Susan Cartwright for the T2K Collaboration

A Introduction to T2K

O Energy measurement in Super-Kamiokande

Q Performance

O Calibration and Systematics

O Near detector constraints

For oscillation results see
C. Bronner's talk this morning
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T2K Experimen

Near detector suite

* Muon monitor (MUMON)
behind beam dump

e monitors beam direction and
stability
* On-axis detector (INGRID)

e monitors beam profile and
neutrino interaction rate
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e also measures some cross-
sections

o Off-axis detector (ND280)

e monitors unoscillated off-axis
beam

* measures Intrinsic v,
® measures v Ccross-sections
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Far detector

¢ Super-Kamiokande
e 50 kton water Cherenkov
e 39.3m D x 41.4 m high
e 11,129 20° PMTs in inner detector

e outer detector (1885 8” PMTs)
acts as cosmic muon veto

* Operation as T2K far detector in
parallel with non-accelerator v
physics

e atmospheric and solarv
e supernova v watch

e also proton decay
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T2K beam spectrum
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spectrum is broader for other
neutrino species (v, mode)
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e
Energy reconstruction in SK

Input data

e Charge and timing
information for each PMT

e Known detector properties

« PMT response, photon
attenuation in water, etc.

Output data
e Vertex position
e Particle ID (e/p/m)

e Particle momentum



Energy reconstruction in SK

Standard method

+ Find event vertex from timing
information

\

Use Hough transform to find
rings, assuming 42° cone

J

J

Sum all charge in 70° cone
Adjust based on particle ID

H - Use Gaussian PDF for PMT ‘
charge based on expected shape

+ Readjust angle if needed
| I N

sequential, multi-step method

New method

* Single step maximum likelihood
o L(x) = [[*M P ({ unhit|x) x
[T P(i hitlx) £, (q; %) £ (t;1%)
® Vector x contains
e vertex position (x,y,z,t)
e track momentum p
e track direction (6,¢)
* Charge pdf f, factorised into

e predicted charge (# of photons)
e PMT response



Fitt

er performance muons
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*Sample information:
T2K v, CCQE, fully contained,
true fiducial volume, one-ring events

New fitter has slightly better
momentum and vertex resolution

*Nuclear de-excitation Y’s, decay electrons
are present in this sample

Resolution(68%ile):

new fitter 20.1 cm
standard fitter 23.2 cm

PR I T

30 &0 &0 100 120 140
Distance between tru'rec vertex [cm]



F

—
=

g E
S.E new fltter E
g o standard fitter -
S E
of- . =
5 § .
4 . . - —]
C - ] ]
2 ’ .
n: P IR T TR S BT R RS | .
0 200 400 600 800 1000
Momentum resolution  True p[MeVic]
LN L L L B LA I L LR
0003 -
voossE. o Resolution(68%ile):

0002

0.0015

0.001

0.0005

new fitter 2.42°
standard fitter 2.52°

B I P B

2 I g 10 12 14
Angle between tr/rec direction [deg]

tter performance electrons

*Sample information:
T2K ve. CCQE, fully contained,
true fiducial volume, one-ring events

More significant resolution
improvement for electrons
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New fitter performance: m°

* Key issue in v, appearance measurement is effective
rejection of NCm° background

e m° with one missed y misidentified as electron

* New fitter has dedicated m° fit with 12 parameters
* (X))/)Z) t); (pppz,); (91)(P1)62)(P2); (Cl)cz) /
Y

¢ = conversion length: distance from ;
decay point to track start TT06L

cae
e

 add 50 MeV e to single-electron fit and scan for best direction

Conversion point

e methodology

« refit, floating p, and p,
» use result as input to full 12-parameter fit
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* Reduces remaining m° background by 75% with no loss
of signal efficiency

e this produces significant reduction in systematic error
since m° production cross-section has large uncertainty
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SK Calibration and monitoring

* PMT gain and timing
e stable light source permanently deployed inside SK tank

- nitrogen-driven dye laser with diffuser ball to produce isotropic
light source

» 398 nm, 0.2 ns pulse width
* Absolute gain

e radioactive source calibration
« 9 MeVy from 58Ni(n,y)5°Ni; neutrons from 252Cf source
» produces single photo-electron signals (average 0.004 pe/PMT)
* Light absorption and scattering in water

e collimated laser light injected vertically downwards from
top of tank (A = 337, 375, 405, 445, 473 nm)
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Detector stability

* Monitored with atmospheric v data
T2K Runl

Event / day

Average daily
number of fully-
contained
events in SK
fiducial volume,
over successive
2-month periods
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Stop Muon Momentum / Range [ MeV/cicm |

-
Energy scale

Monitored with stopping muons:
e range of muon
e energy of decay electron

Runl Run2 Run3 Run4
recon. m°
24 | 11 mass also
considered
2.35 F % _
Fpay ST can's s o e ;
s F L !‘fi. - -'h ‘i,;o ? x e ‘f. +1%
232 5T HEEE BB = % '&?‘!fﬂ__ri_
%S
RMS/Mean = 0.48%
225 | 1| energy scale
+2.4%
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date
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Final-state interactions B

— CCQE
' Nieves multinucleon (x5)

o

.| pronless A-decay (x5)

e Multinucleon
Interactions

e affect kinematics
of outgoing lepton

Arbitrary Units

- any nucleon exiting

nucleus will be below o %///ﬁ% N
Cherenkov threshold -1 0.5 0 0.5
hence event interpreted as CCQE Eoe, - E.. (GeV)

e NEUT representation of this (pionless A decay)
compared with Nieves model

« biases in oscillation parameters <1%

for discussion of cross-section modelling see C. Wilkinson's talk
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Pion secondary interactions

* Secondary interactions of m* in SK detector volume can
affect event classification and hence v energy estimate

e charge exchange scattering to m° 168 “O.<’Y

« potential source of background for v, appearance Y

e absorption of r* “—.

- misidentification of event, mismeasurement of total energy

e elastic and quasi-elastic scattering —>/\

- additional rings, blurred rings, mismeasured energy/direction

* Investigated by adjusting parameters in FSI+S]
NEUT pion cascade model +3.0%
o effect ~ 1% (v, dis.)




Near detectors |

* On-axis detector (INGRID)

e monitors beam profile and
direction

e 1 mrad change in beam direction
results in 2-3% change in
neutrino energy scale

\4
<€ >

« therefore important to check L el .
oAy Side View Top View
stability —

e also monitors rate of v
interactions per number of N
protons on target (POT)

See K. Suzuki’s talk this morning i
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Beam direction [mrad]

Beam stability (INGRID)
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Near detectors I

» Off-axis detector (ND280)

e calorimetry and
tracking (TPCs/FGDs)

* Intrinsic v, content

SMRD

Downstream
l ECAL

¢ recent measurement:
. N lenoidCoil
1.01£0.10 X expectation |

* Unoscillated VHCC

* Cross-sections for processes of
interest, e.g. NCm®

See R. Castillo’s talk this morning
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Tracker analyses i in ND280

* Interaction in FGDs

e track momenta
measured in TPC(s)

e TPC PID by dE/dx
e ECal used for PID and

Energy loss (keV/cm)

= Muons

T Pions

= alectrons
=== protons

-
=
—8
-
5l

cnergy measurement

Momentum (MeV/c)

e ECal is a lead/plastic scintillator sampling calorimeter

200 400 600 800 1000 1200 1400 1600 1800 200{1

« EM energy derived from maximum likelihood fit to total, RMS

and skewness of deposited energy (resolution 10% at 1 GeV)
« PID also uses cluster shape, charge distribution and ratio of

deposited charge in 1%t and last quarter of track

20



stematic error budget for
oscillation analyses (2014)

| Source of uncertainty ||[1Rp 0Nskx /Nsk |1Re Nsk /Nsk |

* Steady improvement SK+FSI 5.00% 3.660%
5 3 SK 4.03% 2.72%
1N systemartic errors FSI+SI(+PN) 2.98% 2.44%
. Flux and
since 2011 correlated cross sections
i (prefit) 21.75% 26.04%
e better constraints (postfit) 2.74% 3.15%
Independent
fI'Om near deteCtOF cross sections 5.00% 4.69%
e better inputs from Total
(prefit) 23.45% 26.80%
external data (postfit) 7.65% 6.75%
A 20 1 ,
e more sophisticated - ¢ - v, dis.
cross-section models | = . e
. ’
e more sophisticated 5 -
analyses 0 ; f f

2011 2012 2013 2014
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Summary

» T2K benetfits from a well-understood far detector with
mature calibration, reconstruction & analysis tools

e However, performance is still being improved, most
recently by development of new reconstruction method
giving superior m° rejection for oscillation analyses

* Near detector inputs are crucial in reducing oscillation
systematics by constraining unoscillated flux and
cross-section models

* Better understanding of all aspects is steadily reducing

temati budget
Sy SEellatic ELTOL DUOBE see also talk by

C. Wilkinson!
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Predicted charge distribution
Cherenkov emission profile
Decay electron momentum
Water transparency




attenuation

Predicted charge/

response
° ud'" = o(p)] g(s, cos 9)Q(R)T(R)66’I)d5

licht vield \ emission

e direct light only (scattered light handled
separately)

e Cherenkov light yield and profile depend on
particle type

« fiTQun PID comes from likelihood ratio based
on this

e (), T and ¢ are detector/geometry properties
 independent of particle hypothesis
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Decay Electron Momentum [ MeV/c |

Detector stability

Momentum of decay electron from stopping muon events
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o

RMS/Mean = 0.48%
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attenuation length [ m ]

Water transparency

Attenuation length
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110
105
100
a5
=10
a5
&0
75
70
&5

60

Rund

:using bottom FMT

Run2 Run3

.............. 1 {

¢1701/09 07/01/09 0101710 0701110 010111 070111 010112 07012

date

0D1/0113 070113

01:0114

90+5m

27



