = 800 = Integral 2374 | Integral 2225 |
350 —-Data = - D
- mu- 700 = mu-
300 23 B i 600 .
- | C
250:— I:lu 500 ; gm
= pi - ; e
00 4 | |m » 400 p
= .| other E [ other
150 no truth 300 no truth _
100 - = 3 3
: " - 200 . :
S0E = 100F- =
= %*rﬁmw‘ ] - 2ee. ]
0 Coo oy o s ey el e P 0 S T . fono g geend ""ﬁm. —
-60 -40 -20 0 20 40 60 -60 -40 -20 0 20 40 60
DsECal MIP-EM LLR DsECal MIP-PION LLR



Final result

Entries/ (100 MeV/c)
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Entries/ (100 MeV/c)

Final result: signal and background
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Entries 1782

Mean 1416

RMS 1009

Integral 1640
—4— Data

Il Signal v
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The background is divided depending on the particle type

\ 4

Increase fit performance



Entries/ (100 MeV/c
o

Likelihood ratio fit for signal and backfround in p-cos(9) space

FIT STRATEGY:
MC fitted on data in 0<p<30GeV (10 bins) and -1<cos(3)<I (4 bins)

F(p,cos0) = f(Vu)gs, (p,cos ) + Z f(BG;)gpg, (p,cosh) (i =p,m,p)

10 4 ndata
—2log L, =2 % Z Z Fi;— ndat“ dam x log 7
L i=1 j=1 J )
Binning:
@ xbins edge={0,400,500,600,700,800, 1000, 1250,1500,2000,30000}, ybins edge={-1,0.8,0.9,0.95, 1}

€ Finer binning around 0.6 GeV
€ >10 entries per bin to avoid Poissonian fluctuations in the toy MC studies

) o
>

-

T >

o E f(anti-nu) = 0.94 +/- 0.06 (stat.)
- B 5 rrom protens Nevents = 908.5 +/- 62.1

(2]
o
TT I TT

>
o
LANLRRNRRRNRRRIN

N
o
T T T 1T

flanti-nu) = ratio datalMC
%mmmmmmm%%wgwwwmw
f t ﬁ

0.4
obe e Lo b by b b b b i Ly

0 500 1000 1500 2000 2500 3000 3500 4000 4?00 5())00
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Fit Stability

No bias found in the
fit!

1000 toy-MC with a fixed g — Jfitted — fset
rescaling factor f b O fit

Entries 1000 || Protons BG pull Entries 1000 || Muons BG pull Entries 1000 || Pions BG pull Entries 1000
2 I ndf 224126 - x* 1 ndf 24.85/30 X2 ndf 28.56 /30 x* I ndf 17.31/28
Constant 7811+ 3.14 E Constant 82.56 + 3.36 80 £ Constant 76.65+3.11 Constant 79.65+ 3.22
Mean -0.006326 + 0.033014 80 = Mean -0.01486 + 0.03111 E Mean -0.02072+ 0.03364 Mean 0.03023 + 0.03196
Sigma 1.005 + 0.026 70E- Sigma 0.944 + 0.024 70 Sigma 1.013+0.026 Sigma 0.987 + 0.025
60— E
50—
40—
30—
20—
10—
I I I I B I = [ R I TR I ! ok I NP B B S ) I ! I
-4 -3 - -1 0 1 2 3 4 -5 -4 -3 -2 -1 0 1 2 3 4 5 -5 -4 -3 -2 - 3 4 5 -4 -3 -2 -1 0 1 2 3 4 5
v, pull p BG pull 1 BG pull 7 BG pull

rescaling factor for v, Entries 1000 | ["rescaling factor for protons BG | Entries 1000 | _rescaling factor for muons BG | Ezntries 1000 |["rescaling factor for pions BG | Entries 1000
2
= oI ndf 184479 | T 221 ndf 1464718 | 100—= x*/ ndf 15.13/25 - 22 I ndf 499717
F Constant 247.2+9.4 = Constant 128.1+5.2 Constant 91.1+£3.7 140— Constant 1352+ 5.4
22 Mean oso600021 | | Mean  0.9988 + 0.0040 r Mean 1.001:+ 0.006 £ Mean 1,004 % 0.004
20 Sigma _ 0.06339 + 0.00132 F Sigma  0.1229 +0.0032 80— Sigma _ 0.173+0.004 | 120} Sigma  0.1175+0.0029
18 E C F
16 100 F N 100
- 60— |-
14 80— C 80—
12 r L E
10 60— 40— 60—
8 r [ F
6 40 3 a0
- 20— [
4 20— L 20p
2 F L r
= L L L R L L I = | \ \ [ 0 I PRI N IR B L - [ | | |
02 04 06 08 1 12 14 16 18 _2 %0z 02 06 08 1 12 14 16 18 .2 0 02 04 06 08 1 12 14 16 18, .2 %6z 02 Toe 14 16 18__ 2
(%) 18G,) f(BG,) f(BG )



Systematic uncertainties

3 systematic error sources:

€ detector systematic (data-MC discrepancies due to event reconstruction)
€ Flux systematics (MC)

& X-section parameter systematics (MC)

Muon kinematics:

¢ charge confusion

¥ momentum resolution and scale
¢ B Field distortions

External BG:

¢ sand muons

¥ cosmic muons
§ event pile-up

Beam

TPC PID for protons is the main systematic uncertainty in this analysis

20



Entries/ (100 MeV/c)

Entries/ (100 MeV/c)

Detector systematics: Corrected Monte Carlo

120—
- Nominal MC
100(—

B —— Corrected MC
80—

60—

40—

20
0lllIIlIIlllIIlIlllIIlIIl|l||l|lllIIlIIlIIIIlIlIlI
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000

p (MeVic)
120— "
L F —— Nominal MC
- —'— Mom. Res. MC
100—

- *# TPC p PID MC
80__ TPC p PID bias MC
60—

L
40—

20
0llIIIIllllIIIIIllIIIllllIlllllllIIIIIllIIIIIIllII
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000

p (MeV/c)

Entries

°°°:_ Nominal MC ]
800:_ —— Corrected MC
soo:—
4003—
200?—
00_' - 101.1' - '0.12' - '0.13' - b.l4 05 06 lo.l7l - 'o.lsl - '0.19' T

cos(6)

Il MC is “corrected” with the prior values
of detector systematics

v

Goal: build a simulation that takes into
account the dati-MC differences observed .

Main corrections:

& TPC proton PID

€ Mom. Res.
21



Detector systematic error propagation

| produced 1000 MC toys varying simultaneously the effect of all detector uncertainties.

The effect of the systematic error propagation is than evaluated in the Likelihood fit

Entries 1782

Mean 1416
<140 RMS 1009
% Integral : 1640
=120

Dat

S —— D
b
'g 100 4‘— Corrected MC
S
—-—
ch 80 +— all Syst. Propagated

III|III|III|III|IIIIIII

- T
0llllllIIIIllllllll[[llllllllllllllll'*‘lllllll—*-lll—*-l'hl
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
pglobal (MeVIc)

rescaling factor for v,

90
80
70
60
50
40
30
20

10

Entries

%2 [ ndf

Constant

Mean

Sigma

0.9755 = 0.0015

25.64/25

85.15 =£3.33

0.04578 = 0.00105

01_IIlllllllllllllllllllllllIlllllllllllllllllllllll

Systematic source

detector syst. err. on f,

width of syst. throws

0.045

difference from corrected MC

0.025

FINAL RESULT INCLUDING
THE DETECTOR SYSTEMATIC UNCERTAINTIES:

flanti-nu) = 0.97 +I- 0.07 (stat.) +/- 0.05 (det. syst.)

1.5
f(v,)




Flux and x-section systematic uncertainties: BANFF MC

Entries 1782
The goal of the BANFF fit is the %20 e o
reduction of flux and x-section gwo |
systematics in the oscillation 3 | corrected MC
analyses. The best fit values g o

obtained from the 2013 BANFF fit 60

III|I|I|III|III|III|I

are listed in the Table 40
Systematic BANFF central values | parameters
v, flux ~0.9-1.00 11 20
7, flux ~ 0.98-1.01 5 4L b b 1
V‘:ﬁux No'g-l'()l 7 0lIIllllllllllllllllllllllIlllllll-{_ll_i_rh-l_llll|_+_l|ll
U, flux ~ 0.9-1.0 2 0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
FSI ~ —0.52-0.38 6 P 1ol (MeEV/C)
MYF [GeV] 1.22 1 Entries 1782
MEES [GeV) 0.96 1 + Data g:nasn g.:)ggg
CC Other Shape [GeV] 0.3 1 " B ] 1284
Spectral Function (12C & 160) 0.28 1 '%000 " || corrected MC Integral 1781 —
E, (12C & 80) [MeV/c] 28.885 1 s | 1
Pr (12C & 1%0) [MeV/c] 269.37 1 - —'— BANFF MC
m-less A decay 0.17 1 800 N
CCQE norm. 0.96, 0.90, 0.87 3 B
CCl7 norm. 1.20, 1.07 2 L
CC Coh. norm. 0.47 1 -
NC Other norm. 1.32 1 600 B
NC1x° norm. 1.08 1 |
400—
The MC must be re-weighted !
using the BANFF best fit values to 2001
be consistent with the oscillation T T s SO
0.7 0.8 0.9 1

o
=)
-—
o
[N}
e
w
=)
FS
=)
(3]
=)
o

analyses S S cos(o)
23



Flux and x-section systematic errors propagation

| produced 1000 throws in the 2013 BANFF covariance matrix,.
The effect of the systematic error propagation is than evaluated in the Likelihood fit

rescaling factor for v, Entries 1000

%% I ndf 72.741 58

50
Constant 3742+ 1.61

Mean 1.013+ 0.003

40 Sigma  0.09577 + 0.00270

30

20

10

b|_ll|||||II|IIII|IIIIIIIII|I

, 06 07 08 09 1 11 12 13 14 15
0 10 20 30 40 50 60 70 f(v.)

flux at ND280 flux at SK X-SecC.
FINAL RESULT INCLUDING FLUX AND X-SEC SYSTEMATIC UNCERTAINTIES:

f(anti-nu) = 1.01 +/- 0.08 (stat.) +/- 0.05 (det. syst.) +/- 0.09 (flux x-sec syst.)

€  The obtained results is in agreement with the MC expectation and it confirms a very good prediction of V;,
background in the oscillation analyses.
€ Itis already possible to quantify how much this analysis can helps in the reduction of the anti-NuMu related
systematic errors in the oscillation analyses:
® Reduction of the systematic uncertainty related to the anti-NuMu flux component up to 9% on the
whole energy spectrum

® Reduction from 40% to 13% of the 0'17/0'1/ uncertainty. 24




Vy analysis in
anti-neutrino beam mode

25



Data and MC samples

Total Accumulated POT for Physics
v-Mode Beam Power
X 1 O19 . V-Mode Beam Power

(e
-
o O

(\®)
-
-
Beam Power (kW)

o s)
o

|
S
N

(7))
C
i)
O
& L
© 60r
$
1150
3 40
© 100
= -
S it TR T Al M A R . n
< 2010 2010 2011 2012 2012 2012 2013 2013 2014
JuI/OZDeC/31Ju|/02Jan/O1JuI/O1DeC/31Ju|/O1DeC/31Ju|/_IQ_2
ime

| § anti-nu beam mode data collected up to now: 1.808 x102° POT
|

i\ In the next slides:

| € run5 anti-nu data: ~5 x10'9 POT

l{ & MC sample used: ~2 x102! POT

26



First V, event in the anti-nu beam

Run number : 10243 | SubRun number :17 | Event number : 190750 | Spill : 64314 | Time : Wed 2014-05-21 06:03:20 JST | Partition : 63 [Trigger: Beam Spill

" The first v, at ND280 was analyzed using the software developed by me during
| the PhD and the analysis was performed in Bari!

Single positive track reconstructed in TPC and ECal

Momentum: 572 + 39 MeV/c

Probability to be a p*:99.3%

Vertex in the FGD?2 Fiducial Volume

Purity (MC) > 95%
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Vy selection criteria

Cut Name Cut Description
0 Event quality The event must occur in defined Bunch
| Total multiplicity In the selected event, at least one track must cross the TPC
&
() - . . L
Z < 2 Quality & Fiducial The HMPT in the event must have its origin in FGDIFV and more
7 P than 18 TPC nodes
= | 3
@) g 3 Positive multiplicity | The HMPT must be the HMT in the event
c -
- ]
U K 4 TPC veto Veto on backwards events or coming from POD or Magnet
OF | &
5 External FGD | Rejection of external BKG from the last two layers of FGD |
c
o
B
§ ) TPCPID M* selection: 0.1< Ly < 0.7 (if p < 500MeV => Lmpe > 0.9)
+
=

“CC-ltrk sample”

Samples provided
to the oscillation

| TPC-FGD track

lllllllllllllllllllllllllllllllllllllllllllllllIlllllllllIIIIIIIIIIIlllllllllllll.llllllllllllll:sl

“CC-Ntrk sample”

>| TPC-FGD track
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Entries/(100 MeV/c)

CC Inclusive sample

Entries/(100 MeV/c)

data/MC
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70 Integral 4976
60
50
40
30
20
10—
00 1500
MeV/c
pglobal ( / )
Ll + CC Inc. Efficiency
e \ —4— GG Inc. Purity
0.9 ; E
0.7E 4
0.6 ‘——/\'
0.5E :
0.4F
E |
0.3F
0.2E
0.1F
0 -

Entries 26416 | Entries 572
80 L L " T ["™Mean!T T '863.3 | Mean 886.5
RMS 541.7 | RMS 537.7
70 Integral 497.6 | Integral 487

Data

60

50

40

30

no truth
20
10
00 500 1000 1500 2000 2500
MeV
pglobal ( € /C)
_IIIIIIII[IIIIIIIIIIIllIIIIIIIIIIIIIIIIIIIIIIIllll_
1.4 -
1.2 -

.

#L"l"'l
+

08—
0_6:— + no Flux re-weighted
0.4

- +Flux re-weighted
02F ]
0:"lllln-nlu..l.,..|....|....|....|.,,.|,,,,|,,,,:

0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
p (MeV/c)
global



CC-l-track (CCQE like) and CC-N-tracks (CCnQE like) samples

Entries 20365 | Entries 439
70 e 7 ['Mean! 7 780.2 | Mean 810
RMS 482.4 | RMS 491.5
Integral 401.6 | Integral 303
] . S}l
- [ )
Data Purlty. 73 O

CCQE

Efficiency: 66%

COH
NC

Entries/(100 MeV/c)

<data/MC>¢<p<5 gev = 0.99 £ 0.06

globl Entries 6051 | Entries 133
IS T T T T T T ION G T T T T 1687 | Mean 1676
L C RMS 1110 |RMS 1087
% ]6:_ Integral 121.1 | Integral 120 |
55 14f-
= C
C (o) g 12
% = - CC-N-trk
Purity: 47% CCN-trk
Efficiency: 29% 5 sb
6 -
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Official T2K plots showed at Moriond 2015
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Conclusions and future plans

The V,, component in the neutrino beam has been measured using the ND280 detector of the T2K experiment.
The data/MC ratio obtained is:

flantinu) = 1.0 +/- 0.08 (stat.) +/- 0.1 (syst) = 1.0 +/- 0.13 (total)

& The obtained results is in agreement with the MC expectation and it confirms a very good prediction of vy,
background in the oscillation analyses.

€ Itis already possible to quantify how much this analysis can helps in the reduction of the anti-NuMu related
systematic errors in the oscillation analyses:

® Reduction of the systematic uncertainty related to the anti-NuMu flux component up to 9% on the

whole energy spectrum
® Reduction from 40% to |13% of the 0'17/0',, uncertainty.

The V,, flux at ND280 in anti-neutrino beam mode has been measured

€

The selection criteria developed yield V, CC inclusive sample with a purity of ~81% and an efficiency of
~67%

€

This analysis is used to reduce the systematic uncertainties at Super-Kamiokande in the anti-nu beam mode
oscillation analyses (summer conferences)

Next publications:

¢  Precise measurement of V, Occ e Occqe on Carbon below | GeV with ~4x102° POT

€  Precise measurement of theOj /0'1/ ratio below | GeV 3
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