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Pi-Zero Detector (P0D)
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Schematic of P0D

Beam

• P0D is part of T2K off-axis near detectors
• It consists of alternative scintillator layers and fillable water bags
• Water target mass in P0D is about 1910 kg

ND280



Goal and Motivation
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• To measure 𝒗𝒆 CC with No Visible Proton and No Visible Charged pion cross-section on water using
FHC data

• T2K far detector (Super-Kamiokande) use water as target (water Cherenkov detector)

• There are few measurements on 𝑣" interactions and this is the first measurement of 𝑣" on water

• The intrinsic 𝑣" component in the beam is a main background in the 𝑣" appearance measurement

• A large systematic uncertainty in T2K 𝑣" appearance observation comes from uncertainties related with the 
neutrino cross-section modeling

• The structure of fillable water bags in P0D allow us to do measurements under configurations that water is
filled in (water-in) and drained out of (water-out) the detector à on-water measurement



Selected Results
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Water-in configuration Water-out configuration

• 3e+21 POT



Cross Section Extraction Strategy
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• Joint-fit of water-in and water-out configuration
• N_waterin = N_onwater + N_notwater
• N_waterout = N_notwater

• Bayes Theorem 𝑃 𝜃 𝑥 = # 𝑥 𝜃 #(%)
#(')

∝ 𝑃 𝑥 𝜃 𝑃(𝜃)

where 𝑃 𝜃 : Prior distribution of 𝜃
𝑃(𝑥|𝜃): Likelihood function
𝑃 𝑥 = ∫𝑃 𝑥 𝜃 𝑃 𝜃 𝑑𝜃
𝑃 𝜃 𝑥 : Posterior distribution of 𝜃 under the data 𝑥 we measured

• Cross section 𝜎 𝜃 distribution P(𝜎 𝜃|𝑥 )



Cross Section Extraction Strategy
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• Use Markov-Chain Monte Carlo (MCMC) and estimate posterior distribution of cross section

From wiki

• MCMC comprises a class of algorithms to sample from
probability distributions
• Use Metropolis-Hasting Algorithm to construct the chain

in the current framework

• The desired distribution we want to sample is 𝑃 𝑥 𝜃 𝑃(𝜃)
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Cross Section Extraction Strategy with MCMC Fitter

• Define logL = log(𝑃 𝑥 𝜃 𝑃(𝜃)) = log(𝑃 𝑥 𝜃 ) + log(𝑃 𝜃 )

Signal
Sample

NC1pi0
Sideband

𝒗𝝁/#𝒗𝝁 CC
Sideband

Water-in Y Y Y
Water-out Y Y Y



Cross-section Extraction with MCMC Fitter
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Parameter of interests

Set b=g to constrain not-water 
parameters use water-out config 
data



Cross-Section Extraction with MCMC Fitter
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• When estimating xsec, at each step in MCMC fitter, a xsec value is calculated for each bin as below
• Then we can get a distribution of xsec in each bin after running MCMC fitter

Where jt means truth bin j
int type means interaction type

where

Just to emphasize that 
flux and xsec parameters 
are applied events by 
event NOT bin by bin. 
The formula is to show 
mathematically, which is 
not exactly how the 
implementation is in the 
program 



Fake Data Study Results
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• Posterior Distribution of cross section at each bin

Xsec (10-38 cm2) Xsec (10-38 cm2)

At bin 2 (600MeV – 1.5GeV) At bin 3 (1.5GeV – 2.3GeV)
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Fake Data Study Results

• Posterior Distribution of cross section at each bin

Xsec (10-38 cm2) Xsec (10-38 cm2)

At bin 2 (600MeV – 1.5GeV) At bin 3 (1.5GeV – 2.3GeV)
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Summary

• We propose to use MCMC to do Bayesian inference on cross section

• Current fake data study results validate the method and framework

• We plan to release the results with real data soon
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Backup



Signal Definition
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• Goal: measure 1e-0VisibleProton-0VisibleChargedpion nue-CC xsec using P0D data
• Total xsec
• 1d differential xsec w.r.t total kinetic energy of all primary outgoing charged particles, photons and pi0s

• Signal def: nueCC events passing Boosted Decision Tree(BDT) criteria  for protons and pions, where the BDT 
is trained using particle gun simulations
• BDT criteria for protons area function of true 𝐾𝐸(, 𝐾𝐸"/ 𝐾𝐸( , 𝜃(, 𝜃"( and similar to pions
• Conceptually, BDT is similar to apply box cuts on particles true kinematics when defining signal



Selected Signal Enriched Sample
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• waterin config
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Yue Wang a16

• waterin config, in the binning used in the fitter ((last bin ends at 8000MeV in the plot but it actually extends to 30GeV)

• use events are selected nueCC signals after applying nue selection strategy
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Selected Signal Enriched Sample
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• water-out config
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• waterout config, in the binning used in the fitter ((last bin ends at 8000MeV in the plot but it actually extends to 30GeV)

• use events are selected nueCC signals after applying nue selection strategy

Signal Enriched SampleTransfer matrix

0

50

100

150

200

250

300

350

3.00 4.00

13.00 394.00 15.00

117.00 250.00 6.00

7.00 105.00 215.00 10.00

8.00 71.00 292.00

th2d_reconshwoerenergyvstottruekin_selnueCC

0 1000 2000 3000 4000 5000 6000 7000 80000

1000

2000

3000

4000

5000

6000

7000

8000
th2d_reconshwoerenergyvstottruekin_selnueCC

Entries  1532
Mean x    2338
Mean y    2593
Std Dev x    1470
Std Dev y    1561

th2d_reconshwoerenergyvstottruekin_selnueCC

ReconShowerEnergy(MeV)

Tr
ue

To
tK

in
et

ic
En

er
gy

y(
M

eV
)

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

1.00 0.12

0.38 1.00 0.05

0.37 1.00 0.03

0.02 0.45 1.00 0.04

0.03 0.28 1.00

norm_th2d_reconshwoerenergyvstottruekin_selnueCC

0 1000 2000 3000 4000 5000 6000 7000 80000

1000

2000

3000

4000

5000

6000

7000

8000
norm_th2d_reconshwoerenergyvstottruekin_selnueCC

Entries  25
Mean x    2152
Mean y    2407
Std Dev x    1735
Std Dev y    1822

norm_th2d_reconshwoerenergyvstottruekin_selnueCC

ReconShowerEnergy(MeV)

Tr
ue

To
tK

in
et

ic
En

er
gy

y(
M

eV
) waterout



𝑣6(𝑣̅6)CC (in FV) Backgrounds VS 𝑣6(𝑣̅6)CC sidebands
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waterin config
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  CC_COHµn µnHSMTrackAngle_
  CCRESµn µnHSMTrackAngle_
 CCQEµn µnHSMTrackAngle_

hs_HSMTrackAngle_Reaction

(longest track in recon)

Use the longest track’s angle as the binning variable in the 
fitter for the 𝑣"(𝑣̅") sidebands

𝑣"(𝑣̅")CC sidebands
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hs_HSMTrackAngle_Reaction𝑣"(𝑣̅")CC background in signal sample
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𝑣6(𝑣̅6)CC sidebands Transfer matrix
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waterin config

2737 1520649 398 246 279 223 33

755 21221881658 364 356 224 27
300 67521371841578 463 259 32
192 236 60918851547 553 237 18
174 167 235 4581613 1325 248 21

324 309 289 286 447 2927 1080 30

787 628 535 452 319 504 2714 53

198 161135 111 68 93 88 55
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0.313283 10.8833110.3290010.1967490.142845 0.0933406 0.0790332
0.1240460.31697810.9172670.3113210.185126 0.107546 0.0933397
0.08452950.1180.30343110.8871920.235428 0.104782 0.055903
0.08281230.09026650.1265750.2626591 0.6098 0.11853 0.0705051

0.1144710.1239870.1155540.1217580.205721 1 0.383184 0.0747702
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0.5103250.4712720.3937770.3447350.2283020.231788 0.22777 1

trackanglevstruelepangle

0 0.5 1 1.5 2 2.5 3
TrackReconAngleMeV)

0

0.5

1

1.5

2

2.5

3

tru
eL

ep
An

gl
e(

ra
d)

trackanglevstruelepangle_norm

Entries  40932
Mean x   0.624
Mean y   0.789
Std Dev x  0.5717
Std Dev y  0.7488

trackanglevstruelepangle_norm

Entries  40932
Mean x   0.624
Mean y   0.789
Std Dev x  0.5717
Std Dev y  0.7488

trackanglevstruelepangle

Transfer Matrix of longest angle and true muon angle in the selected 𝑣"(𝑣̅")CC sidebands
Binning here is the binning used in the fitter. previous page shows a finer binning than this one. 

Normalized



𝑣6(𝑣̅6)CC (in FV) Backgrounds VS 𝑣6(𝑣̅6)CC sidebands
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waterin config
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𝑣6(𝑣̅6)CC (in FV) Backgrounds VS 𝑣6(𝑣̅6)CC sidebands
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waterin config
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  CCLowWMultiPiµn µnHSMTrackReconMom__

  CC_DISµn µnHSMTrackReconMom__

  CC_COHµn µnHSMTrackReconMom__

  CCRESµn µnHSMTrackReconMom__

 CCQEµn µnHSMTrackReconMom__

𝑣"(𝑣̅")CC sidebands

0 1000 2000 3000 4000 5000 6000 7000 8000
trueLepMom(MeV)

0

20

40

60

80

100

120

hs_trueLepMom_Reaction
HSMTrackReconMom__Unknown

HSMTrackReconMom__OOP0DFV

HSMTrackReconMom__NC

 CCen enHSMTrackReconMom__

 CCOthersµn µnHSMTrackReconMom__

  CCLowWMultiPiµn µnHSMTrackReconMom__

  CC_DISµn µnHSMTrackReconMom__

  CC_COHµn µnHSMTrackReconMom__

  CCRESµn µnHSMTrackReconMom__
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𝑣"(𝑣̅")CC background in signal sample



𝑣6(𝑣̅6)CC (in FV) Backgrounds VS 𝑣6(𝑣̅6)CC sidebands
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waterin config
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𝑣6(𝑣̅6)CC (in FV) Backgrounds VS 𝑣6(𝑣̅6)CC sidebands
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waterin config
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𝑣"(𝑣̅")CC background in signal sample 𝑣"(𝑣̅")CC sidebands



𝑣6(𝑣̅6)CC (in FV) Backgrounds VS 𝑣6(𝑣̅6)CC sidebands
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waterout config Use the longest track’s angle as the binning variable in the 
fitter for the 𝑣"(𝑣̅") sidebands

𝑣"(𝑣̅")CC sidebands
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  CCLowWMultiPiµn µnHSMTrackAngle_
  CC_DISµn µnHSMTrackAngle_
  CC_COHµn µnHSMTrackAngle_
  CCRESµn µnHSMTrackAngle_
 CCQEµn µnHSMTrackAngle_
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  CC_COHµn µnHSMTrackAngle_
  CCRESµn µnHSMTrackAngle_
 CCQEµn µnHSMTrackAngle_

hs_HSMTrackAngle_Reaction𝑣"(𝑣̅")CC background in signal sample

(longest track in track recon stage)



𝑣6(𝑣̅6)CC sidebands Transfer matrix
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waterout config

1 0.6884380.278570.2143570.1843280.164241 0.115731 0.0616068

0.31335 10.8705370.3637110.2580160.218645 0.156848 0.0992093
0.123490.27952410.8508930.3505320.2328 0.140566 0.0633055
0.08262920.1354170.28805910.8197860.279667 0.134088 0.0659938
0.07175630.1052330.1206880.2796731 0.630848 0.141204 0.0626633

0.1039560.1247790.1230520.1305880.252212 1 0.35389 0.0737212

0.2454050.2630650.2387990.2115990.1828810.240861 1 0.114096

0.3696410.4435240.3855880.323970.290230.221164 0.23285 1
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Transfer Matrix of longest angle and true muon angle in the selected numuCC sidebands. 

Normalized



𝑣6(𝑣̅6)CC (in FV) Backgrounds VS 𝑣6(𝑣̅6)CC sidebands
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waterout config
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𝑣6(𝑣̅6)CC (in FV) Backgrounds VS 𝑣6(𝑣̅6)CC sidebands
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waterout config

𝑣"(𝑣̅")CC sidebands
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 CCen enHSMTrackReconMom__

 CCOthersµn µnHSMTrackReconMom__

  CCLowWMultiPiµn µnHSMTrackReconMom__

  CC_DISµn µnHSMTrackReconMom__

  CC_COHµn µnHSMTrackReconMom__

  CCRESµn µnHSMTrackReconMom__

 CCQEµn µnHSMTrackReconMom__
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waterout config
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waterout config
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NC sidebands
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trueNeutrinoEnergy(MeV)

NC background in signal sample
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NC background in signal sample
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NC background in signal sample
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Detector systematics

Parameter of interests

Flux parameter

# of selected event in truth bin j

Set b=g to constrain not-water 
parameters use water-out config 
data


