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ontent and outline 1>

® TheT2K experiment

° Rate measurement

Method

v

Used to constrain flux & cross
section in T2K oscillation fits

3 Source of uncertainties

Results

v

® Cross Section measurement

> Method Model independent method In
momentum and angle |:> more useful
for validating/improving models

Source of uncertainties

v

Results

v
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high intensity beam of v, is created at
1okai and sent 295 km under ground to
Super-Kamiokande.

N280 Flux prediction with systematic errors

T2K: long baseline neutrino oscillation

= high intensity neutrino beam (peak at 600 MeV) - M -
= off-axis beam 10" =V, E
= 30 GeV proton beam impinging on the 90 cm - -Xe i

long graphite target. 10" T Ve =

Analysed POT (Jan 2010 - March 201 1):
=»POT = 10.796 x 10"

Total Integrated v, Flux
= 2.09 x 10" cm2/POT

Neutrino Energy (GeV),
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Zoom

Downstream
ECAL

~ SolenoidColl

Neutrino beam Barrel ECAL

direction

Overview of the off-axis Near Detector

Magnetized Detector (0.2 Tesla)

Time Projection Chambers (TPCs) & Fine Grain
Detectors (FGDs) scintillators are the main
detectors used for the analyses presented here

FGD| scintillator (FV mass ~913 kg):

» Scintillator mainly composed of carbon

C 86%, O 3.7%, H 7.4%, Ti 1.7%, Si 1%, N 0.1%

» Provides the target mass
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Charged current event candidate in the tracker
region of the near detector. Muon reconstructed
angle 40° and reconstructed momentum: 566 MeV/c

Particle tracking with TPCs provides:
e Very low material density
@ Excellent particle identification via dE/dx

e Momentum determination through deflection in
a transversal 0.2T magnetic field



selection

The CC selection at ND280

vV vV Vv

At least one negative track in the TPC
The track starts in fiducial volume of the FGDI|
dE/dx compatible with the muon hypothesis

After CC selection (with default MC)

N """""""""""""""""""""""""""""""""
_cg 500__ @ —+— data ]
— ] NEUT
@) ? e Y TGO
A 100F % Out of FGD1 )
E i % 777 sand muons 7
NC
9 [ / 770 ¥, ]
= 300F / CCv, ]
- I / ]
[ [ / 3
2001 .
[ / 4485 events selected
100 //// ]
L // o R
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000

Reconstructed muon momentum (MeV/c)

CCnQE sub-sample

= all CC selected
that is not QE
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CCQE sub-sample

» Only one TPC-FGD track
» No Michel electron

2354 events selected

Charge Current (CC) interaction

vy L4

N } na®l
X

\

CC-Quasi Elastic CC-nonQE (CCnQE)

(CCQE) = all CC that is not QE
vy 0o
W+
N } n w+Y
X

The Generators used (references)

NEUT: http://www.actaphys.u j.edu.pl/vol40/pdf/v40p2477 pdf.
GENIE: http://www.genie-mc.org/
NuWTro: http:/th-www.if.uj.edu.pl/acta/vol40/pdf/v40p2507 .pdf
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Selection performance

-
M

~100% CCQE purity near
ﬁ/ oscillation peak energy

CC selection Purity
—

Efficiency Purity oal] +++H
CCQE 40% 72% o w
CC 50% 88% I L i
: T
02—
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Likelihood Fit at ND280

data
—2 In(Lnpa2so) = f(INV;, Vi, Vi, Vy, 5)
puT / /
ND280 events 'NRUT
covariances Parameters to be
# of reconstructed :
events at the near Uncertainties from fitted
detector in the (p-0) Cross-Section (V)
plane )

Flux (Vb)
(from Na6.l, proton beam RESULTS
monitors, etc)

used to constrain
Detector (V) flux & cross.sectlon

(FSI included here) parameters in T2K

oscillation fits

Thursday, July 5, 2012 7



ross Section uncertainty (Input Tor rate and Xsec-meas.

normalization uncertainties

Parameters  Energy range (GeV) Nominal value Error

CCQE 0.0< E, <15 1 11 %

CCQE 1.5 < E, <35 1 30 % o ,

CCQE 35 < L, 1 30 % uncertainties coming from

CC-1m 00<E, <25 1.63 43 % comparison of our generator

CC-1m 25 < E, 1 40 % .
CO-COH  00<E. X 100 % (NEUT) with external data

NC-oth 0.0 < E, 1 30 %

NC-17" 0.0< E, 1.18 43 %

Energy dependent uncertainty for CC-nrtand CC
Parameters Nominal value  Error deep inelatic (40%/E.)
MGee” 1.21 GeV 372 % S ot —
RES ecay width of the resonance allowing the
My 1.16 GeV 9.5 % modification of the shape of the pion momentum
CC-oth shape 0 40 % in resonance interactions
DF 217 MeV/c  13.8 %
Wshape 87.7 51.7 % 20% of all A may decay to produce no pions in
pionless A decay 0.2 20 % NEUT generator
, Replace relativistic Fermi gas by NuWro generator
Parameters Nominal value Error spectral function
Spectral Function Off (0) 100 % |
l7 E, shape Off (0) 50 % Parameter changing the shape of 11

channel below 1GeV
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Systematics and results

Detector error matrix

CCnQE bins

CCQE bins

CCQE bins
Its

on
fit = 99.5%
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CCnQE bins

>
(U

<
-
v

31gn(Vij) x\ /IVijI

-0.05

Much better agreement
of the data with the MC

CCQE selection
Data/MCreﬁt — 99 .9%

CCnOQE selection
Data/MCreﬁt — 99 .4%

Detector

- dominated by statistic

- main systematic uncertainty
coming from out of fiducial
volume background (OOFV) and
momentum distortions due to
magnetic field

Flux

Systematic on the flux is about 10%
- comes mainly from cross-section
production and secondary interactions

>
490 CCQE
=350
o * Data
% 300 - — Nominal MC
§250 i post-fit MC
@1 200

150
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ar detector prediction

T2K Far Detector (FD) v, flux parameters

o u | i .
= 14F -
= - - Prior to ND280 Fit -
= 1.3 -
% - After ND280 Fit n
g 1.2FB -
= -
& 1.1
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S 1
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1 10
E, (GeV)
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o -
S 105 5
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ND280 v
Flux

ND280 Vi
Flux
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v Cross
Section

Reduction of the systematic errors of
the neutrino flux at the far detector

due to the ND280 measurements:
20% == | 0% error

Cross section parameters are
constrained from fit
(see result in backup)

ND280 can also do other kinds of
measurements... (Cross section,...)




Flux averaged cross Section Measurement Method

Flux averaged differential cross section:

# of interactions

in true bin
2 int
< 0o >kl _ Nkl 2D binning: (k,|) <) (pk, COS 9[)
Op,,0 cos b, @Apﬂ,kA cos ),
# of target flux
nucleons
Method
Unfolding unfolding
: background
n;;tmx in lféc. bin v
. AN k: . LYo .
Nllcnt ~ N, = - J (Z_\[]‘-Sel _ Bj) ID binning:k <ummp (p, COS (9)k
, Kl # of sel.
efficiency  events

unfolding based on Bayes’ theorem

« P(j|E)P(E) Uqg= probability to reco. (j index)
Uk;j = P(k‘j) — , have an interaction in bin k, l
Z P(J |O‘) when having reconstructed the event in bin j ,
N true (k index)
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GeV

Efficiency very low in
the backward going
region
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0.7

0.6

0.5
0.4
0.3
0.2

0.1

Unfolding matrix:
mostly diagonal

CC signal efficiency

400 600 800 1000 1200 1400 1600 _ 1800 _ 2000
Muon momentum (MeV/c)



Differential Cross section Results / per nucleon

T: Target, FSI: Final State Interaction det.: detector, x-s: cross-section, algo: unfolding algorithm

ot et
2 [ T2K-PRELIMINARY 2 b ]
2 P W |systerror E "I 084<cos0<0.9  mr ]
Ng 2 14F 0<cos0<0.84 B FSI ] glz 14F Bl FST s
LO-’ - . § C det. ]
:é ] :é 121 X-8 ]
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ross section o

data predicted from generators
2 2
_39 CIn NEUT\ __ —39 ¢cn

(0cc)s = (6.93 & 0.13(stat) & 0.85(syst)) x 107 ———— | | {occ g = T:26 x 10770 o

2
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onclusions |

® Notable improvement of the flux prediction at the T2K far detector due to the measurement at
ND280

»  20% to 10% error reduction of the predicted flux at the far detector
® The cross section results are compatible with the MC and experiments

> The total cross section result is:

sz

= (6. . + 0. 10~
(occ)e = (6.93 £ 0.13(stat) £ 0.85(syst)) x 10 m———

»  More results on cross-sections in preparation

® Preliminary results presented, publication in preparation

Thursday, July 5, 2012 15
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data

NEUT

GENIE

Out of FV in FGD1
Out of FGD1

sand muons

NC

Vu

CCv,

/4

04 02 0 02 04 06 08
Reconstructed cos E)u

1
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Fraction of each element

Component C O H Ti Si N Total
Scintillator bars | 1.7651 £ 0.0067  0.0248 £+ 0.0039  0.1468 £+ 0.0006  0.0355 4 0.0059 0 0.0010 # 0.00004 | 1.973 +0.0104
G10 0.0196 £ 0.0015 0.0331 +0.0001  0.0034 £ 0.0018 0 0.0218 £0.0043  0.0013 4+ 0.0013 0.079
Plexus MA590 0.0484 + 0.0060  0.0215 4+ 0.0027  0.0065 =+ 0.0008 0 0 0.0009 £+ 0.0001 | 0.0774 4+ 0.0096
fiber 0.0155 0.00002 0.0013 0 0 0.00002 0.0169

XY module

1.849 £ 0.0092

0.0794 £ 0.0048

0.1579 £ 0.0021

0.0355 £ 0.0059

0.0218 £ 0.0043

0.0031 £ 0.0012

2.147 +0.0144

Table 12.12: Elemental composition of the components of a typical XY layer, in g/cm? of each element

[136]

Thursday, July 5, 2012
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UX systematic sources (summary

sources Max. Error Min. Error Norm. Error
(70) (70) (70)
Kaon 16.7 0.4 0.8
Pion 6.1 0.6 5.0
Proton beam 5.1 0.2 1.1
Off-axis angle 5.4 0.1 1.6
Horn ang. align. 1.0 0.2 0.5
Horn field assym. 6.7 0.01 0.3
Cross-sec. production 7.8 4.5 6.4
Horn abs. current 1.9 0.4 0.9
Target align. 2.6 0.05 0.2
Sec. nucl. production 8.5 2.9 6.9
Total 19.6 8.9 10.9
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Flux error matrix

bin 0-10 : ND280 vy
bin 1 1-12: ND280 anti-vy
bin 13-19: ND280 V.
bin 20-21: ND280 anti-Ve

BANFF b Parameter

bin 22-32:SK vy
bin 33-34: SK anti-vy
bin 35-41:SK Ve
bin 42-43: SK anti-Ve

bin 44-87: SK latest data in 2012

Thursday, July 5, 2012

Flux error matrix

1

V.|

sign(Vij)

0.12
0.1

0.08
0.06

: o
OO 10 20 30 40 50 60 70 &80

BANFF b Parameter
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Jetector response systematic sources (summary

Systematic Error

Data Sample

Error size (%)

TPC track quality cut
TPC track efficiency
TPC broken track tracking efficiency
TPC Particle ID (PID)
TPC momentum scale
TPC momentum distortion
TPC momentum resolution
TPC-FGD matching efficiency
Fiducial Mass
Charge mis-1D
Michel electron tagging
Cosmic rays
Sand muons
Out-of-fiducial volume (OOFV) background
Pion reinteractions
Pileup

Beam data/MC
Beam data/MC
Beam data/MC
Beam data/MC
external data
special MC
Beam data/MC
sand muon + cosmics
external measurement
Beam data/MC
COSINICS
special MC
special MC
several samples
Beam data/MC
data/MC

0.1
0.9
0.6
0.1
0.51
1 -7
2.0
<1
0.67
< 0.3
0.49
0.1
1.5
1-9
1 -4
0.24

Thursday, July 5, 2012
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@

Fitted Neutrino Interaction Model Parameters

Parameter Prior Value Fitted Value
MAQE (GeV) 1.21 +0.45 1.19+0.19
M 5 (GeV) 1.162 + 0.110 1.137 + 0.095
CCQE Norm. < 1.5 GeV 1.0 +0.11 0.941 + 0.087
CCQE Norm. 1.5-3.5 GeV 1.0+ 0.30 0.92 +0.23
CCQE Norm. > 3.5 GeV 1.0+ 0.30 1.18 £ 0.25
CC1lmt Norm. < 2.5 GeV 1.63 +0.43 1.67 +0.28
CC1lmt Norm. > 2.5 GeV 1.0 +£0.40 1.10 £ 0.30
NC1rmt° Norm. 1.19+0.43 1.22 £ 0.40
Spectral Function 0 (off) £ 1 (on) 0.04 £0.21
p_(MeV/c) 217 + 30 224 + 24

CC Other Shape (GeV) 0.0+£04 -0.05 +0.35
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, | Pre-fit Parameter Correlations
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Post-fit Parameter Correlations
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ovariances matrices (Input sources |

Flux covariance Cross Section modeling
2 T : 14—
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ysteématiC errors |

The sources How

is obtained by
- reweighting the MC 200x decomposing the cov.
matrices (Cholesky decomposition)

same input as before - the data is unfolded with the reweighted MC

FSI error = RMS( N(nom))
Detector
Cross-Section
W ~r(nom)
— Ntk N
error = RMS
Flux Prw ¢(n0m)
is obtained by unfolding a 1000 data size MC
, with the nominal MC
algorithm

error = MEAN (N(nom) NtTUth

Target error = — =0.67% from measurements
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Systematic errors

Flux covariance
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ystematic errors

Systematic error of the algorithm

D71 T ]

0.004

True bins
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systematic error (a

Table 17: Summary of the systematic errors. The error on the number of target ( 0.67 %) have been
added in quadrature to the total systematic error. ¢, det., F'SI label the systematic uncertainty of the
beam flux, detector response and FSI changed systematically following the covariance matrix showed in
Fig. 9,11,10,12, x-s design the influence of the change of all the cross-section modeling parameter and
channel rate.

P, (GeV/c)  cosf, |algo. (%) ¢ (%) =x-s (%) det. (%) FSI (%) | syst (%) | stat (%) || tot (%)
00,04 [=L.0] 003 [ 1102 1545 | 2.97 006 | 1078 | 286 || 19.98
, 0,084 | 010 | 1282 544 | 3.70 123 | 1449 | 503 | 15.34
highest 084,09 | 006 | 1317 1025 | 267 135 | 1698 | 937 | 19.39
contribution 09,094 | 006 | 1395 1002 | 473 332 | 1814 | 1182 || 21.65
0941 | 024 | 1400 1109 | 4.49 2057 | 1861 | 1378 | 23.16
04,05 =10 0.98 | 12.05 48.06 | 2.79 047 | 4964 | 352 || 49.77
0,084 | 013 | 1139 568 | 1.31 034 | 1283 | 427 || 13.52
0.84,0.9] | 018 | 1141 496 | 0.94 038 | 1251 | 855 || 15.15
09,094 | 090 | 1171 490 | 1.19 044 | 1282 | 997 | 16.24
094,1 | 034 | 1312 625 | 2.06 083 | 1473 | 1142 | 18.64
05,07 [=1,0] 715 | 1122 4737 | 197 063 | 4925 | 3030 || 57.83
0,084 | 010 | 1112 376 | 1.10 037 | 1183 | 386 || 1244
084,09 | 010 | 1087 325 | 079 029 | 1141 | 618 || 12.98
09,094 | 055 | 1106 562 | 076 032 | 1248 | 718 || 14.39
094,1 | 022 | 1L71 915 | 0.98 0.24 | 1492 | 767 || 16.77
0.7,00] =10 318 | 1348 101.82 | 1.59 048 | 102.77 | 2889 || 106.75
0,084 | 019 | 1135 293 | 114 041 | 1181 | 523 || 12.92
084,09 | 023 | 1093 584 | 083 019 | 1245 | 685 | 14.21
09,094 | 004 | 1075 1059 | 095 040 | 1515 | 757 | 16.94
0941 | 003 | 1101 1559 | 079 030 | 1913 | 690 | 20.34
0.9,30.0]  [-1,0] i i i i i i : i
0,084 | 020 | 11.83 497 | 1.46 0.69 | 1297 | 588 | 14.24
0.84,09] | 007 | 1130 231 | 0.89 0.26 | 11.60 | 6.05 | 13.09
09,094 | 005 | 11.09 208 | 0.72 036 | 1134 | 533 | 1253
0941 | 009 | 1000 225 | 075 026 | 1119 | 297 || 1158

Thursday, July 5, 2012
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Run I
Event type CC Inclusive | CCQE enhanced | CCnQE enhanced
CCQE 0.450 +£0.014 0.716 £ 0.017 0.145 £ 0.015
RES 0.212 £0.012 0.141 £ 0.013 0.294 £+ 0.019
DIS 0.191 +0.011 | 0.0418 £ 0.0077 | 0.361 £ 0.020
COH 0.0297 4 0.0047 | 0.0175 4+ 0.0051 | 0.0438 + 0.0084
NC 0.0319 £ 0.0049 | 0.0131 £ 0.0044 | 0.0534 £ 0.0093

anti-numu 0.0110 £ 0.0029 | 0.0010 = 0.0012 | 0.0225 £ 0.0061
out of FGD | 0.0646 £ 0.0069 | 0.0606 £ 0.0092 0.069 == 0.010
out FGD FV | 0.0099 = 0.0028 | 0.0091 £ 0.0037 | 0.0107 £ 0.0042

Run II
Event type CC Inclusive | CCQE enhanced | CCnQE enhanced
CCQE 0.4491 £ 0.0085 | 0.708 = 0.011 0.1455 £ 0.0089
RES 0.2138 £0.0070 | 0.1458 £0.0082 | 0.293 £ 0.011
DIS 0.1927 £ 0.0067 | 0.0374 £0.0044 | 0.375 £ 0.012
COH 0.0282 £ 0.0028 | 0.0176 & 0.0031 | 0.0406 £ 0.0050
NC 0.0323 £ 0.0030 | 0.0144 £+ 0.0028 | 0.0534 £+ 0.0057

anti-numu 0.0073 = 0.0015 | 0.0027 = 0.0012 | 0.0127 £ 0.0028
out of FGD | 0.0668 £ 0.0043 | 0.0644 £ 0.0057 | 0.0696 £ 0.0064
out FGD FV | 0.0098 &= 0.0017 | 0.0096 4= 0.0023 | 0.0099 = 0.0025

Table 4. Composition of the selected events for Run II for the CC-inclusive, CCQE and CCnQE
enhanced samples.

Thursday, July 5, 2012 29



