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setup is suitable for measuring hadron yields on the T2K replica target surface, although the target is placed
outside of the tracking system.

2 NA61/SHINE experimental setup

The NA61/SHINE setup during the T2K replica target data-taking in 2010 consisted of five Time Projection
Chambers (TPCs), three Time-of-Flight walls (ToF-F, ToF-L and ToF-R), three Beam Position Detectors
(BPD-1, BPD-2, BPD-3), a 90-cm-long graphite target, five scintillator counters and two Cherenkov
detectors. Two of the vertex TPCs (VTPC-1 and VTPC-2) are inside the magnetic field created by two
superconducting magnets. For the study presented here the magnetic field of the dipole magnets was set to
a bending power of 1.14 T m (standard magnetic field), while a small subset of data was also taken with the
full magnetic field of 9 T m. A schematic overview of the setup is presented in Figure 1. More details can
be found in Ref. [1]. The coordinate system is defined as follows: the z-axis is in the nominal direction of
the beam, the x-axis in the horizontal plane is such that positively charged particles are bent in the positive
x-direction, and the y-axis is perpendicular to the horizontal plane and points upward. The origin is located
in the centre of the VTPC-2.

MTPC-L

MTPC-R

VTPC-1 VTPC-2

Vertex Magnets

Gap TPC

ToF-F

ToF-L

ToF-R

Target

S3

BPD-3
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THC
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CEDAR

~13m

~31m

p + T2K replica target @ 31 GeV/c

z
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y

Figure 1: A top view of the NA61/SHINE experimental setup used in 2010 for the T2K replica target data-taking.
The beam comes from the left. The orientation of the coordinate system is shown in the bottom left corner, while its
origin is located at the centre of VTPC-2.

2.1 Beamline

The NA61/SHINE spectrometer [1] is served by the so-called H2 beamline at the north area of the SPS. The
beamline is designed to transport both primary and secondary hadrons and ions from the maximum SPS
energy (400 GeV/c) down to 13AGeV/c. Secondary hadron beams of various momenta are produced by
impinging a primary 400 GeV/c proton beam on a beryllium target. Produced hadrons are selected by two
spectrometers and a set of collimators according to their rigidity (momentum to charge ratio). The secondary
beam is then transported towards NA61/SHINE. The beam is defined by three scintillator counters used in
coincidence (S1, S2 and S3) and two scintillator counters with holes used in anticoincidence (V0 and V

p

1 ).

5

Beam Target Year Stat (106) Outgoing PID Usage at T2K

protons at 
31 GeV/c

Thin 
(2cm)

2007 [5] 0.7 π±, K±, K0S, Λ past
2009 [6] 5.4 π±, K±, p, K0S, Λ in use for K, p

T2K 
replica  
(90cm)

2007 [7] 0.2 π± —

2009 [8] 2.8 π± in use for π± [10,11]

2010 [9] 10 π±, K±, p this work

3. NA61 measurements for T2K 
NA61/SHINE: hadron production experiment [4] at CERN. 
Momentum reconstruction with TPCs in superconducting 
magnets, PID with dE/dx and time of flight. 
Multiple datasets were collected specifically for T2K.

Replica tuning (recently developed) 
Outgoing particle yields binned by (z,p,θ) and 
PID for protons interacting with full size 
(90 cm) replica of T2K target.


Apply DATA/MC weights for exiting point only.

For uncovered particles and phase-space regions use thin tuning.

T. Vladisavljevic 1/16

• NA61 uses cylindrical graphite blocks (same graphite grade as T2K), with different lengths
• Thin target (2 cm) and replica target (90 cm)
• NA61 measures multiplicities of  particles outgoing from the targets arranged in (p,θ,z) bins

Reminder of  NA61 Measurements for T2K

Proton 
beam

2 cm

"
#±

%
&' &( &) &* &+ &,

"
#±

%
Proton 
beam

90 cm

18 cm

Part of  NA61 2009 Replica Target Data for π.

NA61/FLUKA weights

Thin tuning (conventional method) 
Differential multiplicities binned by (p,θ) and 
outgoing PID, for protons hitting 2 cm thin 
target.


For each interaction apply DATA/MC weights 
of multiplicities. For interaction length (~cross 
section) also apply attenuation weights e–L/λI.

Use Feynman scaling to other incoming momenta, 
parametrized extrapolation outside of covered 
phase-space region.

Example tuning 
weights
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Comparing 2009 Thin-Tuned and 2009 Replica-Tuned Hadron 
Interaction Modelling Flux Uncertainties

Proton 
beam

2 cm

!
"±,%±, &, %'(&

Proton 
beam )*)+), )-

).

!
"±&

)/
90 cm

18 cm

• Replica-target data directly constrains both in-target primary interactions and in-target re-interactions

• A decrease from ~9% to ~5% is observed in the hadron interaction length part of  the flux 
uncertainty with the inclusion of  the 2009 replica-target dataset

T2K PRELIMINARY

T. Vladisavljevic 17/20NuInt2018, L’Aquila, ItalyFigure 3.35: Comparison of hadronic uncertainties with thin target tuning and replica
tuning using NA61 2009 data for π±. What is shown is the uncertainty on the νµ flux at
ND280 for neutrino mode. Source: [67].
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Figure 3.36: NA61 / FLUKA 2011.2x weights for exiting π+.

these are not covered by replica target data. This will require additional studies such
as model-dependencies and propagation of NA61 uncertainties, so for now we will keep
this for future improvements, and take the conservative approach of keeping the large
uncertainty on the proton production cross section.

3.5.3 Propagated NA61 systematic uncertainties

The NA61 collaboration has prepared a correlations matrix for the systematic and statis-
tical uncertainties on the replica data yields of the 2010 dataset (Fig. 3.41). The following
systematic uncertainties are considered: hadron loss due to re-interactions with the detec-
tor (mostly below 1% except for small-angle, small-momentum tracks from most upstream
bin), backward track extrapolation (mostly 1% but up to 5% for high-angle tracks, and
up to 8% for first two longitudinal bins), reconstruction efficiency (2%), particle identifi-
cation (1% for π and p, up to 15% for K), feed down from the MC corrections for K0

S and
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Figure 3.1: Top: Thin target with observables p, θ. Bottom: Illustration of the con-
cept behind thin target tuning to tune every interaction and traversed distance with
appropriate weights measured using a thin target.

of simulating the hadron interactions. However, as no experimental data provides full
coverage of all relevant interactions, we instead use a MC generator that is reasonably
close to experimental data, and apply corrections (tune the MC) to make it match the
experiment.

For the interactions inside the target and baffle we use FLUKA 2011.2 [31, 32], whereas
the horn-focusing, out-of-target interactions up to the decay to neutrinos are simulated
using the Geant3 [33] simulation package (this part is called JNUBEAM). For the in-
target simulation FLUKA is chosen over Geant3 (where we use GCALOR for the hadronic
interactions) since it has better agreement with relevant hadron production data in the
kinematic region of interest. Since most produced neutrinos will not pass through the
near or far detectors, we do not use the neutrino energy given by the MC generator,
but rather assume the neutrino was generated in the correct direction to be detected at
the near or far detectors, and manually calculate the probability and neutrino energy for
such an event to happen. For muons the polarization information is taken into account
to correctly predict the decay probability.

For every neutrino that is generated, the probability and neutrino energy for this
decay to happen in the direction of the near or far detectors is every neutrino is

for every decay neutrino the probability and neutrino energy assuming the decay had
happened in the direction of SuperK or a randomly chosen point on the near-detector
planes is calculated and used as the nominal weight for the event.

First I will review the flux tuning so far [34–38], which mostly relies on hadron pro-
duction data using thin (4% interaction length) target data. Afterwards I will describe
improvements to the tuning procedure, especially utilizing new full-sized T2K replica
target data (1.8 interaction lengths), and analyze their impact on the flux uncertainties.

3.3 Thin target tuning

Thin target tuning is a bottom-up approach where every single interaction and propa-
gation is reweighed to match experimental results. As such we record the interaction
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Figure 3.1: Top: Thin target with observables p, θ. Bottom: Illustration of the con-
cept behind thin target tuning to tune every interaction and traversed distance with
appropriate weights measured using a thin target.

of simulating the hadron interactions. However, as no experimental data provides full
coverage of all relevant interactions, we instead use a MC generator that is reasonably
close to experimental data, and apply corrections (tune the MC) to make it match the
experiment.

For the interactions inside the target and baffle we use FLUKA 2011.2 [31, 32], whereas
the horn-focusing, out-of-target interactions up to the decay to neutrinos are simulated
using the Geant3 [33] simulation package (this part is called JNUBEAM). For the in-
target simulation FLUKA is chosen over Geant3 (where we use GCALOR for the hadronic
interactions) since it has better agreement with relevant hadron production data in the
kinematic region of interest. Since most produced neutrinos will not pass through the
near or far detectors, we do not use the neutrino energy given by the MC generator,
but rather assume the neutrino was generated in the correct direction to be detected at
the near or far detectors, and manually calculate the probability and neutrino energy for
such an event to happen. For muons the polarization information is taken into account
to correctly predict the decay probability.

For every neutrino that is generated, the probability and neutrino energy for this
decay to happen in the direction of the near or far detectors is every neutrino is

for every decay neutrino the probability and neutrino energy assuming the decay had
happened in the direction of SuperK or a randomly chosen point on the near-detector
planes is calculated and used as the nominal weight for the event.

First I will review the flux tuning so far [34–38], which mostly relies on hadron pro-
duction data using thin (4% interaction length) target data. Afterwards I will describe
improvements to the tuning procedure, especially utilizing new full-sized T2K replica
target data (1.8 interaction lengths), and analyze their impact on the flux uncertainties.

3.3 Thin target tuning

Thin target tuning is a bottom-up approach where every single interaction and propa-
gation is reweighed to match experimental results. As such we record the interaction

Example tuning 
weights

T2K Work in Progress

Most notably, the replica tuning method is extended to K± and p
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2. Neutrino flux prediction [3] 

Protons produce π,K mesons from 
hadronic interactions in target 
→ simulate with FLUKA.


Outgoing mesons are focused with 
magnetic horns and produce neutrinos in 
decay tunnel → simulate with Geant3.


Afterwards apply weights to tune each 
simulated hadronic interaction to 
experimental data (mostly NA61).


Why improve flux?

- Flux is leading systematic for xsec 

measurements.

- SK/ND280 flux covariance matrix 

essential for oscillation analysis.
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Figure 4: Flux expected at Super-Kamiokande brokedown into the parents of neutrinos (pions,
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untuned nominal is used, with positive focussing horns.
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T2K Preliminary

(neutrino mode)

8. Total uncertainty on flux & summary 
Final uncertainty on flux goes down from 9–12% with thin 
tuning to 5–7% with replica tuning, comparable to non-
hadronic systematics. With most recent 2010  replica 
measurements, these low errors are achieved up to high 
energies, will be used in the upcoming oscillation analysis.


For further reduction need meson scattering data from 
future hadron production experiments. Studies ongoing for 
reduction of other systematics like proton beam profile 
and proton number uncertainty.

T2K Work in Progress
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Total uncertainty 
on hadronic 
interactions down 
to 4% level for 
wide energy range.

4. Uncertainties on hadronic interactions
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Significant reduction of interaction 
length uncertainty with replica tuning.  
(because no tuning of interactions in target)

2010 dataset newly includes K±.

Increased statistics in 2010 dataset 
further reduce uncertainty on 
number of produced pions.

7. Consistency checks using fake data

Treat different MC generator 
(GEANT4*) as fake “truth” and 
attempt to tune FLUKA to it 
using the two methods.

Finally compare to 
“true” neutrino flux.

* NuBeam physics list, essentially FTFP_BERT
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After thin tuning good match 
near flux peak. Discrepancy at 
high Eν mostly due to missing 
meson scattering data.

Replica tuning shows 
much better agreement.

Note: νe-bar is mostly thin tuning 
because of neutral kaons.

Untuned fluxes 
differ by ~10%

6. Compatibility with thin tuning
Good agreement near flux peak, 
for higher energies discrepancy 
is observed.

Parametrized fits suggest origin is 
re-scattering model of very forward 
π±, K± in thin tuning. We think 
replica tuning is more reliable.

5. Unconstrained interactions 
Even after replica tuning, and using available thin target measurements, 
some interactions cannot be assigned an uncertainty from data. 
Conservative error to cover MC model differences is assigned in  space.


In particular few-GeV ,  scattering on Al (horns) and Fe (walls) 
outside the target are dominant contribution to wrong sign flux unc. 
These can cause  uncorrelated errors (problematic for precise measurement of leptonic CP 
violation) and need to be reduced in future with new hadron production measurements.
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Figure 2.2: Left: Ingrid detector as seen from the beam axis. Center: Exploded view
of ND280 detector. Right: ND280 (with UA1 magnet closed) and INGRID in the near
detector pit.

magnet inherited from the UA1 experiment to measure the momenta of generated charged
particles, and can, in addition to constraining the flux parameters, provide essential
measurements of differential neutrino cross sections on various materials installed in the
detector.

2.1.3 Super-Kamiokande detector

Super-Kamiokande (SuperK, SK) is a giant water Cherenkov detector containing 50,000 tons
of ultra-pure water, 1000 m underground in the Kamioka mine of the Gifu mountains.
The detector walls are lined with 11,000 photo-multiplier tubes (PMTs) which detect the
faint Cherenkov light emitted by relativistic particles traveling through the water. By re-
constructing the ring charges and hit timings one can infer the momentum, direction and
interaction point of the particle, as well as the particle type (electron-like or muon-like)
from the blurriness of the ring. It also acts as a far detector for the T2K experiment,
measuring the neutrinos that have traveled for 295 km from Tokai to Kamioka, and most
importantly study the change of the flavor content of this beam, for which the excellent
particle identification performance and large target mass are essential.

2.2 NA61 experiment

The SPS Heavy Ion and Neutrino Experiment (NA61/SHINE) is a hadron production
experiment using a secondary beam from the Super Proton Synchrotron (SPS) at CERN.
It precisely measures the hadrons emitted from a fixed target inserted into the beamline.
The layout used for the 2010 data taking is shown in Fig. 2.3. Upstream of the target
a suite of detectors for measuring the beam prior to hitting the target. These include
scintillating plates (S1, S2, and S3) for trigger logic, detectors for particle identification
and three beam-position detectors (BPD) which measure the profile of the incident proton
beam. The tracks of hadrons emitted from the fixed target are reconstructed using
two time-projection chambers (TPCs, these in particular called vertex TPC, or VTPC)
embedded into magnets for momentum measurement, as well as two additional large
TPCs (MTPC) downstream, and finally time-of-flight (TOF) walls at the end of the

Near	detector	suite	
to	constrain	flux,	cross-
sec=on	and	beam	
direc=on.	

1. The T2K Experiment [1]
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Constraining the T2K Neutrino Flux with 
NA61/SHINE 2009 Replica-Target Data

Tomislav Vladisavljevic, for the T2K Collaboration
tomislav.vladisavljevic@physics.ox.ac.uk

1. The T2K Experiment

4. The NA61/SHINE Experiment
§ Multi-purpose hadron 

production experiment based 
in CERN (effectively a large 
acceptance spectrometer)
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3. Importance of  Constraining the Neutrino Flux

§ Flux uncertainty is the biggest systematic for 
neutrino cross section measurements

§ Reducing neutrino flux systematics is 
important for maximising T2K’s sensitivity 
to CP asymmetry (δ67)

§ Maximizing the likelihood for the observed 
number of  events at the far detector under 
the neutrino oscillation hypothesis 
determines the oscillation parameters:

[3]

[4,5,6,7]

2. The Neutrino Flux [2]

7. T2K Neutrino Flux Uncertainties
§ T2K ν-flux errors mostly come from the hadron interaction model uncertainties:

• Multiplicity Error (NA61 thin-target and replica-target data)
• Pion Rescatter Error (HARP multiplicity data [8])
• Interaction Length Error (production cross section data)
• Nucleon Error (secondary baryon interactions multiplicity weights)

[2,8,9]

§ Long-baseline neutrino 
oscillation experiment located 
in Japan

§ Measures ν9 (:ν9) 
disappearance and ν; (:ν;) 
appearance in ν (:ν) mode 

6. Tuning the T2K Neutrino Flux to NA61 Data (Thin vs. Replica)
§ A weight is applied to the neutrino yield based on its 

hadronic interaction history
§ The multiplicity weight corrects the neutrino yield 

based on the momentum and direction of  the emitted 
ancestor hadrons:

§ The interaction length weight corrects the neutrino 
yield based on the distance travelled by ancestor 
hadrons through different materials before 
interacting:

[1]

[2]

[4] : N. Abgrall et al. (NA61/SHINE Collab) NIM A 99-114 (2013)
[5] : A. Haesler, CERN-THESIS-2015-103 (2015)
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Preliminary results demonstrate error reduction from ~10% to ~5%

5. NA61 Datasets for T2K
§ Consists of  exiting hadron multiplicities collected with thin-/replica-target setups:

[6,7]
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proton production cross 
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Reweighted Flux Predictions

Further improvements are expected 
with the inclusion of  NA61 2010 
replica-target measurements of  

π±, K±, p yields [9]
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Study neutrino oscillation with 
accelerator neutrinos. Goal: 3σ evidence 
for CP-violation in leptonic sector.
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was applied to all selected tracks:

w =
(
N 2009
POT ,i

N 2009
POT

)/ (
N 2010
POT ,i

N 2010
POT

)

, (7)

where N 2009(2010)
POT ,i is the number of beam protons hitting the

target in the i − th radial bin in data from 2009(2010) and

N 2009(2010)
POT is the total number of beam protons hitting the

target. After scaling, the particle identification procedure was
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N 2009
POT

)/ (
N 2010
POT ,i

N 2010
POT

)

, (7)

where N 2009(2010)
POT ,i is the number of beam protons hitting the

target in the i − th radial bin in data from 2009(2010) and

N 2009(2010)
POT is the total number of beam protons hitting the

target. After scaling, the particle identification procedure was

123

Example of measured yields [9]

60 ≤ θ < 120 mrad, 36 ≤ z < 54 cm
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