First Neutrino
Oscillation Results from
the T2K Experiment

Andre Rubbia (ETH Zurich)
for the T2K Collaboration

TR

XIV International Workshop on Neutrino Telescopes
Venice, March 15-18% 201 |




Message from KEK

Japan experienced very severe earthquake on March |1th 201 | at 14:46 |ST.
J-PARC facility suffered damages for some extent. There are no reports of
casualties and all staff, graduate students, and foreign visitors have been
located and as of evening Sunday March |3th all T2K members have been
evacuated from Tokai area.

Fortunately enough, the Tsunami tidal wave did not hit |-PARC.We will start
the investigation of the facilities.VVe will update the announcement as we
learn the detail of the entire damage.

Our present priority is to restore life-supporting infrastructure such as
electricity, water supply and gas at |-PARC. It may take some time, but we
promise the full recovery of the ]-PARC accelerator and T2K experiment in
the near future.

| thank you for the messages of solidarity and sympathy.

Director of the Institute of Particle and Nuclear Studies, KEK
Koichiro Nishikawa
Spokesperson of the T2K experiment

Takashi Kobayashi
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o T2K experimental setup
e Physics data taking during Jan 2010-Mar 2011

* Release of first oscillation analyses results on
the 2010a data

welectron appearance: search for excess of
ve CC events — first T2K 613 result
IIIII>muon dlsappearance measurement of vp CC rate
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T2K Collaboration T2K

12 countries, 59 institutions, -500 members

Canada
U. Alberta — U. B. Columbia — U. Regina — U. Toronto — TRIUMF — U. Victoria — York U.

France
CEA Saclay - IPN Lyon — LLR E. Poly. — LPNHE Paris
Germany
RWTH - Aachen U.
Italy
INFN, U. Bari— INFN, U. Napoli — INFN, U. Padova — INFN, U. Roma
Japan
ICRR Kamioka — ICRR RCCN — KEK — Kobe U. — Kyoto U. — Miyagi U. Edu. — Osaka City U. — U. Tokyo
Poland
A. Soltan, Warsaw — H.Niewodniczanski, Cracow — U. Silesia, Katowice — T. U. Warsaw — U. Warsaw - U.
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Russia
INR
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T2K (Tokai to Kamioka) Experiment ju#=lie
First experiment purposely built for 6813 measurement

Super-Kamiokande |~ a8 ; L G B ) PARC produces 30 GeV
50 kton water cherenkov o 2 oz al) P proton beam, design
detector at 295 km = = S See power of 750 kW

* High intensity v, beam from J-PARC to Super-
Kamiokande @ 295km

* Discovery of ve appearance ™ determine 013

* Precise meas. of v, disappearance ™ 023, Am?,3

X1V International Workshop on Neutrino Telescopes (2011)
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T2K Overview T2K

ons decay in - MUMON monitor Off-axis at 295 km, Super-
decay measures muons from Kamiokande (SK) water
ume pion decay cherenkov detector

measures oscillated flux
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120m 280m

Oscillation Prob.

At 280 m, on-axis INGRID (Am*=2.5x10")

Beam on 90 cm detector measures nil )
graphite target neutrino rate, beam profile b b i
3 magnetic horns Off-axis ND280 detector
focus positively measures spectra for
charged hadrons various neutrino
interactions

Beam peaked at 1st max E=600 MeV S———

GevV
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J-PARC Facility (KEK/JAEA)

s 1) LA

Bird’s eye photo in January of 2008
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— CY2007 Beams

Bird’s ey¢ photo in January of 2008
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— CY2007 Beams
— JFY2008 Beams J FY2001~2008

> Blrd S eye photo in January of 2008 <.
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. | —JEY2008 Beams -
MFYZOOQ BeamSWd 'S eye photo in January of 2008 J FYZOO 1 2008
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J-PARC neutrino beamline overview RZLS
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Muon monitor

Pions are focused by
3 electromagnetic Horns.

Wednesday, March 16, 2011



J-PARC beamline components overview

Secondary beam monitors
« muon profile after beam dump:

Beam dump
Hadron absorber

ionisation chambers and SiPIN (MUMON) graphite modules

« Emulsion exposures (low intensity)

To Super K
direction given by GPS

Neutrino near
detector complex
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3 horns @ 250 kA

Decay pipe
94 m long
Helium filled

Helium-cooled
graphite target
(D=2.6 x L=90 cm)

Fast extracted beam
= 8 bunches/spill (6<Fall 2010)
= SCFM for proton transport

Primary beam monitors
Intensity (CT), position (ESM),
profile (SSEM), beam loss (IC),
beam profile at target (OTR)
=2 W
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ND280 (Near) Detector complex

Off-Axis (ND280)
suite of fine grain detectors/tracker in

0.2 T magnetic field (UA1/NOMAD magnet)
measurements of

" (Cv, events (normalization, E,-spectrum)

= NC 79 CC v, events (backgrounds to v, appearance)

» general neutrino interaction properties

On-axis (INGRID)
( scintillator-iron detectors

measurement of beam direction
and profile
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ND280 on-axis detector overview

First large scale
application of MPPC
(~56,000 MPPCs are
used for ND280 /INGRID)

~10,800 ch. in INGRID

T el T e

i

v
___E_
,-,-,E,-,

vl

* 14 identical modules + 2 off-cross modules
« Beam coverage ~ 10 X 10 m?, Iron target mass ~ 7 ton/module

« Sandwiched scintillator/iron planes + veto planes
* Plastic scintillator + WLS fiber + Multi-Pixel Photon Counter (MPPC)

* Monitor neutrino beam profile/direction/intensity
« ~700 v interactions/day at 50 kW operation
 Off-axis angle precision goal is <1 mrad
(1 mrad corresponds to 2% change in the SK flux at the peak energy)
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ND280 on-axis detector performance

» Data taking efficiency is 99.9 % during 2010a

" v event selection: TVPigg!”;' event .
(1) Tracking — (2) veto cut — (3) FV cut

‘.
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on-time event —
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ND280 off-axis detector overview EZ=L3\

Two main target regions:
- Pi-0 Detector (POD): optimised for (NC) n° events

- Tracker: optimised for charged particle final states
Both regions have passive water planes

. UA1 magnet (0.2T) Inner volume 3.5x3.6x7m?3

Scintillator planes with radiator , _ )
Measure EM showers from inner detector . gt
(y for NC =, bremstrahlung in v, measurement)
Sand muon rejection

(neutrino rate, side muon veto, cosmic trigger)
Momentum measurement

Scintillators planes
: interleaved with water
\‘ ¢ and lead/brass layers

2 FGDs (Fine Grained Detectors) 3 TPCs (Time Projection Chambers): Optimised for y detection

Thin, wide scintillator planes Momentum measurement of charged \
Provides active target mass particles from FGD and POD

. POD mass:

<
Optimised for p recoil detection PID via dE/dx measurement ‘ 16.1 tons w/ water
e A : "% 13.3 tons w/o water
FGD1: Scintillator planes ~ 1 ton, . £7/5 \ .

FGD2: Scinti. & Hz0 planes ~ 0.5 & 0.5 ton M A e
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ND280 detector technologies EE=5

Plastic scintillator
with Y-11 fibre

~N

O
" N
XY,

Scintillator + WLS fibre
read out by novel MPPC
ND280

e Low cost high
performance and
uniformity detector
element

novel solid state
photosensor
insensitive to
magnetic field

Wednesday, March 16, 2011

Front end Board
AFTER ASIC (FGD & TPC)
TRIP-t ASIC (others)

Photon counting,
high PDE, low power
consumption,
ceramic package

~ 56 800 channels

T2K first experiment
to use MPPC at such
a large scale

Very Large TPC based on MicroMegas
read out

3x large modules with double wall
structure

Sensitive volume 180 x 200 x 70 cm

Precise assembly, commissioning
and alignment within mm

124 000 channels

14




ND280 off-axis event gallery

DIS candidate

A.Rubbia X1V International Workshop on Neutrino Telescopes (201 1)
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ND280 off-axis performance

ECAL 22,336 35 0.16%
(DSECAL)  (3,400) (11) (0.32%)

SMRD 4,016 7 0.17%
POD 10,400 7 0.07%
FGD 8,448 20 0.24 %

INGRID 10,796 18 0.17 %
TPC 124,416 0.13 %

g:ldx from TPC TR

T . 18 Prob 4.944e-05

o

Constant 191.9+ 6.9
electrons

— pions 16
—— protons

o
n

=Y

Mean 1.333 + 0.003
Sigma  0.1041+ 0.0023

0~8%
(p=400~500MeV/c)
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SuperK (Far) Detector T2\

Water and air 50kton water
purification system 32kt ID viewed by

Control room | Atotsu 20-inch PMTs

entrance
~2m OD viewed
by 8-inch PMTs

22.5kt fid. vol.
(2m from wall)

Etota|=~4-5MeV
energy threshold

lkeno-yama 1km _ _
Kamioka-cho, @u (2700mwer SK-I: April 1996~

el Japan gkm 2km = SK-IV is running

=,

Mozumi  SK Atotsu

Inner Detector (ID) PMT: ~11100 (SK-L,111,1V), ~5200 (SK-II)
Outer Detector (OD) PMT: 1885

XIV International Workshop on Neutrino Telescopes (20
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a8 History of SuperK T2/K\
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E
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(Kinetic energy) Current Target 21
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A.Rubbia

Water Cherenkov:
e/l identification

e At low momenta
one can correlate
the particle visible
energy with the
Cherenkov angle.
Muons will have
“collapsed” rings
while electrons are
~always at 42°,

® At higher
momenta, look at
the distribution of
light around
Cherenkov angle.
Muons are “crisp”,
electron showers
are “fuzzy”. See
plots and figures
at the right.
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,,:_ Expected Angular charge distribution
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Super-Kamiokande

Bun 4234 Event 367257
47-06-16:25%:32: 58

Toner: 1304 hits, 5173 pE
outer: 5 hits, & pE {in—time}
Trigger ID: 0x07

D wall: 885.0 cm

FC mu-liks, p = 7EE.0 MeW/ o

Residins}
v oaw

« -34- 17
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+ -B8- =51
+ -85- -68
« -102- -85

<-102

Super-Kamiokande

Bun 4268 Ewvent 7859421
97-06-23: 0231557

Toner! 2652 hits, 5741 pE

outer: 3 hits, 2 pE {in—time}
Trigger ID: 0x07

D wall: E0E.0 cm

FC e-like, p = £21.9 MeV/c
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Figures from
http://hep.bu.edu/~superk/atmnu/
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Backgrounds for main T2K analyses

Background for v, appearance search.

Vv
110 from NC events

Intrinsic v, contaminated in v, beam

< Dominant sources are p* decay
and K+ decay
Estimate from 11, K production at target.

Measure the flux by Near Detector. MC
Background for v, disappearance

NC 11° production

CC non-QE events w/ missing particle
... Ey reconstruction is not correct.

Interaction cross section for background events become large as the
neutrino energy become large. —1.5

—~>Reducing high energy v flux Total (CC+NC)
IS important to maximize S/N ratio

Wednesday, March 16, 2011 20



T2K data taking history

Running period: MR fast extraction program
aims at actual running time >107 s per year

e MR and beam line commissioned in 2008-09

e Jan 2010 : start physics run 2010a
e Feb 24, 2010: first T2K event in Superkamiokande !
e June 26, 2010: finish run 2010a
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Delivered proton#
«10" P

Proton per pulse(tor physics run)

—— Physics run

4o = =
T Cycle: 3.52[s]

6 bunch / pulse

Delivered proton#

Proton per pulse(all runs)

Cycle: 3.20[s] = 3.04[s] -
8 bunch / pulse

Proton per pulse

Summer shutdown

D—-—E,E— | h—g

Mar/10 May/10 Jul;“l[l
2010a = 3.23x10"° pot

Run 2010a (Jan-Jun 2010)

e 6 bunches/spill, cycle: 3.52 sec
e 3.23x10"° p.o.t for T2K analysis
e 50kW stable beam operation

(trials at 100 kW)
e Super-K live time >99%

Wednesday, March 16, 2011

Jan/11

Run 2010b (Nov 2010-??? 2011)

» 8 bunches/spill, 9x1013 ppp

e cycle: 3.52 sec — 3.04 sec

e 135kW — 145 kW beam power

e 1.45x10%° p.o.t accumulated so far
e MR intensity limited by losses

22



SK-spill synchronization E=IS

Baseline measurement (Survey)
L=295335+7m i
> ToF of v = 985.132 + 0.02 psec (= vTOF) o 2010a

© 20706,

Expected event timing @ SK (=Tg)
= Spill timing @ Tokai (=T,.,y,) + VTOF.

DAQ synchronization

SK signals in £500us timing window are
recorded as “T2K beam events”.

Stability of GPS is checked by comparing

2 GPS hardware and atomic clock.
- Require |GPS1-GPS2| < 200nsec F l

PMT hit | 1I L ‘ , | L : . : 1‘

spill spill (width ~3psec)
interval ~3 sec

> Tops @J-PARC

' record all hits in Toeam
+500usec *500usec

()
D
7p)
-
-
<
—
7p)
e
-
D
=
D
[
o
-
D
O
&
-
=

e A
L T L5 T, @SK 1000 O 1000 2000 3000 4000 5000
VTOF (~ Imsec) : AT, (nsec)

e Event time distribution clearly shows MR beam bunch structure : very
good synchronization between T2K beam and Super-K
Typical accuracy ~ 20 ns (worst case 150 ns)
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#protons for analysis 2010a

Accumulated # of protons

— Total delivered 3 35x1 019
Good spill 3 26x1019

T T TTTT]X
—

o

™

© 2y
o

N

—— ND280 off-axis 2 .88x101°
— Superk  3.23x1019

as|nd Jad suojoid

&)}
o

Accumulated number of protons

[ | [ ‘ [ | | 1 | | |

_—
-
—
pr—
—
=
=
o
—
e
f—s
-
—
=
o

|_1,.,__| 1/ | | ] | | I | ] | |
01/31 03/02 04/01 05/01 05/31 06/30 "

e After good spill and SK selection:
3.23x10"° POT = 15.5 kWx10’ s

P no Telescop
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Primary protons monitor

Primary proton beam monitoring

 Beam orbit: tuned within 2mm from design orbit.
(Critical for controlling beam loss)

Proton beam hits
center of target

- zZ
[ - TR (FRAR Fun 200 Sheat #2110

|

SEERA (RAR Bun #7278 Shot #21137

EELEA (RAR Fun #Z20 Shoal # 19377
¥TH (kAR Fun #7278 Shot #1837 7

| SSEM _
| Horizontal: =1mm Before tunin

2 —& 3 2

1%

After tuning

| s s . . | . N N . | .
plels] 1500

OTR

X =

-0 II

MR extraction i

 Beam position on target:
Succeeded to control < 1mm
during long term operation

SSEM:

Segmented Secondary Emission Monitor

OTR:
Optical Transition Radiation detector
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#3820 585 30252 *Target
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x(mm)

$=26mm

Bl il st gl W RSN i gy

RMS 0.4mm

|

43 29 01 2 3 4

47372 0 1 273 4

y(mm)

ADC counts/pixel
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15

-
O

Profile center (cm

Muon beam monitor
Secondary 1 beam monltorlng by MUMON spill-by-splll

------------------------ Js n e

+1 mra

~} Y profile ce
ot e

et ctor |ntr|nS|

X proflle ce

:!‘.'aﬂ**u'

nter
nter

Jun

03/21

03/24 '

04/ 18 04!25

05,’30

1
06/13

< 1% (whole peri

od) |

~Jun.

i I
01/24 01/31

03/21

03/24

i i
04/18 04/25

i . i 3
05/16 05/30

i
06/13

i
06/27

* Beam direction is controlled well within 1 mrad. (1 mrad corresponds to
2% change in the SK flux at the peak energy, E, = 0.5 - 0.7 GeV)

* Secondary beam intensity (normalized by proton intensity)
Is stable within 1% — reflects stability of targeting, horn focussing, etc
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Neutrino beam direction stability 2=

Targeting efficiency of proton beam ~99%.

v Beam direction measured by INGRID
from 2010 Jan. ~ Jun.

Horizontal:+0.01£0.05(stat.)*=0.33(syst.) mrad
Vertical : -0. 24+O 05(stat. )+O 37(svst ) mrad

2817+ 2.918 12000f—---F--reeeremenzonnsenneeaaioceneans.| Moan

Sigma

10000
P : : ek
BOOO|—---3 ;e e bbb S

wool .| v beam width

i ° i i - .
-400 -200 0 200 400 -400 -200 0 200 400 :
distance from INGRID center[cm] distance from INGRID center[cm] Stablllty Vertlcal

| Pprofile center x stability I »>Z f ndf

30.79 7 31 | profile center y stability |

-ﬁ;o 2.6867¥5 += 0.713 30

42 .49 /f 31
-3.951 == 0.770

cm

0
0

profilg c_e\nten([cm
0

0

3

0

| profilg c_e\ntew[
0 0 ©

N
0

W
0

 Event rate: expectation vs. observation
— Ryatamc = 1.073 =+ 0.001(stat.) = 0.040(syst.)

preliminary
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T2K§beam§

Date

Stable.

22 U

Stopping u
momentum/range

(MeV/c/cm)

Decay-e momentum
(MeV/c)

24 SK stability monitoring
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T2K-SK event reduction (2010a) =3

Reduction of sample collected in £600us window around T2K spill

All sample
in Imsec window

Y
Calibration flag mmmg Calibration events
\ 4 N Y
NHITAC >= 16 —> OD candidates
v N
PE300 < 200p.e.

or ——> LE candidates
PEMAX/PE300 > 0.5

v N
Flasher test — Flasher events
v N

FC candidates

PE300 = sum ID-PMT (p.e.) in 300ns window
PEMAX = maximum charge (p.e.) in a single ID-PMT hit

[ LE=Low Energy
- OD=Outer Detector
- FC=Fully Contained

S T

—
o

N

—
o

Number of neutrino
candidates observed in SK:
Fully Contained (FC) = 33
Flasher events = 2
Accidental background =
0.009410.0067(stat)

Number of events / 20usec
o

—
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T2K-SK event reduction (2010a)

Observed FC
events versus
accumulated

POTs

(9p)
e
-
O
>
)
O
LL

K-S test shows S Ks test result
consistency with D_O 221 prob-8 0%
linear dependence L
of observed events 5 10 15 20 25 30

on p.o.t. Accumulated protons ( x 10'°)




T2K-SK event reduction (2010a)

Fully contained, fiducial volume (FCFV) selection,
ring counting and 1-ring PID classification

T2K-SK events Data

Fiducial cut: Dwan > 200 cm, total fiducial target = 22.5 kton

Fully-Contained

Fiducial Volume, E, >
30MeV

Single-ring u-like
(P,>200MeV/c)

Single-ring e-like
(P,>100MeV/c)

Multi-ring

| vvorkshop on Neutrino lelescopes (2U




T2K-SK event vertex (2010a)

FC events with visible energy above 30MeV

Reconstructed vertices distributions

beam direction

00 ' ‘
2000 -1000 0 1000 2000 500 1000 1500

The arrow shows the direction of the most energetic reconstructed Cerenkov ring.
black circle = inner detector wall
red circle = boundary of the fiducial volume

elescopes (20
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First T2K v candidate

Super-Kamiokande IV

T2K Beam Run 0 Spill 1143942

Run 66498 Sub 160 Event 37004533
10-02-24:06:00:06

T2K beam dt = 2362.3 ns

Inner: 1265 hits, 2344 pe

Outer: 2 hits, 1 pe

Trigger: 0x80000007

D_wall: 650.8 cm

Time (ns)
. < 921

1047-1061
1061-1075
1075-1089
1089-1103
1103-1117

>1117

[ 15t ring + 2™ ring ]
Invariant mass: 133.8 MeV/c?
(close to x® mass)
Momentum: 148.3 MeV/c

06:00 JSF+eb. 24, 2010

500 1000

Times (ns)

1500

2000

X1V International Workshop on Neutrino Telescopes (2011)
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T2K 1-ring u-like candidate(2010a

Super-Kamiokande IV

T2K Beam Run 0 Spill 952106

Run 66831 Sub 410 Event 96851432
10-05-18:18:33:08

T2K beam dt = 1879.5 ns

Inner: 2949 hits, 8030 pe

Outer: 3 hits, 2 pe

Trigger: 0x80000007

D wall: 709.7 cm

mu-like, p = 1024.6 MeV/c

Charge (pe)
° >26.7
® 23.3-26.7

g‘c&ﬁ;oﬂ»is

L

500 1000 1500 2000

Times (ns)

XIV International Workshop on Neutrino Telescopes
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T2K multi-ring p-like candidate (2010a)

Super-Kamiokande IV

T2K Beam Run 0 Spill 1679196

Run 66932 Sub 205 Event 48713749
10-06-19:17:40:11

T2K beam dt = 2495.3 ns

Inner: 6036 hits, 21915 pe

Outer: 1 hits, 1 pe

Trigger: 0x80000007

D_wall: 900.5 cm

Charge (pe)
. >26.17
® 23.3-26.7

IIIIIIIII[I I_IIIIII
500 1000 1500 2000

Times (ns)

XIV International VVorkshop on Neutrino lelescopes
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Analysis strategies (2010a)

(A) vy disappearance analysis:
e [2K-SK data reduction 1-ring u-like
* Prediction of expected events under two hypotheses:
1.null oscillation

2.0scillations with Am?23=2.4%10-3eV?, sin?2023=1.0
e Comparison observed with expectation

(B) ve appearance analysis:
e [2K-SK data reduction 1-ring e-like
e Additional cuts for background suppression
* Prediction of expected events under two hypotheses:
1. “background only” = oscillations with Am?23=2.4%10-3eV?,
sin?2023=1.0, and 013=0
2. “signal+background” = same as 1. but with sin?26013=0.1
e Oscillation parameters fit
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Analysis flow (2010a)

Neutrino flux prediction
* Proton beam data
* Hadron production data

ND280 (hear) Detector
Measurements

*v, CC inclusive selection

NData
puCC ,ND?280

*Measure: R, .=

N MC
11CC ,ND280

Neutrino cross-sections
*Tuning to external data

e|nteraction models and
parameters variation

Wednesday, March 16, 2011

SK (far) Detector
Measurements

eData reduction and classification

*Compute signal and background
expectations (counting)

NY¢

signal

de  (E,)xo(E,) X

flux cross-section ,
e(E)x P, —v,;E,;0;,Amp)

efficiency oscillation

*Correct normalization using
ND280 measurement

exp MC
NSK o RData/MC X (stgnal T kag )

*Evaluate systematic errors
*Extract oscillation parameters

[In the current analyses we do not use the
measured near spectrum and the near/far ratio.]
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Analysis flow (2010a)

SK (far) Detector
Measurements

* eData reduction and classification

*Compute signal and background
expectations (counting)

ND280 (near) Detector
Measurements

*v, CC inclusive selection

NYC — f dE, ® (E,)x o(E,)x
€(E]/)><P(l//[ Ea Ve;EZ/;013’Am123)

NData
1CC ,ND280

-Correct normallzatlon using

} N ’_} F‘I\‘ NO »\

| *Measure: Ry, uc =

NMC

P o P s

TR = —— = - ~ ——— = . e e M L

R S R ST R S e R R R TR
o ; bt 4 : < J 3 E T i ¥ 2 AP ¥ : g o 1R

XISt
NSK e RD(JT(I/MC X (ngna/ 55 Nb/\g )

A.Rubbia X1V International Workshop on Neutrino Telescopes (201 1)
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Neutrino fluxes prediction (2010a)

Fluxes are calculated starting from specific MC models and tuning on experimental data

1. Hadron 2. Secondary and
: : : : 3. Meson decay
production model optics simulation
Hadron production by Propagation of produced Meson decay producing
p+C interaction and hadrons (11, K, etc) V'S IS Simulated.
secondary interaction in including Horn focusing Geometrical acceptance
target is simulated using Is simulated using IS calculated.
FLUKA 2008. GEANT3 framework.
* Pion production
differential cross e Secondary interaction * v flux obtained at ND & SK
section is corrected Cross sections are |
using dedicated CERN corrected using 2. e Computed
NAG61 data experimental hadronic [Pl far/near ratio
e Measured protons data. |
and beam profile at g;@r bar: MC-stat.
target

# of Protons: CT monitors : —
with 2% uncertainty : Bsﬂ
Beam Shape: SSEM and OTR * L R R
with 0.4-1.0 mm uncertainty

Neutrino Telescopes (20
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CERN NA61 measurements =l

Evaluation of Particle Yields in 30 GeV p+C Inelastic Interactions
and in the T2K replica target

Large acceptance

13m
spectrometer:

Vertex Magnets
VTX-1 VTX-2 5 TPCs

J J PSD 2 dipole magnets
s07/11  OWP)/p? =104 (GeV/e)!
‘..-‘ ’...‘ O(dE/dX)/<dE/dX> ~ 0.04
m m 3 ToFs

TPC-1 WVTPC‘Q ToF-F o(ToF-F) = 120 ps
[\ \ 2007/9 o(ToF-L/R) = 60 ps
GTPC
TPC Readout Upgrade 2008 ToF-R Full Coverage of T2K
phase space

thin target: 2.5x2.5x2 cm3®  int.length ~ 0.04 ~600k triggers in 2007

: 1) dE/dXx (p < 1 GeV/c, p > 4 GeV/c)
Particle ID 2) Combined dE/dx + ToF (1 < p [GeV/c] < 4)

methods used: 3) Negatively charged hadron h- analysis (- only)

. '2_<p[GeV!c]<3H
L Edy . -1

dE/dx [mip]

1

p [GeV/cl] p [GeV/cl dE/dx [mipl

|
15

X1V International VWorkshop on Neutrino Telescopes
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N C A0 1 PrE : 2 C 2IMNME T2/K
~loN pnase space weighted b
A U . . Udld
{ c = —
6 § Y 1__ n; NAC
£ !7000 = 0 ‘
® K= |
g . —6000 005_—
: -
) u
g : ~{5000 e T |
D . . (0} 5 10 15 20
o p (GeV/c)
= 4000 = B 7t (60-120 mrad
3 o Rvcrey
000 g E [
NABG1 acceptance 0021
0.05 000 Y S T 1'5r')(‘G(;V;C2)0 .
o TETIEFUENEREE T —— T . ), = - 7" (120-180 mrad)
% 2 ¢ 6 g 10 g o R e
Momentum (GeV/c) = -
5 |
Analyzed data was taken in 2007 0051
p (30GeV) + C (thin target 2cm) g
Tt production model in T2K is tuned to NA61 TS T de s T 20
preliminary results which was released in Dec. 2009. = ik e med
= B —— FLUKA 2008
Conservative systematic uncertainties % -
+10% : Inelastic p + C cross section " o.0s|
+20% uncorrelated systematic uncertainty for pion :
multiplicity oL N
eV/c
External kaon data ALl
. Rubbia nternational VWorkshop on Neutrino Telescopes ik

Wednesday, March 16, 2011

42



Tuned SK neutrino fluxes

Flux[/10*' POT/50MeV]

o O o o o <o
) " S A >
I I llllﬂ]

[

T TTTI

Tuned neutrino fluxes at SK

b

l IIIIIIIII T TTHTT _I_llllllll

TT Ilw o JTTIT

lllllllllllll

llillllillllillllillll

rrrryrrrryprrrrprrrT_

T
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[T

—= pioniparents

wssie TUOR-PATEHtS

R

| lIllllIlI IlIIIllII

e

1 2 3

1

6 7 8 9
E, (GeV)
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o
=
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o
¥
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bl NN

6 7 8 9
E, (GeV)

0

T2/K\

Applied weight factors vs neutrino energy

Reweighting factor

Reweighting factor

1,15 llll!llll!llll!llll!llll!llll!llll!llll!llll!llll

V . out of‘target tuning

g

- secondary pion tuning

+5%

0.90III1

1 2 3 R 5 6 7 8 9 10
E, GeV

0.95

: out of‘target tuning

CEFHATY PIOH thnTig

: secondary pion tuning

ol — g0t Hine

C ! ﬂ-l-l-h1||| | |

lllIIlllllIllIIllllllllllllllllllllllllllllll

0.90

1 2 3 4 5 6 7 8 9 10
E, GeV
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Neutrino fluxes systematic uncertainties

Fractional systematic flux errors at SK
VS neutrino energy

I I 1 I I I 1 I I

T T T T T
= Total Error
= = = Pion Multiplicity

H = = = Kaon Multiplicity SK VC FIUX

Int. Length

proonBean | Uncertainties -

A = Off-axis Angle

— Total Error
|- == Pion Multiplicity
= = Kaon Muluplicity
Interaction Length

Proton Beam
— Off-axis Angle

|| = Horn Current
Target Alignment
| = Horn Alignment

Fractional Error
Fractional Error

Horn Current
Target Alignment

~— Horn Alignment

Errors (~-20-40%) presently dominated by hadron-

production uncertainties (mr at low Ev and K at high Ev).
Anticipate improvements with published NA61 data.
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Analysis flow (2010a)

Neutrino flux prediction
* Proton beam data
* Hadron production data

\/

ND280 (near) Detector
Measurements

*v, CC inclusive selection

SK (far) Detector
Measurements

eData reduction and classification

*Compute signal and background
expectations (counting)

A de  (E,)xo(E,)x

signal

e(E,)xP(v, — v,;E,;0,,,Amy,)

NData
uCC ,ND?280

*Correct normalization using
ND280 measurement

eXp __
NSK Exk RData/MC X (NSlgnal 5: kag )

eMeasure: R —

Data/ MC

N MC
11CC ,ND280

N___ |no cross -sections B

Py
|

A.Rubbia X1V International Workshop on Neutrino Telescopes (201 1)
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vy CC selection in ND280 E=LY

 Analysis using low level reconstructed objects

» Use EGD hits and and tracks reconstructed in single TPC

o High' Purity: 90% A CC and 50% CCQE

Event number : 24083 | Partition : 63 | Run number : 4200 | Spill : 0 | SubRun number :6 | Time : Sun 2010-03-21 22:33:25 JST [Trigger: Beam Spill

TPC2 -

TPCA1

Event Selection _i i_ _HI "_ _i
No tracks in first TPC

At least 1 track in second TPC with
starting point in first FGD fiducial
volume, p>50 MeV/c

Select track with highest momentum

TPC dE/dx cuts to select muon
candidates, exclude electrons

If no tracks in second TPC, apply
selection to third TPC and second
FGD
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Normalization correction from ND280 (near) Detector K\

Observed kinematical quantities in v, CC selection

B CCQE

CC Resonance
I CcCDIS

CC Coherent w
BN Neutral Current

CC Charm
B o FGD

1|'r

B CC QE
500 CC Resonance
H CC DIS
CC Coherent n
I Neutral Current
400 CC Charm
o FGD
'I.f

entries/0.05

300

entries/(100 MeV/c)

200

100

O~ 01 02 03 04 05 06 07 08 09

1
P(u) (MeV/c) cos 0 ()

R,,.ic=1.061%0.028(stat.)", s (det. sys.)=0.039 ( phys. model)

Includes:
TPC-FGD matching, dE/dx puli
distributions, TPC tracking efficiency
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Analysis flow (2010a)

Neutrino flux prediction
* Proton beam data
* Hadron production data

\/

ND280 (near) Detector
Measurements

*v, CC inclusive selection

SK (far) Detector
Measurements

eData reduction and classification

*Compute signal and background
expectations (counting)

A de  (E,)xo(E,)x

signal

R EV,QB,AWLB)

-‘_ =SS — e e——

NData
S EE TR e *Correct normalization using
Noice nvaso ND280 measurement

e by SR s ot e G L e > N Cara i ot s Bl M €X
Rl v SR R L U B e S, il i SN BSOS e N 2 e R X N —|— N
SE SATE RSPl SK Data/ MC signal bkg

A.Rubbia X1V International Workshop on Neutrino Telescopes (201 1)

Wednesday, March 16, 2011 48



Interaction model systematic errors

Estimated systematic error on cross-sections from
uncertainties in neutrino interaction models at low energy for
the electron appearance analysis

Method: Comparisons of NEUT/GENIE predictions
to external data and the effect of systematic
parameter variations on SK and ND280 event rate s

predictions and detector efficiencies. Estimation of |
Nuclear Final State Interaction (FSI) uncertainties. |

For electron appearance analysis: st | ~2/% @ 500 MeV

Category Error [%]

CC QE Depends on true neutrino energy
* uncertainty of o(ve) / o(Vy) = £6% cted E, (MeV)

CC 1m 30 (F,<2 GeV) 20 (E,=>2 GeV)
CC coherent 7 100

CC other 30 (F,<2 GeV) 25 (E,>2 GeV)

NC 17 30 (E,<1 GeV) 20 (E,- 1 GeV)
NC coherent 30

NC other 30

F'SI error Depends on reconst. neutrino energy

Fractional Error

XIV International Works Neutrino Telescopes (20
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Analysis flow (2010a)

Neutrino flux prediction
* Proton beam data
* Hadron production data

ND280 (near) Detector
Measurements

*vy CC inclusive selection

NData
uCC ,ND?280

*Measure: R, .=

N MC
1CC ,ND280

Neutrino cross-sections
*Tuning to external data

e|nteraction models and
parameters variation

SK (far) Detector
Measurements

eData reduction and classification

*Compute signal and background
expectations (counting)

NY¢

signal

de b (E,)xo(E,)x

ﬂux Ccross-section ,
e(E)X P, =V, E,;0;,Am)

oscillation

*Correct normalization using
ND280 measurement

exp MC
NSK o RData/MC X (stgnal T kag )

*Evaluate systematic errors
eExtract oscillation parameters

[In the current analyses we do not use the
measured near spectrum and the near/far ratio.]

X1V International Workshop on Neutrino Telescopes (2011)
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v, disappearance analysis EZL3

Aimed at precise measurement of 23-sector

N
0)

T2K 2010a v, C.C.Quasi Elastic

preliminary v, C.C. 17 production
vy C.C. other interactions

anti vy C.C.
v, C.C.
N.C.

Expected spectrum for different
oscillation parameter hypothesis

N
o

— Null oscillation

—  (sin®20,Am?)=(0.5, 2.4E-3)

—i
&)

—  (sin®20,Am?)=(0.8, 2.4E-3)

(sin®20,Am?)=(1.0, 2.4E-3)

—i
o

Number of expected events

T2K 2010a
preliminary

|_
@)
i
o
h
(NN
™
A
Q
=
o)
=
S
10
S~
12
C
)
>
L

8001 0.002 0.003 0.004 0.005 0.006
Am? (eV2)

— ‘ T2K off-axis configuration m strong
- Const'r tod ' dependence on oscillation
e ucted £, parameters in region of interest

Neutrino Telescopes (20
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v, disappearance analysis

Event selection for muon disappearance measurement

Reconstructed energy

T2K-SK M Acc.BG assuming QE kinematics
Data No W/ (12us '
events oscillation | oscillation | window) ---- Null oscillation
|_
O .
Fully-Contained | 54.5 24.6  0.0094 |- T Vu" Yo oscillation
L Am?2=2.4 x 103 eV2
o )
Fiducial Volume 21) sin? 285, = 1.0
E__>30MeV 36.8 16.7 0.0011 % Jr Data
S
Single-ring U-like %
o AN 24.5+3.9 7.1+x1.3 c T2K_ 29103
! b 5 ] preliminary
+ number decay-e o
=18 22.843.2  6.3+1.0 ; II
Erec<10 GeV | hllhl e
0.5 1

1.5 2 2.5 3

Am?=2.4 x 1073 eV?
m x103e Reconstructed E, GeV

and sin?20,,=1.0

e Consistent with oscillation parameters measured by MINOS / SK / K2K
e Parameter fitting underway — T2K plans to release result in the near future
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Ve appearance analysis =i

Event selection for electron appearance search
\[®

T2K-SK events| Data With Acc. BG

No oscillation oscillation and (12us window)
613=O

Fully-Contained

Fiducial Volume,
Evis > 30MeV

Single-ring e-like

P.>100MeV/c

APPI.V additional baCkground Assumed oscillation parameters:
reduction cuts: Am?=2.4x 107 eV?, 5in? 20, = 1.0

and0,,=0

# of decay electron (U2>e+v,) =0 Cut criteria were frozen before

Reconstructed invariant mass assuming data collection to avoid bias

2Y rings exist <105MeV

After all cuts: 65.9% signal
efficiency

Reconstructed v energy < 1250 MeV

Wednesday, March 16, 2011



Sequential selection cuts

Sequential cuts - surviving number of events

Cu  [Events

Single ring e-like, E>100 MeV _

Reconstructed invariant mass assuming 2y
rings exist <105MeV

Reconstructed v energy < 1250 MeV

Events in 2010a sample

1 candidate exists!

T2K preliminary (2010a) Ne©bs = |

X1V International Workshop on Neutrino Telescopes (2011)
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Sequential selection cuts =L

—@— Data
MC (x5) | I
B Signal v, (sin"20,,=0.1) | :

1 e Data
MC

B Signal v_ (sin28 _=0.1)

Beam v,
Beam v _

ruens D Beam V)

Number of Events

llllllllllllllllllllllllll

lll'lllllllllTT[l

L1l

R BT RN 1113 | LT | aaaa bl || L1 ll 111

10 15 0.5 1 . 2.5 35 4 45
PID parameter # of decay electron

~—&— Duala ~—&— Dala
. 4 '

MC MC
S g 2an o . . - -
B signal v_(sin™28 =0.1) B Signal v_(sin"268 =0.1)
Beam v e e Beam v
Beam v _ - oo Beam v _

.

1B Beam ¥, : : P Beam T

llllllllllllllllllllllllllllll

llllllllllllllllllllllllllll

1

| T E R A b

500 1000 1500 2000 2500 3000 3500 400C
Reconst. v energy [MeV] Reconst. inv. mass [MeV
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T2K ve CC signal candidate (2010a) EZ43

Signal candidate event passing all cuts

Super-Kamiokande IV

Item Event T2K cut

Date (JST) 2010 May 12th 21:3:22

Ring, PID 1-Ring electron-like OK

Momentum 378 MeV >100

0 0
0.55 (57 degree) N/A

0.13 MeV <105
496 MeV <1250

1000 1500

Times (ns)

XIV International Works Neutrino Telescopes (20
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SK selection systematic error B2l

Estimated systematic error from SK event selection

Methods: atmospheric neutrino events observed in SK and “hybrid m°” used as
control samples to estimate uncertainties

Parameter Error source Signal Background
Normalization 1.4 %

flmergy Energy scale 0.3

fNring Ring counting 3.9

fEIDp Muon PID

f SK norm

fP1De Electron PID 3.8
fPOLfit POLfit mass cut 5.1
fNdey Decay electron finding 0.1
freff 7Y rejection

Total uncertainty: 7.6% 1 5.8%

elescopes (20
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Combined systematic errors

Estimated combined total systematic error from each
source group on electron events in SK, constrained by
ND280 normalization

Error source N g;g(
SK Efficiency + 7.6
Cross section + 9.7
Beam Flux - 22.0

ND Efficiency
Overall Norm.

Total

* ~24% total systematic error for background

i 2_ = 10-3a\/2
only hypothesis Am?y;=2.4-10eV

sin?20,,=1.0, sin?20,;=0.1
* ~20% total systematic error for signal 5cp =0
+ background hypothesis
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Expected #SK events  EELN

: e fevents normalized to
Source Estimated number b0 and corrected

Beam v, (CC+NC) 0.13 for ND280 v, CC
measured

Beam v, (CC+NC) 0.01 normalization

Assumed oscillation
Beam v. (CC) 0.16 parameters for signal:

Total background 0.30 + 0.07 (syst.) 4m2228=2_4:.:) 03eV2
sin?20,5=1.
Total sig.+background | 1.20 = 0.23 (syst.) sin220,,=0.1

Scp =0

SR VN SUSUUS NUSUOS NUSSS T2K preliminary

|® null hypothesis | (2010a)

|® oscillation signal |

| hypothesis with

sin“2013=0.1 ~29% probability to observe
>=1 event when expected

: average = 0.3 event

1 data candidate!
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T2K appearance upper limit results B2\

Two independent statistical procedures

T2K preliminary | _
(2010a) Assuming Am?2,,=2.4-10-3eV? and sin?20,;=1.0, d,p = O:

: Normal Hierarchy : sin?(2613) < 0.50 (90%C.L.)
(A) Feldman-Cousins I,/ Hicrarchy -  sin?(2615) < 0.59 (90%C.L.)

. : Normal Hierarchy : sin?(2613) < 0.44 (90%C.L.)
(B) Classical one-sided §, - ticrarchy :  sin2(2815) < 0.53 (90%C.L.)

T2K 2010a 90%C.L. sensitivity
(Analysis A):

Normal Hierarchy : sin?2(2013) < 0.35 Analysis A: ; Analysis A:
Inverted Hierarchy : sin?(2013) <0.42| [ 90% CL Sensitivity j H 90% CL Sensitivity
- 90% CL Upper Limit 22 4 | | 90% CL Upper Limit § | |

* More collected data
on tape
* Analyses underway

B De LI RS -| Normal hierarchy
-| Normal hierarchy | Am?2,,=2.4-10-3eV?

102 10"
sin®20,,
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Prospects for updated results E=

1.45x1040 p.o.t. on
tape = 73kW*1e7 s =
4.5x(2010a)

Aim at 3x10%° p.o.t.

= 150kW*1e7 s by
July 2011 (quake—7?)

Signal sensitivity vs p.o.t.

-
=

90% CL 6., Sensitivity

Systematic Error Fraction
5% sys error
10% sys error

20% sys error

Normal Hierarchy

Analysis improvements
underway

New NAG1 results -
Systematic error
uncertainty from hadron
production will be reduced.

Spectrum measurement
In ND and near/far ratio to
reduce model dependence § Already on tape

Fall:prop

QPO

N e

sin”2 0., Sensitivity

—h
Q
N

Protons on Target
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Conclusions

e 2K searches for vi—ve & vy—vx 0Scillations and aims at determining
the atmospheric sector parameters

e [2K started physics running from Jan. 2010.

 We reported results from the first v,—ve oscillation analysis based on
3.23x10"9 p.o.t. (2010 Jan.~ Jun):
e # of observed events surviving all cuts = 1
e # of expected background = 0.30 £ 0.07 (w/ 613=0)

 The observed v, CC candidates are consistent with the neutrino
oscillation parameters measured by SK, K2K and MINOS.

..' The total lntegrated proton mtens:ty accumulated until the earthquake

e ."', a
’y"a ‘h Q ool
Yo @ 550

: X I o o~ B V:V ".»-,
’ p.o.t. and events are be ing anal vzed. With th S Incr

ai}@g'ﬂ,’

X1V International Workshop on Neutrino Telescopes (201 1)

A.Rubbia
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Beam related systematic error s

Sources of uncertainty for the neutrino flux prediction

Source
Pion Multiplicity

Kaon Multiplicity

Prod. Cross Sections

Proton Beam

V Beam Direction
Target Alignment
Horn Alignment
Horn Current

Horn Field Asym,

Wednesday, March 16, 2011

Uncertainty Change at Peak Max Change(<3GeV)

20%
20-25%
10-50%

0.5mm, 0.3mrad
0.44mrad
1.3mrad

Imm

SkA

X1V International Workshop on Neutrino Telescopes (2011)
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Tuned neutrino fluxes uncertainties

Total Error : : :

Pion Multiplicity |

Kaon Multiplicity | : SK v. Flux .
Int. Length N : _
Proton Beam Uncertainties

Off-axis Angle :

— Total Error
Pron Multiplicity
Kaon Muluplicity
Interaction Length

Proton Beam
Off-axis Angle

Horn Current
Target Alignment
Horn Alignment

— Hormn Current
Target Alignment
Horn Alignment

Fractional Error
Fractional Error

— Total Error
Pion Multiplicity
Kaon Muluplicity
Int. Length
Proton Beam
Off-axis Angle

— Horn Current :
Target Alignment
Horn Alignment

— Total Error

- == Pion Multiplicity 'Yl

1on Mu ll{-') |<..1l'y SK Ve Flux i
- = = Kaon Multiplicity P i
— Int. Length Uncertainties |

—— Off-axis Angle

Fractional Error
Fractional Error

—— Horn Current

leyadagagagad

10
E,
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Detailed systematic errors

Electron appearance analysis

Error source NZ9 NG¢ N5 Nyp NJY/Nnp NEEY/Nap
SK Norm. fofsnorm +14 +14 +£14 +0.0 + 1.4 + 1.4
SK Energy Scale fEmergy +03 +£05 +04 0.0 + 0.5 + 0.4
SK Ring Counting fNring +39 +£84 +£50 0.0 + 8.4 + 5.0
SK PID Muon frRIDp +00 +£10 £03 =£0.0 + 1.0 + 0.3
SK PID Electron friDe +38 £81 £49 £0.0 + 8.1 + 4.9
SK POLfit Mass fPOLfit +51 +£87 +£60 0.0 + 8.7 + 6.0
SK Decay Electron fNacy +01 +£03 +£02 0.0 + 0.3 + 0.2

SK 70 Efficiency froeff +00 +£59 =£15 +£0.0 + 5.9 + 1.5
CC QE shape fCCQEshape 4 49  +26 +43 £0.0 + 2.6 + 4.3
CC 1n feCT +43 +£38 +£41 £59 + 2.2 + 1.8
CC Coherentrm fCCcoh +03 +02 +03 +33 + 3.1 + 3.0
CC Other fCCother +01 +£03 £01 £438 + 4.4 + 4.6
NC 179 FNCIa® +00 +£59 +£15 +0.0 + 5.8 + 1.4
NC Coherentr fNCeoh +00 +£25 £06 =£0.00 + 2.5 + 0.6
NC Other fNCother +00 +£38 £10 =£1.1 + 2.7 + 0.2
o(ve) folve) +60 +£32 +£53 <00 + 3.2 + 5.3
FSI fEST +38 +103 +£55 £0.0 + 10.3 + 5.5
Beam Norm. fng/ND + 220 =181 £ 205 £ 19.8 + 8.9 + 11.9
ND Efficiency feno +£00 +00 +£00 3 30 28
Overall Norm. frorm +00 +00 +00 400 + 2.7 + 2.7
Total + 25.2% + 27.8% + 24.7% T557% T % 0%
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Detailed neutrino model systematic errors [E2=12a0
Variation of the NEUT MC input parameters

Source Central Value Variations
MS" [(GeV/c)?] 1.21 0.2
MEY [(GeV/c)? 0.84 -0.1
MAES [(GeV /c)?] 1.21 -0.2
MEES [(GeV /c)?] 0.84 -0.1
MGOH [(GeV/c)?] 1.0 -0.5
CCQE pr [MeV /c] 225 +25
CCQE Eg %0 [MeV] 26.6 +23.2
CCQE k 1.00 +0.007
DIS Bodek-Yang Corr. on oft

T7: absorption +28%

Tr: inelastic 0%

7. charge exchange -60%
T7: 7 production -50%
A absorption -20%

w/A abs. — nN on
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CERN NAG4 1 publication

Available a D \N 12 v:1102.0983 [hep-ex], submitted to Phys. Rev. C

Comparison of data with FLUKAZ2008,
URQMD 1.3.1 and VENUS 4.12

As published by NA61
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\. e VENUS 4.12 : NN "\, " VENUS 4.12

15 — 5 — 5 — 15
p [GeV/c] p [GeV/c] p [GeV/c] p [GeV/c]
Polar angle bins 180-240, 240-300, 300-360, 360-420 mrad not shown here
Estimated systematic error on NA61 measured production cross-section :
differential cross-section bin = 6% Oprod = (229.3 £ 1.9 £ 9.0)mb
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Tuned/original ratio for SK flux
(original flux is obtained w/ FLUKA2008
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T2K ve CC candidate (2010a)

Event removed by decay electron cut

Super-Kamiokande IV

T2K Beam Run 0 Spill 549269

Run 66726 Sub 688 Event 159721926
10-05-01:04:51:01

T2K beam dt = 709.4 ns

Inner: 820 hits, 1853 pe

Outer: 5 hits, 5 pe

Trigger: 0x80000007

D_wall: 795.0 cm

e-like, p = 180.7 MeV/c

Charge (pe)
° >26.7

Super-Kamiokande IV
T2K pill 549269

31
ceset] 35 usec
25
19
12
6
ol v mallrg e,
0 500 1000 1500 2000

Times (ns)

...1L4.L|HL.&_L|U..

500 1000 1500 2000

Times (ns)

[tem Event T2K cut

Date (JST) 2010 May 1st 4:50:58

Ring, PID 1-Ring electron-like OK

Momentum 181 MeV >100

1 0
0.026 (89 degree) N/A

46.6 MeV <105
257 MeV <1250
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Beam direction monitoring
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* MUMON and INGRID measurements in good agreement

 Beam direction is stable and within 1 mrad tuning goal
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Multi-Pixels Photon Counter (MPPC)

N ———
X8 amplifiier board

—

—

' -
TTYTT T
i b
gy ™

-

10°

REABABARERE
]

amplitude (mV)

50 um pixel pitch 10 iy
60-65% active area 5 2
Pixel capacitance : 97.5 fF
Passive quenching 150 MQ :
Pixel RC cnst~13 ns 740 60 80

00 120 130

time (ns)

1.3 mm x 1.3 mm (T2K device) 180 ADC Spectrum T2K FEB
667 pixels (50um pitch) 160 Pedestal (blue)/LED(red)

Nominal gain : 7.5x10E5

PDE (500 nm) ~ 20%

Timing resolution ~ 200-600 ps
Noise 500 MHz/mm? at °C
Cross-talk and after-pulsing ~ 15%

900 200 300 400 500 _
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Sampling scintillator + MPPC

T2K custom device 1.3 mm x 1.3 mm

Yo active ar
ic pac

/w/w/k
e |
Basic element of the near detector scintillator sub-
systems (INGRID, POD , FGD, ECAL, SMRD) : iz
’ /

e Extruded scintillator bar with embedded . /°°“"",,°;°;
Y-11 fibre read out by individual MPPC in i N
coupler '

e 56 000 channels in total Shroud

Connector design for POD/ECAL/SMRD
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