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Abstract
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The T2K experiment is a long baseline neutrino oscillatimpegiment aiming to observe the appearancec.dh a v, beam.
O _Thev, beam is produced at the Japan Proton Accelerator Researohl&o(J-PARC), observed with the 295 km distant Super-
—Kamiokande Detector and monitored by a suite of near deteetip280m from the proton target. The near detectors inciude
magnetized fi-axis detector (ND280) which measures the un-oscillatedrime flux and neutrino cross sections. The present paper
describes the outermost component of ND280 which is a sidmmange detector (SMRD) composed of scintillation colswéth
embedded wavelength shifting fibers and Multi-Pixel Ph&@@oninter read-out. The components, performance and respdtize
LO SMRD are presented.

LO
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O\ ‘1. Introduction to the oscillation maximum for a baseline of 295 km. THi& o

_F! axis configuration also leads to a significant reduction ickba

=  The Tokai to Kamioka (T2K) experiment is a sec- grounds originating from a beam intrinsic electron newisin

-~ ‘ond generation long-baseline accelerator neutrino asicii ~ The estimated fraction of electron neutrinos at the peakogne

< experimentfi1,12]3] which started taking data in January0201 is ve/v, ~ 0.4%. A near detector complex at J-PARC is used

(O The principal goal of the project is to measure neutrinolesci to monitor the neutrino beam, measure neutrino event ratés a
lation parameters by searching for the appearance of etectr to help minimize systematic uncertainties in the measunesne
neutrinos {e) in @ beam of muon neutrinos,{) and by per-  of neutrino oscillation parameters. A detector facilityjasated
forming precision measurements of the muon neutrino disap280 m downstream from the target was built at J-PARC in Tokai
pearance. The project utilizes protons from the new 30 GeVor this purpose. Neutrino oscillation parameters can bivele
Main Ring (MR) proton synchrotron at J-PARC in Tokai[3] to from flux and spectral measurementsypfandve performed
produce av, beam on a stationary graphite target. A 295 kmwith the Super-Kamiokande and with the near detectors. The
distant detector at Kamioka is placed 2 &f-axis to mea- near detectors provide a normalization of the unoscillfited
sure beam neutrinos. The upgraded water Cherenkov detegnd a measurement of backgrounds. The near detector complex
tor, Super-Kamiokande[l] 4], serves as far detector for T2Khouses two detector$[d, 6]: an on-axis interactive neagjd
The use of an fi-axis beam results in a neutrino energy spec-detector (INGRID) and anfb-axis near detector, ND2811|, 7].
trum that is narrowly peaked at about 600 MeV correspondingdrotons are accelerated up to 30 GeV and proton spills are suc
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cessively extracted every 2.6 seconds (initially 3.5 sinftbe
J-PARC main ring synchrotron into the neutrino beamlines Th
neutrino beamline leads to a graphite ta@t[lO] onto wproh
tons impinge. The target is embedded in the first of three mag-
netic horns which are excited by a pulsed current that is syn-
chronized with the beam. During (anti-)neutrino runs thenko
serve to focus (negatively)positively charged pions ing8%an
long decay volume, where they decay into muons and muon
neutrinos.
The neutrino beam direction needs to be tuned and monitored
precisely since for anfiaxis configuration the peak neutrino
energy changes by 2% per millirad change in beam direction.
The neutrino beam flux and direction is measured by the on- Barrel ECAL
axis INGRID detector which is composed of an array of iron-
scintillator sandwich detectors. Thé&-@xis detector ND280 is
positioned at a 25off-axis angle as is the far detector and it's
primary purpose is to meausre the unoscillated neutrincggne
spectrum, the,, contamination in the beam and neutrino inter-
action cross sections. The dominant neutrino interactron p Figure 1: A view of the ND280 fi-axis detector.
cess around the T2K neutrino peak energy of about 600 MeV is
charged-current quasi-elastic (CC-QE) scattesiyig — up.
The CC-QE cross-section measured by ND280 will be used
as a reference cross-section for measurements in the Supeanges of short tracks such as recoil protons produced by CC-
Kamiokande detector. In order to achieve the projected serQE interactions in the FGD are measured. The first FGD mod-
sitivities ﬁ] of the experiment, the momentum resolutidn o ule is made of layers which in turn are composed of scintilla-
muons from CC-QE interactions should be better than Eb%[Z]tor bars with perpendicular orientation from one layer te th
The expected precision for determining the energy scaletis b next. The second module consists of equivalent scintillaéos
ter than 2% and the backgrounds forseappearance should be which are interspersed with passive water layers to allaw fo
measured with uncertanties smaller than 10% . cross section measurement on water. The primary purpose of
the TPC is to measure muon and electron momenta for neutrino
energy reconstruction in CC-QE interactions and ionizeio-
2. The Off-axis Detector and the SMRD ergy lossesSE, for particle identification.
Both POD and tracker are surrounded by an electromagnetic

The dt-axis near detector ND280 consists of finely seg-calorimeter to detect showering( y) particles which escape
mented detectors which act as neutrino targets and tradeing from the tracking detector and POD and allow for better event
tectors and are surrounded by an electromagnetic cal@imetreconstruction and particle identification. The inner jdithe
(ECal) and a magnet which houses a side muon range detectoff-axis detector is placed inside the UA1 dipole magnet, which
(SMRD). The inner part of the detector is divided into mu#tip is operated to produce a uniform horizontal magnetic field of
regions: ar® detector (POD), a tracking detector which in turn 0.2 T. The magnet yoke is divided into two halves, each made
consits of two fine grained detectors (FGD) made from scinof eight C-shaped flux return yokes. Each of these individual
tillators and water modules and three gaseous time projecti yokes consists of sixteen iron plates, 48 mm thick, and space
chambers (TPC). The layout of the detector is shown in[Hig. 1.with 17 mm air gaps.

The POD detector consists of scintillator planes integelav The side muon range detector consists of a multiple layers of
with lead, brass and water layers. It is designed to measungastic scintillation counters placed in the air gaps inNasn
backgrounds for the electron neutrino appearance seathk in the iron plates which make up the yokes of the UA1 magnet.
far detector. In particular the background from the newtuiad ~ The main purpose of the SMRD is to measure muon momenta
rent reaction with only a single® in the final state and the for muons which are created in neutrino interactions anakvhi
electron neutrino contamination in the beam. Segments witlescape the inner detectors at large angles with respeceto th
water are implemented for neutrino water cross-section-mealeutrino beam. It also serves to identify backgrounds from
surements. beam neutrino interactions in the magnet yoke and surround-
Downstream of the POD is the tracking detector which is oping walls and to provide a cosmic trigger signal for calibrat
timized to measure momenta of charged particles, partigula purposes of the ND280 detector. A detailed description ef th
muons and electrons and recoil protons produced in chargedD280 near detector can be foundlih [1].
current quasi-elastic interactions. The tracking detectm- One of the main goals of the ND280 detector is to measure
sists of two fine grained detectors which are intersperséld wi the neutrino energy spectrum. For charged current quasi ela
three time projection chambers. The FGDs provide the targdtc CC-QE processes, neutrino energy is closely relatetig¢o t
mass for neutrino interactions in the tracker. Directiond a muon momentum and its angle of emission. The active target
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mass is concentrated in the FGD and POD detectors. Muorings and 80 mm for all other rings. The original UAL inner
emitted at large angles with respect to the neutrino beam divolume width was 80mm smaller but the yokes were slightly
rection often leave short or no tracks in the TPC. Such muonmodified for the NOMAD experiment. Each yoke is composed
will intersect the ECal as well as the SMRD and the iron yokeof sixteen 48mm thick iron plates which are separated by 17mm
surrounding the entire detector. Their momenta can berigder thick spacers and held together by long bolts. Fididire 2 shows
from the range in iron and the SMRD measurements. The diredhe basic structure of a single yoke and the slits in betwesn i
tions of muons can be determined based on information fromplates. Slits which are located in between the same set tf bol
the inner detectors and the position information in thetmlas form a group labeled as tower. Except for corner towers, all
scintillation counters of the SMRD.

Estimates based on MC studies indicate that a significact fra
tion of all muons which originate from CC-QE reactions inter %
sect the SMRD. The vast majority of large angle muons which —
does not escape in the forward direction, e.g.dosé > 0.8, !

have momenta of less than 600 MeV Muons with energies
less than 600 MeV will range out within less than 350 mm of
iron. The iron plates of magnet yokes are 48 mm thick and
hence it is sfficient to instrument 6 to 7 radial layers in order
to range out the majority of muons that are not escaping in the
forward direction.

The principal requirement for the SMRD detector is to detect
particles with very high ficiency. Hence the active detector
medium has to enclose the inner detectors nearly hernigtical
and provide uniform giciency across the entire sensitive area. ‘
An additional requirement is the long-term stability ofdditec- p=
tor components to ensure good performance and longevity ove B
the lifetime of the experiment. The SMRD will also be used to : =
identify backgrounds entering the detector from outsideels
as from interactions of beam neutrinos in the iron of the mag-
net yoke. The SMRD provides the trigger signal in response tdigure 2: Engineering drawing view of a single yoke. A sedgbolts hold the
through-going cosmic ray muons. These muons are an invaldron plates t‘ogether and sub-divide each yoke into 4 hotatpd vertical and 2

. . . . corner sections.
able calibration source for the inner detectors as theyigeo
sample of muon tracks that are, apart from their directienyv horizontally oriented slits have a nominal gap size of 17mm
similar to the muons created in neutrino beam interactions.  700mmx 876mm (height< width x depth), and all vertically
oriented slits have a nominal gap size of 910mmM 7mm x
876mm (heightx width x depth). Due to imperfections and
deformations of the magnet as well as welding seams of the

The side muon range detector is embedded in the former uagpacers the actual gap sizes mayedislightly.
and NOMAD magnet which is now located at J-PARC in Tokai,3 > The SMRD

Japan. The magnetis housed in a 17 m deep detector pit W|thoutEach yoke consists of 16 iron plates which are spaced at a

overburd.en, 280m downstream frqm the garbon target and %ﬁstance of 17mm which leads to a set of 15 slits in radialdire
an df-axis angle of 2.5 The following sections describe the . . .
tion. Active detector components, populate the three imost

geometry, design and components of the SMRD. gaps in all yokes so as to be able to detect particles escaping
. the inner detectors . Particles which escape the innertesec
3.1. The ND280 @-Axis Magnet on the sides have slightly higher mean energy compared {o par
The former UA1 magnet consists of 16 flux return yokesticles which are exiting through the top or bottom where the
which are grouped in pairs (labeled 1 through 8 from upstreanmagnet coil material causes additional energy loss. Thezef
to downstream with respect to the neutrino beam direction) tadditional active layers have been installed in the sidebh®f
form a series of 8 consecutive rings which surround the magmost downstream yokes; a total of 4 vertical layers in yoke 6
netic field and the current coils on four sides. All 16 yokegeha and 6 layers in yokes 7 and 8. The location of the larger number
essentially the same dimensions with the four yokes formingf layers of active detector material was chosen to maxithiee
the first and the last ring exhibiting slightlyfterent geometry the observation of muons originating from beam related neu-
at the interface where two yokes meet to form a ring. The nomtrino interactions inside ND280.
inal outer dimensions of each yoke are 6150xi2815mmx The SMRD consists of 192 horizontally oriented and 248
876mm (height width x depth) and the enclosed space mea-vertically oriented detector modules in total. The extédia
sures 4040mmnx 3600mmx 7568mm (heighk width x depth).  mensions of the detector modules are dictated by the dimen-
The relative ring spacing amounts to 110 mm for the outermosiions of the slits in the yokes and measure to 9sB86mm
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x 955mm (heightx width x depth) for horizontal and 9mm  fibers of flexible S-type and with doubIe-cIaddi@[lS] wasdis
892mmx 955mm (heightx width x depth) for vertical mod- for the SMRD counters. Fibers are bent into a serpentinpesha
ules. The module height is pointing radially outward and theand glued into grooves with BC600 Bicron glue. Details of the
module depth is parallel to the long axis of the magnet. Theluing technique are described in[12].
counter sizes have been optimized to maximize the active areThe long term stability of bent WLS fibers was tested with
in each magnet slit. Due to thefflirently sized spaces for two photosensors MRS APDE[16] and a blue LED as a light
horizontal and vertical slits, horizontal SMRD modules aresource. Several 3 m long fiber samples were wound into 7 turns
composed of 4 scintillation counters with dimensions 7mm to reproduce similar bending stresses. A bending diamdter o
167mmx 875mm (heighk width x length) and vertical SMRD 60 mm led to an average initial drop in light transmissionlqua
modules consist of 5 scintillation counters with dimension ity of about 5%, which is in a good agreement with Kuraray
7mmx 175mmx 875mm (heightx width x length). Hence, data [15]. The light attenuation was measured as the ratio of
the SMRD consists of 768 horizontal and 1240 vertical seinti the light signal at the far fiber end to the signal at the clogk e
lation counters in total. The near end signal served as a reference of LED intensity. A
Polystyrene-based scintillator slabs, each with an emdxkdd straight fiber of the same length was used to calibrate the pho
wave-length shifting (WLS) fiber, serve as active elemeats f tosensors. No degradation in light attenuation other than t
the SMRD detector. The WLS fiber is read out on both ends tanitial decrease has been observed over a period of moreathan
increase light yield, improve uniformity and position acaty, year. Inthe SMRD scintillation counters the WLS fiber exits
and provide redundancy (FId. 3). A key feature of the indigild  both sides of the scintillator through a ferrule which istpr
a custom made endcap. Endcaps are glued and screwed to the
end faces of each scintillator counter, and are injectiotdet
and made out of black vectra, a brand of liquid crystal polyme
and which was tested to be light tight at the few photon level.
Each endcap features a snap-on mechanism to engage a con-
Figure 3: SMRD scintillator slabs with a serpentine-rouxdd. WLS fiber. nector with an inserted Hamamatsu multi pixel photon caunte
(MPPC) EJF], to couple to the endcap and the WLS fiber ferrule,
respectively. The MPPCs are backed by a foam spring to ensure
SMRD counters is the usage of a serpentine-shaped fiber. Tleereliable coupling between the photosensor front face la@d t
design results in near uniform response across the surféoe o polished WLS fiber ends. Figuré 4 shows an engineering draw-
scintillation counterl__[l8] and minimize the number of ph@os ing of the connector containing a photosensor and clipped to
sors and electronics channels compared to more convehtiontae endcap.
designs with multiple straight fibers. Extruded polystyen
scintillators (1.5% PTP, 0.01% POPOP) have been produced
by Uniplast, a company in Vladimir, Russia. The outer swgfac
of each slab are etched by a chemical agent, thus resulting in
formation of a white diuse layer. The deposit thickness is 30-
100um depending on etching time. Theftise layer acts as a
reflector and has been demonstrated to increase the ligtt yie
by 40 to 50% relative to a scintillation counter without such
a diffusively reflective layer. The advantage of the approach
is an almost ideal contact of the reflector with the scirtbita
Details about the extrusion technique and the method of etch
ing a scintillator with a chemical agent can be foundlinl [13].
Extruded scintillators of this type have shown good lighelgi
stability over at least two years [14]. After the etching@©  Figure 4: Partial view of a SMRD scintillator counter endasigh the optical
dure raw scintillator slabs were cut with a milling machimegla connector housing a MPPC and a mini PCB.
the serpentine-shaped groove was milled successivelythEor
SMRD counters the serpentine geometry of a groove congists @ll 4016 MPPCs of the SMRD are connected to miniature
15 half-circles, each with a diameter of 58 mm and straigéxt se printed circuit boards (PCB) which are free to slide aloritsra
tions connecting the semi-circles. Due to thetient widths of  in the backside of the optical connector. The free movement
horizontal and vertical counters grooves of twffelient lengths  of the PCB along the leads of the photosensors ensures good
are required: 2.10 m for horizontal counters and 2.22 m for ve optical connections between WLS fiber and MPPC and averts
tical ones. The groove depth is 2.8 mm and deepens to 3.55 mdamage to the MPPC front face due to overpressure. The minia-
towards both ends of the counters so as to allow the fiber to exture PCBs couple the MPPC signals into Hirose mini-coax ca-
the scintillator at mid-height. Grooves were milled in njple  bles which lead the signals to the Trip-t frontend boardB§)F
passes with a 1.1 mm diameter mill to ensure good optical su@,@]. The front end electronics is mounted on the velrtica
face properties of the grooves. The accuracy of the millipg 0 sections of the magnet yokes. The mini coax-cables aredoute
eration was 10@m. A 1 mm diameter Y11 (150) Kuraray WLS between the magnet yokes and measure 3.5m and 3.0m for hor-
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izontal modules and are 2.2m long for all vertical modules. in light yield between the two ends. The asymmetry was at-
tributed to a damages of the fiber cladding encurred duriag th
3.3. Photosensors gluing process. These 20 counters were repaired by gluing a

Multi Pixel Photon Counters (MPPCDN] developed for new fiber into a refurbished groove after milling out the prev

T2K by Hamamatsu were chosen as the common photosens%lrjsw glued fiber. All counters which passed the quality, test

for all ND280 scintillator based detectors. Key featurethete were wrapped by one layer of 0.1 mm thick Tyvek paper which

. L . 0
devices are their insensitivity to magnetic fields and them- leads to a further increase in light yield of 15%.
pact size which make them well suited for applications near o

in the magnetic field and within the limited space available i Endcap {é&rg\r/;}% fiber Ferrule Endcap
side the UA1 magnet. The total number of MPPCs used for th- \
SMRD amounts to 4016. ®
The custom made version of the MPPCs for T2K consist o' 2
an array of 667 independent §80un¥ avalanche photodiodes £—3 4 \ !

(pixels) operating in Geiger mode. The MPPC sensitive afea ¢

1.3 x 1.3 mn? is well suited to accept light from a 1 mm diam- Scintillator R(eTf;f\’,cet%e layer  stainless steel container
eter Y11 fiber. The MPPC signal is a sum of pixel avalanches
and this multi-pixel sensor operates as an analog photodete Figure 5: SMRD counter sliced view.

tor with a dynamic range that is limited by the finite number

of pixels. Typical light signals in SMRD_counters_ are below Successively the counters were wrapped in a lightproaistai
50 photoelectrons qnd therefore dynamic range ISSue are nfétss steel container (Figl. 5). The container was attachscine

a concern. _Each _plxel can be_repres_ented as a microcapatiiiator and endcaps with DP-490 black epoxy glue and a doubl
tor which quickly discharges during Geiger breakdownatéd iy 56:0.15 mm Tesa adhesive tape. Additionally all joints

by a photoelectron until the voltagefiéirence across it has de- between the container surface and the endcap were covered by

creased below the breakdown voltage. The overvoltage,h/vhica black Tesa adhesive tape oh@5065 mm. Each fiber end
is defined as the fierence between the supplied bias voltage '

d the breakd | ‘s th ) i inside the endcap ferrule was cut by a cylindrical mill antt po
and the breakdown voltage, IS the main p_grame?er atbs_ ished to provide good optical contact with the MPPC. After as
the performance of MPPCs and the stability of its operation

MPPGs h I ale bh | uti sembly, the dark noise of each SMRD counter was measured
s have an excellent single photoelectron resolutido up i, MppCs and an oscilloscope to ensure the absence of light

mean charges corresponding to about 30 photoelectronalthat leaks. In total, 2130 counters (800 — 167 mm wide and 1330

low to perform an accurate calibration of each counter. — 175 mm wide counters) were assembled and tested to be of

At a temperart]ure of - sgc and_ aT oyer‘;foltagse of ﬁ‘G v good quality. After shipment to Japan 230 counters weredoun
MPPCs are characterized by a typical gain §5710°, a photo to have developed a sub-millimeter sized air gap between the

detegtion éiciency of about 25% for green light as emittgd bYagng of the fiber and the face of the ferule, resulting in a small
.Yll fiber. The averageldark rate amounts to 790 KHz with MaXHss in light yield. Hence the endcaps of all counters were ad
imum values approaching up to .1.M|._|Z’ the e(;stlmated Comblneé)itionally fastened by 2 stainless steel screws each inrdode
crosstalk and afterpulse probability is 20-25% and theveno  inimize the risk of future counter degradation. After refu

time of a single pixel is 30 ps. The MPPCs of the SMRD Wer€y;gant of the problematic counters all counters werestet
operated in the T2K neutrino beam starting in 2009 and afteénd demonstrated to show excellent performance

more than 1.5 years of operation only one sensor (0.025%) is
suspected to have failed. All MPPCs were tested extensagely
function of bias voltage and temperature and in particiiar t
gain and dark rate had to satisfy stringent criteria in ofdea
MPPC to be included in the SMRD.

Single counters are assembled into bigger units named mod-
ules to facilitate installation and to stabilize the pasitof the
counters in the magnet slits. In order to match thi&edént
dimensions of vertical and horizontal magnet slits two &/pe
of SMRD modules were built. Modules intended for vertical
slits consist of five counters (each 175mm wide) while the hor
izontal ones consist of four counters (each 167 mm wide). Ex-
At multiple stages of the detector production and assemblyruded Aluminum H-profiles are used to inter-connect cotmnte
the performance of the scintillation counters with embedde into modules. The boundary edges of the first and last counter
WLS fiber were tested in response to cosmic rays. First, then each module were protected with aluminium U-channels as
scintillators were tested immediately after the extrugiomcess  shown in fig. [6. The counters and the extrusions are tightly
by measuring the light yield with a photomultiplier tube and  wrapped with capton tape in three locations. In order toistab
response to throughgoing muons. Secondly, after the esdcapze a module inside a magnet slit tape springs made of phos-
were attached to the scintillation counters and the WLS fibephorbronze are mounted on both sides of the modules as in-
had been glued into the grooves with BC600 optical glue thalicated in Fig[l7. Two springs are mounted on each side of
counters were retested using MPPCs and double ended readdli¢ vertical modules while three per side are attached to the
in responsee to central penetrating muons. Out of 2008 courd-profiles of horizontal modules. Any lateral and longitoali
ters 20 were found to have a large asymmetry (more than 50%drces from the springs act on the H-profiles and not on the
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counters or endcaps whose interconnection is considereel to
the most sensitive part of a detector module. The springs are
900 mm long, 15 mm wide, 0.4 mm thick. Each tape spring
has 5 waves. The shapes of the springs are symmetric to en-
sure proper module positioning during installation in thagn

net. Both ends of each aluminium extrusion are taperedt(righ
panel of Fig[¥) to facilitate the installation process. Tinal

Three Capton tapes

Figure 8: Completed SMRD horizontal module equipped witbtpfsensors

S — and combined power and signal cables.

(between
counters)

Two U
channels
(top & bottom) L. )
for readout. After machining the S-shaped groove and gluing

of a WLS fiber counters were tested with cosmic muons pass-
ing through an area ofx77 cn? in the central area. In order

to assure good response of the counters for an anticipated ex
Tape springs periment lifetime of 10 years the light yield requirement fo
the sum of both ends measured at@Qs more than 25 p.e.
per minmum ionizing particle (MIP). Quality assurance mea-
surements show the light yield to range from 25 to 50/plE?
(Fig.[9). For centrally penetrating muongfdrences in signal

Figure 6: Scheme of the vertical SMRD module.
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assembly and installation of the 248 vertical and 192 horizo
tal SMRD modules was performed at J-PARC between Febru-

ary and June 2009. A photo of a SMRD horizontal module is
shown in FigEB. Figure 9: The light yield distribution for 2024 SMRD courgdincluding 16

SMRD modules were inserted into the magnet slits from theSpares)'

front and back face of the magnet and slid to their final po-

sitions. Each module was tested for possible damages during;es at both counter ends are required to be less than 2086 so a
installation by reading out photosensor signals immetji@e 5 guarantee near uniform response and no fiber damage. Less
ter positioning it in its final location. After the completi®f  {han 1% of the counters were rejected but passed the quality
installation and checks protective covers were installedhe  5ssyrance after a new WLS fiber had been inserted (see section
front faces of the magnet to prevent any damages to SMRE)_
modules. The performance of all SMRD counters with attached MPPC
photo-sensors was measured again after shipment and dgsemb
3.5. Counter Quality Assurance and Pre-installation TestS  iyto modules. A small % 2 cn? muon telescope was placed
Quality assurance (QA) of all SMRD counters was carriedat the center of each counter and used to trigger signal read-
out at multiple stages throughout the production proces® T out on both ends of the SMRD counters. The mean light yield
light yield of raw scintillator slabs was tested in respotse for the sum of both ends was near 40 (MBP after subtraction
penetrating cosmic muons and with a photomultiplier ag@ch of MPPC cross-talk and after-pulses. The mean detection e
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ciency for mimimum ionizing particles was in excess of 99.9% with a precision of 2.5 ns. The threshold to generate a times-
The temperature during the performance tests was in therangamp is programmable from0to 5 p.e. The ADC and timestamp
from 20.5 to 22.5C and the bias voltages of both MPPCs weredata is assembled by the FPGA and send to a backend board for
set to 68.7 V. In addition, the timing resolution of countels-  data concentration and tbaring. The output of the discrimina-
fined as the uncertainty o g+ — Trignt)/2 was measured as tors are also used to calculate trigger primitives, whiehused
function of light yield (Fig[ID). For a light yield of 40 p.ea  to initiate the readout of the detector for cosmic ray mu@rse
time resolution of 0.9 ns was achieved. The position regniut normally requires hits from both ends of a scintillator ctain
within a 23 ns coincidence window and at least 2 counters to be
hit, before a trigger primitive is transmitted to the cosinig-
ger module. Monitoring information of temperature and MPPC
bias voltages are also recorded by the TFB and asynchrdyious
transmitted to the RMM. More detail of the front end part cf th
electronics can be found iﬂlg].

The backend of the electronics system consists of four read-
out merger modules (RMMs), a cosmic trigger module (CTMs),
one slave clock module (SCM) and a master clock module

1.6

1.4

Sigma [ns]

1.2

=

Lo b b b by v |

0.8 (MCM). All the boards have a common hardware platform,
which has been build around a high end Vertex Il Pro FPGA
0.6 . from Xilinx, which is clocked at 100 MHz. The board can
20 20 60 80 100 120 140 drive 14 high speed optical links via its RocketlO and up to
Light yield [p.e./MIP] 192 LVDS links.

The signals from 128 TFBs, which are mounted on the detec-

Figure 10: Time resolution of a SMRD counter versus lightd/i@fter time- tor and up to 3.5 m away from the photosensors, are routed to
walk correction). The data are recorded in response to cosmons penetrat-  the four RMMs via cat5e cables. Each RMM controls 32 TFBs,
ing the center of the scintillator slab. distributes the clock and trigger signals and receives #ta d

after a trigger signal was received by the TFBs. It asynchro-

niously sends data via Gigabit Ethernet link to a commercial
of a counter along its major axis based on both tinfedénce  pc that collects and processes the data. Each RMM is equipped
between signals at both counter ends and the charge asyynmeyjith 500 MByte DDR2 memory and can fiar up to 128 trig-
between the signals was estimated and found to be of order gkrs. The RMMs receive trigger and timing signals from the

8.5cm. SCM.
The MCM receives signals from the accelerator that deter-
3.6. Electronics and Power Requirements mine When the neutrino Spl” happenS and aISO fl‘0m a GPS

based clock. The GPS signals are used to synchronize the elec

The electronics for the SMRD is based on the TRIP-t ASICtronics to coordinated universal time (UTC). The MCM is also
developed at Fermilap[18]. Itis the same electronics ad bige  connected to the cosmic trigger module (CTM), which receive
some of the other sub-detectors of the T2K near detector. Fajignals from up to 192 TFBs. All 128 TFBs used to read out
an overview of the near detector complex and its componentse SMRD are set up to contribute to the generation of cos-
see[ﬂl]. mic triggers. Readout is initiated, if at least 2 TFBs regdin

Signals from up to 64 MPPCs are routed to custom designedut data on two dierent sides of the detector are generating a
front end boards (TFB: TRIP-t Front-end Board) that house 4rigger primitive in a 200 nsec window. The CTM is highly con-
TRIP-t ASICs using miniature coax cables. The signals fronfigurable. The trigger primitives can be prescaled, to segpr
the photosensors are capacitively split and routed to agpar some combinations of SMRD walls or towers, e.g. to allow
channels of the ASIC to increase the dynamic range of th@ cosmic muon event sample with preferentially horizontal d
electronics. A one photo-electron (p.e.) signal corresigdn  rections. The prescale factors are set using an 8-bit wolid. A
around 10 ADC counts in the high gain channel, while the fulltiming and trigger signals are transmitted via a Rocketli@eair
scale signal in the low gain channel corresponds to 500 pe.  optical link from the MCM to the SCM.

The TRIP-t chip is integrating the charge in programable in-The power requirements for the TFBs and RNOMMs are
tegration windows, which are synchronized with the neotrin listed in tabléJl. Eight TFBs are mounted on the vertical side
beam structure. There is a programmable reset time aftbr eaeach magnet yoke. All TFBs are mounted, evenly spaced, onto
integration cycle, which is at least 100 nsec long. The chigp063 Aluminum architectural C-Channel that spans the entir
can store the result of 23 integration cycles in a capacitaya  vertical height of the magnet yokes. The C-channel is electr
Once the 23 integration cycles have been recorded, the slatagally isolated from the magnet steel to reduce the postibili
multiplexed onto two dual channel 10-bit ADCs, which digi- of noise pickup. In addition to structural support for theBTF
tize the data. Signals from the high gain channel are routethounting, the inside of the C channel itself is used for power
to a discriminator, which is part of the TRIP-t ASIC. The fton cable routing and strain relief.
end board is controlled by an FPGA, which timestamps the data Power to the TFBs is distributed by a system of power dis-
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tribution panels. Two primary power panels service one dfalf types prior to zero suppression and periodically insegsib-

the magnet each. These panels are mounted on lower middiegrams into the output data stream. The processed event fra
section of the magnet and are directly connected to two Wienenents are bfiered and dispatched to the DAQ back-end by the
PL508 power supplies located on a lower level. One primarythird process, which implements the MIDAS front-end func-
panel connects via 10 AWG wire to 8 secondary power distionality.

tribution panels which are mounted on the bottom of each yoke The MIDAS framework provides the core components nec-
and C-Channel mounting rail. Each secondary power panel segssary for the DAQ system and is used to gather the event frag-
vices 8 TFBs and the power to each TFB is supplied using 2Znents from the SMRD FPNs (and from the other ND280 sub-
AWG wire. The voltages for each secondary panel are fusedietectors). An event building process collects the fragsen
5Afusefor1.7V,7.5Afuse 3.1V, 1 Afuse for 3.8'Vand 2 A performs basic consistency checks and writes the fullyrasse
fuse for 5.5 V. In case of an electrical short on one of the TFBsled events to a system fber for output by a logger process to
at most 8 TFBs will lose voltage. The power to the 4 RMMs a |ocal RAID array. A custom archiver process transfers com-
and CTM are supplied and fused (7.5 A fuse for both 3.1 V angleted files to a mass storage facility over the network anrd ad
3.8 Vand 1 Afuse for 5.5 V) at the primary power distribution ditionally makes a preview copy to a local sentitne system
panels. for fast-turnaround analysis.

| Power Requirements |

Voltage(V) Current(A) 3.8. Data Monitoring
per TFB | per RMM/CTM . o
17 0.24 — A custom online-monitoring (OM) server based around the
31 0.60 1.0 ROOQOT framework retrieves built events from the systerfidyu
38 0.05 6.0 and generates a range of plots for data and detector quality m
5.5 0.18 6.0 itoring as well as diagnostic alarms. The online monitorihg

lows to perform real time and near online data checks of the
Table 1: Power requirements per TFB and RMM or CTM. The SMResus ~ SMRD. The ND280 online monitoring framework is derived
total of 128 TFBs, 4 RMMs and 1 CTM. from the consumer monitor package developed for the Col-
lider Detector at Fermilab (CDFE}ZO] and is integrated into
the ND280 software framework and directory structure. The
data monitoring system receives events from the data @equis
3.7. Data Acquisition System tion (DAQ) system. It analyzes the data stream of events and

The SMRD is configured and read out by a global T2Koutputs results in the form of histograms, tables, and wgsni
ND280 data acquisition (DAQ). It is based on the MIDAS DAQ The OM system consists of several data monitoring pro-
framework [24] operating on commercially available comput grams, one for each sub-detector of the ND280. Each of the
ing hardware running the Scientific Linux operating systemprograms connects to the DAQ and continually listens to a
MIDAS is interfaced to the experimental hardware througétcu socket. Upon receipt of a set number of events or an end of
tom GC++ front-end client applications. run message it performs a diagnostic analysis of which the re

The SMRD electronics is read out and controlled by the DAQsulting histograms are saved to a file. The monitor functions
front end processor nodes (FPN) which are interfaced to thare divided into 5 dterent levels according to the number of
back-end electronics modules (RMMs) by point-to-poini-opt events and frequency required to perform the checks. Level 1
cal gigabit Ethernet links. Each FPN serves up to two backmonitor functions act on an event by event level wheread teve
end boards. The FPN is implemented as three tasks runnirfgnctions accumulate data for one hour before being aetivat
as separate processes, interconnected by shared memary datMultiple ROOT based viewer programs can connect from re-
buffers and communicating via standard inter-process mechanote machines through a socket connection to a displayrserve
nisms. Readout and configuration of the electronics and alvhich has access to the information in the shared memory in
connected hardware is provided by the readout task (RXT)eal time. Using the display program, users can select avd vi
The readout is parallelised across electronics boards inlg&em multiple histograms of interests. For the SMRD the key param
threaded manner and data isfiewed for access by the data eters that are being monitored are the MPPC gain, dark rdte an
processing task (DPT). The RXT additionally receives mhido position and width of individual photo electron peaks foclea
monitoring data from the TFBs and external temperature serchannel which are derived from multi-Gaussian fits to the re-
sors which it passes to the global slow control. The DPT perspective ADC spectra. Data are displayed in an intuitive and
forms data reduction and basic data processing. The DPT deccessible format for user to be able to quickly identifylppro
codes the TFB raw data blocks, associates amplitude and tinems. An error handler process receives warning and errer me
ing information for individual hits, performs pedestal tals-  sages from dierent monitoring programs, displays them with
tion on a channel-by-channel basis, applies zero-sugpress appropriate action required and has the ability to keepilddta
to the unsparsified data and formats the data for output. Ttpgs. Alert range boundaries can be adjusted by means of a
preserve monitoring information, the DPT also performs perparameter settings file and withoufecting the running of the
channel histogramming of signal amplitudes for specifgger  monitor.
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4. Detector Calibration and Performance 4.1. Counter Light Yield

The calibration of the SMRD response is applied in two The light yield of all scintillation counters is a criticakp
stages. The lower level calibration operates on indivigtral- formance parameter of the SMRD and as described in section
tosensor signals and consist of procedures common for -3 Nas also been used for quality assurance purposes duzing
Trip-t based subsystems. The higher level calibration involve&1anufacturing process. In test bench setups the SMRD coun-

multi-channel, SMRD-specific operations which are presgnt ters showed light yields from 25 to 50 p.e. in response to @@sm
in Sec[ZD. muons penetrating the counter center perpendicularlyg uit-

The low level calibration translates ADC signal amplitutee ~ face. Asymmetries in signal sizes between the two ends were
charge values in units of photo-electron equivalent (pBoh less than 20%. After installation of the SMRD counters it t

raw ADC values, from the low- and the high-gain output of the YA1 magnet, cosmic ray data samples are used to measure the
Trip-t chip, are processed. After pedestal subtraction the tw#9ht yield for each counter. The light yield was determinesd

ADC values are combined with a polynomial function into a'n9 calibrated signals from both photosensors of each eosunt
single, linearized AD@N value. The ADQIn values are scaled The calibration corrects the signals for light attenuatioithe
according to the channel gain to obtain the charge amplitude WLS-fiber. Figurel 1P shows distributions of the mean light
units of p.e. Pedestal and gain calibration constants atatag yield for horizontal and vertical counters in response te-co

every 3 hours for all readout channels and stored in an onlinB!i¢ muons that are predominantly vertical and horizont, r
database which is common to all Trisubsystems. spectively. The cosmic muons have a near uniform distiuti

Signal timing is obtained from the TDC output of Trip- &Cross the counter surface. The blue and red hatched stegr
chips. Times correspond to the time an ADC signal surpases

a 4.5 p.e. threshold. The timing value in nanoseconds is cal- E

culated ag = 2.5 x TDC binsand aligned with a common § 350

reference time for all subsystems. Two charge-dependentef © 309

fects influence the signal timingithewalk ¢fecf). The first is o 050

related to the Trig-board electronics and arises from the expo- é
nential charging of the capacitors. It is corrected at thveelo 3 29 NN

level of the calibration. The distribution of the timef@irence 150
(At) between signals observed at opposite ends of a counter is
shown in figurd_Ill. The distribution narrows from 12 ns to 9
ns after the correction. The secorfieet is caused by the light 50
propagation in the scintillator and the WLS fiber which exhib 0
an exponential behavior. It causes a statistical signahgim

delay in registeringn photons out of a total number &f pho-

tons. The expected mean value of the delay is subtracted from ] ) ] ) )
the signal time and leads to a modest further reduction of thglgure 12: Mean light yield of horizontal and vertical SMRDunters in re-

. o . . ) ponse to highly selective set of near vertical and neazdotal cosmic muons.
width of the distribution of time dferences between signals at gjue and red hatched histograms represent vertical anddrtl counters, re-
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opposite ends (Fif.11). spectively and the black histogram corresponds to all @vant
2 FT T . . .
5 C represent vertical and horizontal counters, respectivdlge
S 2500 .
o black histogram represents all counters. The mean valueof t
2000 LR mean light yields amounts to 84 p.e. for horizontal couraecds

92 p.e. for vertical counters. Thefflirence in light yield for
horizontal and vertical counters is partially due to mearomu
pathlength dferences in the counters caused by the angular dis-
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1000 tribution of cosmic muons. The mean light yields are alsgdar
] compared to the pre-installation test stand measuremehes.
500 differences can be attributed to the correction for light attent
ation in the WLS fiber and tfierences in the counter illumina-
0% 20 10 0 10 20 30 tion. All counters show good performance in response to uni-

delta t [ns] formly distributed and near perpendicular muons. The Btabi
of the light yield versus time is discussed in secfion 4.4.
Figure 11: Signal time dierence distribution without timewalk correction
(solid blue, = 119 ns), with electronics timewalk correction (solid red, 4.2. Timing Properties and Position Resolution

o = 9.5 ns) and with full electronics and scintillation timewalkreection . . .
(dashed blacky = 8.8 ns). For each ADC signal with an amplitude larger than 4.5 p.e.

an arrival time is recorded.The double sided readout of the
SMRD counters therefore allows to determine the relativeti



difference between signals at each end of the counter and thus 70
reconstruct the position of the particle initiating thenditia-

tion light in the direction of the beam. Hit coordinates ire th
direction perpendicular to the beamy;; andyy;; are always set 500!
to the middle of the scintillator slab since there is no posit

600

[2]
sensitivity in these directions. g 400
Determination of the particle hit timé,(;) and successive po- 8 300
sition reconstruction along the countayi e.g. in the direction 200

of the beam) requires a signal at each end of the counter. Both
signals are required to be above a threshold amplitude of 4.5 100
p.e. and within a 23 ns time coincidence window. The size L ‘
of the coincidence window was chosen to minimize contami- -400 -300 -200 -100 O 100 200 300 400
nation from accidental noise coincidences without rejeca delta z [mm]
significant fraction of good hit candidates. The estimatgiit|

propagation time for a signal to travel end to end in the embedrigure 13: Distribution of estimated hit positiagy, for horizontal counters and
ded WLS fiber is 13 ns. Hence the chosen coincidence windowesmic muon data.

leaves a margin for uncertainty in the timing measuremeint-of

dividual signals (see Fif.11). The particle hit time is afxtal

from the times of individual signals as innermost or outermost radial layerdfiEiencies of counters in
the first group can be measured by tagging penetrating cosmic
- _ I_Z _1 muon with the bracketing counters on either side and determi
thit tqmax (At) s (1) . . . .
A ing the fraction for which a muon was observed in the brackete

layer. The tagging requires each of the two bracketing @rsnt
to observe a double ended signal, with individual signallamp
tudes larger than 4.5 p.e. and within a coincidence window of
53 ns. The signals of both bracketing counters have to beérwith
a time window of 70 ns to provide a trial event. The ratio of ob-
served events in the sandwiched counter to the total nuniber o
trial events is recorded as the detectidiiceency of that partic-
ular counter. The mean particléieiency for the 856 counters
category one was found to be 97400.4% for horizontal

d 97.9+ 0.2% for vertical counters. For counters in the sec-

wheretymaxis the arrival time of the larger of the two signélls,

is the length of the counter slab (876 mmy; ¢ is the dfective
speed of light along the counter axis which is measured to b
65.5 mnins andAt is the time diference between the arrival
times of signals at both ends.

The z-hit position is evaluated w.r.t. the middle of the ceun
and is calculated based on the signal timinfjedtence and the
charge asymmetry of the two signals. A two-stage Bayesian e
timate is applied to combine the time and charge informatiorgin
optimally. A uniform prior probability distribution of thparti-
cle hit position is assumed since cosmic muons are expexted
illuminate the counters uniformly. Successively the phiba
ity distribution for the particle hit position is constrectin two

ond category a somewhat more sophisticated analysis imgjud
frack reconstruction is required in order to estimate wheth
muon penetrated a given counter in the inner or outermost ra-

" ; hich based h ‘ dial layer. Studies find the detectioffieiency for counters in
consecutive steps which are based on charge asymmetry second category to be comparable to those in the first cat-

timing difference measurement information. The uncertaintiea ory. Counter ficiencies are monitored as function of time
of the time and charge measurements are taken into accou d a.re found to be stable within uncertainties

as likelihood parameters. An evaluation of the probabdit
tributions for arrival times and signal charges is impleteén 4 4 petector Stability and Performance
numerically in the €-line calibration software and results in a
high granularity in hit position. The particle hit positidiias
and position uncertainty are taken from the resulting pbdba
ity distribution as the mean value and standard deviatioe~. R
sults of the position reconstruction for horizontal coustend
cosmic muon data are shown in Fig] 13. The peak structur,
is caused by signal timing quantization. The resolutiorhef t
particle hit position reconstruction is at the level of 85 mm

The performance of the SMRD is being monitored by record-
ing the light yield in response to the constant flux of cosmic
muons which penetrates the detector. Cosmic trigger data ar
collected in between beam spills throughout the entire @ta
ing period and during dedicated cosmic muon runs at times
When the beam isfd Furthermore, beam data can be used
to monitor the SMRD performance if the bunched beam sig-
nals are normalized by the number of protons on target (POT)
and the uncertainties on the beam are measured by other detec
tors. Alternatively, if the stability and response of the BMis

The dficiencies of individual SMRD counters has been stud-well characterized with cosmic trigger data the SMRD data ca
ied using cosmic trigger data which are recorded in betweebe used to provide valuable cross checks on the neutrino beam
beam spills and in dedicated cosmic runs while the beam istability. The present section demonstrates the SMRD perfo
off. For the purpose of measuring particle detectificien- mance based on cosmic muon and pre-selected beam data. For
cies SMRD counters are divided into two groups, those whichihe present analysis two cosmic muon data samples were se-
are sandwiched by other counters and counters which are in thected, one sample of muons which are vertical to withifi 10
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and a second sample of muons which are horizontal to withinvide and their timing has been adjusted to accept bunch sig-

10°. Figure[I# shows good stability in the mean light yield for

nals in the earlier part of the window. Hence, the later pért o

the vertical and the horizontal cosmic muon samples as funeach integration window shows random backgrounds as well as

tion of time. The larger and less stable light yield for veati
counters during run | is caused by varying trigger settirags f
the collected data sample of horizontal cosmic muons.
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Figure 14: Mean light yield versus time for horizontal (rectles) and vertical
(blue squares) SMRD counters in response to nearly pempédady penetrat-
ing cosmic muons.

During the first two run periods from January 2010 to March

2011 the J-PARC accelerator and neutrino beamline detivere

1.45<107° protons on target. After applying beam data quality
criteria, a data set corresponding to x48°° POT was iden-
tified. The combined duty factor of the SMRD and its data

acquisition amounts to 0.97 for the above data taking period
The 6 bunch beam structure used in run 1 (8 bunches for run 2)

is clearly visible in the data and displayed in figliré 15 which
is for an integrated total of 2.94.0*° POT. Shown are SMRD
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Figure 15: Beam triggered hit time distribution as recordgdhe SMRD dur-
ing run 1 for 2.9410'° POT.

counter hits with a double-sided coincidence. Individuig h
contributing to the coincidence are required to have signal
plitudes larger than 10 p.e. and fall within a coincidence-wi

a decreasing tail which can be attributed to Michel electron
originating from muon decay. Each integration window is fol
lowed by a 100 ns dead time of the electronics and the nominal
bunch spacing is 581 ns. Beam data collected from March 2010
until March 2011 are used to monitor the SMRD stability over
time. The analysis uses double-sided SMRD counter hits (Re-
con hits) which are composed of single hits on either sidbef t
counter with a charge amplitude greater than 4.5 p.e. arndrwit

a 23 ns coincidence window. In addition, the hits are regitioe

fall within a 200ns time window centered on the beam bunches.
The rate of background events is estimated from the electron
integration cycles which do not coincide with a beam bunah an
is found to be negligible. Nonetheless, background eveamts a
subtracted from Recon hits before these are normalizedto pr
tons on target (POT). The normalized Recon hits are cowecte
for temperature and plotted versus time. The temperature de
pendence of the Recon hit rate is due to the sensitivitityhef t
MPPC overvoltage to temperature as described in [17].[Hg. 1
shows the background subtracted SMRD Recon hits normal-
ized to POT and corrected for temperatufieets as function

of time. The normalized SMRD Recon hit rate is found to be
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Figure 16: SMRD counter Recon hits normalized by POT andugetisne in
units of days. The units of the vertical axis are Recon hitslpd 0 protons
on target. The error bars reflect statistical uncertainty.on

stable to within 10%.

The SMRD response to cosmic muons has been cross
checked with a simulated data set of cosmic muons. The sim-
ulation assumes a realistic zenith angle and momentuni-distr
bution of cosmic muons on the surface of Earth. Itincludes th
propagation of muons for zenith angles up té 8Fough sand
in order to reach the detector, the passage of muons thrbegh t
detector and the creation of electronic hits. The last stétjee
simulation is the application of the trigger conditionsaésed
in sectio 3.6. In the simulation thefieiency of the detector
and the trigger system was assumed to be 100%. The simulated
cosmic muon sample is submitted to the same calibration and

dow of 23 ns. The electronics integration windows are 480 nseconstruction procedure as the data. A comparison of the an
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gular distributions for data and the simulated sample isvsho particle interactions inside the detector based on inftiona

in Fig.[T7 andIB for an unbiased cosmic ray sample in which alfrom all ND280 sub-detectors. The present section gives a

SMRD towers contribute equally to the formation of a trigger brief overview of the event reconstruction algorithms viléce
based on SMRD information.

T — The SMRD reconstruction is based &econ hits("recon-
o 1o E structed hits”) in the SMRD which are built based on time and
S 1000~ = charge signal information from both sides of the counter and
g 900— 3 which take the coordinate in the long direction of the cotmte
2 800; é into account. The main algorithm used to incorporate SMRD
2 ok E information into the global ND280 reconstruction is a filbey
© g i of hits on a hit-by-hit basis. An adjacent track from the ND28
600 inner sub-detectors is used as a seed and hits from each SMRD
500% wall are tested against it using a Kalman filter [21]. Kalmén fi
4005 tering is performed with the RecPack reconstruction tm@]
& ¢ g which handles navigation in magnetic fields, energy losseoer
300 v b e e e e L . K X A .
-3 -2 -1 0 1 2 3 tions, multiple scattering and similar processes. Therélyo

¢ [rad] enables to match even single SMRD hits with higiogency. A
complementary algorithm is the RecPack based matching of in
Figure 17: Comparison of the distributions of the azimutaagles in data ~ Ner detector tracks with SMRD tracks which were reconsgulict
(black points) and simulation (red histogram) for an unbiasosmic trigger. within the SMRD only.
The principal purpose of event reconstruction based solely
on SMRD information is to reconstruct tracks from neutrino i
teractions in the SMRD and which are not matched to any inner

8 160 = detector activity. For beam induced events SMRD activity in
N 140d E o_pposing sides of the _S_MRD does_ gen_erall;_/ not originate from
o B single muons. An additional goal is to identify and recomstr
g 1200 . cosmic muons which are used for calibration and detectormon
5 1000 - itoring purposes.
S s0d 4 Since the maximum number of scintillator layers in a tower
8 . of the SMRD is six the SMRD-only reconstruction of tracks in
600 E one side of the SMRD is based on a small number of hits. In
400 = general, a straight line fit is a good approximation to the tru
200 = particle track in the SMRD. The reconstruction starts wité t
o T identification of clusters of hits which is done using hit ¢m
0 1.6 stamps and geometrical neighbor criteria. Track fittingeisdal
6 [rad] on the Principal Component Analysis (PCA)[23] method, of

which the first component is taken as a fit. For further usage
Figure 18: Comparison of the distributions of the zenithlarighased on data  in the global ND280 event reconstruction, SMRD tracks are
(_black.data points) and simulation (red histogram) for abiased trigger con-  refitted with the RecPack based Kalman filter in order to obtai
figuration. covariances.

Individual cosmic muons can produce hits on multiple sides
of the SMRD and are used for calibration and performance
monitoring purposes. The associated long muon tracks sicros
the ND280 detector are fitted by a PCA method that incremen-
6 lly removes hits which are locatedfBaiently far from the
initially fitted track. In addition, the possibility existe match
track segments in fferent SMRD quadrants to form a single
long track.

5. SMRD Event Reconstruction The track finding &iciency of the SMRD only reconstruction
algorithm as a function of true muon momentum and cosine of

A particle track reconstruction in the SMRD is incorporatedthe angle with respect to neutrino beam direction is shown in
into the ND280 software package which is designed for pisysicFigurd 19. Neutrino interactions have been simulated wittné
analyses of ND280 data and to perform detector simulationentire ND280 detector volume. Neutrino energies are dérive
The SMRD specific software components consist of a SMRLfrom a full simulation of the neutrino beam flux [1] and events
response simulation, a calibration package and a tracknrecofollow the time structure of the beam. Neutrino interacsion
struction package solely based on SMRD hit information- Furare handled by the software package NEUT [25] and secondary
thermore, a global reconstruction package allows to re¢oects  particles are propagated and converted to time and chagge si
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The azimuthal distribution for reconstructed cosmic muatad
and corresponding simulation agree within uncertaintiést
the zenith angle distribution the reasonable agreemewelast
data and simulation is found and can serve as an indication
the level of understanding of the detector response.



nals by the custom built GEANT 4 based ND280 software.
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Figure 19: Track finding fciency of SMRD-only reconstruction for events
with at least two muon hits in the detector as a function @& truon momentum
and cosine of the angle with respect to the beam direction.

6. Summary and Conclusion

(11]
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[13]
[14]
[15]
[16]
(17]

(18]

[19]
[20]
(21]
[22]
(23]
[24]

(25]

The elements of the SMRD of the T2K near detector have
been described. The construction of the SMRD was completed
in summer of 2009 and followed by a successful commission-
ing phase. The performance of the SMRD was evaluated with
cosmic ray data and found to meet or exceed specificatiores. Th
detector response to cosmic muons was analyzed and found to

agree with simulations. T2K started taking neutrino beata da

for physics analysis in January 2010.
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