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Neutrino Oscillations
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Standard Model of Particles

✦ Each particle also has a corresponding anti-particle, eg  
e+ and ν
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Evidence for Oscillations 
✦ Atmospheric neutrinos should be 

symmetric about the horizon
✦  Super-Kamiokande reported 

same number of electron 
neutrinos, but fewer muon 
neutrinos from below than above
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Evidence for Oscillations 
✦ Atmospheric neutrinos should be 

symmetric about the horizon
✦  Super-Kamiokande reported 

same number of electron 
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✦ Sun produces only νe.
✦ Sudbury Neutrino Observatory 

showed that solar νe turn into 
other flavors.
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•Now making more 
precise measurements 
with accelerator-
generated neutrino 
beams and reactor 
anti-neutrinos.
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Neutrino Mixing
✦ Neutrino flavor states are a mixture of neutrino mass 

states.

✦ Neutrinos are produced in pure flavor states.

✦ Interference between the flavor eigenstates and the mass 
eigenstates causes the observed flavor to oscillate over 
time. 
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Two-Flavor Mixing
✦ For 2 neutrino mixing this mixing matrix can be 

expressed as a rotation matrix, with a single mixing 
angle θ12
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Example: Two-flavor Oscillations
✦A neutrino produced with a given flavor α is a mixture of 
neutrino mass eigenstates (1 and 2)

✦These evolve over time with slightly different frequencies

✦Since L~t for neutrinos, probability of starting with flavor α and 
later observing flavor β is
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Two-Flavor Oscillations
✦ For 2 flavors, the survival probability simplifies to:
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Two-Flavor Oscillations
✦ For 2 flavors, the survival probability simplifies to:
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3 Flavor Neutrino Mixing
✦ For 3 flavors, can be described by 3 angles and a phase in 

the PMNS matrix

✦ Αnti-ν depend on U*
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What We Know about Neutrino Masses and Mixings 
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We know that atmospheric ν 
oscillate with a much a 
smaller L/E than solar ν.  

 →Two different Δm2 scales

From short-distance reactor ν 
we know that ν3 has a small 
νe fraction.  θ13 angle is only 
~9o

From atmospheric and 
accelerator νμ we know that 
ν2 and ν3 have significant νμ 
and ντ fractions.  Mixing large, 
so θ23  nearly 45o.

From solar and long-distance 
reactor v, we know that the ν1 
and ν2 have significant νe 
fractions so large mixing, but 
angle is less than 45o



Neutrino Masses
✦ Two different mass difference orders are possible

✦ Sign of ∆m212 is known due to effects in the Sun, but sign 
of ∆m322 isn’t, so two possible orderings of masses
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Three-Flavor Mixing in Vacuum with δ=0

✦ L/E scale relevant for recent accelerator beams oscillation 
effects are dominated by m3↔m2 and m3↔m1 mixing 

✦ ν% Disappearance in a ν% Beam 

✦ νe Appearance in a ν% Beam 

✦ Precision measurements require 3 flavor fits
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Neutrino Oscillations in Matter
✦ Μatter has e-, and few %- or τ- 

✦ Additional processes for νe and anti-νe scattering on e- 

✦ Modifies apparent oscillation probabilities

✦ Effect increases with E and Ne
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Matter Effects
✦ Additionally matter effects change sign for anti-

neutrinos

✦ So in the normal ordering the appearance probability 
increases for neutrinos and decreases for anti-neutrinos.
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Matter Effects
✦ Additionally matter effects change sign for anti-

neutrinos

✦ So in the normal ordering the appearance probability 
increases for neutrinos and decreases for anti-neutrinos.
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Impact of δ

•There are additional terms in the oscillation probability 
that depend on -sin(δ) for neutrinos and sin(δ) for anti-
neutrinos.

•This will lead to differences in                   compared to                     
even in vacuum
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Effect of value of δ
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CP Symmetry
✦ C: Charge conjugation

• Replace all particles with anti-
particles

✦ P: Parity 
• Invert all spatial coords (x→-x, 

etc)
• Converts right-handed particles 

to left-handed particles
✦ Weak interaction violates C and P 

symmetry, but if CP is a good 
symmetry left-handed neutrinos 
and right-handed anti-neutrinos 
should have identical physics
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Big Questions to Answer with Long-
Baseline Neutrino Beams

✦ Is the mass ordering normal or inverted?

✦ Is θ23 exactly 45 degrees?

✦ Is the mixing matrix different for neutrinos and 
anti-neutrinos?

• Is sin(δ)=0?

• CP Violation w leptons?

✦ Is the mixing matrix unitary?
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Neutrino Experiments
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Current Neutrino Beams
✦ Current long-baseline experiments:

• T2K using J-PARC neutrino beam
• NOvA using NuMI beam

✦ Future long-baseline experiments:
• Hyper-Kamiokande using J-PARC neutrino beam
• DUNE using the LBNF beam

21

J-PARC ν
31 GeV/c

NuMI
120 GeV/c
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60-120 GeV/c

BNB
8.9 GeV/c
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NOνA
✦ Off-axis from NuMI beam

✦ 810 km baseline

✦ Active liquid scintillator 
detectors, 14 kton far det

22
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T2K: Tokai-to-Kamioka

✦ Long-baseline neutrino experiment in Japan with 295 km baseline
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Future Long-Baseline Neutrino Experiments

✦ Hyper-Kamiokande:  
• New far detector in Japan 
• Possibility for other detectors at longer-baselines

✦ Deep Underground Neutrino Experiment (DUNE)
• New LBNF beamline from Fermilab to SURF in 

Lead,SD

24
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Neutrino Production 
(Using T2K as an example)
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How to Make a Beam of ν:  T2K Beam

• 30 GeV p’s strike graphite target, producing )’s and K’s
• 3 magnetic horns focus )+ and K+ in desired direction
• )’s and K’s to decay to %’s and ν’s
• Dirt will stop %s; νs continue through the earth
•T2K Beam is ~95% ν%,  4% ν%, 1% νe

•Can make a ν% beam by changing sign of horn current
26
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Accelerator used by T2K
✦ Protons accelerated to 30 GeV at J-PARC 

✦ Designed for 3.3x1014 protons per pulse

✦ Pulse is 5.2 %sec,  1 pulse every ~2.5 sec

27



Neutrino Flux Example: T2K
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Pause for Questions
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Hadron Production Measurements 
for Neutrino Experiments
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Neutrino Production

31

✦ For accelerator-based and atmospheric neutrino sources 
neutrino production processes are complex.
• Hadron production in beamline interactions typically 

dominates the flux uncertainty
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Why Hadron Production Measurements?

✦ Neutrino flux not well-modeled by Monte Carlo simulations

• But with more measurements the model predictions keep 
improving

✦ Important to understand neutrino source  when making 
measurements of flavor oscillation 

✦ Neutrino interaction measurements and other near detector 
physics require precise independent flux constraints
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Hadron Production Measurement Strategies
✦ In Situ measurements:

• Direct hadron production measurements in beamline

• Muon monitors

• Very challenging detector environment!

✦ External hadron production measurements:

• Thin targets (few %of λ)

• Thick or replica targets (>~λ )

33

2 cm C target
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External Measurement Needs
✦ Total cross section measurements help to model the 

interaction probabilities in the beamline materials

✦ Also need particle production spectra

• Often reported in bins of hadron (p,θ) or (xF, pT) 
where   

✦ Some existing single-arm spectrometer measurements

✦ More recently there are dedicated hadron production 
experiments using large acceptance tracking 
detectors

34

xF = 2p⇤L/
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Secondary Interactions and Beyond
✦ Secondary and tertiary interactions often significant, so want 

not just primary proton data, but also thick target data and 
lower energy hadron data to constrain reinteractions
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✦ In T2K ~1.4 hadronic interactions per ν% in neutrino mode

✦ In NOvA, ~1.5-1.6 hadronic interactions per ν% in neutrino 
mode for Eν > 1 GeV,  even more at lower energies 
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Key Thin Target Data below 25 GeV/c
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Reaction Experiment Particles 
Measured

Reference

8.9 GeV/c p + thin 
Be

HARP π+ Eur. Phys J C 52 (2007) 29

6.4, 12.3, and 17.5 
GeV/c p + thin Be

BNL E910 π± Phys. Rev. C 77 (2008) 
015209

12.9 GeV/c p + 
thin Al

HARP π+ Nucl. Phys. B 732 
(2006) 1

12 GeV/c p and π± 
+ C

HARP π± Astr. Phys. 29 (2008) 257

19.2 GeV/c p on p,Be, 
Al, Cu, Pb Allaby et al p,pbar, π±, K± Tech. Rep. 70-12 (CERN, 

1970)

24 GeV/c p on Be, Al, 
Cu, Pb 

Eichten et al 
(CERN-Rome)

p,pbar, π±, K± Nucl. Phys. B44, 333 
(1972)



PSD

Top View:
2009-2010 Config

NA61/SHINE Experiment
✦ SPS Heavy Ion and Neutrino Experiment: Fixed target experiment at CERN SPS

✦ Primary 400 GeV/c p beam, Secondary hadron beams ~26 to 160 GeV/c

✦ Comprises several large acceptance TPCs, Two inside magnets
37  JINST 9 (2014) P06005
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Fig. 2: (Colour online) The {p,q}phase space of p±, K
±, K

0
S

and protons contributing to the predicted neutrino flux at SK in the
“negative” focusing configuration, and the regions covered by the previously published NA61/SHINE measurements [5, 6] and by
the new results presented in this article. Note that the size of the {p,q}bins used in the K

0
S

analysis of the 2007 data [14] is much
larger compared to what is chosen for the K

0
S

analysis presented here, see Section 4.3.

conducting dipole magnets and two Main-TPCs (MTPC-L and
MTPC-R) are located downstream symmetrically with respect to
the beamline. An additional small TPC is placed between VTPC-
1 and VTPC-2, covering the very-forward region, and is referred
to as the GAP TPC (GTPC). The GTPC allows to extend the
kinematic coverage at forward production angles compared to
the previously published results from the 2007 pilot run.

The TPCs are filled with Ar:CO2 gas mixtures in proportions
90:10 for the VTPCs and the GTPC, and 95:5 for the MTPCs.

In the forward region, the experimental setup is complemented
by a time-of-flight (ToF-F) detector array horizontally segmented
into 80 scintillator bars, read out at both ends by photomultipli-
ers [25]. Before the 2009 run, the ToF-F detector was upgraded
with additional modules placed on both sides of the beam in or-
der to extend the acceptance for the analysis described here. The
intrinsic time resolution of each scintillator is about 110 ps [25].
The particle identification capabilities of the ToF-F are illus-
trated in Fig. 4.

For the study presented here the magnetic field of the dipole
magnets was set to a bending power of 1.14 Tm. This leads to

a momentum resolution s(p)/p
2 in the track reconstruction of

about 5⇥10�3 (GeV/c)�1 for long tracks reaching the ToF-F.

Two scintillation counters, S1 and S2, provide the beam def-
inition, together with the three veto counters V0, V1 and V1p,
which define the beam upstream of the target. The S1 counter
provides also the start time for all counters. The beam parti-
cles are identified by a CEDAR [30] and a threshold Cherenkov
(THC) counter. The selection of beam protons (the beam trigger,
Tbeam) is then defined by the coincidence S1^ S2^V0^V1^
V1p^CEDAR^THC. The interaction trigger Tint = Tbeam ^S4
is given by a beam proton and the absence of a signal in S4,
a scintillation counter, with a 2 cm diameter, placed between
the VTPC-1 and VTPC-2 detectors along the beam trajectory at
about 3.7 m from the target, see Fig. 3. Almost all beam protons
that interact in the target do not reach S4. The interaction and
beam triggers are run simultaneously. The beam trigger events
were recorded with a frequency by a factor of about 10 lower
than the frequency of interaction trigger events.

The incoming beam particle trajectories are precisely mea-
sured by a set of three Beam Position Detectors (BPDs), placed
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the beamline. An additional small TPC is placed between VTPC-
1 and VTPC-2, covering the very-forward region, and is referred
to as the GAP TPC (GTPC). The GTPC allows to extend the
kinematic coverage at forward production angles compared to
the previously published results from the 2007 pilot run.
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magnets was set to a bending power of 1.14 Tm. This leads to

a momentum resolution s(p)/p
2 in the track reconstruction of

about 5⇥10�3 (GeV/c)�1 for long tracks reaching the ToF-F.

Two scintillation counters, S1 and S2, provide the beam def-
inition, together with the three veto counters V0, V1 and V1p,
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is given by a beam proton and the absence of a signal in S4,
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NA61/SHINE Thin Target Data 31-60 GeV
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Reaction Particles 
Measured Reference

31 GeV/c p + C π± [1] Phys. Rev. C84 (2011) 034604

31 GeV/c p + C K+ [2] Phys. Rev. C85 (2012) 035210
31 GeV/c p + C K0s, Λ [3] Phys.Rev. C89 (2014) 025205
31 GeV/c p + C π±, K±,K0s, Λ,p [4] Eur.Phys.J. C76 (2016) 84
60 GeV/c π++C, p+Be π±, K±,K0s, Λ,p [5] Phys.Rev.D 100 (2019) 11, 112004 

60 GeV/c p+C, p+Be, p+Al π±, K±,K0s, Λ,p in progress

)+ Coverage K+ Coverage 

Ref. [1]       
Ref. [4]       Ref. [2]       

Ref. [4]       Colors indicate relative 
contribution to T2K 

neutrino flux at SK in 
neutrino mode 



Thin Target Results
✦ Sample slices  for )+  and K+  for 20-40 mrad

39Eur.Phys.J. C76 (2016) 84
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in different polar angle intervals (q ). Error bars indicate the statistical and systematic uncertainties added in quadrature. The overall
uncertainty due to the normalization procedure is not shown. Results obtained with two different analysis techniques are presented:
open blue triangles are the dE/dx analysis and full black circles are the to f -dE/dx analysis.
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as a conservative limit to this source of systematic uncer-
tainty.

(vi) Secondary interactions and non-L feed-down corrections.

As in the case of the dE/dx (Section 4.5) and h
� (Sec-

tion 4.6) approaches, the important contribution to the sys-
tematic uncertainty at low momenta comes from the uncer-
tainty of the simulation-based correction for secondary in-
teractions and weak decays of strange particles (excluding
L hyperons). Following arguments described in Ref. [5] an
uncertainty of 30% of the correction value was assigned for
both of these sources.

(vii) L feed-down correction. The correction for the feed-down
to pions and protons originating from L decays was cal-
culated separately based on measured L spectra (see Sec-
tion 4.4.1). The uncertainty assigned to this correction was
estimated to be 30% which is an upper limit on the overall
uncertainty of the measured L spectra.

Figures 16 and 17 show a breakdown of the total systematic un-
certainty in the tof -dE/dx analysis for the example of the angu-
lar interval [20,40] mrad.

4.5 The dE/dx analysis method

The analysis of charged pion production at low momentum
was performed using particle identification based only on mea-
surements of specific energy loss in the TPCs. For a large frac-
tion of tracks tof can not be measured since the majority of low-
momentum particles does not reach the ToF-F detector. A reli-
able identification of p+ mesons was not possible at momenta
above 1 GeV/c where the BB curves for pions, kaons, and pro-
tons cross each other (see Fig. 5). On the other hand, since the
contamination from K

� and antiprotons is almost negligible for
p� mesons, the dE/dx analysis could be performed for momenta
up to 3 GeV/c allowing consistency checks with the other iden-
tification methods in the region of overlap.

The procedure of particle identification, described below, is
tailored to the region where a rapid change of energy loss with
momentum is observed. This procedure was used already for the
2007 data and more details can be found in Ref. [52]. Here just
the most important steps of the analysis are described.

In order to optimize the parametrization of the BB function,
samples of e

±, p±, K
±, p, and d tracks with reliable particle

identification were chosen in the bg range from 0.2 up to 100.
The dependence of the BB function on bg was then fitted to
the data using the Sternheimer and Peierls parametrization of
Ref. [53]. This function was subsequently used to calculate for
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Fig. 22: (Colour online) Laboratory momentum distributions of p+ produced in p+C interactions at 31 GeV/c production processes
in different polar angle intervals (q ). Error bars indicate the statistical and systematic uncertainties added in quadrature. The overall
uncertainty due to the normalization procedure is not shown. Results obtained with two different analysis techniques are presented:
open blue triangles are the dE/dx analysis and full black circles are the to f -dE/dx analysis.
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Fig. 22: (Colour online) Laboratory momentum distributions of p+ produced in p+C interactions at 31 GeV/c production processes
in different polar angle intervals (q ). Error bars indicate the statistical and systematic uncertainties added in quadrature. The overall
uncertainty due to the normalization procedure is not shown. Results obtained with two different analysis techniques are presented:
open blue triangles are the dE/dx analysis and full black circles are the to f -dE/dx analysis.
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as a conservative limit to this source of systematic uncer-
tainty.

(vi) Secondary interactions and non-L feed-down corrections.

As in the case of the dE/dx (Section 4.5) and h
� (Sec-

tion 4.6) approaches, the important contribution to the sys-
tematic uncertainty at low momenta comes from the uncer-
tainty of the simulation-based correction for secondary in-
teractions and weak decays of strange particles (excluding
L hyperons). Following arguments described in Ref. [5] an
uncertainty of 30% of the correction value was assigned for
both of these sources.

(vii) L feed-down correction. The correction for the feed-down
to pions and protons originating from L decays was cal-
culated separately based on measured L spectra (see Sec-
tion 4.4.1). The uncertainty assigned to this correction was
estimated to be 30% which is an upper limit on the overall
uncertainty of the measured L spectra.

Figures 16 and 17 show a breakdown of the total systematic un-
certainty in the tof -dE/dx analysis for the example of the angu-
lar interval [20,40] mrad.

4.5 The dE/dx analysis method

The analysis of charged pion production at low momentum
was performed using particle identification based only on mea-
surements of specific energy loss in the TPCs. For a large frac-
tion of tracks tof can not be measured since the majority of low-
momentum particles does not reach the ToF-F detector. A reli-
able identification of p+ mesons was not possible at momenta
above 1 GeV/c where the BB curves for pions, kaons, and pro-
tons cross each other (see Fig. 5). On the other hand, since the
contamination from K

� and antiprotons is almost negligible for
p� mesons, the dE/dx analysis could be performed for momenta
up to 3 GeV/c allowing consistency checks with the other iden-
tification methods in the region of overlap.

The procedure of particle identification, described below, is
tailored to the region where a rapid change of energy loss with
momentum is observed. This procedure was used already for the
2007 data and more details can be found in Ref. [52]. Here just
the most important steps of the analysis are described.

In order to optimize the parametrization of the BB function,
samples of e

±, p±, K
±, p, and d tracks with reliable particle

identification were chosen in the bg range from 0.2 up to 100.
The dependence of the BB function on bg was then fitted to
the data using the Sternheimer and Peierls parametrization of
Ref. [53]. This function was subsequently used to calculate for
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Fig. 26: (Colour online) Statistical and systematic uncertainties obtained using the 2009 dataset for K
+.
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Fig. 26: (Colour online) Statistical and systematic uncertainties obtained using the 2009 dataset for K
+.
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Fig. 26: (Colour online) Statistical and systematic uncertainties obtained using the 2009 dataset for K
+.
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Fig. 29: (Colour online) Laboratory momentum distributions of K
+ mesons produced in p+C interactions at 31 GeV/c in different

polar angle intervals. Distributions are normalized to the mean K
+ multiplicity in all production p+C interactions. Vertical bars show

the statistical and systematic uncertainties added in quadrature, horizontal bars indicate the size of the momentum bin. The overall
uncertainty due to the normalization procedure is not shown. The spectra are compared to predictions of the FTF_BIC-G495 and
GIBUU1.6 models. Ref. [56] shows predictions for all models considered in Sec. 6.
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Fig. 29: (Colour online) Laboratory momentum distributions of K
+ mesons produced in p+C interactions at 31 GeV/c in different

polar angle intervals. Distributions are normalized to the mean K
+ multiplicity in all production p+C interactions. Vertical bars show

the statistical and systematic uncertainties added in quadrature, horizontal bars indicate the size of the momentum bin. The overall
uncertainty due to the normalization procedure is not shown. The spectra are compared to predictions of the FTF_BIC-G495 and
GIBUU1.6 models. Ref. [56] shows predictions for all models considered in Sec. 6.
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Fig. 29: (Colour online) Laboratory momentum distributions of K
+ mesons produced in p+C interactions at 31 GeV/c in different

polar angle intervals. Distributions are normalized to the mean K
+ multiplicity in all production p+C interactions. Vertical bars show

the statistical and systematic uncertainties added in quadrature, horizontal bars indicate the size of the momentum bin. The overall
uncertainty due to the normalization procedure is not shown. The spectra are compared to predictions of the FTF_BIC-G495 and
GIBUU1.6 models. Ref. [56] shows predictions for all models considered in Sec. 6.
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Fig. 26: (Colour online) Statistical and systematic uncertainties obtained using the 2009 dataset for K
+.



Key data at 120-160 GeV/c
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Reaction Experiment Particles 
Measured

Reference

58, 84, 120 GeV/c  p + 
various thin targets E907/MIPP n Phys.Rev. D83 (2011) 

012002
120 GeV/c p + NuMI 
low energy target E907/MIPP π± Phys.Rev. D90 (2014) 

032001

 158 GeV/c p +C NA49 π± Eur.Phys.J. C49 (2007) 
897

 158 GeV/c p +C NA49 p, pbar, n, d, t Eur.Phys.J. C73 (2013) 
2364

 120 GeV/c p +C NA61 in progress



Key Data at 400-450 GeV/c
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Reaction Experiment Particles 
Measured Reference

400 GeV/c p + 
10-50 cm Be target NA20 π±, K±,p,pbar CERN Tech. Rept.  80-70 

(1980)

450 GeV/c p + 10 
cm Be target NA56/SPY K/π ratio Phys. Lett. B420 (1998) 225

450 GeV/c p + 10 
cm Be target NA56/SPY π± Phys. Lett. B425 (1998) 208

450 GeV/c p +  Be 
target NA56/SPY π±, K±,p,pbar Eur. Jour. Phys. C10 (1999) 

605

✦ Most of existing data just covers the interactions of 
protons, and not re-interactions of pions, kaons, etc.



Thick Target Data at 31 GeV/c

✦ Differential yields in (p,θ,ztarget)
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Reaction Particles 
Measured Reference

31 GeV/c p + T2K 
replica target π+ Nucl.Instrum.Meth. A701 (2013) 99-114

31 GeV/c p + T2K 
replica target

π± Eur.Phys.J. C76 (2016) no.11, 617

31 GeV/c p + T2K 
replica target π±,K±,p Eur.Phys.J.C 79 (2019)2, 100

31 GeV/c p + T2K 
replica target p total cross section CERN-EP-DRAFT-NA61-2020-0072
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Fig. 1: Contribution of different parent particles to the total neu-
trino flux at SK for nµ (top) and ne (bottom), computed with the
T2K beam Monte-Carlo simulation program [11] for the positive
focussing at 250 kA horn current (’p250ka’ configuration).

By choosing the polarity of the horn currents, it is possible to cre-
ate either an enhanced neutrino beam or an enhanced antineutrino
beam. In this article we concentrate on the case of the enhanced
neutrino beam but the results of this paper can also be used for the
prediction of the flux in the enhanced anti-neutrino configuration.
A detailed description of the beam and its properties can be found
in Ref. [11].

The neutrino beam predictions are based on a detailed Monte-
Carlo simulation. The input parameters are given by the values de-
scribing the ellipsoid representing the primary proton beam impact
points on the target upstream face as measured by the beam posi-
tion detectors placed along the proton beam line. The FLUKA2011
[17–19] model is used to simulate the interactions of beam pro-
tons with the long graphite target. The propagation of the par-
ticles emerging from the surface of the target is modeled by a

Z6
Z1 Z2 Z3 Z4 Z5

Fig. 2: A sketch of the longitudinal binning of the T2K replica
target. The aluminum flange at the upstream edge is used in NA61/
SHINE to hold and align the target.
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Fig. 3: Stacked histograms showing the contribution of each of the
6 longitudinal target bins (see Fig. 2) to the muon neutrino flux at
SK.

GEANT3 [20] simulation using GCALOR [21] as hadronic model
for re-interactions in the detector.

During the MC simulation, information on particle production
and decay is stored, so the full history of neutrinos crossing either
the near or far detector is available. This allows to study different
components of the neutrino beam and the origin of the neutrino
species. As shown in Fig. 1, the nµ flux around the beam peak
energy at the SK far detector arises mainly from pion decays, while
it is mainly due to kaons at higher energies. This motivates the
extraction of charged pion yields at the surface of the target, which
is the subject of this paper.

It is important to note that not only the pion angular and mo-
mentum spectra are of interest, but also the longitudinal position
where they exit the target. By dividing the 90 cm long graphite rod
into 5 bins of 18 cm length each and considering the downstream
face of the target as an additional sixth bin, as shown in Fig. 2, it
is possible to study the contribution of each of these bins to the
total neutrino flux. Figure 3 presents these different contributions
as predicted at SK.

2.2 Requirements on the T2K neutrino flux prediction

The T2K experiment pursues three main physics goals [2] with
an off-axis (essentially narrow band) neutrino or antineutrino beam
peaked around the so-called atmospheric oscillation maximum (en-
ergy range from 0.2 to 1.2 GeV). These are:

(i) the muon neutrino disappearance,
(ii) the electron neutrino appearance (nµ ! ne),

(iii) neutrino cross section measurements.



Improvements with Replica Data
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Application of  NA61data to T2K

✦ Thin target weights:  Where available reweight each 
interaction by  

• Can apply scaling for different materials and 
momenta

✦ Replica target data: Reweight particles exiting the target 
by 

44



Sanford-Wang Parameterization
✦ J. R. Sanford and C. L. Wang, “Empirical formulas for 

particle production in p–Be collisions between 10 and 35 
BeV/c”, Brookhaven National Laboratory, AGS internal 
report, (1967), unpublished 

✦ Depends on pbeam, p,θ of hadron

✦ 8 free parameters for )
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A. Pion production data parametrization

At low energies, it is common to use the empir-
ical data parametrization for pion production in
proton-nucleus interactions originally developed by
Sanford and Wang [29]. This parametrization has
the functional form:

d2σ(pA → π±X)

dpdΩ
= c1 exp[B]pc2(1 −

p

pbeam
) ,

(2)
where:

B = −c3
pc4

pc5

beam
− c6θ(p − c7pbeam cosc8 θ) (3)

X denotes any system of other particles in the
final state, pbeam is the proton beam momen-
tum in GeV/c, p and θ are the π± momentum
and angle in units of GeV/c and radians, re-
spectively, d2σ/(dpdΩ) is expressed in units of
mb/(GeV/c)/sr and the parameters c1, . . . , c8 are
obtained from fits to the meson production data.

The parameter c1 is an overall normalization fac-
tor, the four parameters c2, c3, c4, c5 describe the
momentum distribution of the secondary pions in
the forward direction, and the three parameters
c6, c7, c8 describe the corrections to the pion mo-
mentum distribution for pion production angles
that are different from zero. The π± production
data on solid targets reported here have been fit-
ted simultaneously to the empirical Sanford-Wang
formula. In the χ2 minimization, the full error ma-
trix was used.

To go from a baseline nuclear targets (typically Be)
to another nuclear target A, a correction factor

corr = (A/ABe)
α (4)

was introduced, with α = α0 + α1 × xF + α2 × x2
F

where xF is the Feynman x, see references [10] and
[30] for details. A 9-parameter (11-parameter) fit
was done over 24 (25) π−(π+) datasets [47], corre-
sponding to 1440 (1472) experimental points. The
goodness-of-fit of the Sanford-Wang parametriza-
tion hypothesis for the HARP results can be as-
sessed by considering the best-fit χ2 value of
χ2

min = 13030 (8061) for 1431 (1461) degrees of
freedom for the π− (π+) production, indicating
a very poor fit quality. In particular, inspection
of the HARP inclusive pion production double-
differential cross-section, and resulting Sanford-
Wang parametrization, points to a description of
the ratio g(θ) of the pion momentum distribution
at θ ≠ 0 with respect to the θ = 0 pion momen-
tum distribution that is more complicated than

TABLE III: Sanford-Wang parameters and errors ob-
tained by fitting the π+ (π−) datasets. The errors
refer to the 68.27% confidence level for eleven pa-
rameters (∆χ2 = 12.6) for π+ and nine parameters
(∆χ2 = 10.4) for π−.

Parameter π+ π−

c1 (381.3 ± 40.5) (307.6 ± 19.4)

c2 (0.88 ± 0.07) (0.57 ± 0.06)

c3 (9.16 ± 0.95) (27.36 ± 1.06)

c4 (1.38 ± 0.09) (1.86 ± 0.04)

c5 (1.66 ± 0.12) (2.23 ± 0.04)

c6 (3.62 ± 0.14) (3.04 ± 0.08)

c7 (0.05 ± 0.04) -

c8 (128.6 ± 61.8) -

α0 (0.69 ± 0.04) (0.72 ± 0.04)

α1 (−0.91 ± 0.21) (−1.36 ± 0.20)

α2 (0.34 ± 0.21) (2.18 ± 0.21)

what can be accommodated within the Sanford-
Wang formula, where this ratio is given by g(θ) =
exp[−c6θ(p − pc)], with pc ≡ c7pbeam cosc8 θ.

The overall fit may be used as a fast approxima-
tion of HARP data valid within a factor 2–3 of the
quoted experimental errors. The best-fit values of
the parameters are reported in Table III together
with their errors. The fit parameter errors are esti-
mated by requiring ∆χ2 ≡ χ2−χ2

min = 12.6 (10.4),
corresponding to the 68.27% confidence level re-
gion for eleven (nine) variable parameters. Signif-
icant correlations among fit parameters are found,
as shown by the correlation matrix given in Ta-
bles IV and V.

To show the trend of the Sanford-Wang global fit
of all HARP datasets, figure 12 reports the com-
parison, at 8 GeV/c and 12 GeV/c, between pion
production data and the above parametrization.

For the 8.9 GeV/c MiniBooNE/SciBooNE beam-
line and the 12.9 GeV/c K2K beamline two ad-
hoc Sanford-Wang parametrizations, using only
the relevant HARP datasets, have been published
in references [1] and [2]. Given the poor description
of HARP pion production data in terms of the orig-
inal Sanford-Wang parametrization, one extra pa-
rameter to better describe the angular dependence
was introduced in the fit reported in reference [2].
In the global fit presented here, this extra param-
eter is not used for simplicity, as it was found that
it did not improve the fit quality in a significant
way.

As a final remark, we stress again that due to the
poor fit quality our global fit may be just consid-
ered as a simple way to summarize an extended set

Reproduced from Phys.Rev. 
C80 (2009) 035208



BMPT Parameterization
✦ From M. Bonesini, A. Marchionni, F. Pietropaolo, T. 

Tabarelli de Fatis, Eur. Phys. J. C 20, 13 (2001)

✦ Fits include data from 400 GeV and 450 GeV data.

✦ Paper also discusses p/pbar/)-/K-/K0 production,   A 
scaling, momentum scaling, long targets
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A B α β a b γ δ r0 r1
(mb/GeV2) (GeV−1) (GeV−2)

π 62.3 1.57 3.45 0.517 6.10 – 0.153 0.478 1.05 2.65
K 7.74 – 2.45 0.444 5.04 – 0.121 2γ 1.15 -3.17
p 8.69 12.3 – – 5.77 1.47 – – – –
p 5.20 – 7.56 0.362 5.77 – – – – –

Table 2. Values of the parameters corresponding to the best-fit of our empirical parameterization of π± and K± inclusive
production in p-Be interactions. Best-fit results on proton and anti-proton production data are also given (see text for details).

mentum distribution of valence quarks inside the incident
hadron. This suggests an x dependence of hadron produc-
tion at large x 1 with a functional form similar to the one
describing parton distributions. The functional shape of
non-direct formation processes at small x, in which sea
quarks are involved, however, is not easily described in
this framework.

After some trials and considerations of the physical
process, the following empirical parameterization of the in-
clusive invariant cross sections for positive sign secondary
meson (π+, K+) production in p-Be interactions has been
found to give a suitable description of data:

(E ×
d3σ

dp3
) = A(1− xR)

α(1 +BxR)x
−β
R ×

(1 + a′(xR)pT + b′(xR)p
2
T )e

−a′(xR)pT (3)

where a′(xR) = a/xγ
R and b′(xR) = a2/2xδ

R.
These formula assumes an approximate factorized scal-

ing form in x and pT . The (1 − x)α behaviour at large x
is theoretically motivated on the basis of quark counting
rules [21,22]. The x−β behaviour empirically accounts for
the non-direct hadron formation mechanism at small x.

The pT behaviour is modelled with the known expo-
nential fall of soft interactions and a polynomial behaviour
to interpolate the low pT part of the spectrum. The x de-
pendence of a′(x) and b′(x) is introduced to parameterize
the violation of pT invariance observed in the data. Mod-
els based on the parton structure of the hadrons predict
a p−n

T dependence of the cross section at large pT , where
hard scattering processes take over. A reasonable param-
eterization of p-Be data with this functional form has not
been found. The possibility that the proposed parametric
form fail to describe particle production in the pT region
not covered by present data is acknowledged.

The ratio r of positive to negative data (π+/π− or
K+/K−) has been instead parameterized with the empir-
ical formulae:

r(π) = r0 · (1 + xR)
r1 (4)

r(K) = r0 · (1− xR)
r1 (5)

The shape of these ratios is supported by the phenomeno-
logical analysis of pp data of Ref. [20], showing that r(π) ≃
1 for x ≃ 0 and rises to about 5 for x → 1, closely fol-
lowing the u/d ratio of valence quarks in the projectile

1 At large xF , xF and xR are equivalent.

proton, while r(K) has a (1 − x)−3 behaviour for x → 1.
NA56/SPY and NA20 data only cover the fragmentation
region of the proton at large x and the central region. At
large x a functional behaviour similar to the one exhibited
by pp data is expected.

In order to keep the number of free parameters lim-
ited, positive and negative mesons are assumed to have
the same pT distributions. This has long been known to
be only approximate in pp data [23].

Table 2 summarizes the results of our best-fit to the
data. As indicated in the table, some of the parameters
have been fixed in the fitting procedure, since they ap-
peared to be redundant. In the K± fit, δ = 2γ was chosen
and B was set to zero, since its fitted value was found to
be consistent with zero within errors.

The comparison between the empirical parameteriza-
tion and the experimental data is shown in figure 1. The
accuracy of the parameterization of the π± and K± data
is displayed in figure 2, showing the relative discrepancy
between our parameterization and the experimental data
as a function of xR. The proposed parameterization gives
an accurate fit ofK± data with a reduced χ2 ≃ 0.85, while
the reduced χ2 is somewhat larger (χ2/Ndof = 77.1/37)
for π± data. This partly reflects our difficulty to param-
eterize the x dependence of the pT distribution, although
about 1/3 of the χ2 is contributed by the two data points
(one measured by NA20 and the other by NA56/SPY)
for positive pion production in the forward direction at
x = 0.3, which are about 30-40% off the best-fit predic-
tion. A reduced χ2 around 1 is obtained, if a relative error
of 10% on each experimental point is assumed. We con-
clude that the proposed empirical formulae are adequate
to describe NA20 and NA56/SPY data with a 10% accu-
racy.

Proton and anti-proton data, which are of less direct
interest for neutrino beams, have been parameterized with
the following empirical formulae:

(E ×
d3σ

dp3
)pBe→pX = A(1 +BxR)(1 − xR)

bp2
T ×

(1 + apT +
a2

2
p2T )e

−apT (6)

(E ×
d3σ

dp3
)pBe→pX = A(1− xR)

αx−β
R ×

(1 + apT +
a2

2
p2T )e

−apT (7)

For )+  and K+



Scaling of Hadron Production   Above ~30 GeV
✦ Feynman argued that invariant cross section (        ) should 

be more or less constant with pT and xF, where

✦ Others have scaled by   
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Fig. 5. Comparison between the pro-
posed parameterization of NA56/SPY
[6] and NA20 [4] data (dotted line) and
the one-pion (left) and one-kaon (right)
inclusive invariant cross sections in pBe
interactions at 24 GeV as measured by
[29]

100 GeV/c protons on carbon target [7], where the ex-
trapolation from Be to C has been made using formulae
(9) and (10). As discussed above xR = E∗/E∗

max has been
used as scaling variable. The agreement between pion data
shown in the figure and our empirical parameterization is
excellent up to about x ∼ 0.8. A good agreement is also
found when kaon data are considered, although the preci-
sion of kaon data from [7] is poorer.

Figure 5 shows a comparison of our parameterization
with one-particle inclusive production data measured with
24 GeV/c protons hitting a Beryllium target [29]. In that
work, Lorentz invariant particle densities ω(pLab, θ) were
measured as a function of the particle momentum pLab

and production angle θ. These data have been converted
into invariant cross sections using the relation

E × d3σ

dp3 =
1
2
σabsω(pLab, θ) (11)

where σabs is the absorption cross section for pBe [31].
A reasonable agreement is observed in the shape of the
distributions for π+ and K+, although the estimated pro-
duction of π+ is about 35 ± 15% lower than that mea-
sured. This is also true for negative pions, not displayed
in the figure, while the agreement is somewhat worse for
the other particles.

Given its general interest, we have tested the scaling
hypothesis on the same data also using xF and xLab =
p/pinc, the latter defined as the ratio of the momentum
of the detected particle in the laboratory reference frame
to the momentum of the incoming proton, as longitudi-
nal variables. A better agreement with π± data is ob-
tained, if xLab is used, which however shows a worse agree-
ment to kaon data3. The variable ∆y = ymax − y, where

3 All the variables are off roughly by the same amount in the
description of the K/π production ratio

y = 1
2log((E + pL)/(E − pL)) is the rapidity of the pro-

duced particle and ymax is the maximum rapidity kine-
matically available to that particle, has also been tried.
At variance with the previuos longitudinal variables, ∆y
is Lorentz invariant and scales the phase space at differ-
ent centre-of-mass energies independently of the reference
frame. Although we find a somewhat improved agreement
to data in this case, scaling to data collected with 24
GeV/c protons is only approximate even with this vari-
able.

Still, in the centre-of-mass energy range of interest for
present high-energy neutrino beams, the agreement be-
tween our parameterization scaled according to xR and
the data is satisfactory.

4.3 Yields from finite length targets

With reference to (1), the differential particle production
along the target can be parameterized as:

dY (E, pT , z)
dz

=
N0ρλp

A

p3

E

(

E × d3σ

dp3

)

f(z) (12)

where f(z)dz is the probability that the outgoing particle
be produced at a depth z to z + dz inside the target and
the other quantities have been introduced in Sect. 2.1.

In general f(z) will also depend on the production an-
gle of the secondary particle [16]. In the naive reabsorption
model introduced in Sect. 2.1, one has:

f(z, θ) =
1
λp

e− z/λpe− z′(z,θ)/λs (13)

which can be obtained by differentiating the target effi-
ciency F (L) of (2), with z′(z, θ) representing the target
length that the produced hadron has to cross to escape

xF = 2p⇤L/
p
s

E
d3�

d3p

xR = E⇤/E⇤
max

From Eur. Phys. J. C 20, 13 
(2001)

Dashed = fit to 400 and 450 
GeV p + Be data scaled in pT 

and xR

Points = data for 24 GeV p + 
Be interactions



Scaling for A of materials
✦ From BMPT:    

✦ Scales as a power law of degree α which depends on xF, 
pT

✦ At lower energies HARP data (Phys.Rev. C80 (2009) 
035208 ) has shown that for the Sanford-Wang 
parameterization a correction of                                  
where 
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Fig. 4. Comparison between the pro-
posed parameterization of NA56/SPY
[6] and NA20 [4] data (line) and the
one-pion inclusive invariant cross sec-
tions in pC interactions at 100 GeV as
measured by [7]. Positive (negative) pi-
ons are shown in the left (right) panel

and neutral kaon production is always estimated from (8)
in the following.

4 Particle production for neutrino beams

4.1 Scaling to targets of different materials

Beryllium targets have been used in most neutrino beams
derived from proton beams extracted from the Super Pro-
ton Synchrotron (SPS) at CERN, but the use of graphite
as target material seems promising in view of operation
with short spills in fast extracted proton beams. In partic-
ular, the use of a graphite target is foreseen in the design of
both the CNGS and the NuMI beams [1,2]. Prescriptions
to rescale the inclusive invariant cross-sections to different
target materials are given in the following.

The invariant cross sections E d3σhA

dp3 for hadron-nucleus
interactions (hA !→ h′X) depend on the mass number A
of the target nucleus via parameterizations of the type:

E
d3σhA1

dp3 =
(

A1

A2

)α

· E
d3σhA2

dp3 . (9)

In accordance with the scaling hypothesis, α has been
found to be weakly dependent on the incident beam mo-
mentum. It depends on the incident hadron type h and it
is a smooth function of pT and xF of the produced hadron.
It has moreover been experimentally observed that, in first
approximation, it is independent of the detected particle
type, with perhaps the exception of anti-protons [7].

A parameterization of α as a function of xF has been
proposed by Barton et al. on the basis of their and pre-
vious data at pT = 0.3 GeV/c [7]. A pT dependence of

less accurate than formula (8) in the description of the K0/K0

production asymmetry at small/intermediate xF

α has been clearly observed in K0
S and Λ production by

Skubic et al. [26]. A suitable representation of the whole
set of data can be obtained with the parameterization:

α(xF ) = (0.74−0.55·xF +0.26·x2
F )·(0.98+0.21·p2

T ) (10)

where the xF dependence is taken from the fit of Barton
et al. at pT = 0.3 GeV/c and the pT dependence is fitted
to Skubic et al. data and normalized in such a way that it
reduces to the parameterization of Barton et al. at pT =
0.3 GeV/c.

In conclusion, a conservative estimate of the uncer-
tainty in the extrapolation from beryllium to carbon data
sits (in the pT range of interest for neutrino beams: up to
∼600 MeV/c) around 5%, on the top of a measurement
error of 5–10%, depending on the secondary momentum,
for the cross sections on beryllium. The estimate of this
systematic uncertainty is based both on data collected by
Barton et al. [7] and on the extensive compilation of J.
Kuhn on nuclear dependence for pA → π− X interactions
[30].

4.2 Scaling to different centre of mass energies

The NuMI neutrino beam at FNAL is planned to be de-
rived from a primary proton beam of 120 GeV/c momen-
tum, resulting in a centre-of-mass energy about two times
smaller than that available at NA56/SPY and NA20. Be-
sides its general interest, a test of the scaling hypothesis of
one-particle inclusive invariant cross-sections is thus rel-
evant to assess the range of validity of the proposed pa-
rameterization. This has been studied by comparing our
parameterisation to available pA data collected at differ-
ent centre-of-mass energies.

In Fig. 4, our prediction for one-particle inclusive in-
variant cross section are compared to data collected with

M. Bonesini et al.: On particle production for high energy neutrino beams 19

10
-1

1

10

10 2

0 0.2 0.4 0.6
pT (GeV/c)

E 
d3 σ

/d
p3  (m

b 
c3 /G

eV
2 )

xLab = 0.30
xLab = 0.40
xLab = 0.50
xLab = 0.60
xLab = 0.70
xLab = 0.80
xLab = 0.88

π+

10
-2

10
-1

1

10

0 0.2 0.4 0.6
pT (GeV/c)

E 
d3 σ

/d
p3  (m

b 
c3 /G

eV
2 )

xLab = 0.30
xLab = 0.40
xLab = 0.50
xLab = 0.60
xLab = 0.70
xLab = 0.80
xLab = 0.88

π-
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posed parameterization of NA56/SPY
[6] and NA20 [4] data (line) and the
one-pion inclusive invariant cross sec-
tions in pC interactions at 100 GeV as
measured by [7]. Positive (negative) pi-
ons are shown in the left (right) panel

and neutral kaon production is always estimated from (8)
in the following.

4 Particle production for neutrino beams

4.1 Scaling to targets of different materials

Beryllium targets have been used in most neutrino beams
derived from proton beams extracted from the Super Pro-
ton Synchrotron (SPS) at CERN, but the use of graphite
as target material seems promising in view of operation
with short spills in fast extracted proton beams. In partic-
ular, the use of a graphite target is foreseen in the design of
both the CNGS and the NuMI beams [1,2]. Prescriptions
to rescale the inclusive invariant cross-sections to different
target materials are given in the following.

The invariant cross sections E d3σhA

dp3 for hadron-nucleus
interactions (hA !→ h′X) depend on the mass number A
of the target nucleus via parameterizations of the type:

E
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dp3 =
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dp3 . (9)

In accordance with the scaling hypothesis, α has been
found to be weakly dependent on the incident beam mo-
mentum. It depends on the incident hadron type h and it
is a smooth function of pT and xF of the produced hadron.
It has moreover been experimentally observed that, in first
approximation, it is independent of the detected particle
type, with perhaps the exception of anti-protons [7].

A parameterization of α as a function of xF has been
proposed by Barton et al. on the basis of their and pre-
vious data at pT = 0.3 GeV/c [7]. A pT dependence of

less accurate than formula (8) in the description of the K0/K0

production asymmetry at small/intermediate xF

α has been clearly observed in K0
S and Λ production by

Skubic et al. [26]. A suitable representation of the whole
set of data can be obtained with the parameterization:
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T ) (10)

where the xF dependence is taken from the fit of Barton
et al. at pT = 0.3 GeV/c and the pT dependence is fitted
to Skubic et al. data and normalized in such a way that it
reduces to the parameterization of Barton et al. at pT =
0.3 GeV/c.

In conclusion, a conservative estimate of the uncer-
tainty in the extrapolation from beryllium to carbon data
sits (in the pT range of interest for neutrino beams: up to
∼600 MeV/c) around 5%, on the top of a measurement
error of 5–10%, depending on the secondary momentum,
for the cross sections on beryllium. The estimate of this
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A. Pion production data parametrization

At low energies, it is common to use the empir-
ical data parametrization for pion production in
proton-nucleus interactions originally developed by
Sanford and Wang [29]. This parametrization has
the functional form:

d2σ(pA → π±X)

dpdΩ
= c1 exp[B]pc2(1 −

p

pbeam
) ,

(2)
where:

B = −c3
pc4

pc5

beam
− c6θ(p − c7pbeam cosc8 θ) (3)

X denotes any system of other particles in the
final state, pbeam is the proton beam momen-
tum in GeV/c, p and θ are the π± momentum
and angle in units of GeV/c and radians, re-
spectively, d2σ/(dpdΩ) is expressed in units of
mb/(GeV/c)/sr and the parameters c1, . . . , c8 are
obtained from fits to the meson production data.

The parameter c1 is an overall normalization fac-
tor, the four parameters c2, c3, c4, c5 describe the
momentum distribution of the secondary pions in
the forward direction, and the three parameters
c6, c7, c8 describe the corrections to the pion mo-
mentum distribution for pion production angles
that are different from zero. The π± production
data on solid targets reported here have been fit-
ted simultaneously to the empirical Sanford-Wang
formula. In the χ2 minimization, the full error ma-
trix was used.

To go from a baseline nuclear targets (typically Be)
to another nuclear target A, a correction factor

corr = (A/ABe)
α (4)

was introduced, with α = α0 + α1 × xF + α2 × x2
F

where xF is the Feynman x, see references [10] and
[30] for details. A 9-parameter (11-parameter) fit
was done over 24 (25) π−(π+) datasets [47], corre-
sponding to 1440 (1472) experimental points. The
goodness-of-fit of the Sanford-Wang parametriza-
tion hypothesis for the HARP results can be as-
sessed by considering the best-fit χ2 value of
χ2

min = 13030 (8061) for 1431 (1461) degrees of
freedom for the π− (π+) production, indicating
a very poor fit quality. In particular, inspection
of the HARP inclusive pion production double-
differential cross-section, and resulting Sanford-
Wang parametrization, points to a description of
the ratio g(θ) of the pion momentum distribution
at θ ≠ 0 with respect to the θ = 0 pion momen-
tum distribution that is more complicated than

TABLE III: Sanford-Wang parameters and errors ob-
tained by fitting the π+ (π−) datasets. The errors
refer to the 68.27% confidence level for eleven pa-
rameters (∆χ2 = 12.6) for π+ and nine parameters
(∆χ2 = 10.4) for π−.

Parameter π+ π−

c1 (381.3 ± 40.5) (307.6 ± 19.4)

c2 (0.88 ± 0.07) (0.57 ± 0.06)

c3 (9.16 ± 0.95) (27.36 ± 1.06)

c4 (1.38 ± 0.09) (1.86 ± 0.04)

c5 (1.66 ± 0.12) (2.23 ± 0.04)

c6 (3.62 ± 0.14) (3.04 ± 0.08)

c7 (0.05 ± 0.04) -

c8 (128.6 ± 61.8) -

α0 (0.69 ± 0.04) (0.72 ± 0.04)

α1 (−0.91 ± 0.21) (−1.36 ± 0.20)

α2 (0.34 ± 0.21) (2.18 ± 0.21)

what can be accommodated within the Sanford-
Wang formula, where this ratio is given by g(θ) =
exp[−c6θ(p − pc)], with pc ≡ c7pbeam cosc8 θ.

The overall fit may be used as a fast approxima-
tion of HARP data valid within a factor 2–3 of the
quoted experimental errors. The best-fit values of
the parameters are reported in Table III together
with their errors. The fit parameter errors are esti-
mated by requiring ∆χ2 ≡ χ2−χ2

min = 12.6 (10.4),
corresponding to the 68.27% confidence level re-
gion for eleven (nine) variable parameters. Signif-
icant correlations among fit parameters are found,
as shown by the correlation matrix given in Ta-
bles IV and V.

To show the trend of the Sanford-Wang global fit
of all HARP datasets, figure 12 reports the com-
parison, at 8 GeV/c and 12 GeV/c, between pion
production data and the above parametrization.

For the 8.9 GeV/c MiniBooNE/SciBooNE beam-
line and the 12.9 GeV/c K2K beamline two ad-
hoc Sanford-Wang parametrizations, using only
the relevant HARP datasets, have been published
in references [1] and [2]. Given the poor description
of HARP pion production data in terms of the orig-
inal Sanford-Wang parametrization, one extra pa-
rameter to better describe the angular dependence
was introduced in the fit reported in reference [2].
In the global fit presented here, this extra param-
eter is not used for simplicity, as it was found that
it did not improve the fit quality in a significant
way.

As a final remark, we stress again that due to the
poor fit quality our global fit may be just consid-
ered as a simple way to summarize an extended set
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Summary
✦ Lots of progress over the past 5 years in understanding 

hadron production uncertainties and their impact on 
neutrino flux uncertainties. 

✦ Increasingly measurements are available with 
uncertainties at the few % level

✦ More measurements that can have a major impact on the 
T2K, NuMI, and LBNF fluxes expected over the next few 
years

✦ These experiments are crucial for reaching the scientific 
goals of next-generation neutrino beam experiments
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Thanks!

✦ Supported in part by
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