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Why	cross	sections?

1. Reduce	uncertainties	for	neutrino	oscillation	
measurements
• Better	cross-section	knowledge	gives	more	accurate	
event	rate	predictions	(c.f.	talk	by	T.	Kutter)

2. Probe	weak	interaction
• Constrain	axial	vector	parameters

3. Probe	nuclear	effects
• Very	important	at	~GeV	energies

2

νl l-

W+



Charged-Current	interactions
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Per-nucleon	cross	sections
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Antineutrino

At	T2K’s	peak	flux	energy,	CCQE	dominates

Exclusive	measurements	are	more	difficult	
than	inclusive,	but	also	more	useful

Neutrino



T2K	neutrino	flux
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• Primarily	νμ in	neutrino	
mode
• Other	flavors	mainly	from	
decays	of	muons,	kaons,	
and	wrong-sign	pions
• 3%	wrong-sign	
contribution	

• Constrained	by	hadron-
production	data	
(NA61/SHINE)  (GeV)νE
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Beam

Off-axis	Near	Detector	
(ND280)
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� 2.5° off-axis

� Constrains	off-axis	flux	and	
background	rates

� Carbon	(CH),	oxygen	(H2O),	lead,	
brass,	and	gaseous	argon	targets



Off-axis	Near	Detector	
(ND280)
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Beam

P0D	ECAL

Barrel	ECAL

• Scintillator-based	Pi-zero	detector	(P0D)	sits	
upstream	of	tracker
• Water	bags	can	be	filled	and	drained

• Tracker	with	time	projection	chambers	(TPCs)	
interspersed	with	scintillator-based	detectors	
(FGDs)	for	momentum	reconstruction
• FGD2	has	permanent	water	layers

• Surrounded	by	calorimeter,	side	muon
detectors,	and	0.2	T	magnet



Approaches	to	cross-section	
measurements
• Simplest	form:	𝜎 = #$%&'	)*'%

+,-.	∗01234516	∗	7
• Normalize	by	integrated	flux
• Background	and	efficiency	corrections
• Uncertainties	propagated	based	on	Poisson	throws	(statistics)	
or	Gaussian	variations	of	physics	parameters	(systematics)

• Differential	measurements	need	unfolding	or	forward-
folding	based	on	response	matrix	from	MC
• Forward	folding	smears	MC	predictions	to	fit	to	reconstructed	
data

• Unfolding	corrects	reconstructed	data	based	on	“inverted”	
response	matrix

• Alternatively	can	fit	directly	for	cross-section	
parameters	but	this	assumes	a	model
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Final	state	interactions

• Particles	experience	final	
state	interactions	(FSI)	
within nucleus
• E.g.	pion	
absorption/production,	
charge	exchange,	
rescattering

• Alters	kinematics	and	final-
state	topology

• Reduce	model	dependence	
by	quoting	results	in	
detector-observable	space
• CCQEàCCQE-like	(CC0π)
• CCRESàCC1π+

• Outgoing	particle	kinematics

9
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νμ CC0π on	water
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Runs 2-4 POT Events
P0D	Filled 2.1×10=> 12777
P0D	Drained 3.5×10=> 13370

Beam

P0D	 Tracker

2m

sheets (4.5 mm thick). The water target is formed from two units,
the upstream and central water target Super-PØDules. The upstream
(central) water target Super-PØDule comprises 13 PØDules alter-
nating with 13 (12) water bag layers (each of which is 28 mm thick),
and 13 (12) brass sheets (1.28 mm thick), as shown in Fig. 6.

The dimensions of the entire PØD active target are 2103 mm!
2239 mm!2400 mm (width!height! length) and the mass of the
detector with and without water is 15,800 kg and 12,900 kg
respectively. The PØD is housed inside a detector basket structure
that supports the central off-axis detectors inside the magnet.

The remainder of this paper describes in detail the design,
fabrication, and performance of the PØD. The production of the
scintillator bars and their assembly into planks and PØDules will
be presented followed by a description of how the individual
PØDules were combined into the four Super-PØDules, and are
read out using photosensors. The detector component perfor-
mance, starting with scans of the PØDules using a radioactive
source, dark noise measurements, and tests with the light injection
system, is presented. The paper concludes with a description of the
calibration and performance of the full detector.

2. Design and construction of the PØDule

The PØDule is the basic structural element of the PØD active
region, and is constructed of scintillator bars sandwiched
between sheets of high-density polyethelene (HDPE, thickness
6.4 mm). The entire structure is surrounded by PVC frames that
support the PØDule as well as providing mounts for the required
services such as the MPPC light sensors, and the light injection
system.

The polystyrene triangular scintillating bars that make up the
PØDules were fabricated by co-extruding polystyrene with a
reflective layer of TiO2 and a central hole for the WLS fiber.
The light seal for the tracking plane is maintained by light
manifolds that collect the WLS fibers into optical connectors.
These manifolds also provide access to the fibers for the light
injection system. Because of the large number of scintillating bars
and the available space limitations, it was impractical to route the
fibers outside the magnetic volume therefore the Hamamatsu
MPPC photosensors, which are immune to the magnetic field,
were attached directly to each WLS fiber just outside the PVC
PØDule frame, as shown in Fig. 5.

2.1. Design of the PØDule

The PØDule was designed to both provide the active tracking
region and to serve as a structural element. This was achieved
using a laminated structure of crossed scintillator bars between
polystyrene skins. The final PØDule has been shown to have a
rigidity similar to a solid mass of polystyrene of similar thickness.
The edge of the central scintillator and skin structure of the
PØDule is surrounded by a machined PVC frame. Each PØDule is
instrumented on one side (both y and x layers) with MPPCs and
on the other a UV LED light injection system. The bottom PVC
frame supports the weight of the PØDule within the ND280
detector basket. The frames also provide the fixed points needed
to assemble the PØDule into the four Super-PØDules via two
precision holes located in the four corners of each PØDule as well
as a set of seven holes spaced along each side through which
tensioning rods were passed.

The PØDules, after installation into the finished PØD, are
oriented such that the most upstream layer of scintillator has the
bars oriented approximately along the vertical axis while the
downstream layer has its bars oriented along the horizontal axis.
This arrangement results in a local coordinate system defined such
that the x, y and z axes are approximately congruent with
the global coordinate system where x is horizontal, y is vertical,
and z points downstream toward Super-Kamiokande. The external
dimensions of the PØDule are 2212 mm (x) by 2348 mm (y) by
38.75 mm (z).

Fig. 5. A close-up view of the edge of a PØDule showing how the WLS fibers exit
the scintillator bars and couple to the MPPCs. The optical connectors will be
described on more detail in Section 2.2.5.

Fig. 6. Expanded view of water target PØDule, brass radiator and water bladder
containment frame.
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Fig. 4. A schematic of the four PØD Super-PØDules as installed in the detector.
Beam direction: left to right.
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CC	interaction	in	P0D
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• Unfold	water-in	and	water-out	separately
• Subtraction	to	get	cross	section	on	water
• Measurement	in	pμ-cosθμ
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νμ CC0π on	hydrocarbon
• Require	single	outgoing	muon
• Two	independent	analyses	agree	within	errors

1. Binned	likelihood	fit
2. Bayesian	unfolding

• First	double-differential	measurement	in	pμ-cosθμ
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which will enable exclusive measurements of the muon and proton final state to further695

elucidate the nature of nuclear e↵ects in neutrino interactions and possibly solve the present696

degeneracy between di↵erent models.697

Appendix A: Comparisons with other models698

The double di↵erential flux-integrated cross section extracted from Analysis I is compared699

to the Nieves [37, 38] (with a cut q
3

< 1.3 GeV, Fig. 14) and Martini [39, 40] (Fig. 13) models700

with and without 2p2h contributions. The systematic uncertainties and the data statistical701

uncertainties are summed in quadrature and shown as error bars. The flux normalization702

uncertainty is indicated by the gray band. The results are compared to NEUT and GENIE703

Monte Carlo in Fig. 15 (linear scale) and Fig. 16 (logarithmic scale).704

34

Comparison	of	MiniBooNE,	T2K	full	
(analysis	1),	and	T2K	restricted	(analysis	2)	
phase	space	cross	sections.

PRD	93,	112012	(2016)

Data: shape uncertainty

Flux normalization uncertainty
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The total flux integrated cross section is computed as

hσiΦ ¼ Ntotal

T · Φ
: ð6Þ

The total flux integrated νμ CC single positive pion
production cross section on water in the restricted phase
space is measured to be hσiϕ ¼ 4.25$ 0.48ðstatÞ$
1.56ðsystÞ × 10−40 cm2=nucleon. This result is compatible
with the NEUT prediction of 5.03 × 10−40 cm2=nucleon,
and about 2σ away from the GENIE prediction
7.68 × 10−40 cm2=nucleon. The dominant systematic
uncertainties on this result are those related to the cross
section model (23.9%) and flux parameters (25.5%),

because of the low purity of the selected signal sample.
Without the selected control samples both these uncertain-
ties would be as high as 40%. Nonetheless the low statistics
and purity of the selected control samples makes it
difficult to further reduce these uncertainties. Final state
interactions and detector systematic uncertainties contrib-
ute with 5.3% and 10.8%, respectively. The data and MC
statistical errors are estimated as 10.7% and 3.3%, respec-
tively. Figure 5 shows the total νμ CC1πþ cross section on
water in the reduced phase space of pπþ > 200 MeV=c,
pμ > 200 MeV=c, cosðθπþÞ > 0.3 and cosðθμÞ > 0.3, with
the T2K νμ flux and the NEUT and GENIE predictions.
Future analyses will consider the use of the FGD2 and

FGD1 samples simultaneously, eliminating the necessity to
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νμ CC1π+	on	water
• Events	with	outgoing	muon	
and	π+

• Water-enhanced	sample	in	
x-layers

• Bayesian	unfolding
• GENIE	differences	due	to	
inclusion	of	DIS	to	single-
pion	production
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divide the FGD2 sample in the x and y layers and allowing
the simultaneous evaluation of the cross sections on
scintillator and water. This technique will considerably
reduce both the flux and theory cross-section uncertainties
that currently limit this measurement.
The data related to this measurement can be found

together with the cross section results obtained when
unfolding the muon kinematics and neutrino energy dis-
tributions in Ref. [42].

VI. CONCLUSION

The T2K off-axis near detector ND280 is used to extract
the first νμ CC1πþ differential cross sections on water as a

function of the pion kinematics and muon-pion angle.
These results will be beneficial to the T2K experiment and
the neutrino community in general, as a better under-
standing of neutrino induced pion production on water at
energy below 2 GeV would result in a higher sensitivity to
the measurement of oscillation parameters. The cross
section is evaluated in the restricted phase space defined
by pμ > 200 MeV=c, pπþ > 200 MeV=c, cosðθμÞ > 0.3
and cosðθπþÞ > 0.3. The results are in good agreement
with the NEUT generator and a general suppression is
seen compared to the GENIE generator. The total νμ
CC1πþ cross section on water is found to be hσiϕ ¼
4.25 % 0.48ðstatÞ % 1.56ðsystÞ × 10−40 cm2=nucleon,
which is in good agreement with the NEUT prediction and
is 2σ lower than the GENIE prediction.
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stat. 

NEUT truth

GENIE truth

Antineutrino	cross	sections	and	
cross-section	ratios
• CC-Inclusive
• 4.3×10FG POT,	FGD1
• Bayesian	unfolding
• Differential	in	muon	kinematics
• 𝜎 = H0.176 ± 0.009	 𝑠𝑡𝑎𝑡 ±
0.018	 𝑠𝑦𝑠𝑡 R×10STU cm2/nucl

• Total	inclusive	cross	section	
averaged	over	materials	in	P0D
• Water,	scintillator,	and	brass

• Ratio:	V WX
V W

• 0.3731 ± 0.0124 stat ±
0.0152 syst

• NEUT	prediction:	0.39

• Asymmetry:	V W SV WX
V W ]V WX

• 0.4566 ± 0.0120	 stat ±
0.0171	 syst
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T2K	preliminary

T2K	preliminary

+ data



Of	note

• On-axis	(INGRID)
• CC-Inclusive	on	iron	and	hydrocarbon	PRD	90,	052010	
(2014)
• CCQE	on	hydrocarbon	PRD	91,	112002	(2015)

• Off-axis	(ND280)
• CC-Inclusive	on	carbon	PRD	87,	092003	(2013)
• 𝜈% CC-Inclusive	on	carbon	PRL	113,	241803	(2014)
• CCQE	on	carbon as	function of	Eν PRD	92,	112003	(2015)
• Coherent	π+ on	carbon	PRL	117,	192501	(2016)
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Summary

• T2K	continues	to	produce	new	and	important	cross-
section	measurements
• Recently	published	results	include	differential	and	
double-differential	cross	sections	on	water	and	
hydrocarbon
• Recent	preliminary	results	under	preparation	for	
publication

• Ongoing	analyses
• Full	phase-space	νμ CC-Inclusive	on	hydrocarbon
• CC-Inclusive	on	gaseous	argon
• CC0π	muon	antineutrino	on	water

17
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Thank	you



Backups
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3.	Off-axis	(2.5°)	
beam	travels 295km
through	earth	to	SK. 2.		Near	detector	at	280	m

provides	on-axis	and	off-
axis	cross-section	
measurements	and	
constrains	flux.

1.	Neutrinos	
produced	here.		
Primarily	νμs.

The	Tokai	to	Kamioka (T2K)	Experiment	



Reverse	horn	current	
for	antineutrinoProtons	on	target	(POT)	

totals	up	to	Run	7

POT	total:	1.51×10=F
𝜈-mode:	7.57×10=>
�̅�-mode:	7.53×10=>

T2K	Beamline

21

8	bunches	per	spill

Graphite	target

96m	decay	volume



Off-axis	Effect

• First	exploited	by	T2K	
• Energy	of	neutrinos	from	two-
body	π-decay,	at	angles	
relative	to	π	momentum,	is	
capped	due	to	Lorentz	boost
• T2K	has	narrowband
spectrum	peaking	at	~0.6	GeV
at	2.5° off-axis

• Maximizes	oscillation	
probability	at	far	detector	and	
reduces	high-E	backgrounds

22

 (GeV)νE
0 1 2 3

 (A
.U

.)
29

5k
m

µν
Φ

0

0.5

1 °OA 0.0
°OA 2.0
°OA 2.5

0 1 2 3

) eν 
→ µν

P(

0.05

0.1
 = 0CPδNH,  = 0CPδIH, 

/2π = CPδNH, /2π = CPδIH, 

0 1 2 3

) µν 
→ µν

P(

0.5

1

 = 1.023θ22sin
 = 0.113θ22sin

2 eV-3 10× = 2.4 32
2m∆

π

μ

νμ
θ

νμ disappearance:	
signal	is	νμs

νe appearance:
signal	is	νes

Can	tune	L/E



On-axis	Near	Detector	
(INGRID)
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� 16	identical	cubic	modules	arranged	
vertically	and	horizontally
� Each	standard	module	a	sandwich	of	

10	iron	and	11	scintillator	planes

� 1	Proton	Module	at	center	of	cross
� Finer	scintillator	planes	and	no	iron

� Centered	on	beam
� Primary	purpose	beam	monitoring

� Carbon	(CH)	and	iron	targets



Horn	focusing

• Three	magnetic	horns
• Good	data-taking	
periods	+/- 250	kA
• Identical	current	on	all	
three
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Figure 4.10: Illustration of magnetic horns focusing positive pions and de-focusing
negative ones. This configuration results in a beam of neutrinos. To obtain the
anti-neutrino beam, the current flow in the horn is reversed and the negative pions
are focused instead.

Depending on the direction of the current flow through the inner and outer

conductors, either positive or negative particles (pions and kaons) are focused re-

sulting in either a neutrino (the T2K current configuration) or an anti-neutrino

beam, respectively. This is illustrated in Fig. 4.10.

Horn 1 Horn 2 Horn 3
Minimum inside diameter (mm) 54 80 140
Inner conductor thickness (mm) 3 3 3
Outside diameter (mm) 400 1000 1400
Length (m) 1.5 2 2.5

Table 4.2: Design parameters for the T2K horns.

The shape of the inner conductor, its length, and the diameter of the horn deter-

mine how long charged particles spend inside the magnetized region and therefore

61

Charged	π	focused	by	
magnetic	horns



Antineutrino	mode	flux
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ND	pictures
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Beam



Bayesian	Unfolding

• Data	observables	measured	
imperfectly
• Would	like	a	way	to	extract	
the	true value	of	
observable	from	the
reconstructed
• One	way	is	to	construct	a	
response	matrix 𝑃(𝑗|𝑖)
• Bayes	Theorem	then	gives	
the	unfolding	matrix
• 𝑃 𝑖 𝑗 = 𝑃 𝑗 𝑖 𝑃(𝑖)/𝑃(𝑗)
• Prior	pdf is	a	choice;	we	use	
MC	truth

• 𝑁i
-&j = 𝑃 𝑖 𝑗 𝑁kl%*m
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Measurement	of	νμ CCQE	at	
INGRID
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Iron	and	scintillator	
sandwiched

Pure	scintillator

Energy	
classification	
based	on	track	
topology	in	
standard	module

Low	and	high	energy	cross	sections	
extracted	for	one	track	and	two	
track	samples.

Good	agreement	with	predictions	
from	models

PRD	91,	112002	(2015)



Measurement	of	νμ CCQE	at	
ND280
• Binned	likelihood	fit	to	observed	
pμ-cos θμ
• Parameterized	in	Eν

• Energy	dependent	cross	section	
extracted
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FIG. 8: The measured CCQE energy-dependent cross section per target neutron compared

with other experimental results [7, 8, 10, 79].

TABLE VIII: The fractional covariance matrix corresponding to the errors shown in

Figure 7.

Energy bin ( GeV) 0.0-0.6 0.6-0.7 0.7-1.0 1.0-1.5 � 1.5

0.0-0.6 0.035 0.002 0.024 0.006 0.025

0.6-0.7 0.002 0.038 �0.004 0.023 0.000

0.7-1.0 0.024 �0.004 0.039 �0.006 0.035

1.0-1.5 0.006 0.023 �0.006 0.068 -0.021

� 1.5 0.025 0.000 0.035 �0.021 0.102
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FIG. 4: Reconstructed muon kinematics. The background is the NEUT prediction and is

dominated by CC resonant pion production. The gray error band on the MC prediction

includes the systematic uncertainties described in Section VI. The error bars on the black

data points show the statistical uncertainties.
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Reconstructed	muon momentum

Flux	integrated	CCQE	cross	section:
σ =	(0.83±0.12)E-38	cm2/neutron

PRD	92,	112003	(2015)


