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The T2K experiment and motivation
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T2K Measures neutrino oscillations

തνμ/νμ disappearance and തνe/νe appearance, the oscillation 

parameters θ13, θ23, and δCP.

T2K is sensitive to the mass hierarchy (∆m32
2 ) through 

matter effect.
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Measure un-oscillated spectrumMeasure oscillated spectrum

Are used to constrain the flux and cross section parameters reducing the systematics 

errors in the T2K oscillation analyses.

Measure flux spectrum

Nx Eν = ϕ Eν σ Eν ϵ Eν P νμ → νx

Far detector

Near detector

Talks from: C.J. Valls C.Wret, S.Dolan, L. Munteanu, 

and C. Schloesser.  
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Off-axis (2.5 degrees) ND280

• π0 Detector (P∅D): neutral pion detector, optimized for NC interactions.

• Time Projection Chambers (TPCs): energy, angle and identification

• Fine grained detector (FGDs): active target 

• FGD1: Hydrocarbon and FGD2: Hydrocarbon + Water

• Electromagnetic Calorimeters (ECals): separate tracks from showers and as veto.

• Side Muon Range Detector (SMRD): energy of muons based on the range and as veto.

• Magnet: charge of the particles and momentum.



Why we look at ND280 𝟒𝛑 solid angle acceptance?
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The cos θbeam distribution 
in the events selected for 
the 𝜈𝜇 disappearance 

analysis at SK

SK detector 
↓

𝟒𝛑 acceptance

𝛎𝛍𝐂𝐂𝟎𝛑

The cos θμ distributionND280
↓

Forward-going tracks

ND280
↓

𝟒𝛑 acceptance
Previous T2K work

Previous T2K work

𝛎𝛍𝐂𝐂

Different flux, target and solid angle acceptance.

Near/far detector ratios don’t fully cancel 
systematics:
• Different near/far detector design 

acceptance.



Why measure the 𝛎𝛍𝐂𝐂𝟏𝛑
+ cross-section?

Neutrino oscillation parameters require a precise knowledge of the interaction cross section 
and the systematic errors are currently dominated by cross section and flux uncertainties.
• Cross sections are used to:

- understand how neutrinos interact with matter.

- control the bias on the reconstructed energy

- reduce uncertainties on the event rate at Super-Kamiokande.
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• 𝜈𝜇CC1π
+ events constitute the main 

background for the 𝜈𝜇 disappearance 

measurement.

• CC1π+ events (2 rings) is a new signal at 
SK.

• Pion production is dominated by resonant 
interactions in the T2K energy range.

Single pion production issues

• Missing models of nuclear effects.

• No consistent way to model RES/DIS 
transition.



Neutrino-nucleus interactions
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CCQE: νμ + n → μ− + p

CCRES: νμ + p → μ− + p + π+

νμ + n → μ− + n + π+

As consequence, the kinematics and/or 
interaction topology can be altered.
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Selection
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Selection steps
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ND280 
Events

general event quality 

multiplicity

time of flight 

fiducial volume

direction of the main track

apply PID for muons 
Pion multiplicity

Additional steps for 
improving the purity of 

the samples

𝝁−~ 93% 𝝁−~ 85% 𝝁−~ 92% 𝝁−~ 94%

ECal

ECal

Preliminary Preliminary Preliminary Preliminary



Selection steps
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ND280 
Events

general event quality 

multiplicity

time of flight 

fiducial volume

direction of the main track

apply PID for muons 
Pion multiplicity

Additional steps for 
improving the purity of 

the samples

𝐂𝐂𝟏𝛑+ (𝟒𝛑)

𝝅+~ 83%

𝐂𝐂𝟏𝛑+ (𝟒𝛑)

𝝅+~ 65%

𝑒+



Performance: 𝐂𝐂𝟏𝛑+ signal
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Muon Positive pion

Preliminary

Preliminary Preliminary Preliminary

Muon momentum, muon cosine of theta, positive pion momentum, and positive pion cosine of theta distributions with 4π solid 
angle acceptance. Using the true topology and particle definition. 
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Preliminary Preliminary Preliminary Preliminary

~39%
~35%

~28%

~3%

~38%

Efficiency of CC1π+ vs. muon momentum, muon cosine of theta, positive pion momentum, and positive pion cosine of theta 

respectively.

𝑃𝜇 𝑃𝜋+

cos 𝜃𝜇 cos 𝜃𝜋+

𝑃𝜇 𝑃𝜋+cos 𝜃𝜇 cos 𝜃𝜋+



Analysis overview
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Signal definition
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Target:

• Hydrocarbon (C8H8) → carbon

Signal:

• CC1π+:

• one negatively charged muon,

• one positively charged pion,

• no other pions,

• any number of nucleons.

Side bands or control regions:

• CC1π+1π±:

• one negatively charged muon,

• one positively charged pion,

• one other charged pion,

• any number of nucleons.

• CC1π+1π0 :

• one negatively charged muon,

• one positively charged pion,

• one other neutral pion,

• any number of nucleons.

Analysis Goal: Measure the muon neutrino charged current 

single positive pion interaction differential cross-section 

using muon and pion kinematics.



Analysis summary
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The flux-integrated cross-section:

• experiment-dependent results since no bin-by-bin correction for the flux is applied. 

• completely model-independent since no assumption needs to be made on the particular neutrino 

energy distribution in each kinematic bin. 

𝑑𝜎𝐶𝐶1𝜋+

𝑑𝑃𝜇𝑑𝑐𝑜𝑠𝜃𝜇𝑑𝑃𝜋+𝑑𝑐𝑜𝑠𝜃𝜋+
=

𝑁𝐶𝐶1𝜋+ ,𝑖

𝜖𝑖 Φ𝑁𝑡𝑎𝑟𝑔𝑒𝑡

1

∆𝑃𝜇∆𝑐𝑜𝑠𝜃𝜇∆𝑃𝜋+∆𝑐𝑜𝑠𝜃𝜋+

# of signal events in bin i

Bin i width

# of targets 

(nucleons)
Incoming 𝜈 flux

Detector efficiency 

in bin iൗcm2 ൗnucleon
MeV

c



Quadruple differential cross section

How to read! 
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Stat+Syst
1σ errors

Nominal Prediction

Bin width

Bin number

C
ro

ss
 s

e
ct

io
n

Fi
gu

re
 f

ro
m

 D
r.

 A
n

d
re

w
 C

u
d

d



Comparing NEUT to the fake data (GENIE)

Overestimation of the cross section in bins 2 to 7 and 
12:

Deficiency in our theoretical models when describing:

• RES to DIS transitions

• π absorption and production models (Rein-Sehgal)

Quadruple differential cross section
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Very Preliminary
using GENIE as 
fake data

Bin2:

0.6 < cos θμ < 0.8

0.4 GeV < Pμ < 30 GeV

Bin3+4+5:

0.8 < cos θμ < 0.9

Bin6+7:

0.9 < cos θμ < 1.0

1.0 GeV < Pμ < 30 GeV
Bin12:

0.9 < cos θμ < 1.0

2.5 GeV < Pμ
0.7 < cos θ𝜋+ < 1.0



Neutrino energy, Adler angles, and 

asymmetry

D. Vargas | NuINT 2022 | CC1π+ at ND280 with 4π solid angle acceptance | October 28th, 202218



Measuring neutrino energy
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Neutrino energy is reconstructed:

• using leptonic and hadronic kinematics, 

• assuming stationary target (a nucleon),

• massless neutrino. 

Eνreco =
mp
2 − mp − Ebind − Eμ − Eπ

2
+ Pμ + Pπ

2

2 mp − Ebind − Eμ − Eπ + ෠kν Pμ + Pπ

This introduce some biases:

• Due to initial state interactions (Fermi motion), 

• The detector misses neutral particles,

𝟒𝛑

LA                                                          HA

Preliminary

Preliminary

Preliminary Preliminary



Adler angles 

The angles 𝜃 and 𝜙 are defined in the Adler system 

which corresponds to the Δ (rest frame). 

The Adler angles carry information about:

• the polarization of the Δ resonance 

• the interference with non resonant single pion 

production.
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Comparison between reconstructed and true Adler angle (cos𝜃) 

distributions using in CC1π+ or CC1π+Nπ±,0 N ≥ 0.

W = 1.4 GeV

Preliminary

cos 𝛉 distribution:

• Negative values will have low momentum 

after the boost.

• We miss low momentum pions in the 

reconstruction. 



Asymmetry
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The FWD-BWD asymmetry of the two Adler angles 

with respect to the direction of the pπ+ plane: 

AFB(ϕ) =
Ncos ϕ>0 − Ncos ϕ<0

Ncos ϕ>0 + Ncos ϕ<0

AFB(θ) =
Ncos θ>0 − Ncos θ<0

Ncos θ>0 + Ncos θ<0

We use only 𝜙 (sensitive to FSI and nuclear effects) 

since 𝜃 is strongly dependent on the pion threshold. 

Preliminary

Q2_binning = [0, 100, 200, 300, 400, 600, 800, 1000, 2000, 30000]
• The highest uncertainties were found for Q2 < 0.1 GeV and  Q2 > 2 GeV for both NEUT 

and GENIE. 



Summary and next steps
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Beam And Nd280 Flux measurement task Force 
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ND280 data                                              Flux prediction       Cross section model

Corrected flux and cross-section model           Covariance matrix

BANFF



Summary

• This analysis directly addresses important challenges in the oscillation analyses.

- interaction cross section → systematic errors are currently dominated by cross section and flux.

- the main background for the νμ disappearance measurement.

- new 2 ring signal at SK.

• This analysis will report the differential cross sections:
dσ

dPμdcosθμdPπ+dcosθπ+
,

dσ

dPμdcosθμ
,

dσ

dPπ+dcosθπ+
Model independent

• The cross section results will allow us to evaluate our models.

• Differences in pion related models used in NEUT and GENIE, to understand the differences in the cross-section

- Some of the variables being study are the Adler angles and their asymmetry.
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Thank you very much!!!
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Selection steps
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ND280 
Events

general event quality 

multiplicity

time of flight 

fiducial volume

direction of the main track

apply PID for muons 
Pion multiplicity

Additional steps for 
improving the purity of 

the samples

𝐂𝐂𝟏𝛑+ (𝟒𝛑)

𝝅+~ 65%

𝐂𝐂𝟏𝛑+ (𝟒𝛑)

𝝅+~ 83%

𝐂𝐂𝟏𝛑+ (𝐅𝐖𝐃)

Preliminary 
fig. From Sam 
Jankins



FGD pions
• A better reconstruction could improve the cut
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CC1π+ (4π)

𝝅+~ 67%

~ 59%

~ 33%

~ 25%

~ 64%



Efficiency vs. selection cut
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Adler angles definition
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Level 2: Nucleus level

• Fermi momentum + FSI effects

Level 3: Reconstructed nucleus level

• Fermi momentum + FSI + nuclear 

medium effects

p

𝜈𝜇

𝜇−

𝜋+

p

p

𝜈𝜇

𝜇−

𝜋+

p

Level 1: Nucleon level

• Fermi momentum effect

The angles θ and ϕ are defined in the Adler system which corresponds to the Δ rest frame. 



Adler angles
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The Adler angles carry information about:

• the polarization of the Δ resonance 

• the interference with non resonant single pion production.

These Adler angles can allow us to study nuclear effects, FSI and Fermi momentum by computing them at different levels.

Preliminary

𝛟 distribution:

• it shows a peak around zero

• This is due to FSI and nuclear effects

Comparison between reconstructed 

and true Adler angle (𝜙) distributions 

using in CC1π+ or CC1π+Nπ±,0 N ≥ 0.

W = 1.4 GeV



Flux model

The flux model is studied by comparisons to cross section and particle production data, and simulations of changing 

the characteristics of the beam and beamline. 

Examples include: 

• Proton--Carbon cross section 

• Pion--Carbon cross section 

• Horn current absolute value 

• Horn alignment
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Interaction model
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• Based on a set of models for each 
neutrino interaction process, and 
includes nuclear effects. 

• The fit includes a series of nuisance 
parameters which either change the 
underlying physics model 
parameters or act as a scaling on a 
given aspect of the interaction 
model. 

Examples include: 

• Pion prod/ abs, that will affect FSI



Detector model
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• The detector model is studied through a series of control samples to evaluate the ND280 
detector performance.

• The effects of the detector uncertainties are parameterized as a function of muon and pion 
kinematics and included in the fit.

Preliminary



Analysis summary

D. Vargas | NuINT 2022 | CC1π+ at ND280 with 4π solid angle acceptance | October 28th, 202234

The flux-integrated cross-section:

• experiment-dependent results since no bin-by-bin correction for the flux is applied. 

• completely model-independent since no assumption needs to be made on the particular neutrino energy distribution in 

each kinematic bin. 

𝑑𝜎𝐶𝐶1𝜋+

𝑑𝑃𝜇𝑑𝑐𝑜𝑠𝜃𝜇𝑑𝑃𝜋+𝑑𝑐𝑜𝑠𝜃𝜋+
=

𝑁𝐶𝐶1𝜋+ ,𝑖

𝜖𝑖 Φ𝑁𝑡𝑎𝑟𝑔𝑒𝑡

1

∆𝑃𝜇∆𝑐𝑜𝑠𝜃𝜇∆𝑃𝜋+∆𝑐𝑜𝑠𝜃𝜋+

13 template 

parameters

20 flux 

parameters

41 detector 

parameters 

20 interaction model 

parameters

• constrained 

• prior correlations → avoid very unphysical configurations  

• directly scale the cross-section

• free

# of signal events in bin i

Bin i width

# of targets 

(nucleons)
Incoming 𝜈 flux

Detector efficiency 

in bin iൗcm2 ൗnucleon
MeV

c



Fake data studies
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The fitter framework performed well in 

almost every validation test:

• being capable of identifying single 

changes. 


