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295 km

280 m

J-PARC

Near Detector
Super-Kamiokande

1000 m

Neutrino Beam

pure muon neutrino beam of <Eν>≈600 MeV for a baseline 295 km => L/E≈0.5 km/MeV

T2K measurements

νμ disappearance

νe appearance

T2K
P (νµ → νµ) ≈ 1− sin2 2θ23 sin2

(
∆M2L

4E

)

30 GeV proton beam 
design power 0.75 MW

Super Kamiokande 50kt 
water Cherenkov 
detector

Tokai to Kamioka

TokaiKamioka

Tokai

Kamioka

=Precise measurement of  {ΔM2, θ23}

=measurement of  θ13

P (νµ → νe) ≈ 1− sin2 θ23 sin2 2θ13 sin2

(
∆M2L

4E

)
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The first T2K result: K. Abe et al., “Indication of electron neutrino appearance from an accelerator-produced off-axis muon neutrino beam,” Phys. 
Rev. Lett. 107 no. 4, (Jul, 2011) 041801. Strong indication of νe appearance from a νµ beam. By observing 6 νe event candidates at Super 
Kamiokande, while 1.5±0.3 (syst.) was expected if θ13 =0, T2K disfavours θ13 =0 at the 2.5 σ level with a best fit value at θ13 = 9.8◦ (for  δCP =0 
and normal mass hierarchy). The result was the first significant indication of θ13≠0. The pion production cross-sections measured by NA61/
SHINE have significantly contributed to reduce the overall systematic error on the results by improving the error on the flux extrapolation.

The first T2K result: K. Abe et al., “Indication of electron neutrino appearance from an accelerator-produced off-axis muon neutrino beam,” Phys. 
Rev. Lett. 107 no. 4, (Jul, 2011) 041801. Strong indication of νe appearance from a νµ beam. By observing 6 νe event candidates at Super 
Kamiokande, while 1.5±0.3 (syst.) was expected if θ13 =0, T2K disfavours θ13 =0 at the 2.5 σ level with a best fit value at θ13 = 9.8◦ (for  δCP =0 
and normal mass hierarchy). The result was the first significant indication of θ13≠0. The pion production cross-sections measured by NA61/
SHINE have significantly contributed to reduce the overall systematic error on the results by improving the error on the flux extrapolation.

Update on νe appearance search (ICHEP 2012):
11 νe events in the far detector. 3.22±0.43 (syst.) expected if θ13 =0, 
θ13≠0 at 3.2 σ.  First signal of neutrino appearance! 6

TABLE II. Systematic uncertainties on the predicted number
of SK selected events without oscillations and for oscillations
with sin2(2θ23) = 1.0 and |∆m2

32| = 2.4 × 10−3 eV2.

Source δNexp
SK /Nexp

SK δNexp
SK /Nexp

SK

(%, no osc) (%, with osc)

SK CCQE efficiency ±3.4 ±3.4

SK CC non-QE efficiency ±3.3 ±6.5

SK NC efficiency ±2.0 ±7.2

ND280 efficiency +5.5 -5.3 +5.5 -5.3

ND280 event rate ±2.6 ±2.6

Flux normalization (SK/ND280) ±7.3 ±4.8

CCQE cross section ±4.1 ±2.5

CC1π/CCQE cross section +2.2 -1.9 +0.4 -0.5

Other CC/CCQE cross section +5.3 -4.7 +4.1 -3.6

NC/CCQE cross section ±0.8 ±0.9

Final-state interactions ±3.2 ±5.9

Total +13.3 -13.0 +15.0 -14.8

culation of Nexp
SK until

2
∑

Er

[
Ndata

SK ln
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Nexp
SK

)
+ (Nexp

SK −Ndata
SK )

]
(5)

is minimized. The sum in Eq. 5 is over 50 MeV bins of
reconstructed energy of selected events in the far detector
from 0-10 GeV.

Using the near-detector measurement and setting
Psurv = 1.0 in Eq. 4, we expect a total of 103.6 +13.8

−13.4

(syst) single µ-like ring events in the far detector with-
out disappearance, but we observe 31 events. If νµ → ντ
oscillations are assumed, the best-fit point determined
using Eq. 5 is sin2(2θ23) = 0.98 and |∆m2

32| = 2.65 ×
10−3 eV2. We estimate the systematic uncertainty in
the best-fit value of sin2(2θ23) to be ±4.7% and that in
|∆m2

32| to be ±4.5%. The reconstructed energy spectrum
of the 31 data events is shown in Fig. 3 along with the
expected far-detector spectra without disappearance and
with best-fit oscillations.

We construct confidence regions 1 in the oscillation pa-
rameters using the method of Feldman and Cousins [28].
Statistical variations are taken into account by Poisson
fluctuations of toy MC datasets, and systematic uncer-
tainties are incorporated using the method of Cousins
and Highland [29, 30]. The 90% confidence region for
sin2(2θ23) and |∆m2

32| is shown in Fig. 4 for combined
statistical and systematic uncertainties.

1 In the T2K narrow-band beam, for a low-statistics data set,
there is a possible degeneracy between the first oscillation maxi-
mum and other oscillation maxima in L/E. Therefore we decided
in advance to report confidence regions both with and without
an explicit bound at |∆m2

32| < 5 × 10−3eV2. For this data set,
the bounded and unbounded confidence regions are identical.
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FIG. 3. Reconstructed energy spectrum of the 31 data events
compared with the expected spectra in the far detector with-
out disappearance and with best-fit νµ → ντ oscillations. A
variable binning scheme is used here for the purpose of il-
lustration only; the actual analysis used equal-sized 50 MeV
bins.

FIG. 4. The 90% confidence regions for sin2(2θ23) and
|∆m2

32|; results from the two analyses reported here are com-
pared with those from MINOS [5] and Super-Kamiokande
[6, 31].

We also carried out an alternate analysis with a max-
imum likelihood method. The likelihood is defined as:

L = Lnorm(sin2(2θ23),∆m2
32, f)

Lshape(sin
2(2θ23),∆m2

32, f)Lsyst(f), (6)

where the first term is the Poisson probability for the ob-
served number of events, and the second term is the un-
binned likelihood for the reconstructed neutrino energy
spectrum. The vector f represents parameters related to
systematic uncertainties that have been allowed to vary
in the fit to maximize the likelihood, and the last term
in Eq. 6 is a multidimensional Gaussian probability for
the systematic error parameters. The result is consistent
with the analysis described earlier. The best-fit point for
this alternate analysis is sin2(2θ23) = 0.99 and |∆m2

32|
= 2.63 × 10−3 eV2. The 90% confidence region for the
neutrino oscillation parameters is shown in Fig. 4.
In conclusion, we have reported the first observation

Table 4. Event reduction for the νµ disappearance search at Super-Kamiokande. The selection
criteria (0) to (2) are shown in Table 2. The numbers of data and νµ CCQE, νµCC non–CCQE,
intrinsic νeCC and NC MC expected events are presented after each selection criterion. All MC
CC samples include three-flavor oscillations for sin2 2θ23 = 1 and ∆m2

23 = 0.0024 eV2.
Data νµCCQE νµCC non–CCQE νeCC NC

(3) µ-like 33 17.6 12.4 <0.1 1.9
(4) Pµ > 200 MeV 33 17.5 12.4 <0.1 1.9
(5) 0 or 1 delayed electron 31 17.3 9.2 <0.1 1.8
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is increased with a negligible decrease in efficiency. A total of thirty–one single µ–ring events
are observed with an expected number of events of about 104 without oscillations.

The same strategy as for the νµ→νe analysis with regard to the beam simulation, the neutrino
interactions and the treatment of the ND280 results is adopted (see Section 3). The data and
MC reductions after each selection criterion are shown in Table 4.

The reconstructed energy spectrum of the thirty–one single µ–like ring events in the combined
run 1 and 2 dataset, with prediction for no oscillations, and best–fit prediction is presented
in Figure 5. The statistical significance of the observed deficit without oscillations is 4.3σ.
The energy spectrum in Figure 5 is shown in a variable binning scheme for the purpose of
illustration only; the actual analysis used equal–sized 50 MeV bins. The best fit parameters
are sin2 2θ23 = 0.98, |∆m2

23| = 2.6×10−3 eV2, and the corresponding 90% Feldman-Cousins
confidence regions (with and without systematic errors) for the 2–flavour νµ –disappearance fit
are shown in Figure 6. We also perform an independent oscillation analysis that gives very
similar results: sin2 2θ23 = 0.99, |∆m2

23| = 2.6×10−3 eV2 with a statistical significance of the
observed deficit without oscillations of 4.4σ. Our results are consistent with the ones from
Super-Kamiokande[17] and MINOS [18].

5. Future Prospects
The T2K data taking stopped abruptly on March 11 2011 due to the Great East Japan
Earthquake. No serious damages were found in the accelerator complex, the neutrino beamline
or the near detectors. The Super-Kamiokande detector was not affected by the earthquake. We

νe disappearance νµ appearance

 Best fit sin22θ13=0.094+0.053

(for δcp=0,  normal hierarchy )
-0.040 

previous results :
Phys. Rev. Lett. 107 no. 4, (Jul, 2011) 041801: sin22θ13=0.11+0.10

-0.06

T2K
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Creation of a high power neutrino beam 
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280 m

30 GeV proton 
beam

90 cm long graphite 
target

π,K,µ focussed by 3 
magnetic horns and 
decay in 100 m length 
tunnel

ND280
un-oscillated ν flux
+ interaction x-sections

INGRID
beam 
profile

on-axis

2.5° off-axis

MUMON 
measures µ 
from π decay

SK

•30 GeV ~1x1014 protons extracted every 2.5~3 sec directed to the carbon target

•secondary π+ (and K+) focussed by three electromagnetic horns (250 kA/200 kA)

•MUMON+INGRID: measure beam stability (< 1mrad ~2% Eν shift@SK) 

•ND280: measures flux and flavour content before oscillation + ν cross sections

•SK: measures oscillated spectrum
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Collected data

5

correspondence 
between angle 
and shift of peak 
energy
(1mrad  2%)

Data for today!s talk (full data set up to now) = 3.01 x 1020 p.o.t.  
(18% of increase from Neutrino2012)

Run1 + 2 (2010-2011)

1.43 x 1020 p.o.t.

* ND280 Run1+2 data is used for

  oscillation analysis

Run3 (2012) : 1.58 x 1020 p.o.t  
* including 0.21 x 1020 p.o.t. with 200kA horn

  operation (13% flux reduction at peak) 

  (250kA horn current for nominal operation)

* ND280 Run3 data is checked and  consistent with Run1+2

Run 1 Run 2 Run 3

Great East Japan
Earthquake

(March 11,2011)

Beam re-commissioning,
Repairing horn power supply

Recovering facility 
(acc., beam-line etc..)  

200kW

Data collected and analyzed 
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5

190 kW 

3.01 1020 POT collected so far (as of ICHEP 2012)

Stability of the beam direction from the muon monitor:
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Why is the prediction of the neutrino flux important?

6

In any case, the estimation of the flux depends on the production of the hadrons at the 
target. 
=> Need hadron production data at p+C 30 GeV to constrain the flux.

To evaluate the flux at the ND for cross section 
measurements (which are needed for the oscillation 
analysis).

???

•ν beam 295 km •far
•near

•The measured flux in the ND has a different shape than that 
of SK (non point like source)
•The intrinsic νe contamination of the νµ beam is an 
irreducible background for the appearance signal.

To predict the number of events at T2K:

ND280
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•3 BPDs (Beam position detectors)

•5 TPCs σ(p)/p2 ~10-4

•3 Time of flight:  TOF,L,R resolution ~70 ps
FTOF    resolution ~110ps

•2 Targets:            Thin target: 0.04 λI 

T2K replica target:  1.9 λI

<=Added in 2007 for 
T2K measurements and 
extended in 2009

•example 
of a pC 
interaction  
at 30 GeV

Both targets are required to 
understand
pC interactions and  model 
reliably of 
the neutrino flux.

The NA61/SHINE detector at CERN SPS

30 GeV 
Proton beam

graphite target

30 GeV proton-carbon (pC) interactions 
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What cross-sections should NA61/SHINE measure?

8

νµ at T2K νe at T2K

What is the composition of the νµ and νe flux in terms of hadrons exiting the target?

νe predominantly from µ+ and 

K+ decay at peak energy, higher 

energy tail from kaon decay

νµ predominantly from π+ decay at 

peak energy, higher energy tail from 

kaon decay

Which cross sections measurements are needed?

far detector far detector
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NA61/SHINE has the required acceptance
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NA61/SHINE fully covers the T2K phase-space
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NA61/SHINE data taking for T2K

10

2 different graphite (carbon) 
targets

Thin Carbon 
Target

T2K Replica 
Target

2007 pilot run:
   thin target
 ~ 660 k triggers
   replica target
 ~ 230 k triggers

2009 run:
thin target
  ~ 6 M triggers
replica target ~ 2 M triggers

2010 run:
replica target ~ 10 M triggers 

•Both targets are required to understand pC interactions and  model reliably of  the neutrino flux.

•Many different analysis were performed on the 2007 thin target data (very important for x-check)

•from the 2007 data we extracted: charged pions, K+, protons and K0s

•published 2 PRC papers

USED for T2K flux prediction

Currently being analysed

Calibration phase
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Particle identification in NA61/SHINE
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Thanks to azimuthal cuts and 
selection of long tracks:

-acceptance, 
-reconstruction efficiency, 
-ToF efficiency, 

=>all close to 100%

Effectively the only correction for 

K+ is decay in flight

•ToF efficiency: probability for a track to generate a valid m2 measurement in the ToF-F.

•Reconstruction efficiency: efficiency of the reconstruction algorithm.

•feed down: K+ from weak decays fitted to primary vertex.

•Secondary interactions: interactions of K+ in the target or detector material

•Acceptance: correction for the geometry of the detector

<= are model dependent

NA61/SHINE has high efficiencies
Breakdown of the MC corrections for the K+ spectra
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NA61/SHINE results - K+ 
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N. Abgrall et al. Measurement of production properties of positively charged kaons in 
proton-carbon interactions at 31 GeV/c Phys. Rev. C 85 (Mar, 2012) 035210.

normalised to mean multiplicity in all p+C 
production interactions.
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Typically 15% stat. 5% sys.

systematic uncertainties

http://prc.aps.org/abstract/PRC/v85/i3/e035210
http://prc.aps.org/abstract/PRC/v85/i3/e035210
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NA61/SHINE results - π± 

14

N. Abgrall et al., “Measurements of Cross Sections and Charged Pion Spectra in Proton-Carbon Interactions at 31 
GeV/c,” Phys. Rev. C84 (2011) 034604 

relative errors π+ 

Typically 10% stat. 7% sys. (main source of sys. is PID)
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The T2K beam Monte Carlo
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Focussed hadrons -> ν in SK

secondary interactions
proton beam

secondary π

tertiary π

primary 
proton 
interaction in 
carbon (Fluka 
2008 3d)

tracking through 
horns, magnetic 
field and decay 
pipe (GEANT3)

Adjust flux 
using NA61/
SHINE data
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Obtain data driven flux prediction

With the NA61/SHINE thin target data we only have direct information on the primary interaction.  

νµ at ND
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Constraining the T2K flux - primary interactions

16

w
ei

gh
t =

 N
A

61
/F

LU
K

A

0.6

0.8

1

1.2

1.4

1.6

p (GeV/c)
0 2 4 6 8 10 12 14 16 18 20

 (m
ra

d)
θ

0

50

100

150

200
250

300

350

400

w
ei

gh
t =

 N
A

61
/F

LU
K

A

0.6

0.8

1

1.2

1.4

1.6

p (GeV/c)
0 2 4 6 8 10 12 14 16 18 20

 (m
ra

d)
θ

0

50

100

150

200
250

300

350

400

weight the Fluka pion and kaon production with NA61/SHINE.

weight=measured/simulated multiplicities

p (GeV/c)
0 1 2 3 4 5 6 7

N
A

61
/F

LU
K

A
20

08
.3

d

0

0.2

0.4

0.6

0.8

1

1.2

1.4

p (GeV/c)
0 1 2 3 4 5

N
A

61
/F

LU
K

A
20

08
.3

d
0

0.2

0.4

0.6

0.8

1

1.2

1.4

proton beam
π+/π-

π+ weights π- weights

proton beam
K+

K+ weights

Pion weights

20<theta<140 mrad 140<theta<240 mrad

w(p, θ) =
dθnNA61

dpdθ
/
dθnMC
dpdθ



Sebastien Murphy        ETH Zürich                                                                                                                                    Nufact’12         Wiliamsburg July 23 2012

Extend kaon coverage
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Requires scaling to different beam momentum and different target materials

NA61 (for the moment) has a limited kaon coverage both in terms of kaon charge and phase-space.

Use other external data to constrain
Eichten et al.: p+Be 24 GeV/c.
Allaby et al:    p+Be 19.2 GeV/c.

Extend phase space + complete data driven kaon production

Using Eichten and Allaby data

=> will increase NA61 kaon coverage in the near future

K0
l =

1
4
(K+ + 3K−)

estimate neutral kaon production

 (M. Bonesini et al.   Eur. Phys. 1084 J. C , 20, 2001)

T2K
T2K T2K

K+ giving ν at T2K K+ giving ν at T2K K+ giving ν at T2K
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Systematic errors on particle production

18

proton beam
π±

proton beam
Systematic error of NA61/SHINE (for 
K+)

proton beam

K±,K0L

Systematic error of NA61/SHINE

Systematic error of Eichten & Allaby + 
error on momentum/material scaling

νµ contribution νe contribution 

70% 40%

8% 39%

π±, K±p

proton beam
π±n

16%

5%

13%

5%

Discrepancy between Eichten & Allaby 
data and Fluka + error on momentum/
material scaling

NA61 pion error based on isospin 
invariance
+ error on momentum/material 
scaling



Sebastien Murphy        ETH Zürich                                                                                                                                    Nufact’12         Wiliamsburg July 23 2012

Other sources of systematic uncertainties

19

Systematic uncertainty Evaluated from

Horn and target alignment Geometrical Survey

Neutrino beam direction (off-axis 
angle) INGRID measurements

proton beam proton beam monitors 
(position, angle, divergence, width)

Horn currents uncertainty from horn current 
measurements
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Flux error envelopes
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Total Error~15 %

The total error is of the order of 15 % in the oscillation region (<1 GeV)

It is dominated by uncertainties in particle production

Uncertainty on secondary nucleon production dominates (not tuned yet so this error will 

go down in the future)

T2K T2K



Sebastien Murphy        ETH Zürich                                                                                                                                    Nufact’12         Wiliamsburg July 23 2012

Flux uncertainties on the number of  νe events

21

For comparison:
-Total error July 2011 result            14.9 8.515.4

2011 results were without NA61 kaon data 

Clear improvement 
on flux uncertainties 
since 2011 results!
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Future improvements with replica target data

22

Approx. 60% of the flux comes from the primary interaction, 30% from secondary 
interactions and 10% from interactions out of target (mainly focussing horns)
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Need to constrain the secondary interactions with replica target!

60%

30%
10%

νµ at T2K νe at T2K
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Future improvements with replica target data
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comparison of νµ flux prediction with thin and replica target:

Strategy:
-compare raw yields out of target skin directly with Monte Carlo and produce re-weighting factors of the 
T2K event generator within the NA61/SHINE analysis framework.

First time such a measurement is pushed to the end for a neutrino flux prediction

•Data from replica target is however currently limited by low statistics of 2007 data (~15%).

•2009/2010 data sets: significantly reduce stat. + syst. unc. expected <= 5%

Both tunings methods in good agreement!

arXiv:1207.2114v1 [hep-ex] (submitted to Nucl. Inst. Meth. B)

http://arxiv.org/pdf/1207.2114v1.pdf
http://arxiv.org/pdf/1207.2114v1.pdf
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Conclusion

24

•Estimation of the neutrino flux is a crucial part of the T2K oscillation analysis.

•NA61/SHINE has successfully completed data taking for T2K. 

•2007 low statistics thin target results have already had a significant impact on the 

improvement of the flux related errors.  

•The error on the prediction of the  T2K flux is now dominated by NA61/SHINE 

systematic uncertainties and errors due to poor knowledge of  secondary 

interactions in the target.  

=>Results from 2009 thin target and long target expected soon (see 

poster A. Haesler)
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Conclusion II

25

•Thanks to the NA61/SHINE data the T2K neutrino flux prediction is now , for 

a large part, based on data.  However we still rely on parametrizations and scalings to 

constrain secondary interactions and extend the phase-space coverage.

The goal in the near future is to have the neutrino flux - almost- completely 

data driven.

while we wait for a Nu Factory.. Flux uncertainties matter

No MC model or data-parametrizations can provide accurate flux 
estimations and reasonable descriptions of the associated errors

Have to get direct measurements
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Backup

26
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Why go off-axis?

27

Off-axis ν beam, peak energy at oscillation  
maximum ~650 MeV

Joshua Albert NNN 2011                                     November 8, 2011

Off-axis Neutrino Beam
• 2-body decay ! exact kinematics

6

π+ → µ+ + νµ

P("µ!"µ)
P("µ!"e)

Search For:

How "µ spectrum changes

(measure #23 and !m2
23)

How much "e appears

(measure #13)
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Future improvements

28
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Error on K+ momentum scaling
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Figure 22: The uncertainties on the ND280 neutrino flux due from the kaon production.
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(a) Uncertainty on νµ (b) Uncertainty on ν̄µ

 (GeV)!True E
0 1 2 3 4 5 6 7 8 9 10

F
ra

ct
io

n
al

 E
rr

o
r

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

NA61 errors

Other data errors

R
 vs xFx

Scaled Allaby

GCALOR Al

No data

BMPT-Data

Total

(c) Uncertainty on νe (d) Uncertainty on ν̄e

Figure 23: The uncertainties on the SK neutrino flux due from the kaon production.

Figure 24: The error matrix for the flux from kaon production errors. The binning is the
standard flux binning from 0-10 GeV for each neutrino flavor and detector combination. The
error matrix is defined as Ei,j = sign(Vi,j)

√
|Vi,j | where Vi,j is the covariance.

21

Table 3: Uncertainties in the Eichten and Allaby data. The overall normalization uncertainty
is denoted by σN . The uncertainty for a given angular bin which is correlated for different
momentum bins is labeled as σθ. The uncorrelated uncertainty for each p− θ bin is denoted by
σp,θ.

Experiment σN σθ σp,θ

Eichten et al. 15% 5% 4%
Allaby et al. 10% 10% 2− 5%

modified according to

wj(p, θ) =

(
dσj

Eichten,Allaby

dpdΩ
/
dσEichten,Allaby

dpdΩ

)
× w(p, θ) (13)

where the superscript j indicates an index of a given throw. Finally the neutrino flux is265

tuned using wj(p, θ) resulting in a modified set of neutrino flux predictions Φj(E). Using266

Eq. 10 and Eq. 11, the uncertainty and covariance matrix for flux predictions are computed267

from N different Φj(E). For this analysis two hundred throws were made: N = 200.268

3.3 Uncertainties in momentum scaling269

The momentum scaling is required in order to tune the production of secondary kaons at high270

momenta with Eichten and Allaby data. In addition tuning the production of tertiary kaons271

requires the momentum scaling to account for the different momentum of the secondary272

protons involved in interactions. Nominally xF scaling variable is used to perform such273

scaling, but a radial scaling variable xR could also be used. The difference in the tuned274

flux predictions when xR is used from those obtained with xF is used to assign a systematic275

uncertainty on the momentum scaling.276
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Figure 19: Ratio of the scaled K+ production data from Allaby et al. to that of Eichten et al..

It is also possible to check the scaling with the data, since kaon production measurements
of Allaby et al. performed at 19.2 GeV/c can be scaled to 24 GeV/c and compared to those
of Eichten et al.. The comparison of the scaled Allaby to the Eichten data is shown in
Fig. 19 for K+ as an example. The fact that the ratio shown in this figure is not exactly one
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Scale Allaby (19.2 GeV) to Eichten (24 GeV).
=>compare scaled Allaby to Eichten

Modify Eichten weights by those ratios and see effects on flux =>

nu_mu

nu_e


