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Abstract

T2K is a long baseline neutrino oscillation experiment gesd to measure th#; and
613 mixing angles to high precision using disappearance and appearance respectively.
A major component of the T2K near detector is the electroratigicalorimeter; the con-
struction, commissioning and operation of the ECal is dbsdrni detail in this thesis. T2K
uses the dominant CCQE neutrino interaction as a clean andessigmal in oscillation
measurements. However, other interaction processedergenith the oscillation mea-
surements, a large contribution to this interference/fpanalyses is fronCC'17 ™ inter-
actions. This thesis measures theC'C'17"/CCQE cross-section ratio ark Hg using the
T2K near detector. As an internal consistency check, theifitegrated ratio is calculated
as RMCY = (0.235 £ 0.0195 £ 0.047°%s* for MC and RP%¢ = (.237. The ratio is also
measured as a function of incident neutrino energy and finégeeement with NEUT MC
of x3/NDOF = 6.6/6.
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Chapter 1

Neutrino Physics

From its very beginning the nature of the neutrino has bessusled in mystery. In keeping
with it’s inception, the history of the neutrino providedeaf surprises and remains one of
the least understood fundamental particles. This chaptiegiwe an outline of the history
of the neutrino starting with it's observation. An overvieiithe solar and atmospheric
neutrino problems and their implications will be presentddnally, the theory behind

neutrino oscillations and interactions will be discussed.

1.1 Initial Observations

The existence of the neutrino was first hypothesised in 1930dlfgang Pauli to explain
the continuous energy spectrum of electrthsind non-conservation of spin in nuclear
beta decay. The neutrino was predicted to have neutral ehspin half, and a mass of the
same order as the electron. In 1933, the neutrino was indlid&nrico Fermi’s theory
of nuclear beta deca®], producing the first theoretical model of the weak intei@att
This made the neutrino the first particle to be theoretiocddigcribed before being directly

observed.

The neutrino was first observed experimentally by Cowan andd3ein 195638][4].
Cowan and Reines used a 200 litre water target with liquid ileitar detectors to detect
the anti-neutrinos from a nearby nuclear reactor. The @xyert relied on observing the

delayed coincidence events of annihilation and capturkeopbsitron and neutron from an
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inverse beta decay interaction in the water.

Ve+p—n+et (1.1)

In 1962 the muon neutrino was discovered at Brookhaven Naltlaaboratory®] in the
first accelerator neutrino experiment. The experimentyeced a beam of muon neutrinos
by firing protons at a target. This resulted in a beam of piawslpced travelling along
a decay volume pointed towards the detector. The pions deddight to a muon and a
neutrino. Due to the boost from the pion’s momentum, themeasg are produced travelling
in a forward going beam in the lab frame. Any pions and muom&ising at the end of the
decay volume were directed to a beam dump. This method ofilegea neutrino beam is
still used in accelerator experiments today. The experrfeamd that only a muon could
be produced in the resulting neutrino interactions, shguliie muon neutrino to be distinct
from the previously observed electron neutrino.

In 1975 the tau lepton was discovei§fd[and with it, a third neutrino flavour was
predicted. Strong evidence for a third neutrino flavour wiatsimed at CERN when the
LEP experiment observed that the Z boson width was consistgh three flavours of
neutrino[/]. Direct observation of the tau neutrino was difficult duette large mass of the
tau lepton and it's short lifetime. Direct observation of tiau lepton was obtained by the
DONUT experiment in 200@].

1.2 The Evidence for Oscillations

The nuclear reactions in the core of the Sun produce a mafswef electron neutrinos
that can be observed on Earth. Measuring the flux of neutfinasthe Sun could therefore
test the validity of theoretical solar models. The Homest@kperiment first measured the
flux of these solar neutrinos in 19@] The experiment used electron neutrino capture on

Chlorine atoms to producér®7 in the reaction,

U, +CP" = n+ Ar¥ (1.2)

The Argon was then filtered off and it's decays observed tottie number of neutrino
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interactions. The neutrino flux observed was found to be myu80% of that predicted
by the Standard Solar Model. Further solar neutrino obseres[L0][11] and reactor
experimentdl 2] also saw a deficit in the flux. This discrepancy became knaswh@solar
neutrino problem. Itis important to note that the Homes&igeriment was only sensitive

to electron neutrinos and so the measurement was not oftddangutrino flux.

The Kamiokande experiment in Japan was another one to neet®isolar neutrino
flux. Kamiokande was a wat&erenkov detector originally built to search for proton deca
The detector was upgraded in 1985 to become a neutrino @tegyvin 1989 Kamiokande
reported a solar neutrino flux measurenig8itfinding the solar neutrino flux to be roughly
half that expected. Furthermore, Kamiokande was capalkrohstructing the energy and
momentum of the incident neutrinos. This made it the firstaoficm the solar origin of

the neutrinos.

The most probable causes of the observed deficit were eittoes én the solar model or
in the neutrino theory. The agreement of several, largepaddent experiments made the
prospect of experimental error very unlikely. Modificasoto the solar model were sug-
gested but none could provide sufficient agreement with tiseiwved fluxes. This left only
the possibility that something happened to the neutrinbsden their creation and their
observation, thus the theory of neutrino oscillations wasblf neutrino mixing occurred
analogously to quark flavour mixing, the deficit could be akptd by electron neutrinos
oscillating to other flavours. Neutrinos were previouslgught to be massless however
oscillations require them to have a small but non-zero nwsdrary to SM predictions.

Concurrently to their solar neutrino flux measurement, K&amole found an anomaly
in the flavour ratio of neutrinos from atmospheric cosmics{dd]. When cosmic rays
interact in the upper atmosphere, pions are produced. T#ieas then decay to muons
and muon neutrinos. These muons also decay to electrons) nawdrinos and electron
neutrinos. It was therefore expected that the ratio of muertrmos to electron neutrinos
would be close to 2:1. The number of electron neutrinos fromoapheric cosmic rays
was found to be consistent with Monte Carlo predictions. Hexethe observed muon
neutrino flux was roughly 60% of the predicted value. The muoeuatrino deficit result

was later confirmed by the IMB experimebf]. These observations strengthened the case
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for neutrino oscillations. The solution to the atmosph&ecitrino anomaly came when
Super-Kamiokande observed a strong zenith angle depeadetice muon neutrino flux
whilst the electron neutrino flux remained independent efahglelLg].

The solution to the solar neutrino problem and thus evidéoicaeutrino oscillations
was given by the SNO experiméhfl. SNO measured both the overall neutrino flux in
conjunction with the electron neutrino flux. The overall flwas measured using neutral
current (NC) interactiongg] that are mediated by the Z boson as opposed to charged cur-
rent (CC) interactions mediated by the charged W bosons. InNf@mt interactions no
lepton is produced and so they are not sensitive to leptooutavThe overall flux was
measured to be consistent with that predicted by the soldem®his measurement, com-
bined with the deficit of electron neutrinos showed coneklyi that the neutrinos were
oscillating between flavours.

Further confirmation was given by the KamLAND reactor newtrexperimentl9] in
2003 where the disappearance of ani-was measured and a flux 60% of expectation was
observed. Combining the KamLAND data with the solar neutobeervations identified
neutrino oscillations as the cause of the solar neutrindlpro to greater thaho[20].
Beam neutrino experiments further confirmed neutrino adedh theory, the first being
K2K[21], followed by MINOS[2Z] and most recently T2K3].

1.3 Neutrino Oscillation Theory

When a neutrino is created it has a definite weak flavour eigenst,, ), in accordance
with flavour conservation in the Weak Interaction. If we alloeutrinos to have mass, their
mass eigenstateB;; ), need not necessarily be identical to the flavour eigerstatethis
case the definite flavour eigenstates are created in a sugitewpaf the mass eigenstates,
conserving energy and momentum at the decay vertex. In Hethbat neutrino oscillations

do not occur, the mass eigenstates are identical to the flaigenstates.

va) = |v;) (1.3)

wherea = e, u, 7 andj = 1,2,3. However oscillations can occur if the sets of eitgrs

are not identical and
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Vo) = Z Uaj [V5) (1.4)

WhereU,; is the mixing matrix. In this case the relative phase of tHedint mass
states changes as the neutrino propagates through space thi¢heeutrino arrives at a
detector some distance later, it will be in a different sppsition of mass eigenstates and

a different flavour neutrino may be observed.

The neutrino mixing matrixX/ is analogous to the CKM matrix that describes flavour
mixing in the quark sector. For the predicted three flavoanacio, the neutrino mixing ma-
trix is 3x3, unitary and complex. The matrix is known as thete@oorvo-Maka-Nakagawa-
Sakata (PMNS) matri@4][[25] and can be written in terms of three mixing angles and a

complex phase as:

C12 S12 0 C13 0 €i6813 1 0 0
U= —S12 C12 0 0 1 0 0 Co3 S93 (15)
0 0 1 —615813 0 C13 0 —S8923 (o3

wheres;;, andc;;, are sif;;, and cod;;, respectively. Itis important to note for later that

the CP-violating phaseis always multiplied by a factor of sihs.

In order to calculate the oscillation effect this produses first consider the time evo-
lution of a neutrino propagating through a vacuum. We useSitt@ddinger equation to
derive a time dependent version of Equafiodsuch that after time, a neutrino of flavour

« is described by,

Vo (t) Z e it |u;) (1.6)

where|v;) is a mass eigenstate of enefy. We also rearrange Equati@mto describe

the mass eigenstates as a superposition of the flavour &atesngiving,

lv;) = Z Uaj [Va) (1.7)
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Substituting this into the previous equation gives,

Vo (t) Z Uije_iEftUBj lvg) (1.8)

J.B=e,p,T
showing that a pure eigenstatets = 0 will be described by a superposition of flavour
states at time > 0. The probability of measuring a given flavour eigenstatat timet

later is given by the amplitude of the;) component irjv,(t)) i.e.

Passs(t) = | (s [va(t) I” (1.9)

Using what we know from Equatidh.8 we get,

a_>5 Z UB] kUﬁke U By —Ej)t (110)

The neutrino masses are known to be small and so neutrindsecassumed to be ultra
relativistic. Taking the ultra relativistic limit we usé = p + ’;—; wherep is the scalar
momentum of the neutrino. In this limit we also assume thsitt meass in negligible such
thatp = E and that the neutrino travels at the speed of light so that L in natural
units, wherel is the distance travelled by the neutrino. As only the mafsrdinces enter
into the oscillation equation, we defilen?, = mj — m7. Putting all this into the above

equation yields,

2
A'm,vkL

Pt Z UsiUakUpe™ 25 (1.11)

This equation can be viewed as two distinct pieces. The faitdontains only PMNS
mixing matrix elements and gives the overall amplitude efadiscillations. These contain
the complex phasé. The sign of the imaginary components will change underdtfe
operation. If the phase is non-zero, this will result in eliéint oscillation amplitudes for
neutrinos and anti-neutrinos and thus CP-violation willsexn the lepton sector. The
second half is the exponential phase term that depends ea piatrameterssmﬁk, L and

E. The L andE' parameters are set by the experiment and can be chosen atiahgikien
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mixing o« — S is maximal, giving greater sensitivity to the relevant mxiparameters.
The three flavour oscillation equation is rather unwieldg aa in some cases we sim-
plify to only assume mixing between two flavours. This sirfigd U to a 2x2 rotation

matrix, with a single mixing anglé, such that

cosO  sind
U= (1.12)

—sinf cosO

This simplification gives the oscillation probability as,

i (1.13)

P(vy — vg) = sin®20sin’ (Am2L>

This equation is a valid approximation for oscillation espeents that are sensitive to
only oneAm? mass difference. T2K sits at the oscillation maximum:pdisappearance
and so is dominated by the mixing anglg and so this approximation will be valid in this
case.

The formalism described above only holds true for neutrin@gelling in the vacuum.
Neutrinos travelling through matter can scatter off of tlee®ons in the atoms. The contri-
bution from Z boson exchange contributes little as the sgaty amplitude is independent
of neutrino flavour. W boson exchange however adds an extesfial term to the electron
neutrino energy that is dependent on the electron denstheimatter. This propagates to
give an extra potential term in the mixing matrix, thus altgthe probability of oscillation.
The short baseline of T2K means that matter effects can lwegnas their effect on the

oscillation will be small.

1.4 Measurement of Oscillation parameters

Neutrino oscillations are the first 'beyond the Standard 8gghysics to be observed and
as such much effort over many decades has been put into terugirsg them. With a brief
description of the oscillation formalism and an introdantto the mixing parameters given,
the measurement of these parameters will be discussed.

Perhaps unsurprisingly, the parametgsand Am?,, those relating to the solar sector,
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are the most well understood. Recent fits combine the dateedddlar neutrino and the
reactor neutrino experiment’s to give best fit measuremeintsn?¢,, = 0.30475032 and

Am32, = 7.65102 x 10~°eV?[26]. A contour plot of current knowledge is given in Figure

1

x10~4

2.00

T T T T T T T
Solar (3v) KL (3v) Solart KL (3v)

¢ Minimum = Minimum 4  Minimum
S8.27 % CL. —_— 5527 % CL. [ a2 ®CL
— 0500 % CL == 9500%CL. [ 2500% CL.
== 98973%CL. - 9973 % CL. B 273 ®CL

———————

0.1 02 02 04 05 06 0.7 08 0.9

Figure 1.1: The current knowledge of the solar mixing par@nsefrom SNO and Kam-
LAND data in the 3 neutrino mixing case.|27]

The current knowledge of the atmospheric mixing parametegsand Am3,, has a
large contribution from accelerator experiments. The KXideziment was the first long
baseline experiment to publish.g disappearance resi@ff]. The current leading mea-
surement in the atmospheric sector comes from the MINO@loothtion givingAm2, =
2.3210-02 x 107%eV? and sin?20y3 > 0.9(90%C L)[29] using the two flavour approxima-
tion. In 2012, T2K published the firs}, disappearance result with an off-axis beam using
1.43 x 10%° protons on target (POT3(0], less than 1% of the experiments planned total
data. Accelerator experiments so far have been insensititlee sign ofAm3,. There-

fore it is not yet known which mass eigenstate is the heagwstg two distinct cases,
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my < my < mg called the normal mass hierarchy ang < m; < m, called the inverted

mass hierarchy.

-3
4><10
—— T2K 1.43x10°°POT (w/ syst. error fitting), 90% CL
--------- T2K 1.43x10°°POT (w/o syst. error fitting), 90% CL
| ——— MINOS 7.25x10*"POT, 90% CL |
~ ——— Super-K Zenith (preliminary, Neutrino2010), 30% CL T
- ——— Super-K LIE (preliminary, Neutrino2010), 90% CL —
1 annitliEEIEEEEEEEE
& .
> 3
@ L
E
<] L
2 I
B | 1 | | 1 | | | | | 1 | B

0.9 1
sin?(20)

Figure 1.2: The 90% CL fof,; from the two T2K analyses[30] compared with data from
SK[31] and MINOS[29]

The final mixing angled;; is the smallest and least precisely measured. Many of the
current generation of neutrino oscillation experimenésfacussed on measurement of this
mixing angle. The measurement®f is important in the search for CP-violation in the
lepton sector. As noted in Sectifin3 the CP-violating phasé is always accompanied
by a sinf,3 term. Thus CP-violation in the lepton sector is only possiblé;; # 0.
Measurements by CHOOZ2] and MINOSRB3] proved inconclusive, setting limits on the
size off,3 but not excluding 0. The first significant indication of noerad,; was given
by T2K in 2011 where&);3 = 0 was excluded t@.50 significance leveB4] as shown in
Figurell.3 This result was updated in 2012, improving the significaloc&2c. In 2012
the Daya Bay reactor experiment publish an aptdisappearance measurement showing
sin?20;3 = 0.09240.016(stat)+0.0005(syst), excludingd;3 = 0t05.20 significanceBy].
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Further evidence for non-zefy; was published by the RENO reactor experiment later in
the yeaiB6g], excluding zero tot.20 significance. With strong evidence for a non-zero
613, the current generation of experiments will be able to fomusachieving a precision
measurement.

Charged current (CC) interactions are mediated by the chargeoldhs whilst neutral
current (NC) interactions are mediated by the neutral Z bo€d interactions have the
generic form ofy, N — [X where | is a charged lepton, N is a nucleon and X represents
the other final state particles. NC interactions take thenfgrt — 1, X where no charged
lepton is produced. As such, CC interactions are used to nmadadion measurements as

they are the only interactions that allow observation ofrteetrino flavour.

1.5 Charged Current Neutrino Interactions

The neutrino physics community has entered an age of poeamseasurements. The cur-
rent generation of accelerator based oscillation experisn@e designed to achieve statis-
tical sensitivity far greater than previous projects. As $tatistical uncertainties decrease,
the systematic uncertainties in experiments become maueriant. The largest system-
atics associated with most experiments relate to the meuthux and interaction cross-
sections. To achieve precision measurements, these amtiext must be reduced through
measurement. The flux uncertainty is reduced from expetsnguch as NA61, that use
hadron spectroscopy to measure the hadron production deandargets37).

Neutrino interaction cross-sections are poorly measuteteatrino energies of or-
der 1 GeV where the oscillation maximum for T2K lies. In thiseeegy region there are
three dominant Charged Current processes, Quasi-Elastic (LSigle Pion Production
(CC1xt) and Deep Inelastic Scattering (DIS). The CCQE process ddesié lower neu-
trino energies. The main background to the CCQE process iegingn production. As
neutrino energy increases, th&€'1r* fraction of CC events increases, becoming equal to
the CCQE fraction at/, of order 2 GeV. At higher energies, DIS becomes the dominant
process and the CCQE and” 17 fractions fall. Figurél.4 shows how the cross-section
over neutrino energy changes with neutrino energy.

A number of neutrino event generators exist to model theraste®on cross-sections
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Figure 1.4: An overview of charged current neutrino crasstien over energy measure-
ments (data points) and the NUANCE prediction (solid lind$)e data has been corrected
to an isoscalar target.[38]
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such as NUANCE39] and NUWROHQ(]. T2K uses GENIE41] and NEUTHZ] to produce
neutrino interactions for MC data sets. This thesis focsissghe NEUT generator used to

produce the MC data sets in the final analysis.

1.5.1 Charge Current Quasi-Elastic Interactions

CCQE interactions are the dominant process at T2K energieararibe signal channel for
oscillation analyses. They are also the simplest intevacivith a lepton and nucleon in
both the initial and final states. CCQE interactions are ongsjiide when a neutrino inter-
acts with a neutron in the process — [~ p. The Feynman diagram for such interactions
is shown in Figur@.B

In NEUT, CCQE scattering is modelled using the Llewellyn-S$rnaitoss-section equaticf]:

do M?2G pcos?Oc
dQ? 8 E?2

(s = u)?
M4

s—u
M?

(AQ*) £ B(Q%) +C(Q7) ) (1.14)

where F, is neutrino energy)M is the mass of the nucleos,and« are the Mandelstam
variables and is the Cabibbo angle. The three coefficieAts3 andC' are given in terms
of two vector form factors and one axial form factor. The ee¢brm factors can be related
to the electromagnetic form factors using the conservatiforector current. This allows
the vector form factors to be parametrised in terms of théovenassn,, that has been
previously measured by electron scattering experinmédjts[This leaves the axial form

factor F4 as the only unknown parameter. In NEUT, is assumed to have a dipole form:

FAQ*) = ———F— (1.15)

where M? is the quasi-elastic axial mass. The value of the axial magsnied by fits to

previous neutrino cross-section measurements. The vatue SEUT isM, = 1.21GeV

1.5.2 Charged Current, Neutrino Induced Pion Production

There are two main methods of single pion production to @®rsiThe dominant process
is resonant pion production. Here, a neutrino interacth wibound nucleon with enough

momentum transfer to create a resonant nucleon state. @¢umance state then decays
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=

Figure 1.5: Feynman diagram for the charged current quastie neutrino-nucleon inter-
action

into a nucleon and a pion. Feynman Diagram for such a prosestwivn in Figuré.6

Figure 1.6: Feynman diagram for the charged current regqaam production

NEUT uses the Rein-Seghal model to simulate this interactiodef5)]. In this model,
the cross-section for resonant single pion productionpsusged into two parts. Firstly the

production of the nucleon resonancé; in the procesy + N — [ + N*. Secondly, the
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decay of that resonance to a pion and nuclééh,— 7w + N'.

The amplitude for creating each resonance is calculatedyube Rein-Seghal model
and multiplied by the probability that the resonance wittagto a single pion and nucleon.
NEUT considers 18 nuclear resonances with invariant mdssti#GeV when calculating

the single pion production cross-section.

In the Rein Seghal model, the transition amplitude for thatioe of the nuclear reso-
nanceN* from nucleonV is given by the charged current Lagrangian and Feynman rules

as:

g*cosl, - s I T ST
*\ c w
T(vN — IN") = g [[y#(1 =~ )W]m

(N*| J*|N) (1.16)

whered, is the Cabibbo angley” is the four-momentum of the W boson/, is the W

mass. For? << My, and using the Fermi constafit: = % this simplifies to:
w
. Grcost, - 5 N

The hadronic current operatdt' is composed of vector and axial components and can be
written as:
JH=VH— AF =2M(F|; — FY) (1.18)

where we factor out the resonance mags Each factorFy, 4 is proportional to a form

factorGy 4(¢?). The form factors are assumed to have the form:

2
2y _(1_ 4 i 1 2
GV,A(Q ) - (1 4m?\/) (1 R ) (1-19)

wheremy, 4 are parameters with units of mass that must be obtained iealpirand n

is an ad hoc factor introduced to fix unphysical aspects ohtbdel related to time-like
excitations. These parameters are known as the axial atal veasses and are the two free
parameters in the resonant pion production cross-seclibese two variables therefore,

are those used to tuned the pion production cross-section.

The cross-section for the production of a single resonarnttemass M and negligible
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width is written

do 1
dg*dE — 64mmy E2

> IT(vN — IN*)P6(W? — M?) (1.20)

spins

wherelV is the observed invariant mass of the resonance. We repiacgetta function

with the Breit-Wigner factor to write the cross-section foresonance of finite widtf,

giving
do 1 1 r 2
= T(wvN = IN )P ———— + —
d?dE  Gdmmy B2 2 ITN — INIP o W —M)2 4

(1.21)

spins

The cross-section for resonant production is then giveméygtm of the cross-sections
for the 18 resonant states and their interferences. Torotitaitotal transition amplitudes,
accounting for the interference, we first decompose the Btates using the Clebsch-

Gordan coefficients:

11 33
) = (L1 ® |5, <) =5, S 1.22
1 1 1 31 2,11
oy el by 3L \ﬁ__ 1.23
i) = L1 @ |5 —5) = 2= 1550 +1/515:3) (1.23)

For each final state, only contributing resonances with #meestotal angular momen-
tum, 7, can interfere. Therp final state can only arise from the decay of an isos:pin
A™. In this case there is no interference as eAc¢hresonance must each have distinct total

angular momentum. Therefore, the total transition amgdtis

(v — 7 pP = 1> TAGP+ D 1D T(ALP

7=13

Y Y TALE+ YD T(ALP (1.24)

j=3.5 J=5,7

The 7*n final state has both isosp§1 and isospin% components and sA™ and N

resonances with the same total angular momentum will ieterf Using the coefficients
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given above, the total transition amplitude can be written a

_ 1 2
T(v, — p mtp)* = |\/;Z T(Ag, + \/;Z T(Ng,|?
1 2
D ITED SEAESRRTED Seat v

j=1,3

+3 !\/%ZT(A% + \/%ZTW‘L’Q

=35
1 2
I SUVEDSEIPSIRTED ELvHE
=57

(1.25)

wherei/2, j/2 from A, ;(N; ;) represent orbital angular momentum and spin respectively.

Finally, the decay amplitude section of the cross-secsoraiculated as having three
separate contributions. The first is an approximately nbsea Breit-Wigner factor ac-
counting for the resonance width. A second factor that isbitaaching ratio of the res-
onance to the final state in question. Finally a pure sigrofaist applied to ensure in-
terference is calculated correctly. The sign of the decaglitindle is lost when using the
experimental Breit-Wigner factor, it must therefore be atise@nually. Therefore, the tran-

sition amplitude for each resonance is given by,
T(N*) =T((vN — IN*)n(N* — 7" N) (1.26)

whereN* is the resonance in question, N is a nucleon amslthe decay amplitude.

Sub-dominant coherent pion production is also modelled HUN. In resonant pion
production, the neutrino interacts with a single nucleoerrethe neutrino coherently in-
teracts with the target nucleus as a whole, producing a pidrcharged lepton and leaving
the nucleus in a final state identical to it’s initial state.h€cent interactions typically have
low momentum transfer and produce the pion and lepton at loglea to the neutrino
momentum, i.e. forward going in the lab frame. Coherent pigdpction in NEUT is
modelled using a revised Rein-Seghal modiéll
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1.5.3 Nuclear Re-Interactions

Many previous cross-section measurements were performemhvemass targets in bubble
chambers. These experiments suffered from relatively gaistics due to the low interac-
tions rates given by light targets. Modern experiments eswier nuclear targets to obtain
the high statistics necessary for precision measuremeswetbr, the increase in the size
of the nucleus means that nuclear effects become importameasuring cross-sections.
The interaction cross-sections of a pion with the nucleadiom are large and dominated
by low energy QCD processes. The QCD equations to describetéractions do not have
analytic solutions and so nuclear models must be used.

NEUT models the nuclear medium as a relativistic Fermi gdse ifitial position of
the pion (or other interaction particle) is set accordinthe®sWoods-Saxon nucleon density
distribution. The pion is then stepped through the nucleadiom in what is called the
cascade model. The interaction at each step is calculaieg the mean free path of each
interaction type. The types of interaction considered inUYEare: inelastic scattering,
charge exchange, pion absorption and pion production. NE&EE the Oset modéll]
to calculate the mean free paths of these interactions. Tireetidn and momentum of
pions after scattering and charge exchange are calculasstilon the results from pion-
nucleon scattering experimerdd]. The scattering amplitude takes into account the Pauli
blocking by requiring the scattered nucleon momentum tarbatgr than the Fermi surface
momentum. The probability of each interaction per step aswhin Figurdl. 7

The effect of the nuclear medium on thewidth is also calculated. Furthermore, 20%
of A resonances are assumed to decay without producing a pioto dine effects of the
nuclear medium. This has a large migration effect betweefi'ttil=+ and CCQE samples

as a pionless decay resonant event will appear to be a CCQEievtbatdetector.
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Figure 1.7: Left) The interaction probability per cascatépdor a pion at the centre of a
Carbon-12 nucleus as a function of momentum. The dotted $hew the NEUT default
and the solid lines show the tuned probabilities used in tBK implementation. The
label SCX denotes 'Single Charge eXchange’ Right) The ratidhefttined over default
probabilities as a function of pion momentum using the saabellcolour scheme. Taken
from [48]



Chapter 2

The T2K Experiment

2.1 Experiment Overview

The T2K experiment is the first in a new generation of high huwsity neutrino oscillation
experiments. The, beam for the experiment is provided by the J-PARC (Japan Rroto
Accelerator Research Complex) located in Tokai-mura, Japéere, a 30 GeV proton
beam is fired at a graphite target with a design, incident p@i&50 kW. This provides
the large neutrino flux required for precision neutrino baton measurements.

T2K is a Long Baseline neutrino experiment and so measurgs tfiee of the neutrino
beam in two places. The ND280 (Near Detector 280 m) suite$dhe near detector and
will measure the neutrino beam before oscillations haveiwed. ND280 is comprised of
the on-axis INGRID (Interactive Neutrino Grid) detector dhd off-axis ND280 Detector.
These detectors are situated 280 m from the graphite tasgek to produce the neutrino
beam in order to allow the initial products of the beam intéams to decay into neutrinos.
The INGRID detector provides precision monitoring of therbezentre and width, whilst
the ND280 detector profiles the energy spectrum and flavamposition of the neutrino
beam before any oscillation has occurred. The far detestiwei watelCerenkov detector,
Super-Kamiokande (Super-K) in Kamioka on the west coasapéd. This gives T2K a
baseline of 295 km. Super-Kamiokande will profile the newtrbeam after oscillations
have occurred. A simple illustration is provided in Figi2cd

The ND280 detector and Super-Kamiokande are placedf the beam axis. This

reduces the neutrino flux but also gives a narrow band pedleingutrino energy spectrum

20
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Figure 2.1: An overview of the T2K baseline

around 0.7 GeV; at this neutrino energy there will be maximading in the atmospheric
sector for a baseline of 295 km. This makes T2K sensitive, talisappearance in the
beam, thus allowing it to achieve one of it's primary physiosls of producing precise
measurements of thtm3, andsin?6,3 oscillation parameters. The T2K predicted flux is
shown in Figure 2.2. T2K is also sensitive to the less frequgm@ppearance, due to the
high neutrino flux and well understood far detector. Furtiane, the off-axis technique
also greatly reduces the high energy tail in the neutrinetspe and thereby suppresses
one of the major backgrounds to this measurement at Supmiekande. This sensitivity
is necessary for T2K to achieve it’s other physics goal otigedy measuring, the much
smallerf,3 mixing angle. Furthermore, with recent measurements gélag, T2K should

have sufficient sensitivity to search for the CP-violatinggd.
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Figure 2.2: The POT weighted, flux prediction at ND280 integrated over Run 1 and Run
2.

2.2 The J-PARC Accelerator Complex and the T2K Beamline

J-PARC consists of three accelerators, a linear acceleflaflAC), rapid-cycling syn-
chrotron (RCS) and a 30 GeV Main Ring synchrotron (MR). The LINACaerates a
H~ beam to 181 MeV kinetic energy. Thié~ beam is then stripped of it's electrons to
give a proton beam upon injection into the RCS where it is furdoeelerated to 3 GeV.
The proton beam is then injected into the MR where it is acatdd to 30 GeV. The pro-
tons are then fast extracted to the neutrino beamline uskigkér magnets. The protons
are supplied to the neutrino beamline in 5 ns wide spillsheammposed of eight proton
bunches (6 bunches for Run 1). The neutrino beamline comdiatgrimary and secondary
beamline and is illustrated in FiguBe3

The primary beamline first tunes the proton beam using assefi#l normal conduct-
ing magnets before using 14 superconducting magnets totheriteam through an angle

of 80.7 to point towards Kamioka. Finally, 10 normal conducting meig are used to
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Figure 2.3: An overview of the T2K beamline

direct the beam towards the neutrino target. The neutrirgetas a graphite cylinder 91.4
cm (1.7 radiation lengths,X;) long, 2.6 cm in diameter and is cooled by high pressure
helium gas.

The secondary beamline starts at the neutrino target. Tdterpbeam interacts with
the target producing secondary pions and a small numbecohdary kaons. The target is
surrounded by the first of three magnetic horns to collecsdwndary hadrons produced
by the beam interactions. The hadrons are then focused byth&irther horns as they
travel through the 110 m decay volume. The horns produceoédrmagnetic field at a
maximum of 2.1 T. When operating at a current of 320 kA, the sanorease the neutrino
flux at Super-Kamiokande by a factor of 16 compared to O ctiwperation. The horns
can operate to select either positive or negative hadrogating a neutrino or anti-neutrino
beam respectively. The decay volume length was selectedhioniee muon decay whilst
maximising pion decay and is filled with Helium gas at 1 atm taimise pion-nucleus
interactions.

The vast majority of pions decay in flight via the weak intéi@c 7~ — p*v,, pro-
viding the beam neutrinos. However, some of the muons wélb alecay in flight via
pt — efr.y,, adding smally, and v, contamination to the beam. The beam is also
contaminated by.(7.) from the secondary kaons that decay in the decay volumesé&tie
ondary beamline terminates in the water cooled, graphé@ammbdump which is designed
to absorb the remaining hadrons and any muons below 5 Geayat&d just behind the

beam dump is the muon monitor. The muon monitor uses-theGeV muons to precisely
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measure the beam position and intensity. Figgieshows a schematic of the secondary
beamline. Further downstream, a nuclear emulsion detsatiged to measure the absolute

muon flux and momentum distribution.

Near Detectors Beam Dump Decay Volume Target Station .
t Primary
= protons
1/ # \\ < ___ Beamline
m‘A@L \\

. pions
Muon Monitor ~-— muons

~— neutrinos

Figure 2.4: Schematic of the secondary neutrino beamline

2.3 The Far Detector : Super-Kamiokande

Super-Kamiokande is a 50 kt wat€erenkov detector located 1 km deep inside Mount
Ikenoyama, Japan. Super-Kamiokande has two co-axiahdmdial volumes forming an
inner detector (ID) and an outer detector (OD). A pictorggnesentation of the detector
can be found in Figur2.3 The outer detector is instrumented by 1,885, 20 cm PMTs
(Photomultiplier Tubes) and is used as a veto to reject svenginating outside of the
detector. The inner detector contains 11,129 50 cm, PMTiadaowards. The PMTs
are mounted on a scaffold that separates the detector veluhie scaffold is covered in
plastic sheets to optically separate the two detector veturithe inner surface is covered
in black sheeting to absorb light and stop light crossingdisector boundary. The outer
surface of the scaffold is lined with a highly reflective matkto compensate for the sparse
readout coverage of the outer detector.

A highly relativistic particle may exceed the effective sgeof light for the medium
through which it is travelling. If the particle is electrigacharged it will polarise the
medium along it's trajectory. When the medium depolaris@slitemit photons in a cone
around the particle’s path. The opening angle of the céhis dependent on the particle’s
speed ) and the material’'s refractive index (n) as shown in Equeidl Water has

n = 1.34 and so a particle must have velocity above the threshold 0.75 to emit
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Figure 2.5: The Super-Kamiokande detector layout showiegriner and outer detectors.
The two detectors are separated by a cylindrical scaff@tighused to mount PMTs

Cerenkov Radiation in Super-Kamiokande.

cosf = i,ﬁ > l, (2.1)
bn n

The light cone will project a circular pattern onto the dédeevall which will be seen as a
ring like pattern of hits in the PMTs. The width of the ring athe timing of the hits can
then be used to determine the particle’s momentum and the eggex position.

The shape of the rings observed in the inner detector cardotoseparate the different
particle types produced in neutrino interactions at Suigmmniokande. Muons and pions
tend to pass through the detector with only minimal scatteaind so produce a very sharp

clean ring. These sharp rings are tagged as beinrgike. Electrons will almost always
scatter multiple times and shower. The ring observed in #teator will be blurred as
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the shape and angle of the light cone changes with each rsegiteA 'fuzzy’ ring will

be produced by the superposition of the many light cones,ghttern is then tagged as

e — like. Event displays showing the difference between muon ancirele events are
shown in Figuré.8 Protons from neutrino interactions in Super-Kamiokanaeusually
created with velocities below threshold and so are not ekserThere is no way to extract
charge information from th€erenkov light and so Super-Kamiokande cannot distinguish

neutrinos and anti-neutrinos.

Times (ns)

Figure 2.6: Event displays showing neutrino events in Sifaeniokande . The left display
shows a single ring,, event. The right shows a single ringevent. The ring from the muon
event is much more well-defined than that in the electronteven

2.3.1 The Neutrino Beam at Super-Kamiokande

Super-Kamiokande measures the flavour composition of thenld®y counting the num-
ber of Charged Current Quasi-Elastic (CCQE) neutrino intayastobserved. In a CCQE
event, the neutrino interacts to produce a lepton of the siaweur and a recoil nucleon.
The recoil nucleon does not usually exceed @erenkov threshold and so passes unde-
tected. The lepton will leave a single ring signal in the dete By selecting these single
ring events a sample of CCQE-like events can be created. Néuireent (NC) interac-
tions do not produce leptons and so cannot be used to detetharilavour composition of
the beam. They can however be used to measure the totalneeflist passing through the
detector.

An initial selection of Fully Contained, Fiducial Volume (FEY) events is created.
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The FV is a cylinder 200 cm from the inner detector walls anctaims a fiducial mass of
22.5 kt, in order to be selected, the event vertex must benstieacted within this fiducial
volume. A FC eventis one that deposits at least 30 MeV vighkrgy in the ID and has no
event activity in either the OD or in the 103 before the event trigger. The selected event
must also fall within the beam trigger window. Single ringerts are then selected from
this FCFV sample. PID is applied to these single ring evensekecty,, or v, interactions.
Further cuts are implemented to enrich the samples depgodithe neutrino flavour being
measured.

The main background to the, CCQE measurement is charged current single pion
production (CCx ™). CClr™ events can produce a single ring, CCQE-like signal when the
pion is created belowZerenkov threshold and so not observed. This then skews tba mu
momentum distribution and distorts the reconstructedrimeuenergy. This background
can be mitigated somewhat by searching for a Michel elegiroduced in the pion decay
but this does not remove the background fully. A precise memsent of the CCA"
differential cross section on water will be made at the netector to calculate and remove

this background.

2.4 The INGRID Detector

INGRID is part of the near detector suite, 280m from the naaottarget station and is
comprised of 16 identical modules. Each moduleisd, 7-ton, iron/scintillator sandwich
with 11 layers of 25 plastic scintillator bars and 65 mm tHagkers of iron. In order to reject
cosmic and out-of-detector events, each module is sureslibg four veto, scintillator
planes. 14 of the modules are arranged in 10 m vertical anddmtal arrays (perpendicular
to the beam direction) forming a cross centred on the beamafimal 2 modules are placed
on opposing corners of the cross shape as shown in Hiydre

The primary purpose of the INGRID detector is to profile therbeshape and cen-
tre and measure the on-axis neutrino flux on a daily basis. hidie target mass of the
modules gives the high number of interactions required tasuee the beam on such time
scales. INGRID exceeds the target accuracy of detecting earations to the order of 1
mradR3] as shown in Figur2.8
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Figure 2.7: The left shows the layout of the INGRID modulese Tight hand image shows
an event display of the first T2K neutrino event observed éendétector.
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2.5 The ND280 Detector

The off-axis near detector is a magnetised, fine graineghualose neutrino detector de-
signed to measure the flux, energy spectrum and flavour dootéhe beam heading to
the far detector as well as measuring neutrino interactiogscsections. The near detector
must measure both the, andv, fluxes. They, flux measurement will be used to predict
the flux at the far detector for the, disappearance measurement. Theontamination
of the beam forms an irremovable background toitheppearance measurement at Super-
Kamiokande.

ND280 is comprised of several sub-detector systems cadainthin a 0.2 T magnet.
The inner region of the detector is mounted ii.&m x 2.6m x 2.5m basket. The most
upstream detector in this basket is the detector (POD). Downstream from this is the
tracker containing three time projection chambers (TP@yspersed with two, scintillator
based, fine grained detectors (FGD). The final most dowmatdediector within this basket
is the downstream electromagnetic calorimeter (DsECal)e FOD and tracker regions
are surrounded by electromagnetic calorimeters (ECal) teduon the refurbished UA1
magnet. A muon range detector (SMRD) is mounted within th@as between the flux
returns of the magnet yoke. A figure of the ND280 detector aswshin Figureé2.9

2.5.1 The n° Detector

The POD region of ND280 is optimised to measureAd@roduction on a water target.
Accurate measurement of this process will be used to redgstersatic uncertainties in
the Super-Kamiokande, appearance measurement.

The POD uses planes of scintillator bars as the active regiois region is fine grained
enough to allow reconstruction of charged tracks and @ewgnetic showers. The centre
of each bar contains a single WLS fibre (Kuraray, double-cfdd, wave length shifting fi-
bre. 1 mm diameter) that is readout by a Hammamtsu MPPC (MRutel Photon Counter).
The scintillator bars have a triangular cross-sectiong83n base by 17.25 mm height)

At the upstream and downstream ends of the POD are calorimetgules consisting
of alternating 4 mm thick lead sheets and scintillator P@SulEach scintillator PODule

is formed of two layers with the bars aligned in perpendicalaays along the x and y
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Figure 2.9: An exploded diagram of the ND280 detector shgwiach subsystem

directions. These areas are designed to contain the etefgretic showers and form a
veto for events entering from outside the POD volume. Theuawf the POD is shown
in Figure2Z.1Q In the centre of the POD is the neutrino target region, twatises of 13
PODules separated by pairs of water target bags for a to& wfater bags in the detector.
The POD can be operated with the water bags filled with air dewady running in both
modes, a subtraction method can be used to determine thadtite cross sections on a
water target. The detector mass is 16.1 tons when filled witemand 13.3 tons when

filled with air.

2.5.2 The Time Projection Chambers (TPC)

The three TPC modules within the tracker provide three-dsiaal charged particle track-
ing, momentum measurement from track curvature and chargeitle identification via
mean energy loss. Each TPC has an inner box filled with an @rgeead drift gas, con-
tained within an outer box filled witb’0, as an insulating gas. A uniform electric drift field
is applied across the TPC volume and is roughly aligned vi¢hND280 magnetic field.
As charged particles travel through the TPC gas, they pmduasation electrons which

are drifted to the readout planes on the detector walls. Tdwrens are detected in Ml-
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Figure 2.10: A schematic showing the construction of the RA8luding diagrams of the
Ecal and water PODules

CROMEGAS readout modules, where they avalanche to amplify the maigsignal.
The position of the charge deposit on the readout plane gesviwo dimensional position
information, the third position co-ordinate is calculateam the electron drift time and a

timestamp from the surrounding FGDs or ECals.

The particle identification in the TPC uses truncated meassorements of the energy
loss by charged patrticles in the gas. The linear charge tyeofsthe track is estimated
using the lowest 70% of values from the track segments. Téwuton of the energy loss
is 7.8% for minimum ionising particles, which exceeds thsigie resolution of 10%4Q.
Figure2.11shows the energy loss vs momentum curves for positive festiaversing the

TPC during the fist T2K physics run.
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Figure 2.11: Energy loss vs momentum for positive partipiexiuced in neutrino inter-
actions during first T2K physics run. The lines show the Mo@itelo expectations for
different particle types.

2.5.3 The Fine Grained Detectors (FGD)

The FGDs provide the target mass for the neutrino interastithin the tracker region.
The fine grain of the detector allows it to see the low energtigdes produced in neutrino
interactions, such as the recoil protons and also perfaaoking and vertex reconstruction.
The two FGDs are placed between the TPC modules. Each FGdwatscal dimensions
and contain 1.1 tons of target material. The target matsr@@rbon based scintillator in the
first FGD and water in the second, this allows the cross sestim water to be measured

by comparing the rates in each detector and using a sulotinaciethod.

The first FGD is a pure scintillator detector with 30 layerssointillator bars (with
10mm x 10mm cross section). The layers are arranged such that they fofrmedules
of two layers, one layer with the bars aligned horizontatig éhe other layer with the bars
aligned vertically. Each bar has a Y11 WLS fibre passing thnatgcentre. The fibres are
read out on one end by an MPPC, the other end is mirrored to nsiight collection.

The second FGD is part water, part scintillator, having ohlfY modules of plastic
scintillator. The scintillator modules are interspacedhwd layers of water, held within

hollow corrugated polycarbonate. The water is at negatiesgure so that any leaks will
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introduce air into the target region instead of the watekitgg out into the surrounding

detector.

2.5.4 The Electromagnetic Calorimeters (ECals)

The ECals are lead-scintillator, sampling electromagresgtiorimeters providing near her-
metic coverage for the inner detectors. As the name sugggstsiain goal is to make
energy measurements of electromagnetic showers. The E@atéssary in forcing pho-
tons to convert and shower, this will be essential to detégparticles produced in the
tracker. The ECal will also be key in separating muons, pionisedectrons. Muons will
pass through the ECal as a minimum ionising track whilst edestwill shower. Pions will

often look like a combination of the two, travelling as a Miidahen showering.

There are a total of 13 ECal modules in the ND280 detector, Indts@am module
(DsECal), 6 barrel ECal modules (BrECal), and 6 POD ECal moduleBEEals). All
ECal modules are mounted on the inside of the magnet yoke efardpe DsECal, which,
occupies the most downstream volume of the basket. The Hasign for each module
is similar, each module is made of layers of scintillatorshglued to lead sheets. The
bars in each layer are orientated at right angles to thogeegbrievious layer to allow full
three dimensional reconstruction. The ECals are less fineggtéhan the other scintillator
detectors with the bars having a 40 mm by 10 mm cross sectiswith the other detectors,
the bars have a Y11 WLS fibre running through the middle.

The DsECal is placed at the most downstream end of ND280 aftdirtal TPC within
the basket. It has dimensioRs: x 2m x 0.5m and is 34 layers deep in the z (beam)
direction. The lead sheets in the module are each 1.75 mrk ¢gwing the module a
total thickness 0f0.6.X,. The DSECal is the thickest module due to the more lax spatial
restrictions and the higher peaked momentum spectrum faafal travelling particles. All
of the bars in the downstream module are readout on both grais PPC (double ended
readout).

There are a total of 6 BrECal modules that surround the tradgiom on four sides
and are mounted on the magnet yoke. The bars aligned paratlet beam direction are

3.84 m long and are also double ended readout to compensdteefeffects of the long
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bar length. The bars aligned perpendicular to this (in the ¥ direction) are 1.52 m
(top/bottom modules) or 2.36 m (side modules) long and havglesended readout due
to spatial constraints. The barrel modules are 31 layers d#té lead sheets of the same

thickness as the DsECal. This gives the barrel modules araatadtion length 0b.7.X.
The PODECals surround the POD on four sides and are not designéull electro-

magnetic shower reconstruction. Their primary purpose idetect photons that do not
convert in the POD and to tag charged tracks passing thrdwegh,tacting as a veto. Each
of the 6 modules has only 6 layers of scintillator with 5 layef 4 mm thick lead sheets
giving 3.6.X,. Unlike the other ECals, the bars in the PODECals are all alignghe z

direction and have only single ended readout, limiting thedales to two dimensional

reconstruction.

2.5.5 The Side Muon Range Detector (SMRD)

The SMRD is a plastic scintillator detector mounted withia thagnet yoke. The SMRD
serves multiple purposes. It's main physics role is to retoict high momentum muon
tracks that exit the inner detectors, especially muonltiiag at high angles to the z axis
which may be poorly reconstructed by the other detectore.S¥RD is also a useful veto
for events entering the detector from the outside. Furthehis, it acts as a trigger for
detecting cosmic rays outside of beam windows. These cosygccan then be used for
various detector calibrations. By requiring different conabions of SMRD modules to
fire you can select different cosmic ray acceptance angles i3 particularly useful for
studying rare track topologies, for example, tracks tlavglparallel to the x axis. The
reconstruction of these rare topologies can then be stadiddinderstood in beam events.
An SMRD module is shown in Figuiz12

The magnet yoke is divided into two halves, each consistirgy@-shaped flux return
yokes. The SMRD scintillator modules are installed in thgjaps between each yoke. The
SMRD scintillator modules are plastic scintillator slabghnén S-shaped groove carved
into the surface. A Y11 WLS fibre is glued into the groove andioes by an MPPC. The

plastic slabs are then wrapped in lightproof, stainless stentainers.

Figure2.13 shows an event display of a neutrino interaction in ND280e Whutrino
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interacts in the POD producing a high energy patrticle traatetrses the basket producing
several secondary particles before showering in the DsE®és. event was taken early in

data Run 3 shortly after operations resumed.

endcaps

1 Hamamatsu MPPC |

—— foamspnng EL

= Optlca!connector ‘

Figure 2.12: An SMRD module before the light tight cover hasrbmounted.
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Figure 2.13: An ND280 event display showing a neutrino beasneobserved shortly
after the start of Run 3 data taking. The Event Display showsmmaction in the POD
volume producing several particles that traverse mosttm@tenodules.



Chapter 3

Construction of the ND280 Barrel ECal

3.1 Calorimeter Detectors

General information regarding the Barrel ECal has already lkscussed in Chapt&
this chapter will focus on the details of the ECal design anmastaction. The primary
purpose of a calorimeter is the absorption and measureniighe e@nergy deposited by
particles passing through the detector. In order for theroakter to be accurate and effi-
cient it should have sufficient radiation thickness so tlaatiples will interact and deposit
most of their energy within the detector volume. This is Ullguechieved by designing the
calorimeter so that primary particles entering the detewtlh interact creating a 'shower’
of secondary particles at lower energy. These secondatiglparthen create further parti-
cles at even lower energy. This process continues untibaligies pass below the threshold
to produce new patrticles. During this process some fractidhe primary particle’s initial
energy will be deposited as visible signal (In the ND280-E€2ale, scintillation light) Two
types of particle shower can be produced, electromagnetih©adronic, depending on the
type of the primary particle which interacts.

As one might expect, electrons and photons will producet®lisagnetic showers. In
this case the cascade of shower particles will be producsdbpninantly via pair produc-
tion and bremsstrahlung. The shape of the shower is chasstdeby X, the 'radiation
length’ of the calorimeter materiak, is the length at which an electron will have radiated
all but 1 /e of it's energy and’ /9" the mean free path for a photon to pair produce.

In a simplified model, an electron travellingXl, will emit a bremsstrahlung photon with

37
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roughly half it's energy. Furthermore, a photon travelling, will undergo pair production
(in this simple model). The number of particles in the showirdouble every radiation
length until the maximum depth,.... Thet,,... is reached when the particles are produced
at critical energy, where energy loss per radiation lengtbagual to the particle’s energy.

So att,,..., we have,

|E(t)] = E, = Eo/2'™, (3.1)
which rearranges to
tma;r = ln(EO/EC) (32)
n2

This model only qualitatively describes the evolution ofe&actromagnetic shower.
The reality is more complex and requires several correstiseanch as, the mean free path
of photons before pair production and secondary effects aascattering and fluctuations

in particle production.

Hadronic showers are produced by strongly interactinggestsuch as pions and pro-
tons. Hadronic showers are much more complex than the eteatgnetic case. The sec-
ondary particles are mostly pions and nucleons, with thebmrproduced being only
weakly dependent on the energy of the primary particle. Apprtion of the secondary
particles arer® particles which will then propagate electromagneticalighaut further nu-
clear interactions. The numberofs produced is largely dependent on the first interaction
of the primary particle and so large fluctuations occur betwshowers. Furthermore, a
large amount of the energy will be deposited in nuclear hupaad will be mostly unob-
served. The fraction of the initial energy deposited in thaaner varies randomly between
showers as does the fraction that is observed. This makegyemeasurements difficult
and thus far not possible in the ND280.

The majority of the energy in a hadronic shower is carriedasg, fforward going particles
whilst a limited amount of energy is carried in the transeedgection. This gives a shape

distinct from that of electromagnetic showers.

There are two basic calorimeter designs as shown in HRidirédomogeneous calorime-
ters use a single material for shower propagation and réadibis gives them a high pre-

cision energy resolution at the cost of position reconsimac The lack of segmentation
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Figure 3.1: A simple diagram depicting a homogeneous (top) @ sampling (bottom)
calorimeter

prohibits 3D reconstruction. Homogeneous calorimetezaty practical for electromag-
netic showers, the large size of hadronic showers make hensagis detectors impractical.
Furthermore, materials suitable for use as an homogenedosnseter are relatively ex-

pensive perX,.

The ND280 ECal is a sampling calorimeter. A sampling calotanes segmented be-
tween an absorber material to initiate and develop showadsan active material to profile
the shower as it develops. The ND280 ECal uses a lead absarber @lastic scintillator
active material. The inclusion of the inactive absorberemal reduces the energy resolu-
tion of the detector. However, the segmentation makes raashsier and allows for 3D

reconstruction, sampling calorimeters can then provideesmeasure of tracking as well.



40 CHAPTER 3. CONSTRUCTION OF THE ND280 BARREL ECAL

| | DS-ECal| Barrel ECal | POD ECal |

Length 2.3m 4.140m 2.454m

Width 2.3m 1.676m top/bottom 1.584 top/bottom
2.503m side 2.894m side

Layers 34 31 6

Bar orientation | x/y Longitudinal/Perpendicular | Longitudinal

Bars 1700 2280 Long. top/bottom 912 Long. top/bottom
1710 Long. sides 828 Long. sides

6144 Perp. top/bottom
3072 Perp. sides

Bars per layer 50 38 Long. top/bottom 38 Long. top/bottom
57 Long. side 69 Long. sides
96 Perp top/bottom/sides
Bar length 2.000m | 3.840m Long. 2.340m Long.
(£2mm) 1.520m Perp. top/bottom
2.280m Perp. sides
Fibre length 2.144m | 3.986m Long. 2.410m Long.
(£0.5mm) 1.583m Perp. top/bottom
2.343m Perp. sides
Pb thickness 1.75mm | 1.75mm 4.0mm

Table 3.1: ECal module design dimensions. Longitudinal baesthose whose long axis
lies parallel to the beam direction.

3.2 Detector Design

3.2.1 Geometry and Dimensions

Six Barrel ECal modules surround the inner tracking region B2BO. The two largest
modules are mounted at the sides of the tracker and four amathdules are mounted
above and below. Four smaller modules are used so that thieathwes of the magnet may
be opened. Tabl@.1 gives a complete overview of the design dimensions for thel ECa
modules.

All scintillator bars have a cross section 4#iimm x 10mm. Each bar has a 2 mm
central hole with a WLS fibre inserted into it. The WLS fibre isuggd due to the short
attenuation length of the scintillator, without the WLS fipsgynificant signal loss would

occur as the scintillation light travelled along the barhe sensor. The WLS fibre also
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shifts the wavelength of all light towards the green bandhefgpectrum, near the region
of peak sensitivity for the MPPCs. An MPPC is attached to or®otin ends of the fibre as
a readout. Each MPPC is attached to a channel on a Trip-T4erahBoard (TFB) via a
mini-coaxial cable for readout. The readout is describetkiail in Sectiof8.3.2

3.2.2 Construction Materials

This section will discuss the materials used in the constmof the ECal modules. The
scintillator material and WLS fibres are common to every setector in the ND280 except
the TPCs.

Plastic Scintillator

The plastic scintillator is the active material of the ECalda@ther ND280 detectors). The
bars were extruded at FNAL and delivered to several sitesariJK for quality assurance
testing. Each bar is coated with(J to reflect escaping light back into the bar, thus increas-
ing light capture in the fibre and providing light isolatioattveen bars. The scintillator is
polystyrene based and doped with 1% PPO and 0.03% POPOPmMMiaxfluorescence
occurs at wavelengths around 340 - 400 nm. The scintillggrocess starts with the exci-
tation of the base polystyrene plastic. This excitationrgyés transferred to the PPO via
resonant dipole interactions. The PPO emits this energyakigdt (wavelength 340 nm).
The UV light has a low transmittance in the plastic and so @ 0P is added to plastic.
The POPOP serves as a wavelength shifter, absorbing thedb¥dnd re-emitting it at
wavelengths of around 410 nm where the attenuation lengttuch longeib1]. The pro-
duction of usable signal relies on the deposited energylteamsferred to the PPO dopant

material.
Wavelength Shifting Fibres (WLS) Fibres

All ND280 scintillator detectors use Kuraray Y11 (200) S+8Glti-clad fibres for readout.
These fibres have an attenuation length greater than 3.5 ka thkimaximum fibre length
of any module is 3.9 m. To minimise signal loss through atiion, these fibres are double
ended. The shortest fibres are only single ended readouvowigne wavelengths emitted

by the scintillator have peak intensity in the blue regiorite light spectrum. However,
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MPPCs have peak sensitivity in the green region of the spaaround 500 nm. Therefore.
the Kuraray Y11 fibres were chosen as they offer optimal perémce as a green shifting
fibre with an emission peak of 474 nm.

For single ended readout fibres, one end was coated with apblished mirror to
compensate for the single ended readout and reduce sigsaBach fibre is a polystyrene
core surrounded by two layers of polymer cladding to enhéigbeyield. The diameter of

the fibres is 1 mm.

3.3 Detector Electronics and Readout

3.3.1 Multi-Pixel Photon Counters (MPPCs)

The photosensors used in ND280 must be capable of operatiagnagnetic field and
compact enough for use in the confined space of the magnelitidreal multi-anode PMTs
used in previous neutrino experiments are both too largeimcapable of operation in
magnetic fields. R&D was performed by several companies teldpithe new photosensor
design. The Hammamatsu MPPC was chosen from several ctaslidédgurd3.2 shows
the appearance and active area of an MPPC.

An MPPC is compact, insensitive to magnetic fields, oper@taselatively low voltage
of 70V and offers performance comparable to that of a trawti PMT as shown in Table
[3.2 The active region of the MPPC consists of 667 pixels in3ax 1.3mm? square. Each
pixel is a Silicon, pn-junction based, avalanche photaddioperating in Geiger mode. The
sum of the output of these pixels is the output of the MPPC. Whehadon interacts in
the absorption region of the pixel it triggers an avalandhethe avalanche develops, the
electron-hole pairs created reduce the effective voltagesa the junction until it falls be-
low the breakdown threshold. The amount of charge outpum feach pixel is therefore
dependent only on the operating and breakdown voltageseofi¢liice. This makes the
readout of each pixel essentially binary. Despite thisMIR®C itself as a whole is an ana-
logue device with a readout range limited by the number o#lgiXThe final readout of the
MPPC is directly proportional to the number of pixels firediehin turn is proportional to
the number of incident photons. The probability of a photaygering an avalanche (pho-

ton detection efficiency, PDE) in a pixel is characterisedh®yovervoltagedV ,applied to
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MPPC PMT
Gain 10° — 10° 105 — 107
Applied Voltage 70V ~2000 VvV
Active Area 1mm x 1mm | 10 cm diametet
Photon Detection Efficiency “30% "15%

Table 3.2: Comparison of MPPCs to traditional PMTs

the MPPC. Putting this together, the overall gain of the deiscalculated as,

G = (C/e) x dV wheredV = (V,, — Vi) (3.3)

Where C is the capacitance of a pixel, e is the electron chardé’g andV;, are the
operational and breakdown voltage respectively. In pcacach MPPC will have a slightly
different breakdown voltage due to variation in the MPPCsnbelves. The high voltage
power supply provides only a single output voltage and sorder to mitigate the variation
in breakdown voltage, the voltage from the high voltage pasu@ply is reduced by a given
amount for each MPPC. This reduction is called a 'trim’ ansl fitinctionality is provided
by the front end board the MPPC is attached to.

There are two sources of noise inherent to MPPCs. The firskés pioss talk. Cross
talk occurs when the firing of one pixel causes a neighboupirgl to fire without an
incident, signal, photon. Cross talk is due to optical phstbeing produced in a Geiger
avalanche and trigger another avalanche in an adjacer{%#ke The second and larger
source of noise is dark current. This is due to thermal ettarta in the pixels initiating
an avalanche and mimicking a photon count. The probabifity @ark noise avalanche is
independent and random for each pixel and so most dark nalisbera 1 photoelectron
signal with the 2 photoelectron signal being an order of ntage smaller. The dark noise
rate is dependent on both the temperature and the overgafalge MPPC making it useful

for detector monitoring and calibration.

3.3.2 TripT Front-end Boards (TFBs)

Each TFB hosts 4 Trip-T chidsg|[54] and can readout up to 64 MPPCs at a time. Each
Trip-T chip can read out 16 MPPCs into 32 channels. Each chaasetwo amplifiers,
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Figure 3.2: Left: The active area of an MPPC showing the aofey0)m pixels and the
electrode in the bottom left corner. Right: An MPPC in it'samic package

a discriminator with a programmable threshold and an anpipegline. This allows two
channels per MPPC, a high gain and a low gain channel, eachsegarate gains and
discriminator thresholds. The output from the discrimimgtis passed to a multiplexer
that decides which signal is transferred off chip. A TFB wettnnected MPPCs can be
seen in Figur@.3 The TFB as a whole is controlled by an FPGA (Field Programenab
Gate Array) which also timestamps the output. The Trip-Tpshntegrate each channel
in 23 time bins with programmable integration and reset $intehe ECal modules use an
integration time of 256 ns and a 50 ns reset time. The outpugdch integration cycle
is stored in a capacitor array for each channel. When all 28ration cycles have been
stored for a given trigger they are read out by two ADCs (AnatoBigital Converters) to
digitise the signals.

The TFB also has several functions beyond pure readout. FBs $upply the high and
low voltages to the MPPCs via the co-axial cables. The lowagatprovides the MPPC

trims mentioned in the above subsection.
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Figure 3.3: A TFB in place on a cooling plate with 64 MPPCs cated. The rainbow
cable is connected to a temperature sensor which is thgro@ihected to the bulkhead

3.4 Construction of the Barrel ECal modules

3.4.1 Preparation

The Barrel ECal modules were constructed in parallel at tves sitthe UK: The University
of Liverpool and Daresbury Laboratory. From these constracsites the modules were
shipped directly to the experimental site in Japan.

Before construction could begin, a robotic scanner and allicdiase were assembled
at each site. The scanner was designed to use a robotic aemd@ padioactive source over
newly inserted layers in a predefined pattern to test foradefdeach scan was performed
and analysed overnight for efficiency and safety reasons.

Next, the module base and the stainless steel bulkhead sembked in the scanner.

The module base is composed of a carbon-fibre outer skinusuteal by a large aluminium
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frame (Figur@.4). The bulkhead is bolted vertically to the aluminium frarbe bulkhead

had a height of 40 cm and a thickness of 2.5 cm. The length iseteby the dimensions
of the module being constructed. Each bulkhead has an airfegtes drilled into it so that

the WLS fibres may be passed through and into the centre of ihiglator bars. Below

each of these holes is a smaller, threaded hole to fix the MRB@gin place.

After this the first layer of the module is laid on top of thelwam fibre base and centred.
The layer is then screwed to the module base. This allowsityte Lnjection (LI) system
to be attached to the carbon-fibre around the edge of the Iayer LI system is a single
strip of LEDs glued down along each readout edge of the cafiboa frame. Carefully
chosen focussing lenses are then glued on top of the LEBs sthipper this the WLS fibres

can be inserted and the layer insertion proceeds as normal.

Figure 3.4: An assembled module base and bulkhead.

3.4.2 Layer Construction

ECal layers were constructed in parallel at both Daresbiuratal the University of Lan-
caster and shipped to the appropriate build sites. To $tapriocess, an aluminium frame

is screwed to a construction table. This frame formed thdegee of the layer. After this
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several locator pins were inserted into the frame to ens@redrrect placement of the bars
inside the frame. The frame was filled with the bars that wdnddised to form the layer
to ensure a good fit before being fixed in place. After this |¢lael sheets to be used were
vacuum lifted into position and marked so that the lead cteldrimmed to fit the layer

exactly before adhesion. The lead and scintillator bargwen removed from the frame.

Araldite epoxy adhesive was applied to the 1 cm thick edgekeobars to be inserted
into the layer, this would glue each bar to the next. Aftes tifie bars were placed into
the frame and forced together to ensure strong adhesion. Yibeimg each bar great care
was taken to ensure that significant flexing of the scintilalid not occur. At this point,
guality assurance had already been performed on the barthas@dny damage to them

would go undetected until it was too late to replace damagesl b

After this more Araldite epoxy was applied to a lip on the feaamd the top of the scin-
tillator bars. The epoxy was spread out into a thin layer ¢verentire layer of bars. The
lead sheets were then vacuum lifted back on top of the datatilbars so that it overlapped
the lip on the aluminium frame. The whole layer was then ceden plastic sheeting and
sealed so as to be airtight. A vacuum was then applied to jfe& avernight to cure the
adhesive and form a strong bond. The completed layer wasstbesd until being inserted

into a module or shipped to a build site. A completed layeh@am in Figurd3.53

3.4.3 Layer Insertion

A vacuum lift was required to move completed layers. The Wwe@f completed layer

meant that no section of the layer could be unsupported gltin@ lift without destroying

the layer. As such, the suction pads of the vacuum lift weeega at regular intervals
on the lead surface of the layers to prevent any damage taaylee during movement.
The layer was roughly aligned to sit on top of the previougtayr carbon skin in case
of the first one). A set of grub screws threaded through thkhead were then used to
achieve precise alignment with the previous layer. At tlogipthe new layer was fixed
to the previous layer by inserting screws into holes in thenathium frame. The screws
were inserted and tightened from one corner of the modulleg@ther in a linear fashion.

This method served to avoid any tensions being introduc#ukttayer as a result of slight
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Figure 3.5: A completed layer for the left side barrel module

misalignments between the layer. Any tension from misafignts would be 'squeezed’
out along the module edge instead of becoming trapped betatesady fixed screw holes.
Figurel3.8 shows the un-instrumented end of several inserted layers.

Once the layer was firmly secured the robotic scanner was tospbfile the layer’s
surface. In the larger modules some layers started to sdgimiddle, far from the sup-
porting frame. In this case padding material wrapped intigaseeting was introduced on
top of this layer to prevent further sagging and maintaigratient in the next layer. The

padding material was lightweight but strong so as not tafete with detector operation.
3.4.4 Fibre Insertion

WLS fibres were inserted through the bulkhead by hand and ret@éntral hole of each
bar. A guide was used so that the fibre could be easily passmagbtinthe 1 cm gap between
the bulkhead and the layer. This guide protected againdtpteuinsertion attempts which
could easily damage the end of the fibre. During insertio éi&dce was handled wearing
Nitrile gloves to avoid deposits being left on the fibre soefavhich might diminish light

transmission. Further to this, the fibres were gently wipéld mon-fibrous wipes to remove

any dust.
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Figure 3.6: An end view of several ECal layers showing the -lg@dtillator sandwich
structure and the alternating orientation of the scirtblidars.

A plastic ferrule was required at each readout end of a fibthaothe MPPC and it's
housing may be securely attached to the fibre whilst damaggitger. The fibres for short
scintillator bars were delivered with the ferrule alreadiyegl to one end. For the longer,
double ended readout fibres the ferrule was attached at itiedite. The ferrules were
attached using BC-600 Optical Cement with a refractive indegecko that of the plastic
scintillator bars. The glue was applied to the fibre with daeang taken not to obscure the
end of the fibre with the glue. The ends of the fibre were potisired very flat to minimise
optical distortions in light exiting the fibre, any glue oretend would ruin the benefits of

both the polishing and the flat surface.

After application of the glue the ferrules were slowly pld@n the fibre. The ferrules
were held in place by springs mounted in plastic caps. Thape ensured that the fibre
protruded the correct amount beyond the ferrule so that d gptical connection would
be formed without damaging the MPPC that would later be b&dclt was also important
to ensure that the ferrules were not putting the fibre undentach tension which could
cause damage over time. The plastic caps were removed fateptical cement had set.

Figurel3.7shows several layers worth of attached ferrules in the neodwikhead.
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Figure 3.7: The ends of the WLS fibres in the bulkhead with mdstrules attached.

3.4.5 Layer Scanning

In order to test the quality of the newly inserted layer it véganned using a collimated
radioactive source. The source was 115 Mbq Cs-137 housedriotecpve casing. Due
to the activity of the source the construction room had to &eated whenever scanning
was taking place and the source had to be stored in an ironrfgowhen not in use. The
scanning was performed overnight for efficiency and safBgfore the scan was started
the whole module was made light tight using a black indulstogering, without this light
tighting the MPPCs would saturate even in a dark room. Thersegrsource was held
roughly 1 cm from the surface of the module and thus great lsadeto be taken when
attaching the light tight covering. If the covering proteattoo far from the layer surface it

could cause an obstruction, damaging the scanner and kdglegnstruction.

Due to the potential for damage during construction the fieatlout electronics were
not attached until the very end of the module constructiostdad, a test set-up was used
on each layer during the scanning process. Two TFBs and tlheiatsd MPPCs were
fixed to metal trays so that they could be attached and remivedch layer as needed.
The MPPCs were clipped onto the fibres of the new layer and thal tnays fixed to the
bulkhead to provide readout. The whole module was then eavir light tight material

and optically sealed for the duration of the scan.
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The scanner was programmed to hold the source over 20 ptontg @ach bar allowing
an attenuation curve to be plotted for each sensor in the. |&és tested the quality of the
bar, fibre and optical connection. Any damage to a bar or filmeldvappear as a kink in
the attenuation curve whilst a bad optical connection waowgldgive an attenuation curve.
Any bad fibres or connections were replaced and rescannéet. tAis the layer installation

was complete and the next layer could be inserted.
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Figure 3.8: Fibre attenuation curves for a good fibre and ection. Significant signal loss
occurs at the ends of the bars as can be seen in the plots.

3.4.6 Finalisation and MPPC Connection

When the the final layer is inserted the skin and electroniogidee attached to the module
along with the necessary service structures. MPPCs weigeclipnto the end of each fibre
in a specially designed shrouding as shown in Fi@e The coaxial cable, used to connect
the MPPC to the front end board, was attached to the PCB. Theitwgpotruded out of
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the PCB on either side of the co-axial connection. It was witahake sure that the end of
the co-axial cable did not touch these pins. Any contact betwthe cable and pins would
create a short circuit and prevent that channel from beiad mat. A screw was placed
through the hole in the shroud and screwed into the bulkhe&dlt the MPPC assembly
in place. Each MPPC and cable was pre-labelled with an asgighannel number and
TFB. This is used downstream to produce a channel mappindnéosdftware geometry.
Each co-axial cable was then grouped together based on whinel on which TFB they

would be connected to.

Figure 3.9: Left) The sensor-fibre connector shrouding. Jdténg tool clipped onto the
ferrule holding the MPPC in place at the end of the fibre. Righpicture of the MPPCs
attached to the end of the fibres with the cables grouped Ipy Tri

During operation the TFBs require cooling to prevent ovetihgaand damage to the
boards. As a result the TFBs are affixed to stainless steeingpplates using a thermal
cooling plate, this allows the heat generated during ojmerab be dissipated much more
quickly. The cooling plates were loosely fixed in place ondib&er edge of the bulkheads
and the co-axial MPPC cables were passed through the apgiegaps in the cooling
plates. At this point the cooling plate could only be loosaffyxed at this point so that the
MPPCs could still be accessed and, if necessary, replaced.

The label on each cable was used to clip the co-axial cableetagpropriate channel on the
appropriate TFB. Each MPPC and TFB was tested to check for geanfany damage was

repaired or replaced. This ranged from faulty sensorsgsatn boards to the simple short
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circuit between the cable and pins. The length of the colasilbles prevented complete
removal of the cooling plates at this point without havingréeconnect every MPPC (a
lengthy process). This meant that any replacement or reymak had to be performed in
the confined space that could be created behind the coolgsplvithout disconnecting or

damaging the cables that were already attached.

The penultimate task was to add services to the module., Fivstcopper bus-bars
were installed around the the centre of each module facengo§FBs. These bus bars
would be used to power the TFBs providing the four low voltaged and one ground line.
Metallic cooling pipes were also passed around the top attdrbaof the modules. The
cooling pipes were thermally coupled to the TFB cooling gdadit several points on each
face of the module. Finally, RJ45 patch cables were pluggeddach TFB for readout
to the back-end boards. These RJ45 cables were then passeghtar patch panel to be
inserted in the modules outer cover plate.

With the services and readout cables attached the final ptaes of the module were
fixed in place. The module face without electronics readoas wovered with a metal
sheet. The other three sides were covered with metal platespf which contained the
patch panel, the connection for the bus-bars, the intakénéodry air service and the inlets
and outlets for the cooling water. The opposite face houseback vents as outlets for
the dry air.

The second half of the module’s LI system was affixed to theskip of the module in
the same manner it was affixed to the module base. Once thed. installed correctly
the module’s top was bolted on top of the bulkhead. The mothgewas of the same
construction as the module base for the side modules, ia&bawg fibre skin surrounded by
an aluminium edging. For the top and bottom modules the top feas a thicker metallic
construction with grooves so that the module could be fixethéinner surface of the
ND280 magnet on I-beam rails. An example of such a top facdeaeen in Figur@.1Q

At this point the module is completed and ready to be shippékd experimental site.
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Figure 3.10: A completed barrel bottom ECal module. The gesan top of the module
are for sliding the module onto the metal beam that will evaly attach it to the ND280

magnet.

3.4.7 Shipping

Before shipping, the module was enclosed in an air-tight pirep and packaged in a
wooden crate. The air-tight wrapping was included to pitotee module from conden-
sation during transport. If condensation water becamg&dn the module it could have
caused a number of problems including, short circuits andadg to the fibres or bars.
An accelerometer was attached to the module during the isigimpocess to watch for any

sharp jolts that could damage or move module components.

3.5 On Site Checkout and Testing

The DS-ECal was shipped and installed in 2009 for the inigghdaking run. It was during
this period that the barrel ECal modules were constructedth@arrel modules arrived
in Japan they were unpacked and visually inspected for damabe air tight wrapping
had been pierced during the packaging of one module whiakiteglsin some cosmetic
condensation damage. Due to time constraints imposed tstdheof data taking, only the

top left barrel module was installed for the winter 2010 rArmechanical fault in the top
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left module created short circuits preventing it being eped.

A replica DAQ system was set up to test the modules. This alibany non-visible
damage to be repaired before installation in the magnetsdt@ovided stress testing for
the modules and TFBs. The DAQ test stand initially contaimeal RMMs and one clock
module connected to two processing nodes. It is importambte that the test stand lacked
a cosmic trigger module and thus could only take pedestal d@ddestal data is sufficient
to test the behaviour and integrity of the MPPCs and TFBs butdanyage to the fibres
or bars would remain unseen. It was deemed that this was mat @@ncern as fibres and
bars could not be replaced at this point. A further constrianposed by the testing area
was the lack of water cooling and dry air services. Duringckbat procedures the module
took pedestal data as much as possible (roughly eight heurdgy). The modules had to
be frequently monitored during data taking so that they didaverheat without cooling.
This prohibited overnight data taking. Each module wasesttbf to roughly one week of
running as a form of stress testing for the TFBs. Before thigéoterm testing a few short
tests were performed to ensure all the readout electrorecs functioning after shipping.
This test was performed by coarsely scanning the high welsagplied to the MPPCs so
that all channels were operating above breakdown voltageesducing at least a single

photoelectron peak.



Chapter 4

ECal Commissioning and Operation

The Downstream ECal was the first module to be installed in 2D8fbre the first T2K
physics run. At this time a single barrel module was alsaitesi (the top-south module)
but did not operate during this run period due to a cablinfyfai This failure was then
repaired after the first data taking run. The rest of the b&@al modules were installed
into the ND280 magnet during summer 2010, prior to the segdrydics run in autumn
2010. The whole ECal had been run as a full system and as sucerousntests and
calibrations were required to ensure the entire ECal was/reathke physics data. From
autumn 2010 until the beginning of 2012 | held the role of EGaleet and was responsible
for commissioning the new ECal modules and ECal operatiomdutata taking.

This chapter will discuss the major tasks involved in the oossioning and subsequent
operation of the ECal. Firstly, a brief overview of the, relet; DAQ and electronics sys-
tems will be given to define terms necessary for the followdiggussions. After this the
work to commission the detector will be discussed, desugilbioth the importance of the
task and the techniques used. Then a brief discussion orCGhkdata quality and detector
operation will be given. Finally, this chapter will discube efforts to recommission the

ECal after the earthquake damage in 2011.

4.1 Readout Electronics

The readout electronics use TFBs (Secf®f.2 and Readout Merger Module (RMM)
back-end boards. These components will be described ingbndetail to allow later dis-

cussion on operations work. The discussion will be speaftbé ECal but the generalities

56
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also apply to the other TripT systems.
4.1.1 Electronics Front-End

TFBs provide the front end of the ECal readout. A basic desonif the TFBs is given
in Sectior3.3.2but a few further details will be noted here. More complet&iteon the
front-end readout electronics can be found54][

For each MPPC, the TFB splits the readout signal and routeswtd different ADCs
(Analogue Digital Converters). Each of the two ADCs operates different signal gain
to maximise the readout range of the detector. For the ECdbtheain channel reads
roughly 14 ADC counts for a single photoelectron (p.e.). dregain channel saturates at
a signal of 500 p.&4]. The FPGA on the TFB timestamps the output from the ADCs and
sends this information to the back-end board. TFBs also deaod transmit monitoring
information for the detector such as temperatures andgedtalhe TFBs have an internal
temperature sensor and a slot for the connection of an etteensor. A number of TFBs
in each module use a temperature sensor attached to theertmdlihead whilst the rest

use the MPPCs for temperature monitoring.
4.1.2 Electronics Back-End

The electronics back-end uses a single hardware boardnjetegeloped at Rutherford
Appleton Laboratory. The individual hardware boards arefigored to act as either a
readout merger modules (RMM), a cosmic trigger module (CTMjlaae clock module
(SCM) or a master clock module (MCM).

The signals from the TFBs are carried to the RMMs via shieldetl 5€aables. The
maximum number of TFBs readout by an ECal RMM is 48, although, alVRlsin readout
up to 64. The RMMs distribute trigger and clock informatiorthe TFBs in addition to
reading and processing the signal output of the TFBs. The RMidsive the trigger and
timing signals from the SCMs. Each RMM has 500 MB of on-board imgmallowing it to
store up to 128 triggers. Triggers can originate from eithetMCM or CTMs. The MCM
can generate pedestal triggers at an adjustable rate. The M§tMeceives signals from
the accelerator, providing a means to trigger on beam spiflsh module also has an SCM,

providing this functionality when the detector operatesiilocal partition, independently
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from the global system. The CTMs are connected to a selecfitomt-end boards; one
CTM is connected to the TripT detectors while the other is eated to the FGDs. The
CTM produces triggers based on coincident, above thresbkmdals from the front-end
boards. Seven TFBs from the DsECal are connected to the CTM.gkgronable prescale
is applied to the cosmic trigger to optimise the detectoecage.
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Figure 4.1: A generic schematic of a Trip-T sub-detector [28)

4.2 Data Acquisition

The ND280 data acquisition is split into two parallel pattee DAQ that handles the data
stream and the global slow control (GSC). The DAQ can be opérit either local or
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global mode. Global mode is used for standard data takingaarglich uses all ND280
detectors and components. The local mode allows each gabtdeto operate indepen-
dently in it's own partition of the DAQ. This is used to penoiECal-only calibration runs
in preparation for beam data taking. In local mode the ECal S@Miges the same func-
tionality as the MCM in global mode. The Trip-T CTM is inaccédsito the ECAL local
DAQ and so cosmic ray data cannot be taken. This limits caiilms in local mode to
using pedestal data. A schematic of the DAQ layout is showignreld. ]

The GSC is accessed through web pages and, like the DAQ, WMH3AS interface.
The low voltage and high voltage power supplies can be cthedrthrough the GSC allow-
ing them to be controlled remotely. The GSC also allows faed®r monitoring using a
series of history plots. The data for the GSC history plofg@vided by TFBs for the most
part.

4.2.1 Processor Nodes

The RMMs are controlled and readout by the front-end processtes (FPNs). The ECal
uses five FPNs to control the detector RMMs and one for the ECal.S@l FPNs run

three processes, one readout configuration task, a datagsing task (DPT) and a final
buffering and dispatch process. The DPT performs data teshuand some basic process-
ing. An important function for the purposes of this documisrthe raw data histogram-
ming. As it receives data, the DPT fills histograms with slgmaplitudes on a per channel
basis before zero suppression. These are called DPT rastggand they are integrated

into the output stream and are a useful tool for detectobiation and monitoring.

4.3 Detector Commissioning

The ECal was integrated into the ND280 DAQ system and debuggeekperts from
Rutherford Appleton Laboratory (RAL) before being passedwthé detector expert for
commissioning. The DAQ system is discussed in more det&@kictiorid.2 The first task
was to ensure that the ECal was set-up correctly. It was fdueugl whilst in global mode,
fewer TFBs were included in the data output than were operatirthe modules. This
irregularity was not observed in the local ECal DAQ where &B§ were producing data.

The issue was traced back to an error in the mapping of RMMsigiitbal DAQ as shown
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RMM | Expected Number of TFBSRMM Number of TFBs
0 28 28
1 28 28
2 15 15
3 44 15
4 44 44
5 26 44
6 26 26
7 15 26
8 26 26
9 26 26
10 44 44
11 44 44

Table 4.1: The expected and observed number of TFBs beinguead each RMM after
integration of the ECal into the global DAQ.

in Table4.1 RMMs seeing more than the expected number of TFBs would stifir@cord
data for the expected number leading to data loss. By chatiggnmapping variable in the
global DAQ this issue was rectified.

The modules were then made ready for physics data taking.mist important task
was the online calibration of the ECal modules. This incluthedinitial setting of MPPC
gain and pedestal values. There was a vast difference betiveenvironment and settings
between the checkout area and the interior of the ND280 ntagndering any previous
calibrations invalid. The new calibration was performeshirscratch for the new modules.
The calibration process was already working for the DsECtéktensions to include the
Barrel and POD modules were necessary.

The gain calibration is of particular importance as anyrecemnot be corrected later in
the calibration chain, rendering any data taken uselessmgthod for the gain calibration
is based around scanning the high voltage supplied to the®dRRd is discussed in detail
in Sectiori4.4 The initial calibration was lengthier and more complicktiean subsequent
calibrations. The further the MPPCs are from the desiredatjggral range, the larger the
range of the high voltage scan must be. Due to some necessamnptions made in the
calibration process, the efficiency of a high voltage scameadeses if it's range become too

large. A set of initial gain values were boot strapped frodejpendent data but an iterative
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procedure was required to give the best possible calilmstio

The pedestal signal also has to be calibrated for us in zgpression. The pedestal
has a smaller impact and can in most cases be correctedidber calibration chain. The
main purpose of the pedestal calibration is to identify theifon of the pedestal peak at
the beginning of the run to provide a baseline to measurespaldirift and to be subtracted
from detector hits.

When the ECal was fully calibrated, the next task was to updeehline monitors
and slow control alarms. The functionality of the monitonsl @alarms was, again, already
in place for the DsECal but required upgrading to work for tleevly installed modules.
The monitors were less of a priority as they do not directheafthe quality of the ECal
data. It was, however, very important to have the alarmsatiperal as soon as possible to
avoid any damage to the ECal during data taking.

With the detector calibrations complete and the monitomfigastructure complete, the

ECal was ready to take physics quality data before the stdi2ikifRun 2 in Autumn 2010.

4.4 MPPC Gain Calibration

The online calibration of the ECals is centred around settieggains of the photosensors
to the correct value. Poorly calibrated MPPC gains will leisupoor quality data from the
ECals and many of these effects cannot be calibrated out iatéredata processing stages.
MPPC noise rates are directly related to the MPPC gainse lelngnges in noise rates can
effect event reconstruction and physics analysis backgroates. More important, given
the purpose of the ECal, is the change in energy responsedcayseor calibration. If
the MPPCs are set to incorrect gains, the energy scale of thetdewill deviate from the
expected region for large variations. This will cause the [E€ancorrectly reconstruct the
energy of particles entering it.

The gain of an MPPC is directly related to it's overvoltage Byuation3.3 How-
ever, the breakdown voltage is temperature dependent,ingetirat the operational volt-
age required to give the desired overvoltage will also vaith ¥emperature. The ECal is
thermally coupled to the water cooled magnet, however teatpe variations still occur.

Diurnal variations are observed but are small and unavteddtarger, seasonal tempera-
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ture variations can significantly change the gain spectritinecECal and therefore requires
careful monitoring and correction. The nature of the calilon process and DAQ means
that this task can only be performed during long enough genwath no neutrino beam. It
is therefore beneficial for this process to be as quick asilpessThe implementation of
an improved method was one of my major contributions andhbeltiscussed below. The
overvoltage, and thus gain, is set using high voltage trilmsudsed in Sectid®.3.1 It is
the trims that are calculated and set during this calibmatio

4.4.1 Calibration Method

To be effective the calibration method requires that the RIBRins are set approximately
correctly at the start of the procedure. This is not an issugnd data taking as the previ-
ous trim values are available and usually of the right magieit However, for the initial
calibration Hammamatsu provided data on their own tedtsyadg trim values to be boot-
strapped.

This calibration needs to be performed in local mode to maenthe use of beam
down-time. It is unfeasable to use the global DAQ to perfor@aEonly calibrations. The
local ECal DAQ only has access to a clock module and not a CTM.cltek module
is only capable of creating pedestal triggers, effectiviayting any MPPC calibration to
using these. The only signal observable in a pedestal triggbat of dark noise and so
any local calibrations must be performed on this data. Tlegmnties of dark noise were
discussed previously in SectiB@B.1 Each data run in the calibration must contain enough
event triggers so that the single photoelectron, dark mmesd is well defined in each chan-
nel. Dark noise occurs randomly and independently in itiggn cycles within a single
trigger. There is, therefore, no correlation between daikenhits in separate integration
cycles, each of the 23 cycles in a trigger can be treated axapéndent measurement for
the purposes of gain calibration. Each trigger therefoowigdes 23 measurements in the

MPPC spectra, reducing the number of triggers required.

A single pedestal run is not sufficient to calculate the bdeak voltage of the device.
By scanning over the applied voltage and characterisinglthage in gain, the breakdown

voltage can be calculated and the desired overvoltage csetb& MIDAS XML sequencer
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is used to take a series of automated pedestal runs with a cdigdpbal offsets to the high
voltage trims, thus altering the supplied overvoltage s@ives a range of ADC spectra for
each channel at slightly different voltages.

For each point in the high voltage scan, the low gain ADC spettfor each channel
is analysed. To extract the gain, a peak finder is applieddcsgectra to identify the O
and 1 photoelectron peaks. This is then used to find the firgtmaim in the spectrum by
calculating the integral in slices of 2 ADC counts after theeOpeak. Once the trough is
found two Gaussian distributions are fitted to the data awsho Figl4.2 The gain is then
taken to be the difference in means of the two fitted Gaussgnhditions. If two peaks

cannot be found in the spectrum, the fit is abandoned for ffgstgpoint.
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Figure 4.2: An example MPPC spectrum with the shaded regibowing the ranges for
the Gaussian fits.

The gains for each channel are then plotted as a functiorecdpiplied trim (nominal
trim + high voltage offset). The MPPCs are assumed to be apgriat breakdown mode

and so a straight line is fitted to this plot. The breakdowriag® is then taken to be the
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y intercept of the line fit. From this the trim is set so thatle&PPC will be operat-
ing at an overvoltage of 1.336 V, roughly corresponding t@i @f 14 ADC counts per
photoelectron.

If some channels are operating with gains outside of thepdabée values, the results of
the scan can be analysed and these channels can be manuabttexh When the number
of poorly calibrated channels is too high, each bad charaitls trim set to the average
for MPPCs on the same TripT and the scan is performed again OdiBR the same TripT
are generally from the same production batch and so haviasioneakdown voltages. This
means that setting a bad channel to the average for the TrlpBrmg it in to the range
where another scan will work.

This process performs within specification, producing @agrof channel gains centred
around 14 ADC counts with a width of less than 10%. Figdi@shows an example of the

spread of gains before and after the calibration procedasdben applied.
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Figure 4.3: Both plots show the gains for all channels in all EG@dules. The left shows
the gains before a voltage scan. The right shows the gaiesaftoltage scan and has a
good Gaussian shape with a mean close to 14 ADC counts.
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4.4.2 Calibration Issues

The calibration process can fail if the assumption that tHePX@ will be in breakdown
mode is not true. When the trim value is such that an MPPC istuoff or saturating,
the peak finder will fail to find two peaks and the analysis Ww#l abandoned for that
spectrum. The case where the MPPC is on the verge of saty@titurning off is more
problematic. In this case the peak finder stage will usualgceed. However, the ADC
spectrum will often be distorted causing the peak finder toirectly identify peaks and
S0 give an incorrect gain value. This can then skew the lingdiducing a bad calibration.
Another possibility is that the MPPC is operating just adgsdf breakdown mode and thus
the linearity assumption fails for some region of the scams Will skew the calculation of
the breakdown voltage and produce a poorly calibrated aiaihis second failure mode
is less severe than the first and will generally give a gaiimesé close to the acceptable
range.

The failure modes mentioned above are the reason that titisateon will generally
not work if the MPPC trims are not set to begin with. Attempgtio use this calibration
in this manner requires a wide range to be used in the voltege. sThis will result in a
scan taking data in several of these problem regions andoeesming unreliable. This

highlights the importance of selecting an appropriate egingthe voltage scan.
4.4.3 Procedure Improvement

The frequency of this calibration in data taking is limitegithe frequency of sufficiently
long beam downtime. Therefore, reducing the time takenhigrdalibration increases how
often it can be performed. The taking of the pedestal datalaively efficient and could
not be made any faster without reducing the quality of thetspeThe largest contribution
to the calibration time was preparation of the data for asialwhich used roughly 70% of
the processing time.

The initial method took the raw MIDAS files as the inputs andwoted the data to
the ND280 raw data format before starting the analysis. Thercharge deposit in each
integration cycle was used to fill a histogram, to give the A§gectra for each channel.

The data conversion makes this a lengthy process. As meudtionSectiorid.2.], the
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DPT stores raw charge spectra in histograms before any datpression and saves these
histograms in the MIDAS files. By accessing and using these BiBfdograms the lengthy
conversion and histogram filling can be avoided allowing plhegrams to immediately

begin the analysis after fetching the histograms.

4.4.4 Pedestal Calculation

Pedestal calculation is a much simpler process than galra@abn. A single, sufficiently
long run is taken with a O trim offset. This run is then anatl/sefind the O p.e. (pedestal)
peak in each channel. The method for this is the same as thatiloled for the gain cali-
bration. The pedestal value is taken to be the mean of thedzawft to the 0 p.e. peak.
The runs used for pedestal calculation need to be signifjckmger than those used for
gain calculation as a separate pedestal is calculated ébriagegration cycle (capacitor)

on each channel.

There are two types of pedestal calculation, beam/pedasthtosmic. The need for
two different calibrations is due to the difference in ingpn behaviour between the two
types of trigger. For cosmic triggers the channels cyclginanusly. The 23 most recent
integration cycles are stored and the capacitors are osthdrged to read a new cycle or
when a trigger signal is received. When a trigger is receiagutedefined number of cycles
are readout before and after the signal are recorded. Dbeagn and pedestal trigger
mode, the boards wait for a trigger signal before integgatirhis leads to slightly different

charge accumulation on the capacitors than in cosmic triggele.

4.5 Detector Operation

The detector operation for the ECal involved three main tasksitoring the ECal status,
liaising with the data quality group and updating onlinglwations where necessary. The
calibration of the detector has already been discussedail dethe previous section and
the techniques used remain the same during operation. oredson, this section will
concentrate on the detector monitoring and data qualitys @bcument does not provide
a comprehensive guide to the duties of an ECal expert but dfdyscan overview of the

most important tasks.
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45.1 Calibrations

Frequent recalibration is necessary to ensure optimalglathty during operation due to
intrinsic drift in the electronics and changes in environtaévariables such as temperature.
Re-calibrations must be performed after any change in thenetagperation i.e. when the
magnet opens/closes or powers up or down. These changessaffeificant changes in
temperature that take of order a day to stabilise. Due todkeaf operating the magnet,
it is usual to only power up the magnet days before the staneatrino beam, giving a
small time period available for detector calibration. Té&gpounds the need for quick and
efficient calibration methods. Beyond this, the necessitgafalibration is determined by

examining the online monitoring plots.

Charge Injection

The TFBs have the capacity to inject charge directly to theciéprs of a channel. This al-
lows calibration of the electronics readout independemBPC signal and using a known
amount of charge. To perform this calibration, a series osrare taken with the MPPCs
operating far below breakdown voltage, turning them off.ribg these runs the TFBs in-
ject and readout charge in each channel. Taking this sequérbarge injection runs takes
of order 14 hours and so requires a significant length of beasmtime. Due to the rarity

of beam downtime of sufficient length, charge injection raresa high priority when they

do occur.

4.5.2 Data Quality

The ECal data quality group is responsible for producing &esesf plots showing low
level ECal information on a weekly basis. Based on this infdiomaa flag is applied to
data to indicate whether or not the ECal was operating cdyrdating data taking. The
data quality group and ECal experts were required to liaisguiently to ensure optimal
data quality. Much of the data quality work will not be dissed here, only those parts

directly relevant to expert duties and monitors developethb author.
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Dead Channel Counting

The number of dead channels in the detector is a good indioaperformance. An initial
dead channel count is required to define the baseline nunlaetiee channels and initial
quality of the ECal construction. Dead channels are thenteduon a weekly basis and
any new dead channels are investigated by the ECal expertRifo2 data taking there
were 42 unrecoverable dead channels out of 22336 acros€allrkodules.

Pedestal triggers are taken at the rate of roughly 0.5 Hndwtata taking. The DPT
(Sectiod.2.7) uses these pedestal triggers to produce the raw datataisie@s previously
mentioned. These DPT histograms are analysed as they areegtduring data taking. A
channel is flagged as being dead if it is both instrumentecharghotoelectron peaks can
be found in it’'s low gain ADC spectrum. The ADC low gain speatrand the high voltage
trim are investigated for new dead channels. An incorrétt $etting can cause a channel
to appear to be dead. If the trim is too high, not enough veltadl be supplied to the
MPPC and effectively turn it off, giving no p.e. peaks in gjgectrum. If the channel trim
is too low, then the channel’s gain will become too high andtiviof the p.e. peaks will
increase until they overlap. In extreme cases the channebewin to saturate meaning that
it reads out a maximum charge signal. These 'dead’ channelseaoverable by altering
the voltage trim to bring the channel into the correct opernat voltage region. This is
done using the same method to correct failed calibraticora & high voltage scan.

However, a hardware fault can also produce similar failigeas but will be unre-
coverable. Setting the trim to a maximal or minimal valuel wsiiow if the channel is
recoverable as the channels should turn off or saturatecasely. Any channel saturating
with a maximal trim or not responding with a minimal trim issked as unrecoverable due
to a hardware fault and marked dead so that it is ignored imeffeconstruction and data

analysis.

Trip-T Occupancy

For beam triggers we can check the performance of Trip-Tsdjygmonitoring the number
of channels that give hits with valid timestamps. Valid, mase, hits within the detector

should have a TDC (Time to Digital Converter) timestamp asg¢ed with them. By inte-
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grating over all channels on a Trip-T for 10 beam spill trigge is expected that almost all
will have at least one valid hit. The frequency of these titmegped hits is the constraining
factor on the granularity of the quality check. When integigabver fewer than 10 beam
spills the effectively random occurrence of timestampesl leiads to a fluctuating number
of unoccupied Trip-Ts. These fluctuations make it difficalestablish a baseline activity
leading to the check becoming ineffective. At the 10 spukleno more than 3 Trip-Ts are
receiving no hits with valid timestamps during Run 2. The érextly unoccupied Trip-Ts
read out a far lower number of channels than average causrgtegration time to be too
short. The increase in integration time to account for tlebsennels would have a negative
impact on the quality of the check and so they are absorbedtietbaseline measurement.
An example of the output of this check is shown in Fidara
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Figure 4.4: Trip-T occupancy plot during the Run 3 data takiegod. The number of dead
Trip-T chips is inflated compared to Run 2 due to damage sustalaoring the earthquake.
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4.5.3 Detector Monitoring

The online monitoring for the ECal is performed using histomgs produced by the GSC
and an 'online monitor’ task analysing the DPT output in temé. It is the responsibility of
ECal experts to check these plots on a daily basis and wheessety, use them to identify
and debug problems. The GSC logs detector information geavby the TFBs, creating a
series of history plots. These plots show variables suckrapérature, voltages, currents
and flow rates against time. They do not generally indicaejtiality of the data being read
by the ECal but are used to diagnose problems observed mewlgim the DPT plots.
After the installation of the new modules for Run 2, scriptsevepgraded to produce the
GSC history plots for all ECal modules. An online monitorimgpgram analyses the DPT
histograms produced periodically during data taking awtsghe results.

Temperatures

Two temperature measurements are made per TFB. The first isteimal temperature

measurement made on the board itself. This is the hottereofitb measurements due to
the thermal output of the TFB electronics. The second is &real measurement and is
provided by either, a dedicated thermal sensor on the madikbead, or using the MPPCs
themselves.

Diurnal fluctuations are clearly seen in these temperatiats pnd should not exceed
1°C. Itis not unusual to observe a small increase in temperakumag the initialisation
of a TFB as the heat output increases with the activity. Thegeaof the time axis can be
extended, showing slower seasonal shifts in temperature giearly. Figuréd.3 shows
example monitor plots for both a long and short time scale.

Sectiori4.4 discussed how temperature directly effects the gain eldor of the MP-
PCs. Therefore, any large fluctuations in temperature haweeet dmpact on calibration
quality. After correcting for seasonal temperature dafty fluctuation large enough to im-
pact the calibration significantly would be an indicator tdrger problem. Either a fault on
a TFB or a problem with the detector cooling. In addition te kistory plots the GSC runs
an alarm program that triggers if a TFB reads a temperatgsetlean16°C' or more than

30°C for two readings consecutively. These limits are consemigtbased on the design
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operation range of the modulé’,C' to 40°C' Operation outside of these limits presents the

possibility of damage to the module.

DSECAL_TEMPS/DS_tempExt_T

] [DsecAL_Tue = 20,3125 |

1 {DSECAL_TUS = 20 LS.

e
P DSECAL..TDA = 20.375

u ot 1.6 N

4 IR, N7

19-23 0 noFcAL_TD5 = 20,2188 w N
s

] 166
’Em v e i
< DSECAL_TDZ = 20.3125 1:: v
4 W i
T

T T
3 Feb 10

T T T T T T T T T T T T
DDl d0 | 69 ke 10 07 Dac 19 25 10 G2 A 11 10 i 11 18 U 11 26 A 11 03 FRb 10 a1 119 R 11 27 Flo 11

Figure 4.5: Two temperature history plots taken from the G8€asurements over 3 days
on the left and over Run 2 on the right. Each line on the plotsvshihe temperature

measurements of a single TFB with time. The differencesrperature between TFBs is
caused by physical location within the detector. In the Rulo2 the seasonal change in
temperature is visible. The New Year shut down period is shaleng with the magnet

ramp-up afterwards.

\oltages

For each TFB, the 4 voltage lines (2.2 V, 3.2V, 3.8V, 5.5 V) amnitored with both
the voltage and current drawn being read out. The monitasfrige voltage lines is more
difficult than the temperature monitoring. A number of TFBsdwaoltage lines displaying
erratic behaviour in the monitor plots but all other TFB peniance checks show that
the boards are functioning properly. The unusual voltageliregs are likely caused by
problems with the board readdbf] in the absence of any other observed issues. Also, the
current draw plots often show some transient fluctuationstishafter initialisation of the
board and show small variations depending on detectorigctiv

The voltage lines are used to both power the TFBs and to redldeeharge collected
in each channel, therefore unusual behaviour in the vokagely plots can explain irreg-
ularities in other plots. During Run 2, the pedestals begasatp wildly on one TFB. The
voltage across TFBs was too low for the 2.5 V line, as shown guiféi4.8. The voltage

output from the power supply for this line was increased ®\81o fix the problem. The
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voltage across a TFB is regulated on board to some extentaalth®ugh the output from
the supply was increased to 3.5V, the voltage across the TRBswreased to the desired
25V.
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Figure 4.6: The voltage monitoring plot for 2 TFBs. One witHdly drifting pedestals
and another operating normally. The 2.5V line for the firsBTi& shown to be constantly
lower than 2.5 V. A second 2.5 V line shows erratic, oscitigtbehaviour due to a sensor
error.

Cooling

The ECal electronics are water cooled to prevent damage dmestdheating. This is par-
ticularly important for the RMM boards which consume a lot ofyer during operation.
The cooling water is vacuum pumped from a large reservoiraitéwnchilled tor°C' at neg-
ative pressure. The negative pressure prevents any smakdl feom damaging the module
electronics. The flow for each ECal is monitored in a GSC hyspiot filled with data
from a flow meter attached to each loop. The flow rate in eachldhemain between 4
to 5 I/min with only small fluctuations. Any degradation iretflow rate can indicate a
leak in the loop that will require intervention at the nexpopunity. No irregularities were
observed in the ECal loops during Run 2 data taking. An examnptagpshown in Figure

4.7
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Figure 4.7: The ECal flow rate history plot showing the rategiach module.

Noise Rates and Pedestal

The online monitoring program analyses the DPT histogranpsdduce plots of pedestal,
noise rates, status and gain for every channel. These plasagclear, instantaneous,
measure of detector performance, both per channel and per. RM#&lregularity and the
coarseness of these plots make them essential for obsemynigsues with the ECal data
output. The data quality information is only produced on &kle basis due to processing
constraints and so incurs some time disparity between wingea problem and having the
opportunity to correct it. The online monitoring plots cam ¢hecked multiple times per
day allowing a much faster response. This is at the cost ofulgaity, it is much more
difficult to see single dead channels appearing in the mongglots, whereas the data
quality plots will show them very clearly. The online ploteanost useful for observing
calibration drifts in larger groups of channels and so plagrthe use of the next beam
downtime. Figur@L.8shows a case where the gains of channels on two RRMs have drifted

and need to be re-calibrated.
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Figure 4.8: An online monitoring plot showing the gain peachel for 6 ECal RMMs.
It can be seen that a number of channels (particularly on RMAJ &e drifting from the
desired gain of 14 ADC counts.

4.6 System Recovery

In March 2011 a 9.0 Richter scale earthquake occurred offdbeamast of Japan. The ex-
perimental site (and the local area) experienced levelbakKing rated as a 6+ (the second
highest rating) on the Shindo scale. J-PARC experienced plosge and in some areas,
several meters of subsidence. An inspection and recoverydpbegan shortly after and
lasted until December 2011. Physics data taking was resum#ghuary 2012, after suc-
cessful recovery of all systems, for T2K Run 3. The recoveokta great deal of work
from many institutions and people on all aspects of the expat at the JPARC site. This
section will only cover the recovery and recommissioninghef ECal system, in which, |

played the leading role.

4.6.1 Hardware Inspection

Among the first operations was the opening of the ND280 magitas was done so that
visual examinations of the module could be performed andhaagssary repairs could be
made. In this case it was particularly important to drainE@al cooling loops during the
magnet opening. There existed an increased possibility dho@ing the intense shaking,

a cooling pipe could have shifted, become trapped or simpgntpunctured. In any of
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these cases, the movement of the magnet could lead to a lawggleleak to overcome the
negative pressure of the cooling system and pump waterhetdétector system. Once the
magnet had been opened, the cooling loops were visuallgateg where possible and then
refilled as the inspection showed no damage. The refillingge®was carefully monitored
to spot any previously unseen damage quickly and thus mseimny further damage in
this case. No additional damage to the cooling loops wasreéden this process due to

the secure fastening of the cooling loop positions.

The modules themselves were directly examined for any eaktelamage. Due to the
space limitations inside the ND280 magnet, the clearantesrious components was
kept deliberately small, for example the clearance betvlee=Cal and the basket. If the
components moved relative to each other it is possible traesmpact damage could have
occurred during the earthquake. No visible damage waswddéeyond documented, pre-

existing cosmetic damage.

It is also possible that the components acquired a largeishiélative alignment and
so all ECal clearances were remeasured prior to magnet elo3ins measurement was
performed using a laser level placed on the ECal surface.fateslaser level had an offset
of 10 mm from the ECal face, the limit for acceptable clearaethe magnet closes, it
moves “3 mm relatively in the vertical direction comparedhe basket, therefore, the
lower modules required an enlarged clearance of 15 mm. édireinces were found to be

sufficiently large so as not to cause damage during magnatreo

During the final magnet closure during December 2011, the E&ialh strips were
monitored as shown in Figuke9 Some cables had been re-routed for some basket detec-
tors and may have been sheared during closure if their cleasavere not sufficient. These
cables were positioned parallel to the ECal inner edge antesiaser level could not mea-
sure the clearance. If the clearance was not sufficientptishtcables would give a signal
and the closure could be stopped. A touch strip triggeredjmasionce, the closure was
stopped and the cause was investigated. It was found to b due sagging of some TPC
service cables on the underside of the basket. It was judgedite tension exerted on the
cable after full closure would have been unacceptable anlesocables were repositioned

to ease the tension. No other issues arose during the mdgsete:
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Figure 4.9: Monitoring the ECal touch strip sensors duringne closure.

4.6.2 Re-commissioning

Hardware inspections could only reveal any outer signs ofadge. To declare the detector
ready for operation again, software and data checks had petbermed and the detector
recalibrated. Much of this work was the same as the originalroissioning work de-
scribed in Sectio@.3 However, some new checks were implemented for fibre and bar
integrity. During this recommissioning period | was resgibie for training a new ECal

expert to take on the duties for Run 3 and the re-commissicattigities.

As the DAQ was brought back online by experts from RAL, it waso that two ECal
TFBs had become unresponsive and could not be repaired. Bdh Were located on
the north, side, barrel ECal. One of the damaged TFBs read cart &ith double ended
readout, lessening the impact. Other than this, there wagyndicant damage in the ECal
DAQ. After this was established, the recommissioning pedeel as before, the online
calibrations were performed and the dead channel count p@deted. Only an additional
eight channels were lost in addition to those on the two daahdd-Bs. This work verified
the status of the readout electronics but could not give ditation of the state of the

scintillator bars and WLS fibres. Any damage to these was déamkkely but worth
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investigating.

A dedicated cosmic trigger run was taken over the course aiyaagdcumulating a
large number of events. A simple track fitter was applied i® data to produce a map of
cosmic ray start and end positions in the ECal modules. Witlugh statistics the spread
distribution of track positions should be roughly even asrihhe module faces. This method
relies on real detector hits as opposed to MPPC noise andpsmds on the status of the
whole channel, from scintillator bar to TFB channel. Sontentaps are shown in Figure
[4.1Q The distributions shown are roughly as expected. The espage in the Y-Z plot is
due to one of the damaged TFBs.
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Figure 4.10: Plots showing the inner (top plots) and outett@mn plots) track positions of
cosmic rays passing through the ECal modules. The left pladg $he north side view.
One of the dead TFBs is clearly shown as the empty region indttern plot. The right

plots show the downstream view looking anti-parallel tolleam-direction.

The energy deposit per unit length for MIPs in the detectaas @also checked in the
cosmic run and compared to pre-earthquake data. The datadbr bar in the ECal is

corrected for bar-to-bar variations and the charge deosirmalised to 100 cm distance
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from the photosensor. A histogram of energy deposit per length is filled for many
muons per bar. In the ideal case this will produce a Landaws&an distribution and a fit
is applied to find the most probable value (MPV), called théPMcale’ of the channel.
Any damage along the length of the bar or any change to theadmonnection with the
MPPC should affect a change in the MIP scale of a channel gecthe MPV fit to fail.
The number of channels that failed the MIP scale fitting pssagas found to agree with
the dead channel count from pedestal data. Also, the MIR sd¢dhe detectors agreed well
with previous values, with variations being of the order alilaration uncertainties. Both
these results imply there was no damage in addition to thetrebd in the ECal electronics
and DAQ. With the damage quantified and recorded and thetdetaccessfully recom-
missioned, the ECal was ready for the start of Run 3 data talamiopy sustained very low

levels of damage.



Chapter 5

ND280 Event Reconstruction

In order to properly describe the event selections used®fihal cross section ratio mea-
surement, the ND280 event reconstruction must first be dhestr The reconstruction of
the TPC, FGD and ECal subdetectors will be discussed alongtathombination of the
sub-detector reconstructions. The FGD provides the mewutriteraction target and the
TPC provides the PID of the produced patrticles. The vertegnstruction in the tracker
region will also be discussed due to it's importance in daigomulti-track events. ECal
reconstruction will also be described briefly. The globalomstruction takes the output
from the sub-detector reconstruction algorithms and castgby matching sub-detector
objects to each other using the RecPack Kalman F&€gr|lt is this global reconstruction

output that will be used in the final measurement.

5.1 The ND280 Offline Software Chain

The ND280 offline software suite handles the processing tf data and MC files through
a variety of different packages. Figusel shows a visual interpretation of the ND280 of-
fline software. There are essentially three event formaeach chain. The chains begin
with a raw format, which differs slightly between the chaifi&is raw format is then con-
verted into a format referred to as 'oaEvent’ format. It istoon to both data and MC and
is used to store data during the calibration and recongtruphases of the software chains.
The oaEvent format retains detailed information and soippstd down file format is pro-
duced at the end of the processing chain to reduce final fige Sizis final event format is

called 'oaAnalysis’ format. oaAnalysis is an almost pure@®(67] format allowing small

79
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file sizes and fast analysis.
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Figure 5.1: A visual Overview of the ND280 Software Siit€[23

The MC chain starts with a neutrino interaction generatoprizduce the simulated
neutrino interactions based on neutrino flux inputs. The GEA58] package is then used
to propagate the secondary particles through the deteatbsienulate the energy deposit.
After this the detector response is converted into the oaEweemat in both the simulation
and data chains.

The data chain begins with raw MIDAS data which is unpackéalam oaEvent format.
After conversion to oaEvent format the processing procéeesame for both data and
MC. Calibration is then applied to the oaEvent format eveniisgua series of packages
and calibration constants stored in a MYSBg[database. The calibrated events are then
input to the reconstruction packages. The oaEvent outpuat the reconstruction is then

reduced down to oaAnalysis format files to be used for finalysia

5.2 ND280 Reconstruction

The ND280 reconstruction takes calibrated oaEvent filespsti The events are first
passed through individual sub-detector reconstructi@kgges. The outputs for FGD and

TPC reconstruction are then passed through a tracker regotisn algorithm to combine
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the two outputs. Finally these outputs are passed throudpbalgeconstruction package
to combine information from all the sub-detectors. Onlytpaf the reconstruction chain
relevant to the event selection shall be briefly discussedreNhformation can be found
elsewherel6q].

5.2.1 Tracker Reconstruction

The ND280 tracker provides the interaction target regionghe form of the two FGDs
discussed in Sectidd.5.3 The TPCs provide the tracking and PID tools to accurately
reconstruct event topologies and are discussed in det&iéation2.5.2 Both the FGDs
and TPCs have their own stand alone reconstruction packafes.results from these

pacakges are then combined in a tracker reconstructioragack

The FGD and TPC reconstruction will only create tracks trswg a single TPC.
Tracker reconstruction attempts to create longer trackisctoss multiple TPCs by match-
ing several of these shorter tracks together. A simple dlguoris used that loops over
all track pairs in adjacent TPCs. RecPd&fj{[is then used to extrapolate the tracks and
calculate a chi-squared per degree of freedom for each dfdblk pairs.If the chi-squared
per degree of freedom is below 100, the two tracks are therbomd and refit using the

RecPack Kalman Filter.

5.2.2 TPC Reconstruction

The TPC reconstruction package reconstructs tracks itesii®C volumes. Tracks passing
through multiple TPCs will create a single track in each TPGsEhtracks will be joined
later at the tracker and global reconstruction stages. H(@ rEconstruction first performs
some final calibrations and creates a series of time ordeagdfarms from ADC counts.
These waveforms are then clustered together if they ovemléjmme and are adjacent in
space. The reconstruction then attempts to form track setgniy connecting clusters
according to a cellular automaton algorithm. The clustezscambined to give the longest
reconstructed track segment possible. Finally, the tragi&nts are combined using a

likelihood method based on charge deposition.
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5.2.3 TPCPID

After track reconstruction, the PID algorithms are appledhe tracks. The TPC PID is

based on the truncated mean energy deposit per track segreastire as,

Cr = — 3" Celi) (5.)

whereC (i) is the energy deposit in clustér N is the number of cluster measurements

anda is the truncation factor.

The truncated mean in this form is dependent on track lengdlsa it is useful to define

a more general measurement called the calibrated truncegad,

Cr = W(N) Zg<di)cc(i) (5.2)

wheref(N) andg(d) are factors dependent on the number of clusters and theleagth
respectivelygl]. These factors are chosen to be unity for horizontal trapksallel to the
MICROMEGAS readout pad plane.

For a given momentum we can calculate the expected calibtatecated energy loss
Cg(i) and it's Gaussian width (i) for a given PID hypothesis Using this data we can

construct PID pulls for different particle hypothesis stict,

_ Cp — Cg(4)
N 0,(1)

wheredx (i) is the PID pull for particle hypothesisando, (i) is the total width combining

dp (i) (5.3)

or and the uncertainty on the momentum measurement. The gtdibdition for a given
particle type should be a Gaussian with mean zero and widthfof a pure sample of
tracks of the given particle type. Therefore, a cutdef(x)| < 2| would select any tracks

that match the predicted energy deposit for a muon to witkmgigma.
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5.2.4 FGD Reconstruction

The FGD reconstruction is performed after the TPC recoostm. The hits are initially
grouped into time bins. If a TPC track has been reconstruictedgiven time bin, the
FGD hits in that time bin are then matched to reconstructed f&cks using the RecPack
Kalman filter. The TPC track is extrapolated to the nearedd Fyer and a matching chi-
squared is calculated for that hit. If the chi-squared i®Wweh given threshold, the hit is
added to the track. This process is repeated for each canse@yer until there are no

more layers or more than one layer has no FGD hits matched.

5.2.5 \ertex Reconstruction

CC1x* events generally have 2 or 3 tracks originating from a singltex. Therefore a
reliable vertex finding algorithm is invaluable for signalection and background rejection.
A brief overview of the global ND280 vertex reconstructioetimod will be given here. A
more detailed description is found hésg].

The vertex reconstruction takes the results of the trageamnstruction as an input. The
first step is that of track clustering. The clustering mettsodonstrained to the XZ-plane
of the detector so that magnetic field effects can be ignoFext.a given pair of tracks,
the distance of closest approach is calculated using atriie fit between the high and
low z ends of the track. The algorithm then checks that theqiaracks are not part of a
longer, broken track by cutting on the cosine of the openimgleabetween the tracks and
the spatial separation of the track ends. If one track isdaioncross the other, a cut is
made on the distance from the end of the intersected trackall¥i cuts are made on the
distance of closest approach. This is done for all pairsaufiks. Track clusters are then
merged based on spatial proximity.

The resulting track clusters are then passed to a Kalmanrfik¢hod. A vertex candi-
date is calculated from the track cluster. The tracks withacluster are then propagated
to the candidate position using RecPack and their covarsaaeeupdated. Tracks passing
a chi-squared cut are then added to the vertex and used tteuipgavertex position. If
multiple tracks are associated to the vertex an inverse &ailfiiter is applied to the tracks

using the final vertex position and the updated track comada. The chi-squared values
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calculated using the inverse filter are used to remove anyiogtracks.
5.2.6 ECal Reconstruction

The ECal reconstruction takes the output of the calibratigordhms as input. The hits

from the calibration are first sorted into groups based orhthe#gmes and bar orientation.
There is a minimum of 50 ns between any two groups of hitsutatied from the last hit

of the earlier group to the first of the later group. A chargeshold cut is also applied
to the hits at this stage. The hits for double ended bars @& ¢bmbined so that each
bar has only a single hit in each time grouping. After thisoeging stage, some further
calibrations are applied to standardise the hits with retsSjoea normalisation point.

The hits are then passed to a basic clustering algorithm clLis¢ering starts by using
the hit with the highest charge deposit as a seed within agimeping. Hits are clustered
with the seed hit if it is a neighbour, or next to neighbourthad seed hit by layer and bar
and it has a time stamp within 15 ns of the seed hit time. Theteting is run recursively
with each hit that has been clustered becoming the seednn Tthis continues until no
more hits are clustered. The process then starts over vathigihest charged, un-clustered
hit. Any cluster with less than three hits is rejected.

Another algorithm takes the clusters created previousty @tempts to increase the
cluster size. The cluster with the highest number of hitssisduas the seed. It is then
matched to nearby clusters based on timing and spatialmpitydbased on a charge weighted
principal component analysis.

There are further steps to combine the 2D clusters to cr&@usters and apply PID
to them and estimate the energy of EM showers. These step®tawnsed in this analysis

and so will not be detailed here.
5.2.7 POD Reconstruction

The POD electronics are the same as the ECal readout and sosthetdp in POD recon-

struction is also to separate the hits into time groups @ssatwith electronics readout
cycles. Some noise cleaning is applied to the hits in the fofriseveral charge threshold
cuts dependent on the proximity of the closest neighbourThiese hits are then passed

to a 2D tracking algorithm. A Hough Transford] is used to select seed hits forming
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a straight line in the detector. The seed tracks are reqturédve a minimum of 4 hits.
The seed is then extended layer by layer, adding hits in a 6Quid path along the track
trajectory. Several hits within a layer may be added to thektwithin the path.

The reconstruction then attempts to match the 2D trackshegéo form 3D tracks.
Each 2D track is compared in turn to 2D track in another viewraviously constructed
3D tracks. Each pair is assigned a weight based on the nurhbgedapping layers, the
relative charge deposited in each track and whether thk was already matched. The
pairing with the best weighting is then selected and matemetithe process begins again
with the next 2D track. Once no more track pairings score alzomatching threshold the
matching is stopped and fitting algorithms are applied tcctkated 3D tracks.

Further algorithms are run to provide shower reconstractiod PID. This analysis is
only concerned with the POD activity and so the PID and shamfermation is irrelevant.
It is enough to know that a particle created a track in the P@iDs® reconstruction beyond

this point will not be discussed or used.

5.3 Global Reconstruction

The global reconstruction is the final step in the reconsitnchain and uses the output of
all the sub-detector reconstruction algorithms. It is thgpat of the global reconstruction

that is used in the analysis described by this document. Tmbgreconstruction uses the
RecPack Kalman filter to match reconstructed objects betadgtent sub-detectors. The
reconstruction first attempts to match each tracker obgeetith object in the surrounding
detectors in turn. If the pair of tracks pass cuts on matchhmgsquared and time differ-

ence, the objects are merged and refitted using the Kalman filhe matching scheme
only attempts to match two objects at a time. The algorithentattempts to match the
combined object to further objects, allowing three or mdsgcts to be matched. The pro-
cess continues to iterate over tracks, both matched andtaheth until no further objects

are combined together.



Chapter 6

A CClr" /CCQE Cross Section Ratio Measure-

ment

This chapter will describe the selection 617" and CCQE events using the ND280
tracker. The motivation for such a measurement will be givétmally, followed by the

definition of signal events and datasets. The event sefectits and the motivation be-
hind them will be described for both processes. Finally,niethods used to evaluate the
systematic uncertainties will be described. The systenuaitertainties fall into three cate-
gories, those relating to detector efficiencies, those du@tertainties in the cross-section

and interaction models and those due to uncertainties ingb&ino flux at ND280.

6.1 Measurement Motivation

The main physics goals of T2K are to measure the neutrinongiangles);; andf.; via
v, appearance ang, disappearance respectively. In order to measure thesegzeg the
neutrino beam must be profiled at both the near and far desecto part of this profil-
ing is the measurement of thié, spectrum at the far detector. THg measurement is
performed using a selection of CCQE events. At the neutrinoggseproduced by T2K
CC1x* interactions are the biggest background to the CCQE measaotenikthe pion is
not detected in @' C'1x* interaction it will appear in the detector as a CCQE interactio
This occurs due to detector inefficiency and final state au@ons. Due to the different
kinematicsC'C'1w events reconstructed as CCQE events will have a lower recatestr

energy. Many higher energy pion events will reconstruct as E€@nts at peak neutrino

86
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flux energies where the oscillation maximum lies. ThereftreC'C'17" contamination of
the CCQE sample will introduce a systematic uncertainty orthgpectrum measurement
and the disappearance analysis. The effect of this systeoratertainty can be somewhat
reduced by precisely measuring th€'17" cross section. The current uncertainty on the
CC1x* cross-section on water is too large at low neutrino eneggiesnore accurate mea-
surements must be made for T2K to achieve it's design pretidND280 is designed to
measure th€'C'17" cross-section using a subtraction method using the cadiotillator
and water targets in the FGDs and POD. Currently the statisticorded by T2KI3] are
too low for such a measurement to be made, instead this anadydesigned as an ini-
tial development of @ C'17" event selection and measurement using the well understood
FGD1 and TPC2 sub-detectors.

The targets for T2K and future experiments must use heavignincorder to achieve
the high statistics required for precision measurementeWising large nuclei as targets
final state interactions occur that obscure the nature ofrtteeneutrino interaction. The
final state interactions are relatively small for CCQE events tb the weak interaction
of muons with the nucleus. However, measuremer©fi=" cross sections will contain
many contributions from these nuclear effects. Interactivodels, such as NEUG4|
and GENIERY], exist to simulate the neutrino and final state interadtiff¥SI). However,
current interaction models have been shown to differ frooemé data unless large error
bars are assigned. These large errors are then propagateallation measurements. This
measurement uses signal definitions based on the final staielgs and does not correct
for final state interactions. This is done so that the basise$election is not dependent on
the final state interaction model used. Dependence on temttton model is introduced
later during the analysis of the selections due to mitiggf@ictors such as low statistics. As
more statistics are acquired and the reconstruction ingsav more sophisticated analysis

can be performed on the selection and a model independesunesaent made.

The final goal of this analysis is to measure €17 /CCQFE cross section ratio as
a function of neutrino energy on a polystyrene scintillgtGg Hs) nuclear target. A cross
section ratio measurement was chosen over a straight @ossrsmeasurement to reduce

the size of systematic errors. Many, large, systematia®soch as the flux normalisa-
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tion uncertainty will cancel in the ratio calculation whilsthers, such as the flux shape
uncertainty, will be reduced due to correlation betweenm@as A ratio measurement of
the CC'1x*cross section is more directly comparable to the CCQE measumteimwhich
the CC'1x" interactions are a background. The ratio measurementdscajsable of con-
straining the interaction models by limiting the relativess sections. FGDL1 is chosen as
the target detector for several reasons. Firstly, the sytie uncertainties associated with
FGD1 and TPC2 are better understood than those of the othe@R@DPC modules. This
is particularly true for the B-Field distortions within thetéctor. Moreover, at the current
time, a subtraction analysis is not possible to extract tbesssection on water and so the

use of FGD2 will only introduce uncertainty as to the naturthe nuclear target.
6.1.1 Defining the Signals
CClnt

Nuclear re-interactions will be an important issue in &y/17" cross section measure-
ment. Re-interactions within the nucleus such as, chardeagge, pion absorption or pion
production, will obscure the initial reaction products asulthe true neutrino interaction
process. As such, only the particles exiting the nucleusbeadetected by experiment.
Therefore the most appropriate definition is an 'effectiV€ 17+ signal that depends only
on particles exiting the nucleus, not those produced inrtfigi neutrino interaction. For

the purposes of this analysis, the signal definition is amnewith the following particles

exiting the nucleus:
e Asinglep™
e Asinglew™ and no other pions
e Any number of nucleons

A singley~ and a singler™ must exit the nucleus i6@C'17 interactions. Any number
of nucleons are allowed in the final state to allow nucleaakneps that can produce many
nuclear fragments and one high energy nucleon. It is expgebtd only the high energy
nucleon will be reconstructed with the nuclear fragmendsileg little to no signal in the

detector.
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Bin Number| 1 2 3 4 5 6 7 8
E, (GeV) 0-0.4| 0.4-0.5| 0.5-0.7|/ 0.7-0.9| 0.9-1.2| 1.2-2| 2-3 | 3-10

Table 6.1: Neutrino energy binning.

CCQE

True CCQE events are relatively unaffected by the nucleactsffitue to the lack of strong
interaction by the muon. However, events may migrate frare @C17+ to CCQE-like
through pion absorption, this must be taken into accourterstgnal definition. Therefore,

the definition of the CCQE signal used in this analysis is:
e Asinglep
e 0 pions
e Any number of nucleons

e No other hadrons

As above, the presence of a singleis indicative of a C@, interactions. No pions are
allowed to exit the nucleus as the interaction would thenlassed as a single/multi pion

interaction. Any number of nucleons may exit the nucleusioubdther form of hadron.
6.1.2 Event Binning

The events in each selection are binned by neutrino enéigy,The bin boundaries are
chosen so that the flux does not change too rapidly within amdthus gives finer binning
around the peak neutrino energy. Sample statistics weoeaat®nsideration in choosing
the event binning. The statistics in th&' 17" selection are low and so the binning must
be wide enough that each bin is sufficiently populated ingaraple. The binning is shown
in TableB. 1

6.2 Data Sets and Monte Carlo

This analysis uses the data collected by ND280 in Run 1 and Rdin&.total delivered
POT in this period i9.39 x 10%°. After data quality and beam quality cuts the data flagged
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as good in both run periodsisi2 x 102° POT. This is split into3.055 x 10** POT for Run
1 and8.171 x 10 POT for Run 2 after DQ cutSH).

During Run 1 the neutrino beam power varied between 20-90 Kw. Geam power
was significantly upgraded for Run 2 data taking, consistaethching a beam power of
roughly 145kW. The data files used were produced as a paredfEND280 data process-
ing.

The MC data set used was also generated and processed asoathardE ND280
processing and uses full beam simulation with neutrinoraaions generated using the
NEUT neutrino interaction generator. An equivalentdgf7 x 10?° POT were simulated
for Run 2 MC andl.975 x 10?° POT were simulated for the Run 1 MC. This gives scale

factors of:

Data

= 0.155 6.1
MC Runl ( )
Data

=0.147 6.2
MC Run?2 ( )

6.2.1 Data Quality

Beam spills must meet a set of criteria to be flagged as 'gooalchEbeam spill has asso-
ciated with it two quality flags, the first indicates the qtyabf the beam spill provided by
the beam group and the second is based on the status of theDNIBR& tor and magnet.
The ND280 data quality flag is set to 'good’ if all ND280 subigyss are operating
within normal parameters. The magnet flag is based on theatpgicurrent, if the current
drops below 2.55 KA the data quality is marked 'bad’. The dgiality for the sub-detector
system is generally based on the voltage supplied, the tatypes and the online calibra-
tions. More detail on these flags can be foun®&j] The POT before and after data quality

cuts are shown in Tab2
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Run | Delivered POT| POT After DQ | Eff (%)
1 0.320 x 10%° 0.305 x 10* | 95

2 1.08 x 10%° 0.817 x 10 | 71.6
1+2 | 1.40 x 10% 1.12 x 10%° 77.6

Table 6.2: The delivered POT and POT after DQ cuts.

6.3 Selecting Charged Current Events

91

A series of cuts are common to both selections. The initiéd ewe designed to select

beam events in the target region of interest to the analyidie. second stage is to select

only charged current events from those occurring in theactéeon target region. This is

done by identifying the muon indicative of a CC interactiomeTCC selection cuts were

developed as part of the official ND28() analysisB0] and have been taken directly for use

here. Once a CC event has been selected, further cuts haveripgemented to distinguish

QE andr™ interactions. One exception is the cut on vertex multipfiethich occurs at the

same stage in each analysis.

A summary of the CC selection cuts is:

1. Vertex must be in a bunch time window

2. \ertex must be within FGD1 FV

3. Vertex Multiplicity (selection dependent)

4. Only one negative track is associated with the vertex

5. The negative track has good TPC2 track quality

6. The negative track has PID pufiz ()| < 2in TPC2

Cuts 1 to 3 are those used to select events in the target regidst the further cuts are

designed to tag the muon produced in the interaction. Eaidls described and motivation

given in turn. The cuts used in each selection are placedssmely on each vertex in an

event.



92 CHAPTERG6. ACC1nt/CCQFE CROSS SECTION RATIO MEASUREMENT

6.3.1 Beam Timing

The beam spills contained six proton bunches for Run 1 and @igiton bunches for
Run 2. To select only beam events occurring inside of ND28@ ate placed on the
vertex timestamp. The distributions of beam induced vestiwithin the time bunches has
a Gaussian shape. Only vertices that have a timestamp withiven range of the bunch’s
Gaussian mean are accepted. This cut is designed to redut@grgoation from non-beam
induced interactions. Example distributions of vertexestamps in Run 2 are shown in
Figure6.1 The eight bunches can be seen clearly over the backgrostrébdtion. The
plot produced from beam data shows eight additional smpéeks shifted left from the
main peaks. This is due to a change in the beam trigger timaegl&®un 2 data taking.
This has been accounted for in the beam timing cut. The tiroirig are set either side of
the bunch centres shown in Tall& at roughly,+64ns for Data and+80ns for MC data.

The cut is wider for MC to account for the larger bunch width.

[ MC Run 2 Bunch Structure | [ DataRun 2 Bunch Structure |
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Figure 6.1: The Run 2 bunch timing structure shown for MC )laftd Data (right). The
eight peaks for the beam bunches are clearly visible. In #ta dlot an additional eight
peaks are seen, this is due to as shift in the beam triggerdiimeg Run 2 data taking.

6.3.2 FGD Fiducial Volume

This analysis uses FGDL1 as the target mass for the neutrie@ations, therefore some

cuts must be placed on the vertex position to select onlyteverihe desired detector. To
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| Bunch Timing, Run-Il b, Bunch4 |
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Figure 6.2: A close up of Bunch 4 taken from Run 2 data. The dotestllines show the
positions of the bunch 4 timing cuts.

MC | Data Run 1| Data Run 2a Data Run 2b
JPARC Beam Run MC | 31-34 36 37-38
Bunch 1 2749| 2839 2853 3019
Bunch 2 3330| 3423 3444 3597
Bunch 3 3914 | 4005 4030 4180
Bunch 4 4494 | 4588 4620 4763
Bunch 5 5075| 5172 5180 5346
Bunch 6 5657 | 5754 5770 5927
Bunch 7 6236 —- 6343 6508
Bunch 8 6817 | —- 6924 7093

Table 6.3: Bunch positions for each data run and MC.
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select neutrino interactions that occurred within the cletea fiducial volume is defined.
Cutting vertices outside this fiducial volume will reduce kground from cosmic rays
and interactions occurring outside the FGD. The fiducialnad definition used in this
analysis is the same as that used in the official TZlanalysisg6]. This fiducial volume is
optimised in efficiency and purity of the official MC CC-Inclusisamplé?]. The use of
these fiducial volume cuts also allows for easy comparisafficial results from the T2K

collaboration.

The fiducial volume is defined ds| < 874.51mm, |y — 55| < 874.51mm and
136.875 < z < 446.955mm. The x and y cuts exclude the 5 outermost bar widths in
the x and y planes. The offset in the y co-ordinate is due tambajloffset of the centre
of the FGD to the centre of the co-ordinate system. The z cutisi@e the first FGD1 XY

module but includes all modules downstream of this.

6.3.3 Muon Identification

Any CC-, interaction will produce an outgoing muon particle. Idgtig this muon
distinguishes the event from both NC andinteractions and so is the next step in both
CCQE andCC1x™" selections. In both cases we expect only one negative tradhei
final state. Therefore, first cut to select CC events is thattheust be one and only one
negatively charged track associated with the vertex. Tlgathes track becomes the muon

candidate for vertex.

The PID, momentum and charge measurements in ND280 are'mpeddyy the TPC.
The reliability of the TPC information is dependent on thegth of the track in the TPC
and so a track quality cut is implemented. The negative tiao&quired to contain at least
18 vertical clusters in TPC2. All PID and momentum informatis taken from TPC2 to
reduce systematic uncertainties from magnetic field distes in TPC3. TPC1 is upstream
of the interaction volume and due to interaction kinemaitics expected that few, if any,
muons will enter TPC1. Muon-like tracks in TPC1 are much mdtelyi to be particles

created in and exiting the POD.

To identify the negative track as a muon, the TPC PID pull isdusThe PID pull
is discussed in detail in Secti@®2.3 A straight cut is placed on the TPC muon pull,
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requiring|og(i)| < 2.
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Figure 6.3: The muon hypothesis PID pull for negative track§PC2 in MC. Different
colours represent the true particle type. Muon signal datemithe regior-2 < dg(u) <
2.

Ideally the muon pull distribution should be centred on zard have a width of one for
a pure muon sample. This however was not the case and beéopelitcut can be applied
the C scale must be corrected. The measureds scaled by a given amount depending
on the data run and the TPC number. The scale appli€d-ts determined by using a
sample of negative tracks in beam events that pass througireg TPCs. This gives an
almost pure muon sample from which the necessary corretdictor can be extracted.
Figure[6.3 shows the muon pull for negative tracks and the true partigles for those

tracks.

6.3.4 Veto Cuts

These vetoes are the final cuts made in each selection bub@man to both the CCQE
andCC1z* selection cuts. These cuts are designed to reject variakglmaund as will be

described.
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FGD-TPC Track Multiplicity

A cut is placed on the number of tracks reconstructed in thekar. We search for addi-
tional tracks that start in the FGD FV during the same beantch@as the vertex. Events
are then cut if there are more tracks in the FGD than are agedawith the vertex or other
FGD activity. The intention of this cut is to remove eventsandthe reconstruction has
missed a track that should be associated with a vertex. Yhisally happens at higher
multiplicities where the final tracks must have very low shjuared values to pass the cuts.
The relative efficiency of this cut is 95% and a 6% increaseunty is achieved for the
CC1x* selection. For the CCQE selection we find a relative efficierfc§81% and a
2.2% increase in purity. Figul@3.4illustrates the signal and background removed in MC
by this cut.

N b b b b b b e B

4 5 6 . . 25 3 35
Number of True " Number of True T

ECAL Activity

The ECal reconstruction during production 4 processing vaaguilly optimised and in-
cluded mapping errors and un-validated PID in the barrelutesd Preliminary studies
were performed using DsECal testbeam data on the discrilmmat muons and pions.
This discrimination is possible in the ECal if the pion staotshower. However, this only
occurs for roughly 50% of pions setting a hard limit on thecgdincy of such PID. Due
to the low statistics of the data sample such an efficiency Vazuld not be viable in this
study.

Although using ECal PID information was deemed unviable E@al could be used as

a veto to reject backgrounds. The intent of this cut in@lél 7+ selection is to reduce the
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multiple pion, neutral pion and inelastic backgrounds. &tfect of this cut in the selections
is to reject events where the global track matching betwkeriracker and the ECals has
failed or the tracker reconstruction fails to reconstruonp exiting the detector. The cut
also removes events with a large number of neutral clustbishnare more indicative of
an inelastic scattering event tharC&'17" event. The probability of undetected pions is
much higher in inelastic events and so cutting them incesample purity.

First, the number of ECal hits clusters in the same time bus¢hevertex is counted.
Any cluster with total energy deposit below a noise threghsInot counted. The vertex
tracks are then extrapolated to the ECal surfaces using RecRag ECal clusters within
35 mm of the extrapolated track’s entrance position are vehérom the count. If more
than three clusters are found, the event is cut. This cueasas the selection’s purity by

5% to 70% and has a relative efficiency of 87.5%.

ECal Activity ECal Activity

Il out Of FGD ]
BE=nNe
B CcCnQE
B CCQE

I Out of FGD
E==Ne
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E== CC(Other)
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Number of Unmatched Clusters Number of Unmatched Clusters

Figure 6.4: The distribution of the number of unmatched EQadters in an event for the
CC1x* selection (right) and the CCQE selection (left).

6.4 CCQE Event Selection

The CCQE selection used in this analysis follows the official280v,-CCQE selection
detailed herdg] closely and is not the main focus of this analysis. Howetrage addi-
tional, activity veto cuts have been used in this analysig df these veto cuts are common
to both the CCQE and'C'1#" selections. The cuts used are listed below in sequential or-

der:

1. Vertex must be in a bunch time window and within the FGD FV
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2. Vertex must have no more than 2 associated tracks

3. Only one of these tracks is negative

4. The other track must stop within FGD1

5. The negative track has good TPC2 track quality

6. The negative track has an absolute muon pull less than 2
7. There must be no Michel electron signal in FGD1

8. Tracker Multiplicity less than 2

9. Unmatched ECal clusters less than 1

10. Number of POD tracks less than 1

2.)Vertex Multiplicity Cut

Cuts one and two have previously been discussed. Cut two pacestriction on the
number of tracks associated to the vertex. For a QE interagie expect at most two out
going particles, a;~ and a recoil proton, therefore we expect at most two recoctsd
tracks associated with the vertex. It is not expected théiipleinucleons will be energetic
enough to leave tracks in the FGD.

4.)Recoll Proton

After one of the tracks has been selected as the muon caedidait is placed on the other
track requiring that it stops within the FGD. This secondlkra expected to be a recoill
proton in a CCQE event. Recoil protons are heavy and generally loav momentum,

thus, they are far less likely to enter the TPC than pionss Shmple cut effectively tags

protons and rejects pions.
7.)Michel Electron cut

A CCQE interaction should have no Michel electrons assocmitdit. Michel electron

is the name given to an electron produced in the decay of @stbmuon. Any muons
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produced in the decay of a stopped pion will stop within theedi®r themselves and thus
create a Michel electron. Therefore, the presence of a Melbetron signal indicates that
one or more unseen pions were produced or that the trackistpppthe FGD was a pion
rather than a proton. The Michel electron signal is createchftime delayed hits in the
FGD. The hits for a Michel electron signal must be neighbayriwithin 100 ns of each
other and deposit at least 200 p.e. of charge. The Michebkigaost also be outside of the

beam time windows to avoid false signals caused by beamsvent
10.)POD Veto

A veto is placed on activity inside the POD in the CCQE selectibhis is to reduce the
background from interactions which occur inside the POD dret incorrectly identified
as starting in the FGD-FV. This background is only large ia §ingle track category of
events and thus is only included in the CCQE selection. This weis used in the ND280
v, analysisg8] but has a beneficial effect and so has been added to/ftasalysis. The

cut simply requires no tracks to be found in the POD in the sanmeh as the FGD vertex.

POD Activity
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Figure 6.5: The distribution of the number of POD tracks ireaent.

6.4.1 CCQE Overview

There are several measures of the selection performandeld®a Figure6.gto Figure

[6.12 show how the kinematic distributions of the muon change whth successive cuts
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in the selected CCQE events in MC. These plots show that no iegiophase space are
being unintentionally excluded by the cut. It shows thatTR& track quality cut removes
the majority of the events in the firgt, bin. These events are those where the muon
does not enter the TPC or does not leave a long enough traekrecbnstructed properly.
We can see that thes6,, distribution remains unchanged in shape for this cut. The ve
cuts greatly reduce the out of FGD background. At this pdiet@C17 background is
largely irreducible. Figur&.13 shows the true momentum and true trajectory length of
the final state pions after all selection cuts have beeneghplihe momentum distribution
peaks below 200 MeV and few of these pions reach the TPC. Itrismily not possible to
distinguish between pions and protons in FGD only trackssarttiere is no way to remove
this low momentum pion background. Finally, Figld4 shows how the efficiency and

purity change with the successive cuts.
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Figure 6.6: Distributions foP, (left) cosd,, (right) after cut 4 has been applied. This is the
requirement that the recoil track stop in the FGD.
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Figure 6.7: Muon kinematic distributions after applying thegative track requirement in
the CCQE selection.
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Figure 6.8: Muon kinematic distributions after applying thuon Pull cut in the CCQE
selection.
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Figure 6.9: Muon kinematic distributions after applyinge tMichel electron cut in the
CCQE selection.
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Figure 6.10: Muon kinematic distributions after applyihg FGD-TPC activity cut in the
CCQE selection.
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Figure 6.11: Muon kinematic distributions after applyirge tECal activity veto in the
CCQE selection.
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Figure 6.12: Muon kinematic distributions after applyirge tPOD activity veto in the
CCQE selection.
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True Pion Momentum
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Figure 6.13: Left)The pion momentum spectrum for final statns in events that pass
all CCQE selection cuts. Right) The length the pion travellezbeding to MC. The FGD

is 365 mm deep, implying that most of the pions stop in the F@®would therefore be
tagged as protons with no further PID available at this stage
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Figure 6.14: The efficiency and purity of the CCQE selectiondtynzimber.
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6.5 CC1x™ Event Selection

The selection oC17* events follows the cuts described in sect@Awith the addition
of three further cuts to select pions and three veto cutsimoirete out-of-volume back-
grounds and backgrounds from deep inelastic scatteringi®vé&he full chain of cuts for

theCC1rnt selection are:

1. Vertex must be within FGD1 FV and Vertex must be in a bunch tivimelow
2. Vertex must have 2-3 associated tracks

3. Only one of these tracks is negative

4. The negative track has good TPC2 track quality

5. The negative track has an absolute muon pull less than 2

6. One of the positive tracks must have good TPC quality, witkoalie pion pull less

than 3 and absolute proton pull greater than 2
7. Tracker Multiplicity less than 3

8. Number of unmatched ECal clusters less than 3

3.)Vertex Multiplicity

The track multiplicity for aC'C'17" interaction is two or more dependent on the detection
of recoil nucleons. However, as the track multiplicity ieases, the fraction of single pion
events decreases and multi pion and inelastic scatteragjdns increase. Therefore, to
reduce these backgrounds, only vertices with 2-3 tracksamsidered, allowing only a

single recoil nucleon.
6.)Pion Selection

The cuts to select the pions are similar to those used prglyida select the muon. We
apply a series of cuts to the positive track(s). Firstly, aauTPC track quality is made,

i.e. the track must have a TPC component with greater thare@ents. This cut is
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necessary to ensure the PID information used is reliablet, [deTPC PID cut is applied.
To be tagged as a pion the track must have an absolute piolegsithan three and a proton
pull greater than two. The cut on the pion pull is to selecydilP-like particles. The cut
is wider than that used on the muon pull to increase the aaceetof the cut. Widening
the pull to three sigma improved the efficiency of this cutlatiihaving a negligible effect
on the sample purity. The cut on proton pull is to remove bemkgd from the small
number of protons that reach the TPC. These protons are it inelastic scattering
events but a small number originate from CCQE-like events. @&ie dominant type of
positive particle produced in the neutrino interaction &280, protons form the biggest
background to pion identification. Using the proton and gat cuts together reduces the
major background in the selection, allowing the pion putltcube wider than the pull cut
to identify the muon.

If atrack passes all three cuts it is tagged as pion-like.ntmeber of pion-like particles
is counted and a cut is performed, where only vertices witingles pion-like track are
selected. This attempts to select only single pion evenitsinejecting multi pion and

inelastic events. It also rejects a small number of QE events
6.5.1 CClzn* Overview

Figurel6.18to Figuree.20shows how the muon momentum distribution changes through-
out the selection. The plots are divided into their signal background fractions showing
the purity increase with successive cuts. FidouZl shows how the purity and efficiency

of the selection change by cut.
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Figure 6.15: Distributions foP, (left) cosf, (right) after theCC'1z" cut requiring only a
single negative track.
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Figure 6.16: Muon Kinematic distributions after th&” 17+ cut requiring the negative
track has good TPC quality for teéC'17* selection.
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Figure 6.17: Muon Kinematic distributions after th&'17+ muon pull cut.
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Figure 6.18: Muon Kinematic distributions after th&'17* single pion selection cut.
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Figure 6.19: Muon Kinematic distributions after th&” 17+ FGD-TPC track multiplicity
cut.
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Figure 6.20: Muon Kinematic distributions after th&€'17" ECal activity cut.
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Figure 6.21: The efficiency and purity of tli&'17" selection by cut number.

6.6 Neutrino Energy Reconstruction and Ratio Calculation

For the selected CCQE events we use the muon 4-momentum tcsteairthe neutrino
energy. In the majority of cases, the proton momentum is exnstructed and so is not
available to use in the energy reconstruction. In reconstrg the neutrino energy, we
assume a 2-body quasi-elastic scatter process with thet tamgleon at rest and use,
2m, b, — m?

L (6.3)

EQF —
v 2(m,, — E,, + |P,|cosb,,)

wherem,, andm, are the neutron and muon mass respectively BpdF,|, 0, are the
energy, 3-momentum magnitude, and angle between the zaagishe trajectory of, the

muon.

For CC'17" events we have both the muon and the pion kinematics avaitalsecon-
struct the neutrino energy. We once again assume that tet taucleon is at rest. We also
assume that the third particle is a nucleon. Using 4-monmemcionservation we find,

m;, 4+ m2 — 2my(ELE,) + 2P, - P,

- (6.4)

ECClﬂ'
v 2(E,+ E; — |P,|cost,, — | Pr|cost, — my)

wheremy is the nucleon mass;, . are the four momenta of the muon or pion and the



110 CHAPTER 6. ACC1nt/CCQE CROSS SECTION RATIO MEASUREMENT

other symbols retain their meaning from the previous equatind the subscript denotes

the particle.

In order to calculate the ratio, several quantities mustalkert from MC. Firstly, the
background expectation must be determined for each satectihis is done by using the
true information in the MC to identify how many backgrounceeis were selected in a
given neutrino energy bin. The number of background eventisen scaled to data POT.
The efficiency with which we select events is also taken frof. Nlhe efficiency is taken

to be,
NSel

- W (65)

€;

whereg; is the efficiency in a given biny“¢ is the number of signal events selected in bin
i and N[ is the true number of signal events in birThese quantities are all taken from
MC.

We then use these values to predict the number of eventsnpriesthe data sample
from the number of events selected in the data, To do thigdoh bin, the background ex-
pectation is subtracted to leave a sample of expected sgaats. The sample of expected

signal events is then divided by the efficiency to selectaigments to give,

NSel,Data o Bgscaled,MC
N, =

(6.6)

€

where N is the predicted number of events of type N P2 is the number of events
selected in data as being of type Bg***dMC s the expected number of background

events scaled from MC ands the MC efficiency of selecting-type events.
The cross-section of a process is defined as,

N,

= 6.7
¢VTNTargets ( )

Oz

where N, is the number of: type eventsg, is the neutrino flux;" is the duration of the
neutrino flux andV,,, s is the number of nuclear targets. However, T, Nigrgers are

all fixed variables within the experiment and so will be conmto both processes. This
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means that when calculating the ratio all variables canasd @ for NV, giving,

o JcCint Neoin+ (6.8)

occor  Necor
Substituting EquatiolB.gand labelling each energy binthen gives,

EZQE NZSel,CClﬂ o Bg[f\/[C,CChr

R = €CCT NiSel,CCQE — BgMO.0CQE (6.9)

6.7 Detector and Reconstruction Systematics

A number of systematic errors have been considered durengrhlysis. The final goal of
this analysis is a cross section ratio and so, where possitdesffects of the systematic
uncertainties have been calculated directly for the radtbar than for the two separate
selections. This ensures that any partial cancellationystesnatic uncertainties will be
treated accordingly and will not be artificially inflated arduced when calculating the
ratio. Most of the methods used for calculating and propagahese errors come from
studies performed for the official ND289, andv, analyses. The method used will be

briefly explained for each error.

6.7.1 TPC Track Finding Efficiency

Losing a TPC track to inefficiency can cause both event lodseaant migration between
selections. In the case that the pion track is lost, the evéirdppear to be CCQE-like and
thus the event will be migrated from tli&C'17* selection to the CCQE selection. Finally,
the loss of additional tracks in high multiplicity eventsncalso cause the acceptance of
additional background if a second pion is created but thektimlost due to inefficiency.
Any difference in the rate of these processes between ddti@nwill effect a systematic
uncertainty in the final measurement.

The systematic uncertainty on this process is taken fronewdquis study into the track
finding efficiencyb9]. The study used a sample of through going muons from botmbea
events and cosmic triggers. The efficiency of TPC2 was med$wyreelecting events with
a track in both TPC1 and TPC3. The TPC1 and TPC3 tracks mustfdfenodes and
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energy deposit compatible with a muon, i&:(u)| < 2.5. Finally the tracks are required
to extrapolate into TPC2 to ensure the event is a through gougn and not a random
coincidence of two tracks. The track finding efficiency isrttealculated based on how
many of these events contain a TPC2 track with more than eghtedes. The efficiency
is then binned in momentum and the systematic uncertairdgriservatively taken as the
guadratic sum of largest difference between data and MClaaid statistical errors. The
uncertainty is found to be.5%.

To evaluate the effect of this systematic, 50 MC toy expenits&ere performed where
0.5% of all tracks were artificially removed in each event. Theesystic error assigned to
each bin in the ratio is then taken to be the spread of the mag@surement over the 50 toy
experiments. There is no mechanism to randomly createiadalitracks within an event
and so this error is taken to be symmetrical. The error vauesgjiven in Tabl&. 7 Figure

[6.22shows the spread obtained for a set of toy MC experiment&ference.
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Figure 6.22: The spread in the ratio obtained from a set oktgperiments to determine
the effect of the TPC tracking efficiency systematic. The plewn is for nergy bin 6.

6.7.2 TPC Broken Tracks

The TPC broken track systematic is described®].[ This systematic is due to a mode of
reconstruction failure where a single track produces twmore TPC tracks. In general

these tracks will be matched to some FGD hits. When a muon ortpéak is broken, a
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second muon-like or pion-like track will be produced andseathe event to be rejected. A
study into this effect measured a 0.6% effect on TPC tracke statistics of the sample
were limited and so the effect was not binned in track monrariu angle. The effect of

this track was calculated in the same manner as the TPCigaeKiciency systematic.
6.7.3 FGD-TPC Matching Efficiency

Much of the tracker reconstruction relies on TPC tracks d¢pematched to FGD hits. The
drift time of electrons in the TPC are of order microseconas o much larger than the
beam spill widths. FGD hits are used to determine the TO of FR¢ks accurately. Failures
in TO measurements cause the TPC-FGD matching to fail. Thadanf this matching
can prevent the track being matched to a vertex and so loghégpurposes of the vertex
selection cut. The size of this systematic uncertainty iasueed in a previous stu@®§]
and is taken to be 0% for all track angles and momenta. The loss of tracks in thismea
will have the same effect on event migration as the track dngsto TPC inefficiency. A
set of 50 toy MC experiments were performed where tracks waeréomly removed from
vertices. The systematic associated with this is taken thdeean difference between the

toy experiments and the nominal ratio values. Again, thisras taken to be symmetrical.
6.7.4 Charge Confusion

Charge confusion affects both the CCQE @nd1x* selections. In this CCQE selection
the main effect will be to cause signal events to be rejecseith@ muon is reconstructed
with a positive charge. In th€'C'17" selection there can be multiple effects. Once again,
the muon may be reconstructed with a positive charge andtieusvent will be rejected.
Also, a pion may be reconstructed with the wrong charge,ioguke event to be rejected
in the case ofr™ production or causing a background event to be acceptedinabe of
7~ production. 7~ production is somewhat infrequent however and the effeettduhis
will be small.

A charge confusion study was performed using a sample otigir@going muons in
beam datafQ]. Tracks were selected starting in the POD fiducial volumeé &aversing
all three TPCs. By requiring all three TPCs, almost all backwauing and mismatched

tracks are removed from the selection reducing the uncgytan the charge confusion
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Charge Confusion (%)
Momentum (GeV)| 0 — 1.3 1.3.—26|26—-4.0|40—-53|>5.3
Data 0.75+0.20 [ 1.8£1.2 |284+1.2|60+3.0|105+24
MC 0.55+0.09 | 21£03 |514+08|54+1.2|13.0+£0.18

Table 6.4: The probability of charge confusion for long kst data and MC as a function
of track momentum. The values shown are for TPC2.

rates. The charge confusion probability can be extractembhbyparison of the three charge
measurements. The probabilities for charge confusionreyesin Tabld6.4 To evaluate
the size of the systematic error introduced by this effesgtaof 100 toy MC experiments
was performed where the charge of tracks was randomly flippedeach momentum bin
a Gaussian distribution was created with a mean of zero aridth wqual to the quadratic
sum of the data to MC probability difference plus the stai#dterror on the measurement
the probabilities. Each MC experiment then drew a randombarnfrom the Gaussian
distributions to use as the probability of charge confusidime systematic error on the

ratio is then taken as the width of the ratio measurements the toy experiments.
6.7.5 Michel Electron Tagging

Michel electron tagging is only used in the selection of CCQ&n¢wvand so the systematic
error is calculated for the CCQE selection and propagatedigfwdo the ratio measure-
ment. This error has two components. This first is due to aaancbincidence faking a
Michel electron signal and thus causing the event to be tegjedhe second is due to the
probability that a Michel electron signal is missed and &igamund event is accepted. The
systematic errors due to both these effects were previooghgtigated using a sample of
stopping cosmic rays and empty beam spill trigdgétk[

Using the cosmic ray sample, the cut is found to have deteefiiciencies of59.3 +
0.4)% and(64.24+)% in data and MC respectively. The Michel electron cut in the CCQE
selection removeg.39% of the events in the MC. From this and the measured data-MC
efficiencies, it is expected th&t.83 £ 0.21)% of events will be removed by the cut in the
data. In actuality the cut remov&s37% of events from data, giving a systematic error of
0.54%.

The empty beam spill sample was used to evaluate the unugrthie to the acciden-
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tal coincidence. By selecting only empty beam spills any k&iahel electron signals are
removed leaving only background events in the out of buncie gperiods. Random co-
incidence was found to cause.15 + 0.008)% of signal events to be rejected in data and
(0.033940.0004)% in MC. Taking the quadrature sum of the difference and it'sregives

a final uncertainty 06.116%.
6.7.6 \ertex Reconstruction

So far there has been no evaluation of the systematic umggrthue to the vertex recon-
struction. It is not possible to determine the true vertecatmn in real data and so the
calculation of this systematic relies purely on the MC. Uteieties in the Vertex resolu-
tion could cause events to migrate into and out of the fidwalaime. The vertex resolution
in the X and Y positions were found to be symmetrical and idahbetween the vertex
finding methods as shown in FiguéeZ3 Therefore any systematic error from the X and
Y vertex resolution will cancel in the taking of the ratio. @rlefore, this analysis only eval-
uates the effect of the Z position resolution where a sigmifidifference was observed

between the two methods.

Entries

2500 Single Track Vertex

Multi Track Vertex

2000

1500

1000

500

Il A_l L1l ‘ L1l
20 30 40
Y Resolution (mm)

TN NN SRR FEEEE R EEE R

a1
o
N
o
w
o
]
)
o
=
o
o
=
o

0

Figure 6.23: Comparing the Y position resolution for the Bragnd multi track cases.

In order to evaluate this source of uncertainty, the verésolution was compared for

both the single track and multiple track cases. Thevertex Z position resolution was
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Figure 6.24: Vertex Z Resolution for the single track casé#)(knd the multi track case
(right).

found to bed.6mm for the multiple track vertices and0mm for the single track vertices
as shown in Figur§.24 A set of 50 toy MC experiments were performed where each
reconstructed vertex Z position was smeared by a Gaussiameian 0 and width equal to
the vertex Z resolution. The effect of this smearing is toakmo be reliably calculated in
each bin and so it is calculated as an overall effect on thieiimed ratio. As per the usual
method, the RMS of the ratios from the toy experiments wasntatiebe the systematic

uncertainty on the measurement and was found ta%3&.

6.7.7 TPCPID

There remain differences in the TPC calibration at the enthefprocessing chain due
to various effect§[2]. To correct for this, a correction factor is applied to the of the
tracks. This correction factor is dependent on the run gdyeng analysed. The correction
factors are calculated using a selection of beam eventsicamy a single, negative track
reconstructed in the tracker with more than 35 TPC hits and@emtum over 200 MeV.
These selection criteria give a sample of MIP-like trackst ik over 99% pure. Thé'r
measured in these tracks was corrected to the expégtddr muons. This correction is

taken to be the correction factor.

A further source of systematic error is the difference inpoé widths between data
and MC as shown in Tab@.3 Any difference in the pull widths will result in different

efficiencies for the PID cuts. An additional Gaussian snmgpi$ applied to the pull of



6.7. DETECTOR AND RECONSTRUCTION SYSTEMATICS 117
Pull Width
Run Number| Data MC
1 1.024 4 0.001 | 0.951 4+ 0.001
2a 0.981 +0.001 | 0.948 + 0.001
2b 0.972 +0.001 | 0.948 + 0.001

Table 6.5: A comparison of data-MC pull widths for the muompbthesis in TPC2. It can
be seen that the widths in MC are systematically smaller thase in data.

Number of Events Cut
Veto Detector (Selection) MC Scaled MC| Data| Ratio
POD 3760 £61.3 | 521 £8.5 | 515 | 0.988 £ 0.016
ECal (CCQE) 794 +282 | 110+£3.9 | 113 | 1.027+0.036
ECal CC1r™) 1724+ 13.1 |23 £1.8 23 1.00 4+ 0.078

Table 6.6: The Data-MC efficiency comparison of the veto.c@eod agreement is seen
in all cases.

tracks in MC to give a pull width inflated to the size of the dptdl widths. 50 toy MC
experiments were performed using this smearing methodren&MS of the ratio in the

MC experiments is taken as the systematic error in each giharg
6.7.8 \eto Systematics

The systematic errors introduced by the veto cuts are alssidered. There are two pos-
sible causes of systematic error for each cut. The first imdai@ coincidence of events
or cosmic rays in the FGD and veto detectors that causes| @geats to be wrongly re-

jected. The second is the tracking efficiency of the detantquestion that causes the rate
of background accepted to differ between data and MC. Thesdic errors on these cuts
are expected to be small due to the small number of eventsedjby these cuts and the

good data-MC agreement in the number of rejected eventsomsish Tabldg.8
POD Veto Systematic

The probability for two interactions to occur in the POD iniagse bunch was studied in
[73]. The pileup rate was less than 0.5% and it's systematia eves found to be less
than 0.05% for two interactions in the POD. The lower mas$hefRGD will reduce the
probability of a POD-FGD pileup further. As this error is dhand the number of events

rejected by the cut is small, this source of systematic esrignored here.
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The tracking efficiency of the POD detector is studieddg]] The efficiency of match-
ing a POD-TPC track is measured. This efficiency will be defimgthe POD reconstruction
and the matching efficiency. This efficiency is conservélivsed to estimate the system-
atic error due to POD tracking efficiency. Averaging acréesrhomentum range the sys-
tematic error for the reconstruction efficiency is found &38%. This error is then applied

to the number of events removed by the cut to calculate teetssh the ratio measurement.

ECal Veto Systematic

The tracking efficiency of the ECal has been studied using éetbéam data taken at
CERN[74] and beam spill dat&g]. The study from beam spill data used a sample of
tracks passing through TPC 3. These tracks were extrapdlatine DsECal front face
and those entering the ECal were selected. This sample wdsaseasure the efficiency
of the ECal reconstruction and the tracker-ECal matchingikérihe POD veto, the ECal
veto is concerned with both efficiencies as the cut is basetti@mumber of unmatched
clusters found in the ECal. A change in either the reconstmiar matching systematic
will introduce a systematic uncertainty to the performaoicthis cut. Averaged over angle
and momentum, the data MC difference was found t0.bé + 0.05. Combining these in
quadrature we take the systematic error taHoe)64. As per the POD veto cut, this error is

applied to the number of events removed by the cut and theteiffethe ratio is measured.

6.7.9 FGD Multiplicity Systematic

The FGD multiplicity cut is sensitive to systematic uncetias in the tracker reconstruc-
tion. These systematic uncertainties have been assesssthete and are not considered
again. Instead, they have been initially treated in suchyatha any effect caused through
the FGD multiplicity cut will be accounted for and includedtheir overall effect. The
systematics that will effect the performance of this cuttheeTPC track finding efficiency
and the FGD-TPC matching efficiency. The TPC tracking efficjeand the FGD-TPC
matching efficiency are relatively simple, any track losttiese effects is removed from
the event as a whole and so their effect on the efficiency sfdii is folded into the overall

effect for those uncertainties.
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6.7.10 Momentum Resolution

The single TPC momentum resolution was studied for data a@dilM75]. The study
used tracks crossing at least 2 TPCs to compute the diffetezteesen the reconstructed
momenta. By using the three combinations of TPC pairs, th@utsn of each TPC can
be calculated. As it is more directly related to the traclotopy, the resolution of/p,. is

measured. There will be several contributions to'the. resolution:
e Energy loss fluctuations from traversing the FGD(s).

Variation in the distance travelled through the FGD(s)

Multiple scattering in the FGD(s)

The!/pr resolution of the TPC(s)

The correlation between these effects

The energy loss and multiple scattering contributions \e&teacted using the MC truth
data. The distance through the FGD can be calculated usengdsition reconstruction.
The correlation between the effects however cannot be assumbe the same in data
and MC. The only available reconstructed variable is theetiffice in theé /p, resolutions

measured by each TPC:

1 1 rec __ l rec
olA el = ol = ()i (6.10)

. By expanding this equation adding and subtracting the tusmifies in each TPC the
covariance terms can be extracted. For TPC2 a resolutioarsgsit of8 x 10~°(c/MeV)

was found. This resolution was applied as an additional 8ansmearing in the MC. No
change to the MC results were found due to this smearing atidssystematic is taken to

be so small as to have no effect on the analysis.
6.7.11 Momentum Scale

The MC used in this analysis assumes the magnetic field inR@&sTs uniform. In actual-

ity there are distortions in the magnetic field at the edgab@ftletector. These distortions
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will alter the momentum scale of track in the detector thiotigo effects. The momen-
tum reconstruction uses the curvature of the particle géackneasure their momenta. If a
particle passes through the magnetic field distortiongitivature will be altered and the
momentum will be reconstructed incorrectly. The drift fieiddhe TPCs is aligned parallel
to the magnetic field so that the drift electrons will not bieeted by the magnetic field.
Distortions in the magnetic field will alter the path of defectrons in the TPC and so will
alter the position and shape of reconstructed tracks fremasisumed perfect magnetic field

case.

The magnetic field was surveyed using Hall probes beforentaliation of the ND280
basket detectors. The probes mapped a volume slightlyrléinge the basket detectors
would occupy. The TPC region was mapped in detail using a 0@0rrent and over
250000 measurement points. From this, a distortion map watuped and implemented
in the MC. Details of the distortion mapping and subsequemection in the MC are found
in [76]. For the purposes of this analysis, the magnetic field distus are taken to result
in a -0.4% shift in momenta reconstructed using TPC2. Thift 8hthe magnetic field
was applied to the selections in this analysis and the effiectsured. It was found that in
many bins the effect was small due to limited statistics. Aem@servative estimate we take
the largest observed variation as an overall, symmetrar.e&k 2.5% systematic error is

applied to all bins for the momentum scale systematic.

6.7.12 Fiducial Mass Uncertainty

There exists a systematic uncertainty in the FGD fiducialemakis will propagate through
to cross-section measurements if there is a differencesindimber of target nuclei between
data and MC. However, as this analysis takes a cross-seetion any effect due to this
uncertainty will be the same in both measurements and scaviltel and so is not relevant

here.

Any difference in the fiducial volume between the selectiwnl$ introduce a non-
cancelling systematic to the ratio measurement. Both sefectuse the same target de-
tector and fiducial volume, therefore, any systematic uagdy in the fiducial volume

must be a result of the reconstruction vertexing. If theranig difference in bias or reso-
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lution between the samples, the fiducial volumes will diffss shown in Sectiol.7.6the
difference in Z position resolution is less than 0.5mm areddifference in bias is of order
1mm. Both of these differences are much less than the 10mrh widhe FGD scintillator
bars and any migration in the fiducial volume will be small gared to the full fiducial

volume. For this reason, no systematic is assigned due trtanaty in the fiducial mass.
6.7.13 Detector and Reconstruction Systematics Overview

Tableb. A gives a summary of the reconstruction systematic errorsegpper bin and Table

[6.8 shows a summary of the reconstruction systematics apptigdrmly across all bins.

Neutrino Energy Bin
1 ]2 [3 |4 |5 |6 [7 |8
TPC Efficiency 23 22 20 14 125 125 1.3 08
FDG-TPC Matching |20 2.0 18 14 06 05 04 03
Broken Track 23 23 19 145 13 125 134 10
TPC-PID 17 5 26 17 19 14 08 24
Charge Confusion 93 31 25 28 28 18 28 39
Momentum Resolution 0.0 0.0 0.0 00 0.0 00 0.0 0J0

Table 6.7: A summary of reconstruction systematic erromieg to each bin. Each cell
gives the percentage error.

Systematic Source Percentage Enror
Momentum Scale 2.5

Vertex Resolution 0.9

Michel Electron Tagging 0.54

POD Veto 0.12

ECal Veto 2.4

Sand Muons 0.46

Fiducial Volume negligible

Total 3.62

Table 6.8: The list of overall reconstruction systematitd he assigned percentage errors
assigned.
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6.7.14 Sand Muons

A number of neutrinos interact in the walls surrounding tH2280 detector. These inter-
actions produce so called sand muons that may enter ND28@ked signal event. These
sand interactions are not simulated in the nominal ND280 M s a set of special sand
muon MC files was generated. This MC sand muon data set isagotwo7210!° POT.
The selection cuts were applied to these MC files to estinmees@and muon background.
No events were found to pass all of th€'17 " selection cuts and 5 events were selected by
the CCQE cuts. Scaling to the total data POT gives an expeclesl/énts. This is 0.42%

of the final CCQE selection. The number of CCQE events selectetiesavby 0.42% and
the effect on the overall ratio is taken to be the systematar.eThis error is conservative

but more precise methods are not feasible due to the low sand sample statistics.

6.8 Interaction and Model Systematics

The largest systematic errors come from the uncertaintiésa interaction and cross sec-
tion model used in the MC. The rates of different interactioacpsses are defined by
parameters such d\gffE and M 5#5. The values for these parameters are obtained from
best fits to the results of previous experiménifand have associated uncertainties. To
obtain the one sigma systematic error introduced by thieuaimty, the values of these
parameters in the models must be varied and the effects opréukcted ratio must be

guantified.

6.8.1 Event ReWeighting

The full MC production chain takes years of CPU time and usesyn@rabytes of disk

space making MC very expensive to produce and store. It igfilie unfeasable to create
multiple sets of MC data using different interaction modmigmeters. In order to avoid the
need for multiple MC sets we use event reweighting. For eaehteve calculate a weight

based on the change of a parameter fiom 2’ for event; such that:

(6.11)
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whereuw; is the event weightz(Z) is the nominal cross section and’) is the new cross
section based on the varied model parameter. The reweigf@data set can be con-
sidered equivalent to a new MC data set with modified parameted is much less CPU
intensive to produce. This conjecture only holds under tageset of conditions. Firstly,
the original MC must contain all the information requiredgenerate event weights. If
there are no events in a given phase space in the original M€ Will be no events in this
phase space in the reweighted sample. Essentially, yowteweight zero. Secondly, the
parametrisation must be sufficient for reweighting. Theaigiting must properly repre-
sent the cross sections as a function of the interactiomiaties. Finally, the original MC
set must have enough statistics such that the reweightsgieaning. Small contributions

to a larger data set must populate the phase space smoothly.

The reweighting done in this analysis uses the T2KReWeigtkage. This is a general
reweighting tool and links directly to the neutrino interan generators (NEUT in the case
of this analysis). In order to reweight the selected evdrggé¢constructed vertex must be
matched back to the true vertex that created it. This truexenust then be matched to the
vertex generated by the interaction generator. The outfpphedNEUT generator is copied

directly and it is this output that is used in the reweighting

6.8.2 Flux Uncertainty

The production of the neutrino beam is simulated by the T2&bgroup and a predicted
flux is provided to produce the ND280 MC files. Details on thedurction of the flux
inputs can be found iri/8]. The default flux used to produce the MC does not completely
represent the beam spectrum actually provided in data. &ts stuned beam spectrum is

provided by the beam group and the MC has been reweightedttutied beam spectrum.

Further to the tuning of the flux MC, a number of uncertaintiestan the prediction
of the beam flux. The uncertainties are largely due to uniceiega in the rate of hadron
production on a thin carbon target taken from NA61 and otlkpeemental dat&g]. A
covariance matrix is produced for each source of unceytantthe flux. These matrices
are combined in quadrature to produce a total fractionaéicamce matrix as shown in
Figurel6.28
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\ Flux Energy Bin Correlations
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Figure 6.25: The total flux covariance matrix provided whie tL1bv3.1 beam tuning for
the ND280 and Sk, flux. For this analysis only the ND280 covariances are reieva

The covariance matrix describes the uncertainty onfthepectrum shape. This uncer-
tainty will affect each selection differently but will cagicto some extent when taking the
cross-section ratio, thereby reducing one of the largastces of systematic uncertainty.
To evaluate the size of the uncertainty the MC is reweigh&dguthe covariance matrix.
In order to make the reweighting quicker, the covarianceimaly;; is decomposed using

Cholesky Decomposition to give the triangular matiiy, such that,

V=W, (6.12)

We then create a reweighting factey, for eachF, bin i, defined such that,

=1+ Whra (6.13)

whereb; = 1 returns the nominal flux. The elements of vectgrare randomly gener-

ated from a Gaussian with mean 0 and sigma 1. The number ofgieigd events in bin i
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E, Bin 1 2 3 4 5 6 7 8
Percentage Error9.41| 8.29| 7.89| 7.89| 5.39| 3.95|4.95| 7.6

Table 6.9: The symmetric systematic error on the ratio dukddlux shape uncertainty.

(N?"*% is then given by,

wheree(E;) ando(E;) are the selection efficiency and the cross-section in bispee-
tively.

200 throws ofr,, are taken for each selection and used to reweight the fluxratieeis
measured for each reweighting and the RMS of the measured iata given energy bin
is taken to be the systematic error due to flux uncertainfié® percentage errors due to

flux uncertainties are shown in Tali8ed

6.8.3 Neutrino Interaction and Final State Interaction Uncertainties

The NEUT interaction generator is used to produce the iotienas for the MC sample
using a given set of interaction parameters. NEUT also siteslthe nuclear re-interactions
of the particles with a set of parameters. As such, NEUT id irséhe reweighting of both
sets of parameters. To calculate the systematic errorodueds section and re-interaction
uncertainties, each available interaction parameterngdan turn by plus or minus one
times its one sigma uncertainty. The reweighting is appdieparately to the CCQE and
CC1x*t samples. The ratio is then calculated for each pair of astamti reweighted,
MC sets. The deviation of the cross section ratio from the inahratio is then taken
to be the one sigma systematic due to the uncertainty on tiwedviateraction parameter.
Tablel6.10 shows the systematic errors due to various cross secti@amgders and final
state interaction uncertainties. The largest contrimstio the errors comes from the axial
and vector masses governing the quasi elastic and resopandection rates. This is
to be expected as these parameters have a most direct aff¢loe @ross section ratio.
The uncertainty due to the DIS (Deep Inelastic Scatteriagkfround events is estimated
by varying the normalisation of the DIS event rate. DIS is tha@n background in the

CC1n* selection and so has a relatively large effect on the crassoseratio. The CC
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Percentage Error péf, Bin

Parameter 1 2 3 4 5 6 7 8
MOE 151 | 472 | 476 | 488 | 196 | 489 | 189 | +76
A 34 | —46 | -49 | -58 | 62 | 68 | —65 | —5.0
R 77 | +112 | 933 | 421 | +26 | 452 | 154 | 188
MiES 290 | —21 | —42 | 128 | =37 | 55 | —49 | —71
R 173 | 426 | 128 | 428 | +1.9 | +44 | 435 | 455
MJES 71 | 230 | =30 | <30 | —20 | -277 | —29 | —41
139 | 490 | +1.7 | 436 | 460 | 479 | +101 | +1L.0
DISNorm —40 | —91 | —17 36 | —6.1 —81 | —105 | —115
117 | 142 | 143 | 411 | 120 | 438 | 158 | +83
CCOtherNorm 17 | —42 | 43 11 | =201 38 | —59 | —82
: : 102 | 407 | 109 | 104 | 103 | +1.0 | 102 | +20
Pion Production —04 | —-18 | —14 —04 | —1.0 —15 | —00 | —22

17 | 105 | 106 109 | +1.0 106 | +14 | +16
Charge Exchange | 753 | 757 | Do 16 | —1.0 —08 | —-19 | —-15
Pion Absorption 134 | 114 | 478 37 | 441 122 | 135 | +32

—55 | —20 | —9.2 51 | —62 —31 | —46 | -39

: 124 | 197 | +77 146 | 126 160 | 131 | 148
Pion FSI Scattering 755 | T35 | T7g 56 | —4.0 —44 | —34 | —49
Total Error 1135 | 1209 | 12.0 1120 | +12.87 | +165 | +17.7 | +19.8

—13.8 | —=15.5 | —11.56 | —11.8 | —11.63 | —15.1 | —16.8 | —18.4

Table 6.10: The systematics errors due to cross sectionmd@cction uncertainties. An
asymmetric error is applied to cross section ratio in eaenggnbin.

other parameter is varied to evaluate the systematic en®taCC background processes
such as multiple pion production events.

NEUT also provides the simulation of the intra-nuclear nesiactions. The entire
NEUT particle cascade is saved, including the pion creadiod exit positions and the
positions of any FSI vertices. Using this detailed inforioat effects of various FSI pa-
rameters can be properly calculated without the need tasrgée the full MC48]. The
systematic errors due to the uncertainty on the FSI parasate given in the lower half
of Tablele. 10 The effects of both pion absorption and production areidensd using the
NEUT nominal values and uncertainties. The probabilitesritra-nuclear pion scattering
and charge exchange are also varied to produce systenratis en the ratio. The effects

due to absorption and charge exchange are relatively small.
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6.9 Results

The results of both selections and the ratio measurememtrasented in this section. As
the ratio is the main result presented, the systematicsrdyecalculated for the ratio. The
number of events selected in each individual selection egsgmted only for context and
completeness. The number of events selected by cut are shovables6.11 and6.12
for the CCQE-like and”C'17"-like Run 2 MC samples respectively. The total number of
events selected in Run 1 MC are 36% 17" -like and 3753 CCQE-like. These scale to
56.5 + 8.75' expected”'C'17"-like events and81 + 245! expected CCQE-like events
at data equivalent POT. The actual number of events seertanisia2CC17t and 548
CCQE. Therefore we have an overall data/MC rati®) 62 4 0.143*** for CC1x+ and
1.06 4-0.043%** for CCQE. For Run 2 804'C'17"-like events and 8865 CCQE-like events
are selected in MC which scales1t7 + 10.8%"** and1298 + 365", In datal06 CC'l17*-
like and1285 CCQE-like events are observed giving data/MC ratio$.640 4= 0.088s%
and 0.957 + 0.027%'%*, Using the values from Tablé&11 and6.12 the flux integrated
ratio is calculated. The systematic error is taken to be ghted average of the binned
errors. In MC a ratio of?M¢ = 0.2349 4 0.0186%'** £ 0.0467°¥*! is observed and a ratio

of RPata = (.2370 is measured in data showing a good agreement between the two.
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Cut Passed No. Selected No. Signal| Signal Fraction (%) Efficiency (%)
Vertex Selection | 76253 20428 26.79 74.33
1 -tive Track 33963 13378 39.38 48.68
2nd Track Stops | 27397 11161 40.74 40.61
TPC Quality 17234 9840 57.09 35.81
Muon PID 12967 9305 71.75 33.86
0 Michel Electron| 11999 9267 77.23 33.72
FGD-TPC Mult. | 11456 9101 79.44 33.11
ECal Veto 9189 7810 84.99 28.41
POD Veto 8865 7666 86.47 27.89

Table 6.11: The number of events selected in the Run 2 MC CCQEsanalThe effi-
ciencies are measured as a fraction of signal events seélegtef 27481 True CCQE-like
events in the sample

Cut Passed No. Selected No. Signal| Signal Fraction (%) Efficiency (%)
Vertex Selection 17439 3280 18.8 51.6

1 -tive Track 10063 2325 23.2 36.59

TPC Quality 7470 2109 28.2 33.19

Muon PID 6210 1974 31.78 31.07

Single Pion 1117 675 60.42 10.62
FGD-TPC Mult.| 975 643 65.9 10.12

ECal Veto 803 563 70.1 8.86

Table 6.12: The number of events selected in the Run 20MQA r* analysis. The effi-
ciencies are measured as a fraction of signal events sglegtef 6353 True”'C'17r"-like
events in the sample

Reconstructed Neutrino Energy Bin

2 3 4 5 6 7 8

12321 | +23.60 | +1529 | +14.89 | +17.55 | +19.00 | +22.00
Total percentage Ermorig5, | T5041 | “1574 | “1378 | —16.24 | ~1817 | 2076

Table 6.13: Total Percentage Systematic Errors by NeuEmergy Bin
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The errors calculated for the previously detailed systemmare combined in quadrature
and the total percentage error is given in T#RE3 These systematic errors are applied to
the final cross-section ratio measurement only. FiguZ&shows the bin cross-section ratio
for data with statistical and systematic errors compareithéotrue MC ratio. Further to
this, Figurés.27shows the double ratio where the measured data is normatishd MC
expectation for each bin. In this double ratio the MC statidterror is added as a further
systematic to the measurement. A goodness of fit with the yirelwas calculated using
Minuit and is found to have /N DOF of 6.6/6.

L. 1 —T T T T | T T T T | T T T T T T T T T T T T L
g L _
\b B —m— Data w Stat @ Syst
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Figure 6.26: The measurédC'17"/CCQE cross-section ratio with the true MC ratio for
comparison. The data points show statistical errors andaowed statistical and systematic
errors. The final bin has been cut off at 5000 MeV to show theefognergy bins more
clearly but contains events up to 10000 MeV.
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Figure 6.27: TheC'C1x+/CCQE cross-section double ratio. The ratio measured in each
bin has been normalised to the MC ratio. As with the singl® aibt, the final bin is only
shown up to 5000 MeV.
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At this point we compare the results of this analysis withves data from the Mini-
BooNE experimeni{9]. The comparison is shown in Figuée28 A significant difference
is seen between the result given here and the MiniBooNE rdsidtalso worth noting that
the NEUT MC prediction is also different from the MiniBooNEtdaDue to the model de-
pendence introduced by the background subtraction andeeiic calculation methods, it
is likely that the difference in the results stems from tHéedence in the MC. Unpublished
work within the collaboration indicates that the differenin MC predictions is due to the
inclusion of pionless delta decay in NEUBI]. Pionless delta decay was not included in
the MiniBooNE generator NUANCE. Pionless delta decay is alpureclear effect and

should be removed if we correct for final state interactions.

An investigation was performed where the signal definiti@saefined by the particles
produced at the true neutrino interaction vertex rathan thase exiting the nucleus. With
this new definition of signal, the ratio was recalculated. additional scaling factor is
applied to the FSI-corrected ratio in order to normaliserésellt to an isoscalar target. We
use the factor 0.89 taken from KZ&I| since the target material is the same in this analysis.
Figurdb.29shows the comparison to MiniBooNE again but each data setd®easdorrected
for final state interactions. As we can see the data sets noee agthin statistical errors.
This implies that some difference in the final state intecsictmodels exists between the
two MC generators and this is influencing the results thraighbackground subtraction
and efficiency correction. The hypothesis that this is dudeanclusion of pionless delta
decay is favoured due to the size of the effect. As this pouek effectively shift 20%
of resonant events to the CCQE-like sample, migrating thesete¥yrom the numerator of

the ratio directly to the denominator.

To test how well the MC model matches observations, the katendistributions of
tagged particles are plotted for events passing the sehscwithout any corrections ap-
plied. This removes any dependence of the data on the bagkdgjiend efficiency predic-
tions. Doing this also removes any models dependence unteztiwhen reconstructing the
neutrino energy. The rates from MC are scaled to the data P@Thee raw distributions
are compared. No systematic errors are applied to this casepa Figurds.30shows the

comparison of the muon kinematics for CCQE events. Good agreeisiseen between the
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data and MC, suggesting the MC is modelling the data well. ieghi131and6.32show the
same kinematic distributions for the muon and pion respelgtin the CC17+ selection.
The data and MC agree well again, however, the small stisteate large error bars and
some anomalies. In future analyses with increased statistiore meaningful comparisons
will be possible. Currently, the data and MC agree to the ldvati the MC appears to be

modelling observations correctly.
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Figure 6.28: A comparison to past MiniBooNE measurementsvstgpthe MiniBooNE
data and the T2K data with error bars and the NEUT predictsoa laistogram.
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Chapter 7

Conclusions

This thesis has described my work on three main projectsstlfithe construction of
the Barrel ECal modules, in which | made significant contritmgi. Secondly, the initial
commissioning, operation and recovery of the ECal moduléseaND280 site in Japan.
Finally, aC'C1x"/CCQE cross-section measurement in the ND280 tracker hasdigen
cussed. The current state of knowledge in the neutrino skatbeen outlined, along with
the T2K experiment.

Much of the work performed in the production of this thesis ksancentrated on the
ECal hardware. The construction of the ECal barrel modulebé&eas discussed and the de-
tails of the construction materials and methods have baemgis well as a brief overview
of calorimetry. The construction of the ECals was a task maagiicareful execution to
build a long-lasting, well performing detector. The effeetconstruction and design of the
calorimeters (and ND280 as a whole) was shown during theveegeriod after the 2011
earthquake. The ECal was found to have sustained only mirdamahge and was quickly
returned to efficient operation. The commissioning and ajpan of the ECal after it's in-
stallation in the detector complex was both a challengindjierportant task. The duties
involved and their importance were discussed. Data losttay®or online calibration is
rarely recoverable at a later point and so efficient opana@rucial to the acquisition of
good quality data. In order to commission and operate thecttat a good knowledge of
both the hardware itself and the online software methodswtals

The cross-section ratio analysis described in this doctiiseciearly dominated by

statistical errors. Due to the low statistics, the aim hasnlie perform an initial measure-
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ment of this ratio at T2K that can serve as a baseline for éutunalyses, where statistical
errors will become less dominant. The development of thiyans has been challenging
due to the low statistics in theC'17™ channel and the current functionality of the recon-
struction software; where both the FGD isolated reconstn@and the ECal reconstruction
were unavailable in the data processing. A large propodidhe pions produced stop in
the FGD and so these events are lost todHel =~ selection and add background to the
CCQE selection. Future improvements to the reconstructitiwarce will, therefore, allow
for more precise measurements.

This analysis focussed on the selection of pion-like traakd the rejection of high-
multiplicity, multi-pion events. The signal definitions@selection have been performed
in a model-independent way and do not correct for FSI effetse ratio measurement
technique has been successful in reducing the size of $systamatics, most notably the
flux uncertainty. Both a single cross-section ratio and a Boaimss-section ratio have
been presented. From the double ratio measurement, thesdf@iand to be consistent
with the MC with a goodness of fif?/NDOF = 6.6/6. The results given here were
then compared to results from previous experiments. A ldigerepancy was observed
between the results given here and the previous data. Adteeating the measurements
for final state interactions both measurements agree whik implies some difference in
the nuclear re-interaction models used and some modehdepee in this analysis. The
raw kinematic distributions were compared between dataM@do test the MC model
used without introducing any model-dependence to the gbdaquantities. The kinematic

distributions were found to agree within the large stateterror bars.
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